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ABSTRACT OF THE DISSERTATION
TRANSGENIC ENDOTHELIN 3 REGULATES MURINE PIGMENT PRODUCTION
AND COAT COLOR
by
Javier Pino
Florida International University, 2017
Miami, Florida
Professor Lidia Kos, Major Professor
Pigmentation plays a protective role against damage caused by ultraviolet (UV)
irradiation. Humans with fair skin and light hair have a higher susceptibility to UV-
induced DNA damage that can lead to the development of skin cancers. The melanocytes
found in the skin and hair follicles depend on different signaling molecules for their
proper development and pigment production. a-Melanocyte Stimulating Hormone (a-
msh) binds to the Melanocortin 1 receptor (Mclr) to regulate pigment production and the
switch between eumelanin and pheomelanin. Lethal yellow mice (A”) overexpress the
agouti signaling protein, which inhibits the binding of a-msh, resulting in a yellow coat
color phenotype. Endothelin 3 (Edn3) encodes for a ligand involved in melanocyte
development by regulating the differentiation, proliferation and migration of melanocyte
precursors. A tetracycline inducible transgenic mouse in which Edn3 was placed under
the keratin 5 promoter (K5-tTA;TRE-Edn3-lacZ) displays a hyperpigmentation
phenotype due to the accumulation of melanocytes in the skin and an increase in hair
pigment. Comparative analysis of dorsal hairs from A’ and A’; K5-tTA;TRE-Edn3-lacZ

mice using high performance liquid chromatography showed that transgenic Edn3

vii



expression significantly increased both eumelanin and pheomelanin. No significant
difference in the number of follicular melanocytes between Edn3 transgenic and non-
transgenic mice was evidenced by immunofluorescence using an antibody against
Tyrosinase related protein 1. Gene expression analysis of hair follicles showed that Edn3
upregulates the expression of melanogenic genes. Deactivation of transgenic Edn3 is
possible with doxycycline (dox) treatment. To test if transgenic Edn3 expression is
required to rescue and maintain a dark pigmentation phenotype in A’ mice, dox was
administered during embryonic and postnatal development to manipulate transgenic Edn3
expression. Results showed that transgenic Edn3 expression is required to maintain a
dark pigmentation phenotype after birth but is independent of a developmental

ele

requirement. Transgenic Edn3 expression in Mc 11" mice also resulted in a darkened coat
color. Our results indicate that the paracrine expression of Edn3 from keratinocytes is
capable of generating and maintaining a dark coat color by the regulation of melanogenic

genes independent of Mclr signaling. The results of this study may open new approaches

to the treatment of hypopigmentation disorders.
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CHAPTER I
INTRODUCTION



I. INTRODUCTION
1.1 Published Paper Information

A portion of this chapter was reprinted from: Skin Pigmentation: Genetics,
Geographic Variation and Disorders, Volume 1, MC1R. EDNRB, AND KIT
SIGNALING IN PIGMENTATION REGULATION AND RELATED DISORDERS,
pages 57-88, copyright (2013), Javier Pino and Lidia Kos with permission from Nova

Science Publishers, Inc.

1.2 Introduction

Throughout the three domains of life, organisms display a variety of colorations
and patterns because of the pigments they produce. Pigments are found in single celled
organisms, plants, and animals. In some prokaryotes and plants, pigments are used in the
production of nutrients using photosynthesis Colyer et al. (2005), (Grotewold, 2006). In
animals, pigments play a large role in camouflage, and most importantly, confer overall
fitness and survival. Brightly pigmented male house finches are shown to have a greater
reproductive success than males with dull colors (Hill, 1990). Similar observations were
seen with male mandrills that showed higher dominance and hierarchical success in
harems (Setchell et al., 2008). Pigmentation can also be used as warning signals or
camouflage to avoid predation and increase survivorship as shown in poison frogs and
reef-dwelling fish, respectively (Coker et al., 2009, Maan and Cummings, 2012).

Pigment acts as a barrier to provide defense against ultraviolet (UV) radiation that
may be harmful to melanocytes, keratinocytes and other cells found in mammalian skin

(Kaidbey et al., 1979, Kobayashi et al., 1998, Murphy et al., 2001). Although UV



exposure is essential for providing vitamin D for bone health, increased immunity, and
the prevention of cancers and heart disease, there are also various adverse effects
associated with it (Holick, 2004). Recently it was shown that UV radiation negatively
affects the ability of the skin to act as a mechanical barrier by changing its cell cohesion
properties and the mechanical integrity of the skin cells (Biniek et al., 2012). Ultraviolet
exposure increases oxidative stress and mutations in skin cells that can ultimately lead to
cell death and the formation of various skin cancers (Janssen et al., 1993). An increase in
the activity of signaling molecules involved in the normal production of pigment follows
UV radiation resulting in a rise in pigment levels found in the skin, also known as tanning
(Corre et al., 2004, Friedmann and Gilchrest, 1987). These molecules are mostly
secreted by the keratinocytes and include alpha-Melanocyte Stimulating Hormone (a-
MSH), Endothelins (EDNs), KIT ligand (KITL), Hepatocyte Growth Factor, Leukocyte
Inhibiting Factor, Granulocyte-Macrophage Colony-Stimulating Hormone, and basic
Fibroblast Growth Factor (FGF). Other neighboring cells such as fibroblasts, endothelial
cells, inflammatory cells and neurons also secrete factors that contribute to the overall

levels of pigmentation (Hirobe, 2011, Yamaguchi and Hearing, 2009).

1.3 Pigmentation
1.3.1 Pigment Production

In mammals, melanocytes can be divided into two major groups: the cutaneous
melanocytes that are found in the skin and hair, and non-cutaneous melanocytes
associated with other parts of the body such as the inner ear, eye, and valves of the heart

(Aoki et al., 2009, Brito and Kos, 2008, Cable and Steel, 1991). Irrespective of their



location, the major differentiation characteristic of these cells is the production of the
pigment melanin. Melanin is produced and stored in melanocyte-specific organelles,
known as melanosomes. Protein analysis confirmed that melanosomes contain proteins
specific to other organelles such as endoplasmic reticulum, lysosomes, and endosomes
(Basrur et al., 2003). Melanosomes undergo a four-stage maturation process with
gradual accumulation of pigment (Kushimoto et al., 2001, Seiji et al., 1963). The latest
stage melanosomes are transported to the cell membrane via cytoskeletal filaments and
are finally transferred to keratinocytes. Although the transfer is essential for the final
distribution of pigment in the skin the exact mechanism and the factors involved with this
process are still not fully understood (Van Den Bossche et al., 2006). Some hypotheses
have been put forth such as the release of melanosomes into the extracellular space and
their uptake through phagocytosis by the keratinocytes and filopodia mediated
melanosome transfer (Marks and Seabra, 2001, Scott G. et al., 2002). Recent studies
suggest that pigment globules made up of densely packed melanosomes bud out of
various parts of the dendrites and are phagocytized by the keratinocytes (Ando et al.,
2012, Wasmeier et al., 2008).

Melanocytes produce two types of pigment: the black/brown eumelanin and the
yellow/red pheomelanin (d'Ischia et al., 2015, Prota, 1980). The production of melanin
involves the oxidation of tyrosine to DOPA and DOPA into Dopaquinone in the presence
of the enzyme Tyrosinase (TYR) (Burchill et al., 1991). Eumelanin synthesis involves
the activity of the Microphthalmia Transcription Factor (MITF), the tyrosinase related
enzymes Tyrosinase Related Protein 1 (TYRP1) and Dopachrome tautomerase (DCT)

and the melanosome associated protein PMEL17(d'Ischia et al., 2015, Hearing, 2005).



The process of pheomelanin production is independent of the melanocytic genes
expression. Melanocytes that produce higher amounts of pheomelanin present less
dendricity, have lower survival rates and exhibit lower photoprotective properties. The
regulation of all the melanogenic genes and resulting pigment production is dependent on
the signaling pathway activated downstream of the Melanocortin 1 Receptor (MC1R), a
transmembrane G-coupled receptor found on the cell surface of melanocytes (Donatien et
al., 1992).
1.3.2 Pigment Cell Development

Melanocytes are derived from a multipotent population of cells, the neural crest
(NC), which arise from the dorsal aspect of the developing neural tube and the border
with the prospective epidermis (Saldana-Caboverde and Kos, 2010, Thomas and
Erickson, 2008). In the mouse, NC cells migrate from the neural tube between
embryonic day (E) 9 and E9.5 (Thomas and Erickson, 2008). In the trunk of the
mammalian embryo, the first group of cells that leave the neural tube take a ventral
pathway and give rise to neurons and glial cells of the peripheral nervous system, and
some endocrine cells. They are followed by the melanocyte precursors, the melanoblasts,
that take a dorsolateral pathway (Henion and Weston, 1997). These cells start expressing
melanocyte markers as early as E9.5, as observed by the expression of Mitf (Opdecamp et
al., 1997). In mice, melanoblasts enter the ectoderm at E16.5 to populate the epidermis of
the skin and the hair follicles as differentiated melanocytes and start producing melanin
(Serbedzija et al., 1990). A recent study suggests the existence of a second cell lineage
for the population of melanocytes that migrate to the skin (Adameyko et al., 2009).

Instead of taking the dorsolateral pathway, these cells follow the ventral pathway and are



found along the developing nerves. Depending on the presence or absence of neuregulin
signaling they can either become Schwann cells or melanocytes.

During development, various signaling pathways are involved in the specification
and differentiation of melanocytes including those triggered by the ligands Wnt,
Endothelin 3 (EDN3), and Kitl (Baynash et al., 1994, Bondurand et al., 1998, Cooper and
Raible, 2009, Hou et al., 2000, Phung et al., 2011). All the pathways contribute to the
transcriptional activation of MITF, which in turn regulates the expression of most of the
melanogenic genes including TYR, TYRPI, DCT and PMEL17.These same pathways
continue to play a role in the adult regulating pigment production and maintenance of the
pigmentation patterns.

Although the cascade of intracellular events that occur downstream of the
activation of the major signaling pathways that control pigmentation have been well
characterized biochemically and molecularly, how these pathways interact in vivo to
produce the ultimate pigmentation phenotypes has not been fully established. Three
major pathways contribute to establish normal pigmentation in mice and humans and
have been shown to interact genetically. Alterations in these pathways lead to
pathological conditions that include pigmentation manifestations. Activity of MCI1R and
its ligand a-MSH are at the center of the establishment of pigmentation patterns and are
critical in the switch between eumelanin and pheomelanin production. Deactivation of
this pathway, through mutation in the receptor and the presence of Agouti Signaling
Protein (ASIP in humans and ASP in mice), leads to variations in pigmentation. The
Endothelin Receptor B (EDNRB) along with its ligand EDN3 cooperate with the tyrosine

kinase receptor KIT and its ligand KITL to properly specify melanocytes, expand the



population of precursors, and coordinate their migration to the skin. Deactivation of the
EDNRB pathway is responsible for human Waardenburg-Shah syndrome and the piebald
phenotype in mice (Saldana-Caboverde and Kos, 2010) while human piebaldism results

from mutations in KIT (Giebel and Spritz, 1991).

1.4 Melanocortin 1 Receptor
1.4.1 The melanocortin 1 receptor pathway

Melanocortin receptors are g-coupled protein receptors involved in various
processes in mammalian body systems including inflammatory response, steroid
secretion, nervous system function, exocrine function and the production of pigments
(Gantz and Fong, 2003). The MCIR plays an essential role in pigment production on the
cell membrane of skin and hair follicle melanocytes (Donatien et al., 1992).

The agonist ligands for MC1R are a-MSH and Adrenocorticotropic hormone
(ACTH) one of the many melanocortins derived from the proopiomelanocortin (POMC)
precursor (Abdel-Malek et al., 1995, Le Pape et al., 2008). The POMC RNA is found in
both melanocytes and keratinocytes at low levels and cultured keratinocytes are able to
produce a-MSH in vitro (Farooqui et al., 1993, Schauer et al., 1994). The a-MSH has a
high binding affinity to MC1R and, when bound, leads to the synthesis of eumelanin
(Aberdam et al., 1998). The binding of the ligand to the receptor activates cyclic
adenosine monophosphate (cAMP) which binds to the regulator subunit of protein kinase
A (PKA) allowing for the initiation of catalytic activity (Bertolotto et al., 1998). Next,
PKA enters the nucleus activating the cAMP response element binding protein (CREB)

leading to the production of MITF (Figure 1.1). The MITF is considered a master



regulator in melanocytes and is essential for the production of 7YR and most other genes
required for pigment production (Fuller et al., 1987, Halaban et al., 1984, Price et al.,
1998, Yasumoto et al., 1994).

Melanocortin receptors are known to have two antagonist ligands, namely ASP
and Agouti-related protein (AgRP). The AgRP is not involved in pigment production and
only binds to MC3R and MC4R (Ollmann et al., 1997). Binding of ASIP to MCIR in
melanocytes causes a shift in melanin production from eumelanin to pheomelanin (Le
Pape et al., 2008). The ASIP competitively inhibits a-MSH from binding to MC1R by
using the cysteine-rich carboxyl terminus to bind to the receptor, deactivating the
signaling pathway (Lu et al., 1994, Willard et al., 1995). Binding of ASIP results in a
decrease in cAMP and TYR activity, which are required at lower levels in the production
of pheomelanin (Burchill et al., 1986).

In vitro studies in which ASIP was applied to melanocytes did not result in
cultures solely producing pheomelanin suggesting that other molecules that are present in
vivo may also be involved in pigment type switching (Abdel-Malek et al., 2001, Le Pape
et al., 2008). These findings are further corroborated by studies carried out with mouse
mutants. Attractin, a type 1 transmembrane protein encoded by Mahogany, expresses low
affinity for ASP binding but is essential for ASP to bind to Mclr (Gunn et al., 1999, He
et al., 2001). Mice lacking attractin protein are not able to produce pheomelanin and only
express eumelanin even in the presence of ASP (Gunn et al., 2001, He et al., 2003). A
mutant that also produces eumelanin in the presence of ASP has been identified in the
Mahoganoid gene (He et al., 2003). Mahoganoid encodes for an intracellular E3

ubiquitin ligase known as Mahogunin ring finger-1, but its exact function is not yet



known. Another ligand, B-defensin, was recently discovered and characterized in dogs
and transgenic mice (Candille et al., 2007). Interestingly, B-defensin was shown to have
high affinity to Mclr producing a dark pigmentation phenotype and the production of

eumelanin in dogs.

