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Abstract
Melanocytic neoplasms represents a group of biologically distinct subtypes that display a
wide phenotypic variation. An integrative taxonomy of melanocytic neoplasms have grouped
them into two major clades: those that arise from epithelium-associated melanocytes and those
that arise from non-epithelium-associated melanocytes. In sites with an epithelial component,
e.g. the skin epidermis or conjunctiva of the eye, activating BRAF mutations are frequently
found. In contrast, activating GNAQ/11 mutations are virtually absent in those lesions, and
instead are frequently found in lesions located in non-epithelial sites, such as the skin dermis,
uveal tract of the eye, or meninges, where melanocytes interact with mesenchymal cells instead
of epithelial cells. Why does this pattern occur? This question has been the overarching focus of
this thesis, with experiments addressing how melanocytes respond to BRAFV600E and
GNAQQ209L oncogenes in epithelial and non-epithelial associated melanocytes.

It has been suggested that the melanocytic lineage might comprise different subtypes of
melanocytes that respond to activation of distinct pathways. Whether this differential response is
due to unappreciated differences in the developmental migration of epithelial versus nonepithelial melanocytes, or to different microenvironmental cues sent to mature melanocytes
located in different sites has been undetermined. In this dissertation, we found evidence that both
developmental processes and microenvironmental cues influence the ability of oncogenes to
drive melanocyte transformation.

In chapter 2, we characterized a new mouse model for BRAFV600E driven melanoma
targeting melanocytes residing in both epithelial and non-epithelial tissues. Interestingly, noniii

epithelial melanocytes in the eye or leptomeninges did not respond to oncogenic BrafV600E
signaling.

In chapter 3, we found that the timing of GNAQQ209L mutation during development
influences the subtype of melanoma produced.

In chapter 4, we found that the response of mature melanocytes to different oncogenic
stimuli is flexible and depends upon environmental signals. Epidermal melanocytes survive
poorly in the face of GNAQQ209L signaling because paracrine signals from keratinocytes coupled
with GNAQQ209L signaling make melanocytes more sensitive to cellular stress. They are then lost
through apoptosis. However, interactions with fibroblasts have the opposite effect, increasing the
ability of GNAQQ209L to promote melanocyte transformation.

iv

Lay Summary
Melanoma is a type of cancer that begins in melanocytes, the cells responsible for making
the pigment observed in the skin, eyes and hair. While the majority of melanomas are found in
the skin, some melanomas develop in the eyes, central nervous system, or other tissues that bear
melanocytes. Scientists have compared the DNA sequences of both cutaneous and non-cutaneous
melanomas and found characteristic changes that are only present in one group or the other.
Because of these differences, therapies that currently work for cutaneous melanomas have not
showed the same benefits for non-cutaneous melanomas. In this thesis, using animal models that
develop melanoma, we studied the reason for these differences. Deciphering this puzzling
question will provide useful insight to assist the development of new melanoma therapies.
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CHAPTER 1: INTRODUCTION

1.1

MELANOCYTES AT A GLANCE
Melanocytes are neural crest-derived cells that possess the capacity to synthesize the

pigment, melanin. The synthesis of melanin in melanocytes takes place within highly specialized
intracellular organelles called melanosomes. Melanin pigments in the skin and eyes protect from
UV radiation and photodamage (Park and Yaar, 2012).

The commitment of neural crest cells to the melanocyte lineage gives rise to
melanoblasts, which then migrate through the developing embryo until reaching various
destinations where the cells finally differentiate into mature melanocytes (Mort et al., 2015).
Anatomically, melanocytes are mostly located in the basal layer of the skin epidermis, although
smaller populations exist in the uveal tract of the eye, the stria vascularis in the inner ear, mucous
membranes and central nervous system (Park and Yaar, 2012). Melanocyte behavior in the skin
is largely influenced by both positive and negative paracrine signals from neighboring cells,
mainly keratinocytes, as well as autocrine signals and environmental factors, such as UV
radiation, that modulate their proliferation and differentiated function.

The deleterious effects of melanocyte pathology are demonstrated in several benign
pigmentary disorders, including hypopigmentation, such as albinism and vitiligo, and
hyperpigmentation, such as melasma (Yamaguchi and Hearing, 2014). In addition, the
transformation of melanocytes by genetic mutation causes melanoma, the most lethal of all types
of skin cancer (Hawryluk and Tsao, 2014).
1

1.2

ORIGIN OF THE MELANOCYTIC LINEAGE
Melanoblasts, immature melanocytes, are derived from the neural crest, which has its

origins in the neural tube (Ernfors, 2010; Mort et al., 2015). The neural crest is a transient
population of cells, unique to vertebrates, that arises early during embryonic development after
delamination from the dorsal-most part of the neural tube by a process of epithelial-tomesenchymal transition (Dupin and Sommer, 2012). Subsequently, multipotent neural crest cells
(NCCs) migrate along specific routes reaching several sites in the developing embryo, where
these cells arrest and differentiate into a wide variety of cells types. These cell types include glial
cells of the peripheral nervous system, melanocytes, smooth muscle cells, connective tissue,
sensory, sympathetic and enteric neurons, chromaffin cells of the adrenal gland and craniofacial
cartilage (Etchevers et al., 2019). NCC fate is determined by both intrinsic and extrinsic
influences that operate differently along the neural axis, migratory paths, and homing sites. At
the trunk level, NCCs delaminate from the neural tube and migrate following two pathways: the
dorsolateral pathway between the dermamyotome and the epidermis, and the ventromedial
pathway between the neural tube and the anterior portion of the somite (Figure 1.1) (Erickson
and Weston, 1983; Rawles, 1940; Serbedzija et al., 1990).

1.2.1

The dorsolateral pathway and melanocyte origin
Initial studies on melanocyte origin and migratory pathways in trunk neural crest in avian

and mouse species led to the predominant view that all melanocytes arise from NCCs at the
dorsal neural tube, which migrate dorsolaterally between the superficial ectoderm and the
dermomyotome, and then invade the skin to eventually differentiate into pigment cells (Bronner
and Cohen, 1979; Erickson and Goins, 1995; Johnston, 1966; Le Douarin and Teillet, 1974;
2

Serbedzija et al., 1989). This proposed origin suggests that NCCs are already committed to a
melanocyte fate at the level of the neural tube after neural crest delamination. Around embryonic
day (E) 9.5, just prior to migration, the trunk NCCs that follow the dorsolateral pathway begin to
express the transcription factor, microphthalmia (Mitf), a crucial regulator of melanocyte
differentiation. Additionally, these cells will also begin to express dopachrome tautomerase (Dct)
and the premelanosome protein (Pmel) defining these migratory NCCs as melanocyte
progenitors called melanoblasts (Baxter and Pavan, 2003; Goding, 2000; Mackenzie et al., 1997;
Nakayama et al., 1998). Before embarking into the dorsolateral pathway, melanoblasts appear to
pause in a region between the somites and the neural tube termed the migration staging area
(MSA), as though waiting for some cue to enter the dorsolateral pathway (Erickson et al., 1992;
Weston, 1991). These melanoblasts migrate from the dorsum toward the ventrum in the dermis,
eventually colonizing the epidermis and finally the hair matrix. Both the tyrosine kinase receptor
(KIT) and its ligand (KITL), and the Endothelin receptor B (EDNRB) and its ligand, Endothelin
3 (EDN3), are hypothesized to provide migratory cues and survival support for melanoblasts on
the dorsolateral pathway (Bonaventure et al., 2013).

Additionally, changes in the expression of cell adhesion molecules also play a crucial role
in the migration of melanoblasts through the dermis into the epidermis. For example, in mice,
most dermal melanoblasts are E- and P-cadherin negative at E11.5, however, at E13.5 a large
majority of melanoblasts have changed to high E-cadherin and low P-cad, and continue to
migrate and proliferate in an EDNRB-independent manner (Nishimura et al., 1999). At E13.5,
the epidermis consists of a thin layer (approximately 1 cell layer thick) which facilitates the
transmigration of dermal melanocytes towards the epidermis (Li et al., 2011). As a consequence,
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from E13.5 to E15.5, most melanocytes are located in the epidermis in an active process that
does not require degradation of the basement membrane (Li et al., 2011).

Figure 1.1 Development of the melanocyte lineage.
Neural crest cells (NCCs) that migrate dorsolaterally adopt a melanoblast fate shortly after
delamination from the neural tube delamination and migrate between the somites and the
developing epidermis to a defined skin patch and expand massively in number. A second wave
of melanoblasts differentiates from multipotent Schwann cell precursors (SCPs) associated with
developing nerves ventrally, contributing to the adult melanocytes in the trunk, head and
developing limbs. Adapted from (Mort et al., 2015). S, somites; NT, neural tube; DRG, dorsal
root ganglia; N, notochord.
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1.2.2

The ventromedial pathway and melanocyte origin
While melanocyte generation was traditionally associated with the dorsolateral migratory

pathway of neural crest cells, the subsequent analysis determined that melanocytes also arise
from cells migrating along the ventromedial pathway, known to harbor neural precursors
(Adameyko et al., 2009; Ernfors, 2010). Adameyko et al. (2009) discovered that a large number
of melanocytes are produced from nerve-associated multipotent progenitors, also called Schwann
cell precursors (SCPs) (Adameyko et al., 2009). These multipotent SCPs cover all developing
peripheral nerves in the embryo. Within specific developing tissues, SCPs detach from nerves
and differentiate into other cell types, including neuroendocrine cells, autonomic neurons, and
melanocytes (Furlan and Adameyko, 2018). Loss of neuregulin-1 (NRG1) signaling in the nerves
seems to drive some SCPs to differentiate into melanocytes (Adameyko et al., 2009).
Importantly, the local density of innervation defines the pool of SCPs available for recruitment,
which then becomes a key factor influencing the size of the derived tissue or organ (Dyachuk et
al., 2014; Furlan et al., 2017). Because the transition of neural crest cells into SCPs does not
involve a dramatic phenotypic change (Dupin and Sommer, 2012), SCPs can be considered as a
relatively slow and fluent continuation of a developing neural crest population (Furlan and
Adameyko, 2018).

Although initially it was thought that the formation of pigment cell from nerves was
restricted to a limited time period during embryonic development, it was later found that
Schwann cells retain the capacity to form pigmented cells postnatally. For example, sciatic nerve
injury induces hyperpigmentation at the nerve stump (Adameyko et al., 2009; Rizvi et al., 2002),
although the physiological relevance of this process remains to be elucidated. In addition, nerve5

derived melanocytes have been also described in bird (Nitzan et al., 2013) and fish development
(Kelsh and Barsh, 2011).

1.2.3

KIT and KITL signaling in melanocyte development
The receptor tyrosinase kinase KIT is a critical regulatory molecule involved in the

development and the homeostasis of several cell systems, including the hematologic, mast,
primordial germ and melanocytic cell systems (Lennartsson and Ronnstrand, 2012). In the
melanocytic system, KIT signaling plays a critical role in a number of cellular activities,
including migration, survival, proliferation, and differentiation (Grichnik, 2006). The expression
of both the KIT receptor and its ligand, KITL (also called Steel factor or Stem cell factor), is
tightly controlled and is upregulated in waves during development. The KIT ligand can interact
with the KIT receptor in both soluble and membrane-bound forms (Ronnstrand, 2004). In mice,
the membrane-bound ligand is absolutely required by migrating dermal and epidermal
melanoblasts, regulating their survival and adhesion to the intraepithelial niche (Tabone-Eglinger
et al., 2012). Stimulation of KIT by KITL leads to dimerization of receptors, activation of its
intrinsic tyrosine kinase activity and phosphorylation of key tyrosine residues within the
receptor. These tyrosine phosphorylated sites interact with multiple downstream signaling
pathways, including Ras–Erk, phosphatidylinositol 3-kinase (PI3K), phospholipase C-γ, the Src
family, and adapter proteins such as growth factor receptor-bound 2 (Grb2) (Ronnstrand, 2004).
Serine residues on the KIT receptor can also be phosphorylated and serve to modify KIT
regulatory functions (Blume-Jensen et al., 1993).
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The role of Kit in melanocyte development and homeostasis has been extensively studied
in mice. In melanocytic migration, the Kit/Kitl interaction has been shown to be required for the
entry and dispersal of melanoblasts into the dorsolateral pathway (Wehrle-Haller and Weston,
1995). Kit is crucial during migration in the dermis, proliferation in the epidermis, and
integration into developing hair follicles. In humans, loss-of-function KIT mutations cause
piebaldism, a disorder clinically present at birth consisting of amelanocytic patches of skin,
suggesting defects in the migratory capacity, proliferation, and/or survival of developing
melanoblasts.

In terms of melanocytic survival, the KIT/KITL interaction is crucial in the epidermis. In
mice, Kitl and Kit are initially expressed in E15.5 embryonic skin, allowing melanocytes to
survive throughout the epidermal basal layer and developing hair follicles. However, shortly
after birth (postnatal day 8, P8), the expression of Kitl in the interfollicular epidermis of the trunk
decreases and becomes restricted to the hair matrix epidermis (Hirobe, 1984). As a consequence,
mice have virtually no interfollicular epidermal melanocytes in the trunk. Interestingly,
transgenic mice that expressed Kitl in the epidermis under the control of Keratin 14 (K14)
regulatory elements, an epidermal keratinocyte-specific transgene, retained melanocytes in the
trunk interfollicular epidermis and became darkly pigmented (Kunisada et al., 1998a).
Furthermore, when Kitl transgenic mice were treated with an anti-Kit function-blocking
antibody, pigmentation of the skin, including hair, was completely abolished (Kunisada et al.,
1998b). In vitro analysis showed that apoptosis was induced in melanocytes when the KIT/KITL
interaction was obstructed (Ito et al., 1999). In humans, KIT inhibition also appears to drive
melanocytic loss in the skin epidermis (Grichnik et al., 1998). Thus, epidermal melanocytic
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survival is dependent on KIT/KITL interactions and local ligand expression appears to regulate
the requirement for KIT in melanocyte survival.

1.2.4

EDNRB and endothelins in melanocyte development
Endothelin receptors are G protein-coupled receptors (GPCRs) that belong to the

rhodopsin-like class (Urtatiz and Van Raamsdonk, 2016). In mammals, there are two Endothelin
receptors, type A and B, and three 21 amino acid long Endothelin ligands, Edn1, Edn2, and
Edn3, which are processed to their mature forms by Endothelin converting enzymes 1 and 2
(Ece-1, Ece-2). The loss of Endothelin receptor B (Ednrb) in mice causes a severe reduction in
melanoblast numbers, while Endothelin receptor A (Ednra) knockout does not produce a
pigmentation phenotype (Baynash et al., 1994; Clouthier et al., 1998; Hosoda et al., 1994). Thus,
the effect of endothelin signaling in melanocyte development appears to be transduced by Ednrb.
Ednrb has an equal affinity for all three of the Endothelin ligands (Sakurai et al., 1990). Edn3 and
Ece-1 mutant mice have a very similar phenotype compared to Ednrb mutant mice, neatly
linking the three proteins during development (Baynash et al., 1994; Yanagisawa et al., 1998). In
melanocytes, Ednrb seems to signal via heterotrimeric G proteins, Gq and G11 (Van
Raamsdonk et al., 2004) and activate different downstream pathways that include protein kinase
C (PKC), mitogen-activated protein kinase (MAPK), Raf-1, and cAMP response elementbinding protein (CREB) (Saldana-Caboverde and Kos, 2010).

During mouse embryogenesis, Ednrb is expressed in melanoblasts by the time they are
committed to the melanocyte cell fate (Lee et al., 2003). In Ednrb null embryos, melanoblasts
appear in the melanoblast staging area but then are lost in an anterior to posterior progression
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following neural tube closure (Hosoda et al., 1994; Lee et al., 2003). A similar result was found
studying Schwann cell precursor derived melanoblasts around cranial nerves IX-X in Ednrb null
mouse embryos. Melanoblasts appeared in the mutants, but were greatly reduced in number and
did not break contact with the nerves (Adameyko et al., 2012). It is not known exactly why
melanoblasts fail to persist in Ednrb null mouse embryos. Apoptotic melanoblasts were not
found in the melanocyte staging area of Ednrb mutants, but these cells may have been difficult to
detect (Lee et al., 2003) and it is likely that endothelins do stimulate melanocyte
survival/proliferation. Many different in vitro experiments have shown that Edn3 increased cell
proliferation of neural crest cell progenitors and melanoblasts in culture (Dupin et al., 2000;
Lahav et al., 1998; Real et al., 2006; Reid et al., 1996). A temporally regulated Ednrb expression
system in mice demonstrated that melanoblasts that have migrated into the epidermis do not
require Ednrb signaling to persist there (Shin et al., 1999). Thus, the primary role of Ednrb
during mouse development seems to be to support and direct newly created melanoblasts when
they are in the dermis. It is important to note that some melanoblasts can survive without
endothelin signaling, particularly in the head and lower body, leading to small patches of
pigmented fur on an otherwise white background (Hosoda et al., 1994). Interestingly,
melanoblasts in the midbrain region, which arise independently of nerves, are affected less by
Ednrb loss and therefore may be a source of pigmented head spots in Ednrb mutants (Adameyko
et al., 2012). The general lack of pigmentation in the trunk indicates that both Schwann cell
precursor derived and other lineages of melanoblasts in that region require endothelin for
development.

In mice and most other mammals besides humans, melanocytes persist in the post-natal
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dermis in the tail and ears and, in smaller numbers, in the trunk (Fitch et al., 2003; Van
Raamsdonk et al., 2004). These cells probably require on-going endothelin signaling for support
(Garcia et al., 2008; Hyter et al., 2013). In addition, transgenic over-expression of the Edn3
ligand in the skin increased dermal and epidermal melanoblast numbers during embryogenesis
(Garcia et al., 2008). Similarly, the over-expression of Edn3 in chickens causes intense hyperpigmentation of the dermis (Dorshorst et al., 2012). These results support a postnatal role for
Ednrb signaling.

Taken all together, KIT and EDNRB signaling cooperate in melanocyte development to
promote survival and proliferation of melanoblasts. In mice, the absence of either Ednrb or Kit
signaling results in the loss of most melanoblasts, indicating that these pathways are nonredundant (Pavan and Tilghman, 1994; Steel et al., 1992; Wehrle-Haller and Weston, 1995).
Also, it seems that not all melanocytes have the same degree of dependence on KIT or EDNRB
signaling. An interesting study in mice showed that non-epidermal melanocytes found in the
dermis, choroid, ciliary body, iris, cochlea, and harderian gland are less dependent on Kit
signaling than epidermal melanocytes (Aoki et al., 2009).

1.3
1.3.1

BIOLOGY OF MELANOCYTES
Synthesis of pigments
Melanosomes, lysosome-related organelles within melanocytes, are the cellular site of

synthesis, storage, and transport of melanin pigments. In mammals, melanosomes are present in
melanocytes of the skin and uveal tract, as well as in the non-neural crest-derived retinal pigment
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epithelium (RPE). They are also found in the melanophores of fish (Wasmeier et al., 2008).
Melanin pigments can be classified into two major types based on their biochemical structure:
pheomelanin (red and yellow pigments) and eumelanin (brown and black pigments). Both types
of melanins derive from a common tyrosinase-dependent pathway with the same precursor,
tyrosine. The first step in melanin synthesis is the conversion of tyrosine to
dihydroxyphenylalanine (DOPA), catalyzed by the copper-containing enzyme, tyrosinase (TYR).
Individuals with deleterious mutations in the TYR gene results in oculocutaneous albinism type 1
(OCA1), which presents a complete or partial lack of melanin production in their melanocytes
(Gronskov et al., 2007; Urtatiz et al., 2014). Additional enzymes are crucial in the production of
melanin such as the tyrosinase-related proteins TRP1 and TRP2 (also known as dopachrome
tautomerase, DCT) (D'Mello et al., 2016).

Melanin provides very strong protection against ultraviolet light-induced mutations in
DNA. The shielding effect of melanin, especially eumelanin, is achieved by its ability to serve as
a physical barrier that scatters ultraviolet (UV) radiation, and as an absorbent filter that reduces
the penetration of UV through the epidermis (Kaidbey et al., 1979). Epidemiological data
strongly support the photoprotective role of melanin, as the amount of skin pigmentation is
inversely correlated with the incidence of sun-induced skin cancers. Individuals with dark skin,
which contains more eumelanin in the basal layer of the epidermis, are better protected against
UV-induced damage and less likely to develop skin cancer than individuals with fair skin
(Brenner and Hearing, 2008; Halder and Bang, 1988). Another explanation for the increased
cancer protection afforded by dark pigmentation might involve the low proportion of
pheomelanin pigment. In contrast to eumelanin, pheomelanin is more photolabile (Chedekel,
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1982; Chedekel et al., 1977) and is thought to contribute to the damaging effects of UV radiation
because it can generate superoxide and hydroxyl radicals, all known triggers of oxidative stress,
which might cause further DNA damage in melanocytes (Hill and Hill, 2000). In addition,
pheomelanin has been associated with higher rates of apoptotic cell death after UV irradiation
(Hill and Hill, 2000; Takeuchi et al., 2004). Thus, increased pheomelanin production might be a
risk factor for melanoma, although the precise underlying mechanism for this process remains to
be fully elucidated.

Melanocytes also have neural and neuroendocrine functions during development. For
example, individuals with oculocutaneous albinism type 1 (OCA1), develop misrouting of the
optic nerves at the chiasm (Creel et al., 1990; Pott et al., 2003). Melanocyte-like cells in the inner
ear contribute to hearing and their loss may cause deafness in Waardenburg syndrome
(Tassabehji et al., 1994). Other studies have shown that the extent of induced temporary hearing
loss is inversely related to skin pigment type (Barrenas and Lindgren, 1990). Extracutaneous
melanocytes located in the brain may provide neuroendocrine functions, as well as reducing
oxidative stress. Interestingly, human melanocytes express lipocalin-type prostaglandin D
synthase, which generates prostaglandin D2 (PGD2), a potent sleep-inducing substance (Takeda
et al., 2006).
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1.3.2
1.3.2.1

Melanocyte distribution
Dermal and epidermal melanocytes
The human skin is the largest organ of the body and serves as the body’s first line of

defense against infection and regulates temperature and fluid balance (Sotiropoulou and
Blanpain, 2012). The outermost epidermal layer is made up of a network of keratinocytes that
are organized into four stratified cell layers: the stratum basale, stratum spinosum, stratum
granulosum and stratum corneum (Liu et al., 2013). Once constructed, the epidermis is
maintained by continual stratification and differentiation of keratinocytes throughout adult
life. In human skin, interfollicular melanocytes reside in the basal layer of the epidermis where
they form the epidermal melanin unit (EMU) as a result of the relationship between one
melanocyte and 30-40 associated keratinocytes (Quevedo et al., 1975). This balance is
maintained through the human lifespan but the exact mechanism is unknown (Cichorek et al.,
2013).

The dermis, the layer immediately below the epidermis, provides strength and flexibility
to the skin, and houses other structures such as the dermal papilla of the hair follicles, glands,
blood vessels, and nerves (Thulabandu et al., 2018). The main resident cell type of the dermis is
the dermal fibroblast, which produces the extracellular matrix (ECM), composed mainly of
collagen and elastin (Frantz et al., 2010). While mice bear dermal melanocytes in the tail, feet,
ears, and genital skin, dermal melanocytes are rare in humans. They only occur in the form of
dermal melanocytoses such as the naevus of Ota, the naevus of Ito, Mongolian spots, and related
conditions (Gleason et al., 2008; Zembowicz and Mihm, 2004). Furthermore, non-melanogenic
melanocytes have been found in the sebaceous gland in the dermis (Jang et al., 2014).
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Figure 1.2 Anatomical location of melanocytes in mice.
In the trunk skin of mice, melanocytes are mainly confined to the hair follicles. In the tail skin,
melanocytes are located at the basal layer of the interfollicular epidermis (IFE) and transfer
melanosomes to surrounding keratinocytes. The underlying dermis is also populated by
melanocytes, although this is not a typical site for melanocytes in humans. Outside the skin,
melanocytes can be found in the meninges of the brain and spine, as well as the uveal tract of the
eye. Interfollicular epidermis, IFE.

1.3.2.2

Hair follicle melanocytes
The hair follicle is a skin appendage organ composed of epidermis‐derived follicular

keratinocytes, mesenchymal cells, and neuroectodermal cells required for cyclic pigmented hair
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growth. The hair follicle repeats its cyclic regeneration and regression with alternating phases of
anagen (growing phase), catagen (regressing phase), and telogen (resting phase), to regrow new
hair (Fuchs, 2007). Differentiated hair follicle melanocytes are located in the lower bulb region
of each hair follicle, close to the dermal papilla. In contrast to epidermal melanocytes, hair
follicle melanocytes are larger, possess longer dendrites, and interact with fewer keratinocytes
(Hirobe, 1995). Furthermore, epidermal melanocytes proliferate rarely, while hair follicle
melanocytes are regenerated each hair cycle from melanocyte stem cells in the hair follicle niche,
called the bulge (Nishimura, 2011). Hair pigmentation is the result of the structural and
functional interactions between follicular melanocytes, matrix keratinocytes and dermal papilla
fibroblasts (Slominski and Paus, 1993).

Although the mechanism of the melanin synthesis in hair and epidermal melanocytes is
similar, hair follicles melanocytes are more sensitive to aging. The loss of melanocyte stem cells
in the bulge results in hair graying (Tobin and Paus, 2001).

1.3.2.3

Ocular melanocytes
The wall of the human eye consists of three distinct concentric layers: the outer layer (the

white sclera), the middle layer (the uveal tract), and the inner layer (the retina). There are two
different types of ocular melanocytes of neural crest origin: conjunctival and uveal melanocytes.
Conjunctival melanocytes are located in the basal layer of the conjunctival epithelium, which
covers the sclera (Hu et al., 2007). On the other hand, uveal melanocytes are located in the uveal
tract, which is composed of three parts: the iris anteriorly, the intermediate ciliary body, and the
choroid posteriorly (Hu, 2005). The choroid is comprised of blood vessels, melanocytes,
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fibroblasts and resident immunocompetent cells (Nickla and Wallman, 2010). As one of the most
highly vascularized tissues of the body, the main function of the choroid has been traditionally
viewed as supplying oxygen and nutrients to the retina (Nickla and Wallman, 2010).
Melanocytes and melanin in the choroid are thought to protect cells against oxidative damage as
free radical scavengers (Hu, 2005; Hu et al., 2008). Unlike epidermal melanocytes that supply
neighboring keratinocytes with melanosomes, ocular melanocytes retain their melanosomes
intracellularly (Wasmeier et al., 2008). Pigment is also produced in the retinal pigment
epithelium (RPE), but the origin of these cells is the optic cup and not the neural crest.

1.3.2.4

Central nervous system melanocytes
In the human central nervous system (CNS), melanocytes are located in the

leptomeninges covering the ventrolateral surfaces of the medulla oblongata and the upper part of
the spinal cord (Goldgeier et al., 1984). The leptomeninges consist of two membranes, the pia
and arachnoid mater, that encompass the brain and spinal cord. The leptomeninges have complex
functions as barriers and facilitators for the movement of fluid, solutes and cells at the surface of
the CNS and of fluid and solutes within the CNS parenchyma (Weller et al., 2018). Although the
role of melanocytes in the meninges is currently unknown, it has been suggested that
leptomeningeal melanocytes capture toxic cations and free radical species from the blood
circulation (Tolleson, 2005). In mice, meningeal melanocytes have been suggested to play a role
in the immune response (Gudjohnsen et al., 2015). Also, there are indications that meningeal
melanocytes may have neuroendocrine functions involving the control of the respiratory rhythm
and sleeping regulation (Takeda et al., 2007).
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1.3.2.5

Melanocytes in the ear
Melanocyte-like cells appear in almost all parts of the inner ear, such as the cochlear

duct, stria vascularis, vestibular organ in the region surrounding the cristae and maculae,
semicircular canals (Steel and Barkway, 1989). The presence of these cells is necessary for ear
development (Tachibana, 1999) and a deficiency in these cells is associated with hearing loss in
Waardenburg’s Syndrome (WS) (Tassabehji et al., 1994).

1.3.3

Melanocytes and their neighboring cells
The cross-talk between melanocytes and keratinocytes in the epidermis and fibroblasts in

the dermis is part of a complex signaling network that maintains skin homeostasis.

