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standard treatment for EC.3* Alternatively, defin-
itive CRT has become another powerful treat-
ment for curability because some patients treated
with neoadjuvant CRT followed by surgery
achieved pathological complete remission (pCR).>
In fact, comparable prognoses after definitive
CRT to surgery alone have been reported by a
couple of independent prospective studies.%’
Thus, CRT is now the most important treatment
option for EC, regardless of whether it is com-
bined with surgery or not. Platinum derivatives
such as cisplatin have played important roles in
CRT.>8 Even for patients with distant metastases,
who are commonly encountered clinically,
although radiation therapy is often omitted in
those, platinum derivatives are still important
treatment options.® Therefore, it is necessary to
identify  predictive markers for platinum
derivatives.

Quite a few studies have attempted to identify
factors predictive of platinum-based ChT/CRT
efficiency, mostly by molecular-profiling endo-
scopic biopsies before treatment, but have not
been as successful.!® Actors such as intratumoral
heterogeneity cause difficulties in identifying pre-
dictive markers using biopsy samples.!! The sub-
clonal nature of genomic driver mutations in
tumor contributes to important clinical implica-
tions that may not necessarily be observed in a
single biopsy.!2 Therefore, some studies have sug-
gested several genetic polymorphisms as predic-
tive markers for platinum-based therapies using
candidate-gene or candidate-polymorphism
approaches.!317 However, the whole genome
approach may be better because responsible
genes or precise molecular pathways with anti-
tumor effects have not yet been completely
unveiled.!!

Therefore, we assessed the effectiveness of
genome-wide association studies (GWAS) to
unveil noble single-nucleotide polymorphisms
(SNPs) as predictive markers for platinum-based
therapy. For this purpose, we recently developed
a population-optimized SNP array ‘Japonica
SNP-array’ for a GWAS using resequencing data
from 2,000 Japanese individuals.!® This Japonica
SNP array allowed us to catalog more compre-
hensive genetic polymorphisms in terms of pre-
dictive markers for platinum-based therapy,
especially in the Japanese population. This study
used the whole-genome approach in the first
cohort, followed by candidate-SNP approach in

the second cohort including prospective recruit-
ment of patients, before re-evaluating a candi-
date-polymorphism in an external cohort obtained
from the nationwide clinicogenomic database, the
BioBank Japan (BB]).1920 We selected EC
patients treated with platinum-based CRT for the
two independent cohorts to make the treatment
background as uniform as possible; the second
cohort was designed and prepared based on the
survival hazard ratios of the first cohort. On the
other hand, the cohorts from BBJ consisted of
clinicogenomic data from a number of hospitals
from all over Japan, in which EC patients were
treated by various therapeutic combinations with
platinum derivatives and/or radiation therapies
and reflected real-world clinical practice. The
candidate SNP suggested by the two aforemen-
tioned cohorts was re-evaluated for platinum-
based therapies as well as for radiation therapy,
using this nationwide clinicogenomic data. We
also tried to unveil the molecular and pathogenic
functions induced by this candidate SNP by refer-
ring to online published multiomics databases.
The present study followed the guidelines of the
reporting recommendations for tumor marker
prognostic studies (REMARK).21,22

Patients and methods

Ethical approval and consent to

participate in two cohorts

This study contained two cohorts. The first
cohort consisted of all of 94 patients who pro-
vided written informed consent to participate in
this study between April 2003 and October 2005
at Tohoku University Hospital. The second
cohort consisted of 24 patients, 12 of whom were
enrolled at Tohoku University Hospital between
December 2005 and June 2016, whereas the
other half were enrolled at National Hospital
Organization Mito Medical Center between May
2006 and February 2008. This study was
approved by the Tohoku University Graduate
School of Medicine IRB (permission number
2003-003, 2005-124, 2016-1-331), National
Hospital Organization Mito Medical Center IRB
(permission 20060529), National Hospital
Organization Sagamihara National Hospital (per-
mission 2018-051) and National Center for
Global Health and Medicine (permission
NCGM-A-003267). Written informed consent
was obtained from all enrolled patients by a
board-certified esophageal surgeon (TM).
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Figure 1. The flow diagrams of this study. (a) The flow diagram from two cohorts to the BBJ cohort. This study contained two
cohorts. The first cohort consisted of 94 patients treated using platinum-based CRT as first-line. GWAS for screening of potential
candidate SNPs for prognosis outcome, CRT-refractory disease or not, was applied to the first cohort, followed by 0S/PFS analyses.
The four candidate SNPs identified in the first cohort were examined in the second cohort recruited after the first cohort. Only
rs3815544 was replicated by the candidate-SNP approach. (b) The flow diagram of the preparation of the external BBJ cohorts from
nationwide clinicogenomic data. The clinicogenomic data from all EC patients enrolled in the BBJ were used. There were multiple
registrations for chemotherapy data sheets or for radiation data sheets from a single patient because each registration was required
for each chemotherapy regimen or for irradiation treatment for each lesion, as indicated by asterisks.

All the authors confirmed that this study was per-
formed in accordance with the Declaration of
Helsinki.

