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Abstract

Background Diffuse-type gastric cancer (DGC), for which Helicobacter pylori infection is a causal factor, is associated
with poor prognosis among young women, possibly due to female hormones such as estrogen. We aimed to identify the
carcinogenesis induced by estrogen and H. pylori in DGC.

Methods We screened and selected estrogen receptor alpha (ERa)-positive (MKN45) and ERa-negative (SNU5) DGC
cell lines. H. pylori strain 60190 and its isogenic mutant strain lacking cytotoxin-associated gene A (60190ACagA) were
used to infect MKN45 cells. And the cytotoxin-related gene A (CagA) cDNA which was cloned into pSP65-SR-HA (cagA-
pSP65SRa) vector was used to transfect MKN45 cells. Tumor samples were used for DGC organoid culture.

Results In MKN45 cells, we found that estradiol promotes epithelial-mesenchymal transition (EMT) and stemness pheno-
types via HOTAIR expression. These effects were further enhanced by the addition of CagA secreted by H. pylori but were
reversed by co-treatment with fulvestrant (ICI 182,780), a selective ER degrader. We also validated the effect of estrogen on
DGC organoids. ERa expression was associated with tumor invasion and HOTAIR expression in DGC patients with overt
H. pylori infection.

Conclusions These findings may explain the rapid DGC progression in young women with physiologically high levels of
estrogen and suggest that fulvestrant with ovarian function suppression could serve as a tumor-suppressive agent in pre-
menopausal patients with DGC.
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Introduction

Gastric cancer is a globally impactful cancer, with 1,000,000
new cases and 783,000 deaths in 2018, making it the fifth
most common diagnosed cancer and third leading cause of
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young female DGC patients have a higher mortality rate [9].
One reason for the high incidence of DGC in young women
may be its association with female hormones such as estro-
gen. Although several studies have examined the expression
of sex hormone receptors and their prognostic implications
in gastric cancer, their results remain inconclusive and con-
troversial [5, 10-14]

Previous reports indicate that H. pylori infection is
closely related to IGC, but it is also believed to be a causal
factor for DGC [15, 16]. DGC is more strongly associated
with overt or relatively recent H. pylori infection rather than
past infection [17]. In addition, a recent study of 917 patients
with gastric cancer reports that the titer of antibody to H.
pylori was higher in DGC than in IGC [8], suggesting that
H. pylori might be more closely related to DGC than to IGC
[8, 18, 19]. Therefore, we aimed to identify the tumorigenic
mechanisms of DGC induced by estrogen and H. pylori.

Materials and methods
Human tissue samples and clinical data

Gastric cancer tissues from 57 adult patients undergo-
ing gastrectomy due to advanced DGC adenocarcinoma
between March 2010 and December 2015 were provided by
the tumor bank of the National Cancer Center of Korea and
retrospectively analyzed. These patients were treated with
open or laparoscopy-assisted gastrectomy with D2 lymph
node (LN) dissection. The extent of LN dissection followed
recommendations of the Korean Practice Guidelines for Gas-
tric Cancer [20]. Cancer stage after surgery was evaluated
according to the 8th edition of the American Joint Commit-
tee on Cancer TNM staging system [21]. Clinicopathologic
characteristics including age, sex, H. pylori infection status,
tumor characteristics, TNM stage, and death were obtained
by review of medical charts. H. pylori infection status was
confirmed using a rapid urease test, histopathologic exami-
nation, and detection of H. pylori 1gG antibody. Positive
results from either the rapid urease test or histopathologic
examination were considered to indicate current infection
with H. pylori. If only H. pylori IgG antibody was positive,
this was considered to indicate a past infection. Informed
written consent was obtained from all patients, and the
study was exempted from review by the Institutional Review
Board of the National Cancer Center of Korea because it
involved minimal risk due to the use of existing specimens
(NCCTTR-17007).

DGC cell line culture and reagents

The DGC cell lines SNUI, SNU5, SNU16, SNU484,
SNU601, SNU638, and MKN45 and the IGC cell lines AGS,

NCI-N87, MKN1, MKN74, SNU216, and SNU719 were
obtained from the Korean Cell Line Bank (Seoul, Korea).
Normal gastric epithelial cell line HFE145 was provided by
Drs. Hassan Ashktorab and Duane T. Smoot (Howard Uni-
versity, Washington, DC). HFE145 epithelial cells displayed
female-specific chromosome content [22] and were estrogen
receptor positive.

For estradiol treatment, cells were maintained for at least
three passages in phenol red-free RPMI-1640 supplemented
with 10% dextran-coated charcoal-treated FBS, penicillin,
and streptomycin in a humidified incubator with 5% CO, at
37 °C. Cells were grown to 70% confluency, treated with
17-p-estradiol (E8875, Sigma-Aldrich, St. Louis, MO, USA)
and ICI 182,780 (Fulvestrant; Sigma-Aldrich), and incu-
bated for 3, 6, or 24 h as previously described [23].

RNA extraction and qPCR

For qPCR analysis, RNA was extracted from cells using an
RNA prep kit (PureLink™ RNA Mini Kit; Thermo Fisher
Scientific, Waltham, MA, USA), and cDNA was synthe-
sized using a PrimeScript™ 1st Strand cDNA Synthesis
Kit (Takara Bio Inc., Kusatsu, Japan). cDNA was ampli-
fied using Ampigene qPCR Green Mix Hi-ROX with a
StepOne™ Real-Time PCR System (Thermo Fisher Scien-
tific). The sequencing primers are listed in Supplementary
Table S1.

Western blotting

Cells were prepared as previously described [24]. Primary
antibodies for ERa (sc-514857), CagA (sc-28368), and
GAPDH (sc-47724) (all Santa Cruz Biotechnology, Santa
Cruz, CA, USA); Zol (#8193), E-cad (#3195), N-cad
(#4061), Snail (#3879), Slug (#9585), Vimentin (#5741),
Oct4 (#2750), and Nanog (#4893) (all Cell Signaling, Dan-
vers, MA, USA); and C-myc (A190-105A) (Bethyl, Mont-
gomery, TX, USA) were used for protein detection as previ-
ously described [25].

