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Abstract Among epithelial ovarian cancers, ovarian
clear cell carcinoma (OCCC) remains markedly resistant
to platinum-based chemotherapy, leading to poor clini-
cal outcomes. In response to xenobiotic insults, caveolar
platforms play crucial roles in modulating stress signal-
ing responses in cancer cells. It has been hypothesized
that caveolin-1 (Cav-1), a main component of the lipid
raft, may regulate the response to platinum-based treat-
ment in OCCC. The clinical transcriptomic evaluation
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e Cav-1 is inversely associated with chemoresistance in
OCCC cells.

o Cav-1-counteracted ACE2 is involved in OCCC
resistance to cisplatin.

o ACE2 facilitates expression of CYP3A4, a key enzyme
for platinum-based drug clearance.
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demonstrated that high Cav-1 expression was positively
associated with a favorable prognosis in patients with
ovarian cancer. Cav-1 overexpression enhanced sen-
sitivity to cisplatin (CDDP) treatment, whereas Cav-1
deficiency promoted chemoresistance in OCCC cells.
Mechanistically, although Cav-1 counteracted angio-
tensin-converting enzyme 2 (ACE2) expression, ACE2
positively facilitated resistance to CDDP in OCCC cells.
Furthermore, ACE2 restricted aryl hydrocarbon receptor
expression and subsequent transcription of drug-metab-
olizing enzymes. Of note, ACE2 positively regulated the
expression of the platinum-clearing enzyme CYP3A4.
These findings suggest that the Cav-1-ACE2 axis modu-
lates xenobiotic metabolism-linked chemoresistance in
OCCC, predicting potential roles for the stress sentinel
networks in oncogenic processes.
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Introduction

Epithelial ovarian cancer (EOC) is the most common
cause of gynecological cancer—related deaths among
women (Kim et al., 2016). Ovarian clear cell car-
cinoma (OCCC) is a distinct subtype of EOC, both
biologically and clinically, accounting for 3.7-12.1%
of all histological subtypes (Orezzoli et al., 2008).
Among histological subtypes, patients with OCCC
display poor sensitivity to first-line chemotherapy as
well as poor clinical outcomes in advanced stages
after recurrence (Ho et al., 2004). In particular,
advanced-stage OCCC has a low response rate of
only 11% to platinum-based chemotherapy, whereas
serous adenocarcinoma affords a response rate of
72% (Sugiyama et al., 2000). As each EOC subtype
exhibits unique features and discrete drug responses,
specific interventions against potential targets of pro-
gression need to be developed to improve the progno-
sis of patients with OCCC.

Caveolin-1 (Cav-1) is an integral transmembrane
protein that resides in major structural and functional
components of specialized lipid raft microdomains,
particularly plasma membrane invaginations called
caveolae in various mammalian cell types (Fujimoto
et al., 2000; Rothberg et al., 1992). Cav-1 interacts
with diverse signaling molecules, which are associ-
ated with signal transduction, lipid transport, mem-
brane trafficking, gene regulation, and tumor metasta-
sis (Tirado et al., 2010a). The role of Cav-1 in cancer
remains controversial owing to its dual functions as a
tumor suppressor and promoter (Gupta et al., 2014).
Cav-1 mediates the progression and metastasis of
various cancer types (Chen et al., 2011; Wang et al.,
2014, Xu et al., 2014). Furthermore, Cav-1 overex-
pression has been associated with chemoresistance
in lung and breast cancers (Cai and Chen, 2004, Ho
et al., 2008). In contrast, Cav-1 has been identified
as a tumor suppressor in human ovarian carcinoma
(Kai et al., 2001), although the role of Cav-1 in the
progression, development, and chemoresistance of
OCCC has not been established. Additionally, Cav-1
tyrosine phosphorylation augments the drug sensi-
tivity of breast cancer cells (Shajahan et al., 2007).
Cav-1 can interact with several signaling platforms of
receptors, such as epidermal growth factor receptor
(EGFR) and platelet-derived growth factor receptors
(Vihanto et al., 2006). EGFR is considered a poten-
tial prognostic biomarker and therapeutic target for
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ovarian cancer, as it is expressed in 30-98% of EOC
(Gui and Shen, 2012). EGFR is an important signal-
ing scaffold that critically regulates cell proliferation,
migration, adhesion, and tumor angiogenesis (Gui
and Shen, 2012). The interaction between Cav-1 and
EGFR can suppress tyrosine phosphorylation and
kinase activity and inhibit tumor cell proliferation and
metastasis (Couet et al., 1997, Williams et al., 2004).

Lipid raft microdomains, including caveolae, are
crucial platforms for viral entry and numerous physio-
logical signaling pathways. Virus internalization into
host cells is mediated via endocytic pathways such as
clathrin- or caveolae-dependent endocytosis (Pelk-
mans, Helenius, 2003). Virus internalization is initi-
ated by external ligand binding to receptors, including
the angiotensin-converting enzyme 2 (ACE2) recep-
tor (Hennighausen, Lee, 2020). The causative agent
of coronavirus disease (COVID-19), severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2), has
been found to bind to the ACE2 receptor as a compo-
nent of the renin-angiotensin system, which is a cru-
cial physiological regulator of circulating angiotensin
I (Ang II) (Khanna et al., 2021). Moreover, ACE2,
as a pathophysiological sensor, plays a critical role in
cancer angiogenesis (Zhang et al., 2019), chemore-
sistance in renal cell carcinoma (RCC) (Khanna et al.,
2021), and cancer cell growth (Krishnan et al., 2013);
however, the precise molecular mechanism through
which ACE2 plays a role in chemoresponses remains
poorly understood.

As another sentinel to external insults, the aryl
hydrocarbon receptor (AhR) regulates biological
and toxicological responses to environmental stress
that modulate the expression of genes involved in
xenobiotic metabolisms, such as cytochrome P450
(CYP) pathways (Stejskalova et al., 2011). Particu-
larly, CYP3A4, the most abundant CYP in the human
liver, is responsible for metabolizing more than 50%
of clinical therapeutics including anticancer agents
(Scripture et al., 2005). Mostly, CYP3A4 facilitates
the systemic clearance of chemotherapeutic agents
(Goldstein et al., 2013). Several epidemiological
studies have suggested that AhR-CYP pathways are
strongly associated with cancer initiation and progres-
sion (Deuster et al., 2019, Safe et al., 2013). Cancer
cells can respond to environmental stressors, such as
infectious agents and xenobiotic insults, by regulating
the sentinel receptors. On an assumption that Cav-1
is a potent platform of stress-responsive receptors,
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we assessed whether the receptor-linked network
is involved in the regulation of chemoresponses. In
particular, the sentinel signaling receptors including
ACE2 and AhR were evaluated in terms of clinical
response to chemoresistant ovarian cancers.

