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Hotspot activating mutations in GNAQ/GNA11, encoding Gαq proteins, are driver 

oncogenes in uveal melanoma (UM), the primary cancer of the eye in adults, with limited 

additional aberrancies. However, there are few effective therapies available for UM and metastatic 

UM (mUM) patients, posing a critical need for novel therapeutic strategies against UM and mUM. 

Here, we have focused our efforts on dissecting Gαq-regulated signaling circuitries towards a 

better understanding of how Gαq promotes aberrant cell growth when activated, and to identify 

which Gαq-regulated signaling events can serve as actionable therapeutic targets for the 

treatment of UM. Using the convergence of bioinformatic, genetic and biochemical investigation, 

we uncovered a molecular framework poising Focal Adhesion Kinase (FAK) as a central mediator 

of oncogenic Gαq-regulated signaling, and as a controller of YAP through a mechanism 

suppressing the Hippo kinase cascade. We show that FAK inhibitors (FAKi) suppress YAP 

activation in vivo and halt UM growth, exposing a signaling vulnerability that can be targeted for 

UM treatment. Further interrogation into Gαq/FAK-regulated signaling mechanisms demonstrates 

that in addition to YAP, FAK controls PI3K/AKT signaling, and that UM cells require PI3K/AKT 

signaling for survival. These findings establish a novel link between Gαq-driven signaling and the 

stimulation of PI3K, and the aberrant activation of signaling networks underlying the growth and 

survival of UM. Finally, through a high-throughput, chemogenetic drug screen we profile the 

druggable landscape of UM and identified PKC inhibitors (PKCi) as a class targeting UM-specific 

vulnerabilities. Of note, we identified one compound with the highest preferential activity against 

UM. We investigated the mechanism of action of this compound, revealing a unique activity profile 

inhibiting PKC and PKC-related kinases, priming it to target cell-essential pathways that drive 

tumor growth in UM. Further work demonstrated that the combination of PKCi and FAKi 

synergistically inhibit UM growth and promote cytotoxic cell death in vitro and in preclinical 

xenograft and metastatic mouse models representing an exciting and highly translatable 

therapeutic strategy against UM. Collectively, the data presented here provides a wealth of 

information that can be readily translated to fill the lack of precision therapies against UM.  



 

 

1 

 
CHAPTER 1: Introduction—G Protein‐‐‐‐Coupled receptors and heterotrimeric G proteins as 

cancer drivers 

 
1.1 G protein and GPCRs as signal transducers 

 
G proteins and G protein coupled receptors (GPCRs) represent the largest family of cell 

surface receptors, with over 800 GPCRs and 35 G protein subunits involved in transduction of 

diverse signaling cascades(1-3). GPCRs are characterized by a distinct 7-transmembrane 

domain structure with an extracellular amino terminus and an intracellular carboxyl terminus, and 

by their ability to couple to heterotrimeric G proteins, comprised of α, β, and γ subunits, which 

activate a diverse array of downstream signaling pathways(1). These receptors play key roles in 

many cellular and physiological functions, including in neurotransmission, cardiac response and 

blood pressure regulation, vision, olfaction, tissue development and immune regulation(2,4).  

The human GPCR superfamily can be phylogenetically grouped into 5 subfamilies based 

on distinct structural features— Class A (rhodopsin), Class B1 (secretin), Class B2 (adhesion), 

Class C (glutamate), and Class F (frizzled/taste2)(1). Most GPCRs activate one or multiple Gα 

proteins, which are subdivided into 4 major families: Gαi, Gα12, Gαs, and Gαq, with each family 

activating a distinct repertoire of signaling mechanisms(4). GPCR activation is initiated by the 

binding of an agonist ligand to the extracellular domain of the receptor which induces a rapid 

conformational change in the extracellular and intracellular loops of the receptor(5). This transition 

into the active conformation of the receptor results in coupling to the heterotrimeric G proteins 

and triggers the exchange of GTP for GDP on the Gα subunit, promoting its dissociation from Gβγ 

dimers. Both Gα-GTP bound and Gβγ subunit complexes then stimulate downstream signaling 

cascades, including the rapid generation of multiple second messengers by modulating the 

activity of ion channels, phospholipases, phosphodiesterases, and adenylyl cyclases(2). These 

second messenger generating systems and their downstream regulated kinases cascades are 



 

 

2 

responsible for most of the rapid physiological responses elicited by GPCRs(6-12). In tandem to 

these processes, Regulators of G protein Signaling (RGS) proteins enhance the GTPase activity 

of the Gα subunit, enabling the reassociation of the Gα and Gβγ subunits into a bound 

heterotrimeric G protein, and returning the protein complex to a GDP-bound inactive state(5). 

Moreover, arrestins are recruited to activated GPCRs to promote receptor endocytosis and can 

participate in downstream signaling as scaffolds for signaling complexes, and as molecular 

rheostats of G protein-driven signal transduction(13). This model of GPCR function has been 

improved over the recent years to encompass various classes of ligands, including agonists, 

partial agonist, inverse agonists and allosteric modulators, and the detailed structure features of 

the corresponding GPCR conformations that can be stabilized upon binding(14).  

As GPCRs and their associated G proteins are involved in a diverse array of signal 

transduction pathways and cellular processes, dysregulation in either can have significant impacts 

on cellular behaviour and the initiation of pathogenic processes. This is highlighted by large body 

of drugs in the market targeting GPCRs. Indeed, 34% of all FDA approved drugs currently on the 

market target GPCRs directly or indirectly(15-17). This chapter will summarize the growing body 

of information establishing GPCRs as drivers of cancer and their roles in cancer initiation and 

progression. 

 
1.2 Historical perspective 

 
 The earliest evidence suggesting a role for GPCRs in tumorigenesis stems from work 

demonstrating that expression of a GPCR encoded by the mas oncogene (MAS1 gene), had the 

ability to transform and induce foci formation in NIH3T3 fibroblasts, as well as develop tumors in 

nude mice(18).  This pivotal work was novel in contrast to the many known oncogenes at the time, 

most of which were discovered based on the transforming activity of oncogenic viruses. These 

findings were reinforced by the observation that ectopic expression of the 5HT1c serotonin 

receptor (HTR1C) led to transformation of NIH3T3 cells(19). However, in both cases the receptors 
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did not harbour any identifiable mutations, contrasting with most viral and human oncogenes, and 

these observations were not widely appreciated. Subsequent studies examining the transforming 

potential of GPCRs led to the discovery that coupling specificity and excess ligand availability 

were key determinants of the oncogenic activity of wild type GPCRs. Specifically, overexpression 

alone of muscarinic cholinergic receptors (CHRMs), which span across Gα-coupling subtypes, 

was found to be insufficient to transform NIH3T3 cells. However, in the presence of the agonist 

carbachol foci were readily induced for Gαq-coupled CHRMs, thereby establishing that wild-type 

GPCRs can act as agonist-dependent oncogenes based on their G protein coupling capacity(20). 

The α1B-adrenergnic receptor (ADRA1B) was found to behave similarly by inducing neoplastic 

transformation when ectopically expressed in NIH3T3 cells, and triggering formation of foci in an 

agonist-dependent manner(21). However, mutation of this receptor eliminated agonist 

dependency of receptor activation, rendering it constitutively active, thus raising the possibility 

that mutations may be a mechanism to enhance the oncogenic potential of GPCRs. 

 
1.3 The mutation spectrum of GPCRs in cancer 

 
As massive advances in the field of cancer genomics have transformed our understanding of 

oncogenesis and drivers of cancer, GPCRs and G proteins have emerged as candidate drivers. 

The generation of vast cancer sequencing resources including The Cancer Genome Atlas 

(TCGA), and the Catalogue of Somatic Mutations in Cancer (COSMIC) have revealed that 

GPCRs and G proteins are collectively mutated in roughly 20% of all cancers, spanning across 

numerous tumor types(22-25). The biological function and consequence of many of these 

mutations are as of yet largely unknown, highlighting the previously underappreciated role that 

GPCRs and G proteins play in tumor biology. Despite this, there is emerging work underscoring 

the cancer relevance of mutated GPCRs. Recent cross-cancer analysis of GPCR mutation 

patterns in human malignancies has revealed that gastrointestinal (GI) cancers harbour the 

highest number of mutated GPCRs and G proteins, irrespective of the mutational load of these 
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cancers(26). This is coupled with the recent finding that a significant portion of mutated GPCRs 

couple to Gαs and Gαi/o, more specifically, an enrichment of activating mutants of Gαs-coupled 

receptors, and deleterious (inactivating) mutants of Gαi/o-coupled receptors(27). Together, these 

mutation patterns converge on the oncogenic impact of elevated adenylyl cyclase activity and 

production of cAMP, which is stimulated by Gαs and inhibited by Gαi/o, suggesting a prominent 

role for enhanced cAMP signalling in cancer. The cAMP signaling network is involved in different 

aspects of tumorigenesis, and these findings establish a functional link between the mutation 

patterns in GPCRs and their candidate role as cell-context specific oncodrivers, with emphasis 

on GI cancers, including colorectal, stomach, and pancreatic adenocarcinomas. 

Broken down phylogenetically, the adhesion and glutamate GPCR are the first and second 

most highly mutated families of GPCRs in cancer; however, their role in cancer is not well 

defined(22). Adhesion GPCRs (aGPCRs) are named as such due to the extended extracellular 

N terminus containing structural domains such as thrombospondin repeats, and leucine-rich-

repeats (LRRs), which participate in a variety of protein-protein interactions and can mediate 

adhesion to cellular matrix proteins(28). The aGPCR subfamily is widely mutated among cancer 

types in TCGA and a number of aGPCRs are involved in angiogenesis, metastasis, and other 

critical components of cancer initiation and progression(29,30) (Fig 1.1). Among them, GPR98 

(ADGRV1) is the most frequently mutated GPCR across all cancer types. In particular ADGRV1 

is mutated in roughly 45% of skin cutaneous melanoma, and is the longest GPCR by amino acid 

length; however, not much is known regarding its functional impact(26). ADGRE5, also known as 

CD97, was the first aGPCR to be linked to cancer, as its expression was found to be a sensitive 

marker of dedifferentiation in thyroid carcinomas(31,32). While ADGRE5 expression was nearly 

absent in normal thyrocytes, its levels increased in correlation with thyroid tumor stage(31,32). Its 

over-expression has since been identified in several other cancer types including pancreatic, 

gallbladder, and esophageal carcinomas, and is linked to metastatic aggressiveness in gastric, 
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colorectal cancers, and particularly in glioblastoma(33). Glioblastoma in particular, is known to 

develop extensive intratumoral hypoxia, and GPR133 (ADGRD1) has been implicated to be 

critical for glioblastoma growth under hypoxic conditions(34). Interestingly, targeting of the 

dopamine receptor DRD2 has shown to be a highly promising drug target for the treatment of 

glioblastoma(35,36).  

Glutamate receptors, which bind glutamate as their ligand have primarily been studied for their 

roles in the central nervous system but are becoming increasingly implicated in cancer, including 

squamous non-small cell lung cancer, and adenocarcinomas among others(37,38). In one case, 

a GPCR-targeted mutation analysis of melanomas revealed that GPR98 (mentioned above) and 

GRM3, a metabotropic glutamate receptor, were the most frequently mutated genes(39). 

Expression of patient-derived GRM3 mutants in melanoma cell lines significantly increased 

anchorage-independent cell proliferation, as well as cell migration in vitro and in vivo metastatic 

rate(39). Similarly, ectopic expression of GRM1 and GRM5 have been found to induce 

spontaneous formation of melanoma in transgenic mouse models suggesting a role for GRMs in 

driving melanoma initiation(40-42). Other metabolite-binding GPCRs, such as the lactate and 

succinate-binding GPR81 and GPR91, play a significant role in tumor promotion through both 

autocrine and paracrine mechanisms that contribute to control tumor energetic dynamics. GPR81 

has been found to be significantly upregulated in numerous cancer types and to be a crucial driver 

of tumor growth and metastasis with further roles modulating the tumor microenvironment in 

angiogenesis and immune evasion(43,44). Similarly, GPR91 has significant roles in modulation 

of the tumor-immune microenvironment, as well as angiogenesis, together with its role in cellular 

metabolism(45-47).  

One of the most prominent GPCRs implicated in neoplastic growth is the Thyroid-stimulating 

hormone (TSH) receptor (TSHR). TSHR is coupled primarily to Gαs and to a lesser extent Gαq, 

and is a key regulator of thyroid cell function, growth and hormone metabolism(48). Mutations in 

TSHR have been found to lead to numerous thyroid diseases, including hyper- and hypo-



 

 

6 

thyroidism and hyperfunctioning thyroid adenomas(49).  Strikingly, activating mutations in TSHR 

are the predominant cause of solitary toxic thyroid adenomas, accounting for roughly 60-80% of 

all cases, and in roughly 30% of thyroid adenomas among other cancers(50,51). Aligned with this, 

activating mutations in GNAS and TSHR are commonly found in differentiated thyroid 

carcinomas(50,52,53). 

Another seven-transmembrane receptor frequently mutated in cancer is Smoothened (SMO), 

which drives activation of the transcription factor GLI(54,55). SMO is negatively regulated by the 

twelve-transmembrane receptor patched (PTCH); however, this inhibition is relieved upon binding 

of PTCH to hedgehog family members, including sonic hedgehog (SHH)(54). Mutations that result 

in the activation of the PTCH-SMO-SHH signaling axis have been found to drive sporadic basal 

cell carcinomas (BCCs)(56,57). As of yet, the potential role of G proteins in the signalling capacity 

of SMO have not been fully clarified(55). Studies have found that in some cell contexts, Gαi and 

Gα12 are involved in activation of the pathway; however, the dependency of SMO on G protein 

coupling for its roles in cancer initiation and progression is not well understood and requires further 

investigation(58-60).  

The Frizzled family of seven-transmembrane receptors are also heavily involved in cancer, as 

transducers of the Wnt signaling cascade(61). Wnt signaling can drive the activation of several 

transcriptional networks, primarily β-catenin and has been described to play a role in numerous 

cancer types, with emphasis in colorectal cancer(61,62). Indeed, the Frizzled family of GPCRs is 

collectively mutated in >15% of colon adenocarcinomas in TCGA. There is mounting evidence 

supporting the G protein coupling of Frizzleds as a critical component of the Wnt signaling 

pathway(63-65). For example, inhibition of Gαo and Gαq has been found to disrupt Wnt-mediated 

stabilization of β-catenin and teratocarcinoma stem-cell differentiation(64,66). Future work will 

likely expand the current view of G protein regulated Wnt signaling in cancer initiation and 

progression  
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In contrast to the pro-tumorigenic role of many GPCRs, GPCR-driven signaling has in some 

cases, been shown to play a tumor suppressive role, highlighting the complexity and the cell-

context dependency of these signaling events. This is highly aligned with tumor suppressive roles 

for G proteins in certain contexts as well. For example, inactivation of Gα13 signaling, either by 

inactivating mutations in the Gα13-coupled Sphingosine-1-phosphate receptor 2 (S1PR2), or in 

Gα13 itself have both been identified to enhance tumor progression in diffuse large B cell 

lymphoma(67). In another case, inactivating polymorphisms in the melanocortin 1 receptor 

(MC1R) have been found to promote melanoma through an ultraviolet radiation independent 

mechanism(68) (Fig 1.1). Moreover, the Kisspeptin receptor (KISS1R) has been widely implicated 

as a metastatic suppressor in numerous cancer types(69,70). Similarly, GPR68 has been found 

to be a metastatic suppressor in prostate cancer and was found to be significantly downregulated 

in metastatic tumors(71,72). Finally, ADGRB1-3 are silenced or mutated in numerous cancer 

types(25). Of note, ADGRB1, also known as BAI1, has been found to have potent antiangiogenic 

and antitumorigenic functions, particularly in brain tumors(73). Strikingly, BAI1 has been shown 

to prevent MDM2-mediated p53 degradation, and BAI1 loss leads to a significant decrease in p53 

levels(74). The protective effect of BAI1 on p53 degradation is a remarkable illustration of the 

diverse roles that GPCRs can play in tumorigenesis (Fig 1.1).    

 

Despite the large number of mutations in GPCRs across cancers, the functional consequence 

of most of these mutations have not been widely studied. Moreover, the contribution of increased 

gene length to the higher number of mutations complicates the prediction of cancer-driving 

mutations. Coupled with this, most of the mutations are not isolated to hotspot residues, further 

hindering efforts to predict their signaling and cellular impact and potential role in cancer.  As a 

result, it has been difficult to predict which mutations in GPCRs have cancer-driving effects as 

compared to passenger mutations with little functional impact. Structure-function analyses of 
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mutations in GPCRs have begun to shed light on these observations and a new framework of the 

functional impact of GPCR mutations is emerging. Projection of cancer-related mutations for 

TSHR, for example, have revealed an accumulation of mutations clustered  at the cytoplasmic tail 

of helix 6, suggesting that in the absence of a physical hotspot mutation, structural motif hotspots 

may be more prevalent manifestations of cancer-associated GPCR mutations(22). Indeed, our 

recent pan-cancer analysis of functional somatic mutations in gene families has demonstrated 

significant enrichment of mutations in a handful of highly conserved regions of GPCRs that 

regulate GPCR function and activation. These include mutations localized to the DRY motif, which 

mediates the inactive conformation of class A GPCRs, with particular emphasis on recurrent 

mutations in DRY arginine, in addition to the NPxxY motif, both of which are critical regulators of 

GPCR activation. Mutations in these positions show statistically significant mutual exclusivity 

between motifs, as well as with activating hotspot mutations in the Gα subunit further supporting 

the functional significance of these structure-based predictions(27). DRY arginine mutations are 

also mutually exclusive with many common mutant oncogenes that are downstream of GPCR-

mediated signaling cascades, including AKT E17K, PI3K E545K and JAK2 V617F(27). The 

unanticipatedly high frequency of mutations in GPCRs coupled with absence of clearly identifiable 

hotspot mutations highlight the complex and previously underappreciated role of GPCR signalling 

in cancer, which can now be clarified building on novel computational biology pipelines enabling 

structure-function predictions and the analysis of the impact of cancer-associated mutations in 

GPCRs. 

 
1.4 Mutations in G proteins in cancer 

 
Despite continuously emerging work on the functional impact of GPCRs in cancer, the 

complexity of expression and mutation patterns among cancer types remain a challenge towards 

their identification as cancer-specific drivers. In contrast, the presence of hotspot mutations in G 
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proteins have enabled them to be clearly defined as cancer drivers in specific cancer types. Here 

we will summarize the role of G proteins in cancer and as cancer drivers. 

 

1.4.1 Signaling through Gαq G proteins: The GNAQ oncogenes 

 

The Gαq family of heterotrimeric subunits, encoded by GNAQ, GNA11, GNA14 and 

GNA15, and their coupled receptors, are responsible for transducing many of the mitogenic 

signals initiated by growth factors acting on GPCRs(4,75). Members of the Gαq family activate 

phospholipase-Cβ (PLCB1-4), which cleaves PIP2 into diacyglycerol and inositol 1,4,5 

triphosphate. Generation of these second messengers triggers the mobilization of cytosolic 

calcium and all together, elicit the activation of numerous downstream signaling events via 

regulated kinases and transcriptional networks(8-11).  Mutation of the Gαq subunit into a GTPase 

defective, constitutively active conformation (Q209L and G207T) was originally modelled based 

on previous studies examining mutations in the ras oncogene(76). These Gαq mutants induced 

malignant transformation in NIH3T3 cells and were found to be tumorigenic in nude mice(76).  

 

Since this original discovery, aberrant Gαq activity has been found to be involved in 

diverse pathological conditions including congenital hemangiomas, leptomeningeal melanocytic 

lesions, Sturge Weber syndrome, and recent cancer sequencing efforts revealed that activating 

mutations in Gαq or Gα11, predominantly at Q209, are collectively found in >90% of uveal 

melanoma (UM) where they act as driver oncogenes(77-81) (Fig 1.2). The Gαq family is also 

mutated in roughly 10% of skin cutaneous melanomas (Fig 1.2). UM is the primary cancer of the 

eye in adults, affecting roughly 2500 patients in the US each year(82). Nearly 5% of UM patients 

who lack mutation in Gαq or Gα11, possess mutually exclusive activating mutations in other levels 

of the Gαq pathway, including in CYSLTR2, a Gαq-coupled GPCR, or PLCB4, a downstream 

effector of Gαq, firmly establishing hyper-activation of the Gαq-pathway as the oncogenic driver 
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of UM(83,84). UM caused by mutation and hyperactivation of CYSLTR2 remains one of the most 

striking examples of a GPCR-driven cancer type to date(85). 

Studies investigating the mechanisms by which aberrant Gαq signaling drives 

tumorigenesis have revealed that compared to the transient stimulation of second messengers 

and mitogenic kinases after canonical Gαq stimulation, mutant Gαq requires a protein-protein 

interaction with the Rho-specific guanine nucleotide exchange factor (GEF) TRIO in order to 

sustain persistent signaling(86). In in vivo UM models, knockdown of TRIO phenocopies reduction 

of Gαq expression based on cell proliferation assays, tumorigenic potential as well as activation 

of JNK, p38 and AP-1-mediated transcription(86). Remarkably, this signaling circuitry was 

independent of PLCβ, the best-known target of Gαq and led to the activation of YAP, a 

transcriptional co-activator regulated by the Hippo pathway. The Hippo pathway is a tumor 

suppressive pathway, broadly involved in cell proliferation and organ size control, and has been 

found to be frequently altered in cancer(87). In UM, YAP activity was demonstrated to be 

necessary for tumor growth and proliferation(88,89).  

