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a b s t r a c t

Helicobacter pylori infection is a crucial factor in the development of gastric cancer (GC). Molecular
therapeutic targets and mechanisms contributing to H. pylori infection-associated GC induction are
poorly understood and this study aimed to fill that research gap.

We found that the nuclear receptor estrogen-related receptor gamma (ESRRG) is a candidate factor
influencing H. pylori infection-driven GC. ESRRG suppressed H. pylori infection and cell growth induced
by H. pylori infection in GC cells and organoid models In addition, H. pylori infection downregulates
ESRRG expression. Gene expression profiling revealed that trefoil factor 1 (TFF1), a well-known tumor
suppressor in GC, is a downstream target of ESRRG. Mechanistically, ESRRG directly binds to the TFF1
promoter and induces TFF1 gene expression. Furthermore, TFF1 activation by ESRRG was inhibited by
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)/p65, which is induced by
inflammation, such as by H. pylori infection.

Our current study provides new molecular insights into how ESRRG regulates H. pylori infection,
contributing to GC development. We suggest that modulation of ESRRG-suppressing H. pylori infection
could be a therapeutic target for the treatment of GC patients.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Gastric cancer (GC) is the most common cancer globally and
predominantly in Eastern Asia [1]. While surgical resection is the
standard regimen for early-stage GC, use of standard treatment in
the advanced and late stages is very limited [2]. Several molecular
therapeutic options using monoclonal antibodies, such as trastu-
zumab and bevacizumab, have been widely used for GC patients
[3]. Recently developed immune therapies modulating T-cell acti-
vation have emerged as a new therapeutic option [4]. However,
immunotherapy has minimal success rate, demonstrating that
effective newmolecular targets for treatment are urgently required
[4e6].

Since the detailed molecular mechanism of GC development is
poorly understood, the development of therapeutic targets is
delayed, suggesting that a biological understanding of GC is crucial
for treatment regimens [7,8]. Of the many factors contributing to
GC, Helicobacter pylori infection, classified as a class I carcinogen by
ul, South Korea.
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theWHO, is a causative agent of GC [9]. Helicobacter pylori infection
leads to chronic inflammation, which eventually promotes GC [10].
However, the molecular mechanisms governing the relationship
between H. pylori infection and GC development are not clearly
understood.

The imbalance between tumor suppressors and oncogenes in-
fluences GC development. For example, conventional tumor sup-
pressors TP53 and PTEN play a crucial role in tumorigenesis [8] and
RUNX3 [11] and ESRRG [12] act as gastric-specific tumor suppres-
sors due to their restricted expression patterns. Deregulation of
tumor suppressors is a critical step in tumorigenesis, although the
molecular mechanisms of tumor suppression vary. Thus, modula-
tion of tumor-suppressive transcription factors is well recognized
as an effective therapeutic strategy for cancer [12].

Helicobacter pylori infection is a major contributing factor to GC
[13]. Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-кB), a well-known transcriptional regulator of inflammation, is
induced by H. pylori and is involved in GC development [14].
However, the relationship between tumor suppressors and H. pylori
infection is notwell established in GC. Previously, we identified that
ESRRG suppresses the Wnt pathway as a new tumor suppressor in
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GC [12]. Since ESRRG inhibits GC development by suppressing the
Wnt pathway, which positively influences H. pylori infection, we
can assume that ESRRG can modulate H. pylori infection.

In the current study, we identified that ESRRG protects gastric
cells from H. pylori infection and inhibits GC cell growth by regu-
lating TFF1 and NF-kB. ESRRG is positively correlated with TFF1 and
negatively correlated with NF-kB. Our study provides new molec-
ular insights into the correlation between ESRRG and H. pylori
infection, and suggests that ESRRG can be a therapeutic target for
the treatment of GC.

2. Materials and methods

2.1. Gene expression data analysis

Gene expression data from the NCBI Gene Expression Omnibus
(GEO) database are publicly available. All data were downloaded
and processed using Biometric Research Branch (BRB) array tools
and used for further analysis.

2.2. Cell lines and reagents

GC cell lines were purchased from the American Type Culture
Collection. Cells were grown in Dulbecco's modified essential me-
dium or RPMI1640 supplemented with 10% fetal bovine serum. The
cells were incubated at 37 �C in a humidified incubator with 5%
CO2. DY131 (#2266; TOCRIS, Bristol, UK) and GSK5182 (#AOB1629;
Aobious, Gloucester. MA, USA) were purchased.

2.3. Cell proliferation assay

Stably or transiently transfected cells were used for cell growth
assays. The proliferation assay was performed following the man-
ufacturer's instructions (CCK8-Kit; CK04-20, Dojindo, Rockville,
MD, USA).