Viability assay

After MKN45 cells were seeded and incubated overnight,
they were treated with estradiol or ICI 182,780. Cell viability
was measured for 2 days using WST-1 ((4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate;
Takara Bio Inc.) according to the manufacturer’s protocol.

H. pylori infection and CagA vector
H. pylori (60190) was provided by Prof. Yong Chan Lee of

Yonsei University, Korea. Isogenic mutants lacking CagA
(60190ACagA) were used as described previously [26,
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27]. MKN45 and SNU638 cells were cultured for 24 h and
infected with H. pylori (60190) or 60190ACagA at a mul-
tiplicity of infection of 100:1 for 4 or 24 h. The full-length
CagA gene of H. pylori standard strain NCTC1167, which
was cloned into a pSP65SRa vector, was also provided by
Prof. Yong Chan Lee. For plasmid transfection, MKN45
cells were seeded until 70% confluency and transfected with
pSR665SRa-CagA vector for 24 h using LT1 (MIR 2304,
Takara Bio Inc.).

In vitro migration and invasion assay

Migration and invasion assay was performed with estra-
diol- or ICT 182,780-treated MKN45 cells and diffuse-type
gastric cancer organoids using 8.0-pum pore inserts in a
24-well Transwell apparatus (Corning, Corning, NY, USA)
following the manufacturer’s instructions and as previously
described [23].

Immunofluorescence

Primary antibodies were mouse anti-Ki67 (sc-101861, Santa
Cruz Biotechnology), rabbit anti-E-cad (#3195, Cell Sign-
aling), and rabbit anti-KLF5 (Biorbyt, orb107539, Cam-
bridgeshire, UK). Secondary antibodies were rabbit-FITC
(A120-101F, Bethyl) and mouse-Dylight 550 (A120-101D3,
Bethyl). Immunofluorescence was performed as previously
described [27].

Sphere formation assay

MKN45 cells were plated onto an ultra-low attachment
6-well plate (Corning) at 1000 cells per well. Cells were cul-
tured in cancer stem cell medium (Supplementary Table S2)
for 14 days. Cultured spheres (> 100 um) were treated with
estradiol or ICI 182,780.

Luciferase reporter assays

Luciferase assays were performed with harvested cell
extracts using a Dual luciferase assay kit (Promega, Madi-
son, WI, USA). The relative activity of firefly luciferase
was normalized by Renilla luciferase activity as previously
described [27]. To confirm estrogen-induced HOTAIR pro-
moter activity, four EREs in a 2000-bp fragment of the
HOTAIR promoter were amplified using PCR and cloned
into a pGL3.basic luciferase vector (Promega). The sequenc-
ing primers are listed in Supplementary Table S3.

HOTAIR overexpression vector

HOTAIR cDNA was inserted into a LZRS vector to cre-
ate a HOTAIR overexpression vector (#26110, Addgene,
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Watertown, MA, USA). MKN45 and HFE145 cells were
grown to 70% confluence and transfected with HOTAIR-
cDNA vector using LT1 reagent (MIR 2304, Takara Bio
Inc.).

siRNA transfection

MKN45 cells were cultured in serum-free medium at 37°C
until to grow to 70% confluence. Next day, the cells were
transfected with negative control siRNA (SN-1012) and
si-HOTAIR using TransIT-X2 Dynamic Delivery System
(Mirus). After 48 h, cells treated with 17-p-estradiol, and
incubated for 3 h. The siRNA sequences for HOTAIR are
listed in Supplementary Table S4.

Organoid model

Organoids were constructed from tumor tissue obtained
from two DGC patients: one with ERa-positive and the other
with ERa-negative organoids. This procedure was approved
by the Institutional Review Board of Seoul National Univer-
sity Hospital (IRB #1901-166-1007 & #H-2203-009-1303).
Approximately 5 mm?® tissue was cut into small pieces
of ~ 1 mm and washed with PBS. For digestion, pieces were
incubated for 1 h at 37 °C with chelating solution (Supple-
mentary Table S2). After centrifuging at 500 g for 5 min,
the supernatant was removed, and tissue pieces were resus-
pended in Matrigel (534230, Sigma-Aldrich). For complete
polymerization of Matrigel, the plate was placed in a CO,
incubator at 37 °C for 15 min, and complete organoid cul-
ture medium (Supplementary Table S2) were added over
the Matrigel.

Statistics

Statistical Package for the Social Sciences version 25 (IBM
SPSS Inc, Chicago, IL, USA) was used for statistical analy-
sis. All experiments were performed in triplicate, and results
are presented as mean + standard deviation. Mann—Whitney
U tests were used to detect significant differences between
experimental and control groups. Pearson correlation coef-
ficients were used to compare HOTAIR expression patterns
between tumor and normal tissue. A P value <0.05 was con-
sidered statistically significant.

Results

Estrogen induces epithelial-mesenchymal
transition and a stemness phenotype in DGC cells

