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Summary

Mutually exclusive activating mutations in the GNAQ and GNA11 oncogenes, encoding
heterotrimeric Gaq family members, have been identified in ~83% and ~6% of uveal and skin
melanomas, respectively. However, the molecular events underlying these GNAQ-driven
malignancies are not yet defined, thus limiting the ability to develop cancer-targeted therapies.
Here, we focused on the transcriptional co-activator YAP, a critical component of the Hippo
signaling pathway that controls organ size. We found that Gaq stimulates YAP through a Trio-
Rho/Rac signaling circuitry promoting actin polymerization, independently of PLCp and the
canonical Hippo pathway. Furthermore, we show that Gag promotes the Y AP-dependent growth
of uveal melanoma cells, thereby identifying Y AP as a suitable therapeutic target in uveal
melanoma, the first described GNAQ/GNAL1-initiated human malignancy.
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Introduction

Mutations in GNAQ and GNA11, encoding two members of the Gag family of
heterotrimeric G protein a subunits, Gaq and Gall, respectively, occur in roughly 5% of all
tumors sequenced to date (O’Hayre et al., 2013). The majority of these mutations affect
residues Q209 and R183, which are required for Gaq GTPase activity (Berman et al., 1996;
Van Raamsdonk et al., 2010). Thus, the most frequent mutations observed in GNAQ and
GNA11 render them GTPase defective and constitutively active, leading to prolonged
signaling. Of interest, ~83% of ocular melanomas harbor mutations in GNAQ or GNA11,
where they are now considered to represent the driver oncogenes (Van Raamsdonk et al.,
2009; Van Raamsdonk et al., 2010). This provides a clear example of a human malignancy
that is initiated by gain of function mutations in Gag and Gayy proteins. Although less
studied, GNAQ and GNA11 mutations are also frequently found in leptomeningeal
melanocytomas (50%) and melanomas (25%) arising from the meninges (Kusters-
Vandevelde et al., 2010), in most blue nevi of the skin (83%), and in a subset (6%) of
cutaneous melanomas (Van Raamsdonk et al., 2009).

The best-known downstream signaling event initiated by Gaq involves its ability is to
activate phospholipase C (PLC) p and the consequent increased hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP,) to produce two second messengers: inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Hubbard and Hepler, 2006). 1P3 raises
cytoplasmic Ca2* levels, which stimulates multiple calcium-regulated pathways and,
together with DAG, activates classic protein kinase C (PKC) isoforms (Griner and
Kazanietz, 2007). However, the molecular events underlying GNAQ-driven malignancies
are not yet defined, thus limiting the ability to develop novel anticancer-targeted therapies.
Here, we focused on the transcriptional co-activator YAP, a critical component of the Hippo
signaling pathway, which controls organ size in mammals (Pan, 2010; Ramos and Camargo,
2012; Sudol et al., 1995; Zhao et al., 2010). YAP is active in most proliferating cells, but
upon reaching the appropriate cell density, signaling pathways initiated upon cell-cell
contact and/or from the organ size-sensing machinery lead to the activation of the Hippo
kinase cascade, resulting in the inhibitory activity of the mammalian STE20-like protein
kinase 1 (MST1) and MST2, which are the mammalian homologues of Hippo in Drosophila
melanogaster (Pan, 2010; Ramos and Camargo, 2012; Zhao et al., 2010). This pathway
converges in the activation of a kinase known as large tumor suppressor homologue 1 and 2
(LATS1 and LATS2 in humans), which phosphorylates YAP in serine 127, thereby
targeting it for retention and degradation in the cytosol, thus limiting its transcriptional
activity and resulting in growth inhibition (Camargo et al., 2007; Dong et al., 2007; Pan,
2010; Ramos and Camargo, 2012).

In this study, we show that activating mutation of Gaq can trigger YAP translocation into
the nucleus and stimulates Y AP-dependent transcription, and that this process is
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independent from PLCJ stimulation but requires the activation of a Gag-regulated guanine
nucleotide exchange factor, Trio, and the subsequent activation of the small GTPases RhoA
and Racl and their associated signaling networks. In turn, this Gag-Trio-Rho/Rac signaling
circuitry contributes to the Y AP-dependent growth in uveal melanoma, thus identifying
suitable therapeutic targets for uveal melanoma treatment.

YAP activation downstream of oncogenic activating mutants of Gaq (GaqQL) through
RhoA and Racl

To assess the expression and localization of the transcriptional co-activator, YAP, in
response to activating mutations in GNAQ, we transfected HEK-293 cells with HA-tagged
GaqQL (Q209L), one of the most frequent GNAQ mutants in uveal melanoma (O’Hayre et
al., 2013), using empty vector and wild type Gaq as controls. Both tagged G protein a
subunits were expressed at similar levels (Figure 1A) but only the active Gaq protein
promoted the nuclear translocation of YAP, as judged by its increased recovery in the
nuclear fraction (Figure 1B) and by YAP immune detection in the nucleus of transfected
cells, which could be recognized by staining of the HA tag in the background of
unstransfected cells (Figure 1C and D). GaqQL also caused a remarkable increase in the
luciferase activity of a YAP reporter system driven by a TEAD4-Gal4 chimera, which
included the TEADA4 transactivation and Y AP-binding domain, and promoted the expression
of endogenous YAP-regulated genes, including CTGF and CYR61 (Figure 1E, and Figure
S1A). These results, together with recently reported biochemical studies (Yu et al., 2012),
support that GNAQ activating signaling can lead to YAP nuclear translocation and Y AP-
dependent activating gene transcription.

However, it is unclear which of the multiple Gag-initiated pathways regulate YAP, and how
the interplay between YAP and other GNAQ-initiated signaling pathways contribute to the
transduction of proliferative cues by this G protein and its coupled receptors. The activation
of PLCB is one of the best-known downstream events stimulated by Gaqg. Inhibition of
PLCp by the use of a small molecule PLC inhibitor (PLCi) abolished the generation of
diffusible second messengers but did not affect the transcriptional activation of YAP by Gaqg
(Figure 1F and Figure S1B), demonstrating that activation of YAP may be independent of
PLCB.

