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Retinoids Modulate MITF: A Novel Mechanism in the Regulation of
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Melanogenesis, the process by which specialized cells within the epidermis synthesize
melanin, is an intricate and complicated process that requires the coordinated action of
transcriptional, translational and trafficking processes. Melanin, a complex polymer derived
from the amino acid tyrosine, is the primary determinant of hair, skin and eye color in humans.
It plays a monumental role in the protection of the eyes and skin from solar ultraviolet-radiation
through direct absorption mechanisms. Melanin is aberrantly regulated in melasma and vitiligo,
two pigmentary disorders that are characterized by areas of skin that are hyper-pigmented and
hypo-pigmented, respectively. Although a variety of treatment options exist for these disorders,
many of the treatments are not very effective and have significant side effects. Tyrosinase
inhibitors are used to treat melasma, and tyrosinase (TYR) is an enzyme that catalyzes the rate-
limiting step in melanin synthesis. In this work, we investigate the role of TYR in regulating
pigment production in vivo and examine the suitability of TYR as a therapeutic target for
hyperpigmentary disorders. We demonstrate that the partial depletion of 7yr in the mouse was

not sufficient to induce significant decreases in melanin accumulation in the mouse hair follicle,
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suggesting that TYR may not be an ideal target for the treatment of hyperpigmentary disorders.
To address the need for novel, effective treatments for pigmentary disorders, a genome-wide
siRNA functional genomics approach was employed to identify pharmaceutically tractable,
single gene loci that impact melanogenesis. The screen uncovered 92 novel regulators of
melanogenesis, including Aldehyde dehydrogenase 1A1 (ALDH1A1), which was one of only
three genes able to impact TYR expression in three distinct genetic backgrounds. We discovered
that a potent catalytic inhibitor of ALDH1A1, cyanamide, was able to inhibit not only the
accumulation of pigment, TYR and MITF mRNAs in melanoma cells, but also melanin synthesis
in three-dimensional human skin equivalents, suggesting that inhibitors of this enzyme may be
ideal to therapeutically treat hyperpigmentation disorders, including melasma. In this work, we
have identified how ALDH1A1 regulates melanogenesis. We show that 9-cis retinoic acid, a
molecule important in cellular differentiation and the product of ALDH1A1 catalysis in vitamin
A metabolism, stimulates the accumulation of pigment, 7YR and MITF mRNAs, and TYR
protein in melanoma cells and primary human epidermal melanocytes. As the biological effects
of 9-cis retinoic acid are mediated by two classes of nuclear receptors, the retinoic acid receptors
(RARs) and the retinoid X receptors (RXRs), we searched for and identified a putative
RAR/RXR binding site within the promoter of MITF-A, an isoform of MITF not known
previously to play a role in melanin synthesis. While rigorous chromatin immunoprecipitation
(ChIP) studies demonstrated significant enrichment of both RARa and RXRa upstream of the
transcription start site of MITF-A, no enrichment was found in the promoter region of MITF-M,
suggesting a novel mechanism in the regulation of melanogenesis. We then went on to show,
through luciferase-activity assays, that retinoids can activate the full-length MITF-A4 promoter,

but not a truncated MITF-A promoter that lacks the putative RAR/RXR heterodimer binding site.
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Lastly, we demonstrate that when used in combination, RARa and RXRao agonists stimulate the
accumulation of MITF-A and MITF-M transcripts. Taken together, our data outline a mechanism
for how ALDHIA1 regulates melanogenesis. We provide key evidence that targeting this
enzyme may be appropriate in the development of novel therapeutics for the treatment of
melasma. Finally, we show that retinoids or retinoid-analogs may be ideal in targeting

hypopigmentary disorders, including vitiligo.
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Introduction to: Melanocytes, Melanin Biosynthesis and Regulation, Clinical Disorders of
Melanogenesis and the Identification of Novel Genes that Regulate Melanogenesis

Chapter 1

Elyse K. Paterson and Anand K. Ganesan



1.1 Abstract

Melanogenesis, the process by which melanocytes in the epidermis synthesize melanin, is
a complex and highly regulated process that requires the intricate interplay of many genes.
Extensive research has elucidated many factors involved in melanogenesis, yet how these factors
interact with each other and are regulated is still under investigation. Melasma and vitiligo are
two pigmentary disorders that are characterized by areas of skin that are hyper-pigmented and
hypo-pigmented, respectively. Although a variety of different treatment options exist to treat
each disorder, there is no effective treatment option that ensures non-toxic, long-term normal
pigmentation in areas of affected skin. In order to address this need, a genome-wide siRNA
screen was performed to identify novel regulators of melanogensis that could act as
pharmaceutical targets to either stimulate or inhibit pigment accumulation. The screen identified
92 novel regulators of melanogenesis, including aldehyde dehydrogenase 1A1 (ALDH1A1), an
enzyme that has pleiotropic roles in detoxification. Intriguingly, experiments demonstrated that
siRNA-mediated knockdown of ALDH1A1 lead to the depletion of 7YR and MITF mRNA and
protein levels in three pigment-producing cell types. Furthermore, a potent catalytic inhibitor of
ALDHI1AL, cyanamide, was able to significantly inhibit pigment accumulation in melanoma
cells. Taken together, these studies suggest that ALDH1A1 may be an ideal pharmaceutical

target to treat hyper-pigmentary disorders, such as melasma.



1.2 Skin Structure and Biology

As the body’s physical barrier against mechanical, chemical and microbial factors, the
skin plays an incredibly important role in maintaining homeostasis [1]. The skin also provides a
unique defense mechanism against the harsh impact of UV radiation through the pigments made
by specialized skin cells, melanocytes [1]. There are three individual layers that comprise the
skin: the epidermis, the dermis and the hypodermis [1]. The epidermis is the topmost layer of
the skin [1]. Comprised mainly of melanocytes and keratinocytes, it is a stratified epithelium
tissue devoid of blood or nerve supplies and ~5-100 uM in thickness [1, 2]. The epidermis is
arranged in four distinct layers, with keratinocytes constituting 95% of its total composition [1].
From the bottom layer to the top layer, the layers are: the stratum basale, the stratum spinosum,
the stratum granulosum and the stratum corneum, respectively [3]. The bottom-most layer, the
stratum basale, consists mainly of a single layer of cells that separates the epidermis from the
dermis [1]. This single layer of cells attaches to a basement membrane and includes basal
keratinocytes (which have stem-like properties) and neural-crest derived melanocytes [1]. The
layer immediately above the straum basale is the stratum spinosum, which contains both
keratinocytes and Langerhans’ cells, antigen-presenting skin cells [1]. Here, keratinocytes are
polyhedral in shape and have a decreased capacity for cell division [1]. As keratinocytes divide,
the keratinocytes in the stratum spinosum flatten and are pushed toward the surface of the skin
[1]. The next layer, the stratum granulosum, is comprised of keratinocytes that no longer divide
and are flattened and polyhedral in shape [1]. In the topmost layer of the epidermis, the stratum
corneum, keratinocytes are cornified and lack cytoplasmic organelles but contain large amounts

of keratin [1, 4, 5]. Known as corneocytes, these cells are the physical and chemical barrier



against the outside environment that function not only to prevent infection, but also to reduce
trans-epidermal water loss [1, 4, 5]. The epidermis is able to undergo continuous self-renewal as
it harbors stem and transit-amplifying cells in the basal layer [6]. As the transit-amplifying cells
leave the basement membrane, they undergo terminal differentiation and move upwards to the
topmost layer of the epidermis [6]. This differentiation ends in the cornified layer with anucleate
cells that are continuously sloughed off and replaced with cells migrating upwards from the
lower layers of the epidermis [6].

The dermis is directly beneath the epidermis [1]. It is 2 to 4 mm-thick and is comprised
of connective tissue and fibroblasts, which are required for the creation and degradation of the
extracellular matrix [1, 3]. The dermis also contains excretory and secretory glands, including
those of sebaceous, eccrine and apocrine nature [1]. Triglycerides and cholesterol-rich sebum
secreted by the sebaceous glands not only lubricate the skin, but also keep it waterproof [1, 3].
Hair follicles and nails are also found in the dermis [1]. Hair follicles serve the unique function
of providing a specialized, protective compartment for several stem cell populations in the skin,
including keratinocyte stem cells, melanocyte stem cells, and the dermal stem cells [1]. Directly
below the dermis is the hypodermis, a layer of loose connective tissue that functions to bind skin
to internal organs [1, 7]. It is comprised of subcutaneous fat that provides cushioning,

thermoregulation, and skin stability [1, 7].



1.3 Melanocyte Biology

1.3.1 The Epidermal Melanin Unit

Melanins are a group of pigments that are synthesized in specialized cells, melanocytes
[1]. They act to photoprotect keratinocytes from UV radiation (UV-R) [1]. The anatomical
relationship between keratinocytes and melanocytes is referred to as the “epidermal melanin
unit” [1]. Melanin biosynthesis takes place in membrane-bound organelles known as
melanosomes that mature through four unique stages [1]. The containment of melanin synthesis
to the melanosome is significant because melanin intermediary species are toxic to the cell [8].
The final stage melanosome (stage I'V) is transferred through melanocyte dendrites to
neighboring keratinocytes [1]. Melanosome transport occurs on microtubules that are parallel to
the long axis of the dendrite [9, 10]. Microtubule-associated motor proteins, including kinesins
[9] and cytoplasmic dyneins, [10] control the movement of melanosomes along the microtubules.
It is estimated that each melanocyte within the epidermis comes into contact with about 40
keratinocytes in the basal and supra-basal layers [11].

Melanin plays a monumental photo-protective role in human skin. In the keratinocyte,
melanin accumulates above the nuclei where it absorbs and scatters damaging UV-radiation [12].
When melanin is properly distributed, dividing keratinocytes are protected in part from
mutations that would otherwise be caused by UV-radiation [12]. Melanin accomplishes this task
by absorbing, scattering, photo-oxidizing and scavenging free radicals that result from UV-R
[13]. Moreover, melanin acts to minimize toxic repercussions of reactive oxygen species (ROS)

and prevents damage to cellular DNA, proteins and cell membrane lipids [13].



1.3.2 Melanocyte Development

Melanocytes are derived from neural-crest cells (NCCs), pluripotent cells that develop
from the dorsal-most point of the neural tube between the surface ectoderm and the neural plate
[14, 15]. In addition to melanocytes, NCCs have the ability to differentiate to become neurons,
glial cells, adrenal medulla, cardiac cells or craniofacial tissue [14]. NCCs that differentiate into
melanoblasts, the precursor cells of melanocytes, immediately up-regulate the expression of key
melanogenic genes, beginning with micropthalmia-associated transcription factor isoform M
(MITF-M) [14-19]. Interestingly, the appearance and survival of melanoblasts that express
MITF-M mRNA is independent of a functional MITF-M protein for approximately 48 hours;
however, once expression is established, the continued expression of MITF-M is necessary for
melanoblasts to survive [18, 20]. MITF-M deficiency leads to the complete absence of
melanocytes in the epidermis, suggesting that MITF-M is absolutely necessary for either
melanocyte lineage survival, for proliferation or to inhibit differentiation of NCCs to other
neural-crest lineages [14]. Intriguingly, the expression of MITF-M needs to be driven above a
threshold level in order for NCCs to commit to differentiate to melanoblasts [20]. This is
accomplished by the coordinated effort of the transcription factors PAX3, CREB, SOX10 and
LEF1 [20]. Each aforementioned transcription factor confers the ability of MITF-M expression
to respond to specific environmental cues in the commitment and differentiation process [20].

Once differentiated, melanoblasts begin their migration to the skin by invading the
dorsolateral pathway, between the somite and ectoderm [21, 22]. Melanoblasts populate various
cutaneous structures, but the final destination differs between mice and humans. In humans,

where hair follicles are relatively sparse, melanoblasts locate to the epidermis and form an



epidermal unit with neighboring keratinocyte cells [23]. Unlike humans, the majority of the
mouse body is covered in hair. Thus, melanoblasts colonize the ectoderm and developing hair
follicles prior to birth [15]. Any melanoblasts that are not located to the hair bulge or to the hair
matrix disappear by P4 [24]. The differentiation of melanoblasts into melanocytes occurs

concomitantly with the expression of TYROSINASE (TYR) and melanin production [25-28].

1.4 Melanogenesis

1.4.1 The Impact of UV-radiation on Pigmentation in Human Skin

Ultraviolet radiation (UV-R) lies between the visible and X-ray regions in the
electromagnetic spectrum [29]. While the majority of the total radiant energy that reaches the
earth’s surface from the sun is divided between the visible (40%) and the infrared (50%), only 5-
10% is ultraviolet [29]. UV-R is divided into three categories based on the specific wavelength
of the energy: UV-A (320-400 nm), UV-B (280-320 nm), and UV-C (200-280 nm) [29]. While
UV-C never reaches the earth’s surface because it is absorbed by the ozone layer, UV-A and
UV-B are able to penetrate [29]. However, the earth’s surface receives much less UV-B than
UV-A because UV-B is scattered and absorbed by oxygen, ozone and water molecules in the
atmosphere [30]. In contrast to UV-B, UV-A is able to penetrate deeply into the dermis of
human skin, and thus reach the depth of melanocytes [1]. While only ~9-14% of UV-B reaches
melanocytes, anywhere from ~19-50% of solar UV-A reaches them; be that as it may, tans
stimulated by UV-A are much more transient and less likely to protect against additional UV-

induced insult than tans produced by exposure to UV-B [30]. Ultimately, it is UV-B that is



responsible for the sunburn reaction and for promoting skin cancer, especially if an individual
sustains repeated and prolonged sun exposure [1]. However, UV-B does elicit the benefit of
promoting vitamin D synthesis within the epidermis; this reaction only occurs with wavelengths
0f290-310 nm in the UV-B range [30]. When UV-R infiltrates the skin and is absorbed by 7-
dehydrocholesterol (7-DHC), the pre-vitamin D3 is formed [30]. The vitamin D pathway is
involved in many biological processes within the human body, including bone metabolism, the

innate immune response, cell proliferation, and cell differentiation [31, 32].

1.4.2 Signaling Pathways and Cellular Mechanisms that Regulate Melanogenesis

While many factors influence melanocytes and pigment production, both are largely
impacted by paracrine signals from neighboring keratinocytes and to a lesser degree, dermal
fibroblasts [33]. However, autocrine signals from melanocytes themselves and environmental
factors, mostly UV-R, also play a role [1]. Intriguingly, UV-R triggers the increased expression
of keratinocyte-derived factors that are known to stimulate melanogenesis, while simultaneously
suppressing factors that inhibit the pigment production process [1]. It is also known that UV-R
can directly influence melanocytes by triggering the formation of additional dendritic processes
as well as pigment production [34, 35]. Human skin undergoes a tanning response after
exposure to UV-R, which is marked by increased pigmentation above the baseline level for each
individual [36]. In addition to stimulating a tanning response, UV-R also affects both the
survival and proliferation of melanocytes [1].

Cellular DNA directly absorbs UV-B radiation upon exposure, which causes the

formation of DNA photoproducts, including thymine dimers and pyrimidine (6-4) pyrimidine



[36, 37]. There is a plethora of evidence that demonstrates that UV-induced DNA damage is the
cause of the tanning response. First, the UV spectrum that causes tanning is the same for the
formation of DNA photoproducts [37, 38]. Second, melanocytes treated with an agent that
exclusively damages DNA were simultaneously stimulated to produce pigment [39]. Third, the
tumor suppressor protein p53, which is activated by DNA damage, stimulates the increased
expression of 7YR mRNA and TYR protein, thus augmenting pigment production [40-43].
Studies in mouse keratinocytes demonstrated that post UV-R, p53 binds to a consensus sequence
in the proopiomelanocortin (POMC) promoter, thus increasing the expression of the POMC-
derived a-melanocyte stimulating hormone (a-MSH), a known key inducer of melanogenesis
[44]. Moreover, the systemic administration of a-MSH, B-MSH or adrenocorticotropic hormone
(ACTH), an analog of a-MSH also derived from the POMC gene, induces skin pigmentation in
areas that are exposed to sun [45, 46].

The biological effects of a-MSH are mediated by the melanocortin-1 receptor (MCIR), a
G-protein-coupled receptor specifically expressed in melanocytes [44, 47] with seven
transmembrane domains [48, 49]. Binding of a-MSH to MCIR allows for G-protein dependent
activation of adenylate cyclate, which in turn leads to increased levels of cyclic adenosine
monopshophate (cAMP) [49]. cAMP-dependent protein kinase (PKA) is activated by cAMP,
which phosphorylates the cAMP-responsive element binding protein (CREB) [49, 50]. Upon
activation via phosphorylation, CREB binds to the MITF-M promoter and stimulates
transcription [51], leading to increased expression of MITF-M, the master transcriptional
regulator of melanogenesis [49]. With increased expression of MITF-M, key genes necessary
for melanogenesis, including TYR, tyrosinase-related proteins 1 and 2 (TYRP-1 and TYRP-2)

are also up regulated [52].



Despite the fact that the ubiquitous cAMP-CREB pathway regulates MITF-M, its
expression is cell-type specific (only occurring in melanocytes) [1]. The reason for this is that
CREB cooperatively binds to the MITF-M promoter in the presence of SOX10, the expression of
which is limited to cells derived from neural-crest [53]. Interestingly, a-MSH can stimulate
pigment production in melanocytes via a mechanism that is uniquely separate from MCIR [1]; it
can bind to 6(R)-L-erythro-5,6,7,8-tetrahydrobiopterin (6BH4), an enzyme known to inhibit the
catalytic activity of TYR [54, 55]. By binding to 6BH4, a-MSH destroys the inhibitory-
properties of this molecule on TYR.

The aforementioned a-MSH mechanism promotes the synthesis of brown and black
melanins, also known as eumelanins [49]. Interestingly, pheomelanin, or yellow/red melanins,
can also be up regulated while simultaneously inhibiting the production of eumelanins through
MCIR [56, 57]. Agouti signaling protein (ASP), a protein expressed in both mice and humans,
has been shown to compete with a-MSH for binding to MC1R, thus preventing the activation of
adenylate cyclase [56-58]. Through this mechanism, ASP inhibits the synthesis of eumelanins
and drives the production of pheomelanins. Intriguingly, over-expression of ASP in mice leads
to a yellow coat color phenotype [57]. As of yet, the role of ASP in humans is still poorly
understood [1].

The POMC/MC1R/cAMP pathway is thought of as the key pathway that regulates
melanogenesis, yet POMC-deficient mice (POMC'/ ") demonstrate normal black coat color [59].
Histological analyses of these mice demonstrated normal hair follicle structure with normal
eumelanin pigmentation [59], suggesting either that MCI1R has a baseline activity sufficient for
normal pigmentation or that a different mechanism is able to induce pigment production in the

mouse hair follicle of POMC™" mice. It was later shown that melanocytes express both B, and a;
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adrenoreceptors (B2-AR and a;-AR, respectively) that can each stimulate melanogenesis through
unique mechanisms [60, 61]. Epinephrine produced by keratinocytes can bind to 3,-AR on the
melanocyte cell surface and increase intracellular levels of cAMP, leading to increased melanin
production [60]. On the other hand, a,-AR interacts with norepinephrine released by
melanocytes, thus increasing the level of diacylglycerol and activating melanogenesis via the
PCK- B pathway [60, 62].

Another pathway critical to melanogenesis is the stem-cell factor (SCF) and c-Kit
mechanism [1]. SCF, which is secreted by keratinocytes after exposure to UV-R, binds to the c-
Kit tyrosine kinase receptor on the cell surface of melanocytes [63]. Upon SCF binding, c-Kit
autophosphorylates itself and activates mitogen activated protein kinase (MAPK) [63]. MAPKs
then phosphorylate and activate MITF-M, which in turn up-regulates 7YR, TYRP-1 and TYRP-2
transcription [63]. SCF is an important melanocyte survival factor [52] and can also act
synergistically with specific interleukins and granulocyte-macrophage-colony stimulating factor
to augment UV-induced pigment production [63, 64].

Another important modulator of melanogenesis is endothelin-1 (ET-1), a 21 amino acid
peptide secreted by keratinocytes in response to UV-R [65-67]. ET-1 has been shown to increase
the expression of MC1R as well as to strengthen the affinity of MCIR for a-MSH [68].
Furthermore, ET-1 activates TYR and increases expression of 7YRP-1 [65, 69], as well as
stimulates melanocyte proliferation [65, 69] and the formation of additional dendritic processes
[66].

Lastly, nitric oxide (NO) plays a role in stimulating pigment production in melanocytes.
This diverse molecule has different effects depending on the cell/tissue type [70] and is produced

by both melanocytes and keratinocytes in situations where inflammatory cytokines are abundant
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[71-74]. Moreover, keratinocytes produce NO upon exposure to UV-R [75]. NO enacts its
biological effects through specific secondary messengers, including cyclic guanine
monophosphate (cGMP) and cGMP-dependent protein kinase, to boost TYR activity and

pigment production in melanocytes [75].

1.4.3 Key Enzymes that Orchestrate Melanin Biosynthesis

TYR (monophenol, 3,4--dihydroxyphenylalanine oxygen oxidoreductase, EC 1.14.18.1)
is a glycoprotein comprised of 529 amino acids found in the membrane of the melanosome [76,
77]. It has both an inner catalytic domain that locates to inside of the melanosome (90% of the
protein) as well as a short transmembrane domain and cytoplasmic domain [76-78]. Within the
catalytic domain, histidine residues bind copper ions that are required for its activity [76, 77].
TYR is regarded as one of the most important enzymes in the melanin biosynthesis pathway as it
catalyzes the initial rate-limiting step, the hydroxylation of tyrosine to 3-3,4-
dihydroxyphenylalanine (DOPA) [76, 77]. It subsequently oxidizes DOPA to DOPAquninone.
Numerous proteins regulate TYR, including PKC- B, tyrosine hydroxylase isoenzyme (THI), and
phenylalanine hydroxylase [36, 79, 80]. UV-R, along with ligand-mediated activation of a;-AR
and ET-1, releases diacyl-glycerol (DAG) from the plasma membrane [80]. DAG activates
PKC- B, allowing it to bind the receptor for activated C-Kinase-I (RACK-1; the receptor specific
for activated PCK- B); subsequently, PKC- B translocates to the melanosome [80-82]. Once in
the melanosome, PKC- 3 phosphorylates serine residues on TYR [80, 82], which allows it to
complex with TYRP-1 [83], thus stabilizing and increasing the enzymatic activity of both

proteins [84].
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Like TYR, both of the tyrosinase-related proteins 1 and 2 (TYRP-1 and TYRP-2) span
the melanosomal membrane, and are ~40% homologous in their amino acid sequence to TYR
[85, 86]. It has been hypothesized that the genes encoding for TYR, TYRP-1 and TYRP-2
diverged from a single common ancestral gene [87], with the original gene encoding only TYR
[88]. Then, two duplication/divergence events occurred to give rise to the separate proteins
TYRP-1 and TYRP-2 [88]. Both TYRP-1 and TYRP-2 contain an NH,-terminal signal
sequence, EGF-like domains, two histidine-rich metal binding domains, and a COOH-terminal
transmembrane segment with a short cytoplasmic tail [52]; the COOH terminus and the
transmembrane segment are necessary for targeting both proteins to the melanosome [52].

TYRP-1 is an abundant 75 kDa glycoprotein produced only in melanocytes [85].
Sequence homology between TYRP-1 and TYR is most highly conserved in the copper-binding
domain, the cysteine and tryptophan residues, the transmembrane domain, the signal sequences
used for trafficking to the melanosome, and the glycosylation sites [85, 86]. In the mouse,
mutations in 7yrp-1 lead to a brown coat color phenotype [87, 89]; furthermore, TYRP-1 is also
mutated in the OCA3 subtype of human albinism, and individuals present reduced pigmentation
in the hair, skin and eyes [90]. Intriguingly, while TYRP-1 acts as a DHICA oxidase that
generates indole-5,6-quinone-carboxylic acid in the mouse [91, 92], evidence suggests that it
does not share this function in humans, where it instead acts as a tyrosine hydroxylase [85].
TYRP-1 is important in eumelanogenesis and not needed in pheomelanogenesis, because in cells
depleted of TYRP-1 or in cells that have TYRP-1 with defective activity, eumelanogenesis is
down regulated and pheomelanogenesis is up regulated [93]. Additionally, TYRP-1 may
function to stabilize TYR activity and maintain melanosomal structural integrity [94, 95]. The

function of TYRP-2 (dopachrome tautomerase) is well characterized: it catalyzes the reaction of
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dopachrome to DHICA in the eumelanin synthesis pathway [96-98]. Like TYRP-1, TYRP-2 is
able to stabilize TYR activity, and it has been shown to play a role in melanocyte survival [94].
MITF-M is the master regulator of melanocyte development, function and survival [50].
A basic helix-loop-helix leucine zipper dimeric transcription factor [50], MITF-M is known to
bind to the canonical E-box promoter sequence CACGTG and the non-palindromic seqeuence
CACATG as adimer [99-101]. The human MITF-M gene is comprised of nine unique promoter
elements in which each promoter directs the transcription of a specific isoform of MITF [50,
102]. While the first exon of each MITF isoform is different, exons 2-9 are shared [102]. The
promoter most proximal to the common downstream exons is the MITF-M promoter, which
drives expression of the M isoform [50]. MITF-M is not only the smallest isoform, but also is
exclusively expressed in melanocytes [50, 103]. Interestingly, the melanocyte-specific exon 1 of
MITF-M only adds a few additional amino acids that have not been shown to alter the function
of MITF dramatically [50]. The MITF-M promoter is regulated by multiple transcription factors,
including paired box gene 3 (PAX3), cAMP-responsive element binding protein (CREB), SRY
(sex-determining region Y)-box 10 (SOX10), lymphoid enhancer-binding factor 1 (LEF1, or
TCF), one cut domain 2 (ONECUT-2) and MITF-M itself [50, 104-106]. In addition to
extensive transcriptional regulation, MITF-M can be modified post-translationally as well. In
particular, mitogen-activated protein kinase (MAPK), ribosomal S6 kinase (RSK), glycogen
synthase kinase-33 (GSK3 ) and p38 are all known to phosphorylate MITF-M [107-110].
Although it is unclear exactly how each post-translational modifier is activated to phosphorylate

MITF-M, it is generally hypothesized that environmental cues play a large role.
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1.4.4 Types of Melanin

Melanocytes synthesize two unique forms of melanin: the black-brown eumelanins and
the yellow-reddish pheomelanins [111]. While the absence of both melanins is associated with a
white-hair phenotype, the prevalence of eumelanin is linked to black-brown hair and
predominant pheomelanin composition is coupled to red or yellow hair [8]. Both melanins
contain a prevailing arrangement of repeating units linked by carbon-carbon bonds [1, 111].
However, pheomelanins are characterized by sulfur-containing benzothiazine derivatives [112]
while eumelanins consist of DHI (5,6-dihydroxyindole) and DHICA (5,6-dihydroxyindole-2-

carboxylic acid) units in reduced or oxidized states [112].

