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Gastric cancer has the fifth-highest incidence rate and is the third leading cause of cancer-
related deaths worldwide. The incidence of gastric cancer is higher in men than in women,
but for the diffuse types of gastric cancer, the trend is opposite. Estrogen is considered the
prime culprit behind these differences. Nevertheless, the action of estrogen in gastric
cancers remains unclear. In this study, we investigated the effect of estrogen on diffuse-
type gastric cancer. Human female diffuse gastric cancer SNU-16 cells were transplanted
into male and female mice to analyze the effect of endogenous estrogen on tumor growth.
Furthermore, the effect of exogenous estrogen was evaluated in ovariectomized mice.
Expressed genes were compared between female and male xenograft models using RNA
sequencing analysis. Furthermore, human gene expression omnibus databases were
utilized to examine the effect of our target genes on overall survival. SNU-16-derived tumor
growth was faster in female mice than in male mice. In total RNA sequencing, interferon
gamma receptor 2 (IFNGR2), IQ motif containing E (IQCE), transient receptor potential
cation channel subfamily M member 4 (TRPM4), and structure-specific endonuclease
subunit SLX4 (SLX4) were found. These genes could be associated with the tumor growth
in female diffuse-type gastric cancer which was affected by endogenous estrogen. In an
ovariectomized gastric cancer xenograft model, exogenous estrogen promoted tumor
growth. Especially, our results indicated that estrogen induced G protein-coupled
estrogen receptor expression in these mice. These results suggest that estrogen
aggravates tumor progression in female diffuse gastric cancer.
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INTRODUCTION

In the year 2018, gastric cancer had the fifth-highest incidence rate and was the third leading cause of
cancer-related deaths worldwide [1]. Many researchers are closely investigating the characteristics of
gastric cancer cells to identify potential biomarkers for enhanced diagnostic and therapeutic
approaches. Interestingly, gastric cancer incidence and mortality rates seem to differ markedly
based on sex [1]. Nevertheless, studies that consider sex-based differences in gastric cancer are rare;
in vivo systems such as xenograft mouse models provide a convenient approach to study these sex-
based differences.

The incidence or prognosis varies depending on the type of gastric cancer. Based on molecular
characterization, gastric adenocarcinomas were divided into four subtypes as follows: tumors
positive for Epstein-Barr virus (EBV), microsatellite unstable tumors (MSI), genomically stable
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tumors (GS), and tumors with chromosomal instability (CIN)
[2]. The incidence rate is higher in males than in females, except
for with MSI type [3]. Gastric cancers are histologically classified
as intestinal types (papillary, well-differentiated, moderately
differentiated, and mucinous types) and diffuse types (poorly-
differentiated, signet ring cell, and undifferentiated types)
according to Lauren [4]. Chandanos et al. reported that
estrogen protects gastric adenocarcinoma of the intestinal type;
however, the diffuse type occurs more in premenopausal women
than in postmenopausal women or men [5]. In Korea, young
women patients with gastric cancer almost all have the diffuse
type [6]. The most evident cause of sex-based differences is sex
hormones. In this study, we focused on the effect of estrogen on
gastric cancer progression. Different studies have reported that
estrogen affects the progression of breast, liver, and lung cancers
[7–11]. Evidently, menopause was noted to be a turning point for
this phenomenon, as a low estrogen/androgen ratio becomes
apparent. Based on several studies, the risk of liver [12] and
gastric [13] cancers in postmenopausal women is similar to that
in man. Thus, the effect of estrogen on cancer progression is
important to establish an anticancer strategy. To date, the effect of
hormone replacement therapy on gastric cancer patients has been
controversial [14, 15].

Mechanistically, estrogen binds to estrogen receptors (ERs)
and acts through various downstream signaling pathways;
however, the different ER subtypes (ERα and ERβ) were
reported to yield paradoxical results. Takano et al. correlated
ER mRNA expression in gastric cancer tissues with poor
prognosis and metastasis [16]. The expression of ER is
associated with a poor diagnosis for chemotherapy after
operation in gastric cancer [17]. However, Qin et al. reported
that ERα expression enhances apoptosis in gastric cancer MKN28
cells [18]. Futher, Chandanos et al. reported that ERβ levels are
lower in gastric adenocarcinoma tissue than in the non-tumor
gastric mucosa region [5]. Furthermore, the G protein-coupled
estrogen receptor (GPER) also plays a role inmediating the effects
of estrogen, thereby inducing the activation of non-genomic
signaling pathways. GPER was reported to induce invasion
and proliferation in breast and ovarian cancers; however, it
was found to have a cancer-suppressive effect in non-small
cell lung cancer, liver cancer, and triple negative breast cancer
[19–21]. Nonetheless, studies regarding the role of ERs in gastric
cancer progression are limited, which motivated us to investigate
this matter.

In this study, the effect of estrogen on the diffuse type of gastric
cancer was comprehensively studied using SNU-16 cells. To
elucidate the role of estrogen, we utilized a variety of
approaches including a xenograft mouse model and a
bioinformatics analysis and considered hormonal changes in
menopause.

MATERIALS AND METHODS

Cell Culture
Human gastric cancer SNU-16 cells (No. 00016), SNU-620 cells
(No. 00620), and SNU-484 cells (No. 00484) were purchased

from the Korean Cell Line Bank (KCLB, Seoul, Korea). These cells
were maintained in RPMI-1640 medium (GenDEPOT, Barker,
TX) supplemented with 10% fetal bovine serum (Young In
Frontier, Seoul, Korea) and 1% penicillin-streptomycin
(GenDEPOT). The cells were cultured in a 5% CO2

humidified incubator at 37°C.