In a recent study, a genome wide dSRNA screen in drosophila cells revealed that Trio, a
highly conserved guanine nucleotide exchange factor, is essential for transducing signals
from Gaq to the AP1 transcription factors through the activation of Rho-GTPases and their
signaling circuitries (Vaque et al., 2013). These findings prompted us to investigate whether
Trio and its regulated Rho GTPases, RhoA and Rac1, participate in the nuclear translocation
and activation of YAP in response to Gaq activating mutations. Knock down of Trio did not
affect the expression levels of GaqQL, but abolished its ability to promote the accumulation
of activated RhoA and Racl (Figure 1G). Knock down of Trio also prevented the activation
of the YAP transcriptional activity caused by GaqQL (Figure 1H and Figure S1C).
However, while the activation of YAP by activated RhoA has been recently reported (Yu et
al., 2012), we observed that Rac1 can also stimulate the nuclear translocation of endogenous
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YAP and its transactivating activity when expressed together with the GAL4-TEAD4
reporter system (Figure 11-M). Interestingly, knockdown of either of these two Rho-
GTPases prevented the transcriptional activation of YAP induced by GagQL (Figure 1N
and Figure S1D-E). Thus, while the activated mutants of either RhoA or Racl can activate
YAP, the concomitant activation of both endogenous GTPases appears to be required for the
full stimulation of endogenous Y AP when activated by oncogenic forms of Gaqg.

Conditional expression of the GNAQ oncogene promotes melanoma formation and YAP
activation in vivo

To investigate whether activated GNAQ can drive melanocyte transformation in vivo, we
generated a mouse model expressing HA-GaqQL under the control of the tet-responsive
elements (tet-HA-GagQL) and bred them with mice expressing the reverse tetracycline-
activated transactivator rtTA2, regulated by the melanocyte-specific dopachrome
tautomerase (Dct) gene promoter (Dct-rtTA) (Zaidi et al., 2011). Initially, we used the
nuclear expression of a tet-driven H2B-GFP to document the targeted expression to skin
melanocytes by Dct-rtTA (Figure 2A and B), as previously reported (Zaidi et al., 2011). The
tet-HA-GagQL and Dct-rtTA transgenic mice were also bred with mice defective in p16'nk4a
and p19'"k4b (n16p19K0) (Figure 2C), as genetic and epigenetic inactivation of this tumor
suppressive pathway is a frequent event in uveal and cutaneous melanoma (Castellano et al.,
1997; van der Velden et al., 2001). This was reflected by the methylation of the Ink4
(CDKN2) gene promoter region in a representative panel of human melanoma cells lines
(Figure S2). Using this animal model system, we observed that when HA-GagQL was
expressed in response to doxycycline treatment in the p16p19KO background, more than
50% of the mice develop cutaneous lesions of melanocytic origin expressing Dct (Figure 2D
and E and data not shown). This is aligned with the finding that hot spot mutations in GNAQ
and its related GNA11 are mutated in 5% of all cutaneous melanomas (O’Hayre et al., 2013;
Van Raamsdonk et al., 2009), which based on our observations may represent a tumor-
initiating genetic event. In these lesions, most HA-GaqQL expressing cells exhibit nuclear
YAP, in contrast to normal tissues in which control GFP expressing melanocytes exhibit
cytoplasmic YAP (Figure 2F and G). Thus, mutated GNAQ can initiate melanocyte
transformation and tumor formation in mice when expressed in a progenitor cell
compartment, and results in YAP nuclear localization in vivo. As GNAQ mutations have
been identified in other tumors, we expressed HAGaqQL in the skin, including the hair
follicle stem cells, using a cytokeratin 5 (K5) rtTA diver (Figure 2H) (Vitale-Cross et al.,
2004). These mice developed rapid hair loss within days, and exhibited nuclear localization
of YAP in epithelial-derived hyperplastic cells in multiple tumor lesions (Figure 21 and J).
Collectively, these results suggest that Y AP activation in tumors initiated by activating
mutations of Gaq is likely a general event, not restricted to melanocyte progenitor cells and
their derived tumors.

Trio and a network of Rho-GTPases mediate YAP activation in uveal melanoma cells
harboring GNAQ mutations

We next examined the expression of YAP in human uveal melanoma lesions. Consistent
with our experimental findings, we observed that YAP accumulates in the nucleus in human
uveal melanoma lesions (Figure 3A and B). In contrast, normal melanocytes do not express
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nuclear YAP in normal tissues. This suggests that YAP may contribute to the oncogenic
pathway initiated by GNAQ and GNAL1 activating mutations in human uveal melanomas.
Based on these observations, we next asked whether YAP is activated in uveal melanoma
cells expressing the GNAQ oncogene. Indeed, uveal melanoma cells exhibited clear nuclear
localized Y AP, which was insensitive to PLC inhibition, similar to HEK293 expressing
active Gag, even when PLCi was used to effectively block phosphatidylinositol hydrolysis
(Figure 3C and D). The nuclear localization of YAP was abolished after GNAQ knock down
in uveal melanoma cell lines (Figure 3E and F). Similarly, knock down of Trio, RhoA and
Rac1 prevented the nuclear accumulation of YAP in these cells, and diminished the
expression of endogenous YAP-regulated genes, CTGF and CYR61 (Figure 3E-G). These
findings support that in uveal melanoma cells harboring GNAQ mutations, Gaq primarily
signals through Trio to RhoA and Racl to promote the nuclear localization and activation of
YAP, independent of PLC activation and its downstream regulated events.

Surprisingly, uveal melanoma cells displayed very high levels of total and phosphorylated
(serine 127) YAP. The latter likely represents the YAP inactive form upon phosphorylation
by LATS1 and LATS2, which are highly expressed in these cells, similar to cutaneous
melanoma cells expressing BRAF and NRAS oncogenes, which served as controls. LATS1
was also recognized by antibodies detecting its phosphorylated form at the hydrophobic
motif (T1079) and activation loop (S909) both in uveal melanoma cells and in HEK293 cells
expressing GNAQ (Figure 4A). GNAQ expression in HEK293 cells resulted in the
accumulation of dephosphorylated YAP, reflected by the faster migration of YAP in Phos-
tag-containing gels, with only dephosphorylated Y AP accumulating in the nucleus (Figure
4B). All uveal melanoma cells also accumulated dephosphorylated Y AP, albeit they still
retained phospho-YAP (Figure 4A and C). Together, these observations suggested that
LATS1/LATS2 may remain active in uveal melanoma cells, and raised the possibility that
Y AP activation by GNAQ may involve mechanisms in addition to those described resulting
in Hippo pathway inactivation and LATS1/2 inhibition (Yu et al., 2012).

