
Neoplasia 36 (2023) 100866 

Contents lists available at ScienceDirect 

Neoplasia 

journal homepage: www.elsevier.com/locate/neo 

PAX8 modulates the tumor microenvironment of high grade serous ovarian 

cancer through changes in the secretome 

Amrita Salvi a , Laura R. Hardy 

a , Kimberly N. Heath 

a , Samantha Watry 

a , Melissa R. Pergande 

b , 
Stephanie M. Cologna 

b , Joanna E. Burdette 

a , ∗ 

a Department of Pharmaceutical Sciences, College of Pharmacy, University of Illinois at Chicago, Chicago, IL 60607, USA 
b Department of Chemistry, University of Illinois at Chicago, Chicago, IL 60607, USA 

a r t i c l e i n f o 

Keywords: 

Tumor microenvironment 
PAX8 
Fibronectin 
Tumor spheroids 
Ovarian cancer 

a b s t r a c t 

High grade serous ovarian cancer (HGSC) arises from the fimbriated end of the fallopian tube epithelium (FTE), 
and in some cases, the ovarian surface epithelium (OSE). PAX8 is a commonly used biomarker for HGSC and is 
expressed in ∼90% of HGSC. Although the OSE does not express PAX8, murine models of HGSC derived from 

the OSE acquire PAX8, suggesting that it is not only a marker of Müllerian origin, but also an essential part 
of cancer progression, potentially from both the OSE and FTE. Previously, we have shown that PAX8 loss in 
HGSC cells causes tumor cell death and reduces cell migration and invasion. Herein, secretome analysis was 
performed in PAX8 deleted cells and we identified a reduction of the extracellular matrix (ECM) components, 
collagen and fibronectin. Immunoblotting and immunofluorescence in PAX8 deleted HGSC cells further validated 
the results from the secretome analysis. PAX8 loss reduced the amount of secreted TGFbeta, a cytokine that plays 
a crucial role in remodelling the tumor microenvironment. Furthermore, PAX8 loss reduced the integrity of 3D 

spheroids and caused a reduction of ECM proteins fibronectin and collagen in 3D cultures. Due to the ubiquitous 
nature of PAX8 in HGSC, regardless of cell origin, and the association of its reduced expression with decreasing 
tumor burden, a PAX8 inhibitor could be a promising drug target against various types of HGSC. To accomplish 
this, we generated a murine oviductal epithelial (MOE) cell line stably expressing PAX8 promoter-luciferase. 
Using this cell line, we performed a screening assay with a library of FDA-approved drugs (Prestwick Library) 
and quantitatively assessed these compounds for their inhibition of PAX8. We identified two hits: losartan and 
captropril, both inhibitors of the renin-angiotensin pathway that inhibit PAX8 expression and function. Overall, 
this study validates PAX8 as a regulator of ECM deposition in the tumor microenvironment. 
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High grade serous ovarian cancer (HGSC) is the most common and
ethal form of ovarian cancer with the lowest five-year survival rate.
urrent HGSC treatment involves surgical debulking followed by com-
ination of platinum and taxane-based therapies. Despite the significant
rogress with respect to new therapies, most patients develop chemore-
istance and succumb to the disease [1] . Immunotherapy in particular
as shown limited success in epithelial ovarian cancer, mainly due to
he challenges posed by the highly immunosuppressive HGSC tumor mi-
roenvironment (TME) [2] . The TME refers to the surrounding of the tu-
or cells, where tumor cells and immune cells can interact with the host

troma. The TME consists of a heterogenous and interactive population
f cancer cells and cancer stem cells along with the recruited stromal
ells and endothelial cells. In addition to the cells, the TME comprises of
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xtracellular matrix (ECM) which includes proteins such as fibronectin,
ollagen, proteoglycans, and laminins as well as tumor-derived factors
uch as transforming growth factor beta (TGF 𝛽), fibroblast growth fac-
or (FGF), vascular endothelial growth factor (VEGF), matrix metallo-
roteases (MMPs) etc [2] . 

TGF 𝛽 is a cytokine secreted by tumor cells and fibroblasts and is
nvolved in ECM remodeling leading to solid tumors [3] . Specifically,
GF 𝛽 mediates the transition of resident fibroblasts to cancer-associated
broblasts (CAFs) to promote metastasis [4] . CAFs play a crucial role in
CM deposition and signaling interactions with cells of the TME [4] .
CM proteins such as fibronectin and collagen are both associated with
isease aggressiveness by increasing tissue rigidity and enhancing infil-
ration of CAFs eventually impacting immune cell infiltration. Deposi-
ion of both collagen and fibronectin directly correlate with poor clini-
al prognosis and survival [5] . Fibronectin is an ECM glycoprotein that
lays a crucial role in cell differentiation, migration, invasion, and pro-
iferation in addition to processes such as wound healing, embryonic
evelopment and oncogenic transformation [6] . In ovarian cancer, fi-
ronectin plays a role in cell migration, invasion, metastasis and acts as
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List of abbreviations 

𝛼 SMA Alpha-smooth muscle actin 
CAF Cancer associated fibroblast 
ChIP-Seq Chromatin immunoprecipitation sequencing 
COL1A1 Collagen 1 
CRISPR Clustered regularly interspaced short palindromic re- 

peats 
DAPI 4 ′ ,6-diamidino-2-phenylindole 
DMEM Dulbecco’s modified eagle media 
DMSO Dimetyhyl sulfoxide 
DTT Dithiothreitol 
ECM Extracellular matrix 
EGF Epidermal growth factor 
EGTA ethylene glycol-bis( 𝛽-aminoethyl ether)-N,N,N ′ ,N ′ - 

tetraacetic acid 
ELISA Enzyme-linked immunosorbent assay 
EMT Epithelial to mesenchymal transition 
FBS Fetal bovine serum 

