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ABSTRACT

Melanoma is the most lethal type of skin cancer @amginates in melanocytes, cells that
produce the pigment melanin. Five year survivedgare particularly high for this type
of cancer if the tumor is diagnosed and treatetly.eddowever, survival rates decline
significantly if the tumor is allowed to metastasizFrequency of melanoma has risen
over recent years, especially in young people. iIMuogress has been made in treating
melanoma; however, tumor recurrence is frequer@gnan patients after treatment has
concluded. The leading genes that are found toutated in melanoma are v-Raf murine
sarcoma viral oncogene homolog B1 (BRAF), neurdbtaa RAS viral (v-ras) oncogene
homolog(NRAS), phosphatase and tensin homolog deleted mmgsome ten (PTEN)
and cyclin dependent kinase inhibitor 2A (CDKN2Ahieh belong to the MAPK
(Mitogen-activated protein kinase/Extracellular ngiyregulated kinases) pathway, the
phosphoinositide 3’ kinase (PISK)/AKT pathway orethNK4/ARF locus. Together,
these two pathways and locus form a signaling nétwmat work in tandem to promote
cell proliferation, migration, invasion and metasta Recent breakthroughs in treating
melanoma include the advent of BRAF inhibitors, patients often experience tumor
recurrence. Research conducted to understand radq&RAF inhibitor resistance
suggests that tumor regrowth is due to continudigiaion of the MAPK and PISK/AKT
pathways through BRAF independent routes. Theeefoew treatments, which can be
personalized, are being developed that target phelttomponents of both of these
pathways. The epigenetic causes of melanoma ateawa are just recently becoming

clear.



Introduction

Skin cancer presents in many different forms batrttost lethal type is melanor
which was accountaplfor 76,250 newcases and 8,00feaths in the United Stateach
year (Arozarena et @017). Despite an already high frequency, the incigeartd
mortality rates are expected to tinue to rise (van den Hurk et 2012).

Melanoma begis in melanocyte cells which produce the skin pigiaison
molecule melanin. The irregularities of thesescbikt present as benign nevus (me
and can therefore go unnoticed by a patient. Aan@ha lesion can develop anywh
on the skin but also iareas that a patient would typically not thinkriepect foi
melanoma including the mucous membranes liningrtbeth, rose,and genital aree

(SosmarR012). Once a patient has noticed such a makeintperative for them to se

either their primarare physician ¢

a dermatologist as soon as poss

because early detection is critical

curing and surviving melanoma.

common diagnostic tool by prima

care physicians and dermatologist

(| = .
the melanoma acronym ABCDE - F . e e e

which A stands for asymmy, B

borders which are irregular, C co Figure 1. The diagnostic ABCDESs of melanoma.
Adaptedfrom Melanoma:Signs and Symptoms,
changes, D diameter and E American Academy of Dermatology, n.d., Retrieve:
April 17, 2013, fromhttp://www.aad.org/ski-
conditions/dermatology-a-tefmelanoma/sigr-
symptoms/melanoma-signs-and
symptoms#.UW7khsaN-S
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continues to change appearance (Sosman 2012er&ifftypes of melanoma, which
include superficial spreading, nodular, acral lgintbus, and lentigo maligna, are
categorized by altered presentations of the ABCBfefselanoma including different
color, shape and location on the body (van den ldtigt. 2012).

The occurrence of melanoma in 1973 in the UnitedeStwas 6.8 in 100,000
people and that number raised to 20.1 in 100,08 £003 to 2007 (Tuong et al. 2012).
The age range of those diagnosed with melanomaitis expansive with some patients
being in the under twenty years old age range vdufae patients are over eighty years
old. Based on data in the United States for tla#s/2003 to 2007 the mortality rate was
highest (24.1%) for those between the ages of $gv¥e and eighty-four years old and
declines as the age range declines (Tuong et 2)2@ was estimated that 8,700
patients died of melanoma in the United State®it02Tuong et al. 2012). Patients who
have previously been diagnosed with melanoma aaegetater risk of developing
melanoma again usually within five years of initiégnosis. A recent study found that
the five year risk of developing a second primaelanoma was 11.4% and 30.9% for
developing a third primary melanoma within five ggeaf initial diagnosis (Tuong et al.
2012). These risk factors are increased if theepahas a familial history of melanoma.
Melanoma patients may be at risk for developingctivecer again but their chance of
surviving the disease again has increased sincEaf@s. The five year survival rates
have increased from 78.1% in men and 86.9% in wadinoen 1975 to 1977 to 91.1% in
men and 95.1% in women from 1999 to 2006 (Tuorad.€2012). This is most likely
due to an overall greater understanding of theaileglmechanisms of melanoma and the
advent of better therapies since the 1970s.
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A major risk factor for melanoma development isauiolet (UV) light exposure.
In response to prolonged UV exposure, DNA is dardadésually DNA repair
mechanisms can repair this damage but sometimekathage goes undetected or it is
repaired incorrectly. Risk factors for developimglanoma due to excessive UV light
exposure include one’s skin color, occupation,gatonal activities and number of
sunburns in one’s lifetime.

Melanoma occurs more frequently in Caucasians tlemrCaucasians and
individuals with red hair and fair skin are at tireatest risk of developing melanoma
(Mitra et al. 2012). Skin color is determined by tatio of the two types of melanin; the
red-yellow pheomelanin and the brown-black eumaeléiiitra et al. 2012). Overall
melanin production is regulated by the melanocdttreceptor (MC1R) (Mitra et al.
2012). When MCI1R is activated it stimulates thedpiction of eumelanin and decreased
MC1R activation is associated with pheomelanin pobidn (Mitra et al. 2012).
Therefore, individuals with the red hair/fair skghenotype have increased amount of
pheomelanin and decreased MC1R activity stemmimg foarticular polymorphisms in
the MC1R gene. The eumelanin pigment is able soribUV rays thereby defending
against UV induced damage (Mitra et al. 2012).c8ired haired/fair skinned individuals
have more pheomelanin than eumelanin, their skiliserable to UV induced damage
causing these individuals to have a higher tendemdgvelop melanoma (Mitra et al.
2012).

One’s genetics are a contributing factor in devielgpnelanoma but so are the
choices that we make on a daily basis such asobuand recreational activities. Those
who work outside, such as construction workersaaegegreater risk of developing
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melanoma due to the prolonged sunlight exposueapleé who hike, bike, or do any
other sort of outdoor activities frequently areoads risk of being diagnosed with
melanoma sometime in their lifetime. Where oneosles to live can also put them at a
greater threat for melanoma. Melanoma frequengyaater in locales that are exposed
to more intense UV such as those at higher altiatxdewer latitude (Tuong et al. 2012).
Another risk factor for melanoma is the numberwilsurns one has had during their
lifetime (Tuong et al. 2012). A recent study shdwieat those who had more than 5
sunburns in their life had a twofold increase igamls to their risk of developing
melanoma (Tuong et al. 2012). All of these risés be decreased with the use of
sunscreen. Today’s media has been helpful in eédgctne public of the risk of
prolonged UV exposure and how this risk is easiyedied through the use of
sunscreen.

The number of younger people, especially young wgrdeagnosed with
melanoma is greater than any other type of cat&angauer et al. 2011). This is most
likely due to the growing prevalence of artificld/ exposure through the use of tanning
beds which has increased over the last decade ¢Tetosd. 2012). Despite the known
risk of UV exposure, people continue to use aréfitanning beds as well as natural
sunlight to tan. In fact, it has been estimated #bout thirty million people use indoor
tanning in the United States with 2.3 million obse being adolescents (Tuong et al.
2012). The correlation between UV exposure andnogha has garnered much media
attention prompting the beauty industry to relga®elucts such as self-tanning lotions
and spray tans. Hopefully these products will lpeeple away from the dangers of a

traditional tanning bed.



There are four different stages of melanoma: SkagelA, Stage 11B or IIC,
Stage Ill and Stage IV (Sosman 2012). Stage lfodisease is classified by the size of
the tumor being less than four millimeters thickhano evidence of ulceration or two
millimeters thick with ulceration (Sosman 2012)higis the early stage of disease and as
such 70% to 90% of cases can be cured with suadeng. Stage IIB or IIC is
characterized by a thicker tumor, 2.1 to four mmbiters thick and with ulceration or four
or more millimeters thick no matter the ulceratgtatus (Sosman 2012). Like Stage | or
lIA, Stage IIB or IIC is still a localized diseaselowever, Stage IIB or IIC patients are at
a greater risk of eventual recurrence and therafsually have another form of therapy
in addition to surgical removal of tumor (Sosmad20 Stage lll is the first stage in
which the tumor shows evidence of metastasis vatiter invading the lymphatic
channels that border the tumor or to the nearbylymodes (Sosman 2012). The
melanoma then metastasizes to more distant locaitnotihe body which is a

characteristic of Stage IV disease, or advancezhdes (Sosman 2012).

