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Decreased expression of TRPM4 is associated
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Abstract: Transient Receptor Potential Melastatin 4 (TRPM4) is a nonselective channel conducting monovalent ions
and indirectly regulates intracellular Ca2*. Aberrant expression has been reported in a number of cancers. However,
the biological function of TRPM4 in endometrial carcinoma (EC) is still unknown. We find that decreased TRPM4 ex-
pression is significantly correlated with a poor prognosis, overall survival (0S, P<0.001) and recurrence-free survival
(P=0.002) through The Cancer Genome Atlas (TCGA) datasets in mRNA level. Multivariate Cox regression analysis
suggests that TRPM4 is an independent prognostic factor for OS in EC patients. In vitro assays show that TRPM4-
deletion results in significant promotion of proliferation and migration in EC cells. We then conducted a gene set
enrichment analysis (GSEA) and according to the results, the expression of TRPM4 is modulated by estrogen, which
is inhibited by ER antagonist. Furthermore, the silencing of TRPM4 causes a decreased p53 and hyper-activation of
EMT, PI3K/AKT/mTOR signaling pathway in EC, as demonstrated in vitro. Overall, these results indicate that TRPM4
is clinically useful in predicting EC prognosis and represent a potential candidate as a new therapeutic target.
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Introduction

Endometrial carcinoma (EC) is one of the most
common gynecological malignancy cancers
worldwide and in China [1]. Importantly, the
incidence and mortality rates for EC have been
rising in both developed and developing coun-
tries [2]. For patients with metastasis or recur-
rence, regardless of the grade and stage, the
prognosis is unfavorable. They are at a signifi-
cantly higher risk of mortality and typically
experience a poor quality of life, with a median
overall survival time of less than 16 weeks [3].
It remains unclear how genetic regulatory net-
works modulate EC initiation. Although certain
improvements have been made, including clas-
sifying patients by estrogen receptor status, it
remains difficult to predict the prognosis and
find an effective biomarker for patients with EC
[41.

TRPM4 is a monovalent non-selective cation
protein that is activated upon elevation of intra-

cellular Ca?* [5]. It performs a role in the regula-
tion of intracellular Ca?* overloading, the pres-
ervation of plasma membrane potential and the
control of intracellular Ca?* oscillations [6]. We
previously found that the level of L-type Ca?*
channel subunit CACNA1D was overexpressed
in EC tissues as compared to that in benign
controls and calcium influx to EC cells through
CACNA1D promoted their proliferation and mi-
gration [7]. Furthermore, recent studies found
that TRPM4 may be involved in the pathophysi-
ology of EC and is responsible for a prognostic
prediction model of a panel of 7 genes, includ-
ing TRPM4 [8]. Thus, we speculated that TRPM4
is also a key molecule in mediating the progres-
sion and metastasis of EC and may have an
influence on the clinicopathologic characteris-
tics.

PI3K/AKT/mTOR pathway is pivotal for the con-
trol of cell transcription, translation, migration,
metabolism, proliferation, and survival [9]. Abe-
rrant hyperactivation of PISK/AKT/mTOR path-
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way is one of the most common tumor-related
signaling pathways that can be activated in
quite few tumor types, including endometrial
carcinoma, breast cancer, bladder cancer and
pancreatic cancer, mainly including mutations
of PIK3CA and AKT1 [10-12]. A previous study
suggested that TRPM4 can promote the cell
proliferation in prostate cancer by regulating
the AKT activity [13]. A previous study had re-
vealed that the expression of TRPM4 could
mediate certain behaviors of cancer cells such
as migration and invasion [14]. But the biologi-
cal process and the specific mechanisms in
carcinoma still remain unknown. Here we focus
on the association between TRPM4 expression
and the clinicopathologic features and progno-
sis of patients in The Cancer Genome Atlas
(TCGA). We also investigated the role of TRPM4
in EC cell migration and metastasis in vitro.
Moreover, to explore the underlying mechanism
of TRPM4-mediated cell migration, gene set
enrichment analysis (GSEA) was conducted for
TRPM4 with TCGA datasets. According to the
results, we conclulded that TRPM4 is enriched
in estrogen response and can activate the EMT,
p53 and PISK/AKT/mTOR pathways in EC cells.
Finally, we validated the GSEA findings through
in vitro assays.