 

Mutations in Gαq/11 at residue R183, the second most commonly mutated site in GNAQ 

have been found to cause Sturge-Weber Syndrome, a neurocutaneous disorder characterized by 

facial port-wine stains and ipsilateral occipital leptomeningeal angiomas, and are also sometimes 

found in UM patients(80) (Fig 1.2, 1.3). Similar to Q209, R183 is located in the GTP-binding region 

of Gαq, whereby mutation interferes with the intrinsic GTPase activity and increases signaling 

activity; however, R183 mutants possess significantly lower signaling potential than that of Q209 

mutants.  Activating Gαq mutants have also been associated with congenital hemangiomas, and 

frequently found in a subset of other melanocytic neoplasms, including blue nevi, nevi of Ota, and 

primary melanocytic tumors of the central nervous system(79,81).  
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Gαq has also been found to play diverse roles in the immune system, where Gαq has 

been implicated to have a tumor suppressive role. Loss of GNAQ expression enhances both B 

and T cell proliferation in vivo and survival in vitro(91-93). Strikingly, alteration of the Gαq pathway 

by loss of Gαq expression or recurrent loss of function (LOF) mutations at T96S or Y101, are 

found in roughly 25% of natural killer/T cell lymphoma (NKTCL), a malignant and highly 

aggressive subtype of non-Hodgkin’s lymphoma(94). Consistent with the impact of Gαq loss in 

other immune cells, NK-specific knockout of Gαq in mice imparted an intrinsic survival advantage 

of NK cells as compared to wild type NK cells. Moreover, expression of WT Gαq in Gαq-low NK 

cell lines promoted apoptosis, which could be ablated by concomitant expression of T96S Gαq 

suggesting T96S Gαq acts as a dominant negative mutant to promote NK cell tumorigenicity(94).  

The proclivity of R183 and Q209 hotspot mutations in Gαq to solid tumors compared to the 

incidence of T96 and Y101 in hematopoietic malignancies suggests a complex relationship 

between the oncogenic or tumor suppressive function of these mutations and the cell context in 

which they originate, highlighting the complex molecular events underlying Gαq-driven oncogenic 

signaling. 

 

 

 

 

 

 

 

 

 

 



 

 

12

 

1.5 Figures 

 

Figure 1.1 The roles of GPCRs and heterotrimeric G Proteins in the Hallmarks of Cancer 

Highlighted are representative G proteins and GPCRs with well-established roles as drivers of 
each cancer promoting hallmark. The centrality of GPCR signalling to cellular processes within 
and outside the tumour microenvironment through dysregulated oncocrine signalling networks 
promotes the development and progression of cancer. GPCRs are in labelled in black, 
heterotrimeric G proteins are in blue, and signalling regulators (RGS and β-arrestin) are in purple. 
Refer to the text for details on each gene. Figure adapted from Hanahan and Weinberg [[22]] and 
modified from SMART (Servier Medical Art), licensed under a Creative Common Attribution 3.0 
Generic License. 
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Figure 1.2 Mutation frequencies of G protein families in patients across TCGA PanCancer 
Atlas studies  

Frequencies (left column) and number (right column) of patients carrying a mutation in one or 
more G proteins in each indicated family. Cumulative mutation frequencies and absolute number 
of patients carrying a mutation in one or more G proteins in each indicated family across all 10,437 
patients in all studies are listed in the last row. Number of G proteins considered in each family 
are listed with each family name. The data shown here are based upon data generated by the 
TCGA Research Network. All data was downloaded from cBio Portal(95,96).   
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Figure 1.3 G Protein Mutation Distributions Across TCGA PanCancer Studies 

Lollipop plot depicting the mutation spectrum of A) GNAQ, B) GNA11, C) GNAS, and D) GNA13 
across TCGA PanCancer studies. Missense mutations are depicted in green, and truncating 
mutations are depicted in black along the gene body. OncoKB annotated hotspot mutations are 
depicted in red below each gene. Pie charts represent distribution of cancer types where selected 
hotspots have been found. The data shown here are based upon data generated by the TCGA 
Research Network. All data was downloaded from cBio Portal(95,96).  
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CHAPTER 2: A Platform of Synthetic Lethal Gene Interaction Networks Reveals that the 

GNAQ Uveal Melanoma Oncogene Controls the Hippo Pathway through FAK 

 
2.1 Introduction 

 
Recent advances in omics technologies have enabled the sequencing and 

characterization of cancers to an unprecedented depth, revealing mechanisms of growth and 

molecular drivers of disease. Bioinformatics analyses of these data have demonstrated a large 

heterogeneity in genetic drivers, highlighting complex biological networks towards the 

identification of therapeutic targets. These large-scale genomics efforts have revealed a small 

set of cancers that are driven by only a select number of mutational events. One such cancer, 

uveal melanoma (UM), is characterized by a gain of function mutations in the heterotrimeric G 

protein, Gαq.  A hotspot mutation in GNAQ or in GNA11 result in encoding constitutively active 

Gαq proteins rendering them as driver oncogenes in approximately 93% of UM (77,78). Another 

~4% of UM harbor activating mutations in CYSLTR2, a Gαq-linked G protein coupled receptor 

(GPCR) (85) firmly establishing UM as a Gαq-driven malignancy.  

Aberrant activity of G proteins and GPCRs have been frequently associated with an 

oncogenic state and promotion of tumorigenesis (4,22). However, the precise molecular 

mechanisms by which prolonged Gαq signaling controls cancer cell growth are still under 

investigation. We and others have previously shown that these mechanisms are in part due to 

unique signaling circuitries that lead to the activation of YAP, a transcriptional co-activator 

regulated by the Hippo pathway. In turn, YAP activation is necessary for UM growth (88,89). As 

a key downstream target of the tumor suppressive Hippo signaling cascade, YAP is over-

activated in multiple cancers (97,98). Despite this, pharmacological targeting of YAP or the 

Hippo pathway has been challenging. Verteporfin, an ophthalmological drug, inhibits YAP-TEAD 

interaction, which is the major transcriptional factor regulated by YAP, in UM (88,89) with some 

anecdotal clinical success (99,100). However, the potential for verteporfin as a therapeutic has 
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been hindered by its high systemic toxicities after prolonged use (101,102). Currently, no 

effective therapeutic targets are available for UM, and no specific YAP inhibitors are currently in 

clinical use (97). A more complete understanding of Hippo/YAP-regulating mechanisms in 

cancer could identify urgently needed therapeutic opportunities to inhibit YAP-dependent 

tumors, including UM. 

The highly distinctive and well-defined genetic landscape of UM provides a unique 

opportunity for the application of unbiased bioinformatics approaches to investigate the precise 

molecular mechanisms by which prolonged Gαq signaling controls cancer cell growth, and how 

these pathways can be targeted for precision therapies of Gαq-driven pathophysiologies.  

 
2.2 Results 

 

2.2.1 A bioinformatics pipeline identifies PTK2 as a druggable candidate synthetic lethal 

gene with GNAQ.  

 
To identify the specific vulnerabilities of GNAQ-driven tumors, we adapted our recently 

established bioinformatics pipeline that Identifies clinically relevant Synthetic Lethal Interactions 

(termed ISLE, (103)). We denote a sample with mutations in or amplification of GNAQ, GNA11, 

or CYSLTR2 as Gαq+, while a sample without any of these genetic alterations as Gαq-. Adapting 

the rationale of the ISLE pipeline to our aim here, a candidate gene was determined to be a 

synthetic lethal (and thus a druggable vulnerability) of Gαq+ tumors if it satisfies the following 

four conditions (Fig 2.1A): (i) molecular condition: Gαq+ tumor should differentially overexpress 

the candidate gene vs Gαq- samples, (ii) clinical condition: Overexpression of the candidate 

gene should be associated with poor survival of patients with Gαq+ tumors, (iii) phenotypic 

condition: The candidate gene is significantly more essential in Gαq+ than in Gαq- cell lines, (iv) 

druggable condition: Targeting the candidate gene products with inhibitors is significantly more 
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effective in Gαq+ than in Gαq- cell lines, i.e. Gαq+ cell lines are more sensitive to cell growth 

inhibition by the candidate inhibitors than Gαq- cell lines. 

Our analysis therefore proceeded along four steps. First, taking advantage of the 

publicly available Cancer Genome Atlas (TCGA) (23) data, we extracted genes that are 

differentially overexpressed in Gαq+ UM (>96%). Since there are not sufficient UM Gαq- 

samples, we used Gαq- skin cutaneous melanoma (SKCM) samples as a control. Indeed, we 

observed significant overlap in the overexpressed genes in Gαq+ UM and Gαq+ SKCM samples 

(hypergeometric p<4.83 e-199, see STAR Methods) compared to Gαq- SKCM samples, justifying 

the use of Gαq- SKCM samples as a control for Gαq+ UM. We excluded genes overexpressed in 

UM compared to SKCM irrespective of Gαq status to control for cancer type-specific differential 

expression. Second, among the genes that pass the first filter, we identified those whose 

expression correlates with poor prognosis of UM patients. Third, we further selected those 

genes from in vitro functional screens that show significantly higher essentiality (or drug 

response) in Gαq+ cancer cell lines following the standard procedure to determine cancer cell 

dependency (104). Lastly, we selected only those genes that are druggable, i.e. targets of 

known cancer drugs (Fig 2.1A). We performed cell viability assays after siRNA mediated gene 

inhibition, confirming the vulnerabilities of our predicted hits in Gαq+ cells (Fig 2.1B). This four 

step Gαq+ synthetic lethal (SL) identification process results in 7 predicted SL genes, which play 

roles in multiple biological processes, including cell growth, cell survival, lipid metabolism 

regulation, cell cycle control and the processing of class I MHC peptide, all of which reduced cell 

growth when knocked down. Among them, the top predicted gene, PTK2, encoding Focal 

Adhesion Kinase (FAK), reduced cell viability almost 60% after inhibition using PTK2 specific 

siRNA knockdown (Fig 2.1B).  

PTK2 is not mutated in UM, a disease that is characterized by mutations, primarily 

mutually-exclusive activating mutations in GNAQ, GNA11 and CYSLTR2, and mutually exclusive 

mutations in genes encoding two RNA splicing factors, EIF1AX and SF3B1, or a deubiquitinase 
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BAP1, as depicted in (Fig 2.1C) (77,78,83,85). Instead, statistically significant gain of 

chromosome 8q (83), including PTK2 and MYC, occurs in UM. Interestingly, PTK2 and MYC are 

amplified in 18% of UM cases (TCGA), and 38% of UM cases also exhibit PTK2 mRNA 

upregulation independent of amplification (Fig 2.1C). In total 56% of UM cases have PTK2 gene 

amplification or mRNA upregulation (Fig 2.1C). Interestingly, we found that expression of PTK2 

is significantly correlated with reduced overall patient survival (Fig 2.1D). Strikingly, a pan-cancer 

analysis of alteration frequency of PTK2 reveals that UM has the highest alteration frequency 

among all available TCGA solid tumor cohorts (Fig S2.1A). We next tested the sensitivity of five 

representative UM cell lines, 92.1, OMM1.3, OMM1.5, Mel270, and Mel202,  all of which harbor 

GNAQ mutations, to FAK inhibition using VS-4718, an orally-bioavailable FAK inhibitor (FAKi) 

(105), using the SKCM cell line SK-MEK-28 (BRAF mutant) as a control. In vitro, UM cell lines 

demonstrate a dose-dependent sensitivity to FAK inhibition with an EC50 of around 1 μM (Fig 

2.1E). Similar results were obtained with PF562771, a chemically distinct FAKi (Fig S2.1B). 

Instead, the SK-MEK-28 cell line was largely insensitive to FAKi, with an EC50>10 μM for VS-4718 

(Fig 2.1E). siRNA knockdown of FAK reduced cell viability in two representative UM cells nearly 

as potently as Gq (encoded by GNAQ) knock down (Fig S2.1C, D, E and F). Gαq knock down 

reduced the accumulation of FAK in its active, tyrosine 397 phosphorylated form (pY397-FAK) 

(105) (Fig S2.1D), while FAK knock down reduced total FAK and pY397-FAK protein levels, as 

expected (Fig S2.1E). FAKi inhibited FAK rapidly (Fig S2.1F and S2.1G), and resulted in UM 

apoptosis as judged by the accumulation of cleaved PARP (Fig 2.1F). We further assessed 

whether inhibition of FAK impacted the oncogenic potential of UM cells by measuring their 

clonogenic capacity in semisolid media and found that FAKi nearly abolished the colony formation 

ability of UM cells (Fig 2.1G). Together, these findings support that FAK may be required for 

GNAQ-driven UM cell proliferation, survival, and clonogenic growth, thereby representing a 

potential therapeutic target for the treatment of UM. 
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2.2.2 The canonical Gαq signaling pathway is dispensable but a TRIO-RhoA non-

canonical signaling mechanism is evident for FAK activation. 

 
We next sought to investigate the mechanism by which Gαq controls FAK. To 

understand the impact of GNAQ mutation on FAK activation, we express an HA-tagged 

activated Gq mutant, Gαq-Q209L (HA-GαqQL), observed in UM and an empty vector control 

in human embryonic kidney 293 (HEK293) cells. Immunoblotting against total and 

phosphorylated forms of FAK revealed that phosphorylation of FAK at Y397 was significantly 

increased after expression of GαqQL (Fig 2.2A). We next took advantage of a previously 

established synthetic Gαq-coupled GPCR (Gαq-DREADD) that can be activated by a synthetic 

ligand, Clozapine N-oxide (CNO) (86,106). We stimulated Gαq-DREADD expressing HEK293 

cells with CNO over a time course and found increasingly elevated levels of pY397 FAK in 

response to CNO (Fig 2.2B). In UM cells, Gq knockdown by siRNA or inhibition by FR900359 

(FR), a potent Gαq inhibitor (107), diminished FAK and ERK activation (Fig 2.2C and Fig 

S2.1D). Consistent with these data, Gαq inhibition with FR in UM cells and SKCM cells showed 

inhibition of cell proliferation only in UM cells (Fig 2.2D).  These results support the notion that 

FAK acts downstream from the Gq in UM. However, it is unclear which of the multiple Gαq or 

Gαq coupled receptor-initiated signaling pathways are responsible for regulating FAK activation. 

PLCβ-dependent second messenger activation is among the best-known downstream 

events stimulated by Gαq (9,108), and is considered to be the canonical Gαq signaling pathway, 

causing transient ERK activation (86). Inhibition of PLCβ by the use of a small-molecule PLC 

inhibitor (U73122) abolished the ERK activation, as we previously reported (86), but did not 

have an impact on the activation of FAK (Fig 2.2E). Similarly, inhibition of PKC blocked ERK 

activation but not FAK in UM cells (Fig 2.2F), indicating that FAK may be activated 

independently of PLCβ. As Gαq activation of the AP1 and YAP transcriptional programs 

involves the stimulation of the TRIO guanine nucleotide exchange factor (GEF) for Rho 
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GTPases (86,88), we next asked if this non-canonical Gαq signaling pathway is involved in FAK 

activation by Gαq. Knockdown of TRIO or RhoA prevented the activation of FAK by Gαq-

DREADD in HEK293 cells and Gαq in UM cells (Fig 2.2G and 2.2H). In line with these findings, 

knockdown of Rac1 had no impact on FAK activation (Fig 2.2G). Further analysis showed that 

blocking actin polymerization by inhibiting ROCK or actomyosin contraction by Y-27632 

(109,110) and blebbistatin (111), respectively, repressed FAK activation by Gαq-DREADD in 

HEK293 cells and Gαq in UM cells (Fig 2.2I and 2.2J). Together, these findings suggest that 

Gαq stimulates FAK independently of PLCβ and PKC, but instead through a non-canonical 

TRIO-dependent pathway resulting in RhoA activation and consequent cytoskeletal changes 

and actomyosin-initiated cell contraction and signaling (Fig 2.2K). 

 

2.2.3 FAK inhibition represses the transcriptional activity of YAP.  

 
FAK is at the intersection of multiple signaling pathways that promote cancer progression 

(105), but it is not clear which downstream targets of FAK play a critical role in UM. As an approach 

to identify key downstream targets of the Gαq-FAK signaling axis, we performed transcriptomic 

RNA-sequencing on UM cells treated with FAKi, and performed Gene Set Enrichment Analysis 

(GSEA) (112) to characterize the transcriptional effects of inhibiting Gαq and FAK at the pathway 

level using over 10,000 gene sets from the MSigDB (Molecular Signatures Database), including 

two sub-collections of oncogenic signatures and hallmark gene sets that we added to the 

database (113). In spite of this large collection of transcriptional regulated genes, only 20 

oncogenic signature gene sets were significantly repressed and 5 were activated by FAKi in UM 

cells (Fig 2.3A and S2.2A). These include the downregulation of genes described as stimulated 

by KRAS and EGFR and cytokines such as IL21 and IL15, consistent with the likely role in the 

activation of growth promoting pathways by FAK (105). FAKi also reduced the expression of 

genes repressed by JAK2, p53, and BMI, suggesting that FAK inhibition may trigger a p53-

response and stimulate BMI and JAK2, all of which may contribute to FAK-dependent cell growth 
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and warrant further investigation. One intriguing observation was that FAKi treatment resulted in 

a significant downregulation of YAP-signature genes (114) (Fig 2.3A-D and S2.2A and S2.2B). 

The involvement of Hippo/YAP signaling in cancer progression as well as previous work 

demonstrating the key role of YAP signaling in uveal melanoma (88,89,115) led us to pursue this 

specific gene signature. To validate these findings, we performed qPCR for the classical YAP-

target genes CTGF and CYR61 in UM cells and found significant reduction in the presence of 

FAKi and knockdown of FAK or Gαq (Fig 2.3E and S2.2C and S2.2D). We also found that FAKi 

clearly diminished YAP nuclear accumulation through quantification of anti-YAP staining and 

western blot analysis of nuclear and cytoplasmic cellular fractions (Fig 2.3F and 2.3G and S2.2E). 

We further confirmed the functional impact of FAKi and FAK knock down on YAP by performing 

YAP/TAZ luciferase reporter assays, and using Gαq inhibition and knock down as a control (Fig 

2.3H-2.3K, see Fig S2.1D and S2.1E for knock down validation).  Interestingly, inhibition of Gαq 

or FAK or siRNA-mediated FAK knockdown repressed YAP phosphorylation on tyrosine 357 

(Y357) and increased phosphorylation on serine 127 (S127), which is one of the main repressive 

targets of Hippo signaling (87) (Fig 2.3I and 2.3K). We recapitulated these findings in 

heterologous systems, using HEK293 cells expressing Gαq-DREADD stimulated with CNO and 

HEK293 cells expressing GαqQL. In both cases, FAK inhibition or knockdown reduced YAP 

pY357 and increased pS127, and reduced mRNA levels of YAP targets and YAP activity 

measured by luciferase reporter assay (Fig S2.3A-E), similar to UM cells. Inhibition of SRC in UM 

cells had no impact on YAP activity, measured by YAP/TAZ luciferase reporter assay, and failed 

to promote changes in YAP phosphorylation status (Fig 2.3J and 2.3K). Together, these results 

suggest that Gαq and FAK regulate YAP activation in UM, and that this process is likely 

independent of SRC.  
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2.2.4 FAK regulates YAP activation through YAP tyrosine phosphorylation and inhibition 

of Hippo core kinases. 

 
We sought to further investigate the impact of FAK on YAP activity  and found that 

overexpression of FAK in HEK293 cells leads to a significant increase of YAP activity (Fig 2.4A). 

It is well-established that YAP activity and stability is tightly controlled by its phosphorylation on 

a number of residues (97,98). To define the phosphorylation state of YAP in the context of 

aberrant Gαq signaling, we expressed GαqQL and active FAK in HEK293 cells. Overexpression 

of GαqQL or FAK led to increased YAP protein level, diminished YAP pS127, and increased 

YAP pY357 (Fig 2.4B and 2.4C).  