We first evaluated the expression of estrogen receptor o
(ER) in various DGC cell lines (i.e., SNU1, SNU5, SNU16,
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SNU484, SNU638, MKN45, and SNU601). ERa was more
highly expressed in four DGC cell lines (i.e., SNU1, SNU16,
SNU638, and MKN45) than in three other DGC cell lines
(i.e., SNU5 SNU484, and SNU601). Therefore, we selected
MKN45 and SNU638 as ERa-positive DGC cell lines
and SNU5 as an ERa-negative DGC cell line for further
analysis (Fig. 1a). Next, we also evaluated the expression
of estrogen receptor o (ERa) in various IGC cell lines (i.e.,
AGS, NCI-N87, MKN1, MKN 74, SNU216, and SNU719).
ERoa was more highly expressed in four IGC cell lines (i.e.,
NCI-N87, MKN74, SNU216, and SNU719) than in two
other IGC cell lines (i.e., AGS and MKN1). We selected
SNU216 as an ERa-positive DGC cell line and AGS as an
ERa-negative IGC cell line for further analysis (Fig. 1b).
Treatment with 0.1 nM estradiol did not alter the viabil-
ity of SNUS cells (Fig. 1c) but increased the viability of
MKN45 and SNU638 cells (Fig. 1d, e). To check whether
this increase in cell viability was caused by estradiol, cells
were co-treated with estradiol and 10 pM ICI 182,780
(fulvestrant), a selective ER degrader. This co-treatment
reversed MKN45 and SNU638 cell viability, indicating
that estradiol was responsible for increasing cell viability
(P=0.0021 (control vs. E2), P=0.7929 (control vs. E2+ICI
182,780), and P <0.001(E2 vs. E2 +ICI 182,780), Fig. 1d;
P <0.001 (control vs. E2), P=0.7994 (control vs. E2 +ICI
182,780), and P=0.0014(E2 vs. E2+1CI 182,780), Fig. le).
Treatment with 0.1 nM estradiol did not alter the viability
of IGC cells such as AGS (Fig. 1f) and SNU216 (Fig. 1g).
In addition, expression of the cell proliferation marker Ki67
was increased in estradiol-treated MKN45 cells but not in
estradiol and ICI 182,780 co-treated cells (P =0.0057 (con-
trol vs. E2), P=0.5630 (control vs. E2+ICI 182,780), and
P<0.001 (E2 vs. E2+1ICI 182,780), Fig. 1h).

We next examined the effect of estradiol on epithe-
lial-mesenchymal transition (EMT) in DGC and IGC cell
lines. Migration and invasion rates of ERa-positive DGC
cell lines (MKN45, SNU638) increased after estradiol
treatment but not after co-treatment with estradiol and ICI
182,780 (P=0.0021 (control vs. E2), P=0.7929 (control vs.
E2+1CI 182,780), and P <0.001 (E2 vs. E2+ICI 182,780)
for migration of MKN45; P=0.0019 (control vs. E2),
P=0.1270 (control vs. E2 +ICI 182,780), and P=0.0032
(E2 vs. E2 +ICI 182,780) for invasion of KN45, Fig. 1i;
P <0.001 (control vs. E2), P=0.9534 (control vs. E2 +ICI
182,780), and P <0.001 (E2 vs. E2+ICI 182,780) for migra-
tion of SNU638; P <0.001 (control vs. E2), P=0.5675 (con-
trol vs. E2+1CI 182,780), and P <0.001 (E2 vs. E2+ICI
182,780) for invasion of SNU638, Fig. 1j). However, estra-
diol did not affect the migration and invasion of IGC cells
[AGS (Fig. 1k), SNU216 (Fig. 11)].When we measured
the expression of EMT markers using western blotting, we
found that estradiol-treated MKN45 cells showed decreased
levels of E-cadherin and increased levels of N-cadherin,

Snail, and Vimentin (Fig. Im). In addition, estradiol-treated
SNU638 cells showed decreased levels of E-cadherin and
increased levels of Snail and Slug (Fig. 1n). This trend in
the expression of EMT markers was not observed in the IGC
cell lines (Supplementary Fig. Sla, b). As shown by immu-
nofluorescence assay, the level of E-cadherin decreased only
after estradiol treatment alone but not after co-treatment
with estradiol and ICI 182,780 (P <0.001 (control vs. E2),
P=0.3187 (control vs. E2 +ICI 182,780), and P=0.0032
(E2 vs. E2+1CI 182,780), Fig. 10).

To confirm whether a stem cell phenotype was induced
by estradiol in ERa-positive DGC cells, we measured the
expression of stemness markers using western blotting.
Estradiol enhanced the expression of C-Myc, Nanog, FST,
and SALL4 in MKN45 cells (Fig. 1p). In addition, Estradiol-
treated SNU638 cells showed increased C-Myc and Oct4
(Fig. 1q). In contrast, the expression of stemness markers in
the IGC cell lines did not show such a trend (Supplementary
Fig. Slc, d). In addition, immunofluorescence assays showed
that estradiol-treated MKN45 cells exhibited increased
expression of SOX2 (Fig. 1r) and KLF5 (Fig. 1s), which is
related to stemness [28].

In western blot analysis of spheroid cultures of MKN45
cells, the expression of CD44, Sox2, and Oct4 increased
after estradiol treatment alone but not after co-treatment
with estradiol and ICI 182,780 (Fig. 1t). In addition, immu-
nofluorescence assay showed that estradiol increased the
size of spheroids (P =0.0089 (control vs. E2), P=0.1920
(control vs. E2+1ICI 182,780), and P=0.0025 (E2 vs.
E2 +1CI 182,780), Fig. 1u). Together, these findings sug-
gest that estradiol promotes migration and invasion ability
and induces EMT and stemness phenotypes in the presence
of ERa in DGC cells.

Estrogen and its coregulators induce HOTAIR
transcription in DGC cells

Recent studies show that long non-coding RNAs play an
important role in human cancer [29]. Here, we focused on
HOX antisense intergenic RNA (HOTAIR) due to its role
as an oncogene in several solid tumors such as those of
the breast, lung, and liver [30]. In addition, the promoter
of HOTAIR contains multiple estrogen response elements
(EREs). ERs and their coregulators, including mixed-line-
age leukemia protein 3 (MLL3), promote estradiol-induced
transcriptional activation of HOTAIR in ERa-positive breast
cancer cells [31]. Therefore, we hypothesized that estrogen-
induced transcription of HOTAIR in the presence of ERa
contributes to the progression of DGC (Fig. 2a).

