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Background: Prognosis of gastric cancer (GC) patients with ovarian metastasis (OM) remains poor. We
hereby characterized the role of tumor immune microenvironment (TIME) and identified potential key
regulators in the OM with the aim of understanding its molecular basis to develop novel therapeutic targets.
Methods: Transcriptomic analyses of paired primary and ovarian metastatic lesions of seven GC patients
from Fudan University Shanghai Cancer Center uncovered and functionally annotated their differentially
expressed genes (DEGs). CIBERSORT analysis revealed differential TIME between primary GCs and OMs,
which was further validated by multiplex immunofluorescence (mIF). Unique overexpression of candidate
regulator in OMs was validated by an immunohistochemical (IHC) staining-based cohort study and in vitro
cell growth, migration and invasion assays were conducted to characterize its function in GC progression.
Results: Functional enrichment analyses of DEGs between GCs and matched OMs revealed multiple
significantly dysregulated immune-related and cancer-related pathways. Distinctive subsets of immune
cells, especially M2 macrophage, were selectively enriched in metastatic lesions. mIF-based quantification
further validated the overexpression of CD68'CD206" M2 macrophage in the OMs. Estrogen receptor 2
(ESR2), which encodes estrogen receptor B (ERB), was not only potentially correlated with M2 macrophage
but also overexpressed in the OM of GC. ESR2 was up-regulated in cancerous tissue and its high expression
correlated with younger age, more advanced lymph node metastasis and pathological stage, as well as a
worse patient survival. IHC staining of ERP in the cohort of paired primary and metastatic GCs validated
its selective overexpression in OMs. Small-interfering RNAs (siRNAs)-induced knockdown of ESR2
significantly inhibited the invasion and migration of both AGS and HGC-27 GC cell lines.

Conclusions: Comparative RNA-sequencing analysis revealed the dysregulated TIME, M2 macrophage in
particular, between primary GC and OM. ESR2 potentially correlated with M2 macrophage and played pro-

oncogenic roles in GC progression and metastasis.
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Introduction

Distant metastasis poses a major challenge to the long-term
survival of patients with gastric cancer (GC) (1,2). Notably,
ovarian metastasis (OM), also known as Krukenberg
tumor, is one of the most common patterns of metastasis,
especially in young, premenopausal female population (3).
OM synchronously occurs in 0.3-6.7% of GC patients
undergoing radical surgery, and its incidence rate reaches up
to 41% by autopsy (4). The median overall survival of these
patients remains less than 19 months even though recent
progressions in the comprehensive treatment modality have
been made (5,6). Unfortunately, its underlying mechanism
as well as the role of immune cell subsets in OM are still
unclear. Hence, there is an urgent need to functionally
characterize tumor immune microenvironment (TIME) and
identify key regulators in this unique type of GC metastasis.

Highlight box

Key findings

* Dysregulated tumor immune microenvironment (TIME),
especially the immunosuppressive and protumoral M2 macrophage,
was investigated between primary gastric cancer (GC) and its
ovarian metastasis (OM).

* Estrogen receptor 2 (ESR2), the protein-coding gene of estrogen
receptor 3, was potentially correlated with M2 accumulation, and more
importantly, uniquely overexpressed in OM than in primary tumor.

* High expression of ESR2 was correlated with lymph node
metastasis, more advanced pathological stage and a worse long-
term survival of GC patients, and it promoted GC proliferation,
migration and invasion iz vitro.

What is known and what is new?

e It is already known that primary GC and its metastatic lesions
exhibit distinctive TIME. Moreover, ESR2 is indicated to play a
bi-faceted role of pro- and anti-tumorigenic, possibly dependent
on the nature or mutation status of its downstream effectors in
malignancies including GC.

e We revealed the unique enrichment of immunosuppressive and
protumoral M2 macrophage in OM over primary GC. Moreover,
we demonstrated that ESR2 potentially correlated with M2
accumulation and more importantly, contributed to GC severity
and promoted GC cell metastasis in vitro.

What is the implication, and what should change now?

®  Our study identified the dysregulated major immune cell subsets
and its related key regulator in the OM of GC, which serves as
potential targets for future treatment of this specific type of distant
metastasis. More studies shall focus on investigating molecular
mechanisms underlying not only ESR2-mediated M2 accumulation
but also OM of GC.

© Translational Cancer Research. All rights reserved.

2675

Recently, multiple landmark studies have demonstrated
the efficacy of immune checkpoint inhibitors-based
immunotherapy in the treatment of locally unresectable
and metastatic GC (7,8), highlighting the significance
of targeting GC from the perspectives of TIME. In
fact, increasing evidence demonstrates that interactions
between cancer cells and immune cell subsets within
TIME play key roles in the progression and metastasis of
malignancies including GC (9,10). The application of RNA-
sequencing (RNA-seq) on paired primary and metastatic
tumors facilitates the understanding of key components
within TIME in cancer progression (11-13). Unfortunately,
the comparative characterization of TIME between
primary GC and matched OM has been very limited so
far. We hereby conducted this comparative RNA-seq
and follow-up analyses of paired primary and ovarian
metastatic tumors to provide insights into the differential
TIME as well as the underlying molecular pathogenesis in
the OM of GC.

