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Abstract

Accumulating evidence indicates that ovarian high-grade serous carcinoma (HGSC) originates
from Fallopian tube secretory epithelial cells (FTSECs). However, the molecular mechanisms
underlying the initiation and progression of HGSC derived from FTSECs remains unclear. In the
present study, we found that the Hippo/YAP signaling pathway plays a critical role in the initiation
and progression of Fallopian tube and ovarian HGSC. Importantly, YAP was overexpressed in
inflammatory and cancerous Fallopian tube tissues. Further, overexpression of wild-type YAP, or
constitutively active YAP in immortalized FTSECs, induced cell proliferation, migration, colony
formation, and tumorigenesis. Moreover, the Hippo/YAP and the fibroblast growth factor (FGF)
signaling pathways formed an autocrine/paracrine positive feedback loop to drive the progression
of the FTSECs-derived HGSC. Evidence in this study strongly suggests that combined therapy
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with inhibitors of YAP (such as verteporfin) and FGFRs (such as BGJ398) can provide a novel
therapeutic strategy to treat Fallopian tube and ovarian HGSC.

Ovarian cancer is the most lethal gynecological cancer. Globally, approximately 225,500
women are diagnosed with ovarian cancer annually, with an estimated 140,200 associated
deaths Worldwidel. The majority (~80%) of ovarian cancers are of epithelial origin. A key
feature of high-grade serous carcinoma (HGSC), which constitutes 60-80% of ovarian
epithelial carcinomas, is its aggressive nature and its unique genetic alterationszv 3 Patients
with HGSC most frequently present at advanced clinical stages and have a very poor overall
survival.

The etiology of ovarian HGSC is unclear. Previous studies suggest that HGSC is derived
from the neoplastic transformation of ovarian surface epithelial (OSE) cells in the cortical
inclusion cysts of the ovary4v ° However, the existence of a precursor lesion in the ovary that
leads to HGSC has not been demonstrated conclusively6' ’_Studies using ovarian and
Fallopian tube specimens from prophylactic salpingo-oophorectomy of BRCA1/2-mutation
carriers suggest that most ovarian HGSC originate in the fimbrial end of the Fallopian

tube8' 9. Recent studies indicate that ovarian HGSC, primary peritoneal carcinoma (PPC),
and Fallopian tube cancer have similar pathogenesis and may originate from the same cell
source, the Fallopian tube epithelial cells (FTSECs)lO. Epidemiological studies also support
the concept that ovarian, Fallopian tube, and primary peritoneal cancers have a common
etiologyll. Obviously, the conventional pathologic classification of many other pelvic serous
cancers primarily as ovarian cancer contributes to underreporting the incidence of the
Fallopian tube cancer because, in many cases, Fallopian tube cancers are also present on the
surface of the ovary. The involvement of ovary in conventional ovarian HGSC is potentially
a secondary event. Therefore, studies on the mechanisms underlying the initiation and
progression of Fallopian tube HGSC represent a new and promising direction for the
diagnosis and treatment of ovarian cancer.

The etiology of the Fallopian tube cancer is also unknown. Recent studies suggest that
disruption of the Hippo pathway is an important oncogenic event during tumorigenesis in
many cancerslzv 13. First discovered in Drosophilamvls, the Hippo pathway is a growth
control pathway that is highly conserved throughout specieslG. Accumulating evidence
indicates that the Hippo pathway has a fundamental role in organ size control, stem cell
function, and tumor suppression. Hence, the Hippo pathway has attracted growing
interestlzv 13, 16. Activation of the Hippo pathway suppresses the activity of the
transcriptional co-activator Yes-associated protein 1 (YAP1, commonly referred to as YAP)
by phosphorylating YAP and subsequently retaining it in the cytoplasm. YAP has been
identified as an ovarian cancer oncogene”vlg. Our research also indicates that YAP
contributes to ovarian cancer progressionlgrzo. Although several very recent studies indicate
the importance of FTSECs in the tumorigenesis of the Fallopian and ovarian
HGSCM‘MlevZZ, the extent to which the Hippo pathway is involved in their initiation and
progression has not been examined.

In addition to limited information on the etiology, the molecular mechanism underlying the
rapid progression of Fallopian tube and ovarian HGSCs is also unclear. Interestingly,
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previous studies have shown that cultured human FTSECs produce basic fibroblast growth
factors (FGF2)23. FGF2, a growth regulatory peptide secreted from cells, is reported to be
involved in a variety of biological processes including cell differentiation, cell growth,
migration, angiogenesis, and tumor formation®*. Most importantly, several Phase | and
Phase Il clinical trials for a pan FGF receptor inhibitor, BGJ39825, are currently underway to
examine the role of this novel small molecule in the treatment of several solid tumors (http://
clinicaltrials.gov/ct2/results?term=BGJ398&Search=Search). However, it is not known
whether FGF2 secreted by FTSECs contribute to the tumorigenic process of Fallopian tube
and ovarian HGSC. Whether the Hippo/YAP signaling pathway interacts with the FGF/
FGFR signaling pathway to regulate the rapid progression of Fallopian tube and ovarian
HGSC has not been investigated.

In turn, the present study aims to determine if the Hippo/YAP signaling pathway is involved
in initiation and progression of Fallopian tube-derived HGSC and the potential signaling
mechanism(s) underlying the Hippo/YAP pathway regulation of HGSC initiation and
progression.

Expression of YAP in normal and cancerous human Fallopian tube tissues

Immunohistochemical analysis of normal and cancerous Fallopian tube tissues showed that
the YAP immunosignal in normal Fallopian tube tissues was very low (Fig. 1a, 1b,
Supplementary Fig. 1). In the normal fallopian tube tissues, the YAP immunosignal was
localized to both cytoplasm and nucleus of some epithelial cells (Supplementary Fig. 1).
However, the YAP immunosignal was significantly increased in inflammatory (chronic tube
inflammation) and cancerous tissues (Fig. 1a, 1b, Supplementary Fig. 1). Also, the
immunosignal was mainly localized to nuclei of almost all epithelial cells of these abnormal
tissues (Supplementary Fig. 1). The immunosignal positivity and intensity in the cancerous
tissues significantly increased compared to that of normal and inflammatory tissues (Fig. 1a,
1b. P<0.001). Further, the YAP immunosignal positivity and intensity in the inflammatory
tissues were also significantly increased compared to normal tissues (Fig. 1a, 1b. £< 0.05).

Expression and Alteration of YAP gene in the ovarian HGSC

Since most ovarian HGSCs are believed to originate from Fallopian tube HGSC, we detected
the expression of YAP protein in ovarian HGSC with a human tissue microarray. Our results
also indicate that both the positivity (Fig. 1c) and intensity (Fig. 1d) of YAP immunosignal
in the ovarian HGSCs (n=105) are significantly higher than in the normal ovarian tissues
(n=42) (P<0.001). Moreover, The YAP immunosignal was present mainly in the nuclei of
the ovarian HGSC cancer cells (Supplementary Fig. 2). To further confirm the importance of
YAP in the ovarian HGSC, we performed multidimensional genomic data analysis using
online cancer databases and analysis tools [The Cancer Genomic Atlas (TCGA) and the
cBioPortal for Cancer Genomics]zev a7 Mining these databases revealed that the YAP gene
is frequently amplified in ovarian HGSC (7.9% amplification vs. 0.7% deletion, n=279)
(Fig. 1e, 1f, Supplementary table 1)28'29. Cervical cancer has the highest YAP gene
alteration across all gynecological cancers (Fig. 1e), which is consistent with our recent
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finding (He et al, EMBO Molecular Medicine, in press). LATSL1 is a core component of the
Hippo/YAP signaling cascade and a major negative regulator of YAP activity, while TEAD
is the major mediator of YAP activityls’ 1% I examined ovarian HGSC patient samples,
LATSI gene is greatly down-regulated, whereas YAPand TEADs are up-regulated (Fig. 1f),
confirming our hypothesis that the Hippo/YAP pathway plays critical roles in the
progression of ovarian HGSC. In the ovarian HGSC samples, although YAP/TEAD
expression and survival rates are not significantly correlated [Total (n=418) Vs. YAP/TEAD-
down (n=19), A= 0.1003], the result indicated a trend that down-regulation of YAP gene
was associated with a higher overall survival rate (Fig. 19).

