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ABSTRACT 
 

 

Uveal melanoma is the most common intraocular malignancy, which arises from the 

pigmented layer of melanocytes within the uveal tract of the eye. Metastatic disease 

develops in ~50% of patients, leading to dismal survival rates of less than six months. 

UVMs harbor mutually exclusive activating mutations in a G-protein coupled receptor 

signaling pathway. Approximately 90% of UVMs bear mutations in the G-protein alpha q 

subunits GNAQ and GNA11. The remaining known mutations are found in the GPCR 

CYSLTR2.  

 

These mutations aberrantly activate canonical PLCɓ signaling, cleavage of PIP2 into DAG 

and IP3 both of which lead to PKC activation. Work from our lab has shown that RASGRP3, 

a Ras-GEF, is highly expressed in UVMs and is an important node connecting to the 

RAS/ERK pathway. PKC has been shown to activate RASGRP3, which then works to 

increase the affinity of RAS for its active GTP bound state. 

 

Additionally, hyperactivated Gaq binds the Rho/Rac GTP exchange factor (GEF) Trio and 

ARF6. Trio-regulated Rho GTPase signaling leads to Hippo-independent YAP activation 

whereas ARF6 is thought to enhance Gaq signaling to canonical targets as well as 

activate b-catenin signaling. These recent studies have revealed the underlying genetic 

landscape of uveal melanoma but have not resulted in any therapeutic options clinically.   

 

We developed an isogenic melanocytic cellular system and systematically examined the 

hotspot mutations in GŬq (e.g., G48V, R183Q, Q209L) and CYSLTR2 (e.g. L129Q) in 
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human uveal melanoma. Biochemical and cell viability assays validated YM-254890 as a 

potent inhibitor of cell signaling and growth. Human uveal melanoma cells and mouse 

models recapitulated this finding, indicating that YM is also effective in vivo. RNA-Seq 

and synergy analysis revealed that the combination of YM and MEK inhibition leads to 

further decreases in MAPK pathway gene expression and cell viability, respectively. 

Furthermore, our cellular and mouse models show that combination leads to long term 

signaling inhibition and significant decreases in tumor burden. 

 

The outcome of this research has indicated that inhibition of Gaq by YM-254890 is 

effective against in vitro and in vivo models of uveal melanoma. Furthermore, cell viability 

and tumor burden were significantly lowered when YM-254890 was combined with MEK 

inhibitors. Our work shows that Gaq inhibition is a potential therapeutic avenue that 

deserves further investigation and that co-targeting Gaq and MEK could further increase 

therapeutic potential clinically.  
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CHAPTER 1: INTRODUCTION 
 

Introduction to Uveal Melanoma  

Uveal melanoma (UVM) arises from a layer of pigmented melanocytes of the eye, or uveal 

tract. The uveal tract is composed of the choroid, ciliary body, and iris (Figure 1.1). The 

majority of UVM develops in the choroid, the largest part of the uveal tract, with a small 

portion of cases developing in the ciliary body and in rarer cases the iris. UVM is the most 

common intraocular malignancy with approximately 3,000 new cases per year in the 

United States. These cases represent about 3-5% of all melanomas in the U.S. making it 

the second most common subtype of melanoma behind cutaneous melanoma (CM) 

(Chattopadhyay et al. 2016; Robertson et al. 2017). UVM preferentially occurs in 

Caucasians with a median age of diagnosis of 62 years old with equal distribution 

between male and females (Singh et al. 2011). Despite advances in treatment of primary 

disease the five-year survival rate has remained stagnate at ~80% (Singh et al. 2011). 

About half of all patients eventually develop metastatic disease, which occurs most often 

in the liver (K. G. Griewank et al. 2012). Liver metastasis is associated with poor prognosis, 

patients have a median survival of less than six months and a five year survival rate of 

~15% (Jovanovic et al. 2013). Currently, there are no effective therapeutic options to treat 

metastatic UVM.  

 

Genetic Alterations in Uveal Melanoma 

When compared to CM, UVM is a genetically and clinically distinct disease. UVM has 

one of the lowest mutation rates among cancers and has significantly lower somatic 

mutations than CM (Figure 1.2). UVM also lacks mutations in a distinct set of MAPK 
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activating genes normally found in CM, including BRAF, KIT, NRAS, and NF1. UVM is 

characterized by activating mutations in the Gaq signaling pathway and chromosomal 

aberrations such as monosomy 3 and amplification of chromosome 8.     

   
         
 

Figure 1.1 Illustration of uveal tract and patient specimens. 
(A) Diagram of uveal tract. (B) Illustrative and (C) patient examples of choroidal, ciliary 
body and iris melanomas. Figures adapted from (Chattopadhyay et al. 2016).  
 

A 

B 
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Figure 1.2 Mutational Burden of uveal melanoma.  
(A) Mutations per megabase for uveal melanoma and cutaneous melanoma from TCGA 

dataset. Blue squares in SKCM population represent patients with Gaq mutations 
(B) Comparison of non-synonymous point mutation rates identified from whole genome 
and exome sequencing studies in various solid tumors, adapted from (Furney et al. 2013). 
 

Driver Mutations within the GŬq signaling pathway 

UVM is characterized by a set of mutually exclusive activating mutations within the G-

protein alpha q (GŬq) signaling pathway (Alexandrov et al. 2013; Chattopadhyay et al. 

2016) (Figure 1.3). Two homologous GŬq subunits, GNAQ and GNA11 (Gq/11), harbor 

~90% of mutations in UVM (Van Raamsdonk et al. 2009, 2010). Less frequent mutations 

have been found in g-protein coupled receptor (GPCR), cysteinyl leukotriene receptor 2 

(CYSLTR2). It has also been postulated that mutations in phospholipase C ɓ4 (PLCB4) 

may account for some of the other Gq/11 wildtype patients. These mutant proteins activate 

canonical PLCɓ signaling; cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) into 

diacylglycerol (DAG) and inositol triphosphate (IP3) both of which lead to protein kinase 
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C (PKC) activation. The various activating mutations along this pathway indicate the 

importance of GŬq signaling to UVM tumorigenesis. 

 
 
Figure 1.3 Mutational landscape of uveal melanoma.  
(A) OncoPrint of activating mutations and prognostic co-mutations in uveal melanomas 
from four data sets: TCGA (n = 80), UNI-UDE (n = 22), CRUK (n = 9), and QIMR (n = 25). 
(B) GŬq signaling pathway schematic hyperactivated in uveal melanoma. GPCR 
(CYSLTR2) activation of the GŬq subunit promotes the exchange of GDP for GTP and 
binding to PLCɓ4 to activate cleavage of PIP2 to produce DAG and inositol triphosphate 
IP3, both of which activate various PKC isoforms. Adapted from (Moore et al. 2016).

A 

B 
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GNAQ and GNA11  

GNAQ and GNA11 are paralogous guanine nucleotide-binding proteins that make up the 

Ŭ-subunit of the heterotrimeric G protein complex. Under normal conditions this complex 

is bound to GPCRs in an inactive GDP bound state. Upon receptor activation, the receptor 

undergoes a 3D conformational change and catalyzes the exchange of GDP to GTP for 

GŬq. GŬq then dissociates from the bg subunits to activate canonical downstream 

signaling.  

 

GNAQ was first implicated as a driver mutation in uveal melanoma when investigators 

sequenced a wide spectrum of benign and malignant melanocytic neoplasms (Van 

Raamsdonk et al. 2009). GNAQ was mutated in 46% of cases, all of which occurred at a 

single residue, Gln209. Additionally, this same GNAQ mutation was found in 83% of blue 

nevi and 50% of ñmalignant blue neviò. This work was quickly followed by another 

melanocytic neoplasm sequencing study that also identified GNAQ Q209 mutations in 

uveal melanoma and blue nevi (Van Raamsdonk et al. 2010). However, this study also 

identified a second mutational hotspot at residue Arg183 and identified the same two 

mutations in GNA11. Interestingly, GNAQ mutations were much more prevalent in blue 

nevi (45% vs. 7%) whereas GNA11 mutations were more than double GNAQ in uveal 

melanoma metastasis (57% vs. 22%). Arg183 mutations in GNAQ/11 were only found in 

2% of blue nevi and 6% of uveal melanomas. These mutations have since been identified 

in other melanocytic neoplasms including a small portion of mucosal melanomas, 

leptomeningeal melanocytic neoplasms (LMN), Sturge Weber syndrome, and Port-Wine 

stains (Sheng et al. 2016; Küsters-Vandevelde et al. 2015; Shirley et al. 2013). This 
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pattern further highlights the significance of aberrant GŬq signaling in melanocytic 

diseases.  

Figure 1.4 Hotspot mutations in GNAQ, GNA11, and CYSLTR2.  
(A) Oncoprint of GŬq pathway mutations in 188 UVM patients from five published cohorts 
including TCGA, Cancer Research UK (CRUK), QIMR Berghofer Medical Research 
Institute, University of Duisburg-Essen (UNI-UDE) and MD Anderson Cancer 
Center/Massachusetts Eye and Ear Infirmary (MDACC/MEEI). (B) 3D structure of active 
GNAQ highlighting Gly48 of the P-loop, Arg183 of Switch 1, and Gln209 of Switch 2 (ball-
and-stick). The magnesium ion is shown as a pink sphere and water molecules as small 
red spheres. GDP and AlF4- are both shown as sticks. (C) Structural homology model of 
CysLT2R based on the structure for PAR1. Transmembrane segments are labeled. 
Leu129 (3.43) is shown in orange space fill. Boxed segment (right) shows residues that 
interact with position 3.43. (C) Adapted from (Moore et al. 2016)

B 

A 

C   
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Uveal melanoma sequencing data has become more prevalent in recent years (Figure 

1.4A). About 90% of all patients harbor activating mutations in GNAQ/11, where 95% of 

those mutations occur at Gln209. Arg183 and previously unidentified Gly48 represent the 

remaining small percent of mutations in GNAQ/11. Mutations in GNAQ/11 at Gln209 and 

Arg183 have been previously described as constitutively active due to their ability to 

perturb GTP hydrolysis of GNAQ/11 (Wu et al. 1992; Chidiac and Ross 1999; OôHayre et 

al. 2013). The Gln209 mutations in GNAQ/11 have shown the ability to transform 

melanocytes both in vitro and in vivo, as well as induce uveal melanoma tumorigenesis 

in GEMMs (Van Raamsdonk et al. 2009, 2010; Huang, Urtatiz, and Van Raamsdonk 2015; 

Moore et al. 2018). The crystal structure of GNAQ shows that Gln209, Arg183, and Gly48 

are all in proximity to the GTP binding pocket, indicating that mutations at any of these 

residues would result in perturbed GTP hydrolysis (Figure 1.4B). More detailed 

experimentation of mutations at Arg183 and Gly48 will be discussed in chapter 2.   

 

CYSLTR2  

CYSLTR2 is a G-protein coupled receptor (GPCR) that activates GNAQ/11 upon ligand 

binding. Our lab identified and characterized a mutation in CYSLTR2 that drives UVM 

and is mutually exclusive from GNAQ/11 mutations (Moore et al. 2016). The L129Q 

mutation in CYSLTR2 occurs at the 3.43 position (BallesterosïWeinstein numbering), a 

highly conserved region that stabilizes the inactive receptor and has been previously 

shown to confer constitutive activity upon alteration (Figure 1.4C). The mutant showed 

increased basal levels of calcium and this was not further increased by addition of 

receptor agonist. Melanocytes dependent on this mutation grew significantly faster and 
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were able to continue proliferating in the absence of media supplemented with TPA 

compared to WT CYSLTR2. This mutation also promoted melanocyte specific gene 

expression and maintained the cells pigmentation in the absence of TPA. Most strikingly, 

these CYSLTR2L129Q dependent melanocytes were able to drive tumor formation and 

growth when allografted into SCID mice. Since identifying CYSLTR2L129Q as a driver 

mutation in UVM, many other studies have identified the same mutation in blue nevi and 

meningeal melanocytic tumors (Möller et al. 2017; van de Nes et al. 2017; Küsters-

Vandevelde et al. 2018). These studies demonstrate the mutant L129Qôs ability to 

hyperactivate the GŬq pathway and drive UVM, further emphasizing the importance this 

pathway plays in UVM and other melanocytic neoplasms.   