Patient characteristics of the first

and the second cohorts

Both cohorts consisted of patients with EC who
were primarily treated with definitive CRT
(Figure 1(a), Table 1). We selected the second
cohort after the whole genome SNP association
study was conducted, which eventually enrolled
24 patients with EC primarily treated using CRT,
including 6 patients who were prospectively
recruited to fulfill the requirements of the study
design and the sample size as calculated based on
the results obtained by the first cohort; the num-
ber of enrolled patients, 24, in the second cohort
was suggested by “Two Arm Survival’ of The

Cancer Research and Biostatics (CRAB) statistic
(https://stattools.crab.org/Calculators/twoArm
Survival.html) using the following: o= 0.05, PFS
hazard ratio =5, proportion in standard group =
0.15, power = 0.8 for differences (= 0.2), follow-up
years =10, and survival years of standard
group = 8 years, based on the results for PFS by
the first cohort. Both cohorts were Japanese and
differed only in the dates of patient enrolment, as
described above. The clinical and pathologic
data of the enrolled patients are summarized in
Table 1. We did not observe any familial relation-
ships between the 118 patients.

All patients were followed up until the date of
death or for as long as possible. Clinical stages
were determined based on the International
Union Against Cancer (UICC) TNM classifica-
tion of malignant tumors, 7% edition.23
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Table 1. Patients’ characteristics of the two cohorts in this study.

First cohort

Second cohort

Number of enrolled patients

Recruitment period

Age (average *+ standard deviation; minimum-max)

Sex

Pathological type

Clinical stage (UICC 7th edition)

Radiation dose (Gy)

94

April 2003 - October 2005

63.4£9.0; 41 - 81

male 87, female 7

squamous cell carcinoma
91, malignant melanoma 1,

24

December 2005 - June 2016
66.4+7.3;56-79

male 21, female 3

squamous cell carcinoma 23,
neuroendocrine carcinoma 1

adenocarcinoma 1, carcinosarcoma 1

Stage4, 15 cases

Mean 61.3 (30-70.2)*

Concurrent chemotherapy with platinum-derivatives  85**
Prognosis (survive/ EC-cause specific death/ death 36/ 37/ 21
from other illness or unknown reasons)

CRT-refractory disease (no-refractory / refractory) 56/ 38

Stage 1A/1B, 19 cases: Stage 2A/2B,
19 cases: Stage 3A/3B/3 C, 41 cases:

Stage 1A/1B, 8 cases: Stage 2A/2B,
5 cases: Stage 3A/3B/3 C, 10 cases:
Stage4, 1 case

Mean 59.2 (30-70)
22
8/13/3

7117

CRT, chemoradiation therapy; EC, esophageal carcinoma; UICC, International Union Against Cancer.
Data unavailable in four cases (*) or three cases (**} in the first cohort.

SNP genotyping and imputation

Genomic DNA was isolated from the peripheral
white blood cells of each patient by using a pub-
licly known procedure after obtaining written
informed consent. All samples were genotyped
using the Japonica Array vl (Toshiba Corp,
Tokyo, Japan). We conducted genotype calling
using Affymetrix Power Tools (version 1.18.2;
Thermo Fisher Scientific Inc., Waltham, MA).
All samples met the manufacturer’s quality con-
trol criteria (dish QC=0.82 and sample call
rate=97%). SNPs that were categorized as
‘Recommended’ by the SNPolisher package (ver-
sion 1.5.2; Thermo Fisher Scientific Inc.) were
used for subsequent analyses. No cryptic relatives
were found among the samples using the
Maximum Unrelated Set Identification (IMUS)
method implemented in PRIMUS v1.8.02¢ with
default settings. Haplotype phasing was con-
ducted using SHAPEIT (v2.r644)2> as a pre-phas-
ing for the genotype imputation after filtering
SNPs with a call rate<97.0%, and a Hardy—
Weinberg equilibrium test result of p<<107°, or
minor allele frequency (MAF) <0.5%. Genotype
imputation was performed using IMPUTE?2 (ver.
2.3.1)%% with the options -Ne 2000, -k_hap 1000,
-k 120, -burnin 15, and -iter 50 using a phased

reference panel of 1,070 Japanese individuals.?7-28
Each genotype was accepted if the highest geno-
type probability was higher or greater than 0.9.
Otherwise, the genotype was treated as missing.
Finally, SNPs in Hardy—Weinberg equilibrium
with a p-value<<0.0001, call rate<<0.990, or
MAFs<0.01 were filtered out, and 4,095,500
SNPs were evaluated in the downstream analysis.

Statistical analysis

A genome-wide association test for the first
screening of potential candidate SNP markers of
prognosis outcome, CRT-refractory disease
(n=38) or not (n=56), was applied to the
imputed SNPs. We conducted the logistic regres-
sion analysis with sex as a covariate using Plink
(version 1.9).2° SNDPs with p-values<<0.0001
were used in subsequent analyses as candidate
SNPs to avoid losing potential candidates that
might have an estimated P-value no less than
GWAS significance (5.0E-8), since the sample
size of this study was considered.

After a GWAS, we examined the hazard ratios
(HRs) for PFS and OS by Cox univariate regres-
sion analysis including age at CRT, sex, radiation
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doses and clinical stages in the first cohort, and
only age at CRT was statistically associated with
HRs for PFS and OS (data not shown). We then
incorporated age at CRT and each SNP into a
Cox proportional hazard model to determine
HRs for PFS and OS.

Survival analysis using the Kaplan—Meier method
and hazard ratio evaluation using a Cox propor-
tional hazard model were performed using SPSS
(version27) (IBM, Armonk NY, USA).