1.3.3.1

Keratinocytes
In the epidermis, melanocytes are in contact with 30–40 neighboring keratinocytes

through long dendritic extensions forming the epidermal melanin unit (EMU) (Quevedo et al.,
1975). It is through these dendrites that melanocytes transfer melanosomes to keratinocytes
where they affect skin pigmentation and protect against UV radiation (Ando et al., 2012).
Consequently, direct cell-cell interactions mediate cross-talk between keratinocytes and
melanocytes, which is necessary for the skin to adapt to external stimuli.

In human skin, keratinocytes control melanocytes through secretion of a variety of
growth factors and cytokines in a paracrine manner, as well as through direct cell-cell contacts.
Co-culture systems have played an important role, revealing how keratinocytes regulate
melanocytes. Several secreted molecules were identified as melanocyte growth factors derived
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from keratinocytes: kit ligand (KITL), endothelin 1 and 3 (EDN1 and EDN3), basic fibroblast
growth factor (bFGF), and hepatocyte growth factor (HGF) (Hirobe, 2011). Most of these
ligands act as mitogens and melanogens for melanocytes by upregulating proteins involved in
proliferation and differentiation. After each cell division, each daughter cell secures its
attachment to the basement membrane through integrins such as α6β1 or α7β1 (Haass and
Herlyn, 2005).

UV irradiation is another stimulus that triggers the release of paracrine factors from
keratinocytes such as alpha-melanocyte-stimulating hormone (alpha-MSH) and
adrenocorticotropic hormone (ACTH), both of which are melanogenic stimulators (Im et al.,
1998; Rousseau et al., 2007). Secreted -MSH/ACTH binds to the melanocortin 1 receptor on
melanocytes to activate the cAMP–protein kinase A (PKA)–cAMP response element-binding
protein (CREB) pathway (Busca and Ballotti, 2000). This subsequently increases the expression
of Tyrosinase (TYR) and Tyrosinase-related proteins 1 and 2 (TRP-1 and -2), which are critical
melanogenic enzymes, through the upregulation of microphthalmia-associated transcription
factor (MITF), which coordinates the expression of a network of melanocyte genes (D'Mello et
al., 2016; del Marmol and Beermann, 1996).

Endothelin and Kit ligand also play an important role in melanogenesis upon UVB
irradiation. Similar to -MSH/ACTH, KITL, and EDN1 activate melanin synthesis in
melanocytes by modulating MITF phosphorylation (Hachiya et al., 2001; Imokawa et al., 1992).
Moreover, other keratinocyte-derived factors positively regulate melanogenesis such as basic
fibroblast growth factor (bFGF) (Puri et al., 1996), and hepatocyte growth factor (HGF)
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(Halaban et al., 1992), granulocyte-macrophage colony-stimulating factor (GM-CSF) (Imokawa
et al., 1996), leukaemia inhibitory factor (LIF) (Hirobe, 2002), and transforming growth factor
(TGF)-β (Yang et al., 2008).

Finally, keratinocytes can also secrete inflammatory cytokines with antimelanogenic
effects closely related to postinflammatory hypopigmentation. Among these are interferon (IFN)γ, tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1α/β. Most of the human acquired
hypopigmented disorders, such as vitiligo, psoriasis, proinflammatory hypopigmentation, and
atopic dermatitis, are associated with inflammation. One recent study showed that TNF-α and IL17 synergistically suppressed pigmentation-related signaling and melanin production partly via
the G protein-coupled receptor, Melanocortin Receptor 1, MC1R (Wang et al., 2013a).

1.3.3.2

Fibroblasts
Similar to keratinocytes, dermal fibroblast‐derived soluble factors also exert a regulatory

role on pigmentation. In humans, the skin of the palms and sole is less pigmented than the rest of
the body. Dikkopf-1 (DKK-1), a secreted antagonist of Wnt, is produced by fibroblasts in the
palms and soles and suppresses melanocyte growth and melanosome transfer to keratinocytes in
the epidermis (Yamaguchi et al., 2004; Yamaguchi et al., 2008). Inhibition of the Wnt pathway
results in decreased β-catenin expression in melanocytes and as a consequence, inactivation of
MITF leading to reduced melanogenesis. Similar to DKKs, other fibroblasts derived-factors that
modulate Wnt signaling in melanocytes have been reported. The secreted frizzled-related
proteins (sFRPs), which stimulate the β-catenin pathway, increased melanogenesis in human
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fibroblasts-melanocyte cocultures, showing that it could be an effective mesenchymal
melanogenic inducer (Kim et al., 2016).

In contrast to DKK-1, the pro-pigmenting effect of neuregulin-1 (NGR1) secreted by
fibroblasts in individuals with dark skin suggests that this particular signaling molecule
stimulates pigment production (Choi et al., 2010b). NRG1 can increase human melanocyte
proliferation and pigmentation through the corresponding receptors ErbB3 or ErbB4 on
melanocytes (Choi et al., 2010b).

In addition, in various congenital hyperpigmented disorders, such as systemic
scleroderma, dermatofibroma, café-au-lait macules of neurofibromatosis, and generalized
progressive dyschromatosis, an increase in the production of growth factors known to be
melanogenic has been reported in the dermis; these factors include KIT ligand (KITL),
hepatocyte growth factor (HGF) or keratinocyte growth factor (KGF) (Cardinali et al., 2009;
Okazaki et al., 2003; Shishido et al., 2001). KGF, an epithelium-specific factor produced mainly
by dermal fibroblasts, promotes melanosome transfer to keratinocytes in normal human
keratinocytes-melanocytes co-cultures (Cardinali et al., 2005; Chen et al., 2010).

Growth factor/cytokine regulatory loops also exist between the epidermal and
mesenchymal compartments that may play a role in melanocyte homeostasis. For example,
keratinocyte-produced cytokines, such as interleukin 1 alpha (IL1α) or tumor necrosis factor
alpha (TNFα), may stimulate fibroblasts, which in turn release melanocyte-stimulating factors
such as HGF or KITL (Imokawa et al., 1998; Mildner et al., 2007).
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1.4

CLASSIFICATION OF MELANOCYTIC NEOPLASMS
Melanocytes can give rise to a diverse set of neoplasms initiated by gain-of-function

mutations in one of several primary oncogenes. Recently, Bastian (2014) updated a proposed
classification of melanocytic neoplasms by integrating genetic alterations in association with
specific clinical features and characteristics of the host, such as age of onset and the role of
environmental factors, such UV radiation (Bastian, 2014; Whiteman et al., 2011). According to
this classification, melanocytic neoplasms can be categorized into those that arise from
epithelium-associated melanocytes and those that arise from non-epithelium-associated
melanocytes.

The initiating oncogenic events, which tend to occur in a mutually exclusive pattern,
were crucial for separating the classes. Somatic, activating mutations in the BRAF, NRAS, and
KIT pathways are common among neoplasias derived from melanocytes within the epithelium,
whereas activating mutations in the Gq pathway are characteristic of those derived from areas
outside of the epithelium (Figure 1.3). Driver mutations lead to the formation of benign
melanocytic neoplasias, also termed nevi (the plural of nevus). Additional secondary genetic
alterations are required to overturn multiple tumor-suppressive mechanisms and promote
progression into malignant melanocytic neoplasms, also known as melanomas. Secondary
genetic alterations usually include loss-of-function mutations in tumor-suppressor genes such as
CDKN2A (cyclin-dependent kinase inhibitor 2A), TP53 (tumor protein 53), PTEN (phosphatase
and tensin homolog), and BAP1 (BRCA1-associated protein 1), some of which can also be
inherited as germ-line alterations.
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Figure 1.3 Taxonomy of melanocytic neoplasms.
Melanocytic neoplasms can arise from epithelium-associated melanocytes or from nonepithelium associated melanocytes. Molecularly, around 60% of epithelium-derived lesions
harbor activating mutations in the B-RAF kinase, whereas 83% of non-epithelium-lesions harbor
activating mutations in G-proteins, GNAQ and GNA11. Nevus refers to benign melanocytic
lesions. Cumulative sun-induced damage, CSD. Adapted from (Bastian, 2014).
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1.4.1
1.4.1.1

Genetic alterations in epithelial melanocytic neoplasms
BRAF mutations
BRAF is a member of the rapidly accelerated fibrosarcoma (RAF) kinase family of

mammalian cytosolic serine/threonine kinases (ARAF, BRAF, CRAF), which transduces signals
downstream of RAS via the mitogen-activated protein kinase (MAPK) pathway (Malumbres and
Barbacid, 2003). The MAPK pathway regulates cell properties downstream of tyrosine kinase
receptors and heterodimeric G protein-coupled receptors. In normal melanocytes, the MAPK
pathway is most commonly activated by ligand-mediated activation of receptor tyrosine kinases
(RTKs) (Dankner et al., 2018; Malumbres and Barbacid, 2003). Ligand-bound RTKs, in turn,
activate GTPases belonging to the RAS family (i.e., HRAS, KRAS, and NRAS), which
subsequently induce the dimerization of RAF family members. Activation of RAF leads to a
cascade of kinase activation from MEK1/2 to ERK1/2. Phosphorylated ERK is a kinase that can
stimulate several transcription factors involved in a variety of cellular processes including
proliferation and cell survival (Malumbres and Barbacid, 2003).

An activating BRAF mutation is reported in nearly half of all human cutaneous
melanomas and nevi: a T to A substitution at nucleotide 1799 that produces a valine to glutamic
acid substitution (V600E) in the BRAF protein (Davies et al., 2002; Forbes et al., 2015). In
addition to melanoma, mutations in BRAF have been identified in 10–70% of thyroid cancers
(Namba et al., 2003), 10% of colorectal cancers (CRC) (Jones et al., 2017), and 3–5% of nonsmall cell lung cancer (NSCLC) (Cardarella et al., 2013; Paik et al., 2011).
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The BRAFV600E mutation is a class I mutation that strongly activates kinase activity and causes
constitutive activation of the MAPK pathway (Dankner et al., 2018). Negative feedback on RAS,
as a consequence of constitutive MAPK activity, prevents BRAF dimerization and facilitates a
context where BRAFV600E proteins signal constitutively as monomers (Dankner et al., 2018;
Poulikakos et al., 2011). In vitro assays demonstrate that BRAFV600E mutants exhibited increased
kinase activity by 700-fold when compared to wild-type BRAF (Wan et al., 2004). Structurally,
the V600E mutation increases BRAF activity by forming a salt bridge with K507 at the Cterminal portion of the αC helix (Lavoie and Therrien, 2015; Wan et al., 2004). This forces the
activation segment to fold backward towards an active conformation. The interaction between
V600E and K507 mimics the conformational changes that occur during dimerization, providing
an explanation for why BRAF V600E does not depend on dimerization for increased kinase
activity (Poulikakos et al., 2011; Roring et al., 2012; Thevakumaran et al., 2015).

Therapeutic approaches have been developed to target BRAFV600E melanoma, including
BRAF inhibitors and MEK inhibitors. There are two BRAF inhibitors currently approved for
patients with class I BRAF V600 mutations in metastatic melanoma: vemurafenib and dabrafenib
(Chapman et al., 2011; Hauschild et al., 2012). These inhibitors function as reversible ATPcompetitive inhibitors of the BRAF kinase domain. In the context of BRAFV600E expressing cells,
in which BRAF signals primarily as a monomer, the MAPK pathway is effectively inhibited
when treated with either of these agents providing objective responses in approximately 50% of
melanoma patients (Falchook et al., 2012; Luke et al., 2017). Unfortunately, patients who
initially respond to BRAF inhibitor treatment, most often eventually acquire resistance. The most
common mechanism of acquired resistance is via reactivation of the MAPK/ERK pathway,
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which can occur upstream (by mutations in RAS that activate ARAF or CRAF when BRAF is
blocked), downstream (activating mutation in MEK1/MEK2) or at the level of BRAF
(amplification of the mutant BRAF allele) (Griffin et al., 2017).

1.4.1.2

NRAS mutations
NRAS, or neuroblastoma RAS viral v-ras oncogene, is a member of the RAS gene family

of signaling proteins, oncogenes which have GTP/GDP binding and GTPase activity and
function in the maintenance of cell growth (Joneson and Bar-Sagi, 1997). Around 15 %–20 % of
human melanomas carry mutations in NRAS, with a recurrent common mutation at codon 61 in
exon 3, resulting in the replacement of the Q61 glutamine residue usually by lysine or arginine
(Omholt et al., 2002). This substitution irreversibly activates the RAS protein, resulting in an
inability to cleave GTP, which would otherwise terminate downstream growth (Kelleher and
McArthur, 2012). Of note, NRAS mutations activate MAPK signaling using CRAF instead of
BRAF (Dumaz et al., 2006). Similarly to BRAF, NRAS mutations have also been found in
benign nevi, particularly with congenital melanocytic nevi of medium to large size (Dessars et
al., 2009). Transgenic mice expressing the oncogenic form of human NRAS in a P16-deficient
background developed metastatic melanoma (Ackermann et al., 2005).

Pharmaceutical NRAS inhibition has proven to be challenging, in part due to the
dynamics of the Ras cycle; inhibition would require displacement of GTP from Ras in a GTP
rich environment, or restoration of its GTPase activity (Flaherty and Fisher, 2011). Instead,
signaling downstream of NRAS through PI3K/Akt and MEK inhibitors has been studied as an
alternative strategy (Flaherty and Fisher, 2011; Jaiswal et al., 2009).
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1.4.1.3

KIT mutations
Activating mutations or DNA copy number aberrations of the KIT gene are found in 39%

of mucosal, 36% of acral, and 28% of melanomas arising on chronically sun-damaged skin,
while no KIT mutations are found in cutaneous melanomas without chronic sun damage. The
fact that the earliest detectable manifestation of acral and mucosal melanoma is melanoma in situ
(and not a precursor nevus) suggests that KIT mutations are not sufficient to allow a significant
proliferation to result in an equivalent to the nevi observed with BRAF mutations. Preliminary
studies suggest that KIT mutations may arise early and are followed by amplification of Cyclin
D1 (CCND1), and subsequently Telomerase Reverse Transcriptase (hTERT), which coincides
with a substantial increase in the neoplastic cell population (North et al., 2008).

1.4.2

Types of epithelial melanocytic neoplasms
Among epithelial associated neoplasms, the most common type occurs on sun-exposed

skin. This group is classified according to the degree of cumulative radiation-induced damage
apparent in the skin around the lesion. Melanomas in damaged skin are termed cumulative suninduced damaged (CSD) lesions, versus lesions without cumulative sun-induced damaged (NonCSD). Another type of neoplasm is acral melanoma, which is found on the skin never exposed to
the sun, the soles and palms of feet and hands, respectively.

1.4.2.1.1

Non-cumulative sun-induced damaged melanoma (Non-CSD)

Non-CSD melanoma has an estimated incidence of 135 individuals per million in North
America and is the most common type of melanoma in Caucasians (Bastian, 2014; Wang et al.,
2016b). Non-CSD melanocytic neoplasms are found in intermittently sun-exposed skin that does
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not exhibit solar elastosis, a distinctive change in elastic fibers of the skin caused by long term
UV exposure. These neoplasms appear during the first two decades of life as common acquired
nevi (Bauer and Garbe, 2003). Mutational analysis shows a high frequency of BRAF mutations,
more specifically the BRAFV600E mutation (Pollock et al., 2003). More recent studies showed
that all neoplastic melanocytes within nevi carried the BRAFV600E mutation, suggesting that nevi
result from the clonal expansion of a single cell and that no additional mutations are required to
initiate nevi formation (Shain et al., 2015; Yeh et al., 2013).

The fact that common acquired nevi appear early in life suggests that cumulative sun
exposure is not a major driver for these lesions. However, the role of UV radiation is
controversial. The common BRAF V600 mutation is a thymidine-to-adenine transversion and
thus not a classic UV-signature mutation (which is a C to T or CC to TT) (Brash, 2015).
Moreover, BRAFV600E mutations arise in the thyroid or colorectal cancers, which are not exposed
to UV radiation (Davies et al., 2002). However, common acquired nevi arise more frequently on
sun-exposed skin and sun protection behaviors reduce their incidence (Breitbart et al., 1997;
Kelly et al., 1994; Luther et al., 1996; Pavlotsky et al., 1997). In addition, whole-genome
sequencing revealed a signature of UV radiation-induced DNA damage (Shain et al., 2015).
Altogether, the epidemiological and genomic data implies that UV radiation could contribute to
the formation of nevi, perhaps through non-genetic mechanisms.

Although BRAFV600E mutations are sufficient to initiate common nevi formation, they are
not sufficient to drive progression to melanoma. Further genetic alterations have to be acquired
by the BRAF-mutant melanocytes within a nevus to result in melanoma formation, a process that
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takes additional time and could explain the difference in latency between the appearance of nevi
in the first two decades, and melanomas, typically in the third decade and later (Merlino et al.,
2016). The presence of an adjacent nevus remnant contiguous with melanoma is evidence of the
transformation in a subpopulation of nevus cells (Purdue et al., 2005). In order to progress into
melanoma, nevi cells use additional genetic alterations to overcome an initial senescence-like
phenotype. These genetic alterations include TERT promoter mutations, biallelic inactivation of
CDKN2A, PTEN and TP53 and copy-number alterations (Shain et al., 2015).

1.4.2.1.2

Cumulative sun-induced damaged melanoma (CSD)

The second most common type of melanoma in Caucasians arises in areas chronically
exposed to the sun, predominantly the head, neck, and the dorsal surfaces of the distal
extremities of older individuals (>60 years of age) (Lachiewicz et al., 2008). CSD melanoma has
an estimated incidence of 55 individuals per million (Bastian, 2014). These melanomas show
signs of long-term UV exposure, specifically highlighted by the presence of solar elastosis
(Whiteman et al., 2003). Melanomas on chronically sun-exposed skin harbor different genetic
alterations from those in non-CSD melanomas. Molecularly, CSD melanomas are characterized
by BRAFV600K mutations (Maldonado et al., 2003; Menzies et al., 2012), inactivating mutations
of NF1 (Krauthammer et al., 2012), copy-number increase of CCND1 (Curtin et al., 2005), and
activating mutations of KIT (Curtin et al., 2006). They also have a higher mutation burden with
over 100.000 somatic mutations per melanoma (Hodis et al., 2012). Finally, while non-CSD
melanomas are associated with acquired nevi that already exhibit BRAFV600E mutations, CSD
melanomas are associated with atypical melanocytic neoplasms and melanoma in situ (Merlino
et al., 2016).
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1.4.2.1.3

Acral and mucosal melanomas

Acral and mucosal melanoma, both rare types of melanomas with an estimated incidence
of 2.2 people per million. Acral melanoma is the most common type of melanoma in those of
African descent. These melanomas often show a lentiginous component, in which melanocytes
proliferate along the basal layer of the epidermis (Bastian, 2014; Bradford et al., 2009;
McLaughlin et al., 2005). Acral melanoma occurs predominantly on the nail beds, palms, and
soles, which lacks hair follicles but contain eccrine glands. (Bradford et al., 2009). It has been
hypothesized that eccrine sweat glands provide an anatomical niche for melanocytes that are the
cell of origin of acral melanoma (Grichnik, 2015). On the other hand, mucosal melanomas arise
from melanocytes located in mucosal membranes lining the respiratory, gastrointestinal and
urogenital tracts (Mihajlovic et al., 2012).

While mutations in BRAF occur in 15% of acral melanomas, they are absent in mucosal
melanoma. Activating mutations or amplification of wild-type KIT are found in 15–40% of acral
and mucosal melanomas, and approximately 15% have NRAS mutations (Beadling et al., 2008;
Curtin et al., 2006; Hodis et al., 2012). A unique feature of acral and mucosal melanomas is the
high frequency of gene amplifications throughout the genome (Bastian et al., 2000).

1.4.3
1.4.3.1

Genetic alterations in non-epithelium melanocytic neoplasms
GNAQ and GNA11 mutations
G protein-coupled receptors (GPCRs) function by detecting a wide spectrum of

extracellular signals and ligands, which generate conformational changes in the GPCR structure
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and cause the activation of signaling networks inside the cell that regulate many key biological
functions, such as differentiation, cell proliferation, cell migration, and metabolic activity.
GPCRs mainly signal through heterotrimeric G proteins, which contain three separate subunits:
α, β, and γ. In its inactive state, the α subunit is bound to a guanine diphosphate molecule (GDP)
and the β and γ subunits in a complex tethered to the cytosolic side of the cell membrane. When
a GPCR is activated by ligand binding, it recruits a heterotrimeric G protein, which triggers the
release of GDP and the binding of a guanine triphosphate molecule (GTP) on the Gα subunit.
Then, the GTP-bound Gα subunit dissociates from the receptor and Gβγ subunits to activate
downstream effectors. There are five classes of Gα protein (Gαs, Gαq, Gαi, Gα12/13, and Gαv) and
the GTP-bound conformations of each class interact with different canonical downstream
effectors (Oka et al., 2009; Simon et al., 1991). Some GPCRs signal through more than one type
of Gα protein, which further increases complexity. In addition, the Gβγ subunits can also act on
effectors (Smrcka, 2008). The activity of Gα is self-limited by the intrinsic GTPase activity of its
Ras-like domain, which hydrolyzes GTP back to GDP and prevents further interaction of Gα
with its effector. This inactivation step is modulated by Regulators of G-protein signaling (Rgs)
proteins, which are GTPase accelerating proteins (GAPs) (Cabrera-Vera et al., 2003; Conklin
and Bourne, 1993; Kimple et al., 2011; Oka et al., 2009; Sanchez-Fernandez et al., 2014; Wess,
1997; Yang et al., 1999).

Oncogenic mutations in GNAQ and GNA11 genes, which encode the heterotrimeric G
protein alpha subunits, Gαq and Gα11, occur in a mutually exclusive manner in around 60%-85%
of non-epithelial melanocytic lesions. Mutations in GNAQ and GNA11 occur at two hotspots,
glutamine 209 (Q209) and arginine 183 (R183), where Q209 mutations are much more frequent
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than R183 mutations (Berman et al., 1996; Orth et al., 2009; Van Raamsdonk et al., 2010). The
Q209 residue is crucial for the GTPase activity of G proteins; thus, hydrolysis of GTP is
abolished in GNAQ and GNA11 mutants, leading to constitutive activation of the Gαq and Gα11
proteins (Farfel et al., 1999; Landis et al., 1989; Markby et al., 1993). Moreover, the two genes
are mutated with unequal frequency in each type of lesion. GNAQ mutations are 7.9 times more
frequent in dermal lesions, 4.6 times more frequent in leptomeningeal melanocytomas, and 1.4
times more frequent in primary uveal melanomas, compared with GNA11 mutations (Gessi et al.,
2012; Kusters-Vandevelde et al., 2010; Kusters-Vandevelde et al., 2014; Van Raamsdonk et al.,
2010). Conversely, GNA11 mutations are 2.6 times more frequent than GNAQ mutations in uveal
melanoma metastases (Van Raamsdonk et al., 2010). Despite this, uveal melanoma patient
survival is not affected by whether the primary tumor carries a GNAQ or GNA11 mutation and
given their presence in uveal nevi, GNAQ and GNA11 mutations are hypothesized to be early
events in uveal melanomagenesis (Van Raamsdonk et al., 2010).

The first effector of Gαq class α subunits to be identified was phospholipase C (PLCβ).
PLC cleaves phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol
(DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 diffuses in the cytoplasm and binds to
receptors such as calcium channels in the endoplasmic reticulum, releasing calcium as a second
messenger. Calcium and DAG also activate protein kinase C (PKC), which can phosphorylate
RAF in the MAP kinase pathway. Therefore, one of the primary effects of oncogenic Gαq and
Gα11 is the activation of the MAP kinase pathway and the phosphorylation of ERK (Van
Raamsdonk et al., 2009; Van Raamsdonk et al., 2010).
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Although a major role of Gαq/11 is to directly bind and activate PLCβ, additional effectors
and signaling pathways also play an important role. Gαq/11 signaling also promotes the activation
of the Rho GTPases, Rho, and Rac, and this leads to gene expression changes, actin cytoskeletal
remodeling, and cell growth (Sanchez-Fernandez et al., 2014). Particularly relevant to uveal
melanoma, Gαq/11 stimulates Rho and Rac small GTPase-mediated signaling through direct
binding and activation of several members of the large Rho guanine-nucleotide exchange factor
(RhoGEF) family, including p63RhoGEF and Trio (Chua et al., 2017). Oncogenic Gαq
stimulates the transcriptional co-activator, YAP, through a Trio-Rho/Rac signaling circuitry that
promotes actin polymerization, in a pathway that is independent of both PLC and the canonical
Hippo pathway (Feng et al., 2014; Yu et al., 2014). Polymerized F-actin accumulates in response
to the action of Rho GTPase, and F-actin competes for binding with the YAP-cytoskeletalassociated protein angiomotin to promote the release of YAP from inactive cytoplasmic
angiomotin-associated complexes. Free YAP translocates to the nucleus and promotes the
transcription of various transcription factors, including TEADs and SMADs, to stimulate cell
growth and viability. Thus, the Trio/Rho/Rac/YAP pathway of oncogenic Gαq/11 provides yet
another rational therapeutic avenue for uveal melanoma.

Currently, several therapeutic approaches for diseases driven by constitutively active Gα
subunits are being investigated. Therapeutic interventions by targeted inhibition of constitutively
active Gαq/11 subunits may be a potential treatment option for patients with uveal melanoma
(Lapadula et al., 2019; Onken et al., 2018). Alterative approches to direct inhibition of oncogenic
Gαq/11 involves the selective inhibition of critical downstream effectors. In a randomized, phase
II trial of the MEK inhibitor, selumetinib, treatment improved progression-free survival and the
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response rate to chemotherapy, but unfortunately did not lead to an improvement in overall
survival for uveal melanoma patients (Carvajal et al., 2014). PKC activity may have additional
effects because PKC inhibition decreased NFkB signaling (Wu et al., 2012) and combined PKC
and MEK inhibition is more efficacious at inhibiting MAP-kinase pathway activation, halting
proliferation, and inducing apoptosis in vitro (Chen et al., 2014). A phase Ib/II combination trial
of a MEK inhibitor, MEK162, plus the PKC inhibitor, AEB071, has been initiated
(NCT01801358). MEK inhibition has been reported to lead to PI3K/AKT up-regulation, which
may contribute to tumor resistance (Babchia et al., 2010). A phase II trial will compare the MEK
inhibitor, trametinib, alone or trametinib plus the AKT inhibitor GSK2141795 (NCT01979523).
Additionally, a phase 1b trial will be launched using the PKC inhibitor sotrastaurin plus the
PI3K-alpha inhibitor, BYL719 (Shoushtari and Carvajal, 2014).

1.4.4

Types of non-epithelium melanocytic neoplasms
Melanocytes in the dermis, uveal tract or meninges can also give rise to melanocytic

neoplasms. In all these melanocytic neoplasms, mutations in G-protein alpha subunits of the Gq
family, Gαq and Gα11, encoded by GNAQ and GNA11 genes, are found in the majority of cases.
Mutations in GNAQ/11 are virtually absent in melanocytic neoplasms arising from epithelialassociated melanocytes. These findings, together with the considerations about melanocyte
development and migration outlined above, suggest that they represent a quite distinct class of
melanocytic neoplasms.
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1.4.4.1

Uveal melanoma
Uveal melanoma (UM) is the most common primary malignancy of the eye, with an

incidence of about 1200–1500 new cases per year in the United States, and it accounts for about
5% of all melanomas (Egan et al., 1988; Harbour, 2012). UM can arise from melanocytes
anywhere in the uveal tract (iris, ciliary body or choroid) (Kaliki and Shields, 2017). Although
many patients are asymptomatic at the time of diagnosis, the most common symptom associated
with UM is a blurred vision (Damato and Damato, 2012).

The most widely used first-line treatment options for UM include resection and
radiotherapy. Although these therapies achieve satisfactory rates of local disease control, up to
50% of patients will ultimately develop metastatic disease in the liver, lungs or soft tissue
(Rietschel et al., 2005). Mutations in GNAQ or GNA11 are considered early events because they
are not associated with patient outcome and are present in uveal nevi (Van Raamsdonk et al.,
2010). Loss-of-function mutations in the deubiquitinase BAP1 are found in 49% of uveal
melanomas, and the frequency is significantly higher (85%) in tumors that become metastatic
(Harbour et al., 2010). Because UM is not located within an epithelium, an epithelial-tomesenchymal transition and basement membrane invasion are not necessary for UM progression
(Onken et al., 2006).