Once the tumor has metastasized it is often fafdtastatic melanoma accounts
for 75% of skin cancer related deaths and a woddweistimated 48,000 fatalities per
year and the incidence of melanoma is on the Nde(aev et al. 2012). Not
surprisingly, prognosis decreases with each stagethe melanoma enters into. Survival
for stage | is very high with a five year survivate of 91% to 95% and a 10 year
survival rate of 83% to 88% (Tuong et al. 2012pwedver, survival rate drop drastically
for stage Il melanoma with a five year survivaléPo to 79% and a ten year survival of
32% to 64% (Tuong et al. 2012). This decreaseéstd the appearance of ulceration at

stage Il which is a poor prognostic sign (TuongleR012). In stage Il of melanoma the
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cancer begins to metastasize and the patient’s ahdrlong term survival depends on the
amount and location of metastasis. The five yaarigal rate of stage Ill melanoma is
30% to 70% (Tuong et al. 2012). Stage IV is thesinaeadly stage with a survival of

10% to 20% (Tuong et al. 2012). Once melanomadeshed the metastatic stage, the
average survival time is six to nine months (Tuehgl. 2012). The most common
location for stage IV metastasis is the brain amceahe tumor has spread to the brain the
average survival time is three to four months (Tgienal. 2012). A recent study of

6,953 metastatic melanoma patients found that thie Inetastases contributed to the

death of 94.5% of the group (Tuong et al. 2012).

Understanding the genetic causes of melanomaesnsisto developing new
treatments and helping patients fight this deadigake. The many genes that have, to
date, been found to be commonly mutated in melanmanae split into two classes: the
proto-oncogenes and the tumor suppressor genegn Wk protein products of
oncogenes are conducting their normal functiory #re of no harm to the cell.
However, a mutated oncogene that produces anwegutotein can lead to cancer. On
the other hand, the role of a tumor suppressoepras to protect the cell from a
cancerous path. If the tumor suppressor protemo inger functional in this capacity
the cell may become cancerous. Many of oncogemgsuanor suppressor genes are
involved in the pathways that help to regulateutatl growth and the cell cycle.

An emerging area of research within melanoma isoexqg the epigenetic causes
of melanoma. Epigenetics are changes in gene &dpredue to alterations that are not
made to the DNA sequence. This includes modificatito the DNA methylation state,

histone modifications and non-coding RNAs. Theyepetic causes of melanoma are
7



only in the early stages of research and it wketanany years for this research to lead to
a functioning therapy for patients.

Melanoma treatments vary depending on the sizkeofumor and metastasis
status. For a primary tumor in Stage | or IIA éage 11B or 1IC the primary treatment is
surgical removal of the tumor. Treatment opticsrsmetastatic melanoma include
immunotherapy, targeted therapy, chemotherapy adidtron (Sosman 2012). Recent
advances in the fields of immunotherapy and tathgterapy have made these treatment
options favorable over chemotherapy and radiatroaoray oncologists (Sosman 2012).
The two types of immunotherapy that have been ogeel to treat melanoma are high
dose interleukin-2 (IL-2) and ipilimumab (Sosmari2)) IL-2 is a cytokine that induces
the proliferation of T-cells, thereby stimulatirigetimmune system to target the tumor.
Ipilimumab is a monoclonal antibody, specificallgyotoxic T-lymphocyte antigen four
(CTLA4) antagonistic antibody, which induces thedll immune response against
melanoma tumors (Ribas 2011). Many melanomaioeélcontain a specific mutation
in one gene (BRAF) and the product of this mutagede is at least partially responsible
for the growth of the tumor. The mutated BRAF pmotis the target of targeted therapy
drugs such as Vemurafenib, also known as PLX4082n(an 2012). The use of
Vemurafenib has caused tumors with BRAF mutatiorghtink; however, even with
continued treatment, the tumor can begin to groarafSosman 2012).

Chemotherapy has been effective, although thetsestisuch treatments are not
long lasting (Prickett et al. 2011) and with theamt advances of other treatment options
(immunotherapy and targeted therapy), chemothesapy longer the initial treatment
option utilized by oncologists (Sosman 2012). Cb#rarapeutic agents used to treat
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melanoma patients include dacarbazine and temoxdofS8osman 2012). Dacarbazine
acts by alkylating and cross-linking DNA (TarhimdaAgarwala 2006) throughout all

cell cycle phases, which results in DNA functiosrdption, cell cycle arrest and
eventually apoptosis. Temozolomide is an analaggofrbazine and acts by methylating
guanine, which leads to DNA replication inhibitiharhini and Agarwala 2006).

Radiation therapy is another treatment option ab#l to melanoma patients. A
frequent site of melanoma metastasis is the bréirere are some locations within the
brain that can be treated surgically; however dlae many areas in the brain are
inoperable (Sosman 2012). To treat these locatradsation therapy is often used either
as radiosurgery where a specific site can be tadg&osman 2012). If the tumors are
too widespread throughout the brain, whole bratliatéon therapy is utilized (Sosman
2012).

Melanoma, once it has metastasized, is a highlyeagtye and deadly form of
skin cancer. We know much about the genetics ¢dmoena, which has led to the
development of many treatment options. Howevesdhreatments aren’t long lasting
and aren’t effective against every patient’s speafutations. Hallmark mutations of
melanoma and current research to develop therapangets for these mutations will be
further discussed in this literature review. Reécesearch epigenetic causes of

melanoma and potential therapies will also be tirrthscussed.



The Mitogen-Activated Protein Kinase/Extracellular Signal-Regulated Kinase
Pathway isHighly Mutated in Melanoma

The Mitogen-activated protein kinase/Extracelldgnal-regulated kinases
(MAPK) signaling pathway is an important pathwaymelanoma given that the two
most commonly mutated genes in melanoma, v-Rafmawgarcoma viral oncogene
homolog B one (BRAF) and neuroblastoma RAS viralgs) oncogene homolog
(NRAS), are involved in this pathway (Dankort et2009). When the MAPK pathway
is functioning normally, proliferation, survivalesescence and differentiation are
regulated (Arozarena et al. 2011). However, if ponents of the pathway are altered
and therefore not functioning properly, the pathuwgljkely to be constitutively
activated. The constant activation of this pathveayls to uncontrolled proliferation and
survival leading to cancer. It is therefore higimhportant to understand this pathway
and how all the different components interact vei#ich other in order to comprehend
melanoma proliferation. A further understandindho$ pathway could potentially lead
to sources of new treatments. This interactiowbeh elements of the MAPK pathway
and the consequences of mutation will be analyzede following sections.

Oncogenic mutations in NRAS, a member of the RASBIlfaof proteins, are seen
in approximately 25% of melanoma patients (Arozarenal. 2011). The RAS family of
proteins, which also includes HRAS and KRAS, arpr@eins that are activated
downstream of receptors for growth factors, cytekiand hormones (Arozarena et al.
2011). Many of the most common NRAS mutations imihee enzyme’s ability to
hydrolyze guanosine triphosphate (GTP), resultmg preserved active state (Greger et
al. 2012). The most common mutation causes aitutixst of leucine to glutamine at
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position sixty-one (Smalley and McArthur 201@ncogenic mutations of KRAS and
HRAS have been observed in melanoma, but onlyatiesof 1% to 2% (Kim 2010).
Mouse models have shown that oncogenic mutatioARIAS and HRAS can lead to the
development of melanoma, but it is yet unclear wiwtations in these RAS proteins are
so rarely clinically observed (Kim 2010). The Rpfteins activate the serine threonine
specific protein kinase RAF family which consistARAF, BRAF and CRAF
(Arozarena et al. 2011). Mutations in BRAF arerfdun approximately 40% to 60% of
melanoma patients, with 90% of those mutationsisting of a glutamic acid