The EC cohorts from the BioBank Japan (BBJ)

We selected all EC patients that were treated with
platinum-based ChT/CRT as first-line therapy
and evaluated by the Response Evaluation
Criteria In Solid Tumor (RECIST) version 1.1 of
post-treatment imaging (platinum-based therapy
cohort as first-line) or those that were treated by
radiation therapy with radiation doses no less
than 40 Gy (radiation therapy cohort as first-
line), from all of 1,338 EC patients in the BBJ
project, as shown in Figure 1(b). We adopted
tumor response estimated by RECIST version
1.1 as the endpoint of clinical outcome for the
platinum-based cohort because there are missing
values in long-term prognosis; however, thera-
peutic efficiency was precisely evaluated by post-
treatment imaging according to RECIST in this
BBJ-EC cohort. In contrast, the therapeutic out-
come of radiation therapy was estimated by the
1-year, 2-year and 3-year survivals due to unavail-
ability of RECIST evaluations in clinical data
sheets for radiation therapy in BB]J.

Association between rs3815544 and

methylation status of MSX1 gene CpG sites

We used the iMETHYL database published
online (http://imethyl.iwate-megabank.org) to
evaluate the contribution of the candidate SNP,
rs3815544, to the methylation status of CpG sites
around the MSXI gene. The database provides
whole-DNA methylation data (almost 24 million
autosomal CpG sites) obtained from whole-
genome bisulfite sequencing of CD4 + T lympho-
cytes and monocytes collected from a cohort of
healthy subjects of Japanese ethnicity.3°

Evaluation of MSX1 gene features using

online published databases

The data used for the analyses were obtained from
the following four portals: Wanderer (http://www.

maplab.cat/wanderer),3! a tool that helps to visu-
alize genomic and epigenomic data from The
Cancer Genome Atlas (TCGA) Research Network
(http://cancergenome.nih.gov/) was used for CpG
methylation around the MSX1 gene in ECs and
normal esophageal mucosae. The Gene Expression
Omnibus (GEO) portal site (https://www.ncbi.
nlm.nih.gov/geo/) was used for H3K27ac peaks in
EC cell-lines from results using ChIP sequencing
assays (GSE106433) and expression data in ECs
and normal esophageal mucosae before neo-adju-
vant CRT (GSE45670) or neo-adjuvant chemo-
therapies (GSE104958) using microarray and
pathologic diagnoses of therapeutic effects on EC
tumors after esophagectomies. Shiny Methylation
Analysis Resource Tool (SMART) (http://www.
bioinfo-zs.com/smartapp/#tab-8724-4) was used
to assess the correlation between CpG-site meth-
ylation and MSX1 expression in ECs. The cBio
Cancer Genomics Portal (https://www.cbioportal.
org),32:33 from which 17 cBioPortal.org Esophagus/
Stomach studies representing 3,791 patients were
identified and filtered in June 2021 and prognostic
outcomes such as progression-free survival (PFS)
and disease-free survival (DFS) were compared
between patients with (z=50) and without
(n=3,241) MSX] alterations among the 3, 291
patients examined for MSX1.

Summary of clinical endpoints of the first,

the second and BBJ cohorts and neoadjuvant
CRT/ChT cohorts in online published
clinicogenomic database (GSE studies)

The clinical endpoints of each analysis in this
study were as follows: CRT-refractory disease for
a GWAS in the first cohort, hazard ratios for OS
and PFS by a Cox proportional hazard model for
selected 10 SNPs in the first cohort, hazard ratios
for PFS by a Cox proportional hazard model for
four selected SNPs in the second cohort, tumor
response estimated by RECIST version 1.1 for
the BB]J platinum-based cohort, and pCR induc-
tion for neoadjuvant CRT (GSE45670 study) or
ChT (GSE104958 study). OS was not included
in the second cohort because the mean follow-up
period was not sufficient in the second cohort
compared to the first cohort (28 months in the
second cohort vs 79 months in the first cohort).
OS and PFS of the first and the second cohorts
were re-evaluated by Kaplan—Meier method. The
reason that we adopted tumor response estimated
by RECIST as an endpoint of clinical outcome in
the BBJ platinum-based cohort is described
above.
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Summary of biological functions of

rs3815544 and MSX1 in ECs examined

by online omics databases

We used five online-published omics databases as
follows: iIMETHYL database to assess the asso-
ciation between rs3815544 and CpG methyla-
tion, Wanderer tool to assess CpG methylation
status around the MSX1 gene in ECs and normal
esophageal mucosae, GEO portal site to assess
H3K27ac peaks in ECs (GSE106433) and to
assess the association between pCR induction
and MSX1 expression status before platinum-
based neoadjuvant CRT (GSE45670) or ChT
(GSE104958), SMART portal site to assess the
correlation between CpG-site methylation and
MSX1 expression in EC, and cBio Cancer
Genomics Portal to assess MSX1 genetic altera-
tions and prognosis of the EC/Stomach cancer
cohort. The details of each online multiomics
database are described above in the ‘Patients and
Methods’ section.

Results

The first and the second cohorts’

characteristics

The characteristics of the first and the second
cohorts of this study are summarized in Table 1.
Mean follow-up months, from the initiation of
the primary therapy with CRT to patients’ death
or the end of follow-up, were 79.3 months and
27.9 months in the first and the second cohorts,
respectively.