Establishment and characterization of YAP-overexpressing FTSEC cell lines

The five non-tumorigenic FTSEC cell lines used in this study were characterized
previously30' 31. As expected, Western blot analysis showed that all FTSEC cell lines
retained expression of Mullerian (PAX8) and epithelial (Cytokeratin-7) lineage markers
(Supplementary Fig. 3a). Further, Western blot results indicated that these cell lines have
differential expression and phosphorylation of YAP protein (Supplementary Fig. 3a). Both
total and phosphorylated YAP levels in FT194, FT237, and FT240 cells were higher than
that in FT190 and FT246 cells. Because the TP53 protein was inactivated by SV40 large T
antigen in FT190 and FT194 cells and was knocked down in FT237, FT240, and FT246
cellsSO, it is difficult to estimate the association between YAP expression and TP53 protein
levels. To examine the role of YAP in the proliferation of FTSECs, we established six cell
lines with differential levels of expression and activation of YAP protein based on FT194
(with virus-inactivated TP53) and FT246 (with TP53 knockdown) cell lines. Fluorescent
immunohistochemical analyses indicated that YAP expression levels in FT194-YAP, FT246-
YAP, FT194-YAPS127A and FT246-YAPS127A cells dramatically increased compared to
FT194-MXI1V and FT246-MXIV control cells (Fig. 2a). Importantly, YAP was primarily
localized in the nuclei of FT194-YAPS127A and FT246-YAPS1Z7A cells (Fig. 2a).
Overexpression of YAP also induced a significant change in the morphology of FTSECs.
YAP and YAPS127A gverexpressing cells are elongated and develop a spindle-shaped
morphology (Fig. 2a, Supplementary Fig. 4). Consistent with the immunofluorescence
results, Western blot results showed that FT194-YAP and FT246-YAP cells, which were
transfected with vectors expressing wild-type YAP, had significantly increased levels of YAP
and phosphorylated YAP (Fig. 2b, Supplementary Fig. 3b, 3c). FT194-YAPSI27A and
FT246-YAPSIZ7A cells, which were transfected with mutated YAP (constitutive activation
mutation), however, have high levels of YAP protein and very low levels of phosphorylated
YAP due to the mutation of YAP at serine 127.

YAP promotes growth and induces transformation of FTSEC cells in vitro

Consistent with the differential expression and cellular distributions of YAP protein in
established stable cell lines, proliferation of these cells varied significantly. For example,
FT194-MXI1V and FT246-MXIV cells grew slowly, and their growth was inhibited when
cells reach confluence (Fig. 2b, Supplementary Fig. 3c). However, FT194-YAP, FT246-YAP,
FT194-YAPS127A and FT246-YAPS127A cells continued to grow after they reached
confluence. Also, FT194-YAPS127A and FT246-YAPS127A had significantly increased
growth rates compared to corresponding wild-type YAP transfected cells (FT194-YAP and
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FT246-YAP) (Fig. 2b, Supplementary Fig. 3b). In agreement with these observations,
knockdown of YAP in FT194 and FT246 cells significantly suppressed their proliferation
(Fig. 2c, 2d). The growth-promoting effect of YAP in FTSECs was also confirmed by the
MTT assay (supplementary Fig. 5a, 5b). The pro-proliferation activity of YAP in FTSECs
was further indicated by its action on the progression of cell cycle. Ectopic expression of
wild-type YAP or constitutively active YAP in FT194 and FT246 cell lines promoted cell
cycle progression, as indicated by significant increases in the proportion of cells in S and
G2/M phase and decreases in cells in the G1 phase (Supplementary Fig. 6a,6¢). These
results were further confirmed by increases in the cyclin A, cyclin B and cyclin D in YAP
and YAPS1Z7A gverexpressing FT194 and FT246 cell lines compared to their corresponding
control cell lines (MXIV transfected cells) (Supplementary Fig. 6b,6d). Consistent with
these observations, sSiRNA knockdown of YAP with YAP siRNA significantly reduced the
proportion of cells in the S and G2/M phase and increased the proportion of cells in G1
phase (Supplementary Fig. 7).

It has been shown that the immortalized FTSECs, like primary Fallopian tube cells,
demonstrate regular contact inhibition during growthso. The continued growth of FT194-
YAP, FT246-YAP, FT194-YAPS127A and FT246-YAPS127A cells after reaching confluence
suggests that these cells are transformed following YAP overexpression. Soft agar assays
showed that FT194-MXIV and FT246-MXIV cells did not form colonies in soft agar (Fig.
3a, 3b). However, FT194-YAP, FT246-YAP, FT194-YAPS127A and FT246-YAPS127A cells
formed colonies in soft agar (Fig. 3). FT194-YAPS127A and FT246-YAPS127A cells formed a
greater number of and larger colonies compared to FT194-YAP and FT246-YAP cells,
respectively (Fig. 3a, 3b). A fluorescence-based cell transformation assay (CytoSelect™ 96-
Well Cell Transformation Assay kit, Cell Biolabs, Inc. San Diego, CA) was also used to
confirm the quantitative data. These results indicate that overexpression of wild-type YAP or
constitutive active YAP in FT194 and FT246 cells stimulates colony formation, which is
indicated by a significant increase (£<0.001) in the relative fluorescence units (RFU) in
FT194-YAP, FT246-YAP, FT194-YAPS127A and FT246-YAPS1Z7A cells (Fig. 3).

YAP-transformed FTSECs forms tumor in vivo

The colony formation assays suggest that YAP is sufficient to transform immortalized
FTSECs /n vitro. In turn, we then examined if YAP-transformed cells are tumorigenic.
FT194-MXIV, FT194-YAP and FT194-YAPS127A cells (6 x 106 cells/group) were injected
SC into five-week-old female athymic nude mice. Tumors were observed in FT194-YAP and
FT194-YAPS127A jnjected mice three weeks after injection. Consistent with colony
formation data, no tumors were observed in the FT194-MXIV cell injected group (Fig. 4a,
4b). Tumors derived from FT194-YAPS127A cells grew very rapidly. Tumors derived from
FT194-YAP cells grew relatively slowly within the 10-week period (Fig. 4c, 4d).

Morphologically, tumors derived from the FT194-YAP and FT194-YAPS127A cells
resembled HGSC, possessing tumor cells that are generally intermediate to large in size,
with prominent nucleoli visible at low magnification (Fig. 5a). The nuclei are distinctly
pleomorphic, showing more than a three-fold variation in size. Likewise, these cells are
extremely proliferative, which is indicated by the high expression of Ki67 and frequent
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appearance of mitotic figures (Fig. 5a)32. Except for the high levels of YAP protein, these

tumor tissues have very high levels of nuclear stained of TP53, PAX8 and WT1 (Fig. 5a, 4e),

which are characteristic of both FTSECs and the vast majority of HGSCs, but not OSE-

. . 33_35 . .

derived tumor or low grade serous carcinomas . Both biochemical and

immunohistochemical analysis show that tumor cells in these tissues express very high

levels of cytokeratin 7, but are negative for cytokeratin 20 and PAX2 (Fig. 5a, 4e). Tumor

tissues derived from FT194-YAP cells are negative for Alcian blue (PH2.5)-Periodic acid

Schiff (AB-PAS) staining (Fig. 5b). These findings further confirm pathological diagnoses
36 37

that these tumors are HGSC™ ™ ™.

YAP stimulates migration of FTSECs in vitro

Wound healing assays show that, compared to the controls, overexpression of wild-type YAP
or constitutively active YAP significantly enhances wound closure in FT246 (Supplementary
Fig. 8) and FT194 cells (Supplementary Fig. 9). Transwell migration assay also indicate that
ectopic expression of wild-type YAP or constitutively active YAP significantly increases the
number of cells migrated through the chamber membrane in both FT246 (Supplementary
Fig. 8) and FT194 cells (Supplementary Fig. 9).

YAP overexpression up-regulates FGF ligands and FGFRs in FTSECs

Previous reports show that isolated FTSECs can secret acidic (FGF1) and basic fibroblast
growth factors (FGF2)23. FGF1 and FGF2, which are the most abundant FGF ligands in
ovarian cancer cell Iinesag, and all FGFRs (FGFR1, FGFR2, FGFR3 and FGFR4) were
expressed in five immortalized human Fallopian tube cell lines (Supplementary Fig. 10). Of
considerable interest, we found that overexpression of wild-type YAP or constitutively active
YAP in FT194 and FT246 cells significantly increased mRNA levels of FGF1, FGF2and all
four FGFRs (Fig. 6a, Supplementary Fig. 11-12). Importantly, overexpression of wild-type
YAP or constitutive active YAP in FT194 cells significantly increased protein levels of FGF2
(Fig. 6b) and FGF1 (Fig. 6¢) in culture medium and on-dish cell lysates. Intriguingly,
treatment of these cells with verteporfinsg, a YAP antagonist, eliminated YAP- or YAPS127A.
induced production of FGF1 and FGF2 (Fig. 6b, 6¢). Overexpression of wild-type YAP or
constitutively active YAP in FT194 and FT246 cells also significantly increased the
expression of the amphiregulin (AREG) (Fig 6a, Supplementary Fig. 11-12), which is a
known downstream gene of the Hippo/YAP pathway

FGF2 induces proliferation and migration of FTSECs

To determine the role of FGF1/2 in FTSECs, FT194 and FT246 cells were treated with
different concentrations of recombinant human FGF1 and FGF2 (10 to 100 ng/ml) for 72h.
FGF1/2 treatment significantly increased proliferation of FT194 and FT246 cells at a
concentration of 10 ng/ml (Fig. 7a, 7b). Since FGF2 has been reported to be secreted by
FTSECs” and the biological activity of FGF2 is not significantly dependent on heparin, in
the following experiments, we used FGF2 as a primary ligand in the study. The maximal
pro-proliferative effect of FGF2 was observed at 10-20 ng/ml in both FT194 and FT246
cells. Flow cytometry results showed that FGF2 (20 ng/ml) treatment promoted cell-cycle
progression in FT194 and FT246 cells, as indicated by a significant decrease in the portion
of cells in G1 phase and significant increase in cells in S and G2/M phases (/<0.05,

Oncogene. Author manuscript; available in PMC 2016 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huaetal. Page 7

Supplementary Fig. 13). Additionally, wound healing assays showed that FGF2 treatment
(20 ng/ml, 15h) significantly induced wound closure in FT246 (Fig. 7c) and FT194 cells
(Fig. 7d), suggesting that FGF2 also induces FTSECs migration.

