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Abstract

Somatic mutations in the homologous human oncogenes GNAQ, and GNA11, are frequently
found in ocular melanomas of the uvea, blue nevi of the dermis, and melanocytic neoplasias of
the central nervous system (CNS), but rarely in cutaneous melanoma located in the epidermis
(0.3%). The most common mutation found in GNAQ/11 is the amino acid substitution Q209L in
the Ras-like GTPase domain. It causes complete or partial loss of intrinsic GTPase activity
thereby locking the protein in a constitutively active form. To compare the downstream signal
transduction effects of GNAQQ209L on melanocytes in different locations such as the dermis, the
epidermis, ears, eyes and CNS, the mutant gene was conditionally knocked-in to the ubiquitous
Rosa26 locus in mice to normalize gene expression among melanocytes. When expression of
GNAQQ209L was induced in melanoblasts (immature melanocytes) during embryogenesis, the
mice exhibit hyperpigmentation in the dermis of the tail, footpad, trunk, and ears beginning at a
young age, with non-cutaneous melanocyte overgrowth in the inner ear and CNS, and metastatic
uveal melanoma in older animals. In older adult mice, a progressive loss of melanocytes
occurred in the inter-follicular epidermis, which could explain the lack of GNAQ mutations in
human cutaneous melanomas located in the epidermis. When expression of GNAQQ209L was
induced in mature melanocytes in adult, some of the above phenotypes such as
hyperpigmentation in the dermal skin and uveal track thickening in the eyes were observed.
When expression of GNAQQ209L was induced in bipotential Schwann cell precursors, there was a
decrease in the number of melanoblasts, suggesting that GNAQQ209L blocks the production of
melanoblasts from Schwann cell precursors.
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Altogether, I developed the first mouse uveal melanoma model driven by oncogenic mutant
GNAQQ209L gene. These mice display all three types of lesions driven by constitutively active
GNAQ in human: blue nevi, uveal melanoma, and invasive melanocytic neoplasias of the CNS. I
show that the downstream effects of GNAQQ209L on melanocytes are strongly dependent upon
cellular context, as seen in the differences presented in the epidermis, dermis, uveal and CNS
melanocytes.
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Chapter 1: Introduction

1.1

The skin

The mammalian skin is the largest organ of the body, and it serves as a mechanical barrier to the
damages introduced from the outside environment. The skin forms an active barrier that prevents
water loss, and protects from ultraviolent radiation, physical trauma and toxic reagents, and is the
first line of defense against pathogens (Fuchs and Raghavan, 2002; Pasparakis et al., 2014). The
skin consists of three major components, the epidermis, the dermis, and the hypodermis
(subcutaneous tissues) (Figure 1.1) (Quevedo and Holstein, 2007).

The epidermis is a stratified squamous epithelia that is composed of five cell layers and consists
primarily of keratinocytes and melanocytes (Costin and Hearing, 2007). The stratum basale (also
known as the stratum germinativum) is a single cell layer that is attached to the non-cellular
basement membrane that divides the epidermis from the dermis (Costin and Hearing, 2007). This
basal layer consists mostly of basal keratinocytes, which proliferate to generate cells that
undergo keratinocyte maturation (keratinization) and forms the different outer layers (Fuchs,
2007). Within the basal layer also reside two different types of neural crest-derived cells:
melanocytes and Merkel cells (Costin and Hearing, 2007). Melanocytes are pigment-producing
cells that transfer melanosomes (which contain melanin) through their dendrites to keratinocytes,
where they can effectively absorb ultraviolet radiation from the outside environment, thus
reducing UV-induced DNA damage (Costin and Hearing, 2007). Merkel cells are
neuroendocrine cells that function as part of the somatosensory apparatus, which can transmit
sensory information such as temperature, pressure, pain, and vibration (Fradette et al., 2003;
1

Moll et al., 2005). Langerhans cells also exist in the epidermis and their primary function as
antigen-presenting cells is to regulate the immune reactions in the skin (Costin and Hearing,
2007). Hair follicles are epidermal appendage composed of keratinocytes that produce hair
keratins (Fuchs, 2007).

The dermis provides structural support for the skin with its abundant loose connective tissues
(Ouevedo et al. 2007 ref). It is composed primarily of fibroblast cells, which are responsible for
the synthesis and degradation of the extracellular matrix (ECM) (Costin and Hearing, 2007). The
dermis is host to many multifunctional cells of the immune system such as mast cells and
macrophages, as well as somatosensory cells such as Merkel cells (Costin and Hearing, 2007;
Moll et al., 2005). In some mammals such as mice, melanocytes are present in the dermis, but do
not transfer their melanosomes (Quevedo and Holstein, 2007). The dermis also contains an
extensive network of sensory and autonomic nerve fibers, Schwann cells, excretory and secretory
glands, such as sweat and sebaceous glands (Costin and Hearing, 2007).

The final layer of the skin is the hypodermis (subcutaneous tissue); it serves as an important fat
storage and is composed primarily of loose connective tissue, adipocytes and blood vessels
(Quevedo and Holstein, 2007). The function of this layer is to provide cushioning and
thermoregulation through insulation (Quevedo and Holstein, 2007).

2

Figure 1.1 Structure of the skin.
The skin is composed of three main layers: the epidermis, the dermis, and the hypodermis. The epidermis is a
stratified squamous epithelia that consists primarily of keratinocytes, melanocytes, Langerhans cells, and immune
cells. The dermis contains fibroblasts, macrophages, dermal dendritic cells (DC), Schwann cells, immune cells and
in some mammals such as mice, melanocytes. The dermis also contains sweat glands, and blood vessels. The
hypodermis contains adipose tissue, blood vessels, lymphatic vessels and nerves.
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1.2
1.2.1

Melanocyte and pigmentation
Melanocytes in the skin

In the mammalian pigmentary system, melanocytes can be found in the dermis, inter-follicular
epidermis and/or hair follicles. In mice, melanocytes are located in both the dermis and the
epidermis of the glabrous skin (ears, foot, and tail). However, in the non-glabrous skin (rest of
the body) melanocytes are located in the hair follicles with sparse number in the dermis and no
melanocytes in the inter-follicular epidermis. In humans, melanocytes are located in the
epidermis in both the glabrous and non-glabrous skin. Dermal melanocytes are not normally
found in humans, but there are many several types of dermal melanocytosis such as blue nevi
and nevus of Ota (Gleason et al., 2008) (Figure 1.2).

4

Figure 1.2 Pigmentation differences in the inter-follicular skin between human and mouse.
In glabrous skin of mice (ears, foot, and tail), there are melanocytes in both the epidermis and dermis. However in
non-glabrous skin of humans, melanocytes can be found in only the epidermis. In non-glabrous skin in mice,
melanocytes are sparsely present in the dermis. In human non-glabrous skin, melanocytes are found only in the
epidermis.
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1.2.2

Regulation of pigmentation

Melanocytes synthesize two different types of melanin, eumelanin and pheomelanin, within a
membrane-bound organelle called melanosomes (Jablonski, 2004). Eumelanin is black or brown
and pheomelanin is red or yellow (Thody et al., 1991). Three main enzymes are known to be
involved in the melanin biosynthesis process in mammals: tyrosinase (Tyr), tyrosinase-related
protein-1 (Tyrp1) and dopachrome tautomerase (Dct, also known as Tyrp2) (Kobayashi et al.,
1994). The first step of melanin biosynthesis is catalyzed by tyrosinase; oxidizing L-tyrosine to
dihydroxyphenylalnine (L-Dopa) (Slominski et al., 2004). Following this step, L-Dopa is oxidized
to dopaquinone and can be used in a series of oxidoreduction reactions to produce both types of
melanin (Slominski et al., 2004). Further metabolism of dopaquinone involving Tyrp1 and Dct
results in the synthesis of eumelanin (Costin and Hearing, 2007). The synthesis of pheomelanin
also begins with dopaquinone but requires amino acid cysteine or glutathione to yield
cyestinyldopa and glutathionyldopa in the transformation (Costin and Hearing, 2007).
Eumelanogenesis requires a greater level of tyrosinase activity, whereas a lower level of
tyrosinase activity is sufficient for pheomelanogensis (Scherer and Kumar, 2010) (Figure 1.3).
The ratio of eumelanin and pheomelanin synthesis is also governed through the signaling of
melanocortin 1 receptor (Mc1r), a G-protein coupled receptor that mediates tyrosinase activity
(Lin and Fisher, 2007). Mc1r is coupled to adenylyl cyclase and when it binds to an agonist, such
as α melanocyte stimulating hormone (αMSH) or adrenocorticotropic hormone (ACTH), it
increases the production of cyclic adenosine monophosphate (cAMP) in the cell and in turn
stimulates eumelanin production (Lin and Fisher, 2007). In contrast, binding of an antagonist of
Mc1r such as the agouti signaling peptide (Asip) results in pheomelanin synthesis (Lin and
Fisher, 2007).
6

The production of cAMPalso leads to the phosphorylation of cAMP responsive-element-binding
protein (CREB) transcription factor family members (Lin and Fisher, 2007). CREB then
transcriptionally activate various genes, including microphthalmia transcription factor (Mitf)
(Levy et al., 2006). Mitf is known as a master regulator in melanocyte development, regulating
expressions of many important melanocyte genes such as Mc1r, Dct, Tyrp1, Tyr, endothelin-B
receptor (Ednrb) and B-cell lymphoma 2 (Bcl2) (Levy et al., 2006; Lin and Fisher, 2007).
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Figure 1.3 Pigment regulatory pathways.
Melanocytes synthesize two different types of melanin, eumelanin, which is black/brown and pheomelanin, which is
red/yellow. Melanocytes in the epidermis transfer melanosomes to keratinocytes via phagocytosis.
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1.2.3

Melanocytes located in other parts of the body

Melanocytes are also found in the eyes, inner ears, brain, and more esoteric locations in
mammals.

Melanocytes in the eyes
Melanocytes in the eye reside in the uveal tract (consisting of iris, ciliary body, and choroid)
(Bharti et al., 2006) (Figure 1.4). Melanocytes in the iris give rise to the eye color. The
melanocytes residing in the choroid are thought to protect against oxidative damage (Colombo et
al., 2011). The choroid is highly vascularized and is the major supply of oxygen to the outer
retina (Nickla and Wallman, 2010). Melanocytes are also found in the Harderian gland, a
structure surrounding the orbit of the eye and may play a role in photoreception (Payne, 1994).

The retinal-pigmented epithelium (RPE) is composed of neurons, which produce pigment, and is
generated directly from the optic neuroepithelium during development (Bharti et al., 2006).
During embryogenesis, RPE cells contribute to iris and ciliary body formation, retinal
neurogenesis, ganglion cell projections, control the closure of the optic fissure and are involved
in the regulation of the chorodial vasculature (Chow and Lang, 2001). The RPE has many
functions, such as the absorbance of stray light, the maintenance of the retina in a proper state of
dehydration (net movement of ions and water in the retinal to choroidal direction) and the
responsibility of phagocytosis and turnover of rod and cones (Bok, 1993).

9

Figure 1.4 Melanocytes in the eyes.
Neural crest-derived melanocytes populate the iris, ciliary body and choroid, which compose the uveal tract of the
eye. At the back of the eye, a specialized pigmented monolayer, the retinal-pigmented epithelium (RPE), lies
adjacent to the choroid. The RPE is not derived from the neural crest but directly from optic neuroepithelium during
embryogenesis.