Pathologic diagnosis of squamous cell carcinoma,
male patients, and mean age at initiation of pri-
mary treatment accounted for 97% (n=91), 93%
(n=87) and 63.4 years, respectively, in the first
cohort, and for 96% (n=23), 83% (n=21), and
66.4 years, respectively, in the second cohort,
which were generally representative of typical
Japanese patients with EC. We included histo-
logical types other than squamous cell carcinoma,
such as malignant melanoma or neuroendocrine
carcinoma, as long as they had been treated with
platinum-based CRT as first-line treatment.

The mean radiation doses were 61.3 Gy in the
first cohort (data unavailable in four cases) and
59.2 Gy in the second cohort, which were almost
equal to the mean radiation doses of definitive
CRT previously reported.> A total of 93 %
(n=85) of the first cohort (data unavailable in
three cases) and 92 % (n=22) of the second

cohort received CRT with concurrent use of plat-
inum derivatives.

The overall survival (OS) and progression-free
survival (PFS) in both cohorts were analyzed
using the Kaplan—-Meier method. In the first
cohort, median OS and median PFS were 88.10
months (48.7—127.5 months; 95% confidence
interval (CI)) and 88.10 months (40.1—136.1
months; 95% CI), respectively. In the second
cohort, median OS and median PFS were 13.40
months (7.7—19.1 months; 95% CI) and 5.00
months (2.6—7.4 months; 95% CI).

Potential candidate SNPs for

poor prognosis outcomes

All SNPs identified in the first cohort are sum-
marized as potential candidates for prognosis-
outcome prediction after CRT for EC in Figure
2(a) and Table 2. Eighty-nine SNPs were identi-
fied as risk factor for CRT-refractory diseases
(Table 2).

We selected the leading 10 SNPs filtered by chro-
mosomal location (Table 2), odds ratio (OR),
and the number of genotyped patients, and exam-
ined the hazard ratios for PFS and OS using a
Cox proportional hazard model incorporating age
and each SNP, because only age at CRT was sta-
tistically associated with prognosis by Cox uni-
variate regression analysis among age, sex,
radiation dose, and clinical stage (data not
shown). The results of the multivariate analyses
are summarized in Table 3 (upper panel). Four
SNPs were significant in PFS or OS, with a
p-value <0.0025 after Bonferroni correction.
Each of these four was included in the candidate-
polymorphism approach in the second cohort in
terms of PFS hazard ratio by multivariate analysis
using a Cox proportional hazard model (Table 3,
lower). Using this candidate-polymorphism
approach, only rs3815544, located close to
MSXI, was found to be statistically significant
(p<0.0125, after Bonferroni correction) among
the four SNPs in the second cohort.

In the BB]J cohort for platinum-based therapy, we
adopted tumor response estimated by RECIST
version 1.13% as an endpoint of clinical outcome
because there are missing values in long-term
prognosis and follow-up; however, therapeutic
efficiency was precisely evaluated by the post-
treatment imaging according to RECIST in this
BBJ-EC cohort (Figure 1(b)). The alternative
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Figure 2. (a) Manhattan plot of association of SNPs with CRT-refractory disease in 94 EC patients; the results from 38 EC patients
with CRT-refractory disease and 56 EC patients of control (non-CRT-refractory). (b) An example of the detailed view of GWAS; results
around rs3815544 in the region of chromosome 4. rs3815544 was selected as a candidate predictive marker from this chromosomal

region.

allele (G) of rs3815544 was significantly associ-
ated with the risk of non-response (SD or PD) to
platinum-based ChT/CRT (OR=1.801, p=
0.0480) (Table 4, right), despite the fact that
there were no statistical differences among the
patients with each genotype of rs3815544 in
terms of age, sex, clinical stage and details of
treatment procedures (Table 4, left). In contrast,
we could not find any statistical significance
between rs3815544 genotype and the therapeutic
effect of radiation therapy, although the number
of patients might not be enough and the thera-
peutic effect by radiation therapy was only esti-
mated by the 1-year, 2-year, and 3-year survivals
due to unavailability of RECIST evaluations in
clinical data-sheets for radiation therapy in BBJ
(Figure 1(b)); the ORs of the 1-year, 2-year, and
3-year survivals were 1.71 (p=0.2339), 1.28
(»p=0.5617) and 1.42 (p = 0.4331), respectively.

Attribution of rs3815544 to methylation

of CpG sites within the 5'-flanking region

of the MSXT gene

We used the Wanderer portal site3! containing
original methylation data from TCGA to examine
CpG methylation levels around MSXI gene in
ECs and normal esophageal mucosae. As shown
in Figure 3 (upper), the CpG methylation probe
near rs3815544 was mostly methylated in both
the normal mucosa and EC. In addition, there
were two regions that were more methylated in
ECs than in normal mucosae, including the CpG
site that was located at a transcription start site

(TSS) and contained an H3K27 acetylation peak.
Meanwhile, the contribution of rs3815544 to epi-
genetic modification of the promoter or enhancer
regions of MSX1 gene was examined using iME-
THYL, which revealed that rs3815544 contrib-
uted to the methylation of CpG sites not only
around rs3815544 but also other CpG sites,
including a CpG (chr4: 4861443), which was
close to the TSS of MSXI and H3K27 acetyla-
tion peak (Figure 3, middle). Specifically, the
CpG site at chr4: 4861443 is located within the
CpG island that contains other CpG sites, such as
chr4: 4861101, chr4: 4861330, and chr4:
4862240. Among them, methylation of chr4:
4861330 and the region between chr4: 4861675
and chr4: 4861880 was associated with MSX1
suppression by previous reports,3>-3® and the
methylation of 13 CpGs between chr4: 4861101
and chr4: 4862240 was statistically correlated
with the suppression of MSX1 within ECs by the
SMART (Figure 3, lower).

