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Melanoma is the deadliest skin cancer and is responsible for nearly 60,000 deaths
worldwide each year. At least some melanomas are believed to arise from stepwise
progression from normal melanocytes through a benign nevus stage to malignant
melanoma and finally metastatic disease. Approximately 20-50% of melanomas have
evidence of a pre-existing nevus, indicating that progression is an important route of
melanomagenesis. Ultraviolet radiation exposure is believed to play an important role
in nevus and melanoma formation, although the mechanisms of this remain unclear.
Childhood sunburn and intermittent sun exposure are epidemiologically linked to
increased melanoma risk. While most melanomas have activation of the mitogen
activated protein kinase pathway, often due to mutations in BRAF or RAS genes,
nearly 15% of cutaneous melanomas do not have an identified strong driver. Despite

targeted therapies and immunotherapy, the death rate from melanoma has remained



nearly static for several decades, so there is a need to identify additional genes and
pathways to provide novel therapeutic targets. We hypothesized that progression of
melanocytic lesions from benign to malignant is associated with the acquisition of
additional genomic mutations. Unlike wildtype mice, hepatocyte growth factor (HGF)
transgenic mice have “humanized” distribution of melanocytes along the dermal-
epidermal junction. Following a single dose of UV at 3 days of age, HGF mice
develop melanocytic nevi and melanomas. In this project, two HGF models were used
to generate melanocytic lesions. The first model, on an albino FVB background had a
tumor incidence of only 10% and used melanocyte-specific green fluorescent protein
expression to identify early nevi and melanomas. The second model, on a C57BL/6
had a high tumor incidence (80%), and 60% of tumor-bearing mice have metastatic
lesions. Sequencing of melanocytic lesions at different stages revealed a variety of
driver mutations, including NfI, Gnaq, and Gnall, as well as genes and pathways
with less established roles in melanoma development. Our data provide a broad
overview of genes and pathways involved in progression of non-BRAF, non-NRAS
melanoma. Additionally, we present the first potential germline variants that may
increase metastatic susceptibility for melanoma patients. These genes suggest

potential biomarkers for progression of melanocytic lesions.
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Chapter 1: Introduction

Portions of this chapter were published in (Day, Marchalik et al. 2017)

Melanocytes are pigment cells that originate from the neural crest and occur
primarily in the skin but are also found in the eyes, inner ears, lymph nodes, and other
sites throughout the body. The major roles of melanocytes depend on their location
and is not always understood. In the skin, melanocytes primary function to produce
melanin pigment to protect epidermal keratinocytes from ultraviolet (UV) damage.
On the other hand, in the inner ear, melanocytes are involved in maintaining the
tissue-fluid barrier (Zhang, Dai et al. 2012). Individuals with a lack of melanocytes
can have phenotypic effects from albinism to deafness and microphthalmia (Spritz
and Hearing 1994, Tassabehji, Newton et al. 1994, Nakayama, Nguyen et al. 1998).
Melanoma is the deadliest of the skin cancer. Worldwide incidence was over 350,000
diagnoses and 59,782 deaths in 2015 (Karimkhani, Green et al. 2017). The highest
incidence occurs in the Australia, New Zealand, Europe, Canada, and the United
States (Garbe and Leiter 2009, Karimkhani, Green et al. 2017). In the United States in
2018, there were approximately 91,000 invasive melanoma diagnoses and 9,000
deaths (Tsao, Bevona et al. 2003). Overall incidence of melanoma has been
increasing over the past 30 years, although the death rate has remained relatively
static (Garbe and Leiter 2009). Diagnoses of thinner and less invasive melanomas are
rising in some studies, suggesting that some of the increase in incidence may be due

to increased diagnosis of early tumors (van der Spek-Keijser, van der Rhee et al.



1997, Garbe, McLeod et al. 2000, Crocetti and Carli 2003, Demierre, Chung et al.
2005, Cubitt, Khan et al. 2013). Survival of patients with melanoma is strongly linked
to stage at diagnosis. For patients who are diagnoses with only localized disease, have
a >98% S-year survival rate, while patients diagnosed with distant metastases have

only a 22% 5-year survival rate (Tsao, Bevona et al. 2003).

Classification of melanocytic lesions

Melanocytic lesions range from benign lentigos and nevi (moles) to metastatic
melanoma. Lentigo simplex are macular lesions with proliferations of nevi along the
junction without formation of nests of nevus cells within the epidermis. Nevi can be
either congenital or acquired and can range from macular to popular (Barnhill 2014).
Congenital nevi are uncommon but can cover extensive portions of the skin and have
a higher risk of malignant transformation than acquired nevi (Shah, Feintisch et al.
2016). Acquired nevi, on the other hand, are nearly universal and generally develop
during childhood and adolescence (Rivers, MacLennan et al. 1995, Valiukeviciene,
Miseviciene et al. 2005, Schafer, Merkl et al. 2006, Aalborg, Morelli et al. 2009,
Crane, Mokrohisky et al. 2009). Nevus counts are highest in fair-skinned individuals
(Crane, Mokrohisky et al. 2009). Acquired nevi are usually 2-4 mm in diameter and
can be junctional, compound (epidermal and dermal), or dermal (Clark, Elder et al.
1984, MacKie, English et al. 1985, Aalborg, Morelli et al. 2009). Atypical or
dysplastic nevi are often >5mm and show clinical (increased size, variable
pigmentation) or histopathologic atypia (including cellular and nuclear variability)
(Silva, Sa et al. 2011, Perkins and Duffy 2015). In situ melanomas are confined

entirely within the epidermis and are considered a pre-cancerous lesion. Cutaneous



melanoma is the most common form but uveal, mucosal and acral (palms, soles, and
nailbed) melanomas also occur. While cutaneous tumors are most common in pale-
skinned populations, non-cutaneous melanomas do not have skin type predilections
(Bradford, Goldstein et al. 2009). Cutaneous melanomas can be superficial spreading
melanomas which have a radial growth phase (RGP) laterally along the epidermal-
dermal junction followed by a vertical growth phase (VGP) with invasion through the
basement and into the dermis and subcutaneous tissue. Nodular melanomas grow
vertically into the dermis and subcutaneous tissue without much lateral spreading
through the skin. Nodular melanomas are less commonly diagnosed but have a worse
prognosis than superficial spreading melanomas.

Progression of nevi to melanoma is a rare but important route of melanoma
formation. An individual nevus is believed to have a 1:3,000-1:11,000 chance of
malignant transformation over an individual’s lifetime (Tsao, Bevona et al. 2003).
However, approximately 30% of melanomas have evidence of arising from a pre-
existing nevus (Troxel 2003, Tsao, Bevona et al. 2003, Pampena, Kyrgidis et al.
2017). While nevi typically develop during childhood through early adulthood, most
melanomas are diagnosed in people over the age of 55 (Garbe and Leiter 2009).
Patients with high numbers of nevi and especially atypical nevi have a higher risk of
progression (Goldstein and Tucker 2013)and can be clinically and histopathologically
indistinguishable from early melanoma, leading to diagnostic and clinical challenges
(Troxel 2003, Reddy, Farber et al. 2013). These diagnostic challenges mean that
melanoma diagnosis is the single most-important source of malpractice suits for

physician pathologists (Troxel 2003). Since there is no clear clinical guidance for



diagnosis or treatment of atypical melanocytic lesions (Reddy, Farber et al. 2013),
there is an opportunity and need for further information to identify lesions at risk for
or that have already undergone malignant transformation.

UV exposure is believed to play a role in development of melanocytic lesions
(Whiteman, Whiteman et al. 2001, Valiukeviciene, Miseviciene et al. 2005, Oliveria,
Saraiya et al. 2006, Dennis, Vanbeek et al. 2008, Aalborg, Morelli et al. 2009,
Kulichova, Danova et al. 2014, Ghiasvand, Weiderpass et al. 2016, Madigan and Lim
2016), although the mechanisms of the relationship remain unclear. People with pale,
non-tanning skin and red hair have the highest risk of melanoma (Mitra, Luo et al.
2012), as well as other forms of skin cancer (Mitra, Luo et al. 2012). Epidemiological
studies have linked childhood sunburn, intermittent sunburn, tanning behavior, and
living in areas with higher UV indices with higher melanoma risk (Whiteman,
Whiteman et al. 2001, Dennis, Vanbeek et al. 2008, Kulichova, Danova et al. 2014,

Ghiasvand, Weiderpass et al. 2016, Madigan and Lim 2016).

FEffects of UV on skin and melanocytes

Sunlight is overwhelmingly the largest source of UV exposure reaching the
earth and is composed of 95% UVA (320-340nm) and 5% UVB (290-320nm). UVC
rays are blocked by stratospheric ozone (Douki, Reynaud-Angelin et al. 2003, El
Ghissassi, Baan et al. 2009). UVA penetrates more deeply into the skin and extends
into the dermis, while only a small amount of UVB reaches the junctional
melanocytes (Herrling, Jung et al. 2006, Meinhardt, Krebs et al. 2008) (Fig. 1). Many
indoor tanning beds use high dose UVA with little to no UVB (Wang, Setlow et al.

2001). Both UVA and UVB can cause DNA damage and alter the microenvironment



within the skin (Kligman, Akin et al. 1985, Pearse, Gaskell et al. 1987, Labat-Robert,
Fourtanier et al. 2000). Epidemiologic data suggest potential roles for both UVA and
UVB in melanoma development, but the comparative importance of UVA and UVB

on human melanoma development remains controversial.
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Figure 1. Major effects of UV irradiation on the skin. UVA (A) and UVB (B)
penetrate into the skin to different depths (purple arrows) and cause different types of
DNA damage. UVA/UVB exposure additionally causes a variety of changes in the skin
microenvironment. Figure published previously in Day et al 2017.

Much of the attention on UV and melanoma has focused on the mutagenic
role of UV. In vitro studies show that UVB causes the formation of 6-4 photoproducts
and signature CC > TT mutations at dipyrimidine sites through the formation of
cyclobutane pyrimidine dimers (CPDs), although other patterns including C > T
transitions at dipyrimidine sites are also seen in vitro (Fig 1B) (Brash 2015). UVA is
a less potent DNA damaging agent and can damage DNA indirectly through oxidative
damage from reactive oxygen species and through formation of CPDs at TT sites (Fig

1A), which usually do not lead to C > T transitions (Tyrrell 1973, Tyrrell, Ley et al.



1974, Noonan, Zaidi et al. 2012). Human cutaneous melanomas are highly mutated
with a predominance of C > T transitions at dipyrimidine sites but fewer CC > TT
transitions, which is consistent with UV mutagenesis(Brash, Rudolph et al. 1991).
Melanocytes play a substantial role in protection of hairless skin from UV irradiation.
Melanin is produced both constitutively, providing baseline skin pigmentation and in
direct response to UV exposure. Keratinocytes with UV-induced DNA damage signal
to melanocytes to increase both production and transfer of melanin to surrounding
keratinocytes (D'Orazio, Nobubhisa et al. 2006, Brenner and Hearing 2008, Wicks,
Chan et al. 2011). An individual cutaneous melanocyte may contact up to 30-40
keratinocytes with dendritic processes (Brenner and Hearing 2008, Wang, Fukunaga-
Kalabis et al. 2016). Keratinocytes accept melanosomes from the melanocytes and
then arrange the melanin into caps over their nuclei (Montagna and Carlisle 1991,
Kobayashi, Nakagawa et al. 1998). These melanin caps can function both to scatter
and absorb energy from UV irradiation (Kaidbey, Agin et al. 1979). Melanin is
produced both constitutively and in response to UV exposure.

In addition to mutagenesis, effects of UV on the skin microenvironment likely
also play a role in the initiation and progression of melanoma (Fig 1C). Keratinocytes
and dermal fibroblasts produce many melanocyte growth factors, including basic
fibroblast growth factor, hepatocyte growth factor (HGF), and endothelin 1 and 3
(Haass and Herlyn 2005). Crosstalk between keratinocytes and melanocytes, and
other cells within the skin microenvironment, allows adaption to external stimuli.
Following UV, surviving keratinocytes secrete melanocyte growth factors (including

a-MSH, EDN1), which increase cytokine and melanin production (Natarajan, Ganju



et al. 2014, Wang, Fukunaga-Kalabis et al. 2016). In addition, direct and indirect
interactions between melanoma cells and keratinocytes and fibroblasts can influence
the behavior and metastatic potential of melanoma cells (Hsueh, Gupta et al. 2000, Li,
Satyamoorthy et al. 2001, Li, Satyamoorthy et al. 2003, Golan, Messer et al. 2015).
There is increasing evidence that UV-induced microenvironmental changes may be

important during initiation and progression of melanocytic lesions.

Major mutations in human melanoma

Cutaneous melanoma has the highest number of mutations of any tumor type
(Hodis, Watson et al. 2012, Lawrence, Stojanov et al. 2013). Activation of the
mitogen-activated protein kinase (MAPK) pathway is common, and driver mutations
are common in this pathway. Hotspot mutations in BRAF are particularly common,
and approximately 50% of cutaneous melanomas have V60OE mutations (Hodis,
Watson et al. 2012, Lawrence, Stojanov et al. 2013). BRAF V600E mutations are also
present in 30-90% of benign acquired nevi (Pollock, Harper et al. 2003, Uribe,
Wistuba et al. 2003, Yazdi, Palmedo et al. 2003, Poynter, Elder et al. 2006, Karram,
Novy et al. 2013, Tschandl, Berghoff et al. 2013, Yeh, von Deimling et al. 2013,
Shitara, Tell-Marti et al. 2015). NRAS mutations in codons 12/13 and 61 are mutually
exclusive with BRAF mutations and are seen in approximately 20% of melanomas
and 25-95% of congenital nevi (Bauer, Curtin et al. 2007, Kinsler, Thomas et al.
2013, Charbel, Fontaine et al. 2014, Roh, Eliades et al. 2015). NRAS mutations are
more common in giant congenital nevi than in small or medium ones (Aalborg,
Morelli et al. 2009, Roh, Eliades et al. 2015). Loss-of-function mutations in NF'/, a

MAPK repressor, occur in approximately 13% of melanomas (Hodis, Watson et al.



2012, Nissan, Pratilas et al. 2014, Krauthammer, Kong et al. 2015), and at higher
rates in desmoplastic melanomas (Wiesner, Kiuru et al. 2015). Approximately 17% of
melanomas do not contain mutations in BRAF, NRAS or NFI and are classified as
“triple wildtype” tumors. Interestingly, none of the major driver mutations in
cutaneous melanoma are typical C > T transitions. These non-canonical mutations
may or may not be related to UV; in vitro studies have found that up to 10% of UV-
induced mutations can be T > A transversions (Brash 2015). Regardless, BRAF
mutations are most common in sun-exposed nevi and melanoma, suggesting a link to
UV (Dong, Phelps et al. 2003, Bauer, Curtin et al. 2007, Karram, Novy et al. 2013).
Non-cutaneous melanomas generally do not have BRAF or NRAS mutations and may
exhibit other site-specific drivers. Uveal melanomas frequently contain hotspot
mutations in GNAQ (44%) or GNA11 (40%) (Van Raamsdonk, Bezrookove et al.
2009, Van Raamsdonk, Griewank et al. 2010). GNAQ are also commonly mutated in
cutaneous “blue nevi” and melanomas that arise from blue nevi (Van Raamsdonk,
Bezrookove et al. 2009, Huang, Urtatiz et al. 2015). Mutations in BAP1, SF3B1,
CYSLTR2, and EIF1AX are also found as drivers in uveal melanoma (Harbour,
Roberson et al. 2013, Field, Decatur et al. 2016, Moore, Ceraudo et al. 2016).
Mucosal melanoma does not have a dominant driver, and studies of different
populations find different frequencies of various drivers including KIT exon 11,
NRAS, NF1, GNAQ/11, and SF3BI (Sheng, Kong et al. 2016, Cosgarea, Ugurel et al.
2017, Hayward, Wilmott et al. 2017, Hintzsche, Gorden et al. 2017). Acral
melanomas are reported to contain BRAF, KIT, GNAQ and NRAS (Furney, Turajlic et

al. 2014, Moon, Choi et al. 2018). UV-type mutations are less commonly seen in



uveal, mucosal and acral melanomas and structural rearrangements are more common
in these lesion types (Hayward, Wilmott et al. 2017).

Melanoma susceptibility and progression is also associated with mutation of
cell cycle-associated tumor suppressor genes. CDKN2A, which codes the cell cycle
checkpoint genes p16/INK4A and p14/AREF, is frequently mutated or lost in
melanoma. Germline CDKN2A4 mutation is associated with familial melanoma and
with atypical mole syndrome (Monzon, Liu et al. 1998, Ciotti, Struewing et al. 2000,
Chaudru, Laud et al. 2005, Harland, Taylor et al. 2005, Laud, Marian et al. 2006).
Alterations in CDKN2A appear to be associated with melanoma progression (Cachia,
Indsto et al. 2000, Shain, Joseph et al. 2018, Zeng, Jorapur et al. 2018). CDKN24 is
deleted in approximately 50% of melanomas (Plummer, Middleton et al. 2005) and is
hypermethylated or mutated in an additional 15-20% (Cachia, Indsto et al. 2000,
Hodis, Watson et al. 2012). Somatic CDKN2A mutations are uncommon in
melanocytic nevi, suggesting that acquired alterations are associated with progression
(Papp, Pemsel et al. 1999, Kumar, Angelini et al. 2004, Wang, Presland et al. 2005,
Shain, Yeh et al. 2015). Amplification and activating mutations in the CDKN2A
binding partner, CDK4, are also associated with both familial and sporadic melanoma
(Mantelli, Barile et al. 2002, Helsing, Nymoen et al. 2008, Puntervoll, Yang et al.
2013). Mutations in the tumor suppressor 7P53 are also seen in approximately 20%
of melanomas and are associated with UV exposure (Zerp, van Elsas et al. 1999,
Hodis, Watson et al. 2012). Unlike most other major driver and tumor suppressor
mutations, 7P53 mutations are often UV-type C > T transitions (Brash, Rudolph et al.

