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Abstract

High-grade serous ovarian cancer (HGSOC) is thought to progress from a series of precursor lesions in the fallopian tube
epithelium (FTE). One of the preneoplastic lesions found in the FTE is called a secretory cell outgrowth (SCOUT), which is
partially defined by a loss of paired box 2 (PAX2). In the present study, we developed PAX2-deficient murine cell lines in
order to model a SCOUT and to explore the role of PAX2 loss in the etiology of HGSOC. Loss of PAX2 alone in the murine
oviductal epithelium (MOE) did not induce changes in proliferation, migration and survival in hypoxia or contribute to
resistance to first line therapies, such as cisplatin or paclitaxel. RNA sequencing of MOE PAX2sPRNA cells revealed significant
alterations in the transcriptome. Silencing of PAX2 in MOE cells produced a messenger RNA expression pattern that
recapitulated several aspects of the transcriptome of previously characterized human SCOUTs. RNA-seq analysis and
subsequent gPCR validation of this SCOUT model revealed an enrichment of genes involved in estrogen signaling and
an increase in expression of estrogen receptor a. MOE PAX2bRN4 cells had higher estrogen signaling activity and higher
expression of putative estrogen responsive genes both in the presence and absence of exogenous estrogen. In summary,
loss of PAX2 in MOE cells is sufficient to transcriptionally recapitulate a human SCOUT, and this model revealed an
enrichment of estrogen signaling as a possible route for tumor progression of precursor lesions in the fallopian tube.

Introduction

Last year, an estimated 22 440 women were diagnosed with
ovarian cancer, and 14 080 died of the disease (1), making
ovarian cancer the most lethal gynecologic malignancy in the
USA. High-grade serous ovarian cancer (HGSOC) is the most
common and aggressive subtype of ovarian cancer. For many
years, the ovarian surface epithelium was believed to be the
only site of ovarian cancer progenitor cells, but recent evi-
dence suggests that the fallopian tube epithelium (FTE) is
also a common progenitor site (2,3). An FTE origin for HGSOC
is supported by the discovery and characterization of precan-
cerous lesions in the FTE, which are frequently described as
‘p53 signatures’ based on mutant p53 expression, which results
in stabilization of the p53 protein (4,5). In fact, the prevailing
paradigm in the origin of fallopian tube-derived HGSOC is that
serous tubal intraepithelial carcinomas (STICs) in the tubal fim-
briae are the direct precursors to HGSOC (4-7); however, a wide

spectrum of premalignant lesions have been observed, each
with its own hypothesized tumorigenic potential. Indeed, Soong
et al. described the phenomena of ‘precursor escape’ linking be-
nign tubal lesions to co-occurring HGSOC despite the absence of
STICs, demonstrating the complexity of premalignant lesions in
carcinogenesis (8).

Secretory cell outgrowths (SCOUTs) are thought to be the
earliest FTE precursor lesion of HGSOC and have been reported
to be in higher frequency in the fallopian tubes of HGSOC pa-
tients (9,10). A SCOUT constitutes an outgrowth of 30 or more
secretory FTE cells, which have low or absent paired box 2
(PAX2) expression (9,11). Histological studies have further char-
acterized SCOUTSs by their lack of p76 and their positive ex-
pression for BCL2, STMN1 and EZH2 (12). Two distinct subtypes
of SCOUTs have been described each with unique transcrip-
tional profiles differentiating them from each other and from
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Abbreviations

o-MEM a-modified Eagle’s medium
ANOVA analysis of variance

DMSO dimethyl sulfoxide

ER estrogen receptor

FBS fetal bovine serum

FDR false discovery rate

FTE fallopian tube epithelium
gRNA guide RNA

GSEA gene set enrichment analyses
HGSOC high-grade serous ovarian cancer

MOE murine oviductal epithelium

mRNA messenger RNA

KEGG Kyoto encyclopedia of genes and
genomes

shRNA small hairpin RNA

PAX2 paired box 2

SCOUT secretory cell outgrowth

SRB sulforhodamine B

STIC serous tubal intraepithelial
carcinoma

TGF-B transforming growth factor-f3

the FTE. Histologically, type 1 SCOUTs resemble normal fallo-
pian epithelium, whereas type 2 SCOUTSs appear less differen-
tiated (11). PAX2-null SCOUTSs are associated with age and are
more prevalent in postmenopausal women and in women with
HGSOC (10). Furthermore, SCOUTSs can be found evenly distrib-
uted throughout the distal and proximal fallopian tube; how-
ever, their ratio to p53 signatures and STICs diminishes in the
fimbriae (10,13). It is still unclear whether SCOUTs and HGSOC
are directly connected via multistep tumorigenesis in a series
of molecular insults or if SCOUTs develop independently and
represent benign terminal lesions. Although it is not yet under-
stood how SCOUTs may advance into these more aggressive
precancerous lesions, it has been well documented that they
overwhelmingly share a loss of PAX2 (3,9,10,14,15).