Materials and methods
Data download and bioinformatics analysis

UCSC Xena browser (http://xena.ucsc.edu/)
was used to obtain TRPM4 normalized level 3
lumiaHiSeq RNASeqV2 microarray gene ex-
pression data in patients with EC and clinical
data of TCGA datasets to evaluate TRPM4
MRNA expression in different subtypes of
human EC. In total, 491 primary EC patients
with detailed TRPM4 expression and whole clin-
ical data were chosen from the database and
35 normal EC patients were excluded. Boxplots
were used to visualize expression differences
for discrete variables. TRPM4 high/low mRNA
expression was retrieved and identified accord-
ing to median value of gene expression.

Regents

TRPM4, N-cadherin, cytokeratin, vinmentin an-
tibodies were purchased from Abcam (Cam-
bridge, MA, USA). P53, E-cadherin, PI3K, phos-
pho-PI3K, AKT, phospho-AKT, mTOR, phospho-
mTOR antibodies were purchased from Cell
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Signaling Technology (Beverly, MA, USA).
Estrogen (soluble complexes) was purchased
from Sigma-Aldrich (St. Louis, MO, USA).
Estrogen receptor antagonist ICl 182780 was
purchased from Selleck (Shanghai, China).
Opti-MEM medium and Lipofectamine RNAIMAX
reagent were purchased from Thermo Fisher
Scientific (Carlsbad, CA, USA).

Cell culture

The endometrial carcinoma cell line AN3CA was
obtained from laboratory stocks and cultured in
DMEM/F12 (Thermo Fisher Scientific) medium
supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific). Cells were cultivated
at 37°C, 5% CO, and subcultured every 3 days,
and used for the following experiments. In
estrogen-stimulated experiments, to avoid the
potential interference of hormones that were
derived from the medium, the cells were cul-
tured in phenol-red-free DMEM/F12 (HyClone)
containing 10% dextran-charcoal fetal bovine
serum (Biochrom AG, Berlin, Germany) for 24
hours before treatment.

SiRNA plasmid transfections

The short interfering RNA (siRNA) against TRP-
M4 and negative control plasmid siRNA (NC)
were chemically synthesized by Gene Pharma
(Suzhou, China). Plasmid transfections were
performed using Opti-MEM medium and Lipo-
fectamine RNAIMAX reagent according to the
manufacturer’s instructions. AN3CA cells were
transfected with TRPM4-siRNA or the corre-
sponding control vector, respectively, for RNA
interference experiments. SiRNA sequences
were as follows: TRPM4 siRNA sense: 5-GCAC-
GACGUUCAUAGUUGATT-3’ and antisense: 3’-
GACGUGCUGCAAGUAUCAACU-5'.

Gene set enrichment analysis (GSEA)

The collected 491 EC samples from RNA-
sequencing data were divided into 2 groups
according to the median value of the expres-
sion of TRPM4 (high vs low expression). GSEA
3.0 was used to analyze data. C2.all.v6.2.sym-
bols.gmt and hallmark.all.v6.2.symbols.gmt da-
ta clusters were downloaded from the GSEA
website. GSEA analysis was carried out to eluci-
date the significant survival difference observed
between high and low TRPM4 groups. Enri-
chment analysis was performed on the sorted
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samples using default weighted enrichment
statistics. Random assortment times were set
to 1,000. Discovery Rate (FDR) was calculated.
A gene set was considered significantly enri-
ched when the FDR score was <0.25.

Western blotting analysis

AN3CA cells were harvested and lysed, and
western blots were conducted as previously
described [15]. Thirty micrograms of protein
were run on SDS-PAGE (polyacrylamide gel
electrophoresis) and transferred to NC (nitro-
cellulose) filter membranes. The membranes
were incubated with TRPM4 (at 1:1,000 dilu-
tion), p53 (at 1:1,000 dilution), cytokeratin (at
1:1,000 dilution), E-cadherin (at 1:1,000 dilu-
tion), N-cadherin (at 1:1,000 dilution), vinmen-
tin (at 1:1,000 dilution), cytokeratin (at 1:1,000
dilution), AKT (at 1:1,000 dilution), p-AKT (at
1:1,000 dilution), PI3K (at 1:1,000 dilution),
p-PI3K (at 1:1,000 dilution), mTOR and p-mTOR
(at 1:1,000 dilution) specific antibodies, fol-
lowed by horseradish peroxidase-conjugated
secondary antibody [(ZSGB-BIO, China)]. The
ECL (Applygen, China) substrate was used to
detect expression. The band intensities were
analyzed using the Bio-Rad imaging system
(Hercules, CA, USA).