Our RNA-seq analyses for the first time unveiled the
selective overexpression of estrogen receptor 2 (ESR2),
the protein-coding gene of estrogen receptor p (ERp),
in OM over primary tumor. The role of estrogen and
its receptor in GC progression has gained attention in
recent years (14). For instance, it is reported that estrogen
promotes the proliferation and invasion of GC cell through
increasing the secretion of IL-6 by cancer-associated
fibroblasts (15), indicating the oncogenic impact of
estrogen in both tumor microenvironment and immunity.
With respect to estrogen receptor, Zhou et al. reported
that ESR2 plays pro-oncogenic role by suppressing GC
cell apoptosis and autophagy through specific molecular
mechanisms (16). Furthermore, retrospective studies
indicated the prognostic role of ERP in GC patients
with OM (17) whereas others reported that abnormal
expression of ERP independently predicts the occurrence
of OM of patients receiving radical gastrectomy (18).
These findings suggest the significance of ESR2 in
this unique type of GC metastasis although further
mechanism investigations are highly demanded.

In this study, we conducted comparative transcriptome
profiling of seven pairs of primary and ovarian metastatic
lesions by performing high throughput RNA-seq.
Follow-up analyses demonstrated the differential TIME
between them, especially the significant up-regulation
of M2 macrophage in the OM over primary tumors.
Multiplex immunofluorescence (mlIF) staining validated
the overexpression of CD68°CD206" M2 macrophage in
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OMs over primary tumors. Moreover, ESR2 was potentially
correlated with M2 macrophage, and its expression was
significantly up-regulated in the OMs. Cohort studies and
functional assays validated the unique overexpression of
ESR?2 in the distant metastasis to ovary and further revealed
its pro-oncogenic potential of promoting the migration
and invasiveness of GC cells. These data indicated the
significance of M2 macrophage and ESR2 in the OM of GC
and suggested a novel therapeutic target for its potential
treatment. We present this article in accordance with
the MDAR reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-24-124/rc).

Methods
Patient and sample collection

Patient samples were collected for either transcriptome
sequencing or tissue microarray (TMA) in this study.
Formalin-fixed paraffin-embedded (FFPE) and fresh
tissues which were stored in liquid nitrogen from eligible
GC patients including the paired primary tumors and
metastatic ovarian lesions were submitted for transcriptome
sequencing. The matched samples of individual patients
were collected in the same extended radical gastrectomy
between 2016 and 2020 at Fudan University Shanghai
Cancer Center (Shanghai, China). Samples of malignancies
were analyzed by two individual pathologists for histological
and tumor cellularity determination (tumor cellularity
>60%) before submission for sequencing. On the other
hand, to evaluate clinical significance of candidate gene,
we also collected surgically resected samples of primary
gastric tumor and adjacent normal gastric mucosa of 90 GC
patients (63 male and 27 female, average age 62.3 years old)
without previous treatment between 2009 and 2012 from
the same medical center. All samples were reviewed by two
individual pathologists and then proceeded into FFPE tissue
for TMA. In both cases, the pathological stage of studied
patients was determined by the 8" edition of the Union
for International Cancer Control (UICC) tumor-node-
metastasis (TINM) classification, which records the primary
tumor (T), its regional nodal extent (N) and whether
distant metastasis is present or not (M). The study was
conducted in accordance with the Declaration of Helsinki
(as revised in 2013). The study was approved by the local
ethics committee of the Fudan University Shanghai Cancer
Center (No. 050432-4-1911D) and informed consent was
taken from all patients.
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Transcriptome sequencing

RNAstorm™ FFPE kit (CELLDATA, Fremont, USA)
was applied for the isolation of total RNA from cancerous
tissue. SMARTer Stranded Total RNA-Seq Kit—Pico
Input Mammalian Library preparation kit (Clontech,
Mountain View, USA) was applied for the preparation
of strand-specific RNA-seq library. Qubit fluorometer
(Thermo Fisher Scientific, Waltham, USA) and Qsep100
(BiOptic, New Taipei City) were applied for the check of
library quality. Transcriptome sequencing was performed
on an Illumina sequencing platform with 150 bp paired-
end run metrics.

Transcriptome sequencing data analysis including
identification and functional annotation of differentially
expressed genes (DEGs)

FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) was used to filter raw reads to remove low
quality bases and adaptor sequences. HISAT?2 was used to
map reads to the GRCh38 human genome assembly. Gene
expression levels were calculated with Fragments Per
Kilobase of transcript per Million mapped reads (FPKM)
by normalizing gene counts from feature counts. The
Pearson correlation coefficient was calculated to compare
the global gene expression in the samples. DEGs between
primary and ovarian metastatic tumors were selected with
log, (fold change) >1 or log, (fold change) <-1 and with
statistical significance (P value <0.05). Further functional
annotation of DEGs were conducted to understand their
biological functions. Using the R package “org.Hs.eg.
db (version 3.1.0)” we obtained the Gene Ontology (GO)
annotations of genes. Moreover, the subset of “h.all.
v7.4.symbols.gmt” was downloaded from Molecular
Signatures Database (DOI: 10.1093/bioinformatics/
btr260; http://www.gsea-msigdb.org/gsea/downloads.
jsp)- Genes were mapped to the GO and hallmark which
were used as background set and the R package “package
clusterProfiler (version 3.14.3)” was adopted to perform
the gene set enrichment analysis. The minimum and
maximum gene set were set to be 5 and 5,000, respectively.
The CIBERSORT algorithm (https://cibersort.stanford.
edu/) was adopted to calculate and compare the relative
proportion of 22 immune cell subsets in each type of
lesions to characterize the distinctive TIME between GC
and OM, as previously described (19). P values <0.05 were
considered statistically significant.
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mlIF

