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ABSTRACT OF THE DISSERTATION 

 
Melanoma growth is regulated by the RhoJ GTPase 

 
By 

 
Rolando Ruiz-Vega 

 
Doctor of Philosophy in Biomedical Science 

 
 University of California, Irvine, 2017 

 
Associate Professor Anand Ganesan, Chair 

 
 
 

The main function of the mammalian skin is to protect the organism against 

various deleterious environmental factors such as UVR.  The skin contains specialized 

pigment producing cells, known as melanocytes, to protect against UVR.  However, 

when melanocytes acquire mutations from excessive exposure to UVR or other factors, 

they transform into melanoma.  Melanoma is the deadliest type of skin cancer that 

invades neighboring tissue during early tumor development.  The BRAF oncogene is 

mutated in over 50% of human melanoma cases and therapies that target the BRAF 

signaling are effective at inducing tumor regression.  Unfortunately, melanoma tumors 

acquire resistance and become unresponsive to BRAF therapy because of alterations in 

various signaling networks.  Genes and pathways that allow cells to cope with 

oncogene-induced stress represent selective cancer therapeutic targets that remain 

largely undiscovered.  In addition, melanomas accumulate a high burden of mutations 

that could potentially generate neoantigens, yet somehow suppress the immune 

response to facilitate continued growth.  In order to better understand the signaling 

networks that drive BRAF mutant melanoma, we identified a RhoJ signaling pathway 
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that is a selective therapeutic target for BRAF mutant tumors.  RhoJ is a small GTPase 

that cycles between an active-GTP bound state and an inactive-GDP bound state that 

regulates various physiological mechanisms.  Previously we demonstrated that RhoJ is 

involved in chemoresistance in melanoma and in suppressing ATR activity.  Using an 

autochthonous mouse model of melanoma, we determined that loss of RhoJ 

significantly prolonged the life of mice bearing BRAFV600E mutant melanomas by 

delaying tumor initiation and reducing metastasis.  Transcriptome analysis revealed that 

RhoJ deletion in BRAF mutant tumors modulates the expression of the pro-apoptotic 

protein BAD as well as genes involved in cellular metabolism, generating tumors that 

grow more slowly and metastasize less avidly.  PAK inhibitors induce apoptosis in 

melanoma cells in vitro via a BAD-dependent mechanism and induce the regression of 

BRAF mutant melanoma tumors in vivo.  We also demonstrate that ATR mutant tumors 

accumulate multiple mutations and alter the immune system by decreasing T-cells to 

encourage tumor growth.  Taken together, these studies identify the RhoJ-BAD 

signaling network as a therapeutic vulnerability for BRAF mutant tumors.  Additionally, 

these studies also identify a novel mechanism by which melanoma cells modulate the 

tumor microenvironment to promote survival. 
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CHAPTER 1: Introduction 

The Skin 

The skin is a remarkable organ that is comprised of three major layers including 

the epidermis, dermis, and subcutaneous fat.  The bottom most layer of the skin is the 

subcutaneous fat layer that helps insulate the body’s temperature and provide energy 

when needed.  The dermis is the middle layer that is relatively thick and mainly 

comprised of collagen, elastin, and fibrillin (1), components required for tissue to regain 

their shape after stretching or contracting.  The dermis also contains several 

appendages including nerve endings, sweat glands, sebaceous glands, hair follicles, 

and blood vessels. The stratum corneum is the outermost layer of the epidermis that 

provides protection from foreign substances.  The epidermis is relatively thin and mainly 

composed of keratinocytes that originate from the innermost layer within the epidermis 

known as the basal layer, which is comprised of basal cells.  New keratinocytes slowly 

migrate to the top of the skin as older keratinocytes gradually shed off the skin leading 

to a stratified epithelium.  Scattered within the basal layer, there are specialized cells 

called melanocytes that produce a pigment called melanin, which is a molecule whose 

concentration will dictate a person’s skin color.  Melanocytes’ primary function is to 

provide protection from ultraviolet radiation (UVR) from the sun, which causes DNA 

damage and can lead to various skin cancers.  These specialized cells are able to 

provide this protection because the melanin distributed throughout the skin absorbs 

most of the UVR. 

Melanoblasts are melanocyte precursor cells that originate from the neural crest 

and migrate to the hair follicle and remain in a stem-cell-like state until they differentiate 
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and spread to the skin or hair (2).  In human skin, one melanocyte is able to distribute 

melanin to approximately 15-25 keratinocytes in order to provide protection from UVR.  

Melanin is produced when neighboring keratinocytes produce the melanocyte-

stimulating hormone (MSH) after UVR stimulation, which then binds to the 

melanocortin-1 receptor (MC1R) on melanocytes to initiate cyclic adenosine 

monophosphate (cAMP) signal transduction leading to the expression of 

microphthalmia-associated transcription factor (MITF), the master regulator of pigment 

production genes (3, 4).  MITF expression regulates tyrosine accumulation resulting in 

the production of eumelanin and pheomelanin, which are transported to keratinocytes in 

melanosomes for UV protection.  Amount of pigmentation produced is correlated with 

geographical locations such that higher pigmentation is observed near the equator and 

decreases as one moves away from the equator (5). Although melanocytes serve a 

specific function for the skin, any genetic alteration in these cells can lead to various 

skin disorders such as hypopigmentation, hyperpigmentation, and even skin cancers.   

Causes of Melanoma Skin Cancer 

Melanoma is the deadliest type of skin cancer that was first identified in the skin 

of Peruvian mummies (6).  In the United States, there is an incidence rate of 19 per 

100,000 persons in 2011 and unfortunately that number is on the rise (7).  Melanoma 

initiation begins when melanocytes are transformed from either environmental or 

genetic factors.  Environmental factors such as UVR (i.e. sun-tanning) contributes to 

melanoma incidences, and people who are fair skinned are more susceptible to this skin 

cancer because their melanocytes are being overexposed to UVR (8).  UVR exists in 

three different wavelengths, UVA (320 to 400 nm), UVB (290 to 320 nm), and UVC (100 
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to 290 nm) but only some contribute to the development of melanoma.  People are 

protected from UVC by the earth’s ozone layer, which absorbs relatively short 

wavelengths.  UVB is responsible for forming bulky DNA lesions known as cyclobutane 

pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone (6-4 PP) photoproducts, 

which cause mutations if not repaired correctly (9).  CPDs are a product of two adjacent 

thymine nucleotides forming two C-C bonds with each other as oppose to with their 

corresponding adenine nucleotide.  In contrast to CPDs, 6-4PP form a single bond 

between two thymine nucleotides.  UVA is responsible for causing oxidative DNA 

damage that leads to double stranded DNA breaks (10).  Melanoma usually occurs with 

intermittent exposure of UVR while basal cell carcinoma and squamous cell carcinoma, 

less deadly skin cancers, occur from constant UVR exposure (8).   

Melanomas can be classified into stages depending on various prognostic factors 

established by the American Joint Committee on Cancer.  The most important 

prognostic factor in melanoma is their movement to a regional lymph node.  

Alternatively, the degree of invasiveness is used as the prognostic factor in cases where 

melanoma has not traveled to the lymph node.  The two systems used to predict patient 

outcome are the Clark level and Breslow thickness (11).  Clark levels characterize 

melanomas based on their morphology within the epidermis, dermis, and subcutaneous 

fat layers of the skin (12).  Breslow depth is the measure of the tumor thickness from the 

epidermis to the deepest tumor cell in the skin (13).  Survival rate decreases when 

either the tumor has metastasized to the regional lymph node, the morphology of the 

tumor has invaded the subcutaneous fat, or when the depth of the tumor is greater than 

three millimeters.  Their ability to invade deep into the skin and metastasize to other 
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tissues depends on the tumor’s ability to proliferate and survive.  Several genetic 

mutations have been shown to regulate pathways responsible for melanoma’s 

aggressiveness.  

Germline mutations 

Genetic alterations and genomic instability are being identified with the current 

advances in next generation sequencing (NGS) and various genetically engineered 

mouse models.  Both familial and sporadic mutations have been identified to drive 

melanoma development and progression.  Familial mutations make up approximately 

10% of melanoma cases (14) with the most common alteration being in the Cyclin-

dependent kinase inhibitor 2A (CDKN2A) gene (15, 16).  CDKN2A was connected with 

melanoma predisposition by linkage and by a positional cloning approach (15, 16).  In 

humans, the CDKN2A gene encodes two different tumor suppressor proteins, INK4A 

(p16) and ARF (p14), which play a role in cell cycle regulation (17).  INK4A (inhibitor of 

cyclin-dependent kinase) inhibits CDK4/6 (cyclin dependent kinase) from 

phosphorylating the retinoblastoma protein (RB) while ARF sequesters MDM2 

preventing the subsequent degradation of p53 (17).  The majority of mutations that 

occur on INK4A are loss-of-function missense mutations (15, 16).  Mutations on CDK4 

are very rare and only occur on arginine-24, which prevents INK4A association with 

CDK (18).  In contrast to INK4A, ARF does not contain missense mutations but instead 

has entire gene deletions, insertions or splice mutations (19-21).  Other familial 

mutations have been discovered more recently with the novel advances in sequencing 

technologies. 
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After 20 years of CDKN2A being the only familial gene that caused melanoma, 

current technologies have allowed for the discovery of a new set of familial genes that 

also lead to melanoma.  MITF is the master regulator of melanocyte development and 

one of the first genes to be identified as a melanoma oncogene with NGS.  Two 

different groups identified the same (E318K) mutation on MITF-M isoform, which 

changes its transcriptional activity by inhibiting sumoylation (22, 23).  MC1R, which also 

plays a role in regulating pigments production, was also identified as a familial gene that 

leads to melanoma.  Mutations on the BRCA-1 associated protein-1 (BAP1) gene are 

more rare but occur in about 15% of familial cutaneous melanoma cases (24).  It acts as 

a tumor suppressor in uveal melanomas (25), regulates melanocyte differentiation (26), 

and plays a role in DNA damage response (27).  Another gene that was also recently 

discovered to be associated with familial melanoma is the telomerase reverse-

transcriptase (TERT) gene.  TERT is responsible for encoding a subunit of telomerase, 

the complex that maintains the length of telomere on DNA.  It contains a mutation in the 

promoter region, which creates a new binding motif for transcription factors and 

increases the transcription of TERT (28).  Whole genome sequencing identified somatic 

mutations -124bp and -146bp upstream of the initiation codon in 89% of melanoma cell 

lines (29).  Protection of telomere-1 (POT1) is another gene that forms a complex to 

protect telomere ends by binding to telomeric single stranded DNA (30).  Exome 

sequencing identified POT1 loss-of-function mutations and three missense mutations 

(Y89C, Q94E, and R273L) in melanoma (31).  These mutations prevented POT1 from 

binding to telomeric DNA and produce longer telomeres (31).  Two other components of 

the telomerase shelterin complex, Adrenocortical dysplasia homologue (ACD) and 
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telomeric repeat binding factor 2 (TERF2IP), were also discovered to contain mutations 

in familial melanoma (32).  Both mutations were associated with early tumor 

development and multiple primary melanomas.  Unlike other mutations that are specific 

to melanoma, mutations in both ACD and TERF2IP can lead to other cancers such as 

breast, lung and colon cancer (14).  The discovery of new mutations in melanoma cases 

has led to the development of novel therapeutic targets.   

Somatic mutations 

Somatic mutations also play a major role in melanoma development.  The most 

prominent pathway that is known to drive melanoma is the mitogen-activated protein 

kinase (MAPK) signaling pathway (Figure 1.1.A).  The MAPK signaling cascade 

consists of several kinases that regulate multiple cellular behaviors such as 

proliferation, growth, and differentiation (33).  Various stimuli, such as UVR, can initiate 

signaling and activate the RAS family of proto-oncogenes (NRAS, HRAS, and KRAS).  

The RAS family proteins are low molecular weight GTP-binding proteins (GTPase) that 

cycle between active and inactive states depending on whether they are bound by 

guanosine triphosphate or guanosine diphosphate (GTP or GDP, respectively).  NRAS 

(neuroblastoma RAS viral oncogene homologue) is mutated in 5-33% of melanomas 

cases (34-36) and are known to occur mainly above the neck region.  HRAS (V-Ha-Ras 

Harvey rat Sarcoma viral oncogene Homologue) and KRAS (Kristen rat sarcoma viral 

oncogene homologue) mutations are observed in only 1% and 2 % of melanoma cases, 

respectively.  The mutation observed in both NRAS and HRAS occur in glutamine-61 

(37).  These RAS proto-oncogenes then activate the RAF family of serine/threonine 

kinases (ARAF, BRAF, and CRAF).  Mutations in both ARAF (V-Raf murine sarcoma 
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viral oncogene homologue) and CRAF (V-Raf1 murine leukemia viral oncogene 

homologue) are rare in all types of cancers and activating mutations in these kinases 

have only been observed in less than 1% of lung cancers (38).  The BRAF (V-Raf 

murine sarcoma viral oncogene homologue B) oncogene is mutated in 40-60% of all 

melanoma cases (39) with the most common mutation being the valine-600 substitution 

with a glutamate (40).  This mutation generates a constitutively active BRAF allowing 

the MAPK pathway to continuously propagate its downstream signaling.  The next most 

common BRAF mutation is the valine-600 substitution with a lysine, which occurs in 

20% of cases (41) due to chronic exposure to sun (42).  The third and least common 

BRAF mutation occurs in 5-7% of patients where the valine-600 is substituted with an 

arginine (43).  Although BRAF is the most common mutation in melanomas, it is not 

enough to drive tumors alone.  Interestingly, this mutated oncogene is also found in 

benign nevi suggesting that other genetic alterations are required for melanoma 

progression.  Upon mutation or activation of BRAF, it can then phosphorylate mitogen-

activated protein kinase kinase1/2 (MEK1/2) and subsequently activate mitogen-

activated protein kinase1/3 (ERK) kinases.  Exome sequencing revealed that MEK1 and 

MEK2 have a mutation frequency of 8% (44) while ERK mutations are much more rare 

(45).   

The PI3K-AKT kinase pathway is also crucial for proliferation and survival and is 

often altered in cancers including melanomas.  The PI3K pathway is a signaling 

cascade that initiates with a growth factor binding to a receptor tyrosine kinase, which in 

turn activates PI3K (phosphoinositide-3-kinase).  PI3K will then phosphorylate 

phosphatidylinositol (4,5)-diphosphate (PIP2) and activate protein kinase B (AKT) where 
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it will localize to the cytoplasm in order to activate mTOR and lead to a cellular response 

(Figure 1.1.B).  The activation of AKT by PI3K is highly regulated by the tumor 

suppressor phosphatase and tensin homologue (PTEN), which decreases intracellular 

phosphatidylinositol (3,4,5)-triphosphate (PIP3) and prevents activation of AKT.  Loss of 

PTEN occurs in 30-50% of melanoma cases (46-48) and cooperates with other 

mutations, such as BRAF, to drive melanoma (49).  PTEN is also mutated in 10% of 

melanoma cell lines (50-52).  AKT is has been shown to be constitutively activated in 

60% of melanomas (53) while AKT3 has been shown to be overexpressed (54, 55).  

Since both loss of PTEN and activation of BRAF are observed with high frequency in 

melanoma, this suggests that both pathways are crucial for melanoma development.   

Melanoma Treatments 

The identification of all these mutations has led to the discovery of many 

therapeutic targets but no single agent has significantly increased survival rates.  The 

chemotherapeutic drug Dacarbazine, an alkylating agent that causes DNA adducts, has 

been used to treat late stage melanomas since 1975.  However, it only increases 

survival by 3-5% with an even lower durable response of <2% (56).  Other 

chemotherapeutic agents have been used in combination with dacarbazine like cisplatin 

and vinblastine (57).  Temozolomide is another alkylating agent that is similar to 

dacarbazine and used as a melanoma treatment, but unfortunately both drugs have 

comparable survival rates.  

Over the past five to ten years, immunotherapy has greatly moved forward in 

treating late stage melanomas.  The cytokines interleukin-2 (IL-2) and interferon alpha 

(INF-α) were the first immunotherapies used in the early 1990’s and were shown to 
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have a median duration response of 8.9 months (58, 59).  More recent efforts are aimed 

at inhibiting immune checkpoints.  Immune checkpoints are numerous pathways that 

are directly associated with the immune system and are important for regulating 

immune responses in peripheral tissues to keep tissues functioning normally (60).  Two 

monoclonal antibodies, ipilimumab and tremelimumab, have been developed to target 

the cytotoxic T lymphocyte-associated antigen 4 (CTLA-4).  CTLA-4 is a negative 

regulator of T-cell activity that is expressed on the surface of T-cells.  It counteracts the 

activating CD28 (cluster of differentiation 28) receptor but competes for the same two 

ligands: CD80 and CD 86.  Blocking CTLA-4 with either ipilimumab or tremelimumab 

increases an immune response and recruits helper T-cells and both drug agents 

demonstrate significant improvements (61, 62).  The breakthrough of CTLA-4 inhibition 

led to further research in other immune checkpoints.  The programmed death 1 (PD-1) 

inhibitory T-cell receptor is another immune checkpoint that led to a significant 

breakthrough in immune therapy for melanomas.  PD-1 ligands, PD-L1 and PD-L2 

(programmed death ligand 1 and 2, respectively), are found in the tumor 

microenvironment, which suggests that PD-1 can provide a specific anti-tumor response 

(63).  PD-1 limits T-cell activity in the neighboring tissues when an inflammatory 

response arises because of an infection and it also limits autoimmunity (64, 65).  Two 

antibodies have been developed against PD-1 and PD-L1, pembrolizumab and 

nivolumab, for metastatic melanomas.  A clinical trial for pembrolizumab demonstrated 

a response rate of 33% (66), while nivolumab had a response rate of 44% (67).  These 

antibodies have shown promising results and phase III clinical trials are currently 

underway. 
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Kinase inhibitors have also been developed to target specific mutations in 

melanoma.  A lot of focus has been placed on BRAF inhibitors because it is the most 

common mutation found in melanomas (39).  Vemurafenib is a BRAFV600E specific 

kinase inhibitor that inhibits the MAPK signaling pathway and prevents cell proliferation, 

but it does not have an effect on melanomas that contain normal BRAF expression.  