1991, Stahl, Stranneheim et al. 2011, Viros, Sanchez-Laorden et al. 2014).



Additional non-cell cycle associated tumor suppressors are also commonly
involved. Reduced expression of PTEN is seen in approximately half of melanomas,
whether or not mutations in PTEN are identified (Zhou, Gimm et al. 2000, Mikhail,
Velazquez et al. 2005, Goel, Lazar et al. 2006). Mutations are associated with thicker
tumors and are found in approximately 10% of primary melanomas with higher
frequencies in metastatic melanomas and cell lines (Guldberg, thor Straten et al.
1997, Birck, Ahrenkiel et al. 2000, Celebi, Shendrik et al. 2000, Reifenberger, Wolter
et al. 2000, Goel, Lazar et al. 2006, Aguissa-Toure and Li 2012). PTEN mutations
significantly co-occur with BRAF mutation, but trend towards mutual exclusivity with
NRAS and GNAQ mutations (Tsao, Zhang et al. 2000, Cerami, Gao et al. 2012, Gao,
Aksoy et al. 2013). TERT promoter mutations, germline and somatic, are seen in
approximately 20-33% of primary cutaneous melanomas, especially on chronically
sun-exposed skin, and up to 85% of metastatic melanomas and are associated with
thicker cutaneous lesions and worse survival, especially in conjunction with BRAF
mutation (Horn, Figl et al. 2013, Huang, Hodis et al. 2013, Gessi, van de Nes et al.
2014, Populo, Boaventura et al. 2014, Ekedahl, Lauss et al. 2016, Bao, Prescott et al.
2017, Seynnaeve, Lee et al. 2017). The common acquired mutations noted in 7TERT
promoters are UV-type mutations (Horn, Figl et al. 2013, Fredriksson, Elliott et al.
2017). Fittingly, acral, mucosal and uveal tumors on non-sun exposed sites have
much lower rates of TERT promotor mutations (Griewank, Murali et al. 2013,
Koopmans, Ober et al. 2014, Miao, Wang et al. 2015, Vazquez Vde, Vicente et al.
2016, Liang, Chen et al. 2017). Alterations in BAP1, either as germline variants or

somatic mutations are associated with uveal melanomas and cutaneous melanoma
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(especially Spitz nevi and associated melanomas) (Harbour, Onken et al. 2010,
Njauw, Kim et al. 2012, Murali, Wiesner et al. 2013, Gupta, Lane et al. 2015). BAPI
alterations are associated with an increased risk of metastasis in uveal melanoma
(Njauw, Kim et al. 2012, Kalirai, Dodson et al. 2014, Koopmans, Verdijk et al. 2014,
Gupta, Lane et al. 2015).

Despite having identified some of the major drivers and tumor suppressors,
much remains unknown about the initiation and progression of melanoma. The
prevalence of strong drivers like BRAF and NRAS in both benign and malignant
melanocytic lesions indicates that these mutations are not sufficient to cause
tumorigenesis. There is still a need to understand how UV exposure contributes to

lesion initiation and transformation.

UV-induced mouse models of melanoma

The long latency between childhood and early adulthood sun exposure and
melanoma formation makes it especially challenging to prospectively study the role
of UV on melanoma development. Since UV can function in multiple capacities as
tumor initiator, tumor promotor and inducer of microenvironmental changes, the most
significant roles for UV can be difficult to identify by studying human melanoma
patients alone.

Animal models, on the other hand, provide a platform for prospective studies
to investigate specific questions and address causative associations. Although several
species have been involved in the modeling of UV-induced cutaneous melanoma,
including opossum (Monodelphis domestica), platyfish (Xiphophorus spp.) and

zebrafish (Danio rerio), in this review we will focus exclusively on genetically
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engineered mouse (GEM) models (Robinson, VandeBerg et al. 1994, Leyvraz,
Spataro et al. 1997, Chan, Robinson et al. 2001, Nairn, Kazianis et al. 2001, Lee,
Sharma et al. 2006). The development of mouse models for melanoma was initially
difficult due to the resistance of wildtype mice to melanomagenesis, even after
repeated exposure to chemical carcinogen, UV, or both (Romerdahl, Donawho et al.
1988, Jiang, Ananthaswamy et al. 1999). However, use of hairless (Skh-hr2) mice
treated with DMBA followed by repeated UV was able to induce nevi and
melanomas in treated animals (Epstein, Epstein et al. 1967, Husain, Pathak et al.
1991, Pathak 1991). Interestingly, some of the melanomas and nevi in these mice had
Nras mutations near the 61% codon, which is a hotspot for human congenital nevi and
melanomas (Husain, Pathak et al. 1991). In the last decade, technological advances
have generated GEM models that harbor oncogenic mutations associated with human
melanoma to prospectively investigate clinically relevant questions about the role of
UV in cutaneous melanoma.

Differences in mouse and human skin need to be considered when assessing
mouse melanoma studies that have investigated the role of UV in melanoma biology.
These studies use a variety of strains of mice, doses, timing and types of UV
administration. Studies focus primarily on the ability of UV to induce melanoma with
or without a pre-existing melanocytic lesion, and on how UV-induced
microenvironmental changes can alter the progression of melanoma. Although the
variability in the studies makes it difficult to directly compare results, it also
highlights a wide variety of possible roles of UV, depending on the dose, waveband,

and context, in the development and progression of cutaneous melanoma.

12



Similarities and differences between human and mouse skin

Human and mouse skin have some distinct features. Both mouse and human
skins are composed of dermis and epidermis, contain hair follicles, and have a similar
distribution of blood vessels and nerves. Human skin is thicker (1.5-6 mm), has
epidermal layers (5-8) and rete ridges, and is adherent to underlying tissues. In
contrast, mouse skin is thinner (0.7-0.8mm) with fewer epidermal keratinocyte layers
(2-3), has no rete ridges, does not adhere to underlying tissue, and has a panniculus
muscle layer. Mice also have a heavy hair coat that protects their skin from UV. In
human skin, melanocytes are located along the dermal-epidermal junction as well as
in hair follicles. In mouse skin, the vast majority of melanocytes are restricted to the
hair follicles. During embryonic development in both species, melanoblasts migrate
out of the neural tube, through the dermis to the dermal-epidermal junction. As hair
follicles develop, some of these junctional melanocytes move into the developing
follicles. In wildtype mice, junctional melanocytes do not persist after the neonatal
stage in haired areas. Since junctional melanocytes are not present in wildtype mice,
melanomas derived from mouse models may arise from cells of origin that differ
from human melanomas. Additionally, these differences in anatomic location mean
that in wildtype mice melanocytes are not interacting directly with keratinocytes and
are receiving very different microenvironmental signals compared to melanocytes in
the human epidermis.

Although melanocytes in both species produce both eumelanin and
pheomelanin, these are produced in different frequencies (Thody, Higgins et al. 1991,

Liu, Kempf et al. 2003). UV increases the quantity of melanin produced and can alter
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the type produced (Hennessy, Oh et al. 2005). In humans, the frequency of each type
of melanin varies widely with skin and hair coloration: people with darker skin
produce higher quantities of eumelanin, while fair-skinned red heads produce a higher
proportion of pheomelanin. Mice generally produce both types of melanin as well, but
in many cases mouse strains produce either primarily eumelanin or pheomelanin (Liu,
Kempf et al. 2003).

Human and mouse skin microenvironments also have some notable
differences. Because of the dense hair coat, mouse skin undergoes frequent hair
cycles. In each cycle the hair follicles grow and degenerate, leading to turnover of
mature melanocytes and cycling of melanocyte stem cells in the bulge of the hair
follicle. Hair follicle involution also involves activation of immune cells, including
macrophages and T cells in the skin (Eichmuller, van der Veen et al. 1998). In
contrast, human skin does not exhibit obvious hair cycles. Finally, the skin
microbiome and resident immune cells are different between the two species
(Pasparakis, Haase et al. 2014). These microenvironmental changes may have
implications both in the development of cutaneous melanoma and in the
immunological responses in human and mouse skin.

In summary, mouse and human skin have some anatomic and functional
differences that influence their response to UV and the development of melanoma.
The contrasting melanocyte distribution and resultant differences in melanocyte
microenvironment in human and mouse skin may be a major factor in the different
susceptibility to melanoma in these species. These differences should be considered

when choosing mouse models of UV-induced melanoma and in translating findings to
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human melanoma patients. Careful choice of the appropriate model and experimental

planning will provide the most valuable information for translational studies.

Neonatal UV can induce melanoma in hepatocyte growth factor

transgenic mice

A number of GEM models have been recruited to explore the role of UV
melanomagenesis, including those overexpressing HGF, the ligand for the receptor
tyrosine kinase MET. HGF/MET signaling plays a significant role in embryonic cell
migration and has been associated with increased metastasis and drug resistance in
human melanomas (Halaban, Rubin et al. 1992, Hartmann, Prospero et al. 1998,
Gaggioli, Deckert et al. 2005, Straussman, Morikawa et al. 2012). Studies have
shown that HGF promotes the survival of melanoblasts derived from neural crest and
melanocytes in mouse skin (Kos, Aronzon et al. 1999). Human keratinocytes and skin
fibroblasts secrete increased amounts of HGF following UV exposure (Yamaguchi
and Hearing 2009). Mouse skin expresses HGF in small amounts (Yang and Park
1995). Mice broadly expressing an HGF transgene gain constitutive activation of
pathways downstream of MET, resulting in increased skin pigmentation due to
survival of melanocytes at the epidermal-dermal junction, which persists into
adulthood(Noonan, Otsuka et al. 2000, Imokawa 2004, Aoki, Yamada et al. 2009).
Therefore, HGF-tg mice are regarded to exhibit a “humanized” melanocyte
distribution in the skin.

HGF is not a strong driver in cutaneous melanoma. Without carcinogenic
treatment (UV or DMBA), melanomas occur rarely in the skin of HGF-tg mice within

1-2 years (Noonan, Otsuka et al. 2000, Noonan, Recio et al. 2001). Adult UV, even at
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prolonged repetitive dosing, does not induce melanomas in HGF mice but can induce
other skin tumors (Noonan, Otsuka et al. 2000). In contrast, a single burning UV dose
at 3.5 days can induce nevi and melanoma in HGF-tg mice (Noonan, Recio et al.
2001). This is relevant because childhood sunburn is recognized as an important risk
factor for melanoma formation (Dennis, Vanbeek et al. 2008). Melanocytic nevi and
melanomas arising in the HGF-tg model are histologically heterogeneous and
recapitulate the variety seen in human cutaneous melanocytic lesions. Disruptions of
the CDKN2A locus or activation of CDK4 accelerate melanoma development
following neonatal UV in the HGF model (Thomas, Liu et al. 2007, Gaffal,
Landsberg et al. 2011). Targeted expression of surviving (BIRCS) can also enhance
UV-induced melanogenesis by preventing apoptosis of UV-exposed melanocytes,
suggesting that the dysregulation of senescence or apoptosis can play critical roles in
the transformation of melanocytes following neonatal UV (Thomas, Liu et al. 2007).
Melanocytic cells undergo significant changes associated with differentiation between
the end of gestation and by one week after birth (Hirobe 1984). Therefore, neonatal
UV exposure is likely to affect a distinct population of melanocytic cells compared to
adult UV — namely, progenitor melanoblasts vs. mature melanocytes, respectively.
This may help account for the increased risk of melanoma seen with childhood
sunburn vs. adult sunburn in human patients. The UV-treated HGF-tg mouse
represents a good model for human melanomas that does not possess either a BRAF
or NRAS mutation (approximately 30% of cutaneous melanomas). Since there is no
pre-existent dominant driver oncogene, UV may serve as both tumor initiator and

promoter for “de novo” melanomagenesis in the HGF-tg model. This feature makes
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the HGF-tg mouse especially suitable in evaluating etiological factors, environmental
risks, and prevention of UV-induced nevi and melanoma following childhood sun

exposure.

UV can enhance melanomagenesis following activation of dominant

driver mutations

In contrast to the use of neonatal UV in the HGF-tg mouse models, studies
examining the role of UV in melanocytic nevi and melanomas with a dominant
oncogenic driver mutation have primarily focused on adult UV exposure. Mice with
mutations in the RAS/RAF pathways (HRAS, NRAS or BRAF) show melanocytic
hyperplasia and increased numbers of extrafollicular melanocytes within the dermis
compared with wildtype mice. These models are consistent with the theory that
RAS/RAF mutations are founding mutations in melanocytic nevi and melanomas
(Yeh, von Deimling et al. 2013, Shain and Bastian 2016). According to this theory,
subsequent UV may lead to contributory mutations and/or microenvironmental
changes that can promote melanomagenesis.

The first model to investigate the role of UV in melanoma development
expressed a powerful viral oncogene SV40 T antigen (TAg-tg) using a mouse
tyrosinase promotor (Kelsall and Mintz 1998). TAg-tg mouse pups were exposed to
daily UV for 3-10 days (Kelsall and Mintz 1998), leading to melanomas. Following
transplantation, some of the UV melanomas became metastatic. This study
demonstrated that UV could promote tumor development in the context of a powerful

driver oncogene. Based on this model, researchers then tried to build melanoma
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models by adding different combinations of altered alleles that are more relevant to
human melanoma.

RAS mutations (primarily NRAS but occasionally HRAS) are common in
human congenital nevi and cutaneous melanoma. Chin and colleagues observed that
mice expressing a mutant HRAS transgene by virtue of the mouse tyrosinase
promotor (TPras) and loss of p16™4? developed melanoma without additional
carcinogens (Chin, Pomerantz et al. 1997). TPras mutant mice with wildtype p16™k4
were used to compare the effects of single exposure to the chemical carcinogen
(DMBA) with twice weekly UV and a known tumor promotor (TPA) (Broome
Powell, Gause et al. 1999). DMBA was very efficient and induced melanocytic
lesions with a high penetrance (86-88%). UVB exposure alone induced melanocytic
lesions only in 20% of mice and most of these lesions were nevi. Combined treatment
with UVB and TPA increased the lesion penetrance to 78%. Interestingly, the
melanomas that arose in the UV-exposed groups occurred only in albino TPras mice,
suggesting a protective role for melanin in this model.

Other studies using TPras mice have investigated the role of neonatal UV and
cell cycle checkpoints on development of RAS mutant melanomas. Kannan et al.
(2002) found that UV exposure accelerated melanomagenesis in p194™ knockout
mice, but not in p16™*4* knockout albino mice (Kannan, Sharpless et al. 2003). In
p194 knockout mice, UV-induced melanomas demonstrated increased cdk6
expression, leading to disruption of the RB pathway. Hacker et al. (2006) reported
that neonatal UV exposure also increased the frequency and accelerated the

development of melanomas in TPras mice carrying a CDK4%%4C mutation (Hacker,
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Muller et al. 2006). It is not clear whether these findings are specific to neonatal UV
or would also be found following adult UV in these strains. These studies indicate
that functional disruption of the p16™43/CDK4/CDK6/RB pathway can facilitate
mutant RAS-driven melanomagenesis in UV-associated and non-UV-associated
pathways.

BRAFVY6%E mutations are the most common driver mutations in human
cutaneous melanoma. Epidemiologic and genomic data suggest that BRAFY600E
mutations may be the initiating lesion in melanocytic nevi, with subsequent UV
acting as a tumor promotor. To test this hypothesis, Viros et al. induced BRAFY6%E
mutations using tyrosinase-driven Cre-Lox recombination in 2-month old mice
followed by weekly broad-spectrum UV starting at 3 months (Viros, Sanchez-
Laorden et al. 2014). This UV regimen both accelerated melanoma formation in the
BRAF model and increased the number of tumors per mouse. UV-exposed tumors
also had significantly higher numbers of somatic single nucleotide variants and a
higher percentage of C > T transitions than non-UV exposed tumors, consistent with
human melanomas and UV mutagenesis. Exclusively in the UV-exposed tumors,
Trp53 mutations were additionally identified. 77p53 is known to be a mutational
target of UV, and the p19A7/p53 pathway facilitates BRAFYE mutant mouse
melanoma (Luo, Sheng et al. 2013, Viros, Sanchez-Laorden et al. 2014). These data
also suggest that UV following BRAF mutation can enhance the likelihood of

malignant transformation of nevi.
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Sunscreen provides partial protection against UV-induced DNA damage

and melanoma

Melanoma incidence has been rising over the last few decades and there is a
need for evidence-based advice for protecting against melanoma and other skin
cancers. Sunscreen use appears both epidemiologically and experimentally to protect
against melanoma, which further highlights the importance of UV in
melanomagenesis. Prospective mouse studies have shown that sunscreen use reduces,
but does not eliminate, the risk of melanoma following neonatal or adult UV (Wollf,
Donawho et al. 1994, Klug, Tooze et al. 2010, Viros, Sanchez-Laorden et al. 2014).
Sunscreen reduced clinical and histologic evidence of UV damage in the skin,
including inflammation, skin darkening and evidence of UV damage to keratinocytes
(Wolf, Donawho et al. 1994, Viros, Sanchez-Laorden et al. 2014). DNA damage to
melanocytes was also reduced, with reduced numbers of TT dimers and reduced
numbers of C > T transitions in mice treated with sunscreen before UV exposure
compared with controls (Klug, Tooze et al. 2010, Viros, Sanchez-Laorden et al.
2014). Although melanoma formation was reduced in sunscreen-protected mice, it
was still higher than in non-UV exposed mice. Sun protective fabrics were superior in
preventing UV-melanoma than sunscreens (Viros, Sanchez-Laorden et al. 2014).
These studies all found that sunscreen use prevented melanoma despite using a
variety of UV doses, sunscreens and mouse strains (Wolf, Donawho et al. 1994, Klug,
Tooze et al. 2010, Viros, Sanchez-Laorden et al. 2014). These data provide strong,
prospective support for the use of sunscreens to reduce melanomagenesis. However,

sunscreen use does not entirely eliminate UV-induced melanoma formation and
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prevention of sunburn alone does not remove the risk of melanoma. Mouse models of
UV-induced melanoma provide a powerful tool to test the efficacy of sunscreens and
other preventive strategies in preventing melanoma and other UV-induced skin

damage.