Regarding the changes in YAP pS127 levels, we hypothesized that FAK may also repress 

inhibitory signals to YAP from the Hippo pathway through direct phosphorylation on the core 

kinases of the Hippo pathway. In the canonical Hippo pathway, MST1/2 kinases bound to their 

regulatory protein SAV1 to activate the LATS1/2 kinases (collectively referred to as LATS) as part 

of a complex with MOB1A/B. LATS in turn phosphorylates YAP (or in certain cells TAZ) at multiple 

serine residues, including S127, leading to YAP inactivation by cytoplasmic retention and 

subsequent degradation (87,97,98). By a systematic analysis of the tyrosine phosphorylation 

status of each Hippo core kinase cascade component after co-transfection with FAK, we found 

only MOB1A to be tyrosine phosphorylated, as judged by its detection with anti-phosphotyrosine 

antibodies in tagged MOB1A immune precipitates (Fig 2.4D). MOB1 plays a critical regulatory 

role in the Hippo signaling cascade by transferring the upstream signal from the kinase complex 

of MST1/SAV1 to LATS (116). Consistent with our findings, scanning through large 

phosphoprotein databases (PhosphoSitePlus® PTM Resource), we found that Y26 on MOB1A/B 

is conserved among mammals, and that this particular residue is phosphorylated in numerous 

high-throughput phosphoproteomic datasets (n=161) (Fig S2.4A). To interrogate the functional 

impact of this phosphorylation on MOB1, we transfected HEK293 cells with HA-MOB1 and 
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performed anti-HA and anti-pY immunoprecipitation (IP) assays.  We found that an anti-pY26 

MOB1 antibody recognized MOB1 only when co-transfected with FAK, which was abolished upon 

mutation of Y26 on MOB1 to Y26F (Fig 2.4E and 2.4F), thus serving as a specificity control. We 

further verified that FAK was able to directly phosphorylate MOB1 on its Y26 by in vitro kinase 

reaction using purified recombinant proteins (Fig S2.4B). When exploring the consequences of 

this post translational modification in the assembly of Hippo kinase complexes, we found that 

phosphorylation on Y26-MOB1 by FAK dissociates the MOB1/LATS complex (Fig 2.4E). 

Strikingly, mutation of Y26 of MOB1 to Y26F rescued FAK-induced dissociation from LATS1 (Fig 

2.4F) and abolished YAP activation by FAK (Fig S2.4C). Together, these data suggest that FAK 

regulates MOB1 Y26 phosphorylation, resulting in the dissociation of the functional MOB1/LATS 

complex, preventing Hippo-dependent inhibition of YAP and thereby promoting YAP activity.     

 

2.2.5 FAK inhibition results in increased MOB1/LATS association and signaling and 

reduced YAP protein stability in UM.    

 
To study the effect of FAK inhibition on the Hippo pathway in UM cells, we examined the 

phosphorylation status of key Hippo pathway components after treated with FAKi. We observed 

an increase of pS127-YAP, p909-LATS1, p1079-LATS1, a dose-dependent decrease in pY26 

MOB1, and in line with our previous data, enhanced MOB1/LATS interaction (Fig 2.5A and 2.5B, 

and S5A). In contrast, the MOB1-Y26F mutant demonstrated constitutively strong interaction with 

LATS independent of FAKi treatment (Fig S2.5B and S2.5C). Expression of MOB1-Y26F in UM 

cells phenocopied FAKi treatment as it diminished cell proliferation that could not be further 

reduced by FAKi (Fig S2.5D). Of interest, however, we did not observe an increase in p-MST1 in 

response to FAK inhibition (Fig 2.5A), nor a change in phosphorylation of MOB1 at T35, the main 

target of MST1 on MOB1 (116) with FAKi or knockdown of FAK (Fig S2.5B and S2.5C). This 

suggests that in UM, FAK regulates the link between LATS1 and YAP through MOB1, acting 

downstream from MST1 rather than controlling MST1 (Hippo) activity. In conjunction, we found 
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FAK was able to phosphorylate YAP at Y357 in vitro (Fig S2.5E), a post-translational modification 

that has been shown to regulate YAP stability and activity (117,118), and, aligned with this finding, 

that FAK inhibition also caused diminished phosphorylation of Y357-YAP in UM cells (Fig 2.5A). 

Indeed, we confirmed that long-term (up to 36 hours) FAK inhibition caused YAP protein 

downregulation (Fig 2.5C). Furthermore, LATS1/2 knockdown was sufficient to rescue from the 

growth inhibition by FAKi in UM cells (Fig 2.5D), supporting that YAP signaling plays a key role in 

growth promotion downstream from FAK in UM cells. Altogether, our data suggest that FAK drives 

UM cell growth through promotion of YAP activity by coordinating the previously described F-

actin-mediated release of YAP from AMOT, which enhances the pool of cytosolic YAP and 

enables its nuclear translocation (88), with the release of the inhibitory Hippo kinase cascade  

through the FAK-mediated phosphorylation of MOB1 and the concomitant tyrosine 

phosphorylation and stabilization of YAP (Fig 2.5E).  

 

2.2.6 FAK represents a therapeutic target in UM. 

 
 We next tested the potential of FAK inhibition for UM treatment. For these studies, we first used 

lentiviral-delivered Cas9-sgPTK2 to knockout (KO) PTK2 in UM cells (Fig 2.6A). Most UM cells 

did not survive after genome editing of PTK2 (not shown), only mass cultures of Mel270 targeted 

for PTK2 grew in culture after puromycin selection, displaying nearly abolished FAK protein levels 

(Fig 2.6A). Re-expression of FAK under control of a doxycycline-inducible promoter was sufficient 

to rescue cell viability in UM cells in which FAK expression was reduced (Fig S2.6). We observed 

that PTK2 KO cells developed only very small tumors (Fig 2.6B), suggesting that FAK activation 

is important for UM tumor growth in vivo. These observations further support the therapeutic 

potential of targeting FAK for UM. While there are multiple FAKi under clinical evaluation (105), 

VS-4718, chosen for our studies, was specifically designed for oral administration. We found that 

VS-4718 treatment reduces both UM tumor size and cell proliferation in two different UM tumor 

models (Fig 2.6C-2.6F). We observed clearly increased cytoplasmic retention of YAP in VS-4718 
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treated tumors, consistent with our previous findings that FAK controls YAP-activity in UM cells 

(Fig 2.6G and 2.6H). These results suggest that the pharmacological inhibition of FAK may 

represent a viable therapeutic approach for the treatment of patients with UM harboring increased 

YAP activity. 

 
2.3 Discussion  

 
The generation of massive quantities of genomic, epigenomic and proteomic data has 

greatly enhanced our understanding of oncogenesis and cancer as a cellular state. The 

development of bioinformatics pipelines to predict nodes of connectivity between transcriptional 

and signaling networks can expedite efforts to identify and exploit molecular vulnerabilities for the 

treatment of cancer. We thus hypothesized that focusing on a cancer type specifically driven by 

few activating (Gαq) mutations may serve as a good testbed for studying such an approach, 

harnessing a SL-based integrated bioinformatics analysis to uncover potential oncogenic 

signaling mechanisms controlled by Gαq and target them. In this study, we demonstrate that FAK 

acts as a critical oncogenic signaling node in UM—mediating Gαq-driven regulation of the 

Hippo/YAP pathway and enabling the promotion of an oncogenic state. We provide evidence that 

FAK destabilizes interactions between key core Hippo pathway members thereby activating YAP 

in an MST1 (Hippo)-independent manner. Furthermore, we show that the oncogenic activity of 

FAK in UM is targetable by clinically relevant therapeutic agents. 

The transformative potential of Gαq signaling was established in the early 1990s (20,76) 

however, the precise signaling events by which Gαq and its linked receptors transduce sustained 

proliferative signals is not yet well defined. This is due in part to the large number of second 

messenger generating systems and signaling events that can be perturbed upon Gαq activation. 

The activation of these second messenger systems and their direct targets, including ion channels 

and kinases such as PKC, CAMKs and MAPK, are responsible for most of the rapid physiological 

responses elicited by GPCRs (6-11,119). Recent studies have identified additional members of 
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this network for UM, highlighting the role of GEFs such as RasGRP3 in MAPK activation (120). 

Despite this link, therapeutic strategies targeting MAPKs have yet to be successful. Clinical trials 

demonstrated that MEK inhibition with selumetinib or trametinib, as single agents or in 

combination with Dacarbazine, has little impact on the overall survival of UM patients (121,122). 

This suggests that although MEK/MAPK networks activated by PLCβ may contribute to UM 

initiation, they may not be critical for the maintenance of tumorigenic potential in UM.  

Contrary to the transient nature of signal transmission through PLCβ, genome-wide RNAi 

screens revealed that the signaling events driven by Gαq that result in aberrant cell proliferation 

depends on highly specific protein-protein interactions, rather than solely on diffusible second-

messenger systems. Specifically, prior systems biology approaches have identified the RhoGEF 

TRIO as critical for activating Gαq-driven AP-1-regulated transcriptional networks independently 

of PLCβ to achieve sustained stimulation of proliferative pathways (86). Further work has shown 

that this pathway converges in the activation of YAP and that YAP activation is critical for 

oncogenic potential of UM (88,89,123).  The Hippo/YAP cascade is a key growth-regulating 

pathway in normal cellular physiology (97,98,124). Unsurprisingly, dysregulation of the Hippo 

pathway is seen frequently in cancer; however, its core components are rarely mutated (97,125). 

Rather, external pressures from upstream oncogenes typically drive YAP-dependent cell 

proliferation. Identifying the key molecular players that facilitate oncogenic signaling through 

Hippo/YAP pathway may also uncover potential network vulnerabilities. Interestingly, inhibition of 

PLCβ does not impact the activation of YAP after Gαq stimulation (88). Together, these findings 

suggest that the canonical Gαq-PLCβ-MAPK signaling axis may be critical for tumor initiation 

rather than tumor maintenance and that opportunities for intervention may lie within the distinct 

signaling circuitry transduced through TRIO.  

FAK is a non-receptor tyrosine kinase whose role as a downstream target of Gαq has 

been well established by biochemical studies (126); however, the contribution of FAK as a 

mediator of oncogenic Gαq signaling has not been previously explored. Our finding that FAK is 



 

 

34

rapidly activated by Gαq-linked GPCRs and the oncogenic mutant Gαq through TRIO and RhoA, 

rather than PLCβ prompted us to focus on the possibility that FAK may represent an integral 

component of the non-canonical pathway by which Gαq regulates aberrant cell growth. We found 

that inhibition of FAK was sufficient to reduce UM cell proliferation and, if prolonged, to trigger 

apoptotic cell death. This response was unanticipated as FAK inhibitors often have limited activity 

in most cancers as single agents but instead synergize with cytotoxic agents, as we have shown 

for ovarian cancer that overexpresses FAK as a typical example (105). We hypothesized that as 

compared to other cancer types with FAK overexpression, the compounding impact of PTK2 copy 

number gain and overexpression together with Gαq-driven FAK activity in UM creates a unique 

cellular state that may be highly dependent on the activity of FAK and therefore highly sensitive 

to FAK inhibition. This convergence of computational predictions, biochemical, and genetic 

information enabled the discovery of the therapeutic potential of inhibiting FAK for UM treatment.   

FAK has been recently linked to YAP activity in mechanotransduction and in the 

coordination of cell proliferation and differentiation in mouse incisors during development 

(127,128). However, the underlying cell-context specific and developmental mechanisms are still 

not fully understood. We provide evidence that in UM the role of FAK converges on promoting 

YAP activity through the tandem inhibition of Hippo pathway signals by phosphorylation of Y26 of 

MOB1 and Y357 of YAP. In the case of YAP phosphorylation, these observations extend prior 

studies indicating the role of JAK2 and SRC in Y357 phosphorylation (117,118). However, 

downstream from FAK, we observed both tyrosine-phosphorylated YAP and a decrease in pS127 

YAP, the latter a direct target of the Hippo signaling pathway. In this regard, there is increasing 

evidence suggesting that Hippo signaling is tightly regulated by the assembly and dissociation of 

key signaling complexes. Our interrogation of these complexes in response to FAK activation led 

to the finding that FAK phosphorylates MOB1 on Y26, resulting in the disassembly of the 

MOB1/LATS complex and disruption of the Hippo pathway downstream from MST1, effectively 

rewiring the molecular mechanisms controlling YAP activity. Mutation of Y26 of MOB1 is sufficient 
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to abolish the effect of FAK. Whereas further work may be required to establish the structural 

basis for this inhibition, as well as alternative FAK-driven pathways in mechanotransduction and 

development, our findings support that disruption of the MOB1/LATS signaling complex by FAK 

is a key regulatory step resulting in YAP activation by Gαq. Ultimately, this mechanism may 

coordinate the Gαq-induced increase in cytosolic free YAP, which is mediated by Rho-induced 

actin polymerization (88),  with Hippo kinase cascade inhibition through the FAK-mediated 

phosphorylation of MOB1, resulting in the YAP-dependent UM cell growth. 

The current lack of effective treatments for primary or metastatic UM leaves a large 

therapeutic gap for patients and clinicians underscoring an urgent need for the identification of 

additional pharmacological targets for therapeutic intervention. As YAP-targeting strategies have 

remained elusive thus far, the success of FAK inhibition in our in vivo models in the context of 

previously established success and safety of FAK inhibitors in human clinical trials highlight the 

translational potential of our findings and establish FAK as a therapeutic target for the treatment 

of UM. Towards this end, the application of systems-level and bioinformatics investigation will be 

a powerful strategy to identify precision treatment options for UM and a myriad of Gαq-driven 

diseases.  
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2.4 Figures 

Figure 2.1 Bioinformatics analysis reveals FAK as critical for UM progression.  

(A) Pipeline to discover druggable therapeutic targets in UM: molecular screen, survival screen, 
in vitro screen and druggable screen. (B) Summary of the final 7 gene hits. Molecular, clinical, 
phenotypic, and synthetic lethal (SL) scores were calculated as in (Lee et al., 2018). Cell viability 
was assessed in vitro in UM cells (OMM1.3) following siRNA-mediated inhibition of each gene 
(cell viability normalized to OMM1.3 treated with non-targeting siRNA, siRNA-GNAQ used as 
positive control, mean, n=3). (C) Oncoprint depicting the genomic landscape of TCGA UM cohort 
(83) downloaded from cBioPortal (96). Each bar represents one sample and their respective gene 
mutation or expression status. Percentage of gene alterations (in blue) and MutSig (in orange) or 
Gistic Q value (in purple) is listed on the right. (D) Kaplan-Meier plot depicting overall survival for 
UM patients stratified against PTK2 expression in their tumors. PTK2-High and PTK2-Low groups 
are defined as top and bottom 50% of PTK2 expression. p value=0.002. (E) UM cell lines (Mel270, 
92.1, OMM1.3, OMM1.5 and MEL202 with GNAQ active mutation) cell viability assay after 
treatment with 1 μM FAK inhibitor (VS-4718), SKCM cells (SK-MEL-28) served as control. Data 
are the percent viability normalized to vehicle treatment (mean ± SEM, n = 3). (F) Immunoblot of 
OMM1.3 cells showing pY397-FAK after treatment with VS-4718 (1 μM) (left) and cleaved PARP 
in response to 36 hr VS-4718 (1-10 μM) treatment (right).  (G) Representative images (left) and 
quantification (right) of colony formation assay of OMM1.3 cells with VS-4718 treatment in 
semisolid media (i, mean ± SEM, n = 3; ***, p<0.001, DMSO treatment as control). See also Figure 
S1. 
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Figure 2.2 Gαq regulates FAK activation through a non-canonical TRIO/RhoA-mediated 
signaling circuitry.  

(A) Immunoblot depicting phosphorylation of FAK after transfection with HA-GαqQL and control 
expression vectors in HEK293 cells. (B) Immunoblot showing FAK phosphorylation in Gαq-
DREADD expressing HEK293 cells stimulated with CNO (1 μM) over a time course analysis. (C) 
Immunoblot depicting FAK and ERK phosphorylation after 2 hr FR (1 μM) treatment in OMM1.3 
cells. (D) UM cell viability assay after 72 hr treatment with FR, SK-MEL-28 BRAF SKCM served 
as control, percent viability is normalized to vehicle treatment (mean ± SEM, n = 3). (E) 
Immunoblot showing phosphorylation of ERK and FAK after stimulation of Gαq-DREADD 
expressing HEK293 cells with CNO (1 μM) at 5 min in combination with 1 hr U73122 (1 μM) pre-
treatment. (F) Immunoblot showing phosphorylation of ERK and FAK during a time course of 
treatment with GF109203X (1 μM) in OMM1.3 cells. (G) Immunoblot showing FAK 
phosphorylation in Gαq-DREADD expressing HEK293 cells after 5 min of CNO stimulation (1 μM) 
in combination with siRNA mediated TRIO, RhoA or Rac1 knockdown (top), and immunoblot to 
show efficiency of siRNA mediated TRIO, RhoA or Rac1 knockdown (bottom). (H) Immunoblot 
showing FAK phosphorylation after siRNA mediated RhoA knockdown in OMM1.3 cells. (I) 
Immunoblot showing FAK phosphorylation in Gαq-DREADD expressing HEK293 cells after 5 min 
of CNO stimulation (1 μM) in combination with 1 hr Y-27632 (10 μM) pre-treatment (top), and in 
combination with 1 hr blebbistatin (20 μM) pre-treatment (bottom).  (J) Immunoblot showing FAK 
phosphorylation during a time course of treatment with Y-27632 (top) and blebbistatin (bottom) in 
OMM1.3 cells. (K) Cartoon depicting the non-canonical signaling pathway regulating FAK 
activation by Gαq.  G protein βγ subunits are depicted in addition to Gαq. DAG, diacylglycerol; 
MLC, myosin light chain. 
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Figure 2.3 FAK inhibition regulates the Hippo-YAP pathway in UM.  

(A) The top 10 down-regulated oncogenic signatures gene sets of OMM1.3 cells treated with VS-
4718 (1 μM, 2 hr, vehicle treatment as control). (B) Heatmap depicting the most down-regulated 
genes by VS-4718 treatment (as A), *=YAP signature genes. (C) mRNA expression level of YAP 
signature genes from RNA-seq data (mean ± SEM, n = 3).  (D) Enrichment plot for YAP 
Conserved Signature gene set (GSEA, http://software.broadinstitute.org/gsea/index.jsp). (E) 
mRNA expression of CTGF and CYR61 measured by qPCR in OMM1.3 cells after 2 hr VS-4718 
treatment (1 μM, vehicle treatment as control, mean ± SEM, n = 3). (F) Immunofluorescent 
staining of endogenous YAP (green) and Hoeschst staining for nuclear DNA (blue) in OMM1.3 
cells after 4 hr VS-4718 (1 μM) treatment, vehicle treatment as control. (G) Immunoblot showing 
YAP nuclear and cytoplasmic localization after 2 hr VS-4718 (1 μM) treatment in OMM1.3 cells, 
using lamin A/C and α-tubulin as nuclear and cytoplasmic markers, respectively. (H) YAP/TAZ 
Luciferase reporter assay after siRNA mediated FAK and Gq knockdown in OMM1.3 cells (mean 
± SEM, n = 3). (I) Immunoblot showing YAP phosphorylation after siRNA mediated FAK 
knockdown in OMM1.3 cells. (J) YAP/TAZ Luciferase reporter assay after 2 hr treatment with FR, 
VS-4718 or Dasatinib (all used at 1 μM) in OMM1.3 cells (mean ± SEM, n = 3). (K) Immunoblot 
showing YAP phosphorylation after 2 hr FR (1 μM), VS-4718 (1 μM) or Dasatinib (1 μM) treatment 
in OMM1.3 cells. (In all cases, **, p<0.01; ***, p<0.001). See also Figures S2.2 and S2.3. 
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Figure 2.4 FAK regulates YAP activation through MOB-Y26 phosphorylation, disrupting the 
core Hippo kinase signaling pathway.  

(A) YAP/TAZ Luciferase reporter assay after transient transfection of FAK and control expression 
vectors in HEK293 cells (mean ± SEM, n = 3; ***, p<0.001). (B) Immunoblot showing 
phosphorylation status of YAP after transfection of HA-GαqQL and control expression vectors in 
HEK293 cells. (C) Immunoblot showing phosphorylation status of YAP after transfection of FAK 
and control expression vectors in HEK293 cells. (D) Immunoblot against phospho-tyrosine after 
immunoprecipitation (IP) of tagged Hippo signaling core components (myc-MST1, flag-SAV1, 
flag-LATS1 or HA-MOB1) transfected with or without FAK in HEK293 cells. Total cell lysates 
(input) and IP by the indicated antibodies are shown. Western blot for FAK and each of the epitope 
tags are also shown. (E) Immunoblot showing phosphorylation of MOB1 and association with 
MST1 and LATS1 after HA or pY immunoprecipitation (IP) in HEK293 cells transfected with or 
without FAK and wildtype HA-MOB1. (F) Immunoblot showing phosphorylation of MOB1 and 
association with MST1 and LATS1 after HA or pY immunoprecipitation in HEK293 cells 
transfected with or without FAK and mutant HA- Y26F-MOB1. See also Figure S2.4. 
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Figure 2.5 Inhibition of FAK causes YAP inhibition in UM by unleashing Hippo pathway 
signaling, and inducing inhibitory YAP phosphorylation and degradation.  

(A) Immunoblot of total and phosphorylated core Hippo pathway members in OMM1.3 cells after 
1 μM VS-4718 treatment for 0, 1 and 2 hours. (B) Immunoblot showing the association of MOB1 
with LATS1 after HA or pY immunoprecipitation of OMM1.3 cells transfected with HA-MOB1 with 
or without 1 hr VS-4718 treatment. (C) Immunoblot showing levels of total YAP over a time course 
of 1 μM VS-4718 treatment in OMM1.3 cells. (D) Immunoblot showing levels of LATS1/2 after 
knockdown in OMM1.3 cells (top) and cell viability assay of OMM1.3 cells with LATS1/2 
knockdown in combination with VS-4718 treatment (bottom, mean ± SEM, n = 3; **, p<0.01, ***, 
p<0.001, ns; not significant). (E) Cartoon depicting the signaling pathway by which FAK mediates 
YAP activation downstream from constitutively active Gαq mutant in UM. See text for details. See 
also Figure S2.5. 
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Figure 2.6 FAKi in UM inhibits YAP-dependent UM tumor growth.  

