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Introduction
The genome-wide map of  transcription factor binding sites is known as the cistrome (1). Transcription 
factors which are unique to a particular tissue or cell type are referred to as lineage-defining transcrip-
tion factors (2). Changes in the binding of  lineage-defining transcription factors have been shown to 
be key transformational events in several malignancies, including melanoma, gastrointestinal stromal 
tumors, and germ cell tumors (3–7).

PAX8 is a lineage-defining transcription factor that directs the development of  the Müllerian duct 
(the female reproductive tract) and also identifies malignancies derived from Müllerian epithelia (8–10). 
There is an emerging consensus that the majority of  high-grade serous carcinomas, the most common 
type of  ovarian cancer, are derived from PAX8-expressing cells in the distal fallopian tube (11–13). We 
have previously demonstrated the biologic plausibility of  this hypothesis by showing that dysregulation of  
BRCA1/2 and TP53 in PAX8-expressing mouse or human fallopian tube secretory epithelial cells (FTSECs) 
can induce tumors that are genomically and phenotypically identical to human high-grade serous ovarian 
carcinomas (HGSOCs) (14–17). However, whether alterations in the PAX8 cistrome contribute to ovarian 
cancer pathogenesis remains unknown. Here, we explore the transcriptional network regulated by PAX8 
and present evidence for PAX8 reprogramming during HGSOC transformation.

Regulation of lineage-restricted transcription factors has been shown to influence malignant 
transformation in several types of cancer. Whether similar mechanisms are involved in 
ovarian cancer pathogenesis is unknown. PAX8 is a nuclear transcription factor that controls 
the embryologic development of the Müllerian system, including the fallopian tubes. Recent 
studies have shown that fallopian tube secretory epithelial cells (FTSECs) give rise to the most 
common form of ovarian cancer, high-grade serous ovarian carcinomas (HGSOCs). We designed 
the present study in order to understand whether changes in gene expression between FTSECs 
and HGSOCs relate to alterations in PAX8 binding to chromatin. Using whole transcriptome 
shotgun sequencing (RNA-Seq) after PAX8 knockdown and ChIP-Seq, we show that FTSECs 
and HGSOCs are distinguished by marked reprogramming of the PAX8 cistrome. Genes that 
are significantly altered between FTSECs and HGSOCs are enriched near PAX8 binding sites. 
These sites are also near TEAD binding sites, and these transcriptional changes may be 
related to PAX8 interactions with the TEAD/YAP1 signaling pathway. These data suggest that 
transcriptional changes after transformation in ovarian cancer are closely related to epigenetic 
remodeling in lineage-specific transcription factors.

Downloaded from http://insight.jci.org on August 18, 2016.   http://dx.doi.org/10.1172/jci.insight.87988



2insight.jci.org   doi:10.1172/jci.insight.87988

R E S E A R C H  A R T I C L E

Results
PAX8 loss alters the transcriptome of  ovarian cancer cells but not benign fallopian tube secretory cells. For this study, 
we selected cell lines that reflected the genomic alterations observed in The Cancer Genome Atlas (TCGA) 
(18–21). Three high-grade serous cancer lines, for which we have previously published detailed genomic and 
phenotypic data (KURAMOCHI, OVSAHO, and JHOS4), were compared with 3 immortalized fallopian 
tube secretory cell lines (FT33, FT194, and FT246), which were generated in our laboratory (15, 18, 22, 23). 
We began with a RNA-Seq analysis to study the transcriptional network regulated by PAX8. We knocked 
down PAX8 in all 6 cell lines using siRNA. For each cell line, we used 2–3 distinct siRNA sequences, plus 
a pooled siRNA, and compared these with both a nontargeting siRNA and nontransfected cells (18). The 
efficiency of  PAX8 knockdown was assessed both by the number of  PAX8 transcript reads, as determined by 
the sequencing, and Western blot (Supplemental Figure 1, A and B; supplemental material available online 
with this article; doi:10.1172/jci.insight.87988DS1). We then performed RNA-Seq on all samples, followed 
by unsupervised clustering of  the transcripts most affected by loss of  PAX8 expression.