1.4.4.2

Blue nevi and related neoplasms
Blue nevi comprise a group of dermal melanocytic neoplasms which are subclassified

based upon the size, topography, and histological features. Some blue nevi are congenital, such
as Mongolian spot, nevus of Ota, and nevus of Ito (Murali et al., 2009). Common blue nevi are
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usually acquired later in life, but sometimes are congenital (Zembowicz and Mihm, 2004). Blue
nevi are composed predominantly of dendritic melanocytes. Common blue nevi are presented as
single, small (usually 1– 5 mm), slightly raised papules, ranging in color from dark blue to black
(Rodriguez and Ackerman, 1968). Because the human dermis normally lacks pigmented cells,
the pathogenesis of blue nevi is unclear. The most prevailing notion is that they arise from rare,
latent dendritic melanocytes that became trapped in the dermis during embryologic migration
(Leopold and Richards, 1968).

The malignant counterpart of blue nevus is referred to as blue nevus-like melanoma
(BNLM). BNLM is rare, occurs mostly in older individuals, and is usually large (3-13 cm). The
scalp is the most frequent site of involvement, followed by the face, buttocks, and chest. Cases of
BNLM reported in the literature have behaved very aggressively, with a majority exhibiting local
invasion or widespread metastases leading to patient death (Ariyanayagam-Baksh et al., 2003;
Connelly and Smith, 1991; Kato et al., 2007; Kuhn et al., 1988). Histologically, BNLM is
characterized by abnormal mitotic figures, vascular invasion, excessive cell crowding and a low
mitotic rate (Murali et al., 2009).

1.4.4.3

Leptomeningeal melanocytic neoplasm
Primary melanocytic tumors of the central nervous system, also called primary

leptomeningeal melanocytic neoplasms (LMNs), arise from resident melanocytes present in the
leptomeninges. Most primary LMNs are benign and produce circumscribed neoplasms called
melanocytomas. Generally, melanocytomas are rare (1 per 10 million per year), slow-growing,
and become manifested mostly in adults (Kusters-Vandevelde et al., 2015a). Even though
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melanocytomas are more frequently found in the posterior cranial fossa, spinal lesions are also
reported (Ahluwalia et al., 2003; Chacko and Rajshekhar, 2008; Eskandari and Schmidt, 2010;
Goyal et al., 2003; Horn et al., 2008). Symptoms are related to their location and include
myelopathy, radiculopathy, cranial nerve deficiency, seizures and hydrocephalus (Smith et al.,
2009).

The malignant counterpart of melanocytoma is called primary leptomeningeal melanoma.
Leptomeningeal melanomas are rare and some cases of metastases in the liver, bones, and lungs
have been reported (Bergdahl et al., 1972; Koenigsmann et al., 2002; Kusters-Vandevelde et al.,
2015b). Similar to blue nevi, circumscribed LMNs frequently harbor mutations in GNAQ or
GNA11 (Kusters-Vandevelde et al., 2010). On the other hand, diffuse LMNs are termed
melanocytosis and its malignant counterpart, melanomatosis. Melanocytoses are more often
present in children in the context of neurocutaneous melanosis (NCM), a syndrome characterized
by large and multiple congenital skin nevi in association with primary melanotic lesions of the
CNS. Post-zygotic, somatic mutations in NRAS underlie the pathogenesis of 85% of NCM
(Kinsler et al., 2013).

Therefore, in this dissertation we have investigated how melanocytes respond to the two
main driver mutations characterized in epithelial and non-epithelial melanocytic neoplasms, as
well as investigating how developmental differences and tissue-specific microenvironments
influence this response. The experiments were conducted in the animal model, Mus musculus
domesticus, which accurately models human melanocyte behavior.
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CHAPTER 2: ONCOGENIC BRAFV600E DRIVES MELANOCYTE
TRANSFORMATION IN EPIDERMAL AND DERMAL MELANOCYTES
BUT NOT IN UVEAL OR LEPTOMENINGEAL MELANOCYTES
The results presented in this chapter have been published as: Urtatiz, O., Samani, A.M.V., Kopp
J.L., & Van Raamsdonk C.D. (2018). Rapid melanoma induction in mice expressing oncogenic
BrafV600E using Mitf-cre. Pigment Cell Melanoma Res. (4):541-544.

2.1

INTRODUCTION

Approximately 44% of human cutaneous melanomas carry BRAF mutations and the most
common mutation (90%) is a valine-to-glutamic acid mutation at residue 600 (V600E).
Therefore, modeling this mutation in mice was an important goal for understanding the initiation
and progression of melanoma. As a first step, two separate groups used homologous
recombination in ES cells to generate mice carrying a Cre-activated allele of Braf, "BrafCA"
(Dankort et al., 2007; Mercer et al., 2005). BrafCA mice express normal Braf prior to Cremediated recombination, after which constitutively active Braf V600E is expressed at physiological
levels and subject to normal patterns of alternative splicing and differential exon usage (Figure
2.1). Then in 2006, two melanocyte-specific tamoxifen (TM) inducible Cre-recombinase
transgenic mouse lines were independently created using regulatory elements of the Tyrosinase
gene, Tyr:CreERT2 (Bosenberg et al., 2006; Yajima et al., 2006). In combination, two melanoma
mouse models driven by oncogenic Braf CA were then characterized (Dankort et al., 2009;
Dhomen et al., 2009).
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Figure 2.1. Schematic representation of the Cre-activated Braf allele (BrafCA).
BrafCA allele was designed to express normal Braf prior to Cre-mediated recombination. After
Cre-mediated recombination, BrafV600E expression is initiated at physiological expression levels
and subject to normal patterns of alternative splicing and differential exon usage. Adapted from
(Dankort et al., 2007).

In one of the BrafCA models, Dankort et al. (2009) reported that topical administration of
TM on the skin of BrafCA;Tyr:CreER neonates led to the appearance of benign melanocytic
hyperplasias after 3-4 weeks. These lesions were monitored over 20 months and no evidence of
progression into melanoma was found based on the small and self-limited melanocytic growth
and lack of invasion or metastasis. However, when both Pten alleles were also deleted in a cohort
of adult mice (BrafCA;Ptenflox/flox;Tyr:CreER mice were given tamoxifen at 6-8 weeks), there was
a rapid emergence of aggressive melanomas such that the mice required euthanasia 25-50 days
post-TM induction. These melanomas were highly pigmented and occurred with a 100%
penetrance. Presumed metastases to lymph nodes and lungs were observed. Additionally, this
group found that Pten heterozygous mice (BrafCA;Ptenflox/+;Tyr:CreER mice were given
tamoxifen at 6-8 weeks) initially developed benign melanocytic lesions similar to those observed
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in BrafCA;Tyr:CreER mice, but eventually progressed to malignant melanomas with a median
latency of around 200 days.

In the other BrafCA mouse model, Dhomen et al. (2009) induced BrafV600E expression by
applying TM on the shaved dorsal trunk skin of adult BrafCA;Tyr:CreER mice. This group
reported that approximately 54% of TM-treated mice developed hypopigmented melanomas
within 1 year of age, however, there was no sign of metastasis. The relatively long latency
required for the development of melanoma in the Dhomen model, combined with a lack of any
melanoma development in BrafCA;Tyr:CreER mice in the Dankort model, suggested that
oncogenic Braf V600E alone was not sufficient to induce melanoma and that additional genetic
lesions were required. This was also supported by the finding BRAFV600E mutations are present in
the majority of benign human cutaneous melanocytic lesions (i.e. benign moles and nevi located
in the epidermis) (Pollock et al., 2003).

In contrast to the models above, melanocyte targeted expression of BrafV600E using
constitutively active Cre transgenes such as Tyr:Cre (Delmas et al., 2003; Tonks et al., 2003) and
Dct:Cre (Guyonneau et al., 2002) resulted in unexpected mouse embryonic lethality (Dankort et
al., 2009; Dhomen et al., 2010). Only Dhomen et al. (2010) reported a detailed characterization
of the lethal phenotype of Braf CA;Tyr:Cre embryos, which included several developmental
defects in organs such as the heart, eyes, and brain. The developmental defects found in Braf
CA

;Tyr:Cre embryos could have been due to an off-target expression of Cre recombinase in cells

other than melanocytes, or due to a disruption of development by abnormal melanoblasts in the
heart, eyes, and CNS. Interestingly, Dhomen et al. (2010) also reported that BrafV600E-expressing
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cells harvested from the cranium of Braf CA;Tyr:Cre embryos behaved as if they were already
transformed because they were able to expand in number when grafted to immunocompromised
mice. This observation suggested that Braf V600E expression during embryogenesis could have a
more potent effect on cell transformation. Finally, BRAF

Because BrafV600E mouse melanoma had previously been initiated only in Tyrosinase‐
expressing cells, we were interested in the impact of using a different Cre expressor on BrafV600E
melanoma timing and presentation. The alternative Cre line we chose to use was Mitf‐cre, a 185‐
kb BAC transgene that has Cre inserted into the first exon of the melanocyte‐specific transcript
of the Microphthalmia‐associated transcription factor gene (Alizadeh et al. 2008). In this line,
Cre expression initiates during mid-gestation, but only about 25% of melanoblasts express Cre
by E15 as determined by a LacZ:cre reporter (Alizadeh et al., 2008; Deo et al., 2013). Activated
BRAF driven by the melanocyte Mitfa promoter has been described previously in transgenic
zebrafish (Lister et al., 2014; Patton et al., 2005) but not in mammals. Because the Van
Raamsdonk lab generated a mouse model for ocular melanoma using Rosa26-fs-GNAQQ209L and
Mitf-cre (Huang et al., 2015), choosing to use Mitf-cre had the additional benefit of comparing
the effects of oncogenic GNAQQ209L to BrafV600E under the same Cre expresssor line.

Therefore, we hypothesized that expressing Braf V600E in an early melanocyte population
by Mitf-cre would generate an aggressive and metastatic melanoma mouse model. To test that, I
crossed Mitf-cre to the BrafCA Dankort allele, obtained from Jackson Laboratories (Dankort et
al., 2007). In this chapter, I describe my findings from this cross and present a new mouse model
for BrafV600E driven melanoma, Braf CA;Mitf:cre. I found that Braf CA;Mitf:cre progeny were
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viable, in contrast to Braf CA;Tyr:cre mice. The Braf CA;Mitf:cre mice developed generalized skin
hyper-pigmentation and melanoma with a short latency. Melanomas in Braf CA;Mitf:cre mice
were histologically identical to the previously described melanomas in BrafCA;Tyr:creER mice.
These studies revealed that the selection of the Cre expressor line affected the length of the
melanoma latency period.

2.2

METHODS

2.2.1

Mice

The research described in this chapter was conducted under the approval of the UBC Animal
Care Committee. DNA from ear notches was isolated using DNeasy columns (Qiagen) and
amplified using PCR. Mitf-cre (Tg(Mitf-cre)7114Gsb), BrafCA (Braftm1Mmcm), Ptenflox
(Ptentm1Hwu), Tyrosinase-creER (Tg(Tyr-cre/ERT2)13Bos/J) mice were genotyped as previously
described (Alizadeh et al., 2008, Dankort et al., 2007, Bosenberg M, et al. 2006).
Mitf-cre and Tyr-creER were maintained on the C3HeB/FeJ genetic background, while
homozygous BrafCA; heterozygous Ptenflox mice were obtained from Jackson Labs on the C57BL/6
background. F1 progeny were used for analysis. On the C3HeB/FeJ genetic background, Mitf-cre
animals are smaller than nontransgenic animals and 60% exhibit microphthalmia (Huang et al.
2015).

2.2.2

Histology and immunohistochemistry

Tissues were fixed in formalin 10% for a minimum of 48 hours and embedded in paraffin, and 5mm sections were stained with hematoxylin and eosin. For IHC, a pressure system for heat41

induced epitope retrieval was performed using a digital decloaking chamber (Biocare Medical)
and an antigen unmasking solution (H-3300, Vector Laboratories). The sections were incubated
with antibodies recognizing PTEN (138G6 rabbit, Abcam,1:200), Ki67 (SAB5500134, sigma,
1:200), S100B (ab52642, Abcam, 1:1000) and then processed with the VECTASTAIN Elite
ABC Kit (PK6101) and the DAB Peroxidase Substrate Kit (SK4100, Vector Laboratories)
according to the manufacturer’s instructions. Quantification of Ki67 was determined using Image
Analysis (Algorithm Positive Pixel Count v9) by Aperio ImageScope v.12.3.2.8013 (3 sections
per animal, n = 4, Pten-wild type; n = 6, Pten-heterozygous). Tumor size was estimated as a half
volume of a sphere (4.19r3)/2, where r is the radius for a tumor.

2.2.3

RT-qPCR for Mitf

Mitf-cre/+ and +/+ neonates (postnatal day 4) were euthanized and tail skin was dissected from
the tail bones. Around 15-25mg of tail skin was used for RNA extraction using RNAqueous4PCR (Ambion). 1ug of RNA from each sample was reverse transcribed using random primers
(Superscript VILO, Life Technologies). For Mitf, the forward primer was designed in exon 9 (5’3’ GAACAGCAACGAGCTAAGGA) and reverse primer in exon 10 (5’-3’
GTGGATGGGATAAGGGAAAG). For normalization purposes, the housekeeping Ppia gene
was used (Forward: CGCGTCTCCTTCGAGCTGTTTG and reverse:
TGTAAAGTCACCACCCTGGCACAT).
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2.2.4

Statistical analysis

Comparison of survival plots was performed using the Log-Rank (Mantel Cox) test. Analysis of
the median between the two groups was performed by unpaired t-test (two-tailed). All statistics
were performed using GraphPad Prism 6.0 software
2.3

RESULTS

2.3.1 BrafCA expression induced by Mitf-cre caused generalized skin hyper-pigmentation
beginning at postnatal day 2
We first asked whether Mitf-cre in combination with the BrafCA allele used by Dankort et
al. would cause lethality, like Tyr-cre (Dankort et al., 2009; Dankort et al., 2007). We found that
BrafCA/+; Mitf-cre/+ animals were viable and easily obtained. BrafCA/+; Mitf-cre/+ mice could
be phenotypically distinguished from BrafCA/+; +/+ littermates as early as postnatal day 2 due to
their macroscopically darker skin and smaller size (Figure 2.2 A). BrafCA/+; Mitf-cre/+ neonates
were darker, at least in part, due to an increase in the number of visibly pigmented hair follicles
in the trunk skin (Figure 2.2 B).

In 6 weeks old mice, BrafCA/+; Mitf-cre/+ mice presented generalized hyperpigmentation
throughout the trunk skin, consequent of heavily pigmented hair follicles and epithelioid and
spindle pigmented cells in the hypodermis and dermis, mostly around hair follicles (Figure 2.2 C,
D).

2.3.2 Expression of BrafV600E by Mitf-cre did not affect the uveal tract or the CNS
BrafCA/+; Mitf-cre/+ mice also exhibited darkening of the tail, which is normally
pigmented by melanocytes in both the dermis and epidermis. To determine whether the dermis
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and/or epidermis were hyper-pigmented in BrafCA/+; Mitf-cre/+ mice, we collected tail skin
from 4-week old BrafCA/+; Mitf-cre/+ and control BrafCA/+; +/+ mice and separated the dermis
from the epidermis using sodium bromide. We found that both the epidermis and dermis were
hyper-pigmented in BrafCA/+; Mitf-cre/+ tails compared to controls (Figure 2.3 A). In the
interfollicular epidermis, enhanced melanin capping of nuclei in the keratinocytes of the basal
layer was found, indicating increased melanin transfer from melanocytes to keratinocytes (Figure
2.3 B).

On the C3HeB/FeJ genetic background, we previously found that Mitf-cre animals were
smaller than nontransgenic animals and 60% exhibited microphthalmia (Huang et al. 2015). We
did not find any obvious differences in the uveal tract of BrafCA/+; Mitf-cre/+ mice with eyes at
3 months of age (Figure 2.3 C). We wondered whether the variably penetrant eye phenotype of
mice carrying the Mitf-cre transgene was due to interference with the expression of the
endogenous Mitf gene. We hypothesized that Mitf expression levels might have been suppressed
by the introduction of the large Mitf-cre BAC transgene to the genome, perhaps by competition
for a limited supply of transcription factors that bind to the Mitf promoter. We used RT-qPCR to
measure the levels of Mitf transcript in Mitf-cre/+ versus +/+ neonatal trunk skin and found no
significant difference (Figure 2.3 D). This did not support our hypothesis. The cause of the
microphthalmia and smaller size in Mitf-cre mice remains to be determined. Finally, BrafCA/+;
Mitf-cre/+ mice did not show any pigmentation of the spinal cord or brain, which was previously
observed in all forced GNAQQ209L expression mice (Huang et al., 2015) (Figure 2.3 E).
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Figure 2.2 Expression of BrafV600E by Mitf-cre is viable and led to generalized
hyperpigmentation of the dermis, epidermis, and hair follicles.
A, BrafCA/+; Mitf-cre/+ pups exhibited darker ear and tail skin as early as postnatal day 2, (P2)
and 4 (P4). B, BrafCA/+; Mitf-cre/+ pups exhibited a significant increase in the density of
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pigmented hair follicles by P4. Means were statistically different (p-value=0.024*). N=3 for
BrafCA/+; Mitf-cre/+ and BrafCA/+; +/+. C, Hyper-pigmentation in the trunk, ear, and feet skin
of 6-week old BrafCA/+; Mitf-cre/+ mice. D, H&E staining of trunk skin at 4 and 36-weeks of
age. BrafCA/+; Mitf-cre/+ mice exhibited heavily pigmented cells in hair follicles, dermis, and
hypodermis in trunk skin. Yellow and red arrows indicate heavily pigmented cells around hair
follicles and stroma. Red boxes indicate a zoom-in on the stroma.

Figure 2.3 Expression of BrafV600E by Mitf-cre did not affect the uveal tract or the CNS
A, BrafCA/+; Mitf-cre/+ mice exhibited darker interfollicular epidermis and dermis in the tail skin
compare to controls. B, H&E staining of the tail skin revealed more pigmented cells in the IFE and
dermis of 4-weeks old BrafCA/+; Mitf-cre/+ mice compared to controls. C, No phenotypic
differences in the uveal tract were detected in H&E stained eye sections from BrafCA/+; Mitf-cre/+
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mice and +/+; Mitf-cre/+ mice aged to 3 months-age. D, Quantification of mRNA levels of Mitf
by qRT-PCR in the skin of transgenic Mitf-cre/+ mice and control neonates at P4 showed no
significant differences (p-value=0.58). E, No hyperpigmentation was observed in the meninges of
the spine or brain in 3 months-old BrafCA/+; Mitf-cre/+ mice.

2.3.3 BrafV600E expression by Mitf-cre resulted in melanoma formation in a Pten-wildtype
and Pten-heterozygous background
We next studied the effect of Mitf-cre on BrafV600E induced melanoma formation. For
this, we analyzed BrafCA/+; Mitf-cre/+ mice on two different Pten backgrounds: Pten-wildtype
(BrafCA/+; Mitf-cre/+; +/+) and Pten-heterozygous (BrafCA/+; Mitf-cre/+; Ptenflox/+). The
genetic background of the study animals consisted of C3H:C57 F1. When aged, 100% of the
Pten-wildtype mice developed one or two large, sometimes ulcerated melanomas with a median
latency of 28 weeks. Euthanasia was required 3-5 weeks later due to the tumor size reaching the
maximum allowable under the animal protocol and the development of ulceration, which was an
immediate humane endpoint. In contrast, the Pten-heterozygous mice developed multiple lesions
with a median latency of 8 weeks. These mice required euthanasia within 7 days after initial
tumor detection because the combined tumor load reached the protocol maximum more quickly.
Ulceration was not observed (Figure 2.4 A, B).

Macroscopically, tumors in Pten-wildtype mice were significantly larger at the endpoint
and evidence for ulceration was exclusively found in this Pten-genotype, most likely due to the
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fact that Pten-wildtype mice were able to bear tumors longer than the Pten-heterozygous mice
(Figure 2.4 C, D). Also, Pten-heterozygous mice in our study developed a roughly equal mix of
pigmented and hypo-pigmented melanomas, while the melanomas in the Pten-wildtype mice
were almost all hypo-pigmented (Figure. 2.3 D).

Figure 2.4 Expression of BrafV600E by Mitf-cre causes melanoma with and without Pten
haploinsufficiency.
A, Survival plot of Pten-wildtype mice (BrafCA/+; Mitf-cre/+; +/+, N=10), and Ptenheterozygous mice (BrafCA/+; Mitf-cre/+; Ptenflox/+, N=12). Control genotypes were BrafCA/+;
+/+; Ptenflox/+ (N=12), and +/+; Mitf-cre/+; Ptenflox/+ (N=7). Log-rank test indicates a
significant difference between Pten-wildtype and Pten-heterozygous latency (p-value<0.0001).
B, Total number of tumors per mouse were analyzed in a subset of BrafCA/+; Mitf-cre/+; +/+
(N=8) and BrafCA/+; Mitf-cre/+; Ptenflox/+ (N=6) mice (Mean ± SEM, unpaired t-test, p48

value<0.0001). C, Representative macroscopic appearance of tumors in Pten-wildtype and Ptenheterozygous mice. D, Graphs summarizing the tumor volume at endpoint and percent of
pigmented versus hypo-pigmented for Pten-wildtype and Pten-heterozygous mice. White arrow,
ulceration; blue arrow, pigmented tumor; yellow arrows, hypo-pigmented tumors.

2.3.4 Melanomas in the Pten haploinsufficiency background showed pagetoid spread and
higher proliferation
Almost all of the tumors formed on the trunk skin, which lacks epidermal melanocytes in
mice. Histological analysis showed that the tumors in Pten-wildtype mice were S100B-positive
and restricted to the dermis (Figure 2.5 A). In contrast, 15% of the tumors from Ptenheterozygous mice exhibited S100B-positive melanoma cells in both the epidermis and dermis,
which probably represents the so-called "pagetoid spread", upwards migration of tumor cells into
or within the epidermal layers, considered a particularly aggressive sign (Figure 2.5 B). Two
Pten-heterozygous mice (16%) also developed a hypo-pigmented melanoma on the tail (Figure
2.5 C).

In both Pten backgrounds, Pten protein could still be detected in the tumors by IHC
(Figure 2.5 D). Staining for the Ki67 proliferation marker of a subset of tumors showed that
melanomas from the Pten-heterozygous mice had a significantly higher proliferative index
compared to melanomas from Pten-wildtype mice (16% vs 7%, respectively, p = 0.024) (Figure
2.5 E, F). Although 100% of mice in both Pten backgrounds exhibited pigmented lymph nodes,
no signs of distal metastasis to the lungs and liver were found (Figure 2.5 G).
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Figure 2.5 Melanoma cells in the Pten haploinsufficiency background showed pagetoid
spread and higher proliferation.
A-B, Representative H&E and immunohistochemistry staining for S100 of trunk skin lesions in
Pten-wildtype mice and Pten-heterozygous mice. Yellow arrows indicate melanocytes in the
epidermis, a potential pagetoid spread. C, H&E staining of a tail lesion in a Pten-heterozygous
mouse. D-E, Immunohistochemistry for PTEN and Ki67 in trunk lesions. F, Quantification of
proliferative Ki67-positive cells in tumors from Pten-wildtype (N=4 tumors) and Ptenheterozygous (N=6 tumors) mice was significantly different (unpaired t-test, p-value=0.026). G,
Representative H&E staining of a pigmented lymph node in a Pten-heterozygous mouse at 7
weeks of age.
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2.4

DISCUSSION AND CONCLUSIONS
In this chapter, we showed that expression of BrafV600E by Mitf-cre led to viable mice

characterized by a generalized skin darkening. Over time, BrafCA;Mitf-cre mice developed
melanomas in the trunk skin, but exhibited no evidence of uveal melanoma formation. The loss
of one copy of the tumor suppressor, Pten, in BrafCA;Mitf-cre mice led to shorter melanoma
latency and an increased number of tumors. Although lymph nodes were heavily infiltrated with
pigmented cells, no evidence of metastases was found in other distal sites, such as the lungs.

We found that inducing expression of BrafV600E using Mitf-cre, a constitutive active Cre
line, did not cause embryonic lethality. This data is distinct from that described when BrafV600E
was expressed using other constitutive active Cre transgenes, such as Tyr-cre (Delmas et al.,
2003; Tonks et al., 2003) and Dct-cre (Guyonneau et al., 2002) (Dankort et al., 2009; Dhomen et
al., 2010). One striking abnormality reported in 100% of BrafCA;Tyr-cre embryos was
hydrocephalus, which likely contributed to the embryonic lethality, although the exact age and
cause of death were not determined (Dhomen et al., 2010). The over-proliferation of migrating
melanoblasts during development could disrupt the development of the nervous system. We
think that the most likely explanation for the viability of the BrafCA;Mitf-cre mouse model was
the low efficiency of Mitf-cre during embryogenesis (~25% at E15.5, Huang et al. 2005), which
would presumably be more tolerable than a high-efficiency expression of BrafV600E. The early
and wide-spread development of hyperpigmented skin in BrafCA;Mitf-cre pups at P2 suggests
that melanocytes were efficiently targeted by the early postnatal stage after organogenesis was
completed.
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In terms of Braf melanoma modeling by Mitf-cre, our findings are consistent with the
previously described cooperative effect of BrafV600E with Pten loss in accelerating melanoma
progression (Dankort et al., 2009). While Pten-wildtype (BrafCA/+; Mitf-cre/+; +/+) mice had a
median survival of 34 weeks, Pten-heterozygous (BrafCA/+; Mitf-cre/+; Ptenflox/+) mice showed
a dramatic reduction in the median survival to 9 weeks. The histological findings were very
similar to the previously reported effects of BrafV600E driven by inducible Tyr-creER with
tamoxifen induction in adulthood. For example, tumors in BrafCA/+; Tyr-creER/+; Ptenflox/flox
mice exhibited pagetoid spread (Dankort et al., 2009), while tumors in BrafCA/+; Tyr-creER/+
mice were hypopigmented, often ulcerated, S100-positive, and did not involve the epidermis
(Dhomen et al., 2009). The main difference we observed when using Mitf-cre compared to TyrcreER was in survival and melanoma latency. While Pten-wildtype BrafCA;Mitf-cre mice had a
median latency of 28 weeks, only 64% of Pten-wildtype tamoxifen-treated BrafCA/+; TyrcreER/+ mice described in Dhomen et al. (2009) had developed melanoma by 61 weeks (14
months) after topical tamoxifen treatment. Moreover, in Dankort et al. (2009), no melanoma
formation was reported in Pten-wildtype TM-treated BrafCA/+; Tyr-creER/+ mice. In our study,
BrafCA;Mitf-Cre mice in a Pten-heterozygous background had a median survival of 9-10 weeks,
whereas, in Dankort et al. (2009), the reported median survival of adult BrafCA/+; Tyr-creER/+;
Ptenflox/+ mice was around 36 weeks after tamoxifen treatment (Dankort et al., 2009).

Disparities in Braf melanoma latency between our Mitf-cre-induced model and the two
Tyr-creER-induced models (Dankort et al., 2009; Dhomen et al., 2009) could be due to the
timing and mechanism of Cre-mediated deletion. While in BrafCA;Mitf-cre mice constitutive
activity of Cre recombinase begins at E13.5, BrafCA; Tyr-creER mice activated Cre recombinase
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postnatally (adulthood or neonates) by topical 4-HT administration on localized areas of the
mouse skin. Therefore, any attempt to explain melanoma latency between these two melanocytespecific Cre-systems is limited due to the differences in the experimental design. Nevertheless,
some potential considerations could be proposed to explain the differences in melanoma latency.

While Mitf (microphthalmia-associated transcription factor ) is considered the master
regulator of melanocyte identity and critical for melanocyte cell-fate choice during commitment
from pluripotent precursor cells in the neural crest, the Tyr (Tyrosinase) gene encodes a major
enzyme for melanin production (Hodgkinson et al., 1993; Levy et al., 2006; Widlund and Fisher,
2003). In mice, non-functional mutation of Mitf leads to a coat that lacks color due to the loss of
melanocytes, whereas non-functional mutation of Tyr leads to the formation of melanocytes but
no pigmentation (albino phenotype). Because evidence of reacquisition of a stem cell/progenitor
phenotype in melanoma initiation has been described in a Braf zebrafish model (Kaufman et al.,
2016), one might wonder whether targeting melanoblasts by Mitf-cre during embryogenesis
increases the potential for transformation due to the immature neural crest-like identity of early
melanoblasts. However one study in a Pten-null background of BrafCA; Tyr-CreER mice showed
that melanomas efficiently arise from mature pigment-producing, but not amelanotic
melanocytes, within the interfollicular epidermis (Kohler et al., 2017). Moreover, Tyr-creERT2
drives Cre-recombination in both differentiated melanocytes of the hair bulb as well as
melanocyte stem cells (McSCs) of the hair bulge (Bosenberg et al., 2006; Harris and Pavan,
2013). Therefore, the hypothesis that Mitf-cre targets a more stem cell-like population than TyrcreER and as a consequence produces a shorter melanoma latency is less likely. It would be
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interesting to induce BrafCA using Tyr-creER during embryogenesis (E13.5) and compare the
phenotype to BrafCA;Mitf-cre mice.

