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Purpose

It is important to understand the differences between men and women when it comes to
attitudes and risk perception toward disease. This study aimed to explore the fear of cancer
from the standpoint of themselves and the opposite sex by cancer type.

Materials and Methods
A cross-sectional survey with a representative sample was conducted.

Results

The least and the most feared cancers in men were thyroid cancer and lung cancer, respec-
tively. When men assumed the perspective of women, the least and the most feared can-
cer were thyroid cancer and stomach cancer, respectively. The least and the most feared
cancers in women were thyroid cancer and stomach cancer, respectively. When women
assumed the perspective of men, the least and the most feared cancer were prostate can-
cer and lung cancer, respectively. When both men and women assume the perspective of
the opposite sex, the fear of sex-specific cancer was relatively low compared to the actual
responses of both men and women. The top six of the most feared side effects of cancer
treatment were pain, psychological problems, general weakness, digestive dysfunction,
fatigue, and appearance change. These were the same between men and women.

Conclusion

Health care providers and caregivers in the family should provide care with more attention
to the differences in thoughts about cancer between men and women. Health care provid-
ers should provide care with more attention to the differences in these problems between
men and women.

Key words
Cancer, Fear, Complication, Sex, Difference

Introduction

Fear is the body’s natural, survival-oriented response for
protecting itself from danger or threats [1]. However, fear for
health has both positive and negative aspects [2]. Fear may
serve as a motivation for preventive action [3,4] or a hin-
drance to disease control [5]. In a broad sense, risk perception
of people involved with the disease is important not only for
the prevention of the disease, but also for their management

[6].

Cancer is one of the most feared diseases [7]. Cancer is more
frightening because the treatment process is painful and its
aftereffects significantly reduce the quality of life [8,9]. The
physical, mental, social, and economic problems caused by
cancer have a significant impact on not only the patient but

| https://www.e-crtorg |

also on the caregiver’s family [10]. Cancer is not a single dis-
ease and different types of cancer can be considered as differ-
ent diseases [11]. Thus, fear of cancer and other psychologi-
cal reactions to cancer may be different according to various
cancer types.

The problem is that the diversity of these cancers is compli-
cated more by the sex factor. Sex factor does not simply mean
two biologically distinct groups, because the various aspects
of suffering through a disease can be different between men
and women [10,12,13]. Effects of sex factor can be seen in the
research findings that show that there is a difference between
the care, attitude, or behavior towards cancer patients in male
and female spouses [14,15]. In addition, the problems that
arise due to insufficient consideration of the difference in risk
perception between men and women in performing health

Copyright © 2020 by the Korean Cancer Association 993
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communication have increased [16,17].

A person’s health behavior can be affected by both their
own as well as their family members’ risk perception [18-20].
In cancer patients, risk perception of the patient and his or her
family may affect the care of the patient [20,21]. In addition,
there are reports of better outcomes when considering not
only individual patients but also families in patient care [22].
In this context, it is important to understand the differences
between men and women'’s attitudes and risk perception
towards diseases. Although studies comparing risk percep-
tions of cancer fears between men and women exist [23,24],
few studies have examined how they think from the perspec-
tive of the opposite sex. Moreover, knowledge of how men
and women are guessing the thoughts of the opposite sex
may allow us to understand how men and women under-
stand differences between sexes. In this study, we explored
the fear of cancer from the standpoint of themselves and the
opposite sex by cancer type, and those fears were compared
between men and women. We also investigated the fear of
side effects of cancer treatment and compared it between men
and women.

Materials and Methods

1. Study population

A cross-sectional survey was conducted in May 2017. The
survey used a proportional quota random sampling design
to select a representative sample of non-institutionalized
Koreans who had no experience of cancer for themselves or
their family members. With stratification by age and sex in
each 17-administrative district based on the 2016 census of
Korea, a probability proportional to size method was used to
sample. Of the randomly selected 1,460 responders who were
consecutively telephoned, 460 responders were excluded
because of absence and refusal to participate for several rea-
sons, or because the responder was a cancer patient or had a
family member with cancer. A total of 1,000 participants were
finally chosen and a face-to-face interview was conducted by
professional interviewers of research firm Metrix Corporation
(Seoul, Korea). The interview process was carefully review-
ed and monitored by the researchers.

2. Assessment

Sociodemographic variables such as age, marital status,
education level, income level, and economic activity were
included. The variables were categorized as follows: age
(20-29, 30-39, 40-49, 50-59, 60-69, and 70 years and older),
marital status (married, widowed, divorced/separated, or
single), education level (middle school or lower, high school,
and college graduate or higher), average monthly individual
income (< 0.99, 1-1.99, 2-2.99, 3-3.99, 4-4.99, > 5.0 million
KRW/mo), and economic activity (employed, housewife,
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student, or not employed).

The following questions were asked about the least feared
cancer and the most feared cancer; “If you had cancer, which
of the following would you fear less? Please check the 1st,
2nd and 3rd ranks of the less feared cancers. And in the case
of men, assume that you're a female, and in the case of wom-
en, assume that you're a male.” “If you had cancer, which of
the following would you fear most? Please check the 1st, 2nd,
and 3rd ranks of the most feared cancers. And in the case of
men, assume that you're a female, and in the case of women,
assume that you're a male.” Cancers of choice were stomach
cancer, colon cancer, lung cancer, liver cancer, thyroid can-
cer, prostate cancer, bladder cancer, renal cancer, pancreatic
cancet, cancer of bile duct and gallbladder, leukemia, breast
cancer, cervical cancer, uterine cancer, and ovarian cancer.

The following questions were asked about the fear of side
effects of cancer treatment. “What is the most feared side
effects of cancer treatment? Please check the 1st, 2nd, and
3rd ranks of the most feared side effects of cancer treatment.”
Side effects of cancer treatment of choice were pain, fatigue,
general weakness, digestive dysfunction, sexual dysfunc-
tion, psychological problems, urological dysfunction, motor
dysfunction, sensory dysfunction, appearance change, lym-
phedema, and infertility. The questionnaire used in this
study can be found in the Supplementary Material.

3. Statistical methods

To compare the status of sociodemographic variables bet-
ween men and women, chi-square analysis was used as a
univariate analysis. For the questions about cancer fear and
fear of the side effects of cancer treatment, 3 points were given
for the 1st rank, 2 points for the 2nd rank, and 1 point for
the 3rd rank, and the points were summed as rank scores for
each type of cancer. Then each type of cancer was ranked by
scores for each category such as least feared cancer or most
feared cancer, and the fear of side effects of cancer treatment
was ranked by the rank scores. Each type of cancer was also
ranked by 5-year relative survival rate, and the ranks were
used to compare the fatalness of cancer (5-year relative sur-
vival rate) to the fear ranks mentioned above. Rank difference
was calculated to show the gaps between 5-year relative sur-
vival rate and each fear rank, and between the fear rank of
men or women and the fear rank generated from the opposite
sex. Rank difference was also calculated to show the gaps in
the fear of side effects of cancer treatment between men and
women. Student’s t test was used to compare the thoughts
of men and women about cancer fears and the fear of side
effects of cancer treatment in both men and women. The anal-
ysis was performed using SPSS ver. 16 (SPSS Inc., Chicago,
IL).

4. Ethical statement
The present study was approved by the Korean National
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Table 1. General characteristic of the study population

Total

Men Women

Characteristic (n=1,000) (n=501, 50.1%) (n=499, 49.9%) p-value”
Age (yr)
20-29 167 (16.7) 89 (17.8) 78 (15.6) 0.840
30-39 188 (18.8) 95 (19.0) 93 (18.6)
40-49 216 (21.6) 110 (22.0) 106 (21.2)
50-59 209 (20.9) 105 (21.0) 104 (20.8)
60-69 206 (20.6) 95 (19.0) 111 (22.2)
>70 14 (1.4) 7 (1.4) 7 (1.4)
Marital status
Married 704 (70.4) 333 (66.5) 371 (74.3) <0.001
Widowed 32 (3.2) 8(1.6) 24 (4.8)
Divorced /Separated 34 (3.4) 18 (3.6) 16 (3.2)
Single 230 (23.0) 142 (28.3) 88 (17.6)
Education
Middle school or lower 88 (8.8) 30 (6.0) 58 (11.6) 0.002
High school 422 (42.2) 206 (41.1) 216 (43.3)
College or higher 490 (49.0) 265 (52.9) 225 (45.1)
Income (million KRW/mo)
<0.99 119 (11.9) 36 (7.2) 83 (16.6) <0.001
1-1.99 147 (14.7) 36 (7.2) 111 (22.2)
2-2.99 229 (22.9) 126 (25.1) 103 (20.6)
3-3.99 241 (24.1) 148 (29.5) 93 (18.6)
4-4.99 150 (15.0) 91 (18.2) 59 (11.8)
>5 114 (11.4) 64 (12.8) 50 (10.0)
Economic activity
Employed 751 (75.1) 455 (90.8) 296 (59.3) <0.001
Housewife 80 (18.0) 0 180 (36.1)
Student 39 (3.9) 26 (5.2) 13 (2.6)
Not employed 30 (3.0) 20 (4.0) 10 (2.0)

Values are presented as number (%). *Chi-square test was used.

Cancer Center Institutional Review Board (NCC 2017-0137).
All participants provided written informed consent for the
survey.

Results

As a matter of course due to sampling methods, there was
no significant difference in age distribution between men
and women (Table 1).

The least and the most feared cancers in men were thyroid
and lung cancer, respectively (Table 2). When men assumed
the perspective of women, the least and the most feared can-
cers were thyroid and stomach cancer, respectively. Rank
difference between 5-year relative survival rate and the least
feared cancer showed that the most optimistic view was of
stomach cancer, followed by cancer of bile duct and gallblad-
der in men. The least and the most feared cancers in women
were thyroid and stomach cancer, respectively.

In terms of the least feared cancer, the men’s guess was
in line with the women’s response for stomach cancer, lung
cancer, thyroid cancer, pancreatic cancer, cancer of bile duct
and gallbladder, breast cancer, and cervical cancer. In the
case of ovarian cancer, liver cancer, and uterine cancer, men
were less afraid of those cancers than women.

For the most feared cancer, the men’s guess was in line with
the women'’s response for stomach cancer, liver cancer, blad-
der cancer, cancer of bile duct and gallbladder, and leukemia.
In the case of ovarian cancer, breast cancer, cervical cancer,
and uterine cancer, men were more afraid of those cancers
than women. The women’s guess was in line with the men’s
response for colon cancer, lung cancer, renal cancer, cancer of
bile duct and gallbladder, leukemia, and breast cancer.

When the fear rank scores for the least fearful cancer in
men were compared between responses of men and guesses
by women, men feared stomach cancer and thyroid cancer
less than women'’s guesses (Table 3). When women assumed
the perspective of men, women feared prostate cancer, renal
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Table 4. Awareness of the most fearful side effects of cancer treatment among men and women

Side effect Total Men Women Rank difference
(rank) (rank) (rank) (men-women)

Pain 1 1 1

Fatigue 5 5 5 0
General weakness 3 3 3 0
Digestive dysfunction 4 4 4 0
Sexual dysfunction 9 8 1 -3
Psychological problems 2 2 2 0
Urological dysfunction 10 9 10 -1
Motor dysfunction 1 1 9 2
Sensory dysfunction 7 10 7 3
Appearance change 6 6 6 0
Lymphedema 8 7 8 -1
Infertility 12 12 12 0

Table 5. Comparison of fear of side effects of cancer treatment between men and women

Side effect Men Women p-value?
Pain 2.07+1.20 2.10£1.14 0.703
Fatigue 0.49+0.90 0.57+0.99 0.169
General weakness 0.66+0.93 0.82£1.01 0.011
Digestive dysfunction 0.58+0.91 0.65+0.95 0.259
Sexual dysfunction 0.23+0.64 0.08+0.40 <0.001
Psychological problems 0.83+1.08 0.85+1.07 0.776
Urological dysfunction 0.21+0.66 0.09+0.39 0.001
Motor dysfunction 0.10+0.44 0.09+0.42 0.780
Sensory dysfunction 0.16+0.53 0.19+0.62 0.500
Appearance change 0.41+0.82 0.44+0.86 0.525
Lymphedema 0.24+0.73 0.11+0.45 0.001
Infertility 0.01+0.16 0.02+0.17 0.842

Values are presented as meantstandard deviation. ¥Student’s t test was used.

cancet, pancreatic cancer, and cancer of bile duct and gall-
bladder less than men. No statistically significant difference
was found in case of the most feared cancer.

When the fear rank scores for the least fearful cancer in
women were compared between responses of women and
guesses by men, women feared colon cancer and thyroid
cancer less than men’s guesses. When men assumed the per-
spective of women, men feared breast cancer, cervical can-
cer, uterine cancer, and ovarian cancer less than women. In
case of the most fearful cancer, women feared colon cancer,
lung cancer, and pancreatic cancer more than men'’s guesses.
When men assumed the perspective of women, men feared
thyroid cancer, renal cancer, cancer of bile duct and gallblad-
der, breast cancer, and ovarian cancer more than women.
Interestingly, in the case of breast and ovarian cancer, when
asked about the least feared cancers, men rated those cancers
less fearful than women, and men rated them more fearful
than women when asked about the most feared cancer.

998 CANCER RESEARCH AND TREATMENT

The most feared side effect of cancer treatment was pain,
and the top six of the most feared side effects were identical
for men and women (pain, psychological problems, general
weakness, digestive dysfunction, fatigue, and appearance
change) (Table 4). Sexual dysfunction, urinary disorders, and
lymphedema were more feared side effects in men than in
women. On the other hand, sensory dysfunction and motor
dysfunction were more feared side effects in women than in
men. When comparing fear rank scores for those side effects,
general weakness was feared more in females, and sexual
dysfunction, urological dysfunction, and lymphedema were
feared more in males (Table 5).

Discussion

In this study, we found that there was an optimistic view
of stomach cancer in both men and women. We believe this
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is because early detection of stomach cancer has been highly
emphasized in Korea with the message that the rate of cure is
very high if detected early [25]. With a gastric cancer screen-
ing rate of only 61.6% in 2018 [26], this optimistic view of
stomach cancer may not help increase the screening rate. On
the other hand, the reason for having a relatively optimistic
fear perception for cancer of the bile duct and gallbladder is
thought to be because the cancer is not well known for its
subsistence despite the very poor survival rate. Cancer of the
bile duct and gallbladder is not so prevalent, which ranks 9th
in incidence respectively in males and females [27].

If both men and women assume that they are the opposite
sex, the fear of sex-specific cancer was relatively lower com-
pared to the actual responses of both men and women: pros-
tate cancer in men, breast cancer, cervical cancer, uterine can-
cer, and ovarian cancer in women. This difference in thinking
between men and women can affect mutual understanding
in health problems related to cancer occurring in opposite
sex, and also affect the behavior of health professionals [28].

Contrary to reports that most men fear prostate cancer
because of fear of losing their masculinity [29], this study did
not show much fear of prostate cancer. As a reason for this,
it is presumed that unlike the West, especially in the United
States, where the incidence of prostate cancer is low, there
is limited opportunity to observe the side effects associated
with prostate cancer treatment, such as the loss of masculin-
ity.

It is interesting that the top six of the most feared side
effects of cancer treatment were identical for men and women
(pain, psychological problems, general weakness, digestive
dysfunction, fatigue, and appearance change). In one study
using a convenience sample of patients recently diagnosed
with cancer, the rankings of the most feared side effects of
cancer were different in men and women [30]. For women,
it was hair loss, vomiting, infection, nausea, weight loss,
shortness of breath (co-5th place), and fatigue. On the other
hand, for men it was vomiting, infection, fatigue, weight loss,
hair loss, and shortness of breath (co-5th place), followed by
nausea. Because the respondents of this study consisted of
people who had no experience of cancer for themselves or
their family members, it is understandable that the responses
of this survey may differ from the patients and their fami-
lies. The fact that men fear more about urological and sexual
dysfunction seems to have been rarely investigated in other
studies, and further research is needed.

This study has the following strengths. Although it is not
a large sample, it is a study conducted by a national survey
by random probability allocation. In addition, by excluding
cancer patients or families of cancer patients from the survey,
experience-based responses could be eliminated as much as
possible. It was difficult to find previous studies in which
men and women responded assuming the perspective of the
opposite sex as well as their own sex. This design allowed us

to examine the idea of the opposite sex. However, the study
has the following limitations. First of all, 1,460 respondents
were contacted to enroll 1,000 respondents for this study,
and the survey participation rate was 68.5%. Although this
participation rate is not low, the probability that some bias
was involved in the representativeness of this sample can-
not be excluded. In this study, when investigating the fear
of cancer and side effects, a ranking score method was used
to add up to the third place rather than just the frequency
corresponding to the first place. In this case, even though
statistical analysis can be diversified, and there are advan-
tages to more inclusive analysis of the items answered in the
top-level rankings, the differentiation between ranks may
be weakened. With various judgments among respondents,
more than 10 choices seem to have contributed to a widen-
ing of response variance. However, because cancer can be
viewed as a collection of diseases rather than a single disease,
expansion of options was inevitable. If more diverse ques-
tionnaires are constructed and qualitative studies are added
to these variations, a more precise survey could be available.

Finally, since this study was conducted as a descriptive
profiling study which summarized the differences in fear
profiles between men and women, multivariate analysis was
not used. Few studies have analyzed the fear of cancer types
and side effects by sex to provide such cancer fear profile to
health professionals. In this situation, we found it meaning-
ful to present the results of this study to meet these needs.
However, it can be said that there are limitations as a study
for examining sex-specific effects by excluding the effects of
other variables. Despite these limitations, while there are few
studies comparing fears of cancer and side effects of cancer
treatment between men and women, there are very few stud-
ies comparing those fears between men and women on the
assumption of opposite sex, and this study has contributed
to the accumulation of research literature.

In addition to the characteristics of the health problems
caused by various types of cancer and the side effects of vari-
ous types of cancer treatment, health care providers should
provide care in response to the differences in these prob-
lems between men and women. Doctors can adequately and
directly deal with the patient’s emotional distress by verbally
expressing understanding, empathy, support, and justifica-
tion of emotion, which in turn leads to improvement in phys-
ical symptoms and the negative effects of insufficient social
support [31]. The problem of communication in the medical
field due to the difference in sex between health profession-
als such as doctors and patients due to changes in the sex
ratio of medical service providers may also be an important
issue in the future [32]. In order to prepare for this, it is neces-
sary to educate the sex difference in the curriculum of health
care professionals such as medical schools and nursing col-
leges. This will require understanding not only the biological
aspects of sex, but also psychological and sociological aspects
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as well as training in communication skills.

In addition, family care givers, including spouses, will be
able to provide more patient-friendly care if they communi-
cate with each other, paying attention to the fact that there is
a difference in the thought processes about cancer between
men and women.

The least and the most feared cancers in men were thy-
roid and lung cancer, respectively. When men assumed the
perspective of women, the least and the most feared cancers
were thyroid and stomach cancer, respectively. The least and
the most feared cancers in women were thyroid and stom-
ach cancer, respectively. When women assumed the pers-
pective of men, the least and the most feared cancers were
prostate cancer and lung cancer, respectively. If both men
and women assume that they are the opposite sex, the fear
of sex-specific cancer was relatively lower compared to the
actual responses of both men and women: prostate cancer in
men, breast cancer, cervical cancer, uterine cancer and ovar-

ian cancer in women. The most feared side effect of cancer
treatment was pain, and the top six of the most feared side
effects were identical for men and women (pain, psycho-
logical problems, general weakness, digestive dysfunction,
fatigue, and appearance change). The fact that men fear more
about urological and sexual dysfunction seems to have been
rarely investigated in other studies, and further research is
needed. Our findings highlight the importance of under-
standing the differences between men and women’s atti-
tudes and risk perception towards cancer.
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Supplementary materials are available at Cancer Research and
Treatment website (https:// www.e-crt.org).
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Purpose
This study aimed to investigate the prevalence and risk factors of burnout and occupational
stress among medical oncologists in Korea.

Materials and Methods

A survey was conducted of medical oncologists who were members of Korean Society
for Medical Oncology (KSMO) using the Korean Occupational Stress Scale, the validated
Maslach Burnout Inventory (MBI) and supplemental questions about work and lifestyle fac-
tors.

Results

Among 220 active KSMO members, 111 responses were collected. The median age was
42 years (range, 32 to 63 years). Two-thirds of responders worked 6 days per week and half
of them worked a total of 60-80 hours per week. Each medical oncologist treated a median
of 90-120 patients per week in outpatient clinics and 20-30 patients per week in patient
practices. MBI subscales indicated a high level of emotional exhaustion in 74%, a high level
of depersonalization in 86%, and a low level of personal accomplishment in 65%: 68% had
professional burnout according to high emotional exhaustion and high depersonalization
scores. The risk of burnout was higher for medical oncologists aged from 30-39 than 40-49
years, and unmarried than married. Considering personal accomplishment, females had a
higher risk of burnout. The median score of occupational stress was 63 (range, 43 to 88).
Having night-duty call was the strongest risk factor on more stress. A higher stress score
was associated with a higher prevalence of burnout.

Conclusion

Burnout and occupational stress are quite common amongst Korean medical oncologjsts.
Achieving a healthy work-life balance, ensuring balanced workload distribution, and engag-
ing in proper stress relief solutions are necessary.

Key words
Burnout, Occupational stress, Medical oncologists

Introduction

medical oncologists at high risk for stress. Therefore, medical
oncologists have been the focus of concerns regarding stress.

A career in medical oncology is exceedingly rewarding.
Fast-moving advances in research and therapeutics, intrigu-
ing dynamics in practice environments, and opportunities to
provide critical support to patients are professionally appeal-
ing and satisfying [1]. Still, all of these characteristics place
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Burnout is a psychosocial syndrome that involves prolon-
ged response to chronic emotional and interpersonal stressors
on the job [2]. Burnout is characterized by emotional exhaus-
tion (EE), feelings of depersonalization (DP), and reduced
personal accomplishment (PA) [2]. Physicians commonly suf-
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fer from distress due to burnout, with studies suggesting a
prevalence of 32% among medical oncologists [3]. High mor-
tality rates among patients with advanced cancer, increas-
ing numbers of cancer patients, as well as changing practice
migrating to more comprehensive care management solu-
tions can trigger burnout in medical oncologists [4].

Since such stress and burnout can cause negative conse-
quences related to professional satisfaction and personal life,
as well as quality of patient care, this issue deserves attention
[5]. Burnout and occupational stress have been extensively
studied among oncologists in the United States and Europe
[6,7]. However, little is known about the situation among
Korean medical oncologists. Therefore, we conducted anation-
wide survey to investigate the prevalence of professional
burnout and occupational stress among Korean medical
oncologists. Then we identified work and lifestyle factors that
affect burnout and occupational stress.

Materials and Methods

1. Participants

Between May 2018 and June 2018, a cross-sectional, web-
based survey of 220 medical oncologists who were active in
the field was conducted through the Korean Society for Med-
ical Oncology (KSMO). All responders were invited via an
e-mail that included a link to the survey and fully informed
of the overall purpose of our survey prior to participation.
SurveyMonkey (https: // ko.surveymonkey.com) was used to
build the web-based online survey. All authors as the com-
mittee members of the KSMO Insurance and Policy Commit-
tee supervised the entire investigation, ensured the reliability
of the data and analyzed the results.

2. Study measures

The survey consisted of three parts with a total of 73 ques-
tions: personal and professional characteristics (27 ques-
tions), occupational stress (24 questions), and burnout (22
questions). The initial 26 questions consisted of two ques-
tions regarding demographics, 12 regarding occupational
environment, and 13 regarding a pattern of living. Among
13 questions for lifestyle, the respondents were asked to rate
their job satisfaction on a scale of 100 and asked if they were
balanced in their work and life.

Occupational stress was assessed by the Korean Occupa-
tional Stress Scale (KOSS) [8]. Job stress should be investigat-
ed in the local and cultural context of each worker, and KOSS
is a validated self-reported questionnaire that examines job
stress and reflects the organizational culture of Korea. The
KOSS short-form (KOSS-SF), which was used in this study,
is an abbreviated survey designed to be used at work place
settings [9]. It consists of seven subscales (24 items total): job
demand (4 items), insufficient job control (4 items), interper-

sonal conflict (3 items), job insecurity (2 items), occupational
system (4 items), lack of reward (3 items), and organizational
climate (4 items).

Burnout was estimated using the validated Maslach Burn-
out Inventory-Human Service Survey (MBI-HSS) [10]. The
MBI-HSS consists of 22 questions to evaluate three domains
of burnout: EE (9 questions), feelings of DP (5 questions),
and reduced PA (8 questions). Each question was scored on
a 7-point frequency rating from ‘0" (never) to ‘6’ (every day).
The sum of raw scores was assessed for the presence of burn-
out: a score of 27 or higher on the EE subscale, 10 or higher
on the DP subscale, or lower than 33 on the PA subscale was
considered to indicate a high level of burnout [2,11]. In this
study, MBI-HSS which was translated into Korean and vali-
dated for university hospital workers in Korea was used. The
cutoff values in three domains in burnout were also verified
[12]. To define burnout in a conventional approach, medical
oncologists with high DP and EE, and low PA subscale scores
were considered to have professional burnout [13]. The next
predominant definition of burnout (high DP and EE) was
also used.

3. Statistical analysis

The questionnaires completed by June 2018 were included
for further analyses. To compare the characteristics of the
study participants between the groups, we used independ-
ent t tests for continuous variables and Fisher exact tests or
chi-square tests for categorical variables. To analyze the risk
factors for professional burnout, multivariate logistic regres-
sion analyses were performed. To analyze the relationship
between risk factor and occupational stress, linear regression
analyses were performed. All statistical analyses were per-
formed by STATA ver. 13.0 software (StataCorp LP, College
Station, TX).

4. Ethical statement

This study complied with the Declaration of Helsinki
and was conducted under Institutional Review Board (IRB)
approval at the Veterans Health Service Medical Center (IRB
No. 2108-04-033). Participation in this survey was regarded
as agreeing to the study, so written informed or verbal con-
sent requirements from respondents were waived. All data
were de-identified.

Results

1. Personal and professional characteristics
An e-mail invitation was sent to 220 active medical oncolo-
gists and 175 responses (80%) were received. There were 64
incomplete questionnaires, and complete responses from 111
participant (51%) were included in the final analysis.
Personal and professional characteristics of participants
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Table 1. Personal and professional characteristics of participat-
ing medical oncologists (n=111)

Characteristic No. (%)

Sex
Male 62 (55.8)
Female 49 (44.1)
Age (yr)
Median (range) 42 (32-63)
<39 38 (34.2)
40-49 58 (52.2)
=50 15 (13.5)
Relationship status
Married 92 (82.9)
Single 19 (17.1)
Religious: yes vs. no
Yes 64 (57.7)
No 47 (42.3)
Drinking habit
<1 drink per month 40 (36.0)
2-4 drinks per month 55 (49.5)
> 2-3 drinks per week 16 (14.4)
Exercise per week
Never 49 (44.1)
1-2 days 43 (38.7)
3-5 days 17 (15.3)
Every day 2(1.8)
Type of hospital
Superior general hospital 68 (61.3)
General hospital 37 (33.3)
Public hospital 6(5.4)
Faculties in medical oncology, number
Median (range) 5 (1-16)
In-house hospitalists (yes) 36 (32.4)
Daytime primary on-call (yes) 30 (27.0)
Nights on-call (yes) 16 (14.4)
Saturday duty (yes) 73 (65.8)
For outpatient clinic 12 (10.8)
For inpatient rounding 45 (40.5)
For outpatient and inpatient 16 (14.4)
Work hours per week (includes patient care,
administrative work, research, and teaching)
<40 1(0.9)
40-60 35(31.5)
60-80 45 (40.5)
80-100 18 (16.2)
>100 12 (10.8)
Outpatients seen in clinic every week
30-60 20 (18.0)
60-90 26 (23.4)
90-120 25 (22.5)
120-150 16 (14.4)
> 150 24 (21.6)
(Continued)
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Table 1. Continued

Characteristic No. (%)
Inpatients seen in hospital every week
<10 11 (9.9)
10-20 53 (47.7)
20-30 26 (23.4)
>30 21 (18.9)
Overall job satisfaction (0-100 scale)
Mean+SD 54.8+21.8
Median (range) 50 (0-100)

Table 2. Prevalence of burnout and occupational stress among
medical oncologists (n=111)

Characteristic Score

Burnout indices
Emotional exhaustion (EE)

MeantSD 33.349.7
Median (range) 34 (8-54)
High degree of burnout, sum > 27, n (%) 82(73.9)
Depersonalization (DP)
MeantSD 15.245.9
Median (range) 14 (0-27)
High degree of burnout, sum > 10, n (%) 96 (86.5)
Personal accomplishment (PA)
MeantSD 31.3454
Median (range) 30 (19-42)
High degree of burnout, sum < 33, n (%) 72 (64.9)
Overall professional burnout, n (%)
High EE and DP scores 76 (68.4)
High EE and DP, and low PA 54 (48.6)
Occupational stress
Mean+SD 61.7+7.8
Median (range) 63 (43-88)

are summarized in Table 1. Men were 56% of participants. A
median age of participants was 42 years old. Of the respond-
ers, 83% were married and 58% practiced a religion. As for
drinking habits, 34% of participants reported they rarely
drink (less than one drink a month), 50% reported that they
drink sometimes (two-four drinks a month), the others (14%)
reported they drink frequently (more than two-three drinks
a week). As for exercise habits, approximately 44% of partici-
pants responded that they never exercise at all and only 2%
responded that they exercise every day.

Most participants were working in tertiary care hospitals
(61%) and general hospitals (33%). The median number of
accompanying faculty in medical oncology was five persons.
Roughly one-third of participants (32%) were working in
institutions with in-house hospitalists. Only 11% of par-
ticipants were in a single-organ specialty practice, and the
others served in multi-organ specialty practice. Participants
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Table 3. The relationship between professional burnout, occupational stress, and job satisfaction

Job satisfaction

Occupational stress

Burnout

Score p-value? Score p-value”
High EE and DP scores
No burnout 56.9+7.4 <0.001 66.3+2.1 <0.001
Burnout 63.946.9 49.5+2.0
High EE and DP, and low PA
No burnout 59.0+7.3 <0.001 63.9+2.0 <0.001
Burnout 64.5+7.2 45.241.9

Values are presented as meantstandard deviation. EE, emotional exhaustion; DP, depersonalization; PA, personal accomplishment.

Yp-value was derived from independent t test to compare mean values between two groups.

treated a median of three types of cancer. About one-quarter
of participants had daytime primary call, and 14.0% received
night emergency calls instead of residents. Two-thirds of par-
ticipants responded that they work 6 days a week, includ-
ing Saturday. Participants spent an average of 60 to 80 hours
each week devoted to professional activities, including pati-
ent care, administrative work, research, and teaching. On
average, participants cared for 90 to 120 patients in the out-
patient setting each week and 20 to 30 patients in the inpa-
tient setting. The mean overall job satisfaction score was 54.8.

2. Prevalence of burnout, and its relationship with occupa-
tional stress and job satisfaction

The prevalence of burnout and occupational stress among
participating medical oncologists is presented in Table 2. In
all, 74% of participants experienced a high degree of EE, 87%
experienced a high level of DP, and 65% had a low sense of
PA. In aggregate, 76 (68%) medical oncologists had profes-
sional burnout according to high EE and high DP scores. On
a more conservative basis (high EE and high DP, and low
PA), about half (49%) of medical oncologists were found to
have burnout.

The mean occupational stress score was 61.7 (range 43 to
88). We investigated the relationship between professional
burnout and occupational stress, and job satisfaction (Table
3). The participants with burnout showed a higher occupa-
tional stress score than those without burnout (p < 0.001).
The participants with burnout showed a lower job satisfac-
tion score than those without burnout (p < 0.001). Only 27%
of medical oncologists reported that they maintained work-
life balance well.

Predictors that were significantly associated with burnout
or occupational stress on multivariate analysis are listed in
Tables 4 and 5. The risk of burnout was higher for medical
oncologists aged from 30 to 39 years than those aged 40 to 49
years. Unmarried persons had a higher risk of burnout than
married persons. After consideration of PA score, females
had a higher risk of burnout than males.

For risk factors on occupational stress, there was a strong

relationship between having night-duty call and high occu-
pational stress score (p=0.001).

In this survey, multiple answer choices were accepted for
the question related to causes of stress. In all, 78% of partici-
pants stated that the biggest cause of burnout or occupational
stress was the enforcement of the Act for the Improvement of
Training Conditions and Status of Medical Residents, which
limits maximum weekly hours of work for residents to 80.
Other major causes of burnout or occupational stress includ-
ed a lack of residents in the department of internal medicine
(52%), increased administrative and clinical workloads requi-
red by the Life-Sustaining Treatment Decision-Making Act
(44%), and responsibilities of daytime primary call (23%).

Discussion

The phenomenon of burnout is caused by frequent expo-
sure to chronic occupational stress and is characterized by a
3-dimensional syndrome comprised of EE, DP (also known
as cynicism), and reduced PA [12]. Physician’s burnout is
particularly dangerous and should be avoided, since it can
increase medical errors and reduce quality of care for pati-
ents [13-15]. The nature of practicing oncology is changing.
An increment of workload by expansion in patient volume,
burdensomeness of administrative tasks, and complexity of
innovative oncology place medical oncologists at increasing
risk of stress and subsequent burnout [16]. Burnout can be
overcome by investigating work environments and identify-
ing underlying problems [17].

In line with these environments, we conducted the first
large-scale nationwide study of Korean medical oncologists
using standardized instruments to evaluate burnoutand occu-
pational stress. Overall, 68% of Korean medical oncologists
were burned out according to the high EE and DP domains
at the time of the survey, which was higher than the 44.7% of
U.S. oncologists and the 51% of Chinese oncologists report-
ed in previous studies [18,19]. Our result was similar to the
71% burnout rate reported by study in European countries
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Table 4. Multivariate analysis for burnout related to personal and professional factors

Multivariate p-value

Odds ratio (p-value)
Burnout (high EE and DP, and low PA)

Univariate p-value Multivariate p-value

Characteristic Burnout (high EE and DP)
Univariate p-value

Sex

Male 1 -

Female 2.63 0.027 -
Age group (yr)

<39 1 1

40-49 0.38 0.069 0.20

=50 0.09 0.001 -
Relationship status

Single 1 1

Married 0.09 0.025 0.10
Religion

No 1 =

Yes 0.61 0.246 -
Drinking habit

<1 per month 1 -

2-4 per month 1.13 0.784 -

> 2-3 per week 1.56 0.506 -
Exercise

Never 1 -

1-2 days per week 1.02 0.969 =

3-7 days per week 0.76 0.623 -
Type of hospital

Superior general 1 -

General 0.57 0.190 -

Public 1.94 0.557 -
Daytime on-call

No 1 -

Yes 1.74 0.261 -
Nights on-call

No 1 1

Yes 8.36 0.044 8.46
Saturday duty

No 1 -

Yes 121 0.661 -
Work hours per week

<60 1 -

60-80 1.76 0.232 -

80-100 143 0.555 -

>100 7.86 0.060 -

1 1
- 2.92 0.007 2.87 0.011
1 1
0.012 0.54 0.154 0.13 0.012
- 0.09 0.004 - -
1 _
0.030 0.37 0.064 - -
1 _
- 0.85 0.663 - -
1 _
- 1.16 0.724 - -
- 1.16 0.804 - -
1 _
- 0.55 0.152 - -
- 0.32 0.046 - -
1 _
- 0.81 0.604 - -
- 5.30 0.137 - -
1 _
- 1.08 0.862 - -
1 -
0.049 1.43 0.512 - -
1 _
- 1.49 0.321 - -
1 _
- 0.875 0.765 - -
- 1 >0.99 - -
- 1 >(0.99 - -

EE, emotional exhaustion; DP, depersonalization; PA, personal accomplishment.

that focused on young (< 40 years old) oncologists. Among
personal characteristics, younger age (30-39 years vs. 40-49
years), being unmarried, and working night duty were inde-
pendently associated with a high risk of professional burn-
out. Younger age, as well as being early in their careers, are
well-known demographic risk factors for burnout of physi-
cians in many medical departments [17]. In general, young
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people often take on a variety of administrative tasks in addi-
tion to clinical workloads. Additionally, physicians who are
in early career stages must spend time not only on patient
care but also on research and education.

Interestingly, when we consider more conservative defini-
tion of burnout including low PA (high EE and DF, and low
PA), female gender was significantly associated with a high
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Table 5. Multivariate analysis for occupational stress related to personal and professional factors

Occupational stress

Characteristic Univariate Multivariate
Coefficient p-value Coefficient p-value

Sex

Male 1 -

Female 2.44 0.099 - -
Age group (yr)

<39 1 -

40-49 -1.48 0.161 - -

=50 -3.68 0.122 - -
Relationship status

Single 1 -

Married —2.11 0.283 - -
Religion

No 1 -

Yes -2.11 0.157 - -
Drinking habit

<1 per month 1 -

2-4 per month -1.25 0.438 - -

> 2-3 per week -3.11 0.177 - -
Exercise

Never 1 -

1-2 days per week -0.22 0.894 = =

3-7 days per week -2.00 0.345 - -
Type of hospital

Superior general 1 -

General =203/ 0.136 - -

Public 2.33 0.480 - -
Daytime on-call

No 1 -

Yes 2.32 0.163 - -
Nights on-call

No 1 1

Yes 6.44 0.002 6.44 0.001
Saturday duty

No 1 -

Yes 0.23 0.884 - -
Work hours per week

<60 1 -

60-80 -1.72 0.318 - -

80-100 0.75 0.735 - -

>100 4.11 0.110 - -

risk of burnout. Analysis that female gender was a risk fac-
tor of burnout has been reported in previous studies [20-22].
Rath et al. [21] reported a large study on burnout for gyneco-
logic oncologists that female gender was also identified as
risk factor for burnout. In another study for surgeons, more
women than men surgeons had burnout and depressive
symptoms [22]. In that study, work-home conflicts account-
ed for a major contributor to surgeon burnout, especially to

female surgeon. Although we did not measure work-home
conflicts in our survey, our results could be interpreted that
women medical oncologists are under more pressure in
terms of personal achievement probably from work-home
conflicts.

Yeob et al. [20] conducted a similar nationwide survey
recruiting a total of 130 medical, surgical, and radiation onco-
logists from 13 cancer centers in Korea. That study found that
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female gender and long working hours were associated with
increased risks of burnout, which was consistent finding of
our study. To evaluate burnout, unlike our study, they used
Professional Quality of Life scale, which was developed to
measure the quality of life of health care professionals [23].
Although burnout is a domain of the Professional Quality of
Life Scale described above, MBI-HSS is appreciated a more
reliable and valid measure of burnout [24].

One of the biggest reasons for burnout or occupational
stress reported in our survey—chosen by 78% of partici-
pants—was the enforcement of the Act for the Improvement
of Training Conditions and Status of Medical Residents,
which limits residents to a maximum of 80 work hours per
week. Although the working time of residents has been sub-
stantially reduced due to the enactment of the law, many
hospitals were not equipped with alternative personnel such
as a hospitalist (only 32% of participants were working with
in-house hospitalists). It caused a significant increase in fac-
ulty’s workload.

Our study showed that medical oncologists who felt burn-
out had a high level of occupational stress and a low level of
job satisfaction (Table 3). According to a recent global survey
of job satisfaction among medical oncologists [25], younger
age and fewer years in clinical practice were associated with
low job satisfaction. Interestingly, that study showed that
medical oncologists with low job satisfaction tended to have
fewer conversations with patients about disease prognosis,
suggesting that low job satisfaction is also associated with
low quality of patient care. In other words, burnout, low job
satisfaction, and low quality of patient care correlate with
each other, and one may be the cause and/or effect of the
other.

There have been many reports of interventions to decrease
physician burnout. Interventions that focus on individual
physicians include intensive face-to-face workshops [26],
communication skills training [27], stress management skills
training [28], and mindfulness-based stress reduction pro-
grams [5]. Such interventions have been reported to help
relieve stress, but these programs are not readily applica-
ble or available to each oncologist. Even without formal
programs, one of the easiest things is exercise. In our study,
only half of the participants exercised. Exercise is known
to have the potential to be effective for burnout preven-
tion, so even in harsh clinical works, it is recommended
to encourage medical oncologists to engage in regular exer-
cise programs [29]. One study suggested the idea that
enhancing professionalism can lower burnout [30]. Profes-
sionalism is often used to describe behavioral and value
standards of performance that any professional is expected
to achieve in their work, and knowledge that profession-
als need to perform their job efficiently. It is necessary to
improve professionalism by reinforcement of expertise and
applied rewards.
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Still, one report suggested that organizational or system-
level interventions are much more effective for controlling
burnout than individual efforts [31]. Organization-directed
strategies are mostly related to changes in work shift sched-
ules, but oncologist-specific system-level methods have not
been studied [31]. Therefore, the system-level strategies for
management of Korean medical oncologists are warranted
[32].

Our study has some limitations. First, there is considerable
variation across studies regarding cutoff scores for burnout
among healthcare professionals [33]. According to Maslach
guidelines, more conservative definitions (the combination
of high EE, high DP, and low PA) have been widely used
[2,33]. However, this definition risks underestimating the
burnout rate. In our study, we followed the recent consen-
sus that defined burnout as high EE and high DP [11,18,34].
Based on our further analyses (Tables 3 and 4), the difference
between the two definitions did not show a significant differ-
ence in the results except for prevalence. Second, our study
participants were younger than those in previous surveys.
Additionally, only 51% of potential participants (active medi-
cal oncologists) responded to this survey. These factors may
have resulted in selection and response bias. However, our
study is the first large-scale national study only for Korean
medical oncologists registered to a major association (i.e.,
KSMO). Therefore, the results of our study are representa-
tive of a major population of medical oncology professionals
in Korea. Third, our survey did not recruit other experts from
different disciplines such as surgical and radiation oncolo-
gists. Because multidisciplinary team approach is essential
in the management of advanced cancer, a follow-up study
including all key professionals is warranted to make this
burnout study more practical.

A considerable number of medical oncologists in Korea
are burning out with a high level of occupational stress and
lower job satisfaction. In order to provide the high quality
of cancer care to cancer patients, further efforts should be
conducted to find out the way to relieve the burnout and
occupational stress of Korean medical oncologists from point
of view of system-level management plan as well as indi-
vidual effort.
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Purpose

Central lymph node metastasis (CNM) are highly prevalent but hard to detect preopera-
tively in papillary thyroid carcinoma (PTC) patients, while the significance of prophylactic
compartment central lymph node dissection (CLND) remains controversial as a treatment
option. We aim to establish a nomogram assessing risks of CNM in PTC patients, and
explore whether prophylactic CLND should be recommended.

Materials and Methods

One thousand four hundred thirty-eight patients from two clinical centers that underwent
thyroidectomy with CLND for PTC within the period 2016-2019 were retrospectively ana-
lyzed. Univariate and multivariate analysis were performed to examine risk factors associ-
ated with CNM. A nomogram for predicting CNM was established, thereafter internally and
externally validated.

Results

Seven variables were found to be significantly associated with CNM and were used to con-
struct the model. These were as follows: thyroid capsular invasion, multifocality, creatinine
> 70 ymol/L, age < 40, tumor size > 1 cm, body mass index < 22, and carcinoembryonic
antigen > 1 ng/mL. The nomogram had good discrimination with a concordance index of
0.854 (95% confidence interval [Cl], 0.843 to 0.867), supported by an external validation
point estimate of 0.825 (95% Cl, 0.793 to 0.857). A decision curve analysis was made to
evaluate nomogram and ultrasonography for predicting CNM.

Conclusion

A validated nomogram utilizing readily available preoperative variables was developed to
predict the probability of central lymph node metastases in patients presenting with PTC.
This nomogram may help surgeons make appropriate surgical decisions in the manage-
ment of PTC, especially in terms of whether prophylactic CLND is warranted.

Key words
Nomograms, Central lymph node metastasis, Papillary thyroid cancer, Risk factors

Introduction

More than 90% of all thyroid carcinoma are differentiated
thyroid cancer (DTC) [1]. Papillary thyroid carcinoma (PTC),
a lymphotropic tumor that tends to metastasize to cervical
lymph nodes, is the most common type of DTC. Among these
lymph nodes, the central neck compartment has the highest

1010 Copyright © 2020 by the Korean Cancer Association

risk of metastasis [2]. Although detection techniques such as
high-resolution ultrasonography (US) and US-guided fine-
needle aspiration (FNA) biopsy greatly improve diagnosis
of PTC [3], the sensitivity of US in assessing deep anatomi-
cal spaces of the central neck compartment is low [4]. Thus,
a considerable number of PTC patients were found to have
level VI metastatic lymph nodes when already under sur-
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gery or histopathological examinations [5]. In our research,
the rate of central lymph node (level VI) metastasis (CNM)
whose preoperative examinations showed no lymph nodes
metastasis was as high as 36.1% (601/1,663).

Thyroidectomy with central compartment lymph node dis-
section (CLND) is recommended for PTC patients with CNM.
Yet, due to poor reliability of preoperative examinations, pro-
phylactic CLND is not routinely recommended in clinical or
radiological node-negative PTC patients, as per American
Thyroid Association guidelines. Thus, a tool that helps to
quantify the risk of nodal metastasis may facilitate preopera-
tive decision-making [6].

With this objective in mind, our retrospective analysis from
two centers was designed using nomogram as the evalua-
tion system, for it excels in user-friendliness and convenience
in formulating personalized treatments for a variety of
cancers [7,8]. In this study, we covered several factors that
could help predict CNM in PTC patients that were absent
in the other studies, such as body mass index (BMI), car-
cinoembryonic antigen (CEA), and creatinine (Cr). Our com-
prehensive nomogram may aid clinicians in selecting the
most appropriate operative strategies to achieve optimal out-
come.

Materials and Methods

1. Patient recruitment

Patients who underwent the first-time thyroidectomy to
treat thyroid carcinoma at Department of General Surgery,
Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine (Shanghai, China), and Department of Otorhino-
laryngology, Head and Neck Surgery, at the Eye, Ear, Nose,
and Throat (EENT) Hospital of Fudan University (Shanghai,
China) from June 2016 to June 2019 were studied. A total of
1,731 patients were enrolled (1,294 patients from Ruijin Hos-
pital and 437 from EENT Hospital). The exclusion criteria
were as follows: (1) no histologically proven PTC (n=81), (2)
no lymph nodes removed (n=68) and had inadequate preop-
erative blood test report (n=95), (3) pathologically confirmed
skip metastasis (n=43), and (4) history or coexistence of other
head and neck cancer (n=6). After exclusion, 1,438 patients
that had pathological PTC, and received thyroidectomy
along with CLND were studied. Among the 1,438 recruits,
1,252 patients (December 2016-May 2019) from both clini-
cal centers were used to make the original model, while 186
patients (June 2019-October 2019) from Ruijin Hospital only
were used for external validation.

2. Preoperative examination, surgical strategy, and patho-
logical examination

Preoperative examination including serum index, FNA,
and US were performed at Shanghai Ruijin Hospital or

Table 1. Demographics and clinical characteristics of the cohort

Age (yr)
Mean 43.1
BMI (kg/m?)
Mean 23.81
Sex
Male 447 (35.7)
Female 805 (64.3)
Size of largest lesion (US)
Mean 0.86
Medium 0.7
Thyroid capsule invasion (US) 495 (39.5)
Multifocality (US) 373 (29.8)
Bilateral disease 243 (19.4)
Serum index (mean)
CEA 1.42
Creatinine 64
CNM 618 (49.4)
Central lymph node
Mean harvested 7.1
Mean positive 4.3
LLNM 158 (12.6)

Vaues are presented as number (%) unless otherwise indicated.
BMI, body mass index. US, ultrasonography; CEA, carcinoem-
bryonic antigen; CNM, central lymph node metastasis; LLNM,
lateral lymph node metastasis.

Shanghai EENT Hospital. Preoperative US included the fol-
lowing features: type of the surrounding thyroid tissues (nor-
mal, Hashimoto thyroiditis, or nodular goiter), tumor size
(longest length of the largest lesion), multifocality (more than
one nodule scoring higher than Thyroid Imaging Reporting
and Data System (TI-RADS) 4A in unilateral thyroid lobe),
thyroid capsular invasion (TCI) and suspicious lymph node
detected (central lymph node or lateral lymph node).

According to 2010 TNM staging system of the American
Joint Committee on Cancer (AJCC) [9], all patients enrolled
were identified as T,,Ny,M,. These patients also received to-
tal thyroidectomy or thyroid lobectomy with therapeutic or
prophylactic CLND.

All acquired specimens were examined by two or more
board-certified pathologists from Shanghai Ruijin Hospital
and Shanghai EENT Hospital. Pathological features analyzed
were pathological type of tumor, type of the surrounding thy-
roid tissues, tumor size, multifocality (more than one lesion in
unilateral thyroid lobe), and lymph node metastasis.

3. Statistical analysis

We used logistic univariate and multivariate regression
analyses to screen risk factors that were significantly associ-
ated with CNM using the SPSS ver. 24.0 package (IBM Corp.,
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Armonk, NY). Variables of which the p-value < 0.05 from the
univariate logistic regression were then used for multivari-
ate logistic regression to construct a risk prediction model -
Nomogram, in R software (ver. 3.5.1, R Development Core
Team). The method of decision curve analysis (DCA) was
used to evaluate the nomogram model and the US model for
prediction of CNM. The decision analytic technique is avail-
able in the R statistical package and a step-by-step tutorial
is available online [10]. All statistical tests were performed
using the R statistical package. The discrimination and con-
sensus degree of ournewly-established predictive model were
tested through the receiver operating characteristic (ROC)
curve, the calibration curve, and the area under the ROC
curve (AUC) which is also known as the concordance index

(C-index). The likelihood of CNM were quantified as risk
scores according to our nomogram, and each patient was
stratified into different subgroups by their calculated CNM
risk scores.

4. Ethical statement

Consent has been obtained from each patient or subject
after full explanation of the purpose and nature of all pro-
cedures used. All procedures performed in studies involv-
ing human participants were in accordance with the ethical
standards of the Institutional Ethics Committee of the Eye
and ENT Hospital of Fudan University and the Ruijin Hospi-
tal of Shanghai Jiao Tong University School of Medicine, and
with the 1964 Helsinki declaration and its later amendments

A
Univariable risk factor for CNM OR (95% ClI) p-value
BIL (present vs. absent) —@— 1.821(1.271-2.611) 0.001
CEA(=1.0vs.<1.0) —0— 1.709 (1.096-2.664) 0.018
Cr(=70.0vs.<70.0) —— 2.032(1.341-3.079) 0.001
Ca” (> 2.35vs. < 2.35) —0— 1.223 (0.830-1.800) 0.308
RBC (= 5.0 vs. <5.0) —— 1.835(1.170-2.878) 0.008
Mon (= 0.3 vs.<0.3) —0— 1.123 (0.760-1.662) 0.560
Neu (> 3.5vs.<3.5) —0— 1.162 (0.790-1.710) 0.445
WBC (= 6.0 vs. <6.0) —e— 1.090 (0.739-1.607) 0.663
Multifocality (present vs. absent) —e— 5.918 (3.606-9.714) 0.000
MTD (=1 cmvs. < 1cm) —— 3.194 (2.038-5.004) 0.000
TCl (present vs. absent) —@— 9.825(6.061-15.926) 0.000
With iNG (no vs. yes) —e— 0.976 (0.610-1.560) 0.919
With iHT (no vs. yes) —e—i 0.557 (0.344-0.904) 0.018
BMI (> 22 vs. < 22) —@—i 0.651(0.436-0.971) 0.036
Age (> 40 vs. < 40) —o— 0.566 (0.384-0.836) 0.004
0.1 1 10
‘ B
Multivariable risk factor for CNM OR (95% ClI) p-value
BIL (present vs. absent) —0— 1.171(0.744-1.842) 0.496
CEA(=1.0vs.<1.0) —0— 1.978 (1.085-3.606) 0.026
Cr(>70.0vs.<70.0) —0— 2.155(1.172-3.961) 0.013
RBC (> 5.0 vs. <5.0) —0— 1.330 (0.675-2.622) 0.410
Multifocality (present vs. absent) —— 5.930(3.276-10.735) 0.000
Age (> 40 vs. < 40) —e— 0.479 (0.280-0.819) 0.007
TCl (present vs. absent) —e— 9.803 (5.575-17.239) 0.000
MTD (= 1cmvs. < 1cm) —— 2.023 (1.153-3.549) 0.014
BMI (> 22 vs. < 22) —e—i 0.480 (0.278-0.827) 0.008
With iHT (no vs. yes) —e—i 0.617 (0.325-1.171) 0.140
0.1 1 10

Fig. 1. Univariate (A) and multivariate (B) logistic regression of factors associated with central lymph node metastasis (CNM). BIL, biliru-
bin; CEA, carcinoembryonic antigen; Cr, creatinine; RBC, red blood cell; Mon, monocyte; Neu, neutrophil; WBC, white blood cell; MTD,
maximum tumor diameter; TCI, thyroid capsular invasion; iNG, ipsilateral Nodular Goiter; iHT, ipsilateral Hashimoto thyroiditis; BMI,

body mass index.
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Fig. 2. The nomogram for predicting risk of possible central lymph node metastasis (CNM) in papillary thyroid carcinoma patients. TCI,

thyroid capsular invasion; Cr, creatinine; BMI, body mass index; CEA, carcinoembryonic antigen.
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Fig. 3. Evaluation and Validation of the nomogram. (A) The receiver operating characteristics (ROC) curve and area under the ROC curve
(AUC) of the nomogram. (B) The calibration curve of the nomogram for predicting possible central lymph node metastasis. Actual prob-
ability is plotted on the y-axis, and nomogram predicted probability on the x-axis.

or comparable ethical standards.

Results

1. Demographics and clinical characteristics in original
model

A total of 1,252 PTC patients including 447 males (35.7%)
and 805 females (64.3%) underwent thyroidectomy with
CLND in our institution. Mean age was 43.1 years with a
range of 14-78 years, and mean BMI was 23.81 with a range
of 16.67-43.56. Two serum indexes were included, CEA

medium was 1.42 while the Cr medium was 64. Through
preoperative US detection, the mean size of tumor size was
0.86 cm with a range of 0.05-6.5 cm. Four hundred ninety-five
(39.5%) were diagnosed with thyroid capsule invasion, 373
patients (29.8%) were found to have more than one lesion
higher than TI-RADS 4A in the same lobe (multifocality).
Among the surgical specimens, 243 (19.4%) were confirmed
to have bilateral PTC, 618 (49.4%) were ultimately confirmed
to have CNM. The mean harvested central lymph nodes was
7.1, mean positive nodes was 4.3, and 158 patients (12.6%)
were pathologically confirmed to have lateral lymph node
metastasis (LLNM) (Table 1).
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Fig. 4. The calibration curve of the nomogram for external vali-
dation set. ROC, receiver operating characteristics.

2. Univariate and multivariate analysis of CNM variables
In the univariate analysis, bilaterality (p < 0.001), CEA
(p=0.018), Cr (p < 0.001), red blood cell (p=0.008), multifo-

cality (US) (p < 0.001), maximum tumor diameter (MTD,
US) (p < 0.001), TCI (US) (p < 0.001), ipsilateral Hashimo-
to thyroiditis (p=0.018), BMI (p=0.018), and age (p=0.004)
have association with CNM (Fig. 1A). Multivariate logistic
regression modeling was further conducted to screen for
significant variables associated with CNM. Results were as
follows: CEA > 1 ng/mL, Cr > 70 umol/L, multifocality, age
<40 years, TCI, MTD > 1 cm, BMI < 22 (Fig. 1B).

3. Nomogram for predicting likelihood of CNM in PTC
patients

Based on the independent factors screened through mul-
tivariate analysis, a nomogram was established for predict-
ing individual risk of CNM. The risk of each factor including
CEA, Cr, multifocality, age, TCL, and BMI was quantified in
our predicting model (score of each factor was shown in Fig.
2) to predict the presence of CNM in PTC patients.

A
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POIntS L Lo o a1 al L U T T ST R N T TR TN NN TN SN SN NN SN SN S N SN T . |
<40
Age T !
> 40
<22
BMI T !
>22
Diameter
Diameter L !
Non.diameter
TCl
TCI T !
Non.TCI
) ) Yes
Multifocality T !
No
Total points --—Tt-rrrr-r-——1Tr—r—r-r-r-r-r-r—r-T-r—-rr—r
0 50 100 150 200 250 300 350
CNM possibility T T — T T T 1
02 03 04 05 06 07 08 09
B
1.0
C(ROC) 0.817
= 084
=
8 06+
o
=
= 044
=
B —— |deal
< (2 Logistic calibration
~——— Nonparametric
I|| II — I| | .
0 0.2 04 0.6 0.8 1.0

Predicted probability

Fig. 5. (A) Nomogram without serum index for predicting central lymph node metastasis (CNM) in papillary thyroid carcinoma (PTC)
patients. (B) The calibration curve of the nomogram excluding serum index. BMI, body mass index; TCI, thyroid capsular invasion; ROC,

receiver operating characteristics.
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Fig. 6. Decision curve analysis for comparing our nomogram
and ultrasonography in predicting central lymph node metasta-
sis in papillary thyroid carcinoma patients.

4. Internal and external validation of the nomogram

To evaluate our nomogram’s ability to predict CNM in
PTC patients, we conducted an internal validation using
1,000 bootstrap resamples. A C-index of 0.857 (95% CI, 0.821
to 0.894) was achieved, and a similar C-index 0.854 (95% CI,
0.843 to 0.867) was acquired after 1,000 bootstrapping, con-
firming its satisfactory accuracy in predicting central lymph
nodes involvement. ROC curve and AUC are presented in
Fig. 3A. Furthermore, we also conducted a calibration plot
for our newly-established model, and a favorable agreement
was shown between the actual and estimated probability
of CNM (Fig. 3B). The external validation population com-
prised of 186 patients (122 females) with a 53% overall rate of
nodal metastases. The mean age was 41.8 years with a range
0f 19-72 years. When applied to the original model, the exter-
nal validation data set produced a C-index of 0.825 (95% CI,
0.793 to 0.857) (Fig. 4).

5. Validation of the predictive effect of serum factors

In order to evaluate the effect of serum indicators (CEA
and Cr) we included in this prediction model, we excluded
two serum indicators and reproduced a contrast nomogram
(Fig. 5A), with a C-index of 0.817 (Fig. 5B), proving that these

two factors we included were significant and could improve
our nomogram’s ability to predict CNM.

6. Comparing two models in predicting CNM based upon a
decision curve analysis

A DCA was performed to compare the predictive ability
between our nomogram and the US model. The US model
used the data from the preoperative ultrasonographic dia-
gnosis of CNM in our patient cohort (n=1,252). The DCA
showed that the prediction ability of our nomogram is supe-
rior to US in detecting CNM for PTC patients (Fig. 6).

7. Novel risk stratification according to the scores obtained
by the nomogram

Every variable included in our nomogram had its corre-
sponding risk point and total risk scores calculated for all
patients to quantitatively predict theirindividual risk of CNM.
To stratify patients according to their risk scores, four cut-off
values were selected. Five subgroups were thus established:
(1) extreme low-risk group (patients with a CNM score of
<50, n=137), (2) low-risk group (50 < risk score < 100, n=311),
(3) moderate-risk group (100 < risk score < 150, n=305), (4)
high-risk group (150 < risk score < 200, n=184), and (5) ext-
reme high-risk group (patients with a CNM score of > 200,
n=315).

The rates of CNM for extreme low, low, moderate, high,
extreme high-risk groups were 8.8%, 17.7%, 41.3%, 77.2%,
and 89.8%, respectively. Differences were significant between
these subgroups (p < 0.001) (Table 2).

Discussion

Increasing incidence of thyroid cancer has been reported
over recent years, and surgical resection is generally accept-
ed to be the most effective treatment for PTC [11], yet the
role of prophylactic CLND in PTC continues to be debated.
Advocates point that prophylactic CLND in ¢NO patient
reduces local recurrence which contributes to less hazardous

Table 2. CNM risk stratification of PTC patients based on the model database

LR
Nomogram
50-100

No CNM Value 125 256

% 91.2 82.3
CNM Value 12 55

% 8.8 17.7
Total Value 137 311

% 100 100

MR HR HER
100-150 150-200 >200
179 42 32 634
58.7 22.8 10.2 50.6
126 142 283 618
41.3 77.2 89.8 49.4
305 184 315 1,252
100 100 100 100

CNM, central lymph node metastasis; PTC, papillary thyroid carcinoma; ELR, extreme low risk; LR, low risk; MR, moderated risk; HR,

high risk; HER, extreme high risk.
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reoperative surgery [6,12,13]. In our country, given the com-
bination of higher CNM risks in Asian patients and unreli-
ability of preoperative examinations in detecting CNM [14],
most institutions prefer thyroidectomy with prophylactic
CLND. In this study, the rate of patients who received pro-
phylactic CLND was 96.1% (1,663/1,731).

Although there is increasing support for prophylactic
CLND given its benefits for recurrence and survival, many
clinicians worldwide still opt for therapeutic CLND only,
due to potential risks of prophylactic CLND. These could
include permanent hypoparathyroidism, recurrent laryngeal
nerve injury, and other postoperative complications [15-17].
Furthermore, in the American Thyroid Association guide-
lines (2015), “less is more” seemed to be the theme running
throughout the consensus, recommending less extensive sur-
geries, less radioactive iodine and less surveillance testing
[9,18]. In addition, the importance of regional lymph nodes
for cancer survival is stressed in immunotherapy [19], as
preservation of normal lymph nodes in meaningful for fol-
low-up treatments. Thus, accurately assessing risks of CNM
may play an important role in surgical options, for it is the
deciding factor in whether prophylactic CLND should be
performed.

Our study aimed to develop a nomogram to predict the
likelihood of CNM in PTC patients. A CNM rate of 49.4%
was identified, which is in accordance with figures of 40-
58% reported by other similar works [20,21]. Among these
patients, 158 patients (25.6%) were observed to have LLNM,
while 43 patients (3.4%) had skip metastasis (i.e,, had LLNM
without CNM) which is similar to the observation made by
Thompson et al. [6,22]. Given the low prevalence of skip
metastasis, most LLNM will be accompanied by CNM, and
a routine CLND will be performed; thus, we question the
significance of including LLNM as a risk factor for CNM
suggested by Wang et al. [23]. However, their results match
our finding where there is a significant association between
CNM and LLNV, and we will report this clinical research in
our following work.

Referencing similar works on predicting CNM, our resear-
ch confirms their results and takes it a step further. The nom-
ogram developed by Thompson et al. [6] was based on 914
patients and had good discrimination with a C-index of 0.764,
while only four variables were considered. The nomograms
established by Wang et al. [23] and Kim et al. [24] enrolled
larger patient cohorts, yet their discrimination presented a
C-index of 0.711 to 0.721, which was weaker than this study.
In addition, the equal split of the variables (age and tumor
size) in Kim et al.’s work [24] is also quite puzzling given
the nonlinear relationship between the variable and CNM
according to Thompson’s article [6], which raised further
questions about the representative of their nomogram for the
general population.

There were a few references on the association between
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BMI and CNM [25,26], yet our results were quite different
to previous findings. Wu et al. [25] found that increased
BMI was associated with lymph node metastasis by analyz-
ing a cohort of 796 PTC patients, while we observed that
BMI less than 22 kg/m? was the risk factor for CNM of PTC
patients. This difference may be caused by disparate ways of
BMI grouping or and the diagnose distinction of lymph node
metastasis. However, we believe our nomogram showed
a better predictive accuracy (AUC, 0.854) based on greater
amount of samples of 1,252 PTC patients.

In this study, we took TCI diagnosed by preoperative US as
variable instead of pathological TCI due to the lack of patho-
logically uniform standard (whether TCI or extrathyroidal
extension [ETE]) in our institutions. This stems from a lack of
definite definition for TCI or ETE in thyroid pathology [27].
Preoperative US TCI was identified in 39.5% cases, while
other studies reported that pathological TCI was present in
around 30%-53% cases [6,28,29]. Interestingly, we observed
TCI to be the most sensitive characteristic in our nomogram.
Several works have proven the connections between TCI or
ETE and CNM [23,24] and Thompson et al. [6] found wider
spread ETE had a higher likelihood of lymph node metasta-
sis compared to mere capsular invasion.

Multifocality and large tumor size have frequently been
shown to promote CNM of PTC patients [2,6,12,20,23,24]. In
our research, we obtained similar findings to previous stud-
ies, shown in our nomogram (Fig. 2), in which multifocality
and tumor size larger than 1 cm both played an important
role.

Preoperative serum index is available in most institutions,
yet their association with CNM of PTC patients seems to be
overlooked. We gathered all the pre-operation clinical serum
index including blood routine examination, serum hepato-
renal function, serum electrolyte, serum thyroid function,
parathyroid hormone and CEA. Interestingly, we found
serum Cr and CEA did contribute to our nomogram, sug-
gesting PTC patients with Cr over 70 pmol/L or CEA over
1 ng/mL might suffer a higher risk of CNM.

Above all, this nomogram made it possible to score the
likelihood of CNM in PTC patients before operation, which
showed a significant advantage over preoperative US (Fig.
6). By gathering readily available clinical characteristics, we
divided PTC patients into five quantified risk stratification in
our nomogram (Table 2) so that it is easier to use clinically.
Using this risk stratification table, clinicians may be better
informed in their assessment of the risk factors.

There are several limitations of this study which we hope
to address in our following research. Although we gathered
patient cohort from two institutions, our sample was not as
large as the two recent researches [23,24]. In addition, only
523 patients’ BRAF mutation reports were available and
fewer patients received a postoperative immunohistochemi-
cal examinations. Future predictive models may incorporate
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microRNA and PTC subtypes, as well as immunohistochem-
ical biopsy and genotype of FNA samples, which are not
available at present. Furthermore, we were able to incorpo-
rate several new variables that are significant for prediction
of CNM. This implies that there may be potential variables
waiting to be discovered that could make the nomogram
more complete.

Using available pre-operative variables, we were able to
construct a nomogram that stratify PTC patients into five
groups that possess different CNM risk levels. This provides
guidance for whether a patient should receive CLND on a

case by case basis, and promotes balanced approach between
avoiding CLND complications and maximizing survival/
lowering recurrence rates.
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Purpose

Radiation-induced oral mucositis limits delivery of high-dose radiation to targeted cancers.
Therefore, it is necessary to develop a treatment strategy to alleviate radiation-induced oral
mucositis during radiation therapy. We previously reported that inhibiting reactive oxygen
species (ROS) generation suppresses autophagy. Irradiation induces autophagy, suggest-
ing that antioxidant treatment may be used to inhibit radiation-induced oral mucositis.

Materials and Methods

We determined whether treatment with N-acetyl cysteine (NAC) could attenuate radiation-
induced buccal mucosa damage in vitro and in vivo. The protective effects of NAC against
oral mucositis were confirmed by transmission electron microscopy and immunocyto-
chemistry. mRNA and protein levels of DNA damage and autophagy-related genes were
measured by quantitative real-time polymerase chain reaction and western blot analysis,
respectively.

Results

Rats manifesting radiation-induced oral mucositis showed decreased oral intake, loss of
body weight, and low survival rate. NAC intake slightly increased oral intake, body weight,
and the survival rate without statistical significance. However, histopathologic character-
istics were markedly restored in NAC-treated irradiated rats. LC3B staining of rat buccal
mucosa revealed that NAC treatment significantly decreased the number of radiation-
induced autophagic cells. Further, NAC inhibited radiation-induced ROS generation and
autophagy signaling. In vitro, NAC treatment significantly reduced the expression of NRF2,
LC3B, p62, and Beclin-1 in keratinocytes compared with that after radiation treatment.

Conclusion

NAC treatment significantly inhibited radiation-induced autophagy in keratinocytes and rat
buccal mucosa and may be a potentially safe and effective option for the prevention of
radiation-induced buccal mucosa damage.

Key words
Radiation, Oral mucositis, N-acetylcysteine (NAC), Autophagy,
Nuclear factor erythroid 2-related factor 2 (NRF2)

Introduction

patients with granulocytopenia, it often leads to systemic
infections and nutritional deficiencies due to the intake of a

Radiotherapy is a commonly used cancer treatment that
entails lethal doses of radiation against cancer cells [1]. How-
ever, exposure of normal tissue to radiation can cause both
acute and chronic toxicity, including dermatitis, oral mucosi-
tis, altered taste, pain, dry mouth, decreased appetite, and
even ulceration [2].

Oral mucositis is one of the most common complications
of cancer therapy, chemotherapy, and radiation therapy. In

| https://www.e-crtorg |

restricted diet [3].

Despite technological advances, a successful method for
the prevention of radiation-induced oral mucositis and nor-
mal cell toxicity has yet to be developed [4]. Although many
recent studies have shown the potential of radiation in pro-
tection against chemicals and small molecules, most of them
have yet to reach the preclinical stage due to their toxicity and
side effects, and the unknown mechanisms involved in radia-
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tion protection. Radiation-induced oral mucositis is caused
by a variety of mechanisms, including but not limited to the
release of free radicals, modified proteins, and proinflamma-
tory cytokines, including interleukin-1p, prostaglandins, and
tumor necrosis factor by irradiated epithelial, endothelial,
and connective tissue cells in the buccal mucosa [5].

Previous studies have reported an increase in intracel-
lular reactive oxygen species (ROS) levels during radiation-
induced oral mucositis. Scavengers such as vitamin E, ami-
fostine, and N-acetylcysteine (NAC) are known to inhibit oral
mucositis, indicating a role for ROS in radiation-induced oral
mucositis [6].

Although the radioprotective effects of scavengers are
unknown, ROS scavenger supplements are seen to partially
protect against sublethal damage induced by ionizing radia-
tions. Therefore, we elucidated the relationship between auto-
phagy and the antioxidant signal transduction mechanism.

NAC is a free radical scavenging antioxidant [7]. Several
studies have reported on its efficacy in reducing inflamma-
tion of the mucous membranes, improving the elimination
and excretion of sputum in inflammatory diseases of the res-
piratory system, and inhibiting the secretion of cytokines [8].

Nuclear factor erythroid 2-related factor 2 (NRF2), an anti-
oxidant, is regulated by upstream signal transduction factors
such as mitogen-activated protein kinases, extracellular sig-
nal-regulated kinase, c-Jun N-terminal kinase, and phos-
phatidylinositol 3-kinase [9]. Under oxidative stress, NRF2 is
not degraded and translocates to the nucleus where it binds
to the promoter regions of antioxidant genes, such as gluta-
thione transferases, UDP-glucuronosyltransferases, y-gluta-
mylcysteine synthetase, glutathione peroxidase, heme oxyge-
nase-1, catalase, and NAD(P)H:quinone oxidoreductase-1, to
upregulate their transcription [10].

The mechanism for the radioprotective effect of NRF2 is
unknown. However, it is known to depend on radiation-
induced ROS generation that leads to cell and DNA damage.
Interestingly, recent reports have shown that the NRF2 path-
way correlates with autophagic signaling and contributes to
antioxidant-mediated protection of the cells by eliminating
oxidatively damaged organelles and proteins [11].

In this study, we investigated the protective effect of NAC
against radiation-induced oral mucositis in animal studies
and keratinocytes. The associated signaling mechanisms, spe-
cifically those involving the autophagic signaling pathway,
were also studied.

Materials and Methods

1. Animal study

Six-week-old female Sprague-Dawley rats were purchased
from Orient Bio Co. Ltd. (Seongnam, Korea).

The animals were randomly assigned to either an irradia-
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tion group (n=20) or a non-irradiation group (n=20) for 3
weeks. Each group was divided into two groups. One group
was treated with NAC (Mucomyst, Boryung Pharm, Ansan,
Korea) (n=10), and the other group was treated with saline
(n=10).

A single 30 Gy dose was delivered by opposing photon
beams at a rate of 2 Gy/min bilaterally at a distance of 100
cm from the source to the axis using the 6 MV LINAC (21EX,
Varian Medical Systems, Palo Alto, CA). Radiation dose and
evaluation were previously described [12].

Rats were treated with NAC (Mucomyst, Boryung Pharm)
from the day after irradiation. Rats were placed in an acryl
box (30x20x20 cm), and a nebulizer was used to adminis-
ter NAC (air flow, 10.01 L/min) for 5 minutes and stabilized
for 5 minutes. The control groups were administered saline.
Treatment was conducted twice every day for 3 weeks (9 am
and 6 pm).

2. Cell culture and radiation conditions

The human immortalized keratinocytes, HaCaT cells, were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA). HaCaT cells were maintained in high glucose
Dulbecco’s modified Eagle’s medium (Gibco, Grand Island,
NY), supplemented with 10% fetal bovine serum and 100 U/
mL penicillin-streptomycin (Gibco, Paisley, PA) at 37°C with
5% CO, under humidified conditions.

Cells were pre-treated with 10 mM of NAC for a 1 hour
before radiation and were irradiated for 10 minutes with 6
MYV LINAC (21EX, Varian Medical Systems) at a fixed dose
rate of 2 Gy / min. A radiation of 20 Gy was selected to induce
DNA damage [12,13].

3. Terminal deoxynucleotidyl transferase dUTP nick end
labeling assay

Apoptotic cells in the buccal mucosa were assessed by
DNA fragmentation within cells using the In Situ Cell Death
Detection Kit, POD (Roche Molecular Biochemicals, Indian-
apolis, IN), according to the manufacturer’s protocol. Nuclei
were counterstained with Hoechst 33342.

4. Cell cycle analysis and measurement of ROS production

HaCaT cells were harvested by trypsinization and washed
with phosphate buffered saline (PBS). Cold 70% ethanol was
slowly added to the cells while vortexing, and were fixed
overnight at —20°C. The cells were washed with PBS twice,
centrifuged at 1,300 rpm for 3 minutes, and resuspended in
200 pL PBS. Subsequently, they were incubated with 300 ug/
mL RNase (Intron Biotechnology, Seongnam, Korea) for 30
minutes at 37°C, and 500 pL propidium iodide (10 pg/mL,
Invitrogen, Carlsbad, CA) for another 30 minutes at 4°C in
a dark room. Cell cycle distribution was calculated in 10,000
cells using a BD FACS Aria III instrument (BD Biosciences,
Bedford, MA).
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Fig. 1. Effect of N-acetylcysteine (NAC) on DNA damage in the HaCaT cells after radiation treatment. (A) Western blot analysis of signals
mediating cell cycle checkpoint and DNA damage. Cell lysates were collected 24 hours after irradiation and NAC treatment, followed
by gel electrophoresis, and the levels of p-ATM (Ser1981), total ATM (t-ATM), p21, p-p53 (Ser15), total p53 (t-p53) cyclin B1, yH2AX, and
alpha-tubulin were measured. A representative of three experiments is shown in triplicate. (B) Cell cycle analysis by flow cytometry. The
distribution of each HaCaT cell line in various stages of the cell cycle was analyzed by propidium iodide staining after radiation and NAC
treatment. (C) Cyclin A/cyclin B mRNA level was measured using real-time polymerase chain reaction. Asterisks indicate statistically

significant differences. *p < 0.05. (Continued to the next page)

The cellular ROS production was measured by treating
HaCaT cells with 10 uM hydroethidine (Molecular Probes,
Eugene, OR) for 30 minutes at 37°C. Fluorescence-stained
cells were then analyzed with BD FACS Aria III (BD Bio-
sciences).

5. Western blot analysis

Cells were lysed in RIPA buffer (Sigma-Aldrich, St. Louis,
MO) containing 50mM Tris (pH 8.0), complete EDTA-free
protease inhibitor, and PhoSTOP (Roche Molecular Biochem-
icals, Basel, Switzerland), as described previously. The cell

lysates were mixed with 5x sodium dodecyl sulfate sample
buffer and run on a 10%-12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis gel, followed by electropho-
retic transfer to PVDF membrane. Targeted proteins were
immunoblotted with specific antibodies. The following pri-
mary antibodies were used: p21, p27, phospho-p53 (Ser15),
p53, cyclin B1l, yH2AX, mammalian target of rapamycin
(mTOR), phospho-mTOR, ATG3, ATG5, P62, LC3B, and
glyceraldehyde 3-phosphate dehydrogenase (1:1,000, Cell
Signaling Technology, Danvers, MA). Secondary antibodies
(1:4,000, anti-rabbit IgG or anti-mouse IgG) were purchased
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Fig. 1. (Continued from the previous page) (D) Immunofluorescence of YH2AX (green spot). Cells were exposed to a single dose of radiation
(20 Gy), NAC (10 mM) or radiation+NAC. After 24-hour incubation, immunocytochemistry was performed with an antibody target-
ing yH2AX, indicative of the cellular response to DNA damage. This experiment was independently repeated at least three times. Scale

bars=75 pm. ***p < 0.001.

from Cell Signaling Technology.

6. Cell proliferation assay (BrdU assay)

Cell proliferation was measured using a BrdU assay kit
(Roche Diagnostics, Penzberg, Germany), according to the
manufacturer’s protocol (BD Biosciences) as described pre-
viously [12]. Absorbance was measured at a wavelength of
370 nm using an enzyme-linked immunosorbent assay read-
er (Bio-Tek, Winooski, VT). The rate of cell proliferation was
expressed as a percentage of untreated cells.

7. Transmission electron microscopy

The cells were fixed in 2% glutaraldehyde after treatment
with vehicle or NAC (10 mM, Sigma-Aldrich) only, radiation
alone (20 Gy), or radiation (20 Gy) plus NAC (10 mM), as
previously described [14]. All thin sections were observed
with an electron microscope (JEM-1011, Jeol, Tokyo, Japan)
at an acceleration voltage of 80 kV, and the images were ana-
lyzed with the Camera-Megaview III Soft imaging system.

8. Quantitative real-time polymerase chain reaction

Total RNAs from HaCaT cells treated with vehicle or NAC
(10 mM, Sigma-Aldrich) only, radiation only (20 Gy), or
radiation (20 Gy) plus NAC were isolated using TRIzol rea-
gent (Gibco-BRL, Grand Island, NY). The cDNA synthesis
was performed as described previously [15]. We quantified
the targeted gene expression via one-step real-time PCR
using Step One Plus TM (Applied Biosystems, Foster City,
CA). All primers were purchased from Qiagen (Hilden, Ger-
many) and resuspended in 100 pM stock solutions in TE
buffer (pH 8.0, Teknova, Hollister, CA).
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9. Immunohistochemistry

Immunohistochemistry was performed using paraffin-
embedded tissue sections collected on poly L-lysine—coated
slides. The specimens were briefly incubated in a blocking
solution with anti-LC3B (1:200), NRF2 (1:200) antibody over-
night at 4°C. The sections were thoroughly rinsed in PBS and
incubated for 2 hours at room temperature with SPlink HRP
Detection Kit (GBI Labs, Mukilteo, WA). Immunolabeling
was performed after three washes in PBS and stained with
Liquid DAB+ Substrate Kit (GBI Labs).

10. Immunocytochemistry

HaCaT cells were cultured on microscope coverslips (Ther-
mo Fisher Scientific, Rochester, NY) and treated with vehi-
cle or NAC (10 mM, Sigma-Aldrich) only, radiation only (20
Gy), or radiation (20 Gy) plus NAC. After 24 hours, the slides
were washed with PBS, fixed for 20 minutes in 3.7% for-
maldehyde, and rehydrated in PBS. Immunocytochemistry
assays were performed as described previously [16]. The
slides were washed and mounted with Vectashield (Vec-
tor Laboratories, Inc., Burlingame, CA). Cells were imaged
using a fluorescence microscope (EVOS, Seattle, WA) [17].

11. Isolation of nuclear and cellular extracts

Nuclear and cellular extracts were isolated from cells treat-
ed with vehicle or NAC (10 mM, Sigma-Aldrich) only, radia-
tion only (20 Gy), or radiation (20 Gy) plus NAC (10 mM) for
24 hours using the NE-PER Nuclear and Cytoplasmic Extrac-
tion Reagent kit (Pierce Biotechnology, Rockford, IL), follow-
ing the manufacturer’s protocol.
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Fig. 2. Effect of N-acetyl cysteine (NAC) on radiation-induced intracellular reactive oxygen species (ROS) generation in HaCaT cells. (A)
Intracellular ROS generation was measured in HaCaT cells treated with 20 Gy of radiation in the presence or absence of NAC (10 mM). The
level of intracellular ROS was measured by flow cytometry using the peroxide-sensitive fluorescent probe, dihydroethidium (DHE). (B)
Intracellular ROS generation was evaluated by DHE fluorescence staining for 30 minutes at 37°C. Values are presented as the mean=SD of
three experiments in triplicate and was calculated as a percentage of the control. ***p < 0.001. (C) NAC downregulates radiation-induced
nuclear factor erythroid 2-related factor 2 (NRF2) protein expression. Western blots were performed using NRF2 and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibodies. (D) Protein levels of NRF2 in fractionated nuclear or cytosolic lysates treated with 20
Gy of radiation in the presence or absence of NAC (10 mM) were determined by western blot analysis. (Continued to the next page)

12. Statistical analysis

Data from at least three independent experiments were
expressed as meantSD. Comparisons of the means of differ-
ent groups were performed using one-way analysis of vari-
ance (ANOVA). We conducted one-way ANOVA based on
the Mann-Whitney U test using SPSS ver. 20.0 statistical soft-
ware (IBM Corp., Armonk, NY). p-values < 0.05 were consid-

ered statistically significant.

13. Ethical statement
This study was approved by the Committee for Ethics in

Animal Experiments, Ajou University School of Medicine
(IACUC number: 2016-0031).
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Fig. 2. (Continued from the previous page) (E) NRF2 protein levels were detected by immunocytochemistry. Cells were exposed to a single
dose of radiation (20 Gy), NAC (10 mM) or radiation+NAC. After 24-hour incubation, immunocytochemistry was performed with an
NREF2 antibody. (F) NRF2 mRNA level was measured using real-time polymerase chain reaction. Asterisks indicate statistically significant

differences. *p < 0.05.

Results

1. Pre-treatment with NAC protects irradiated HaCaT cells
against DNA damage

Radiation induces HaCaT cell death by inducing DNA
damage [18]. Therefore, DNA damage markers were meas-
ured, and cell cycle analysis was performed to determine
whether 10 mM NAC pre-treatment could prevent DNA
damage.

We analyzed protein-related DNA damage for p-ATM,
ATM, p21, p53, cyclin B1, and yH2AX to determine wheth-
er NAC could block the ATM pathway and DNA damage
mediating the cell cycle arrest observed. Increased protein
levels or phosphorylation of p-ATM, p-p53 (Ser15), p21, cyc-
lin B1, and yYH2AX after irradiation and treatment with NAC
reduced the phosphorylation of p-ATM, p-p53 (Ser15), and
the protein levels of p21, cyclin B1, and yH2AX, which were
increased by radiation treatment (Fig. 1A).
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Interestingly, the length of the S phase of the cell cycle
increased during radiation treatment and decreased after
NAC treatment (Fig. 1B).

As shown in Fig. 1C, the mRNA levels of cyclin A and B
were significantly lower in the NAC-treated group than in
the radiation only group. These results were consistent with
those of the western blot analysis.