UV-induced microenvironmental changes impact melanoma development

In addition to direct mutagenic effects, UV can influence the
microenvironment in ways that can enhance melanomagenesis. UV has long been
known to cause immunosuppression within the skin. UV leads to locally decreased
antigen presentation, expansion of regulatory T cells, and lower numbers of effector T
cell in the exposed skin (Loser and Beissert 2009). In fact, the immunosuppressive
effect of UV is used to treat psoriasis, and can suppress contact hypersensitivity
(Byrne, Spinks et al. 2002). Therefore, several models have been developed to study
how UV-induced changes in the skin microenvironment influence melanoma
development and progression.

Bald et al. used the HGF-tg/Cdk4??4C mouse to model the effects of UV on
cutaneous melanomas (Bald, Quast et al. 2014). Twice weekly exposure to UV
following melanoma initiation did not result in increased tumor formation but did
enhance angiotropism and metastasis in some of the UV exposed tumors. Sequencing
of tumors was not performed, so it is not known if there were genomic differences
between the UV- and non-UV-exposed tumors that may have affected metastasis.
However, UV-induced keratinocyte damage led to an increase in Myd88 TLR4+
neutrophils in the UV-exposed mice. Myd88/TLR4 neutrophils enhanced

angiotropism of both mouse and human melanoma cells in vivo and in vitro. This

21



study demonstrates that UV can alter the microenvironment in ways that contribute to
tumor progression and metastasis and suggests that UV on pre-existing nevi or early
melanomas may contribute to progression.

Using a model of neonatal UV, Zaidi et al. showed that UV can recruit
interferon-gamma-expressing macrophages that create an environment favorable for
melanoma growth and survival (Zaidi, Davis et al. 2011). These interferon-gamma-
expressing macrophages were also found in a majority of human melanomas. The
role of these macrophages in the development and persistence of melanocytic nevi
has yet to be investigated but may be clinically relevant. This response was neonatal-
specific in the mice tested and may help to explain the significance of childhood

sunburn as a risk factor for melanoma.

Purpose and hypothesis

Although a variety of drivers have been identified in nevi and melanoma, the
alterations associated with initiation and progression remain unclear, particularly for
triple wildtype lesions. Additionally, targeted therapies to treat BRAF mutant
melanoma initially show a dramatic response, but tumors invariably develop
resistance leading to minimal improvements in lifespan (Villanueva, Vultur et al.
2011). Recent developments in immunotherapy have dramatically improved lifespan
for responders, but only 30-60% of patients have a therapeutic response, depending
on the immunotherapeutic target (Hodi, O'Day et al. 2010, Wolchok, Chiarion-Sileni
et al. 2017). There is a need to identify genes and pathways that could be useful for

diagnostics or novel therapies.

22



Our laboratory had developed two new HGF models: the GS model on an
FVB background with melanocyte-specific GFP expression and the BT model on a
C57BL/6 background with inducible CDKN2A loss. These two new models allowed
exploration of progression of very early UV-induced melanocytic lesions (GS model)
and of the effect of UV followed by heterozygous Cdkn2a alteration. We
hypothesized that melanocytic lesion progression from nevus to melanoma to
metastatic melanoma is associated with acquisition of genomic alterations at each
stage. To investigate this hypothesis, we established three aims: 1) Characterize early
melanocytic lesion development and progression in the GS model; 2) Characterize
melanocytic lesion progression in the BT model; 3) Characterize genomic alterations

associated with lesion progression in the GS and BT models.
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Chapter 2: Melanocytic lesion development and progression in
an FVB mouse model of cutaneous melanoma

Summary

Approximately 30% of melanomas have evidence of association with a pre-existing
nevus. Mechanisms underlying the progression of nevi to melanoma remain
incompletely characterized. We hypothesized that nevus progression would be
associated with the accumulation of additional genomic mutations at each stage of
progression. To further investigate the early stages of nevus transformation, we
designed the GS model on an HGF background with melanocyte-specific GFP
expression and heterozygous loss of p16/INK4A for slow tumor development.
Following a single UV exposure, GS mice develop melanocytic nevi, and
approximately 10% of mice had progression to melanoma starting at an average of
251 days. Melanocytic lesions were histologically variable and both junctional and
dermal nevi and melanomas were seen. Progression generally proceeded through a
radial growth phase followed by vertical growth and nodule formation. Following
transplantation into GFP-tolerized syngeneic mice, vertical growth phase melanomas
rapidly established and reached exponential growth, while radial growth phase tumors
grew slowly or regressed. Through this project, we were able to generate nevi, radial
growth phase and vertical growth phase lesions for further genomic analysis as well

as transplantable tumors and cell lines for future studies.
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Introduction

In 1984, Clark first suggested that some melanomas undergo a stepwise progression
from a normal melanocyte through a benign nevus to malignant melanoma (Clark,
Elder et al. 1984) (Fig 2). Approximately 30% of melanomas have evidence of a
nevus precursor at diagnosis, while the remaining 70% appear to have arisen de novo
(Pampena et al 2017). These nevus-associated melanomas (NAMs) differ from de
novo melanomas (DNM) in many ways. NAMs occur in younger patients, are on
average thinner than de novo melanoma and have better survival outcomes (Rhodes
and Melski 1982, Friedman, Rigel et al. 1983, Kaddu, Smolle et al. 2002, Lin, Luo et
al. 2015, Cymerman, Shao et al. 2016, Pampena, Kyrgidis et al. 2017, Pandeya,

Kvaskoff et al. 2018). Patients with NAMs also tend to have a higher total nevus
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Figure 2: Proposed stepwise progression of melanocytic lesions. Accumulation
of additional genomic changes in a Vogelsteinian-like manner is presumed to occur
to allow progression to different steps.

count (Pandeya, Kvaskoff et al. 2018). Interestingly, skin surrounding NAMs
generally shows less evidence of sun damage than that around DNMs and NAMs are
epidemiologically associated with intermittent sun exposure (Purdue, From et al.

2005, Newton-Bishop, Chang et al. 2010, Pandeya, Kvaskoff et al. 2018). These
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features suggest that there may be alternate pathways leading to melanoma for NAMs
and DNMs.

Previous observations of melanoma development in FVB HGF models
suggested a stepwise progression of melanocytic lesions (Recio, Noonan et al. 2002,
Noonan, Dudek et al. 2003). However, in the albino FVB mice, it is not possible to
identify lesions at very early stages, since they are flat and non-pigmented. By
combining the albino HGF mouse model with a newly generated model with
inducible melanocyte-specific GFP expression, we hypothesized that GFP-containing
melanocytic lesions would be similar to previously HGF melanocytic nevi and
melanomas and the GFP expression would allow us to identify and track stepwise
progression of lesions from melanocytic nevi to malignant melanoma. To facilitate
evaluation of progression, we chose a model with only a heterozygous p16/INK4A
alteration which should lead to slow progression and lower tumor incidence than is
seen in models with p19/ARF alterations (Recio, Noonan et al. 2002, Ha, Ichikawa et
al. 2007). Samples for further histologic and genomic evaluation could be collected
from lesions at difference clinical stages, allowing us to identify changes that occur

during progression of lesions.

Methods

Mouse model

Mice for nevus development (GS) mice were developed on an FVB/N background
from F1 cross of male Hepatocyte growth factor (HGF) mice and female Dct-rtTA2s-
M2; Tre-H2BGFP; p16X° mice. Dct-rtTA2s-M2; Tre-H2BGFP mice have

melanocyte-specific nuclear GFP expression (Zaidi, Hornyak et al. 2011). Mice were
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maintained on doxycycline-fortified (200 mg/kg) feed (Bio-Serv, Flemington, NJ)
throughout their lives. Only male mice were used for the GS study due to poor
survival of females. UV exposure protocol has been previously described (Noonan,
Recio et al. 2001, Noonan, Zaidi et al. 2012). Briefly, 3-day old mice were exposed to
9.58 kJ/m? of UV using a FS40 sunlamp lamp for with 60% UVB and 40% UVA.
Starting at 2 months of age, mice were shaved and imaged monthly using a Maestro
Fluorescent Imaging System (Caliper Lifesciences, Waltham, MA) for green
fluorescent protein (GFP) expression. Nevus number and first evidence of lesion
transformation were determined based on GFP images. Mice were followed until
humane endpoints were met, including total tumor size > 2cm?, respiratory distress,
and tumor ulceration. Animal use was approved by the Animal Care and Use

Committee at NCI-Frederick and NCI-Bethesda.

Sample Collection

Biopsy samples were taken with 2-3mm biopsy punches (Integra Miltex, Plainsboro,
New Jersey) or removed following euthanasia. GFP was visualized for biopsy or
resection using a Nightsea (Lexington, MA) BlueStar flashlight or swan neck lamp
and yellow filter glasses. At euthanasia, the entire back skin was examined using a
GFP lighting system to find lesions that may have been missed with imaging. If
tumors were collected, spleen samples were flash frozen and internal organs were
examined for GFP fluorescence and collected if there was evidence of GFP
fluorescence. Lesions > 2mm were divided into portions for histology, nucleotide
extraction and transplantation or viably frozen. Histology samples were fixed with

10% neutral buffered formalin for 24 hours and then shifted to 70% ethanol until
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processing and embedding. Histology samples were sent to Histoserv, Inc.
(Gaithersburg, MD) for paraffin embedding, sectioning and hematoxylin eosin
staining. Samples for nucleotide extraction were flash frozen in liquid nitrogen and
stored at -80°C. Viably frozen samples were placed in FBS + 10% DMSO and slowly

frozen to -80°C and stored in liquid nitrogen.

Tumor transplantation

Fresh or viably frozen tissue was used for transplantation into GFP-tolerized FVB/N
Glowing head mice(Day, Carter et al. 2014). 0.5-2mm tumor chunks were inserted
into the subcutaneous flank tissue using a trocar. Tumor growth was measured every
3-7 days. When tumors reached >300 mm?, they were resected with wide margins.
Following resection, mice were examined for tumor regrowth at the primary site
weekly until mice reached humane endpoints. Transplant recipients were injected
with doxycycline (80 pg/g body weight) 24 hours before resection or euthanasia to
induce GFP expression (Zaidi, Hornyak et al. 2011). Sample collection and necropsy

were performed as described for primary mice.

Immunohistochemistry

Melanocytic origin was confirmed using immunohistochemistry. Antibodies used
include Pep8h (gift of Vincent Hearing, NIH, Bethesda, MD), GFP (Cell Signaling,
Danvers, MA), Pep1 (gift of Vincent Hearing), Sox10 (CellMarque, Rocklin, CA).
Samples were deparaffinized with xylene, rehydrated through graded alcohols before
heat induced epitope retrieval using target retrieval buffer (Dako/Agilent, Santa Clara,

CA) for 10 minutes in an IHC-specific microwave or steamer and 10 minutes cooling
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on the bench. Primary antibody concentrations and incubation periods are in Table 1.
ImmPRESS anti-rabbit AP secondary polymer (Vector laboratories, Burlingame, CA)
or goat anti-rabbit biotinylated secondary antibody (Dako E0432) and VECTASTAIN
ABC HRP Kit (Vector laboratories, Burlingame, CA) followed by InmPACT
NovaRED substrate (Vector laboratories, Burlingame, CA) or InmPACT Vector Red
alkaline phosphatase substrate (Vector laboratories, Burlingame, CA). Slides were
dehydrated and then cover-slipped using Permount mounting medium (Fisher

Scientific, Waltham, MA).

Table 1. Immunohistochemistry antibody concentrations and incubation
conditions.

Antibody Antibody species Concentration Incubation conditions
GFP Rabbit 1:100 Overnight at 4°C
Pep8h Rabbit 1:5000 Overnight at 4°C
Sox10 Rabbit 1:100 30 min on benchtop
Pepl Rabbit 1:5000 Overnight at 4°C

Melanoma cell line development
Tumor processing and media recipes (Table 2) were adapted from protocols from
Meenhard Herlyn’s laboratory (Wistar Institute, Philadelphia, PA). Tissue chunks
were harvested during tumor resection or following euthanasia and placed in medium
(DMEM + 10% FBS or Mel2% medium) and shipped on ice to Bethesda. Tumor
pieces were received in 2-5 hours in Bethesda. Tumor chunks were washed in
DMEM, 10% FBS, and 50pg/mL Gentamicin (wash medium) four times. Tissues
were then transferred to 150mm tissue culture dishes and minced using two scalpel

blades until tissue pieces were <Imm. 50 mL of Collagenase IV in DMEM
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(STEMCELL Technologies, Vancouver, BC) with 100uM HEPES buffer, 5% FBS,
and 20pg/mL Gentamicin. Tissue pieces were triturated in the digestion solution and
then incubated overnight on a rocker plate at 4°C. The next day, tissue was triturated
and then transferred to a 50 mL conical tube. Tissue pieces were allowed to settle to
the bottom of the conical tube for 5 minutes, and then the supernatant was transferred
to a fresh conical. Tissue chunks were either washed several times in wash medium to
harvest additional cells or run through the GentleMACS tissue dissociator (Miltenyi
Biotec, Auburn, CA) if tissue had not dissociated well. Collected dissociated cells
were spun down (1200 rpm for 7 minutes) and washed with wash medium 3 times.
Cells were then plated with Mel2% medium (Table 2) into 24 well plates coated in
1% gelatin. Plates were monitored for growth or bacterial contamination and medium
was changed 2x weekly. Cells were passaged using 90% Versene (Fisher Scientific,
Waltham, MA) and 10% 2.5% trypsin to dissociate cells. New cell lines were grown
at least two passages on 1% gelatin in Mel2% medium and then were transferred to

Tu2% medium and grown directly on tissue culture dishes (Table 2).

Table 2. Recipes for Mel2% and Tu2% media.

Mel 2% Tu2%
Component Final concentration Final concentration

MCDBI153 78% 78%
Leibovitz’s L-15 20% 20%

FBS 2% 2%

Insulin (rhuman) 5 pg/ml 5 pg/ml
Bovine pituitary extract 15 pg/ml --
Epidermal growth factor 5 ng/ml --

CaCl, 1.68 mM 1.68 mM
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Statistics

Statistics were performed using Prism 7 (GraphPad Software, Inc., La Jolla, CA). A
Kolmogorov-Smirnov test was used to compare the number of nevi in groups with or
without melanoma development. Two-sided Fisher’s exact test was used to assess
probability of progression in mice with different numbers of nevi. Kaplan-Meier
survival curves was used to evaluate differences in survival and transplant growth.
The Logrank test for trend was used to compare curves from rounds of serial

transplantation.

Results

Melanoma formation in GS mice primarily occurred through nevus

progression

Consistent with our hypothesis, melanocytic lesions in the GS model progressed from
nevi to melanoma over time. At two months of age, nevi were readily visible as well-
circumscribed, bright GFP lesions on the dorsum of UV-exposed GS mice (Fig 3A,
right panel and insets). GS mice, with or without UV had a reticular GFP pattern that
was absent in wildtype littermates, and likely represented junctional melanocytes (Fig
3A left and middle panel). A total of 256 GS mice were followed from two months of
age through euthanasia. Nevi were noted in 80% of the mice at the 2 months with a
median of 2 nevi per mouse (range 0-20) (Fig 3B). The size and GFP intensity of
most nevi remained unchanged over the lifetime of the mouse. Nevi were flat macules
and did not form palpable lesions. Most of the nevi were only visible with GFP

lighting or imaging and could not be detected by palpation or in normal lighting.
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Figure 3. Nevi developed in the majority of UV irradiated GS mice. A) Junctional
melanocytes were visible as a reticular green pattern on the backs of GS mice, but
not on wildtype littermates. Well circumscribed, GFP positive macular lesions were
visible on the backs of UV irradiated GS mice by 2 months of age. B) Dorsal nevi
(>1mm) appeared in 75% UV irradiated GS mice with a median number of 2.67 nevi

per mouse.

Melanocyte GFP expression was strong, so percutaneous imaging was
sensitive so monthly percutaneous imaging allowed tracking of individual lesions
over the lifespan of the mice. Increased lesion size and/or increased GFP intensity
within areas of the lesion were interpreted as clinical evidence of resumption of
growth and tumorigenesis (Fig 4A). Melanomas developed in approximately 10%
(27/256) of the mice enrolled in the study (Fig 4B). The first evidence of tumor
growth was noted at a median of 251 days of age (range 93-614 days). Average
survival of all GS mice was 267 days. Melanoma-bearing mice had significantly
longer survival than melanoma-free mice (397 vs 189, respectively, p < 0.0001) (Fig
4C). Due to effects of the HGF transgene in FVB mice, there was substantial
mortality of HGF mice before 6 months of age (Takayama, La Rochelle et al. 1996),

and 112/256 (44%) mice died before 6 months. Even after censoring of mice that died

32



Monthly Imaging

c T T T 1
0 200 400 600 800

Days
1 Tumor free Il Melanoma-bearing
F ** b = 0.0044 G 5 =0.0012

1004 —
201 I

# of nevi
% of mice
g

0 T T

T T
Melanoma Melanoma- 0-3 24
free bearing # of nevi per mouse

Figure 4. GS nevi progressed to melanoma. A) Monthly percutaneous GFP
imaging showing growth of an RGP melanoma from a nevus (white arrow) over 4
months. Increases in both size and intensity of GFP (cell density) were detected.
Irregular margins and variations in GFP intensity were consistent with clinical
features of melanoma. B) Only 10% of GS mice developed melanomas over their
lifespan. C) For mice that survived to 6 months of age, melanoma-bearing mice
survived longer than tumor-free mice. GS RGP (D) and VGP (E) melanomas were
visible as pink areas on the skin. F) Melanoma-bearing mice had a median of 7 nevi
compared with 2 nevi in melanoma-free mice. G) A significantly higher proportion
of mice with 4 or more nevi developed melanomas.

before 6 months, melanoma-bearing mice had significantly longer survival than
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tumor-free mice (397 vs 339 days, respectively, p = 0.04). One third of melanomas
started to grow within the first six months, but only 2% (2/112) of mice that died
before 6 months of age had melanomas. In comparison, 17% (24/143) of mice that
survived to 6 months developed melanomas.