Real-time polymerase chain reaction (QPCR) analysis
showed that the expression of HOTAIR increased by two-
fold when MKN45 and SNU638 cells were treated with
estradiol but not when co-treated with estradiol and ICI
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Fig. 1 Estrogen increases cell viability, migration, and invasion and
induces EMT and a stem cell phenotype in DGC cells. a Baseline
expression of ERa in seven DGC cell lines. MKN45 and SNU638
were selected as an ERa-positive DGC cell line and SNUS5 was
selected as an ERa-negative DGC cell line. b Baseline expression of
ERa in six IGC cell lines. SNU216 was selected as an ERa-positive
IGC cell line and AGS was selected as an ERa-negative IGC cell
line. ¢ Estradiol did not affect the cell viability of SNUS cells. d, e
Estradiol increased the cell viability of MKN45 cells and SNU638
cells by more than twofold, which was reversed by co-treatment with
ICI 182,780. f, g Estradiol did not affect the cell viability of IGC
cells such as AGS and SNU216. h Estradiol increased Ki67 expres-
sion in MKN45 cells by twofold, which was reversed by co-treatment
with ICI 182,780. i, j Estradiol increased migration and invasion rate
of MKN45 and SNU638 cells, which was reversed by co-treatment
with ICI 182,780. k, 1 Estradiol did not affect the migration and inva-
sion of IGC cells, AGS and SNU216. m When expression of EMT
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markers was examined using western blot, estradiol-treated MKN45
cells showed decreased E-cadherin and increased N-cadherin, Snail,
and Vimentin. n Estradiol-treated SNU638 cells showed decreased
E-cadherin and increased Snail, Slug. o Immunofluorescence assay
shows that estradiol decreased E-cadherin, which was reversed by co-
treatment with ICI 182,780. p Estradiol-treated MKN45 cells showed
increased expression of the stemness markers, C-Myc, Nanog, FST,
and SALL4. q Estradiol-treated SNU638 cells showed increased
C-Myc and Oct4. r, s Estradiol increased expression of the gastric
cancer stem cell markers SOX2 and KLF5. t MKN45 cell spheroids
showed increased expression of stemness markers CD44 and Sox2,
Oct4 after estradiol treatment, which was reversed by co-treatment
with ICI 182,780. u Estradiol increased the size of spheroids and
CD44 expression. EMT, epithelial mesenchymal transition; DGC dif-
fuse gastric cancer, ER estrogen receptor, /GC intestinal gastric can-
cer. *P<0.05, **P<0.01, ***P <0.001 vs. control
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Fig. 1 (continued)

182,780 (P=0.0082, control vs. E2, P=0.1452, control
vs. E2 +1ICI 182,780, Fig. 2b; P=0.0120, control vs. E2,
P=0.0564, control vs. E2+ICI 182,780, Fig. 2c). In the
case of IGC cell lines, there was no statistically signifi-
cant difference in the expression of HOTAIR when estra-
diol was treated regardless of ERa positive or negative
(Fig. 2d, e). To determine whether estrogen directly regu-
lates HOTAIR expression via ERa, we examined the pro-
moter of HOTAIR. We identified four binding sites (ERE1,
ERE2, ERE3, and ERE4) within the HOTAIR promoter

region. Next, we cloned luciferase vectors (ERE-pGL3.B)
fused individually with each ERE to allow ERE-pGL3.B or
empty-pGL3.B to be co-transfected with Renilla and lucif-
erase vector into MKN45 cells. ERE2 and ERE3 regions
showed the highest luciferase activity upon estradiol treat-
ment, suggesting that the HOTAIR promoter contains two
functional EREs that are sensitive to estradiol and could
potentially contribute to estradiol-mediated transcriptional
activation of HOTAIR. These results confirm that HOTAIR
expression is estrogen-dependent (Fig. 2f).
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Fig.1 (continued)

To confirm the role of HOTAIR in gastric cancer,
HOTAIR was overexpressed in MKN45 cells and the nor-
mal human gastric epithelial cell line HFE145. We first
used qPCR to confirm that HOTAIR was overexpressed
in both cell lines (P =0.0021 (control vs. E2) in MKN45,
Fig. 2g), P <0.001 (control vs. E2) in HFE145, Fig. 2h).
We then used western blotting to examine EMT and
stemness markers in HOTAIR-overexpressing MKN45 and
HFE145 cells and found decreased levels of E-cadherin
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and increased levels of Snail and Slug (Fig. 2i, j). These
results suggest that the estrogen-induced EMT pheno-
type of MKN45 cells is mediated by HOTAIR expression.
HOTAIR was downregulated with si-HOTAIR to evaluate
its effects in MKN45 cell line. When HOTAIR expression
was suppressed, the expression of E-cad increased and
the expression of Snail was decreased even after treat-
ment with estradiol. As a result, even when MKN45 was
treated with estradiol, when HOTAIR expression was
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knocked down, the EMT change shown in Fig. 1 was not
seen (Fig. 2k).

CagA vector and estradiol co-treatment enhances
EMT and stem cell phenotypes in DGC cells

H. pylori causes IGC that progresses through the stages of
chronic atrophic gastritis and intestinal metaplasia [32].
H. pylori is also closely associated with DGC [16]. In par-
ticular, CagA, an oncoprotein secreted by H. pylori, enters
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gastric epithelial cells through a type I'V secretion system
and plays a key role in cancer development [27], although
the precise underlying mechanisms are unclear. We first
infected SNU638 cells with H. pylori strain 60190, and
evaluated the mRNA level of well-known coregulators
of ER complex, including CBP, p300, MLL1, and MLL3
when SNU 638. MLL1 and MLL3 were highly expressed
in cells infected with H. pylori strain 60190. Notably,
MLL3, a coregulator of the ER complex, was expressed
more highly in cells infected with H. pylori (60190) than
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Fig.2 Estrogen-induced transcription of HOTAIR occurs in the pres-
ence of ERa and its coregulators. a We hypothesized that estradiol-
induced HOTAIR transcription is modulated by ERa. b, ¢ Estradiol
increased expression of an oncogenic IncRNA, HOTAIR, by twofold
in MKN45 and SNU638 cells, which was reversed by co-treatment
with ICI 182,780. d, e In IGC cell lines, estradiol did not affect the
expression of HOTAIR regardless of presence of absence of ERa
expression. f Luciferase assay confirmed that the HOTAIR promoter
contains four ERE binding sites, with the ERE2 and ERE3 regions
being more highly induced by estradiol. g, h HOTAIR was overex-
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pressed in MKN45 and HFE145 cells using the HOTAIR overex-
pression vector. i, j Overexpression of HOTAIR induced EMT and
stemness markers in MKN45 and HFE145 cells. k si-HOTAIR down-
regulated the expression of HOTAIR in MKN45 cells. When HOTAIR
expression was suppressed, E-cad expression increased and Snail
expression decreased even after estradiol treatment. HOTAIR HOX
antisense intergenic RNA, [ncRNA long non-coding RNA, /GC intes-
tinal gastric cancer, ER estrogen receptor, ERE estrogen response ele-
ment. *P<0.05, **P<0.01, ***P<0.001 vs. control
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cells infected with 60190ACagA compared to MLLI
whose change was not observed in cells treated with
60190ACagA (Fig. 3a). This suggests that the recruit-
ment of MLL3 is mediated through CagA, an oncopro-
tein secreted by H. pylori. Therefore, we selected MLL3
among the coregulators of ER complex. Next, MKN45
cells were also infected with H. pylori (61090) or CagA-
deficient H. pylori 60190 (60190 ACagA). CagA protein