Another potential explanation of the shorter latency in BrafCA;Mitf-cre mice could be the
efficiency of Cre-mediated deletion. Mitf-cre has an efficiency of 25% at E15.5 and 68% at P40
(Deo et al., 2013; Huang et al., 2015). However, the efficiency of the tamoxifen induction on the
Tyr-creER transgene activity (Bosenberg et al., 2006) could be variable and largely dependent on
the tamoxifen doses/treatment, especially upon topical administration (Harris and Pavan, 2013).
Alternatively, random Mitf-cre transgene integration could have disrupted another gene and
caused unanticipated side effects (Gofflot et al., 2011). Because of the variably penetrant eye
phenotype in Mitf-cre mice and because low levels of Mitf were found to be oncogenic in
combination with BRAFV600E in a zebrafish model (Lister et al., 2014), we initially considered
that Mitf levels could be altered in Mitf-cre mice, perhaps through competition for a limited
supply of transcription factors binding to the transgene instead of the endogenous gene. Although
RT-qPCR showed no difference in the level of Mitf in Mitf-cre neonatal trunk skin, some
limitations of this experiment need to be taken into account. First, RNA was extracted from
whole tail skin and not only from melanocytes. If the number of melanocytes varied from mouse
to mouse, it could obscure differences in Mitf expression levels. Additionally, it is possible that
small changes in Mitf expression were present in Mitf-cre mice, but they were too slight to be
detected by qPCR. Therefore, a potential tumor-promoting effect of the Mitf-cre transgene itself
cannot completely be ruled out and may or may not explain the shorter latency observed in
BrafCA;Mitf-cre mice.
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Another interesting observation in our BrafCA;Mitf-cre mouse model was that although a
great majority of melanocytes were expressing oncogenic BRAFV600E, not many of them
progressed into melanoma. Our data is consistent with the fact that BRAFV600E mutations are
found in up to 80% of human nevi, benign melanocytic lesions that can remain unchanged for
decades and have a very low likelihood of progressing to melanoma (Pollock et al., 2003).
Similarly, both zebrafish and mouse models showed that BRAFV600E is not sufficient for
melanoma induction and that additional genetic changes are required to induce full melanocyte
transformation (Dhomen et al., 2009; Patton et al., 2005). After acquiring a mitogenic mutation
such as BRAFV600E, a melanocyte will undergo limited proliferation and expand into a clonal
benign mass or nevus. The nevus usually arrests and enters a “senescence-like” state
(Michaloglou et al., 2005). Although cellular senescence implies irreversible cell cycle arrest,
several observations indicate that at least some melanocytes within a nevus retain the ability to
proliferate (Mancianti et al., 1988; Moretti et al., 1990; Soo et al., 2011). Therefore, the low
levels of proliferation within a nevus could be counterbalanced by attritional factors such as
apoptosis due to oncogenic stress (Gorgoulis et al., 2005), targeting by the immune system
(Duffy et al., 2010; John and Smalley, 2011; Kuilman et al., 2008; Sekulic et al., 2010) and
activation of p16 (Bandyopadhyay et al., 2007; Gray-Schopfer et al., 2006; Stefanaki et al.,
2008).

Although not explicitly examined here, these mechanisms presumably prevented
melanocytes in Pten-wild type BrafCA;Mitf-cre mice from becoming fully transformed. Hence,
initially there was only a hyperpigmented phenotype. Additional genetic mutations by stochastic
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events over time could have possibly triggered melanoma formation in Pten-wild type
BrafCA;Mitf-cre mice.

The role of PTEN in BRAFV600E melanoma progression is complex (Bennett, 2016).
PTEN is an inhibitor of the cell survival mediator and protein kinase AKT, therefore PTEN loss
upregulates the activity of AKT and several consequent antiapoptotic pathways. Hence, it is not
surprising that previous animal models showed that loss of PTEN cooperates with BRAFV600E to
initiate full melanomagenesis (Damsky et al., 2011; Dankort et al., 2009). The high penetrance
and short latency in these model systems suggest that loss of PTEN tumor suppressor is enough
to cause melanoma progression under these experimental settings. The dramatically increased
tumor burden and shorter latency in Pten-heterozygous (BrafCA/+; Mitf-cre/+; Ptenflox/+) mice
also supports these conclusions. However, in human melanomas, different studies suggested that
PTEN mutations arise early (Shain and Bastian, 2016). IHC expression of PTEN was similar in
benign nevi and primary melanomas (Lade-Keller et al., 2014). Moreover, sequencing of
melanomas and their adjacent precursor lesions showed that PTEN mutations were found only in
advanced primary melanomas (Shain et al., 2015). Also, PTEN mutations were more frequent in
thicker melanomas and melanoma metastases (Birck et al., 2000; Goel et al., 2006; Reifenberger
et al., 2000). Shain et al. (2015) proposed a BRAF melanoma progression model in which
inactivation of CDKN2A and activation of telomerase seem to be the earliest secondary events
that occur before the genetic alterations of p53 and PTEN (Shain et al., 2015). Thus, while PTEN
reduction may be involved in human melanoma progression rather than initiation, melanomas
can emerge from BRAFV600E-arrested lesions in mice in a PTEN-dependent manner (Vredeveld
et al., 2012).
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Furthermore, our BrafCA;Mitf-cre model differs from yet another BRAFV600E model, TyrBrafV600E, which developed tumors with an unusual Schwannian differentiation pattern. Tumor
formation followed a pattern of low frequency and long latency, likely due to weak BrafV600E
expression (Goel et al., 2009; Luo et al., 2015). This Schwannian-like differentiation was
proposed to be a melanoma-suppressive mechanism in response to oncogenic BRAFV600E in
melanocytes, as Schwannian tumors can remain benign for the life-span of the animals (Luo et
al., 2015). This finding does not seem to be an artifact of insertional effects of the Tyr:Braf
transgene, as Schwannian-like differentiation was also reported in another melanoma model in
which BRAFV600E was expressed from the endogenous locus (Marsh Durban et al., 2013).
Therefore, we think that the disparities in melanoma histology between these models could
pertain to BRAFV600E expression levels or genetic background differences.

Finally, expression of BrafV600E by Mitf-cre also allowed us to compare the
susceptibilities of melanocytes to different oncogenic stimuli. Previously, the Van Raamsdonk
lab described a mouse model using Mitf-cre to drive the expression of GNAQQ209L (Huang et al.,
2015). In that study, the forced expression of GNAQQ209L in melanocytes caused invasive uveal
melanoma in 100% of mice. However, less than 5% of the mice developed a tumor in the trunk
skin within the 20 weeks of the study, and interestingly, melanocytes were actually progressively
lost from the interfollicular epidermis of the tail. In contrast, the BrafCA;Mitf-cre mouse model
exhibited the exact opposite pattern: the uveal tract was unaffected in mice aged by 1 year,
melanomas formed in the trunk skin of all mice, and BrafV600E generated hyper-pigmentation of
the tail interfollicular epidermis. Furthermore, GNAQQ209L drove melanocytoma formation in the
CNS, while BrafV600E did not.
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The fact that no uveal melanomas or CNS lesions were found in BrafCA;Mitf-cre mice is
in agreement with data from humans where BRAF mutations are virtually absent in uveal
melanomas and primary melanocytic tumors of the central nervous system, which instead bear
constitutively active GNAQ and GNA11 mutations (Bastian, 2014; Cruz et al., 2003). Similarly,
the hyperpigmentation of the interfollicular epidermis in the BrafCA;Mitf-cre tail was consistent
with evidence that more than 60% of human cutaneous melanomas harbor an activating mutation
in BRAF (Smalley, 2010), while GNAQ and GNA11 mutations are very rare in this type of
melanoma. Finally, because dermal melanocytes are rare in normal human skin, a direct
comparison of dermal lesions between the mouse and human requires caution.

It is thus a fascinating question of why some oncogenic driver mutations are restricted to
melanocytic lesions present in certain anatomical locations, such as the eye or the epidermis. It is
possible that melanocytes are in a specific state in a particular anatomical context, directly
controlled by cues from the surrounding environment, such as paracrine factors and cell-cell or
cell-ECM interactions. The specific state would then influence the ability of the oncogene to
drive tumorigenesis in that context. Alternatively, different melanocyte lineages during
development (dorsolateral versus ventromedial) could predetermine the eventual sites that
melanocytes colonize. In this situation, melanocytes would have hard-wired states that cause
them to respond to or ignore the expression of different oncogenes. Further studies on
transcriptional or epigenetic differences between melanocytes, melanoblast migration during
development, and the effects of paracrine signals, the extracellular matrix, and cell-cell
interactions are needed to elucidate why melanocytes in different sites respond differentially to
the BRAFV600E and GNAQQ209L oncogenes.
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To summarize, Mitf-cre induced more rapid melanoma formation in BrafCA mice, without
the deliberate addition of any other oncogenes or tumor suppressors. The histopathology of the
tumors, either with or without Pten haploinsufficiency, was similar to previously described
BrafV600E melanomas induced by Tyr-creER in adult mice. Therefore, we found that the choice of
oncogene determined the tumor histology and anatomical location, while the choice of Cre
expressor line determined the speed of tumor development, for reasons that are not yet
understood. We conclude that Mitf-cre can be used as an alternative tool to study the specific
effects of BrafV600E signaling on melanoma in mice.
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CHAPTER 3: A MOUSE MODEL FOR LEPTOMENINGEAL
MELANOMA DRIVEN BY ONCOGENIC GNAQQ209L
The data presented in this chapter has been submitted for publication:
Urtatiz, O., Cook, C., Huang, J., Yeh, I., Van Raamsdonk, C.D. (2019) GNAQQ209Lexpression
initiated in multipotent neural crest cells drives aggressive melanoma of the central nervous
system. Pigment Cell & Melanoma Research (Submitted July 5, 2019).

3.1

INTRODUCTION
Melanocytes (pigment-producing cells) arise from one of two developmental pathways

during embryogenesis. Along the dorsolateral pathway, melanocytes are produced from neural
crest cells at the dorsal neural tube and migrate immediately into the dermis. In the ventromedial
pathway, melanocytes differentiate from multipotent neural crest-derived cells associated with
developing peripheral nerves. These cells are often referred to as Schwann cell precursors (SCPs)
and they give rise to Schwann cells, but also parasympathetic neurons (Dyachuk et al., 2014),
mesenchymal cells in the teeth (Kaukua et al., 2014), and chromaffin cells of the adrenal medulla
(Furlan et al., 2017). In mice, the Plp1-CreERT2 transgene has been essential for fate mapping
this lineage (Leone et al., 2003). Plp1 encodes the Proteolipid protein 1, which is required for
nerve myelination by Schwann cells. Plp1 is expressed by multipotent neural crest cells but then
is down-regulated in the cells that up-regulate melanocyte markers, such as Mitf and Dct
(Adameyko et al., 2009; Adameyko et al., 2012). SCP- or "nerve-derived" melanocytes make up
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at least half of melanocytes in adult hair follicles. A nerve-derived developmental pathway for
pigment cells is also conserved in birds (Nitzan et al., 2013) and fish (Budi et al., 2011).

Melanocytes not only reside in the epithelium (e.g. the epidermis and hair follicles), but
are also found internally in the dermis, eyes, heart (Yajima and Larue, 2008), inner ears (Steel
and Barkway, 1989) and meninges of the central nervous system (CNS) (Goldgeier et al., 1984;
Gudjohnsen et al., 2015), where they give rise to an oncogenically related set of primary
melanocytic lesions. Molecularly, these neoplasias are characterized by constitutively active
mutations in the heterotrimeric G protein alpha subunits, GNAQ or GNA11 (Gαq or Gα11), which
activate MAP kinase signaling and nuclear YAP protein localization (Kusters-Vandevelde et al.,
2015b; Van Raamsdonk et al., 2009; Van Raamsdonk et al., 2010). Non-epithelial melanocytes
are less well characterized and have not been thoroughly fate mapped to determine whether they
arise from the dorso-lateral and/or ventro-medial pathways during development. However, since
the dorso-lateral pathway melanocytes enter a migratory stream close to the epidermis, ventromedial melanocytes could be more likely to populate the CNS and serve as the cell of origin for
leptomeningeal melanocytic neoplasms.

Primary leptomeningeal melanocytic neoplasms are rare and categorized as either
melanocytomas (low and intermediate-grade tumors) or melanomas (high-grade tumors),
although distinguishing between these is sometimes difficult. The lesions are usually formed in a
single mass, rather than presenting with a diffuse growth pattern. Leptomeningeal
melanocytomas can present in the cranium and the spine, particularly in the cervical and thoracic
spinal regions, the posterior cranial fossa, and Meckel's cave. This distribution might be related
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to the higher density of melanocytes in the anterior part of the neuroaxis in humans (KustersVandevelde et al., 2015a). Benign leptomeningeal melanocytomas usually occur in
extramedullary locations, grow slowly, and present with symptoms of mass effect, leading to
spinal cord compression and weakness or numbness in the extremities (Eskandari and Schmidt,
2010). Histologically, they consist of variably pigmented, well-differentiated melanocytes,
showing little cytonuclear atypia and low proliferative activity (Brat et al., 1999). They are
treated by surgical resection whenever possible. A fraction of lesions will reform after surgical
removal and seed new areas, thus it is important to follow-up all cases closely (O'Brien et al.,
2006).

Primary leptomeningeal melanomas present with acute or chronic symptoms, such as
hydrocephalus, raised intracranial pressure, seizures, depression, and psychosis when located in
the cranium and with symptoms of bladder and bowel dysfunction and sensory and motor
deficits when located in the spine. Areas of high cellularity, necrosis, cellular atypia, and mitotic
figures indicate malignancy. Although most cases of leptomeningeal melanoma occur in adults,
infants and children are affected by a disorder called neurocutaneous melanosis, a phakomatosis
in which primary leptomeningeal melanomas are found in association with giant or multiple
congenital melanocytic nevi (Makin et al., 1999). Around 80% of these cases carry a somatic
NRASQ61K mutation (Kinsler et al., 2013). Disease progression can be very rapid (Allcutt et al.,
1993).

Previously described NrasQ61K/Wnt, GNAQQ209L, and GNA11Q209L expressing mouse
models that targeted melanocytes developed diffuse leptomeningeal melanocytomas with low
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malignant potential (Huang et al., 2015; Moore et al., 2018; Pawlikowski et al., 2015). In this
study, we used the Plp1-creERT transgene to force the expression of oncogenic GNAQQ209L in
the multipotent neural crest cells of the ventromedial pathway, beginning prior to their
differentiation into melanocytes, Schwann cells, or nerves. We found that this produces
leptomeningeal melanocytic neoplasms, including cranial melanocytomas, spinal
melanocytomas, and spinal melanomas, along with blue-nevus like lesions in the dermis. In
addition to providing the first mouse model for aggressive leptomeningeal neoplasias, this work
suggests that there are short periods of sensitivity to oncogenic GNAQ during development,
which are revealed in the pattern of lesions along the anterior-posterior neural axis.

3.2

METHODS

3.2.1

Mouse strains

The research described in this article was conducted under the approval of the UBC Animal Care
Committee. Plp-creER (Tg(Plp1-cre/ERT)3Pop), Tyrosinase-creER (Tg(Tyr-cre/ERT2)13Bos/J),
Rosa26-fs-GNAQQ209L (Gt(ROSA)26Sortm1(GNAQ*)Cvr), Rosa26-fs-tdTomato
(Gt(ROSA)26Sortm14(CAG-tdTomato)Hze), and Dct-LacZ (Tg(Dct-LacZ)A12Jkn) mice were genotyped
as previously described (Bosenberg et al., 2006; Doerflinger et al., 2003; Huang et al., 2015;
Mackenzie et al., 1997; Madisen et al., 2010). Each allele was backcrossed to the C3HeB/FeJ
genetic background for at least 6 generations before use. DNA from ear notches was isolated
using the DNeasy Blood and Tissue kit (Qiagen) and amplified using PCR with HotStar Taq
(Qiagen). DNA from embryonic membranes was used to genotype embryos in fate mapping
crosses.
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3.2.2

Timed mating and tamoxifen injection

Tamoxifen (Sigma T5648) was dissolved in a corn oil/ethanol (10:1) mixture at a concentration
of 10 mg/ml by gentle inversion at 37oC for 30 minutes and then stored at 4oC for up to one
week. Plp1-creERT/+; Rosa26-fs-tdTomato/+ males and Tyr-creERT2/+; Rosa26-fs-tdTomato/+
males were crossed to Rosa26-fs-GNAQQ209L/+ females in timed matings. Tamoxifen (dose = 1
mg in 0.1 mL) was injected intraperitoneally into the pregnant mother at one of three
experimental time points (E9.5, E10.5 or E11.5) for Plp1-creERT crosses and at E11.5 for TyrcreERT2 crosses. Noon of the day the copulatory plug was found was counted as E0.5.

3.2.3

Animal monitoring

Animals were monitored every other week to calculate a Clinical Health Score (CHS), where
0=normal, 1=mildly abnormal, 2=moderately abnormal, and 3=severely abnormal in each of the
following categories: weight, activity level, appearance of the coat, posture/gait, and tumor size
(further details are available on request). The dorsal trunk was shaved and photographed to
document lesion growth.

3.2.4

Immunohistochemistry and immunofluorescence

For H&E staining, skin samples and tumors were fixed in 10% buffered formalin overnight at
room temperature with gentle shaking, dehydrated, cleared, and embedded in paraffin. 5 μm
sections were taken and bleached with 10% H2O2, prior to H&E staining using standard methods
(Manicam et al., 2014). Eye samples were prepared the same way, except they were fixed using
Davidson’s fixative for 48 hours as previously described (Latendresse et al., 2002). For
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immunofluorescence, samples were fixed in 10% buffered formalin overnight at 4oC, taken
through a sucrose gradient, embedded in O.C.T., and sectioned at 10 μm. Sections underwent
antigen retrieval (boiled citrate buffer; Vector Labs, #H3300) and then were blocked in 5%
donkey serum in PBS plus 0.3% Triton X-100 and incubated overnight at 4oC with anti-Nterminal mouse Dct primary antibody at a dilution of 1:800 (custom antibody raised in rabbit,
GenScript). After washing in PBS with 0.1% Tween20, sections were incubated with
AlexaFluor488 donkey anti-rabbit IgG (Jackson ImmunoResearch, #711-545-152) for 1 hour at
room temperature, washed, and mounted. Alternatively, rabbit anti-tubulin 1:1000 (Abcam,
#ab18207) was used as the primary antibody with no antigen retrieval. Antibody-stained and
H&E-stained sections were imaged using either a DMI 6000B microscope (Leica) or an Axio
Scan.Z1 slide scanner (Zeiss), respectively.

3.2.5

Uveal thickening analysis

Scanned H&E eye images were binarized and thresholded so that pigmented areas in the eye
appeared as areas of red color. The surface areas of these red regions were measured using a
BoneJ for image analysis in ImageJ (Doube et al., 2010). Then, the final average thickening of
the uveal tract was calculated using three different H&E sections per eye.

3.2.6

Statistical analysis

Ordinary one-way ANOVA test was performed using Turkey’s multiple comparison test. All
statistics and figures were performed using GraphPad Prism 6.0 software
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3.3
3.3.1

RESULTS
Induction of GNAQQ209L expression during embryogenesis generates skin lesions
To drive oncogenic GNAQQ209L expression, we used the previously described, Rosa26-

floxed stop-GNAQQ209L ("R26-fs-GNAQQ209L") mouse allele. In this allele, constitutively active
GNAQQ209L was knocked into the ubiquitously expressed Rosa26 locus, preceded by a loxP
flanked stop cassette that prevents transcription. In cells that express Cre recombinase, the two
loxP sites are recombined and the stop cassette is deleted. In our original study, we targeted
conditional GNAQQ209L expression to all melanocytes using Mitf-cre, which caused wide-spread
dermal skin hyper-pigmentation, leptomeningeal melanocytomas in the cranial and spinal
regions, melanocyte over-growth in the inner ears, and aggressive uveal melanoma in the eyes.
In our current study, we sought to express GNAQQ209L in the nerve-associated multipotent neural
crest cells (i.e. on the ventromedial pathway), which would then lead to GNAQQ209L expression in
the nerve-derived subset of melanocytes.

To do this, we made use of the Plp1-creERT transgene [(Tg(Plp1-cre/ERT)3Pop),
Jackson Laboratories stock #005975]. This transgene carries almost identical Plp1 regulatory
regions as the Plp1-CreERT2 transgene previously used by Adameyko et al., 2009, however,
there are differences between CreERT and CreERT2. CreERT2 carries three mutations in the ER
ligand-binding domain and has a ten-fold greater sensitivity to tamoxifen compared to CreERT
(Indra et al 1999). Both versions of CreER can exhibit "leakiness" (i.e. translocation to the
nucleus and loxP site recombination in the absence of tamoxifen) (Sandlesh et al., 2018). We
previously used the Plp1-creERT line to assess the effects of Neurofibromin (Nf1)
haploinsufficiency on nerve-derived melanocytes and found that it efficiently targeted pigmented
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cells in postnatal day 5 dermis and hair follicles with tamoxifen injection at E11.5 (Deo et al
2014). We crossed R26-fs-GNAQQ209L/+ mice (Huang et al., 2015) to Plp1-creERT/+ mice
(Doerflinger et al., 2003) in timed matings and induced Cre recombinase activity by IP injection
of 1 mg tamoxifen into each pregnant mother at one of three time points: E9.5, E10.5 or E11.5.
For comparison, we also targeted GNAQQ209L expression specifically to melanocytes at E11.5
using the Bosenberg et al. 2006, Tyr-creERT2 transgene, driven by Tyrosinase regulatory
elements, at the same tamoxifen dosage (Bosenberg et al., 2006).

Mice of all resulting genotypes were obtained at the expected frequency at weaning age.
At 3 weeks of age, the Rosa26-fs-GNAQQ209L/+; Plp1-creERT/+ mice (hereafter referred to as
"R26-fs-GNAQQ209L; Plp1-creERT") seemed healthy and showed no signs of neurological
defects. We found that while the coat and most of the skin appeared to be pigmented normally,
all of the R26-fs-GNAQQ209L; Plp1-creERT mice induced at either E10.5 or E11.5 exhibited ~5
flat nevi on the trunk, each with an area < 8 mm2 (Figure 3.1 A, C). We also found similar
lesions in all of the Rosa26-fs-GNAQQ209L/+; Tyr-creERT2/+ mice (hereafter referred to as " R26fs-GNAQQ209L; Tyr-creERT2") (Figure 3.1 B, C). In contrast, only 22% of R26-fs-GNAQQ209L;
Plp1-creERT mice induced at E9.5 exhibited trunk nevi (Figure 3.1 C). Trunk nevi were not
found in R26-fs-GNAQQ209L; Plp1-creERT or R26-fs-GNAQQ209L; Tyr-creERT2 control mice that
were not treated with tamoxifen, indicating that the lesions were not due to leaky CreER activity.

Interestingly, all of these flat nevi were found on the dorsum of the mice. In R26-fsGNAQQ209L; Plp1-creERT mice, a higher percentage were found in the caudal trunk than the
rostral trunk (Figure 3.1 D). The opposite was true for R26-fs-GNAQQ209L; Tyr-creERT2 mice. In
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addition, all of the R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5 exhibited small flat
nevi on the tail, while these were absent in R26-fs-GNAQQ209L; Tyr-creERT2 mice (Figure 3.1 E,
F). Histological analysis of flat trunk nevi at the endpoint in R26-fs-GNAQQ209L; Plp1-creERT
and R26-fs-GNAQQ209L; Tyr-creERT2 mice showed that they were composed of heavily
pigmented dendritic melanocytes in the dermis with a nodular collection of mostly melanophages
in the subcutis below (Figure 3.1 G, H).

To summarize, these findings show that inducing GNAQQ209L expression by Plp1creERT or Tyr-creERT2 at E11.5 initially produces the very limited effect of a few small
intradermal melanocytic neoplasms. We found that the ability of Plp1-creERT to generate these
neoplasms is more pronounced with induction at E10.5/11.5 compared to E9.5
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Figure 3.1 GNAQQ209L expression by Plp-creER and Tyr-creER led to early skin
melanocytic lesions.
A-B, Flat melanocytic nevi in 3 weeks old R26-fs-GNAQQ209L; Plp1-creERT (A) and R26-fsGNAQQ209L; Tyr-creERT2 (B) mice induced with tamoxifen at E11.5. Red arrows indicate nevi.
C, Average number of flat melanocytic nevi on trunk skin per mouse at 3 weeks old. (One-way
ANOVA, p-value<0.05*; <0.01**; <0.001***; ns, not significant). The number of mice for each
69

genotype is indicated on the X-axis. D, Proportion of melanocytic nevi found in the upper,
middle and lower part of the trunk skin. E, Average number of flat melanocytic nevi on the tail
skin per mouse at 3 weeks old. F, Representative example of nevi in the tail skin of a R26-fsGNAQQ209L; Plp1-creERT mouse (tamoxifen-induced at E11.5, TM E11.5). Red arrows indicate
nevi. G-H, H&E staining of flat melanocytic trunk nevi from R26-fs-GNAQQ209L; Plp1-creERT
and R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5. Unbleached and bleached (right)
sections are indicated. Yellow box area was magnified. Data represented as mean ± SEM.

3.3.2

Flat dermal nevi have the potential to progress into raised tumors
We aged the R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; Tyr-creERT2 mice

to assess whether there were any latent effects of GNAQQ209L activation initiated during
embryogenesis. We tracked each congenital nevus over time by shaving and photographing the
trunk skin every two weeks and performing health monitoring. In total, 35-45% of the congenital
nevi developed into dome-shaped tumors in R26-fs-GNAQQ209L; Plp1-creERT and R26-fsGNAQQ209L; Tyr-creERT2 mice (Figure 3.2 A-C). The first raised tumor was detected at 6.5
months in R26-fs-GNAQQ209L; Plp1-creER mice and at 8.5 months in R26-fs-GNAQQ209L; TyrcreERT2 mice (Supplementary Figure A.1). Additionally, similar raised dermal tumors were
observed in the tails of 40% of R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5, but not
in the R26-fs-GNAQQ209L; Tyr-creERT2 mice (Figure 3.2 E). Only one flat trunk nevus developed
into a raised tumor in a single R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E9.5. We also
observed a trend of larger dermal tumors in R26-fs-GNAQQ209L; Tyr-creERT2 mice (Figure 3.2
D).
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Histological examination revealed a great similarity between the tumors in the R26-fsGNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; Tyr-creERT2 mice. The tumors were classified
as dermal based nodules with pushing borders with subcutis involvement (Figure 3.2 E-F).
Spindle-shaped melanocytes were found in the surrounding dermis. Because the lesions were
heavily pigmented, we bleached some sections in 10% H2O2 before H&E staining. However,
even after bleaching, it was sometimes difficult to distinguish melanocytes from melanophages.
Bleached slides showed that the rounded areas of the tumor were composed mostly of
melanocytes. There was also possible involvement of eccrine ducts and vascular structures. In
summary, the blue nevus-like dermal tumors arose from congenital nevi with a latency of around
6-8 months and were produced by the expression of GNAQQ209L initiated in Tyr-expressing
melanocytes and Plp1-expressing neural crest progenitors.
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Figure 3.2 Progression of flat-to-raised skin lesions in GNAQQ209L; Plp-creER and
GNAQQ209L;Tyr-creER.
A, Photographs tracking the appearance of flat melanocytic nevi over time in a R26-fsGNAQQ209L; Plp1-creERT mouse tamoxifen-induced at E11.5 (TM E11.5). Yellow arrow follows
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one particular flat lesion that developed into a raised tumor at around 7 months. B, Percentage of
pooled melanocytic nevi that remained flat until endpoint (grey) or raised into tumors (black)
among all mice of indicated genotype/induction time point. The number of analyzed nevi for
each genotype is indicated on the X-axis. C, Average number of raised tumors per mouse at
endpoint per genotype/induction time point. Data represented as mean ± SEM. (One-way
ANOVA, p-value < 0.05*; NS, not significant). The number of mice shown on the X-axis. D,
Scatter plot showing the mouse age at endpoint on the X-axis and the total area of raised dermal
lesions per mouse at endpoint on the Y-axis. E-F, Macroscopic views of raised tumors in R26-fsGNAQQ209L; Plp1-creERT (E, left) or R26-fs-GNAQQ209L; Tyr-creERT2 (F, left) mice induced at
E11.5. Bleached and unbleached H&E stained sections of the tumors (E-F, right). Areas enclosed
by a yellow square are shown in enlargements (far right).