To explore this possibility, we knocked down LATS1/2 in HEK293 cells, which alone
induced only a slight increase in YAP transcriptional activity in confluent cells.
Interestingly, the GNAQ oncogene induced the transcriptional activation of YAP even when
the repressing signals converging on LATS1/2 were suppressed by knock down of both
human LATS isoforms (Figure 4D-F), supporting that activation of YAP by GaqQL is not
solely dependent on the inhibition of the Hippo pathway. Recently, a likely Hippo-
independent pathway resulting in the activation of YAP initiated by actin polymerization
was described in the context of cell mechanical sensing (Aragona et al., 2013; Dupont et al.,
2011; Halder et al., 2012). Aligned with the strong activation of RhoA and Rac by GaqQL,
uveal melanoma cells exhibit high levels of phosphorylated cofilin (p-cofilin) (Figure 4G), a
downstream target of both of these GTPases (Figure 4H and I). p-Cofilin accumulation
results in increased actin polymerization, and the consequent increase in polymerized F-
actin and decrease in monomeric G-actin (Bernard, 2007; Pollard and Cooper, 2009).
Remarkable, YAP nuclear localization and activity was repressed when blocking actin
polymerization by inhibiting ROCK, thereby limiting cofilin phosphorylation specifically
downstream from RhoA, or by the direct inhibition of G-actin assembly into F-actin by
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latrunculin-A (Figure 4J-M, and Figure S3). Together, these findings suggest that GNAQ
may stimulate YAP by promoting actin polymerization, rather than by solely inhibiting the
canonical Hippo pathway.

A Hippo-independent pathway regulated by actin polymerization contributes to YAP
activation in uveal melanoma

We next explored the interplay between the Hippo pathway and actin polymerization in

Y AP activation. Knock down of LATS1/2 resulted in a remarkable increase in the
expression of YAP regulated genes in uveal melanoma cells, further supporting that the
Hippo pathway still remains active in these cells, restraining maximal YAP activation
(Figure 5A and B). Even when LATS1/2 was knocked down, inhibition of actin
polymerization decreased YAP activity, both in uveal melanoma and GaqQL transfected
cells (Figure 5B-D), suggesting that F-actin accumulation and LATS inhibition may act in a
coordinated fashion. Regarding the former, how actin polymerization results in YAP
stimulation is complex and not fully understood (Aragona et al., 2013; Dupont et al., 2011;
Halder et al., 2012; Johnson and Halder, 2014). Recent studies suggest that YAP may form
many multimeric protein complexes utilizing its WW domains, a Leucine Zipper and PDZ-
binding motif (Sudol, 2013; Sudol et al., 2012; Wang et al., 2014). Of interest, these include
the association of YAP with a cytoskeletal associated protein, Angiomotin (AMOT), which
binds F-actin through an N-terminal region that includes a sequence motif, PPxY, by which
AMOT associates with WW domains of YAP (Oka et al., 2012; Chan et al., 2013; Dai et al.,
2013). We reasoned that F-actin may prevent AMOT associating with YAP, and that upon
inhibition of actin polymerization, YAP may be sequestered in an inactive, AMOT-
associated pool. Preventing actin polymerization in uveal melanoma cells did not enhance
protein complex formation between flag-tagged YAP and endogenous LATS or 14-3-3, both
of which repress YAP function (Figure 5E). Instead, Y AP association with the endogenous
p130 form of AMOT was increased after inhibition of actin polymerization (Figure 5E).
This could be recapitulated in vitro, as AMOT bound to flag-YAP was competed out by
incubating the immunoprecipitates with F-actin but not G-actin (Figure 5F). Consistently,
AMOT knock down had limited impact on Y AP-dependent gene expression in uveal
melanoma cells, as it is expected to bind YAP poorly in the presence of cytosolic F-actin,
but AMOT knock down rescued YAP function inhibition caused by actin depolymerization
(Figure 5G and H). Taken together, these findings suggest that in uveal melanoma cells F-
actin accumulation causes the dissociation of AMOT-YAP complexes, thereby contributing
to YAP nuclear translocation and Y AP-dependent transcription (Figure 51).

YAP represents a therapeutic target in uveal melanoma

We next explored the role of YAP activation in uveal melanoma tumor formation. For these
studies, we established lentiviral delivered shRNAs knocking down YAP and control
shRNA in uveal melanoma cells. This approach revealed that YAP knock down resulted in
reduced YAP-dependent expression of typical YAP-regulated genes (Mo et al., 2012) and
decreased proliferation of uveal melanoma cells (Figure 6A—C). Furthermore, knock down
of YAP led to reduced number of colonies in uveal melanoma cells cultured in 3D matrix, as
well as a reduced colony size (Figure 6D). Taking advantage of the ability to establish uveal
melanoma xenografts in immune compromised mice, we observed that YAP knockdown
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reduced tumor size in vivo (Figure 6E). Taken together, these results suggest that YAP
activation may represent a molecular event involved in uveal melanoma tumor growth in
vitro and in vivo.

These observations raised the possibility that YAP may represent a therapeutic target for the
treatment of patients with uveal melanoma. Based on the identification of VP (verteporfin)
as a potent inhibitor of the YAP/TEADA4 interaction in a recent high throughput drug screen
(Liu-Chittenden et al., 2012), we asked whether VVP can exert an antitumoral activity in
uveal melanoma cell lines. VP treatment reduced colony formation and proliferation of
uveal melanoma cells in soft agar 3D cultures (Figure 6F) and dramatically reduces uveal
melanoma cell tumorigenesis and proliferation in vivo (Figure 6G and H). These results
suggest that the pharmacological inhibition of YAP by VP may represent as a therapeutic
approach for the treatment of patients with uveal melanomas.

Discussion

Recent large cancer sequencing efforts have revealed an unexpected high frequency of gain
of function mutations in heterotrimeric G protein a-subunits (O’Hayre et al., 2013). Among
them, mutations in the GNAQ oncogenes, GNAQ and GNA11, are now believed to represent
the genetic initiating event in uveal melanomas, and in a subset of melanomas arising in the
skin (Van Raamsdonk et al., 2009; Van Raamsdonk et al., 2010) among other tumors. In this
study, we show that Y AP activation represents a key molecular event contributing to
GNAQ-induced tumorigenesis, which is dependent on the activation of Trio and its regulated
Rho GTPases, RhoA and Racl, in uveal melanoma cells harboring activating GNAQ
mutations. Furthermore, we provide evidence that YAP activation may involve, at least in
part, a Hippo-independent pathway impinging on the regulation of the actin cytoskeleton by
Rho GTPases. These findings suggest that inhibition of YAP function may represent a
suitable pharmacological intervention strategy in uveal melanoma and other
hyperproliferative lesions that result from gain of function GNAQ mutations.