The mlIF staining of CD68 (anti-CD68, 1:1,000, ab213363,
Abcam, Cambridge, UK), CD206 (CD206 monoclonal
antibody, 1:1,000, 60143-1-Ig, Proteintech, Wuhan, China),
CK14 (cytokeratin 14 polyclonal antibody, 1:50, 10143-1-ap,
Proteintech) and DAPI was conducted to visualize and
quantify CD68"CD206" M2 macrophage in the seven pairs
of primary GCs and matching OMs. The similar methods
as described by Chen ez a/. were adopted (20). Briefly, the
dehydration, paraffin embedding, and antigen retrieval were
routinely conducted. After serum blocking, the blocking
solution was gently shaken off and the primary antibody
prepared with phosphate buffered saline (PBS) was dropped
on the slices, the slices was placed flat in a humidified box
and incubated overnight at 4 °C. Then, the slides were
placed in PBS shaken on a destaining shaker for 3 times
and for 5 minutes each time. After the slices were slightly
dried, the horseradish peroxidase (HRP)-labeled secondary
antibody corresponding to the primary antibody was added
dropwise in the circle to cover the tissue and incubated at
room temperature in the dark for 50 min. Next, the 532-
TSA was added and treated with microwave to remove the
primary and secondary antibodies that have been bound to
the tissue. These steps were repeated for the second, third
and fourth rounds of primary and secondary antibodies with
594-TSA (1:500, ab150080, Abcam), CY5-TSA (1:2,000,
ab6564, Abcam) and 488-TSA (1:500, ab150113, Abcam)
added at each time. The slides were placed in PBS, then
shaken and washed 3 times on a decolorizing shaker for
5 min each time. After the slices were slightly dried, DAPI
staining solution was added dropwise in the circle, and
incubated at room temperature for 10 min in the dark. The
process was repeated and then the slides were sealed with
anti-fluorescence quenching mounting medium and stored
in a light-proof section box at 4 °C after sealing. The nuclei
stained by DAPI are blue under ultraviolet excitation, and
positive expression is the corresponding fluorescein-labeled
red light [594] or green light [fluorescein isothiocyanate] or
orange light (CY5) or pink light [532].

Immunobistochemical (IHC) assay

TMA was applied to examine the clinical value of candidate
by histological and IHC analysis, as previously described
in detail (21). In general, the fixed and embedded tissue
glass slides were deparaffinized and rehydrated by serial
incubation in graded alcohol and water, followed by section

© Translational Cancer Research. All rights reserved.

2677

blocking with 0.3% hydrogen peroxide for peroxidase
activity and section boiling with 10 mM citrate buffer
for antigen retrieval. Next, sections were incubated with
primary antibody (anti-ERP antibody, 1:500, 14007-1-AP,
Proteintech), rinsed three times with phosphate-buffered
saline (PBS) and then incubated with secondary antibody.
Finally, the sections were incubated with avidin-alkaline
phosphatase and then with red chromogen for visualization
and further counterstained with Mayer hematoxylin
method. ERB (encoded by ESR2) was positively stained in
both cytoplasm and nucleus of gastric cell. Brown cytoplasmic
and/or nuclear staining were considered as positive. IHC
scoring system was introduced to grade the staining intensity
of the TMA by both the intensity and proportion of positive-
staining cells, as previously reported (22): 0, no staining; 1,
<10% positive, moderate or strong intensity; 2, 10-50%
positive, moderate or strong intensity; 3, >50% positive,
moderate intensity; and 4, >50% positive, strong intensity.
THC scoring was performed by two independent pathologists
with no inform of clinical outcomes.

Quantitative real-time polymerase chain reaction (PCR)

TRIzol reagent (Invitrogen, Carlsbad, USA) and
RNAstorm"™ FFPE kit (CELLDATA) were used to extract
total RNA from GC cell lines and FFPE tissue, respectively.
Superscript 3 Kit and oligo-dT primer (Thermo Fisher
Scientific) were used to synthesize complementary DNA
(cDNA). For quantitative real-time PCR, up to 500-1,000
ng total RNA was used for reverse transcription according
to the protocol. Power SYBR Green PCR Master Mix kit
(Thermo Fisher Scientific) was used for cDNA (dilution:
1:10) subjected to quantitative real-time PCR according to
the protocol. The PCR primers used are listed as Table 1.
The 27**“ method was used to calculate relative expression
level of candidate gene. GAPDH was used as endogenous
reference for normalization.