2.4. Colony-forming assay

Cells were infected with lentivirus or treated with the indicated
compounds for a designated time. Cells (500 mL) were seeded into
6-well plates. Two weeks later, the cells were fixed with 3.7%
paraformaldehyde for 5 min and stained with 0.05% crystal violet
for 15 min. Colonies containing more than 50 cells were counted.

2.5. Reporter assay

pGL3-TFF1 and pCDNA3-ESRRG cDNAs have been described
previously [12]. For luciferase-based reporter assays, cells were
transfected with the indicated reporter genes and plasmids (pGL3-
TFF1 and ESRRG) using Lipofectamine 2000 (Invitrogen, Grand Is-
land, NY, USA) according to the manufacturer's instructions. After
48 h, the cells were harvested to measure luciferase activity.

2.6. Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed according to the protocol from
Thermo Scientific, Pierce™ Magnetic ChIP Kit (#26157) with minor
modifications [12,15]. The antibodies used were specific for ESRRG
(PPeH6812-00; R&D Systems, Minneapolis, MN) and standard
mouse immunoglobulin G (SC-2027; Santa Cruz Biotechnology,
Dallas, TX).

2.7. Western blot

Western blot analysis was performed as described previously.
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The antibodies used were specific for ESRRG (#H6812; R&D Sys-
tems), TFF1 (#9702; Cell Signaling Technology [CST], Danvers, MA),
b�actin (A5316; Sigma-Aldrich), and a�tubulin (#3873; CST). An-
tibodies were dilutedwith bovine serum albumin (BSA) and used at
a 1:1000 ratio, after blocking the membrane with BSA.

2.8. qRT-PCR

qRT-PCR was performed according to the protocol using the
mirVana RNA isolation kit (Ambion, Austin, TX) according to the
manufacturer's instructions as described previously [12,15].

2.9. Lentiviral transduction

Lentivirus was made and transduced to the cell as described
previously [12,15].

2.10. Helicobacter pylori infection

For AGS cells or organoid infections, H. pylori (ATCC43504, type
strain 11637, cagA þ vacAþ) was grown under microaerophilic
conditions for 48 h on Brucella broth agar plates containing 7%
sheep blood and added to AGS cell monolayers for 4 h at a multi-
plicity of infection (MOI) of 50.

2.11. Organoid culture

The organoid culture was based on a previous report, with mi-
nor modifications [12,16]. Gastric fundus organoids were derived
from surgical samples from patients with gastric cancer at Yensei
University Severance Hospital (IRB No. 4-2015-0877).

2.12. Confocal laser scanning microscopy and live-cell imaging

Fluorescence microscopy was performed as described previ-
ously [12]. LysoTracker-Red DND-99 (ThermoFisher, Waltham, MA)
was detected by excitation at 561 nm for AGS cells and mouse
organoids. For dual-color observation, GFP and LysoTracker-Red
DND-99 were detected by excitation at 488 nm. Microscopy im-
ages were processed and analyzed using ZEN2012 software
installed on LSM780.

3. Results

3.1. ESRRG has protective roles against H. pylori infection in gastric
cells

Previously, we found that ESRRG functions as a tumor sup-
pressor by antagonizing the Wnt pathway in GC, and ESRRG
expression was found to be predominant in normal gastric tissues
[12]. In addition, gene expression profiling data revealed that
H. pylori infection suppresses ESRRG expression [17]. Since ESRRG
antagonizes tumor growth and is influenced by H. pylori infection,
we hypothesized that the tumor-suppressive activity of ESRRG is
correlated with H. pylori infection.

To investigate how H. pylori infection affects ESRRG expression,
afterH. pylori infection of AGS cells, the cells were stainedwith Lyso
Tracker Red, which stains acidic cells, a good indicator of H. pylori
infection (Fig. 1a). ESRRG expression was decreased in H. pylori-
infected AGS cells according to previously reported data (Fig. 1a)
[17]. Since H. pylori infection suppressed ESRRG expression, we
hypothesized that ESRRG has a protective role against H. pylori
infection. After AGS cells were infected with lentivirus to over-
express ESRRG, H. pylori infection was induced in AGS cells. The
results showed that AGS cells were infected with H. pylori.



Fig. 1. ESRRG modulation in Helicobacter pylori-infected cells (a) AGS cells were infected with H. pylori and stained with Lysotracker. (b) Infected cells were harvested at the
indicated time points and used for qRT-PCR. (c) AGS cells were infected with GFP or GFP-ESRRG lentivirus and selected with puromycin. After lentivirus infection, the cells were
infected with H. pylori for 5 h, and Lyso Tracker Red DND-99 staining was performed. Scale bar ¼ 50 mM. (d) The cells stained with Lyso Tracker Red DND-99 were quantified by
measuring the fluorescence intensity. (e). Indicated gastric cancer cells were transfected with the CagA construct and treated with DY131 for indicated times. The cells were then
used for CCK8 and colony formation assays. Data represent the mean ± s.d. from three independent replicates (*p < 0.05, **p < 0.01, *p < 0.005 by Student's t-test if not indicated).
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However, ESRRG-overexpressing AGS cells were less infected than
parental AGS cells (Fig. 1c). These results were quantified based on
fluorescence intensity (Fig. 1d), demonstrating that ESRRG may
have a protective function against H. pylori infection.