Flow cytometry assay

At the indicated time points, AN3CA cells were
trypsinized and washed with ice-cold PBS. For
cell cycle distribution analysis, the cells were
fixed with 70% ethanol and stained with Pl/
RNase/PBS (100 pg/mL Pl and 10 pg/mL
RNase A) buffer for 30 min at room tempera-
ture in the dark. The stained single cell suspen-
sion was analyzed on a BD LSRFortessa SORP
flow cytometer (BD Biosciences, USA). Flow
cytometry data were analyzed using the ModFit
LT software (Verity Software House, Topsham,
ME, USA).

In vitro cell proliferation assay

AN3CA cells of different groups were seeded in
a 96-well plate [Corning, USA] at a density of
1,000 cells/200 pl/well in quadruplicate and
maintained in DMEM/F12 containing 10% dex-
tran-charcoal fetal bovine serum and evaluated
following a period of incubation (overnight, day
3 and day 4). After removing the medium, 100
ul 10% Cell Counting Kit-8 (Dojindo Molecular
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Technologies, Inc., Kumamoto, Japan) was
added to each well and incubated for an addi-
tional 2 h at 37°C according to the manufac-
turer’s instructions. Subsequently, cell viability
was determined at 450 nm using a spectropho-
tometer (BioTek Instruments, Inc., Winooski,
VT, USA).

In vitro cell migration assay

AN3CA Cells at a density of 5 x 10%/ml/well
were seeded into 6-well plates [Corning, USA]
and cultured overnight at 37°C to form a conflu-
ent monolayer. Cells were artificially scraped
with a 200 ul pipette tip and washed three
times with PBS. Images were taken at O and 24
h and analyzed using Image J software (Rawak
Software, Inc. Germany).

Transwell migration assay

Chamber dishes (Corning, USA) were prepared
as previously described [16]. SITRPM4 trans-
fected and nonspecific-transfected AN3CA
cells at a density of 10° cells per well were
added to the upper chamber and then incubat-
ed for 36 hours. The cells were fixed with 4%
paraformaldehyde for 30 minutes, stained with
0.1% crystal violet for 30 minutes, washed 3
times with PBS, and counted in 6 fields under
the microscope. All the experiments were per-
formed 3 times.

Statistics

Data was presented as mean + standard devia-
tion (SD) or median (interquartile) for continu-
ous variables, and as frequency or percentage
for categorical variables. The relationship
between clinical pathologic features and the
expression of TRPM4 were analyzed with the
Wilcoxon signed-rank test and logistic regres-
sion. Clinicopathologic characteristics associ-
ated with survival status or recurrence-free sur-
vival/overall survival in TCGA patients using
Cox regression and the Kaplan-Meier method.
Multivariate Cox analysis was used to compare
the influence of TRPM4 expression on survival
along with other clinical characteristics (clinical
stages, tumor grade, tumor status, lymph node
metastasis, mymetrial invasion, and distant
metastasis). The cut-off value of TRPM4 expres-
sion was determined by its median value.
P<0.05 was considered statistically significant.
All confidence intervals (Cls) were stated at the
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Table 1. Characteristics of TCGA endometrial carcinoma patient

Clinical characteristics

Total (n=491)

Percentage (%)

Age (Years)
Clinical stage

Tumor grade

Tumor status

Myometrial invasion

Surgical approach

Lymph node metastasis (pelvic or para-aortic)

Distant metastasis

63.82 £ 11.09
Stage | 315 64.15
Stage Il 46 9.37
Stage Il 105 21.38
Stage IV 25 5.09
G1 98 19.96
G2 114 23.22
G3 279 56.82
Tumor free 400 81.47
With tumor 91 18.53
<50% 292 59.47
>50% 199 40.53
Mini invasive 196 39.92
Open 295 60.08
Negative 418 85.13
Positive 73 14.87
Negative 471 95.93
Positive 20 4.07

TCGA, The Cancer Genome Atlas; G1/2/3, grade 1/2/3.