As expected, the specimens clustered distinctly into benign and malignant groups (Figure 1A). Among 
the benign cell lines, very few transcripts (1 for FT33, 13 for FT194, and 32 for FT246) were significantly 
altered by PAX8 loss at an adjusted P value <0.05, while in contrast, among the cancer cell lines, the effect 
of  PAX8 loss varied from cell line to cell line, ranging from 12 transcripts in JHOS4 to 135 transcripts in 
KURAMOCHI and 541 transcripts in OVSAHO (Supplemental Dataset 1). The surprisingly few number 
of  transcripts impacted by PAX8 knockdown is in part a result of  the stringent statistical threshold we 
selected to account for multiple testing, but even when using the unadjusted α values for the transcriptional 
changes, the cancer cell lines were much more affected by PAX8 loss than the benign cell lines (Supplemen-
tal Dataset 1). We considered that the relative lack of  transcriptional impact from PAX8 loss in the fallopi-
an tube cell lines might be due to functional redundancy between PAX8 and other PAX family homologs. 
However, this appeared unlikely, as the RNA-Seq data revealed that there were no other PAX homologs 
that were substantially expressed among the cell lines (Figure 1B).

We also considered the possibility that PAX8 knockdown would induce apoptosis and that the tran-
scriptome signature changes would simply reflect cell death. To determine this, we performed proliferation 
assays after PAX8 knockdown on 3 of  the lines used in this study, KURAMOCHI, OVSAHO, and FT194. 
As positive controls, we used 2 cell lines we have previously reported as being dependent on PAX8 for cell 
growth, IGROV-1 and OVCAR3 (24). As a negative control, we used MCAS, a mucinous carcinoma cell 
line that does not express PAX8. While PAX8 knockdown did reduce cell proliferation in KURAMOCHI, 
the cell lines OVSAHO and FT194 were unaffected by PAX8 knockdown (Supplemental Figure 1C), sug-
gesting that transcriptional changes were not a proxy for cell death.

To investigate how the transcriptomes differed between benign and malignant cells more globally, we 
used the control samples from the RNA-Seq experiment (i.e., both the untransfected and nontargeting siRNA 
controls, ignoring the PAX8 knockdown experiments) to look for the most differentially regulated transcripts, 
irrespective of  PAX8 dependence. At a threshold of  a log2-fold change in expression and P <0.05, there were 
1,343 downregulated genes and 951 upregulated genes that distinguished FTSECs from HGSOCs (Supple-
mental Dataset 2). A gene ontology analysis of  these genes showed enrichment for genes regulating cell prolif-
eration, blood vessel development, and cell adhesion (Table 1) — processes that are important in development 
and malignancy but likely less important for the maintenance of  a mature epithelium.

Ovarian cancer cells show marked reprogramming of  the PAX8 cistrome. We hypothesized that the lack 
of  PAX8 transcriptional dependence in the FTSEC lines could be due to epigenetic remodeling around 
PAX8 binding sites. Therefore, we tested whether PAX8 binding was different in FTSECs compared with 
HGSOCs by mapping the PAX8 cistrome in all 6 cell lines using ChIP-Seq (Figure 2A and Supplemental 
Table 1) (25). Peaks among the cell lines were aligned to define a minimum consensus binding motif  for 
PAX8 for FTSECs and HGSOC (Figure 2B). The 12 bp motifs were identical, except for slight variation at 
the second, sixth, seventh, and eighth bases. As the consensus binding motif  for PAX8 has not been previ-
ously defined, the closest known motif  to our identified PAX8 motif  in all 6 cell lines was the PAX2 motif, 
validating that these are in fact PAX family homologs.

Among the 6 cell lines, there were 11,361 unique PAX8 peaks identified at a false discovery rate of  
< 0.01, with a median of  2,886 peaks per sample (range 1,122–5,984) (Supplemental Dataset 3). Unsu-
pervised clustering of  the PAX8 cistromes separated the specimens distinctly into benign and malignant 
groups (Figure 2C). This appeared to be driven by the high homology among the FTSEC cistromes and 
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marked diversity among the HGSOC cistromes. Although cancer cell lines had more PAX8 binding sites 
overall, the relative frequency of  PAX8 binding sites among DNA coding and noncoding regions was 
consistent across benign and malignant cell lines (Figure 3). Notably, only a small percentage of  peaks 
(726/11,361; 6.4%; 95% CI, 6.0 %–6.9%) overall were near promoter regions. The vast majority of  peaks 
(9,912/11,361; 87.2%; 95% CI, 86.6%–87.9%) were located in either intronic or intergenic regions. Further 
analysis identified 3 sets of  PAX8 peaks: i) a highly conserved set among all 6 cell lines composed of  558 
peaks; ii) a set of  peaks common to benign cell lines but absent in cancer cell lines composed of  3,013 
peaks; and iii) a very heterogeneous pattern of  peaks unique to each cancer cell line, ranging from a few 
unique PAX8 peaks (including JHOS4) to more than 3,000 unique PAX8 peaks (including both KURA-
MOCHI and OVSAHO) (Figure 4).