Clinical trials have demonstrated that patients treated with Vemurafenib had a 53% 

response rate (68).  Unfortunately, there is a small 10-15% population of patients that 

do not have positive effects from Vemurafenib (68, 69), which is most likely due to 

resistance mechanisms that tumors acquire.  The most common resistance 

mechanisms lead to reactivation of MEK or ERK (45, 70-72), but there are other 

mechanisms such as upregulation of NRAS (73), BRAFV600E gene amplification (74), 

enhanced dimerization of BRAFV600E (75), and activation of alternative signaling 

pathways including PI3K pathway (76).  With increased number of resistance 

mechanisms, Vemurafenib is becoming futile and needs to be used with other drugs as 

a combination therapy.  Dabrafenib is a second BRAF inhibitor that was tested in clinical 

trials.  Although Dabrafenib had a positive response rate on BRAFV600E patients (77), 

melanomas also acquired resistance with this drug.  The resistance mechanisms that 

arose from BRAF inhibitors led to the development of other MAPK inhibitors.  The MEK 

inhibitor, Trametinib, was developed and approved in 2013 for advanced stage 

melanoma cases with the BRAF mutation.  Trametinib was far superior to 

chemotherapy but was not as effective as the BRAF inhibitors (78, 79).  After the 

development of MEK inhibitors, combination therapy of kinase inhibitors became a 

promising option.  Clinical trial using combination of BRAF and MEK inhibitors 
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demonstrated a median progression free survival of 9.4 months compared to patients 

on BRAF inhibitors alone who had a progression free median survival of 5.8 months 

(80, 81).  Unfortunately, the advances made with kinase inhibitors do not provide a long-

term solution for patients.   

In addition to chemotherapy, immunotherapy, and kinase inhibitors, angiogenesis 

inhibition is another option that has been explored for melanoma and other cancers.  

This approach is directed at limiting or depleting nutrients essential for cancer growth by 

preventing the growth of blood vessels in tumors.  Anti-angiogenic compounds target 

the vascular endothelial growth factor receptor (VEGFR) and prevent downstream 

signaling.  Unfortunately, these drugs have had very little positive outcomes on 

melanoma cases (82) so they are not the primary method to treat melanoma.  

GTPases 

Many therapies have been developed for melanoma but very few provide a 

descent increase in survival, which indicates that more work needs to be done at the 

molecular level. In an attempt to develop different therapeutic targets, groups attempted 

to target the NRAS GTPase with little success because of their transitioning states.  

GTPases control a wide variety of cellular processes ranging from metabolism (83-85) 

to cell migration and invasion (86, 87).  The most widely studied GTPases are the Rho 

family of GTPases, which are also a subfamily of the Ras superfamily like NRAS, HRAS 

and KRAS.  The Rho GTPases includes six subfamilies which include the Rho 

subfamily (RHOA, RHOB and RHOC), Rac subfamily (RAC1, RAC2, RAC3 and 

RHOG), Cdc42 subfamily (CDC42, TC10/RHOQ, TCL/RHOJ, WRCH1/RHOU and 

WRCH2/RHOV), Rnd subfamily (RND1, RND2, RND3/RHOE, RHOD and RIF/RHOF), 
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RhoBTB subfamily (RHOBTB1, RHOBTB2, RHOBTB3 and RHOH/TTF) and the Miro 

subfamily (MIRO1/RHOT1 and MIRO2/RHOT2) (Figure 1.2.A).  Many of these 

GTPases cycle between an active GTP state and an inactive GDP state where the 

exchange of GDP to GTP is mediated by guanine nucleotide exchange factors (GEFs), 

which causes the release of GDP from the GTPase (88) and the addition of GTP.  

Inactivation occurs via hydrolysis of GTP, which is aided by GTPase activating proteins 

(GAPs) (88).  Rho guanine nucleotide dissociation inhibitors (RhoGDIs) also play a role 

in maintaining the GTPase conformation state by preventing them from undergoing 

nucleotide exchange or hydrolysis (89) (Figure 1.2.B).  Rho GTPases have similar 

structural domains in order for proper GDP/GTP regulation, effector binding, and post-

translational lipid binding (Figure 1.2.C).  The switch I and switch II domains near the C-

terminus undergo conformational change based on the binding of GDP and GTP and 

regulate the affinity of the effector domain (90).  The effector-binding domain allows the 

binding of the effector to propagate a signal downstream.  Post-translational 

modifications occur at the C-terminus in the hypervariable domain.  

GTPases also undergo post-translational modifications during the 

“switching/cycling” process.  Many GTPases undergo isoprenylation on the C-terminus, 

which was first studied in the RAS superfamily of GTPases.  RAS GTPases, which 

include Rho, Rab, Arf, Rap, Ran, and Ras subfamilies, undergo farnesylation so that 

they can associate with lipid membrane (91, 92).  Farnesyltransferase (FTase) is an 

enzyme that adds a 15-carbon isoprenoid to GTPases that contain a CAAX motif at the 

C-terminus, which is a four-amino acid sequence where C represents a cysteine, A is 

an aliphatic amino acid, and X is any amino acid.  However, if the X residue is a leucine, 
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phenylalanine, isoleucine, or a valine then the GTPase will most likely undergo a 

geranylgeranylation, which is the addition of a 20-carbon isoprenoid by a 

geranylgeranyltransferase type I enzyme (GGTase-I).  Members of the Rho GTPase 

family are mainly geranylgeranylated with the exception of Rnd GTPases, RhoJ (Ras 

homologue family member J) and RhoQ, which are farnesylated (93) even though their 

CAAX sequence suggests they should be geranylgeranylated.  The process of 

membrane localization is not as important for the activation status of the GTPase but 

more for the downstream signaling that needs to take place (94-96).  

Phosphorylation is another post-translation modification observed in very few 

GTPases including RhoA, RhoG and Cdc42.  RhoA contains a serine at the C-terminal 

tail near the CAAX motif that is phosphorylated by protein kinase A (PKA), protein 

kinase G (PKG), and STE20 like kinase (SLK) (97, 98).  This phosphorylation site is 

important in RhoA because it is necessary but not sufficient to dissociate it from the 

membrane (99), while a RhoGDI is also required for complete dissociation from the 

membrane.  RhoG is also phosphorylated at the same serine by PKA, which is also 

near the CAAX motif (99).  Other Rho family GTPases like Cdc42 have also been 

shown to be phosphorylated in vitro on tyrosine-64 by the proto-oncogene tyrosine-

protein kinase (SRC) although its exact function has not been described (100).  The 

closely related RhoJ and RhoQ GTPases also contain a serine near the CAAX motif but 

no studies have demonstrated that it gets phosphorylated.  The other Rho GTPase, 

Rac1, gets phosphorylated at serine-71 by AKT but its function is also unknown (101).   

RHOJ  
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Interestingly, RhoJ, previously known as TC10-like Rho GTPase (TCL), is a 

GTPase that is studied in melanoma and other cancers as a potential tumor driver.  

RhoJ belongs to the Cdc42 subfamily and shares 78% and 85% amino acid homology 

to Cdc42 and TC10, respectively (102).  RhoJ is encoded by five exons and composed 

of 214 amino acids (102).  Like other GTPases, RhoJ contains switch I and switch II p-

loops near the N-terminus where GAPs and GEFs interact, respectively.  Interestingly, 

RhoJ contains a CAAX motif that would suggest that it should get geranylgeranylated, 

but previous studies demonstrated that GGTase-I inhibitors did not prevent RhoJ from 

localizing to the plasma membrane but FTase inhibitors did suggesting it is farnesylated 

(93).  RhoJ contains 20 amino acids more than Cdc42 at the N-terminus and a more 

recent study demonstrates that this 20 amino acid region also helps coordinates the 

location of and nucleotide exchange in RhoJ (103).  RhoJ is highly expressed in the 

heart and to a lesser extent in the lung, liver, brain and spleen (102). Like other 

GTPases, RhoJ also plays a role in cytoskeletal reorganization (102), but initial studies 

of RhoJ also demonstrated that it is involved in clathrin-dependent endocytosis (104).  

Yeast and in vitro studies have determined that RhoJ binds to the CRIB domain of PAK 

and WASP, CIP4, Par6 and p50RhoGAP (102, 105).   

More recent work has demonstrated RhoJ’s role in mammalian cells.  RhoJ 

regulates endothelial cell formation by influencing the ERG transcription factor and by 

regulating angiogenesis (106-112).  RhoJ’s ability to maintain angiogenesis for tumor 

vasculature made it a potential therapeutic target since suppression of RhoJ disrupts 

the formation of new tumor blood vessels in nude mice xenografts (108).  Ganesan’s 

group was the first to identify RhoJ’s chemoresistant role in cancer, mainly melanoma 
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(113, 114), although others have now shown that it also plays a similar role in other 

cancers such as gastric cancer (115).  With the progress made in mammalian systems, 

RhoJ was shown to interact with additional effectors such as the GIT-PIX protein 

complex, which stabilizes focal adhesions (116).  In melanoma, RhoJ bind to PAK to 

regulate tumor invasion and migration (114).  With the advances made in mammalian 

models, further studies need to be done to fully understand how RhoJ is driving 

melanomas and other cancers.  
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Figure 1.1. Signaling pathways affected in melanoma.  (A)  The MAPK signaling 

pathway initiates with a ligand binding to the RTK, which leads to dimerization.  This 

event triggers the activation of the GRB2-SOS complex, which in turn activates RAS.  

RAS (NRAS, HRAS, KRAS) will then activate RAF (ARAF, BRAF, CRAF) and lead to 

the phosphorylation of MEK.  MEK will lead to the activation of ERK and a cellular 

response.  (B)  The PI3K/AKT signaling pathway also initiates with activation of an RTK.  

This activation will lead to the phosphorylation of PIP2 by PI3K to produce PIP3.  This 

phosphorylation event is also negatively regulated by PTEN.  Upon phosphorylation of 

PIP2, AKT is activated and leads to the phosphorylation of mTOR and a cellular 

response.    
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Figure 1.2. Characterization of RhoJ.  (A)  A phylogenetic tree demonstrating the 

homology between the six Rho GTPase subfamilies [modified from (117).]  (B)  RHOJ 

cycles between a 

GTP bound (active) and GDP bound (inactive) conformational state. GEFs and GAPs 

regulate the guanine nucleotide exchange of GDP or hydrolysis of GTP, respectively, 

while the GDI lock RhoJ in its conformational state.  E, effector; F, farnesyl isoprenoid; 

GEF, Guanine exchange factor; GAP, guanine adaptor protein; Pi, inorganic phosphate; 

GDI, guanine dissociation inhibitor.  (C)  A schematic representation of human RHOJ 

amino acid sequence.  The switch I and II domains undergo conformational changes 

depending on guanine nucleotide bound.  RHOJ is farnesylated at the carboxy-terminal 

hypervariable (HV) region that ends with a CAAX motif in order to associate with the 

membrane. 
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CHAPTER 2: The RhoJ-BAD Signaling Network: An Achilles Heel for 

BRAF Mutant Melanomas 

Introduction 

Oncogenes regulate cellular homeostasis in normal cells, and when mutated 

induce secondary physiological changes that stress cellular capacity for survival (118, 

119).  Paradoxically, oncogenes drive the uncontrolled growth of tumor cells (120) and 

represent some of the most effective cancer therapeutic targets (121).  Unfortunately, 

inhibiting oncogene activity induces only short-lived tumor regression (122), eventually 

resulting in the regrowth of tumors that activate growth by other mechanisms (71, 73, 

74).  Recent studies have sought to define pathways that allow tumor cells to cope with 

oncogene-induced stress (123).  Cancer cells are known to alter conventional signaling 

paradigms to skirt apoptotic stimuli (124).  In addition to avoiding apoptosis, tumor cells 

rewire metabolism to further facilitate growth (125).  An emerging approach to treat 

cancer is to identify non-mutated gene products critical for cancer cell and not normal 

cell survival and develop novel therapeutics to target these gene products (126).   

These “non-oncogene” dependencies have proven effective drug targets for breast 

cancer and could potentially be used in other cancers such as melanoma (127).  

The BRAF oncogene is the most commonly mutated gene in human cutaneous 

melanomas (39), and this oncogene also drives tumor cell proliferation (128).  BRAF 

mutations are not exclusive to tumors as they are also seen in common human nevi 

(129) that spontaneously arrest (119), and little is understood about what pathways 

allow BRAF mutant cells to proliferate to form nevi.  Activating BRAF mutations and the 

loss of the tumor suppressor PTEN are events with a significant co-occurrence in 
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melanoma (130).  These mutations result in the activation of MAPK and AKT signaling 

networks that accelerate melanoma development by promoting cell survival (49).   While 

MAPK and AKT signaling play an important role in melanoma progression, it is currently 

not clear what other pathways suppress oncogene-induced stress in BRAF mutant cells 

to allow them to proliferate.   

RNAi approaches have been used to uncover selective tumor dependencies and 

identify novel therapeutic targets (131).  We previously used a genome-wide RNAi 

approach to identify RhoJ, a Cdc42 family GTPase, as a gene that allows melanoma 

cells to resist DNA damage stress in vitro (113).   RhoJ activates group I p21-activating 

kinases (PAK) in melanoma cells and PAK inhibitors can sensitize melanoma cells to 

DNA damage (113, 114).   In addition to modulating DNA damage stress, RhoJ 

modulates actin cytoskeletal dynamics in melanoma cells (114), and can regulate tumor 

angiogenesis in lung cancer xenografts (108).  Intriguingly, while RhoJ modulates 

multiple pathways that may be involved in melanoma growth, it is not mutated in 

melanoma tumors, suggesting that it may represent a “non-oncogene” dependence in 

tumor cells.  In this study, we utilize physiologically-relevant in vivo systems to examine 

the role that RhoJ and its downstream targets PAK-BAD play in nevus formation and 

cellular transformation.  We reveal that RhoJ modulates the growth properties and 

apoptotic threshold of BRAF mutant melanocytes, accelerating both the formation of 

nevi and the growth and metastasis of melanoma tumors.  Surprisingly, treatment of 

mice with PAK inhibitors before tumors developed or during the early phases of tumor 

growth inhibits tumor growth and metastasis, nominating PAK inhibitors as a novel 

treatment for early-stage cutaneous melanomas.    
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Materials and Methods 

Mice.  

RhoJ KO mice were generated as previously described (111).  Briefly, the ES 

cells used to generate RhoJ knockout mice were derived from C57Bl/6N-

RhoJtm1a(KOMP)Wtsi and injected into C57B6/J mice to generate chimeric mice.  The 

melanoma prone mice have the genetic background C57BL/6.Cg- Braftm1Mmcm 

Ptentm1Hwu Tg(Tyr-cre/ERT2)13Bos/BosJ (BrafCA, Ptenlox4-5, Tyr::CreERT2) that have been 

previously characterized (49).  Both mice strains were crossed to generate BrafCA, 

Ptenlox4-5, Tyr::CreERT2, RhoJ-/- mice.  The entire survival study utilized a total of 19 

males and 37 females.  The pigmentation of the mouse paws were analyzed by 

measuring the area of the pigmented region in the paws and normalizing to the entire 

paw using ImageJ software.  The quantification of the paws includes all the paws shown 

in the figures and supporting figures.   

Multiphoton microscopy of mouse skin.   

Tyr:CreERT2; BrafV600E; RhoJ+/+ and Tyr:CreERT2; BrafV600E; RhoJ-/- mice were 

shave depilated at p50 (second telogen), euthanized, and immediately imaged ex-vivo 

(no labeling) with MPM to capture the fluorescence signal from keratin and melanin and 

second harmonic generated (SHG) signal from collagen using LSM 510 NLO Zeiss 

system.  Fluorescence and second harmonic generation was excited by femtosecond 

Titanium: Sapphire (Chameleon-Ultra, Coherent) laser at 900 nm. Emission was 

detected at 390-465 nm for SHG channel (blue), and 500-550 nm (green) and 565-650 

(red) fluorescence channels.  Each animal was imaged at 8 to 10 randomly chosen 

locations on depilated skin of the lower back.  Stacks of optical sections of 636µm x 
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636µm at different depths ranging from 0 to 240 µm (5 µm steps) were obtained to allow 

for 3-D volume reconstruction (LSM Image Browser, Carl Zeiss GMBH).  

Activation of Tyr::CreERT2 transgene and treatment of mice with PAK inhibitors. 

BrafCA, Ptenlox4-5, Tyr::CreERT2 mice were genotyped as previously described (49).  