(A) Immunoblot showing CRISPR/Cas9-mediated PTK2 knockout in Mel270 cells (wildtype as 
control). (B) Tumor volume of PTK2 knockout Mel270 cells in vivo (wildtype as control) at the end 
of the study (mean ± SEM, n = 4) (left) and hematoxylin and eosin (H&E)-stained sections of 
representative tumors from each group (right). (C) Tumor volume of Mel270 cells in vivo with or 
without VS-4718 treatment at the end of the study (mean ± SEM, n = 8) (left) and hematoxylin 
and eosin (H&E)-stained sections of representative tumors from each group (right). (D) Ki67 
immunohistochemistry staining in Mel270 tumors with or without VS-4718 treatment.  (E) Tumor 
volume of OMM1.3 cells in vivo with or without VS-4718 treatment at the end of the study (mean 
± SEM, n = 4) (left) and hematoxylin and eosin (H&E)-stained sections of representative tumors 
from each group (right). (F) Ki67 immunohistochemistry staining of OMM1.3 tumors with or 
without VS-4718 treatment. (G) Representative YAP immunohistochemistry staining of Mel270 
tumors with or without VS-4718 treatment. (H) Quantification of Figure 2.6G, showing fraction of 
cells with nuclear YAP localization (mean ± SEM, n = 3).  In all cases ***, p<0.001. See also 
Figure S2.6. 
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Figure S2.1 

(A) Pan-cancer analysis of FAK alteration frequency. Data on genomic alterations (copy number 
gain and amplification) were downloaded from each indicated TCGA cancer cohort from 
cBioPortal (Gao et al., 2013).  (B) Cell viability assay in UM cell lines (OMM1.3 and Mel270) after 
treatment with PF562771 (FAK inhibitor), percent viability is normalized to vehicle treatment 
(mean ± SEM, n = 3). (C) Mel270 and OMM1.3 cell viability in response to siRNA mediated FAK 
and Gαq knockdown (mean ± SEM, n = 3). (D) Immunoblot of siRNA mediated Gαq knockdown 
in OMM1.3 cells, and impact on FAK and ERK activation status. (E) Immunoblot showing total 
and phosphorylated FAK after siRNA mediated FAK knockdown in OMM1.3 cells. (F) Immunoblot 
showing levels of Gαq and FAK after siRNA mediated FAK and Gαq knockdown in Mel270 cells. 
(G) Immunoblot showing impact on FAK phosphorylation after a timecourse of 1µM VS-4718 
treatment in Mel270 cells. In all cases *** p<0.001. 
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Figure S2.2  

(A) The top 20 down-regulated oncogenic signatures gene sets from RNA-seq analysis of 
OMM1.3 cells treated with VS-4718 (1μM, 2 hr, vehicle treatment as control, with original gene 
set names). (B) Enrichment plot for IPA YAP1 upregulate gene set.  (GSEA, 
http://software.broadinstitute.org/gsea/index.jsp). (C) mRNA expression of CTGF and CYR61 
measured by qPCR in Mel270 cells after 2 hr, 1 μM VS-4718 treatment (vehicle treatment as 
control, mean ± SEM, n = 3). (D) mRNA expression of CTGF and CYR61 measured by qPCR 
after siRNA mediated knockdown of FAK and Gαq in Mel270 cells (mean ± SEM, n = 3). (E) 
Nuclear and cytoplasmic YAP quantification from Figure 3F, cytoplasm (C) and nucleus (N) (mean 
± SEM, n = 3). In all cases *** p<0.001.  
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Figure S2.3 

(A) Immunoblot showing phosphorylation of YAP after stimulation of Gαq-DREADD expressing 
HEK293 cells with 1μM CNO in combination with 1 μM VS-4718 treatment. (B) mRNA expression 
of CTGF and CYR61 measured by qPCR (mean ± SEM, n = 3), and YAP/TAZ Luciferase reporter 
assay measuring YAP activity (mean ± SEM, n = 3) with the same treatment in the same cells as 
A. (C) Immunoblot showing phosphorylation of YAP after transient transfection of GαqQL and 
control expression vectors in HEK293 cells in combination with 1μM VS-4718 treatment. (D) 
Immunoblot showing phosphorylation of YAP after transient transfection of GαqQL and control 
expression vectors in HEK293 cells in combination with siRNA mediated FAK knockdown. (E) 
mRNA expression of CTGF and CYR61 measured by qPCR with the same treatment in the same 
cells as D (mean ± SEM, n = 3). In all cases ** p<0.01; *** p<0.001. 
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Figure S2.4 

MOB1A and MOB1B phosphorylation sites from PhophoSitePlus (Cell Signaling Technology, 
https://www.phosphosite.org, top), and amino acid sequence of MOB1A and MOB1B from human, 
mouse and rat including tyrosine 26 (Y, red) site (bottom). (B) Y26 phosphorylation of GST-MOB1 
or GST-Y26F-MOB1 (GST used as control) after in vitro kinase reaction using active recombinant 
human FAK (catalytic domain, FAK-C). (C) YAP/TAZ Luciferase reporter assay after transient 
transfection of HA-MOB1 or HA-MOB-Y26F, with or without FAK transfection in HEK293 cells 
(mean ± SEM, n = 3; *** p<0.001; ns: not significant). 
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Figure S2.5 

(A) Immunoblot showing pY397-FAK and pY26-MOB1 with 2 hr treatment of VS-4718 at different 
doses in OMM1.3 cells (0-10 μM). (B) Immunoblot showing phosphorylation of HA-MOB1 and 
association with LATS1 after HA immunoprecipitation in OMM1.3 cells with siRNA mediated FAK 
knockdown. (C) Immunoblot showing phosphorylation of HA-MOB1 or HA-MOB1-Y26F and 
association with LATS1 after HA immunoprecipitation in OMM1.3 cells with or without VS-4718 
treatment (1 μM, 2 hr). (D) Immunoblot showing HA-MOB1 and HA-Y26F-MOB1 expression in 
OMM1.3 (left), HA-Y26F-MOB1 expressing OMM1.3 cells phenocopy the effect of VS-4718 
treatment in HA-MOB1 expressing OMM1.3 cells measured by cell viability assay (right, mean ± 
SEM, n = 3; *** p<0.001; ns: not significant). (E) Immunoblot showing YAP phosphorylation after 
in vitro kinase reaction with active recombinant human FAK (catalytic domain, FAK-C).  
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Figure S2.6 

Immunoblot showing siRNA mediated FAK knockdown and doxycycline-induced FAK re-
expression in OMM1.3 cells (left). Impact of siRNA mediated knockdown and doxycycline-induced 
FAK re-expression in OMM1.3 cells as measured by cell viability assay (right, mean ± SEM, n = 
3; ** p <0.01; ns: not significant).  
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2.5 Materials and Methods 

 
RESOURCES 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies   

YAP Cell Signaling Technology, MA 14074 

pS127-YAP Cell Signaling Technology, MA 4911 

pS909-LATS1 Cell Signaling Technology, MA 9157 

pT1079-LATS1 Cell Signaling Technology, MA 8654 

LATS1 Cell Signaling Technology, MA 3477 

p-MST1/MST2 Cell Signaling Technology, MA 3681 

MST1 Cell Signaling Technology, MA 3682 

GAPDH(14C10) Cell Signaling Technology, MA 2118 

α-Tubulin Cell Signaling Technology, MA 3873 

pY Cell Signaling Technology, MA 9411 

HA-tag-HRP Cell Signaling Technology, MA 2999 

HA-tag Cell Signaling Technology, MA 3724 

myc-tag Cell Signaling Technology, MA 2278 

pY397-FAK Cell Signaling Technology, MA 8556 

FAK Cell Signaling Technology, MA 3285 

cleaved PARP Cell Signaling Technology, MA 9541 

p-ERK1/2 Cell Signaling Technology, MA 4370 

ERK1/2 Cell Signaling Technology, MA 4696 

MOB1 Cell Signaling Technology, MA 13730 

pT35-MOB1 Cell Signaling Technology, MA 8699 

Gαq(E-17) Santa Cruz Biotech., CA sc-393 

FAK(C-20) Santa Cruz Biotech., CA sc-558 
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RhoA Cell Signaling Technology, MA 2117 

TRIO(H120) Santa Cruz Biotech., CA sc-28564 

Rac1 BD Biosciences, CA 610651 

pY357-YAP Abcam, MA ab62751 

LATS2 Bethyl Laboratories, TX A300-479A 

pY26-MOB1A Signalway Antibody, MA 12878 

flag-tag-HRP Sigma-Aldrich, MO A8592 

Ki67 DAKO, CA M724029-2 

Bacterial strains   

DH5alpha Competent E. coli BioPioneer, CA GACC-96 

Stbl3 Competent E. coli Thermo Fisher C737303 

siRNAs   

Non-targeting Dharmacon, CO D-001810-0X  

Gαq Sigma-Aldrich, MO SASI_Hs01_00231793  

FAK Thermo Fisher, MA s11485 

AKT1 Thermo Fisher, MA s659 

MGLL Thermo Fisher, MA s22380 

MTHFD1 Thermo Fisher, MA s9032 

CDK1 Thermo Fisher, MA s464 

SIRT1 Thermo Fisher, MA s223591 

PSMB5 Thermo Fisher, MA s11354 

TRIO Dharmacon, CO L-005047-00-0005 

RhoA Dharmacon, CO L-003860-00-0005 

Rac1 Dharmacon, CO L-003560-00-0005 

LATS1 Sigma-Aldrich, MO Hs01_00046128 

LATS2 Sigma-Aldrich, MO Hs01_00158803 

DNAs   

pCMV-myc-MST1 Addgene 8847 
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pCMV2-FLAG-SAV1 Addgene 18970 

pcDNA3-HA-MOB1 Addgene 32835 

pcDNA3-HA-Y26F-MOB1 Generated in-lab NA 

pLENTi-HA-MOB1 Generated in-lab NA 

pLENTi-HA-Y26F-MOB1 Generated in-lab NA 

pGEX-HA-MOB1 Generated in-lab NA 

pGEX-HA-Y26F-MOB1 Generated in-lab NA 

pLVX-TetOne-FLAG-FAK Generated in-lab NA 

p2xFLAG-CMV2-LATS1 Addgene 18971 

8xGTIIC-luciferase Addgene 34615 

REAGENT   

alamarBlue™ Reagent Grand Island, NY DAL1100 

FAK Kinase Enzyme System Promega V1971 

YAP1 Recombinant Protein Abnova H00010413-P01 

Glutathione Sepharose 4B GE Healthcare 17-0756-01 

N/C Extraction Reagents ThermoFisher 78833 

U73122 Sigma-Aldrich, MO U6756 

GF109203X Sigma-Aldrich, MO G2911 

Clozapine N-oxide (CNO) Sigma-Aldrich, MO C0832 

VS-4718 (PND-1186) MedChemExpress HY-13917 

Blebbistatin Sigma-Aldrich, MO B0560 

Y-27632 Sigma-Aldrich, MO SCM075 

Software and Database   

ISLE Lee et al 2018 https://www.github.com/jooslee/ISLE 

PhosphoSitePlus Cell signaling technology, MA  

Primers   
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Y26F-MOB1-F  

(For point mutation) 

Integrated DNA Technologies CATGTTTTAAGAGTTCAAACTGAT

GAGATCCTTCAGGGATATTCTTC 

Y26F-MOB1-R 

(For point mutation) 

Integrated DNA Technologies GAAGAATATCCCTGAAGGATCTC

ATCAGTTTGAACTCTTAAAACATG 

GAPDH-F Integrated DNA Technologies GAGTCAACGGATTTGGTCGT 

GAPDH-R Integrated DNA Technologies TTGATTTTGGAGGGATCTCG 

CTGF-F Integrated DNA Technologies GTTTGGCCCAGACCCAACTA 

CTGF-R Integrated DNA Technologies GGCTCTGCTTCTCTAGCCTG 

CYR61-F Integrated DNA Technologies CAGGACTGTGAAGATGCGGT 

CYR61-R Integrated DNA Technologies GCCTGTAGAAGGGAAACGCT 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Human tumors xenografts and VS-4718 in vivo treatment 

All animal studies were carried out according the University of California San Diego 

(UCSD) Institutional Animal Care and Use Committee (IACUC)-approved protocol (S15195). 

Female NOD.Cg-Prkdcscid Il2rgtm1wjl/SzJ mice (commonly known as NOD scid gamma, 

Jackson Laboratory, Maine), 6 to 8 weeks of age and weighing 18 to 20 g, were used in the study 

of UM cells, housed in appropriate sterile filter-capped cages, and provided food and water ad 

libitum. All procedures were essentially as previously described (86,88,107). Briefly, exponentially 

growing cultures were harvested, washed, resuspended in RPMI 1640, and 2 x 106 viable cells 

were transplanted subcutaneously into the flanks of mice. For tumor growth analysis, tumor 

volume was assessed as [(LW2/2); where L and W represent the length and the width of the 

tumor]. The animals were monitored twice weekly for tumor development. Results of animal 

experiments were expressed as mean ± SEM of a total of tumors analyzed. To administer VS-

4718 (Verastem Oncology; Needham, MA) to mice, 10 mg/ml VS-4718 was prepared in 0.5% 

carboxymethyl cellulose (CMC) (C5678, Sigma-Aldrich; St. Louis, MO) 0.1% Tween 80 (P1754, 
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Sigma Aldrich; St. Louis, MO) in sterile water, 100 mg/kg administered via oral gavage twice daily, 

control group was treated with vehicle. 

Cell lines, culture procedures and chemicals  

HEK293 and HEK293T cells were cultured in DMEM (Sigma-Aldrich Inc., MO) containing 

10% FBS (Sigma-Aldrich Inc., MO) and 1× antibiotic/antimycotic solution (Sigma-Aldrich Inc., 

MO). Culture conditions for UM cells (OMM1.3, OMM1.5, MEL202, Mel270 and 92.1) have been 

described elsewhere (Schmitt et al., 2007; Zuidervaart et al., 2005). SK-MEL-28 cells were 

purchased from ATCC and cultured following ATCC recommendations in EMEM containing 10% 

FBS. VS-4718 (PND-1186) was purchased from MedChemExpress (MCE) pre-prepared as a 

10mM solution in DMSO. FR900359 (FR) was prepared in  the lab of Dr. Evi Kostenis. Clozapine 

N-oxide (CNO), GF109203X, U73122, Blebbistatin, and Y-27632 were all purchased from Sigma-

Aldrich Inc. (MO) and used at concentrations indicated in figure legends.   

DNA constructs 

Plasmids pCEFL-HA, pCEFL-HA-GαqQL, pCEFL-HA-Gαq-DREADD, pCEFL-3x-Flag-Renilla-

luciferase were described previously (129,130). pCEFL-myr-FAK was described previously 

(131,132). Plasmids pCMV-myc-MST1 (Addgene #8847, originally from Joseph Avruch’s lab), 

pCMV2-FLAG-SAV1 (Addgene #18970, originally from Marius Sudol’ lab), pcDNA3-HA-MOB1 

(Addgene #32835, originally from Kunliang Guan’s lab), p2xFLAG-CMV2-LATS1 (Addgene 

#18971, originally from Marius Sudol’s lab) and 8xGTIIC-luciferase (Addgene #34615, originally 

from Stefano Piccolo’s Lab). 

METHOD DETAILS 

Bioinformatic analysis (Identifying clinically-relevant Gαq-specific vulnerabilities of UM): 

To identify the clinically-relevant vulnerabilities for UM, we performed an analysis that follows the 

main concepts of our previous work, ISLE (103) with modifications for Gαq-driven UM. We 

analyzed the cancer genome atlas (TCGA) (23) UM samples with skin cutaneous melanoma 

(SKCM) samples as control together with the large-scale functional (133-136) and drug response 
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(137-139) screens. We downloaded the gene expression, copy number alteration, and patient 

survival and other clinical characteristics of TCGA UM and SKCM cohort from cBioPortal (96) on 

Feb 1, 2017. We used 80 UM samples and 287 SKCM samples for our analysis. We obtained the 

data from cBioPortal as it integrates the mutation analysis from different TCGA centers to avoid 

center specific bias in mutation calls.  

We denoted a tumor sample as Gαq+ if any of the Gαq-family genes (GNAQ, GNA11 and 

CYSLTR2) are either mutated or amplified in the given sample (amplification, if the Gistic score 

is greater than 0.35), and as Gαq- if the sample lacks GNAQ, GNA11 and CYSLTR2 genes 

mutation and amplification. First, we selected important genes in UM, that are (i) highly over 

expressed in Gαq+ UM (n=77, excluding 3 Gαq- cases) with respect to control Gαq- SKCM TCGA 

samples (n=209) using Wilcoxon rank sum test (p<0.05). We filtered out (ii) those genes that are 

overexpressed in UM compared to all SKCM samples irrespective of Gαq status (Wilcoxon rank 

sum p>0.05), leading to 1,146 out of total 18,087 satisfying both conditions. We tested whether 

these genes show significant overlap with the genes overexpressed in Gαq+ skin melanoma 

TCGA samples (n=78, mutation=16, amplification=65, overlap=13) compared to Gαq- SKCM 

samples using hypergeometric test, truncating the hypergeometric p values to 10-16.  

Second, we further selected the genes whose inactivation leads to better patient survival in UM, 

thus potential target of a therapy. We used a stratified Cox proportional hazard model to evaluate 

the association, while controlling for available potential confounders in the dataset including 

patients’ sex and tumor stage (140). The inactivation of 293 genes (out of 1,146 genes that passed 

the previous screen) show significant association with improved patient survival. 

Third, we used gene essentiality (133-136) and drug response screens (137-139) in a wide panel 

of cancer cell lines to identify the genes whose knockdown/inhibition specifically reduces Gαq+ 

cell viability. We used the mutation and copy number data from the measurements on the cell 

lines in CCLE collection (138) to determine the status of Gαq-family genes in these cell lines. We 

performed Wilcoxon rank sum test between the essentiality or drug response values between the 
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cell lines that are Gαq+ vs. Gαq-. The essentiality or the drug inhibition identified 72 genes out of 

293 genes (that passed the 2nd filter) that satisfy this condition.  

Finally, we prioritized the druggable targets. We collected the druggable genome using the drug-

to-target mapping curated in DrugBank database (141) and the literature including (96,137-

139,142,143). Our collection encompasses 756 targetable genes, including 273 targets of FDA-

approved drugs, 10 targets of drugs under clinical trials, and 473 experimental drugs. We further 

removed the genes that belong to the same chromosomes to the Gαq-family genes to avoid the 

confounding effect of genomic linkage. This step led to the final set of 7 targets. 

 

Immunoblot assay 

Western blot assays were performed as described previously (88). Western blots were developed 

using Immobilon Western Chemiluminescent HRP substrate (Millipore, MA) according to the 

manufacturer's instructions.  

 

CRISPR-Cas9-knockout  

PTK2-sgRNA-CRISPR/Cas9-all-in-one-lentivector vector was purchased from Applied Biological 

Materials Inc. (Cat. K1752206). Lentivirus were prepared with HEK293T cells as the packaging 

cells as previously reported (Basile et al., 2004). To establish PTK2-knock out, cells were infected 

with the corresponding lentiviral supernatants for 16 hours, after which the media was changed 

to normal growth medium containing puromycin (Sigma-Aldrich Inc., MO) selection.  

 

siRNAs transfection 

All cells were transfected using Lipofectamine® RNAiMAX Reagent (Thermo Fisher Scientific) 

according to manufacturer’s instructions. 

 

MOB1-Y26F point mutation 
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MOB1-Y26F point mutant was generated using the Quickchange Site-Directed Mutagenesis kit 

following manufacturer’s instructions (Agilent Genomics, CA). pcDNA3-HA-MOB1 was used as 

the template and see the primers in the Key Resource Table.  

 

Immunofluorescence 

Cells cultured on coverslips were washed with PBS, fixed with 3.7% formaldehyde in phosphate-

buffered saline (PBS) for 30 min, and permeabilized using 0.05% Triton X-100 for 10 min. Fixed 

cells were blocked with 3% FBS-containing PBS for 30 min, and incubated with YAP (Cell 

signaling technology, MI) antibody (in 3% FBS-PBS otherwise stated) for 1 hr at room 

temperature. The reaction was visualized with Alexa-labeled secondary antibodies (Invitrogen, 

CA). Samples were mounted in PBS buffer containing Hoechst 33342 (Molecular Probes, OR) for 

nuclear staining. Images were acquired with an Axio Imager Z1 microscope equipped with 

ApoTome system controlled by ZEN 2012 software (Carl Zeiss, NY).  