Materials and methods
Cell culture and chemical reagents

Human OCCC cell lines, including RMG-1, KOC7C,
OVTOKO, TOV2IG, and ES2 and A2780 type
IT human EOC cells, were kindly provided by Dr.
Fumitaka Kikkawa (Department of Obstetrics and
Gynecology, Nagoya University Graduate School
of Medicine, Nagoya, Japan). ES2 cells were main-
tained in McCoy’s 5A medium; all other cell lines
were maintained in RPMI 1640 medium, supple-
mented with 20% (v/v) heat-inactivated fetal bovine
serum (FBS), 50 U/mL penicillin, and 50 mg/mL
streptomycin (all from Welgene, Daegu, Korea) in a
5% CO, humidified incubator at 37 °C. The trypan
blue (Sigma-Aldrich, St. Louis, MO, USA) dye exclu-
sion assay was performed to count the cell num-
bers using a hemocytometer. Cisplatin (CDDP) was
obtained from Sigma-Aldrich. 3-(4,5-dimethylthia-
zol-2-y1)-2,5- diphenyltetrazolium bromide (MTT)
powder was obtained from Duchefa Biochemie (BH
Haarlem, Netherlands). Crystal violet was purchased
from Biosesang Inc. (Seongnam, Korea). Primary
antibodies against f-actin, Cav-1, EGFR, PAPR-1,
p53, caspase-3, and AhR were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Rab-
bit anti-ACE2 antibody was obtained from Abclonal,
Inc. (Woburn, MA, USA).

Analysis of survival and transcriptomic datasets

Datasets of ovarian cancers, GSE29450 (n=20),
GSE14407 (n=24), GSE50831 (n=189), GSE26193
(n=107), and GSE63885 (n=101), were retrieved
from the public repository GEO database (https://
www.ncbi.nlm.nih.gov/geo/), and mRNA profiles
of targeted genes were analyzed. We used the cBio-
Portal online platform  (http://www.cbioportal.
org/) to analyze co-expressed genes predicted from
mRNA data of ovarian serous cystadenocarcinoma
(TCGA, Nature 2011, 489 patients). Kaplan—-Meier

survival analysis was performed based on specific
gene expression levels in patients with low-grade
serous ovarian carcinoma (GSE27651, n=49),
high-grade human ovarian adenocarcinomas (OVA;
GSE26193, n=107), and ovarian cancer (GSE63885,
n=101) from the Kaplan—Meier plotter (for ovarian
cancer) database (https://kmplot.com/analysis/).

Cytotoxicity and clonogenic survival assays

OCCC cell lines were seeded onto 96-well plates at
a density of 5000 cells/well and were cultured for
24 h. The medium was removed, and fresh medium or
CDDP was added to attain a final volume of 200 pL/
well. After incubation for 24 h, the culture medium
was removed, and 50 pL of phosphate-buffered saline
(PBS) containing 1 mg/mL MTT was added to each
well and incubated for 4 h. Next, the PBS-containing
MTT solution was carefully removed, and 100 pL
of dimethyl sulfoxide (DMSO) was added to each
well and incubated for 15 min at 25 °C. Absorbance
was measured at 540 nm using a microplate reader
(Molecular Devices, Sunnyvale, CA, USA). The 50%
inhibitory concentration (ICs,) value of the cell via-
bility was evaluated using CompuSyn 1.0 software
(ComboSyn Inc., Paramus, NJ, USA).

For the clonogenic survival assay, cells were
seeded onto 6-well plates at a density of 300-500
cells/well. Twenty-four hours after seeding, cells
were treated with CDDP for 24 h. Cells were replaced
with fresh medium every 2 days and were allowed to
grow for 8—12 days. The cells were then fixed with
4% formaldehyde and were followed by staining with
0.5% crystal violet in a 25% methanol solution. Plates
containing colonies were scanned using an Epson
Perfection 3490 Photo Scanner (Epson America, Inc.,
Los Alamitos, CA, USA).

Plasmid construction

Human cytomegalovirus (CMV) promoter-driven short
hairpin RNA (shRNA) was generated by inserting ShRNA
templates into a pSilencer 4.1-CMVneo vector (Ambion,
Austin, TX, USA). Inserts of CAV-1 and ACE2 shRNA
targeted 5-GCC CAA CAA CAA GGC CAT G-3' and
5-AAC CAC GAA GCC GAA GAC CTG-3', respec-
tively. The Flag-tagged Cav-1 construct was amplified
using the following primers: 5-CAC CAT GGA CTA
CAA GGA CGA CGA TGA CAA GAT GGC AGA
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«Fig. 1 Cav-1 expression is inversely associated with sen-
sitivity to cisplatin. A, B Kaplan—Meier plot of overall sur-
vival (OS) analysis for patients with high and low expression
of Cav-1 from the GSE26193 (A, n=107) and GSE63885
datasets (B, n=101). C CAV-1 mRNA expression profiles of
ovarian adenocarcinoma (OVA) and normal ovarian tissue
were obtained from the GSE14407 dataset (normal, n=12;
OVA, n=2). D CAV-1 mRNA expression profiles of OCCC
and normal ovarian tissue were obtained from the GSE29450
dataset (normal, n=10; OCCC, n=10). Asterisks (*) indicate
significant differences (***p <0.001) compared with the nor-
mal group. E Basal protein expression of Cav-1 and EGFR in
OCCC cell lines was determined by immunoblotting analysis.
F The sensitivity of OCCC cell lines to cisplatin was meas-
ured using the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide (MTT) assay. OCCC cells were treated with
the indicated concentrations of cisplatin for 24 h, and a cell
viability assay was performed. G, H TOV21G and KOC7C
cells were treated with vehicle or 10 pg/mL cisplatin for 24 h
and were stained with annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide (PI). The proportion of apop-
totic cells was measured by using BD Accuri™ C6 Plus flow
cytometer, and data are shown as the mean = standard devia-
tion (SD) of three independent experiments (***p <0.001 vs.
vehicle group). I TOV21G and KOC7C cells were treated with
vehicle or 10 pg/mL cisplatin for 24 h, and total cell lysates
were subjected to immunoblotting analysis. Representa-
tive images are shown. J Clonogenic cell survival assay of
TOV21G and KOC7C cells. The cells were treated with vehi-
cle or 10 pg/mL cisplatin for 24 h, cultured in fresh medium
for 8 to 12 days, and then stained with crystal violet. Rep-
resentative images are shown. Cav-1, caveolin 1; Cl-cas3,
Cleaved Caspase-3; EGFR, epidermal growth factor receptor;
OCCC, ovarian clear cell carcinoma; PARPI1, poly (ADP-
Ribose) Polymerase 1; p53, tumor protein p53

CGA GCT GAG CGA-3' (forward) and 5“TTA TAT TTC
TTT CTG CAA GT-3' (reverse). The resulting 475-bp
construct for Cav-1 was then cloned using a TopCloner
TA Kit (Enzynomics, Daejeon, Korea) by excision at
the EcoRI sites and then transferred into the expression
plasmid pcDNA3.1(—) in the sense orientation (Thermo
Fisher Scientific, Waltham, MA, USA) using T4 DNA
ligase (NEB, Ipswich, MA, USA). Human ACE2 plas-
mid (pCEP4-myc-ACE2) was a gift from Erik Procko
(Addgene plasmid no. 141185; http://n2t.net/addgene:
141185; RRID: Addgene_141185) (Chan et al., 2020).

