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Ovarian clear cell carcinoma (OCCC) reportedly develops from endometrio-

sis. However, the molecular mechanism underlying its malignant progression

to OCCC remains elusive. This study aimed to identify an essential gene in

the malignant transformation of endometriosis to OCCC. We performed

RNA sequencing in formalin-fixed, paraffin-embedded (FFPE) tissues of

endometriosis (n = 9), atypical endometriosis (AtyEm) (n = 18), adjacent

endometriosis to OCCC (AdjEm) (n = 7), and OCCC (n = 17). We found

that tetraspanin 1 (TSPAN1) mRNA level was significantly increased by 2.4-

(DESeq2) and 3.4-fold (edgeR) in AtyEm and by 80.7- (DESeq2) and 101-

fold (edgeR) in OCCC relative to endometriosis. We confirmed that

TSPAN1 protein level was similarly overexpressed in OCCC tissues and cell

lines. In immortalized endometriosis cell lines, TSPAN1 overexpression

enhanced cell growth and invasion. Mechanistically, TSPAN1 triggered

AMP-activated protein kinase (AMPK) activity, promoting endometriosis

and cell growth. Upregulated levels of TSPAN1 are considered an early

event in the development of high-risk endometriosis that could progress to

ovarian cancer. Our study suggests the potential of TSPAN1 as a screening

candidate for high-risk endometriosis.

1. Introduction

Endometriosis, a benign gynecological disease, occurs

in 10% of women of reproductive age. In endometrio-

sis, endometrial cells exist outside of the endometrium

of the uterus, resulting in chronic pain and infertility

[1]. Although its cause is unknown, endometriosis is

considered to be related to genetics, environment,

immunology, angiogenesis, and endocrine disturbance

[2]. Similar to malignant tumors, endometriosis also
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has characteristics of heterogeneity, adhesion, invasion,

and metastasis in its benign form and can potentially

transform into malignant cancer [2]. An association

between endometriosis and ovarian cancer was initially

proposed in 1925 [3]. Transition from endometriosis to

ovarian cancer was confirmed in 1953 [4]. Meta-analy-

ses have reported that endometriosis is closely related

to an increased risk of ovarian cancers when it occurs

in its clear, endometrioid, and low-grade serous form

[5]. It is, therefore, important to screen for high-risk

endometriosis that could progress to cancer.

Ovarian clear cell carcinoma (OCCC) is a histologi-

cal subtype of ovarian carcinoma showing distinctive

epidemiological and clinical characteristics [6]. Among

early-stage ovarian cancer subtypes, OCCC has a

favorable prognosis. However, among advanced-stage

ovarian cancer subtypes, OCCC has a poor prognosis

due to resistance to antiplatinum and taxane-based

chemotherapy [7,8]. OCCC has differing prevalence

rates depending on race and ethnicity, and has greater

prevalence in Asia than in western countries [9,10]. A

significant increase in the OCCC prevalence may be

due to factors related to ovulation and menstruation

[11]. OCCC is often diagnosed at an early-stage, but it

occurs in young women with an average age of

55 years than high-grade serous ovarian carcinoma,

which usually occurs at an average age of 64 years

[9,12].

Ovarian clear cell carcinoma is a common cancer

that accounts for 40–50% of endometriosis-associated

ovarian cancers (EAOC) [13–15]. The histological pre-

cancerous lesion of OCCC is known as atypical

endometriosis (AtyEm) [13] and is observed in 12–
35% of ovarian endometriosis cases [2]. The transfor-

mation of endometriosis to malignant neoplasm

involves an intermediate endometriosis lesion, such as

AtyEm, and is further influenced by hormone levels,

oxidative stress, genetic alteration, and immune dys-

regulation [16]. Activation of the oncogenic KRAS and

PI3K pathways and inactivation of the tumor suppres-

sor genes PTEN and ARID1A may be the main patho-

genic mechanisms of this progression [17].

Accordingly, genetic mutations can explain their

occurrence [18,19]. In previous studies, gene expression

profiling has been conducted to understand the molec-

ular mechanisms associated with the transition from

endometriosis to OCCC [20,21]. However, these mech-

anisms have not yet been clearly explained.

In this study, we aimed to discover new mecha-

nisms associated with the transformation of

endometriosis to malignant OCCC. We sought to

screen for high-risk endometriosis and identify candi-

date genes that may serve as targets for preventive

treatment, thus blocking the progression of

endometriosis to cancerous tumors.

2. Materials and methods

2.1. Patients and tumor specimens

This study was approved by the Institutional Review

Board of Gangnam Severance Hospital (3-2015-0298;

Seoul, Republic of Korea). The experiments were

undertaken with each patient’s understanding and

written consent, which was following the Declaration

of Helsinki. All formalin-fixed, paraffin-embedded tis-

sue samples were provided by the Korea Gynaecologic

Cancer Bank through the Bio & Medical Technology

Development Program of the Korean Ministry of Edu-

cation, Science and Technology. For RNA sequencing,

the FFPE tissue blocks comprised endometriosis

(n = 9), AtyEm (n = 18), adjacent endometriosis to

OCCC (AdjEm) (n = 7), OCCC (n = 17), and ovarian

endometrioid carcinoma (OEC) (n = 12). For tissue

microarray (TMA), the FFPE tissue blocks comprised

endometriosis (n = 83), AtyEm (n = 13), AdjEm

(n = 4), OCCC (n = 51), and OEC (n = 53).

2.2. Laser-capture microdissection (LCM) and

RNA extraction

All FFPE tissue slides were stained with hematoxylin

and reviewed by an experienced gynecological patholo-

gist. The selected lesions from whole tissues were

excised by LCM. For LCM, the FFPE tissues were

sectioned and placed on slides with polyethylene

terephthalate membrane (Leica Microsystems Inc.,

Buffalo Grove, IL, USA). LCM was performed using

a Leica AS LMD laser microdissection system (Leica

Microsystems Inc.) according to the manufacturer’s

instructions. A RNeasy FFPE kit (Qiagen, Valencia,

CA, USA) was used to isolate total RNA from FFPE

tissues according to the manufacturer’s instructions.

2.3. Ion AmpliSeqTM transcriptome library

preparation

Total RNA was calculated as the percentage of RNA

fragments longer than 200 nt using smear analysis of

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa

Clara, CA, USA). DNA samples were quantified using

a Qubit� dsDNA HS Assay Kit (Life Technologies,

Carlsbad, CA, USA). An Ion AmpliSeqTM Transcrip-

tome library was constructed with the Ion Transcrip-

tome Human Gene Expression Kit (Life
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Technologies), as per the manufacturer’s protocol.

Total RNA (10 ng) was reverse transcribed to synthe-

size cDNA by random priming. The cDNA product

was used to amplify target genes using an Ion Ampli-

SeqTM Human Gene Expression Core Panel with an

Ion AmpliSeqTM Library Kit Plus. After primer diges-

tion, adapters and molecular barcodes were ligated to

the amplicons, followed by magnetic bead purification.

This library was amplified for five cycles and purified.

Amplicon size and DNA concentration were measured

using an Agilent High Sensitivity DNA Kit (Agilent

Technologies) according to the manufacturer’s recom-

mendation.

2.4. Ion proton sequencing

Sample emulsion PCR, emulsion breaking, and enrich-

ment were performed using an Ion PITM Template

OT2 200 Kit v3 (Life Technologies, Part #4488318

Rev. B.0) according to the manufacturer’s instructions.

Multiple barcoded libraries were combined with equal

molar ratios for one Ion PITM v2 chip. Two-pooled

Ion AmpliSeqTM Exome libraries were loaded onto a

single Ion PITM v2 chip. Five-pooled Ion AmpliSeqTM

Transcriptome libraries were loaded onto a single Ion

PITM v2 chip. Subsequent emulsion PCR and enrich-

ment of the sequencing beads of the pooled libraries

were performed using the Ion OneTouchTM system

(Life Technologies) within approximately 7 h, accord-

ing to the manufacturer’s protocol. Finally, 520 Flows

sequencing was done on the Ion PITM v2 chip using

Ion PITM Sequencing 200 Kit v3 (Life Technologies,

Part #4488315 Rev. B.0) on the Ion ProtonTM

sequencer (Life Technologies).

2.5. RNA sequencing read mapping and gene

expression analysis

RNA sequencing reads were mapped to the human

genome (hg19), and the read count for each gene was

calculated. Each gene was normalized using read

counts, and differentially expressed genes (DEGs) were

analyzed using DESeq2 and edgeR. The complete

datasets are available in the Gene Expression Omnibus

database under accession number GSE157153. To

obtain several candidate genes, we applied P-values

rather than adjusted P-values. Because there was no or

only one common gene when the fold change cut-offs

of > 2 and adjusted P-values of < 0.05 or < 0.1 condi-

tions were applied (Fig. S1). Consequently, we selected

the 14 common genes according to the cutoff (2-fold

and P-value < 0.05). A Venn diagram was drawn using

a website (http://bioinformatics.psb.ugent.be/webtools/

Venn/). A heat map was drawn as log values using

CLUSTER3.0 [22] and JAVA TREEVIEW [23].