substitution for valine at position 600 (V600E) ¢&arena et al. 2011). This substitution
is located within the active site of BRAF (Kaplarmaé 2011) and causes destabilization
of the inactive kinase form; thus, the active kanasthe preferred conformation (Smalley
and Flaherty 2009)Nonetheless, other mutations causing a constilytaxdive BRAF
have been described, about one hundred total, bsit of these mutations are considered
rare (Heidorn et al. 2010). The most common BRARation other than BRAf?F
causes a lysine substitution for valine at posié60 (V600K) (Smalley and McArthur
2012). Mitogen and extracellular signal regulated protemase kinase (MEK1 and
MEK?2) is phosphorylated and activated by RAF, whiobn activates extracellular signal
regulated protein kinase (ERK1 and ERK2) (Arozareinal. 2011). Since BRAF
mutations in melanoma are so commonly seen, thetiapdhat target these mutations
have been developed and patients that receive thesspies do see clinical
improvement (Krauthammer et al. 2012). Howeverdamama tumors commonly
reoccur after the BRAF targeted treatment has e(@extarena et al., 2011). Therefore,
it is important to understand the role of BRAF iptastasis.
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The downstream consequences of mutated BRAF afseaapo play a role in
generating malignant melanoma (Arozarena et alLROEor example, the cyclic
guanosine monophosphate (cGMP)-specific phosphedésse PDESA gene was found
to be downregulated in oncogenic BRAF melanomas ¢bliough upregulation of the
transcription factor BRN2 (also known as POU clasemeobox R(Arozarena et al.
2011). When PDESA is downregulated, levels of¢beond messenger cGMP increase,
causing levels of intracellular calcium to incre@amzarena et al. 2011). It is believed
that increased intracellular levels of calciumiaid¢ancerous cell invasion by stimulating
myosin light chain two phosphorylation and thergbympting cellular contractility
(Arozarena et al. 2011). Arozarena et al. (20143 mdeed able to demonstrate that
increased intracellular calcium can drive melanamrasion by inducing contractility.
However, oncogenic NRAS mutations do not inducesmn through PDESA
(Arozarena et al. 2011) so NRAS driven metastasistine driven by different

mechanisms than oncogenic BRAF.

The PI3BK/AKT Pathway isaMajor Signaling Pathway Involved in Melanoma
Tumorigenesis

The PI3K/AKT pathway is another important signalpaghway in the
progression of melanoma. This pathway can be aetivby a variety of receptors
including receptor tyrosine kinases (RTKs) and Gtgin coupled recepto(&SPCRS),
which in turn activatephosphoinositide 3’ kinase (PI3K) (Davies 2012)3KPcan also
be activated by the RAS family of proteins ther&bling the PI3BK/AKT pathway to the
MAPK pathway (Kim, 2010). PI3K converts Phosphgiitbsitol 4, 5-bisphosphate

12



(PIP,) to the intracellular second messenger PhospHhistodytol 3, 4, 5-trisphosphate
(PIPs) (Aguissa-Toure” and Li 2012). Rlthen binds to the Pleckstrin homology (PH)
domain of Serine—threonine protein kinase AKT, &sown as protein kinase B (PKB),
assisting in the translocation of AKT to the plasmambrane (Madhunapantula and
Robertson 2011). There, AKT is activated by phosyplation by the membrane bound
phosphoinositide dependéddahase one (PDK1) (Madhunapantula and Robertso)201
An activated AKT in turn translocates to the cyagph and/or nucleus to activate
inhibit its various targets (Courtney et al. 2018pme of the inhibitory targets of AKT
include the proapoptotic Bcl-2 family members BABL|-2-associated death promoter)
and BAX (Bcl-2-associated X protein) (Courtney e2810). Another AKT substrate is
mouse double minute two homolog (MDM2) which isE8rubiquitin protein ligase that
targets the tumor suppressor protein p53 for dedi@d thereby leaving cell
proliferation pathways unchecked (Yajima et al. 201IMammalian target of rapamycin
(mTOR) is a serine/threonine kinase that is alsgetad for activation by AKT (Populo
et al. 2012) mTOR is @mponent of two structurally and functionally st
complexes: mMTORC1 and mTORC2 (Populo et al. 2022)ORC1 is composed of the
proteins mTOR, raptor, mLST8 and two negative raqus, is activated by and can
suppress AKT signaling, and its downstream targetside proteins involved in cell
cycle regulation, ribosome biogenesis and protgmhesis (Populo et al. 2012).
MTORCL1 can also be activated as a result of doeastiERK signaling, member of
the MAPK pathway (Populo et al. 2012). This serags converging point for

PI3K/AKT and MAPK signaling that could potentialbe beneficially exploited. On the
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other hand, mTOR, rictor, mSIN1 and mLST8 compo3©RC2 which stimulates AKT
signaling and regulates the small GTPases RAC dd(Ropulo et al. 2012).

The PISK/AKT pathway becomes problematic for thiéwlen it is constantly or
prematurely activated, which could occur througmyndifferent mechanisms including
activation of RTKs that initiate the signaling cade and AKT activation (Kim 2010). In
fact, it was recently shown that increased activatf the AKT3 isoform in melanoma
can be due to mutations (Davies 2012) or DNA cogy ¢ the AKT3 gene (Kim 2010).
However, these types of alterations are quiteaacehave only been identified in
approximately 1.5% of melanoma samples (Davies ROQ®er activation of the
pathway could also be caused by alterations ifPtBE gene including mutations and
copy number changes; but, mutations in the PI3keger known to be rare (Vredeveld
et al. 2012). In fact, missense mutations in ttalgtic subunit of PI3K were identified
in 3% of melanoma cell lines and clinical sampleavies 2012).Instead, constitutive
activation of the PISK/AKT pathway is more frequgrtaused by alterations in negative
regulators.

Phosphatase and tensin homolog deleted on chroneosmm{PTEN), also known
as mutated in multiple advanced cancers (MMAC1) B@é regulated and epithelial
cell-enriched phosphatase (TEP1) (Mounir et al920@ involved in the regulation of
the PIBK/AKT pathway and is the second most mutaiatbr suppressor in melanoma
(Jacob et al. 2009). In addition to mutations tkatilts in protein truncation or loss of
catalytic activity, loss of heterozygosity, chrorao®l loss, microRNA dependent
mechanisms, and transcriptional silencing due ¢onoter methylation have also been
shown to cause loss of PTEN in melanoma (Davie20BTEN can function either as a

14



lipid phosphatase or as a protein phosphatase (\&lu2003). It is through PTEN’s

lipid phosphatase activity that it negatively regak the PI3K/AKT pathway by
converting PIR back to PIR(Aguissa-Toure” and Li 2012). This decrease irargtular
PIP; levels leads to inhibition of the downstream patiand therefore apoptosis. When
PTEN is mutated and not functioning properly, thekPAKT pathway is not regulated,
leading to uncontrolled cell proliferation.

The protein phosphatase activity of PTEN was rdgdinked with inhibition of
protein translation (Mounir et al. 2009). Mounirag (2009) discovered that upon PTEN
inactivation in human melanoma cells the phosplatigh of the alpha subunit of
eukaryotic translation initiation factor 2 (elFZddecreased, thereby decreasing protein
synthesis. Reintroduction of wild type PTEN ledatoincrease in elle2phosphorylation
and protein synthesis (Mounir et al. 2009). Thesvly discovered function of PTEN is
another example of its tumor suppressive capaslitnat, in conjunction with its
inhibition of the PIBK/AKT pathway, makes this pgot so important in melanoma.

Mutations in PTEN can lead to melanoma, but songatations in genes for
proteins that interact with PTEN. One such gergh@sphatidylinositol-3, 4, 5-
triphosphate-dependent RAC exchange factor 2 (PREXEe et al. 2009, Berger et al.
2012). PREX2 is a guanine nucleotide exchangerfd&EF) that inhibits the lipid
phosphatase activity of PTEN, consequently stinmgedctivity of the PISK/AKT
pathway (Fine et al. 2009) and was found by Beegat. (2012) to be mutated in 14% of
107 human melanomas. Ras-related C3 botulinunm sxbstrate 1 (RAC1) is also
activated through the GEF function of PREX2 (Fihale2009). RACL1 is a member of
the Rho protein family, which functions similarly the RAS protein family

15



(Krauthammer et al. 2012). The Rho proteins araonweric GTPases that transmit
extracellular signals from cell surface receptorgtracellular signaling pathways, such
as the MAPK and PI3K/AKT pathways, to regulate cgltle progression and gene
regulation (Hodis et al. 2012). RAC1’s most ch&gaezed function is regulating
cytoskeletal rearrangement; therefore, RAC1 islwveain cellular adhesion, migration
and invasion (Hodis et al. 2012). Hodis et al1@20and Krauthammer et al. (2012)
recently identified RACL1 as a driver mutation leagto the development of melanoma.
RACL1 has been shown be recurrently mutated with a strong UV signatureich
involves a cytosine to thymine transition, in noalignant and malignant melanomas
(Krauthammer et al. 2012). Hodis et al. (2012ntded a mutational hotspot in the
RACL1 gene that results in a conversion of prolimerty-nine to a serine. This mutation
destabilizes the GDP bound state of the proteinfavals that GTP bound state resulting
in a constitutively active RAC1 (Hodis et al. 2013 constitutively active RAC1 would
constantly be transferring a signal; for exampegyroceed through the cell cycle without
the activation of a receptor. Thus, RAC1 servesotinect the MAPK pathway to the

PI3K/AKT pathway through PREX2.