In addition, to analyze DNA damage related to cell cycle
arrest, we evaluated the expression of YH2AX, which plays
an essential role in the cellular DNA damage response. NAC
significantly inhibited the expression of yH2AX induced by
irradiation (Fig. 1D). These results suggested that the protec-
tive mechanism of action of NAC and decreased DNA dam-
age correlate with reduced phosphorylation of ATM and p53.

2. NAC inhibits radiation-induced intracellular ROS pro-
duction via regulation of NRF2 expression in HaCaT cells
Radiation has been shown to increase ROS-induced oxida-
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Fig. 3. Protective effect of N-acetyl cysteine (NAC) against radiation-induced autophagy in the HaCaT cells. (A) Western blot analysis with
antibodies against Beclin-1, p62, and LC3B. (B) Immunocytochemistry staining of LC3B (green), F-actin (red), and nucleus (blue) in cells
exposed to a single dose of radiation (20 Gy), NAC (10 mM) or radiation+NAC for 24 hours. LC3B puncta-positive cells were counted in
five random fields (n=3). Scale bars=100 pm. Values are presented as meantstandard deviation (SD). ***p < 0.001. (C) Transmission electron

microscopy analysis of morphological changes in autophagic vesicles in HaCaT cells. Scale bars=5,000 nm. (Continued to the next page)

tive stress in cells [19]. Therefore, we investigated ROS levels
after irradiation to identify the mechanism by which NAC
inhibits ROS production. First, the generation of ROS was
quantified using dihydroethidium (DHE). As shown in Fig.
2A, the significant increase in ROS generation induced by
irradiation was inhibited significantly by NAC. To confirm
these results, we used DHE fluorescence staining. As shown

in Fig. 2B, the radiation-induced increase in fluorescence
intensity was inhibited significantly by NAC.

Toelucidate the mechanism underlying the activity of radia-
tion and NAC, we evaluated the effects of radiation and NAC-
induced changes on gene expression. Radiation has been
reported to increase NRF2 expression in human lympho-
cytes. Given the role of NRF2-Keapl1 signaling in stress res-
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pendent experiments. *p < 0.05.

ponse, the NRF2 signaling mechanism protects cells by acti-
vating antioxidant-related genes [20].

To identify the relationship between radiation-induced
ROS and NRF2 expression, HaCaT cells were irradiated,
and the protein levels of NRF2 were measured by western
blotting. A representative western blot is shown in Fig. 2C.
The results confirmed the increased expression of NRF2 after
radiation treatment and showed that NAC treatment redu-
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ced the expression of NRF2.

As shown in Fig. 2D, NAC treatment attenuated the pro-
tein level of NRF2 increased by radiation treatment in both
the nuclear and cytoplasmic fractions.

To confirm our findings regarding NRF2 expression, the
nuclear translocation of each molecule was analyzed using
immunocytochemistry. These results were consistent with
those of western blot analysis.

3. NAC inhibits radiation-induced autophagy in HaCaT
cells

Recent reports have shown that autophagy is closely relat-
ed toradiation [21]. Therefore, to identify the relationship bet-
ween radiation-induced ROS generation and DNA damage
and the inhibitory effect of NAC, autophagy-related proteins
were quantified by western blotting. As shown in Fig. 3A,
radiation treatment increased the expression of autophagy-
related proteins such as Beclin-1, LC3B, and p62. However,
NAC treatment reduced the expression of Beclin-1, LC3B,
and p62, which had increased after radiation treatment. Fur-
thermore, LC3 puncta were visualized using a laser scanning
fluorescent confocal microscope. As shown in Fig. 3B, radia-
tion treatment enhanced the accumulation of LC3 puncta in
HaCaT cells, which was effectively suppressed by NAC.

To confirm these results, transmission electron microscopy
was performed to visualize autophagic structures in HaCaT
cells. As shown in Fig. 3C, untreated cells showed normal
nuclei, mitochondria, and other organelles and no autophag-
ic vacuoles were detected. In contrast, autophagic vacuoles
were observed in irradiated cells, suggesting that radiation
treatment induced autophagy in HaCaT cells. In addition,
NAC treatment significantly decreased the number of auto-
phagic vacuoles compared with radiation treatment.

In summary, NAC can effectively inhibit the transcription
of LC3B, ATGS5, and p62 in HaCaT cells (Fig. 3D).

4. NAC protected against radiation-induced histopatholog-
ical changes in injured rat buccal mucosa

To determine the protective effects of NAC against radia-
tion in vivo, we exposed rats to 30 Gy of radiation plus NAC.
Thereafter, we investigated the morphological changes cau-
sed by the treatment and the effect on survival up to 3 weeks
of development. All animals were examined after death dur-
ing the experiment or euthanized after 3 weeks.

The food intake between the experimental groups was not
significantly different until day 5, when the irradiation group
and the radiation+NAC-treated group showed a significant
decrease in food intake. Therefore, there was no statisti-
cally significant difference in the average food intake of the
radiation+NAC group and the irradiation group (S1A Fig.).
The weights of the irradiated rats were also not significantly
different from those of the radiation+NAC group (S1B Fig.).

Inflammation and survival rate, however, were inhibited in
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healed). However, the MUCOMIST(NAC) treatment group is clean except for the tip of the tongue. (B) Survival rate and time of death.
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buccal mucosa and tongue on day 23 after irradiation. Scale bars=200 pm.

the radiation+NAC group compared with that in the radia-
tion treatment group (Fig. 4B)

Histopathologically, the buccal mucosa of the irradiation
group was severely ulcerated with necrotic inflammatory
exudates. However, after 3 weeks of irradiation, the tongue
and buccal mucosa in the radiation+NAC group recovered
similar to those in the control group (Fig. 4A). Mucosal
recovery was also observed in hematoxylin-eosin stained tis-
sue (Fig. 4C).

5. NAC prevents radiation-induced autophagy and NRF2
expression in rat buccal mucosa

To determine whether NAC treatment had similar effects
in vivo, we confirmed the expression of NRF2 and LC3B in
the rat tongue. The expression levels of LC3B and NRF2 were
elevated in the group exposed to radiation, compared with
those in the group treated with radiation+NAC (Fig. 5A).

We also conducted western blotting for NRF2 and LC3B
in the rat tongue. NRF2 and LC3B protein levels increased in
the radiation treatment group. In the radiation+NAC group,
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reaction analysis. *p < 0.05, *p < 0.01, **p < 0.001.

however, there was a marked decrease in NRF2 and LC3B
expression (Fig. 5B and C), indicating that NAC treatment
was effective in vivo as well as in vitro.

Discussion

The mechanism of radiation-induced oral mucositis is not
fully understood. However, radiation therapy is essential
for tumor treatment and is commonly used despite its side
effects, such as skin damage and oral mucositis [22].

1028 CANCER RESEARCH AND TREATMENT

Radiotherapy and chemotherapy are known to induce
ROS generation that activates various signaling pathways
that have recently been reported to interact via autophagy-
inducing factors [23]. These activated pathways inhibit cell
regeneration and induce apoptosis and ulceration. DNA
damage is also known to be induced directly by radiation;
indirectly, S-phase arrest is induced by ROS [19]. Our results
showed that NAC secured the progression of the S-phase
by suppressing ROS-mediated DNA damage. In addition,
another previous report demonstrated that NAC protected
the cell cycle against UV damage; our results also showed



Haeng Jun Kim, Effect of NAC in Radiation-Induced Oral Mucositis

its protective effect on the cell cycle against radiation dam-
age [24]. Thus, we hypothesized that the antioxidant NAC
is a possible protective agent against radiation-induced oral
mucositis.

Previous studies have identified the preventive effect of
NAC on radiation through 3D cell culture [25]. However,
our experiments were performed in vivo to confirm the effect
of NAC. In addition, the report did not observe the effect of
NAC single treatment. Apoptosis was reduced when QYD
(Qingre Liyan decoction) was used with NAC. In our study,
cell damage was caused by ROS, which is increased upon
irradiation, thereby resulting in increased autophagy. How-
ever, NAC treatment inhibited ROS production, and conse-
quently, prevented cell death.

In our previous report, we demonstrated that the protec-
tive effect of NAC against radiation and cisplatin is medi-
ated via the reduction of ROS generation [26]. Natural anti-
oxidants play a role in autophagy and cell death induction.
Therefore, we investigated the protective effect of NAC
against radiation-induced cellular damage in HaCaT cells
and in a rat model [27]. We concluded that NAC treatment
prevents radiation-induced mucositis by decreasing NRF2-
dependent ROS synthesis. Recent studies have shown that
a low-dose radiation of 2.5 Gy increased the nuclear accu-
mulation of NFR2 in the mouse macrophage cell line RAW
264.7 [28]. In our study, we also found nuclear accumulation
of NRF2 induced by exposure to radiation.

The activation mechanism of NRF2 is mediated via direct
interaction between p62 and SQSTM1, as well as the anti-
oxidant response. Given that the accumulation of p62 and
SQSTM1 is a hallmark of autophagy response, we investi-
gated the association between autophagy and the NRF2
pathway.

Autophagy is activated by ROS. Under oxidative stress,
autophagy has a protective effect against cardiovascular,
renal, and neurological disorders and obesity [29,30]. There-
fore, it is an important regulator of cell survival following
damage and exposure to increased ROS levels or starvation.
Autophagy eliminates ROS within the cell, which is similar
to the role of the antioxidant-signaling pathway.

In our study, radiation-induced autophagy promoted
the expression of NRF2 and induced the expression of p62.
These results suggested that autophagy may play a regula-
tory or synergistic role in antioxidant-signaling pathways.
However, the role of autophagy in radiation-induced early
and delayed toxicity is unclear, and studies investigating the

toxicity and death in autophagy are still ongoing.

However, regarding the mechanism involved, autophagy
was activated and NRF2 production was promoted in irra-
diated cells by ROS. In our study, we found that NAC pre-
vented both autophagy and NRF2 production by inhibiting
the synthesis of radiation-induced ROS in cells and an ani-
mal model, thus demonstrating the ability of NAC to pro-
tect against radiation-induced DNA damage, including oral
mucositis. We observed the protective effect of NAC against
radiation-induced cellular damage via its function in inhibit-
ing ROS production.

Although the relevance of autophagy requires further elu-
cidation to confirm the effectiveness of NAC, our results sug-
gest that NAC may inhibit oral mucositis, which is the most
common complication of chemotherapy.

Even though our animal experiments showed that treat-
ment with NAC is not effective with respect to oral intake
and body weight, histological analysis results confirmed that
NAC treatment improved tissue healing rate and quality.
Therefore, it seems that NAC can treat radiation-induced oral
mucositis, although NAC treatment did not affect oral intake
or body weight. Therefore, more experiments are required
to find a more effective way of NAC treatment, such as oral
intake and body weight, to improve clinical parameters.

In this study, we demonstrated that NAC significantly
inhibited radiation-induced autophagy in keratinocytes and
rat buccal mucosa. These results suggest that NAC may be a
safe and effective therapeutic candidate for the inhibition of
radiation-induced buccal mucosa damage.
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Purpose

The benefits of reirradiation for head and neck cancer (HNC) have not been determined.
This study evaluated the efficacy of reirradiation using intensity-modulated radiotherapy
(IMRT) for recurrent or second primary HNC (RSPHNC) and identified subgroups for whom
reirradiation for RSPHNC is beneficial.

Materials and Methods

A total of 118 patients from seven Korean institutions with RSPHNC who underwent IMRT-
based reirradiation between 2006 and 2015 were evaluated through retrospective review
of medical records. We assessed overall survival (OS) and local control (LC) within the radio-
therapy (RT) field following IMRT-based reirradiation. Additionally, the OS curve according
to the recursive partitioning analysis (RPA) suggested by the Multi-Institution Reirradiation
(MIRI) Collaborative was determined.

Results

At a median follow-up period of 18.5 months, OS at 2 years was 43.1%. In multivariate
analysis, primary subsite, recurrent tumor size, interval between RT courses, and salvage
surgery were associated with OS. With regard to the MIRI RPA model, the class | subgroup
had a significantly higher OS than class Il or lll subgroups. LC at 2 years was 53.5%. Multi-
variate analyses revealed that both intervals between RT courses and salvage surgery were
prognostic factors affecting LC. Grade 3 or more toxicity and grade 5 toxicity rates were
8.5% and 0.8%, respectively.

Conclusion

IMRT-based reirradiation was an effective therapeutic option for patients with RSPHNC,
especially those with resectable tumors and a long interval between RT courses. Further,
our patients’ population validated the MIRI RPA classification by showing the difference of
0S according to MIRI RPA class.

Key words
Head and neck neoplasm, Recurrence, Reirradiation, Intensity modulated radiotherapy

Introduction

Despite aggressive multidisciplinary management includ-
ing radiotherapy (RT), up to half of patients with locally
advanced head and neck cancer (HNC) experience locore-
gional recurrence [1-3]. Although surgery was the best sal-

| https://www.e-crtorg |

vage therapy option for such patients, only a few patients
could be candidates for surgical resection due to unresectabil-
ity or inoperability associated with poor performance func-
tions and their comorbidities [4,5]. Thus, for these patients,
reirradiation has been considered as a salvage therapy to
improve outcomes, although the concern of severe toxicity
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following reirradiation has remained [6].

With the widespread adoption of conformal RT techniques
such as intensity-modulated RT (IMRT) and volume-modu-
lated arc therapy, the therapeutic ratio of reirradiation may
have increased owing to the advanced technique using mul-
tiple small beamlets, which have an accurate target system
for irregularly shaped tumors while simultaneously avoiding
normal tissue [7,8]. Therefore, reirradiation in the modern
advanced RT era has led to the expectation that the efficacy
after reirradiation would be improved [9], and it has contrib-
uted to the frequent application of reirradiation using IMRT
in clinical practice [10-12].

However, the efficacy of reirradiation in the IMRT era still
remains unclear. In particular, difficulties associated with the
selection of patients who would benefit from reirradiation
and the potential for lethal toxicity following reirradiation are
barriers to performing reirradiation. Therefore, we conducted
a multi-institutional study to describe the efficacy of IMRT-
based reirradiation for recurrent or second primary HNC
(RSPHNC) and to identify prognostic factors for which the
benefit of reirradiation appears favorable. We also sought to
externally validate the recursive partitioning analysis (RPA)
published by the Multi-Institution Reirradiation (MIRI) Col-
laborative [13].

Materials and Methods

1. Study design

We performed a multicenter, retrospective cohort study
to assess the efficacy of IMRT-based reirradiation for HNC.
The eligibility criteria were as follows: (1) adult patients
(= 18 years) who had locoregional RSPHNC without distant
metastasis (M0) based on histologic and/or radiographic
evidence of progression of the disease treated with IMRT-
based reirradiation from January 1, 2006, to December 31,
2015; (2) availability of a medical record related to the ini-
tial radiation dose; and (3) patients who previously received
> 40 Gy RT at the reirradiation site. Information on the
patients” clinicodemographic characteristics, tumor charac-
teristics, and administered treatments was collected from
their medical records. All institutions decided on re-irradi-
ation for patients with RSPHNC through each institution’s
multidisciplinary discussion during a head and neck tumor
conference, in which an otolaryngologist, radiation oncolo-
gist, medical oncologist, and radiologist participated. Finally,
118 patients from seven institutions with recurrent (n=109)
or second primary (n=9) HNC who underwent IMRT-based
reirradiation were analyzed.

2. Treatment outcomes and prognostic variables

The primary endpoint was 2-year overall survival (OS)
rate, and the secondary endpoint was local control (LC) rate.
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OS period was calculated from the time of reirradiation for
recurrence to the date of death from any cause, and freedom
from local progression was defined as an absence of disease
on histologic and radiographic evaluation from the reirradia-
tion. The prognostic factors associated with OS and LC were
as follows: age, sex, Karnofsky performance status, initial
subsite, initial histology, surgery at recurrence, tumor size at
recurrence, interval between RT courses, and organ dysfunc-
tion at reirradiation. In addition, we divided patients into
prognostic subgroups using the RPA according to the inter-
val between RT courses, resectability, and organ dysfunction
defined by the MIRI Collaborative [13] and assessed OS by
class. Additionally, the late toxicity following reirradiation
was assessed by reviewing medical charts.

3. Statistical analysis

Actuarial estimates for OS and LC were calculated using
the Kaplan-Meier methods. Log-rank test was used to com-
pare risk factors affecting survival and LC estimates in uni-
variate analysis. A Cox regression model was used to identify
potential prognostic factors for OS and LC in univariate and
multivariate analyses. All analyses were performed using
IBM SPSS ver. 20.0 (IBM Corp., Armonk, NY).

4. Ethical statement

This study was approved by the institutional review
board of each participating institution. The requirement for
informed consent was waived. We carried out this research
according to the principles expressed in the declaration of
Helsinki.

Results

1. Patient and treatment characteristics

The median age when performing IMRT-based reirradia-
tion was 59 years (range, 20 to 90 years). Of the total patients,
95 patients (80.5%) had squamous cell carcinoma and 82
patients (69.5%) showed stage III/IV at initial presentation.
The approach to the RSPHNC consisted of surgery for 40.7%
(n=48; RO resection in 29 patients and R1 resection in 19
patients) and chemotherapy for 72.9% (n=86) of the patients.
Fractionation of IMRT-based reirradiation was once daily
for all patients. The treatment volume included focal field
in 84.7%, which was defined by the gross tumor or surgical
bed plus a margin of 0.5-1.0 cm, and radical field in 15.3%,
encompassing the gross tumor or surgical bed with an elective
high-risk area plus a margin of 0.5-1.0 cm. The median inter-
val period between RT courses was 29.4 months (range, 2.6 to
293.4 months). The median initial RT total dose, IMRT-based
reirradiation total dose, and cumulative RT dose were 66 Gy
(range, 40.0 to 78.6 Gy), 59.4 Gy (range, 36.0 to 75.0 Gy), and
124.9 Gy (range, 90.0 to 146.3 Gy), respectively. With regard
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Table 1. Baseline characteristics

Variable Total (n=118)

Initial presentation

Age, median (range, yr)

Sex
Male
Female

ECOG PS
0-1
2-3

Primary subsite
Nasopharynx
Oropharynx
Oral cavity
Paranasal sinus/Nasal cavity
Hypopharynx/Larynx
Other (SG, UP)

Histology
scC
Non-5CC

Stage
I/11
I
v
Unevaluable

Initial treatment

Treatment modality
Definitive RT /CRT
Surgery+PORT/CRT
Induction CTx+Definitive RT/CRT
Induction CTx+Surgery+PORT/CRT
Preoperative RT / CRT+Surgery

Initial RT total dose, median (range, Gy)

56 (20-83)

110 (93.2)
8(6.8)

52 (44.1)
48 (40.7)
13 (11.0)

3(25)

2(1.

(

(

6)
66.0 (40.0-78.6)

Initial RT fractional dose, 2.0 (1.2-2.5)
median (range, Gy)
Second presentation
Age, median (range, yr) 59 (20-90)
<60 63 (53.4)
> 60 55 (46.6)
ECOG PS
0-1 105.0 (89.0)
2-3 13.0 (11.0)
Presentation type
Recurrent 109 (92.4)
SP 9(7.6)
rStage
rTONany 25(21.2)
rTINany 13 (11.0)
rT2Nany 11 (9.3)
rT3Nany 19 (16.1)
rT4Nany 50 (42.4)
(Continued)

Table 1. Continued

Variable Total (n=118)

Failure type
Local failure 74 (62.7)
Regional failure 24 (20.3)
Locoregional failure 20 (16.9)
Recurrent or SP tumor size (cm)
Median, range 3.0 (0.5-11.0)
<3 54 (45.8)
>3 64 (54.2)
No. of recurrent or SP tumor
1 72 (61.0)
>2 46 (39.0)
Pre-existing organ dysfunction
No 110 (93.2)
Yes? 8(6.8)
RPA class”
Class I 25 (21.2)
Class II 89 (75.4)
Class IIT 4(3.4)
Second treatment
Salvage surgery
No 70 (59.3)
Yes© 48 (40.7)
Chemotherapy
No 32(27.1)
Yes 86 (72.9)
Reirradiation total dose (Gy)
Median (range) 59.4 (36.0-75.0)
<60 60 (50.8)
> 60 58 (49.2)
Reirradiation fractional dose, .1 (1.8-4.0)
median (range, Gy)
Treatment volume of reirradiation?
Focal field 100 (84.7)
Radical field 18 (15.3)

Cumulative RT dose, 124.9 (90.0-146.3)

median (range, Gy)

(Continued to the next page)

to RPA classes, class I, II, and III accounted for 21.2%, 75.4%,
and 3.4%, respectively. The baseline characteristics of 118
patients from seven institutions are summarized in Table 1.
Furthermore, the baseline characteristics according to each
institution are shown in S1 Table.

2. Outcomes and prognostic factors

The median duration of follow-up after IMRT-based reirra-
diation was 18.5 months (range, 1.4 to 98.0 months). Twenty-
nine patients (24.6%) remained alive at the time of the last
observation. The median OS duration and 2-year OS rate
were 20.1 months (range, 16.1 to 24.1 months) and 43.1%,
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Table 1. Continued

Variable Total (n=118)

Cumulative rate

Interval between RT courses (mo)

Median (range) 29.4 (2.6-293.4)
<24 52 (44.1)
>24 66 (55.9)

ECOG PS, Eastern Cooperative Oncology Group performance
status; SG, salivary gland; UP, unknown primary; SCC, squamous
cell carcinoma; RT, radiotherapy; CRT, chemoradiotherapy; PORT,
postoperative radiotherapy; CTx, chemotherapy; SP, second pri-
mary; rStage, recurrent tumor and nodal stage; RPA, recursive
partitioning analysis. ¥Tracheostomy (n=6, 5.2%) or feeding
tube dependence (n=2, 1.6%) prior to re-irradiation, ®Prognostic
groups associated with overall survival according to RPA defined
by the Multi-Institution Reirradiation (MIRI) Collaborative, 9Sal-
vage surgery was performed in RO resection for 29 patients and
R1 resection for 19 patients, ¥Focal field included the gross tumor
or surgical bed plus margin of 0.5-1.0 cm, whereas radical field
encompassed the gross tumor or surgical bed with elective high
risk area plus margin of 0.5-1.0 cm.

respectively (Fig. 1). The Kaplan-Meier curve of factors
related to OS after reirradiation identified primary subsites
(p < 0.001) (Fig. 2A), RSPHNC tumor size (p < 0.001) (Fig.
2B), number of RSPHNC (p=0.041), interval between RT
courses (p=0.007) (Fig. 2C), and performance of salvage sur-
gery for RSPHNC (p=0.002) (Fig. 2D) as significant factors.
In a multivariate stepwise Cox regression model analysis,
primary subsites (non-hypopharynx/larynx/oral cavity vs.
hypopharynx/larynx/oral cavity; hazard ratio [HR], 0.457;
p=0.001), tumor size of RSPHNC (> 3 cm vs. < 3 cm; HR,
2.119; p=0.001), interval between RT courses (= 24 months vs.
< 24 months; HR, 0.460; p < 0.001), and salvage surgery (yes
vs. no; HR, 0.586; p=0.023) were confirmed as independent
prognostic factors affecting OS. All results from the univari-
ate and multivariate Cox regression analyses related to OS
are shown in Table 2.

Local progression within the reirradiation field was devel-
oped in 50 patients (42.4%). The median time to local failure
and 2-year LC rate were 28.9 months (range, 8.23 to 49.57
months) and 53.5%, respectively (Fig. 1). Both univariate and
multivariate Cox regression models revealed that the inter-
val between RT courses (p=0.078 and p=0.011, respectively)
and performance of salvage surgery for RSPHNC (p=0.026
and p=0.042, respectively) were significant prognostic factors
associated with LC (Table 2). Fig. 3A and Fig. 3B show the
Kaplan-Meier LC curve according to the interval between
RT courses (p=0.074) and performance of salvage surgery
(p=0.023), respectively.
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Fig. 1. Kaplan-Meier curve of overall survival and local control
rates.

3. Survival validation according to MIRI RPA

We classified the patients into three prognostic classes ac-
cording to the time interval between RT courses (< 2 years vs.
> 2 years), resectability (resected vs. unresected), and organ
dysfunction (yes vs. no), as follows: those with interval > 2
years between RT courses with resected tumors (class I, n=25),
those with interval > 2 years between RT courses with unre-
sected tumors or with interval < 2 years between RT courses
without organ dysfunction (class II, n=89), and those with
interval < 2 years between RT courses with organ dysfunc-
tion (class III, n=4). The 2-year OS of each RPA class was
65.5% in class I, 38.0% in class II, and 25.0% in class III and
was statistically significant (p=0.001) (Fig. 2D).

4. Toxicity

During IMRT-based reirradiation, no severe acute toxicity
was recorded. At a median of 18.5 months after retreatment,
grade > 3 toxicity developed in 10 patients (8.5%), which
consisted of grade 3 mucositis (n=2), interorgan fistula (n=4),
dysphagia (n=2), and osteoradionecrosis (n=1) and grade 5
carotid blowout (n=1). With respect to organ dysfunction, 6
patients (5.1%) were tracheostomy-dependent, while 5 pati-
ents (4.2%) were feeding tube-dependent (Table 3).

Discussion

Our multi-center cohort study showed a 2-year OS of 43.1%
and a 2-year LC of 53.5% after IMRT-based reirradiation for
RSPHNC. The RSPHNC patients with small size tumors, a
resectable status, and long interval between RT courses had a
significantly better survival than their counterparts. We also
validated the MIRI RPA classification by showing that RPA
class I had a higher OS than class II or III. Regarding LC, we
identified the independent impact of the interval between RT
courses and performance of salvage surgery.

Previously published literature on IMRT for HNC repor-
ted that IMRT provides better oncologic outcomes and less
toxicities than conventional RT [14,15]. Extending that view-
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Fig. 2. Kaplan-Meier curve of overall survival rate according to primary subsite (A), tumor size of recurrent or second primary tumor
(B), interval between radiotherapy (RT) courses (C), salvage surgery (D), and recursive partitioning analysis (RPA) classes defined by the

Multi-Institution Reirradiation Collaborative (E).

point for RSPHNC patients, survival after IMRT-based reirra-
diation showed an improvement compared to conventional
conformal reirradiation. The landmark prospective reirradia-
tion trials in the pre-IMRT era including RTOG 9610 [16] and
RTOG 9911 [17] reported that the 2-year OS ranged from 15%
to 25% in patients who did not undergo salvage surgery. On
the contrary, the MIRI group representatively showed an OS
rate of 40% at 2 years following reirradiation of HNC in the
IMRT era, which was 45% for postoperative patients and 36%
for definitive patients [13]. Additionally, the Italy head and
neck working group reported excellent outcomes of 44% OS

at 5-year after reirradiation using advanced RT [18]. Of note,
the current study showed that OS at 2 years was 43%, which
was consistent with the abovementioned studies invol-
ving IMRT-based reirradiation. The favorable OS in our
study could have resulted not only from this modern advan-
ced RT technique but also from the high proportion of
patients in RPA class I and II (96%), those who underwent
salvage surgery (41%), those with a longer interval RT course
application (56%), and those with no organ dysfunction at
reirradiation (93%).

Specifically, our data supported that salvage surgery in
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Fig. 3. Kaplan-Meier curve of local control rate according to interval between radiotherapy (RT) courses (A) and salvage surgery (B).

conjunction with IMRT reirradiation for RSPHNC improved
OS and LC [13,19]. Surgical resection of RSPHNC could be
an important factor considering that RSPHNC was gener-
ated from radioresistant clonogens after initial chemoradia-
tion [20,21]. Finally, removing macroscopic tumors is a way
to enhance retreatment effectiveness owing to the limited
dose of IMRT-based reirradiation for gross tumors since the
adjacent organ around the tumor was already irradiated
with a high dose during previous RT. It was suggested that
when patients with RSPHNC expected medically operable
and convincing problem, salvage surgery should be encour-
aged cautiously. The higher LC and OS were the result of the
longer interval between RT courses. The appropriate time
interval between RT treatments for performing reirradia-
tion is not established, although it depends on the relation
between previous the irradiated dose to organs at risk and its
tolerance dose associated with normal tissue damage repair
[22,23]. Previous studies reported that a longer interval from
the previous RT course contributed to improved outcomes
[13,21,24,25]. This was explained by the fact that, the longer
the interval between RT treatments, the greater the likeli-
hood of LC and the lesser the aggressiveness of recurrent dis-
ease. It is noteworthy that in our patient population, organ
dysfunction was not a part of prognostic factors affecting OS
since we had only 6.8% of all patients with organ dysfunc-
tion. It shows that there was a bias in patient selection for
reirradiation at each institution. It could be presumed that a
patient without organ dysfunction was selected for retreat-
ment with IMRT-based reirradiation.

We validated the MIRI RPA classification for the whole
patients” population. The RPA classification differentiated
the survival between class I and II/II. This difference was
statistically significant. MIRI RPA class I cohort (66%) had a
superior 2-year OS than class IT and I1I (38% and 25%, respec-
tively) cohorts. MIRI RPA class I might be the ideal subgroup
who should undergo the active salvage treatment including
IMRT reirradiation and/ or surgical resection [13]. We found
that the proposed RPA model might be applicable for our
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Table 3. Incidence of severe toxicity and organ dysfunction sta-
tus following IMRT-based reirradiation

Variable No. (%)
Grade 2 3 toxicity 10 (8.5)
Grade 3
Mucositis 2(1.7)
Interorgan fistula 4 (3.4)
Dysphagia 2(1.7)
Osteoradionecrosis 1(0.8)
Grade 5
Carotid blowout 1(0.8)
Organ dysfunction 11 (9.3)
Tracheostomy 6(5.1)
Feeding tube dependence 5(4.2)

IMRT, intensity-modulated radiotherapy.

RSPHNC patient population and may help in patient selec-
tion for retreatment.

Reirradiation for RSPHNC is a challenging issue owing to
an increased risk of severe toxicities including fatality [23].
The rate of severe and fatal late toxicity in these cohorts was
8.5% and 0.8%, respectively, whereas previous prospective
studies reported the severe toxicity ranging from 22% to 34%
and fatality rates of 3.6% to 7.6%, respectively [16,17]. The
amelioration of safety was likely attributed to not only the
intensity-modulated technique, but also the conservative
patient selection criteria of each institution prior to embark-
ing the reirradiation course. The MIRI Collaborative group
reported that in the modern reirradiation era, the risk of pro-
gression or death (64%) is four times the incidence of severe
late toxicity following reirradiation (17%) [26]. Such risk of
late toxicity was more dependent on patient or disease fac-
tors than treatment factors. This implied that future research
related to patient selection benefiting from reirradiation is
needed to elicit the effectiveness of reirradiation using mod-
ern technology including IMRT.
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This current study has many limitations. The dominant
weakness is in its retrospective nature and a heterogeneous
population from multi-centers. Our cohort had various fea-
tures in terms of patient selection and treatment character-
istics according to the physician’s discretion. Further, other
limitations were the small number of patients from each cen-
ter, which originated from the restriction of the cohort enroll-
ment period, and the inherent limitations of IMRT. We did
not identify the prognostic impact of human papillomavirus
(HPV) in patients [27], especially those with oropharyngeal
cancer undergoing reirradiation due to the availability of the
HPV status of only 10 patients.

In conclusion, our multi-institutional study showed that
IMRT-based reirradiation with a median dose of 60 Gy con-
tributed to increased OS for patients with RSPHNC and
had acceptable complications. Given the restricted salvage
options, it could be considered an effective treatment for

RSPHNC patients, especially those with small resectable
tumors and a long interval between RT courses. Addition-
ally, our cohort confirmed the prognostic validity of the sur-
vival rate of the MIRI RPA classification.
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Purpose

The aim of this study is to evaluate the survival rate and prognostic factors of anaplastic
gliomas according to the 2016 World Health Organization classification, including extent
of resection (EOR) as measured by contrast-enhanced T1-weighted magnetic resonance
imaging (MRI) and the T2-weighted MRI.

Materials and Methods

The records of 113 patients with anaplastic glioma who were newly diagnosed at our
institute between 2000 and 2013 were retrospectively reviewed. There were 62 cases
(54.9%) of anaplastic astrocytoma, isocitrate dehydrogenase (IDH) wild-type (AAw), 18
cases (16.0%) of anaplastic astrocytoma, IDH-mutant, and 33 cases (29.2%) of anaplastic
oligodendroglioma, IDH-mutant and 1p/19qg-codeleted.

Results

The median overall survival (OS) was 48.4 months in the whole anaplastic glioma group
and 21.5 months in AAw group. In multivariate analysis, age, preoperative Karnofsky Per-
formance Scale score, 05-methylguanine-DNA methyltransferase (MGMT) methylation sta-
tus, postoperative tumor volume, and EOR measured from the T2 MRI sequence were
significant prognostic factors. The EOR cut-off point for OS measured in contrast-enhanced
T1-weighted MRI and T2-weighted MRI were 99.96% and 85.64%, respectively.

Conclusion

We found that complete resection of the contrast-enhanced portion (99.96%) and more
than 85.64% resection of the non-enhanced portion of the tumor have prognostic impacts
on patient survival from anaplastic glioma.

Key words
Anaplastic glioma, Extent of resection, Survival, Prognosis

Introduction

Anaplastic gliomas, which account for 15%-20% of malig-
nant gliomas [1], have poor prognosis despite modern mul-

| https://www.e-crtorg |

timodal treatments. To improve the accuracy of diagnosis
and treatment, the 2016 World Health Organization (WHO)
classification changed the three original categories from the
2007 classification, namely anaplastic astrocytoma, anaplastic
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oligodendroglioma, and anaplastic oligoastrocytoma. These
three categories were further subdivided as follows: anaplas-
tic astrocytoma, isocitrate dehydrogenase (IDH)-mutant
(AAm); anaplastic astrocytoma, IDH-wildtype (AAw); ana-
plastic astrocytoma, not otherwise specified (NOS); anaplas-
tic oligodendroglioma, IDH-mutant and 1p/19q-codeleted
(AOmc); anaplastic oligodendroglioma, NOS; and anaplastic
oligoastrocytoma, NOS [2]. We obtained survival rates accor-
ding to the new classification and examined the associated
prognostic factors.

Extent of resection (EOR) has been known as an important
prognosticator in anaplastic gliomas [3,4]. However, many
studies have focused on only the contrast-enhanced parts of
tumors observed in T1-weighted magnetic resonance imag-
ing (MRI), despite many cases of anaplastic gliomas that
are not enhanced or are only partially enhanced in contrast-
enhanced T1-weightedimages.Inthe presentstudy, weinvesti-
gated the tumor volume and EOR in both contrast-enhanced
T1-weighted MRI and T2-weighted MRI sequences.

The aims of this study were (1) to identify the survival rate
and prognostic factors in patients with anaplastic gliomas in
the 2016 WHO classification; (2) to determine whether the
volumetric measurement of EOR has prognostic value in con-
trast-enhanced T1-weighted MRI and T2-weighted MRI, and
(3) to determine the prognostically meaningful cut-off value
of resection volume in each MRI sequence.

Materials and Methods

1. Patient selection

We performed a retrospective analysis of the medical
records and MRI features of 113 consecutive patients with
anaplastic glioma who were newly diagnosed at our institute
between 2000 and 2013, with neither prior radiotherapy nor
chemotherapy. We excluded patients with gliomatosis cere-
bri (involving more than three lobes), midline location, and
malignant transformation of a previously operated low-grade
glioma. The medical records reviewed included sex, age at first
diagnosis, preoperative Karnofsky Performance Scale (KPS)
score, and postoperative treatment (radiotherapy, chemothe-
rapy) (Table 1).

2. Histopathologic review

We investigated the molecular profiles of all patients inclu-
ding 1p/19q codeletion status, methylation of the O°-methyl-
guanine-DNA methyltransferase (MGMT) promoter and the
state of IDH mutation. The IDH mutation status was initially
assessed using immunostaining for the IDHI-R132H muta-
tion. If immunohistochemistry did not show a mutation
in IDH1-R132H, sequencing of IDHI1 codon 123 and IDH2
codon 172 was performed. The 113 cases (grade III glioma
based on the 2007 classification) were re-classified using the
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2016 classification system: cases with wild-type IDH were
classified as AAw, cases with non-codeleted 1p/19q and
mutated IDH were classified as AAm, and cases with an IDH
mutation and 1p/19q codeletion were classified as AOmc.
This re-classification identified 62 cases of AAw, 18 cases of
AAm, and 33 cases of AOmc. All pathological and molecular
data were reviewed by a single pathologist (S.HK).

3. Imaging evaluation

MRI sequences, including T2-weighted, fluid-attenuated
inversion recovery (FLAIR) and contrast-enhanced T1-wei-
ghted, were obtained preoperatively, postoperatively, and at
regular follow-ups. Two experienced radiologists reviewed
all patients” MRI data. Manual segmentation was performed
to measure the tumor and resection volumes. We used Osi-
riX software (Pixmeo SARL, Bernex, Switzerland) to meas-
ure tumor volumes and EOR. Tumor volume was estimated
based on the area of increased signal intensity on the con-
trast-enhanced T1-weighted images (enhancing lesions) or
T2-weighted images (non-enhancing lesions). We tried to
exclude any regions with cerebral edema on the T2-weighted
images. The non-enhancing tumor was defined with regions
of T2 hyperintensity (less than cerebrospinal fluid signal) that
were associated with mass effect and architectural distortion,
including blurring of the gray matter / white matter interface.
Edema needed to be greater in signal than the non-enhanc-
ing tumor and lower than the cerebrospinal fluid on T2. The
resection extent was calculated using early postoperative
images (< 48 hours). EOR was calculated with the following
equation: (preoperative tumor volume-postoperative tumor
volume)/ preoperative tumor volume. With respect to tumor
location, deep lesions were defined as those that involved the
brainstem, thalamus, basal ganglia, and the insula; superfi-
cial lesions involved only the cortex outside the insula.

4. Statistical analyses

We analyzed overall survival (OS) and progression-free
survival (PFS) according to the specific pathology type using
Kaplan-Meier curves and log-rank tests. To identify factors
associated with PFS and OS, univariate and a multivariate
Cox proportional regression analyses with stepwise methods
(entry and exit criteria of p < 0.05) were performed, using the
time from surgery to progression or death. Age, preopera-
tive KPS score, tumor volume, and EOR were evaluated as
continuous variables. OS was defined as the time from sur-
gery to death from any cause or the last follow-up. PFS was
defined as the time from surgery to the first instance of radio-
logical signs of progression and/or deteriorated neurologi-
cal status or death. We estimated optimal cut-off values for
the dichotomization of the clinical outcome variable based
on time-to-event data using the technique devised by Contal
and O'Quigley [5]. The optimal cut-off point was selected by
maximizing the hazard ratio. p-value < 0.05 was considered
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Table 1. Baseline patient characteristics

AAw
No. of patients 62 (54.9)
Age, median (range, yr) 48 (18-82)

Sex, female/male 27/35

Preoperative KPS, median (range) 80 (40-90)
Postoperative treatment
CCRT 5(4.4)
CCRT — CT 15 (13.3)
RT = CT 12 (10.6)
RT 20 (17.7)
None 4 (3.5)
Unknown 6(5.3)
Chemotherapy regimen
PCV 9(8.0)
T™Z 21 (18.6)
Others? 2(1.8)
MGMT promoter status
Methylated 20(17.7)
Unmethylated 41 (36.3)
Missing 1(0.9)
Tumor location
Deep 24 (21.2)
Superficial 32 (28.3)
Volumetric analysis, mean (range)
Preoperative (T1CE, cm®) 14.6 (0.0-117.8)
Preoperative (T2, cm®) 48.7 (0.8-197.2)
Postoperative (T1CE, cm®) 2.62 (0-24.4)
Postoperative (T2, cm®) 19.3 (0-166.5)
Extent of resection (T1CE, %) 81.5 (0-100)
Extent of resection (T2, %) 75.4 (0-100)

AAm AOmc Total
18 (16.0) 33(29.2) 113 (100)
36 (18-71) 45 (24-76) 40 (18-82)
8/10 14/19 49/64
80 (80-90) 80 (70-100) 80 (40-100)
1(0.9) 0 6(5.3)
1(0.9) 9(8.0) 25 (22.1)
7 (6.2) 9(8.0) 28 (24.8)
8(7.1) 15 (13.3) 43 (38.1)
0 0 4(3.5)
1(0.9) 0 7(6.2)
1(0.9) 5 (4.4) 15 (13.3)
8(7.1) 12 (10.6) 41 (36.3)
0 1(0.9) 3(2.7)
15 (13.3) 29 (25.7) 64 (56.6)
3(2.7) 4(35) 48 (42.5)
0 0 1(0.9)
4(3.5) 5 (4.4) 33(29.2)
12 (10.6) 26 (23.0) 70 (61.9)
3.2 (0.0-14.8) 18.0 (0-112.2) 13.8 (0.0-117.8)
83 9 (13.5-232.9) 87.1 (6.2-212.3) 51 6 (0.8-232.9)
.0 (0-0) 0.1 (0-2.5) .0(0-24.4)
4 9(0.7-27.3) 4.3 (0-26.9) 9 (0-166.5)
100.0 (100-100) 95.9 (41.2-100) 90 6 (0-100)
92.5 (52.7-100) 95.4 (76.5-100) 87.4 (0-100)

Values are presented as number (%) unless otherwise indicated. AAw, anaplastic astrocytoma, IDH-wildtype; AAm, anaplastic astrocytoma,
IDH-mutant; AOmc, anaplastic oligodendroglioma, IDH-mutant, and 1p/19q-codeleted; KPS, Karnofsky Performance Scale; CCRT, concur-
rent chemo-radiation therapy; CT, chemotherapy; RT, radiation therapy; PCV, procarbazine, lomustine, and vincristine; TMZ, temozolo-
mide; MGMT, O°-methylguanine-DNA methyltransferase; T1ICE, T1-weighted contrast-enhanced magnetic resonance imaging (MRI); T2,
T2-weighted MRI. ?Others included fluorouracil +carboplatin, vincristine, and lomustine.

statistically significant. All statistical procedures were per-
formed using SAS for Windows ver. 9.4 (SAS Institute Inc.,
Cary, NC).

5. Ethical statement

All methods were performed in accordance with the ethi-
cal guidelines of the 1975 Deceleration of Helsinki, as revi-
sed in 1983, and was approved by the institutional review
board of Severance Hospital (Yonsei University Health Sys-
tem, Severance Hospital, 4-2019-0181). The written infor-
med consent was waived by the institutional review board
that approved this study’s protocol because all the informa-
tion was tabulated in anonymized and de-identified fashion.

Results

1. Patient characteristics

The clinical information of all 113 patients are listed in
Table 1, stratified by the 2016 WHO classification. There were
62 patients (54.9%) in the AAw group, 18 (16.0%) in the AAm
group, and 33 (29.2%) in the AOmc group. The median age
at first diagnosis in the whole cohort was 40 years (range, 18
to 82 years). In total, 102 patients (90.3%) received postop-
erative radiotherapy and 59 (52.2%) received chemotherapy.
Among the chemotherapy regimens, 15 cases (13.3%) were
treated with PCV (procarbazine, lomustine, and vincristine)
and 41 (36.3%) with temozolomide. The postoperative treat-
ment modalities are also presented in Table 1. MGMT pro-
moter methylation was detected in 64 cases (56.6%) of the
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Table 2. Overall survival (OS) and progression-free survival (PFS)

Survival rate (%)

Median (mo)

1-Year 2-Year 3-Year 4-Year
0S
GIII all 484 84.8 64.9 55.6 50.7 45.3
AAw 21.5 74.1 64.0 46.6 28.3 14.4
AAm n.r. 69.3 55.4 55.4 55.4 55.4
AOmc n.r. 96.3 85.9 85.9 85.9 85.9
PFS
GIII all 31.8 76.7 58.7 49.2 43.1 41.8
AAw 16.4 80.6 64.5 45.7 25.8 9.0
AAm n.r. 88.9 83.0 83.0 62.2 62.2
AOmc 130.0 96.4 92.4 82.6 82.6 82.6

GlII, grade III glioma; AAw, anaplastic astrocytoma, IDH-wildtype; AAm, anaplastic astrocytoma, IDH-mutant; n.r., not reached; AOmc,

anaplastic oligodendroglioma, IDH-mutant and 1p/19g-codeleted.

A

1.0 —— Glilall
0.8 1
0.6 1

0.4 1

Cumulative survival

0.2 4

0 T T T T
0 50 100 150 200

Time (mo)

Cumulative survival

0 T T T T
0 50 100 150 200

Time (mo)

Fig. 1. Overall survival. (A) Kaplan-Meier representation of overall survival time for the entire group of 113 patients. (B) Kaplan-Meier
representation of overall survival time for the AAw, AAm, AOmc each group. AAm, anaplastic astrocytoma, IDH-mutant; A Aw, anaplastic
astrocytoma, IDH-wildtype; AOmc, anaplastic oligodendroglioma, IDH-mutant and 1p/19g-codeleted; GIII, grade III glioma.

whole cohort, 20 cases (17.7%) in the AAw subgroup, 15
cases (13.3%) in the AAm subgroup, and 29 cases (25.7%) in
the AOmc subgroup.

2. Volumetric analysis

The mean tumor volumes in the contrast-enhanced T1-
weighted and T2-weighted MRI sequences were respectively
13.8 cm’® (range, 0.0 to 117.8 cm®) and 51.6 cm® (range, 0.8
to 232.9 cm’) preoperatively, and 1.0 cm® (range, 0.0 to 24.4
cm’) and 9.9 cm® (range, 0.0 to 166.5 cm?) postoperatively.
The EOR measured in contrast-enhanced T1-weighted MRI
(EOR-T1CE) was 90.6% (range, 0% to 100%), while it was
87.4% (0.0%-100%) in the T2-weighted MRI sequence. In our
study biopsies were performed in 25 patients (22.1%).

3. Survival

After a median follow-up period of 66.1 months, the
median OS was 48.4 months (95% confidence interval [CI],
15.1 to 81.7) for all patients and 21.5 months (95% CI, 17.2 to
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25.8) in the AAw subgroup (Table 2, Fig. 1). The median OS
was not reached in the other subgroups since more than half
of the patients were still alive at the last follow-up. OS values
for years 1-5 are presented in Table 2. PFS was 31.8 months
(95% CI, 17.6 to 46.2) for all patients, 16.4 months (95% CI,
12.6 to 21.0) in the AAw subgroup, and 130.0 months (95%
CL, 0.0 to 269.8) in the AOmc subgroup (Table 2, Fig. 2). PFS
values for years 1-5 are presented in Table 2.

4. Prognostic factors

In univariate analysis, age, preoperative KPS score, tumor
location, MGMT methylation status, postoperative residual
tumor volume measured in contrast-enhanced T1-weight-
ed MRI (RTV-T1CE), postoperative residual tumor volume
measured in T2-weighted MRI (RTV-T2), EOR-TICE, and
EOR measured in T2-weighted MRI (EOR-T2) were statisti-
cally significant prognostic factors for OS and PFS (Table 3).

In the multivariate analysis, age, preoperative KPS, MGMT
methylation status, RTV-T1CE, RTV-T2 and EOR-T2 were
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Fig. 2. Progression-free survival. (A) Kaplan-Meier representation of progression-free survival time for the entire group of 113 patients.
(B) Kaplan-Meier representation of progression-free survival time for the AAw, AAm, AOmc each group. AAm, anaplastic astrocytoma,
IDH-mutant; AAw, anaplastic astrocytoma, IDH-wildtype; AOmc, anaplastic oligodendroglioma, IDH-mutant and 1p/19g-codeleted; GIII,

grade III glioma.

Table 3. Univariate analysis of prognostic factors

HR (95% CI)

(O1) PFS
HR (95% CI)

p-value

Age 1.025 (1.008-1.042) 0.004 1.022 (1.006-1.038) 0.008
Sex 1.248 (0.729-2.135) 0.419 1.436 (0.856-2.408) 0.170
Preoperative KPS score 0.911 (0.866-0.958) < 0.001 0.932 (0.893-0.972) 0.001
Deep location 0.333 (0.193-0.577) < 0.001 0.316 (0.186-0.537) < 0.001
MGMT methylation status 0.405 (0.236-0.694) 0.001 0.418 (0.251-0.696) 0.001
Chemotherapy 0.727 (0.427-1.237) 0.240 0.744 (0.450-1.231) 0.250
Preoperative T1CE tumor volume 1.006 (0.998-1.015) 0.160 1.005 (0.996-1.014) 0.296
Preoperative T2 tumor volume 0.995 (0.990-1.000) 0.073 0.995 (0.991-1.000) 0.057
Postoperative T1ICE tumor volume 1.155 (1.085-1.229) <0.001 1.119 (1.058-1.184) <0.001
Postoperative T2 tumor volume 1.019 (1.009-1.030) <0.001 1.015 (1.006-1.025) 0.001
EOR (T1CE %) 0.985 (0.973-0.997) 0.013 0.986 (0.974-0.998) 0.018
EOR (T2 %) 0.976 (0.964-0.987) < 0.001 0.977 (0.966-0.988) < 0.001

OS, overall survival; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; KPS, Karnofsky performance status; MGMT,
Of-methylguanine-DNA methyltransferase; TICE, T1-weighted contrast-enhanced magnetic resonance ima-ging (MRI); T2, T2-weighted

MRI; EOR, extent of resection.

also statistically significant prognostic factor for OS, while
age, MGMT methylation status, RTV-T1CE, RTV-T2, and
EOR-T2 were statistically significant prognostic factors for
PFS (Table 4).

5. Cut-off value of EOR

In cut-off value analysis using the Contal and O'Quigley
method, age < 51 years, complete resection of the enhanced
portion (99.96%), and more than 85.64% resection of the non-
enhanced tumor portion showed prognostic impacts on
OS in patients with anaplastic gliomas (Table 5, Fig. 3). As
for PFS, age < 55 years, 72.73% resection of the contrast-
enhanced portion, and 84.88% resection of the non-enhanced
tumor portion demonstrated prognostic impacts (Table 5,
Fig. 4).

Discussion

Despite multimodal treatment with surgery, radiotherapy,

and chemotherapy, the prognosis for anaplastic glioma
is poor. Several reports published in the past decade have
shown survival times ranging from 19 months to 14.7 years
for anaplastic gliomas [3,4,6-11]. Because of these varied
prognoses, a new WHO 2016 classification, based on molec-
ular markers, has been developed to promote more detailed
and accurate diagnosis. Our study of 113 patients with ana-
plastic gliomas analyzed the survival, prognostic factors, and
the cut-off value of extent of tumor resection, according to
the 2016 WHO classification. Moreover, we found that the
OS after surgery was 48.4 months for all anaplastic gliomas
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Table 4. Multivariate analysis of prognostic factors

oS PFS
Variable
HR (95% CI) PREING HR (95% CI)

Age 1.068 (1.023-1.115) 0.003 1.073 (1.029-1.118) 0.001
Preop KPS 0.889 (0.805-0.981) 0.019 0.921 (0.847-1.001) 0.052
Deep location 0.302 (0.083-1.101) 0.070 0.334 (0.104-1.077) 0.066
MGMT methylation status 0.150 (0.037-0.613) 0.008 0.092 (0.022-0.381) 0.001
Postoperative T1CE tumor volume 1.301 (1.056-1.602) 0.013 1.335 (1.071-1.663) 0.010
Postoperative T2 tumor volume 1.054 (1.009-1.100) 0.019 1.076 (1.027-1.129) 0.002
EOR (T1CE %) 0.999 (0.975-1.024) 0.925 0.993 (0.969-1.017) 0.578
EOR (T2 %) 0.951 (0.915-0.988) 0.010 0.942 (0.907-0.978) 0.002

OS, overall survival; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; KPS, Karnofsky performance status; MGMT,
O°-methylguanine-DNA methyltransferase; T1CE, T1-weighted contrast-enhanced magnetic resonance imaging (MRI); T2, T2-weighted

MRI; EOR, extent of resection.

Table 5. Cut-off point (Contal and O’Quigley method)

0s

Variable
Cut point

HR (95% CI)

PFS

PREING Cut point HR (95% CI)

Age >51 2.911 (1.880-4.508) < 0.001 >55 2,971 (1.942-4.545) < 0.001
EOR (T1CE %) >99.957 0.284 (0.154-0.524) < 0.001 >72.727  0.370(0.227-0.602) < 0.001
EOR (T2 %) >85.643  0.141 (0.075-0.267) < 0.001 >84.883  0.193(0.112-0.331) < 0.001

OS, overall survival; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; EOR, extent of resection; T1CE, T1-weighted
contrast-enhanced magnetic resonance imaging (MRI); T2, T2-weighted MRI.

and 21.5 months in the AAw subgroup (Table 2).

Previously reported prognostic factors for anaplastic glio-
ma include advanced patient age, preoperative neurological
status, KPS, symptom duration, tumor location, EOR, adju-
vant therapy (including radiation therapy and chemothera-
py), preoperative MRI findings, as well as various molecular
markers including IDH and PTEN mutations, 1p/19q code-
letion, epidermal growth factor receptor (EGFR) amplifica-
tion, and MGMT methylation [4,7-9,12-15]. The importance
of these molecular markers for prognosis was reflected in
the new WHO classification of 2016, which has had a great
impact on the diagnostic criteria. Here, we have confirmed
several prognostic factors including age, preoperative KPS,
MGMT methylation status, postoperative tumor volume, and
EOR.

Aggressive tumor resection can be dangerous for the pati-
ent’s neurologic function, especially when the tumor is loca-
ted deep inside the brain. Thus, when evaluating the asso-
ciation between survival and the EOR, it is important to take
the tumor’s location into account. In our series, tumor loca-
tion was a statistically significant prognostic factor in uni-
variate analysis, but its effect was lost in multivariate analy-
sis. In addition, the association between preoperative tumor
volume and survival rate was not statistically significant.
These results suggest that the degree of surgical removal has
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a greater effect on the prognosis than the preoperative size
and location.

In our univariate analysis, postoperative residual tumor
volume and EOR were statistically significant prognostic
factors for OS and PFS. This suggests that the extent of surgi-
cal resection and remaining tumor volume after surgery may
have greater impacts on prognosis than preoperative vol-
ume (Table 3). However, in multivariate analysis, RTV-T1CE,
RTV-T2, and EOR-T2 were statistically important prognostic
factors (Table 4). The statistical insignificance of EOR-T1CE
in multivariate analysis appears to be an effect of T2 lesions.
Basically, T1 contrast-enhanced lesions are included in T2
lesions. Therefore, as shown in previous studies, we hypoth-
esize that the EOR-T1CE still has significant prognostic val-
ue, and a study of the EOR cut-off value can be performed.

Malignant astrocytomas, including anaplastic glioma and
glioblastoma multiforme, are difficult to resect curatively
because of their invasive and infiltrative nature to the sur-
rounding tissue [16]. This is especially difficult if the tumor is
located in a functionally important region. However, micro-
surgical resection is a very important factor in the treatment
of glioma, and maximal safe resection is known to be a good
prognostic factor for all grades of gliomas [17-22].

In past, some studies had reported that there is no rela-
tionship between the EOR and survival in anaplastic gliomas
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[23,24]. However, recent studies have revealed that there is
a relationship between the EOR and survival in anaplastic
gliomas [3,25,26]. We performed volumetric analysis in the
present study, confined to anaplastic gliomas, which have
heterogenous features in MRI. A considerable proportion of
anaplastic gliomas do not show contrast enhancement in T1-
weighted MRI [15,17]. Therefore, to obtain a more accurate
tumorvolume, bothabnormal T2/ FLAIR hyperintenselesions
as well as T1-weighted contrast-enhanced lesions should be
considered. Previous studies analyzed EOR by combining
tumor volume measured in T1-weighted contrast-enhanced
images with that of T2/FLAIR image or T2 image alone
[25,26]. To obtain more accurate information, we analyzed
T2-weighted and T1 contrast-enhanced images separately
and attempted to determine whether the EOR of each sequ-
ence affects survival rate.

Previous studies have found EOR thresholds of 76% in
GIII glioma, 90% in GII glioma, 100% contrast enhancing
resection with additional 53.21% of FLAIR hyperintense
lesion in glioblastoma, and 53% in anaplastic astrocytoma

and anaplastic oligoastrocytoma [18,22,25,26].

We investigated the cut-off value for the EOR on each MRI
sequence (Table 5). The cut-off value of EOR affecting OS was
99.96% in contrast-enhanced T1-weighted MRI and 85.64%
in T2-weighted MRI, so we propose that these EOR values
are important for anaplastic gliomas. The use of multiple
MRI sequences for suggesting the cut-off value of the volu-
metric EOR represents a strength of our study in the era of
molecular glioma classification.

Age has already been identified as an important prognos-
tic factor in several studies [3,7,24]. For example, a study has
reported that an age of 65 years or older is a poor prognostic
factor [27]. In the present study, we confirmed that age is an
important factor affecting survival: 51 years old was the cut-
off value that influenced the OS rate, while a cut-off of 55
years affected PFS.

Our study has some limitations. First, because of its ret-
rospective nature from a single institution, there may be a
selection bias of the patients. A few cases were excluded
because of inadequate information of MRI available for
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review. However, we tried to analyze a uniform patient popu-
lation by examining consecutive patients. Second, there may
be measuring bias. Because we measured T2-weighted hyper-
intense lesions separately, cerebral edema, ischemic change,
and contusions may have been included to tumor volume in
some degree. Third, patients have received various chemo-
therapeutic agents although the regimens of chemotherapy
did not have a statistical significance in univariate analysis.
And the postoperative radiation therapy was not controlled.
In the future, more controlled multicenter validation studies
are required.

In conclusion, the median OS was 48.4 months in the whole
anaplastic glioma group and 21.5 months in the AAw group.
We have also revealed that complete resection (more than
99.96%) of tumor volume measured in contrast-enhanced

T1-weighted MRI, and more than 85.64% of tumor resection
measured in T2-weighted MRI, have prognostic impacts on
the survival of patients with anaplastic gliomas. Therefore,
gross-total resection of at least the contrast-enhanced part of
a lesion should be performed to prolong survival in anaplas-
tic glioma patients.
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Purpose

Whether craniospinal irradiation (CSI) could be replaced by limited-field radiation in non-
metastatic bifocal germinoma remains controversial. We addressed the issue based on the
data from our series and the literature.

Materials and Methods

Data from 49 patients diagnosed with non-metastatic bifocal germinoma at our hospital
during the last 10 years were collected. The Pediatric Quality of Life Inventory 4.0 was used
to evaluate health-related quality of life (HRQOL). Additionally, 81 patients identified from
the literature were also analyzed independently.

Results

In our cohort, 34 patients had tumors in the sellar/suprasellar (S/SS) plus pineal gland
(PG) regions and 15 in the S/SS plus basal ganglia/thalamus (BG/T) regions. The median
follow-up period was 52 months (range, 10 to 134 months). Our survival analysis showed
that patients treated with CSI (n=12) or whole-brain radiotherapy (WBRT; n=34) had com-
parable disease-free survival (DFS; p=0.540), but better DFS than those treated with focal
radiotherapy (FR; n=3, p=0.016). All 81 patients from the literature had tumors in the S/
SS+PG regions. Relapses were documented in 4/45 patients treated with FR, 2/17 treated
with whole-ventricle irradiation, 0/4 treated with WBRT, and 1/15 treated with CSI. Survival
analysis did not reveal DFS differences between the types of radiation field (p=0.785).
HRQOL analysis (n=44) in our cohort found that, compared with S/SS+PG germinoma,
patients with BG/T involvement had significantly lower scores in social and school domains.
However, HRQOL difference between patients treated with CSI and those not treated with
CSl was not significant.

Conclusion
In patients with non-metastatic bifocal germinoma, it is rational that CSI could be replaced
by limited-field radiation. HRQOL in patients with BG/T involvement was poorer.

Key words
Germinoma, Bifocal germinoma, Radiotherapy, Quality of life
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Introduction

Intracranial germinoma is a rare malignancy mostly iden-
tified in children and adolescents. The incidence varies sub-
stantially across the continents, with North American and
international data showing overall incidence of 0.6/million/
yr in United States, 1.0/ million/yr in Europe, 1.7/ million/yr
in Korea, and 2.7 /million/yr in Japan [1,2]. The sellar/supra-
sellar (5/SS), pineal gland (PG), and basal ganglia/thalamus
(BG/T) regions are the most common areas in which germi-
noma occurs, accounting for 23%-35%, 37%-66%, and 0%-8%
of cases, respectively [2-5].

Craniospinal irradiation (CSI) used to be the standard of
care for patients with germinoma. Although more than 90%
of patients show long-term disease control, toxicities relat-
ed to CSI are still concerning [6,7]. Thus, many researchers
explored the possibility of limited-field irradiation such as
focal radiotherapy (FR), whole ventricular irradiation (WVI),
or whole-brain radiotherapy (WBRT) [8-11]. The emerging
results showed that, combined with chemotherapy, reduction
in the radiation dose and/or radiation field did not compro-
mise the long-term survival of patients with localized disease.
Interestingly, in clinical practice, some rare patients had syn-
chronous lesions involving two intracranial locations; these
cases are called bifocal germinoma. As dissemination within
the central nervous system is characteristic of germinoma,
treatment of cases with bifocal involvement is a dilemma at

the time of decision-making, especially for radiation field se-
lection.

Some pioneer researchers addressed the issue of bifocal
germinoma treatment on the basis of their experience, and
indicated that extended-field radiation could be avoided, if
there is no evidence of metastasis or dissemination [12-14].
However, due to the scarcity of the disease, few studies have
compared the difference between the above-mentioned radia-
tion fields. Thus, evidence is still required to clarify the issue.

Classically, bifocal germinoma refers to patients with
synchronous lesions involving S/SS and PG regions. How-
ever, we also identified a number of patients who have syn-
chronous lesions involving S/SS and BG/T regions (Fig. 1,
S1 Fig.). In the current study, we grouped them under the
concept of bifocal germinoma and analyzed them together.
Radiation strategies for patients with bifocal germinoma at our
institute have evolved over the decades. Both CSI and FR
were treatment options in the early years until WBRT became
the standard of care. Here, we retrospectively analyzed clini-
cal data from 49 patients to examine the survival of patients
treated with different radiation fields. Moreover, we also
independently analyzed 81 patients from the literature. In
addition, since the long-term health-related quality of life
(HRQOL) is another important factor that should be weight-
ed at the time of radiation field selection, these data were also
included in our study.

Fig. 1. Images of an 18-year-old girl who presented with right hemiparesis and adipsic diabetes insipitus. p-Human chorionic gonadotro-
pin in the serum and cerebrospinal fluid was 39.4 IU/L and 77.2 IU/L, respectively. Radiological examinations revealed lesions located
in the sellar and left thalamus area (tumors were indicated by the arrows). The first row shows axial and sagittal graphics on contrast-
enhanced magnetic resonance image. Pituitary stalk enhancement and a left thalamus lesion with enhancement can be seen. The second
row shows images on plain computed tomography scan. Lesions showed slightly higher intensity compared to the surrounding normal
tissues. She was diagnosed as bifocal germinoma and chemoradiotherapy was applied. The third row shows the complete remission of

the lesions after treatment.
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Materials and Methods

1. Patients

Clinical data from 49 patients who were diagnosed with
bifocal germinoma between January 2008 and January 2018
were analyzed. Diagnosis was established on the basis of
histology and/or tumor makers (B-human chorionic gon-
adotropin [B-HCG] < 100 IU/L and o-fetoprotein normal).
Before treatment, all patients underwent baseline evaluation,
including physical examination, blood tests, and radiograph-
ic examinations. Metastases were defined as any additional
lesions documented on radiographic examinations and/or
positive cerebrospinal fluid (CSF) cytology.

Considering the treatment strategy, two cycles of platinum-
based chemotherapy (ifosfamide 1.5 g/m? days 1-3, etopo-
side 70 mg/m? days 1-3, and cisplatin 30 mg/m? days 1-3,
repeated every 4 weeks) were initially performed after diag-
nosis. Subsequently, radiotherapy was applied and two
additional cycles of chemotherapy were performed there-
after. The standard radiation dose in the current cohort
was 40 Gy. In terms of radiation field at our institute, both
FR and CSI (30 Gy) plus boosts had been considered for
patients with bifocal disease, until WBRT (30 Gy) plus boost
became the standard of care in 2008. Then, CSI plus boost
was performed only in patients with evidence of metastases.
Radiotherapy was applied at a daily dose of 1.6-1.8 Gy with
five weekly fractions over 4.5-5 weeks. The gross target vol-
ume (GTV) was defined as the extent of the primary tumor(s)
before treatment. The clinical target volume (CTV) was obtai-
ned by adding 0.5 cm to GTV. Additional 0.5-1 cm was added
to CTV to create planning target volume (PTV). After treat-
ment completion, routine follow-up was performed every
3-6 months for the first two years and every 6-12 months for
the next 3 years.

2. Data from the literature

PubMed was used for literature searching. Patients who
were eligible for the analysis must have information regard-
ing diagnosis, tumor location, radiation field, radiation dose,
chemotherapy, relapse status, and time to relapse. In addi-
tion, information about the age, sex, serum/CSF p-HCG level,
CSF cytology results, and spinal magnetic resonance imag-
ing (MRI) status were collected vigorously.

3. Health-related quality of life (HRQOL)

The Pediatric Quality of Life Inventory 4.0 (PedsQL 4.0)
scale was used to evaluate HRQOL. The PedsQL 4.0 Gene-
ric Core Scale contains 23 items, which measure physical
(eight items), emotional (five items), social (five items), and
school functions (five items). HRQOL was provided as age-
appropriate surveys for young children (5-7 years old), chil-
dren (8-12 years old), teens (13-18 years old), young adults
(18-25 years old), and adults (> 26 years old). The PedsQL 4.0

1052 CANCER RESEARCH AND TREATMENT

Generic Core Scale comprises parallel patient self-report and
parent proxy-report formats. Items were reverse-scored and
transformed to a 0-100 scale according to instructions, thus
higher scores indicate better HRQOL. We attempted to con-
tact all surviving patients via phone, and those who could be
contacted received the electronic version of the PedsQL scale
via e-mail and cell phone.

4. Statistical analysis

IBM SPSS Statistics for Windows, ver. 22.0 (IBM Corp.,
Armonk, NY), was used for data analysis. t test was employ-
ed for PedsQL scores analyses, which were considered as
continuous variables. The Kaplan-Meier method was used
to estimate survival. Disease-free survival (DFS) was cal-
culated from the date of complete remission to the date of
disease relapse. Disease relapse was defined as an eleva-
tion of tumor marker levels in the serum and/or CSE the
appearance of any new lesions on radiographic examina-
tions, or both. Overall survival (OS) was determined from
the date of diagnosis to the date of death or the last follow-up
visit. Log-rank tests were used to compare survival curves.
All statistical analyses used a significance level of 0.05, and
all statistical tests were two-sided.

5. Ethical statement

This study was reviewed and approved by the Institutional
Review Board of Beijing Tiantan Hospital (grant number: KY
2018-064-02). Informed written consent from patients was
waived by the Institutional Review Board of Beijing Tiantan
Hospital due to the retrospective study design.

Results

1. Patient characteristics

Among 49 patients included in our study, 34 were males
(69.4%). The median age was 13 years (range, 5 to 47 years).
Thirty-four patients had their lesions located in the S/SS and
PG regions, while 15 patients had their lesions located in the
S/SS and BG/T regions. Diagnosis was established based on
histology in 13 patients and on levels of serum tumor mark-
ers in 36 patients. The non-metastatic status was determined
based on both spinal MRI and CSF cytology in 46 patients.
The remaining three patients showed negative findings on
spinal MRI but had no CSF cytology data due to potential
high intracranial pressure. In terms of radiotherapy, three
patients underwent FR, 34 patients underwent WBRT plus
boost, and 12 underwent CSI plus boost. The total radiation
dose was 3,960 cGy in 43 patients, 4,500 cGy in two patients,
and 5,040 in four patients. All but two patients in the CSI
group received chemotherapy (Table 1).

The most common symptom was adipsic diabetes insipi-
dus, which was documented in 44 patients (89.7%). Visual
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Table 1. Patient characteristics

Characteristic Our cohort (n=49) Literature cohort (n=81)
Age, median (range, yr) 13 (5-47) 14 (4-28)
Not available 0 41
Primary tumor location
S/SS+PG 34 (69.4) 81 (100)
S/SS+BG/T 15 (30.6) 0
Sex
Male 34 (69.4) 27 (33.3)
Female 15 (30.6) 13 (16.0)
Not available 0 41 (50.7)
Method used to make the diagnosis
Histology 13 (26.5) 64 (79.0)
™ 36 (73.5) 5(6.2)
Serum B-HCG (IU/L) 14.56 (0.01-74) -
CSF p-HCG (IU/L) 11.4 (0.01-87.7) -
Clinical 0 11 (13.6)
Not available 0 1(1.2)
Radiotherapy
FR 3(6.1) 45 (55.6)
WVI 0 17 (20.9)
WBRT+boost 34 (69.4) 4(4.9)
CSI+boost 12 (24.5) 15 (18.6)
Dose of radiotherapy (Gy)
<40 43 (87.7) 56 (69.2)
> 40 6(12.3) 21 (25.9)
Not available 0 4(4.9)
Patients treated with chemotherapy 47 (95.9) 55 (67.9)

Values are presented as number (%) unless otherwise indicated. S/SS, sellar/suprasellar; PG, pineal gland; BG/T, basal ganglia/thalamus;
TM, tumor marker; f-HCG, p-human chorionic gonadotropin; CSF, cerebrospinal fluid; FR, focal radiotherapy; WVI, whole ventricular
irradiation; WBRT, whole-brain radiotherapy; CSL craniospinal irradiation.

acuity decline was reported by 20 patients (40.8%). Sixteen
patients (32.7%) had symptoms related to high intracranial
pressure. Physical development abnormality was document-
ed in 17 patients, seven of whom had precocious puberty (all
male) and 10 had growth retardation (6 male and 4 female).
Among 15 patients with S/SS+BG/T germinoma, five pre-
sented with hemiparesis.

2. Survival

The median follow-up period was 52 months (range,
10 to 134 months). The estimated 5-year DFS and OS were
96.7% and 97.3%, respectively. During the follow-up, all
patients that underwent FR showed disease relapse. Among
them, two patients with S/SS+PG germinoma had relapse
in the spine and one patient with S/SS+BG/T germinoma
had relapse in the left posterior limb of internal capsule. Only
one patient with S/SS+PG germinoma in the WBRT group
experienced disease relapse (in the spine); all patients in the
CSI group were disease-free at the last follow-up. Survival
analysis revealed that patients undergoing FR had the low-
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Fig. 2. Comparison of disease-free survival between patients
undergoing focal radiotherapy (FR), whole-brain radiotherapy
(WBRT), and craniospinal irradiation (CSI) (our cohort). Patients
treated with CSI (n=12) or WBRT (n=34) had comparable dis-
ease-free survival (p=0.54), but better disease-free survival than
those treated with FR (n=3, p=0.016).
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Fig. 3. Images of a 19-year-old boy who presented with adipsic diabetes insipitus only. B-Human chorionic gonadotropin (B-HCG) in
the serum and cerebrospinal fluid was 22.4 IU/L and 41.9 IU/L, respectively. (A, B) Radiological examinations revealed pituitary stalk
enhancement and left thalamus lesion with enhancement (tumors were indicated by the arrows). Then, four cycles of chemotherapy and
focal radiotherapy were applied. (C, D) Twenty months later, enhanced lesion with cyst was identified in the left thalamus area (within
the initial radiation field) (tumors were indicated by the arrows). f-HCG in the serum and cerebrospinal fluid was 716 IU/L and 442 IU/L,

respectively. Then, salvage chemoradiotherapy was applied.

est DFS (66.6%) (FR vs. WBRT, p=0.008; FR vs. CSI, p=0.046;
compared together, p=0.016), while those undergoing either
WBRT (96.9%) or CSI (100%) had similar DFS (p=0.540) (Fig.
2).

At the time of relapse, three patients had negative serum/
CSF B-HCG and serum B-HCG was 716 IU/L in the fourth
patient (Fig. 3). Subsequently, four cycles of chemotherapy
and CSI were applied. All patients have been successfully
rescued and were disease-free at the last follow-up. The
only death in the current cohort was documented in a male
patient with histology-proven diagnosis, who underwent
WBRT initially. Six years after treatment, left basal ganglia
lesion was identified and biopsied. Histology indicated high-
grade glioma. He died 2 months later. Consequently, the five-
year OS was 100%, 90.9%, and 100% in FR, WBRT, and CSI
groups, respectively (p=0.834).

3. Literature cohort

Totally, 81 non-metastatic bifocal germinoma patients were
identified from the literature based on the authors’ defini-
tion [9,12-22]. However, only 51 patients could be confirmed
as both spinal MRI negative and CSF cytology negative. All
patients had tumors in S/SS and PG regions. In terms of
diagnosis, 64 patients were histology-proven, five showed
elevated tumor markers, 11 were diagnosed clinically, and
one had no available information. Relapses were document-
ed in four of 45 receiving FR, two of 17 receiving whole-ven-
tricle irradiation, 0 of 4 receiving WBRT, and 1 of 15 receiving
CSI. DFS was not significantly different between radiation
fields (p=0.785) (Fig. 4).

Out of seven relapsed patients, four had spinal lesions. All
but one patient received subsequent salvage therapy, includ-
ing chemoradiotherapy in five and chemotherapy alone in
one patient. All were alive at the last follow-up (S2 Table).

4. HRQOL
Out of 48 surviving patients, 46 responded to our survey
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Fig. 4. Comparison of disease-free survival between patients
undergoing focal radiotherapy (FR), whole-ventricle irradiation
(WVI), whole-brain radiotherapy (WBRT), and craniospinal irra-
diation (CSI) (literature cohort). Survival analysis did not reveal

disease-free survival differences between the types of radiation
field (p=0.79).

with 44 having valid paired surveys. Subgroup analysis did
not find HRQOL differences between sexes, radiation fields
and dose. However, patients with S/SS+BG/T germinoma
showed generally lower scores than those with S/SS+PG
germinoma. Furthermore, their proxy-report total (p=0.001),
emotional score (p=0.020), social score (p=0.018), school
score (p=0.001) as well as self-report social score (p=0.024),
and school score (p=0.012) were significantly reduced.
Besides, better HRQOL were proved in patients surviving
> 5 years compared with those surviving < 5 years (Table 2).

Discussion

During the last decades, treatment strategies for patients
with intracranial germinoma have greatly improved. Given
the excellent prognosis, the primary goal should be to bal-
ance the cure rate against long-term toxicity. Thus, minimiz-
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ing the radiation field and dose is a priority, especially for
localized disease. Physicians that treat patients with non-
metastatic bifocal germinoma face a similar situation, which
is challenging for their decision-making. In United States,
bifocal germinoma used to be considered as a metastatic dis-
ease, and CSI was applied; however, in Europe, it was con-
sidered as a localized disease, and FR was applied [8,9,23].
Although emerging evidence shows that limited-field radia-
tion is feasible in this setting, no data are available on the
comparison of the efficacy between different radiation fields
owing to the rarity of the disease [14,22].

Due to the development of various radiation strategies in
our institute, we have an opportunity to compare the effi-
cacy between different radiation fields. As it was shown in
our cohort, CSI and WBRT showed comparable DFS, but bet-
ter DFS than FR. Because WVI is another commonly used
limited-field radiation that was not applied in our cohort, we
intended to expand our findings based on the literature
[9,12-22]. Among 81 patients identified from the literature,
there were 7 relapses, including 4/45 receiving FR, 2/17
receiving WVI, 0/4 receiving WBRT, and 1/15 receiving
CSL. Survival analysis in the literature cohort did not reveal
any differences between CSI and other types of limited-field
radiation. Taken together with the findings from our cohort,
it could be advocated that limited-field radiotherapy, such
as WVI or WBRT, may be considered as an option for pati-
ents with non-metastatic bifocal germinoma. We noticed
that, among patients undergoing FR, higher relapse rate was
observed in our cohort compared with that from the litera-
ture. We attributed it to inadequate margins. In some reports
with available information, PTV was defined as 2 cm around
primary lesions, where the most ventricular area could be
covered due to bifocal origins. However, in our cohort, the
minimum margins of the three patients that underwent FR
were 1.2 cm, 1.3 cm, and 1.6 cm, which may have increased
the possibility of tumor cell seeding. But for patient with
higher B-HCG level at relapse, possible non-germinomatous
germ cell tumors (NGGCTs) components existing could be
responsible.

It is still uncertain whether bifocal lesions that presented
synchronously at the time of diagnosis arise simultaneously
or metastasize from one to the other. All lesions reported
from literatures regarding bifocal cases were located in the
S/SS and PG regions. Anatomically, both regions are in close
contact with ventricles; therefore, CSF may mediate tumor
transfer between these two regions. Furthermore, it is not
uncommon that patients with localized S/SS or PG germi-
noma present with metastatic lesions at these sites at the time
of treatment failure. Thus, the rationale of limited-field radia-
tion application could be challenged. Interestingly, we identi-
fied a number of bifocal germinoma patients with lesions at
S/SS and BG/T regions. Tumors originating from the BG/T
region were generally surrounded by brain tissue, which
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showed no direct correlation with other origins. Thus, bifo-
cal germinoma with S/SS and BG/T involvement probably
provides another piece of evidence that bifocal germinoma
may arise simultaneously in two regions. Consequently, app-
lication of limited-field radiation in patients with bifocal ger-
minoma is justified, especially when no other evidence for
metastasis is present.

To date, there are three commonly used limited-radiation
fields in this setting, including FR, WVI, and WBRT. Many
previous studies have shown that FR could lead to higher
risk of relapse [9,11,24]. The relapse pattern showed that pati-
ents with S/SS and/or PG germinoma had higher risk of
periventricular failure after FR [9,24]. Accordingly, WVI was
proposed as potential optimal radiation field. Results from a
prospective study showed that, among 23 patients with S/SS
or PG germinoma, no one relapsed after WVI after 67 months
follow-up [25]. However, in patients with BG/ T area involve-
ment, WVI may not be adequate since tumor invades deeply
in the brain tissue. Probably due to these concerns, WBRT or
CSI were the most commonly attempted radiation fields in
published reports [26-28]. In our cohort, all 14 patients with
non-metastatic S/SS+BG/T bifocal germinoma receiving
WBRT were disease-free during the last visit. Based on our
findings, WBRT could be considered as optimal radiation
field in this population until new evidence emerges, while
WVI should be optimal for patients with non-metastatic S/
SS+PG bifocal germinoma.

As it was shown in our cohort, at the time of treatment fail-
ure, 3/4 relapses were located in the spinal area. Addition-
ally, out of six patients who relapsed after limited-field radia-
tion in the published data, four had spinal failure. Review
of baseline evaluation revealed that CSF cytology and spinal
MRI were not available for some patients. In our cohort, one
patient with spinal failure did not receive CSF examination
at diagnosis due to higher intracranial pressure. Therefore,
full evaluation of spinal status seems more important in
patients with bifocal germinoma, especially when limited-
field radiation was considered. Furthermore, we also noticed
that, some patients from the literature cohort were diagnosed
clinically. A few physicians empirically treated patients with
typical bifocal radiological presentations and negative tumor
markers as germinoma patients. However, although rare,
o-fetoprotein-negative NGGCTs do exist. Since the treat-
ment strategy is totally different between germinoma and
NGGCTs, empirical treatment would be problematic. Thus,
histology is strongly recommended, especially in patients
with negative tumor markers.

Since the onset of germinoma occurs near puberty, HRQOL
is always a concern in long-term survivors. Data from our
series showed that the HRQOL of patients surviving > 5
years was better. Another study conducted in brain tumor
patients receiving proton therapy showed similar results,
which HRQOL improving was documented during follow-
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up [29]. Besides, we also found that patients with BG/T
involvement had lower scores, especially in social and school
domains. This finding was also indicated in other stud-
ies, which found that patients with BG/T germ cell tumors
had worse HRQOL compared with patients with S/SS or
PG germ cell tumors. In terms of treatment, some reports
indicated that CSI led to lower PedsQL score and more
severe neurocognitive impairments compared with limited-
field radiations such as FR or WVI [29,30]. Unfortunately,
this difference was not validated in our cohort, which
may be attributed to WBRT application. However, given
that the more extended treatment volume correlates with
the higher probability of late-effects that patients encounter,
the application of CSI should be confined where possible.

Allin all, in the current study, we compared CSI and other
limited-field radiation types in patients with non-metastatic
bifocal germinoma. Based on the data both from our insti-
tute and published literature, CSI showed no advantage in
terms of disease control and survival compared with WVI
or WBRT. Thus, it is conceivable that CSI may be replaced
by limited-field radiation. Furthermore, the HRQOL of this
cohort is generally poor, especially for patients with BG/T
involvement.

However, limitations do exist. Limited number of cases
is still the main obstacle before the convincible conclusions.

Although we recruited data from the literature, the inconsist-
ence of screening, diagnosis, and treatments among authors
should be concerned. Thus, multicenter study with unified
regimen is warranted for the future investigation.
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Purpose

Pyrotinib is a newly-developed irreversible pan-ErbB receptor tyrosine kinase inhibitor. This
study reported the first real-world data of pyrotinib-based therapy in metastatic human
epidermal growth factor receptor 2 (HER2)-positive breast cancer (BC), focusing on efficacy
in lapatinib-treated patients and in brain metastasis.

Materials and Methods

One hundred thirteen patients with metastatic HER2-positive BC treated with pyrotinib-
based therapy in Fudan University Shanghai Cancer Center under non-clinical trial settings
from September 1, 2018 to March 1, 2019 were included.

Results

Over half patients have received more than two lines of systematic therapy and exposed to
two or more kinds of anti-HER2 agents. Most patients received a combined therapy, com-
monly of pyrotinib plus capecitabine, or vinorelbine or trastuzumab. Median progression-
free survival (PFS) was 6.3 months (range, 5.54 to 7.06 months) and objective response
rate (ORR) was 29.5%, with two patients (1.9%) achieving complete response. Lapatinib-
naive patients had significantly longer PFS than lapatinib-treated patients (9.0 months vs.
5.4 months, p=0.001). ORR for lapatinib-treated patients was 23.2%. Thirty-one of 113
patients have brain metastasis. Median PFS was 6.7 months and intracranial ORR was
28%. For patients without concurrent radiotherapy and/or brain surgery, the ORR was very
low (6.3%). But for patients receiving concurrent radiotherapy and/or brain surgery, the
ORR was 66.7%, and three patients achieved complete response. Most common adverse
event was diarrhea.

Conclusion

Pyrotinib-based therapy demonstrated promising effects in metastatic HER2-positive BC
and showed activity in lapatinib-treated patients. For patients with brain metastasis, pyro-
tinib-based regimen without radiotherapy showed limited efficacy, but when combined with
radiotherapy it showed promising intracranial control.

Key words
Pyrotinib, HER2-positive breast cancer, Tyrosine kinase inhibitor, Lapatinib-treated,
Brain metastasis

Introduction

Human epidermal growth factor receptor 2 (HER2)-posi-
tive breast cancer (BC) consists of 15%-20% of BC [1]. Before
the era of HER2-targeted therapy, HER2-positive BC was

| https://www.e-crtorg |

aggressive, easily recurrent and had poor prognosis [1]. The
development of anti-HER?2 therapy has dramatically impro-
ved the survival of this BC subtype [1].