2.6. Cell culture

TOV-21G, ES-2, NIH3T3, and HS-5 cell lines were

purchased from the American Type Culture Collection

(Manassas, VA). OVISE and OVTOKO cell lines were

purchased from the Japanese Collection of Research

Biosources Cell Bank (Osaka, Japan), the HEK293T

cell line was purchased from System Biosciences (SBI

Inc., Palo Alto, MA, USA), and the SNU-251 cell line

was purchased from the Korean Cell Line Bank

(Seoul, Republic of Korea). TOV-21G, OVISE,

OVTOKO, and SNU-251 cells were maintained in

RPMI1640 supplemented with 1% penicillin/strepto-

mycin. ES-2 cells were maintained in McCoy’s 5A

medium containing 10% FBS with 1% penicillin/strep-

tomycin. 6045_SV40, 9585_SV40, HEK293T, NIH3T3,

and HS-5 cells were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 1%

penicillin/streptomycin. 6595 and 6866_SV40 cells were

maintained DMEM/F12 with 1% penicillin/strepto-

mycin. All cell lines were cultured at 37 °C in a 5%

CO2 atmosphere.

2.7. Plasmid construction and viral infection

For the generation of TSPAN1 stable cell lines, cDNA

encoding human TSPAN1 was amplified using the pri-

mer set 50-AAGCTAGCATGCAGTGCTTCAGC

TTC-30 (forward) and 50-TTGGATCCTTATTGTA-

GATTGCAGTA-30 (reverse). The amplified cDNA

was cloned into NheI/BamHI restriction sites of the

pCDH-Promoter-MCS-EF1 Lentivector (System Bio-

sciences, Mountain View, CA, USA), which has no

green fluorescence protein (GFP) sequence. GFP dele-

tion was conducted as follows: PCR products were

amplified using the primer set 50-CCTACGCTA-

GACGCCACCATGACCGAGTACAAGCCC-30 (for-

ward) and 50-GGGCTTGTACTCGGTCATGGTG

GCGTCTAGCGTAGG-30 (reverse); pCDH-promoter-

MCS-EF1 Lentivector templates were selected by the

restriction enzyme DpnI; and the empty Lentivector

was used as a control for the stable cell lines.

TSPAN1-expressing stable cell lines were generated

using the viral packaging plasmids composed of

pCMV delta and pMDG. Virus particles were col-

lected 48 h and 72 h post-transfection. Positively

infected cells were selected with 2 lg�mL�1 puromycin

(Sigma-Aldrich, St. Louis, MO, USA) for 15 days.

pLenti CMV/TO SV40 small + Large T vector and

human TERT were obtained from Addgene
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(Cambridge, MA, USA). HEK293T cells (1 9 106)

were co-transfected with 2 lg lentiviral vector and

2 lg pPACKH1 Lentivector Packaging Kit (System

Biosciences, Palo Alto). Crude virus supernatant

(total collected viral medium of 10 mL) was collected

48 and 72 h after transfection. Cells were infected

with 500 lL of the collected crude viral medium per

dish, and the medium was changed with fresh ones

after 24 h. During this process, the infected cells were

not used with a selection marker as described

previously [24].

2.8. siRNAs

TSPAN1 (#1157352), AMPK (#5562-1), ARID1A

(#8289-1, #8289-2), and negative control (#SN-1003)

knockdown were conducted using predesigned

siRNA sequences purchased from Bioneer (Daedeok-

gu, Daejeon, Republic of Korea). siTSPAN1 trans-

fection was performed using Lipofectamine RNAi-

Max (Thermo Scientific, Waltham, MA, USA), as

per the manufacturer’s instructions. siAMPK trans-

fection was carried out using G-Fectin (Genolution

Pharmaceuticals Inc., Seoul, Korea), as per the man-

ufacturer’s instructions.

2.9. Immunohistochemistry

Paraffin tissue sections were deparaffinized in two

changes of xylene, rehydrated in graded ethanol, and

treated for 30 min with 3% H2O2 solution in methanol

to block endogenous peroxidase activity. Then, the

sections were incubated with mouse monoclonal anti-

human TSPAN1 antibody (Santa Cruz Biotechnology,

Inc., Dallas, TX, USA; Cat# sc-376551) for 1 h at RT,

followed by detection using Dako LSAB+ (Dako,

Glostrup, Denmark). The reaction product was devel-

oped with 3,30-diaminobenzidine chromogen solution

(Dako). Sections were counterstained with hematoxylin

and mounted in Faramount aqueous mounting med-

ium (Dako). We used human small intestine tissue as

positive controls for TSPAN1 staining. TSPAN1 stain-

ing was confirmed at the cytoplasmic and apical mem-

brane of glandular cells (Fig. S2). TSPAN1 staining

was scored as positive when tumor or epithelial cells

showed cytoplasmic and membrane immunoreactivity.

It was performed by a gynecological pathologist.

TSPAN1 staining results were scored based on inten-

sity (0 = negative, 1 = weak, 2 = moderate, 3 = strong)

and the percentage of positive cells (0 = 0%, 1 = 1–
25%, 2 = 26–50%, 3 = 51–100%), as described previ-

ously [25].

2.10. Real-time and reverse transcription PCR

RNA extraction, cDNA synthesis, SYBR Green real-

time PCR, and quantification of mRNA were per-

formed as described previously [26]. Reverse transcrip-

tion PCR (RT-PCR) was performed with Real-taq

polymerase (RBC Bioscience, New Taipei City, Tai-

wan) and a PCR machine (Eppendorf, Hamburg, Ger-

many) according to the manufacturer’s instructions.

The PCR products were separated in 1% agarose gel

at 30 V for 30 min and detected using a Gel Doc

XR + imaging system (Bio-Rad Laboratories, Inc,

Hercules, CA, USA). The primers used real-time PCR

were as follows: for TSPAN1, forward 50-TGCCATG-

CAGTTTGTCAACG-30 and reverse 50-ACCATAG-

CAGCCCAGGAAAC-30; for GAPDH, forward

50-GAAGGTGAAGGTCGGAGTC-30 and reverse

50-GAAGATGGTGATGGGATTTC-30. The primers

used RT-PCR were as follows: TSPAN1, forward

50-AGCAAAAGGCTCACGACCAA-30 and reverse

50-CCCAATCACTGCTGCTTGCC-30; hTERT, for-

ward 50-GAGAACAAGCTGTTTGCGGG-30; and b-
actin, forward 50-CTCGCCTTTGCCGATCC-30 and

reverse 50-GGGGTACTTCAGGGTGAGGA-30.
hTERT, forward 5’-GAGAACAAGCTGTTTGCGGG-

3’ and reverse 5’-AAGTTCACCACGCAGCCATA-3’;

SV40 T, forward 5’-GCCCAGCCACTATAAG-

TACCA-3’, SV40 T and reverse 5’-CAAGCAACTC-

CAGCCATCCA-3’; b-actin, forward 5’-CTCGC

CTTTGCCGATCC-3’ and reverse 5’-GGGGTACTT-

CAGGGTGAGGA-3’.

2.11. Protein extraction and immunoblotting

Western blot analysis was conducted as described pre-

viously [24]. Anti-TSPAN1 (sc-376551), anti-a-Actinin

(sc-17829), anti-GAPDH (sc-59541), anti-Cytokeratin

7 (CK7; sc-23879), anti-Cytokeratin 18 (CK18; sc-

515852), anti-Progesterone Receptor (PR; sc-52), anti-

a-Actinin (sc-17829), and anti-ARID1A (sc-32761)

antibodies were obtained from Santa Cruz Biotechnol-

ogy, Inc, whereas anti-pAMPK (Thr172, #2535), anti-

pACC (Ser79, #11818), anti-ACC (#3662), anti-pAKT

(Ser473, #11818), anti-ACC (#3662), anti-pERK

(Thr202/Tyr204 #4370), and anti-ERK (#4695), anti-

Vimentin (#14472) and anti-estrogen receptor alpha

(ER-alpha; #13258) antibodies were purchased from

Cell Signaling Technology (Danvers, MA, USA). Anti-

AMPK alpha1 (#AF3197) was purchased from R&D

Systems (Minneapolis, MN, USA). Anti-estrogen

receptor beta (ER-beta; #PA1-310B) was obtained

from Thermo Scientific.
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2.12. Gene Expression Omnibus (GEO) dataset

analysis

Gene expression profiling data were obtained from the

published microarray data of the GSE53012,

GSE6008, GSE65986, and GSE29175 datasets from

GEO. Identification of differentially expressed

TSPAN1 was conducted with a sorting tool based on

MICROSOFT EXCEL software (Probe number: 209114_at

in affymetrix human U133A platform; Probe number:

ILMN_1747546 in Illumina HumanHT-12 V3.0

expression beadchip; Gene accession number:

NM_005727). Box plots and statistical analyses were

performed using GRAPHPAD PRISM 5 software (Graph-

Pad Software, Inc., La Jolla, CA, USA).