 

PLCɓ4  

PLCɓ4 is the direct downstream effector of GNAQ/11 that results in PKC activation via 

DAG and calcium production. Mutation within its catalytic core at Asp630 has been 

suggested to convey constitutive activation in UVM and LMNs (Johansson et al. 2016; 

van de Nes et al. 2017). However, these studies were based on a small number of patient 

sequencing data and there are still no functional studies of this mutation. In both studies, 

mutations at Asp630 in PLCɓ4 are accompanied by BAP1 mutations, the most severe 

prognostic factor in UVM. In my experiments with melan-a cells, I have been able to make 

them dependent on all UVM driving mutations found in GNAQ/11 and CYSLTR2. These 

driving mutations transform the cells, making them TPA independent. However, using the 

same methodology I havenôt not been able to make them dependent upon mutations at 

PLCɓ4D630. Taken together, this limited sequencing data and the inability of this mutation 

to transform melan-a cells, indicates that this mutation is not sufficient enough to drive 
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UVM by itself, but may need other cooperative genetic alterations to promote 

tumorigenesis.      

 

Prognostic Co-mutations  

Besides driver mutations in GNAQ/11 and CYSLTR2, there is a set of recurring co-

mutations and other genetic alterations that act as prognostic indicators for UVM. A recent 

study, identified four distinct subsets in UVM that correlate with metastatic risk (Robertson 

et al. 2017). The two poor prognosis groups (highest metastatic risk) had loss of BAP1 

and monosomy 3. The other two subsets with disomy 3 had mutations in SF3B1 and 

EIF1AX were associated with intermediate and good prognosis, respectively. Like the 

driver mutations, these prognostic mutations have also been found in other melanocytic 

neoplasms and have similar prognostic indications (Küsters-Vandevelde et al. 2016; 

Klaus G. Griewank et al. 2017). 

 

BAP1  

BRCA1-associated protein 1, or BAP1, is a deubiquitinase that regulates the E3 ligase 

activity of the BARD1/BRAC1 complex (Nishikawa et al. 2009). BAP1 was first identified 

as a poor prognosis factor in UVM by a study that analyzed sequencing data in search 

for metastasis related mutations (Harbour et al. 2010). Inactivating mutations in BAP1 

were identified in greater than 80% of metastatic tumors sampled. Furthermore, BAP1 is 

located on chromosome 3 which loss of one copy has been previously discussed to be 

an indicator of poor prognosis. Due to monosomy 3, only one copy of BAP1 must be 

perturbed in order to promote metastasis. Previous sequencing projects have indicated 

BAP1 alterations in ~20-30% of samples (Figure 1.3A). However, a recent study showed 
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that BAP1 alterations are more common at around 45%, by using a more robust 

sequencing and bioinformatic pipeline (Field et al. 2018). Although BAP1-loss associates 

with more metastatic disease, the exact mechanism remains unclear.   

   

SF3B1 & EIF1AX 

Both SF3B1 and EIF1AX were first identified as recurrent mutations in UVM through a 

exome sequencing study (Martin et al. 2013). Both mutations were preferentially found in 

patients with disomy 3, where EIF1AX and SF3B1 mutations were at 48% and 29%, 

respectively. Since mutations in these genes are associated with a normal chromosomal 

3 count, patients with these mutations are in an intermediate (SF3B1) or good prognosis 

(EIF1AX) cohort. These co-mutations rarely co-occur with one another or with BAP1-loss.  

 

Subunit 1 of splicing factor 3b (SF3B1) is a component of the spliceosome, a complex 

that splices introns from pre-mRNA. In UVM, mutations in SF3B1 were found mostly at 

Arg625 and found to cause alternative splicing in mutant bearing samples (Furney et al. 

2013). Interestingly, mutations at Lys700 of SF3B1 have been reported in breast, 

hematological, and pancreatic cancers. This different mutation site could indicate that 

UVM requires a unique mutation in SF3B1 for alternative splicing to occur. Recent work 

shows that mutant SF3B1 causes disruption of the non-canonical BAF complex by 

alternative splicing of BRD9 (Inoue et al. 2019). Correcting this mis-splicing of BRD9 

suppressed tumor growth in UVM cells, indicating a new potential therapeutic avenue for 

SF3B1 mutant UVMs.  
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Eukaryotic translation initiation factor 1a (EIF1AX) is a component of the 43S preinitiation 

complex that works to recruit the 40S ribosomal subunit to the 5ô cap of mRNA to initiate 

translation (Lomakin and Steitz 2013). UVMs with EIF1AX mutations rarely metastasize 

and are in the best prognosis subset. EIF1AX mutations are found in the N terminus of 

the protein but the exact mechanism these mutations play in UVM remains unclear.  

 

Downstream Signaling Pathways Essential for Uveal Melanoma 

Since the discovery of mutations in GNAQ/11 more than 10 years ago a great deal of 

work has been put into understanding the downstream signaling components that drive 

UVM. As discussed above, canonical GŬq signaling was known to signal through PLCB 

and activate various PKC isoforms. Hyperactive GŬq has been shown to lead to increased 

PLCB activity and calcium levels, as expected (Moore et al. 2016, 2018). However, recent 

work has revealed important signaling pathways unique to hyperactivated GŬq that drives 

UVM and other melanocytic neoplasms. This work has provided opportunities to study 

the effects of specifically targeting these pathways to find an effective therapeutic strategy 

for UVM.  

 

MAPK  

Early on, many believed that the MAPK pathway must be important in UVM because of 

its prevalence in CM and UVM cell lines showed sensitivity to MEK inhibitors (Van 

Raamsdonk et al. 2010). In fact, the involvement of MAPK signaling in UVM was being 

studied before the discovery of GNAQ/11 (Zuidervaart et al. 2005). GNAQ/11 
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overexpression studies have shown increased activation of MAPK signaling without the 

mutations in KIT, NF1, NRAS, or BRAF that characterize CM.  

 
Figure 1.5 RASGRP3 is an essential signaling node that bridges PKC to MAPK signaling 
in uveal melanoma.  
(A) GŬq signaling pathway schematic highlighting activation of RAS-ERK signaling 
pathway via RASGRP3 activation. (B) RASGRP3 expression from pan-cancer TCGA 
shown as Tukey box-and-whisker plots. Outliers are shown as red dots. UM is highlighted 
in red. SKCM is highlighted in blue. Outliers with GNAQ, GNA11, BAP1, and SF3B1 
mutations are circled and detailed. (C) RasGRP3 expression shown as Tukey box- and-
whisker plots from GEMM tumors. (D) Immunoblot of RASGRP3 in human UM and CM. 
(B-D) adapted from (Moore et al. 2018). 

A 

B 

C D 
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Two recent works have detailed the importance that RAS guanyl-releasing protein 3 

(RASGRP3) plays in the transduction of GŬq signaling to the RAS-ERK signaling 

cascade. The first, used a series of biochemical assays and transcriptomics to identify 

and show that PKC isoforms d and e phosphorylate RASGRP3 at threonine 133 (Xu 

Chen et al. 2017), which then activates RAS and stimulates downstream signaling 

(Figure 1.5A). Furthermore, this work showed that knockdown of this protein in UVM 

cells decreased tumor burden in xenograft experiments, highlighting the potential for 

targeting this protein as a therapeutic strategy.  

 
Work from our lab has corroborated these findings using a genetically engineered mouse 

model to reinforce RASGRP3 as an essential signaling node in UVM (Moore et al. 2018). 

Our lab generated a melanocyte-specific GNA11 mutant mouse model with BAP1 loss: 

Tyr-CreERT2;GNA11Q209L;Bap1lox/lox, to model the mutations associated with the worst 

prognosis in patients. Using cross-species comparison between GNA11Q209LBap1KO and 

BRAFV600EBap1KO mice and corresponding human melanomas with the same hotspot 

mutations in GNA11 and BRAF, we found that the GEMM signatures correlated with 

human transcriptomes of the same driver mutation. We identified RASGRP3 as an unique 

and highly expressed gene in GNAQ/11 driven melanomas (Figure 1.5B, 1.5C, and 1.5D). 

We also showed that RASGRP3 is important for UVM cell growth and RAS activation. 

These studies have implicated the importance of MAPK signaling in UVM. Yet, core 

differences in transcriptional signatures between GNAQ/11- and BRAF- driven tumors 

suggest activation of important discrepant pathways. Therapies targeting this pathway in 
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UVM have not yet proven effective, possibly due to alternative growth pathways 

downstream of GNAQ/11 or relief of negative feedback.  

 

HIPPO-independent activation of YAP 

Perturbation of the tumor suppressor Hippo pathway has been studied in a variety of 

cancers, in which many show elevated nuclear localization of YAP/TAZ. In UVM, a pair 

of studies published corroborating reports that mutant GŬq signaling leads to YAP 

activation in UVM (Yu et al. 2014; Feng et al. 2014).  

 

The first report showed that overexpression of oncogenic GŬq in HEK293 cells leads to 

increased levels of unphosphorylated or activated YAP (Yu et al. 2014). They 

documented the expression and localization of YAP in several UVM cell lines, noting that 

nuclear localization of YAP was prevalent in GŬq mutant cell lines and absent in BRAF 

mutant cell lines. Furthermore, they showed that knockdown of GNAQ in UVM cells lead 

to increased phosphorylated YAP at serine 127, indicating that active nuclear YAP is 

dependent on aberrant GŬq signaling. When they knocked down YAP or treated with 

Verteporfin, a YAP inhibitor, they saw significant reduction in tumor burden. One major 

caveat for this work is that in the orthotopic xenograft experiment the cells are mixed with 

verteporfin nanoparticles prior to injection and then followed up with regular injections of 

the drug. This methodology allows for the drug to localize and take effect prior to tumor 

engraftment which does not recapitulate any treatment modality for cancer patients.  
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The second study also implicated YAP activation through oncogenic GŬq signaling but 

focused more heavily on the signaling pathway connecting GŬq to YAP. They identified 

that YAP activation in UVM was dependent on Trio and Trio-dependent Rho-GTPases, 

RhoA and Rac1 (Feng et al. 2014) (Figure 1.6). They showed that Mutant GŬq activates 

these three proteins and signals through actin remodeling to activate YAP in a HIPPO-

independent manner. Perturbing these upstream components led to decreased YAP 

nuclear localization and cell proliferation. Knockdown of YAP and treatment of Verteporfin 

led to decreases in tumor burden in xenograft mouse models, further highlighting the YAP 

pathwayôs importance to UVM tumorigenesis.  

 
 
Figure 1.6 Hippo-independent Activation of YAP in Uveal Melanoma.  
Schematic of YAP activation via TRIO-RHO/RAC signaling. Mutant Gq/11 binds to TRIO 
and leads to the activation of RHO and RAC which activate downstream pathways to 
inhibit LATS and prevent inhibition of YAP via phosphorylation of S127.  
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These works have led to interest in targeting YAP in UVM, however historically this has 

been challenging. YAP is an important transcription factor expressed in many cell types 

making it difficult to target. Long term targeting of YAP has been shown to be toxic to 

patients with other ocular malignancies  (Arnold et al. 2004; Azab et al. 2004). Currently, 

there are no YAP inhibitors being used clinically making this pathway particularly difficult 

to target in UVM (Moroishi, Hansen, and Guan 2015). 

 

FAK 

Focal adhesion kinase (FAK), encoded by the PTK2 gene, is a protein involved in cell 

adhesion and motility. Following the work on the involvement of HIPPO-independent YAP 

signaling in UVM, the group published a paper that implicated FAK as a key modulator in 

this non-canonical YAP signaling pathway. Using a four-step bioinformatics pipeline, they 

were able to screen for genes overexpressed in UVM, were associated with worse 

survival, that are essential for UVM tumors, and currently druggable. The result of this 

screen lead to 7 genes, one of which was PTK2. This group showed that the FAK inhibitor 

was selective for UVM over CM cells and that FAK activation was dependent on TRIO 

and RhoA, placing it in the non-canonical YAP pathway. Furthermore, they showed that 

FAK regulated YAP localization through interaction with MOB1 (Figure 1.7). They used 

sgRNA to knockout PTK2 and a FAK inhibitor to show that FAK inhibition leads to 

decreased tumor burden in xenograft experiments. Interestingly, before being implicated 

in UVM, FAK was shown to play a key role in invasiveness and metastasis of breast 

cancer (Shen et al. 2018). This study showed that YAP transcriptionally upregulated 

THBS1, a protein that activates FAK via phosphorylation. They found that inhibiting FAK 
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lead to decreases in invasiveness and focal adhesion in breast cancer but indicated that 

FAK was downstream of YAP. This calls into question whether YAP signaling also 

regulates FAK in UVM, creating a potential positive feedback loop for further study.   