Cell Viability
The cells (1 × 104 cells/well) were seeded into 96-well plates. Ten
nanomolar of 17β-estradiol (E2758, Sigma-Aldrich, Inc., MO,
United States) in 0.1% ethanol was administered to the cells for 24
or 48 h. A solvent as 0.1% ethanol was applied to control cells.
The cell numbers were determined by methyl thiazolyl
tetrazolium (MTT) cell proliferation assays [22]. Briefly, 20 μl
of MTT (5 mg/ml, Sigma-Aldrich, Inc.) solution was added to
each well and incubated for 3 h at 37°C. Thereafter, the media
were removed and 150 μl of dimethyl sulfoxide (Sigma-Aldrich,
Inc.) was added into each well for 30 min. Absorbance was
measured using a microplate reader (Infinite M200 PRO,
TECAN, Switzerland) at 560 nm. MTT assay was repeated
twice. Data were represented as the mean ± standard
deviation (n � 6).

Animals and Experimental Conditions
All animal experiments were approved by the Institutional
Animal Care and Use Committee of Duksung Women’s
University (No. 2016-003-004) in accordance with the
guidelines for the care and use of laboratory animals. Male
and female NCr nude mice (CrTac:NCr-Foxn1nu, 5-weeks-
old) were purchased from Nara Biotech (Gyeonggi, Korea).
The animals were left to acclimatize for 1 week prior to any
procedural work and kept at optimal conditions (20°C, 50%
humidity, and a 12/12-h light/dark cycle). Diet was provided
with drinking water ad libitum.

Establishment of the Xenograft Model and
Measurement of Tumor Growth
To generate a xenograft model, SNU-16 cells (5 × 106 cells/mice)
were subcutaneously injected into the right hind legs of female
andmale NCr nudemice (n � 5/group) [23]. This experiment was
repeated twice. Tumor sizes were measured three times per week
using calipers. Moreover, the animals were weighed and
monitored regularly for signs of distress. Tumor volume was
calculated using the following equation:

Tumor volume(mm3) � (the longest length)

× (the shortest length)2/2 (1)

Data are presented as the mean ± standard deviation.

Ovariectomy
Female NCr nude mice (8-weeks-old) were purchased from Nara
Biotech. The animals were first anesthetized before a 1-cm
incision was made on their dorso-lateral abdominal walls
through which the ovaries were removed [24]. After
confirming that there was no bleeding, the surgical wounds
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were closed. To allow the uterus to regress to a minimum, stable
baseline, a time of 14 days elapsed. Then, SNU-16 cells (5 × 106

cells/mice) were transplanted into the right hind legs of these
mice and tumor growth was measured three times per week.

Implantation of Estrogen Pellet
After the tumor was visually checked in the ovariectomized
xenograft model, the groups were randomly divided. Then, an
estrogen pellet (Innovative research of America, FL,
United States) was implanted into a subcutaneous pocket on
the dorsal flank of mice. Estrogen was consistently released at
8.3 μg/day from the pellet for 60 days [23]. To confirm estrogen
effect, mice was anesthetized by isoflurane (Forane, JW
Pharmaceutical, Seoul, Korea) after the final tumor volume
measurement. The blood was collected from abdominal vein
of anesthetized mice and the uterus was isolated. The blood
was leaved at room temperature for 30 min, and then the clot was
removed by centrifuging at 3,000 rpm for 10 min in 4°C. The
supernatant as a serum was taken to a new tube. Serum estrogen
level was measured with electrochemiluminescence
immunoassays on Roche Cobas 8,000 analyzer (Roche
Diagnostics, Basel, Switzerland) by DKKorea (Seoul, Korea)
[25]. The uterus weight was measured using an electronic
weighing balance (OHAUS Instruments, Shanghai, China).

Total RNA Sequencing and Analysis
After the final tumor measurement, the SNU-16-derived tumor
tissues were isolated from sacrificed mice, immersed, and stored
in liquid nitrogen until analysis. Total RNA from the tumor
tissues was extracted with the RNeasy Mini Kit (Qiagen, MD,
United States) according to the manufacturer’s instructions. In
brief, 30 mg of frozen tumor tissues were submerged in 600 μl of
buffer RLT and then immediately homogenized using
Tissueruptor II (Qiagen) on ice for 30 s. The lysate was
centrifuged at 15,000 rpm for 3 min in 4°C. Ethanol was added
to the supernatant (lysate). The lysate was loaded into an RNeasy
mini spin column. Contaminants including DNA were removed,
and then RNA was eluted in water. Then, the quality and
concentration of the RNA samples were determined based on
an electropherogram and RNA integrity was calculated using the
Agilent 2,100 BioAnalyzer (Agilent, CA, United States). Samples
with an RNA integrity number greater than six were sequenced
using an Illumina HiSeq 2,500 (Illumina, CA, United States).
Based on the fragments per kilobase million (FPKM) value of
each gene, differentially expressed genes (DEGs) were selected.
DEG analysis was performed using the Cuffdiff tool with p-value
≤ 0.00005 and q-value (a multiple-test corrected p-value) ≤ 0.05,
whereas the cut-off for the gene ontology analysis was p < 0.0001
[26, 27].