The paired box family are transcription factors that play
an important role during embryogenesis. PAX2 is required for
Miillerian duct formation (3,16). In adult tissues, PAX2 protein
is present in normal FTE and oviductal epithelium (the oviduct
is the murine equivalent of the human fallopian tube), but it is
not expressed in the normal ovarian surface epithelium (17).
Re-expressing PAX2 in serous ovarian cancer cell lines, a ma-
jority of which harbor a marked reduction of PAX2 expression,
resulted in an attenuation of proliferation, highlighting PAX2’s
tumor suppressive role (14,15,18). Loss of phosphatase and
tensin homolog (PTEN) in murine oviductal epithelial (MOE)
cells resulted in tumorigenesis along with a reduction of PAX2.
Re-expression of PAX2 in PTEN-null MOE cell lines reduced
tumor burden (19,20). Despite the mounting evidence for the role
of PAX2 loss in the formation of early precancerous lesions in
the FTE and in late-stage HGSOC tumor survival, little is known
about the mechanisms by which loss of PAX2 facilitates these
phenomena. Although PAX2 has been found to act as both a
tumor suppressor and an oncogene in ovarian cancer as a whole,
it has been reported that a majority of HGSOC cases harbor a
marked reduction of PAX2. A collection of histological studies
has found that PAX2 is lost in 89% of SCOUTSs, 92% of p53 sig-
natures, 67-75% of tubal intraepithelial carcinomas and 70% of
high-grade fimbrial-ovarian carcinoma (3,10,11,14,15). Although
loss of PAX2 is pervasive in serous subtypes of ovarian cancer,
its role in malignancy remains elusive. PAX2 has been implicated
in regulating PI3k signaling and transforming growth factor-f
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(TGF-p) signaling in models of HGSOC as a possible tumorigenic
route (18,21). Further, recent publications have connected aber-
rations in hormonal signaling, a known risk factor for developing
ovarian cancer, with changes in PAX2 expression (22,23).

Estradiol is a steroid hormone that plays a critical role in
the proliferation and differentiation of the reproductive organs,
such as the uterus and mammary gland. Furthermore, estrogens
exposure is one of the risk factors for developing ovarian cancer,
and it is predicted to act primarily through its actions via es-
trogen receptors (ERs) (24-28). Increased estrogen exposure is
associated with an increased incidence of neoplastic transform-
ation through induction of proliferative signaling pathways,
IL-6/ STAT3 mediated mitogenesis, antiapoptotic signaling and
increased DNA damage (29-31). Histological studies have found
that ER is expressed in 86% of ovarian tumor samples and up
to 93% in serous subtype tumor samples (31). Experimental and
epidemiologic studies have provided support for a connection
between estrogen signaling and ovarian tumorigenesis; how-
ever, little has been studied connecting hormonal signaling with
known premalignant lesions such as SCOUTSs.

This study sought to transcriptionally recapitulate human
SCOUTs in MOE cells using a PAX2s"®4 and CRISPR-mediated
PAX2 knockout. We compared these models to published data
of the messenger RNA (mRNA) landscape of human SCOUTSs.
Further, the present study sought to leverage the newly created
SCOUT models to explore the functional signaling mechanisms
induced by loss of PAX2 in fallopian tube epithelial cell lines and
identified ER signaling as one potentially dysregulated pathway.