was detected only in MKN45 cells infected with H. pylori
(60190) and not in cells infected with 60190ACagA.
Notably, MLL3, a coregulator of the ER complex, was
expressed more highly in MKN45 cells infected with H.
pylori (60190) than cells infected with 60190ACagA,
suggesting that expression of MLL3 is induced by H.
pylori-secreted CagA (Fig. 3b). When MKN45 cells were
infected with H. pylori (60190), EMT markers such as
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«Fig.3 Expression of EMT and stemness markers increases upon
co-treatment with estradiol and CagA vector. a Coregulators of ER
complex, including CBP, p300, MLLI1, and MLL3 were evalu-
ated in H. pylori-infected SNU638 cells. MLL1 and MLL3 were
highly expressed in cells infected with H. pylori strain 60190. MLL3
expression was reduced in cells infected with 60190ACagA com-
pared to MLL1 whose change was not observed in cells treated with
60190ACagA, which suggests recruitment of MLL3 is mediated
through CagA. b CagA-positive H. pylori recruited MLL3, a coregu-
lator of the ER complex. ¢ Expression of EMT markers such as Snail,
Slug, and Vimentin increased after infection with H. pylori 60190 but
not CagA-deficient 60190 (60190ACagA). d DGC cells infected with
H. pylori (60190) showed an increased migration rate, which was not
observed after 60190ACagA infection. e Basal expression of CagA
from MKN45 cells treated transfected with CagA-expressing vec-
tor (CagA-pSP65SRa). f HOTAIR expression was similar between
MKN45 cells infected with H. pylori (60190) and 60190ACagA. g
HOTAIR expression was unchanged by CagA-pSP65SRa. Estradiol
increased HOTAIR expression by ~twofold, whereas co-treatment
with estradiol and CagA-pSP65SRa increased HOTAIR expression
by ~ threefold. h Cells co-treated with estradiol and CagA-pSP65SRa
showed higher expression of EMT and stemness markers than those
treated with estradiol or CagA alone. EMT epithelial-mesenchymal
transition, CagA cytotoxin-associated gene A, MLL3 mixed-lineage
leukemia protein 3, ER estrogen receptor, DGC diffuse gastric cancer.
*P<0.05, **P<0.01, ***P<0.001 vs. control

Snail, Slug, and Vimentin were highly expressed (Fig. 3c),
and the cell migration rate increased. These effects were
not observed when cells were infected with 60190ACagA
(P <0.001 (control vs. 60190), P=0.3739 (control vs.
60190ACagA), and P <0.001 (60190 vs. 60190ACagA),
Fig. 3d). To test whether H. pylori and estrogen have a
synergistic effect, we attempted to simultaneously treat
MKN45 cells with H. pylori and estradiol. However,
when cells were infected with H. pylori and treated with
estradiol simultaneously, they tended to become necrotic.
Therefore, we replaced H. pylori infection with CagA-
expressing vector transfection. When MKN45 cells were
transfected with CagA-expression vector, CagA protein
was detected by western blot, demonstrating the effective-
ness of replacing H. pylori infection with CagA vector
transfection (Fig. 3e).

When MKN45 cells were infected with H. pylori
(60190) and 60190ACagA, the expression of HOTAIR was
unchanged (P =0.2372 (control vs. 60190), P=0.2995
(control vs. 60190ACagA), and P=0.5379 (60190 vs.
60190ACagA), Fig. 3f). However, HOTAIR expression
increased after co-treatment with the CagA-expressing
vector and estradiol compared with transfection of the
CagA-expressing vector alone (P=0.2624 (vector vs.
CagA-pSP65SRa), P=0.0025 (CagA-pSP65SRa vs.
CagA-pSP65SRa+E2), and P=0.0018 (vector vs. CagA-
pSP65SRa+E2), Fig. 3g), resulting in higher HOTAIR
expression than that observed after estradiol treatment
(Fig. 2b, ~twofold increased expression after estradiol
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treatment vs. Figure 3g, ~ threefold increased expression
after estradiol + CagA-pSP65SRa treatment).

In MKN45 cells transfected with CagA-expressing vec-
tor, the expression of Snail, Slug, Vimentin, Oct4, and
C-Myc increased and the expression of Zo1 and E-cadherin
decreased. When MKN45 cells transfected with CagA-
expressing vector were treated with estradiol, the expres-
sion of EMT and stemness markers increased to a greater
extent than in cells transfected with only CagA-expressing
vector (Fig. 3h). These results indicate that co-treatment
of MKN45 cells with estradiol and CagA-expression vec-
tor induces HOTAIR expression by significantly increasing
EMT and stemness phenotype than treatment with estradiol
or CagA-expression vector alone.