Helicobacter pylori infection contributes to cancer cell growth,
and the pathogenic protein cytotoxin-associated gene A (CagA)
plays critical roles in inflammation-induced GC [17,18]. To investi-
gate whether ESRRG could influence CagA-induced cancer cell
growth, we performed a cell proliferation assay. Instead of ESRRG
overexpression, we used the ESRRG activator, DY131, as performed
previously [12]. CagA induced GC cell growth, as expected, and
DY131 efficiently and significantly inhibited GC cell growth by CagA
(Fig. 1e). In addition, the increase in colony formation by CagA was
also decreased by DY131 (Fig. 1f). Taken together, our results
17
suggest that ESRRG could function as a protector against H. pylori
infection to maintain tumor-suppressive activity, and ESRRG
deregulation may be necessary for the development of GC.
3.2. Evaluation of ESRRG roles during H. pylori infection in in vivo
gastric models

We examined the role of ESRRG in H. pylori infection using a
mouse organoid culture system, which reflects in vivo physiology
and is widely used for testing gene function and drug efficacy [19].
Since ESRRG expression is high in normal gastric tissues, we
inhibited ESRRG activity using an ESRRG inverse agonist GSK5182
[20]. Mouse organoids were treated with GSK5182 before H. pylori
infection. GSK5182-treated organoids were more susceptible to
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H. pylori infection (Fig. 2a and b). In addition, ESRRG expressionwas
diminished duringH. pylori infection, accompanied by CagA protein
expression (Fig. 2c). Thus, the results of the organoid experiments
were in agreement with the cell culture data. To investigate the
efficacy of an ESRRG agonist, we adopted an organoid model from
human patient samples. As expected, the ESRRG agonist DY131,
which can enhance ESRRG activity-treated human organoids,
showed diminished infection by H. pylori, suggesting that DY131
has protective potential against H. pylori infection (Fig. 2d and e).
Taken together, these results suggest that ESRRG plays a vital role in
mediating H. pylori infection in GC.
3.3. Tumor suppressor TFF1 is a downstream target of ESRRG in
gastric cancer

ESRRG functions as a transcription factor and modulates diverse
downstream target genes to maintain its molecular and physio-
logical functions. Therefore, to investigate downstream targets
reflecting ESRRG molecular features, we generated a gene expres-
sion profile. After ESRRG was stably overexpressed in GC cells, AGS,
and MKN-45, we constructed gene expression profiles using
microarray experiments (GSE78050) [12]. Gene expression
profiling revealed that 3009 genes were differentially regulated
Fig. 2. ESRRG expression and Helicobacter pylori infection in organoid model. (aec) Mouse g
organoids were stained with Lyso Tracker Red DND-99 for quantification and used for Wester
H. pylori and stained with Lyso Tracker Red DND-99 for quantification. Data represent the m
figure legend, the reader is referred to the Web version of this article.)
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between the control and ESRRG overexpression (OE) groups in two
different GC cell lines. A Venn diagram was generated and showed
that a substantial number of genes were identified as downstream
targets of ESRRG. Differentially expressed genes were visualized
depending on the fold ratio (Fig. 3a). Of the 3009 genes, potential
oncogenic genes such as CCND1, SKP1, JAG1, RANBP1, and BUB3were
downregulated by ESRRG overexpression, as expected. Since ESRRG
harbors tumor-suppressive activity, we selected TFF1 (Trefoil Factor
1) as ESRRG target. Previous reports suggest that TFF1 is a potent
tumor suppressor and is correlated with H. pylori infection in GC
[21,22]. Thus, we hypothesized that the tumor-suppressive role of
ESRRG in preventing H. pylori infection is through the regulation of
TFF1 in GC.