Mutated cell surface receptors are also involved in further activation of the MAPK and
PI3K/AKT pathway

Proto-oncogene c-K{KIT) encodes for cKIT tyrosine kinase receptor $tem
cell factor (SCF}hat is found to be mutated in approximately 20%mefanoma tumors
(Went et al. 2004) making it the fourth most commautation found in melanoma (Kim
2010). However, most melanomas with oncogenic &8 found on parts of the body
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that are not typically exposed to environmental tddliation such as the soles of the feet
or subungual sites (acral melanomas), the mucousbmames (mucosal melanomas) and
the pigmented cells of the eye (uveal melanomasp(®y andMcArthur 2012). KIT is

a receptor for stem cell factor, which upon binduagises dimerization,
autophosphorylation of KIT, and further activatimirdownstream signaling pathways,
such as the MAPK and PI3K/AKT pathways (CarvajadleR011). Constitutive
activation of this receptor, however, does not lieaishcreased proliferation of
melanocytes (Alexeev and Yoon 2006). Instead,enad suggests that constitutive KIT
signaling induces cell migration, specifically tawadhe epidermis (Alexeev and Yoon
2006). Therefore, overactive KIT signaling supparalignancy, clarifying why
mutations in the c-KIT gene are so commonly seenefanoma tissue (Alexeev and
Yoon 2006).

Recent research has shown that G protein coupbegt@s can also be mutated
in melanoma and contribute to further activationh&f MAP Kinase signaling pathway
(Prickett et al. 2011). Specifically, the groupriétabotropic glutamate receptor three
gene (GRM3) was implicated in higher melanoma tugrowth rate, greater number of
melanoma colonies, and increased cellular migrgfwitkett et al. 2011). Also,
activating mutations in some regulatory subunit&BICRs, including the G-protein
alpha subunits GNAg and GNA11 have been identifie86% and 45% of uveal
melanoma (Davies 2012). Mutations in these subwaih cause impaired GTPase
activity and thus, constitutive signaling (Smallyd McArthur 2012). Tyrosine kinase
receptors are also responsible for initiating MA&KI PI3K/AKT signaling cascades and
many have been shown to be mutated in melanomaexample, in a study of seventy-
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nine melanoma tissue samples, the RTK ERBB4, a raepnflihe epidermal growth
factor receptor family, was mutated in 19% of thmples (Prickett et al. 2009). Several
ERBB4 mutations that were identified resulted ioréased kinase activity and
phosphorylation of ERK and AKT. Cell growth wasoEased following small hairpin
RNA (shRNA) mediated knockdown and addition of pla@-ERBB pharmacologic
inhibitor lapatinib (GW2016) further cementing ER8B role in promoting cell
proliferation signals. Unguestionably, there a@gnmore receptors that commence
MAPK and PI3K/AKT signaling and are not yet ider&d; but, given their function more

research should be completed in this area.

The INK4/ARF Locus That Producesthe Tumor Suppressor Gene CDKN2A and
CDKN2B is Frequently Mutated in Melanoma

A tumor suppressor locus that is found to be mdtat€25% to 40% of familial
melanoma cases is the INK4b/ARF/INK4 locus on clasome nine (van den Hurk et al.
2012). This locus contains the tumor suppressioe ggclin dependent kinase inhibitor
2A (CDKN2A), which through alternative splicing phaces a transcript for p16* and
p14'RF and the CDKN2B gene which produces the"§¥5 transcript (van den Hurk et
al. 2012).

All three of the protein products from this locus &hibitors of proteins essential
to pathways that regulate the cell cycle (Laud.e2@06). p16'“® and p1%™““" bind to
and cause a conformational changes to cyclin depgrdhase 4 (CDK4) and CDK6
thus blocking their binding to D-type cyclins (Kiamd Sharpless 2006). D-type cyclin
proteins phosphorylate retinoblastoma (Rb) famignmbers to promote cell cycle
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progression (Kim and Sharpless 2006). | .quxass

—— 1 7 i
However, p16™“® and p18"““* mediated :
] I [
silencing of CDK4 and CDKG6 results in F”E'”““\’ ‘/915'”"“1" ATF
Cyelin D
hypophosphorylated Rb, and therefore G &,ILB MDlME
cell cycle arrest (Kim and Sharpless 200¢ pPRE p53

Additionally, p14"* can arrest the cell Eﬂfgrei;p?ff;/:‘ng:‘ p?g:upslglrn?&d’c%?’
p16™M* ‘and ARF (p14*FF) that areinvolved
cycle in both the G1 and the G2/M phasesin regulating the cell cycle. Adapted from “The
Regulation of NK4/ARF in Cancer and Aging,”
by Kim, W.Y. and Sharpless, N.E., 20@&l|.

by inhibiting the destruction of the tumor 127, p. 265. Copyright 2006 LEISevier Inc

suppressor p53 via MDM2 sequestration (Laud e2G06). If any of these three proteins
are damaged, the cell cycle checkpoints that tegylate will be disregarded, and the
mutant cell will continue to proliferate.

Human cancers commonly contain homozygous deletbtise entire INK4/ARF
locus that abolishes expression of all three pngtenducts (Kim and Sharpless 2006). It
is therefore debatable which locus member, if @acs as the main tumor suppressor
(Kim and Sharpless 2006). However, the region ¢heates the transcript for g% is
the most commonly mutated region of the locus, withltations found in 25% of familial
melanomas and 50% of sporadic melanomas (Muthusaiay 2006). Many of these
mutations in p18¥*@ region of the locus spare the pTaandp15™*** locus regions
(Kim and Sharpless 2006). Epigenetic silencingtmmoter methylation of p18“? is
commonly seen in many cancer types (Kim and Sheg#606). On the other hand,
epigenetic silencing of pf%“" is rarely observed in cancer (Kim and Sharple€§§20
A small number of human cancers have been reptr&tdarbor inactivation of p£3-
without loss of p18*** and p16"“? (Kim and Sharpless 2006). However, mice
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knockout studies have shown that mice withi¥14nd p18™“*knocked out were more
susceptible to developing cancer than mice withraeenber of the locus knocked out
(Kim and Sharpless 2006). This combination knotkduhe locus has also been
observed in melanoma cell lines (Kim and Sharpk€@&6). Although evidence may

8“2 or a combination of pT%- and p18™“*are the main tumor

indicate that p1
suppressors of the INK4b/ARF/INK4 locus, much remdb be understood of the
regulation and interactions of this locus.

The INK4b/ARF/INK4 pathway can also be disrupteddltgrations in the
proteins that the INK4/ARF protein products regelatuch as CDK4 and MDM2.
Activating mutations in CDK4 that disrupt p§'® binding are seen in rare familial
melanomas (Muthusamy et al. 2006). Overexpressi@DK4 and MDM2 through
amplification of their locus on chromosome twehas lbeen observed in about 50% of
melanomas (Muthusamy et al. 2006). However, whieK£and MDM2 are
overexpressed, the INK4/ARF locus remains unchaggledhusamy et al. 2006). This

suggests that CDK4 and MDM2 amplification can st for INK4/ARF locus loss of

function (Muthusamy et al. 2006).

The Signaling Network of MAPK Pathway, PI3K/AKT Pathway and INK4/ARF
Locus Crosstalk to Induce Tumorigenesisand Further Metastasis

In order to fully understand melanoma, we must begyin with understanding
the mechanisms behind melanomagenesis. Many mavcould potentially become
cancerous harbor activated BRA®EFmutations (Cheung et al. 2008, Madhunapantula
and Robertson 2009, Vredeveld et al. 2012). Howesgne of these nevi do not
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develop into melanoma because mutant BY°°*has been proposed to cause gro
inhibition and cellular senescence through incréddAPK pathway in nevi (Cheung
al. 2008). This observation suggests that there is a reqawegerave oncogenit
event(s) to induceumorigenesis (Clung et al2008). One such cooperative oncoge
event is phosphorylation of BR/*°° by AKT3 (Cheung et aR008). Oncogeni
AKT3 can phosphorylate BR/®°F on serine 364 and serine 428 which decre
BRAF'®%E4ctivity, thereby decreasing MAPKathway activity (Cheung et 2008).
This decrease in MAPK

pathway ativity promotes

proliferationand, therefore
tumor progressiofCheung
et al. 2008).