10

Melanocytes in the ears
Melanocytes present in the inner ear are called intermediate cells. Intermediate cells are similar
to melanocytes and arise from the neural crest, whose development requires expression of the
Microphthalmia associated transcription factor (Mitf), the Paired-box 3 transcription factor
(Pax3), the Sex-determining region Y (Sry)-box 10 transcription factor (Sox10) and tyrosinase
kinase receptor Kit (c-kit) genes (Cable et al., 1994; Hozumi et al., 2012; Kim et al., 2014b;
Navarrete et al., 1995; Wakaoka et al., 2013). The intermediate cells are located in the cochlea
and vestibular structures (Meyer zum Gottesberge, 1988) (Figure 1.5). The intermediate cells
present in the cochlea, the organ responsible for hearing, are located within the stria vascularis
and the modiolus (Cable and Steel, 1991). The stria intermediate cells express ion channels and
are responsible for the generation of potassium-rich endolymph, which has a positive resting or
endocochlear potential (EP) (80-100 mV) thus creating action potentials (Cable and Steel, 1991).
Changes in the potential in response to sound triggers hair cells to release neurotransmitters that
excite afferent nerves, which is required for normal hearing. In the modiolus, intermediate cells
are located in the perivascular and perinuclear spaces (Meyer zum Gottesberge, 1988). The
intermediate cells in the vestibular structure are present in basement membrane between the
connective tissue cells and are known to play an important role in equilibrium functions such as
maintaining proper balance (Meyer zum Gottesberge, 1988; Mota and Santos, 2010). Hearing
impairment is associated with various types of hypopigmentation disorders such as Waardenburg
syndrome, Tietz syndrome and Vogt-Koyanagi-Harada syndrome where one or more of several
important transcription factors for melanocyte development are reduced (Takeda et al., 2007). In
particular, the destruction of melanocytes found in the inner ear in Vogt-Koyanagi-Harada
syndrome cause a variety of hearing and balance disorders (Mota and Santos, 2010).
11

Figure 1.5 Melanocytes in the ears.
Melanocyte-like cells called intermediate cells exist in the vestibular structure and cochlea of the inner ear. The
intermediate cells in the stria vascularis in the chochlea express ionic channels and are responsible for the generation
of potassium-rich endolymph, which has a positive resting or endocochlear potential (EP) (80-100 mV) thus creating
action potentials that are required for normal hearing.
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Melanocytes located in the cranium and other areas
Melanocytes in the brain are found in the sympathetic cephalic ganglion, leptomeninges, and
cerebral capillaries (Colombo et al., 2011). The leptomeninges, a thin layer of membranes, which
protect the brain, contain melanocytes concentrated over the ventral aspect of the medulla
oblongata (Goldgeier et al., 1984). These resident leptomeningeal melanocytes are responsible
for the development of pathological conditions in the central nervous system (CNS) such as
meningeal melanocytoma, neurocutaneous melanosis, and primary melaningeal melanoma
(Smith et al., 2009). Leptomeningeal melanocytes may have euroendocrine and detoxification
functions (Takeda et al., 2007). For example, epidermal melanocytes produce lipocalin-type
prostaglandin D synthase (L-PGDS), a potent inducer of sleep, and β-endorphin, an endogenous
opioid that regulates respiratory rhythm (Takeda et al., 2007). There is also a type pigment in the
brain, called neuromelanin, which is found in dopaminergic neurons of the substantia nigra and
in the locus coerulus. Neuromelanin accumulates in the substantia nigra with age (Zecca et al.,
2002). Neuromelanin has an unique spherical structure and is composed of a pheomelanin core
covered with eumelanin (Zecca et al., 2002). Studies have shown that neuromelanin removes
reactive oxygen species (ROS) and heavy metals that could be toxic to neurons (Zecca et al.,
2008a; Zecca et al., 2008b; Zecca et al., 2002; Zecca et al., 2004). The loss of neurons containing
neuromelanin is associated with neurodegenerative disease, such as Parkinson’s disease,
Alzheimer’s disease and Rett syndrome (Zecca et al., 2008b).

Melanocytes have also been found in the valves and the septa of the heart (Yajima and Larue,
2008). Studies show an association between skin color and the amount of cardiac pigmentation
(Yajima and Larue, 2008). While these melanocytes require some of the same transcription
13

factors as skin melanocytes such as, Mitf, c-kit, and Tyr, their function in the heart is still
unknown (Yajima and Larue, 2008).

1.3
1.3.1

Melanocyte development
Melanocyte origin

Origin of migration of melanocytes
Melanocytes develop from neural-crest cell precursors. These specialized pluripotent cells arise
from the dorsal aspect of the neural tube (Parichy et al., 2007). Through the presence of different
cell surface receptors, adhesion molecules and metallopeptidases, the neural-crest cells (NCCs)
give rise to melanocytes, neurons, glial cells, adrenal medulla, cardiac cells, and craniofacial
tissues (Le Douarin et al., 2004). During the closing of the neural tube around E9.5, melanoblasts
are induced by Bone morphogenic protein (BMP) and Wing-less type (Wnt) signaling
(Adameyko et al., 2009). These melanoblasts (immature melanocytes) then migrate along the
dorsolateral pathway between the dermamyotome and the ectoderm (Lin and Fisher, 2007).
Another wave of cells migrate along the ventral medial pathway between the neural tube and the
sclerotome become sensory neurons and glial cells of the peripheral nervous system (PNS),
including Schwann cells (Figure 1.6) (Adameyko and Lallemend, 2010). Schwann cell
precursors (SCP) also give rise to melanoblasts, beginning around embryonic day (E)11.5
(Adameyko and Lallemend, 2010; Adameyko et al., 2009).

Initially, melanoblasts migrate through the developing dermis (Mackenzie, 1997). At E12.5, a
subset of melanoblasts invade the epidermis (Lin and Fisher, 2007; Mackenzie, 1997). By E16.5,
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melanocytes in the epidermis start to enter and populate the developing hair follicles (Lin and
Fisher, 2007; Mackenzie, 1997).

Schwann cell precursors as an origin of melanocytes
Schwann cell precursors (SCPs) are neural crest-derived cells that are found along peripheral
nerves during embryogenesis (Jessen and Mirsky, 2005). SCPs are highly dependent on nerve
contact for their survival and in time will mature to give rise to Schwann cells (Jessen and
Mirsky, 2005). Some SCPs at the nerve terminals detach from the nerve start to express
melanocyte specific transcription factors, and develop into melanocytes (Adameyko et al., 2009).
Melanocytes in hair follicles, and dermis can be fate mapped by the SCPs expressed Proteolipid
protein 1-cre (Plp1-cre) transgene (Adameyko et al., 2009) (Figure 1.6).

Melanoblast specification
Neural-crest cells (NCCs) are multipotent and, depending on their location and environment,
these cells become neural cells or non-neural cells such as melanocytes, smooth muscle cells,
connective tissue, cartilage and craniofancial bones (Woodhoo and Sommer, 2008). The early
induction of NCCs begins with BMP signaling (Woodhoo and Sommer, 2008). NCCs then
undergo an epithelial-to-mesenchymal transition (EMT), down regulating cell adhesion
molecules such as E-cadherin to allow migration (Woodhoo and Sommer, 2008). Notch
activation also plays a very important role in NCCs. For example, notch signaling in premigratory NCCs in the trunk prevents them from adopting a neuronal fate, thus preserving an
unspecified fate(Cornell and Eisen, 2002). Wnt signaling is also a key player for NCC induction
and the activation of beta-catenin promotes a melanocyte fate as opposed to a glial fate (Dorsky
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et al., 1998). In vitro, it was observed that Wnt signaling promotes the differentiation of
melanoblasts (White and Zon, 2008).

SCPs migrate along developing peripheral nerves. The loss of contact with peripheral nerves
during development is critical for SCPs to develop a melanoblast fate (Adameyko and
Lallemend, 2010). In chick embryos, the knock-down of homeobox transcription factor (Hmx1)
using short interfering RNAs (siRNAs) leads to a near complete loss of neurogenesis, but
increase of the number of glial cells and melanoblasts (Adameyko et al., 2009). Early on,
neuregulin 1 (NRG1) signaling increases proliferation of SCPs (Jessen and Mirsky, 2005).
NRG1 signals through receptor tyrosine-protein kinase erbB-2 (ErbB2) and ErbB3 heterodimer
complex (Adameyko et al., 2009). The deletion of ErbB3 causes a decrease in the overall number
of SCPs with an increased number of melanoblasts around the dorsal spinal nerves at E12
(Adameyko et al., 2009). This shows that NRG1 is required for proliferation, migration and
survival of SCPs but suppresses melanocyte differentiation (Adameyko et al., 2009). In another
experiment by Adameyko et al., they looked at regions where SCP-derived melanoblasts cluster
(the otic vesicle, by the midbrain and hindbrain) in embryos without ErbB3 and observed a
decrease in the number of melanocytes near the otic vesicle (Adameyko et al., 2012). ErbB3
signaling between nerve and SCPs balance melanocyte versus glial fate.
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Figure 1.6 Melanocytes develop from neural-crest cells (NCC).
A. Early NCC development. Melanoblasts migrate via the dorsolateral route under the epidermis (red). Neurons and
glial migrate along the ventral-medial pathway between the neural tube and the dermamyotome (blue). B. Later
NCC development. Melanoblasts directly derived from the dorsal neural tube (1). Melanoblasts derived from SCP’s
(2). DRG, dorsal root ganglion; N, notochord; NT, neural tube; S, somites (Adapted from Adameyko et al., 2009).
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1.3.2

Transcription factors involved in melanocyte differentiation

Key genes involved in the process of determining melanocyte cell fate include the
Microphthalmia associated transcription factor (Mitf), the Paired-box 3 transcription factor
(Pax3), the Sex-determining region Y (Sry)-box 10 transcription factor (Sox10) and the lymphoid
enhancer-binding factor 1 transcription factor (Lef1, also known as TCF) (Levy et al., 2006; Lin
and Fisher, 2007; Thomas and Erickson, 2009). While many genes play important roles in
melanocytes, Mitf is often referred to as the master regulator (Levy et al., 2006). Mitf is a basic
helix-loop-helix leucine zipper (b-HLH-Zip), a dimeric transcription factor (Levy et al., 2006). In
mice, Mitf deletion causes albinism, and defects in the RPE, osteoclasts, and mast cells (Levy et
al., 2006). Mitf regulates melanocyte development, function, and survival via various
differentiation and cell-cycle progression genes under its transcription control (Levy et al.,
2006). Mitf is expressed prior to migration on the dorsolateral pathway and marks the
specification of melanoblasts from unspecified NCCs (Thomas and Erickson, 2008). Mitf also
regulates the expression of genes that are required for melanogenesis, including Tyrp, Tyrp-1,
and Dct (Thomas and Erickson, 2008). Sox10 and Pax3 are expressed in the dorsal neural tube
before the first NCCs start migrating and are important for melanocytes, as well as other NC
lineages (Thomas and Erickson, 2008). The binding of Wnt proteins to its receptors results in the
interaction of beta-catenin with Lef1 transcription factor, which activates the Mitf promoter
(Levy et al., 2006).