MSXT gene expression and EC

prognoses after platinum-based

chemotherapy or chemoradiation

therapy in online published data

Comprehensive gene expression data from pre-
treatment biopsies and pathologic diagnoses for
neoadjuvant platinum-based ChT or CRT effi-
ciencies are available in GSE45670 and
GSE104958.37:38 We downloaded the data from
the GEO portal site. The total number of ECs
examined by microarray was 68 (28 in GSE45670
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Table 2. SNPs selected in the first cohort by GWAS with P-value <0.0001.

Chromosome SNP BP (GRCh37) Allele, tested patients OR P

2 rs7426104* 176928633 T 94 4.257 0.00004786
2 rs113240312 176942991 A 91 4.082 0.00009020
2 rs10197152* 206790969 A 93 4.516 0.00008981
4 rs3815544* 4852841 G 94 4.775 0.00007755
6 rs70977374 52545656 GGT 93 0.2161 0.00009029
6 rs3823030* 52547463 A 94 0.2201 0.00009681
6 rs6923338 52549322 C 94 0.2201 0.00009681
7 rs151269855 97215572 G 92 8.201 0.00002633
7 rs74637678* 97240028 G 93 9.157 0.00001160
7 rs10952440 153346868 C 94 0.1655 0.00009169
7 rs11771591 153347062 C 94 0.1655 0.00009169
7 rs13230250 153348384 T 94 0.1655 0.00009169
7 rs13243274* 153348436 G 94 0.1655 0.00009169
7 rs6464356 153349518 A 94 0.1655 0.00009169
7 rs4410821 153350882 T 94 0.1655 0.00009169
7 rs4345479 153351015 T 94 0.1655 0.00009169
8 rs140503424 80742182 TC 94 6.64 0.00003814
8 rs1396858* 80743270 T 94 6.64 0.00003814
9 rs1962035* 110291122 A 94 0.1765 0.00009125
1" rs11042558 9961294 C 93 4.454 0.00009550
1 rs10770077 9968354 T 94 4.589 0.00005826
1" rs140277070 9968568 G 94 4.589 0.00005826
11 rs10840330 9972362 C 94 4.589 0.00005826
1" rs10500715 9973062 G 94 4.589 0.00005826
11 rs11482152 9975293 GT 94 4.589 0.00005826
" rs11454412 9977418 TA 94 4.589 0.00005826
11 rs7114044 9977527 C 94 4.589 0.00005826
1" rs7106914 9977971 C 94 4.589 0.00005826
11 rs12222953 9978864 T 94 4.589 0.00005826
" rs7951950 9979332 T 94 4.589 0.00005826
11 rs4909917 9981165 G 94 4.599 0.00004411
" rs10840333 9981768 G 94 4.589 0.00005826

(Continued)
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Table 2. (Continued)

Chromosome SNP BP (GRCh37) Allele, tested patients OR P

11 rs139854573 9982203 AAAT 93 4L.466 0.00007194
11 rs78035723 9982516 TA 94 4.589 0.00005826
11 rs2403226 9983737 T 94 4.589 0.00005826
11 rs2403227 9984138 G 94 4.589 0.00005826
11 rs4910086 9985980 C 94 4.599 0.00004411
11 rs4576815 9987228 © 94 4.589 0.00005826
11 rs2403229 9987251 A 94 4.589 0.00005826
11 rs12290996 9987559 T 93 4.766 0.00005033
11 rs77182089 9990387 G 93 4.766 0.00005033
11 rs58084362 9991467 T 94 4.589 0.00005826
11 rs11042574 9994795 C 94 4.589 0.00005826
11 rs12283105 9999434 A 94 4.589 0.00005826
11 rs10770079 10002515 G 93 4.681 0.00004964
11 rs11526057 10007445 G 94 4.589 0.00005826
11 rs117290776 10009176 T 94 4.589 0.00005826
11 rs78411681 10010629 G 94 4.589 0.00005826
11 rs57420335 10020485 C 94 4.589 0.00005826
11 rs16907368 10025713 G 94 4.353 0.00008241
11 rs78858991 10028689 T 93 4454 0.00009550
11 rs11042589 10036166 A 94 4.589 0.00005826
11 rs74403655 10039085 C 94 4.589 0.00005826
11 rs12221716 10040089 T 93 4.466 0.00007194
11 rs11042590 10040135 A 94 4.589 0.00005826
11 rs78622859 10041931 @ 94 4.589 0.00005826
11 rs11042591 10043808 G 94 4.589 0.00005826
11 rs11042592 10046834 © 94 4.589 0.00005826
11 rs10500717 10069486 T 94 4.589 0.00005826
11 rs10840347 10074278 G 94 4.589 0.00005826
11 rs10840348 10075500 C 94 4.589 0.00005826
1" rs10840352 10076895 A 94 4.589 0.00005826
11 rs79044582 10086668 G 93 4.454 0.00009550
11 rs11042604 10089027 A 93 4.454 0.00009550