Differentially expressed genes between ovarian cancer cells and benign fallopian tube cells are clustered near 
PAX8 binding sites. The ChIP-Seq data confirmed our hypothesis that the PAX8 cistrome differs in benign 
and malignant contexts, so we returned to the RNA-Seq data to determine how this might contribute 
to differences in the transcriptomes between benign and malignant cells. Among the 2,294 genes that 
distinguished FTSECs from HGSOCs, there were 415 downregulated genes and 171 upregulated genes 

Figure 1. Impact of PAX8 
knockdown on cell line 
transcriptomes. Benign 
fallopian tube secretory 
epithelial cells (FTSEC, 
designated FT33, FT194, 
and FT246) and high-grade 
serous ovarian cancer cell 
lines (HGSOC, known as 
OVSAHO, KURAMOCHI, 
and JHOS4) were subjected 
to PAX8 siRNA knockdown 
followed by RNA-Seq. (A) 
K-means clustering of top 
100 most differentially 
expressed transcripts for 
each cell line. There are 
5–6 transcriptome results 
for each cell line (untrans-
fected control, nontarget-
ing control, and 3–4 siRNA 
replicates). (B) From the 
same dataset, expression 
of the PAX homologs in 
each cell line.
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within 50,000 bp of  a PAX8 binding site (Table 2; Supplemental Dataset 4). Therefore, although only 
6.4% of  PAX8 binding sites were near a gene promoter region, 586/726 of  these peaks (80.7%; 95% CI, 
77.7%–83.4%) were near a gene with significantly different expression between normal and malignant 
cells. This is compared with 1,708 genes with altered expression that were distant from one of  the other 
11,221 PAX8 peaks (13.2%; 95% CI, 12.6%–13.8%) for an odds ratio of  an altered gene being near a 
PAX8 binding site of  27.5 (95% CI, 22.7%–33.3%; P < 10–7; Fisher’s exact test).

Alterations in the PAX8 cistrome in cancer lines are associated with increased interactions between PAX8 
and TEAD. In other malignances, changes in the function of  lineage-defining transcription factors are 
influenced by interaction with transcriptional coregulators, so we questioned whether the differences 
in expression of  genes near PAX8 binding sites could be the result of  altered interactions between 
PAX8 and a second transcription factor. We reanalyzed our ChIP-Seq data for other consensus bind-
ing motifs that overlapped the PAX8 peaks. Looking at the total PAX8 cistromes of  all 6 cell lines, 
the second or third most common binding motif  after PAX8 in each cell line was the TEAD family 
consensus binding motif  (Supplemental Table 2 and Figure 5A). We found that all 4 homologs in the 
TEAD family were expressed in all the cell lines by RNA-Seq and confirmed TEAD family expres-
sion by immunofluorescence (Supplemental Figure 2, A and B). Of  note, loss of  PAX8 did not affect 
expression of  any of  the TEAD factors themselves (Supplemental Dataset 1). TEAD family members 
are key members of  the Hippo/ Yes-associated protein (YAP) signaling pathway, an evolutionarily 
conserved pathway that controls organ size, cell proliferation, and apoptosis. Importantly, YAP1, the 
major downstream effector of  the Hippo pathway, was also expressed in all the cell lines (Supplemen-
tal Dataset 1 and Supplemental Figure 2B).

Therefore, we hypothesized that PAX8, YAP1, and TEAD factors might be interacting. YAP does 
not have a DNA binding domain but is rather a transcriptional cofactor. TEAD family members do have 
DNA binding domains, however, so we examined the genes in Table 2 for overlap between PAX8 peaks 
and TEAD motifs (Supplemental Dataset 5). As shown in Table 2, TEAD motifs within PAX8 peaks were 
overrepresented among genes showing higher expression in cancer lines than among those showing lower 
expression among cancer lines (13/30 genes versus 4/30 genes, P = 0.02, Fisher’s exact test). These results 
raised the possibility that PAX8 and TEAD factors may physically and functionally interact.