1.4.5 The Melanosome Matures through Four Distinct Stages

Melanosomes are membrane-bound ellipsoidal organelles that mature through four
morphological stages in the melanocyte [1]. The maturation stages are distinguished by their
structure and the quantity, quality and arrangement of melanin within [1, 113-115]. Pre-
melanosomes are produced near the Golgi apparatus in the perinuclear region [113]. A stage [
melanosome lacks internal structural components and TYR, the key enzyme involved in melanin
biosynthesis [113-115]. It is spherical in shape as opposed to the ellipsoidal fully mature stage
IV melanosome [113-115]. In the transition of a stage I melanosome to a stage Il melanosome,
two main events occur. First, TYR protein is trafficked from the Golgi apparatus to the
melanosome and melanin synthesis begins with minimal deposition of melanin [113-116].

Second, PMEL17, a protein involved in the structural organization of the melanosome, is
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deposited [113, 114]. PMEL17 allows for the transformation of the stage I melanosome to the
characteristically elongated, fibrillar stage II melanosome [113-116]. A stage III melanosome is
characterized by increased melanin synthesis and the uniform deposition of melanin onto the
PMELI17 fibrils [113-116]. When analyzed by electron microscopy (EM), a proper stage I11
melanosome is distinguished by long dark striations that stretch longitudinally across the
melanosome [113, 114]. The final end-stage melanosome is either ellipsoidal or elliptical in
shape and has minimal TYR activity with complete melanization [115, 116]. Eu-melanosomes
and pheo-melanosomes are highly similar in maturational stages yet differ in shape: while the eu-
melanosome is ellipsoidal in the final stage, the pheo-melanosome remains rounded throughout
all stages [1, 115, 116].

As the main component of the protenacious internal fibrils of stage I and II melanosomes,
PMEL is both necessary and sufficient for premelanosome fibril formation and proper
melanosome shape [117]. Expression of PMEL alone in non-pigmented cell lines leads to the
formation of fibrils that are morphologically similar to those seen in melanocytes [118, 119].
Furthermore, melanosomes from silver mutant mice, where total PMEL protein levels are
depleted owing to a truncation mutation in the cytoplasmic domain, are enlarged and rounded
due to the lack of fibrillar structure within [120]. PMEL is synthesized in melanocytes yet needs
to be properly trafficked to premelanosomes [117]; it has been shown that some PMEL is routed
through the plasma membrane [120]. A cytoplasmic di-leucine tail on PMEL facilitates PMEL
accumulation in endosomes and in turn assists with efficient downstream sorting and fibril
formation [117, 120]. As the silver mutant mice do not have the aforementioned di-leucine motif
on PMEL protein, it aggregates on the cell surface and fails to traffic to the early-stage

melanosome [120].
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1.4.6 Mature Melanosome Formation requires Intricate Trafficking Processes within the Cell

An endosome is a membrane-bound compartment with the cell [117]. Early stage
endosomes form major sorting stations within cells from which proteins are routed to many
different locations, including the plasma membrane, the trans-Golgi network, and both limiting
and intralumenal membranes of late endosomes and lysosomes [117, 121]. Due to the
complexity of protein sorting events, endosomal trafficking is regulated by tightly-controlled
molecular machinery [117]. In certain cell types, parts of the endosomal trafficking machinery
are used to route specific proteins to specialized lysosome-related organelles (LROs) [117].
LROs are a class of tissue-specific intracellular organelles that share characteristics with
lysosomes, including an acidic pH and lysosomal membrane protein and enzyme content [117].
Melanosomes were initially considered to be modified lysosomes [122], yet research has
indicated that they instead coexist with separate lysosomes, a feature that they share with other
LROs [117]. In order to synthesize LROs, host cells must separate and sort macromolecule
components of lysosomes from LROs [117]; this was upheld by experiments that showed that
melanosomal proteins congregate near late stage endosomes in non-pigmented cell types when
they are expressed ectopically [118, 123, 124].

Hermansky-Pudlak syndrome (HPS) is a disease caused by malformation or malfunction
of LROs, including melanosomes, platelet dense granules, lung lamellar bodies, and/or cytotoxic
T-cell granules [125]. HPS affects multiple organ systems in the body and results in partial
albinism, excessive bleeding, lung fibrosis, immunodeficiency, and granulomatous colitis [125].
While the 8 observed genes responsible for HPS are expressed in many cell types, they are

essential only for LROs present in affected cell types [125]. Some of the mutated genes in HPS
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encode for subunits of multi-subunit protein complexes, including AP-3 and biogenesis of
lysosome-related organelles complex-1, 2 and 3 (BLOC-1, BLOC-2, and BLOC-3) [117].

AP-3 mutations have been characterized in individuals with HPS type 2 and pear! and
mocha mutant mice [126]. It forms one part of the heterotetrameric adaptor complex that acts to
link transmembrane cargo, through cytoplasmic sorting signals, to coated bud-formation on post-
Golgi membranes [127]. AP-3 most likely acts in the trafficking of TYR from endosomes [117].
This is demonstrated by a three key findings. First, the di-leucine based sorting motif [128, 129]
on the cytoplasmic domain of TYR binds to AP-3 in vitro and is necessary for sorting to
lysosomes or neurosecretory granules in other cell types [130-132]. Secondly, in melanocytes
from HPS-2 patients and pear/ mice, TYR is misrouted to endosomes [128, 133]. Thirdly, AP-3
coats are found on buds on early endosomal tubules that also contain TYR [128, 134].
Intriguingly, in cells that are depleted of AP-3, the misrouted TYR builds up in early endosomes
and in intralumenal vesicles of multi-vesicular bodies (MVBs) [128], providing evidence that
AP-3 may specifically function to steer TYR away from the MVB pathway.

Although TYR protein is misrouted to endosomes (instead of melanosomes) and
pigmentation is decreased in pear! mice and HPS-2 individuals, melanocytes from both contain
pigmented, mature melanosomes with active TYR; interestingly, these melanosomes are
indistinguishable from melanosomes observed in control, wild-type melanocytes [128, 133, 135].
Thus, a second pathway must exist that delivers TYR to the melanosome that is independent of
AP-3. In vitro studies showed that the di-leucine motif on TYR is also able to bind to AP-1
[128], a second heterotetrameric adaptor complex. Moreover, in AP-3 deficient melanocytes, the
amount of TYR protein in AP-1-coated endosomal buds increases [128]. Apart from delivering

TYR to melanosomes, AP-1 has been shown to play additional roles in the melanocyte as well:
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in vitro data demonstrates that TYRP1 is able to interact with AP-1 (but not AP-3) through its di-
leucine sorting motif [124, 128]. Moreover, TYRP-1 co-localizes extensively with AP-1 in
melanocytes [121]. Thus, data suggests that AP-1 probably interacts with both TYR and TYRP-
1 and acts to deliver these melanogenic enzymes to the maturing melanosome.

Cargo that is sorted by AP-3 is meant for lysosomes and late endosomes; yet in
melanocytes, TYR and TYRP-1 are destined for melanosomes, which requires additional
proteins for sorting, including BLOCs [117]. BLOC-1 is 250-kDa protein complex comprised of
eight subunits, 2 of which are mutated in human HPS [136]. BLOC-1 mutant melanocytes
demonstrate complete mis-localization of TYRP-1, but only partial mis-localization of TYR
[137]. Due to the fact that TYRP-1 sorting is affected differently in AP-3 and BLOC-1 mutants,
AP-3 and BLOC-1 must participate in two distinct trafficking pathways from early endosomes
[117]. Furthermore, because TYR and TYRP-1 are differentially affected by AP-3 and BLOC-1
depletion, the routing steps for each enzyme probably occur sequentially in space and time from

distinct early endosomal domains [117].

1.5 Pigment Variation in Humans

1.5.1 Genes that contribute to human hair, skin and eye color

Human pigmentation in hair, skin and eyes is a polygenic trait that is determined by a
quasi-Mendelian inheritance pattern; a few important genes have dramatic effects, while many
modifier genes contribute to a lesser extent [138]. One of the most well-studied genes involved

in pigment variation in humans is MCIR [138]. The importance of this gene was revealed by
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numerous studies that showed that variation in MCIR contributes to a red-hair and fair-skin
phenotype [138]. Intriguingly, two independent research studies that sequenced the MCIR gene
in human samples from several continents found a lack of polymorphisms in sub-Saharan
African as well as other dark-skinned populations, including Papuans and South-Asians [139,
140]. This lack of diversity in polymorphisms for MCIR in darker-skinned populations is
explained by natural selection to remove MC/R mutations that may promote pheomelanin
synthesis over eumelanin synthesis in regions of high UV-R [141]. On the other hand,
populations in Europe, East Asia and Southeast Asia demonstrate high levels of polymorphisms
in MCIR [138]; more than 30 alleles for MCIR have been documented in European populations,
with more than 20 nonsynonymous variants [142]. Interestingly, there are at least 9
nonsynonymous variants of MCIR that occur at a frequency of 1% or greater in European
populations [138], with 4 of these variants being strongly associated with the red-hair and fair-
skin phenotype (Asp84Glu, Argl51Cys, Argl60Trp and Asp294His) and 3 only being weakly
associated (Val60Leu, Val92Met, and Argl63Gln) [143]. Studies performed in vitro
demonstrated that some of these variants have a reduced capacity to bind a-MSH (Val92Met) or
to activate adenylyl cyclase (Arg151Cys, Argl60Trp and Asp294His) [144-146]. Such findings
provide logical evidence as to why individuals with these variants in MC1R have hair and skin
rich in pheomelanin. Significantly, individuals with these functional variants of MC/R sunburn
easily and are at a greater risk for melanoma and non-melanoma skin cancers [147]; correlating
with this, studies in melanocytes with the aforementioned functional variants of MCIR
demonstrate decreased eumelanin synthesis and increased cytotoxicity in response to UV-R

[148].

20



A second gene that has been shown to play a significant role in pigment variation in
humans is agouti-signaling protein (ASIP), which is an endogenous antagonist of MCIR [138].
Upon binding, ASIP promotes the synthesis of pheomelanin over eumelanin [138]. A recently
identified SNP in the 3’-untranslated region of ASIP (8818 A—>G) correlates with dark hair,
brown eyes and dark skin [149, 150]. Related studies demonstrated that the ASIP mRNA level is
over twelve times less in melanocyte cell lines that contain the G allele (AG heterozygotes or GG
homozygotes) when compared to melanocyte cell lines that contain the homozygous AA
genotype [151]. Thus, decreased levels of ASIP equates to less antagonist binding to MC1R, and
more activation of a-MSH and subsequent eumelanin synthesis [138].

The “golden gene”, SLC24A35, is largely responsible for the evolution of light-skin
European populations [138, 152]. The role of this gene in the evolution of human skin
pigmentation was discovered by chance; researchers working with zebrafish identified a mutant
(the “golden” mutant) that resulted in delayed and reduced pigmentation when compared to wild-
type zebrafish [152]. A premature stop codon that that truncates SLC24A5 was determined to be
responsible for the golden mutant phenotype [152]. Intriguingly, when human mRNA was
injected into golden mutant zebrafish embryos, melanin pigmentation was rescued [152]. The
golden gene encodes for a potassium-dependent sodium-calcium exchanger protein that is
critical for melanogenesis [152]. Intriguingly, the HapMap database demonstrated several SNPs
in the human SLC24A45 gene, including a nonysynonymous polypmorphism (rs1426654) that
encodes either an alanine or a threonine at position 111 of the protein [152]. HapMap data
shows extreme frequency differences in this SNP between European human samples and West
African human samples; the ancestral alanine allele occurs at a very high frequency of 93-100%

in African and East Asian populations, while the threonine allele occurs at a fixed frequency of
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98.7-100% in European populations [152]. Research also showed that rs1426654 is associated
with melanin levels as measured by reflectometry in two admixed populations (African
Americans and African Caribbeans): individuals with one or two threonine alleles demonstrated
lighter skin than individuals homozygous for the ancestral alanine allele [152]. Strikingly, it has
been estimated that the SNP in SLC24A45 is responsible for 25-38% of the differences in skin

melanin index between European and African populations [152].

1.5.2 Hypotheses on the Evolution of Skin Pigmentation in Humans

Human skin pigmentation correlates incredibly well with latitude; it tends to be darker in
groups of people that populate equatorial and tropical areas of the globe (sub-Saharan Africa,
South Asia, and Australia) and lighter in populations that reside farther from the equator [138].
The reason for this phenomenon is UV-R intensity, which is intense at the equator and gradually
diminishes with increasing latitudes [138]. Multiple hypotheses have been developed to address
the evolution of human skin pigmentation with regard to latitude [138].

One hypothesis that addresses this question theorizes that darker skinned individuals with
higher melanin content were selected for at the equatorial latitudes due to their increased
protection from sunburn and skin cancer [138]. Melanin is a natural sunblock that protects skin
cells from the damaging effects of UV-R [147, 153]. One of the initial effects of UV-R on the
skin is a sunburn, which is accompanied by pain, blistering, edema and erythema; often, severe
sunburns can damage sweat glands and subsequently disturb thermoregulation processes while
exposing the body to infection [138]. Severe sunburns also have the capacity to impair skin cells

[147, 153]. Thus, it is hypothesized that dark skin was selected for in tropical environments

22



close to the equator because its higher eumelanin content is more advantageous than light skin in
preventing sunburns [138]. Furthermore, dark skin is much less susceptible to skin cancers when
compared to light skin [147]; hence, it has also been hypothesized that dark skin was selected for
against white skin in equatorial latitudes for protection against skin cancer [138]. In support of
this hypothesis, albino individuals in sub-Saharan Africa often develop pre-malignant lesions or
skin cancer in early adulthood; additionally, records indicate that less than 10% of albinos in
Nigeria and Tanzania survive beyond the age of thirty [8, 154].

A second important hypothesis on the evolution of human skin pigmentation centers on
folate, an essential nutrient that is needed for DNA synthesis and repair [138] as well as
spermatogenesis in males [155]. In pregnancy, folate deficiency can lead to neural tube defects,
including spina bifida and anencephalus [156, 157]. Folate is very sensitive to UV-R [157];
studies demonstrated that folate levels dropped significantly in human plasma post UV-R
exposure, and lighter-skin individuals showed lower folate levels after UV-R when compared to
controls [158]. Due to the importance of folate in many biological processes and the fact that it
is highly sensitive to UV-R, light-skin was naturally selected against in latitudes near the equator
where UV-R levels are high [138].

One of the most highly debated hypotheses regarding the evolution of human skin color
across the globe is the vitamin D hypothesis [138]. While it is well known that UV-R is very
damaging to skin, it is necessary for the production of vitamin D, a molecule that is vital for bone
metabolism, immunoregulation, regulation of cell proliferation and differentiation, prevention of
invading pathogens, and in preventing autoimmune diseases [159-161]. The original hypothesis
surmised that dark skin was favored near the equator so as to prevent potentially toxic

overproduction of vitamin D while light skin was selected for at higher latitudes with lower UV-
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R so as to maximize vitamin D production [162]. However, it was recently demonstrated that
sun exposure is not able to induce vitamin D toxicity, disproving the original hypothesis [163].
The current theory describes the distribution of human skin pigmentation across the globe as a
combination and balance of distinct factors: dark skin was selected for at equatorial latitudes so
as to protect against sunburn and skin cancer and to allow for folate synthesis, while light skin
was ideal at higher latitudes with lower UV-R to enhance vitamin D production [138]. This
theory is supported by the fact that individuals with dark skin require at least ten times more
sunlight compared to individuals with light skin in order to make the same amount of vitamin D

[160]; thus, dark skin is at a large disadvantage in higher latitudes far from the equator [138].

1.6 Disorders of Pigmentation

1.6.1 Melasma: An acquired Disorder of Hyperpigmentation

Melasma, also known as chloasma or “mask of pregnancy” is a disfiguring disorder of
pigmentation that primarily affects women of color during their childbearing years [1, 164, 165].
Melasma appears as a symmetrical hypermelanosis characterized by irregular coloration; the
hyperpigmented area can range from light brown to gray to dark brown in color [164]. Although
the exact causation of melasma is unknown, it correlates with pregnancy and the use of estrogen-
containing oral contraceptives [165-167]. However, multiple other factors can contribute to its
development, including UV exposure, hormone therapy, genetic influences, cosmetics, endocrine

or hepatic dysfunction, and certain antiepileptic drugs [165, 168].
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Intriguingly, studies have demonstrated that hyperpigmented areas characterized by
melasma show increased deposition of melanin in both the dermis and the epidermis [169, 170].
However, the same studies showed that there was no increase in the actual number of
melanocytes; the melanocytes were larger in size, contained more dendritic processes, and
demonstrated increased melanogenesis with higher levels of eumelanin accumulation [169, 170].
Moreover, in lesional skin, there was an increase in the number of melanosomes within
keratinocytes, melanocytes and dendrites [170].

The increased levels of estrogen, progesterone and MSH during pregnancy, especially the
third trimester, have correlated with melasma [171]. Interestingly, sex hormones have been
shown to increase the expression of key melanogenic genes, including TYRP-2 and TYR [172].
Furthermore, when cultured melanocytes are treated with B-estradiol, TYR activity increases
[173]. Both these studies demonstrate that sex hormones are likely vital in producing
hyperpigmented skin lesions associated with melasma on otherwise healthy skin.

Although a large range of treatments for melasma exist, they are associated with varying
degrees of success and efficacy, with no single treatment standing out as preferable [174]. There
are three main therapeutic therapies to treat melasma, including topical agents, chemical peels
and laser light therapy [174]. To treat moderate to severe melasma, topical de-pigmenting agents
are the most effective [174]. While a combination topical therapy is more effective than a
monotherapy, triple combination therapy is the most effective at treating melasma (such as
hydroquinone, tretinoin and fluocinolone acetonide) [174]. However, 40% of patients will
experience erythema and peeling side effects when exposed to a triple combination therapy
[174]. On the other hand, chemical peels and laser therapies are associated with an increased

risk of skin irritation and future recurrence of hyperpigmentation, especially in individuals of
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color [174]. Overall, current treatments for melasma remain unsatisfactory, with the need to
identify novel regulators of melanogenesis to serve as innovative targets in decreasing pigment

accumulation in hyper-pigmented skin lesion areas.

1.6.2 Vitiligo: A Hypo-melanosis of the Skin and Hair

Vitiligo is the most common pigmentary disorder, affecting between 0.1-2% of the
worldwide population, irrespective of age, ethnic skin color or race [175-177]. Vitiligo, a
disorder characterized by hypo-pigemented areas of skin, is caused by the loss of functional
melanocytes [178, 179]. Vitiliginous skin exhibits one to several amelanotic macules that are
chalk-white or milk-white in color and surrounded by either normal or a hyperpigmented border
[180]; microscopically, melanocytes are completely absent [181]. While initial lesions are most
frequently seen on the hands, forearms, feet and face, lesions can appear anywhere on the body
[180]. Although it can develop at any age, it commonly begins manifestation in childhood or
young adulthood [180]. Interestingly, its incidence decreases with increasing age [180]. Due to
the lack of melanin, hypo-pigmented areas of skin in vitiligo patients are at a higher risk for
sunburn and melanoma [177].

As a multi-factorial disorder, vitiligo is caused by a combination of genetic and non-
genetic, environmental factors [175, 176, 180]. There is clinical evidence that localized trauma,
stress and an autoimmune disposition can act in synergy to drive the loss of melanocytes in the
epidermal-dermal junction [180]. In particular, autoimmune/autocytotoxic factors [182], toxic

compounds [180], altered cellular environment [180], dysfunctional melanocyte migration and
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proliferation [183] and viral infection [183, 184] can all contribute to the onset of vitiligo.
However, the exact mechanism of initiation and maintenance of vitiligo remains unknown.

In the autocytotoxic theory, precursors of melanin synthesis that are cytotoxic accumulate
in melanocytes and cause the cells to undergo apoptosis [182]. However, the autoimmune theory
is regarded as the most plausible explanation, as sufferers of vitiligo very often tend to present
other common autoimmune diseases, including autoimmune thyroid disease (particularly
Hashimoto thyroiditis and Grave’s disease), pernicious anemia, lupus, diabetes mellitus,
Addison’s disease, hypoparathyroidism, inflammatory bowel disease, rheumatoid arthritis, and
psoriasis [180]. To further support this theory, blood analysis of vitiligo patients consistently
shows serum autoantibodies and circulating auto-reactive T cells directed at melanocytes [185-
187]. Analysis of vitiliginous skin often shows infiltrates of cytotoxic T cells [186, 187]. Lastly,
vitiligo patients present increased serum levels of soluble IL-2 receptor, IL-6 and IL-8,
advocating that T-cell activation may contribute to the pathogenesis of vitiligo [182, 188]. All of
these studies point to an autoimmune mechanism as the likely cause for vitiligo, yet much
remains unknown about the etiology of this disease.

Vitiligo is resistant to most current therapies, yet clinical research has reported that re-
pigmentation spontaneously occurs in 1-25% of patients [177, 189]. As vitiligo is still a poorly
understood disorder, the therapies are broad in nature. These include: topical corticosteroids,
calcineurin inhibitors, vitamin-D derivatives, phototherapy (UV-A and narrowband UV-B
wavelengths), photochemotherapy, surgical techniques, excimer laser, topical prostaglandin E
and combinations of the aforementioned treatments [ 180]. The most common and effective
treatment is the use of a combination light therapy with a photoactive pharmaceutical [179].

However, this treatment can take anywhere from 100-300 sessions to achieve complete re-
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pigmentation [180], and adverse side effects including severe blistering [179], photo-allergic
reactions [180], hyper-keratinosis of lesioned skin [180], and skin malignancies [190] are known
to occur. Thus, treatment options that decrease the aforementioned side effects and that result in

complete re-pigmentation reliably are needed to address vitiligo.

1.6.3 Albinism with an Emphasis on Oculocutaneous Albinism Type 1 (OCAI)

Albinism in humans is recognized as a hypopigmentation of the skin, hair and eyes [191].
It is characterized by a deficiency in melanin biosynthesis; however, melanocyte structure and
number are normal [191]. Reduced pigment in the skin of affected individuals is linked with
extreme UV-R sensitivity and predisposition to cancer [191]. In the eyes, foveal hypoplasia and
mis-routing of the optic fibers from the retina to the optic cortex is known to occur [192].
Mutations in seven genes have been linked to different forms of albinism, including: 7YR and
oculocutaneous albinism type 1 (OCAL1), the P gene and oculocutaneous albinism type 2
(OCA2), TYRP-1 and oculocutaneous albinism type 3 (OCA3), the HPS! gene and Hermansky-
Pudlak syndrome, the CHS! gene and Chediak-Higashi syndrome, and the OA4/ gene and X-
linked ocular albinism [191].