Transient and stable transfection

OCCC cells were transfected with a specific plasmid
using jetPRIME (Polyplus Transfection, New York,
NY, USA) according to the manufacturer’s instruc-
tions, in accordance with our previous studies (Park
et al., 2020). A pMX-GFP vector (Cell Biolabs, Inc.,

San Diego, CA, USA) was used to confirm the trans-
fection efficiency. To induce transient expression of
Cav-1 O/E, shCav-1, and shACE2, cells were trans-
fected using jetPRIME. Subsequently, 4-5 h after
transfection, cells were cultured in a fresh medium,
followed by incubation for another 48 h. To create
shCav-1-, Cav-1 O/E-, or shACE2-expressing stable
cell lines, cells were transfected with respective plas-
mids using jetPRIME (Polyplus Transfection). After
48 h, transfected cells were subjected to selection for
stable integrants by exposure to G418 (Life Technolo-
gies, Carlsbad, CA, USA) or hygromycin in a com-
plete medium containing 10% FBS. The selection was
performed until monolayer colonies were formed. The
stable cell lines were then maintained in a medium
supplemented with 10% FBS and G418 or hygromy-
cin (LPS Solution Co., Ltd., Daejeon, Korea).

Western blot analysis

OCCC cells were incubated with the indicated con-
centrations of cisplatin for 24 h and were harvested
for analysis. Briefly, cells were washed three times
with ice-cold phosphate buffer and then lysed with
lysis buffer (1% (w/v) SDS, 1.0 mM sodium ortho-
vanadate, and 10 mM Tris (pH 7.4)). The protein was
separated by electrophoresis and transferred to a poly-
vinylidene difluoride membrane (Pall Corporation,
New York City, NY, USA). After blocking, the mem-
brane was incubated with primary antibodies includ-
ing Cav-1, EGF, p65, p-p65, and actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) overnight
at 4 °C. After three times washing with TBST, the
membrane was incubated with a secondary antibody
and detected using pico-enhanced peroxidase (ELPIS
Biotech, Daejeon, Korea).

Reverse transcription real-time PCR (qPCR)

Total RNA was extracted using RiboEX™ reagent
(GeneAll Biotech, Seoul, Korea) according to the man-
ufacturer’s protocol. An equal amount of RNA (3 pg)
from each sample was reverse transcribed into cDNA
using a TOPscript™ RT DryMIX kit (Enzynomics,
Seoul, Korea). SYBR® Green was used in qPCR as
the fluorescent reporter dye to detect amplified cDNA
using a Rotor-Gene Q thermal cycler (Qiagen, Hilden,
Germany). The primers used in the present study are
listed in Supplementary Information (Supplementary
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«Fig. 2 Cav-1 silencing in TOV21G cells promotes resist-
ance to cisplatin. A For clonogenic cell survival assay,
TOV21G cells stably harboring a Cav-1 shRNA were treated
with vehicle or cisplatin at indicated concentrations for 24 h.
After washing, the cells were cultured in a fresh medium for
8 to 12 days and stained with crystal violet. Representative
images are shown. B, C TOV21G shCav-1 cells were treated
with vehicle or indicated concentrations of CDDP for 24 h and
stained with annexin V—fluorescein isothiocyanate (FITC) and
propidium iodide (PI). The proportion of apoptotic cells was
measured using BD Accuri™ C6 Plus flow cytometer, and data
are shown as the mean =+ standard deviation (SD) (***p <0.001
vs. vehicle group). D, E TOV21G shCav-1 cells were treated
with vehicle or 2 and 5 pg/mL cisplatin for 24 h, and total cell
lysates were subjected to immunoblotting analysis. Representa-
tive images are shown. Cav-1, caveolin 1; Cl-cas3, cleaved cas-
pase-3; EGFR, epidermal growth factor receptor; PARP1, poly
(ADP-Ribose) polymerase 1; p53, tumor protein p53

Table 1). All experiments were conducted in three rep-
licates to ensure statistical significance, and each inde-
pendent experimental set was repeated two or three
times. The comparative Ct method was used to quantify
the relative gene expression. The number of PCR cycles
(Ct) required for the SYBR® Green fluorescence inten-
sity to exceed a threshold level immediately above the
background was calculated for test and reference reac-
tions. GAPDH was used as an endogenous control in all
experiments. The results were analyzed by quantifica-
tion relative to values for control cells.

Flow cytometry

OCCC cells were incubated with CDDP at the
indicated concentrations for 24 h; next, cells were
collected, washed with cold PBS, and centri-
fuged. Apoptotic cells were detected using FITC
Annexin V Apoptosis Detection Kit I (no. 556547,
BD Pharmingen, San Diego, CA, USA) according
to the manufacturer’s protocol. Briefly, cells were
stained with 5 pL of Annexin V-FITC, following
which 5 pL of propidium iodide (PI) and 400 pL
of annexin V-binding buffer were added to 100 pL
of cell suspension for 15 min. Flow cytometry was
performed and analyzed using BD Accuri™ C6
Plus software ver1.0.23.1 (BD Biosciences).

Confocal and immunofluorescence microscopy

Briefly, OCCC cells were seeded and incubated for
24 h, fixed with 100% ice-cold methanol for 5 min

at room temperature, and then blocked with 1%
bovine serum albumin (BSA) in PBS for 30 min.
Next, cells were incubated with primary antibod-
ies at a dilution ratio of 1:250 in a buffer (1% BSA
in PBS) overnight at 4 °C and washed with PBS
three times. Subsequently, cells were incubated
with Alexa Fluor ®594 goat anti-rabbit IgG (H+L)
(Invitrogen, Carlsbad, CA, USA) and goat anti-
mouse [gG-h+1 DyLight® 488 conjugated (Bethyl
Laboratories Inc., Montgomery, TX, USA) at room
temperature for 2 h. After washing three times with
PBS, cells were counterstained with 500 ng/mL
DAPI (absorbance at 405 nm) in PBS for 5 min. For
immunofluorescence, images were captured using
a Nikon Imaging System (NIS) Elements BR 4.60
system (Nikon, Tokyo, Japan). Confocal images
were acquired with an Olympus FV1000 confocal
microscope (Olympus, Tokyo, Japan) using single-
line excitation (488 nm for anti-mouse antibodies,
or 546 or 596 nm for anti-rabbit antibodies) or mul-
titrack sequential excitation (488 nm and 633 nm).
Images were analyzed by using the FV10-ASW
software.