Estradiol enhances DGC organoid growth

We next performed gastric cancer organoid culture
using human tumor tissue samples obtained by endo-
scopic biopsy that were histologically confirmed as
poorly cohesive carcinoma. Out of DGC organoids from
five DGC patients, three were ERa-positive (#1-3) and
two were ERa-negative (#4, 5) (Fig. 4a). To determine
whether estrogen affects the growth of DGC organoids,
we measured the size of organoids beyond passage 5
after culture with estradiol for 7 days. When the size
of ERa-positive was compared on the 4th and 7th days
after estradiol treatment, the size of organoids increased
by two- to sixfold suggesting that estrogen enhances the
growth of ERa-positive organoids (P =0.0023 (Mock
vs. E2), P=0.0014 (E2 vs. E2+1ICI 182,780) in day 4;
P=0.0128 (Mock vs. E2), P<0.001 (E2 vs. E2 +ICI
182,780) in day 7, Fig. 4b; P <0.001 (Mock vs. E2),
P <0.001 (E2 vs. E2+1CI 182,780) in day 4; P <0.001
(Mock vs. E2), P<0.001 (E2 vs. E2+ICI 182,780) in
day 7, Fig. 4c; P<0.001 (Mock vs. E2), P<0.001 (E2
vs. E2 +1CI 182,780) in day 4; P <0.001 (Mock vs. E2),
P <0.001 (E2 vs. E2+ICI 182,780) in day 7, Fig. 4d).
By contrast, the size of ERa-negative DGC organoids
did not increase when compared on days 4 and 7 after
estradiol treatment (Fig. 4e, f). Estradiol increased expres-
sion of HOTAIR, by two- to sixfold in ERa-positive orga-
noids (P =0.0010 (control vs. E2, patient #1), P=0.0370
(control vs. E2, patient #2), P=0.0032 (control vs. E2,
patient #3), Fig. 4g), but not in ERa-negative organoids
(Fig. 4h). We measured the expression level of MLL3 by
estradiol in organoids. In ERa-positive DGC organoids,
MLL3 expression was significantly increased by estradiol
(P=0.0227 (#1), P=0.0053 (#2), Supplementary Fig.
S2a), but in ERa-negative DGC organoids, the effect of
estradiol was not significant (Supplementary Fig. S2b).
We performed experiments on cell behavior including
cell migration, and the expression of EMT and stemness
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Fig.4 Estradiol promotes the growth of DGC organoids. a Fresh
tumor samples were obtained from DGC patients. Three ERa-
positive and two ERa-negative DGC organoids were confirmed by
western blotting. b, ¢, d Estradiol increased the size of ERa-positive
organoids, which was reversed by co-treatment with ICI 182,780. The
size change of ERa-positive and -negative organoids was compared
at 4 and 7 days after estradiol treatment. The size of ERa-positive
organoids increased by two- to sixfold. e, f The size of ERa-negative
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DGC organoids was not changed by estradiol. g, h Estradiol increased
expression of HOTAIR, by two- to sixfold in ERa-positive DGC
organoids, but not in ERa-negative organoids. i Estradiol increased
migration rate of ERa-positive organoids, which was reversed by co-
treatment with ICI 182,780. j Estradiol did not affect the migration
of ERa-negative organoids. DGC diffuse gastric cancer, ER estro-
gen receptor, HOTAIR HOX antisense intergenic RNA. *P <0.05,
%P <0.01, ***P<0.001 vs. control
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Fig.4 (continued)

markers in organoids. Estradiol increased migration rate
of ERa-positive organoids (#1), which was reversed by
co-treatment with ICI 182,780 (P =0.0239 (Mock vs. E2),
P=0.0402 (E2 vs. E2+1CI 182,780), Fig. 4i). In contrast,
estradiol did not affect the migration of ERa-negative
organoids (#4, Fig. 4j). After estradiol treatment in ERa-
positive organoids, the expression of E-cad showed a ten-
dency to decrease, and the expression of C-myc tended
to be increased (Supplementary Fig. S2c, d), which was
similar as shown in the cell lines (Fig. Im—q). This trend
was not observed in ERa-negative organoids (Supplemen-
tary Fig. S2e, f).
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ERa expression may be associated with tumor
invasion, and correlates with HOTAIR expression
in young female patients with DGC

Using qPCR, we found that ERa expression was higher in
tumor tissue than in paired gastric normal mucosa obtained
from 57 DGC patients (median 0.007 vs. 0.072, P<0.001,
Fig. 5a). In our clinical data, the expression of ERa in IGC
samples (n=44) was also higher in tumor tissues than in
adjacent normal tissues. (P=0.013, Fig. 5b). When com-
paring the IGC tumor tissues and the DGC tumor tissues,
the expression level of ERa was significantly higher in the
DGC tumor samples than those of IGC (P=0.013, Fig. 5c).
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Fig. 5 Differential expression and clinical significance of ERa and
HOTAIR in human DGC tissue. a ERa expression was higher in
tumor tissue than in paired normal gastric mucosa from DGC patients
(n=57). b In IGC patients, ERa expression was also higher in tumor
tissues than in the adjacent normal gastric tissues. ¢ ERa expression
is higher in DGC tumor tissues than in IGC tumor tissues. d ERa
expression was higher in tumor tissue with serosal invasion (T4,
defined according to 8th American Joint Committee on Cancer TNM
staging) compared with tumor tissue without serosal invasion (T1-
T3). e ERa expression level was higher in tumor tissue than in paired