Methods

Cell culture

MOE cells were donated by Barbara Vanderhyden, PhD, University of Ottawa
in 2013 and validated as mycoplasma-free as described previously (32,33).
MOE cells were maintained in complete medium containing a-modified
Eagle’s medium (a-MEM; Corning #10-022-CV) supplemented with 10%
v/v fetal bovine serum (FBS; Gemini #100-106), 2 mM L-glutamine (Gibco
#25030081), 2 pg/ml epithelial growth factor (Peprotech #AF-100-15), 1 mg/
ml gentamycin (Corning #30-005-CR), 50 U penicillin, 50 pug/ml strepto-
mycin and 18.2 ng/ml B-estradiol. For experiments investigating estrogen,
cells were cultured at least 48 h in ‘stripped media’ consisting of phenol
red-free a-MEM (Life Technologies, Carlsbad, CA) supplemented with every-
thing listed above without the p-estradiol and with charcoal-stripped FBS.
Stable cell lines were generated by transfection with Lipofectamine 2000
followed by selection with 0.14 pg/ml puromycin [for PAX2 small hairpin
RNA (shRNA) or scrambled shRNA]. For experiments investigating drug
response, varying concentrations of cis-Diammineplatinum (II) dichloride
(Cayman #13119) and Paclitaxel (Sigma #T7402) were used.

Guide RNA (gRNA) for CRISPR/Cas9 were designed using CRISPOR
(http://crispor.tefor.net/; Supplementary Table S1, available at Carcinogenesis
Online). The gRNAs (Integrated DNA Technologies, Coralville, IA) were cloned
into pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid (gift from Dr Feng
Zhang, Massachusetts Institute of Technology, Cambridge, MA; Addgene
plasmid #42230) (34).The pX330 plasmid with gRNA was co-transfected with
pPGKpuro plasmid (gift from Dr Rudolf Jaenisch, Massachusetts Institute of
Technology, Cambridge, MA; Addgene plasmid # 11349) (35,36). Cells were
treated with puromycin and single-cell clones were isolated. Genomic DNA
was extracted from cells using genomic DNA extraction kit (#G170, Sigma-
Aldrich, St Louis, MO) as per the manufacturer’s instructions, and the tar-
geted exon was amplified and sequenced.

Cell viability

For sulforhodamine B (SRB) assays, MOE cells were plated at 5 x 10° cells/
ml in a 96-well plate, then treated and incubated for 3-5 days followed by
colorimetric assay as described previously (37). Absorbance at 505 nm was
measured on a BioTek Synergy 2 microplate reader (BioTek, Winooski, VT).


http://crispor.tefor.net/
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgz127#supplementary-data

648 | Carcinogenesis, 2020, Vol. 41, No. 5

Western Blot

Protein lysate (35 pg) was run on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to nitrocellulose membrane. Blots were
blocked with 5% milk or bovine serum albumin in tris-buffered saline-T
and probed at 4°C overnight with primary antibodies (Supplementary
Table S2, available at Carcinogenesis Online). Antirabbit horseradish
peroxidase-linked secondary antibody (Cell Signaling #7074S) was used
for 30 min in blocking buffer. Membranes were incubated and developed
as described previously (20).

RNA isolation, complementary DNA synthesis
and qantitative PCR (QPCR)

RNA extraction was performed using Trizol (Life Technologies, Grand
Island, NY) and chloroform with isopropanol precipitation followed by
ethanol washes and DNAse step. iScript™ complementary DNA synthesis
kit (Bio-Rad #170-8841) and SYBR green (Thermo Fisher #AB1323A) were
used according to manufacturer’s instructions. All gPCR measurements
were performed using the CFX connect Real-Time PCR Detection System
(Bio-Rad, Hercules, CA). Samples were normalized to the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers de-
signed using NCBI Primer-Blast tool (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) (Supplementary Table S3, available at Carcinogenesis Online).

Migration assay

Cells were plated to confluence (1.5 x 10° cells/well) in a 24-well plate.
A uniform wound was created through the cell monolayer and pictures
were taken at 0 and 8 h after scratching using an AmScope MU900 with
Toupview software (AmScope, Irvine, CA). The area of the scratch was ana-
lyzed with ImageJ NIH software. Percentage of closure was determined by
measuring the final area of the wound relative to the initial area of the
scratch.

RNA sequencing

RNA was isolated from cells using Qiagen RNAeasy Mini kit (#74104) as per
manufacturer’s protocol. RNA libraries (three technical replicates) were
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created. RNA quality determination, mRNA enrichment, library construc-
tion, sequencing and transcriptome statistical analysis were performed
at the Genomics Core Facility at Northwestern University as previously
described (33).