Clinically, melanomas were generally flat, although 6 lesions developed
raised areas either within a larger flat area or as a discrete nodular lesion. However,
melanomas were often visible as discolored pink areas on the skin (Fig 4D), similar to
what was previously described in FVB melanomas (Recio, Noonan et al. 2002).
Ulceration occurred in both macular and nodular melanomas (Fig 4E). Gross
metastatic lesions were found in the lung of 3 tumor-bearing primary mice.

Similar to findings in human patients with NAMs, GS mice who developed
melanoma had a significantly higher median number of nevi at 2 months compared
with mice whose lesions did not progress to melanoma (7 vs 2, p = 0.0044) (Fig 4F).
Additionally, mice with 4 or more nevi had a significantly higher rate of melanoma

development than mice with 3 or fewer (21% vs 5%, p = 0.0012) (Fig 4G).

Melanocytic lesions are histologically variable

HGF models have historically had histologically variable lesions, similar to the
variety of human melanomas. We anticipated that the GS model would be similar and
indeed there was substantial variability in the GS melanocytic lesions. The
melanocytic nevi and RGP lesions were small and thin, which sometimes caused
difficulty in acquiring diagnostic histology samples. Eighty-eight histology sections
of melanocytic lesions were examined. Melanocytic origin was confirmed by

expression in at least part of the lesion of at least one melanocytic marker. Nineteen
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samples were non-diagnostic. Forty-eight samples nevi were histologically and
clinically consistent with nevi and represented a variety of nevus types. Normal
mouse skin contains 1-3 layers of epidermal keratinocytes with a thin overlaying
layer of keratin, and a dermis with rare spindloid cells (Fig 5A). Unlike in human
skin, in HGF mice, junctional melanocytes were either above the basement membrane

in the epidermis or just below the basement membrane in the superficial dermis. The

~
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Figure 5. Histologic appearance of GS nevi. A) Normal FVB mouse skin has
1-2 layers of epidermis with low numbers of cells within the dermis. B and C)
Junctional nevus with increased melanocytes along hair follicles (arrows). D
and E) Increased numbers of melanocytes in the superficial dermis in some nevi
were the most common form of melanocytic lesion. F) Compound nevi with
both junctional dermal components. Melanocytes in C and E are immunolabeled
with anti-DCT and visualized with Nova Red.
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majority of the nevi (29/48) consisted of individual cells rather than nevus cell nests,
consistent with lentigo simplex-type lesions (Fig SA). Junctional-type nevi were the
next most common nevus type (10/48) and had nests of nevus cells along the
basement membrane and, in some cases, along the hair follicles (Fig 5B). Three
compound nevi consisted of substantial populations of both junctional and dermal
nevus cells (Fig 5C). Two nevi were dermal with nests of nevus cells primarily in the
deep dermis (Fig 5D). Atypical nevi (4/48) were compound or dermal nevi with
cellular atypia including anisocytosis, anisokaryosis, and prominent nucleoli with
minimal mitotic figures (Fig 5E).

Melanomas were also histologically diverse and similar to other HGF models
and human lesions. Most of the tumors had histologic evidence of extension laterally
along the basement membrane in the epidermis or superficial dermis, consistent with
a superficial spreading-type melanoma. Since mouse skin lacks rete ridges, tumors
were considered to extend laterally if melanoma cells were found more than 3 hair
follicles from the main tumor. Twenty-one lesions were histologically diagnosed as
melanomas. Nine tumors were histologically diagnosed as RGP tumors. The majority
of the tumor cells in the RGP tumors were found along the junction and hair follicles
with only individual cells or small nests in the superficial dermis (Fig 6A). An
additional 2 tumors appeared clinically and histologically consistent with either RGPs
or atypical nevi. Both lesions were approximately 2 mm in diameter, one had grown
rapidly over the previous month and was on the lateral flank and was therefore not
visible in the imaging. Histology of both showed junctional nests and small numbers

of dermal melanocytes with mildly increased atypia. Interestingly, this mouse had a
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Figure 6. Histologic appearance of GS melanomas. A) Melanoma cells are
focused along the junctional area, within the epithelium, and hair follicles in RGP
mice. Melanoma cells in the dermis are in small nests or individual cells. B), in
VGP lesions, melanoma cells are present both along the junction and in large
numbers in the dermis. Epithelial hyperplasia and hyperkeratosis is common. C)
Atypical giant cells (arrow) are seen in some VGP melanomas. D) Mitotic figures
(arrows) are more frequent in VGP melanomas. E) Vascular tropism and pseudo-
vessel (star) formation is seen in some VGP melanomas. Melanocytes are
immunolabeled with anti-DCT antibody and developed using the Nova Red.

lung metastasis, suggesting at least one of the histologic samples wasn’t
representative. These tumors were grouped with the RGP tumors for analysis. Eleven
tumors were histologically diagnosed as VGP tumors and all had a substantial dermal
component, either in conjunction with junctional components (Fig 6B) or as an
exclusively dermal melanoma. One was determined to be a metastasis following
sequencing (see Chapter 4). Intraepidermal nests of melanoma cells were seen in 9 of
the 11 tumors. The other two were dermal and extended in one case up to the

junction. Epithelial hyperplasia and hyperkeratosis were seen in 6 of the VGP tumors
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and epidermal ulceration was seen in 3 (Fig 6B). Cellular morphology ranged from
epithelial cells to round or spindle cells and multiple morphologies were often seen in
individual tumors. Giant atypical cells were seen in 2 tumors (Fig 6C). Increased
mitotic figures, sometimes bizarre mitotic figures were also seen (Fig 6D). Vascular
tropism and pseudovessel formation was a frequent characteristic of GS melanomas

(Fig 6E).

RGP and VGP tumors behave differently following transplantation

To further investigate the capacity of GS lesions to progress, lesions that were
clinically suggestive of melanoma were transplanted into GFP-tolerized syngeneic
mice. Transplantation not only gives lesions more time to grow and progress but can
also validate that tumors can grow outside of their original site. Since establishment
of tumor areas in the dermis is differentiation between RGP and VGP tumors, we
hypothesized that VGP tumors would grow more quickly and more reliably following
syngeneic transplantation. Twenty-six lesions were transplanted, 17 were RGP
lesions, 4 were VGP lesions, 2 were diagnosed histologically as nevi, and 3 were
metastatic lung lesions. There were substantial differences in growth following
transplantation of the RGP and VGP tumors (Fig 7A). All 4 of the transplanted VGP
tumors reached exponential growth phase, while only 6/17 RGP lesions reached the
exponential growth phase, and no nevi reached exponential growth phase. One RGP
lesion rapidly reached an exponential growth phase and then regressed fully. Only
one of the transplanted lung lesions reached an exponential growth phase. No

transplanted nevus lesions grew.
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Figure 7: Radial and vertical growth phase tumors behave differently following
transplantation. A) VGP tumors are more likely to reach exponential growth (3/3)
following transplantation than RGP (6/17) or nevi (0/2). The majority of nevi and
RGP lesions regress following an initial growth phase. B) Tumors transplanted after
reaching VGP (red) reach resection size (300mm? at an mean of 16.5 weeks, while
only a few RGP tumors reached resection size. C) Diaphragm metastases following
two rounds of transplantation showing retained GFP expression. D and E) Serial
transplantation lead to tumors reaching the resection size (>300 mm?) faster.

Additionally, VGP nodular tumors reached exponential growth phase more
rapidly following transplantation than did RGP tumors (Fig 7B). Transplant
regression was common in transplanted RGP and nevus lesions. GFP was usually
maintained following transplantation and in metastatic lesions, although partial or
complete loss occurred in some lesions (Fig 7C). Loss of GFP occurred more
frequently in recipients maintained on constant dox treatment.

To build a transplantable tumor bank for future preclinical research,

transplanted tumors that reached exponential growth were resected after the tumor
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size exceeded 300-500 mm? and portions of the tumor were viably frozen and re-
transplanted. Subsequent transplantation cycles grew more rapidly than the first cycle.
Two non-metastatic tumor lines became metastatic following serial transplantation.
Two cell lines, F4679HI and F5377HI, were developed from tissue from these

serially transplanted lines.

Conclusions

The GS model was designed with the hypothesis that by building a model where it is
difficult to develop tumors, important tumor pathways and genes involved in tumor
development will be uncovered. Although the rate of nevus progression in the GS
model is approximately 15-50x higher than in human populations but is still
uncommon. Additionally, approximately half of tumors were still in radial growth
phase when mice were euthanized. In both human patients and GS mice, higher
numbers of nevi is associated with a higher risk for melanoma formation. (Pampena,
Pellacani et al. 2018). Human and GS nevus-associated melanomas arise most
frequently on the trunk (Bevona, Goggins et al. 2003, Pampena, Pellacani et al. 2018)
and are most commonly diagnosed as superficial spreading melanomas (Pampena,
Pellacani et al. 2018). Without the GFP expression in lesions, many of the macular
nevi would not have been identified. GFP expression also enabled detection not only
increased size but also increases in GFP intensity (i.e. melanocyte density) in flat
lesions.

A pitfall of the study was the number of non-diagnostic histologic sample.
Nevi and early melanomas were often hard to capture histologically due to their small

size and subdivision of lesions to provide histologic, genomic, and transplantation
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sections. Due to the thinness of mouse skin and the size of the biopsies it was difficult
to embed the samples precisely and obtain sections through the best part of the
sample, especially when multiple biopsies were embedded in the same block.
Formalin fixation was selected for optimal tissue preservation but, following fixation
and alcohol dehydration, the GFP is no longer visible to provide visible landmarks.
As a result, histology samples were not always diagnostic, or did not match the
clinical presentation. This unfortunately led to an inability to histologically classify
some of the samples or a potential to misclassify early melanomas as nevi. For the
purposes of this study, histologic and clinical (GFP intensity, growth, shape, and
ulceration) information were used together to classify lesions where histology was
inconclusive or histology and clinical findings were incongruous.

Transplantation results confirmed that there are real biological differences
between lesions identified as RGP lesions and VGP lesions. Since GS mice develop
tumors late in life, it is not always possible to follow lesions long enough to
determine if macular lesions would have progressed to nodular lesions.
Transplantation, therefore provided a way to extend tumor life and test whether all
lesions were capable of progression. Although both RGP and VGP tumors were able
to establish initially as subcutaneous lesions, VGP lesions were able to establish
tumors with continued growth relatively rapidly, while RGP lesions in many cases
completely regressed or maintained a small lesion size without measurable growth for
long periods. Causes of regression are unknown and could be caused by immune-
mediated attack an inability to sustain growth. However, progression of RGP primary

tumors to exponential growth and from VGP to metastatic lesions occurred following
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transplantation. Growth and survival after subcutaneous transplantation required
adaptation to a new microenvironment in some ways similar to a subcutaneous
metastatic site. The latency of months to years was consistent with our overall
hypothesis that additional alterations were needed for progression to the next lesion
type.

The GS model provides a model for evaluating genomic alterations associated
with initiation and progression from nevi to melanomas. The strength of the GS

model resides primarily in the modeling of early nevus and malignant transformation.
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Chapter 3: Melanocytic lesion development in a C57BL/6

model of cutaneous melanoma

Summary

Metastatic melanoma has a poor clinical outcome Patients with distant metastatic
disease at the time of diagnosis have only 20% 5-year survival rate compared with
>98% 5-year survival for patients with localized disease. In HGF mouse models, the
presence of melanin pigment in cells can affect increase the amount of DNA damage.
CDKN2A alterations often arise during melanoma progression to more aggressive
forms. The BT model was designed with inducible melanocyte-specific Cdkn2a
deletion, allowing us to model Cdkn2a loss following initial UV exposure. BT mice
had a high frequency of melanocytic lesion development and nevi and VGP lesions.
Additionally, 60% of BT mice had metastatic lesions, which is substantially higher
than what has been noted in other HGF mouse models. The metastatic susceptibility
in the BT mice could not be explained by genomic alterations in the tumor, so we
performed whole genome sequencing on normal germline tissue from BT mice and a
related strain without the high metastatic phenotype. Three BT variants were
identified that affected gene expression in BT tumors and were significantly
associated with survival in human melanoma. Through this project we were able to
produce nevi, VGP and metastatic lesions for sequencing and to identify potential

germline metastasis susceptibility genes in melanoma.
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Introduction

Pigmentation can affect UV-induced DNA damage and melanoma development. Skin
pigmentation in people strongly affects skin cancer risk. Pale skin and inability to tan
are strong risk factors for both melanoma and non-melanoma skin cancer (Gandini,
Sera et al. 2005) (cite). Melanin pigment, however, may also contribute to DNA
damage. In human melanocytes, energy absorbed by melanin during UV exposure
may be released later leading to additional cyclobutane pyrimidine dimer (CPD)
dimer formation and accumulation of DNA damage in the hours following UV
exposure (Premi, Wallisch et al. 2015). Additionally, studies in pigmented and albino
HGF mice indicates that the presence of melanin pigment enhances UV A-associated
oxidative damage and associated mutations without protecting against UVB-
associated CPD dimers. This relationship between UV A-induced damage and
melanin is supported by epidemiologic data and by in vitro studies with human
melanocytes (Wenczl, Van der Schans et al. 1998, Hill and Hill 2000, Rouzaud,
Kadekaro et al. 2005, Coelho and Hearing 2010).

CDKNZ2A alterations occur in the majority of human cutaneous melanomas.
In human NAMs, CDKN2A alterations may be congenital (similar to the GS model)
or acquired as part of progression (Shain, Yeh et al. 2015, Shain, Joseph et al. 2018).
CDKNZ2A alterations, particularly pl9/ARF, is associated with enhanced
tumorigenicity in HGF mice (Recio, Noonan et al. 2002, Ha, Ichikawa et al. 2007).
The BT model utilizes a tyrosinase driven Cre (Bosenberg, Muthusamy et al. 2006)
for inducible melanocyte-specific loss of CDKN2A after UV exposure. This is the

first HGF-mediated model with inducible CDKN2A alteration. In this study our aims
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were to evaluate if adult CDKN2A alteration enhanced malignant transformation in
melanocytic lesions. We did not anticipate alterations in the histologic appearance of

the tumors.

Methods

Mouse model

Mice in the C57BL/6 (BT) model are HGF™®"; Tyr-CreERTA2T¢*; CDKN2AF!*,
Tyr-CreERTA2 mice were obtained from Marcus Bosenberg (Yale University)
(Bosenberg, Muthusamy et al. 2006). HB mice are HGF™¢*; Tyr-CreERTA2¢*;
CDKN2AF"*; BRAF“A", BRAF®A mice were provided Martin McMahon (University
of Utah) (Wang, Kobayashi et al. 2012). HB and BT mice were both F1 hybrids
generated by breeding male HGF™" mice with female Tyr-CreERTAT¢Te;
CDKN2A"1 mice (BT) or Tyr-CreERTAT¢Te; CDKN2AM1; BRAFCACA mice (HB).
HGF positive C57BL/6 mice have skin pigmentation and can be visually
differentiated from wildtype littermates by their dark ears, paws and tails. Mice were
treated with a single dose of UV at 3 days post-natal, as described in Chapter 2. Cre
recombination is induced through topical application. 0.1 ml of a 25 mg/ml 4-
hydroxy-tamoxifen in DMSO is applied to shaved dorsal skin for 3-5 consecutive
days around one month of age (Vasioukhin, Degenstein et al. 1999). Both female and
male mice were used in this study. Mice were monitored once weekly for lesion
development and tumors were measured weekly starting after tamoxifen
administration. Samples were collected at the time of euthanasia or as survival
resections surgeries as described above in Chapter 2. All animal work was approved

by the Animal Use Committees in NCI-Frederick and NCI-Bethesda.
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Transplantation

Tumor fragments were transplanted into C57BL/6 mice using the protocol described
in Chapter 2. Transplanted tumor growth was measured twice weekly. Tumors were

resected at >300 mm? and mice were then monitored for tumor regrowth or humane

endpoints before euthanasia. Tumor samples at resection and euthanasia were

collected for histology, genomics, re-transplantation or viably frozen.

Histology and immunohistochemistry

Tissue processing was the same as described in Chapter 2. Heavily pigmented tumors
were not tested with IHC. IHC was performed on poorly pigmented tumors to

confirm melanocytic origin.

BT melanoma cell line development

Melanoma cell line development was performed as described in Chapter 2.

Whole genome sequencing

DNA was obtained from flash frozen spleen tissue from melanoma-bearing HB and
BT mice. Spleen tissue was digested, and DNA was isolated according to the protocol
for the Invitrogen PureLink Genomic DNA Kit. Library preparation and sequencing
were performed by the CCR-Sequencing Facility at NCI-Frederick. Library
preparation was done with the TruSeq DNA Sample Prep Kit (FC-121-1001,
[llumina, San Diego, CA). 14 samples were pooled and sequenced on the HiSeq
4000. Samples were aligned to mm10. BT and HB splenic. Bioinformatics was
performed by Maxwell Lee and Huaitian Liu (NCI). DNA sequences were compared

to strain specific genomes from the Mouse Genomes Project (Keane, Goodstadt et al.
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2011). The Sorting Intolerant from Tolerant (SIFT) algorithm was used to predict

deleterious variants.

RNA sequencing

Samples from 29 BT melanocytic lesions and 8 HB melanomas were used for RNA
sequencing. Flash frozen samples were pulverized using a mortar and pestle with
liquid nitrogen or using the cryoPREP Manual Dry Pulverizer (Covaris, Woburn,
MA). Samples were mixed with tissue lysis reagent (Qiagen, Germantown, MD) and
run through the Qiashredder (Qiagen, Germantown, MD) before following the
manufacturer’s instructions for the RNAeasy kit (Qiagen, Germantown, MD). Total
RNA sequence library preparation and sequencing was done by the CCR Sequencing
facility (Frederick, MD) using [llumina TruSeq kit (Illumina, San Diego, CA), and
sequenced on Illumina HiSeq 4000. Library preparation was performed following
New England Biolab’s Total RNA Kit. RNA sequencing was aligned to mm10

genome build. Bioinformatics was performed by Maxwell Lee and Huaitian Liu.