FDA Food and Drug administration 
FDR False discovery rate 
FGF Fibroblast growth factor 
FOXM1 Forkhead box M1 
FTE Fallopian tube epithelium 

GAPDH Glyceraldehyde-3-phoshphate dehydrogenase 
GO Gene Ontology 
HGSC High grade serous ovarian cancer 
IHC Immunohistochemistry 
ITS Insulin transferrin selenium 

LC/MS Liquid chromatography/mass spectrometry 
MEM Minimal essential media 
MMP Matric metalloprotease 
MOE Murine oviductal epithelium 

mRNA Messenger RNA 

NOF Normal ovarian fibroblast 
OSE Ovarian surface epithelium 

P/S Penicillin streptomycin 
PARP Poly ADP ribose polymerase 
PAX8 Paired box transcription factor 8 
PBS Phosphate-buffered saline 
PKC 𝛼 Protein kinase C, alpha 
qPCR Quantitative polymerase chain reaction 
RFP Red fluorescent protein 
RIPA Radioimmunoprecipitation assay buffer 
RLU Relative luminescence units 
RPMI Roswell Park Memorial Institute medium 

SDS Sodium dodecyl sulfate 
SILAC Stable isotope labeling with amino acids in culture 
shRNA shRNA Small hairpin RNA 

TGFß Tumor growth factor, beta 
TME Tumor microenvironment 
VEGF Vascular endothelial growth factor 

 prognostic biomarker [7–10] . Similar to fibronectin, collagen plays a
ole in ECM remodeling via controlling matrix stiffness and rigidity and
rovides a premetastatic niche in ovarian cancer cells [5,11] . 

Transcription factor Paired box 8 (PAX8) is involved in development
f the fallopian tube epithelium (FTE) [12,13] . PAX8 is expressed in
90% of HGSC and is a commonly used marker by pathologist to clas-
ify ovarian serous tumors [14] . The ovarian surface epithelium (OSE)
ypically does not express PAX8, however, murine models of HGSC de-
ived from the OSE acquire PAX8, suggesting that it is not only a marker
f Müllerian origin, but also essential for cancer progression, potentially
rom both the OSE and FTE [15] . PAX8 knockdown or deletion causes
2 
eduction in tumor cell proliferation, migration and invasion [16–19] .
ore importantly, PAX8 loss reduces tumor burden in mice models of

varian cancer [16] . Further, acquisition of PAX8 by OSE increases
pithelial-mesenchymal transition (EMT) like morphology, migration,
nd invasion [19] . 

In this study, we found that PAX8 regulated the TME by enhancing
bronectin and collagen in HGSC cells and by increasing TGF 𝛽 secretion
hich increased alpha-smooth muscle actin ( 𝛼-SMA) expression in nor-
al ovarian fibroblasts (NOFs). PAX8 loss reduced fibronectin expres-

ion in 3D tumor spheroids and reduced the integrity of spheroids. Addi-
ionally, we developed a PAX8 promoter-luciferase cell-based screening
ssay and identified losartan and captopril as novel repressors of PAX8
rotein, which could reduce invasion by reducing PAX8 targets includ-
ng FOXM1 and PKC 𝛼 (PKCalpha) [16] . Altogether, this work increases
ur understanding of the role of PAX8 in modulating the HGSC secre-
ome, which remodels the TME, and highlights the promising potential
or novel PAX8 inhibitors. 

aterials and methods 

ompounds 

Purchased compounds included thiostrepton (Cayman#19200),
osartan potassium (Sigma#61188), sulfathiazole (Sigma#S9876), N-
aurylsarcosine (Sigma#L7414), captopril (Sigma#C4042) atracurium
esylate (Cayman#17796), L-DOPA (Cayman#13248), idoxuridine
Cayman#20222), dyphylline (Cayman#17958), dapsone (Cay-
an#23743), pyrimethamine (Cayman#16472), hydroflumethiazide

Cayman#23612), recombinant human TGF 𝛽1 (Peprotech#100-21),
B-431542 (Sigma#S4317). All compounds were suspended in dimethyl
ulfoxide (DMSO), and final vehicle concentration was < 0.1% (v/v). 

ell culture 

Ovarian cancer cell lines (OVCAR-4 [RRID: CVCL_1627], OVCAR-8
RRID: CVCL_1629]) and HEK293T (RRID: CVCL_0063) cells were ob-
ained from NCI Cell Bank. OVCAR8-RFP [OVCAR8 cells expressing red
uorescent protein (RFP)] were a gift from Sharon Stack at the Uni-
ersity of Notre Dame (Indiana). OVCAR4 were grown in RPMI1640
upplemented with 2 mM L-glutamine, 10% fetal bovine serum (FBS,
00 I.U./mL), and 1% penicillin/streptomycin (P/S, 100 mg/mL). OV-
AR8 cells, OVCAR8-RFP, and HEK293T were grown in DMEM with
0% FBS and 1% P/S. Ovarian fibroblast cell line (NOF) immortalized
ith p53 siRNA and hTERT called NOF151 (CVCL_2G76) were a gift

rom Jinsong Liu [20] . These cells were maintained in Medium 199
nd MCDB105 medium (1:1) supplemented with 10% FBS, 1% P/S and
 μg Epidermal growth factor (EGF). Murine oviductal cells (MOE) were
enerated by Barbara Vanderhyden (Ottawa, CA) and cultured using
-MEM-cellgro media (with ribonucleosides, deoxyribonucleosides and
-glutamine), supplemented with 10% FBS, 1% P/S, 1.8 ng/mL EGF,
 mM L-glutamine, 1 μg/mL gentamicin, 10 μg/mL ITS, and 18.2 ng/mL
-estradiol. Cells were passaged a maximum of 20 times and maintained
n a humidified incubator at 37 °C in a 5% CO 2 environment. All exper-
ments were performed with mycoplasma free cells and all human cell
ines have been authenticated using STR profiling < 3 years. 

lasmids and stable cell lines generation 

PAX8 shRNA was cloned in pLKO.1 plasmid (Millipore Sigma TRC
lone id TRCN0000021278). Lentiviral particles were generated by
ransfecting HEK293T cells with third-generation lentiviral packaging
onstructs pCMV-VSV-G (Addgene #8454) and pCMVR8.74 (Addgene
22036). Viral supernatant was used to transduce cells using poly-
rene followed by puromycin (1 μg/mL) selection to generate single
ell clones. For MOE cells expressing PAX8 promoter: cells were trans-
ected with pGL4-PAX8 promoter-luciferase plasmid (Hygromycin) and
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Table 1 

Primary antibodies. 