1.4.2 MCIR in Pigmentation

Tyrosinase activity is the rate-limiting component in pigment production and its
activation is mostly dependent on the MCI1R signaling pathway. Tyrosinase oxidizes
tyrosine into DOPA and later into the melanin precursor, Dopaquinone (Foster, 1950,
Furumura et al., 1996, Korner and Pawelek, 1982, Raper, 1927). Once Dopaquinone is
oxidized, the production of pigment is specified: if cysteine is present pheomelanin is
synthesized and in its absence Dopaquinone is transformed into leucodopachome and
later dopachrome.

In the presence of cysteine or other sulthydryl compounds, the thiol adducts of
dopa, 5-S-cysteinyldopa and 2-S-cysteinyldopa, will be produced (d'Ischia et al., 2015,
Riley, 2003). This is followed by a series of oxidation reactions resulting in
cysteinyldopa-quinone production. After the chain of oxidation reactions,
1,4benzothaizine intermediates are formed. Further oxidation will ultimately result in
pheomelanin (Hearing, 2011, Land et al., 2003).

During the oxidation cascade following dopachrome in the production of
eumelanin, the melanogenic genes TYRPI, DCT and PMEL17 are activated (Kuzumaki et
al., 1993). Tyrpl and Dct are found in the melanosome and are mapped to the mouse

brown and slaty loci, respectively (Jackson, 1988, Jackson et al., 1992). Mutations in the



brown and slaty loci affect eumelanin production and cause changes in the pigmentation
phenotype resulting in lighter coat colors (Costin et al., 2005, Guyonneau et al., 2004,
Jackson et al., 1992). The TYRPI is necessary for the production of black over brown
pigment (Bennett et al., 1990). Additionally, DCT oxidizes Dopachrome into 5,6-
dihydroxyindole-2-carboxylic acid (DHICA), preventing the conversion of Dopachrome
into 5,6-dihydoxindole (DHI). Then TYRP1 oxidizes DHICA (Tsukamoto et al., 1992).
The PMEL17 is found in the matrix of the melanosome and is encoded by the Silver
locus (Zhou et al., 1994). Mutations in Silver lead to a progressive greying of coat color

in mice due to melanocyte loss of function (Theos et al., 2005).

1.4.3 Disruption of the MCIR Pathway in Mice and Humans

A functional MCIR signaling pathway results in the production of eumelanin,
while an interrupted pathway leads to the production of pheomelanin. The chang in
pigment production is the consequence of the agouti (a) and extension (e) loci. Point
mutations in either locus cause variations of yellow coat color in mice (Dickies, 1962,
Robbins et al., 1993). Mutations in the e locus result in lack of function of Mc1R because
of an early termination of the fourth transmembrane domain that prevents the coupling of
the G-proteins to the receptor (Hauschka et al., 1968, Robbins et al., 1993). Recessive
vellow mice have mutations in the e locus and display a yellow coat color (Figure 1.2 B).

Lethal yellow mice (4”) carry a mutation at the agouti locus resulting in the over
production of ASP. The mutation consists of a deletion that removes the entire Raly gene
except for its promoter and noncoding first exon. The Raly gene maps close to the 3* end

of the agouti gene and lies in the same transcriptional orientation (Bultman et al., 1992,

10



Miller et al., 1993). In 4” mice, the coding region of the agouti gene ends up being under
the control of the ubiquitous Raly promoter. Heterozygous A" mice (Figure 1.2 B) display
a longer body size, resistance to insulin, obesity and a yellow coat color as a consequence
of ASP overexpression (Klebig et al., 1995). Homozygous 4” mice are embryonic lethal
because of the absence of Raly product (Michaud et al., 1993, Miller et al., 1993).

Application of a-MSH to Mc1r** mice does not rescue eumelanin production,
while it does in 4” heterozygous mutants confirming that Mc /7 mice have mutations in
the Mc1R receptor, while 4” mutants do not. Upon exposure to cAMP, both types of
mutants respond by producing eumelanin indicating that these mutations are at the level
of the receptor and/or ligand and not in downstream factors (Tamate and Takeuchi,
1984). a locus mutants have lighter coat color than those with mutations in the e locus
(Ollmann et al., 1998). The variation in coat color shows that ASP acts more than a
simple antagonist to Mc1r signaling. It can also be considered as an agonist for Mc1R by
causing the extreme opposite effect of the binding of a-MSH.

Mechanisms regulating pigmentation in humans work very similarly to those
found in mice. Melanocytes found in the hair follicles and epidermis of humans also
synthesize both types of pigments and give the visible pigmentation variations (Hunt et
al., 1995). The gene that encodes for MCIR in humans is highly polymorphic with
various mutations in comparison to that found in the mouse (Garcia-Borron et al., 2005,
Wong and Rees, 2005). Many of these mutations result in a loss of function receptor that
can no longer bind a-MSH (Pino and Kos, 2013). These mutations result in the loss of
eumelanin production and the production of red hair (Box et al., 1997, Flanagan et al.,

2000). Humans with homozygous and heterozygous alleles for MCIR display paler skin
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and have increased risk of acquiring skin cancers (Bastiaens et al., 2001, Kennedy et al.,
2001). The null phenotype for MC1R has been found to be red hair (Beaumont et al.,
2008). Specific alleles of ASIP have been associated with pigmentation characteristics
such as dark hair (Kanetsky et al., 2002), basal cell carcinoma risk (Nan et al., 2009) and
those generally affected by variants in MC1 including skin sensitivity to sun, freckling

and red hair (Sulem et al., 2008).

1.5 Endothelin Receptor B
1.5.1 The Endothelin Receptor B Pathway

Signaling downstream of EDN is triggered by the binding of any of the three
ligands, EDN1, EDN2 or EDN3 to the two major receptors, EDNRA or EDNRB. The
process of ligand production starts with the cleavage of prepolypeptide precursors by
prohormone processing hormones to produce big EDNs. Big EDNs display low activity
and are cleaved into smaller, active EDNs by Endothelin Converting Enzyme-1 (Emoto
and Yanagisawa, 1995, Manaka et al., 2001, Xu et al., 1994). Final EDN products are
made up of 21 amino acid residues that result from the proteolytic cleavages between
Trp-21 and Val/lle-22. The ligand EDN1 was the first described and the best functionally
characterized. It was originally shown to be a potent vasoconstrictor and to be involved in
hypertension, congestive heart failure, and ovarian cancer (Yanagisawa et al., 1988a,
Yanagisawa et al., 1988b). Both EDNRA and EDNRB are seven-transmembrane G-
coupled protein receptors. Both receptors display different binding affinities to the
EDNs. EDNRA has higher affinity to EDN1 than EDN2 and EDN3, with EDN3 being

the lowest presenting about 100 times lower affinity than EDN1 (Hosoda et al., 1991, Lin
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et al.,, 1991). EDNRB shows the same affinity for all three EDNs, although EDN3 is the
one most readily available to the receptor (Ogawa et al., 1991).

In melanocytes, upon binding of EDN1 or EDN3 to EDNRB, two possible
signaling transduction pathways may be elicited (Figure 1.1). Activation of cCAMP may
occur following the activation of PKC (PKC), which acts along with RAF activating the
Mitogen Activated Protein Kinase (MAPK) signaling pathway (Imokawa et al., 1997,
Imokawa et al., 1996, Sato-Jin et al., 2008). Next, MAPK phosphorylates MITF, and
subsequent activation of a variety of melanocytic and melanogenic genes, including
EDNRB itself (Sato-Jin et al., 2008). Activation of cAMP may occur following the
activation of PKA, as seen in MC1R signaling, leading to the activation of CREB and the

transcription of MITF (Sato-Jin et al., 2008).

1.5.2 EDNRB in Melanocyte Development and Pigmentation

The EDNRB signaling plays various roles in the development of melanocytes
from NC cells. It is not responsible for the initial commitment of NC cells to the
melanocytic fate but participates in most cellular processes after the initial commitment
step such as survival, migration, proliferation and final differentiation (Saldana-
Caboverde and Kos, 2010). Expression of EDNRB occurs in the neural tube and in most
NC derivatives as they migrate to their final destinations, including the melanoblasts. In
vitro, EDN3 markedly increases the proliferation of pluripotent NC cells, stimulates the
production of large numbers of melanocyte precursors and eventually leads to their
differentiation as pigmented cells (Opdecamp et al., 1998, Reid et al., 1996). In

spontaneous Ednrb homozygous null mouse mutants (piebald lethal, Ednrb*"") as well as
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in mice in which the LacZ gene was inserted downstream of the endogenous Ednrb
promoter by homologous recombination there is a drastic reduction in the number of
melanocyte precursors by E12.5 (Lee et al., 2003, Pavan and Tilghman, 1994). A study
in which Ednrb was expressed at different stages of embryogenesis under the control of
the tetracycline inducible system showed that its expression is critical between E10.5 and
E12.5 for the generation of a normal coat color (Shin et al., 1999). The over-expression
of Edn3 during this same embryonic period is also required for the skin
hyperpigmentation phenotype obtained in an inducible transgenic mouse (Garcia et al.,
2008).

While activation of EDNRB signaling by EDN3 is critical during melanocyte
development, adult skin or UV-induced melanogenesis seems to be mostly maintained or
induced by the release of EDNI from keratinocytes (Imokawa et al., 1997, Imokawa et
al., 1995, Imokawa et al., 1996). This is further supported by the findings that EDN1 is
down regulated in the hypopigmented skin of the palms and soles and upregulated in the

hyperpigmented skin of lentigo senilis (Hasegawa et al., 2008, Kadono et al., 2001).

1.5.3 Disruption of the EDNRB Pathway in Mice and Humans

Mice with mutations in the Edn3/Ednrb signaling pathway have
hypopigmentation defects. The Ednrb” mutants do not produce Ednrb and, as
homozygous, display a white coat color with pigmented spots on the head or rear
(Hosoda et al., 1994) (Figure 1.2 C). Additionally, these mice lack the enteric ganglia of
the distal colon and develop mega colon causing premature death. The spontaneous

lethal spotting (Edn3") mice, do not produce Edn3 and present with partial loss of
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pigmentation, possibly because of compensation from Ednl(Lane, 1966). Humans
carrying mutations in EDNRB or EDN3 present with Waardenburg Syndrome type IV
also known as Waardenburg-Shah syndrome (133, 134,135). Patients show dystopia
canthorum, patchy hypopigmented areas generally in the hair, forehead and chest, and
light eyes. (Jabeen et al., 2012). Patients may also have hearing defects, due the lack of
melanocytes in the stria vascularis of the inner ear. Most patients also have Hirschsprung
disease as a result of the lack of proper innervation of the distal portion of the colon
(Pingault et al., 2010). Both heterozygous and homozygous mutants of either EDNRB or
EDN3 alleles have been shown to display Waardenburg-Shah syndrome (Attie et al.,
1995, Edery et al., 1996). Homozygous mutants have more distinct phenotypes while
heterozygous still display some signs of disease, resulting in “not fully recessive-not fully
dominant” mutations as described by Jabeen et al. (Jabeen et al., 2012). Missense
mutations of EDNRB have also been described in patients with Waardenburg-Shah
syndrome, mutations are seen throughout various encoding regions for different

components of the receptor (Abe et al., 2000, Puffenberger et al., 1994)

1.6 Kit Receptor
1.6.1 The Kit Receptor Pathway

Kit signaling is involved in the differentiation, proliferation and survival of a wide
variety of cell types during development. These cell types include mast cells, germ cells,
interstitial cells and melanocytes (Hou et al., 2000, Kasamatsu et al., 2008, Okayama and
Kawakami, 2006, Vincent et al., 1998). Signaling downstream of KIT has also been

shown to be associated with the formation of various cancers. KIT is a type III receptor in
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the protein-tyrosine kinase receptor family, which is made up of IX types of receptors
(Yarden et al., 1987). It is made up of three components: the extracellular domain made
up of five immunoglobulin-like (Ig-like) motifs, the transmembrane portion, and the
intracellular domain that contains an ATP and a phosphotransferase region (Qiu et al.,
1988, Yarden et al., 1987). The initiation of KIT signaling occurs by the interaction of
KITL, also known as Stem Cell Factor, Mast Cell Growth Factor, and Steel Factor with
the first Ig-like motif on the extracellular domain of the receptor (Blechman et al., 1993,
Copeland et al., 1990, Huang et al., 1990, Lev et al., 1993). KITL is biologically active
during development in two isoforms, membrane-anchored and soluble (Anderson et al.,
1990, Martin et al., 1990). The cleavage of the mature, membrane-anchored isoform of
the post-translated sequence at Alal64 results in the soluble isoform of KITL (Lu et al.,
1991). Soluble KITL activates KIT quicker but leads to a faster degradation of the
receptor in comparison to the membrane-bound isoform (Miyazawa et al., 1995). Since
the membrane-bound isoform maintains signal transduction for a longer period of time,
the production of downstream signaling molecules, such as MAPK, occurs more
commonly (Hemesath et al., 1998, Kapur et al., 2002).

Binding of KITL to the receptor causes a dimerization and activation of the
receptor’s tyrosine kinase activity. Autophosphorylation of the receptor allows for
signaling proteins containing a Src homology 2 (SH2) domain to bind to the tyrosine
residues located on the intracellular domain of the receptor (Ronnstrand, 2004). These
proteins lead to the recruitment of RAS, RAF and subsequent activation of the MAPK
pathway ultimately leading to the phosphorylation of MITF at Ser73 (Hemesath et al.,

1998) (Figure 1.1).
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1.6.2 Kit Signaling in Melanocyte Development and Pigmentation

During development, KIT signaling is required for the proper migration,
proliferation, differentiation and survival of melanocytes and their precursors (Keshet et
al., 1991). Expression of Kit occurs at all developmental stages and into adulthood. In situ
hybridization studies in mouse embryos showed the expression of Kif in melanoblasts
migrating along the dorsolateral pathway (Guo et al., 1997, Wehrle-Haller et al., 2001).
One study had identified a small population of Kit positive cells on the most dorsomedial
aspect of the neural tube that subsequently migrate exclusively into the developing
dermis and express melanocyte differentiation markers. The presence of these cells
indicates that some NC cells are already committed to the melanocytic fate prior to
emigration from the neural tube (Wilson et al., 2004).

KIT signaling plays a role in the migration of melanocyte precursor cells into the
dermis, epidermis and hair follicle during mid to late development (Nishikawa et al.,
1991, Wehrle-Haller et al., 2001, Yoshida et al., 1996). Transgenic mice that overexpress
Kitl in the keratinocytes had increased numbers of melanocytes in the epidermis and
displayed hyperpigmentation sites on the footpads and oral epithelium, which do not
normally display pigmentation (Kunisada et al., 1998). The administration of functional
Kit antibodies during development and postnatally resulted in apoptosis of melanocytes
in vivo (Ito et al., 1999).