1.3.3

Signaling pathways involved in melanocyte differentiation

Several signaling pathways have been associated with melanocyte differentiation and migration
in development including the G-coupled endothelin B receptor (Ednrb) and its ligand endothelin18

3 (Edn3), and the tyrosinase kinase receptor Kit (c-kit) and its ligand, Kitl (also known as Steel,
stem cell factor (SCF) or mast cell growth factor (Mgf)) (Hou et al., 2000). In mice, Edn3 is
essential between E10.5-E12.5 for melanoblast survival and differentiation; its absence during
this period results in an almost complete loss of melanocytes (Lee et al., 2003). Edn3 is not
needed after this period for normal coat pigmentation (Shin et al., 1999). This suggests that
endothelin signaling is not required for the initial specification melanoblasts, but is crucial for
survival and proliferation of melanoblasts between E10.5-E12.5 while they are migrating in the
dermis (White and Zon, 2008).

Mutation of c-kit or Kitl results in pigment deficiencies in both human and mice (White and Zon,
2008). Kitl expression stimulates survival, proliferation, and migration of melanoblasts
(Kunisada et al., 1998). In addition, Kit signaling is involved in melanoblast invasion of the
epidermis (Lin and Fisher, 2007). Mature melanocytes in the epidermis require c-kit for survival
and proliferation, while melanocyte stem cells in the hair follicles are Kit-independent
(Kawaguchi et al., 2008; Lin and Fisher, 2007; Yoshida et al., 2001).

1.4
1.4.1

Hyperactivity of GNAQ and GNA11 cause dark skin in mice
Overview of heterotrimeric G proteins

Heterotrimeric G proteins turn on intracellular signaling cascades in the response to the
activation of G-protein-coupled receptors (GPCRs) by cellular stimuli (Oldham and Hamm,
2008). All GPCRs have seven transmembrane-α-helices, an intracellular N terminus and an
extracellular N terminus and three inter-helical loops on each side of the membrane (Oldham and
Hamm, 2008). In humans, there are 21 G-α-subunits, 6 β-subunits and 12 γ-subunits (Downes
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and Gautam, 1999). During signaling, GDP-bound alpha subunits are stimulated by ligand
binding to GPCRs, which causes the alpha subunits to release GDP, bind GTP, and assume an
active conformation that can interact with downstream effectors. Using an intrinsic Ras-like GTP
hydrolysis (GTPase) domain, the alpha subunit cleaves the gamma phosphate from the GTP
molecule to produce GDP and return the alpha subunit to its inactive conformation (Markby et
al., 1993). The G-α-subunit together with the bound GTP can then dissociate from the β-subunit
and γ-subunit to activate the downstream intracellular signaling proteins (Wettschureck and
Offermanns, 2005). Heterotrimeric alpha subunits are divided into four main classes based on
sequence similarity: Gαs, Gαi, Gα12 and Gαq (Wettschureck and Offermanns, 2005). Further,
there are four members of the Gαq class: GNAQ is ubiquitously expressed in all tested tissues,
GNA11 is ubiquitously expressed in all tested tissues except platelets, GNA14 and GNA15/16 is
expressed various tissues such as stomach, small intestine, kidney and the skin (Uhlen et al.,
2005; Wettschureck and Offermanns, 2005)

GNAQ and GNA11 are 90% identical at the amino acid level and play redundant roles; knocking
out any three Gnaq and Gna11 alleles is lethal in mice (Offermanns et al., 1998). Both proteins
activate phospholipase C (PLC), which cleaves phosphatidylinositol 4, 5-bisphophate (P1P2)
into diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). While IP3 is released as a
soluble molecule into the cytosol, DAG remains bound to the membrane. Both compounds act as
secondary messengers that amplify downstream signaling events, such as the activation of
protein kinase C (PKC) and release of intracellular calcium.
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1.4.2

Dark skin mutants

In the 1990’s, several large-scale mutagenesis screens produced a number of new mouse
mutants. A N-ethyl-N-nitrosourea (ENU) chemical mutagenesis screen of C3HeB/FeJ mice in
Germany recovered 10 mutants with dark skin on the ears, foot, and tail. These were named Dark
skin (Dsk 1-10) (Fitch et al., 2003). In all but one mutant, only the epidermis or dermis was
affected, not both (Deo et al., 2013; Fitch et al., 2003). Among the dermal dark skin mutants,
Dsk1, Dsk7 and Dsk10 are indistinguishable (Van Raamsdonk et al., 2004). Through genetic
analysis, it was determined that these three mutations represent gain-of-function alterations:
V179M (Gnaq, Dsk1), F335L (Gnaq, Dsk10), and I63V (Gna11, Dsk7) (Van Raamsdonk et al.,
2004). Dsk1 and Dsk7 cause an increase in the number of melanoblasts in the dermis beginning
at E10.5 (Van Raamsdonk et al., 2004). Dsk1, Dsk7, and Dsk10 are hypermorphic mutations
which probably decrease the ability of the alpha subunit to hydrolyze GTP, leaving the protein in
an active state longer, thus sending an enhanced signal through downstream components (Van
Raamsdonk et al., 2004).

To further investigate Gnaq/11’s involvement in dermal pigmentation, Van Raamsdonk et al.
examined the mutational status of GNAQ and GNA11 in various human melanocytic lesions
(2009, 2010). Somatic constitutively active mutations in GNAQ and GNA11 were found in blue
nevi, and both primary and metastatic uveal melanoma (Van Raamsdonk et al., 2009; Van
Raamsdonk et al., 2010). Melanocyte cell lines transduced with the constitutively active forms of
GNAQorGNA11exhibit an increase in mitogen activated protein kinase (MAPK) signaling and
are tumorigenic in nude mice (Van Raamsdonk et al., 2009; Van Raamsdonk et al., 2010).
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1.5
1.5.1

GNAQ and GNA11 are oncogenes
GNAQ/11 and uveal melanoma

Uveal melanoma overview
Uveal melanoma, a malignancy of melanocytes in the uveal tract of the eye is the most common
intraocular malignancy in adults, with a 10-year cumulative metastatic rate of 34% (Pereira et al.,
2013). The most common site of metastasis is the liver with secondary site being the lungs
(Buzzacco et al., 2012). Prognosis for metastatic uveal melanoma is poor with the mortality rate
of 87% within 1 year and increasing to 92% at 2 years (Buzzacco et al., 2012). Currently, there
are no effective treatment options due to lack of effective systemic therapy. Options for primary
uveal melanoma include enucleation to remove the eye, and more conservative treatments, such
as photodynamic therapy (PDT) to preserve vision in less advanced cases (Pereira et al., 2013).

GNAQ/11 mutations in uveal melanoma
Mutations in GNAQ and GNA11 occur with a mutually exclusive, combined frequency of ~80%
in both class I and the more aggressive class II uveal melanomas (Martin et al., 2013; Van
Raamsdonk et al., 2010). There are two oncogenic hotspots in GNAQ and GNA11: glutamine
(Q)209 and arginine (R)183(Van Raamsdonk et al., 2009; Van Raamsdonk et al., 2010). Q209
and R183 lie in the GTPase domain and directly position the gamma phosphate for cleavage
(Sondek et al., 1994). Substitution mutations at these two highly conserved residues allow for
GTP binding, but greatly reduce the rate of GTP hydrolysis, therefore generating constitutive
active signaling (Landis et al., 1989; Weinstein et al., 1991). In uveal melanoma, mutations at
Q209 are found 13 times more frequently than mutations at R183 (Van Raamsdonk et al., 2010).
Q209 mutations are also slightly more potent in tumorigenesis assays in nude mice injected with
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transformed cells (Van Raamsdonk et al., 2010). Although it has been suggested that GNAQ/11
activates the MAPK pathway, the actual mechanism of action is not clear (Van Raamsdonk et al.,
2009). In a series of recent studies, it was reported that GNAQ/11 mutations in uveal melanoma
promotes tumorigenesis by activating the transcriptional coactivator Yes-associated protein
(YAP) in the Hippo tumor suppressor pathway (Field and Harbour, 2014a; Field and Harbour,
2014b; Yu et al., 2014). These findings suggest perhaps there is more than one pathway involved
in GNAQ/11 induced tumorigenesis.

1.5.2

GNAQ/11 mutations in the central nervous system (CNS)

Melanocytic tumors in the CNS include metastatic melanoma and primary melanocytic tumors,
which usually arise from melanocytes of the leptomeninges (Murali et al., 2012). Primary
melanocytic tumors are classified as: melanocytomas, intermediate grade melanocytoma, and
malignant melanomas (Murali et al., 2012). These melanocytic neoplasias are pigmented and
typically appear in the spine, brain, or limbs (Kusters-Vandevelde et al., 2010a). Mutations in
GNAQ and GNA11 at Q209 are commonly found in primary melanocytic neoplasias of the CNS
(~50%) (Gessi et al., 2013; Kusters-Vandevelde et al., 2010a; Kusters-Vandevelde et al., 2010b;
Murali et al., 2012). There is however a single case of melanocytoma found in the spine with a
GNAQ mutation at site R183 (Murali et al., 2012). 8.5% of primary melanocytic tumors of the
CNS have a GNA11Q209L mutation (n=47) (Gessi et al., 2013; Kusters-Vandevelde et al., 2010a;
Kusters-Vandevelde et al., 2010b; Murali et al., 2012).
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1.5.3

GNAQ/11 mutations in other types of melanocytic neoplasias

Mutations in GNAQ and GNA11 are also found in blue nevi (63%), which are located within the
dermis (Gessi et al., 2013; Kusters-Vandevelde et al., 2010a; Kusters-Vandevelde et al., 2010b;
Murali et al., 2012; Van Raamsdonk et al., 2010). They are very rare among melanoma and nevi
located in the epithelium. Initially, Van Raamsdonk et al. reported a single GNAQQ209L mutation
among 27 cutaneous melanomas on chronically sun damaged (CSD) skin (2009), however, they
found no additional mutations in a much larger CSD sample set, or in any non-CSD cutaneous
melanomas (n=164) (Van Raamsdonk et al., 2010). The Catalogue of Somatic Mutations in
Cancer (COSMIC) database v70 reports one additional GNAQ mutation among 543 malignant
melanoma samples of the skin (Forbes et al., 2011). The rest are blue nevi. Therefore, the
functional significance of GNAQQ209L in non-blue skin lesions is unclear. Furthermore, GNAQ
and GNA11 mutations have not been found in acral or conjunctival melanoma (DratvimanStorobinsky et al., 2010; Lamba et al., 2009; Van Raamsdonk et al., 2009; Van Raamsdonk et al.,
2010). A GNAQQ209P mutation was recently reported in a single case of mucosal melanoma (Kim
et al., 2014a).

1.6

Other genes mutated in uveal melanoma

The genes mutated in cutaneous and conjunctival melanomas, B-Raf proto-oncogene (BRAF)
and neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS), are rarely mutated in uveal
melanoma(Van Raamsdonk et al., 2009). Recent studies in large-scale exome and whole genome
sequencing projects in uveal melanoma have identified recurrent mutations in the BRCA1associated protein-1 (BAP1), the X-linked eukaryotic translation initiation factor 1 A (EIF1AX),
and the Splicing factor 3B subunit 1 (SF3B1) (Abdel-Rahman et al., 2011; Dono et al., 2014;
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Furney et al., 2013; Harbour et al., 2010; Martin et al., 2013). Based upon chromosomal analysis
of uveal melanoma, the copy number status of chromosome 3 directly correlates with patient
survival (Martin et al., 2013). Metastasis of uveal melanoma is strongly associated with the loss
of one copy of chromosome 3 (monosomy 3) in the tumor (Harbour et al., 2010). BAP1, a
deubiquitinating enzyme that is involved in regulation of transcription, and regulation of cell
cycle and growth is frequently mutated (84%) in the more aggressive class II uveal melanomas
and commonly found in tumors with monosomy 3 (Abdel-Rahman et al., 2011; Harbour et al.,
2010). EIF1AX, a transcription initiating factor involved in the transfer of the initiator MettRNAf, is mutated in 24% of uveal melanoma samples (including 1 case of uveal melanoma with
monosomy 3) (Martin et al., 2013). SF3B1, a splicing factor, is mutated in 15% of uveal
melanoma samples (including 1 case of uveal melanoma monosomy 3) (Martin et al., 2013).
Mutations between EIF1AX and SF3B1 appear to be mutually exclusive (Martin et al., 2013).
BAP1 mutations seem to occur later in the development of uveal melanoma, which suggests they
may be involved in the onset of metastatic behavior (Harbour et al., 2010). In class II uveal
melanoma, both GNAQ andGNA11 mutations co-occur with BAP1 mutations (Harbour et al.,
2010; Onken et al., 2004).