Analysis of Genomic Data from Gene
Expression Omnibus Database
Publicly available data (Supplementary Table S1) in Kaplan-
Meier Plotter (kmplot.com) were used in this study; patient
clinical data were obtained from the Gene Expression
Omnibus database (GEO database: GSE15459, GSE22377,

GSE29272, GSE38749, and GSE62254 datasets). The data
contained mRNA expression profiles of 112 female patients
and 127 male patients with diffuse type-gastric cancer based
on microarray. Overall survival (OS) analysis was shown as a
Kaplan-Meier curve [28]. Data were divided into two groups
based on the gene expression levels. A cut-off refers to the best
performing threshold. The hazard ratios (HR) with 95%
confidence intervals and p-values were automatically calculated
in Kaplan-Meier Plotter.

Western Blotting Analysis
Tumor tissues were lyzed in radioimmunoprecipitation assay
buffer (RIPA buffer, GenDEPOT) with Xpert protease
inhibitor cocktail solution (P3100, GenDEPOT) and Xpert
phosphatase inhibitor cocktail solution (P3200, GenDEPOT).
The proteins (10 μg) were separated by 10% or 12% SDS-
polyacrylamide gel electrophoresis and transferred to
polyvinylidene fluoride membranes (Millipore, Darmstadt,
Germany). The membranes were then blocked with 5%
skimmed milk in TBST (Tris-buffered saline with 0.1% tween
20) and incubated with primary antibodies for artemin (GeneTex,
CA, United States, 1:1,000), ERα (Santa Cruz Biotechnology, sc-
130072, 1:1,000), ERβ (Santa Cruz Biotechnology, sc-53494, 1:
1,000), GPER (Abcam, ab188999, Cambridge, United Kingdom,
1:1,000) and β-actin (Sigma-Aldrich, Darmstadt, Germany, 1:
5,000) overnight at 4°C. The next day, the membranes were
incubated with secondary antibodies (goat anti-mouse IgG-
HRP conjugated or goat anti-rabbit IgG-HRP conjugated, 1:
3,000) for 3 h at room temperature. Proteins were visualized
using enhanced chemiluminescent solution and detected with a
Chemi-Doc (FluorChem E system, San Jose, California,
United States).

FIGURE 1 | The effect of sex on SNU-16-tumor growth in a xenograft
mouse model. SNU-16 cells were injected into female and male NCr nude
mice. SNU-16-derived tumor volume was calculated as indicated in the
Materials and Methods. All data are presented as the mean ± standard
deviation (SD; n � 5/group); *, p < 0.05 (Student’s t-test).
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Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7
(GraphPad Software Inc., CA, United States). The data were
analyzed using Student’s t-test or one-way ANOVA test followed
by Tukey’s multiple comparisons test as post hoc test. Significant
differences were assumed for p-values less than 0.05.

RESULTS

SNU-16 Cell-Derived Tumors Progress
Faster in Female Mice
Xenograft mouse models were established to investigate whether
tumor progression varied depending on sex differences. The female
gastric cancer cell line SNU-16was used to induce tumors in female

and male mice and the resulting tumors were examined; as shown
in Figure 1, tumor progression was significantly faster in female
mice than in male mice. It was further investigated whether other
diffuse-type gastric cancer cells are affected by the sex of mice. As
shown in Supplementary Figure S1A, results of SNU-620 female
diffuse gastric cancer cells were in accordance with those of SNU-
16 cells although the statistical significance was not shown.
However, SNU-484 male diffuse gastric cancer cells showed no
difference in tumor growth between male and female xenograft
models (Supplementary Figure S1B). Only female-originating
cancer cells showed enhanced tumor growth in female mice. To
elucidate the involvement of female sex hormones in tumor
progression, the expression level of ERs was investigated in
these gastric cancer cell lines. There was no difference in the
expression level of ERs according to sex or cancer type in
gastric cancer cell lines (Supplementary Figure S2). These

FIGURE 2 | Clinical survival curve of diffuse-type gastric cancer patients depending on differentially expressed genes. (A) Heatmap of gene expression based on
total RNA seq of SNU-16-derived tumor tissues (n � 3/group), (B) Kaplan-Meier curve of differentially expressed genes obtained from gene expression omnibus
database (Total: n � 239; men: n � 127; women: n � 112). HR, the hazard ratio with 95% confidence intervals.
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results suggested that endogenous factors in female mouse
xenograft models affect tumor growth rather than a direct ER-
mediated pathway in female diffuse-type gastric cancer cells.

Differentially Expressed Genes from Total
RNA Sequencing Affect the Overall Survival
of Women Patients with Diffuse-Type
Gastric Cancer
To better understand the difference reported in Figure 1, tumor
tissues obtained from these xenograft models were compared
using total RNA sequencing (RNA seq). The data of RNA seq
were analyzed based on human-originating genes excluding
mouse-originated genes. We observed DEGs between female
and male mice (Figure 2A); transcripts of DEGs with a
log2fold_change (fc) > absolute value of 1.5, p-values ≤
0.00005, and q-values ≤ 0.05 are summarized in Table 1. As
shown in Table 1, interferon gamma receptor 2 (IFNGR2) had
lower expression levels in tissues from female mice than in male
tissues, whereas IQ motif containing E (IQCE), transient
receptor potential cation channel subfamily M member 4
(TRPM4) and structure-specific endonuclease subunit SLX4
(SLX4) exhibited higher expression in females than in males.
To investigate the association between our in vivo findings and
clinical data, we compared genes obtained from our RNAseq
data with those from clinical databases. As shown in Figure 2B,
the OS of patients with diffuse-type gastric cancer obtained from
the GEO database was reanalyzed depending on expression
levels of DEGs. There is a trend toward better survival at
high IFNGR2, IQCE, and TRPM4 expression levels and at
low SLX4 expression level but cannot claim there was any
association in women. Only IFNGR2 has a positive
prognostic value, and only among all patients.