3.3.3

Leaky activity of Plp1-creERT in adult melanocytes
While aging the R26-fs-GNAQQ209L; Plp1-creERT mice, we observed the emergence of

more than 100 punctate nevi (each 1-2 mm2 in diameter) on the trunk skin of every mouse
induced at E9.5 (Figure 3.3 A), E10.5, or E11.5. These nevi increased in number over time, but
individual nevi did not grow significantly in size. Surprisingly, the nevi also emerged on the
trunk skin of control R26-fs-GNAQQ209L; Plp1-creERT mice that had never been exposed to
tamoxifen (Figure 3B). In addition, they were absent in R26-fs-GNAQQ209L; Tyr-creERT2 mice
induced with tamoxifen at E11.5 (Figure 3.3 B). These observations revealed that Plp1-creERT
exhibits leaky activity in the absence of tamoxifen, activating the expression of GNAQQ209L and
causing tiny pigmented nevi.
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The punctate nevi appeared following an average latency of 9 months (Supplementary
Figure 1B). At 11.5 months of age, we found no difference in the density of nevi in the R26-fsGNAQQ209L; Plp1-creERT mice that were treated with tamoxifen at E9.5 compared to the R26-fsGNAQQ209L; Plp1-creERT control mice that were never exposed (Figure 3.3 B). Histological
analysis of the punctate nevi showed masses of pigmented cells at the base of hair follicle bulbs,
extending into the surrounding dermis (Figure 3.3 C). Thus, we hypothesize that the punctate
nevi in R26-fs-GNAQQ209L; Plp1-creERT mice resulted from the leaky activity of creERT
expressed in hair follicle melanocytes. Previously, endogenous Plp1 expression was detected in
FACS sorted Tyr+ cells from the epidermis of E15.5 mouse embryos and in human cutaneous
melanomas (Colombo et al., 2012; Hoek et al., 2006), which supports this hypothesis.

To confirm that leaky Plp1-creERT activity occurs in hair follicle melanocytes, we
crossed Plp1-creERT/+ mice to the fluorescent tomato reporter line, Rosa26-floxed stoptdTomato (hereafter referred to as "R26-fs-Tomato"). These mice were housed separately from
tamoxifen-treated animals to prevent cross-contamination from dirty bedding. In adult (P35P140) R26-fs-Tomato/+; Plp1-creERT/+ mice that never received any tamoxifen, tomatopositive pigmented cells were found in hair follicle bulbs in the trunk and tail (Figure 3.3 D, G).
This experiment confirmed that Plp1-creERT exhibits leaky behavior in hair follicle
melanocytes.

We next examined hair follicles as early as possible during development to assess
whether there was evidence of leaky activity during embryogenesis. In postnatal day 4 trunk and
tail skin, we found no tomato-positive cells in the hair follicles of R26-fs-Tomato/+; Plp174

creERT/+ pups that were never exposed to tamoxifen (Figure 3.3 E-F). Hence, the leaky activity
of Plp1-creERT began sometime between P4 and P35 through the reactivation of Plp1-creERT
expression in postnatal melanocytes. Postnatal leaky Plp1-creERT activity did not drive tumor
formation in the Plp1-creERT model, because we never found tumors in tamoxifen-free R26-fsGNAQQ209L; Plp1-creERT mice. The leaky activity, when used to drive GNAQQ209L expression in
hair follicle melanocytes, produces nevi with an interesting arrested growth pattern.
Plp1-creERT leakiness does not occur in 100% of melanocytes, and tamoxifen treatment
significantly increased the Plp1-creERT-mediated recombination in adult melanocytes. Postnatal
tamoxifen injection for three consecutive days in R26-fs-GNAQQ209L; Plp1-creERT mice at 4
weeks caused generalized skin hyperpigmentation on top of the punctate nevi (Figure 3.4 A, B).
After 12 months post-tamoxifen treatment, 100% of the R26-fs-GNAQQ209L; Plp1-creERT mice
developed intradermal raised lesions in the ear skin (Figure 3.4 C). In addition, the uveal tract
became thickened, which does not happen in tamoxifen-free R26-fs-GNAQQ209L; Plp1-creERT
mice (Figure 3.4 D). The uveal phenotype resembled the effects of tamoxifen induction at 8
weeks of age in previously described R26-fs-GNAQQ209L; Tyr-creERT2 mice (Huang et al 2015).
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Figure 3.3 Emergence of small pigmented spots on the skin of GNAQQ209L; Plp-creER mice
after 6 months of age.
A, Photographs tracking the appearance of punctate melanocytic nevi over time in a R26-fsGNAQQ209L; Plp1-creERT mouse induced at E9.5. Yellow arrows track two particular punctate
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nevi that appeared at 12 months. B, Punctate nevi were observed in R26-fs-GNAQQ209L; Plp1creERT mice, with or without tamoxifen induction, but not in R26-fs-GNAQQ209L; Tyr-creERT2
mice induced at E11.5. C, H&E stained sections of the punctate nevi in R26-fs-GNAQQ209L;
Plp1-creERT mice with (left) or without (right) tamoxifen induction at E9.5. D, On left, tomato
expression (red) in pigmented cells of a hair follicle from a 35 day old R26-fs-GNAQQ209L; Plp1creERT mouse never exposed to tamoxifen. On the right, a combined bright field with tomato
expression of the image from left. E-F, No tomato expression (red) was observed in pigmented
cells in trunk (E) or tail (F) hair follicles from a 4-day old R26-fs-GNAQQ209L; Plp1-creERT
mouse never exposed to tamoxifen. Combined fluorescent and bright field images, DAPI (blue).
G, Tomato-positive melanocytes (Dct+/Tomato+, arrows) in the hair follicles of P140 tail skin in
a R26-fs-GNAQQ209L; Plp1-creERT mouse never exposed to tamoxifen (Dct, green; Tomato, red;
DAPI; blue). Areas enclosed by a yellow square in B and C are shown in enlargements below.
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Figure 3.4 Tamoxifen treatment in adult GNAQQ209L;Plp1-creERT mice generated a
hyperpigmented phenotype.
A, GNAQQ209L;Plp1-creERT mice treated postnatally with tamoxifen (TM) at 4 weeks of age
developed generalized skin hyperpigmentation compared to tamoxifen-free mice. B, H&E
staining of trunk skin showed greater hair follicle hyperpigmentation in postnatal TM treated
GNAQQ209L;Plp1-creERT mice compared to untreated mice. C, Postnatal TM-treated
GNAQQ209L;Plp1-creERT mice developed dermal tumors on the ears. D, Postnatal TM-treated
GNAQQ209L;Plp1-creERT mice exhibited a thickening of the uveal tract (unpaired t-test, p-value
< 0.0001).
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3.3.4

GNAQQ209L driven spinal leptomeningeal neoplasms
After aging the R26-fs-GNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; Tyr-creERT2

mice for 8-24 months (see Figure 3.2 D), we euthanized them and performed necroscopy. We
found that all of the R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5 or E10.5, and all of
the R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5 exhibited flat leptomeningeal
melanocytomas over the spine in the trunk (Figure 3.5 A). The average total area of the
neoplasms was larger in the R26-fs-GNAQQ209L; Plp1-creERT mice (88 mm2) compared to the
R26-fs-GNAQQ209L; Tyr-creERT2 mice (19 mm2) (One-way ANOVA, p-value < 0.05) (Figure 3.5
B). Only one R26-fs-GNAQQ209L; Plp1-creERT mouse induced at E9.5 exhibited a spinal
leptomeningeal melanocytoma, which was flat and small (15 mm2 total area) (Figure 3.5 A). No
leptomeningeal lesions of any type were found in the control R26-fs-GNAQQ209L; Plp1-creERT
mice that were not exposed to tamoxifen, demonstrating that this is not a phenotype driven by
leaky Plp1-creERT activity.

Histological analysis of the flat spinal leptomeningeal melanocytomas revealed an
expansion of abnormal melanocytes along dorsal root ganglia in R26-fs-GNAQQ209L; Plp1creERT and R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5 (Figure 3.5 C). R26-fsGNAQQ209L; Plp1-creERT mice also exhibited lesion growth within the meningeal layer (Figure
3.5 C). No pigmented cells were found within the spinal cord in association with areas of flat
leptomeningeal melanocytomas (Figure 3.5 C).

Over time, 60% of the R26-fs-GNAQQ209L; Plp1-creERT mice induced at E10.5 and 80%
of the R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5 developed 1 to 3 large black firm
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masses on the spine under the skin (Figure 3.5 D, E, F). Because flat leptomeningeal lesions are
not externally visible, we could not monitor them to determine whether the raised lesions were
growing from a pre-existing flat melanocytoma, as we were able to do with the dermal tumors.
However, we observed the lumps lifting the overlying skin with an average latency of 12
months. The earliest a raised leptomeningeal lesion was observed was at 9 months in a R26-fsGNAQQ209L; Plp1-creERT mouse induced at E11.5. Histological analysis of the raised lesions
and the surrounding vertebrate at endpoint revealed melanoma cells infiltrating the spinous
process of the vertebrae (Figure 3.5 G, H, J, K), invading the muscle layer of the surrounding
hypodermis (Figure 3.5 I), and growing within the spinal cord itself (Figure 3.5 L). All R26-fsGNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; Tyr-creERT2 mice induced with tamoxifen
exhibited heavily pigmented lymph nodes, which may be the result of scavenging activity by
macrophages (Figure 3.5 M).
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Figure 3.5 GNAQQ209L; Plp-creER-induced mice at E10.5/11.5 developed raised
leptomeningeal neoplasms (LMNs).
A, Macroscopic view of spinal leptomeningeal neoplasms at the endpoint in mice of the
indicated genotypes/induction time points. The number of mice with leptomeningeal neoplasms
out of the total is shown underneath B, Average total area of spinal leptomeningeal neoplasms
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per mouse at the endpoint. Graph depicts the mean area for each genotype/induction time point ±
SEM. The number of mice is shown below. (One-way ANOVA, p-value<0.05*). C, H&E
stained sections of spinal melanocytomas in R26-fs-GNAQQ209L; Plp1-creERT (top) and R26-fsGNAQQ209L; Tyr-creERT2 (bottom) mice. Melanocytic cells were located near dorsal root ganglia
(D.R.G.) (red arrows) and within the meninges. Enlargements are shown in yellow and green
boxes. D, Macroscopic appearance of a raised spinal leptomeningeal melanoma at endpoint
before and after removal of the overlying skin. E, Total percent of mice with raised spinal
leptomeningeal melanoma at the endpoint in the indicated genotypes/induction time points. F,
Average number of raised leptomeningeal melanomas in R26-fs-GNAQQ209L; Plp1-creERT mice
induced at E11.5 and E10.5. Each point depicts one mouse. Data represents mean ± SEM
(unpaired t-test, p-value>0.05). G-L, H&E stained sections of raised spinal leptomeningeal
melanoma in R26-fs-GNAQQ209L; Plp1-creERT mice induced at E11.5. Tumors showed invasion
of the spinous process (red arrow in H), hypodermis (red arrow in I), vertebral body (yellow
arrow in K), and spinal cord (in L). M, H&E sections of lymph nodes showed infiltration of
pigmented cells.

3.3.5

Spinal leptomeningeal neoplasms decreased the overall health of R26-fs-

GNAQQ209L; Plp1-creERT mice
The endpoint for most mice in the study was 16 to 20 months of age (see Figure 3.2 D).
We suspect that the aggressiveness of the leptomeningeal melanomas was detrimental to the
health of the R26-fs-GNAQQ209L; Plp1-creERT mice. At endpoint, the health of the R26-fsGNAQQ209L; Tyr-creERT2 mice was close to normal, with an average Clinical Health Score
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(CHS) of 1.8 (Figure 3.6 A). In contrast, the R26-fs-GNAQQ209L; Plp1-creERT mice induced at
E10.5 or E11.5 had a significantly higher CHS at endpoint (3.9 on average, Figure 3.6 A).

Although almost all R26-fs-GNAQQ209L; Plp1-creERT mice exhibited normal gait, one
animal developed left hind leg paralysis at 15 months. The leptomeningeal melanoma in this
mouse showed aggressive bone invasion horizontally through multiple vertebrae in the lower
back and displacement of ganglia (Figure 3.6 B, C). Further emphasizing the malignancy of this
lesion, a large pigmented lung tumor was discovered during necroscopy (Figure 3.6 D). This was
likely a distal metastasis as there were no lung lesions present in any of the other mice in this
study.

To summarize, the Rosa26-fs-GNAQQ209L; Plp1-creERT mice develop a particularly
aggressive form of leptomeningeal melanocytic neoplasia, which is unique among existing
mouse models. Furthermore, the lack of aggressive lesions in the R26-fs-GNAQQ209L; TyrcreERT2 mice emphasizes the potential importance of targeting undifferentiated neural crest cells
in this disease.
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Figure 3.6 Raised LMNs correlates with a reduced clinical health outcome in mice.
A, Average clinical health score (CHS) of mice at the endpoint. The graph depicts the mean value
for each genotype/induction time point ± SEM. 0 = normal; 6 = severely abnormal. (One-way
ANOVA, p-value<0.05*). B, R26-fs-GNAQQ209L;Plp1-creERT mouse #56 induced at E11.5. The
mouse was euthanized at 16 months of age exhibiting hind leg paralysis and weight loss. C,
Melanoma in mouse #56 extended through multiple vertebrae in the spine. Macroscopic view of
the dissected spine (left) showing displacement of ganglia (yellow arrows). H&E stained section
through lesion (right). D, Large lung metastasis found in mouse #56 during necroscopy (yellow
arrow).
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3.3.6

GNAQQ209L initiated during embryogenesis generates cranial meningeal

melanocytomas
While inducing GNAQQ209L expression at E9.5 in Rosa26-fs-GNAQQ209L; Plp1-creERT
mice had no effect on the leptomeninges of the spine, we found that 100% of these mice
exhibited pigmented lesions within the skull. Two different types of lesions were found:
leptomeningeal melanocytomas overlying the dorsal cerebellum (Figure 3.7 A, C) and grossly
enlarged and pigmented trigeminal nerves (Figure 3.7 A, C, D). Also known as cranial nerve V,
the trigeminal nerve runs beneath the brain and branches into the ophthalmic nerve, maxillary
nerve, and mandibular nerve. Pigmented trigeminal nerves were also present in all Rosa26-fsGNAQQ209L; Plp1-creERT mice induced at E10.5, however, only 25% of these mice exhibited
leptomeningeal lesions (Figure 3.7 B). Both types of cranial lesions were absent in Rosa26-fsGNAQQ209L; Plp1-creERT and R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5 or never
exposed to tamoxifen.

Taken together, we found that GNAQQ209L induction at E9.5 in Plp1-creERT expressing
cells better targets melanocytes in the cranium, while induction at E11.5 better targets
melanocytes associated with the spine. This pattern is consistent with the known head to tail
progression of neural crest cell development.

3.3.7

No uveal melanoma in Plp1-creERT or Tyr-creERT2 models
We were particularly interested in whether GNAQQ209L induced during embryogenesis by

Plp1-creERT or Tyr-creERT2 would cause uveal melanoma, as in the original R26-fsGNAQQ209L/+; Mitf-cre/+ model (Huang et al., 2015). However, we observed no bulging of the
85

eyes while the mice were aging, which suggested that the eyes were normal. We sectioned eyes
at 18 months and found no difference in the appearance of the uveal tract in Rosa26-fsGNAQQ209L; Plp1-creERT or R26-fs-GNAQQ209L; Tyr-creERT2 mice induced at E11.5, compared
to Plp1-creERT controls (Figure 3.7 E). We also measured the thickness of the uveal tract at
endpoint and found no significant difference between R26-fs-GNAQQ209L; Tyr-creERT2 mice
induced at E11.5, Rosa26-fs-GNAQQ209L; Plp1-creERT mice induced at E9.5, E10.5, or E11.5, or
control littermates of other genotypes (Figure 3.7 F). Although surprising, the ability to separate
GNAQQ209L driven uveal melanoma from leptomeningeal melanocytic neoplasms is a fortuitous
result, because it allows the two diseases to be studied independently.
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Figure 3.7 Cranial melanocytic neoplasms were exclusively observed in GNAQQ209L; PlpcreER-induced mice at E9.5/10.5 but not later timepoints.
A, Representative images of the intact skull (top), dorsal surface of the brain (middle), and
trigeminal nerves (bottom) in either a R26-fs-GNAQQ209L; Plp1-creERT mouse not exposed to
tamoxifen (left) or induced with tamoxifen at E9.5 (right). Thin yellow arrows indicate
melanocytic lesions, while thick yellow arrows indicate the right trigeminal nerve. B, Percent of
mice with brain meningeal lesions (black) and trigeminal nerve lesions (grey) in the indicated
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genotype and induction time points. The number of mice is shown below. C, H&E staining of a
section of the intact skull of a R26-fs-GNAQQ209L; Plp1-creERT mouse induced with tamoxifen at
E9.5. Trigeminal nerve, TN; Leptomeningeal lesions, LM. D, H&E stained section of a trigeminal
nerve from either a R26-fs-GNAQQ209L; Plp1-creERT mouse not exposed to tamoxifen (left) or
induced with tamoxifen at E9.5 (right). E, Representative H&E stained sections of eyes through
the point of optic nerve connection for R26-fs-GNAQQ209L; Plp1-creERT mice (left), R26-fsGNAQQ209L; Tyr-creERT2 mice (middle), or +/+; Plp1-creERT mice (right), all induced with
tamoxifen at E11.5. F, Quantification of the thickness of the uveal tract in mice of the indicated
genotypes and induction time points (One-way ANOVA, p-value>0.05; NS, not significant).
Control mice included 5 +/+; Plp1-creERT/+ mice, 4 R26-fs-GNAQQ209L;+/+ mice, and 4 +/+; +/+
mice.

3.3.8

Fate mapping of Plp1-creERT and Tyr-creERT2 derived cells
Because GNAQQ209L expression driven by Plp1-creERT and Tyr-creERT2 with induction

at E11.5 produced non-identical phenotypes in the mice, we sought to identify the cells targeted
by each transgene during development. To do this, we crossed each transgenic line to R26-fsTomato in timed matings and induced Plp1-creERT at either E9.5 or E11.5, and Tyr-creERT2 at
E11.5. In some pregnancies, we harvested the embryos 24 hours after injection to determine
where the cells expressing creER localized prior to distant cell migration, using whole-mount
fluorescence stereomicroscopy. We found that tamoxifen treatment of Plp1-creERT embryos at
E9.5 resulted in strong Tomato expression in cranial nerves V, VII/VIII, and X and in the dorsal
root ganglia in the trunk in embryos harvested at E10.5 (Figure 3.8 A). Individual Tomato88

positive cells were seen at the surface of the embryo in the hindbrain region, with a few lying on
the isthmus separating the midbrain from the hindbrain (Figure 3.8 C-D). We note that this is a
location of LacZ-positive melanoblasts in E10.5 Dct-LacZ embryos (Figure 3.8 B). Migratory
Tomato-positive cells were also seen emerging from near cranial nerves VII/VIII and X near the
otic vesicle, which is also an area of abundant LacZ-positive cells in Dct-LacZ embryos (Figure
3.8 E-F). Migratory Tomato-positive cells were not observed around the dorsal root ganglia in
the trunk, despite the presence of a few LacZ-positive melanoblasts in this area in Dct-LacZ
embryos (Figure 3.8 G-H).

Similarly, tamoxifen induction of R26-fs-Tomato; Plp1-creERT embryos at E11.5
continued to strongly label cranial nerves V, VII/VIII, and X and the dorsal root ganglia in the
trunk of embryos harvested at E12.5 (Figure 3.9 A). Many more individual Tomato-positive cells
were observed at the embryo surface following E11.5 induction, including Tomato-positive cells
around the eyes and overlying the forebrain (Figure 3.9 B). In the trunk, individual Tomatopositive cells were found near extending dorsal root ganglia (inset, Figure 3.9 C), at the base of
the hind limb (Figure 3.9 D), lateral to the dorsal root ganglia (Figure 3.9 E), and also dorsal to
the neural tube in the most caudal trunk/tail (Figure 3.9 F).
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Figure 3.8 Tomato expression in Plp1-creERT E9.5 induction model.
A, R26-fs-Tomato; Plp1-creERT embryo induced with tamoxifen at E9.5 and dissected at E10.5.
Tomato-positive cranial nerves and dorsal root ganglia are indicated. E, eye; OV, otic vesicle. BC, Midbrain-hindbrain junction in E10.5 Dct-LacZ embryo in (B); and R26-fs-Tomato; Plp1creERT embryo in (C). D, Tomato-positive cells in the hindbrain and trigeminal nerve of an E10.5
R26-fs-Tomato; Plp1-creERT embryo induced at E9.5. E-F, Area around the otic vesicle in E10.5
R26-fs-Tomato; Plp1-creERT embryo induced at E9.5 in (E); and E10.5 Dct-LacZ embryo in (F).
90

G-H, Trunk in E10.5 R26-fs-Tomato; Plp1-creERT embryo induced at E9.5 in (G) and E10.5 DctLacZ embryo in (H).

Figure 3.9 Tomato expression in Plp1-creERT E11.5 induction model.
A, R26-fs-Tomato;Plp1-creERT embryo induced with tamoxifen at E11.5 and dissected at E12.5.
Tomato-positive cranial nerves and dorsal root ganglia are indicated. E, eye. B-D, Tomato-positive
nerves and individual migratory cells in the head and eye (B), trunk (C), and hind limb (D) of R2691

fs-Tomato; Plp1-creERT embryo induced with tamoxifen at E11.5 and dissected at E12.5. E-F,
Individual migratory tomato positive cells lateral to (E) and dorsal to (F) the neural tube in R26fs-Tomato; Plp1-creERT embryo induced with tamoxifen at E11.5 and dissected at E12.5. E and
F represent different planes of focus of the same area.

We also sectioned the R26-fs-Tomato; Plp1-creERT embryos induced at E11.5 and
harvested at E12.5 to perform immunofluorescence staining for Dct to determine the efficiency
of Plp1-creERT mediated recombination in melanoblasts 24 hours after induction. On average,
the efficiency of Plp1-creERT in trunk melanoblasts was calculated to be 33% at E11.5 (Figure
3.10). In sections of the eyes, we found that the Tomato-positive cells did not express Dct, so the
identity of these neural crest-derived cells remains unknown (Figure 3.11). Except for the retina
and lens, the structures of the eyes are formed by either cranial neural crest cells marked by
Wnt1 or by cranial mesoderm, so, the Tomato-positive cells that were observed may or may not
be future melanocytes (Gage et al., 2005).
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Figure 3.10 Efficiency of Plp1-creERT in trunk melanoblasts at E11.5.
A-B, Sections of dorsal upper and lower trunk skin stained with antibody against Dct for
melanocytes from a Plp1-creERT;R26-fs-Tomato embryo induced with tamoxifen at E11.5 and
harvested at E12.5. Upper trunk (A), lower trunk (B). Dct, green; Tomato, red; DAPI, blue. White
arrows indicate melanoblasts that are both Tomato-positive and Dct-positive. C, Quantification of
the percentage of Dct-positive cells that were Tomato-positive in the upper trunk versus the lower
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trunk. The trend for more Tomato-positive cells in the lower trunk was not significant. Results
from two embryos were pooled.

Figure 3.11 Plp1-creERT labeling of cells in the eye.
A-B, Dct immunofluorescence in eyes sections from two Plp1-creERT; R26-fs-Tomato embryos
induced with tamoxifen at E11.5 and harvested at E12.5. Embryo 1 (A), Embryo 2 (B). Dct, green;
Tomato, red; DAPI, blue. As expected, Dct IF labels the retinal pigmented epithelium. Tomato
positive cells are observed in the head around the eyes and in the space between the lens and the
neural retina. Tomato positive cells are also present on the outer side of the retinal pigmented
epithelium, where the future choroid will form.

Repeating these experiments with R26-fs-Tomato; Tyr-creERT2 mice induced at E11.5
revealed very low Tomato expression at E12.5. We examined whole-mount embryos at maximal
magnification and also sectioned R26-fs-Tomato; Tyr-creERT2 embryos to look for Tomato
positive cells. In sections of the trunk, there were only rare Tomato-positive cells observed
(Figure 3.12 B). One area of stronger expression was the future pigmented retinal epithelium in
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the eye (Figure 3.12 A). We suspect that Tyr-creERT2 expression lags slightly behind Plp1creERT.

Figure 3.12 Tomato expression in Tyr-creERT2 E11.5 induction model.
R26-fs-Tomato; Tyr-creERT2 embryo induced with tamoxifen at E11.5 and dissected at E12.5. (A)
Section from the eye showing Tomato expression in the area of the future retinal pigmented
epithelium. (B) Section from the trunk showing a rare Tomato-positive cell ventral to the neural
tube.

We next repeated the same crosses and tamoxifen injections as above but waited to
examine Tomato expression until the mice were delivered and 4 days old. We removed the skin
from the trunk and tail, sectioned it, and performed immunofluorescence staining for Dct or
Tubulin, a nerve marker. In the trunk of Plp1-creERT mice induced at E9.5, we found that 31%
of Dct-positive melanocytes in hair follicles and 62% of Tubulin-positive nerves were also
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Tomato-positive (Figure 3.13 A-B). However, this expression was only detected in the trunk. In
the tail, there were almost no Tomato-positive cells observed (Figure 3.13 A). In contrast, in the
trunk and tail of Plp1-creERT mice induced at E11.5, we found that 53% of Dct-positive
melanocytes in the hair follicles and 88% of Tubulin-positive nerves were also Tomato-positive
(Figure 3.13 C, E). Thus, the Plp1-creERT transgene more efficiently targeted both of these
neural crest cell lineages at E11.5 versus E9.5.

In the Tyr-creERT2 mice induced at E11.5 and harvested at P4, 51% of Dct-positive hair
follicle melanocytes were also Tomato-positive (Figure 3.13 D, F), despite the lack of Tomato
expression in E12.5 embryos. This confirms that Tyr-creERT2 responds later to tamoxifen
provided at E11.5. We observed a few Tubulin-positive nerves co-localizing with Tomato
expression in R26-fs-Tomato; Tyr-creERT2 sections, but the vast majority of nerves in the dermis
were negative (Figure 3.13 D). No Tomato-positive cells were observed in the trunk skin of P4
R26-fs-Tomato; Plp1-creERT or R26-fs-Tomato; Tyr-creERT2 mice that were not exposed to
tamoxifen (see Figure 3.3 E, F).
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Figure 3.13 Fate mapping of cells targeted by Plp1-creERT and Tyr-creERT2 during
embryogenesis.
A, R26-fs-Tomato; Plp1-creERT mice induced with tamoxifen at E9.5 and harvested at P4.
Sections of the dorsal trunk and tail skin stained with antibody against tubulin for nerves or Dct
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for melanocytes (shown in green in separate panels) and compared to Tomato signal (shown in
red), DAPI (shown in blue). Arrows indicate double-positive cells. B, Percent of Tomato
positive-melanocytes or nerves in R26-fs-Tomato; Plp1-creERT mice induced at E9.5 and
harvested at P4. C-D, R26-fs-Tomato; Plp1-creERT (C) or R26-fs-Tomato; Tyr-creERT2 (D)
mice induced with tamoxifen at E11.5 and harvested at P4. Immunofluorescence for Tubulin or
Dct for melanocytes (shown in green in separate panels) and compared to Tomato signal (shown
in red), DAPI (shown in blue). Arrows indicate double-positive cells. E-F, Percentage of Tomato
positive-melanocytes or nerves in R26-fs-Tomato; Plp1-creERT (E) and R26-fs-Tomato; TyrcreERT2 (F) mice induced at E11.5 and harvested at P4. G, Summary schematic of the location
and types of lesions produced from GNAQQ209L expression driven by Plp1-creERT (left) versus
Tyr-creERT2 (right) during embryogenesis at the indicated days (E9.5, E10.5, or E11.5).
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3.4

DISCUSSION AND CONCLUSIONS
GNAQQ209L is a potent oncogene frequently mutated in non-epithelial melanocytic

lesions. In this study, we explored the effects of forcing the expression of oncogenic GNAQQ209L
in the multipotent neural crest cells of the ventromedial pathway, beginning prior to their
differentiation into melanocytes, using the Plp1-creERT transgene. While this had no apparent
effect on nerves or Schwann cells, we found that this produced leptomeningeal melanocytic
neoplasms with complete penetrance. The lesions varied depending upon the day of
embryogenesis that GNAQQ209L expression was initiated on and included cranial
melanocytomas, spinal melanocytomas, and spinal melanomas, in addition to blue-nevus like
lesions in the dermis. It did not produce uveal melanoma. Furthermore, we compared this to the
effects of embryonic GNAQQ209L expression in melanoblasts driven by Tyr-creERT2 with
embryonic induction. While both transgenes produced nearly identical frequencies of blue nevuslike lesions in the dermis, GNAQQ209L expression initiated in multipotent neural crest cells
generated a higher frequency of leptomeningeal melanocytomas, some of which behaved very
aggressively, accurately reflecting the spectrum of potential malignancy of human
leptomeningeal melanocytomas.

