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Relationship Between Estrogen-Induced BRCA2 and
Development of Gastric Cancer

Takuma Hayashi® ¢, Ikuo Konishi®

Abstract

Background: Gastric cancer (GC) is the fourth most common malig-
nancy, affecting one in 11 men (9.1%) and one in 23 women (4.38%).
Helicobacter pylori (H. pylori) infection and smoking are the primary
risk factors for GC. Individuals who have multiple other family mem-
bers with GC are also at higher risk owing to lifestyle and genetic
factors. H. pylori-eradicating medications can reduce the risk of dis-
ease. The incidence of GC increases after 50 years of age, particularly
among men; however, the reason for the differing incidence rates be-
tween the sexes remains unclear.

Methods: To clarify the reasons for sex differences in GC incidence
rates from a molecular pathological perspective, we utilized cancer
genome profiling (CGP) and information on BRCA2 expression lev-
els obtained by immunohistochemistry and the number of GC cases
in the family.

Results: We investigated the incidence of GC in families with he-
reditary breast and ovarian cancer (HBOC) and found it to be 4.2-fold
higher than that in non-HBOC families. In families with versus with-
out HBOC, men accounted for 74.57% and 53.67% of all GC cases,
respectively, indicating that men are more likely to develop GC in the
former group. Furthermore, estrogen stimulation induced breast can-
cer type 2 (BRCA2) expression in genetically modified mice as well
as in cultured cells, and low-grade atypical cells were observed in the
gastric mucosal tissues of female mice that underwent ovarian resec-
tion. Additional research experiment revealed that stimulation by the
female hormone estrogen induces the expression of BRCA2, which
suppresses the development of GC. Clinical studies have also shown
that patients with GC who have high BRCA2 expression exhibit long-
er survival rates than those in whom BRCA?2 expression is low.

Conclusions: Overall, the data suggest that the higher mortality rate
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of GC in men than in women may be due to a protective effect of
BRCA2.

Keywords: Gastric cancer; BRCA 1/2; Helicobacter pylori; Patho-
genic variant

Introduction

Gastric cancer (GC) involves uncontrolled growth of cancer-
ous mucosal cells in the lining of the stomach and can take sev-
eral years to become detectable. Helicobacter pylori (H. py-
lori) is a gastric bacterial pathogen associated with human GC;
Sugano et al reported that patients with H. pylori-associated
gastritis and gastric ulcers have a higher risk of GC than those
with duodenal ulcers, indicating that gastric atrophy remains
a risk factor even after H. pylori eradication therapy. Clini-
cal research conducted by a Japanese medical team concluded
that careful monitoring, such as endoscopic examination, is re-
quired after the successful eradication of H. pylori in patients
who are considered to be at a higher risk [1].

H. pylori is a spiral-shaped bacterium that inhabits the
gastric lining. Even in a highly acidic gastric environment, it
survives by using the enzyme urease to break down urea into
the more neutral ammonia. There is a strong association be-
tween H. pylori and stomach cancer; H. pylori is among the
main causes of GC. The cytotoxin-associated gene A (CagA)
protein of H. pylori, to which gastric epithelial cells are ex-
posed following bacterial type IV secretion, is an oncoprotein
that induces malignant neoplasms in mammals. Genetic altera-
tions of H. pylori, most commonly in CagA and vacuolating
cytotoxin, also occur; CagA-positive H. pylori strains increase
the risk of atrophic gastritis and GC [2]. Numerous clinical
studies are being conducted to identify other genes associated
with GC development.

Breast cancer susceptibility gene 1 (BRCAI) is a tumor
suppressor gene located on human chromosome 17 and is in-
volved in DNA repair and cell cycle regulation. BRCA/ en-
codes a protein that helps repair damaged DNA, thereby main-
taining the stability of the genetic information in the cell. If an
abnormality occurs during cell division, BRCAI either sup-
presses cell proliferation or induces apoptosis. The association
between BRCAI mutations and a higher risk of cancer devel-
opment has previously been established; a germinal mutation
in the BRCAI gene significantly increases the risk of devel-
oping hereditary breast and ovarian cancer (HBOC) owing to
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reduced DNA repair function.

Approximately 50% of the global population is infected
with H. pylori, and chronic infection of the gastric mucosa is
closely associated with the development of atrophic gastritis
and gastric ulcers. In developed countries, H. pylori infection
increases the risk of GC at least sixfold. H. pylori strains that
are CagA-positive cause more severe atrophic gastritis than
CagA-negative counterparts and are more strongly associated
with the development of GC. H. pylori infection has also been
suggested to be involved in the development of gastric muco-
sa-associated lymphoid tissue lymphoma [3].