 
 

Figure 1.7 Regulation of YAP activity by FAK in uveal melanoma.  
Schematic of FAK activation downstream of TRIO-RHO-ROCK signaling. FAK leads to 
inhibition of MOB1 via phosphorylation, which prevents complex formation with LATS that 
would normally lead to YAP inactivation. FAK was also shown to play a role in direct 
activation of YAP via phosphorylation of Y357. 
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ARF6 

ADP-ribosylation factor 6 (ARF6), was implicated as a signaling enhancer of oncogenic 

GŬq in UVM (Yoo et al. 2016). This work showed that ARF6 is activated by oncogenic 

GŬq signaling and plays an important role in UVM cell proliferation. Specifically, GŬq 

binds GEP100 which then activates ARF6, leading to the trafficking of GŬq to cytoplasmic 

vesicles where signaling is maximal (Figure 1.8). They confirmed that this signaling 

activates PLCB-PKC-ERK, TRIO-Rho/Rac-YAP, and b-catenin signaling. Knocking down 

or therapeutically targeting ARF6 resulted in decreased tumor burden in UVM orthotopic 

xenografts.   

 
 
Figure 1. 8 Role of ARF6 in uveal melanoma signaling.  
Schematic of ARF6 mediated mutant Gq/11 vesical signaling. ARF6 binds to a mutant 
Gq/11-GEP100 complex and recruits cytoplasmic vesicles that maximize signaling to 

canonical targets, like PKC and YAP, as well as b-catenin signaling.  
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These studies, discussed above, have highlighted important pathways downstream of 

GŬq and established that inhibition of these pathways hinders UVM proliferation and 

tumorigenesis. However, there have been no clinical applications that have resulted from 

these works, indicating the need for novel therapeutic strategies. 

    

Therapeutic Strategies for Uveal Melanoma 

Localized Therapies for Primary Disease  

If UVM is caught in the primary stage of the disease, there are a couple of local 

therapeutic options available to patients. Before treatment of local disease there should 

be a thorough examination to determine if any metastasis has already occurred. Current 

therapeutic options include laser therapy, radiation therapy, and surgery (Chattopadhyay 

et al. 2016). Although methodologies for local therapy have not changed in many years, 

small advancements have allowed physicians to prioritize preserving the patientôs 

eyesight while treating the disease.  

 

Laser therapy, or transpupillary thermotherapy, involves the use of infrared lasers to 

radiate the tumors. This therapy is best suited for small tumors located away from the 

optic nerve. Although it is well tolerated by patients, this has limited therapeutic potential 

because of local relapse rates as high as 20% (Journée- De Korver, Oosterhuis, and 

Keunen 1996; Chattopadhyay et al. 2016). However, this therapy is commonly used as 

an ancillary to radiation therapy. Radiation therapy is the most common sight preserving 

method for local disease. It was shown to have no change on mortality when compared 

to enucleation of the eye. The technique used is known as ocular brachytherapy, or 
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plaque radiotherapy. This involves the use of radioactive seeds placed onto a thin piece 

of gold, called a plaque, which is then sewn onto the eye where the tumor is located. 

Over a period of several days the seeds release radiation to kill the cancer before being 

removed (Figure 1.9). The final approach and most vision impairing is surgery or 

enucleation of the eye. For local tumors of large size, microsurgeries are used to 

remove the tumors and attempt to preserve vision, however this is not always possible 

and in some cases full enucleation is required (Chattopadhyay et al. 2016). Primary 

disease treatment is quite invasive but usually can preserve eyesight of the patient. 

Nevertheless, novel treatments and early detection are key to preserve vision and 

prevent tumor metastasis.       

 
 

Figure 1. 9 Plaque radiotherapy for treatment of primary uveal melanoma.  
Radioactive seeds are placed onto a thin piece of medal, or plaque, which is then sewn 
onto the outside wall of the eye opposite the tumor. The radiation from the seeds kills the 
cancer and the plaque is then removed after a couple days of treatment. Photo from: 
https://www.cancer.gov/types/eye/patient/intraocular-melanoma-treatment-pdq#_38 
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Clinical Trials for Metastatic Disease 

Treatments for primary UVM are effective for small tumors caught early, however, it has 

been suggested that micrometastasis can occur early in tumor progression 

(Chattopadhyay et al. 2016). UVM metastasis, especially to the liver, is the main cause 

of disease related death and targeting metastatic disease has proven difficult. Currently, 

there are no effective therapies for patients with advanced metastatic disease. 

Chemotherapy response rates have been less than 1% and immunotherapy has not 

shown increases in progression free survival (PFS) or overall survival rates (Chua et al. 

2017; Luke et al. 2015; Rossi et al. 2019). As discussed above, many studies have 

highlighted potential targets downstream of oncogenic GŬq but have not resulted in any 

treatments for patients.  

 

Preclinical studies illustrating the effectiveness of targeting RASGRP3, FAK, and ARF6 

still require more preclinical study in UVM and must undergo the gauntlet of clinical 

trials. To put it bluntly, many past clinical trials for UVM have not been backed by 

rigorous preclinical studies targeting the disease, but have instead been based on 

treatments with good efficacy for CM (Chattopadhyay et al. 2016) (Table 1.1). Many 

UVM patients have been placed in these trials due to the lack of available treatment 

options. One clinical trial, based on promising preclinical studies of UVM (X. Chen et al. 

2014), focused on cotargeting downstream effectors, PKC and MEK1/2, however these 

studies also did not yield increased PFS (Carvajal et al. 2018) (Figure 1.10). To more 

effectively target UVM, we need therapeutic options that are more specific to mutant 

GŬq signaling, targeting all important downstream effectors instead of subsets. The lack 
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of efficacious therapies for UVM illustrates the need for more preclinical work to identify 

novel druggable targets and development of drugs for previously discovered targets in 

UVM. 

Table 1.1 Completed studies of metastatic uveal melanoma in the United States. Table 
from (Chattopadhyay et al. 2016). 

 
 

 
 
Figure 1. 10 Combination of selumetinib and dacarbazine in metastatic uveal 
melanoma.  
(A) Progression free survival and (B) overall survival of clinical trial NTC01974752 
comparing selumetinib combined with dacarbazine to dacarbazine alone. DTIC, 
dacarbazine; HR, hazard ratio; Pbo, placebo; Sel, selumetinib. Figure from (Carvajal et 
al. 2018).    
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Directly Targeting GŬq in Uveal Melanoma 

YM-254890  

YM-254890 (YM) is a naturally occurring cyclic depsipeptide, having both amide and ester 

linkages, which contains several uncommon amino acids (Figure 1.11). YM was isolated 

from the culture broth of Chromobacterium sp. QS3666, a strain originally identified in soil 

samples from Japan (Taniguchi, Nagai, et al. 2003; Takasaki et al. 2004). YM was first 

studied for its ability to inhibit platelet aggregation by perturbing GNAQ/11-mediated Ca2+ 

mobilization (Taniguchi, Nagai, et al. 2003; Takasaki et al. 2004). Further studies 

investigated YMôs inhibitory effect on vasodilation using rat aortas and itôs antithrombic 

effect using femoral arteries from cynomolgus monkeys (Uemura, Kawasaki, et al. 2006; 

Uemura, Takamatsu, et al. 2006).  

 
 
Figure 1. 11 Structure of YM-254890 and FR900359.  
The structure of YM-254890 is black only and FR900359 includes the modifications 
highlighted in red. Figure from (Campbell and Smrcka 2018). 
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Later biochemical and structural analyses determined that YMôs mechanism of action is 

to inhibit nucleotide exchange, perturbing GDP to GTP exchange of GŬq proteins by 

preventing GDP dissociation (Figure 1.12). YM binds to the hydrophobic cleft between 

two inter-domain linkers, stabilizing the inactive GDP-bound form by hindering the 

flexibility of the linkers (Nishimura et al. 2010). Early overexpression studies, indicated 

that YM was unable to inhibit the activity of Q209L mutant GŬq and only mildly inhibit 

R183C mutant GŬq (Takasaki et al. 2004). These mutations were thought to be 

constitutively active due to their perturbed hydrolysis rates of GTP and therefore YM 

would have little effect on these mutants. However, many studies have shown that YM 

and its analogs are potent inhibitors of mutant GŬq in the context of UVM (Figure 1.13). 

These will be discussed further in the next section on FR900359 and is a main topic in 

chapter 2.   

 
Since the discovery of YM, many studies have characterized other GŬq inhibitors and 

synthesized new YM analogs (Taniguchi et al. 2004; Schrage et al. 2015; Xiong et al. 

2016; Kamato et al. 2017; Zhang et al. 2017). Hopefully, this leads to identification of 

novel analogs that are more potent, easier and cheaper to synthesize, and potentially 

specific to mutant forms of the protein.    
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Figure 1. 12 Mechanism of action for YM-254890.  
YM-254890 (cyan) binds the inactive form of GŬq proteins (green and yellow) through a 
hydrophobic pocket located between two linker domains (red). This binding hinders the 
flexibility of the linker domains and prevents the release of GDP to bind GTP, thus locking 
it into an inactive conformation. Figure from http://www.spring8.or.jp/en/news_ 
publications/press_release/2010/100713/ 
 

 
 

Figure 1. 13 Inhibition of oncogenic signaling in uveal melanoma by YM-254890 and FR. 
Schematic highlighting the four oncogenic mutations found in GNAQ/11 and CYSLTR2 
and where YM-254890/FR900359 targets this pathway. GŬq inhibition leads to decreases 
in ERK and YAP singling pathways. 
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FR900359 

The most notable and well-studied YM analog is FR900359 (FR) (Figure 1.11). FR was 

originally isolated from the plant Ardisia cretana and studied for its ability to inhibit platelet 

aggregation and decrease blood pressure (Fujioka et al. 1988). More recent studies have 

detailed FRôs ability to inhibit GŬq and shown that a symbiotic bacterium found in the 

nodules of the leaf is responsible for the compounds production (Schrage et al. 2015; 

Crüsemann et al. 2018). 

 

Three recent reports have shown that FR effectively inhibits downstream signaling of 

oncogenic GŬq in several human UVM cell lines (Onken et al. 2018; Lapadula et al. 

2019; Annala et al. 2019). The first of these studies showed that FR traps the 

GNAQQ209L mutant in the inactive GDP-bound state, indicating that this mutant does 

cycle back to the inactive form, challenging the traditional paradigm that mutations at 

Q209 are trapped in the GTP-bound state due to perturbed hydrolysis (Onken et al. 

2018). The next study showed that FR inhibits downstream targets of oncogenic GŬq 

signaling, p-ERK and YAP, in several cells lines (Lapadula et al. 2019). The most recent 

study expanded these findings to more UVM cell lines and showed that FR inhibited 

Mel270 xenograft growth (Annala et al. 2019). Taken together, these recent studies 

highlight the possibility of inhibiting oncogenic GŬq signaling characteristic of UVM and 

the importance of pursuing this strategy further. Chapter 2 details our recent work that 

expands upon these findings.  
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Challenges Facing Therapeutic Potential  

Although the two compounds discussed above show promising therapeutic potential there 

are still some major pitfalls that must be overcome before targeting GŬq is clinically viable. 

First, the two compounds are commercially limited and difficult to obtain. At the time of 

writing, YM is available for purchase from Wako pharmaceuticals at $363 per 1mg, with 

larger amounts available in 10mg quantities ($1200+). The larger quantities required for 

in vivo experimentation make this drug prohibitively expensive for most labs and requires 

a wait time of 1-3 months for synthesis at 95% purity. Currently, FR900359 is not readily 

available from reputable manufacturers as many researchers have isolated it from the 

plant themselves. For our studies we did reach out to a lab about purchasing FR or 

collaborating but were turned down. To make matters worse, these natural compounds 

are extremely difficult to synthesize and have only been reported once (Xiong et al. 2016). 

Despite the many current issues with acquiring these drugs I am hopeful that they will 

become widely available and more affordable for all the research community.  

 

The second challenge of targeting GŬq with these compounds has to do with the 

pharmacology. As mentioned above these compounds are very complex and bulky, 

which will require thorough investigation into the pharmacokinetic and 

pharmacodynamic properties in humans before clinical application. In our pilot in vivo 

mouse studies, we found that the half-life of YM-254890 after bolus injection was quite 

short in the bloodstream (data not shown). However, in the liver the half-life was longer, 

albeit at lower concentrations when compared to the bloodstream. One option for 

addressing these potential issues is to use targeting mechanisms (nanoparticles etc.) to 
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deliver the drug more efficiently to the liver or combined the drug with liver directed 

therapies like liver embolization.     