OCAL1 is an autosomal recessive disorder caused by mutations in the 7YR gene; it has
been estimated that it occurs in 1 in 40,000 in most populations [191]. The OCA1 phenotype is
characterized by a complete lack of melanin biosynthesis in the hair, skin and eyes, with an
inability to tan [191]. However, recent research has demonstrated that the level of skin
pigmentation in individuals with OCA1 can vary greatly [191]. OCA1A is marked by a lifelong

absence of pigmentation, while OCA1B individuals are able to tan and have near normal levels
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of pigment in their hair, skin and eyes [191]. Both types of OCA1 are characterized by complete
hypopigmentation at birth, yet individuals with OCA1B acquire pigment as they age [191]. The
common feature between both subtypes of OCA1 is nystagmus (involuntary eye movement that
may result in reduced or limited vision) and foveal hypoplasia with reduced visual acuity [191].
To date, over 90 mutations in 7YR have been identified that lead to OCA1, which include
missense, nonsense, frameshift, splice site mutations, and deletion of the entire coding sequence
[193, 194]. Most missense mutations in 7YR are found in or flanking the two copper binding
domains [191]. The two copper atoms within TYR are held in place by six histidine ligands that
keep the atoms 3.6 angstroms apart; any alteration in the secondary structure of TYR has the
potential to affect this distance, which would prevent the two copper atoms from forming a
peroxide with molecular oxygen and thus preventing function of the protein [191]. Other
missense mutations in 7YR have been shown to cause changes in protein folding and
glycosylation, which results in the failure of TYR being trafficked out of the endoplasmic

reticulum to the melanosome, its final destination [195, 196].

1.7 Identification of Novel Regulators of Melanogenesis via RNAi-based functional

genomics

Much of the core machinery that drives melanogenesis has been identified, yet its full
regulation and the genes that participate in said regulation are still poorly understood. A deeper
understanding of the molecular underpinnings that regulate melanogenesis may aid in more
effective and less toxic compounds that can either simulate or inhibit pigmentation in areas of

skin marked by vitiligo or melasma, respectively. To address this need, a Dharmacon genome-

29



wide siRNA screen consisting of 84,508 siRNAs targeting each of the 21,127 unique human
genes was employed to identify single-gene loci that modulate melanocyte pigmentation [197].
Four unique siRNA duplexes per gene were used in a one-gene to one-well format of a 96-well
plate [197]. MNT-1 melanoma cells were utilized for the screen because they produce
substantial amounts of melanin in culture and also because they possess a gene expression profile
that is the most similar to normal human epidermal melanocytes [198]. Other groups have
previously used MNT-1 cells to establish pigment regulatory mechanisms that modulate
melanogenesis [115, 128, 137, 199]. Five days after transfection, a spectrophotometric melanin
quantitation assay that measures absorbance at 405 nm (to account for both eumelanin and
pheomelanin) was employed along with an ATP-dependent luminescence-based cell viability
assay (CellTiter-Glo) [197]. The CellTiter-Glo assay eliminates siRNAs that impact pigment
production because of cell proliferation or cell survival. Using TYR depletion as a positive
control, it was determined that a 5-day post-transfection incubation period was optimal for
quantitative detection of impaired melanin production in MNT-1 melanoma cells (Fig 1A) [197].
In order to permit plate-to-plate comparisons, the raw A4osnm values were normalized to
internal reference samples on each plate [197]. Next, each sample was normalized to the
experimental mean for each well position calculated from the full data set [197]. This controls
for pigment variations due to plate position effects. In order to control for cell number in each
well, adjusted luminescence values from the multiplexed cell viability assay (Cell-TiterGlo) were
used [197]. This allowed for the calculation of the “normalized absorbance ratio”
(absorbance/cell number) for each siRNA [197]. In Fig. 1B, the log, transformation of the
average normalized absorbance ratio is shown for each gene, with two standard deviations from

the mean shown in red [197].
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In order to determine the false-positive rate, 35 genes identified from the screen were
randomly selected and re-tested using individually synthesized, pooled siRNAs in MNT-1 cells
[197]. A keratin-7 siRNA pool, which does not affect pigmentation, was used as a negative
control [197]. The ability of each re-tested siRNA to impact pigmentation was compared against
the ability of the tyrosinase siRNA to inhibit pigmentation using a standard normalized percent
inhibition calculation (Fig. 2A) [197]. From this analysis, it was determined that 4 of the 35 re-
tested siRNAs were not able to impact pigment production, establishing a false-positive rate of
12.1% (Fig. 2A) [197]. A simple plate assay was used to compare the ability of each re-tested
siRNA to affect pigmentation visually (Fig. 2B).

Intriguingly, the genes identified in the screen have broad roles in many different cellular
mechanisms and processes [197]. In order to identify genes that may play a role in phenotypic
variation in pigmentation, identified genes were knocked down via siRNA and analyzed for their
impact on TYR protein accumulation in three different melanocyte cell lines with distinct genetic
backgrounds (MNT-1 melanoma cells, darkly-pigmented human epidermal melanoctyes and
medium-pigmented human epidermal melanocytes) (Figs. 3A-3B, 4A-4B) [197]. Aldehyde
dehydrogenase 1A1 (ALDH1A1) was one of only two genes able to impact TYR protein
accumulation in the three cell lines tested (Figs. 3A-3C, 4A-4B) [197]. Moreover, depletion of
ALDHI1AT1 impacted pigment production visually in MNT-1 cells, as seen in the plate assay (Fig.
2B) [197].

ALDHI1AL is one of 19 in the ALDH superfamily of enzymes, all of which require
NAD(P)" for catalytic activity and play pleiotropic roles in many cellular pathways [200].
ALDH enzymes are constitutively expressed in mammalian tissues with the highest expression

occurring in the liver, kidney, uterus and brain [201]. ALDH enzymatic activity is necessary for
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the synthesis of retinoic acid, an important regulator during embryogenesis and beyond, and for
the metabolism of GABA, a neurotransmitter [202-208]. It is also needed in the alcohol
detoxification process and in converting toxic aldehydes synthesized from lipid peroxidation
reactions to non-toxic carboxylic acid forms [205]. In particular, ALDH1A1 protects the lens in
the eye from reactive oxygen species generated in times of cellular stress [209, 210]; it also plays
non-enzymatic maintenance roles in the lens by directly absorbing damaging UV-R and acting as
a chaperone protein [211, 212].

ALDHI1AL has a high affinity for two intermediates apart of the Vitamin A pathway: all-
trans retinal and 9-cis retinal [202, 209]. ALDH1A1 acts on these substrates and catalyzes the
formation of all-#rans retinoic and 9-cis retinoic acid, respectively [202, 209]. Both play
important roles in retinoic acid-mediated signaling. As retinoic acid is crucial in embryogenesis,
ALDHI1AL is expressed in specific tissues during embryo development in a spatial-temporal
model [213, 214]. Hematopoietic stem cells express especially high levels of ALDH1A1, which
can be used for isolation of these cells from other cell populations [215, 216].

In order to pharmacologically validate that ALDH1A1 modulates melanogenesis, two
well-characterized catalytic inhibitors, cyanamide and Angeli’s salt, were analyzed for their
effects on key melanogenic gene expression [197]. Both compounds were able to inhibit TYR
protein accumulation as well as pigment accumulation in melanoma cells (Figs. 3D-3E) [197],
suggesting that ALDH1A1 may be an ideal pharmaceutical target for the treatment of melasma
and other related hyper-pigmentary disorders. These critical initial studies led to the laboratory’s

interest in this enzyme, which is a major focus of this dissertation.
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Figure 1.1: Genome-wide RNAIi screening for novel molecular components of
melanogenesis.

A) A MNT-1 model for loss-of-function detection of pigmentation genes. MNT-1 cells were
transfected with siRNAs targeting tyrosinase using a microtiter-plate based high throughput
reverse transfection protocol [217]optimized for this cell line. Inhibition of pigmentation and
tyrosinase expression relative to control non-targeting siRNAs is shown. B) MNT-1 pigmented
melanoma cells were transfected with 84,920 siRNA duplexes targeting 21,230 genes in a one-
well, one-gene reverse transfection format as we have previously described [217]. 120 hrs post
transfection, Raw A4snm absorbance values were collected for each well and normalized to
internal reference samples on each plate, followed by normalization to the experimental mean for
each well calculated from the full data set to control for variations in pigment due to plate and
position effects. Similarly adjusted luminescence values from a multiplexed viability assay
(CellTiter-Glo) were used to control for cell number, generating “normalized absorbance ratios”
for each well (absorbance/cell number). The log2 transformation of the average normalized
absorbance ratios among replicates is shown for each gene from lowest (hypopigmentation) to
highest (hyperpigmentation). Values below 2 standard deviations from the mean are shown in

red.

Data excerpted from:

“Genome-Wide siRNA-Based Functional Genomics of Pigmentation Identifies Novel Genes and
Pathways That Impact Melanogenesis in Human Cells”

Anand K. Ganesan, Hsiang Ho, Brian Bodemann, Sean Peterson, Jayavani Aruri, Shiney Koshy,
Zachary Richardson, Lu Q. Le, Tatiana Krasieva, Michael G. Roth, Pat Farmer and Michael A.
White

PLoS Genetics

doi: 10.1371/journal.pgen.1000298

Published December 5, 2008

Figure doi: 10.1371/journal.pgen.1000298.s001
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Figure 1.2: Validation of novel gene products supporting melanogenesis.

A) MNT-1 cells were transfected with the indicated siRNA pools (50 nM final concentration)
targeting 35 of the 94 positive regulators of melanogenesis identified in the primary screen.
siRNAs targeting Ker7, a gene that does not impact pigment production, were used as a negative
control (black bar). A normalized percent inhibition calculation was employed to compare the
consequences of each siRNA pool on pigmentation with that observed upon depletion of
tyrosinase. Bars represent mean and s.e.m. for » = 3. Red bars indicate failure to significantly
suppress pigmentation. The results of the analysis of these 35 genes are shown in this panel
(those genes that were not putative autophagy regulators) and in Figure 3 (putative autophagy
regulators). A summary of the results for all 35 genes is shown in Table S4. B) A light
micrograph of a representative opaque-walled, clear-bottomed 96-well microtiter plate
containing MNT-1 cell monolayers 7 days post transfection with the indicated siRNAs is shown.

Data excerpted from:

“Genome-Wide siRNA-Based Functional Genomics of Pigmentation Identifies Novel Genes and
Pathways That Impact Melanogenesis in Human Cells”

Anand K. Ganesan, Hsiang Ho, Brian Bodemann, Sean Peterson, Jayavani Aruri, Shiney Koshy,
Zachary Richardson, Lu Q. Le, Tatiana Krasieva, Michael G. Roth, Pat Farmer and Michael A.
White

PLoS Genetics

doi: 10.1371/journal.pgen.1000298

Published December 5, 2008

Figure doi: 10.1371/journal.pgen.1000298.2001
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Figure 1.3: Novel, pharmaceutically-tractable melanogenesis gene networks converge on
tyrosinase expression.

A) 4 days post transfection with the indicated siRNAs, MNT-1 whole cell lysates were prepared
and analyzed by immunoblot for the indicated proteins. A non-targeting siRNA was used as a
transfection control (Control). ERK1/2 is shown as a loading control. B) Those siRNAs that
inhibited tyrosinase accumulation were examined for consequences on tyrosinase and MITF
gene expression by quantitative RT-PCR. 72 hours post transfection with the indicated siRNAs,
equal numbers of MNT-1 cells were lysed and cDNA was prepared using a Cells to Ct kit
(Ambion). Tagman qRT PCR assays (Applied Biosystems) for tyrosinase and MITF was utilized
to identify siRNAs that impacted tyrosinase and MITF expression. C) The indicated siRNAs,
targeting novel pigmentation genes identified in the MNT-1 screen, were tested for consequences
on tyrosinase accumulation in darkly pigmented and moderately pigmented primary human
melanocyte cultures 6 days post-transfection. The results presented here is a Venn diagram of the
data presented in Figure S5 demonstrating that we have identified pigment regulators that
differentially impact pigment production in different genetic backgrounds. D) Pharmacological
inhibition of Aldh activity impacts tyrosinase protein accumulation. MNT-1 cells (left panel) and
primary melanocyte cultures (right panels) were exposed to 5 mM Aldh inhibitors (cyanamide or
Angeli’s salt) or the tyrosinase inhibitor hydroquinone [15] for 72 hours as indicated. 24 hours
post-treatment, cultures were exposed to UV-B at the doses indicated. Tyrosinase and ERK1/2
levels were assessed by immunoblot. MNT-1: Angeli’s salt (5 mM), cyanamide (5 mM), or
hydroquinone (5 mM); primary melanocytes: Angeli’s salt (50 mM), cyanamide (100 mM),
hydroquinone (1 mM). E) Aldh inhibitors impair melanogenesis in primary human melanocytes.
Darkly pigmented melanocytes were cultured for seven days in the presence of the indicated
dosed of cyanamide (cya), vehicle, or PTU. PTU is the most potent currently known in vitro
pigment inhibitor in primary melanocytes [43]. Subsequently, cells were lysed in CellTiter-Glo
and the luminescence and absorbance values were used to calculate inhibition of pigmentation as
in Figure 1A.

Data excerpted from:

“Genome-Wide siRNA-Based Functional Genomics of Pigmentation Identifies Novel Genes and
Pathways That Impact Melanogenesis in Human Cells”

Anand K. Ganesan, Hsiang Ho, Brian Bodemann, Sean Peterson, Jayavani Aruri, Shiney Koshy,
Zachary Richardson, Lu Q. Le, Tatiana Krasieva, Michael G. Roth, Pat Farmer and Michael A.
White

PLoS Genetics

doi: 10.1371/journal.pgen.1000298

Published December 5, 2008

Figure doi: 10.1371/journal.pgen.1000298.g002
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Figure 1.4: siRNA-mediated knockdown of ALDH1A1 leads to potent decreases in TYR
protein

The impact of multiple independent siRNAs, targeting the indicated genes, on tyrosinase protein
accumulation was assessed by immunoblot. The impact of a given siRNA on gene expression
was quantitated by densitometry (numbers below the corresponding blots). Two or more siRNAs
impaired tyrosinase protein expression in all cases examined. Similarly, the impact of multiple
independent siRNAs targeting tyrosinase on MITF protein accumulation was assessed by
immunoblot. All three siRNAs tested had an impact on MITF expression.

Data excerpted from:

“Genome-Wide siRNA-Based Functional Genomics of Pigmentation Identifies Novel Genes and
Pathways That Impact Melanogenesis in Human Cells”

Anand K. Ganesan, Hsiang Ho, Brian Bodemann, Sean Peterson, Jayavani Aruri, Shiney Koshy,
Zachary Richardson, Lu Q. Le, Tatiana Krasieva, Michael G. Roth, Pat Farmer and Michael A.
White

PLoS Genetics

doi: 10.1371/journal.pgen.1000298

Published December 5, 2008

Figure doi: 10.1371/journal.pgen.1000298.s003
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2.1 Abstract

The mechanisms that lead to variation in human skin and hair color are not fully
understood. To better understand the molecular control of skin and hair color variation, we
modulated the expression of 7Tyrosinase (Tyr), which controls the rate-limiting step of
melanogenesis, by expressing a single-copy, tetracycline-inducible shRNA against 7yr in mice.
Moderate depletion of TYR was sufficient to alter the appearance of the mouse coat in black,
agouti, and yellow coat color backgrounds, even though TYR depletion did not significantly
inhibit accumulation of melanin within the mouse hair. Ultra-structural studies revealed that the
reduction of 7yr inhibited the accumulation of terminal melanosomes, altered the pattern of
melanin deposition within terminal melanosomes, and inhibited the expression of genes that
regulate melanogenesis. These results indicate that color in skin and hair is determined not only
by the total amount of melanin within the hair, but also by the pattern of melanin distribution

within the melanosome.
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2.2 Significance

Studies have identified many genes whose products regulate melanin production.
However, our knowledge is incomplete about how these products interact mechanistically to
control pigment variation. To phenotypically model pigment variation, we selectively depleted
TYR in mice with three different coat color backgrounds. A moderate reduction of TYR was
sufficient to alter the appearance of the mouse hair, although it was insufficient to significantly
reduce the amount of accumulated melanin. Instead, depletion of TYR modulated maturation of
the melanosome by altering expression of other genes that regulate melanogenesis. Our results
indicate that TYR not only catalyzes the production of melanin but also that the level of TYR
can modulate the expression of other key melanogenesis regulators. This partial loss-of-function
transgenic model is a useful new experimental tool to investigate the molecular control of

pigment variation in vivo.
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2.3 Introduction

Skin color varies widely both within and between human ethnic populations, evolving
over generations to be darker in indigenous equatorial populations to protect the skin from UV
damage [1, 2], or to be lighter in populations at higher latitudes to facilitate Vitamin D
production [3]. With human civilization, lighter skinned populations have moved to more
temperate climates, resulting in the increased incidence and prevalence of UV-induced skin
cancer. Indeed, one in six Americans [4] and one in two Australians will develop skin cancer
during their lifetime [5]. Understanding the molecular mechanisms of skin color heterogeneity
could lead to the development of new strategies to prevent skin cancer in skin types that are more
susceptible to UV-induced damage. Numerous proteins have been identified that confer
differences in coat color between inbred animal strains [6-8]. Despite this information, it is not
yet fully understood how variation in individual pigment-related genes results in the diversity of
skin color phenotypes observed in nature.

Melanin is a chemically inert yet stable pigment that gives skin and hair its color [9]. The
two primary melanins found in human hair and skin are the red/yellow pheomelanins and the
brown/black eumelanins [9]. Melanins are synthesized from tyrosine via an enzymatic reaction
catalyzed by tyrosinase (TYR) [10, 11] with tyrosinase-related protein 1 (TYRP1) and
DOPAchrome tautomerase (DCT) also being required to generate the final melanin product [10].
TYR is a membrane glycoprotein that catalyzes the conversion of tyrosine to DOPA [12] and
then subsequently oxidizes DOPA to form DOPAquinone. This intermediate is further acted

upon by TYRP1 and DCT to form eumelanin [9, 12]. TYRP1 and DCT are also involved in the
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proper trafficking of TYR to the stage II melanosome and in detoxification processes in the
melanosome, respectively [13, 14]

Melanin synthesis occurs within the melanosome, a specific lysosome-related organelle
that matures through four morphologic stages (I-IV) [15-19]. Stage I melanosomes are spherical
vacuoles that lack TYR activity and melanin. They contain intralumenal fibrils that are
comprised mainly of luminal fragments of PMELS5/gp100, an integral membrane protein
specifically expressed in pigment-producing cells [9, 16, 18, 20, 21]. In the stage II
melanosome, PMELS is organized into sheets and thus transforms the spherical stage I
melanosome to an elongated, fibrillar organelle [12, 20, 22]. TYR is transported to the stage II
melanosome, initiates melanin synthesis, and deposits pigment onto internal fibrils that are
characteristic of the stage III melanosome [15, 16, 18, 20]. Stage IV melanosomes are either
elliptical or ellipsoidal in shape and demonstrate complete melanization with little TYR
enzymatic activity [15, 18]. Stage IV melanosomes are defined by the absence of visible
amyloid fibrils [23, 24]. Mature, stage [V melanosomes are transferred from melanocytes to
adjacent keratinocytes where they accumulate as melanin caps above the keratinocyte nuclei and
absorb disruptive UV-radiation before it can damage the DNA [25]. Correlative studies have
identified biochemical and ultra-structural alterations thought to be responsible for skin and hair
color variation. While light and dark skinned individuals possess similar numbers of
melanocytes, melanosomes are larger (0.5-0.8 mm dia.) in highly pigmented skin compared to
lightly pigmented skin (0.3-0.5 mm dia.) [26-30]. Furthermore, lightly pigmented skin contains
less dense melanosomes, mostly at stage II and 111, while darkly pigmented skin contains denser
melanosomes mostly at stage IV [26-30]. Melanocytes from light skinned individuals also

synthesize TYR protein more slowly, degrade TYR at a faster rate, and contain less TYR activity
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when compared to melanocytes from dark-skinned individuals [31]. Recent RNAi-based
functional genomics studies have identified a large number of novel genes that regulate
melanogenesis by controlling the expression and stability of TYR [32]. Taken together, these
studies suggest that subtle variations in 7yr expression and activity may contribute to the
diversity seen in human skin color. We tested this prediction experimentally using a novel
inducible and reversible partial 7yr loss of function mouse model. We demonstrate that partial
depletion of TYR alters mouse coat color, inhibits normal melanosome maturation and inhibits
expression of genes that regulate melanogenesis, while only subtly affecting eumelanin
accumulation. These results support a model where TYR not only controls the synthesis of
melanin, but also coordinately regulates the pattern of deposition of melanin within the
melanosome, phenotypes which could have only been appreciated in a partial loss of function

model.
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2.4 Materials and Methods

Cell Lines and Reagents

B16F1 mouse melanoma cells (a gift from William Pavan, NHGRI obtained from ATCC)
were cultured in high-glucose DMEM media supplemented with 10% FBS, 2mM glutamine, 1x
NEAA, and 0.075% sodium bicarbonate at 5% CO, in air. The pCol-TGM plasmid was kindly
provided by Scott Lowe. The pCAGGS-Flpe-puro plasmid was purchased from Addgene
(Cambridge, MA). The Tyr-shRNAs (7yr-shRNA #1 and Tyr-shRNA #2) were purchased from
Open Biosystems/GE Dharmacon (Lafayette, CO) in the pGIPZ plasmid. The 5’ to 3 ’mature
antisense sequence for 7yr-shRNA #1 is: TCTTCTGAAGGCATAGCCT, while that for 7Tyr-
shRNA #2 is: GATCTGCTACAAATGATCT. Antibodies used in this study are listed in
Supplemental table 2. All of the primers used for genotyping the mice were taken from [33], the
mouse mutant resource website, (Jackson Laboratory Bar Harbor, ME) or designed using
Primer3web (http://www.primer3plus.com). Oligodeoxynucleotide primers (Eurofins Scientific,

Huntsville, AL) are listed in Supplemental table 3.

Identification and characterization of a potent shRNA against 7Tyr

Short-hairpin RNAs targeting 7yr were analyzed using a “Sensor Rules” algorithm to
identify highly potent shRNAs effective at the single copy level in the cell [34]. Two shRNAs
were chosen for further analysis because they fulfilled all but one of the selected criteria of the

algorithm. To generate lentiviral plasmids containing both shRNAs, TLA-HEK293T cells
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(Thermo-Scientific/Open Biosystems, Grand Island, NY) were seeded at a density of 3.8 x 10°
cells per well of a 12-well plate and transfected with 1.4 pg of pCMV packaging vector (Thermo
Scientific), 0.5 pg pMP2G packaging vector (Thermo Scientific), and 2.0 pg of pGIPZ-Tyr or
pGIPZ-NT (non-targeting control) (Open Biosystems/GE Dharmacon) for a total of 3.9 pg of
DNA. Arrest-In was used as the transfection reagent at a 1:5 DNA:Arrest-In ratio (Thermo
Scientific/Open Biosystems). Lentiviral supernatant was harvested at 48 and 72 hours post-
transfection and filtered through a 0.45um filter to remove cells. Lentivirus quantitation was
carried out using a Lentivirus-Associated p24 ELISA kit (Cell Biolabs, Inc, San Diego, CA)
according to the manufacturer’s instructions. B16 mouse melanoma cells were infected in the
presence of Polybrene (8pug/ ml) (Santa Cruz Biotechnology, Santa Cruz, CA) with lentivirus
containing either pGIPZ-Tyr or pGIPZ-NT at multiplicity of infection (MOI) of 0.1. Infected B16
cells were selected for using 2 pg/mL of puromycin (Acros Organics, Pittsburgh, PA), and
expanded in culture. To quantitate knockdown of Tyr mRNA and protein, infected cells were

harvested for quantitative RT-PCR and western blot analysis as previously described [35].

Knock-in of a doxycycline-inducible shRNA targeting 7yr

KH2 cells were cultured on mitotically inactivated primary CD-1 mouse embryonic
fibroblasts as described [36]. Short-hairpin RNAs were cloned into the pCollal FLP-in vector
[33, 37]. The shRNA was integrated immediately downstream of the Co/lal locus via FLPe-
mediated homologous recombination (HR) via the single Frt site integrated at the mouse Collal
locus [36]. Approximately 2 x 10’ KH2 ES cells were electroporated with a mixture of 20 ug of

the shRNA-containing vector and 10 pg of pCAGGS-FLPe-puro (Addgene) [38]. Selection for
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HR was performed using hygromycin (150 pg/ml) beginning 48 hours post-electroporation.
Correct targeting of the Collal locus in KH2 cells with the pCol-TGM vector reconstitutes the
start codon for an existing hygromycin expression cassette. Sixteen independent hygromycin
resistant clones were picked and expanded for Southern analysis. Targeted cells were
trypsinized to single cell suspension and injected into C57BL/6NTac blastocysts and surviving
embryos implanted into pseudo-pregnant ICR foster moms. Chimeric offspring were identified

by agouti coat color.