Luciferase assay

Cells were trypsinized and plated in 24-well plate (3.5 x 10* cells/well) in
phenol red-free and stripped FBS containing media. Cells were transfected
with pERE-luciferase plasmid (100 ng/well) and RSV-B-galactosidase
(100 ng/well using TransIT LT1 transfection reagent (0.9 pL per well, Mirus
Bio, Madison, WI). Cells were treated with transfection mixture overnight
in fresh media and then, if necessary, treated for 24 h with E, or dimethyl
sulfoxide (DMSO). Luciferase production and -galactosidase activity (for
transfection normalization) were measured as described previously (38).

Statistical analysis

Data are presented as mean + standard error, with significance deter-
mined utilizing GraphPad Prism software (GraphPad, La Jolla, CA) for P <
0.05. All data sets were analyzed for significant outliers by Grubbs’ test of
deviation. All conditions were tested in three replicates in at least trip-
licate experiments. Statistical significance was determined by Student’s
t-test, one-way analysis of variance (ANOVA), or two-way ANOVA with
Tukey’s post hoc test. Specific statistical method used for each figure is
specified in figure legend. P < 0.05 was considered statistically significant.

Results

Silencing PAX2 does not alter proliferation,
migration or drug response of MOE cells

We have previously demonstrated that partial loss of PAX2 via
stable transfection of PAX2s"®NA (MOE:PAX25""4) does not signifi-
cantly impact proliferation or migration despite evidence that
re-expressing PAX2 in malignant celllines is antiproliferative and
reduces tumor burden in vivo (20). To expand our understanding
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Figure 1. Silencing PAX2 does not alter proliferation, migration or drug response of murine fallopian tube epithelial cells. (A) Western blot analysis validating reduc-
tion of PAX2 expression in MOE:PAX2”- clones 1 and 2 and in MOE:PAX2s"®A (B) Relative growth of MOE cells after 1, 3 and 5 days as measured by SRB assay (N = 5, not
significant, two-way ANOVA followed by Tukey’s post hoc). (C) Migration of MOE cells after 24 h as measured by scratch assay (N = 3, not significant, two-way ANOVA
followed by Tukey’s post hoc). Cells were treated with varying concentrations of (D) CoCl,, (E) Cisplatin and (F) Taxol; survival after 3 days was measured by SRB assay.

Data presented as +standard error of the mean.
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of the role of PAX2 in altering preneoplastic lesion character-
istics, a CRISPR knock out of PAX2 in MOE cells was developed
(MOE:PAX277). Two clones of this model were validated using
western blot compared with wild-type control (Figure 1A).
Proliferation of MOE:PAX2”- clones after 1, 3 and 5 days was not
significantly different than control (Figure 1B). Additionally, there
was no significant change in migration of these cells as analyzed
by scratch assay (Figure 1C). Hypoxic tumor microenvironments,
through stabilization of hypoxia inducible factor 1 subunit alpha
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(HIF1la), have been shown to increase the aggressiveness of
ovarian cancer, and survival in hypoxic conditions is a key adap-
tive trait for tumor progression (39). Therefore, we used CoCl,
as a hypoxia mimetic, which blocks the degradation of HIFla.
MOE:PAX2:""4 and MOE:PAX2”- cell lines were exposed to a
CoCl, concentration gradient and their survival compared with
control was assessed via SRB analysis. Neither PAX2 silencing in
MOE:PAX2:h&NA nor PAX2 knock out in MOE:PAX2~- impacted the
cells ability to survive in hypoxic-mimetic conditions (Figure 1D
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Figure 2. Genome-wide analysis of PAX2-deficient murine oviductal cells revealed a significantly altered transcriptome. (A) Representative heat map comparing RNA-
seq data of MOE:PAX2s"®A compared with MOE:SCR*"™A, Plot shows 2469 of the 5567 significantly upregulated or downregulated genes shown (FDR-adjusted P-value
<1E-4). (B) Volcano plot representing entire RNA-seq data set. (C) KEGG analysis performed on total RNA-seq highlighting pathways with the most upregulated or
downregulated genes. (D) Gene ontology molecular function (left) and biological processes (right) analysis performed on total RNA-seq.
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and Supplementary Table S4A, available at Carcinogenesis Online).
Ovarian cancers are usually treated with a platinum compound
or a taxane (3). MOE:PAX2P"2 and MOE:PAX2- cells were ex-
posed to Cis-Diammineplatinum (II) dichloride (Cisplatin) and
Paclitaxel and showed no change in IC,; survival compared with
control (Figure 1E and F) (Supplementary Table S4B and S4C,
available at Carcinogenesis Online).