Recently pyrotinib, a novel oral pan-ErbB receptor tyrosine
kinase inhibitor (TKI), has shown very promising results in
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metastatic HER2-positive BC [2-5]. In a phase II study, pyro-
tinib plus capecitabine had significantly higher objective res-
ponse rate (ORR) (78.5% vs. 57.1%, p=0.01) and longer pro-
gression-free survival (PFS; 18.1 months vs. 7.0 months, p <
0.001) compared to lapatinib plus capecitabine [5]. Recently,
PHENIX study, a double-blinded, multicenter, randomized
phase III study, showed that pyrotinib plus capecitabine sig-
nificantly prolonged PFS (11.1 months vs. 4.1 months, p <
0.001) and increased ORR (68.6% vs. 16.0%, p < 0.001) than
capetabine monotherapy [2]. Both studies included patients
with metastatic HER2-positive BC previously treated with
no more than two lines of systematic therapy. Pyrotinib was
approved in China in August 2018 for metastatic HER2-pos-
itive BC because of the remarkable result of the above phase
II study and is currently in phase I clinical trial in the United
States.

Pyrotinib and neratinib are both irreversible ErbB receptor
TKIs, which are different in nature from lapatinib, a reversible
HER1 and HER?2 receptor TKI. Both pyrotinib and neratinib
were found to have superior efficacy than lapatinib [5,6]. The
median PFS of 11.1 months in PHENIX study achieved by
pyrotinib plus capecitabine is comparable to that of 8.8 months
achieved by neratinib plus capetabine as third or later line
therapy in NALA trial and that of 12.9 months achieved by
neratinib plus paclitaxel as first-line treatment in the NEfERT-
T trial [6,7], suggesting the potentially comparable efficacy of
pyrotinib to neratinib. However, a common problem in both
the phase II and phase III studies of pyrotinib is that patients
were not optimally treated with anti-HER2 therapy before
trials, and some patients were even naive to trastuzumab
[2,5]. Therefore, neither study could fully represent the major
populations of global metastatic HER2-positive BC patients,
who were usually optimally treated with multiple anti-HER2
agents, especially in western countries where more drugs
were available [8]. Questions about whether the results pf
pyrotinib clinical trials were applicable in the current setting
for anti-HER?2 therapy remains [8].

Another question is whether pyrotinib is effective in pati-
ents with exposure to lapatinib. As for neratinib, in lapatinib-
treated cohort of TBCRC022 trial, neratinib plus capetabine
arm had intracranial ORR of 33%, extracranial ORR of 43%,
and median PFS of 3.1 months, demonstrating the activity of
neratinib in lapatinib-treated patients [9]. However, no data
so far is available regarding the activity of pyrotinib in lapat-
inib-treated patient.

HER2-positive BC has higher incidence of brain metasta-
sis than other BC subtypes, with a risk as high as 35%-50%
[10,11]. Brain metastasis in BC is associated with very poor
clinical outcome, with 1-year overall survival (OS) less than
50% [11]. Blood brain barrier (BBB) hinders the efficacy of
many drugs because of the limited penetration. Anti-HER2
TKIs have been widely exploited due to their small molecule
property that enhances the ability to penetrate the BBB [11].
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Radiotherapy also is a common option for local control of
brain lesions. Despite these efforts, the treatments for brain
metastasis are still limited. In the subgroup analysis of PHE-
NIX study, 31 patients with brain metastasis were further
analyzed, pyrotinib plus capetabine prolonged PFS by 2.7
months compared to capetabine (6.9 months vs. 4.2 months,
p=0.011), showing promising efficacy in brain metastasis [2].
However, the sample size is small and more data is needed to
verify the intracranial efficacy of pyrotinib.

This study aimed to evaluate the efficacy of pyrotinib-based
therapy in metastatic HER2-positive BC in the real world,
especially focusing on lapatinib-treated patients and on brain
metastasis, and to explore the efficacy and safety when it is
combined with agents other than capetabine. To our knowl-
edge, this is the first real-world study of pyrotinib-based the-
rapy, and first study evaluating the efficacy of pyrotinib in
lapatinib-treated patients.

Materials and Methods

1. Patient population and data collection

Information of patients with metastatic HER2-positive
BC treated with pyrotinib-based therapy in Fudan Univer-
sity Shanghai Cancer Center (FUSCC) under non-clinical
trial settings from September 1, 2018 to March 1, 2019 was
obtained. Eligible patients were women with histologically
confirmed HER2-positive locally recurrent or metastatic BC.
Patients who once received pyrotinib in clinical trial settings
were excluded. For patients who underwent biopsies in the
metastatic sites, hormone receptor and HER?2 status were
determined based on metastatic lesions. Last follow-up time
was September 2019.

2. Treatment and dose modification

Patients were prescribed with pyrotinib in routine clinical
practice. The standard dosage is 400 mg single dose orally
per day. Starting dose, dose modification, dose interruption,
treatment discontinuation, combination therapy with cyto-
toxic drugs and/or anti-HER2 agents and/or radiotherapy
were determined by physicians’ choice based on previous
clinical trials results, general health status and willing of
patients.

3. Efficacy and safety assessments

Tumor response assessments were based on Response
Evaluation Criteria in Solid Tumor (RECIST) criteria (ver.
1.1) using radiologic scans, including computed tomography
(CT) or magnetic resonance imaging (MRI). Adverse events
(AEs) were assessed according to the National Cancer Insti-
tute Common Terminology Criteria for Adverse Events (CT-
CAE, 4.03). AEs were collected based on a patient self-report-
ing system and by reviewing biochemical test results.
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The primary end point was PFS, which was defined as the
time from initiating pyrotinib to date of disease progression
confirmed by CT/MRI scan or death of any cause, regardless
of whichever would occur first. Secondary endpoint inclu-
ded ORR, OS, and safety. The ORR was defined as the pro-
portion of patients with complete response (CR) or partial
response (PR). OS was defined as the time period from ini-
tiating pyrotinib treatment to the date of death of any cause.
Disease-free interval was defined as the time from primary
radical surgery to the date of relapse.

4. Statistical analysis

Median PFS and OS were calculated by the Kaplan-Meier
method and the subgroup comparisons were evaluated using
the log-rank test. Median follow-up period was calculated
by reverse Kaplan-Meier method. Stepwise Cox regression
model was used to analyze the correlations between factors
and PFS. All statistical analyses were performed using SPSS
ver. 19 (SPSS Inc., Chicago, IL). All statistical tests were two-
tailed and p < 0.05 was considered statistically significant.

5. Ethical statement

This study was approved by the FUSCC Ethics Commit-
tee (approval No. 2003215-19) and performed in accordance
with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards. Informed consents were
obtained in accordance with study protocol.

Results

1. Baseline characteristics

A total of 122 patients were prescribed with pyrotinib
under non-clinical settings in FUSCC from September 1,
2018, to March 1, 2019. Nine patients were excluded because
they transferred to other hospital and no further informa-
tion can be accessed. Therefore, 113 patients were included
in our study. Median follow-up duration was 8.4 months
(interquartile range, 7.0 to 9.9 months). Baseline characteris-
tics were summarized in Table 1. Median age of patients was
53.4 years (range, 24 to 84 years). Thirty-one patients (27.4%)
had brain metastasis. All patients except 1 (99.1%) were prior
exposed to anti-HER? therapy, with 99.1% patients exposed
to trastuzumab and 50.4% exposed to lapatinib (Table 1).
Ninety-one out of the 113 patients had received primary
radical surgery when first diagnosed. Of the 91 patients with
primary surgery, 43 (47.3%) have received standard 1-year
adjuvant trastuzumab treatment, seven (7.7%) had inad-
equate adjuvant trastuzumab therapy due to all kinds of
reasons, seven (7.7%) had primary resistance and relapsed
during adjuvant trastuzumab therapy, and the remaining
34 (37.4%) did not receive any anti-HER2 adjuvant therapy.
Sixty-one point nine percent of patients received more than

Table 1. Patient characteristics at baseline

Characteristic No. (%) (n=113)
Age, median (range, yr) 53.4 (24-84)
HR status
HR positive 45 (39.8)
HR negative 68 (60.2)
ECOG performance status
0-1 107 (94.7)
>2 5 (4.4)
Unknown 1(0.9)
DFI
Primary metastatic 22 (19.5)
DFI<1yr 16 (14.2)
DFI>1 yr 75 (66.4)
Metastatic sites
Lymph nodes 74 (65.5)
Lung 63 (55.8)
Liver 57 (50.4)
Bone 48 (42.5)
Brain 31 (27.4)
Local recurrence 30 (26.5)
Pleura 21 (18.6)
Contralateral breast 6(5.3)
No. of metastatic sites
1 25 (22.1)
2 28 (24.8)
3 19 (16.8)
>4 41 (36.3)
Visceral metastases
Yes 100 (88.5)
No 13 (11.5)
Lines of systematic therapy of pyrotinib
1 20 (17.7)
2 23 (20.4)
3 25 (22.1)
>4 45 (39.8)
Prior HER2-targeted therapy
Trastuzumab 112 (99.1)
Lapatinib 57 (50.4)
T-DM1 12 (10.6)
Pertuzumab 5 (4.4)

HR, hormone receptor; ECOG, Eastern Cooperative Oncol-
ogy Group; DF], disease-free interval; HER2, human epidermal
growth factor receptor 2.

two lines of systematic therapy before. Fifty-three (46.9%), 46
(40.7%), and 14 (12.4%) patients were exposed to 1, 2, and 3
kinds of anti-HER?2 agents, respectively.

2. Treatment administration

Treatment administration was shown in Table 2. Most pati-
ents (96.5%) received a combined therapy. Besides the com-
bination of pyrotinib plus capetabine previously studied in
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Table 2. Treatment administration

Pyrotinib treatment No. (%) (n=113)

Regimens
Single agent 4(3.5)
Combined therapy
Pyrotinib+capetabine 67 (59.3)
Pyrotinib+trastuzumab-+capetabine 14 (12.4)
Pyrotinib+vinorelbine 9 (8.0)
Pyrotinib+trastuzumab 8(7.1)
Pyrotinib+paclitaxel 3(27)
Other 8(7.1)
Dosage
Starting dosage (mg/ day)
160 1(0.9)
240 1(0.9)
320 3(2.6)
400 108 (95.6)
Dose escalation (mg/day)
160—400 1(0.9)
240—400 1(0.9)
320—400 1(0.9)
Dose reduction (mg/ day)
400—320 24 (21.2)
400—320—240 2(1.8)
Interruption of treatment 43 (38.1)
Treatment discontinuation due to AEs 7 (6.2)

AEs, adverse events.

clinical trial, common combined agents also included vino-
relbine and trastuzumab. Most patients started pyrotinib
treatments at the standard dose of 400 mg/day, but 26 (23.0%)
and 43 (38.1%) patients experienced dose reduction and
treatment interruption respectively. The most common AEs
causing dose reduction and treatment interruption were dia-
rrhea, vomiting, nausea, and anorexia. Four patients were
more than 70 years old, and they all started pyrotinib at stand-
ard dose of 400 mg. One out of four experienced dose redu-
ction twice, and another one out of four experienced dose
reduction once. Seven patients (6.2%) discontinued treatment
permanently due to intolerant AEs, including three due to
diarrhea, three due to vomiting and one due to simultaneous
diarrhea and vomiting.

3. Efficacy in all patients

A total of 113 patients were included in PFS analysis.
Median PFS was 6.3 months (range, 5.54 to 7.06 months)
(Fig. 1A). Forty patients (35.4%) were still in treatment and
median OS has not achieved by the time of this study.

Atotal of 105 patients were included in ORR analysis, with
eight patients excluded because of lack of measurable lesions
(Table 3). ORR was 29.5%, with 2 (1.9%) patients achieving
CR. Of the two patients with CR response, one had a pri-
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Fig. 1. Kaplan-Meier plot of progression-free survival and log-
rank analysis of predictors of pyrotinib-based treatment. (A)
Kaplan-Meier plot of progression-free survival of all patients
treated with pyrotinib-based treatment. (B) Kaplan-Meier plot
of progression-free survival for patients with < 2 metastatic sites
and > 2 metastatic sites. (C) Kaplan-Meier plot of progression-
free survival for patients with and without prior lapatinib expo-
sure. mPFS, median progression-free survival.

mary stage IV disease who has not been exposed to any anti-
HER?2 therapy and received pyrotinib plus trastuzumab plus
docetaxel as first-line therapy. The other patient had a tumor
with primary resistance to trastuzumab who experienced
metastasis to brain during perioperative systematic therapy
and received pyrotinib plus capetabine plus whole brain
radiotherapy as first-line therapy.
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Table 3. ORR rate in all patients and in patients with prior
exposure to lapatinib

All patients 105
Complete response 2(1.9)
Partial response 29 (27.6)
Stable disease 44 (41.9)
Progressive disease 22 (21.0)
No data 8(7.6)

ORR 31(29.5)

Lapatinib-treated patients 56
Complete response 0
Partial response 13 (23.2)
Stable disease 26 (46.4)
Progressive disease 16 (28.6)
No data 1(1.8)

ORR 13 (23.2)

ORR, objective response rate.

The number of metastatic sites (< 2 vs. > 2) and prior expo-
sure to lapatinib were significantly correlated with PFS in
log-rank analysis (p=0.004 and p=0.001, respectively) (Fig.
1B and C), and were independent predictors of PFS in Cox
multivariate analysis (p=0.048 and p=0.002, respectively)

(Table 4). Patients exposed to one kind of anti-HER2 agent
had significantly longer PFS (9.0 months) than those exposed
to 2 (5.9 months) or 3 (5.1 months) kinds of anti-HER2 agents
(S1AFig.).

4. Efficacy of pyrotinib-based therapy in lapatinib-treated
patients

Fifty-seven patients were previously exposed to lapat-
inib and later received pyrotinib-based therapy. One patient
lacked measurable lesions. Of the remaining 56 patients,
23.2% achieved PR response and no one achieved CR res-
ponse (Table 3). Median PFS in patients with and without
previous exposure to lapatinib were 5.4 months and 9.0
months, respectively (p=0.001) (Fig. 1C).

5. Efficacy of pyrotinib-based therapy in brain metastasis

Thirty-one patients had brain metastasis at baseline. There
is no difference in PFS between patients with and without
brain metastasis (p=0.696) (S1B Fig.). Fifty-four point eight
percent of patients have received radiotherapy of brain
lesions in the previous recurrence. Overall median PFS (intra-
cranial and extracranial lesions considered) for patients with
brain metastasis was 6.7 months (range, 4.69 to 8.71 months).
By the time of the study, 10 patients were still undergoing
treatment.

Table 4. Log-rank and Cox multivariate analysis of factors associated with progression-free survival

Characteristic

Log-rank analysis

Cox multivariate analysis

DFI (> 1 yr vs. <1 yr vs. primary stage IV)
>1lyrvs.<lyr
>1yr vs. primary stage IV

Types of metastasis (non-visceral vs. visceral)

No. of metastatic sites (< 2 vs. >2)

Prior exposure to lapatinib (no vs. yes)

HR status (HR+ vs. HR-)

Age group (> 60 yr vs. < 60 yr)

p-value p-value Hazard ratio (95% CI)

0.510 0.075

2.212 (1.079-4.535)

0.887 (0.477-1.650)
0.428 0.890 1.064 (0.441-2.571)
0.004 0.048 1.778 (1.005-3.145)
0.001 0.002 2.313 (1.347-3.971)
0.145 0.552 1.174 (0.692-1.992)
0.556 0.948 1.018 (0.593-1.749)

CI, confidence interval; DFI, disease free interval; HR, hormone receptor.

Table 5. Objective response rate for brain lesions

All patients

R
esponse (n=25)

Patients without concurrent
radiotherapy or surgery (n=16)

Patients with concurrent

radiotherapy and/or surgery (n=9)

Best response

Complete response 3(12.0)
Partial response 4 (16.0)
Stable disease 9 (36.0)
Progressive disease 5(20.0)
No data 5 (20.0)
ORR 7 (28.0)

0 3(33.3)
1(6.3) 3(33.3)
8 (50.0) 1(11.1)
5(31.3) 0

2(12.5) 3(33.3)
1(6.3) 6 (66.7)

Values are presented as number (%). ORR, objective response rate.
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Table 6. Grade 3 to 4 adverse events

Grade 3 to 4 adverse events No. of patients (%)

Diarrhea 30 (26.5)
PPES 11(9.7)
Neutropenia 5(4.4
Elevated aminotransferase 4 (
Anemia 4 (
Vomit 4(
Leukopenia 3(
Weight loss 2(
Thrombocytopenia 2(
Mucositis oral 1(
Fatigue 1(
Anorexia 1(
1(

el Rl i N S
oo o xxmeyUu oW

Blood bilirubin increased

PPES, palmar-plantar erythrodysesthesia syndrome.

Twenty-five patients were included in the intracranial
ORR analysis, with six patients excluded due to lack of mea-
surable brain lesions (Table 5). Sixteen out of 25 patients
did not receive concurrent radiotherapy or surgery of brain
(Table 5). ORR was 28%, with 3/25 (12%) patients achiev-
ing CR and 4/25 (16%) patients achieving PR (Table 5). The
three patients with CR response all received pyrotinib plus
capetabine plus radiotherapy, and one of them has been
exposed to three lines of systematic therapy before. In pati-
ents receiving pyrotinib-based systematic therapy and con-
current radiotherapy (8 patients) and/or surgery (1 patient)
of the brain, the ORR was as high as 66.7% (6/9) (Table 5).
After excluding those combined with radiotherapy, only
1/16 (6.3%) patients achieved PR and no patient achieved
CR (Table 5).

6. Safety

As we used a patient self-reporting system to document
AEs, and given the retrospective nature of the study, omis-
sion in reporting AEs was unavoidable. Here we report the
grade 3 to 4 AEs (Table 6). The most common grade 3 to 4 AEs
were diarrhea (26.5%), palmar-plantar erythrodysesthesia
syndrome (PPES, 9.7%), neutropenia (4.4%). Excluding those
with pyrotinib monotherapy and those combined with cape-
tabine, toxicities remained tolerable. Most common grade 3
to 4 AEs were diarrhea (38.1%) and neutropenia (4.8%).

Discussion

The advent of HER2 targeted therapy has dramatically
improved the prognosis of HER2-positive BC. Pyrotinib is a
novel anti-HER?2 TKI recently approved in China. Our study
showed promising effects of pyrotinib-based therapy with a
median PFS of 6.3 months and an ORR of 29.5% in metastatic
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HER2-positive BC. Comparing to the median PFS of 18.1
months and 11.1 months and the ORR of 78.5% and 68.6%
achieved by pyrotinib plus capecitabine combination in pre-
vious phase II and III trials [2,5], our data were less fascinat-
ing. Several reasons should be taken into consideration. First
of all, previous clinical trials included patients treated with
two or less lines and some patients have not been exposed
to any anti-HER?2 therapy [2,5]. But in our cohort, over half
patients were treated with more than two lines of systematic
therapy, and over half received two or more kinds of anti-
HER?2 agents. Therefore, our cohort represented a treatment
refractory population, and also the general population of pati-
ents with metastatic HER2-positive BC who were usually
heavily treated with multiple anti-HER2 agents. Results of
our study provided more experience outside the clinical tri-
als for clinicians in treating general metastatic HER2-posi-
tive BC patients. Secondly, the follow-up time of our study
is rather short and more than 30% of patients were still in
treatment. However, we should also keep in mind that our
study cohort included few patients previously exposed to
pertuzumab and/or T-DM1. Pertuzumab and/or T-DM1
were common choices for front line treatments of HER2-pos-
itive BC patients globally. However, in China, pertuzumab
was newly-approved and T-DM1 is waiting to be approved,
which limited their usage in Chinese patients. Therefore, the
role of pyrotinib in more heavily treated patients needs fur-
ther global study. We hope the result from the phase I clinical
trial of pyrotinib in the United States of America might shed
some light on this question.

The efficacy of pyrotinib-based therapy was significantly
better in lapatinib-naive patients than in lapatinib-treated
patients (Fig. 1C). In lapatinib-naive group, pyrotinib-based
therapy achieved a median PFS of 9.0 months, numerically
comparable to that of neratinib plus capetabine arm (8.8
months) and better than that of lapatinib plus capetabine
arm (6.6 months) in NALA study. In lapatinib-treated group,
pyrotinib-based therapy had an ORR of 23.2%, which was
a bit less than those from TBCRC022 trial (intracranial ORR
33% and extracranial ORR of 43%), but the median PFS of
5.4 months was numerically better than that from TBCRC022
trial (3.1 months). For the first time to our knowledge, this
result provided evidence of the activity of pyrotinib-based
therapy after failure of lapatinib-based treatment.

For HER2-positive BC, brain is always a sanctuary site
[1]. For patients with brain metastasis, treatments remain
limited and prognosis remains poor. Although anti-HER2
monoclonal antibodies and HER2-directed antibody drug
conjugates were shown to improve survival in patients with
brain metastasis in several studies [12-14], their intracranial
effects remain controversial due to large-molecule property
that hinders the infiltration through BBB. Anti-HER2 TKIs
are important treatment options for brain metastasis. Petrelli
et al. [15] conducted a pooled analysis including 12 studies
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of the efficacy of lapatinib plus capecitabine in brain metasta-
sis in HER2-positive BC. Results showed that lapatinib plus
capecitabine achieved an ORR of nearly 30% and a median
PFS of 4.1 months [15]. In the TBCRC022 trial, neratinib plus
capecitabine has also shown promising efficacy in HER2-
positive BC with brain metastasis with an ORR of 49% and
33% and median PFS of 5.5 and 3.1 months in lapatinib-naive
and lapatinib-treated patients respectively [9].

In our study, in patients with brain metastasis and only
received pyrotinib-based therapy without local control of
brain metastasis such as radiotherapy and surgery, the ORR
was very low (6.3%), which was disappointing when com-
pared to the efficacy of neratinib plus capetabine in brain me-
tastasis in TBCRC022 trial. More data are needed to further
evaluate the intracranial efficacy of pyrotinib. However, in
patients combined pyrotinib-based systematic therapy with
radiotherapy and/ or surgery, the ORR was as high as 66.7%,
and three out of nine patients achieved CR in brain lesions.
This response rate was much higher than the previous study
of lapatinib plus concurrent radiotherapy, which reported an
ORR of 35%, in the treatment of brain metastasis [16], sug-
gesting a possible treatment regimen of pyrotinib plus cyto-
toxic drugs plus radiotherapy for better intracranial control.

Pyrotinib-based therapy was generally well-tolerated. The
most common grade 3 to 4 AEs was diarrhea, which was con-
sistent with reports of the previous clinical trial. No severe
AE was reported. Grade 3 to 4 PPES was less than that
reported in clinical trials [2,5], mainly because about 40% of
patients did not receive capecitabine as combined therapy.
Combinations with agents other than capecitabine also dem-
onstrated good safety profile, suggesting more combination
options including anti-HER?2 antibodies and cytotoxic drugs.

However, given that a patient self-reporting system is used
in reporting AEs and the retrospective nature of the study,
oblivion in AE reporting was unavoidable.

Pyrotinib combination therapy demonstrated promising
effects in metastatic HER2-positive BC with tolerable side
effects, especially in lapatinib-naive patients, and also some
activity in lapatinib-treated patients. However, efficacy of
pyrotinib-based therapy without concurrent radiotherapy in
brain metastasis was not satisfying in our study and more
investigations are needed in the future. But when combined
with radiotherapy, pyrotinib-based therapy demonstrated
remarkable intracranial disease control. More clinical tri-
als are needed to further exploit the potential of this novel
irreversible pan-ErbB receptor TKIL
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Purpose

RIOK1 has been proved to play an important role in cancer cell proliferation and migration
in various types of cancers—such as colorectal and gastric cancers. However, the expres-
sion of RIOK1 in breast cancer (BC) and the relationship between RIOK1 expression and
the development of BC are not well characterized. In this study, we assessed the expres-
sion of RIOK1 in BC and evaluated the mechanisms underlying its biological function in this
disease context.

Materials and Methods

We used immunohistochemistry, western blot and quantitative real-time polymerase chain
reaction to evaluate the expression of RIOK1 in BC patients. Then, knockdown or overex-
pression of RIOK1 were used to evaluate the effect on BC cells in vitro and in vivo. Finally,
we predicted miR-204-5p could be a potential regulator of RIOK1.

Results

We found that the expression levels of RIOK1 were significantly higher in hormone recep-
tor (HR)-negative BC patients and was associated with tumor grades (p=0.010) and p53
expression (p=0.008) and survival duration (p=0.011). Kaplan-Meier analysis suggested a
tendency for the poor prognosis. In vitro, knockdown of RIOK1 could inhibit proliferation,
invasion, and induced apoptosis in HR-negative BC cells and inhibited tumorigenesis in
vivo, while overexpression of RIOK1 promoted HR-positive tumor progression. MiR-204-5p
could regulate RIOK1 expression and be involved in BC progression.

Conclusion

These findings indicate that RIOK1 expression could be a biomarker of HR-negative BC,
and it may serve as an effective prognostic indicator and promote BC progression.

Key words
Breast neoplasms, Hormone receptor, RIOK1, Prognosis, miR-204, PI3K

Introduction

Breast cancer (BC) remains the cancer type with the high-
est morbidity among women, with 1.67 million diagnoses
and 521,900 deaths in 2012 alone [1]. In recent years the
average 5-year survival of BC patients has risen significantly

| https://www.e-crtorg |

owing to advances in adjuvant and local therapeutic treat-
ments, but in individuals with metastatic disease, such
survival rates remain poor even following radical surgical
treatment [2]. BC is a highly heterogeneous disease, with
many recent efforts having been made to group BC patients
according to a number of phenotypic parameters including
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hormone receptor (HR) expression status and human epi-
dermal growth factor receptor 2 (HER2) expression levels,
leading to the definition of BC subtypes including luminal A,
luminal B, HER2, and triple-negative BC [3]. Between 60%
and 75% of BC cases are found to be HR-positive upon
diagnosis [4]. The prognosis of BC patients is influenced by
a range of different parameters, with HR-positive BC being
known to have a significantly better average prognosis rela-
tive to HR-negative BC [5,6]. BC tumors that are positive for
estrogen receptor (ER) are dependent upon active estrogen
levels for growth, and as such patients can be treated with
estrogen blockers such as tamoxifen or with inhibitors of
estrogen production, leading to a better patient prognosis.
Similarly, patients with HER2-positive BC often respond
well to the monoclonal antibody trastuzumab, leading to sig-
nificantly improved survival outcomes [7]. However, trastu-
zumab resistance also frequently manifests among these
patients and is associated with significantly poorer survival
outcomes. Triple-negative BC, in contrast, lacks any avai-
lable targeted therapeutics and is thus associated with a
poorer prognosis than other disease subtypes [8]. These find-
ings emphasize the importance of identifying prognostic bio-
markers and therapeutic targets which may allow for the bet-
ter management and treatment of HR-negative BC patients.

Atypical protein kinases of the right open reading frame
(RIO) family are present in almost all forms of life [9,10],
with family members including RIOK1, RIOK2, and RIOKS.
Both RIOK1 and RIOK?2 are non-ribosomal proteins that are
nonetheless essential for regulating ribosomal RNA bioge-
nesis and cell cycle progression, with the depletion of either
of these proteins in yeast having been shown to result in
impaired 20S pre-ribosomal RNA processing. Similarly,
RIOK2 is essential for 185 pre-rRNA production in human
cells, whereas 21S pre-rRNA processing requires the activ-
ity of RIOK3 [11]. Proteins that regulate ribosomal biogen-
esis are known to have a profound impact of progression
through the cell cycle, with RIOK1 depletion having been
shown to result in S phase and mitotic arrest [12]. RIO
kinases are also known to be important in the regulation
of a wide range of disease types [13,14], with their overex-
pression having been previously detected in both non-small
cell lung cancer (NSCLC) and colorectal cancer (CRC) [15].
In these contexts, RIOK1 has been shown to influence the
proliferative, migratory, and invasive activity of tumor cells,
although its exact mechanistic role in this context has not
been fully [16]. Whether RIOKT1 is similarly overexpressed
and/or functionally important in BC remains uncertain, and
further research is thus warranted to explore its relevance in
this disease context.

Given that the biological function of RIOK1 in BC remains
unclear, in the present study, we first evaluated the expres-
sion of RIOK1 in BC and then investigated the correlation
between the RIOK1 expression and patient clinicopatho-

1068 CANCER RESEARCH AND TREATMENT

logical characteristics. We also evaluated the biological roles
of RIOK1 by modulating its expression in BC cell lines.
We found that knocking down RIOK1 was able to inhibit
invasion, proliferation, G2/M cell cycle progression, and
angiogenesis, while promoting cellular apoptosis via the pho-
sphoinositide 3-kinase (PI3K)/AKT and mitogen-activated
protein kinase (MAPK)/ERK pathway. Overexpression of
RIOK]1, in contrast, yielded the opposite phenotype. Bioin-
formatics analyses revealed that miR-204-5p was able to reg-
ulate the expression of RIOK1. Collectively, we found that
RIOK1 plays an oncogenic role in BC and may represent a
potential treatment target for BC patients.

Materials and Methods

1. Patient sample collection

Sixty BC patient tissue samples were collected from pati-
ents undergoing surgical resection for quantitative real-time
polymerase chain reaction (QRT-PCR) and western blot in
the general surgery department of the Affiliated Hospital
of Nantong University between 2018 and 2019. Following
collection, tissues were snap-frozen prior to use. In addi-
tion, 166 paraffin-embedded BC patient tissue blocks were
collected in the department of pathology between 2010
and 2013 and were used for the retrospective study. All BC
patient tumor samples had been independently evaluated by
two pathologists, with differentiation, p53 expression levels,
and HR/HER? status being determined in light of the World
Health Organization classification criteria. Patients that had
undergone pre-surgical chemotherapy or radiotherapy were
excluded from this analysis.

2. Immunohistochemistry and scoring

The expression of RIOK1 was assessed immunohistochem-
ically in the 166 paraffin-embedded tumor tissue samples
(5-um-thick sections) discussed above using a tissue micro-
array approach, with each tissue sample having a core dia-
meter of 2 mm. Sections were first treated with dimethyl
benzene to achieve deparaffinization, after which an ethanol
gradient was used to dehydrate samples. Antigen retrieval
was conducted by heating samples at 100°C for 4 minutes
and then at 95°C for 10 minutes in sodium citrate buffer (10
mM sodium-citrate mono-hydrate, pH 6.0), after which sam-
ples were allowed to cool to room temperature over 20 min-
utes prior to being washed with phosphate buffered saline
(PBS). A 0.3% H,0O, solution was then applied to all samples
for an additional 20 minutes in order to inhibit endogenous
peroxidase activity, after which samples were probed over-
night using anti-RIOK1 (1:100, Immunoway Group, Plano,
TX) at 4°C. A two-step reagent kit (horseradish peroxidase
[HRP] anti-mouse/rabbit IgG, Dako, Santa Clara, CA) was
then used to detect this primary antibody, with diaminoben-
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zidine (Dako) and hematoxylin counterstaining (Dako) being
used to evaluate RIOK1 expression levels in these tissue
samples. Two pathologists that had been blinded to patient
outcomes next independently assessed RIOK1 staining in
each tissue samples, scoring tissues according to staining
intensity (with scores of 0, 1, 2, and 3 corresponding to no,
weak, moderate, and strong staining, respectively) and the
percentage of RIOK1-positive cells (with scores of 0, 1, 2, and
3 corresponding to 0%-30%, 31%-60%, 61%-80%, and 81%-
100% RIOKI-positive, respectively). The product of these
scores was then used to assess RIOK1 staining intensity, with
an overall score of 0-3 being considered “low” and a score of
3 or higher being considered “high.”

3. qRT-PCR

TRIzol (Thermo Fisher Scientific, Waltham, MA) was
used to isolate total RNA from 60 BC patient tissue samples
after which a spectrophotometer (NanoPhotometer, IMP-
LEN, Munich, Germany) was used to quantify the RNA
contents in individual samples. Next, the RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was
used to prepare cDNA from 10 pL of each RNA sample using
the following thermocycler settings: 42°C for 60 minutes and
70°C for 5 minutes. A Roche LightCycler 480 (Roche, Basel,
Switzerland) was used to conduct qRT-PCR analyses of three
replicate 2 uL cDNA samples, with individual reactions also
containing 10 pL SYBR Green I Mix (Roche), 0.5 uL each of
forward and reverse primers, and 7 pL nuclease-free H,O.
Thermocycler settings were as follows: 95°C for 5 minutes; 45
cycles of 95°C for 15 seconds, 60°C for 30 seconds, and 72°C
for 30 seconds. Primers used in this study were as follows:
RIOK1 (E, 5-CCTTGGATTCTGATAACTGGAC-3; R, 5-AG-
GAAAATGGTGAAAACTTGG-3), glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH; F, 5-CGCTGAGTACGTCG-
TGGAGTC-3';R,5-GCTGATGATCTTGAGGCTGTTGTC-3').
GAPDH expression was used for normalization purposes,
with the 24T approach used to assess relative RIOK1 expre-
ssion levels in samples.

4. Western blot

RIPA lysis buffer containing protease inhibitors was used
to lyse and BC tumor tissue samples, which were then spun
for 20 minutes at 12,000 rpm at 4°C. Supernatants were then
collected, with a BCA kit (Beyotime Institute of Biotechnol-
ogy, Nantong, China) being used to quantify the protein con-
tents within each sample. Samples were then boiled for 15
minutes in sodium dodecyl sulfate sample buffer, after which
equal quantities of protein were separated via sodium do-
decyl sulfate polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes. Membranes
were in turn blocked for 2 hours at room temperature with
5% skim milk in TBST. Blots were then probed with rabbit
polyclonal anti-RIOK1 (1:1,000, Proteintech, Wuhan, China),

anti-E-cadherin (1:1,000, Proteintech), anti-vimentin (1:1,000,
CST, Danvers, MA); anti-N-cadherin (1:1,000, CST); PI3K
(1:1,000, CST); p-AKT (1:2,000, CST); AKT (1:1,000, CST);
cyclin B1 (1:500, Proteintech); p-ERK1/2 (1:1,000, Abcam,
Cambridge, UK); ERK1/2 (1:2,000, Abcam). After washing
in TBST, the membran washed thrice in TBST and incubated
for 2 hours with appropriate HRP-conjugated secondary
antibodies (1:1,000, Santa Cruz Biotechnology, Santa Cruz,
CA). Enhanced che-miluminescence (Thermo Scientific) was
then employed for protein detection, with analyses being
repeated in triplicate.

5. Cell culture and transfection

BC cell lines MDA-MB-231 (HR-negative) and MCF-7 (HR-
positive) were obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). MDA-MB-231 were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (GIBCO-BRL,
Invitrogen), 100 pg/mL penicillin and 100 U/mL streptomy-
cin (Shanghai Genebase Gen-Tech, Shanghai, China). MCF-7
cells were maintained in RPMI (Invitrogen) supplemented
with 10% fetal bovine serum (GIBCO-BRL, Invitrogen), 100
ug/mL penicillin, and 100 U/mL streptomycin. All cells
were within a humidified atmosphere containing 5% CO, at
37°C. MDA-MB-231 cells and MCEF-7 cells were transfected
with Lipofectamine 3000 Reagent (Invitrogen) following the
manufacturer’s protocol. Transfection efficiency was evalu-
ated by western blot and quantitative polymerase chain
reaction.

6. Flow cytometry

Flow cytometry analysis was performed detecting cell
cycle distribution and cell apoptosis according to the manu-
facturer’s protocol. Briefly, cells were trypsinized and fixed
in centrifuge tubes containing 0.5 mL of 70% ethanol for at
least 6 hours at 4°C, and then the suspension was centrifuged
for 5 minutes at 1,000 rpm. Cell pellets were resuspended in
5 mL of PBS for approximately 30 seconds and centrifuged
at 300 xg for 5 minutes, then resuspended in 1 mL of pro-
pidium iodide staining solution and kept in the dark at 37°C
for 10 minutes. Samples were analyzed by a flow cytometer
(BD, Franklin Lakes, NJ). The percentage of the cells in G0-
G1, S, and G2-M phase were collected and counted. When
analyzing cell apoptosis, cells were washed by PBS and
resuspended at a concentration of 1x10° cells/mL. Then an
Annexin V-FITC Apoptosis Detection Kit (BD Biosciences,
Oxford, UK) was used following the manufacturer’s protocol.
After incubation in the dark at room temperature for 20 min-
utes, the samples were immediately analyzed by a FACScan
flow cytometer (Becton Dickinson, Franklin Lakes, NJ). Each
assay was performed in triplicate.
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7. Cell migration, invasion assay, and wound healing assay

For cell migration and invasion assays, the cells were per-
formed using a transwell system that incorporated a polycar-
bonate filter membrane. The transfected cells (5x10* cells per
well) were plated in the upper chamber containing 200 pL of
serum-free media. The lower chambers contained 10% fetal
bovine serum. After 24 hours of incubation, chambers were
selected and fixed with paraformaldehyde, then stained with
crystal violet for migration assays. For invasion assays, the
filters were precoated with Matrigel (BD) and DMEM or
RPMI media mixture in a ratio of 1:6. We selected chambers
of MDA-MB-231 after 24 hours and those of MCF7 after 48
hours. The number of migrating or invading cells was count-
ed on the captured images.

For wound healing assay, cells were plated and transfected
on 6-well plates. After cells reached confluence, the cells were
incubated in serum-free DMEM or RPMI media. Then an
artificial scratch of the cells was wounded with a 10 pL
pipette tip. Then the cells were washed by PBS twice and
serum-free medium was added for a further 24 hours. Each
experiment was repeated three times.

8. Cell proliferation assays

We used Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo,
Japan), colony formation, and EdU assays to estimate cell
ability of proliferation. Three thousand transfected cells
were seeded in the 96-well plates and added 10 pL solution
per well; the absorbance was read on 450 nm for 24 hours,
48 hours, 72 hours, and 96 hours. For the colony formation
assay, a total number of 800 transfected BC cells were plated
in 6-well plates and cultured for about 2 weeks. Cell colo-
nies were fixed with 4% methanol and stained with crystal
violet. Colonies were counted and each experiment was
repeated 3 times. EdU assay (5-ethynyl-20-deoxyuridine)
was performed with a commercial kit (Ribobio, Guangzhou,
China). The red staining represented proliferating cells and
blue staining represented cell nucleus.

9. Tube formation assay

Two hundred microliters of Matrigel (BD) was plated in
24-well plates and incubated at 37°C for 30 minutes. When
it became gel, 8x10* HUVECs were added in plates in two
groups: supernatant from siNC transfection or siRIOK1
transfection of MDA-MB-231. After incubation at 37°C for
6 hours, tube formation was observed by microscope and
saved.

10. Luciferase reporter assay

The wild type or mutation sequences within the predict-
ed 3’ untranslated region binding sites of the RIOK1 were
transfected into 293T cells along with miR-204 mimics or
NC, carrying a luciferase reporter plasmid. After 48 hours,
the luciferase activity was measured by Dual-Luciferase
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Reporter Assay Kit (Promega, Madison, WI).

11. Tumor xenografts

Four-week-old female nude mice were injected with
MDA-MB-231 cells (1x107) with siRIOK1 or NC subcutane-
ously. After first injection, we transfected them in vivo each
5 days. The volume of xenograft tumors was measured eve-
ry 5 days. After 30 days, the mice were executed and tumors
were taken out for weighing.

12. Bioinformatics analysis

RIOK1 expression levels in a large BC patient cohort
were assessed using the Oncomine database (https: // www.
oncomine.org) using the search terms “RIOK1,” “Cancer VS.
Normal/Cancer Analysis,” and “Breast Cancer.” Data were
compared based upon log2 median-centered intensity in
Oncomine microarray datasets. Kaplan-Meier Plotter (http: //
kmplot.com/analysis/) was further used to assess the rela-
tionship between RIOK1 expression levels and BC patient
survival outcomes, yielding a survival curve for 3,951 BC
patients and providing the corresponding p-value describing
the relationship between RIOK1 expression and BC patient
prognosis.

13. Statistical analysis

All statistical testing was conducted using SPSS ver. 20.0
(IBM Corp., Armonk, NY), and GraphPad Prism 6.0 (Graph-
PadSoftwareInc., SanDiego, CA) wasused to generate figures.
Data are meantstandard deviation and were compared via
Student’s t tests, Kaplan-Meier survival analyses, chi-square
tests, and Cox regression analyses as appropriate. For univar-
iate and multivariate analyses of factors associated with BC
patient prognosis, Cox proportional hazards regression mod-
els were used, with the results of these analyses reported as
hazard ratios. p < 0.05 was the significance threshold.

14. Ethical statement

The xenograft mice were performed with the Afliated Hos-
pital of Nantong University Animal Ethics Committee and
according to the institutional guidelines.

The ethics committee of Nantong University Affiliated
Hospital approved the present study, with all patients hav-
ing provided written informed consent to participate.

Results

1. RIOK1 expression of BC patients in database

We began by analyzing the Oncomine database to assess
RIOK1 expression levels in BC patients. This analysis revea-
led that patients with ER- or progesterone receptor (PR)-neg-
ative BC had higher average RIOK1 expression levels than
did patients who were ER- or PR-positive (p < 0.001) (Fig.
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Fig. 1. The expression of RIOK1 was increased in breast cancer (BC) tissues and associated with poorer patient prognosis. (A, B) Expression
of RIOK1 level in patients with hormone receptor (HR) status and different BC subclasses in The Cancer Genome Atlas (TCGA) database.
(C) Kaplan-Meier survival curve of patients with BC from the TCGA database. (D) The overall survival (OS) of RIOK1-high patients (red)
was significantly lower than that of RIOK1-low patients (blue). (E) The OS of HR-negative patients (green/orange) was significantly lower
than that of HR-positive patients (red /blue). *p < 0.05, **p < 0.01, ***p < 0.001.

1A). The similar analysis showed the expression of RIOK1
was different depended on the subclass of BC (Fig. 1B). Fur-
thermore, we found using Kaplan-Meier Plotter that BC
patients with higher RIOK1 expression had a poorer progno-

sis than did patients with lower expression of this gene (p <
0.001) (Fig. 1C).
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mRNA level was assessed in 40 HR-positive and 20 HR-negative BC tissues via quantitative real-time polymerase chain reaction. (D)
Staining in HR-negative BC tissue samples (left) and in HR-positive BC tissue samples (right) in situ. Original magnification: x40 (upper),
x400 (lower). (E) RIOK1 staining was weak in grade I tumors (left), moderate in grade II tumors (middle), and strong in grade III tumors
(right). Original magnification: x40 (upper), x400 (lower). (F) The database shows the relevance between RIOK1 and p53. ER, estrogen

receptor; PR, progesterone receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TPM, transcripts per million. **p < 0.0

< 0.0001 vs. HR-negative tissues.

2. RIOK1 is overexpressed in HR-negative BC tissues and
correlates with clinicopathological parameters

We first quantified RIOK1 expression via western blot in
five HR-positive and five HR-negative BC tumor samples
and immunohistochemistry staining. This analysis showed
that the expression of RIOK1 at the protein level was signifi-
cantly higher in HR-negative BC tissue samples (Fig. 2A, B,
and D). We further confirmed that RIOK1 expression was
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higher at the mRNA level in HR-negative BC tissue samples
by comparing 40 HR-positive and 20 HR-negative samples
via qRT-PCR (p < 0.001) (Fig. 2C). To explore the relationship
between RIOK1 expression levels and BC disease progres-
sion using a tissue microarray of 166 BC patient samples. Of
these 166 samples, 91 (54.8%) exhibited high RIOK1 immu-
nohistochemical expression, while the remaining 75 (45.2%)
are RIOK1-low (Table 1). Tumors that of a higher grade had
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Table 1. The relationship between RIOK1 and p53 expression and clinicopathological parameters

Clinicopathological RIOK1 p53
b —_— p-value ————  p-value
parameter LoworNo High LoworNo High
Total 166 91 75 108 58
Age (yr)
<50 67 39 28 0.473 46 21 0.427
>50 99 52 47 62 37
Tumor diameter (mm)
<20 74 42 32 0.655 51 23 0.353
>20 92 49 43 53 75
Tumor stage (TNM)
I 52 29 23 0.269 38 14 0.077
II 86 51 3B 58 31
II-1vV 28 1 17 15 13
Histological grade
I 21 15 6 0.010* 17 4 0.263
II 99 59 40 62 37
11 46 17 29 29 17
Hormone receptor
ER
Negative 65 24 41 <0.001*** E5) 30 0.015*
Positive 101 67 34 73 28
PR
Low 74 27 47 < 0.001*** 39 35 0.003**
High 92 64 28 69 23
HR status
ER (+)/PR (+) 89 62 27 <0.001*** 66 23 0.003**
ER (-)/PR (+) 3 2 1 3 0
ER (+)/PR (-) 12 5 7 7 5
ER (-)/PR (-) 62 22 40 32 30
Molecular type
Luminal A 27 17 10 <0.001*** 23 4 0.012*
Luminal B 74 52 22 51 23
HER2+ 38 13 25 18 20
TNBC 27 9 18 16 1
Aggressive phenotype
HER2
Low 99 58 41 0.238 78 21 <0.001***
High 67 33 34 30 37
Triple-negative phenotype
No 141 82 59 0.040* 93 48 0.568
Yes 25 9 16 15 10
Lymph node metastasis
Negative 92 54 38 0.263 54 38 0.263
Positive 74 37 37 37 37
Ki67
Low 70 43 27 0.129 49 21 0.237
High 96 47 49 58 37
Survival time (mo)
>80 128 78 50 0.011% 88 40 0.228
<80 33 12 21 19 14

(Continued to the next page)
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Table 1. Continued

Clinicopathological RIOK1 p53
p-value —— p-value
parameter Loworno High Loworno High
p53
Low 115 65 40 0.008** - - -
High 51 20 31 - -

Statistical analysis were carried out using Person j? test. ER, estrogen receptor; PR, progesterone receptor; HR, hormone receptor; HER?2,
human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer. *p < 0.05, **p < 0.01, ***p < 0.001.

Table 2. Assessment of prognostic factors associated with BC patient 80-month survival via univariate and multivariate approaches

Clinicopathological parameter

Univariate analysis

Hazard ratio (95% CI)

Multivariate analysis

p-value Hazard ratio (95% CI)  p-value

RIOK1 (high vs. low) 2.473 (1.216-5.028) 0.012* 2.133 (1.041-4.372) 0.038*
Ki67 (high vs. low) 2.213 (1.028-4.763) 0.042* - -
Lymph node metastasis (yes or no) 3.364 (1.598-7.079) 0.001** 3.069 (1.449-6.498) 0.003**
P53 (high vs. low) 1.517 (0.749-3.071) 0.247 - -
ER (yes or no) 0.551 (0.278-1.090) 0.086 - -
PR (yes or no) 0.612 (0.308-1.215) 0.160 - -
HER?2 (yes or no) 2.132 (1.068-4.255) 0.031* - -
Age stage (< 50 yr vs. > 50 yr) 1.471 (0.713-3.033) 0.296 - -
Tumor diameter (< 2 cm vs. > 2 cm) 1.852 (0.881-3.892) 0.104 - -

Grade (well/ moderately vs. poorly)

2.530 (0.605-10.577)

0.203 - -

BC, breast cancer; CI, confidence interval; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor

2.%*p <0.05, **p < 0.01.

significantly increased RIOK1 protein expression levels (p=
0.010) (Fig. 2E). In these samples, we found that RIOK1
expression was higher in HER2+ and triple-negative BC
patient tumor samples relative to those from patients with
luminal A or B disease based on HR status (p < 0.05). No
relationship was observed between RIOK1 expression and
patient age, tumor diameter, lymph node metastasis, or Ki67
expression. p53 staining results from the pathology depart-
ment also revealed a significant association between RIOK1
and P53 levels in these BC patient tissue samples (p=0.008).
Database also suggested a potential correlation between
RIOK1 and p53 (Fig. 2F). Moreover, elevated RIOK1 expres-
sion was associated with an 80-month survival duration
(p=0.011).

3. Correlation between RIOK1 expression and prognosis
in BC patients

We next further assessed how RIOK1 expression in BC
tumor tissues was associated with BC patient survival out-
comes using Kaplan-Meier survival analyses. Through this
approach, we observed significantly longer overall survival
(OS) in BC patients with low RIOK1 expression levels rela-
tive to those with higher expression of this protein (p=0.003)
(Fig. 1D). This analysis further confirmed that molecular
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subtype was another key determinant of BC patient survival
outcomes (p=0.017) (Fig. 1E). When comparing RIOK1-pos-
itive and -negative samples, a crude HR of 2.473 was calcu-
lated. A univariate analysis revealed that elevated RIOK1
expression (p=0.012), Ki67 levels (p=0.042), lymph node
metastasis (p=0.001), and HER-2 positive (p=0.032) were all
associated with a poorer BC patient prognosis (Table 2). A
subsequent multivariate analysis further confirmed that both
lymph node metastasis and RIOK1 expression levels were
independent predictors of BC patient (p=0.003 and p=0.038,
respectively) (Table 2).

4. RIOK1 promotes migration, invasion, and angiogenesis
in BC cells

As the expression of RIOK1 was higher in the MDA-MB-
231 cell line relative to in MCF7 cells, we knocked down and
overexpressed RIOKI in these respective cell lines (Fig. 3A,
S1Fig.). Given that metastasis contributes to the low survival
rate of BC patients, we evaluated the role of RIOK1 in BC
migration and invasion. Transwell and wound healing anal-
yses revealing that RIOK1 knockdown impaired cell motility,
whereas RIOK1 overexpression had the opposite effect (Fig.
3B-D). Angiogenesis is an additional key driver of tumor
metastasis. The tube formation assay revealed that when



Zhigi Huang, RIOK1 Promotes Breast Cancer Progression

MDA-MB-231  MCF7

RIOK [M— | 67 kDa

B-Actin |-_ —-| 42 kDa

Relative RIOK1 expression
to B-actin
o~

siNC siRI0K1
— 0hr
N
o ~
= =}
< S
o
= [24hr 24 hr
Migration
5 4 600 -
B
I
@ | = £ 4001
3 g
SR S 200-
(]
Z
O-
siNC SiRIOK1
siRIOK1 Migration
g 4 FgaT 0 250 - .
s “_; 200
o) & - -
2.0%
~|= & 5 1501
=] ‘ o
= g»-, = 1001
@ 50 -
E >
£ 0-

Empty pcDNA
vector

*KX¥

Empty vector

Cell count

Cell count

0 B
MDA-MB-231  MCF7

B
pcDNA

C
Invasion
250 - =
200 A
150 4
100 4
50 A
0 -
siNC siRIOK1
D
Invasion
120 - -
80 - ‘
40 -
0 -

Empty pcDNA
vector

Fig. 3. Inhibiting RIOK1 expression decreased breast cancer (BC) cells migration, invasion, and angiogenesis. (A) Relative expression of
RIOK1 in BC cell lines. (B) A wound healing assay was performed to determine the migration of MDA-MB-231 and MCF?7 cells. (C, D)
Transwell assay was used to measure the capacity of invasion and migration capacity on BC cells transfected with siRIOK1 or pcDNA

compared with siNC or empty vector. (Continued to the next page)

RIOK1 was knocked down, tube formation was impaired in
MDA-MB-231 cells (Fig. 3E). Consistent with these data, the
expression of E-cadherin was increased and vimentin and
N-cadherin were markedly downregulated when RIOK1

was knocked down (Fig. 3F).
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5. RIOK1 modulates BC cell proliferation, cell cycle pro-
gression, and apoptosis

CCK-8 and colony formation assays indicated that RIOK1
affected the proliferation of BC cells (Fig. 4A-D). We addi-
tionally used EdU incorporation assays to assess the per-
centage of proliferating BC cells when RIOK1 was knocked
down (Fig. 4E). Flow cytometry revealed that BC cells
exhibited G2/M phase arrest when RIOKI was knocked
down (Fig. 4F), with these cells additionally exhibiting
increased rates of apoptosis, while apoptosis was inhibited
in MCF7 cells overexpressing RIOK1 (Fig. 4G and H). We
then used western blot to measure the expression of proteins
related to the above analyses. In light of their importance in
HR-negative BC, we analyzed the PI3K/AKT and MAPK/
ERK signaling pathways in MDA-MB-231 cells, revealing
that phospho-AKT and phospho-ERK1/2 levels were down-
regulated when RIOK1 was knocked down, indicating that
RIOK1 may affect BC cells via these two pathways (Fig. 41).

6. Knockdown of RIOKT1 inhibits tumor growth in vivo

We next investigated whether RIOK1 was able to modu-
late BC tumorigenesis in vivo. MDA-MB-231 cells transfect-
ed with siRIOK1 or siNC were injected into nude mice and
tumor growth was then monitored, revealing that tumors
were smaller in mice in the siRIOK1 group relative to the
siNC group (Fig. 5A-D). We additionally confirmed via qRT-
PCR that RIOK1 expression was knocked down by siRIOK1
(Fig. 5E). These results thus suggested that knockdown of
RIOK1 was able to inhibit tumor growth in vivo.
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7. miR-204-5p modulates RIOK1 expression and impact
HR-negative BC

To identify potential miRNAs that target RIOK1, we used
TargetScan, miRDB, starBase, and Tarbase to identify miR-
204-5p as the only predicted miRNA targeting this gene (Fig.
6A). We then detected the expression of RIOK1 in MDA-231
cells which was transfected with a miR-204-5p mimic or
inhibitor (Fig. 6B). A luciferase reporter assay confirmed that
miR-204-5p and RIOK1 were able to directly interact with
one another in cells (Fig. 6C). Furthermore, we performed
rescue assays to validate whether miR-204-5p was able to
reverse the pro-tumorigenic role of RIOK1 in BC cells, and
we determined that miR-204-5p/RIOK1 promoted BC cell
proliferation and migration in vitro (Fig. 6D-F). Furthermore,
through a database search, we found that lower miR-204
expression was predictive of a worse outcome in BC patients
(S2 Fig.). Together, these data suggested that miR-204-5p was
able to impact RIOK1 and to modulate its ability to influence
tumor progression.

Discussion

RIOKT1 is a key kinase in the RIO protein family. Kinases
are essential regulators of all cellular processes, and make up
roughly 2% of all eukaryotic genes [17], regulating transcrip-
tion, translation, and protein function via phosphorylation of
specific target proteins [18]. While best studied in yeast, RIO
kinases are also thought to be key regulators of ribosomal



Zhigi Huang, RIOK1 Promotes Breast Cancer Progression

0D value (450 nm)

A
10- MDA-MB-231
' —e— siNC
—=— giRI0K1

0.8 1 ]
0.6 1
0.4 T T T T

12 24 48 72

Time (hr)
MDA-MB-231

siNC siRIOK1

MCF7

Empty vector pcDNA

MDA-MB-231

siNC siRIOK1

No. of colonies

- N W b

o o o o

o ©O ©o o o

| I N I —
r*
*

No. of colonies

bi

Cell proliferation (%)

=

0D value (450 nm)

—_
o1
1

_‘
o
L

o
ol
L

MCF7

—e— Empty vector
—=— pcDNA *x%

o
-
N

300 1

200 -

100 -

251
201
151
101
5 4
0-

24 48 72

Time (hr)

c

siRIOK1

pcDNA

SiRIOK1

Fig. 4. RIOK1 promoted breast cancer (BC) cells proliferation, induced cell cycle arrest, and reduced cell apoptosis. (A, B) Cell Counting
Kit-8 assay presented the proliferation capacity of MDA-MB-231 and MCF7 cells transfected with siRIOK1 or pcDNA compared with
siNC or empty vector. (C, D) Colony formation assay was used to detect the proliferation of MDA-MB-231 and MCF?7 cells transfected
with siRIOK1 or pcDNA. (E) EdU assay was used to evaluate cell proliferation. Representative images for EdU-positive cells (red) and
Hoechst-stained nuclei (blue) of MDA-MB-231 transfected with siRIOK1 or siNC were shown in the left. Quantification data was shown
in the right. (Continued to the next page)

VOLUME 52 NUMBER 4 0CTOBER 2020 1077



Cancer Res Treat. 2020;52(4):1067-1083

. . F
SlNC SlRIOK]I Dip 61 60 N = S!NC
— n Dip G2 = siRIOK1
n- 2404 2004 uDip$ _ '_l
Q| 5 180 ; 150 =2
< [ = 1201 = 100 2
=) S
b= 604 504 =
i 0- © 201 .
0 50 100 150 200 0 50 100 150 200 |_'
Channels (FL2-A) Channels (FL2-A)
G0/G1 S G2/M
RIOK G
si 1 *
154
10°Tq —
§
ﬁ g 10 ‘
= 2
g
0-
SiNC SiRIOK1
H
- Empty vector 40 A
Q1 Q2 — *
= I |
185 = 304
3
& 2 20+
= =
o
2 101
3 <
129 0-
100 100 100 102 10° 10 Empty pcDNA
vector
|
siNC  siRIOK1 MDA-MB-231 ,
201 m siNC
RIOK1 [====_~——~]67kDa o = SIRIOKT
NS
piak [=_——] 85 Da s sl1] - . 5
p-Akt [WeSs ] 60 kDa o NrSI
Akt [Fm=_====] 60 kDa £ 10 :
p-ERK1/2 [ ] 42, 44 kDa £ ’—|
ERK1/2 [ S| 42, 44 kDa 2 051
Cyclin B1 [Me SS8] 48 kDa

B-Actin [N s | 42 kDa

&
Qﬁo P
Fig. 4. (Continued from the previous page) (F) Flow cytometry of cell cycle was used to analyze the effect of siRIOK1 on MDA-MB-231 cells.
(G, H) Induction of apoptosis of BC cells was analyzed by flow cytometry on MDA-MB-231 and MCF7 cells transfected with siRIOK1
or pcDNA compared with siNC or empty vertor. PI3K, phosphoinositide 3-kinase. (I) Western blot analysis of proliferation-related and
apoptosis-related pathway proteins on MDA-MB-231 cells transfected with siRIOK1 or siNC. *p < 0.05, **p < 0.01.

1078 CANCER RESEARCH AND TREATMENT



Zhigi Huang, RIOK1 Promotes Breast Cancer Progression

siNC

siRIOK1

siRIOK1

siNC i

C D
1.0 —e— siNC 157 %%
— —=— SiRIOK1 -
E 08- § T
=
S 04- :
IS
= 02% =
0 T T T T T 0 T T
5 10 15 20 25 30 siNC siRIOK1
Time (day)
E
1.5' *
—_——

s [ |

‘@ —_—

2 1.01 [ 4

‘5_ v

x

(<5}

[<5)

£ 05 ——

=

oc

0 T T
siNC siRIOK1

Fig. 5. Knockdown of RIOK1 inhibited tumor growth in vivo. (A, B) Knockdown of RIOK1 inhibited the growth of MDA-MB-231 cells in
nude mice. (C) Growth curves of xenograft tumors with siRIOK1 or siNC. (D) The weight of tumors from two groups after removal. (E)
RIOK1 expression in tumor tissues was detected by quantitative real-time polymerase chain reaction. *p < 0.05, **p < 0.01.

biogenesis in mammalian cells. Indeed, RIOK1 has been
shown to be closely linked to mammalian cell prolifera-
tion, with its absence leading to cell cycle arrest at the G2/M
checkpoint in affected cells [19]. The dependent of cell pro-
liferation on RIOK1 activity was evident even in a study
of RAS-driven tumor cells, suggesting that therapeutic tar-
geting of RIOK1 may be a viable strategy for treating such
RAS mutant cancers [20]. RIOK1 has also been shown to be
overexpressed in CRC and NSCLC [15], but it has not been
directly studied in the context of BC.

BC remains the most common invasive cancer type affect-

ing women [21], with these tumors being classified using a
number of different systems that offer insight into the asso-
ciated disease prognosis and amenability to therapeutic
treatment. In the present study, for the first time, we detected
high RIOK1 expression in approximately half of BC patient
tumors, with this protein primarily localizing to the cyto-
plasm in these cancer cells. These findings suggested that
RIOK1 may not undergo nuclear translocation, or that high-
er expression may be associated with increased cytoplasmic
localization. We similarly found that the expression of RIOK1
at both the mRNA and protein level was significantly corre-
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lated with tumor HR status, tumor grade, and with patient
survival outcomes. Specifically, HR-negative tumors exhib-
ited higher RIOKI expression, and such elevated RIOK1
expression was in turn associated with reduced BC patient
OS in both univariate and multivariate analyses. These
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results, therefore, indicated that RIOK1 expression level is an
independent predictor of BC patient survival outcomes. HR
status has been regarded as a determining factor of progno-
sis and lacked of specific molecular therapy. We found the
clinical association between RIOK1 and HR, however, the
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relationship between RIOK1 and HR was unclear, and fur-
ther experiments are required to explore this association.
Interestingly, elevated RIOK1 expression was shown to
be associated with elevated p53 levels in this analysis, and
this has not been previously reported in other cancers. In
addition, HR-negative BC patient samples exhibited elevated
P53 levels in much the same way that they exhibited higher
levels of RIOK1 expression. p53 is well known to function
as a tumor suppressor gene, with the wildtype version of

the p53 protein functioning to promote DNA repair and cell
cycle arrest when it is [22,23]. Mutations that disrupt such
wild type p53 functionality, however, are very common in
tumors, affecting upwards of 80% of triple-negative BC and
other serious tumor types [24]. As a result, such p53 muta-
tions in immunohistochemistry are closely associated with
reduced BC patient survival [25,26]. Previous work by
Darb-Esfahani et al. [27] has further demonstrated that p53
levels are higher in triple-negative BC (74.8%) and HER2-pos-
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itive BC (55.4%), suggesting that such tumors may express
high levels of mutant p53 that are associated with a poorer
patient prognosis. Previous studies have largely failed to
address the relationship between RIO family proteins and
P53, with just one study having demonstrated an interaction
between these proteins and p53 activity [14]. In this study,
only clarified the clinical link between RIOK1 and p53, but
further follow-up experiments will be needed to understand
the mechanistic basis for this association.

Finally, through cell phenotypes assays, we found RIOK1
could affected various tumor process such as proliferation,
apoptosis, cell cycle, migration, and ivnvasion of BC cells.
To investigate the mechanism on the subsequent studies, we
detected several protein levels that regulate tumor process
such as epithelial-mesenchymal transition, PI3K/AKT, and
MAPK/ERK. To figure out what regulate RIOK1, we used
four databases to find out the potential upstream miRNA.
Only one miR-204-5p was in the list. MiR-204-5p was repor-
ted to be a tumor suppressor in BC patients and predicted
poorer prognosis [28]. Shen et al. [29] revealed that the
upregulation of miR-204-5p inhibits the proliferation, inva-
sion, and migration of BC cells. In addition, in BC spheroids,
miR-204 was downregulated in MDA-MB-231 cells than in
MCE-7 cells, which means miR-204 could be associated with
HR status, similarily [30]. We verified the relationship bet-
ween miR-204 and RIOK1 by luciferase assay and co-trans-
fected miR-204 and siRIOK1. According to our study, sev-
eral assays indicated that miR-204-5p could regulate RIOK1
activity. Therefore, we speculated that miR-204-5p could be a

potential regulator of RIOKI.

In summary, the results of this analysis for the first time
indicate that HR-negative BC tumor tissues exhibit higher
levels of RIOK1 expression, with RIOK1 expression also
being associated with other clinicopathological character-
istics in these patients. Importantly, elevated RIOK1 lev-
els were associated with a poorer BC patient prognosis.
RIOK1 expression levels were also associated with those of
p53, which is already known to be a predictor of poor BC
patientoutcomes. RIOK1 could regulate BC cells proliferation,
apoptosis, and metastasis by affecting the PI3K/AKT and
MAPK/ERK signaling pathways in HR-negative BC cells. As
such, we identified RIOK1 as a potential therapeutic target in
patients with BC, although further in-depth multi-discipli-
nary studies will be needed to validate this possibility.
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Purpose

Breast cancer stem cells (BCSCs) contribute to the initiation, development, and recurrence
of breast carcinomas. B1,4-Galactosyltransferase V (B4GalT5), which catalyzes the addi-
tion of galactose to GIcNAcB1-4Man of N-glycans, is involved in embryogenesis. However,
its role in the modulation of BCSCs remains unknown.

Materials and Methods

The relationship between B4GalT5 and breast cancer stemness was investigated by online
clinical databases and immunohistochemistry analysis. Mammosphere formation, fluo-
rescence-activated cell sorting (FACS), and in-vivo assays were used to evaluate B4GalT5
expression in BCSCs and its effect on BCSCs. B4GalT5 regulation of Wnt/B-catenin signal-
ing was examined by immunofluorescence and Ricinus communis agglutinin | pull-down
assays. Cell surface biotinylation and FACS assays were performed to assess the associa-
tion of cell surface B4GalT5 and BCSCs.

Results

B4GalT5, but not other B4GalTs, was highly correlated with BCSC markers and poor prog-
nosis. B4GalT5 significantly increased the stem cell marker aldehyde dehydrogenase 1A1
(ALDH1A1) and promoted the production of CD44*CD24~/°* cells and the formation of
mammospheres. Furthermore, B4GalT5 overexpression resulted in dramatic tumor growth
in vivo. Mechanistically, B4GalT5 modified and protected Frizzled-1 from degradation via
the lysosomal pathway, promoting Wnt/B-catenin signaling which was hyperactivated in
BCSCs. B4GalT5h, located on the surface of a small subset of breast carcinoma cells, was
not responsible for the stemness of BCSCs.

Conclusion

B4GalT5 modulates the stemness of breast cancer through glycosylation modification to
stabilize Frizzled-1 and activate Wnt/B-catenin signaling independent of its cell surface
location. Our studies highlight a previously unknown role of B4GalT5 in regulating the
stemness of breast cancer and provide a potential drug target for anticancer drug develop-
ment.

Key words
1,4-Galactosyltransferase V, Breast cancer stem cell, Cellular location, Frizzled-1,
Glycosylation

Introduction

Breast cancer is one of the most common malignant can-

death.
Cancer stem cells (CSCs) are a small subset of poorly dif-
ferentiated tumor cells within a tumor that show self-renewal

cers among women worldwide with more than 2 million new
cases expected to be diagnosed and 600 thousand deaths in
2018 [1]. Although current treatments, to a certain extent,
effectively reduce tumor bulk, many patients with breast
cancer still experience recurrence, metastasis, and ultimately
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and differentiation into heterogeneous lineages [2]. CSCs
also account for chemo- and radioresistance, resulting in
tumor recurrence and eventually metastasis due to the fail-
ure of current treatments [2]. Moreover, breast cancer stem
cells (BCSCs) are regulated by several transcriptional factors
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and signaling pathways, such as Nanog, Oct4, Notch path-
way, and Wnt/p-catenin pathway [3]. Extensive evidence
has shown that BCSCs are a crucial factor that contributes to
the initiation, development, relapse, and chemoresistance of
breast cancer.

A growing body of evidence supports aberrant glycosyla-
tion of cell surface receptors as a consequence of oncogenic
transformation in different aspects of tumor progression,
including proliferation, invasion, angiogenesis, and metas-
tasis [4]. Within a tumor, altered glycosylation of proteins
is frequently attributed to abnormal expression of glycosyl-
transferases [5]. Therefore, these enzymes are considered
therapeutic targets, as aberrant glycans may be involved in
promoting tumor progression and metastasis.

The p1,4-galactosyltransferase (B4GalT) family belongs
to type II membrane-bound glycoproteins mainly located
in the Golgi apparatus that exclusively transfer an active
UDP-galactose in a p1,4 linkage to acceptor sugars [6]. There
are currently seven members of the p4GalT gene family,
B4Gal-T1-T7, which participate in the biosynthesis of differ-
ent glycoconjugates and saccharide structures with slightly
different substrate affinities and end products [6]. Specifi-
cally, B4GalT5 has been reported to catalyze the addition
of galactose to GIcNAcP1-4Man of glycans and functions
as an important regulator in extraembryonic development
[6]. Considerable research has revealed that extraembryonic
development shares similarities with tumorigenesis in terms
of biological behaviors (such as migration and invasion, gene
expression and protein profiles, signaling pathways, and cell
differentiation) [7], strongly suggesting that B4GalT5 may be
involved in modulating the stemness of BCSCs. In this study,
we demonstrated that B4GalT5 is upregulated in BCSCs to
maintain the stemness of these cells by glycosylating the
receptor Frizzled-1 and constantly activating Wnt/p-catenin
signaling. Furthermore, we showed that B4GalT5 is located
on the cell surface of a small subset of breast cancer cells, but
cell surface localization did not play a decisive role in the
stemness of BCSCs.

Materials and Methods

1. Reagents

Roswell Park Memorial Institute (RPMI) 1640 medium, min-
imum essential medium (MEM), Leibovitz’s L-15 medium,
Dulbecco’s modified Eagle medium: nutrient mixture F-12
(DMEM/F-12), epidermal growth factor (EGF), basic fibro-
blast growth factor (bFGF), and B27 were purchased from
Gibco (Grand Island, NY). Fetal bovine serum (FBS) and
trypsin were purchased from Gibco-Invitrogen. Insulin and
fluorescein isothiocyanate (FITC)-conjugated goat anti-rab-
bit antibody were purchased from Solarbio (Beijing, China).
Antibodies to detect aldehyde dehydrogenase 1A1 (ALD-

H1A1), phosphorylated GSK3p (Ser 9), p-catenin, phospho-
rylated B-catenin (Ser 45), Erk, and His were products of Cell
Signaling Technology (Boston, MA). SuperSignal West Fem-
to Maximum Sensitivity Substrate, EZ-Link Sulfo-NHS-SS-
Biotin, Pierce NeutrAvidin agarose, anti-B4GalT5, FITC-con-
jugated anti-CD44 and allophycocyanin (APC)-conjugated
anti-CD24 antibodies were obtained from Thermo Scientific
(Waltham, MA). Anti-Frizzled-1 and phycoerythrin (PE)-con-
jugated anti-His antibodies were purchased from R&D Sys-
tems (Minneapolis, MN). PE-conjugated anti-epithelial spe-
cific antigen antibody was purchased from Biolegend (San
Diego, CA). The primary antibodies (-actin and glyceralde-
hyde 3-phosphate dehydrogenase) and the secondary anti-
bodies were purchased from HuaBio (Hangzhou, China).
Horseradish peroxidase (HRP)-streptavidin, biotinylated
Ricinus communis agglutinin I (RCA-I), and agarose-bound
RCA-I were obtained from Vector Laboratories (Burlingame,
CA). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide (MTT) was purchased from Sigma-Aldrich
(St. Louis, MO). The ALDEFLUOR Kit was purchased from
Stem Cell Technologies (Vancouver, BC, Canada). The Myco-
plasma PCR Detection Kit, DAPI, cell lysis buffer for western
blot and immunoprecipitation (IP), phenylmethanesulfo-
nylfluoride (PMSF), MG132, membrane and cytosol protein
extraction kit and BCA Protein Assay Kit were purchased
from Beyotime Institute of Biotechnology (Shanghai, Chi-
na). B4GalT5 siRNA, NC siRNA, shB4GalT5 plasmid, and
shNC plasmid were constructed by GenePharma (Shang-
hai, China). Triptolide with purity > 99% was obtained from
Shanghai Institute of Materia Medica. Wnt 3B and leupeptin
were obtained from the Laboratory of Molecular Medicine at
Ocean University of China.

2. Tissue microarray

Tissue microarray (TMA; HBreD090CS01) was purchased
from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China).
The TMA has 90 cores from 45 patients with invasive breast
cancet, including 45 tumor tissues and 45 corresponding
adjacent tissues. The immunohistochemical staining rate was
classified as 0 (negative), 1 (1%-25% positive tumor cells), 2
(26%-50%), 3 (51%-75%), and 4 (76%-100%). Staining inten-
sity was classified as 0 (absence of stained cells), 1 (weak
staining), 2 (moderate staining), and 3 (strong staining). The
immunohistochemistry (IHC) score was calculated by mul-
tiplying the staining rate and intensity. Correlations were
determined by Spearman'’s coefficient of correlation.

3. Cell culture

MCF-7, adriamycin-resistant MCF-7 (MCF-7ADR), and
MDA-MB-231 cell lines were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China). Cell
lines were validated using short tandem repeat analysis by
Genesky Biotechnology Inc.,, Shanghai (Shanghai, China),
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and tested for the absence of mycoplasma contamination by
PCR using the Mycoplasma PCR Detection Kit. MCE-7 cells
were maintained in MEM supplemented with 10% FBS, 0.01
mg/mL human recombinant insulin, and 1 pM nonessential
amino acids. MCE-7ADR cells were cultured in RPMI-1640
medium supplemented with 10% FBS. MDA-MB-231 cells
were cultured in L-15 medium supplemented with 15% FBS.
Adriamycin was added on time to maintain the drug resist-
ance phenotype of MCF-7ADR cells.

4. MTT assay

The MTT assay was used to measure the inhibitory effect
of compounds on the viability of cancer cells. Adherent cells
were seeded in 96-well plates at a density of 5,000 cells per
well. After 24 hours, the cells were treated with different con-
centrations of triptolide for 72 hours. Twenty microliters of
MTT solution was added to each well and incubated for 4
hours at 37°C. Then, dimethyl sulfoxide was added to the
wells and incubated overnight at 37°C. The absorbance at
570 nm was measured using a microplate reader (BioTek,
Winooski, VT).

5. Clinical dataset analysis

To analyze the expression of B4GalTs in invasive breast
carcinomas compared with normal breast tissues, we used
The Cancer Genome Atlas (TCGA) breast dataset from the
Oncomine browser (https: // www.oncomine.org).

Kaplan-Meier plotter (http: //kmplot.com/analysis/index.
php?p=background) was used to analyze the correlation bet-
ween B4GalT5 expression and recurrence-free survival (RFS)
in patients with breast cancer in 120 months [8].

The coexpression of B4GalT5 and CCR7, C-X-C chemokine
receptor 4 (CXCR4), and ATP binding cassette subfamily B
member 1 (ABCB1) was assessed in invasive breast invasive
carcinoma samples from TCGA dataset by ‘R2: Genomics
Analysis and Visualization Platform’ (http://r2.amc.nl). We
also analyzed the coexpression of B4GalTs and ALDH1A1
and c-myc from GEPIA 2 from Zhang’s lab [9]. Correlations
were determined by Pearson’s coefficient of correlation.

6. Flow cytometry analysis and sorting

For analysis of BCSC and non-BCSC cell fractions, cells
were incubated with FITC-conjugated anti-CD44 antibody
and PE or APC-conjugated anti-CD24 antibody in phosphate
buffered saline (PBS) containing 2% FBS at 4°C for 30 min-
utes. BCSCs (CD44*CD24-""°%) and non-BCSCs (CD44CD24")
were analyzed and sorted by flow cytometry (MFLO XDP,
Beckman Coulter, Pasadena, CA). The ALDEFLUOR Kit was
used for the identification of BCSCs that express high levels
of the enzyme aldehyde dehydrogenase (ALDH) according
to the manufacturer’s protocol.

For analysis of the proportions of the CD24"v cell popu-
lation in the His* cell population and His~ cell population,
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cells were incubated with PE-conjugated anti-His antibody
and APC-conjugated anti-CD24 antibody in PBS containing
2% FBS at 4°C for 30 minutes. The samples were analyzed by
flow cytometry (MFLO XDP, Beckman Coulter). The calcula-
tion method is as follows.

The proportion of CD24-/** cells in the His* cell popula-
tion=His"'CD24~"" cells % /His" cells %.

The proportion of CD247/"** cells in the His™ cell popula-
tion=His CD24-""" cells % /His™ cells %.

7. Plasmids

The DNA fragment for B4GalT5 was cloned from human
cDNA using the corresponding primers and inserted into
the pLVX-IRES-ZsGreenl vector. The DNA fragment for
B4GalT5-His was cloned from human ¢cDNA using primers
including His sequence and inserted into the pBABE-puro
vector. These constructed vectors were transformed into
DHb5a cells and then amplified. The primers for B4GalT5 were
5-CCGCTCGAGTGGCTGCAGCATGCGCG-3" and 5'-CGC-
GGATCCTCAGTACTCGTTCACCTGAG-3'. The primers for
B4GalT5-His were 5'-CGCGGATCCATGCGCGCCCGCCG-
GGGGCTGCT-3 and 5'-CCGGAATTCTCAATGGTGATGG-
TGATGATGGT-3'.

8. siRNA and plasmid transfections

For siRNA transfection, cells were transfected at 80% con-
fluency in 6-well plates with 50 nM control siRNA or B4Gal-
T5-targeting siRNA (si-B4GalT5) (sense, 5'-CGGAGUGAGU-
GGCUUAACAJATAT-3’; antisense, 5'-UGUUAAGCCACUC-
ACUCCGATAT-3") using Lipo2000 transfection reagents
according to the manufacturer’s instructions. The knock-
down efficiency was examined by western blotting after 48
hours.

For plasmid transfection, cells were transfected with the
plasmids using Lipo3000 transfection reagents according to
the manufacturer’s instructions. After 48 hours, the cells were
treated with G418 or puromycin to screen for stably trans-
fected MCF-7ADR cell lines. The stably transfected MCF-
7ADR cell lines are as follows: B4GalT5-knockdown MCE-
7ADR (MCF-7ADR/shB4GalT5), B4GalT5-overexpressing
MCF-7ADR (MCF-7ADR/0e-B4GalT5), and MCF-7ADR
expressing B4GalT5-His (MCF-7ADR/B4GalT5-His).

9. Mammosphere formation assay

For analysis of the effect of B4GalT5 on mammosphere for-
mation, a single-cell suspension was quantified and seeded
in ultralow attachment 6-well plates at a density of 2,000 cells
per well at 37°C and 5% CO,. Mammospheres were formed
in serum-free DMEM/F-12 medium containing 20 ng/mL
EGE 10 ng/mL bFGEF, 2% B27, and 5 pg/mL insulin. After
7 days, mammospheres with a diameter of > 50 um were
counted using a cell imaging multi-mode reader (BioTek).

For determination of the effect of triptolide on mammos-
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pheres, single-cell suspensions were quantified and seeded
in ultralow attachment 6-well plates at a density of 2,000 cells
per well at 37°C and 5% CO,. Mammospheres were formed
in serum-free DMEM/F-12 medium containing 20 ng/mL
EGE 10 ng/mL bFGE, 2% B27, and 5 pg/mL insulin with
treatment with PBS or different concentrations of triptolide.
After 7 days, mammospheres with a diameter of > 50 pm
were counted using a cell imaging multi-mode reader (Bio-
Tek).

10. Colony formation assay

Five hundred microliters of pre-warmed 2x1,640 medium
containing 20% FBS, 200 U/mL penicillin, 200 pg/mL strep-
tomycin, and 500 pL of melted 1.2% agarose solution was
mixed and transferred to a 6-well plate. When the bottom
agar layer solidified, 1 mL of melted 0.7% agarose solution
and 1 mL of single-cell suspension at a density of 500 cells
per mL treated with increasing concentrations of triptolide
were mixed and seeded on the bottom agar layer. The cells
were incubated for 30 days at 37°C and 5% CO,. The colonies
were treated with 0.5 mL of MTT per well for 30 minutes at
37°C, and colonies containing up to 50 cells were counted.

11. Protein extraction, pull down, and immunoblotting

For the RCA-I pull-down assay, cells were lysed on ice for
30 minutes in cell lysis buffer for western and IP with 1 mM
PMSF. Three hundred micrograms of total cell lysates were
centrifuged at 12,000 xg and 4°C for 10 minutes and then
incubated with RCA-I agarose beads at 4°C overnight. After
the samples were washed three times using cell lysis buffer,
pulled-down proteins were subjected to western blotting.
Total Frizzled-1 expression level was used as loading control.

For western blotting, membrane and cytosol proteins of
MCEF-7ADR cells were extracted by the membrane and cyto-
sol extraction kit according to the manufacturer’s instruc-
tions. Total cell lysates were prepared using loading buffer
on ice for 45 minutes and denatured at 95°C for 15 minutes
followed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). Then, the samples were transferred
to Immobilon-P polyvinylidene difluoride membranes, bloc-
ked with 5% non-fat milk, and incubated with the indicated
antibodies. SuperSignal West Femto Maximum Sensitiv-
ity Substrate was used to detect HRP-conjugated secondary
antibodies.

12. Cell surface biotinylation assay

After the samples were washed twice with cold PBS, MCF-
7ADR cells were incubated with EZ-Link Sulfo-NHS-SS-
Biotin at a final concentration of 0.5 mg/mL for 60 minutes
at 4°C, followed by a 50 mM glycine/PBS wash and two
washes with PBS. Biotinylated cells were lysed with cell lysis
buffer for western and IP and then centrifuged for 15 min-
utes at 12,000 xg and 4°C. The supernatant was incubated

with PNeutrAvidin agarose beads and mixed at 4°C over-
night. Biotinylated proteins were eluted from the beads by
heating to 100°C for 5 minutes in SDS-PAGE sample buffer
before loading into the SDS-PAGE gel for western blotting.

13. Immunofluorescence assay

For detection of the p-GSK3p (Ser 9) and B4GalT5 expres-
sion levels, cells were cultured on a 96-well black-wall glass
bottom plate for 24 hours. They were fixed with 4% para-
formaldehyde for 30 minutes, permeabilized with 0.3% Tri-
ton X-100 for 20 minutes and blocked with 1% bovine serum
albumin (BSA) in PBS for 1 hour. The cells were incubated
with primary antibody (1:50) in blocking buffer. After suffi-
cient washing, the cells were incubated with FITC-conjugat-
ed goat anti-rabbit antibody to detect the primary antibody.
The cells were incubated with DAPI for 10 minutes. The
resulting images were taken using a laser scanning confocal
microscope (Carl Zeiss, Jena, Germany).

For detection of B4GalT5-His and CD24 on the cell surface,
the cells were digested and resuspended in 1% BSA in PBS.
The cells were incubated with anti-His antibody (1:50) in 1%
BSA. After sufficient washing, the cells were incubated with
FITC-conjugated goat anti-rabbit antibody and APC-conju-
gated anti-CD24 antibody for 1 hour. The resulting images
were taken using a laser scanning confocal microscope (Carl
Zeiss).

14. Animal studies

MCEF-7ADR/NC and B4GalT5-overexpressing MCF-7ADR
(MCF-7ADR/ 0e-B4GalT5) cells were subcutaneously trans-
planted into 14-15 g, 6-week-old female BALB/c nude mice
(Beijing Vital River Laboratory Animal Technology Co., Ltd.,
Beijing, China) at a concentration of 2x10° cells per site. Five
mice were used in each group for analysis of B4GalT5-
induced tumor initiation. The tumor volumes of these mice
were measured every week to assess tumor initiation and
growth. These tumors were dissected 9 weeks after trans-
plantation and weighed. Then, these tumors were excised,
ground, and lysed in loading buffer on ice for 45 minutes.
Protein lysates were boiled for 10 minutes and then subjected
to western blotting.

15. Statistical analysis

Statistical comparisons between two groups were per-
formed by two-tailed Student’s t tests. The means were cal-
culated using at least three biological replicates. Error bars
represent the standard error of the mean for three independ-
ent experiments. p-values of < 0.05 were considered statisti-
cally significant.