Estrogen Might Indirectly Affect the
Proliferation of SNU-16 Cells
Considering that SNU-16-derived tumors progressed faster in
female mice than in male mice during the evaluation of cancer
xenograft models (Figure 1), we investigated whether estrogen
could directly affect the proliferation of these cells. As shown in
Figure 3, cell proliferation was stagnant after 24 h of 10 nM of
17β-estradiol (E2 as estrogen) treatment, but there was no
significant difference compared to that in the control group.

Exogenous Estrogen Promotes
Diffuse-type Gastric Cancer Progression
in Cancer Xenograft Models of
Ovariectomized Mice
In vitro, E2 showed no direct effect on cell proliferation
(Figure 3). Therefore, we investigated whether E2 deficiency
and exogenous E2 treatment could affect tumor progression in
xenograft models. Ovariectomized mice were used to better
understand the factors involved during tumor progression in
the female xenograft model. To ensure an accurate comparison,
we confirmed that estrogen levels in the blood and the uterus
weight were decreased in ovariectomized mice, and then
estrogen treatment was restored (Supplementary Figure S3).
In the ovariectomized xenograft mouse (OVX) model, SNU-16-
derived tumor growth was detected (Figure 4A). The OVX
group showed slightly delayed tumor growth compared to the
normal xenograft group (control group). However, no
significant difference between the two groups was noted.
Interestingly, the estrogen-treated group (OVX with E2
group) had significantly enhanced tumor growth when
compared to that in either OVX or control groups
(Figure 4A). To elucidate the mechanism of estrogen-
induced tumor growth, the expression of ER subtypes was
determined by western blotting (Figure 4B). ERα and ERβ
expression levels were slightly increased in ovariectomized
mice to generate a sensitive response to low estrogen levels.
Surprisingly, GPER expression levels were induced in the OVX
with E2 group more than in the OVX group. These results
suggested that E2 might affect tumor growth through the
regulation of ER expression levels, and especially GPER. To
elucidate the effect of E2 on SNU-16-derived tumor growth in
ovariectomized mice, we performed RNA seq and summarized
DEGs among these groups (Supplementary Table S2). Among
genes expressed only in OVX with E2 group, artemin (ARTN)
was known as a factor involved in the cancer progression [29].

TABLE 1 | Difference of expressed genes between male and female
xenograft model.

Gene name FPKMa Log2fc
b p-value

Male Female

IFNGR2 24.7 5.06 −2.29 0.00005
IQCE 1.05 3.83 1.87 0.00005
TRPM4 3.48 12.4 1.83 0.00005
SLX4 0.299 0.852 1.51 0.00005

aFragments per kilobase of exon per million reads (mean value, n � 3).
bfc: fold change � the mean expression value in female group/the mean expression value
in male group.

FIGURE 3 | Effect of 17β-estradiol on the proliferation of SNU-16 cells.
Cell proliferation of 17β-estradiol (E2, 10 nM)-treated SNU-16 cells; data are
presented as the mean ± SD (n � 6).
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Thus, we first investigated the change in the level of ARTN
expression by western blotting. ARTN levels were significantly
decreased in the OVX group; however, E2 treatment
significantly induced ARTN expression (Figure 4C). Based
on the Kaplan-Meier curve using the GEO database, the OS
of diffuse-type gastric cancer patients showed a negative
association with GPER expression levels. A trend of OS with
ARTN expression was shown, but no statistically effects were
measured (Figure 4D).

DISCUSSION

In this study, we investigated the effect of endogenous and
exogenous estrogen on diffuse-type gastric cancer xenograft
models. Generally, the incidence rate of gastric cancer is
higher in males than in females. However, diffuse-type gastric
cancer that expresses ER has a high incidence rate and is
associated with poor prognosis in young women [5]. SNU-16
cells are known as a diffuse-type gastric cancer cell line derived

FIGURE 4 | Enhancement of tumor growth mediated by 17β-estradiol-induced GPER and ARTN in an ovariectomized xenograft mouse model. (A) Effect of
17β-estradiol (E2) on SNU-16-derived tumor growth in ovariectomized mice (OVX); data are presented as the mean ± SD (n � 5/group). Significant differences
were considered depending on p values, as calculated by one-way ANOVA followed by Tukey’s post hoc test; * (OVX vs OVX + E2), # (Control vs OVX + E2), p <
0.05, (B) Protein expression levels of estrogen receptors in SNU-16-derived tumor tissues by western blotting, (C) Protein expression levels of artemin
(ARTN) in SNU-16-derived tumor tissues by western blotting, (D) Kaplan-Meier curve based on GPER and ARTN obtained from the gene expression omnibus
database (number of men with diffuse-type gastric cancer � 127; number of women with diffuse-type gastric cancer � 112). HR, the hazard ratio with 95%
confidence intervals.
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from a 33 year-old woman [30]. Our results demonstrated that
SNU-16-derived tumors also showed higher growth in female
mice than in male mice, similar to clinical data (Figure 1). These
results agreed with the findings of a previous study, which showed
that sex-specific xenograft models are crucial to more accurately
reflect tumor progression and drug sensitivity [31]. Moreover, we
established an ovariectomized xenograft model to investigate the
effect of E2 on the growth of cancer cells. E2 accelerated the
growth of gastric cancer after ovariectomy (Figure 4A). The OVX
model could be assumed to represent postmenopausal gastric
cancer patients. These results suggested that the control of E2
might be important for the therapeutic strategy for women
patients with diffuse-type gastric cancer.

