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TMEM14A aggravates the progression of human ovarian
cancer cells by enhancing the activity of glycolysis
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Abstract. Ovarian cancer (OV) affects hundreds of thousands
of women worldwide each year. The delayed onset of symp‑
toms and insufficient diagnostic options of OV are mainly
responsible for its high mortality rate and poor prognosis in
the patients. Transmembrane (TMEM) proteins are associated
with human cancers, and multiple of them have been identi‑
fied as oncogenic. TMEM14A is among this group. However,
the function of TMEM14A in OV remains unclear. In the
present study, it was aimed to find out the roles and underlying
mechanism of TMEM14A in OV. RNA interference and lenti‑
viral‑mediate vector were used to induce TMEM14A silencing
or overexpression. Flow cytometric analysis was used to
examine cell apoptosis. Oxygen consumption and extracellular
acidification were determined using Seahorse XF24 analyzer.
Xenograft mice model was constructed to quantify the role
of TMEM14A in vivo. Chromatin immunoprecipitation assay
was used to determine the connection between TMEM14A
and c‑Myc. Immunohistochemical staining assay was applied
to determine the expression pattern of TMEM14A and c‑Myc
in OV tissues. TMEM14A was revealed to be highly expressed
in OV tumor and correlated with prognostic conditions in
patients with OV. TMEM14A inhibited OV cell apoptosis
while accelerate their energy metabolism, including glycolysis
and oxygen respiration. TMEM14A was positively correlated
with c‑MYC. Overexpression of c‑Myc rescued the function
of TMEM14A. In conclusion, TMEM14A was recognized
as both diagnostic and prognostic biomarker candidate for
early detection of OV and improving the clinical manage‑
ment of patients with OV, which would also facilitate further
mechanistic studies of TMEM proteins in OV tumorigenicity.
Moreover, the present findings demonstrated that TMEM14A
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has the potential values as a molecular target in developing the
therapy of human OV.
Introduction
Ovarian cancer (OV), as a prevalent gynecologic cancer, is
among the leading causes of malignancy‑related mortality in
females across the world (1). It was estimated that there were
>200,000 cases and >150,000 OV‑related deaths worldwide
in 2018 (2,3). OV is associated with high mortality rate and
poor prognosis due to its delayed symptom onset, insufficient
screening and diagnostic approaches in early stage, and tumor
recurrence and metastasis caused by therapy‑resistance (3,4).
As a matter of fact, the presenting symptoms of OV at early
stage remain indistinguishable from the common gastro‑intes‑
tinal disorders, which minimizes the predictive or detective
value in early diagnosis of this type of human cancer (5). For
these reasons, OV is accepted as a silent or secret killer for
humans, and the development of efficient diagnostic and prog‑
nostic bio‑markers is crucial for improving early detection and
further clinical management of OV in patients (6).
Although the detailed etiology remains not clearly
understood, OV tumor display accelerated cell proliferation,
diminished cell apoptosis and metabolic reprogramming (7),
similar to other types of human cancer. It was reported that
the anti‑apoptotic protein, B‑cell lymphoma 2, is largely
overexpressed, along with the presence of survivin and
loss of pro‑apoptotic receptor CD95, in the late stages of
OV (8,9). Moreover, the energy metabolism of OV cells is
instrumentally different compared with regular healthy
cells in their dominant aerobic glycolysis independent from
mitochondrial oxidative phosphorylation (10). This hall‑
marked glycolytic process supplies the enormous essential
materials required for the massive proliferation of OV cells,
for example, nucleotides, amino acids, and lipids for DNA
replication, protein synthesis, and cell membrane formation,
respectively (11). At the meantime, elevated cellular metabo‑
lism in OV also influences the mitochondrial‑mediated cell
apoptosis (7). Additionally, through comparing metabolite
profiles, the OV stem cells were revealed undergoing more
aggressive glycolytic activities than the differentiated tumor
cells, which endow them with the capability of surviving
under extreme stress conditions such as like starvation,
hypoxia and chemotherapy (7,12).
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Transmembrane (TMEM) proteins act as the channel of
cells for transportation of cellular materials across membranes
and they are also the important components of endoplasmic
reticulum, mitochondrial and Golgi membranes (13). Several
protein members in TMEM family participate in various
biological processes, including autophagy, inflammatory
responses, protein glycosylation and drug resistance (14). Most
importantly, TMEMs are implicated in the development or
regulation of multiple types of human cancer through different
mechanisms (14). Certain TMEMs are downregulated or
detected with no expression in tumor tissues, such as TMEM7,
TMEM25, TMEM97 and TMEM176A, while they inhibit cell
proliferation and tumor growth in various types of human
cancer (15‑18). On the other hand, TMEM16A, TMEM45,
TMEM48, TMEM88, TMEM140 and TMEM158 are identi‑
fied as oncogenes in promoting tumor progression and further
metastasis (19‑25). These TMEMs are upregulated in different
types of human cancer and are associated with the prognostic
conditions of patients with cancer (14). TMEM14A is one
of them, which localizes in mitochondria, and prior studies
have reported its deregulation in hepatocellular carcinoma
and colorectal cancer (26,27). Specifically, our previous study
also revealed the pro‑tumorigenic functions of TMEM14A
in regulating cell cycle, proliferation, invasion and meta‑
static pathways in OV (28). However, its biological roles in
programmed cell death and cellular respiration have not been
fully understood.
In the present study, it was designated to explore the
relationship between TMEM14A and prognosis in patients
with OV, the functions of TEME14A in OV cellular activi‑
ties particularly cell apoptosis and energy metabolism, as
well as the underlying mechanisms of its bio‑functions. It
was demonstrated that the expression of TMEM14A in OV
tumorous tissues is elevated, and its expression is positively
correlated with the mortality rate of patients with OV. Further,
through establishing TMEM14A silencing and overexpres‑
sion in OV cells, our findings revealed that knockdown of
TMEM14A contributed to suppress the growth of human OV
cells through blocking the activity of glycolysis. Thus, the
present study established the recognition of TMEM14A in OV
development and offered a potential target for both diagnosis
and treatment of OV.
Materials and methods
Human ovarian tissue collection. A total of 25 pairs of
human OV tumorous tissues and para‑carcinoma tissues were
collected from June 2019 to October 2021) and used to examine
the expression level of TMEM14A. The patients were selected
using the following inclusion criteria: Age was over 18 years
and with a primary epithelial tumor of the ovary. Patients
were excluded if they had non‑epithelial ovarian tumors or
had non‑primary (metastatic or recurrent) tumor of the ovary.
Moreover, a total of 120 patients (including II: 65, III‑IV: 55)
with OV participated in a prospective study. Patients were
interviewed by clinicians at participating hospitals, and patient
reported and clinical variables were recorded in a standardized
questionnaire. The Kaplan‑Meier method was used to evaluate
overall survival. All the samples were provided by The People's
Hospital Affiliated to Fujian University of traditional Chinese