Generation of 7yr-shRNA mutant mice on a variety of coat-color and transactivator

backgrounds

All experiments involving mice conform to the Guide for the Care and Use of Laboratory
Animals, 8th edition (National Academies Press, Washington, D.C.) and were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of California, Irvine,
approval number 2011-3020. Mice were anesthetized via injection with a sterile sodium chloride
solution of 10 mg/mL ketamine and 1.25 mg/mL xylazine solution in the lower ventral area.
Mice were euthanized by inhalation of carbon dioxide followed by exsanguination. Mice were
housed in our approved animal facility with 12-hour light cycles. Food and water were provided
ad libitum. Animals were monitored daily, and any mice exhibiting signs of distress were
euthanized. The KH2 ES cell line was derived from a 12954 x C57BL/6J F1 embryo. Four
month old male ES cell chimeras, confirmed by genotyping to contain the 7y7-shRNA and the
reverse tetracycline transactivator rtTA2, were crossed with four-month-old C57BL/6J females

(stock number 000664, Jackson Laboratory, Bar Harbor, ME) to produce 129S4; C57BL/6J N2
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progeny with the following genotypes: wild-type, 7yr-shRNA alone, rtTA2 alone, or 7yr-shRNA
and rtTA2 together. These animals were then used to introduce the 7yr-shRNA/R26-1tTA2
transgenes onto three different coat color backgrounds (i.e. white-bellied agouti (4"), yellow
agouti (4”), or non-agouti (a/a, black) using the following breeding strategies. Non-agouti
129S4; C57BL/6J N2 mice containing 7yr-shRNA and rtTA2 were bred with white-bellied
agouti 129S1/SvIimJ (Jackson Lab, stock number 002448) mice or yellow-agouti B6.Cg-A’/J
mice (Jackson Laboratory, stock number 000021). Agouti (4"/+or 4”/+) progeny containing the
appropriate transgenes were intercrossed for four generations to generate progeny with an agouti
(4", or 4”) coat color and Tyr-shRNA and rtTA2 transgenes having the following overall strain
background composition; 37.5% B6J, 12.5% 12954, 50% 129S1 (for animals derived from
crosses with 129S1/ImlJ); or 87.5% B6J, 12.5% 129S4 for animals derived from crosses with
B6.Cg-AY/J mice. Transgenic mice positive for both Tyr-shRNA and CAG-1tTA3 were
generated by crossing agouti C57BL/6J N2 progeny containing only the 7yr-shRNA transgene
with BON.FVB(Cg)-Tg(CAG-rtTA3)4288Slowe/J mice (Jackson Laboratory, stock number
016532). Non-agouti 7yr-shRNA and CAG-rtTA3 positive progeny from this mating
(essentially N3 for B6) were then crossed with C57BL/6J mice, and offspring (essentially N4 for
B6) containing both rTTA3 and Tyr-shRNA transgenes were intercrossed for four generations
generating non-agouti mice with a composition of 93.75% C57BL/6; 6.25% 129S4. Similarly,
N3 C57BL/6 non-agouti transgenic mice positive for both Tyr-shRNA and CAG-rtTA3 were
crossed to yellow-agouti B6.Cg-A”/J mice, and resulting 4”/+ progeny were intercrossed for four
generations giving a final composition of 93.75% C57BL/6; 6.25% 129S4. To minimize genetic

variability, all comparisons were performed using littermates. Activation of the 7yr-shRNA was
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initiated at the time of conception for all mice, as breeding transgenic males and females were

maintained on a 600 mg/kg doxycycline chow (Bio-Serv, Flemington, NJ).

Genotyping of Mutant Mice

DNA was extracted from tail biopsies taken at P21 using the Quick Genotyping' ™' DNA
Preparation Kit (Bioland Scientific, LLC, Paramount, CA) according to the manufacturer’s
instructions. Genomic DNA was used to genotype the mice for germline transmission of (i) the
Tyr shRNA or the Luc shRNA and (ii) the specific rtTA transactivator (R26-rtTA2 or CAG-
tTA3). The mice were also genotyped at the Collal locus. A 2x Taq PCR Premix (Bioland
Scientific) was used for all genotyping reactions. All PCR products were separated through a
2% (wt/vol) agarose gel. The expected sizes of the DNA products for each specific genotyping
reaction are: 7yr-shRNA: 200 bp (with RBG-1 reverse primer); wild-type Collal: 220 bp;
targeted Collal: 295 bp; ROSA26 wild-type: 500 bp; ROSA26-rtTA2: 300 bp; wild-type rtTA3:

363 bp; mutant rtTA3: 300 bp.

Quantification of Total Melanin in shaved mouse hair using Soluene-350 and Absorbance

at 492 nm

Dorsal hairs of mice at P50 or P100 were shaved and 1 mg was dissolved overnight in 1
mL of hot (65°C) Soluene-350 (PerkinElmer) and 10% water. Triplicate 150 pL aliquots for
each mouse hair sample were analyzed for absorbance at 492 nm as previously described to

generate an average absorbance [39-42]. The values for experimental mice were normalized to
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control mice, and percentage of control was calculated. This quantitation method was used only
to compare littermates in order to correlate visual appearance of individual mice with melanin

accumulation in the hair.

Quantification of Total Melanin, Eumelanin, and Pheomelanin in shaved mouse hair

Dorsal hairs of mice at P50 or P100 were shaved and 20 mg was homogenized with a Ten
Broeck homogenizer at a concentration of 10 mg/mL. Duplicate 100 puL aliquots were
solubilized in Soluene-350 (PerkinElmer, Waltham, MA) [43], and subjected to alkaline
hydrogen peroxide oxidation [44], and hydroiodic acid hydrolysis [42] as previously described.
Statistical inference for differences in mean outcomes between rtTA3/7yr-shRNA and control
were tested using a two-sample t-test with no assumption of equal variances between groups. All
tests were stratified by mouse color (black vs. agouti). A Wald-based 95% confidence interval
and corresponding P-value for a test of the null hypothesis of no difference in true means
between the groups was computed for each outcome. To assess sensitivity of outlying
observations, Wilcoxon rank sum tests were also conducted to assess any qualitative difference
in findings. No differences were found. Bar plots depicting the observed mean and standard
deviation of each outcome along with dot plots depicting the raw experimental data for each
group were produced. All statistical analyses were carried out using the R statistical software

package (Ver. 3.2.1; [45]).
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RNA isolation and quantitative RT-PCR on cultured cells

RNA isolation and quantitative RT-PCR was employed as previously described [35].
Briefly, a Cells-to-Ct kit (Applied Biosystems, Grand Island, NY) was utilized to lyse the
infected B16 cells after selection with puromycin. A high-capacity RNA-to-cDNA kit was then
employed to generate cDNA (Applied Biosystems). Solaris qPCR gene expression assays for
TYR (AX-012555-00-0200) and B-actin (AX-003451-00-0100) were obtained from Thermo
Scientific/Dharmacon RNAi technologies and used with TagMan Gene Expression Master Mix
(Applied Biosystems) to complete the PCR. A 7900HT Fast Real-Time PCR system (Applied
Biosystems) and SDS 2.4 (Applied Biosystems) were used to determine C; values for each
sample. Values were normalized to -actin using the relative quantification mathematical model
(Pfaffl) as previously described [32, 35]. A two-tailed Student's #-test was employed to

determine statistical significance (**p <0.01).

Tissue preparation and immunohistochemistry

Whole mouse skin was harvested from either anesthetized or euthanized mice using a 4-
mm round punch biopsy (Sklar Instruments, Westchester, PA) and formalin-fixed for 24-48
hours using a 10% w/v formalin solution (Fisher Scientific, Pittsburgh, PA). Whole mouse eyes
were harvested from euthanized mice and cut in half using a feather blade, followed by fixation
in 10% formalin solution for 24-48 hours. Whole skin samples and eyes were then dehydrated
and embedded in paraffin. Next, 7-um thick skin and eye sections were de-waxed and rehydrated

through a graded series of alcohol washes to water. After application to a microscope slide, all
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samples were dried overnight at 37°C. All samples were stained with hematoxylin and eosin to
view general structure. For immunohistochemistry, antigen retrieval was carried out by heating
slides to 85°C for 15 minutes in 0.01 M citrate buffer (pH 6) on a hot plate. Endogenous
peroxidase activity was quenched with Dual Endogenous Enzyme Block (Dako, Carpinteria,
CA). Protein block was carried out using a Protein Block Solution (Dako). Skin and eye samples
were then incubated with anti-GFP primary antibody overnight at 4°C at a 1:1000 dilution.
Subsequently, samples were incubated with biotinylated goat anti-rabbit IgG for 2 hours at room
temperature, followed by exposure to avidin-biotin enzyme complex (Vector Laboratories,
Burlingame, CA). Signal was developed using diaminobenzidine (DAB) as the enzyme substrate
(Dako) with a hematoxylin counterstain, followed by a final dehydration (50% ethanol for one
minute, followed by two washed in 100% ethanol for one minute each) and mounting with

Permount (Fisher Chemicals) at room temperature.

Immunoblotting- cultured cells

Puromycin-selected B16 mouse melanoma cells were subjected to immunoblotting as

previously described [35].

Immunoblotting- whole mouse skin

Whole mouse skin samples were collected from sacrificed mice using a 4 mm punch
biopsy (Sklar Instruments) and immediately flash frozen in liquid nitrogen. Skin samples were

then ground using a mortar and pestle and lysed in RIPA buffer (Santa Cruz Biotechnologies)
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supplemented with 1x protease and phosphatase inhibitor cocktail (Thermo Scientific). Lysates
were clarified by centrifugation (18,000 x g for 10 min at 4°C). The relative concentration of
protein in each lysate was quantified using a BCA Protein Assay Kit (Thermo Scientific). A
total of 20 pg of protein per sample was separated on a 4-10% Bis-Tris gel (Life Technologies,
Carlsbad, CA) under reducing conditions and transferred onto a 0.45-pym PVDF membrane
(Millipore, Billerica, MA). Membranes were soaked in a blocking buffer solution composed of
TBS (Fisher Scientific), 0.1% Tween-20 (Fisher Scientific) and 5% Apex (Genesee Scientific,
Carlsbad, CA) non-fat milk powder. To assess immunoreactivity, either Luminata Forte
chemiluminescent detection substrate (Millipore) or HyGLO Quick spray (Denville, Holliston,

MA) was used. Protein levels were assessed via densitometry analysis using ImageJ (NIH) [46].

Electron Microscopy

Whole mouse skin (n=2 per genotype) was harvested from either anesthetized or
euthanized mice using a 4-mm round punch biopsy and fixed in half-strength Karnovsky’s
fixative [47] for 24 hours before being transferred to sodium cacodylate buffer, 0.2M, pH 7.4
(Electron Microscopy Sciences, Hatfield, PA). Tissue was then post-fixed with 1% osmium
tetroxide containing 1.5% potassium ferrocyanide. After dehydration, tissues were embedded in
EPON and sections were obtained using a RMC-MT6000XL ultra-microtome and stained with
uranyl acetate and lead citrate. Sections were viewed and selected images were digitally
photographed using a JEOL JEM-1230 transmission electron microscope. For DOPA
histochemistry and prior to post-fixation, tissues were incubated in a 0.1%solution of L-DOPA

twice for 2.5 hours. The tissues were washed and processed as described above. To assess
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melanosome maturation, the percentage of melanosomes in the four maturation stages was
calculated visually in the electron micrographs in the knockdown and control mice using 12
melanocytes from 2 mice per group totaling ~400 melanosomes per mouse. To differentiate
between Stage III and Stage IV melanosomes, stage Il melanosomes were characterized as
having some melanin deposition and observable melanofilaments, while stage IV melanosomes
were categorized as having dark melanin and no observable melanofilaments aberrant or not in

morphology.

RNA isolation on whole mouse skin and Nanostring nCounter Analysis

Whole mouse skin (n=3 per genotype) was harvested from either anesthetized or
euthanized mice using a 4-mm round punch biopsy and immediately stabilized overnight in
RNAlater RNA stabilization reagent (Life Technologies) at 4°C. Skin samples were
homogenized using the Precellys24 high-throughput tissue homogenizer (Precellys, Bertin
Corporation, Rockville, MD) in hard tissue homogenizing reinforced tubes that contain 2.8 mm
ceramic beads (Bertin Corporation). After homogenization, RNA was extracted from each
sample using the RNeasy Fibrous Tissue Mini Kit according to the manufacturer’s instructions
(Qiagen, Valencia, CA). The quantitative analysis of mRNA was carried out using the nCounter
Nanostring Technology (NanoString Technologies, Seattle, WA). NanoString’s nCounter
technology is based on direct detection of target molecules using color-coded molecular
barcodes, providing a digital simultaneous quantification of the number of target molecules. All
data were normalized to 3 housekeeping genes quantified in the same samples. Total mRNA

(100ng in 5ul) was hybridized overnight with nCounter Reporter (20ul) probes in hybridization
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buffer and in excess of nCounter Capture probes (5uL) at 65°C for 16-20h. The hybridization
mixture containing target/probe complexes was allowed to bind to magnetic beads containing
complementary sequences on the Capture Probe. After each target found a probe pair, excess
probes were washed followed by a sequential binding to sequences on the Reporter Probe.
Biotinylated capture probe-bound samples were immobilized and recovered on a streptavidin-
coated cartridge. The abundance of specific target molecules was then quantified using the
nCounter Digital Analyzer. Individual fluorescent barcodes and target molecules present in each
sample were recorded with a CCD camera by performing a high-density scan (1155 fields of
view). Images were processed internally into a digital format and were normalized using the
NanoString nSolver software analysis tool. Counts were normalized for all target RNAs in all
samples based on the positive control RNA to account for differences in hybridization efficiency
and post-hybridization processing, including purification and immobilization of complexes. The
average was normalized by background counts for each sample obtained from the average of the
eight negative control counts. Subsequently, a normalization of mRNA content was performed
based on six internal reference housekeeping genes, including Gapdh, (3-Actin and Hprt using

nSolver Software.
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2.5 Results

Modulation of Tyr expression alters the phenotypic appearance of the mouse hair

To develop a model to study pigment diversity in vivo, we generated a murine model
where we could selectively modulate the expression of any gene using a tet-regulatable single-
copy shRNA linked to a GFP reporter [37]. First, we utilized an algorithm [34] to identify two
shRNA sequences that could effectively silence Tyr. Lentiviral constructs that expressed 7yr
shRNA or non-targeting scrambled shRNA (negative control) were used to infect B16 mouse
melanoma cells at a MOI of 0.1 to ensure that each cell was only infected with one lentivirus
(single copy shRNA) [37]. Quantitative RT-PCR, western blot, and densitometry confirmed that
one of the two tested shRNAs (7yr-shRNA #1) efficiently suppressed 7yr mRNA (Fig. 1A, left
panel) and protein expression (Fig. 1A, right panel). 7yr-shRNA #1 was cloned into the pCol-
TGM targeting vector [36] (hereafter referred to as pCol-TGM-Tyr shRNA; Fig. 1B). To
introduce the 7yr-shRNA into the mouse genome immediately downstream of the Co/lal locus,
pCAGGS-Flpe and pCol-TGM-Tyr shRNA were co-electroporated into KH2 mouse embryonic
stem cells to generate Flpe-mediated recombination between the Frt site at the Co//al locus and
the Frt site on the targeting vector (Fig. 1B). After recombination, the tetracycline response
element (TRE), GFP, and 7yr-shRNA are all inserted downstream of the Coll/al locus in
chromosome 11 in the KH2 cells (Figure 1B), a C57BL/6J x 12954 F1 (agouti) ES cell line that
is pre-engineered to express a reverse tet-trans-activator from the ROSA26 locus on chromosome
6 [36]. Southern blot analysis confirmed the correct integration of the 7yr-shRNA into the

Collal locus in 12/12 clones tested (S1A Fig.). Modal chromosome number was verified in a
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sub-set of clones that were then injected into C57BL/6NTac blastocysts, and implanted into CD-
1 pseudo-pregnant female foster mice. Chimeric male agouti mice confirmed to contain both the
R26-M2rtTA (hereafter referred to as rtTA2) and the 7yr-shRNA via genotyping were then bred
to eight-week old C57BL/6J females. To verify that the 7yr-shRNA was expressed in the hair in
a doxycycline-dependent manner, breeding pairs were placed on a 600 mg/kg doxycycline chow
prior to conception of litters. Resultant pups were shaved at post-natal day (P) 50 and GFP
expression within the hair was monitored by fluorescence microscopy. 7yr-shRNA/rtTA2 (Tyr-
knockdown mice) mice but not 7yr-shRNA (control mice) mice exhibited robust expression of
GFP in the hair, indicating that 7yr-shRNA is expressed within the hair in a tet-regulatable
manner (S1B Fig., two left columns).

Having established a system to induce the expression of 7yr-shRNA in the hair, we next
investigated whether depleting TYR in the hair and skin of 7yr-knockdown mice could modulate
coat color similarly in mice containing different coat color compositions. To do so, we bred 7yr-
shRNA;rtTA2 chimeric mice with mice having agouti (4") backgrounds and yellow agouti (4”)
as described in methods. We also bred 7yr-shRNA mice with mice expressing the CAG-rtTA3
(rtTA3) tet-transactivator protein, which is more effective than the rtTA2 transactivator at
driving expression of tet-regulatable elements in vivo [48]. The rtTA3 transgene was introduced
to non-agouti (black) (a/a) and yellow agouti (4’/+) backgrounds as described in methods.
Initial studies showed 7yr-shRNA/rtTA2 and 7yr-shRNA/rtTA3 mice to be fully viable, fertile,
and without obvious developmental defects. Pregnant animals and their offspring were fed
doxycycline, and progeny were photographed at P50 to make a comparison of coat color in
littermates before being shaved and depilated. The shaved hair was dissolved overnight in hot

Soluene-350 in 10% water as described in the methods and the absorbance of the dissolved hair
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was measured at 492 nm, a wavelength at which both eumelanin and pheomelanin absorb [39-
43]. These comparisons were done to correlate visual differences observed in individual mice
with differences in overall melanin accumulation. We first analyzed the difference between 7yr-
shRNA/rtTA2 mice maintained on a doxycycline (+ DOX) diet or a non-doxycycline (-DOX)
regular diet. Yellow agouti 7yr-shRNA/rtTA2 mice on a doxycycline diet consistently
demonstrated lighter coat colors compared to 7yr-shRNA/rtTA2 littermates fed diet without
doxycycline, both visually and spectrophotometrically at P50 (Fig. 1C, compare far left mouse
with far right mouse, numbers below the pictures correspond only to mice depicted). Similarly,
partial depletion of 7yr in a white-bellied agouti coat-color background inhibited pigment
accumulation in the mouse hair as two littermates with the genotype 7yr-shRNA/rtTA2
displayed lighter pigmentation compared to their 7yr-shRNA control littermate at P50 (Fig. 1D).
The agouti Tyr-knockdown mice demonstrated 15% and 30% less absorbance at 492 nm
compared to the 7yr-shRNA (without rtTA2) littermate control, demonstrating that partial 7yr
depletion moderately inhibits pigment accumulation in the hair (Fig. 1D, percentage values
below the images correspond only to mice depicted in the images). Non-agouti (black) 7yr-
shRNA/rtTA3 littermates fed doxycycline also exhibited significant lightening of coat color after
P50 that was dependent on genotype (Fig. 1E). Moreover, GFP was easily detected in the hair
shaft of Tyr-shRNA/rtTA3 black mice, demonstrating the efficiency of the rtTA3 driver (S1B
Fig., two right columns). Yellow agouti 7yr-shRNA/rtTA3 mice had more pronounced lighter
coats and a 40% decrease in pigment accumulation compared with control littermates (Fig. 1F,
percentages only correspond to littermates shown in the picture). Intriguingly, these mice also
developed green eyes (Figure 1F, right panel). Fluorescence microscopy (S1C Fig.) and

immunohistochemistry (S1D Fig.) revealed that this phenotype was related to deposition of GFP
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within the mouse lens. Importantly, despite variability in the extent of coat lightening in Dox-
fed Tyr-shRNA; rtTA (2 or 3) mice compared to their littermates, we never observed a lighter
coat color in 7yr-shRNA single transgenic animals compared with their 7yr-shRNA; rtTA
double transgenic littermates. Taken together, these results indicate that partial depletion of 7Tyr
using inducible shRNAs can consistently modulate pigment accumulation in the hair of mice.
To investigate how the partial depletion of 7yr impacts melanin accumulation, we
quantified melanin accumulation in hairs of mice containing primarily black coat composition
and primarily agouti coat composition using established chemical methods [41, 42, 44, 49]. A
comparison of five non-agouti (black) 7yr-shRNA/rtTA3 mice with five control mice all
maintained on Dox demonstrated that partial depletion of 7yr leads to a 10% reduction in
eumelanin content (Table 1). Dot plots of the raw experimental data revealed that this
observation was not a result of outliers within the dataset (S2 Fig.). While 7yr-shRNA
expression did inhibit eumelanin accumulation in the hair of mice with black coats, the observed
differences did not reach statistical significance secondary to the intrinsic variation in eumelanin
accumulation observed within experimental mice from different litters. A comparison of 13
agouti 7yr-shRNA/rtTA2 mice with 13 agouti control mice, however, yielded no difference in
eumelanin accumulation (Table 2), and only an insignificant increase in pheomelanin
accumulation (Table 2). A plot of the raw data and secondary sensitivity analyses revealed that
these results were not influenced by outliers within the experimental dataset (S3 Fig.). Itis
conceivable that significant differences were not seen in the agouti background because the
rtTA2 element is known to be less effective at inducing the expression of shRNA in vivo [48]

suggesting that 7yr knockdown was not as robust as that observed in the rtTA3 mice.
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Disruption of Tyr alters the deposition of melanin within the melanosome

To better assess how effectively our 7yr-shRNAs could inhibit TYR expression in vivo,
we performed a more detailed analysis of the expression of the 7yr-shRNA and TYR in 7yr-
shRNA/rtTA2 and 7yr-shRNA/rtTA3 knockdown mice. To do so, we performed western blot
analysis on skin harvested at P50 from 7yr-shRNA/rtTA3 knockdown mice and 7yr-shRNA
control mice. Western blot analysis indicated knockdown of TYR with simultaneous substantial
expression of GFP, providing evidence of 7yr knockdown in the skin tissue (Fig. 2A).
Densitometry analysis showed a 65%-73% reduction in TYR protein (Fig. 2A, numerical values
under TYR protein bands). We also utilized harvested skin from mice at P50 and performed
immunohistochemistry using an anti-GFP antibody. When compared to rtTA2, rtTA3, or Tyr-
shRNA only littermate controls, 7yr-shRNA/rtTA2 and Tyr-shRNA/rtTA3 mice showed robust
staining of GFP in the epidermis and the hair follicle in all coat color backgrounds, confirming
co-expression of 7yr-shRNA when mice are fed a doxycycline diet (Fig. 2B). GFP expression
co-localized with Melan-A expression, indicating that GFP is expressed in melanocytes (Fig.
2C).

Having determined how efficiently the 7yr-shRNA could inhibit TYR expression, we
next sought to examine whether loss of endogenous 7yr affects the structure of the melanosome.
Fresh skin harvested from 7yr-knockdown mice and appropriate littermate controls on both the
white-bellied agouti background and the yellow agouti background were analyzed by
transmission electron microscopy (TEM; Fig. 3). The respective littermate controls had normal
early and late-stage melanosomes that were round with smooth, fibrillar deposits of melanin

(Fig. 3A, top row, center & right). By contrast, skin from the 7yr-knockdown mice
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demonstrated clearly irregular melanin deposition within the early-stage melanosomes unlike the
even striations of melanin seen within the melanosomes of the control littermate (Fig. 3A, middle
row, center and right images). Additionally, depletion of 7yr inhibited the maturation of the
melanosome, as more stage III, but less stage IV melanosomes were present in 7yr-knockdown
mice on both agouti coat color backgrounds (Fig. 3B, center & right graphs). The melanin in
these late stage melanosomes also do not exhibit a smooth peripheral contour suggesting melanin
was accumulating around intraluminal vesicles (Fig. 3A, middle row, insets of center and right
images).

To determine if irregular melanin deposition occurs in black mice when Tyr is reduced,
we harvested fresh skin from 7yr-shRNA/rtTA3 mice and control littermates on the black coat
background. As before, the control mice displayed normal deposition of melanin within oval
melanosomes (Fig. 3A, top row, left image and inset). However, the Tyr-knockdown mice
displayed abnormal melanin deposition in late-stage melanosomes, and late stage melanosomes
did not exhibit a smooth peripheral contour suggesting melanin was accumulating around
intraluminal vesicles (Fig. 3A, middle row, inset of left image). As with 7yr- knockdown mice
on the white-bellied agouti and yellow agouti background, we observed that black 7yr-
knockdown mice possessed significantly fewer stage [V melanosomes compared to littermate
controls and significantly more stage Il melanosomes, suggesting that TYR is required for
complete melanin deposition within the melanosome as well as maturation of the melanosome
(Fig. 3B, left graph). These ultra-structural observations suggest that knockdown of endogenous
Tyr may have a more drastic effect on the morphology of the melanosome in agouti and yellow
agouti mice then in black mice (Fig. 3A, compare inset of middle image in left column to insets

of middle images in center and right columns). However, upon addition of DOPA, the irregular
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melanin deposition in the 7yr-knockdown mice in all three genotypes was not apparent. Instead,
the melanosomes resembled the melanosomes of the respective control littermates (Fig. 3A,
compare top row images to bottom row images). These results indicate that the block in
melanosome maturation could be overcome in vitro by adding unlimited substrate. To verify
that the differences observed were not secondary to differences in melanosome density between
Tyr-knockdown mice and control mice, we quantified and averaged the number of melanosomes
per one hundred microns in fifteen melanocytes from two mice per group. We found no
significant differences in the melanosome density between 7yr-knockdown mice and controls in
all three coat colors, demonstrating that while the partial depletion of 7yr is sufficient to decrease
total amount of stage IV melanosomes, it is not sufficient to alter the total number of
melanosomes (S1 Table).