To address whether PAX8 physically interacts with TEAD, we used a proximity ligation assay (PLA) 
and coimmunoprecipitation assay. With PLA, the use of 2 antibodies against different proteins allows both 
localization and quantification of protein-protein interactions. The unique amplification of signal provided by 
the detection steps enables one to study both stable and transient interactions at endogenous expression levels 
of the target protein(s). The known interaction between PAX8 and the histone acetyltransferase ep300 was 
used as a positive control (26). Using PLA, we found that PAX8, pan-TEAD, and YAP1 physically interact 
in Müllerian cells (Figure 5B and Supplemental Figure 3). The interactions were concentrated in the nucleus, 
as expected for transcription factors. The specificity of this interaction was demonstrated by knocking down 
PAX8 with siRNA (Supplemental Figure 3), which resulted in the loss of the PLA interaction signal. We con-
firmed the formation of a PAX8-TEAD complex using a coimmunoprecipitation assay to show that TEAD is 
detected in the precipitate after PAX8 pull-down (Figure 6).

Table 1. Gene ontology analysis of PAX8 target genes differentially expressed between  
malignant and benign cell lines.

Gene ontology pathway P value FDR Hits in pathway
Regulation of cell proliferation 3.5 × 10-12 9.3 × 10-9 66 
Blood vessel development 1.0 × 10-10 1.4 × 10-7 32 
Vasculature development 1.9 × 10-10 1.7 × 10-7 32 
Cell adhesion 4.5 × 10-10  3.0 × 10-7 57 
Biological adhesion 4.6 × 10-10 2.5 × 10-7 57 
Blood vessel morphogenesis 2.6 × 10-8 1.2 × 10-5 26 
Positive regulation of cell proliferation 2.9 × 10-8 1.1 × 10-5 38 
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Discussion
The PAX genes are a family of  homologs of  the Drosophila gene paired. Following the original report describ-
ing its cloning in 1986, it soon became apparent that paired was the prototype of  a larger network of  regu-
latory genes responsible for segmentation, patterning, and organ development (27, 28). Later, these genes 
were organized into the PAX family owing to their characteristic 128-amino acid N-terminal DNA-binding 
domain. PAX homologs are highly conserved through evolution, appearing in the genomes of  nematodes 
through humans (29). They are nuclear transcription factors, displaying both sequence-specific recognition 
and transcriptional regulation (30, 31). During embryogenesis, PAX8 is expressed predominantly in the 
midbrain-hindbrain boundary, kidney, thymus, thyroid, and Müllerian system but, in the adult expression, 
is limited to the thyroid, Müllerian system, and cells in the convoluted tubules of  the renal nephron (8, 32). 
Pax8–/– female mice display infertility, owing to a functional defect in the development of  the Müllerian 
tract (10). The fact that PAX8 expression is retained in 99% of  high-grade serous cancers has made it a tran-
scription factor of  considerable interest for understanding the pathogenesis of  this disease (9). Interestingly, 
PAX8 is the single most differentially expressed gene when comparing ovarian cancer cell lines with all 
other cancer cell lines in the Cancer Cell Line Encyclopedia (24). Loss of  PAX8 in most, but not all, serous 

Figure 2. Genome-wide PAX8 binding in FTSEC and HGSOC. (A) Browser view of highly conserved ChIP-Seq peak on 
8q23-24. (B) Consensus binding motif for PAX8 in FTSEC and HGSOC lines. (C) Unsupervised pairwise correlation of the 
PAX8 cistromes from all cell lines.
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ovarian cancer cell lines leads to apoptosis and decreased tumorigenicity, while cancer cell lines from other 
organ sites are unaffected (24, 33). Together, these findings have led to substantial interest in PAX8 as a 
lineage-defining gene for Müllerian cancers in humans.

While other studies on the PAX8 cistrome have focused on its role in thyroid cells, ours is the first 
detailed analysis to our knowledge of  the PAX8 cistrome in Müllerian epithelia (34). Here, we have ana-
lyzed the cistrome of  PAX8 to elucidate its interactions with chromatin in both benign and malignant 
Müllerian epithelia and found that the function of  PAX8 appears to be context dependent. There is a 
shared set of  PAX8 binding sites among benign and malignant Müllerian epithelia, but with transfor-
mation, PAX8 appears to lose a stereotypical set of  binding sites while, at the same time, gaining access 
to an array of  tumor-specific binding sites. As the 3 FTSEC lines used in this study were derived from 3 
different patients and generated using 3 different strategies for immortalization, the high degree of  over-
lap in PAX8 binding sites among the FTSEC lines likely represents a highly conserved cistrome and not 
simply stochastic changes due to individual variation or experimental artifact. In contrast, the variation 
seen among the HGSOC cell lines may be driven by underlying differences in the biology of  individual 

Table 2. Top differentially expressed genes between malignant and benign cell lines located near a 
PAX8 binding site.