Western blot analysis

Details of Western blot analysis were described
previously (21). Briefly, RIPA buffer (Beyotime, Haimen,
China) with protease and phosphatase inhibitor (ratio:
10:1) were used to extract protein from both tissues and
cell lines. BCA protein assay kit (Thermo Fisher Scientific)
was used to determine the protein concentration. After
the pre-treatment of cell lysates by mixing with Laemmli
sample buffer, boiling and instant cooling, they were
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Table 1 Summary of PCR primers

Gao et al. M2 macrophage and ESR2 in GC OM

Gene Forward Reverse

CLDN11 5'-CGCGATTGGTCGGCGCGTTTC-3' 5'-GACGAAAACAACAACGCTACT-3'
HOXD8 5'-CCTGACTGTAAATCGTCCAGTGGTA-3' 5'-AGTTTGGAAGCGACTGTAGGTTTG-3'
CXCL14 5'-CGCTACAGCGACGTGAAGAA-3' 5'-GTTCCAGGCGTTGTACCAC-3'
SPINK1 5'-TGTCTGTGGGACTGATGGAA-3' 5'-TCAACAATAAGGCCAGTCAGG-3'
ESR2 5'-TGGGCACCTTTCTCCTTTAG-3' 5'-TGAGCATCCCTCTTTGAACC-3'
GAPDH 5'-GGACCTGACCTGCCGTCTAG-3' 5'-GTAGCCCAGGATGCCCTTGA-3'

PCR, polymerase chain reaction.

subjected to 10% sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to a
polyvinylidene difluoride (PVDF) membrane by using the
Trans-Blot® TurboTM device (Bio-Rad, Hercules, USA).
Next, the PVDF membrane was blocked with 5% milk
solution, rinsed with 1x PBS Tween-20 (PBST) buffer and
then incubated with the primary antibody against ERB
(1:1,000, 14007-1-AP, Proteintech). After rinsing with 1x
PBST buffer, the membrane was incubated with HRP-
conjugated secondary antibody. ChemiDoc XRS (Bio-Rad)
with Image Lab software were used for the visualization and
record of blots.

Small-interfering RNAs (siRNAs)-induced ESR2 knockdown

siRNAs targeting ESR2 were synthesized by Thermo Fisher
Scientific. Two sets of stealth siRNAs were HSS103378
(targeting CCC UGC UGU GAU GAA UUA CAG CAU U)
and HSS103380 (targeting CCU UUA GUG GUC CAU
CGC CAG UUA U). Lipofectamine 3000 (Thermo Fisher
Scientific) was used to perform transient transfection of
siRNAs according to the instruction of manufacturer.
Quantitative reverse transcriptase-PCR (qRT-PCR)
and Western blot analysis were performed to examine
knockdown efficiency of siRINA targeting ESR2.

In vitro functional assay

A series of in vitro functional assays including cell
proliferation, cell migration and cell invasion assay were
conducted according to previous description (21). Two
human GC cell lines, AGS and HGC27, were purchased
from Shanghai Institutes for Biological Sciences. For cell
proliferation assay, Cell Counting Kit-8 (CCK-8) solution
(Dojindo Molecular Technologies, Kumamoto, Japan) was
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added at certain interval to individual well seeded with 1x10’
to 2x10° cells. After 2 hours of cell incubation, a multi-well
spectrophotometer (microtiter plate reader) was used to
measure the optical density which correlates with the activity
of cell proliferation. On the other hand, Transwell assays
were used to evaluate both cell migration and cell invasion.
Chambers of 8 pm Transwell inserts (BD Falcon™, BD,
Franklin Lakes, USA) with and without Matrigel coating
were used for cell migration (insert without the Matrigel
coating) and cell invasion (insert with the Matrigel coating).
Cells (1x10" to 4x10") suspended in serum-free medium were
seeded in the upper chamber while serum-containing medium
was in the lower chamber of the 24-well plate for attracting
cell. After 48-72 hours of incubation, cells remained in the
upper chamber were removed while penetrated cells were
fixed with 4% polyformaldehyde and then stained with 0.1%
crystal violet. IX71 inverted microscope (Olympus Corp,
Tokyo, Japan) and Image J software were used to calculate
and analyze the square of stained crystal violet according to
previous description (23).

Statistical analysis

"Transcriptome sequencing data was analyzed as described above
(section “Transcriptome sequencing data analysis including
identification and functional annotation of differentially
expressed genes (DEGs)”). The potential association between
expression level (high/moderate/low or negative) of ESR2 and
clinicopathological parameters of GC patients was examined
by Chi-square test (i test) or Fisher’ exact test. Kaplan-Meier
method with a log-rank test was used to analyze the survival
data of GC patients. The results of in vitro functional assays
(including cell proliferation, cell migration and cell invasion
assay) were demonstrated as the mean + standard deviation (SD)
from three independent experiments for technical replication.
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Significance of difference between experimental group (siEESR2)
and control group (siNC) was analyzed by the Student’s 7-test.
Differences of IHC score as well as ESR2 expression between
paired ovarian metastases and primary tumors were analyzed
by Wilcoxon signed-rank test. A two-tailed P value less than
0.05 was recognized as statistical significance. SPSS software
(version 23.0, IBM SPSS Statistics Inc., Armonk, USA) was

used to conduct these statistical analyses.

Results
Transcriptome characterization of GC OM

Surgically resected cancerous tissues including both primary
GCs and matched OMs from GC patients (n=7) were
collected from Fudan University Shanghai Cancer Center.
Paired samples were submitted for high-throughput paired-
end transcriptome sequencing. The normalized expression
level of each gene was measured by FPKM. The threshold
of average fold change >2.0 and P<0.05 was used to detect
DEGs between primary and ovarian metastatic tumors
(Figure 1A,1B). Several selected significantly up-regulated
genes [claudin 11 (CLDNI11), homeobox D8 (HOXDS)
and ESR2] and down-regulated [C-X-C motif chemokine
ligand 14 (CXCLI4), serine peptidase inhibitor kazal type
1 (SPINKI)] in OMs over primary tumors were further
validated by qRT-PCR (Figure 1C).