While melanosome maturation occurs predominantly in the Golgi area, mature
melanosomes are localized to the dendritic processes [16, 23]. As the observed phenotype in the
Tyr-knockdown mice was restricted to terminal melanosomes, we examined the morphology of
melanosomes in the dendritic tips of melanocytes. While the melanosomes in the dendrites of
the control mice displayed a normal morphology (S4A Fig., upper row), melanosomes in the
dendrites of 7Tyr-knockdown mice of all three coat colors displayed the same ruffled morphology

as was visualized in the Golgi area (S4A Fig., lower row).

The observed phenotypes are reversible and not a consequence of shRNA expression

To verify that the phenotypes observed in our 7yr-knockdown mice were not due to

possible side effects caused by GFP expression, we generated mice on the black background that
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expressed an shRNA directed towards Luciferase (Luc), a gene that is not expressed in the
mouse. First, we examined Luc-knockdown mice and appropriate control mice and determined
that there were no visual differences in coat color between the two groups (Fig. 4A). Next, we
analyzed shaved hairs from Luc-knockdown mice and control mice using the previously
described melanin assay and found no differences in absorbance at 492 nm, indicating that
expression of GFP does not affect the production of melanin within the mouse hair follicle (Fig.
4A, percentage values below image). To determine whether the expression of a control shRNA
or GFP affected the deposition of melanin within the melanosome, fresh skin harvested from Luc
shRNA/rtTA2 mice and appropriate Luc-shRNA controls on the black background and was
analyzed by TEM. Melanosomes from Luc-shRNA/rtTA2 mice demonstrated no differences in
morphology when compared to melanosomes obtained from Luc-shRNA only mice (Fig. 4B).
Both the Luc-shRNA and the Luc-shRNA/rtTA2 mice contained appropriate numbers of both
early and late stage melanosomes, with stage IV melanosomes comprising the majority of the

total melanosome number (Fig. 4C).

The partial depletion of 7yr in vivo affects the expression of key genes involved in

melanogenesis

To assess whether the partial depletion of 7yr affected the expression of genes that play
key roles in melanogenesis, we harvested fresh whole mouse skin using a 4-mm round punch
biopsy and subjected the extracted RNA to Nanostring nCounter analysis. Interestingly,
knockdown of Tyr resulted in a slight decrease in the expression levels of Dct, Pmel5, and Martl

compared to control samples (Fig. SA). Tyr depletion lead to a significant decrease in the
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expression levels of Mitf-M, Sox10, Tyrpl and, as expected, Tyr (Fig. 5SA). These results indicate
that the mechanism by which 7yr depletion impacts the deposition of melanin within the
melanosome is secondary to an effect of TYR levels on the expression of other melanogenesis
genes. Finally, depletion of Luc produced no significant change in expression of the same genes
analyzed in 7yr-KD mice, demonstrating that the changes in expression resultant upon 7yr
knockdown are specific to 7yr depletion (Fig. 5B).

To better understand how Tyr knockdown affects the expression of Mitf-M, Sox10, and
Tyrpl, we compared the expression of these genes and 7yr between C57BL/6J wild-type mice
and Tyr*/Tyr" mice, which express a mutant form of TYR that is trapped in the ER [50].
Interestingly, Tyr“/Tyr° mutant mice did not have decreased expression of Tyr, Sox10, Mitf-M, or
Tyrpl (Fig. 5C), suggesting that the phenotypes observed in our 7yr knockdown mice were a
direct consequence of reduced wild-type 7yr mRNA or a consequence of decreased levels of
TYR in the melanosome. We had previously observed that siRNA-mediated 7yr knockdown
also inhibited MITF expression, and validated that this phenotype could be recapitulated by three
different siRNAs (S5 Fig.). Taken together, these results suggest that the effects of 7Tyr
knockdown on MITF were not an off-target phenomenon in vitro, making it less likely that the
phenotypes observed with the 7yr-shRNA in vivo were an off-target phenomenon.

Finally, to further verify that the observed phenotypes in vivo were reversible, we
performed a longitudinal study in which we monitored coat color in three littermates during and
after the administration of a doxycycline diet. At P50, the two Tyr-knockdown white-bellied
agouti mice demonstrated less pigment in their hair both visually (Fig. 5D, left upper image) and
spectrophotometrically (numerical values below image, 12.4% and 30% less absorbance at 492

nm when compared to the littermate control, respectively). The 7yr-knockdown mice also
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exhibited visually less pigment in their tails when compared to their littermate control while on a
doxycycline diet (Fig. 5D, left lower image). At P110, mice were returned to a normal diet
without doxycycline. Sixty days after removing doxycycline, the coat color of the Tyr-
knockdown mice began to return to levels comparable to the control littermate (Fig. 5D, middle
upper image). At this point, we utilized shaved hair samples to establish that both 7yr-
knockdown mice had no differences in absorbance at 492 nm when compared to the 7yr-shRNA
alone littermate (Fig. 5D, percentage values below image). While there were no differences in
hair pigmentation at P110, there was still less pigment in the tails of the 7yr-knockdown mice as
compared to their littermate controls (Fig. 5D, lower middle image). At 90 days post
doxycycline removal, neither 7yr-knockdown mouse showed any visible differences in coat or
tail pigmentation when compared to the control littermate, demonstrating the reversibility of the
tet-inducible shRNA-knockdown mouse model (Fig. 5D, upper and lower right images).

Similar to our observations at 60 days post doxycycline removal, absorbance values at 492 nm
for both 7yr-knockdown mice were at control levels at 90 days post doxycycline removal (Fig.
5D, numerical values below right image). Taken together, these studies indicate that the

phenotypes observed in the 7yr-knockdown mice are reversible.
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2.6 Discussion

This study demonstrates the utility of a conditional and reversible gene expression
knockdown system to investigate the partial loss of function of gene products involved in
pigmentation in an experimental system. Human skin pigmentation is a highly complex trait that
relies upon the interaction of numerous gene products and environmental influences to generate
the observed phenotype. Despite the complete sequencing of the human genome and recent
functional genomic studies that have identified novel genes that affect pigment production in
vivo, it is still not fully understood how pigment gene diversity leads to skin color diversity. To
gain a deeper understanding of how alterations in individual genes contribute to pigment
diversity, we employed a novel inducible shRNA mouse model to subtly alter TYR protein
levels in vivo. Depletion of 65-75% of endogenous TYR (Fig. 2A) reduced the amount of
eumelanin produced in the black mouse coat albeit not significantly (Table 1 and S2 Fig.).
Depletion of Tyr in agouti mice resulted in a slight increase in pheomelanin with no observable
change in eumelanin accumulation (Table 2 and S3 Fig.). Pairwise comparisons between
control and 7yr-knockdown littermates demonstrated visual coat color differences as well as
differences in absorbance at 492 nm (Figs. 1C-1F), but advanced chemical methods showed no
statistically significant difference in total melanin content when all mice from a particular coat
color were considered (Tables 1 and 2). The lack of statistical significance is most likely due to
the variation in melanin accumulation between mouse litters and the variability of Tyr
knockdown in the inducible sShRNA mouse model. Interestingly, we found that the experimental
agouti mice with 7y knockdown demonstrate a slight increase in pheomelanin pigment when

compared with their control counterparts. Although this observation requires more analysis, it
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might implicate a role for TYR protein in regulating the eumelanin to pheomelanin switch, as has
been suggested by other studies [51, 52]. Other published studies using inbred mouse strains
have demonstrated a role for 7yrp! in specifically regulating pheomelanin production [39].
Therefore, the increased pheomelanin observed in this mouse background could be secondary to
the effect of the sShRNA on Tyrp! in this particular strain background. Future studies will be
needed to confirm the relationship between 7yr and Tyrp! knockdown and the eumelanin to
pheomelanin switch.

Extensive studies have characterized mutations at the 7yr (albino) locus in mice. Multiple
mutations within the gene have demonstrated the functions and interactions of TYR with other
proteins [53]. Surprisingly, none of the readily available mutations that have been characterized
address how modulation of 7yr expression may contribute to melanin deposition within the
melanosome. Some mutations within the 7yr gene result in an albino phenotype associated with
lack of TYR activity, including the Tyr*/ Tyr* and Tyr“*// Tyr** homozygous strains [50].
However, both mutations are considered null as the mutated protein is inactive in vivo and is
retained within the endoplasmic reticulum, thus prohibiting an understanding of how changing
levels of TYR may affect melanin deposition [50]. Similarly, the spontaneous platinum mutation
in the Tyr locus produces mice that are very pale with pink eyes in the C57BL/6 background
(Tyr“?/Tyr?) [50]. Mice with this mutation possess a TYR protein that is mutated at the
carboxy terminal of the protein [54, 55]. This mutation leads to the presence of a premature stop
codon and lack of the essential di-leucine protein sorting motif on the cytoplasmic tail, which
causes misrouting of TYR to the cell surface as opposed to the proper melanosomal location [54,
56]. Thus, although the platinum mutation leads to decreased melanin in the mouse coat, it does

not allow for an analysis of how changing levels of TYR may affect melanin deposition. A third
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spontaneous mutation in the 7yr locus, Himalayan, leads to a beige coat color phenotype in
conjunction with darker pigmentation on the extremities [57]. Although an excellent model to
study thermosensitive protein function, it is not helpful in understanding how TYR contributes to
diversity in pigmentation. Finally, the chinchilla mouse mutant (7yr“"/Tyr*") results from a
G-to-A point mutation at nucleotide +1523, which leads to the substitution of alanine for
threonine at position +482 [58]. These mice are very phenotypically similar to mice that are
wild-type at the 7yr locus, possessing black eyes and a very dark gray hair coat [50].
Interestingly, chinchilla mice have greatly reduced TYR activity (three-fold) [50] and it has been
suggested that chinchilla TYR is less stable than that of the wild-type enzyme [59]. TEM studies
on chinchilla hair bulb melanocytes showed a large number of stage II-III melanosomes without
melanin deposition [60] also implicating a role for TYR in influencing melanosome maturation.

In this study we examine the consequences of partial depletion of wild-type 7yr mRNA
and protein on melanin accumulation and melanosome maturation. Using our shRNA transgenic
system, we partially deplete TYR protein at a level that is sufficient to alter coat color but not
sufficient to significantly alter melanin accumulation (Figs. 1C-1F, 2A, Tables 1-2).
Ultrastructural analysis revealed that the melanosomes within these mice did not have a smooth
peripheral contour, suggesting that melanin is accumulating around intraluminal vesicles within
melanosomes (Fig. 3A). TYR has been suggested to localize to intraluminal vesicles within
melanosomes [61] and roles for intralumenal vesicles as sites of melanin deposition have been
described previously [62, 63]. Taken together, these results support a model in which levels of
TYR protein within the stage III melanosome can influence both the pattern and degree of
melanin deposition within the fully-pigmented stage IV melanosomes in vivo. These

observations are distinctly different from the albino mice described in the literature, which did
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not exhibit a similar phenotype most likely because they had no TYR within the melanosome.
Finally, our findings that the partial depletion of TYR affects the structure of the melanosome
and furthermore the visual coat color in mice also correlate well with previous research showing
that the modulation of the pattern of melanin deposition within the melanosome in wild turkeys
and violet-backed starlings leads to a diversity in plumage color [64].

To investigate the etiology of this melanosome phenotype further, the gene expression
pattern of Tyr shRNA transgenic mice, Luc shRNA transgenic mice, Tyr“/ Tyr“ mice, and
C57BL/6J mice were compared. Gene expression analysis determined that 7yr depletion
significantly modulated the expression of Mitf-M, Sox10, and Tyrpl (Fig. 5A) while Luc shRNA
had no effect on the expression of Mitf-M, Sox10, and Tyrpl (Fig. 5B). These results indicate
that the effects of the shRNA on Mitf-M, Sox10, and Tyrpl were not a consequence of the
overexpression of ShRNA or GFP in the hair of the 7yr-knockdown mice. To determine whether
the effects of the 7yr-shRNA on these genes were a consequence of decreased 7yr expression or
decreased TYR activity in the melanosome, we compared the expression of these genes between
isogenic Tyr‘/ Tyr‘ mice and C57BL/6 mice (Fig. 5C). Interestingly, we observed that there was
no change in Mitf-M, Sox10, nor Tyrpl between these mice. Previously published work
demonstrated that 7yr depletion in MNT-1 cells using multiple different siRNAs (S5 Fig.) also
inhibited MITF-M expression [32]. While it is still conceivable that the observed phenotype in
our 7yr knockdown mice is an unpredicted in vivo specific off target effect, the gene expression
relationship uncovered by our studies is more likely a consequence of the decreased level of
tyrosinase mRNA/protein within the melanosome of these mice. Other published studies have
demonstrated that overexpression of 7yr in fibroblasts is sufficient to induce the formation of

melanin and melanosomes [65], identifying a role for 7yr expression in driving the expression of
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other melanosome genes. Taken together, these results are consistent with a potential role for
either 7yr mRNA levels or the level of TYR within the melanosome as modulators of the
expression of other melanosome components, specifically MITF-M, which regulates the
expression of many genes that modulate melanosome structure [66-69]. These observations are
consistent with other studies that have also suggested that inhibiting melanosome maturation can
feedback to regulate the expression genes involved in melanogenesis [70, 71].

The inducible and reversible shRNA mediated knockdown transgenic mouse model has
several advantages over existing experimental systems. First, the model can be generated
rapidly by directed recombination once a suitable sShRNA sequence targeting the relevant
pigment gene is identified [33]. Second, when the shRNA containing mice are crossed with
mice expressing the CAG-rtTA3 driver, the double-transgenic progeny can express high levels of
the shRNA (based on GFP expression) in the hair follicle and epidermis under the tight control
of a doxycycline-inducible promoter (Fig. 2B). Intriguingly, the CAG-rtTA3 driver is not only
efficient at driving shRNA expression within the epidermis but can also drive shRNA expression
in the mouse lens (S1C-D Figs.), enabling investigators to study the function of proteins within
the lens. Most importantly, this model generates partial loss-of-function phenotypes in contrast
to the complete loss of function phenotypes observed in knockout mice. This unique feature
allows investigators to quantify the impact of depletion of mRNA and protein on melanogenesis
that normally could not be studied in null or conditional mutant null models because the
knockout is lethal. On the other hand, this feature also makes these mice slightly more
troublesome to characterize, as the level of shRNA expression and knockdown can vary between
experimental animals. Despite these limitations, we illustrate the power of this model by using

it to demonstrate that TYR controls the pattern of melanin deposition within the melanosome.
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Future studies will utilize this system to better quantify the relative contributions of individual

genes to pigment diversity in vivo.
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Figure 2.1: Tyr depletion leads to coat color changes in three unique coat color
backgrounds.

(A) B16 mouse melanoma cells infected with the lentiviral constructs containing individual
shRNAs were harvested for quantification of 7y mRNA (left panel) and protein (right panel).
The values below the TYR protein bands in the western blot represent the relative intensity of the
TYR band normalized to the tubulin band (loading control) for each lane divided by the relative
expression of the TYR band in the mismatch-control (mm control) sample. (B) Mouse KH2 ES
cells containing a FRT-hygro-pA cassette on chromosome 11 and a reverse tet-transactivator
(rtTA) on chromosome 6 were co-electroporated with pCAGGS-FLPe and the targeting vector,
pCol-TGM-Tyr. Resulting FLPe-mediated recombination between the FRT site at the Collal
locus and the FRT sites present within pCol-TGM-Tyr results in colonies that survive
hygromycin selection. (C-F) Effect of Dox-mediated Tyr shRNA on coat color was analyzed in
(C,F) yellow agouti, (D) white-bellied agouti, or (E) non-agouti (black) mice by comparison of
littermates. The genotype of each mouse is listed above each photo. The percentage value
below each mouse corresponds to the absorbance at 492 nm for that particular mouse divided by
the absorbance at 492 nm for its control littermate, which is set to 100%. (C) Yellow-agouti
littermates with the rtTA2 driver; (D) agouti littermates with the rtTA2 driver; (E) black (non-
agouti) littermates with the rtTA3 driver and (F) yellow agouti littermates with the rtTA3 driver
were shaved on their dorsal side and then photographed. rtTA3 and 7yr-shRNA/rtTA3
littermates each maintained on a doxycycline diet were photographed in daylight at P100 to
demonstrate the presence of GFP in the eye.
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Figure 2.2: Depletion of TYR protein in skin in 7yr-shRNA; rtTA3 mice

(A) Four mm skin punch biopsies were taken at P100 from three different coat color
backgrounds. Total protein was extracted and used to immunoblot for TYR and GFP. The
numerical values present below the TYR protein bands in the western blot represent the relative
intensity of the TYR band normalized to the beta-actin band (loading control) for each lane
divided by the relative expression of the TYR band in the rtTA3 control sample. (B) Four-mm
skin punch biopsies taken from the indicated mice at P100 were formalin fixed, dehydrated, and
paraffin embedded. Seven-um thick sections of the skin were cut and immunostained for GFP
(brown color).
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Figure 2.3: Tyr depletion inhibits the normal deposition of melanin within the melanosome

(A) Fresh whole mouse skin was excised from the indicated mice using a 4-mm round punch
biopsy and fixed in Karnovsky’s fixative before electron microscopy analysis. Melanosomes
within the Golgi area of the cell body were evaluated for maturation stage and ultra-structural
morphology. DOPA histochemistry was performed to assess the relative activity of tyrosinase
within the melanosome. The top row contains the relevant control images for the images listed
in the middle and bottom rows, respectively. Images are representative of 15 melanocytes from
2 mice per group. (B) The relative accumulation of stage I-IV melanosomes in each coat color
background was quantified as described in the methods. For black and yellow agouti coat colors,
the rtTA3 driver was used. For white-bellied agouti coat color, the rtTA2 driver was used.
N=nucleus; G=Golgi area. Bar=0.5 microns (Bar on inset=1.5 microns). Graph: * =p <0.05, or
** = p <0.005, Bars = standard deviation (n=15 melanocytes from 2 mice per group).
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Figure 2.4: Expression of a control shRNA does not affect pigment accumulation or
melanosome maturation.

(A) Coat color in Luc-knockdown mice and appropriate control mice was compared both
visually (genotypes of each mouse are listed above each photo) and spectrophotometrically (the
percentage value below each mouse corresponds to the absorbance at 492 nm for that particular
mouse divided by the absorbance at 492 nm for its control littermate, which is set to 100%). (B)
Fresh whole mouse skin was excised from Luc-knockdown mice and corresponding control mice
using a 4-mm round punch biopsy and fixed in Karnovsky’s fixative before electron microscopy
analysis. Melanosomes within the Golgi area of the cell body were evaluated for maturation
stage and ultra-structural morphology. Images are representative of 15 melanocytes from 2 mice
per group. (C) The melanosomes were also quantified as described in Figure 2D. N=nucleus;
G=Golgi area. Bar=0.5 microns (Bar on inset=1.5 microns). Graph: * = p <0.05. Bars =
standard deviation (n=2 mice per group, 15 melanocytes per mouse analyzed).
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Figure 2.5: The partial depletion of Tyr impacts key genes involved in melanogenesis

4-mm skin punch biopsies were acquired from anesthetized (A) control 1tTA3 mice and
experimental Tyr-shRNA/rtTA3 mice, (B) control Luc-shRNA mice and experimental Luc-
shRNA/rtTA2 mice, and (C) control C57BL/6J wild-type and Tyr*/Tyr" albino mice and
immediately stabilized in RNAlater. Extracted RNA was subjected to Nanostring analysis on the
genes listed below the bar graphs. (D) Three littermates (genotypes from left to right as shown
in graphs above each figure) on continuous doxycycline were photographed at P50 (left images).
After P110, doxycycline was removed from the diet for 60 days and the mice were photographed
once more (middle images). Finally, the mice were fed a doxycycline-free diet for an additional
30 days and a final set of photographs were taken (right images). Pigment accumulation was
measured spectrophotometrically as described in the methods. The percentage value below each
mouse corresponds to the absorbance at 492 nm for that particular mouse divided by the
absorbance at 492 nm for its control littermate, which is set to 100%. Data shown for all three
Nanostring bar graphs (A-C) is mean normalized counts of mRNA for each gene (n = 3 mice as
indicated by the error bars). * = p <0.05 or ** =p < 0.01.
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Figure 2.S1: The rtTA3 transgene drives strong expression of GFP in the mouse eye lens

(A) Total genomic DNA was extracted from the parental KH2 cell line ("KH2"), or from
hygromycin-resistant KH2 clones (1-12) electroporated with a sShRNA targeting 7yr. DNA's
were digested with Spel and subjected to Southern analysis using a 0.85kb probe from the
Collal locus. The sizes of the DNA fragments detected with this genomic DNA probe are wild-
type allele (6.2kb); Frt-Pgk-neo allele (6.7kb); and Flp-in (7yr-shRNA containing) allele (4.1kb).
(B) To visualize GFP expression in the hair shaft, shaved dorsal hairs taken at P50 from an
agouti Tyr-shRNA/rtTA2 (Tyr/rtTA2) and a Tyr-shRNA (7yr) control littermate (left two
columns) and a non-agouti (black) Tyr-shRNA/rtTA3 (Tyr/rtTA3) and a Tyr-shRNA (Tyr)
control littermate (right two columns) were affixed to slides and subjected to both bright field
microscopy and fluorescence microscopy with identical exposure times. (C) Brightfield
microscopy was used to photograph the eyes of littermates to demonstrate the presence of GFP
in the absence of fluorescence (left column images, middle column images). To verify that the
green color in the eye was derived from GFP, eyes were also visualized using fluorescence
microscopy (right column images). (D) Four-mm skin punch biopsies taken from the indicated
mice at P100 were formalin fixed, dehydrated, and paraffin embedded. Seven um thick sections
of the skin were cut and stained for hematoxylin and eosin (top row), immunostained without
primary GFP antibody present (second row down), or immunostained with primary GFP
antibody (third row down) to demonstrate the GFP expression throughout the eye of Tyr-
knockdown mice (right column). The fixed and dehydrated eyes were also subjected to Fontana
Masson staining (F-M) to visualize melanin levels (bottom row). Ln= lens, rpe= retinal pigment
epithelium.
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Figure 2.S2: Bar and dot plots for black mice.

Bar plots depict the arithmetic mean and (standard deviation) for the rtTA3/Tyr-shRNA and
control groups (actual numeric values given at the top of each subfigure). Dorsal hairs of
C57BL/6J mice on continuous doxycycline treatment were shaved and processed for chemical
analysis of eumelanin and of pheomelanin based upon their specific degradation products,
pyrrole-2,3,5-tricarboxylic acid (PCTA) and 4-amino-3-hydroxyphenylalanine (4-AHP),
respectively. Approximately 20 mg of hair was homogenized with a Tenbroeck homogenizer at
a concentration of 10 mg/mL and 100 pL aliquots were subjected to Soluene-350 solubilization
to quantify total melanin, alkaline hydrogen peroxide oxidation to quantify total PCTA, and
hydroiodic acid hydrolysis to quantify 4-AHP in duplicate. The data corresponds to the averages
of five control mice (7yr-shRNA only or rtTA driver only) and five 7yr-knockdown mice on the
C57BL/6J background, and the value is the mean of duplicate measurements. Each hair sample
was derived from a single mouse. ‘X’ symbols on the left of each bar represent the actual data
observed for each group.
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Figure 2.S3: Bar and dot plots for agouti mice.

Bar plots depict the arithmetic mean and (standard deviation) for the rtTA3/Tyr-shRNA and
control groups (actual numeric values given at the top of each subfigure). Dorsal hairs of agouti
mice on continuous doxycycline treatment were shaved and processed for chemical analysis of
eumelanin and of pheomelanin based upon their specific degradation products, pyrrole-2,3,5-
tricarboxylic acid (PCTA) and 4-amino-3-hydroxyphenylalanine (4-AHP), respectively as
described in Table 1. 13 control (7yr-shRNA only or rtTA driver only) and 13 7yr-knockdown
mice were analyzed. ‘X’ symbols on the left of each bar represent the actual data observed for
each group.
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Figure 2.S4: Tyr-knockdown mice also display aberrant melanosome structure within the
melanocyte dendrites in all three mouse coat colors.

Fresh whole mouse skin was excised from 7yr-knockdown mice and corresponding control mice
using a 4-mm round punch biopsy and fixed in Karnovsky’s fixative before electron microscopy
analysis. Melanosomes within the dendrites of the melanocyte were then evaluated for
ultrastructural morphology. Images are representative of 15 melanocytes from 2 mice per group.
Bar=2.5 microns.
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Figure 2.S5: Multiple independent siRNAs against 7YR impact MITF protein
accumulation.

The impact of multiple independent siRNAs (1, 2, 3) targeting 7YR, on TYR and MITF protein
accumulation was assessed by immunoblot and compared to a control, mismatch siRNA (C).
The impact of the given siRNAs on the protein accumulation of TYR and MITF was quantitated
by densitometry (numbers below the corresponding blots).

Data excerpted from:

“Genome-Wide siRNA-Based Functional Genomics of Pigmentation Identifies Novel Genes and
Pathways That Impact Melanogenesis in Human Cells”

Anand K. Ganesan, Hsiang Ho, Brian Bodemann, Sean Peterson, Jayavani Aruri, Shiney Koshy,
Zachary Richardson, Lu Q. Le, Tatiana Krasieva, Michael G. Roth, Pat Farmer and Michael A.
White

PLoS Genetics

doi: 10.1371/journal.pgen.1000298

Published December 5, 2008

Figure doi: 10.1371/journal.pgen.1000298.g002
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Figure 2.S5
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Table 2.1: Knockdown of Tyr in vivo is not sufficient to induce significant melanin loss in
the black mouse coat.