Environmental factors including E2 can regulate several genes
that are related to the growth of SNU-16-derived tumors; here, we
identified IFNGR2, IQCE, TRPM4 and SLX4. IFNG plays crucial
roles in the immune system, and thus, it is associated with viral
infection and cancers. IFNG signaling is activated upon the
binding of IFNGR, a heterodimer consisting of IFNGR1 and
IFNGR2 [32]. Recently, Zaidi reported that IFNG has dual roles
as a tumor suppressor and protumor factor in cancer [33]. IFNGR2
is a mediator of biological activities of IFNG. Thus, IFNGR2 is a
gene related to Th1 cell-mediated immune responses in gastric
cancer. An IFNGR2 polymorphism (Ex7-128 C > T) was reported
to increase the risk of gastric cancer in a population-based study of
Poland [34]. IQCE was reported to be a prognostic biomarker in
endometrial cancer, and its level is positively associated with the
OS rate of endometrial cancer patients [35]. TRPM4 is associated
with proliferation, migration, and invasion of several cancer cells
[36–39]. It is highly expressed in colorectal cancer and breast
cancer [37, 38]. In endometrial carcinoma, decrease of its level
shows aggressive cancer progression and a poor prognosis [40].
SLX4 is a DNA repair protein, and it plays a role of resistance to
DNA damaging agents. Thus, SLX4 mutation (c.1114C > T)
segregated along with familiar breast cancer gene and caused
breast cancer susceptibility [41]. SLX4 is known as the most
frequently mutated gene in Asian gastric cancer patients [42].
As mentioned above, these genes found in RNAseq were known to
be associated with the OS or prognosis of various cancer types.
However, in diffuse type gastric cancer, there was no significant
difference in the association between the expression levels of these
genes and OS.

The effect of exogenous E2 on diffuse-type gastric cancer was
elucidated in an OVX xenograft model. Our results suggest that
exogenous estrogen might promote tumor growth by inducing
GPER and ARTN expression in OVX models (Figure 4). We
found the GPER was a key factor in our results. GPER, a member
of the G protein-coupled receptor (GPCR) family, was induced by
E2 treatment in the OVX xenograft model. Similar to our results,
the induction of GPER is also known to promote the proliferation
of triple negative breast cancer [43]. Furthermore, we first
identified ARTN from RNA seq data and observed that ARTN
expression level increased when E2 treatment promoted tumor
growth in ovariectomized mice. ARTN is a ligand that binds to
various TGF-β receptors from the transforming growth factor
(TGF)-β superfamily of proteins [44]. This ligand was also shown
to promote tumor growth, metastasis, and drug resistance in

mammary carcinoma [45]. Additionally, the mechanism
underlying the effect of ARTN was found to be associated
with the RET pathway and GPCR signaling pathways [46]. In
the Kaplan-Meier curve using the GEO database, ARTN
expression levels were not associated with OS of diffuse type
gastric cancer, but high expression of GPER level was associated
with worse OS in diffuse-type gastric cancer.

In conclusion, we suggest that sex differences should be
considered in the evaluation of xenograft models. We
presumed that estrogen might act indirectly through non-
tumorous cells in the tumor mass. Especially, estrogen
aggravates tumor proliferation in female diffuse-type gastric
cancer xenograft models. Thus, female mice show faster tumor
growth in a xenograft model bearing SNU-16 cells than male
mice. Furthermore, E2 exposure stimulates SNU-16 derived
tumor growth in ovariectomized mice. We also found that
IFNGR2, IQCE, TRPM4, and SLX4 could be associated with
SNU-16 derived tumor growth in female mice by endogenous
E2. Additionally, our results indicated that E2 induced GPER and
ARTN expression and enhanced tumor growth in the
ovariectomized gastric cancer xenograft model. These results
suggest that the control of E2 could be an important target for
female diffuse-type gastric cancer.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/Supplementary
Material.

ETHICS STATEMENT

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Duksung Women’s
University (No. 2016-003-004) in accordance with the
guidelines for the care and use of laboratory animals.

AUTHOR CONTRIBUTIONS

JJ: Conceptualization, Investigation and Writing. KK and SL:
Methodology, Data curation and Validation. SL: Investigation
and Visualization. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was supported by the Bio and Medical
Technology Development Program of the NRF funded by
the Korean government, MSIP (2015M3A9B6074045), the
Priority Research Centers Program through the NRF
(2016R1A6A1A03007648) and the NRF grant funded by
Korean government, MSIT (2017R1A2B4008254).

Pathology & Oncology Research April 2021 | Volume 27 | Article 6227337

Lee et al. Effect of Estrogen on Diffuse Gastric Cancer



CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.por-journal.com/articles/10.3389/pore.2021.622733/
full#supplementary-material.