16. Ethical statement

This study was approved by School of Medicine and Phar-
macy, Ocean University of China, and performed in accord-
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Fig. 1. p1,4-Galactosyltransferase V (B4GalT5) is associated with the stemness of breast cancer. (A) The Cancer Genome Atlas (TCGA)
breast dataset analysis of B4GalT5 mRNA levels in invasive breast carcinomas (n=76) and normal breast tissues (n=61) using the Oncomine
browser. (B) Kaplan-Meier survival curves for patients with breast cancer (n=3,955) in 120 months. The correlation between B4GalT5
expression and relapse-free survival of patients with breast cancer were analyzed using Kaplan-Meier plotter. (C-E) Correlation between
B4GalT5 and CC-chemokine receptor 7 (CCR7) (C), C-X-C chemokine receptor 4 (CXCR4) (D), or ATP binding cassette subfamily B mem-
ber 1 (ABCB1) (E) mRNA levels in invasive breast carcinoma samples from TCGA dataset (n=1,097) using ‘R2: Genomics Analysis and
Visualization Platform.” (F) The correlation between B4GalT5 and aldehyde dehydrogenase 1A1 (ALDH1A1) mRNA levels in breast carci-
noma patients from TCGA dataset using GEPIA 2. (Continued to the next page)

ance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH publication, 8th

edition, 2011).
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Results

1. B4GalT5 is associated with the stemness of breast carci-
noma

To investigate the relationship between B4GalT5 and BC-
SCs, we first used online database analysis to compare the
B4GalT5 expression level in invasive breast carcinomas with
that in normal breast tissues, as CSCs are thought to be close-
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Fig. 1. (Continued from the previous page) (G) Representative images of B4GalT5 and ALDH1A1 expression in the breast tumor microarray
by immunohistochemistry (IHC) analysis. (H) The correlation between B4GalT5 and ALDH1A1 IHC scores of 45 cores of the breast tumor

microarray.

Table 1. B4GalTs mRNA levels in invasive breast carcinomas
(n=76) and normal breast tissues (n=61)

Gene Fold change p-value?
(vs. normal)

B4GalT1 1.579 9.65e-7
B4GalT2 1.589 1.91e-9
B4GalT3 2.059 7.05e-27
B4GalT4 1.393 2.50e-9
B4GalT5 1.507 2.20E-11
B4GalT6 -1.615 1.000
B4GalT7 1.459 1.48e-6

B4GalT, p1,4-galactosyltransferase V. ¥p < 0.01, statistically sig-
nificant.

ly correlated with the migration and invasiveness of cancer
cells [2]. The TCGA breast dataset showed that B4GalT5 was
highly expressed in invasive breast carcinomas (Fig. 1A).
Kaplan-Meier survival curves for patients with breast can-
cer (n=3,955) also showed that patients with high expression
of B4GalT5 had lower RFS than those with low expression
(Fig. 1B, S1 Table). Because BCSCs can establish metastasis
and evade traditional anti-tumor therapies [2], we further
examined the correlation between B4GalT5 and these malig-
nant phenotypes. Online database analysis showed a posi-
tive correlation between B4GalT5 and CC-chemokine recep-
tor 7 (CCR7; R=0.214, p=7.13e-13) (Fig. 1C), CXCR4 (R=0.272,
p=5.34e-20) (Fig. 1D), and multidrug resistance protein 1
(ABCB1) (R=0.139, p=3.59¢-06) (Fig. 1E), which are involved
in tumor metastasis and chemoresistance [10,11]. These
results indicate that B4GalT5 is correlated with cancer pro-
gression and may be related to BCSCs. ALDH1AL1 is related to
cancer stem-like features and its high expression and activity
has also been proposed as a reliable CSC marker [12]; there-
fore, we further detected the correlation between B4GalT5

Table 2. Correlation between B4GalTs and ALDH1A1 in breast
carcinoma samples from TCGA breast dataset

Gene r (Pearson)” p-value®
B4GalT1 -0.026 0.39
B4GalT2 -0.091 0.0026
B4GalT3 -0.038 0.21
B4GalT4 0.034 0.27
B4GalT5 0.14 2.6e-06
B4GalT6 0.2 2.4e-11
B4GalT7 -0.042 0.16

B4GalT, p1,4-galactosyltransferase V; ALDH1A1, aldehyde dehy-
drogenase 1A1; TCGA, The Cancer Genome Atlas. #r > 0, posi-
tive correlation; r < 0, negative correlation, ”p < 0.01, statistically
significant.

and ALDH1A1. We found that B4GalT5 was positively asso-
ciated with ALDH1A1 (R=0.14, p=2.6e-06) (Fig. 1F). Since
the B4GalT family has seven members, we further investi-
gated the relationship of other B4GalTs and the malignancy
of breast carcinoma by online database analysis and found
that most B4GalTs (except B4GalT6) were highly expressed
in invasive breast carcinomas compared with normal breast
tissues (Table 1). Of note, B4GalT5 was the only member pos-
itively correlated with the BCSC marker ALDH1AT1 (Table 2).
For further verification, the expression of B4GalT5 and ALD-
H1A1 was detected in a tumor microarray containing 45 can-
cer tissues from patients with invasive breast cancer. Patho-
logic information regarding these patients is presented in
S2 Table. There was a positive correlation between B4GalT5
and ALDH1A1 expression (Spearman=0.384, p=0.009) in 45
patients (Fig. 1G and H). Collectively, these results suggest a
critical role of B4GalT5 in regulating the stemness of BCSCs.
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Fig. 2. pl4-Galactosyltransferase V (B4GalT5) is required for maintaining the stemness of breast cancer. (A) Western blotting analy-
sis of B4GalT5 expression levels in intact MCE-7 cells and MCF-7 mammospheres. (B) Flow cytometry (FCM) analysis and sorting of
CD44+CD24"ov cells (breast cancer stem cells [BCSCs]) and CD44*CD24* cells (non-BCSCs) in MCF-7ADR cells. (C) Patterns of BCSCs and
non-BCSCs sorted from MCF-7ADR cells. Scale bars=20 um. (D) Western blotting analysis of B4GalT5 and aldehyde dehydrogenase 1A1
(ALDH1A1) expression levels in BCSCs and non-BCSCs sorted from MCF-7ADR cells. (E-H) Effects of B4GalT5 on ALDH1A1 expression
in breast cancer cells by western blotting. MCF-7, MCF-7ADR, and MDA-MB-231 cells were transfected using shB4GalT5 (E, F) or B4GalT5
(G, H) plasmids for 48 hours and subjected to western blotting compared to the negative control. Protein band densities were quantified
by normalizing to B-actin. (I, J) Expression levels of B4GalT5 in MCF-7ADR /shB4GalT5 (I) and MCF-7ADR/ oe-B4GalT5 (J) compared to
the negative control. (Continued to the next page)

2. B4GalT5 is required for maintaining the stemness of and BCSCs, we performed in vitro studies using MCF-7 and
breast cancer MCEF-7ADR breast cancer cell lines. CSCs can form mam-
To further investigate the relationship between B4GalT5 mospheres in serum-free culture medium supplemented
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Fig. 2. (Continued from the previous page) (K-N) Influences of B4GalT5 on the proportion of CD44*CD24~/"*" cells in MCF-7ADR /shB4GalT5
(K, L) or MCF-7ADR/ 0e-B4GalT5 (M, N) cells compared to the negative control. Cells were stained with anti-CD44 and anti-CD24 anti-
bodies and analyzed by FCM. (O, P) FCM analysis of ALDH+ cells in MCF-7ADR/ oe-B4GalT5 cells compared to MCF-7ADR/NC cells.
The cells were stained and analyzed as described. (Q, R) The sizes and numbers of mammospheres formed by MCF-7ADR /shB4GalT5 and
MCEF-7ADR/ 0e-B4GalT5 compared to the negative control groups. Two thousand cells per well were cultured in serum-free medium for
seven days. Formed mammospheres were quantified, and images of formed spheres with a diameter of > 50 ym were taken with a light
microscope. Scale bars=100 um. (Continued to the next page)
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Fig. 2. (Continued from the previous page) (S, T) Volumes (S) and weights (T) of tumor formed by MCF-7ADR/NC and MCF-7ADR/
oe-B4GalT5 cells in BALB/c¢ nude mice. MCF-7ADR/NC and MCF-7ADR/o0e-B4GalT5 cells were subcutaneously transplanted into
female BALB/c nude mice at the concentration of 2x10° cells per site. After 9 weeks, the mice were sacrificed for measurement of tumor
weights (n=5, per group). (U) Statistics of tumors with a volume of 100 mm?® after subcutaneous injection of MCF-7ADR cells. (V) Western
blotting analysis of B4GalT5 and ALDH1A1 expression in tumor tissues. All experiments were performed in three replicates. All data are
representative and shown as meanststandard error of the mean. *p < 0.05, **p < 0.01, vs. negative control (NC).

with appropriate growth factors due to their capacity for
self-renewal and multipotent differentiation; the mammo-
sphere formation assay is also widely used in the isolation
and enrichment of CSCs. First, we compared the B4GalT5
expression in MCF-7 mammospheres versus intact MCF-7
cells. As shown in Fig. 2A, western blotting analysis showed
that B4GalT5 was highly expressed in the MCF-7 mammos-
pheres.

Because CD44'CD24 /" is identified as the molecular mar-
ker of BCSCs [2], we next verified whether the expression
of B4GalT5 was associated with CD44*CD24~/*" cells. Mul-
tiple forms of drug resistance induced by continuous expo-
sure of cells to chemotherapeutics usually generate a high
proportion of BCSCs [13]. We therefore chose the adriamy-
cin-resistant breast cancer cell line MCF-7ADR for further
research. CD44+CD24-/"v cells (BCSCs) and CD44+CD24" cells
(non-BCSCs) were sorted from MCF-7ADR cells aseptically
by flow cytometry (Fig. 2B), cultured and subjected to west-
ern blotting. Strikingly, the CD44°CD24"°v cells displayed
a more malignant phenotype than the CD44°CD24"cells
and had a spindle shape and limited cell-cell contacts; in
contrast, the CD44°CD24" cells displayed a cobblestone epi-
thelial morphology (Fig. 2C), which is consistent with a pre-
vious report showing that CD44*CD24~/" cells were repre-
sentative of BCSCs. Furthermore, western blotting analysis
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showed that B4GalT5 was significantly overexpressed in the
CD44+*CD24 "% cells versus the CD44'CD24" cells; in addi-
tion, the BCSC marker ALDH1A1 was increased along with
overexpression of B4GalT5 (Fig. 2D). Together, these results
indicate that B4GalT5 is highly expressed in BCSCs.

To explore the role of B4GalT5 in regulating the stemness
of BCSCs, we first detected the effect of B4GalT5 on stem
cell marker ALDH1AL1 expression in breast cancer cells and
found an obvious reductionin ALDH1A1 expression in MCE-
7ADR, MCF-7, and MDA-MB-231 cell lines (Fig. 2E and F). In
contrast, B4GalT5 overexpression (oe-B4GalT5) significantly
augmented ALDH1A1 expression in breast cancer cells (Fig.
2G and H). Moreover, we constructed MCF-7ADR cells with
stable knockdown of B4GalT5 (referred to as shB4GalT5,
Fig. 2I) and stable overexpression of B4GalT5 (referred to as
oe-B4GalT5) (Fig. 2J), followed by in vitro and in vivo studies.
We observed a significant decline in the CD44*CD24~/v cells
(Fig. 2K and L) in shB4GalT5 cells, as previously observed in
siB4GalT5 transfected MCF-7ADR cells. In contrast, B4Gal-
T5 overexpression significantly increased the percentage
of CD44*CD24 " cells (Fig. 2M and N), accompanied by
increased ALDH activity (Fig. 20 and P), indicating that
B4GalT5 induces the formation of BCSC stemness. Moreo-
ver, we performed a mammosphere formation assay to
assess the self-renewal ability of BCSCs and the expression
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Fig. 3. p14-Galactosyltransferase V (B4GalT5) is involved in the inhibition of breast cancer stem cells by triptolide. (A) ICs, of triptolide
against MCF-7ADR cells using MTT assay. Cells were treated with increasing concentrations of triptolide for 72 hours and MTT assay was
performed. NC, normal control. (B, C) Inhibitory effect of triptolide on the proportion of CD44*CD24-/"v cells in MCF-7ADR cells. Cells
were treated with increasing concentrations of triptolide for 48 hours, then stained with anti-CD44 and anti-CD24 antibodies and analyzed
by flow cytometry. (D) Images of colonies in the soft agar. Five hundred MCF-7ADR cells per well were plated in the upper agar for 30 days
with the treatment with triptolide before MTT dye was added. Images of formed colonies containing up to 50 cells with a light microscope
are shown. (E) Images of colonies magnified treated with dimethyl sulfoxide (DMSO) or 0.0625 uM triptolide using a light microscope.
Scale bars=100 um. (F) Quantification of the number of colonies. (Continued to the next page)
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Fig. 3. (Continued from the previous page) (G) Images of mammospheres in serum-free medium. 2000 MCF-7 cells per well were cultured
in serum-free medium with treatment with phosphate buffered saline (PBS) or different concentrations of triptolide. After 7 days, pictures
were taken using light microscopy with a camera. Scale bars=200 pm. (H) Quantification of the number of colonies. (I) Inhibitory effect of
triptolide on B4GalT5 expression in MCF-7ADR cells in dose- and time-dependent manners. MCF-7ADR cells were treated with different
concentrations of triptolide for 24 hours and 48 hours. Then cells were subjected to western blotting. (J) Inhibitory effect of triptolide on
B4GalT5 expression in MCF-7 mammospheres by western blotting. All experiments were performed in three replicates. All data are repre-
sentative and shown as meanststandard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, vs. the former group.

level of B4GalT5. We found that the size and number of the
mammospheres were markedly restrained in the shB4GalT5
cells, whereas B4GalT5 overexpression promoted the forma-
tion of mammospheres (Fig. 2Q and R). It has been reported
that CSCs drive tumor initiation, progression, and recur-
rence [2]. We then subcutaneously injected constructed MCF-
7ADR cells into female BALB/¢ nude mice and found that
the group with B4GalT5 overexpression exhibited a dramatic
increase in tumor growth and weight compared with the con-
trol group (Fig. 25 and T). Specifically, the oe-B4GalT5 cells
formed tumors with a volume of 100 mm?® volume earlier
than the cells without B4GalT5 overexpression, as plotted in
Fig. 2U, further highlighting the strong tumorigenicity con-
ferred by B4GalT5. Furthermore, we found that tumor tissue
with B4GalT5 overexpression had higher expression levels
of ALDH1AY1, as assessed by western blot, than the tissues of
the control group (Fig. 2V). Consequently, these results con-
firm that B4GalT5 plays an important role in maintaining the
stemness of BCSCs.
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3. B4GalT5 is involved in the inhibition of BCSCs by trip-
tolide

Triptolide, a diterpene triepoxide of extracts derived from
the medicinal plant Tripterygium Wilfordii Hook F, has been
reported to inhibit the stemness of various cancers, includ-
ing triple-negative breast cancer and pancreatic cancer [14].
Therefore, we wondered whether B4GalT5 was involved in
the inhibition of BCSCs by triptolide. We found that MCEF-
7ADR cell viability was inhibited by treatment with trip-
tolide, with an IC;; of 0.15 uM (Fig. 3A). In addition, triptolide
dramatically reduced the percentage of CD44°CD24/lov
cells, suggesting that triptolide significantly eliminated BC-
SCs (Fig. 3B and C). Furthermore, we found that triptolide
apparently suppressed colony growth in soft agar (Fig.
3D-F) and the formation of mammospheres in serum-free
medium supplemented with certain cytokines (Fig. 3G and
H). All these results confirmed that triptolide was indeed a
pharmacological inhibitor of BCSCs. We further investigated
whether inhibition of BCSCs by triptolide was accompanied
by a decrease in B4GalT5. In the presence of triptolide, the
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expression level of B4GalT5 was significantly decreased in
a dose- and time-dependent manner (Fig. 3I). In particular,
B4GalT5 expression in MCF-7 mammospheres was inhibited
by treatment with 1 pM triptolide (Fig. 3]). Together, these
results further indicate that B4GalT5 is closely correlated
with the stemness of breast cancer.
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4. Cell surface B4GalTS5 is not responsible for the stemness
of breast cancer

It has been reported that B4GalT show cell surface expre-
ssion for cell spreading and migration in migratory 3T3
cells [15], indicating that cell surface B4GalTs correlates
with cancer malignancy. Thus, we tested whether cell sur-
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Fig. 5. p1,4-Galactosyltransferase V (B4GalT5) promotes Wnt/f-catenin signaling that is hyperactivated in breast cancer stem cells (BC-
SCs). (A) Immunofluorescence analysis of phosphorylated-GSK3 (Ser 9) expression in BCSCs and non-BCSCs. MCF-7ADR cells were
sorted into BCSCs and non-BCSCs, then stained with antibodies and DAPI as described and analyzed by a laser scanning confocal
microscope. (B, C) Western blotting analysis of p-catenin and phosphorylated--catenin (Ser 45) expression levels in BCSCs and non-
BCSCs. Protein band densities were quantified by normalizing to B-actin. (D, E) The effect of B4GalT5 knockdown on Frizzled-1, B-catenin,
and B4GalT5 expression levels in MCF-7ADR, MCF-7, and MDA-MB-231 cell lines by western blotting analysis. Protein band densities
were quantified by normalizing to $-actin. (F, G) The effect of B4GalT5 overexpression on Frizzled-1, B-catenin, and B4GalT5 expression
levels in MCE-7ADR, MCE-7, and MDA-MB-231 cell lines by western blotting analysis. Protein band densities were quantified by normal-
izing to B-Actin. (Continued to the next page)

face B4GalT5 was correlated with the stemness of BCSCs. proved that the expression level of cell surface B4GalT5 was
As shown in Fig. 4A, cell surface B4GalT5 was found in a much lower than that of cytoplasmic B4GalT5 in MCF-7ADR
small portion of MCF-7ADR cells by confocal microscopy. cells (Fig. 4B), indicating that a small proportion of the cells
Further, we carried out a cell surface biotinylation assay and expresses cell surface B4GalT5. These results were consist-
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Fig. 5. (Continued from the previous page) (H) The effect of B4GalT5 on wnt 3a induced Wnt/ B-catenin signaling by western blotting (WB).
After transfected using B4GalT5 siRNA for 12 hours, MCF-7ADR cells were starved for 36 hours followed by adding wnt 30, and sub-
jected to western blotting. (I) The effect of B4GalT5 on Wnt 3u induced ALDH1A1 expression by western blotting. MCF-7ADR /shNC and
MCEF-7ADR/shB4GalT5 cells were starved for 36 hours followed by adding Wnt 3¢, and subjected to western blotting. (J) The degradation
pathway of p-catenin due to B4GalT5 knockdown. After transfected using B4GalT5 siRNA for 41 hours, MCF-7ADR cells were treated with
MG132 (protease inhibitor) for 7 hours. Protein levels were examined by western blotting. (K) Western blotting analysis of membrane and
cytosol proteins in MCF-7ADR cells. MCF-7ADR cells were transfected using B4GalT5 siRNA for 48 hours, extracted into membrane and
cytosol proteins and then subjected to western blotting. Erk was used for examining purity of membrane proteins. (L) The degradation
pathway of Frizzled-1 on the cell surface of MCF-7ADR cells due to B4GalT5 knockdown. After transfected using B4GalT5 siRNA for 40
hours, MCF-7ADR cells were treated with 20 pM leupeptin (lysosome inhibitor) for 8 hours. The membrane proteins were extracted as
described and then subjected to western blotting. Erk was used for examining purity of membrane proteins. (M) The effect of B4GalT5 on
biosynthesis of galactosyl-oligosaccharides in glycans of Frizzled-1 by RCA-I lectin pull-down assay. MCF-7ADR/shNC, MCF-7ADR/
shB4GalT5, MCF-7ADR/NC, and MCF-7ADR/ oe-B4GalT5 cells were lysed and incubated with agarose-bound RCA-I overnight. Total
Frizzled-1 was used as loading control. All experiments were performed in three replicates. Data are presented as meanststandard error

of the mean. *p < 0.05, **p < 0.01 versus the control group.

ent with a feature of CSCs, namely a small subset of poorly
differentiated tumor cells within a tumor. To further validate
the relationship of B4GalT5 expression on the cell surface
and BCSCs, we first constructed MCE-7ADR cells that sta-
bly overexpressed B4GalT5 with a C-terminal 6xHis tag for
immunofluorescence staining due to lack of the antibody rec-
ognizing its extracellular fragment (Fig. 4C). Western blotting
analysis showed that ALDH1A1 was highly expressed in the
B4GalT5-His—transfected cells, which suggested the success-
ful construction of cells with active expression of B4GalT5-
His (Fig. 4C). We then performed live cell staining using anti-
His antibody. B4GalT5-His was detected in a small subset of
cells by confocal microscopy without cell membrane permea-
bilization (Fig. 4D). Furthermore, fluorescence-activated cell
sorting (FACS) analysis showed that cell surface B4GalT5-
His was expressed in approximately 7.62% of MCF-7ADR
cells (Fig. 4E and F). From these results, B4GalT5 was shown
to partially localize to the cell membrane with its C-terminus
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extracellular region, and cell surface B4GalT5 still belonged
to type Il membrane-bound proteins, consistent with the nor-
mal localization of B4GalT5 on the Golgi apparatus [6].
Next, we explored the association between cell surface
B4GalT5 and BCSCs by a series of in vitro assays. For con-
venient detection, we first detected the effect of B4GalT5 on
CD44 expression by FACS analysis and observed that CD44
expression in MCF-7ADR cells was almost completely posi-
tive and not influenced by B4GalT5 overexpression (Fig.
4G and H). We then investigated the expression of CD24
and B4GalT5 on the cell surface of B4GalT5-His—expressing
cells and found that the population with low and negative
expression of CD24 (CD44°CD24/"**, BCSCs) accounted for
9.80% of the B4GalT5-His* cells, whereas this population
accounted for 26.10% of the B4GalT5-His~ cells (Fig. 4I). We
also found that B4GalT5-His* cells overlapped with not only
CD24" cells but also CD24~/1*" cells, as observed by confo-
cal microscopy analysis (Fig. 4]). These results suggested
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that cell surface B4GalT5 may not be a marker of BCSCs.
ESA*CD44'CD24/* cells have also been reported to pos-
sess BCSC properties based on their high spheroid forma-
tion and in vivo tumor formation ability; hence, the molecu-
lar marker group is a more precise way to recognize BCSCs
[2]. For further confirmation of the correlation of cell surface
B4GalT5 and the stemness of BCSCs, the population rates
of ESA*CD44°CD24 " cells were detected in CD44* cells
positive or negative for B4GalT5-His. As shown in Fig. 4K
and L, FACS analysis demonstrated that the population with
ESA*CD44*CD24-" accounted for 10.93% of the B4GalT5-
His" cells, while this population accounted for 20.57% of the
B4GalT5-His™ cells, which was consistent with the results in
Fig. 4H. Together, these results strongly suggest that there
is no internal connection between cell surface B4GalT5 and
BCSCs, and cell surface B4GalT5 is not responsible for the
stemness of breast cancer.

5. B4GalT5 promotes Wnt/B-catenin signaling that is hype-
ractivated in BCSCs

Aberrant Wnt/B-catenin signaling is involved in multiple
cancers and closely correlates with cell proliferation, inva-
sion, metastasis, and CSC survival [16]. We tested whether
Wnt/B-catenin signaling mediated the regulation of B4GalT5
on the stemness of BCSCs. To validate the relationship bet-
ween Wnt/ B-catenin signaling and BCSCs, we isolated CD44*
CD24-/"w cells (BCSCs) and CD44*CD24/* cells (non-BC-
SCs) from MCF-7ADR cells using FACS, followed by immu-
nofluorescence and western blotting analysis. GSK3p is
reported to be phosphorylated at Ser 9 and thereby inactivat-
ed by AKT, resulting in a decrease in p-catenin degradation
and activation of Wnt/p-catenin signaling [17]. We found
that inactive phosphorylated-Gsk3p (Ser 9) is highly expre-
ssed in BCSCs (Fig. 5A). As the substrate of GSK3, f-catenin
showed low phosphorylation at Ser 45 and its expression
was upregulated in BCSCs versus non-BCSCs, indicating
that the stability of f-catenin was maintained in BCSCs (Fig.
5B and C). All these results suggest that Wnt/ p-catenin sign-
aling is hyperactivated in BCSCs compared with non-BCSCs.

To investigate the role of B4GalT5 in regulating Wnt/
p-catenin signaling, we first depleted B4GalT5 using B4GalT5
siRNA in multiple breast cancer cell lines, including MCE-
7ADR, MCF-7 and MDA-MB-231, and found that the expres-
sion levels of the Wnt/B-catenin signaling-related molecules
Frizzled-1 and B-catenin were decreased significantly (Fig.
5D and E). In contrast, B4GalT5 overexpression significantly
augmented the amounts of Frizzled-1 and B-catenin (Fig.
5F and G). As a canonical Wnt protein, wnt 3o is widely
expressed and a representative ligand that interacts with
the receptor Frizzled-1 and thereby activates the p-catenin-
dependent pathway in Wnt signaling [18]. As shown in Fig.
5H and I, wnt 3a did not successfully induce activation of
Wnt/p-catenin signaling and failed to reverse the decrease

in stem cell marker ALDH1A1 expression in the B4GalT5-
knockdown MCF-7ADR cells, further indicating that B4Gal-
T5 regulates the stemness of breast cancer via activation of
Wnt/ p-catenin signaling.

Wenextelucidated the mechanisms underlying the decrease
in B-catenin and Frizzled-1 induced by B4GalT5. While Wnt /
B-catenin signaling is inactivated, the p-catenin destruction
complex is formed and induces p-catenin phosphorylation
and degradation by the proteasome system [18]. We obser-
ved that the proteasome inhibitor MG132 reversed the dec-
rease in B-catenin in the B4GalT5-knockdown MCF-7ADR
cells, whereas the amount of Frizzled-1 was not affected (Fig.
5]). In addition to the proteasomal pathway, the lysosomal
system is the other major pathway for protein degradation,
especially for cell surface receptors [19]. As the receptor of
Wnt signaling, Frizzled-1 was found to be almost completely
located on the cell membrane (Fig. 5K), and treatment with
the lysosome inhibitor leupeptin clearly blocked B4GalT5
knockdown-induced downregulation of Frizzled-1 in MCE-
7ADR cells (Fig. 5L). Together, these results indicate that
B4GalT5 knockdown induces degradation of Frizzled-1 via
the lysosomal pathway and thereby contributes to f-catenin
degradation by the proteasomal pathway, which leads to
inactivation of Wnt/p-catenin signaling.

Frizzled-1 is a receptor glycoprotein with N-glycosylation
modification, as reported on the Uniprot website (http://
www.uniprot.org). Glycans, which are bulky hydrophilic
polymers, often contribute to increased stability against pro-
teolysis. Moreover, the covalent binding of glycans to the
protein surface may inherently enhance the thermal and
kinetic stability of proteins [20]. B4GalT5 participates in the
biosynthesis of N-linked oligosaccharides containing galac-
tose residues [6]. Therefore, we assessed whether B4GalT5
participated in the N-glycosylation modification of Friz-
zled-1 and consequently affected Wnt/B-catenin signaling.
RCA-T binds to galactose or N-acetylgalactosamine residues
of membrane glycoconjugates, and RCA-I pull-down assays
indicated that B4GalT5 knockdown significantly blocked the
biosynthesis of galactosyl-oligosaccharides in the glycans of
Frizzled-1, while B4GalT5 overexpression increased its bio-
synthesis (Fig. 5M), indicating a positive correlation between
B4GalT5 and Frizzled-1 N-glycosylation. Above all, these
findings strongly indicate that B4GalT5 promotes N-glyco-
sylation of Frizzled-1 and its downstream signaling, thereby
regulating the stemness of BCSCs.

Discussion

Increasing evidence suggests that BCSCs are involved in
tumor progression, recurrence and resistance to chemo- and
radiotherapies [3]; thus, identifying specific factors that can
regulate BCSC properties is important for reducing recur-
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rence and thereby improving the therapeutic effect on breast
cancer. In this paper, we demonstrated that B4GalT5-mediat-
ed regulation of BCSCs positively correlated with malignant
phenotypes and poor prognosis of breast cancer by a series
of online database analyses and IHC analyses followed by in
vitro and vivo studies.

A characteristic feature of the malignant transformation
of tumor cells is the alteration of highly branched N-linked
oligosaccharides on glycoproteins [4]. Abnormal expression
of B4Gal-T1-T7 has been reported to be involved in changes
in highly branched N-linked oligosaccharides, which are
implicated in a number of diseases, including various can-
cers, inflammation, and viral infection [6]. For example,
B4GalT2 is a critical effector involved in neuronal develop-
ment, congenital muscular dystrophies and astrocytoma
[21]. B4GalT4 overexpression is closely associated with colo-
rectal cancer metastasis and poor prognosis in patients [22].
B4GalT5 and B4GalT6 are responsible for the production
of lactosylceramide (LacCer) synthase, which functions in
the initial step of ganglioside biosynthesis [23]. Moreover,
B4GalT5 participates in the synthesis of both N-linked oligo-
saccharides and various glycolipids, contributing to highly
galactosylated cell surface proteins that are associated with
extraembryonic development and the tumorigenesis of astro-
cytoma, melanoma and glioma [6]. Finally, B4GalT7 regu-
lates the synthesis of glycosaminoglycans that play a central
role in many pathophysiological events [24]. In this paper, we
found that the expression levels of B4GalTs (except B4GalT6)
were upregulated in invasive breast carcinomas compared
with mammary tissues, yet only B4GalT5 was found to be
positively associated with the BCSC marker ALDH1A1, indi-
cating that B4GalT5 displays CSC-related specificity and
might play important roles in breast cancer.

Several studies have reported that Wnt/p-catenin signal-
ing is aberrantly activated in various human malignancies,
including breast, colorectal, gastric, lung, ovary, pancreatic,
prostate and uterine cancers, leukemia and melanoma, and is
involved in CSC survival, bulk tumor expansion and metas-
tasis [25]. In this pathway, the Wnt ligand interacts with the
receptor Frizzled-1, inhibiting the degradation of B-catenin
and subsequently translocating into the cell nucleus, which
can regulate the transcription of a number of target genes
related to cancer development [25]. Our studies also con-
firmed that Wnt/B-catenin signaling was more active in BC-
SCs than in non-BCSCs. As the receptor of Wnt/B-catenin
signaling, Frizzled-1 shows N-glycosylation that has been
demonstrated to play an important role in regulating bio-
logical activity, intracellular targeting, protein folding, and
maintenance of protein stability [26]. We propose for the first
time that B4GalT5 mediates the biosynthesis of galactosyl-
oligosaccharides in the N-glycosylation modification of Friz-
zled-1, which contributes to the activation of Wnt/B-catenin
signaling and thereby regulates the stemness of breast can-
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cer. Furthermore, we found that B4GalT4 knockdown pro-
moted Frizzled-1 degradation by the lysosomal pathway and
then contributed to the degradation of p-catenin through the
proteasomal pathway. Previous studies have reported that
incomplete N-glycosylation affects the stability of cell surface
proteins, such as N-cadherin and programmed death-ligand
1, and leads to their ubiquitylation and subsequent protea-
somal degradation [27,28], which is inconsistent with our
findings. Since proteins on the cell membrane recycle from
endosomes to the plasma membrane or are transported to
lysosomes for degradation [29], we believe that incomplete
N-glycosylation resulting from the depletion of B4GalT5
affects the stability of Frizzled-1 located in the cell membrane
and eventually results in its degradation through the lysoso-
mal pathway.

In addition to the location of B4GalTs in the Golgi complex,
glycosyltransferases are present on the cell surface, where
they function as adhesion molecules that are involved in cell-
to-cell and cell-to-extracellular matrix interactions as well
as cell spreading and migration, and associated with signal
transduction cascades [15,30]. Consistent with these previ-
ous studies, our data also showed that B4GalT5 was located
on the cell surface of MCF-7ADR cells and first confirmed
that it is a type II membrane-bound protein. As B4GalT5,
located partly on the cell surface, was related to cell spread-
ing and migration [15], cell surface B4GalT5 may be a mole-
cular marker for the stemness of BCSCs. However, flow cyto-
metry and immunofluorescence assays revealed that cell sur-
face B4GalT5 was not responsible for the stemness of BCSC.
These results in turn demonstrated that B4GalT5 canonically
located in the Golgi complex, which affected the level of
Frizzled-1 by glycosylation modification on the cell surface,
was responsible for the stemness of breast cancer through
Wnt/B-catenin signaling. The biological function of cell sur-
face B4GalT5 may only mediate spreading and migration of
a small number of cells. The finding of a correlation between
glycosyltransferase distribution and its function in BCSCs
provides more foundations for drug design to target BCBCs.

In conclusion, we showed that B4GalT5 is overexpressed
in invasive breast carcinomas, positively associated with
poor survival, and closely related to the stemness of BCSCs.
We have demonstrated for the first time that B4GalT5 regu-
lates BCSC properties by affecting the N-glycosylation modi-
fication of Frizzled-1, thereby affecting its stability on the cell
membrane and inhibiting downstream signaling in BCSCs,
which is independent of the B4GalT5 location in cells. Our
findings provide novel insights into the important role of
B4GalT5 in BCSCs. This study also suggests that targeting
B4GalT5 may be a promising strategy to suppress or elimi-
nate CSCs in breast cancer.
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Purpose

Assessing the status of metastasis in sentinel lymph nodes (SLNs) by pathologists is an
essential task for the accurate staging of breast cancer. However, histopathological evalu-
ation of SLNs by a pathologist is not easy and is a tedious and time-consuming task. The
purpose of this study is to review a challenge competition (HeLP 2018) to develop automat-
ed solutions for the classification of metastases in hematoxylin and eosin-stained frozen
tissue sections of SLNs in breast cancer patients.

Materials and Methods

A total of 297 digital slides were obtained from frozen SLN sections, which include post-
neoadjuvant cases (n=144, 48.5%) in Asan Medical Center, South Korea. The slides were
divided into training, development, and validation sets. All of the imaging datasets have
been manually segmented by expert pathologists. A total of 10 participants were allowed
to use the Kakao challenge platform for 6 weeks with two P40 GPUs. The algorithms were
assessed in terms of the area under receiver operating characteristic curve (AUC).

Results

The top three teams showed 0.986, 0.985, and 0.945 AUCs for the development set and
0.805, 0.776, and 0.765 AUCs for the validation set. Micrometastatic tumors, neoadjuvant
systemic therapy, invasive lobular carcinoma, and histologic grade 3 were associated with
lower diagnostic accuracy.

Conclusion

In a challenge competition, accurate deep learning algorithms have been developed,
which can be helpful in making frozen diagnosis of intraoperative SLN biopsy. Whether this
approach has clinical utility will require evaluation in a clinical setting.
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Introduction

Recently, implementation of digital pathology has been ris-
ing because of workforce crisis and increased need of consul-
tation and collaboration. Digital pathology has many advan-
tages in terms of time saving, slide storage, remote working,
and second-opinion practice, and is becoming a part of routine
procedure in diverse areas such as primary diagnosis, multi-
disciplinary clinic, and frozen section diagnosis [1]. Owing
to rapid progress of technology, machine learning techniques
using digital histopathological images have been investigat-
ed and showed satisfactory results in the detection of tumor
areas and lymph node metastases in prostate, lung, and breast
cancers [2-4].

Breast cancer is the most common cancer in women, accoun-
ting for approximately one-third of all cancers in women glo-
bally. For patients with localized breast cancer, the treatment
of choice is surgical removal of the primary tumor [5]. In
order to reduce disease recurrence or metastasis, lymph node
sampling or dissection should be performed during surgery.
Because axillary lymph node dissection may cause morbidity,
such as arm-lymphedema and nerve injury, sentinel lymph
node (SLN) sampling is recommended in order to determine
the nodal metastases status and if extensive lymph node dis-
section is required [6-9]. Although some recent studies sug-
gested that the role of SLN biopsy has been diminished in
early breast cancer patients [10-13], SLN sampling is still con-
sidered important due to its cost- and time-effectiveness and
usually performed intraoperatively using the frozen section

technique and which allows surgeons to make immediate
decisions during surgery [14]. However, pathologists fre-
quently experience problems while making diagnoses of fro-
zen sections.

First, frozen section diagnosis should be made as quickly as
possible in order to minimize the waiting time for surgeons
which can cause surgical and anesthetic complications. The
turnaround time of the frozen section diagnosis is usually
kept less than 20 to 30 minutes, including the gross exami-
nation, tissue cutting, and staining, and the microscopic exa-
mination [15]. Second, microscopic examination of a frozen
section is more difficult than that of a conventional section
because of inferior quality of the sections due to the frozen
artifact. There are also components, such as capillaries, histio-
cytes, and germinal centers, in lymph nodes and which can
be mistaken for metastatic carcinoma. Furthermore, frozen
section diagnosis is extremely difficult in some patients who
have underwent neoadjuvant systemic therapy before sur-
gery. In order to overcome such difficulties, the deep learn-
ing algorithm might be helpful. For example, the ‘CAncer
MEtastases in LYmph nOdes challeNge’ (CAMELYON16 and
CAMELYON17) competitions disclosed that some deep learn-
ing algorithms achieved better diagnostic performance than a
panel of 11 pathologists participating in a simulation exercise
designed to mimic routine pathology workflow [4,16]. How-
ever, digital slides which were used in most of those previous
studies had not been created from frozen tissue sections, but
from formalin-fixed paraffin-embedded (FFPE) tissue sec-
tions. To our best knowledge, there has not been any reported

Table 1. Clinicopathologic characteristics of the patients (resolution [widthxheight] of digital slide: 93,970x234,042)

Training set (n=157)

Development set (n=40)

Validation set (n=100)

Age (yr) 50 (28-80)
Sex

Female 157 (100)
Metastatic carcinoma

Present, size >2 mm 68 (43.3)

Present, size <2 mm 35 (22.3)

Absent 54 (34.4)
Neoadjuvant systemic therapy

Not received 80 (51.0)

Received 77 (49.0)
Histologic type

IDC 149 (94.9)

ILC 8(5.1)

MC 0

Metaplastic carcinoma 0
Histologic grade

lor2 118 (75.2)

3 39 (24.8)

49 (30-68) 47 (34-75)

40 (100) 100 (100) >0.99

14 (35.0) 40 (40.0) 0.158
5 (12.5) 15 (15.0)

21 (52.5) 45 (45.0)

28 (70.0) 45 (45.0) 0.027

12 (30.0) 55 (55.0)

32 (80.0) 86 (86.0) 0.005"
5(12.5) 11 (11.0)
0 3(3.0)
3(7.5) 0

34 (85.0) 86 (86.0) 0.074
6 (15.0) 14 (14.0)

Values are presented as median (range) or number (%). IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; MC, mucinous car-
cinoma. ¥p-values, calculated using the chi-square test, PFor the histologic type, a chi-square test was conducted between IDC and non-IDC.
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Fig. 1. Representative microscopic images of various metastatic carcinomas with annotation (H&E staining). (A) Invasive ductal carcino-
ma, histologic grade 2, consists of medium-sized tumor cells with moderate glandular formation. (B) Invasive ductal carcinoma, histologic
grade 3, shows large-sized tumor cells with poor glandular formation. (C) Tumor cells are small- to medium-sized and poorly cohesive in
invasive lobular carcinoma. (D) Mucinous carcinoma contains abundant extracellular mucin. (E, F) Invasive ductal carcinoma after neoad-
juvant systemic therapy shows fragmented clusters of tumor cells (E) or singly scattered, atypical tumor cells (F) in the fibrotic background.

study using frozen tissue section of SLNs until the present
time. In addition, the previous studies did not include post-
neoadjuvant cases, which has been increasing but difficult to
histologically examine [17].

In the challenge competition originating from the HeLP
(HEalthcare ai Learning Platform), several models have been
developed. In this challenge setting, we aimed to evaluate
the models’ performances for classification of metastases per
slide in hematoxylin and eosin-stained frozen tissue sections
of SLNs of breast cancer patients.

Materials and Methods

1. Data description

During routine surgical procedure for breast cancer in our
institution, the excised SLNs were immediately submitted
for frozen section. All of the SLNs were cut into 2-mm slices,
entirely embedded in optimum cutting temperature com-
pound, and frozen in —20°C to -30°C. For each lymph node,
5-um-thick frozen sections were cut and one or two sections
were picked up on glass slides and stained with hematoxylin
and eosin. In this study, a total of 297 digital slides of SLNs
from 132 patients were retrospectively collected. Among
those, 144 slides were made from SLNs of patients who had
received neoadjuvant therapy (48.5%). The slides were divi-
ded into a training set, a development set, and a validation
set (157, 40, and 100 digital slides, respectively) without con-
sideration of distribution of histologic type. Slides before a
specific point in time were used as the training and develop-
ment sets, and the other digital slides after that were used as
the validation set. Patient demographics are summarized in

Table 1. The slides were scanned using a digital microscopy
scanner (Pannoramic 250 FLASH, 3DHISTECH Ltd., Buda-
pest, Hungary) in MIRAX format (.mrxs) and with a resolu-
tion of 0.221 pm per pixel.

2. Reference standard

All the imaging datasets were segmented manually by one
rater, and their annotations were confirmed by two clinically
expert pathologists with 6 and 20 years’ experience in breast
pathology. Regions of metastatic carcinoma larger than 200
um in the greatest dimension were annotated as cancer with
the in-house labeling tool, as shown in Fig. 1.

3. Challenge competition environment

The challenge competition platform developed by Kakao
was used to allocate two GPUs to each team. All of the com-
petitors were allowed to access only paths of digital slides
and corresponding mask images with Kakao platform. Dock-
er image files that enables any of deep learning platform to
run were used to train models and inference development
and validation sets. Each team was given two P40 GPUs
(NVIDIA, Santa Clara, CA) resources for training models.
Kakao platform used CUDA 9,0 and cuDNN 7.

During the first stage for four weeks, competitors were
given 197 digital slides as the training and development
set for four weeks. The training set (157 digital slides) with
annotated masks was given for training the model, while the
development set (40 digital slides) without masks was given
for tuning the model. Model performance calculated by the
evaluation matrix was listed on the leader board after infer-
encing the development set which was used for tuning the
model. During the second stage for additional 2 weeks, the
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Table 2. Algorithm descriptions and hyper parameters

Input size

Optimization

Architecture .
(learning rate)

(slide layer level)

Fiffeb Inception v3, 256x256x3 (6)  SGD (0.9)
RFC Patch
DoAl U-Net 512x512x3 (0)  SGD
Patch (1e-1, decay 0.1
each 2 epochs)
GoldenPass U-Net, 256x256x3 (4)  Adam

Inception v3 Patch (1e-3, 5e-4)
SOG Simple CNN  300x300x3 (4)  Adadelta
Slide (1e-3)

Augmentation

Color

Post-processing;

Pre-processin . .
P & inference for confidence

real-time

Otsu Generation of heat map

augmentation, thresholding, with image level 7 and
horizontal flip, tumor (> 90%) feeding morphological
random rotation  and non-tumor information into FRC;
(0% and >20%)  REC output

Rotation, None De-noising for
horizontal and false-positive reduction;
vertical flip CNN output

Rotation, Otsu None;
horizontal and thresholding, Max value for heat-map
vertical flip, tumor (> 100%)
brightness (0.5-1)

None None None; CNN output

SGD, stochastic gradient descent; RFC, random forest classifier; CNN, convolutional neural network.

Table 3. Performance and average time comparison for classification of tumor slide

Validation set

Development Validation
set AUC set AUC
Fiffeb 0.986 0.805 0.770
DoAI 0.985 0.776 0.750
GoldenPass 0.945 0.760 0.730
SOG 0.595 0.540 0.510

TNR
0.727 0.822 0.833 0.712 10.8
0.800 0.689 0.759 0.738 0.6
0.782 0.667 0.741 0.714 3.9

0.145 0.956 0.800 0.478 =

AUC, area under the curve; ACC, accuracy; TPR, true positive rate; TNR, true negative rate; PPV, positive predictive value; NPV, negative

predictive value.

competitors were given 100 additional digital slides for final
evaluation of their models with the optimal model derived
from the development set.

4. Evaluation metric

The algorithms were assessed for classifying between
“metastasis” or “normal.” Area under receiver operating cha-
racteristic curve (AUC) was evaluated by receiver operating
characteristic (ROC) analysis.

5. Competitors

Forty-five competitors who were interested in digital
pathology or machine learning registered for this challenge
within 4 weeks from the beginning of November 2018. Ten
competitors were selected according to their inner commit-
ments in accordance with the limited platform environment.
Ten competitors were composed of students, researchers,
and doctors experienced in medical image analysis using
machine learning or deep learning. Only four competi-
tors submitted their results on the leaderboard. The meth-
odological description is summarized in Table 2. All of
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the competitors selected only deep learning as the main
architecture such as Inception v3 [18] for classification of the
tumor patch or U-Net [19] for segmentation of the tumor
region. Instead of modifying their models, they focused on
pre- and post-processing steps to achieve optimal results. In
one team which ranked high, random forest regression [20]
was used to inference confidence by extracting high level
features including the number of tumor regions, percentage
of the tumor region over the entire tissue region, the area of
the largest tumor regions, etc., from the heat map generated
using the deep learning method. Real time-based augmenta-
tion methods were adjusted while training models. Detailed
descriptions of each algorithm are listed in Table 2.

6. Ethical statement

The institutional review board for human investigations
at Asan Medical Center (AMC) approved the study proto-
col with removal of all patient identifiers from the images
and they waived the requirement for informed consent, in
accordance with the retrospective design of this study.



Young-Gon Kim, Diagnostic Assessment of Deep Learning Algorithm

0 ROC curve Results
0.8 Model performances were sorted in descending order for
= the validation set as shown in Table 3 and Fig. 2. Four teams
B 06 submitted their results on the leader board in development
§ 041 and validation sets. For the development set, the Four algo-
@ —— AUC: 0.805 (Fiffeb) rithms showed 0.986, 0.985, 945, and 0.595 AUCs. For the
0.2 - ﬁﬂﬁ 3%3 fgﬂf},‘;npass, validation set which consisted of 100 digital slides, the Fiffeb
—— AUC: 0539 (S0G) team showed the highest AUC 0.805 in the validation set
0 0 02 04 06 08 10 compared with other teams such as the DoAl, GoldenPass,
1-Specificity and SOG teams at AUC 0.776, 0.760, and 0.540 respective-

ly. Average times of the first three teams (Fiffeb, DoAl, and
A ) o GoldenPass) in validation set were 10.8, 0.6, and 3.9 minutes,
models trained by four algorithms for the validation set and cut-

off threshold value of each algorithm. The cutoff threshold value re;pectlvely. detailed analvsi ch aleorith luated
is dotted on each ROC curve. AUC, area under ROC. or more detatled analysis, each algorithm was evaluate

Fig. 2. Receiver operating characteristics (ROC) comparisons of

Table 4. Performance comparison for determining the clinicopathologic characteristics of tumors

Team

GoldenPass

Metastatic tumor size

<2 mm (n=33)
TPR 0.600 0.667 0.667 0.067
FNR 0.400 0.333 0.333 0.933
>2 mm (n=22)
TPR 0.775 0.850 0.825 0.175
FNR 0.225 0.150 0.175 0.825

Neo-adjuvant therapy
Not received (n=45)

TPR 0.731 0.808 0.808 0.154
TNR 0.842 0.737 0.632 0.895
Received (n=55)
TPR 0.724 0.793 0.759 0.138
TNR 0.808 0.654 0.692 1.000
Histologic type
IDC (n=86)
TPR 0.723 0.766 0.766 0.149
TNR 0.795 0.667 0.641 0.949
ILC (n=11)
TPR 0.833 1.000 1.000 0.000
TNR 1.000 0.800 0.800 1.000
MC (n=3)
TPR 0.500 1.000 0.500 0.500
TNR 1.000 1.000 1.000 1.000
Histologic grade
1 or 2 (n=86)
TPR 0.735 0.816 0.796 0.163
TNR 0.838 0.676 0.649 0.946
3 (n=14)
TPR 0.667 0.667 0.667 0.000
TNR 0.750 0.750 0.750 1.000

TPR, true positive rate; FNR, false negative rate; TNR, true negative rate; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma;
MC, mucinous carcinoma.
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Fig. 3. Representative microscopic images of false-positive (A) and false-negative (B) cases. (A) Reactive histiocytes show abundant, eosi-

nophilic cytoplasm and can be misinterpreted as metastatic carcinoma. (B) A very small focus of metastatic carcinoma (approximately 200
pm in the greatest dimension) is seen and which was missed by all four of the teams.

with the cutoff threshold determined by the Youden index
[21] from the ROC curve in the validation set in terms of the
accuracy (ACCQ), true positive rate (TPR), true negative rate
(TNR), positive predictive value (PPV), and negative predic-
tive value (NPV). The first-placed team Fiffeb showed the
highest AUC (0.805), ACC (0.770), TNR (0.822), and PPV
(0.833), while the second-placed team DoAl showed the
highest TPR (0.800) and NPV (0.738).

In addition, model performance comparisons with clini-
cal information for more detail, such as the metastatic tumor
size (smaller or larger than 2 mm in the greatest dimension),
whether patients had received neoadjuvant systemic therapy,
histologic type of tumor, and the histologic grade of the tumor
was measured, as shown in Table 4. Four teams showed
higher TPR and lower false-negative rate in lymph nodes
with larger metastatic tumors. In lymph nodes obtained from
patients who had received neoadjuvant systemic therapy,
four teams showed lower TPR and two teams showed lower
TNR. In terms of the histologic type, three teams showed
higher TPR and four teams higher TNR in the invasive lobu-
lar carcinoma group than in the invasive ductal carcinoma
group. When comparing performance between the histologic
grades, four teams showed higher TPR, but only one team
showed higher TNR in grade 1 or 2 than in grade 3.

Among the 100 slides in the validation set, 57 slides were
correctly categorized by all top three teams (35 slides, true-
positive; 22 slides, true-negative), four slides were incor-
rectly categorized as positive (false-positive) by the top three
teams, and six slides were incorrectly categorized as negative
(false-negative) by the top three teams, as shown in Fig. 3.
All of the four false-positive slides were obtained from pati-
ents with invasive ductal carcinoma, histologic grade 2, and
two slides were from neoadjuvant systemic therapy patients.
Similarly, all of the six false-negative slides were obtained
from patients with invasive ductal carcinoma, i.e., five from
histologic grade 2 patients and one from a histologic grade 3
patient, and three were from neoadjuvant systemic therapy
patients. Four of the six false-negative slides had microme-
tastases. The size range of metastatic carcinoma in the false-
negative slides was 0.13 to 4.45 mm.
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Discussion

In this current study, all of the competitors adopted convo-
lutional neural network (CNN)-based deep learning meth-
ods as the main idea such as the classification or segmenta-
tion network, and which showed high performance at 0.805,
0.776, and 0.760 in terms of AUC for the top three teams.

Interestingly, in all four teams, AUC was lower in the
validation set compared to that in the development set. This
might be due to the difference in patient demographics, par-
ticularly with regard to neoadjuvant systemic therapy. Distri-
bution of histologic type is different between training, devel-
opment, and validation sets as shown in Table 1. Especially
in the validation set, the number of slides obtained from
patients after neoadjuvant systemic therapy was signifi-
cantly higher than that in the development set. Neoadjuvant
systemic therapy often causes fibrosis and macrophage infil-
tration in the tumor area and fragmentation and/or scatter-
ing of tumor clusters [17], and which can lead to difficulty
in histologic examination. It might be suggested that this
neoadjuvant systemic therapeutic effect caused a decrease of
AUC in the validation set.

Inference time is also key point with this challenge so that
methods can be adopted in routine clinical practice. Turna-
round time between receiving samples and reporting in con-
ventional frozen section diagnosis has been variably repor-
ted around 20-30 minutes, including gross examination, free-
zing, cutting, staining, and microscopic examination [22].
Time consumed for scanning can be varied upon the size of
sections, type of scanning machine, magnification, and focus
layering, but recent studies have reported that 3-9 minutes
of median handling time for scanning [22,23]. Two different
types of patch-based CNN methods, classification and seg-
mentation network, have shown pros and cons. The num-
ber of outputs of the classification network in this challenge
is same with the number of classes that the model classifies
input patch into (i.e,, 1 or 2) by encoding all input dimen-
sions to compressed features for a precise decision. In case of
segmentation network, the number of outputs is same with
the number of input dimensions (i.e., 448x448=200,704),
which is approximately 100K or 200K times more than that
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of classification network. It is a factor reducing computa-
tional time. In our results, the first-placed team using only
classification network showed 0.3 higher AUC than that of
the second-placed team using only segmentation network,
but too slow to deploy this into the real clinical routine while
the computational time of the second-placed team took 18.8
times faster than that of the first-placed team. Ensemble of
those different types of CNN networks should be considered
to enhance model performance in routine clinical practice.

Next, we compared model performances according to the
clinicopathologic factors of the patients. It is generally known
that in manual examination of intraoperative SLN biopsy,
false-negative results are more likely in micrometastases and
favorable and / or lobular histology [24]. In the validation set,
the top three teams showed better performances in lymph
nodes with macrometastatic tumor, and which is consistent
with manual examination and the CAMELYONT16 study [4].
Lymph nodes which were obtained from non-neoadjuvant
systemic therapy patients also revealed better performances,
as discussed above. Lymph nodes from invasive lobular car-
cinoma patients revealed better TPR in the first three teams
and better TNR in four teams than those from invasive duct-
al carcinoma patients, although the number of slides from
invasive lobular carcinoma patients is limited. This is in
accordance with the general results in manual examination
and the CAMELYON16 study. In the CAMELYON16 study,
29 among 32 teams showed higher AUC in the invasive duct-
al carcinoma set than in the non-invasive ductal carcinoma
set. In addition, tumors of histologic grade 1 or 2 showed
higher TPR in the top three teams, but lower TNR in two of
the three teams than tumors of histologic grade 3, and which
requires further studies.

We found that some cases were wrongly categorized by
the first three teams. All of six false-negative cases showed
small-sized metastatic carcinoma, and which could result in
false negativity. In contrast, four false-positive cases did not
reveal any common clinicopathologic feature. However, we
assume that reactive histiocytic infiltration or prominent ger-
minal centers in lymph nodes might cause false positivity.
Manual confirmation is probably necessary, and so a screen-
ing tool that would expedite this process might have broad
appeal. Interestingly, TPR of mucinous carcinoma cases (0.5-
1.0) was not lower than those of invasive ductal carcinoma
(0.149-0.766) or invasive lobular carcinoma (0.000-1.000),
although mucinous carcinoma was not included in training
and validation sets. This might be due to some histologic
similarities between mucinous carcinoma and other carcino-
mas, such as cluster formation, bigger cell size than lympho-
cytes, and nuclear size enlargement.

Our study has some strong significance compared to pre-
viously reported studies about possible usefulness of deep
learning algorithm in diagnosis of SLN metastasis [4,16].
First, we used digital slides from frozen sections which were

made intraoperatively, while previous studies used FFPE sec-
tions. Since frozen sections have lower quality due to tissue
artifact compared with FFPE sections, it is more difficult to
examine frozen sections than FFPE sections. However, what
is used to determine the surgical extent intraoperatively in
the real world is frozen sections, not FFPE sections. There-
fore, we suggest that studies of the deep learning algorithm
with SLNs would be more practical if frozen sections are
used. Second, our dataset includes a high proportion (48.5%)
of post-neoadjuvant patients. The role of neoadjuvant thera-
py in breast cancer treatment has been increasing these days,
but it is much more difficult to histologically diagnose SLN
metastasis after neoadjuvant therapy [17]. During case selec-
tion, we included more post-neoadjuvant cases than clinical
setting with an intention of making our dataset unique and
more useful. To reduce false-positive or false-negative issues
technically, the deep learning models should be re-trained
with those regions and different hyper-parameters such as
class weights or loss weights. Those regions with different
hyper-parameters have deep learning models intensively
trained as strong positive regions with this strategy. Applica-
tions using these methods can be adopted in routine clinical
practice by showing attention map with augmented reality
and training itself robustly with false-positive cases selected
by pathologists with on-line learning.

Our contest has several limitations. First, only paths to
access the training, development, and validation sets were
given to competitors, which means that they had no way to
check the heat map generated by their models as all dataset
contests provided were not available in public. Competitors
were not allowed to check processing in the middle of train-
ing for the same reason. Only less than 1 MB log data could
be saved and given to competitors for the purpose of debug-
ging after training processing to check if and how the train-
ing is going well. It was also not available how much time
was spent for training and analyses. This might be one of key
reasons of the models with relatively low accuracies. Second,
only two GPUs were given to each competitor, and it could
be limited resource, although this constraint makes competi-
tors fair. Third, we did not perform immunohistochemistry
to confirm metastatic carcinoma on frozen section slides. On
the contrary to FFPE sections, multiple frozen sections which
were made from the same tissue fragment showed quite dif-
ferent shapes due to the tissue artifact. Therefore, immuno-
histochemistry is not as helpful in frozen sections as in FFPE
sections to annotate tumor cells. In addition, it is impossible
to retrospectively perform immunohistochemistry on frozen
sections. Instead, when we annotate tumor cells in frozen
sections, we review matched FFPE sections with cytokera-
tin immunohistochemistry in order to minimize annotation
error. Finally, the high proportion of post-neoadjuvant cases
or cases with micrometastases could have negatively affec-
ted the diagnostic accuracy of algorithms in this study. It
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would have been nicer if we could divide the dataset into
multiple groups and develop different algorithms based on
patients” information, such as neoadjuvant status, histologic
type, or histologic grade of tumor. However, it was impos-
sible due to the limited number of digital slides. We hope
to expand our dataset and include such analysis in our fur-
ther study. Finally, the model performance can be influenced
by various parameters including quality of tissue sections,
staining quality and color differences, type of scanning
machine, scanning environment, and accuracy of segmenta-
tion. Therefore, further studies for optimization of pre-pro-
cessing of digital images might improve models” diagnostic
performances.

Possibly because of the characteristics of our dataset and
the above limitations, even the top three algorithms in this
study showed relatively lower performance than the other
first prized in CAMELYON16, and lower diagnostic accu-
racy than average of pathologists [25]. However, we believe
that it is worth holding a digital pathology challenge compe-
tition using frozen tissue sections in open innovation man-
ner. For adjusting algorithms into routine clinical practice,
HeLP is preparing another challenge competition to handle
other problems such as localization of micro-metastasis and
processing time.

Recognition abilities of deep learning and human could be
complement each other. In addition, algorithms with deep
learning can be used as computer aided system to help doc-
tors diagnose. For example, virtual reality technology can
help making quack accurate decision or alert a doctor who
misses critical parts.

We held a challenge competition during six weeks to resol-
ve the problem for classification of digital pathology slides
with metastases in hematoxylin and eosin-stained frozen tis-
sue sections of SLNs of breast cancer patients. The top three
competitor teams achieved very high AUCs in the develop-
ment set while they performed slightly lower AUC in the val-
idation set. In this open innovation manner, the deep learn-
ing algorithms could be developed and evaluated, which
might be helpful in the frozen diagnosis of intraoperative,
SLN biopsy. Further studies are required in order to increase

the accuracy and decrease the time consuming required to
apply the deep learning algorithm in the clinical setting.
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Purpose

The introduction of immune checkpoint inhibitors represents a major advance in the treat-
ment of lung cancer, allowing sustained recovery in a significant proportion of patients.
Nivolumab is a monoclonal anti-programmed death cell protein 1 antibody licensed for
the treatment of locally advanced or metastatic non-small cell lung cancer (NSCLC) after
prior chemotherapy. In this study, we describe the demographic and clinical outcomes of
patients with advanced NSCLC treated with nivolumab in the Korean expanded access
program.

Materials and Methods

Previously treated patients with advanced nonsquamous and squamous NSCLC patients
received nivolumab at 3 mg/kg every 2 weeks up to 36 months. Efficacy data including
investigator-assessed tumor response, progression data, survival, and safety data were
collected.

Results

Two hundred ninety-nine patients were treated across 36 Korean centers. The objective
response rate and disease control rate were 18% and 49%, respectively; the median pro-
gression-free survival was 2.1 months (95% confidence interval [Cl], 1.87 to 3.45), and the
overall survival (OS) was 13.2 months (95% Cl, 10.6 to 18.9). Patients with smoking history
and patients who experienced immune-related adverse events showed a prolonged OS.
Cox regression analysis identified smoking history, presence of immune-related adverse
events as positive factors associated with OS, while liver metastasis was a negative factor
associated with OS. The safety profile was generally comparable to previously reported
data.

Conclusion
This real-world analysis supports the use of nivolumab for pretreated NSCLC patients, inclu-
ding those with an older age.

Key words
Non-small cell lung cancer, Anti-PD-1, Real-world data

Introduction

The introduction of immune checkpoint inhibitors (ICIs)
has led to tremendous changes in the treatment of advanced
stage non-small cell lung cancer (NSCLC), and ICIs have

1112 Copyright (© 2020 by the Korean Cancer Association

emerged as one of the most effective anticancer agents. ICls
can block inhibitory pathways that control the immune res-
ponse, restoring and sustaining the immune system against
cancer cells. Programmed death cell protein 1 (PD-1) is a
promising target of immunotherapy, and tumor expression of
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programmed death-ligand 1 (PD-L1) has been widely inves-
tigated as a predictive marker of response, although its sensi-
tivity and specificity is modest [1]. Recent pivotal stud-
ies have assessed the role of immunotherapy in metastatic
NSCLCs in both squamous and nonsquamous histology, and
three agents (nivolumab, pembrolizumab, atezolizumab)
have been investigated for the treatment of previously treated
metastatic NSCLC.

Nivolumab is a human IgG4 monoclonal antibody that
blocks PD-1, and is now approved in second-line therapy
of metastatic NSCLC patients. Nivolumab was tested in the
open label, randomized phase 3 trials of CheckMate 017 and
057 [2,3] for previously treated squamous and nonsquamous
NSCLC, respectively, and showed significantly improved OS
compared to docetaxel in both trials. Recently, 5-year pooled
OS rates for CheckMate017 and CheckMate057 were reported
to be 13.4% for nivolumab, whereas it was 2.6% for docetaxel
[4]. However, these clinical trials have excluded patients with
poor performance status, brain metastases, and epidermal
growth factor receptor (EGFR)/anaplastic lymphoma kinase
(ALK) genomic alterations. About one-third of lung cancer
patients present with poor performance status (Eastern Coop-
erative Oncology Group performance status [ECOGPS] = 2) in
the real world, although they have been excluded from most
clinical trials [5]. While there is a higher frequency of EGFR and
ALK-altered patients in Asia, this subgroup of patients cannot
be overlooked in the era of immunotherapy. Moreover, elder-
ly patients are frequently under-represented in clinical trials,
despite the growing population worldwide [6].

Nivolumab was provided by Ono Pharmaceuticals through
an expanded access program (EAP) from February 2016 to
March 2019 for both squamous and nonsquamous NSCLC
patients in Korea. The EAP program enrolled 300 advanced
NSCLC patients from 36 sites in Korea, and represents the
largest nation-wide representation of real-world practice.
Here, we present the characteristics of response and toxicity
of nivolumab treatment in multiple centers in Korea.

Materials and Methods

1. Patients and data collection

Advanced NSCLC patients were screened and recruited
from 36 academic hospitals across the Republic of Korea.
Eligibility criteria included locally advanced or metastatic
NSCLC that had progressed despite standard therapy, an
ECOG PS of 0 to 2, and adequate organ function and labo-
ratory results. Key exclusion criteria included active brain
metastases, autoimmune diseases, and patients with a life
expectancy of < 6 weeks. Nivolumab was given 3mg/ kg intra-
venously every 2 weeks for a maximum of 36 months or until
disease progression, unacceptable toxicity, or withdrawal of
consent. Dose escalation or reduction was not allowed.

2. Efficacy assessment

Baseline tumor assessment was performed before the start
of treatment, and response evaluation was performed by
computed tomography imaging at least every 3 months,
according to the local standard of practice. Tumor size meas-
urement was performed according to RECIST 1.1 criteria [7].
An overall response was defined as a complete response (CR)
or partial response (PR). Other efficacy parameters included
disease control rate, duration of response, progression-free
survival (PFS), and overall survival (OS). PFS was defined
as the time from the start of nivolumab treatment to disease
progression or death from any cause. OS was defined as the
time from the start of nivolumab treatment to death from any
cause.

3. Safety assessment

Safety was assessed at each patient visit by routine physi-
cal examination and laboratory assessment as needed by the
physician. Blood tests included hematology, routine che-
mistry (including liver, kidney function, and pancreatic
enzymes) and hormonal measurements (thyroid, adrenal
function). Toxicity was classified according to Common Ter-
minology Criteria for Adverse Events ver. 4 (CTCAE v4.0),
and data regarding immune-related adverse events (irAEs)
were reported retrospectively by patient chart review and
laboratory reports.

4. Statistical analysis

All patients who received at least one dose of nivolumab
were included in the intention-to-treat analyses for efficacy
and safety. Data were summarized using descriptive sta-
tistics or contingency tables for demographic and baseline
characteristics, response measurements, and safety measure-
ments. All survival analyses were estimated using Kaplan-
Meier curves and compared using the log-rank test. Hazard
ratios and corresponding confidence intervals were estimat-
ed with the Cox proportional hazards model. All statistical
analyses were performed with SPSS ver. 25.0 (IBM Corp.,
Armonk, NY).

5. Ethical statement

This program was performed in accordance with the prin-
ciples of the Good Clinical Practice and was approved by
the institutional review board of each hospital. All patients
provided written informed consent before participation in
the EAP.

Results
1. Baseline characteristics

From February 2016 to September 2016, a total of 334
patients were screened and 300 patients were enrolled in the
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Fig. 1. Flow diagram of the study patients. Three hundred thir-
ty-four patients were nominated for treatment in the nivolumab
EAP. Thirty-four patients did not meet the study criteria and
failed the screening. A total of 300 patients were enrolled, but
one patient did not start the treatment. Overall, 299 patients
were included in the analysis.

EAP. One patient did not start the treatment, so a total of 299
patients were evaluated for intention-to-treat analysis (Fig.
1). Median follow up time was 30.1 months (95% confidence
interval [CI], 0 to 36.3), and a median of 6 doses of nivolum-
ab were administered (range, 1 to 79). The median age of all
patients was 61 (range, 31 to 85 years), and 206 (68.9%) were
male patients. Most patients (87.3%) had ECOG PS 0-1, but
38 patients (12.7%) had ECOG PS 2. By histology, 198 (66.2%)
patients had adenocarcinoma, 85 (28.4%) had squamous cell
carcinoma, 6 (2%) had large cell carcinoma. Distant metasta-
sis was identified in 275 (91.9%) patients, and the most com-
mon site of metastasis was bone (27.1%), followed by lung
(24.4%) and brain (20.1%). Regarding smoking history, 108
(36.1%) patients were never-smokers, and former or current
smokers (63.9%) were more prevalent. Most patients (86.9%)
had stage IV disease and were former or current smokers
(63.9%). As previous therapy, 61.5% of patients had surgery,
51.8% had radiotherapy, and 27.1% had received one line of
chemotherapy before nivolumab. The majority of patients
(72.9%) had received two or more lines of chemotherapy,
ranging from 2 to 7 (Table 1).

As PD-L1 testing was optional in this program, PD-L1
immunohistochemistry results were available in only 17 pati-
ents (5.7%), EGFR mutations were identified in 48 patients
(16.1%), and ALK translocations were identified in five pati-
ents (1.7%), but EGFR and ALK gene status was not available
in 155 (51.8%) and 176 (58.9%) patients, respectively.

2. Efficacy

Response evaluation was available in 256 patients, and 43
patients (14%) had missing evaluation scans due to progres-
sive disease or death before first evaluation (Table 2). Best
objective overall response (ORR) in the evaluable population
was: CR in four patients (2%), PR in 49 patients (16%), sta-
ble disease in 92 patients (31%), and progressive disease in
111 (37%) patients. The ORR was 18%, and disease control
rate (DCR) was 49%. The median time to response was 1.8

1114 CANCER RESEARCH AND TREATMENT

Table 1. Baseline characteristics of all patients

Sex
Male 206 (68.9)
Female 93 (31.1)
Age (yr)
Median (range) 61 (31-85)
ECOG PS
0-1 261 (87.3)
) 38 (12.7)
Histology
Adenocarcinoma 198 (66.2)
Squamous cell carcinoma 85 (28.4)
Large cell carcinoma 6 (2.0)
Other 10 (3.3)
Metastasis site
Adrenal glands 31(10.4)
Bone 81 (27.1)
Brain 60 (20.1)
Liver 32 (10.7)
Lung ipsilateral 55 (18.4)
Lung contralateral 73 (24.4)
Other 109 (36.5)
Clinical stage
1A 2(07)
1B 37 (12.4)
I\ 260 (87.0)
Smoking history
Never 108 (36.1)
Former 171 (57.2)
Current 20 (6.7)
Previous therapy
Surgery
Yes 115 (38.5)
No 184 (61.5)
Radiotherapy
Yes 144 (48.2)
No 155 (51.8)
Chemotherapy
1 81 (27.1)
>2 218 (72.9)

ECOG PS, Eastern Cooperative Oncology Group performance
status.

months (range, 1.3 to 18.2 months), and the median dura-
tion of response in those who achieved objective response
was 21.0 months (range, 0.8+ to 33.2+ months). We compared
ORR according to histology (squamous cell carcinoma vs.
adenocarcinoma) and smoking status (never vs. former/ cur-
rent). The ORR (24.7% vs. 13.6%, p=0.023) and DCR (56.5%
vs. 42.9%, p=0.036) in squamous cell carcinoma patients
were both significantly higher than adenocarcinoma pati-
ents, while the ORR and DCR did not differ between never-
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Table 2. Overall objective response

Histology

Smoking

Former or
current (n=191)

40 (21)

Never
(n=108)

13 (12)

Adenocarcinoma
(n=198)

27 (14)

Squamous
(n=85)

21(25)

Objective response rate” 53 (18)

Disease control rate? 145 (49) 48 (56) 85 (43) 45 (42) 100 (52)
Best overall response

CR 4(2) 2(2) 2(1) 1(1) 3(2)

PR 49 (16) 19 (22) 25 (13) 12 (11) 37 (19)

SD 92 (31) 27 (32) 58 (29) 32 (30) 60 (31)

PD 111 (37) 28 (33) 79 (40) 43 (40) 68 (36)

NE 43 (14) 1(1) 0 0 1(1)
Duration of response® (mo) 21.03 16.9 26.8 20.4 26.8

(0.79+ t0 33.15+)  (1.94t033.08+)  (0.79+ t0 32.85+)  (2.43t032.39+) (0.79+to 33.15+)

Values are presented as number (%) or median (range). CR, complete response; PR, partial response; SD, stable disease; PD, progressive
disease; NE, not evaluable. *Best overall response is CR or PR, PBest overall response is CR or PR or SD, “The duration of response was
defined as the time from the date of first response (CR/PR) to the date of first documented disease progression/death (event), or last tumor
assessment (censored).

A B
gmo 100
£ g0 S 80-
= -
3 =
3 60 £ 60
ql_ w
S 401 = 401
S s
8 20- 3 20-
g
n_ 0 T T T 0 T T T
0 12 24 36 0 12 24 36
Time (mo) Time (mo)
No. atrisk 299 38 23 2 No. atrisk 299 73 40 2

Fig. 2. Kaplan-Meier curves of progression-free survival and overall survival in non-small cell lung cancer patients treated with nivolum-
ab. (A) Progression-free survival of all patients. (B) Overall survival of all patients.

smokers and former/current smokers. The Kaplan-Meier
estimates for PFS and OS are reported in Fig. 2A and B. The

mutation status (S1 Table). We noted a significantly higher
ORR in patients who presented with irAE than those who

median PFS was 2.1 months (95% CI, 1.87 to 3.45), and the
median OS was 13.2 months (95% CI, 10.6 to 18.9). The 1-year
and 2-year PFS rate was 18.2% and 11.7% and, 1-year and
2-year OS rate was 54.5%, 40.1%, respectively. Next, PFS and
OS were compared between specific patient subgroups. For-
mer or current smokers showed significantly longer OS, but
not PFS, compared to never-smokers (Fig. 3A and B). PFS
and OS were not significantly different according to tumor
histology (Fig. 3C and D).

3. Efficacy in specific patients’ subgroups

We compared ORR according to different clinical param-
eters including metastatic site, ECOG PS, prior treatment
line, presence of immune-related AE (irAE), and EGFR

did not (32% vs. 11%, p < 0.001). In addition, patients who
received one prior therapy showed higher ORR than those
who received two or more prior therapies (27% vs. 14%,
p=0.009). However, there were no significant differences in
ORR according site of metastasis, ECOG PS or EGFR muta-
tion status.

When PFS and OS were compared between specific patient
subgroups, we noted that patients who were aged 75 or older
showed a significantly prolonged PFS (p=0.046) compared to
patients under 75 years (S2A Fig.), while OS was not different
(S2B Fig.). There were no differences in PFS or OS according
to ECOG PS (S2C and S2D Fig.). Patients who experienced
irAEs showed a significantly prolonged PFS and OS com-
pared to those who did not (p < 0.001) (S2E and S2F Fig.).
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Fig. 3. Kaplan-Meier curves. (A) Comparison of progression-free survival between former or current smokers versus never-smokers. (B)
Comparison of overall survival between former or current smokers versus never-smokers. (C) Comparison of progression-free survival
between squamous cell carcinoma and adenocarcinoma. (D) Comparison of overall survival between squamous cell carcinoma and adeno-

carcinoma. HR, hazard ratio; CI, confidence interval.

On the other hand, patients who presented with concomitant
brain and liver metastases showed the shortest PFS and OS
compared to those with brain, liver, or other metastases (data
not shown).

Ninety-three patients were treated beyond progression,
and of these patients, two (2%) achieved objective response
beyond progression, and disease control was achieved in
18 (19%) patients. The median OS of patients who received
nivolumab beyond PD was 13.2 months (95% CI, 9.59 to
23.95), which was significantly longer from those who with-
drew after PD (8.28 months; 95% CI, 6.05 to 12.35; p=0.048).

When we compared clinical or tumor characteristics bet-
ween early progressors (< 4 cycles) and long-term respond-
ers (= 48 cycles), no baseline clinical or tumor characteristics
clearly distinguished long-term survivors (data not shown).

1116 CANCER RESEARCH AND TREATMENT

There was a trend toward long-term efficacy in patients with
squamous histology and patients with smoking history.

4. Univariate and multivariate analyses

We next performed univariate and multivariate analyses
to assess the role of each clinical parameter on OS and PFS.
Cox regression analysis identified smoking history, pres-
ence of irAE as positive factors associated with OS, and liver
metastasis was negative factor associated with OS. At mul-
tivariate analysis, all three factors maintained their inde-
pendent prognostic role (Table 3). In addition, the presence
of irAEs was also a positive factor associated with PFS (53
Table).
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Table 3. Cox proportional hazard model for overall survival

Univariate analysis

Variable Reference

Multivariate analysis

Hazard ratio 95% CI p-value Hazard ratio 95% CI p-value

Age

>75yr <75yr 0.62 0.31-1.23 0.172 - - -
Smoking history

Former or current Never 0.66 0.46-0.96 0.028 0.65 0.44-0.94 0.024
Histology

Squamous cell carcinoma Adenocarcinoma 0.92 0.62-1.38 0.697 - - -
Brain metastasis

Yes No 1.40 0.93-2.11 0.110 - - -
Liver metastasis

Yes No 2.38 1.52-3.75 <0.001 2.18 1.37-3.47 0.001
ECOG PS

2 0-1 1.60 0.97-2.65 0.067 - - -
Previous treatment line

>2 1 1.42 0.94-2.15 0.094 - - -
Immune-related AE

Yes No 0.44 0.29-0.67 <0.001 0.50 0.33-0.76 0.001
AE

Yes No 0.77 0.44-1.35 0.360 - - -
EGFR

Positive Negative 0.94 0.52-1.72 0.854 = = =

CI, confidence interval; ECOG PS, Eastern Cooperative Oncology Group performance status; AE, adverse effect; EGFR, epidermal growth

factor receptor.

5. Safety

Treatment-related AE of any grade, and treatment-rela-
ted AE of grade 3-4 events were reported in 63% and 18% of
patients, respectively. The discontinuation rate due to treat-
ment-related AEs was 8%. No treatment-related deaths
were reported. IrAEs were reported in 32% of patients (S4
Table). The most common treatment-related AEs were decrea-
sed appetite (9.7%), pruritus (8.0%), pneumonia (7.0%), fati-
gue (7.0%) and diarrhea (7.0%). The most common treatment-
related grade 3-4 AEs were dyspnea (1.7%), hepatotoxic-
ity (1.3%), and pleural effusion (1%) (S5 Table). The most
common irAEs was skin toxicity, occurring in 11% of pati-
ents, followed by endocrine (8%) and gastrointestinal (7%)
(S6 Table). The following treatment-related grade 3/4 irAEs
were notable: skin toxicity presenting as erythematous skin
rash (n=1) and rash acneiform (n=1), pulmonary toxicity pre-
senting as pneumonitis (n=2), hepatotoxicity presenting as
aspartate aminotransferase/alanine transaminase increased
(n=2), musculoskeletal toxicity presenting as myalgia (n=1),
and endocrine toxicity presenting as thyroid-stimulating
hormone increase (n=1).

Discussion

In this real-world analysis, efficacy and safety of nivolum-
ab were comparable to previous phase 3 results. ORR, PFS,
and OS in our population were similar to the observations in
the CheckMate017 and CheckMate057 studies [2,3]. In addi-
tion, 3-year OS was 20.4% in our study, while it was 17.1%
in the pooled phase 3 analyses [4]. There were no new safe-
ty signals identified in our study. Unlike clinical trials, we
included patients with ECOG PS 2 and those who were pre-
viously heavily treated, thus this EAP represents a sizeable
real-world experience with nivolumab.

Subgroup analyses showed that patients who experienced
irAEs showed significantly higher ORR, PFS, and OS. The
correlation between irAEs and efficacy has been previously
reported [8-12]. In a recent study conducted in Spain, the
probability of having a clinical response was 23 times higher
in those patients who showed an irAE [8]. In a series of cas-
es from clinical trials at MD Anderson, patients who were
treated with ICIs showed better ORR and PFS if they expe-
rienced severe irAEs [10]. In a Japanese lung cancer cohort
treated with nivolumab, patients with early irAEs showed
improved ORR and PFS compared with those without [12].
However, these reports were retrospective in nature, similar
to ours, and whether or not the presence of irAEs could be
a novel predictor of response should be further validated in
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prospective trials. One possibility is that the longer exposure
to nivolumab increases the risk of developing irAEs. Still, the
association between irAEs and the efficacy of ICIs highlights
the need for better management of irAEs so that patients can
continue treatment as long as possible.

We noted that elderly patients demonstrated similar ben-
efits compared to those in the overall population. Efficacy
was similar among patients aged < 65, 65 to < 75, > 75 years,
and safety profiles were also similar. When age group was
divided into < 75, and > 75 years, patients who were aged >
75 showed a significantly longer PFS, although this was no
longer significant in Cox proportional hazard models. While
elderly patients are often under-represented in clinical tri-
als [13], recent real-world data suggests that the efficacy of
ICIs does not deteriorate in elderly patients [14,15]. In a large
French study, advanced NSCLC patients aged 80 years or
over showed similar median OS compared to patients under
80 years, suggesting that no specific tolerability issue arose in
this age group [15]. In an Italian EAP study, tumor response
was similar across patients aged < 65, 65 to < 75, and = 75
years [14]. Therefore, we cautiously suggest that old age
alone should not be a barrier to anti-PD-1/PD-L1 treatment,
but further study of larger elderly populations is warranted.

In our study, squamous histology seemed associated with
higher ORR, although it did not lead to improved survival
outcomes. This could be explained by the higher prevalence
of oncogenic driver mutations in adenocarcinomas, which
are reported to be less responsive to anti-PD-1/PD-L1 ther-
apy [16,17]. Similarly, former or current smokers had a pro-
longed OS compared to never-smokers, and smoking status
maintained significant after multivariate analysis. This is in
line with a recent meta-analysis that PD-1 and PD-L1 inhibi-
tors significantly prolonged the OS in smoking patients [18].

Liver metastasis was associated with poor survival outcome
in our study. The presence of liver metastasis significantly
increased the likelihood of death (hazard ratio, 2.18; p=0.001)
in multivariate analysis. A recent study which explored
the association of liver metastasis and response in patients
with melanoma and lung cancer also suggested that liver
metastasis was associated with reduced response and short-
er PFS [19]. In this study, reduced CD8* T cell density at the
invasive tumor margin was observed in liver biopsies, pro-
viding a possible background for poor survival. Multiple
mechanisms have been suggested to explain liver-induced
immune tolerance, such as poor CD4+ T cell activation [20],
and Kupffer cells activating regulatory T cells [21]. Further
mechanistic studies may aid to explain factors influencing
response to ICIs.

The presence of EGFR mutation in tumor is known to be
poorly responsive to ICIs. In a meta-analysis by Lee et al. [22],
ICIs were not superior to docetaxel in EGFR-mutant subset,
and in another meta-analysis, the PFS was in fact worse in
patients with EGFR-mutant subset treated with PD-1/PD-
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L1 inhibitors versus docetaxel [23]. In our study, ORR, PFS,
and OS were not different according to EGFR mutation sta-
tus, but this may be due to small number of EGFR-mutant
patients and EGFR mutation status was largely unavailable
in most patients.

Thirty-eight patients (12.7%) with ECOG PS 2 were enrol-
led in our study, and efficacy results showed that ORR, PFS,
and OS were not significantly inferior in ECOG PS 2 patients.
This indicates that, unlike clinical trials, ECOG PS 2 patients
can also benefit from ICIs in the real-world setting.

Our study has some limitations. The EAP did not require
the PD-L1 status of tumor tissue for enrollment, so our data
lacks analysis on the PD-L1 status and efficacy. Furthermore,
there were no data on brain response evaluation to evaluate
intracranial efficacy.

In conclusion, the efficacy of nivolumab in real-world
patients seems to be comparable to that of clinical trials,
and nivolumab is a viable option in the previously treated
NSCLC patients.
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Purpose

Despite advances in treatment, lung cancer remains the leading cause of cancer mortality.
This study aimed to characterise genome-wide tumorigenesis events and to understand
the hypothesis of the multistep carcinogenesis of lung adenocarcinoma (LUAD).

Materials and Methods

We conducted multiregion whole-exome sequencing of LUAD with synchronous atypical
adenomatous hyperplasia (AAH), adenocarcinoma in situ, or minimally invasive adenocar-
cinoma of 19 samples from three patients to characterize genome-wide tumorigenesis
events and validate the hypothesis of the multistep carcinogenesis of LUAD. We identified
potential pathogenic mutations preserved in preinvasive lesions and supplemented the
finding by allelic variant level from RNA sequencing.

Results

Overall, independent mutational profiles were observed per patient and between patients.
Some shared mutations including epidermal growth factor receptor (EGFR , p.L858R) were
present across synchronous lesions.

Conclusion

Here, we show that there are driver gene mutations in AAH, and they may exacerbate as a
sequence in a histological continuum, supporting the Darwinian evolution model of cancer
genome. The intertumoral and intratumoral heterogeneity of synchronous LUAD implies
that multi-biomarker strategies might be necessary for appropriate treatment.