Control rt:ﬁflgi/r- Difference
(n=5) N (rtTA3/Tyr-shRNA — Cont) % of
Outcome (n=5) Control
— - -
Mean (SD) Mean (SD) Diff in I\éeia)lns (95% v elljlue
A500/mg 0.76 (0.09) 0.71 (0.08) 20.06 (-0.18, 0.06)  0.332
Total melanin 81.08 (10.65) 73 (3.72) -8.08 (-19.5,3.34)  0.148 90.1%
(ug/mg)
PCTA (ng/mg) (34223;'96) (2194385. '96) 1319 (-773.6, 135.6)  0.151
Eumelanin (ug/mg)  80.88 (10.6) 72.9 (3.71) 7.98 (-19.34,3.38)  0.151 90.1%
4-AHP (ng/mg) 23.44 (7.4) 14.04 (6.88) 9.4(-19.63,0.83)  0.071
Pheomelanin (ug/mg)  0.22 (0.084) 0.14 (0.055) -0.08 (-0.18,0.02)  0.111 63.6%
ﬁ:figage Phe/Eu 0.003 (0.001)  0.002 (0.001)  0.001 (-0.001, 0.001) 0.185

Dorsal hairs of non-agouti double transgenic and control mice on continuous doxycycline
treatment were shaved and processed for chemical analysis of eumelanin and of pheomelanin
based upon their specific degradation products, pyrrole-2,3,5-tricarboxylic acid (PCTA) and 4-
amino-3-hydroxyphenylalanine (4-AHP), respectively. Approximately 20 mg of hair was
homogenized with a Ten Broeck homogenizer at a concentration of 10 mg/mL and 100 pL
aliquots were subjected to Soluene-350 solubilization to quantify total melanin, alkaline
hydrogen peroxide oxidation to quantify total PCTA, and hydroiodic acid hydrolysis to quantify
4-AHP in duplicate. The data corresponds to the averages of five control mice (7yr-shRNA only
or rtTA driver only) and five Tyr-knockdown mice, and the value is the mean of duplicate
measurements. Each hair sample was derived from a single mouse. Within group summary
statistics represent the arithmetic mean and (standard deviation). Differences in means between
rtTA3/Tyr-shRNA and control were tested using a two-sample t-test with no assumption of equal
variances between groups. P-values correspond to a test of the null hypothesis of no difference
in true means between the groups. Percent of control is presented for descriptive purposes and
represents the relative mean for rtTA3/Tyr-shRNA when compared to control. See also
Supplemental Figure 2.

123



Table 2.2: Knockdown of Tyr in vivo is not sufficient to induce significant melanin loss in

the agouti mouse coat.

rtTA2/Tyr-

Control ShRNA Difference
(n=13) _ (rtTA3/Tyr-shRNA — Cont) % of
Outcome (n=13) Control
Diff in Means (95% p-
Mean (SD) Mean (SD) Ch) value
A500/mg 0.69 (0.1) 0.66 (0.15) 20.03 (-0.14,0.08)  0.582
Total melanin 75.92 (11.67)  74.95 (16.44) -0.97 (-12.49, 10.55)  0.864 98.7%
(ug/mg)
2740.4 2651.4
PCTA (ng/mg) 410.0) 615.9) -89 (-511.6,333.6)  0.668
Eumelanin (ug/mg)  68.52(10.26)  66.29 (15.41) 222 (-12.79,8.35)  0.669 96.8%
4-AHP (ng/mg) 824.4 (251.7)  963.1(215.4) 138.7 (-50.5,327.9)  0.144
Pheomelanin (ug/mg)  7.41 (2.263) 8.66 (1.95) 1.25 (-0.46,2.96)  0.143 116.9%
ﬁ:figage Phe/Eu 0.108 (0.025)  0.135 (0.034) 0.027 (0.01, 0.05)  0.027

Dorsal hairs of agouti mice on continuous doxycycline treatment were shaved and processed for
chemical analysis of eumelanin and of pheomelanin based upon their specific degradation
products, pyrrole-2,3,5-tricarboxylic acid (PCTA) and 4-amino-3-hydroxyphenylalanine (4-
AHP), respectively as described in Table 1. 13 control (7yr-shRNA only or rtTA driver only)
and 13 Tyr-knockdown mice were analyzed. Within group summary statistics represent the
arithmetic mean and (standard deviation). Differences in means between rtTA3/7yr-shRNA and
control were tested using a two-sample t-test with no assumption of equal variances between
groups. P-values correspond to a test of the null hypothesis of no difference in true means
between the groups. Percent of control is presented for descriptive purposes and represents the
relative mean for rtTA3/7yr-shRNA when compared to control.
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Table 2.S1: The partial depletion of Tyr in vivo does not affect the melanosome density

within the mouse melanocyte.

Mouse Coat Color and Genotype Number of melanosomes/100 micron® | p-value
Black Tyr-shRNA control 113.9+154 0.24
Black Tyr-knockdown 108.9 +12.4

Agouti Tyr-shRNA control 103.9 +7.5 0.29
Agouti Tyr-knockdown 105.9 +10.9

Yellow agouti 7yr-shRNA control 105.9 +10.9 0.43
Yellow agouti Tyr-knockdown 94.6 +10.7

Fresh whole mouse skin was excised from the indicated mice using a four-mm round punch
biopsy and fixed in Karnovsky’s fixative before electron microscopy analysis. The number of
melanosomes per area for 15 melanocytes from 2 mice per mouse coat color and genotype were

determined.
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Table 2.S2: List of Antibodies Used in Experiments

Antibody Host Application | Dilution | Company Catalog No.
polyclonal anti-GFP Rabbit | [HC-P 1:1000 | Cell Signaling | 2555
anti-rabbit IgG (biotinylated) | Goat [HC-P 1:500 Vector Labs BA-1000
polyclonal anti-TYR Goat WB 1:200 Santa Cruz sc-7834
monoclonal anti-GFP Mouse | WB 1:1000 | Cell Signaling | 2955
monoclonal anti-f-actin Rabbit | WB 1:1000 | Cell Signaling | 4970
anti-rabbit [gG, HRP-linked | Goat WB 1:5000 | Cell Signaling | 7074
anti-mouse IgG, HRP-linked | Horse | WB 1:5000 | Cell Signaling | 7076
anti-goat IgG, HRP-linked Rabbit | WB 1:1000 | Santa Cruz sc-2768

IHC-P = immunohistochemistry, paraffin-embedded tissue

WB=Western blot
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Table 2.S3: List of primers used for genotyping and their sequences, 5’ to 3’

Genotyping Primers Sequence, 5’ to 3’

Rosa26-rtTA2 common reverse AAAGTCGCTCTGAGTTGTTAT

Rosa26-rtTA2 transgene forward | GCGAAGAGTTTGTCCTCAACC

Rosa26-rtTA2 wild-type forward | GGAGCGGGAGAAATGGATATG

CAG-rtTA3 common reverse CGAAACTCTGGTTGACATG

CAG-1tTA3 transgene forward CTGCTGTCCATTCCTTATTC

CAG-1tTA3 wild-type forward TGCCTATCATGTTGTCAAA

RBG-reverse 1 GAAAGAACAATCAAGGGTCC
RGB-reverse 2 CACCCTGAAAACTTTGCCCC
Collal-forward AATCATCCCAGGTGCACAGCATTGCGG
Collal-reverse CTTTGAGGGCTCATGAACCTCCCAGG
SAdpA-reverse ATCAAGGAAACCCTGGACTACTGCG
Tyr-shRNA forward 1 AAGCCACAGATGTATGATCTGCTA
Tyr-shRNA forward 2 GCCACAGATGTATGATCTGCTAC
Luc-shRNA forward GATGTATTAATCAGAGACTTC

Luc-shRNA reverse CACCCTGAAAACTTTGCCCC

127



Table 2.S4: Genotype of loci with major effect on coat color in ES cells and mice used in
this study.

Genotype at locus
Strain agouti Tyrpl | Tyr Oca2
C57BL/6J a/a +/+ |+ |+
B6.Cg-Ay/] A/a +/+ | A+ |+
KH2 ES cells (12954 x C57BL/6J F1) A"/a +/+ +/+ | +/+
B6N.FVB(Cg)-Tg(CAG-1tTA3)4288Slowe/J a/a +/+ +/+ | +/4+
129S1/SvimJ A"/4" +/+ | A+ |/t

A - agouti, chromosome 2.

B - tyrosinase related protein 1 (7yrpl), chromosome 4.

C - Tyrosinase (7yr), chromosome 7.

p - oculocutaneous albinism II (Oca2), aka pink-eyed dilution, chromosome 7.
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3.1 Abstract

Aldehyde dehydrogenase 1A1 (ALDH1AL1), an enzyme that catalyzes the conversion of
lipid aldehydes to lipid carboxylic acids, plays pleiotropic roles in UV-radiation resistance,
melanogenesis, and stem cell maintenance. In this study, a combination of RNAi and
pharmacologic approaches were used to determine which ALDH1AT1 substrates and products
regulate melanogenesis. Initial studies revealed that neither the UV-induced lipid aldehyde 4-
hydroxy-2-nonenal nor the ALDHIA1 product all-trans retinoic acid appreciably induced
melanogenesis. In contrast, both the ALDH1AT1 substrate 9-cis retinal and its corresponding
product 9-cis retinoic acid potently induced the accumulation of MITF mRNA, Tyrosinase
mRNA, and melanin. ALDH1A1 depletion inhibited the ability of 9-cis retinal but not 9-cis
retinoic acid to stimulate melanogenesis, indicating that ALDHIA1 regulates melanogenesis by
catalyzing the conversion of 9-cis retinal to 9-cis retinoic acid. The addition of potent ALDH1A
inhibitors (cyanamide or Angeli’s salt) suppressed Tyrosinase and MITF mRNA accumulation in
vitro and also melanin accumulation in skin equivalents, suggesting that 9-cis retinoids regulate
melanogenesis in the intact epidermis. Taken together, these studies not only identify cyanamide
as a potential novel treatment for hyperpigmentary disorders, but also identify 9-cis retinoic acid
as a pigment stimulatory agent that may have clinical utility in the treatment of hypopigmentary

disorders, such as vitiligo.

130



3.2 Introduction

Melanin, a pigment produced by the epidermal melanocyte, protects the skin from the
harmful effects of UV irradiation and is aberrantly regulated in many human skin diseases
including vitiligo and melasma [1, 2]. Genetic and biochemical studies have identified over 150
genes that regulate melanogenesis in mouse and human skin [3]. This knowledge has led to the
identification of pigment inhibitory agents, such as hydroquinone, that can effectively inhibit
melanin production in vivo [3]. Unfortunately, the clinical use of hydroquinone has been limited
by its potential teratogenicity [4-7]. Despite the fact that many genes that regulate
melanogenesis have been identified, effective pharmacologic agents that can stimulate
melanogenesis in hypopigmented skin are currently unavailable [8, 9]. These observations
highlight the continuing need to develop safe pigment modulatory agents for the treatment of
pigmentary disorders.

Our group recently utilized a genome-wide RNAi screening approach to identify
pharmaceutically tractable drug targets for the rational design of pigment modulatory agents
[10]. This approach identified 92 novel regulators of melanin production in human cells,
including a number of genes that control the expression of microphthalmia-associated
transcription factor (MITF), the central transcriptional regulator of melanogenesis, and tyrosinase
(TYR), the enzyme that catalyzes the rate-limiting step in melanogenesis [1, 10-12]. One of the
novel regulators of MITF and TYR expression identified in our screen was ALDH1AL1 [10], a
well-characterized NAD (P)'-dependent enzyme that catalyzes the irreversible oxidation of
highly reactive aliphatic and aromatic aldehydes to their corresponding non-toxic carboxylic

acids (EC number 1.2.1.36) [13]. The ALDHIA subfamily (ALDH1Al, ALDHI1A2,
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ALDH1A3) is known to catalyze, with an equal efficiency, the oxidation of all-trans retinal and
9-cis retinal to all-frans retinoic acid and 9-cis retinoic acid, respectively [14, 15]. Additionally,
ALDHI1AL functions in the lens and cornea to detoxify 4-hydroxy-2-nonenal (4-HNE), a highly
reactive lipid aldehyde that is generated from ultraviolet radiation induced lipid peroxidation
reactions [16, 17]. Other studies have revealed that ALDHI1ALI is a marker of stem cells [18].
In summary, ALDHIA1 is an enzyme that is able to regulate diverse processes ranging from
stem cell maintenance [18], to UV-radiation resistance, to melanogenesis [10] by catalyzing the
conversion of specific aldehydes to their corresponding carboxylic acids [1, 10, 16-20].

Previous work demonstrated that ALDHIA1 depletion in primary melanocytes and
MNT-1 melanoma cells inhibited the accumulation of both 7YR and MITF mRNA and protein
[10]. Additionally, two potent inhibitors of the ALDHI1A family (cyanamide and Angeli’s salt)
were shown to inhibit both TYR protein accumulation and melanin accumulation in normal
human melanocytes [10]. Recent studies have suggested that human melanocytes can catalyze
the light-induced isomerization of 9-cis retinal and revealed that the addition of 9-cis retinal in
conjunction with UVA radiation is sufficient to induce melanin accumulation in normal human
melanocytes [21]. In this study, we utilize a combination of RNAi and pharmacologic

approaches to identify 9-cis retinal as the ALDH1A1 substrate that regulates melanogenesis.
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3.3 Materials and Methods

Cell culture

Human MNT-1 melanoma cells were a gift from M. Marks (University of Pennsylvania).
These cells were cultured in DMEM (CellGro) supplemented with 15% fetal bovine serum
(CellGro), sodium pyruvate (Invitrogen), L-glutamine (Invitrogen), MEM vitamin solution
(Invitrogen), antibiotic-antimycotic (Invitrogen), and 10% AIM-V medium (Invitrogen). For the
melanin quantitation experiments, MNT-1 cells were switched to DMEM minus phenol red
(CellGro) supplemented with 10% fetal bovine serum, sodium pyruvate, L-glutamine and
antibiotic-antimycotic as previously described [10]. Human deeply-pigmented neonatal
epidermal melanocytes (Invitrogen) were cultured in Medium 254 (Invitrogen) supplemented
with phorbol 12-myristate 13-acetate-free Human Melanocyte growth supplement-2 (Invitrogen).
As these melanocyte strains were purchased from commercial entities, no IRB approval was

required prior to their use.

Drug Treatment

Briefly, MNT-1 cells or deeply-pigmented (DP) melanocytes were plated at a density of
1.5 x 10* cells per well of a 96-well microtiter plate and allowed to re-attach overnight.
Subsequently, cells were incubated with varying concentrations of cyanamide (Sigma Aldrich),
Angeli’s salt (Sodium a-oxyhyponitrite, chemical name; disodium diazen-1-ium-1,2,2-triolate,

formal name; Cayman Chemical), 4-HNE (4-hydroxy-2E-nonenal, formal name; Cayman
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Chemical), 9-cis retinal, 9-cis retinoic acid, all-zrans retinal or all-trans retinoic acid at the
indicated concentrations (Sigma Aldrich). The cells were incubated with the retinoids for merely
30-45 minutes to avoid cellular toxicity. In the case of cyanamide, Angeli’s salt and 4-HNE,
cells were incubated in each drug for at least 24 hours. For the UV experiments, cells were
incubated in media containing 9-cis retinal for 30 minutes before being irradiated with the
indicated dose of UV light. Media was immediately refreshed after UV irradiation, and RNA
was isolated from these cells 24 hours later. For the melanin quantitation experiments, cells

were allowed to grow to confluency post 9-cis retinal/ UV A treatment.

Real-time quantitative PCR for mRNA

A Cells-to-Ct kit was utilized to lyse the cells after the appropriate drug treatment
(Applied Biosystems). A high capacity RNA-to-cDNA kit was then employed to generate
cDNA (Applied Biosystems). Solaris qPCR gene expression assays for MITF (AX-008674-00-
0100), TYR (AX-012555-00-0200), ALDHIA1 (AX-008722-00-0100), B-actin (AX-003451-00-
0100) and GAPDH (AX-004253-00-0100) were obtained from Thermo Scientific (Dharmacon
RNAI technologies) and used with TagMan Gene Expression Master Mix (Applied Biosystems)
to complete the PCR reaction. A 7900HT Fast Real-Time PCR system (Applied Biosystems)
and SDS 2.4 (Applied Biosystems) were used to determine Ct values for each sample. Values
were normalized to either B-actin or GAPDH using the relative quantification mathematical
model (Pfaffl) as previously described [10]. A two-tailed Student’s z-test was employed to

determine statistical significance.
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Western blotting

MNT-1 or DP melanocytes were plated in 96-well plates at a concentration of 2 x 10*
cells per well, allowed to re-attach overnight, and then incubated with drug for 30 hours. After
treatment, the number of cells in each well was quantified and lysates were prepared using the
RIPA lysis buffer system (RIPA supplemented with protease inhibitor, PMSF and sodium
orthovanadate; Santa Cruz Biotechnology). Lysates were then clarified by centrifugation (3,000
rpm for 10 minutes at 4°C). The relative concentration of protein in each lysate was quantified
using both a BCA Protein Assay Kit (Thermo Scientific) and a Coomassie (Bradford) protein
assay (Thermo Scientific) to eliminate the effects of interfering melanin. A total of 20 ug of
protein per sample was separated on a 4-20% SDS-polyacrylamide gel (Bio-Rad) under reducing
conditions and transferred onto to a 0.45-pum nitrocellulose membrane (Bio-Rad). Subsequently,
membranes were blocked in a blocking buffer solution comprised of TBS (Fisher Scientific),
0.1% Tween-20 (Fisher Scientific) and 5% non-fat milk powder (Apex).

The following antibodies were used: rabbit polyclonal o/B-tubulin, #2148, Cell Signaling
Technology; goat anti-rabbit IgG, HRP-linked, #7074, Cell Signaling Technology; mouse
monoclonal tyrosinase, sc-20035, Santa Cruz Biotechnology; bovine anti-mouse IgG-HRP sc-
2371, Santa Cruz Biotechnology. To assess immunoreactivity, either a SuperSignal West Dura
Extended Duration Substrate or a SuperSignal West Pico Chemiluminescent Substrate was used
according to manufacturer’s directions (Pierce Protein Biology Products). Protein levels were

assessed using densitometry analysis (Imagel).

135



RNA interference

1.5 x 10* MNT-1 melanoma cells were reverse-transfected in 96-well microtiter plates
with 50 nM ALDHIAI or control siRNAs using a Dharmafect 2 transfection reagent as
previously described [10]. A non-targeting control (SMARTpool; D-001810-10-20; Thermo
Scientific, Dharmacon RNAi Technologies) was used as the negative control, while three
different siRNA oligos purchased from Ambion (51236, s1237, s1238) were pooled for the
ALDHI1AL depletion experiments. Transfected cells were allowed to remain in the transfection
media for 72 hours before drug treatment to ensure protein knockdown. Real-time quantitative
RT-PCR was used to verify that ALDHIA1 siRNA effectively inhibited the expression of

ALDHIAL

Pigment Measurement

MNT-1 cells were plated at a density of 1 x 10" cells per well in a 96-well plate, allowed
to re-attach overnight, and incubated in the indicated concentration of drug for four days. Cells
were then lysed using a Cell-Titer Glo reagent (Promega), and relative melanin accumulation
was quantified by measuring the absorbance of each well at 405 nm and normalizing this value
to the relative cell number in each well as determined by the Cell-Titer Glo assay [10]. For the
UVA experiments, cells were incubated with the indicated concentration of 9-cis retinal for 30
minutes, and then irradiated with the indicated dose of UVA. Media was changed immediately
after UVA treatment to avoid toxicity. Cells were then lysed four days after UVA treatment

according to the protocol described above. The relative pigment index (PI) was calculated by
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dividing the absorbance values at 405 nm by the Cell-Titer Glo luminescence values, and then
normalizing these values to the experimental control (vehicle-treated wells). To calculate the %
pigment induction, the following equation was used: (PI of test — PI control (vehicle)) x 100%.
A Student’s two-tailed #-test was used to calculate the statistical significance of each value

compared to the vehicle-treated control.

Maintenance and treatment of three-dimensional skin equivalents

MelanoDerm deeply-pigmented three-dimensional skin equivalents were obtained from
MatTek Corporation (Ashland, MA) and maintained according to the manufacturer’s
instructions. The equivalents were maintained in a humidified incubator at 37°C with 5% CO; in
EPI-100-NMM-113 media as prepared by MatTek (DMEM with 5 pg/mL gentamicin, 0.25
pug/mL amphotericin, a-MSH, B-FGF, and KGF). Both the media and the drug were refreshed
every other day for three weeks before the samples were harvested for a solvable melanin assay.
Cyanamide (600 pM) and kojic acid (2%) were dissolved in water before being added to the
equivalents at a total volume of 20 pL. The relative melanin content of each skin equivalent
after drug treatment was determined using a solvable melanin assay [22]. A Student’s two-tailed
t-test was utilized to determine whether cyanamide or kojic acid significantly inhibited the

accumulation of melanin in skin equivalents.
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3.4 Results

9-cis retinal is the ALDH1A1 substrate that stimulates melanogenesis

While published studies have defined lipid aldehydes that are detoxified by ALDHIA1
and identified ALDH1A1 substrates that promote cellular differentiation [17, 19, 23, 24], it is
currently unclear which ALDHI1A1 substrates regulate melanogenesis. Initial studies sought to
verify that the ALDH1A family regulates melanogenesis by a catalytic mechanism. Two potent
inhibitors of ALDHIA, cyanamide and Angeli’s salt, inhibited the accumulation of 7YR and
MITF mRNA in a dose responsive manner (Figs. 1A and 1B), consistent with previous
observations that ALDH1A1 depletion inhibited the accumulation of TYR and MITF protein
[10].

Once we had determined that ALDHIA inhibitors could block melanogenesis, we next
sought to identify putative substrates of ALDHIA that regulate melanogenesis. ALDHIA1
exhibits a high affinity for 4-HNE, one of the most abundant a, B-unsaturated aldehydes
generated from UV-induced lipid peroxidation reactions [17, 19, 20]. Interestingly, 4-HNE not
only inhibited the accumulation of melanin (S1A Fig.) but also the accumulation of 7YR and
MITF mRNA in MNT-1 cells (Fig. 1C), indicating that ALDHIA regulates melanogenesis by a
mechanism that is distinct from its role in inhibiting corneal opacification [16, 17, 19].

We next sought to determine whether other known ALDHIA substrates stimulate
melanogenesis. In addition to 4-HNE, ALDHIA also catalyzes the oxidation of retinal to
retinoic acid [15, 25, 26]. Notably, ALDH1A can metabolize both all-trans retinal and 9-cis

retinal to their corresponding carboxylic acids with equal efficiency [14]. Recently published
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studies have demonstrated that 9-cis retinal can promote melanin accumulation in the context of
UVA irradiation [14, 21]. Therefore, we sought to define specific retinaldehydes that stimulate
melanogenesis. All-trans retinal stimulated melanogenesis at relatively high doses (S1B Fig.).
These observations could be secondary to a direct stimulatory effect of all-frans retinal on
melanogenesis, or secondary to the fact that all-trans retinal can be isomerized to 9-cis retinal, as
suggested by others [21, 27]. Interestingly, 9-cis retinal in conjunction with UVA irradiation
stimulated the accumulation of 7YR and MITF mRNA in both MNT-1 melanoma cells and
primary melanocytes (Figs. 1D and S1C). Similarly, the combination of 9-cis retinal treatment
and UVA exposure induced melanin accumulation in MNT-1 cells, even though this treatment

also induced cellular cytotoxicity (Figs. 1E, S2A, S2B).

The metabolic product of 9-cis retinal oxidation, 9-cis retinoic acid, acts to stimulate

melanin accumulation

While cis-retinal isomerization to trans-retinal is UV dependent, the oxidation of retinal
by ALDHIA is not [28]. In order to better establish whether 9-cis retinal or all-frans retinal
regulates melanogenesis, we next sought to determine whether 9-cis retinal could stimulate
melanin accumulation in the absence of UV-induced isomerization. 9-cis retinal induced
pigment accumulation in a dose-responsive manner in the absence of UV irradiation (Fig. 2A).
As 9-cis retinal was able to induce pigment accumulation independently of UV-irradiation, we
reasoned that the addition of 9-cis retinoic acid, the oxidation product of 9-cis retinal catalyzed
by ALDHIA [15, 25], should also stimulate melanin accumulation. As expected, 9-cis retinoic

acid stimulated melanin accumulation in MNT-1 cells both visually and quantitatively (Figs. 2B
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and 2C). Interestingly, 9-cis retinoic acid stimulated melanin accumulation more effectively than
9-cis retinal, providing evidence that the product of ALDHI1A catalysis is the actual species that
stimulates melanogenesis (Figs. 2A and 2B). In contrast, all-frans retinoic acid did not induce
melanin accumulation (Figure 2D), providing further evidence that 9-cis retinoids and not all-

trans retinoids stimulate melanogenesis.