 

The last major challenge of targeting GŬq is the potency of these compounds. While 

both molecules effectively inhibit oncogenic GŬq, they are not specific to the oncogenic 

form and inhibit the wild type protein more potently. This on-target effect raises potential 

toxicity issues because GŬq is ubiquitously expressed in cells and plays important rolls 

in many biological processes in the body. The limited therapeutic window will be a 

difficult challenge to overcome for these molecules however many studies including 

ours in Chapter 2 have shown that it is indeed possible to target oncogenic GŬq and 

combination with other therapeutics may prove beneficial.  

 

Thesis Aims  

AIM 1: Generate isogenic cellular system to test GŬq inhibition on different activating 

mutations found in UVM. 

 

In the UVM field there are only a couple UVM cell lines publicly available to researchers 

and generation of new cell lines has proven difficult as there is no standard protocol for 

generating UVM cell lines from patient samples. The cell lines available all harbor 

mutations at Q209 in GNAQ/GNA11 making it impossible to study the rarer mutations in 

a melanocyte context. To this end, I have generated melanocytes dependent on different 

mutations in the GŬq signaling pathway to study pathway inhibition and therapeutic 

efficacy. This includes cell lines driven by rare mutations that are not readily available or 
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existent in patient derived cell lines. Using YM, a highly specific GŬq inhibitor, I will ask 

how GŬq inhibition effects different activating mutations in UVM using this syngeneic 

system. This aim is discussed in further detail throughout Chapter 2 and specifically 

relates to Figures 2.1 and 2.2.  

 

AIM 2: Determine the preclinical efficacy of YM-254890 in vivo and potential synegistic 

combination treaments. 

 

Expanding on in vitro work from AIM 1 we also wanted to determine if YM has clinical 

potential and the appropraite dosing schedule for further experimentation. Using the 

melanocytes I have generated along with UVM cell lines we tested YMôs efficacy in mice 

and itôs ability to inhibit tumor growth and signaling in a variety of xenograft experiments. 

Furthermore, I have shown that combination treatment of YM and MEKi acts 

synergistically to enhance theraputic efficacy in vivo. This aim is discussed in further detail 

throughout Chapter 2 and has been briefly mentioned in the above section on the 

ñChallenges Facing Theraputic Potential.ò 

 

AIM 3: Elucidate other important pathways downstream of GŬq. 

Taking advantage of the ability to inhibit active GŬq I will aim to identify other pathways 

activated downstream of GŬq using proteomic and transcriptomic approaches. This may 

provide alternative therapeutic strategies to target this recalcitrant disease. This aim is a 

continuous process that I am still working on and elude to more in Chapter 3. 
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CHAPTER 2. COMBINED INHIBITION OF Gaq AND MEK ENHANCES 
THERAPEUTIC EFFICACY IN UVEAL MELANOMA* 

 

Translational Relevance 

All uveal melanoma and a fraction of other melanoma subtypes are driven by activation 

of the GŬq pathway. There are no clinically efficacious systemic therapies for these 

melanomas. Recent work has shown promising preclinical activity of natural compounds 

that directly inhibit GŬq, but their clinical use is potentially limited by narrow therapeutic 

window from inhibition of normal GŬq. Here, we describe synergistic efficacy of the GŬq 

inhibitor YM-254890 and clinically used MEK inhibitors in engineered models driven by 

distinct mutations in GŬq and in CYSLTR2 as well as in multiple human uveal melanoma 

cell lines. Our work suggests that the combination leads to sustained inhibition of the 

MAPK pathway and synergistic growth inhibition. Combination treatment in vivo led to 

increased MAPK pathway inhibition and tumor shrinkage. Together, this work nominates 

combination of GŬq and MEK inhibition as a strategy for targeting GŬq driven melanoma 

clinically.   

 

Abstract 

Purpose 

All uveal melanoma and a fraction of other melanoma subtypes are driven by activation 

of the GŬq pathway. Targeting these melanomas has proven difficult despite advances 

in the molecular understanding of key driver signaling pathways in the disease 

pathogenesis. Inhibitors of GŬq have shown promising preclinical results, but their 

*Hitchman, Tyler D., Gabriella Bayshtok, Emilie Ceraudo, Amanda R. Moore, Cindy Lee, Ruobing Jia, 
Naitao Wang et al. "Combined Inhibition of GŬq and MEK Enhances Therapeutic Efficacy in Uveal 
Melanoma." Clinical Cancer Research (2020). 
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therapeutic activity in distinct GŬq mutational contexts and in vivo have remained 

elusive. 

 

Experimental Design 

We used an isogenic melanocytic cellular system to systematically examine hotspot 

mutations in GNAQ (e.g., G48V, R183Q, Q209L) and CYSLTR2 (L129Q) found in 

human uveal melanoma. This cellular system and human uveal melanoma cell lines 

were used in vitro and in vivo xenograft studies to assess the efficacy of GŬq inhibition 

as a single agent and in combination with MEK inhibition.    

 

Results 

We demonstrate that the GŬq inhibitor YM-254890 inhibited downstream signaling and in 

vitro growth in all mutants. In vivo, YM-254890 slowed tumor growth but did not cause 

regression in human uveal melanoma xenografts. Through comprehensive transcriptome 

analysis, we observed that YM-254890 caused inhibition of the MAPK signaling with 

evidence of rebound by 24 hours and combination treatment of YM-254890 and a MEK 

inhibitor led to sustained MAPK inhibition. We further demonstrate that the combination 

caused synergistic growth inhibition in vitro and tumor shrinkage in vivo.  

 

Conclusions 

These data suggest that the combination of GŬq and MEK inhibition provides a 

promising therapeutic strategy and improved therapeutic window of broadly targeting 

GŬq in uveal melanoma.    
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Introduction 

Uveal Melanoma (UVM) is the most common intraocular malignancy with 

approximately 3,000 new cases per year in the U.S. (Chattopadhyay et al. 2016; Chua et 

al. 2017). Metastatic UVM has a median survival of less than six months and a five-year 

survival rate of ~15% (Jovanovic et al. 2013). Unlike cutaneous melanoma, where there 

has been significant progress in targeted therapy and immunotherapy, there remains no 

effective systemic therapeutic option for advanced UVM.  

UVM is characterized by aberrant activation of the heterotrimeric G-protein alpha-

q (GŬq) pathway, which canonically activates phospholipase Cb (PLCB) and downstream 

effectors, including inositol 1,4,5-triphosphate (IP3), diacylglycerol (DAG), and protein 

kinase C (PKC) (Goldsmith and Dhanasekaran 2007). Approximately 90% of UVMs 

harbor activating mutations in two homologous Ŭ subunits of Gaq GNAQ and GNA11; the 

remaining cases harbor activating mutations in the upstream G protein-coupled receptor 

(GPCR) cysteinyl leukotriene receptor 2 (CYSLTR2) (Moore et al. 2016; Van Raamsdonk 

et al. 2010, 2009) and downstream target PLCB4 (Johansson et al. 2016). These mutations 

are not exclusive to UVM, as they have been identified in a majority of blue nevi, 

leptomeningeal melanocytic neoplasms (LMNs), hepatic small vessel neoplasms, Sturge-

Weber syndrome, and in a small subset of cutaneous and mucosal melanomas (Van 

Raamsdonk et al. 2009; Möller et al. 2017; Küsters-Vandevelde et al. 2010; Shirley et al. 

2013; Sheng et al. 2016; Küsters-Vandevelde et al. 2015; Gill et al. 2016; Joseph et al. 

2018). The identification of similar genetic aberrations among these diseases 
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demonstrates the significance of this pathway and the need for effective therapeutic 

options against it.  

 The MAPK pathway is an important downstream signaling output of GŬq; prior 

studies highlighted the high levels of MAPK activity in the absence of canonical drivers 

found in cutaneous melanoma (Zuidervaart et al. 2005; Van Raamsdonk et al. 2009, 

2010). Despite this, single agent MEK inhibitors (MEKi) have failed to provide clinical 

benefit (Chattopadhyay et al. 2016; Carvajal et al. 2018; Ambrosini et al. 2012). Recent 

mechanistic studies identified the RAS guanine exchange factor, RasGRP3,  as an 

essential intermediary between GŬq and RAS/MAPK signaling (Moore et al. 2018; Xu 

Chen et al. 2017). Inhibition of RasGRP3 reduced ERK signaling and cell growth further 

implicating the dependence of MAPK signaling in UVM (Moore et al. 2018). Promising 

preclinical studies have pointed to the combination of a pan-PKC inhibitor with MEKi as 

a potential therapeutic approach. However, clinical applications of these compounds have 

been hampered by toxicity from pan-PKC inhibition and therefore the lack of therapeutic 

window (Chattopadhyay et al. 2016; Carvajal et al. 2018; Luke et al. 2015; X. Chen et al. 

2014; Ambrosini et al. 2012). Direct inhibition of mutant GŬq signaling could potentially 

circumvent such toxicity and provide an effective therapeutic window and conceivably 

durable response. The recent development of allele-specific RAS inhibitors revealed 

mutations in KRAS, another small GTPase can continue to cycle between the GTP-GDP 

states, albeit at reduced rates compared to wild-type (Moore et al. 2020). In fact, 

KRASG12C-specific inhibitors, similar to YM, target the GDP-bound state and are 

efficacious in inhibiting KRASG12C-driven cancers (Lito et al. 2016; Patricelli et al. 2016; 
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Janes et al. 2018). These studies have shown that direct targeting of a mutant GTPase 

is not only possible, but highly efficacious in KRASG12C-driven cancers. 

YM-254890 (YM) is a naturally-occurring cyclic depsipeptide that inhibits platelet 

aggregation by perturbing GŬq-mediated Ca2+ mobilization (Takasaki et al. 2004; 

Taniguchi, Suzumura, et al. 2003). YM is an allosteric inhibitor that binds to the 

hydrophobic cleft between two inter-domain linkers of GŬq, stabilizing the inactive GDP-

bound form by hindering the flexibility of the linkers (Nishimura et al. 2010). YM inhibition 

of GŬq prevents canonical nucleotide exchange; without binding GTP, the protein is 

unable to activate downstream signaling partners. Studies have shown YM can act as a 

therapeutic agent for inhibition of platelet aggregation and hypocalcemia (Uemura, 

Kawasaki, et al. 2006; Roszko et al. 2017; Uemura, Takamatsu, et al. 2006). However, 

initial studies using overexpression systems indicated YM was unable to inhibit mutant 

GŬqQ209L (Takasaki et al. 2004). The lack of inhibition was hypothesized to be due to the 

reduced GTPase activity of the GŬq
Q209L mutant preferentially locking the mutant protein 

in the GTP-bound state, similar to the paralogous GŬsQ227L mutant (Graziano and Gilman 

1989). Three recent studies have highlighted the use of FR900359 (FR), an analog of YM, 

to directly target Q209-mutant GŬq. These studies demonstrated FRôs  ability to inhibit 

signaling and growth in Q209 mutant UVM cell lines, and efficacy against one human 

xenograft model (Onken et al. 2018; Lapadula et al. 2019; Annala et al. 2019). These 

reports illustrate direct inhibition of Q209 mutant GŬq as a potential therapeutic avenue 

for UVM. However, both YM and FR are potent inhibitors of physiologically active wild-

type GŬq signaling (Takasaki et al. 2004; Taniguchi, Suzumura, et al. 2003; Nishimura et 

al. 2010; Schrage et al. 2015), which raises concerns of therapeutic window of YM and 
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FR in targeting mutant GŬq in UVM. Thus, discovery of novel synergistic combinations 

that can potentiate therapeutic efficacy and broaden the therapeutic window of YM or FR 

is imperative. Furthermore, there remains a need for a comprehensive understanding of 

direct GŬq inhibition across the mutational landscape of UVM. 

Here, we identified a novel GNAQ mutational hotspot, G48, and showed exogenous 

expression of GNAQG48V, similar to the canonical GNAQ mutants, transformed 

melanocytes. We demonstrated YM effectively inhibited cellular growth and downstream 

GŬq signaling in four UVM mutants, GNAQ (G48V, R183Q, Q209L) and CYSLTR2 

(L129Q). We further confirmed the efficacy of YM in a series of in vivo experiments with 

human UVM cell lines harboring GŬq
Q209 mutations. Furthermore, transcriptomic and 

synergistic analysis revealed that together, YM and MEKi led to enhanced and sustained 

inhibition of MAPK signaling to significantly decrease tumor growth. These results 

suggest direct GŬq inhibition provides an effective therapeutic strategy in UVM and 

synergizes with MEKi to further increase therapeutic potential. 