YAP is required for FGF regulating proliferation and migration of FTSECs

To determine if YAP plays a role in FGF2 stimulated proliferation of FTSEC, we knocked
down YAP protein in FT194 and FT246 cells using YAP siRNAs and then treated these cells
with FGF2. Results showed that FGF2 failed to promote the proliferation of FT194 and
FT246 cells after knockdown of YAP (Fig. 8a). Flow cytometry results showed that
knockdown of YAP completely blocked FGF-promoted cell cycle progression in both FT194
(Supplementary Fig. 14a) and FT246 cells (Supplementary Fig. 14b). Knockdown of YAP
not only blocked FGF2-induced cell proliferation, but also reduced basal growth of FT194
and FT246 cells, suggesting that YAP was required for the survival of Fallopian tube
secretory epithelial cells (Fig. 8a). Additionally, we found that knockdown of YAP in
FTSEC cells diminished FGF2-stimulated cell migration, as indicated by the significant
decrease in the wound closure in YAP-knockdown FT194 and FT246 cells after FGF2
treatment (Fig. 8b, supplementary Fig. 15). Interestingly, FGF2 treatment (10 ng/ml, 48h)
induced amphiregulin (AREG) mRNA expression in both FT194 and FT246 cells, but had
no effect on YAP mRNA expression. Knockdown of YAP completely blocked FGF2-
induced AREG mRNA expression in both FT246 and FT194 cells (Fig. 8c). These results
clearly indicate that YAP protein is required for FGF to regulate FTSEC cell proliferation,
migration and gene expression. Intriguingly, we found that FGF2 was able to stimulate
FGF1, FGFZmRNA expression in cultured FTSECs, indicating that FGF2 might regulate
the immortalized FTSECs in an autocrine and/or paracrine manner (Fig. 8d, Supplementary
Fig. 16). Knockdown of YAP blocked FGF2-induced expression of FGF1/2, suggesting that
the proper interaction between the Hippo/YAP and FGF/FGFR signaling pathways are also
required for the maintenance of the autocrine/paracrine regulation of FTSECs by the FGF/
FGFR system (Fig. 8d, Supplementary Fig. 16).

The Hippo pathway is involved in YAP regulation of FTSEC cell activities

The production of FGF ligands and FGFRs in FTSEC cells suggests that an autocrine and/or
paracrine mechanism exists in FTSECs to regulate cell activities. Treatment of FT194 cells
with 20 ng/ml of FGF2 rapidly suppressed phosphorylation LATS1 at both threonine 1079
and serine 909 (Fig. 9a, Supplementary Fig. 17). Further, treatment with FGF2 suppressed
phosphorylation of Mob1 at threonine 35 and YAP at serine 127. FGF2 treatment had no
effect on the total protein levels of these core components of the Hippo pathway signaling
cascade (Fig. 9a, supplementary Fig. 17). These pieces of evidence suggest that the Hippo
pathway is involved in the YAP and FGF interaction, despite of the fact that YAP can be
activated in a Hippo-independent manner™".

As mentioned above, LATS1/2 is the major suppressors of YAP activity in the Hippo/YAP
pathwayls' 18 Consistent with above observations, knockdown of LATS1/2 in FT194 cells
with LATS1/2 siRNAs activates YAP (S127), which is indicated by significantly decrease of
YAP phosphorylation at serine 127 (Fig. 9b, supplementary Fig. 18). Knockdown of
LATS1/2 has no effect on the total YAP protein level (Fig 9b, supplementary Fig. 18). As
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expected, knockdown of LATS1/2 significantly Increased FGF1 (P< 0.01), FGF2 (P<0.05),
FGFRI1(P<0.01), and FGFR4(P< 0.01) expression in FT194 cells (Fig 9c, supplementary
Fig. 19). Importantly, inhibition of YAP or FGFR activities with verteporfin or BGJ398,
respectively, not only eliminated increases in cell proliferation and migration induced by
LATS knockdown (Fig. 9d, 9e, supplementary Fig. 20), but also reduced the basal-level
growth of FT194 cells (Fig. 9d).

FGF treatment also rapidly (within 10 minutes) activated the Raf/ERK and the PI3K/AKT
pathways (Fig. 9a), which have been shown to be activated by binding of FGF2 to FGFRs42.
Knockdown of LATS1/2 also increase phosphorylation of AKT (S473) and ERK1/2 (T202/
Y204) (Fig. 9b). Further, FGF2 induced suppression of YAP phosphorylation was blocked
by the FGFR inhibitor BGJ398, PI3K inhibitor LY 294002, and by MEK inhibitor UO126,
suggesting that the PI3K and MAPK pathways are involved in FGF/FGFR-induced
suppression of Hippo/YAP signaling in FTSECs (Supplementary Fig. 21a). In a 3D hanging-
drop culture system, treatment of FT194 cells with LY294002 (PI3K inhibitor) completely
inhibited FTSEC growth, leading to disassembly of the 3D structure. However, treatment
with UO126 only partially inhibited YAP-induced FTSEC cell growth in the 3D culture
system. This indicates that PI3K and MAPK pathways are involved in YAP regulation of
FTSEC growth, but potentially in differential ways (Supplementary Fig. 21b).

The Hippo/YAP pathway interacts with FGF pathway to regulate Fallopian tube cell growth

To examine whether FGFR signaling pathway is required by YAP to regulate FTSEC cell
activities, we knocked down FGFRs with four FGFR siRNAs (supplementary Fig. 22).
Knockdown of FGFRs inhibited YAP- or constitutively active YAP-induced growth of
FTSECs (Fig. 10a, supplementary Fig. 22). The same results was observed if BGJ was used
to block FGFRs (Fig. 10a, supplementary Fig. 22). Wound healing assay showed that
treatment of FT194 cells with BGJ or verteporfin significantly blocked “wound” closure in
FTSECs, suggesting that these pathways are important for the migration of FTSECs
(Supplementary Fig. 23). Importantly, blockage of FGFRs with BGJ eliminates YAP- or
constitutively active YAP-induced anchorage-free growth of FTSECSs, suggesting that FGFR
signaling pathway is also involved in the transformation of FTSECs (Fig. 10c, 10d).
OVSAHO is a verified ovarian HGSC cell line™. Treatment of OVSAHO cells with BGJ
and verteporfin also eliminated its ability of anchorage-free survival (supplementary Fig.
24), further confirming the critical role of FGFR in YAP-induced carcinogenesis of FTSECs.

Previous studies has shown that spheroid formation is one of the most well characterized
models for 3D culture and screening due to its simplicity, reproducibility, and similarity to
physiological tissues™*. We then used a 3D hanging-drop culture system to further examine
the biological function of the interaction between the Hippo/YAP and the FGFR signaling
pathways in FTSECs. We found that ectopic expression of wild-type YAP or constitutively
active YAP in FT194 cells significantly induced cell growth in the 3D culture system (Fig.
10b). YAP-induced growth of FTSECs in a 3D hanging drop culture system can be
significantly suppressed by verteporfin (YAP antagonist)39 and BGJ398 (FGFR inhibitor)25
(Fig. 10b). In the BGJ treated FT194 cells, we can clearly see that BG1398 blocks YAP and
YAPS127A.induced FTSEC growth (indicated by the smaller spheroids in groups, Fig. 10b).

Oncogene. Author manuscript; available in PMC 2016 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hua et al.