95% confidence level. All statistical analyses
were conducted using SPSS 21.0 (IBM, Cali-
fornia, USA).

Results
Patient statistics

Table 1 shows 491 patients with both clinical
and gene expression data from the TCGA endo-
metrial cancer. Average age of this patient
cohort at diagnosis was 63.82 + 11.09 years
(range from 31 to 90). Stage | was found in 315
patients (64.15%), stage Il in 46 (9.37%), stage
Ill'in 105 (21.38%) and stage IV in 25 (5.09%).
Grade 1, grade 2 and grade 3 comprised
19.96%, 23.22%, 56.82%, respectively. For the
patients’ tumor status, 400 patients (81.47%)
were tumor free and 91 patients (18.53%) were
living with tumor. Patients whose myometrial
invasion <50% account for 59.47% and >50%
myometrial invasion account for 40.53%. Sur-
gical approach of the majority of the patients
(60.08%) was open surgery, and the rest went
for minimally invasive surgery (39.92%). 73
patients (14.87%) had lymph node (pelvic
and para-aortic) metastasis and 20 patients
(4.07%) had distant metastasis.
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Poor clinical outcomes and survival was asso-
ciated with down-regulated TRPM4

A total of 491 EC samples with TRPM4 expres-
sion and clinical data were analyzed from TCGA.
Normal endometrial samples were excluded. As
shown in Figures 1 and S1, decreased expres-
sion of TRPM4 varied significantly depending
on the clinical stage (P=0.002), tumor grade
(P<0.001), tumor status (P<0.001), lymph node
metastasis (P<0.001), myometrial invasion
(P<0.001), and distant metastasis (P<0.001).
Univariate analysis of TRPM4 expression as a
categorical dependent variable (based on me-
dian expression value 10.8) was correlated
with poor prognostic clinicopathologic charac-
teristics (Table 2). Decreased TRPM4 expres-
sion in EC had significantly been associated
with advanced stage (OR=0.208 for Stage | vs
Stage 1IV), high grade (OR=0.133 for G1/2 vs
G3), living with tumor (OR=0.215 for Tumor free
vs With tumor), deep myometrial invasion
(OR=0.358 for <50% vs >50%), lymph node
metastasis (OR=0.296 for Negative vs Positive),
and distant metastasis (OR=0.318 for Negative
vs Positive). These results indicated that
reduced TRPM4 tended to progress with a poor
prognosis in EC patients.
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Figure 1. Down regulation of TRPM4 is significantly related with poor prognosis in TCGA. (A) TRPM4 expression in clinical stage I/1I/11l/IV. (B) TRPM4 expression in
tumor grade 1/2/3. (C) TRPM4 expression in patients with tumor or tumor free status. (D) TRPM4 expression in people with or without lymph node metastasis. (E)
Kaplan-Meier curve showing that low TRPM4 expression group is significantly associated with recurrence-free survival and (F) overall survival (491 patients with
exact follow-up data were all included). *, P<0.05; **, P<0.01; ***, P<0.001. TCGA, The Cancer Genome Atlas; G1/2/3, grade 1/2/3.
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Table 2. TRPM4 expression associated with clinical pathological characteristics in TCGA

Clinical characteristics Odds ratio in TRPM4 expression P-value
Clinical stage (Stage | vs Stage V) 0.208 (0.081-0.535) <0.001*
Tumor grade (G1+G2 vs G3) 0.133 (0.088-0.200) <0.001*
Tumor status (Tumor Free vs With Tumor) 0.251 (0.149-0.421) <0.001%*
Myometrial invasion (<50% vs >50%) 0.358 (0.246-0.520) <0.001*
Surgical approach (Mini Invasive vs Open) 1.193 (0.831-1.713) 0.338

Lymph node metastasis (Negative vs Positive) 0.296 (0.170-0.517) <0.001*
Distant metastasis (Negative vs Positive) 0.318 (0.114-0.889) 0.022

The statistically significant values are with *, categorical dependent variable, greater or less than the TRPM4 median expres-

sion level. TCGA, The Cancer Genome Atlas; G1/2/3, grade 1/2/3.