 

Methods 

Study approval 

MSK-IMPACT testing for UVM patients was ordered by the treating physician who signed 

informed consent to research protocol (ClinicalTrials.gov, NCT01775072). All animal 

studies were performed in accordance to MSKCC IACUC 11-12-029. 

 

Drugs and Chemicals 
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YM-254890 was purchased from Wako Pure Chemical Industries (CAT# 257-00631). 

MEK162 (binimetinib) was purchased from Array BioPharma Inc. Trametinib was 

purchased from Selleck Chemicals (Catalog No. S2673). 

 

Mutational Analysis 

For the MSKCC uveal melanoma cohort, all patients provided informed consent for tissue 

procurement and mutational testing, and the study was approved by the institutional 

review board (ClinicalTrials.gov, NCT01775072). Patients had a confirmed diagnosis of 

uveal melanoma. A total of 124 specimens from 116 patients were analyzed including 47 

specimens from primary UVM and 77 from metastasis (56 liver, 6 lymph node, 5 lung, 10 

other). In the 7 patients with multiple samples, the GŬq mutational status were identical. 

Tumor samples were sequenced using MSK-IMPACTv3, v5, or v6 that captures 341, 410, 

and 468 genes respectively. The MSK-IMPACT panel includes GNAQ and GNA11 in all 

versions and CYSLTR2 was added to v6.  

For integrative analysis of published cohorts, Level 2 whole-exome mutational data were 

downloaded from the NIH TCGA server. Processed whole-exome sequencing data from 

the UNI-UDE (n = 22) and MDACC/MEEI (n = 52) uveal melanoma cohorts and processed 

whole-genome sequencing data from the CRUK (n = 12) and QIMR (n = 28) cohorts were 

extracted from the supplementary tables of relevant publications (20-24). For downstream 

analysis, we merged the data for 3 duplicate samples present in both the CRUK and 

TCGA databases and removed 3 samples from the QIMR database that lacked any 

somatic mutations, leaving 188 samples. The OncoPrint was generated using MSKCC 

cBioPortal. 
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Exogenous Gene Expression 

For transient transfection experiments in HEK-293T, we used a synthetic gene for codon 

optimized CYSLTR2 (5) and WT cDNA for GNAQ (cDNA.org). We performed site-

directed mutagenesis to generate mutants Q209L, R183Q and G48V using QuickChange 

(Agilent Technologies) site-directed mutagenesis. HEK-293T cells were transiently 

transfected with the plasmids encoding for GNAQ WT and mutants subcloned into 

pcDNA3.1(+) using Lipofectamine according to the manufacturerôs instructions. Briefly, 

7,000 HEK-293T cells were transfected in low-volume 384-well plates with 11 ng of total 

DNA/well for 24 hours.  

For stable expression in melan-a cells, we employed human cDNAs for CYSLTR2 

and GNAQ obtained from Origene, mutagenized using QuickChange and cloned into the 

retroviral vector MSCV-Puro (Addgene plasmid #68469) (Akama-Garren et al. 2016). 

NRASQ61K (Addgene plasmid #49404) and MEKDD (Addgene plasmid #15268) (Boehm 

et al. 2007) constructs for rescue experiments were purchased from addgene. Retroviral 

production was performed through transfection of retroviral expression vector with the 

pCl-Ampho packaging vector with X-tremeGENE 9 (Sigma-Aldrich). QuikChange primers 

were used to introduce the various mutant constructs. All constructs were confirmed by 

sequencing. Site directed mutagenesis primers are listed in Supplementary Table S1. 

 

Cell Culture 

Mutation dependent melan-a cells were generated by transducing cells with cDNAs in 

MSCV-PURO (retrovirus) and then selecting cells with puromycin (1µg/ml) for two days. 
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TPA (Sigma-Aldrich) was then withdrawn from cultures. Cells with activating mutations 

(CysLT2RL129Q, GNAQG48V/R183Q/Q209L, KRASG12V, BRAFV600E, and NRASQ61K) continued to 

proliferate over several passages (>2 weeks). Vector and WT controls were unable to 

maintain proliferation or pigmentation after a few passages without TPA. All cells were 

cultured in media containing 10% FBS, L-glutamine (2nM), penicillin (100U/ml), 

streptomycin (100 µg/ml). Melan-a cells provided by D. Bennett, St. Georgeôs Hospital, 

University of London were cultured in RPMI supplemented with 200nM TPA unless 

otherwise noted (Bennett, Cooper, and Hart 1987). HEK-293T (from ATCC) and A375 

cells were cultured in DMEM and UVM cells were cultured in RPMI. All cells tested 

negative for mycoplasma. Human UVM cell lines Mel202, OMM1.3, and OMM1 were 

described previously (Moore et al. 2018) and MP41 was purchased from ATCC (CRL-

3297).  

 

Cell Growth Assays and Dose Response Curves 

Cell growth and dose response curves for YM were assayed using CellTiter-Glo 2.0 

(Promega) and readout on a Glomax Luminometer (Promega). For growth assays, melan-

a cells were seeded in the absence of TPA, 1,000 cells/well in a 96-well plate and then 

counted on days 1, 3, and 6. Growth assays were baselined to day 1 readings. For dose 

response curves melan-a and human UVM cells were seeded 1,000-3,500 cells/well in a 

96-well plate and treated 24 hours later with YM for 5 days. Data was baselined to vehicle. 

Growth assays and dose response curves were analyzed and IC50 values calculated 

using GraphPad Prism 7.0 software. Data shown is representative of at least three 

independent experiments with at least three technical replicates.  
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Crystal Violet Growth Assay 

Cells were seeded in 12- or 6-well plates, media and drug were replenished every two 

days. Cells were washed twice with ice cold 1X PBS, fixed with ice cold 100% methanol, 

and stained with 0.5% crystal violet (sigma) solution in 25% ethanol. Plates were imaged 

with a GELCOUNT (Oxford Optronix).  

 

Drug Synergy Analysis 

Synergy assays were performed in 96 well plates (1,000-3,000 cells/well) for 5 days with 

Trametinib and YM, readout by CellTiter-Glo 2.0. Viability was baselined to vehicle 

(100%), input into Combenefit software to obtain HSA synergy and viability plots (Di Veroli 

et al. 2016). Data shown is representative of at least three independent experiments with 

three technical replicates.  

 

Mouse experiments 

For melan-a allograft studies, 2.0 × 106 cells were resuspended in 100ɛL of 1:1 mix of 

RPMI media and Matrigel (BD Biosciences) and subcutaneously injected into 6-8-week-

old C57BL/6J mice (Jackson Laboratory). For Mel202 xenograft studies, 3.0 × 106 cells 

were injected into 6-8-week-old CB17-SCID mice (Taconic). Tumor sizes were measured 

twice a week with calipers starting from three weeks post graft and were calculated using 

the following formula: tumor volume = (D2 × d2× h2)/6, whereby D, d and h refers to long 

diameter, short diameter and height of the tumor, respectively. Treatment began at a 

tumor size of ~100mm3. Mice were treated with YM-254890 (daily intraperitoneal 
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injection), binimetinib (twice daily oral gavage), a combination of both drugs, or a matched 

vehicle (0.5% DMSO in 1X PBS and 1% Carboxymethyl cellulose + 0.5% Tween 80 in 

ddH2O, or both, respectively). Mice were treated for five days and then given two days for 

recovery for the length of the experiment. Mice were euthanized in response but not 

limited to the following: tumor ulceration, tumors located too close to the trunk of the mice 

to impede movement and blood flow, and tumor burden. For all experiments, mice were 

grafted double flank, except Figure 2.6A (single flank). 

 

Luciferase Imaging 

OMM1.3 cells were transduced with pBMN (CMV-copGFP-Luc2-Puro) for luciferase 

expression (Addgene plasmid # 80389) (Jin et al. 2016). OMM1.3 xenografts were setup 

the same as Mel202 grafts described above. Treatment was started 3 days after grafting, 

following the methods described above. Mice were injected with 15mg/ml D-luciferin 

potassium salt (GoldBio) in 1X PBS and imaged 15 minutes later using Xenogen IVIS 

Spectrum. The raw photon flux was calculated using Living Image 4.4 Software and 

baselined to day 1 readings. 

 

Western Blotting Analysis 

Cell lysates were harvested after indicated treatments as previously described (Moore et 

al. 2018, 2016). For western blots of OMM1.3 tumors, mice were treated once (q.d.) with 

vehicle, YM, binimetinib, or combo and then scarified four hours later. For western blots 

of Mel202 tumors, mice were treated with vehicle, YM (q.d.), binimetinib (b.i.d), or combo 

for a week and then scarified four hours after the last treatment. Tumor lysates were 
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generated as previously described (Moore et al. 2018). Primary antibodies were 

incubated at a 1:1,000 dilution, unless noted otherwise. Western blot antibodies are listed 

in Supplementary Table S2.  

 

Immunohistochemistry 

All tissues were fixed at 4°C overnight in 4% paraformaldehyde. Tissue processing, 

embedding, sectioning, and H&E staining were performed by Histoserv. Staining was 

done as previously described (Moore et al. 2018). IHC antibodies and dilutions are listed 

in Supplementary Table S3. 

 

RNA Isolation and qRT-PCR 

RNA was extracted from cells using Trizol (Invitrogen) following the manufacturers 

standard Trizol extraction protocol. 2 µg of RNA from each sample was reverse 

transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Power SYBR Green PCR Master Mix (Applied Biosystems) was then used 

for PCR on a QuantStudio 6 Flex System (Applied Biosystems). Expression was 

normalized to ribosomal protein RPL27. Relative expression of mRNA was plotted as 2-

ȹȹCt and each experiment was performed in triplicate and repeated in at least three 

independent experiments. qRT-PCR primers are listed in Supplementary Table S4. 

 

Bioinformatics Analysis 

TCGA uveal melanoma (UVM) and skin cutaneous melanoma (SKCM) mutational and 

RNA-seq data were download from cBioPortal (www.cbioportal.org) using the 
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PanCancer Atlas Version. The six SKCM samples with GNAQ or GNA11 Q209L 

mutations are TCGA-RP-A6K9-06, TCGA-RP-A690-06, TCGA-ER-A3ET-06, TCGA-ER-

A3ES-06, TCGA-ER-A2NF-06, TCGA-ER-A2NF-01. All RNA-seq was performed by 

MSKCC genomics core facility using poly-A capture. The libraries were sequenced on 

an Illumina HiSeq-2500 platform with 50 bp paired-end to obtain a minimum yield of 40 

million reads per sample. The sequence data for all melan-a cells were mapped to the 

mouse reference genome (GRCm38), whereas, Mel202 and OMM1.3 were mapped to 

the human reference genome (GRCh38) using STAR v2.330 (Dobin et al. 2013). Gene 

counts were quantified using STAR to Ensembl gene annotations GRCm38.91 and 

GRCh38.90 for mouse and human samples, respectively. Counts were r-log 

transformed using DESeq2 (Love, Huber, and Anders 2014). Hierarchical clustering and 

heatmaps of wild-type melan-a cells grown in TPA and GNAQQ209L and KRASG12V 

transduced melan-a cells grown without TPA was performed on r-log transformed genes 

with STDEV>1.5 using Partek Genomics Suite. K-means clustering and heatmaps of 

drug treated melan-a and human uveal melanoma cells were performed on r-log 

transformed, Z-scored (mean = 0, stdev = 1), and then partition clustered (k-means) 

were performed using Partek Genomics Suite. Sum Z-scores were calculated by adding 

transformed gene expression data from the specified gene signatures. Gene sets are 

listed in Supplementary Table S5. Cluster and gene set (Hallmark) enrichment 

analysis were obtained from https://www.gsea-msigdb.org/gsea/index.jsp and are 

shown in Supplementary Table S6-S11. Raw and processed data are deposited in 

Gene Expression Omnibus (GEO) Accession #: GSE152705 and GSE160112. 
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IP1 Accumulation Assay 

IP1 concentrations in transfected HEK-293T cells, stably transduced melan-a cells, and 

uveal melanoma cells were measured using a competitive homogenous time resolved 

fluorescence (HTRF) assay (CisBio). Briefly, 7,000 transiently transfected HEK-293T 

cells, 5,000 melan-a cells and 5,000 uveal melanoma cells were seeded in low-volume 

384-well plates in 7 ɛL media for 24 hours prior to YM treatment. Cells were then treated 

with various concentrations of YM at 37°C for 3 or 24 hours. 1 hour and 45 minutes prior 

lysis, cells were supplemented with 1X Stimulation Buffer provided by the manufacturer 

(HEPES 10 mM, CaCl2 1 mM, MgCl2 0.5 mM, KCl 4.2 mM, NaCl 146 mM, glucose 5.5 

mM, LiCl 50 mM, pH 7.4) with 0.2% BSA and 50 mM of LiCl (to prevent IP1 degradation). 