Not many studies have directly addressed the role of KIT in skin and hair
pigmentation but its direct link to MITF regulation would implicate it as an important

contributor. The analysis of mouse follicular skin showed an increase in membrane-
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bound Kitl and the application of Kit functional antibody caused reversible hair
depigmentation in mouse hairs and human hair organ culture supporting a role for kit
signaling in the maintenance of hair follicle pigmentation (Hachiya et al., 2009). As for
EDN1, the expressions of KITL and KIT were found to be down regulated in areas of
hypopigmented skin in humans such as the palms and soles further suggesting the
importance of this pathway in the maintenance of skin pigmentation (Hasegawa et al.,
2008). In the pathological condition of dermatofibroma where the overlying skin is
hyperpigmented, KITL along with hepatocyte growth factor were found to be over-
expressed in the underlying dermis further suggesting the involvement of KITL in
pigment production the human skin (Shishido et al., 2001). Exposure to UV leads to
enhanced KITL secretion and the consequent increase in pigment production in human
melanocytes in vitro and the skin of guinea pigs in vivo (Hachiya et al., 2001).
Application of KIT inhibitory antibodies to guinea pig skin prevented the production of

pigment.

1.6.3 Disruption of the Kit Pathway in Mice and Humans

The Dominant White Spotting (W) and Steel (SI) loci encode for Kit and Kit/ in
mice, respectively (Bennett et al., 1998, Huang et al., 1990). There are several alleles that
arose spontaneously and are mostly semidominant. Heterozygous mutants have spotting
in the trunk area of the coat, while homozygous mice are generally lethal, but those that
survive are completely white with black eyes (Figure 1.2 D). These mutants are also
anemic and sterile as a consequence of accompanying defects in the red blood cell and

germ cell lineages (Brannan et al., 1991). The Dickie mouse mutant has a 4-kb deletion of
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the sequence encoding for Kit/ resulting in a translated protein that only has the
extracellular domain of the ligand and blocks the existence of the membrane-bound form
(Flanagan et al., 1991). Heterozygous have spotted coats but are fertile while
homozygous are completely white and die perinatally.

In humans KIT mutations cause piebaldism (Wasag et al., 2012). Piebaldism is a
rare, autosomal dominant disorder that result in the loss of melanocytes in midline areas,
resulting in a loss of pigmentation (Spritz, 1997). Areas affected include the medial
portion of the forehead, eyebrows, chin, chest, abdomen and the extremities. Some
patients with piebaldism also present with deafness because of the lack of melanocytes in
the inner ear where they are required for the maintenance of the endochoclear potential
(Steel and Barkway, 1989). Most piebald patients carry heterozygous mutations in KIT
(158). The site of the mutation in the K/7 gene is often associated with the severity of the
clinical phenotype. Mild forms of piebaldism have been shown to result from mutations
in the extracellular ligand-binding domain while the most severe ones are caused by
dominant negative missense mutations in the tyrosine-kinase domain.

Recently, studies have shown that gain of function mutations in the gene encoding
KITL result in familial progressive hyperpigmentation and hypopigmentation (FPHH)
(Amyere et al., 2011, Wang et al., 2009). The pigmentation disorder FPHH is
characterized as hyperpigmentation of melanophages and keratinocytes in the dermis at
an early age that becomes progressively darker and larger as aging occurs (Zanardo et al.,
2004). Furthermore, FPHH is associated with lentiginosis, hypopigmentation and café-
au-lait macules. The hypopigmented macules display limited pigmentation in the basal

epidermis with few to no melanophages in the upper dermis.
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1.7 Interactions Among Signaling Pathways

The various signaling pathways that regulate pigment production in melanocytes
act synergistically in many instances and for the most part, converge on the activation of
the transcription factor MITF which in turn is responsible for activation of all the
melanogenic genes (Hou and Pavan, 2008) (Figure 1.1). Although MITF is required for
the activation of melanogenic genes, this does not mean that pigment production relies
exclusively on MITF. Other transcription factors such as PAX3 and SOX10 directly
regulate the expression of TYR and its related genes (Jiao et al., 2004, Ludwig et al.,
2004, Murisier and Beermann, 2006, Potterf et al., 2001). It is also likely that some of the
signaling pathways controlling pigmentation have effects on the melanogenic genes such
as post-transcriptional and post-translational modifications that are independent of MITF
(Newton et al., 2007). For example, the enzyme diacylglycerol kinase, which
phosphorylates diacylglycerol and may act downstream of different hormones and growth
factors, seem to have a melanogenic effect by modulating the posttranslational processing
of TYR (Kawaguchi et al., 2012).

When specific ligands or receptors are mutated and become dysfunctional, overt
effects on skin and/or hair pigmentation are observed underscoring the significant
contribution of each individual pathway. Some of these effects can be compensated by
the over-activation of a different pathway demonstrating the utilization of common
downstream intracellular targets for the generation of a normal pigmentation phenotype.
The EDNs and KITL pathways act synergistically on melanocyte proliferation and skin

pigmentation. Treatment of cultured human melanocytes with EDN1 and KITL caused
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enhanced activity of RAF-1, MEK and MAPK (Imokawa et al., 2000). The addition of
KITL and EDN1 to human skin xenografts on Severe Combined Immunodeficiency
(SCID) mice led to a significant increase in melanin content and 7YR gene expression
when compared to treatment with each factor alone (Sriwiriyanont et al., 2006). The cross
talk appears to occur at least partially at the KIT receptor level with its phosphorylation
resulting from EDN1 binding to EDNRB (Imokawa et al., 2000). Another possible point
of convergence is the activation of RAF by PKC that occurs after the stimulation of
melanocytes with EDN1 (Nakajima et al., 2011) and subsequent MITF phosphorylation.
The interaction between pathways is further supported by experiments carried out with
neural crest explant cultures (Hou et al., 2004). Murine NC cells lacking Ednrb are not
capable of producing Tyr positive melanocytes. The addition of Kitl to these Ednrb
deficient cells can, however, rescue their capacity to produce Tyr. In vivo, the over-
expression of Edn3 or G-proteins associated with Ednrb could partially rescue the
complete absence of dermal skin melanocytes and pigmentation observed in mice with
Kit mutations (Aoki et al., 2005, Garcia et al., 2008, Van Raamsdonk et al., 2004). The
coat, however, remained devoid of melanocytes and pigmentation demonstrating that
Edn3 is not capable of promoting the entry of melanocytes in the epidermis and hair
follicles.

The activation of cAMP downstream of MCIR and EDNRB is essential for
transcriptional regulation of MITF mediated by CREB and pigment production
(Bertolotto et al., 1998, Sato-Jin et al., 2008). The convergence between pathways may
explain why the over-activation of Edn3 signaling can compensate, at least partially, for

the lack of Mclr signaling in 4” mice (Garcia et al., 2008, Kaelin et al., 2012). Since in 4”
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mice Mclr is not defective and the excessive amounts of ASP block the activation of the
downstream events, over-expression of Edn3 could lead to increased expression of Mclr
and make more receptors available at the membrane for a-msh binding (Scott M. C. et al.,
2002). The partial rescue could also be explained by the phosphorylation of Mitf that
occurs downstream of Ednrb via the activation of the MEK/ERK pathway (Sato-Jin et al.,
2008). The involvement of the latter pathway exclusively does not seem to be sufficient
for eumelanin production given that mice deficient in Mclr signaling crossed to
transgenic mice that over-express Kit/ do not present with darkened skin (D'Orazio et al.,
2006). However, over-activation of downstream components of the KIT pathway such as
RAS and RAF do cause hyperpigmented skin in mice (Dhomen et al., 2009, Milagre et
al., 2010, Powell et al., 1995) and café-au-lait spots or macules in patients with
Rasopathy syndromes such as Noonan, Legius, Leopard and Neurofibromatosis type 1
(Martinez-Quintana and Rodriguez-Gonzalez, 2012, Tartaglia et al., 2011). It is unclear
whether hair pigmentation is also affected in the transgenic mice and human patients with
altered RAS and RAF activity. It has been proposed that particular subgroups of
melanocytes respond differently to signaling molecules (Aoki et al., 2009, Van
Raamsdonk et al., 2009) and this maybe another example where the production of
eumelanin in hair melanocytes requires higher levels of activation of the cAMP pathway
than what is necessary in skin melanocytes.

Furthermore, MCIR interacts with downstream targets of the Wnt signaling
pathway by the elevation of cAMP levels. In human melanocytes, it induced the
phosphorylation of B-catenin, the stabilization of B -catenin protein, and the attenuation

of GSK3, further stimulating the activity of B -catenin in the nucleus where it binds to the
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MITF promoter (Bellei et al., 2011). B-catenin has also been shown to be a part of
pigment type switching regulation by acting upstream of Mc1r (Enshell-Seijffers et al.,
2010). In the dermal papilla B-catenin suppresses ASP expression and activates Corin, a
negative regulator of ASP. A loss of function of B-catenin in the dermal papilla leads to a
yellow coat color and its gain of function results in a darkened coat phenotype. In mouse
melanocytes, another consequence of the elevation of cAMP levels that occur upon the
binding of a-Msh to Mclr is the activation of the MAPK pathway. In human melanocytes
and melanoma cells, the MAPK pathway is activated downstream of MC1R
independently of changes in cAMP via Src tyrosine kinase-mediate transactivation of
KIT (Herraiz et al., 2011). These and other still to be uncovered functional links among
the different signaling pathways demonstrate that the production of hair and skin
pigmentation is a complex process. Nevertheless, the establishment of a complete picture
of the many functional links involved will facilitate the development of optimal strategies

for correcting and ameliorating conditions of hypo- and hyperpigmentation.

1.8 Hair Follicle
1.8.1 Hair Follicle Development and Morphology

During development, the embryonic skin and hair follicles are formed by interactions
between various cell types including melanocytes, keratinocytes, Schwann cells, and
fibroblasts (Sennett et al., 2015). Once the skin is formed, a series of signaling pathways
are activated creating a crosstalk between the epidermis and dermis to form hair follicles.
Hair follicle development begins in the mouse at embryonic day (E) 13.5 with the

cessation of Bone Morphogenic Protein (Bmp) signaling and the secretion of Wnt from
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the epidermal cells activating Wnt signaling in the dermis (Chen et al., 2012, Huh et al.,
2013, Zhang et al., 2009). Simultaneously, dermal cells secrete Ectodysplasin A (Eda)
and Fibroblast growth factor 20 (Fgf20) which will activate Eda receptors in the
epidermis (Chen et al., 2012, Huh et al., 2013, Zhang et al., 2009). These interactions
result in the thickening of the epidermis to produce a placode and the dermal condensate,
known as the hair germ, in the dermis. Fate mapping studies have linked the placode to
the adult epithelial cells that make up the hair follicle, including hair follicle stem cells
(HFSMs) and the dermal condensate to the cells that make up the dermal papilla (DP)
(Grisanti et al., 2013, Levy et al., 2005). Further signaling between the placode and
dermal condensate, including Sonic hedgehog (Shh), orchestrates the downward growth
of the hair follicle by the differentiation of neighboring cells to give rise to structures that
make up the hair follicle such as the inner root sheath, outer root sheath and hair matrix
(Chiang et al., 1999, Duverger and Morasso, 2014). Melanoblasts populating the outer
root sheath and bulge are Kif negative, while Kit positive melanocytes are expressed close
to the DP (Peters et al., 2002).

After birth, mouse hair follicles produce four distinct hair types that are
predetermined during development depending on the wave of hair placode formation.
These four hair types include guard, awl, auchene and zigzag hairs. Zigzag hairs make up
about 70% of hairs in the coat, awl constitute about 30%, and guard and auchene hairs
make up less than 1% of the coat (Duverger and Morasso, 2014).

Developed hair follicles consist of permanent and cycling portions (Figure 1.3). The
permanent portion of the hair follicle is the uppermost aspect of the hair follicle including

the subbulge and bulge, Isthmus, and the insertions of the arrector pili muscle and
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sebaceous glands (Myung and Ito, 2012, Slominski et al., 2005). The immune privileged
bulge and subbulge areas that are located on the basal aspect of the lower permanent
portion (LPP) of the hair follicle and provide a stem cell niche for populations of stem
cell that are critical for hair growth and regeneration (Nishimura, 2011). These stem cells
include melanocytic stem cells (MSCs) that give rise to the melanocytes involved in
melanin synthesis and the HFSCs, the keratinocyte stem cells. Together, these cells will
reconstitute the hair follicle and produce the hair shaft. The lower, cycled, aspect of the
hair follicle consists of the DP, hair bulb, and hair matrix. The hair bulb is the location in
which differentiated melanocytes produce pigment that is transferred to keratinocytes to

be incorporated in the hair shaft (Greco et al., 2009).

1.8.2 Hair Cycle

The fully developed hair follicle undergoes a cyclic regeneration process
consisting of a growth phase known as anagen, catagen the regression phase and the
resting phase, telogen (Figure 1.4) (Stenn and Paus, 2001). During anagen, keratinocytes
will form the cycling portion of the hair follicle and hair shaft, while melanocytes will
produce the pigment for the growing hair. Catagen takes place once the hair shaft is
grown and consists of programmed apoptosis leading to the regression of the cycling
portion of the hair follicle. During telogen, there is quiescence where no activity occurs;
in late telogen the hair shaft is shed.

A more detailed description of the various phases of the murine hair cycle was
established using C57/B16 mice by Muller-Rover et al. (Muller-Rover et al., 2001). They

proposed the following phases: telogen, anagen I-VI and catagen I-VIII (Muller-Rover et
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al., 2001). The increasing length of the hair follicle corresponds to the stages of anagen
while decreasing length corresponds to catagen and all stages include changes in hair
follicle morphology. During telogen the DP is compact and bell-shaped connected to the
secondary hair germ and no inner root sheath (IRS) is present. By The end of telogen, the
previous hair shaft is shed and the new club hair remains (Stenn and Paus, 2001).

During anagen I, the hair follicle is encased by the dermis, as it is in late telogen,
but there is a thickening of keratinocytes and increased distance between the DP and the
club hair (Muller-Rover et al., 2001). Anagen II follows with an enlargement of the DP
and an increased keratinocyte numbers make up the developing hair bulb. Anagen III is
the longest stage of the hair cycle and is divided into three subgroups. Anagen III begins
when the hair bulb surrounds the DP and extends to the border of the dermis. Anagen Illa
is marked by the appearance of melanin and the beginning of the IRS. During anagen
I1Ib, the hair shaft begins to form and is surrounded by the inner root sheath. In the final
stage of anagen III, the IRS and the hair shaft are just below the sebaceous gland. Once
the hair shaft and IRS have passed the sebaceous gland and entered the hair canal the hair
has reached anagen IV. When the hair shaft has reached the epidermis it is considered to
be in anagen V and when it passes the surface of the skin it enters anagen VI.