Genome-wide RNA sequencing analysis of
PAX2-deficient murine oviductal cells revealed a
significantly altered transcriptome

Given the consistent PAX2 suppression in epithelial ovarian
cancer and its precursor lesions, we sought to define the im-
pact of PAX2 deficiency on FTE gene expression. In order to get
a global view of PAX2 loss, differentially expressed gene pro-
files were obtained by comparing RNA-seq data generated from
three MOE:PAX2sh®NA replicates and three MOE:SCR"®NA con-
trol replicates. Of the 16 527 transcripts identified by RNA-seq,
5567 genes were significantly changed (FDR-adjusted P-value of
<0.05). Unsupervised hierarchal clustering of these 5567 genes
across the six samples is illustrated in a representative heat map
(Figure 2A). Nine hundred forty-four genes were significantly in-
creased with a log2 fold change greater than 1 and 781 genes
were significantly decreased with a log2 fold change less than -1
(Figure 2B). The top 10 genes, most significantly, upregulated and
downregulated are listed in Tables 1 and 2, respectively. KEGG
and gene ontology enrichment analyses identified significant
expressional alterations of genes involved in a variety of cellular
functions and metabolic processes (Figure 2C and D). Identical
RNA-seq analysis was performed on MOE:PAX2~- CRISPR clones
in triplicate with MOE:WT cells as a control. Of the 16 414 tran-
scripts detected, 5208 genes were significantly changed (FDR-
adjusted P-value of <0.05). Unsupervised hierarchal clustering
of the 5208 genes across the six samples is illustrated in a rep-
resentative heat map (Supplementary Figure S1A, available at
Carcinogenesis Online). As expected, many pathways found to be

impacted by silencing of PAX2 were also found to be changed
after CRISPR knock out. Cross comparison of gene set enrich-
ment analyses (GSEA) of both RNA-seq data sets showed that
complete loss of PAX2 in MOE cells changed the expression of
genes that are involved in cell adhesion, p53 signaling and es-
trogen signaling compared with partial loss of PAX2 as meas-
ured by increased normalized enrichment score (Supplementary
Figure S1B, available at Carcinogenesis Online).

PAX2-deficient MOE cells model human SCOUTs

A genome-wide transcriptomic comparison was conducted in
order to examine transcripts altered in PAX2-deficient MOE cells
and microarray data from human laser-capture microdissected
SCOUTSs. Unsupervised hierarchical clustering analysis com-
paring RNA-seq data from the PAX2-deficient MOE cells to pub-
lished microdissected human tissue of benign FTE and SCOUTs
revealed similarities in transcriptional regulation between our
MOE:PAX2:""4 and human SCOUTs (Supplementary Figure S2,
available at Carcinogenesis Online). Ning et al. further published
a subset of genes that uniquely characterize type 1 and type
2 SCOUTs (11). Side-by-side comparison of these transcrip-
tional fingerprints to the mRNA profile of MOE:PAX25"®NA cells
shows that this model has both type 1 and type 2 signatures
(Figure 3A). A subset of these signature genes was validated
with gPCR and western blotting (Figure 3B and C). qPCR valid-
ated RNA-seq findings with the exception of RCN1, which was
downregulated in the RNA-seq (log2 fold change of -0.21; FDR-
adjusted P-value = 0.469) but upregulated in the qPCR valid-
ation (log2 fold change of 2.165; P-value of 0.013). We performed
RNA-seq on MOE:PAX2-- cells and performed the same analysis
described above. Although the MOE:PAX27- model similarly
showed type 1 and type 2 SCOUT transcriptional characteristics,
it did not show dysregulation of the same genes compared with
the MOE:PAX2:"®A model (Supplementary Figure S3, available at
Carcinogenesis Online).