Next, we aimed to characterize the biological functions
of the DEGs between primary tumors and OMs. It was
identified in the GO enrichment analysis that the DEGs
were classified into multiple functional categories. Notably,
multiple immune-related pathways including regulation
of response to stimulus, immune system process, immune
response and regulation of immune system process were
significantly down-regulated in OMs when compared to
primary tumors. On the contrary, several biosynthetic
process-related pathways were up-regulated in OMs
(Figure 1D,1E). Similarly, we conducted hallmark
enrichment analysis and found that a variety of immune-
related pathways including allograft rejection, inflammatory
response, interferon gamma response, etc. were remarkably
down-regulated in the OMs (Figure 1F1G), strongly
indicating the dysregulation of certain immune cell subsets
within TIME in the specific type of GC metastasis.

Differential TIME between primary and ovarian
metastatic tumors

Recently, CIBERSORT (https://cibersort.stanford.edu/), a
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computational algorithm for quantifying cell fractions from
bulk tissue gene expression profiles, has been developed
and widely applied to profile the relative expression level
of tumor infiltrating immune cell subsets (19). Considering
the remarkably dysregulated immune-related signaling
pathways between primary gastric and ovarian metastatic
tumor samples, we hereby compared the relative proportion
of 22 subsets of immune cells to characterize the distinctive
TIME between them. It was shown that various key subsets
were differentially expressed, such as plasma cells, mast
cells, CD4" naive and memory T cells. In particular, M1
macrophages were significantly up-regulated in the primary
tumors whereas M2 macrophages were significantly up-
regulated in the OMs (Figure 2A). In fact, M2 macrophage
was the highest expressed subset in the metastatic lesions
and its differential expression between primary GC and
OM ranked the top among all the dysregulated subsets of
immune cells. To further validate the finding, we conducted
the mIF staining of CD68 and CD206, two key markers
of M2 macrophage, on the paired primary and ovarian
metastatic lesions. In line with the CIBERSORT analysis,
we quantified the CD68"CD206" M2 macrophage on both
tumors (Figure 2B,2C) and found that M2 macrophage
was significantly enriched in the OMs than primary
tumors (Figure 2D), reinforcing the observation that M2
macrophage was overexpressed in the OMs according to
our RNA-seq analysis.

With respect to the DEGs between primary tumors and
OMs, we noted that ESR2, the protein-coding gene of ERB,
was significantly up-regulated in the OMs. Considering
the reported oncogenic role of estrogen receptors in the
progression of multiple malignancies (24), especially in such
unique site of distant metastasis occurred merely in female
GC patients (18), as well as the differential expression of
M2 macrophage shown above, we then focused on the role
of ESR2 in the OM of GC. We evaluated their potential
correlation and found that ESR2 expression was potentially
correlated with the proportion of M2 macrophage (Pearson
correlation coefficient r=0.44, P=0.11, Figure 2E). To
further validate their correlation, we suppressed ESR2
expression in AGS and HGC27 GC cell lines by siRNA
(Figure S1A,S1B) and compared the mRNA level of CD68
and CD206 between GC cell lines with and without the
down-regulation of ESR2. In both AGS and HGC27 cell lines,
we found that suppressing ESR2 correspondingly decreased
the expression of CD68 and CD206 (Figure 2F), indicating
the potential correlation between ESR2 expression and
M2 macrophage in GC. In addition, we also investigated
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Figure 1 Transcriptomic analysis of paired primary GCs and OMs. (A) Volcano plot demonstrating the DEGs between primary tumors
and ovarian metastases. Red and blue dots indicated up-regulated and down-regulated genes in OMs when compared to primary tumors,
respectively. Black dots indicated genes with insignificant expression difference or minimal expression changes between primary GC and
OM. (B) Hierarchical clustering of top significantly DEGs (>2.0 folds change, P<0.05). Blue box indicates up-regulated gene in OMs and
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(E) genes in OMs in comparison with primary tumors. (F,G) Hallmark analysis revealed the enriched cancer hallmark signaling pathways
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reverse transcriptase-polymerase chain reaction; RNA-seq, RNA-sequencing.

their correlation in The Cancer Genome Atlas Stomach
Adenocarcinoma (TCGA-STAD) dataset but conversely
found that ESR2 expression was negatively correlated with
M2 macrophage (Figure S1C). As this study was based on
our own cohort of paired primary and ovarian metastatic
GCs, which was remarkably different from the TCGA study
that excluded any metastatic patients, such contrast rightly
reflected the significance of ESR2 and its correlation with
M2 macrophage in the circumstance of this unique type of
GC metastasis. Therefore, we focused on ESR2 to further
examine its potential role in GC progression and metastasis.