Statistics

Most statistics were performed using Prism 7 (GraphPad Software, La Jolla, CA). A
two-sided Fisher’s exact test was used to evaluate the distribution frequency and
Odds ratio of metastasis in mice with different tumor size. Kaplan-Meier survival
curves were used for evaluating survival and lesion-free survival. The Logrank test
for trend was used to compare curves for serial rounds for transplantation. Column
statistics were used to determine mean and median distribution. UCSC Xena

Genome browser (https://xena.ucsc.edu) was used to analyze the relationship between
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gene expression level and survival in the human databases and generate Kaplan-
Meier curves from this data. The TCGA Cutaneous Melanoma (SKCM) and TCG

Uveal Melanoma (UM) were selected for analysis.

Results

Melanocytic lesion develop was similar to previous HGF models

BT melanocytic lesion development was similar to historic HGF lesion development.
A total of 43 BT mice were followed from birth through euthanasia. Median survival
for BT mice was 254 (range 83-562) days (Fig 8A). The dark skin pigmentation
precluded the identification of macular lesions in BT mice, so only raised nodules
could be detected. Ninety percent (39/43) of BT mice developed measurable raised
lesions. The first measurable lesion was identified at a median of 133 (range 65-244)
days after birth and mice developed a median of 2 lesions (Fig 8B and 8C). Ten mice
had numerous small raised lesions that made it difficult to distinguish or measure
individual lesions and likely led to an artificial reduction in the number of measurable
lesions in those mice. Of 90 measurable lesions, 10 (11%) regressed completely.
Regression occurred only in small lesion. Lesion size varied widely with both small
and large tumors. The median lesion size was 27.56 mm? (mean = 147.1 mm?, range
0.5-1800 mm?) (Fig 8D). Clinical ulceration of tumors was seen in 6 tumors. The
frequency and speed of melanoma development was within the range of previous

HGF mice.

48



A 1007 B o 1007
Q
s £
g e
3
» 501 ’; 504
© 2
o 8
X
c Ll Ll 1 c Ll Ll 1
0 200 400 600 0 200 400 600
Days Time
C D 10000
-
g1s g .
— -_— .
£ © 1000 .
10 < .
5 £ o
* 5 E ':o
o 100 0es®® %%
0 g ° 9%
01234567 2 - -
> b YA

# of lesions

-
o

Fig 8. BT mice frequently developed melanocytic lesions. A) Median survival of
BT mice was 254 days and B) median age at development of the first measurable
lesion was 133 days. C) Measurable raised lesions were present in 90% of BT mice
with a median of 2 lesions per mouse. D) Melanocytic lesions varied in size with a
median volume of 27.56 mm”3 (range 0.5-1800mm”3). Lesion size was log
transformed to see patterns. Median and 95% confidence interval lines shown.

Melanomas in BT were highly metastatic

Surprisingly, metastasis differed significantly from past HGF models. Since
metastatic frequency has been relatively stable or declining over time in C57BL/6 and
FVB HGF mouse models (unpublished data), we had anticipated that the metastatic
rate would be similar in the BT model. However, unlike historic C57BL/6 HGF
models that had a 10-20% metastatic rate (Otsuka, Takayama et al. 1998) or GS mice
with a 10% metastatic rate, 56% (22/39) lesion-bearing mice had metastatic lesions
(Fig 9A). Metastatic tumors were grossly visible in 21 mice, and microscopically

visible in 1 mouse (Fig 9B). Metastasis bearing lymph nodes were often markedly
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Figure 9. Metastatic disease was widespread in BT mice. A) Metastatic lesions
were seen in the majority of tumor-bearing BT mice. This is 3-5x higher than the
metastasis frequency that has historically been seen in HGF mice or in the GS

model. B) An example of a primary BT mouse at necropsy with grossly visible,
pigmented metastatic lesions in the lungs (Lu), mediastinal and mesenteric lymph
nodes (LN), liver (Li) and Kidney (Ki). C) Lymph nodes and lung lesions were the
most common site for metastatic disease. Liver and kidney lesions were present
with lower frequency. D) Similar to human melanoma, the frequency of metastatic
disease was higher in mice with larger tumors (>40mm?) than mice with only small
lesions (p <0.049).

enlarged and pigmented (Fig 9B). Distant organ metastases were usually pigmented.
Metastases were most commonly seen in lymph nodes and lung. Other metastatic
sites including liver and kidney were seen less commonly (Fig 9B and 9C).
Cutaneous and subcutaneous metastases were also identified by sequencing in 3 mice
(see Chapter 4). For mice with cutaneous/subcutaneous metastases, the tumor that
reached measurable size first in that pair was considered the primary tumor.

Pigmentation in cutaneous/subcutaneous metastases was variable.
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Since larger tumor size is linked to worse survival in melanoma (Breslow
1970, Clark, Elder et al. 1989, Balch 2009), we then looked at whether lesion size
was a risk factor for metastasis in BT mice. The risk of metastasis was higher in mice
with larger tumors. Mice with a tumor greater than 40mm?® had a significantly higher
frequency of metastatic lesions (p = 0.049, Odds ratio = 4.667). Mice with at least one
tumor larger than 40 mm? were significantly more likely to have metastatic lesions
than mice without tumors that large (p = 0.049) (Fig 9D). Metastatic lesions were
present in 67% of mice with at least one lesion larger than 40 mm?, compared with
only 30% of mice with lesions smaller than 40 mm?. However, metastatic lesions

were associated with tumors as small as 12.5 mm?.

Melanocytic BT lesions showed a range of histologic appearances

The nevi and melanomas that developed in the BT model were similar to those
previously reported for HGF mice. The four nevi and 13 melanomas represented a
variety of histologic appearances. One month after neonatal UV irradiation, BT mice
had numerous well-differentiated small, pigmented, dendritic melanocytes along the
dermal-epidermal junction and along the superficial hair follicle but not discrete
raised areas (Fig 10A). Melanin-laden macrophages were rare in these early skin
samples. Following Cdkn2a heterozygous deletion at one month, raised melanocytic
lesions started to form. Nevi occurred primarily in the superficial dermis. Most nevi
were symmetrical with heavily pigmented melanocytes in the superficial dermis.
Unlike the GS melanomas, junctional and hair follicle melanocytes were uncommon.
Superficial dermal lesions consisted heavily pigmented dendritic to spindle

melanocytes and numerous melanin-laden macrophages (melanophages) (Fig 10B-D).
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Dermal sclerosis with increased extracellular matrix was commonly seen. These

lesions were similar to the “melanocytosis” lesions described in Florell et al (2007).

Figure 10. Histologic appearance of BT nevi. A) HGF skin and 1 month of age
following neonatal UV but with no Cdkn2a alterations showing hyperplasia of
melanocytes (arrows) long the junction and hair follicles. B) Nevus showing
individual spindloid to dendritic melanocytes (arrows) and melanophages (arrow
heads) in the dermis. C) Groups of spindle melanocytes (arrows) and melanophages
(arrow heads) in the superficial dermis and along the junction. D) Larger nevus with
pigmented melanocytes and numerous melanophages extending form the junction
down to the deep dermis. Deeper areas consist primarily of melanophages. Size bar

represents 200um.

Larger nevus lesions were densely cellular with numerous melanophages and
pigmented melanocytes. Mitotic figures and cellular atypia were rare or absent (Fig
10D). These lesions shared features with human epidermal blue nevi and HGF mouse
tumors on a C57BL/6 x C3H background (Florell, Thomas et al. 2007).

Melanomas were also histologically variable and both junctional and dermal

melanomas were identified. Unlike nevi, melanomas had asymmetrical margins,
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deeper invasion, and evidence of cellular atypia. Junctional melanomas often had

intraepithelial melanoma nests and spread laterally from the densest portion of the

lesion along the junction or through the superficial dermis (Fig 11A). Melanocytes

Figure 11. Histologic appearance of BT melanomas. A) Junctional melanomas had
involvement of the dermal-epidermal junction with invasion into the dermis and
subcutaneous tissue. Extension of melanoma cells laterally along the junction or in
the superficial dermis was common (arrow heads). B). Several dermal lesions without
Jjunction or superficial dermal involvement were seen. One poorly pigmented dermal
melanoma (C) was contiguous with a pigmented blue nevus-like remnant (D). E,F)
Intraepithelial melanoma nests (E arrows) and junctional melanoma nests (F stars)
were seen commonly in junctional melanomas. Ulceration (E white star) was seen
primarily in junctional lesions, but some dermal tumors also had areas of ulceration..
Tumors often contained melanotic and poorly melanotic to amelanotic areas
(C,F,G,H,LJ). Morphology of tumor varied from epitheloid (F) to spindloid, round
cell and mixed morphologies (G, H). Gross and microscopic metastatic lesions were
seen in a variety of locations including skin (I), liver (J) and lung (K). Size bars
300um (A), Imm (B), 2mm (C), 500pum (D), 200um (F-K).

within these laterally spreading areas were more differentiated and less cohesive than

cells within the densest portion of the tumor. Junctional regions of tumors were often
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highly pigmented, and some tumors contained high numbers of melanophages,
similar to the nevi, particularly in more superficial areas of the tumor. Junctional
melanomas often contained intra-epidermal or junctional melanoma nests (Fig 11 E,
F). Four nodular melanomas arose from the dermis without a junctional tumor
component (Fig 11B). In one tumor, a poorly pigmented dermal melanoma was
connected with a junctional nevus remnant, although they were separated at the time
of collection (Fig 11C, D). Epidermal ulceration was common (Fig 11E), particularly
in junctional melanocytes, although dermal melanomas sometimes extended
sufficiently into the dermis to cause ulceration. Morphology included epithelial,
spindle and round cell morphologies, and many tumors included multiple
morphologies (Fig 11G and H). Increased mitotic figures, atypical mitotic figures and
increased cellular atypia cells also noted. Anisocytosis, anisokaryosis, and occasional
giant atypical cells were observed. These were similar to the cells seen in the GS
model. Many tumors had pigmented and nonpigmented areas. Similar to the GS
model, vascular invasion and pseudo-vessel formation were commonly seen in deeper
areas of the tumor. Metastatic lesions were morphologically similar to their matched
primary tumors and were generally pigmented or partially pigmented (Fig 111-K).
Distant organ metastases were often associated with vessels and intravascular

melanoma cells were commonly seen (Fig 11J and K).

Tumor transplantation and tumor cell line development

Since BT tumors were primarily VGP lesions, tumors were expected to grow well
following transplantation. However, it was unclear whether the metastatic propensity

would be maintained following transplantation. Tumors from 5 mice were serially
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transplanted into wildtype C57BL/6 mice. No tumors regressed after establishing
tumors in transplant recipients and all reached resection size. Unlike in the GS model,
the speed of tumor growth to resection size did not significantly change over rounds
of serial transplantation (Fig 12B, C). Transplant recipients also had widely
metastatic disease at the time of euthanasia (Fig 12A). Distribution and frequency of
metastatic lesions in the transplant recipients were similar to the primary mouse.
When metastatic lesions were transplanted, they did not show organ tropism.
Transplantation of metastatic lesions from lymph node, liver, or lung resulted in
widespread metastatic lesions in recipient mice. Transplanted lesion tissue was
collected for histology, flash frozen, and viably frozen for further transplantation.
Viably frozen tissue was stored in a transplantable tumor bank representing 11 BT
mouse tumor groups for future in vivo studies. Tissue samples from 4 tumor groups
were collected after 1-2 rounds of transplantation to create metastatic mouse
melanoma cell lines for in vitro and in vivo mechanistic studies. One tumor line did
not establish a self-perpetuating cell line after several attempts, but three new cell
lines B7746HC, B8798HC, and B1508HC were successfully established.
Maintenance of the metastatic propensity over multiple rounds of transplantation
suggested that this was a tumor-intrinsic feature rather than due to tumor

microenvironment.
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Figure 12. BT tumors following transplantation were similar to primary
tumors. A) Metastatic lesions did not show organ tropism following
transplantation. A transplanted lung metastasis gave rise to these metastatic
lesions in lymph nodes (LN), lung (Lu), and liver (Li). Growth of tumor from
transplantation to resection when size exceeded 300 mm”3 did not significantly
with serial transplantation. B) There was no significant trend to growth
acceleration after 4 rounds of transplantation in one tumor group (p = 0.62) or (C)
after 3 rounds of transplantation in another tumor group (p = 0.23).

Germline variants may be responsible for the metastatic propensity

The unexpectedly high tumor-intrinsic metastatic susceptibility in the BT model
could have been caused by somatic mutations or by underlying germline variations
unique to this HGF model. Although the metastatic phenotype was dramatic, somatic

mutations in the BT model were similar to mutations in the GS, historic HGF, and

56



HB models (see Chapter 4). Therefore, the phenotype could not be explained by
unique or consistent somatic gene or pathway alterations that distinguished the BT
tumors. Therefore, we hypothesized that a germline variant within the BT mice was
responsible for the dramatically increased metastasis. Germline polymorphisms are
increasingly recognized as a contributing factor to metastatic susceptibility in cancer
(Lifsted, Le Voyer et al. 1998, Crawford, Ziogas et al. 2006, Hsieh, Look et al. 2009,
Markowitz, Nock et al. 2016). Although several studies have addressed variants
involved in melanoma susceptibility, to our knowledge no studies to date have
addressed germline variants involved in melanoma metastasis susceptibility. BT mice
are related to another model, HB, also being used at that time in the lab. Mice in both
models are F1 hybrids generated through breeding HGF males with either Tyr-
CreERT2; CDKN2AFF! females (BT) or Tyr-CreERT2; CDKN2AFVF;
BRAFV600EC¥“? females (HB). Melanoma-bearing HB mice do not exhibit a high
frequency of metastasis. Since both models were produced at the same time and used
the same HGF mouse colony, HB mice were chosen as a low metastatic control for
identifying metastasis-associated germline variants in the BT mice.

Since germline susceptibility loci may be located outside of coding regions, we
performed whole genome sequencing on normal spleen DNA from 7 melanoma-
bearing mice from each of the BT and HB models. C57BL/6 variants from mm10 and
the Mouse Genomes project were removed. Additionally, variants present in only
some individuals within a group or in both groups were filtered out of the dataset. A
total of 30,239 germline variants were found between the BT and HB models. Many

variations were in large blocks of variant DNA, suggesting recombination (Fig 13A).
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The HB model had variant regions that were more similar to the FVB genome than to
the C57BL/6 genome and this caused the BT and HB models to map to different areas
of the mouse strain phylogenetic tree (Fig 13B). The BRAF“* mouse was originally
created on a mixed strain background with contribution of C57BL/6, 129/Sv, and
FVB and the results suggest some stretches of the FVB genome has been maintained
despite backcrossing onto C57BL/6(Wang, Kobayashi et al. 2012). After removing
HB variants, there were 3,042 variants unique to the BT model and not present in the
C57BL/6 genome. The majority of variants were intergenic, and concentrated into
dense areas of variation within a chromosome. Since the metastatic capacity of HGF-
derived melanomas in most mouse strains was unknown, we decided not to remove
germline variants from other strains from the Mouse Genome Project so that we did
not erroneously remove variants that could contribute to metastasis formation.

To narrow the list of variants for future functional testing, we decided to focus
on variants that could affect gene expression or function. Therefore, intergenic
variants and synonymous coding variants were removed leaving only genes with
variants in exome or UTR regions. Two genes did not have a human homolog,
Vmnlr65 and AU018091, and they were removed from further analysis. This filtering
limited the variant list to 8 nSNVs, 2 5° UTR variants, and 24 3’ UTR variants
affecting 21 genes (Appendix 1). NSNVs in Mboat7 and PppIri2c were predicted to
be detrimental alterations by SIFT, while the others were predicted to be tolerated.
All 22 genes were retained on the list for further analysis. The genes identified in the

germline variant screen are often poorly characterized, however multiple genes have
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Figure 13. Numerous germline variants segregated the BT and HB models. A)
Breeding scheme showing relationship between the BT and HB models. Mice in
both models are F1 hybrids of male HGF mice and female mice from separate
colonies. B) Examples of variants in the BT (blue) and HB (red) models over an
area of chromosome 1. Regions with numerous variants were often seen in the HB
sequences, while BT variants were less frequent and less likely to be in
concentrated areas. C) Variants that were not present in the reference C57BL/6
genome were compared to sequencing from different mouse strains. BT and HB
variants mapped to different areas of the genome since some of the blocks of HB
variants were most similar to the FVB/NJ consistent with the mixed strain
background of the original Braf CA mouse. Variants present in BT mice were still
most similar to C57BL/6 and closely related strains.

associations with cancer or cancer-related genes (Table 3). No connection between
these genes and melanoma has been previously published.

To probe for potential functional alterations due to these germline variants,
RNA expression was compared for these 22 genes in BT melanomas and HB
melanomas. Nineteen of the genes had statistically significant differences in
expression between BT and HB melanomas, and 13 had a > 2 log2 fold change
between BT and HB tumors (Table 4). Allele specific RNA expression of the murine
tumors did not reveal overrepresentation of the variant allele in the RNA sequencing
for any of the BT nSNVs, suggesting that both alleles were expressed equally.

The TCGA Cutaneous Melanoma (SKCM) and TCG Uveal Melanoma (UM)
databases were probed for significant relationships between gene expression and
survival for the human primary tumors. Samples in the human melanoma sequencing
databases were not collected to provide optimal survival information and primary
tumor samples do not necessarily represent the tumor at the time of initial diagnosis.

As a result, survival correlations from these studies must be interpreted with caveats.
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Table 3. Function and links to cancer in germline variant genes.