2.13. Immunofluorescence staining

6045_SV40 and 9585_SV40 cells were seeded in 24-well

cell culture plates until 30–40% confluence was

reached. Cells were rinsed with PBS, fixed with ice-

cold methanol for 1 h at RT, and washed three times

with PBS. The cells were incubated with TSPAN1

(1:100) with 1% bovine serum albumin in TBS con-

taining 0.1% Tween-20 (TBS-T) solution overnight at

4 °C. After three TBS-T washes, the cells were incu-

bated with anti-Mouse IgG conjugated to Alexa Fluor

488 dye (Cell Signaling) for 2 h at RT. Cells were

washed three times with TBS-T, and the nuclei were

labeled with 1 g�mL�1 Hoechst 33342 (Sigma-Aldrich)

for 10 min at RT. Cells were washed three times with

PBS for 5 min at RT. The cells were imaged using a

microscope (Life Technologies, EVOS�FL Cell Imag-

ing System).

2.14. WST-1 assay

Cell proliferation was measured by WST assay (Daeil-

Lab, Seoul, Republic of Korea). Briefly, cells were

seeded at 0.1 9 104 viable cells per well onto 96-well

plates at a final volume of 100 lL per well. Cells were

incubated with WST-1 at 37 °C for 2 h, and optical

density (OD) values at 450 nm were recorded at days

0, 3, and 5 using a VERSA MaxTM (Bio-Rad Labora-

tories, Inc.). For drug treatment, 6045_SV40 stable

cells were seeded onto 96-well plates at a density of

0.08 9 104 viable cells per well in a final medium vol-

ume of 50 lL per well. After the cells were attached,

they were treated dimethyl sulfoxide (DMSO), wort-

mannin (Sigma-Aldrich), U0126 (Cell Signaling

#9903), and Compound C (Selleckchem, Houston, TX,

USA, S7306) with 50 lL medium. The medium with

the drug was changed twice within 7 days. Cells were

incubated with WST-1 at 37 °C for 2 h, and OD val-

ues at 450 nm were recorded using VERSA MaxTM

(Bio-Rad Laboratories, Inc.).

2.15. Crystal violet staining

Cells were seeded at 0.5–2 9 104 viable cells per well

onto 24-well plates. After the cells were attached, 20–
50 nM siTSPAN1, siAMPK alpha 1, or siControl was

transfected into them. Then, the cells were fixed using

10% acetic acid solution with 10% methanol at the

indicated times, stained with 0.5% crystal violet for

1 h, photographed, and extracted using 1% SDS solu-

tion. Crystal violet extract from the cells was measured

based on the absorbance at 595 nm with VERSA

MaxTM. All experiments were performed in triplicate.

2.16. Colony forming assay

For the long-term colony forming assay, cells were

seeded in 35-mm dish at a density of 0.3–0.6 9 104

viable cells per well, grown for 14 days, and fixed

using 10% acetic acid solution with 10% methanol.

For siRNA transfection, cells were seeded at 2 9 105

viable cells per well onto 6-well plates. Once cells were

attached, 50 nM siTSPAN1 and siControl were trans-

fected into the cells. After 24 h, the cells were detached

by trypsin-EDTA (Hyclone), reseeded onto 35-mm

dish, and incubated for 10 days. Crystal violet staining

was performed as mentioned above.

2.17. Cell invasion assay

A cell invasion assay was performed in an invasion

chamber (Neuro Probe 48-well Micro Chemotaxis

Chamber, Neuro Probe, Inc., Gaithersburg, MD,

USA) as described previously [27].

2.18. Endometriosis tissue and primary cell

culture

Ectopic endometrium tissue samples were obtained

from two patients who had histologically confirmed

endometriosis. Endometrium tissue samples were

obtained from two patients who did not have

endometriosis. This study was approved by the Institu-

tional Review Board of Gangnam Severance Hospital

(3-2019-0320). The experiments were undertaken with

each patient’s understanding and written consent,

which was following the Declaration of Helsinki.

Biopsy materials were stored in sterile saline at 4 °C
and transported to the laboratory. Fresh endometrial

biopsy specimens were washed with PBS, chopped into
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small pieces, and centrifuged for 5 min at 1000 g.

After the supernatant was discarded, the tissues were

incubated for 1 h at 37 °C in 1 mg�mL�1 of collage-

nase type IV. The dispersed cells were filtered through

a 50-lm cell strainer and were centrifuged for 5 min at

1000 g. The collected cells were suspended in 1 mL

DMEM/F12 or DMEM containing 10% FBS. Cells

were cultured in an incubator at 37 °C in a 5% CO2

atmosphere. Images of the gap in the monolayers were

captured (EVOS�FL Cell Imaging System).

2.19. STR profiling

Genomic DNA of the four cells was extracted using

G-spinTM Total DNA Extraction Kit (iNtRON

Biotechnology, Seoul, Republic of Korea). For STR

profiling analysis, we assigned a cell line authentication

service (Cosmo Genetech, Seoul, Republic of Korea).

Genomic DNA was processed for STR profiling using

a PowerPlex� 18D System (Promega, Madison, WI,

USA), according to the manufacturer’s instructions.

After PCR amplification, the samples were analyzed

using an ABI 3130xl Genetic Analyzer (Applied

Biosystems, Foster City, CA, USA) and GENEMAPPER

v5.0 software (Applied Biosystems). STR matching

analysis was performed by Deutsche Sammlung von

Mikroorganismen und Zellkulturen (DSMZ; www.d

smz.de).

2.20. Growth curve and doubling time

To count the number of cells, cells were seeded in a 6-

well plate at a density of 3 9 104 cells per well, cul-

tured for 8 days, and counted every 2 days. Subse-

quently, 10 lL of resuspended cells was measured

using a LUNAIITM automated cell counter (Logos

Biosystems, Inc., Anyang, Republic of Korea). All

experiments were performed three times. The growth

rate was estimated between 2 and 8 days using a previ-

ously described formula [24].

2.21. Immunocytochemistry

Cells were seeded in a Lab-Tek Chamber slide (Nunc,

Rochester, NY, USA) and fixed with ice-cold metha-

nol. Endogenous peroxidase activity was quenched by

3% hydrogen peroxide solution for 10 min, and the

cells were washed three times in PBS. Nonspecific

binding was prevented by incubation with 5% bovine

serum albumin and 0.01% Triton X-100 with TBS for

15 min. The sections were then incubated with a 1 : 20

dilution of the anti-Fibroblast Marker antibody (Santa

Cruz Biotechnology, sc-73355) overnight at 4 °C.

Antibody binding was detected using incubation with

horseradish peroxidase-conjugated secondary antibody

at 37 °C for 1 h. Then, the sections were visualized by

3,30-diaminobenzidine solution (DakoKO, Seoul,

Republic of Korea), counterstained lightly with hema-

toxylin (Sigma-Aldrich), dehydrated with ethanol, and

observed using inverted microscopy (Carl Zeiss Medi-

tec AG, Suzhou, China).

2.22. Linear correlation by scatter plot

RNA sequencing reads were mapped to the human

genome (hg19), and the read counts for each gene were

calculated. Each gene was normalized using RPKM,

and linear correlation was analyzed though scatter

plots generated by the DNASTAR LASERGENE 15 software

(DNASTAR, Madison, WI, USA).

2.23. Statistical analysis

Results are expressed as the means � standard error

(SE). Unpaired t-tests were used to evaluate differences

between two groups of variables. IHC scoring data

was performed with Mann–Whitney test. Survival

curve analysis was performed using the Kaplan–Meier

method, and statistical significance was calculated

using the log-rank test. All analyses were carried out

with GRAPHPAD PRISM 5 software. Differences were con-

sidered significant at *P < 0.05, **P < 0.01,

***P < 0.001, #P > 0.05.

3. Results

3.1. Gene expression profiling via DESeq2 and

edgeR analysis

We obtained endometriosis and atypical endometrio-

sis tissues from non-OCCC patients. A total of 10

out of 17 OCCC patients had endometriosis around

the cancer tissues, and we obtained endometriosis

samples from 7 out of 10 OCCC with endometriosis

lesions and used as AdjEm. AdjEm is histologically

endometriosis; however, it is different from

endometriosis and AtyEm in that it coexists with

cancer tissues around it. Therefore, we included

AdjEm in this study as it could explain the progres-

sion of OCCC. mRNAs were extracted only from

the lesions excised from the FFPE tissues by LCM.