Momozawa et al used next-generation sequencing to com-
pare the genes of patients with GC to those of healthy individu-
als and to identify genetic biomarkers for this disease. They
reported significantly more pathogenic variants (PVs) in ger-
mline BRCAI (gBRCAI) and/or gBRCA2 in patients with GC
than in healthy individuals. However, in the four cohorts of
patients without CagA derived from H. pylori including gBR-
CA1/2 wild-type (wt), gBRCA1/2 PVs, gBRCAI PVs/gBRCA2
wt, and gBRCAI wt/gBRCA2 PVs, the incidence of GC afflic-
tion by 80 years of age was < 10%. Moreover, the incidence
of GC among individuals without gBRCA1/2 PVs who were
infected with CagA-positive H. pylori was low. These clini-
cal data suggested that the incidence of GC is high among in-
dividuals with BRCA1/2 PVs. A large-scale clinical study by
Momozawa et al showed that patients with gBRCA1/2 PVs
infected with H. pylori had a > 40% incidence rate of GC by
80 years of age. However, healthy individuals with gBRCA1/2
wt had a 10% incidence of GC by 80 years of age despite H.
pylori infection status [4, 5].

Materials and Methods

Producing Gan'¢8real and Gan'¢®rea2 mice

Gan'¢Breal and Gan'®B22 mice were created by crossing
C57BL/6JtBreal or C57BL/6JEB22 mice with the Gan mice
(kindly provided by Dr. Oshima M (Kanazawa University
School of Medicine, Kanazawa, Ishikawa, Japan)). The Gan
mice are compound transgenic mice created by crossing C2mE
mouse and Wnt mouse. In the Gan mice, both the COX-2/PGE2
pathway and Wnt signaling are activated in the gastric mucosa.
The Gan mice spontaneously develop ductal GC accompanied
by an inflammatory response, with 100% efficiency. The Gan
mice are considered as models of human GC, wherein tumors
develop through the interaction of Wnt signal activation and
inflammatory responses.

C57BL/6JtBreal and C57BL/6J€B22 mice used to obtain
Gan'eBreal and Gan'€Bra2 mice were produced as follows.

MMTV-BRCALI transgenic constructs

Diagram of the BRCA1 ¢cDNAs used for the generation of
transgenic animals is shown in Section of “Generation and
Maintenance of BRCA2 Transgenic Mice” (Supplementary
Material 1, wjon.elmerpub.com). In MMTV-BRCA1 transgen-

ic constructs, the expression of wild-type BRCA! is controlled
by the mouse mammary tumor virus (MMTV)-long terminal
repeat (LTR) promoter. The BRCAI cDNAs were each inserted
into the third exon of the rabbit S-globin gene (f-g). The bar
indicates the Really Interesting New Gene finger motif, the
hatched region corresponds to the nuclear localization signals,
and the negative symbols (—) indicate the negatively charged
C-terminal domain with transactivation function.

Generation and maintenance of BRCA1 transgenic
(C57BL/6JteBrealy mice

The Xho I BRCAI fragments were microinjected into the male
pronucleus of C57BL/6x DBA/2 F1 fertilized mice embryos
(obtained from CLEA Japan, Inc., Tokyo, Japan) and implant-
ed into pseudo pregnant ICR surrogate mice at the Transgenic/
Embryonic Stem Cell Shared Resource Facility (Japan) to ob-
tain founder mice (Supplementary Material 2, wjon.elmerpub.
com). Founder mice were bred with C57BL/6J mice (obtained
from CLEA Japan, Inc. Meguro, Tokyo, Japan) to establish the
C57BL/6J'eBreal transgenic mice line.

CMV-BRCAZ2 transgenic constructs

To construct p236BRCA?2, the pcDNA3 vector was first modi-
fied by inserting a 236-bp fragment of the 5' untranslated region
of BRCA2 between the Kpnl and Notl sites. The assembled
full-length BRCA2 cDNA was then inserted at the Xhol site of
this plasmid. The 5' UTR of BRCA2 was obtained by RT-PCR
using primers 5-GGTACCGGTG GCGCGAGCTT CTGA-3'
and 5'-GCGGCCGCAACTACGATATTCCTCCAAT-3". The
pcDNA3 236HSC WT (BRCA2) was a gift from Mien-Chie
Hung (Addgene plasmid #16246; RRID:Addgene 16246) [6]
(Supplementary Material 2, wjon.elmerpub.com).

Generation and maintenance of BRCA2 transgenic
(C57BL/6J'eBrea2y mice

The BRCA2 gene was generated using recombineering, and
transgenic mice were generated as described previously in the
section describing BRCA transgenic mice.

All animals used in these studies were handled in strict
compliance with Shinshu University School of Medicine, Ani-
mal Care Committee regulations (Approved Number: 567-5).