REFERENCES

1. Rawla P, Barsouk A. Epidemiology of gastric cancer: global trends, risk factors
and prevention. Prz Gastroenterol (2019) 14(1):26–38. doi:10.5114/pg.2018.
80001

2. Chia NY, Tan P. Molecular classification of gastric cancer. Ann Oncol (2016) 27:
763–9. doi:10.1093/annonc/mdw040

3. Cancer Genome Atlas Research Network. Comprehensive molecular
characterization of gastric adenocarcinoma. Nature (2014) 513(7517):202–9.
doi:10.1038/nature13480

4. Lauren P. The two histological main types of gastric carcinoma: diffuse and
so-called intestinal-type carcinoma. An attempt at a histo-clinical
classification. Acta Pathol Microbiol Scand (1965) 64:31–49. doi:10.1111/
apm.1965.64.1.31

5. Chandanos E, Rubio CA, Lindblad M, Jia C, Tsolakis AV, Warner M, et al.
Endogenous estrogen exposure in relation to distribution of histological type
and estrogen receptors in gastric adenocarcinoma. Gastric Cancer (2008) 11:
168–74. doi:10.1007/s10120-008-0475-6

6. Kim SM, Min BH, Lee J, An JY, Lee JH, Sohn TS, et al. Protective effects of
female reproductive factors on lauren intestinal-type gastric adenocarcinoma.
Yonsei Med J (2018) 59(1):28–34. doi:10.3349/ymj.2018.59.1.28

7. Onland-Moret NC, Kaaks R, van Noord PAH, Rinaldi S, Key T, Grobbee DE,
et al. Urinary endogenous sex hormone levels and the risk of
postmenopausal breast cancer. Br J Cancer (2003) 88:1394–99. doi:10.
1038/sj.bjc.6600890

8. Missmer SA, Eliassen AH, Barbieri RL, Hankinson SE. Endogenous estrogen,
androgen, and progesterone concentrations and breast cancer risk among
postmenopausal women. J Natl Cancer Inst (2004) 96(24):1856–65. doi:10.
1093/jnci/djh336

9. Tanaka K, Sakai H, Hashizume M, Hirohata T. (2000) Serum testosterone:
estradiol ratio and the development of hepatocellular carcinoma among male
cirrhotic patients. Cancer Res 60, 5106–10.

10. Farinati F, De Maria N, Marafin C, Fagiuoli S, Della Libera G, Naccarato R.
Hepatocellular carcinoma in alcoholic cirrhosis: is sex hormone imbalance a
pathogenetic factor? Eur J Gastroenterol Hepatol (1995) 7:145–50.

11. Márquez-Garbán DC, Chen HW, Goodglick L, Fishbein MC, Pietras RJ.
Targeting aromatase and estrogen signaling in human non-small cell lung
cancer. Ann N Y Acad Sci. (2009) 1155:194–205. doi:10.1111/j.1749-6632.
2009.04116.x

12. Brady CW. Liver disease in menopause. World J Gastroenterol. (2015) 21(25):
7613–20. doi:10.3748/wjg.v21.i25.7613

13. Freedman ND, Chow WH, Gao YT, Shu XO, Ji BT, Yang G, et al. Menstrual
and reproductive factors and gastric cancer risk in a large prospective study of
women. Gut (2007) 56(12):1671–77. doi:10.1136/gut.2007.129411

14. Deli T, Orosz M, Jakab A. Hormone replacement therapy in cancer survivors-
review of the literature. Pathol Oncol Res. (2020) 26(1):63–78. doi:10.1007/
s12253-018-00569-x

15. Brusselaers N, Maret-Ouda J, Konings P, El-Serag HB, Lagergren J.
Menopausal hormone therapy and the risk of esophageal and gastric
cancer. Int J Cancer (2017) 140(7):1693–99. doi:10.1002/ijc.30588

16. Takano N, Iizuka N, Hazama S, Yoshino S, Tangoku A, Oka M. Expression of
estrogen receptor-alpha and -beta mRNAs in human gastric cancer. Cancer
Lett (2002) 176(2):129–35. doi:10.1016/s0304-3835(01)00739-x

17. Kim HW, Kim JH, Lim BJ, Kim H, KimH, Park JJ, et al. Sex disparity in gastric
cancer: female sex is a poor prognostic factor for advanced gastric cancer. Ann
Surg Oncol (2016) 23(13):4344–51. doi:10.1245/s10434-016-5448-0

18. Qin J, Liu M, Ding Q, Ji X, Hao Y, Wu X, et al. The direct effect of estrogen on
cell viability and apoptosis in human gastric cancer cells. Mol Cell Biochem
(2014) 395(1-2):99–107. doi:10.1007/s11010-014-2115-2

19. Zhu G, Huang Y, Wu C, Wei D, Shi Y. Activation of G-protein-coupled
estrogen receptor inhibits the migration of human nonsmall cell lung cancer
cells via IKK-β/NF-κB signals. DNA Cell Biol (2016) 35(8):434–42. doi:10.
1089/dna.2016.3235

20. Wei T, Chen W, Wen L, Zhang J, Zhang Q, Yang J, et al. G protein-coupled
estrogen receptor deficiency accelerates liver tumorigenesis by enhancing
inflammation and fibrosis. Cancer Lett (2016) 382(2):195–202. doi:10.1016/
j.canlet.2016.08.012

21. Chen ZJ, WeiW, Jiang GM, Liu H,WeiWD, Yang X, et al. Activation of GPER
suppresses epithelial mesenchymal transition of triple negative breast cancer
cells via NF-κB signals.Mol Oncol (2016) 10(6):775–88. doi:10.1016/j.molonc.
2016.01.002

22. Lee S, Lee SK, Jung J. (2021) Potentiating activities of chrysin in the therapeutic
efficacy of 5-fluorouracil in gastric cancer cells. Oncol Lett 21(1):24. doi:10.
3892/ol.2020.12285