The Cre-specific primers are: forward 5’- GGTGTCCAATTTACTGACCGTACA-3’ and 

reverse 5’- CGGATCCGCCGCATAACCAGTG -3’.  Topical administration of 4-

hydroxytamoxifen (4-OHT) to the back skin on pups and adults was performed as 

previously described (49).  Paws of mice were also treated with 4-OHT at P2, P3, and 

P4.  FRAX597 was administered to mice daily via oral gavage daily at a dose of 100 

mg/kg (132) and prepared in 60%:40% PEG-400:DI water.  Tumors in adult mice (P21) 

were induced for three days and allowed to progress for one week, at which point mice 

began FRAX treatment for six days.  The veterinary staff was blinded as to the 

genotype of experimental animals utilized in the study, and monitored experimental 

animals on a daily basis.  Animals were culled when tumor burden reached ethical limits 

and if the animals displayed signs of ill health or distress as determined by the 

veterinary staff.  All mouse procedures were approved by UCI’s IACUC regulations and 

standards.  As an additional control for background strain variability, all survival 

comparisons were made between littermates.   

RNA sequencing. 

Total RNA from RhoJ WT 1-5 and RhoJ KO 1-5 was monitored for quality control 

using the Agilent Bioanalyzer Nano RNA chip (Santa Clara, CA).  Samples with a RIN 

number >8 were used to construct libraries using the Illumina TruSeq RNA v2 kit.  The 

input quantity for total RNA was 1µg and mRNA was enriched using oligo dT magnetic 
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beads.  The enriched mRNA was chemically fragmented for four minutes.  First strand 

synthesis used random primers and reverse transcriptase to make cDNA.  After second 

strand synthesis the ds cDNA was cleaned using AMPure XP beads (Beckman Coulter, 

Beverly, MA) and the cDNA was end repaired and then the 3’ ends were adenylated.  

Illumina barcoded adapters were ligated on the ends and the adapter-ligated fragments 

were enriched by nine cycles of PCR.  The resulting libraries were validated by qPCR 

and sized by Agilent Bioanalyzer DNA high sensitivity chip.  The concentrations for the 

libraries were normalized and then multiplexed together.  The concentration for 

clustering on the flow cell was 12.5pM.  The multiplexed libraries were sequenced on 

three lanes using paired end 100 cycles chemistry for the Illumina HiSeq 2500.   The 

version of HiSeq control software was HCS 2.2.38 with real time analysis software, RTA 

1.18.61. 

Immunohistochemistry, immunofluorescence and immunoblotting. 

RhoJ staining was optimized at 1:1000 using an Ab from Genetex (Irvine, CA).  

Slides were developed with either a horse-radish peroxidase liquid 3,3'-

diaminobenzidine chromogen system (DAKO, Carpirteria, CA) or an alkaline 

phosphatase liquid permanent red chromogen system (DAKO), according to the 

manufacture’s protocol.  Fluorescence labeling was performed using SMA (Abcam 

1:100) PMEL, KIT, DCT, and DAPI as described (133). The expression or 

phosphorylation of proteins was detected by western blotting using the following Abs: 

RhoJ (Abnova 1:250), Cdc42, Rac1/2/3, RhoA, actin, BAD, phospho-BadSer138, and 

Vinculin (all from cell signaling 1:1000).  

Cdc42 activity assays. 
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A Cdc42 activation assay was performed according the manufacturer’s protocol 

(Cell Biolabs, San Diego, CA). Briefly, cell lysates expressing high RhoJ were unloaded 

of guanosine nucleotides and either loaded with GDP or GTPγS.  Agarose beads 

conjugated with the PAK1 PBD domain pulled down Cdc42, Rac, or RhoJ only when 

GTP-bound.  Lysates were then immunoblotted with indicated Abs.   

Flow cytometric analyses for apoptosis. 

Approximately 1 × 106 melanoma cell treated with FRAX-597 were trypsinized 

and washed with PBS, the single-cell suspensions were incubated with Alexa Fluor-

Annexin V and propidium iodide (PI) (V13245; Invitrogen) per the manufacturer’s 

protocol and were subjected to flow cytometric analysis.  In all cases, cell debris was 

gated out based on forward scatter and side scatter analysis.  Data was analyzed using 

FlowJo (Ashland, OR).  Cells not treated with FRAX-597 were used to establish gating 

parameters.  WM3248 cells were transfected with BADS136E (3582 pcDNA3 BADS136E 

Addgene #8800), with Lipofectamine 3000 (Invitrogen) according to the manufacturer’s 

protocol. On the day of transfection, 14μg of DNA from the respective constructs were 

incubated with Plus Reagent in Opti-MEM to a volume of 350μL, and then mixed with 

43μL lipofectamine in 350μL Opti-MEM and incubated for 20 min at room temperature.  

The DNA-Lipofectamine complexes were then added to each plate, and the cells were 

incubated at 37°C in a CO2 incubator. The media was replaced after 24hrs and cells 

selected in G418. 

Statistical Analysis. 

The power and sample size calculations for the survival studies (Fig 1A and 1B) 

were based on a simulation of 1000 datasets utilizing SAS v9.2.  To calculate the 
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power, the simulation under the alternative hypothesis made the following assumptions:  

1.) No censoring data for both groups;  2.) The first event occurred on day 30 for the 

controls;  3.) The first event occurred on day 40 for RhoJ-/-;  4.) Hazard ratios used were 

1.5, 2, 4, 6;  and 5.) Sample size of mice per group was 15, 20, 25, 30, 40, and 50.  To 

calculate the type I error (alpha) under the null hypothesis the following assumptions 

were made: 1.) Data was not censored for both groups;  2.) The first event occurred on 

day 30 for both groups;  3.) Hazard ratio is 1;  and 4.) Sample size of the mice per group 

was 15, 20, 25, 30, 40, and 50 (Data not shown). 

Continuous outcomes were summarized via mean and standard error and tests 

of unadjusted means between groups were conducted using a two-sample t-test with 

unequal variances.  Mean RhoJ expression levels adjusting for stage, age and gender 

were estimated and compared using multiple linear regression analysis.  Residual 

diagnostics were performed in order to assess the functional form of continuous 

covariates included in the model and to identify potentially influential subjects.  

Estimated mean differences, corresponding Wald-based 95% confidence intervals, and 

p-values corresponding to the test of no association in RhoJ levels were reported for all 

model covariates. No deviations in model fit or influential observations were observed.   

The TCGA analysis was performed as follows.  The skin cutaneous melanoma 

(SKCM) TCGA Exome-sequencing and RNA-sequencing datasets were downloaded 

June 2016. Single nucleotide variants (SNVs) at the position 1799 of the BRAF gene 

(c.1799T>C) leading to a non-synonymous alteration at the amino acid 600 of the BRAF 

protein were annotated as BRAFV600E. Additional, RhoJ expression assessed by 

RNA-sequencing was normalized using the z-score and the statistical difference on 
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mean expression between BRAF wt and BRAFV600E was assessed by the Student's t-

test. 

Study Approval 

Mice were housed and maintained by the University Laboratory Animal 

Resources.  All animal experiments were approved by the University of California, 

Irvine’s Institutional Animal Care and Use Committee.  Melanoma tumor microarray 

tissues were collected and processed with approval from the Providence Saint John’s 

Health Center and John Wayne Cancer Institute joint Institutional Review Board and 

Western Institutional Review Board. 

Results 

RhoJ regulates melanoma progression 

To evaluate the role of RhoJ in melanoma development, constitutive RhoJ 

knockout (KO) mice were crossed with a previously described autochthonous mouse 

model of melanoma that carries a Tyr:CreERT2 allele, a BrafCA allele, and one or two 

copies of a Ptenlox4-5 allele (49) (Figure 2.1.A).  Initial studies validated that RhoJ 

knockout mice lacked RhoJ expression (Figure 2.1.B).  RhoJ deletion significantly 

inhibited the growth of melanoma tumors that expressed either no PTEN (p<0.0001, 

Log-rank; Figure 2.1.C) or had one functional copy of PTEN (p<0.0001, Log-rank; 

Figure 2.1.D), suggesting that RhoJ drives tumor growth by amplifying BRAF and not 

AKT signaling.  Melanoma tumors from RhoJ KO mice metastasized to the lung at a 

lower rate as compared to RhoJ wild type (WT) mice (p=0.003, Student’s t-test; Figures 

2.1.E, 2.1.F), suggesting that RhoJ regulates tumor progression, metastasis, or both.  

To determine whether RhoJ regulates tumor progression, tumors were induced on the 
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paws of experimental mice and the kinetics of tumor growth was measured.  There was 

a significant delay in tumor progression in RhoJ KO mice as compared to RhoJ WT 

mice.  RhoJ KO mice developed early stage tumors (as measured by pigmented area) a 

week later than RhoJ WT tumors (Figure 2.1.G, 2.1.H), indicating that RhoJ promotes 

the growth of developing melanoma tumors.  

RhoJ modulates signaling pathways that control melanocyte differentiation and 

survival 

In order to better understand how RhoJ promotes tumor growth, the whole 

genome expression profiles of BrafV600E;Ptenfl/+;RhoJ+/+ tumors and 

BrafV600E;Ptenfl/+;RhoJ-/- tumors were examined (Figures 2.2.A, 2.2.B).  Transcriptomics 

analysis revealed that RhoJ modulates the expression of pigment genes such as 

premelanosome protein (Pmel17) and Oca2 melanosomal transmembrane protein 

(Oca2) (Figure 2.2.A).  As a preliminary validation of the pathways identified in our 

transcriptomics experiments, we sought to determine whether RhoJ deletion affects 

melanogenesis.  Initial observations revealed that RhoJ KO mice exhibit a greater 

number of white hairs as compared to RhoJ WT mice (Figures 2.2.C, 2.2.D), indicating 

that RhoJ modulates postnatal melanogenesis.  Immunofluorescence studies revealed 

that RhoJ KO mice contained fewer melanocytes that express Pmel17 (Figures 2.2.E, 

2.2.F) yet have similar if not higher numbers of DCT-positive melanocyte stem cells 

within the hair follicle (Figures 2.2.G, 2.2.H) when compared to RhoJ WT mice.  These 

results suggest that RhoJ influences pigmentation by modulating melanocyte 

differentiation, not by modulating the number of melanocyte stem cells. 
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Interestingly, pathway enrichment analysis revealed that RhoJ deletion in mouse 

tumors modulated pathways that have previously been shown to be regulated by BRAF, 

such as cellular bioenergetics (oxidative phosphorylation) (134), RAF and PI3 kinase 

signaling pathways (135), UVB-induced MAPK signaling pathways (136), and p53 

signaling pathways (113) (Figure 2.2.I).  Notably cytokines, immune regulators, and 

angiogenesis regulators were not identified in our bioinformatics analysis, suggesting 

that RhoJ regulates melanocyte growth in a cell autonomous manner.  FoxC2, a gene 

that regulates the expression of multiple mitochondrial genes (137), was up-regulated in 

RhoJ KO tumors as compared to RhoJ wild type tumors as demonstrated by both RNA-

seq results (Figure 2.2.A) and by western blotting (Figure 2.2.J).  BRAF mutant cells are 

known to suppress AKT and BAD signaling to promote their growth in vivo (76).  

Intriguingly, we observed that the expression of the proapoptotic protein BAD was 

elevated in RhoJ KO tumors (Figure 2.2.K), consistent with the hypothesis that RhoJ 

downregulates BAD signaling.  Taken together, these observations suggest that RhoJ 

modulates the growth of tumors by altering the metabolism and apoptotic threshold of 

BRAF mutant melanocytes (Figure 2.2.L).  

RhoJ regulates the development of melanocytic nevi via a cell autonomous 

mechanism 

Our preliminary studies made the novel observation that RhoJ modulates 

melanocyte differentiation (Fig 2.2.C).  Previously published studies determined that 

RhoJ is expressed in endothelial cells in developing retinas (106), and RhoJ knockout 

mice exhibit delayed radial growth of the retinal vasculature without other discernible 

angiogenesis phenotypes (111).  Our transcriptomics analysis did not identify 
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angiogenesis genes as a class that is modulated in RhoJ knockout tumors (Figure 

2.2.I), in contrast to previous studies that identified RhoJ as critical regulator of 

angiogenesis in xenograft models (108).  Analysis of the vasculature from RhoJ KO 

melanomas revealed no difference in the number of blood vessels per unit area in 

comparison to RhoJ WT melanomas (Figures 2.3.A, 2.3.B), indicating that RhoJ 

deletion does not significantly affect tumor angiogenesis in our autochthonous mouse 

model.  To further analyze the effects of RhoJ on melanocytes, RhoJ KO mice were 

crossed with a nevi mouse model that carries a Tyr:CreERT2 allele and a BrafCA allele 

(49).  Nevi were quantified microscopically with multiphoton microscopy (MPM), a 

techniques that utilizes intrinsic fluorescent signals to generate a three-dimensional 

image of nevi (138), at the second telogen (p50) after the hair was removed.  

Tyr:CreERT2; BrafV600E; RhoJ-/- mice had reduced the number of microscopic nevi that 

could be visualized from the skin surface as compared to Tyr:CreERT2; BrafV600E; RhoJ+/+ 

mice (Figures 2.3.C, 2.3.D), a result that neared statistical significance (p=0.059).  

Similarly, less nevi were visualized macroscopically in RhoJ knockout mice as 

compared to RhoJ wild type mice as visualized by a dissecting microscope (p=0.07, 

Figures 2.3.E, 2.3.F).  Our observations indicate that although RhoJ is a global KO, its 

deletion has no detectable effect on the angiogenesis of autochthonous melanomas nor 

does it influence the number of stem cells in the hair follicle (Figures 2.2.G, 2.2.H).   

RhoJ deletion does affect the growth of melanoma tumors, the formation of nevi, and 

has subtle effects on melanocyte differentiation.   Taken together, these findings 

indicate that RhoJ specifically modulates the growth and survival of BRAF mutant 

melanocytes.  
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RhoJ is activated in a specific subset of melanoma tumors 

Although RhoJ is highly expressed in the heart and to a lesser extent in the liver 

(102), its expression in cutaneous melanoma has not been extensively analyzed.  We 

examined the expression of RhoJ in a panel of human melanoma cell lines (Figure 

2.4.A) and determined that RhoJ expression levels varied widely in BRAFV600E and 

BRAFWT cells lines.  Additional studies sought to determine whether RhoJ signaling was 

activated in melanoma cells that express high levels of RhoJ.  Our previously published 

studies showed that RhoJ regulates PAK activity in human melanoma cell lines (113, 

114).  Group I PAK kinases contain a p21-binding domain (PBD) where small GTPases, 

like Cdc42, RhoJ, and Rac, can bind when they are in their GTP-bound-active state 

(102).  We utilized a Cdc42-PAK functional assay to better evaluate the activation of this 

family of GTPases in melanoma and determined that RhoJ, Cdc42, and Rac1/2/3 

interact with PAK in melanoma cells when they are GTP-bound but not when they are 

loaded with GDP (Figure 2.4.B).  Interestingly, we observed that RhoJ and Cdc42 bind 

to PAK conjugated agarose beads even when they are not loaded with GTP, suggesting 

that RhoJ and Cdc42 but not Rac1 are intrinsically activated in RhoJ highly expressing 

cells (Figure 2.4.B, “prior to unloading” lane).   

To verify that RhoJ plays a role in the growth of human melanomas, we 

optimized a RHOJ Ab for immunohistochemistry (Figure 2.4.C) and examined the 

expression of RHOJ in AJCC stage III and stage IV melanoma tumors using two well-

annotated melanoma tissue FFPE microarrays (139).  Stage III melanoma tumors 

expressed significantly higher levels of RHOJ than stage IV melanoma tumors (Figure 

2.4.D, 2.4.E).  Integration of the Cancer Genome Atlas (TCGA) melanoma RNA-
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sequencing and exome-sequencing datasets confirmed a higher expression of RHOJ in 

BRAFV600E as compared to BRAFWT melanoma tissues (Figure 2.4.F).  Moreover, 27% 

of all tumors examined in a human melanoma tissue microarray had both the BRAFV600E 

mutation and expressed high levels of RHOJ (Figure 2.4.G).  Taken together, these 

studies indicate that RHOJ is expressed in about half of stage III and stage IV 

melanoma tumors harboring BRAFV600E mutation.  

PAK inhibitors selectively blocks the growth of RhoJ expressing melanomas by 

suppressing BAD phosphorylation 

Our initial studies demonstrated that RhoJ deletion slows the initiation and 

progression of BRAF mutant melanoma tumors in vivo (Figures 2.1, 2.3).  To determine 

whether blocking RhoJ signaling would be an effective method to inhibit the growth of 

melanoma tumors, we first examined whether blocking RhoJ signaling 

pharmacologically was sufficient to induce apoptosis in vitro.  Melanoma cell lines were 

treated with a Group I selective PAK inhibitor, FRAX597 (132).  FRAX597 induced 

apoptosis in BRAF mutant cell lines that expressed high levels of RhoJ (WM3248 and 

WM983B), but not in BRAF wild type cell lines that expressed less RhoJ (WM1366, 

Figure 2.5.A).  Moreover, FRAX597 induced low levels of apoptosis in cells where RhoJ 

was undetectable, independently of the BRAF mutation status (Figure 2.5.B).  