Cancer gene panel profiling

The study included 183 families with HBOC encompassing
4,847 participants, among whom 173 had GC, as well as 189
families without HBOC encompassing 4,755 participants,
among whom 41 had GC. Between December 2019 and August
2025, 47,211 novel treatments were investigated using cancer
genome panel testing (FoundationOne CDx test, Foundation
Medicine, Inc., Cambridge, MA, USA, n = 38,981 and On-
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coGuide™ NCC Oncopanel test, Riken Genesis, Yokohama,
Kanagawa, Japan, n = 8,230) at Japanese national universities.
We examined a novel treatment method using cancer genome
panel testing in 2,489 Japanese patients with advanced-stage
or metastatic GC. The clinical research project was approved
by the institutional review board (IRB; Approval Number
R34005, H31-cancer-2).

Diagnostic testing for H. pylori infection

We used highly sensitive urea breath and stool H. pylori antigen
tests combined with the ABC screening method. We stained
tissue sections obtained during surgery with hematoxylin and
eosin or Giemsa, and observed them under a microscope. Di-
rect observation allows for the detection of H. pylori even if
the bacterium is in the coccoid form (spherical bacteria) that
cannot be cultured and has no urease activity.

Western blotting

The expression of estrogen receptor a and BRCA2 in gastric
adenocarcinoma cells (AGS cells and MKN28 cells), cultured
breast cancer (MCF7), and cervical cancer (HeLa) cells were
confirmed using SDS-PAGE and western blot analyses. Two
types of gastric adenocarcinoma cells (AGS cells and MKN28
cells) (10° cells each) were seeded in a 10-cm chalet and cul-
tured at 37 °C for 12 h. After 12 h of culture, four different con-
centrations of estrogen (Cat. #056-04044, FUJIFILM Wako
Chemicals, Osaka City, Osaka, Japan) and progesterone (Cat.
#160-24511, FUJIFILM Wako Chemicals, Osaka City, Osaka,
Japan) were added to the culture medium to achieve final con-
centrations of 0, 5, 20, and 50 nM, and cultured for another 12
h. Subsequently, each cultured cell was treated with a lysate
solution (Cat. #R0278-50ML, Merck KGaA, Darmstadt, Ger-
many). To examine the estrogen receptor oo and BRCA2 ex-
pression status in each cultured cell in response to estrogen
and progesterone stimulation, analysis was performed using a
standard western blot protocol.

The cells were maintained at 37 °C in a humidified incu-
bator with 5% CO,. For the hypoxic culture, the cells were
cultured in a low oxygen incubator with a gas mixture contain-
ing 1% O,, 5% CO,, and 94% N,. We purchased MKN28 cells
(JCRB0253 MKN28) from National Institutes of Biomedi-
cal Innovation, Health and Nutrition (Kawasaki, Kanagawa,
Japan). We purchased AGS cells (CRL-1739), MCF7 cells
(HTB-22), and HeLa cells (CRM-CCL-2) from ATCC/Ameri-
can Type Culture Collection (Manassas, Virginia, USA).

Reverse transcription-polymerase chain reaction analysis
(RT-PCR)

The expressions of BRCA2, estrogen receptor o, and B-actin
transcripts were examined using RT-PCR. Total RNA was pre-
pared from human gastric adenocarcinoma cells (AGS cells
and MKN28 cells), cultured breast cancer (MCF7), and cervi-

cal cancer (HeLa) cells using TRIzol reagent according to the
manufacturer’s protocol (Invitrogen Co., CA, USA). The RNA
was reverse-transcribed with the Superscript Il enzyme (Inv-
itrogen Co.) and single stranded cDNA was used for ampli-
fication. BRCA2, estrogen receptor o, and -actin transcripts
were subjected to PCR with the appropriate primer sets fol-
lowing a program of 35 cycles at 94 °C for 30 s, 60 °C for
30 s, and 72 °C for 1.5 min with an additional 5 min for the
extension of transcripts. The primers were used as follows: hu-
man BRCA2 (F 5-GGCTTCAAAAAGCACTCCAGATG-3',
R 5'-GGATTCTGTATCTCTTGACGTTCC-3'"), human estro-
gen receptor o (F 5-CCACTATGGTGTGGCATCCTGT-3/,
R 5'-GGTGATCTCACACTCGTTGGAG-3'), and B-actin (F
5'-CACCATTGGCAATGAGCGGTTC-3', R 5'-AGGTCTTT-
GCGGATGTCCACGT-3"). These experiments were conduct-
ed at Shinshu University in accordance with local guidelines
(Approval No. 4737, No. 150, and No. M192).