(Continued)
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Table 2. (Continued)

Chromosome SNP BP (GRCh37) Allele, tested patients OR P

" rs11042605 10089886 C 94 4.589 0.00005826
11 rs10840359 10091024 C 94 4.589 0.00005826
" rs11042606 10091525 C 93 4.766 0.00005033
11 rs7946995 10093760 C 94 4.589 0.00005826
M rs7114303 10095687 C 94 4.589 0.00005826
11 rs10458929 10099110 A 94 4.589 0.00005826
M rs11042610 10099720 T 94 4.589 0.00005826
11 rs11042613 10103782 C 94 4.589 0.00005826
" rs10840361 10106833 G 94 4.589 0.00005826
11 rs10840362 10113835 T 94 4.589 0.00005826
" rs11042624 10117388 A 94 4.589 0.00005826
11 rs4529876* 10118993 G 94 5.033 0.00003233
11 rs11530489 10121828 G 94 4.589 0.00005826
11 rs7938788 10132712 C 94 4.589 0.00005826
11 rs1442732 10141219 C 94 4.589 0.00005826
11 rs11042635 10142675 C 94 4.589 0.00005826
11 rs10840370 10148856 T 94 4.589 0.00005826
11 rs11042639 10149372 T 94 4.589 0.00005826
11 rs10770092 10154095 C 93 4.505 0.00007105
11 rs11042645 10171400 T 94 4.589 0.00005826
11 rs11042647 10175364 A 94 4.589 0.00005826
11 rs11042669 10235812 G 94 4.599 0.00004411
11 rs79668791 10272208 A 94 4.349 0.00006808
11 rs7944869 12933329 A 93 0.1231 0.00005358
M rs11022546* 12934243 A 94 0.1193 0.00004150

BP, base pair in physical position; GWAS, genome-wide association study; OR, odds ratio; OS, overall survival; PFS,
progression-free survival; SNP, single-nucleotide polymorphism.
Top 10 SNPs indicated by asterisks proceeded to the evaluation of OS and PFS.

and 40 in GSE104958), accompanied by 15 nor-
mal mucosae (10 in GSE45670 and five in
GSE104958). We determined the standard value
of MSX1 expression using the average and stand-
ard deviation (STDYV) calculated from all values
in normal mucosae in each GSE study. We sum-
marized the suppression of MSXI, which we

determined below one STDV from the average in
each GSE study, compared to pathologic diagno-
ses after platinum-based ChT or CRT (Table 5).
The results showed that none of the cases with
suppression of MSX1 showed pathological com-
plete remission (pCR), and the relative risk of
negative MSX1 for non-pCR was estimated as
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Figure 3. The mean methylation of MSXT and its promoter region in normal esophageal mucosa (blue) and tumor tissues of
esophageal carcinoma (EC, red) were adopted from ‘Wanderer’ (http://www.maplab.cat/wanderer) in the upper row. Mean
methylation as the beta-value is indicated along the Y-axis, and chromosomal locations are indicated on the X-axis (GRCh37). Each
asterisk indicates a CpG site with a statistically significant methylation status difference between normal mucosae and tumor tissues
(p<0.05). An asterisk with an under-bar indicates a region significantly more methylated by all probes within the region. Attributions
of rs3815544 to CpG sites are based on the IMETHYL database, and H3K27ac peaks in EC cell lines are derived from ChIP assay
results (GSE106433), as shown in the middle of this figure. rs3815544 is indicated by an orange dot. Triangles indicate rs3815544-
attributed CpG methylations. H3K27ac peaks around the MSX7 gene in the EC cell-lines KYSE510, KTSE70, and TT, suggested by
ChIP sequencing, are indicated by green bold lines. The online database, SMART, suggested that CpG site indicated by an arrow with
double asterisks locates within CpG island (indicated as CpG96) containing other CpG sites (named as cg09918082 and cg14039306)
that suppress MSXT within ECs through methylation, as shown at the bottom. The other two CpG sites were also reportedly
associated with MSX7 suppression.

1.488 with 95% confidence interval 1.1254—
1.766 (p<0.05).

Inactivating alterations such as homozygous
deletions of MSX1 as prognostic-marker
candidates of EC suggested by online

published data

DFS and PFS were compared between the two
groups, with or without MSX] alterations, and

Kaplan—Meier curves were generated using the
cBio Cancer Genomics Portal. EC patients,
including gastric cancer patients in some studies,
with altered MSX]I had significantly worse prog-
noses both in DFS and PFS, with p-values of
1.082 X 10-5 and 0.0225, respectively (Figure
4(a) and (b)). Of EC patients with altered MSX1,
50% (n=25) were homozygous deletions (Figure
4(c)). Although there were many missing values
in the details of treatment procedures in this
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Figure 4. In the current study, 17 cBioPortal.org Esophagus/Stomach studies representing 3,791 patients were identified and
filtered in June 2021, from the cBio Cancer Genomics portal (https://www.cbioportal.org). Prognostic outcomes such as PFS and DFS
between the two subgroups, that is, EC/GC patients with or without MSX7 alterations, were compared by Kaplan-Meier method. EC/
GC patients with altered MSXT significantly had worse prognoses both in DFS (a) and PFS (b) with p-values of 1.082 X '0-5 and 0.0225,
respectively. (c) Of those with altered MSX1, 50% (n = 25) were homozygous deletions. (d) Although there were many missing values
in details of treatment procedures in this clinicogenomic data, platinum derivatives such as oxaliplatin or cisplatin were used in all
cases available for treatment information, excluding gastric acid suppressants. Each figure above was created and adopted from

cBio Cancer Genomics (https://www.cbioportal.org).

clinicogenomic data, platinum derivatives such as
oxaliplatin and cisplatin were used in all cases for
whom treatment data were available, excluding
gastric acid suppressants (Figure 4(d)).