Medicine (Fuzhou, China). Written informed consent was
provided from all patients enrolled in the present study. The
research protocol was approved (approval no. 2019‑017‑02) by
the ethics committee of People's Hospital Affiliated to Fujian
University of traditional Chinese Medicine (Fuzhou, China)
according to the Declaration of Helsinki.
Cell culture. Cell lines (A2780, SKOV3 and CAOV3)
were purchased from the cell bank of Shanghai Biology
Institute. Cells were cultured in DMEM (Trueline) with the
supplementation of 2 mM l‑glutamine, 10% FBS (Thermo
Fisher Scientific, Inc.), and 1% penicillin/streptomycin
(Beijing Solarbio Science & Technology Co., Ltd.), main‑
tained at 37˚C with 5% CO2. The Wnt/β ‑catenin inhibitor
XAV9390 (cat. no. S1180; Selleck Chemicals) was dissolved
in DMSO (cat. no. D2650; Sigma‑Aldrich; Merck KGaA) and
used to inhibit the activity of Wnt/β‑catenin pathway in the
aforementioned human OV cell lines.
Reverse transcription‑quantitative PCR (RT‑qPCR).
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
was used for the extraction of total RNA from OV cells
and collected samples. Then, cDNA synthesis kit (Thermo
Fisher Scientific, Inc.) was used to reversely transcribe the
extracted RNA (1 ng/µl) into cDNA following the manufac‑
turer's protocol. Subsequently, qPCR was performed using a
SYBR Premix Ex Taq II with Tli RNaseH (Takara Bio, Inc.)
on an ABI Prism 7500 system (Thermo Fisher Scientific,
Inc.). The target genes were individually normalized to
β ‑actin. The relative transcript level of the target gene was
estimated using the 2 ‑ΔΔCq method (29). All the data were
presented as the mean value from triplicate. The thermocy‑
cling conditions were as follows: 95˚C for 10 min; followed
by 40 cycles at 95˚C for 15 sec and 60˚C for 45 sec and final
extension at 72˚C for 60 sec. The sequences of the primers
for qPCR were as follows: TMEM14A forward, 5'‑TGGATA
TAAG CGGAGAGG‑3' and reverse, 5'‑CCAT TACAGCAG
GATGAC‑3'; β‑catenin forward, 5'‑TGGCAGCAACAGTCT
TAC‑3' and reverse, 5'‑GCCC TCATCTAATGTC TCAG‑3';
lactate dehydrogenase (LDH) A forward, 5'‑CCTGTATGG
AGTG GAATG‑3' and reverse, 5'‑GGATGTGTAG CCT TT
GAG‑3'; and GAPDH forward 5'‑AATCCCATCACCATC
TTC‑3' and reverse, 5'‑AGGCTGT TGTCATACT TC‑3'.
Western blotting. Radioimmunoprecipitation lysis buffer
[JRDUN Biotechnology (Shanghai) Co., Ltd.] containing
Protease Inhibitor Cocktail without EDTA (Roche Diagnostics
GmbH) was used for the extraction of total proteins. The
enhanced bicinchoninic acid assay kit (Thermo Fisher
Scientific, Inc.) was used to estimate the concentration of the
total proteins. The extracted proteins with equal amounts of
25 µg were separated using 10% sodium dodecyl sulphate‑poly‑
acrylamide gel electrophoresis and then transferred overnight
to a nitrocellulose membrane (MilliporeSigma). The trans‑
ferred membrane was blocked with 5% non‑fat dry milk at
room temperature for 1 h and overnight probed by different
primary antibodies at 4˚C, followed by 1 h of incubation with
the secondary antibody (1:1,000; cat. no. A0208, anti‑rabbit
IgG; Beyotime Institute of Biotechnology) at 37˚C. The detec‑
tion of the expression value of proteins was performed using
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an enhanced system for chemiluminescence (Tanon Science
and Technology Co., Ltd.). The primary antibodies used were
as follows: GAPDH (1:5,000; cat. no. 60004‑1‑1G; ProteinTech
Group, Inc.), β ‑catenin (1:5,000; cat. no. ab32572), C‑myc
(1:500; cat. no. ab39688), LDHA (1:1,000; cat. no. ab101562),
survivin (1:5,000; cat. no. ab469) and TMEM14A (1:1,000;
cat. no. ab236904; all from Abcam). The intensities of the
signals were determined using a using the Bio‑Rad Universal
Hood II Gel Doc 2000 Imaging system (Bio‑Rad Laboratories,
Inc.) and the gray value was analyzed using ImageJ v. 1.8.0.112
(National Institutes of Health) after being visualized with
an electrochemiluminescence kit (Wuhan Boster Biological
Technology Ltd.).
TMEM14A silencing and overexpression. TMEM14A was
induced silencing and overexpression using RNA interfer‑
ence (RNAi) or lentiviral‑mediator vector according to
the previously described method (28). Briefly, Lentiviral
plasmid (pLKO.1) with siRNAs (1,000 ng) targeting three
distinctive regions of human TMEM14A (NM_014051),
including siTMEM14A‑1: TAGCACT GTCACC TCTAA
TAT; siTMEM14A‑2, AAGC TTA AAC TACAAC TTGTC;
siTMEM14A‑3, AAGT GGAGTT CACAGA ATGAT] and
siRNA negative control (siNC: CCTA AGGTTA AGT CG
CCCTCG) were constructed (Shanghai Majorbio Bio‑pharm
Technology Co., Ltd.). Lentiviral plasmid (pLVX‑puro) with
human TMEM14A complete sequence or a mock plasmid for
negative control (oeNC) was also constructed. Overexpressing
lentivirus plasmid pLVX‑Puro (Clontech; Takara Bio USA,
Inc.) was generated by cleavage of the pLVX‑Puro plasmid
using EcoR I/BamH I. Lentivirus packaging was performed
using the second‑generation lentivirus packaging kit (Addgene,
Inc.), pLVX‑Puro‑TMEM14A (1,000 ng), psPAX2 (packaging
vector, 100 ng), pMD2G (envelope vector, 900 ng) and incu‑
bated with 1 ml of Lenti‑Easy Packaging Mix (Shanghai
GeneChem Co., Ltd.) for 15 min at 37˚C. The mixture was
then incubated for another 20 min in Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C following
the manufacturer's instructions. All the following experiments
were conducted after 48 h post‑transfection. It was applied
into 293T cell (American Type Culture Collection) culture
medium for 6 h at 37˚C. Subsequently, 293T cells were seeded
(2x105 cells/well) in a 12‑well plate and cultured to 80% conflu‑
ence. After incubation in serum‑free DMEM for 4 h, cells were
transfected as aforementioned with lentiviruses for 3 days.
Transfected cells were filtered using a 0.45 µM mesh, which
were concentrated at 70,000 x g at 4˚C for 2 h. The super‑
natant was collected for detecting viral titers. The CAOV3
cells were cultured with diluted lentiviruses and screened the
lentivirus transfection rate at 72 h. The transfection efficacy of
TMEM14A was finally examined by using RT‑qPCR once the
lentivirus transfection rate was over 80%.
Cell proliferation. To examine the function of TMEM14A
in OV cell proliferation, Cell Counting Kit‑8 (CCK‑8) assay
(SAB Biotherapeutics, Inc.) was performed according to the
manufacturer's protocol. In brief, cells (2x103) were seeded in
96‑well plates and maintained for 0, 12, 24 and 48 h at 37˚C.
Then, cells were incubated with CCK‑8 solution (1:10) for 1 h.
The OD values at 450 nm were measured by a microplate
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reader (Beijing Pulang New Technology Co., Ltd.). Triplicate