ESR?2 was selectively overexpressed in OM and correlated
with the severity of GC

To confirm the overexpression of ESR2 in OMs over
primary tumors, we examined the expression of ESR2 in a
cohort of GC patients with primary tumors and matching
OMs (N=21) as well as a cohort of GC patients with primary
tumors and matching hepatic and peritoneal metastases
[hepatic metastasis (HM) and peritoneal metastasis (PM) in

© Translational Cancer Research. All rights reserved.

short, respectively] (N=15). Remarkably, it was noted in the
IHC staining-based cohort validation that ESR2 expression
were significantly increased in the OM in comparison with
primary tumor (P<0.05) (Figure 34,3B). On the contrary,
ESR?2 expression was comparable between paired primary
tumor and HM/PM (P=0.84) (Figure 3C,3D). We observed
similar results of dysregulated ESR2 expression between
primary GC and OM rather than PM/HM based on Western
blot analysis (Figure S1D-S1G). These results suggested the
selective overexpression of ESR2 in the distant metastases
to ovary rather than other sites, indicating the specific
correlation of ESR2 with ovarian metastatic GC. To further
elucidate the role of ESR2 in GC progression, we examined
its expression in 90 pairs of surgically resected primary GC
tissues and normal gastric mucosae. Expression of ESR2 on
mRNA was significantly higher in tumors when compared
with non-tumor tissues (Figure 3E). Similarly, IHC staining
of ESR2 demonstrated its higher expression in cancerous
tissue than normal mucosae as high expression of ESR2 was
68.9% (62/90) in GC tissue and 54.4% (49/90) in adjacent
normal gastric mucosa (Figure 3F3G). Clinicopathological
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Figure 2 Dysregulated TIME between primary tumors and OMs and potential correlation between M2 macrophage and ESR2 in gastric
cancer. (A) Differential expression of immune cell subsets between primary tumors and ovarian metastases shown by CIBERSORT analysis.
(B,C) Representative composite and single-stained CD68, CD206, CK14 and DAPI on paired primary tumors and OMs. Scale bar: 100 pm.
The multiplex immunofluorescence staining of these markers was conducted to visualize and quantify CD68'CD206" M2 macrophage.
(D) Comparison of the average positivity of CD68"CD206" M2 macrophage between primary GCs and OMs. (E) Correlation analysis of M2
macrophage and ESR2 expression. (F) Differential expression of CD68 and CD206 between GC cell lines with and without down-regulation
of ESR2. *, P<0.05; **, P<0.005. ns, not significant; Tregs, regulatory T cells; NK, natural killer; tu., tumor; met., metastasis; ESR2, estrogen

receptor 2; si, small interfering; siESR2, siRNA targeting ESR2; siNC, negative control siRNA; TIME, tumor immune microenvironment;
OM, ovarian metastasis; GC, gastric cancer.

analysis revealed the significant association between high a worse long-term survival of 283 GC patients from the
expression of ESR2 and younger age (P=0.03), lymph Asian Cancer Research Group (ACRG) cohort (GSE62254)
node metastasis (P=0.02) as well as advanced pathological (Figure 3H). Taken together, these results indicated the
stage (P=0.03) (Table 2). Kaplan-Meier survival analysis strong association between high expression of ESR2 and
demonstrated that high expression of ESR2 correlated with severity of GC.
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siRNA-induced ESR2 knockdown inbibited GC cell
migration and invasion in vitro

lines. With respect to cell migration and invasiveness,
it was observed in the Transwell migration assays that
siRNA-induced knockdown of ESR2 expression exerted
significant inhibitory effect on the migration of both
AGS and HGC27 cells (Figure 4C,4D). Similarly, these

observations were resembled in the Transwell invasion

Considering the association of increased ESR2 expression
with GC severity, especially in the OM of GC, we
speculated that ESR2 played pro-oncogenic roles in
GC progression and metastasis. To explore this, we

suppressed ESR2 expression in AGS and HGC27 GC cell
lines by siRNA (Figure S1A,S1B). It was shown in the
CCK-8 cell proliferation assays that ESR2 knockdown
significantly hindered the growth of AGS but not
HGC27 cell lines 72, 96 and 108 hours after cell seeding
(Figure 44,4B), implying that the impact of ESR2 on
cancer cell proliferation varied between different cell

© Translational Cancer Research. All rights reserved.

assay that siRNA-induced knockdown of ESR2 in both
AGS and HGC27 cells significantly decreased number
of cells invading through the chamber (Figure 4E,4F).
Collectively, these results demonstrated that enforced
down-regulation of ESR2 expression hindered GC cell
migration and invasion iz vitro, indicating that ESR2
played pro-oncogenic and pro-metastatic roles in GC.
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Table 2 Association between ESR2 expression and clinicopathological characteristics of patients with GC

Immunostaining of ERB

Variable Case number P value
High Low

Surgically resected samples 0.046*
Non-tumor tissue 90 62 28
GC tissue 90 49 41

Age 0.03*
<50 years old 35 27 8
>50 years old 55 30 25

Gender 0.62
Male 63 43 20
Female 27 17 10

Tumor size 0.39
<5cm 52 32 20
>5cm 38 20 18

Differentiation 0.46
Low 66 37 14
Medium/high 24 9 5

Lauren’s classification 0.21
Diffuse 39 30 9
Intestinal 51 33 18

T stage 0.20
T1+T2 19 13 6
T3+ T4 71 37 34

Lymph node metastasis 0.02*
Negative 24 12 12
Positive 66 49 17

Pathological stage 0.03*
I+ 35 20 15
I+ 1v 55 43 12

*, P<0.05, indicating that difference between two groups is statistically significant. ERB, estrogen receptor ; GC, gastric cancer.