 

Luciferase assays 

Cells were co-transfected with pCEFL-3x-Flag-Renilla-luciferase and 8xGTIIC-luciferase 

(Addgene 34615) in 6-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 

The following antibodies were used for immunohistochemistry anti-Ki67 (DAKO) and anti-YAP 

(CST). Unstained 5 μm paraffin sections were dewaxed in Safeclear II (Fisher Scientific, PA), 

hydrated through graded alcohols and distilled water, and washed three times with PBS. Antigens 

were retrieved using or 10 mM citrate buffer boiled in a microwave for 20 min (2 min at 100% 

power and 18 min at 10% power). The slides were allowed to cool down for 30 min at room 

temperature, rinsed twice with PBS, incubated in 3% hydrogen peroxide in PBS for 10 min to 
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quench the endogenous peroxidase. The sections were then sequentially washed in distilled 

water and PBS, incubated in blocking solution (2.5% bovine serum albumin in PBS) for 30 min at 

room temperature. Excess solution was discarded and the primary antibodies were applied diluted 

in blocking solution at 4 °C overnight. After washing with PBS, the slides were sequentially 

incubated with the biotinylated secondary antibody (1:400) (Vector Laboratories, CA) for 30 min 

and with the avidin-biotin complex, reconstituted according to the instruction of the manufacturer 

in PBS (Vector Stain Elite, ABC kit) (Vector Laboratories, CA), for 30 min at room temperature. 

The slides were developed in 3,3-diaminobenzidine (Sigma FASTDAB tablet) (Sigma Chemical, 

MO) diluted in distilled water under a microscope. 

 

Immunoprecipitation 

Cells were lysed with IP lysis buffer [10 mM Tris-Cl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.3% 

CHAPS, 50 mM NaF, 1.5 mM Na3VO4, protease inhibitor (Thermo Scientific, CO), 1 mM DTT, 1 

mM PMSF], and centrifuged at 16,000 g for 5 min at 4 °C. Supernatants were incubated with first 

antibody for 1 hr at 4 °C, and protein G or protein A conjugated resin for another 1 hr. Resins 

were then washed 3 times with lysis buffer and boiled in SDS-loading buffer. 

 

Cell growth assays 

Cell growth assays were performed as described previously (144). Cells were cultured in 96-well-

plate and treated with drugs for 72 hr. The manufacturer’s instructions of Alamar Blue Cell Viability  

Reagent were followed to complete the assay.  

 

3D cell culture 

3-dimensional cultures were performed as described previously (145). Briefly, 10,000 cells were 

embedded in 1% methylcellulose diluted in growth media and plated onto 6-well poly-hydroxyethyl 

methacrylic acid (poly-HEMA)-coated plates.  
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Generation of GST-MOB fusion proteins 

GST fusion proteins were prepared engineered, expressed in bacteria, and purified as previously 

described in (125) using standard procedures.  

 

In vitro FAK kinase assay 

Kinase reactions were performed as previously described in Bernard-Trifilo et al. Briefly, 1.5 μg 

of substrate (MOB1-GST, MOB1-Y26F-GST, GST-only control, or recombinant YAP) was 

resuspended in 40uL FAK Kinase buffer (20 mM HEPES pH 7.4, 10% glycerol, 10 mM MgCl2, 10 

mM MnCl2, and 150 mM NaCl). 5 μL magnesium/ATP cocktail (75 mM MgCl2, 20 mM MOPS pH 

7.2, 25 mM β-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol) 

with or without 50 μM ATP was added to appropriate tubes, and placed in 32° water bath for 15 

min. Samples were boiled in sample buffer and processed on SDS-PAGE.  

Nuclear and Cytoplasm Extraction  

Subcellular fractionated lysates were generated using NE-PER Nuclear and Cytoplasmic 

Extraction Reagents (Thermo Scientific, CO) following manufacturer instructions. 

 

Statistical analysis 

All data analysis was performed using GraphPad Prism version 7.03 for Windows (GraphPad 

Software, CA). The data were analyzed by ANOVA test or t-test (* p<0.05, **p<0.01, *** p< 0.001). 
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CHAPTER 3: Whole genome CRISPR screening identifies PI3K/AKT as a downstream 

component of the oncogenic GNAQ-FAK signaling circuitry 

 
3.1 Introduction 

G protein coupled receptors (GPCRs) and their associated G proteins are the largest 

family of cell surface proteins involved in signal transduction. As a result, they are central 

mediators of numerous cellular and physiological processes (1,2). Most GPCRs activate one or 

multiple Gα protein families: Gαi, Gα12, Gαs, and Gαq, each activating distinct signaling pathways 

(3). Remarkably, recent analyses have revealed that G proteins and GPCRs are mutated in nearly 

30% of all human cancers (4,5). In particular, hotspot mutations in GNAQ and GNA11, referred 

to as GNAQ oncogenes, encoding GTPase deficient and constitutively active Gαq proteins, have 

been identified in ~93% of uveal melanoma (UM) and 4% of skin cutaneous melanoma (SKCM), 

where they act as driver oncogenes (6-10). 

 

UM is the most common primary cancer of the eye in adults, and is the second most 

common melanoma subtype after SKCM (11). Approximately 50% of UM patients develop 

metastatic UM (mUM), most of which are refractory to current therapies, leading to patient death 

within a year (12). The MEK inhibitors (MEKi) selumetinib and trametinib have been extensively 

evaluated for mUM treatment; however, MEK inhibition with these agents has nearly no impact 

on the overall survival of mUM patients (13-15). Recent studies exploring the use of tebentafusp, 

a bispecific fusion antibody, have shown significant yet limited increases in patient overall survival, 

leading to FDA approval in unresectable or mUM patients (16,17). Despite this, there is still an 

urgent need for novel and effective therapeutic strategies for advanced and mUM. This prompted 

renewed interest in investigating the mechanisms by which prolonged Gαq signaling controls 

cancer cell growth, towards identifying novel pharmacological targets for therapeutic intervention 

in UM.  



 

 

77

 

The precise molecular mechanisms by which oncogenic Gαq transduce sustained 

proliferative signals is not yet fully defined. This is primarily due to the large number of second 

messenger generating systems and signaling events perturbed upon Gαq activation (18,19). 

Recent findings support that mutant Gαq activates PLCβ/PKC, leading to the activation of 

ERK/MAPK, while concomitantly stimulating an exchange factor TRIO, thereby activating a Rho 

GTPase signaling circuitry (8,20,21). The latter activates YAP, a transcriptional co-activator 

regulated by the Hippo pathway (9). Of interest, synthetic lethal gene interactions of Gαq revealed 

that Focal Adhesion Kinase (FAK), a non-receptor tyrosine kinase, is a central mediator of non-

canonical Gαq-driven signaling and a druggable signaling node downstream of the GNAQ 

oncogene (22).  

Collectively, these studies provided a direct link between Gαq-FAK driven tyrosine 

phosphorylation networks and YAP activation and raise the possibility of the existence of 

additional signaling circuitries that may be central to the ability of Gαq to drive cell growth. As 

targeting FAK in UM is now being advanced to the clinic, we hypothesize that elucidation of the 

Gαq-FAK-regulated signaling networks may help identify novel downstream targets of Gαq, some 

of which, may represent mechanisms that should be targeted to optimize therapeutic responses 

to FAKi. Towards this end, we aimed at investigating additional Gαq-FAK-regulated signaling 

circuitries that may be critical to promote growth in UM, and other Gαq-driven malignancies. 

3.2 Results 

 

3.2.1 PI3K/AKT pathway activation drives resistance to FAKi in GNAQ-mutant UM 

In order to profile the genetic interactome of Gαq-FAK signaling in UM, we performed a 

genome-wide CRISPR knock-out screen in GNAQ-mutant UM cells in the context of FAK 
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inhibition (Fig 3.1A). Using Cas9-expressing 92.1 uveal melanoma cells (92.1Cas9), infected with 

the Brunello Human Genome pooled sgRNA library, cells were passaged under 0.1µM VS-4718 

(FAK inhibitor, FAKi) treatment, or vehicle for a total of 19 cell doublings. In order to evaluate 

pathways that when modulated, resulted in resistance to inhibition of FAK, we examined sgRNAs 

enriched in FAKi treatment condition. Among the top hits were PTEN and TSC2, which are 

canonical negative regulators of the PI3K/AKT pathway (23) suggesting that enhanced PI3K/AKT 

signaling could drive resistance to FAKi (Fig 3.1B). Aligned with this, genes involved in the 

PI3K/AKT/MTOR signaling pathway were enriched targets of the sgRNAs yielding the most 

resistance (Fig 3.1C, Fig S3.1A). We also observed enrichment of cells with AMOTL2 sgRNAs in 

the FAKi conditions, which is a negative regulator of the Hippo/YAP pathway, and is aligned with 

the role of YAP as a downstream target of FAK in UM (22). Conversely, we observed depletion 

of sgRNAs for PRKCE, which we have demonstrated to be synthetic lethal with FAK (24). 

Interestingly, increased expression of PI3K/AKT/MTOR gene signature was associated with poor 

overall survival in TCGA UM patients (Logrank pvalue = 0.03) (Fig 3.1D). To validate the findings 

of our CRISPR screen, we performed siRNA mediated knockdown of the top two PI3K/AKT 

pathway hits from our screen, PTEN and TSC2, and evaluated the effect on cell viability in 

response to FAK inhibition (Fig 3.1E). We found that knockdown of PTEN and TSC2 both resulted 

in decreased sensitivity to FAKi in UM cells. We next evaluated the effect on PI3K and FAK 

signaling caused by PTEN and TSC2 loss (Fig 3.1F). In both cases, while siRNA mediated 

knockdown of PTEN and TSC2 resulted in increase in phosphorylation of downstream pathway 

members, AKT and S6, the latter often used to monitor mTOR activity (23), it did not lead to a 

change in phosphorylation of FAK. This suggests that increased PI3K/AKT signaling does not 

confer resistance to FAKi through FAK reactivation, and instead raises the possibility that 

PI3K/AKT may represent a critical signaling pathway activated by Gαq through FAK.  
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3.2.2 GNAQ is a regulator of PI3K/AKT signaling 

In this case, however, whether Gαq activates or inhibits PI3K/AKT is not clear, and the overall 

underlying mechanisms involved are poorly understood (25-28). Based on these findings, we 

asked whether the PI3K pathway acts downstream of Gαq-FAK, or if it represents a parallel 

signaling axis. Inhibiting Gαq with siRNA mediated knockdown and by pharmacological inhibition 

with FR900359 (FR), resulted in sustained inhibition of canonical (ERK), and non-canonical (FAK) 

Gαq-driven signaling, as previously reported (24), concomitant with a decreased phosphorylation 

of the PI3K signaling targets, AKT and S6 (Fig. 3.2A, B). This suggests that Gαq controls PI3K 

signaling in UM cells harboring active Gαq. As an orthogonal approach, we found that GαqQL, 

the active Gαq mutant found in UM, promoted the accumulation of the phosphorylated forms of 

ERK, FAK, AKT, and S6 in HEK293 cells, demonstrating the direct ability of Gαq to promote 

PI3K/AKT signaling (Fig 3.2C,D). We also challenged our observations using the expression of a 

synthetic Gαq-coupled receptor, termed Gαq-DREADD, which can only be activated by addition 

of a pharmacologically inert ligand, clozapine-N-oxide (CNO) (29,30). Expression of Gαq-

DREADD in HEK293 cells, and stimulation with CNO revealed a rapid and sustained increase 

pERK, and pFAK, in addition to an increase in pAKT and pS6 (Fig 3.2E). We validated the 

specificity of this approach by expressing Gαq-DREADD in Gαq/11 knockout (KO) cells and 

stimulating with CNO; however, we did not observe an increase in the phosphorylation state of 

any of the proteins tested (Fig 3.2F). Challenging both HEK293 and HEK293 Gαq/11 KO cell lines 

with EGF treatment revealed an increase in phosphorylation of all tested proteins in both cases, 

demonstrating the signaling competence in both models (Fig 3.2G). Collectively, these results 

indicated that Gαq promotes PI3K/AKT signaling when activated by GPCRs or as part of 

constitutive Gαq signaling, such as in UM.   
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3.3.3 FAK mediates PI3K/AKT pathway activation through p85 phosphorylation. 

Based on these findings linking Gαq to enhanced PI3K/AKT activity, we then asked 

whether Gαq controls PI3K/AKT signaling via FAK. To test this, we expressed GαqQL in HEK293 

cells alone, or in combination with pharmacological inhibition of FAK (Fig 3.3A). Indeed, inhibition 

of FAK in the context of Gαq activation was sufficient to block an increase in pAKT and pS6, while 

no change in pERK was observed. Likewise, activation of Gαq using Gαq-DREADD and 

stimulation with CNO, in combination with FAK inhibition abrogated an increase in pAKT and pS6 

(Fig 3.3B). Based on these findings, we tested the ability of FAK expression to drive PI3K/AKT 

signaling. Overexpression of FAK in HEK293 cells led to a potent increase in pAKT and pS6 (Fig 

3.3C). Conversely, blockade of FAK in UM cells with high basal Gαq-FAK activity, using siRNA 

mediated knockdown, or by a pharmacological inhibition led to a decrease in pAKT and pS6 levels 

(Fig 3.3D, E). These data suggest that in UM cells, persistent Gαq-driven signaling promotes PI3K 

pathway signaling via FAK.  

 

The p110 catalytic subunit of the PI3K heterodimer is comprised of 4 different isoforms, 

PI3Kα, PI3Kβ, PI3Kγ, and PI3Kδ. The Class IA PI3Ks (α, β, and δ) consist of heterodimers of a 

catalytic p110 subunit and regulatory p85 subunit (31). In response to stimuli, inhibition of p110 

by p85 can be relieved by direct tyrosine phosphorylation of p85, or by recruitment of p85 to 

tyrosine phosphorylated motifs on other proteins (31). This prompted us to ask if FAK could 

associate with and tyrosine phosphorylate p85 directly. By performing co-immunoprecipitation of 

FAK and p85 in UM cells, we observed strong binding of FAK to p85 under basal conditions that 

was diminished with FAKi treatment (Fig 3.3F). The reverse could also be observed, where under 

basal conditions, co-immunoprecipitation of p85 revealed strong association with FAK that was 

relieved upon FAKi treatment (Fig 3.3G). We also observed strong basal tyrosine phosphorylation 

of p85 that was diminished concomitant with a dissociation from FAK by FAKi treatment. We 

validated our findings by global immunoprecipitation of tyrosine-phosphorylated proteins using 
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pTyr antibodies in UM cells (Fig 3.3H). Aligned with our previous results, immunoprecipitation of 

total pTyr resulted in pulldown of p85 and FAK. Inhibition of FAK activity with FAKi similarly 

reduced the levels of tyrosine phosphorylated FAK and p85 available to be extracted by pTyr. 

Taken together these findings suggest that Gαq signaling promotes PI3K/AKT pathway activity 

through FAK-dependent tyrosine phosphorylation and association with PI3K-p85 (Fig 3.3I).  

 

3.3.4 UM cells are dependent on PI3K/AKT signaling for growth and survival 

While expression patterns of each PI3K catalytic subunit isoforms varies across tissues, 

the expression and isoform usage of PI3K is not currently known in UM. We first screened 

expression of each PI3K-p110 isoform in a number of UM cell lines on the Depmap Portal, and 

found that with the exception of PI3Kγ, all p110 isoforms were expressed (Fig 3.4A). We next 

performed siRNA-mediated knockdown of the major UM-associated p110 isoforms alone, and in 

combination, and assessed levels PI3K pathway activity by measuring pAKT and pS6 (Fig 3.4B). 

We found that in UM cells, PI3Kα and PI3Kβ were major drivers of PI3K signaling, with the 

strongest reduction in the context of triple p110 isoform knockdown. To complement our genetic 

knockdown approach, we tested the ability of p110 isoform-specific, as well as a pan-PI3K 

pharmacological inhibitor to inhibit AKT/S6. Aligned with our knockdown data, only BKM120, the 

pan-PI3K inhibitor that we tested was able to reduce both pAKT and pS6 in a potent and sustained 

manner, in comparison to inhibitors targeting individual p110 isoforms (Fig 3.4C) (31). Finally, 

testing cell viability of UM cells in response to our panel of PI3K inhibitors revealed the strongest 

inhibition in viability with the pan-PI3K inhibitor, indicating that UM cells are reliant on PI3K 

signaling for growth and survival (Fig 3.4D, Fig S3.2A). Ultimately, these results expand the 

repertoire of Gαq-FAK regulated signaling circuitries and establish a direct connection between 

Gαq and PI3K/AKT via FAK (Fig 3.4E).  
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3.3 Discussion 

The GNAQ oncogene is the major oncogenic driver for UM, a cancer type characterized 

by limited additional genetic aberrancies. As a result, UM serves as a unique model to interrogate 

and profile the diversity of signaling mechanisms initiated by Gαq and Gαq-coupled GPCRs to 

promote cell proliferation. Coupled with this, a deeper understanding of Gαq-initiated mitogenic 

networks provide an opportunity for the identification of novel signal transduction based targeted 

therapies against UM. Our dissection of the signaling networks regulated by Gαq led to the finding 

that activation of Gαq is sufficient to promote PI3K pathway. Further interrogation into the 

underlying mechanisms revealed that Gαq controls PI3K activation through FAK mediated 

association and phosphorylation of the p85 regulatory subunit of PI3K. Finally, we demonstrate 

that UM cells are sensitive to genetic and pharmacological inhibition of PI3K signaling. Taken 

together these findings revealed a novel signaling axis by which Gαq controls cell growth and 

survival by regulating the PI3K/AKT/mTOR pathway through FAK. 

 

In this regard, Gαq has been previously linked to AKT/mTOR signaling; however prior 

studies have reported varying and even paradoxical roles, suggesting that the role of Gαq in 

mediating PI3K/AKT signaling could be dependent on distinct cellular contexts. In exogenous 

overexpression systems, Gαq has been suggested to bind to and inhibit PI3K p110α, and in other 

settings, binding to mTOR directly and promoting the activity of mTORC1; however, the precise 

structural basis of these proposed mechanisms have yet to be uncovered (25-28). Similarly, 

activity of mTOR inhibitors have been explored in in vitro and preclinical models of UM, but the 

molecular basis for these findings, as well as whether GNAQ activates the mTOR pathway have 

not been fully investigated (32).  
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In general, GPCRs have been shown to signal to PI3K through the Gβγ dimers of the 

heterotrimeric G protein, by direct binding and activation of the p110γ/p101 heterodimer that is 

typically restricted to myeloid cell populations, or PI3Kβ in cells lacking p110γ (33-37). Our 

interrogation into the underlying mechanisms of Gαq oncogenic signaling network prompted us 

to focus our studies on endogenous contexts, enabling us to reveal key signaling components 

that we validated in a more generalizable, HEK293-based system. In particular, focusing on UM, 

a cell context with persistent aberrant Gαq signaling and high FAK activity, our data support that 

oncogenic Gαq promotes the activation of PI3K/AKT signaling by a tyrosine phosphorylation-

dependent mechanism, thereby converging with the best understood growth factor receptor 

tyrosine kinase (RTK) signaling network. In this regard, our findings suggest that inhibition of all 

p85-associated PI3Ks may be necessary to achieve full blockade of PI3K signaling rather than 

individual PI3K catalytic isoforms. Indeed, this may explain why PI3Kα-specific inhibition has not 

been able to demonstrate significant clinical activity in UM (38). Extending this further, our findings 

suggest that pharmacological targeting of the pan-PI3K pathway may represent an attractive 

therapeutic strategy in UM, alone or as an approach to abrogate resistance to FAK inhibition, or 

as a part of multimodal targeting strategies downstream of Gαq. 

 

Taken together, our current findings in the context of a prior body of literature, underscore 

the complex and cell context dependent molecular events underlying Gαq-driven oncogenic 

signaling. The duality between canonical PLCβ/PKC/ERK driven signaling and the non-canonical 

RhoA dependent activation of YAP and FAK poises Gαq to the direct regulation of both transient 

second messenger systems, as well as growth promoting transcriptional programs and tyrosine 

kinase regulated phosphorylation networks (9,22,39). Within this framework, the activation of 

PI3K/AKT through Gαq may represent a novel pro-survival mechanism by which oncogenic Gαq 

drives cell growth and proliferation when aberrantly activated. 
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3.4 Figures 

Figure 3.1 PI3K/AKT pathway activation drives resistance to FAKi in GNAQ-mutant UM.  

A, Schematic of whole-genome CRISPR screen experimental design. Created with 
Biorender.com. B, Cell viability represented by beta score where a positive beta score indicates 
positive selection (resistance) (beta > 0.5, indicated by dotted line), and a negative beta score 
indicates negative selection (sensitivity) (beta < -0.5, indicated by dotted line) under FAK inhibitor 
treatment. C, Overrepresentation analysis of top sgRNAs (FDR < 0.015) with positive beta score 
using KEGG and Biocarta gene sets. Color intensity of bars fade by decreasing -Log10p-value. D, 
Overall survival analysis of UM TCGA patient cohort with high (top 25%) or low (bottom 25%) 
expression of PI3K/AKT/mTOR Hallmark gene signature. Dotted lines indicate 95% confidence 
interval. E, Cell viability of 92.1 UM cells after siRNA knockdown of PTEN or TSC2 compared to 
Control siRNA in response to VS-4718 (FAKi) treatment for 72hrs, percent viability is normalized 
to vehicle treatment (mean ± SEM, n = 3). F, Phosphorylation of FAK, AKT and S6 after siRNA 
mediated knockdown of CRISPR top hits (PTEN and TSC2) in 92.1 UM cells.  
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Figure 3.2 GNAQ is a regulator of PI3K/AKT signaling.  