YAP is a transcriptional co-activator that acts as a powerful tumor promoter, and its
activation is a frequent event in numerous cancers, including lung, colorectal, ovarian, liver
and prostate cancers (Dong et al., 2007; Johnson and Halder, 2014; Zhao et al., 2007). The
Hippo pathway is believed to be the major regulator of YAP nuclear localization, activity
and tumorigenic potential (Camargo et al., 2007; Dong et al., 2007; Pan, 2010; Ramos and
Camargo, 2012; Zhao et al., 2010). YAP and its D. melanogaster counterpart Yorkie (YKI),
promote tissue growth and cell viability by regulating the activity of different transcription
factors, including TEADs and SMADs. In mammals, Y AP overexpression or
hyperactivation causes excess proliferation in multiple tissues, including the liver,
gastrointestinal tract, skin and heart (Camargo et al., 2007; Dong et al., 2007; Schlegelmilch
et al., 2011). Despite this, somatic or germline mutations in Hippo pathway genes are
uncommon, prompting the exploration of other mechanism(s) underlying Y AP activation in
each tumor type (Johnson and Halder, 2014).

Recent studies suggest that GPCR signaling can regulate the Hippo pathway (Yu et al.,
2012). Specifically, GPCRs linked to Gaqy/13 inhibit the activity of LATS thereby relieving
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YAP from the LATS-dependent inhibitory phosphorylation in serine 127 (Yu et al., 2012),
while receptors activating Gas may promote LATS activation thus causing YAP inhibition
by increasing Hippo pathway activation. Whether GNAQ-activating mutations and the large
family of receptors regulating cell growth through Gagq affect the Hippo pathway, however,
is much less understood (Yu et al., 2012). In our study, we found that YAP is a key pro-
tumorigenic gene in uveal melanoma cells harboring GNAQ activating mutations, which is
critical for uveal melanoma growth and tumor formation as judged by knock down
experiments and by the use of small molecule inhibitors. Moreover, we also showed that
activation of YAP downstream from Gag occurs through the stimulation of Trio and Trio-
dependent-Rho GTPases, RhoA and Racl. Of interest, Gaq activation did not result in
decreased levels of phosphorylated LATS and YAP, and Gaq activated Y AP further even
when LATS was knocked down in both uveal melanoma and HEK293 cells. Instead, our
results suggest that Gag stimulates YAP by a process involving changes in actin dynamics
rather than solely on Hippo kinase cascade regulation, resembling recent findings in the
context of mechanosensing transduction signals (Aragona et al., 2013; Dupont et al., 2011;
Halder et al., 2012).

In this regard, whereas in Drosophila most of the key components of the Hippo pathway
have been genetically defined, in mammalian cells YAP may receive negative and positive
inputs from multiple signaling systems in addition to those described in flies. For example, a
recent kinome wide screen in mammalian cells revealed that the tumor suppressor protein
LKBL1 inhibits YAP by activating the core Hippo kinases, while members of the INK
pathway diminish YAP function independently of Hippo (Mohseni et al., 2014). The
regulation of YAP by the cytoskeleton in Drosophila involves the tumor suppressor Merlin/
NF2, which can cause the activation of Drosophila LATS (Wts), and hence activate the
Hippo pathway diminishing YKki activity upon the disruption of the cytoskeleton (Yin et al.,
2013). While this repressive function is also likely performed by NF2 in mammals, the
activation of YAP by mechanosensing mechanisms appears not to require LATS inhibition,
as supported by multiple experimental approaches (Aragona et al., 2013; Dupont et al.,
2011). Similarly, active Gag, RhoA, and Rac1l stimulated YAP potently even when
endogenous LATS1/2 were efficiently knock down. In line with this possibility, in uveal
melanoma cells LATS1 is phosphorylated in its activation loop, while LATS1/2 knockdown
results in a remarkable increase in the transcriptional activity of YAP, indicating that these
core Hippo kinases retain a restraining activity on YAP function. Instead, disruption of the
actin cytoskeleton diminishes both the basal activity of YAP and YAP hyperactivation
caused by LATS1/2 reduced expression. Thus, YAP stimulation by GNAQ in uveal
melanoma cells requires the persistent activation of a cytoskeleton-regulated pathway, which
may cooperate with, or bypass the requirement of Hippo pathway inactivation.

The fact that RhoA and Rac1 stimulate YAP, albeit RhoA more potently, may provide some
possible hints on the underlying mechanism. While these GTPases often act antagonistically
for cell movement, they both converge in the activation of LIMK and the consequent
phosphorylation and inactivation of the actin severing protein cofilin, thus favoring actin
polymerization and F-actin accumulation (reviewed in (Bar-Sagi and Hall, 2000)). RhoA
activates LIMK through ROCK, and Rac1 stimulates this kinase through PAK (reviewed in
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(Bar-Sagi and Hall, 2000; Radu et al., 2014), which can explain why ROCK inhibitors do
not prevent the activation of YAP by the latter. In turn, how F-actin stimulates YAP was
unclear (reviewed in (Matsui and Lai, 2013). YAP is part of multiple cytosolic protein
complexes, many of which are driven by the direct interaction between the WW domains of
YAP with the PPxY motifs present in most of its associated proteins, including LATS and
AMOT (Sudol, 2013; Sudol et al., 2012; Wang et al., 2014). The latter has recently received
increased attention, as AMOT represses YAP function (Chan et al., 2011; Zhao et al., 2011)
and competes for LATS binding to YAP (Yi et al., 2013), while there are no AMOT
orthologs in Drosophila, thus representing a fundamental difference in Hippo signaling
between Drosophila and vertebrates (Bossuyt et al., 2013). Our present findings are
consistent with a model in which AMOT retains YAP in a complex that is protected from
LATS inhibition, but this AMOT-bound pool of YAP can then be mobilized by F-actin,
promoting the release of YAP and its subsequent nuclear accumulation, resulting in
increased transcription of its target genes (Figure 51). In turn, this potential mechanism of
Y AP regulation may explain the still poorly understood mechanosensing role of YAP, and
some seemingly contradictory results regarding AMOT function, as AMOT may act as a

Y AP inhibitor or facilitate YAP activation depending on the status of actin polymerization.
These possibilities, as well as how the interplay between AMOT and LATS and the actin
cytoskeleton (Adler et al., 2013; Chan et al., 2013; Dai et al., 2013; Hong, 2013;
Paramasivam et al., 2011; Yi et al., 2013) regulates Y AP will surely warrant further
investigation.