tests were needed for each time.
Cell apoptosis. Cell apoptosis was evaluated usingAnnexin
V‑FITC/PI staining (cat. no. C1062; Beyotime Institute of
Biotechnology) after viral infection for 48 h following the
manufacturer's protocol. Cells (5x10 4) were collected by
centrifugation at 1,000 g for 5 mins at room temperature. Then,
the positive‑stained cells were determined by a flow cytom‑
eter (BD Biosciences). CytExpert software 2.0 (Beckman
Coulter, Inc.) was used for analysis. Annexin V‑FITC+ and
PI‑ populations indicated apoptosis. Annexin V‑ and PI‑ popu‑
lations were healthy cells that were considered negatively
stained. Annexin V+ and PI− cells indicated cells in early
apoptosis. Moreover, Annexin V+ and PI+ staining indicated
cells in necrosis (post‑apoptotic necrosis or late apoptosis). All
the data were presented as the mean from triplicate.
Immunofluorescent staining. Paraffin‑embedded OV tissues
wax blocks were cut into 4‑µm thick tissue pieces and placed
on glass sides. Slides were then subjected to immunohisto‑
chemical (IHC) staining to evaluate Ki‑67 expression. Slides
were were dehydrated twice in anhydrous ethanol for 5 min,
85% ethanol for 5 min and 75% ethanol for 5 min. After
washing in ddH2O, sections were immersed in citrate buffer
(pH 6.0; cat. no. E673000; Sangon Biotech Co., Ltd.) for
15 min antigen retrieval at room temperature. They were incu‑
bated in 3% H2O2 in the dark for 25 min at 37˚C and blocked in
3% BSA (Sangon Biotech Co., Ltd.; cat. no. E661003) at 37˚C
for 30 min. Then slides were incubated with Ki‑67 primary
antibodies (1:100; cat. no. 27309‑1‑AP; ProteinTech Group,
Inc.) in a humidified chamber overnight at 4˚C. Slides were
then washed 3 times with PBS before they were incubated
with Alexa Fluor 488‑conjugated goat anti‑rabbit IgG (H + L)
secondary antibody (1:200; cat. no. A0423; Beyotime Institute
of Biotechnology) for 1 h at 4˚C in darkness. Next, slides were
stained with 4',6‑diamidino‑2‑phenylindole (DAPI, 1:400
dilution) to visualize the nuclei. Finally, slides were sealed
by anti‑fluorescence quenching seal tablet (cat. no. G1401;
Wuhan Servicebio Technology Co., Ltd.) before they were
observed and images captured under a laser scanning confocal
microscope (NIKON ECLIPSE C1; Nikon Corporation) and
an imaging system (NIKON DS‑U3; Nikon Corporation).
In vitro measurements of oxygen consumption and
extracellular acidification. Seahorse XF24 analyzer (Agilent
Technologies, Inc.) was used to measure the oxygen consump‑
tion rate (OCR) and extracellular acidification rate (ECAR) of
human OV cells. In this case, OV cells (5x105) were plated
in DMEM supplemented with 10% human serum in six‑well
plates for 24 h.
For each assay, after treatment, cells were counted and equal
number of viable cells were used and plated onto XF micro‑
plates coated with Cell‑Tak (BD Biosciences) and allowed to
adhere for 4‑6 h. DMEM medium was replaced with XF base
(OCR) or glycolysis base (ECAR) media. A total of 3 technical
replicates for each condition were plated. Oligomycin (an ATP
coupler) was added, followed by FCCP (an ETC accelerator),
which was then analyzed using Seahorse XFp 24 (Agilent
Technologies, Inc.). Increase in OCR above basal respiration
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after FCCP addition is spare respiratory capacity while total
is maximal respiratory capacity. ECAR was measured under
basal condition which increases after addition of glucose that
provides glycolytic flux. Addition of oligomycin measures the
glycolytic capacity.
In brief, all the measurements were performed by using and
following the manufacturer's protocol. Data were analyzed based
on the XF24 Software and Operation Manual from Seahorse.
Dual‑luciferase reporter gene assay. Potential binding sites
for c‑Myc in the TMEM14A promoter were predicted using
GeneCards database (www.genecards.org). According to the
predictions, DNA fragments containing wild‑type (WT) or
mutant sequences for c‑Myc binding were synthesized and
cloned into luciferase reporter vectors (pGL3‑Basic; Addgene,
Inc.). These constructs (namely, WT and Mut promoter), were
introduced with an internal reporter plasmid and oec‑Myc into
human CAOV3 cells by using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) for 48 h and luciferase activities
were measured 48 h after transfection using a dual‑luciferase
reporter gene kit (Beijing Yuanpinghao Biotechnology Co.,
Ltd.). Firefly luciferase activity was normalized to Renilla
luciferase activity. Relative Firefly and Renilla luciferase
activities were measured using the Dual‑Luciferase Reporter
Gene Assay kit (Promega Corporation).
Xenograft mice model. The animal trial was approved by the
ethics committee of People's Hospital Affiliated to Fujian
University of traditional Chinese Medicine (Fuzhou, China)
and conducted following the guidelines of the institute. All
the animals involved in the present study were husbanded
and treated following the guidelines of Institutional Animal
Care and Use Committee (IACUC). All the animal work took
place in The People's Hospital Affiliated to Fujian University
of traditional Chinese Medicine (Fuzhou, China). Nude mice
(4‑5 weeks‑old; weight, 18‑22 g; n=36) were purchased from
Shanghai Laboratory Animal Company. Equal amounts of
~2x106 A2780 cells with siNC‑ and siTMEM14A transfection
or CAOV3 with oeNC or oeTMEM14A were subcutaneously
injected into the mice (n=6/group) at the right flank. After
injection, the animals were housed at the condition of 21˚C,
45‑55% humidity with 12‑h light/dark cycles, with lights on
at 7:00 am. Standard food and filtered water were available
ad libitum. The weight and growth status of the mice were
monitored every day. After 12 days, the volumes of the tumors
were measured every 3 days using a vernier caliper until the
experiment had reached 33 days. Then, mice were euthanized
with intraperitoneal injection of 120 mg/kg sodium pentobar‑
bital before the tumor was removed. The hearts of the mice
were then monitored, and death was confirmed by cardiac
arrest. Tumor volume was calculated as follows: Tumor volume
(mm3)=Tumor length (mm) x Tumor width (mm)2/2. All the
tumor tissues were then fixed by 4% formalin for 30 min at 4˚C
and used in the following analyses.
IHC assay. The tumorous or normal OV tissue sections
(4‑7 µm in thickness) were incubated with TMEM14A
(1:350, cat. no. PA5‑112745; Thermo Fisher Scientific, Inc.) or
c‑MYC (1:1,000; cat. no. D84C12; Cell Signaling Technology,
Inc.) antibodies overnight at 4˚C, followed by incubation