Upregulated PAX8 target genes
Gene symbol Log fold change TEAD motif within 

PAX8 peak
Gene symbol Log fold change TEAD motif within 

PAX8 peak
S100A1 7.5 NO KLK8 5.2 NO
BMP7 6.9 YES CLDN4 4.8 NO
S100A4 6.8 NO EMX2OS 4.8 YES
WFDC2 6.4 NO ID4 4.8 YES
SPON1 6.3 YES LEMD1 4.7 NO
KLK6 6.0 NO LGR5 4.7 YES
COL26A1 5.8 YES GLDC 4.6 YES
APOA1 5.8 YES PTP4A3 4.6 NO
PTGS1 5.7 NO ALPL 4.6 NO
EMX2 5.7 NO TNNC1 4.5 NO
SEPP1 5.7 NO BOC 4.5 YES
TMEM100 5.5 YES CRABP1 4.4 NO
GPX3 5.4 NO PI3 4.2 NO
SLC34A2 5.3 YES TMPRSS3 4.2 NO
CDH6 5.3 YES FAM107A 4.2 YES

DownregulatedPAX8 target genes
Gene symbol Log fold change TEAD motif within 

PAX8 peak
Gene symbol Log fold change TEAD motif within 

PAX8 peak
SERPINE1 -9.0 NO EDIL3 -5.8 NO
FN1 -8.7 YES AXL -5.8 NO
COL1A1 -8.6 NO CDKN1A -5.6 NO
MT1E -8.6 NO CD70 -5.6 NO
SAA1 -8.6 NO RAC2 -5.4 NO
SAA2 -7.4 NO GLIPR1 -5.3 NO
SLC16A3 -7.0 NO SLC38A5 -5.3 NO
MT1L -6.6 NO THBS1 -5.3 NO
SRGN -6.5 YES RRAD -5.3 NO
TGFBI -6.3 NO CAPG -5.2 NO
CYGB -6.2 NO CXCL1 -5.2 NO
COL8A1 -5.9 NO CXCL5 -5.1 NO
GREM1 -5.9 NO CRISPLD2 -5.1 YES
MIR492 -5.9 YES COL6A1 -5.1 NO
COL5A2 -5.9 NO C1QTNF1 -5.1 NO
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tumors, including copy number variation and mutations. Even so, among the cancer cell lines, there were 
shared PAX8 binding sites not seen among the FTSEC lines near several genes that have previously been 
associated with HGSOC, including LGR5, ID4, PI3 (which encodes the protein Elafin), and WFDC2 
(which encodes the protein HE4) (35–42).

Surprisingly, loss of PAX8 does not significantly alter gene expression in FTSECs or even all cancer cell lines. 
Our data suggest several possible reasons for this. First, the cell lines most affected by PAX8 loss also have the 
highest expression of PAX8; indeed, in previous work, we have shown that dependence on PAX8 for cell surviv-
al can be related to PAX8 amplification (24). This may explain why the JHOS4 line, which expresses relatively 
less PAX8 than KURAMOCHI or OVSAHO, had fewer PAX8 peaks identified and was less affected by PAX8 
knockdown. Even so, PAX8 is not amplified in any of the cell lines assessed in the current work, and PAX8 can be 
highly expressed in both benign and malignant cells (18). Another possible explanation for PAX8 behavior is that 
the majority of PAX8 binding sites are located in intergenic regions. PAX8 may not carry out most of its functions 
through direct gene regulation, but instead through epigenomic mechanisms; indeed, the conserved PAX8 ChIP-
Seq peak shown in Figure 1A is near a recently described super-enhancer site (43). In addition, our gene ontology 
analysis of the RNA-Seq comparison between the FTSEC and HGSOC cell lines showed that most of the genes 
that distinguish benign and malignant cells are related to morphogenesis and angiogenesis. This could explain why 
PAX8 is important in embryonic development and cancer but not in a mature epithelium, where these processes 
are likely epigenetically repressed. Finally, our motif and RNA-Seq analyses suggest a possible mechanism for this 
regulation consisting of interactions between PAX8 and TEAD signaling. TEAD homologs are transcriptional 
cofactors, essential for the Hippo/YAP signaling pathway. Recently, we showed that TEAD/YAP signaling plays 
a key role in the transformation of fallopian tube secretory cells into high-grade serous carcinomas (22). YAP1 
lacks an intrinsic DNA-binding domain and requires interaction with transcription factors to mediate its oncogenic 
function. PAX proteins have been shown to be contextual transcriptional regulators of YAP signaling (44). For 
example, an interaction between PAX5 and TEAD4 has been recently described (45). Our current data suggest 
that PAX8 may function similarly in the context of the Müllerian epithelium. Whereas the PAX8-TEAD and 
PAX8-ep300 interactions were similar in HGSOC and FTSEC cell lines, only the cancer cell lines demonstrat-
ed a high number of interactions between PAX8 and YAP1, suggesting a possible mechanism for altered PAX8 
function. Perhaps the subtle differences observed between the PAX8 consensus binding motif in the FTSECs and 
HGSOCs affect how PAX8, TEAD, and YAP interact on chromatin. Although further experiments will be needed 