Luciferase assay

The luciferase assay was performed as previously
described (Park et al., 2020). Briefly, OCCC cells
were lysed with passive lysis buffer (Promega, Madi-
son, WI, USA), and supernatants were collected by
centrifugation at 12,000x g for 15 min. Luciferase
activity was measured using a Model TD-20/20 dual-
mode luminometer (Turner BioSystems, Sunnyvale,
CA, USA), and the firefly luciferase enzyme activity
was normalized to Renilla luciferase activity.

Statistical analysis

All statistical analyses were done using GraphPad
Prism 5.04 (GraphPad Software, Inc., San Diego, CA,
USA). To compare between two groups, a student’s
t-test was used. For multiple groups comparison, data
were subjected to analysis of variance, and pairwise
comparisons were performed using the Student—New-
man—Keuls post hoc method. All data presented in
this study are expressed as the mean + standard devia-
tion (SD). p<0.05 value was considered statistically
significant.
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«Fig. 3 Overexpression of Cav-1 in KOC7C cells promotes
sensitivity to cisplatin. A For clonogenic cell survival assay,
Cav-1-overexpressing KOC7C cells were treated with vehicle
or cisplatin at indicated concentrations for 24 h. After wash-
ing, the cells were cultured in a fresh medium for 8 to 12 days
and stained with crystal violet. Representative images are
shown. B, C Cav-1-overexpressing KOC7C cells were treated
with vehicle or indicated concentrations of CDDP for 24 h and
stained with annexin V—fluorescein isothiocyanate (FITC) and
propidium iodide (PI). The proportion of apoptotic cells was
measured using BD Accuri™ C6 Plus flow cytometer, and data
are shown as the mean + standard deviation (SD) (***p <0.001
vs. vehicle group). D Cav-1-overexpressing KOC7C cells were
treated with vehicle or 10 pg/mL cisplatin for 24 h, and total
cell lysates were subjected to immunoblotting analysis. Repre-
sentative images are shown. E OCCC cells were fixed, permea-
bilized, and then stained with primary antibody against EGFR
at a dilution of 1:250, followed by incubation with respective
secondary antibodies at a dilution of 1:250. Then, cells were
counterstained with DAPI and analyzed by immunofluores-
cence microscopy. F The relative quantitative value of EGFR
expression. Fluorescence intensity was quantified using Imagel
software, and data are shown as the mean =+ standard devia-
tion (SD) (n=3). Different letters over each bar represent sig-
nificant differences between groups (p <0.05 using one-way
ANOVA with the Newman—Keuls post hoc test). G KOC7C
cells were pretreated with AG1478 (10 um) for 2 h and then
treated with vehicle or 10 pg/mL cisplatin for 24 h; total cell
lysates were subjected to immunoblotting analysis. Representa-
tive images are shown. Cav-1, caveolin 1; Cl-cas3, Cleaved
Caspase-3; EGFR, epidermal growth factor receptor; OCCC,
ovarian clear cell carcinoma; PARP1, Poly (ADP-Ribose) Pol-
ymerase 1; p53, tumor protein p53

Results

Cav-1 expression in OCCC cells is inversely
associated with sensitivity to CDDP

We evaluated the prognostic patterns of ovarian can-
cer in response to Cav-1 levels using clinical tran-
scriptome datasets. Compared with the low Cav-1
expression group, patients with high Cav-1 expression
displayed favorable prognosis (Fig. 1A (GSE26193),
B (GSE63885), and Supplementary Fig. 1A
[GSE27651]). To determine the clinical significance
of Cav-1, we measured CAV-I mRNA expression
in OVA and OCCC using a clinical transcriptome
dataset (GSE29450 and GSE14407, respectively).
Cav-1 expression was significantly lower in OVA and
OCCC tissues than in normal ovarian tissues (Fig. 1C
and D, respectively). To elucidate the cellular roles
of Cav-1 in ovarian cancer, four OCCC cell lines,
RMG-1, KOC7C, OVTOKO, TOV21G, and ES2
cells, were compared considering different readouts.

ES2, OVTOKO, and TOV21G cells showed rela-
tively higher protein levels of Cav-1 than RMG-1 and
KOCT7C cells (Fig. 1E). However, since the ES2 cell
line is known to partly display characteristic features
of serous carcinoma (SC) (Kwok et al., 2014), it was
excluded from further analyses. Next, four OCCC cell
lines were exposed to CDDP, a representative front-
line chemotherapeutic drug, at various concentrations
(0-50 pg/mL) to compare cellular chemoresponses.
KOC7C cells exhibited relatively higher resistance
to CDDP treatment than other cell lines, whereas
TOV21G cells showed greater drug susceptibility
than other cells (Fig. 1F). The ICy, values of CDDP
were 49.7, 319.5, 21.85, and 6.65 pg/mL for RMG-1,
KOC7C, OVTOKO, and TOV21G cells, respectively
(Supplementary Fig. 1B and 1C). Notably, KOC7C
cells were highly resistant to CDDP-induced apop-
totic cell death (Supplementary Fig. 1C). As Cav-
1-high cells showed greater chemosensitivity than
Cav-1-low cells, we hypothesized that Cav-1 could
be involved in mediating chemoresponses in OCCC.
As shown in Fig. 1G and H, TOV21G cells displayed
significantly higher levels of CDDP-induced apopto-
sis than KOC7C cells. Furthermore, CDDP treatment
markedly increased caspase-3 activation and subse-
quent PARP-1 cleavage in TOV21G cells (Fig. 11).
Moreover, clonogenic assay results confirmed that
more KOC7C cells than TOV21G cells survived after
CDDP treatment (Fig. 1J). Collectively, these findings
revealed that OCCC cells with high Cav-1 levels had
increased sensitivity to CDDP-induced cell death.