normal gastric mucosa from young female patients (n=25). f The
expression of HOTAIR was significantly higher in DGC tumor tis-
sues than that of IGC. g Among young female patients, ERa expres-
sion was correlated with HOTAIR expression. h HOTAIR expression
was higher in H. pylori-infected patients when their tumor tissue was
ERa-positive (n=23). i, j ERa and HOTAIR expression was much
higher in tumor tissue from an H. pylori-infected postpartum DGC
patient than other female patients. ER estrogen receptor, HOTAIR
HOX antisense intergenic RNA, DGC diffuse gastric cancer, IGC
intestinal gastric cancer
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However, as we showed in Fig. 1, it should be noted that
ERa expression in IGC cells did not affect cell viability,
migration, and invasion upon estradiol treatment, unlike in
DGC cells. Next, we compared ERa expression in normal
mucosa and tumor tissue according to its depth of inva-
sion in 34 female DGC patients. ERa expression in tumor
tissue with serosal invasion (T4) was higher than that
with no serosal invasion (T1-T3) (mean 0.058 vs. 0.104,
P=0.0314, Fig. 5d), suggesting that ERa expression is
associated with tumor invasion. Among the 34 female DGC
patients, 25 were younger than 51 years of age, which is
usually regarded as premenopausal (range 32-51 years,
mean 41.32+5.91 years). In these 25 young female DGC
patients, we confirmed that ERa expression in tumor tis-
sue was higher than that in paired normal mucosa (median
0.004 vs. 0.072, P<0.001, Fig. 5e). When comparing the
tumor tissues of IGC and DGC patients, the expression of
HOTAIR was significantly higher in tumor samples from
DGC patients than those from IGC patients (P=0.01,
Fig. 5f). Furthermore, ERa expression was positively cor-
related with HOTAIR expression within the 25 young female
DGC patients (r=0.898, P<0.0001, Fig. 5g).

Higher HOTAIR expression in young female DGC
patients with ERa-positive tumors

Among the 25 young female DGC patients, 23 had current
H. pylori infections in their gastric mucosa, and HOTAIR
expression was higher when ERa was present in their cancer
tissue (P=0.0170, Fig. 5h). We found very high expres-
sion of ERa and HOTAIR in a H. pylori-infected postpar-
tum patient compared with the other female patients (Fig. 5i,
5j), consistent with the aggressive DGC tumor progression
in pregnant women. In this patient, endoscopy showed
advanced gastric cancer (Borrmann type 4), abdominal
computed tomography showed advanced gastric cancer
with peritoneal seeding (Krukenberg tumor that invaded
both ovaries), and histological examination revealed signet
ring cell carcinoma (diffuse-type gastric adenocarcinoma).
The histology of gastric tissue of this patient showed the
presence of H. pylori and rapid urease test was also posi-
tive. The patient underwent palliative chemotherapy but died
5 months after the diagnosis, exhibiting very rapid cancer
progression.

Discussion

We found that the growth of DGC was promoted by estro-
gen-induced transcription of HOTAIR in the presence of
ERa. This effect was potentiated by CagA secreted from H.
pylori, which recruits coregulators of EREs, and resulted in
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increased cell migration, induction of EMT, and a stem cell-
like phenotype. Previous studies showed that the presence
of hormone receptors in hormone-dependent tumors, such
as breast and prostate cancer, predicts a favorable prognosis
when hormonal therapy is administered [33, 34]. However,
the role of hormone receptors in tumors of non-target organs,
including the stomach, remains largely unknown. Although
estrogen is reported to have anti-cancer effects in some non-
target organs, such as the liver and colon [35], more studies
are needed to understand the mechanisms and clarify areas
of controversy. Whereas experimental and epidemiological
data suggest that estrogen exerts a protective effect against
the induction of IGC [36], the results of our study seem to
indicate an opposing effect of estrogen on DGC.

ERs are found in 2-30% of human gastric cancers, mainly
in the poorly differentiated type [36]. A recent meta-analy-
sis suggests that tumoral expression of ERa predicts poor
survival [37]. However, the clinical significance of ERs
and estrogen-dependent tumor growth in gastric cancer are
unclear. In addition, the physiologic concentration of estra-
diol depends on patient sex and age. Estradiol level is very
low (< 0.073 nM)) in prepubertal children, postmenopausal
women, and patients receiving aromatase inhibitors. How-
ever, women of childbearing age who undergo menstruation
have estradiol levels ranging from 0.110 to 2.293 nM, which
can rise to 73.420 nM during pregnancy [38]. In the present
study, we used 0.1 nM estradiol to treat DGC cell lines,
which is within the physiologic range of premenopausal
women. A large surge of estrogen in pregnant woman may
explain the rapid and aggressive progression of DGC during
pregnancy [39]. Consistently, we observed a surge in ER«
and HOTAIR expression in DGC tissue from a female patient
who had recently delivered a child.

Similar to other studies [40, 41], we found that estrogen
enhanced cancer cell proliferation, migration, and invasion
in the presence of ERa, which was associated with poor
prognosis in DGC patients based on tumor stage. Treatment
with ICI 182,780 reversed these changes. Fulvestrant with
ovarian function suppression using goserelin is a promis-
ing option in premenopausal patients with metastatic breast
cancer [42, 43]. To confirm the efficacy of fulvestrant in pre-
menopausal women with ERa-positive DGC, further clinical
studies are warranted. We also validated the effect of estro-
gen on DGC organoids, confirming that estrogen directly
regulated oncogenic HOTAIR and promoted tumorigenesis
in the presence of ERa.

There are several studies showing that HOTAIR pro-
motes gastric carcinogenesis. Recent studies have sug-
gested HOTAIR expression was found to be higher in gas-
tric cancer tissues than in the paired normal gastric tissues
[44-46]. High expression level of HOTAIR was significantly
associated with LN metastasis, TNM stage, and invasion,



Tumorigenic mechanisms of estrogen and Helicobacter pylori cytotoxin-associated gene A... 693

suggesting that it could be used as a predictor of poor over-
all survival in gastric cancer patients [46]. In one study,
by downregulating HOTAIR using siRNA, HOTAIR was
involved in inhibiting apoptosis of cancer cells, suggesting
a role in promoting invasiveness [47]. The expression of
HOTAIR was an independent prognostic factor and risk fac-
tor for peritoneal metastasis in gastric cancer patients [48].
The expression of HOTAIR reportedly promotes EMT that
helps peritoneal dissemination of scirrhous gastric cancer
[45]. These are in line with our study in terms of increased
expression of EMT and stemness markers upon high expres-
sion of HOTAIR.