Shortly after anagen VI, keratinocytes in the bulb begin to undergo apoptosis
beginning catagen 1. During catagen II and III, the bulb and DP decrease in size
accompanied by a drastic reduction of melanin granules. During catagen IV shortening of
the hair follicle occurs along with a thinning of the skin and only the distal portion of the
hair follicle is pigmented. During catagen V the hair follicle length is reduced as it begins

to separate from the DP producing the club hair and the secondary germ capsule which
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houses the club hair is made up of the ORS. The secondary germ capsule housing the
club hair continues to move distally and the IRS continues to disappear as cells undergo
apoptosis during catagen VI. The upward movement of the DP characterizes catagen VII.
Lastly, catagen VIII occurs when the club hair and the secondary hair germ are in the
dermis and the DP is at the border of the dermis (Muller-Rover et al., 2001).

Depilation of mouse hairs remove the club hair and eliminates the subbulge and
cycling portion of the hair follicle (Myung and Ito, 2012). Bulge stem cells are
responsible for the regeneration of the stem cell populations in the subbulge and allow for

the hair cycle to begin (Stenn and Paus, 2001).

1.8.3 Stem Cell Niche and Hair Follicle Signaling

The MSCs and HFSCs are located in the bulge and subbulge region of the hair
follicle located in the basal aspect of the lower permanent portion of the hair (Hsu et al.,
2014a). Unlike melanocytes found in the skin that have the ability to survive throughout
most of a person’s life with very little proliferative capacity, the cells in human and
mouse hair follicles undergo induced apoptosis during the catagen phase of the hair cycle
and are replenished in the hair follicle during the start of the anagen phase by the SCs
(Myung and Ito, 2012).

To maintain the SCs in quiescence during catagen and telogen, cells in the inner
bulge express Bmp6 and Fgf-18 while fat cells express Bmp2 and dermal fibroblasts
express Bmp4 (Hsu et al., 2011, Plikus et al., 2008). The HFSC secrete Tgf-f3, which
maintains immaturity and quiescence of MSCs (Nishimura et al., 2010, Tanimura et al.,

2011). During late telogen, the subbulge stem cells are taken out of their quiescent state
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and become activated first with stimulation from the DP. The DP secretes activating
factors Wnt, Tgf-f, Fgf-10, Fgf-7 and noggin, a Bmp inhibitor (Greco et al., 2009,
Oshimori and Fuchs, 2012). Subbulge HFSCs form the inner root sheath of the hair
follicle and initiate hair growth before bulge cells are activated (Greco et al., 2009).
Activation of MSCs occurs through the joint expression of Kitl by the DP and Ednl, a
ligand for Ednrb downstream of Wnt produced by the DP and both SC populations
(Rabbani et al., 2011). Interestingly, ectopic expression of Edn2 prevents melanocyte
differentiation by activating Ednra (Chang et al., 2013).

Once activated, MSCs become dependent on Kit signaling. Mice treated with a
functional anti-Kit antibody had a depletion of melanocytes in the hair follicles, but not
MSC:s in the niche and resulted in hair graying seen upon the completion of the hair cycle
(Ueno et al., 2014). These results were reversible in the following hair cycle upon
removal of inhibitor. Once activated, approximately 50% of the stem cells enter a state of
high proliferation in order to replenish the stem cell pool, giving them their self-renewing
properties, and to produce fully differentiated melanocytes and keratinocytes (Ueno et al.,
2014). The other 50% of the stem cells remain in the stem cell niche in a slow-cycling
state (Myung and Ito, 2012).

After subbulge cells are activated, the stem cells in the bulge follow. It is thought that
signaling from these transient, high proliferating cells from the subbulge are the ones that
activate HFSC and MSCs in the bulge area since the DP is continuously growing further
from the bulge (Greco et al., 2009, Myung and Ito, 2012). Some studies suggest that
signaling of Shh from matrix transient cells may be activating cells in the bulge (Hsu et

al., 2014a, 2014b). The HFSCs contribute to the completion of the outer root sheet and
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maintain the matrix to support hair growth (Greco et al., 2009). Upon activation of
MSCs, Melanogenic genes Tyr, Trpl, Dct and Pmell7 are up regulated, cells become
dendritic and cell division begins.

The progeny of the MSCs can be found throughout the hair follicle during anagen as
amelanotic, differentiated melanocytes and semi-differentiated melanocytes (Figure 1.4)
(Nishimura, 2011). Amelanotic cells are positive for Gp100/Pmell7 and Mitf but
negative for Tyr and Tyrpl expression and are located in the outer root sheath, around the
bulb and in the LPP. These cells share qualities to MSCs and can differentiate into
melanocytes. Differentiated melanocytes are located in the basal layer of the ifindulum,
around the upper DP and close to the hair matrix (Slominski et al., 2005). A small
population of semi-differentiated melanocytes is also found around the sebaceous gland.
Around mid-anagen, the MSCs are inactivated and lose their dendricity, become smaller
and return to quiescent inactive state in the niche. Decreased Shh signaling results from
an increased distance from the progeny cells in matrix is thought to cause the
inactivation, although matrix cells continue to secrete Shh which signals to the DP which
maintains expression of noggin and Fgf-7 (Hsu et al., 2014b).

Catagen is initiated with an increase in Bmp and expression of other factors (Hsu et
al., 2011, Plikus et al., 2008). During catagen , apoptosis of the matrix and lower outer
root sheath occurs resulting in the retraction of the hair follicle in which no hair
melanocytes remain. During this process, 70% of the hair follicle is reduced; the cyclic
portion, and the DP will sit directly under the hair shaft (Stenn and Paus, 2001). A small
population of the less differentiated cells derived from the HFSCs and MSCs survive the

programmed apoptosis. As the hair follicle begins to enter the telogen phase,
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keratinocytes form the club hair follicle while entering telogen, which will sit adjacent to
the next growing hair (Myung and Ito, 2012).

Interestingly, studies have shown that HFSCs also play a vital role in the maintenance
of MSCs. Diminished HFSC populations result in the loss of MSCs in mice with
mutations in Col17A1, a hemidesmosomal transmembrane collagen expressed by HFSCs
and essential for the their self-renewal (Tanimura et al., 2011). The knockout of Tgf-
resulted in mice that displayed 100% hair graying, which is normally produced by HFSCs
in the bulge and subbulge. Furthermore, ionizing radiation (IR) disrupts HFSC and MSC
causing graying. Exposure to IR during the anagen phase leads to a delay in the activation
and proliferation of the HFSC population in the bulge, resulting in a loss of the MSC pool
and a slight graying that was reversed during the next hair cycle (Aoki et al., 2013).
Consequently, IR of active MSCs leads to reversible graying, while IR to quiescent
MSCs during the catagen or telogen phases, caused early ectopic differentiation of MSCs

causing irreversible hair graying (Ueno et al., 2014).

1.9 Research Questions

I previously showed that the Edn3 signaling pathway is able to darken the yellow
coat color of lethal yellow mice (4”) (Kaelin et al., 2012). 4” mice are spontanecous mouse
mutants that overexpress the ASP, disrupting the Mc1r pathway (Ollmann et al., 1998).
Edn3/Ednrb signaling is involved in the control of eumelanin production in vivo by
activating important pigment producing genes such as 7rp1, Dct, Tyr, and Pmell7 in the
skin (Kaelin et al., 2012). These results suggest a putative role for Edn3/Ednrb in

pigment-type regulation.
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The objective of this study is to understand the involvement of End3/Ednrb
signaling in pigment-type regulation. My central hypothesis is that over-activation of the
Edn3/Ednrb signaling pathway can bypass the requirement of a functional Mc1r pathway
in the production of eumelanin independent of a developmental time requirement through
the expression of melanogenic genes. To test this hypothesis I addressed the following

questions:

Question 1: What is the effect of Edn3 over-expression on the amounts of eumelanin
and pheomelanin in the hairs of 4” mice?

I hypothesized that Edn3 over-expression increases the amount of eumelanin in the hair
of 4" mice. I quantified eumelanin and pheomelanin in the hair of 4" and 4”; K5-

tTA; TRE-Edn3-lacZ mice that over-express Edn3 by high performance liquid
chromatography (HPLC). I quantified the number of melanocytes in the hair of 4” and A”
mice that over-express Edn3 via immunofluorescent antibody staining to establish

whether changes in melanin levels are due to increased numbers of melanocytes.

Question 2: What is the effect of Edn3 over-expression in the expression of
melanogenic genes in the hair of 4" mice?

I hypothesized that Edn3 over-expression will increase the levels of melanogenic genes
in the hair of 4” mice. I used qRT-PCR to compare the expression of melanogenic genes

in the hair of 4” and 4" mice that over-express Edn3.
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Question 3: Does Edn3 over-expression in Mclr mouse mutants rescue a dark
pigmentation phenotype?

I hypothesized that Edn3 over-expression will rescue in dark pigmentation phenotype in
Mclr mutants mice. I crossed K5-tTA; TRE-Edn3-lacZ mice with Mc 1/ mutants and

visualized the phenotypes of the mice.

Question 4: What is the temporal requirement for Edn3 over-expression in the
maintenance and rescue of dark hair in 4" mice?

I hypothesized that Edn3 over-expression is required and is capable of darkening the hair
of A” mice at any time during embryogenesis and adulthood. I manipulated Edn3
transgene expression in 4” mice at different time points and evaluated the rescue and

maintenance of the coat color.
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Figure 1.1: MCI1R, EDNRB and KIT signaling pathways in melanocytes. Molecular
interactions among PKC, PKA and MAPK signaling pathways that converge on the
activation of the MITF gene and proteins that leads to the regulation of melanogenic
genes and pigment production.
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Figure 1.2: Mouse mutants reveal the role of signaling pathways in pigment production.
(A) McIr** and (B) 4 mutant mice display a yellow coat color phenotype due to the
inhibition of Mclr signaling while (C) Ednrb™' and (D) Kit"””"" mutants have white
coat colors because of improper melanocyte precursor development.
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II. TRANSGENIC EDN3 BYPASSES THE REQUIREMENT FOR MCIR
SIGNALING IN PIGMENT PRODUCTION
2.1 Introduction

Pigment plays a significant role in the overall fitness and survival of the organism
(Coker et al., 2009). The coloration and patterning of animals provided by pigment are
involved in camouflage, mate selection and provide warning signals to other animals
(Hill, 1990; Setchell et al., 2008). Additionally, pigment provides a barrier that acts as a
line of defense against ultraviolet (UV) radiation (Kaidbey et al., 1979; Kobayashi et al.,
1998; Murphy et al., 2001). Interestingly, melanocytes that produce pigment in response
to UV radiation also exhibit increased DNA damage hours after exposure to UV, giving
melanin a protective and mutagenic effect in response to UV radiation(Premi et al.,
2015). Pigment is produced by melanocytes, which can be divided into cutaneous
melanocytes, found in the skin and hair follicles, and non-cutaneous melanocytes, located
in other areas of the body such as the eye, heart and inner ear (Aoki et al., 2009; Brito and
Kos, 2008; Cable and Steel, 1991).

The melanocytes found in human skin are located in the basal layer of the
epidermis and may sometimes be found in the dermis (Gola et al., 2012). Melanocytes
contribute to skin pigmentation by transferring melanin in lysosome-like structures to
neighboring keratinocytes forming supranuclear melanin caps (Thingnes et al., 2012).
Follicular melanocytes are regenerated with each hair cycle and derive from melanocyte
stem cells located in the immune-privileged portions of the hair follicle known as the
bulge and subbulge (Nishimura, 2011). Melanocytes in the hair follicle surround the hair

bulb, the hair shaft and the sebaceous gland (Cichorek et al., 2013). Melanocytes located
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in the bulb transfer melanin granules to the developing hair shaft and contribute to hair
color (Greco et al., 2009). In contrast to humans, mice have melanocytes localized in the
hair follicles. In some areas with glabrous skin such as the tail, ears and ventral paws
melanocytes can be found in the dermis (Gola et al., 2012).

Pigment production is regulated by Mclr, which controls the switch between
production of the yellow/red pigment, pheomelanin, and the black/brown pigment,
eumelanin (Gantz and Fong, 2003; Le Pape et al., 2008). Functional Mclr signaling
results from the binding of a-msh. Upon binding of a-msh, the G(s) protein activates
PKA and cAMP is produced leading to an increase in Mitf, which transcribes important
melanocytic genes involved in eumelanin production such as Tyr, Trpl, Dct and Pmell7
(d'Ischia et al., 2015; Fuller et al., 1987; Furumura et al., 1996; Halaban et al., 1984;
Hearing, 2011; Kuzumaki et al., 1993). Deactivation of the Mclr receptor through the
competitive binding of ASP or the presence of mutations in the receptor prevents the
production of eumelanin (Burchill et al., 1986).

The Edn3/Ednrb signaling pathway is required for the proper differentiation,
proliferation and migration of melanocyte precursor cells (Saldana-Caboverde and Kos,
2010). Ednrb, is a membrane bound G protein-coupled receptor, whose activation is
modulated by its major ligand Edn3. When Edn3 binds to Ednrb, G(q) protein activates
PKC, which acts along with RAF activating the MAPK signaling pathway (Imokawa et
al., 1997; Imokawa et al., 1996; Sato-Jin et al., 2008). During development Ednrb
signaling cooperates with tyrosine kinase receptor Kit signaling to properly differentiate
melanocytes, expand the population of precursors, and coordinate their migration to the

skin (Saldana-Caboverde and Kos, 2010). Mutations in the Ednrb pathway are
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responsible for human Waardenburg-Shah syndrome and the piebald phenotype in mice
while human piebaldism results from mutations in Kit signaling (Giebel and Spritz,
1991).

In addition to its role in melanocyte development, the Edn3/Ednrb signaling
cascade is involved in pigmentation. Mice with darkened coat color that resulted from an
ENU-mutagenesis screen were found to carry mutations in G(q) that caused its
overexpression. The dark phenotype of these mice was found to be independent of an
increase in follicular melanocyte number and Mclr signaling (Van Raamsdonk et al.,
2009). However, there have been no studies that have directly examined the direct effect
of Ednrb stimulation by ligand activation in pigmentation.