A high rate of mutations in GPCRs and G proteins has been recently identified in melanoma
(Kan et al., 2010; O’Hayre et al., 2013; Prickett et al., 2011). Strikingly, mutations in GNAQ
and GNAL1 have been observed in the majority of uveal melanomas, 83% of blue naevi, 6%
of cutaneous melanomas, and 59% of tumors arising in the meninges (Kusters-Vandevelde
etal., 2010; Van Raamsdonk et al., 2009). Somatic mosaic mutations in GNAQ have been
also recently identified in port-wine stains in infants and as the genetic alteration underlying
Sturge-Weber syndrome (Shirley et al., 2013), while GNA11 gain of function mutations
causes autosomal dominant hypocalcemia (Nesbit et al., 2013). The growth promoting
potential of GNAQ mutants requires the activation of a complex signaling network
stimulating the expression of AP-1 regulated genes (Vaque et al., 2013). However, this
signaling route may not yet be suitable for cancer treatment. Here, we show that activation
of YAP represents a key molecular event downstream of GNAQ and GNA11 in uveal
melanoma. Moreover, recent efforts have exposed YAP as a suitable therapeutic target
(Sudol et al., 2012). Liu-Chittenden et al. (Liu-Chittenden et al., 2012) screened a small-
molecule library for compounds inhibiting the transcriptional activity of YAP in vitro.
Among them, verteporfin, a benzoporphyrin derivative, is in clinical use as a photosensitizer
in photocoagulation therapy for patients with wet age-related macular degeneration (Michels
and Schmidt-Erfurth, 2001). Both YAP knock down and verteporfin treatment reduce uveal
melanoma cell growth in vitro and tumor formation in vivo. In light of our observations, the
successful use of photodynamic therapy (PDT) using verteporfin as a photosensitizer for the
treatment of some patients with posterior uveal melanomas (Barbazetto et al., 2003; Soucek
and Cihelkova, 2006) is very intriguing. It is presumed that the mechanism of action of PDT
for uveal melanoma is damage to the tumor vasculature, but the pharmacological inhibition
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of YAP by verteporfin may provide an unexpected alternative explanation for its therapeutic
success in some patients. Indeed, although it is unclear whether VP may be also active in
cancers driven by other tumor promoting genes, we can postulate that the transcriptional co-
activator YAP may represent a suitable therapeutic target for the treatment of uveal
melanoma and other human diseases that result from gain of function mutations in the
GNAQ and GNA11 oncogenes.

Experimental Procedures

Cell lines, culture procedures, and chemicals

Uveal melanoma OMM1.3, OMM1.5, Mel270 and 92.1 cells and cutaneous melanoma
WM-266 and SK-mel-2 cells have been described elsewhere (Schmitt et al., 2007;
Zuidervaart et al., 2005). Cells knock down for Trio and YAP and their corresponding
controls were generated as described in the Supplemental experimental Procedures. Y-27632
(Tocris Cookson Inc., MO) (10uM) and Latrunculin A (Lat.A) (Tocris Cookson Inc., MO)
(1uM) were used to treat uveal melanoma cells for 1h or 6h, followed by
immunofluorescence, Western blot analysis and immunoprecipitation (IP) or gPCR,
respectively. Verteporfin (VP) (CAS number: 129497-78-5; USP Reference Standards,
Rockville, MD) was prepared as a stock solution in DMSO. See Supplemental Experimental
Procedures.

siRNA and DNA constructs

All human siRNA sequences and providers, as well as DNA constructs are described in the
Supplemental experimental Procedures.

Statistical analysis

Animal

All data analysis was performed using GraphPad Prism version 6 for Windows (GraphPad
Software, CA). The data were analyzed by ANOVA test or t-test (* p<0.05, ** p<0.01, ***
p<0.001).

All animal studies were approved by the Animal Care and User Committee (ACUC),
National Institute of Dental and Craniofacial Research (NIDCR), in compliance with the
“Guide for the Care and Use of Laboratory Animals.” Animals were housed on 12-h light/
dark cycles and received food, standard rodent chow, and water ad libitum in compliance
with AAALAC guidelines. See also Supplemental experimental Procedures.

Human tumor xenografts and in vivo treatment with VP

Female NOD.Cg-Prkdcscid||2rgmWil/SzJ mice 5 to 6 weeks of age and weighing 18 to 20g,
were used in the study of tumor formation essentially as previously described (Vaque et al.,
2013). The animals were monitored twice weekly for tumor development. Results of animal
experiments were expressed as mean = SEM of a total of 6 tumors analyzed. See
Supplemental Experimental Procedures for the technical details and for the description of
the treatment with VP (Liu-Chittenden et al., 2012).
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Small GTPases activation, immunobloting, and posphoinositide (Pl) turnover assays

RhoA and Racl activity was assessed by a modified method described previously (Patel et
al., 2007). Western blots and posphoinositide (PI) turnover assays were performed as
described previously (Vaque et al., 2013). See Supplemental experimental Procedures for
antibody information and the technical details.

Immunorprecipitation and YAP-protein complex interaction and competition assays

See Supplemental experimental Procedures.

Clinical samples

Snap frozen uveal melanoma tissues were generously provided by Dr. James T. Handa and
Dr. Shannath Merbs, Wilmer Eye Institute, Johns Hopkins School of Medicine; tissue was
obtained from consenting patients in accordance with a study approved by the Institutional
Review Board, at the Johns Hopkins School of Medicine. Normal skin samples were
purchased from US Biomax and Biochain.

Immunofluorescence

See Supplemental experimental Procedures.

Luciferase Assays

HEK?293 cells were co-transfected with TEADA4-Gal4 (0.5pg/ml), Gal4-luc (0.5ug/ml) and
pRLNull (1pg/ml) in 24-well plates overnight to the detection of the luciferase activity,
using a Dual-Glo Luciferase Assay Kit (Promega, WI) and a Microtiter plate luminometer
(Dynex Tech., VA).

Immunohistochemistry

See Supplemental experimental Procedures.

Growth in Soft Agar

Cells were mixed at a concentration of 2,500 cells/0.2 ml of medium, and 0.2% agar (Lonza,
MD). The cells in 0.2% agar were plated over 0.2 ml of medium, 1% agar that had been
allowed to harden in a 96-well dish. Cells were fed 50ul of medium every 4 days. In the VP
treatment assay, VP was added in the medium with final concentration 1uM.