Figure 3. Unique PAX8 binding sites by cell line type and genomic locations of binding sites. The relative frequency of 
PAX8 binding sites among genomic elements was similar among the benign and malignant cell lines.
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to elucidate this connection more fully, similar mechanisms in other malignan-
cies suggest it is plausible that alterations in PAX8 binding may modulate the 
interactions between YAP/TEAD cofactors at enhancer sites and that PAX8 
may be a key mediator of YAP-mediated transformation (46, 47).

In conclusion, this study offers some of the first insight to our knowledge 
into the reorganization of the cistrome during the malignant transformation 
of Müllerian epithelia. As in other malignances, ovarian cancer pathogenesis 
involves a dynamic reorganization of chromatin around PAX8, a lineage-spe-
cific transcription factor. Understanding how these lineage-specific transcrip-
tion factors can acquire altered functions in different contexts may reveal new 
aspects of the pathogenesis of ovarian cancer and other malignancies.

Methods
Cell culture. KURAMOCHI, OVSAHO, IGROV-1,and JHOS4 cells were 
a gift from Gottfried Konecny (UCLA, Los Angeles, California, USA). 
OVCAR3 was purchased from American Type Culture Collection. These 
cancer cell lines were cultured in DMEM:F12 media (Mediatech Inc.) 
supplemented with 10% FBS (Atlanta Biologicals) and 1% penicillin/
streptomycin (Gibco, Invitrogen). FT33, FT194, and FT246 cells were 
derived from human fallopian tube secretory cells as previously described 
and were cultured in DMEM:F12 supplemented with 2% Ultraser G 
(Pall Corporation) and 1% penicillin/streptomycin (23). The 3 FTSEC 
cell lines were derived from primary FT cells from 3 different patients. 
FT33 was immortalized by stable expressing human telomerase reverse 
transcriptase (hTERT) and using 2 separate vectors to stable express 
SV40 large T antigen and small t antigen. FT194 was immortalized by 
stable expressing hTERT and using a single vector containing SV40 large 

T and small t antigen. FT246 cells were immortalized by stable expression of  hTERT, p53 shRNA, and 
CDK4R24C. All cells were incubated at 37°C with 5% CO2. The identities of  the cancer cell lines JHOS4, 
OVSAHO, and KURAMOCHI were authenticated by typing 10 short tandem repeat (STR) loci using 
the PowerPlex 2.1 System (Promega). All the FT lines developed in our lab have also been STR fin-
gerprinted. Normal samples for STR analysis were obtained from 10 unmatched lymphoblast cultures 
(Coriell Institute for Medical Research).