Table 1. Top genes that were significantly upregulated in PAX2h®4 cells from RNA sequencing

Gene Description Log? fold change FDR-adjusted P-value
Syt13 Synaptotagmin XIII 7.29 1.30E-102

Efhal Mitochondrial calcium uptake 2 7.05 3.00E-67

Itpkb Inositol 1,4,5-trisphosphate 3-kinase B 6.86 2.85E-56

Rpl35 Ribosomal protein L35A 6.69 4.02E-103

Mir682 MicroRNA 682 6.03 4.19E-61

Rnf130 Ring finger protein 130 5.61 4.85E-31

Sdc2 Syndecan 2 5.58 5.31E-66

Kdr Kinase insert domain protein receptor 5.41 4.50E-55

Rpl19 Ribosomal protein L19 5.39 7.89E-99

Table 2. Top genes that were significantly downregulated in PAX2:s""4 cells from RNA sequencing

Gene Description Log?2 fold change FDR-adjusted P-value
Prom1 Prominin 1 -6.93 7.46E-90
Serinc2 Serine incorporator 2 -6.88 1.70E-85
LoxI2 Lysyl oxidase-like 3 -6.68 2.74E-76
Lphn2 Adhesion G protein-coupled receptor L2 -6.04 1.74E-38
H19 H19, imprinted maternally expressed transcript -5.92 6.49E-47
Rai2 Retinoic acid induced 2 -5.29 1.43E-48
Tbx15 T-box 15 -5.21 3.15E-36
Tspanl2 Tetraspanin 12 -5.20 2.93E-28
1122ral Interleukin 22 receptor, alpha 1 -5.00 1.93E-50
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Figure 3. PAX2-deficient MOE cells model human SCOUTs. (A) Heatmap comparing RNA-seq data of MOE:PAX2:""A cells and mRNA expression of key genes deregu-
lated in human SCOUTs (hSCOUT) as highlighted by Ning et al. (B) qPCR validation of subset of genes shown in heatmap. (C) Western blot validation of subset of genes
shown in qPCR validation along with densitometry. Data are presented as mean + standard error of the mean. Significant differences from control is represented by

*P <0.05 and **P < 0.01.

PAX2-deficient cells have increased expression of ER
and genes involved in ER signaling

GSEA pathway analysis of both MOE:PAX2h®4 and MOE:PAX2~-
RNA-seq data sets revealed an enrichment of genes involved in
early estrogen signaling (Supplementary Figure S1B, available
at Carcinogenesis Online). To further investigate this pathway
enrichment, we compared RNA-seq data of our PAX2s"®A and
MOE:PAX27- clones to published RNA-seq data from MOE cells
treated with 1 nM 17p-estradiol (E,) (40). MOE:PAX2:""NA cells
had differential expression of 139 of the same genes altered
in MOE cells treated with 1 nM E,. Similarly, 130 genes regu-
lated by E, exposure were found to be significantly altered in
the MOE:PAX2-- model (Figure 4A). The top 25 genes that were
most significantly upregulated and downregulated in all three
treatment groups (MOE:PAX27-, MOE:PAX2:"®A and 1 nM E,
treated MOE) are shown in the representative heatmap (Figure
4B). Among these genes are putative estrogen responsive genes,
GREBI and PGR (40,41). These genes, along with other known es-
trogen responsive genes, CTSD and DCN, were chosen for gPCR
validation (40,41). MOE:PAX2s2®NA cells showed an upregulation
of all four selected genes, while MOE:PAX2~ cells only showed
an increase of PGR and GREB1 (Figure 4C). RNA-seq revealed an
increase in expression of ESR1, the gene that encodes for es-
trogen receptor a (ERa) at a rate of 29.6% in MOE:PAX2:h®NA (FDR-
adjusted P-value = 0.0484) and 29.2% MOE:PAX2-- (FDR-adjusted
P-value = 3.34E-8). We confirmed an increase in ERa protein ex-
pression in all models using western blot analysis (Figure 4D).
In order to link the increase in ERo expression to the ob-
served increase in expression of estrogen responsive genes,
an ER responsive firefly luciferase assay (ERE/LUC) was per-
formed in steroid-free media after which either DMSO or 1 nM
E, was added (Figure 5A). As expected, both MOE:PAX2:hkNA

and MOE:PAX2”/- clones showed an increase in luciferase ac-
tivity after stimulation with 1 nM E,; however, both cell lines
also showed significant luciferase induction in the absence of
exogenous E,. Confirmatory gPCR and western blot analysis
was also conducted targeting estrogen responsive genes in
similar conditions (Figure 5B and C). MOE:PAX2:""NA cells had
higher expression of PGR, GREB1 and DCN in both steroid-free
and E, -supplemented conditions. PGR and GREB1 expression
increased significantly in MOE:PAX2BRNA cells after treating
with 1nM E,. Similarly, MOE:PAX2"~ cells showed an increase
in PGR and GREB1 expression but not DCN or CTSD expression
in steroid-free conditions or E,-supplemented conditions.