3.4.1

Differences between the Mitf-cre, Plp1-creERT, and Tyr-creERT2 models
Unlike the Braf melanoma oncogene (Urtatiz et al., 2017), we found that the effects of

GNAQQ209L vary greatly depending on the Cre line and the timing that is used to induce its
expression. This includes a previously described model of GNAQQ209L driven by Mitf-cre
(Huang et al., 2015). Mitf-cre expresses a constitutively active form of Cre in melanocytes under
the control of the melanocyte-specific promoter of the Microphthalmia-associated-transcription
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factor gene (Alizadeh et al., 2008). Mitf-cre drove severe dermal hyperpigmentation throughout
the skin, leptomeningeal melanocytomas, and aggressive uveal melanoma with potential lung
metastases. The mice only survived to 5 months. Surprisingly, in this current study, we found
that the vast majority of melanocytes targeted by Plp1-creERT or Tyr-creERT2 during
embryogenesis resisted the effects of GNAQQ209L and behaved normally. This is despite the fact
that both transgenes fate mapped 51-53% of hair follicle melanocytes following a single
tamoxifen injection during embryogenesis. Because the Mitf-cre transgene itself has a mutant
phenotype (microphthalmia and small body size), one possibility is that it coincidentally interacts
with GNAQQ209L to enhance tumorigenesis (Alizadeh et al., 2008). The MITF gene is located
close to BAP1 on human chromosome 3, which is frequently lost in uveal melanoma. If
endogenous Mitf expression was affected by the introduction of the BAC transgene, it could act
as a tumor-promoting factor, although our previous study did not find a difference in Mitf RNA
levels in Mitf-cre/+ mouse skin (Urtatiz et al., 2017).

However, we also noticed differences in mouse phenotype depending upon whether we
used Plp1-creERT or Tyr-creERT2 and depending upon what day of embryogenesis the
tamoxifen was given (summarized in Figure 3.13 G). Plp1-creERT was a more efficient driver of
leptomeningeal melanocytomas than Tyr-cerERT2. One difference between these two transgenes
is that Tyr-creERT2 is up-regulated as a part of melanocyte differentiation, so Tyr-creERT2 does
not target undifferentiated neural crest cells. Confirming this, we found that Tyr-cerERT2
expression lagged behind Plp1-creERT at E12.5 and did not fate map nerves. Therefore, we
suspect that undifferentiated neural crest cells may play an important role in the development of
leptomeningeal melanocytomas.
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In addition, we noticed that in the Plp1-creERT model, leptomeningeal melanocytomas
appeared only in the head with induction at E9.5 and only in the trunk with induction at E11.5.
This pattern mirrors the anterior-to-posterior progression of neural crest development in the
embryo. Similarly, tamoxifen injection at E11.5 in the Tyr-creERT2 model caused dermal lesions
in the neck and upper back, while not producing any lesions within the cranium. These particular
patterns of lesion development upon a background of normal melanocytes suggest that there are
transient periods during development in which melanocytes become susceptible to
transformation by GNAQQ209L.

Figure 3.14 Hypothetical time windows of susceptibility to transformation by GNAQQ209L.
Patterns of anterior-to-posterior progression of targeting multipotent neural crest cells and
melanoblasts by Plp1-creER and Tyr-creERT2 during development.
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3.4.2

Leptomeningeal melanocytic neoplasms associated with the spine
The leptomeningeal lesions observed in R26-fs-GNAQQ209L; Plp1-creERT mice induced

at either E10.5 or E11.5 bear resemblance to human meningeal melanocytomas. These are rare
lesions that arise from leptomeningeal melanocytes and although the majority of meningeal
melanocytomas are reported in the intracranial compartment, approximately one third can be
found along the spine (Wang et al., 2013b). Reminiscent of our finding that one of the R26-fsGNAQQ209L; Plp1-creERT mice developed left hind leg paralysis at 15 months, a case report that
presented clinical data and long-term outcomes from 16 patients with pathologically diagnosed
spinal meningeal melanocytomas found that the primary clinical symptoms were weakness or
numbness of the extremities (Yang et al., 2016).

Leptomeningeal melanocytomas are thought to fall at the benign end of a continuous
spectrum with a relatively good prognosis. However, it is important to treat the lesions
aggressively at an early, amenable stage (Padilla-Vazquez et al., 2017). Leptomeningeal
melanocytomas can seed to new sites in the CNS and progress to advanced stages that do not
respond to any treatment method (Bydon et al., 2003; Wang et al., 2007). Our Plp1-creERT
mouse model demonstrated the full range of malignant potential of leptomeningeal
melanocytomas, including proliferation within the spinal cord and lung metastasis. The
aggressiveness of the spinal leptomeningeal melanocytomas was detrimental to animal health, as
demonstrated by the significantly higher CHS score in R26-fs-GNAQQ209L; Plp1-creERT mice
induced at E10.5 or E11.5 versus E9.5. The spectrum of meningeal melanocytic neoplasms
produced in the R26-fs-GNAQQ209L; Plp1-creERT mouse model could be useful for identifying a

102

marker that predicts more aggressive tumor behavior, which is currently a challenge for
clinicians (Kim et al., 2013).

Previously described mouse models of leptomeningeal melanocytoma were driven by
GNAQQ209L in the above-mentioned R26-fs-GNAQQ209L; Mitf-cre model, as well as a similarly
designed GNA11Q209L model and an NrasQ61K/Wnt model induced by either Tyr-creERT or Tyrcre, respectively (Huang et al., 2015; Moore et al., 2018; Pawlikowski et al., 2015). Each of
these models exhibited diffuse and flat leptomeningeal melanocytomas, much like the R26-fsGNAQQ209L; Tyr-creERT2 model. Thus, the R26-fs-GNAQQ209L; Plp1-creERT/+ model with
E10.5 or E11.5 induction is the only model that develops firm, raised masses. The NrasQ61K/Wnt
model exhibited an excess of melanocytes in the dermis, melanosis and thickening of the
leptomeninges, melanosis in olfactory bulbs and nasal turbinates, and leptomeningeal melanosis
around the spinal cord. Unlike the R26-fs-GNAQQ209L; Plp1-creERT/+ model, the spinal cord
was not invaded and no metastases were reported.

It has previously been asked whether the differences in the locations of melanocytic
neoplasms in different tissues is a functional consequence of the mutations themselves or
indicates differences in the cell populations in which these mutations occur (Van Raamsdonk et
al., 2009). Our R26-fs-GNAQQ209L; Tyr-creERT2 mice and the activated NRAS/Wnt signaling
mouse model both drive oncogene expression under the control of the Tyr promoter. Arguably,
these two models target the same population of cells, yet each displayed some unique
phenotypes, notably dermal tumors in the R26-fs-GNAQQ209L; Tyr-creERT2 mice. This then
indicates that perhaps the mutations themselves play an important role. However, we also
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showed that Plp1-creERT drove different phenotypes depending upon when during
embryogenesis (E9.5-E11.5) it was induced by tamoxifen. We documented differences between
the Plp1-creERT and Tyr-creERT2 models which were driven by the same oncogenic
GNAQQ209L. Thus, it is likely a combination of oncogene and cell population that determines the
melanocytic lesions that are produced.

3.4.3

Cranial lesions in the Plp1-creERT model
Rosa26-fs-GNAQQ209L; Plp1-creERT mice induced at E9.5 exhibited pigmented cells

around the trigeminal nerves (i.e. cranial nerves V) and in the brain meninges. Fate mapping of
R26-fs-Tomato; Plp1-creERT embryos induced at E9.5 revealed strong Tomato signal in the fifth
cranial nerves in embryos at E10.5. However, the nerves were also labeled in E12.5 embryos
induced with tamoxifen at E11.5, yet no cranial hyper-pigmentation was observed in this cohort
of mice. This indicates a short phase of GNAQQ209L sensitivity in the cranial neural crest around
E9.5.

The Rosa26-fs-GNAQQ209L; Plp1-creERT mice induced at E9.5 are reminiscent of some
cases of the nevus of Ota, in which facial dermal hyper-pigmentation follows the ophthalmic
(V1) and maxillary (V2) branches of the trigeminal nerve on one side of the face (Swann and
Kwong, 2010). Present at birth, the nevus of Ota is a known risk factor for uveal melanoma and
carries oncogenic mutations in GNAQ. In one recent case study, a nevus of Ota presented with a
small uveal melanoma as well as a larger intracranial melanoma causing neurological
dysfunction (Konstantinov et al., 2018). Our results suggest that the initiating GNAQQ209P
mutation in this individual could have occurred during embryogenesis in a neural crest cell near
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cranial nerve V, with all three lesions seeded independently of each other following migration.
Our Rosa26-fs-GNAQQ209L; Plp1-creERT mice induced at E9.5 did not progress to aggressive
melanoma, however, the patient in Konstantinov et al. also carried a frameshift mutation in the
tumor suppressor, BAP1, which likely promoted tumor progression.

3.4.4

"Leaky" CreERT activity and expression of Plp1-creERT in melanocytes
An analysis of the skin of Rosa26-fs-GNAQQ209L; Plp1-creERT mice never exposed to

tamoxifen revealed the development of more than 100 punctate hair follicle associated nevi that
developed after a long latency and with limited growth potential. This indicates that the creERT
in Plp1-creERT mice exhibits some "leaky" activity. We suspect that the punctate nevi result
from the specific effect of inducing GNAQQ209L expression in hair follicle melanocytes after P4,
providing yet another example of a specific window of GNAQQ209L sensitivity. We note that the
expression of Plp1-creERT in adult melanocytes combined with "leaky" CreERT activity does
not drive the formation of dermal tumors or leptomeningeal lesions, because they were never
observed in Rosa26-fs-GNAQQ209L; Plp1-creERT mice not exposed to tamoxifen.

3.4.5

Conclusion
The underlying mechanisms triggering melanocyte sensitivity to GNAQQ209L are of great

interest and remain to be determined. The anterior-to-posterior progression of neural crest cell
development mirrors the rostral to caudal progression of lesion formation in the Plp1-creERT
model with tamoxifen at E9.5, E10.5, and E11.5. This suggests that GNAQQ209L sensitivity could
arise when transcriptional programs are in dramatic flux, such as when neural crest cells commit
to the melanocyte cell fate or when melanocyte stem cells in adult hair follicles are triggered to
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differentiate (Soldatov et al., 2019). Our work suggests that for melanocytic neoplasms with
GNAQ mutations at least, narrow windows of sensitivity to the oncogene influence tumor
location in the body and the potential for malignant progression.
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CHAPTER 4: PARACRINE SIGNALING FROM KERATINOCYTES
CONTRIBUTES TO THE CELL DEATH RESPONSE OF EPIDERMAL
MELANOCYTES TO GNAQQ209L

4.1

INTRODUCTION
The majority of melanocytic lesions from non-epithelial melanocytes, such as uveal

melanoma, primary central nervous system leptomeningeal melanocytomas, and intradermal
lesions, harbour somatic mutations causing constitutive activity of GNAQ and GNA11. While
GNAQ mutations are found in about 45% of uveal melanomas, 83% of blue nevi and 56% of
primary leptomeningeal lesions, GNA11 mutations occur in about 32% of uveal melanomas,
6.5% of blue nevi and 46% of primary leptomeningeal lesions. In both genes, the mutations most
often involve codon 209 with occasional mutations in codon 183 (1%–3%) (Kusters-Vandevelde
et al., 2010; Van Raamsdonk et al., 2009; Van Raamsdonk et al., 2010).

In contrast, mutations in GNAQ/11 are extremely rare in epithelial melanocytic
neoplasms such as CSD and non-CSD cutaneous melanoma and acral melanoma, as well as in
common melanocytic, congenital, and Spitz nevi (2%). The COSMIC database v72 reported four
patients with GNAQ mutations among 1,696 entries (0.2%) for superficial spreading, lentigo
maligna, nodular, and otherwise unspecified malignant melanomas of the skin. Consistent with
this observation, the forced expression of GNAQQ209L by Mitf-cre in mouse melanocytes led to a
marked proliferation of melanocytes in the uveal tract, dermis and meninges, but had the
opposite effect on melanocytes in the interfollicular epidermis (IFE) of the tail skin (Huang et
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al., 2015). A progressive, but not complete, loss of melanocytes in the tail IFE of GNAQQ209L
mice was observed over time.

Because of that, a key question that arises is why do GNAQ/11 mutations drive
tumorigenesis of non-epithelial melanocytes, but not epithelial melanocytes? One possible
explanation might be that melanocytes residing in epithelial structures are intrinsically
programmed to respond to GNAQ activation with cell death or a senescence-like state. Possible
differences in the developmental origins of epithelial versus non-epithelial melanocytes may
determine a differential response to genetic insults (Whiteman et al., 2011). For example, along
the embryonic axis, several distinct neural crest populations arise, differing in both their
migratory pathways and their differentiation potential, with the most caudal neural crest cells
having the most restrictive lineages (Catala et al., 2000). Therefore, melanocytes might behave
differently as a function of their relative anterior-posterior position (Mayor and Theveneau,
2013).

Another possibility for the lack of GNAQ mutations in epithelial-associated melanomas
could be a result of the specific microenvironment around melanocytes in the epidermis and nonepithelial sites. Direct cell-cell contact or paracrine signaling produced by the tissue-specific
microenvironment in an epithelial context might allow the proliferation of cells only with
specific mutational events, forcing the selection of specific driver mutations in melanoma
(Pandiani et al., 2017). While epidermal melanocytes interact with epithelial cells
(keratinocytes), non-epidermal melanocytes interact with mesodermal stroma. Therefore,
crosstalk between melanocytes and neighboring cells might set up a negative feedback loop that
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prevents proliferation driven by specific signaling pathways. If so, deciphering this difference
could reveal an “Achilles heel” of epidermal melanocytes, which might be harnessed to develop
new melanoma therapies.

4.2
4.2.1

METHODS
Mice

The research described in this chapter was conducted under the approval of the UBC Animal
Care Committee. DNA from ear notches was isolated using DNeasy columns (Qiagen) and
amplified using PCR. Mitf-cre (Tg(Mitf-cre)7114Gsb), Tyrosinase-creERT2 (Tg(Tyrcre/ERT2)13Bos/J), Rosa26-LoxP-Stop-LoxP-GNAQQ209L (Gt(ROSA)26Sortm1(GNAQ*)Cvr),
Rosa26-LoxP-Stop-LoxP-tdTomato (Gt(ROSA)26Sortm14(CAG-tdTomato)Hze), Rosa26-LoxP-StopLoxP-LacZ (Gt(Rosa)26Sortm1Sor/J) mice were genotyped as previously described (Alizadeh et
al., 2008; Bosenberg et al., 2006; Huang et al., 2015; Madisen et al., 2010; Soriano, 1999). All
mice were maintained on the C3HeB/FeJ genetic background.

4.2.2

LacZ staining

We crossed R26-fs-GNAQQ209L/+; +/+ mice to R26-fs-LacZ/+; Tyr-creERT2/+ mice and
genotyped the resulting progeny. At 4 weeks of age, two groups of mice were tamoxifen-treated
for 5 consecutive days: R26-fs-GNAQQ209L/R26-fs-LacZ; Tyr-creER/+ (GNAQ-LacZ) mice and
+/R26-fs-LacZ mice; Tyr-creER/+ (WT-LacZ) mice. Tamoxifen treatment consisted of one daily
intraperitoneal injection of 1mg tamoxifen (Sigma T5648) alongside a topical treatment for the
tail skin (tails were dipped for 5 seconds in 25 mg/ml 4-hydroxytamoxifen (Sigma H6278) in
DMSO). Mice were harvested either 1 week or 8 weeks after tamoxifen treatment. At each
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experimental endpoint, a piece of tail skin of 1.5 cm in length was incubated in X-gal solution
for 48 hours as previously described (Van Raamsdonk et al., 2004). The tail dermis and
epidermis were split using sodium bromide and fixed in 4% PFA. The number of LacZ-positive
cells was counted in three rows of epidermal scales per sample (n = 40 scales per animal).

4.2.3

Isolation of interfollicular melanocytes in the tail skin

We crossed R26-fs-GNAQQ209L/+ mice to +/R26-fs-tdTomato; Mitf-cre/+ mice and identified
Tomato expressing progeny by genotyping. At four weeks of age, the tail skin from GNAQQ209Land WT-tdTomato-positive mice was harvested, and the interfollicular epidermis (IFE) was split
from the dermis by gentle dispase treatment. The IFE was then incubated with trypsin into single
cells, using forceps to scrape cells from the scales to accelerate the process. Cells were
centrifuged and the pellet was resuspended in suspension buffer (HBSS + 10% FBS + EDTA
0.1mM EDTA) to prepare for sorting.

4.2.4

Flow cytometry and cell sorting

FACS was performed in the UBC Flow facility at the Life Science Institute (LSI). Cells were
first analyzed for viability based on forward and side scatter plots. Next, filters for forward
scatter (height versus width) and side scatter (height versus width) were used to select single
cells. Lastly, viability dye fluorescence (y-axis) was plotted against tdTomato (x-axis) and gates
were set to capture only viable tdTomato positive cells. Cells from mice lacking Mitf-cre
(+/R26-fs-tdTomato; +/+) were used as negative controls to define the threshold for tdTomatopositive cells. Sorted cells were collected in 15ul of HBSS+FBS 10% +EDTA 0.1mM solution
and 1ul of RiboLock RNase inhibitor (Thermo Scientific, EO0381).
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4.2.5

Primary cell culture

Primary melanocytes were isolated from the tail interfollicular epidermis of 4 weeks old mice as
above. Cells were plated into 96-well plates previously coated with 0.1mg/ml fibronectin in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum,
1% penicillin-streptomycin (15140122 Thermo-Fisher), 2mM L-Glutamine, and 1mM Sodium
Pyruvate. For sorted melanocytes, cells were plated at 6000 to 8000 cells per well. For co-culture
experiments, IFE cells were plated at 100,000 cells per well. For co-culture with fibroblasts
(MEFs), 6000 to 8000 melanocytes were plated into 96-well plates previously seeded with MEFs
that formed a confluent monolayer. For survival analysis, cells were incubated at 37oC in 5%
CO2 for 6-7 days. Images were taken daily 24 hours post-plating at 5x, 10x, and 20x for all 7
days. Live cells were counted as tdTomato positive in the 5x field of view as a proxy for cell
number. Media was changed every third day by exchanging 1/3 of the existing volume.

4.2.6

Live cell imaging

Sorted melanocytes or IFE cells were plated on 0.1mg/ml fibronectin-coated coverslips within a
35mm cell culture dish. Cells were incubated overnight before imaging in a live-cell imaging
culture chamber. Cells were imaged at 37°C (5% CO2) every 5 minutes for 24 hours at 10X.
Movies were then analyzed in ImageJ.

For time-lapse studies, sorted cells or whole IFE cells were plated on fibronectin-coated
coverslips and images were taken every 5 minutes for 24 hours in a 37oC chamber (5% CO2).
Cell movements were determined using the MTrackJ software on ImageJ and analysis was
performed using Chemotaxis and Migration Tool (Ibidi).
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4.2.7

Automated Image Analysis

Custom Matlab scripts were utilized to analyze cell morphology and actin fiber orientation in
fixed cells. Cell contours were obtained automatically by processing confocal z-projections of
cells stained for F-actin (Phallodin) in MatLab. Images were first blurred with a
gaussian filter, and then an edge detection algorithm was applied to identify cell borders.
The resultant binary images were refined through successive dilations and erosions to yield the
final cell contour. These contours were used to measure cell area, and circularity
(4π*area/perimeter2), protrusions. The number and length of protrusions were quantified
automatically in MatLab. First, cell contours were identified as outlined above. Next, we
obtained the contour coordinates of the convex hull of the binary image representing the cell
area. At each point along the cell contour, we computed the minimum distance between the
convex hull and the actual cell contour. Based on these distances, minima corresponding to
protrusions could be identified. To be counted as protrusions, minima had to be at least 10 pixels
apart along the contour and of height greater than 5 pixels. Based on the coordinates of adjacent
peaks, the width, height, and aspect ratio of protrusions could be computed.

4.2.8

Actin Fibers

First, we identified cell contours as described above (4.2.7). Next, the cell was subdivided into
32x32 pixel windows overlapping by 50%. We then computed the two-dimensional Fourier
transform of each window. If a window contains no fibers, the Fourier transform will be a
central, diffuse point of bright pixels. However, if a window contains aligned fibers, the Fourier
transform will consist of an elongated accumulation of bright pixels at a 90 degree angle to the
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original fibers. Based on the aspect ratio and orientation of the Fourier transform, we determined
fibrousness and fiber orientation in a given window. The data for individual windows could then
be compared across the entire cell to estimate the cell fibrousness, defined here as the percentage
of cell area (% of windows) with aspect ratio greater than a cut-off value.

4.2.9

Immunohistochemistry

For H&E staining, skin samples were fixed in 10% buffered formalin overnight at room
temperature with gentle shaking, dehydrated, cleared, and embedded in paraffin. 5-μm sections
were taken for H&E staining using standard methods (Manicam et al., 2014). For
immunofluorescence, samples were fixed in 10% buffered formalin overnight at 4oC, taken
through a sucrose gradient, embedded in O.C.T., and sectioned at 10 μm. After washing in PBS
for 30 minutes, sections were mounted in medium with DAPI. DAPI-stained and H&E-stained
sections were imaged using either a DMI 6000B microscope (Leica) or an Axio Scan.Z1 slide
scanner (Zeiss), respectively.

4.2.10 RNA-seq data and Bioinformatics Analysis
Total RNA from sorted cells was extracted using Trizol (Life Technologies) following the
manufacturer’s protocol. For each library preparation, sorted melanocytes from two mice of the
same litter were pooled to increase the final number of cells for RNA extraction. Sample quality
control was performed using the Agilent 2100 Bioanalyzer. Qualifying samples (RNA Integrity
Number ≥ 9) were then prepped following the standard protocol for the NEB next Ultra ii
Stranded mRNA (New England Biolabs). Sequencing was performed on the Illumina NextSeq
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500 with Paired End 42bp × 42bp reads. Sequencing data was demultiplexed using Illumina's
bcl2fastq2.
De-multiplexed read sequences were then aligned to the Mus Musculus mm10 reference
sequence using STAR aligner (https://www.ncbi.nlm.nih.gov/pubmed/23104886). Assembly and
differential expression were estimated using Cufflinks (http://cole-trapnelllab.github.io/cufflinks/) through bioinformatics apps available on Illumina Sequence Hub. Gene
Ontology and KEGG Pathways analysis was performed using DAVID Bioinformatics Resources
6.8 (Huang da et al., 2009a, b) using differentially expressed genes with a fold change > 1.5 or <
-1.5. Gene Set Enrichment Analysis (GSEA) was performed using JAVA GSEA 2.0 program
(Subramanian et al., 2005). The gene sets used for analysis were the Broad Molecular Signatures
Database gene sets H (Hallmark gene sets).

4.2.11 EdU injections
Mice were injected intraperitoneally with 100 µg EdU per gram body weight 24 hr before
sacrifice. The Click-iT® Plus EdU Alexa Fluor® 488 Imaging Kit (ThermoScientific) was used
following the manufacturer’s protocol.

4.2.12 Statistical analysis
Analysis of the median between two groups was performed by unpaired t-test (two-tailed) or
two-way ANOVA. All statistics and figures were performed using GraphPad Prism 6.0 software
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4.3
4.3.1

RESULTS
Postnatal induction of GNAQQ209L signaling led to a reduced number of

melanocytes in the tail interfollicular epidermis
To confirm that GNAQQ209L expression reduces the number of melanocytes in the
interfollicular epidermis (IFE) of mice, we decided to use a second melanocyte-specific Cre line
and induce GNAQQ209L expression postnatally. We used the melanocyte-specific Tyrosinase
(Tyr)-creERT2 transgene (Bosenberg et al., 2006) with the R26-flox stop-LacZ reporter (Soriano,
1999). Together, these trangenes cause LacZ expression in melanocytes following tamoxifen
(TM)-induced CreERT2 recombination.

We induced Cre-mediated recombination by treating 4-week old R26-fs-GNAQQ209L
/R26-fs-LacZ; Tyr-creERT2 (hereafter referred to as “GNAQ-lacZ”) mice and +/R26-fs-LacZ;
Tyr-creERT2 (hereafter referred to as “WT-LacZ”) mice with TM as described previously
(Huang et al., 2015). One week following the last dose of TM, the average number of
melanocytes (LacZ-positive cells) per scale was determined. The number was slightly higher in
GNAQ-lacZ mice, however, this difference was not significant (p-value=0.241) (Figures 4.1 A,
B). However, two months after the last dose of TM, GNAQ-LacZ mice showed a significant
reduction in the average number of melanocytes in the scales as compared to WT-LacZ mice (pvalue=0.045) (Figures 4.1 B). These results confirm that GNAQQ209L signaling in melanocytes
negatively impacted the maintenance of melanocytes in the postnatal interfollicular epidermis.

Interestingly, we also observed a loss of definition of the scale-interscale boundaries in
GNAQ-LacZ mice 2 months following TM-treatment (Figure 4.1 C). We examined multiple
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adjacent scales (N=40 scales per mouse) and found that 21% of analyzed scales showed loss of
scale-interscale boundaries resulting in scale merging (Figure 4.1 D). We determined that 28% of
scales were unevenly pigmented, although most contained some LacZ positive cells (Figure 4.1
D). Taken together, these results confirm that GNAQQ209L expression, induced in adulthood,
impairs melanocyte maintenance and disturbs the homeostatic microenvironment in the IFE.

Figure 4.1 Induction of GNAQQ209L by Tyr-creERT2 reduced IFE melanocytes and altered
homeostasis of the tail IFE.
A, Representative example of LacZ-positive cells within scales of WT-LacZ and GNAQ-LacZ
mice at 1 week and 2 months post-tamoxifen (TM) treatment. B, Quantification of the number of
LacZ-positive cells per scale at 1 week and 2 months post-TM treatment. (Two-way ANOVA, p116

value<0.05*; NS, not significant). At 1 week post-TM, N= 4 mice for WT-LacZ; 3 for GNAQLacZ. At two months post-TM, N = 5 mice for WT-LacZ; 5 for GNAQ-LacZ. (40 scales
analyzed per mouse). C, Representative example of the scale-interscale organization in WTLacZ and GNAQ-LacZ mice at 2 months post-TM. D, Quantification of fused scales and loss of
melanin in the IFE of WT-LacZ and GNAQ-LacZ mice at 2 months post-TM. N = 5 mice for
WT-LacZ; 5 for GNAQ-LacZ. (40 scales analyzed per mouse). Dashed lines indicate the
boundaries of scales. Red arrows show examples of fused and hypopigmented scales. Data are
represented as mean ± SEM. Scale bar represents 100um in A and C.