Table 3. Relationship between clinicopathologic features and overall survival in patients by Cox re-
gression. b. Multivariate analysis after variable selection

Clinicopathologic variables HR (95% ClI) P-Value

a
Age 1.056 (1.015-1.100) 0.008*
Expression of TRPM4 (Low vs High) 0.263 (0.098-0.708) 0.008*
Clinical stage (Stage | vs Stage V) 3.889 (1.024-14.777) 0.046%*
Tumor grade (G1/G2 vs G3) 0.540 (0.194-1.502) 0.238
Tumor status (Tumor Free vs With Tumor) 16.140 (6.043-43.108) <0.001*
Lymph node metastasis(Negative vs Positive) 0.867 (0.106-7.074) 0.894
Myometrial invasion (<50% vs >50%) 1.166 (0.310-4.387) 0.820
Distant metastasis (Negative vs Positive) 0.661 (0.084-5.224) 0.695

b
Expression of TRPM4 (Low vs High) 0.332 (0.137-0.804) 0.015*
Clinical stage (Stage | vs Stage V) 3.165 (1.012-9.904) 0.048%*
Tumor status (Tumor Free vs With Tumor) 14.153 (5.480-36.550) <0.001*

*With significant difference.

Low expression of TRPM4 was an independent
risk factor in multivariate analysis for survival

A total of 419 EC patients with both TRPM4
expression and survival data were available for
analysis. As shown in Figure 1E and 1F, Kaplan-
Meier survival analysis indicated that low
TRPM4 expression was associated with worse
recurrence free survival (RFS, P=0.002) and
overall survival (0S, P<0.001), with a median
survival of 112 months. When taking survival
status as a categorical dependent variable fac-
tor (Table S1), univariate analysis showed that
low TRPM4 expression correlated significantly
with poor OS (HR=0.340; 95% Cl: 0.202-0.573,
P<0.001). Other clinicopathologic variables
associated with poor survival included advan-
ced clinical stage, higher tumor grade, with
tumor status, deep myometrial invasion, posi-
tive lymph node, and distant metastasis.
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When put all these significant indexes into a
multivariate analysis (Table 3), TRPM4 expres-
sion remained an independent prognostic vari-
able for overall survival, with an HR of 0.413,
along with clinical stage and tumor status.

Blocking TRPM4 promoted cells proliferation
and migration in EC cell line

Endogenous TRPM4 and protein levels were
examined in five EC cell lines, among which
AN3CA, ishikawa, HEC-1A, and HEC-1B cell
lines showed significantly higher levels of
TRPM4 protein than RL9-52 cells (Figure 3A).
AN3CA cell line was chosen for further study.
We then assessed the biological functions of
TRPM4 by performing the methods of deletion
in AN3CA cells. The expression of TRPM4 was
significantly depleted in AN3CA at protein and
RNA level (Figures 2A, S2). TRPM4 significant
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decreased the portion of G2/M phase, but
increased the portion of M phase in AN3CA
cells, as demonstrated by cell cycle analysis
(Figure 2B). Meanwhile, the CCK-8 assay
showed that TRPM4 deletion increased cell
viability (Figure 2C). These results indicated
that TRPM4 hampered EC cells proliferation pri-
marily by inducing cell cycle arrest. Migration
ability affected the metastasis of cancer cells.
Wound healing assay revealed that TRPM4
knockdown increased the migration rate in
AN3CA cells monolayer. Figure 2D showed the
representative images of the migration assays.
Transwell migration assay indicated that siRNA-
mediated knockdown of TRPM4 cells enhanced
cell migration ability compared with the nega-
tive control group (Figure 2E). After all, TRPM4
significant inhibited the proliferation and migra-
tion of EC AN3CA cells.