1.7
1.7.1

Using Cre/LoxP for conditional mutagenesis
Cre/LoxP

Cre-LoxP recombination is a site-specific recombination technology that allows DNA
modification to be targeted to a specific cell type or to be triggered by specific external stimuli.
The system consists of Cre recombinase (an enzyme) and two 34bp LoxP sequences, derived
from bacteriophage P1. Each LoxP site contains two 13bp palindromic sequences with an 8bp
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asymmetric linker sequence. When present, Cre recombinase binds the two LoxP sites, deleting
the intervening sequence, leaving a single LoxP site. LoxP sites are introduced using homologous
recombination in embryonic stem (ES) cells, while Cre recombinase is expressed under a tissue
specific promoter in transgenic lines produced by pronuclear injection. The final step is to cross
the Cre and LoxP mice together.

Another type of Cre molecule is CreER. CreER is a fusion protein between Cre and a modified
estrogen receptor. Without tamoxifen, the CreER fusion protein is localized to the cytoplasm.
When tamoxifen is introduced, it binds to CreER and the complex translocates to the nucleus,
where it can recombine LoxP sites (Feil, 2007; Feil et al., 2009). Tamoxifen is administered
through water, topically, or by intraperitoneal injection. With CreER, recombination can be
triggered at any time point depending on when tamoxifen is introduced. The Cre/LoxP system
has also been used to induce conditional expression through a floxed synthetic transcriptional
“stop” cassette (STOP) (Dragatsis and Zeitlin, 2001). The floxed STOP cassette is inserted
between the promoter and coding sequence of a locus (Dragatsis and Zeitlin, 2001). In the
presence of Cre, recombination at the LoxP sites deletes the STOP cassette, thus activating
expression of the transgene (Dragatsis and Zeitlin, 2001). On the other hand, in the absence of
Cre recombinase, expression of the targeted allele is suppressed (Dragatsis and Zeitlin, 2001).

1.8

Thesis objectives

The overall goal of my thesis is to investigate how conditional GNAQQ209L expression from the
Rosa26 locus affects dermal, epidermal, ear, eye, and CNS melanocytes. I will describe the result
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of inducing GNAQQ209L expression using Mitf-cre, Tyr-creER, and Plp1-creER. I studied
melanocyte development and tumor formation in the mice.
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Chapter 2: Materials and Methods

2.1
2.1.1

Mouse husbandry
Mouse strains

All mouse strains were crossed to the C3HeB/FeJ genetic background for at least 6 generations
before use. The Mitf-cre (Tg(Mitf-cre)7114Gsb) mice were obtained from Dr. Gregory S. Barsh
(Stanford University, USA) (Alizadeh et al., 2008). The Tyr-creER (Tg(Tyr-cre/ERT2)13Bos/J)
mice were obtained from Dr. Marcus Bosenberg (Yale University, USA) (Bosenberg et al.,
2006). The Dct-LacZ (Tg(Dct-LacZ)A12Jkn) mice were obtained from Dr. Ian Jackson (Institute
of Molecular Medicine, UK) (Mackenzie, 1997). The Plp1-creER (Tg(Plp1-cre/ERT)3Pop) and
Rosa26-floxed stop-LacZ (Gt(Rosa)26Sortm1Sor/J) mice were obtained from the Jackson
Laboratories (Doerflinger et al., 2003; Soriano, 1999). In timed matings, noon of the day of plug
discovery is designated as E0.5. All experiments were carried out under the approval of the
Animal Care Committee at the University of British Columbia.

2.1.2

Production of Rosa26-floxed stop-GNAQQ209L mice

The Rosa26-floxed stop-GNAQQ209L allele was generated at inGenious Targeting Laboratory
(Ronkonkoma, New York, USA). Using pROSA26-1, pSABgeo, and PGKneotpAlox2 plasmids
and a human GNAQQ209L cDNA (UMR cDNA Resource Center), a construct was built that
contains the minimal adenovirus type 2 major late splice acceptor, a LoxP-flanked neo stop
cassette, human GNAQQ209L, and a bovine growth hormone polyadenylation signal, all flanked by
1.08 kb and 4.34 kb Rosa26 homology arms, upstream and downstream of the cassette,
respectively. The targeting vector was linearized by SacII and then transfected by electroporation
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of BA1 (C57BL/6 x 129/SvEv) hybrid embryonic stem cells. Following homologous
recombination, positive ES cell clones were identified by Southern blotting and PCR and were
injected into C57BL/6 blastocysts to produce chimeras, which successfully transmitted the
mutant allele to the germline.

2.1.3

Genotyping

For genotyping, DNA from ear notch or embryonic membrane samples were obtained from cell
lysates using DNeasy columns (Qiagen, Hilden, Germany) and amplified using PCR. Mitf-cre
(Tg(Mitf-cre)7114Gsb),
LacZ)A12Jkn),

Tyr-creER

Plp1-creER

(Tg(Tyr-cre/ERT2)13Bos/J),

(Tg(Plp1-cre/ERT)3Pop)

and

Dct-LacZ

Rosa26-floxed

(Tg(Dctstop-LacZ

(Gt(Rosa)26Sortm1Sor/J) transgenic strains, primers and reaction conditions are as previously
described (Alizadeh et al., 2008; Bosenberg et al., 2006; Deo et al., 2013; Leone et al., 2003;
Mackenzie et al., 1997). The PCR reaction components to genotype the Rosa26-floxed stopGNAQQ209L allele are 0.25 mM each dNTP, 1 U HotstarTaq (Qiagen, Hilden, Germany), 1X
HotstarTaq buffer, and 0.5 µM of each primer in 25 µL total volume. The reaction consists of 40
cycles of 95°C (30 seconds), 57°C (1 minute), and 72°C (1 minute), using 5’CCGAAAATCTGTGGGAAGTC and 5’- TGGGCTCTATGGCTTCTGAG as primers, which
amplify a product of 180 base pairs.

2.1.4

Tamoxifen induction of CreER activity

For Plp1-creER experiments, tamoxifen (Sigma T5648) was dissolved in a corn oil/ethanol
(10:1) mixture at a concentration of 10 mg/ml. Pregnant females were injected intraperitoneally
with 1mg at E11.5. For Tyr-creER experiments, 2 month-old adult animals were injected for 5
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consecutive days, as above, coupled with topical tail skin administration (25-mg/ml solution of
4-Hydroxytamoxifen≥70% Z isomer (remainder primarily E-isomer) (Sigma Adrich H6278) in
dimethylsulfoxide.

2.2

β-Galactosidase staining

X-gal staining solution was used to label LacZ positive cells in the transgenic mouse strainsDctLacZand Rosa26-floxed stop-LacZ. Various tissue samples were incubated with X-gal staining
solution (100 mM sodium phosphate (pH 7.3), 2 mM MgCl2, 0.01% sodium deoxycholate,
0.02% NP-40, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 1 mg/ml 5-bromo-4chloro-3-indolyl-b-D-galactopyranoside (X-gal), and 2.5% dimethyl-formamide) for 16-48 hours
at room temperature with gentle agitation. For some skin samples, the dermis and epidermis was
then separated using 2M sodium bromide incubation for 2 hours at 37 °C. The number of LacZpositive cells was counted in 10-15 epidermal tail scales or on the flank (depending upon the
experiment) and the area of the counted region was determined using Image J software (National
Institutes of Health, Bethesda, MD, USA). Experiments involving whole tissue such as embryos
were fixed at 4% paraformaldehyde at 4°C for 1 hour first before X-gal incubation.

2.3

Electron microscopy of tail skin

Tail skin tissues were fixed with 1.5% glutharaldehyde, 1.5% paraformaldehyde in 0.1 M sodium
cacodylate for 3 hour at room temperature. After post-fixation with 1% osmium tetroxide in 0.1
M sodium cacodylate for 1 hour at 4°C, the samples were stained en bloc in 1% uranyl acetate
for 1 hour at room temperature. Samples were then progressively dehydrated through an ethanol
series (30%, 50%, 70%, 90%, 95% for 10 minutes each, then thrice in 100% for 10 minutes)
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followed by acetone (once for 10 minutes). Samples were infiltrated overnight in a mixture of
Epon/acetone (1:1), then twice in pure Epon for 3 hours, and finally embedded in Epon 812
(Fluka). Ultrathin cross sections (about 60 nm) were cut on a Leica Ultramicrotome and
positively stained with 2% uranyl acetate and 2% lead citrate. Pictures were taken using a FEI
Tecnai G2 transmission electron microscope operated at an acceleration voltage of 120 kV.
Micrographs were digitally recorded using an Eagle 4k CCD camera (FEI).

2.4

Melanocyte primary cell culture

The primary melanocyte cell culture from mouse-tail skin was adapted from (Sviderskaya et al.,
1997). Whole tails from 6 day-old animals were removed immediately following sacrifice and
immersed in 70% ethanol for 5-10 seconds. The tail tissues were washed with Dulbecco's
phosphate-buffered saline and the tailbones were removed. The tail skins were incubated in
0.5mg/mL trypsin (powder, Life Technologies) in Dulbecco's phosphate-buffered saline at 37°C
under 5% CO2 for 30 minutes and then the dermis was separated from the epidermis using
forceps. The dermis was cut into small pieces, incubated in 0.25% trypsin at 37°C in 5% CO2 for
5-10 minutes, and then transferred to a recovery media (RPMI, 10% fetal bovine serum, 5ug/ml
soybean trypsin inhibitor) and incubated at 37°C in 5% CO2 overnight. After the cells adhered to
the plate, the media was changed to a melanocyte supporting media (RPMI, 10% fetal bovine
serum, 40nM tissue plasminogen activator and 250nM α-melanocyte-stimulating hormone) and
incubated at 37°C in 10% CO2. The media was changed every three days during the experiment.
The cells were grown for 2 weeks before collection for pyrosequencing.
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2.5
2.5.1

Pyrosequencing
Sample collection and processing

RNA was extracted from primary dermal melanocyte cell cultures using the RNAqueous-4PCR
Kit (Ambion) The RNA obtained was then reverse transcribed into complementary DNA
(cDNA) using a random primers (Superscript VILO cDNA synthesis kit, Life Technologies).
The yield for cDNA was roughly 1.5µg per sample.