Discussion

This study involved GWAS screening for CRT-
refractory diseases, followed by OS and PFS haz-
ard ratio evaluation using a Cox proportional
hazard model in the first cohort. This implicated
the four candidate SNPs, as well as the sample
size and follow-up periods of the second cohort
for validation. Among these four, only rs3815544
was statistically confirmed in the validation study
by the second cohort. This result was also re-eval-
uated using other external nationwide clinicog-
enomic data from the BioBank Japan (BB]).
Furthermore, the molecular and pathogenic func-
tioning of this SNP was assessed using online
published multiomics databases. The Wonderer

portal site was used to study the methylation sta-
tus around MSXI gene within ECs and corre-
sponding normal mucosae; the iIMETHYL portal
was used to investigate the relation between can-
didate SNP and CpG methylations around MSX1
gene. Finally, the SMART portal was used to
assess the relation between CpG methylations
and expression status of MSXI! within ECs; in
addition, data from two GSE studies were ana-
lyzed to identify the relations between MSX1
suppression and pCR induction in ECs.

To our knowledge, this study is the first to sug-
gest a predictive SNP candidate utilizing the pop-
ulation-optimized whole-genome SNP array for
patients with EC that had been treated primarily
using platinum-based therapy. For patients with
EC primarily treated using platinum-based ther-
apy as first-line treatment, the number of enrolled
patients expected from previous studies and the
incidence of this disease suggested that the
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Figure 5. Kaplan-Meier survival curves of 118 EC patients from the two cohorts in this study by the genotypes of rs3815544. Survival
ratios were significantly dependent on the genotypes of rs3815544 by Kaplan-Meier analyses, both in PFS with p =0.000058 (logrank]
(a) and OS with p=0.000151 (log rank]) (b); median survival time in each genotype was 5.0 months (GG), 26.0 months (GA), 162.6
months (AA) in PFS, and 22.4 months (GG, 53.6 months (GA), 162.6 months (AA) in OS.

current study design must be similar to that of
rare and lethal cancer studies,?° rather than previ-
ous GWASSs that suggested predictive markers of
more common malignant diseases such as breast
cancer, lung cancer, and cervical cancer.40-42 In
fact, the total number of enrolled patients, 118 in
this study, and the length of observation after
CRT - an average of 80 months of the first cohort
— have been rarely observed in previous studies.
For example, two representative large-scale long-
term cohort studies on CRT for ECs consisted of
55 EC patients with a median survival time of 16
months and 56 EC patients with 14 months of
median survival time.>43

We re-evaluated GWAS results using a Cox haz-
ard proportional model for OS and PFS, incorpo-
rating age at CRT and each of 10 SNPs as
potential candidates from GWAS filtered by
chromosomal location, ORs and the number of
genotyped patients (Table 2). From the above,
we selected four SNPs (Table 3), which were
used in the candidate-polymorphism study in the
second cohort consisting of 24 patients that were
suggested by CRAB statistics, including patients
who were prospectively recruited to fulfill the
study design. Eventually, only one SNP,
rs3815544, was found to be significant hazard
ratios for PFS (Table 3, lower).

Kaplan—Meier analyses showed that PFS and OS
were significantly associated with each of alleles
of rs3815544, suggesting the alternative allele (G)
as a risk allele following first-line platinum-based
CRT (Figure 5). For the first and the second
cohorts, we selected EC patients treated with

platinum-based CRT to make the treatment
background uniform, but we predicted that
rs3815544 might be predictive not only for CRT
but also for platinum-based chemotherapy for the
reasons suggested by preceding studies, as
described later. Therefore, we decided that this
result should be validated in another external
cohort of EC patients treated with platinum-
based therapy obtained from BB]J.

BBJ is one of the largest disease biobanks in the
world and included 1,338 patients with EC.19:20
We prepared the external cohort to investigate the
association between platinum derivatives and
objective evaluations of therapeutic effects such
as RECIST evaluation (Figure 1(b)). The rea-
sons that we adopted RECIST evaluation of post-
treatment imaging as an endpoint of the prognosis
outcome were as follows: first, patients with EC
of the BBJ cohort included those who were not
available for medium- or long-term follow-up
data for survival analyses; second, precise, objec-
tive, and widely shared methods to evaluate ther-
apeutic effects were needed because this
nationwide cohort consisted of clinicogenomic
data from a number of hospitals all over Japan.
The results indicated that the alternative allele
(G) of rs3815544 was statistically associated with
tumor non-response (SD or PD) (Table 4, right).
It should be noted that the result was replicated
even in an external cohort that consisted of
patients treated with various combinations of
platinum derivatives with or without concurrent
radiation therapy. There were no statistical differ-
ences in patient background, such as age, sex, and
clinical factors such as clinical stages and the use
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Table 5. MSXT expression levels before CRT or neoadjuvant chemotherapy and pathologic assessment of EC after neoadjuvant

chemotherapy or CRT, by the online published data.