We measured TFF1 protein and mRNA levels after ESRRG over-
expression in GC cells to validate the gene expression profile data.
ESRRG upregulated TFF1 expression in GC cells (Fig. 3b and c). In
addition, the ESRRG agonist DY131 also activated the TFF1 gene
expression (Fig. 3d). Next, we tested whether ESRRG directly
regulated TFF1 gene expression. We performed a reporter assay
using the TFF1 promoter in GC cells. TFF1 promoter activity was
significantly enhanced by ESRRG in a dose-dependent manner
(Fig. 3e). We found ESRRG-binding sites in the TFF1 promoter re-
gion (Fig. 3f). Using ChIP assays, we confirmed that ESRRG directly
astric organoids were incubated with GSK5182 and infected with H. pylori for 5 h. The
n blot with indicated antibodies (c). (dee) Human gastric organoids were infected with
ean ± s.d. from indicated samples. (For interpretation of the references to color in this



Fig. 3. TFF1 is a direct target of ESRRG in gastric cancer (a) Gene expression signature of ESRRG in Con. or ESRRG lentivirus transduced AGS and MKN45 cells. Genes in the Venn
diagramwere selected by applying Class-Comparison in BRB-array tool (p < 0.001) comparing Con. and ESRRG OE samples. Red and green shows relatively high and low expression
levels of genes, respectively (bed). Western blot (b) and qPCR (ced) analysis of TFF1 in gastric cancer cells (AGS and MKN45) after cells were infected with Control or ESRRG
lentivirus. (d) Indicated cells were treated with DY131 for 72 h and harvested for qRT-PCR analysis. (e) AGS and MKN45 cells were transiently transfected as indicated with the TFF1
reporter and ESRRG construct. (f) ChIP assays were performed on AGS samples with an ESRRG antibody. Recruitment of ESRRG to the TFF1 promoter was analyzed using primers
specific to the TFF1 promoter. IgG was used as an internal control. (g) Correlation of ESRRG and TFF1 expression in indicated GC patient cohorts. Scatter plots of ESRRG and TFF1 in
gastric cancer cohorts. Data represent the mean ± s.d. for indicated samples (*p < 0.05, **p < 0.01, ***p < 0.005 by Student's t-test). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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binds to the TFF1 promoter region (Fig. 3f). Since ESRRG tightly
regulates TFF1 gene expression in GC cells, we investigated
whether ESRRG is positively correlated with TFF1 in GC samples. A
strong correlation between ESRRG and TFF1 was observed in
various GC patient cohorts (r ¼ 0.46, p ¼ 5.42 � 10�7 in the
GSE26899 cohort; r ¼ 0.652, p ¼ 1.5 � 10�15 in the GSE29272
cohort; r ¼ 0.503, p ¼ 4.48 � 10�7 in the GSE13861 cohort;
r ¼ 0.224, p ¼ 8.82 � 10�5 in the GSE62254 cohort; Fig. 3g).
3.4. NFkB suppresses ESRRG function in gastric cancer

Helicobacter pylori infection triggers inflammation and chronic
infection-induced inflammation, which results in GC [23]. NF-kB k
is a well-known transcription factor that induces inflammation and
promotes tumorigenesis. In the current study, we suggest that
ESRRG protects cells fromH. pylori infection. Thus, we hypothesized
a functional relationship between ESRRG, TFF1, and NF-kB-induced
19
inflammation during H. pylori infection. Previous reports suggest
that bacterial infection activates NF-kB k phosphorylation and
translocation into the nucleus, where NF-kB functions as a tran-
scription factor; therefore, we examined p65 (NF-kB subunit)
phosphorylation in GC cells. We determined that NF-kB/p65
phosphorylation was enhanced by H. pylori infection and the
associated CagA pathogenic protein. However, H. pylori infection
suppressed ESRRG and TFF1 gene expression, suggesting that NF
could mediate the downregulation of ESRRG by H. pylori kB/p65,
demonstrating that ESRRG and TFF1 are inversely correlated with
NF-kB/p65 (Fig. 4a and b). Upon H. pylori infection, NF-kB/p65
translocates to the nucleus where it plays a crucial role and co-
localizes with ESRRG (Fig. 4c). Next, to investigate whether p65
directly inhibits ESRRG at the transcriptional level, we performed
reporter assays using the TFF1 promoter, ESRRG, and NFkB/p65.
ESRRG-enhanced TFF1 promoter activity was significantly inhibited
by NFkB/p65 in a dose-dependent manner (Fig. 4d), suggesting that



Fig. 4. ESRRG function is suppressed by NF-kB. (AeB) MKN28 cells (a) or mouse organoids (b) were infected with Helicobacter pylori for indicated durations and cells lysates were
used for WB with indicated antibodies. (c) MKN28 cells were transfected with indicated constructs and used for confocal microscopy. (d) Indicated cells were transfected with
indicated constructs and reporter activity was measured using a luminometer. (e) Scatter plots of ESRRG, TFF1 and NF-kB/p65/RELA expression in indicated GC patient cohorts. (f)
Schematic diagram of ESRRG gene regulation during H. pylori infection and gastric cancer. Data represent the mean ± s.d. for indicated samples (*p < 0.05, **p < 0.01, ***p < 0.005
by Student's t-test).
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NFkB/p65 may suppress ESRRG-mediated TFF1 transactivation.
Correlation analysis revealed that ESRRG and TFF1 were negatively
correlated with NFkB/RELA in GC patients, as expected (Fig. 4e).
Taken together, we demonstrated that ESRRG positively regulates
TFF1 gene expression to suppress tumor development, whereas
NFkB negatively regulates TFF1 by enhancing ESRRG.
4. Discussion