2.5.2

Generation of biotinylated PCR products

Primers were designed to amplify theQ209codon region from both human and mouse
GNAQ/Gnaq. Two sequential PCR reactions were then performed. First, cDNA from wild-type
and mutant cultures was used for PCR using a GNAQ specific primer, one of which contains an
M13 tail. A second PCR reaction was then preformed to produce amplicons in which the M13
sequence was incorporated into both strands, using a biotinylated complementary M13 primer.
The PCR reactions were as follows: 0.25 mM each dNTP, 1 U HotstarTaq (Qiagen, Hilden,
Germany), 1X HotstarTaq buffer, and 0.5 µM of each primer in 20µL total volume. The first
PCR step consisted of 15 cycles of 95°C (30 seconds), 58.3°C (1 minute), and 72°C (1 minute).
The second PCR step was the same, but was performed for 20 cycles. Primer sequences are in
Table 2.1.

Next, strepavidin coated beads were used to immobilize all biotinylated amplicons and
pyrosequencing was performed using Qiagen PyroMark equipment and buffers, protocol adapted
from (Royo et al., 2007).The sequencing primer annealing plate was prepared by adding 1µM of
GNAQ sequencing primer, which binds just upstream of the Q209 codon site, in 40µl annealing
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buffer for each sample, according to the instructions provided for the PyroMark Q96 MD
pyrosequencer (Qiagen) using PyroMark assay kits (Qiagen).

2.6
2.6.1

Histology
Hematoxylin and eosin staining

For paraffin embedded samples, tissues were fixed in 10% formalin at 4°C for 1-2 days
depending on the size of the sample, except for intact cranium and inner ears, which were fixed
in 10% formalin, followed by decalcification (10% formalin, 88% formic acid and distilled
water) for several days. For optimal cutting temperature (OCT) embedded samples, tissues were
fixed at 4% paraformaldehyde at 4°C overnight. The intact cranium (whole head) sections were
performed by Wax-it Histology Services (University of British Columbia). For histological
analysis, 8-10 µm sections were cut, stained with hematoxylin and eosin, and examined by the
Zeiss Axioplan bright-fiend microscope. For all experiments, at least three individuals of each
genotype were examined.

2.6.2

Immunohistochemistry

Eye
Whole eyes were fixed in 4% paraformaldehyde for 1 hour, washed in 8%, 12%, 18%, and 20%
sucrose (15 minutes each), incubated in 25% sucrose overnight, and embedded in OCT. Eyes
were then sectioned in a transverse orientation at 8-12 µm. For immunofluorescence, the sections
were blocked with 1:25 M.O.M (Vector Labs), incubated with mouse Anti-RPE65 antibody
(1:250 dilution, Abcam13826) overnight at 4°C, and then incubated for 1 hour at room
temperature with Alexa594 conjugated goat anti-mouse antibody (1:500 dilution, Invitrogen).
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For immunohistochemistry, sections were bleached with 0.5% potassium permanganate for 20
minutes, 2% oxalic acid for 3 minutes, and then incubated in 0.3% hydrogen peroxide for 30
minutes to inactivate endogenous peroxides. These sections were blocked with serum containing
1:25 M.O.M, incubated with mouse Anti-Melanoma antibody cocktail (HMB45 + DT101 +
BC199) (1:50 dilution, Abcam732) overnight at 4°C, and then incubated 30 minutes with goatanti-mouse-HRP secondary antibody (1:200, Lifetechnology). Sections were washed and stained
with DAB for 5 minutes.

Cultured melanocytes
Dermal melanocyte primary cells were grown on coverslips overnight to several days. The
coverslips were washed with 10 mM sodium phosphate (pH 7.3) buffer and then fixed in 4%
paraformaldehyde at 4°C for 10 minutes. The cells were blocked with 1:25 M.O.M, incubated
with mouse Anti- β-Galactosidase (1:400, Promega, Z3781) overnight at 4°C, and then incubated
for 1 hour at room temperature with Alexa594 conjugated goat anti-mouse antibody (1:500
dilution, Invitrogen). All immunofluorescence images were taken on the Leica DMI 6000B
epifluorescence microscope.

2.7

Auditory brainstem response

Auditory brainstem response tests were performed by the Mouse Biology Program at University
of California, Davis with 5 Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ animals and 5
+/+;Mitf-cre/+ control littermates at two time points, 5 and 10 weeks.

2.8

Statistics

Data was analyzed with either ANOVA or student T-Tests using Prism.
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Primer name

Sequence

M13 biotinylated sequence +
Q209L

pyro primer:

Q209L

pyro primer:

Forward GNAQ
Reverse GNAQ

GNAQQ209L sequencing primer:

5'-CGCCAGGGTTTTCCCAGTCACGACTCATTTTCAGAATGGTCGATGTA-3’
5’-AGCAGTGTATCCATTTTCTTCTCT-3’
5’-TTTTCTTCTCTCTGACCTT-3’

Table 2.1 Primers for pyrosequencing.
The M13 biotinylated sequence is underlined and incorporated into the forward GNAQQ209L pyro primer sequence.
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Chapter 3: Results

3.1

Introduction

Intrigued by the rarity of GNAQ and GNA11 mutations in melanoma and nevi located in the
epidermis compared to the dermis, we asked what would happen if epidermal melanocytes were
forced to express constitutively active GNAQ in mice. We engineered a floxed-stop GNAQQ209L
conditional knock-in allele at the ubiquitous Rosa26 locus in mice to test this. I report here that
the expression of the Rosa26-floxed stop-GNAQQ209Lallele induced by the melanocyte driver,
Mitf-cre, caused the rapid development of uveal melanoma with lung metastases, as well as
melanocytic hyperplasia in the central nervous system (CNS), inner ear, dermis, and hair
follicles. Paradoxically, GNAQQ209L expression progressively eliminated melanocytes from the
adult inter-follicular epidermis, which could account for the paucity of GNAQ mutations in
human melanomas located in the epithelium. In addition, the expression of GNAQQ209L in
Schwann cell precursors inhibited the production of melanocytes during development. I conclude
that cellular context strongly influences the downstream response that melanocytes have to
GNAQQ209L expression.
3.2

Creation of the Rosa26-floxed stop-GNAQQ209L allele

We engineered a conditional allele in which GNAQQ209L is expressed from the ubiquitous Rosa26
locus following the removal of a LoxP flanked stop cassette that prevents transcription (Soriano,
1999). Using the pROSA26-1, pSAβgeo, PGKneotpAlox2, and human GNAQQ209L cDNA
plasmids, we built a construct that contains a splice acceptor, a LoxP-flanked stop cassette,
human GNAQQ209L, and a bovine growth hormone polyadenylation signal, all flanked by 1.08 kb
and 4.34 kb Rosa26 homology arms, upstream and downstream of the cassette, respectively
(Figure 3.1). This allele drives continuous expression of constitutively active GNAQ in cells that
undergo Cre-mediated recombination and in all of the descendents of these cells. The resulting
Rosa26-floxed stop-GNAQQ209Lmice were crossed to the C3HeB/FeJ genetic background for 6
generations before analysis. Rosa26-floxed stop-GNAQQ209L mice were healthy and breed with
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normal efficiency. By crossing Rosa26-floxed stop-GNAQQ209L to different Cre mice, the
downstream effects of GNAQQ209L on melanocytes in different locations during development
will be observable.
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Figure 3.1 A conditional GNAQQ209L allele engineered at the Rosa26 locus.
A. The target allele contains a splice acceptor, a LoxP-flanked stop cassette (PGKneo3xpAlox2), a human GNAQQ209LcDNA, and a bovine growth hormone
polyadenylation signal, all flanked by 1.08 kb and 4.34 kb of Rosa26 homology arms. After the LoxP sites are recombined by Cre recombinase, GNAQQ209L is
expressed in the cell and all of its descendents (Activated allele). The location of the PCR amplicon for genotyping is shown in green. B-C. To confirm correct
homologous recombination during allele construction, Southern blot analysis was performed on ES cell cloneDNA digested with EcoRI and probed with PB3/4
(B) and using digestion with EcoRV and probing with AT1/AT2 (C). Successful homologous recombination occurred in 5 BA1 (C57BL/6 x 129/SvEv) hybrid
embryonic stem cell clones (114, 132, 133, 242, 263). R, EcoRI; RV, EcoRV; H, HindIII; SA, splice acceptor; pA, polyadenylation signal. Triangles indicate
LoxP sites.
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3.3

Skin pigmentation changes driven by GNAQQ209L induced by Mitf-cre

To examine the effects of GNAQQ209L expression initiated in melanoblasts (immature
melanocytes) during embryogenesis, I obtained Mitf-cre transgenic mice, which express Cre
recombinase under the control of the melanocyte specific promoter of the Microphthalmia gene
(Alizadeh et al., 2008). Mitf-cre is the earliest Cre driver expressed specifically in melanocytes.
Expression of the transgene began at E10.5 of mouse development in the first committed
melanoblasts. Mitf-cre has an efficiency of 25% at E15.5 (Deo et al., 2013) and 68% at P71
(Table 3.1). On the C3HeB/FeJ genetic background, Mitf-cre animals were smaller than nontransgenic animals (Figure 3.2) and 60% exhibited microphthalmia (n=35) (Figure 3.8B). The
cause of these phenotypes is unknown; however, there was no change in epidermal or dermal
skin pigmentation in Mitf-cre/+ mice (Alizadeh et al., 2008). Mitf-cre is expressed in epidermal,
dermal, and follicular melanocytes of the tail and trunk skin (Alizadeh et al., 2008; Deo et al.,
2013). Expression in uveal, otic, or leptomeningeal melanocytes of the CNS and spinal cord has
not been previously reported.
I crossed Rosa26-floxed stop-GNAQQ209L/+ animals to Mitf-cre/+ animals and obtained the
expected percentage of double heterozygous progeny. Rosa26-floxed stop-GNAQQ209L/+; Mitfcre/+ animals could be distinguished from their littermates a few days after birth, because they
exhibit early stages of tail darkening (Figure3.3A). Separation of the dermis and the epidermis at
3 weeks of age indicated that the darkening is restricted to the dermis (Figure 3.3B).
Melanocytes in the tail dermis of Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice contained a
large number of melanosomes (pigment producing organelles), consistent with the very dark
appearance of the dermis in histological analysis (Figure 3.4A, Figure 3.5A). Hyperpigmentation could be seen extending into the hypodermis in both histological and electron
microscopy images (Figure 3.4B, Figure 3.5B). The trunk dermis also contained abundant
melanin, even though this area is usually sparsely pigmented (Figure 3.3C, Figure 3.4B).
In addition, I observed a melanocytic lesion on the trunk of two Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ animals (Figure 3.3E). Another lesion was found on the head of
oneRosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mouse (Figure 3.3D). Although rare, these
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lesions were never observed in any mice in the control colony. I note that the location of these
lesions on the trunk and head was different from transgenic mice over-expressing the G protein
coupled glutamate 1 receptor, Grm1, which might activate Gnaq/11 (Pollock et al., 2003).
Instead, Dct-Grm1 mice exhibit lesions on the tail and ears.
In young Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ animals, the amount of melanin in the tail
epidermis appeared to be normal (Figure 3.3B). To quantify the number of melanocytes in the
epidermis, I obtained the melanocytic reporter line, Dopachrome tautomerase (Dct)-LacZ, and
crossed it to Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice. Dct-LacZ labels melanocytes
beginning at E10.5 (Mackenzie et al., 1997). In the epidermis, Dct-LacZ labels melanocytes in
both the tail scales and hair follicles (Mackenzie et al., 1997). At 3 weeks of age, I found no
significant difference in the number of LacZ-positive cells in Rosa26-floxed stop-GNAQQ209L/+;
Mitf-cre/+ tail scales as compared to Mitf-cre/+, supporting the observations of the melanin
content (Figure 3.6A).
However, in older animals, melanin content in the tail epidermis was significantly reduced
(Figure 3.6C). I used the Rosa26-floxed stop-LacZ reporter allele to identify cells in which Cre
had been expressed in sufficient levels to mediate recombination of LoxP sites (Soriano, 1999).
At 5 weeks of age, I found numerous LacZ-positive cells in the Rosa26-floxed stop-LacZ/+;
Mitf-cre/+ tail epidermis, as expected (Alizadeh et al., 2008). However, there were 39% fewer
LacZ-positive cells in the Rosa26-floxed stop-LacZ/Rosa26-floxed stop-GNAQQ209L; Mitf-cre/+
tail scales as compared to the Rosa26-floxed stop-LacZ/+; Mitf-cre/+ controls (p=0.018, students
T-test) (Figure 3.6B). This indicated that the expression of GNAQQ209L negatively impacted the
survival/proliferation of inter-follicular epidermal melanocytes.
Hair follicles are epidermal appendages. Melanocytes actively producing pigment are located at
the base of hair follicles, where they transfer melanosomes to specialized keratinocytes of the
growing hair. Unlike the epidermal scales (above), follicular melanocytes respond to
GNAQQ209Lby overgrowth. The hair follicle bulbs of Rosa26-floxed stop-GNAQQ209L/+; Mitfcre/+ trunk (Figure 3.4B) and tail (Figure 3.6C) develop dark, ectopic pigmentation. Despite
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this, the coat grays by 5 months, suggesting that GNAQQ209L expression directly or indirectly
disrupted normal melanosome transfer to keratinocytes (Figure 3.7).
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Genotype
Dct-LacZ/+
Animal 1
Animal 2
Animal 3
Average
Rosa26-fs-LacZ/+; Mitf-cre/+
Animal 1
Animal 2
Animal 3
Animal 4
Average