GSEA indicated an estrogen-related TRPM4
expression

To identify the TRPM4 possible pathway and
function in EC, we conducted Gene Set Enri-
chment Analysis between low and high TRPM4
expression data sets (Table S2). GSEA results
revealed that early and late estrogen respons-
es were enriched in high expression of TRPM4
(Figure 3B, 3C). We then confirmed their con-
nection by western blot. Figure 3D showed that
the level of TRPM4 was significantly reduced
with the increasing concentration of estrogen.
Furthermore, we examined whether estrogen
receptor antagonist IC1182780 could block the
effect of estrogen on TRPM4. As shown in
Figure 3E, TRPM4 expression was no longer
reduced by estrogen.

TRPMA4 silencing increased the epithelial-
mesenchymal transition in endometrial cancer
cells

GSEA findings indicated that TRPM4 is corre-
lated to epithelial-mesenchymal transition
(EMT) (Figure 4B). Therefore, protein expres-
sion of EMT markers was investigated by the
methods of western blot. E-cadherin, as the
most essential epithelial marker, was lower in
siTRPM4 cells compared with control group.
Accompanied with TRPM4 silencing, N-cadherin
and vimentin, the mesenchymal markers, were
up-regulated in TRPM4 deleted cells. Moreover,
the expression of cytokeratin was decreased
significant in the TRPM4-depletion group when
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compared with the control group (Figure 4E).
The correlation analysis between the expres-
sion of TRPM4 and E-cadherin (R=0.198,
P=0.012) or N-cadherin (R=-0.216, P<0.001)
in TCGA revealed the same results (Figure S3).
These data demonstrated that TRPM4 silenc-
ing increased EMT progression in EC cells.

TRPM4 participated in p53 and PI3K/AKT/
mTOR signaling pathway in EC cells

To investigate the signaling pathway which
TRPM4 participated in, we examined classic
signaling pathway associated with tumor gene-
sis with GSEA (Figure 4A, 4C). Results showed
that low TRPM4 expression was enriched in
p53 and PISK/AKT/mTOR signaling pathway.
Therefore, we further confirmed the effect of
TRPM4 on p53 and PI3K/AKT/mTOR signal
pathway in vivo. The outcomes suggested that
down-regulation of TRPM4 decreased p53 level
and promoted the phosphorylation of PI3K,
AKT and mTOR in AN3CA cells (Figure 4D, 4F).
The findings indicated that in EC, the expres-
sion of TRPM4 was significantly associated
with p53 and PI3K/AKT/mTOR.

Discussion

In the present study, we found TRPM4 channel
was a calcium-activated nonselective cation
channel as it allowed transportation of only
monovalent cations (e.g. Na*, K*), hence, modu-
lating the transmembrane electrical potential
[17, 18]. TRPM4 could also be activated by
SOCE, when its signals exceeded a certain
threshold [19]. Its activity is responsible of a
local increase of intracellular calcium for the
membrane depolarization, affecting the driving
force for external calcium entry and modulating
several intracellular calcium-dependent signal-
ing pathways [20]. Under physiological condi-
tions, TRPM4 is involved in different cellular
functions. For instance, TRPM4 participated in
insulin secretion, T-cell proliferation, mast cell
activation, and dendritic cell migration [21-24].
Itis involved in the migration of prostate cancer
cells and proliferation of breast cancer cells [5].
Also, TRPM4 has been described as being
localized in the focal adhesion (FA) complexes,
playing a pivotal role in FA turnover and lamelli-
podial actin cytoskeleton dynamics [25]. Known
functions of TRPM4 also include the prognostic
risk of biochemical recurrence after the radical
prostatectomy and overexpression of TRPM4 in

Am J Transl Res 2020;12(7):3926-3939
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Figure 4. A. High expression of TRPM4 is enriched in p53 pathway by GSEA analysis (NES=-1.67, FDR gq=0.03). B. GSEA result also shows that Epithelial-Mes-
enchymal transition is enriched in TRPM4 low expression (NES=1.63, FDR g=0.12). C. PI3K/AKT/mTOR signaling pathway is enriched in TRPM4 low expression
(NES=1.65, FDR g=0.10). D. Validation by western blot analysis of AN3CA cells transfected with negative control (NC) or siTRPM4 plasmid in p53 pathway. E. The
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expression of mesenchymal markers including N-cadherin significantly increased and epithelial markers cytokeratin
and E-cadherin decreased in TRPM4 NC and siTRPM4 groups in protein level by western blotting. F. In vitro valida-
tion of western blot analysis of AN3CA cells with or without deletion of TRPM4 in PI3K/AKT/mTOR signaling path-
way. Results showed that the expression of p-PI3K, p-AKT, p-mTOR were elevated in siTRPM4 group. (*, P<0.05;