Phosphorylation of canonical (ERK) and non-canonical (FAK) Gαq-regulated pathways, and 
PI3K/AKT pathway (AKT and S6) in response to A, siRNA mediated knockdown of GNAQ in 92.1 

UM cells. B, 500nM FR900359 (Gαq inhibitor) treatment over a timecourse. C, Expression of 
GαqQL in HEK293 cells. D, Schematic of Gαq regulated signaling. Created with Biorender.com. 

E, Stimulation of Gαq signaling using 1µM CNO over a timecourse, after expression of Gαq-
DREADD in HEK293 cells or F, in Gαq/11 KO HEK293 cells. G, Phosphorylation of canonical 
(ERK) and non-canonical (FAK) Gαq-regulated pathways, and PI3K/AKT pathway (AKT and S6) 
in response to 20nM EGF treatment for 1hr in HEK293 and HEK293 Gαq/11 KO cells.  
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Figure 3.3 FAK mediates PI3K/AKT pathway activation through p85 phosphorylation.  

 
Phosphorylation of canonical (ERK) and non-canonical (FAK) Gαq-regulated pathways, and 
PI3K/AKT pathway (AKT and S6) in response to A, Expression of GαqQL alone, or in combination 

with 1µM VS-4718 treatment for 15hrs in HEK293 cells. B, Stimulation of Gαq signaling using 

1µM M CNO for 1hr after expression of Gαq-DREADD, in combination with 2µM VS-4718. C, 
Expression of FAK-GFP in HEK293 cells. D, siRNA mediated knockdown of FAK in OMM1.3 UM 

cells. E, Timecourse of 1µM VS-4817 treatment in OMM1.3 UM cells. F, Association of p85 with 

FAK after FAK immunoprecipitation with or without 1µM VS-4718 treatment for 15hrs in OMM1.3 
UM cells. G, Association of p85 with FAK and tyrosine phosphorylation after p85 

immunoprecipitation and treatment with or without 1µM VS-4718 treatment for 15hrs in OMM1.3 

UM cells. H, Association of p85 and FAK after pY immunoprecipitation with or without 1µM VS-
4817 treatment for 15hrs in OMM1.3 UM cells. I, Schematic of signaling mechanisms regulated 
by Gαq and FAK mediated control of PI3K. Created with Biorender.com.  
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Figure 3.4 UM cells are dependent on PI3K/AKT signaling for growth and survival.  

A, mRNA expression of PI3K-p110 isoforms from UM cell lines in Depmap Portal, Expression 
Public 2Q22 (mean ± SEM, n = 9 cell lines). B, Phosphorylation of AKT and S6 after single and 
combination siRNA mediated PI3K-p110 knockdown in OMM1.3 UM cells. C, Phosphorylation of 

AKT and S6 after treatment with 1µM BYL719, TGX221, CAL101 and BKM120 for the indicated 
timepoints. D, Cell viability of 92.1 UM cells after 72hrs treatment with BYL719, TGX221, CAL101 
and BKM120, percent viability is normalized to vehicle treatment (mean ± SEM, n = 3). E, 
Schematic of signaling mechanisms controlled by Gαq. Created with Biorender.com. 
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Figure S3.1 

A, Overrepresentation analysis of top sgRNAs (FDR < 0.015) with positive beta score using 
KEGG and Biocarta gene sets, including p-value and FDR. 
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Figure S3.2 

 
A, Cell viability of OMM1.3 UM cells after 72hrs treatment with BYL719, TGX221, CAL101 and 
BKM120, percent viability is normalized to vehicle treatment (mean ± SEM, n = 3). 
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3.5 Materials and Methods 

 

Cell Lines, Culture Procedures and Chemicals: HEK293 cells were cultured in DMEM (D6429, 

Sigma-Aldrich Inc.) containing 10% FBS (F2442, Sigma-Aldrich Inc.), 1X antibiotic/antimycotic 

solution (A5955, Sigma-Aldrich Inc.), and 1X Plasmocin prophylactic (ant-mpp, InvivoGen). 

HEK293 Gαq/11 KO cells were cultured using the same conditions described previously and were 

a kind gift from Dr. Asuka Inoue (40). Uveal melanoma cells (92.1, OMM1.3) were cultured in 

RPMI-1640 (R8758, Sigma Aldrich Inc.) containing 10% FBS (F2442, Sigma-Aldrich Inc.), 1X 

antibiotic/antimycotic solution (A5955, Sigma-Aldrich Inc.), and 1X Plasmocin prophylactic (ant-

mpp, InvivoGen). All cell lines were routinely tested free of mycoplasma contamination. VS-4718 

(S7653), BYL719 (S2814), TGX221 (S1169), CAL101 (S2226) and BKM120 (S2247) were 

purchased from SelleckChem. FR900359 (FR) was prepared in the lab of Dr. Evi Kostenis. 

Clozapine N-oxide (CNO) (4936), was purchased from Tocris Inc. EGF (E9644) was purchased 

from Sigma-Aldrich Inc. All compounds were used at concentrations indicated in figure legends.  

 

Plasmids and Transfections: Plasmids pCEFL-HA, pCEFL-HA-GαqQL, and pCEFL-HA-Gαq-

DREADD, were described previously (8). pEGFP-C1-FAK plasmid was a kind gift from Dr. David 

Schlaepfer (41). For overexpression experiments, HEK293 cells were transfected with Turbofect 

(R0531, Thermofisher Scientific, CA) according to manufacturer instructions. All knockdown 

experiments were performed using siRNAs purchased from Horizon Discovery Biosciences (Non-

targeting Control: D-001810-10-05, PTEN: L-003023-00-0005, TSC2: L-003029-00-0005, GNAQ: 

L-008562-00-0005, FAK: L-003164-00-0005, PIK3CA: L-003018-00-0005, PIK3CB: L-003019-

00-0005, PIK3CD: L-006775-00-0005), and Lipofectamine RNAiMAX Reagent (13778150, 

Thermofisher Scientific, CA) according to manufacturer’s instructions.  

 



 

 

95

CRISPR Screen and analysis: Genome wide CRISPR-KO screen was performed using the 

methods described in (24). Briefly, LentiCas9-Blast plasmid was a gift from Feng Zhang (Addgene 

plasmid #52962) and was used to generate Cas9-expressing 92.1 UM cell line (92.1Cas9). The 

human Brunello whole genome CRISPR pooled library was a gift from David Root and John 

Doench (Addgene #73178). The library contains 76,441 sgRNAs targeting 19,114 genes (4 

sgRNA per gene) and 1000 non-targeting sgRNAs as the negative control.  

 

The screen was performed by seeding 92.1Cas9 cells into 2 245 mm x 245 mm tissue culture dishes 

plates (12 x 106 cells/plate) divided into two treatment arms: 3 replicate plates for either 

vehicle/DMSO or VS-4718 treatments. A total of 24 x 106 cells were passaged into new plates 

containing DMSO or 0.1µM VS-4718 until the population doubling level reached 19. A total of 24 

x 106 cells were aliquoted from each plate at the end of the screen and stored at 80°C for genomic 

DNA extraction, and subsequent sgRNA quantification. The entirety of isolated genomic DNA was 

used for subsequent PCR, to ensure capturing the full representation of the libraries. PCR 

products were sequenced on a HiSeq4000 instrument (Illumina) (350M Reads). 

NGS read counts were processed, aligned, using PinAPL-Py (v2.9.2) (42). Read counts were 

analyzed using Mageck-MLE (0.5.9.5) (43,44) to identify enrichment or depletion of sgRNAs in 

treatment vs control samples. Overrepresentation analysis of top resistance driving hits against 

KEGG (45) and Biocarta (46) pathways was performed by computing statistical overlap 

(hypergeometric test) of all sgRNA with positive beta score and FDR < 0.015 using MSigDB 

(v7.5.1) (47,48). P-value is derived from hypergeometric distribution, FDR q-value was corrected 

for multiple hypothesis testing according to Benjamini-Hochberg method.   

 

Cell viability assay: Cells were seeded at a density of 8000 cells/well in 96-well white plates. 

Eight dilutions of each inhibitor were assayed in technical triplicates for 72 hours. Cell viability 

was measured with the AquaBluer Cell Viability Reagent on a Spark microplate reader (Tecan). 
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Using the GraphPad Prism v8.2.0 software, the half-maximal inhibitor concentration values (GI50) 

were determined from the curve using the nonlinear log (inhibitor) versus response–variable slope 

(three parameters) equation. GI50 values were only determined for compounds that inhibited 

growth by more than 50%. 

 

Immunoblotting and Immunoprecipitations: Cells were serum starved overnight, and then 

treated according to the conditions in the figure legend. For cell lysis, cells were washed 2X in 

cold PBS and lysed in 1XCell Lysis buffer (Cell Signaling Technologies, 9803) supplemented with 

HaltTM Protease and Phosphatase Inhibitor Cocktail (#78440, ThermoFisher Scientific) and 1mM 

Sodium Orthovanadate (P0758S, New England Biolabs). Lysates were centrifuged at max speed 

at 4°C, concentrations were measured using DC Protein Assay (BioRad Laboratories, 5000111) 

and lysates were prepared with addition of 4x Laemmli Sample Buffer (#1610747, BioRad 

Laboratories), and boiled for 5min at 98°C.  

 

For immunoprecipitations, cells were lysed with IP lysis buffer [10 mM Tris-Cl (pH 8.0), 150 mM 

NaCl, 1 mM EDTA, 0.3% CHAPS, 50 mM NaF, 1.5 mM Na3VO4, protease/phosphatase inhibitor 

(Thermo Scientific, CO), 1 mM DTT, 1 mM PMSF], and centrifuged at 16,000 g for 5 min at 4°C. 

Supernatants were incubated with primary antibody overnight at 4°C, and protein A conjugated 

Sepharose beads for 1 hr at 4°C. Beads were washed 3 times with lysis buffer and prepared with 

addition of 4x Laemmli Sample Buffer (#1610747, BioRad Laboratories), and boiled for 5min at 

98°C. 

 

For immunoblotting, cell lysates were subjected to SDS/PAGE on 10% acrylamide gels and 

electroblotted to PVDF membranes. Blocking and primary and secondary antibody incubations of 

immunoblots were performed in Tris-buffered saline + 0.1% Tween 20 supplemented with 5% 
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(w/v) BSA or 5% w/v skim milk. Primary antibodies were all purchased from Cell Signaling 

Technologies and used at 1:1000. FAK (71433), pY397-FAK (8556), PTEN (9188), TSC2 (4308), 

AKT (4691), pS473-AKT (4060), S6 (2317), pS235/236 S6 (4858), ERK1/2 (9102), pT202/Y204-

ERK1/2 (4370), GAPDH (5174), Beta-actin (4970), Vinculin (13901), p-Tyrosine (8954), p85 

(4257), p110α (4249), p110β (3011), p110δ (34050). HRP-conjugated goat anti-rabbit and anti-

mouse IgGs (Southern Biotech, AL) were used at a dilution of 1:30,000, and immunoreactive 

bands were detected using Immobilon Western Chemiluminescent HRP substrate (Millipore, MA) 

according to the manufacturer’s instructions.  
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CHAPTER 4: High throughput chemogenetic drug screening reveals kinase-driven 

therapeutic vulnerabilities in GNAQ-mutant uveal melanoma 

 
4.1 Introduction 

 

In the current era of precision medicine, targeted therapies have transformed the standard 

of care and clinical outcomes for numerous cancer types. Examples of success include imatinib 

for BCR-ABL-driven chronic myeloid leukemia (CML)(1), and trastuzumab against HER2+ breast 

cancer(2), in both cases this approach takes advantage of cancer-specific oncogene addiction 

that can serve as actionable therapeutic targets. This paradigm has proven to be particularly true 

for cancer types with well-defined cancer-driving genetic alterations, in which the integration of 

genomic data to functional signaling events can be readily translated into targetable molecular 

vulnerabilities.  

 

However, in spite of their clearly identifiable oncogenic drivers, we still lack effective 

targeted therapies for many human malignancies. This includes uveal melanoma (UM), the most 

common intraocular malignancy in adults, and the second most frequent melanoma site after skin 

cutaneous melanoma (SKCM)(3). UM is unique among adult cancers with one of the lowest 

mutation burdens across all cancers in The Cancer Genome Atlas (TCGA)(3). Whereas most 

SKCM typically possess characteristic BRAF or NRAS mutations, UM is driven by aberrant 

activation of the Gαq pathway, with >95% of patients harboring gain-of-function mutation of 

GNAQ/GNA11, encoding the Gαq subunit family of heterotrimeric G proteins, and rendering them 

as driver oncogenes(3-5). Patients lacking GNAQ/11 mutations typically possess mutation and 

subsequent aberrant activation of CYSLTR2, a Gαq-coupled GPCR(3,6). Roughly 50% of UM 

patients progress to metastatic UM (mUM), which is associated with loss of function in BAP1 and 

is highly refractory to current therapies with a median survival of approximately 1 year(7-10).  
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Gαq and Gαq-coupled GPCRs have been long implicated as drivers of neoplastic growth, 

involved in numerous human malignancies, including UM(4,11-14). Canonically, Gαq signals 

through PLCβ, initiating the generation of second messenger systems that lead to the activation 

of PKCs, and the MEK/ERK MAPK cascade via RasGEFs such as RASGRP3(15-20). However 

despite the clean genetic landscape, there are limited targeted therapies available for UM. Clinical 

efforts aimed towards inhibition of MAPK signaling using agents including trametinib and 

selumetinib have not demonstrated a significant clinical benefit or improvement in overall patient 

survival(21-23). Tebentafusp, a bispecific fusion antibody, has been recently approved in 

unresectable or mUM patients; however, only 50% of the patient population is eligible based on 

HLA haplotype restriction and responses remain limited with a 9% objective response rate(24-26) 

. Moreover, while we and others have shown that targeted inhibition of Gαq/11 using agents such 

as FR900359, a cyclic desipeptide, effectively block Gαq function and decrease UM growth, the 

centrality of Gαq to essential physiological processes including neurotransmission, cardiac 

function, and vasculogenesis, pose a significant challenge towards the development of safe 

agents targeting  Gαq for the treatment of UM and other Gαq-driven malignancies in the 

clinic(27,28). Taken together, there is a critical and urgent need for novel therapeutic strategies 

against mUM and advanced primary UM cases.  

 

In this regard, functional genetics approaches have served as highly valuable tools for the 

identification of molecular targets for multiple cancer types. However, our ability to translate 

cancer cell dependencies to the clinic is often not limited to the discovery of novel gene 

candidates, but rather restricted by the toolbox of approved, or soon-to-be approved 

pharmacological agents at our disposal. The limited genetic aberrancies in UM and its defined 

oncogenic signaling drivers, coupled with the lack of FDA-approved targeted therapies provided 
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a unique opportunity to use a network chemical biology-based approach to identify 

pharmacologically tractable UM-specific vulnerabilities that can be readily translated to the clinic.  

 

4.2 Results 

4.2.1 A chemogenetic screen defines the druggable landscape of UM  

To comprehensively characterize the cell-intrinsic vulnerabilities of GNAQ-mutant UM, we 

performed a high throughput chemogenetic screen using a library of highly annotated, oncology-

focused agents that have been prioritized for their clinical relevance while maintaining high 

mechanistic and biological target diversity (Fig 4.1A). Screening 4 genetically distinct GNAQ-

mutant UM and 3 BRAF-mutant SKCM cell lines against ~2500 agents, we performed full 11-

point dose response curves for each agent, generating nearly 20,000 dose-response signatures 

that could be used to generate area-under-the-curve (AUC) scores. Using Z-transformed AUC 

scores, we ranked compound activities and classify hits. Unsupervised hierarchical clustering of 

drug-activity profiles resulted in separation of UM and SKCM cell clusters demonstrating strong 

genotype-driven compound sensitivities (Fig 4.1B). We took advantage of differences in AUCs in 

order to extract drugs with preferential activity against UM identifying 70 uveal-specific hits, and 

84 cutaneous-specific hits (Fig 4.1C). Using an approach we developed termed Drug Set 

Enrichment Analysis (DSEA), we further interrogated the dataset in order to classify the most 

highly enriched drug targets. Our approach revealed a number of target classes that have not yet 

been explored in the context of UM, including XPO1, CHEK1, and MCL1, and a high 

representation of epigenetic modifiers including agents targeting HDAC1,6 and BRD2,4 (Fig 4.1D, 

Fig S4.1A,B). PKC targeting drugs also emerged amongst the top hits (Fig 4.1D, E, Fig S4.1A). 

As PKC inhibitors (PKCi). Given the relevance of PKC to canonical Gαq signaling, we chose to 

further investigate the subset of agents targeting PKC from our screen14. Among them, LXS-196, 

a PKCi under current clinical investigation for the treatment of UM, exhibited the most highly 

differential Z-AUC score, and lowest IC50 across all PKCi tested (Fig 4.1E, 4.1F)15. Aligned with 
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the basis of our screen, dose response curves of LXS-196 demonstrated strong UM-specific 

activity in comparison to SKCM cell viability (Fig 4.1G). As an independent target validation, PKCε 

(PRKCε) is among the top cell essential genes in UM, with a significantly stronger cell-

dependency score in UM compared to SKCM, and all other cell lines in the Cancer Cell Line 

Encyclopedia (CCLE) as determined by whole genome wide CRISPR screening efforts (Fig 

4.1H,I). Taken together, this convergence of genetic and pharmacological data establishing PKC 

as a critical survival node in UM. However, PKC inhibition has been tested in mUM in the clinic, 

with limited responses16. In this regard, we noticed that LXS-196 was more effective than classical 

PKC inhibitors, which raised the possibility that this agent may be more potent regarding target 

inhibition, or harbor other yet to be identified properties increasing its response in UM cells. 

 

4.2.2 LXS-196 is a multitargeted kinase inhibitor blocking PKC and PKN. 

We next investigated whether LXS-196 exerts unique activities that may help explain its 

increased activity in UM as compared to all other PKCi in our screen. We first examined the 

signaling inhibition profile of LXS-196 against the two major described signaling axes downstream 

of Gαq, using pERK as a surrogate of inhibition of canonical Gαq-driven signaling through PLCβ, 

and pFAK as a measure of inhibition of non-canonical signaling downstream of Gαq through TRIO 

and RhoA(34-36). We compared the activity of LXS-196 against Go6983, a broad-spectrum highly 

selective PKC inhibitor, and VS-4718, a highly specific FAK inhibitor (Fig 4.2A). We observed that 

both PKCi tested inhibit pERK at similar levels. However, we discovered that in contrast to 

Go6983, LXS-196 partially diminished pFAK, whereas Go6983 treatment had no effect on pFAK 

(Fig 4.2A). As a control, FR900359 (FR), an inhibitor of Gαq potently abrogated all Gαq-driven 

signaling (Fig S4.2A). This distinct activity of LXS-196 led us to ask whether this agent may help 

us identify a new mechanism whereby PKC could control FAK activity. To test this, we performed 

siRNA mediated knockdown (KD) of PKCδ and PKCε, the primary PKC isoforms described to be 

critical in UM(15). Aligned with our gene-essentiality data. We found that while PKC KD led to a 



 

 

106 

potent decrease in pERK, it did not affect pFAK (Fig 4.2B). This suggested that the ability of LXS-

196 to reduce pFAK is not concordant with inhibition of PKC, but that instead it may involve 

additional yet to be elucidated mechanisms.  

 

To explore this possibility, we performed a kinome-wide screen, testing the capacity of 

LXS-196 to inhibit enzymatic activity against the most commonly targeted kinases (Fig 4.2C). 

Among the top kinases with greater than 75% activity control included PKC isosymes, as 

expected (Fig 4.2C, D). However, of interest, the top kinase inhibited was PKN2, a member of the 

PKN (also known as PRK) kinase subfamily (Fig 4.2C, D). While they belong to the same kinase 

superfamily, PKCs and PKNs consisting of three members (PKN1, 2 and 3) have distinct N-

terminal regulatory regions and diverge in their activation mechanisms(37). Namely, in contrast 

to the PKCs, the PKNs are a family of Rho-responsive kinases, and have been shown to be 

involved in numerous functions, including actin cytoskeleton remodeling, cell migration, and cell 

cycle regulation(37-42). To complement our kinome selectivity screen, we next performed a 

detailed analysis of LXS-196 activity against a selection of AGC family kinases using recombinant 

proteins and found strong activity against novel and conventional classes of PKCs in addition to 

PKN1 (Fig 4.2E). Aligned with the results of our screen, we found that LXS-196 treatment potently 

decreased the accumulation of the phosphorylated, active form of PKN (pPKN); however, 

treatment with Go-6983 or Sotrastaurin, the latter a clinical PKCi that failed to demonstrate 

significant clinical benefit in mUM patients(33) did not result in a change in pPKN levels (Fig 4.2F).  

 

4.2.3 PKN converges with ROCK to control FAK downstream of the Gαq-RhoA signaling 

axis. 