Cav-1 improves the chemoresponses of OCCC cells

Next, we provided further molecular evidence indi-
cating the involvement of Cav-1 in chemosensitivity.
Cav-1 silencing using shRNA constructs (shCav-1)
increased the number of TOV21G cell colonies after
CDDP treatment (Fig. 2A). Indeed, genetic ablation
of CAV-1 in TOV21G cells led to significant resist-
ance to CDDP-induced cell death in a dose-dependent
manner, indicating Cav-1-mediated susceptibility to
chemotherapy (Fig. 2B and C). Biochemically, treat-
ment with 2 pg/mL and 5 pg/mL. CDDP consider-
ably diminished caspase-3 (Cl-cas3) activation and
subsequent PARP-1 cleavage (Fig. 2D and E). Thus,
Cav-1-deficient cells displayed attenuated levels of
cell death signaling—related components, including
PARP-1, cleaved caspase 3, and p53, suggesting that
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«Fig. 4 ACE2 expression in OCCC tissues and cells. A EGFR
mRNA expression profiles of ovarian adenocarcinoma (OVA)
and normal ovarian tissue were obtained from the GSE14407
dataset (normal, n=12; OVA, n=12). Asterisks (*) indicate
significant differences (***p <0.001) compared with the nor-
mal group. B, C EGFR and ACE2 mRNA expression profiles
of OCCC and normal ovarian tissue were obtained from the
GSE29450 dataset (normal, n=10; OCCC, n=10). Aster-
isks (*) indicate significant differences (¥*p <0.05; **p <0.01)
compared with the normal group. D, E ACE2 expression in
different ovarian cancer types obtained from GSE26193 (D,
n=107) and GSE63885 (E, n=101) datasets, respectively.
F Ovarian cancer cell line-based transcriptomic analysis of
ACE2 mRNAs from the GSE50831 dataset (n=189). G Basal
protein expression of ACE2 and AhR in OCCC cell lines was
determined by immunoblotting analysis. H Ten samples with
the highest Cav-1 expression and ten samples with the low-
est Cav-1 expression were further evaluated for ACE2 levels.
Results are shown as the mean + standard deviation (SD), and
asterisks (¥) indicate significant differences between groups
(*p<0.05). ACE2, angiotensin-converting enzyme 2; AhR,
aryl hydrocarbon receptor; Cav-1, caveolin 1; OCCC, ovarian
clear cell carcinoma; EGFR, epidermal growth factor receptor

Cav-1 facilitates susceptibility to CDDP in TOV21G
OCCC cells.

Based on the assumption that Cav-1 mediates
chemosensitivity in OCCC cells, we examined the
responses of Cav-1-low KOC7C cells to CDDP treat-
ment. According to the colony-forming assay results,
exogenous Cav-1 expression improved the chem-
oresponses of KOC7C cell colonies to CDDP treat-
ment, although control KOC7C cells exhibited drug
resistance (Fig. 3A). Moreover, the evaluation using
annexin V-FITC/PI double-labeled staining revealed
that Cav-1 overexpression increased apoptotic cell
death in response to CDDP (Fig. 3B and C). Consist-
ent with these results, Cav-1 overexpression enhanced
caspase-3 activation and subsequent PARP-1 cleav-
age in CDDP-treated KOC7C cells (Fig. 3D), indicat-
ing the potential involvement of Cav-1 in mediating
sensitivity to CDDP in KOC7C OCCC cells. These
findings confirmed a positive association between
Cav-1 and chemosensitivity in OCCC cells.

Cav-1-counteracted EGFR signaling is not involved
in chemoresistance in OCCC cells

EGFR is a promising signaling platform in asso-
ciation with caveolae (Park et al., 2020), and the
interaction between Cav-1 and EGFR can suppress
kinase activity or protein stability of EGFR (Couet

et al., 1997, Park et al., 2020). Thus, in the present
study, the effects of Cav-1 on EGFR were assessed
in OCCC cells. Immunofluorescence revealed that
Cav-1 silencing enhanced EGFR expression in
TOV21G cells, while the overexpression of Cav-1
suppressed EGFR expression (Fig. 3E and F), indi-
cating that Cav-1 is a negative regulator of EGFR
expression. Next, the chemotherapeutic responses
associated with EGFR signaling were evaluated.
Unexpectedly, the suppression of EGFR expres-
sion using AG1478, a selective EGFR inhibitor,
failed to improve sensitivity to CDDP in KOC7C
and TOV21G cells (Fig. 3G and Supplementary
Fig. 2A, 2B, and 2C), indicating that Cav-1-coun-
teracted EGFR signaling was not involved in regu-
lating sensitivity to CDDP in OCCC cells.

We further evaluated the prognosis patterns of
ovarian cancer in response to EGFR levels using
clinical transcriptome datasets. Patients with
high EGFR expression displayed poor progno-
sis compared with those with low EGFR levels
(GSE63885, p<0.001; GSE27651, p<0.01, Sup-
plementary Fig. 2D and 2E). Moreover, the gene
expression profiles of patients with ovarian can-
cer revealed that OVA tissues exhibited signifi-
cantly higher EGFR levels than normal ovarian tis-
sues (Fig. 4A). Conversely, EGFR expression was
downregulated in OCCC tissues compared with
normal tissues (Fig. 4B). Collectively, our results
showed that although Cav-1 counteracted EGFR
expression, EGFR was not involved in modulating
chemoresistance to CDDP in OCCC cells.

Cav-1 counteracts ACE2 expression in OCCC cells

As mentioned in the “Introduction,” caveolae and
ACE2 can serve as crucial stress signaling plat-
forms in several pathophysiological states as well as
the entry of certain viruses, such as SARS-CoV-2.
In contrast to EGFR, ACE2 levels were elevated in
OCCC tissues compared with normal ovarian tis-
sues (Fig. 4C). Compared with ACE2 levels in
serous, endometrioid, and undifferentiated ovarian
cancers, OCCC displayed elevated ACE2 expression
(Fig. 4D and E) (GSE26193 (n=107) and GSE63885
(n=101)). Based on ovarian cancer cell line-based
transcriptomic database analysis, some OCCC cell
lines tended to display relatively high ACE2 mRNA
expression compared with serous and endometrioid
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«Fig. 5 Cav-1 counteracts ACE2 expression in OCCC cells. A
OCCC cells were fixed, permeabilized, and then stained with
primary antibodies against ACE2 and AhR at a dilution of
1:250, followed by incubation with respective secondary anti-
bodies at a dilution of 1:250. Then, cells were counterstained
with DAPI and analyzed using confocal microscopy. B The
relative quantitative value of ACE2 expression. C The relative
quantitative value of AhR expression. Fluorescence intensity
was quantified using ImageJ software, and data are shown as
the mean + standard deviation (SD) (n=3), and different low-
ercase letters (a—d) over each bar represent significant differ-
ences between groups (p<0.05). D Total cell lysates from
OCCC cells were subjected to immunoblotting analysis. Rep-
resentative images are shown. E KOC7C and KOC7C shACE2
cells were transfected with basic-xenobiotic response element
(Basic-XRE)-linked reporter plasmid for 24 h, and then, cell
lysates were assessed for luciferase activity. Results are shown
as the mean+SD, and asterisks represent a significant differ-
ence between groups (n=3, ***p<0.001). F mRNA levels
in KOC7C and KOC7C shACE2 cells were determined by
quantitative real-time PCR (qPCR). Results are shown as the
mean+SD, and asterisks represent a significant difference
between groups (n=3, ***p<0.001). ACE2, angiotensin-
converting enzyme 2; AhR, aryl hydrocarbon receptor; Cav-1,
caveolin 1; OCCC, ovarian clear cell carcinoma