Discussion

PAX2-null SCOUTSs represent one of the earliest proposed le-
sions in the fallopian tube and are thought to precede p53 sig-
natures and STICS, although the exact role for PAX2 loss in
the continuum of HGSOC development is still unclear (9,11,12).
Ning et al. were the first to establish a link between SCOUTs,
STINs and HGSOC in their expression profiling of key genes
where they were able to establish a transcriptional differenti-
ation between type 1 and type 2 SCOUTSs (11). The aim of the
current study was to develop a cellular model of a SCOUT, de-
rived in this case from a MOE cell line, and use it to eluci-
date the possible functional changes and signaling alterations
from PAX2 loss. We previously reported that re-expression
of PAX2 in tumorigenic MOE:PTENst2 cells reduced prolifer-
ation in vitro and reduced tumor formation in vivo (20). Here,
we expanded on the role of PAX2 in FTE-derived HGSOC by
exploring the effect of PAX2 loss in the context of otherwise
normal oviductal cells.
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Figure 4. PAX2-deficient cells have increased expression of ER and genes involved in ER signaling. (A) Venn diagram comparing genes that are upregulated or
downregulated in the RNA-seq of MOE cells treated with 1 nM E, compared with RNA-seq of MOE:PAX2" cells (top) and MOE:PAX2:"*N* cells (bottom). (B) Representative
heat map of genes most deregulated in all three RNA-seq data sets (MOE:PAX2”~, MOE:PAX2*""4 and MOE:1nM E,). (C) gPCR analysis of putative estrogen responsive
genes in MOE:PAX2”- (left) and MOE:PAX2:h®4 (right). (D) Representative western blot of ER expression in SCOUT model cells along with relative densitometry.

Despite significant transcriptional changes in both our
MOE:PAX2sPR¥A  cells and MOE:PAX27/- cells, our models re-
mained functionally benign. We have previously shown that
MOE:PAX2:2®4 cells have no change in proliferation or mi-
gration; the present study confirms these data and expands
on this observation by showing that complete loss of PAX2 in
MOE:PAX2- cells similarly does not change proliferation or mi-
gration. Furthermore, we demonstrate that loss of PAX2 does not
change the cells ability to survive in hypoxic conditions or resist
first line therapies, cisplatin or paclitaxel. These results suggest
that loss of PAX2 alone is not sufficient to induce tumorigenesis
and is consistent with the benign classification of SCOUTs.

Comparison of RNA-seq databetween partially PAX2-deficient
MOE:PAX2:""¥4 cells and published microarray data from human
SCOUTs allowed for an unbiased, genome-wide approach of
confirming previous targets in fallopian tube cells regulated
by PAX2 (Supplementary Figure S2, available at Carcinogenesis
Online). The genes highlighted by Ning et al. that differenti-
ated between the two types of SCOUTSs, however, were mixed
in our model. Human type 1 SCOUTS have a downregulation
for LEF1, RCN1, RUNX2 and EZH2 compared with type 2. Type
2 also have an upregulation of ALDH1a2. MOE:PAX2s"™A cells
had a downregulation of RUNX2 and LEF1 accompanied by an
upregulation of ALDH1a2. These data show that loss of PAX2
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Figure 5. Loss of PAX2 increases estrogen signaling in the fallopian tube independent of exogenous ligand. (A) estrogen signaling activity after treatment with 1 nM E,
or DMSO control in MOE:PAX2:""A cells (top) and MOE:PAX2-- cells (bottom) as measured by firefly luciferase assay in cells transfected with ERE/LUC. (B) qPCR analysis
of putative estrogen responsive genes in after treatment with 1 nM E, or DMSO control in MOE:PAX2°h®A cells (top) and MOE:PAX2-/ cells (bottom). (C) Western blot

validation of subset of estrogen responsive genes shown in (B).