Previously published studies have defined doses of Vemurafenib and Trametenib that 

can induce apoptosis in a majority of treated cells in vitro after 72 hours (70).  FRAX597 

induced more apoptosis than Vemurafenib and Trametenib after 24 hours in cell lines 

that expressed detectable levels of RhoJ (Figure 2.5.A).  PAK is known to inhibit 

apoptosis by inducing the phosphorylation of BAD at serine 136, which inhibits the 
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ability of BAD to suppress the function of the anti-apoptotic protein BCL2 (140).  

FRAX597 effectively inhibited the accumulation of BAD phosphorylated at Ser136 in a 

dose dependent manner (Figure 2.5.C).  Overexpression of a BADS136E phosphomimetic 

(141) protected cells from PAK-induced apoptosis (Figure 2.5.D), indicating that PAK 

inhibitors induce apoptosis by blocking BAD phosphorylation. 

To determine whether PAK inhibition could block the growth of early stage 

melanoma tumors, tumors were induced in adult mice as previously described (49) and 

treated with FRAX597 for six days either one week after tumors were induced or two 

weeks after tumor induction when tumors are first visible.  Mice treated with FRAX597 

for a short period of six days before tumors were visible significantly prolonged the 

survival of mice by 30 days (p<0.0021, Log-rank; Figure 2.5.E), consistent with a role for 

RhoJ and PAK1 in the growth of nascent tumors.  Treating mice with FRAX 597 for six 

days after tumors were first visible resulted in fewer tumors in FRAX597 treated mice as 

compared to vehicle treated mice (Figure 2.5.F) as measured by the pigmented area 

(Figure 2.5.G).  Taken together, these results identify PAK inhibitors as agents that can 

block the progression of early stage, BRAF mutant, RhoJ expressing melanomas by 

modulating BAD signaling. 

Discussion 

Oncogene-induced senescence and apoptosis play an important role in inhibiting 

tumorigenesis by maintaining homeostasis (119).  In order to bypass homeostasis, 

tumors acquire mutations in oncogenes, such as BRAF, but also alter conventional 

signaling paradigms to facilitate growth.  In this study, we sought to identify signaling 

pathways that allow melanoma cells to survive BRAFV600E induced oncogenic stress.  



32 
 

We identify a novel role for the Cdc42 family member RhoJ in resisting the effects of 

oncogene-induced stress.  RhoJ deletion had mild effects on normal melanocyte 

differentiation, resulting in the accumulation of an increased number of grey hairs 

without modulating the accumulation of melanocyte stem cells.   RhoJ played an even 

more important role during the process of nevus formation and most significantly 

affected tumor development and metastasis. While previously published studies have 

defined a role for Cdc42 in regulating melanoma cell movement (142), this study 

represents the first identification of a specific Cdc42 signaling network that cooperates 

with BRAF to regulate melanocyte growth in vivo.  The observation that RhoJ is not 

mutated in melanoma but yet plays a more important role in the growth of BRAF mutant 

cells ranging from nevi to tumors indicate that RhoJ is part of a normal signaling 

pathway that is co-opted to speed tumor development (Figure 2.5.H).  

To better understand how RhoJ and PAK regulate tumor formation, we examined 

how RhoJ deletion affected gene expression in transformed melanocytes.  

Transcriptomic studies revealed that RhoJ knockout tumors had increased expression 

of genes involved in oxidative phosphorylation and the transcription factor FoxC2, which 

controls the expression of metabolic pathways.  Deregulation of cellular energetics, a 

hallmark of cancer (143), has been postulated to be a mechanism to avoid oncogene-

induced stress in melanoma (144).  Previous studies have also shown that biguanides 

such as metformin and phenformin, electron transport chain complex I inhibitors, when 

combined with BRAF inhibitors induce tumor regression in BRAFV600E/PTENfl/fl mouse 

model of melanoma (145).   The observation that RhoJ modulates the expression of 

complex I components (Figure 2.2.L) but does not affect tumor angiogenesis in our 
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model (Figure 2.3.A) identifies RhoJ signaling as a novel regulator of metabolic 

adaptation in BRAF mutant melanoma cells.   

In addition to modulating the expression of oxidative phosphorylation genes, loss 

of RhoJ also led to an upregulation of the pro-apoptotic gene BAD.  PAK is known to 

activate BAD phosphorylation, promoting BAD binding to 14-3-3τ instead of Bcl2, 

resulting in increased survival (140).  Overexpression of a BAD phosphomimetic mutant 

protected cells from the effects of a PAK inhibitor (Figure 2.5.E), verifying that PAK 

inhibitors modulate cell survival by regulating BAD activity.  We observed that RhoJ 

knockout tumors induced BAD expression, while acute inhibition of PAK modulated 

BAD activity but not BAD levels.  These results are likely a consequence of chronic 

versus acute inhibition of RhoJ and PAK signaling, respectively.  Anoikis occurs when 

cells can no longer adhere to the extracellular matrix and undergo apoptosis (146).  

Migrating cancer cells leave the primary niche and avoid anoikis because they express 

mutated oncogenes and other genes that block apoptosis induction (147).  Previous 

studies have demonstrated that the BRAF oncogene protects melanoma cells from 

anoikis by modulating BAD signaling (148).  Similarly, PAK activation, which is 

overexpressed in breast cancer, is known to protect MCF10A cells from undergoing 

anoikis (149).  Taken together, our studies identify RhoJ and PAK as critical regulators 

of both metabolic adaptation and apoptosis evasion, key events required to establish 

the tumorigenic platform.   

To validate whether the RhoJ-PAK signaling network influenced the growth of 

BRAF mutant tumors, we determined whether PAK inhibitors could block the growth of 

BRAF mutant autochthonous mouse melanomas during early phases of development.   
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The PAK inhibitor FRAX597 inhibits the growth of nascent tumors in vivo after only six 

days of treatment (Figure 2.5.E) and induces apoptosis in vitro after 24 hours (Figure 

2.5.A) by blocking BAD phosphorylation (Figure 2.5.C).  Moreover, administering 

FRAX597 after tumors were visible also affected tumor growth (Figure 2.5.G), 

suggesting that PAK and RhoJ modulate both the phases of tumor initiation and tumor 

progression.  The results presented here are more dramatic than other studies which 

demonstrated that the BRAF inhibitor PLX4720, the precursor derivative of 

Vemurafenib, only moderately inhibited tumor growth in vivo without inducing tumor 

regression (150) or preventing relapse  (76).  Of note, while the MEK inhibitor 

PD325901 can induce tumor regression and prolong survival in transgenic mouse 

models, this requires long-term treatment (six weeks) (49).   Previous studies have 

documented that PAK1 is amplified in BRAF wild type tumors (151) and identified PAK 

inhibitors as agents that can slow the growth of melanoma xenografts (152) and 

synergize with BRAF inhibitors to kill melanoma cells (153).   In contrast, the studies 

presented here define a role for RhoJ signaling in regulating the growth of BRAF mutant 

melanocytes at all stages (Figure 2.5.H), and result in the remarkable observation that 

early, limited treatment with PAK inhibitors is effective in halting tumor growth.  Our 

tissue microarray studies determine that RhoJ is more highly expressed in stage III 

disease as compared to stage IV disease, suggesting that RhoJ is likely a better 

therapeutic target in early stage melanomas.  Future studies will involve assembling 

tissue collections of early stage melanomas to verify that RhoJ is an ideal therapeutic 

target for early stage disease.  
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Fig 2.1. RhoJ regulates melanoma tumor development.  (A)  Inducible melanoma 

mouse model containing Braf mutation (mt), loss of Pten and RhoJ.  Mice carrying 

BrafCA/+, Ptenfl/fl and Tyr:CreERT2 alleles were crossed with constitutive RhoJ KO mice.  

Activation of CreERT2 by 4-OHT leads to a BrafV600E mutation and Pten loss.  (B)  RhoJ is 

not expressed in RhoJ KO mice.  Formalin-fixed paraffin embedded mouse melanoma 
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skin was bleached with 3% hydrogen peroxide (overnight) to remove melanin and 

analyzed for expression of RhoJ.  (C)  Loss of RhoJ prolongs survival of BRAFV600E and 

PTEN null tumors.  Kaplan-Meier survival analysis of 4-OHT treated BrafCA/+; 

Ptenfl/fl;Tyr::CreERT2; RhoJ+/+ (n=12) and BrafCA/+; Ptenfl/fl;Tyr::CreERT2; RhoJ-/- (n=12) 

mice.  Log-rank test demonstrates significant difference between BrafCA/+; 

Ptenfl/fl;Tyr::CreERT2; RhoJ+/+ and BrafCA/+; Ptenfl/fl;Tyr::CreERT2; RhoJ-/- (p<0.0001).  (D)  

RhoJ deletion prolongs the survival of mice carrying BRAFV600E and PTEN 

haploinsufficient tumors.  Kaplan-Meier survival curves of 4-OHT treated BrafCA/+; 

Ptenfl/+;Tyr::CreERT2; RhoJ+/+ (n=19), and BrafCA/+; Ptenfl/+;Tyr::CreERT2; RhoJ-/- (n=13) 

mice.  Log-rank test demonstrates significant difference between BrafCA/+; 

Ptenfl/+;Tyr::CreERT2; RhoJ+/+ and BrafCA/+; Ptenfl/+;Tyr::CreERT2; RhoJ-/- (p<0.0001).  (E)  

RhoJ deletion reduces lung metastasis.  Lung metastases were compared in aged-

matched (P30) mice using a dissection microscope (**p=0.003, n=8, Student’s t test). 

Error bars represent standard error of mean (SEM).  (F)  RhoJ KO mice have reduced 

number of lung metastases.  Representative lungs from aged-matched mice (P30) were 

stained with H&E in BrafCA/+; Ptenfl/fl;Tyr::CreER; RhoJ+/+ (top panels) and BrafCA/+; 

Ptenfl/fl;Tyr::CreER; RhoJ-/- (bottom panels) animals.  Melanoma cells were identified by 

their pigmentation characteristic.  Scale bar is 200µm.  (G)  RhoJ deletion inhibits 

melanoma development.  The amount of pigment present on the paws at day 17 was 

analyzed with ImageJ (*p=0.04, n=5, T-test).  Error bars represent SEM.  (H)  Paws of 

4-OHT treated mice were imaged at 10, 17, and 24 days post birth. 
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Figure 2.2. RhoJ modulates various signaling pathways to promote tumor growth.  

(A)  Heat map plot of the top 50 down-regulated genes upon loss of RhoJ.  Hierarchical 

clustering of RNA-seq normalized read counts ranging from less frequently expressed 

(dark blue) to overexpressed (dark red) genes.  (B)  Heat map of top 50 up-regulated 

genes upon loss of RhoJ.  Hierarchical clustering of RNA-seq count reads ranging from 

less frequently expressed (dark blue) to overexpressed (dark red).  (C)  RhoJ KO mice 

have a greater number of white hairs than RhoJ WT mice.  Images of 8-month old mice 
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show that loss of RhoJ induces accumulation of white hairs.  (D)  The number of white 

hairs over an area of 1in2 was counted and quantified using ImageJ (**p=0.002, 

Student’s t-test).  Error bars indicate SEM.  (E)  Loss of RhoJ results in fewer PMEL17+ 

follicular melanocyte stem cells.  Double labeling for the melanosome protein PMEL17 

(red) in hair follicle melanocyte stem cells (KIT+, green) at telogen demonstrates a 

noticeable reduction in the intensity and extent of PMEL expression in RhoJ KO mice.  

White dashed line indicates the extent of the hair follicle.  (F)  Quantification of the 

immunolabeling described in D demonstrates a statistically significant difference 

between RhoJ WT and RhoJ KO hairs (*p=0.03, Student’s t test).  Error bars indicate 

standard deviation of the mean.  (G)  Melanocyte stem cells reside in the hair germ of 

RhoJ KO hair follicles.  Both RhoJ WT and RhoJ KO skins exhibit telogen-stage hair 

follicles that contain DCT+ (red) McSCs. White dashed line indicates the extent of the 

hair follicle.  (H)  Quantitative analysis of DCT+ cells that reside in the hair follicle or 

RhoJ KO and RhoJ WT mice are represented as a box and whisker box plot.  The box 

plot is the 25-75th percentile and the whiskers are the min and the max.  (I)  RhoJ 

regulates oxidative phosphorylation, melanocyte differentiation, and MAP kinase 

signaling.  Based on the differentially expressed genes between melanoma tumors from 

RhoJWT and RhoJKO mice, Ingenuity Pathway Analysis (IPA) generated an enrichment 

of canonical pathways regulated by RhoJ based on the literature (pathways potentially 

regulated by BRAF are highlighted in red).  Bars indicate the negative logarithm of the 

enrichment p-value.  The orange dotted line indicated the statistical threshold (p<0.05) 

for the enrichment canonical pathways.  The orange squares indicate the ratio (value of 

molecules in a given pathway that meet the cutoff criteria, divided by total number of 
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molecules that make up that pathway) for each canonical pathway.  (J)  FoxC2 is up 

regulated in mouse tumor samples.  Melanoma tumor lysates were prepared for 

western blot and probed for the indicated Abs.  (H)  BAD is up regulated in RhoJ KO 

mouse tumor samples. (L)  Bioenergetic genes, found throughout the electron transport 

chain, upregulated when RhoJ is absent are shown.   Note the number of genes that 

are present in complex I. 
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Figure 2.3. RhoJ regulates the formation of BRAF mutant nevi.  (A)  RhoJ deletion 

does not significantly affect the angiogenesis of BRAF mutant autochthonous 

melanoma tumors.  Tumor sections from age matched (post-natal day 30) BRAFV600E 

and PTEN null RhoJ KO or RhoJ WT mice were stained with smooth muscle actin Ab 
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followed by Alexa-488 secondary Ab to visualize blood vessels. Representative 

immunofluorescence sections are shown.  (B)  RhoJ KO and RhoJ WT melanomas 

have similar numbers of vessels.  The number of blood vessels in RhoJ WT and RhoJ 

KO per unit area (412µm x 412 µm) were quantified.  The number of blood vessels were 

not significantly different (p=0.8, n=6 (mice) and 3 areas per tumor were counted).  (C)  

RhoJ deletion inhibits nevus formation.  MPM images were captured as described in 

materials and methods from Tyr:CreERT2; BrafV600E; RhoJ+/+ and Tyr:CreERT2; BrafV600E; 

RhoJ-/-.  Colored lines indicate positions being displayed as xy (blue), xz (red) and yz 

(green) planes. Field of view is 636µm x 636µm Cyan: SHG of collagen; Green:  

fluorescence of keratin; Yellow and Red – fluorescence of melanin.  Nevus indicated by 

red arrows. (D)  Nevi were quantified within the upper 50µm from 3-D skin 

reconstructions.  Fewer microscopic nevi could be visualized from the skin surface in 

RhoJ KO skin as compared to RhoJ wild type skin (p=0.059, ANOVA, n=10).  (E)  RhoJ 

deletion reduced the number of macroscopic nevi visualized from the skin surface.  Skin 

samples were fixed in 10% formalin for 36 hours and dehydrated in a series of 

increasing alcohol concentrations, and nevi were visualized by a dissecting microscope.  

Red arrows indicate pigmentation that could be visualized on the skin surface.  (F)  

Macroscopic nevi were quantified on skin samples that measured 25mm2.  RhoJ KO 

samples contained fewer nevi (p=0.07, Student’s t-test, n=4). 
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Figure 2.4. RhoJ signals through PAK1 and is expressed in a subpopulation of 

Braf mutant human tumors.  (A)  RhoJ is expressed in melanoma cell lines containing 

BRAFV600E mts.  Lysates from various melanoma cell lines containing WT BRAF or 

BRAFV600E mt were prepared and immunoblotted with the indicated Abs.  BRAF and 

PTEN status are indicated below each cell line.  (B)  RhoJ is activated in melanoma 

cells.  Melanoma cell lysates were analyzed in their initial state (“prior to unloading” 

lane) or after exchange and reloading with either GDP or GTPγS.  Protein lysates were 

then incubated with PAK-PBD Agarose beads and precipitated.  Precipitated lysates 

were subjected to immunoblotting using the indicated Abs.  (C)  Optimization of RhoJ 

antibody for immunohistochemistry evaluation of AJCC stage III and IV TMAs.  Human 

melanoma tumors were stained with an optimized RhoJ Ab and developed with liquid 
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permanent red.  Representative samples with the indicated H-score were determined by 

a dermatopathologist.  (D)  RhoJ is expressed higher in stage III melanoma tumors.  