Following incubation, cells were lysed by addition of 3 ɛL/well of d2-labeled IP1 analogue 

as the fluorescence acceptor and the Terbium cryptate-labeled anti-IP1 mAb as the 

fluorescence donor, diluted in the kit-supplied lysis buffer. The plates were incubated 

overnight at RT and time-resolved fluorescence signals were read using the BioTek 

Synergy NEO plate reader (BioTek Instruments, Winooski, VT) at 620 nm and 665 nm. 

Results were calculated as a 665nm/620nm signal ratio, and IP1 concentrations were 

interpolated from a standard curve prepared using the supplied IP1 calibrator. Results are 

shown as IP1 (nM). Dose response curves and bar graphs were analyzed using GraphPad 

Prism 7.0 software. 

 

Statistical analysis 

All statistical comparisons were done with Graphpad Prism 7.0 software and used a two-

tailed Studentôs t-test for comparison between groups. Data is shown as the mean ± SEM 
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(unless otherwise noted) from triplicate samples from at least three independent 

experiments. P less than 0.05 was used to designate significance. Significant differences 

between groups are indicated by P > .05; ns, P < 0.05; *, P < 0.005; **, P < 0.0005; ***, 

P < 0.0001, ****.   

 

Results  

GŬq mutations occur at three hotspot residues that are known to perturb GTP 

hydrolysis 

We examined the GŬq pathway mutations from a series of 116 consecutive 

patients with UVM seen at Memorial Sloan Kettering Cancer Center (MSKCC) and who 

had undergone clinical sequencing on the MSK-IMPACT platform (Zehir et al. 2017). 

Similar to previously reported cohorts, 107 of 116 patients harbored mutually exclusive 

activating mutations in either GNAQ or GNA11 and two patients had a CYSLTR2L129Q 

mutation (Figure 2.1A) (Moore et al. 2016). For GNAQ, in addition to previously known 

recurrent mutations at amino acids Q209 and R183, one sample harbored a novel G48L 

mutation. To further evaluate the GNAQG48 mutation, we next integrated 188 uveal 

melanoma patients from 5 published whole-exome or whole-genome uveal melanoma 

cohorts (Robertson et al. 2017; Furney et al. 2013; Johansson et al. 2016; Martin et al. 

2013; Johnson et al. 2017). We identified two patients with GNAQG48L and one patient 

with a GNAQG48V mutation, indicating G48 as a third mutational hotspot in GNAQ (Figure 

2.1B). The codon G48 resides in the phosphate binding loop (P-loop) of GŬq and is 

paralogous to codon G12 in RAS GTPases, which is frequently mutated in various 

cancers (Moore et al. 2020). Furthermore, the paralogous G47V mutation in GNAS 
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exhibits constitutive activity (Graziano and Gilman 1989). Structural studies of active GŬq 

illustrate G48 of the P-loop, R183 of switch I, and Q209 of switch II are in spatial proximity 

adjacent to the nucleotide-binding pocket (Figure 2.1C) (Taylor, Bommarito, and Tesmer 

2016), indicating mutations in G48, like Q209 and R183 would hinder GTPase activity.  

 

Generation of isogenic melanocytes dependent on mutations found in UVM 

To determine the role of distinct UVM driver mutations in a genetically defined 

context, we stably expressed human cDNAs encoding CYSLTR2L129Q, GNAQG48V, 

GNAQR183Q, GNAQQ209L, WT controls, as well as BRAFV600E, KRASG12V, and NRASQ61K in 

melan-a cells (Supplementary Figure S1A and S1B) (Bennett, Cooper, and Hart 1987). 

BRAFV600E, KRASG12V, and NRASQ61K hyperactivate the RAS-RAF-MEK-ERK kinase 

(MAPK) signaling pathway, distinct from the GPCR-GŬq-PLCɓ signaling axis. Melan-a 

cells are immortalized mouse melanocytes that require media supplemented with 12-O-

tetradecanoyl-phorbol-13-acetate (TPA), a DAG analog, for continued proliferation and 

are characterized by pigmentation and melanocytic morphology (Bennett, Cooper, and 

Hart 1987; Moore et al. 2016). After TPA withdrawal, melan-a cells expressing empty 

vector, CYSLTR2WT or GNAQWT lost pigmentation and eventually growth arrested 

(Figure 2.1D and 2.1E; Supplementary Figure S1C). However, cells expressing 

activating mutations of GNAQ and CYSLTR2 exhibited TPA-independent growth and 

enhanced melanocytic features (e.g. dark pigmentation, enlarged melanosomes). 

Interestingly, expression of BRAFV600E, KRASG12V, and NRASQ61K that hyperactivate 

MAPK signaling also conveyed TPA-independence but failed to maintain pigmentation 

(Figure 2.1D and 2.1E; Supplementary Figure S1C and S1D).  
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We next examined the ability of GŬq to stimulate PLCɓ and generate IP3, by 

measuring accumulation of the IP3 degradation product IP1. Melan-a cells expressing 

CYSLTR2L129Q and all three GNAQ mutations exhibited enhanced IP1 accumulation, 

whereas the CYSLTR2WT-, GNAQWT-, BRAFV600E-, KRASG12V-, and NRASQ61K-

expressing cells did not, indicating that this cellular system faithfully recapitulates the 

distinct signaling pathways driven by CysLT2R and GŬq oncoproteins (Figure 2.1F; 

Supplementary Figure S1E). Western blot analysis of melan-a cells following TPA-

withdrawal showed that UVM associated CysLT2R and GŬq oncoproteins maintained 

expression of melanocyte markers MITF, c-KIT, TRP2/DCT, and RASGRP3 (UVM 

specific), whereas wild-type CYSLTR2WT, GNAQWT, KRASG12V, and NRASQ61K did not 

(Figure 2.1G; Supplementary Figure S1F). In TCGA datasets, we found these genes 

(MITF, KIT, DCT, and RASGRP3) were expressed higher in uveal melanoma (UVM) and 

GŬq -mutated skin cutaneous melanoma (SKCM) compared to RAS/RAF mutated SKCM 

(Supplementary Figure S1G), suggesting that the engineered melan-a cells capture 

important oncogene-specific biology of human melanomas (Moore et al. 2016, 2018).  

To determine the transcriptome response to expression of activated GŬq and 

RAS/RAF pathway in melan-a cells, we performed RNA-seq in wild-type melan-a cells 

grown in TPA, melan-a expressing GNAQQ209L and melan-a expressing KRASG12V cells 

after TPA-withdrawal. Unsupervised hierarchical clustering showed wild-type cells in TPA 

were more similar with GNAQQ209L cells than KRASG12V cells, consistent with direct GŬq 

signaling to phospholipase C-beta to generate DAG and IP3 (Supplementary Figure 

S1H). To determine pathways activated in these melan-a lines, we performed enrichment 

analysis of gene ontology (GO), Hallmark, and KEGG gene sets as well as custom gene 
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sets defined by genes differentially expressed between human GŬq vs 

BRAF/NRAS/KRAS mutated melanoma from TCGA uveal and cutaneous melanoma 

datasets (Robertson et al. 2017; Akbani et al. 2015) and by genes differentially expressed 

in genetically engineered mouse melanoma in Bap1KO;Gna11Q209L vs Bap1KO;BRAFV600E 

mice (Moore et al. 2018). We found that GNAQQ209L melan-a cells had increased 

expression of genes in human GŬq mutated melanomas and mouse Bap1KO;Gna11Q209L 

tumors while KRASG12V  melan-a cells had increased expression of genes in human 

RAS/RAF mutated tumors and mouse Bap1KO;BrafV600E tumors (Supplementary Figure 

S1I). In addition gene sets including calcium mediated signaling and melanogenesis were 

strongly enriched in GNAQQ209L cells, whereas MAPK signaling was enriched in 

KRASG12V cells (Supplementary Figure S1I). (Moore et al. 2018). These data indicate 

GŬq activation generates a distinct oncogenic phenotype that maintains melanocyte 

lineage specification, and is consistent with previous observations in genetically 

engineered murine models of UVM (Moore et al. 2018; Huang, Urtatiz, and Van 

Raamsdonk 2015). This system of engineered mutant oncoprotein-transformed 

melanocytes allows for context-relevant systematic evaluation of GŬq-pathway activating 

mutations that are not available in human cancer cell lines or patient-derived xenograft 

(PDX) UVM models. 

 

YM-254890 inhibits mutation dependent melan-a cells in vitro and in vivo 

We next determined the ability of YM to inhibit the activity of distinct UVM mutations. 

Since YM is thought to stabilize the GDP-bound state of GŬq
WT, we hypothesized 

CysLT2RL129Q would be particularly sensitive to YM. First, we tested the ability of YM to 
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inhibit GŬq signaling in a panel of HEK-293T cells transfected with oncoprotein cDNA 

constructs and assayed the dose response of IP1 accumulation 24-hours following 

treatment of YM. In this system, CysLT2RL129Q and GŬq
G48V appeared to be most sensitive 

to YM with subnanomolar potency (Supplementary Figure S2A). GŬq
R183Q was ~20-fold 

less sensitive to YM compared to CysLT2RL129Q and GŬq
G48V, whereas GŬq

Q209L was the 

least sensitive to YM and its signaling was incompletely inhibited within 24-hour YM 

treatment, consistent with previous reports (Supplementary Figure S2A) (Takasaki et al. 

2004).  

Transient transfection experiments in HEK-293T cells result in non-physiologic 

overexpression of oncoproteins and can lead to misleading observations. In the more 

physiologic context of GŬq pathway mutant-transformed melan-a cells, when we assayed 

IP1 after 3 hours of treatment, rapid reduction of IP1 was observed with UVM oncoproteins 

except GŬqQ209L, which achieved only half-maximal inhibition (Figure 2.2A). Interestingly, 

24-hour treatment with YM completely inhibited IP1 accumulation across all UVM 

activating mutants, including GŬqQ209L. CysLT2RL129Q and GŬqG48V were most sensitive to 

YM, whereas GŬqR183Q and GŬqQ209L mutants were approximately 10-fold less sensitive 

(Figure 2.2A). These data suggest activating GŬq mutants, while prominently GTP-bound, 

undergo GTP hydrolysis, albeit presumably at decreased levels compared to wild-type, 

allowing for YM to bind in the GŬq GDP-state, reminiscent of covalent KRASG12C inhibitors 

(Nishimura et al. 2010; Lito et al. 2016; Patricelli et al. 2016; Janes et al. 2018).  

We next assayed the effect of YM on downstream GŬq signaling, including 

RASGRP3 phosphorylation by PKC, MAPK signaling by CRAF, MEK, and ERK 

phosphorylation and cyclin D1 expression that integrates signaling to promote cell cycle 
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progression. YM inhibited these downstream signaling targets, with slower kinetics in 

GŬqR183Q and GŬq
Q209L expressing cells compared to CysLT2RL129Q and GŬq

G48V 

expressing cells (Figure 2.2B), consistent with the IP1 biochemical assay. Since TPA is 

a DAG analog and acts downstream of GŬq, supplementing it in the media restored 

downstream signaling targets 24 hours after YM treatment (Figure 2.2B). YM was 

ineffective in inhibiting MAPK signaling in BRAFV600E, KRASG12V, and NRASQ61K-

expressing cells (Supplementary Figure S2B), confirming the specificity of YM to GŬq 

inhibition. Expressing KRASG12V in CysLT2RL129Q and GŬq
Q209L melan-a cells rescued YM-

mediated MAPK inhibition (Supplementary Figure S2E).  We next examined if YM could 

effectively inhibit TPA-independent cell growth in the engineered melan-a cells. 

Consistent with IP1 accumulation, all UVM activating mutants were highly sensitive to YM. 