**, P<0.01).

prostate cancer is also associated with
increased risk of recurrence [26]. In the pres-
ent study, TRPM4 expression was found mark-
edly declined in different phenotypes of EC in
TCGA datasets while lower TRPM4 expression
was correlated with reduced overall and recur-
rence-free survival. Moreover, TRPM4-depletion
promoted EC cell proliferation and metastasis
in vitro and TRPM4 expression declined with
the increasing concentration of estrogen.
Finally, TRPM4 might influence EC cells func-
tions through EMT, p53 and PI3K/AKT/mTOR
pathways. Our results highlighted TRPM4 as
the proliferation and metastasis indicator in
EC.

TRPM4 transcripts are up-regulated in many
types of cancers such as cervical cancer, pros-
tate cancer, B cell ymphoma, colorectal cancer
and bladder cancer [27-29]. Moreover, it has
also been shown to be up-regulated in prostate
cancer associated with migration of prostate
cancer [30]. In this study, we conducted a high
throughput RNA-sequencing data from TCGA
and proved that decreased TRPM4 expression
was associated with poor clinicopathologic fac-
tors (clinical stage, tumor grade, tumor status,
lymph node, myometrial invasion, and distant
metastasis) and survival. Multivariate analysis
indicated that TRPM4 expression was an inde-
pendent risk factor. This suggested that TRPM4
may serve as a potential prognostic marker for
prognosis and therapeutic target in EC.

The dysregulation of gene expression caused
malignant phenotype, including proliferation
and migration. In prostate cancer, silence of
TRPM4 resulted in significant reduction of pro-
liferation, migration, invasion, through microR-
NA-150 [31]. Another report demonstrated that
TRPM4 was up-regulated in prostate cancer
compared with normal prostate epithelium,
and it was also a candidate gene which was
considered to be involved in the early stage of
prostatic carcinogenesis [32]. Adversely, TRP-
M4-deletion improved the growth, migration
ability and drove G1 to S phase cell cycle transi-
tion in EC cells. Taken together, these data rep-
resented that TRPM4 inhibited proliferation,
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cell cycle as well as movement of malignant
endometrial cells.

High level of estrogen and lacking of progester-
one had been proposed as the main hormonal
aberrations to affect endometrial proliferation
and cell survival that could result in an
increased risk of epithelial cell transformation
[33]. Among these reasons, long-term expo-
sure to estrogen is the most direct one [34].
Estrogens regulated proliferation, regeneration
and function of normal endometrial cells, there-
fore are implicated in endometrial carcinogen-
esis directly or via influencing other hormones
and metabolic pathways. To further investigate
the pathways and functions of TRPM4, we then
used GSEA to explore elevated TRPM4 expres-
sion groups. GSEA findings demonstrated that
early and late estrogen responses were posi-
tively associated with high TRPM4 expression.
Western blot was then conducted to validate
the GSEA findings. The results suggested that
the content of TRPM4 decreased with the ele-
vation of estrogen. These effects were inhibited
by the ER antagonist ICI182780, indicating that
membrane ERs may be involved in these pro-
cesses. For the first time, we showed that
estrogen was a negative regulator of TRPM4 in
EC cells, not only by bioinformatics methods,
but also in in vitro models.