4.3.2

GNAQQ209L signaling enhances melanocyte survival capacity and alters cell

morphology
In sections of GNAQQ209L;Mitf-cre tail skin, reduced melanin capping of nuclei in the
keratinocytes of the basal layer further demonstrated a melanocyte deficiency (Figure 4.2 A). To
be able to isolate and study these melanocytes, we crossed Mitf-cre with Rosa26-LoxP-StopLoxP-tdTomato (hereafter referred to as "tdTomato") reporter mice to label the melanocyte
lineage with a robust and intense fluorescent signal (Figure 4.2 B). To confirm labeling, we first
analyzed the tail skin of tdTomato; Mitf-cre (hereafter referred to as "WT") and
GNAQQ209L/tdTomato; Mitf-cre (hereafter referred to as "GNAQQ209L") mice at 4 weeks of age.
WT mice showed several tdTomato-positive cells at the basal membrane within scales (Figure
4.2 B). In contrast, the IFE of GNAQQ209L mice contained fewer tdTomato-positive cells, while
exhibiting a much strong signal in the dermis and hair follicles compared to WT mice (Figure 4.2
B).
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Next, we isolated tdTomato-positive melanocytes from the IFE of WT and GNAQQ209L
mice by Fluorescent Activated Cell Sorting (FACS) to compare their survival capacity in an invitro setting. In order to obtain a single cell solution for FACS, we split the IFE from the dermis
and dissociated the scales within the IFE with trypsin to obtain melanocytes and keratinocytes as
dispersed single cells. There was a significant reduction in the number of tdTomato-positive cells
collected by FACS in WT mice (0.99%, N=6) versus GNAQQ209L mice (0.61%, N=5) (pvalue=0.012) (Figure 4.2 C-D). Previous studies have estimated that melanocytes account for
~1.5% of the total cells in the IFE (Glover et al., 2015).

We plated the sorted IFE melanocytes on fibronectin-coated 96-well plates to directly
compare the survival of WT versus GNAQQ209L melanocytes in culture. GNAQQ209L melanocytes
showed an enhanced ability to be maintained in culture in comparison to WT melanocytes
(Figure 4.2 E). Relative to the number plated, only 61% of WT melanocytes remained after one
day in culture compared to 94% of GNAQQ209L expressing melanocytes. This difference was
maintained throughout the 6 days of analysis, with WT melanocytes having a total decrease to
21% of their initial population, whereas GNAQQ209L melanocytes were reduced to 66% of their
initial population.

In addition, we observed an abnormal cell morphology of GNAQQ209L melanocytes plated
on fibronectin. While GNAQQ209L melanocytes exhibited a dendritic morphology with several
protrusions, WT melanocytes showed a spindle-like shape (Figure 4.2 F). To study the dynamics
of plated melanocytes, we analyzed time-lapse video microscopy for 24 hours. On day 1, WT
118

melanocytes started as spindle cells and then rapidly adopted a round shape immediately before
dying (Figure 4.2 G). In contrast, GNAQQ209L melanocytes did not adopt round cell shapes but
their cell shapes remained unchangeable during the analyzed timeframe (Figure 4.2 H). No
migration, formation of new protrusions, or cell divisions were observed for either WT and
GNAQQ209L melanocytes. Taken together, these experiments showed that GNAQQ209L expressing
melanocytes isolated from the IFE and cultured on fibronectin-coated plates survived better and
adopted a drastically different cellular morphology. This suggested that the lack of an overt
oncogenic response of epithelial melanocytes in vivo to oncogenic GNAQQ209L is not an intrinsic
property of the melanocytes, but is reversible depending upon the microenvironment.
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Figure 4.2 GNAQQ209L signaling enhanced the survival capacity of sorted IFE melanocytes
on fibronectin and changed their cell morphology.
A, H&E cross-sections of tail skin in Mitf-cre and GNAQQ209L;Mitf-cre mice. Reduced
pigmentation was observed in the IFE of GNAQQ209L;Mitf-cre mice. The yellow box shows a
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magnified area of the interfollicular epidermis (IFE). Arrows point out pigmented cells. B,
Immunofluorescent cross-sections of tail skin in tdTomato; Mitf-cre and GNAQQ209L/tdTomato;
Mitf-cre mice at 4 weeks of age. Reduced number of melanocytes (tdTomato+ cells) in the IFE of
GNAQQ209L mice. C, Representative examples of FACS dot plots of single-cell suspension from
the interfollicular epidermis of tdTomato; Mitf-cre (WT) and GNAQQ209L/tdTomato; Mitf-cre
(GNAQQ209L) mice. D, Quantification of the total percentage of melanocytes (tdTomato+ cells) in
the IFE of WT and GNAQQ209L mice. (unpaired t-test, p-value<0.05*). N = 5 for WT, 6 for
GNAQQ209L mice. E, Quantification of cell sorted WT and GNAQQ209L melanocyte survival after
in vitro plating on fibronectin. (unpaired t-test, p-value<0.01*). N= 3 for WT, 3 for GNAQQ209L
mice. F, Representative images of melanocyte morphology 48 hours post-plating on fibronectincoated wells. G, Time-lapse microscopy of WT melanocytes showed a sequence of cells
adopting a round shape shortly before entering into cell death (enclosed in yellow circles). N=19
melanocytes. H, Time-lapse microscopy of GNAQQ209L melanocytes showed a dendritic cell
morphology that remained stable over time. N=22 melanocytes. Scale bar represents 50um in A
and B; 100um in F; and 20um in G and H. Data are represented as mean ± SEM.

4.3.3

Oncogenic BRAFV600E signaling promotes an increased survival capacity in

epidermal melanocytes compared to GNAQQ209L signaling
Next, we decided to compare whether BRAFV600E oncogene might produce a similar
effect in melanocytes isolated from the IFE. To test that, first, we crossed BrafCA/BrafCA mice
(Dankort et al., 2007) to tdTomato; Mitf-cre. Then, using the same dissociation protocol
described above, we isolated epidermal melanocytes from the tail skin of 4-week
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BrafCA;tdTomato;Mitf-cre mice. We found that BRAFV600E drastically increased the survival of
IFE melanocytes in comparison to GNAQQ209L (Figure 4.3 A). This suggests that both
BRAFV600E and GNAQQ209L drive distinct intracellular signaling pathways that result in
differential levels of cell survival in an in-vitro setting. Finally, the cell morphology of
BRAFV600E melanocytes at day 2 was similar to WT melanocytes showing a spindle-like shape,
however, at day 8, melanocytes exhibited a more dendritic phenotype (Figure 4.3 B).

Figure 4.3 BRAFV600E produced an enhanced survival in epidermal melanocytes compared
to GNAQQ209L.
A, Survival comparison of sorted epidermal melanocytes expressing BRAFV600E and GNAQQ209L
plated on fibronectin. Survival of WT and GNAQQ209L melanocytes was included for
comparison. N= 3 BRAFV600E mice. B, Representative images of BRAFV600E melanocyte
morphology at 2 and 8 days post-plating on fibronectin-coated wells. Data are represented as
mean ± SEM.
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4.3.4

GNAQQ209L melanocytes in the presence of keratinocytes exhibited increased

attrition and cell fragmentation
Because the interfollicular epidermis (IFE) is composed mostly of keratinocytes, we
decided to interrogate the influence of keratinocytes on the survival of GNAQQ209L-expressing
melanocytes. Since keratinocytes have been shown to regulate melanocyte proliferation and
survival in the IFE in a normal context, we hypothesized that keratinocytes in the IFE can
negatively regulate the survival of melanocytes that express constitutive GNAQQ209L signaling.
To test this hypothesis, we dissociated the tail interfollicular epidermis (IFE) of WT or GNAQ
mice into single cells and plated this mixed cell population on fibronectin-coated wells of a 96well plate. We then recorded the number of melanocytes (tdTomato-positive cells) in each well
every day. The addition of keratinocytes to WT melanocytes provided an initial boost to
melanocyte survival during the first 3 days post-plating. Then, the survival decreased to levels
comparable when WT melanocytes were plated only on fibronectin and in the absence of
keratinocytes (Figure 4.4 A). In contrast, the addition of keratinocytes to GNAQQ209L melanocyte
cultures caused a small, but significant reduction in melanocyte survival during the six days of
the experiment (Figure 4.4 B). This finding suggested that the addition of keratinocytes to
melanocytes expressing GNAQQ209L negatively impacts their survival in-vitro.

Next, we analyzed time-lapse video microscopy of melanocytes co-cultured with
keratinocytes to understand their dynamics 24 hours post-seeding. In contrast to the staticdynamic of sorted melanocytes plated on fibronectin, both WT and GNAQQ209L melanocytes
showed a highly dynamic morphology when co-cultured with keratinocytes (Figure 4.4 C).
While co-cultured WT melanocytes displayed a normal dendritic-shape with a rounded cell body
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and one or two extended protrusions, GNAQQ209L melanocytes displayed longer and wavy
protrusions and their cell body adopted different polygonal shapes over time (less circular)
(Figure 4.4 C, D). We quantified the morphology and number of protrusions using MatLab. We
found that GNAQQ209L melanocytes exhibited a higher number of protrusions per cell and a 2.7fold increased lengthening of these protrusions (Figure 4.4 E, F). Finally, the total cell area of
GNAQQ209L melanocytes was significantly larger (2.7-fold increased) compared to WT
melanocytes (Figure 4.4 G).

We used time-lapse video microscopy to quantify additional melanocyte parameters, such
as cell fragmentation. In addition to the extension of dendrites, fragmentation of individual
dendrites was observed in about 50% of GNAQQ209L melanocytes co-cultured with keratinocytes
(Figure 4.4 H, I). Cell fragmentation of dendrites was rarely observed in WT melanocytes (5%)
and BRAFV600E melanocytes (1%, N=121 melanocytes, data not shown). Taken together, this
data showed the crucial role of keratinocytes in inducing dendrite formation as observed in WT
melanocytes. Similarly, keratinocytes caused a significant increase in the percentage of cell
fragmentation in GNAQQ209L melanocytes. Hence, keratinocytes have various effects on
GNAQQ209L melanocytes, not only in reducing their survival capacity, but also promoting a
higher pseudopod dynamic.
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Figure 4.4 GNAQQ209L melanocytes in the presence of keratinocytes exhibited increased
attrition, pseudopods formation, and cell fragmentation.
A, Survival for WT melanocytes (Mc) in the presence and absence of keratinocytes (Kc). N = 5
mice for co-cultured WT melanocytes (unpaired t-test, p-value<0.01**; ns; not significant). B,
Survival for GNAQQ209L melanocytes in the presence and absence of keratinocytes (Kc). N = 4
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mice for co-cultured GNAQQ209L melanocytes. C, Time-lapse images show representative
alterations in the morphology of co-cultured WT and GNAQQ209L melanocytes with
keratinocytes between 0 and 8 hours. D, Quantification of circularity; E, protrusion length; F,
number of pseudopods; and G, melanocyte area in co-culture with keratinocytes. N= 116 for
WT, 79 for GNAQQ209L melanocytes. H, Time-lapse microscopy showing a representative
example of cell fragmentation in WT and GNAQQ209L melanocytes. I, Quantification of cell
fragmentation in WT and GNAQQ209L melanocytes (unpaired t-test, p-value<0.05*). N = 187
pooled melanocytes from 3 WT mice, 99 pooled melanocytes from 3 GNAQQ209L mice. Data are
represented as mean ± SEM. Scale bar represents 40um in C and F.

4.3.5

Reduced cell division in GNAQQ209L melanocytes in the presence of keratinocytes
We extended our analysis to compare motility in-vitro of WT versus GNAQQ209L

melanocytes co-cultured with keratinocytes. Using time-lapse video microscopy, we compared
the migratory tracks of individual WT and GNAQQ209L melanocytes (Figure 4.5 A). We found no
significant difference in the total path length traveled by GNAQQ209L melanocytes or the
straightness of migration (Figure 4.5 B, C).

Over the 24 hours of analysis, we also tracked cell division events. For WT melanocytes,
we observed cell division events in almost 16% of melanocytes (Figure 4.5 D). These WT
melanocytes showed a smooth progression from cleavage furrow formation to the separation of
daughter cells over 50 minutes (Figure 4.5 E). We also analyzed BRAFV600E melanocytes in the
presence of keratinocytes and found that almost 32% of melanocytes showed a cell division
event (Figure 4.5 D, G). In contrast, GNAQQ209L melanocytes showed a virtual absence of cell
126

division with only 1% of melanocytes dividing over time (N=99 melanocytes) (Figure 4.5 D).
Interestingly, when we analyzed the only proliferative GNAQ melanocyte, we observed a more
abrupt division and the furrow formation was not as clear as in WT or BRAFV600E melanocytes
(Figure 4.5 F). In addition, the GNAQQ209L melanocyte also took three times longer than the
average for WT or BRAFV600E cells to achieve total separation into daughter cells (Figure 4.5 H).
Taken together, these results suggest that GNAQQ209L signaling has a negative effect on
melanocyte proliferation when melanocytes are co-cultured with keratinocytes. The fact that
GNAQQ209L daughter cells struggle to physically separate from each other during division may
indicate defects in cytokinesis. These abnormalities in cell division likely contribute to the
attrition of GNAQQ209L melanocytes in co-culture.
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Figure 4.5 GNAQQ209L melanocytes in the presence of keratinocytes exhibited defects in cell
division.
A, Migration plot of WT and GNAQ melanocytes in 20 hours. B, Quantification of total distance
traveled in 20 hours (p-value>0.05; ns, not significant). C, Quantification of the directness of cell
trajectories. Directness=1, means a straight line cell trajectory. (p-value>0.05; ns, not significant)
D, Quantification of the percentage of proliferative melanocytes observed during 20 hours of
time-lapse microscopy (unpaired t-test, p-value<0.05*; <0.001*** ). N=187 pooled melanocytes
from 5 WT mice; 99 pooled melanocytes from 5 GNAQQ209L mice; 121 pooled melanocytes
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from 3 BRAFV600E mice. E-G, Representative example of cell division from cleavage furrow
formation to separation of daughter cells in a WT melanocyte (E), GNAQQ209L melanocyte (F)
and BRAFV600E (G). H, Quantification of the time required between cleavage furrow formation
to separation into daughter cells for WT, GNAQQ209L, and BRAFV600E melanocytes. N=11
melanocytes were analyzed for WT; 14 melanocytes were analyzed for BRAFV600E. Data are
represented as mean ± SEM. Scale bar represents 20um.

4.3.6

Paracrine signaling with keratinocytes decreases survival of GNAQQ209L expressing

melanocytes
Next, we wanted to investigate whether the reduced survival of GNAQQ209L expressing
melanocytes co-cultured with keratinocytes was due to direct contact inhibition or a paracrine
mechanism. We used a transwell assay in which we seeded melanocytes on a permeable
membrane with keratinocytes present in the well underneath. If cell-cell contact was necessary
for the inhibitory effect of keratinocytes, then we would expect increased survival of
GNAQQ209L melanocytes in this culture system.

In fact, we found that the presence of keratinocytes inhibited the survival capacity of
GNAQQ209L expressing melanocytes, even without direct contact, for the first three days of
culture (Figure 4.6 A). Similarly, the presence of keratinocytes increased the survival capacity of
WT melanocytes (Figure 4.6 B). Therefore, this data suggested that paracrine signaling from
keratinocytes to melanocytes regulates melanocyte survival and determines whether there is a
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positive or negative survival response. Interestingly, paracrine signaling from keratinocytes
promoted a dendritic morphology in WT melanocytes (Figure 4.6 C).

Next, we asked whether GNAQQ209L expressing melanocytes from the IFE would exhibit
increased survival in the presence of a dermal-like microenvironment where GNAQQ209L drives
oncogenesis in vivo. We provided this microenvironment using mouse primary embryonic
fibroblasts (MEFs) co-cultured with sorted TdTomato-positive cells from the IFE. The survival
capacity of both WT and GNAQQ209L expressing melanocytes was increased with MEF coculture (Figure 4.6 D). Interestingly, GNAQQ209L melanocytes grew in large clusters, while WT
melanocytes remained as single cells (Figure 4.6 E). These observations suggest that IFE
melanocytes expressing GNAQ can switch to an oncogenic phenotype when in a dermal-like
context and away from the paracrine signaling from keratinocytes.
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Figure 4.6 Paracrine signaling from keratinocytes decreases the survival capacity of
GNAQQ209L expressing IFE melanocytes.
A, Comparison of survival for WT melanocytes in direct contact with keratinocytes versus no
contact with keratinocytes (permeable membrane). Unpaired t-test, p-value<0.01**. B,
Comparison of survival for GNAQ melanocytes in direct contact with keratinocytes versus no
contact with keratinocytes (permeable membrane). C, Cell shape of WT and GNAQQ209L
melanocytes at day 4 on transwell membrane (no cell contact with keratinocytes). D, Survival of
WT and GNAQQ209L melanocytes in direct contact with mouse embryonic fibroblasts (MEFs).
Unpaired t-test, p-value<0.05*. E, GNAQQ209L melanocytes on MEFs formed clusters of cells
whereas WT melanocytes remained as single cells.
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4.3.7

GNAQQ209L expressing melanocytes have an enriched transcriptomic signature of

actin cytoskeleton organization and cell death
To determine how constitutively active GNAQQ209L signaling affects the transcriptome of
melanocytes in the IFE, we performed RNA sequencing (RNA-seq) of melanocytes isolated
from the tail IFE of GNAQQ209L and WT mice. Immediately after sorting melanocytes
(tdTomato-positive), total RNA was extracted using Trizol. All RNA samples had an RNA
Integrity Number (RIN score) higher than 9. To ensure biological replicates, we sequenced a
total of six different libraries: three libraries derived from GNAQQ209L mice (n=3) and three
libraries derived from WT mice (n=3).

We identified a total of 14,461 genes with an average FPKM > 0.1 between the three
libraries for each genotype (GNAQQ209L or WT). Among the most highly expressed genes for
both GNAQQ209L and WT samples, we found 15 genes previously described in melanocytes
(Supplementary Table B.1). Interestingly, 9 out of those 15 genes are also expressed in human
epidermal melanocytes (Haltaufderhyde and Oancea, 2014), including well-known genes
involved in pigmentation such as Pmel, Dct, Tyrp, Mlana, Slc24A5. This suggests that mouse
interfollicular melanocytes resemble human epidermal melanocytes at the transcriptional level.
Moreover, 1,745 genes were found to be differentially expressed (DE), of which 1,016 genes
were up-regulated and 729 genes were down-regulated in GNAQQ209L melanocytes (cut off: qvalue < 0.05). Among the top upregulated genes in GNAQQ209L melanocytes were ADAM
metallopeptidase domain 12 (Adam12), stanniocalcin 1 (Stc1), endothelial cell-specific adhesion

132

molecule (Esam), aquaporin (Aqp1), cyclin dependent kinase inhibitor 2A (Cdkn2a) and RasGEF
1C (Rasgef1c) (Table 4.1).

Table 4.1 Top 25 Differentially expressed genes enriched in GNAQQ209L melanocytes.
Rank

Gene sym bol

Gene nam e

q-value

WT
GNAQ
Log2
(FPKM) (FPKM) (GNAQ/WT)

1

Adam12

a disintegrin and metallopeptidase domain 12 (meltrin alpha)

6.6E-04

0.1

14.2

7.2

2

Stc1

stanniocalcin 1

6.6E-04

0.5

63.9

7.1

3

Esam

endothelial cell-specific adhesion molecule

6.6E-04

0.2

20.0

6.7

4

Aqp1

aquaporin 1

6.6E-04

0.2

14.4

6.0

5

Serpine2

serine (or cysteine) peptidase inhibitor, clade E, member 2

6.6E-04

0.7

37.1

5.8

6

Penk

preproenkephalin

3.3E-03

0.2

12.4

5.7

7

Prrx1

paired related homeobox 1

6.6E-04

0.4

17.1

5.6

8

Ntm

neurotrimin

6.6E-04

0.4

20.6

5.5

9

Mlip

muscular LMNA-interacting protein

1.9E-02

0.2

8.3

5.5

10

Hmga2

high mobility group AT-hook 2

6.6E-04

0.2

9.0

5.5

11

Amz1

archaelysin family metallopeptidase 1

6.6E-04

0.2

7.4

5.4

12

Cacna1a

calcium channel, voltage-dependent, P/Q type, alpha 1A subunit

6.6E-04

0.1

6.1

5.4

13

Iyd

iodotyrosine deiodinase

6.6E-04

1.3

46.5

5.2

14

Aass

aminoadipate-semialdehyde synthase

6.6E-04

0.1

4.3

5.1

15

Cdkn2a

cyclin dependent kinase inhibitor 2A

2.0E-02

0.2

5.7

5.0

16

Mmp2

matrix metallopeptidase 2

6.6E-04

3.5

111.8

5.0

17

Nes

nestin

6.6E-04

0.2

5.0

4.9

18

Rasgef1c

RasGEF domain family, member 1C

6.6E-04

0.2

5.6

4.8

19

Plb1

phospholipase B1

6.6E-04

0.3

8.3

4.7

20

Itga1

integrin alpha 1

1.8E-03

0.2

3.8

4.7

21

Myzap

myocardial zonula adherens protein

6.6E-04

0.2

5.3

4.6

22

Il20ra

interleukin 20 receptor, alpha

1.5E-02

0.1

2.4

4.6

23

Strip2

striatin interacting protein 2

6.6E-04

0.2

3.9

4.5

24

Cdk18

cyclin-dependent kinase 18

6.6E-04

0.5

11.3

4.5

25

Hrct1

histidine rich carboxyl terminus 1

1.2E-03

0.4

7.9

4.4

Interestingly, among the downregulated genes, we observed two well-known genes that
are crucial for melanocyte proliferation and survival, Kit and Ednrb. Both Kit and Ednrb were
downregulated by a 3-fold change (Table 4.2)
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Table 4.2 Top 20 Differentially expressed genes depleted in GNAQQ209L melanocytes.
Rank

Gene sym bol

Gene nam e

q-value

WT
GNAQ
Log2
(FPKM) (FPKM) (GNAQ/WT)

1

Synpr

synaptoporin

6.6E-04

8.9

0.5

-4.3

2

Fndc1

fibronectin type III domain containing 1

6.6E-04

18.6

1.4

-3.7

3

Npy1r

neuropeptide Y receptor Y1

6.6E-04

3.7

0.4

-3.3

4

Mybpc1

myosin binding protein C, slow -type

6.6E-04

3.6

0.4

-3.2

5

6330403A02Rik mechanosensory transduction mediator

6.6E-04

4.7

0.5

-3.1

6

C4b

complement component 4B (Chido blood group)

6.6E-04

7.3

1.0

-2.9

7

Eddm3b

epididymal protein 3B

6.6E-04

6.7

0.9

-2.8

8

Bpifb5

BPI fold containing family B, member 5

5.6E-03

2.0

0.3

-2.8

9

Lrrc4b

leucine rich repeat containing 4B

6.6E-04

1.6

0.2

-2.7

10

Atp8b3

ATPase, class I, type 8B, member 3

6.6E-04

2.1

0.3

-2.7

11

Plch1

phospholipase C, eta 1

6.6E-04

1.5

0.2

-2.7

12

Sorcs3

sortilin-related VPS10 domain containing receptor 3

6.6E-04

1.7

0.3

-2.6

13

Enpp2

ectonucleotide pyrophosphatase/phosphodiesterase 2

6.6E-04

89.4

14.9

-2.6

14

Sfrp2

secreted frizzled-related protein 2

1.5E-02

1.3

0.2

-2.6

15

S100b

S100 protein, beta polypeptide, neural

6.6E-04

49.9

8.4

-2.6

16

Ccdc13

coiled-coil domain containing 13

6.6E-04

3.0

0.5

-2.6

17

Aard

alanine and arginine rich domain containing protein

2.3E-03

2.7

0.5

-2.5

18

Ankfn1

ankyrin-repeat and fibronectin type III domain containing 1

3.7E-02

0.8

0.1

-2.5

19

Kcna2

potassium voltage-gated channel, member 2

6.6E-04

2.6

0.5

-2.5

20

Gm10639

predicted gene 10639

1.2E-02

3.5

0.6

-2.5

82

Ednrb

endothelin receptor type B

6.6E-04

449.5

141.2

-1.7

89

Kit

KIT proto-oncogene receptor tyrosine kinase

6.6E-04

375.9

120.3

-1.6

We next used DAVID Functional Annotation Tool (6.8) to understand the biological
significance of the DE genes in GNAQQ209L melanocytes. We used DE genes with a fold change
> 1.5 or < -1.5 (consisting of 793 up-regulated and 534 down-regulated genes). It is interesting to
note that most of the statistically significant biological terms were found in the up-regulated DE
genes in GNAQQ209L melanocytes. Based on Gene Ontology (GO) analysis (q-value<0.05), the
DE genes were categorized into three major functional groups: biological process, cellular
component, and molecular function. For biological process (BP), the up-regulated DE genes in
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GNAQQ209L melanocytes were primarily enriched in ‘angiogenesis’, ‘cell adhesion’, ‘positive
regulation of cell migration’, ‘apoptotic process’, ‘negative regulation of cell proliferation’,
‘actin cytoskeleton organization’, ‘positive regulation of intrinsic apoptotic signaling pathway’,
‘cellular response to hypoxia’ and ‘inactivation of MAPK activity’ (Figure 4.7 A). For cellular
component (CC), the up-regulated DE genes were primarily enriched in ‘extracellular exosome’,
‘focal adhesion’, ‘cytoplasm’, ‘membrane’, ‘proteinaceous extracellular matrix’, ‘cytoskeleton’,
‘cell junction’ (Supplementary Table B.2). For molecular function, the up-regulated DE genes
were primarily enriched in ‘actin binding’, ‘protein binding’, ‘extracellular matrix structural
constituent’, ‘calcium ion binding’, ‘protein heterodimerization activity’, ‘calcium ion binding’
(Supplementary Table B.2). Analysis of down-regulated DE genes in GNAQQ209L melanocytes
revealed enrichment of ‘lipid metabolic process’, ‘axon guidance’ and ‘cell adhesion’ for
biological processes and ‘glutathione transferase activity’ as the only molecular process (Figure
4.7 B).

To further assess the functional consequences of GNAQQ209L expression in IFE
melanocytes, we performed KEGG pathway analysis and gene set enrichment analysis (GSEA)
of DE genes in GNAQQ209L melanocytes. KEGG analysis showed that GNAQQ209L melanocytes
are enriched in categories associated with ‘focal adhesion’, ‘ECM-receptor interactions’, ‘PI3KAKT signaling pathway, ‘Pathways in cancer’, ‘HIF-1 signaling pathway’ and ‘P53 signaling
pathway’ (q-value < 0.05) (Figure 4.7 C). Additionally, GSEA revealed that GNAQQ209L
melanocytes are enriched in the hallmarks: ‘apoptosis’, ‘P53 pathway’ and ‘hypoxia’ (FDR qvalue <0.001) (Figure 4.7 D).
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Figure 4.7 Transcriptomic analysis of GNAQQ209L expressing melanocytes in the IFE
reveals alterations in actin cytoskeleton and cell death.
A, Gene ontology analysis for up-regulated genes (>1.5 fold-change) in GNAQQ209L melanocytes
(Biological process). B, Gene ontology analysis for down-regulated genes (>1.5 fold-change) in
GNAQQ209L melanocytes (Biological and molecular process). C, KEGG pathway analysis for upregulated genes (>1.5 fold-change) in GNAQQ209L melanocytes. D, Gene set enrichment plots for
hallmarks enriched in GNAQQ209L melanocytes include apoptosis, P53 pathway, and hypoxia.
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These findings suggested that the effects of GNAQQ209L expression in epidermal
melanocytes are profound. Our RNA-seq results are consistent with our in vitro analysis showing
an altered actin cytoskeleton organization and reduced cell survival. We found no enrichment in
the MAPK signaling pathway in our RNA-seq data. In fact, Gene Ontology (GO) analysis
suggested that GNAQQ209L melanocytes were enriched in genes that promote inactivation of the
MAPK signaling pathway. Dual specificity phosphatase 1 (Dusp1) and 8 (Dusp8), two
phosphatases that negatively regulate members of the MAPK pathway, were upregulated in
GNAQQ209L melanocytes (data not shown). Similarly, caveolin 1 (Cav1) involved in MAPK
inactivation (Engelman et al., 1998) was upregulated by a 3-fold change. The transcriptomic data
also suggests that reduced cell survival in vivo is related to apoptosis. The extensive alterations in
the transcriptome may reflect the fact that there are multiple effector proteins that interact with
oncogenic Gq, which activates several different downstream signaling pathways
simultaneously.

4.3.8

GNAQQ209L melanocytes in the presence of keratinocytes showed disorganized actin

cytoskeleton and increased apoptosis
Since RNA-seq identified several different biological and cellular processes altered in
GNAQQ209L expressing IFE melanocytes, we decided to expand on these findings in further
studies. First, we used a quantitative approach previously described by (Haage et al., 2018) to
provide a measurement of the overall level of actin alignment, termed cell fibrousness. First, WT
and GNAQQ209L melanocytes co-cultured with keratinocytes were stained for F-actin using
137

phalloidin (Figure 4.8 A). Then, confocal z-projections of individuals melanocytes stained for Factin were obtained and processed in MatLab to estimate the cell fibrousness. Significantly fewer
GNAQQ209L expressing melanocytes exhibited cell fibrousness compared to WT melanocytes
(Figure 4.8 B). This suggested that dendritic GNAQQ209L expressing melanocytes have poorly
organized actin cytoskeletons.