9-cis retinoic acid stimulates the accumulation of TYR and MITF mRNA and TYR protein

Based on the observation that both 9-cis retinal and 9-cis retinoic acid stimulated melanin
accumulation in the absence of UVA radiation, we reasoned that the 9-cis retinoids should also
induce the accumulation of 7YR and MITF mRNA. As predicted, both 9-cis retinal and 9-cis
retinoic acid induced the accumulation of TYR (Figs 3A and 3C) and MITF (Figs. 3B, 3D, 3E)
mRNAs in both primary melanocytes and MNT-1 melanoma cells, demonstrating that either
species alone is sufficient to stimulate the transcription of critical regulators of melanogenesis.
9-cis retinal was not sufficient to induce TYR protein accumulation in either MNT-1 cells (upper
panel) or primary melanocytes (lower panel) (Fig. 3F). However, 9-cis retinoic acid induced the
accumulation of TYR protein in a dose responsive manner in both skin cell types (Fig. 3F).
These observations could either be secondary to the fact that only a small fraction of 9-cis retinal
is converted to 9-cis retinoic acid or due to the fact that the slow kinetics of the reaction
prevented us from observing the stimulatory effect of 9-cis retinal on TYR protein accumulation
within the experimental timeframe. Nonetheless, these results suggest that ALDH1A1 regulates

melanogenesis by catalyzing the conversion of 9-cis retinal to 9-cis retinoic acid.
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9-cis retinoic acid is able to stimulate the accumulation of TYR and MITF mRNAs in the

absence of endogenous levels of ALDH1A1

To verify that ALDHIA regulates melanogenesis via the oxidation of 9-cis retinal, we
examined whether 9-cis retinal could induce melanogenesis in an ALDHIA1 independent
manner. Initial studies identified pooled ALDHIA1 siRNAs that effectively inhibited the
expression of ALDHIA1 mRNA (S2C Fig.). As theorized, ALDHI1A1 depletion inhibited the
ability of 9-cis retinal (Fig. 3G) but not of 9-cis retinoic acid (Fig. 3H) to stimulate the
accumulation of 7YR and MITF mRNA. These results confirm that the product of ALDH1A1
oxidation, 9-cis retinoic acid, stimulates melanogenesis, because the addition of 9-cis retinal in

the absence of ALDH1A1 did not induce the accumulation of 7YR and MITF mRNAs.

Cyanamide is able to inhibit the production of melanin in a three-dimensional model of

human skin

Once we had determined how ALDHI1A regulates melanogenesis in vitro, we next sought
to determine whether ALDHI1A activity regulates melanogenesis in a more physiologic model of
human skin. For these experiments, we obtained skin equivalents containing normal human
epidermal keratinocytes and melanocytes from Mattek, an equivalent model that has been used
by other groups to assess the efficacy of skin depigmenting agents [22]. Using doses that had
been used previously to inhibit melanogenesis in primary melanocytes [10], we determined that

cyanamide was able to inhibit melanin accumulation quantitatively as measured by a solvable
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melanin assay (Fig. 4A), as well as both visually and histologically as measured by Fontana
Masson staining (Fig. 4B).

Additionally, we sought to investigate whether 9-cis retinoic acid could induce
melanogenesis in human skin equivalents. Preliminary studies revealed that neither forskolin (a
well established pigment agonist) [29] nor 9-cis retinoic acid is able to quantitatively stimulate
melanogenesis in lightly or darkly pigmented skin equivalents (data not shown). While an
abundance of literature has documented the utility of skin equivalent models for quantifying the
efficacy of melanogenesis inhibitors [22, 30-34], this system has not yet been optimized to
quantify the efficacy of pigment agonists. Our preliminary results suggest that further
optimization of these models is required before they can be used to quantify the efficacy of

pharmacologic agents that induce melanogenesis.
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3.5 Discussion

In this study, we sought to define ALDHI1A substrates and products that regulate
melanogenesis.  Initial studies revealed that 9-cis retinal and 9-cis retinoic acid stimulated
melanin accumulation, while all-frans retinoic acid was unable to stimulate melanin
accumulation (Figs. 1E, S2A, 2A, 2B, 2D). These results identify a novel role for the 9-cis
retinoids in regulating melanogenesis. Consistent with this observation, we observed that the
addition of 9-cis retinoic acid potently induced the accumulation of MITF and TYR mRNA, and
TYR protein in melanocytic cells (Figs. 3C-3F).

9-cis retinal was able to induce the accumulation of MITF and TYR mRNA at high doses,
but was unable to induce the accumulation of TYR protein (Figs. 3A, 3B, 3F). It is currently
unclear what percent of the added 9-cis retinal is converted to 9-cis retinoic acid in our
experiments. This makes it difficult to compare the relative effects of 9-cis retinal and 9-cis
retinoic acid on the accumulation of MITF and TYR mRNA. Moreover, the interpretation of the
results of these experiments is further complicated by the fact that the added 9-cis retinoic acid
could also be converted to all-frans retinoic acid [35], and all-trans retinoic acid and 9-cis
retinoic acid can synergistically activate RXR-RAR heterodimers [35, 36].

In light of these complications, we sought to better clarify whether 9-cis retinoic acid
independently regulates melanogenesis. Depletion of ALDH1A1 inhibited the ability of 9-cis
retinal but not 9-cis retinoic acid to stimulate melanogenesis (Figs. 3G and 3H). This indicates
that 9-cis retinoic specifically stimulates melanogenesis.  Finally, ALDHI1A inhibitors also
inhibited the accumulation of MITF and TYR mRNAs in vitro and melanin accumulation in skin

equivalents, further implicating a role for 9-cis retinoic acid in stimulating melanogenesis (Figs.
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1A-1B, 4A-B). Future studies will establish better models to examine the independent effects of
different retinoid isomers on melanogenesis in human skin.

A multitude of studies to date have sought to determine whether all-frans retinoic acid
inhibits or stimulates melanogenesis. While a number of studies demonstrate that all-frans
retinoic acid inhibits melanogenesis [37-40], an equal number of studies propose that it
stimulates melanogenesis or augments UV-induced melanogenesis in a variety of mouse and
human cell lines [41-44]. In this study, we approached this question by attempting to identify
ALDHI1AL substrates and products that regulate melanogenesis. Our results revealed that all-
trans retinoic acid was able to stimulate melanogenesis at high doses, while 9-cis retinoic acid
was able to potently stimulate melanogenesis. It is particularly intriguing that 9-cis retinoic acid,
which is not thought to have a functional role in the physiology of epidermal keratinocytes [45],
appears to have a specific role in regulating the differentiation of epidermal melanocytes. Future
studies will determine whether 9-cis retinoic acid related agents (rexinoids) are selective agents
that can induce melanogenesis.

Extensive studies have sought to better define how retinoids and rexinoids regulate
transcription. The biological effects of 9-cis retinoic acid are primarily mediated by its cognate
receptor, the retinoid X receptor (RXR), of which there are three isoforms (o, B, and y) [23, 46].
While the retinoic acid receptor (RAR) can be activated by either 9-cis retinoic acid or all-trans
retinoic acid, RXRs are activated exclusively by 9-cis retinoic acid [46, 47]. Along with RARs,
RXRs are members of the steroid hormone receptor superfamily of ligand-activated transcription
factors [24, 48]. RXRs are known to dimerize with a variety of nuclear receptors, including the
vitamin D receptor (VDR), the peroxisome proliferator-activated receptor (PPAR), and the

thyroid hormone receptor (T3R) [49-51]. RXR homodimers act as potent inhibitors of
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transcription in the absence of ligand and only activate transcription upon ligand binding [52].

In the absence of ligand, RXR interacts with co-repressor proteins including silencing
mediator for retinoid and thyroid hormone receptors (SMRT) and nuclear receptor co-repressor
(N-CoR) [52, 53]. These homologous proteins mediate the repressive effect of un-liganded
receptors by recruiting histone deacetylase complexes to effectively silence the chromatin [52,
53]. Upon ligand binding, RXR recruits such proteins as CBP/p300, p300/CBP-associated factor
and members of the SRC/p160 family (SRC-1/NCoA-1, TIF-2/GRIP-1/NCoA-2/SRC-2 and
pCIP/ACTR/A1B1/TRAM1/RAC3/SRC-3), which possess intrinsic histone acetylase transferase
activity and potentiate the transcriptional activity of ligand-bound receptors [52, 54, 55].

Interestingly, when we searched the MITF promoter region for putative RXR binding
sites, we discovered that while this promoter did not contain RXR-VDR or RXR-T3R binding
sites, it did contain a highly conserved RAR-RXR heterodimer binding site located proximal to
the transcription start site [56, 57]. While only RAR agonists are required to activate
transcription downstream of RAR-RXR heterodimers, it has been demonstrated that the addition
of RAR and RXR agonists can synergistically stimulate transcription from these sites
[58, 59]. Other studies have determined that the vitamin D receptor (VDR) binds its enhancer
element as a heterodimer with RXR in the human epidermis, while the thyroid hormone receptor,
another potential binding partner of RXR, is expressed in the epidermis [60-62]. Taken together,
these studies indicate not only that RXR can play pleiotropic roles in regulating the
differentiation of the epidermis but also that agents that can stimulate both RAR and RXR may
be more effective at inducing melanogenesis as compared to RAR agonists alone.

Although there are three unique isoforms of RXR (a, B, and y) RXRa is the most

abundant isoform expressed in the epidermis [24, 50, 51]. Interestingly, RXRa mutant mice
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demonstrate a premature greying phenotype, which is first visible in the snout hairs and then
spreads to the truncal hair [63]. Subsequent to the hair graying, these mice develop a rapidly
progressive alopecia characterized by the widespread accumulation of keratinous cysts [63].
Keratinocyte lineage-specific RXRa knockout mice develop progressive alopecia and
accumulate keratinous cysts but do not exhibit premature hair graying [64, 65], suggesting that
RXRa may have independent effects on melanogenesis and keratinocyte differentiation.

Vitiligo is characterized by the destruction of melanocytes [66]. New melanocytes must
migrate into the de-pigmented area of skin before re-pigmentation can occur [66]. The major
reservoir for melanocyte replacement is within the outer root sheath or bulge area of the hair
follicle [66]. Previous studies have demonstrated that retinoic acid stimulates the differentiation
of melanoblasts to melanocytes as characterized by the synthesis of pigment in the melanoblasts
[67]. When coupled with our observations that RXR agonists can specifically stimulate
melanogenesis in melanocytes, our studies implicate a role for RXR agonists as drugs with the
potential to re-induce melanogenesis in vitiliginous skin. Future studies will optimize existing
skin equivalent models to quantitatively determine whether RXR agonists can stimulate
melanogenesis in skin equivalents with the goal of developing selective agents that can induce

melanogenesis in vitiliginous skin.
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Figure 3.1. 9-cis retinal is the ALDH1A1 substrate that stimulates melanogenesis.

(A) The ALDHIA inhibitor cyanamide inhibits 7YR and MITF mRNA accumulation. MNT-1
melanoma cells were treated with the indicated doses of cyanamide for 24 hours and the relative
expression of 7YR and MITF mRNA was quantified as described in the methods. (B) The
ALDHIA inhibitor Angeli’s salt inhibits 7YR and MITF mRNA accumulation. MNT-1
melanoma cells were treated with the indicated doses of Angeli’s salt for 24 hours and the
relative expression of 7YR and MITF mRNA was quantified as described in the methods. (C) 4-
HNE is not sufficient to induce the accumulation of either 7YR or MITF mRNA. MNT-1
melanoma cells were treated with the indicated doses of 4-HNE for 24 hours, and TYR and MITF
mRNA expression was quantified as described in the methods. (D) In conjunction with UVA
radiation, 9-cis retinal induces the accumulation of both 7YR and MITF mRNA. MNT-1
melanoma cells were pre-incubated with 9-cis retinal at the indicated concentrations for 45
minutes before being irradiated with UVA light as indicated. Relative mRNA expression was
quantified as described in the methods. All data shown are mean + S.D. (n=3 as indicated by the
error bars). *, p < 0.05 or ** p < 0.01 using a Student’s paired t-test with a two-tailed normal
distribution versus vehicle-treated control. (E) Melanin accumulation is induced by 9-cis retinal
in conjunction with UVA radiation. MNT-1 melanoma cells were treated with the indicated
doses of 9-cis retinal, irradiated with UVA, and then allowed to reach confluency. Melanin
accumulation was measured as described in the methods section. Data shown are mean + S.D.
(n=6 as indicated by the error bars). *, p < 0.05 or ** p < 0.01 using a Student’s paired t-test
with a two-tailed normal distribution versus vehicle-treated control.

155



1.2. 100, @2 Jiem? UVA =
90- K

R TYR g %1

— 0.8 . S 70

g aMITF S 60
[0b] =

<06 £ 50,
Z (]

X 04 & 40

a 30)

0.2 X 20|

0] 10

0 1.56 6.25 25 50 0.

0 50 200 400

B cyanamide (M) 9-cis retinal (nM)
1.27
1]
_ «TYR
Q 0.8/ aMITF
k9
< 0.6
&
c 04]
0.2]
0

"0 1.56 6.2512.5 25
C Angeli's salt (uM)

mRNA level

0 025 1 2
D 4-HNE (uM)

3. sTYR 1 Jlcm” UVA
. T sMITF 1 J/cm® UVA

aTYR 2 J/cm? UVA

«MITF 2 J/em? UVA

MRNA level

0 02 04
9-cis retinal (UM)

Figure 3.1

156



Figure 3.2. The metabolic product of 9-cis retinal oxidation, 9-cis retinoic acid, acts to
stimulate melanin accumulation.

(A) 9-cis retinal alone is sufficient to induce melanin accumulation. MNT-1 melanoma cells
were briefly treated with the indicated doses of 9-cis retinal and then allowed to reach
confluency. Melanin accumulation was measured as described in the methods section. (B) 9-cis
retinoic acid potently stimulates melanin accumulation. MNT-1 melanoma cells were briefly
treated with the indicated doses of 9-cis retinoic acid and allowed to reach confluency. Melanin
accumulation was measured as described in the methods section (C) A light micrograph of a
representative opaque-walled, clear-bottomed 96-well microtiter plate containing MNT-1 cells
treated with 9-cis retinoic acid is shown. Med, wells containing only media; Veh, cells treated
with vehicle. (D) All-trans retinoic acid does not appreciably induce melanin accumulation.
MNT-1 melanoma cells were briefly treated with the indicated doses of all-trans retinoic acid
and allowed to reach confluency. Melanin accumulation was measured as described in the
methods section. Data shown are mean + S.D. (n=6 as indicated by the error bars). *, p < 0.05
or ** p < 0.01 using a Student’s paired t-test with a two-tailed normal distribution versus
vehicle-treated control.
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Figure 3.3. ALDH1A Regulates Melanogenesis by Converting 9-cis retinal to 9-cis retinoic
acid.

(A-B) 9-cis retinal induces the accumulation of 7YR and MITF mRNA independently of UVA.
Primary melanocytes and MNT-1 cells were pre-incubated with 9-cis retinal at the indicated
doses for 45 minutes. Relative accumulation of 7YR (A) and MITF (B) mRNA was measured as
described in the methods section. (C-E) 9-cis retinoic acid induces the accumulation of 7YR and
MITF mRNA. Primary melanocytes and MNT-1 cells were pre-incubated with 9-cis retinoic
acid at the indicated concentrations for 45 minutes. Cells were harvested 20 hours post drug
treatment, and the relative accumulation of 7YR (C) and MITF (D, E) mRNA was quantified as
described in methods. (F) 9-cis retinoic acid but not 9-cis retinal induces the accumulation of
TYR protein in both primary melanocytes and MNT-1 melanoma cells. MNT-1 melanoma cells
(upper panel) and primary melanocytes (lower panel) were pre-incubated with the indicated
doses of 9-cis retinal or 9-cis retinoic acid for 45 minutes. 28 hours later, the relative
accumulation of TYR protein was quantified by immunoblotting. The numerical values
represent the relative intensity of the TYR band normalized to the Tubulin band (loading control)
for each lane divided by the relative expression of the TYR band in the vehicle control. (G-H)
9-cis retinal induces the accumulation of 7YR and MITF mRNAs in an ALDH1A1 dependent
manner. MNT-1 melanoma cells transiently transfected with either mismatch control or
ALDHI1AT1 siRNAs for 72 hours were briefly treated with the indicated doses of 9-cis retinal (G)
or 9-cis retinoic acid (H). Cells were then harvested 20 hours post drug treatment and the
relative accumulation of 7YR and MITF mRNA was measured. All data are mean = S.D. (n=3 as
indicated by the error bars). *, p < 0.05 or **, p < 0.01 using a Student’s paired t-test with a
two-tailed normal distribution versus vehicle-treated control.
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Figure 3.4. ALDH1A Controls Melanogenesis in Skin Equivalents.

(A) Cyanamide inhibits melanin accumulation in skin equivalents as measured by a solvable
melanin assay. Mattek darkly pigmented skin equivalents were incubated with 600 uM
cyanamide, 2% kojic acid or water for 21 days. Melanin accumulation was quantified using a
solvable melanin assay according to the manufacturer’s protocol. (B) Equivalents were
photographed using a dissecting microscope and then fixed and stained with a Fontana Masson
silver stain to quantify the relative accumulation of melanin.
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Figure 3.5 ALDH1A1 Regulates Melanogenesis by Catalyzing the Production of 9-cis
retinoic acid: a model

ALDHI1AL catalyzes the conversion of 9-cis retinal to 9-cis retinoic acid, which in turn

regulates melanogenesis by stimulating the accumulation of 7YR and MITF mRNA, TYR
protein, and melanin production. Inhibition of ALDH1A1 catalytic activity via a potent
inhibitor, such as cyanamide, prevents the catalysis of 9-cis retinoic acid from 9-cis retinal and in
turn prohibits the accumulation of 7YR and MITF mRNA, TYR protein, and melanin
accumulation.
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Figure 3.S1

(A) UV-induced oxidation products do not stimulate melanogenesis. MNT-1 melanoma cells
were treated with the indicated doses of 4-HNE and then allowed to reach confluency. Melanin
accumulation was measured as described in the methods. (B) All #rans-retinal does not induce
melanogenesis. MNT-1 melanoma cells were briefly treated with the indicated doses of all-trans
retinal and then allowed to reach confluency. Melanin accumulation was measured as described
in the methods. (C) In conjunction with UVA, 9-cis retinal induces the accumulation of 7YR and
MITF mRNA in primary melanocytes. Normal human deeply-pigmented melanocytes were
incubated with 9-cis retinal at the indicated concentrations for 45 minutes and then immediately
irradiated with the indicated dose of UVA light. Cells were then harvested 24 hours post UVA
treatment and the relative accumulation of 7YR and MITF mRNA was quantified. Data shown in
Figures S1A, and S1B are mean + S.D. (n=6, as indicated by the error bars). Data shown in
Figure S1C is mean £ S.D. (n=3 as indicated by the error bars). *, p <0.05 or **, p <0.01 using
a Student’s paired t-test with a two-tailed normal distribution versus vehicle-treated control.
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Figure 3.S2

(A) 9-cis retinal induces the accumulation of melanin in MNT-1 melanoma cells in conjunction
with UVA radiation. MNT-1 melanoma cells were briefly treated with the indicated doses of 9-
cis retinal and then irradiated with the indicated dose of UVA. Cells were then allowed to reach
confluency. Melanin accumulation was measured as described in methods. (B) The
combination of 9-cis retinal treatment and UV A stimulation is toxic to MNT-1 melanoma cells.
MNT-1 melanoma cells were briefly treated with the indicated doses of 9-cis retinal and then
immediately irradiated with 2 J/cm® of UVA light. Cells were then allowed to reach confluency
and then subsequently lysed with the addition of Cell-Titer Glo reagent as previously described
in the methods. The relative percentage of surviving cells was calculated by normalizing the
luminescence value of drug treated cells to that of vehicle-treated control cells. (C) ALDH1AI
siRNAs inhibit ALDHI1A41 mRNA expression. MNT-1 melanoma cells were transiently
transfected with either mismatch control or ALDH1AT1 siRNAs. Target gene expression was
measured 72 hours post transfection by RT-qPCR. Data shown in Figure S2A and S2B is mean
+ S.D. (n=6). Data shown in Fig S2C is mean + S.D. (n=3, as indicated by the error bars). *,p
<0.05 or **, p <0.01 using a Student’s paired t-test with a two-tailed normal distribution versus
mismatch-transfected control.
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4.1 Abstract

Using a genome-wide RNAIi approach, our laboratory recently identified a novel role for
ALDHI1AL in regulating melanogenesis. Published work demonstrated that 9-cis retinoic acid,
an endogenous product of ALDH1A1, stimulates Tyrosinase and MITF-M mRNA and protein
accumulation as well as pigment accumulation in both primary human melanocytes and human
melanoma cells. 9-cis retinoic acid binds to and activates both the retinoid X receptor (RXR),
and the retinoic acid receptor (RAR), two nuclear receptors that regulate gene transcription.
Here we show through rigorous chromatin immunoprecipitation (ChIP) studies that RXR and
RAR bind in the region just upstream of the transcriptional start site of MITF-A, an isoform of
MITF that has not been previously shown to play a role in pigment regulation. Validation studies
revealed that RAR and RXR agonists induce luciferase activity in HEK293-T cells transfected
with constructs containing the MITF-A promoter upstream of the /uciferase gene. Taken

together, our results show a specific and novel role for MITF-A in melanogenesis.
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4.2 Introduction

Melanin, a light-absorbing polymer produced by the epidermal melanocyte, is widely
distributed in the plant and animal kingdoms [1]. It is the primary determinant of skin, hair and
eye color [1]. While its main function is to protect the skin against ultraviolet-radiation (UV-R)-
induced damage through direct absorption mechanisms, melanin is also found in the stria
vascularis of the inner ear, where it aids in sound conduction, and in pigment-bearing neurons of
the brainstem, the substantia nigra, where it guards against toxic insult [1]. The biosynthesis of
melanin requires the intricate interplay of transcriptional, translational and intracellular
trafficking processes [1]. Melanin is aberrantly regulated in many skin disorders, including
vitiligo and melasma, which both lack effective, non-toxic treatment plans that ensure long-term
normal pigmentation [2, 3].

Previously, our group carried out a genome-wide siRNA-based pigment screen aimed at
identifying pharmaceutically tractable drug targets for the rational design of pigment modulatory
agents [4]. From this screen, we identified aldehyde dehydrogenase 1A1 (ALDH1A1) as a novel
pigment regulator [4]. ALDHIA1, a family member of the aldehyde dehydrogenase superfamily
(ALDH), plays pleiotropic roles in cellular detoxification processes [5]. It utilizes NAD(P)" to
convert both endogenous and exogenous toxic lipid aldehydes to corresponding non-toxic
carboxylic acids [6-10]. ALDHI1AI1 is also known to synthesize retinoic acid (RA) from retinal,
thus establishing itself as a crucial part of the vitamin A metabolism pathway [8, 10-12]. After
identifying ALDH1AL1 as a novel pigment regulator [4], we then went on to show that 9-cis
retinoic acid, one of the products of ALDH1A1 catalysis in the vitamin A pathway, was able to

induce the accumulation of 7YR and MITF mRNAs, TYR protein, and pigment in both MNT-1
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melanoma cells and darkly-pigmented human epidermal melanocytes [13]. As the biological
effects of 9-cis retinoic acid are mediated by nuclear receptors, namely RXRa and RARa, we
sought to identify how 9-cis retinoic acid modulates melanogenesis.

Intriguing in vivo and in vitro studies have shown that vitamin A (retinol) and its active
derivatives (retinoids) play significant roles in a number of important cellular processes,
including vertebrate body shaping and organogenesis, tissue homeostasis, cell proliferation,
differentiation and apoptosis [14-18]. How retinoids play such pleiotropic roles in cellular
processes remained an unanswered question until the discoveries of two classes of retinoic-acid
(RA)-binding receptors that were able to activate transcription of downstream genes upon
binding of ligand [14, 18, 19]. The retinoic acid receptors (RARa, RARB and RARY) and the
retinoid X receptors (RXRa, RXRp and RXRy) belong to the nuclear receptor (NR) superfamily
[14, 18, 19]. While the RARs are activated by both all-trans retinoic acid and 9-cis retinoic acid,
the RXRs are only activated by 9-cis retinoic acid [19]. However, data suggests that RXRs can
be activated by all-trans retinoic acid, but only at high concentrations (1-10 uM); this may be
due to an all-trans retinoic acid to 9-cis retinoic acid conversion [20, 21]. In vitro studies have
provided strong evidence that RAR/RXR heterodimers control transcription by binding to
specific DNA sequences (known as retinoic acid response elements, or RAREs) within the
promoter of RA-mediated genes [18]. Due to the combination of different isoforms of RAR and
RXR, a healthy reservoir of potential functional receptor dimers exists; this diversity in
heterodimers allows for specific genes to be transcriptionally activated in a particular cell or
tissue [22].