Immunostaining

We investigated the expression status of estrogen receptor o
and BRCA2 in the mucosal layer of male and female nor-
mal stomach tissue. Each gastric mucosal tissue sample was
fixed with buffered formalin for 12 h. Afterward, each tissue
sample was embedded in a plastic box with paraffin. Each
paraffin-embedded tissue was microtome-assisted to create 5
um thick sections, and then thin section slides were prepared.
The thin-sectioned slides were saved in the cryoprotection
solution. Slices were transferred from the cryoprotection so-
lution to 0.1 M phosphate-buffered saline (PBS) at room tem-
perature, and then rinsed three times for 10 min each, with
0.1 M PBS. Slices were incubated for 30 min in endogenous
peroxidase blocking solution to inactivate endogenous per-
oxidase, and then rinsed three times, 10 min each, with 0.1
M PBS. Optionally, antigen retrieval was performed. Slices
were incubated for 20 min with 2 N HC1 at 37 °C, and rinsed
in 0.1 M borate buffer (8.5 pH) for 10 min, three times for
10 min each, with ice-cold 0.1 M PBS. Slices were incubated
for 2 h at room temperature with PBS™ (blocking solution),
and incubated with anti-estrogen receptor o ppbsrimary an-
tibody (mouse host) (Cat. #12255-1-AP, Proteintech Group,
Inc., Rosemont, IL, USA) and anti-BRCA2 primary antibody
(mouse host) (Cat. #29450-1-AP, Proteintech Group, Inc.,
Rosemont, IL 60018, USA) at a concentration of 1:250 in
PBS* overnight at 4 °C. On day 2, the slices were rinsed three
times for 10 min each with 0.1 M PBS, incubated with 1:250
HRP-conjugated secondary antibody (anti-mouse) (Cat. #G-
21234, Invitrogen, Thermo Fisher Scientific, Waltham, MA
USA) in PBS+ for 2—4 h at room temperature, rinsed three
times for 10 min each with 0.1 M PBS, transferred to DAB
peroxidase (HRP) substrate solution, and incubated for 2—10
min. When slices became dark grey, the tissue was visualized
with a microscope. If positive cells are present, they were
rinsed three times (for 15 min each) with tap water (to re-
duce background), washed three times for 10 min each with
0.1 M PBS, carefully mounted on gelatinized slides using a
soft brush, air dried overnight at room temperature, counter-
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Table 1. GC Incidence in Patients From Families With HBOC Based on Genetic Testing?

Demographic

HBOC families (n = 183)

Non-HBOC families (n = 189)

Overall GC incidence

Total GC patients (with other tumorsP) 173 (779)
Total patients evaluated 4,847
GC incidence (%) 3.57%
Sex distribution of GC patients n=173)
Male GC patients (n) 129
Proportion of males (%) 74.57%

41 (205)
4,755
0.86%
(n=41)
22
53.67%

aGenetic testing: BRACAnalysis Diagnostic System (Myriad Genetics G.K., Zurich, Switzerland). POther tumors: HBOC-related cancers, i.e., breast
cancer, ovarian cancer, prostate cancer, and pancreatic cancer. GC: gastric cancer; HBOC: hereditary breast and ovarian cancer.

stained with permanent mounting medium added and cover-
slips placed, and stored at 4 °C for up to 6 months.

Measurement of estrogen levels

For a blood test, a health care professional will take a blood
sample from a vein in your arm, using a small needle. After
the needle is inserted, a small amount of blood will be col-
lected into a test tube or vial. Asuka Pharmaceutical Medical
Co., Ltd. (Fujisawa-city, Kanagawa, Japan) has developed nu-
merous steroid measurement methods using LC-MS/MS. In
particular, our methods feature high-sensitivity measurement
achieved through purification operations that remove impuri-
ties that reduce detection sensitivity in derivatization and mass
spectrometry. This technology has enabled ultra-high-sensitiv-
ity measurement of estradiol (E2) and estrone (E1).

Statistical analyses

The differences between low-BRCA2 (235 cases) and high-
BRCA2 expression (111 cases), as shown in the figure, were
evaluated using the Mann—Whitney U test for continuous vari-
ables and Fisher’s exact test for categorical variables. A sig-
nificance level of P < 0.05 was used. Statistical analysis was
performed using R version 4.0.2 and GraphPad Prism v.9.0.

Ethical considerations and registration

The study protocol complied with the Declaration of Helsinki
and the Ethics Guidelines for Clinical Research published by the
Ministry of Health, Labor, and Welfare of Japan. We obtained
approval for this study from the institutional review board of
Kyoto University Hospital on June 23, 2011. The protocol and
informed consent forms were approved by the ethics commit-
tee. We conducted a retrospective cohort analysis based on real-
world data. We provide the Institutional Review Board (IRB) ap-
proval number and the clinical trial registration number below.
This clinical research was approved by the IRB of the Kyoto
University Graduate School of Medicine, Kyoto, Japan on July
12,2023 (Approval Number R3971). This clinical research was

also approved by the IRB of the National Hospital Organization
Kyoto Medical Center on August 1, 2023 (Approval Number
R5-0801). The clinical study protocol number for this clinical
study is listed as jJRCT1050220041 in the Japan Registry of
Clinical Trials GRCT). ARRIVE checklist documentation: Our
study uses live animals. The research protocol involves live ani-
mals and has been approved by the institutional animal care and
use committee (Approval Number R7-0801).