Gene Proposed role Refs
Fizl Interacts with FLT3 (Wolf and Rohrschneider
o 1999, Mitton, Swain et al.
May be a transcriptional suppressor 2003)
Isoc2 Overexpression inhibits p16/INK4A (Huang, Shi et al. 2007)
Mboat7 Germline variant associated with HCC (Donati, Dongiovanni et al.
2017)
Myadm Regulates membrane functions and (Aranda, Reglero-Real et al.
. . . . 2011, Aranda, Reglero-Real
endothelial barrier integrity etal. 2013)
Ppp2r5a Regulates P53, B-Catenin and others (Mao, Liu et al. 2018)
Nerl NK cell receptor influences tumor killing ~ (Glasner, Ghadially et al.
2012, Fend, Rusakiewicz et
al. 2017)
Pppérl Negative regulator of NFkB (Ziembik, Bender ct al.
2017)
Ptprh Negative prognostic indicator in lung (Sato, Socjima et al. 2015)
cancer
Thllxrl Linked to poor outcomes in a variety of (kv Heetal. 2016, Liv, Xu
etal. 2017, Ma and Yu
cancers 2017)
Dnaaf3 Role in cilia formation
Oscar Expressed in endothelial cells (Goettsch, Rauner et al.
2011)
Pank3 Regulate CoA synthesis (Sharma, Leonardi et al.
2015)
Prpf3 1 Sphcmg factor (Vithana, Abu-Safich et al.
2001)
Shisa7 Regulates synaptic function (Schmitz, Klaassen et al.
2017)
Tmem150b  Autophagy regulator (Mrschtik and Ryan 2016)
Tmem190  Lower expression in lung SCC (Tian, Zhao et al. 2017)
Lilra5 Promotes innate immunity (Mitchell, Rentero et al.
2008)
Lilrb3 Promote tumor-supportive inflammation ~ (Kang, Kim etal. 2016)
Lengl Leukocyte receptor cluster member
Gp6 Glycoprotein IV
Sbk3 Protein tyrosine phosphatase
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Table 4. Expression of germline variants.

SKCM UM
BT vs HB tumors (primary) (primary)
Gene L2fg padj p p
Dnaaf3 2.76 6.81E-05 NS ND
Fizl 0.66 6.46E-09 NS NS
Gp6 2.15 0.0966 NS 0.0078 (L)
Isoc2b 8.37 7.50E-29 NS 0.00079 (H)
Lengl -- NS NS NS
Lilras 7.18 2.04E-12 NS 0.0069 (H)
Lilrb3 8.67 2.45E-20 NS NS
Mboat7 0.52 1.78E-05 NS NS
Myadm 5.02 1.69E-29 NS NS
Nerl 6.41 3.25E-08 NS ND
Oscar 2.58 0.00255 NS NS
Pank3 -0.67 7.68E-06 NS NS
Pppérl 0.83 3.73E-09 NS ND
Ppplri2c 1.9 1.88E-40 NS NS
Ptprh 2.99 0.000607 0.018 (L) 0.00018 (H)
Prpf31 -2.37 8.32E-50 NS NS
Sbk3 6.55 1.36E-09 ND ND
Shisa7 4.05 9.22E-06 NS NS
Thbl1xrl -- -- NS NS
Tmem150b  1.93 0.000339 NS 0.000019 (L)
Tmeml190  5.47 2.75E-09 NS NS

However, these resources are currently the best available sources of genomic
and survival data for non-BRAF, non-NRAS melanomas. Survival in mouse models
and human patients is also not directly comparable because of differences in life span,
treatment, euthanasia in mice, etc. Human melanoma survival, however, is linked to
metastatic disease (Balch 2009). In this case, human total survival was used as a

rough proxy for metastatic propensity since patients with metastatic disease have a
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much lower survival rate. Since the majority of BT and HB tumors sequenced were
primary tumors and only primary tumors were available in the UM database, the
SKCM samples were filtered to include only primary samples for analysis, as well.
The SKCM dataset contains 104 primary tumor samples and is dominated by tumors
driven by BRAF, NRAS and NF1. The UM dataset contains 80 samples and is
dominated by GNAQ and GNA11. Both were included to ensure that non-BRAF,
non-NRAS mutant tumors were represented in the analysis. None of the primary
cutaneous melanomas had a significant correlation between expression and survival
that aligned with the difference in the BT mice. However, three genes, Isoc2b/ISOC2,
LILRAS, and PTPRH, had a significant association between higher RNA expression
and shorter survival in the UM dataset and had higher expression in the highly
metastatic BT group than the HB group (Fig 14). These three genes were, therefore,

the highest ranked within the list of 22 genes for functional validation and represent
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Figure 14. Survival and gene expression in uveal melanoma. A-C) Kaplan-Meier
survival curves for ISOC2, LILRAS, and PTPRH showed significant associations
between RNA expression survival in human uveal melanoma patients from the TCGA
uveal melanoma database. RNA expression is stratified into higher than median (red)
and lower than median (blue).
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outstanding candidates for future functional validation of their ability to regulate

metastatic potential.

Conclusions

Melanocytic nevus and cutaneous tumor development in the BT model was relatively
similar to the GS mice and to that described previous in HGF models (Takayama, La
Rochelle et al. 1996, Noonan, Otsuka et al. 2000, Recio, Noonan et al. 2002, De
Fabo, Noonan et al. 2004, Florell, Thomas et al. 2007). Although the BT model
developed tumors more quickly and developed more VGP and nodular tumors than
the GS melanoma, speed of tumor development is similar to other models with
congenital CDKN2A heterozygous loss (Recio, Noonan et al. 2002). A pitfall of this
study is that the importance of the relative timing of UV and CDKN2A mutation
could not be evaluated. Unfortunately, when UV is administered to adult mice
without neonatal administration, HGF mice develop non-melanoma skin cancers
(Noonan, Otsuka et al. 2000).

Melanoma research has been hampered by a dearth of metastatic melanoma
cell lines and models that can be used in immunocompetent mice. The lack of these
resources has hampered research into metastatic biology and preclinical testing of
targeted therapy and immunotherapeutic agents in the metastatic setting. The
metastatic transplantable tissue bank and low passage cell lines developed in this
project help to fill those gaps. Preliminary studies will soon begin efficacy of
immunotherapy as a neoadjuvant therapy before resection of the primary tumor and

as adjuvant therapy following tumor resection to prevent local recurrence or
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metastasis. We think these cell lines and transplantable tumors have the potential to
be widely adopted in the melanoma research community.

The most striking difference between the mouse model compared to other
HGF models is the marked metastatic phenotype. In other HGF models, metastasis
has been an uncommon occurrence and are often small (Otsuka, Takayama et al.
1998, Florell, Thomas et al. 2007, McCorkle, Leonard et al. 2014, Leonard,
Pamidimukkala et al. 2017). However, in the BT model, metastatic lesions are
widespread and readily visible in a variety of organs. This unexpectedly metastatic
model provided a platform to identify possible germline variants that could be
associated with increased metastatic susceptibility. Although genome wide
association studies and familial cohorts have identified germline variants associated
with melanoma susceptibility, no studies have evaluated the effect of variants on
germline susceptibility to metastasis (Monzon, Liu et al. 1998, Ciotti, Struewing et al.
2000, Chaudru, Laud et al. 2005, Harland, Taylor et al. 2005, Laud, Marian et al.
2006). Mouse models have been particularly useful in identifying germline metastasis
susceptibility variants and metastasis-associated genes (Lifsted, Le Voyer et al. 1998,
Crawford, Ziogas et al. 2006, Hsieh, Look et al. 2009). This project turned up a
reasonable of 21 germline variants in exomic or UTR regions. Functional validation
of a role for these genes in metastasis is being planned. The new highly metastatic BT
cell lines, and less metastatic GS and HB cell lines developed in this project will be
used to validate a role for these genes. It is possible that the metastatic susceptibility
is not a single gene trait and may require multiple alterations to change metastatic

potential. Additionally, the serial transplanted tumors used to create cell lines may
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have evolved to no longer depend on germline variants that were needed for
metastasis within the primary mouse. This study, however, is the first attempt to
identify germline variants that enhance metastasis in melanoma.

In conclusion, the BT model provides a novel platform to investigate
progression healthy individual to metastatic disease in non-BRAF, non-NRAS
melanoma. The unexpectedly high metastatic frequency in this model facilitated the
development of tools to help melanoma researchers investigate the biology and
treatment of metastatic disease, but also to identify for the first-time germline variants

affecting metastatic susceptibility in melanoma.
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Chapter 4: Genomic alterations in UV-induced murine
melanocytic lesions

Summary

Progression of nevi to melanoma is an uncommon route to melanoma. Human nevi,
like melanoma, frequently contain mutations in BRAF and NRAS. Targeted
sequencing of human nevus remnants and associated melanomas has found
accumulation of alterations in CDKN2A and SWI/SNF genes. We hypothesized that
HGF mouse melanocytic lesions would similarly acquire additional mutations with
progression from nevi to melanoma and to more aggressive forms of melanoma.
Using lesions from the GS and BT models, we performed exome sequencing on nevi,
RGP and VGP melanomas and transplanted and metastatic lesions. The mean number
of nonsynonymous SNVs was lowest in the nevi and significantly high in tumors (BT
model) and VGP melanomas (GS model). Known melanoma strong drivers, including
Gnaq, Gnal1l and Nfl were found for approximately 40% of melanomas. Analysis of
sequencing data also recurrently mutated genes potentially associated with nevus
initiation. Pathway analysis also identified chromatin organization pathways in
melanoma formation and progression to more aggressive forms. These study has
generated new genes and pathways for investigation of their functional role in
melanocytic lesions and the dataset provides information about melanocytic lesion

progression in non-BRAF, non-NRAS melanocytic lesions.
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Introduction

Sequencing of patient melanomas is increasingly available through easily accessible
platforms like cBioportal.com. Although major drivers, including BRAF, NRAS, NF1
and GNAQ/11 have been identified in most melanomas, these drivers are also present
in most nevi. Therefore, they are sufficient for malignant transformation and
progression. Some progression-associated genes have been identified or suggested,
including CDKN2A4 deletion, and SWI/SNF alterations (Shain, Yeh et al. 2015, Shain,
Joseph et al. 2018). Since melanoma is highly mutated, with an average of 10-12
nSNVs per megabase of DNA (Hodis, Watson et al. 2012, Lawrence, Stojanov et al.
2013), it is difficult to identify additional genes and pathways involved. Although
NAMs comprise only approximately 30% of melanomas (Pampena, Kyrgidis et al.
2017), they provide a good model for evaluating progression-associated pathways
since the timing and order of mutations can be identified. Several recent studies have
evaluated the genomic changes in NAMs to better understand melanocytic lesion
progression. Consistent with the general nevus populations, the majority of the nevus
remnants had BRAF or NRAS (or rarely KRAS) mutations, or in other melanoma
drivers including NF/ and KIT (Shain, Yeh et al. 2015, Shain, Joseph et al. 2018).
Progression to melanomas was associated with increased frequency of CDKN2A loss,
other cell cycle gene alterations, and SWI/SNF alterations. Since very few triple
wildtype NAMs have been examined, even less is known about progression in this
group.

Exome sequencing of HGF models has not previously been published and

little is known about drivers and significant pathways in this group, but BRAF and
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NRAS mutations have not been identified by targeted sequencing (Gaffal, Landsberg
et al. 2011). We hypothesize that each step during melanocytic lesion progression,
including nevus initiation, malignant transformation, and progression of melanoma
stages, will be associated with acquisition of additional genomic alterations. We
further anticipate that analyzing these alterations will provide novel information about
initiation and progression-associated genomic alterations in triple wildtype cutaneous
melanoma. We will test these hypotheses using our novel GS and BT melanomas of

melanocytic lesion progression

Methods

DNA isolation and exome sequencing

Flash frozen tumor samples were isolated using the PureLink Genomic DNA kit
(Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. Whole exome
capture was performed by the CCR Genomics Technology Laboratory — ATRF
(Frederick, MD) using the Agilent SureSelect Exome Capture Kit at the Genomics
Technology Laboratory at the Frederick National Laboratory (Frederick, MD).
Sequencing was performed on the Illumina HiSeq 4000 by the CCR Sequencing
Facility (Frederick, MD). Samples were aligned to mouse genome build MM 10.
Bioinformatic analysis for exome data was performed by Maxwell Lee, Howard Yang
and Huaitian Lee in the Laboratory of Cancer Biology and Genetics (CCR, Bethesda,
MD). Mutect2 was used for variant calling, following by removing variants contained
in normal spleen from colony mice or in the Mouse Genome Project version 5 and
low-quality variants were filtered out. Genome annotation was performed using

Annovar and VEP. SIFT analysis was performed to predict the effect of mutations.
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Identification of driver genes and mutations in human melanoma

Drivers from any cancer were identified from the Cosmic Cancer Gene Census

(https://cancer.sanger.ac.uk/census), and mutations in genes on that list were

identified in the GS and BT samples. Recurrently mutated driver genes underwent

enrichment analysis using the Panther Classification System (www.pantherdb,.org)

using the Panther Overrepresentation Test (Released 20171205) with Fisher’s Exact
test with FRD multiple test correction for Panther Pathways was used.
Mutation frequency and prevalence in all melanoma and triple wildtype

melanoma was determined by using www.cBioportal.org (Cerami, Gao et al. 2012,

Gao, Aksoy et al. 2013). The melanoma studies used within cBioportal were “Uveal
melanoma (TCGA, PanCancer Atlas)”, “Paired-exome sequencing of acral melanoma
(TGEN, Genome Res 2017)”, “Melanoma (Broad/Dana Farber, Nature 2012)”, “Skin
Cutaneous Melanoma (Broad, Cell 2012)”, “Skin Cutaneous Melanoma (TCGA,
PanCancer Atlas)”, “Skin Cutaneous Melanoma (Yale, Nat Genet 2012)”, “Skin
Cutaneous Melanoma (Broad, Cancer Discov 2014)”, and “Desmoplastic Melanoma

(Broad Institute, Nat Genet 2015).”

Sanger sequencing

DNA was amplified by PCR for Sanger sequencing to confirm Gnaq and Gnall
mutations. PCR was performed using the Q5 High Fidelity Master Mix (New
England Biolabs) according to the manufacturer’s protocol. Gnag/11 primers were
Gnaq exon 5 F GTGTACGGAAATGCATGGCA and 5R
AGGCTCTTCACTCTGACAC, Gnaq exon 4F TCAGCTGCTGAGGAAATGGG,

4R TCTGTGACTCAGTTTTTGCTC and Gnall exon 5F
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TGTCTGACTCCACCAGGACT Gnall 5R GCCATCTGTACAAGGGGCTT.

Samples were sequenced at the CCR sequencing core.

RNA isolation

Flash frozen samples were pulverized using a mortar and pestle with liquid nitrogen
or using the cryoPREP Manual Dry Pulverizer (Covaris, Woburn, MA). Samples
were mixed with tissue lysis reagent (Qiagen, Germantown, MD) and run through the
Qiashredder (Qiagen, Germantown, MD) before following the manufacturer’s
instructions for the RNAeasy kit (Qiagen, Germantown, MD). Total RNA sequence
libraries preparation and sequencing was done by the CCR Sequencing facility
(Frederick, MD) using Illumina TruSeq kit (Illumina, San Diego, CA), and sequenced

on [1lumina HiSeq 4000.

Statistics

Most statistics were performed using Prism 7 for Mac (GraphPad, La Jolla, CA).
Kruskal-Wallis test with multiple comparisons was used for comparing more than 2
groups. Adjusted p values are used in cases of multiple comparisons. A Kolmogorv-
Smirnov test was used to evaluate unpaired analyses with only two groups. Wilcoxon
matched-pairs signed rank test was used to evaluate data for paired primary and
metastatic/transplantation samples. Proportional Venn diagrams were created using

BioVenn (Hulsen, de Vlieg et al. 2008).
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Results

More aggressive melanocytic lesions had higher numbers of

nonsynonymous single nucleotide variants

To test our hypothesis that progression would be associated with additional genomic
alterations, we examined exome sequencing from 72 samples, including 42 GS
lesions and 30 BT lesions. Sequenced samples included 15 cutaneous nevi and 43
melanomas, 6 distant metastatic lesions (5 lymph nodes and 1 lung lesions), and 7
transplanted samples. Twelve mice had two or more cutaneous lesions sequenced. Of
these, six lesions were identified by sequencing as cutaneous metastases. Eleven of
the mice also had multiple unique cutaneous lesions. Two of the transplanted lesions,
one transplanted from a cutaneous and one from a lung metastasis, lacked a paired
primary available for sequencing, so these transplanted lesions were used as the
“initial” sample. Paired primary and transplanted lesions were available for the other
transplanted lesions.

Single nucleotide variants (SN'Vs) were the most common type of somatic
mutation in the GS and BT melanocytic lesions and SNVs were higher in more
advanced lesions. The total number of mutations varied widely between lesions, with
as few as 5 to as many as 433 nonsynonymous SNVs (nSNVs) (Fig 15A, top row). In
GS mice, there were significantly higher mean numbers of nSNVs in VGP lesions

(278.4) than in nevi (55.45) or RGP (105.5) (p<0.0001 and p=0.0002, respectively)
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Figure 15. Mutations in primary tumors consisted primarily of single
nucleotide variants (SNVs). A) Tumors are arranged by number of SNVs and
identified by strain (top row) and lesion type (second row). The number of SNVs
(top graph) and somatic indels (middle graph) are noted for each lesion. For SNVs,
the proportion of SNVs represented by each type of mutation is represented in the
bottom graph. C >T transitions are the most common type of mutation, especially
with higher numbers of SNVs. B) There is no significant difference between C > T
transitions between the GS and BT mice (p = 0.82). The number of SNVs is higher
in VGP melanomas the GS (C) and BT (D) models.
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(Fig 15B). Similarly, BT melanomas had higher significantly mean nSNVs than did
nevi (137.5 vs 30.75, p = 0.024) (Fig 15C). There was no significant difference
between nSNVs in nevi between the two models. Lesions contained lower numbers of
INDELS (Fig 15A, middle row), which had poor correlation with the number of
nSNVs in individual samples (r 2 = 0.13). NSNVs consist primarily of C >T
transitions (Fig 15A, bottom row), consistent with UV exposure. There was no
differenence in the frequency of C > T transitions between GS and BT lesions (Fig

14D).