Key words
Adenocarcinoma of lung, Atypical adenomatous hyperplasia, Mutation, Clonal evolution,
Whole exome sequencing

Introduction

Although molecular targeted therapies and immune check-
point inhibitors have markedly improved treatment out-
comes in lung cancer, it remains the leading cause of cancer
deaths [1]. Lung adenocarcinoma (LUAD) is the most com-
mon subtype of lung cancer, accounting for approximately
28%-50% of all cases [2,3], and its incidence is continuously
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increasing. LUAD is often diagnosed at an advanced stage,
leading to a poor prognosis. Multiregional sequencing in lung
cancer showed high degree of intratumoral heterogeneity
[4], highlighting that understanding the processes of LUAD
genome evolution by accumulating somatic mutations over
time is important for the early diagnosis and prevention of
LUAD.

LUAD with ground-glass/lepidic feature is hypothesised

| https://www.e-crtorg |
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to follow a multistep tumorigenesis starting from atypical
adenomatous hyperplasia (AAH), to adenocarcinoma in situ
(AIS), to minimally invasive adenocarcinoma (MIA), and
finally to invasive or lepidic-predominant adenocarcinoma
(ADC) as a histologic stepwise continuum [5,6]. AAH is the
only reported precursor lesion to LUAD and is occasionally
discovered in the surgically resected lung tissue harboring
lung cancer [6]. However, studies on AAH are limited due to
its rarity and small lesion size.

The first targeted sequencing study on AAH and paired
ADC lesions reported increasing mutational abundance
of synchronous epidermal growth factor receptor (EGFR),
KRAS, and TP53 mutations in the tumor [7]. Another target-
ed sequencing study combined with transcriptome analysis
suggested that exclusive pathways in the driver gene BRAF
or KRAS mutate and initiate the progression of precursor
lesions to malignancy [8]. Recently, we reported targeted
deep sequencing in sequential lesions [9]. The increased pro-
portions of overall mutated lesions in advanced lesions and
shared mutations of EGFR between synchronous lesions
implied a linear stepwise progression of LUAD [10]. Howev-
er, the interlesional and intralesional heterogeneity reported
in previous AAH studies and the analysis being limited to the
focused gene list make it difficult to understand the overall
genetic alteration events.

This study aimed to characterize genome-wide tumorigen-
esis events and to elucidate the hypothesis of the multistep
carcinogenesis of LUAD. Towards this goal, we conducted
multiregion whole-exome sequencing (WES) of LUAD and
preinvasive lesions and paired normal tissue samples.

Materials and Methods

1. Sample selection

We used patients’ specimens collected in the previous tar-
geted sequencing study [9]. Histologic slides from patients
who underwent wedge resection or lobectomy were stained
with haematoxylin and eosin for routine pathologic diagno-
sis. From each formalin-fixed, paraffin-embedded (FFPE) tis-
sue, 10 pm-thick sections were cut for DNA extraction after
minimum trimming, and pathologists reviewed cases and
microdissected the area containing > 60% neoplastic cells.
Three patients (P1, P5, and P8) with complete AAH-AIS-
MIA-ADC sequences of synchronous lesions were chosen.
For WES, the remaining extracted DNA from the FFPE tis-
sues were prepared. The characteristics of the entire paired
samples for WES, targeted sequencing, and RNA sequencing
are summarized in S1 Table.

Information regarding patient characteristics and sample
collections was detailed in the previously reported paired
targeted sequencing study [9].

2. DNA and total RNA preparation

For RNA sequencing (RNA-seq), total RNAs were extrac-
ted from additional FFPE tissue sections from the same pati-
ents, and cDNA were synthesized according to the manufac-
turer’s protocol. Non-tumorous samples were used as con-
trols for RNA-seq. Genomic DNA was extracted using the
Maxwell (R) 16 FFPE Plus LEV DNA Purification Kit (Pro-
mega, Mannheim, Germany) and quantified with PicoGreen
dsDNA quantitation assay (Molecular Probes, Eugene, OR).
All samples passed the in-house quality control criteria of
next-generation sequencing library. The library preparation
was performed through Agilent SureSect V5 (Agilent Tech-
nologies, Santa Clara, CA) and TruSeqProtocol with TruSeq
Exome Enrichment (Illumina, San Diego, CA). DNA sequenc-
ing and RNA-seq was performed using an Illumina HiSeq
2500 with 100 bpx2 paired-end reads.

3. Somatic DNA variant calling

WES variants were called with three different caller strate-
gies: Genomon?2 pipeline, Mutect (ver. 1.1.4), and MuTect2
(52 Fig.). Genomon?2 pipeline with default parameters iden-
tified any potential somatic mutation if Fisher exact test
resulted in a p-value < 0.05. For Mutect and MuTect2, raw
reads were aligned using BWA (ver. 0.7.12) and then pre-
processed using GATK (ver. 32.6) per the best practices rec-
ommended by the Broad Institute. To maximize sensitivity,
MuTect2 was run with a low cut-off (--max_alt_alleles_in_
normal_count 10000000 --max_alt_allele_in_normal_fraction
0.10). Single-nucleotide variants (SNVs) were filtered with a
minimum read depth of 20 in the lesions and the matched
control, and variant allele frequency (VAF) of being greater
than 4% in any lesions and less than 1% in the matched con-
trol was set as cut-off values. The 4% cut-off was decided
based on the paired comparison between the WES samples
and the targeted sequencing samples (52 Fig.). Variants were
annotated via ANNOVAR (ver. 2016-02-01) or Cancer Geno-
me Interpreter [11], and only exonic variants were further
filtered. Read depth was obtained via bam-readcount (ver.
0.8.0). Insertions and deletions (indels) were identified with
the same read-depth and VAF filter criteria and manually
reviewed using the Integrative Genomics Viewer.

4. Copy number analysis

Copy number analysis was performed using Sequenza
(ver. 2.1.2) and Excavator2. Segmental somatic copy number
alterations (CNAs) were defined according to the intersec-
tion between Sequenza (filtered by Bayes factor > 0.3) and
Excavator2 (filtered by call probability > 0.9).

5. Inferred clonal tree construction

An individual inferred clonal tree was constructed based
on the VAF matrix with SNV as rows and samples as col-
umns. Clonal sequences rather than multiregion trees were
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used to avoid biased inference of the underlying subcolonal
structures [12]. For each patient, two VAF and read-depth
matrices (size of [no. of SNVs|xnumber of lesions) were
decomposed into a genotype matrix (size of [no. of SNVs]x
no. of clones) and a clone frequency matrix (size of [no. of
clone]xno. of lesions) using an Expectation-Maximization
algorithm. The algorithm required a fixed clone number,
which we set as four. As a result, the genotype matrix deter-
mined the clonal membership of each variant, and each clone
was linked to lesions according to the estimated clone fre-
quencies. An unrooted phylogenetic tree was drawn from
the inferred clones based on the minimum evolution algo-
rithm. The Clomial and ape R packages were used. LUAD
driver genes taken from Bailey et al. [13] were depicted in
the trees.

6. Pathway analysis/functional annotation

The mutated genes were investigated further via pathway
enrichment analysis using REACTOME (ver. 66, https://
reactome.org). The pathogenic status of mutations of driver
genes were reviewed via the NCBI ClinVar (https: // www.
ncbi.nlm.nih.gov/clinvar/, accessed on November 18, 2018).

7. Mutational signature analysis

Somatic mutational signatures were generated and com-
pared to the 30 known mutational signatures in the Cata-
logue of Somatic Mutations in Cancer database (http://can-
cer.sanger.ac.uk/cosmic/signatures) using deconstructSigs
R package. It quantified the linear combination of well-anno-
tated Catalogue of Somatic Mutations in Cancer (COSMIC)
signatures from a single sample input. SNVs were annotated
with one of 96 trinucleotide-context substitutions, and the
prevalent mutation signatures were illustrated as lego plots.

8. Somatic allelic imbalance

Mutational abundance between the genome and the tran-
scriptome was generally consistent, showing that the mutat-
ed allele was expressed according to its mutational frequen-
cy in the genome. By contrast, somatic allelic imbalance is a
deviation of a consistent expression of somatic alleles, and
several studies reported that preferentially allelic selections
may be associated with the functionality of cancer genomes
[14]. We first included genes with a minimum RNA read
depth of 20 and fitted a regression model between RNA VAF
versus WES VAF. We then defined somatic allelic imbalance
using a data-driven binomial model. For each SNV found in
WES, unlikely observation of the read number of RNA was
calculated given the WES VAF as the expected probability of
binomial distribution. Either SOM-L or SOM-E was defined if
the adjusted p-value of Hochberg method is < 0.05. The pro-
tein-protein interaction graph was drawn using Cytoscape
(ver. 3.7.0) with a STRING database (ver. 10.5) plugin.
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9. Ethical statement

This study was approved by the Institutional Review
Board of Seoul National University Bundang Hospital and
all the patients provided written informed consent (IRB No.
B-1607/355-301), and all methods were performed in accord-
ance with the relevant guidelines and regulations.

Results

1. Mutational landscape of synchronous LUAD

Initially, 26 samples from three patients were prepared for
WES. Of these, four AAH samples that did not pass the qual-
ity control and three non-tumorous normal samples were
excluded in the analysis. In total, 19 samples (5 AAH, 3 AIS,
4 MIA, 4 ADC, and 3 matched lymph node controls) were
included. WES was conducted with an on-target average
depth of 217x (range, 185 to 268) per sample. We found an
average of 205 exonic mutations (range, 45 to 682) per sam-
ple, and 63% (range, 51% to 70%) of these were nonsyn-
onymous somatic mutations (52 and S3 Figs.). On average,
we identified 251 mutations in smokers (P1 and P8) and 66
mutations in a nonsmoker (P5), consistent with previous
studies showing that smoking contributed to higher muta-
tional burden [15]. There was no increasing pattern in tumor
mutational burden across sequential lesions (75, 341, 196,
and 275 variants in AAH, AIS, MIA, and ADC, respectively),
but the VAF tended to increase from preinvasive to invasive
lesions (6.1%, 9.7%, 9.2%, and 15.2%) (S4 Fig.). A total of
2,198 genes were affected in all patients, and 172 genes were
mutated in more than one patient. Mutations were largely
private (82%), that is, mutations were observed in a sin-
gle sample. Among the driver genes in LUAD, EGFR had
mutated across two patients (P1 and P5). Moreover, other
frequently mutated genes in LUAD had recurrently mutat-
ed within one patient (TP53 for P1 and KRAS and BRAF for
P8) (Table 1). Our data also showed that mutations in KRAS
and EGFR genes are mutually exclusive [16], while TP53 and
EGER genes are commutated [17]. However, we observed
concomitant KRAS and BRAF mutations, which were in con-
trast to previous studies [8,18]. On average, 62%, 61%, and
65% of the mutations were annotated as passenger mutations
in P1, P5, and P8, respectively. Similarly, the proportion of
passenger mutations or not protein-affecting mutations were
92%, 89%, and 94%, respectively, which implies that most of
mutations in smokers were non-driver mutations.

2. Interlesional heterogeneity

To characterize interlesional heterogeneity, multiregional
VAF distributions were mapped (Fig. 1). We found some
shared mutations that existed in multiple samples, includ-
ing EGFR mutation (encoding p.L858R) in P5 with increasing
mutational abundance throughout the sequential histologi-
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Fig. 1. Multiregional variant allele frequency. Blue and red colours denote the heatmap of variant allele frequency (VAF) of the genome
and the transcriptome, respectively. The upper panel shows the private mutations, while the lower panel shows gene mutations found in
at least two patients. (A) Atypical adenomatous hyperplasia (AAH). (Continued to the next page)

cal continuum. MUC4 in P1 (p.P1952S) and P8 (p.N2437D),
and HLA-DQB?2 in P8 (p.G250S and p.R247H) also showed
increase VAF in advanced lesions (Table 1). However, the
multiregional heatmaps in the overall population indicat-
ed few overlapping mutations (S5 Fig.). Indels of DNAH?7,
NDUFA10, and WDR88 recurrently occurred in more than
one patient, and 129 detected indels were mutated within
one patient.
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3. Intrapatient heterogeneity

To explore intrapatient heterogeneity, a clone relationship
was inferred by estimating the hidden clonal status using
observed VAFs (Fig. 2). Associated driver genes were por-
trayed on the inferred clonal trees. In P1, one clone contain-
ing TP53 mutation (c.240_240delinsT-) was detected in AIS,
and an EGFR mutation (p.G719D) was detected in ADC.
Another clone in P1 lacked TP53 (p.Q60X) in ADC. In P5,
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Fig. 1. (Continued from the previous page) (B) Adenocarcinoma in situ (AIS). (Continued to the next page)
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Fig. 1. (Continued from the previous page) (Continued to the next page)
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EGFR mutation (p.L858R) appeared pre-dominant at the (p.G12V) coupled with BRAF mutation (p.G464R) in MIA,
root, and other clones were divergent from each other. Only and another clone had KRAS (p.G13C) and BRAF (p.G466V)
one clone included NF1 mutation (p.N1388K) in AAH. In P8, in ADC.

however, multiple clones simultaneously had pathogenic or CNAs were recurrently observed in 1p13.3, 3q13.33, 4q13.2,
likely pathogenic mutations. One clone had KRAS mutation 5g35.1,5q35.3, 8q23.1, 10q21.3, 11p15.5, 14q11.2, 14q13.2, 16p-
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Fig. 1. (Continued from the previous page) (C) Minimally invasive adenocarcinoma (MIA). (Continued to the next page)

13.3,19q13.42, 20p13, and 22q11.23 (S6 Fig.).

4, Mutation signature analysis

We observed that C:G>A:T transitions were more domi-
nant types in smokers (41% in P1, 51% in P8) than in non-
smokers (30% in P5). Meanwhile, C:G>T:A transitions were
more frequent in nonsmokers (38% in P5, 32% in P1, and 27%
in P8) [15]. We then further performed the mutation base-

substitution signatures (Fig. 3, S7 Fig.) [19]. Overall, signa-
tures associated with smoking (signature 4 [smoking] and
29 [tobacco] chewing]) and aging (signature 1) were highly
enriched. Signature 1, composed of C:G>T:A single-base sub-
stitutions at CpG sites, was frequently observed in all can-
cer types. Signatures 4 and 29 were characterized mainly by
C:G>A:T mutations with transcriptional strand bias. P1 was
a 20 pack-year male current smoker who showed smoking-
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Fig. 1. (Continued from the previous page) (Continued to the next page)

related signatures, whereas P5 was a never-smoker female
and showed abnormalities in DNA maintenance across all
lesions (signatures 6 and 15 [DNA mismatch repair (MMR)]
and 3 and 20 [defective DNA repair]). P8, a previous smoker
male patient with a 30 pack-year history, showed a combina-
tion of smoking-related and DNA MMR-related signatures.
Exposure to ultraviolet light, which is a mutagenic agent,
was common in the AAHs of P1 and P5. The TRACERx
study reported a significant relationship between pack-years
and smoking-related signature in late clonal mutations,
consistent with the enrichment of signature 4 or 29 in our
data [20]. Interestingly, differential signature patterns were
observed in P1, where signature 4 was dominant in AAH1
and signature 1 was common in AAH2 and AAH3. This sug-
gested that clonal compositions even in preneoplasia lesions
could be different, which was also implied in the clonal sta-
tus analysis (Fig. 2).

5. RNA-seq for allele-specific expression

A total of 14 RNA samples were used in this study. We
determined allele-specific expression to compare RNA VAF
and WES VAF. A linear regression model showed that RNA
VAF was concordant with WES VAF (RNA VAF-1.1xWES

1128 CANCER RESEARCH AND TREATMENT

I I 3:195511142 MUC4

6:129637010 LAMA2

VAF; Pearson correlation coefficient, 0.46) (S8 Fig.). Although
we did not find similar findings that missense or silent vari-
ants in the genome implicated overexpression of certain
alleles (S9 Fig.), somatic variant lost in the transcriptome
(SOM-L) and somatic variant overexpressed in the tran-
scriptome (SOM-E) variants were discovered in P1, and pro-
tein interaction graphs within each lesion type in P1 were
derived (S10 Fig.). In AIS, oncogene Yes-associated protein
1 and enzyme ubiquitin-specific peptidase 9, X-linked were
found, indicating that preinvasive lesion is related to loss of
function in suppressed tumor growth related to the Hippo
signaling pathway [21]. In MIA, genes related to mitochon-
drial outer member, including voltage-dependent anion
channel 1 and inner mitochondrial membrane 22, were over-
expressed. In ADC, loss alleles of integrin alpha 1 (ITGAI)
and Versican core protein precursor (VCAN) interacted with
overexpressed allele of EGFR [22]. ITGAI and EGER are well-
documented prognostic markers, whereas VCAN enhances
tumor recurrence [23].

In genes in which mutant allelic expression levels were
maintained at least 4%, REACTOME analysis revealed that
the biological processes of P1, P5, and P8 were regulation of
TP53 expression (TP53), fibroblast growth factor receptor 2
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Fig. 1. (Continued from the previous page) (D) Adenocarcinoma (ADC). (Continued to the next page)
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Fig. 1. (Continued from the previous page) ADC-N, non-invasive portion of ADC.

(FGFR2) mutant receptor activation, PI3K cascade (FGFR2),
and RAS signaling downstream of NF1 loss-of-function vari-
ants and RAF activation (KRAS and BRAF), respectively (S11
Table).

Discussion

In this study, we identified the genomic alterations in the
precursor lesions of LUAD and inferred clonal evolution in
LUAD development through WES supplemented with tran-
scriptome analysis. Shared EGFR pathogenic mutation was
observed across synchronous lesions, indicating that identi-
cal mutations occurred in the early tumorigenesis. Overall
increase in VAF but not in tumor burden (mutation number)
in invasive lesions indicated that accumulated mutation of
certain driver genes is functionally important in cancer deve-
lopment [24]. Furthermore, heterogeneous mutation pro-
files strongly implied that each lesion underwent largely
independent genetic alteration events. Although mutation
signature analyses beyond single-gene mutations helped
in understanding the combinatory base change mechanism
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associated with smoking and aging, the individual pathway
was evitable.

The receptor tyrosine kinase/RAS/RAF pathway was fre-
quently mutated and crucial in the development of LUAD
[6]. Our results are consistent with those of previous studies
on AAH showing the exclusive nature of EGFR mutation and
KRAS mutations, and they were frequently observed in non-
smokers and smokers, respectively. EGFR is a receptor tyros-
ine kinase belonging to the ERBB family, and its mutations
are more widespread in the Asian population and more com-
mon in women and nonsmokers. P5, a nonsmoker female
Asian patient, harbored the most common pathogenic muta-
tions in EGFR (p.L858R) across all lesions, which exemplified
the role of EGFR-L858R mutation in tumor invasiveness dur-
ing the early stage of lung cancer. Meanwhile, KRAS onco-
genes encoding guanosine-5'-triphosphate-binding proteins
contribute to invasive lesions when supplementary genomic
alternations occur. P8, a male current smoker patient with
a 30 pack-year history, had KRAS mutation in preinvasive
and invasive lesions and UTAF1 and BRAF mutations in
invasive lesions. We can further postulate the interaction bet-
ween KRAS and human leukocyte antigen (HLA) genes in
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BRAF (p.G466V)

C3

AIS (3%) AAH (1%)
MIA (3%) AIS (3%)
ADC (26%)
/‘ C2
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AIS (90%)
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KRAS (p.G12V) MIA (30%)
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Fig. 2. Inferred clone status. For each patient, two variant allele frequency (VAF) and read-depth matrices [(no. of mutations)x(no.
lesions)] were decomposed into a genotype matrix [(no. of mutations)x(no. of clones)] and a clone frequency matrix [(no. of clone)x(no.
lesions)]. C1-C3 represents inferred clones. Clone frequencies (i.e., the proportion of a clone in each lesion) are shown in parenthesis. Col-
ours matched to the legions where the mutation occurred (orange, atypical adenomatous hyperplasia [AAH]; green, adenocarcinoma in
situ [AIS]; blue, minimally invasive adenocarcinoma [MIA]; purple, adenocarcinoma [ADC]; red, all lesions). For example, C3 clone in P1

occupied 3% of AAH2 and AAH3, 44% of ADC1, and 42% of ADC2.

this patient because HLA-DQB2 mutations were prevalent.
The specific role of HLA-DQB? in cancer genomics was not
reported, but immunological function may be affected by

mutant neoantigen peptides of hotspot mutations [25].

P1, a 20 pack-year previous smoking male patient, showed

combination pathways related to chromatin remodeling
(SETD2 and RBM10) and clinical prognosis (co-mutation of
TP53 and EGFR) [26]. We found that recurrent mutations of
tubulin tyrosine ligase-like protein 5 (TTLL5) appeared in pre-
invasive lesions among known co-mutated genes with SET
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Fig. 3. Mutation signature analysis. Somatic mutational signatures were generated and compared to the 30 known mutational signatures
in the Catalogue of Somatic Mutations in Cancer (COSMIC) database. AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma in

situ; MIA, minimally invasive adenocarcinoma; ADC, adenocarcinoma.

domain containing 2 (SETD2), a histone methyltransferase
(512 Table). SETD?2 has been reported to be co-mutated with
polybromo 1 (PBRM1), particularly in renal cell cancer [27]
and in lung cancer [28]. Although WES did not show PBRM1
mutation in this patient, a previous study using paired tar-
geted sequencing indicated that the patient harbored PBRM1
mutation (p.K135X) in ADC1 with low frequency (S12 Table,
S13 Fig.). We also noted enriched mutations in chromatic-
modifying genes (SMARCA4 [p.E1133E]) and RNA-splicing
genes (RBM10 [c.2337_2337delins-G, and p.G780V]). These
findings indicate that accumulated SETD2 tumor suppres-
sor mutations along with TTLL5 enzyme mutations in pre-
invasive lesions exacerbated methylation and chromatic
remodeling dysfunction through SMARCA4, RBM10, and
PBRM1 mutations [29] (514 Table). The copy number anal-
ysis indicated that P1 had aberrant copy number status in
invasive lesions (S15 Fig., S16 Table). In a large cohort of 100
early stage lung cancer patients, DNA instability was found
to possibly play a key role in cancer malignancy as it can
have invasive capacity induced by environmental diversity
and can thus be a predictor of clinical outcome [20].

The cancer evolution models are primarily divided into
the neutral evolution (‘a big bang model’) [30] and the Dar-
winian evolution, depending on the differential clonal selec-
tion modes and rates [31]. Darwinian evolution selecting the
fittest subclone was further divided into branched, linear,
convergent, and parallel evolution. In our study, a linear
evolutionary pattern can explain the EGFR-driven selective
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sweeps. Our data showed that genes related to epithelial cell
proliferation and differentiation (MUC4) may be a part of the
selective subclonal mechanism. We also conjectured that not
only drive specific genomic changes, but also environmental
factors contribute to clonal compositions.

The study has limitations. First, because our samples were
cross-sectionally obtained at a single time point, the lesions
may not be in chronological orders. Second, the patient num-
ber was small. Third, our adjusted cut-off value of VAF was
extremely lower compared to that in conventional next-gen-
eration sequencing studies, although variants with low VAF
values are frequently observed in clinical cancer samples
[32]. Meanwhile, the major strengths of this study include
the series of multiple continuum lesions within a patient and
the reproducibility of results through multiple sequencing
platforms (WES, targeted, and RNA-seq). We also observed
that the mutation signature patterns were consistent to those
reported in large-scale studies of early lung cancer patients.
Collectively, the variants repeatedly confirmed in our studies
may have potential utility for studying neoplastic progres-
sion (517 Table, S18 Fig.).

In summary, we performed a comprehensive analysis of
somatic alterations across synchronous lesion mutations and
identified the multiple evolutionary trajectories of LUAD
rooted in preinvasive lesions toward advanced lesions. We
observed few shared somatic mutations and cellular het-
erogeneity in lung cancer, which implied the independent
tumorigenic event within certain genes. The intertumoral
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and intratumoral heterogeneity of synchronous LUAD
implies that multi-biomarker strategies mightbe necessary for
appropriate treatment decisions. The distinct genetic origin
implicates that individualized screening strategies are need-
ed. Our finding implied that genomic variant in EGFR, TP53,
KRAS, and BRAF could occur early in the process of tumor
evolution, and different pathways may involve between a
smoker and a non-smoker. The multi-modality tests such as
imaging with diagnostic test like cell free DNA testing may
lead to identifying certain clonal expansions.
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Purpose

We evaluated the efficacy and safety of avelumab, an anti-PD-L1 antibody, in patients
with metastatic or unresectable colorectal cancer (MCRC) with mismatch repair deficiency
(dMMR)/microsatellite instability-high (MSI-H) or POLE mutations.

Materials and Methods

In this prospective, open-label, multicenter phase Il study, 33 patients with mCRC harboring
dMMR/MSI-H or POLE mutations after failure of > 1st-line chemotherapy received ave-
lumab 10 mg/kg every 2 weeks. AIMMR/MSI-H was confirmed with immunohistochemical
staining (IHC) by loss of expression of MMR proteins or polymerase chain reaction (PCR) for
micro-satellite sequences. POLE mutation was confirmed by next-generation sequencing
(NGS). The primary endpoint was the objective response rate (ORR) by Response Evalua-
tion Criteria in Solid Tumors ver. 1.1.

Results

The median age was 60 years, and 78.8% were male. Thirty patients were dMMR/MSI-
H and three had POLE mutations. The ORR was 24.2%, and all of the responders were
dMMR/MSI-H. For 21 patients with MSI-H by PCR or NGS, the ORR was 28.6%. At a median
follow-up duration of 16.3 months, median progression-free survival and overall survival
were 3.9 and 13.2 months in all patients, and 8.1 months and not reached, respective-
ly, in patients with MSI-H by PCR or NGS. Dose interruption and discontinuation due to
treatment-related adverse events occurred in four and two patients, respectively, with no
treatment-related deaths.

Conclusion

Avelumab displayed antitumor activity with manageable toxicity in patients with previously
treated mCRC harboring dMMR/MSI-H. Diagnosis of dMMR/MSI-H with PCR or NGS could
be complementary to IHC to select patients who would benefit from immunotherapy.

Key words
Colorectal neoplasms, Mismatch repair deficiency, Microsatellite instability,
POLE mutation, Avelumab

Introduction

Colorectal cancer (CRC) is one of the leading causes of
cancer-related death worldwide and the third most common
cancer in Korea [1]. Standard palliative treatment for meta-
static or unresectable CRC (mCRC) is fluorouracil-based com-
bination chemotherapy (with oxaliplatin or irinotecan), with
or without agents targeting angiogenesis (bevacizumab) or
epidermal growth factor receptor (cetuximab). The available
therapeutic options for later-line chemotherapy are limited;

| https://www.e-crtorg |

regorafenib and TAS-102 showed only a modest clinical ben-
efit in these patients. The objective response rate (ORR) with
regorafenib and TAS-102 was approximately 1%, and median
progression-free survival (PFS) was around 2 months for both
treatments [2,3]. The long-term outcomes of mCRC are still
poor [1], and novel therapeutic approaches are needed.
Growing evidence suggests that patients with mCRC har-
boring deficient mismatch repair protein (dMMR)/micro-
satellite instability-high (MSI-H) can obtain clinical benefit
from immune checkpoint inhibitors (ICIs) [4-7]. Pembroli-
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zumab and nivolumab, which are anti-programmed death
1 (anti-PD-1) inhibitors, improved ORR and PFS in selected
patients with dMMR/MSI-H mCRC [4-7]. Failure to repair
DNA replication-associated errors in dMMR/MSI-H mCRC
is associated with high mutation loads, tumor neoantigen
loads, and dense immune cell infiltration [8]. In fact, the
whole-exome sequences revealed higher somatic mutation
loads (1,782 mutations per tumor) in patients with dMMR/
MSI-H than in patients with proficient MMR (73 mutations
per tumor) (p=0.007), and a greater density of CD8-positive
lymphocytes and a higher expression of PD-ligand 1 (PD-L1)
were observed in patients with AMMR/MSI-H than in pati-
ents with proficient MMR [4]. However, the clinical benefit
of ICIs is confined to a small proportion of patients, because
dMMR/MSI-H is identified in only about 5% in patients
with mCRC [9]. This raises the need to expand the number of
potential candidates for immunotherapy.

The POLE gene is located in 12q24.33 and encodes the
proofreading (exonuclease) subunit of polymerase epsilon
(POLE) with 2,286 amino acids [10]. This POLE mutation has
been reported in approximately 3% of proficient MMR CRC
and represents high somatic mutation loads [10]. According to
the Cancer Genome Atlas, up to one-quarter of hypermutat-
ed CRC carry somatic mutations in POLE [10]. Because high
mutation loads are considered a mechanism of the response
of dMMR/MSI-H to ICIs, POLE-mutated cancer may also be
susceptible to ICIs. However, to date, clinical data regarding
the response to ICIs in POLE-mutated cancer are lacking.

Treatment with avelumab, an anti-PD-L1 inhibitor, achie-
ved an ORR of 33% in patients with previously treated
metastatic Merkel cell carcinoma and was approved for the
treatment of metastatic Merkel cell carcinoma in early 2017
[11]. Subsequently, avelumab has shown promising antitu-
mor activity in various solid tumors, such as genitourinary
tract [12,13], gynecologic [14], and lung [15], but its activity in
mCRC harboring dMMR/MSI-H has not been investigated.
This study aimed to evaluate the efficacy and safety of ave-
lumab in patients with previously treated CRC with deficient
MMR/MSI-H as well as those with POLE mutations.

Materials and Methods

1. Study design and patients

This study is a prospective, open-label, multicenter phase
IT study conducted as a substudy of the K-MASTER project,
a nationwide, government-funded precision medicine initia-
tive [16]. Eligible patients were aged > 20 years and had his-
tologically or cytologically confirmed metastatic or unresec-
table adenocarcinoma of the colon or rectum after failure
of first-line or later chemotherapy, including fluoropyrimi-
dine, oxaliplatin, or irinotecan, with or without targeted
agents (bevacizumab or cetuximab). Patients were enrolled if
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dMMR/ MSI-H was confirmed by either immunohistochem-
istry (IHC) or polymerase chain reaction (PCR) by local test
at each site, or if POLE mutation was confirmed by next-gen-
eration sequencing (NGS) certified by the Ministry of Food
and Drug Safety, Korea. MMR protein was determined to be
deficient by loss of expression of one or more of the following
on IHC: MLH1, MSH2, MSH6, and PMS2. MSI-H was diag-
nosed by PCR if two or more microsatellite markers (BAT-
25, BAT-26, D25123, D5S346, and D175250) were detected.
POLE mutations included hotspots such as P286R and other
sites. Eligible patients had at least one measurable disease, an
Eastern Cooperative Oncology Group (ECOG) performance
status of 0 or 1, and adequate organ function. Any prior treat-
ment with anti-PD-1 or PD-L1 inhibitors was not permitted,
and prior immunosuppressive treatment or the last dose of
chemotherapy should not be administered within 28 days
before the first dose of study drug. Prior radiotherapy was
permitted if it was not administered to the target lesions
selected for this study.

2. Treatment and evaluation

Avelumab was administered at 10 mg/kg intravenously
every 2 weeks until disease progression, unacceptable tox-
icity, or patient refusal occurred. Dose modification was not
allowed, but dose delay was permitted at the investigator’s
discretion in case of clinically significant events. Study treat-
ment was discontinued if there were more than 4 weeks of
delay. Response assessment was performed by computed
tomography (CT) scan according to Response Evaluation Cri-
teria in Solid Tumors (RECIST) ver. 1.1 every 6 weeks. After
the end of treatment, patients were followed up for disease
status and survival information every 3 months. The medi-
cal histories of all patients were obtained before treatment,
including physical examination, complete blood count with
differential count, serum chemistry, electrolytes, coagulation,
carcinoembryonic antigen, thyroid function test (thyroid-
stimulating hormone and free thyroxine), urinalysis, electro-
cardiogram, chest X-ray, CT scan, and other scans if clinically
indicated. Adverse events were assessed every cycle accord-
ing to the National Cancer Institute Common Terminology
Criteria for Adverse Events (NCI-CTCAE), version 4.0.

3. Statistical analysis

The sample size was calculated using the Simon two-stage
optimal design. The target response rate was set to 30%,
and a rate of 10% or below was considered failure, allow-
ing early termination of any ineffective treatment early in
the study. With a one-sided type I error of 5% and a power
of 0.8, the planned study was to proceed in two steps. If a
tumor response occurred in at least two patients after the
first 10 patients were listed, the study proceeded to the sec-
ond stage with 19 additional patients. A total of 29 patients
were requi-red, and enrollment of 33 patients was planned,
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Table 1. Baseline characteristics of the study patients

Characteristic No. (%)
Age, median (range, yr) 60 (25-88)
Sex

Male 26 (78.8)

Female 7(21.2)
ECOG performance status

0 10 (30.3)

1 23 (69.7)
Primary tumor

Right-sided colon 22 (66.7)

Left-sided colon 5(15.2)

Rectum 6(18.2)
Histology

Well differentiated 6(18.2)

Moderately differentiated 19 (57.6)

Poorly differentiated 5(15.2)

Not assessable 3(9.1)
RAS status

Wild 11 (33.3)

Mutant 20 (60.6)

Not done 2 (6.1)
BRAF status

Wild 22 (66.7)

Mutant 4(12.1)

Not done 7(21.2)
Sites of metastasis

Liver 15 (45.5)

Lung 11 (33.3)

Lymph node, abdomen 20 (60.6)

Peritoneum /Omentum 9 (27.3)

Bone 2(6.1)
Family history of cancer in 7(21.2)

any first-degree relative

Previous chemotherapy regimen

FOLFOX 24 (72.7)

FOLFIRI 15 (45.5)

XELOX 4(12.1)

Capecitabine 10 (30.3)

Others 2(6.1)
Previous targeted treatment

Bevacizuamb 25 (75.8)

Cetuximab 2 (6.1)
Prior radiotherapy 7(21.2)
Prior surgery

Primary site resection 31(93.9)

Metastasectomy 9 (27.3)
(Continued)

given a dropout rate of 10%.

The primary endpoint was the ORR by RECIST ver. 1.1;
the secondary endpoints included the disease control rate
(DCR), PFS, overall survival (OS), and adverse events. DCR

Table 1. Continued

Characteristic

No. (%)

Prior lines of therapy

1 16 (48.5)
2 11 (33.3)
>3 6(18.2)

ECOG, Eastern Cooperative Oncology Group; FOLFOX, 5-fluo-
rouracil, leucovorin, and oxaliplatin; FOLFIRI, 5-fluorouracil,
leucovorin, and irinotecan; XELOX, capecitabine and oxalipl-
atin.

Total (n=33)
dMMR/MSI-H
(n=30) POLE mutation
(n=3)
P286C (n=1)

dMMR by IHC Other sites (n=2)

(n=97)

n=4
ED)
Hypermuted

MSI-H by PCR
(n=8?’/‘) n=1¢  phenotype by
NGS

Fig. 1. Status of mismatch repair by immunohistochemistry
(IHC) or microsatellite instability (MSI) by polymerase chain
reaction (PCR) and POLE mutation. dMMR, mismatch repair
deficiency; MSI-H, MSI-high; MSS, microsatellite stable; NGS,
next-generation sequencing; p-MMR, proficient-microsatellite
instability. ¥Six of nine were MSS by PCR or NGS, ®One of eight
was p-MMR by IHC, “p-MMR by IHC.

was defined as the proportion of patients with complete res-
ponse (CR), partial response (PR), or stable disease (SD) sus-
tained for > 6 weeks. PFS was calculated from the first date of
avelumab administration to the date of disease progression
or death from any cause. OS was calculated from the first
date of avelumab administration to the date of death from
any cause. Survival rates were estimated using the Kaplan-
Meier method. A two-sided p-value < 0.05 was considered
to indicate statistical significance, and all statistical analyses
were performed using IBM SPSS Statistics for Windows ver.
21.0 (IBM Corp., Armonk, NY).

4. Ethical statement
All procedures followed were in accordance with the ethi-
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Fig. 2. Antitumor activity of avelumab in patients with metastatic or unresectable colorectal cancer harboring deficient mismatch repair
(dMMR)/microsatellite instability-high (MSI-H) or POLE mutations. (A) Treatment duration of avelumab for all patients. (B) Best change
from baseline in target lesion size after avelumab. CR, complete response; IHC, immunohistochemistry; NGS, next-generation sequenc-

ing; PCR, polymerase chain reaction; PD, progressive disease; p-MMR, proficient-microsatellite instability; PR, partial response; SD, stable

disease.

cal standards of the responsible committee on human experi-
mentation (institutional and national) and the Helsinki Dec-
laration of 1964 and later versions. The study protocol was
approved by the institutional review board of each partici-
pating center and the Korean Cancer Study Group (KCSG;
protocol No. KCSG-CO-17-07). This trial was registered on
http: // www.clinicaltrials. gov with the identifier NCT0315-
0706. Informed consent or a substitute was obtained from all
patients before inclusion in the study.

1138 CANCER RESEARCH AND TREATMENT

Results

1. Patient characteristics

Between May 2017 and April 2019, a total of 34 patients
were initially enrolled at seven clinical sites in South Korea;
one patient failed the screening tests, and thus, 33 patients
with histologically or cytologically confirmed, previously
treated, metastatic or unresectable CRC were enrolled in the
final analysis. Table 1 summarizes the baseline characteristics
of the 33 study patients. The median age was 60 years (range,
25 to 88), and 78.8% were male. Two-thirds of the patients
(n=22, 66.7%) had right-sided colon cancer, and 20 patients
(60.6%) had RAS mutation. Seven patients had a family his-
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Table 2. Clinical response to avelumab monotherapy

All patients (n=33)

Response
No. (%)

MSI high by PCR or NGS (n=21)

95% CI (%) No. (%) 95% CI (%)

Complete response 4(12.1) 0.97-23.2 3(14.3) 0-29.3
Partial response 4(12.1) 0.97-23.2 3(14.3) 0-29.3
Stable disease 18 (54.5) 37.5-71.5 13 (61.9) 41.1-82.7
Progressive disease 6(18.2) 5.0-31.4 2(9.5) 0-22.0
Not assessable? 1(3.0) 0-8.8 0 -

Objective response rate 8(24.2) 9.4-38.6 6 (28.6) 9.3-47.9
Disease control rate 26 (78.8) 64.9-92.7 19 (90.5) 77.9-103

MSI, microsatellite instability; PCR, polymerase chain reaction; NGS, next-generation sequencing. *Lost to follow-up (n=1).

Fig. 3. Representative images of two patients who achieved partial response during avelumab monotherapy. (A) Endoscopic images of a
44-year-old man with initially metastatic T-colon cancer harboring microsatellite instability-high (MSI-H) by both immunohistochemistry
(IHC) and next-generation sequencing. (B) Computed tomography scans of 75-year-old man with recurrent rectal cancer harboring MSI-H

by THC.

tory of cancer in a first-degree relative.

2. Deficient MMR or MSI high and POLE mutation
Among the 33 patients, 30 patients had dMMR/MSI-H
CRC, and three patients had POLE-mutated CRC. POLE
mutation was identified at the P286C, R559W, and G1086S
sites. NGS revealed hypermutated phenotype CRC in only
one patient with a P286C mutation, but the other sites (R559W
and G1086S) were not associated with high tumor mutation
burden (TMB) in each different NGS panel (51 Table).
Among 30 patients with dMMR/MSI-H, IHC, and PCR
were performed both in 23 patients, respectively. Both tests at
the same time were performed in 16 patients, among whom

10 (62.5%) showed concordance between IHC and PCR.
NGS, which was not mandatory for detecting dMMR/ MSI-
H, was performed in 12 patients with dMMR /MSI-H.

The distribution of patients according to different detec-
tion methods is shown in Fig. 1. Twenty-one patients were
diagnosed with dMMR by IHC, and 19 were diagnosed
with MSI-H by PCR. Discordance between the IHC and PCR
results was found as follows: six of nine patients with dMMR
by IHC only showed microsatellite stable (MSS) CRC by PCR
or NGS, and one of eight patients with MSI-H by PCR only
showed proficient MMR by IHC. One patient who was diag-
nosed as MSI-H by PCR and NGS was diagnosed as profi-
cient MMR by IHC.
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Fig. 4. Median progression-free survival (PFS) (A, B) and overall survival (OS) (C, D) in all patients (A, C) and patients with microsatellite
instability high (MSI-H) (B, D) by polymerase chain reaction (PCR) or next-generation sequencing (NGS). CI, confidence interval.

3. Clinical response to avelumab

Avelumab was discontinued mainly due to disease pro-
gression (n=22, 66.7%), followed by loss to follow-up (n=1,
0.03%); the remaining 10 patients were treated with ongo-
ing avelumab (Fig. 2A). The median time to response was
4.2 months, and the median duration of response was 13.9
months (Fig. 2A). Among the 33 patients, four (12.1%) had
CR, four (12.1%) had PR, 18 (54.5%) had SD, 6 (18.2%) had
progressive disease (PD), and one (3.0%) was not assess-
able (Table 2). The ORR and DCR were 24.2% and 78.8%,
respectively. Of 21 patients with MSI-H by PCR or NGS, three
(14.3%) had CR, three (14.3%) had PR, 13 (61.9%) had SD,
and two (9.5%) had PD (Table 2). The ORR and DCR were
28.6% and 90.5%, respectively. All responders had dAMMR/
MSI-H CRC, and no patients with a POLE mutation achieved
response.

The best percentage changes from baseline in target lesion
size are shown in Fig. 2B. Six of eight patients with CR or PR
showed MSI-H by PCR or NGS. Among six patients with PD,
two patients with POLE mutations (G1086S and P286C) had
PD based on unequivocal progression of nontarget lesions,
and all three patients with POLE mutations had PD without
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any tumor shrinkage. One patient with proficient MMR by
IHC only but MSI-H by PCR achieved PR. Representative
images of two responders are shown in Fig. 3.

Given the discrepancies between IHC and PCR results and
the need to investigate their association with the response
to avelumab, IHC results were separately reviewed in avail-
able eight of nine patients with dMMR by THC only at each
clinical site. AMMR was revised to proficient MMR by IHC in
five patients, who also showed MSS by PCR or NGS. Four of
them did not achieved response; however, the other patient
achieved CR despite proficient MMR revised after review of
the IHC result and MSS by PCR.

4. PFS and OS

With a median follow-up duration of 16.3 months (95%
confidence interval [CI], 5.6 to 27.1 months), median PFS was
3.9 months (95% CI, 2.3 to 5.6 months) in all patients and 8.1
months (95% CI, 1.1 to 15.1 months) in patients with MSI-H
by PCR or NGS (Fig. 4A and B). Median OS was 13.2 months
(95% CI, 7.9 to 18.4 months) in all patients and not reached in
patients with MSI-H by PCR or NGS (Fig. 4C and D). Over-
all, the 12-month PFS and OS rates were 36.4% and 66.7%,
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Table 3. Treatment-related adverse events

All patients (n=33, 100%)
Event _——————

Any grade Grade >3

Any TRAE 24 (72.7) 6(18.2)
Myalgia 6(18.2) 0
Chills 5(15.2) 0
Infusion-related reaction 5(15.2) 0
Pruritus 5(15.2) 0
Thyroid dysfunction 4(12.1) 0
Skin rash 4(12.1) 0
Diarrhea 3(9.1) 2(6.1)
Fever 3(9.1) 0
Increased AST or ALT 3(9.1) 0
Hypomagnesemia 3(9.1) 0
Fatigue 2(6.1) 0
Anorexia 2(6.1) 0
Hyperglycemia 2(6.1) 1(3.0)
Increased amylase or lipase 1(3.0) 2(6.1)
Nausea 1(3.0) 0
Sweating 1(3.0) 0

Dry skin 1(3.0) 0
Anemia 1(3.0) 0
Hyperbilirubinemia 0(0.0) 1(3.0)

Values are presented as number (%). TRAE, treatment-related
adverse event; AST, aspartate aminotransferase; ALT, alanine
aminotransferase.

respectively, and 47.6% and 76.2%, respectively, in patients
with MSI-H by PCR or NGS.

5. Treatment-related adverse events

Treatment-related adverse events (TRAEs) with avelumab
are shown in Table 3. TRAEs of any grade were observed in
24 patients (72.7%). Common TRAEs of any grade included
myalgia (n=6, 18.2%), chills (n=5, 15.2%), infusion-related
reaction (n=5, 15.2%), pruritus (n=5, 15.2%), thyroid dys-
function (n=4, 12.1%), and skin rash (n=4, 12.1%). Grade 3
or 4 TRAEs occurred in six patients (18.2%). Dose interrup-
tion due to TRAEs occurred in four patients (12.1%): grade
3 hyperglycemia (n=1), grade 3 lipase increase (n=1), grade
2 aspartate aminotransferase increase (n=1), and grade 2
fever (n=1). There were two discontinuations of treatment
due to treatment-related grade 3 hyperbilirubinemia (n=1)
and probable treatment-related grade 4 tumor bleeding (n=1)
after response to avelumab as a serious adverse event. There
were no deaths due to TRAE.

Discussion

In this open-label, multicenter, phase II study, avelumab
showed promising antitumor activity and manageable tox-

icity in patients with mCRC harboring dMMR/MSI-H or
POLE mutation. The ORR and median PFS were 24.2% and
3.9 months, respectively, and six of eight responders were
continuing avelumab treatment with durable response at the
end of the analysis. Of note, the ORR and median PFS were
28.6% and 8.1 months, respectively, in patients with MSI-
H by PCR or NGS, which were thought to be more reliable
methods of determining the MSI status than IHC. Although
no patients with POLE mutations had response to avelumab,
the limitations of small sample size and variation in muta-
tion sites need to be taken into account. TRAEs of any grade
and TRAESs of grade 3 or 4 were observed in 72.7% and 18.2%
of patients, respectively, which was consistent with previous
studies [17]. There were two discontinuations of treatment,
one because of a TRAE and the other because of a serious
adverse event, probably related to treatment. There were no
treatment-related deaths.

The efficacy of avelumab (an anti-PD-L1 inhibitor) for
mCRC with dMMR/MSI-H, specifically in patients with
MSI-H by PCR or NGS, is comparable to that of pembro-
lizumab and nivolumab (anti-PD-1 inhibitors) in this setting.
In the KEYNOTE-016 trial, only patients with MSI-H CRC
had the objective response to pembrolizumab (ORR 40%),
whereas none of those with MSS CRC had the objective res-
ponse [4]. A subsequent multicenter trial of pembrolizu-
mab for dAMMR/MSI-H CRC, the KEYNOTE-164 phase II
study, resulted in an ORR of 33% and a median PFS of 4.1
months; the 12-month PFS and OS rates were 34% to 41%
and 72% to 76%, respectively, according to prior line of treat-
ment [6,7]. Nivolumab also showed promising antitumor
activity in terms of ORR (31.1%) in dMMR/MSI-H CRC,
and the 12-month PFS and OS rates were 50% and 73%,
respectively [5]. All these favorable results in dMMR /MSI-H
CRC contrast sharply with those of later-line conventional
chemotherapy for overall mCRC with treatments such as
regorafenib or TAS-102, which resulted in ORR of only 1%
and median PFS of around 2 months [2,3].

Several phase I results from the JAVELIN Solid Tumor Tri-
als have shown promising ORRs and disease stabilization
with avelumab in various types of advanced tumors. Specifi-
cally, among 53 patients with metastatic or locally advanced
previously treated solid tumors, four (8%) achieved respon-
ses and 30 (57%) had SD [18]. The ORR with avelumab
ranged from 6.7% to 18.2%, depending on tumor type such
as metastatic or unresectable previously treated renal cell
carcinoma [12], urothelial carcinoma [13], non-small cell lung
cancer [15], and ovarian cancer [14]. In a phase II study of
88 patients with chemotherapy-refractory metastatic Merkel
cell carcinoma [11], the ORR with avelumab was 33%, includ-
ing a CR rate of 11.4%. To date, avelumab has been approved
for treatment of previously treated metastatic Merkel cell
carcinoma, urothelial carcinoma, and renal cell carcinoma in
combination with axitinib. Several explorations to expand
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its use in various clinical settings are ongoing. The present
study adds to the evidence of clinical activity of avelumab by
showing durable objective responses in mCRC with dMMR/
MSI-H.

dMMR/MSI-H is an established biomarker for the effi-
cacy of ICIs in mCRC, and its predictive value has also been
confirmed in other various tumors. MSI-H metastatic gastric
cancer (mGC) had a higher ORR with pembrolizumab than
did MSS mGC (57% vs. 9%) in the KEYNOTE-059 study [19].
Recently, the clinical benefit of pembrolizumab was demon-
strated among patients with dAMMR/MSI-H non-CRC, inclu-
ding endometrial cancer, gastric cancer, cholangiocarcinoma,
and pancreatic cancer in terms of ORR (34.3%) and median
PFS (4.1 months) [20]. Although the exact mechanism is
unknown, there are several proposed explanations for T-cell
checkpoint blockade [21]. Since dMMR/MSI-H results in
diverse neoantigens, T-cell epitopes that are newly formed
as a consequence of tumor-specific mutations, which can
increase neoantigen-driven T-cell response. Another possi-
ble explanation is that AMMR /MSI-H is associated with the
activation of signaling pathways through altered cytokines
or chemokines, resulting in the tumor microenvironment
becoming more inflamed. Cellular stress induced by dMMR/
MSI-H promotes innate immune cells, such as T cells and
natural killer cells, or tumor recognition.

However, not all patients with mCRC harboring dMMR/
MSI-H respond to ICIs, and the TMB varies even within
dMMR/MSI-H mCRC. The updated analysis from the ini-
tial single-center study showed an ORR of 50% [4], but sub-
sequent multicenter phase II trials revealed ORR of around
30% [5-7]. In the present study, the ORR was 28.6% in pati-
ents with MSI-H by PCR or NGS. Approximately 37 to 41
mutations per megabase may be a cutoff value, and low TMB
was significantly associated with poor response to ICIs and
worse PFS within the dMMR /MSI-H population, which may
be an explanation for the heterogeneity in response in recent
clinical trials of dMMR /MSI-H CRC [22]. Moreover, substan-
tial genomic variation is observed within dMMR/MSI-H
tumors. In particular, the genome-wide intensity of MSI and
the accumulation of insertion—deletion mutational loads are
responsible for a wide diversity of clinical benefits with ICIs
[23], and the activated WNT/p-catenin signaling pathway
is associated with immune escape, despite a high TMB and
high numbers of tumor-infiltrating lymphocytes [24].

In fact, a considerable portion of the primary resistance
of mCRC treated with ICIs may be due to misdiagnosis of
dMMR/MSI-H. One study showed that three of five patients
(60%) who had PD at the first evaluation were reassessed as
MSS by central review with PCR, contrary to the diagnosis
of dAMMR/MSI-H by local assessment [25]. In the Check-
Mate-142 study, there were discrepancies between local and
central assessments in 14 of 74 patients (19%) [5]. Most of the
patients with assessments (10/14) were initially determined
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as dMMR by THC at the local laboratory, but central review
with PCR reclassified them as MSS [5]. In this study, there
were some discrepancies between IHC and PCR results,
and six of nine patients with dMMR by IHC only showed
MSS by PCR or NGS, leading to different ORRs depend-
ing on how dMMR/MSI-H CRC was defined. After review
of the available THC results in eight of these patients, five
patients were revised to proficient MMR, while their PCR or
NGS showed all MSS. The reliability and reproducibility of
IHC results have always been a concern, because THC results
are largely affected by intra- and interobserver variation and
tissue preservation status [26], and local assessment with-
out central review contributed to these results. Likewise, in
the recent phase II study with a similar design, differences
in ORRs with avelumab in patients with previously treated
endometrial cancer were observed between dMMR deter-
mined by IHC only and MSI-H determined by NGS (26.7%
vs. 30%) [27]. dMMR /MSI-H could be misdiagnosed if IHC
results are not supported by PCR or NGS, so the THC test
alone should be carefully interpreted by experienced pathol-
ogists. Further, IHC tests on tumor samples achieved after
chemoradiotherapy, old samples, or poorly preserved sam-
ples are associated with a high risk of unreliable results.

POLE-mutated CRC has been characterized by young age,
male predominance, right-sided CRC, earlier stage of dis-
ease, and excellent prognosis [10]. POLE has a crucial role in
chromosomal DNA replication by its proofreading capacity
and is known to be mutually exclusive with AMMR/MSI-
H [10]. Because of high immunogenicity and enrichment
of mutation-associated neoantigens, POLE-mutated cancer
has been considered a candidate for treatment with IClIs.
However, there are limited data, and there is only one case
report [28] of a patient with mCRC harboring a POLE muta-
tion (V411L) and MSS. This patient had a response after three
cycles of pembrolizumab, and CD8 infiltrating lymphocytes
with PD-1 expression were observed in the primary colon
tumor. All responders in previous reports had mutations
at the P286R or V411L sites, which are considered hotspots
of POLE mutation [10]. Unfortunately, three patients with
POLE mutations did not respond to ICIs in the present study.
One patient with a P286C mutation was associated with a
hypermutation phenotype by NGS, but the other two (with
R559W and G1086S mutations) did not show high TMB,
although they were tested with different panels (51 Table),
and the identified sites of POLE mutation might not have
been hotspots, which could have led to negative results. Fur-
ther clinical studies with larger sample sizes are necessary to
evaluate the activity of ICIs and its association with sites in
POLE-mutated CRC.

One of the responders initially showed dMMR by IHC and
MSS by PCR at the time of enrollment. However, the IHC
result was revised to proficient MMR in the post hoc review.
Although NGS could not be performed due to an inadequate
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amount of tumor tissue, leaving the POLE mutation status
of this patient unknown, he achieved CR and has continued
avelumab treatment for approximately 18 months (Fig. 3).
In this regard, there may be unknown factors to explain the
mechanism of response to ICIs other than MMR /MSI status
or POLE mutation, such as PD-L1 or PD-L2 amplification
[29,30], although we could not explore the cause of respon-
siveness in this patient due to the lack of adequate tumor
tissue.

This study has several limitations. The consistency of eli-
gibility and response evaluation could not be fully ensured,
because central adjudication of the dMMR/MSI status of
tumor tissue and central review of the radiologic response
were not performed. Tumor samples were not collected pro-
spectively for research purposes, and therefore translational
studies, such as investigation of TMB, tumor-infiltrating
lymphocytes, PD-L1 expression, or transcriptome, have not
yet been performed. Further post hoc studies are planned
with available tissue samples to elucidate their association
with the response to ICIs.

In conclusion, avelumab is a promising anti—-PD-L1 inhi-
bitor in patients with metastatic or unresectable CRC harbor-
ing dAMMR/MSI-H or POLE mutations. For the determina-
tion of AMMR /MSI-H, the conventional IHC method alone
appears to be insufficient to select patients who would bene-
fit from immunotherapy. Further studies to identify accurate
strategies to select optimal candidates for immu-notherapy
are needed.
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Purpose

Recently, the 8th edition staging system of the American Joint Committee on Cancer (AJCC)
for hepatocellular carcinoma (HCC) was released, including a change in T category. We
aimed to validate the new AJCC system.

Materials and Methods
The predictive value of the new AJCC was validated in comparison to the previous edition,
in a total 1,008 patients who underwent curative resection for HCC as initial treatment.

Results

The 2-year area under the curve values for recurrence-free survival (RFS) and overall survival
(0S) were comparable in the 7th and 8th editions. Stage migration was observed in 63
patients (6.3%); from T2 to Tla for 44 patients and from T3 to T4 for 19 patients. The RFS
and OS were not different between T1a and T1b in the 8th edition. For solitary tumors <
2 cm, those with microvascular invasion had lower RFS and OS values than those without
although they were all classified as T1a in the 8th edition. Tumors involving a major branch
of the portal or hepatic vein (T4 by the 8th edition and T3b by the 7th edition) had shorter
RFS and OS than multifocal tumors, at least one of which was > 5 cm (T3 by the 8th edition
and T3a by the 7th edition).

Conclusion

The AJCC 8th edition staging system for HCC showed comparable predictive performance
to the 7th edition. It is desirable in a future revision to consider sub-stratification of solitary
tumors <2 cm (T1a) depending on the presence of vascular invasion, which is not included
in the 8th edition.

Key words
Hepatocellular carcinoma, Stage, Prognosis, Microvascular invasion

Introduction

Hepatocellular carcinoma (HCC) comprises 75%-85%
of primary liver cancer, which is the sixth most commonly
diagnosed cancer and the fourth leading cause of cancer

death worldwide [1].

Although hepatic resection is the treatment of choice in
HCC, it is not curative because of the high recurrence rate of
up to 70% [2]. Therefore, prediction of recurrence and appro-
priate treatment are important for improved patient out-

comes [3].

Among multiple staging systems proposed for stratifying
patients with HCC, the American Joint Committee on Cancer
(AJCC) staging system for HCC is one of the most commonly
used, and the 7th edition of the AJCC system has been vali-

| https://www.e-crtorg |

dated by various external studies in terms of usefulness and
clinical relevance [4-6].

As of January 1, 2018, AJCC 8th edition staging has been
used for cancer staging, and there were some notable chang-
es in the T category of HCC compared to the previous ver-
sion [7,8]. First, solitary tumors with size up to 2 cm are now
staged as Tla regardless of the presence of microvascular
invasion, unlike in the previous 7th edition, where the pres-
ence of microvascular invasion determined whether the
tumor is T1 or T2 based on size 2 cm or less. Second, catego-
ries named T3b and T4 in the 7th edition are merged into a
single T4 category in the new edition and T3a of the 7th edi-
tion is renamed as T3 in the 8th edition.

In this study, we validated the predictive value of the new
AJCC 8th staging system in comparison to the previous 7th

Copyright © 2020 by the Korean Cancer Association 17145
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Hepatic resection for HCC between
January 2008 and December 2012 (n=1,297)

v

4% Liver transplantation (LT) (n=166) ‘

Non-LT hepatectomy (n=1,131)

v

Previous treatment (TACE, RFA,
chemoatherapy, previous resection,
intra-operative RFA) (n=91)

Initial hepatic resection as
first-line treatment for HCC (n=1,040)

v

Lymph node metastasis
and/or distant metastasis (n=24)
(N1 [n=20], N1 and M1 [n=1], M1 [n=3])

Initial hepatic resection as
first-line treatment (NOMO) (n=1,016)

v

Death within 30 days
after surgery (n=5)

Patients without postoperative
complication after hepatic resection (n=1,011)

v

4»{ Positive resection margin (n=3) |

Final inclusion (n=1,008)

Fig. 1. Summary of patient selection. HCC, hepatocellular carcinoma; TACE, transarterial chemoembolization; RFA, radiofrequency abla-

tion.

edition in a single-institution study population of 1,008 cases.
We also attempted to determine how the change in T catego-
ry predicts prognosis in this population.

Materials and Methods

1. Study patients

Between January 2008 and December 2012, a total of 1,297
patients underwent hepatic resection for HCC at Samsung
Medical Center. Initially, 166 liver transplantation (LT) cas-
es were excluded from the study; among the 1,131 non-LT
cases, 89 were excluded because they were treated with other
modalities before surgery. Other treatment modalities inclu-
ded transarterial chemoembolization, radiofrequency abla-
tion (RFA) and chemotherapy. Two patients were addition-
ally excluded due to previous operative history and intra-
operative RFA, respectively. Among the remaining 1,040
patients who underwent hepatic resection as the initial cur-
ative treatment for HCC, an additional 32 patients were
excluded as follows: five patients died within 30 days after
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hepatic resection, three patients showed positive resection
margins on pathologic examination, and 24 patients had
lymph node metastasis or distant metastasis. Finally, 1,008
cases that were appropriate for tumor staging for HCC were
considered in retrospective analysis. The process of case
selection is summarized in Fig. 1.

2. Clinicopathologic data acquisition and tumor staging

The medical records of patients meeting all inclusion cri-
teria were reviewed for demographic information of sex, age,
and clinically underlying etiology of chronic liver disease, if
present. The histopathologic features of HCC are collected
by reviewing the pathology reports as follow: tumor number,
maximal tumor size, differentiation, microvascular invasion,
and major branch of portal vein invasion, and the T category
was determined using the 7th and 8th editions of the AJCC
staging system [7,8]. Presence of chronic hepatitis and fibro-
sis stage in the background liver parenchyma was also eval-
uated. The histological differentiation of HCC was graded
by the Edmondson and Steiner system, which classifies HCC
into four grades from I to IV [9].
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Table 1. Summary of clinicopathologhic characteristics of the
patients

Sex

Male 816 (81.0)

Female 192 (19.0)
Age, median (range, yr) 56 (20-83)
Tumor numbers

Solitary 876 (86.9)

Multifocal 132 (13.1)
Tumor size (cm)

<2 224 (22.2)

>2and <5 554 (55.0)

>5 230 (22.8)
Edmondson grade

I 63 (6.3)

I 872 (86.5)

I 68 (6.7)

v 5(0.5)
Microvascular invasion

) 520 (51.6)

(+) 488 (48.4)
Major branch of portal vein invasion

=) 989 (98.1)

(+) 19 (1.9)
7th AJCC T category

T1 472 (46.8)

T2 477 (47.3)

T3a 35 (3.5)

T3b 19 (1.9)

T4 5(0.5)
8th AJCC T category

Tla 201 (19.9)

T1b 315 (31.3)

T2 433 (43.0)

T3 35 (3.5)

T4 24 (2.4)
Etiology

HBV 812 (80.6)

HCV 45 (4.5)

HBV and HCV 4(0.3)

Alcohol 34 (3.4)

Others 113 (11.2)
Fibrosis stage

No cirrhosis 564 (56.0)

Cirrhosis 443 (44.0)

Non-diagnostic® 1(0.0)
Recurrence

) 584 (57.9)

(+) 424 (42.1)
(Continued)

Table 1. Continued

Characteristic No. (%)
Death
-) 792 (78.6)
(+) 216 (21.4)

AJCC, American Joint Committee on Cancer; HBV, hepatitis B
virus; HCV, hepatitis C virus. *Evaluation of fibrosis was limited
due to insufficient background not-tumor tissue in one case.

3. Surveillance for tumor recurrence and survival

After surgical resection for HCC, the patients were regu-
larly monitored by dynamic contrast-enhanced computer
tomography (CT) and/ or magnetic resonance imaging (MRI)
and a serum tumor marker such as o-fetoprotein every 3 to
6 months. Diagnosis of recurrence was dependent on radio-
logic evaluation of CT and/or MRI results. Survival data
such as overall survival (OS) and recurrence-free survival
(RFS) were also recorded. The durations of RFS and OS were
calculated from the date of surgical resection to the date of
each event or the last day of follow-up, respectively.

4. Statistical analysis

RFS and OS were estimated using the Kaplan-Meier
method and compared by log-rank test. SPSS Statistics ver.
25.0 (IBM Inc., Armonk, NY) was utilized in this analysis.
Analysis of the time-dependent receiver operating charac-
teristic (ROC) curves for censored survival data was used to
compare the capability of the two models to predict tumor
recurrence. This analysis was executed using SAS ver. 9.4
(SAS Institute Inc., Cary, NC) and R 3.6.1 (Vienna, Austria;
http://www.R-project.org/). All p-values lower than 0.05
were considered statistically significant.

5. Ethical statement
The Institutional Review Board of Samsung Medical Cent-

er approved this study and waived informed consent (IRB
No. 2019-08-018).

Results

1. Patients and characteristics

The median age of 1,008 patients was 56 years (range, 20
to 83 years), 816 patients (81.0%) were male and 192 patients
(19.0%) were female. The median follow-up period was 64.8
months (standard deviation, 29.7 months; range, 0.7 to 112.5
months). The characteristics of the 1,008 enrolled cases are
summarized in Table 1.

2. Stage distribution and migration

When staged by the AJCC 7th edition, the distribution
of T category was as follows: T1 (n=472, 46.8%), T2 (n=477,
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Table 2. Distribution and migration of T category according to American Joint Committee on Cancer (AJCC) 7th and 8th edition staging

system

Pathologic T category by AJCC 8th edition

Tla T4
Pathologic T category by AJCC 7th edition
T1 157 315 0 0 0 472
T2 44 0 433 0 0 477
T3a 0 0 0 g5 0 E5
T3b 0 0 0 0 19 19
T4 0 0 0 0 5 5
Total 201 315 433 35 24 1,008
47.3%), T3a (n=35, 3.5%), T3b (n=19, 1.9%), and T4 (n=5, 8th editions in HCC.

0.5%). When the 8th edition was applied to our study popu-
lation, the distribution was as follows: T1a (n=201, 19.9%),
T1b (n=315, 31.3%), T2 (n=433, 43.0%), T3 (n=35, 3.5%), and
T4 (n=24, 2.4%) (Table 2).

Among 472 patients who were staged as T1 by the 7th edi-
tion, 157 were reclassified as T1la by the 8th edition, and 315
were reclassified as T1b. Stage migration was also observed.
Among the 477 patients that were staged as T2 by the 7th
edition, 44 patients migrated to T1la when staged by the 8th
edition. Additionally, among 54 patients that were previ-
ously staged as T3, 19 migrated to T4 when staged by the 8th
edition. In total, the T categories of 63 patients (6.3% of 1,008
patients) were scored differently by the 7th and 8th editions.

3. Prognostic effect of T category in the 7th and 8th editions

The 1-, 3-, and 5-year RFS rates were 74.7%, 55.6%, and
37.9%, respectively, while those of OS were 93.3%, 79.4%, and
58.1%. The survival curves according to the 7th and 8th edi-
tions are shown in Figs. 2 and 3. Overall, RFS and OS were
different according to T category of both the 7th and 8th edi-
tions. However, they were not different between T3b and T4
with the 7th edition or between Tla and T1b in the 8th edi-
tion.

According to the survival curves by the 7th edition, both
RFS and OS were different between T3a and T3b (p=0.015
for RFS and p=0.035 for OS), but they were not significantly
different between T3a and T4 (p=0.306 for RFS and p=0.055
for OS) or T3b and T4 (p=0.886 for RFS and p=0.559 for OS).
According to the survival curves for the 8th edition, however,
both RFS and OS were not different between Tla and T1b
(p=0.380 for RFS and p=0.777 for OS).

The area under the ROC curve (AUC) graphs for recur-
rence and death were obtained for both the 7th and 8th edi-
tions (Fig. 4). The 2-year AUC value for RFS was 0.693 by the
7th edition and 0.690 by the 8th edition (p=0.737). Similarly,
the 2-year AUC value for OS was 0.770 by the 7th edition and
0.765 by the 8th edition (p=0.715). These results indicate com-
parable predictive abilities of T staging by the AJCC 7th and
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4. Prognostic effect of microvascular invasion in HCC < 2
cm

The tumor sizes of 224 cases (22.2% of the 1,008 cases) were
2 cm or less; among these, 201 cases (19.9%) were solitary
tumors that were staged as Tla by the AJCC 8th edition.
Although they were staged the same, when these 201 cases
were classified into two groups according to presence of
microvascular invasion, both RFS and OS were statistically
significantly lower in the group with microvascular invasion
(n=157) than in those without microvascular invasion (n=44)
(p=0.037 for RFS and p < 0.001 for OS) (Fig. 5).

5. Involvement of a major branch of the portal or hepatic
vein

Of all tumors, 19 (1.9%) involved a major branch of por-
tal vein or hepatic vein and showed T-category migration
from T3b by 7th to T4 by the 8th edition. The patients with
these tumors had significantly lower RFS and OS values than
the 35 cases (34.7%) with multifocal tumors, at least one of
which was larger than 5 cm and were classified as T3a by the
7th edition and T3 by the 8th edition (p=0.015 for RFS and
p=0.035 for OS) (Fig. 6). These results support the change of
8th edition.

Discussion

The prognostic effect of microvascular invasion has been
reported in several previous studies as a negative effector in
patient survival [10-12]. A recent meta-analysis study incor-
porating 14 studies involving 3,033 patients confirmed this
issue [13]. However, it is debatable that the prognostic effect
of microvascular invasion in small-size HCC < 2 c¢m is sig-
nificant. In one study published in 2013 by Shindoh et al.
[14], however, the long-term survival of 155 patients (14.0%)
with solitary HCC < 2 cm was not affected by microvascular
invasion. Based on these data, a part of the pathologic T cat-
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egory was modified from the AJCC 7th edition to the 8th edi-
tion. According to the 7th edition, a T1 tumor refers only to
a solitary tumor without vascular invasion. If there is vascu-
lar invasion, it is staged as T2 even if the tumor is solitary.
But, in the 8th edition, the size of the tumor is the determin-
ing factor, and all solitary tumors with size 2 cm or less are
staged as T1a regardless of the presence of vascular invasion.
Tumors are staged as at least T1b when their size is larger
than 2 cm, and the presence of vascular invasion determines
whether the tumor is T1b or T2. In short, in smaller tumors
that are 2 cm or less, the presence of vascular invasion is not
considered as a prognostic factor in the updated AJCC 8th
edition.

One of the main findings of our study was that solitary
tumors < 2 cm with microvascular invasion showed lower
RFS and OS values than those without microvascular inva-
sion. The discrepancy between the studies by Shindoh et al.
[14] and our group may have been caused by the character-
istics of the study population, since people in South Korea
receive medical services from tertiary medical institutions
due to the national health insurance system. Thus, early-
stage cancers can be detected more frequently. The propor-
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tion of solitary tumors < 2 cm was higher in our study than in
the study by Shindoh et al. [14] (19.9% vs. 14.0%, p < 0.001).
Another possible explanation is that there is no standardized
guideline for pathologic evaluation of microvascular inva-
sion, but this effect might be limited because the frequency
of microvascular invasion in solitary HCC < 2 cm was com-
parable in these two studies (26.5% vs. 22.3%, p=0.48).

There are some reports supporting our results. Recently,
Wang et al. [15] demonstrated that microvascular invasion
predicts poor prognosis of solitary HCC < 2 cm based on
propensity score matching analysis of 496 patients. Meta-
analyses by Chen et al. [13] also showed a prognostic effect of
microvascular invasion in solitary HCC <2 cm.

Another major change in T staging is that T3a in the 7th
edition is now re-categorized as T3 in the 8th edition, and
tumors involving a major branch of the portal or hepatic
vein, which were categorized as T3b in the 7th edition, are
reclassified as T4 in the 8th edition. This change was based
on a long-term survival study of 754 patients [16], which
showed no survival difference between patients with T3a
and those with T3b tumors (p=0.073) or between patients
with T3b and those with T4 tumors (p=0.227). In our study,
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tumors involving a major branch of the portal or hepatic
vein (T4 by the 8th edition and T3b by the 7th edition, n=19)
showed lower RFS and OS than multifocal tumors, at least
one of which was > 5 cm (T3 by the 8th edition and T3a by
the 7th edition, n=35) (p=0.015 for RFS and p=0.035 for OS),
supporting the change in the 8th edition.

In the RFS and OS curves generated according to AJCC 7th
edition T staging (Fig. 2), the curves of the T4 tumors did not
follow the estimated survival. Since the inclusion criteria of
this study were designed to strictly involve only resectable
cases, there are only five cases staged as T4 after resection.
The key information related to these T4 tumors is summa-
rized in S1 Table. As described above, neither RFS nor OS was
different between T3a and T4 (p=0.055 for RFS and p=0.306
for OS) or T3b and T4 (p=0.886 for RFS and p=0.559 for OS) by
the 7th edition. Therefore, although it was a small group, our
results related to T4 tumors suggest that tumors involving a
major branch of the portal vein or hepatic vein (T3b) may not
show better prognosis in the long term than those involving
adjacent organs (other than gallbladder) to a resectable extent.
This idea is consistent with the change of AJCC staging, since
T3b and T4 categories in the 7th edition are merged into the
same T4 category in the 8th edition.

The major limitation of this study is that only curatively
resected HCCs were enrolled for analysis. Surgical resec-
tion is the only modality with which we can definitely deter-
mine the presence of microvascular invasion by pathologic
evaluation. Since HCCs can be treated by various treatment
modalities based on the status of the patients, study popula-
tion should be extended to overcome this limitation. In fur-

ther studies, population-based or multicenter analysis that
also include HCC cases treated with other modalities other
than surgical resection is required to validate the findings of
this study and eventually to modify future AJCC staging sys-
tems of HCC with the results.

The T category of AJCC 8th edition had comparable predic-
tive performance to the 7th edition, and T4 in the 8th edition,
which was established by combining T3b and T4 of the 7th
edition, better predicted the prognosis of tumors with higher
T category. However, presence of microvascular invasion still
has prognostic value in smaller solitary tumors (size < 2 cm),
which are all staged as T1a by the AJCC 8th edition. Further
studies such as population-based or multicenter analysis
incorporating of HCCs with various treatment modalities
other than surgical resection are required to validate these
findings and to apply the results to future AJCC staging sys-
tems for HCC.
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Purpose

High microsatellite instability (MSI) is related to good prognosis in gastric cancer. We aimed
to identify the prognostic factors of patients with recurrent gastric cancer and investigate
the role of MSI as a prognostic and predictive biomarker of survival after tumor recurrence.

Materials and Methods

This retrospective cohort study enrolled patients treated for stage Il/1ll gastric cancer who
developed tumor recurrence and in whom the MSI status or mismatch repair (MMR) status
of the tumor was known. MSI status and the expression of MMR proteins were evaluated
using polymerase chain reaction and immunohistochemical analysis, respectively.

Results

Of the 790 patients included, 64 (8.1%) had high MSI status or MMR deficiency. The
tumor-node-metastasis stage, type of recurrence, Lauren classification, chemotherapy
after recurrence, and interval to recurrence were independently associated with survival
after tumor recurrence. The MSI/MMR status and receiving adjuvant chemotherapy were
not associated with survival after recurrence. In a subgroup analysis of patients with high
MSI or MMR-deficient gastric cancer, those who did not receive adjuvant chemotherapy
had better treatment response to chemotherapy after recurrence than those who received
adjuvant chemotherapy.

Conclusion

Patients with high MSI/MMR-deficient gastric cancer should be spared from adjuvant
chemotherapy after surgery, but aggressive chemotherapy after recurrence should be con-
sidered. Higher tumor-node-metastasis stage, Lauren classification, interval to recurrence,
and type of recurrence are associated with survival after tumor recurrence and should thus
be considered when establishing a treatment plan and designing clinical trials targeting
recurrent gastric cancer.

Key words
Stomach neoplasms, Recurrence, Microsatellite instability, Prognosis, Biomarker

Introduction

Gastric cancer is among the leading causes of cancer-
related death worldwide [1,2]. Surgery and additional
chemotherapy with and without radiation therapy are the
standard treatment modalities for curative intent of locally

| https://www.e-crtorg |

advanced gastric cancer [3]. However, over 40% of patients
treated with surgery and additional chemotherapy develop
tumor recurrence that results in mortality [3,4]. Consequent-
ly, the prognostic factors of survival after recurrence (SAR)
are clinically important in the treatment of gastric cancer.
Nonetheless, only few studies have addressed this issue in

Copyright © 2020 by the Korean Cancer Association 1153

€ This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/)

which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited



Cancer Res Treat. 2020;52(4):1153-1161

gastric cancer [4,5].

Recent studies on the biology of gastric cancer [6-8] have
identified predictive biomarkers of prognosis and chemo-
therapy response [8-10]. Microsatellite instability (MSI)
is one such biomarker. MSI-high (MSI-H) is known to be
related to good prognosis and no benefit or even harmful
effect from additional chemotherapy after surgery for stage
IT/TII gastric cancer [4,11,12]. These clinical characteristics
imply that surgery alone would be an effective strategy for
patients with MSI-H gastric cancer. However, some patients
with MSI-H still experience tumor recurrence, and thus,
clinicians hesitate while forgoing additional chemotherapy
because of the fear that no chemotherapy may increase the
risk of tumor recurrence [13]. It is unclear whether chemo-
therapy after recurrence yields a similar benefit between
gastric cancer patients who did and did not receive postop-
erative chemotherapy before recurrence [5,14], particularly
according to the MSI status. Thus, this study aimed to iden-
tify prognostic factors of patients with recurrent gastric can-
cer and investigate the role of the MSI status as a prognostic
and predictive biomarker of SAR.

Materials and Methods

1. Population

Two large cohorts, namely the Y-cohort and S-cohort,
were included in this study. The Y-cohort was based on the
population of a previous study that reported the clinical
implication of the MSI status for stage II/III gastric cancer
[15], while the S-cohort was based on the population of pre-
vious studies on various biomarkers and molecular markers
[7]. All patients underwent gastrectomy for curative intent
and were pathologically confirmed to have stage II or III
gastric cancer according to the 8th edition of the American
Joint Committee on Cancer [16]. The additional chemo-
therapy and follow-up strategy were employed according
to the guidelines [17,18]. We included patients with tumor
recurrence and in whom the MSI or mismatch repair (MMR)
status was known. Patients who received chemotherapy or
radiation therapy before surgery and whose primary can-
cer was in the remnant stomach were excluded. Patients in
whom the cancer was in the remnant stomach after initial
gastrectomy but were treated via surgery with curative
intent were also excluded.

2. Clinicopathologic variables

We retrospectively reviewed the clinicodemographic
characteristics, including sex and age during initial gastric
cancer diagnosis, presence of serosa invasion and lymph
node metastasis, TNM stage, Lauren classification, loca-
tion of tumor, MSI/MMR status, whether or not the patient
received adjuvant chemotherapy, type of recurrence, inter-
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val between initial gastrectomy to tumor recurrence (< 1
year, > 1 year and < 2 years, > 2 years), and whether or not
the patient received chemotherapy after recurrence. The
type of recurrence was classified as locoregional, hematog-
enous, peritoneum, any combination, and ovarian metasta-
sis only. Recurrence and survival were determined based on
records from the hospital and the Korean National Statisti-
cal Office and through telephone surveys.

3. Definition of MSI and MMR

The MSI status was evaluated in the Y-cohort using pol-
ymerase chain reaction (PCR). DNA was extracted from
paired normal tissue and tumor tissue that were formalin-
fixed, paraffin embedded, and amplified using PCR for two
mononucleotide repeat markers (BAT25 and BAT26) and
three dinucleotide markers (D55346, D25123, and D175250)
[19]. MSI-H was defined as an instability at two or more
markers; otherwise, it was defined as microsatellite stable
(MSS).

The expression of MMR proteins was evaluated in the
S-cohort via immunohistochemical (IHC) analysis. Sam-
ples from tissue microarray blocks were used to prepare
3- to 4-um-thick sections for analysis, and monoclonal anti-
bodies, including mouse anti-MLH1 (#PA0610, Leica Bio-
system, Buffalo Grove, IL), mouse anti-MSH2 (#286M-16,
Cell Marque, Rocklin, CA), mouse anti-MSH6 (#610919,
BD Transduction, San Jose, CA), and rabbit anti-PMS2
(#288M-16, Cell Marque), were used for staining. Deficient
MMR (dMMR) was defined as loss of any MMR protein
expression in > 80% of tumor cells while internal control
nuclei (lymphocytes and stromal cells) are stained [20]. Two
pathologists independently performed the evaluations.

4. Statistical analysis

Statistical analysis was performed using SPSS ver. 20.0
for Windows (IBM Corp., Armonk, NY) and R software ver.
3.4.3. Categorical variables are described as numbers and
proportions and were compared using a chi-square test.
Continuous variables are described as mean with standard
deviation and were compared using an independent t test.
Patient prognosis was evaluated according to SAR, which
was defined as the time from recurrence to death due to any
cause. The SAR of each group was generated using Kaplan-
Meier curves and compared using log-rank test. A Cox pro-
portional hazard model was used with the hazard ratio (HR)
and its 95% confidence interval (CI). Institution was used as
the adjustment variable for the overall analysis. Subgroup
analysis was conducted with respect to each institution. The
final multivariable model comprised variables that were
statistically significant in the univariable analysis and were
selected using likelihood forward methods. A two-sided
p-value of < 0.05 was considered statistically significant.
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Table 1. Clinicopathologic characteristics of the patients, initial
gastric cancer stage, and treatments

Characteristic No. (%) (n=790)
Age, meanSD (yr) 57.18+12.53
Sex

Male 521 (65.9)

Female 269 (34.1)
Serosa invasion

Negative 355 (44.9)

Positive 435 (55.1)
LN metastasis

Negative 64 (8.1)

Positive 726 (91.9)
TNM stage

)| 188 (23.8)

i} 602 (76.2)
Lauren classification

Intestinal 293 (37.1)

Diffuse /Mixed 497 (62.9)
Tumor location

UB/Whole 133 (16.8)

MB/LB 657 (83.2)
MSI/MMR

MSS/pMMR 726 (91.9)

MSI-H/dMMR 64 (8.1)
Adjuvant CTx?

No 214 (27.3)

Yes 570 (72.7)
Interval to recurrence (yr)

<1 322 (40.8)

>1,<2 237 (30.0)

>2 231(29.2)
Type of recurrence

Locoregional 132 (16.7)

Hematogenous 154 (19.5)

Peritoneum 336 (42.5)

Any combination 142 (18.0)

Krukenberg only 26 (3.3)
CTx after recurrence”

No 265 (35.1)

Yes 489 (64.9)

LN, lymphnode; UB, upperbody; MB, mid-body; LB, lower body;
MSI, microsatellite instability; MMR, mismatch repair; MSS,
microsatellite stable; pMMR, proficient mismatch repair; MSI-H,
microsatellite instability high; AMMR, deficient mismatch repair;
CTx,chemotherapy.”Informationwasincompleteinsomepatients
because of transfer to other hospital, loss of follow-up, and
unclear medical records.

5. Ethical statement

This study was approved by the Institutional Review
Board (approval number 4-2019-0244), and the need for
informed consent was waived.

Results

1. Baseline characteristics of the patients, initial gastric
cancer stage, and treatment

The overall cohort comprised 790 patients (439 and 351
patients from the Y-cohort and the S-cohort, respectively);
of these, 65.9% were men. In total, 602 patients (76.2%) were
treated for stage III gastric cancer. With respect to Lauren
histology, 293 (37.1%) and 497 (62.9%) patients had an intes-
tinal and diffuse/mixed type, respectively. There were 64
patients with MSI-H/dMMR gastric cancer (8.1%), and 570
patients (72.7%) received adjuvant chemotherapy after gas-
trectomy. Over 70% of patients developed tumor recurrence
within 2 years after initial surgery; the most common type
was peritoneal recurrence (42.5%). Furthermore, 64.9% of
patients were administered chemotherapy after tumor recur-
rence (Table 1). The proportion of serosa-positive cases,
MSI-H/dMMR cases, and cases treated with both adjuvant
and post-recurrence chemotherapy; TNM stage; interval to
recurrence; and type of recurrence were significantly differ-
ent between the Y-cohort and S-cohort (S1 Table).

Consequently, institution was used as an adjustment vari-
able in the following analysis. The type of recurrence was
similar between MSI-H/dMMR and MSS/ proficient MMR
(pPMMR) tumors (S2 Table).