In the current study, we identified a novel tumor suppressor,
ESRRG, that prevents H. pylori infection-induced GC. Previous re-
ports have demonstrated that ESRRG is a tumor suppressor that
regulates the Wnt pathway in GC. Although ESRRG harbors tumor
suppressive properties by inhibiting the Wnt pathway, the detailed
mechanisms of the contributions of ESRRG as tumor suppressors
are poorly understood. Since H. pylori infection is a well-
characterized contributing factor to GC [18], we hypothesized
that ESRRGmay be correlated with H. pylori infection. Interestingly,
previously reported data demonstrated that ESRRG positively
controls Salmonella typhimurium infection by modulating iron
20
homeostasis in the liver [20]. Thus, GSK5182, an inverse agonist of
ESRRG, can inhibit S. typhimurium infection in the liver, suggesting
that ESRRG could be a therapeutic target for infectious diseases. Our
studies suggest that ESRRG can protect gastric cells from H. pylori
infection (Figs. 1 and 2), demonstrating that ESRRG could function
in a tissue-specific manner against bacterial infection. Gene
expression profiling has demonstrated that ESRRG is specifically
expressed in the stomach and brain [24,25]. ESRRG overexpression
itself results in a higher pH, inhibiting the survival of H. pylori, and
thus mitigating infection, suggesting that ESRRG may promote
basic conditions to inhibit H. pylori colonization (Figs. 1 and 2).

Gene expression profiling revealed that TFF1 is an ESRRG
downstream target in GC (Figs. 3 and 4). TFF1 is a well-known tu-
mor suppressor in GC [26]; however, TFF1 has oncogenic potential
as an ERa/ESR1 and ERRa downstream target in breast cancer
[27,28], suggesting a context-dependent role of estrogen-related
receptors. Since TFF1 is necessary for maintaining gastric epithe-
lial architecture, TFF1 abnormalities can lead to GC [26,29]. We
found that ESRRG modulates H. pylori infection and cancer cell
growth by regulating TFF1 gene expression. Moreover, clinical data
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and experimental validation clearly suggest that TFF1 is a legiti-
mate downstream target of ESRRG in GC and has common physi-
ological and functional properties. Further analysis with an ESRRG
conditional knockout mouse model in the stomach will be required
to investigate the role of ESRRG in H. pylori infection and tumor
progression.

Using gene expression profiling, we found that TFF1 is an ESRRG
downstream target. In the current study, although we focused on
TFF1 gene regulation by ESRRG, many genes were globally altered
by ESRRG. While fibrinogen genes (FGA, FGB, and FGG) were highly
upregulated by ESRRG, well-known oncogenes (CCND1, BUB3, and
RANBP1) were downregulated by ESRRG (Fig. 3). Fibrinogen is a
class of glycoproteins that are pivotal for blood coagulation. How-
ever, the involvement of FGA, FGB, and FGG in cancer is unclear.
Since ESRRG is highly correlated with fibrinogen expression, it is
important to investigate the functional relationship between
ESRRG and fibrinogen in GC.

Helicobacter pylori infection induces the expression of inflam-
matory signaling molecules such as NF-kB and TLR4, which pro-
mote favorable conditions for cancer cell survival. The p65-NFkB
subunit suppressed ESRRG gene expression via a direct interaction
between p65 and the TFF1 promoter and ESRRG (Fig. 4). Although
H. pylori infection contributes to GC development, various onco-
genic events drive this process.We suggest that ESRRG has a tumor-
suppressive role by preventing H. pylori infection (Fig. 4f). However,
ESRRG could also have a tumor-suppressive effect by controlling
diverse physiological events.

5. Conclusion

We identified a novel role for ESRRG as a potent tumor sup-
pressor in GC by modulating H. pylori infection. We also provide
mechanistic insights into GC promotion and development, as well
as novel therapeutic targets for the treatment of GC.

Funding statement

This research was supported by a National Research Foundation
(NRF-2020R1A2C1003216 to YeY.P; NRF-2013R1A1A2064367,
NRF-2017R1A6A3A03004244 to M-H.K).

Author contributions

M.-H.K. and Y.-Y.P. generated the hypothesis, designed the ex-
periments, and wrote the manuscript. M.-H.K. performed the ex-
periments. M.-H.K. S.-i.E, and Y.-Y.P. interpreted the data.