with HRP‑labeled secondary antibodies (cat. no. D‑3004;
Long Island Biotech) for 30 min at 25˚C. For IHC staining,
3,3'‑diaminobenzidine (DAB) substrate (Shanghai Long
Island Biotechnology Co., Ltd.) and hematoxylin 714094
(BASO Diagnostic Inc.) were used. The ECLIPSE Ni‑E/Ni‑U
microscope with DS‑Ri2 imaging system (Nikon Corporation)
was used to visualize TMEM14A or c‑Myc‑positive cells. The
results were read by two independent pathologists according
to a previous report (30). Stain intensity and the percentage
of positive cells were scored as follows: i) for stain intensity,
negative, score 0; light brown, score 1; brown, score 2; deep
brown, score 3; ii) for percentage of positive cells, scored each
criterion on a scale of 0 to 3, ≤5%, scored 0; 6‑25% scored 1,
26‑50% scored 2 and >50% scored 3. The final IHC‑score (0‑9)
were calculated by multiplying the scores of the percentage of
positive cells by the stained intensity.
Chromatin immunoprecipitation (CHIP) assays. A total of 4x106
human CAOV3 cells were used in this section. Firstly, CAOV3
cells were cross‑linked by 1% formaldehyde and then stopped
by using glycine solution (125 mM; cat. no. 161‑0718; Bio‑Rad
Laboratories, Inc.). After that, cells were washed with cold PBS
for 2 times and then sonicated at the condition of 4.5 sec impact,
9 sec per interval, 14 times in total to collect adequate fragment
sizes of DNA. Total genomic DNA was collected by using
SimpleChIP® Plus Sonication Chromatin IP kit (cat. no. 56383;
Cell Signaling Technology, Inc.) according to the manufac‑
turer's protocol. ChIP was carried out with anti‑c‑Myc antibody
(cat. no. 8173) or anti‑IgG (2729; both from Cell Signaling
Technology, Inc.). DNA was eluted and purified, analyzing the
presence of previously identified putative antioxidant response
elements by RT‑qPCR with specific primers. Three independent
immunoprecipitations were needed for each sample.
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL). TUNEL for collected tissue sections was conducted
using an Tunel kit (cat. no. 11684817910; Roche Diagnostics),
principally following the instructions of the supplier, and the
cell counting was performed in triplicate. Cells were cultured
in 24‑well plates (1x105 cells per well) and fixed with 4% para‑
formaldehyde for 15 min at 25˚C. TUNEL solution was added
to each well at 37˚C for 60 min. After rinsing with PBS, the
cells were stained with DAPI (1:500) for 5 min at 37˚C. The
slides were mounted using Fluoromount‑G™ (Thermo Fisher
Scientific, Inc.). A total of 3 random fields of view were captured
with a fluorescence microscope (Olympus Corporation) and the
percentage of TUNEL‑positive cells was calculated.
Statistical analyses. All the data analyses were conducted
using GraphPad software (version 7.0; GraphPad Software,
Inc.). Data expressed as the mean ± standard deviation
from at least triplicate. One‑way ANOVA was performed
for multiple comparisons among groups using the Tukey's
multiple comparisons test. P<0.05 was considered to indicate a
statistically significant difference.
Results
Highly expressed TMEM14A in OV is correlated with the
poor prognosis of patients with OV. In order to investigate
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Table I. Correlation between TMEM14A expression and clinicopathological features in 120 patients with ovarian cancer.