2. Factors related to prognosis after recurrence

In the overall population, age (adjusted HR, 1.007; 95% CI,
1.011 to 1.013; p=0.025), serosa invasion (adjusted HR, 1.324;
95% CI, 1.128 to 1.555; p=0.001), TNM stage (adjusted HR,
1.288; 95% CI, 1.086 to 1.527; p=0.004), Lauren classification
(adjusted HR, 1.470; 95% CI, 1.264 to 1.708; p < 0.001), chem-
otherapy after recurrence (adjusted HR, 0.363; 95% CI, 0.306
to 0.431; p < 0.001), interval from surgery to recurrence (p <
0.001), and type of recurrence (p < 0.001) were significantly
associated with SAR (Table 2); in contrast, sex, presence of
lymph node metastasis, location of tumor, and receiving
adjuvant chemotherapy were not. The associations between
clinicopathologic variables, except MSI/MMR status, and
SAR were similar in both cohorts (S3 Table).

In the overall cohort, MSI-H/dMMR was not associa-
ted with SAR (adjusted HR, 1.155; 95% CI, 0.885 to 1.506;
p=0.290) (Table 2, S4A Fig.). However, in the subgroup
analysis by institutions, MSI-H was related to poor SAR in
the Y-cohort (HR, 1.544; 95% CI, 1.038 to 2.298; p=0.032) (S3
Table, S4B Fig.), while there were no significant differences
in SAR according to the MMR status in the S-cohort (HR,
0.950; 95% CI, 0.667 to 1.354; p=0.777) (S3 Table, S4C Fig.). In
the institution-adjusted multivariable analysis, TNM stage,
Lauren classification, interval to recurrence, type of recur-
rence, and chemotherapy after recurrence were independ-
ent factors related to SAR (Table 3).
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Table 2. Univariable Cox proportional hazard model for survival after recurrence

Overall cohort

Age
Sex
Male
Female
Serosa invasion
Negative
Positive
LN metastasis
Negative
Positive
TNM stage
I
I
Lauren classification
Intestinal
Diffuse /Mixed
Tumor location
UB/Whole
MB/LB
MSI/MMR
MSS/pMMR
MSI-H/dMMR
Adjuvant CTx
No
Yes
Interval to recurrence (yr)
<1
>1,<2
>2
Type of recurrence
Locoregional
Hematogenous
Peritoneum
Any combination
Krukenberg only
CTx after recurrence
No
Yes

Adjusted HR? (95% CI)

1.007 (1.001-1.013) 0.025
0.362
1
1.072 (0.923-1.246)
0.001
1
1.324 (1.128-1.555)
0.325
1
1.141 (0.878-1.482)
0.004
1
1.288 (1.086-1.527)
< 0.001
1
1.470 (1.264-1.708)
0.202
1
1.135 (0.934-1.378)
0.290
1
1.155 (0.885-1.506)
0.176
1
0.894 (0.760-1.052)
< 0.001
1
0.768 (0.647-0.912) 0.003
0.650 (0.545-0.776) <0.001
<0.001
1
1.010 (0.793-1.288) 0.935
1.434 (1.163-1.768) 0.001
1.603 (1.256-2.045) <0.001
0.614 (0.393-0.961) 0.033
< 0.001
1

0.363 (0.306-0.431)

HR, hazard ratio; CI, confidence interval; LN, lymph node; UB, upper body; MB, mid-body; LB, lower body; MSI, microsatellite instabil-
ity; MMR, mismatch repair; MSS, microsatellite stable; pMMR, proficient mismatch repair; MSI-H, microsatellite instability high; dMMR,
deficient mismatch repair; CTx, chemotherapy. ?Adjusted by institution.

3. Effect of chemotherapy according to MSI/MMR status
Additional analyses were conducted to evaluate the
effects of adjuvant chemotherapy and chemotherapy after
recurrence in the overall cohort and according to the MSI/
MMR status. In the overall cohort, patients who received
chemotherapy after recurrence had longer SAR regardless
of whether or not they received adjuvant chemotherapy

1156 CANCER RESEARCH AND TREATMENT

(log-rank p < 0.001) (Table 4, Fig. 1A), and a similar find-
ing was noted in both cohorts (log-rank p < 0.001 and p <
0.001 in the Y-cohort and S-cohort, respectively) (S5A and
S5B Fig.). A similar finding was observed in MSS/pMMR
tumors of overall cohort and in both cohorts (Fig. 1B, S6A
and S6B Fig.).

Among patients with MSI-H/dMMR tumors, those who
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Table 3. Multivariable Cox proportional hazard model for survival after recurrence in the overall cohort

TNM
II
11
Lauren classification
Intestinal
Diffuse /Mixed
Interval to recurrence (yr)
<1
>1,<2
=2
Type of recurrenc”
Locoregional / Hematogenous
Peritoneum / Combination
Krukenberg only
Chemotherapy after recurrence
No
Yes

Adjusted HR? (95% CI) p-value
0.049
1
1.199 (1.001-1.435)
<0.001
1
1.515 (1.294-1.775)
<0.001
1
0.754 (0.631-0.902) 0.002
0.648 (0.539-0.778) < 0.001
<0.001
1
1.326 (1.085-1.620) 0.006
0.665 (0.416-1.061) 0.087
<0.001
1

0.367 (0.309-0.435)

HR, hazard ratio; CI, confidence interval. ?Adjusted by institution, ®Variables were categorized into three according to having similar HRs.

received chemotherapy only after recurrence had the long-
est SAR (Table 4), and the prognosis of patients who received
adjuvant chemotherapy was similar regardless of whether
they did or did not receive chemotherapy after recurrence
(log-rank p=0.020) (Fig. 1C). Similar findings were observed
in the Y-cohort (log-rank p=0.080) and S-cohort (log-rank
p=0.053) (S7A and S7B Fig,).

Discussion

This study investigated the prognostic factors of patients
with recurrent gastric cancer and the role of the MSI sta-
tus as a prognostic and predictive biomarker of SAR. We
found that among patients with MSI-H/dMMR recurrent
gastric cancer, treatment response to chemotherapy after
recurrence differed according to whether or not the patient
received adjuvant chemotherapy. To the best of our knowl-
edge, this is the first study to report such a result. This find-
ing is clinically valuable because chemotherapy in the adju-
vant setting would be detrimental to patients with stage II/
I MSI-H/dMMR gastric cancer when they develop tumor
recurrence. Given that patients with MSI-H/dMMR stage
IT/1II gastric cancer generally have favorable prognosis and
that adjuvant/ perioperative chemotherapy yields no ben-
efit in reducing the risk of tumor recurrence [4,11,12], these
patients should be spared from adjuvant chemotherapy,
with surgery alone being the most effective treatment strat-
egy. This finding may be due to the acquired resistance from
adjuvant chemotherapy and the negative effects of chemo-
therapy on patient immunity. The mechanism for this has

been hypothesized as follows: (1) DNA-targeted cytotoxic
chemotherapy increases treatment resistance in tumors lack-
ing MMR activity, causing the selection of resistant MMR-
deficient tumors, and this condition could increase genetic
instability, heterogeneity, and selection of more invasive
tumor cells [21]. Consequently, adjuvant chemotherapy
for patients with MSI-H/dMMR gastric cancer could cause
chemotherapy resistance without reducing the risk of tumor
recurrence, and recurrence leads to poor prognosis. (2) MSI-
H/dMMR tumors are related to enriched immune cells that
may be responsible for the suppression of residual micro-
metastases after surgery [22,23], and chemotherapy may
induce immune suppression [24]. In addition, chemothera-
py may have a negative effect on immune surveillance, and
the innate benefit from a hypermutated phenotype could be
attenuated [12]. These negative effects of chemotherapy on
the patient’s immunity could lead to poor prognosis after
tumor recurrence.

Our findings could lead to a clinical dilemma because not
all patients with MSI-H/dMMR can be cured via surgery
alone, and a tangible clinical benefit could be expected from
adjuvant treatment in some patients with high-risk MSI-H/
dMMR gastric cancer [13,25]. Because patients with MSI-H/
dMMR tumors are possible candidates for immune-check-
point inhibitor treatment [26,27], adjuvant immunotherapy
would be a better strategy than conventional chemotherapy
for this population. However, the superiority of adjuvant
immunotherapy still needs to be verified. In addition, giv-
en that the prognosis of MSI-H/dMMR tumors could vary
according to certain biomarkers [28,29], secondary biomark-
ers that can be used to guide adjuvant treatment for this spe-

VOLUME 52 NUMBER 4 0CTOBER 2020 1157
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Fig. 1. Kaplan-Meier curves for survival after recurrence according to receiving adjuvant chemotherapy and chemotherapy after recur-
rence. (A) Regardless of the MSI/MMR status. (B) MSS/pMMR tumor. (C) MSI-H/dMMR tumors in the overall cohort. MSI, microsatel-
lite instability; MRR, mismatch repair; MSS, microsatellite stable; pMMR, proficient MMR; MSI-H, MSI-high; dMMR, deficient MMR; n,
number of patients; Adj, adjuvant chemotherapy; CAR, chemotherapy after recurrence.

cific type of gastric cancer should be investigated [13].

In this study, SAR was not statistically different accord-
ing to the MSI/MMR status, but it differed according to the
cohort. MSI-H was related to shorter SAR in the Y-cohort,
while there was no difference in SAR between dMMR and
PMMR patients in the S-cohort. This finding may be due to
the following reasons: (1) the effect of chemotherapy might
differ according to the MSI/MMR status, and the propor-
tion of patients receiving adjuvant chemotherapy and chem-
otherapy after recurrence differed significantly between the
cohorts in this study. (2) The Y-cohort was derived from a
consecutive cohort enrolled between 2000 and 2010, while
the S-cohort was derived from molecular or biomarker stud-
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ies conducted between 1995 and 2008. (3) The MSI/MMR
status was assessed using different methods in the cohorts,
i.e,, PCR in the Y-cohort and IHC analysis in the S-cohort.
In colorectal cancer, the association between the MSI/ MMR
status and prognosis after recurrence has been conflicting. A
study on the molecular subtypes of colorectal cancer report-
ed worse survival after relapse in those with MSI-H type
[30], while a study of two randomized clinical trials report-
ed longer SAR among patients with dMMR colon cancers
[28] and attributed this to the difference in recurrence pat-
tern according to the MMR status (regional vs. distant type).
A similar recurrence pattern of MSI-H/dMMR and MSS/
PMMR tumors in this study resulted in a similar SAR, and
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Table 4. Association between treatment and survival after recurrence in the overall cohort and by MSI/MMR status

Overall
Adj-/CAR+
Adj+/CAR+
Adj-/CAR-
Adj+/CAR-

MSS/pMMR
Adj-/CAR+
Adj+/CAR+
Adj-/CAR-
Adj+/CAR-

MSI-H/dAMMR
Adj-/CAR+
Adj+/CAR+
Adj-/CAR-
Adj+/CAR-

Adjusted HR? (95% CI) p-value
<0.001
1
1.229 (0.947-1.596) 0.121
2.820 (2.062-3.856) < 0.001
3.583 (2.658-4.831) <0.001
<0.001
1
1.133 (0.867-1.481) 0.359
2.798 (2.012-3.890) <0.001
3.356 (2.464-4.570) < 0.001
<0.001
1
5.360 (1.472-19.517) 0.011
4.491 (1.412-14.290) 0.011
12.052 (3.065-47.391) < 0.001

MSI, microsatellite instability; MMR, mismatch repair; HR, hazard ratio; CL, confidence interval; Adj, adjuvant chemotherapy; CAR, chem-
otherapy after recurrence; MSS, microsatellite stable; pMMR, proficient mismatch repair; MSI-H, microsatellite instability high; dMMR,

deficient mismatch repair. YAdjusted by age, sex, and institution.

the effect of chemotherapy when administered before and
after recurrence needs to be considered when evaluating
the prognosis after recurrence according to the MSI/MMR
status. Additional evidence is needed to determine whether
the MSI/MMR status could be a useful biomarker even after
tumor recurrence.

Given that initial tumor stage, Lauren classification, inter-
val to recurrence, and type of recurrence were significantly
related to SAR, these factors should be considered for pati-
ent stratification in clinical trials for recurrent gastric cancer.
More advanced initial tumor stage may be related to more
subclinical metastases and aggressive biologic behaviors
that result in more progressive recurrence [14]. The dif-
fuse histology of gastric cancer is related to cancer stemness
and being refractory to chemotherapy [6,8], and this could
lead to shorter SAR. Tumors that recur at a longer interval
from initial treatment may tend to behave in a more indo-
lent manner after recurrence. Peritoneal and combination
recurrence would be less responsive to oral or intravenous
chemotherapy and may yield a higher tumor burden that
could cause shorter SAR.

This study enrolled patients from the two largest gastric
cancer-specialized centers in Korea. Considering the low
prevalence of MSI-H/dMMR gastric cancer with its favo-
rable prognosis, this cohort may be the largest to date. In
addition, this study is the first to evaluate the effects of both
chemotherapy before and after recurrence according to SAR
biomarkers of gastric cancer. However, there are also pos-
sible limitations of this study that need to be addressed. The
effects of chemotherapy after recurrence were likely overes-
timated as some patients died before chemotherapy could be

implemented after tumor recurrence. Moreover, the retro-
spective design of this study and the different chemothera-
py regimens used for adjuvant chemotherapy and chemo-
therapy after recurrence made it difficult to conduct more
subgroup analysis for the effect of chemotherapies before
and after recurrence by MSI/MMR status, and it might be
another limitation. Despite these limitations, our results pro-
vide clinical insight into the behavior of MSI-H/dMMR
gastric cancer in the setting of standard of care and provide
instrumental information for deciding on the appropriate
treatment strategy for recurrent gastric cancer.

In conclusion, chemotherapy only after recurrence yields
high SAR in gastric cancer patients with MSI-H/dMMR.
This shows that in MSI gastric cancer, only post-recurrence
chemotherapy and not adjuvant chemotherapy is beneficial.
Furthermore, TNM stage, Lauren classification, interval to
recurrence, and type of recurrence are associated with SAR
and should thus be considered when creating the treatment
plan and designing clinical trials targeting recurrent gastric
cancer.
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Purpose

Fibroblast growth factor receptor 4 (FGFR4) plays a critical role in cancer progression involv-
ing in tumor proliferation, invasion, and metastasis. This study clarified the role of FGFR4-
Arg388 variant in gastric cancer (GC), and more importantly highlighted the possibility of
this single nucleotide polymorphism (SNP) as potential therapeutic targets.

Materials and Methods

FGFR4 polymorphism was characterized in advanced GC patients to perform statistical
analysis. FGFR4-dependent signal pathways involving cell proliferation, invasion, migration,
and resistance to oxaliplatin (OXA) in accordance with the SNP were also assessed in trans-
fected GC cell lines.

Results

Among 102 GC patients, the FGFR4-Arg388 patients showed significantly higher tumor
stage (p=0.047) and worse overall survival (p=0.033) than the Gly388 patients. Immuno-
histochemical results showed that FGFR4-Arg388 patients were more likely to have higher
vimentin (p=0.025) and p-STAT3 (p=0.009) expression compared with FGFR4-Gly388
patients. In transfected GC cells, the overexpression of FGFR4-Arg388 variant increased
proliferation and invasion of GC cells, increasing resistance of GC cells to OXA compared
with cells overexpressing the Gly388 allele.

Conclusion

The exploration mechanism may be through FGFR4-Arg388/STAT3/epithelial to mesenchy-
mal transition axis regulating pivotal oncogenic properties of GC cells. The FGFR4-Arg388
variant may be a biomarker and a candidate target for adjuvant treatment of GC.

Key words
Fibroblast growth factor receptor 4, Gly388Arg polymorphism, Gastric neoplasms, STAT3,
Epithelial to mesenchymal transition

Introduction

The U.S. Food and Drug Administration (FDA) approved
herceptin and ramucirumab for the treatment of advanced
gastric cancer (GC), while the overall effect was not satisfac-
tory. Therefore, whether there are new molecular markers to
be pivotal in the occurrence and development of GC, as well
as further targeted drugs worthy of research and develop-
ment, will become a further breakthrough in the field of GC

research.
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In recent years, a mass of molecular changes having an
important role in the pathogenesis and prognosis of tumor
patients have been confirmed. The fibroblast growth factor
receptor 4 (FGFR4) has been proven therapeutic potential in
a variety of cancer types [1], which has been connected with
process and prognosis in several kinds of cancer, invol-
ving GC [2-4]. FGFR-Arg388 variant (rs351855 at the geno-
type level), contains an amino acid rep-lacement of an argi-
nine for a glycine at codon 388. FGFR4-Arg388 variant plays
a role in susceptibility to oral squamous cell carcinoma,

| https://www.e-crtorg |
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pituitary tumors, and neuroblastoma [5-7]. FGFR4-Arg388
variant was a new independent prognostic factor and corre-
lated with tumor poorer prognosis in various tumors [8-10].
FGFR4-Arg388 variant also affects the tumor biological beha-
vior. For example, FGFR4-Gly388 tumors express incremental
prolactin and less growth hormone, whereas tumors holding
the polymorphic variant of FGFR4-Arg388 express enhancive
growth hormone with respect to prolactin [11].

The FGFR4-Arg388 variant has been declared to be associat-
ed with multiplesignaling pathways. Ulaganathan and Ullrich
[12] believe FGFR4-Arg388 variant might expose a proximal
STAT3 binding site and have confirmed that FGFR4-Arg388
variant could induce enhanced STAT3 signal. The FGFR4-
Arg388 allele produces a receptor variant that preferentially
promotes STAT3/5 signaling, transcriptionally inducing Grb-
14 in pancreatic endocrine cells to promote insulin secretion
[13]. Moreover, FGFR4-Arg388 variant has been related to
epithelial to mesenchymal transition (EMT), inducing expres-
sion of EMT-associated proteins [14,15]. The FGFR4 variant
induces STAT3 activation and the expression of EMT-related
genes, thereby causing pro-oncogenic effects in lung cancer
in vitro and in vivo [16]. In the current research, we aimed to
explore the potential effect of the FGFR4-Arg388 variant on
GC biological behavior, its resistance to oxaliplatin (OXA),
its impact on patients’” pathological features and prognosis in
this setting, whether it was caused by EMT and STAT3 path-
ways, with exploration of the relationship creatively.

Materials and Methods

1. Patients

Collection of 102 consecutive primary GC tissue samples
was in the First Affiliated Hospital of Zhengzhou Univer-
sity (Zhengzhou, China). All patients were diagnosed and
treated at this hospital. All GC patients without any chemo-
therapy, radiotherapy, and other therapies prior to radical
gastrectomy. All cases were pathologically recorded and
approved by the hospital ethics committee to record per-
sonal files for clinical data. Staging must be based on the
American Joint Committee on Cancer (AJCC) tumor, lymph
node metastasis system (TNM) staging for GC staging (7th
edition, 2010) [17]. Follow-up data were acquired by tele-
phone, letter acquisition, and outpatient clinical database.
The survival time was calculated based on the date from the
completion of the surgery to the date of death or the date of
the last follow-up. Follow-up time was from January 2010 to
December 2017.

2. Immunohistochemical staining

The expression of FGFR4, E-cadherin (E-cad), vimentin
(Vim), STAT3, and p-STAT3 in paraffin-embedded tumor
specimens of all selected patients was detected by immuno-

histochemistry. The concentrations of antibodies and posi-
tive sites were as follows: anti-FGFR4, dilution 1:500, posi-
tive site was cytoplasm; anti-E-cad, dilution 1:200, positive
site was cell membrane; anti-Vim, dilution 1:500, positive
site was cytoplasm; anti-STAT3, dilution of 1:100, the posi-
tive sites were the nucleus and cytoplasm; anti—p-STAT3,
dilution of 1:200, the positive sites were the nucleus and
cytoplasm; the negative control (NC) was achieved by
incubating the parallel slides to omit the accordingly pri-
mary antibody.

3. Immunohistochemical staining scoring

Slides were semi-quantitatively evaluated by two inde-
pendent pathologists who were blinded to the patient’s
clinical data when scoring the immunohistochemical results
of the archival tissue samples. Cytoplasmic FGFR4 immu-
nostaining was scored (quaternary system): negative (-),
low (+), intermediate (++), and high expression (+++) [18].
Finally, the percentage of positive staining cells was scored
according to the intensity score of each part: Vim of positive
tumor cells dispersed throughout the section, constituting
at least 10% [19]; When > 10% of tumor membranes were
stained, E-cad expression was positive [20]. Overexpression
of STAT3 and p-STAT3 were defined as nuclear staining of
more than 30% of tumor cells in GC [21].

4. Genotyping

Genomic DNA was removed from the 102 tumor tissue
stored in 4% paraformaldehyde. A 120-bp fragment possess-
ing the Gly388Arg polymorphism was polymerase chain
reaction (PCR) amplified using polymerized forward prim-
er, 5'-CAGTACCTGTCGGGCCAGAG-3’; reverse, 5-CTTG-
GCTGTGCTCCTGCTG-3'. One microliter of PCR products
were labeled with the BigDye sequencing kit (Applied Bio-
systems, Foster City, CA) and the recommended operating
conditions were on the basis of the manufacturer’s instruc-
tions. The sequence data were interpreted with the DNSstar
software (Fig. 1A).

5. Cell lines and cell culture

Human GC cell lines AGS, NCI-N87, MG(C803, and MKN-
45 were obtained from the American Type Culture Collec-
tion. The BGC803 and SGC7901 cell lines were purchased
from the Chinese Academy of Sciences, Science Bank of the
typical Culture Collection (CBTCCCAS, Shanghai, China).
Cell lines were cultured in RPMI-1640 medium (Gibco,
Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS; Gibco), 100 U/mL penicillin and 100 pg/mL
streptomycin (Caisson Labs, North Logan, UT) with a
humidified atmosphere containing 5% CO, at 37°C.

6. Antibodies and reagents
Rabbit monoclonal anti-E-cad (#3195), anti-Vim (#5741),
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Fig. 1. (A) Gene sequencing including three specific fibroblast growth factor receptor 4 (FGFR4) Gly388Arg polymorphic genotype
(including Gly/Gly, Gly/Arg, and Arg/Arg). (B) Significant difference was observed between patients with FGFR4-Gly388 allele and
FGFR4-Arg388 variant among 102 gastric cancer (GC) patients after stratified Kaplan-Meier survival analysis. (C) Strong positive expres-
sions of immunohistochemical markers in GC tissue were demonstrated. All H&E staining and immunohistochemical pictures were

amplified 200-fold (upper) and 400-fold (lower).

anti-p-STAT3 (#9145), anti—caspase-3 (#14220), and anti-
cleaved caspase-3 (#9664) as well as mouse monoclonal
anti-B-actin (#3700) and anti-STAT3 (#9139) were all bought
in Cell Signaling Technology (Beverly, MA). The anti-FGFR4
antibody was purchased by Proteintech (#11098-1-AP) (Wu-
han, China). Secondary horseradish peroxidase-conjugated
antibodies were goat anti-mouse and goat anti-rabbit from
Sigma-Aldrich Corp. (St. Louis, MO). AG490 was bought
from Sigma-Aldrich Corporation (Shanghai, China). In addi-
tion, OXA came from our clinical trial group at the research
center.

7. Lentiviral overexpression vector construction and trans-
fection

Lentiviral overexpression vector constructionand transfec-
tion (pHBLV-CMV-MCS-3flag-EF1-puro, including FGFR4-

1164 CANCER RESEARCH AND TREATMENT

Gly388, FGFR4-Arg388, and NC) were completed by Hanbio
(Shanghai, China). The primer sequences of FGFR4-Gly388
were as follows: 5'-ggatctattccggtGaattcGCCACCATGCG-
GCTGCTGCTGGCCCTGTT-3" and 5-CTTAAGCTTGGTA-
CCGAggatccTGTCTGCACCCCAGACCCGAA-3'. The pri-
mer sequences of FGFR4-Arg388 were as follows: 5'-ggatc-
tatttccggtGaattc GCCACCATGCGGCTGCTGCTGGCCCT-
GTT-3 and 5-CTTAAGCTTGGTACCGAggatccTGTCTGC-
ACCCCAGACCCGAA-3". GC cells were seeded in a 24-
well plate at a density of 5x10° cells per well for 24 hours,
then infected by adding the prepared virus according to the
manufacturer’s instructions. After the virus control group
completely died under the action of puromycin, the cells of
the experimental group were considered to be completely
screened.
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8. Reverse transcription PCR and quantitative real-time
PCR

Total RNA was collected from GC cell lines using TRIzol
reagent. DNA synthesis kit (MBI, Fermentas, Canada) was
reversely transcribed into cDNA of each RNA sample. Prim-
ers were: FGFR4, 5'-agatactcaaagacaacgcct-3” and 5-cgcactc-
cacgatcacgta-3’; B-actin, 5'-cacgatggaggggccggactcatc-3” and
5'-taaagacctctatgccaacacacagt-3'. Two Taq PCR MasterMix
(Takara, Tokyo, Japan) was used for PCR amplification.
FGFR4 annealing temperature for 57°C. PCR products were
electrophoresis with 2% agarose gel and stained with ethyl
bromide. According to the instructions of Takara, the mRNA
expression of FGFR4 in six GC cell lines was detected by
quantitative real-time PCR (q-PCR). Repeat the experiment
three times. Relative differences were calculated according
to the comparative Ct method.

9. Protein extraction and western blot

Whole cell lysates were prepared using protein extraction
reagents (Merck, Darmstadt, Germany). Protein samples
boiled for 10 minutes (30 pg per protein) were added to a
10% sodium dodecyl sulfate polyacrylamide gel for elec-
trophoretic separation and transferred to a polyvinylidene
difluoride (PVDF) membrane. The PVDF membrane was
blocked in phosphate buffered saline (PBS) containing 0.05%
Tween-20 and 5% skim milk powder for 1 hour at room tem-
perature, and incubated with primary antibody overnight
at 4°C. Then wash the PVDF membrane three times with
PBS containing 0.05% Tween-20 and 1% skim milk powder.
The PVDF membrane was then incubated with the second-
ary antibody for 1 hour at room temperature. The protein
imprint was detected by an ECL detection system (Image-
Quant LAS 3000, General Electric Co., Fairfield, CT). At least
all samples were performed on three independent western
blot analyses.

10. Apoptosis assay

GC cells, including mock, NC, and FGFR4-Gly388 and
FGFR4-Arg388 overexpression groups were dealt with
OXA at proper concentration (average value of ICs, of mock
group and NC group) for 24 hours. Annexin V and pro-
pidium iodide (PI) were used for cell apoptosis detection by
flow cytometry and fluorescence microscope (Nikon, Tokyo,
Japan). Then cells were combined in 500 pL annexin V bind-
ing buffer and incubated with 5 uL. Annexin V-PI in the dark
and at room temperature for 15 minutes. After that, all sam-
ples were analyzed by FACS Calibur flow cytometry with
CellQuest software (Thermo Fisher Scientific, Waltham, MA)
and photographed under a fluorescence microscope.

11. Cell proliferation assays
Cell viability was assessed using Cell Counting Kit-8
(CCK-8) reagent (Dojindo Laboratories, Kumamoto, Japan)

and EdU reagent (Ribobio, Guangzhou, China).

1) CCK-8 proliferation assay

One hundred microliters of cell medium containing 2,000
cells was seeded into each well of 96-well plates. After 1, 2,
3,4, and 5 days of culture respectively, the supernatant was
removed. The absorbance at 450 nm was measured using a
microplate reader.

2) Gradient concentration CCK-8 assays

After culturing for 24 hours, cells were dealt with OXA at
different concentrations ladder (0, 1, 2, 4, 8, 16, 32, 64, 128,
and 256 ug). After 72 hours of culture, the supernatant was
removed. The absorbance was measured at 450 nm with a
microplate reader. Cell viability and ICs, were calculated for
subsequent experiments.

3) EdU proliferation assay

Cells were seeded in 24-well plates at 4x10° cells/well in
1 mL of culture medium. Each hole was incubated at room
temperature for 30 minutes with 300-400 pL cell stationary
fluids (PBS containing 4% paraformaldehyde). Two hun-
dred microliters of 1x Apollo staining reaction solution was
added to each well to mark EdU. Each well was incubated
with 200 uL 1x Hoechst 33342 reaction solutions at room
temperature and decolorize shaker for 30 minutes for DNA
staining. Under ultraviolet light, the cell nuclei were all
stained blue, and the proliferating nuclei were stained red
under a green light.

12. Matrigel invasion and invasion assay

The polycarbonate filter (8-um pore size) was covered with
Matrigel gel (BD Biosciences, Franklin Lakes, NJ) ata concen-
tration of 1 pg/mL and placed in a 24-well cell culture plate.
Each well was inoculated 1x10° cells of 100 uL of FBS-free
medium in the upper part of the chamber, while the lower
part of the chamber was filled with medium containing 20%
FBS as a control. After incubation at 37°C for 72 hours, cells
invaded with Matrigel membrane were fixed with 4% formal-
dehyde and stained with hematoxylin and eosin (H&E) rea-
gent. Wipe off the non-migrating cells on the upper side of the
filter. Calculate at least 10 locations per filter. For cell scratch
assays, SGC7901 and BGC803 cells (mock, NC, FGFR4-Gly388,
and FGFR4-Arg388) in 6-well plates were scored with well-
defined scratches and cultured for 24 hours. Obtain images
under the fluorescence microscope at the same interval for
8 hours. The migration distance is quantified by Image-Pro
Plus software (Media Cybemetics, Rockville, MD).

13. Statistical analysis

The connection between FGFR4 expression and clinico-
pathological factors as well as other immunohistochemical
markers was assessed by chi-square test. Survival curves
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Table 1. Association analysis of the FGFR4 Gly388Arg polymorphism and clinicopathological parameters in gastric cancer patients

Variable Total GG GA+AA Pearson’s B
(n=102) (n=45) (n=57) ¥* value

Age (yr)
<60 52 23 29 0.001 >0.99
>60 50 22 28

Sex
Male 74 35 39 1.105 0.373
Female 28 10 18

Tumor size (cm)
<4 67 30 37 0.004 >0.99
>4 34 15 19

Differentiation
G1+G2 44 16 28 1.887 0.227
G3+G4 58 29 29

T category
T1+T2 43 24 19 4125 0.047
T3+T4 59 21 38

N category
NO 47 29 28 0.607 0.436
NI1+N2+N3 54 26 28

M category
MO 95 41 51 2.713 0.130
M1 7 1 6

Borrmann type
Local type (early GC+I+II) 50 15 35 3.494 0.071
Infiltrating type (III+IV) 52 25 27

Lauren type
Intestinal type 45 17 28 0.070 0.840
Diffuse infiltration type 57 23 34

WHO type
Tubular adenocarcinoma 42 17 25 3.264 0.515
Papillary adenocarcinoma 3 0
Mucous adenocarcinoma 3 2 1
Signet ring cell carcinoma 18 8 10
Poorly differentiated adenocarcinoma 36 13 23

FGFR4 status
Low expression 33 17 16 1.083 0.394
High expression 69 28 41

STATS3 status
Negative 37 14 23 0.929 0.408
Positive 65 31 34

p-STATS3 status
Negative 46 27 19 7.222 0.009
Positive 56 18 38

Vimentin status
Negative 41 24 17 5.781 0.025
Positive 61 21 40

E-cadherin status
Negative 35 12 23 2.089 0.208
Positive 67 B 34

FGFR4, fibroblast growth factor receptor 4; GC, gastric cancer; WHO, World Health Organization.
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Fig. 2. The expressions of fibroblast growth factor receptor 4 (FGFR4) mRNA and protein were illustrated in various gastric cancer (GC)
cell lines and transfected cells. (A) Expressions of FGFR4 protein in different GC cell lines by western blot. (B) Expressions of FGFR4
mRNA in different GC cells by reverse transcription polymerase chain reaction (RT-PCR). (C) Expressions of FGFR4 mRNA in different
GC cells by quantitative real-time polymerase chain reaction (q-PCR). Expressions of FGFR4 mRNA in SGC7901 (D) and BGC803 (E) cells
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were calculated by Kaplan-Meier method, and differences
between survival curves were examined with the log-rank
test. All the statistical tests were bilateral, with a significance
at the 0.05 level. SPSS ver. 17.0 statistical software (SPSS
Inc., Chicago, IL) was used for statistical analysis and graph
drawing, which was used to collect and classify patients’
clinical pathology and follow-up data, covering sex, age,
tumor size, differentiation, tumor stage, lymph node status,
distant metastases, Borrmann type (divided into local type
including early GC, uplift type [I], ulcer type [II] and infil-
trating type including infiltrating ulcer type [III] and diffuse

infiltrating type [IV]), Lauren type, World Health Organiza-
tion type (WHO), and expression of relevant tumor markers.

14. Ethical statement

The study was approved by the Institutional Review
Board of The First Affiliated Hospital of Zhengzhou Uni-
versity (IRB No. YB M-05-02) and performed in accordance
with the principles of the Declaration of Helsinki. Written
informed consents were obtained.
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Results

1. Correlation of FGFR4 Gly388Arg single nucleotide pol-
ymorphism with clinicopathological characteristics and
prognosis of GC patients

The relationship between pathological parameters and
related protein expression in 102 GC patients and FGFG4
polymorphism was summarized in Table 1. We then strati-
fied FGFR4-Gly388 and FGFR4-Arg388 patients according
to FGFR4 single nucleotide polymorphism (SNP). FGFR4-
Arg388 variant was observed in GC patients with higher
tumor stage (T3+T4) (p=0.047), while no correlation with sex
(p=0.373), age (p >0.99), tumor size (p > 0.99), differentiation
(p=0.227), lymph node status (p=0.436), distant metastases
(p=0.130), Borrmann type (p=0.071), Lauren type (p=0.840),
and WHO type (p=0.515). It was worth mentioning that
Borrmann type (p=0.071) may be statistically significant if
the sample size was increased. A significant correlation was
observed between FGFR4-Arg388 variant and the expression
of Vim (p=0.025) as well as p-STAT3 (p=0.009) expression
in GC, while no correlation with the expression of FGFR4
(p=0.394), STAT3 (p=0.408), and E-cad (p=0.208). Moreover,
Kaplan-Meier survival analysis showed that FGFR4-Arg388
variant in GC patients were significantly correlated with a
poorer prognosis in terms of cumulative survival compared
with FGFR4-Gly388 allele (p=0.033) (Fig. 1B). Typical immu-
nohistochemical positive expression of the five related mol-
ecules and H&E staining for morphological features of GC
can be seen in Fig. 1C.

2. FGFR4 expression differed in various GC cell lines
FGFR4 was expressed in GC lines at mRNA and protein
levels using q-PCR, reverse transcription PCR (RT-PCR),
and western blot analysis. As Fig. 2A displayed, the protein
expression of FGFR4 was more obvious in MKN45 and AGS,
while weaker in MGC803, SGC7901, and BGC803. RT-PCR
results showed that mRNA expression of FGFR4 was dis-
tinctly stronger in MKN45 and AGS than in the other four
GC cell lines (Fig. 2B). As showed in Fig. 2C, the quantitative
analysis results by g-PCR verified that the mRNA expres-
sion of FGFR4 in SGC7901 and BGC803 was weaker than
the other GC cell lines. Hence, the SGC7901 and BGCS803 cell
lines which were utilized to construct different FGFR4 gene-
tic phenotype were chosen to conduct subsequent assays.

3. FGFR4-Gly388 allele and FGFR4-Arg388 allele were veri-
fied to be over-expressed

The stable overexpression of FGFR4-Gly388 and FGFR4-
Arg388 in GC cells were conducted by transfection of lenti-
viral overexpression vector (pHBLV-CMV-MCS-3flag-EF1-
puro) for the following functional assays. The efficiency of
transfection of vector was checked by RT-PCR and g-PCR. As
Fig. 2D and E shown, the expression of FGFR4-Gly388 and
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FGFR4-Arg388 mRNA was remarkably increased in SGC7901
and BGC803 (vector transfection groups) compare with mock
and NC groups. As shown in Fig. 2F and G, the quantitative
analysis results by q-PCR also verified that FGFR4 mRNA
expression in SGC7901 and BGC803 vector transfection
groups was significantly higher. Actually, all tests had proved
effective in increasing FGFR4 mRNA expression, as measured
by RT-PCR and g-PCR.

4. FGFR4-Arg388 allele enhanced proliferation, invasion,
and migration

Compared with mock and NC cells, the proliferation of
Gly388-transfected and Arg388-transfected cells was conside-
rably enhanced. Results of CCK-8 proliferation assay showed
that the absorbency was higher in FGFR4-Arg388 groups
than that in FGFR4-Gly388 groups, particularly after 3, 4,
and 5 days of culture (Student’s t test, p < 0.05) (Fig. 3A).
Similarly, proliferation of BGC803 Arg388-tranfected cells
obviously increased in comparison to the other three groups
(p < 0.05) (Fig. 3B). The same results were achieved for EdU
proliferation assay. The proportion of Arg388-transfected
cells proliferation were higher compared to the other three
groups in SGC7901 (Students t test, p < 0.05) (Fig. 3C and E)
and BGC803 (Student’s t test, p < 0.05) (Fig. 3D and F). When
compared with mock and NC groups, Gly388-transfected
and Arg388-transfected cells showed significantly more cell
invasion. As shown in Fig. 3G, the number of SGC7901 cells
invading the Matrigel-coated membrane in the FGFR4-Arg-
388 group was much higher than that in the FGFR4-Gly388
group (p < 0.05) (Fig. 3I). Similarly, the number of BGC803
cells in the FGFR4-Arg388 group was significantly higher
than that in the FGFR4-Gly388 group (Fig. 3H), and the dif-
ference was statistically significant (p < 0.05) (Fig. 3]). Similar
results were also observed using a cell scratch assay in SGC-
7901 (Fig. 3K and M) and BGC803 (p < 0.05) (Fig. 3L and N).
Together, these results indicated that both the Arg388-trans-
fected and Gly388-transfected cells evidently increased the
proliferation, migration, and invasion in GC cells, whereas
that overexpression of the FGFR4-Arg388 variant was strong-
er than Gly388 allele.

5. FGFR4-Arg388 variant can increase the resistance of
OXA

To assess the effect of OXA on the growth of SGC7901 and
BGC803 cells at different concentrations, we used CCK-8 pro-
liferation assay to observe cell viability. Fig. 4A and B show
the cell viability of SGC7901 and BGCB803 cells at different
concentrations of OXA, and the IC;; in Arg388-transfected,
Gly388-transfected, mock and NC were 12.83, 10.46, 5.77,
and 5.12 pg, respectively (Fig. 4A and B). When OXA was
treated BGC803 cells, the cell viability also decreased with
increasing concentration. The ICy in Arg388-transfected, Gly-
388-transfected, mock, and NC were 11.67, 6.86, 1.96, and
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2.27 g, respectively (Fig. 4C and D). Based on the above
results, the appropriate concentration of OXA for later apo-
ptosis experiments was 5 pg in SGC7901 cells and 2 pg in
BGC803 cells, respectively (average value of ICs, for mock
and NC group).

In cell apoptosis flow cytometry assay, when compared
to mock and NC group, the Gly388- and Arg388-transfect-
ed group distinctly reduced the apoptosis rate of SGC7901
cells (Student’s t test, p < 0.05) (Fig. 4E and G) and BGC803
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cells (Student’s t test, p < 0.05) (Fig. 4F and H). Moreover, the
apoptosis rate of Arg388-transfected group was less than that
of Gly388-transfected group in both of these GC cells. Fur-
thermore, similar results could be shown in fluorescent stain-
ing for apoptosis (Fig. 4I-L), which suggested that FGFR4
overexpression can weaken the chemotherapy effect of OXA,
and it was important to note that the FGFR4-Arg388 vari-
ant was superior to the FGFR4-Gly388 allele to increase the
resistance of OXA.
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After 24 hours of OXA culture, expressions of caspase-3 and
cleaved caspase-3 increased substantially in SGC7901 cells.
Compared with mock, NC, and Gly388-transfected groups,
the Arg388-transfected group decreased the expressions
of caspase-3 and cleaved caspase-3, whether adding OXA
or not, which confirmed that the apoptosis rate of FGFR4-
Arg388 variant group was lower than the other three groups
(Fig. 4M). Moreover, similar results could be observed in
BGC803 cells (Fig. 4N).

6. FGFR4-Arg388 variant affects the EMT process and
STAT3 signaling pathway, and inhibition of the STAT3
pathway reduces Arg388 variant induced EMT

To investigate the mechanism of how FGFR4-Arg388
variant affected the proliferation, invasion, and apoptosis
of GC cells, we observed the expression change of associ-
ated molecules through western blot. Compared with mock
and NC groups, the expression of FGFR4 in the Gly388- and
Arg388-transfected SGC7901 cells were equally increased,
which were actually shown to be effective in increasing
FGFR4 protein expression in transfected GC cells. When the
relationship between FGFR4 genotype and STAT3 signaling
pathway was studied, the expression of STAT3 was obvi-
ously increased in Gly388- and Arg388-transfected SGC7901

cells. The expression of p-STAT3 was substantially increased
in Arg388-transfected SGC7901 cells when compared with
other three groups. This indicates that the FGFR4-Arg388
variant affects STAT3 signaling pathway. To study the role of
the FGFR4 genotype in the EMT, we assessed the roles of the
FGFR4-Arg388 variant compared with the FGFR4-Gly388
allele during induction of EMT changes in stably transfected
GC cells. Western blot analyses showed there was an increa-
sed expression of Vim in Arg388-transfected SGC7901 cells
compared with Gly388-transfected and control cells. While
E-cad was significantly reduced in Arg388-transfected SGC-
7901 cells when compared with other three groups. These
results implied that the FGFR4-Arg388 variant promotes the
EMT process (Fig. 5A). Similar results were also found in
BGC803 cells (Fig. 5B).

To explore if FGFR4-Arg388 induced EMT could be
decreased by inhibition of STAT3 activation, we cultivated
the GC cells with the Jak2 inhibitor AG490 to block STAT3
activation and reduced expression of STAT3 protein. STAT3
and p-STAT3 have the same molecular weight, the expres-
sion of two proteins cannot be displayed in one PVDF mem-
brane, that is why we used two internal reference proteins
as a control for loading. STAT3 pathway inhibition was
followed by growth of E-cad and reduction of Vim both
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Fig. 5. The mechanism of fibroblast growth factor receptor 4 (FGFR4)-Arg388 influencing the oncogenic properties of gastric cancer cells.
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when cells were incubated with the Jak2 inhibitor AG490 to block STAT3 activation.

in Gly388- and Arg388-transfected cells, while the effect of
inhibiting EMT on Arg388 variant was significantly stronger
than that of Gly388 allele (Fig. 5C). Notably, similar results
were shown in BGC803 cells (Fig. 4D). These results con-
firmed that FGFR4-Arg388 induced EMT could be reduced
by STAT3 pathway obstruction.

Discussion

The presence of the FGFR4-Arg388 variant correlated with
higher tumor stage (T3+T4) in clinical GC samples (p=0.047).
The results indicated that the FGFR4-Arg388 variant might
accelerate the progression of GC. Serra et al. [22] discovered
that FGFR4-Arg388 variant promoted tumor progression by
increasing peritoneal spread and the growth of metastatic
lesions in the liver in the pancreatic endocrine tumor mouse
model transfected with FGFR4-Gly388 or Arg388. This may be
one of the reasons that the FGFR4-Arg388 variant influenced
the progression of GC. Our research found that the overall
survival (OS) of GC patients with FGFR4-Arg388 variant was
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worse than that of FGFR4-Gly388 patients (p=0.033). Quinta-
nal-Villalonga et al. [16,23]. indicated that the presence of the
FGFR4-Arg388 variant is associated with poorer prognosis in
clinicalnon-small cell lung cancer samples and lung squamous
cell carcinoma samples. Multivariate analysis supported the
independent prognostic role of the FGFR4-Arg388 variant in
0S [16,23]. Similar results were found FGFR4-Arg388 variant
had a predictive role in the response of esophageal cancer
patients to chemoradiotherapy with a worse trend for OS
than Gly388 in the early stages [24]. Immunohistochemis-
try results demonstrated that the expression of Vim, STAT3,
and p-STAT3 in FGFR4-Arg388 group was significantly
higher than that in Gly388 allele, suggesting that the bio-
logical behavior was more aggressively in GC patients with
high expression of FGFR4-Arg388, who might be suitable to
undergo the chemotherapy after surgery. This may be an
explanation that tumor stage was higher and OS was low-
er in GC patients with FGFR4-Arg388 comparing to that in
Gly388 group.

Our previous studies have found that overexpression of
FGFR4 continued to increase the infiltration and prolifera-
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tion capacity of GC cells [2]. More importantly, in the present
study we focus on comparing the differences in tumor carci-
nogenic behavior between the two types of overexpression
FGFR4 genotypes. Our function assays in vitro revealed that
the proliferation, invasion and migration abilities of SGC7901
and BGC803 cells with FGFR4-Arg388 were much stronger
than those in FGFR4-Gly388 cells, indicating that the FGFR4
might increase the malignancy of GC cells, which confirmed
once again the previous findings. FGFR4 gene could acceler-
ate progression of GC [2]. Similar results were discovered in
colorectal cancer by Cho et al. [15].

The proliferation ability of SGC7901 and BGC803 cells
with FGFR4-Gly388, Arg388, mock, and NC was significant-
ly weakened when dealt with by different concentration of
OXA. Transfection groups had significantly higher ICy, than
the mock and NC groups, and the Arg388-transfected group
had a higher IC;, than Gly388-transfected group, which sug-
gested that overexpression of FGFR4 was resistant to OXA,
whereas FGFR4-Arg388 variant was more effective. This con-
clusion was confirmed by the apoptosis assay that the apo-
ptosis rates of Arg388-transfected group were markedly
decreased in SGC7901 and BGC803 cells treated with the sin-
gle concentration of OXA compared with others. In molecu-
lar level, the expression of caspase-3 and cleaved caspase-3
obviously weakened in Arg388 group treated with OXA,
which supported the results of apoptosis assay. Our former
studies have found that FGFR4 overexpression can weaken
the effects of 5-fluorouracil, BGJ398 (an inhibitor of FGFR4),
and PD173074 (an inhibitor of FGFR4) [2,3]. This study
reconfirms the role of FGFR4 to weaken the effects of OXA,
a novel clinical chemotherapy drug. Gao et al. [25] showed
that inhibition of FGFR4 signaling significantly overcomes
sorafenib resistance in hepatocellular carcinoma. Serra et al.
[22] showed that unlike FGFR4-Gly388, FGFR4-Arg388
tumors exhibited diminished responsiveness to everolimus
(an inhibitor of mammalian target of rapamycin signal).
Few studies have been conducted on resistance of FGFR4
Gly388Arg polymorphisms to chemotherapeutic drugs, whi-
le we found that FGFR4-Arg388 variant was indeed resistant
to OXA compared with Gly388 allele.

Studies have revealed that the FGFR4-Arg388 variant can
induce EMT [15,16], activating the STAT3 signaling pathway
by promoting phosphorylation of STAT3 [13]. Therefore, we
explored the correlation between FGFR4 Gly388Arg poly-
morphism and EMT as well as STAT3 signaling pathways
in GC. The results of western blot showed the expression of
STAT3 was obviously increased in Gly388- and Arg388-trans-
fected cells. The expression of p-STAT3 was substantially
increased in Arg388-transfected cells when compared with
other three groups, while there was no difference in expres-
sion of STAT3 between Gly388- and Arg388-transfected gro-
ups. Immunohistochemical results showed that the expres-
sions of p-STAT3 were relatively higher in Arg388 GC pati-

ents, which were in accordance with western bolt results.
This suggests that the FGFR4-Arg388 variant affects the
STAT3 signaling pathway, possibly increasing the phospho-
rylation of STAT3. Ezzat et al. [6] showed that FGFR4-Arg388
pituitary cells have higher mitochondrial STAT3 serine pho-
sphorylation driving basal and maximal oxygen consump-
tion rate than ones expressing the more common FGFR4-
Gly388 allele. This phenomenon may be ascribed to that
FGFR4-Arg388 can expose a proximal STAT3 binding site
[12]. Alarge number of studies have found STAT3 activation
was involved in regulating expression of apoptosis genes,
yet continuous activation of STAT3 signaling would grant
resistance to apoptosis in breast cancer cells [26,27]. FGFR4-
Arg388 variant could activate STAT3 signal, which may be
the reason why Arg388 had the least apoptosis of GC cells
treated with OXA.

Western bolt showed there was a higher expression of
Vim and lower expression of E-cad in FGFR4-Arg388 group,
which suggested that Arg388 variant may induce EMT.
Elevated Vim protein levels and reduced E-cad protein lev-
els are usually associated with cancer cell metastasis and the
EMT process. Cho et al. [15] had similar findings in colorectal
cancer that FGFR4-Arg388 could induce EMT. Quintanal-Vil-
lalonga et al. [16] found that the poorer prognostic role of this
FGFR4-Arg388 variant in lung cancer may be mediated by
the induction of N-cadherin expression (an EMT molecular).
The relationship between FGFR4-Arg388 and E-cad showed
differences in immunohistochemistry and western blot
results, possibly due to the small number of clinical cases
leading to false positive or negative results in immunohis-
tochemistry.

Plenty of studies have found that constitutive STAT3
expression promoted and sustained the EMT phenotype
[28-30]. Meanwhile, we found that FGFR4-Arg388 was sub-
stantially correlated with the molecules of EMT and STAT3
signal. Thus, we proposed a hypothesis that FGFR4-Arg388,
STAT3, and EMT make up a functional signal axis that regu-
lates carcinogenesis of GC and inhibition of FGFR4-Arg388/
STAT3/EMT signal axis was possible to reverse the EMT.
After final verification, the activation of STAT3 inhibited by
AG490 increased the expression of E-cad and decreased the
expression of Vim, indicating that the inhibition of STAT3
attenuated the process of EMT. Finally, it can be understood
that blocking this signal axis can reverse the EMT process. We
also found AG490 inhibits overexpression of FGFR4-Arg388
variant induced EMT more significantly than Gly388 allele,
which could be due to FGFR4-Arg388 promotes STAT3 phos-
phorylation more effectively [6,12]. It is worth further exp-
lore the exact mechanisms involved FGFR4-Arg388/STAT3
/EMT regulating the biological function of tumor cells.

Collectively, this study elucidated the role of FGFR4-
Arg388 variant in GC, and emphasized the probability of this
SNP as potential therapeutic targets. FGFR4-Arg388 variant
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was linked to poor prognosis of GC patients. FGFR4-Arg388
variant increased proliferation and invasion GC cells, weak-
ening the effects of OXA. The exploration mechanism may be
through FGFR4-Arg388/STAT3/EMT axis regulating pivotal
oncogenic properties of GC cells.
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Purpose

Microsatellite instability (MSI) status may affect the efficacy of adjuvant chemotherapy in
gastric cancer. In this study, the clinical characteristics of MSI-high (MSI-H) gastric cancer
and the predictive value of MSI-H for adjuvant chemotherapy in large cohorts of gastric
cancer patients were evaluated.

Materials and Methods

This study consisted of two cohorts. Cohort 1 included gastric cancer patients who received
curative resection with pathologic stage IB-lIIC. Cohort 2 included patients with MSI-H gas-
tric cancer who received curative resection with pathologic stage lI/1ll. MSI was examined
using two mononucleotide markers and three dinucleotide markers.

Results

Of 359 patients (cohort 1), 41 patients (11.4%) had MSI-H. MSI-H tumors were more fre-
quently identified in older patients (p < 0.001), other histology than poorly cohesive, signet
ring cell type (p=0.005), intestinal type (p=0.028), lower third tumor location (p=0.005),
and absent perineural invasion (p=0.027). MSI-H status has a tendency of better disease-
free survival (DFS) and overall survival (OS) in multivariable analyses (hazard ratio [HR],
0.4; p=0.059 and HR, 0.4; p=0.063, respectively). In the analysis of 162 MSI-H patients
(cohort 2), adjuvant chemotherapy showed a significant benefit with respect to longer DFS
and OS (p=0.047 and p=0.043, respectively). In multivariable analysis, adjuvant chemo-
therapy improved DFS (HR, 0.4; p=0.040).

Conclusion

MSI-H gastric cancer had distinct clinicopathologic findings. Even in MSI-H gastric cancer
of retrospective cohort, adjuvant chemotherapy could show a survival benefit, which was
in contrast to previous prospective studies and should be investigated in a further prospec-
tive trial.

Key words
Microsatellite instability, Adjuvant chemotherapy, Stomach neoplasms

Introduction

Microsatellite instability (MSI) is characterized as the increa-
sed rate of uncorrected replication errors at the simple repeat
sequence caused by a DNA mismatch repair gene (MMR)
defect [1,2]. MSI-high (MSI-H) results in accelerated muta-
tions in oncogenes and tumor suppressor genes and a phe-
notype of hypermutational status [3,4]. Tumor-specific neo-
peptides may be generated during MSI-H carcinogenesis.

1178 Copyright © 2020 by the Korean Cancer Association

A protective role of lymphocytes against MSI-H colorectal
cancer that prevents tumor metastasis was reported [5].
Because of the immunologic aspect of MSI status, it was
recently highlighted as a predictive marker in immunothera-
py- MSI-H tumors have been shown to benefit from immuno-
therapy, and anti-programmed death-1 antibody (pembroli-
zumab) has finally been approved by the U.S. Food and Drug
Administration for the treatment of MSI-H tumors regardless
of the tumor type [6,7].
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€9 This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Jin Won Kim, Adjuvant Chemotherapy in MSI-H Gastric Cancer

In an adjuvant setting, MSI-H could be a prognostic and
predictive marker. In colorectal cancer, MSI-H tumor showed
better prognosis than microsatellite stable (MSS)/MSI-low
(MSI-L) tumors [8,9]. Patients with MSI-H colorectal cancer
did not benefit from adjuvant chemotherapy. Particularly,
adjuvant chemotherapy with 5-fluorouracil alone in patients
with stage II colorectal cancer may be even worse than no
adjuvant chemotherapy [8]. Therefore, adjuvant chemothera-
py with 5-fluorouracil alone in stage II colorectal cancer pati-
ents is not recommended by several guidelines [10,11].

In gastric cancer, adjuvant chemotherapy with capecitabine
plus oxaliplatin or S1 has been proven to prolong survival
after D2 resection of stage II/III gastric cancer in CLASSIC
and ACTS-GC study [12,13]. MSI-H status is relatively com-
mon in gastric cancer and occurs in approximately 9% of sur-
gically resected gastric cancer [4,14-16]. In the CLASSIC trial,
compared with the overall positive results, patients with MSI-
H gastric cancer did not experience any survival benefit from
adjuvant chemotherapy [13,15]. Similarly, in the MAGIC trial,
which evaluated the role of perioperative chemotherapy for
resectable gastric cancer, MSI-H status had an improved prog-
nosis in the surgery-alone treatment arm, but a worse surviv-
al outcome in the chemotherapy-plus-surgery arm compared
with an MSS/MSI-L [17,18]. A recently published paper of
pooled individual patient data from four large randomized
clinical trials conducted in patients with resectable gastric
cancer (MAGIC [18], CLASSIC [13], ARTIST [19] which eval-
uated the concurrent irradiation with adjuvant chemotherapy
[capecitabine plus cisplatin], and ITACA-S [20] which evalu-
ated an intensified combination chemotherapy schedule [fluo-
rouracil plus leucovorin plus irinotecan followed by cisplatin
plus docetaxel] compared with single-agent chemotherapy
[fluorouracil plus leucovorin]) showed that patients with
MSI-L /MSS gastric cancer benefited from chemotherapy plus
surgery, but those with MSI-H gastric cancer did not [16].
However, in the CLASSIC and MAGIC trial, only 40 and 20
patients had MSI-H tumors. In a pooled analysis of four
clinical trials, 121 patients had MSI-H tumors, and just 33
patients with MSI-H tumor who received surgery alone were
included in the control group. Therefore, despite these results
from randomized clinical trials and pooled analysis, there is
limited statistical power for the use of MSI/MMR deficiency
testing as a predictive marker for adjuvant chemotherapy in
patients with curatively resected gastric cancer.

Therefore, we evaluated the predictive value of MSI-H
tumor for the benefit of adjuvant chemotherapy in large
cohorts of gastric cancer patients. The clinical characteristics
of MSI-H gastric cancer were also evaluated.

Materials and Methods

1. Patients

This study consisted of two cohorts. In cohort 1, the clini-
cal features of MSI-H compared with MSS/MSI-L were ana-
lyzed. Cohort 1 included gastric cancer patients who received
curative resection with pathologic stage IB-IIIC from Febru-
ary 2005 to January 2006 at Seoul National University Hospi-
tal (SNUH). Cohort 2 was used for the analysis of the efficacy
of adjuvant chemotherapy in MSI-H gastric cancer. Cohort
2 included patients with MSI-H gastric cancer who received
curative resection with pathologic stage II/III from January
2007 to February 2012 at Seoul National University Bundang
Hospital (SNUBH) and from December 2004 to June 2012 at
SNUH. MSI-H patients in cohort 1 were included in cohort
2. Clinical data were retrieved from the medical records of
patients. The American Joint Committee on Cancer (AJCC)
7th edition was used.

2. Test for MSI

Genomic DNA of the formalin-fixed gastric cancer tissues
was extracted using standard proteinase-K digestion and a
phenol/ chloroform procedure. MSI was examined using two
mononucleotide markers: BAT 25 (located 4q12-13 KIT gene,
intron 16, T25 repeat) and BAT 26 (located 2p22-21, hMSH?2
gene, exon5, A26 repeat) and three dinucleotide markers:
DS123 (located 2p 16.3, CA repeat), D55346 (located 5q22.2,
CA repeat), and D175250 (located 17q12, CA repeat). Poly-
merase chain reaction (PCR) reactions were conducted in
10 pL reaction volumes with fluorescent dye 50-end labeled
primers. PCR products were denatured in formamide for 2
minutes at 95°C and electrophoresed on denaturing 8% pol-
yacrylamide sequencing gels. MSI status was analyzed using
GeneScan software in an ABI 3100 sequencer (Foster City,
CA). Tissue samples that exhibited abnormal band patterns
were considered to indicate MSI. According to the number
of markers displaying instability of each tumor, the tumors
were divided into MSI-H, MSI-L, and MSS. MSI-H indicated
instability in two or more of five markers. MSI-L indicated
instability in one of five markers. MSS indicated there was no
instability in the five markers [1].

3. Statistical analysis

The differences in clinicopathologic findings according to
MSI status were evaluated using chi-square analysis. Disease-
free survival (DFS) was defined as the duration between the
surgical operation and disease relapse, any cause of death
before disease relapse, or the last follow-up. The event for DFS
was defined as relapse and any cause of death. Overall sur-
vival (OS) was measured from the surgical operation to the
last follow-up or any cause of death. The event for OS was
defined as any cause of death. The Kaplan-Meier method was
used for survival analysis with the log-rank test. The Cox
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Table 1. Characteristics of gastric cancer patients with MSS/MSI-L and MSI-H (cohort 1)

Characteristic MSS/MSI-L MSEH
(n=318, 88.6%) (n=41, 11.4%)

Age (yr)
Median (range) 60 (28-87)
<70 269 (92.4) 22 (7.6) <0.001
>70 49 (72.1) 19 (27.9)

Sex
Male 214 (90.7) 22 (9.3) 0.083
Female 104 (84.6) 19 (15.4)

Operation
Total gastrectomy 109 (93.2) 8(6.8) 0.066
Subtotal gastrectomy 191 (85.3) 33 (14.7)
Partial gastrectomy 17 (100) 0
Whipple 1 (100) 0

Histology
Tubular, well to poorly differentiated 253 (86.9) 38 (13.1) 0.045
Poorly cohesive, signet ring cell type 42 (100) 0
Other histological variants 23 (88.5) 3(11.5)

Lauren?
Diffuse 126 (92.0) 11 (8.0) 0.028
Intestinal 147 (84.0) 28 (16.0)
Mixed 42 (95.5) 2 (4.5)

Location
Upper third 21 (100) 0 0.005
Mid third 169 (92.3) 14(77)
Lower third 128 (82.6) 27 (17.4)

Stage
Ib 65 (85.5) 11 (14.5) 0.285
IIA 71 (85.5) 12 (14.5)
1IB 56 (90.3) 6(9.7)
IIIA 36 (83.7) 7 (16.3)
1I1B 58 (95.1) 3(4.9)
1IcC 32(94.1) 2(5.9)

Lymphatic
Absent 127 (92.7) 10 (7.3) 0.054
Present 191 (86.0) 31 (14.0)

Venous
Absent 271 (88.0) 37 (12.0) 0.386
Present 47 (92.2) 4(7.8)

Perineural
Absent 136 (84.5) 25 (15.5) 0.027
Present 182 (91.9) 16 (8.1)

Adjuvant chemotherapy
Not applied 143 (78.1) 40 (21.9) 0.113
Applied 149 (84.7) 27 (15.3)

Values are presented as number (%) unless otherwise indicated. ¥Unknown patients (n=3).

proportional hazards regression model was used to calculate 4. Ethical statement

hazard ratio (HR) in univariable and multivariable analysis. This study was conducted in accordance with the ethical
All statistical analyses were performed using SPSS Statistics standards of the Declaration of Helsinki and the national and
ver. 25 (IBM Corp., Armonk, NY). international guidelines. This study was approved by the

institutional review board at SNUBH (B-1207-164-107) and
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Fig. 1. Disease-free survival (A) and overall survival (B) according to microsatellite instability (MSI) status. p-value calculated by a Kaplan-
Meier method. MSI-H, MSI-high; MSI-L, MSI-low; MSS, microsatellite stable.

SNUH (H-1208-100-422) and acquired a waiver of informed
consent.

Results

1. Characteristics of patients with MSI-H gastric cancer
compared with MSS/MSI-L gastric cancer (cohort 1)

Cohort 1 was analyzed to evaluate the characteristics of
MSI-H gastric cancer patients who received curative gastrec-
tomy. A total of 731 patients with gastric cancer received the
curative operation with D2 dissection. Among these patients,
366 patients with stage IA were excluded. MSI data were
available in 359 of 365 patients with stages IB-IIIC. Cohort
1 consisted of these 359 patients (Table 1). MSI-H status was
seen in 41 patients (11.4%) and was associated with older age
(27.9% vs. 7.6%, p < 0.001), other histology than poorly cohe-
sive, signet ring cell type (p=0.045), Lauren’s intestinal type
(16% vs. 8.0% of disuse type, p=0.028), and lower third tumor
location (17.4% vs. 7.7% of mid-third location, p=0.005). In
contrast, there were no patients who had MSI-H tumors with
poorly cohesive, signet ring cell type (0/42, 0.0%). There was
no significant correlation according to stage (p=0.285), lym-
phatic invasion (p=0.054), or venous invasion (p=0.386), but
MSI-H was identified more frequently in absent perineural
invasion (p=0.027).

2. Survival of patients with MSI-H gastric cancer compared
with MSS/MSI-L gastric cancer (cohort 1)

In cohort 1, the median follow-up duration was 71.1 months
after surgery. Univariable analysis between clinicopathologic
factors and survival was done (S1 Table). Patients with MSI-
H gastric cancer had better 5-year DFS rate (83.2% vs. 65.5%,
respectively; p=0.070) (Fig. 1A), and 5-year OS rate (84.4% vs.
71.7%, respectively; p=0.091) (Fig. 1B) than those with MSS/
MSI-L, although there was not significant. In the multivari-
able analysis with MSI status, sex, age, World Health Organi-

zation histology, Lauren classification, tumor location, lym-
phatic invasion, venous invasion, perineural invasion, and
the use of adjuvant chemotherapy, MSI-H status showed an
better survival although there was not statistical significance
(for DFS: HR, 0.4; 95% confidence interval [CI], 0.2 to 1.0;
p=0.059; for OS: HR, 0.4; 95% CI, 0.2 to 1.0; p=0.063) (Table 2).

In terms of the role of adjuvant chemotherapy in MSS/
MSI-L tumors, patients with adjuvant chemotherapy had
the prolonged survival (for DFS: p=0.176 and p < 0.001; for
OS: p=0.225 and p < 0.001 in stage II and stage III, respec-
tively). However, in MSI-H tumors, patients with adjuvant
chemotherapy did not show the prolonged survival because
of small sample size (for DFS: p=0.439 and p=0.836; for OS:
p=0.439 and p=0.933 in 18 patients with stage Il and 12 stage
11, respectively).

3. Characteristics of MSI-H gastric cancer patients (cohort 2)

We next evaluated the efficacy of adjuvant chemotherapy
in more MSI-H gastric cancer patients who received a cura-
tive gastrectomy (cohort 2). In total, 5983 patients were
screened who received a gastrectomy and an MSI test. Of
these 5,983 patients, 578 patients (9.7%) were confirmed as
MSI-H. Finally, 162 patients who underwent RO resection,
were diagnosed with pathologic stage II/11I, and were a can-
didate for adjuvant chemotherapy were included in cohort
2 (52 Fig.). The baseline characteristics of these patients are
shown in Table 3. In this cohort, 38.9% of patients were over
70 years old, and 58% were male. Tumor location of the lower
third was observed in 62.3%. Intestinal type was found in
52.5%. All patients had MSI-H gastric cancer, and 69.8% of
patients showed instability in all five MSI markers. Patho-
logic stage II and stage III were identified in 77 (47.5%) and
85 (52.5%), respectively. Lymph invasion, vascular invasion,
and perivascular invasion were identified in 77.8%, 15.4%,
and 37.7%, respectively. In addition, 75 patients (46.3%) were
not treated with adjuvant chemotherapy. Fluoropyrimidine
treatment alone, such as S1 or uracil and tegafur/leucovorin,
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Table 2. Multivariable analysis for disease-free survival and overall survival (cohort 1)

Overall survival

Disease-free survival

95% 95%
Characteristic Haz?rd Confidence  p-value® Haz?rd Confidence  p-value?
ratio ) ratio )
interval interval

MSI

MSS or MSI-L 318 1 1

MSI-H 41 0.4 0.2-1.0 0.059 0.4 0.2-1.0 0.063
Sex

Male 291 1 1

Female 68 0.5 0.3-0.9 0.010 0.6 0.4-1.0 0.051
Age (yr)

<70 236

>70 123 1.6 0.9-2.6 0.091 1.9 1.1-3.3 0.017
Histology

Poorly cohesive, signet ring cell type 42 1 1

Other 317 1.1 0.7-1.7 0.779 0.9 0.5-1.4 0.535
Lauren

Diffuse 137 1 1

Intestinal 175 0.7 0.4-1.1 0.114 0.7 0.4-1.1 0.129

Mixed 44 1.0 0.5-1.8 0.943 1.0 0.5-1.8 0.939
Location

Upper third 21 1 1

Mid third 183 1.0 0.4-2.5 0.943 3.0 0.7-12.4 0.135

Lower third 155 1.1 0.4-2.8 0.844 3.7 0.9-15.6 0.073
Stage

Ib 76 1 1

I 145 2.8 1.0-7.5 0.044 4.1 1.2-14.2 0.025

I 138 14.0 5.2-38.2 <0.001 20.0 5.8-69.6 <0.001
Lymphatic

Absent 137 1

Present 222 2.1 1.2-3.6 0.010 1.8 1.0-3.2 0.048
Venous

Absent 308 1 1

Present 51 2.5 1.6-3.9 <0.001 2.5 1.6-4.0 <0.001
Perineural

Absent 161

Present 198 1.1 0.7-1.7 0.722 1.1 0.7-1.8 0.734
Adjuvant chemotherapy

Not applied 183 1 1

Applied 176 0.4 0.3-0.7 <0.001 0.5 0.3-0.8 0.005

MSI, microsatellite instability; MSS, microsatellite stable; MSI-L, MSI-low; MSI-H, MSI-high. ®The Cox proportional hazards regression
model was used.

was used in 42 patients (25.9%), whereas 40 patients (24.7%)
were treated with fluoropyrimidine plus platinum, including
5-fluorouracil plus cisplatin or capecitabine plus oxaliplatin.
There was no difference in the use of adjuvant chemothera-
py by stage, but the application of adjuvant chemotherapy
decreased significantly with age (p=0.521 and p < 0.001).
Of the patients who were > 80 years old, 81.8% did not
receive chemotherapy. In contrast, 82.4% of the patients

1182 CANCER RESEARCH AND TREATMENT

under 60 years old were treated with adjuvant chemothera-
py, and 51.0% received combination therapy with fluoropy-
rimidine and platinum (p < 0.001) (S3 Table).

4. Survival according to adjuvant chemotherapy in MSI-H
gastric cancer patients (cohort 2)

In cohort 2, the median follow-up duration was 87.9
months after surgery. Median DFS and OS of all patients
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Table 3. Characteristics of gastric cancer patients with MSI-H

(cohort 2)

Characteristic

Age (yr)
Median (range)
<59
60-69
70-79
>80
Sex
Male
Female
Tumor location
Upper third
Mid third
Lower third
Whole
WHO classification
Tubular, well differentiated
Tubular, moderately differentiated
Tubular, poorly differentiated
Other histological variants
Lauren classification
Diffuse
Intestinal
Mixed
Instable microsatellite marker
2
3
4
5
Pathologic stage
A
1IB
IIA
111B
IC
Lymphatic invasion
Absent
Present
Venous invasion
Absent
Present
Perineural invasion
Absent
Present
Adjuvant chemotherapy
No adjuvant therapy

Fluoropyrimidine alone (S1, UFTE/LV)

No. (%) (n=162)

66.5 (37-95)
55 (34.0)
44 (27.2)
52 (32.1)
11 (6.8)

94 (58.0)
68 (42.0)

16 (9.9)
41 (25.3)
101 (62.3)

4(25)

1(0.6)
77 (47.5)
71 (43.8)
13 (8.0)

50 (30.9)
85 (52.5)
27 (16.7)

18 (11.1)
2(1.2)
29 (17.9)
113 (69.8)

19 (11.7)
58 (35.8)
43 (26.5)
27 (16.7)
15 (9.3)

36 (22.2)
126 (77.8)

137 (84.6)
25 (15.4)

101 (62.3)
61(37.7)

75 (46.3)
42 (25.9)

Fluoropyrimidine plus platinum (FP, XELOX) 40 (24.7)

Unknown

5(3.1)

MSI-H, microsatellite instability-high; WHO, World Health

Organization; UFTE, uracil and tegafur; LV, leucovorin.

were not reached. The result of univariable analysis between
clinicopathologic factors and survival was shown in 54 Table.
MSI-H patients treated with adjuvant chemotherapy showed
longer DFS and OS than patients without chemotherapy
(p=0.047 and p=0.043, respectively) (Fig. 2A and B). In MSI-H
patients with stage II, this benefit of adjuvant chemotherapy
was observed (p=0.001 in DFS, p=0.001 in OS) but not in MSI-
H patients with stage I (p=0.867 in DFS, p=0.840 in OS). In
patients who received fluoropyrimidine alone, the 5-year
DFS and OS rates were 87.0% and 94.8%, respectively, which
were higher than in the no adjuvant chemotherapy group
(5-year DFS rate, 72.9%; p=0.044 [Bonferroni-corrected];
5-year OS rate, 78.3%; p=0.022 [Bonferroni-corrected]) (Fig.
2C and D). In the fluoropyrimidine plus platinum group, the
5-year DFS and OS rates were 72.4% and 89.5%, respectively,
which were not significantly different from the no adjuvant
chemotherapy (p=0.880 [Bonferroni-corrected] and p=0.956
[Bonferroni-corrected], respectively). In addition, multivari-
able analysis with clinically significant factors, such as sex,
age, stage, lymphatic invasion, venous invasion, perineural
invasion, Lauren classification, and adjuvant chemotherapy,
indicated that adjuvant chemotherapy in MSI-H gastric can-
cer patients was a significant independent prognostic factor
for DFS (HR, 0.4; 95% CI, 0.2 to 1.0; p=0.040) (Table 4).

Discussion

In this study, the clinical features and predictive role of
MSI-H for adjuvant chemotherapy were evaluated in curati-
vely resected gastric cancer. MSI-H gastric cancer had a ten-
dency of better prognosis than MSS/MSI-L after curative
resection. In terms of the efficacy of adjuvant chemotherapy in
MSI-H tumors, patients who received adjuvant chemothera-
py could experience longer survival than those without adju-
vant chemotherapy. Particularly, even adjuvant chemothera-
py with fluoropyrimidine alone showed better survival than
without adjuvant chemotherapy.

The clinical characteristics of MSI-H in curatively resect-
ed gastric cancer were distinctive from MSS/MSI-L. MSI-H
tumor was diagnosed more frequently in older patients. In
addition, MSI-H tumor was more common in patients with
the intestinal type, other histology than poorly cohesive, sig-
net ring cell type, and lower third tumor location. These find-
ings were in accordance with previous studies [14,16]. In this
study, MSI-H tumor was associated with present lymphatic
invasion and absent perineural invasion. MSI was not cor-
related with early-stage cancers. This could be attributed to
the exclusion of IA stage patients. In a previous study that
included stage IA patients, MSI was observed more frequent-
ly in stage I (64.1%; T1, 44.1%; NO, 63.5%). Among stage II/III
that were candidates for adjuvant chemotherapy, MSI-H was
not observed frequently in earlier stage tumors [16].
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Fig. 2. Survival according to adjuvant chemotherapy in microsatellite instability-high gastric cancer. Bonferroni-corrected p-values, calcu-
lated by a Kaplan-Meier method. (A) Disease-free survival according to adjuvant chemotherapy. (B) Overall survival according to adjuvant
chemotherapy. (C) Disease-free survival according to chemotherapy regimen. (D) Overall survival according to chemotherapy regimen.

MSI-H may be identified in just 7%-9% of resectable gas-
tric cancers [14,16]. In the early stage that is not a candidate
for adjuvant chemotherapy, MSI-H might be more frequent-
ly identified. Therefore, evaluation of the efficacy of adju-
vant chemotherapy in MSI-H should be limited due to the
small sample size. In previous studies related to the effects
of adjuvant chemotherapy in MSI-H gastric cancer, only 40
and 20 MSI-H patients from the CLASSIC and the MAGIC
study were included [15,17]. Just 33 MSI-H patients who
received surgery alone and 88 patients with MSI-H tumor
who received preoperative or adjuvant chemotherapy were
included in the pooled analysis of four randomized trials [16].
In a retrospective study of a large cohort of 1,990 patients,
just 54 patients with stage II/IIl were included for analysis
of 5-fluorouracil adjuvant chemotherapy [14]. These studies
demonstrated that MSI-H tumors did not benefit from adju-
vant chemotherapy compared with MSS/MSI-L. However,
due to small sample sizes, the use of these results to guide
the application of adjuvant chemotherapy according to MSI
status is limited. Although our study had a limitation due
to its retrospective design, the population that was analyzed
included 162 pathologic stage II/II patients with MSI-H
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tumor who were a candidate for adjuvant chemotherapy.
This sample size was much larger than in previous studies. In
contrast to previous studies, adjuvant chemotherapy could
prolong the survival of patients, even in MSI-H gastric can-
cer. The efficacy of adjuvant chemotherapy in MSI-H patients
could be an important clinical issue considering that MSI-H is
more prevalent in older patients and those with an early stage
of the disease. Therefore, this controversial result should be
investigated in a further prospective study. Additionally,
adjuvant chemotherapy with fluoropyrimidine alone sho-
wed a benefit in terms of survival, but fluoropyrimidine
and platinum combination did not show better survival as
an adjuvant therapy significantly. There was not significant
effect of adjuvant chemotherapy in stage III in which more
fluoropyrimidine and platinum combination was applied.
Based on these findings of our study, platinum could be
assumed to have a detrimental effect in MSI-H gastric cancer.
In most previous studies related with adjuvant therapy in
MSI-H gastric cancer, fluoropyrimidine and platinum com-
bination was used. Fluoropyrimidine alone as an adjuvant
chemotherapy in MIS-H gastric cancer was not evaluated.
Therefore, adjuvant effect of fluoropyrimidine alone in MSI-



Jin Won Kim, Adjuvant Chemotherapy in MSI-H Gastric Cancer

Table 4. Multivariable analysis for disease-free survival and overall survival (cohort 2)

Disease-free survival

Overall survival

95% 95%
Characteristic Haz?rd Confidence  p-value® Haz?rd Confidence  p-value?
ratio ) ratio )
interval interval

Sex

Male 94 1 1

Female 68 0.9 0.4-2.1 0.939 0.9 0.4-1.8 0.685
Age (yr)

<70 99 1

>70 63 1.1 0.5-2.5 0.771 2.4 1.1-5.3 0.028
Lauren

Diffuse 50 1 1

Intestinal 85 0.7 0.3-1.5 0.319 0.7 0.3-1.6 0.443

Mixed 27 0.4 0.1-1.5 0.166 0.3 0.1-1.2 0.076
Lymphatic invasion

Absent 36 1 1

Present 126 2.1 0.7-6.6 0.184 0.9 0.4-23 0.898
Venous invasion

Absent 137 1 1

Present 25 5.6 2.4-12.8 <0.001 2.0 0.8-4.9 0.141
Perineural invasion

Absent 101

Present 61 1.0 0.5-2.1 0.948 1.0 0.5-2.1 0.960
Stage

I 77 1

I 85 2.1 0.9-4.9 0.077 1.3 0.6-2.7 0.553
Adjuvant chemotherapy

No adjuvant therapy 75 1 1

Adjuvant chemotherapy 82 0.4 0.2-1.0 0.040 0.7 0.3-1.5 0.327

“The Cox proportional hazards regression model was used.

H gastric cancer should be also evaluated in a further study.

In cases of MSI-H colorectal cancers, adjuvant chemo-
therapy with 5-fluorouracil alone may even have a detri-
mental effect on survival [8]. Therefore, recent guidelines do
not recommend adjuvant chemotherapy with 5-fluorouracil
alone in patients with MSI-H colorectal cancer [10,11]. How-
ever, it was reported that adding oxaliplatin could overcome
this detrimental effect of 5-fluorouracil on patient survival
in MSI-H colorectal cancers and that MSI-H alone did not
affect survival in the case of adding oxaliplatin to treat stage
III patients [21-24]. Inversely, in our study, adjuvant chem-
otherapy with fluoropyrimidine alone showed a benefit
in terms of survival, which was different from the results
obtained in colorectal cancer patients. It was reported that
MSI status did not influence the survival of patients treat-
ed with 5-fluorouracil and the in vitro antitumor activity of
5-fluorouracil in gastric cancer cells [25]. This difference bet-
ween gastric cancer and colorectal cancer could be attribut-
ed to the biologic differences of MSI-H according to tumor
type [26]. In our analysis for mutational profiles of MSI-H

gastric and colorectal cancers from The Cancer Genome
Atlas database, the mutational profile was different between
gastric cancer and colon cancer (S5 Fig.). MSI-H colon cancer
showed an increased rate of BRAF mutations compared with
MSI-H gastric cancer (55% vs. 22%), but MSI-H gastric can-
cer exhibited more ARIDIA, KMT2D, and RNF43 mutations
than MSI-H colon cancer (S5 Fig.).

In conclusion, MSI-H tumor in patients with curatively
resected gastric cancer had distinct characteristics with older
age, intestinal type, other histology than poorly cohesive,
signet ring cell type, lower third location, and absent peri-
neural invasion. MSI-H could be a better prognostic marker
in curatively resected gastric cancer. In MSI-H gastric can-
cer, adjuvant chemotherapy could show a survival benefit,
which was in contrast to previous prospective studies and
should be investigated in a further prospective trial.
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Supplementary materials are available at Cancer Research and
Treatment website (https: // www.e-crt.org).
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Purpose

In pulmonary oligometastases from colorectal cancer (POM-CRC), the primarily recom-
mended local therapy is metastasectomy. Stereotactic body radiotherapy (SBRT) is another
local therapy modality that is considered as an alternative option in patients who cannot
undergo surgery. The purpose of this meta-analysis is to demonstrate the effects of SBRT
on POM-CRC by integrating the relevant studies.

Materials and Methods

The authors explored MEDLINE, EMBASE, Cochrane Library, Web of Science, and SCOPUS,
and selected studies including patients treated with SBRT for POM-CRC and availability of
local control (LC) or overall survival (OS) rate. In this meta-analysis, the effect of SBRT was
presented in the form of the LC and OS rates for 1, 2, 3, and 5 years after SBRT as pooled
estimates, and the frequency of pulmonary toxicity of grade 3 or higher after SBRT (PTG3-
SBRT).

Results

Fourteen full texts among the searched 4,984 studies were the objects of this meta-analy-
sis. The overall number of POM-CRC patients was 495 as per the integration of 14 studies.
The pooled estimate LC rate at 1, 2, 3, and 5 years after SBRT was 81.0%, 71.5%, 56.0%,
and 61.8%, and the OS rate was 86.9%, 70.1%, 57.9%, and 43.0%, respectively. The LC
and OS rates gradually declined until 3 years after SBRT in a similar pattern. Among the 14
studies, only two studies reported PTG3-SBRT as 2.2% and 10.8%, respectively.

Conclusion
For POM-CRC, SBRT is an ablative therapy with a benefit on LC and OS rates and less ad-
verse effects on the lung.

Key words
Colorectal neoplasms, Lung metastasis, Radiosurgery, Meta-analysis

Introduction

The limited number of metastatic tumors occurring at res-
tricted sites are termed as oligometastases (OM). OM is an
intermediate state of tumors, between widespread and local-
ized, and implies the applicability of local therapy [1]. Unfor-
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tunately, colorectal cancer (CRC) recurs in more than half of
patients even after definitive radical surgery [2,3]. In such
patients, CRC recurs frequently in the form of OM in the liver
and lung [4,5]. In patients with pulmonary OM from CRC
(POM-CRC), metastasectomy along with systemic therapy
leads to improvement in survival outcomes [6-10]. National
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Comprehensive Cancer Network (NCCN) and European
Society for Medical Oncology (ESMO) groups also recom-
mend metastasectomy as an ablative therapy for POM-CRC
[11-13].

Patients with metastatic cancer often refuse surgery or are
medically or surgically inoperable. Stereotactic body radio-
therapy (SBRT) can be an alternative ablative option for
metastasectomy because it allows precise irradiation to lesions
and minimal radiation exposure to surrounding normal tis-
sues. The NCCN and ESMO groups also recommend SBRT
as an alternative treatment modality for OM patients who are
incapable of undergoing surgery. To present the effects of
SBRT for POM-CRC, several studies with various publication
types including original study, systematic review, and meta-
analysis have been published [14,15]. Although previous
studies have shown excellent tumor control ability of SBRT,
physicians still do not have a clear reason to choose SBRT
over surgery for POM-CRC patients. To directly or indirectly
compare the treatment effect of surgery and SBRT, it is impor-
tant to investigate the overall survival (OS) after SBRT in
detail based on every year and to grasp the association bet-
ween local control (LC) and OS rate.

This meta-analysis aimed to investigate the LC and OS
rates of POM-CRC patients after SBRT serially at yearly time
points and to investigate the relationship between them. The
other goal was to investigate the frequency of pulmonary tox-
icity of grade 3 or higher after SBRT (PTG3-SBRT).

Materials and Methods

1. Search strategy

A meta-analysis was performed in compliance with ‘the
Preferred Reporting Items for Systematic Review and Meta-
Analysis (PRISMA)’ guidelines [16]. The protocol of this
meta-analysis has been submitted to The International pro-
spective register of systematic reviews (PROSPERO) (CRD-
42020164111) [17].