Page 9

In the verteporfin treated FT194 cells, the spheroids did not shrink, but we clearly observed
that well-defined edges of these spheroids disappeared. The cell-cell contacts in these drug-
treated spheroids are so loose that these cells can be easily dispersed by pipetting. Staining
of Ki67 indicated that both verteporfin and BGJ398 treatments suppressed YAP- and
YAPS127A_induced Ki-67 expression, suggesting that the Hippo/YAP pathway and FGFR
signaling pathway are critical for the cell-cell communication and growth of the FTSECs
(supplementary Fig. 25). TUNEL assay showed that treatment of FTSECs with verteporfin
and BGJ398 dramatically increased TUNEL positive cells, further supporting the role of the
Hippo/YAP signaling pathway and the FGFR pathway in the viability of FTSECs
(supplementary Fig. 26).

Finally, we use a xenograft tumor tissue culture system to examine the role of FGFR
signaling pathway and oncogene YAP on the growth of xenograft tumor cells. Treatment of
tumor tissues for 3 days suppressed tumor cell growth and induced tumor cell death, which
is indicated by the decreased Ki-67 positive cells and increased TUNEL-positive cells in the
tumors derived from FT194-YAPS127A cells (Fig. 10e). Similar results were also observed in
tumors derived from OVSAHO cells, a cell line that has been verified as ovarian high grade
serous carcinoma ceIIsAg, after treatment for 3 days with antagonists against FGFRs and
YAP (supplementary Fig. 27). These lines of evidence clearly suggest that the proper
interaction between the Hippo/YAP and FGF/FGFR signaling pathways are not only
essential for FTSECs growth, but also for FTSEC transformation and potentially Fallopian
tube and ovarian HGSC initiation.

DISCUSSION

Fallopian tube cancer (FTC) has long been considered as a rare type of gynecological
cancer™ %, However, the present criteria for diagnosis and classification of FTC are not
well-established. Presently, pelvic cancers are classified as FTC only in the presence of a
dominant tubal mass and a precursor lesion in the Fallopian tube, with no mass observed in
10 o . . s
the ovary or endometrium™". Similarly, primary peritoneal cancer (PPC) is diagnosed only
when no mass is found in the ovary or the Fallopian tube. Interestingly, the presence of a
precursor lesion in the ovary is not a requirement to diagnose a tumor of ovarian origin46
Furthermore, the convention has been to classify serous tumors in the pelvis as ovarian
cancer when the origin is unclear8. Owing to the fact that many cases of FTC also have
8_11 46 47 . L . .

tumors on the surface of the ovary — "+ " ', the previous criteria for diagnosis and
classification of FTC, PPC, and ovarian cancer have led to significant underestimation of the
incidence of Fallopian tube cancers. Recent studies identify the FTSECs as the cell origin of
ovarian HGSC provide direct evidence for the importance of FTC in the initiation and

. . . 9 48
progression of the conventional ovarian HGSC™ ™.

Despite progress in identifying the FTSEC origin of ovarian HGSC, the mechanism

underlying the initiation and progression of Fallopian tube and ovarian HGSCs remains

unclear. Previous studies show that YAP overexpression occurs in a broad range of human
4951 . . . 17_18 20 54 o

cancers , including ovarian cancer 7777 and has been identified as a

oncogenel3'16, although several reports indicate that YAP also functions as a tumor

suppressor in certain types of cancer’> 3, Our recent data show that YAP is overexpressed
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in the ovarian adult granulosa cell tumor (GCT) and plays critical roles in regulating GCT
cell proliferation, migration, and steroidogenesislg. We also found that YAP interacts with
EGFR signaling pathway to regulate growth of ovarian surface epithelial cells and ovarian
cancer cellszo. In the present study, we found that in the normal Fallopian tube cells, YAP
expression was very low and was primarily located in the cytoplasm of the ciliated epithelial
cells. However, YAP was overexpressed and localized in the nucleus of almost all epithelial
cells in the inflammatory and cancerous Fallopian tube tissues. These results suggest that the
Hippo/YAP pathway may be involved in the initiation and progression of Fallopian tube
epithelia-derived cancer. This hypothesis is supported by observations that: 1)
overexpression of wild-type YAP or constitutively active YAP induces FTSEC proliferation,
while knockdown of YAP results in suppression of FTSEC proliferation; 2) ectopic
expression of wild-type YAP or constitutively active YAP induced transformation of
FTSECs; and 3) FTSECs transformed by wild-type YAP or constitutively active YAP are
tumorigenic, as indicated by the formation and growth of tumor xenograft in athymic nude
mice. This is the first report to show that YAP plays a critical role in initiating Fallopian tube
cancer. Due to emerging evidence that ovarian HGSC is primarily derived from transformed
FTSECss‘ll, it is reasonable to theorize that YAP plays critical roles in the development of
ovarian HGSC. Results from analysis of the multidimensional genomics data indicate that
YAPand TEAD genes are frequently amplified and up-regulated in ovarian HGSC (Fig. 1f),
while LATS1, the main component of the Hippo signaling pathway and the major negative
regulator of YAP activity, is down-regulated (Fig. 1f). Results from these large-scale
sequencing analyses not only support our hypothesis that the Hippo/YAP signaling pathway
play critical role in the initiation and progression of Fallopian tube-derived ovarian HGSC,
but also provide evidence for the clinical relevance of the present study. Since YAP activity
depend on its expression level, phosphorylation status (i.e. phosphorylation level and sites),
and sub-cellular localization, up-regulation of YAP mRNA or protein levels alone cannot
reflect its activity, making it difficult to analyze the relationship between YAP activity and
patient survival, especially in ovarian HGSC. Interestingly, we found that in the 418 patients
with ovarian HGSC, YAPand TEADs genes were significantly down-regulated in 19 HGSC
patients (beyond the default Z score threshold). The survival analysis indicated that down-
regulation of YAPand TEADs in ovarian HGSC might be associated with improved patient
survival (Fig. 1g). However, larger samples from ovarian HGSC patients are needed to
confirm this finding.

As noted in the introduction, the etiology of Fallopian tube and ovarian HGSC is unknown.
Indeed, several research groups have sought to identify the potential molecules or pathways
that underlie FTSEC cell transformation and ovarian HGSC progression. The combination
of SV40 T/t antigen and hTERT expression resulted in immortalized FTSECs that were non-
tumorigenic in mice21' 2 Jazaeri et al. showed that activation of HRAS G12V and C-MYC
T58A in FTSECs harboring SV40 T and hTERT were the minimal alterations required to
achieve transformation of human FTSEC521. These results are consistent with observations
by Kendall et al. who showed that forced activation of MYC, RASY12, and hTERT, in
addition to interference with TP53 and RB1 tumor suppressor functions (mediated by SV40
T), were necessary and sufficient to transform human cells of epithelial and mesenchymal
origin®. On the other hand, studies by Karst et al. indicate that introduction of H-RASY12 or
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c-MYC transforms FTSECs and induces formation of HGSCZZ. These results are supported
by Shan et al, who also found that overexpression of HRASYZZ transformed human
Fallopian tube epithelial (FTE) cell lines that were immortalized with SVV40 T/g antigens
and hTERT". It is notable that in all three experiments, mutated H#RAS has been used as an
oncogene to transform the FTSECs. However, HRAS mutations are not characteristic of
ovarian HGSC®'. Therefore, the pathological relevance of HGSC models employing HRAS
is questionable. In our present study, we found that overexpression of the YAP gene is not
only sufficient to transform the FTSECs immortalized by viral genes (FT194 cells,
immortalized by SV40 T/t and hTERT), but also FTSEC cells immortalized without viral
genes=" (FT246, immortalized by TP53 ShRNA, CDKR24C, and PP2A-B56y ShRNA). Wild-
type or mutant YAP overexpressing cells, namely FT194-YAP, FT246-YAP, FT194-
YAPSI2TA and FT246-YAPS127A cells, overcome contact inhibition and continue to grow
after cells reach confluence. Further, these cells acquire the ability of anchorage-independent
growth, and form solid tumor in athymic nude mice after implantation. These pieces of
evidence clearly position YAP as a critical oncogenic molecule in the development of
malignancy in FTSECs. This idea is further supported by the fact that blocking the action of
YAP protein using verteporfin, a YAP antagonist, eliminates YAP-induced FTSEC cell
proliferation in 3D-culture system and colony formation in the soft agar gel.