Results

The incidence of GC among members of the 183 families with
HBOC and gBRCAI PVs or gBRCA2 PVs was significantly
higher than that among members of the 189 non-HBOC fami-
lies with gBRCA1/2 wt (Table 1). The prevalence of H. pylori
infection in patients with GC from families with HBOC was
similar to that in individuals with GC from healthy gBRCA1/2
wt families, with an H. pylori infection rate of approximately
90% (Table 1). Furthermore, the incidences of GC among men
from families with HBOC versus men from non-HBOC fami-
lies were 74.57% and 53.67%, respectively.

A novel treatment method was examined using cancer ge-
nome panel testing in 47,211 Japanese patients with advanced-
stage/metastatic GC. Overall, 2,417 of 2,489 patients (97.11%)
with advanced stage/metastatic GC were infected with H. pylori
based on cancer genome panel testing. Of the 173 and 41 patients
with GC from families with and without HBOC, 161 (93.06%)
and 39 (95.12%) had H. pylori infection, respectively. The inci-
dences of H. pylori infection in patients with GC who were mem-
bers of families with versus without HBOC were comparable.

These data suggested that individuals who carry gBR-
CA1/2 PV but are not infected with H. pylori do not have a
higher incidence of GC. Compared to individuals with gBR-
CA1/2 wt, those with gBRCA1/2 PVs have a higher incidence
of GC owing to H. pylori infection [5, 7, 8]. Therefore, H.
pylori eradication using antibiotics can reduce the incidence of
GC even in gBRCA1/2 PV carriers.

In families with HBOC, the risk of developing stomach
cancer in men is higher than that in women. However, among
individuals from families without HBOC, the risk of develop-
ing stomach cancer is roughly equal between the sexes. There-
fore, we examined the cumulative risk of stomach cancer af-
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Figure 1. Cumulative risk of gastric cancer in individuals up to 80 years of age according to family hereditary breast and ovarian
cancer (HBOC) statuses. The cumulative risks of gastric cancer were estimated for men and women who underwent National

Cancer Genome profiling. *P < 0.001, **Not significant.

fliction by the age of 80 years in each cohort and found it to be
2.71% and 0.91% among men and women in the HBOC group,
respectively, whereas these rates were 0.46% and 0.40% in the
non-HBOC group, respectively (Fig. 1). The lifetime risk of
developing stomach cancer among men is reported to be two-
to threefold higher than that in women; this is thought to be
owing to the fact that the cumulative rate of stomach cancer
among men from HBOC families is approximately three times
higher than that among women.

Differences in cancer risk according to sex in Gan mice

In families with HBOC, the cumulative risk of being diag-
nosed with GC by 80 years of age was 2.71% in men and
0.91% in women (Fig. 1). We used genetically modified mice
(Gan mice) that spontancously develop GC to investigate the
reason for this discrepancy between the sexes. Gastric mucosal
tissue from C57BL/6 wt mice is shown in panels E1 and E4 of
Figure 2a while that from Gan mice is shown in panels E2, E3,
ES, and E6 of Figure 2a. Compared to male Gan mice of the
same age (Fig. 2a: panels ES5, E6), the gastric mucosal tissue of
female Gan mice clearly had fewer atypical and highly atypi-
cal cells (Fig. 2a: panels E2, E3). Only a few inflammatory
cells were observed in the gastric mucosal tissue of 8-month-
old female Gan mice while numerous such cells were observed
in the mucosal tissue of 12-month-old female Gan mice (Fig.
2b: panels E12, E13). On the other hand, in male Gan mice,
high-grade nuclear and cellular atypia was observed in the gas-
tric cancer mucosal tissue (Fig. 2b: panels E12, E13). Hence,
endogenous factors expressed in males versus females may act
on gastric mucosal cells to suppress carcinogenesis.

Development of atypical cells in the gastric mucosal tissue
of ovariectomized female CS7BL/6 mice

Compared to the mucosal tissues of female Gan mice < 12 months

of age, numerous highly dysplastic and cancer cells were observed
in the mucosal tissues of male counterparts (Fig. 2). Sex-based
differences have been observed in the incidence rates of hepa-
tocellular carcinoma and pancreatic cancer, and previous studies
suggested that this is owing to sex hormones (i.e., the anti-tumor
effects of female hormones such as estrogen and progesterone
versus the tumor-enhancing effects of testosterone). However, no
clear changes in tumor formation rates have been demonstrated
when sex hormones are administered to individuals.