GSE45670 GSE104958 GSE45670 + GSE104958

MSX1 expressions Non-pCR pCR Non-pCR pCR Negative MSX1 non-pCR pCR

adjusted by normal

mucosae
MSX1 < average - 1SD 2 0 3 0 Negative (< 5 0
expression average - 1SD)

average + 1SD 12 " 6 2 Non-negative (= 43 21

average -1SD]
> average + 1SD 3 0 22 8

Relative risk (95%
Confidence Interval)

1.488 (1.254-1.766)

CRT, chemoradiation therapy; EC, esophageal carcinoma; pCR, pathological complete remission; SD, standard deviation.

of concurrent radiation therapy, between geno-
types of rs3815544 in this BBJ-EC cohort (Table
4, left). In fact, patients with relatively early stage
ECs might account for a substantial portion of
those with homozygous alternative alleles (GG)
(p =0.121), which might rather support the view
that the alternative allele (G) of rs3815544 is
associated with poor prognosis. We also investi-
gated the association of the rs3815544 genotype
and the therapeutic effect of radiation therapy but
did not find any statistical significance.

MSX1 reportedly plays an important role as a
functional tumor suppressor in the genesis of var-
ious types of human cancers.*+4® A germline vari-
ant in MSX1 was identified in a Dutch family
with clustering of Barrett’s esophagus and esoph-
ageal adenocarcinoma, suggesting that the loss of
MSX1 plays an important role in esophageal car-
cinogenesis.*® In fact, MSX1 was listed among
candidate driver genes for esophageal carcinogen-
esis, as suggested by copy number variants from
the TCGA database.5° Furthermore, a promoter
hypermethylation signature of MSXI has been
reported in various types of human malignancies
by genome-wide screening for promoter methyla-
tion,>! which has also been confirmed in EC
(Figure 3). Consistently, MSX1 alterations in EC
were mostly homozygous deletions, as suggested
by the cBio Cancer Genomics Portal database
(Figure 4(c)). Taking these factors into consider-
ation, MSX1 was suspected to play an important
role in esophageal carcinogenesis, suggesting the
presence of an EC subpopulation driven by

deleterious MSX]1 either from homozygous dele-
tion or promoter methylation.

The suppression of MSX1 has previously been
reported to be associated with platinum-resistant
diseases in high-grade epithelial ovarian cancers,
in which the expression of MSX1 was dependent
on CpG-methylation status.’? High MSXI
expression was listed among the genes highly
expressed in the intestinal type of gastric carci-
noma, which is more sensitive to platinum-based
chemotherapy than the diffuse type.>? These pre-
vious studies strongly suggest that the expression/
suppression of MSX1 contributes to sensitivity/
resistance to platinum derivatives. We examined
the association between MSXI expression and
pathological CR (pCR) induction in EC patients
using online published data; comprehensive gene
expression data by microarray before neo-adju-
vant CRT/ChT and pathologic diagnoses after
treatments have been published online as
GSE45670 study (platinum-based CRT) and
GSE104958 study (platinum-based ChT: a combi-
nation of cisplatin, docetaxel, and 5-fluoroura-
cil).37:38 This result was compatible with the current
study; all cases with reduced MSX1 showed non-
pCR. The estimated relative risk of reduced MSX1
for non-pCR was 1.488 (p<0.05, 95% confidence
interval 1.1254—1.766) (Table 5). In addition,
the cBio Cancer Genomics Portal database sug-
gested that EC patients with MSX]1 alterations
that mostly consisted of homozygous deletions
had poor prognoses in both DFS (p=1.082 X 10-%)
and PFS (p =0.0225) compared to those without
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MSX] alterations (Figure 4(a) and (b)). Platinum
derivatives, such as oxaliplatin and cisplatin,
were used in the all patients for whom treatment
data were available. Taken together, it is plausi-
ble that the suppression of MSXI might confer
resistance to platinum-based chemotherapy in
patients with EC.

To date, there is no direct evidence of an associa-
tion between rs3815544 and MSX1 expression in
EC. However, rs3815544 could be attributed to
CpG methylation around the 5’-flanking region
of MSX1 (Figure 3, upper panel). Using online
multiomics databases such as Wonderer, iME-
THYL and SMART, we found that rs3815544
contributed to the methylation of some CpG
sites, including one at chr4: 4861443. This CpG
site at chr4: 4861443 was close to the transcrip-
tion start site (TSS) of MSX1 and the H3K27
acetylation peak and located within the CpG
island that contains other CpG sites, such as chr4:
4861101, chr4: 4861330, and chr4: 486224
(Figure 3, middle). These three CpG sites were
all reportedly associated with MSX1 suppression
in ECs3%:36 (Figure 3, bottom). Therefore, the G
allele of rs3815544 induces the methylation of
CpGs around the H3K27 acetylation sites and
downregulates MSX1, which was supported by a
phenomenon of gene expression control by DNA
methylation and histone modification.>*

In conclusion, the current study suggests a novel
predictive marker candidate of platinum deriva-
tives for EC patients, but further studies are
needed to validate the findings in another large-
scale clinical trial as well as by molecular research
to unveil the underlying mechanisms of MSX]I
suppression through CpG methylation around
the 5’-promoter/enhancer region.
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