ChIP-Seq. ChIP was performed as described (1). Briefly, cells were grown to confluency on 3 × 15 cm 
to 4 × 15 cm plates. The cells were cross-linked with 1% formaldehyde for 10 minutes at room tempera-
ture, and the crosslinking reaction was quenched with a solution of  0.125 M glycine and 5 mg/ml BSA 
(IgG free, protease free) in ice-cold PBS. Nuclear pellets were created by serial washes in high-salt buffers, 
then lysed in 1% SDS lysis buffer, pH 8.0, and sonicated to an average size of  250 bp. The fragmented 
chromatin was immunoprecipitated overnight by using primary rabbit polyclonal antibody against PAX8 
(Novus, NBP1-32440). DNA was purified using Qiaquick PCR purification columns (Qiagen). DNA was 
quantified using the Qubit dsDNA HS Assay and Qubit 2.0 Fluorometer (Invitrogen), and shearing effi-
ciency was assessed by running an aliquot of  each sample on an E-gel agarose gel (Invitrogen). For ChIP-
Seq, after repairing the DNA ends, sequencing adaptors (Illumina) were ligated to the purified chroma-
tin, and the DNA was amplified for sequencing as described. Sequencing was performed on a HiSeq 
2000 platform (Illumina). After purification of  the DNA, libraries were generated and sequencing reads 
were aligned to the human genome (hg19) using Bowtie software. Peaks were called using MACS v2.0.10 
with default cutoffs (q < 0.01) (48). Motif  enrichment analysis was done using the HOMER package 
(http://homer.salk.edu//homer/ngs/peaks.html). Primary sequencing data have been deposited in the 
Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo, accession number GSE79893.

RNA-Seq. Reverse transfection with RNAiMAX Lipofectamine (Invitrogen) using 3 different predesigned 
siRNA oligonulceotides (catalogs s15403, s15404, and s15405; Ambion, Invitrogen), a pool of  all 3 siRNA 
oligonucleotides targeting PAX8, a control siRNA oligonucleotide targeting no known mammalian genes, 
or a no-siRNA control was performed for each cell line, as previously described (18). Samples were plated in 
duplicated 6-well plates, with one plate assigned for RNA-Seq and the other for Western blot confirmation. 

Figure 4. K-means clustering of ChIP-Seq peaks by cell line and 
number of peaks in common, including FTSEC-specific, and HG-
SOC-specific peak clusters. Each row represents one peak.
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All cells were incubated for 72 hours before cells were harvested for protein or RNA. For extraction, cells were 
lysed using RLT buffer. Then, the lysate was homogenized using Qiashredder spin columns (Qiagen). RNA 
was isolated using RNeasy mini columns (Qiagen) and quantitated using a Nanodrop (Thermo Fisher Sci-
entific), followed by Turbo DNAse treatment (Thermo Fisher Scientific) at 37°C for 30 minutes and requan-
tification. After repairing the RNA ends, sequencing adaptors (Illumina) were ligated to the purified RNA, 
and the RNA was amplified for sequencing. Sequencing was performed on a HiSeq 2000 platform (Illumina). 
Primary sequencing data have been deposited in the GEO database, accession number GSE83101.

Cell proliferation assays. One thousand, five hundred cells per line were seeded on 96-well plates in quin-
tiplicate to sextuplicate, and siRNA to PAX8 or scramble siRNA was added as described previously (18). 
After 144 hours, cell density was measured by CellTiter-Glo (Promega). Proliferation was measured rela-
tive to the scramble control.

Figure 5. Interaction between PAX8 and TEAD/YAP1. (A) Most common secondary motif found near PAX8 binding sites 
corresponding to the TEAD motif. See also Supplemental Table 2 and Supplemental Figure 2. (B) An in situ proximity 
ligation assay (PLA) performed in KURAMOCHI cells showing the interaction between endogenous PAX8 and YAP1 protein 
and PAX8 and pan-TEAD protein. Each red dot represents a single interaction. Nuclei were counterstained blue with 
DAPI. Scale bar: 20 μm. Image magnification ×100. Inset shows ×400 magnification. The previously reported interaction 
between PAX8 and ep300 serves as a positive control. Cells with efficient PAX8 siRNA knockdown were used as a nega-
tive control. See also Supplemental Figure 3. Figures shown are representative of 3 independent experiments.
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Western blot. Whole cell extracts were created by lysing cell pellets with RIPA 
buffer (Boston BioProducts) for 20 minutes on ice, and then cleared lysates 
were quantified by Bradford assay. Samples were loaded onto NuPAGE 4-12% 
Bis-Tris gradient gels (Novex, Invitrogen) and separated by electrophoresis in 
MOPS-SDS running buffer. Proteins were transferred to nitrocellulose mem-
branes via the iBlot dry transfer system (Invitrogen). Blots were blocked for 1 
hour at room temperature in 5% nonfat milk in PBS-Tween-20 (Westnet Inc.) 
and incubated with a rabbit polyclonal antibody against PAX8 (Proteintech, 
10336-1-AP) diluted 1:1,000 in blocking buffer overnight at 4°C. Blots were then 
incubated in HRP-linked secondary antibody (GE Healthcare) at 1:4,000 dilu-
tion in blocking buffer. Proteins were detected using the ECL2 Western blotting 
substrate kit (Thermo Fisher Scientific) and imaged with a FluorChem HD2 
imager (Cell Biosciences). After initial development, membranes were reprobed 
with a mouse monoclonal antibody to β-actin (Sigma-Aldrich, A2228), diluted 
1:2,500 in blocking buffer, as a loading control.