The BRCA2 protein, a transcription product of BRCA2, is
a tumor suppressor that forms a large complex in the nucleus
with numerous other tumor suppressor factors and is involved
in homology-mediated gene repair. We investigated whether
pathogenic mutations in BRCA2 result in genetic instability that
can ultimately lead to breast and ovarian cancer induction by es-
trogen and progesterone (Fig. 3a). In two cultured gastric adeno-
carcinoma cells (AGS cells and MKN28 cells), the expression
of the BRCA2 gene and protein was induced in an estrogen con-
centration-dependent manner (Fig. 3a). In cultured breast cancer
(MCEF7) and cervical cancer (HeLa) cells, BRCA2 gene and pro-
tein expression also was induced in an estrogen concentration-
dependent manner (Supplementary Material 2, wjon.elmerpub.
com). However, no BRCA?2 protein expression was observed in
cells stimulated with progesterone (Supplementary Material 3,
wjon.elmerpub.com). We previously showed that the incidence
of GC is reduced in Gan BRCA?2 transgenic mice (which consti-
tutively express BRCA2) compared to Gan mice (Supplementa-
ry Material 4, wjon.elmerpub.com). In other words, it is feasible
that estrogen-induced BRCA2 acts as an anti-tumor agent in the
mucosal epithelium of female Gan mice, resulting in a lower
incidence of malignant tumors compared to that in male Gan
mice (Supplementary Material 4, wjon.elmerpub.com). Next,
we investigated the incidence of GC in C57BL/6, Gan, and Gan
BRCA2 mice. No dysplastic cells were detected in the gastric
mucosa of normal male and female C57BL/6 mice; however,
low-grade dysplastic cells were observed in the gastric mucosa
of female C57BL/6-ovariectomy mice in which the estrogen-
secreting ovaries had been removed; neither high-grade dysplas-
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a C57BL/6

Male

Female

Gan tgBRCA2

Figure 2. Comparison of gastric tissue samples. Compared to male Gan mice, female Gan mice showed fewer inflammatory
and highly dysplastic (adenocarcinoma) cells in their gastric mucus tissues. (a) Panels 1 and 4 show the pathological findings of
normal gastric mucosal tissue from a C57BLACK/6 wild-type mouse. Genetically engineered Gan mice exhibit to spontaneously
develop gastritis and gastric cancer (panels E2, E3, E5, E6). Compared to the gastric mucosal tissue of male Gan mice of the
same age (E5, E6), the gastric mucosal tissue of female Gan mice clearly had fewer atypical and highly atypical cells (E2, E3).
(b) Only a few inflammatory cells were observed in the gastric mucosal tissues of 8-month-old Gan mice (panels: E11, E12).
However, many inflammatory cells were observed in the mucosal tissues of 12-month-old female Gan mice (panels E12, E13).
Scale bar: 100 mm.
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Figure 3. BRCA2 is induced by estrogen stimulation. (a) We investigated whether pathogenic mutations in the BRCA2 gene
result in genetic instability that can ultimately lead to breast and ovarian cancer induction by estrogen. BRCA2 protein expression
was induced in an estrogen concentration-dependent manner in cultured gastric adenocarcinoma cells (AGS cells and MKN28
cells). (b) Schematic representing BRCA2 gene expression induced by estrogen stimulation. Notably, no induction of BRCA2
protein was observed in progesterone-stimulated MCF7 and Hela cells. (c) Pathological analysis was performed on the gastric
tissues of mice carrying certain genetic modifications that were sacrificed at 14 months of age. Based on evidence obtained from
our reserch that estrogen-induced BRCA2 may protect against tumor development in the mucosal epithelium of female Gan
mice, we investigated the incidence of gastric cancer in C57BL/6, Gan, and Gan BRCA2 mice. No dysplastic cells were detected
in the gastric mucosa of normal male and female C57BL/6 mice. Therefore, for female C57BL/6 mice (ovariectomized mice), the
number of mice in which only cells exhibiting mild. The asterisk: However, in the gastric mucosa of female C57BL/6-ovariectomy
mice in which the estrogen-secreting ovaries had been removed, only low-grade dysplastic cells were observed; neither high-
grade dysplastic cells nor cancer cells were detected, therefore, for female C57BL/6 mice (ovariectomized mice), the number of
mice in which only cells exhibiting mild dysplasia were observed in the gastric mucosa is reported.
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tic cells nor cancer cells were detected (Fig. 3c; Supplementary
Material 5, wjon.elmerpub.com).

High-grade dysplastic and cancer cells were observed in
the gastric mucosal tissues of both female and male Gan mice

(Fig. 3c). Furthermore, the tumor incidence rate was higher
in the gastric mucosal tissue of female Gan-ovariectomy mice
(Fig. 3c; Supplementary Material 5, wjon.elmerpub.com). These
findings suggest that the absence of estrogen secretion follow-
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Figure 4. The value of BRCA2 expression status as a prognosis marker. (a) We examined the expression status of BRCA2 in
normal gastric mucosal tissue (407 cases) and gastric cancer mucosal tissue (346 cases) using immunohistochemical staining.
BRCAZ2 expression was high in normal gastric mucosal tissue but weak or negative in the mucosal tissue of many gastric cancers.
Scale bar: 30 mm. (b) The Mantle 2 color imaging system was used to quantify the expression intensity of BRCAZ2 in various gastric
mucosal tissues. A scatter plot of BRCA2 expression levels revealed a cutoff value of 3.0 to separate high- versus low-expression
groups. (c) Patients with gastric cancer were divided into two groups based on BRCA2 expression levels in their resected gastric
mucosal tissue: low-BRCA22 (235 cases) and high-BRCA2 expression (111 cases). Kaplan—Meier survival curves revealed longer
survival rates in the high-BRCA2 group than in the low BRCA2 group. (d) The median overall survival rates (50%) were 2.1 and 3.7
years in the BRCA2 low and BRCAZ2 high groups. The 5-year survival rates in the BRCA2 low and BRCA2 high groups were 34.2%
and 41.2%. Please refer to Supplementary Material 7 (wjon.elmerpub.com) for details regarding the gastric cancer stage and other
information for each patient who participated in this clinical study. F/M/total cases: female cases/male cases/total cases.