Declaration of competing interest

The authors declare no Conflict of Interest.

References

[1] H.H. Hartgrink, E.P. Jansen, N.C. van Grieken, C.J. van de Velde, Gastric cancer,
Lancet 374 (2009) 477e490, https://doi.org/10.1016/S0140-6736(09)60617-6.

[2] S.A. Hundahl, J.L. Phillips, H.R. Menck, The National Cancer Data Base Report
on poor survival of U.S. gastric carcinoma patients treated with gastrectomy:
fifth Edition American Joint Committee on Cancer staging, proximal disease,
and the "different disease" hypothesis, Cancer 88 (2000) 921e932.

[3] M.W. Rosenbaum, R.S. Gonzalez, Targeted therapy for upper gastrointestinal
tract cancer: current and future prospects, Histopathology 78 (2021)
148e161, https://doi.org/10.1111/his.14244.

[4] H.J. Kim, S.C. Oh, Novel systemic therapies for advanced gastric cancer,
J Gastric Cancer 18 (2018) 1e19, https://doi.org/10.5230/jgc.2018.18.e3.

[5] D. Ciliberto, N. Staropoli, F. Caglioti, S. Gualtieri, L. Fiorillo, S. Chiellino, A.M. De
Angelis, F. Mendicino, C. Botta, M. Caraglia, P. Tassone, P. Tagliaferri,
A systematic review and meta-analysis of randomized trials on the role of
targeted therapy in the management of advanced gastric cancer: evidence
21
does not translate? Canc. Biol. Ther. 16 (2015) 1148e1159, https://doi.org/
10.1080/15384047.2015.1056415.

[6] H.H. Wu, W.C. Lin, K.W. Tsai, Advances in molecular biomarkers for gastric
cancer: miRNAs as emerging novel cancer markers, Expet Rev. Mol. Med. 16
(2014) e1, https://doi.org/10.1017/erm.2013.16.

[7] J.Y. Cho, J.Y. Lim, J.H. Cheong, Y.Y. Park, S.L. Yoon, S.M. Kim, S.B. Kim, H. Kim,
S.W. Hong, Y.N. Park, S.H. Noh, E.S. Park, I.S. Chu, W.K. Hong, J.A. Ajani, J.S. Lee,
Gene expression signature-based prognostic risk score in gastric cancer, Clin.
Canc. Res. 17 (2011) 1850e1857, https://doi.org/10.1158/1078-0432.CCR-10-
2180.

[8] R. Wadhwa, S. Song, J.S. Lee, Y. Yao, Q. Wei, J.A. Ajani, Gastric cancer-molecular
and clinical dimensions, Nat. Rev. Clin. Oncol. 10 (2013) 643e655, https://
doi.org/10.1038/nrclinonc.2013.170.

[9] K.A. Eaton, M.E. Mefford, Cure of Helicobacter pylori infection and resolution
of gastritis by adoptive transfer of splenocytes in mice, Infect. Immun. 69
(2001) 1025e1031, https://doi.org/10.1128/IAI.69.2.1025-1031.2001.

[10] S. Ishaq, L. Nunn, Helicobacter pylori and gastric cancer: a state of the art
review, Gastroenterol Hepatol Bed Bench 8 (2015) S6eS14.

[11] Q.L. Li, K. Ito, C. Sakakura, H. Fukamachi, K. Inoue, X.Z. Chi, K.Y. Lee, S. Nomura,
C.W. Lee, S.B. Han, H.M. Kim, W.J. Kim, H. Yamamoto, N. Yamashita, T. Yano,
T. Ikeda, S. Itohara, J. Inazawa, T. Abe, A. Hagiwara, H. Yamagishi, A. Ooe,
A. Kaneda, T. Sugimura, T. Ushijima, S.C. Bae, Y. Ito, Causal relationship be-
tween the loss of RUNX3 expression and gastric cancer, Cell 109 (2002)
113e124.

[12] M.H. Kang, H. Choi, M. Oshima, J.H. Cheong, S. Kim, J.H. Lee, Y.S. Park, H.S. Choi,
M.N. Kweon, C.G. Pack, J.S. Lee, G.B. Mills, S.J. Myung, Y.Y. Park, Estrogen-
related receptor gamma functions as a tumor suppressor in gastric cancer,
Nat. Commun. 9 (2018) 1920, https://doi.org/10.1038/s41467-018-04244-2.

[13] X. Yong, B. Tang, B.S. Li, R. Xie, C.J. Hu, G. Luo, Y. Qin, H. Dong, S.M. Yang,
Helicobacter pylori virulence factor CagA promotes tumorigenesis of gastric
cancer via multiple signaling pathways, Cell communication and signaling,
CCS 13 (2015) 30, https://doi.org/10.1186/s12964-015-0111-0.