Tumor suppressc

loss could also account f

tumorigenesis in nevi

expressing activated e —

BRAF%%°E  Recent evidenc | Figure3. TheMAPK and PI3K/AKT Pathways. Adapted

from “RAS/RAF/MEK/ERK and PI3K/PTEN/AKT Signalin
in Malignant Melanoma Progression and Therapy,’

by Chen et al. (2012) Yajima, I. et al., 2011Dermatology Research and Practice.

2012, p. 2. Copyrigh2012 by Ichiro Yajima et ¢

suggested that BRAE**Fcan

negatively regulate the PISK/AKT pathway by bindiogthe rictor subunit of mTORCZ
However, loss of the tumor suppressor PTEN was tabdeerride the BRAY®%F
induced negative regulation and allow activationhef PI3K/AKT pathway. Vredeve
et al. (2012) was also able to show that PTEN &msEBRAF mtations are involved i
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tumorigenesis. Their results demonstrated tumognession in cells with the BRAFF
mutation followed by silencing of PTEN by shRNAsrédeveld et al. 2012)Another
tumor suppressor also involved in perpetuatingitaiisenescence in nevi is p16?
(Schopfer et al. 2006). Given its potential roleéllular senescence, loss of P{&

could contribute to tumorigenesis (Schopfer e@06). It is therefore possible that loss
of tumor suppressor is the rate limiting event lanomagenesis (Vredeveld et al.
2012).

PTEN inactivation has also been linked with melaagemnesis through oncogenic
HRAS and INK4a/ARF loss (Kim 2010, Nogueira et2810). Mouse models showed
that mice that were PTEN and INK4a/ARF deficiend did not have oncogenic RAS
mutations did not develop melanoma (Kim 2010). t@nother hand, mice that did have
oncogenic RAS mutations along with PTEN and INKZ&FAoss did develop melanoma
with some metastases (Kim 2010). Moreover, oncegRAS-INK4a/ARF deficient
mice with PTEN loss demonstrated earlier melanonsethan oncogenic RAS-
INK4a/ARF deficient mice with wild type PTEN (Nogu et al. 2010). These results
suggest that loss of PTEN, oncogenic RAS and INKR& locus loss all cooperate
together to induce tumorigenesis. These findimgssarprising given the function
redundancy of RAS activation and PTEN loss (Kim@Qdogueira et al. 2010).

Melanoma is especially deadly once it has metastd<b other areas of the body
such as lymph nodes, lungs and the brain. Itasefore critical that researchers
comprehend the molecular mechanisms responsibladtastatic tumor growth. A key
event in metastasis is tissue invasion (Matsuoleh &009). In order for this to occur,
extracellular matrix (ECM) components must be prtytically cleaved by the matrix
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metalloproteinase (MMP) family of enzymes (Matsuekal. 2009). MMP expression
levels have been shown to correlate with tumorsiweness, and various MMPs have
been shown to be expressed in melanoma cells (bledset al. 2009). Expression of
MMPs are, in part, controlled by activation of bdMAPK and PISK/AKT pathways;
therefore, both pathways are implicated in thisasettic mechanism (Matsuoka et al.
2009).

PTEN loss and oncogenic BRA®’® mutation have also been implicated, not just
in tumorigenesis, but also in metastasis. Dangioal. (2009) discovered, using a mouse
model, that the BRAP®F mutation alone is not enough to induce malignaogmession.
PTEN silencing and mutated BRAF are seen togeth20% of human melanomas
(Dankort et al. 2009) thus Dankort et al. (2009stigated if this combination
contributes to malignancy. Mice that possesseadaieti BRAF and silenced PTEN
showed malignant lesions in the face, flank, tiamh sdraining and iliac lymph nodes and
lungs with invasion into the subcutaneous tissuggssting that activated BRAF and
silenced PTEN induce a greater amount of metadtatiors throughout the body.

The combination of PTEN loss, oncogenic RAS and twithe INK4a/ARF locus
has also been shown to influence the invasive piatesf primary melanoma tumors
(Kim 2010, Nogueira et al. 2010). Experiments mgNeira and colleagues showed that
PTEN expression negatively correlated with invasioancogenic RAS-INK4a/ARF
deficient mice. Evidence showed that this increasevasiveness also correlated with a
switch among activated AKT isoforms, in particuld€T3 to AKT2 (Nogueira et al.
2010). These results are surprising given the lueid belief that PTEN preferentially
phosphorylates and activates AKT3 in melanoma and\KT2 (Madhunapantula and
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Robertson 2009). However, over activated AKT2 lbesn associated with ovarian and
pancreatic cancer (Madhunapantula and Robertsoh) 201it could stand to reason that

it could also play in role in melanoma.

Treatments Targeting the Signaling Network of MAPK pathway, PI3K/AKT
Pathway and INK4/ARF L ocus
Under standing BRAF chemotherapeutic resistance

As previously discussed, BRAF inhibitors are a Widesed treatment against
melanoma. However, the effects of BRAF inhibitars sustained for an average six to
seven months, and many patients see recurrent tgrowath within one year of
beginning BRAF inhibitor treatment (Davies 2012hese observations suggest that the
melanoma cells have developed a resistance to BRABition. In fact, evidence has
shown that treatment with one BRAF inhibitor cansmresistance to a different BRAF
inhibitor (Villanueva et al. 2010). Thereforejdtvital to understand the mechanisms
behind BRAF inhibitor resistance in order to depdioture treatments.

A secondary mutation in BRAF during the evolutidm@lanoma cells could
account for the BRAF inhibitor resistance. Howevecent evidence has shown that
BRAF resistant cells do not harbor secondary BRARFations (Nazarian et al. 2010).
Therefore, factors other than BRAF are most likelyolved in acquired BRAF
resistance.

One possible cause of resistance to BRAF inhibitoraelanoma cells is due to
the MAPK pathway being activated in a BRAF indepartdnanner. The reactivation of
the MAPK pathway could potentially start with aetion of the receptor. Platelet

24



derived growth factor recept@r(PDGFRB) is a receptor tyrosine kinase that is
responsible for activation of the MAPK pathway (ldaan et al. 2010). This receptor
was recently shown to be overexpressed with elewatBvation levels in BRAF resistant
melanoma cells, thereby leading to activation efMAPK pathway (Nazarian et al.
2010). In the same study, NRAS protein levels acttvation were found to be elevated
in cells resistant to BRAF inhibitors (Nazariaraét2010). Knockdown of PDGHRand
NRAS caused cell cycle arrest and/or apoptosis, lihlding factors upstream of BRAF
to acquired BRAF inhibitor resistance (Nazariaale010).

ERK, a downstream target of BRAF, remains activated8RAF inhibitor
resistant cells following shRNA mediated BRAF kndolvn and treatment with a high
dose of a BRAF inhibitor, suggesting that ERK is\geactivated by a factor other than
BRAF (Villanueva et al. 2010). It is possible ttia¢ other RAF isoforms, ARAF and
CRAF, could be responsible for the BRAF independetivation of ERK (Villanueva et
al. 2010). Villanueva et al. (2010) showed thakgshosphorylation decreased
following knockout of all three RAF isoforms, suggieg that ARAF and CRAF are in
fact responsible activation of the MAPK pathway aodtribute to BRAF inhibitor
resistance. Experiments by Heidorn et al. (201@d) Keaplan et al. (2011) demonstrated a
potential CRAF dependent mechanism by which ERKinages to be phosphorylated
following treatment with BRAF inhibitors. Theirselts suggest that following BRAF
inhibition, BRAF binds to and activates CRAF leaglto activation of ERK and its
downstream target. However, the BRAF and CRAFibmdnly occurred in the
presence of oncogenic NRAS suggesting that BRABitans could cause tumor
reemergence in patients with oncogenic NRAS mutatioVhen the oncogenic NRAS
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melanoma cells were treated with the MEK1/2 inlohiERK1/2 and its downstream
targets were not activated by phosphorylation (Kam@t al. 2011) suggesting that MEK
inhibitors would be a more prudent treatment fondus with activated NRAS than
BRAF inhibitors.