We next sought to determine the mechanism by which PKN controls FAK activity. We 

have previously shown that FAK acts as a central mediator of oncogenic signaling in UM by 

transducing signaling that is driven by mutant Gαq through the RhoA-ROCK signaling 
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pathway(36). To first understand the impact of a parallel RhoA-PKN signaling axis on controlling 

FAK activity, we expressed constitutively active mutants of Gαq (GαqQL) and RhoA (RhoAQL) in 

HEK293 cells as a widely used experimental cellular system. Immunoblotting against total and 

phosphorylated forms of FAK and PKN revealed that activation of Gαq or its downstream RhoA-

initiated signaling mechanisms led to an increase in active phosphorylated FAK and PKN (Fig 

4.3A). PKN has also been shown to be activated in response to binding to RhoA. To test this in 

an unbiased manner, and in the context of Gαq-driven signaling, we performed affinity-purification 

mass spectrometry (AP/MS) after doxycycline-inducible expression of a FLAG-tagged RhoA in 

Gαq-expressing HEK293 cells (Fig 4.3B). Indeed, upon expression of RhoA-FLAG, we observed 

robust binding of RhoA to Rhotekin, a canonical RhoA-activated protein, as well as PKN2 and 

PKN3 (Fig 4.3C)(43). Aligned with this, blockade of RhoA activity using C3 toxin, a potent and 

specific inhibitor of RhoA, abrogated the increase of pFAK, and phosphorylated forms of PKN in 

response to pathway activation by GαqQL (Fig 4.3D, left). Similarly, treatment of UM cells 

harboring Gαq mutations endogenously with C3 toxin decreased pFAK and pPKN (Fig 4.3D, 

right).  

 

We next assessed the impact of PKN on FAK activity, and found in both HEK293 cells 

transfected with GαqQL as well as in UM cells, that knockdown of PKN isoforms, which are 

broadly expressed in UM cells resulted in a significant decrease in pFAK levels (Fig 4.3E, F, G, 

Fig S4.3A). Based on these results, we hypothesized that Gαq non-canonical signaling branches 

at the level of RhoA into ROCK and PKN-mediated signaling, converging on the promotion of FAK 

activity. To test this, we examined pFAK levels in response to the combination of PKN and ROCK 

inhibition. Independently, inhibition of PKN either using siRNA mediated knockdown (Fig 4.3H), 

or by LXS-196 (Fig 4.3I) resulted in a partial decrease in pFAK levels. In contrast, inhibition of 

PKN concomitant with ROCK inhibition potently decreased pFAK with similar efficiency as VS-

4718, suggesting that RhoA controls FAK via two distinct ROCK and PKN-mediated signaling 
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axes (Fig 4.3H, I). Finally, to assess if PKN can directly promote the activity of FAK, we 

overexpressed PKN2 in HEK293 cells, and observed a marked increase in pFAK (Fig 4.3J). 

These results suggest that PKN is a component of the Gαq-regulated signaling circuitry in UM, 

and that together with ROCK, PKN converges on the promotion of FAK activity. This may in turn 

suggest that LXS-196 inhibits FAK activity by blocking PKN, independently of its activity on PKC.  

 

4.2.4 LXS-196 transiently blocks Gαq signaling to YAP. 

FAK has been shown to play a significant functional role in promoting tumor growth in UM 

by controlling YAP activity(36). Thus, we asked if the indirect inhibition of FAK through PKN by 

LXS-196 could control YAP as potently as direct FAK inhibition. As a tumor promoter, YAP is 

under negative regulation by the Hippo kinase cascade, namely by its phosphorylation on multiple 

sites, including S127 by the LATS1/2 kinases, which promotes its cytoplasmic retention and 

subsequent degradation(44,45). As YAP activity is tightly controlled by its phosphorylation state, 

we first assessed levels of YAP pS127 in response to FAK inhibition directly or via LXS-196 

inhibition of PKN. Notably, while direct inhibition of FAK by VS-7418 promoted a potent and 

sustained increase in pS127 YAP, LXS-196 transiently increased YAP phosphorylation that 

reverted to baseline by 24hrs (Fig 4.4A). YAP is a transcriptional co-activator, which together with 

the TEAD family of transcription factors controls complex pro-growth transcriptional programs(45). 

To profile the functional impact of LXS-196 on YAP activity, we first assessed YAP transcriptional 

activity using a YAP/TEAD luciferase reporter. We found that aligned with our prior observations, 

while VS-4718 and LXS-196 both had early effects on inhibiting YAP/TEAD activity, the observed 

inhibition was lost in the LXS-196 condition over time (Fig 4.4B). To complement this, we 

assessed YAP nuclear localization by immunofluorescence in UM cells, which express high levels 

of nuclear YAP at baseline conditions. Aligned with the sustained increase in pS127 YAP after 

direct FAK inhibition, we observed significant reduction in nuclear-localized YAP, indicative of its 

suppression (Fig 4.4C). In contrast, LXS-196 treatment resulted in a partial reduction in YAP 
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nuclear localization (Fig 4.4C). Finally, we assessed levels of canonical YAP transcriptional 

targets. While VS4718 treatment led to a decrease in mRNA levels of CTGF, CYR61 and 

AMOTL2 as previously reported(36), LXS-196 treatment did not result in a decrease of gene 

expression, similar to treatment with Go6983 (Fig 4.4E). While these data suggest that LXS-196 

interferes with Gαq-driven signaling by dual inhibition of PKC and PKN, it is insufficient to control 

FAK/YAP signaling fully (Fig 4.4F), which led us to explore the effect of combining them in vitro 

and in in vivo UM models of disease (see below).  

 

4.2.5 High throughput combinatorial screening reveal that FAKi and PKCi are synergistic 

in UM in vitro 

Based on our emerging results, we first examined the effect of co-targeting FAK- and PKC-

regulated signaling axes. We found that the combination of FAKi using VS-4718 and LXS-196 

synergistically inhibited cell viability and promoted apoptosis in UM cells (Fig 4.5A). We expanded 

our analysis to include a number of UM cell lines with distinct genetic BAP1 status and found 

strong synergistic profiles across all UM cell lines tested, suggesting that co-targeting FAK and 

PKC/PKN may be active in mUM (Fig 4.5B). We also observed that the combination of VS-4718 

and LXS-196 was able to synergistically inhibit growth under 3D growth conditions (Fig S4.4A, 

B). We further interrogated multiple clinically relevant FAKi versus PKCi (LXS-196 and Go6983) 

in three UM cell lines. We observed synergistic antiproliferative effects in UM cells with the 

combination of FAKi with LXS-196 as well as Go6983, albeit the synergistic score was more 

significant for LXS-196 (Fig 4.5C). However, synergism was not observed in UM cells with the 

combination of BRAF and PKC inhibitors as a specificity control (Fig 4.5C). We next tested the 

ability of VS-4718 and LXS-196 to induce apoptotic cell death. Using a CaspaseGlo sensor for 

capase-3/7 cleavage as a measure of apoptosis, we observed significant induction of apoptosis 

aligned with our synergism results (Fig 4.5D). Complementing this, we assessed the ability of 

FAK and LXS-196 to induce apoptosis measuring levels of cleaved-PARP, a major substrate of 
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caspases. In most systems, FAKi have been shown to be primarily cytostatic in nature as single 

agents. In line with this, we observed minimal apoptotic effects using VS-4718 as a single agent; 

however, the combination of LXS-196 and FAKi potently induced apoptosis in several UM cell 

lines, including a BAP1 mutant cell line, emphasizing the potential of this combination in the 

context of mUM (Fig 4.5E). Interestingly, one cell line in our panel, OMM1.3, demonstrated greater 

sensitivity to single-agent LXS-196 treatment. Despite this, the majority of cell lines required both 

FAK and LXS-196 in order to promote apoptosis, supporting the use of the combination as a 

robust therapy against UM. 

 

4.2.6 FAKi and LXS-196 are synergistic in UM preclinical in vivo models. 

To further evaluate the anticancer activity of FAKi/LXS-196, we used two independent in 

vivo uveal melanoma models capturing clinically relevant stages of UM disease. First, we used a 

UM xenograft model using a human primary UM cell line 92.1, in NSG mice. Tumor bearing mice 

were randomized into 4 groups: vehicle control, VS-4718, LXS-196, and the VS-4718+LXS-196 

combination and administered drugs at doses comparable to those used in humans in the clinic. 

Over the course of treatment, while single agent FAK and PKC/PKN inhibition were sufficient to 

induce partial control of tumor growth, only the combination was able to achieve and sustain tumor 

regression (Fig 4.6A, B). No significant changes in body weight of treated mice were observed, 

suggesting that treatments were well-tolerated by mice with minimal adverse events (Fig 4.6C). 

To monitor the signaling pathways in the xenograft tumors, we assessed levels of key MEK/ERK, 

FAK/YAP, and apoptotic pathway proteins by immunohistochemistry. As anticipated, treatment 

groups with FAKi resulted in nuclear exclusion of YAP (Fig 4.6D, E, Fig S4.5)(36). LXS-196 

treated groups demonstrated a significant decrease in pERK, which is aligned with PKC control 

of canonical Gαq-driven signaling to MAPK (Fig 4.6D, E). Only the combination of VS-4718+LXS-

196 resulted in a significant decrease in proliferating Ki67+ cells concomitant with a significant 

increase in cleaved-caspase 3 as a marker of apoptosis (Fig 4.6D, E). We finally interrogated the 
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efficacy of the VS-4718+LXS-196 combination treatment on a metastatic UM model. This model 

takes advantage of GFP-Luciferase expressing UM cells that exhibit a highly specific 

hepatotropism, which is aligned with clinical presentation of mUM in humans (Fig 4.6F)(46). Using 

this model, we observed a significant reduction in metastatic burden with the combination of VS-

4718+LXS-196 (Fig 4.6 G, H). Similar to the tumor response observed in our xenograft model, 

VS-4718 and LXS-196 alone were predominantly cytostatic, whereas the combination induced 

potent and sustained tumor regression (Fig 4.6G, H). Taken together, our findings demonstrate 

that the combination of VS-4718+LXS-196 induces cytotoxic activity in vitro and in vivo, which 

cannot be achieved by administration of each single agent alone and support the future 

investigation evaluating the efficacy of this combination in the clinical setting.  

 

4.3 Discussion 

Although Gαq is the oncogenic driver in UM, a cancer type with limited additional genetic 

aberrancies, Gαq itself is not directly druggable with clinically ready compounds.  Hence, targeting 

its downstream pro-proliferative signaling circuits may provide a precision therapy approach for 

mUM and other GNAQ-driven malignancies. However, there are no currently available targeted 

therapies for mUM, and in spite of the recent approval of Tebentafusp, a bispecific fusion antibody 

engaging T cells in eligible, HLA matched patients, responses remain limited. Coupled with the 

prior failure of MAPK inhibitors in clinical trials, the survival of mUM patients is still dismal(22,23). 

In this context, we have shown that parallel to the MAPK-mediated canonical signaling axis, Gαq 

controls a non-canonical oncogenic signaling axis through the RhoGEF TRIO and RhoA(34). This 

leads to the activation of FAK, which then promotes the aberrant activation of YAP to drive tumor 

growth, highlighting the complexity of the mechanisms by which Gαq and Gαq-coupled GPCRs 

promote aberrant cell proliferation(35,36,47).  
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Here, we took advantage of a clinically-oriented, oncology-focused compound library and 

performed high throughput single-agent and combinatorial chemogenetic drug screens to broadly 

interrogate the druggable landscapes of BRAF-mutant SKCM and GNAQ-mutant UM(29). In the 

context of SKCM, we identified enrichment of drug classes targeting mechanistic underpinnings 

of SKCM, including BRAF and MEK drug sets, and targets that have not yet been extensively 

investigated in SKCM, including GSK3B and HSP90AB1. Our focal effort in identifying molecular 

targets that may demonstrate synthetic lethality with oncogenic GNAQ also revealed a number of 

targets, including epigenetic modifiers, such as HDAC and BRD-targeting drug sets, which are 

being recently explored in UM. Among the UM-enriched drug targets, we also identified PKC 

inhibitors as a mechanistic class of compounds with high selective activity against UM. Guided 

by our finding that one PKC inhibitor, LXS-196, demonstrated superior performance compared to 

all other agents in our screen, and the proximity of PKC as a signal transducer of Gαq signaling, 

we further investigated PKC inhibition by LXS-196 as a precision therapeutic target in UM.  

 

Our investigation interrogating the enhanced activity of LXS-196 as compared to other 

PKCi in UM revealed that it acts as a dual inhibitor of both PKC and PKN, the latter a closely 

related group of kinases in the AGC family of serine/threonine kinases. Compared to PKCs, PKNs 

are relatively poorly investigated, and PKN family members are considered part of the “dark 

kinome”, thus presenting an exciting opportunity to expand our understanding of their regulation 

mechanisms, downstream substrates, and role in the context of larger signaling networks(48). 

We find here that PKNs are activated downstream of Gq/RhoA. In addition, although there has 

been a recently proposed a role of PKC regulating FAK in UM, we show that blockade of PKN, 

but not PKC decreases FAK activity, and that in turn, PKN can further activate FAK(49). The latter 

is aligned with recent site-recognition screens of PKN-family kinases, which revealed FAK as a 

PKN substrate, thus suggesting that PKN may directly regulate FAK activity in UM(50). Taken 

together, these findings support that RhoA acts as a central signaling node for the non-canonical 
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Gαq signaling, coordinating an axis that bifurcates into ROCK and PKN-mediated control of FAK 

activity. This establishes PKN as a novel element of the multicomponent signaling network driven 

by Gαq. Moreover, our finding that LXS-196 acts as a multi-targeted inhibitor of both canonical 

and non-canonical Gαq-driven signaling pathways (e.g., PKC and FAK, respectively), defines the 

mechanism underlying the unique potency of LXS-196 as compared to other PKCi in UM. Indeed, 

while previous PKCi tested in UM patients have failed to demonstrate significant clinical 

responses, our observations revealing the multi-targeted activity of LXS-196 may explain its more 

promising clinical activity in ongoing trials(33,51).   

 

Remarkably, our recently reported kinome-wide CRISPR/Cas9 sgRNA screen 

investigating compensatory resistance mechanisms to FAKi revealed the MAPK pathway and 

PRKCδ and PRKCε as top hits driving resistance to FAKi in UM(46). The blockade of these PKCs 

by LXS-196, thus disrupts the co-compensatory nature of these Gαq-driven signaling axes, and 

therefore enhance the response to FAKi. However, LXS-196 alone is insufficient to promote a 

sustained inhibition of YAP activity downstream of FAK. This is aligned with recent work 

demonstrating that PKC inhibitor monotherapy is not sufficient to suppress the multiple Gαq-

regulated growth-promoting pathways in UM(52). Instead the partial reduction of FAK activation 

by LXS-196 may sensitize FAK for its further inhibition by direct ATP-competitive kinase inhibitors. 

This possibility is supported by the potent synergism we observe by co-targeting PKC/PKN and 

FAK mediated signaling pathways in vitro and in vivo xenograft and metastatic UM models. Within 

this framework, our findings, in the context of emerging studies investigating the complex 

signaling circuits underlying Gαq-driven UM, substantiate the usage of rational signal 

transduction-based combination therapies to control primary UM and mUM. Ongoing clinical trials 

using both LXS-196 (NCT03947385) and FAKi (NCT04109456) as single agents and other 

combinations, may enhance the clinical translatability of this approach. Specifically for the latter, 

our initial studies led to the initiation of a phase II clinical trial investigating the efficacy of co-
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targeting of FAK and MEK-regulated pathways in mUM patients (NCT04720417). While this trial 

is ongoing, there remains an urgent need to identify additional treatment options for mUM 

patients(53). Our current study supports the combination of LXS-196 with FAKi as a potentially 

powerful precision medicine strategy for UM patients.  

 

In this regard, as the field of precision medicine evolves to encompass the numerous 

molecular drivers of cancer, integrating the use of rational combination therapies will be key to 

compete with dynamic signaling crosstalk and feedback loops that often hamper durable clinical 

responses. Indeed, the failure of most clinical strategies against mUM are likely due in part to the 

complexity of the growth-driving and compensatory feedback mechanisms underlying the ability 

of persistent Gαq signaling to drive aberrant cell proliferation(30,31). Specifically, we have shown 

that canonical (PLCβ-PKC) and non-canonical (TRIO-Rho-FAK) signaling by Gαq are inherently 

co-compensatory in nature, thus reinforcing a multipronged pharmacology paradigm that 

ultimately requires co-targeting both Gαq-regulated signaling axes to achieve a durable clinical 

benefit(46). Taken together, our findings also clearly demonstrate the utility of chemogenetic drug 

screens and network-based approaches to identify new targetable signaling hubs, thereby 

strengthening the clinical toolbox against primary and mUM and working towards filling a large 

therapeutic gap for this GNAQ-driven malignancy 
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4.4 Figures 

Figure 4.1 High throughput drug screening reveals PKC as a precision target in the 
druggable landscape of UM 

 A) Schematic of screening pipeline in GNAQ-mutant and BRAF-mutant cell lines. B) Heatmap 
depicting Z-transformed Area Under the Curve (AUC) scores for all cell lines versus MIPE 5.0 
compound library. Compounds (rows) were sorted based on the difference in average Z-AUC 

(∆Z-AUC) between UM and SKCM cell contexts. Unsupervised hierarchical clustering was 
performed on cell lines (columns). C) Average Z-AUCs for UM plotted against SKCM. Hits 
identified in the uveal context are highlighted in blue and SKCM hits are highlighted in red. D) 
Enrichment plot for PKC targeting drugs in uveal cell lines. E) Top 20 most selective drugs ranked 
by Z-AUC score. PKC-targeting drugs are shaded in darker blue, and BRAF-targeting drugs are 
shaded in darker red. F) IC50 values for all PKCi in UM cell lines. G) Cell viability curves across 
doses of LXS-196 in all cell lines screened. Data are the percent viability normalized to vehicle 
treatment. H) CRISPR gene effect plotted against -log10Pvalue for gene essentiality for all UM 
cell lines in Depmap. I) Gene effect for PRKCE in UM and SKCM cell lines in CCLE. 
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Figure 4.2 LXS-196 is a multitargeted inhibitor of PKC and PKN 

 
 A) Dose-dependent effects on phosphorylated FAK and ERK in UM cells in response to treatment 
with VS-4718, LXS-196 and Go6983 for 2hrs. B) Impact of siRNA mediated knockdown of 

PKCδ+ε on phosphorylated FAK, ERK and MEK in UM cells. C) Kinome profiling of LXS-196. 