Importantly, we note that tumor cells in FTSECs-derived tumor tissues have pleomorphic
nuclei, prominent nucleoli, and are highly proliferative (high mitotic index and Ki67
expression), suggesting these tumor cells are HGSC cells. Because serous tumors usually
show positive staining for cytokeratin 7 and negative staining for cytokeratin 2036, the strong
cytoplasm staining of cytokeratin 7 and negative staining of cytokeratin 20 in FTSECs-
derived tumor tissues suggests that these tumors are serous type. Very strong nuclear
staining of WT-1 in FTSECs-derived tumor tissues also differentiates them from other types
of ovarian tumors, such as endometrioid and clear cell carcinomasssv > The histological
features and the negative periodic acid Schiff and Alcian blue PH2.5 staining (Fig. 5b)
excluded these tumors from the mucinous type. Moreover, compared to HGSC, borderline
serous tumors and low-grade serous carcinomas are more likely to show nuclear staining for
PAX237. The very low expression of PAX2 in FTSECs-derived tumor tissues detected using
immunohistochemical and Western blot analyses indicates that these tumor tissues are not
borderline serous tumors or low-grade serous carcinomas. On the other hand, PAX8 is a
reliable marker of female genital tract tumors and is almost always positive in serous
tumors - 3.3 The very strong nuclear staining of PAX8 further confirms that FTSEC-
derived tumors are HGSC in nature. Consistent with our findings, two very recent studies
using FTSECs to model the cell origin of OSE also indicate that tumors derived from
FTSEC are HGSC in nature®™ 2. Although another research group found that transfection
of the SV40T and hTERT immortalized Fallopian tube epithelial cell lines with mutated
HRAS induced poorly differentiated mucinous adenocarcinoma mixed with undifferentiated
carcinoma, the authors believe that this discrepancy could be attributed to the purity of cells
used in their study56. Moreover, findings from three very recent transgenic mouse models

also strongly suggest that the tumors derived from FTSECs are HGSCSI' %, 61.

Molecular mechanisms underlying the initiation and progression of FTSEC-derived
Fallopian tube and ovarian HGSCs are unknown. It is known that the mitogen FGFs play
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key roles in the growth and survival of progenitor cells during development, tissue
regeneration, and carcinogenesistv 63. Studies on the gene expression profiling of advanced
ovarian cancer suggest that FGF2 acts as an autocrine growth factor for ovarian cancer cell
proliferation and invasion™®: 64—66, and tissue healinng % Previous research also
demonstrates that cultured FTSECs produce FGF223. Consistent with these results, we show
that FTSECs not only secret FGF1 and FGF2, but also express all four FGFRs, suggesting
that FGF1/2 may play autocrine and/or paracrine roles in the Fallopian tube cells.
Supporting our hypothesis, our present study clearly shows that FGF1 and FGF2 can
stimulate cell proliferation, promote cell-cycle progression, and enhance migration in
FTSECs. These findings strongly indicate that FGFs are functional mitogens in FTSECs.
Intriguingly, we found that ectopic expression of YAP or constitutively active YAP not only
stimulates expression and secretion of FGF1/2, but also induces the expression of FGFRs. It
seems that in the FTSECs, YAP may function as a major player in the FGF signaling, which
plays critical roles in regulating growth of FTSECs in an autocrine/paracrine manner.
Consistent with these observations, knockdown of YAP eliminated FGF-stimulated
proliferation and migration of FTSECs. Moreover, treatment of FTSECs with verteporfin, a
YAP antagonist, entirely blocked YAP- and YAPS127A.induced production of FGF1/2.
Finally, we found that FGF2 induced FGF1 and FGF2 mRNA expression in FTSECs (Fig.
8d), Knockdown of YAP blocked FGF2-induced FGF1/2mRNA expression (Fig. 8d).
Clearly, the FGFR signaling pathway formed an autocrine loop to regulate the growth of
FTSECs. YAP is required for FGF2 to promote proliferation and migration of normal and
transformed FTSECs.

YAP is the major effector of the Hippo pathway, although the Hippo-independent YAP
action has also been reportedlzlla. FGF2 treatment suppressed the Hippo pathway and
activated YAP in FTSECs (Fig. 9a), suggesting that the Hippo pathway is involved in the
interaction between FGF/FGFR and YAP in the FTSECs. Knockdown of LATS1/2
significantly promoted proliferation and migration of FTSECs. Knockdown of LATS1/2 also
stimulated expression of FGF ligands and FGFRs (supplementary fig 19). Furthermore, both
BGJ398 (FGFR antagonist) and verteporfin (YAP antagonist) eliminated LATS1/2-
knoockdown-induced proliferation and migration of FTSECs (Fig. 9). These lines of
evidence clearly indicated that the Hippo/YAP pathway and the FGFR signaling pathway
interact with each other to control the growth of FTSECs.

MAPK and PI3K/AKT pathways are two known major downstream pathways of the FGF
signaling cascade42' 69. Pretreatment of FTSECs with BGJ398 (a pan FGFR inhibitor),
LY294002 (a PI3K inhibitor), or UO126 (a MEK inhibitor) blocked FGF2-induced
dephosphorylation of YAP, suggesting the PI3K and MAPK pathways are actively involved
in FGF2-induced suppression of the Hippo pathway and activation of YAP oncogene.
Inhibition of YAP- or YAPS127A.induced spheroid growth by Uo126 and LY 294002, and
activation of ERK1/2 and AKT by knockdown of LATS1/2 in FTSECs clearly indicate the
involvement of ERK1/2 and AKT pathway in the crosstalk between the Hippo pathway and
the FGFR pathway in the FTSECs. Treatment of FTSECs with FGF2 rapidly (within 10
minutes) activates ERK1/2 and AKT pathway, but suppresses the Hippo signaling pathway
30-60 minutes after treatment (Fig. 9a), suggesting that ERK1/2 and AKT are potential
mediators of the interactions between the Hippo/YAP pathway and the FGFR pathway.
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Collectively, these results suggest that MAPK and AKT pathways are actively involved in
the interaction between the Hippo/YAP pathway and the FGFR pathway. However, more
experiments are necessary for us to uncover the exact molecular base underlying the proper
crosstalk among these pathways in the FTSECs.

In summary, our study suggests that YAP is overexpressed in the Fallopian tube
inflammatory and cancerous tissues. Overexpression or constitutive activation of YAP
promote proliferation and drive transformation of FTSECs. Moreover, we found that YAP
stimulates secretion of FGF ligands and expression of FGFRs. Elevated FGF ligands bind to
the increased FGF receptors to activate downstream signaling pathways such as PI3K and
MAPK pathways, leading the suppression of the Hippo pathway and activation of YAP
protein. Activated YAP can, in turn, stimulate the proliferation of FTSECs and enhance the
production of FGFs and expression of FGFRs. Our study clearly suggests that the
Hippo/YAP signaling pathway interacts with FGF signaling pathway to form an autocrine/
paracrine loop to induce the growth of transformed Fallopian tube epithelial cells (Fig. 11a).
The existence of the positive feedback loop is confirmed and clinical relevance of this
positive regulatory loop is evidenced by the Multidimensional Genomics Data analysis using
online cancer database and data-mining tools [The Cancer genomic Atlas (TCGA) and the
cBioPortal for Cancer Genomics]26v 27. These analyses indicate that 77% (322/420) of
ovarian HGSCs have alterations in major components of this FGFs/FGFR/Hippo/YAP/FGFs
positive feedback loop (Fig. 11b). These alterations match perfectly with our present finding
(down-regulation of LA751 and up-regulation of YAP, TEAD, FGF1/2, FGFRs and PI3K)
(Fig. 11b). Several Phase I and Phase Il clinical trials for BGJ398, a pan FGFR inhibitor, are
currently underway to examine the role of this novel small molecule in the treatment of
several solid tumors (http://clinicaltrials.gov/ct2/results?term=BGJ398&Search=Search).
Evidence in the present study clearly suggests that combined targeting of YAP with a YAP
inhibitor (such as verteporfin) and FGFRs with a FGFR inhibitor (such as BGJ398)
represents a novel therapeutic strategy for the FTSEC-derived Fallopian tube and ovarian
HGSC.

MATERIALS AND METHODS

Chemicals

Recombinant human acidic FGF (FGF1) and basic FGF (FGF2), as well as the ELISA kits
for FGF1 and FGF2 measurements, were from R&D Systems Inc. (Minneapolis, MN).
DMEM/F12 cell culture medium was from Fisher Scientific Inc. (Pittsburgh, PA). The
Ultroser™ G serum substitute was from Pall Corporation (France). Fetal bovine serum (FBS)
was from Atlanta Biologicals, Inc. (Lawrenceville, GA). The cDNA first strand synthesis
and PCR chemicals, and Alexa-conjugated secondary antibodies were from Life
Technologies™ (Grand Island, NY). The RNeasy Mini Kit was from QIAGEN Inc.
(Valencia, CA). YAP siRNA was from Dhamarcon/Thermo Scientific (Pittsburgh, PA).
Antibodies against YAP, phospho-YAP (ser127), Cyclin A2, Cyclin D1, Cyclin B1, and
cytokerintins were from Cell Signaling Technology Inc. (Danvers, MA); PAX8 and WT-1
were from Proteintech Inc. (Chicago, IL). Peroxidase-conjugated secondary antibodies for
Western blot analysis were from Jackson Immunoresearch Laboratories Inc. (West Grove,
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PA). The SuperSignal West Femto Chemiluminescent Substrate Kit was from Pierce/Thermo
Scientific (Rockford, IL). Optitran® Nitrocellular transfer membrane was from Schleicher &
Schuell Bioscience (Dassel, Germany). Antibodies against -actin were from Sigma-Aldrich
(St. Louis, MO). LY294002 and UO126 inhibitors were from Calbiochem (San Diego, CA).
The BGJ398 inhibitor was from Medchem Express (Monmouth Junction, NJ). The matrigel
basement-membrane matrix was from BD Biosciences Inc. (San Jose, CA).