Antibody Source Dilution 
for WB 

Dilution for Immunofluorescence/ 
Immunohistochemistry 

Anti-rabbit PARP CST #9542 1:1000 - 
Anti-rabbit GAPDH CST #2118 1:10000 - 
Anti-rabbit actin Sigma #A2066 1:5000 - 
Anti-rabbit PAX8 Proteintech #10336-1-AP 1:1000 1:50 
Anti-rabbit PKC 𝛼 CST #2056S 1:1000 - 
Anti-rabbit COL1A1 Abcam #260043 1:500 1:50 
Anti-rabbit fibronectin Sigma #F3648 1:1000 1:50 
Anti-mouse FOXM1 sc-376471 1:1000 - 
Anti-mouse 𝛼-SMA ab7817 1:1000 1:50 
Alexa Fluor TM 594 Phalloidin Invitrogen A12381 - 1:100 

Table 2 

Secondary antibodies. 

Antibody Source Dilution for WB Dilution for immunofluorescence 

Anti-rabbit IgG-HRP CST #7074 1:10000 - 
Anti-mouse IgG-HRP CST #7076 1:10000 - 
Anti-rabbit Alexa Fluor 488 Invitrogen# A-11034 - 1:1000 
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LVX RFP Plasmid (Puromycin). Cells were selected with antibiotics Hy-
romycin (50 μg/mL) and Puromycin (1μg/mL), followed by clonal se-
ection. Clone verification was tested through luciferase assay. 

ILAC sample preparation and data analysis 

OVCAR8-RFP and OVCAR8-RFP PAX8 − / − clone 2 were plated in T-
5 flasks with SILAC DMEM Flex Media (Gibco) and cultured as de-
cribed [21] . Cell pellets were lysed in RIPA buffer and 100μg of heavy
nd light were mixed at a 1:1 ratio for each biological replicate. Protein
igestion was carried out using the FASP method followed by fraction-
tion [22] . 

Raw data files were searched using Proteome Discoverer against the
uman SwissProt database employing a decoy database, using stan-
ard settings with global FDR set at 1%. The mass tolerance for pre-
ursors was 10ppm and 0.02Da for the fragment ions. Trypsin was set
s the protease, allowing two missed cleavages and fixed modification
f carbamidomethyl (C) and variable modifications of 13 C 6 

15 N 4 (R),
3 C 6 

15 N 2 (K), oxidation (M) and deamidation (NQ). Only proteins with
wo unique peptides were used for quantitation. Proteomics data can be
ccessed online at: ftp://massive.ucsd.edu/MSV000083585 . 

mmunofluorescence analysis 

Immunofluorescence was performed as described previously [23] .
ctin was stained using phalloidin. Nuclei were stained with DAPI

0.1 mg/mL; Thermo Fisher Scientific #EN62248) for 10 min at room
emperature. Images were acquired using 40X objective on a Nikon
clipse E600 microscope using DS-Ri1 digital camera and NIS Elements
oftware (Nikon Instruments). 

mmunoblot analysis 

Cells/spheroids were lysed in RIPA buffer [50 mM Tris pH 7.6,
50 mM NaCl, 1% Triton X-100, 0.1% SDS with protease (Roche) and
hosphatase (Sigma) inhibitors]. Immunoblot analysis was performed
s described [23] . Membranes were incubated with primary antibody
 Table 1 ) overnight at 4 °C. Membranes were incubated with secondary
ntibody ( Table 2 ) prior to visualization of signal with SuperSignalTM
est Femto substrate (Thermo Fisher) and imaging on a FluorChem E

ystem (ProteinSimple). 
3 
pheroids paraffin embedding 

5,000 cells were resuspended in 100 μL of media/well in 96-well
ound bottom Ultra Low Attachment Plate (Corning 07-201-680). After
4 days, the spheroids were collected, washed with 1X PBS and fixed
ith 4% paraformaldehyde for 4 h at room temperature. Spheroids were

entrifuged, and paraformaldehyde was aspirated. Spheroid volume was
stimated, suspended in equal volume of 2% agarose and mixed by
ipetting. The tubes were placed at 4°C for 30 min and covered with
0% ethanol before paraffin embedding and sectioning. 

mmunohistochemistry 

Tumors/3D tumor spheroids were fixed with 4% paraformaldehyde
ollowed by dehydration and paraffin embedding. Paraffin blocks were
ectioned using standard histologic procedures. Hematoxylin and eosin
taining (H & E) and immunohistochemistry were performed as de-
cribed previously [24] . Sections were incubated with primary anti-
ody ( Table 1 ) followed by incubation with biotin or fluorophore-
onjugated secondary antibody ( Table 2 ). Sections were developed us-
ng 3,3-diaminobenzidine to enable chromogenic detection. Tissues with
econdary antibody treatment were used as a negative control. Mas-
on’s trichrome staining (Polysciences #25088) was performed as per kit
anufacturer’s instructions. Images were acquired on a Nikon Eclipse
600 microscope using a DS-Ri1 digital camera and NIS Elements Soft-
are (Nikon Instruments). Tumors used were from a previous animal

tudy [16] performed in accordance with institution guidelines. 

atrigel invasion assay 

1 × 10 5 cells were added to a 0.8 μM hanging insert (EMD Milli-
ore Sigma, Burlington, MA) coated with 30 μg/mL of matrigel (Fisher,
ampton, NH). After 24 h, non-invaded cells were washed away with
BS while invaded cells were stained with crystal violet (Sigma, St.
ouis, MO) and quantified using ImageJ. Images were obtained using
n AmScope MU900 with Toupview software (AmScope, Irvine, CA). 

pheroids viability assay 

Spheroids were treated with compound/s and the plates were incu-
ated at 37 °C. After 7 days, the plate was equilibrated to room temper-
ture for 30 min and 100 μL of CellTiter-Glo 3D Reagent (Promega) was
dded. The plate was incubated on a shaker for 30 min for complete

http://ftp://massive.ucsd.edu/MSV000083585
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Table 3 

qRT-PCR primers. 