alone may afford oviductal secretory cells the potential to be-
come either type 1 or type 2 SCOUTSs; however, further molecular
insults or changes in the microenvironment may be needed
to force definitive lineage differentiation. In addition to the
MOE:PAX2:h&NA SCOUT model, the current study also introduced
a complementary MOE:PAX2”- CRISPR model to better define
how complete loss of PAX2 may impact the secretory oviductal
epithelium. RNA-seq and subsequent gPCR validation revealed
that, while MOE:PAX2- cells were still transcriptionally remin-
iscent of human SCOUTs, they diverged significantly from the
MOE:PAX2:""N4 model. Unexpectedly, MOE:PAX2-- cells showed
more type 1 character with downregulation of LEF1, RCN1,
RUNX2 and ALDH1a2. This suggests that there is concentration-
dependent regulation by PAX2 on these gene’s expression. This
is important considering it is not understood how, or the ex-
tent to which, PAX2 is initially lost in the fallopian tube; but it
is known that hallmarks of oviductal neoplastic lesions such
as mutation of p53 and loss of PTEN reduce PAX2 expression
and may do so in a compounding fashion (20). Transcription fac-
tors have varying affinities for the cis elements in promoters of
genes under their control (42,43). Indirectly, partial or complete
loss of PAX2 may have differing transcriptional outcomes be-
cause of activation of compensatory pathways or feedback loops
triggered by complete loss but not partial loss. Direct chromatin
binding studies followed by determining oligonucleotide affinity
of PAX2 to specific promoters would be necessary to ascertain
PAX2'’s direct regulation of putative SCOUT markers.
Epidemiological data show that ovarian cancer may be re-
lated to lifetime exposure to estrogens. Women who receive es-
trogen as hormone replacement therapy have an increased risk
for developing ovarian cancer (44). Estrogen has also been shown

to promote ovarian tumor growth in mice and promote prolifer-
ation of human ovarian cancer and ovarian surface epithelial cell
lines (25,26,28). One study of postmenopausal women concluded
that exogenous estrogens were associated with an increased
risk of HGSOC, but not associated with nonserous tumors (27).
Although there is an abundance of experimental data showing
the impact of estrogens on ovarian cancer, and mixed clinical
observations, little is known about how estrogen signaling may
be altered in putative preneoplastic lesions of the FTE. Our re-
sults suggest loss of PAX2 in the oviduct upregulates ER and,
thus, the expression of downstream targets of the ER. Increased
expression of ESR1 mRNA and higher observed ERa protein fur-
ther supported a ligand-dependent regulation. Our initial RNA-
seq screen and qPCR validation performed in complete media
led us to believe loss of PAX2 was simply upregulating estrogen
responsive genes by upregulating ERa and its co-activators,
leaving PAX2-deficient cells more susceptible to stimulation
by exogenous estrogens. Indeed, loss of PAX2 in MOE:PAX2shRNA
cells caused an upregulation of known co-activators GREBI,
SRC1, SRC2 and SRC3 (TRAMI) (45,46). Surprisingly, ERE/LUC
analysis revealed that, in the absence of exogenous estrogens,
PAX2-deficient cells maintained significantly higher estrogen
signaling activity than control. Subsequent gPCR and western
blot validation confirmed that MOE:PAX2sh®A and MOE:PAX2~~
cells continued to express putative estrogen responsive genes
in steroid-free media (40,41). These data suggest a ligand-
independent mechanism of estrogen signaling induction in
PAX2-deficient cells. These results present the possibility of a
known subset of HGSOC precursor lesions having a predispos-
ition for heightened ER signaling in the estrogen-rich environ-
ment of the distal fallopian tube. In context, this may provide
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one route for tumor progression by ovulatory exposure to fol-
licular fluid in premenopausal women and unopposed hormone
replacement therapy in postmenopausal women.

In summary, we developed a murine oviductal model of se-
cretory cell outgrowths and found an upregulation of estrogen
signaling, a proposed pro-tumorigenic pathway in ovarian car-
cinogenesis. Our SCOUT model is transcriptionally reminiscent
of published human SCOUTs and carries both type 1 and type
2 characteristics while maintaining benign phenotypes in vitro.
Given the heterogeneity in ovarian cancer etiology, it is unlikely
that increased estrogen signaling is the only pathway for SCOUT
progression; however, it may provide one route for predispos-
ition for the observed random somatic mutations that drive pre-
cursor lesion progression. This model will provide a platform for
further research into the critical steps for fallopian tube-derived
HGSOC from PAX2-deficient SCOUTS.
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