Tumors were scored for RhoJ expression and quantified using a standard H score 

criteria (**p<0.001).  (E)  Over 50% of human melanomas express RhoJ.  Quantification 

of RhoJ+ tumors based on H-score.  (F)  RhoJ expression is higher in BRAFV600E 

melanoma clinical specimens. TCGA SKCM RNA-seq data for RhoJ expression was 

compared between BRAFWT (n=168) and BRAFV600E (n=130) melanoma specimens 

(*p=0.02, Student's t-test).  (G)  BRAFV600E and RhoJ status among AJCC stage III and 

stage IV melanoma tumors.  Tissue microarrays were stained with an anti-BRAF mutant 

specific anti-S100, and an anti-RhoJ Abs as indicated.  The percentage of tumors that 

stained with S100 (positive control) Ab and also stained with RhoJ and/or the mutant 

BRAF Ab was calculated.  RhoJ + designates tissue that expresses RhoJ while RhoJ – 

tissues do not express RhoJ. 
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Figure 2.5.  PAK inhibition induces apoptosis via BAD and blocks the progression 

of BRAF mutant melanomas.  (A)  FRAX597 inhibits PAK1 activation and induces 

apoptosis in BRAFV600E melanoma cell lines.  Apoptosis was quantified with annexin V 

labeling and flow cytometry.  (B)  FRAX597 does not induce apoptosis in cell lines that 

do not express detectable RhoJ.  Flow cytometry analysis of melanoma cell lines 

treated with vehicle, vemurafenib (5µM), FRAX597 (1µM), or trametinib (0.1µM).  (C)  

PAK inhibition decreases the phosphorylation of BADSer 136.  Melanoma cell lines 
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harboring the BRAFV600E mutation were treated with an increasing concentration of 

FRAX597 (0µM, 0.2µM, 0.5µM, 1µM, 2.5µM, 5µM) and immunoblotted with the 

indicated antibodies.  (D)  Over expression of pcDNA3 BADS136E phosphomimetic 

rescued survival after FRAX597 treatment.  Cells were transfected with Lipofectamine 

3000 according to the manufacturer’s instructions and treated with FRAX or DMSO.  

Apoptosis was measured with flow cytometry.  (E)  PAK inhibition prolongs survival in 

BrafV600E PTEN null mice.  Melanoma was induced in adult mice at P21, P22, and P23 

with topical treatment of 4-OHT (25mg/mL) as previously described (49).  Vehicle or 

FRAX597 (100mg/kg P.O. Q.D.) was administered for six days between P28 and P33.  

Mice were euthanized when the tumor burden exceeded the minimum restrictions as 

advised by veterinary technicians, and Kaplan-Meier survival curves were generated for 

BrafCA/+; Ptenfl/fl;Tyr::CreERT2; RhoJ+/+ vehicle (n=5) or FRAX597 (n=5) treated animals.  

Log-rank test demonstrates significant difference between the two groups (**p<0.002, 

Log-rank test).  (F)  PAK inhibition delays tumor formation.  Mice were treated with 4-

OHT at P21, P22, and P23 on their backs to induce melanoma.  Tumors were allowed 

to progress for 2 weeks prior to drug treatment.  Mice were either administered 

FRAX597 or Vehicle for six days.  Mice were euthanized after six days of drug 

treatment and images were taken with a dissecting microscope.  Tumors were visible in 

vehicle treated mice (arrows) but smaller lesions were visible FRAX597 treated mice 

(arrowheads).  (G) Disruption of RhoJ-PAK signaling blocks the formation of nevi and 

the growth of melanoma.  The area of pigmented lesions (developing melanomas) from 

F was quantified (A.U. arbitrary units) and analyzed (*p=0.04, n=3, Student t-test).  Error 

bars indicate SEM.  (H)  RhoJ expression enables melanocytes to differentiate and 
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migrate out of the hair follicle during the process of nevogenesis and evolve into 

melanoma tumors.  Perturbation of RhoJ-Pak signaling prevents melanocytes from 

differentiating normally, which leads to loss of pigment in hair, impairment of 

melanocytes to migrate out of the hair to form nevi, and prevent transformation into 

melanoma as efficiently. 
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CHAPTER 3: ATR Mutations Promote the Growth of Melanoma 

Tumors by Modulating the Immune Microenvironment 

Introduction 

Melanomas accumulate a high burden of UV-induced mutations (154).   While 

genomic studies have identified some putative melanoma driver mutations, leading to 

the development of agents such as MAP kinase inhibitors that induce tumor regression 

(155), it is less understood how other UV-induced mutations and tumor heterogeneity as 

a whole modulates tumor growth.  These questions are not easily addressed by existing 

in vivo models, as existing animal models are either genetically homogeneous or lack a 

functional immune system (156). 

While UV-irradiation contributes to the high mutation burden in skin cancer (157), 

melanoma tumors accumulate even more mutations as they fail to repair UV-damaged 

DNA.  Patients with the DNA repair disorder Xeroderma Pigmentosum have an 

increased risk of melanoma (158), while mutations that affect telomere maintenance are 

also linked to melanoma (159), and mutations in CDKN2a, which is commonly defective 

in melanoma (160), also regulates genome maintenance (161).  Melanoma cells also 

have DNA damage checkpoint defects- 70% of cutaneous melanoma cell lines 

demonstrate defective G1 checkpoint arrest (162).  Finally, some patients predisposed 

to melanoma have mutations in the MC1R receptor which is known to activate DNA 

repair mechanisms (163) by modulating the activity of the ATR kinase  (164, 165). 

The ATR kinase is essential for the viability of both human and mouse cells (166, 

167).  In response to single stranded DNA damage, the ATR kinase is recruited to 

damaged DNA, becomes activated, and then phosphorylates its downstream target 
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Chk1 (168).  Activation of Chk1 results in cell cycle arrest and DNA repair to prevent 

damaged cells from progressing through the cell cycle (169).  Chk1 is essential for the 

development of murine melanocytes (170), identifying a specific role for ATR-Chk1 in 

the melanocyte lineage.  While ATR is essential for replication, hypomorphic mutations 

in ATR are observed in Seckel syndrome (171), a recessive disorder characterized by 

developmental delay and premature aging.  Similarly, ATR mutant (ATR mt) mice 

develop signs of premature aging and hair greying (172).  Partial loss-of-function ATR 

mutations also can cause an oropharyngeal cancer syndrome (173). 

In this study, we sought to examine whether ATR mutations can contribute to the 

development of melanoma.   We identify ATR loss of function mutations in human 

melanoma, and determine that introducing similar mutations into BRAF mt PTEN 

heterozygous mouse melanomas (49) accelerates both tumor growth and mutation 

accumulation.  ATR mt tumors in this model recruited proinflammatory macrophages 

while repelling T cells important for the anti-tumor response, identifying ATR mutations 

that modulate the immune response to promote growth.  

Materials and Methods 

Mouse breeding, activation of Tyrosinase::CreERT2 transgene, and experimental 

endpoints.   

Atrflox, Tyrosinase::CreERT2, BrafCa, and Ptenlox4-5 mice were genotyped using 

established protocols.  3µl of a 25 mg/ml solution of 4-OHT (98% Z-isomer, Sigma-

Aldrich, St. Louis, MO, USA) in DMSO was applied to the right flank, back skin and tail 

of mice on postnatal days 2, 3 and 4.   Institutional Animal Care and Use Committee 

(IACUC) of the University of California Irvine approved our study protocols.   The 
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decision to euthanize mice was determined by independent University Lab Animal 

Resource (ULAR) staffs that were blinded with respect to the mouse genotype.  Mice 

were euthanized if the volume of their tumors exceeded 10% of total body volume, if 

tumors were significantly ulcerated, if mice were moribund, if they lost weight, if they 

were lethargic, or if they were unable to ambulate. 

Multiphoton microscopy of mouse skin.   

Experimental mice were shave depilated at p50 (second telogen), euthanized, 

and immediately imaged ex-vivo (no labeling) with multiphoton microscopy (MPM) to 

capture the fluorescence signal from keratin and melanins and second harmonic 

generated (SHG) signal from collagen using LSM 510 NLO Zeiss system.  

Fluorescence and second harmonic generation was excited by femtosecond Titanium: 

Sapphire (Chameleon-Ultra, Coherent) laser at 900 nm. Emission was detected at 390-

465 nm for SHG channel (blue), and 500-550 nm (green) and 565-650 (red) 

fluorescence channels.  Each animal was imaged at 8 to 10 randomly chosen locations 

on depilated skin of the lower back.  Stacks of optical sections of 636µmx636µm at 

different depths ranging from 0 to 240 µm (5 µm steps) were obtained to allow for 3-D 

volume reconstruction (LSM Image Browser, Carl Zeiss GMBH).  

Cell Culture and UVB irradiation.  

A375, MeWo and MB435S were obtained from ATCC.  JWCI-WGS01, 

JWCIWGS18, JWCI-WGS22, and JWCI-WGS31 were provided by the John Wayne 

Cancer Institute. WM983B, WM3211, and WM3248 were obtained from Coriell Institute 

for Medical Research.  A375 and MB435 were grown in Dulbecco’s MEM supplemented 

with 10% fetal bovine serum (FBS); WM983B, WM3211, and WM3248 were grown in 
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Tu medium with 2% FBS.  MeWo was grown in Eagle’s MEM supplemented with 10% 

FBS; and JWCIWGS01, JWCI-WGS18, JWCI-WGS22, and JWCI-WGS31 were 

cultured in RPMI medium with 10% FBS.  For UV irradiation of cell cultures, the culture 

medium was removed and washed with phosphate-buffered saline (PBS).  The source 

of the irradiation was a CLP-1000M UV Crosslinker with UV lamp F8T5 (efficiency of 

lamp is 1.5mW/min) for UVB (UVP 34-0042-01) (at 302 nm), (Upland, CA).  Irradiation 

was controlled by monitor with the dose of 250J/M2.  After irradiation, fresh medium 

was added to the culture and cells were incubated at 370C incubator for 40 mins. 

Western blotting and antibodies  

Lysates were prepared in RIPA lysis buffer (RIPA supplemented with protease 

inhibitor, Santa Cruz Biotechnology, Dallas, TX).  Lysates were subjected to SDS-PAGE 

on 4-12% Bis-Tris gradient gels (Life technology, Grand Island, NY) under reducing 

conditions and transferred onto Immobilon-P membranes (EMD Millipore, Billerica, MA). 

Membranes were blocked in 5% non-fat milk with 1X TBS and 1% Tween-20, and 

probed with one of the following antibodies: rabbit polyclonal GAPDH, #5174; rabbit β-

Actin(13E5), #4970S; rabbit polyclonal phospho-CHK1 S345, #2348s; rabbit polyclonal 

ATR, #2790s; (Cell Signaling Technology, Danver, MA), and mouse monoclonal ATR 

(2B5), GTX70109 (Genetex, Irvine, CA), and M2 (F1804) antibody (Sigma-Aldrich, St. 

Louis, MO). Protein levels were assessed using densitometry analysis (ImageJ, NIH, 

Bethesda, MD). 

Western blotting analysis of mouse tumors. 

End stage mouse tumors were obtained from BRAFV600E PTEN+/- ATRmD/mD 

or BRAFV600E PTEN+/- ATR+/+ mice. Tumors were surgically excised, and snap 
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frozen in liquid nitrogen. Tumors were minced with a scalpel and homogenized and 

lysed in RIPA buffer with Precellys lysing kit (Bertin technologies, Rockville, MD). Lysate 

from tumors were subjected to Western blotting analysis. 

Expression of ATR wt and mt constructs in A375 melanoma cells.   

pcDNA3-ATR WT expression construct was purchased form Addgene (plasmid 

#31611). The ATR mts were generated by site-specific mutagenesis.  (Agilent 

Technologies, Santa Clara, CA). Plasmids were transfected into A375 cell line by 

Turbofect transfection reagent (Thermo Scientific, Waltham, MA).  48hrs after 

transfection, cells were selected by G418 selection for 7days.  Selected cells were 

either exposed to UV irradiation as indicated or subjected to immunoprecipitation 

followed by western blotting as indicated.   

EdU labeling and flow cytometry.   

Cells were labeled with 10 µM Edu for 1h, then were irradiated with UVB 

(250J/m2). At 0hr or 6hr post-UV cells were fixed and stained with Click-iT Plus EdU 

Alexa Fluor 647 Flow Cytometry assay kit (Life technology, Grand Island, NY, USA) 

according to the manufacture’s protocol. Cells were subjected to Flow Cytometry with 

an Attune Acoustic Focusing Cytometer (Life technology, Grand Island, NY, USA) to 

analyze the EdU positive cells. The resulting data were analyzed using Acoustic 

Focusing Cytometer software (Life technology, Grand Island, NY, USA). 

RNA-Seq. 

Total RNA from WT 1-4 and mD 1-4 (Tumor samples) or WT 1-3 and mD- 1-3 

(Nevi samples) was monitored for quality control using the Agilent Bioanalyzer Nano 

RNA chip. Library construction was performed according to the Illumina TruSeq RNA v2 



52 
 

protocol. The input quantity for total RNA was 1μg and mRNA was enriched using oligo 

dT magnetic beads. The enriched mRNA was chemically fragmented for four minutes. 

Firststrand synthesis used random primers and reverse transcriptase to make cDNA. 

After second strand synthesis, the ds cDNA was cleaned using AMPure XP beads and 

the cDNA was end repaired and then the 3’ ends were adenylated.  Illumina barcoded 

adapters were ligated on the ends and the adapter ligated fragments were enriched by 

nine cycles of PCR. The resulting libraries were validated by qPCR and sized by Agilent 

Bioanalyzer DNA high sensitivity chip.  The concentrations for the libraries were 

normalized and then multiplexed together. The concentration for clustering on the 

flowcell was 12.5pM. The multiplexed libraries were sequenced on three lanes using 

paired end 100 cycles chemistry for the HiSeq 2500. The version of HiSeq control 

software was HCS 2.2.38 with real time analysis software, RTA 1.18.61. Paired-end 

sequencing reads were trimmed of adapter sequences, analyzed for quality using the 

Fastqc program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and 

aligned to the mouse reference genome version mm10 using the Tophat alignment 

software (version 2.0.12) (174). Fragments and exons were quantified using the 

Cufflinks program (version 2.2.1) (175). The edgeR library (176) of the R statistical 

environment was used for differential gene expression analysis of mapped read counts 

and R was used for hierarchical clustering of the normalized counts that aligned to 

genes. P-values and FDR values of differentially expressed genes are reported. 

Ingenuity Pathway Analysis (IPA) indicated that genes that are components of ATR 

canonical pathways were enriched in the ATR mutant tumors. Bars indicate the 

negative logarithm of the enrichment p-value. The orange dotted line indicates the 
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statistical threshold (p<0.05) for the enrichment canonical pathways. The orange 

squares represent the ratio (value of molecules in a given pathway that meet the cutoff 

criteria, divided by total number of molecules that make up that pathway) for each 

canonical pathway (QIAGEN, Redwood City, CA). 

 Genomic DNA-Seq. 

Using a Covaris S2, gDNA was sheared using conditions to generate 300 - 

500bp fragments.  The Bio Scientific NEXTflex Rapid DNA-Seq kit for the Illumina 

platform was used. From 300 ng of sheared gDNA, the ends were repaired and then 

adenylated on the 3’ ends. The repaired and adenylated fragments were then ligated 

with NEXTflex DNA-Seq adapters. After ligation, a dual size selection was performed 

using AMPure XP beads with a lower cutoff of 500bp and an upper cutoff of 700bp. The 

adapter ligated fragments were enriched using 11 cycles of PCR. The libraries were 

validated by qPCR and sized by Agilent Bioanalyzer DNA high sensitivity chip. The 

libraries were clustered on the flowcell at 12.5pM and sequenced on two lanes using 

paired end 100 cycles chemistry. The version of HiSeq control software was HCS 

2.2.38 with real time analysis software, RTA 1.18.61. DNA sequencing reads were 

aligned to the reference mouse genome (mm10) using the BWA software (version 

0.7.8) (177). Single nucleotide variants and indels were called using the GATK best 

practices pipeline (178, 179). Structural variation was identified using a combination of 

the programs BreaKDancer (version 1.1.2) (180, 181), Delly (version 0.6.1) (182) and a 

suite of software tools developed in house. VCF files containing all SNV calls were 

deposited on dbSNP after publication. The number of SNVs present in ATR mt and ATR 

wt tumors were determined, and the number of SNVs per kb was determined for each 
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chromosome. ATR independent variants were eliminated by removing SNVs that were 

present in any of the four BRAFV600E PTEN+/- ATR+/+ tumors from the set of variants 

that occurred in any of the four BRAFV600E PTEN+/- ATRmD/mD tumors. Transitions and 

transversions were defined by the nucleotide change from the BRAFV600E PTEN+/-

ATR+/+ tumors. Variants on each chromosome were visualized utilizing iobio.io (183). 

Tumor volume measurements. 

Tumors were measure at postnatal day 75 or the end point of the study.  An 

electronic caliper was used to measured tumor size.  Tumor volume was evaluated 

using the following formula: TV = (width)2X length/2. 

CD3, CD19and F4/80 flow cytometry analysis.  

End stage of mouse tumors were obtained from BRAFV600E PTEN+/- ATRmD/mD, or 

BRAFV600E PTEN+/- ATR+/+. Tumors were surgically excised, washed with 70% ethanol 

and PBS.  Tumors were minced with a scalpel and dissociated using a tumor 

dissociation kit (#130-096-730) and gentleMACs (Miltenyi Biotec, Auburn, CA) 

according to the manufacture’s protocol. Dissociated tumor cells were labeled by CD3 

(17A2)-PE/Cy7, CD19(6D5)-APC and F4/80 (BM8)-APC/Cy7 (BioLegend, San Diego, 

CA). Cells were subjected to flow cytometry using an Attune Acoustic Focusing 

Cytometer (Life technology, Grand Island, NY) to analyze the CD3, CD19 and F4/80 

positive cells. The resulting data were analyzed using Acoustic Focusing Cytometer 

software (Life technology, Grand Island, NY, USA). 

RAW264.7 culture and cytokine stimulation.  

RAW264.7 macrophage-like cells (ATCC) were cultured in Dulbecco’s MEM 

supplemented with 10% FBS. For cytokine stimulation, RAW culture was replaced with 
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fresh medium with a final concentration of 100ng/ml IFN-γ or 20 ng/ml IL-4 for 24hrs. 