Cell Lines and Human Ovarian Tissues

Fallopian tube secretory epithelial cells (FTSECs) have been successfully isolated from
primary human Fallopian tube tissue and immortalized by expressing human telomerase
reverse transcriptase (hnTERT) and perturbing the TP53 and RB1 tumor suppressor
pathwaysso. Immortalized human FTSECs, namely FT190, FT194, FT237, FT240 and
FT246, were used in these experiments (passage number < 10). OVSAHO cell line was
purchased from the Riken Biosource Center (Riken Cell Bank) and has been validated by
STR polymorphism analysis. Human normal and cancerous Fallopian tube and ovarian
tissue microarray slides were purchased from US Biomax (Rockville, MD). A total of 29
normal, inflammation, and cancerous human Fallopian tube tissues (including 10
adenocarcinoma tissues, 10 inflammation tissues, and 9 normal Fallopian tube tissues) and
147 normal and cancerous ovarian tissues (42 normal, 105 ovarian HGSC) were used for
IHC analysis. Each sample from an individual patient was arranged in duplicate on the
slides.

Immunohistochemistry and PAS-AB staining

YAP expression in normal, inflammatory, and cancerous human Fallopian tube tissues was
detected using a peroxidase-based immunohistochemistry as previously described™.
Sections were scanned using an iSCAN Coreo Slide Scaner (Ventana Medical Systems, Inc.,
Oro Valley, AZ, USA). The intensity of the positive signal was quantified and recorded
using Aperio ImageScope software (Aperio® Technologies, Inc., Vista, CA). The
Annotations and the Positive Pixel Count V 9 parameters were set according to the user
instructions to analyze YAP immunosignal (Ip(Low)=Isp(High) were set to 100. All other
parameters were set as default). The values of total intensity of positive and positivity were
record and analyzed. The positivity (i.e., the ratio of positive cells per total cell number) of
each section was also recorded. The automatic scores from the software were verified by
pathologist (Dr. Subodh M. Lele).

Immunofluorescent histochemistry (IF) was used to localize YAP in the established cell

lines. Briefly, cells were fixed in freshly prepared 4% paraformaldehyde and stained for YAP
. . . 19 70 . .

using a protocol established in our laboratory ™ . Images were captured using a Zeiss 710

Meta Confocal Laser Scanning Microscope and analyzed using Zeiss Zen 2010 software

(Carl Zeiss Microscopy, LLC, Thornwood, NY).

Alcian Blue 2.5 staining was used to determine the production of sulfated and carboxylated
acid mucopolysaccharides and sialomucins in the FTSECs-derived tumor xenografts. The
colorectal epithelium tissues were used as a positive control. The section was counter-
stained with Periodic acid-Schiff and hematoxylin.
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Cell Proliferation Analysis

Six cell lines expressing different levels of YAP protein were established to determine the
effect of YAP on FTSECs proliferation. Briefly, FTSECs were cultured to 40% confluent
and then transfected using retrovirus-based YAP overexpression constructs. The efficiency
of these vectors has been reported previouslylgv 9, Stable FT194-MXIV, FT194-YAP and
FT194-YAPS127A expressing clones were selected using G418. YAP expression and
phosphorylation in these cells were confirmed by Western blot. The following six stable cell
lines were established: (1) the FT194-MXIV, (2) FT246-MXIV, (3) FT194-YAP, (4) FT246-
YAP, (5) FT194-YAPS127A and (6) FT246-YAPS1Z7A The FT194-MXIV and FT246-MXIV
cell lines were created by transfecting FT194 and FT246 cells with the empty vector
(MXIV). These cells expressed endogenous YAP and were used as control cells. The FT194-
YAP and FT246-YAP cell lines, which overexpress wild-type YAP protein, were created by
transfecting FT194 and FT246 cells with vectors expressing wild-type YAP. The FT194-
YAPS127A and FT246-YAPS127A cells were created by transfecting FT194 and FT246 cells
with vectors expressing constitutively activated YAP (i.e., dephosphorylated YAP). The
serine to alanine mutation of YAP at residue 127 (YAPS127A) prevented YAP
phosphorylation, leading to its nuclear localization and constitutive activation. YAP
expressions were confirmed by Western blot, RT-PCR, and immunofluorescence assay. Cell
growth was determined by counting the cell number using an Invitrogen Countess®
Automated cell counter (Invitrogen Corporation, Carlsbad, CA).

The effect of YAP on FTSEC proliferation was also determined by knockdown of YAP using
a RNA interference technique. Briefly, 60% confluent FT194 and FT246 cells were
transfected with siGLO (a cy5-labeled non-target siRNA as control) or YAP siRNAs for 6h
using Lipofectamine RNAimax (Invitrogen Corporation, Carlsbad, CA). Successful
knockdown of YAP was also confirmed by RT-PCR and Western blot. Cell growth was
determined by counting cell number using an Invitrogen Countess® Automated cell counter
as described above.

Cell cycle analysis

FTSECs subjected to different treatments (including control cells, YAP overexpression and
constitutively activated YAP, and YAP knockdown cells) were trypsinized, fixed and
permeabilized with 70% ethanol overnight at —20°C. Cells were then labeled with propidium
iodide for 30 minutes at 37°C and flow cytometry was used to determine the cell cycle
distribution of the cells.

Cell Migration Assays

A wound healing assay was used to test the motility of FTSECs control cells, YAP
overexpression, constitutively activated cells, YAP knockdown cells, and FGF2 incubated
cells”". The “wound” area was measured using computerized Microsuite™ FIVE imaging
software (Olympus America, Inc. Center Valley, PA). We also use an additional Transwell
cell migration assay protocol established in our laboratory to confirm the effect of YAP
overexpression or constitutive activation on FESEC migration71. Experiments were repeated
in triplicate, and at least three inserts were used for each treatment group.
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Colony Formation Assay

The effect of YAP on the transformation of non-oncogenic normal FTSECs was determined
using a Cytoselect 96-Well Cell Transformation kit (Cell Biolabs, Inc., SanDiego, CA)
according to the manufacturer’s instructions. This soft agar-based cell colony formation kit
was also used to determine the effect of YAP on the anchorage-independent growth of
FTSECs in vitro.

Western Blot Analysis

Protein levels in FTSECs, as well as in the xenograft tissues, were determined by Western
Blot based on a protocol established in our Iaboratorylgv 2 The immunosignal was detected
using a Thermo Scientific SuperSignalWest Femto Chemiluminescent Substrate Kit
(Thermo Fisher Scientific, Rockford, IL). The images were captured and analyzed with a
UVP gel documentation system (UVP, LLC, Upland, CA).

RT-PCR Analysis of Gene Expression

Expression of YAP, AREG, FGF ligands, and FGFRs were also detected with RT-PCR.
Total RNA was prepared by TRIzol reagent (Invitrogen Corporation, Carlsbad, CA), and
reverse transcription was completed using a SuperScript® 111 First-Strand Synthesis System
(Life TechnlogyTM, Grand Island, NY). RT-PCR was performed on an MJ Research
PTC100 Programmable Thermal cycler (Bio-RadLaboratories, Inc., Hercules, CA) based on
a protocol established in our Iaboratoryw' n Primers have been described and validated
previously73' I

In Vivo Tumorigenicity

To confirm the transformative action of YAP in the FTSECs, FT194-MXI1V, FT194-YAP,
and FT194-YAPS127A cells were suspended in 100uL of DMEM/F12, mixed with 100uL of
Matrigel (BD Biosciences) and injected subcutaneously into the left shoulder (MXIV
control) and right shoulder (YAP overexpression or constitutively activated) of five-week-old
female athymic nude mice (n=6). The tumor diameter was recorded weekly for 11 weeks.
Tumor volume (mm3) was estimated by measuring the longest and shortest diameter of the
tumor and calculated as follows: volume = (shortest diameter)? x (longest diameter) x3.14 +
6. All mice were euthanized at the end of the experiment, and tumors were collected for
preparation of protein, RNA, and paraffin tissue sections. The animal handling procedures
and all experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Nebraska Medical Center.