Target gene Forward primer sequence (5 ′ -3 ′ ) Reverse primer sequence (5 ′ -3 ′ ) 

FN ACAACACCGAGGTGACTGAGAC GGACACAACGATGCTTCCTGAG 
GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA 
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ysis and luminescence was recorded using a Synergy Mx Plate Reader
BioTek). 

uciferase assay 

MOE RFP-PAX8 promotor luciferase cells were plated in 24-well
lates (60,000 cells per well) for 24 h to 80% confluency. Cells were
reated with DMSO and Thiostrepton as negative and positive controls
t 2μM, respectively, and with the Prestwick library compounds at 1 μM
or 24 h. Cells were lysed after 24 h using lysis buffer (GME [Glycyl
lycine, magnesium sulfate and EGTA] buffer, DTT, and TritonX), and
rozen overnight at -80C. Subsequently, cells were thawed on a shaker
o allow cell lysis and developed for RFP fluorescence levels using clear
6-well plates (Ex580, Em630). Further, luminescence was measured to
etermine whether the PAX8 promoter was repressed. Cell lysates were
sed immediately after developing for RFP to perform a luciferase as-
ay using assay buffer (GME buffer, KPhos, ATP, and DTT) and luciferin
GME buffer, luciferin, and DTT). Following 24 h treatments with pure
ompounds, 110 μL lysis buffer was added to each well and cells were
rozen at − 80C. Luciferase activity in relative luminescence units (RLU)
as measured on a Synergy BioTek plate reader. Luciferase activity was
ormalized to RFP fluorescence. 

DNA synthesis and qRT-PCR analysis 

Total RNA (1 μg) was reverse transcribed to cDNA using iScript cDNA
ynthesis Kit (Bio-Rad). qRT-PCR measurements were performed us-
ng the CFX connect Real-Time PCR Detection System (Bio-Rad) and
YBR Green (Roche) according to the manufacturer’s protocol. Samples
ere normalized to the housekeeping gene, GAPDH. qRT-PCR primer

equences are provided in Table 3 . 

ive/dead imaging of spheroids 

Live/dead staining of 3D tumor spheroids was performed using
IVE/DEAD 

TM Cell Imaging Kit (Invitrogen TM R37601) as per manu-
acturer’s instructions. Images were acquired using 10X objective on a
ikon Eclipse E600 microscope using DS-Ri1 digital camera and NIS
lements Software (Nikon Instruments). 

tatistical analysis 

Data presented are the mean ± standard error of the mean and repre-
ent at least 3 independent experiments. Statistical analysis was carried
ut using GraphPad Prism software. For the in vitro cell line experiments,
wo-sample t-tests were used for two groups. Adjusted p < 0.05 is consid-
red significant with stars denoting significance as follows: ∗ p < 0.05,
 ∗ p < 0.01, ∗ ∗ ∗ p < 0.001, and ∗ ∗ ∗ ∗ p < 0.0001. 

esults 

AX8 enhanced secretion of multiple proteins that fall into the ECM 

athway 

Metastasis is a multi-step process which requires reprogramming of
ells to acquire an oncogenic phenotype but also transformation of the
umor ECM to a pro-metastatic niche(1). PAX8 has a well-established
ole in cell migration, invasion and proliferation in ovarian cancer
4 
16,18,25–29] . Hence, we were interested in understanding if PAX8
lays a role in modulation of secreted proteins that impact the HGSC
ME by investigating the secretome of HGSC cells with and without
AX8. To study this, we used OVCAR8-RFP cells, which are HGSC cells
nd knocked out PAX8 protein by the CRISPR-Cas9 method [16] . We
erformed SILAC (stable isotope labeling by amino acids in cell culture)
f the secreted proteins in OVCAR8-RFP and OVCAR8-RFP PAX8 − − - 

lones and analyzed the differentially expressed proteins by LC MS/MS
 Fig. 1 A). 749 proteins were found to be significantly differentially al-
ered and KEGG pathway analysis of the top upregulated proteins iden-
ified ECM receptor interaction as the major pathway regulated by PAX8
n the secretome. Upon investigating the protein targets in these path-
ays, we found reduced expression of fibronectin, TGF 𝛽 and collagen 1

COL1A1) in the secretome of PAX8 knockout cells ( Fig. 1 B). We per-
ormed ELISA to quantify the absolute concentrations of secreted TGF 𝛽
sing conditioned media from OVCAR8-RFP and OVCAR8-RFP PAX8 − − - 

ells. As shown in Fig. 1 C, PAX8 loss reduced TGF 𝛽1 secretion. Simi-
arly, expression of secreted fibronectin was significantly reduced using
onditioned media from OVCAR8-RFP and OVCAR8-RFP PAX8 − − - cells
 Fig. 1 D). Expression of fibronectin mRNA was significantly reduced
n OVCAR8-RFP PAX8 − / − cells relative to OVCAR8-RFP cells based on
PCR analysis ( Fig. 1 E). 