Nuclear and Cytoplasm Extraction

Follow the instructions of NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific, CO).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Uveal melanoma is the most frequent ocular malignancy in adults, for which no effective
systemic therapies are currently available. Recent findings revealed that activating
mutations in GNAQ and GNA11, encoding members of the Gaq family of G protein a
subunits, drive uveal melanoma oncogenesis. Here we report that GNAQ stimulates the
transcriptional co-activator YAP in human uveal melanoma cells and GNAQ-induced
cancer mouse models. At the molecular level, Gaq activates YAP by acting on a Hippo-
independent signaling network initiated by actin polymerization. Ultimately, YAP is
essential for uveal melanoma cell proliferation, thereby rendering it sensitive to
clinically-relevant small molecule YAP inhibitors. Hence, this cancer vulnerability can
be exploited for the development of new precision molecular therapies for GNAQ-driven
human malignancies.
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Figure 1. Activating mutations in Gaq (GagQL) induces YAP nuclear translocation and YAP-
Dependent Transcription activation through Trio and Trio dependent Rho-GTPases

(A) Western blots show HA-Gag and HA-GaqQL expression in HEK293 cells transfected
with HA-Gag or HA-GagQL expression vectors (DNAS), using endogenous GAPDH as a
loading control. (B) Western blot shows Y AP expression levels in the nuclear fraction;
enrichment for Lamin A/C and a-Tubulin served as nuclear and cytoplasmic markers
respectively. (C and D) Immunofluorescence shows that transfected GagqQL induces YAP
nuclear translocation, but not Gaq or mCherry. (C) Endogenous YAP (green) was detected
by immunofluorescence along with Hoechst for nuclear DNA (blue) and HA staining
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(violet) or mCherry (violet, as control). (D) Nuclear YAP in HA-positive and mCherry-
positive cells was quantified with Image-J and represented as arbitrary units in the indicated
cell populations (mean + SEM, n = 50-100 cells). (E) HEK293 cells were cotransfected with
HA-Gaq or HA-GagQL and Gal4-TEAD4, 5xUAS-Luc and Renilla-Luc DNAs followed
by luciferase assay (mean + SEM, n = 3). (F) HEK293 cells were transfected with HA-Gaq
or HA-GaqgQL, followed by posphoinositide (PI) turnover assays (mean £ SEM, n = 6)
(upper panel) or cotransfected with Gal4-TEAD4, 5xUAS-Luc and Renilla-Luc DNAs,
followed by PLCi treatment (1 hr) and luciferase assay (mean + SEM, n = 3) (lower panel).
(G) Transfected HA-GaqQL or vector into sShRNA-control, ShRNA-Trio#1 and ShRNA-
Trio#2 HEK?293 cells, followed by the indicated Western blot analysis (upper panel) or by
RhoA and Racl small GTPases activation assays (lower panels). (H) HEK293 cells were
cotransfected with siRNA Trio or control and HA-GaqQL or vector and Gal4-TEAD4,
5xUAS-Luc and Renilla-Luc DNAs, followed by luciferase assay (mean + SEM, n = 6). (1)
Western blot show AU5-RhoAQL and AU5-Rac1QL expression in HEK293 cells
transfected with the corresponding expression plasmids. (J) Western blots show that both
RhoAQL and Rac1QL can induce YAP accumulation in the nuclear fraction, using
enrichment in Lamin A/C and a-Tubulin as nuclear and cytoplasmic markers respectively.
(K) HEK293 cells were cotransfected with AU5-RhoAQL or AU5-Racl1QL and Gal4-
TEAD4, 5xUAS-Luc and Renilla-Luc DNAs, followed by luciferase assays (mean + SEM,
n = 6). (L and M) Immunofluorescence assay and nuclear YAP quantification, using the
procedure described in 1C in the indicated transfected cells (mean £ SEM, n = 50-100
cells). (N) HEK293 cells were cotransfected with sSiRNAs RhoA, Racl or control and HA-
GaqQL or vector and Gal4-TEAD4, 5xUAS-Luc and Renilla-Luc DNAs, followed by
luciferase assay, as above (mean + SEM, n = 6). See also Figure S1.
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Figure 2. Conditional expression of the GaqQL promotes melanoma or skin carcinoma
formation and YAP activation in vivo

(A) Dct-rtTA mice were bred with tet-H2BGFP transgenic mice to produce inducible Dct/
H2BGFP double transgenic mice, which express GFP exclusively in melanocytes, when fed
with doxycycline food (dox). (B) Dct/H2BGFP mice show tight regulation GFP expression
in skin melanocytes (as showed in Zaidi et al., 2011) (C) Dct-rtTA/p16p19KO mice were
bred with tet-HA-GagQL/p16p19K O mice to produce inducible Dct/HA-GaqQL/pl6p19K0
mice, which expressed HA-GaqQL exclusively in melanocytes, when fed with doxycycline
food (dox). (D) Percentage of mice developing cutaneous lesions of melanocytic origin after
feeding with doxycycline food. (E) Example of Dct/HA-GagqQL/p16p19KO mice
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developing lesions in the skin. (F) Histology shows Dct/HA-GaqQL/p16p19KO mouse with
cutaneous melanoma (upper right panel). Immunofluorescence assay of frozen tissues shows
that HA-GaqQL (green) positive cells display YAP (violet) nuclear translocation using
Hoechst for DNA staining (blue) (right lower panel). Normal skin from Dct/H2BGFP mouse
stained with GFP (green) instead of HA as control (left lower panel) shows cytoplasmic
YAP. (G) Quantification of percent nuclear YAP positive cells in GFP or HA positive cells
(GFP* and HA™, respectively). (H) K5-rtTA mice were bred with tet-O-HA-GagQL mice to
produce inducible KS/HA-GaqQL mice, which express HA-GaqQL exclusively in basal
epithelial cells (Vitale-Cross et al., 2004), when fed with doxycycline food (dox). (1) K5/HA-
GagQL mice developed rapid hair loss within days (left), and exhibited multiple tumor
lesions on the skin (right). (J) Histology showed that these K5/HA-GaqQL mice developed
skin carcinoma (middle lower panel). Immunofluorescence assays in frozen tissues show
that KS/HA-GagQL mice exhibit YAP (green) nuclear translocation, using Hoechst to stain
nuclear DNA (blue) (right lower panels). See also Figure S2.
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Figure 3. Trio and a network of Rho-GTPases mediate YAP activation in uveal melanoma cells
harboring GNAQ mutations

(A) Immunofluorescence assays using frozen tissues from clinical uveal melanoma
specimens (n = 6) showed HMB-45-positive cells (red) with nuclear YAP (green), using
Hoeschst to stain nuclear DNA (blue), using as control HMB-45 staining to identify the
resident melanocytes in normal tissues (n = 3). (B) Quantification of percent nuclear YAP
positive cells in melanosome positive cells. (C) PLCi inhibits the hydrolysis of
phosphoinositides in OMIM1.3 uveal melanoma cells as judged by Pl turnover assays. (D)
HEK293 cells transfected with GagQL expression vectors and OMM1.3 uveal melanoma
cells exhibited nuclear YAP by immunofluorescence (green), which was insensitive to PLC
inhibition (PLCi), using Hoeschst and phalloidin to stain nuclear DNA (blue) and
cytoplasmic polymerized actin (red), respectively. (E) Western blot analysis documents
knock down using siRNAs in two uveal melanoma cell lines. (F) OMML1.3 uveal melanoma
transfected with siRNA-control show cells with YAP (green) nuclear staining, while cells
transfected with the indicated siRNAs show Y AP mainly localized to the cytoplasm.
Hoechst stains nuclear DNA (blue). (G) siRNAs knockdown of Gag, Trio, RhoA or Racl
diminish the expression of endogenous Y AP-regulated genes (CTGF and CYR61) in
OMML1.3 and OMML1.5 uveal melanoma cells (mean + SEM, n = 3).