Multidimensional oncogenomic data analysis

Multidimensional cancer genomic data analysis was performed using online data mining
tool from the cBioPortal for Cancer Genomics (http://cbioportal.org) and the datasets from
the cBioPortal for Cancer Genomics and the TCGA research Network (http://

. . . 26 27
cancergenome.nih.gov) according to recently published protocols™ . Tumor types and
datasets are chosen in accordance with the publication guidelines from TCGA (last update:
September 30, 2014). Genomic alterations are identified when following occurs: 1) gene
mutations; 2) putative copy-number alteration (amplification or deletion); 3) RNA
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expression Z-scores (RNA Seq Version 2 RSEM) with Z-score thresholds + 2.0; 4) protein/
phospho-protein level (RPPA) with Z-score thresholds + 2.0. All clinical data and copy
number alterations or variations data were merged per “Case 1d” as the linking variable after
the separate files were uploaded to GraphPad prism 5 for statistical analysis.

Xenograft tumor tissue culture

FT194-YAP S127A cells (transformed FT-194 cells) were injected subcutaneously into the
athymic nude mice to form HGSC tumors as described in Figure 4. When tumor size
(diameter) reached 0.8cm, the nude mice were sacrificed and the tumors were surgically
removed, sliced into 300um slices. The tumor slice was then cut into small pieces (1.0 mm x
1.0 mm) under a stereo microscope and loaded onto the membrane of a culture insert in a
tissues culture system, which has been reported previously70. Tumor tissues were culture for
3 days with or without BGJ (1uM) or verteporfin (5uM). Control tissues were treated with
the same amount of vehicle (DMSO, 0.1% final concentration). The incubated tissues were
embedded into OCT and sectioned using a cryostat to prepare the frozen section for TUNEL
assay and Ki-67 staining. TUNEL assay and Ki-67 staining were performed with protocols
established in our Iaboratoryzo. OVSAHO, a verified high grade ovarian serous carcinoma
cell lines*> ", have been used to replace the FT194-YAPSL27A cells to confirm the role of
verteporfin and BGJ398 on the growth of ovarian HGSC tumor /n vitro using the same
experimental design.

Statistical analysis

All experiments were repeated at least three times with each sample in triplicate unless
otherwise noted (duplicate only if the volume of a sample is limited). Statistical analyses
were conducted primarily using GraphPad Prism software (GraphPad Software, Inc.).
Statistical comparisons between two groups were analyzed for significance by one-way
ANOVA with Tukey’s post-Hoc test or by two-tailed Student’s #test. Multiple group
comparisons were assessed using two-way repeated measures analysis of variance with post-
hoc t-test. Data in the graph are presented as the mean + SEM. Sample numbers used for cell
biology and biochemical studies were determine based on data reported previouslyzo. For
tumorigenic experiments, six animals were used in each groups. The number was
determined by power analysis based on a preliminary study and a relevant reportzo. Survival
data were estimated by Kaplan—Meier method analyzed by log-rank test. High grade serous
carcinoma YAP expression data and patient survival data were extracted from TCGA
database (http://cancergenome.nih.gov/). The frequency of cross-cancer YAP gene
alterations and the frequency of YAP/TEADs gene alteration in ovarian high grade serous
carcinoma were analyzed and graphed by the cBioPortal online analysis tool (The
cBioportal for Cancer Genomics, http://www.chioportal.org/) using data extracted from
TceA?

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of YAP protein and alterations of YAP-associated genesin Fallopian tube
cancer (FTC) and ovarian high grade serous carcinoma (HGSC)

a) Quantitative data showing YAP immunosignal positivity (percentage of the YAP positive
cell number relative to the total cell number) in normal, inflammatory (chronic tube
inflammation, Inflam) and cancerous (tumor) Fallopian tube tissues determined by
immunohistochemistry. b) Quantitative data showing YAP immunosignal intensity in
normal, inflammatory (Inflam) and cancerous Fallopian tube tissues determined by
immunohistochemistry. Each bar represents the mean £ SEM (n=5 for Normal, n=10 for
Inflam, n=10 for tumor. *: £<0.05, ***. P< 0.001. c) Quantitative data showing YAP
immunosignal positivity in the ovarian normal tissues and ovarian HGSC. d) Quantitative
data showing YAP immunosignal intensity in the ovarian normal tissues and ovarian HGSC.
CTRL: normal ovarian tissues used as control; HGSC: ovarian high grade serous carcinoma
tissues. Each bar represents the mean £ SEM (n=42 for CTRL, n=105 for HGSC). ***: p <
0.001. €) Alterations of YAP gene across the gynecological cancers. The cross cancer YAP
gene alteration analyses was performed using online datasets and data mining tools (the
cBioPortal for Cancer Genomics and the datasets from the TCGA research Network). f)
Alterations of YAR LATSI and TEAD genes in the ovarian high grade serous carcinoma.
Data sources and analysis tools are the same as in e). g) Correlation between overall survival
and YAP/TEAD expression in the ovarian HGSC. Data were extracted from the TCGA
datasets using the cBioPortal and uploaded to the GraphPad Prism 5 for statistical analysis.
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Total: Correlation between YAP/TEAD levels and overall survival in all ovarian HGSC cases
(n=418); YAP/TEAD down: Correlation between YAP/TEAD expression levels and the
overall survival in 19 cases of ovarian HGSC in which YAP/TEAD expression levels are
lower and are out of the default Z score thresholds.
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Figure 2. Effect of YAP protein levelson the proliferation of FTSECs
a) Fluorescent immunocytochemistry determining the expression and localization of YAP

protein (green) in FT246-MXIV, FT246-YAP and FT246-YAPS127A and FT194-MXIV,
FT194-YAP and FT194-YAPS127A cell lines. Nuclei were stained with DAPI (blue). Scale
bar = 50um. b) Overexpression of wild type YAP or constitutively active YAP on the
proliferation of FT246 cells. Left panel: Western blot detection of levels of YAP and
phosphorylated YAP in FT246-MXIV, FT246-YAP and FT246-YAPS127A cell lines. Right
panel: growth curves of FT246-MXIV, FT246-YAP and FT246-YAPS127A cel| lines. ***: P
< 0.001 compared to MXIV control. c) Top: protein levels of YAP and phosphorylated YAP
(serl27) in FT246 cells with or without knockdown of YAP with YAP siRNA (siYAP).
SiGlo: Non-targeting siRNA used as a control. Bottom: effect of YAP knockdown on the
proliferation of FT246 cells. ***: £< 0.001 compared to siGlo control. d) Effect of
knockdown of YAP on the proliferation of FT194 cells. ***: < 0.001 compared to siGlo
control.
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Figure 3. YAP isableto transform immortalized FTSECs
a) Top panel: Soft agar assay showing colony formation in FT246-MXI1V, FT246-YAP and

FT246-YAPS127A cells. Scale bar = 500 um. Lower panel: quantitative analysis of colony
formation in FT246-MXIV, FT246-YAP and FT246-YAPS127A cells, Left: colony numbers
in FT246-MXI1V, FT246-YAP and FT246-YAPS127A cells. Colonies with more than fifty
cells were considered viable and counted. Right: fluorescence-based quantitative soft agar
assay showing the relative colony numbers in FT246-MXIV, FT246-YAP, and FT246-

YAPS127A ce|ls. b) Soft agar assay showing colony formation in FT194-MXIV, FT194-YAP,

and FT194-YAPS127A cells. Scale bar = 500 pm. Lower panels are quantitative data of
regular soft agar assays and the fluorescence-based soft agar assays. Each bar represents
mean + SEM of five assays. ***: P< 0.001 compared to MXIV control.
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Figure 4. Tumorigenic effect of YAP in FTSECs
a) Representative images showing tumor formation in the athymic nude mice injected with

FT194-YAP and FT194-YAPS127A cells. FT194-MXIV control cells were injected on the
left side and did not form tumor. b) Tumors derived from FT194-YAP and FT194-YAPS127A
cells. ¢) Growth curves of tumors-derived from FT194-YAP and FT194-YAPS127A cells. d)
Weights of tumors derived from FT194-YAP and FT194-YAPS127A cells. €) Western blot
analysis showing biomarkers expressed in tumors derived from FT194-YAP and FT194-
YAPS127A ce|ls. Tumors-derived from FT194-YAP and FT194-YAPS127A cells express high
levels of cytokeratin-7 (KRT7), PAX8, TP53 and WT1, but very low cytokeratin 20 (KRT20)
and PAX2. Same amount of proteins from normal human ovarian (OV) and fallopian tube
(FT) tissues were used as control.
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Figure 5. YAP induces Fallopian tube high grade serous carcinoma
a) Histology and molecular features of tumors-derived from FT194-YAPS127A ce|ls, H-E:

Representative image showing histology of FT194-YAPS1Z7A tumors tissues stained with
hematoxylin-eosin. Ki67: representative image showing expression of Ki67 protein in
FT194-YAPSI27A tymor tissues analyzed by immunohistochemistry. FT194-YAPS127A
tumors also express high level of cytokeratin 7 (KRT7), nuclear TP53, PAX8 and WT1, but
not cytokeratin 20 (KRT20) and PAX2. Scale bar: 20um. b) Representative images showing
that tumor tissues derived from FT194-YAP cells are negative for the Alcian blue PH2.5-
Periodic acid (AB-PAS) staining. Left: colorectal epithelium was used as a positive control
for AB-PAS staining. Right: tumor tissues derived from FT194-YAP cells were AB-PAS
negatively stained. Scale bar: 25um.
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Figure 6. YAP stimulates expression FGF and FGFR and secretion of basic and acidic FGFs
a) Determining the mRNA expression of YAP, FGFligands (FGF1&FGF2) and FGFRI-4in

FT194-MXIV, FT194-YAP, and FT194-YAPS127A ce|ls (Left panel), and FT246-MXIV,
FT246-YAP and FT246-YAPS127A cells (right panels) by RT-PCR. AREG was used as a
positive control. GAPDH was used as a loading control. b) Verteporfin (VTPF) suppresses
YAP-induced production of basic FGF (FGF2). Left panel: FGF2 levels in the cell lysate of
FT194-MXIV, FT194-YAP and FT194-YAPS127A cells in the absence or presence of 5uM of
VTPF. Right panel: FGF2 levels in the culture medium of FT194-MXIV, FT194-YAP, and
FT194-YAPSI27A cells in the absence or presence of 5uM of VTPF. ¢) Verteporfin (VTPF)
suppresses YAP—induced production acidic FGF (FGF1). Left penal: FGF1 levels in the cell
lysate of FT194-MXIV, FT194-YAP, and FT194-YAPS127A cells in the absence or presence
of 5uM of VTPF. Right panel: FGF1 levels in the culture medium of FT194-MXIV, FT194-
YAP and FT194-YAPS127A cells in the absence or presence of 5uM of VTPF. Each bar
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represents the mean = SEM of at least three independent experiments. Bars with different
letters are significantly different from each other (P < 0.05).
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Figure 7. FGF stimulatesthe proliferation and migration of FTSECs
a) Proliferation of FT194 (left panel) and FT246 (right panel) cells incubated in medium

containing 1% FBS in the absence (0) or presence of 10 ng/ml, 20 ng/ml, 50 ng/ml or 100
ng/ml basic FGF (FGF2) for 3 days. S: seeding cell number. Each bar represents the mean +
SEM of three repeats. Bars with different letters are significantly different from each other
(P<0.05). b) Proliferation of FT194 (left panel) and FT246 (right panel) cells incubated in
medium containing 1% FBS in the absence (0) or presence of 10 ng/ml, 20 ng/ml, 50 ng/ml
or 100 ng/ml acidic FGF (FGF1) for 3 days. S: seeding cell number. Each bar represents the
mean + SEM of three repeats. Bars with different letters are significantly different from each
other (P< 0.05). ¢) Left panel: representative images showing the effect of FGF2 (20 ng/ml,
15h) on the wound closure of FT194 cells. Right panel: quantitative data showing percentage
of wound closure in FT194 cells in the absence or presence of 20 ng/ml FGF2. d) Left
panel: representative images showing the effect of FGF treatment (FGF2, 20 ng/ml, 15h) on
the wound closure of FT246 cells; right panel: quantitative data showing percentage of
wound closure in FT246 cells in the presence or absence of 20 ng/ml FGF2. Each bar
represents means = SEM of three independent experiments. *** £< 0.001 compared to the
control (Ctrl).
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Figure8. YAP isrequired for FGF regulating proliferation and migration of FTSECs
a) Knockdown of YAP protein with YAP siRNA (siYAP) in FT194 (left panel) and FT246

(right panel) cells eliminate FGF-induced cell proliferation. Each bar represents the mean +
SEM of three independent experiments. Bars with different letters are significantly different
from each other (£<0.001). b) Representative images showing that knockdown of YAP with
YAP siRNA blocked FGF-induced wound closure in FT194 (left) and FT246 (right) cells.
Scale bar = 200um. quantitative results showing the percentage of wound closure in the
wound healing assays in FT194 and FT246 cells was presented in supplementary figure 15.
¢) RT-PCR results showing that knockdown of YAP with YAP siRNA (siYAP) blocks FGF2-
induced expression of AREG mRNA in both FT194 (left panel) and FT246 (right panel)
cells. FGF treatments had no effect on YAPand GAPDH mRNA expression. GAPDH was
used as an internal control. d) FGF2 stimulates mRNA expression of basic and acidic FGFs
in FTSECs. FT246 cells were transfected with non-targeting SiRNA (siGLO) or YAP siRNA
(siYAP) before treatment with or without FGF2 (10 ng/ml) for 48h. YAP, FGF1and FGF2
MRNA was detected with RT-PCR. FGF2 stimulates FGFZ and FGF2 mRNA expression,
but has no effect on YAPand GAPDH mRNA expression. GAPDH was used as an internal
control.
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Figure 9. The Hippo pathway is actively involved in theinteraction between YAP and FGFR
signaling pathway in the FTSECs

a) FGF2 suppresses the phosphorylation of the major components of the Hippo/YAP
signaling pathways in FT194 cells. The total and phosphorylated proteins were determined
by Western blot. b) Western blot analysis indicates that knockdown of LATS1/2 in FT194
cells using LATS1/2 specific sSiRNA activates YAP, AKT (S473) and ERK1/2. ¢) RT-PCR
results showing that knockdown of LATS1/2in FT194 cells induces expression of FGF1,
FGF2, FGFRI1, and FGFRA4. d) Blockage of YAP and FGFR using verteporfin and BGJ398
inhibited FT194 cell proliferation induced by LATS1/2 knockdown. Each box represents
Mean + SEM of 4 independent experiments. Boxes with different letters are significantly
different from each other. €) Blockage of YAP and FGFR using verteporfin and BGJ398
inhibited FT194 cell migration induced by LATS1/2 knockdown. BGJ: BGJ398 (1uM);
VTPF: verteporfin (5um). Scale bar=200pm.
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Figure 10. The Hippo/YAP pathway interacts with FGF/FGFR pathway to regulate activities of
FTSECs

a) Knockdown of FGFRs in FT194 and FT246 cells using FGFR siRNAs or blockage of
FGFR activities using BGJ398 eliminate YAP- or constitutively active YAP-induced cell
growth. Each bar represents mean £ SEM of four independent repeats. Bars with different
letters are significantly different from each other (0p<0.05). b) Verteporfin (YAP antagonist, 5
uM) and BGJ398 (FGFR inhibitor, 1uM) block YAP-induced growth of FT194 cells in a 3D-
hanging drop culture system. ¢) Representative images from the soft agar assays showing
that verteporfin and BGJ398 block YAP-induced colony formation in FT194 cells. d)
Fluorescence-based quantitative soft agar assay showing that verteporfin and BGJ398 block
YAP-induced colony formation in FT194 cells. Each bar represents mean + SEM of four
independent repeats. Bars with different letters are significantly different from each other
(p<0.05). e) Representative images showing that treatment of tumor tissues derived from
transformed FT194 cell mouse xenografts with BGJ398 (BGJ) or verteporfin (VTPF)
suppressed tumor cell growth, which was indicated by the reduced expression of Ki-67
(Ki-67 positive cells are in green) (lower panel), and increased tumor cell apoptosis, which
is indicated by TUNEL staining (TUNEL positive tumor cells are in green) (upper panel).
Scale bar: 10um.
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FGFs/FGFRs/YAP/FGFs loop in ovarian HGSC:
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Figure 11. Schematic diagram showing the signaling mechanisms underlying the Hippo/YAP
pathway regulation of ovarian HGSC progression

a) Schematic diagram showing that the Hippo/YAP and FGF/FGFR pathways interact with
each other to form a positive feedback loop to regulate activities of FTSECs. Our data
indicated that dysfunction of the Hippo signaling pathway may lead to dysregulation of YAP
protein expression or activation. Overexpression or constitutive activation of YAP protein in
FTSECs is able to promote proliferation and drive transformation of these cells. Moreover,
increased YAP activation stimulates secretion of FGF ligands and expression of FGFRs.
Elevated FGF ligands bind to the increased FGF receptors to activate downstream signaling
pathways such as PI3K and MAPK pathways, leading the suppression of the Hippo pathway
and activation of YAP protein. Dysfunction of FGFR pathway may also have the similar
effect on the FTSECs. The Hippo/YAP and FGF/FGFR pathways interact with each other to
form a positive feedback loop to regulate activities of FTSECs. b) The clinical relevance of
the discovered positive feedback loop is evidenced by the results from the multidimensional
cancer genomics data analysis. These large-scale patient sample analyses indicate that 77%
of ovarian HGSC cases (322/420) have alterations in major genes composing the positive
feedback loop.
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