To establish a strategy to find all studies that could be the
subject of this meta-analysis as a study that applied SBRT as
a local therapy to patients with POM-CRC and observed its
outcome, appropriate search terms were selected. The words
and phrases chosen were lung, pulmonary, metastasis, recur-
rence, colorectal, colon, sigmoid, rectal, cancer, carcinoma,
tumor, neoplasm, radiosurgery, stereotactic body radiothera-
py, stereotactic radiotherapy, stereotactic ablative radiothera-
py, stereotactic radiosurgery, SBRT, stereotactic radiotherapy,
and stereotactic ablative radiotherapy. While performing for
relevant studies, the publication date chosen was from data-
base inception to September 3, 2019. MEDLINE, EMBASE,
Cochrane Library, Web of Science, and SCOPUS were the
online databases used. Other bibliographies, such as refer-
ence lists and gray literature were also examined. There was

no limitation with regard to publication date or language.
EndNote X9.2 was the software used to handle the searched
studies [18].

2. Study selection

For this meta-analysis, the following inclusion criteria
were set: original researches, studies having information
about CRC as primary cancer and pulmonary metastasis as
OM, and studies providing information on at least one of LC
and OS rates. The studies that included patients with concur-
rent uncontrolled extrathoracic metastasis when performing
SBRT were excluded because it can significantly affect sur-
vival. If there were multiple reports from an institution and
it seemed that the patient samplings included the same pati-
ents, only one study was left by applying the following pri-
ority principle: single topic, more sampling of patients, and
more up-to-date study.

The searched data was sent to EndNote X9.2. Immediately
after the sending, the automatic check function of EndNote
removed duplicated studies. After removing the duplicated
studies, the initial screening process of the searched data
was embarked. In the initial screening process, the studies
with irrelevant subjects were removed using titles and abs-
tracts. The studies filtered in the initial screening process
entered into the second selection process. In this course, the
researchers reviewed the full texts of the screened studies
carefully and selected studies that suited the purpose of this
meta-analysis. In this process, four reviewers (H.S. Choi, B.K.
Jeong, LB. Ha, and K.M. Kang) worked independently. For
the disagreements that occurred between the four review-
ers, the authors reappraised the studies through discussion
or consultation with other authors (H. Jeong and J.H. Song).

3. Data synthesis and analysis

Information extracted from the selected studies was gen-
eral data (authors, publication years, study design, and OM
definition), patient details (sample number, age, sex, tumor
size, and follow-up duration), treatment profiles (SBRT dose,
fractionation, and presence of concurrent chemotherapy) and
outcome (LC rate, OS rate, and PTG3-SBRT).

For this meta-analysis, we used R ver. 3.5.3 (The R Founda-
tion for Statistical Computing, Vienna, Austria) [19]. LC and
OS rates were extracted as effect sizes to calculate pooled esti-
mates at the time points of 1 year, 2 years, 3 years, and 5 years
after SBRT for patients with POM-CRC. The selected studies
were conducted on similar patients treated with standardized
modalities and provided LC rate, OS rate, or both. Thus, we
used a fixed-effects model for the meta-analysis as a predeter-
mined way on the viewpoint that heterogeneity did not seem
clinically significant among the studies. The studies included
in this meta-analysis adopted one of the Common Termi-
nology Criteria for Adverse Events (CTCAE) and Radiation
Therapy Oncology Group (RTOG) scale to evaluate pulmo-
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Studies identified from the database keywords and
bibliographies of relevant studies (n=4,984):
MEDLINE (n=359), EMBASE (n=1,580),
Cochrane Library (n=36), Web of Science (n=423),
SCOPUS (n=2,575), Hand searching (n=11)

Exclude duplicate studies (n=821) |

v

‘ Studies remaining after excluding duplicates (n=4,163) ‘

B

Exclusion according to selection criteria (n=4,087) |

v

‘ Remaining studies (n=76), full text review ‘

v

Excluded (n=62)

- Not enough information for primary cancer and
metastatic sites (n=42)

- No outcome data (n=8)

- No stereotactic-body radiotherapy (n=6)

- Including active extra-thoracic metastasis (n=5)

- No information of sample number (n=1)

v

Finally selected studies (n=14)

Fig. 1. Flow map for identification of relevant studies.

nary toxicity. The frequency of PTG3-SBRT was reviewed.

A forest plot for each meta-analysis was generated to dis-
play the findings. For visual evaluation of heterogeneity, the
forest plots were used. Cochrane’s Q and I were calculated
for each analysis as statistical methods for measuring the het-
erogeneity. When the p-value of Cochran’s Q was less than 0.1
or the I> was more than 50%, heterogeneity was considered
significant among the studies.

Eventually, 14 studies were selected in this meta-analysis.
The authors, however, should perform different meta-anal-
yses with recombination of the studies. The recombination
was according to the types of outcomes and the time points
of observation. As the number of studies incorporated in each
meta-analysis was less than 10, evaluation of the publication
bias was inappropriate in this review.

4. Quality assessment of literature

The Newcastle-Ottawa-Scale (NOS) is a checklist for asses-
sing the quality of literature in meta-analyses for non-rand-
omized studies [20]. In this meta-analysis, the cohort version
NOS was used for quality assessment of the literature. When
evaluating each of the finally selected studies as the NOS,
two authors (H.S. Choi, O.Y. Kwon) independently evaluat-
ed and formed a consensus. The NOS for cohort studies con-
sists of nine items grouped into three dimensions: selection,
comparability, and outcome. It uses a star system that assess-
es each item and gives one star if the study has the highest
quality for that. The only item of comparability can have two
stars as an exception. Therefore, the number of stars that each
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study can have in the evaluation by the NOS ranges between
0-9. The NOS scores 7-9 refer to high-quality and 4-6 refer to
medium quality.

Results

1. Identification of relevant studies

Using the initially set search strategy, we collected 4,984
studies that could be the probable subject of research: 359
from MEDLINE, 1,580 from EMBASE, 36 from Cochrane
Library, 423 from Web of Science, 2,575 from SCOPUS, and
11 from hand searching. Immediately after the collection, we
excluded 821 duplicate studies. Through the initial screen-
ing process with the remaining 4,163 studies, 4,087 studies
were eliminated from the data. Through the secondary selec-
tion process with the full texts of the remaining 76 studies, 62
studies were excluded for the following reasons: not enough
information for being aware of primary cancer and metastat-
ic sites (n=42), no outcome data (n=8), no SBRT (n=6), includ-
ing active extrathoracic metastasis (n=5), and no information
about the sample number (n=1). Finally, 14 studies encom-
passing 495 patients with POM-CRC who underwent SBRT
entered in this meta-analysis [21-34]. The process for study
inclusion is presented in Fig. 1.

2. Features of the included studies
As shown in Table 1, 14 studies were selected for this meta-
analysis. The publication year of the studies was between
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Study Event Sample 1-Year local control Proportion (95% CI) Weight (%)
Design=prospective
Carvajal 2015 12 13 0.923 (0.640-0.998) 0.9
Comito 2014 70 82 —a— 0.854 (0.758-0.922) 10.1
Navarria 2014 68 76 —a— 0.895 (0.803-0.953) 7.1
Overall (fixed) 171 —— 0.875(0.816-0.917) 18.1
Heterogeneity: 1’=0%, x?=0.88 (p=0.64)
Design=Retrospective
Dell’Aequa 2019 80 102 —— 0.784 (0.692-0.860) 17.1
Kinj 2017 42 53 —_— 0.792 (0.659-0.892) 8.6
Binkley 2015 57 77 — 0.740 (0.628-0.834) 14.6
Jung 2015 44 50 —_— 0.880 (0.757-0.955) 5.2
Takeda 2011 174 217 —- 0.802 (0.743-0.853) 34.1
Kim 2009 10 13 0.769 (0.462-0.950) 2.3
Overall (fixed) 512 - 0.792 (0.755-0.826) 81.9
Heterogeneity: 1=0%, x?=3.72 (p=0.59)
Overall (fixed) 683 ; . . - . 0.810(0.778-0.838) 100
07 08 09

Heterogeneity: 1’=21.1%, x=10.13 (p=0.26) 05 06
Residual heterogeneity: %=0%, x?=4.59 (p=0.71)

Fig. 2. Pooled estimates of local control rate at 1 year after stereotactic body radiotherapy [24-27,30-34]. CI, confidence interval.

Study Event Sample 1-Year overall survival Proportion (95% CI) Weight (%)
Design=prospective
Carvajal 2015 12 13 0.923 (0.640-0.998) 23
Comito 2014 71 82 —u— 0.866 (0.773-0.931) 233
Overall (fixed) 95 ———— 0.872 (0.788-0.926) 255
Heterogeneity: 1>=0%, x=0.32 (p=0.57)
Design=Retrospective
Jingu 2017 82 93 —— 0.882 (0.798-0.939) 237
Kinj 2017 44 53 L 0.830(0.702-0.919) 18.3
Agolli 2016 36 44 L 0.818(0.673-0.918) 16.0
Filippi 2015 35 40 i 0.875(0.732-0.958) 10.7
Jung 2015 48 50 —a— 0.960 (0.863-0.995) 47
Kim 2009 13 13 1.000 (0.753-1.000) 1.2
Overall (fixed) 293 ———— 0.868 (0.822-0.904) 745
Heterogeneity: 1=15.9%, x=5.95 (p=0.31)
Overall (fixed) 388 —— 0.869 (0.830-0.900) 100

Heterogeneity: 1=0%, x=6.28 (p=0.51)
Residual heterogeneity: ’=4.3%, x=6.27 (p=0.39)

065 07 075 08 085 09 095 10

Fig. 3. Pooled estimates of overall survival rate at 1 year after stereotactic body radiotherapy [21,25,26,28-31,34]. CI, confidence interval.

2009 and 2019. The design was retrospective in 11 studies
and prospective in the other three studies. Six of 14 studies
reported whether chemotherapy was concurrently given,
during the SBRT period: a study [27] allowed concurrent
chemotherapy in the study design; and the other five stud-
ies [22,26,28,33,34] excluded these patients from the analy-
sis. OM was defined based on the number of lesions in 11 of

14 studies. The maximum allowable number of pulmonary
lesions as OM in each study ranged from 1 to 5; the median
was four. The median value of metastatic tumor size from
five studies ranged from 1.0 to 2.1 cm; the median was 1.6
cm. The median prescription doses of SBRT collected from
eight studies were converted based on a biologically effective
dose with an alpha/beta ratio of 10 (BED10). The median of
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BED10 was 105.6 Gy and ranged from 93.6 to 180 Gy. For the
finally selected 14 studies, the sample number varied from
12 to 93 and the median was 34.5. The median age of patie-
nts from eight studies ranged from 54 to 70 years, and the
median of the medians was 68.5 years. The median percent-
age of females was 35.5% (13.3%-66.0%) among the seven
studies, which provided sex distribution. The median follow-
up duration in eight studies ranged from 9.2 to 42.8 months,
and the median was 28.5 months.

The effect sizes of LC and OS rate at 1, 2, 3, and 5 years after
SBRT were extracted from each primary study and shown
in Table 2. The median rate of LC, at 1, 2, 3, and 5 years was
80.0% (74.5%-92.3%, n=9), 74.0% (52.7%-92.3%, n=9), 66.0%
(40.0%-75.0%, n=9), and 66.0% (56.2%-70.0%, n=3), respec-
tively. The median rate of OS at 1, 2, 3, and 5 years was
88.4% (82.8%-100.0%, n=8), 73.0% (61.3%-92.3%, n=9), 59.3%
(50.0%-66.7%, n=10), and 39.0% (34.0%-58.3%, n=5), respec-
tively. All the finally selected studies provided information
on the frequency of PTG3-SBRT. As criteria for evaluating the
toxicity of SBRT, the CTCAE was applied in 12 studies (ver.
2.0 for one, ver. 3.0 for five, and ver. 4.0 for six) and the RTOG
in one study. The remaining study did not provide informa-
tion about the criteria. There were two of 14 studies that pro-
vided information about PTG3-SBRT. In a study using the
CTCAE as an evaluation tool, PTG3-SBRT occurred in 2.2%
of patients [29]. Another study, which evaluated the toxicity
based on RTOG, reported PTG3-SBRT as a dense radiograph-
ic appearance in 10.8% of patients, but all the patients were
asymptomatic [28].

3. Pooled estimates

The pooled estimates of the LC and the OS rate at 1, 2,
3, and 5 years after SBRT are shown in Table 3. Nine stud-
ies reported the LC rate at 1 year after SBRT, with a pooled
estimate of 81.0% (95% confidence interval [CI], 77.8 to 83.8);
for this, I* was 21.1%, and Q-value was 10.13 (p=0.26). The
estimate was 87.5% (95% CI, 81.6 to 91.7) in three prospective
studies and 79.2% (95% CI, 75.5 to 82.6) in six retrospective
studies in the subgroup analysis performed according to the
study designs. The Q-value was 5.54 between the subgroups
(p=0.019) and 4.59 within the subgroups (p=0.71) (Fig. 2).
Combination of nine studies revealed the pooled estimate
of the LC rate at 2 years after SBRT as 71.5% (95% CI, 67.9
to 74.8), I* was 37.9%, and Q-value was 12.88 (p=0.12). The
pooled estimate was 77.0% (95% CI, 67.3 to 84.5) for two pro-
spective studies and 70.7% (95% CI, 66.8 to 74.3) for seven
retrospective studies in the subgroup analysis. Q was 1.53
(p=0.22) between the groups and 11.35 (p=0.12) within the
groups. The pooled estimate at 3 years after SBRT was 56.0%
(95% CI, 52.2 to 59.8) when collecting LC rates at 3 years
after SBRT from 9 studies. I> was 84.8% and Q-value was 52.72
(p <0.01) for this analysis. One of the nine studies was a pro-
spective study and eight were retrospective. While collecting
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Fig. 4. Local control and overall survival at 1, 2, 3, and 5 years
after stereotactic body radiotherapy with trend lines.

three retrospective studies reporting LC at 5 years after SBRT,
the pooled estimate, I?, and Q-value were 61.8% (95% CI, 54.6
to 68.6), 34.8%, and 3.07 (p=0.22), respectively.

Eight out of 14 studies reported OS rate at 1 year after
SBRT, and the pooled estimate, I2, and Q-value were 86.9%
(95% CI, 83.0 to 90.0), 0.0%, and 6.28 (p=0.51), respectively
(Fig. 3). In the subgroup analysis for the study design, the
pooled estimate was 87.2% (95% CI, 78.8 to 92.6) for two pro-
spective studies out of the eight studies and 86.8% (95% CI,
82.2 to 90.4) for the other six retrospective ones. Q was 0.01
(p=0.92), between the subgroups and 6.27 (p=0.39) within the
subgroups (Fig. 3). Nine studies reported OS rate at 2 years
after SBRT. The pooled estimate was 70.1% (95% CI, 65.7
to 74.2), I* was 14.1%, and Q-value was 9.32 (p=0.32). The
pooled estimate was 73.4% (95% CI, 66.1 to 79.6) for the three
prospective studies out of the nine studies and 68.3% (95%
Cl, 62.7 to 73.4) for the other six retrospective ones. Q-value
was 1.27 (p=0.26) between the subgroups and 8.04 (p=0.33)
within the subgroups. Ten studies provided afforded OS rate
at 3 years after SBRT. The pooled estimate was 57.9% (95% ClI,
53.5 to 62.2), I* was 0.0%, and Q-value was 4.46 (p=0.88). For
the subgroup analysis, the pooled estimate was 59.9% (95%
CI, 49.8 to 69.3) for the two prospective studies out of the 10
studies and 57.4% (95% CI, 52.5 to 62.2) for the other eight
retrospective studies. Q-value was 0.19 (p=0.66) between the
subgroups and was 4.27 (p=0.81) within the subgroups. The
pooled OS rate was 43.0% (95% CI, 37.2 to 49.0) at 5 years
after SBRT, and I was 46.4, and Q-value was 7.46 (p=0.11) as
per the five retrospective studies.

A line graph showing the serial rates of LC and OS was
created to observe the relation between them (Fig. 4). The
trend line of LC showed a gradual decrease pattern until
three years after the SBRT and no further decrease at five
years after SBRT. Meanwhile, that of OS showed a continu-
ous decrease until five years after SBRT. Both the trend lines
showed very similar changes up to 3 years after SBRT.
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4. Study quality assessment

A star for the item ‘selection of the non-exposed cohort’
and ‘comparability” for all studies while assessing the qual-
ity of primary studies could not be provided in this meta-
analysis through NOS due to the absence of controls in all
the studies. In six studies, the follow-up period was less than
2 years and it was judged that the periods were not suffi-
cient for observing the outcome and toxicity. A star could not
be given for six studies for the item ‘length of outcome” in
NOS. As a result, six out of 14 studies subjected to this meta-
analysis received five stars in the NOS evaluation, and the
remaining eight studies received six stars. Therefore, all sub-
jects of this meta-analysis had medium quality. The results of
the assessment are provided in S1 Table.

Discussion

A meta-analysis was conducted by collecting 14 studies
that reported the effect of SBRT for POM-CRC. Overall, 495
patients were included in the study. The average number of
metastatic lung lesions was 1.4 per patient, and the median
prescription dose of SBRT for the POM-CRC was 105.6 Gy of
BEDI10. The primary goal of this meta-analysis was to com-
bine LC and OS rates over time after SBRT for POM-CRC.
The investigated time points were 1 year, 2 years, 3 years,
and 5 years after SBRT. For each time points, the LC rate was
81.0%, 71.5%, 56.0%, and 61.8%, respectively, and the OS rate
was 86.9%, 70.1%, 57.9%, and 43.0%, respectively. A gradual
decrease in the LC and OS rates was observed with a similar
pattern from 1 year to 3 years after SBRT. However, after 3
years, only the OS rate decreased and no change was obser-
ved in the LC rate. Only two studies reported PTG3-SBRT
with a frequency of 2.2% and 10.8%, respectively.

NCCN and ESMO groups prefer metastasectomy as an
ablative therapy for POM-CRC and consider SBRT as anoth-
er option when surgery is not possible. Several retrospective
studies have reported the effect of pulmonary metastasec-
tomy in POM-CRC patients with a 5-year OS rate of 32.4%-
43% [7-10]. A meta-analysis involving 25 retrospective stud-
ies reported the effects of lung metastasectomy in POM-CRC
patients with OS rate as a range value and the 5-year OS rate
as 27%-68% [6]. A randomized clinical trial demonstrated
the effect of metastasectomy for POM-CRC, the research-
ers compared the outcome of patients between a group with
metastasectomy plus chemotherapy, and chemotherapy only
as controls. At five years after treatment, the estimated sur-
vival rate was 38% and 29% for the metastasectomy group
and controls, respectively [35]. As the study was terminated
prematurely with only 65 participants due to recruiting diffi-
culty, the data has weak evidence. Nonetheless, the informa-
tion helps to assess the meaning of the present meta-analysis.
The present meta-analysis revealed that the 5-year survival

rate was 43% among the POM-CRC patients treated with
SBRT. Although most of the primary studies included in this
meta-analysis included the patients whose conditions were
too poor to endure the operation in their cohort, the effects of
SBRT for POM-CRC seemed comparable to metastasectomy
effects demonstrated by previous studies. The information
provided by the present meta-analysis suggests a new per-
spective that the SBRT can be a valuable option as a primary
treatment of POM-CRC.

Despite comparable treatment outcomes, there are several
obstacles for selecting SBRT as the first choice of ablative
therapy for POM-CRC. Compared to other primary cancers,
the presence of numerous hypoxic cells may make POM-CRC
more radioresistant [36]. Clinical studies on SBRT in POM-
CRC or POM from other primary cancers reported that the
former had a lower LC rate after SBRT than the latter [33,37].
Nevertheless, it has become increasingly evident that higher
radiation doses can surpass CRC radioresistance. A few stud-
ies have shown a significant benefit of the SBRT dose more
than 100 Gy or 120 Gy (BED10) for the LC rate of POM-CRC
[24,25,29]. Another study also found a dose-dependent effect
of SBRT with BED10 more than 120 Gy for the OM that
occurred in the liver, lymph nodes, and lung [23].

It is not clear if the LC derived by SBRT improves the sur-
vival rate in the POM-CRC patients [38]. Theoretically, SBRT,
a local therapy method similar to surgery, can improve sur-
vival. The information provided by this meta-analysis pro-
vides a cue to get a solution to this issue. From yearly out-
come information to the third year after SBRT, the sequential
changes in the LC and OS rates are similar. Accordingly, up
to 3 years after SBRT, the LC derived from SBRT in POM-
CRC patients is hypothesized to have an association with
the OS. Conversely, after 3 years, survival may be inhibited
by other factors such as extrapulmonary metastases or the
patient’s general condition than the POM control, so addi-
tional survival improvement could be obtained through
appropriate systemic therapy with supportive care.

Lung lesions move concordantly with the breath of the
patients. Therefore, when physicians use radiotherapy as
a treatment modality of POM-CRC, there is a concern that
it is difficult to irradiate the correct location on the lesion.
However, advances in the SBRT technique have put forward
more effective and less toxic treatment by delivering high
radiation dose to the targets and stiff dose gradient between
normal tissues. Our meta-analysis also showed that SBRT is
a less toxic and safe treatment option.

A previously reported systematic review gathered studies
that investigated the effect of SBRT on POM-CRC without
providing pooled estimates through meta-analysis [14]. Two
previously reported meta-analyses investigated the effects
of SBRT on POM-CRC. One of them presented pooled esti-
mates as the odds ratio of local failure [39]. The other meta-
analysis reported the LC, OS, and progression-free survival
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rates after SBRT for POM-CRC [15]. Compared to informa-
tion provided by the previous studies, our meta-analysis has
an additional strength. For consistent and comprehensive
integration, the studies whose cohort included the patients
having active metastatic lesions outside the lung were exclu-
ded. The pooled estimates of the LC and OS rates obtained
through the integration of the present meta-analysis may
make the outcome information of POM-CRC treated with
SBRT clearer.

The compositions were identical among the 14 studies
chosen for the present meta-analysis. The primary studies
enrolled in the present meta-analysis seemed not to vary in
their characteristics. First, from the time we selected the stud-
ies, the inclusion criteria were set to recruit studies with pos-
sible homogeneity. All the primary studies had data for the
POM-CRC patients without metastatic lesions when treated
with SBRT. In particular, the authors selected only the stud-
ies that used the standardized SBRT with breath correction
without concurrent chemotherapy and only the studies that
reported LC and OS as outcomes. After collecting the stud-
ies, it was also possible to discover that there was homoge-
neity somewhat, among the studies. The average age of the
patients included in each study was similar. Eight studies
were available to obtain information on average age, with
a distribution of age 54-70. In six of these studies, the mean
age of the patient group was 65 or older. The design of the
study also showed a low degree of heterogeneity among the
included studies. Of the 14 subjects, 11 had a retrospective
design, and only three had a prospective design. The qual-
ity assessment of the literature evaluated by the NOS also
revealed low heterogeneity. The NOS scores of all the 14
research studies were 5-6 points, which was the medium
quality. So, the authors presumed that the clinical heteroge-
neity was low and chose the fixed-effects model as a preset
mode for the statistical method. The choice seemed appropri-
ate, as the heterogeneity was also weak in terms of statistical

figures and forest plots. Just at three years after SBRT, the
LC rate showed substantial heterogeneity with an I? value of
88%. Nevertheless, it seemed to be a statistical coincidence
because the heterogeneities of other meta-analyses, includ-
ing the same studies, were low.

The present review has a limitation that most of the stud-
ies included in the meta-analysis were retrospective. Another
limitation is that all the included studies lacked proper con-
trols. Since studies comparing the SBRT treatment group
with the surgical treatment group or chemotherapy only
group were not in the finally selected studies, it was diffi-
cult to demonstrate whether SBRT improved outcomes sta-
tistically. Such limitations may have originated in a clinical
environment that is difficult for researchers to overcome. It
would be challenging to envision randomized controlled
studies, given the cancer patient’s right to choose the treat-
ment. Despite such difficulties, more reliable information
could be obtained if additional prospective studies emerge
added later, and scholars gather and meta-analyze them.

In conclusion, we demonstrated that SBRT has been useful
for the treatment of POM-CRC throughout this meta-analy-
sis. This review demonstrates the relationship between LC
and OS rates and the probable presence of a similar trend
of gradual decrement up to 3 years after SBRT. Besides, this
review shows that SBRT-related pulmonary toxicity might
be acceptable for the treatment of POM-CRC. It is suggested
that SBRT in POM-CRC could be an effective and safe abla-
tive therapy and option for metastasectomy.
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Purpose

The systemic inflammation response index (SIRI) has been reported to have prognostic
ability in various solid tumors but has not been studied in gallbladder cancer (GBC). We
aimed to determine its prognostic value in GBC.

Materials and Methods

From 2003 to 2017, patients with confirmed GBC were recruited. To determine the SIRI's
optimal cutoff value, a time-dependent receiver operating characteristic curve was applied.
Univariate and multivariate Cox analyses were performed for the recognition of significant
factors. Then the cohort was randomly divided into the training and the validation set. A
nomogram was constructed using the SIRI and other selected indicators in the training set,
and compared with the TNM staging system. C-index, calibration plots, and decision curve
analysis were performed to assess the nomogram’s clinical utility.

Results

One hundred twenty-four patients were included. The SIRI's optimal cutoff value divided
patients into high (> 0.89) and low SIRI (< 0.89) groups. Kaplan-Meier curves according
to SIRI levels were significantly different (p < 0.001). The high SIRI group tended to stay
longer in hospital and lost more blood during surgery. SIRI, body mass index, weight loss,
carbohydrate antigen 19-9, radical surgery, and TNM stage were combined to generate a
nomogram (C-index, 0.821 in the training cohort, 0.828 in the validation cohort) that was
significantly superior to the TNM staging system both in the training (C-index, 0.655) and
validation cohort (C-index, 0.649).

Conclusion
The SIRI is an independent predictor of prognosis in GBC. A nomogram based on the SIRI
may help physicians to precisely stratify patients and implement individualized treatment.

Key words
Gallbladder neoplasms, Systemic inflammation response index (SIRI), Overall survival,
Prognosis, Nomogram
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Introduction

Gallbladder cancer (GBC) is a relatively rare tumor type
with a poor prognosis [1]. With surgical resection currently
the only curative therapy, median survival is approximately
25 months after curative resection according to a multicenter
study in the United States conducted in 2016 [2]. It is also a
significant source of mortality among countries in Asia and
Latin America [3]. As Dr. Fortner and Pack stated in 1958,
“the 5-year survival of a patient with GBC constitutes a medi-
cal curiosity” [4]. For many decades, physicians have been
devoted to making more precise predictions of outcome for
patients with GBC. To date, the TNM staging system, which
was proposed by the American Joint Committee on Cancer
(AJCQ), remains the gold standard in cancer management
[5]. However, other factors such as patients’ demographic
features, symptoms, and laboratory test data may also have
important effects on the prognosis of GBC patients, which
will lead to great divergence in clinical outcome even in
patients at the same TNM stage. Therefore, more accurate and
reliable prognostic models for GBC are urgently required in
clinical practice.

In cancer development and progression, the inflamma-
tory response is widely recognized as an important factor [6].
Some inflammation-based biomarkers, such as the platelet-
to-lymphocyte ratio (PLR), monocyte-to-lymphocyte ratio
(MLR), and neutrophil-to-lymphocyte ratio (NLR) have been
proposed, and their potential to predict prognosis of GBC
has been reported [7]. Recently, a novel inflammation-based
biomarker combining peripheral monocytes, neutrophils,
and lymphocytes count, named the systemic inflammation
response index (SIRI), was proposed by Qi et al. [8], and
shows good prognostic ability in some solid tumors includ-
ing pancreatic, gastric, esophageal, and nasopharyngeal can-
cer [9-11]. However, there is still no evidence demonstrating
whether the SIRI can act as a prognostic indicator to precisely
predict GBC patient outcome. Additionally, to the best of our
knowledge, there is no prediction model that includes inflam-
mation-based biomarkers for GBC.

Hence, the aims of our study were to investigate the SIRI's
prognostic value using our cohort of patients with GBC, and
to construct a prognostic prediction model incorporating the
SIRI and test its predictive accuracy.

Materials and Methods

1. Patients

From 1 December 2003 to 30 June 2017, a total of 124
patients diagnosed as GBC with pathological confirmation
after surgical resection at Peking Union Medical College
Hospital (PUMCH) in Beijing, China, were retrospectively
recruited to this study.

1200 CANCER RESEARCH AND TREATMENT

The inclusion criteria were described as follows: (1) GBC
confirmed by histopathological examination as the primary
diagnosis; (2) surgical resection for GBC performed; (3) rou-
tine blood test, serum tumor biomarker test, and infection
test results measured within 7 days before surgery; and (4)
complete clinicopathological information and postoperative
follow-up data available.

The exclusion criteria included: (1) lack of clear histo-
pathological diagnosis; (2) missing clinicopathological infor-
mation; (3) incomplete follow-up data; (4) other malignant
tumors present; and (5) distant metastasis.

2. Data collection

Demographic and clinical information were manually
reviewed from the medical records. We collected demogra-
phic data, symptoms such jaundice, fever, and weight loss,
medical history including hypertension and diabetes, serum
laboratory test results, physical examination findings, sur-
gical records, and histopathological reports retrospectively.
The SIRI was defined as: SIRI=NxM/L, in which N, L, and M
refer to peripheral counts of neutrophils, lymphocytes, and
monocytes. Since preoperative inflammatory status could
affect the results of the complete blood count and thus had
effect on the value of the SIRI, we also collected patients’
preoperative inflammation status and antibiotics usage. We
defined the combined inflammatory status as one of the fol-
lowing situations: (1) having acute inflammatory disease
including acute pancreatitis, acute cholecystitis, or acute
cholangitis at admission; (2) body temperature > 37.3°C at
admission with white blood cell (WBC) > 10x10°/L. GBC
stage and postoperative pathological TNM information were
determined with the use of the AJCC 8th edition classifica-
tion system [12]. The maximal tumor size, tumor differen-
tiation grade, and incisional margins were judged based on
observations made during surgery and the final histopatho-
logical reports. RO resection was defined as microscopi-
cally negative incisional margins. And radical surgery was
defined when the radical surgical protocols were carried out
and RO resection was achieved as well. The specific radical
surgical protocols were determined by the preoperative stag-
ing, operative findings and the results of cryosection biopsy.
In details, for patients at the stage Tis or Tla, simple chol-
ecystectomy was performed; for patients at the stage T1b
or T2a or T2b, cholecystectomy with > 2 cm hepatic wedge
resection were performed; for patients at the stage T3, most
of them were received cholecystectomy with en bloc hepatic
resection (segments IVB and V), and the other also received
extra hemihepatectomy and/or bile duct excision; and for
patients at the stage T4, extended radical resection including
cholecystectomy, major hepatic resection, peripheral organ
resection (omentum, stomach, duodenum, etc.) were per-
formed according to standard radical surgical procedures.
For patients at the stage T1b or higher, regional lymphad-



Lejia Sun, The Prognostic Value of SIRI in GBC

Table 1. Baseline characteristics of all patients

High SIRI Low SIRI

Characteristic Total > 0.89) (< 0.89) p-value

Sex
Male 69 (55.6) 34 (50.0) 35 (62.5) 0.204
Female 55 (44.4) 34 (50.0) 21(37.5)

Age (yr)
<65 72 (58.1) 37 (54.4) 35 (62.5) 0.465
> 65 52 (41.9) 31 (45.6) 21 (37.5)

Jaundice
No 104 (83.9) 56 (82.4) 48 (85.7) 0.635
Yes 20 (16.1) 12 (17.6) 8(14.3)

Fever
No 112 (90.3) 58 (85.3) 54 (96.4) 0.064
Yes 12 (9.7) 10 (14.7) 2 (3.6)

Fatigue
No 115 (92.7) 61 (89.7) 54 (96.4) 0.182
Yes 9(7.3) 7(10.3) 2 (3.6)

Weight loss
No 78 (62.9) 41 (60.3) 37 (66.1) 0.577
Yes 46 (37.1) 27(39.7) 19 (33.9)

Gallstone
No 69 (55.6) 43 (63.2) 26 (46.4) 0.071
Yes 55 (44.4) 25 (36.8) 30 (53.6)

Hypertension
No 86 (69.4) 52 (76.5) 34 (60.7) 0.078
Yes 38 (30.6) 16 (23.5) 22(39.3)

Diabetes
No 97 (78.2) 54 (79.4) 43 (76.8) 0.828
Yes 27 (21.8) 14 (20.6) 13(23.2)

Combined inflammatory status
No 120 (96.8) 65 (95.6) 55 (98.2) 0.626
Yes 4(3.2) 3(4.4) 1(1.8)

Preoperative antibiotics usage
No 116 (93.5) 62(91.2) 54 (96.4) 0.292
Yes 8(6.5) 6(8.8) 2(3.6)

BMI (kg/m?)
>24 56 (45.2) 29 (42.6) 27 (48.2) 0.589
<24 68 (54.8) 39 (57.4) 29 (51.8)

CA19-9 (U/mL)
> 40 62 (50.0) 41 (60.3) 21(37.5) 0.019
=40 62 (50.0) 27 (39.7) 35 (62.5)

Maximum tumor size (cm) 3.00 (1.77-4.85) 3.00 (1.87-5.00) 2.60 (1.60-4.50) 0.341

Histologic type
Adenocarcinoma 119 (96.0) 64 (94.1) 55 (98.2) 0.377
Other 5 (4.0) 4(5.9) 1(1.8)

Resection (R0)
No 43 (34.7) 33(48.5) 10 (17.9) 0.001
Yes 81 (65.3) 35 (51.5) 46 (82.1)

Radical surgery
No 54 (43.5) 39 (57.4) 15 (26.8) 0.001
Yes 70 (56.5) 29 (42.6) 41(73.2)

(Continued to the next page)
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Table 1. Continued

.. High SIRI Low SIRI
Characteristic Total é’ 0.89) (< 0.89) p-value
Tumor differentiation
Gl 28 (22.6) 12 (17.6) 16 (28.6) 0.371
G2 44 (35.5) 24 (35.3) 20 (35.7)
G3 37(29.8) 24 (35.3) 13(23.2)
Gx 15 (12.1) 8 (11.8) 7 (12.5)
TNM stage
0 4(3.2) 2(2.9) 2(3.6) 0.024
I 11 (8.9) 2(2.9) 9 (16.1)
A 12(9.7) 5(7.4) 7 (12.5)
1IB 2(1.6) 1(1.5) 1(1.8)
A 39 (31.5) 20 (29.4) 19 (33.9)
1B 41 (33.1) 26 (38.2) 15 (26.8)
IVA 4(3.2) 2(2.9) 2(3.6)
IVB 11 (8.9) 10 (14.7) 1(1.8)
Follow-up (mo) 20.00 (7.75-34.00)  12.50 (6.00-29.50)  27.00 (16.25-48.25)  0.009
Death
No 45 (36.3) 17 (25.0) 28 (50.0) 0.005
Yes 79 (63.7) 51 (75.0) 28 (50.0)

Values are presented as number (%) or median (range). SIRI, systemic inflammation response index; BMI, body mass index; CA19-9, car-

bohydrate antigen 19-9; TNM, tumor-node-metastasis.

enectomy was performed. Patients who received palliative
surgery were based on one of the following reasons: (1)
unresectable disease by operative findings; (2) comorbidity
and aging, which could not bear the radical surgery; (3) false
cryosection biopsy reports during operation; and (4) declined
by the patient’s relatives. The purpose of the palliative sur-
gery was to clarify of diagnosis and relieve of the symptoms
such as jaundice and abdominal pain. After discharge, all
patients were regularly followed up. The last follow-up time
and survival status were recorded. Overall survival (OS) was
defined as the interval between the date of surgery and death
or the last follow-up time. The last follow-up time was Feb-
ruary 2020. After screening, the inclusion criteria were met
by 124 patients that were included afterwards.

3. Statistical analysis

Categorical variables are presented as numbers and per-
centages, whereas continuous variables including the SIRI
are presented by the median and first and third quartiles.
Continuous variables such as body mass index (BMI) and
carbohydrate antigen 19-9 (CA19-9) were transformed into
categorical variables on the basis of routine cutoff values in
the clinical application. The SIRI’s optimal cutoff value for
OS was calculated by applying a time-dependent receiver
operating characteristic (ROC) analysis. Survival curves were
plotted through the Kaplan-Meier method. Log-rank test was
used to compare the differences between subgroups. Based
on the SIRI cutoff value, patients were divided into high SIRI
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and low SIRI group. The correlations between different SIRI
groups and clinicopathological variables were analyzed by
Mann-Whitney U tests or two-sample t tests for continuous
variables based on its normality, and by Fisher exact tests or
Pearson chi-square tests for categorical variables.

Cox regression methodology was applied for univariate
analysis. Variables with a p-value no more than 0.1 in univari-
ate analysis and other potential confounding variables (e.g.,
the combined inflammatory status and preoperative antibiot-
ics usage) were then subjected to the multivariate Cox pro-
portional hazard regression model. The independent prog-
nostic variables were selected according to the results of Cox
proportional analyses. Then, we randomly divided the whole
cohort into the nomogram development set and validation
set in a proportion of 1:1. A prognostic nomogram was estab-
lished for predicting OS in the training cohort and Harrell’s
concordance index (C-index) was used to measure the predic-
tive accuracy both in the training and the validation cohort.
Validation was based on 1,000 bootstrap re-samplings. Nom-
ogram performance was evaluated using calibration plots.
The prognostic nomogram was then compared with the tra-
ditional TNM staging system using the C-index and decision
curve analysis both in the training and the validation cohort
[13]. All statistical analyses were performed using SPSS ver.
25.0 (IBM Corp., Armonk, NY) and R 3.6.2 software (Institute
of Statistics and Mathematics, Vienna, Austria). A two-sided
p-values < 0.05 were considered statistically significant.
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Fig. 1. Time-dependent receiver operating characteristic (ROC)
analysis of systemic inflammation response index (SIRI) for 1-,
3-, and 5-year survival. AUC, area under the curve.

4. Ethical statement

The study was approved by the Ethics Committee of
PUMCH and CAMS & PUMC (approval decision number:
S-K1110) and was conducted according to the ethical stand-
ards of the World Medical Association Declaration of Hel-
sinki [14]. In accordance with the committee’s regulations,
written informed consent was obtained from all patients

Table 2. The relationship between the SIRI and surgical outcome

who were alive.

Results

1. Patient baseline characteristics

A total of 124 patients with GBC were investigated in this
study. Study patients’ baseline characteristics are shown in
Table 1. Sixty-nine patients (55.6%) were male and 55 (44.4%)
were female. The median follow-up time was 20 months
(range, 0.5 to 153 months). Twenty (16.1%), 12 (9.7%), nine
(7.3%), and 46 (37.1%) patients developed jaundice, fever,
fatigue, and weight loss, respectively, when diagnosed with
GBC. Elevated preoperative serum CA19-9 was observed in
62 (50%) patients. Before operation for GBC, three patients
had acute pancreatitis but no one had acute cholecystitis or
cholangitis. Another one patient had elevated body tempera-
ture (> 37.3°C) with WBC > 10x10°/L. In total, four patients
were defined to have the combined inflammatory status as
previously described. Eight patients had preoperative anti-
biotics usage. Eighty-five patients (68.5%) were intended to
perform radical surgery and 70 of them (82.4%) achieved
negative margins (RO resection). The other 39 patients (31.5%)

Characteristic Total High SIRI Low SIRI p-value
Length of stay in hospital (day) 15.00 (10.25-20.00)  16.00 (10.75-20.00)  12.00 (9.00-16.50) 0.007
Hemorrhage during operation (mL) 200 (50-400) 200 (100-400) 200 (50-300) 0.001
Barthel score (before operation-after operation) 35 (15-45) 35 (10-45) 40 (15-4) 0.768
Complications
Bleeding
No 120 (96.8) 64 (94.1) 56 (100) 0.127
Yes 4(3.2) 4(5.9) 0
Infection
No 107 (86.3) 58 (85.3) 49 (87.5) 0.799
Yes 17 (13.7) 10 (14.7) 7 (12.5)
Liver failure
No 124 (100) 68 (100) 56 (100) -
Yes 0 0 0
Biliary fistula
No 120 (96.8) 65 (95.6) 55 (98.2) 0.627
Yes 4(3.2) 3(4.4) 1(1.8)
Ascites
No 121 (97.6) 66 (97.1) 55 (98.2) >0.99
Yes 3(24) 2(2.9) 1(1.8)
Others
No 113 (91.1) 60 (88.2) 53 (94.6) 0.342
Yes 11 (8.9) 8(11.8) 3(5.4)
Complications
No 95 (76.6) 49 (72.1) 46 (82.1) 0.286
Yes 29 (23.4) 19 (27.9) 10 (17.9)

Values are presented as median (range) or number (%). SIRI, systemic inflammation response index.
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Fig. 2. Kaplan-Meier survival curves of different systemic in-
flammation response index (SIRI) groups.

received palliative surgery. According to the AJCC 8th edition,
39 patients were diagnosed as stage IIIA and 41 patients were
stage IIIB. Postoperative histopathological reports revea-
led that the majority of our patients (119 patients, 96%) had

adenocarcinoma, four patients had adenosquamous carcino-
ma, and one patient had intracholecystic papillary neoplasm.
Finally, 79 patients (63.7%) were followed until death.

2. Clinicopathological features according to the SIRI

To calculate the SIRI's optimal cutoff value, we first gener-
ated 1-, 3-, and 5-year time-dependent ROC curves according
to the SIRI's OS, as shown in Fig. 1, with areas under the
curve (AUC) of 0.682, 0.636, and 0.666 respectively. Then we
determined the SIRI’s optimal cutoff value to be 0.89 using
the 1-year time-dependent ROC curve. Based on this cutoff
value, we divided the patients into high SIRI and low SIRI
groups; the patients’ characteristics of each group are also
summarized in Table 1. Compared with the low SIRI group,
there were more patients with high CA19-9 (> 40 U/mL) in
the high SIRI group (60.3% vs. 37.5%, p=0.019). The surgical
margin as RO tended to be harder to achieve in the high SIRI
group (51.5% vs. 82.1%, p=0.001). The patients in the high
SIRI group tended to have higher TNM staging distribution
(p=0.024). Furthermore, the median follow-up time was sig-

Table 3. Univariate and multivariate Cox proportional hazards analysis for OS in 124 patients with GBC

Univariate analysis

Multivariate analysis

Characteristic
HR 95% CI p-value 95% CI p-value

Demographics

Sex (female /male) 1.126 0.759-1.671 0.573 - - -

Age (> 65 yr/< 65 yr) 1.385 0.941-2.038 0.106 - - -

BMI (< 24 kg/m?/ = 24 kg/m?) 1.988 1.268-3.118 0.002 2.008 1.162-3.471 0.013
Symptoms

Jaundice (yes/no) 1.490 0.949-2.340 0.083 1.107 0.583-2.101 0.755

Weightloss (yes/no) 1.781 1.206-2.629 0.004 1.729 1.004-2.976 0.048

Fatigue (yes/no) 1.426 0.691-2.944 0.338 - - -

Fever (yes/no) 1.128 0.600-2.120 0.708 - - -
Past medical history

Gallstone (yes/no) 1.115 0.760-1.635 0.600 - - -

Hypertension (no/yes) 1.442 0.928-2.243 0.127 - - -

Diabetes (no/yes) 1.184 0.739-1.897 0.500 - - -
Preoperative inflammation status

Combined inflammatory status (yes/no) 1.230 0.447-3.383 0.688 1.624 0.197-13.386  0.652

Preoperative antibiotics usage (yes/no) 1.221 0.516-2.888 0.649 1.781 0.533-5.944 0.348
Inflammation-based biomarkers

SIRI (high/low) 2.208 1.484-3286  <0.001 1.753 1.027-2.991 0.040
Blood test

CA19-9 (>401U/mL/< 40 IU/mL) 3.659 2.347-5.705  <0.001 2.162 1.194-3.916 0.011

Post-operation

Tumor size (>5 cm/< 5 cm) 1.125 0.637-1.986 0.686 - - -
Adenocarcinoma (no/yes) 2.104 0.767-5.774 0.148 - - -
TNM stage (III-IV/0-II) 7516  3.249-17.380 < 0.001 7.523 1.558-36.329  0.012
Radical surgery (no/yes) 3.945 2.629-5.920 < 0.001 2.940 1.676-5.159 < 0.001
Grade (G3/G1 or G2) 1.549 1.005-2.387 0.044 1.175 0.686-2.013 0.556

OS, overall survival; GBC, gallbladder cancer; HR, hazard ratio; CI, confidence interval; BMI, body mass index; SIRI, systemic inflamma-
tion response index; CA19-9, carbohydrate antigen 19-9; TNM, tumor-node-metastasis.
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Fig. 3. Time-dependent receiver operating characteristic analy-
sis of each of the selected factors and the prognostic model. SIRI,
systemic inflammation response index; BMI, body mass index;
CA19-9, carbohydrate antigen 19-9; AUC, area under the curve.

nificantly shorter in the high SIRI group (12.5 months vs. 27
months, p=0.009), with more patients reaching the state of
death (75.0% vs. 50.0%, p=0.005).

3. The relationship between the SIRI and surgical outcome

To determine whether the SIRI can predict patients’ surgi-
cal outcome, we compared the high SIRI group with the low
SIRI group in terms of length of stay in hospital, hemorrhage

during surgery, the change in Barthel score after surgery, and
different kinds of complications including bleeding, infec-
tion, liver failure, biliary fistula, ascites, and others (Table 2).
The patients in the high SIRI group tended to stay longer in
hospital as compared with the low SIRI group (16 days vs.
12 days, p=0.007). Furthermore, during surgery, patients in
the high SIRI group lost more blood than those in the low
SIRI group, though the median blood losses were equal (200
mL vs. 200 mL, p=0.001). However, no significant differ-
ences were observed in the change in Barthel score and the
incidence rates of all types of postoperative complications.
Combining the occurrence of all the complications, there was
still no significant difference between the high and low SIRI
groups (p=0.286).

4. Factors predicting OS

The Kaplan-Meier curves of OS according to the SIRI
showed significant difference, as confirmed by the log-rank
test (p < 0.001) (Fig. 2). Moreover, upon univariate analysis,
BMI > 24, jaundice, weight loss, CA19-9 > 40 U/mL, radical
surgery, TNM stage, tumor differentiation grade, and SIRI
showed statistically significant associations with OS. Multi-
variate analysis revealed that BMI < 24 (hazard ratio [HR],
2.008; 95% confidence interval [CI], 1.162 to 3.471; p=0.013),
weight loss (HR, 1.729; 95% CI, 1.004 to 2.976; p=0.048), high
SIRI (HR, 1.753; 95% CI, 1.027 to 2.991; p=0.040), CA19-9
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Fig. 4. Prognostic nomogram for predicting 1-, 3-, and 5-year overall survival probability based on the systemic inflammation response
index (SIRI) group, body mass index (BMI), weight loss, carbohydrate antigen 19-9 (CA19-9), radical surgery, and TNM stage in patients

with gallbladder cancer.
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> 40 U/mL (HR, 2.162; 95% CI, 1.194 to 3.916; p=0.011), no
radical surgery (HR, 2.940; 95% CI, 1.676 to 5.159; p < 0.001),
and TNM stage (III-IV) (HR, 7.523; 95% CI, 1.558 to 36.329;
p=0.012) were independent factors for OS (Table 3).

5. Prognostic model for prediction of OS

We first randomly equally divided the patients into the
training cohort and the validation cohort. In order to build
the prognostic model for OS prediction in the training
cohort, the resulting variables from the multivariate Cox
analysis were included. The prognostic factors included six
risk factors, including BMI, weight loss, SIRI, CA19-9, radical
surgery, and TNM stage. The time-dependent ROC curves of
each included factor and the prognostic model are shown in
Fig. 3, which showed that the SIRI's AUCs were higher than
BMI and weight loss, but lower than CA19-9, radical surgery,
TNM stage. Furthermore, the prognostic model combining
all six factors had better predictive accuracy than any of the
single factors, with AUCs of 1, 3, and 5 years as 0.897, 0.912,
and 0.913, respectively. To visualize the prognostic model
and make it more practical, a nomogram containing these six
factors was constructed (Fig. 4). Each factor in the nomogram
was assigned with a point based on its status. Summing the
total points from all variables and drawing a vertical line at
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the location of the total points scale allowed us to predict the
probabilities of the outcomes in terms of 1-, 3-, and 5-year OS
probability.

6. Comparison of predictive accuracy for OS between the
nomogram and the TNM staging system

The model’s predictive ability was assessed by calculat-
ing the C-index, which was 0.821 (95% CI, 0.759 to 0.883)
in the training cohort and 0.828 (95% CI, 0.762 to 0.894),
demonstrating the nomogram’s good predictive accuracy.
Additionally, the nomogram’s performance was graphically
evaluated by making 1- and 3-year calibration plots (Fig. 5).
The predicted line was very close to the reference line both
in the training and the validation cohort, which indicates the
model’s good performance. Finally, to test the clinical useful-
ness of our model, decision curve analysis was performed
(Fig. 6). Compared with the TNM staging system, our model
offered much better clinical utility.

We developed histograms of the nomogram-predicted
probability of 12-month survival according to different AJCC
TNM staging groupings. As shown in Fig. 7, in patients with
TNM stage ITIA and ITIB, there was a wide variety in the dis-
tribution of nomogram-predicted probabilities, ranging from
0.05 to 0.95. Additionally, the C-index of the AJCC TNM sys-
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Fig. 6. Decision curve analysis (DCA) of the model and TNM staging system for 1- (A, B), 3- (C, D), and 5-year (E, F) overall survival (OS).

tem was 0.655 (95% CI, 0.592 to 0.718) in the training cohort
and 0.649 (95% CI, 0.582 to 0.716) in the validation cohort,
which was significantly lower than our prognostic model
both in the training and the validation cohort.

Discussion

GBC is the most common malignancy in the biliary tract
system [15,16]. Although surgical resection is a potentially
curative therapy, over one-third of patients experience a

recurrence [17]. Moreover, approximately 40% of cases are
diagnosed at advanced stages [18,19]. All these factors con-
tribute to its current poor prognosis situation, with only 10%-
25% patients achieving 5-year survival [20]. Thus, the accu-
racy of prognosis prediction for different patients is crucial
for physicians to make better clinical decisions. To date, the
AJCC TNM staging system for both diagnosis and prognosis
in GBC remains the gold standard; however, its own limita-
tions in terms of its poor discrimination of the heterogeneity
among patients at the same TNM stage are still unsolvable.
To address this problem, we recognized the SIRI, a novel
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inflammation-based index, as an independent significant
prognostic indicator and developed a novel prediction mod-
el combining the SIRI and other clinicopathological factors
that has a much better predictive ability compared with the
TNM staging system.

As Hanahan and Weinberg [21] proposed, cancer-related
inflammation is one of the hallmarks of cancer, and plays a
vital role in carcinogenesis and tumor progression. Based on
this theory, someindices using peripheralimmune and inflam-
matory cells, such as PLR, MLR, and NLR, have been devel-
oped and their utility in survival prediction has been proven
[22-24]. In 2016, Qi et al. [8] described a new inflammation-
based index, the SIRI, which showed good prognostic value
in patients with pancreatic cancer. In our study, we found that
a high SIRI correlated to poor prognosis in respect of OS. Pre-
vious research has shown similar results in other solid tumors
including gastric, esophageal, and nasopharyngeal cancer
[9-11]. However, the SIRI's optimal cutoff differed among
studies, at 1.8 in pancreatic cancer and at 1.2 in esophageal
cancer [8,10]. We adopted 0.89 as the optimal cutoff to stratify
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our groups of patients, but whether it is applicable to all GBC
patients requires further validation. Additionally, our results
showed that the SIRI can also predict patients’ surgical out-
come such as length of stay in hospital and hemorrhage dur-
ing surgery. To be more specific, patients in the high SIRI
group may indicate the procedure’s higher difficulty, which
sheds new light on the SIRI regarding its potential in the
assessment of surgical difficulty and therefore enabling indi-
vidual peri-operative care decisions.

The specific mechanisms as to why a high SIRI indicates
a poor outcome in GBC patients remain unclear; however,
previous studies have revealed that lymphocytes have a
vital function in anti-tumor defense in their role as infiltrating
tumor cells, inducing cancer cell apoptosis [25]. Further-
more, the peripheral monocyte count has association with
the level of tumor-associated macrophages, which facilitate
tumor cell development and suppress the immune system
against them [26,27]. Similarly, several studies suggested that
peripheral neutrophils have a role in providing a favorable
microenvironment for tumor growth, invasion, and metasta-
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sis by means of secreting different types of cytokines includ-
ing intercellular adhesion molecule 1 [28]. Taken together,
either increasing neutrophils and monocytes or decreasing
lymphocytes will cause an elevation in the SIRI, which will
lead to a rather worse prognosis for patients with cancer.
Finally, since the SIRI is easily calculated from the results of
complete blood count tests, it is applicable to test the SIRI
frequently during follow-up. Both the SIRI's value and
dynamic changes may have the potential to serve as a mark-
er to evaluate the efficacy of adjuvant chemoradiotherapy, to
select appropriate patients to receive specific targeted ther-
apy and immune therapy, and also to monitor for possible
recurrence, although further investigations are needed.

In the present study, we took advantage of the user-friend-
ly graphical interfaces of the nomogram to demonstrate our
prediction model based on the SIRI and other clinicopatho-
logical factors including BMI, weight loss, CA19-9, radi-
cal surgery, and TNM stage. Among these factors, CA19-9
and TNM stage have also been utilized in other prognostic
models of GBC [29,30]. BMI and weight loss are also easily
acquired information, demonstrating our model’s conveni-
ence. Though jaundice is significant in univariate analysis,
it is not significant in multivariate analysis. Further studies
should investigate the prognostic role of jaundice in larger
cohorts. Compared with the traditional TNM staging sys-
tem, our prediction model had better discriminatory abil-
ity, consistency, and clinical utility, as shown in the C-index,
calibration plot, and decision curve analysis. Therefore, this
prognostic model is appropriate for predicting GBC patient
prognosis after surgery, which will be useful in helping cli-

nicians with clinical counseling, decision-making, and fol-
low-up planning. To the best of our knowledge, this is the
first report to create a nomogram combining inflammatory
indices including the SIRI and other indicators to predict OS
probability in GBC patients.

Our study has several limitations. First, it was based on a
retrospective cohort from a single center, which may cause
potential selection bias. Second, the number of patients
included in this study is relatively small; thus, further exter-
nal validation is required before our results can be applied in
other institutions. Third, this study only focused on the SIRI
and other clinicopathological factors, and other inflamma-
tion-related indexes such as C-reactive protein, liver function
test results, and coagulation were not investigated.

In conclusion, this is the first study to show that the SIRI is
an independent predictor of OS in GBC patients. Our predic-
tion model combining the SIRI and other clinicopathological
indicators performed well in predicting patient’s survival
probability, surpassing the traditional TNM staging system
regarding its predictive accuracy. It has the potential to serve
as a practical clinical tool for individualized prognostication.
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Purpose

The aim of this study was to evaluate the ability of sequential **F-fluorodeoxyglucose posi-
tron emission tomography/computed tomography (*¥F-FDG-PET/CT) after one cycle of neo-
adjuvant chemotherapy (NAC) to predict chemotherapy response before interval debulking
surgery (IDS) in advanced-stage ovarian cancer patients.

Materials and Methods

Forty consecutive patients underwent 8F-FDG-PET/CT at baseline and after one cycle of
NAC. Metabolic responses were assessed by quantitative decrease in the maximum stand-
ardized uptake value (SUV,,,) with PET/CT. Decreases in SUV,,,, were compared with can-
cer antigen 125 (CA-125) level before IDS, response rate by Response Evaluation Criteria
in Solid Tumors criteria before IDS, residual tumor at IDS, and | chemotherapy response
score (CRS) at IDS.

Results

A 40% cut-off for the decrease in SUV,.,, provided the best performance to predict CRS
3 (compete or near-complete pathologic response), with sensitivity, specificity, and accu-
racy of 81.8%, 72.4%, and 72.4%, respectively. According to this 40% cut-off, there were
17 (42.5%) metabolic responders (= 40%) and 23 (57.5%) metabolic non-responders
(< 40%). Metabolic responders had higher rate of CRS 3 (52.9% vs. 8.7%, p=0.003), CA-
125 normalization (< 35 U/mL) before IDS (76.5% vs. 39.1%, p=0.019), and no residual
tumor at IDS (70.6% vs. 31.8%, p=0.025) compared with metabolic non-responders. There
were significant associations with progression-free survival (p=0.021) between metabolic
responders and non-responders, but not overall survival (p=0.335).

Conclusion
Early assessment with ®F-FDG-PET/CT after one cycle of NAC can be useful to predic
response to chemotherapy before IDS in patients with advanced-stage ovarian cancer.

Key words
Ovarian neoplasms, Neoadjuvant therapy,
Positron emission tomography computed tomography, Treatment outcome

Introduction

Neoadjuvant chemotherapy (NAC) followed by interval
debulking surgery (IDS) can be an alternative to primary
debulking surgery for treating advanced-stage ovarian cancer

| https://www.e-crtorg |

when optimal cytoreduction cannot be achieved [1,2]. Chem-
otherapy sensitivity has been a well-known prognostic factor
for survival, and evaluation of NAC response is mostly based
on computed tomography (CT) imaging after three to four
cycles of NAC. Earlier evaluation of NAC response would
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allow for avoidance of unnecessary surgical complications
and toxicity due to ineffective treatment.

Recently, several studies have shown that *F-fluorodeo-
xyglucose positron emission tomography / computed tomog-
raphy (®F-FDG-PET/CT) may be useful for predicting early
response to NAC in other malignancies [3-9]. However, there
are only a few studies on the use of PET/CT for evaluation
of response to NAC in ovarian cancer [10-13]. Avril et al. [10]
showed that the sequential *F-FDG-PET/CT after one cycle
of NAC predicted patient’s outcome. Other than the result of
this study [10], there is no data on the use of PET/CT after one
cycle of NAC to predict chemotherapy response before IDS.

Histopathological changes seen at IDS reflect direct NAC
response [14-17]. However, there is no consensus regarding
the prognostic value of the pathologic grading system to
assess NAC response at IDS. Recently, Bohm et al. proposed
the 3-tier chemotherapy response score (CRS) system for
ovarian cancer, and our group performed an external vali-
dation of this system confirming a high reproducibility and
prognostic value [18,19]. As pathologic response could be a
surrogate endpoint, we evaluated how the early tumor meta-
bolic change during NAC correlated with histopathological
response observed at IDS. The aim of this study was to inves-
tigate the ability of PET parameters after one cycle of chemo-
therapy to predict NAC response in advanced-stage ovarian
cancer patients.

Materials and Methods

1. Patients

From 2016 to 2018, 40 consecutive patients diagnosed with
International Federation of Gynecology and Obstetrics stage
ITIC or IV high-grade serous ovarian cancer underwent base-
line F-FDG-PET/ CT before starting NAC. Thirty-eight of 40
patients underwent diagnostic laparoscopy showing Fagotti
score > 8 [20] before NAC, while two patients received NAC
after histologically confirmed by cytologic evaluation of
ascites without diagnostic laparoscopy. All of them under-

} '

'

went a second ®F-FDG-PET/CT examination after one cycle
of NAC. After the completion of NAC, 39 patients under-
went IDS (Fig. 1). One patient did not receive IDS because
she refused surgery and follow-up loss after four cycles of
NAC.

2. Protocol-based treatment

Diagnostic work-up included contrast-enhanced CT scan
of the chest/pelvis as well as FDG-PET/ CT were obtained for
all patients at baseline to determine the tumor burden.

In our institution, NAC was performed as the primary
treatment strategy, when one of the following three selection
criteria was met [21]: (1) pulmonary and/or hepatic paren-
chymal metastases observed on initial imaging work-up, (2)
patients with poor performance status and high operative
risk due to medical comorbidities, or (3) optimal debulking
surgery (i.e., < 1 cm of residual disease at debulking surgery)
was unsuitable due to high tumor burden (Fagotti score > 8).
During diagnostic laparoscopy, the degree of tumor burden
was described by Fagotti score.

All patients, preferably, are recommended to receive three
cycles of NAC and IDS, as well as three cycles of postopera-
tive adjuvant chemotherapy (POAC). For NAC and POAC,
all patients received platinum-based combination chemo-
therapy (paclitaxel [175 mg/m?]+carboplatin [area under the
curve of 5 to 6]).

All patients underwent surgery with the intent to achieve
complete cytoreduction (no gross residual disease) and fol-
lowed the same routine, beginning with complete omentec-
tomy, hysterectomy, bilateral salpingo-oophorectomy, and
removal of all macroscopically detectable lesions using surgi-
cal resection. Furthermore, 29 patients underwent IDS follow-
ing hyperthermic intraperitoneal chemotherapy.

3. BF-FDG-PET/CT imaging and imaging analysis
All subjects were requested to fast for over 8 hours before
PET acquisition. Blood glucose concentrations were confir-
med to be < 140 mg/dL at the time of FDG injection.
Intravenously, 5.5 MBq of ®F-FDG per kg body weight

'

o
=

CRS, residual disease, response rate, CA-125

Fig. 1. Overall flow chart of positron emission tomography /computed tomography (PET/CT), neoadjuvant chemotherapy (NAC), and
interval debulking surgery (IDS). SUV,,,,, maximum standardized uptake value; CRS, chemotherapy response score; CA-125, cancer anti-

gen 125. “Two patients received four cycles of NAC.
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were injected. After 60 minutes, integrated FDG-PET/CT
was performed using a dedicated PET/CT scanner (Discov-
ery STE, GE Healthcare, Milwaukee, WI). Whole body spi-
ral CT scan was performed from the vertex of the skull to
the mid-thigh using the following parameters: 120 kVp, 30
mA, 0.8-second rotation time, 3.75 mm helical thickness, 27
mm per rotation (speed), 2.5 mm scan reconstruction, with a
reconstruction index of 1.25 mm, 15.7 cm field of view, and a
512x512 matrix. PET scan was acquired from the cerebellum
to the proximal thigh, and acquisition time was 3 minutes
per bed position using the 3D-mode. Attenuation corrected
PET data were reconstructed iteratively using an ordered-
subset expectation maximization algorithm.

4. PET parameter

All ®F-FDG-PET/CT images were reviewed blinded to the
clinical outcome by two nuclear medicine physicians. Each
region with a higher FDG uptake than the background was
considered significant. The maximum standardized uptake
values (SUV,,,,,) were measured by drawing a circular region
of interest (ROI) at the site of the maximum "F-FDG uptake
on the transaxial PET images. The SUV of the ROI was cal-
culated as follows: (decay-corrected activity [MBq] per tissue
volume [mL])/ (injected F-FDG dose [MBq] per body mass
[g]).

Seven tumor lesions (right upper quadrant, left upper
quadrant, sub-hepatic area, mesentery, pelvis, right ovary,
and left ovary) per patients were identified; and SUV,,,, at
each examination were calculated. The SUV,,, after one cycle
of NAC was compared with that of the baseline study. Mul-
tiple metastatic tumors observed by F-FDG-PET/CT were
found in all patients. Therefore, we used the lesion with the
lowest change in "*F-FDG uptake for the study analysis based
on the rationale that the metastatic tumor with the worst
response would determine survival. The change in SUV,,,,
after one cycle of chemotherapy was expressed as ASUV,,,
(%)=100x(1st cycle SUV,,,~baseline SUV,,) / baseline SUV,,.

5. Assessment of response to NAC

1) Cancer antigen 125 normalization

Cancer antigen 125 (CA-125) levels were determined
before diagnostic laparoscopy, before each NAC cycle, and
before IDS. CA-125 response criterion was a complete nor-
malization of CA-125 levels before IDS (< 35 U/mL).

2) Imaging response (CT) by Response Evaluation Crite-

ria in Solid Tumors

Patients” radiological responses to NAC were generally
estimated with contrast-enhanced CT before IDS and classi-
fied according to the Response Evaluation Criteria in Solid
Tumors (RECIST) as complete response (CR), partial respon-
se (PR), stable disease, and progressive disease [22].

3) Residual tumor after IDS

During IDS, we collected information on the maximal
diameter of the residual lesion for evaluation of the residual
disease. Residual disease was reported using the following
criteria: from no gross (microscopic) residual disease, 0.0-0.5
cm, 0.5-1.0 cm, 1.0-2.0 cm, or residual disease > 2.0 cm in the
largest diameter.

4) Histopathological response by CRS

For the assessment of NAC-induced histopathological
changes, specimens were taken from each of these three sites
(omentum, right adnexa, and left adnexa) during IDS. All
available hematoxylin and eosin-stained slides were revie-
wed by an experienced gynecologic pathologist (H.-S.K.). As
Bohm et al. [18] and Lee et al. [19] reported significant cor-
relations between outcome and omental CRS, we analyzed
the histo-pathological response to NAC with omental CRS.

Specimens with no or minimal tumor response, appreci-
able tumor response, and complete or near-CR were indicat-
ed as CRS 1, 2, and 3, respectively. Patients with CRS 1 or 2
were considered as histopathological non-responders, while
patients with CRS 3 were considered as histopathological
responders.

6. Statistical analysis

Correlations between CRS and PET parameter were exam-
ined with the Mann-Whitney U test. The predictive perfor-
mance regarding the identification of CRS 3 was evaluated
using the receiver operating characteristic (ROC) curve ana-
lysis.

Associations between metabolic response and NAC para-
meters were examined with the chi-square and Fisher’s
exact tests. Progression-free survival (PFS) and overall sur-
vival (OS) were analyzed by the Kaplan-Meier method, and
the difference of survival rates between metabolic respond-
ers and non-responders were compared by the log-rank test.
Statistical analyses were conducted using IBM SPSS ver. 25.0
for Windows (IBM Corp., Armonk, NY). All tests were two-
sided and p-values less than 0.05 were considered to indicate
statistical significance.

7. Ethical statement

This study was approved by the Institutional Review
Board of Severance Hospital at Yonsei University College
of Medicine (No. 4-2018-0518), and the requirement of writ-
ten informed consent was waived due to the retrospective
nature of the study.

Results

Eighty PET/CT scans were performed in 40 patients. The
patients’ clinical, surgical, and pathological characteristics at
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Table 1. Patient characteristics

Variable Value (n=40)
Age at diagnosis (yr) 60.5 (39-77)
CA-125 level at diagnosis (U/mL)  1,846.5 (236.5-14,838.2)
CA-125 level before IDS (U/mL) 24.4 (6.4-1,222.8)
FIGO stage

IcC 15 (37.5)

v 25 (62.5)
Histologic subtype

HGSC 40 (100)
Method of IDS

Laparotomy 7 (17.5)

Laparotomy+HIPEC 22 (55.0)

Laparoscopy 3(7.5)

Laparoscopy+HIPEC 7(17.5)

Not available 1(2.5)
Residual disease after IDS

NGR 20 (50.0)

<0.5cm 17 (42.5)

<lam 1(2.5)

<2cm 1(2.5)

>2cm 1(2.5)

Not available 1(2.5)
Fagotti score

8 13 (32.5)

10 18 (45.0)

12 5(12.5)

14 2 (5.0)

Not available 2 (5.0)
Response rate before IDS?

CR 3(7.5)

PR 37 (92.5)

SD 0

PD 0
CRS

1 1(25)

2 28 (70.0)

3 11 (27.5)
NAC regimen

Paclitaxel+carboplatin 40 (100)
No. of NAC cycles

3 38 (95.0)

4 2 (5.0)

Values are presented as median (range) or number (%). CA-
125, cancer antigen-125; IDS, interval debulking surgery; FIGO,
Federation of Gynecology and Obstetrics; HGSC, high-grade
serous carcinoma; HIPEC, hyperthermic intraperitoneal chemo-
therapy; NGR, no gross residual disease; CR, complete response;
PR, partial response; SD, stable disease; PD, progressive disease;
CRS, chemotherapy response score; NAC, neoadjuvant chemo-
therapy. ?According to the Response Evaluation Criteria in Solid
Tumors [22].
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Fig. 2. Receiver operating characteristic analysis of ASUV
(maximum standardized uptake value) for the identification of
chemotherapy response score 3 after one cycle of neoadjuvant
chemotherapy. AUC, area under the curve.
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Fig. 3. Scatter plots showing the decrease in maximum stand-
ardized uptake value (SUV,,,) and cancer antigen 125 (CA-125)
level before interval debulking surgery (IDS). Chemotherapy
response score (CRS) 1 or 2 are indicated by blue circles, CRS 3
by red triangles. NAC, neoadjuvant chemotherapy.

baseline are summarized in Table 1.

The baseline *F-FDG-PET/CT was performed before ini-
tiation of NAC at a median interval of 4.5 days (range, 1 to
17 days). The median time interval between the first cycle of
NAC and the second (after the first cycle of NAC) ¥F-FDG-
PET/CT was 19 days (range, 7 to 24 days). Median decrease
in SUV,,,,. between the baseline and after one cycle of NAC
was 36.7% (range, —6.8% to 74.4%). One patient showed
an increase in SUV after one cycle of NAC, and she was a
metabolic non-responder. Of 39 patients who received IDS,
we observed CRS 3 in 11 patients (27.5%) and no residual
disease rate at IDS in 20 patients (50.0%). Median follow-up
time was 19.7 months (range, 2.2 to 43.9 months). During this
period, 18 patients experienced recurrence and eight of them
died. Analysis of all 40 patients showed a median PFS of 21.0
months (95% confidence interval [CI], 17.8 to 24.3), and the
median OS was not reached.
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Metabolic responder
NAC #1

Baseline

\

Metabolic responder
Diagnostic laparoscopy

Metabolic non-responder
NAC #1

Baseline

Metabolic non-responder
Diagnostic laparoscopy

IDS

Fig. 4. Examples of metabolic responder and non-responder. ®F-fluorodeoxyglucose positron emission tomography /computed tomog-

raphy images, at baseline and after one cycle of neoadjuvant chemotherapy (NAC) in metabolic responder (A) and non-responder (B).
Surgical findings of diagnostic laparoscopy and interval debulking surgery (IDS) in metabolic responder (C) and non-responder (D).

1. The ASUV,,,, threshold value and CRS (CRS 1 or 2 vs.
CRS 3-metabolic response)

A cut-off of 40% of SUV,,,, decrease in metastatic sites
offered the best accuracy in predicting CRS 3 (CR or near-
CR) with a sensitivity of 81.8%, specificity of 72.4%, and area
under the curve of 0.72. The ROC curve is presented in Fig. 2.
We selected the 40% cut-off to define the metabolic response;
there were 17 (42.5%) metabolic responders (= 40% decrease
in SUV,,,,) with a median decrease in SUV,,, of 53.5% (range,
40.7% to 74.4%) and 23 (57.5%) metabolic non-responders
(< 40%) with a median decrease of 25.0% (range, —6.8% to
39.7%). After one cycle of NAC, a threshold of 40% decrease
in SUV,,, was found to differentiate between pathologic
non-responders (CRS 1 or 2) and responders (CRS 3) (Fig. 3).
Fig. 4 shows that examples of metabolic responder and non-
responder observed in PET/CT and surgical findings before
and after NAC.

2. Association between PET parameters and NAC param-
eters

There was a significant correlation between *F-FDG-PET/
CT metabolic response and CRS. Metabolic responders had
higher CRS 3 rate than metabolic non-responders (52.9% vs.

8.7%, p=0.003). Furthermore, there was a close relationship
between ®F-FDG-PET/CT metabolic response and CA-125
normalization (< 35 U/mL) before IDS (76.5% vs. 39.1%,
p=0.019). No residual tumor rate at IDS was 70.6% within
metabolic responders and 31.8% within non-responders;
and a significant correlation was observed between "*F-FDG-
PET/ CT metabolic response and residual tumor at IDS (p=
0.025). Only CR or PR were found as radiological response
rate before IDS, and there was no significant correlation
radiological response rate before IDS between metabolic
responder and non-responder (p=0.069) (Table 2).

3. Metabolic response and survival

There was a significant association between metabolic
response in *F-FDG-PET/ CT after one cycle of NAC and PFS
(p=0.021), but not OS (p=0.335). Using defined 40% threshold
for decrease in SUV,,,, from baseline after one cycle of NAC,
median PFS was not reached in metabolic responders (n=17)
compared with 18.5 months (95% CI, 13.9 to 23.0 months) in
non-responders (n=23, p=0.021) (1 Fig.).
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Table 2. Associations between PET parameters and outcome of NAC

Characteristic

Responder (n=17)

40% of ASUV
p-value
Non-responder (n=23)

CA-125 level before IDS
<35U/mL
>35U/mL

Response rate before IDS?
CR
PR

Residual disease after IDS
NGR
>0cm
Unknown

CRS
lor2
3

13 (76.5) 9(39.1) 0.019
4(23.5) 14 (60.9
3(17.6) 0 0.069
14 (82.4) 23 (100)
12 (70.6) 7 (31.8) 0.025
5(29.4) 15 (68.2
0 1
8 (47.1) 21 (91.3) 0.003
9 (52.9) 2(8.7)

Values are presented as number (%). PET, positron emission tomography; NAC, neoadjuvant chemotherapy; SUV,,,,, maximum standard-
ized uptake value; CA-125, cancer antigen-125; IDS, interval debulking surgery; CR, complete response; PR, partial response; NGR, no
gross residual disease; CRS, chemotherapy response score. ?According to the Response Evaluation Criteria in Solid Tumors [22].

Discussion

Our results demonstrated that tumor metabolic change
after one cycle of NAC can be a valuable predictor of early
response to chemotherapy, and potentially could identify
metabolic responders and non-responders using a cut-off
value of 40%.

In advanced-stage ovarian cancer, it is important to assess
NAC response before IDS, as patients who do not respond
to NAC seem to have less benefit from IDS. There is increas-
ing need for sensitive and specific non-invasive imaging
methods for evaluating chemotherapy response for proper
decision making in the management of ovarian cancer pati-
ents. ®F-FDG-PET/CT is a promising imaging method to
evaluate NAC response and help to identify patients who
response to treatment in ovarian cancer [10-13]. Avril et al.
[10] showed that the sequential *F-FDG-PET/CT after one
cycle of NAC predicted patient outcome. Nishiyama et al.
[11] evaluated the ability of *F-FDG-PET/CT after five or six
cycles of NAC to predict the response of NAC. Martoni et
al. [12] reported the ability of ¥F-FDG-PET/CT after three
cycles of NAC to identify patients who would obtain benefits
from prolonged NAC. Vallius et al. [13] evaluated the useful-
ness of ®F-FDG-PET/ CT after three or four cycles of NAC for
identifying patients who would not respond to NAC.

Furthermore, an early change of the treatment strategy
could be considered to avoid delay of second-line chemothe-
rapy and risk of unnecessary postoperative complications.
Therefore, it would also be valuable for detecting metabolic
responders and non-responders at an early time-point. In
consistent with results of Park et al. [9], we demonstrated
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that early tumor metabolic change after one cycle of NAC
could predict chemotherapy response before IDS. To date,
other than the results of these two studies, there are no data
on the use of PET/CT after one cycle of NAC to assess treat-
ment response.

In this study, the optimal threshold of ASUV,,, that dis-
criminate between metabolic responders and non-respond-
ers after one cycle of NAC was 40%. Considering the kine-
tics of tumor cell kill and the relationship to *F-FDG-PET/
CT, we hypothesized that early metabolic change would
differentiate chemotherapy response. As the number of
NAC cycles increases, the number of cancer cells that can be
detected by ®F-FDG-PET/CT decreases while the SUV,,,,
value falls below the threshold that produced the difference
in metabolic responder and non-responders; therefore, the
metabolic difference between the two groups disappeared.

In 2009, Wahl et al. [23] proposed the PET response criteria
in solid tumors (PERCIST) as a new standardized method
by which the chemotherapy response was assessed by meta-
bolic changes. The SUL (lean body mass corrected SUV) is
determined for up to five measurable target lesions, typically
the five hottest lesions. A metabolic response is considered
more than a 30% decrease in SUL peak between the pre-
and posttreatment scans, although not necessarily the same
lesion. Moreover, our study shows that the metabolic res-
ponse needed to be associated with a histopathologic res-
ponse to NAC should be more than the SUVmax changes of
the PERCIST criteria.

Since multiple metastatic tumors and sites were present in
advanced-stage ovarian cancer, it is difficult to evaluate the
metabolic response in only one lesion. In this study, we eval-
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uated metabolic change regarding heterogeneous chemothe-
rapy response according to metastatic sites. *F-FDG-PET/
CT parameters such as the SUVmax of the right and left up-
per quadrant, sub-hepatic area, mesentery, pelvis, as well as
the right and left ovary were assessed in all patients. Chemo-
therapy response is expected to vary depending on the lo-
cation of primary and metastatic lesions due to intratumor
heterogeneity in genomic profiles [24]. We mainly focused on
the SUVmax values of the metastatic lesion with the lowest
change in F-FDG uptake, as the metastatic tumor with the
worst response would determine survival.

There were several strengths in our study. First, we used
CRS system to assess the pathologic response at IDS. We
assessed the pathologic grading scale such as CRS system,
which validated its prognostic significance, and high repro-
ducibility [18,19]. Second, our study was the homogenous
study cohort consisting of advanced-stage ovarian cancer
patients who received protocol-based treatment at our insti-
tution [21]. Third, a definite value for SUVmax change that
discriminates between metabolic responders and non-res-
ponders was presented using the ROC curve analysis in this
study.

One of the limitations in our study was its retrospective
design. Another was the small number of patients, and the
short follow-up period. It may be a factor in which metabolic
response did not reflected in OS. Interpretation of this study
must be confined to short-term results, and further inves-
tigation with a prospective design and large population is
needed.

In this study, using sequential *F-FDG-PET/CT and his-
to-pathological response evaluation with CRS system, we
identified patients who did not respond to NAC and were

not likely to benefit from IDS. It is important to identify poor
metabolic response patients to avoid the risk of unnecessary
surgical complications and toxicity due to ineffective treat-
ment. In patients without metabolic response to NAC, the
chemotherapy regimen may be changed to the second-line
therapy or earlier oncologic surgery should be considered
before the performance status gets worse. *F-FDG-PET/CT
could provide initial information on tumor response in pati-
ents without clinical or radiologic progression on whether to
continue the same NAC regimen, change to a different regi-
men, or to discontinue the regimen.

In conclusion, the change in SUV,,,,, after one cycle of NAC
offers powerful stratification of patient outcomes, early, dur-
ing treatment. Therefore, ¥F-FDG-PET/CT can be useful in
identifying patients who will not respond to NAC and meta-
bolic non-responder might be candidates for second-line
chemotherapy and clinical trials, instead of IDS.
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Purpose

Circulating tumor DNA (ctDNA) is an attractive source for liquid biopsy to understand
molecular phenotypes of a tumor non-invasively, which is also expected to be both a diag-
nostic and prognostic marker. PIK3CA and KRAS are among the most frequently mutated
genes in epithelial ovarian cancer (EOC). In addition, their hotspot mutations have already
been identified and are ready for a highly sensitive analysis. Our aim is to clarify the signifi-
cance of PIK3CA and KRAS mutations in the plasma of EOC patients as tumor-informed
CtDNA.

Materials and Methods

We screened 306 patients with ovarian tumors for somatic PIK3CA or KRAS mutations. A
total of 85 EOC patients had somatic PIK3CA and/or KRAS mutations, and the correspon-
ding mutations were subsequently analyzed using a droplet digital polymerase chain reac-
tion in their plasma.

Results

The detection rates for ctDNA were 27% in EOC patients. Advanced stage and positive
peritoneal cytology were associated with higher frequency of ctDNA detection. Preopera-
tive ctDNA detection was found to be an indicator of outcomes, and multivariate analy-
sis revealed that ctDNA remained an independent risk factor for recurrence (p=0.010).
Moreover, we assessed the mutation frequency in matched plasma before surgery and at
recurrence from 17 patients, and found six patients had higher mutation rates in cell-free
DNA at recurrence compared to that at primary diagnosis.

Conclusion
The presence of ctDNA at diagnosis was an indicator for recurrence, which suggests poten-
tial tumor spread even when tumors were localized at the time of diagnosis.

Key words
Ovarian neoplasms, ctDNA, Biomarker, KRAS, PIK3CA

Introduction

ers for diagnosis and disease monitoring in cancer patients
[4]. The cell-free circulating tumor DNA (ctDNA) was first

With the recent advances in molecular biology and its sur-
rounding technology, the approach to diagnosis and treat-
ment of cancers has dramatically changed [1]. Major can-
cer therapeutics involve a combination of cytotoxic drugs,
but current treatment options are shifting toward molecu-
lar targeted agents [2,3] and immuno-oncology agents. To
determine the appropriate treatment for individual patients,
identification of appropriate biomarkers such as specific
mutations or expression patterns are necessary. The liquid
biopsy technology such as cell-free DNA (cfDNA) is becom-
ing an increasingly popular source of non-invasive biomark-

| https://www.e-crtorg |

reported in 1948 [5]. ctDNA has been evaluated for assess-
ing metastasis, prognosis or diagnosis in breast, colorectal,
lung cancer and various other neoplasms [6-11].

Epithelial ovarian cancer (EOC) is one of the more com-
mon cancers in women with more than 238,000 new cases
diagnosed in 2012 worldwide [12]. Its mortality rate is
highest among gynecologic cancers. With advancements
of new systemic therapies and surgical techniques, the sur-
vival rate is improving. However, the total disease control
remains poor because of eventual resistance to chemothera-
py or other targeted drugs [13]. Mutation and loss of TP53 or
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BRCA1/2 function, or activation KRAS, BRAF, CTNNBI1, and
PIK3CA have been reported as genetic abnormalities in EOC
[13]. KRAS and PIK3CA mutations are seen in around 10%
of EOC. Since the hotspots of KRAS and PIK3CA mutations
are well defined, analysis of those mutations represents a
potentially sensitive and solid approach to evaluate ctDNA
in the blood of EOC patients.

Reports of ¢tDNA for EOC have been increasing in
the last few years. Most of the reports investigated TP53
mutation because it is the most frequently mutated gene in
high-grade serous ovarian cancer (HGSC). TP53 mutation
monitoring in ¢fDNA of HGCS patients showed potential
as a biomarker for treatment response [14]. ctDNA can
be detected even in some of the cancers in the early stage
including EOC [15]. Exploratory analysis of PIK3CA or
KRAS mutations in ¢fDNA of 29 ovarian clear cell carcino-
ma (OCCC) patients showed shorter progression-free sur-
vival (PFS) in the patients with detectable ctDNA [16]. These
reports encourage the use of ctDNA as a tool for diagnosis,
monitoring disease progression and response to treatment
in EOC patients [14-21]. However, tumor-informed ctDNA
for PIK3CA or KRAS mutations of other ovarian histotypes
were unclear, and the analysis as to whether it is prognostic,
particularly in early stage EOC, has yet to be established.

Our aim in this study is to evaluate mutation rates of
KRAS or PIK3CA in the plasma of patients with an ovarian
tumor harboring KRAS or PIK3CA mutations using drop-
let digital polymerase chain reaction (ddPCR) in the larg-
est cohort thus far, and to analyze if there is an association
between ctDNA status and clinicopathological features or
clinical outcomes in EOC. In addition, we compared muta-
tion frequency in the matched plasma collected at the time
of initial diagnosis and recurrence in those patients.