The HOTAIR promoter has many transcription fac-
tor binding sites and contains estrogen response elements
(EREs) that are targeted by the estrogen—estrogen receptor
(ER) complex [49]. The presence of multiple EREs suggests
that estrogen may play a critical role in the expression of
HOTAIR. Bhan et al. showed that HOTAIR expression in
ER-positive breast cancer cells was transcriptionally acti-
vated by estradiol and that ER was important for this activa-
tion [49, 50]. In our study, we showed that estradiol directly
interacts with two ERE binding sites in HOTAIR promotor
regions. In another study, estrogen-mediated HOTAIR tran-
scription increased cell viability, migration, and invasion of
endometrial cancer cells [51]. In addition, ER-coregulators
are important because they can bind to the promoters of
genes regulated by estradiol. The estradiol-dependent acti-
vation of HOTAIR can occur in a variety of forms, and the
MLL family is known universal ER-coregulator, and MLL1
and MLL3 bind to the promoter of the HOTAIR gene in
the presence of estradiol [52]. In our study, the expression
of MLL1 and MLL3, coregulators of ER complex, was
increased when cells were infected with H. pylori. Of note,
MLL3 was only a coregulator of ER complex mediated
through CagA, an oncoprotein secreted by H. pylori, which
suggests that CagA-secreting H. pylori may enforce estra-
diol-ER binding resulting in more transcription of HOTAIR
compared to absence of CagA-secreting H. pylori. Notably,
MLL3 expression was also induced upon estrogen treatment
in ERa-positive DGC organoids in our study. These may
explain why HOTAIR was expressed higher when cells were
co-treated with estradiol and CagA-pSP65SRa than treated
with estradiol alone.

H. pylori is a well-known carcinogen in gastric cancer.
However, its carcinogenic mechanism is mostly understood
in the context of IGC rather than DGC. We found that the
migration abilities of DGC cells increased after infection
with CagA-positive H. pylori but not after infection with
CagA-deficient H. pylori. In addition, treatment with CagA
(from H. pylori or vectors) increased the expression of EMT-
related markers in DGC cells. Apart from these direct car-
cinogenic effects on cancer cells, CagA recruited MLL3, a

coregulator of ER complex, in the transcriptional regulation
of HOTAIR. Therefore, H. pylori may affect tumorigenesis
of DGC in various ways.

Surprisingly, when a DGC cell line was treated with
estradiol and CagA-expressing vector, the induction of
EMT and stemness markers was further enhanced. In line
with a previous study showing that HOTAIR expression is
increased in gastric cancer tissue [53], we showed that ERa
expression was positively correlated with HOTAIR expres-
sion. In addition, young female DGC patients with current
H. pylori infection and ERa-positive tumor tissue showed
increased expression of HOTAIR. We also observed much
higher ERa and HOTAIR expression in cancer tissue from a
postpartum patient than that from non-postpartum premeno-
pausal women. Given the estrogen surge during pregnancy
and current H. pylori infection of this patient, we presume
that the synergistic effect of estrogen and H. pylori may
have led to a high expression of HOTAIR and rapid can-
cer progression. Consistently, some cases of DGC progress
very aggressively during pregnancy and have a very poor
prognosis [36, 39, 54]. Taken together, these findings sug-
gest that in ERa-positive DGC, when MLL3, a coregula-
tor of HOTAIR transcription, is recruited by CagA secreted
from H. pylori, estrogen attaches to the ERE of the HOTAIR
promoter, thereby increasing the expression of oncogenic
HOTAIR and promoting the progression of gastric cancer.

Patients without atrophic gastritis and a higher antibody
titer to H. pylori have a higher risk of DGC, whereas those
with atrophic gastritis and a lower antibody titer to H.
pylori have a higher risk of IGC [55, 56]. This suggests
that DGC develops more quickly or that more immuno-
logical reactions occur during the development of DGC
compared with IGC. We found that both H. pylori CagA
and estrogen drive DGC in young women. These findings
may explain the 1:1 male-to-female ratio of gastric cancer
among patients under 40 years of age in contrast to the
3:1 male-to-female ratio of gastric cancer overall [57]. In
patients with IGC, ERa was more expressed in tumor sam-
ples than in adjacent normal tissue. In addition, in some
IGC cell lines, ERa was highly expressed. However, estra-
diol addition to IGC cell lines with ERa expression did
not make cells more viable, migratory or invasive, which
suggests different role of ERa between DGC and IGC.

Our study has some limitations. First, as most patients
were H. pylori-positive, we could not compare H. pylori-
positive and -negative groups. However, in the clinical
setting, the positive H. pylori rate in young DGC patients
is very high—above 90%, and H. pylori has a more promi-
nent role in tumor formation than it does among older
patients [58]. Here, we show that HOTAIR expression
was higher in ERa-positive patients with overt H. pylori
infection than in ERa-negative patients, suggesting that

@ Springer



694

S.Kang et al.

estrogen and H. pylori work together to induce strong tum-
origenesis in young women with DGC. Second, there was
only one case of postpartum patients with DGC. However,
such patient is rare in clinical setting and thus obtaining
tumor tissue in the patient is much difficult. Lastly, when a
DGC cell line was simultaneously infected with H. pylori
and treated with estradiol, cells tended to become necrotic,
so H. pylori infection was replaced with CagA-expressing
vector transfection. However, as CagA secreted from H.
pylori is a virulence factor that plays a key role in tumo-
rigenesis, such replacement may be reasonable, and our
study is the first to confirm the combined effect of CagA
and estrogen in a gastric cancer cell line. In addition, we
confirmed the combined effect of H. pylori and estrogen
in human tissue.

In conclusion, estrogen may induce EMT and a stem
cell phenotype in DGC cells and organoids by inducing
transcription of the oncogenic HOTAIR via a synergis-
tic effect of estrogen and infection with CagA-secreting
H. pylori and recruitment of the ER complex coregulator
MLL3. Thus, ICI 182,780, Fulvestrant, which is widely
used to treat hormone receptor-positive breast cancer,
could be considered a tumor-suppressive agent with ovar-
ian function suppression in young female DGC patients in
a premenopausal state. Further research would shed light
on this possibility.
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