Our laboratory previously constructed a unique tetracycline inducible transgenic
mouse model in which Edn3 is placed under control of the keratin 5 promoter (K5-
tTA; TRE-Edn3-lacZ) (Garcia et al., 2008). In these mice, tTA protein binds to the TRE-
Edn3-lacZ transgene containing a tetracycline-response tet-operator sequence (tetO),
which leads to the transcription of the bidirectional promoters and the ectopic expression
of Edn3 and LacZ in the skin. The overexpression of Edn3 signaling in the skin leads to
a hyperpigmentation phenotype by maintaining large numbers of melanocytes in the
epidermal-dermal junction (Garcia et al., 2008). Doxycycline (dox) given in the drinking
water of the K5-tTA; TRE-Edn3-lacZ mice binds tTA, preventing its binding to tetO and
suppressing the transcription of Edn3 and LacZ, allowing for the spatial and temporal
manipulation of Edn3 expression. Using the mouse model, Garcia et al. showed that
transgenic Edn3 is required by E10.5 for the resulting expansion of the melanoblast

population and maintenance of differentiated cells in the skin of transgenic mice
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responsible for the generation of the hyperpigmentation phenotype. In the study by
Garcia et al., the role of Edn3 overexpression in hair pigmentation was not investigated
(Garcia et al., 2008).

Previously, we showed that the transgenic overexpression of Edn3 is able to
darken the yellow coat color of 4” mice (Kaelin et al., 2012). The 4” mice overexpress
ASP inhibiting the binding of a-msh and leading to a deficient Mclr pathway (Ollmann
et al., 1998). Gene expression analysis of the skin of 4”; K5-tTA;TRE-Edn3-lacZ mice
showed that Edn3/Ednrb signaling is involved in the control of eumelanin production in
vivo by activating important pigment producing genes such as 7rpl, Dct, Tyr, and
Pmell7 (Kaelin et al., 2012).

In the present study we explored the role of Edn3 in rescuing a dark pigmentation

phenotype in 4* mice and extension mutants (Mc1r%

), mice with a spontaneous mutation
in the extension locus coding for Mcir (Robbins et al., 1993). We investigated the
involvement of the Ednrb signaling pathway in pigment production and show that
eumelanin and pheomelanin may be produced simultaneously. We characterized the

timing requirement of Edn3 overexpression in the rescue and maintenance of a dark

pigmentation phenotype independent of Mclr signaling.

2.2 Results

2.2.1 Overexpression of Edn3 increases overall melanin levels in follicular melanocytes
Crosses between A" and K5-tTA,; TRE-Edn3-lacZ mice resulted in litters including 4”;
K5-tTA; TRE-Edn3-lacZ and 4" mice. Mice of the A”; K5-tTA,; TRE-Edn3-lacZ genotype

displayed a darkening of the coat hairs (Figure 2.1 A-C). To quantify levels of melanin in
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the hairs of light and darker mice, we used high performance liquid chromatography
techniques (Ito and Wakamatsu, 2003; Wakamatsu and Ito, 2002). As expected, there was
a significant increase in levels of PTCA, a eumelanin marker, in the hairs of 4”; K5-

tTA; TRE-Edn3-lacZ mice when compared to 4” control littermates (275 ng/mg +73 (SD)
(n=10) vs. 114+22; P<0.001). Surprisingly, the concentration of TTCA, a pheomelanin
marker, was also higher in the hairs of 4”; K5-tTA; TRE-Edn3-lacZ mice in comparison to
that of control hairs (154 ng/mg +62 (SD) (n=10) vs. 85 ng/mg £17; P<0.001) (Figure 2.1
D). Similar results were obtained using the pheomelanin marker 4-AHP (5677 ng/mg
+1205 (SD) (n=10) vs. 3639 ng/mg +643; P<0.001) (Figure 2.1 F). A significant increase
(1.9 ng/mg +0.5 (SD) (n=10) vs. 1.4 ng/mg +0.3; P<0.05) in the eumelanin to
pheomelanin ratio was also observed in hairs of 4”; K5-tTA,; TRE-Edn3-lacZ mice when
compared to hairs of 4” control littermates (Figure 2.1 E). These results indicate that the
overexpression of Edn3 is capable of increasing the production of eumelanin and

pheomelanin concurrently, as well as, the eumelanin to pheomelanin ratio in A” mice.

2.2.2 Overexpression of Edn3 does not increase the number of follicular melanocytes

A possible explanation for the observed increase in melanin levels in the coat of 4”; K5-
tTA; TRE-Edn3-lacZ mice is that Edn3 caused and expansion of the follicular melanocyte
population. To quantify melanocyte numbers in hair follicles, skin sections of K5-

tTA; TRE-Edn3-lacZ and control animals were immunostained with an antibody against
the melanocyte specific marker Trpl (Figure 2.2 A-B). No significant difference (6.68
cells/nm?® +1.32 (SD) (n=3) vs. 6.64 cells/nm” £0.97; P>0.05) was observed in the number

of follicular Trp1+ cells per area between transgenic and non-transgenic littermates
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(Figure 2.2 C). Thus, the increased level of melanin in the hairs of Edn3 transgenic

animals was not due to the presence of a larger number of melanocytes.

2.2.3 Overexpression of Edn3 increases the expression of melanogenic genes in isolated
hair follicles

Another possible reason for the observed increase in the melanin content in the hairs of
transgenic animals is that Edn3 upregulates the expression of some of the genes
responsible for melanogenesis. In order to test if Edn3 upregulates the expression of
melanogenic genes, gene expression analysis of plucked dorsal hairs from 4°; K5-

tTA; TRE-Edn3-lacZ and non-transgenic A” littermates was performed. The expression of
Edn3 was dramatically higher (290-fold) in the hairs of 4”; K5-tTA; TRE-Edn3-lacZ when
compared to that of control hairs confirming the activity of the transgene. The expression
of several important melanogenic genes: Ednrb, Slc7all, Pmell7, Trpl, Tyr and Mitf,
was also at least two-fold higher in the hairs of Edn3 overexpressing mice. However, two
genes involved in the control of eumelanin production, Dct and Mc1r, were not
upregulated as a result of Edn3 overexpression (Figure 2.3). These results suggest that
the darkening of the coat color in Edn3 transgenic animals is due to the upregulation of

melanogenic genes.

2.2.4 Overexpression of Edn3 darkens the skin and coat color of McIr mutant mice
K5-1TA; TRE-Edn3-lacZ were crossed with Mc1r”“ in order to determine if Edn3
overexpression was capable of producing a dark pigmentation phenotype independent of

functional Mc1r on the cell surface of melanocytes. Litters of the Mc/ ¢ and K5-
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tTA; TRE-Edn3-lacZ cross resulted in litters composed of Mc1r¥%; K5-tTA or Mc1r¥*;
TRE-Edn3-lacZ, K5-tTA; TRE-Edn3-lacZ Mc1r*%; K5-tTA; TRE-Edn3-lacZ and K5-tTA or
TRE-Edn3-lacZ mice. As for the A’ K5-tTA; TRE-Edn3-lacZ mice, mice of the Mc1r%%;
KS5-tTA; TRE-Edn3-lacZ genotype displayed a hyperpigmentation phenotype due to the
presence of melanocytes in the skin and darkening of the coat hairs (Figure 2.4 A-D). The
effect of Edn3 overexpression on the rescue of the coat color phenotype was much

stronger in McIr** than in 4” mice.

2.2.5 Sustained overexpression of Edn3 is required to maintain a dark pigmentation
phenotype

To evaluate the timing requirement for Edn3 overexpression in the generation and
maintenance of the dark coat phenotype, we took advantage of the transgenic tetracycline
inducible system to turn off the expression of Edn3 at different times (Figure 2.5 and
Figure 2.6). Crosses between 4" and K5-tTA;TRE-Edn3-lacZ were given doxycycline
(dox) treatment to turn off transgene expression after birth. Doxycycline treatment was
started on postnatal day 0 (P0) for a period of six weeks (Figure 2.5 A). Gradual loss of
the rescued dark pigmentation phenotype was observed over time with full disappearance
by the time the treatment was terminated (Figure 2.5 B-F). The loss of the dark coat color
in the dox treated animals was due to a decrease in the levels of eumelanin and
pheomelanin. At six weeks of age the levels of eumelanin were significantly lower in dox
treated when compared to non-treated mice (261 ng/mg £73 (SD) (n=2) vs. 108+18.3
(n=3); P<0.001) (Figure 2.5 G). The levels of pheomelanin were also lower in the dox

treated mice when compared to controls (235 ng/mg +1.4 (SD) (n=2)vs. 101+18.9
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(n=3); P<0.05) (Figure 2.5 H). Similar results were seen using the pheomelanin marker

4-AHP (7736 ng/mg +£994 (SD) (n=2) vs. 3519+£537 (n=3); P<0.05) (data not shown).

2.2.6 Overexpression of Edn3 during development is not required for a dark coat
phenotype in the adult

To assess if post-natal Edn3 overexpression is sufficient for rescuing the coat color
phenotype of 4” mice, A”; K5-tTA, TRE-Edn3-lacZ mice were treated with dox to turn off
transgene expression during development (Figure 2.6). Doxycycline treatment started on
embryonic day 0 (E0) until postnatal day 0 (P0) (Figure 2.6 A). 4”; K5-tTA; TRE-Edn3-
lacZ mice were born with similar phenotype as their non-transgenic 4” littermates (Figure
2.6 B). During preliminary experiments with two litters, the mice did not display a dark
pigmentation phenotype (results not shown). Upon repeating the experiment, mice
displayed a light coat color phenotype, as seen at week 1 (Figure 2.6 C) and week 2
(Figure 2.6 D). Dorsal hairs from mice were plucked at four weeks of age to restart and
synchronize the hair cycle. After the new hair cycle, a darkened coat color was observed
in A”; K5-tTA, TRE-Edn3-lacZ than their non-transgenic 4’ littermates at 6 weeks of age
(Figure 2.6 E). Mice at 6 weeks of age stained negative for LacZ staining, confirming a

deactivated transgene (Figure 2.6 A).

2.3 Discussion
The role of Mclr in pigment production has been thoroughly investigated and is
well understood. Activation of Mclr produces a signaling cascade activating PKA

ultimately leading to eumelanin production, while a deactivated receptor produces
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pheomelanin (Gantz and Fong, 2003; Le Pape et al., 2008). Our previous finding that
overexpression of Edn3 could bypass the requirement for a functional Mclr signaling
pathway for the generation of dark coat color in mice, underscored the importance of the
Edn3/Ednrb pathway in pigment production(Kaelin et al., 2012). Although much
attention had been paid to the importance of Ednl as a potential melanogenic factor upon
UV induction (Imokawa et al., 1995) , the role of Edn3 had not been fully explored.

In the present study we further investigated the role of Edn3 in pigment
production by overexpressing Edn3 in A” mice and measuring melanin concentrations in
dorsal hairs. We were able to show that the darkening of the coat color was the result of a
significant increase in eumelanin production. Surprisingly, Edn3 overexpression in A”
mice also resulted in a significant increase in the pheomelanin levels and in the
eumelanin/pheomelanin ratio in dorsal hairs. These results demonstrate that the control of
eumelanin and pheomelanin can be coupled. The type of regulation is different than what
had been previously established for how Mclr signaling regulates pigment switching:
activation of the receptor leads to eumelanin production and deactivation leads to
pheomelanin production (Abdel-Malek et al., 2000; Le Pape et al., 2008). When mice
that overexpress G(q) and G(11), the G proteins that bind Ednrb, were crossed to Mclr
and 4” mutants, the latter showed a darkening of the coat (Van Raamsdonk et al., 2009).
These results are similar to the ones reported here for the overexpression of Edn3. Van
Raamsdonk et al. did not perform measurements of the concentration of melanin in the
hairs so they could not have shown the coupling of eumelanin and pheomelanin

production upon the activation of the G proteins.
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Given the mitogenic effect of Edn3 during melanocyte development we wanted
to establish if the dark coat color in the Edn3 transgenic mice was a consequence of
increased numbers of melanocytes in the hair follicles (Saldana-Caboverde and Kos,
2010). Our results comparing Edn3 transgenic animals to control animals indicate that
the resulting phenotype is not due to increased numbers of follicular melanocytes. We
were not able to quantify melanocytes in the hair follicles of 4” or 4”; K5-tTA,; TRE-Edn3-
lacZ mice because the presence of pheomelanin interferes with the visualization of
fluorescent secondary antibodies (Elleder and Borovansky, 2001; Wakamatsu et al.,
2012). Nevertheless, it is unlikely that the results obtained in the K5-tT4; TRE-Edn3-lacZ
mice would be different in the 4” background. Furthermore, our results corroborate
findings from previous studies suggesting that once melanocytes enter the epidermis
Ednrb signaling no longer has a proliferative effect (Shin et al., 1999; Van Raamsdonk et
al., 2009; Van Raamsdonk et al., 2004).

Previously we showed that the overexpression of Edn3 resulted in a significant
increase in the expression of melanocyte genes in the skin of 4”; K5-tTA; TRE-Edn3-lacZ
mice (Kaelin et al., 2012). In the present study, we isolated hair follicles of 4” and 4”;K5-
tTA; TRE-Edn3-lacZ mice and showed that there was a average two-fold increase in
Ednrb, Slc7all, Pmell7, Trpl, Tyr and Mitf but no difference in Mcir and Dct. Pmell7,
Trpl, Try and Mitf (Figure 2.3). Trpl, Pmell7 and Tyr are genes expressed during the
production of eumelanin with a functional Mclr (d'Ischia et al., 2015; Hearing, 2005).
Interestingly, we saw an increase in Slc7all, the gene that controls pheomelanin
production (Chintala et al., 2005). Of the genes analyzed in this study, Slc7all was the

only gene whose expression was not upregulated in the skin of 4”;K5-tTA,; TRE-Edn3-
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lacZ mice (Kaelin et al., 2012). The increased expression of Slc7all in the hair follicles
suggests that Edn3 may have slightly different effects on hair and skin melanocytes, at
least during pheomelanin production. Van Raamsdonk et al. showed that Mc1r signaling
has different effects in skin melanocytes and follicular melanocytes on how it couples the
synthesis of eumelanin and pheomelanin (Van Raamsdonk et al., 2009). Interestingly,
Edn3 seems to act in the reverse manner by coupling the production of eumelanin and
pheomelanin in hair follicles.

In a study where primary cultures of normal human melanocytes of varying
pigmentation levels were induced with Ednl, the expression of Mc/lr was upregulated.
The authors suggested that Ednrb signaling has the ability to cross-talk with the Mclr
pathway by regulating the expression of the receptor in melanocytes (Scott et al., 2002).
The darkening of the coat color and skin of Mclr® ;K5-tTA;TRE-Edn3-lacZ mice
showed that Edn3 is capable of producing eumelanin completely independent of a
functional Mclr. There is a possibility, however, that some of the factors activated
downstream of Mclr responsible for eumelanin production are still the ones promoting
the darkening of the coat. Although the full characterization of the signaling cascade
downstream of Ednrb has not been carried out in murine melanocytes, in vitro
experiments using human melanocytes have linked Ednrb signaling with increased Mitf
expression through PKA, cAMP and CREB (Sato-Jin et al., 2008). Additionally, studies
in rat astrocytes have shown that MAPK signaling downstream of Ednrb phosphorylates
CREB (Schinelli et al., 2001). Furthermore, Ednrb signaling has been linked to activation
of adenylyl cyclase in tracheal smooth muscle (El-Mowafy and Biggs, 2001). The

convergence of Mclr and Ednrb signaling pathways may explain why the over activation
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of Edn3 signaling can rescue a dark pigmentation phenotype in the absence of Mclr
signaling.