TRPM4 also acted to maintain endothelial fea-
tures and its loss promoted fibrotic conversion
via TGF-B production [B]. Previous studies
showed that TRPM4 increased EMT by inducing
the expression of Snaill gene in prostate can-
cer [26]. Recently Hong et al. reported that
microRNA-150 suppressed EMT, invasion and
metastasis in prostate cancer through the
TRPM4-mediated B-catenin signaling pathway
[27]. The TRPM4 induced up-regulation of
B-catenin also enhanced cell proliferation in
T-REx 293 cells [35]. We found that low-TRPM4
expression was enriched in EMT by GSEA.
Furthermore, we proved that the expression of
E-cadherin and cytokeratin were diminished
after the TRPM4 depleting in AN3CA cells,
meanwhile N-cadherin and vimentin were
increased. These findings revealed that TRPM4
negatively regulated EMT in EC.
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To detect the functional effects of TRPM4
knockdown, we assessed the gene expression
profiles of low and high level of TRPM4 in TCGA
by GSEA. Our data indicated that TRPM4 is
implicated in the regulation of several essential
pathways, including the p53 and PISK/AKT/
mTOR signaling pathways. P53 was a tumor
suppressor protein that caused cell cycle arrest
in case of DNA damage to allow DNA repair or
induction of apoptosis in case of substantial
damage. It had been early reported to play an
essential role in the progression of many can-
cers [36]. In patients with EC, p53 pathway
stimulates EC cell proliferation and was associ-
ated with clinicopathologic features [37]. PI3K/
AKT/mTOR signaling pathway activation was
heavily implicated in EC pathogenesis [38]. The
activation of PI3K and mTOR were two of the
most common events in the development of
human cancer, including EC [39]. Alteration of
the PI3K/AKT/mTOR signaling pathway was
involved in EC pathogenesis [40]. Previous
studies had demonstrated that the FAM83B
and CLDN6 promoted cell proliferation and
migration via PI3BK/AKT/mTOR signaling path-
way [41, 42]. Furthermore, our western blot
analysis confirmed that when TRPM4 was
depleted in EC cells, the activity of p53 was sig-
nificantly inhibited and phospho-PISK/AKT/
mTOR signaling pathway was strongly activat-
ed, as represented by the decreased protein
level of p53 and increased protein level of
p-PI3K, p-AKT and p-mTOR.

Conclusions

These results indicated that low TRPM4 level
was correlated with poor clinical outcomes and
survival, and TRPM4 was also an independent
risk factor in EC patients. TRPM4 played as a
tumor suppressor gene in EC cells and the
silencing of TRPM4 promoted proliferation and
migration. Estrogen might act as an antagonist
to decline the expression of TRPM4. The mech-
anism of TRPM4 might work through EMT or
p53, and PIBK/AKT/mTOR signaling pathway.
Finally, it also represented a potential thera-
peutic target for the EC treatment.
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Figure S1. Associations of TRPM4 expression and (A) TRPM4 expression in negative or positive myometrial invasion.
(B) TRPM4 expression in negative or positive distant metastasis in TCGA datasets. TCGA, the cancer Genome Atlas.

Table S1. Survival status associated with clinical pathological characteristics

Clinicopathologic variables Hazard Ratio (95% Cl) P value

Clinical stage (Stage | vs Stage IV) 14.793 (6.095-34.902) <0.001*
Tumor grade (G1/G2 vs G3) 3.647 (2.040-6.519) <0.001*
Tumor status (Tumor Free vs With Tumor) 19.268 (10.885-34.108) <0.001*
Surgical approach (Mini Invasive vs Open) 0.996 (0.611-1.624) 0.987

Lymph node metastasis (Negative vs Positive) 3.166 (1.802-5.563) <0.001*
Myometrial invasion (<50% vs >50%) 4.695 (2.777-7.937) <0.001*
Distant metastasis (Negative vs Positive) 14.318 (5.314-38.577) <0.001*
Expression of TRPM4 (Low vs High) 0.340 (0.202-0.573) <0.001*

*With significant difference. Abbreviations: CI, confidence interval.
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Figure S2. qPCR results shows the verification of TRPM4 knockdown in AN3CA cells in RNA level.
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Table S2. Gene sets enriched in phenotype high

MSigDB collection Gene set name NES FDR g-val
c2.all.GO.v6.1.symbols.gmt P53 pathway -1.76 0.03
hallmark.all.v6.1.symbols.gmt Estrogen response early -1.64 0.08
Estrogen response late -1.57 0.15
Epithelial-Mesenchymal Transition 1.63 0.12
PI3K/AKT/mTOR signaling pathway 1.65 0.10

Abbreviations: NES, normalized enrichment score; FDR: false discovery rate. FDR g-val <0.25 is considered as significant.
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Figure S3. Pearson correlation analysis between the expression of TRPM4 and E-cadherin or N-cadherin in TCGA.