Parameters

Group

N

Expression level of
TMEM14A
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Low
High

P‑value

Age, years					
No significance
<60
69
32
37
≥60
51
21
30
Tumor size, cm					
0.0462
≤4
78
50
28
>4
42
19
23
T stage					
0.0053
II
65
17
48
III‑IV
55
28
27
Recurrent					 <0.001
Negative
74
46
28
Positive
46
10
36
TMEM14A, transmembrane protein 14A.

Figure 1. Upregulation of TMEM14A in OV tissues and its correlation with prognosis of patients with OV. (A) The relative mRNA levels of TMEM14A in
paired (n=25) human OV tumorous and para‑carcinoma tissues. (B) Immunohistochemical staining assay was used to examine the protein expression of
TMEM14A in para‑carcinoma and OV tissues (Scale bar, 50 µm). (C) Correlation between TMEM14A high (n=75) or low (n=45) levels and survival prob‑
ability of patients with OV. (D) Correlation between TMEM14A high (n=48) or low (n=17) levels and survival probability of patients with OV at stage II.
(E) Correlation between TMEM14A high (n=27) or low (n=28) and survival probability of patients with OV at stage III‑IV. ***P<0.001. TMEM14A, transmem‑
brane protein 14A; OV, ovarian cancer.

the relationship between TMEM14A and OV, the expression
levels of TMEM14A in paired tumorous and para‑carcinoma
tissues from patients with OV were analyzed. It was observed
that the relative mRNA level of TMEM14A was significantly
(P<0.001) higher in the tumorous OV tissues in comparison
with that in the adjacent tissues (Fig. 1A). Next, IHC assay
was used to examine the protein expression ofTMEM14A in
tumor and para‑cancerous tissues. In 93 patients, 40 tumorous
tissues were observed to exhibit high level ofTMEM14A
expression, whereas 53 tissues were identified with low level
of TMEM14A expression (Fig. 1B). Moreover, the overall
survival rate of 120 patients with OV (including II stage: 65,