ing ovariectomy attenuates BRCA2 expression in the gastric
mucosal tissue of Gan-ovariectomy mice, resulting in the emer-
gence of numerous high-grade dysplastic and cancer cells.

Value of BRCA2 as a prognostic marker in GC

Studies using genetically modified mice demonstrated that
BRCA2 expression reduces the risk of developing GC. We
therefore investigated the relationship between BRCA2 ex-
pression and the prognosis of patients with GC using data col-
lected from a cancer genome medicine clinical trial conducted
at Kyoto University Hospital. Compared to normal gastric mu-

cosal tissue in men, strong expression of estrogen receptor o and
BRCA2 was observed in normal gastric mucosal tissue in wom-
en. Furthermore, estrogen blood concentrations in women (dur-
ing ovulation and luteal phase) were significantly higher than
those in men (Supplementary Material 6, wjon.elmerpub.com).
Compared to men, the concentration of estrogen in the blood
of women (during ovulation and the luteal phase) was mark-
edly higher (Supplementary Material 6, wjon.elmerpub.com).
We examined the expression status of BRCA?2 in normal gastric
mucosal tissue (407 cases) and GC mucosal tissue (346 cases)
using immunohistochemical staining. We found that BRCA2
expression was strong in most of the normal gastric mucosal
tissue samples (Fig. 4a, left panel) but was weak or negative in
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most of the GC mucosal tissue samples (Fig. 4a, right panel).
Next, we divided these patients into two groups: those with
low BRCA2 expression in GC mucosal tissue (235 cases) and
those with high BRCA2 expression (111 cases). Using the Ka-
plan—Meier method, we found that the median overall surviv-
al rates (50%) were 2.1 and 3.7 years in the BRCA2 low and
BRCAZ2 high groups. The 5-year survival rates in the BRCA2
low and BRCA2 high groups were 34.2% and 41.2% (Fig. 4c,
d). In this clinical study, women with GC who expressed high
levels of BRCA2 had a better prognosis compared to other co-
horts, suggesting that BRCA2 may be a prognostic marker for
GC (Fig. 4c, d; Supplementary Material 7, wjon.elmerpub.com).

Discussion

The incidence of GC increases after 50 years of age, particu-
larly among men; however, the reason for the higher incidence
rate in men than in women remains unclear. Older studies did
not consider the individuals’ genetic backgrounds. We previ-
ously found that the risk of GC is indeed influenced by an in-
dividual’s genetic background, including whether gBRCA1/2
PVs are present, and is significantly increased by H. pylori in-
fection. In 1994, the World Health Organization designated H.
pylori as a group I (definite) carcinogen similar to tobacco [9].
Momozawa et al and Hayashi et al have shown that pathogenic
mutations in BRCAI or BRCA2 have a significant impact on
GC development to an extent similar to infection with CagA
positive-H. pylori. Individual genetic backgrounds, especially
the presence of homologous recombination deficiency genes
including BRCA1/2 PVs, ATM, BARDI, BRCAI, BRCA2,
BRIP1, CHEK2, PALB2, RAD51C, and RAD51D have a sig-
nificant impact on GC development caused by H. pylori infec-
tion [4, 7, 10]. Kanno et al provided a clinical explanation for
the impact of BRCA1/2 PVs on the development of GC [11].
We used genetically modified mice as well as resected human
tissues to investigate the sex-based differences in the risk of
developing GC using molecular pathological techniques. We
found that estrogen stimulation induces BRCA2 expression,
which in turn reduces the risk of GC in female mice compared
to male mice. Clinical studies have revealed that patients with
weaker BRCA2 expression in GC tissues tend to have shorter
survival rates. The higher incidence of GC in men may there-
fore be due to the underlying cause of hereditary GC.