AX8 enhanced downstream targets of TGF 𝛽

In order to validate the secretome data, we analyzed the expression
f fibronectin and collagen using OVCAR4 and OVCAR8 cells with PAX8
xpression reduced or knocked out. Generating PAX8 knockout OVCAR4
ells by the CRISPR method was lethal to the cells, hence we generated
AX8 knockdown cells using PAX8 specific shRNA. As shown in the im-
unofluorescence in Fig. 2 A, loss of PAX8 reduced the fibronectin and

ollagen staining. We validated this finding by performing immunoblot-
ing for fibronectin, which was reduced by PAX8 loss ( Fig. 1 B, Supple-
ental Fig. 1). Similarly, expression of collagen was found to be sig-
ificantly reduced by loss of PAX8 in both OVCAR4 and OVCAR8 cells
 Fig. 2 A-B). 

We have previously shown that mice injected with OVCAR8-RFP
AX8 − − - have reduced tumor burden and better overall survival than
ice injected with OVCAR8-RFP cells [16] . To determine if PAX8 reg-
lated fibronectin and collagen expression in vivo , we performed im-
unohistochemistry for PAX8, fibronectin and collagen expression in

hese tumors. As shown in Fig. 2 C, we found that loss of PAX8 reduced
bronectin and collagen staining in the tumor sections (indicated by
rrows). To assess the degree of fibrosis in the tumors, we performed
asson’s trichrome staining of collagen and found that PAX8 loss re-

uced total collagen expression in the tumor sections ( Fig. 2 C). 

oss of PAX8 reduced fibronectin expression in tumor spheroids 

Since our in vitro data strongly suggested PAX8 regulated expres-
ion of ECM proteins fibronectin and COL1A1, we generated 3D tumor
pheroids using OVCAR8-RFP and PAX8 knockout cells by growing the
ells in ultra-low adhesion plates. In comparison with 2D cell culture
odels, 3D spheroids are able to accurately mimic some features of solid

umors, such as their spatial architecture, physiological responses, gene
xpression patterns and drug resistance mechanisms [30] . As shown in
ig. 3 A, we found that although PAX8 knockout spheroids were larger in
ize (as shown in the brightfield images), they were not as bright based
n RFP in the fluorescent images. 
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Fig. 1. PAX8 enhanced secretion of multiple proteins involved in Extracellular Matrix (ECM) remodeling. A. Workflow of SILAC labeling. B. String database 
was used to perform a KEGG pathway analysis on the differentially altered proteins. Nine pathways were identified of which top 3 pathways (Left table) were 
significant with a strength ≥ 1 and a false discovery rate < 2.5e-06. Right table represents list of genes in the ECM-receptor interaction pathway with abundance ratio 
of (OVCAR8-RFP PAX8 − / − )/(OVCAR8-RFP). C. TGF 𝛽1 concentration from conditioned media of OVCAR8-RFP and OVCAR8-RFP PAX8-/- cells assayed by ELISA. D. 
Representative immunoblot for fibronectin expression in conditioned media of OVCAR8-RFP and OVCAR8-RFP PAX8 − / − cells. E. Validation of fibronectin expression 
by qPCR in OVCAR8-RFP and OVCAR8-RFP PAX8 − / − cells. 

Fig. 2. PAX8 enhanced downstream targets of TGF 𝜷1. A. Representative immunofluorescence images for fibronectin and collagen 1 expression in OVCAR4 
and OVCAR8 cells with knockout or knockdown of PAX8. DAPI was used as a nuclear stain. Scale bar = 20 μm. B. Representative immunoblot for fibronectin, 
collagen 1 and PAX8 expression in OVCAR4 and OVCAR8 cells with knockout and knockdown of PAX8. GAPDH was used as a loading control. C. Representative 
immunohistochemistry images for PAX8, fibronectin and collagen 1 expression in tumor sections from OVCAR8-RFP and OVCAR8-RFP PAX8 − / − xenografts. Masson’s 
Trichrome staining using tumor sections from OVCAR8-RFP and OVCAR8-RFP PAX8 − / − xenografts. Scale bar = 50 μm. 
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We performed immunohistochemistry on the spheroids and found
hat loss of PAX8 reduced fibronectin expression ( Fig. 3 B). This finding
as consistent with immunofluorescence staining ( Fig. 3 C). Addition-
lly, immunoblotting of the spheroids demonstrated reduced expression
f fibronectin consistent with the 2D culture data ( Fig. 3 D). PAX8 knock-
ut spheroids also showed reduced expression of COL1A1 and PAX8
ownstream effectors such as FOXM1 and PKC 𝛼 ( Fig. 3 D). 

AX8 regulated TGF 𝛽 secretion drives CAF transformation 

TGF 𝛽 is a cytokine secreted by tumor cells and fibroblasts, which
lters the ECM leading to tumor rigidity [3] . Specifically, TGF 𝛽 medi-
tes the transition of resident fibroblasts to CAFs and promotes cancer
etastasis [4] . Since we found that PAX8 regulated secretion of TGF 𝛽1

 Fig. 1 C), we were interested in determining if this was sufficient to
lock fibroblasts acquisition of CAF markers. We used conditioned me-
ia from OVCAR8 cells and OVCAR8-PAX8 knockout cells and added
t to ovarian fibroblast cells, NOF151. TGF 𝛽 (exogenous) was used as
5 
ositive control and we determined expression of alpha-smooth muscle
ctin ( 𝛼-SMA), which is a marker of CAFs. As shown in the immunoblot
n Fig. 4 A-B, conditioned media from OVCAR8 and OVCAR4 cells was
ble to induce expression of 𝛼-SMA after 3 days whereas media from
AX8 knockout cells did not induce 𝛼-SMA expression. We used a TGF 𝛽
nhibitor (SB-431542) to confirm if the induction of 𝛼-SMA was caused
y TGF 𝛽 and we found this effect abolished by using the TGF 𝛽 inhibitor
 Fig. 4 A-B). We also investigated expression of 𝛼-SMA in PAX8 express-
ng and knockout tumor xenografts by immunohistochemistry and found
educed expression of 𝛼-SMA in PAX8 knockout animals ( Fig. 4 C). 