Next, we quantified the amount of cell death in GNAQQ209L expressing melanocytes by
performing FACS to identify TdTomato-positive cells, while also labeling early apoptotic cells
with annexin-V, which was one DE gene upregulated in GNAQQ209L-expressing melanocytes.
We found a higher percentage of GNAQQ209L melanocytes positive for annexin-V (4.2% vs 1.2%
in WT) (Figure 4.8 C). In contrast, the TUNEL assay did not identify apoptotic cells within
sections of the IFE, however we may not have looked at enough melanocytes with this approach
(data not shown).

Because we observed a near complete block in cell division in GNAQQ209L expressing
melanocytes co-cultured with keratinocytes, we decided to measure the proliferation of
GNAQQ209L expressing melanocytes in vivo in sections. We injected 4-week old WT and
GNAQQ209L mice with EdU, harvested their tail skin 24 hours post-injection, and quantified the
percentage of proliferative melanocytes in the IFE by dividing the number of double-positive
tdTomato+/EdU+ cells by the total number of tdTomato+ cells (n=300) across multiple sections of
the tail. There was an extremely low percentage of proliferative melanocytes in both WT (1.2%)
and GNAQQ209L melanocytes (2%), which were not significantly different (Figure 4.8 D). This
reflects the fact that melanocytes in the IFE divide infrequently, and indicates that perhaps more
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cells or a longer interval between EdU injection and tissue harvesting are needed to detect a
difference between GNAQQ209L expressing and WT melanocytes.

Figure 4.8 GNAQQ209L melanocytes showed an increased percentage of apoptotic cells and
less organized actin cytoskeleton.
A, Representative examples of actin staining in WT and GNAQQ209L melanocytes in co-cultured
with keratinocytes. B, Quantification of fibrousness as a measure of organization of the actin
cytoskeleton. N= 116 melanocytes for WT, 79 melanocytes for GNAQQ209L. C, Quantification of
early apoptotic melanocytes (tdTomato+/Annexin-V+) by FACS of IFE cells. N= 2 WT mice and
2 GNAQQ209L mice. D, EdU proliferative staining in melanocytes of the tail skin of 4 weeks old
WT and GNAQQ209L mice. Skin was harvested 24 hours after EdU injection. N= 2 WT mice and
2 GNAQQ209L mice.
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4.4

DISCUSSION AND CONCLUSIONS
In melanoma, GNAQ/11 mutations are observed at a high frequency in human

melanocytic neoplasms in non-epithelial tissues (>80%) but are virtually absent in anatomical
locations with an epithelial component (<1%), such as the interfollicular epidermis or
conjunctiva of the eye. One theoretical explanation for this skewed frequency is that there is
some unknown mutational mechanism that alters GNAQ or GNA11 only in non-epithelial
locations. However, we previously disproved this hypothesis (Huang et al., 2015). The forced
expression of oncogenic GNAQQ209L in melanocytes within the tail interfollicular epidermis did
not result in a clonal expansion of melanocytes but instead had the opposite effect, including a
progressive loss of melanocytes over time.

Others have hypothesized that subtle geographic variances in the embryonic origin of
epithelial and non-epithelial melanocytes could explain the restriction of certain driver mutations
to specific melanoma subtypes (Bastian, 2014; Whiteman et al., 2011). Alternatively, since
epidermal melanocytes interact with epithelial cells, whereas non-epidermal melanocytes interact
with the mesodermal stroma, it is possible that direct cell contact or paracrine signaling produced
by the tissue-specific microenvironment might interfere with the oncogenic signaling pathway
(Pandiani et al., 2017). Here, we have presented evidence that the epithelial microenvironment
blocks the oncogenic effects of GNAQQ209L in melanocytes. We provide a mechanistic
explanation underlying this observation.

140

4.4.1

GNAQQ209L expression in melanocytes altered the structure of the IFE in vivo
We first confirmed that the postnatal induction of oncogenic GNAQQ209L by Tyr-creERT2

led to a reduction in the number of IFE melanocytes over 8 weeks. This data supports previous
findings by our group that GNAQQ209L expression induced by constitutively expressed Mitf-cre
(Huang et al., 2015), resulted in the progressive loss of melanocytes from the IFE. Confirmation
of this finding with Tyr-creERT2 motivated our current study, as it proved that this effect was
postnatal and not dependent upon Mitf-cre, which, as mentioned earlier in this thesis, causes
microphthalmia and small body size by itself.

Interestingly, we noticed that the expression of GNAQQ209L induced by Tyr-creERT2 not
only reduced the number of melanocytes in the tail IFE but also disturbed the scale-interscale
boundaries. A previous study showed that scale and interscale patterning is independent of
melanocytes and dependent on epidermal Wnt signaling from basal layer keratinocytes and Lrg1
from dermal fibroblasts (Gomez et al., 2013). In that study, induction of a constitutively active
form of β-catenin in mouse keratinocytes led to the expansion of scales and a loss of definition of
scale-interscale boundaries, whereas inhibition of epidermal Wnt signaling by a dominantnegative mutation in Lef1 led to delayed scale formation and irregular scale shape over time
(smaller, fused or absent scales). Additionally, Gomez et al. 2013 showed that fibroblasts can
influence scale patterning by expressing Lrig1, a negative regulator of EGF receptor signaling,
which may serve as a template for defining future scale locations. Therefore, we speculate that
the massive expansion of melanocytes in the dermis of GNAQQ209L; Tyr-creERT2 mice
dysregulates the interactive network of signaling pathways that maintain the scale/interscale
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pattern. A future RNA-seq study of dermal melanocytes, fibroblasts, and keratinocytes could be
used to test this hypothesis.

4.4.2

GNAQQ209L signaling enhanced the survival of IFE melanocytes when cultured

without keratinocytes or fibroblasts
In the absence of additional growth factors or co-culture with other cell types, we found
that GNAQQ209L expression promoted the survival capacity of IFE melanocytes sorted from
mouse tail skin. The fact that epidermal GNAQQ209L melanocytes showed an extended and
maintained survival capacity rules out the possibility of an intrinsic and irreversible
incompatibility of epidermal melanocytes with constitutively active GNAQQ209L signaling. In
this in vitro context with no other cell types present, primary IFE melanocytes expressing
GNAQQ209L developed classical signs of oncogenic transformation, similar to results with
melanocyte cell lines. Previous studies have shown that stable transfection of GNAQQ209L but not
GNAQWT induced anchorage-independent growth in soft agar of hTERT/CDK4R24C/p53DD mouse
melanocytes in a TPA-independent manner, a feature associated with cellular transformation
(Van Raamsdonk et al., 2009; Wilson et al., 1989). Moreover, Van Raamsdonk et al. (2009)
showed that GNAQQ209L induces activation of the MAP-kinase pathway, which is likely to extend
lifespan in the absence of external growth factors.

In addition to promoting an extended survival capacity, GNAQQ209L signaling by itself
was sufficient to produce an abnormal cell morphology with irregular contours in primary IFE
melanocytes. A similar observation was described in GNAQQ209L-transformed human
melanocytes and in melanocytes of a GnaqQ209L zebrafish model (Perez et al., 2018). Since
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oncogenic Gαq proteins can affect the cytoskeleton through the activation of small Rho GTPases
via Rho GEF (Sanchez-Fernandez et al., 2014), GNAQQ209L signaling might regulate cell
morphology through the activation of the non-canonical Hippo pathway.

In summary, GNAQQ209L signaling in primary mouse IFE melanocytes altered cellular
morphology and boosted cell survival, consistent with previously published reports. This shows
that without giving any additional environmental cues, melanocytes taken from the IFE switch to
a classical transformed GNAQQ209L cellular phenotype in culture.

4.4.3

Whether GNAQQ209L signaling enhances melanocyte survival or death is reversible,

depending upon the microenvironmental cues
In this chapter, we have shown that the microenvironment determines whether
GNAQQ209L signaling transforms melanocytes or impairs their survival. First, in WT primary IFE
melanocytes, the presence of keratinocytes in co-culture provided a significant initial boost. It is
well known that keratinocytes secrete a variety of growth factors and cytokines in a paracrine
manner that regulate growth, survival, adhesion, migration, and differentiation of melanocytes
(Wang et al., 2016a). In contrast, co-culturing primary GNAQQ209L expressing IFE melanocytes
with keratinocytes reduced their survival capacity by 24% by day 4 of co-culture. Moreover, we
showed that the effect of keratinocytes on melanocyte survival did not require direct cell-cell
contact. This data suggests that paracrine signals from keratinocytes to melanocytes switch the
downstream outcome of GNAQQ209L signaling to a non-oncogenic pathway.
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We also showed that the dermal microenvironment enhances the oncogenic effect of
GNAQQ209L expression. Co-culture of GNAQQ209L melanocytes with MEFs resulted in increased
proliferation and the formation of entangled nests of melanocytes, which closely resemble
sections of the tail dermis in the GNAQQ209L; Tyr-creERT2 GNAQQ209L; Mitf-cre mouse models
(Huang et al., 2015). We speculate that crosstalk between melanocytes and fibroblasts enhances
melanocyte survival and drives a more malignant phenotype, but this remains to be tested. We
can conclude that the microenvironment surrounding melanocytes is the main factor controlling
whether GNAQQ209L signaling is oncogenic or not, and importantly, that this outcome is
reversible. Paracrine signals from keratinocytes in the epidermis oppose GNAQQ209L as a driver
mutation, whereas fibroblasts in the dermis enhance it. Together, these data demonstrate that IFE
melanocytes have the innate capacity to be transformed by GNAQQ209L, but whether or not they
are permitted to do so is dictated by the microenvironment in which they reside.

Figure 4.9 The epithelial microenvironment blocks the oncogenic effects of GNAQQ209L in
melanocytes.
Summary of the context-dependent effect of GNAQQ209L in melanocytes isolated from the tail
interfollicular epidermis.
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4.4.4

GNAQQ209L expressing IFE melanocytes do not activate MAPK signaling
Completely consistent with the failure of GNAQQ209L to drive oncogenesis in IFE

melanocytes in vivo, we found no enrichment in the MAPK signaling pathway in our RNA-seq
data. In fact, Gene Ontology (GO) analysis suggested that GNAQQ209L melanocytes were
enriched in genes that promote inactivation of the MAPK signaling pathway. Dual specificity
phosphatase 1 and 8, Dusp1 and Dusp8, two phosphatases that negatively regulate members of
the MAPK pathway (Kidger and Keyse, 2016) were upregulated in GNAQQ209L melanocytes.
However, whether the upregulation of Dusp1/8 causes a negative regulation on the MAPK
pathway needs to be determined by measuring protein levels of ERK. Similarly, caveolin 1
(Cav1) involved in MAPK inactivation (Engelman et al., 1998) was upregulated by a 3-fold
change. For comparison, we referred to a previous RNA-seq study of IFE melanocytes from
BRAFV600E/+; Ptenflox/flox mice, which revealed enrichment in 3 signatures:
pigmentation/differentiation, lipid metabolism, and invasion/migration (Kohler et al., 2017). In
contrast, our RNA-seq datasets from GNAQQ209L melanocytes showed enrichment in genes
involved in cell migration but depletion of lipid metabolism. It is interesting to speculate that
reduce MAPK activation downstream of GNAQQ209L in the epidermal microenvironment most
likely contributes to the decreased survival and proliferation of GNAQQ209L expressing
melanocytes.

4.4.5

Down-regulation of Kit signaling in GNAQQ209L expressing IFE melanocytes
Because the Kit signaling pathway is well known to play a role in the maintenance of

melanocytes in the epidermis of mouse skin (Aoki et al., 2009), we hypothesize that
dysregulation in this signaling pathway contributes to the reduced survival of GNAQQ209L
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expressing IFE melanocytes. Our RNA-seq data generated by the lab has shown that the Kit
receptor is expressed exclusively in melanocytes and is absent in keratinocytes in the mouse tail
epidermis (data not shown). Here, we found that GNAQQ209L expressing melanocytes exhibited a
3-fold reduction in Kit expression compared to WT melanocytes. We hypothesize that if Kit
expression is inhibited downstream of GNAQQ209L, this would reduce melanocyte survival in the
IFE, where Kit signaling is essential (Grichnik et al., 1998; Kunisada et al., 1998b).

In addition, our lab’s RNA-seq data has indicated that Kit ligand is expressed in both
keratinocytes and IFE melanocytes, implying that there could be an autocrine feedback loop
regulating Kit signaling in melanocytes. We found that Kit ligand was upregulated 3-fold in
GNAQQ209L expressing melanocytes, perhaps in an attempt to offset the effects of Kit receptor
downregulation.

4.4.6

A cellular stress response signature in GNAQQ209L-expressing IFE melanocytes
Intriguingly, our RNA-seq data revealed that GNAQQ209L melanocytes showed an

enrichment in several genes involved in cellular stress response. Among the top-ranked DE
genes was stanniocalcin (Stc1) which is a glycoprotein hormone involved in calcium/phosphate
homeostasis. Stc1 was upregulated by a 128 fold-change in GNAQQ209L melanocytes. In
mammals, STC1 hormone is broadly expressed in various body tissues and is recognized as a
paracrine/autocrine factors. Significant upregulations of STC1 were reported in tumors under
hypoxic or oxidative stress (Block et al., 2009; Guo et al., 2013; Lai et al., 2007; Nguyen et al.,
2009; Yeung et al., 2005). Furthermore, STC1 expression downregulates prosurvival ERK1/2
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signaling and reduces survival of mouse embryo fibroblasts (MEFs) under conditions of
oxidative stress (Nguyen et al., 2009).

Reactive oxygen species (ROS) are extremely active radicals produced during multiple
cellular processes that, upon accumulation, can damage most biological macromolecules
(Bickers and Athar, 2006). ROS overproduction in melanocytes by exogenous and endogenous
stimuli has been implicated in vitiligo, a common skin depigmentation disorder caused by a loss
of melanocytes from the epidermis. The accumulation of ROS can lead to membrane
peroxidation, decreased mitochondrial membrane potential, and apoptosis of melanocytes in
vitiligo epidermis (Bellei et al., 2013). Interestingly, GNAQQ209L melanocytes shared a similar
intracellular response to oxidative stress as observed in vitiligo melanocytes, including activation
of p53-dependent signaling and Akt signaling, and induction of both CDKN2A (p16) and cyclin
D1 (CCND1) expression (Becatti et al., 2014; Bellei et al., 2013; Choi et al., 2010a). Cdkn2a and
Ccdn1 were upregulated in GNAQQ209L expressing melanocytes by 32- and 3-fold, respectively.
Disruption in these cellular processes might lead to metabolic disturbances, cell cycle arrest,
senescence, and cell death in melanocytes (Bellei et al., 2013). Previous studies have shown that
melanocytes have an increased susceptibility to oxidative stress compared with keratinocytes or
fibroblasts, and that CDKN2A (p16) plays a crucial role in regulating oxidative stress
independently of Rb-tumor-suppressor function (Jenkins et al., 2011). Furthermore, oncogene
activation in melanocytes generates oxidative stress, and increased ROS and p16 expression has
been implicated in oncogene-induced melanocyte senescence (Leikam et al., 2008). Thus,
upregulation of Cdkn2a (p16) may reflect a systemic oxidative stress experienced by GNAQQ209L
melanocytes in an epithelial context. In support of this idea, Cystatin C (Cst3), a strong inhibitor
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of cysteine proteinases and some lysosomal caspases that are involved in apoptotic-related
processes (Mori et al., 2016), was upregulated by a 3 fold-change in GNAQQ209L melanocytes.
Increased Cst3 expression is correlated with oxidative stress-induced apoptosis in cultured
neurons (Nishio et al., 2000), and with the induction of intracellular ROS from mitochondria by
depletion of glutathione in dendritic cells (Xu et al., 2014). Moreover, S100A8/A9 and BNIP3
genes, that are involved in cell death and autophagy via ROS-mediated crosstalk between
mitochondria and lysosomes, were also upregulated in GNAQQ209L melanocytes by >2 foldchange (Ghavami et al., 2010). Similarly, we found upregulation of the pro-apoptotic BOK by a
3 fold-change, an effector of mitochondrial outer membrane permeabilization (MOMP) that
triggers membrane permeabilization and apoptosis in the absence of BAX and BAK (Llambi et
al., 2016). Finally, GNAQQ209L melanocytes showed a significant downregulation of genes
involved in glutathione transferase activity (Gene Ontology, q-value=0.0097). Glutathione is a
major antioxidant in melanocytes, and it plays a crucial role in melanocyte survival as a
scavenger of ROS (Kondo et al., 2016). The overall pattern of slow, progressive loss of
melanocytes from the IFE in GNAQQ209L expressing mice is exactly consistent with damage
induced by ROS. This is a novel and intriguing consequence of GNAQQ209L signaling that has
never been described before.

4.4.7

Keratinocyte regulation of melanocyte cell morphology
Time-lapse microscopy of melanocytes co-cultured with keratinocytes permitted us to

study cell division and dendrite formation/fragmentation, which are impacted by the expression
of GNAQQ209L. Interestingly, a dendritic phenotype was promoted by keratinocyte co-culture in
the transwell assay, presumably through paracrine signaling provided by keratinocytes.
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Considering our RNA-seq data, several genes involved in actin cytoskeleton organization
were differentially expressed in GNAQQ209L melanocytes and could explain the alterations in
morphology that we observed. Two Rho GEFs that interact with Gαq, Trio and Kalirin, were
upregulated by a 2 and 4 fold-change, respectively. Similarly, our RNA-seq data revealed that
several genes that play an important role in lamellipodia formation including RhoB, RhoC,
Cdc42, and ROCK (Ridley, 2015) were upregulated by a 2 fold-change in GNAQQ209L
melanocytes. Finally, GNAQQ209L melanocytes also showed cell-cycle progression and
cytokinesis defects. Alterations in the expression of the small GTPase, Cdc42, which localizes to
the spindle and kinetochores during mitosis, was shown to play a key role in promoting G1-to-S
phase transition in melanocytic cells in vivo and in vitro (Chircop, 2014; Woodham et al., 2017).

4.4.8

Conclusion
In summary, we have shown that the attrition of GNAQQ209L expressing melanocytes from

the IFE is promoted by paracrine signaling from keratinocytes. We found multiple mechanisms
that could account for this, including cell death through oxidative stress, inhibition of cell
division, cell fragmentation, and reduced expression of receptors necessary for melanocyte
survival. An important next step will be the development of techniques to isolate melanocytes
from other sites to test whether the cellular response to GNAQQ209L is reversible in dermal,
uveal, or leptomeningeal melanocytes co-cultured with keratinocytes. The paracrine signal(s)
from keratinocytes remain to be determined through further biochemical and cell culture studies,
beginning with an analysis of the secretome of mouse tail IFE keratinocytes. It is exciting to
speculate that some signaling molecules could be used to treat non-epithelial melanocytic
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lesions, such as uveal melanoma and leptomeningeal melanoma, perhaps without the traditional
toxicity of many existing chemotherapies and cancer treatments. As there is currently a complete
dearth of effective treatment options for metastatic disease, new treatments are urgently needed.
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CHAPTER 5: CONCLUSIONS AND PERSPECTIVES

5.1

CHAPTER SUMMARIES
Activating mutations in BRAF are common in cutaneous melanoma and nevi but are

exceedingly rare in non-cutaneous melanomas. Likewise, activating mutations in GNAQ/GNA11
occur in the vast majority of uveal melanomas, melanocytic neoplasms of the central nervous
system, and intradermal lesions, but are virtually absent in cutaneous melanoma (Van
Raamsdonk et al., 2010). Why does this pattern occur? This question has been the overarching
focus of this thesis, with experiments addressing how melanocytes respond to the two main
driver mutations characterized in epithelial and non-epithelial melanocytic neoplasms, as well as
investigating how developmental differences and tissue-specific microenvironments influence
this response. The experiments were conducted in the animal model, Mus musculus domesticus,
which accurately models human melanocyte behavior. The experiments in this thesis utilize
multiple approaches to further our understanding of how different oncogenes are restricted to
specific subtypes of melanocytic lesions.

In chapter 2, we focused on the BRAFV600E mutation, the most frequent oncogenic event
in epithelial associated melanocytic neoplasms. We described and characterized a new mouse
model for BRAFV600E driven melanoma using the constitutively expressed Mitf-cre transgene
that targets all melanocytes, including those residing in both epithelial and non-epithelial tissues.
Melanocytes in epithelial structures such as the interfollicular epidermis of the tail skin and hair
follicles exhibited a transformed phenotype. Interestingly, non-epithelial melanocytes in the eye
or leptomeninges did not respond to oncogenic BrafV600E signaling. However, non-epithelial
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melanocytes in the dermis of the tail skin hyper-proliferated in response. This revealed important
differences between non-epithelial melanocytes at different sites.

In chapter 3, we investigated the effects of targeting GNAQQ209L expression to
multipotent neural crest cells during development in an effort to target a specific lineage of
melanocytes that migrates through the ventromedial pathway. Interestingly, while most
melanocytes completely resisted the effects of GNAQQ209L expression induced by Plp1-creERT,
a few melanocytes in the dermis and meninges were transformed and the meningeal lesions
progressed to aggressive leptomeningeal melanoma never described before in mice. The window
of opportunity for GNAQQ209L to induce leptomeningeal melanocytic transformation shifted from
the anterior of the embryo to the posterior of the embryo between embryonic days E9.5 and
E11.5. Furthermore, the expression of GNAQQ209L induced in committed melanoblasts using
Tyr-creERT2 at the same development time point had only a minor effect on leptomeningeal
melanocytes. This data supports the hypothesis that the tumorigenic susceptibility of
melanocytes is closely connected to the timing of oncogene expression during development.

In chapter 4, we studied how the forced expression of GNAQQ209L in epidermal
melanocytes leads to their attrition from mouse tail skin. By optimizing a technique to isolate
TdTomato-positive melanocytes from the interfollicular epidermis using FACS, we developed a
system to study the behavior of primary interfollicular melanocytes expressing GNAQQ209L in
culture. Co-cultures with keratinocytes and fibroblasts revealed that IFE melanocytes have the
innate capacity to be transformed by GNAQQ209L, but whether or not they are permitted to do so
is dictated by the microenvironment in which they reside. We showed that paracrine signals from
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keratinocytes both block the oncogenic effects of GNAQQ209L and alter cell morphology through
changes to the actin cytoskeleton. In addition, we found an increased percentage of Annexin V
positive cells representing early apoptotic events in IFE melanocytes expressing GNAQQ209L. We
hypothesize that oxidative stress causes apoptosis in these cells because our RNA-seq data
revealed an oxidative stress signature in GNAQQ209L IFE melanocytes. Oxidative stress also
underlies melanocyte cell death in a common human pigmentary disease, vitiligo.

5.2

GENERAL DISCUSSION AND FUTURE DIRECTIONS
There are several different mechanisms that cause different types of cancers to have

specific sets of mutations. Driver mutations are under positive selection. The frequency that a
particular driver mutation will be observed is a function of the likelihood of the mutation
occurring, along with the selective advantage that the mutation confers to that cancer type. In
melanoma, mutations in BRAF, NRAS, KIT, GNAQ, and GNA11 are known as primary
oncogenic events or driver mutations. Most of these mutations activate the RAS-RAF or PI3K
pathways (Bennett, 2016). However, within melanomas, these pathways are activated in different
ways depending upon where the melanocyte is located. In sites with an epithelial component, e.g.
the skin epidermis or conjunctiva of the eye, activating BRAF mutations are frequently found. In
contrast, activating GNAQ/11 mutations are virtually absent in those lesions, and instead are
frequently found in lesions located in non-epithelial sites, such as the dermis, uveal tract, or CNS
meninges, where melanocytes interact with mesenchymal cells instead of epithelial cells.

In mice, different signaling pathways were shown to promote the growth and
differentiation of epithelial vs. non-epithelial melanocytes. While non-epithelial melanocytes
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were found to be more dependent on the Endothelin and Hepatocyte growth factor (HGF)
signaling pathways, epithelial melanocytes were found to be particularly dependent on Kit
signaling (Aoki et al., 2009). However, whether this phenomenon was due to unappreciated
differences in the embryonic origin, or developmental migration of epithelial versus nonepithelial melanocytes, or to different microenvironmental cues sent to mature melanocytes
located in different sites was undetermined.

In the research for this thesis, we found evidence that both developmental processes and
microenvironmental cues influence the ability of oncogenes to drive tumorigenesis (Figure 5.1).
For example, in chapter 3, we found that there were narrow windows of opportunity during
which GNAQQ209L could potentiate neural crest cells for later development into leptomeningeal
melanocytomas. Cranial neural crest cells could be targeted around E9.5, while trunk neural crest
cells could be targeted at E11.5. Furthermore, GNAQQ209L mutations arising in multipotent
neural crest cells had the dual potential to form melanomas within the CNS or blue-nevus like
dermal tumors, while GNAQQ209L mutations arising in cells already determined to become
melanocytes only had the potential to drive the dermal subset. This very clearly shows that the
timing of GNAQQ209L mutation during development influences the subtype of melanoma
produced. Interestingly, uveal melanoma was not produced by induction of GNAQQ209L
expression in the E9.5 to E11.5 timeframe. The window of opportunity for GNAQQ209L to drive
uveal melanoma must not occur during this period and may instead by neonatal/postnatal.
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Figure 5.1 Melanocyte precursors and cues from microenvironment determine the selection
of BRAF and GNAQ as a driver mutation in melanocytic neoplasms.
Acquisition of somatic GNAQ mutations early during embryogenesis underlies the pathogenesis
of leptomeningeal melanocytic neoplasms. The response of mature melanocytes to different
oncogenic stimuli seem to be flexible and depends upon environmental signals.
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Additionally, we showed in chapter 4 that the response of mature melanocytes to
different oncogenic stimuli is flexible and depends upon environmental signals. We propose that
once melanocytes have reached their final destination (epidermis, dermis, uveal tract,
conjunctiva, or meninges), environmental cues from surrounding cells strongly select for driver
mutations. For example, melanocytes residing in the epidermis survive poorly in the face of
GNAQQ209L signaling due to an increased sensitivity to oxidative stress which could trigger
apoptosis, as well as impaired cell division, cell blebbing, and reduced expression of receptors
necessary for melanocyte survival. As yet undetermined interactions with fibroblasts have the
opposite effect, increasing the ability of GNAQQ209L to promote tumorigenesis over culture on
fibronectin alone.

An important future goal will be to determine how the microenvironment influences the
potency of oncogenes in a tissue-specific context. To address this, future experiments should
study the secretome of keratinocytes and fibroblasts to elucidate how melanocytes expressing the
BRAF or GNAQ oncogenes are interacting with their neighboring cells. In addition, a
comparison of the transcriptome of melanocytes expressing GNAQQ209L in the uveal tract or
dermis versus the epithelium could highlight the differentially expressed genes that are most
significant for switching melanocytes from cancer to a cell death outcome.

Another important point is that the BRAF and GNAQ oncogenes obviously have
different downstream effects. While BRAFV600E becomes a constitutively active protein, able to
activate MEK as a monomer, GNAQQ209L activates MAPK signaling indirectly through protein
kinase C (PKC). Furthermore, the effects of GNAQQ209L are more varied, activating
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phospholipase C-β, ADP-ribosylation factor 6 (ARF6), the PI3K/AKT pathway, and Rho
GTPase signaling.
Interestingly, in a neutral context with no microenvironmental signals, the BRAF
oncogene increased the proliferation/survival of primary IFE melanocytes more than the GNAQ
oncogene, which is perhaps consistent with BRAF’s direct role in the phosphorylation cascade
that transmits the MAPK signal to the nucleus (RAS/RAF/MEK/ERK). However, BRAF
activation also leads to increased activation of the mTOR pathway through secondary effects
(Populo et al., 2013). Therefore, both the BRAF and GNAQ oncogenes could impact cell
signaling through multiple pathways, further reinforcing the concept that complex pathogenic
mechanisms drive the seemingly straightforward phenomenon of oncogene specificity.
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Appendices
Appendix A Chapter 3

Supplementary Figure A.1. Latency of dermal tumors and hair follicle-associated punctate
nevi. (A) Kaplan-Meier plot for dermal tumors. (B) Kaplan-Meier plot for punctate, hair follicleassociated nevi.

188

Appendix B Chapter 4

Supplementary Table B.1. Top 20 of highly expressed genes in wild type melanocytes.
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Supplementary Table B.2. Gene Ontology upregulated genes
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Supplementary Table B.3. Gene Ontology analysis for down-regulated genes
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