Potential nevus initiation genes

Next to identify genes associated with nevus initiation, we looked at the subset
of genes mutated in both nevi and tumors. Initiation-associated genes would be
expected to be maintained in tumors following malignant transformation. Nevi had low
numbers of mutations overall and major driver mutations were only identified in a
single nevus with mutations in both NfI and Plcb4. However, several genes were
mutated in both nevi and tumors. Recurrent mutations were found in GS lesions in 6
genes: Sycpl, Nme2, Rbm6, Ppp2r5a, Paipl (Table 5). An additional gene, Lrplb, was
mutated at different sites clustered around the same region of the gene in GS and BT
nevi and melanomas. Mutations in these genes were also seen in human melanomas in
the cBioportal databases (Table 5) and occurred in tumors with and without BRAF or
NRAS mutations. Each of these genes have previously been implicated in human
cancer (Table 6), although none have been extensively studied and a role in

melanocytic lesion development had not previously been suggested.
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Table 5. Recurrent mutations in GS nevi and melanoma

Gene Mutation Nevi Melanoma Human
Sycpl D281E 4 27% 2 5% 10%
Nme2 S122X 3 20% 5 12% 0.5%
Rbmé6 S301A 5 33% 2 5% 4%
Prrc2c V2513A 4 27% 2 5% 9%
Ppp2rSa V210I 4 27% 1 2% 2.4%
Paipl1 M3791 2 13% 4 10% 2.7%
Lrplb various 2 13% 6 15% 39%

Table 6. Links between recurrently mutated nevus genes and human cancer

Gene Proposed role Tumor types Refs
Sycpl  Meiotic chromosome  Medulloblastoma (Oba-Shinjo, Caballero et
o al. 2008)
pairing
Nme2  Metastasis suppressor Melanoma (mouse), (McCorkle, Leonard et al.
. 2014, Liu, Yang et al. 2015,
Gastric cancer Leonard, Pamidimukkala et
al. 2017)
Rbm6 RBM6-RBMS5 fusions Breast cancer (Wang, Ubriaco et al. 2007)
Prrc2c  Unknown function Lymphoma, (Kim, Kim et al. 2012,
. Kaymaz, Oduor et al. 2017)
hepatocellular carcinoma
Ppp2r5a Regulating cancer Various carcinomas (Mao, Liu et al. 2018)
development
Paipl  Translational initiation Breast, melanoma (Greenwald, Friedman et al,
2012, Piao, Chen et al.
2018)
Lrplb  Tumor suppressor Ovarian, colon, and lung (Zilberberg, Yaniv et al.

carcinomas
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Gnag/11 pathway mutations dominate in GS and BT melanomas

We then moved to identifying mutations associated with malignant transformation
and progression from RGP to VGP or metastatic melanomas. In our search for strong
drivers, we focused on genes mutated exclusively or primarily in tumors. Since these
mutations should arise early in tumor development, they should be already have been
noted at the earliest tumor stage. Mutations in melanoma-associated strong drivers
were identified in approximately 51% (20/39) of GS/BT melanomas at the first stage
sampled and only 6.7% (1/15) of nevi (Fig 16). Mutations in genes in the GNAQ/11

pathway, best known for their involvement in uveal melanoma, were the most
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Figure 16. Major driver mutations were identified in many GS and BT
melanomas. Hotspot mutations in known melanoma driver genes Gnaq, Gnall,
Ctnnbl and Trp53 as well as loss of function mutations in Nf7 are noted. A novel,
recurrent mutation is noted in the purported melanoma driver gene Plcb4. Mutations
in driver genes from other cancer and RASopathy genes were also seen in tumors but
not nevi. Additional alterations in Cdkn2a were uncommon.
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common driver mutations. The single most common driver mutations were hotspot
mutations in Gnagq at codons 209, 183, and 48 which were seen in 28% (11/39) of
primary melanomas. An additional 5% of tumors had hotspot mutations in Gnal I
codon 209, which functions similarly to Gnag. A recurrent novel mutation in Plcb4 is
seen in 3 (7%) of melanomas without a clear additional driver, and separate Plcb4
mutations were seen in an additional melanoma and one nevus. PLCB4, a target of
GNAQ/11, has recently been identified as a putative driver in human uveal
melanoma. Outside of the Gnag/11 pathway, previously identified melanoma major
driver mutations included loss of function NfI mutations (5%) and hotspot mutations
Ctnnb1 G48W (5%). Interestingly, Gnall, Ctnnbl, and NfI mutations were seen
exclusively in GS mice, while Gnag mutations occurred in both GS and BT mice.

Activation of the MAPK pathway is a common early event in melanocytic
nevus and tumor formation. In our murine models, HGF expression causes chronic
activation of MET and low levels of MAPK signaling. We hypothesized that this
constitutive signaling likely replaces the need for mutational activation of other
MAPK genes. To test this, we looked for mutation of RASopathy genes, which are
commonly seen weak drivers in triple wildtype nevi and melanoma (Krauthammer,
Kong et al. 2015, Halaban and Krauthammer 2016, Shain, Joseph et al. 2018).
RASpopathy mutations were uncommon in our melanomas and not identified in nevi.
Mutations in Spredl, Sosi, Cbl, Cblb, Map2kl, and Ptpnl 1 were found.

In addition to tumor major drivers in tumors, we wanted to look for genes
associated with progression from less aggressive to more aggressive forms of

melanoma. To identify “progression-associated” genes, we looked at both primary
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melanomas and metastatic lesions. Progression-associated genes were present
primarily or exclusively in VGP and metastatic tumors. CDKN2A, PTEN, and TP53
have been identified as major progression associated genes in human melanoma
cohorts (Hodis, Watson et al. 2012, Cancer Genome Atlas 2015, Rajkumar and
Watson 2016) and were each identified in our murine melanomas. Over half of
human cutaneous melanomas have CDKN24 loss of heterozygosity, deletion, or
inactivation as part of melanocytic lesion progression (Hodis, Watson et al. 2012,
Cancer Genome Atlas 2015, Shain, Yeh et al. 2015, Rajkumar and Watson 2016,
Shain, Joseph et al. 2018), and Cdkn2a alterations were also seen in 6 murine
melanomas. Somatic mutations in Cdkn2a were seen in 2 (4.8%) VGP melanomas.
An additional 4 samples had deletion of the Cdkn2a locus. Deletion of the locus
occurred in 2 primary samples and 2 samples following serial transplantation. Hotspot
mutations in 77p53 were seen in 3/39 tumors (7.6%) and Pten mutations were seen in
2 (4.8%) melanomas. Interestingly, Pten and Trp53 mutations co-occurred in the
tumors. A trend towards co-occurrence of mutations in this pair of genes has been
identified in the cutaneous melanoma datasets in cBioportal, as well.

Despite the predominance of uveal melanoma-associated drivers GNAQ/11,
the frequency of the major driver and progression associated genes is more similar to
cutaneous melanoma than to uveal melanoma. The melanoma datasets available in
cBioportal were used to determine the frequency of genomic alterations (including
somatic mutations, amplifications and deletions) of these major driver and
progression-associated genes in both cutaneous (784 samples) and uveal (80 samples)

human melanoma. Overall, the frequency of mutations in these genes in our murine
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melanomas was most similar to the frequency in human triple wildtype cutaneous
melanoma (Table 7). Uveal melanomas, on the other hand, have a distinct pattern of
mutation frequency and lack mutations in cutaneous progression-associated genes.
This strongly suggests that the GS and BT models are most similar to other cutaneous

triple wildtype melanomas.

Table 7. Distribution of major driver and progression associated genes in GS/BT
melanoma and human cutaneous and uveal melanoma.

GS/BT mouse Human Human Human
Gene Melanoma wrfll(‘iif;le)e cutzﬁllious ovet
GNAQ 29% 4% 2.4% 50%
GNA1l1 7% 4.9% 3% 48%
PLCB4 12% 13% 21% 2.5%
NF1 5% 1.3% 16% 1.3%
CTNNB1 4.6% 3% 7% 0%
CDKN2A 14.6% 6.5% 27% 0%
TPRS3/TPS3 7% 7% 16% 0%
PTEN 4.8% 5.7% 14% 0%

Identification of additional drivers in melanocytic lesions

To identify novel initiation and progression-associated genes, we widened our search
beyond major genes associated with human melanoma. We used the Cosmic Cancer
Gene Census database to assemble a list of driver genes in all tumor types and
compare all of our samples (both primary and metastatic) to this list. This further

search identified mutations in 223 additional driver genes. Similar mean numbers of
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driver genes were identified in the GS model (6.19) and BT model (5) (p = 0.167).
GS lesions had 170 mutations in driver genes, 82 of which were mutated in 2 or more
GS samples. Like with total nSNVs, VGP tumors had significantly more mutations in
driver genes than did RGP or nevi (p = 0.029 and 0.0016, respectively) (Fig 17A).
The BT model had 93 mutated driver genes, 32 of which were mutated in more than
one sample (Fig 17B). 41 driver genes were mutated in at least one lesion in each of
the models. This group will be referred to as the “shared” mutation group for pathway
analysis. More advanced lesions in the BT also trended towards higher numbers of
driver genes (p = 0.17) (Fig 17B). There was a strong correlation between the total

number of nSNVs and the number of mutations in driver genes (R? = 0.88) (Fig 17C).
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Figure 17. Driver genes identified in melanocytic lesions. A) VGP, Metastatic and
transplanted tumors have significantly higher numbers of mutated driver genes than
nevi. B) A similar trend exists in the BT lesions. C) There is a strong correlation
between the total number of SN'Vs and the number of driver genes mutated in the
sample.

This analysis did reveal some additional driver genes that are not commonly
associated with cutaneous melanomas. Three tumors had mutations in Dnm¢t3a,
including one mouse with a codon 878 mutation, equivalent to the human codon 882,
which is a known driver in acute myeloid leukemia (Singh et al ] Mol Diagnostics

2012; Xu et al PNAS 2014; Kumar et al Hematol Oncol Stem Cell Ther 2018; Lu et
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al Cancer Cell 2016). One tumor had a mutation in Egfr, a driver associated with
breast cancer as well as other tumors and has occasionally been implicated in AKT
activation in melanoma (Ma and Niederkorn 1998, Schartl, Wilde et al. 2010, Amaro,
Mirisola et al. 2013, Gross, Niemetz-Rahn et al. 2015). Interestingly, non-adjacent
nonsynonymous mutations in Xirp2 were found in 5 tumors. Four of these tumors
gave rise to metastatic lesions. Although little is known about Xirp2, an actin-binding
protein, it is significantly mutated in human cutaneous melanoma and other tumors
and has been suggested as a potential driver gene (Hayward 2010, Fujimoto, Furuta et
al. 2015, Li, Wu et al. 2016, McFadden, Politi et al. 2016). Xirp2 mutations was seen
only in VGP lesions and 3/5 melanomas with the mutation had metastatic lesions,
suggesting that Xirp2 may be associated with lesion and possible metastasis

progression in our models.

Identifying pathways involved in melanomas

Signaling pathway alterations may also contribute to the initiation and progression of
melanocytic lesions in our models. To find additional pathways involved in GS and
BT melanoma development or progression, recurrently mutated driver genes from the
analysis above were compared between the models. There were 82 genes with
multiple mutations in the GS model, 32 in the BT model and 41 mutated in at least
one gene from each model (Fig 18A). These recurrently mutated gene lists were
entered into the Reactome database, a curated database focused on reaction pathways.
The GS model had the highest number of significantly mutated pathways (95),
compared with only 3 for the BT model and 15 for the shared group (Fig 18B). Three

pathways were significantly overrepresented in all three gene lists: Chromatin
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organization, chromatin modifying enzymes, and PKMTs methylate histone lysines.

A

53 82

Figure 18. Recurrently mutated driver genes and overrepresented reactome
pathways. A) Overlap of genes mutated in multiple samples. Genes were grouped as
mutated in multiple GS tumors (green), multiple BT tumors (grey), or at least one tumor
from both models (blue). While the majority of the blue group genes overlapped with the
other groups, 5 genes were mutated in only a single GS tumor and a single BT tumor. B)
Recurrently mutated gene lists were used to identify overrepresented reactome pathways.
The green group has the highest number of unique overrepresented pathways, consistent
with the higher number of unique pathways and the grey group had no unique
overrepresented pathways. Three reactome pathways are overrepresented in all of the
gene lists (dark green area).

These pathways are partially overlapping. Reactome pathways contain driver
and non-driver genes, so to better evaluate overall mutation frequency of genes in
these pathways, we looked at mutations in all genes within the pathway. Mutations
were present in 29/39 (74%) of the tumors and 1/15 (6.7%) of nevi (Fig 19). Genes in
these pathways were more likely to be mutated in RGP and metastatic lesions than in
VGP melanomas. Additionally, metastatic and transplanted lesions have significantly
more alterations in chromatin organization genes than their paired primary lesion (p =
0.0039). The group most likely to be mutated was the PKMTs methylate histone
lysine group with 21/39 tumors having mutations in that group. The PKMTs group

incorporates several histone methylation families and can be involved in both histone
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Figure 19. Chromatin modifying genes were frequently mutated in melanomas.
The chromatin modifying pathway was heavily mutated in the GS and BT
melanomas. The PKMTs group is particularly hard hit, but other chromatin
organizational groups are also frequently mutated. Chromatin organization
mutations were rare in nevi.

and non-histone methylation. A variety of genes in this family have been reported to
play a role in cancer (Hamamoto, Saloura et al. 2015).
To test whether there were functional effects of mutations in these pathways,

we evaluated RNA expression of pathway genes. Gene expression in these pathways

&3



was widely altered. In the BT model, there was statistically significantly lower
expression of a 77 chromatin organizing genes compared with tumors from the poorly
metastatic HB model (Appendix 2); while only 15 chromatin remodeling genes were
significantly increased in the BT model (Appendix 3). The pattern was similar in the
GS model with 31 chromatin organization genes downregulated (Appendix 4) and 21
upregulated (Appendix 5) in VGP lesions. These data support a potential functional

role for these pathways in melanoma progression.

Progression of individual tumor groups is associated with accumulating

mutations in driver genes

On a population basis, more aggressive lesion types have higher numbers of overall
mutations and of driver mutations. To investigate whether this was true for individual
lesions, we used tumors with samples of the same tumor at various stages of
progression. Eleven tumor “groups” had a primary tumor and at least one metastasis
or transplanted tumor. One group (7052) included a biopsy from an RGP lesion which
then progressed to a VGP lesion and a cutaneous metastasis within the same mouse.
There was a statistically significant increase in the total number of driver
mutations from the early to advanced melanomas in the paired samples (Fig 20A).
There was also a trend toward a higher number of driver mutations (p = 0.16) (Fig

20B).
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Figure 20. Progression of individual lesions was associated with increased
SNVs. A) The number of nSNVs significantly increased in individual tumors
with progression to metastasis or transplantation. B) There was a trend toward
increased numbers of driver mutations with progression in all but 2 samples.

Analysis of tumor groups allowed us to more precisely identify the stage
where mutations were acquired and the order of acquisition within individual lesions
(Fig 21). Similar to stages within the cohort, individual groups acquired major drivers
earlier in lesion development, followed by additional drivers and progression-
associated gene mutations with progression to more aggressive stages. However, no
mutations in driver genes were found in 2 groups in the first sample, but mutations in
potential driver genes, Apc, Kdm5c, Ptpnll, and CsfIr, were acquired during
transplanted tumor samples. Two genes, Kdm5c and Ptpnl I have been associated
with melanoma and Apc has been associated with other cancers. KDM5C is a lysine
demethylase and members of the KDMS5 family have been associated with stemness
and proliferation in melanoma (Blair, Cao et al. 2011, Liu and Secombe 2015). A
Ptpnl1 S502L mutation was found, which is a gain-of-function mutation involved in
Noonan syndrome and acute myeloid leukemia (Tartaglia, Martinelli et al. 2006).
SHP-2, the protein encoded by PTPN11 positively regulates both MAPK and PI3K

pathway signaling and has recently been implicated in treatment resistance and in
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Figure 21. Progression in individual tumor groups was associated with
acquisition of additional mutations in driver genes. Eleven tumor groups with
sequencing of tumors at multiple stages were found, arising from 6 GS tumors
(green) and 5 BT tumors (grey). Markers show lesion stage and selected mutated
driver genes for individual lesions within the groups. Groups 5390 and 7548 had no
mutated driver genes identified in the RGP stage but had driver mutations following
transplantation. Group 8687 did not accumulate any additional driver mutations in
any of the three lymph node metastases sequenced. Lesion marker color corresponds
with stage: orange = RGP, red = VGP, blue = transplanted lesion. purple = metastatic
lesion.
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growth and survival of melanoma (Cheng, Chiu et al. 2013, Prahallad, Heynen et al.
2015, Zhang, Yu et al. 2016).

Individual tumor groups further supported a role for Cdkn2a, Trp53, Pten, and
chromatin re-organization genes in progression. The number of mutated chromatin
organization was significantly higher in more advanced lesions than in paired
primaries. Further Cdkn2a alterations were in seen in only one group at the VGP
stage and were acquired with metastasis or transplantation in the other groups.
Similarly, Trp53 and Pten mutations were absent from one group at the RGP stage

but was acquired with progression to the VGP stage.

Conclusions

Within our models, melanocytic lesion initiation and progression occurs in a stepwise
progression with acquisition of additional mutations at each stage. Mutations in major
drivers, such as Gnaq/I1, and NfI were present in early melanomas, indicating a role
in tumor initiation, while others progression-associated genes, including 77p53, Pten,
and chromatin organization genes were present primarily in later stages.