ovarian cancer cell lines (Fig. 4F: GSES50831,
n=189). Moreover, comparing protein levels, Cav-1-
low KOC7C cells exhibited the highest ACE2 expres-
sion among the examined OCCC cells and the A2780
endometrioid ovarian cancer cell line (Fig. 4G). In
addition to ACE2, AhR is a stress sensor that con-
trols the expression of genes involved in pathological
responses to internal and external insults (Stejskalova
et al., 2011; Yan et al., 2018) and can mediate ACE2
regulation in pathogenic states (Lv et al., 2021). How-
ever, the AhR levels were not significantly altered in
OCCC tissues (Supplementary Fig. 3A), and no tis-
sue-specific patterns in AZR mRNA expression were
detected in OCCC cell lines (Supplementary Fig. 3B)
(GSE50831, n=189). However, the results of the
clinical transcriptomic analysis demonstrated that in
patients with OCCC, tissues displaying high Cav-1
expression tended to have low ACE2 levels (Fig. 4H).
Therefore, ACE2 was evaluated as a robust regulatory
receptor in Cav-1-mediated signaling in OCCC.

To further elucidate the mechanism through
which Cav-1 regulates ACE2 or AhR in OCCC
cells, we examined protein localization using confo-
cal microscopy. In KOC7C cells, Cav-1 overexpres-
sion inhibited ACE2 expression and increased AhR
expression (Fig. 5A, B, C). In contrast, shRNA-
induced Cav-1 deficiency enhanced ACE2 levels

and downregulated AhR expression in TOV21G
cells (Fig. 5A, B, C). Furthermore, ACE2 deficiency
upregulated AhR expression in KOC7C cells, sug-
gesting that ACE2 counteracts AhR expression
(Fig. 5C and D). Several epidemiological stud-
ies have reported that xenobiotic-responsive AhR
regulates cytochrome P450 (CYP) enzymes and is
strongly linked to cancer initiation and progression
(Deuster et al., 2019, Feng et al., 2013). To further
address the effects of ACE2 on AhR-mediated sign-
aling of xenobiotic metabolism, xenobiotic response
element (XRE)-linked transcription was evaluated
in KOC7C OCCC cells. Notably, ACE2 knockdown
markedly enhanced XRE-linked promoter activity
(Fig. 5E), indicating that ACE2 counteracts AhR-
linked promoter activity in OCCC cells. Further-
more, ACE2 participated in the downregulation of
the AhR target gene expression, including CYPIAI,
CYPIA2, CYP2CY9, CYP2CI8, and CYP3AS5 in
KOC7C cells (Fig. 5F). Exceptionally, CYP3A4
was positively regulated by ACE2 expression. Col-
lectively, Cav-1 counteracted the expression of
ACE2 whereas it was positively associated with the
AhR expression and the subsequent transcriptional
activation of xenobiotic metabolic enzymes except
for CYP3A4.

Cav-1-counteracted ACE2 expression is involved in
chemoresistance in OCCC cells

Considering functionality, we assessed whether
Cav-1-counteracted ACE2 expression plays a role
in modulating chemotherapeutic responses. Based
on the results of the colony formation assay, sup-
pression of ACE2 expression improved the chem-
oresponse of KOC7C cell colonies to CDDP treat-
ment; however, control KOC7C cells exhibited drug
resistance (Fig. 6A). Expectedly, ACE2 knockdown
significantly decreased KOC7C cell viability after
CDDP treatment (Fig. 6B). Moreover, annexin
V-FITC/PI double-labeled staining demonstrated
that ACE2 suppression increased the proportion of
apoptotic cells after CDDP treatment (Fig. 6C and
D). Consistent with these results, ACE2 deficiency
enhanced caspase-3 activation and subsequent
PARP-1 cleavage in CDDP-treated KOC7C cells
(Fig. 6E), indicating that ACE2 mediates CDDP
resistance in KOC7C OCCC cells. However, block-
ade of AhR signaling using a selective inhibitor
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«Fig. 6 ACE2 silencing in KOC7C cells promotes sensitiv-
ity to cisplatin. A For clonogenic cell survival assay, ACE2-
deficient KOC7C cells stably harboring ACE2 shRNA were
treated with vehicle or cisplatin at indicated concentrations
for 24 h. After washing, cells were cultured in a fresh medium
for 8 to 12 days and stained with crystal violet. Representa-
tive images are shown. B KOC7C cells stably harboring ACE2
shRNA were treated with indicated concentrations of cisplatin
for 24 h, and the MTT assay was performed. Results are shown
as the mean =+ standard deviation (SD), and asterisks represent
a significant difference from the KOC7C control cells at each
cisplatin dose (n=3, ***p<0.001). C, D shACE2-transfected
KOCT7C cells were treated with vehicle or 10 pg/mL cisplatin
for 24 h and stained with annexin V—fluorescein isothiocyanate
(FITC) and propidium iodide (PI). The proportion of apoptotic
cells was measured using BD Accuri™ C6 Plus flow cytom-
eter, and data are shown as the mean + SD. Results are shown
as the mean+SD, and asterisks represent a significant differ-
ence between groups (n=3, ***p <0.001). E A2780 cells and
shACE2-transfected KOC7C cells were treated with vehicle or
10 pg/mL cisplatin for 24 h; KOC7C cells were co-incubated
with CH223191 (10 um) with or without 10 pg/mL cisplatin
for 24 h, and total cell lysates were subjected to immunoblot-
ting analysis. F The control (the empty vector-transfected) and
Cav-1-overexpressing KOC7C cells were treated with vehicle
or 10 pg/mL cisplatin for 24 h, and total cell lysates were sub-
jected to immunoblotting analysis. Representative images are
shown. ACE2, angiotensin-converting enzyme 2. G ACE2
levels in responders (n=752) and non-responders (n=209) to
platinum treatment against ovarian cancer. Results are shown
as a plot with Turkey whiskers, and asterisks (¥) indicate sig-
nificant differences from the non-responder group (**p <0.01).
ACE2, angiotensin-converting enzyme 2; Cav-1, caveolin 1;
Cl-cas3, Cleaved Caspase-3; EGFR, epidermal growth factor
receptor; OCCC, ovarian clear cell carcinoma; PARPI1, Poly
(ADP-Ribose) polymerase 1

(CH223191) did not induce KOC7C cell apoptosis
(Fig. 6E and Supplementary Fig. 3C and 3D). Fur-
thermore, overexpression of Cav-1 inhibited ACE2
expression, which was concomitant with enhanced
caspase-3 activation and subsequent PARP-1 cleav-
age in CDDP-treated KOC7C cells (Fig. 6F). On an
assumption that ACE2 may increase chemoresist-
ance, we tested the effects of exogenously intro-
duced ACE2 on the TOV21G cells in response to
CDDP treatment. However, ACE2 overexpression
did not attenuate CDDP-induced apoptotic cell
death in TOV21G cells (Supplementary Figs. 4A
and 4B). Despite ACE2 overexpression, TOV21G
maintained a high level of Cav-1, a key platform
for chemosensitivity (Supplementary Fig. 4C).
Based on clinical transcriptomic evaluation results,
patients with low ACE2 mRNA expression exhib-
ited better responses to platinum-based drugs than

those with high ACE2 mRNA expression (p <0.01)
(Fig. 6F). Overall, Cav-1-counteracted ACE2
expression plays a pivotal role in resistance to
CDDP in KOC7C OCCC cells.