Average number of LacZ+ cells per scale

Percentage of efficiency

67.7%

94.2± 5.8
94.5± 6.7
120.6± 6.2
103.1± 10.7
81.4± 5.0
73.9± 7.7
50.8± 7.3
73.0± 7.8
69.7± 7.6

Table 3.1 Efficiency of Mitf-cre at P40.
Dct-LacZ/+ (n=3) and Rosa26-fs-LacZ/+; Mitf-cre/+ (n=4) tail skins were stained with X-gal and the epidermis was
split from the dermis. The number of LacZ-positive cells was counted in one row of epidermal scales per sample. ±
standard error of the mean (SEM).
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Figure 3.2 Mitf-cre and Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice exhibit reduced body weight.
Male littermates were weighed at 3 months of age. Wild-type versus Mitf-cre/+ (p=0.0468), Mitf-cre/+ versus
Rosa26-floxed stop “fs”-GNAQQ209L/+; Mitf-cre/+ (p=0.0423), and wild-type versus Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ (p=0.0018). Graph displays mean ± SEM, n=number of animals.
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Figure 3.3 Gross morphology of Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ skin.
A. Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ exhibit tail darkening (red arrow) starting 5 days after birth. B. The
tail dermis of 3 week-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ animals exhibited non-uniform
hyperpigmentation, while the epidermis appeared to be pigmented normally. C. The ears, footpad, trunk, and tail
skin of 3 month-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice (right side of each subpanel) were hyperpigmented. D. A pigmented lesion (red arrow) was found on the head of a 5 month-old Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ mouse. E. A dermal lesion (red arrowhead) on the trunk of a 3 month-old Rosa26-floxed
stop-GNAQQ209L/+; Mitf-cre/+ mouse.
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Figure 3.4 Histology of Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ skin.
A. Hematoxylin and eosin (H&E) staining of 8 microns thick tail sections revealed heavy hyperpigmentation in the
dermis at 3 months of age. B. X-gal and eosin staining of Rosa26-floxed stop-GNAQQ209L/+; Dct-LacZ/+; Mitf-cre/+
5 month-old trunk skin revealed hyper-pigmentation of the hair follicles and dermis (white arrowheads). LacZpositive cells (blue) were much more numerous in the Rosa26-floxed stop-GNAQQ209L/+; Dct-LacZ/+; Mitf-cre/+
hair follicles as compared to Dct-LacZ/+; Mitf-cre/+. D, dermis; E, epidermis; HF, hair follicle.
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Figure 3.5 Electron microscopy of Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ skin.
A. Electron microscopy of 3 month-old tail skin showed increased melanocytes in Rosa26-floxed stop-GNAQQ209L/+;
Mitf-cre/+ (n=3) compared to Mitf-cre/+ controls (n=3), n=the number of animals examined. B. Electron
microscopy of 3 month-old tail skin showed invasion into the hypodermal layer in the Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ (n=3). Ad, adipocytes.
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Figure 3.6 Melanocyte loss in the inter-follicular epidermis of Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice.
A. There was no significant difference in the average number of LacZ-positive cells per scale in Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ mice at P21 (left) (mean ± SEM; p=0.702 by T-test). n=the number of animals examined.
Representative whole mount stained scales are shown (right). B. There was a significant decrease in the average
number of LacZ-positive cells per scale in Rosa26-floxed stop-GNAQQ209L/Rosa26-floxed stop-LacZ; Mitf-cre/+
animals at P40 (left) (mean ± SEM; p=0.018 by T-test). n=the number of animals examined. Representative whole
mount stained scales are shown (right). Note that Rosa26-LacZwas expressed more weakly than Dct-LacZ in
melanocytes. C. Epidermal sheets of 5 month-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice exhibited
extensive depigmentation of the tail scales. Hyper-pigmented hair follicles were visible (3 per scale, arrowhead).
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Figure 3.7 Coat graying is observed in 5 month-old Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice.
A. Hair color lightening was observed in 5 month-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ animals, despite
the fact that there was melanocyte overgrowth in the hair follicles. B. Uneven pigmentation or a complete lack of
pigmentation was observed in two representative hairs plucked from 5 month-old Rosa26-floxed stop-GNAQQ209L/+;
Mitf-cre/+ animals. Pigmented septules were visible in the control Mitf-cre/+ hair in the upper left panel.
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3.4

Uveal melanoma driven by GNAQQ209L induced by Mitf-cre

I selected Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice without severe microphthalmia for
histological analysis at 3 weeks, 5 weeks, and 3 months of age. At 3 months of age, obvious
melanocytic neoplasias were present with 100% penetrance in Rosa26-floxed stop-GNAQQ209L/+;
Mitf-cre/+ animals (n=15). In younger animals, the uveal tract was thickened throughout, with a
mass forming at the anterior of the eye (Figure 3.8A left). Older animals exhibited bulging eyes
and bigger tumors that largely filled the vitreous space (Figure 3.8). At 6 weeks of age, I
performed immunofluorescence using anti-RPE65 (Abcam 13826), an antibody specific to the
retinal pigmented epithelium (RPE) (Figure 3.9A). I also performed immunohistochemistry
using the anti-melanoma antibody cocktail HMB45 + DT101 + BC199 (Abcam732), which
labels highly proliferative melanocytes (Figure 3.9B). The ocular tumors were positive for the
anti-melanoma antibody and negative for the RPE antibody, which suggested that they were
melanocytic tumors derived from the uveal tract, not the pigmented retina. I conclude that
Rosa26-floxed stop-GNAQQ209L drives uveal melanoma with a very short latency period when
induced by Mitf-cre.
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Figure 3.8 Uveal melanoma in Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice.
A.Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice exhibited thickening of the uveal tract at 3 weeks of age (left).
Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice developed bilateral ocular lesions (*) and hyper-pigmentation of
the Harderian gland at 5 weeks of age or later (right). B. 3 month-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+
animal exhibited eye bulging (red arrowhead). The Mitf-cre/+ control mouse was microphthalmic. Hg, harderian
gland; Nc, nasal cavity.
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Figure 3.9 Immunohistochemistry of uveal melanoma in Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice.
A. The retinal-pigmented epithelium (RPE) was directly adjacent to the uveal tract, which are composed of
melanocytes and other cell types (top row). Immunofluorescence for anti-RPE65 (red) and DAPI (blue) was used to
identify the retinal pigmented epithelium in 3 week-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ eye sections
(bottom row right). The thickened, darkly pigmented tissue visible in the light microscopy image (bottom row
middle and left) was negative for RPE65. B. Samples were bleached before staining with the anti-melanoma
antibody cocktail HMB45 + DT101 + BC199 using DAB (brown). A section of the eye before bleaching is shown
(left). The tumor tissue was positive for the anti-melanoma antibody cocktail HMB45 + DT101 + BC199 at 5
months of age, counterstained with hematoxylin (middle). Without counterstaining, the tumor was much darker than
the negative control incubated without primary antibody (left).
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3.5

GNAQQ209L driven melanoma metastasis and CNS overgrowth induced by Mitf-cre

I next performed necroscopy on 2-3.5 month old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+
mice. Multiple heavily pigmented and enlarged lymph nodes were present in every animal in the
neck and trunk (Figure 3.10A). Histological analysis showed that the capsule of the lymph nodes
was very dark, with less pigmentation internally (Figure 3.10A). 94% of the Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ mice (n=19) exhibited at least one pigmented tumor in the lungs
(Figure 3.10B). The size of the lung neoplasias ranged from 200 microns-6 mm in diameter,
with 4-18 tumors per mouse. No pigmented neoplasias were found in the liver, another frequent
site of uveal melanoma metastasis in humans (Singh et al., 2011). In addition, we found
extensive hyper-pigmentation within the cranium of Rosa26-floxed stop-GNAQQ209L/+; Mitfcre/+ mice (n=28). This was due to melanocytic overgrowth within the leptomeninges, which
invaded the medulla oblongata of the brain (Figure 3.11A, B). In one animal, a darkly
pigmented lesion was also recovered from the brain surface (Figure3.11C). Spinal cord
meninges were heavily pigmented in all animals (Figure 3.12). Finally, I note that Rosa26-floxed
stop-GNAQQ209L/+; Mitf-cre/+ animals weighed less than +/+; Mitf-cre/+ controls (Figure 3.2).
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Rosa26-fs-GNAQQ209L/+;
Mitf-cre/+

Mitf-cre/+

25 mm

100 m

B

Front view

1 cm

Back view

50 m

Figure 3.10 Metastasis in Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice.
A. Lymph nodes from 3 month-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+mice were enlarged and hyperpigmented (top right). H&E stained sections are shown below. B. Multiple pigmented lesions were located in the
lungs of a 3 month-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mouse (red arrowheads) (left). An H&E
stained lung section is shown to the right.
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Figure 3.11 Hyper-pigmentation in the brain of Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice.
A. Hyper-pigmentation was present on the surface of the brain in a 3 month-old Rosa26-floxed stop-GNAQQ209L/+;
Mitf-cre/+mouse, but not in the control (left and middle). A coronal section of a 3 month-old Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+brain revealed invasion the frontal lobe (*) (right bottom) compared to the control (right
top). B. Whole head section and H&E staining revealed thickened and hyper-pigmented leptomeninges in the
Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+brain (middle and right top) as compared to the control (left). There
was invasion of the cerebellum and the medulla oblongata (middle and right bottom) in the Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ brain. In a 3 month-old Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mouse, a large (5
mm) lesion was found on the surface of the brain (right). The location of the lesion is indicated by an indentation
(red arrowhead) visible after the lesion was removed (left). CB, cerebellum; LM, leptomeninges; OF, olfactory bulb;
OFC, orbitalfrontal cortex; MO, medulla oblongata.
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Figure 3.12 Hyperpigmentation of spinal cord meninges in Rosa26-fs-GNAQQ209L/+; Mitf-cre/+ mice.
Spinal cord meninges were heavily pigmented in Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ animals (red
arrowheads). The trunk skin was removed.
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3.6

GNAQQ209L driven impairment of inner ear function induced by Mitf-cre

I noticed that some older Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice failed to startle in
response to loud noises. I sent 5 Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ animals and 5 +/+;
Mitf-cre/+ control littermates to the University of California, Davis’ Mouse Biology Program for
auditory brainstem response (ABR) testing at two time points, P34 and P76. I found that at P76,
there was a significant increase in the threshold needed to produce a brainstem response in
Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice compared to +/+; Mitf-cre/+ mice over a
broad range of frequencies (ABR click test, Figure 3.13A), with individual Rosa26-floxed stopGNAQQ209L/+; Mitf-cre/+ mice being worse in their ability to respond to auditory stimulus with
age (Table 3.2).
Beginning between 1-3 months of age, Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice
developed abnormal behaviors that were suggestive of balance deficiencies. These behaviors
included head tossing, head tilting, and flipping onto the back. This became severe enough by 35 months to require humane endpoint. I preformed histological analysis of the ears at 3 months
and discovered an extensive over-growth of pigmented cells, which filled the spaces in the
cochlea and vestibulary system (Figure 3.13B). These experiments indicated that Mitf-cre drives
Cre expression in the melanocyte-like cells of the inner ear and that unregulated activity of
GNAQ significantly impacts normal inner ear function.