RNA was harvested from treated cells using standard protocols. 

mRNA preparation, reverse transcription, and real-time PCR.  

Cells or tumor samples were lysed in Trizol reagent (Life technology, Grand 

Island, NY, USA) and homogenized with a Precellys lysing kit (Bertin techonologies, 

Rockville, MD). Purified mRNA was resuspended in RNase-free water, and the 

concentration was measured using a nanophotometer (Implen, Westlake Village, CA). 

Reverse transcription was performed using a high capacity cDNA reverse transcription 

kit (Applied Biosystems, Foster City, CA) per the manufacturer’s protocol.  Real-time 

PCR (real-time quantitative PCR “qPCR”) was performed using the cDNA generated as 

described above.  Primers (Supplemental Data File1-sheet3) were purchased from 

Integrated DNA Technologies, Inc (Coralville, IA).  Quantitative real-time PCR was 

performed with a Power SYBR-Green master mix according to the manufacturer’s 

instruction and analyzed on a StepOnePlus Real-Time PCR system (Applied 

Biosystems, Carlsbad, CA).  Alternatively, probe-base q-PCR was performed with 

Taqman fast advanced master mix (Applied Biosystems, Carlsbad, CA). For all qPCR, 

cytokine stimulated RAW 264.7 cells (INF-γ alone or IL-4 alone) were the positive 

control for M1 or M2 macrophages. mRNA expression values were normalized to 

GAPDH expression. Expression fold changed were calculated by comparing to RAW 

264.7 cells. 

Immunohistochemistry.  

Tumor samples were fixed in 10% formalin for 24hrs, washed in PBS followed by 

ethanol dehydration, and paraffin embedded. 8 μm thick sections were cut from paraffin 
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blocks and adhered to glass slides.  Slides were dried overnight and paraffin was 

removed with xylene followed by rehydration. Antigen retrieval was carried out by 

heating slides to 95°C for 15 min in 0.01M sodium citrate buffer (pH 6). Endogenous 

peroxidase quenching and bleaching of pigmentation was performed using 3% H2O2 

overnight at room temperature. Protein block was carried out using either 5% normal 

goat serum in 1x TBST, or M.O.M blocking reagent (Vector Laboratories, Burlingame, 

CA) for 1 hr. Tumor samples were then incubated with primary Ab F4/80 (1:100) 

(AbSerotec, Raleigh, NC) , CD3 (1:100), CD19 (1:100) (Santa Cruz Biotechnology, 

Dallas, TX) or Ki67 (1:100, Novocastra reagent, Leica Biosystems, Buffalo Grove, IL)) 

overnight at 4°C, followed by incubations with biotinylated secondary antibodies (1:200 

anti-rat; 1:500 anti-mouse; Vector Laboratories) for 1 hour at room temperature. Slides 

were then treated with ABC-streptavidin-peroxidase (Vector Laboratories) for 30 mins 

and developed with DAB (Dako) followed by counterstaining in hematoxylin and 

dehydration before mounting with permount. 

Statistical analysis 

Kaplan Meier survival curves were generated and significance was assessed 

using the log-rank test, an unpaired t-test, or a two-way ANOVA test.  Volume of 

pigmented lesions from MPM images were measured manually on orthogonal 

projections to access length, width and depth of a nevus as it is outlined by a bright 

luminescence from melanin.  Four animals per group (wt vs mD/mD) were imaged. 

Other data was analyzed by GraphPad Prism6 statistical analysis software using an 

unpaired t-test or two way Anova test. Significances were as indicated. 

Results 
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Loss of Function ATR mutations are present in human melanoma  

Initial studies identified mutations in the ATR pathway in human melanoma. 7% 

of melanoma tumors in the TCGA have mutations in genes that affect the ATR pathway 

(ATR and CHK1), with most of these mutations occurring in the ATR gene (6%).   

Analysis of an independent set of primary tumors revealed a higher incidence of ATR 

mutations (13%).  ATR mutations did not map to a specific hotspot within the open 

reading frame (Figure 3.1.A), and none of the ATR mutations observed were recurrent 

in the dataset analyzed.  ATR mt tumor cell lines from this cohort were examined to 

determine whether they had defective cell cycle checkpoints.  Upon UVB-irradiation, 

ATR is recruited to damaged DNA and initiates the phosphorylation of CHK1 at Serine 

345, initiating cell cycle arrest (184).  While UVB-irradiation was sufficient to induce 

CHK1 phosphorylation in ATR-WT melanomas (WM983B, A375, MNT1, WM3211, 

WM3428) (Figures 3.1.B, left panel and Figure 3.1.C), it did not induce the accumulation 

of phospho-CHK1 in ATR mt melanoma cell lines (JWCI-WGS18, JWCI- WGS22, 

MeWo, MB435S) as efficiently with the exception of JWCI-WGS01 and JWCI-WGS31 

(Figure 3.1.B). 

To assess whether ATR mt melanoma cell lines had defective cell cycle 

checkpoints, we examined whether UVB-irradiation induced cell cycle arrest in ATR WT 

(WM983B, A375) or mt melanomas.  We excluded MNT-1 cells from this analysis as 

melanin in these cells interfered with the EdU assay.  ATR mt cell lines incorporated 

less EdU after 1 hr of labeling as compared to ATR WT cells (Figure 3.1.D) whether or 

not they exhibited defects in Chk1 phosphorylation, suggesting that all of these mts 

have some defects in the activation of ATR downstream targets.  UVB-irradiation 
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induced cell cycle arrest in ATR WT cells (A375), as similar percentages of EdU positive 

cells were observed in samples labeled for 1 hour followed by a 6 hr post UV chase as 

was observed in control cells labeled for 1 hr (Figure 3.1.E).  Several ATR-mt cell lines 

(JWCI-WGS18, MeWo, MB435S) had defects in UV-induced cell cycle arrest, as cells 

were able to proliferate after UV-irradiation, diluting out the population of cells that were 

labeled with EdU during the first hour (Figure 3.1.D).   The ability to overcome this 

replication block (Figure 3.1.E) correlated with the magnitude of defects in UVB-induced 

Chk1 phosphorylation (Figure 3.1.B).  Taken together, these studies verify that subsets 

of melanoma tumors have ATR loss of function mutations. 

Next, we verified that the ATR mutants in MB435S, MeWo, and JWCI-WGS18 

cell lines, which exhibited altered UVB-induced checkpoints, interfered with the function 

of WT ATR.   ATR mt constructs were generated and expressed at low levels in an 

A375 melanoma cell line that also express WT ATR.  Initial studies verified that each 

WT or mt Flag-tagged ATR construct was expressed at a low level in A375 cells, and 

that these cell lines expressed similar levels of total ATR (Figure 3.1.FF, left panel).   

While UVB-irradiation induced Chk1 phosphorylation in cells that express WT ATR, 

UVB-irradiation was less efficient at inducing Chk1 phosphorylation in cells that express 

a kinase dead ATR mt (Figure 3.1.F, D2475A) (185) or in cells that express the ATR 

mts that had defective DNA damage checkpoints as identified in Figure 3.1.B and 3.1.E 

(Figure 3.1.F, right panel).   These findings verify that the heterozygous ATR mutations 

observed in human tumors have functional consequences.  

ATR mutations accelerate the growth and metastasis of melanomas in vivo 
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In order to determine whether ATR mutations contribute to tumor development 

and metastasis in vivo, we crossed Atrflox/flox mice in which the loxP sites flank the ATR 

kinase domain (186) (Figures 3.2.A, 3.2.B upper panel) with mice carrying a 

Tyrosinase::CreERT2 allele, a BrafCA allele, and zero, one or two copies of a Ptenlox4-5 

allele (49).  The growth of nevi or tumors in this model could be modulated by altering 

the dosage of PTEN: melanocytes expressing mt BRAF and WT PTEN produce nevi 

but no melanoma, melanocytes expressing mt BRAF and one copy of PTEN form 

tumors that are visible after >75 days, while melanocytes that express mt BRAF and no 

PTEN rapidly develop melanomas that metastasize quickly (49).  Initial studies verified 

that: 1) mice containing BRAF mt melanocytes had a normal lifespan and didn’t develop 

tumors (Figure 3.2.C); and 2) tumor development was influenced by the absence of one 

PTEN allele but not by ATR mt (Figure 3.2.D).   

In this set of experiments, we examined the consequences of ATR loss in nevi 

and melanoma using a published ATR flox model in which the excision of the ATR flox 

cassette is not 100% complete (172), resulting in the generation of mice that have some 

melanocytes with no functional ATR and others with WT ATR.   Over time, a mixed 

population of ATR-/- and ATR+/+ cells can then repopulate tissues of these animals. 

While this feature makes it difficult to measure the effect of complete ATR loss on tumor 

growth, it does generate tumors that have a mixture of different mutations as is 

observed in human melanoma.  Induction of recombination with topical 4-OHT in these 

mice would result in the simultaneous BRAFV600E mutation, generation of some cells 

with mixed deletion of the ATR kinase domain (termed ATRmD), and PTEN deletion 

specifically in melanocytes (Figure 3.2.A).   The ATR protein is very large (300 kDa), yet 
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the kinase domain of the protein is very small, making it impossible to distinguish 

truncated ATR from full length ATR by western blotting (Figure 3.2.E).  RT-PCR 

(reverse transcriptase PCR) of tumor RNA successfully demonstrated that ATR mD 

(mD/mD) tumors contained the truncated ATR transcript of the appropriate size (Figure 

2B, bottom left panel) while also containing the WT transcript.   Additional studies 

verified that mRNA corresponding to the floxed form of ATR was expressed in 

melanoma tumors (Figure 3.2.B, bottom right panel).  In order to verify that ATR mt 

melanomas had defects in cell cycle checkpoints, ATRmD/mD and ATR+/+ tumors were 

lysed, and subjected to western blotting with p-Chk1(S345) Ab.  ATRmD/mD tumor cells 

exhibited decreased phosphorylation of CHK1 (Figure 3.2.F), indicating that these 

tumors lacked normal cell cycle checkpoints.  ATRmD/mD tumors also had less 

expression of ATR but no change in the expression of ATM  (Figure 3.2.F) even though 

the ATR flox allele migrates at the same size of the WT allele (Figure 3.2.E).   Taken 

together, these findings verify that the ATRmD/mD tumors had ATR signaling defects. 

To examine whether ATR signaling influenced tumor progression, 

Tyrosinase::CreERT2; BrafCA/+; Ptenfl/+; Atrfl/+ or Atrfl/fl mice were generated and tumor 

formation was induced by topical administration of 4-OHT.  PTEN+/- tumors were 

specifically selected for these experiments as these tumors develop more slowly, 

making it easier to identify an effect of ATR on tumor growth.   BRAFV600E PTEN+/- 

ATRmD/+ tumors grew larger than BRAFV600E PTEN+/- ATR+/+ tumors (Figure 3.2.G), 

ultimately resulting in the tumor growing so large that these mice had to be sacrificed 

prematurely for compassionate reasons (Figure 3.2.H) (decrease in median survival of 

14 days).  While BRAFV600E PTEN+/- ATRmD/mD tumors grew to a larger size than ATR 
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WT tumors (Figure 3.2.G), the BRAFV600E PTEN+/- ATRmD/mD tumors did not reach a 

sufficient size that mice needed to be sacrificed sooner than mice carrying BRAFV600E 

PTEN+/- ATRmD/+ tumors (Figure 3.2.H).  These observations are consistent with other 

studies that have indicated that ATR can have differing effects on tumor growth 

dependent on gene dosage (187). 

Deletion of both copies of PTEN in mouse melanomas rapidly accelerates their 

growth, resulting in a high tumor burden that goes on to generate lung metastases (49).  

Deletion of one or both copies of the ATR kinase domain in BRAFV600E PTEN null 

melanocytes did not result in an increased burden of tumors (Figure 3.2.I), consistent 

with the published observation that BRAFV600E PTEN null tumors develop and 

metastasize rapidly. BRAFV600E PTEN-/- ATRmD/mD tumors did, however, have a higher 

propensity to metastasize to the lung as compared to BRAFV600E PTEN-/- tumors 

(Figures 3.2.J, 3.2.K).  Taken together, these studies suggest that ATR mutations 

influence both the growth and metastasis of BRAF mt melanomas. 

ATR mt promote the growth of BRAF mt nevi 

As ATR mts modulate both tumor growth and metastasis, we next sought to 

examine the role of ATR mt in the growth of nascent tumors and nevi.  First, we 

examined mice 75 days after birth when tumors are first readily visible.  Both BRAFV600E 

PTEN+/- ATRmD/+ tumors and BRAFV600E PTEN+/- ATRmD/mD tumors (Figure 3.3.A) were 

larger in size as compared to BRAFV600E PTEN+/- ATR+/+ tumors after 75 days.  

Moreover, a greater number of tumors were observed per mouse in mice carrying 

ATRmD/+ tumors and ATRmD/mD tumors (Figure 3.3.A) when compared to ATR+/+ tumors.  

Tyrosinase::CreERT2;BrafCA/+ mice develop melanocytic nevi after 4-OHT administration 
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that can progress to melanoma after a prolonged duration (188).  To more accurately 

assess whether ATR deficiency affects tumor initiation, we generated 

Tyrosinase::CreERT2; BrafCA/+ Atrfl/fl mice and induced precancerous nevi formation using 

topical 4-OHT treatment.  Initial experiments verified that Tyrosinase::CreERT2; BrafCA/+ 

Atrfl/fl and Tyrosinase::CreERT2; BrafCA/+ mice had no difference in overall survival, and 

validated that these mice had similar survival as WT mice as noted in earlier 

publications (49) (Figures 3.2.C, 3.2.D).  The number of nevi after tamoxifen topical 

administration in Tyrosinase::CreERT2; BrafCA/+ Atrfl/fl and Tyrosinase::CreERT2; BrafCA/+ 

mice was quantified visually and using multiphoton microscopy (MPM), a technique that 

utilizes only intrinsic fluorescent signals to generate a three-dimensional image of 

melanoma tumors (138).  Tyrosinase::CreERT2; BrafCA/+ Atrfl/fl mice develop more nevi 

after 4-OHT treatment compared to Tyrosinase::CreERT2; BrafCA/+ mice (Figure 3.3.B).  

By measuring the intrinsic fluorescent signals from melanin (red), keratin (green), and 

the second harmonic signals from collagen (blue) using MPM (138) (Figure 3.3.C), we 

were able to determine that the developing ATR mt nevi were larger in volume (Figure 

3.3.D) and occupied a larger volume of the skin (Figure 3.3.E).   There were also a 

larger number of nevi in Tyrosinase::CreERT2; BrafCA/+ Atrfl/fl mice although this number 

was just below statistical significance (p=0.0503) (Figure 3.3.F).   Taken together, these 

studies indicated that ATR deficiency affects tumor initiation.   

ATR mt Melanomas Accumulate More Mutations 

To investigate how ATR mutations affected mutation accumulation, the genomes 

of BRAFV600E PTEN+/- ATRmD/mD and BRAFV600E PTEN+/- ATR+/+ mouse tumors were 

sequenced and compared.  Initial studies identified single nucleotide variants (SNVs) 
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present in BRAFV600E PTEN+/- ATRmD/mD and BRAFV600E PTEN+/- ATR+/+ tumors and 

determined that ATR mt tumors accumulated more SNVs.   Comparison of the number 

of SNVs in these two tumors revealed that ATR mt tumors accumulated more single 

nucleotide variants (Figure 3.4.A).  ATR SNVs had no predilection for specific 

transitions or transversions (Figure 3.4.B), and were randomly dispersed across the 

genome, including both coding and regulatory regions (Figure 3.4.C).  In contrast, there 

was not a drastic increase in the number of translocations in ATRmD/mD tumors (two 

inversions and one area of LOH was observed, data not shown), suggesting that the 

ATR mutation was not a complete loss of function, as has been described by others 

(172),  as it resulted in the accumulation of SNVs and not translocations as observed in 

ATR null cells (189).  In addition, while ATR mt tumors accumulated more SNVs in 

chromosome 7 and 12 (Figure 3.4.A), these SNVs were evenly distributed across the 

chromosome and did not localize to any particular hotspot indicating that the altered 

growth properties of these tumors was unlikely to be driven by a specific mutation 

induced by ATR loss.  

ATR mt Tumors Generate a Pro-Inflammatory Microenvironment that Supports 

Tumor Growth 

Initial studies revealed that ATR mt melanoma cells do not proliferate more 

rapidly, as the number of Ki67 positive cells in ATR WT and mt tumors was similar (data 

not shown), consistent with published studies indicating that ATR function is required for 

cellular replication (186).  In order to better understand how ATR deletion promotes the 

growth of tumors as a whole, RNA was collected from BRAFV600E ATRmD/mD nevi and 

BRAFV600E ATR+/+ nevi and subjected to RNA-seq and differential expression analysis 
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(Figure 3.5.A).  ATR mt nevi had decreased expression of jun and fos (Figure 3.5.B ), 

serum response factors whose expression positively correlates with cellular proliferation 

(190), indicating that these tumors were not more proliferative (Figure 3.5.A).  Notably, 

ATR mt nevi had decreased expression of SkinT genes (Figure 3.5.B), a class of genes 

known as butyrophilins (191) that promote T cell homing to epithelia (192).  ATR mt nevi 

also had decreased expression of CD4, a marker for T- cells and other immune cells 

(Figure 3.5.A), indicating that ATR tumors downregulate T-cell homing mechanisms.  