dentification of PAX8 inhibitors as novel therapeutics in HGSC 

Loss of PAX8 in normal FTE did not demonstrate any significant al-
erations in cell survival or morphology, whereas in HGSC cells, PAX8
oss caused reduced cell invasion, migration and tumor burden [16,19] .
ence, reducing PAX8 levels as a therapeutic strategy would leave nor-
al cells unaffected, while decreasing HGSC progression. Previously,
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Fig. 3. Loss of PAX8 reduced fibronectin expression in tumor spheroids. A. Representative brightfield and RFP fluorescence images of 3D tumor spheroids 
generated from OVCAR8-RFP and OVCAR8-RFP PAX8 − /- cells capture at Day 5, 15 and 30. Scale bar = 500 μm. Graph represents quantification of (Red fluorescence 
intensity/Area) of the spheroids using ImageJ software. B. Representative immunohistochemistry images for fibronectin expression in 3D tumor spheroids generated 
from OVCAR8-RFP and OVCAR8-RFP PAX8 − / − cells. Scale bar = 500 μm. C. Representative immunofluorescence images for fibronectin expression in 3D tumor 
spheroids generated from OVCAR8-RFP and OVCAR8-RFP PAX8 − / − cells. DAPI was used as a nuclear stain. Scale bar = 500 μm. D. Representative immunoblot for 
fibronectin, PKC 𝛼, FOXM1 and Collagen 1 expression in expression in 3D tumor spheroids generated from OVCAR8-RFP and OVCAR8-RFP PAX8 − / − cells. GAPDH 

was used as a loading control. 
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e identified thiostrepton as a small molecule that decreases PAX8 pro-
ein levels, however thiostrepton is not a viable drug lead due to poor
olubility [16] . Therefore, to identify novel PAX8 inhibitors, we devel-
ped a high-throughput screening (HTS) assay by generating a stable
urine oviductal epithelial (MOE) cell line expressing the PAX8 pro-
oter tagged with luciferase. This cell line expresses a stable red flu-

rescent protein (RFP) driven by a CMV promoter as an internal con-
rol to counter screen for reduced cell viability ( Fig. 5 A). Nontumori-
enic MOE cells were used because these are resistant to growth inhibi-
ion from loss of PAX8, whereas cancer cell lines would be predicted to
ndergo cell death from PAX8 loss [19,27,28,31,32] . Importantly, the
6 
AX8 promoter has multiple PAX8 binding sites, thus the reporter cell
ine can detect small molecules that either block transcription or those
hat downregulate PAX8 protein abundance [33] . 

Using thiostrepton as a positive control, the Z’ factor for the assay is
.6, which is an acceptable value for HTS. We screened the Prestwick
ibrary of compounds (which is a library of 1,200 FDA approved com-
ounds) and identified 15 compounds which could repress PAX8 pro-
oter activity ( Fig. 5 B). Interestingly, a recent study found that losartan

educes fibronectin and collagen levels in ovarian cancer cells [34,35] .
oth losartan and captopril are inhibitors of the renin-angiotensin sig-
aling pathway and because we found captopril in our screen, we in-
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Fig. 4. PAX8 regulated TGF 𝜷 secretion drives CAF trans- 

formation in NOF151 cells. A. NOF151 cells were treated 
with conditioned serum-free media from OVCAR8-RFP and 
OVCAR8-RFP PAX8 − / − cells for 3 days. TGF 𝛽1 (10 ng/ml) was 
used as positive control. SB-431542 (10μM) was used as a 
TGF 𝛽 inhibitor (TGF 𝛽i). Immunoblot analysis was performed 
for 𝛼-SMA (Alpha-Smooth muscle actin) in NOF151 cells. 
GAPDH was used as a loading control. B. NOF151 cells were 
treated with conditioned serum-free media from OVCAR4 and 
OVCAR4-PAX8 KD cells for 3 days. TGF 𝛽1 (10 ng/ml) was used 
as positive control. SB-431542 (10μM) was used as a TGF 𝛽
inhibitor (TGF 𝛽i). Immunoblot analysis was performed for 𝛼- 
SMA in NOF151 cells. GAPDH was used as a loading control. 
C. Representative immunohistochemistry for 𝛼-SMA expres- 
sion of tumor sections from OVCAR8-RFP and OVCAR8-RFP 
PAX8 − / − xenografts. Scale bar = 50 μm. 

Fig. 5. PAX8 inhibitors: losartan and captopril reduced PAX8 and fibronectin expression in tumor spheroids. A. Workflow for Prestwick library screening 
using MOE RFP-PAX8 promoter -luciferase cell line. B. Luciferase assay results of MOE-PAX8 promoter-LUC cells treated with 1μM of compounds from the Prestwick 
library. Graph indicates normalized luciferase/RFP fluorescence values for 15 hits identified from luciferase assay. C. Representative immunoblot for PAX8 expression 
in OVCAR8 cells treated with vehicle control (DMSO) and hit compounds from Prestwick library screening. GAPDH was used as a loading control. D. Densitometry 
analysis for PAX8, fibronectin, FOXM1 and PKC 𝛼 expression for OVCAR8 cells treated with vehicle control (DMSO), losartan (1uM), captopril (1uM) and thiostrepton 
(1uM). Normalization was performed relative to loading control GAPDH. 