56

Figure 3.13 GNAQQ209L expression induced by Mitf-cre causes deafness in mice.
A. ABR click testing showed no significant difference between Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+
animals and controls at P34 (left), but revealed an increase in the decibel required for sound detection at P76 in the
Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ animals (right) (mean ± SEM; p=0.249 at P34, p=0.044 at P76).
Individual points represent the value for each animal. See Table 3.2 for the ABR results at specific frequencies. B.
Pigmented cells fill the spaces in the cochlea and vestibular structure of the inner ears of 3 month-old Rosa26-floxed
stop-GNAQQ209L/+; Mitf-cre/+ mice, visible in H&E stained sections. Co, cochlea; V, vestibular structure.
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Mitf-cre/+ animals at P34 6kHz (dB)
12kHz (dB) 18kHz (dB) 24kHz (dB) 30kHz (dB)
Animal 1
35
10
20
25
35
Animal 2
35
15
15
20
30
Animal 3
35
15
25
25
45
Animal 4
35
25
20
30
45
Animal 5
65
25
20
35
55
Rosa26-fs-GNAQQ209L/+; 6kHz (dB)
12kHz (dB) 18kHz (dB) 24kHz (dB) 30kHz (dB)
Mitf-cre/+ animals atP34
Animal 6
35
10
10
25
35
Animal 7
45
15
15
25
45
Animal 8
65
25
20
35
55
Animal 9
75
20
25
30
45
Animal 10
NR
65
75
85
NR
Mitf-cre/+ animals at P76 6kHz (dB)
12kHz (dB) 18kHz (dB) 24kHz (dB) 30kHz (dB)
Animal 1
30
15
15
25
40
Animal 2
30
15
20
25
40
Animal 3
30
20
20
35
40
Animal 4
35
15
20
20
40
Animal 5
75
40
30
50
55
Q209L
Rosa26-fs-GNAQ
/+; 6kHz (dB)
12kHz (dB) 18kHz (dB) 24kHz (dB) 30kHz (dB)
Mitf-cre/+ animals at P76
Animal 6
45
15
20
25
35
Animal 7
75
30
40
60
85
Animal 8
75
40
35
40
55
Animal 9
NR
80
85
90
NR
Animal 10
NR
80
80
NR
NR
Table 3.2 Individual results of auditory brainstem response (ABR) testing.
ABR-testing was performed on the same animals in each genotype twice, once at P34 and then again at P76.The
highest sound pressure level (SPL) tested was 90 dB, if the animal still did not respond it was labeled as NR. NR:
Non-responsive.
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3.7

Rosa26-floxed stop-GNAQQ209L expression levels compared to endogenous Gnaq in

melanocytes
To estimate the expression level of Rosa26-floxed stop-GNAQQ209Lcompared to endogenous
Gnaq, I cultured melanocytes from 8.5 day-old mouse tails. I developed primary cultures from
the dermis of 3 different Rosa26-floxed stop-LacZ/Rosa26-floxed stop-GNAQQ209L; Mitf-cre/+
animals. After 2 weeks of primary cell growth, I performed immunofluorescence on the cells
using a LacZ antibody to calculate the percentage of cells expressing GNAQQ209L. I found that
100% of the cells were LacZ-positive, likely through an increased growth advantage in culture
provided by the GNAQQ209L allele (Figure 3.14A) (Van Raamsdonk et al., 2009).
I then performed pyrosequencing on cDNA isolated from the cultured melanocytes using primers
designed to amplify the codon Q209 region from both the transgenic GNAQQ209L and endogenous
Gnaq loci. The T variant present in the GNAQQ209L allele comprised on average 96.8% of the
pyrosequencing signal, which indicated a 31-fold increase in expression compared to the two
endogenous Gnaq alleles together (Figure 3.14B). The caveats to this experiment are that 1)
there could be feedback mechanisms dampening endogenous Gnaq expression that would not
apply to GNAQ expressed from the Rosa26 promoter, and 2) Gna11 plays a redundant role to
Gnaq and was not measured in the experiment (Offermanns et al., 1998). Regardless, overexpression of GNAQ could contribute to oncogenesis in Rosa26-floxed stop-GNAQQ209L mice, in
addition to the effect of the Q209L mutation itself. A more accurate uveal melanoma model
would rely on the endogenous Gnaq promoter, as has been done for BrafV600E (Dhomen et al.,
2009). However, in this study, the original objective was to drive expression of GNAQQ209L in
epidermal melanocytes. To achieve this, GNAQQ209L was expressed from a ubiquitous promoter.
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Figure 3.14 Rosa26-fs-GNAQQ209L is expressed at a higher level as compared to endogenous Gnaq in cultured
melanocytes.
A. Primary melanocyte cell cultures were obtained from 8.5 day-old Rosa26-floxed stop-LacZ/Rosa26-fsGNAQQ209L; Mitf-cre/+ animals. After 2 weeks in culture, 100% of the cells expressed LacZ, indicating a uniform
melanocyte population at the time of RNA extraction. B. Pyrosequencing traces of 3 independent melanocyte
cultures indicated that 97% of the amplicons were derived from the Rosa26-floxed stop-GNAQQ209L allele and 3%
from the endogenous Gnaq alleles.
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3.8

GNAQQ209L driven hyperplasia induced by Tyr-creER in adult mice

To determine whether Rosa26-floxed stop-GNAQQ209Lhas similar effects when induced in
adulthood, I obtained Tyrosinase(Tyr)-creER mice (Bosenberg et al., 2006). In this transgene,
Cre recombinase is fused to the estrogen receptor and requires tamoxifen for the CreER protein
to be transported to the nucleus for activity. Tyr-creER expression initiates in melanoblasts at
around E17.5 of mouse development (Bosenberg et al., 2006). To administer tamoxifen, I treated
8 week old mice with 1 mg tamoxifen by intraperitoneal injection and also dipped the bottom
half of the tail in a solution of 25 mg/mL 4-hydroxytamoxifen for 5 seconds. This treatment was
repeated daily for 5 days. In addition to being absorbed through the skin, topically applied
tamoxifenis also known to be consumed by mice during grooming. The efficiency of Cre
recombination in epidermal melanocytes of the tail using these combined methods was 39% as
determined 7 days following the last dose of tamoxifen (Table 3.3).
3 Rosa26-floxed stop-GNAQQ209L/+; Tyr-creER/+ and 3 +/+; Tyr-creER/+ littermates were
treated with tamoxifen (as described above) at 8 weeks of age. The Rosa26-floxed stopGNAQQ209L/+; Tyr-creER/+ mice exhibited skin darkening and bilateral bulging of the eyes 2
months after tamoxifen treatment (Figure 3.15A). Histological analysis at this time point
revealed thickening of the uveal tract in 100% of tamoxifen treated Rosa26-floxed stopGNAQQ209L/+; Tyr-creER/+ eyes (n=4). A similar phenotype was observed in the eyes of one
Rosa26-floxed stop-GNAQQ209L/+; Tyr-creER/+ animal 6.5 months after tamoxifen treatment
(Figure 3.15C). In contrast, at the two time points, treated +/+; Tyr-creER/+ and untreated
Rosa26-floxed stop-GNAQQ209L/+; Tyr-creER/+ controls were normal (Figure 3.15B, D). The
bulging eye phenotype might be due to dispersed melanin, which, if it accumulates within the
ocular drainage structures, causes elevated intraocular pressure (Anderson et al., 2006).
This experiment showed that the expression of GNAQQ209L beginning in adulthood could
promote melanocytic overgrowth in the eye and skin. However, these mice did not develop uveal
melanoma within the time-frame examined. I also note that in the Rosa26-floxed stopGNAQQ209L/+; Tyr-creER/+ mice, leptomeningeal and inner ear melanocytic overgrowth was
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absent, behavior was normal, and pigmented neoplasias in the lungs were not present (data not
shown).
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Genotype
Dct-LacZ/+
Animal 1
Animal 2
Animal 3
Average
Rosa26-fs-LacZ/+; Tyr-creER/+
Animal 1
Animal 2
Animal 3
Average

Average number of LacZ+ cells per scale

Percentage of efficiency

39.2%

121.3± 6.3
117.2± 6.3
105.0± 4.8
114.5± 6.0
50.4± 4.4
43.3± 4.6
40.9± 3.7
44.8± 3.5

Table 3.3 Efficiency of Tyr-creER using a 5 day tamoxifen treatment at P71.
Dct-LacZ/+ (n=3) and tamoxifen treated Rosa26-fs-LacZ/+; Tyr-creER/+ (n=3) tail skins were stained with X-gal
and the epidermis was split from the dermis. The number of LacZ-positive cells was counted in two rows of
epidermal scales per sample (± SEM).
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Figure 3.15 Melanocytic overgrowth driven by Rosa26-fs-GNAQQ209L induced with Tyr-creER.
A.Rosa26-floxed stop-GNAQQ209L/+; Tyr-creER/+ and +/+; Tyr-creER/+ controls were treated with tamoxifen at 8
weeks of age to activate CreER. At 4 months of age the eyes of Rosa26-floxed stop-GNAQQ209L/+; Tyr-creER/+
exhibited bilateral bulging (red arrowheads) (left). The ear and tail skin was also hyper-pigmented (red arrowheads)
(right). B. Wild-type (+/+), tamoxifen treated Tyr-creER/+, and untreated Rosa26-floxed stop-GNAQQ209L/+; TyrcreER/+ control genotypes exhibited normal skin pigmentation. C. Sections of the eyes showed thickening and
hyper-pigmentation of the uveal tract in the Rosa26-floxed stop-GNAQQ209L/+; Tyr-creER/+ animals. D. 8.5 monthold Rosa26-fs-GNAQQ209L/+; Tyr-creER/+ mouse treated with tamoxifen at 2 months of age exhibited melanocytic
overgrowth in the uveal tract, while the untreated Rosa26-floxed stop-GNAQQ209L/+; Tyr-creER/+ littermate is
normal (H&E).
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3.9