Termination of transgenic Edn3 expression through the application of dox in A”
mice during postnatal development resulted in the loss of the darkened coat color as the
mice aged suggesting that Edn3 overexpression is required in order to maintain a dark
pigmentation phenotype in A" mice. A loss in skin pigmentation was also observed when
Edn3 overexpression was terminated and attributed to the death of dermal melanocytes.
In the skin, Edn3 appears to be required for the survival of the ectopic melanocytes
(Garcia et al., 2008). Although it may be possible that some follicular melanocytes
undergo apoptosis once the transgene is no longer active, I would have expected the hairs
to lose all pigmentation and turn white if all melanocytes were dead. The idea that not all
melanocytes are the same and behave according to their location is supported by studies
that indicated that cutaneous melanocytes may be divided into distinct dermal and
epidermal populations that contribute to skin and hair pigmentation independently and
respond to signaling molecules such as Edn3, Hepatocyte growth factor (Hgf), and Kitl
differently (Aoki et al., 2009; Van Raamsdonk et al., 2009). Using transgenic mice, the
authors found that Edn3 and Hgf signaling selectively maintain dermal melanocytes,
while epidermal melanocytes, including those found in the hair follicles, respond to Kitl
but not Edn3 or Hgf (Aoki et al., 2009). They did not, however, address the putative role
of Edn3 in regulating pigmentation of the epidermal/follicular melanocytes.

We found that transgenic Edn3 expression is not required during development for
the generation of a darker coat color in 4” mice. Deactivation of transgenic Edn3 during

development resulted in mice that initially had pink skin and yellow hair. After depilation
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and the initiation of the next hair cycle the skin remained unpigmented but the hair that
grew back darkened when compared to control littermates. The roles for Edn3/Ednrb
signaling in the skin and hair can be separated based on the timing requirement. Garcia
et al. showed that the timing requirement for transgenic Edn3 to establish cutaneous
melanocyte population and generate the hyperpigmentation phenotype in the skin is
E10.5, while our results showed that the response of follicular melanocytes is
independent of this embryonic role (Garcia et al., 2008). As for Edn3, Kitl has multiple
roles in the life of a melanocyte and has recently been implicated in the establishment of
the follicular niche. The Kit signaling pathway is required for the survival and migration
of melanoblasts up till E11 and plays a role in melanoblasts proliferation later in
development (Mackenzie et al., 1997; Yoshida et al., 2001). Transgenic expression of
Kitl under the Keratin 14 promoter results in a hyperpigmentation phenotype of the skin
due to the survival and maintenance of melanocytes in the epidermis (Liao et al., 2017).
In order to establish the melanocyte stem cell niche in the hair follicle, a small population
of follicular epithelial cells expressing the transcription factor KROX20 is responsible for
expressing Kitl, which regulates pigmentation through the maintenance of mature
melanocytes (Liao et al., 2017). Although both signaling pathways interact during
development, they are required independently for proper melanocyte development; mice
with mutations either in Kit or Ednrb display a white coat color (Bernstein et al., 1990;
Hosoda et al., 1994). The function of Mclr signaling, however, seems to be restricted to
regulating mature melanocyte pigmentation, as no developmental role has been observed
(Abdel-Malek et al., 2000). Although an embryonic role has not been established for

Mclr, its signaling has been implicated in the response of MSCs to injury. Upon
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wounding or UV radiation, MSCs leave the hair follicles, and migrate to the epidermis to
repopulate the skin in a Mclr-dependent manner (Chou et al., 2013).

Our results showed a requirement of a new hair cycle for the melanogenic effect
of Edn3 to take place when exposure begins at PO. This may suggest that MSCs need to
be primed at the time they are generating new mature melanocytes so the latter can
respond and make more pigment. Ednrb signaling was shown to be capable of promoting
the proliferation and differentiation of MSCs specifically at the onset of anagen and be
required for their maintenance. These effects are dependent on interactions of the Ednrb
pathway with the Wnt pathway (Takeo et al., 2016). Wnt and BMP signaling may also be
regulating KROX20 in keratinocytes that express Kitl in the maintenance of mature
follicular melanocytes (Liao et al., 2017). Understanding the activation of the MSC niche
in response to other signaling molecules involved in melanocyte biology and how the
environment determines the behavior of the stem cell progeny needs further investigation.

The findings of this study have many implications for melanocyte biology. This
study gives a better understanding of the involvement of End3/Ednrb signaling in
pigment production— and may contribute to potential novel therapies for human hypo and

hyper-pigmentary disorders.

2.4 Materials and Methods

2.4.1 Mice

K5-tTA; TRE-Edn3-lacZ mice were generated in our laboratory as previously described,
these mice have been maintained in the C57/bl6 background by crosses into mice from

Jackson laboratory (Garcia et al., 2008). Lethal yellow mice (4”) were maintained in the
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C57/bl6 background by intercrossing mice were purchased from Jackson Laboratories
(Michaud et al., 1993). Mclr®® mice were a generous gift from Dr. John D'orazio
(University of Kentucky, Lexington, KY) (Robbins et al., 1993). All mice populations
were maintained on C57BL/6J genetic background by intercrossing and by outcrossing to
C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME). 4” and Mc1r® were maintained
and intercrossed with K5-tTA;TRE-Edn3-lacZ to generate A”; K5-tTA;TRE-Edn3-lacZ
and Mclr:: K5-tTA; TRE-Edn3-lacZ, respectively. Mice carrying the K5-tTA or TRE-
Edn3-lacZ transgenes were used as controls in all experiments.

All animal work was approved by the Florida International University Institutional
Animal Care and Use Committee (Protocol No. 17-003) and performed according to
institutional guidelines established by the National Institutes of Health (NIH). All mice
used in this study were housed in the Animal Care Facility at Florida International

University (Miami, FL).

2.4.2 Genotyping

Genomic DNA was isolated from tail or ear biopsies, and used for genotyping by PCR.
K5-tTA; TRE-Edn3-lacZ mice were genotyped as previously described with primers for
Edn3 (5’-AGGCCTGTGCACACTTCTGT-3" and 5’-TCCTTGTGAAACTGGAGCCT-
3’) and the Keratin5 gene (5’-CCAGGTGGAGTCACAGGATT-3’ and 5°-
ACAGAGACTGTGGACCACCC-3’) (Garcia et al., 2008). McIr° mice were genotyped
with primers for Mclr (5’-CCAGCACCCTCTTTATCACC-3’, 5°-
AGAAAGTGACGAGGCAGAGC-3’), WT Probe (5°-

TACTACAAGCACACAGCCGTTCT-3’), and Mut probe (5°-
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CTACTACAAGCAACAGCCGTTCTG-3’) as described on The Jackson Laboratories
website. 4” mice were not genotypes and were phenotyped based on the yellow coat

color.

2.4.3 Melanin concentration analysis

15-20 mg hair was collected by plucking the dorsal aspect of 4” and A*; K5-tTA; TRE-
Edn3-lacZ at four weeks of age. Hair samples were then sent to Dr. Ito and Dr.
Wakamatsu at the Fujita Health University School of Health Sciences. Hair samples were
homogenized in water with a Ten-Broeck instrument to reach a concentration of 10
mg/mL. Aliquots of 100 pL were subject to Soluene-350 solubilization (Ozeki et al.,
1996), alkaline hydrogen oxidation (Ito et al., 2011) and hydroiodic acid hydrolysis
(Wakamatsu et al., 2002). Values of PTCA as a marker for eumelanin, and TTCA and 4-
AHP as pheomelanin markers, were used for High Performance Liquid Chromatography
(HPLC) (Ito et al., 2011). PTCA and TTCA were quantified using UV detection, while 4-
AHP was quantified by electrochemical detection (Wakamatsu and Ito, 2002). Student's

t-test was used to determine statistical significance (p<0.05).

2.4.4 Dox treatment

Dox was administered as previously described (Garcia et al., 2008) to the progeny of 4”
and K5-tTA; TRE-Edn3-lacZ crosses. In brief, dox treated water contained 3 mg/mL of
doxycycline hyclate (Sigma, St Louis, MO) and 5% sucrose (5%) and was administered
to mice subjected to transgene repression studies on the morning of the indicated

experiment via their drinking water. Based on the assumption that mice drink 5 mL of
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water every 24 hours, treated mice received 15 mg of dox daily. For timed experiments,
dox water was given either at the time of conception, EO, and PO. Embryonic dox
treatment was terminated at PO. Postnatal dox treatment was terminated at P49.
Deactivation or activation of transgenic Edn3 was confirmed on ear tissues with -
galactosidase according to standard protocols (Furth et al., 1994). Each experiment was
represented by at least three litters and contained three dox-responsive mice and

littermate controls.

2.4.5 Sample collection and numerical analysis of melanocyte numbers in hair follicles

The numbers of melanocytes in individual hair follicles were quantified by
immunofluorescence. Dorsal skin samples were collected from four-week-old K5-
tTA; TRE-Edn3-lacZ mice and non-transgenic littermates. Samples were fixed in 4%
paraformaldehyde, embedded in OCT Compound (Ted-Pella, USA Scientific), frozen at
80 °C, and sectioned at 10 um. Sections were washed and blocked with 10% goat serum
(Gibco, Invitrogen, 16210-064), 5% Bovine Serum Albumin (BSA) (Amresco, 0332),
0.1% Triton X-100 (Sigma, T-8787) in 1X PBS (pH 7.4) for 1 hour and 15 minutes at
room temperature and incubated with the primary antibody anti-TRP1 (1:50, rabbit anti-
mouse o-PEP1 antibody, Vincent Hearing, NIH) diluted in 5% Goat Serum, 1% BSA,
0.1% Tween 20 (Fisher Biotetch, BP337) in 1X PBS (pH 7.4) solution, for one hour.
After washing, sections were incubated with secondary antibody Alexa Flour 488 (green)
(1:200, goat anti-rabbit, Life Technologies, A11008). Sections were washed and
counterstained with propidium iodide. The staining was visualized using Leica DMRB

compound fluorescent microscope and photographed with Leica DC500 Camera. Trpl+
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cells were quantified by counting 30 hair follicles over 10 sections. The average of the
number of Trpl+ cells per area within each hair follicle was taken and compared between
experimental and control littermates. Student's t-test was used to determine statistical

significance (p < 0.05).

2.4.6 Gene expression analysis of follicular melanocytes

Hair samples were collected by plucking the dorsal aspect of 4, K5-tTA; TRE-Edn3-lacZ
and A" littermates at four weeks of age. Hairs were cut at the base to isolate hair follicles.
RNA extraction was performed using Trizol Reagent and QIAGEN RNeasy Mini Kit
(Qiagen, 74104) and treated with DNasel (Qiagen, 79254). Synthesis of cDNA was
performed using RevertAid First Strand cDNA synthesis Kit (Thermo Scientific, K1621).
qRT-PCR was run using the Applied Biosystems 7500 Real-time PCR System. Samples
were prepared for qRT-PCR using Maxima SYBR Green/ROX qRT-PCR Master Mix
(Life Technologies, K0221) and primers specific for Dct, Mcir. Ednrb, Slc7all, Pmell?7,
Trpl, Edn3 and Tyr and were used (Table 2.1) (Corre et al., 2004; Kaelin et al., 2012;
Mattei et al., 1994). Target genes were normalized to Gapdh and an average fold-change

greater than 2 was used to determine significant changes in gene expression.
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Primer Sequence

Pmel Fwd GCACCCAACTTGTTGTTCCT

Pmel Rev AGAGATGCAAGGACCACAGC

Tyr Fwd AAATCATCAAGCCCAAGAGC

Tyr Rev TGCCCCTGACACTATCACAC

Edn3 Fwd AGGCCTGTGCACACTTCTGT

Edn3 Rev CAGTCTCCCGCATCTCTTCT

Dct Fwd GCGTGCTGAACAAGGAATG

Dct Rev CCAGGGTCTGGTGTCTGTTT

Trpl Fwd TGCTCCAGACAATCTGGGATA

Trpl Rev AACGCAGCCACTACAGCAAT

Slc7all Fwd | GGCACCTTTGTTCTGGTGAT

Slc7A11 Rev | ACGTGAGGAACGCAGAGAAC

Ednrb Fwd | TGAAGTTTAAATTCCATGTGTTCAAC

Ednrb Rev AAGTTGGTAGTATGCCTCCGAG

Mitf Fwd ATTTAACATAAACGACCGCATTAAG

Mitf Rev ATGGTACCGTCCGTGAGATCCAG

Mclr Fwd CTCTGCCTCGTCACTTTCTTTCTA

Mclr Rev TCGTGAACATGTGGGCATACA

Gapdh Fwd | ATTTGCAGTGGCAAAGTGGAGATTG

Gapdh Rev | TGGTTCACACCCATCACAAACATG

Table 2.1. List of Primers used for gene expression analysis studies.
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Figure 2.1. Dark coat color and hair melanin levels of 4”; K5-tTA; TRE-Edn3-lacZ mice.
(A) A"; K5-tTA; TRE-Edn3-lacZ (right) display a darker coat color than non-transgenic 4”
littermates (left). (B) Hair shaft of dorsal hair collected from non-transgenic 4" (40X) and
(C) 4", K5-tTA;TRE-Edn3-lacZ (40X) littermates. (D) Eumelanin and pheomelanin
concentration analysis of A”; K5-tTA;,TRE-Edn3-lacZ and non-transgenic 4’ control
littermates. Significant increases (asterisks, P<0.001) are seen in both eumelanin and
pheomelanin levels in dorsal hairs of 4”; K5-tTA; TRE-Edn3-lacZ mice. (E) Eumelanin to
pheomelanin concentration analysis of 4”; K5-tTA; TRE-Edn3-lacZ and non-transgenic 4"
control littermates. Significant increase (asterisks, P<0.05) is seen in the eumelanin and
pheomelanin ratio in the dorsal hairs of A”; K5-tTA;TRE-Edn3-lacZ mice. (F)
Pheomelanin concentration analysis using HI Hydrolysis of 4*; K5-tTA; TRE-Edn3-lacZ
and non-transgenic 4" control littermates. Significant increases (asterisks, P<0.001) is
seen in pheomelanin levels using the 4-AHP marker in dorsal hairs of 4”; K5-tTA, TRE-
Edn3-lacZ mice.
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Figure 2.2. Transgenic Edn3 overexpression does not increase the number of Trpl+
cells. (A) Trpl antibody staining (green) with propidium iodide counterstain (red) of K3-
tTA; TRE-Edn3-lacZ and (B) non-transgenic control mice (40X). (C) No significant