Materials and Methods

1. Patients and sample collection

Patients with ovarian tumor who were treated in Saitama
Medical University International Medical Center between
2010 and 2016 were included in this study. The clinicopatho-
logical data was retrieved from medical records. Patients
with non-epithelial ovarian tumors, synchronous cancer
and ovarian metastasis from non-gynecological origin were
excluded from this analysis. A total of 306 ovarian tumor
patients were included in the analysis.

Tumor specimens were collected from each patient at the
time of initial surgery and stored at —-80°C until use. Frozen
tumor specimens from 306 patients with ovarian tumors
were used for extraction of genomic DNA. In 306 patients,
226 (73.9%), 15 (4.9%), 14 (4.6%), 43 (14.1), and eight (2.6%)
patients had EOC, fallopian tube cancer, primary peritoneal
cancer, borderline tumor and benign tumor, respectively (S1
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Table). We collected plasma from these patients before the
surgery and stored at —-80°C until use. In addition, we col-
lected the plasma of 17 patients who suffered a relapse at the
time of recurrence.

2. Tumor genomic DNA and plasma cfDNA extraction

Genomic tumor DNA was extracted from approximately
25-50 mg of frozen tumor sample using the NucleoSpin Tis-
sue kit (Macherey-Nagel, Duren, Germany) according to
the manufacturer’s instructions. Quantification of genomic
DNA (gDNA) was performed using NanoDrop (Thermo
Fisher Scientific, Waltham, MA). cfDNA was extracted from
0.5 mL of plasma (before surgery) and eluted in 60 uL of the
supplied elution buffer using the QIAamp Circulating Nuc-
leic Acid Kit (50) (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions.

3. Droplet digital PCR

ddPCR was performed using the PrimePCR for ddPCR
PIK3CA E542K, E545K, H1047R or KRAS screening mul-
tiplex kit (G124, G12C, G12D, G12R, G12S, G12V, G13D)
(Bio-Rad catalog No. 186-3131, 186-3132, 186-3133 or 186-
3506, Hercules, CA). KRAS screening multiplex kit screens
seven KRAS mutations in a single well simultaneously. This
kit cannot determine each KRAS mutation separately. Reac-
tions were carried out in a reaction volume of 20 pL on a
QX200 AutoDG Droplet Digital PCR System (Bio-Rad). The
20 uL PCR mix was composed of 10 pL 2xddPCR supermix
for probes (no dUTP), 1 pL of each (target and reference) 20x
amplification primer/probe mix (450 and 250 nmol /L, res-
pectively), 3 uL distilled water, and 5 pL. gDNA or ¢fDNA
extracted. The cycling conditions were as follows; initial
denaturation at 95°C for 10 minutes, followed by 40 repea-
ted cycles of 94°C for 30 seconds and 55°C for 60 seconds,
a step of 98°C for 10 minutes and finally samples were
maintained at 4°C. Results were analyzed with Quatasoft
v1.7.4 (Bio-Rad). All gDNA samples were first evaluated by
ddPCR and confirmed by other PCR based methods. As for
cfDNA, we repeated each experiment using ddPCR at least
twice. If there was a discordance, we performed the third
run for confirmation. We defined the mutation as positive
when we saw more than one copy of mutation by ddPCR
(S2 Fig.).

4. Statistical analysis

The statistical analysis was conducted using JMP version
10 and GraphPad Prism 6 (GraphPad Software Inc., San
Diego, CA). Chi-square tests were used to estimate associa-
tion between detection rate of mutation of ctDNA and clin-
icopathologial features. Survival analysis was performed
by Kaplan-Meier methods and multivariate Cox regression
models. Wilcoxon signed-rank test was performed to com-
pare the level of cancer antigen 125 (CA125) and ctDNA at
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Fig. 1. Flow diagram. Numbers of patients who were included in the analyses.

the time of recurrence and before the primary operation.

5. Ethical statement

This study was approved by the Institutional Review
Board of Saitama Medical University International Medical
Center (#14-058). Informed consents including future resear-
ch purposes were obtained from all patients in the previous
studies (#10-078 and #12-096), and the Institutional Review
Board approved to use the research materials in the current
study.

Results

1. PIK3CA and/or KRAS mutations in ovarian tumors

A total of 306 patients who had ovarian tumors was
screened for somatic PIK3CA and or KRAS mutations using
their tumor specimens. A consort diagram of all patients in
this study is shown in Fig. 1. Two hundred and fifty-five, 43
and eight patients had EOC, borderline ovarian tumor and
benign ovarian tumor, respectively. Among EOC patients,
89 (34.9%), 82 (32.2%), 60 (23.5%), seven (2.7%), and 17
(6.7%) patients had clear cell carcinoma, high-grade serous
carcinoma, endometrioid carcinoma, mucinous carcinoma
and other histotypes, respectively.

We found that 114 patients out of 306 patients (37.3%)
had tumors with somatic PIK3CA and/or KRAS mutations
using ddPCR as described in the materials and methods
section (Fig. 1). Those mutations were found in 85/255
(33.3%), 25/43 (58.1%), 4/8 (50.0%) of EOC, borderline, and
benign tumor, respectively (Fig. 1). In 255 EOC patients,

somatic PIK3CA mutations were observed in 40/ 255 patients
(15.7%), and KRAS mutations were observed in 48/255
patients (18.8%) (Table 1). Three cases (1.2%) had both PIK-
3CA and KRAS mutations.

2. PIK3CA and/or KRAS mutations in plasma circulating
tumor DNA

Next, cfDNA from the plasma of those 114 patients who
had tumor PIK3CA and/or KRAS was tested for the corres-
ponding mutations using ddPCR. We defined ctDNA detec-
tion to be positive when the corresponding mutations were
detected in the plasma cfDNA. As shown in Table 1 and S3
Table, positive ctDNA was found in 27.1% (23/85), 16.0%
(4/25), and 0% (0/4) of patients with EOC, borderline and
benign tumor, respectively. Each PIK3CA or KRAS mutation
was detected in 11/40 (27.5%) and 12/48 (25.0%) of cfDNA
in EOC patients, respectively. Each PIK3CA or KRAS muta-
tion was detected in 0/2 (0.0%) and 4/24 (16.7%) of cfDNA
in borderline ovarian tumor patients, respectively. KRAS
mutation was detected in 0/4 (0.0%) of ¢fDNA in benign
ovarian tumor patients (Table 1).

3. Relationship between circulating tumor DNA and clin-
icopathological factors in EOC patients

We included only EOC patients in the subsequent analy-
ses. We investigated the relationship between ctDNA sta-
tus (positive or negative) and clinicopathological features
in 85 EOC patients with PIK3CA and/or KRAS mutations
(Table 2). High detection rate of ctDNA was associated with
advanced stage and positive peritoneal cytology (p=0.008
and p=0.007, respectively), but not with other factors such as
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Table 1. Detection rates for circulating tumor DNA (ctDNA)

Positive/Cases with somatic mutations

ctDNA: PIK3CA

ctDNA: PIK3CA ctDNA: KRAS

and/or KRAS

Epithelial ovarian carcinoma

Total 23/85 (27.1) 11/40 (27.5) 12/48 (25.0)

Stage I/11 13/66 (19.7) 7/32(21.9) 6/37 (16.2)

Stage III/IV 10/19 (52.6) 4/ 8 (50.0) 6/11 (54.5)
Borderline tumor 4/25 (16.0) 0/2(0.0) 4/24 (16.7)
Benign tumor 0/4 (0.0) - 0/4 (0.0)

Values are presented as number (%).

Table 2. Relationship between ctDNA (PIK3CA and/or KRAS) detection and clinicopathological features in EOC patients

Characteristic

Positive/Cases with somatic mutations

Age (yr)
>57
<57
FIGO stage
I/11
II/1v
Histology
Clear cell
Endometrioid
Mucinous
Serous
Others
Peritoneal cytology
Positive
Negative
Residual tumor at primary surgery
No
Yes

10/40 (25.0) 0.808
13/45 (28.9)

13/66 (19.7) 0.008
10/19 (52.6)

12/36 (33.3) 0.833
6/29 (20.7)
2/7(28.6)
2/8(25.0)
1/5 (20.0)

16/38 (42.1) 0.007
7/46 (15.2)

15/57 (26.3) 0.206
7/15 (46.7)

Values are presented as number (%). ctDNA, circulating tumor DNA; EOC, epithelial ovarian cancer; FIGO, International Federation of

Gynecology and Obstetrics.

age, histologic type and status of residual tumor at primary
surgery (Table 2).

4. Circulating tumor DNA and outcomes

Next, we examined a potential association between ctD-
NA status and patient outcomes. As shown in Fig. 2A and
B, we observed that the ctDNA detection was associated
with both shorter PFS and overall survival (OS) in EOC
patients (p <0.001 and p=0.017, respectively). Similar trends
were observed when we separately analyzed the mutations
for PIK3CA or KRAS. The PFS was significantly shorter in
patients with PIK3CA or KRAS mutations in cfDNA (p=0.008
and p=0.004, respectively) (Fig. 2C and E). However, ctDNA
mutations for PIK3CA or KRAS showed no significant dif-
ference for the OS (p=0.118 and p=0.072, respectively) (Fig.
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2D and F).

Additionally, we performed cox univariate analyses to
assess the prognostic factors in those patients. We found
that the ctDNA detection, stage and residual tumor status at
the time of primary surgery were significant prognostic fac-
tors for PFS (p < 0.001, p <0.001, and p < 0.001, respectively)
(Table 3). Those factors were also significant prognostic fac-
tors for OS (p=0.012, p < 0.001, and p < 0.001, respectively)
(Table 3). We further examined the multivariate analyses
including ctDNA status, stage, and residual tumor status
at the time of primary surgery, and histology. As shown in
Table 3, ctDNA status, stage, residual tumor status at the
time of primary surgery, and age remained as independ-
ent prognostic factors for PFS (p=0.010, p=0.001, p=0.006,
and p=0.010, respectively). However, only histology, stage
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Fig. 2. Survival curves according to circulating tumor DNA (ctDNA) status, positive or negative. Progression-free survival (A) and overall
survival (B) in all epithelial ovarian cancer (EOC) patients as to ctDNA status for PIK3CA and /or KRAS mutations (p=0.0001 and p=0.017,
respectively). Progression-free survival (C) and overall survival (D) in all EOC patients as to ctDNA status for PIK3CA mutations (p=0.008
and p=0.118, respectively). Progression-free survival (E) and overall survival (F) in all EOC patients as to ctDNA status for KRAS muta-

tions (p=0.004 and p=0.072, respectively). (Continued to the next page)

and age remained independent prognostic factors for OS
(p=0.006, p < 0.0001, and p=0.041, respectively).

5. A subgroup analysis of ctDNA in early stage EOC

As shown in Table 2, more than 50% of the tumor PIK3CA
and/or KRAS mutations were found in early stage EOC,
and we think that ctDNA may reflect potential tumor spread
even when the tumor is clinically localized. Therefore, we
analyzed ctDNA status in a subgroup of early stage (stage

I-II) EOC patients. We found that 13 of 66 EOC patients
(19.7%) who had stage I-II tumor were positive for ctDNA
(Table 1). We found no association between ctDNA detec-
tion and any clinicopathological features in early stage EOC
patients (age, International Federation of Gynecology and
Obstetrics stage, histological type, and peritoneal cytology)
(54 Table). As shown in Fig. 2G, detection of ctDNA was
associated with shorter recurrence-free survival (RFS) in
early stage EOC patients (p=0.010, log-rank test). PIK3CA-
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Fig. 2. (Continued from the previous page) Recurrence-free survival (G) and overall survival (H) in stage I/ I EOC patients as to ctDNA status
for PIK3CA and/or KRAS mutations (p=0.010 and p=0.888, respectively). Recurrence-free survival (I) and overall survival (]) in stage I/
II EOC patients as to ctDNA status for PIK3CA mutations (p=0.071 and p=0.725, respectively). Recurrence-free survival (K) and overall
survival (L) in stage I/II EOC patients as to ctDNA status for KRAS mutations (p=0.050 and p=0.464, respectively).

mutant and KRAS-mutant ctDNA in early stage EOC pati-
ents showed trends toward a shorter RFS (p=0.071 and
p=0.050, respectively) (Fig. 2I and K). However, no statis-
tical difference was found in OS (p=0.725 and p=0.464,
respectively) (Fig. 2] and L). We performed Cox univariate
analyses to assess the prognostic factors including ctDNA
status, stage, peritoneal cytology at the time of primary sur-
gery, age and histology in early stage EOC patients. We
found that ctDNA detection, peritoneal cytology at the time
of primary surgery and age were significant prognostic fac-
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tors for RFS in univariate cox regression models (S5 Table).
However, in early stage EOC patients, we found no specific
prognostic factors for OS in univariate cox regression mod-
els (S5 Table) and for both RFS and OS in the multivariate
cox regression analysis (S6 Table).

6. Comparing ctDNA in paired plasma samples at primary
and recurrent diagnosis in EOC patients

Tumors may change their molecular status during a relap-
se, metastasis or following chemotherapy-induced selection
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Table 3. Cox regression models for overall and progression-free survival in EOC patients

Progression-free survival

Overall survival

HR (95% CI) p-value HR (95% CI) p-value
Univariate
ctDNA
Positive 1 <0.001 1 0.012
Negative 0.25 (0.13-0.50) 0.31 (0.12-0.77)
Histology
Clear cell 1 0.477 1 0.167
Others 0.78 (0.40-1.56) 0.25(0.21-1.31)
Stage
I/ 1 <0.001 1 <0.001
/v 8.16 (3.93-16.93) 15.55 (5.89-48.53)
Residual tumor
No 1 <0.001 1 <0.001
Yes 6.64 (3.17-13.66) 6.96 (2.73-18.34)
Age (yr)
> 57 1 0.069 1 0.309
<57 1.89 (0.95-3.84) 1.60 (0.65-4.17)
Multivariate
ctDNA
Positive 1 0.010 1 0.410
Negative 0.38 (0.18-0.79) 0.65 (0.24-1.83)
Histology
Clear cell 1 0.137 1 0.006
Others 0.56 (0.27-1.20) 0.20 (0.059-0.64)
Stage
/1 1 0.001 1 <0.001
m/1v 5.26 (2.11-12.91) 20.41 (5.34-89.12)
Residual tumor
No 1 0.006 1 0.107
Yes 3.41 (1.43-7.90) 2.57(0.81-8.16)
Age (yr)
> 57 1 0.010 1 0.041
<57 2.61 (1.26-5.67) 2.97 (1.04-9.10)

EOC, epithelial ovarian cancer; HR, hazard ratio; CI, confidence interval; ctDNA, circulating tumor DNA.

pressure. We compared ctDNA status in 17 paired plasma
samples collected at the time of initial diagnosis and first
recurrence. Detailed patient information and ctDNA sta-
tus are described in S7 Table. Eight patients (47.1%) were
ctDNA positive at the time of initial diagnosis, and seven of
those eight patients (87.5%) remained ctDNA positive at the
time of their first recurrence. We observed that one patient
was ctDNA negative at the time of initial diagnosis but it
became positive during recurrence. As shown in Fig. 3A, we
did not observe any difference in the amount of cfDNA in
the primary and recurrent tumor. The median total cf(DNA
(included mutation and wild-type) was 1,944 (range, 1,080
to 29,484 copies/mL) and 1,992 (range, 386 to 118,092 cop-
ies/mL) in patients with primary and recurrent tumors, res-
pectively. When we examined the mutation rate in cfDNA,

six of 17 patients (35.3%) had higher mutation rates in cfD-
NA at the time of recurrence compared to that at the time of
primary diagnosis. However, no statically change was obser-
ved (Fig. 3B). In contrast, the levels of serum CA125 was
lower and the tumor size was smaller when the patients had
a recurrent tumor compared to that at the time of primary
diagnosis (p < 0.0001) (Fig. 3C and D).

Discussion

In this study, we evaluated ctDNA status in EOC patients
by investigating PIK3CA and KRAS mutations in the plasma
cfDNA using ddPCR, and found ctDNA detection in 27.1%
of EOC patients, 19.7% in early stage and 52.6% in advanced
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stage patients. The presence of ctDNA in the blood at the
time of primary treatment was an independent prognostic
factor for recurrence or relapse in EOC patients. In addition,
increased mutation rates in cfDNA was observed in patients
with recurrence compared with those at primary treatment.

There are some reports of tumor-informed mutations in
cfDNA of EOC patients [14,16-20,22]. However, most of
the studies have addressed a relatively small EOC patient
cohort. Because of a high frequency of mutations in the TP53
gene in HGSC patients, most of the reports for EOC previ-
ously examined TP53 mutations in plasma cfDNA [14,17-20].
The first report of tumor-specific mutations in ¢fDNA for
EOC evaluated TP53 gene mutations, which were examined
by fluorescence-based single-strand conformation polymor-
phism. Forty-four percent (12/27) of the patients with EOC
were found to have a TP53 mutation in the tumor, and 16.7%
(2/12) of those patients had matched mutations in the plasma
cfDNA [19]. Morikawa et al. [16] investigated PIK3CA and
KRAS mutations in 29 cases of OCCC. Eight of 29 patients
(27.6%) had PIK3CA and/or KRAS mutations, and they
observed ctDNA in three of those (37.5%) patients by ddP-
CR [16]. KRAS and PIK3CA mutations in ¢fDNA were also
evaluated in endometrial cancer by targeted sequencing,
and 14% (2/14) and 33% (7/21) of the tumors had KRAS and
PIK3CA mutations in c¢fDNA, respectively [23]. Our study
demonstrated ctDNA detection in 27.1% of plasma cfDNA
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of EOC patients using ddPCR for KRAS and PIK3CA muta-
tions. It is mostly in agreement with previous studies, and
is the largest sample size assessing detection rate of plasma
cfDNA in EOC patients.

We observed that ctDNA detection was associated with
advanced stage and positive peritoneal cytology (p=0.008
and p=0.007, respectively). In 40 patients with HGSC, the
levels of ctDNA (AC/mL) for TP53 mutations correlated
with tumor volume measured using 3D volume reconstruc-
ting from computed tomography (CT) images [20]. Howev-
er, the other report for EOC showed no correlation between
ctDNA status and other clinical and pathological factors in
69 EOC patients [17]. This discrepancy might be attributed
to the fact that their study included only HGSC patients
mostly in advanced stage disease, unlike our study that
included all histotypes. When other types of cancers we
examined, the clinical stage was reported to be the only
clinical factor that affected the detection rate of ctDNA in
colorectal cancer patients [24]. Higher performance status,
presence of bone metastasis and metastasis in three or more
organs were associated with high ctDNA detection rate in
lung adenocarcinoma patients who had epidermal growth
factor receptor (EGFR) driver mutations [25].

We demonstrated that presence of ctDNA in the blood at
the time of initial treatment was found to be a prognostic
factor for PFS and OS in EOC patients harboring PIK3CA
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and/or KRAS somatic mutations. Our data are mostly in
agreement with previous preliminary reports by other
investigators. TP53, PIK3CA, or KRAS mutations in cfDNA
were associated with poorer survival in ovarian cancer [16-
18,20,21], but they included a limited sample size in those
analyses. Previous reports have shown that not only in EOC,
but also other cancer types including endometrial, breast,
colon and pancreatic cancer positive for ctDNA, was also
associated with worse prognosis [3,18,26,27]. Our study
demonstrated for the first time that ctDNA detection in
plasma at the time of initial treatment was an independent
prognostic factor by multivariate cox analysis in EOC pati-
ents. However, ctDNA was not shown to be an independent
prognostic factor for OS in this study. This might be in part
due to the complex treatments for recurrent EOC patients or
limited events for multivariate analysis on OS in this study.
We also investigated the role of ¢tDNA in each histotype.
We found both PFS and OS were decreased in patient with
clear cell carcinoma who had ctDNA compared to those
who did not (S8A and S8B Fig.). The PFS but not the OS was
decreased in the patients with endometrioid carcinoma who
had ctDNA compared to those who did not (S8C and S8D
Fig.). In contrast, no difference was found in either PFS or
OS for serous and mucinous carcinoma. However, the num-
bers of cases in those two histologic types were limited (S7E-
S7H Fig.).

This is the first report comparing paired plasma samples
at the time of primary surgery and recurrence for ctDNA
evaluation. The levels of serum CA125 and the tumor size
decreased at the time of relapse than those at the time of pri-
mary treatment. Interestingly, we found a higher mutation
rate in plasma cfDNA at the time of recurrence compared
with at the time of primary treatment though statistically
not significant. This may be partly explained by the different
molecular status between the primary and relapsed disease.
PIK3CA or KRAS mutant clones may be enriched during
the relapse, suggesting a more aggressive phenotype with

PIK3CA/KRAS mutants. By monitoring plasma ctDNA, we
may detect ovarian cancer relapse earlier. Other reports also
showed that ctDNA was detected in six of 44 patients with
ovarian or endometrial cancer, even when CT scanning was
negative for those tumors [18]. A few cases of OCCC were
shown to have increased ctDNA earlier than CA125 at the
time of relapse [16].

Our study has several limitations. One is the retrospec-
tive design and the second is modest sample size and all
cases arising from single institute, and specifically studying
cases with PIK3CA and KRAS mutations without studying
TP53 mutations, which might affect the survivals in HGSC
patients. The limited amount of plasma used in this study
might affect the detection rate. Further studies using a large
sample size or prospective design are warranted.

In conclusion, plasma ctDNA was detected in approxi-
mate 30% of EOC patients at the time of initial treatment in
this study. The presence of ctDNA in the blood was shown
to be an indicator for outcomes in EOC patients, suggesting
that the presence of ctDNA could predict tumor spread even
in cases of localized tumors.
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Purpose

This study aimed to present a single institutional experience with BRCA1/2 gene tests and
the effects of pathogenic mutations in epithelial peritoneal, ovarian, and fallopian tube
cancer (POFTC) on survival outcomes.

Materials and Methods

We identified patients with epithelial POFTCs who underwent BRCA1/2 gene testing by
either germline or somatic methods between March 2007 and March 2020. Based on
the BRCA1/2 test results, patients were divided into BRCA mutation and wild-type groups,
followed by comparisons of clinicopathologic characteristics and survival outcomes after
primary treatment.

Results

The annual number of POFTC patients who received BRCA1/2 gene tests increased gradu-
ally. In total, 511 patients were included and BRCA1/2 mutations were observed in 143
(28.0%). Among 57 patients who received both germline and somatic tests, three (5.3%)
showed discordant results from the two tests. Overall, no differences in progression-free
survival (PFS; p=0.467) and overall survival (p=0.641) were observed between the BRCA
mutation and wild-type groups; however, multivariate analyses identified BRCA1/2 muta-
tion as an independent favorable prognostic factor for PFS (adjusted hazard ratio [aHR],
0.765; 95% confidence interval [Cl], 0.593 to 0.987; p=0.040). In 389 patients with Inter-
national Federation of Gynecology and Obstetrics stage llI-IV, different results were shown
depending on primary treatment strategy: while BRCA1/2 mutation significantly improved
PFS in the subgroup of neoadjuvant chemotherapy (aHR, 0.619; 95% ClI, 0.385 to 0.995;
p=0.048), it did not affect patient PFS in the subgroup of primary debulking surgery (aHR,
0.759; 95% Cl, 0.530 to 1.089; p=0.135).

Conclusion
BRCA1/2 mutations are frequently observed in patients with epithelial POFTCs, and such
patients showed better PFS than did those harboring wild-type BRCAL/2.

Key words
Genital neoplasms, Female, Ovarian neoplasms, Germline test, Somatic test,
BRCA1/2 mutation, Clinical outcome, Survival outcome

Introduction

recurrence and mortality rates, despite the standard primary
treatment. Approximately 15% to 20% of patients with epi-

Ovarian cancer is the most lethal gynecologic malignancy
and is estimated to account for 295,000 new cases and 185,000
cancer deaths annually worldwide [1]. Recent studies view
epithelial peritoneal, ovarian, and fallopian tube cancers
(POFTCs) as a single disease group that shares a common
pathogenesis, diagnosis, and treatment [2]. Epithelial POFTCs
tend to be diagnosed at an advanced-stage and show high

| https://www.e-crtorg |

thelial POFTCs present genetic predisposition or hereditary
factors, with BRCA1/2 identified as well-known causal genes
[34].

Women harboring germline mutations in either BRCA1/2
are at an excessive risk of developing both breast cancer (BC)
and ovarian cancer [5,6]. Offspring of a germline BRCAI/2-
mutation carrier have a 50% chance of inheriting the patho-
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genic or likely pathogenic variant. Moreover, patients harbor-
ing germline or somatic BRCA1/2 mutations with primary or
platinum-sensitive relapsed POFTC experience positive sur-
vival outcomes from poly(ADP-ribose) polymerase (PARP)
inhibitors based on their synthetic lethality [7-12]. Therefore,
current guidelines from the Korean Society of Gynecologic
Oncology recommend that patients with epithelial POFTC
patients undergo BRCA1/2 gene testing [13].

Previous studies have focused on the prognostic aspect
of BRCA1/2 mutations, frequently reporting that BRCA1/2
mutations confer a survival advantage relative to wild-type
BRCA1/2 due to better response to platinum-based chemo-
therapy [14]. However, further analysis revealed that the
study populations and designs, as well as the specific results,
differ among studies. Although overall survival (OS) was
improved in patients carrying BRCA1/2 mutations [14,15],
some studies identified advantages for only those harboring
BRCA?2 mutations [16,17]. In our previous study that included
patients with advanced-stage ovarian high-grade serous car-
cinoma (HGSC), longer progression-free survival (PFS) but
not OS was associated with germline BRCA1/2 mutations [18].

Therefore, additional scientific evidence concerning the
effects of BRCA1/2 mutations on POFTC prognosis according
to the primary treatment strategy is necessary, especially in
patients of Korean ethnicity. In this study, we investigated the
impact of BRCA1/2 mutational status on survival outcomes
in patients with epithelial POFTC. Additionally, we present
a single institutional experience with germline and somatic
BRCA1/2 gene testing not limited by initial International Fed-
eration of Gynecology and Obstetrics (FIGO) stage or histo-

logic type.

Materials and Methods

1. Study population

Since starting germline BRCA1/2 gene testing, our insti-
tution has conducted this test in patients with BC present-
ing a strong family history of BC or with family members
harboring BRCA1/2 mutations. In March 2007, patients with
epithelial POFTC also began to receive germline BRCAI/2
gene testing. In September 2017, our institutional hospital
launched a targeted next-generation sequencing (NGS) can-
cer panel for clinical purposes, which enabled identification
of somatic BRCAI/2 mutational status in patients with epi-
thelial POFTC.

To include all possible cases meeting the study purpose, we
established the following inclusion criteria: (1) patients path-
ologically diagnosed with and treated for epithelial POFTC;
and (2) patients who received either germline BRCAI1/2
gene testing or a somatic NGS cancer panel between March
2007 and March 2020, and thus whose germline or somatic
BRCA1/2 mutational status was verified. By contrast, we
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excluded patients with insufficient clinicopathologic data or
those lost to follow-up during primary treatment.

We identified 563 patients from the Ovarian Cancer Cohort
of the institution who met these criteria. For fair compari-
sons, we further excluded 52 patients who were enrolled in
past or current clinical trials, during their primary treatment,
which could affect survival outcomes.

2. Germline and somatic BRCA1/2 gene test

Germline BRCA1/2 gene testing methods at the Seoul
National University Hospital (SNUH) were described in our
previous study [18]. As of February 2016, the method has
been changed from direct sequencing (Sanger sequencing)
to NGS of BRCA1/2 genes. Sequence variants found in NGS
were confirmed by Sanger sequencing.

For somatic BRCA1/2 gene testing, we used an NGS can-
cer panel named “SNUH FIRST-Cancer panel version 3.1”
and performed DNA collection and profiling from archival
formalin-fixed paraffin-embedded (FFPE) tumor tissues,
as described previously [19]. Briefly, genomic DNA was
extracted from FFPE tissues using the ReliaPrep FFPE gDNA
miniprep system (Promega, Madison, WI), and a library
was constructed using the SureSelectXT target enrichment
protocol (Agilent Technologies, Carlsbad, CA) for Illumina
paired-end sequencing (2x101 bp), which was performed on
the Tllumina Hiseq 2500 platform (Illumina, Carlsbad, CA).
Details of the reporting algorithms used for single-nucleo-
tide variants, copy number variants, and structural variants
were also described previously [19]. The SNUH FIRST-Can-
cer panel version 3.1 provides information on all exons of
183 genes, specific introns of 23 fusion genes, the TERT pro-
moter region, eight microsatellite-instability markers, and 45
drug-target lesions, covering a total length of approximately
1.949 Mbp. Of these, we focused on genomic alterations of
BRCA1/2 genes.

We referenced the detected BRCA1/2 variants in two rep-
resentative databases, the Breast Cancer Information Core
(BIC) and the National Institutes of Health open-access
database of clinically observed variants and their classifi-
cation (ClinVar), and the literature. Sequence variants in
BRCAI and BRCA2 were classified into five categories accor-
ding to the recommendation of the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology [20]. In the present study, we regarded
patients with “pathogenic” and “likely pathogenic” variants
as the BRCA mutation group (BRCAmut; study group) and
the rest of the patients as the BRCA wild-type group (BR-
CAwt; control group).

3. Data collection

Review of medical records and pathologic reports allowed
collection of the following clinicopathologic data: age at dia-
gnosis, histologic type, FIGO stage, initial serum cancer anti-
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Fig. 1. Annual number of BRCA1/2 gene tests among patients with peritoneal, ovarian, and fallopian tube cancers (POFTCs) and according
to changes in sociomedical environment in Korea. NHIS, National Health Insurance Service; RRSO, risk reducing salpingo-oophorecto-
my; KFDA, Korea Food and Drug Administration; PSR, platinum-sensitive relapsed; HGS, high-grade serous; KSGO, Korean Society of
Gynecologic Oncology; NGS, next-generation sequencing; HG, high-grade; HRDpos, homologous recombination deficiency-positive.

gen 125 levels, and primary treatment strategy. We consid-
ered optimal debulking to have occurred when the surgery
resulted in the largest size of the residual tumor being < 1
cm. All patients received taxane- and platinum-based chemo-
therapy as part of their primary treatment unless they had
low-grade IA /IB disease according to the 2014 FIGO staging
system. Additionally, we retrieved personal and familial his-
tories of cancer and the number of affected family members
up to the second degree.

For survival analyses, PFS was defined as the time interval
between the date of initial diagnosis and the date of disease
progression confirmed by the Response Evaluation Criteria
in Solid Tumours ver. 1.1 [21]. OS was defined as the time
interval between the date of initial diagnosis to the date of
cancer-related death or last visit.

4. Statistical analysis

Baseline clinicopathologic characteristics and survival out-
comes were compared between the BRCAmut and BRCAwt
groups. We used a Student’s t or Mann-Whitney U test for
comparisons of continuous variables, and Pearson’s chi-
squared or Fisher exact test for comparisons of categorical
variables. For survival analyses, the Kaplan-Meier method
with log-rank test and Cox proportional hazards regression
models were used. We calculated the adjusted hazard ratio

Germline test (n=475)

Mutation
only at germline test (n=1)
only at somatic test (n=2)

Somatic test (n=93)

Fig. 2. Aerial chart depicting proportion of patients who under-
went germline and somatic BRCA1/2 gene tests along with the
test results.
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Table 1. Clinicopathologic characteristics of the study population

Characteristic Total (n=511) BRCA wild-type (n=368) BRCA mutation (n=143)
Age (yr) 54.3+10.9 54.5+11.5 53.9+9.3 0.557
Parity 1.9+41.3 185013 1.9£1.0 0.394
Origin
Ovary 481 (94.1) 345 (93.8) 136 (95.1) 0.705
Fallopian tube 14 (2.7) 10 (2.7) 4(2.8)
Peritoneum 16 (3.1) 13 (3.5) 3(2.1)
Hx of BC 58 (11.4) 29 (7.9) 29 (20.3) <0.001
Hx of other cancers 28 (5.5) 18 (4.9) 10 (7.0) 0.349
Family Hx of POFTC 27 (5.3) 7(1.9) 20 (14.0) < 0.001
No. of relatives 0.1£0.2 0.0£0.1 0.2+0.4 < 0.001
Family Hx of BC 45 (8.8) 16 (4.3) 29 (20.3) <0.001
No. of relatives 0.1£0.4 0.1+0.2 0.3+0.6 < 0.001
Family Hx of other cancers 111 (21.7) 74 (20.1) 37 (25.9) 0.156
FIGO stage
I 72 (14.1) 65 (17.7) 7 (4.9) 0.001
I 50 (9.8) 39 (10.6) 11(7.7)
III 259 (50.7) 177 (48.1) 82 (57.3)
I\ 130 (25.4) 87 (23.6) 43 (30.1)
Histology
High-grade serous 368 (72.0) 246 (66.8) 122 (85.3) 0.001
Low-grade serous 11 (2.2) 10 (2.7) 1(0.7)
Endometrioid 43 (8.4) 37 (10.1) 6(4.2)
Mucinous 16 (3.1) 13 (3.5) 3(2.1)
Clear cell 42 (8.2) 40 (10.9) 2(1.4)
Mixed 14 (2.7) 10 (2.7) 4(2.8)
Others 8 (1.6) 6 (1.6) 2(1.4)
Unknown 9(1.8) 6(1.6) 3(2.1)
Tumor grade
1 30 (5.9) 27 (7.3) 3(2.1) 0.027
2 28 (5.5) 23 (6.3) 5(3.5)
3 438 (85.7) 306 (83.2) 132(92.3)
Unknown 15 (2.9) 12 (3.3) 3(2.1)
CA-125 (IU/mL) 695.5 (3.4-17,313) 666.5 (3.4-15,700) 767.0 (5.1-17,313) 0.085
Primary treatment strategy
PDS 379 (74.2) 278 (75.5) 101 (70.6) 0.255
NAC 132 (25.8) 90 (24.5) 42 (29.4)
Residual tumor after PDS/IDS?
No gross 374 (73.2) 278 (75.5) 96 (67.1) 0.224
<lcm 70 (13.7) 48 (13.0) 22 (15.4)
1-2 cm 23 (4.5) 13 (3.5) 10 (7.0)
>2cm 22 (4.3) 17 (4.6) 5(3.5)
Unknown 13 (2.5) 6 (1.6) 7 (4.9)
Chemotherapy at primary treatment
Bevacizumab- containing regimen 30 (5.9) 19 (5.2) 11 (7.7) 0.362
Non-bevacizumab regimen 464 (90.8) 335 (91.0) 129 (90.2)
No chemotherapy 17 (3.3) 14 (3.8) 3(2.1)
Recurrence? 324 (63.4) 231 (62.8) 93 (65.0) 0.634
PSR 238 (46.6) 156 (42.4) 82 (57.3) 0.001
PRR 78 (15.3) 67 (18.2) 11(7.7)

(Continued to the next page)
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Table 1. Clinicopathologic characteristics of the study population

Characteristic Total (n=511) BRCA wild-type (n=368) BRCA mutation (n=143)

p-value

Genetic test methods

Germline only 418 (81.8) 296 (80.4) 122 (85.3) 0.264
Somatic only 36 (7.0) 30 (8.2) 6(4.2)
Both 57 (11.2) 42 (11.4) 15 (10.5)

BRCA1 mutational status
Wild-type 409 (80.0) 368 (100) 41 (28.7) <0.001
Mutation 102 (20.0) 0 102 (71.3)

BRCA2 mutational status
Wild-type 469 (91.8) 368 (100) 101 (70.6) <0.001
Mutation 42 (8.2) 0 42 (29.4)

Values are presented as mean+SD, number (%), or median (range). Hx, history; BC, breast cancer; POFTC, peritoneal, ovarian, and fallopian
tubal cancers; FIGO, International Federation of Gynecology and Obstetrics; CA-125, cancer antigen 125; PDS, primary debulking surgery;
NAC, neoadjuvant chemotherapy; IDS, interval debulking surgery; PSR, platinum-sensitive recurrence; PRR, platinum-resistant recurrence;
SD, standard deviation. “Nine patients did not receive debulking surgery, Y Among the recurred, eight patients did not receive taxane- and
platinum-based chemotherapy before, “PSR was defined as relapse > 6 months after completion of taxane- and platinum-based chemo-

therapy, whereas PRR as relapse < 6 months.

(aHR) and 95% confidence interval (CI) for each variable. All
statistical analyses were conducted by using SPSS software
ver. 25.0 (IBM Corp., Armonk, NY), and a p < 0.05 was regar-
ded as statistically significant.

5. Ethical statement

This retrospective cohort study was approved by the Insti-
tutional Review Board of SNUH (No. C-2005-042-1122) and
performed in accordance with the principles of the Declara-
tion of Helsinki. The requirement for informed consent was
waived.

Results

1. BRCA1/2 gene test results

The annual number of POFTC patients who received
BRCA1/2 gene tests increased gradually according to a series
of sociomedical environment changes in Korea (Fig. 1). Of
511 patients who underwent BRCA1/2 gene tests (418, 36,
and 57 for germline test only, somatic test only, and both
tests, respectively), BRCA1/2 mutations were observed in
143 (28.0%), with 20.0% and 8.2% of patients harboring
BRCAI and BRCA?2 mutations, respectively. One patient har-
bored mutations in both genes; however, germline testing
identified only a BRCA2 mutation (c.9097dupA), whereas
somatic testing identified an additional BRCAI mutation
(c.2206_2207delGA).

We observed differential BRCA1/2 mutational status in
patients with POFTC according to the presence of BC and /or
other cancers, such as colorectal and gastric cancers (S1 Fig.).
Although the prevalence of BRCAI/2 mutations was low-
est among patients presenting POFTC only (24.9%), it was

highest among those presenting POFTC, BC, and another
cancer (triple cancers; 75.0%). Of the 54 patients presenting
both POFTC and BC, BRCA1/2 mutations were identified in
26 (48.1%).

Among 57 patients who received both germline and soma-
tic tests, three (5.3%) showed discordant results in their clas-
sification into the BRCAmut and BRCAwt groups (Fig. 2).
Specifically, one patient harboring germline BRCAT mutation
showed restoration of a wild-type BRCAI sequence accor-
ding to somatic testing (true reversion), and the other two
with germline BRCA1/2 wild-type were identified as harbor-
ing somatic BRCAI mutation (acquired mutation). Details of
BRCA1/2 test results and clinical information of the 57 pati-
ents are presented in S2 Table.

2. Characteristics of the study population

Patient characteristics are shown in Table 1. Age at diag-
nosis of POFTC was similar between the BRCAmut and
BRCAwt groups. However, patients with BRCA mutations
displayed significantly higher personal and family histories
of BC and a higher family history of POFTC relative to those
without BRCA mutations. Initial disease presentation also
differed between groups, with the BRCAmut group showing
more advanced disease and more frequent HGSC histology.
In terms of primary treatment, there were no differences in
the proportion of neoadjuvant chemotherapy (NAC) cases
and residual tumor after debulking surgery between groups.
In this study, 5.9% (30/511) of the study population received
be acizumab-containing chemotherapy during primary treat-
ment, and the proportion of bevacizumab users was simi-
lar between the BRCAmut and BRCAwt groups. No patient
received maintenance with a PARP inhibitor after primary
treatment.
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Fig. 3. Survival outcomes of the study population (A, B), and further

Progression-free survival (PFS). (B, D) Overall survival (OS).

BRCA1/2 mutations were observed in 33.2% of patients
with HGSC (n=368), a higher percentage than in the whole
study population. As shown in S3 Table, patient characteris-
tics were similar between the BRCAmut and BRCAwt groups,
except for patient age, personal history of BC, and family his-
tory of BC and POFTC. In patients who had histologic types
other than HGSC (non-HGSC, n=134), incidence of BRCA1/2
mutation was 13.4%. As shown in 5S4 Table, patient charac-
teristics, such as primary treatment strategy and residual
tumor after debulking surgery, were similar between the two
groups, whereas family history of BC and POFTC differed.

3. Clinical outcomes of all study populations

During the median observation period of 42.8 months, 93
patients (65.0%) in the BRCAmut group and 231 (62.8%) in
the BRCAwt group experienced disease recurrence. Despite
the higher proportion of platinum-sensitive recurrence in
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the BRCAmut group (p=0.001), which referred to recurrence
within 6 months after completion of platinum-based primary
treatment, the two groups showed similar PFS (median, 22.9
vs. 22.2 months; p=0.467) (Fig. 3A). However, multivariate
analyses adjusting for age, FIGO stage, histologic type, pri-
mary treatment strategy, and residual tumor after debulk-
ing surgery revealed BRCA1/2 mutation as an independent
favorable prognostic factor for PFS (aHR, 0.765; 95% CI, 0.593
to 0.987; p=0.040) (Table 2). Both BRCAmut and BRCAwt
groups showed similar OS (5-year survival rate, 88.7% vs.
87.6%; p=0.641) (Fig. 3B), and multivariate analyses revealed
that presence of BRCA1/2 mutations did not affect patient OS
(Table 2). Use of bevacizumab in primary treatment did not
improve patient PFS and OS in univariate and multivariate
analyses.

Regarding the specific genes with mutations, we subdi-
vided the BRCAmut group into the BRCAImut (n=101) and
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BRCA2mut (n=42) groups. The one patient harboring muta-
tions in both genes was placed into the BRCA2mut group for
statistical purposes. The BRCAImut and BRCA2mut groups
showed similar PFS and OS relative to the BRCAwt group
(Fig. 3C and D). In multivariate analyses, BRCAI mutation
rather than BRCAI1/2 wild-type was not a prognostic fac-
tor for improved PFS (aHR, 0.773; 95% CI, 0.575 to 1.040;
p=0.089) and OS (aHR, 1.689; 95% CI, 0.870 to 3.280; p=0.121).
Additionally, BRCA2 mutation did not affect patient PFS
(aHR, 0.780; 95% CI, 0.522 to 1.166; p=0.226) and OS (aHR,
0.403; 95% CI, 0.095 to 1.703; p=0.216), compared to BRCA1/2
wild-type.

4. Subgroup analysis according to histologic type

We performed subgroup analyses of patients in order
to investigate the effect of BRCA1/2 mutations on survival
outcomes according to the histologic type. Among patients
with HGSC (n=368), no differences in PFS (p=0.576) and
OS (p=0.980) were observed between the BRCAmut and
BRCAwt groups (S5A and S5B Fig.). In multivariate analy-
ses, BRCA1/2 mutation was not associated with patient PFS
(aHR, 0.785; 95% CI, 0.586 to 1.051; p=0.104) (S6 Table).

Among patients with non-HGSC (n=134), the BRCAmut
and BRCAwt groups showed similar PFS (p=0.321) and OS
(p=0.450) (S5C and S5D Fig.). Multivariate analyses revealed
that presence of BRCA1/2 mutations did not affect patient
PFS (aHR, 0.530; 95% CI, 0.252 to 1.115; p=0.094) (S6 Table).

5. Subgroup analysis according to primary treatment strat-
egy

We then performed subgroup analyses of only patients
with stage III to IV disease (n=389) in order to determine
differences in the effect of BRCA1/2 mutations on survival
outcomes according to the primary treatment strategy. Over-
all, the BRCAmut and BRCAwt groups showed similar PFS
(p=0.146) and OS (p=0.967) (S7A-S7C Fig.). However, mul-
tivariate analyses identified BRCA1/2 mutation as an inde-
pendent favorable prognostic factor for PFS (aHR, 0.722; 95%
CI, 0.546 to 0.956; p=0.023), although not for OS (aHR, 1.066;
95% CI, 0.547 to 2.078; p=0.851) (Table 3).

Among patients with stage III to IV disease who under-
went primary debulking surgery (n=257), we observed no
differences in PFS (p=0.705) or OS (p=0.768) between the
BRCAmut and BRCAwt groups and no difference in PFS
according to specific gene mutation (S7D-S7F Fig.). Mul-
tivariate analyses revealed that BRCA1/2 mutation did not
affect patient PFS (aHR, 0.759; 95% CI, 0.530-1.089; p=0.135)
(Table 4).

Among patients with stage III to IV disease who under-
went NAC (n=132), the BRCAmut group showed better
PFS with marginal significance than did the BRCAwt group
(p=0.052), whereas a similar OS was observed between the
two groups (p=0.619) (57G-S71 Fig.). Additionally, multivari-
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ate analyses identified BRCA1/2 mutation as an independent
favorable factor for improved PFS (aHR, 0.619; 95% CI, 0.385
to 0.995; p=0.048) (Table 4).

Discussion

In this single-institution, retrospective cohort study, we
presented the BRCA1/2 mutational status of patients with
epithelial POFTC and evaluated its effect on survival out-
comes. We found a high incidence (28.0%) of BRCA1/2 muta-
tion and that germline or somatic BRCA1/2 mutations were
associated with better PFS than were wild-type BRCA genes.

Identification of patients with BRCAI/2 mutations and
evaluation of their clinical outcomes are important issues
in POFTC. Individuals with POFTC confirmed as harboring
germline BRCA1/2 mutations have an opportunity to under-
go treatment with PARP inhibitors. At the same time, they
should undergo cancer surveillance for BC or other BRCA-
related cancers. Additionally, their family members might
benefit from BRCA1/2 gene testing in aspect of cancer pre-
vention.

The incidence of BRCA1/2 mutation in patients with POF-
TCs varies among different histologic types, with HGSC
being the most common type and showing the highest muta-
tion incidence (20%-25%) [22-24]. Consistently with previous
studies, we found that the incidence of BRCA1/2 mutations
was higher in patients with HGSC (33.2%) and lower in non-
HGSC patients (13.4%) relative to the overall study popula-
tion (28.0%). Specifically, incidences of BRCA1/2 mutations
in endometrioid and clear cell carcinomas were 14.0% (6/43)
and 4.8% (2/42), respectively. In Canadian and Australian
populations, previous studies have reported that germline
BRCA1/2 mutations were found in approximately 7% to 8%
of patients with ovarian endometrioid and clear cell carci-
noma [15,25]. Although our study included a substantial
number of Korean patients with non-HGSC POFTC (n=134),
the sample size for each histologic type was so small that
proper comparisons were difficult between our study results
and those from previous studies. Considering that ovarian
clear cell carcinoma is more common in East Asian popula-
tions than in Western populations [26], BRCA1/2 test results
from East Asians might differ from those from other regions.
Therefore, an East Asian collaborative research is necessary
to ascertain the exact incidences of BRCA1/2 mutations in
specific histologic types of epithelial POFTC.

Regarding survival outcomes, we identified BRCA1/2 muta-
tion as a favorable prognostic factor for PFS in the entire
study population in consistence with previous studies repor-
ting associations between BRCA1/2 mutation and improved
PFS [14,15,18,27]. We also observed similar results in patients
with stage III to IV disease, especially in those who under-
went NAC. This improved PFS in patients with POFTC har-
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boring BRCA1/2 mutations is likely due to a high response
rate to platinum-based chemotherapy mediated by vulne-
rability to DNA double-strand breaks [28,29]. However,
BRCA1/2 mutational status did not affect patient PFS in the
subgroup of primary debulking surgery, which might be
explained by our institution’s high optimal debulking rate
(85.8%; 211/246), possibly offsetting BRCA-related favorable
chemotherapy response.

Despite the elongated PFS in patients with BRCA1/2 muta-
tions, we did not observe differences in patient OS accord-
ing to BRCA1/2 mutational status, which differs from previ-
ous studies [15,30,31]. This deviation might originate from
our study population not being limited by a specific stage or
histologic type of epithelial POFTCs. In addition, as BRCA
mutated tumor gains resistance through the sequential che-
motherapy; itis likely that the initial high response to chemo-
therapy does not lead to improved OS. Although the mecha-
nisms of acquired chemoresistance are heterogeneous, resear-
chers have commonly reported secondary mutations in
BRCA1/2 genes, or reversion mutations, that restores homol-
ogous recombination repair functions [32,33]. Sokolenko et
al. [34] also reported rapid selection of pre-existing BRCAI-
proficient tumor clones during chemotherapy in ovarian
cancer patients who had germline BRCAI mutations. Devel-
opment of individualized, novel treatment strategies reflect-
ing each patient’s specific mechanisms underlying chemore-
sistance are highly warranted to improve patient OS.

The advent of treatment strategies involving the two PARP
inhibitors olaparib and niraparib for POFTC has increased
the demand for BRCA1/2 gene testing in Korea. Based on
the findings that tumors with somatically acquired BRCA1
or BRCA2 pathogenic mutations respond to PARP inhibi-
tors [10-12], physicians at our institution are recommending
somatic testing to patients harboring wild-type BRCA1/2
according to germline test results and vice versa in order to
expand candidate options for PARP inhibitors. As a result, 57
patients from the study population received both germline
and somatic tests. The results of both tests within the same
patient can be inconsistent due to differences in both the
methods and specimens used. In the present study, among
13 patients with both germline and somatic BRCA1/2 muta-
tions, two (15.4%) showed different variations of BRCA1/2
mutations, which is similar to a previous study from another
institution in Korea [35]. However, a difference in patient
classification represents an important issue. Classification
of patients into BRCAmut and BRCAwt groups resulted in
a 5.3% (3/57) discordance rate. Of the 57 patients receiving
both germline and somatic tests, solitary germline testing
failed to identify two patients harboring somatic BRCA1/2
mutations (3.5%), and solitary somatic testing failed to iden-
tify one patient harboring germline BRCA1/2 mutations
(1.8%). Therefore, this suggests an advantage to conducting
both germline and somatic testing in order to identify single

BRCA1/2 mutations. However, clinicians need to consider
the accuracy of each test, as well as testing cost-effectiveness
and available resources.

Although the Korea Food and Drug Administration
(KFDA) recently permitted olaparib maintenance for newly
diagnosed, high-grade POFTC involving BRCA1/2 mutation
in October 2019, few patients at our institution have actu-
ally received olaparib in this setting due to its high price; in
the current study, none of the patients received maintenance
with olaparib after primary treatment. Additionally, the use
of niraparib for first-line maintenance has not yet been per-
mitted by the KFDA. Therefore, we could not observe the
substantial survival benefit from PARP inhibitors reported in
the phase 3 SOLO-1 [7] or PRIMA [8] trials in this study. It is
expected that more patients will use PARP inhibitors in a pri-
mary setting if the price of the drugs is lowered or if changes
in the sociomedical environment encourage the use of such
drugs. However, as PARP inhibitors continue to increase in
popularity, further investigation of the exclusive effect of
BRCA1/2 mutations on survival outcomes will be increas-
ingly difficult to conduct.

This study has several limitations. First, selection bias or
survival bias mightexist due to the retrospective study design.
Especially, in terms of baseline characteristics, FIGO stage
differed significantly between the BRCA mutation and wild-
type groups. Second, initial tumor load and disease patterns
were notexamined. Third, despite collecting cases of BRCA1/2
gene tests over a considerable time period (e.g., > 10 years
for the germline test), some might argue that the sample size
was small, especially for further comparisons according to
the mutated BRCA gene types. Fourth, we only investigated
details of the primary treatment. Nevertheless, because very
small portion (5.9%) of the study population received beva-
cizumab during primary treatment, we could not assess sur-
vival benefit from bevacizumab exactly in relation with the
BRCA1/2 mutational status. Finally, although we recognize
that somatic testing conducted using an NGS cancer panel
reports variants of genes other than BRCA1/2, we only con-
sidered and collected BRCA1/2 results for study purposes.
Currently, we are planning further studies to investigate
associations between deficiency in homologous recombina-
tion repair genes other than BRCA1/2 and POFTC patient
survival outcomes. Nevertheless, we attempted to organize
the experiences of our institution regarding BRCA1/2 gene
testing and present them with systematic survival analyses.

In conclusion, we found that BRCA1/2 mutations were
frequently observed in patients with epithelial POFTCs.
This study demonstrated that patients harboring pathogenic
BRCA1/2 mutations showed a better prognosis with longer
PFS than did those harboring wild-type BRCA1/2. These
findings might have important implications for real-world
practice and clinical trial design.
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Purpose

This study aimed to examine the causes of death in Korean patients who underwent radi-
cal prostatectomy for prostate cancer and investigate the relationship between comorbidity
and mortality.

Materials and Methods

We conducted a retrospective multicenter cohort study including 4,064 consecutive pati-
ents who had prostate cancer and underwent radical prostatectomy between January
1998 and June 2013. The primary endpoint of this study was all-cause mortality, and
the secondary endpoints were cancer-specific mortality (CSM) and other-cause mortality
(OCM). Charlson comorbidity index (CCl) was calculated to assess the comorbidities of each
patient.

Results

Of 4,064 patients, 446 (11.0%) died during follow-up. The cause of death was prostate
cancer in 132 patients (29.6%), other cancers in 121 patients (27.1%), and vascular dis-
ease in 57 patients (12.8%) in our cohort. The overall 10-year CSM rate was lower than the
OCM rate (4.6% vs. 10.5%). The 10-year CSM rate was lower than the OCM rate in low- to
intermediate-risk group patients (1.2% vs. 10.6%), whereas they were similar in high-risk
group patients (11.8% vs. 10.1%). In the multivariable analysis, CCl was independently
associated with all-cause mortality after radical prostatectomy, regardless of age and path-
ologic features.

Conclusion

Death from prostate cancer was rare in Korean men who underwent radical prostatectomy.
Clinicians should be aware of the possibility of overtreatment of low-risk prostate cancer
in men with significant comorbidity. Our findings may help to facilitate counseling and plan
management in this patient group.

Key words
Prostatic neoplasms, Survival, Comorbidity

Introduction

Prostate cancer remains the most commonly diagnosed
cancer in men worldwide [1]. Men with prostate cancer are
generally considered to have favorable survival outcomes

1242 Copyright (© 2020 by the Korean Cancer Association

[2,3]. Many studies have reported low prostate cancer-specif-
ic mortality (CSM) rates in men with non-metastatic prostate
cancer, thus highlighting the importance of other causes of
death. A recent study reported that surgical treatment was
not associated with significantly lower 20-year overall mor-
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tality or CSM than that in men with localized prostate cancer
who are assigned to observation [4]. However, despite the
emergence of conservative treatment, men with prostate can-
cer are most likely to be treated with radical prostatectomy
(5].

Medical comorbidity is common among the aging popu-
lation with cancer, and this affects treatment efficacy [6].
Comorbidities have a particularly profound impact on the
overall survival in men with prostate cancer as prostate
CSM is low. In men with prostate cancer, the assessment of
long-term other-cause mortality (OCM) is important for the
selection of patients who have a high probability of experi-
encing survival benefit from aggressive radical treatment.
Administering radical treatment for prostate cancer in men
with low life expectancy due to other comorbidities may lead
to overtreatment [7]. One study pointed out that men with
significant comorbidity were often over-treated for low-risk
prostate cancer [8]. Although several studies have reported
on the causes of death after radical prostatectomy in West-
ern populations [9,10], these results may not be generalizable
due to geographic and ethnic variations in prostate cancer
characteristics and the prevalence of comorbidities.

In this multicenter study, we aimed to evaluate the causes
of death after radical prostatectomy for prostate cancer in a
Korean cohort. We also assessed the impact of comorbidity
on mortality after radical prostatectomy.

Materials and Methods

1. Study design

To focus on survival outcomes after radical prostatectomy,
patients who had received neoadjuvant or adjuvant thera-
py, had not achieved undetectable prostate-specific antigen
(PSA) after surgery, or had inadequate clinical information
were excluded from the analysis. The records of 4,064 men
with prostate cancer who underwent radical prostatectomy
(3,210 patients in Asan Medical Center and 854 patients in
the National Cancer Center) between January 1998 and June
2013 were reviewed. Patient data, including demographic
and clinical characteristics, treatment-related variables, and
survival outcomes, were evaluated retrospectively. For the
assessment of comorbidities among the enrolled patients, the
Charlson comorbidity index (CCI) and age-adjusted CCI of
each patient were calculated [11].

The levels of PSA were followed up postoperatively at
3-month intervals for the first 2 years, 6-month intervals
for the third and fourth years, and annually thereafter. Bio-
chemical recurrence was defined as two consecutive rises in
the PSA level of > 0.2 ng/mL after radical prostatectomy. The
decision on secondary treatment modalities after biochemi-
cal recurrence, including salvage radiotherapy, androgen
deprivation therapy, or surveillance, was based on patient’s

Table 1. Clinical and pathological characteristics of patients

Total (n=4,064)

Age, mean (yr) 65.1
<50 74 (1.8)
50-60 763 (18.8)
60-70 2,055 (50.6)
70-80 1,154 (28.4)
>80 18 (0.4)
Body mass index, mean (kg/m? 24.7
Comorbidity
Hypertension 1,759 (43.3)
Diabetes mellitus 638 (15.7)
Other malignancy 141 (3.5)
Heart disease 190 (4.7)
Cerebrovascular disease 113 (2.8)
Liver cirrhosis 50 (1.2)
End-stage renal disease 6(0.1)
Chronic obstructive pulmonary disease 112 (2.7)
Charlson comorbidity index
0 2,993 (73.6)
1 380 (9.4)
P 543 (13.4)
>3 148 (3.6)
Prostate-specific antigen, mean (ng/mL) 13.0
NCCN risk group
Low 1,280 (31.5)
Favorable intermediate 1,041 (25.6)
Unfavorable intermediate 483 (11.9)
)

High 1,260 (31.0
Pathologic Gleason score

Unknown 129 (3.2)
6 909 (22.4)
3+4 1,368 (33.6)
4+3 857 (21.1)
8 343 (8.4)
9-10 458 (11.3)
Pathologic T category
T2 2,573 (63.4)
T3a 989 (24.3)
T3b-T4 502 (12.3)
Positive lymph nodes 224 (5.5)
Positive surgical margins 1,309 (32.2)

Values are presented as number (%) unless otherwise indicated.
NCCN, National Comprehensive Cancer Network.

or physician’s discretion. Abdominopelvic computed tomo-
graphy and bone scanning were routinely performed at the
time of biochemical relapse after radical prostatectomy and
biochemical progression after secondary treatment. Radio-
graphic progression was evaluated using computed tomog-
raphy or magnetic resonance imaging for soft-tissue disease
and bone scanning for bone disease. Survival was meas-
ured from the date of radical prostatectomy until the date
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Table 2. Causes of death after radical prostatectomy

Cause of death Total (n=446)
Prostate cancer 132 (29.6)
Non-prostate cancer 219 (49.1)
Other malignancy 121 (27.1)
Lung 25 (5.6)
Liver 11 (2.5)
Colon, rectum, and anus 8(1.8)
Stomach 19 (4.2)
Biliary tract and pancreas 29 (6.5)
Hematopoietic malignancy 12 (2.7)
Bladder 7 (1.6)
Others 10 (2.2)
Vascular disease 57 (12.8)
Coronary heart disease 31 (7.0)
Cerebrovascular disease 26 (5.8)
Chronic pulmonary disease 22 (4.9)
Chronic liver disease 5(1.1)
Other causes 14 (3.1)
Unknown 95 (21.3)

Values are presented as number (%).

of death. The cause of death was determined according to
medical records.

Four-tier National Comprehensive Cancer Network (NC-
CN) risk groups defined by the guidelines were as follows:
low risk: stage T1-T2a, Gleason score (GS) < 6, and PSA <10
ng/mL; favorable intermediate risk: one intermediate-risk
factor (IRF, that is, stage T2b-T2c or GS 7 or PSA 10-20 ng/
mL), GS 6 or 3+4, and < 50% biopsy cores positive; unfavora-
ble intermediate risk: two or three IRFs, GS 4+3, and = 50%
biopsy cores positive; high risk: stage T3a or GS 8-10 or PSA
> 20 ng/mL [12]. Cancer of the Prostate Risk Assessment
Postsurgical (CAPRA-S) score was also calculated based on
preoperative PSA, pathologic GS, positive surgical margin,
presence of extracapsular extension, seminal vesicle inva-
sion, and lymph node involvement [13].

Clinical and pathological data were expressed as frequen-
cies and means. Survival outcomes were determined using
the Kaplan-Meier method and compared with log-rank tests.
Significant prognostic factors for survival were assessed by
multivariate analysis using the Cox proportional hazard
model with stepwise backward elimination approach. Com-
peting risk regression was performed to test the association
of predictor variables after accounting for prostate CSM and
OCM. All statistical tests were two-tailed, with a significance
level of 0.05. All statistical analyses were performed using
SAS ver. 9.4 (SAS Institute Inc., Cary, NC) and R ver. 3.5.2 (R
Foundation for Statistical Computing, Vienna, Austria).

2. Ethical statement
The study protocol was approved by the institutional
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Fig. 1. Survival outcomes of the overall population.

review board of Asan Medical Center and National Cancer
Center, Korea (AMC 2017-1036 and NCC 2018-0123). Infor-
med consent was waived.

Results

The clinical and pathological characteristics of the 4,064
men with prostate cancer who underwent radical prostatec-
tomy in the two study centers, along with the baseline com-
orbidities, are summarized in Table 1. The median follow-up
duration for enrolled patients was 92.6 months. Approxi-
mately 26.4% of the patients had CCI = 1. During follow-up,
446 patients died at a median of 74.7 months after radical
prostatectomy. The cause of death was prostate cancer in 132
patients (29.6%), other causes in 219 patients (49.1%), and
unknown in 95 patients (21.3%) (Table 2).

The 10-year all-cause mortality rate was 15.5% in the over-
all population (Fig. 1). The 10-year CSM rate was lower than
the OCM rate (4.6% vs. 10.5%) (Fig. 1). Comparisons between
CSM and OCM stratified by preoperative risk groups are
shown in Fig. 2A. The 10-year CSM rate was lower than the
OCM rate in low- to intermediate-risk group patients (1.2%
vs. 10.6%), but both were similar in high-risk group patients
(11.8% vs. 10.1%).

The 10-year CSM rate was lower than the OCM rate in
patients with pT2 (1.0% vs. 10.6%) and pT3a (5.4% vs. 10.2%)
cancers. However, in patients with pT3b cancers, the 10-year
CSM rate was higher than the OCM rate (20.1% vs. 10.4%).
The 10-year CSM rate was lower than the OCM rate in
patients with pathologic GS of < 7 (1.5% vs. 10.3%). In
patients with pathologic GS of 8-10, there was a trend toward
having a higher 10-year CSM rate than OCM rate (14.8% vs.
11.3%). A comparison between CSM and OCM according to
the preoperative NCCN risk groups and age-adjusted CCl is
shown in Fig. 3. The 10-year CSM rate was higher than the
OCM rate only in NCCN high-risk patients with age-adjust-
ed CCl of <3.

In the multivariable analyses, CCI was significantly asso-
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Fig. 2. Survival outcomes according to the preoperative National Comprehensive Cancer Network risk group.

ciated with overall mortality after radical prostatectomy,
regardless of age and pathologic features (Table 3). Compet-
ing risks regression analysis showed that CCI was associated
with OCM, but not with CSM (Table 4).

Discussion

Treatment decisions for men with non-metastatic prostate
cancer are mostly influenced by age and clinical cancer char-
acteristics [14,15]. Several previous studies have reported
that men with prostate cancer were more likely to die from
other causes, not prostate cancer [16,17]. In this study cohort,
the overall OCM rate was significantly higher than the pro-
state CSM rate, which is consistent with most previous stud-
ies. In a European study, the survival benefit of radical pros-
tatectomy ranged from 4.5% to 17.2% for low- to high-risk
patients, in terms of risk reduction of CSM [18]. In a U.S.
study that used the Surveillance, Epidemiology, and End
Results database, the 10-year CSM rate of patients who
underwent radical prostatectomy was 2.8% compared to
5.8% in patients assigned to observation [19]. These previous
reports indicate that the appropriate selection of patients
who will benefit from radical prostatectomy is important
because the survival benefit may not be significant in a sub-
stantial portion of the patient population. Another important

aspect to be taken into consideration in the treatment deci-
sion for men with non-metastatic prostate cancer is individ-
ual medical comorbidity. Comorbidities are frequent in men
diagnosed with prostate cancer and have been associated
with mortality after radical treatment [20].

The number of prostate cancer survivors is expected to
increase continuously because of demographic changes and
advances in treatment methods. Considering the heterogene-
ity of prostate cancer characteristics and comorbidities accor-
ding to different geographical and ethnic populations [21,22],
in this study, we investigated the cause of death after radi-
cal prostatectomy in a Korean cohort. We found that mortal-
ity from prostate cancer accounted for only a fraction of the
overall mortality in men who underwent radical prostatec-
tomy. Overall, the 10-year prostate CSM and OCM rates after
radical prostatectomy in Korean men were similar to those
recorded in the United States and European data [16,19,23,24].
The difference between the prostate CSM and OCM rates
also varied according to medical comorbidities. Many stud-
ies have evaluated the impact of comorbidities on mortality
in men with prostate cancer [7,14,16,19,25,26]. Consistent
with previous findings, our findings showed that comor-
bidity was independently associated with overall mortality,
regardless of age and pathologic features. Our data showed
that the rate of mortality from prostate cancer was higher
than mortality rate from other causes only in patients with
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Table 3. Multivariable Cox regression analyses for evaluating the risk of overall mortality

Variable No. (event)

Multivariable?

Univariable

Age 4,064 (447)
Body mass index 4,064 (447)
Charlson comorbidity index
0-1 3,803 (370)
>2 261 (77)
Prostate-specific antigen 4,064 (447)
Pathologic stage
T2 2,499 (206)
T3a 942 (105)
T3b-N1 623 (136)
Pathologic Gleason score Missing=129
<3+4 2,277 (186)
4+3 857 (77)
8-10 801 (165)
Surgical margins
Negative 2,755 (267)
Positive 1,309 (180)

HR (95% CI) p-value

1.087 (1.070-1.105) < 0.001
0.945 (0.912-0.978)

HR (95% CI) p-value

1.081 (1.063-1.098) < 0.001
0.002 - -

1 (reference)
2.964 (2.292-3.834) < 0.001
1.004 (1.000-1.008) 0.048

1 (reference)
3.236 (2.531-4.138) < 0.001
1.007 (1.005-1.010) < 0.001

1 (reference) < 0.001
1.372 (1.085-1.736) 0.008
2.750 (2.214-3.415) < 0.001

1 (reference) < 0.001
1.102 (0.860-1.412) 0.444
2.194 (1.706-2.821)  <0.001

1 (reference) < 0.001
1.196 (0.916-1.560) 0.188
2.447 (1.984-3.018) < 0.001

1 (reference) < 0.001
1.003 (0.766-1.314) 0.982
1.546 (1.222-1.957) < 0.001

1 (reference) -
1.405 (1.163-1.698) < 0.001 - -

HR, hazard ratio; CI, confidence interval. ?Covariates were chosen based on backward selection.

NCCN high-risk disease and low age-adjusted CCI (< 3).
In this study, we chose the four-tier NCCN risk groups
because they havebeen widely used in current clinical practice.
Additionally, we analyzed survival outcomes according
to the CAPRA-S scores, and this yielded similar results (S1
Fig.). In patients who had CAPRA-S score < 9, the 10-year
CSM rate was higher than the OCM rate only in those with a
CAPRA-S score of 6-8 and age-adjusted CCI of < 3. The 10-
year CSM rate was higher than the OCM rate in patients with
CAPRA-S score > 9, regardless of age-adjusted CCL

In 2018, the mortality rates of the two top causes of death
per 100,000 people in Korea were 154.3 for malignant neo-
plasms and 122.7 for circulatory system diseases [27]. As
expected, in this study, we found that other cancers and cir-
culatory system diseases accounted for the majority of non-
prostate cancer deaths. In the overall population, the 10-year
probability rates of mortality due to other cancers and circu-
latory system diseases after radical prostatectomy were 4.2%
and 2.2%, respectively. The prostate CSM rate was higher
than the mortality rates of other cancers and circulatory sys-
tem diseases only in high-risk patients (S2 Fig.). In low-risk
patients, the mortality rates of other cancers and circulatory
system diseases were higher than the prostate CSM rate.

The over-diagnosis and overtreatment of non-metastatic
prostate cancer have become a major health care issue [28].
Radical prostatectomy is associated with significant costs
and complications. Moreover, common adverse events after
surgery, such as incontinence and erectile dysfunction, may
have a profound effect on the quality of life of patients. Das-
kivich et al. [8] reported that men with CCI > 3 were treated

aggressively in 54% of cases, indicating that men with low-
risk prostate cancer were often over-treated despite signifi-
cant comorbidities. Although active surveillance has been
widely considered as a standard management modality
for low-risk prostate cancer, it has been underutilized, par-
ticularly in Asian countries [29,30]. Among the patients who
underwent radical prostatectomy in this study cohort, 547
(13.5%) had low-risk prostate cancer and significant comor-
bidity (age-adjusted CCI = 3). In addition, 297 patients (7.3%)
were eligible for active surveillance (based on the Prostate
Cancer Research International Active Surveillance criteria)
and had significant comorbidities. These data indicate that a
substantial portion of the Korean male population with low-
risk prostate cancer and significant comorbidity underwent
radical prostatectomy, which may have led to overtreatment.

We acknowledge several limitations to this study. First,
this study was retrospective in nature and could not elimi-
nate the biases inherent to observational studies. Moreover,
the lack of prospective standardized protocols for primary
and salvage treatment may have introduced biases. Second,
the study population may not be representative of all Korean
men who undergo radical prostatectomy. Thus, the gener-
alizability of our data from referral centers may be limited.
Third, incomplete data on the statistics of the cause of death
is another main limitation. These data on the cause of death
solely depend on medical records; because of loss to follow-
up, the causes of death in 95 patients (21.3%) were unknown.
Few patients had evidence of prostate cancer recurrence
until thelast follow-up (biochemical recurrence: 17 /95[17.9%]
and distant metastasis: 0/95 [0%]), suggesting that there may
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be a larger number of patients who died from other causes
than the present data have shown. Fourth, we could not con-
duct comprehensive geriatric assessment (CGA) in this retro-
spective study. While CCI provides a quantitative approach
to enumerate comorbid conditions, CGA is a multidiscipli-
nary and comprehensive tool for evaluating elderly patients,
which may be more appropriate for predicting survival and
radical treatment selection. Lastly, the duration and severity
of each comorbidity were not taken into consideration.

In conclusion, we have demonstrated that mortality from
prostate cancer was rare in Korean men who underwent
radical prostatectomy. Physicians should be aware of the
possibility of overtreatment for low-risk prostate cancer in
men with significant comorbidity. These findings may help

to facilitate counseling and plan management in this patient
group.
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Purpose

Neuroblastoma (NB) is the most common extracranial solid tumor found in children. To
identify significant genetic factors for the risk of NB, several genetic studies was conducted
mainly for Caucasians and Europeans. However, considering racial differences, there is a
possibility that genetic predispositions that contribute to the development of NB are dif-
ferent, and genome-wide association study has not yet been conducted on Korean NB
patients.

Materials and Methods

To identify the genetic variations associated with the risk of pediatric NB in Korean children,
we performed a genome-wide association analysis with 296 NB patients and 1,000 unaf-
fected controls (total n=1,296) after data cleaning and filtering as well as imputation of
non-genotyped single nucleotide polymorphisms (SNPs) using IMPUTE v2.3.2.

Results

After adjusting for multiple comparisons, we found 21 statistically significant SNPs
associated with the risk of NB (p®" < 0.05) within 12 genes (RPTN, MRPS18B, LRRC45,
KANSL1L, ARHGEF40, IL15RA, L1TD1, ANO7, LAMAS5, OR7G2, SALL4, and NEUROG2).
Interestingly, out of these, 12 markers were nonsynonymous SNPs. The SNP rs76015112
was most significantly associated with the risk of NB (p=8.1E-23, p®"=2.3E-17) and was
located in the RPTN gene. In addition, significant nonsynonymous SNPs in ADGRE1 were
found in patients with MYCN amplification (rs7256147, p=2.6E-05). In high-risk group,
rs7256147 was observed as a significant SNP (p=5.9E-06).

Conclusion

Our findings might facilitate improved understanding of the mechanism of pediatric NB
pathogenesis. However, functional evaluation and replication of these results in other pop-
ulations are still needed.

Key words
Neuroblastoma, Genetic variation, Genome-wide association study, MYCN amplification,
High risk, Korean children

Introduction

older than 18 months according to the International Neuro-
blastoma Risk Group (INRG) classification system [2]. The

Neuroblastoma (NB) is the most common extracranial solid
tumor accounting for up to 6%-10% of all childhood cancers
and it is one of the leading cause of cancer mortality in chil-
dren [1]. NB arises from the precursor cells of the sympathetic
nervous system or the adrenal medulla. Since NB is widely
heterogeneous in its clinical phenotypes and treatment out-
comes, current treatment protocols are based on risk stratifi-
cation of NB. High-risk group is currently defined as MYCN-
amplified tumors at any age or metastatic tumors in patients

| https://www.e-crtorg |

patients in the high-risk group show poor prognosis despite
modern intensive multimodal treatment. N-myc proto-onco-
gene protein, also known as N-Myc, is encoded by the MYCN
gene in humans. Since MYCN amplification was found tobe a
highly predictive marker of poor outcome in the NB patients
by the INRG cohort, the MYCN status is used for risk strati-
fication [3]. Based on this, approximately 40% of NB patients
have been classified as high-risk [2,4]. In a previous study
regarding familial NB, PHOX2A, ALK, KIF1Bf, and RAS
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mutations were reported as causal mutations [5]. However,
while only 1%-2% of NB cases were familial, further genetic
association studies are required to identify the predispos-
ing genetic factors. In 2008, the first genome-wide associa-
tion study (GWAS) was performed for Europeans in a case
of sporadic NB [6]. They reported three variants of chromo-
some 6p22, which have been mapped to the genes CASC-15
and NBAT-1. Several candidate genes such as LMO1, BARD1,
HACEI1, and LIN28B have been reported by subsequent
GWAS [5]. Capasso et al. [7] investigated the genetic factor
for the NB patients who developed high-risk tumors and
they found that the locus in 6p22 was enriched. Additionally,
they found several novel risk-related single nucleotide poly-
morphisms (SNPs) including intronic variant in BARDI gene
[7]. Although previous GWAS and candidate genetic studies
have provided considerable information about the genetics
and understanding for NB, most of these studies were per-
formed on Caucasian and African Americans. To expand the
genetic studies for other various populations such as Asians,
it is necessary to explain the genetic aspects of NB.

Due to the remarkable phenotypic heterogeneity of NB, the
mild to moderate effects on the risk of NB development are
still unclear. In this study, we have performed GWAS using
NB to discover genetic variants in Korean children. To our
knowledge, this is the first GWAS study in Korean NB pati-
ents.

Materials and Methods

1. Study subjects

We screened patients who were diagnosed with NB bet-
ween February 1998 and March 2017. After screening, 296
NB patients whose peripheral blood samples were already
cryopreserved at Samsung Medical Center Biobank were
enrolled in this study. The 77,472 exome chip genotypes of
the healthy controls (n=1,000), without any history of tumor,
were obtained from the National Biobank of Korea (No. 2018-
019). Medical records were reviewed for obtaining detailed
clinical and biological data such as the clinical features pre-
sented during diagnosis, tumor biology including MYCN
amplification status and tumor histology by International
Neuroblastoma Pathology Classification (INPC). During
the study period, the patients were classified into high-risk
group and non-high-risk group according to their age dur-
ing diagnosis, tumor stage based on the International Neu-
roblastoma Staging System (INSS), and MYCN amplification
status. In brief, stage 4 tumors in patients older than 1.5 years
or with MYCN-amplified tumors were included in the high-
risk group.

2. Genome-wide genotyping
Genomic DNA was extracted from the peripheral blood
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lymphocytes of the patients using the Wizard Genomic DNA
Purification Kit (Promega, Madison, WI), according to the
manufacturer’s protocol. Approximately 200 ng of genomic
DNA was used to genotype each sample using the Illumina’s
Global Screening Array (GSA) BeadChip (Illumina, San Die-
go, CA). The samples were then processed according to the
Mumina Infinium assay manual. Each sample was whole-
genome amplified, fragmented, precipitated, and resuspend-
ed into an appropriate hybridization buffer. The denatured
samples were then hybridized on a prepared GSA BeadChip
for a minimum of 16 hours at 48°C. Following hybridization,
the BeadChips were processed for the single-base extension
reaction, staining, and imaging on an Illumina iScan system.
The normalized bead intensity data obtained for each sample
were uploaded onto the GenomeStudio software (Illumina)
which converted the fluorescent intensities into SNP geno-
types. The quality of sample was checked by sample call rate
(> 95%). The quality of cluster for marker was measured by
GenTrain scores, and then high-quality markers used this
study (>0.7).

3. Imputation and statistical analysis

The clinical variables were summarized using meantstan-
dard deviation or median (range), as appropriate (Table 1). We
performed imputation consisting of 1,296 samples. The pre-
phasing of genotypes was conducted with SHAPEIT.v2.r837.
We then imputed variants from the 1000 Genomes Project
phase 3 references using IMPUTE v2.3.2. Markers with low
imputation quality as call rate (< 98%), minor allele frequency
(MAF < 1%), p-value of Hardy-Weinberg equilibrium (HWE;
< 1E-5), duplicated markers, and ambiguous strand mark-
ers were excluded from the association analysis. In addition,
low-quality samples (call rate < 95%) were applied for qual-
ity control. For genome-wide association analysis, genotype
distributions were compared using logistic regression analy-
ses with the HelixTree software (Golden Helix Inc., Bozeman,
MT). To predict a protein damaging score for each nonsynon-
ymous SNP, PolyPhen-2 program [8] was used (http:// gene-
tics.owh.harvard.edu/pph2/index.shtml) according to the
manual. Gene pathway analysis for significantly associated
SNPs with the risk of NB was performed using the Database
for Annotation, Visualization, and Integrated Discovery (DA-
VID) functional annotation tool (https://david.nciferf.gov /).
In addition, biological network analysis was performed by
GluGo, Cytoscape plug-in that visualizes non-redundant bio-
logical terms for large clusters of genes in a functionally grou-
ped network (https: // cytoscape.org/).

4. Ethical statement

This study was approved by the Institutional Review
Board of Samsung Medical Center (IRB No. SMC 2015-06-
068-006) and written informed consent was obtained from
the parents or their guardians.
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Table 1. Characteristics of the study subjects

Variable Neuroblastoma Healthy control
Total No. of subjects 296 1,000
Sex (male:female) 164:132 500:500
Age, median (min-max, yr) 2.1(0.0-19.3) 61.4 (47-78)
MYCN amplification 56 (18.9) -
High-risk group 142 (48.0) -
Clinical stage

I 27(9.1) -

11 47 (15.9) -

I 54 (18.2) -

v 160 (54.1) -

IV-S 6(2.0) -

NA 2(07) -
Site of origin

Retroperitoneum 221 (74.7) -

Mediastinum 71 (24.0) -

Other regions 4(1.4) -

Values are presented as number (%) unless otherwise indicated.

Results

1. Clinical characteristics

A total of 296 NB patients were recruited for the current
study. In addition, genotypes of 1,000 normal healthy con-
trols were obtained from the National Biobank of Korea. The
average age of the NB patients was 2.1 years (range, 0.0 to
19.3 years). Among the 296 patients, 142 patients were strati-
fied into high-risk group and MYCN amplification was seen
in 56 patients. Table 1 shows the characteristics of the pati-
ents and healthy controls.

2. Association analysis and identification of novel suscep-
tibility loci

A quantile-quantile plot for the association test between
NB and healthy controls showed a significant deviation
of measures at the tail (51 Fig.) indicating potentially true
associations between the SNPs and NB. A total of 281K mark-
ers were imputed from 535K genotypes of patients and 76K
genotypes of healthy controls using strict quality control
parameters (MAF > 1%, missing rate < 1%, or p for HWE
< 1x107). First, we tested the association between NB pati-
ents and healthy controls using logistic regression analysis.
A total of 21 markers showed significant association with the
risk of NB after adjusting for multiple comparisons (p® <
0.05) (Fig. 1A). The significant markers for the risk of NB are
summarized in Table 2. The markers were located in RPTN,
MRPS18B, LRRC45, KANSL1L, ARHGEF40, IL15RA, L1TD1,
ANO7, LAMA5, OR7G2, SALL4, and NEUROG2 genes. In
addition, PARPS, EPB41L3, and MAP4K1 genes were found
to be the nearby genes for the markers such as rs7717033,
151375128, rs10737958, 152594708, 152463796, 1535296988,

rs3864235, rs32396, rs9964022, rs17847695, rs117910631, rs14-
7260795, rs146801912, rs17847686, rs200216392, rs77270842,
1s149013375, and rs74990833 (Table 2). Among all the mark-
ers, 12 markers were distributed in the coding region. Most
of the nonsynonymous SNPs showed low MAF except of
rs76015112 (MAF < 0.010). In rs76015112, the MAF of NB
was lower than healthy controls (0.125 vs. 0.332) as shown
in Table 2. However, the other markers in the coding region
showed a high MAF in NB compared to the controls (Table
2). We analyzed the regional association of 400 kb around
RPTN on chromosome 1q21.3 (Fig. 1B) and observed that the
176015112 marker showed relatively robust association sig-
nal (p"=2.3E-17) (Table 2). The results of linkage disequilib-
rium (LD) analysis showed that the marker was unlikely to
be in LD with the nearby genes (Fig. 1B).

3. Association analysis of NB subgroups

The NB patients were classified as either with MYCN
amplification or without. Table 3 shows the significant SNPs
after genome-wide association analysis between MYCN-
amplified NB patients and the other NB patients. Interest-
ingly, many SNPs within ADGRE1 (synonyms: EMR1) gene
showed significant associations (S2A Fig.). Among them,
1s725614 and rs457857 had nonsynonymous SNPs as V5891
(NM_001256253) and 1424V (NM_001256253) (Table 3). In
the regional association analysis of 200 kb around ADGRE1
(synonyms: EMR1), we found that 32 SNPs were in tight LD
(S2B Fig.). In addition, three significantly associated SNPs
were found to be located in the intron region of C2CDé6 gene
(rs143074421, rs77468686, and rs117943473).

In the following analysis, GWAS was performed with NB
patients in high-risk group and non-high-risk group. The
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Fig. 1. (A) The p-values of genome-wide association study. The Manhattan plot shows the p-values for the risk of neuroblastoma using
logistic regression analysis. x-axis represents the single nucleotide polymorphism (SNP) markers on each chromosome. The highest
p-value (p=8.1E-23, p==2.3E-17) was observed in rs76015112 on 1q21.3. (B) Regional association plots at the RPTN. Regional associa-
tion plots including both genotyped and SNPs for the RPTN was generated by LocusZoom within 400 kb. The significance of association
(-log10-transformed p-values) and the recombination rate are plotted. SNPs are colored to reflect pairwise linkage disequilibrium (r?) with
the most significantly associated genotyped SNP in the 1000 Genomes Project Phase 1 interim release Asian (ASN) population genotypes.
The most significant genotyped SNPs are labeled and shown in purple.

top 30 significant SNPs are listed in Table 4. As a result, rs622- regional association analysis of 200 kb around ADGREI1, 32
96061 located intron region in FGFGLI gene was found to SNPs were found to be in tight LD (S3B Fig.). In Table 4, we
be highly associated with the high-risk group. Many SNPs have shown that PON1 and PON2 genes were located near
within ADGRE1 gene showed significant associations (S3A seven markers such as rs11981667, rs17166829, rs73422040,
Fig.). In the rs725614 and rs457857 located in coding region, rs11980347, rs17884252, rs17883750, and rs149643570.

the MAF in high-risk group was lower than other groups

(0.080 vs. 0.217 in rs725614, 0.109 vs. 0.233 in rs457857). In the
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