Cancer Cell. Author manuscript; available in PMC 2015 June 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Feng et al.

Page 23
< ?\6 < 2
GNAQ 0"} W HEK293 GNAQ ‘a?} \*"}
A o v o g X & B & & c o v g 2
§ 5 % & 2 o [ S § 5 s § 2
g S S S = g \d ; \d X msS = 5 =
S 3 5 82 5 1+ X DNAs ¥ % ¥ & =5 o5 8% 5
PYAP(S127) |GS GEp «= Gue @ - -
YAP ‘ -
w e e = e o | &
hos-ta
p909-LATS1 i - - - (p 9)
- (phos-tag)
LATST [ay @ st oo g | [ oo e |
LATS2 |wmy - - -
- Cyt. Nucleus
a-Tubulin |.- .-.| |-— |
Uveal melanoma Cutaneous
melanoma
D E F G
DNAs: v HA-GagqQL ) ) ¢ &
T .0 Wsi-C = siCv = SiLATS1/2v HEK293 W
N W AT S SiC GaqQL ~ siLATS12GagQL — = ova & i@
siRNAs: C A\ C W& s o % o e
HA | o 10 i R 150 S K < < Qg T
= f < - - ¢ 3z 2 -2 &
LATST [ - 2 3 100 v T £33 3 § =5 5
LATS2 [we . e | S 2° £ p-cofilinfe = [ - - - ]|
324 3
P-YAP [aee e i | 2 S o g 50 g0f|||nl- ..—”— [ —l
w2
YAP [ s w s s — o x 0 actinl-——”- -—————— _l
a-Tubulin | v HA-GagqQL CTGF CYR61 Uveal melanoma Cutaneous
melanoma
H J OMM1.3 OMM1.5
Vo L — _ o
£ L YAP Phalloidin ~ Hoechst  Merge £« £8 <«
& B § = ; S ¥ 8% 8 ¥ &
LS » y S ¥ 8 8+ 5
DNAs: v ‘?\" Yg A p-Cofilin | = — e cm—
AUS cofilin | ——
P’°°“"“E| P127-YAP |s s s —
YAP |s— | = =
a-Tubulin
M mControl MY-27632 miLat. A
X 150
< OMM1.3
c
S
| g 100 "
g 50 *kk
__ = AU5 == RhoAQL Rac1QL Lé
g 0
< 150 K R S CTGF CYR61
bl - -
2 100 iy - S 100 _ "1 omm1s
g : g g
g 82 g 1 :
2 s gs) 50 2 *hx
- e o *kk
% e g % .
0T ks, ¢ <
CTGF CYR61 g, 20, 3 <
7oy 7032 4
QEf CTGF CYR61

Figure 4. GNAQ oncogenic signaling induces YAP nuclear translocation and YAP-dependent
transcription activation through Rho-GTPases and actin remodeling

(A) Western blots show expression of total and phosphorylated (serine 127) YAP and
LATS1 and LATS2 in uveal and cutaneous melanoma cells, the latter expressing BRAF and
NRAS oncogenes, as indicated, as well as in HEK293 cells expressing GaqQL or vector (v)
as controls. (B and C) Cell lysates were subjected to immunoblotting with the indicated
antibodies. Gels containing phos-tag were employed to assess Y AP phosphorylation status.
Dephosphorylated Y AP was reflected by the faster migration of YAP. (B) Phosphorylated
YAP (p-YAP and slower mobility forms) and dephosphorylated YAP in the cytosolic (Cyt.)
and nuclear (Nucleus) fractions of HEK293 cells transfected with GaqQL or vector control.
(C) Phosphorylated YAP (slower mobility forms) in uveal and cutaneous melanoma cells
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expressing the indicated oncogenes. (D) HEK293 cells were cotransfected with siRNA
LATS1 and LATS2 or control and HA-GaqQL or vector DNAs, followed by the indicated
Western blot analysis for HA-Gaq, LATS1, LATS2, p(127)-YAP, YAP and a-Tubulin as a
loading control. (E) Similarly, cells were also transfected with Gal4-TEAD4, 5xUAS-Luc
and Renilla-Luc DNAs, followed by luciferase assay (mean £ SEM, n = 3). (F) Cells were
also studied by qPCR to assess the expression levels of Y AP-regulated genes (CTGF and
CYR61) (mean + SEM, n = 3). (G) Levels of cofilin and phospho-cofilin (p-cofilin) in
HEK293 cells expressing GaqQL or vector control, as well as in the indicated uveal and
cutaneous melanoma cells. (H) Accumulation of phosphorylated cofilin in HEK293 cells
expressing RhoAQL or Rac1QL. (1) Expression of YAP regulated genes (CTGF and
CYR61) in HEK293 cells expressing RhoAQL or Rac1QL (mean £ SEM, n = 3). (J)
OMML1.3 uveal melanoma cells treated with Y-27632 or Latrunculin A (Lat.A), following
with Immunofluorescence assay, YAP (green), Hoechst stains nuclear DNA (blue) and
phalloidin stains F-actin (violet). (K) Proportion of cells displaying preferential nuclear (N),
nuclear and cytoplasmic (N/C), or cytoplasmic (C) YAP location (left panel; N=50-100
cells). (L) Y-27632 or Lat.A treatments were followed by Western blot analysis for p-
cofilin, cofilin, p127-YAP, YAP, and a-Tubulin as a loading control. (M) Impact of
Y-27632 and Lat.A treatments on the expression of endogenous Y AP-regulated genes
(CTGF and CYR61) in OMM1.3 and OMML1.5 uveal melanoma cells (mean £ SEM, n = 3).
See also Figure S3.