Evidence has shown that the MAPK pathway can beadet by other
mechanisms in BRAF inhibitor resistant cells. Erample, ERK can be activated by
other factors that do not require BRAF signalinghsas Mitogen-activated protein
kinase 8/cancer osaka thyrmdcogene (MAP3K8/COT) (Johannessen et al. 2010).
MAP3K8 expression is downregulated melanocytes aittogenic BRAF mutations
compared to wild type melanocytes (Johannessen20H)). BRAF inhibitor resistant
cells and wild type melanocytes have similar exgigeslevels of MAP3K8 further
supporting MAP3K8's role in driving BRAF inhibitaesistance in melanoma cells
(Johannessen et al. 2010).

Current research has indicated that BRAF inhibiigsistance may be due, in part
to AKT3 signaling (Shao and Aplin 2010, Villanuestal. 2010). Shao and Aplin
(2010) showed that apoptosis in melanoma cellsviofig treatment with PLX4720, a
BRAF inhibitor that binds near the adenosine trggtate (ATP) binding site of BRAF,
was due to upregulation of the pro-apoptotic pratd-cell lymphoma 2 modifying
factor (BMF) and B-cell lymphoma two interacting diegtor extra-long isoform (BIM-
EL) (Shao and Aplin 2010). BIM-EL, and its otheoforms BIM-L (long) and BIM-S
(short), promote apoptosis by binding to and antagog various anti-apoptotic proteins,
including myeloid cell leukemia one (Mcl-1) (Pa@mst al. 2011). Increased expression
of Mcl-1 rendered melanoma cells resistant to BR##bition induced apoptosis, and
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knockdown of Mcl-1 made cells susceptible to apsist¢Shao and Aplin 2010, Kaplan
et al. 2011). Using a mutant of AKT3 that is cansitvely activated, Shao and Aplin
(2010) were able to show that AKT3 signaling isalwed in rendering melanoma cells
resistant to BRAF inhibition induced apoptosis lycking the upregulation of the pro-
apoptotic genes BIM-EL and BMF. Expression of ¢tasvely active AKT3 was also
able to partially protect Mcl-1 knockdown cellsm@poptosis (Shao and Aplin 2010).
BIM expression was also recently demonstrated teegelated by PTEN in cells that are
resistant to PLX4720. Paraiso et al. (2011) exéibthat BIM expression in increased in
PLX4720 resistant cells that also express wild &N, but BIM expression decreases
when PTEN expression is loggiven the connection between BRAF inhibitor resista
and AKT3 signaling it would stand to reason thar#peutically targeting both of these
pathways would lead a decrease in BRAF inhibiteistance and therefore stop tumor

progression.

Targeting the MAPK pathway and the PI3K/AKT pathway individually show
improvement in disease progression

MEK inhibition is also a therapeutic target (Flalyest al. 2012). A MEK1 and
MEK?2 inhibitor, trametinib, also known as GSK112@2itleveloped by
GlaxoSmithKline, has already shown tumor regressianice and in patients with
BRAF'°F and BRAF®¢ mutations in phase | and phase Il clinical tri#laferty et
al. 2012). Recently, the results from the phasknical trials were released and the data
is promising (Flaherty et al. 2012). A total of23Ratients participated in the trials and
some were given trametinib, while others were gisl@@motherapy of either dacarbazine
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or paclitaxel (Flaherty et al. 2012). Althoughe thatients from the chemotherapy group
were allowed to switch to the trametinib grouphiéy showed progression of the disease
(Flaherty et al. 2012). Results showed that pregjom free survival and the six month
survival rate are improved with trametinib treatin@faherty et al. 2012).

Despite the development of BRAF and MEK inhibitas,efficient treatment for
oncogenic NRAS has yet to be created (Kwong étCdl2, Posch et al. 2013T.he lack
of NRAS targeted therapeutics is, in part, due RAS’s affinity for GTP (Posch et al.
2013). The high intracellular GTP concentratidmsstprovide a barrier in isolating a
small molecule that can which can block NRAS-GTirdbig (Posch et al. 2013).
Difficulties in developing a treatment for NRAS raat tumors could also be due to
NRAS’s ability to activate signaling cascades fottbthe MAPK and PI3K/AKT
pathways.MEK and BRAF inhibitors show little to no benefit NRAS mutant tumors
(Kwong et al. 2012). Therefore, recent reseaahiieen focusing on designing a
treatment to either directly or indirectly targeRNS. For example, Kwong et al. (2012)
performed computational modeling using an inducdaleditional genetically engineered
mouse (GEM) model to ascertain drug combinatioas ¢buld simulate RAS inhibition.
It was found that pharmacological inhibition of ME#SIng either trametinib
(GSK1120212) or selumetinib (AZD6244) and the CDHHibitor PD-0332991in vivo
resulted in tumor regression (Kwong et al. 2012).

In addition to inhibitors that target componentshed MAPK pathway, many
pharmaceuticals have been developed that targeugaglements of the PI3K/AKT
pathway, including inhibitors for PI3K, mMTORC1, dual ORC1/mTORC2, dual
PISK/mTOR and AKT (Courtney et al. 2010). Rapamyand its analogs inhibit mTOR
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in mMTORC1, but not mMTORC2, by forming a complexhni#KBP12 which, in turn,
binds to the FKBP12-rapamycin binding domain (Coeytet al. 2010). ATP
competitive inhibitors bind to the kinase domaimoFOR in both mTOR complexes
(Courtney et al. 2010). Theoretically, mMTORC2 mtion would be more effective than
MTORCL1 inhibition because mMTORC2 regulates AKT (@wy et al. 2010). Indeed,
early mice models have shown a greater prolifematibition with ATP competitive
inhibitors than rapamycin (Courtney et al. 201B)3K and mTOR belong to related
kinase protein families and, their catalytic donsaaine, therefore, structurally similar
(Courtney et al. 2010). Researchers have beert@bbgloit this similar structure to
develop dual PIBK/mTOR inhibitors, which, sincedbarugs target all PI3K isoforms
and mTORC1/mTORC2, they would effectively shut ddWBK/AKT pathway signaling
(Courtney et al. 2010). However, testing the ¢ffet complete PI3K/AKT signaling is
imperative; consequently, many of these dual PISKJR inhibitors are currently in the
beginning phases of clinical trials (Courtney e28110). Overall, PI3K/AKT pathway
inhibitors have displayed modest results in eaxlyegiments (Courtney et al. 2010).
Understanding why only modest results have been sdl be vital for the future of

PI3K/AKT pathway inhibitors.

Combination therapy targeting both the MAPK pathway and PI3K/AKT pathway displays
heightened results

Many components of the MAPK pathway and PI3K/AKThyeay are commonly
seen mutated together in melanoma, such as on@oBBAF and loss of PTEN
(Vredeveld et al. 2012). Therefore, recent redeano developing new melanoma
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treatments has focused on targeting both the MARKRI3K/AKT pathways in
combination. Several of these experiments conatnbn elucidating which
combination of MAPK and PI3K/AKT inhibitors will bmost advantageous.
Experiments by Vredeveld et al. (2012) exhibiteat thhibition of elements from
both MAPK and PI3K/AKT pathways was more benefithan inhibition of just one
pathway. BRAFE®?F melanoma cell lines that were treated with Pi-Ed8inhibitor of
PI3K and mTOR kinases, showed increased1%5expression and therefore, cell cycle
arrest (Vredeveld et al. 2012). However, whendhmsdls were also treated with the
BRAF®%Einhibitor PLX4720, cell death was observed viaulge of caspase three
(Vredeveld et al. 2012). Treatment with just PL@&howed varying results with some
cells surviving even when treated with a high dosBLX4720 (Vredeveld et al. 2012).
Combined PLX4720 and Pi-103 was able to eraditager¢sistant population
(Vredeveld et al. 2012). Therefore, simultaneaugdting of BRAF*®Fand
PI3K/mTOR kinases may be a treatment option for BR#hibitor resistant tumors.
Similar results have also been observed in BRAE cells that are resistant to the BRAF
inhibitor dabrafenib (GSK2118436) and contain NRafl MEK mutations (Greger et
al. 2012). These cells showed increased cell deaém treated with dabrafenib and the
MEK inhibitor trametinib (GSK1120212) (Greger et 2012). However, inhibition of
cell growth was heightened with the addition of H8K/mTOR kinase inhibitor
GSK2126458 to treatment with dabrafenib and tramie(Greger et al. 2012). Shi et al.
(2011) also observed greater levels of apoptosigust cell growth inhibition, in cells
that were treated with MEK1/MEK2 (AZD6244/Selumdbiyy PI3K (BEZ235) and
MTORC1/2 (AZD8055) inhibitors, than cells that warsated with BRAF
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(vemurafenib), PI3K and mTORC1/2 inhibitors. Th®@e experiments demonstrate
that combined targeting of MAPK and PI3K compondeé#sls to greater cell cycle arrest
and apoptosis in BRAF inhibitor resistant cellstha@rgeting only one pathway.