Unlike most mouse models, HGF-mediated melanomas do not develop with a
pre-existing strong driver and need neonatal UV exposure to produce melanomas.
This makes it a powerful model for exploring the role of early UV exposure on
melanoma development. Although the BRAF mutation, in particular, is associated
with UV exposure skin (Bauer, Buttner et al. 2011), no Braf or Nras mutations
spontaneously arose in the melanocytic lesions. Mutations in other MAPK-activating
genes, including Nf7 and RASopathy genes were also less common than in human

cutaneous melanoma. This absence of Braf and Nras mutations may be due to the
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chronic MET activation due to HGF which leads to mild MAPK activation. This mild
activation may be sufficient to make BRAF or NRAS unnecessary for lesion
development or may lead to excess MAPK signaling and senescence if melanocytes
acquire a mutation in a strong MAPK activator.

Driver genes have been elusive in many human triple wildtype melanomas. A
variety of drivers have been found at low frequencies in human triple wildtype tumors
and no drivers have been identified in others. Similarly, a variety of driver genes were
identified in the GS and BT melanomas. The most common mutations were hotspot
mutations in Gnag/I1 and the Gnaq/11 target Plcb4. Additionally, mutations in other
melanoma drivers, including 77p53, Pten, Ctnnbl, RASopathy genes, and cancer
drivers Egfr, Erbb4, and Lrp1b are noted. LRP1B, ERBB4, and EGFR mutations have
occasionally been identified in human melanomas (Wiesner, He et al. 2014). Lrp1b
may affect Wnt signaling and has recently been identified as a potential driver in
ovarian cancer (Zilberberg, Yaniv et al. 2004, Cowin, George et al. 2012, Beer,
Zenzmaier et al. 2016). Xirp2 and the PKMTs histone lysines are also implicated in
melanoma progression and potentially metastasis in this model.

The predominance of Gnag/I1 pathway mutations was interesting. Although
GNAQ/11 mutations are the predominate driver in human uveal melanoma, they are
less common in human cutaneous melanoma. Nearly 10% of triple wildtype
cutaneous tumors contain mutations in these pathways and they are especially
common in blue nevi and associated melanomas (Yilmaz, Gamsizkan et al. 2015,
Patel, Kim et al. 2016). The role of GNAQ/11 in melanocyte development is unclear.

Studies in mice have shown both progessive loss of dermal melanocytes and
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melanogenesis, depending on the exact mutation and timing (Huang, Urtatiz et al.
2015, Moore, Ran et al. 2018). It is unclear why Gnag/11 mutations are
overrepresented in the HGF model. Interestingly, mutations in this pathway have also
been found in melanoma cells from HGF mice induced with neonatal DMBA instead
of UV (provided by Thomas Tiiting, University of Bonn). It is possible that HGF
expression and subsequent mild MAPK activation may make the model more
permissive of Gnaq/11 mutant melanocytic lesions or decrease the frequency of
lesions with strong MAPK signaling. Although HGF expression is important in uveal
melanocytes and melanoma (Woodward, Elshaw et al. 2002, Woodman 2012), no
clear association between HGF expression and GNAQ/11 mutation has been found in
uveal melanoma (Chattopadhyay, Grimm et al. 2014). Additionally, in the TCGA
Skin cutaneous melanoma group none of the 4 samples with hotspot GNAQ/11
mutations have evidence of HGF or MET mRNA upregulation. We think that it is
unlikely that HGF is contributing directly to the generation of GNAQ/11 mutations in
our models.

Even after analysis, no identifiable driver was detected for most nevi or for
approximately 33% of the melanomas. These samples tended to have low numbers of
mutations detected overall. Since sequenced samples were mixed tumor and stroma,
deeper sequencing or separation of melanocytes for sequencing, may be required to
detect low frequency mutations. It is also possible that there are structural or
epigenetic changes driving melanoma development in these tumors. Structural
alterations and fusion genes are reported to be important in some triple wildtype

melanomas (Rajkumar and Watson 2016). Structural changes estimated from the

89



RNA sequencing data did not reveal known driver-associated translocations and only
rarely revealed amplifications or deletions linked with melanoma development (data
not shown). This study was not designed to detect epigenetic alterations. Changes in
methylation has been reported in melanoma and may be more important in triple
wildtype melanomas lacking a clear strong driver (Fiziev, Akdemir et al. 2017).
Exploration of methylation and other epigenetic markers in different stages of
melanocytic lesions would be an interesting avenue for future research.

Both genomic alterations and expression changes suggest a role for chromatin
organization genes in the development of GS and BT mice. A variety of chromatin
modifiers have been implicated in melanoma development (Fang, Xia et al. 2013,
Oike, Ogiwara et al. 2013, Lee, Sholl et al. 2015, Fiziev, Akdemir et al. 2017, Scabhill,
Digby et al. 2017). Scabhill et al (2017) found that loss of kdm2aa, the zebrafish
ortholog of KDM?2A, was sufficient to induce melanoma in zebrafish without another
driver. Interestingly, KdmJ5c appears to be a clonal mutation in one transplanted tumor
with no major driver, suggesting that it may be an initiating mutation in that case. The
predominance of chromatin modifier genes in our GS and BT models provide further
support for these genes in the development and progression of cutaneous melanocytic
lesions.

Our murine models have provided a platform to analyze the role of genomic
alterations in initiation and progression of non-BRAF, non-NRAS nevi and
melanomas. Progression in these models was associated with accumulation of
genomic alterations and driver genes in most of the samples and strong drivers were

identified for many of the samples. However, some samples did not have clear
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drivers, suggesting the need to assess epigenomic and genomic structural changes to

better understand non-BRAF, non-NRAS melanocytic lesion development.
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Chapter 5: Conclusions and future directions

Modeling of melanocytic lesion development in HGF mice provides a way to
observe development and progression of triple wildtype melanocytic lesions. Most
mouse models use combinations of strong oncogenes to create melanomas. Although
these models are very useful for evaluation of those oncogenes and for evaluation of
targeted therapy, they are not appropriate for discovery of novel genes and pathways
associated with melanomagenesis and progression. We hypothesized that stepwise
progression of melanocytic lesions from nevi to melanoma would be associated with
acquisition of additional mutations. The GS and BT models used in this project were
designed to make tumorigenesis difficult to better reveal genes and pathways
involved in melanocytic lesion and progression. Both rely on neonatal UV exposure
for tumor development which should lead to heterogenous mutations. This design
feature is reflected in the relatively low tumor incidence and the long latency to tumor
development.

Consistent with our hypothesis, both GS and BT melanomas showed stepwise
progression clinically and genomically. Progression of lesions was associated with an
accumulation of nSN'Vs and with mutations in driver genes. Interestingly, despite the
differences between the GS and BT models in mouse strain, CDKN2A status, and
pigmentation, similar pathways, melanomas were very similar in driver genes and
pathways associated with progression.

The GS and BT melanocytic lesions represented non-BRAF, non-NRAS

melanomas, most of which did not have a mutation in a known strong driver for
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melanoma. A variety of potential melanoma drivers were identified, including
Dnmt3a, Lrp1b, and a novel recurrent mutation in Plcb4. Further exploration of the
function of these genes in human melanocytes is planned. Previous investigation of
melanoma drivers, including BRAF and NRAS, indicate that these mutations alone
frequently cause senescence, suggesting that finding single genes capable of inducing
melanoma may be difficult.

Our models also provided further support for the role of chromatin
organization pathways, particularly the PKMTs histone lysine reactome in the
development and progression of melanoma. The potential of this pathway to either
initiate or cause progression in melanocytic lesions, particularly triple wildtype
lesions, is another area for further investigation.

The most interesting aspect of this study may be the surprising metastatic
susceptibility in the BT model. There have been no previous studies on germline
variants and metastatic susceptibility in melanoma. Since this information is not
represented in somatic mutation databases, this has the potential to identify novel
metastasis genes as well as biomarkers to identify patients at increased risk of
metastatic disease. Functional validations of genes identified in the germline variant
analysis is currently being planned with cell lines derived from the highly metastatic
tumors as well as poorly to moderately metastatic melanomas from the GS and HB
models. Since metastasis can arise from patients with very small tumors, as occurred
in some of the BT mice, and metastatic disease susceptibility markers could be very

valuable in the treatment of patients with early melanomas.
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Further projects have already developed from the genomic databases
generated in this project. Our group was also awarded an internal NCI grant to
collaborate with colleges in the Department of Cancer Epidemiology and Genetics to
compare mutations in these models to human melanoma susceptibility loci identified
from genome wide association studies (GWAS). Comparisons between these two data
sets will be used to identify novel genes under GWAS peaks involved in melanoma
development or progression. Over 100 mutated genes identified in this study fall
under peaks identified in the human GWAS studies and functional validation of those
genes is ongoing.

This project has also produced a variety of resources for the melanoma
research community. There has been a dearth of metastatic melanoma models that can
be transplanted into immunocompetent mice. This has hampered research into
metastatic melanoma biology and into preclinical testing with small molecules and
immunotherapies. In this project, we have generated transplantable tumor banks of
both GS and BT melanomas and 6 low passage cell lines. These tumors are
transplantable into syngeneic mice and have varying histologic, clinical and genomic
characterizations. Several transplantable models developed in this project are already
being used in preliminary testing to determine immunogenicity, and response to
immunotherapy on primary and metastatic disease.

Substantial future work is still needed to understand the biology of
melanocytic lesion development and progression; however, this project has produced
resources and data that will be useful for investigations into melanoma biology,

metastatic disease, and preclinical testing. This has the potential to identify
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biomarkers to aid in melanoma diagnosis and predict metastatic disease, as well as
identifying novel therapeutics and therapy combinations to help patients with

melanoma.
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Appendices

Appendix 1. Germline variants in highly metastatic BT mice

Gene Type Annovar

DNAAF3 nSNV NM_001033548:exonl2:c.G1730C:p.W577S
Fi1Z1 UTR3 NM 001110329:¢.#844T>C

GP6 nSNV NM _001163014:exon7:c. T766A:p.F2561
GP6 nSNV NM 001163014:exon4:c.T460C:p.S154P
ISOC2B nSNV M 026158:exon2:c.A119T:p.K40M
ISOC2B UTR3 NM 026158:c.¥*63A>G

LENG1 UTRS NM 027203:c.-121A>G

LILRAS UTR3 NM 001081239:¢.#1132G>T

LILRB3 UTR3 NM 011095:¢.¥93G>T

MBOAT?7 nSNV +  NM 029934:exon7:c.C1015T:p.R339C
MBOAT7 UTR3 NM 029934:¢.¥147C>T

MBOAT7 UTRS NM 029934:¢.-731C>G

MYADM UTR3 NM 001093764:¢c.*398 A>T

NCRI1 UTR3 NM 010746:¢.¥402G>T

NCRI1 UTR3 NM 010746:¢.*403G>T

OSCAR nSNV*  NM_175632:exon3:c.T187C:p.S63P
PANK3 UTR3*  NM_145962:¢c.*4372T>C

PPP6R1 UTR3 NM 172894:¢.*¥457G>C

PPP6R1 nSNV NM_172894:exon8:c.G925A:p.D309N
PPPIRI12C nSNV +  NM 029834:exon8:c.C1043T:p.S348F
PTPRH UTR3 NM 207270:¢.¥126C>T

PRPF31 nSNV NM _027328:exon3:¢c.T230C:p.V77A
PRPF31 UTR3 NM 027328:¢.*975G>C

SBK3 UTR3 NM 001200041:c.#1450C>T

SBK3 UTR3 NM 001200041:c.*1382A>G

SHISA7 UTR3 NM 172737:¢.%¥2238T>C

SHISA7 UTR3 NM 172737:¢.*789G>T

SHISA7 UTR3 NM 172737:¢.*5C>G

TBLIXRI1 UTR3 NM 030732:c.*5459A>G

TMEM150B UTR3*  NM_177887:c.*1145 *1142delACTT
TMEM150B UTR3 NM _177887:c.*1286A>G
TMEM150B UTR3 NM_177887:c.*1284A>G
TMEM150B UTR3 NM_177887:¢.*¥1259T>C
TMEM150B UTR3 NM _177887:¢c.*410A>G
TMEM150B UTR3 NM _177887:¢.-158A>T
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TMEM190 UTRS NM 030028:¢c.-25G>A

*Novel variants; T = predicted deleterious variants;
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Appendix 2. Chromatin organization genes with decreased expression in the BT

model.
Gene ID
SETD3
WHSCIL1
PRDM9
EHMT2
SUV39H1
SETDBI1
WHSCI1
NSD1
SMYD2
ASHIL
SETD2
DOTIL
SETDS8
SUV420H1
KMT2A
KMT2D
KMT2C
KMT2B
SETD1A
SETD1B
RBBP5
ASH2
EED
SUZ12
AEBP2
RBBP4
RBBP7
ASH2L
EP300
CREBBP
ATF2
KAT6A
KAT6B
KAT7
KAT7
NCOAI1
NCOA2

Log2 FC
-1.39
-1.04
-2.39
-0.52
-0.97
-2.07
-1.54
-0.94
-0.62
-1.95
-2.37
-0.92
-0.94
-1.38
-1.70
-2.22
-1.30
-1.91
-1.18
-1.23
-2.32
-0.62
-2.06
-1.66
-1.57
-1.42
-1.28
-0.62
-2.25
-3.34
-2.03
-1.22
-3.27
-2.16
-2.16
-1.22
-1.36

FDR
2.08E-41
4.53E-13
4.24E-16
7.24E-06
7.31E-05
4.47E-68
2.00E-10
4.93E-12
5.02E-10
2.66E-53
3.92E-77
4.19E-05
2.57E-05
2.80E-17
2.24E-15
3.46E-29
2.03E-09
8.28E-30
1.91E-20
4.80E-14
3.20E-57
1.14E-15
2.48E-45
2.51E-20
7.07E-26
2.68E-17
5.97E-14
1.14E-15
9.82E-66

1.03E-137
8.23E-179
1.36E-24
6.18E-106
7.64E-93
7.64E-93
2.47E-12
1.87E-20
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HDACI1
HDAC2
HDAC3
HDACS8
KDMIA
KDM2A
KDM2B
KDM4A
KDM3A
KDM3B
KDM7A
ARID5B
PHF8
KDM4B
KDM4C
KDMS5SA
KDMS5B
KDM5C
KDM6B
KDM7A
PRMTS
CDK4
RBBP7
DNMT3A
PRMT1
CARMI1
SMARCA4
ARIDIA
ARID1B
SMARCBI
SMARCEI1
SMARCC2
SMARCD3
SMARCD2
SMARCDI1
SMARCA4
SMARCA2
ARID2
SMARCAS

-1.65
-2.49
-2.75
-2.74
-2.16
-2.25
-1.54
-0.59
-1.39
-1.63
-1.88
-1.95
-0.81
-0.81
-0.79
-1.65
-0.72
-1.57
-1.29
-1.88
-2.35
-1.30
-1.28
-1.03
-2.95
-1.68
-1.90
-3.18
-1.07
-1.85
-3.23
-2.80
-2.86
-1.14
-1.73
-1.90
-2.49
-1.98
-2.09

5.77E-18
9.89E-78
1.00E-305
1.24E-49
1.13E-86
5.93E-46
7.88E-15
2.39E-06
4.70E-11
6.81E-25
1.17E-13
2.54E-21
8.70E-10
3.44E-05
2.15E-09
2.00E-32
8.08E-06
1.41E-24
4.83E-09
1.17E-13
1.13E-68
6.06E-10
5.97E-14
2.36E-03
6.01E-52
1.99E-40
2.93E-39
1.70E-66
3.69E-14
2.80E-35
1.78E-216
4.00E-196
2.67E-33
3.63E-07
1.71E-11
2.93E-39
1.07E-47
8.30E-48
3.03E-11
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Appendix 3. Chromatin organization genes with increased expression in the BT

model
Gene ID
SETD7
SMYD3
SUV39H2
SETDB2
SETD6
Wdr5
HDACI10
KDMI1B
KDMS
MINA
JIMID6
WDR77
COPRS
PRMT3
PAD14

Log 2 FC
4.17753388
0.80694084
2.45705326
3.14855768
0.34640836
3.11844385
3.37613111
0.46537964
4.09835531
2.79594487
0.88952472
0.44702384
6.91857398
1.41055681
2.57920802

FDR
1.14E-153
3.25E-03
4.82E-21
1.49E-32
9.49E-4
1.56E-164
9.38E-41
7.43E-03
2.47E-54
1.53E-31
2.24E-06
4.6E-4
7.96E-29
1.12E-21
1.97E-3
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Appendix 4. Chromatin organization genes with decreased expression in the GS

model
Gene ID
SETD7
WHSCIL1
PRDM9
NSD1
ASHIL
SETD2
SETDS8
SUV420H1
kmt2a
kmt2d
kmt2c¢
setd1b
CREBBP
KAT6A
KAT6B

Log 2 FC
-0.9777224
-0.4786916
-1.3073609
-0.3955061
-0.5804547
-0.4165244
-0.9038994
-0.9599479
-0.8352634
-0.6856619
-1.1403449
-0.6149172
-0.7995539

-0.696301
-0.7539343

FDR
2.19E-11
0.036
0.0044
0.051
0.0068
0.012
0.0067
3.89E-06
0.03
0.062
0.0023
0.0079
4.74E-06
2.27E-07
0.067
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Appendix 5. Chromatin organization genes with increased expression in the GS

model

Gene ID
SMYD3
EHMT?2
SUV39H1
WHSC1
SMYD2
SUZ12
AEBP2
RBBP4
RBBP7
ASH2L
KAT2
WDR77
COPRS
RBBP7
DNMT3A

Log2 FC
1.07391359
0.53622858
1.07182164
1.36574124
1.66280159
0.35302313
1.13484086
0.47501147
0.90778659
0.31770345
0.89780294
0.39522072
2.15100233
0.90778659
1.00722356

FDR
0.05764164
0.00171655

6.56E-05
5.18E-06
0.03732185
0.04056548
0.00994716
0.05904054
0.03547073
0.03457385
8.49E-05
0.01051057
2.09E-05
0.03547073
0.01474862
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