Cancer Cell. Author manuscript; available in PMC 2015 June 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Feng et al. Page 25

A OMM1.3 OMM1.5 B
SIRNA: C LATS12 C LATS12
drugs: C C Y-27LatA C C Y-27LatA
LATS1 |..._ ||... i -~H| m=siC Control m=siLATS1/2 Y-27632

| musil ATS1/2 Control ~ ==siLATS1/2 Lat.A

R a1
w2 o8 o+

a
S

9
p-cofilin | - — -‘”——-—-l = OMM1.3
S
cofilin | H I 2 100
S
p127-YAP [ --||- Jp— -| %
< 50
=
" . epgm | E
o - — E
; I |
a-Tubulin | 1 CTGF CYR61 CTGF CYR61
(o3 D E F
DNAs: flag-YAP
DNAs: HA-GaqQL < < <
: = GagQL siC Control treatment: C E (o] § c E
siRNA: G LATSH2 = GaqQL siLATS1/2 Control WB: g [ [ ] 5 £ g
Treatment: C C Y-27LatA GagQL siLATS1/2 Y-27632 ‘g (“If g
GagQL siLATS1/2 Lat.A 5 competition: O O 1

p127-YAP IE‘ OTGF EVEET | GNAQ/GNA11 oncogenes
« BLC-P "s
o-Tubul | & e

¥y —| WB: fiag [amm wwe e P
wars1 [ |[E] ] awioriprs0) [mm e e co-P

IP:IgG IP:flag Input

mRNA expression (%)

o GTP
o
. oY>) TRIO
G-actin o©
Rho | Rac
G H %
siC Control N e
m siC LatA F-actin% '
siAMOT Control ,5 Hippo
SIAMOT Lat.A < e /—‘ pathway
n o @
X 150 » " P
< T MOT ‘
siRNAs: C AMOT S %o'—/ Qar) 14:33
morpro@ ] £ @
’ e
AMOT(p0)[wm | S % cytoplasm
z
a—TubullnE L‘Ef Aberrant

¥ cell growth

CTGF CYR61

Gene expression nucleus

Figure 5. Actin remodeling results in Hippo-independent activation of YAP downstream from
GNAQ oncogenic signaling
(A) OMML1.3 and OMML1.5 cells were transfected with siRNAs for LATS1 and LATS2 and

treated with control diluent or Y-27632 and Lat.A, followed by Western blot analysis for
LATS1, LATS2, p-cofilin, cofilin, p127-YAP, YAP and a-Tubulin as a loading control. (B)
Similarly, cells were also followed by gPCR to analyze the expression of Y AP-regulated
genes (CTGF and CYR61) (mean = SEM, n = 3). (C) HEK?293 cells were cotransfected with
SiRNA LATS1 and LATS2 and HA-GaqQL, and treated with Y-27632 or Lat.A followed
by the indicated Western blot analysis for HA-GaqQL, LATS1, LATS2, p-cofilin, cofilin,
p127-YAP, YAP and a-Tubulin as a loading control. (D) Cells were also followed by gPCR

Cancer Cell. Author manuscript; available in PMC 2015 June 16.

Pan 14-3-3 |:] E E flag [# e e=] input




1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Feng et al.

Page 26

to assess the expression levels of YAP-regulated genes (CTGF and CYR61) (mean + SEM, n
= 3). (E) OMML1.3 cells expressing flag-tagged Y AP treated with Lat.A or control, were
lysed and followed by anti-flag and control (IgG) immunoprecipitation (IP) and Western
blot analysis for flag-YAP, AMOT, LATS1, and 14-3-3 present in the immuneprecipitates,
using the input lysate as control. (F) Anti-flag immunoprecipitates (IP) from HEK293 cells
expressing flag-Y AP were exposed to G-actin or F-actin, washed, and analyzed by Western
blot for flag-YAP and associated endogenous AMOT. (G) OMML.3 cells were transfected
with siRNA for AMOT, followed by the indicated Western blot analysis for AMOT
(recognizing both p130 and p80 forms) and a-Tubulin as a loading control. (H) OMM1.3
were transfected with sSiRNA AMOT or siRNA control, followed by Lat.A treatment or
control, and the expression of YAP-regulated genes (CTGF and CYR61) was determined by
gPCR. (I) Schematic representation of Hippo-dependent and —independent pathways
resulting in YAP activation by the GNAQ oncogene in uveal melanoma. Gaq protein
stimulates YAP through a RhoA and Racl regulated signaling circuitry initiated by the
activation of TRIO, a Rho-GEF activating these GTPases, independently of the best-known
stimulation of second messengers through PLC-f. In turn, RhoA activates ROCK and Racl
stimulates PAK proteins, which converge in the activation of LIMK that phosphorylates and
inactivates the actin severing protein cofilin, resulting in actin polymerization and F-actin
accumulation (not depicted for simplicity, dotted line). F-actin may then bind AMOT,
displacing YAP, which translocates to the nucleus and initiates gene expression. Free YAP
can also bind to LATS, which phosphorylates and inactivates Y AP upon the cytosolic
sequestration of phospho-Y AP by 14-3-3 proteins or by promoting its proteosomal
degradation (the latter not depicted), as part of a canonical Hippo-dependent pathway
restraining Y AP function. How Rho GTPases regulate LATS function is not fully
understood (dotted line). It is expected that in the presence of GNAQ oncogenes, LATS
reduced activity acts in a coordinated function with the likely dominant F-actin-mediated
stimulation of YAP to promote YAP stabilization and nuclear translocation, ultimately
resulting in the expression of Y AP-regulated growth-promoting genes. See text for details.
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Figure 6. YAP represents a therapeutic target in uveal melanoma
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(A) Western blot show Y AP knockdown by doxycycline inducible shRNAs (YAP#1 and
YAP#2) in OMML1.3 uveal melanoma cells. (B) Impact of sShRNAs knocking down YAP on
the expression of endogenous Y AP-regulated genes (CTGF and CYR61) in OMM1.3 uveal
melanoma cells (mean = SEM, n = 5). (C) Effect of sShRNAs knock down of YAP in
OMML1.3 uveal melanoma cells proliferation (mean + SEM, n = 3). (D) OMM1.3 uveal
melanoma cells colony formation in soft agar after ShRNA-mediated knockdown of YAP.
shRNA positive cells (control and YAP#1 and Y AP#2) expressed Tomato (red) (left panel),
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and were counted (right upper panel) (mean + SEM, n = 10) and size measured (right lower
panel) with Image-J (mean £ SEM, n = 20-100 colonies). (E) OMM1.3 uveal melanoma
formation in vivo in cells expressing control and YAP shRNAs. Tumor size at the end of the
study was measured (mean £ SEM, n = 6) (upper panel); H&E-stained sections of
representative tumors from each group are shown (lower panel). (F) Soft agar assays show
the effect of VP treatment on OMM1.3 uveal melanoma cells colony formation ability (left
panel) and colony size (mean + SEM, n = 20-50 colonies) (right panel). (G) Effect of VP on
OMML1.3 uveal melanoma cells growth in vivo. Tumor size was measured every four days
after the initiation of the VP treatment and control (mean + SEM, n = 6) (n = numbers of
tumors analyzed) (left panel). H&E-stained sections of representative tumors from each
group (right panels). (H) Effect of VP treatment on OMM1.3 uveal melanoma cells
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