III‑IV stage:55) were examined by using the Kaplan‑Meier
method. The related clinicopathological features of patients are
listed in Table I. The results suggested that high expression of
TMEM14A is positively correlated with the tumor size, tumor
stage and recurrence, while not identified in age of patients
with OV. A significantly lower survival rate was observed in
OV patients with high expression of TMEM14A compared
with that observed in patients with low TMEM14A expres‑
sion throughout the 60‑month experiment duration (Fig. 1C).
More importantly, the correlation between TMEM14A and
prognosis of patients with OV showed a higher significance
at stage II compared with that in stage III‑IV (Fig. 1D and E).
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Figure 2. Effects of TMEM14A silencing on apoptosis and metabolism of ovarian cancer cells. A2780 and SKOV3 cells were transfected with siNC or
siTMEM14A‑2. (A and B) Proliferation of (A) A2780 and (B) SKOV3 cells. (C) Cell apoptosis. (D) ECAR. (E) OCR. (F and G) Western blot quantification of
protein expression levels of TMEM14A, survivin, LDHA, β‑catenin and c‑Myc in (D) A2780 and (E) SKOV3 cells. *P<0.05, ***P<0.001 vs. siNC. TMEM14A,
transmembrane protein 14A; si‑, small interfering; NC, negative control; ECAR, extracellular acidification rate; OCR, oxygen consumption rate; LDHA,
lactate dehydrogenase A.

TMEM14A knockdown promotes cellular apoptosis but
inhibits energy metabolism of OV cells. TMEM14A gene was
further silenced in A2780 and SKOV3 cells for exploring its
functions in human OV. As revealed in Fig. 2A and B, the
proliferation of A2780 and SKOV3 cells was significantly
decreased after transfection with siTMEM14A. Moreover, the
apoptotic rates of both cells with TMEM14A knockdown were
significantly (P<0.001) promoted compared with those in the
control cells (Fig. 2C). Furthermore, glycolysis (Fig. 2D) and
oxygen respiration (Fig. 2E) in TMEM14A‑silenced A2780
and SKOV3 cells were markedly reduced, reflected by the
declined ECAR and OCR, respectively, in comparison with
those in the control cells. In addition, through western blot
analysis, it was detected that TMEM14A silencing could also
induce significant (P<0.001) downregulation of the cellular
protein levels of survivin, LDHA, β ‑catenin and c‑Myc in
A2780 (Fig. 2F) and SKOV3 (Fig. 2G) cells.

further evaluated based on mice model. The volume of tumor
collected from the mice injected with TMEM14A‑silenced
A2780 cells was significantly (P<0.01) decreased after 24 days
until 33 days (Fig. 3A). Similarly, at the 33rd day, the weight of
tumor collected from the mice injected with TMEM14A‑silenced
A2780 cells was also significantly (P<0.001) decreased
(Fig. 3B). Moreover, the positive Ki‑67 staining cells were
significantly downregulated in siTMEM14A‑injected tumor
(Fig. 3C). Using TUNEL assay, the significantly (P<0.001)
elevated cell apoptotic rate in tumors collected from the mice
injected with TMEM14A‑silenced A2780 cells (Fig. 3D) could
be detected. Additionally, the protein levels of TMEM14A,
survivin, LDHA, β‑catenin and c‑Myc were also found to be
significantly (P<0.001) lower in tumors collected from the
mice injected with TMEM14A‑silenced A2780 cells, when
compared with those in collected tumors from the control
mice (Fig. 3E).

TMEM14A silencing suppresses tumorigenicity of OV in mice.
The in vivo functions of TMEM14A in OV development was

TMEM14A promotes OV in vitro possibly through regulating
Wnt/β‑catenin pathway. Gene enrichment analysis indicated
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Figure 3. Effects of TMEM14A silencing on tumorigenicity of ovarian cancer in vivo. Nude mice (n=6/group) were injected with siNC or siTMEM14A‑trans‑
fected A2780 cells. (A) Tumor volume. (B) Tumor weight. (C) Ki‑67 staining assay was used to examine the proliferation of siNC or siTMEM14A tumor.
(D) TUNEL staining and correspondent quantification of apoptotic ratio of murine tumors. (E) Western blot protein quantification of the expression levels of
TMEM14A, survivin, LDHA, β‑catenin and c‑Myc in murine tumors. **P<0.01 and ***P<0.001 vs. siNC. TMEM14A, transmembrane protein 14A; si‑, small
interfering; NC, negative control; LDHA, lactate dehydrogenase A.