difference in the numbers of follicular melanocytes was observed between K5-tTA; TRE-
Edn3-lacZ and non-transgenic control mice.
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Figure 2.3. Gene expression analysis of isolated hair follicles from A”; K5-tTA; TRE-
Edn3-lacZ and non-transgenic A” littermates. Relative mRNA levels (mean = SD) for the
indicated genes from qRTPCR of ¢cDNA from 4’; K5-tTA,; TRE-Edn3-lacZ (n=4) mice
compared to values of control mice (n=4) set to 1. All expression values were normalized
to Gapdh.
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Figure 2.4. Mclr*®; K5-tTA;TRE-Edn3-lacZ mice display a dark pigmentation
phenotype. (A) Mice genotypes from left to right Mc1r?, Mc1r**: K5-1TA; TRE-Edn3-
lacZ, K5-tTA; TRE-Edn3-lacZ and non-transgenic littermates. (B) Hair shaft of dorsal hair
collected from Mc1r**; K5-tTA; TRE-Edn3-lacZ (40X) and (C) non-transgenic McIr**
(40X) littermates. (D) Skin pigmentation of depilated Mc1r* and Mc1r*; K5-tTA; TRE-
Edn3-lacZ mice..
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Figure 2.5. Dox treatment of A”; K5-tTA;TRE-Edn3-lacZ and non-transgenic A”
littermates. (A) Confirmed deactivation of transgenic Edn3 by a negative LacZ staining
of A", K5-tTA;TRE-Edn3-lacZ mouse ear biopsy at P42.. Deactivation of transgenic
Edn3 expression by dox treatment at postnatal (B) day 0, (C) week 1, (D) week 2, (E)
week 4, (F) week 6 leads to 4’; K5-tTA;,TRE-Edn3-lacZ mice (arrow) gradually
resembling their 4” (n=3) littermates. (G) Eumelanin and (H) pheomelanin concentration
analysis of 4”; TRE-Edn3-lacZ and 4> control littermates with and without dox treatment.
Both eumelanin and pheomelanin levels decreased in dox treated 4”; TRE-Edn3-lacZ

mice (n=3) compared to non-dox treated mice (n=2).
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Figure 2.6. EO to PO Dox treatment of 4”; K5-tTA, TRE-Edn3-lacZ and non-transgenic A”
littermates. (A) Confirmed activation of transgenic Edn3 by LacZ staining of A4”; K5-
tTA; TRE-Edn3-lacZ mouse ear biopsy at P42. (B) Progeny of crosses between 4” and
K5-tTA; TRE-Edn3-lacZ mice were born with a light skin color phenotype. Progeny
maintained a yellow coat color at during (C) week 1 and (D) week 2. (E) 4”; K5-

tTA; TRE-Edn3-lacZ mouse (arrow) displays a darker coat color than 4” littermate at 6
weeks of age, two weeks after depilation.
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III. CONCLUSIONS, FUTURE DIRECTIONS AND IMPLICATIONS
3.1 Conclusions, Future Directions and Implications

The beauty and vast array of coloration and patterning seen around the globe in all
living organisms including plants, birds, insects and mammals is due to the production of
pigments. Pigment plays a significant role in camouflage and in the overall fitness and
survival of the organism (Coker et al., 2009). The coloration and patterning of animals
allow them to blend in with their environment to avoid predation, attract mates and give
warning signals to other animals (Hill, 1990; Setchell et al., 2008). Understanding the
different pathways involved in pigment production will not only give us a better idea on
patterning and coloration but also has important implications in human health.

The pigment produced in the human skin has both protective and damaging
effects depending on the quantity and type of melanin. The amount of cell damage caused
by UV radiation is inversely related to the amount of pigment found in the skin
(Tadokoro et al., 2003). Higher levels of pigment give greater protection from DNA
damage by preventing the formation of pyrimidine dimers and other photoproducts that
may cause mutations (Smit et al., 2001). Pigment in the upper epidermis of the human
skin protects underlying cells within the epidermis from UV damage but also promotes
apoptosis in individuals with darker skin (Yamaguchi et al., 2006). The increased
apoptosis allows for a higher turnover of cells preventing mutated cells from turning
carcinogenic. Genetic studies suggest that evolutionarily, humans who lived closer to
the equatorial line had darker skin pigmentation in order to protect the skin from UV
exposure in comparison to those in higher latitudes where UV exposure is less (Jablonski,

2012; Jablonski and Chaplin, 2000).
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In this study I characterized an alternate way of producing the dark pigment,
eumelanin, independent of Mclr signaling. I found that when Edn3 is overexpressed in
mice that have a nonfunctional pigmentation pathway because of the inactivation of
Mclr, the coat color could be partially restored. I also found that Edn3 signaling is not
required during embryonic development or during early post-natal development for its
role in regulating pigment production in hairs. Thus, the developmental role of Edn3
regulating the expansion of the melanocyte precursor population can be separated from
the effect it has on the follicular melanocytes.

Interestingly, I found that when transgenic expression of Edn3 was removed
during embryonic development but was restored upon birth, 4”; K5-tTA; TRE-Edn3-lacZ
mice only displayed a dark pigmentation phenotype after the start of a new hair cycle.
These results correlate with a recent finding by Takeo et al. that Ednrb signaling
downstream of Wnt signaling activates and maintains MSCs in the hair bulge during
early anagen which will repopulate the hair follicle (Takeo et al., 2016). Based on my
results and those of Takeo ef al., I propose that further investigations should be carried
out to evaluate the behavior of MSCs in the bulge and sub bulge of hair follicles upon
Edn3 overexpression. I predict that Edn3 can only have an effect on mature follicular
melanocytes and regulate their levels of eumelanin production if the stem cell precursors
are also exposed to Edn3 signaling.

Although I was able to show that Mclr activation is not required for the effects of
Edn3 overexpression on the rescuing of coat color phenotype, some of its downstream

targets may be engaged by Ednrb activation. To elucidate the intracellular events required
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downstream of Ednrb activation to promote coat color rescue, both in vitro and in vivo
experiments will need to be performed. Melanocyte cells lines that respond to Edn3 by
increasing pigmentation levels can be incubated with chemical inhibitors to various
kinases known to function downstream of Ednrb or Mclr such as PKA, PKC, MAPK and
AKT (Chapter 1, Figure 1.1). The inhibitors that are capable of preventing the Edn3-
induced increase in pigmentation will provide information of the pathway(s) being used
by Edn3. In attempted preliminary studies, I induced immortalized murine melanocyte
cell lines, Melan-a, Melan-e, Melb-a, and B16, with 1 nm and 10 nm Edn3 (Bennett et
al., 1987; Riley, 1963; Robbins et al., 1993; Sviderskaya et al., 1995). Based on previous
studies carried out with primary human melanocytes that had been exposed to Ednland
showed activation of the downstream effectors of Ednrb, I expected to see increases in
pigmentation levels in the murine cells upon Edn3 induction (Kadekaro et al., 2005;
Swope and Abdel-Malek, 2016; von Koschembahr et al., 2015). Unfortunately, the
murine cell lines did not respond to Edn3 or Ednl by showing increases in pigmentation
levels or proliferation rates. It is likely that these cells do not express Ednrb (Juliano
Freitas, personal communication). The ability to perform the pathway inhibition
experiments in vitro will require the identification of other cell lines that do express
Ednrb or possibly the utilization of primary melanocyte cultures. It would, however, be
more informative if similar types of experiments could be performed in vivo. Park et al.
successfully inhibited pigment production and lighten the skin and coat of pigmented
guinea pigs by topically applying 100 pM PKC inhibitor in a 25% Dimethylsulfoxide and
75% propylene glycol solution (Park et al., 2004). .Topical application of inhibitors to the

skins of depilated 4”; K5-1TA; TRE-Edn3-lacZ and Mc1r**; K5-tTA; TRE-Edn3-lacZ mice

91



could be done until new hair is protruding through the skin and the coat color can be
analyzed.

Further experiments may be performed by overexpressing Edn3 in other mouse
strains with varying pigmentation phenotypes. It would be of interest to see if Edn3 will
be able to rescue phenotypes in mice that have mutations in genes directly involved in
pigment regulation. The effects of Edn3 overexpression may be investigated with dox
treatments similar to the ones performed in this study by turning on transgenic expression
during development and at time of birth. By manipulating Edn3 overexpression during
development and early post-natal development in different mouse mutants, we will be
able to understand how Edn3 interacts alongside or independent of signaling molecules
downstream of Mclr signaling that affect pigmentation.

Since 4” mice overexpress ASP and have functional Mclr on the cell surface, the
manipulation of Edn3 overexpression in McIr““ mice at different time points will allow
for a visualization of the phenotypes completely independent of a functional Mclr and
comparison with the 4” results. These results will verify the timing requirement of Ednrb
signaling in pigmentation completely independent of Mclr signaling.

Additionally, experiments crossing K5-tTA;, TRE-Edn3-lacZ mice into mice with
mutations in genes involved the biochemical pathway of pigment production such as Dct,
Trpl and Pmell7 may be done. Mice with mutations in the Sla#y locus encoding for Dct
have decreased Tyr activity, a diluted coat color, decreased differentiation of
melanocytes, fewer numbers of mature melanoblasts and display time-specific changes in
eumelanin and pheomelanin levels (Hirobe and Abe, 2006; Hirobe et al., 2006).

Mutations in the Brown locus encoding for Trpl affect tyrosinase activity in the
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melanosome, decrease the number of mature melanosomes, compromise melanocyte
proliferation and have a brown coat color (Lamoreux et al., 2001; Sarangarajan et al.,
2000). Mutations in the Silver locus encoding for Pmell7 affects melanin levels,
dysfunctional melanosome formation and a diluted coat color (Theos et al., 2005). If
Edn3 overexpression is capable of rescuing the coat color phenotype of these mice, its
overall role in eumelanin production will be further underscored and its relationship to
other aspects of pigmentation such as melanosome maturation and trafficking unraveled.
Furthermore, the outcome of these studies may be very relevant to human disease since
mice containing mutations in the silver, brown, and other loci such as albino and pink-
eyed are homologous to human gene mutations found in different types of albinism
(Oetting and King, 1999). As such, its usefulness as a potential therapeutic molecule for
hypopigmentary disorders will be enhanced.

Eumelanin has various protective roles against UV-induced DNA damage. It acts
as a natural sunscreen by creating supranuclear caps in keratinocytes shielding their
DNA, and preventing UV rays from reaching cells deeper in the skin (Kadekaro et al.,
2003). Eumelanin was shown to scatter and absorb up to about 50-75% of UV-radiation
(Thody et al., 1991) and protect against oxidative stress by acting as a scavenger for
reactive oxygen species (ROS) with similar activity to superoxide dismutase (Brenner
and Hearing, 2008).

People with fairer skin tend to have higher susceptibility to UV-induced cell
damage than those with darker skin. In humans, the red hair phenotype results from
specific MCIR variants and has been linked to a higher risk of cancer development

independent of UV exposure because of the increased production of superoxides
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associated with pheomelanin production and the instability of pheomelanin intermediates
(Mitra et al., 2012; Panzella et al., 2010; van Nieuwpoort et al., 2004). Upon UV
exposure, pheomelanin increases oxidative stress, and pheomelansomes are degraded and
become “melanin dust” in the suprabasal area of the skin becoming cytotoxic and
mutagenic (Chedekel et al., 1978; Felix et al., 1978). Since pheomelanin is degraded
upon UV exposure, the ability to protect against UV radiation is diminished, which is not
seen in individuals who produce eumelanin (Armstrong and Kricker, 2001; Pennello et
al., 2000; Riley, 2003).

Apart from increasing protection through pigment production, activation of the
Mclr signaling pathway has also been shown to aid in the UV-damage response. Mclr
increases repair of DNA photoproducts through enhancement of nucleotide excision
repair (NER) and reduction of ROS levels in the cell (Abdel-Malek et al., 2008;
Kadekaro et al., 2005; Kadekaro et al., 2010). When human melanocytes are induced
with a-MSH in vitro, an increase in the repair of CPDs occurs and antiapoptotic pathways
are activated resulting in a reduction of UV-induced cell death (Corre et al., 2004;
Kadekaro et al., 2005; von Koschembahr et al., 2015). Similarly, when human
melanocytes are exposed to UV, treatment with Edn1 increases cell survival and
decreases the production of H,O, and DNA photoproducts. These effects are mediated by
the activation of the Phosphoinositide 3-kinase/ Protein Kinase B (PI3K/AKT) pathway
and increase in Mitf and regulation of B-cell Lymphoma 2 (Bcl2) (Kadekaro et al., 2005;
von Koschembahr et al., 2015). In contrast to a-MSH, the effects mediated by Ednl seem

to be elicited independent of cAMP production in vitro.
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Currently, very little information is available regarding the activation of NER
downstream of Ednrb and its putative role in DNA repair. Furthermore, there is no
description in the literature about base excision repair (BER) activity in response to Mclr
or Ednrb signaling after UV induced cell damage. Based on the findings that the Mc1r
pathway is involved both in pigment production and DNA repair, I propose that the same
are likely effects of the endothelin pathway. In order to understand the role of Edn3
signaling in response to UV-induced DNA damage, future studies using Mc1r%; K5-
tTA; TRE-Edn3-lacZ mice in an albino background should be carried out. The albino
background will allow us to isolate the effects of Edn3 in response to UV-radiation
independent of melanin and Mclr signaling. At four weeks of age, mice could be exposed
to UV at a dose equivalent to a minor sunburn at mid-latitudes (Noonan et al., 2001).
Mice should be euthanized 24 hours after UV exposure and dorsal skin samples collected
and sectioned in order to perform antibody staining against 8-0xo-7,8-dihydroxyguanine
and cyclobutane pyrimidine dimers (Benaduce et al., 2014). I expect the results to be
different than those reported by Benaduce at al. using the K5-tTA; TRE-Edn3-lacZ mice.
Their results showed that K5-tTA, TRE-Edn3-lacZ mice had an increased amount of DNA
damage due to the increased pigmentation on the skin of mice. Based on the Ednl in vitro
data reported by von Koschembahr et al., I believe that both K5-tTA, TRE-Edn3-lacZ and
Mc1r¥%; K5-tTA; TRE-Edn3-lacZ mice in an albino background will have less DNA
damage than non-transgenic controls since pigment will not contribute to a higher levels
of oxidative stress.