CysLT2RL129Q and GŬq
G48V cells exhibited low-nanomolar sensitivity to YM, and the 

GŬqR183Q- and GŬq
Q209L-expressing cells were modestly less sensitive, whereas the 

BRAFV600E, KRASG12V, and NRASQ61K -expressing cells were insensitive (Figure 2.2C; 

Supplementary Figure S2C). TPA supplementation or KRASG12V expression rescued 

YM-mediated growth inhibition in CysLT2RL129Q-expressing cells (Supplementary Figure 

S2D).  

We performed pilot pharmacokinetic studies suggesting YM has a short serum 

half-life in mice (data not shown). However, given its potency, YM may engage and inhibit 

GŬq more durably. We thus performed a pharmacodynamic study examining downstream 

signaling in CysLT2RL129Q cells allografted into C57BL/6J mice. After a single dose of YM 

given at 7.5 mg kg-1 intraperitoneally, we observed inhibition of downstream signaling in 

CysLT2RL129Q tumors as early as 30 minutes (Figure 2.2D). By 24 hours, a sustained 
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decreased in ERK phosphorylation and cyclin D was observed despite rebound of CRAF 

phosphorylation. We observed a paradoxical increase in RASGRP3 phosphorylation 

levels which may indicate feedback activation in this model.  

Given these data, we proceeded to dose YM daily and assessed efficacy. We observed 

YM significantly inhibited tumor growth of CysLT2RL129Q or GŬq
Q209L allografts (Figure 

2.2E and 2F). Importantly, YM treatment did not cause adverse effects such as weight 

loss (Supplementary Figure S2F and S2G). These data suggest YM is a highly selective 

inhibitor against GŬq signaling and can effectively inhibit proliferation both in vitro and in 

vivo. 

 

YM-254890 inhibits growth of human UVM cells and xenograft models 

Given the sensitivity of all three activating hotspot mutations to YM, including the most 

common GNAQQ209L mutation, in the melan-a system, we proceeded to study the effect 

of YM on a panel of human UVM cell lines that harbor GNAQQ209L/P or GNA11Q209L 

mutations and A375 (BRAFV600E) cutaneous melanoma cell line as control. UVM cells 

exhibited high basal activity of IP1 accumulation, which was inhibited upon YM treatment 

at 24 hours (Figure 2.3A; Supplementary Figure S3A). Analysis of downstream 

signaling showed RASGRP3, MAPK output, and cyclin D1 proteins were inhibited in UVM 

cells, but not in A375 cells, upon treatment with YM (Figure 2.3B; Supplementary 

Figure S3B). Expressing NRASQ61K or MEKDD in UVM cells completely rescued YM-

mediated MAPK inhibition (Supplementary Figure S3G). In OMM1.3 and Mel270 cells, 

treatment with YM rapidly inhibited the MAPK pathway while suppression of the 

intermediary target, p-RASGRP3, required prolonged drug exposure. In contrast, YM 
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treatment in Mel202 cells showed potent inhibition of p-RASGRP3 at early time points, 

but the MAPK pathway was only mildly inhibited; p-ERK1/2 rebounded by 24 hours. 

These results indicate UVM cells may have different wiring downstream of GŬq. 

Regardless, YM potently and effectively inhibited cell viability in GŬq mutant UVM cell 

lines but not A375 cells (Figure 2.3C; Supplementary Figure S3C and S3D). TPA 

supplementation, NRASQ61K, or MEKDD expression rescued YM-mediated growth 

inhibition in UVM cells (Supplementary Figure S3C, S3E, and S3F).    

We next used a UVM xenograft model to test the efficacy of YM in vivo. In mice 

with xenografts of OMM1.3 cells, YM inhibited tumor formation compared to vehicle and 

no adverse weight loss was observed (Figure 2.3D; Supplementary Figure S3H).  

Taken together, these data indicate that GŬq inhibition is effective against human UVM 

xenografts in vivo, in agreement with previously reported data using FR (K. G. Griewank 

et al. 2012).  

 

GŬq inhibition and MEKi synergistically sustain MAPK inhibition and suppress 

growth in UVM models 

 To gain further mechanistic insight, we compared the transcriptional response to 

YM with that of trametinib treatment for 4- or 24-hours in the CysLT2RL129Q melan-a cells. 

Perturbed genes were partitioned into six clusters by k-means clustering algorithm 

(Figure 2.4A). Genes downregulated by either YM or trametinib behaved similarly to one 

another (Clusters 1, 2, 3), whereas upregulated genes were distinct (Clusters 4, 5, 6). We 

then computed the top five GSEA HALLMARK gene set overlaps with each cluster to 

better understand the impact of treatment on these clusters (Supplementary Figure 
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S4A). YM, similar to trametinib, effectively inhibited the cell cycle progression (E2F 

targets) of CysLT2RL129Q cells at 24-hours (cluster 1; Figure 2.4B). However, trametinib 

more potently suppressed KRAS and inflammatory signaling than YM (cluster 2; Figure 

2.4B; Supplementary Figure S4A). To further understand the suppression of KRAS 

genes, we used a 52-gene set comprised of genes rapidly downregulated by MEK 

inhibition in melanoma cells (Pratilas et al. 2009), PRATILAS_MAPK signature. This gene 

signature was downregulated by both YM and trametinib at 4 hours, but by 24 hours, 

genes rebounded with YM treatment while trametinib further suppressed this gene 

signature (Figure 2.4C). Specifically, this rebound pattern was seen in MAPK signaling 

output genes DUSP6 and SPRY2/4 (Figure 2.4D). This suggests that YM does not 

durably suppress MAPK signaling at 24 hours, potentially limiting therapeutic effect.  

This prompted us to ask whether YM could be used in combination with MEKi to 

prevent potential MAPK rebound and induction. In our melan-a cellular system, we found 

significant synergy in an HSA assay between YM and trametinib in cells dependent on 

CYSLTR2 or GNAQ mutants but not in melan-a cells still dependent on TPA (Figure 2.4E; 

Supplementary Figure S4B). Long term treatment of YM plus trametinib greatly reduced 

proliferation of CysLT2RL129Q cells at 26 days compared to single agent treatments 

(Figure 2.4F). In melan-a cells with TPA, only trametinib showed long term effects on 

proliferation. Combination treatment in CysLT2RL129Q melan-a cells led to rapid MAPK 

signaling inhibition that was sustained for 72 hours, whereas p-ERK had returned to basal 

levels in single treatment groups (Figure 2.4G). To further investigate these findings, we 

used UVM cell lines to assess the effect of YM and MEKi on viability, transcriptomics, and 

signaling. We performed HSA synergy assays on four UVM cell lines and found significant 
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synergy between YM and trametinib (Figure 2.5A; Supplementary Figure S5A). Growth 

assays in these UVM cell lines showed variable sensitivity to either YM or MEKi, but 

combination of the two drugs lead to fewer colonies than single agents in all UVM cells 

(Figure 2.5B). However, BRAFV600E mutant A375 cells did not show synergy and only 

showed sensitivity to MEKi and combination with YM did not lead to a decrease in 

colonies (Supplementary Figure S5B and S5C). 

To better understand the synergistic effect of the combination, we performed RNA-

seq in two human UVM cell lines treated with vehicle, single agent YM or trametinib, or a 

combination of both for 24 hours (Supplementary Figure S5D and S5E). Similar to the 

melan-a cells, we observed trametinib suppressed the PRATALIS_MAPK gene signature 

with a greater effect than YM (Figure 2.5C). Combination resulted in more dramatic gene 

expression changes when compared to single agent or vehicle and also led to greater 

inhibition of MAPK, cell cycle, and MYC gene sets, with the exception of cell cycle in 

Mel202 cells (Figure 2.5C; Supplementary Figure S5D and S5E). Specifically, 

combination led to greater suppression of MAPK signaling output genes DUSP6 and 

SPRY2/4 (Figure 2.5D).  This transcriptomic data indicates that YM and trametinib have 

very similar effects on gene expression, however combination of the drugs further 

enhances the effects on gene expression.  

We next determined the effects of YM, trametinib and combination treatment on 

signaling. In Mel202 cells, YM treatment alone inhibited RASGRP3, CRAF, and MEK 

phosphorylation at all time points but downstream ERK and cyclin D inhibition was modest 

(Figure 2.5E). Trametinib treatment alone inhibited ERK phosphorylation at 24 hours with 

rebound by 48 hours, and combination treatment sustained robust inhibition at all 
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timepoints. Similarly, in OMM1.3 and MP41 cells, YM single agent was very effective at 

inhibiting RASGRP3, CRAF, and MEK phosphorylation but ERK phosphorylation 

rebounded by 72 hours (Figure 2.5F and 5G). Combination treatment led to sustained 

inhibition of ERK phosphorylation and cyclin D. Expression of KRASG12V in OMM1.3 cells 

was sufficient to rescue YM-mediated p-ERK inhibition, but not trametinib- or 

combination-mediated p-ERK inhibition (Supplementary Figure S5F). These data 

suggest that GŬq and MEK inhibition are more effective against UVM cell growth and 

signaling than single agents, indicating that combination therapy may have an increased 

clinical benefit.        

  

In vivo combination of YM-254890 and binimetinib inhibits tumor growth and 

potently suppresses the MAPK pathway 

We tested the combination of YM with an FDA-approved MEK inhibitor binimetinib 

in vivo. Using the Gaq
Q209L melan-a allograft model, we tested the combination on 

immunocompetent C57BL/6J mice treated over the course of 20 days. Mice treated with 

YM or binimetinib alone had a significant inhibition in tumor growth, with about a two-fold 

increase compared to day one size (Figure 2.6A). However, combination treatment led 

to significant tumor reduction compared to vehicle or single agents (Figure 2.6A). 

Similarly, we found that the combination greatly reduced tumor growth in the CysLT2RL129 

allograft model. (Figure 2.6B). No treatment group resulted in weight loss 

(Supplementary Figure S6A and S6B). These experiments show that together, YM and 

MEKi further reduced tumor burden in allograft models driven by two different activating 

mutations found in patients.  
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In the OMM1.3 luciferase xenograft model, single agent treatments did inhibit 

growth, but combination treatment decreased tumor luminescence by 1000-fold, and we 

were unable to identify the grafts at the end of treatment (Figure 2.6C; Supplementary 

Figure S6C). OMM1.3 tumors from mice treated for 4 hours showed that combination 

potently inhibited both PKC and MAPK signaling (Figure 2.6D). Single agent binimetinib 

inhibited p-ERK but increased p-MEK, typical of MAPK feedback (Lito et al. 2014), 

whereas YM treatment potently inhibited RASGRP3 and MAPK signaling despite minimal 

changes in ERK phosphorylation (Figure 2.6D). Immunohistochemistry of these OMM1.3 

tumors showed no change in Ki67 staining, most likely due to the short treatment time, 

but did show a dramatic decrease in p-S6R staining (Supplementary Figure S6E). We 

also tested this combination in Mel202 xenografts, which exhibit much slower in vivo 

growth. YM and binimetinib both showed a tumor reduction of about 30% whereas 

combination led to a greater than 75% average tumor reduction (Figure 2.6E; 

Supplementary Figure S6D). Tumors from Mel202 xenografted mice, treated for one-

week, displayed low basal levels of activated RASGRP3, CRAF, and MEK but did have 

measurable p-ERK levels (Figure 2.6F). YM treatment decreased p-RASGRP3 and 

downstream ERK signaling, while p-ERK remained unchanged, whereas binimetinib 

potently inhibited p-ERK and downstream targets but caused rebound in p-RASGRP3, p-

CRAF, and p-MEK. Combination treatment suppressed the reactivation of p-MEK and p-

CRAF compared to single agent binimetinib and lead to more potent inhibition of p-ERK 

and p-P90RSK. Immunohistochemistry of these Mel202 tumors show residual Ki67 and 

p-S6R staining and no significant p-ERK staining in combination treated mice (Figure 

2.6G), which corroborates the western blot analysis. These in vivo data indicate that 
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combination treatment in mice is feasible, highly active, and more efficacious than single 

agent YM or MEKi. 

 

Discussion 

Advances in targeted therapy have shown that direct inhibition of mutated 

oncoproteins, such as EGFR, KIT, KRAS and BRAF can be highly efficacious, due to the 

high selectivity against the oncoprotein over wild-type. Inhibition of downstream signaling 

is more challenging and often limited by on-target toxicity and narrow therapeutic window. 