[14] H. Takabayashi, M. Shinohara, M. Mao, P. Phaosawasdi, M. El-Zaatari,
M. Zhang, T. Ji, K.A. Eaton, D. Dang, J. Kao, A. Todisco, Anti-inflammatory ac-
tivity of bone morphogenetic protein signaling pathways in stomachs of mice,
Gastroenterology 147 (2014) 396e406, https://doi.org/10.1053/j.gas-
tro.2014.04.015, e397.

[15] Y.Y. Park, K. Kim, S.B. Kim, B.T. Hennessy, S.M. Kim, E.S. Park, J.Y. Lim, J. Li,
Y. Lu, A.M. Gonzalez-Angulo, W. Jeong, G.B. Mills, S. Safe, J.S. Lee, Recon-
struction of nuclear receptor network reveals that NR2E3 is a novel upstream
regulator of ESR1 in breast cancer, EMBO Mol. Med. 4 (2012) 52e67, https://
doi.org/10.1002/emmm.201100187.

[16] S. Bartfeld, T. Bayram, M. van de Wetering, M. Huch, H. Begthel, P. Kujala,
R. Vries, P.J. Peters, H. Clevers, In vitro expansion of human gastric epithelial
stem cells and their responses to bacterial infection, Gastroenterology 148
(2015) 126e136, https://doi.org/10.1053/j.gastro.2014.09.042, e126.

[17] O. Galamb, B. Gyorffy, F. Sipos, E. Dinya, T. Krenacs, L. Berczi, D. Szoke,
S. Spisak, N. Solymosi, A.M. Nemeth, M. Juhasz, B. Molnar, Z. Tulassay, Heli-
cobacter pylori and antrum erosion-specific gene expression patterns: the
discriminative role of CXCL13 and VCAM1 transcripts, Helicobacter 13 (2008)
112e126, https://doi.org/10.1111/j.1523-5378.2008.00584.x.

[18] S. Ansari, Y. Yamaoka, Helicobacter pylori virulence factor cytotoxin-
associated gene A (CagA)-Mediated gastric pathogenicity, Int. J. Mol. Sci. 21
(2020), https://doi.org/10.3390/ijms21197430.

[19] N. Sachs, H. Clevers, Organoid cultures for the analysis of cancer phenotypes,
Curr. Opin. Genet. Dev. 24 (2014) 68e73, https://doi.org/10.1016/
j.gde.2013.11.012.

[20] D.K. Kim, J.H. Jeong, J.M. Lee, K.S. Kim, S.H. Park, Y.D. Kim, M. Koh, M. Shin,
Y.S. Jung, H.S. Kim, T.H. Lee, B.C. Oh, J.I. Kim, H.T. Park, W.I. Jeong, C.H. Lee,
S.B. Park, J.J. Min, S.I. Jung, S.Y. Choi, H.E. Choy, H.S. Choi, Inverse agonist of
estrogen-related receptor gamma controls Salmonella typhimurium infection
by modulating host iron homeostasis, Nat. Med. 20 (2014) 419e424, https://
doi.org/10.1038/nm.3483.

[21] C. Resende, A. Thiel, J.C. Machado, A. Ristimaki, Gastric cancer: basic aspects,
Helicobacter 16 (Suppl 1) (2011) 38e44, https://doi.org/10.1111/j.1523-
5378.2011.00879.x.

[22] M. Katoh, Trefoil factors and human gastric cancer (review), Int. J. Mol. Med.
12 (2003) 3e9.

[23] Q. Qadri, R. Rasool, G.M. Gulzar, S. Naqash, Z.A. Shah, H. pylori infection,
Inflammation and gastric cancer, J. Gastrointest. Canc. 45 (2014) 126e132,
https://doi.org/10.1007/s12029-014-9583-1.

[24] A.L. Bookout, Y. Jeong, M. Downes, R.T. Yu, R.M. Evans, D.J. Mangelsdorf,
Anatomical profiling of nuclear receptor expression reveals a hierarchical
transcriptional network, Cell 126 (2006) 789e799, https://doi.org/10.1016/
j.cell.2006.06.049.

[25] C. Wu, C. Orozco, J. Boyer, M. Leglise, J. Goodale, S. Batalov, C.L. Hodge, J. Haase,
J. Janes, J.W. Huss 3rd, A.I. Su, BioGPS: an extensible and customizable portal
for querying and organizing gene annotation resources, Genome Biol. 10
(2009) R130, https://doi.org/10.1186/gb-2009-10-11-r130.

[26] O. Lefebvre, M.P. Chenard, R. Masson, J. Linares, A. Dierich, M. LeMeur,
C. Wendling, C. Tomasetto, P. Chambon, M.C. Rio, Gastric mucosa abnormal-
ities and tumorigenesis in mice lacking the pS2 trefoil protein, Science 274
(1996) 259e262.