The clinical information of the samples is listed in

Table 1. The endometriosis group had the youngest

mean age of 28 years old, while the other three

groups had a mean age of 40. To identify the
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molecular changes responsible for the carcinogenic

transformation of endometriosis to OCCC, RNA

sequencing was performed. RNA sequencing results

were compared between each group according to the

linear correlation. Endometriosis and OCCC had the

lowest linear correlation (R2 = 0.8719), whereas

AtyEm and AdjEm had the highest linear correlation

(R2 = 0.9746) (Fig. S3). These results indicate that

AtyEm and AdjEm had the most similar gene pro-

files.

To enhance the accuracy of DEG analysis, both

DESeq2 and edgeR methods were used. DEGs were

analyzed in five comparison groups: endometriosis ver-

sus AtyEm, endometriosis versus AdjEm, endometrio-

sis versus OCCC, AtyEm versus OCCC, and AdjEm

versus OCCC excluding AtyEm versus AdjEm. Next,

to find the common DEGs in five comparison groups

a Venn diagram was used; 14 and 34 genes were iden-

tified by DESeq2 and edgeR analysis, respectively.

Then, 14 common genes were selected (i.e., TSPAN1,

EPCAM, TMEM84A, PKP3, ERBB3, MUC20,

B4GALNT3, B3GNT3, EPS8L1, KRT19, BSPRY,

SYTL1, SGK2, and CDK2P2) (Fig. 1A). The heat

map showed consistent increase in expression of all 14

genes from endometriosis to AtyEm and AdjEm and

finally to OCCC (Fig. 1B). Through normalization

counts (log2), the expression levels of 14 genes were

higher in AtyEm and AdjEm than endometriosis, and

in OCCC than AtyEm and AdjEm. All results were

statistically significant (Fig. 1C). Fold changes and P-

values for all comparisons are listed in Table S1. Com-

pared with endometriosis, TSPAN1 (DESeq2; 80.7-

fold, edgeR; 101-fold) had the most significant increase

in OCCC among the 14 genes.

3.2. TSPAN1 expression is high in OCCC

To explore the function of TSPAN1, we cultured pri-

mary endometrial and endometriosis cells. hTERT and

SV40 T antigens were expressed in these cells using

lentivirus, resulting in immortalized cell lines

(Fig. S4A) [28–30]. We identified the characteristics of

four immortalized cell lines. SV40 expression was con-

firmed in cell lines 6866, 6045, and 9585, which used

the SV40 T antigen (hereafter, 6866_SV40, 6045_SV40,

and 9585_SV40). However, there was no detectable

hTERT expression in the 6595 cell line using hTERT

(Fig. S4B). Despite failure to induce immortalization,

we used the 6595 cell line as a control for OCCC. The

6595 cell line grew the slowest than the cell lines

immortalized with SV40, indicated by the doubling

time (Fig. S4C). The expressions of the epithelial

markers CK7 and CK18 were confirmed in 6045_SV40

and 9585_SV40 cells, whereas expression of the proges-

terone receptor B, estrogen receptor alpha and beta,

and vimentin (Fig. S4D) were confirmed in all four cell

lines. As the fibroblast antigen protein (FAP) was not

detected by immunocytochemistry, fibroblasts were not

mixed in all cell lines. NIH3T3 and HS-5 were used as

positive control cells for FAP (Fig. S4E). Lastly, DNA

fingerprinting was performed in all four cell lines using

the 18 short tandem repeat (STR) loci, and the STR

profiles were compared using the Deutsche Sammlung

von Mikroorganismen und Zellkulturen database,

which confirmed that all four cell lines were novel

(Table S2).

We investigated the TSPAN1 mRNA and protein

expressions using our own endometrial cells (6595 and

6866_SV40), endometriosis cells (6045_SV40 and

Table 1. Clinical characteristics of patients.

Characteristic Endometriosis AtyEm AdjEm OCCC OEC

Number of cases

n (%) 9 (17.64) 18 (35.29) 7 (13.72) 17 (33.33) 12 (19.05)

Age at presentation (years)

Mean (SD) 27.78 (5.74) 40.00 (6.63) 44.57 (11.15) 43.59 (10.60) 48.50 (10.09)

FIGO stage, n (%)

I/II N/A N/A N/A 9 (41.17) 7 (58.33)

III/IV N/A N/A N/A 2 (11.76) 1 (8.33)

Recurrent N/A N/A N/A 4 (23.52) 1 (8.33)

Unknown N/A N/A N/A 2 (11.76) 3 (25.00)

Tumor grade, n (%)

Well + moderate N/A N/A N/A 0 (00.00) 7 (58.33)

Poor N/A N/A N/A 11 (64.70) 1 (8.33)

Unknown N/A N/A N/A 6 (35.29) 4 (33.33)

N/A, not applicable; SD, Std. Deviation.
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9585_SV40), and OCCC cells (ES-2, TOV-21G,

OVTOKO, and OVISE). TSPAN1 expression was

higher in OCCC cells (TOV-21G, OVTOKO, and

OVISE, but not ES-2) than in endometrial and

endometriosis cells (Fig. 2A). Immunohistochemistry

(Fig. 2B) confirmed that TSPAN1 protein expression

was higher in AtyEm and OCCC than in endometrio-

sis. However, there was no differential expression

between endometriosis and AdjEm or among AtyEm,

AdjEm, and OCCC cells (Fig. 2C). Additionally,

A C

B

Fig. 1. Identification of 14 upregulated genes by RNA sequencing. (A) Venn diagrams of the DEGs using DESeq2 and edgeR, based on five

two-group comparisons: Endometriosis versus AtyEm, Endometriosis versus AdjEm, Endometriosis versus OCCC, AtyEm versus OCCC,

and AdjEm versus OCCC. DEGs in the common intersection are identified by DESeq2 (14 genes, blue arrow) and edgeR (34 genes, red

arrow). Fourteen common genes were identified. (B) Heat map showing the expression of 14 genes in the four groups. (C) Individual gene

expression profiles of the 14 genes in four groups. Normalized read counts were obtained using DESeq2. Unpaired t-test was performed.

*P < 0.05, **P < 0.01, ***P < 0.001.
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TSPAN1 expression increased in stage I OCCC com-

pared to that in endometriosis, but there was no differ-

ence between stages in OCCC (Fig. 2D). According to

immunohistochemistry TSPAN1 analysis and patient

clinical information, only the diagnostic category was

statistically significant (P < 0.0001). The FIGO stage,

chemoresponse, and CA-125 had no statistical differ-

ences (Table S3). We also confirmed the tendency to

have a poor prognosis in overall survival, but it was

not statistically significant owing to the small sample

size (Fig. 2E).

TSPAN1 has a different expression level in ovarian

cancer subtypes. Mucinous and endometrioid subtypes

of ovarian cancer tissues have higher TSPAN1 expres-

sions than the serous subtype (n = 72) [31]. However,

it has not been reported that results compared

TSPAN1 expression levels in OCCC to other ovarian

cancer subtypes. We additionally obtained RNA

sequencing results of OEC. TSPAN1 mRNA analysis

revealed higher TSPAN1 expression in clear cell type

than in endometrioid types (P < 0.05) (Fig. 2F).

Immunohistochemistry scoring revealed similar

TSPAN1 protein expression (P < 0.05) (Fig. 2G).

These results are supported by the three GEO dataset

analysis (P < 0.05) (Fig. 2H–J).

3.3. TSPAN1 increase cell growth via AMPK

phosphorylation in endometriosis cell lines

To identify TSPAN1 function in endometriosis,

TSPAN1-overexpressing cell lines were produced using

6045_SV40 and 9585_SV40 cells. Each cell line was

infected with TSPAN1-overexpressing lentivirus and

an empty lentivirus (control). It was confirmed that

the overexpressing lines had higher TSPAN1 mRNA

and protein levels than the control. The expression

levels of the TSPAN1-overexpressing cell lines

decreased using siRNA (Fig. 3A,B). Immunofluores-

cence indicated TSPAN1 expression in the cytoplasm

of the transfected 6045_SV40 and 9585_SV40 stable

cell lines (Fig. 3C). To confirm that TSPAN1 affects

the cell growth rate, the short-term and long-term

effects on cell proliferation were examined in the

6045_SV40 and 9585_SV40 stable cell lines. TSPAN1-

overexpressing cells proliferated faster than the control

in 6045_SV40 and 9585_SV40 stable cell lines. The

9585_SV40 stable cells showed faster growth only

when tested for a long period of time (Fig. 3D,F).