Discussion

Ovarian metastatic tumors originated from non-genital
malignancies such as gastrointestinal, bile duct, breast
cancer are not rarely seen, with stomach remains the most
frequent site of primary tumors (25). Although OM confers
an extremely unsatisfying prognosis of GC patient, the
molecular pathogenesis governing its occurrence remains

© Translational Cancer Research. All rights reserved.

poorly understood, let alone the distinctive characteristics
of immune microenvironment between primary GC and
its ovarian metastatic lesion. In this study, we identified
distinctive sets of DEGs in between them by conducting
transcriptome sequencing of paired primary tumors and
OMs of seven eligible GC patients. Follow-up analyses
revealed multiple immune- and cancer-related pathways
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human gastric cancer cell lines. *, P<0.05; **, P<0.005. OD, optical density; si, small interfering; siESR2, siRNA targeting ESR2; siNC,
negative control siRNA; ESR2, estrogen receptor 2; GC, gastric cancer; CCK-8, Cell Counting Kit-8.
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which were activated and/or inhibited in OMs when
compared with primary tumors. Among several dysregulated
subsets of immune cells between them, pro-oncogenic
and immunosuppressive M2 macrophage was significantly
up-regulated in OMs, which was validated by mIF-based
quantification of CD68'CD206" M2 macrophage between
primary tumors and OMs. Furthermore, we identified that
ESR2, which encodes ERB, was not only overexpressed in
OMs but also potentially correlated with M2 macrophage
in our analyses. Investigation of ESR2 by clinical cohort
validation and functional assays indicated its unique
overexpression in OM and demonstrated its potential of
promoting metastasis of GC cells. To our knowledge, this
is the first integrative TIME-related study of OM in GC by
combining comparative RNA-seq study of paired tumors
with mIF and IHC-based clinical cohort studies as well as
in vitro functional assays of candidate gene in this specific
pattern of deadly metastasis.

It is widely recognized that TIME plays crucial roles in
cancer progression and metastasis (26). In GC, a large body
of studies have uncovered that various types of infiltrating
subsets of immune cells, such as CD4" regulatory T cell
and tumor-associated macrophage (TAM), are shown
to promote cancer progression and metastasis, whereas
other immune effector cells including CD8" cytotoxic T
cells, natural killer cells and etc. play the opposite role
in this process (27,28). Among the dysregulated immune
cell subsets, the immunosuppressive and protumoral M2
macrophage is particularly known to actively promote GC
metastasis through various mechanisms (29). For instance,
Yamaguchi ez 4/. compared the ascites and peritoneal
lavage samples of GC patients with and without peritoneal
metastasis (PM) and found that CD68"CD163" or
CD68"CD206" M2 macrophages were significantly enriched
in patients with PM than without PM (30). They also found
that co-culture of GC cell lines with M2 macrophages
promoted the progression of GC both in vitro and
in vivo (30). Moreover, M2 macrophage-secreted CHI3L1
interacted with interleukin-13 receptor o2 chain (IL-13Ra2)
located on the membranes of cancer cells, which then
activated the MAPK signaling pathway and up-regulated
matrix metalloproteinase genes, leading to the enhanced
GC metastasis (31). Li et al. found that GC cell-secreted
mesenchymal stromal cells promoted the M2 polarization
of macrophages by secreting IL-6 and IL-8 via the JAK2/
STATS3 pathway. The polarized M2, in turn, promoted
GC cell metastasis through advancing the epithelial-
mesenchymal transition (EMT) process (32). However,
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little is known when it comes to the relationship between
TIME, especially M2 macrophage, and OM, even though
a few studies explored its underlying mechanism (33,34).
As comparative transcriptome profiling of primary and
ovarian metastatic tumor was rarely introduced in previous
studies, key immune cell subsets and molecules underlying
OM are yet to be unveiled. Consequently, we profiled gene
expression of paired primary GC and OM and revealed that
plasma cells, mast cells, CD4" naive, memory T cells, etc.
were dysregulated between them. It is worth noting that the
pro-inflammatory and tumor-inhibiting M1 macrophages
were significantly up-regulated in the primary tumors
whereas the anti-inflammatory and tumor-promoting M2
macrophages were significantly up-regulated in the OMs.
We also validated these findings by conducting mlIF staining
to quantify the differential amounts of CD68"CD206" M2
macrophages between paired tumors.

According to our RNA-seq analyses, ESR2 was
significantly overexpressed in OMs over primary tumors. In
fact, emerging studies have indicated that GC is a hormone-
associated malignancy (16,35,36) whereas the broad impact
of estrogen on multiple aspects of malignancies is mainly
mediated by its interaction with estrogen receptors, which
act as transcription factors that bind to the regulatory
domains of target oncogenic or tumor-suppressing
genes and influence their activity of transcription (37).
Considering the ovary as a major target of elevated activity
of sex hormone in young female GC patients (38), our
finding aroused our interest to further investigate its role in
the occurrence of OM. In fact, the correlation between high
expression of ESR2 and younger age was observed in our
clinicopathological analysis, which was in line with previous
report that ERB is more frequently seen in younger
GC patients (39). Additionally, the correlation analyses
uncovered that up-regulated expression of ESR2 potentially
correlated with higher proportion of M2 macrophage.
Although their correlation was not statistically significant,
which was possibly due to the limited number of samples,
the tendency of correlation was clear (r=0.44) and previous
studies have also shown that estrogen and its receptors
are involved in cancer progression and metastasis through
mediating certain immune cell subsets and potentially act
as an innate regulator of polarization of TAM (40-42).
More importantly, we have demonstrated that siRNA-
induced down-regulation of ESR2 correspondingly
decreased the expression level of CD68 and CD206, both
of which were key markers of M2 macrophage, further
implying that increased expression of ESR2 could induce
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M2 macrophage in GC. In fact, previous studies have
shown the close ties between estrogen and its receptors and
the polarization and function of TAMs (43). For instance,
Jing et al. found that ERa in TAMs played an oncogenic
role by expediting the mTOR/KIF5B-induced EMT as
well as promoting cancer immune evasion in endometrial
cancer cells (44). Additionally, to respond to the TLR4
signaling in macrophages, estrogen is reported to induce
the release of inflammatory cytokines (IL-1B, IL-6, and
TNF-a) and facilitate both tumor-associated inflammation
and cancer immune evasion (45). In summary, these
findings suggest that estrogen and its receptors contribute
to immunosuppression by promoting M2 polarization of
TAMs via multiple molecular mechanisms. Consequently,
ESR2 was selected as a key candidate regulator of M2
macrophage in GC and its OM for further clinical and
functional investigation.