23. Oh S, Choi K, Kim KM, Jung J. Sex-dependent effects of estrogen pellets in
human liver cancer xenograft models. Toxicol Res (2020) 36(2):109–14. doi:10.
1007/s43188-019-00020-6

24. Ohta R, Takagi A, Ohmukai H, Marumo H, Ono A, Matsushima Y, et al.
Ovariectomized mouse uterotrophic assay of 36 chemicals. J Toxicol Sci (2012)
37(5):879–89. doi:10.2131/jts.37.879

25. Ho-Pham LT, Nguyen ND, Nguyen TV. Quantification of the relative
contribution of estrogen to bone mineral density in men and women. BMC
Musculoskelet Disord (2013) 14:366. doi:10.1186/1471-2474-14-366

26. Brohawn DG, O’Brien LC, Bennett JP, Jr. RNAseq analyses identify tumor
necrosis factor-mediated inflammation as a major abnormality in ALS
spinal cord. PLoS One (2016) 11(8):e0160520. doi:10.1371/journal.pone.
0160520

27. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B (Methodol) (1995) 57:
289–300. doi:10.1111/j.2517-6161.1995.tb02031.x

28. Szász AM, Lánczky A, Nagy Á, Förster S, Hark K, Green JE, et al. Cross-
validation of survival associated biomarkers in gastric cancer using
transcriptomic data of 1,065 patients. Oncotarget (2016) 7:49322–33.
doi:10.18632/oncotarget.10337

29. Jiang X, Chen K, Fan K, Guo J. Prognostic significance of artemin in gastric
cancer and its role in tumorigenesis. Transl Cancer Res TCR (2020) 9:12–20.
doi:10.21037/tcr.2019.11.13

30. Lee HS, Park CK, Oh E, Erkin ÖC, Jung HS, Cho MH, et al. Low SP1
expression differentially affects intestinal-type compared with diffuse-type
gastric adenocarcinoma. PLoS One (2013) 8:e55522. doi:10.1371/journal.
pone.0055522

31. Wang X, Snoeyink J. Multiple structure alignment by optimal RMSD implies
that the average structure is a consensus. Comput Syst Bioinformatics Conf
(2006) 79–87.

32. Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated
signalling. Nat Rev Immunol (2005) 5(5):375–86. doi:10.1038/nri1604

33. Zaidi MR. The interferon-gamma paradox in cancer. J Interferon Cytokine Res.
(2019) 39(1):30–8. doi:10.1089/jir.2018.0087

34. Hou L, El-Omar EM, Chen J, Grillo P, Rabkin CS, Baccarelli A, et al.
Polymorphisms in Th1-type cell-mediated response genes and risk of
gastric cancer. Carcinogenesis (2007) 28(1):118–23. doi:10.1093/carcin/bgl130

35. IQCE. The human protein ATLAS, version 20.1 (2021) Available from: https://
www.proteinatlas.org/ENSG00000106012-IQCE/pathology.

36. Gao Y, Liao P. TRPM4 channel and cancer. Cancer Lett (2019) 454:66–9.
doi:10.1016/j.canlet.2019.04.012

37. Kappel S, Stokłosa P, Hauert B, Ross-Kaschitza D, Borgström A, Baur R, et al.
TRPM4 is highly expressed in human colorectal tumor buds and contributes to
proliferation, cell cycle, and invasion of colorectal cancer cells. Mol Oncol
(2019) 13(11):2393–405. doi:10.1002/1878-0261.12566

Pathology & Oncology Research April 2021 | Volume 27 | Article 6227338

Lee et al. Effect of Estrogen on Diffuse Gastric Cancer

https://www.por-journal.com/articles/10.3389/pore.2021.622733/full#supplementary-material
https://www.por-journal.com/articles/10.3389/pore.2021.622733/full#supplementary-material
https://doi.org/10.5114/pg.2018.80001
https://doi.org/10.5114/pg.2018.80001
https://doi.org/10.1093/annonc/mdw040
https://doi.org/10.1038/nature13480
https://doi.org/10.1111/apm.1965.64.1.31
https://doi.org/10.1111/apm.1965.64.1.31
https://doi.org/10.1007/s10120-008-0475-6
https://doi.org/10.3349/ymj.2018.59.1.28
https://doi.org/10.1038/sj.bjc.6600890
https://doi.org/10.1038/sj.bjc.6600890
https://doi.org/10.1093/jnci/djh336
https://doi.org/10.1093/jnci/djh336
https://doi.org/10.1111/j.1749-6632.2009.04116.x
https://doi.org/10.1111/j.1749-6632.2009.04116.x
https://doi.org/10.3748/wjg.v21.i25.7613
https://doi.org/10.1136/gut.2007.129411
https://doi.org/10.1007/s12253-018-00569-x
https://doi.org/10.1007/s12253-018-00569-x
https://doi.org/10.1002/ijc.30588
https://doi.org/10.1016/s0304-3835(01)00739-x
https://doi.org/10.1245/s10434-016-5448-0
https://doi.org/10.1007/s11010-014-2115-2
https://doi.org/10.1089/dna.2016.3235
https://doi.org/10.1089/dna.2016.3235
https://doi.org/10.1016/j.canlet.2016.08.012
https://doi.org/10.1016/j.canlet.2016.08.012
https://doi.org/10.1016/j.molonc.2016.01.002
https://doi.org/10.1016/j.molonc.2016.01.002
https://doi.org/10.3892/ol.2020.12285
https://doi.org/10.3892/ol.2020.12285
https://doi.org/10.1007/s43188-019-00020-6
https://doi.org/10.1007/s43188-019-00020-6
https://doi.org/10.2131/jts.37.879
https://doi.org/10.1186/1471-2474-14-366
https://doi.org/10.1371/journal.pone.0160520
https://doi.org/10.1371/journal.pone.0160520
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.18632/oncotarget.10337
https://doi.org/10.21037/tcr.2019.11.13
https://doi.org/10.1371/journal.pone.0055522
https://doi.org/10.1371/journal.pone.0055522
https://doi.org/10.1038/nri1604
https://doi.org/10.1089/jir.2018.0087
https://doi.org/10.1093/carcin/bgl130
https://www.proteinatlas.org/ENSG00000106012-IQCE/pathology
https://www.proteinatlas.org/ENSG00000106012-IQCE/pathology
https://doi.org/10.1016/j.canlet.2019.04.012
https://doi.org/10.1002/1878-0261.12566