Several viruses are known to cause cancers. Human pap-
illomavirus (HPV) is considered the main cause of cervical
cancer [10, 12] and is spread through sexual contact; there-
fore, anyone with sexual contact is at risk of HPV infection.
Whereas a majority of individuals within a population may be
infected with HPV, the virus is often eliminated by the per-
son’s immune system. In rare instances, HPV can become
chronic and can cause cervical, penile, and laryngeal cancer.
Hepatitis B (HBV) and C viruses (HCV) infect the liver cells,
causing chronic hepatitis and cirrhosis [13, 14]. Furthermore,
hepatocellular carcinoma (HCC) often develops from chronic
cirrhosis caused by HBV or HCV infection. HBV is primarily
transmitted through blood, whereas HCV is chiefly transmit-
ted through needles and other blood-contacting devices. How-

ever, no study to date has investigated the relationship between
these viral infections and homologous recombination deficien-
cy, including BRCA1/2 PVs, during carcinogenesis. CagA se-
creted by H. pylori binds to BRCA1/2 wt, BRCA1/2 PVs and
induced the infected cells from undergoing apoptosis [15, 16].
Virus-derived proteins bind to BRCA1/2 PVs and induce tu-
morigenesis. Previous studies have generally not revealed any
association between GC and most physiological and reproduc-
tive factors. However, our current findings revealed that estro-
gen stimulation strongly induces BRCA2 expression in female
mice, which in turn suppresses GC. Future research will shed
light on the roles of virus-derived factors and their complexes
with BRCA1/2 PVs in carcinogenesis. While vaccination may
be an effective method against viral infections, the develop-
ment of an effective vaccines remains challenging.

There are some other cancers whose incidence rates differ
according to sex. The incidence of rate is approximately twice
as high in men as in women; it begins to increase in men in
their 40s and women in their 50s and is most common among
individuals aged > 80 years. [17]. HCC is caused by chronic
hepatitis and cirrhosis due to HBV and HCV infection, although
the incidence rate has been decreasing owing to thorough in-
fection prevention measures and advances in antiviral therapy
[18]. Conversely, there has been an increase in the incidence
of HCC caused by alcohol-related liver disease and metabolic
dysfunction associated with steatotic liver disease, which are not
virus-related [ 19] but stem from lifestyle factors such as alcohol
consumption, obesity, diabetes, hypertension, and dyslipidemia.
However, the molecular and biological mechanisms that explain
the sex differences in the incidence of HCC remain unclear.

Clinical studies conducted to date have shown that the
incidence of GC is higher in individuals or families exhibit-
ing functional loss mutations or a lack of expression in the
BRCA1 or BRCA2 genes, compared to the incidence in the
general population [4, 5, 7]. Accordingly, families in which
pathogenic germline BRCA1/2 variants are identified are clas-
sified as having HBOC syndrome and exhibit a high incidence
of GC [7]. Furthermore, within HBOC families, the incidence
of GC is lower in women than in men.

Japanese medical staff are conducting research to clarify
the relationship between various lifestyle habits and diseases
such as cancer, stroke, and myocardial infarction, with the
aim of contributing to the prevention of lifestyle-related dis-
cases among the Japanese population. Since the incidence of
stomach cancer is about 1/2 to 1/3 lower in women than in
men, it is speculated that some female-specific factors, such as
menstruation or reproduction (female-related factors), may be
associated with stomach cancer [20]. In clinical studies con-
ducted in Japan to date, participants have been grouped based
on reproductive factors such as age at menarche and number
of births, and the association between these female-related fac-
tors and the risk of developing GC has been investigated. It has
been shown that individuals who experienced menarche at an
early age (12 years or younger) have a 0.65 times lower risk of
developing GC compared to those who experienced it at a later
age (15 years or older) [20]. This trend remained consistent
regardless of the histological type of the GC (differentiated or
undifferentiated) or the location of the tumor within the stom-
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ach [20]. The regulation of BRCA2 expression is associated
with the binding of USF, Elfl, and NF-«xB transcription fac-
tors to the BRCA2 promoter. The mechanism of E2-induced
BRCA2 promoter activation in breast cancer cells (MCF7)
was analyzed [21]. As a result, two Sp1 sites responsive to E2-
ER complex activity were identified [21].

While hormone replacement therapy (HRT) is widely used
to alleviate menopausal symptoms, the association between
HRT use and GC remains unclear. Subgroup analyses based
on HRT formulation type revealed a reduced risk of GC for
both estrogen-only therapy (pooled relative risk (RR): 0.63;
95% confidence interval (CI): 0.51-0.77; 1> = 0%) and com-
bined estrogen-progestin therapy (pooled RR: 0.70; 95% CI:
0.57-0.87; I = 0%) compared to non-use [22]. In systematic
reviews and meta-analyses, HRT use was associated with a re-
duced risk of GC, regardless of the formulation type [22].

Through a large-scale evaluation of patients with differ-
ent clinical and demographic characteristics, we identified
genes associated with an increased risk of GC in families with
HBOC and BRCA1/2 PVs. H. pylori infection increased the
risk of GC associated with germline BRCA1/2 PVs in patients
from families with HBOC. Our results suggest that the evalu-
ation and eradication of H. pylori infection may be beneficial
for individuals with HBOC and gBRCA1/2 PVs.
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