Taken together, these studies suggested that ATR mt tumors do not proliferate more 

rapidly but instead promote tumor growth by modulating the immune response. 

To better characterize the effect of ATR mt on the immune response, flow cytometry 

was utilized to quantify the number of infiltrating immune cells in ATR mt and ATR WT 

tumors.  ATRmD/mD melanoma tumors had decreased numbers of infiltrating T-cells 

(CD3+, pan T cell marker) and increased numbers of infiltrating macrophages (F4/80+) 

and B cells (CD19, B cell marker) as compared to ATRmD/+ and ATR+/+ tumors (Figure 

3.5.C).  Interestingly, 40% of the cells in ATRmD tumors were macrophages.   Consistent 

with this observation, RNA-seq analysis of BRAFV600E PTEN+/- ATRmD/mD tumors and 

BRAFV600E PTEN+/- ATR+/+ tumors did indicate that genes involved in immune activation 

were preferentially expressed in ATR mt tumors (Figures 3.5.D, 3.5.E).  

Immunohistochemical studies revealed that ATR mt tumors had increased numbers of 

infiltrating macrophages (Figure 3.5.F) and decreased number of infiltrating T cells 

(Figure 3.5.G), further verifying the flow cytometry results.  Unfortunately, it was difficult 

to measure an effect on B cells histologically, as very few infiltrating B cells were 

present in either specimen (Figure 3.5.H). 
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Blood monocytes extravagate into target tissues where they differentiate into mature 

macrophages and polarize into diverse subsets depending on environmental challenge 

(193).  While macrophage polarization is exceedingly complex, simplified in vitro models 

suggest that macrophages can polarize into “M1” subsets which are involved in 

generating an anti-tumor immune response or  “M2” polarized subsets which can exert 

anti-inflammatory and pro-tumorigenic properties (194).  Macrophages are detected in 

genetically heterogeneous tumors (195) and can promote melanoma invasion and 

metastasis (196).  Gene expression studies revealed that ATRmD/mD tumors expressed 

high levels of “M2” macrophage markers (Arg1, CD206, PPARG) (197), consistent with 

the contention that these infiltrating cells had pro-tumorigenic properties.   In contrast, 

ATRmD/mD tumors exhibited the same level of expression of markers known to be 

associated with “M1” anti-tumor macrophages (iNOS, TNF-α, IL-6) (197) (Figure 3.5 I).  

Melanoma cells are known to avoid the immune response by activating the expression 

of PD-L1 (198).   ATRmD/mD tumors expressed higher levels of PD-L1 and lower levels of 

PD-1 as compared to ATR+/+ tumors (Figure 3.5.J), indicating that ATR deficient tumors 

also modulated the PD1 immune checkpoint as is observed in human melanomas.  

Discussion 

Interactions between melanoma cells and immune cells are critical in promoting 

tumor initiation, tumor angiotropism (199), and therapy resistance (200).  Cancer cells 

express PD-L1 and CTLA4, which prevents the immune system from recognizing and 

destroying tumor cells (201), and PD-1 and CTLA4 blocking antibodies can activate the 

anti-tumor response, leading to tumor regression (202, 203).  Existing mouse melanoma 

models either generate clonal tumors with little diversity or examine the immune 
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response in syngeneic models that poorly mimic human disease (204).  The 

autochthonous mouse melanoma model established here has an intact immune system 

and generates tumors with mutations in tumor drivers, tumor suppressors, as well as 

defects in DNA repair.  The observation that M2 macrophages promote tumor growth in 

this model are consistent with clinical observations that melanomas with more tumor-

infiltrating, M2-like macrophages have a poorer prognosis (205), and other observations 

that macrophages promote melanoma metastasis (196).  Interestingly, ATR mosaic, 

p53 null mice also had an increased number of macrophages localized around the hair 

follicle (206),  indicating that ATR deletion modulates macrophage function.  Tumors 

from ATR mt mice also overexpress PD-L1, similar to what has been observed in 

human melanoma tumors that respond to PD1 inhibitors (198).  In addition, ATR mt 

tumors downregulate the expression of butyrophilins (191), which normally promote T 

cell homing to epithelia (192). 

Recent studies have highlighted that tumors that have a higher mutation load are 

more responsive to immunotherapies (207, 208).  While some studies have suggested 

that this is the result of generating more tumor neo-antigens, it is currently unclear why 

a tumor that expresses a high load of neoantigens would be resistant to immunotherapy 

in the first place.  The studies presented here identify novel mutations within tumor cells 

themselves that allow them to suppress the T cell immune response and recruit 

macrophages known to promote tumor growth. The novel mouse model described here 

is an ideal system to elucidate how melanoma tumors modulate the immune response 

in order to develop better immunotherapies. 
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Figure 3.1.  Loss of function ATR mutations are present in human melanoma. (A)  

Tumor databases (TCGA, JWCI) were queried to identify ATR mutations, and the 

position of each ATR mutation is indicated.  None of the observed mutations were 

recurrent in more than one tumor.  (B)  ATR mts have a defective DNA damage 

checkpoints. ATR WT melanoma cell cultures were irradiated with UVB followed by 

western blotting with the indicated antibodies (Ab) (left panel).  Relative protein 

accumulation was measured by densitometry (see values) relative to a GAPDH loading 

control.  (C)  ATR wild type melanoma cell cultures (WM3211, WM983B, A375 and 

MNT1, WM3428) were irradiated with UVB followed by western blotting with the 

indicated antibodies.  (D) ATR mutations do not accelerate the rate of proliferation of 

ATR mt human tumor cells.  ATR WT or mts cells were labeled with EdU and the 

fraction of proliferating cells was determined.  The graph represents the results of three 

independent experiments and error bars correspond to SEM. * p<0.05, **p<0.01; 

***p<0.005 (E) ATR mts cells are more sensitive to UV-induced cell cycle arrest.  ATR 

WT or mt cells were labeled with EdU for 1hr, irradiated with UVB, and the fraction of 

EdU+ cells was determined 0 and 6 hr post-UV as described. * p<0.05, **p<0.01 (F) 

Expression of ATR mts in A375 cells impaired the normal DNA damage response.  

A375 cells expressing either ATR FLAG tagged WT or mt constructs were lysed and 

immunoprecipitation with a FLAG antibody (M2) followed by western blotting with an 

ATR Ab to verify that each mt was expressed (left top panel).  Total lysate from each 

culture expressing ATR WT or mt constructs was also immunoblotted with the indicated 

antibodies and relative accumulation of pChk1/Chk1 and pChk1/GAPDH was 

determined by densitometry.  
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Figure 3.2. ATR haploinsufficiency promotes the invasion and metastasis of 

BRAF mt melanomas in mice. (A) Mice carrying various conditional alleles of Braf 

(BrafCA), Pten (Ptenlox4-5) and/or ATR (ATRflox) were crossed to Tyr::CreER mice with 

melanocyte-specific expression Cre recombinase (CreERT2). Activation of CreER by 4-

OHT leads to melanocyte-specific conversion of BrafCA to BrafV600E, Pten to null alleles 
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and ATRflox to ATRmD.  (B)  Schematic of the ATRflox region (Brown and Baltimore, 

2003). The kinase domain-encoding exons (KD1 and KD2) and primer locations were 

indicated (top panel). RT-PCR results are shown in the bottom panel. ATRmD/mD tumors 

expressed the floxed transcript.  (C)  Pten haploinsufficiency accelerates the demise of 

mice harboring BRAFV600E ATR+/+ tumors.  Kaplan Meier survival curves for mice 

carrying BRAFV600E ATR+/+ with PTEN+/+ or PTEN+/- with median life span of 429 days 

(n=10) and 107.5 days (n=20), respectively.  (D)  Pten haploinsufficiency does not 

accelerate the demise of mice harboring BRAFV600E ATRmD/mD tumors.  Kaplan Meier 

survival curves for mice carrying BRAFV600E ATRmD/mD with PTEN+/+ or PTEN+/- tumors 

with median life span of 586 days (n=8) and 98 days (n=20), respectively.  (E)  

Expression of human ATR that mimics mouse ATRmD (ATRhD) in A375.  A375 cells 

expressing either FLAG tagged wild-type or ATRhD constructs were lysed and 

immunoprecipitated with a FLAG antibody (M2) followed by western blotting with an 

ATR Ab.  (F)  ATRmD/mD melanoma cells have defects in ATR signaling.  Lysates from 

mouse tumors were subjected to western blotting with the indicated specific antibodies.  

Relative densitometry values are shown below each blot. n.d. means non-detectable. 

(G) ATR haploinsufficiency promotes the growth of BRAFV600E PTEN+/- tumors.  The 

mean tumor volume of ATR+/+, ATRmD/+, and ATRmD/mD tumors was 91.23+22.68 mm3 

(n=28), 428.6+57.95 mm3 (n=28) (p<0.0001), and 495.4+145.8 mm3 (n=27) (p=0.0074), 

respectively. Error bars represent SEM. Representative photographs are shown (top 

panel). (H) ATR haploinsufficiency accelerates the demise of mice harboring BRAFV600E 

PTEN+/- tumors.  Kaplan Meier survival curves for mice harboring BRAFV600E PTEN+/- 

with ATR+/+, ATRmD/+, and ATRmD/mD tumors with median lifespan 109 days (n=20), 95 
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days (n=25), and 97 days (n=11), respectively. (I) ATR haploinsufficiency does not 

accelerate the demise of mice harboring BRAFV600E PTEN-/- tumors.  Kaplan Meier 

survival curves for mice harboring BRAFV600E PTEN-/- with ATR+/+, ATRmD/+, and 

ATRmD/mD tumors with median lifespan 39 days (n=13), 37 days (n=23), and 40.5 days 

(n=12), respectively. (J) ATR haploinsufficiency promotes the metastasis BRAFV600E 

PTEN-/- tumors.  Mice bearing ATR+/+, ATRmD/+, and ATRmD/mD tumors averaged 

1.22+0.43 (n=9), 6.60+0.75 (n=15) and 7.00+0.62 (n=7) metastases per mouse lung 

(p<0.0001), respectively. Error bars represent SEM.  (K)  Lung images from 

representative mice bearing ATR+/+, ATRmD/+, and ATRmD/mD tumor lung metastases at 

the end-stage.  
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Figure 3.3.   ATR mt promotes the growth of BRAF mt nevi and melanomas. 

(A) ATR mt promotes the growth of developing melanoma tumors. Tumors were 

induced in BrafCA/+ Ptenfl/+ Atrfl/+ or BrafCA/+ Ptenfl/+ Atrfl/fl mice and the size (bottom left 

panel) and number of tumors per mouse (bottom right panel) was determined after 75 

days.   Mice bearing ATR+/+ tumors had an average of 1.38+0.42 (n=8) tumors per 

mouse with a mean volume of 6.06+2.31 mm3 (n=13).  Mice bearing ATRmD/+ tumors 

had an average of 3.9 +0.64 (n=10) tumors per mouse (p=0.0067) with a mean volume 

of volume of 70.69+19.42 mm3 (n=19), (p<0.0001).  ATRmD/mD mice had an average of 

3.33+0.88 (n=4), (p=0.048) with a mean volume of 74.69+22.77 mm3 (n=10), 

(p<0.0001). Error bars represent SEM.  (B)  ATR mutation promotes the growth of 

BRAF mt nevi.   Nevi were induced in BrafCA/+ Atr+/+ and BrafCA/+ Atrfl/fl mice and 

visualized 50 days after induction on the underside of the skin by standard photography.  
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Mice bearing ATRmD/mD and ATR+/+ nevi had an average of 259.8 +11.72 (n=4), and 

74.75+27.69 (n=4) nevi per mouse, respectively. (p=0.0008). Error bars represent SEM. 

(C) ATR mt and ATR wt nevi visualized by label-free multiphoton microscopy of the 

mouse skin ex-vivo.  MPM images from mice were obtained as described in methods, 

and a representative image from each genotype is shown.  Top row (left to right): 3-D 

projections for normal skin, ATR wt and ATRmD/mD. Bottom row:  orthogonal projection 

from the stacks of images. Colored lines indicate positions being displayed as xy (blue), 

xz (red) and yz (green) planes. FOV is 636µm x 636µm Cyan: SHG of collagen; Green:  

fluorescence of keratin; Yellow and Red – fluorescence of melanin. (D) ATR mt nevi are 

larger than ATR wt nevi.  Average volume of melanocytic nevi within the upper 50 µm of 

the skin was measured (µm3) from 3-D skin reconstructions. (E) ATR mt nevi occupy a 

greater volume of the skin as compared to ATR wt nevi.  Percentage of a volume 

occupied by pigmented lesions within the upper 50 µm of the skin compared to the total 

probed volume is reported and error bars represent S.D. (F) ATR mt promote the 

formation of BRAF mt nevi.  Individual lesions were counted manually for all acquired 

stacks of images to the depth of 240 µm and then normalized to the volume of 10 stacks 

per each animal.  A graph obtained from analyzing 5 mice in each group is shown. 
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Figure 3.4.  ATR mt Leads to the Generation of a Genetically Heterogeneous 

Tumor. (A) ATR mt leads to the increased accumulation of single nucleotide variants in 

melanoma tumors.  SNVs that were unique to ATRmD/mD tumors (not present in ATR+/+ 

tumors) were identified as described in methods.  The number of ATR-dependent SNVs 

(as defined in the methods section) at each chromosomal location is reported in the 

graph.  mD denotes ATR mt tumor and WT denotes ATR WT tumors.  (B)  ATR mt does 

not lead to the increased accumulation of specific transitions or transversions.  The 

number of specific transitions and transversions that were unique to ATRmD/mD tumors 

was determined, and the relative proportion of each transition/transversion (proportion 

of total) is indicated. (C) Mutation frequencies in ATR mt Tumors.   The frequencies of 

single nucleotide variants in ATR mt tumors were determined as described in methods.   
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The number of coding and non-coding variants as well as the number of synonymous 

and non-synonymous variants was reported for each ATR mt tumor (mD1-mD4). 
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Figure 3.5.  ATR mt tumors contain a greater number of infiltrating macrophages.  

(A)  RNA-sequencing and gene expression analysis from ATR wt and mt nevi was 
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performed as described. A heatmap of representative differentially expressed genes is 

presented.  (B)  ATR mt nevi modulate the immune response.  RNA-sequencing and 

gene expression analysis was performed on ATR WT and ATR mt mouse nevi as 

described.  Differentially expressed genes that regulate proliferation and the immune 

response identified in the dataset are shown.  Hierarchical clustering of RNA-seq 

normalized read counts obtained from EdgeR ranging from less frequently expressed 

(dark blue) to highly (dark red) genes is shown.  (C)  ATR mt tumors recruit 

macrophages to create a pro-inflammatory tumor microenvironment.  ATR wt and mt 

tumor cells were labeled by CD3 (T cell marker), CD19 (B cell marker) and F4/80 

(macrophage marker) antibodies and sorted by flow cytometry as described in the 

supplement. * p<0.05, ***p<0.001.  5 tumors were analyzed per group. Error bars 

represent SEM.  (D, E) ATR mt cells activate the expression of pathways involved in 

immune response and inflammation. RNA sequencing and gene expression analysis 

was performed as described. Differentially expressed gene classes identified using IPA 

are depicted (D), and a heatmap of representative differentially expressed genes is 

presented (E).  (F), (G) and (H) ATR mt tumors recruit macrophages to create a 

proinflammatory tumor microenvironment. Mouse tumors were collected after 

experimental mice were euthanized and fixed in formalin. Paraffin-embedded tumor 

samples were stained with F4/80 Ab (F), CD3 Ab (G), and CD20 Ab (H). Three 

representative tumors from each genotype are shown.  (I) ATR mt tumors are enriched 

in M2 like macrophages. RNA samples from ATR wt or mt tumors were subjected to 

RT-qPCR. The top panel represents of M1 macrophage expression of iNOS, TNFα and 

IL-6. The bottom panel represents of M2 macrophage expression of ARG1, CD206 and 
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PPARG.  (J) ATR mt tumors express more PD-L1.  RNA samples from ATR wt or ATR 

mt tumors were subjected to RT-qPCR using primers specific for PD-1 or PD-L1.  

***p<0.001, ****p<0.0001, error bars represent SEM. 
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CHAPTER 4: Summary and Conclusions 

The skin is a tissue that provides protection to internal organs from 

environmental factors, but the skin itself is susceptible to cancers such as basal cell 

carcinoma, squamous cell carcinoma, and melanoma.  Basal cell carcinoma originates 

from basal cells in the skin and is usually caused by long-term sun exposure.  This type 

skin cancer proliferates very slowly and usually never metastasizes which makes it 

possible to treat.  Squamous cell carcinomas originate from squamous cells in the 

epidermis of the skin.  This type of skin cancer also develops due to high exposure to 

UVR but chronic infections and inflammation of the skin also contribute to squamous 

cell carcinoma.  Melanoma is the deadliest type of skin cancer because of its ability to 

metastasize throughout the body making it a challenge to treat.  Unfortunately, the 

incidence rate of melanoma is on the rise especially among young people (7).  Tanning 

has become a popular trend in the American culture and other European countries that 

is leading younger generations to lay out in the sun or visit tanning salons and exposing 

them to massive amounts of UVR.  These fashion trends and other changes in the 

environment are causing melanoma incidence rates to increase dramatically while 

melanoma treatments remain unsuccessful. 