7 
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Fig. 6. PAX8 inhibitors: losartan and captopril reduced PAX8 and fibronectin expression in tumor spheroids and reduced cell invasion. A. Representative 
immunoblot for fibronectin and PAX8 expression in 3D tumor spheroids generated from OVCAR8-RFP cells and treated with vehicle control (DMSO), losartan and 
captopril. GAPDH was used as a loading control. B. Representative fluorescence images for Live/Dead imaging performed in 3D tumor spheroids generated from 

OVCAR8 cells and treated with vehicle control (DMSO), losartan captopril and thiostrepton. Scale bar = 500 μm. C. Representative immunofluorescence images for 
fibronectin expression in 3D tumor spheroids generated from OVCAR8-RFP cells and treated with vehicle control (DMSO), losartan and captopril. DAPI was used as a 
nuclear stain. Scale bar = 500 μm. D. Representative immunofluorescence images for PAX8 expression in 3D tumor spheroids generated from OVCAR8-RFP cells and 
treated with vehicle control (DMSO), losartan and captopril. DAPI was used as a nuclear stain. Scale bar = 500 μm. E. Representative images for Boyden chamber 
invasion assay using matrigel. OVCAR8 cells were treated with vehicle control (DMSO), losartan, captopril and thiostrepton for 24 h. Invaded cells are stained with 
crystal violet and quantified using microscopy. 
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estigated and confirmed that losartan reduced PAX8 protein levels and
bronectin expression in HGSC cells [36,37] . We performed a secondary
creening assay by immunoblotting for PAX8 and identified losartan and
aptopril as compounds that consistently reduced PAX8 promoter activ-
ty and protein expression ( Fig. 5 C-D, Supplemental Fig. 2). Previously,
e reported that PAX8 played a role in tumor cell migration and in-
asion by regulating expression of FOXM1 and PKC 𝛼 [16] . As shown
n Fig. 5 D, both losartan and captopril reduced expression of PAX8, fi-
ronectin, and PAX8 downstream proteins such as FOXM1 and PKC 𝛼 in
VCAR8 cells. 

AX8 inhibitors: losartan and captopril reduced PAX8 and fibronectin 

xpression in tumor spheroids 

Losartan and captopril were interesting therapeutic leads because
n the context of cancer captopril was shown to inhibit tumor angio-
enesis and losartan was shown to improve response to chemotherapy
n ovarian cancer [34,37] . PAX8 has a well-established role in cancer
ell invasion [16,19,27,38] . To investigate whether losartan and cap-
opril reduce viability and PAX8 expression in 3D tumor spheroids, we
enerated tumor spheroids using OVCAR8 cells and treated them with
osartan and captopril. We performed immunoblotting analysis of the
pheroids and found that both losartan and captopril were able to reduce
xpression of fibronectin and PAX8 compared to vehicle control DMSO
 Fig. 6 A). There was no change in viability of the spheroids as shown
y live/dead imaging by captopril treatment. Losartan and thiostrep-
on treatment reduced spheroid viability as shown by reduced Calcein
M staining, spheroid viability assay and immunoblotting for apoptosis
arker cleaved poly ADP ribose polymerase (PARP) ( Fig. 6 B, Supple-
ental Fig. 3). Immunofluorescence staining on spheroids showed that

reatment of spheroids with losartan and captopril reduced fibronectin
nd PAX8 expression ( Fig. 6 C-D). In order to determine if these com-
ounds affect PAX8-mediated cell invasion, we performed a Matrigel
nvasion assay. Losartan, captopril and thiostrepton significantly de-
reased the invasive ability of OVCAR8 cells relative to the vehicle con-
rol ( Fig. 6 E). 
8 
iscussion 

PAX8 has a well-established pro-tumorigenic role in high grade
erous cancer cells and in altering the genome as a transcription fac-
or [18,26–29,31,32,38,39] . However, little has been studied regarding
he proteome and particularly the secreted proteins that are altered by
AX8 expression. This is the first study to connect PAX8 as a regula-
or of ECM deposition in the TME of HGSC. Herein, we demonstrate
hat PAX8 regulated expression of ECM proteins: TGF 𝛽, fibronectin and
ollagen. Furthermore, using a PAX8 promoter-based screening assay,
e identified losartan and captopril as novel FDA approved compounds

hat function to repress PAX8 expression and PAX8 downstream targets,
uch as FOXM1 and PKC 𝛼. 

Mass spectrometry-based proteomics of the secretome of the PAX8
xpressing HGSC cells compared to PAX8 − / − cells revealed TGF 𝛽 and
CM receptor interactions as major pathways impacted. The ECM pro-
ein alterations that were significantly changed include, collagen 1 and
bronectin, which are both associated with more aggressive disease by

ncreasing tissue rigidity, enhancing infiltration of CAFs, and hampering
mmune cell infiltration [40] . Our in vitro and in vivo data showed that
AX8 loss caused a significant reduction in fibronectin mRNA and pro-
ein expression. This finding was supported in a recent study by Bleu
t al., where the authors using the BioID system identified PAX8 and
ECOM (MDS1 and EVI1 complex locus) to form a transcriptional com-

lex which was found to regulate gene expression module involved in
ocal adhesion, TGF 𝛽 signaling and ECM. Fibronectin was identified
s one of top genes regulated by the PAX8-MECOM complex driving
varian cancer [29] . Previously, our lab and others have shown us-
ng RNA-Seq analysis that loss of PAX8 in HGSC cells causes a signif-
cant change in transcripts associated with ECM and cytoskeletal rear-
angements [16,25,28,31] . Further, silencing PAX8 was shown to re-
uce the ability of ovarian cancer cells to migrate and adhere to ECM
ubstrate specifically collagen and fibronectin [25] . Conditioned me-
ia from PAX8 expressing HGSC cells caused the transition of normal
varian fibroblasts to form CAFs and a TGF 𝛽 inhibitor attenuated this
ffect. Conditioned media from PAX8 knockout cells blocked this transi-
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ion possibly due to reduced expression of secreted TGF 𝛽 caused by loss
f PAX8.These data strongly suggest that in addition to regulating fi-
ronectin expression in HGSC cells, PAX8 mediated TGF 𝛽 secretion also
mpacts surrounding stroma in the TME. 