that TMEM14A is positively correlated with Wnt/β‑catenin
pathway in OV (Fig. S1C). To further examine this relation‑
ship, TMEM14A overexpression was induced in CAOV3
cells (Fig. 4A and B). The apoptotic rate of CAOV3
cells with TMEM14A overexpression was significantly
(P<0.05) suppressed, compared with that in the control
cells (Fig. 4C). Moreover, ECAR indicating glycolysis
(Fig. 4D) and OCR indicating oxygen respiration (Fig. 4E)
in TMEM14A‑overexpressed CAOV3 cells were markedly
elevated, in comparison with those in the control cells. In
addition, the overexpression of TMEM14A also induced
significant (P<0.001) upregulation of the cellular survivin,
LDHA, β‑catenin and c‑Myc protein levels in CAOV3 cells
(Fig. 4F).
At the other hand, the CAOV3 cells with or without
TMEM14A overexpression were treated by Wnt/β ‑catenin
inhibitor XAV9390, to explore the underlying mechanism

in OV‑promotive effect of TMEM14A. It was observed that
XAV9390 treatment could significantly (P<0.001) stimu‑
late cell apoptosis (Fig. 4C), decrease ECAR (Fig. 4D) and
OCR (Fig. 4E), and downregulate related protein (survivin,
LDHA, β‑catenin and c‑Myc) levels in CAOV3 cells (Fig. 4F).
Furthermore, the Wnt/β‑catenin inhibitor XAV9390 was also
capable of significantly (P<0.001) counteracting the aforemen‑
tioned OV‑promotive effects of TMEM14A overexpression,
including partially rescuing cell apoptosis (Fig. 4C), energy
metabolism (Fig. 4D and E) and related protein levels (Fig. 4F).
The glycolysis inhibitor 2‑deoxyglucose (2‑DG) suppresses
the function of TMEM14A in human OV cells. More impor‑
tantly, functional analysis also demonstrated that TMEM14A
is also positively correlated with glycolysis metabolism
(Fig. S1A). To further examine the function of TMEM14A
in the glycolysis of human OV cells, the glycolysis inhibitor
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Figure 4. Effects of TMEM14A overexpression and Wnt/β‑catenin inhibitor XAV9390 in ovarian cancer cells. CAOV3 cells were transfected with oeTMEM14A.
(A) The relative transcriptional level of TMEM14A. (B) The protein level of TMEM14A. (C) Cell apoptosis. (D) ECAR. (E) OCR. (F) Western blot protein
quantification of the expression levels of survivin, LDHA, β ‑catenin and C‑myc. *P<0.05 vs. oeNC; ***P<0.001 vs. oeNC; !!!P<0.001 vs. oeTMEM14A.
TMEM14A, transmembrane protein 14A; ECAR, Extracellular acidification rate; OCR, Oxygen consumption rate; oe, overexpression; NC, negative control;
LDHA, lactate dehydrogenase A.

2‑DG was used to block the activity of glycolysis in human
OV cells that transfecting with oeNC or oeTMEM14A. As
revealed in Fig. 5A, overexpression of TMEM14A significantly
suppressed the apoptosis of human CAOV3 cells, while this
function was significantly abolished by the inhibitor 2‑DG.
Moreover, the 2‑DG also deeply suppressed the proliferation of
oeTMEM14A‑transfecting CAOV3 cells (Fig. 5B). Importantly,
both the activity of ECAR and OCR of oeTMEM14A‑trans‑
fected cells were also significantly suppressed in the presence
of the inhibitor 2‑DG (Fig. 5C and D). Furthermore, results
obtained in vivo suggested that the glycolysis inhibitor 2‑DG
significantly suppressed the tumor volume and weight of
oeTMEM14A tumor (Fig. 5E‑G). More importantly, Ki‑67
staining assay indicated that the inhibitor 2‑DG significantly
suppressed the proliferation of CAOV3 cells in oeTMEM14A
tumor in vivo. Collectively, all results indicated that the
function of TMEM14A was suppressed by the inhibitor 2‑DG
both in vitro and in vivo.
c‑Myc is positively correlated with TMEM14A in OV tissues.
To explore the promoter of TMEM14A, c‑Myc is discovered

as a transcript factor. The present results suggested that
TMEM14A is upregulated in oec‑Myc‑transfected cells
(Fig. S2A‑D). Once mutating the binding site of TMEM14A
for c‑Myc, the promoter activity of TMEM14A was deeply
suppressed in oec‑Myc‑transfected cells (Fig. S2E). Results
obtained from CHIP assay demonstrated that c‑Myc could
bind on the promoter region of TMEM14A (Fig. S2F).
Clearly, knockdown of TMEM14A significantly inhibited
the proliferation and ECAR value in human OV cells, while
these effects were remarkably rescued after transfecting with
oec‑Myc (Fig. S2G and H). Notably, correlation analysis
suggested that the expression of c‑Myc is positively correlated
with TMEM14A in human OV tissues (Fig. S2I and J). Taken
together, these results demonstrated that c‑Myc is involved in
the molecular network of TMEM14A in human OV tissues.
Discussion
According to previous studies, the upregulation of TMEM14A
is associated with colorectal cancer and hepatocellular carci‑
noma, which serves as a tumor marker candidate in predicting
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Figure 5. Glycolysis inhibitor 2‑DG disrupts the function of TMEM14A in human ovarian cancer cells. (A) The inhibitor 2‑DG promoted the apoptosis of
human CAOV3 cells after transfection with oeNC or oeTMEM14A. (B) The inhibitor 2‑DG decreased the proliferation of CAOV3 in oeNC or oeTMEM14A
transfected cells. (C and D) The inhibitor 2‑DG decreased the activities of (C) ECAR and (D) OCR in oeNC or oeTMEM14A transfected cells. (E‑G) Both
the (E and F) tumor volume and (G) weight of oeNC and oeTMEM14A were suppressed by the inhibitor 2‑DG. (H) Ki‑67 staining assay was used to examine
the proliferation of tumors as aforementioned. *P<0.05, ***P<0.001 vs. oeNC + Vehicle; !P<0.05, !!P<0.01 and !!!P<0.001 vs. oeTMEM14A + Vehicle. 2‑DG,
2‑deoxyglucose; oe, overexpression; NC, negative control; TMEM14A, transmembrane protein 14A; ECAR, Extracellular acidification rate; OCR, Oxygen
consumption rate.