Over the past 50 years, melanoma research has progressed significantly 

forward, albeit little progress has been made in terms of improving patient survival.  

Many new mutations were discovered because of the advances in NGS, with the third 

most prominent mutation being discovered in the last five years (154, 209-212).  These 

new findings have led to the discovery of additional treatments from kinase inhibitors to 

immunotherapy extending the survival length minutely.  Stage IV melanomas are the 
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most challenging melanomas to treat because they often spread throughout the body 

and metastasize.  Metastasis to internal organs can be removed depending on their 

level of invasiveness but others might require treatment.  Immunotherapy is the newest 

type of treatment recommend for late stage melanomas, which increases patient 

survival (66, 67).  Alternative treatments include kinase inhibitors, chemotherapy, and 

radiation but tumors acquire resistance to some of these treatments making it a 

challenge to treat late stage melanoma.  Unlike stage IV melanomas, stage III 

melanoma, which is characterized by cancer cells reaching a nearby lymph node, can 

be excised and treated with current therapies to prevent it from returning.  Although 

patients with stage III melanoma have a higher survival rate, stage III melanomas are 

managing to escape treatment therapies and return more aggressively.  Moreover, 

there are many more stage III than stage IV melanoma patients, and many patients 

could benefit from treatments targeting stage III disease.  Additional work needs to 

continue in order to fully understand the mechanisms that regulate melanoma 

development.   

While genomics studies have successfully identified both molecular drivers (154) 

and driver directed therapeutics (213) for stage IV melanoma, the pathways that 

cooperate with these oncogenes to promote tumorigenesis remains incomplete.  The 

BRAF oncogene is the most common mutation in human melanoma (39), and therapies 

that inhibit BRAF signaling are effective at inducing tumor regression (122).  

Unfortunately, these tumors frequently recur and become unresponsive to treatment 

due to alterations in downstream BRAF signaling networks (71).  BRAF mutations are 

also seen in common human nevi (129) that spontaneously arrest (119), suggesting that 
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events other than the BRAF mutation are required for tumor progression.  In an effort to 

define signaling networks that drive the conversion of BRAF mutant cells into melanoma 

tumors, we focused on understanding the role of RhoJ, a Cdc42 family GTPase, in 

BRAF mutant cells.   

Non-mutated gene products often times signal via established oncogenic 

pathways and contribute to therapeutic resistance.  We utilized a synthetic lethal 

genomic screen in an effort to identify non-mutated gene products that would have a 

synergistic effect with chemotherapeutic agents and produce toxicity toward cancer 

cells (214, 215).  A synergistic effect can exists between a gene product and a drug if 

depletion of that gene sensitizes cells to sub lethal doses of a drug (214, 215).  With this 

approach we identified RhoJ as a regulator of melanoma chemoresistance that signals 

via PAK in response to cisplatin, an agent that produces DNA damage (113).  Upon 

DNA damage the ATR (ataxia telangiectasia) pathway is activated (164, 165) in normal 

cells but we demonstrated that RhoJ suppressed ATR activity and led to a decrease in 

DNA damage-induced apoptosis resulting in an increase in survival in vitro (113).  In 

addition to modulating DNA damage stress, we also demonstrated that RhoJ modulates 

actin cytoskeletal dynamics in melanoma cells (114).  In this dissertation, we utilized an 

autochthonous mouse model of melanoma (49) to study the role RhoJ in vivo.  Using 

this model, we determined that RhoJ accelerates the progression of BRAF mutant 

melanomas (Figure 2.1.C) and nevi growth (Figure 2.3.C) via the p21-activated kinase 

(PAK) pathway.  PAK inhibitors selectively killed BRAF mutant melanoma cells that 

expressed RhoJ through the apoptotic BAD signaling pathway (Figure 2.5.C) and RhoJ 

knockout mice exhibited delayed formation of nevi (Figure 2.3.E).  Interestingly, RNA-
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seq analysis revealed that oxidative phosphorylation might be upregulated in melanoma 

tumors, which could contribute to survival and therapeutic resistance mechanisms, an 

area that will further be explored.  Taken together, we demonstrated that supports the 

initiation and development of melanoma tumors in vivo.   

To further understand how RhoJ regulates melanoma progression, we sought to 

determine how RhoJ signaling was linked to the BRAF network.  Previously published 

work indicated that RhoJ activates PAK1 in melanoma cells (113, 114).  PAK1, in turn, 

is known to phosphorylate MEK at serine-298 (211).  Consistent with a role for RhoJ in 

activating Pak1, RhoJ knockdown or Pak inhibition, with FRAX597 an ATP-competitive 

inhibitor of group I Paks (132), both suppressed the accumulation of MEK 

phosphorylation at serine-298 in vitro (Figure 4.1.A).  Chronic inhibition of RhoJ leads to 

a decrease in total MEK levels, which would further suppress accumulation of MEKSer298 

phosphorylation.  Similarly, RhoJ knockout melanoma tumors had decreased 

accumulation of phoshpho-MEKSer298 (Figure 4.1.B), consistent with a role for RhoJ in 

activating Pak1 in vivo.  These observations coincide with previous reports 

demonstrating that the RAC1P29S mutation binds to Pak1 with an increased affinity (209) 

and that Pak1 amplification occurs in melanoma (216).  Taken together, these results 

suggest that RhoJ or other Rac/Cdc42 family members can activate Pak1 signaling in 

melanoma tumors to provide a mechanism to avoid apoptosis. 

We previously demonstrated that RhoJ suppressed ATR activity in vitro (113) 

and  regulates the DNA damage response, but ATR role’s in vivo had not been studied 

in melanoma.  Loss-of-function mutations in ATR are found in seven percent of human 

melanomas (217) identifying a population of melanomas that could lead to a better 
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understanding of the disease.  Using the previous described autochthonous mouse 

model of melanoma (49), ATR mutant nevi and melanomas grow larger (Figure 3.3.A) 

suggesting that mutant ATR maintains tumor stability.  We demonstrated that ATR is 

able to maintain tumor stability by recruiting pro-tumorigenic macrophages that block T-

cell recruitment, which accelerates tumor growth by regulating the tumor 

microenvironment (217).  These studies revealed that ATR not only modulates the DNA 

damage response in melanoma tumors, but also induces immunosuppression near 

tumors to provide a mechanism for survival and maybe resistance.  Intriguingly, our 

results also indicate that macrophages drive the process of tumor initiation, which will 

be the subject of future studies.  

While RhoJ is highly expressed in subsets of melanoma cell lines (Figure 2.4.A) 

and mouse melanoma tumors (Figure 4.1.B), it is not clear how RhoJ expression affects 

survival in human cases.  Using two clinically-well annotated melanoma tissue 

microarrays (139, 218), stage III melanoma tumors expressed significantly more RhoJ 

as compared to stage IV tumors even after correcting for stage of disease, age at time 

of surgery, and gender via multiple linear regression models.  However, there was no 

correlation or RhoJ expression with gender and age.  Additional correlative studies 

revealed that RhoJ positive stage IV melanomas had a slightly better prognosis with 

respect to disease-free and overall survival as compared to tumors that expressed less 

RhoJ (Figure 4.2.A, 4.2.B).  There were no significant differences in the prognosis of 

RhoJ positive and negative stage III melanoma (Figure 4.2.C, 4.2.D).  In breast cancer, 

estrogen receptor positivity portends a better prognosis (219) yet it is also an ideal 

therapeutic target (220) as it is expressed in a high proportion of breast tumors.  
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Similarly, RhoJ expression correlates with a slightly improved prognosis in stage IV 

disease suggesting that it may be a suitable therapeutic target in melanoma.   

Oncogenic mutations alter conventional cellular signaling paradigms resulting in 

a selective dependence on non-mutated gene products to establish the tumorigenic 

platform (124).  We sought to identify novel, tractable signaling networks that promote 

the growth of BRAF mutant melanocytes.  We identify a novel signaling connection 

between RhoJ and MAPK that may influence the progression in distinct subsets of 

melanoma tumors.  Intriguingly, while RhoJ is not mutated in melanoma tumors, the 

related GTPase RAC1 is mutated in a proportion of melanomas (209) and Pak is 

amplified in melanoma tumors (151), consistent with a general role for a Cdc42/Rac-

Pak signaling axis in melanomagenesis. 

Future Studies 

Although oncogenic drivers like BRAF and PTEN promote melanoma due to their 

oncogenic potential, they also regulate cellular energy metabolism, which accompanies 

metastatic melanoma and resistance.  The melanoma mouse model provided evidence 

that RhoJ further alters melanoma’s metabolic signature (Figure 2.2.I).  The majority of 

cellular energy is obtained mainly through glucose, which gets processed and converted 

to pyruvate through glycolysis.  Pyruvate enters the mitochondria, when oxygen is 

present, and is converted to acetyl-CoA by pyruvate dehydrogenase, which is further 

broken down via the tricarboxylic acid cycle and oxidative phosphorylation to produce 

adenosine triphosphate (ATP).  In the absence of oxygen, cells become dependent on 

glycolysis but pyruvate is converted into lactate as oppose to acetyl-CoA in order to 

generate the cofactor NAD+ that is required for maintaining glycolysis during anaerobic 
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conditions.  In melanoma, the most notable change in metabolism is a switch from 

mitochondrial oxidative phosphorylation to glycolysis in vitro (221, 222).  Current 

melanoma drug treatments are encouraging, however the effectiveness of these new 

treatments might depend on mitochondrial function and metabolic drivers.  Further 

research still needs to be done on melanoma to fully understand the metabolic network 

and how its plasticity allows cells to rewire to maintain tumor immunity.  Currently 

melanoma cells utilize oncogenic compensatory mechanisms as a survival strategy 

might also be observed when utilizing metabolism-targeted therapy.  Previous studies 

demonstrated that melanomas are able to utilize glucose and glutamine as a method to 

compensate for the inhibition of mitochondrial oxidation (223).  This opens an area to 

study metabolic modifiers and their effects when used with current melanoma 

treatments. 

In vivo studies show that tumors become more reliant on oxidative 

phosphorylation (224, 225).  Studies have demonstrated that BRAFV600E inhibitors 

downregulate glycolytic enzymes and glucose transporters (221, 226).  The 

constitutively active BRAF partially increases glycolytic activity via the transcription 

factor MYC (v-Myc avian myelocytomatosis viral oncogene homolog) (226), which is 

known to regulate lactate dehydrogenase A, glucose transporter 1, and hexokinase 2 

(227).  However, MYC also plays a role in mitochondrial metabolism by regulating 

mitochondrial biogenesis and production of acetyl-CoA.  This process is important 

because it allows for the production of fatty acids and proliferation (228).  The 

overarching goal of studying metabolism in melanoma is to determine whether 

metabolic rewiring due to RhoJ contributes not only to sustain tumor growth but to also 
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play a role in drug resistance.  Our have identified cells that express high levels of RhoJ 

(Figure 2.4.A), and also characterized RhoJ knockout tumors.  We can measure 

metabolites in these cells, and perform nutrient deprivation/add back experiments on 

human melanoma cells, cells from the RhoJ knockout or RhoJ wild type tumors, or 

mouse melanoma tumors.  This leaves an open area to study metabolism as an 

alternative to or in combination with immune therapies.  

Melanomas interact with their microenvironment to take advantage of interactions 

that promote tumor initiation and resistance.  Recent studies have demonstrated that 

melanoma cells interact with immune cells by expressing PD-L1 and CTLA-4, which are 

both involved in immune checkpoint systems.  Current therapies have aimed at 

developing antibodies targeting the ligands and receptors (61-63) of immune 

checkpoints.  We demonstrated that ATR recruits M2 macrophages in an 

autochthonous melanoma mouse model promoted tumor-infiltrating cells providing 

evidence that melanomas use multiple mechanisms to promote survival (217).  M1 

macrophages can be described as classically activated, which leads to an inflammatory 

response, and alternatively activated which are considered M2 macrophages that 

exhibit an anti-inflammatory response.  In some cancers M1 and M2 have been used as 

biomarkers for treatment and diagnosis (229).  Using the autochthonous melanoma 

mouse model, the immune response can be studied in more depth to develop better 

immunotherapies.   

An underlying question that arose from our studies was whether T-regulatory 

cells, cells that modulate the immune system, are regulating M1 and M2 macrophages 

and thus leading to more tumors in ATR mutant mice.  We can approach this question 
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by utilizing single cell sequencing technology to determine whether T-regulator cells are 

present in ATR mutant cell.  We also need to determine the signals that T-regulatory 

cells are releasing to either induce M2 macrophages and/or suppress M1 macrophages, 

which we could also obtain from single cell data.  These results would be validated with 

either immunohistochemistry or single molecule fluorescence in situ hybridization.  

Understanding how T-regulatory cells modulate the immune microenvironment will 

provide a more clear understanding of tumor immunity.  Unfortunately, previous studies 

demonstrated that suppression of T-regulatory cells leads to autoimmunity (230).  

Interestingly, the mechanism of action for CTLA4 immunotherapy is not completely 

understood, but CTLA4 is constitutively expressed in regulatory T-cells, unlike 

conventional effector T-cells, which suggest that this therapy could enhance anti-tumor 

immune responses.  Selective depletion of T-regulatory cells is dependent on 

macrophages expressing the Fcγ receptor within the tumor microenvironment in 

melanoma (231), which might explain the role of M2 macrophages in our model.  Our 

autochthonous mouse model shows in increase in PD-L1 (217) but it is unclear as to 

whether PD1 antibody treatment also possess a similar T-regulatory cell phenotype on 

tumors as CTLA4 making our model an excellent tool study PD1 immunotherapy.  The 

long-term goal is to understand how the tumor microenvironment is rewiring itself to 

gain drug resistance.  By understanding how the tumor microenvironment is regulated 

by other cells then we can have a better insight to drug resistance.  Combining this 

direction with our metabolic hypothesis, we would further investigate how the tumor 

microenvironment might also contribute to metabolic rewiring and eventually lead to 

drug resistance. 
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In summary, we describe a role for RhoJ and ATR in the context of BRAF mutant 

and loss of PTEN autochthonous melanoma mouse model.  Both RhoJ and ATR 

promote tumor progression via different mechanisms.  RhoJ regulates tumor initiation 

via BAD signaling while ATR modulates the tumor microenvironment to recruit 

macrophages, which are important for tumor growth and progression.  We hypothesize 

that these mechanisms could also lead to resistance mechanisms in melanomas.  

Previous studies reported RhoJ to be expressed in various tissues such as the heart, 

lung, and liver (102), but for the first time we are able perform single cell RNA-

sequencing to identify different cell types within the skin in order to establish RhoJ 

expression at the single cell level (Figure 4.3.A).  We were able to identify specific cell 

populations by using specific cell markers for melanocytes, bulge cells, endothelial cells, 

and upper hair follicle cells (Figure 4.3.B).  Although RhoJ is expressed across all skin 

cells (Figure 4.3.C), it is expressed higher in specific populations such as melanocytes, 

hair bulge cells, hair follicle cells and endothelial cells (Figure 4.3.D).  These studies are 

important because functional genomics studies lead to the identification of novel 

pathways that regulate tumor development and tumor immune microenvironment. 
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Figure 4.1.  RhoJ cross talks with MAPK signaling pathway via MEK.  (A)  

Knockdown of RhoJ with shRNA, siRNA, or inhibition of Pak with FRAX597 blocks 

activation of Pak1 targets in melanoma cells.  Lysates were prepared by knocking down 

RhoJ with shRNA (ThermoScientific), siRNA, and immunoblotted with the indicated Abs.  

Samples were treated with 1µM of FRAX597 for 24 hrs before they were collected and 

analyzed with phospho-MEKSer298, a Pak1 specific phosphorylation site.  (B)  RhoJ 

signals to BRAF via MEK in vivo. Formalin-fixed paraffin embedded mouse melanoma 

skin was bleached with 3% hydrogen peroxide (overnight) to remove melanin and 

analyzed for expression of RhoJ.  The phosphorylation of MekSer298 was measured via 

immunohistochemistry. 
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Figure 4.2.  RhoJ has a better prognosis in stage IV melanomas.  Kaplan-Meier 

estimates of (A) disease-free survival and (B) overall survival by Rho-J staining H-score 

among Stage IV patients.  Patients were considered at risk from the time of surgery to 

the first of event occurrence (death or death/disease recurrence), loss-to-follow up, or 

end of study follow up.  Kaplan-Meier estimates of (C) disease-free survival and (D) 

overall survival by Rho-J staining H-score among Stage III patients.  Patients were 

considered at risk from the time of surgery to the first of event occurrence (death or 

death/disease recurrence), loss-to-follow up, or end of study follow-up.  
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Figure 4.3.  RhoJ is expressed in various cell types within the skin.  (A)  Single cell 

RNA sequencing from mouse skin (n=20,000) visualized with t-distributed stochastic 

neighbor embedding (t-SNE).  (B)  Expression of specific cell markers displayed on the 

t-SNE map identifies cell type.  Orange color depicts expression of the gene noted.  (C)  

RhoJ expression among all cell clusters. RhoJ is highly expressed in clusters 35 

(endothelial cells) and 36 (fibroblasts).  (D)  RhoJ expression visualized onto the t-SNE.  

RhoJ is expressed in moderate number of cell in the melanocyte, bulge, hair follicle, 

fibroblasts, and endothelial clusters (outlined in red).    
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