Since PAX8 is a transcription factor, a number of studies have eval-
ated PAX8 gene targets by RNA-Seq and ChIP-Seq analysis in order to
eveal a conserved set of targets that explain the role of PAX8 in HGSC
31,32] . Further, because PAX8 is a lineage specific factor required for
evelopment of the urogenital system, the oncogenic roles of the pro-
ein appear to be acquired and unique in fallopian tube derived cancers.

hen looking at genetic variation associated with HGSC, genes that are
argeted by PAX8 are enriched [41] . In fact, genome wide studies indi-
ate that PAX8 also acts outside of promoter regions and can function
ore often to regulate gene expression by binding enhancers [32] . Epi-

enetics also reprograms the binding sites for PAX8 and offers expanded
arget genes when comparing RNA-Seq data in immortalized fallopian
ube secretory cell lines and high grade serous cancer cell lines [31] .
urther, single cell sequencing analysis suggests that PAX8/OVGP1 high 

allopian tube cells can be separated further into 3 clusters based on ex-
ression of KRT7, ESR1, and WFDC2, which may play a role in the het-
rogeneity of cancers formed from these subtypes [42] . One mechanism
or a diverse action of PAX8 in different cell lines is the recruitment of
o-regulators of PAX8, whereby data shows key roles for proteins such as
EAD1 and TEAD3 [32] . Another important PAX8 co-regulator is p53,
hich is positively regulated by PAX8 and shows differential expression
nd function on being mutated [26] . Despite all of these sequencing
atasets, few studies have focused on PAX8 proteome and secretome,
hich would be targeted by a small molecule, provide a mechanism for

ell death, and potentially serve as a therapeutic biomarker in HGSC.
dditionally, this study provides another layer for interrogating the reg-
lation of the high grade serous TME and proteins regulated by PAX8
xpression. 

Fibronectin is one of the major components of ECM and is used as
 prognostic marker in ovarian cancer [7] . Fibronectin promotes cell
nvasion and migration via regulation of FAK-PI3K/Akt pathway and is
ecreted by human mesothelial cells to promote metastasis in ovarian
ancer [8,9] . In 3D cultures, increased fibronectin expression promotes
econdary metastasis by enhancing attachment of cancer cells to sec-
ndary organs [43] . Additionally, fibronectin has PAX8 binding sites
pstream of the transcription start site [31] . So far, RNA-Seq and ChIP-
eq datasets examining targets of PAX8 indicate fibronectin as a direct
arget of PAX8 [31,32] . This explains our data that PAX8 loss reduces
bronectin expression causing loss of 3D spheroid integrity and reduced
ell invasion and confirms at the protein level that PAX8 regulates ECM
roduction by epithelial tumor cells. 

Due to the ubiquitous nature of PAX8 expression in HGSC, regard-
ess of cell origin, and the association of its reduced expression with
ecreasing tumor burden, a PAX8 inhibitor would be a promising drug
arget against various types of HGSC. Thus, identifying novel inhibitors
f PAX8 expression may impact multiple aspects of ovarian cancer physi-
logy and tumors derived from both OSE and FTE. Previously, we iden-
ified thiostrepton as an inhibitor of PAX8 expression [16] . Although
hiostrepton significantly reduced tumor burden in ovarian cancer, it
s not a viable drug lead due to toxicity and poor solubility, which we
ould overcome only with micelle-based delivery strategies [16] . Hence,
e developed a PAX8 promoter-based screening assay and screened the
restwick library of compounds. These compounds are FDA approved
hich potentially expedites clinical trials and facilitates therapeutic po-

ential. Primary and secondary screening assays identified losartan and
aptopril as novel inhibitors of PAX8 promoter and protein expression.
hese hits significantly reduced expression PAX8 downstream targets
uch as FOXM1 and PKC 𝛼 and reduced fibronectin expression in 2D and
D cell models. In a matrigel invasion assay, both losartan and capto-
ril caused significant reduction in cell invasion similar to loss of PAX8
xpression. Losartan and captopril did not reduce viability of 3D tumor
pheroids unlike thiostrepton which significantly reduced spheroid via-
9 
ility at higher concentration. This may be due in part to higher reduc-
ion in PAX8 expression by thiostrepton wherein it triggers apoptosis,
hile losartan and captopril resulted in less repression of PAX8 expres-

ion and could therefore only influence the invasion phenotype. 
Losartan and captopril are angiotensin-converting enzyme (ACE) in-

ibitors and used clinically to lower blood pressure [36,44] . Losartan
as anti-fibrotic activity leading to dose-dependent reduction in stromal
ollagen and improves efficacy of nanotherapeutics in tumors [35] . In
varian tumors, losartan caused a reduction in tumor ECM, decreased
scites and improved response to chemotherapy, which based on our
esults may be downstream of PAX8 [34] . Captopril is widely admin-
stered to manage congestive heart failure and also demonstrated anti-
ngiogenic activity in rat cornea [37,45] . This is interesting because
AX8 interacts with SOX17 transcription factor to regulates tumor an-
iogenesis in ovarian cancer [46] . Our data strongly suggests a role of
AX8 in modulating ECM making both losartan and captopril interesting
rug leads in HGSC. 

Future studies will focus on understanding how losartan and capto-
ril regulate PAX8 expression and test these compounds in vivo to study
heir effect on HGSC tumor growth and ECM deposition. It would be in-
eresting to know if these compounds regulate interaction of PAX8 with
ts co-regulators such as p53, SOX17, MECOM or TEAD and drive ovar-
an cancer progression. Previous studies have identified histone deacety-
ase (HDAC) inhibitors and CDK12/13 inhibitors to downregulate PAX8
xpression leading to tumor reduction [39,47] . In this study, we identi-
ed losartan and captopril as novel PAX8 inhibitors and demonstrated
hat these inhibitors regulate PAX8 mediated secretion of fibronectin,
ell invasion and tumor spheroid integrity. 
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