Immunofluorescence. For immunofluorescence analysis of endogenous pro-
teins, cells were grown overnight on coverslips in a 6-well culture plate. Cells were 

then fixed in 4% paraformaldehyde for 10 minutes, permeabilized in 0.5% Triton X-100 (Boston BioProducts) 
for 5 minutes, and incubated with primary and then secondary antibodies at 37ºC for 1 hour. The following pri-
mary antibodies were used: PAX8 (Proteintech, 10336-1-AP), pan-TEAD (Cell Signaling Technology, 13295), 
YAP (Cell Signaling Technology, 4912), and ep300 (EMD Millipore, NA46). Detection was performed using 
secondary antibodies conjugated to Alexa Fluor Dyes (Molecular Probes). Cells were then stained with DAPI 
(0.5 μg/ml, Sigma-Aldrich, D9564) prior to microscopy using a Nikon E400 microscope under ×100 magnifi-
cation.

PLA. PLA was performed using ovarian cancer cells grown on Lab-Tek II 8-well chamber slides and 
fixed for endogenous protein detection as described above. The assay was performed using the Duolink 
kit (Sigma-Aldrich) according to the manufacturer’s protocol. Background control was produced by per-
forming parallel experiments in which the 2 primary antibodies were left out of  the procedure. A negative 
control with a cell line that does not express one of  the targets was also included. Brightness and contrast 
were adjusted to allow for the clearest resolution of  the images.

Coimmunoprecipitation. The nuclear fraction was isolated from KURAMOCHI cells (Cell Signaling 
Technology, Cell Fractionation Kit, 9038). Lysate (500 μg) was immunoprecipitated with 10 μg of  a rab-
bit polyclonal antibody against PAX8 (Novus Biologicals, NBP1-32440) or equal amount of  rabbit IgG 
using the Pierce Direct IP kit (Thermo Fisher Scientific, 26148) according to manufacturer’s protocol, 
followed by SDS-PAGE, transfer, and Western blot analysis using a rabbit monoclonal antibody to pan-
TEAD (Cell Signaling Technology, 13295).

Study approval. The current study was exempted from IRB approval, as no study subjects or animals 
were employed for the described experiments.

Statistics. For ChIP-Seq, sequenced DNA tags were aligned with Bowtie against the reference genome 
Hg19. Peaks were called using MACS v2.0.10 (https://github.com/taoliu/MACS) with default cutoffs (q 
< 0.01), and read depth normalized big wiggle files were created. To compare HGSOC and FTSEC cell 
lines, reads were extracted using High Throughput sequencing, and differential regions were identified by the 
Differential Expression sequencing package (49). For the comparisons, we considered the union of  all peaks 
from each sample type (HGSOC vs. FTSEC). In Figure 2C, the samples were arranged by unsupervised hier-
archical clustering in R using the Spearman correlations of  the top 25% most-variable peaks. In Figure 4, the 
features on the y axis were quantile-normalized and clustered by k-means in R.

For RNA-Seq, sequence tags were mapped to the reference genome Hg19 using TopHat v2.0.6, and 
transcript levels were calculated as fragments per kb per million mapped reads (FPKM) using Cufflinks 
v2.0.2. Differential expression was determined with CuffDiff, using χ2 tests with 1 degree of  freedom and 
2-tailed P values to assess statistical significance (50). Adjusted P values were calculated using a Bonferonni 
correction for multiple testing.

Fisher’s exact tests for comparing proportions were performed using GraphPad Prism v.7 (GraphPad 
Software Inc.). A 2-tailed P value less than 0.05 was considered significant.

Figure 6. Confirmation of a PAX8-TEAD interaction. Immuno-
precipitation of KURAMOCHI nuclear extracts with PAX8 anti-
body or equal amount of control IgG, followed by Western blot 
analysis for the level of associated TEAD. Whole nuclear extract 
from the cells serves as the positive control. Figure shown is 
representative of 3 independent experiments.
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