As previously discussed, an effective treatmentNBAS mutant melanoma
tumors remain elusive (Kwong et al. 2012, Poscll.2013). However, recent research
has suggested a new way of targeting oncogenic Nfe&8rs. In vivo and in vitro
experiments by Posch et al. (2013) demonstratedrdatment with a MEK1/MEK2
inhibitor (JTP-74057, PD325901) and inhibitors étther PI3K (GDC-0941
bismesylate), AKT (GSK690693), mTORC1 (rapamycamgd mTORC1/mTORC2
(PP242) resulted in increased cell death in NRA&nmtumelanoma cells than treatment
with a MEK inhibitor alone. In addition, cell déatvas even further decreased via
apoptosis when MEK, PI3K and mTORC1/mTORC2 inhilsitwere used in conjunction
(Posch et al. 2013). Thus, combination targetinglAPK and PI3K/AKT pathways

may be a viable treatment option for NRAS mutaniamema tumors.

Epigeneticsisa Promising Field for Advancesin Simple Diagnostic Tools and
Personalized Treatments

Researchers have recently begun investigating llesspigenetic causes to
diseases, including cancer. Epigenetics are clsaiogbe genome that does not alter the
primary DNA sequence. This includes DNA methylatibistone modifications and non-
coding RNAs, which have all recently been implickite melanoma.

Recent research by Hou and colleagues demonsaateanection between the
BRAF'®%°F mutation and changes in methylation state of §isegines. In response to
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BRAF knockdown, some genes are either hyper or tmgbloylated when compared to
their wild type methylation levels (Hou et al. 2012Many of these genes are involved in
biological pathways such as tissue developmeritpogliferation, differentiation, cell
death, DNA replication, recombination and repaiking them prime suspects to aid in
tumorigenesis (Hou et al. 2012). Two of the gahaswere identified to be
hypomethylated by BRAfF signaling and therefore overexpressed, FYVE RhoGEF
and PH domain-containing protein 1 (FGD1) and Higbbility group protein B2
(HMGB2), have previously been shown to be dirertiyolved in the proliferation or
invasion of melanoma cells further supporting thgutts (Hou et al. 2012). The
mechanism behind hypomethylated genes in BRXE signaling remains unknown;
however, DNA methyltransferase | and histone meéthytferase EZH2 are

\VBOOE
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overexpressed in BR mutants, indicating that these two methyltransesamay

be involved in establishing hypermethylation in BRAF

signaling (Hou et al. 2012).
The genome of melanoma is overall hypomethylatatith®e amount of global
hypomethylation is not significant enough to diffietiate between melanoma and benign
nevus (Lian et al. 2012). Instead, it is more pnido examine local hypermethylation or
hypomethylation at specific genes (Lian et al. 201 2owever, investigating gene
specific methylation changes is not practical cliaical setting so Lian et al. (2012)
compared the epigenome of melanoma and benign savagles and found that the
global levels of 5-hydroxymethylcytosine (5-hmC)sagecreased in primary and
metastatic melanomas. 5-hmcC is converted by theleven translocation (TET) family
of DNA hydroxylases from 5-methylcytosine (5-mC)ielnis a key epigenetic marker
for numerous biological processes (Lian et al. 201Pwas also discovered that 5-hmC
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levels have further diagnostic value in that 5-hie&ls were greater in stage |
melanoma than stage Il and Il melanomas (Lian.&042). Next, the researchers
sought how exactly the decreased levels of 5-hne(@stablished. Since the TET family
of enzymes is responsible for the conversion of&Gim5-hmC, they believed that these
enzymes would be downregulated in melanomas. Ackefactor in this reaction is
ketoglutarate which is produced by the isocitrabydlrogenases, an enzyme family that,
due to its indirect role in producing 5-hmC, woaldo be downregulated in melanoma.
Lian et al. (2012) did, in fact, find that all meerb of the TET protein family and
isocitrate dehydrogenase 2 (IDH2) had decreasekssipn in melanoma samples, and
that when these proteins are overexpressed, 5-bnelslincrease and tumor growth and
invasion are suppressed. The findings by Lian.€P812) that 5-hmC is an epigenetic
marker in melanoma could have diagnostic and tleerapbenefits. An assay could
potentially be developed as a diagnostic tool dasisify a tumor into the various stages
of melanoma. A possible therapy could also betecethat would increase 5-hmC given
the results by Lian et al (2012) that restorabbb-hmC decreased tumor growth,
decreased invasion and increased tumor free slirviva

As previously discussed, DNA methyltransferasenr(il), along with the
related DNA methyltransferase 3b (Dnmt3b), havenbiedxed to tumorigenesis, but no
link has been found between DNA methyltransferas@®1mt3a) until the current
research by Deng and colleagues. Deng et al. j208€overed that Dnmt3a depletion
drastically reduced tumor growth in subcutaneoununa and colony growth in
metastatic lung melanoma using a mouse model. ddicay analysis also showed that
many genes are dysregulated in response to Dnref3atwbn including genes involved
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in immunity and defense, developmental processeésealhcycle (Deng et al. 2009). The
immunity and defense genes that were overexpregsmtd Dnmt3a depletion included
sixteen class | and class Il major histocompatibdomplex (MHC) genes, class Il major
histocompatibility complex transactivator (CIITApéfive chemokines (Deng et al.
2009). In order for a tumor to dodge the host imengystem and thereby infiltrate
healthy cells, the MHC genes are downregulated IbyAC(Deng et al. 2009). Tumor
penetration can also be achieved by either dowrpregulation of chemokines,
molecules that aid T cells in identifying host dackign cells (Deng et al. 2009).
Upregulation of these genes in Dnmt3a depleted aadlicates that downregulation of
these genes may be a key mechanism in Dnmt3ad#setdimelanoma tumorigenicity
(Deng et al. 2009).

Another area of epigenetics that has clinical $igamce is modifications to
histones. Different functional groups can be &itakcto histones that either cause DNA
to be wound more tightly around histones, thereleysing this area of the genome, or
groups can be added that increase the repulsiarebathistones and DNA, allowing the
transcription machinery easier access to the gemegien. Recently, Ceol et al. (2011)
discovered a possible histone modification thatlead to the development of melanoma
that also contributes to tumor proliferation. Thegsoned that recurrent copy number
variations could result in increased expressioonmiogenes leading to the formation of
tumors. Using zebrafish as model organisms, thagd that when a particular region on
chromosome one was recurrently amplified, it reslih accelerated melanoma tumor
formation. This region on chromosome one corredpdrwith the gene SET domain,
bifurcated 1 (SETDB1) which codes for an enzyme titiaethylates histone H3 lysine
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nine thus repressing its target genes. In thgaeements using zebrafish, melanomas
that were expressing higher levels of SETDB1 weoeenaggressive and invasive than
wild type tumors. Whereas wild type and mutant tesremntained similar levels of
BRAF'®%°E indicating that SETDB1 does not increase tumomngn by altering BRAF.
Since their evidence suggested that the BRAF genetithe target of SETDB1, they set
out to discover which genes SETDBL is targetingiethylation. Interestingly, they
found that SETDB1 was bound to HOX genes. They afsalyzed human melanoma
tissues for overexpression of SETDB1 and found 3&&iof normal melanocytes, 15% of
benign naevi and 70% of malignant melanomas coadaimcreased levels of SETDBL.
Given these results, a simple measure of SETDB4l mwld be a melanoma predictor.

One of the most current and complex fields of epégies is the study of
microRNA (miRNA) and its role in disease, partialyacancer (Howell et al. 2010).
MiRNAs are small (19-24 nucleotides long), singtarsded non-coding RNAs that bind
to the 3’ untranslated region of messenger RNA (rARtdereby blocking translation or
marking the transcript for degradation (Jin eR8ll1). MiRNAs are transcribed by RNA
polymerase Il as normal mRNAs are, and can be egpceas an independent transcript
or as the intron of another gene (Howell et al. ®0JAfter transcription, the miRNA is
processed just like any other mRNA transcript wdaddJin et al. 2011) but before
exiting the nucleus, the excess 3’ and 5’ endsl@aved to form a seventy nucleotide
long hairpin loop by the RNase lll-type endonucéeBsosha and its cofactor Pasha
(DGCRS8) (Howell et al. 2010). The precursor miRMAhen transported from the
nucleus to the cytoplasm, where it binds to the $&N#-type endonuclease DICER
(Howell et al. 2010). DICER cleaves the precura@RNA producing two
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complementary mature miRNA transcripts, one of Wwhidll be degraded (Howell et al.
2010). The other mature miRNA will bind to the RM#A&duced silencing complex
(RISC) which guides the miRNA to its target mRNAo{kkEll et al. 2010).