So far, the exact role of ESR2 in GC remains in
controversy. For instance, Ryu et a/. profiled expression
status of ERP in 148 GC patients and revealed the
association between its positive expression with lower tumor
stage, negative perineural invasion and more importantly, a
better 3-year survival (46). This is in line with conclusions
from a meta-analysis that high expression of ERB was
negatively associated with lymph node metastasis (47). On
the contrary, Takano et 4/. demonstrated the preferential
expression of ERP in GC as well as the association of elevated
ERB expression with increased metastatic potential (48).
Moreover, Zhou et al. observed that positive expression
of ERP was more frequently observed in younger patients
with advanced pathological TNM stages in early-onset
GC (39). Polymorphism analyses of both east Asian and
north American cohorts by Sunakawa ez 4/. uncovered the
association between genetic variation in ESR2 and higher
survival rate of patients with locally advanced GC (49).
With respect to the significance of ERP in the OM of GC,
there has only been a few retrospective studies based on
IHC staining of ERP on resected GC samples. Yu er al.
reviewed the expression status of ERP in 152 GC patients
with synchronous and metachronous OM and identified
positive expression of ER as a favorable prognostic factor
for overall survival (17). The controversy of ERP in cancer
research is partially attributed to methodological limitations
such as unspecific commercial antibodies, the structural
complexity of this gene, starting material for the study,
etc. (50). Mechanistically, it is increasingly recognized that
ESR?2 plays a bi-faceted role of pro- and anti-tumorigenic,
possibly dependent on the nature or mutation status of
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its downstream effectors (51). Reportedly, ERP plays an
oncogenic role in GC cells via specific key regulators and
pathway (16). Enforced knockdown of ESR2 not only leads
to apoptosis via the activation of GADD450, a canonical
p53 target gene that can induce cell cycle arrest in a p53-
independent manner, but also induces autophagy in GC
cells, which is partially mediated through MAPK pathway.
Moreover, GC cell growth is hormone-dependent as low-
dose estrogen (10 nM) induces the proliferative effect
on GC cells in addition to activation of Erk1/2 (16),
highlighting the role of estrogen and its interaction with
ESR2 in GC progression.

A major limitation of our study is the lack of faithful
in vivo ovarian metastatic model to validate the potential
of ESR2 to promote distant metastasis of primary GC cells
to the ovary. In fact, the establishment of in vivo model
regarding hepatic, peritoneal and abdominal metastasis of
GC was reportedly successful by orthotopic transplantation
of GC cell lines or tissues from patient-derived xenograft
(52-54). Unfortunately, modeling metastasis to ovary is
yet to be accomplished and should be urgently addressed.
Secondly, we did not add estrogen to GC cells in the
functional assays. Therefore, it remains unclear whether
the interaction between estrogen and its receptor ERB
exerts additional effect on the proliferation, migration and
invasion of GC cells. In addition, as the fast-developing
single-cell sequencing enables a more sensitive and deeper
transcriptomic characterization of primary GC as well
as its distant metastasis (55,56), this technique should be
applied to specifically decipher the molecular pathogenesis
of OM in the next step. Lastly, although ESR2 expression
was potentially correlated with M2 macrophage (Pearson
correlation coefficient r=0.44), such correlation did not
reach the statistical significance. Limited number of samples
(n=7) possibly underlies the insignificance so that further
collection of more samples is required to confirm the
correlation between them.

In summary, the present study unveiled distinctive gene
expression, immune- and cancer-related pathways as well
as TIME in the OM of GC by comparative transcriptomic
profiling of paired primary and ovarian metastatic lesions.
M2 macrophages were significantly enriched in OMs than
primary tumors. ESR2, the protein-coding gene of ERp,
was significantly up-regulated in the OMs and potentially
correlated with M2 macrophage accumulation in the
metastatic lesions. Following clinical cohort study verified
the unique overexpression of ESR2 in the OMs while
in vitro functional assays demonstrated its potential to
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promote GC cell migration and invasion. Future research
shall not only address the above-mentioned limitations
but more importantly, focus on not only investigating
the molecular mechanism underlying ESR2-mediated
dysregulation of TIME, especially M2 macrophage, but also
identifying key regulators and pathways of OM for potential
targeted therapy in the future.

Conclusions

Comparative RNA sequencing analysis unveiled
dysregulated TIME, especially the immunosuppressive
and protumoral M2 macrophage subset between primary
GC and its ovarian metastatic lesions. Notably, ESR2
was potentially correlated with M2 macrophage and was
indicated to promote oncogenic processes during the
progression and metastasis of GC.
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