[27] V. Theodorou, R. Stark, S. Menon, J.S. Carroll, GATA3 acts upstream of FOXA1
in mediating ESR1 binding by shaping enhancer accessibility, Genome Res. 23

https://doi.org/10.1016/S0140-6736(09)60617-6
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref2
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref2
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref2
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref2
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref2
https://doi.org/10.1111/his.14244
https://doi.org/10.5230/jgc.2018.18.e3
https://doi.org/10.1080/15384047.2015.1056415
https://doi.org/10.1080/15384047.2015.1056415
https://doi.org/10.1017/erm.2013.16
https://doi.org/10.1158/1078-0432.CCR-10-2180
https://doi.org/10.1158/1078-0432.CCR-10-2180
https://doi.org/10.1038/nrclinonc.2013.170
https://doi.org/10.1038/nrclinonc.2013.170
https://doi.org/10.1128/IAI.69.2.1025-1031.2001
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref10
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref10
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref10
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref11
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref11
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref11
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref11
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref11
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref11
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref11
https://doi.org/10.1038/s41467-018-04244-2
https://doi.org/10.1186/s12964-015-0111-0
https://doi.org/10.1053/j.gastro.2014.04.015
https://doi.org/10.1053/j.gastro.2014.04.015
https://doi.org/10.1002/emmm.201100187
https://doi.org/10.1002/emmm.201100187
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1111/j.1523-5378.2008.00584.x
https://doi.org/10.3390/ijms21197430
https://doi.org/10.1016/j.gde.2013.11.012
https://doi.org/10.1016/j.gde.2013.11.012
https://doi.org/10.1038/nm.3483
https://doi.org/10.1038/nm.3483
https://doi.org/10.1111/j.1523-5378.2011.00879.x
https://doi.org/10.1111/j.1523-5378.2011.00879.x
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref22
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref22
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref22
https://doi.org/10.1007/s12029-014-9583-1
https://doi.org/10.1016/j.cell.2006.06.049
https://doi.org/10.1016/j.cell.2006.06.049
https://doi.org/10.1186/gb-2009-10-11-r130
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref26
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref26
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref26
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref26
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref26


M.-H. Kang, S.-i. Eyun and Y.-Y. Park Biochemical and Biophysical Research Communications 563 (2021) 15e22
(2013) 12e22, https://doi.org/10.1101/gr.139469.112.
[28] B.P. Haynes, G. Viale, V. Galimberti, N. Rotmensz, B. Gibelli, R. A'Hern,

I.E. Smith, M. Dowsett, Expression of key oestrogen-regulated genes differs
substantially across the menstrual cycle in oestrogen receptor-positive pri-
mary breast cancer, Breast Canc. Res. Treat. 138 (2013) 157e165, https://
22
doi.org/10.1007/s10549-013-2426-0.
[29] M. Soutto, J. Romero-Gallo, U. Krishna, M.B. Piazuelo, M.K. Washington,

A. Belkhiri, R.M. Peek Jr., W. El-Rifai, Loss of TFF1 promotes Helicobacter
pylori-induced beta-catenin activation and gastric tumorigenesis, Oncotarget
6 (2015) 17911e17922.

https://doi.org/10.1101/gr.139469.112
https://doi.org/10.1007/s10549-013-2426-0
https://doi.org/10.1007/s10549-013-2426-0
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref29
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref29
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref29
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref29
http://refhub.elsevier.com/S0006-291X(21)00858-5/sref29

	Estrogen-related receptor-gamma influences Helicobacter pylori infection by regulating TFF1 in gastric cancer
	1. Introduction
	2. Materials and methods
	2.1. Gene expression data analysis
	2.2. Cell lines and reagents
	2.3. Cell proliferation assay
	2.4. Colony-forming assay
	2.5. Reporter assay
	2.6. Chromatin immunoprecipitation (ChIP) assay
	2.7. Western blot
	2.8. qRT-PCR
	2.9. Lentiviral transduction
	2.10. Helicobacter pylori infection
	2.11. Organoid culture
	2.12. Confocal laser scanning microscopy and live-cell imaging

	3. Results
	3.1. ESRRG has protective roles against H. pylori infection in gastric cells
	3.2. Evaluation of ESRRG roles during H. pylori infection in in vivo gastric models
	3.3. Tumor suppressor TFF1 is a downstream target of ESRRG in gastric cancer
	3.4. NFκB suppresses ESRRG function in gastric cancer

	4. Discussion
	5. Conclusion
	Funding statement
	Author contributions
	Declaration of competing interest
	References