The role of miRNA in cancer is not well understasdof yet, particularly in
melanoma, but recent research has identified nielltipRNA molecules that may aid in
melanoma onset (Howell et al. 2010). For exampi®&NA-137 (miR-137) and miR-
182 have been shown to negatively regulate theesgmn of the melanoma oncogene
microphthalmia-associated transcription factor (MITHowell et al. 2010). Further
research into miR-182 revealed that it is overesged in some human melanomas,
which can lead to increased invasion and survifatelanoma cells (Howell et al. 2010).
Not all miRNAs act to promote tumorigenesis but eamtually may function as tumor
suppressors (Howell et al. 2010). Such is the watdemiR-34, which has been found to
be dysregulated in melanoma, and was recentlyifcehas an effector for the tumor
suppressor p53 (Howell et al. 2010). Experimehtsv&d that the pairing of p53 and
miR-34 lead to increased G1 cell cycle arrest gaptosis (Howell et al. 2010). In
conclusion, the role of miRNA in melanoma is vasiying, complex and only recently
beginning to be unraveled.

Epigenetics is an emerging field in genetics armrpses to be the future of
personalized medicine. However, many obstaclelstathe way of an actual therapy

being developed, one of which is time.
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Future Considerations

Much progress has been made in understanding itfia(s) of acquired BRAF
inhibitor resistance. However, given the prevaéeatoncogenic BRAF in melanoma,
much research remains to be done in this areaerflgcthe next generation of BRAF
inhibitors was revealed that can seemingly preaetivated MAPK signaling (Smalley
and McArthur 2012). Although research on these cempounds is lacking (Smalley
and McArthur 2012), their discovery is an encounggievelopment for the treatment of
melanoma.

Hybrid compounds that are able to target both tid°Kl and PISK/AKT
simultaneously have already been demonstrated ¢fféetive in other types of cancer,
such as breast cancer, and have been proposeththyt tested, as treatments for
melanoma. One of these compounds is tamoxifenhwikia protein kinase C (PKC)
inhibitor that is already in use for the treatmehbreast cancer (Matsuoka et al. 2009).
PKC is a kinase that activates upstream effectioliseoMAPK and PI3K/AKT pathways,
thus, if it is inhibited, one mechanism by whichkeBnd AKT are activated is repressed
(Matsuoka et al. 2009). Use of this compound ineminjected with melanoma cells has
shown a decrease in cell migration, invasion anthstasis through decreased activation
of ERK and AKT (Matsuoka et al. 2009). A similaud is hexamethylene bisacetamide
(HMBA) which is a hybrid polar compound that alshibits both the MAPK and
PI3K/AKT pathways (Dey et al. 2008, Madhunapanaud Robertson 2011). HMBA
has shown promising results in inducing apoptesisreast cancer, myeloma,
hepatocellular carcinoma, T acute lymphoblastikdeia (T-ALL) and acute myeloid
leukemia (AML) cells, and given its molecular etlgacould be a potential effective
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treatment for metastatic melanoma (Dey et al. 2008]hunapantula and Robertson
2011).

Three different isoforms of AKT exist: AKT1, AKT2hd AKT3
(Madhunapantula and Robertson 2011). Activatingatnens of all three isoforms have
been observed in different types of cancer with AKittivation observed in breast,
colorectal, endometrial and ovarian cancers, AK@énsin ovarian, colorectal and
pancreatic cancers and AKT3 in melanoma (Courthe@y. 2010, Madhunapantula and
Robertson 2011). Despite a shared 80% homology isaform has a different function
from the rest and not much is known of regulatia@chanisms behind the specific
functions (Madhunapantula and Robertson 2011).eRezvidence found mutations in
AKT3 that allow it to be recruited to PDK1 in theapma membrane independent of PIP
binding and thus PI3K activity (Madhunapantula &abertson 2009). Also, AKT3 was
found to be overexpressed in melanoma cells daefdyg number increase of
chromosome one where the AKT3 gene is locatedpdstuch copy number variations
were found in the chromosomes of the AKT1 and AKjERes (Madhunapantula and
Robertson 2009). Other theories that could pogsikplain why AKT3 has been
connected to melanoma and not the other two AKforsas is that PTEN loss leads to
preferential AKT3 activation and favored phosphatigin of the PH domain of AKT3 by
accessory proteins (Madhunapantula and Robertdo®) 2@-urther research into the
mechanisms behind AKT3 overactivation in melan@mé the specific function of each
isoform could help lead to new avenues of undeditey the molecular basis of the
disease and new therapeutic targets, not just &amoma, but also for cancers in which
other AKT isoforms have been implicated.
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AKT3 is eventually dephosphorylated thus deactigatts phosphorylation
activity by protein phosphatase 2A (PP2A) and Phhaia leucine rich repeat protein
phosphatase (PHLPP) (Madhunapantula and Rober@d).2 The role that these two
proteins play in melanoma development is not knawhis time (Madhunapantula and
Robertson 2011). However, given their ability eadtivate AKT3, it would stand to
reason that loss of these proteins could be ingbirvenelanomagenesis and could be
targeted for therapeutic benefit.

Prior strategies for targeting oncogenic mutationmelanoma included treating
all melanomas with targeted agents irrespectitemobr genotype. However, every
patient’s tumor genotype is different. Thereforés imperative to identify a patient’s
mutational status in order to determine which prer@aticals and which pharmaceutical
combinations would be most beneficial for the p#tievidwans et al. (2011) proposed a
molecular model of melanoma in which tumors arssifaed into subtypes depending on
which genes are altered. The treatment that amgatceives would depend on which
subtype their tumor fell into, making it easier fdrysicians everywhere to have a
somewhat standard strategy for treatment. For pkgrhased on the model, if a patient
had alteration in the BRAF and CDK4 genes, theyldoeceive BRAF and CDK4
inhibitors in conjunction to ensure that both onmaig pathways were inhibited.
However, given the ever changing landscape of caesearch and development, a
molecular disease model may become obsolete ratiekly, therefore, making it

difficult to standardize treatment.
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Conclusion

Melanoma is a type of skin cancer that originatemelanocytes, cells that
produce the pigment melanin. If diagnosed anddceaarly, the five year survival rate is
especially high. However, metastatic melanomapeeially lethal and is the most
deadly of all types of skin cancer. Incidencesatee on the rise, especially in young
people, most likely due to natural or artificiatralviolet light exposure.

The leading genes that are found to be mutateceiamoma, v-Raf murine
sarcoma viral oncogene homolog B1 (BRAF), neurdblaa RAS viral (v-ras) oncogene
homolog(NRAS), Phosphatase and tensin homolog deleted mmasome ten (PTEN)
and cyclin dependent kinase inhibitor 2A (CDKN2Bglong to the MAPK (Mitogen-
activated protein kinase/Extracellular signal-reged kinases) pathway, the
phosphoinositide 3’ kinase (PI3K)/AKT pathway oe tiNK4/ARF locus which together
form a signaling network that work in tandem torpade cell proliferation, migration,
invasion and metastasis. Recent advances havermnin molecular targeted therapy,
such as BRAF inhibitors, but tumor regrowth is nfseen after treatment has ended.
Therefore, recent research has focused on unddnstgtine reasons behind acquired
BRAF inhibitor resistance, and much of the evidepoimts toward continued activation
of the MAPK and PI3K/AKT pathways through BRAF im@dent routes. Innovative
treatments, consequently, have focused on combairegdy existing treatments that
target both pathways. Great progress has beenrsebnical trials with these
combination treatments, but there is still a loogd to go before combination treatments
will be widely used. Epigenetics, which includeN®methylation, histone
modifications and non-coding RNAs, is a promisirgydf in cancer research that can
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offer insight into causes and personalized treatsneiHowever, much work remains to
be done when it comes to understanding the consegs®f altering epigenetic markers
that have led to cancer; thus, treatments targefingenetic causes of cancer are a long
term goal. Therefore, for the foreseeable futtire promise of new treatments for
melanoma lies with simultaneously targeting sigmajpathways, such as the MAPK and

PI3K/AKT pathways, that have already been implidatemelanomagenesis.
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