As a potent target of ACE2, CYP3A4A was posi-
tively regulated in OCCC cells under CDDP stress
(Fig. 5F). CYP3A4 is a member of the CYP3A sub-
family, the most abundant cytochrome P450 (P450)
enzyme in the liver; more importantly, it is respon-
sible for the metabolism of frontline chemothera-
peutics, including platinum, resulting in drug clear-
ance (Goldstein et al., 2013). According to clinical
transcriptomic analysis results, ACE2-associated
genes were notably involved in CYP-linked xeno-
biotic metabolism in patients with ovarian cancer
(Fig. 7A, GSE26193, n=107). In particular, tis-
sues with high Cav-1 levels tended to display low
CYP3A4 expression, whereas high ACE2 levels
were linked to elevated CYP3A4 expression in
patients with OCCC (Fig. 7B and C). These clini-
cal tissue patterns were verified in OCCC cells.
CYP3A4 mRNA expression was significantly higher
in Cav-1-low/ACE2-high KOC7C cells than in
Cav-1-high/ACE2-low TOV21G cells. Moreover,
ACE2 deficiency and Cav-1 overexpression sig-
nificantly decreased CYP3A4 levels in KOC7C
cells (Fig. 7D). Accordingly, we postulated that
Cav-1-counteracted ACE2 expression could facili-
tate CYP3A4 induction, contributing to chemore-
sistance and poor prognosis in patients. Moreover,
patients with high CYP3A4 expression presented
significantly shorter overall survival (OS) than
patients with low CYP3A4 expression (Fig. 7E and
F). Receiver operating characteristic (ROC) curve
analysis results revealed that the patients with low
CYP3A4 mRNA levels responded better to plat-
inum-based drugs than those with high CYP3A4
mRNA expression (**p<0.01) (Fig. 7G), demon-
strating the excellent diagnostic value of CYP3A4
expression for ovarian cancer (Fig. 7H). Further-
more, patients with low CYP3A4 mRNA levels dis-
played better responses to taxane or the combina-
tion of platinum and taxane than those with high
expression; however, CYP3A4 mRNA levels were
not correlated with responses to other chemothera-
peutic drugs (Supplementary Fig. 5). In summary,
Cav-1-regulated ACE2 and its target CYP3A4 were
positively associated with resistance to CDDP at
the cellular level, leading to a poor prognosis.
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«Fig.7 CYP3A4 is positively correlated with ACE2 expres-
sion. A Clinical transcriptome-based functional analysis
of ACE2-associated genes in patients with ovarian can-
cer (GSE26193, n=107). B, C Ten samples with the high-
est Cav-1 expression and ten samples with the lowest Cav-1
expression were further evaluated for CYP3A4 levels. Results
are shown as the mean + standard deviation (SD), and asterisks
(*) indicate significant differences between groups (¥p <0.05).
D mRNA levels of CYP3A4 in OCCC cells were determined
by quantitative real-time PCR (qPCR). Different lowercase
letters over each bar represent significant differences between
groups (p<0.05 using one-way ANOVA with the Newman—
Keuls post hoc test). E, F Kaplan—-Meier plot of overall sur-
vival (OS) analysis for patients with low and high expression
of CYP3A4 from the GSE26193 (E, n=107) and GSE63885
datasets (F, n=101). G CYP3A4 levels in responders (n=752)
and non-responders (n=209) to platinum treatment against
ovarian cancer. Results are shown as a plot with Turkey whisk-
ers, and asterisks (¥) indicate significant differences from the
non-responder group (**p<0.01). H ROC curve for CYP3A4
levels in responders and non-responders to platin treatment. I
A schematic diagram presenting mechanisms underlying Cav-
1-ACE2 axis-linked modulation of chemosensitivity in OCCC
cells. Cav-1 counteracts the expression of EGFR and ACE2
whereas it is positively associated with the expression of AhR
and target CYPs except for CYP3A4. CYP3A4 is positively
correlated with ACE2 expression and participates in the meta-
bolic clearance of CDDP in patients with OCCC. ACE2, angi-
otensin-converting enzyme 2; AhR, aryl hydrocarbon receptor;
AUC, area under the curve; Cav-1, caveolin 1; CDDP, cispl-
atin; OCCC, ovarian clear cell carcinoma; TPR, true positive
rate; TNR, true negative rate

Discussion

Although chemotherapeutic agents, such as platinum-
based drugs, remain the standard first-line chemo-
therapy for treating ovarian cancer, chemoresist-
ance is a major obstacle in treating various tumors,
including OCCC. Caveolae respond to external
stressors, including infectious agents and xenobiotic
insults. As a primary component of caveolae, Cav-1
was assessed in terms of chemoresponses in OCCC
cells. Notably, we observed that Cav-1 expression
was inversely correlated with the chemoresistance in
OCCC cells. Furthermore, Cav-1 counteracted EGFR
and ACE2 expression. Notably, ACE2 positively reg-
ulated CYP3A4 expression, which is associated with
CDDP clearance, attenuating pharmacological activ-
ity. Mechanistically, Cav-1 can control various signal-
ing molecules (Liu et al., 2017; Vihanto et al., 2006)
and acts as both a tumor suppressor and promoter
(Belanger et al., 2004, Tirado et al., 2010b). It has
been shown that Cav-1 expression is reduced in sev-
eral cancer types such as ovarian and breast cancers