38. Wong KK, Hussain FA. TRPM4 is overexpressed in breast cancer
associated with estrogen response and epithelial-mesenchymal
transition gene sets. PLoS One (2020) 15(6):e0233884. doi:10.1371/
journal.pone.0233884

39. Sagredo AI, Sagredo EA, Cappelli C, Báez P, Andaur RE, Blanco C, et al.
TRPM4 regulates Akt/GSK3-β activity and enhances β-catenin signaling and
cell proliferation in prostate cancer cells. Mol Oncol (2018) 12(2):151–65.
doi:10.1002/1878-0261.12100

40. Li XC, Cheng Y, Yang X, Zhou JY, Dong YY, Shen BQ, et al. Decreased
expression of TRPM4 is associated with unfavorable prognosis and aggressive
progression of endometrial carcinoma. Am J Transl Res. (2020) 12(7):3926–39.

41. Landwehr R, Bogdanova NV, Antonenkova N, Meyer A, Bremer M, Park-
Simon TW, et al. Mutation analysis of the SLX4/FANCP gene in hereditary
breast cancer. Breast Cancer Res Treat (2011) 130(3):1021–8. doi:10.1007/
s10549-011-1681-1

42. Zhang S, Mu T, Dang S, Huang T, Duan J, Chen S, et al. Identification of SLX4
as the most frequently mutated gene in homologous recombination deficiency
in Asian gastric cancer. J Clin Oncol (2020) 38(15_Suppl.):4570. doi:10.1200/
JCO.2020.38.15_suppl.4570

43. Jung J. Role of G protein-coupled estrogen receptor in cancer
progression. Toxicol Res. (2019) 35(3):209–14. doi:10.5487/TR.2019.
35.3.209

44. Wang X, Baloh RH, Milbrandt J, Garcia KC. Structure of artemin complexed
with its receptor GFRalpha3: convergent recognition of glial cell line-derived
neurotrophic factors. Structure (2006) 14(6):1083–92. doi:10.1016/j.str.2006.
05.010

45. Fielder GC, Yang TW, Razdan M, Li Y, Lu J, Perry JK, et al. The GDNF family:
a role in cancer?Neoplasia (2018) 20(1):99–117. doi:10.1016/j.neo.2017.10.010

46. Takahashi M. The GDNF/RET signaling pathway and human diseases.
Cytokine Growth Factor Rev (2001) 12(4):361–73. doi:10.1016/s1359-
6101(01)00012-0

Copyright © 2021 Lee, Kim, Lee and Jung. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Pathology & Oncology Research April 2021 | Volume 27 | Article 6227339

Lee et al. Effect of Estrogen on Diffuse Gastric Cancer

https://doi.org/10.1371/journal.pone.0233884
https://doi.org/10.1371/journal.pone.0233884
https://doi.org/10.1002/1878-0261.12100
https://doi.org/10.1007/s10549-011-1681-1
https://doi.org/10.1007/s10549-011-1681-1
https://doi.org/10.1200/JCO.2020.38.15_suppl.4570
https://doi.org/10.1200/JCO.2020.38.15_suppl.4570
https://doi.org/10.5487/TR.2019.35.3.209
https://doi.org/10.5487/TR.2019.35.3.209
https://doi.org/10.1016/j.str.2006.05.010
https://doi.org/10.1016/j.str.2006.05.010
https://doi.org/10.1016/j.neo.2017.10.010
https://doi.org/10.1016/s1359-6101(01)00012-0
https://doi.org/10.1016/s1359-6101(01)00012-0
https://creativecommons.org/licenses/by/4.0/

	Estrogen Aggravates Tumor Growth in a Diffuse Gastric Cancer Xenograft Model
	Introduction
	Materials and Methods
	Cell Culture
	Cell Viability
	Animals and Experimental Conditions
	Establishment of the Xenograft Model and Measurement of Tumor Growth
	Ovariectomy
	Implantation of Estrogen Pellet
	Total RNA Sequencing and Analysis
	Analysis of Genomic Data from Gene Expression Omnibus Database
	Western Blotting Analysis
	Statistical Analysis

	Results
	SNU-16 Cell-Derived Tumors Progress Faster in Female Mice
	Differentially Expressed Genes from Total RNA Sequencing Affect the Overall Survival of Women Patients with Diffuse-Type Ga ...
	Estrogen Might Indirectly Affect the Proliferation of SNU-16 Cells
	Exogenous Estrogen Promotes Diffuse-type Gastric Cancer Progression in Cancer Xenograft Models of Ovariectomized Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Conflict of Interest
	Supplementary Material
	References