Next, TSPAN1 knockdown reduced the growth rate of

the TSPAN1-overexpressing cell lines (Fig. 3E,G).

Furthermore, Matrigel invasion assay identified an

increase in invasion of 6045_SV40 stable cells in

response to TSPAN1, whereas 9585_SV40 stable cells

showed no change (Fig. 3H,I). These findings demon-

strated that TSPAN1 increased endometriosis cell

growth rate and affected cell invasion.

To determine the mechanism of growth and invasion

of endometriosis cells in response to TSPAN1, we

measured the phosphorylation of major kinases associ-

ated with cell growth and survival. TSPAN1 overex-

pression in the 6045_SV40 and 9585_SV40 stable cell

lines increased AMPK-Thr172 phosphorylation, which

was reduced upon siTSPAN1 treatment. However,

TSPAN1 expression did not induce a change in

pAKT-Ser473 and pERK-Thr201/Thr204 (Fig. 4A).

We treated the 6045_SV40 stable cell line with an

AKT upstream kinase PI3K inhibitor (wortmannin),

AMPK inhibitor (compound C), and ERK inhibitor

(U0126). Wortmannin and Compound C treatments

retarded the growth of the TSPAN1-overexpressing

cell lines, whereas U0126 treatment caused no change

(Fig. 4C). Next, wortmannin greatly reduced cell inva-

sion regardless of TSPAN1. When treated with U0126

and Compound C, TSPAN1-overexpressing cell inva-

sion did not decrease (Fig. 4D). Kinase activity was

confirmed by their phosphorylation levels. AMPK and

ERK activities were attenuated by their inhibitor, but

AKT activity was maintained regardless of its inhibitor

treatment (Fig. 4B). Wortmannin treatment did not

reduce AKT-Ser473 phosphorylation, but TSPAN1-in-

duced cell growth was attenuated. Therefore, it could

be speculated that TSPAN1 is involved in cell growth

through other PI3K pathways rather than PI3K/AKT

signaling.

Notably, Compound C reduced AMPK-Thr172

phosphorylation and TSPAN1-induced cell growth.

The crystal violet assay showed that the TSPAN1-in-

duced cell growth decreased depending on the Com-

pound C concentration (Fig. 4E,F). Finally, the cell

growth was assessed via the treatment of siAMPK

alpha1, which attenuates AMPK-Thr172 phosphoryla-

tion (Fig. 4G). The cell growth was accelerated in

siControl cells in response to TSPAN1, but AMPK

alpha1 knockdown cells showed no difference in

growth (Fig. 4H). These results suggest that TSPAN1

induces cell growth via AMPK phosphorylation in

endometriosis cells.

3.4. TSPAN1 knockdown reduce OCCC cell

growth via a mechanism not involving AMPK

To investigate whether TSPAN1 regulates the OCCC

growth, siTSPAN1 was transiently transfected into

TOV-21G and OVTOKO cells, followed by cell

growth measurements. Similar to endometriosis cells,

the growth rate of OCCC cell lines was delayed in
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response to reduced TSPAN1 expression (Fig. 5A–C).
However, unlike in endometriosis cells, in TOV-21G

and OVTOKO cells, siTSPAN1 did not cause a

change in AMPK-Thr172 phosphorylation compared

with the siControl (Fig. 5D). Next, we established a

TSPAN1-overexpressing TOV-21G cell line, which had

lower TSPAN1 levels than OVTOKO (Fig. S5A).

Consistent with the observation in siTSPAN1, while

there was a difference in cell growth in the long-term

experiment, there was no effect on AMPK-Thr172

phosphorylation when TSPAN1 was overexpressed

(Fig. S5B–D). We speculate that when cells have been

transformed into a malignant cell type such as OCCC,

TSPAN1 regulates cell growth via mechanisms other

than AMPK.

4. Discussion

Endometriosis is a common condition in young

women of childbearing age [1]. In the surgical treat-

ment of endometriosis, the ovaries are preserved

because of their relationship with the secretion of

female hormones [32]. However, as endometriosis may

lead to the development of ovarian cancer [2], pre-

emptive therapy is necessary through high-risk screen-

ing. Fortunately, because endometriosis tissue can be

obtained by a simple surgical method, it is easy to

apply pathological markers for endometriosis via tissue

immunostaining. Thus, it is necessary to observe gene

expression changes in endometriosis, AtyEm, AdjEm,

and OCCC via RNA sequencing.

We used AtyEm and AdjEm as an intermediate

stage between endometriosis and OCCC for RNA

sequencing analysis. According to the unsupervised

clustering results of the previously reported immune

genes (n = 511), AtyEm (85%) shows a similar

immune environment to cancer. This is because

AtyEm cells were homogeneously clustered closer to

EAOC than the endometrium [20]. OCCC-associated

endometriosis has abnormal gene expression that does

not occur in endometriosis without cancer tissues [21].

We also showed highest linear correlation between

AtyEm and AdjEm, and thus, the gene profiles of both

groups were similar. Therefore, AtyEm and AdjEm

exist in different environments and possess morpholog-

ical differences. By extension, we suggest that these are

intermediate stages representing gene changes, which

may explain the carcinogenic process of OCCC. Four-

teen common genes showing a pattern of a stepwise

increase in expression from endometriosis to OCCC,

while transitioning through AtyEm and AdjEm, can

be considered as potential candidate gene markers for

high-risk endometriosis screening.

TMA staining showed that TSPAN1 has higher

expression in AtyEm and early-stage OCCC than in

endometriosis (Fig. 2D). TSPAN1 therefore has poten-

tial as a pathological marker of high-risk endometrio-

sis. In addition, in this study, TSPAN1-overexpressing

endometriosis and OCCC cells had increased cell

growth compared to control cells. Conversely, inhibi-

tion of cell growth was observed upon TSPAN1

knockdown. TSPAN1, a member of the tetraspanin

family, is highly expressed in many types of cancer,

and increases cell growth, invasion, and migration in

colon, cervical, pancreatic, and prostate cancers [33–
36]. TSPAN1 reportedly plays a role in increasing

epithelial-to-mesenchymal transition and metastasis via

the PI3K/AKT pathway in cholangiocarcinoma [37].

The PI3K/AKT pathway is activated in endometriosis

[38,39], and together with the ERK pathway, it

enhances endometriotic stromal cell growth and sur-

vival [40]. However, in this study, TSPAN1-overex-

pressing endometriosis cells did not have altered AKT

and ERK activity, and their growth was promoted via

AMPK activation. AMPK activity has the function of

tumor suppression, which inhibits the anabolic process

that maintains cancer cell proliferation. Conversely,

AMPK has characteristics of a tumor promoter, allow-

ing cancer cells to survive in an environment of meta-

bolic stress or matrix detachment conditions. AMPK

Fig. 2. TSPAN1 is highly expressed in human OCCC cells and tissue specimens. (A) mRNA and protein levels of TSPAN1 were assessed

using RT-PCR (upper panel) and immunoblotting (lower panel) in cell lines. The expressions of b-actin and a-actinin were included as internal

loading controls. (B) Representative immunohistochemical staining images of TSPAN1 in FFPE tissues. Scale bar = 50 or 10 lm; 2009 or

10009 magnification. (C) Immunohistochemistry staining scores of TSPAN1 in Em, AtyEm, AdjEm, and OCCC. Data are expressed as the

mean � standard error (SE). Mann–Whitney test was performed. *P < 0.05, ***P < 0.001. (D) Immunohistochemistry staining scores of

TSPAN1 according to OCCC stage. Data are expressed as the mean � SE. Mann–Whitney test was performed. *P < 0.05, ***P < 0.001.

(E) Overall survival curves for OCCC (n = 42) according to TSPAN1 expression using Kaplan–Meier curve analysis. (F, G) TSPAN1 expression

as shown by RNA sequencing analyzed by DESeq2 and the immunohistochemical scoring scores in endometriosis, OCCC, and OEC.

*P < 0.05, **P < 0.01, ***P < 0.001. (H–J) mRNA expression levels of TSPAN1 were analyzed in an ovarian cancer cell line (GSE29175) and

ovarian cancer patient tissues (GSE6008 and GSE65986) in three GEO databases. Unpaired t-test was performed. *P < 0.05, **P < 0.01,

***P < 0.001.
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Fig. 3. TSPAN1 increases cell proliferation in endometriosis cell lines. (A) TSPAN1 expression was detected by real-time PCR (left panel)

and immunoblotting (right panel) in stable cell lines, with a-actinin as an internal loading control. Data are expressed as the

mean � standard error (SE); n = 3. Unpaired t-test was performed. ***P < 0.001. (B) TSPAN1 expression was detected by real-time PCR

(left panel) and immunoblotting (right panel) after transient transfection of siControl or siTSPAN1 in TSPAN1-overexpressed stable cell lines,

with a-actinin as an internal loading control. Data are expressed as the mean � SE; n = 3. Unpaired t-test was performed. ***P < 0.001. (C)

Immunofluorescent staining images of TSPAN1 (green) in stable cell lines. Nuclei are stained with Hoechst (blue). Scale bar = 100 lm,

4009 magnification. Cell proliferation was determined via WST-1 and (D) Crystal violet staining (E) at various times. Error bars represent

mean � SE; n = 3. Unpaired t-test was performed. **P < 0.01, ***P < 0.001. (F, G) Colony forming assay was performed for the cell lines.