recurrence (26,27). Meanwhile, our previous bioinformatics
study also revealed that TMEM14A is overexpressed in
OV tissues (28). Accordingly, in the present study, through
analyzing the paired tumorous and adjacent tissues in patients
with OV, it was also confirmed that TMEM14A is highly
expressed in tumorous OV tissues. Furthermore, it was also
demonstrated that the high expression of TMEM14A in
patients with OV is tightly connected with their high mortality
rate, indicating the potential of TMEM14A as an efficient
prognostic biomarker for OV.
Apoptotic program exists in all types of cells, whereas the
resistance towards apoptosis is one of the critical trademarks
of OV cells, which contributes to their chemoresistance and
tumor recurrence (31). Therefore, various drugs are targeting
apoptotic pathways in OV for its current clinical therapies (32).
In the current study, it was observed that TMEM14A over‑
expression in OV cells suppressed their apoptotic process,

while TMEM14A knockdown could induce high rates of
cellular apoptosis both in vitro and in vivo in murine OV
tumor. These findings revealed that TMEM14A plays an
important role in OV by influencing its apoptotic program,
which is supported by the previous study (32) demonstrating
that TMEM14A could suppress cell apoptosis by stabilizing
mitochondrial membrane potential. Moreover, survivin is one
of the apoptotic inhibitor proteins which blocks apoptotic
process in cells through inhibiting caspase‑9 and its antago‑
nists are beneficial for OV therapies (33). Accordingly, it was
detected that TMEM14A could also affect the cellular level of
surviving, through which it ultimately regulated the apoptotic
rate of OV cells.
Cancer cells reply on glycolysis for sustaining their
enormous demands for cell proliferation and evading signals
that trigger cell death (34). At the same time, their oxidative
phosphorylation is independent from the elevated glycolytic
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activities, which is also accelerated in the cancer cells (35).
The measurement of ECAR and OCR is considered as the
most powerful method for monitoring cellular glycolytic and
respiratory rates (36). It was demonstrated that TMEM14A
knockdown and overexpression could inhibit and promote
both ECAR and OCR in OV cells, respectively, indicating its
pro‑oncogenic functions in motivating both glycolysis and
oxygen respiration. On the other hand, LDH is the critical
enzyme functioning in the metabolic reprogramming of tumor
cells, which converts pyruvate into lactate and regulates the
exchange of nutrients (37). Moreover, LDH is elevated in the
peritoneal fluid of OV and it is correlated with the clinical
stage and grade of OV (38,39). In the present study, it was
observed that TMEM14A induced the upregulation of LDHA
both in OV cells and the murine tumor, which is in support of
its role on promoting OV glycolytic process.
Wnt canonical (β‑catenin‑dependent) signaling pathway is
the essential regulator of cell cycle and differentiation, while
its deregulation and dysfunction can induce the initiation
and progression of various types of human cancer, including
OV (40,41). The aberrant cellular level and hyperactivity of
β‑catenin, the core factor for Wnt canonical pathway, initiates
its translocation into nucleus where it binds and collaborates
with various oncogene regulators for inducing oncogenesis in
the cells (42,43). Our findings on that TMEM14A silencing
could downregulate cellular β‑catenin while its overexpression
elevated β‑catenin levels in OV cells illustrated the regulatory
roles of TMEM14A in activating Wnt/β ‑catenin signals. In
fact, they are in line with previous findings on that TMEM
proteins may be critical for Wnt signaling transduction to
further stabilize β‑catenin in cells (44,45). At the other hand,
Wnt/β ‑catenin pathway modulates multiple downstream
protein effectors that directly regulate cell cycle and meta‑
bolic remodeling in OV, among which c‑Myc proactively
regulates carcinogenesis (46). Accordingly, it was identified
that TMEM14A also influenced the cellular level of c‑Myc
in OV cells. Additionally, the simultaneous treatment of
Wnt/β‑catenin inhibitor counteracted the OV‑promotive effect
of TMEM14A overexpression, which further confirms the
participation of TMEM14A in OV tumor cell programmed
death and energy metabolism via the Wnt canonical pathway.
Collectively, the comprehensive biological functions of
TMEM14A in facilitating OV activities through regulating
the Wnt/β ‑catenin pathway were revealed. Based on these
findings, the present study contributed in seeking and devel‑
oping OV diagnostic and prognostic biomarkers for clinical
management as well as locating therapeutic targets for OV
treatment. Overall, the short number of clinical samples that
were used in present research limited the significance of our
findings. Therefore, it will be of great value to further confirm
the authenticity of our data in a larger number of clinical
samples.
To summarize, the elevated expression of TMEM14A
in OV tumorous tissues, its significant correlation with OV
prognosis, as well as its pro‑oncogenic roles in OV cellular
activities, were demonstrated. These bio‑functions include
promoting cellular aerobic glycolysis and oxygen respira‑
tion, suppressing cell apoptosis in vitro and facilitating
tumorigenicity in mice. Moreover, the underlying mechanism
of these tumor‑promotive effects may be dependent on

the regulation of the Wnt/β ‑catenin signaling pathway by
TMEM14A.
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