(Kai et al., 2001; Lee et al., 1998). However, the role
of Cav-1 in the promotion, development, and chem-
oresistance of OCCC remains unclear. In the pre-
sent study, high levels of Cav-1 indicated a favorable
prognosis for ovarian cancer. Moreover, OCCC cells
with high Cav-1 levels were more sensitive to CDDP
treatment than those with low levels, and Cav-1 could
improve sensitivity to CDDP. Similar to our results,
Cav-1 overexpression mediates endocytosis and pro-
motes the internalization of trastuzumab emtansine
into HER-2-positive breast cancer cells (Chung et al.,
2015). By contrast, Cav-1 mediates the chemoresist-
ance of ovarian cancer by enhancing the Notch-1/
Akt/NF-xB signaling pathways, attenuating the
chemotherapy-induced cancer cell death (Zou et al.,
2015). Likewise, Cav-1 promoted chemoresistance
in Ewing’s sarcoma cells by activating phosphoryla-
tion of PKCa (Tirado et al., 2010b). These opposite
actions of Cav-1 can be attributed to the unique char-
acteristics of different cancer types as well as the
distinct histological subtype of ovarian cancer under
the different treatment regimes. In the case of OCCC,
Cav-1 counteracted the expression of mediators
responsible for chemoresistance or cancer cell prolif-
eration. In particular, Cav-1-regulated ACE2 was an
important meditator of the resistance to the platinum-
based chemotherapeutic agents. Likewise, it is crucial
to address what types of Cav-1-targeted mediators are
involved in typical outcomes in response to the chem-
otherapeutic agents in different cancers.

In addition to ACE2, EGFR was negatively regu-
lated by the Cav-1-linked signaling platform in the
present study. EGFR has been deemed a potential
prognostic biomarker and therapeutic target for ovar-
ian cancer, given its reported expression in 30-98%
of EOC (Gui, Shen, 2012, Niikura et al., 1997).
Moreover, EGFR is an important signaling mol-
ecule that can interact with Cav-1, which critically
regulates cell proliferation, migration, adhesion, and
tumor angiogenesis by suppressing tyrosine phos-
phorylation and kinase activities (Couet et al., 1997,
Vihanto et al., 2006, Williams et al., 2004). Addition-
ally, radiation-induced Cav-1 is reportedly associated
with Src kinase activity-dependent EGFR internali-
zation and nuclear transport (Dittmann et al., 2008).
Furthermore, EGFR tyrosine kinase inhibitors can
suppress the growth of various cancer cell lines,
including ovarian cancer (Ciardiello et al., 2001). Our
recent study suggested a novel regulatory mechanism
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of EGFR expression in the caveolar signaling scaffold
(Park et al., 2020). Cav-1 triggers proteasome-medi-
ated degradation of EGFR protein and counteracts the
nuclear translocation of EGFR and subsequent EGFR-
facilitated transcription of target genes. In the pre-
sent study, Cav-1 was a negative regulator of EGFR,
and patients with high EGFR expression exhibited a
poor prognosis. Although Cav-1 counteracted EGFR
expression, EGFR-mediated signaling did not partici-
pate in the chemosensitivity of OCCC cells. Moreo-
ver, EGFR levels were lower in OCCC tissues than
in normal tissues. However, it is necessary to assess
other underlying roles of EGFR-linked signaling dur-
ing OCCC tumorigenesis and progression along with
chemoresponses, while Cav-1 undoubtedly regulates
EGFR expression in cells.

Unlike EGFR, chemoresistance was associ-
ated with elevated ACE2 expression in OCCC tis-
sues. Previous studies have suggested that lipid raft
microdomains and ACE2 can be crucial stress sign-
aling platforms under various pathophysiological
states as well as during the entry of some viruses,
such as SARS-CoV-2 (Pelkmans, Helenius, 2003,
Sieczkarski, Whittaker, 2002). ACE2 plays a criti-
cal role in inhibiting cancer cell growth and over-
coming chemoresistance in RCC (Khanna et al.,
2021). Conversely, ACE2 inhibits angiogenesis
through the vascular endothelial growth factor A/
vascular endothelial growth factor receptor 2/extra-
cellular signal-regulated protein kinase pathway
(Zhang et al., 2019). Similarly, ACE2 overexpres-
sion potentially suppresses acquired platinum resist-
ance—induced tumor angiogenesis in non-small-cell
lung carcinoma (Cheng et al., 2016). In the present
study, ACE2 downregulated the expression of AhR
and that of its transcriptional targets—CYP1Al,
CYP1A2, CYP2C9, CYP2C18, and CYP3A5—in
KOCT7C cells. In particular, AhR-induced CYP sub-
family enzymes mostly mediate biotransformation
into active clinical drugs (Zanger, Schwab, 2013).
For instance, the antitumor agent, 5F-203, and its
prodrug, Phortress, induce CYP1A1 expression by
activating AhR signaling in IGROV-1 human ovar-
ian cells, revealing enhanced sensitivity to these
drugs via CYP-mediated metabolism (Hose et al.,
2003). Although the attenuated activity of AhR
signaling may reduce drug efficacy, ACE2 facili-
tated CYP3A4 expression regardless of AhR sign-
aling, which potently contributes to the metabolic
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clearance of platinum-based drugs. Among anti-
tumor platinum complexes, CDDP and oxaliplatin
display minimal inhibition of CYP2C9 activity in
human liver microsomes (Masek et al., 2009). In
the present study, the most prominent CYP in the
Cav-1-ACE2 axis was CYP3A4, which facilitates
the metabolic clearance and chemoresistance to
platinum-based drugs. However, enhancing Cav-1
levels as a therapeutic target may counteract ACE2,
enhance AhR transactivation and subsequent induc-
tion of the xenobiotic metabolic enzyme CYP
genes, promote the antitumor activity of prodrugs,
and/or suppress CYP3A4-mediated clearance of
platinum-based drugs. Moreover, ACE2-medi-
ated downregulation of AhR and CYP1A can alter
hormonal activity, as CYP1Al and CYP1A2 are
involved in estrone metabolism via the oxidation of
estrone to quinol and direct hydrolysis, respectively
(Ohe et al., 2000; Yamazaki et al., 1998). Therefore,
further investigations are needed to address the reg-
ulation of estrogen metabolism via Cav-1 and ACE2
signaling in ovarian cancer cells, in addition to drug
metabolism.

In conclusion, we demonstrated that the Cav-1-
ACE2 axis modulates chemosensitivity in OCCC
cells. Mechanistically, Cav-1 counteracted ACE2
expression and subsequent transcription of CYPs.
In addition, ACE2 was positively associated with
the expression of CYP3A4, which is crucial for
platinum-based drug clearance. Herein, our findings
suggest that Cav-1 is a potent regulatory platform
of sentinel signaling receptors, including ACE2 and
AhR, during the progression of OCCC and chemo-
therapeutic responses in this disease. Overall, the
integrative network between Cav-1 and ACE2 could
be a promising predictive target of chemoresistance
in treating OCCC. The biochemical signaling-based
diagnostic decision could reduce the clinical burden
and time for conventional therapy, providing new
precision interventions against chemoresistant ovar-
ian cancers.
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