Upper panel shows representative images; lower panel shows the relative absorbance at 595 nm. Error bars represent mean � SE; n = 3.

Unpaired t-test was performed. **P < 0.01, ***P < 0.001. H–I. Cell invasion analysis of stable cell lines using a Matrigel invasion assay.

Upper panel shows representative images (2009 magnification); lower panel shows quantification of invasion experiments. Results are

presented as the relative number of invading cells in five randomly selected fields. Error bars represent mean � SE; n = 3. Unpaired t-test

was performed. *P < 0.05, ***P < 0.001.
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Fig. 4. TSPAN1 increases cell growth through AMPK activity in the endometriosis cell line. (A) Protein levels were detected by

immunoblotting in stable cell lines, with a-actinin as an internal loading control (B) Protein levels were detected by immunoblotting after

treatment of inhibitors in 6045_SV40 stable cell lines. (DMSO: control; 500 nM wortmannin: PI3 kinase inhibitor; 5 lM U0126: ERK inhibitor;

1 lM Compound C: AMPK inhibitor), with a-actinin as an internal loading control. (C) Cell proliferation was determined via WST-1 after

treatment of inhibitors in 6045_SV40 stable cell lines. Unpaired t-test was performed. *P < 0.05, **P < 0.01, ***P < 0.001. (D) Cell invasion

analysis of stable cell lines using a Matrigel invasion assay after treating 6045_SV40 stable cells with inhibitors. Upper panel shows

quantification of invasion experiments (2009 magnification); lower panel shows representative images. Results are presented as the relative

number of invading cells in five randomly selected fields. Error bars represent mean � standard error (SE); n = 3. Unpaired t-test was

performed. *P < 0.05, ***P < 0.001. (E) Protein levels were confirmed by immunoblotting after treatment of DMSO and 0.5 and 1 lM of

Compound C in 6045_SV40 stable cell lines, with a-actinin as an internal loading control. (F) Cell proliferation was measured via crystal violet

assay after treatment of DMSO and 0.5 and 1 lM of Compound C in 6045_SV40 stable cells. Upper panel shows representative images;

lower panel shows the relative absorbance at 595 nm. Error bars represent mean � SE; n = 3 Unpaired t-test was performed. *P < 0.05,

**P < 0.01. (G) Protein expressions were detected by immunoblotting after transient transfection of siControl or siAMPK alpha1 in

6045_SV40 stable cells, with a-actinin as an internal loading control. (H) Cell proliferation was measured via crystal violet assay after

transient transfection of siControl or siAMPK alpha1 in 6045_SV40 stable cells. Upper panel shows representative images; lower panel

shows the relative absorbance at 595 nm. Data are expressed as the mean � SE; n = 3. Unpaired t-test was performed. ***P < 0.001.
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therefore exhibits a dual role in cancer survival [41,42].

The results of the current study demonstrate that

AMPK activity had a tumor-promoting function and

increased endometriosis cell growth in response to

TSPAN1.

As endometrial cells leave the uterus, they are

exposed to hypoxia. During this process, endometriosis

is formed through complex survival processes such as

steroidogenesis, angiogenesis, inflammation, and meta-

bolic switches [43]. To withstand the hypoxic condi-

tions, complex gene regulation is involved in

endometriosis development [43]. Hypoxia is the main

stimulus that activates AMPK [44,45]. AMPK

stimulates signaling essential for survival when cells

are exposed to a variety of stressful environments,

including hypoxia [46,47]. Therefore, AMPK may be

activated in endometriosis cells in various stressful

environments, thus affecting cell survival and growth.

We confirmed the TSPAN1 expression change in

hypoxic conditions through GSE53012 dataset [48]

analysis. When prostate cancer PC-3, ovarian cancer

SKOV3, and melanoma WM793B cells were exposed

to cycling (transient and intermittent) or chronic (pro-

longed) hypoxia, PC-3 and SKOV3 cells showed

higher TSPAN1 expression levels (Fig. S6). Collec-

tively, TSPAN1 is increased when endometriosis cells

A

C D

B

Fig. 5. TSPAN1 knockdown decreases cell proliferation in OCCC cell lines. (A) TSPAN1 expression was detected by real-time PCR (left

panel) and immunoblotting (right panel) in TOV-21G and OVTOKO cells, with a-actinin as an internal loading control. Data are expressed as

the mean � standard error (SE); n = 3. Unpaired t-test was performed. *P < 0.05, **P < 0.01. (B) Cell proliferation was determined via

crystal violet staining at various times after transient transfection of siControl or siTSPAN1 in TOV-21G and OVTOKO cells. Error bars

represent mean � SE; n = 3. Unpaired t-test was performed. **P < 0.01, ***P < 0.001. (C) Colony forming assay was performed in TOV-

21G and OVTOKO cells. Upper panel shows representative images; lower panel shows the relative absorbance at 595 nm. Error bars

represent mean � SE; n = 3. Unpaired t-test was performed. **P < 0.01, ***P < 0.001. (D) Protein expressions were detected using

immunoblotting after transient transfection of siControl or siTSPAN1 in TOV-21G and OVTOKO cells, with a-actinin as an internal loading

control.
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are exposed to stressful environments, thus affecting

the endometriosis cell growth and invasion via AMPK

activation.

TSPAN1 knockdown in TOV-21G and OVTOKO

cells retarded cell growth. However, these cells exhib-

ited no change in AMPK activation compared with

endometriosis cells. Various gene mutations commonly

found in OCCC may explain why AMPK was not

activated by TSPAN1 in OCCC cells [17,49]. The

TOV-21G, OVTOKO, and OVISE cells used in this

study were OCCC cells with an ARID1A mutation

(Fig. S7A) [50]. It was confirmed that AMPK activity

(Thr172) was higher in OCCC cells than in

endometriosis cells (Fig. S7A). To investigate whether

AMPK activity is related to ARID1A mutation, we

decreased the level of ARID1A protein using siAR-

ID1A (Fig. S7B). When ARID1A was knocked down

in endometriosis cells, AMPK-Thr172 phosphorylation

was elevated, as shown in western blot analysis

(Fig. S7B). We thus confirmed that ARID1A mutation

regulated AMPK activity. Additionally, TOV-21G has

mutations in ARID1A, PIK3CA, PTEN, and KRAS.

Also, ES-2 has mutations in TP53 as well as KRAS,

downstream of BRAF, although it possessed wild-type

ARID1A [51]. KRAS and PTEN mutations maintain

cell growth by activating AMPK in astrocytic tumors

[52]. Therefore, we expect that AMPK activity is main-

tained at high levels in OCCC cells due to various

genetic mutations, AMPK activity does not further

increase with an increase in TSPAN1.

Of 13 studies involving AMPK activity (Thr172)

and overall, cancer-specific, or progression-free sur-

vival in various cancers, eight studies reported that

AMPK activation led to improved prognosis [42].

However, studies of gastric cancer and prostate cancer

have reported a link between pAMPK alpha1 and dis-

ease recurrence [42]. AMPK activation in breast cancer

reduces disease-specific and metastasis-free survival

[47]. Ovarian cancer has different clinical relationship

with the expression of AMPK subunits according to

histological subtype [26,53]. Therefore, there is a need

to compare AMPK activity and OCCC patient prog-

nosis.

In summary, we have identified 14 genes that are

importantly regulated during the transition phase of

endometriosis to OCCC. Furthermore, we demon-

strated that TSPAN1 is involved in endometriosis cell

growth through AMPK activation. Unlike in

endometriosis cells, the role of TSPAN1 is not carried

out via AMPK activity in OCCC cells. However, con-

sidering that AMPK activity in OCCC is considerably

high, it is predicted that if TSPAN1 and AMPK are

simultaneously suppressed, this will inhibit OCCC

growth. Therefore, this study has great significance in

discovering the role of TSPAN1 in the malignant

transformation of endometriosis into OCCC.

5. Conclusion

TSPAN1 was found to increase endometriosis cell

growth and invasion by promoting AMPK activity.