Additional studies investigating protein activity of enzymes involved in DNA

repair can also be performed. Overexpressing Edn3 in mice and melanocyte cell lines
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along with UV radiation will allow for the study of the activity of repair proteins using
biochemical assays (Beaver et al., 2016; Deng et al., 2017; Lai et al., 2016; Liu et al.,
2007). These studies would determine if Edn3 has a putative role on protein activity after
UV radiation. Some of the proteins of interest are the BER-related apurinic/apyrimidinic
endonuclease 1(Apel) and Flap endonuclease 1 (Fenl) and he NER-related ERCC1, and
Xeroderma Pigmentosum (XP).

Edn3 has vasoconstriction functions and may not be the ideal molecule for use in
therapy. Thus, I suggest a high-throughput screening approach to identify small
molecules that share Edn3’s capacity to regulate eumelanin production on melanocytes
but cannot affect vascular smooth muscle cells. Studies in mice using topical application
of small-molecules can effect pigment production in mice. Application of small-
molecules for CREB-regulated transcription co-activators (CRTC) to mice skin can
positively regulate MITF and produce eumelanin, while addition of small-molecule salt-
inducible kinases (SIK) inhibit MITF expression resulting in a loss of eumelanin
production (Clark et al., 2012; Horike et al., 2010; Mujahid et al., 2017). A recent study
was able to produce dark pigmentation by using small-molecule inhibitors against SIK in
Me1r* mice and human melanocytes in vitro (Mujahid et al., 2017). Topical treatment
using small-molecules that regulate pigmentation will give us the ability to control skin
and hair pigmentation independent of UV exposure. These treatments would in turn
increase protection against UV radiation and have the potential to prevent skin cancer.

The role of Edn3 in pigment production and in response to UV-induced DNA
damage has many promising implications in human health. In this study I was able to

describe a novel role for Edn3 signaling in pigment production independent of Mclr
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signaling. Additionally, I described that pigment production regulation by Edn3 signaling
is independent of its well-established developmental role. These findings expand our
knowledge of pigment production and provide us with novel ways to address human

pigmentary disorders and possibly UV independent protective skin tanning.
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IV. APPENDIX
4.1 Failed Experimental Approaches
4.1.1 Quantification of follicular melanocytes in Lethal Yellow mice

In Chapter 2 I showed that the increased levels of melanin in the hairs of Edn3
transgenic animals was not due to the presence of a larger number of melanocytes in their
hair follicles. The experiments performed where carried out with K5-174; TRE-Edn3-lacZ
and control animals. Ideally, I would have liked to also compare A”; K5-tTA; TRE-Edn3-
lacZ mice with 4" mice but due to experimental difficulties this was not possible.

Dorsal skin samples were collected from four-week-old A”; K5-tTA; TRE-Edn3-
lacZ mice and non-transgenic littermates. Samples were fixed in 4% paraformaldehyde,
embedded in OCT Compound (Ted-Pella, USA Scientific), frozen at 80 °C, and
sectioned at 10 um. Sections were washed and blocked with 10% goat serum (Gibco,
Invitrogen, 16210-064), 5% Bovine Serum Albumin (BSA) (Amresco, 0332), 0.1%
Triton X-100 (Sigma, T-8787) in 1X PBS (pH 7.4) for 1 hour and 15 minutes at room
temperature and incubated with the primary antibody anti-TRP1 (1:50, rabbit anti-mouse
a-PEP1 antibody, Vincent Hearing, NIH) diluted in 5% Goat Serum, 1% BSA, 0.1%
Tween 20 (Fisher Biotetch, BP337) in 1X PBS (pH 7.4) solution, for one hour. After
washing, sections were incubated with secondary antibody Alexa Flour 488 (green)
(1:200, goat anti-rabbit, Life Technologies, A11008). Sections were washed and
counterstained with propidium iodide. I attempted to visualize the staining using the
Leica DMRB compound fluorescent microscope and photograph it with the Leica DC500
Camera.

Immunofluorescent antibody staining on the skins of 4" mice with or without the

K5-tTA; TRE-Edn3-lacZ transgene resulted in a cloudy discolored staining (Figure 1). It
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appears that the high pheomelanin content found in the skin of these mice interferes with
the fluorescence staining process. I repeated this experiment with multiple secondary
antibodies including Alexa Fluor 488 (green) (Life Technologies, A11008) (Figure 4.1A)
and Alexa Fluor 594 (red) (Thermo Fisher, R37117) (Figure 4.1B) and obtained very
similar results.

In an attempt to bypass the autofluorescence issue caused by pheomelanin, I
attempted to perform immunohistochemistry staining with horseradish tagged secondary
antibodies. The staining was carried out with samples that were bleached with hydrogen
peroxide and samples that were not bleached. In either case, I was not able to quantify the
number of follicular melanocytes due to the overlap between the residual pigment found

in the skin sections and the antibody staining.

4.1.2 In vivo inhibition of downstream effectors of Edn3 signaling

To determine the downstream effectors of Edn3 signaling in the darkening of the coat and
skin color of 4” mice, chemical inhibitors were topically applied to the dorsal skin of 4”;
K5-tTA; TRE-Edn3-lacZ mice. Prior to topical application, the dorsal hairs of the mice
were plucked at four weeks of age. Three days after plucking, 100uM of Protein Kinase
A (PKA) Inhibitor H-89 (SCBT, sc-3537), 100uM PKC inhibitor RO-31-8220 (SCBT,
$¢-200619) or 100uM MAPK Inhibitor SB203580 (Calbiochem, 559389) was applied
topically using a paint brush twice a day for a period of ten days to a small portion on the
dorsal skin of the mice (Park et al., 2004). Inhibitors were diluted in a 25%
dimethylsulfoxide, 75% propylene glycol solution. Neither the skin nor hair became

visibly lighter after the 10 day application period with any of the three inhibitors. The
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negative results may be due to the high amounts of pigment present in the skin and hair
of the K5-tTA; TRE-Edn3-lacZ and/or the time for the accumulated pigment to degrade.
The topical application of inhibitors may be more successful if newborn pups are used
prior to the establishment of a full coat so that the inhibitors can better penetrate the skin.
It is also possible that an extended application time may be necessary for the lighting of

the skin and coat become noticeable.

4.1.3 In vitro studies to determine Base Excision Repair activity

The increase in pigmentation levels caused by Edn3 signaling may lead to a very
deleterious environment for melanocytes given the excessive amount of reactive oxygen
species released during the biochemical reaction to produce melanin. I hypothesized that
this may be compensated by a direct effect of Edn3 on the DNA repair pathway. In order
to investigate if Edn3 directly increases DNA repair in melanocytes, I attempted to use a
biochemical assay (add some reference from one of Dr. Liu’s papers) to measure the
activity of Base Excision Repair (BER) proteins. Melan-a cells (Bennett et al., 1987)
were grown in RPMI 1640 stock media (Cellgro, Fisher) containing cholera toxin
(Resink et al., 1990). Cells were induced with 1nM of Edn3 for four days prior to UV-
exposure to 21mJ/cm” of UV light using fluorescent UV lamps (Kadekaro et al., 2005).
Non-UV induced or cell that were not treated with Edn3 were used as controls.

To obtain a baseline for the activity of proteins involved in BER, extracts of
melan-a cells were collected and subjected to the biochemical assay to measure
apurinic/apyrimidinic endonuclease 1 (APE1) and flap endonuclease 1 (FEN1) activities.

Oligonucleotides BERsub-8-0x0G and BERsub-THF (Integrated DNA Technologies
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(IDT) Inc) were annealed with their template strands to produce the substrate used in the
assay. Substrate was pre-incubated with 50 nM 8-oxoguanine DNA glycosylase 1
(OGG1), a DNA repair enzyme, and APE1 at 37°C for 30 minutes to generate ssSDNA
break intermediates. BER was measured by incubating 60 pg of cell extract with 25nM
of substrate at 37°C for 30 minutes. The reaction was terminated by increasing
temperature to 95°C for 5 minutes and the reaction was subsequently subjected to
protease K digestion at 55°C for 30 minutes. DNA was precipitated and dissolved into
buffer containing 95% formamide and 2 mM EDTA. Substrate and repair products were
separated by 15% urea-denaturing PAGE and detected using a Pharos FX Plus
PhosphorImager from Bio-Rad.

Our results showed clear FEN1 cleavage products (lower position than APE1 pre-
cut product) and repaired product (at the same level with substrate only). Although we
detected repair products, the amount of repaired product was very low due to low protein
amounts (Figure 4.2). We repeated these experiments multiple times but were not able to
obtain sufficient protein. We estimate that we would need at least 6 T-75 flasks to obtain
the right amount of protein for a single experiment and this would be cost prohibitive
when considering all the biological replicates we would need to obtain statistically

significant data.

4.1.4 In vivo studies to determine Base Excision Repair Activity
Since we were unable to obtain sufficient protein from the cell lines, we attempted
to run the assay using extracts from mouse skin. For the in vivo experiments, K5-

tTA; TRE-Edn3-lacZ mice were compared to nontransgenic littermates (Figure 4.3). Mice
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were exposed to UV at three weeks of age. The UV exposure dose used was 3.31KJ/m™
of UV-A (320-400 nm), 6.24KJ/m™ of UV-B (280-320nm) and 0.03 KJ/M? of UV-C
(250-280nm) for a total UV dose of 9.58 KJ/m™ of UV using six Phillips F40 UV lamps,
the equivalent of a minor sunburn at midlattitudes (Noonan et al., 2001). Mice were
euthanized and dorsal skin samples were collected. Skin samples were lysed using a
sonicator and processed for the same assay used for the extracts of melan-a cells.

We encountered detection problems and were not able to visualize repair
intermediates or products. Since the skin samples contain a lot of connective tissue,
extracting sufficient protein without denaturing it was very difficult. We tried various

methods using the sonicator but samples continued to yield low active protein levels.

4.1.5 In vitro studies to determine Nucleotide Excision Repair activity

Previous in vitro experiments using human primary melanocytes from neonatal
foreskin showed a role for the MCIR and EDNI pathways in NER (Abdel-Malek et al.,
2008; Kadekaro et al., 2005; Song et al., 2009). To assay for a putative role for Edn3 in
NER in murine melanocytes, we chose to employ the comet assay. Melan-a and Melan-e
(Hida et al., 2009) cell lines were grown and maintained in T-75 Flasks (USA Scientific,
5665-8170) at 37°C in 10% CO;, using RPMI 1640 cell media (Fisher, 10-041-CV),
containing 10% FBS, 200nM of TPA (Sigma, D9628) and 200 pM CT (Sigma, C-2432)
(Bennett et al., 1989; Sviderskaya et al., 1997). Two to three days prior to Edn3
treatment, cell lines were grown in starvation media lacking TPA and FBS which
downregulates endothelin receptors and upregulates melanocortins, respectively (Abdel-

Malek et al., 1995; Resink et al., 1990). Starvation media contained RPMI 1640, 4%
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FBS, 0.6 ng/mL bFgf (Life Technologies, 1263344 A) and 1% Pen Strep (Thermo Fisher,
15070-063) (Medrano and Nordlund, 1990). Cells were induced with InM of Edn3 or not
for four days prior and immediately after UV exposure (von Koschembabhr et al., 2015).
Prior to UV, culture media was replaced with PBS pH 7.4. Cells were exposed to
90mJ/cm” using UV lamps with peak emission of 313nM, with 75% emission in UVB
range and 25% emission in UVA range using FS20 lamps with a filter against UVC
(Kadekaro et al., 2010). Immediately after UV exposure cells were collected to measure
initial damage. To measure the amount of repair after UV exposure, media containing
InM Edn3 was reapplied to cells for 30 minutes, cells were washed in PBS pH 7.4. For
both experimental groups, 30,000 cells were suspended in 0.6% low-melting-point
agarose (Invitrogen, Paisley) and were mounted on slides. Slides were placed on ice to
solidify, and placed in incubation buffer overnight. Slides were then incubated in a 1:500
dilution of enzyme/buffer solution using the enzymes: T4Endo5 (New England Biolabs,
MO0308) to quantify Thymine- dimers, and hoggl (New England Biolabs, M0241) to
quantify 8-oxodG. Slides were placed in 300 mM NaOH and 1mM disodium Na EDTA
pH 13 alkaline electrophoresis buffer for 20 minutes and gel electrophoresis was run for
20 minutes at 21 V. Slides were added to the 0.4 M Tris-HCI, pH 7.5 neutralizing buffer
for 20 minutes and washed. Nuclei were stained with propidium iodide (Collins and
Dusinska, 2002; Karbaschi and Cooke, 2014). Slides were observed and scored by
fluorescent microscopy and percentage of tail DNA of comets were recorded using
Comet Assay IV analysis Software (Perceptive Instruments, Haverhill, Suffolk). Comets
were analyzed using the Kruskal-Wallis and Dunn’s Multiple Comparison Test and

statistical analyses were performed using GraphPad Prism, version 6.02 (GraphPad,
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CA)(Karbaschi and Cooke, 2014).

Our preliminary results seem to indicate that Edn3 was not having an effect on the DNA
repair capacity in the murine cell lines. 1 attempted exposing the cells to varying
concentrations of Edn3 0.1nM, 1nM, or 10nM) and was still not able to detect any
phenotypic change. I also performed gene expression analysis with pigmentation genes
such as Mitf and could not detect any difference in response to Edn3. It is possible that
these cells lines do not express Ednrb or are unable to respond to Edn3. In the future,

other murine cells lines should be tested.
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Figure 4.1. Trp1 antibody staining of Lethal Yellow mouse skin. (A) Trp1 antibody
staining with Alexa Flour 488 secondary antibody (green) counterstained with propidium
iodide (Red). (B) Trpl antibody staining with Alexa Flour 598 secondary antibody (red)
counter stained with DAPI (blue).
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Figure 4.2. BER protein activity biochemical assay in melan-a cell line. Clear FEN1
cleavage products (lower position than APE1 pre-cut product) and repaired product (at

the same level with substrate only).

111



Substrate: THF 3 *.32p

[sub]=25 nM —a—%

4 == 4 -= M:‘[Lék\l«@(“’,éﬂ’

+ 4 = o+ - APH (S
- -

e e <—APE1cleavage product

Figure 4.3. BER protein activity biochemical assay in K5-tTA,; TRE-Edn3-lacZ mice. No
FENI1 cleave products or repair intermediates were detected.
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Figure 4.4. Gene expression analysis of melan-a and melan-e cells induced with Edn3.
Relative mRNA levels (mean = SD) for the indicated genes from qRTPCR of cDNA
from melan-a (n=3) and melan-e (n=4) induced with 10 nM of Edn3 compared to control
values. All expression values were normalized to Gapdh.
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