GNAQQ209L effects in Schwann cell precursors

Plp1-creER transgenic mice exhibit an efficiency of Cre excision ~60% in melanoblasts near
nerves when tamoxifen is provided by intraperitoneal injection of the mother at E1l.5
(Adameyko et al., 2009; Leone et al., 2003). This single injection produces only a temporary
activation of creER. Plp1-creER expression is also down-regulated in melanoblasts after they
detach from the nerves (Adameyko et al., 2009). Tamoxifen injection at E11.5 fate maps
Schwann cells and melanocytes that reside in the postnatal dermis, as well as melanocytes in hair
follicles (Adameyko et al., 2009; Deo et al., 2013).
To determine the effect of GNAQQ209L specifically on Schwann cell precursor derived
melanocytes, we crossed Rosa26-floxed stop-GNAQQ209L/+ females to Plp1-creER/+ males in
timed matings and injected 1 mg of tamoxifen into the pregnant females at E11.5. Given that
GNAQQ209Lmight negatively impact Schwann cell function and animal viability, I began by
collecting newborn mice from these crosses; however, even Rosa26-floxed stop-GNAQQ209L/+;
Plp1-creER/+ mice aged to 5 months exhibited normal behavior (n=3). In terms of pigmentation,
the Rosa26-floxed stop-GNAQQ209L/+; Plp1-creER/+ mice were dramatically different compared
to the Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice. First, the majority of the skin of the
Rosa26-floxed stop-GNAQQ209L/+; Plp1-creER/+ mice was pigmented normally. The only
pigmentary phenotype I found was a few small patches of dermal hyper-pigmentation on the
dorsum of the tail, close to the rump, present in all three Rosa26-floxed stop-GNAQQ209L/+; Plp1creER/+ mice at 5 months (Figure 3.16A). The area of skin hyper-pigmentation did not extend
during observation between 3 and 5 months. In addition, there was a heavily pigmented, round
lesion that adhered directly to the spine of one of the three animals (Figure 3.16A). Similar
lesions were never observed in any Rosa26-floxed stop-GNAQQ209L/+; Mitf-cre/+ mice.
To examine what happens immediately after CreER activation in these mice, I crossed Rosa26floxed stop-GNAQQ209L/+ mice to Plp1-creER/+; Dct-LacZ/+ mice in timed matings. I injected 1
mg of tamoxifen into pregnant females at E11.5 and dissected the resulting embryos at E12.5. I
stained the embryos in X-gal overnight and quantified the number of LacZ-positive cells in the
flank regions where Schwann cell precursors gave rise to melanoblasts. I found a 30% decrease
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in the number of LacZ-positive cells in the Rosa26-floxed stop-GNAQQ209L/+; Plp1-creER/+;
Dct-LacZ/+ embryos as compared to +/+; Plp1-creER/+; Dct-LacZ/+ control littermates (p=
0.0005, student T-test) (Figure 3.16B).
I conclude from these experiments that GNAQQ209L expression inhibits Schwann cell precursorderived melanoblast production. GNAQQ209L expression might eliminate Schwann cell precursors
or Schwann cell precursor-derived melanoblasts, or prevent the specification of melanoblasts
from Schwann cell precursors, except at the base of the tail. Since not all Schwann cell
precursors expressed and activated CreER in these mice, compensation for the missing cells
could have been accommodated by the remaining normal cells.
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Figure 3.16 Rosa26-fs-GNAQQ209L expression induced with Plp1-creER inhibits melanoblast production.
A. Plp1-creER was used to induce Rosa26-floxed stop-GNAQQ209L expression in bipotential Schwann cell precursors
following Cre activation with tamoxifen at E11.5. The 3 Rosa26-floxed stop-GNAQQ209L/+; Plp1-creER/+ mice
exhibited patches of hyper-pigmented skin at the base of the tail (example shown at 5 months of age in top left
subpanel). One animal developed a paraspinal lesion (*) on the tail, which was removed at 8 months of age,
revealing hyper-pigmented skin above it (red box) (left bottom). H&E stained sections of the skin (right top) and
lesion (right bottom) are shown. B. There was a significant decrease in the number of LacZ-positive melanoblasts 24
hours after tamoxifen treatment in Rosa26-floxed stop-GNAQQ209L/+; Plp1-creER/+; Dct-LacZ/+ embryos. The
average number of LacZ-positive cells per mm2 in the flank region (yellow box) is shown in the graph (mean ±
SEM), with representative embryos to the right. (** p=0.0061; ***p=0.0005; ANOVA). n=the number of embryos
examined.
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Chapter 4: Discussion
Constitutively active mutations in GNAQ and GNA11 are very rare in epithelium localized
human melanoma and nevi, but are frequently found in dermal nevi and other non-cutaneous
melanoma (Van Raamsdonk et al., 2010). These findings suggest that there are significant
underlying differences among cutaneous and non-cutaneous melanocytes; however this
interpretation is complicated by differential exposure to environmental mutagens, primarily UV
light. Additionally, it is difficult to determine if the absence of a particular oncogenic mutation in
a certain type of melanoma is due to lack of expression of the gene or the result of decreased
downstream signal transduction. In this study, I have minimized these factors by using the
ubiquitous Rosa26 promoter to express GNAQQ209L. This equalizes GNAQQ209L expression levels
among melanocytes and prevents built-in feedback transcription expression mechanisms. With
this, I could more directly compare the downstream effects of GNAQQ209L.

I show that constitutively active GNAQ expression in melanocytes during early development
activated through Mitf-cre/+ mice induced rapid-onset visible skin hyperpigmentation in mice
shortly after birth. In glabrous skin (ears, foot, and tail), hyper-proliferation of melanocytes
caused the dermis to thicken and melanocytes to invade the hypodermal region. During early
development, the tail epidermal melanocytes seemed unaffected by GNAQQ209L expression,
however by 3 months of age, the epidermal scales showed a decrease in pigmentation and
reduced numbers of melanocytes compared to the control. I speculate that as the animal ages,
GNAQQ209L impacts normal cell proliferation, survival, and/or senescence of epidermal interfollicular melanocytes. Further investigation is required to understand why GNAQQ209L had a
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different effect on epidermal melanocytes compared to melanocytes in the hair follicles and
dermis.

In the CNS, GNAQQ209L drove hyper-proliferation of melanocytes in the leptomeninges of the
brain that caused the formation of melanocytic tumors in the cerebellum and medulla. The
expression of GNAQQ209L also induced hyper-proliferation of melanocyte-like cells in the
cochlear and vestibular system of the inner ear, which caused the mice to lose hearing and
balance. The induction of GNAQQ209L expression in melanocytes during adulthood also drove
melanocytic hyperplasia, including skin darkening and bilateral thickening of the uveal tract.

When GNAQQ209L was expressed during early development in biopotential melanocyte-Schwann
cell precursors, there were no obvious effects on postnatal pups. As the animals aged, only small
patches of dermal hyperpigmentation were observed on the base of the tail and in one animal I
found a pigmented lesion attached to the spine. When I dissected embryos at E12.5, one day after
inducing GNAQQ209L expression, I found a significant decrease in the number of LacZ-positive
cells compared to control littermates. This finding showed that GNAQQ209L prevented the
differentiation of melanoblasts from SCPs. I suspect that the melanoblast precursors at the base
of the tail are unique and can produce melanoblasts despite expressing GNAQQ209L. These
melanoblasts respond with hyper-proliferation like other melanoblasts in the dermis.

I found that GNAQQ209L was extremely oncogenic in uveal melanocytes, but was far less so in
dermal melanocytes. Furthermore, GNAQQ209L had completely opposite effects on melanocytes
in the hair follicles versus inter-follicular areas of the epidermis and blocked SCPs from
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differentiating into melanoblasts. I conclude from these observations that the downstream effects
of GNAQQ209Lare unpredictably dependent upon cellular context.

These findings have serious implications for the development of uveal melanoma therapeutics,
which are based upon targeting signaling components downstream of GNAQ and GNA11.
Initially, the MAP kinase pathway was proposed as a therapeutic target, because it was found
that the phosphorylation of extracellular signal-regulated kinase (ERK) was linked to GNAQQ209L
expression in cultured melanocytes (Khalili et al., 2012; Van Raamsdonk et al., 2009; Van
Raamsdonk et al., 2010). However, a small trial of the mitogen-activated protein-kinase kinase
(MEK/MAPKK) inhibitor, trametinib, for GNAQ/11-mutant uveal melanoma patients was not
successful (Falchook et al., 2012). Now PKC, PI3K, mTor, and YAP inhibitors are all in
development, again based solely upon cell culture studies (Ho et al., 2012; Khalili et al., 2012;
Wu et al., 2012; Yu et al., 2014). To extrapolate from my results, it is reasonable to assume that
melanocytes receive no positional cues in culture, so their response to GNAQ and GNA11 may
be different than that of uveal melanocytes in the eye. The search for downstream targets of
GNAQ and GNA11 in uveal melanoma would be more precise if there were methods to maintain
melanocyte positional identity in culture, such as co-culturing melanocytes with keratinocytes or
fibroblasts.

The Rosa26-floxed stop-GNAQQ209L mice is the first mouse mutant to develop uveal melanoma. I
note that the expression of Rosa26-floxed stop-GNAQQ209L induced by Mitf-cre was more potent
than Rosa26-floxed stop-GNAQQ209L induced by Tyr-creER (Alizadeh et al., 2008; Bosenberg et
al., 2006). This might be due to differences in the target population of melanocytes that express
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these two transgenes. The transcription factor, Mitf, is a critical determinant of melanocyte cell
fate and is expressed beginning around E10 (Levy et al., 2006). The expression of the
melanogenic enzyme, Tyrosinase, initiates later during development, around E17 (Beermann et
al., 1992). Therefore, Mitf might be expressed in cells with a higher proliferative potential such
as stem cell populations. Recently, the promoter of another melanogenic enzyme, Dopachrome
tautomerase (Dct), was used to drive transgenic GNAQQ209L expression in a tetracycline
inducible mouse model beginning at 2 weeks of age (Feng et al., 2014). Like our Tyr-creER
induced Rosa26-floxed stop-GNAQQ209L mice; no lesions were reported in these animals.
Pigmentation in these mice could not be assessed because they have the FVB genetic
background, which is albino. When the tumor suppressors, p16 and p19, were also knocked out,
50% of these mice developed lesions on the trunk by 9 months of age, but there were no reported
effects on the eye. Thus, the development of inducible Mitf transgenic lines might be very useful
for refining mouse uveal melanoma models.

In summary, I have developed a mouse model of uveal melanoma and other pigmented
neoplasms driven by GNAQQ209L. The rapid metastasis of melanoma cells to the lungs suggests
that GNAQQ209L mutations may not only initiate uveal melanoma, but also contribute to tumor
progression. Currently, studies on signaling pathways activated downstream of GNAQQ209L are
performed using uveal melanoma cell lines, which lack the positional cues present in vivo. I have
shown that these cues are very important for determining whether GNAQQ209L has a positive or
negative effect on cellular growth/proliferation. The GNAQQ209L mutant mouse can now be used
to determine whether GNAQQ209L activates the MAPK and the Hippo tumor suppressor pathway
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in melanocytes in the uveal tract. Furthermore, the mice could be treated with small molecule
inhibitors to test the role of these pathways in uveal melanoma tumorigenesis.
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