These results suggest that expression changes of

TSPAN1 and other DEGs occurred early in the malig-

nant transformation of endometriosis, showing the

potential for screening for high-risk endometriosis.

Moreover, our findings enable the development of

drugs that can aid in preventing the transformation of

endometriosis into malignant cancer by controlling

TSPAN1 levels and AMPK activity.

Acknowledgements

Paraffin blocks were provided by the Korea Gyneco-

logic Cancer Bank through Bio & Medical Technology

Development Program of the Ministry of Education,

Science and Technology, Korea (NRF-

2017M3A9B8069610), and were obtained from the

Human Tissue Bank of Gangnam Severance Hospital,

Yonsei University College of Medicine. The study was

supported by Basic Science Research program through

the National Research Foundation of Korea (NRF)

funded by the Ministry of Education (NRF-

2015R1D1A1A01059335, NRF-

2017R1D1A1A09000576, NRF-2017R1A2B2008505,

and NRF-2019R1A6A3A13092928).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

H-YS performed the conception, study design, data

analysis and interpretation, experimental work, and

writing of the manuscript. WY performed the concep-

tion, study design, data interpretation, and technical

support. DBC involved in the clinical information. E-

JL performed the technical support. J-YC analyzed the

data. H-SK and J-HK performed the study supervi-

sion, conception, review, and editing.

References

1 McKinnon BD, Kocbek V, Nirgianakis K, Bersinger

NA & Mueller MD (2016) Kinase signalling pathways

1001Molecular Oncology 15 (2021) 987–1004 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

H.-T. SHIN et al. Tetraspanin 1 promotes endometriosis malignant transformation



in endometriosis: potential targets for non-hormonal

therapeutics. Hum Reprod Update 22, 382–403.
2 Varma R, Rollason T, Gupta JK & Maher ER (2004)

Endometriosis and the neoplastic process. Reproduction

127, 293–304.
3 Sampson JA (1927) Peritoneal endometriosis due to

menstrual dissemination of endometrial tissue into the

peritoneal cavity. Am J Obstet Gynecol 14, 422–469.
4 Scott RB (1953) Malignant changes in endometriosis.

Obstet Gynecol 2, 283–289.
5 Pearce CL, Templeman C, Rossing MA, Lee A, Near

AM, Webb PM, Nagle CM, Doherty JA, Cushing-

Haugen KL, Wicklund KG et al. (2012) Association

between endometriosis and risk of histological subtypes

of ovarian cancer: a pooled analysis of case-control

studies. Lancet Oncol 13, 385–394.
6 Fujiwara K, Shintani D & Nishikawa T (2016) Clear-

cell carcinoma of the ovary. Ann Oncol 27(Suppl 1),

i50–i52.
7 Agarwal R & Kaye SB (2003) Ovarian cancer: strategies

for overcoming resistance to chemotherapy. Nat Rev

Cancer 3, 502–516.
8 Chang LC, Huang CF, Lai MS, Shen LJ, Wu FL &

Cheng WF (2018) Prognostic factors in epithelial

ovarian cancer: a population-based study. PLoS One

13, e0194993.

9 Okamoto A, Glasspool RM, Mabuchi S, Matsumura

N, Nomura H, Itamochi H, Takano M, Takano T,

Susumu N, Aoki D et al. (2014) Gynecologic Cancer

InterGroup (GCIG) consensus review for clear cell

carcinoma of the ovary. Int J Gynecol Cancer 24, S20–
S25.

10 Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi

G, Runowicz CD, Gaudet MM, Jemal A & Siegel RL

(2018) Ovarian cancer statistics, 2018. CA Cancer J Clin

68, 284–296.
11 Machida H, Matsuo K, Yamagami W, Ebina Y,

Kobayashi Y, Tabata T, Kanauchi M, Nagase S,

Enomoto T & Mikami M (2019) Trends and

characteristics of epithelial ovarian cancer in Japan

between 2002 and 2015: A JSGO-JSOG joint study.

Gynecol Oncol 153, 589–596.
12 Chan JK, Teoh D, Hu JM, Shin JY, Osann K & Kapp

DS (2008) Do clear cell ovarian carcinomas have

poorer prognosis compared to other epithelial cell

types? A study of 1411 clear cell ovarian cancers.

Gynecol Oncol 109, 370–376.
13 Fukunaga M, Nomura K, Ishikawa E & Ushigome S

(1997) Ovarian atypical endometriosis: its close

association with malignant epithelial tumours.

Histopathology 30, 249–255.
14 Modesitt SC, Tortolero-Luna G, Robinson JB,

Gershenson DM & Wolf JK (2002) Ovarian and

extraovarian endometriosis-associated cancer. Obstet

Gynecol 100, 788–795.

15 Yoshikawa H, Jimbo H, Okada S, Matsumoto K,

Onda T, Yasugi T & Taketani Y (2000) Prevalence of

endometriosis in ovarian cancer. Gynecol Obstet Invest

50(Suppl 1), 11–17.
16 Herreros-Villanueva M, Chen CC, Tsai EM & Er TK

(2019) Endometriosis-associated ovarian cancer: What

have we learned so far? Clin Chim Acta 493, 63–72.
17 Grandi G, Toss A, Cortesi L, Botticelli L, Volpe A &

Cagnacci A (2015) The association between

endometriomas and ovarian cancer: preventive effect of

inhibiting ovulation and menstruation during

reproductive life. BioMed Res Int 2015, 751571.

18 Anglesio MS, Papadopoulos N, Ayhan A, Nazeran

TM, Noe M, Horlings HM, Lum A, Jones S, Senz J,

Seckin T et al. (2017) Cancer-associated mutations in

endometriosis without cancer. N Engl J Med 376, 1835–
1848.

19 Zou Y, Zhou JY, Guo JB, Wang LQ, Luo Y, Zhang

ZY, Liu FY, Tan J, Wang F & Huang OP (2018) The

presence of KRAS, PPP2R1A and ARID1A mutations

in 101 Chinese samples with ovarian endometriosis.

Mutat Res 809, 1–5.
20 Suryawanshi S, Huang X, Elishaev E, Budiu RA,

Zhang L, Kim S, Donnellan N, Mantia-Smaldone G,

Ma T, Tseng G et al. (2014) Complement pathway is

frequently altered in endometriosis and endometriosis-

associated ovarian cancer. Clin Cancer Res 20, 6163–
6174.

21 Worley MJ Jr, Liu S, Hua Y, Kwok JS, Samuel A,

Hou L, Shoni M, Lu S, Sandberg EM, Keryan A et al.

(2015) Molecular changes in endometriosis-associated

ovarian clear cell carcinoma. Eur J Cancer 51, 1831–
1842.

22 de Hoon MJL, Imoto S, Nolan J & Miyano S (2004)

Open source clustering software. Bioinformatics 20,

1453–1454.
23 Saldanha AJ (2004) Java Treeview--extensible

visualization of microarray data. Bioinformatics 20,

3246–3248.
24 Shin HY, Yang W, Lee EJ, Han GH, Cho H, Chay DB

& Kim JH (2018) Establishment of five immortalized

human ovarian surface epithelial cell lines via SV40 T

antigen or HPV E6/E7 expression. PLoS One 13,

e0205297.

25 Shibusa T, Shijubo N & Abe S (1998) Tumor

angiogenesis and vascular endothelial growth factor

expression in stage I lung adenocarcinoma. Clin Cancer

Res 4, 1483–1487.
26 Yang W, Shin H-Y, Cho H, Chung J-Y, Lee E, Kim J-

H & Kang E-S (2020) TOM40 inhibits ovarian cancer

cell growth by modulating mitochondrial function

including intracellular ATP and ROS levels. Cancers 12,

1329.

27 Cho H, Shin HY, Kim S, Kim JS, Chung JY, Chung

EJ, Chun KH, Hewitt SM & Kim JH (2014) The role

1002 Molecular Oncology 15 (2021) 987–1004 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Tetraspanin 1 promotes endometriosis malignant transformation H.-T. SHIN et al.



of S100A14 in epithelial ovarian tumors. Oncotarget 5,

3482–3496.
28 Banu SK, Lee J, Starzinski-Powitz A & Arosh JA

(2008) Gene expression profiles and functional

characterization of human immortalized endometriotic

epithelial and stromal cells. Fertil Steril 90, 972–987.
29 Brueggmann D, Templeman C, Starzinski-Powitz A,

Rao NP, Gayther SA & Lawrenson K (2014) Novel

three-dimensional in vitro models of ovarian

endometriosis. J Ovarian Res 7, 17.