UVM is molecularly defined by mutational activation of the GŬq pathway and harbor low 

mutational burden suggesting effective direct GŬq inhibition could have high efficacy. 

Compared to kinases, rational design of drugs against mutant GTPases, such as GŬq and 

RAS, have been challenging for a number of reasons: activating mutations in GTPases 

are enzymatically impaired whereas those in kinases are enzymatically hyperactive; 

GTPases activate downstream effectors through protein-protein interactions whereas 

kinases activate effectors through enzymatic modification; the abundance of intracellular 

GTP also makes it difficult to design high-affinity inhibitors that can directly access and 

bind to the GTP-binding pocket (McCormick 2018). Therefore, GTPases cannot be 

targeted through inhibition of enzymatic activity but require allosteric drugs that affect 

conformation or effector binding. Nature has evolved strategies that target human 

GTPases, including brefeldin A that inhibits ARF, pertussis toxin inhibits GŬi, YM from 

bacteria and FR from the plant Ardisia crenata inhibit GŬq. In each case, the inhibitor 

functions through stabilization of the GDP-bound inactive or transitional states, 

suggesting that active cycling is critical for inhibitor function.  
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The varying susceptibility to YM across our panel of GŬq mutants underscores the 

biochemical differences of these mutants. These novel findings have strong parallels to 

mutant RAS proteins. Structurally, RAS and GŬq share homologous mutational ñhotspotsò, 

Q61/Q209 and G12/G48, respectively. Interestingly, codon Q61 mutations in KRAS are 

thought to be more active than those at codon G12, with higher rates of intrinsic nucleotide 

exchange and a greater reduction of intrinsic hydrolysis (Moore et al. 2020). This is 

consistent with our observations of increased IP1 output for GŬq
Q209L and could also 

explain the differences in YM sensitivity we see between GŬq mutants. The GDP-bound 

state of GŬq
Q209L may be short-lived compared to GŬq

G48V or wild-type GŬq in 

CysLT2RL129Q cells, making it less susceptible to inhibition by YM. While YM effectively 

inhibits the panel of mutants both in vitro and in vivo, these biochemical differences 

require foresight clinically. 

As observed in RAS-mutant tumors, allele-specific inhibitors show limited efficacy 

as monotherapies and will require combinations with other inhibitors (Moore et al. 2020). 

As oncogenic mutations in UVM activate RAS proteins through RasGRP3, we 

hypothesize resistance mechanisms to direct inhibitors of GŬq could occur through 

reactivation of the MAPK pathway. In fact, compared to trametinib, we observed YM fail 

to fully suppress the MAPK gene signature. Therefore, the combination strategy of YM 

plus MEKi could prevent reactivation and durably suppress MAPK signaling. This strategy 

may also circumvent some of the disadvantages of targeting wild-type Gaq, which allows 

for lower doses of YM and MEKi and broadens the therapeutic window for maximal clinical 

benefit.   
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Our work and recent studies highlight the possibility of directly targeting oncogenic 

GŬq signaling characteristic of UVM and the importance of pursuing this strategy further 

(Onken et al. 2018; Lapadula et al. 2019; Annala et al. 2019). One important limitation of 

this study and others is the lack of testing GŬq inhibition in liver metastasis models of 

UVM. Although these models are technically difficult and typically require intrasplenic 

injection of cells it is important to understand GŬq inhibition efficacy in the liver tumor 

microenvironment. Recently, complete synthesis of YM as well as FR, and novel analogs 

of each have been reported (Taniguchi et al. 2004; Schrage et al. 2015; Xiong et al. 2016; 

Kamato et al. 2017; Zhang et al. 2017) and a large toolbox of GŬq inhibitors will likely 

soon be available. 

In summary, we showed cells harboring activating mutations at one of three 

residues in GNAQ, as well as wild-type GŬq driven by CYSLTR2L129Q were exquisitely 

sensitive to YM treatment. Transcriptomic and synergy analysis revealed combination of 

YM with MEKi provides an efficacious and durable response. Our work demonstrates that 

combination of YM and MEKi leads to enhanced reduction in tumor growth and signaling 

in UVM, making it an ideal treatment strategy to pursue clinically.    
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Figure 2.1 GŬq mutations occur at three hotspot residues that are known to affect the 
guanine-nucleotide binding pocket.  
(A) Oncoprint of GŬq pathway mutations in 116 UVM patients who have undergone MSK-
IMPACT testing. (B) Oncoprint of GŬq pathway mutations in 188 UVM patients from five 
published cohorts including TCGA (Robertson et al. 2017), Cancer Research UK (CRUK) 
(Furney et al. 2013), QIMR Berghofer Medical Research Institute (Johansson et al. 2016), 
University of Duisburg-Essen (UNI-UDE) (Martin et al. 2013) and MD Anderson Cancer 
Center/Massachusetts Eye and Ear Infirmary (MDACC/MEEI) (Johnson et al. 2017). (C) 
3D cartoon structure of GNAQ (left) highlighting Gly48 (magenta) of the P-loop (yellow), 
Arg183 (green) of Switch 1 (red), and Gln209 (blue) of Switch 2 (red). GDP (orange) and 
AlF4

- (grey) are both shown as sticks and the three residues are shown as mesh spheres. 
Close up view of GTP binding pocket (right). Structure from Protein Data Bank Entry 
5DO9 (Taylor, Bommarito, and Tesmer 2016). (D) Growth assay for melan-a cells in the 
absence of TPA for six days. Growth was assayed by Celltiter-Glo 2.0 at D1, D3, and D6. 
Fold increase in luminescence is shown relative to D1 cell number. (E) Phase contrast 
images of engineered melan-a cells after TPA withdrawal for 2 weeks (scale bar 100ɛm). 
(F) Basal level of IP1 accumulation in melan-a cells. Vector and WT controls are cultured 
with TPA whereas the remaining samples were cultured without TPA. (G) Western blot of 
melanocyte lineage markers (MITF, TRP2/DCT, c-KIT, and RASGRP3) upon TPA 

withdrawal for 2 weeks. For all cases (mean ° SEM, n = 3), P < 0.0005; ***, vector 
compared against each condition.  
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Figure 2.2 
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Figure 2.2 YM-254890 inhibits mutation dependent melan-a cell tumor growth and 
signaling.  
(A) IP1 accumulation assays in mutation dependent melan-a cells. Cells were treated with 
increasing concentrations of YM for 3 hours (left) and 24 hours (right). Data are expressed 

as IP1 concentration (nM) (mean ° SEM, n = 3). (B) Western blot analysis of MAPK 
signaling in melan-a cells treated with 500nM YM at 0, 2, 4, 8, and 24 hours; the last 
sample for each cell line was also treated with TPA for 24 hours showing rescue of the 
pathway. (C) Dose response of melan-a cells treated with YM for 5 days at increasing 
dose and readout by CellTiter Glo 2.0. Data are expressed as the percentage RLU relative 

to that observed with vehicle. (mean ° SEM, n = 3). (D) Western blot of lysates from 
CysLT2RL129Q melan-a tumors harvested at the indicated time after a single dose YM 
(7.5mg/kg). (E) Percent tumor volume of CysLT2RL129Q and (F) GNAQQ209L melan-a 
allografts treated with vehicle or YM daily. Pictures of representative tumors are vehicle 

(top) and YM treated (bottom) at the end of treatment (mean ° SEM, n = 6-10). For all 
cases P < 0.005; **, P < 0.0005; ***, P < 0.0001; ****.   
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Figure 2.3 YM-254890 inhibits human UVM cell signaling and tumor growth.  
(A) IP1 accumulation assay in UVM cells and A375 cells (cutaneous BRAFV600E). Cells 
were treated with increasing concentrations of YM for 3 hours (left) and 24 hours (right). 

Data are expressed as IP1 concentration (nM) (mean ° SEM, n = 3) (B) Western blot 
analysis of indicated proteins in UVM cells and A375 cells treated with 500nM YM at 0, 2, 
4, 8, and 24 hours. (C) Dose response of UVM and A375 cells treated with YM for 5 days 
at increasing dose and readout by CellTiter Glo 2.0. Data are expressed as the 

percentage RLU relative to that observed with vehicle. (mean ° SEM, n = 3). (D) Percent 
photon flux of OMM1.3 xenografts treated with vehicle or YM (2.5mg/kg) for 21 days 

(mean ° SEM, n = 10). Cells were transduced with pBMN for luciferase expression. Arrow 
indicates start of treatment at day 3. P < 0.05; *, P < 0.0005; ***, P < 0.0001, ****.   
 
 

Figure 2.3 
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Figure 2.4 
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Figure 2.4 Transcriptomics implicates synergistic action between GŬq inhibition and MEK 
inhibition in melan-a cells.  
(A) Heatmap of RNA-seq gene expression from CysLT2RL129Q melan-a cells treated with 
vehicle, YM (100nM), or trametinib (100nM) for 4 or 24 hours (duplicates shown). Data 
was r-log transformed, Z-scored, and then k-means clustered. Clusters are labeled 1-6 
and color coordinated (left). (B) Sum Z-scores of E2F_Targets, KRAS_SIGNALING_UP, 
and (C) Pratilas_MAPK are shown (top) with heatmaps (bottom) showing expression of 

individual signature genes (mean ° SEM, n = 2). (D) RNA-seq based expression (log2 

count) of Dusp6, Spry2, and Spry4 (mean ° SEM, n = 2).  (E) Viability curves for melan-
a cell lines treated with increasing doses of YM in combination with four doses of 

trametinib (left) and corresponding HSA synergy diagrams (right) (mean ° SEM, n = 3). 
(F) Growth assays for parental melan-a cells (+TPA) and CysLT2RL129Q melan-a cells (-
TPA) in the presence of vehicle, YM, trametinib, or Combo for 10 or 26 days, respectively. 
(G) Western blot analysis of indicated proteins in CysLT2RL129Q melan-a cells. Cells were 
treated with vehicle, YM, trametinib, or Combo for 4, 24, 48, and 72 hours. 
 
 



 
 

67 

  

Figure 2.5 
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Figure 2.5 YM-254890 and MEKi lead to sustained MAPK inhibition in UVM cells.  
(A) Viability curves for four UVM cell lines treated with increasing doses of YM in 
combination with four doses of trametinib (left) and corresponding HSA synergy diagrams 

(right). (mean ° SEM, n = 3). (B) Growth assays of Mel202, OMM1.3, MP41, and OMM1 
cells treated with vehicle, YM, trametinib, or Combo. (C) Mel202 and OMM1.3 sum Z 
scores of Pratilas_MAPK are shown (top) with heatmaps (bottom) showing expression of 

individual signature genes (mean ° SEM, n = 2). (D) Expression counts (log2) of DUSP6, 

SPRY2, and SPRY4 from RNA-seq data for Mel202 and OMM1.3 cells (mean ° SEM, n 
= 2). (E) Western blot analysis of indicated proteins in Mel202, (F) OMM1.3, and (G) 
MP41 cells. Cells were treated with vehicle, YM, trametinib, or Combo for 4, 24, 48, and 
72 hours.  
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Figure 2.6 
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Figure 2.6 Combination of YM-254890 and binimetinib in vivo inhibits tumor growth and 
signaling.  

(A) Percent tumor volume of individual tumors (left) and averaged (right) of GNAQQ209L 

melan-a allografts treated with vehicle, YM, binimetinib, or Combo for 20 days (mean ° 
SEM). Origin (Y=100) represents no change in tumor volume. (B) Percent tumor volume 
of CysLT2RL129Q melan-a allografts treated with vehicle, YM, binimetinib, or Combo for 22 

days (mean ° SEM, n = 10). (C) Percent photon flux of OMM1.3 xenografts treated with 

vehicle, YM, binimetinib, or Combo daily for 21 days (mean ° SEM, n = 4-10). Cells were 
transduced with pBMN for luciferase expression. (D) Western blot of OMM1.3 tumors 
treated for 4 hours with vehicle, YM, binimetinib, and Combo. (E) Percent tumor volume 
of Mel202 xenografts treated with vehicle, YM, binimetinib, or Combo for 20 days (mean 

° SEM, n = 4-6). (F) Western blot of Mel202 tumors treated for 1 week with vehicle, YM, 
binimetinib, and Combo. (G) Immunohistochemistry of Mel202 tumors from (Figure 6F) 

for Ki67, p-ERK, and p-S6R. Scale bar, 50mm for insert (left) and 2mm for whole tumor 
(right). For all cases P > .05; ns, P < 0.005; **, P < 0.0005; ***, P < 0.0001, ****.   
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