Node size and color indicate degree of kinase inhibition in response to 1µM LXS-196. D) Percent 

kinase activity remaining after treatment with 1µM LXS-196 for top 15 kinases with highest 
inhibition. E) IC50 of LXS-196 on recombinant enzymes for a sub-panel of AGC kinases. F) 

Phosphorylation of PKNs and ERK in response to treatment with a panel of PKCi: 1µM LXS-196, 
Sotrastaurin and Go-6983 for 1hr.  
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Figure 4.3 PKN is a component of the Gααααq-regulated signalome to control FAK 

 

 A) Phosphorylation of FAK and PKNs in HEK293 cells transfected with empty vector, Gαq-QL or 
RhoA-QL active mutants. B) Schematic of AP-MS pipeline used to identify protein protein 
interactions. Doxycycline inducible FLAG-tagged RhoA was expressed in HEK293 cells with 

stable overexpression of Gαq. Using FLAG antibody, RhoA and its associated protein binding 
partners were extracted and identified using mass spectrometry. C) Spectral counts of RhoA 

binding to Rhotekin as a positive control, PKN2 and PKN3 when expressed induced by 1µM 
doxycycline treatment for 42hrs. D) Phosphorylation of FAK and PKNs HEK293 cells in response 

to expression of Gαq-QL alone or in combination with RhoA blockade using 2µg/mL C3 toxin for 

16hrs (left). Phosphorylation of FAK and PKNs in response to RhoA blockade using 2µg/mL C3 

toxin for 16hrs in UM cells (right). E) Phosphorylation of FAK in response to expression of Gαq-
QL alone or in combination with siRNA mediated knockdown of PKNs in HEK293 cells. F) 
Phosphorylation of FAK in UM cells in response to siRNA mediated knockdown of PKNs. G) 
Quantification of phospho-FAK signal normalized to total FAK levels (mean ± SEM, n = 3). H) 
Phosphorylation of FAK in UM cells in response to siRNA mediated knockdown of PKNs, alone 

or in combination with ROCK inhibition using 10µM ROCKi (Y-27632) 1hr. I) Phosphorylation of 
FAK in UM cells in response to a panel of inhibitors, all used at 1uM for 1hr. J) FAK 
phosphorylation in response to overexpression of PKN2 in HEK293 cells.  
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Figure 4.4 LXS-196 primes UM cells for blockade of Gαq signaling to YAP with FAKi 

A) YAP and FAK phosphorylation in response to 1µM VS-4718 or 1µM LXS-196 over a time 

course. B) YAP/TAZ luciferase reporter assay after 1µM VS-4718 or 1µM LXS-196 treatment for 
2 or 24hrs in UM cells (mean ± SEM, n = 3). C) Monitoring of endogenous YAP subcellular 
localization by immunofluorescent staining (green), and DAPI staining for nuclear DNA (blue) in 

UM cells after 1µM VS-4817 or 1µM LXS-196 treatment for 24hrs, vehicle treatment was used as 
a control. D) Quantification of (C) showing fraction of cells with nuclear YAP localization in grey, 
and cytoplasmic fraction in color (vehicle as black, VS-4718 as gold, LXS-196 as blue) (mean ± 
SEM, n = 3). mRNA expression of YAP target genes (CTGF, CYR61, AMOTL2) in response to 

1µM VS-4718, 1µM LXS-196, and 1µM Go6983. F) Schematic depicting the non-canonical 

signaling pathway regulating FAK activation by Gαq. Signaling downstream of RhoA is co-
regulated by ROCK and PKN, converging on FAK activity. 
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Figure 4.5 High throughput combinatorial screening reveal that co-targeting FAK and 
PKC/PKN is synergistic in UM in vitro 

 
A) Assessment of synergy in UM cells treated with a combination of VS-4718 and LXS-196. Cell 
viability was measured using CellTiter Glo assay 48hrs after treatment (left). Combination index 
(CI) determined using ΔBliss method (CI <1 synergism, CI=1 additivity, CI>1 antagonism (middle). 
Apoptosis measured by CaspaseGlo assay, 18hrs after treatment (right). B) Distribution of CI in 
a diverse panel of UM and mUM cells with distinct BAP1 status. CI was determined using HSA 
method, (CI >10 synergism, 0<CI<10 additivity, CI<0 antagonism). C) CI in a panel of UM cells 
combining LXS-196 or Go6983 to various FAKi in OMM1.3, OMM1.5 and Mel202 cells. CI of PKCi 
combined with BRAFi (dabrafenib, vemurafenib) used as a comparison. D) Apoptosis of UM cells 

measured by CaspaseGlo assay, in response to vehicle, 1µM VS-4718, 1µM LXS-196, or 1µM 

VS-4718+1µM LXS-196 for 24hrs. E) Immunoblot showing cleaved-PARP, pFAK and pERK in 

response to treatment with 1µM VS-4718, 1µM LXS-196, or 1µM VS-4718+1µM LXS-196 for 
24hrs in UM cells. 
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Figure 4.6 Combination of VS-4718 and LXS-196 is synergistic in UM in vivo xenograft and 
metastatic models 

A) UM tumor xenograft volume in SCID/NOD mice treated with vehicle (control), VS-4718 

50mg/kg BID PO, LXS-196 50mg/kg BID PO, or VS-4718+LXS-196. Data are mean ± SEM (>5 
mice/group). ***, P < 0.001; n.s., not significant. B, H&E staining of representative xenograft 
tumor sections from (A) after 25 days of treatment. C) Violin plot depicting changes in body weight 
of mice between day 0 and day 25 with respect to the indicated treatment groups from (A). D) 
Representative IHC staining tumor sections for Ki67, pERK, YAP, and cleaved caspase-3 (cl-
Casp3). Scale bar is 100 μm. E) Quantification of IHC-stained tumor sections in (D). Control is in 
grey, VS-4718 is in gold, LXS-196 is in blue, and VS-4718+LXS-196 combination is in magenta. 
F) Schematic of UM metastatic model. Splenic injection of 92.1 GFP-luc cells is followed by a 
short period of hematogenous dissemination, splenectomy, and subsequent monitoring of hepatic 
metastasis. G) Hepatic tumor burden measured by IVIS imaging after injection of 92.1 GFP luc 
UM cells in SCID/NOD mice. Mice were treated with vehicle (control) VS-4718 50mg/kg BID PO, 

LXS-196 50mg/kg BID PO, or VS-4718+LXS-196. Data are mean ± SEM (>5 mice/group). ***, P < 
0.001. H) IVIS imaging of representative mice from (G).  
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Figure S4.1 

Drug set enrichment (DSEA) scores and significance values for drug sets enriched in UM (A) 
and SKCM (B) subtypes.  
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Figure S4.2 

Changes in phosphorylation of FAK and ERK in UM cells in response to 500nM FR900359 

treatment for 2hrs. 
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Figure S4.3 

mRNA expression of PKN isoforms in UM cells from Depmap portal. 
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Figure S4.4 

Inhibition of UM proliferation in 3D growth conditions in response to 1µM VS-4718, 1µM LXS-196, 

or 1µM VS-4718+1µM LXS-196 for 24hrs in 92.1 UM cells for 20 days. Representative images in 
(A) and quantification of sphere area in (B).  

 

 

 

 

 

 

 

 

 



 

 

131 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.5 

A) Single channel YAP and DAPI (nuclear) staining of 92.1 xenograft tumors treated with VS-
4718, LXS-196 or VS-4718+LXS-196 combination, corresponding to Fig. 4.6D 
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4.4 Materials and Methods: 

 

Cell Lines, Culture Procedures and Chemicals: HEK293, A375, WM266 and SKMEL28 cells 

were cultured in DMEM (D6429, Sigma-Aldrich Inc.) containing 10% FBS (F2442, Sigma-Aldrich 

Inc.), 1X antibiotic/antimycotic solution (A5955, Sigma-Aldrich Inc.), and 1X Plasmocin 

prophylactic (ant-mpp, InvivoGen). Uveal melanoma cells (92.1, OMM1.3, OMM1.5, and Mel202) 

and mouse melanoma cells (Hmel1204) were cultured in RPMI-1640 (R8758, Sigma Aldrich Inc.) 

containing 10% FBS (F2442, Sigma-Aldrich Inc.), 1X antibiotic/antimycotic solution (A5955, 

Sigma-Aldrich Inc.), and 1X Plasmocin prophylactic (ant-mpp, InvivoGen). MP46, MP38, MM28, 

and MP41 were cultured in RPMI-1640 (R8758, Sigma Aldrich Inc.) containing 20% FBS (F2442, 

Sigma-Aldrich Inc.), 1X antibiotic/antimycotic solution (A5955, Sigma-Aldrich Inc.), and 1X 

Plasmocin prophylactic (ant-mpp, InvivoGen). All cell lines were routinely tested free of 

mycoplasma contamination. VS-4718 (S7653), LXS-196 (S6723), Go6983 (S2911), Sotrastaurin 

(S2791) and ROCKi (Y-27632) (S6390) were purchased from SelleckChem. C3 toxin (CT04-A) 

was purchased from Cytoskeleton Inc. 

 

Plasmids and Transfections: Plasmids pCEFL-EV, pCEFL-GαqQL, pCEFL-RhoA-QL, and 

pCEFL-PKN2-FL were described previously 42. For overexpression experiments, HEK293 cells 

were transfected with Turbofect (R0531, Thermofisher Scientific, CA) according to manufacturer 

instructions. All knockdown experiments were performed using siRNAs purchased from Horizon 

Discovery Biosciences (Non-targeting Control: D-001810-10-05, PRKCD: L-003524-00-0005, 

PRKCE: L-004653-00-0005, PKN1: L-004175-00-0005, PKN2: L-004612-00-0005, PKN3: L-

004647-00-0005), and Lipofectamine RNAiMAX Reagent (13778150, Thermofisher Scientific, 

CA) according to manufacturer’s instructions.  
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Drug screening and drug combination studies: High throughput single agent and 

combinatorial drug screen was performed as described previously48. Cells were seeded at a 

density of 5 × 103 to 1 × 104 cells/well in 96-well white plates. Eight different dilutions of each 

inhibitor were assayed in technical triplicates for 72 hours in each experiment. Cell viability was 

measured with the AquaBluer Cell Viability Reagent on a Spark microplate reader (Tecan). Using 

the GraphPad Prism v8.2.0 software, the half-maximal inhibitor concentration values (GI50) were 

determined from the curve using the nonlinear log (inhibitor) versus response–variable slope 

(three parameters) equation. GI50 values were only determined for compounds that inhibited 

growth by more than 50%. 

 

Protein interaction studies: Affinity purification and downstream mass spectroscopic analysis 

was performed as previously described49. 

 

Kinome profiling: The principal method utilized for kinome profiling is a radioactive filter binding 

assay using 33P ATP, described previously50,51.  

 

Melanosphere assay: Cells were seeded in 96-well ultra-low attachment plate (#CLS3474, 

Corning, Tewksbury, MA) at 50 cells/well with sphere medium consisted of DMEM/F12 Glutamax 

(#10565042, Thermo Fisher Scientific), 20 ng/mL basic fibroblast growth factor (#13256029, 

Thermo Fisher Scientific), 20 ng/mL epithelial growth factor (#PHG0313, Thermo Fisher 

Scientific), B-27 (#17504044, Thermo Fisher Scientific), and N2 Supplement (#17502-048, 

Thermo Fisher Scientific). Drug was added the day after cells were seeded. After 20 days, images 

were acquired, and size of spheres were quantified using ImageJ.  

 

Immunoblotting and Immunoprecipitations: Cells were serum starved overnight, and then 

treated according to the conditions in the figure legend. For cell lysis, cells were washed 2X in 
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cold PBS and lysed in 1XCell Lysis buffer (Cell Signaling Technologies, 9803) supplemented with 

HaltTM Protease and Phosphatase Inhibitor Cocktail (#78440, ThermoFisher Scientific) and 1mM 

Sodium Orthovanadate (P0758S, New England Biolabs). Lysates were centrifuged at max speed 

at 4°C, concentrations were measured using DC Protein Assay (BioRad Laboratories, 5000111) 

and lysates were prepared with addition of 4x Laemmli Sample Buffer (#1610747, BioRad 

Laboratories), and boiled for 5min at 98°C.  

 

For immunoblotting, cell lysates were subjected to SDS/PAGE on 10% acrylamide gels and 

electroblotted to PVDF membranes. Blocking and primary and secondary antibody incubations of 

immunoblots were performed in Tris-buffered saline + 0.1% Tween 20 supplemented with 5% 

(w/v) BSA or 5% w/v skim milk. The following primary antibodies were all purchased from Cell 

Signaling Technologies and used at 1:1000. FAK (71433), pY397-FAK (8556), ERK1/2 (9102), 

pT202/Y204-ERK1/2 (4370), GAPDH (5174), PKN2 (2612), PKCε (2683), PKCδ (9616), MEK1/2 

(9126), pS217/221 MEK1/2 (9154), Cl-PARP (5625), YAP (14074), pS127 YAP (13008), BAP1 

(13271), Beta-actin (4970), and Vinculin (13901). PKN1 (MA5-19703) was purchased from 

ThermoFisher Scientific. pPKN (ab187660) was purchased from Abcam. PKN3 (NBP1-30102) 

was purchased from Novus Biologicals. HRP-conjugated goat anti-rabbit and anti-mouse IgGs 

(Southern Biotech, AL) were used at a dilution of 1:30,000, and immunoreactive bands were 

detected using Immobilon Western Chemiluminescent HRP substrate (Millipore, MA) according 

to the manufacturer’s instructions.  

 

Human xenograft tumor models: All animal studies were approved by the Institutional Animal 

Care and Use Committee of University of California, San Diego (San Diego, CA) with protocol 

S15195. Female 4- to 6-week-old NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (SCID-NOD) mice were 

purchased from the UCSD in-house breeding program. Mice were injected subcutaneously in 
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both flanks with 1 × 106 or 2.5 × 106 92.1 cells. Mice were monitored twice weekly for tumor 

development. Tumor growth analysis was assessed as LW2/2, where L and W represent length 

and width of the tumor. VS-4718 and LXS-196 were prepared in 0.5% CMC (Sigma-Aldrich) and 

0.1% Tween 80 (Sigma-Aldrich) in sterile water. Mice were administered 50 mg/kg VS-4718 

(Verastem Oncology) and 50 mg/kg LXS-196  twice daily by oral gavage; control group was 

treated with vehicle. Mice were euthanized at the indicated time points and tumors were isolated 

for sequencing, histologic, and IHC evaluation. Results of mice experiments were expressed as 

mean ± SEM of a total of tumors analyzed. 

 

Splenic injection 

Mice were injected with 1 × 106 92.1 GFP-Luc cells in the spleen, followed by removal of the 

spleen at 2 minutes postinjection. Tumor implantation by bioluminescence was assessed twice 

weekly by bioluminescence images captured using the In Vivo Imaging System (IVIS) Spectrum 

(PerkinElmer). To this end, mice received an intraperitoneal injection of 200 mg/kg D-luciferin 

firefly potassium salt diluted in PBS 15 minutes before imaging (GoldBio). Total bioluminescence 

was determined upon subtracting the background from the region of interest. Vehicle, VS-4718, 

LXS-196, or VS-4718/LXS-196 were administered, starting 10 days postsurgery, with the 

abovementioned dosing. 

 

Immunohistochemistry and Immunofluoresence: For IHC and IF, all tissue samples were 

processed and stained as described previously52. Slides were scanned using a Zeiss Axioscan 

Z1 slide scanner equipped with a 20×/0.8 NA objective.  
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CHAPTER 5: Future Directions and Perspectives 

5.1 GPCRs in cancer  

GPCRs and their coupled heterotrimeric G proteins are central to a diverse array of cellular 

processes, including the activation of numerous signaling and transcriptional networks. Since the 

original discovery that G protein-mediated signaling has the potential to induce cell 

transformation, dysfunctional G protein-mediated signaling has been increasingly tied to cancer 

initiation and progression. Both mutation and aberrant expression are molecular mechanisms that 

contribute to subverting the normal function of GPCRs and heterotrimeric G proteins to conferring 

pro-oncogenic capabilities on them. However, given that GPCR signaling is centrally embedded 

in normal physiology, cancer cells can also modulate the function of GPCRs to promote an 

immune suppressive and a pro-oncogenic state through dysregulated paracrine and autocrine 

(endocrine) or even compensatory signaling mechanisms. 

While hyperactive GPCR and heterotrimeric G protein-driven signaling has often been 

found to be pro-oncogenic, a growing body of literature is supporting a paradigm of the cell 

context-specific nature of such signaling pathways. LOF mutations or copy number loss of genes 

GPCRs and heterotrimeric G proteins have unveiled the tumor-suppressive roles that these 

protein families play in certain cancer types, highlighting the complexity of G protein-driven 

signaling and the significant impact of cellular states in the integration and output of these 

signaling events. Further insight into the relationship between cell type lineage and the functional 

duality of GPCR signaling outcomes will likely reveal unanticipated mechanisms driving cancer, 

and potentially novel vulnerabilities that can be targeted therapeutically. Moreover, while GPCRs 

and their coupled heterotrimeric G proteins have been primarily studied from a signaling 

perspective, their central role in diverse cellular functions strongly suggests their involvement in 

broader processes such as the regulation of epigenetic networks. Future work defining these 

nodes of connectivity will likely expand our understanding of GPCRs in cancer even further. 
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Within the complex network of cancer signaling, numerous opportunities arise for GPCRs 

to be used for therapeutic intervention. Interfering with GPCR activity using both pharmacological 

inhibitors and biologics, encompassing antagonists, inverse agonists, allosteric modulators, in 

addition to antibody-based therapies, can inform novel therapeutic strategies. Specifically, 

positive and negative allosteric modulators will likely emerge as pharmacological avenues for 

cancer prevention and treatment, as they may dial up or down the signaling capacity of GPCRs 

that are aberrantly modulated in cancer rather than directly stimulating or inhibiting them, or 

competing for their natural ligands. Guided towards the development of precision therapeutic 

approaches, more comprehensive characterization of dysregulated GPCR expression and 

signaling coupled with the diverse modes of action of these inhibitors will likely reveal context-

specific dependencies that can provide opportunities to rationally target GPCRs for cancer 

therapies. 

Recent studies investigating the range and depth of biased GPCR signaling, and the 

potential impact of GPCR mutations in G protein-coupling selectivity, will likely also enable the 

development of novel approaches exploiting the tremendous potential of GPCRs as signal 

transducers to modulate signaling in cancer and other diseases. Moreover, advances and 

emerging techniques in the field of gene editing may also add to the repertoire of mechanisms by 

which we can modulate GPCR activity. 

Given the large proportion of FDA-approved drugs that target GPCRs, there is mounting 

evidence supporting the utility of repurposing existing drugs to block or modulate GPCR-mediated 

oncogenic signaling circuitries, either alone or as adjuvant therapies. Regarding the latter, drug 

resistance has remained a major challenge in the era of precision medicine. GPCR modulators 

administered along with conventional anticancer agents may allow abrogating the initiation of 

compensatory signaling mechanisms and resultant drug resistance. Similarly, the dynamic influx 

of immune cells to the tumor, which leads to a highly infiltrative ‘hot’ tumor or a poorly infiltrative 

‘cold’ tumor, is in part dependent on the chemokine gene signature of the tumor itself, which may 



 

 

144 

provide a powerful prognostic tool to predict therapeutic response rates in the clinic. Harnessing 

the immunomodulatory power of GPCRs or their ability to regulate tumor-immune interactions 

could revolutionize current immunotherapies and result in durable clinical responses while 

preventing tumor relapse. Investigation exploring combining GPCR-targeted therapies with 

existing chemo- and immunotherapies either for the treatment of cancer, or as cancer 

preventative strategies are currently ongoing. Ultimately, just as we gain a clearer understanding 

of the complex mechanisms underlying cancer initiation and progression, so too will the role of 

GPCRs as cancer drivers and therapeutic targets become more important. 

 

5.2 Targeting oncogenic Gααααq-driven signaling circuitries for the treatment of uveal 

melanoma 

Taken together, the discoveries made in this thesis have illuminated our understanding of 

the molecular mechanisms underlying the ability of Gαq and Gαq-coupled receptors to drive 

aberrant cell growth in Gαq-regulated pathophysiologies, including uveal melanoma (UM) (Fig 

5.1).  Importantly, in cases such as UM, where precision targeting of the driver oncogene is 

unfeasible, either due to lack of clinically available compounds, or due to unmanageable toxicities, 

a comprehensive understanding of the most critical signaling nodes at which to target signal 

transduction-based therapies will be the key to revolutionizing the standard of care.  

Within this framework, oncogenic drivers are part of highly complex and interconnected 

signaling pathways and identification of synthetic lethal interactions embedded within these 

networks can provide the molecular basis upon which to design targeted combination therapies. 

Towards this end, the work compiled in this thesis demonstrate how the remarkable convergence 

of bioinformatic, genetic, and biochemical data can highlight systems vulnerabilities in a given 

cancer type and how that can lead to breakthrough discoveries for cancers with unmet therapeutic 

needs. Our discovery that FAK is a central mediator of non-canonical Gαq-regulated signaling, 



 

 

145 

and that it represents a viable therapeutic target for UM, has opened new doors for strategies to 

treat UM. Aligned with this, based in-part on this body of work, multiple clinical trials have been 

initiated investigating the efficacy of targeting FAK alone, or as part of combination therapies in 

UM patients [NCT04720417, NCT04109456], representing a true “bench-to-bedside” story.  

Indeed, these ongoing studies represent one of the few precision medicine-based targeted 

therapies in the field of UM. Given that UM clinical trials in the past decades have been largely 

unsuccessful, this is a major advance in the field as a new clinical strategy for the treatment and 

management of UM and metastatic UM (mUM). We are hopeful regarding the significant and 

positive impact that the usage of FAK co-targeting therapies may have for UM patients. In 

particular, strategies co-targeting canonical (MEK or PKC) and non-canonical (FAK) Gαq-

regulated signaling mechanisms are highly promising due to the specific blockade of core survival 

signaling mechanisms underlying UM growth, and ability to abrogate compensatory mechanisms 

of resistance.  

Despite this, there still remain critical therapeutic gaps for UM and mUM patients, who will 

greatly benefit from novel strategies to improve clinical outcomes. Identification of additional 

agents whose activity may further synergize with FAK/MEK or FAK/PKC combinatorial therapies, 

or alone, through independent mechanisms of action have the potential to significantly shape the 

future of UM therapies. In this regard, the additional enriched drug targets discovered in AIM 3, 

warrant further investigation into the mechanism of how they participate in the GNAQ-regulated 

signalome, and how they may fit into the framework of targeted therapies in UM. These are the 

focus of our ongoing efforts in this aspect. Going forward, we hope to continue taking advantage 

of cutting-edge systems biology and bioinformatic approaches, through a lens of signal 

transduction to further detangle G-protein regulated signaling networks and precision therapeutic 

approaches against UM and other cancers.  
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5.2 Figures 

Figure 5.1 Summary of findings 

Schematic depicting the major findings of the thesis in elucidating the oncogenic Gαq-regulated 
signaling circuitries. Novel discoveries are in labeled in color, and previously described signaling 
axes are in labeled in grey. Discoveries in the present thesis have uncovered novel components 

of Gαq-driven signaling, including a RhoA-mediated axis that bifurcates into ROCK and PKN-
regulated signaling mechanisms that converge on the control of FAK. FAK was discovered as a 

therapeutically targetable central mediator of the non-canonical Gαq signaling axis. FAK 
regulates YAP through two distinct mechanisms that promote YAP activity. FAK also controls 
PI3K/AKT signaling, thereby promoting two core survival signaling mechanisms in uveal 
melanoma (UM). Importantly, several aspects of the signaling mechanisms uncovered in this 
thesis shed light on targetable signaling hubs for the treatment of UM patients. Specifically, lateral 

inhibition of Gαq-regulated signaling mechanisms represents a promising signal-transduction 
based precision therapy against UM. The multi-target kinase activity of LXS-196 prime it to act on 

specific Gαq-regulated growth promoting signaling networks and in combination with FAKi, target 
essential survival mechanisms in UM. 
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