30 Zeitvogel A, Baumann R & Starzinski-Powitz A (2001)

Identification of an invasive, N-cadherin-expressing

epithelial cell type in endometriosis using a new cell

culture model. Am J Pathol 159, 1839–1852.
31 Scholz CJ, Kurzeder C, Koretz K, Windisch J,

Kreienberg R, Sauer G & Deissler H (2009) Tspan-1 is

a tetraspanin preferentially expressed by mucinous and

endometrioid subtypes of human ovarian carcinomas.

Cancer Lett 275, 198–203.
32 Rizk B, Fischer AS, Lotfy HA, Turki R, Zahed HA,

Malik R, Holliday CP, Glass A, Fishel H, Soliman MY

et al. (2014) Recurrence of endometriosis after

hysterectomy. Facts Views Vis Obgyn 6, 219–227.
33 Chen L, Yuan D, Zhao R, Li H & Zhu J (2010)

Suppression of TSPAN1 by RNA interference inhibits

proliferation and invasion of colon cancer cells in vitro.

Tumori 96, 744–750.
34 Holters S, Anacker J, Jansen L, Beer-Grondke K,

Durst M & Rubio I (2013) Tetraspanin 1 promotes

invasiveness of cervical cancer cells. Int J Oncol 43,

503–512.
35 Hou FQ, Lei XF, Yao JL, Wang YJ & Zhang W

(2015) Tetraspanin 1 is involved in survival,

proliferation and carcinogenesis of pancreatic cancer.

Oncol Rep 34, 3068–3076.
36 Munkley J, McClurg UL, Livermore KE, Ehrmann I,

Knight B, McCullagh P, McGrath J, Crundwell M,

Harries LW, Leung HY et al. (2017) The cancer-

associated cell migration protein TSPAN1 is under

control of androgens and its upregulation increases

prostate cancer cell migration. Sci Rep 7, 5249.

37 Wang Y, Liang Y, Yang G, Lan Y, Han J, Wang J,

Yin D, Song R, Zheng T, Zhang S et al. (2018)

Tetraspanin 1 promotes epithelial-to-mesenchymal

transition and metastasis of cholangiocarcinoma via

PI3K/AKT signaling. J Exp Clin Cancer Res 37, 300.

38 Liu P, Cheng H, Roberts TM & Zhao JJ (2009)

Targeting the phosphoinositide 3-kinase pathway in

cancer. Nat Rev Drug Discov 8, 627–644.
39 Yin X, Pavone ME, Lu Z, Wei J & Kim JJ (2012)

Increased activation of the PI3K/AKT pathway

compromises decidualization of stromal cells from

endometriosis. J Clin Endocrinol Metab 97, E35–E43.
40 Matsuzaki S & Darcha C (2015) Co-operation between

the AKT and ERK signaling pathways may support

growth of deep endometriosis in a fibrotic

microenvironment in vitro. Hum Reprod 30, 1606–1616.
41 Liang J &Mills GB (2013) AMPK: a contextual oncogene

or tumor suppressor?Cancer Res 73, 2929–2935.
42 Zadra G, Batista JL & Loda M (2015) Dissecting the

dual role of AMPK in cancer: from experimental to

human studies.Mol Cancer Res 13, 1059–1072.
43 Wu MH, Hsiao KY & Tsai SJ (2019) Hypoxia: the force

of endometriosis. J Obstet Gynaecol Res 45, 532–541.
44 Dengler F (2020) Activation of AMPK under hypoxia:

many roads leading to Rome. Int J Mol Sci 21, 2428.

45 Mungai PT, Waypa GB, Jairaman A, Prakriya M,

Dokic D, Ball MK & Schumacker PT (2011) Hypoxia

triggers AMPK activation through reactive oxygen

species-mediated activation of calcium release-activated

calcium channels. Mol Cell Biol 31, 3531–3545.
46 Garcia D & Shaw RJ (2017) AMPK: mechanisms of

cellular energy sensing and restoration of metabolic

balance. Mol Cell 66, 789–800.
47 Han F, Li CF, Cai Z, Zhang X, Jin G, ZhangWN, Xu C,

Wang CY,Morrow J, Zhang S et al. (2018) The critical

role of AMPK in driving Akt activation under stress,

tumorigenesis and drug resistance.Nat Commun 9, 4728.

48 Olbryt M, Habryka A, Student S, Jarzab M,

Tyszkiewicz T & Lisowska KM (2014) Global gene

expression profiling in three tumor cell lines subjected

to experimental cycling and chronic hypoxia. PLoS One

9, e105104.

49 Auner V, Kriegshauser G, Tong D, Horvat R,

Reinthaller A, Mustea A & Zeillinger R (2009) KRAS

mutation analysis in ovarian samples using a high

sensitivity biochip assay. BMC Cancer 9, 111.

50 Berns K, Caumanns JJ, Hijmans EM, Gennissen AMC,

Severson TM, Evers B, Wisman GBA, Jan Meersma G,

Lieftink C, Beijersbergen RL et al. (2018) ARID1A

mutation sensitizes most ovarian clear cell carcinomas

to BET inhibitors. Oncogene 37, 4611–4625.
51 Domcke S, Sinha R, Levine DA, Sander C & Schultz N

(2013) Evaluating cell lines as tumour models by

comparison of genomic profiles. Nat Commun 4, 2126.

52 Rios M, Foretz M, Viollet B, Prieto A, Fraga M,

Costoya JA & Senaris R (2013) AMPK activation by

oncogenesis is required to maintain cancer cell

proliferation in astrocytic tumors. Cancer Res 73, 2628–
2638.

53 Li C, Liu VW, Chiu PM, Chan DW & Ngan HY

(2012) Over-expressions of AMPK subunits in ovarian

carcinomas with significant clinical implications. BMC

Cancer 12, 357.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.

1003Molecular Oncology 15 (2021) 987–1004 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

H.-T. SHIN et al. Tetraspanin 1 promotes endometriosis malignant transformation



Fig. S1. Venn diagram distribution of candidate genes

based on adjusted p-values.

Fig. S2. Immunohistochemical staining of TSPAN1 in

human small intestine tissue.

Fig. S3. Linear correlation analysis using scatter plots

of the six different two-group comparisons.

Fig. S4. Characteristics of the immortalized endome-

trial (6595, 6866_SV40) and endometriosis

(6045_SV40, 9585_SV40) cell lines.

Fig. S5. TSPAN1 increases cell growth but not cell

invasion in the TOV-21G stable cells.

Fig. S6. In GSE53012 analysis, TSPAN1 expression

was increased in cycling and chronic hypoxic condi-

tions in PC-3 and SKOV3, but not in WM793B.

Fig. S7. AMPK activity is high in OCCC and is

increased by ARID1A knockdown.

Table S1. Tabular data shows the fold change of 14

genes in 5 different two-group comparisons.

Table S2. STR profiling.

Table S3. TSPAN1 score of immunohistochemical

staining.

1004 Molecular Oncology 15 (2021) 987–1004 ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Tetraspanin 1 promotes endometriosis malignant transformation H.-T. SHIN et al.


	Outline placeholder
	mol212884-aff-0001
	mol212884-aff-0002
	mol212884-aff-0003
	mol212884-aff-0004
	mol212884-tbl-0001
	mol212884-fig-0001
	mol212884-fig-0002
	mol212884-fig-0003
	mol212884-fig-0004
	mol212884-fig-0005
	mol212884-bib-0001
	mol212884-bib-0002
	mol212884-bib-0003
	mol212884-bib-0004
	mol212884-bib-0005
	mol212884-bib-0006
	mol212884-bib-0007
	mol212884-bib-0008
	mol212884-bib-0009
	mol212884-bib-0010
	mol212884-bib-0011
	mol212884-bib-0012
	mol212884-bib-0013
	mol212884-bib-0014
	mol212884-bib-0015
	mol212884-bib-0016
	mol212884-bib-0017
	mol212884-bib-0018
	mol212884-bib-0019
	mol212884-bib-0020
	mol212884-bib-0021
	mol212884-bib-0022
	mol212884-bib-0023
	mol212884-bib-0024
	mol212884-bib-0025
	mol212884-bib-0026
	mol212884-bib-0027
	mol212884-bib-0028
	mol212884-bib-0029
	mol212884-bib-0030
	mol212884-bib-0031
	mol212884-bib-0032
	mol212884-bib-0033
	mol212884-bib-0034
	mol212884-bib-0035
	mol212884-bib-0036
	mol212884-bib-0037
	mol212884-bib-0038
	mol212884-bib-0039
	mol212884-bib-0040
	mol212884-bib-0041
	mol212884-bib-0042
	mol212884-bib-0043
	mol212884-bib-0044
	mol212884-bib-0045
	mol212884-bib-0046
	mol212884-bib-0047
	mol212884-bib-0048
	mol212884-bib-0049
	mol212884-bib-0050
	mol212884-bib-0051
	mol212884-bib-0052
	mol212884-bib-0053