Unlike RARs, RXRs are promiscuous in nature; they can form a heterodimer complex

with peroxisome proliferator-activated receptor (PPAR) [23, 24], stimulate the binding of thyroid
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hormone receptors (TRs) to thyroid-hormone response elements (TREs) [25], and stimulate
vitamin D receptors (VDRs) to bind to vitamin-D response element (VDREs) [26]. Dimerization
events are achieved through the interacting surface of the ligand-binding domain (LBD) on each
receptor [22]; furthermore, it is the heterodimer complex that binds a specific RARE with much
higher affinity than a homodimer complex, reinforcing the idea that the functional receptor unit
is a heterodimer [27-30]. Many co-regulator proteins, both co-activators and co-repressors of
RAR/RXR, play important roles in the control of gene promoters regulated by RA [22]. In the
absence of ligand, RAR/RXR recruits co-repressor proteins, which results in gene silencing;
conversely, co-activator proteins are recruited by RAR/RXR in the presence of ligand, and
transcription is initiated on what was previously a silenced gene [22].

The microphthalmia-associated transcription factor (MITF) gene, which is comprised of
nine distinct promoter-exon units, codes for a basic helix-loop-helix-leucine zipper transcription
factor [31, 32]. Each promoter directs the transcription of specific MITF isoforms that differ in
their first exon but are spliced onto common downstream exons [31, 33]. The M promoter, the
most proximal promoter to the downstream exons, regulates the transcription of MITF-M, the
master regulator of melanocyte development, function and survival [31]. It accomplishes this
regulation by mediating the downstream effects of the a-melanocyte-stimulating hormone (a-
MSH) [34, 35]; in particular, MITF-M transcriptionally regulates proteins that are crucial for
melanin biosynthesis in the differentiated melanocyte [31, 35, 36]. While the expression of
MITF-M is limited to the melanocyte [37], MITF-A is expressed in many cell types and is the
predominant isoform in retinal pigment epithelium (RPE), the pigmented cell layer that
nourishes retinal visual cells [32]. In the RPE, MITF-4 was shown to regulate the transcription

of both #yrosinase (TYR) and tyrosinase-related protein 1 (TYRP-1), suggesting that it plays a
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significant role in melanogenesis in the eye [38]. While the functions of both MITF-A and
MITF-M are known, the regulation of both isoforms is still poorly understood [31].

In the present study, we utilize rigorous chromatin immunoprecipitation studies to
establish that a novel RAR/RXR heterodimer is bound directly upstream of the MITF-A
transcription start site. Furthermore, through luciferase-reporter assays, we demonstrate that
both retinoids (the endogenous ligands for RAR/RXR) and RAR/RXR agonists activate the full-
length MITF-A promoter, but not a truncated MITF-A promoter lacking the putative RAR/RXR
binding site. Through these experiments, we establish a novel mechanism in the regulation of
melanin biosynthesis: after conversion from 9-cis retinal catalyzed by ALDHI1A1, 9-cis retinoic
acid binds to and activates a RAR/RXR heterodimer complex enriched upstream of the MITF-A

transcription start site.
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4.3 Materials and Methods

Cell Lines and Cell Culture

Human MNT-1 melanoma cells were a gift from M. Marks (University of Pennsylvania).
These cells were cultured in high-glucose DMEM (containing sodium pyruvate and L-glutamine)
(Caisson) supplemented with 15% fetal bovine serum (CellGro), MEM vitamin solution
(Invitrogen), antibiotic-antimycotic (Invitrogen), and 10% AIM-V medium (Invitrogen). Human
deeply-pigmented neonatal epidermal melanocytes (Invitrogen) were cultured in Medium 254
(Invitrogen) supplemented with phorbol 12-myristate 13-acetate-free Human Melanocyte growth
supplement-2 (Invitrogen). As these melanocyte strains were purchased from commercial
entities, no IRB approval was required prior to their use. B16 mouse melanoma cells (obtained
from William Pavan, NHGRI) were cultured in high-glucose DMEM (containing sodium
pyruvate and L-glutamine) (Caisson) media supplemented with 10% FBS (CellGro), 1x NEAA,
and 0.075% sodium bicarbonate (Sigma-Aldrich) at 5% CO,. C8161 melanoma cells were
obtained from Frank Meyskens (University of California, Irvine) and cultured in DMEM
(containing sodium pyruvate and L-glutamine) (Caisson) supplemented with 10% fetal bovine
serum (CellGro) and antibiotic-antimycotic (Invitrogen). SK-Mel-28 melanoma cells were
obtained from the ATCC. SK-Mel-28 were cultured in RPMI (containing L-glutamine)
(Corning) medium with 10% fetal bovine serum and antibiotic-antimycotic (Invitrogen).
HEK293T cells were purchased from the ATCC and were cultured in DMEM (containing
sodium pyruvate and L-glutamine) (Caisson) supplemented with 10% fetal bovine serum

(CellGro) and antibiotic-antimycotic (Invitrogen).
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Real-time quantitative PCR (RT-qPCR)

Cells were harvested using Tri Reagent solution (Ambion) according to the
manufacturer’s protocol. RNA was extracted from the cell lysates using a Direct-zol RNA
miniprep kit (Zymo Research) according to the manufacturer’s guidelines. RNA concentration
was measured using the Implen Nanophotometer. cDNA was then synthesized from the RNA
using a high-capacity RNA to cDNA kit (Life Technologies). Primers were designed to target
desired genes using Primer3. Primers targeting MITF-A and MITF-M were designed to target the
first exon of each, which is different for each MITF isoform. For ChIP, primers were designed
to target separate 500 base-pair tiles of the MITF-A and the MITF-M promoter. A melting curve
was performed for each primer set to eradicate primers that may form primer-dimers. Power
SYBR Green PCR master mix (Life Technologies) was used in the final reaction, along with
pure cDNA and forward and reverse primers. All reactions were completed in biological
triplicate (n=3). A 7900HT Fast Real-Time PCR system (Applied Biosystems) and SDS 2.4
(Applied Biosystems) were used to determine Ct values for each sample. Values were
normalized to either B-actin or GAPDH using the relative quantification mathematical model
(Pfaffl) as previously described. A two-tailed Student’s z-test was employed to determine

statistical significance.

RNA isolation on whole mouse skin and Nanostring nCounter Analysis

Whole mouse skin (#=3 for control mice, n=3 for experimental mice) was harvested from

either anesthetized or euthanized mice using a 4-mm round punch biopsy and immediately
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stabilized overnight in RNAlater RNA stabilization reagent (Life Technologies) at 4°C. Skin
samples were homogenized using the Precellys24 high-throughput tissue homogenizer
(Precellys) in hard tissue homogenizing reinforced tubes that contain 2.8 mm ceramic beads
(Bertin Corporation). After homogenization, RNA was extracted from each sample using the
RNeasy Fibrous Tissue Mini Kit according to the manufacturer’s instructions (Qiagen). RNA
was normalized to a concentration of 20 ng/uL and 5 pL of normalized sample was then added to
a 20 pL aliquot of reporter codeset master mix (130 pL reporter codeset + 130 uL hybridization
buffer). The samples were then hybridized at 65°C for 16-18 hours, and then transferred to the
prep station. The prep station was run on the high sensitivity setting. Upon the completion of
the prep station step, the cartridge was loaded onto the nCounter and scanned using the “max”
setting which attempts to capture 1155 fields of view (FOV). Resultant data was analyzed using

the nSolver analysis software (Nanostring Technologies).

Chromatin Immunoprecipitation (ChIP)

Putative RXR/RAR binding sites in the promoters of genes involved in melanogenesis
were idenfitied using MotifMap [39, 40]. A total of 2 kB upstream of the transcription start site
for each gene was designated as the “promoter region”. The promoter region was tiled using
four 500 base pair “tiles” (See Fig. 1C). Primers for quantitative real-time PCR were targeted to
each of these four tiled regions in the promoter. Primers were designed using Primer3 [41, 42]
and checked by melting curve analysis to eradicate any pairs that formed primer-dimers. MNT-1
and darkly-pigmented melanocytes were plated in 100-mm dishes at a density of 2.2 x 10° cells

per dish. All ChIP reactions were completed in biological triplicate. For one biological
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replicate, 3 100-mm dishes were pooled together per antibody. Cells were grown to 80%
confluency (~8.8 x 10° cells per dish) and were harvested 48 hours later for ChIP using the ChIP-
It Express Kit (Active Motif) according to the manufacturer’s instructions without any
modifications. Cultured melanoma cells were cross-linked with formaldehyde. Chromatin was
sheared For each ChIP reaction, 25 pg of chromatin and 2 pg of antibody were used. Before
quantitative real-time PCR analysis, eluted DNA was cleaned up using the QIAquick PCR
Purification Kit (Qiagen). All RT-qPCR reactions were performed as described above.
Quantitative real-time PCR analysis was completed on a 7900HT Fast Real-Time PCR system
(Applied Biosystems) and SDS 2.4 (Applied Biosystems) was used to calculate the Ct values.
Average Ct values were used for calculating percent input. The percent input of targeted
antibody compared to its control IgG (mouse or rabbit) was used to perform a two-tailed
Student’s #-test to determine statistical significance. The following antibodies were used in the
ChIP reactions: mouse monoclonal to retinoic acid receptor alpha (RARa) (ChIP-grade),
ab41934, Abcam; mouse monoclonal to retinoid X receptor alpha (RXRa), c-46659, Santa Cruz
Biotechnology; mouse monoclonal IgG1 isotype control, 54158S, Cell Signaling Technology;

rabbit monoclonal IgG1 isotype control, 39008, Cell Signaling Technology.

Western blotting

A375 cells, HEK293T cells, MNT-1 cells, and SKM-28 cells were plated at a density of
2.2 x 10° cells in 100 mm dishes and then harvested 48 hours later using 1x RIPA lysis buffer
(Santa Cruz Biotechnology) supplemented with a 1x protease inhibitor cocktail (Thermo

Scientific) according to the manufacturer’s protocol. Lysates were then clarified by
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centrifugation (14,000xg for 15 minutes at 4°C). The relative concentration of protein in each
lysate was quantified using a BCA Protein Assay Kit (Thermo Scientific) according to the
manufacturer’s protocol. A total of 20 pg of protein per sample was separated on a 4-12% Bis-
Tris (Life Technologies) polyacrylamide protein gel under denaturing conditions and transferred
onto a 0.45-um PVDF membrane (Millipore). Subsequently, membranes were blocked in a
blocking buffer solution comprised of TBS (Fisher Scientific), 0.1% Tween-20 (Fisher
Scientific) and 5% non-fat milk powder (Apex).

The following antibodies were used: mouse monoclonal to retinoic acid receptor alpha
(RAR«) (ChIP-grade), ab41934, Abcam; rabbit monoclonal to retinoid X receptor alpha (RXRa),
30858, Cell Signaling Technology; rabbit monoclonal to GAPDH, 5174S, Cell Signaling
Technology; anti-mouse IgG, HRP-linked, 7076S, Cell Signaling Technology; anti-rabbit IgG,
HRP-linked, 7074S, Cell Signaling Technology. For detecting both RARa and RXRa, the
primary antibody was diluted 1:1000 in 5% milk, and the secondary antibody was diluted 1:1000
in 5% milk. To detect GAPDH, the primary antibody was diluted 1:10,000 in 5% milk and the
secondary antibody was diluted 1:5000 in 5% milk. To assess immunoreactivity, Luminata Forte
Western HRP substrate was used according to manufacturer’s directions (Millipore). Protein

levels were assessed using densitometry analysis (ImagelJ).

Drug Treatment of Cells

For real-time quantitative PCR experiments and dual-luciferase reporter assay
experiments, cells were seeded at a density of 4 x 10" cells per well of a 24-well plate and

allowed to re-attach overnight. Each treatment was completed in biological triplicate.
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Subsequently, cells were incubated with increasing concentrations of either: 9-cis retinoic acid
(Sigma Aldrich), BMS753 (Tocris Bioscience), CD3254 (Tocris Bioscience), HX531 (Tocris
Bioscience), LG100268 (Sigma Aldrich), or combinations of the aforementioned drugs for 24
hours. All vehicle treatments correspond to DMSO only. All compounds were dissolved in
DMSO to a stock concentration of 10 mM before being diluted to concentrations appropriate for

drug treatment. Cells were treated with drug for twenty-four hours unless stated otherwise.

Transient Transfection and Dual-Luciferase Reporter Assay

HEK293T cells were transfected with 1 pg of a firefly luciferase reporter driven by
MITF-A full-length promoter (MITF-A EcoRI) or 1 pg of a firefly luciferase reporter driven by a
truncated MITF-A promoter (MITF-A Smal) (both plasmids were a kind gift of Dr. Shigeki
Shibahara) [43]. Both plasmids were previously described [38] and made by inserting the 5°-
flanking region of the MITF-A isoform’s first exon and the subsequent 5’-untranslated region of
the gene immediately upstream of a luciferase gene in the pGL3 basic plasmid (Promega). The
HEK293T cells were also co-transfected with 0.02 pg a Renilla luciferase reporter driven by an
SV40 promoter as an internal control. All transfections were carried out using Lipofectamine
3000 transfection reagent according to the manufacturer’s instructions (Life Technologies). 24
hours post-transfection, cells were treated with drug as described above. After 24 hours of drug
treatment, cells were then lysed and assayed using a Dual-Glo luciferase assay system (Promega)
according to the manufacturer’s protocol. Measurements were recorded on a Sirius Berthold

Detection System. Firefly luminescence values were normalized to Renilla luminescence. All
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transfection/drug treatments were completed in biological replicate (n=3). A two-tailed

Student’s #-test was employed to determine statistical significance.
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4.4 Results

MITF-A is expressed in pigment-producing cells and mouse skin

Previously, we demonstrated that 9-cis retinoic acid, a product of ALDH1AT1 catalysis, is
able to stimulate 7YR and MITF-M mRNA, TYR protein and pigment accumulation in MNT-1
melanoma cells [13]. The intracellular actions of 9-cis retinoic acid are mediated by two nuclear
receptors, RAR and RXR [20, 44]. Therefore, we hypothesized that RXR/RAR may be bound to
the promoter-region of a gene or genes involved in melanogenesis. We utilized MotifMap [39,
40] to search for putative RXR/RAR binding sites in the promoter regions of key genes involved
in melanogenesis, genes, including MITF-A and MITF-M. We determined that while no putative
binding site was present in the promoter region of MITF-M (Table 4.1), a putative RXR:RAR
binding site existed 700 base pairs upstream of the MITF-A transcription start site (Table 4.2),
prompting us to investigate whether MITF-A, which has been widely studied in ocular tissues
(specifically retinal pigment epithelium) [38], is expressed in melanocytes. MNT-1 melanoma
cells, darkly-pigmented human epidermal melanocytes (DP Mel), and B16 mouse melanoma
cells all demonstrated expression of MITF-A mRNA, albeit at levels significantly lower than
MITF-M mRNA (Fig. 1A). In order to determine whether MITF-A is expressed in mouse skin,
we utilized freshly harvested mouse skin from an unrelated study and subjected it to Nanostring
nCounter analysis. Again, MITF-A was expressed, but at 4-fold lower levels than MITF-M (Fig.

1B).
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RXRa and RARa are bound to the MITF-A promoter, but not the MITF-M promoter

As the MotifMap analysis did not signify which isoform of RXR/RAR is putatively
bound in the MITF-A promoter, we first ascertained from previously published studies that
RXRa is the major form expressed in the epidermis [45-50]. Furthermore, gene knockout studies
in the mouse showed that RXRa is the most critical of the RXRs, with RXRf and RXRy being
dispensable [22, 51]. Lastly, mice homozygous for a hypomorphic mutant allele (I273N) for
Rxro. (which alters the ligand binding domain and the heterodimerization domain, leading to a
90% decline in ligand-inducible transactivation) demonstrate premature greying and progressive
alopecia, suggesting a putative role for RXRa in melanogenesis in the mouse hair follicle [52].
Thus, we focused our studies on this specific isoform. First, we performed western blot analysis
on MNT-1 melanoma cell lysate and darkly-pigmented human melanocyte cell lysate to ensure
expression of RXRa in both cell lines (Fig. 2B). Next, in order to determine whether RXRa
binds upstream of the MITF-A or the MITF-M transcription start site, we performed chromatin
immunoprecipitation (ChIP) analysis using ChIP-grade antibodies against RXRa in the two
aforementioned melanocyte cell lines. We used primers designed to target distinct 500 base pair
tiles that together, cover the entire 2 kB promoter region for each gene (Fig. 1C). Using a host-
specific isotype IgG as a control mock ChIP, we demonstrate that RXRa is significantly enriched
in regions 3 and 4 upstream of the MITF-A transcription start site when compared to the IgG
control in both MNT-1 melanoma cells and darkly-pigmented primary human melanocytes (Fig.
1D, left two graphs). Regions 3 and 4 of the MITF-A promoter constitute the two tiles closest to

the transcription start site of the gene (Fig. 1C). Intriguingly, neither cell line showed significant
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RXRa enrichment in any area of the MITF-M gene promoter when compared to the IgG isotype
control (Fig. 1D, left two graphs).

The biological effects of 9-cis retinoic acid are mediated not only by RXR, but also by
RAR, which can also be activated by all-trans retinoic acid [18, 22, 53-55]. Furthermore, while
RXR can homodimerize with itself, it also commonly heterodimerizes with RAR; in fact, the
RAR/RXR heterodimer is considered to be the physiologically functional unit [18, 22, 56-60].
In light of this, and also because we observed pigment accumulation in MNT-1 cells treated with
all-trans retinal and all-frans retinoic acid (albeit at significantly lower levels than induced by 9-
cis retinal and 9-cis retinoic acid) [13], we also performed ChIP in both MNT-1 melanoma cells
and darkly-pigmented primary human melanocytes as before using an antibody against RARa.
Intriguingly, we discovered that in both pigmented cell lines, RARa was significantly enriched
when compared to mock IgG control in the same two regions upstream of the MITF-A start site
as RXRa (Fig. 1D, two right graphs). As with RXRa, RARa was not enriched in the promoter
of MITF-M relative to control IgG (Fig. 1D, two right graphs). These results demonstrate that
RARa and RXRa are bound upstream of the MITF-A transcription start site, most likely as a

heterodimer; however it is possible that they are in a complex with a different nuclear receptor.

Retinoids and retinoid-analogs are able to activate the MITF-A promoter

After establishing that both RARa and RXRa are enriched upstream of the MITF-A
transcription start site, we next investigated whether retinoids and other well-established agonists
of RARa and RXRa are able to activate the MITF-A promoter. First, we examined the

expression levels of RARa and RXRa in four readily available cell lines to determine which
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expresses both proteins at the highest level. We established that human epidermal kidney cells,
(HEK293T) were ideal for promoter-activity experiments not only because they expressed the
highest levels of RXRa protein, (Fig. 2A) but also because they are more successful than the
other cell lines in transfection experiments (data not shown). Furthermore, HEK293T cells had
similar levels of RARa protein when compared to the other cell lines (Fig. 2A).

Next, we transfected HEK293T cells with a previously described firefly luciferase
reporter driven by the MITF-A full-length promoter (MITF-A EcoRI) or a previously described
firefly luciferase reporter driven by a truncated MITF-A promoter that lacks our putative
RAR/RXR binding site (MITF-A Smal) [43] (Fig. 2B). These cells were also co-transfected with
a Renilla luciferase reporter driven by an SV40 promoter as an internal control. One day after
transfection, the cells were treated with either 9-cis retinoic acid (Fig. 2C), the endogenous
ligand for RXRa, LG100268 (Fig. 2D), an agonist for RXR, BMS753 (Fig. 2E), an agonist
specific for RARa, or HX531 (Fig. 2F), an antagonist for RXRa, for twenty-four hours and then
harvested for a dual-luciferase activity assay. As expected, 9-cis retinoic acid treatment resulted
in a significant, three-fold increase in luciferase activity in cells transfected with the full-length
MITF-A promoter, but not in the cells transfected with the truncated MITF-A promoter (Fig. 2C).
Next, we used a potent and selective rexinoid and RXR agonist, LG100268, which can bind to
and activate all three isoforms of RXR [61]. It displays no activity at RAR receptors [61]. As
with 9-cis retinoic acid treatment, we observed a significant three-fold increase in luciferase
activity when HEK293T cells transfected with full-length MITF-A promoter were treated with
LG100268 (Fig. 2D). Combined, our data suggests that both endogenous retinoids and selective,
potent RXRa agonists activate the MITF-A promoter, providing further evidence that RXRa is

enriched in the MITF-A promoter.
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As our ChIP data suggests that RARa is also enriched upstream of the MITF-A
transcription start site, we next investigated whether a potent RARa agonist, BMS753, could also
stimulate luciferase activity. Intriguingly, as with both 9-cis retinoic acid and LG100268
treatment, we observed a highly significant three-fold induction of luciferase activity in cells
treated with RARa agonist and transfected with the full-length MITF-A promoter when
compared to vehicle-treated control cells transfected with the same full-length promoter
construct (Fig. 2E). Lastly, we treated transfected HEK293T cells with HX531, a potent RXR
antagonist. In cells transfected with the full-length MITF-A promoter, we observed no
significant increases in luciferase activity between vehicle-treated control cells and cells treated
with HX531 (Fig. 2F). This demonstrates that antagonist-mediated blocking of RXRa is
sufficient to inhibit increases in luciferase activity above baseline levels (vehicle-treated control),

providing further evidence that RXRa is likely bound to the MITF-A promoter.

RXRa and RARa-specific agonists up regulate the expression of MITF-4 and MITF-M in

combination with each other, but not alone

Once we had established that retinoids and RXRa and RARa-specific agonists were able
to regulate the activity of the full length MITF-A4 promoter, we next sought to investigate whether
these compounds could induce the accumulation of MITF-4 and MITF-M transcripts. We treated
MNT-1 melanoma cells with an increasing dose of BMS753 (RARa-specific agonist), CD3254
(RXRa-specific agonist), or a combination of both agonists at once and then analyzed the mRNA
levels of MITF-A and MITF-M using RT-qPCR with primers designed to target the specific exon

1 of both. When MNT-1 cells were treated with each agonist alone (either BMS753 or CD3254
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alone), there were no significant increases in either transcript (Fig. 2G). However, when used
together, the agonists were able to stimulate the accumulation of both MITF-4 and MITF-M
mRNAs (Fig. 2G), suggesting that both RXRa and RARa need to be activated in order to
achieve stimulation of transcription. This correlates well with our previously published data that
showed that 9-cis retinoic acid was able to induce the accumulation of 7YR and MITF mRNAs
[13]; unlike BMS753 and CD3254, which only activate either RXRa or RARa, 9-cis retinoic

acid is able to activate both [18].

187



4.5 Discussion

We previously identified that 9-cis retinoic acid is the oxidative product of ALDH1AI
that stimulates melanogenesis in vitro [13]. However, it was unknown how 9-cis retinoic acid
functions to modulate pigment production. Now, we demonstrate that 9-cis retinoic acid
regulates melanogenesis through a novel RAR/RXR heterodimer enriched upstream of the
MITF-A transcription start site (Fig. 3). Our data suggests that there are two possible ways in
which the RXR/RAR heterodimer may modulate melanogenesis: either by stimulating the
accumulation of MITF-4 mRNA (which may then act in its own mechanism to modulate
melanogenesis) (Fig. 3) or by acting as an enhancer to regulate expression of MITF-M due to
chromatin looping mechanisms. In both potential mechanisms, ALDH1A1 converts 9-cis/all-
trans retinal to 9-cis/all-trans retinoic acid (RA) as a part of the metabolism in the vitamin A
pathway (Fig. 3). After RA is synthesized by ALDH1Al, it binds to and activates the RAR/RXR
heterodimer complex that is bound upstream of the MITF-A transcription start site (Fig. 3).

We still have not completely elucidated whether or not RAR/RXR is complexed as a heterodimer
upstream of the MITF-A transcription start site. Our ChIP experiments demonstrate binding of
both receptors in the same genomic regions; however, from this data, we cannot ascertain for
sure if it is indeed a heterodimer complex of RAR/RXR. Other lines of evidence suggest that

the RAR/RXR activates this upstream enhancer for two main reasons. Firstly, 9-cis retinoic

acid, which we have shown is able to stimulate pigmentation [13], the accumulation of 7YR and
MITF mRNAs [13], TYR protein [13], and the full-length MITF-4 promoter (Fig. 2C), is a
specific ligand for RAR and RXR and not other well-described nuclear receptors [18]. Secondly,

a combination of RAR and RXR agonists, but not the agonists individually, was able to stimulate
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the accumulation of both MITF-4 and MITF-M mRNAs (Fig. 2G), indicating that the activation
of both receptors is necessary for transcriptional regulation. A sequential ChIP (also known as a
ChIP-re-ChIP) experiment is needed to fully verify that it is a RAR/RXR heterodimer complex
that we are observing. However, for ease of discussion, we will refer to the enrichment of RAR
and RXR identified by our ChIP analysis as a RAR/RXR heterodimer.

A key piece of our data upholds the hypothesis that the RAR/RXR heterodimer, which is
enriched directly upstream of the MITF-A transcription start site, stimulates the transcription of
the MITF-A promoter and subsequently, MITF-4 mRNA upon activation by ligand. We show
that in combination, RAR and RXR agonists induce the accumulation of both MITF-A and
MITF-M mRNAs in melanoma cells (Fig. 2G). Furthermore, we demonstrate that both RAR and
RXR agonists stimulate the MITF-A promoter in [uciferase-assay experiments (Fig. 2C-2F);
however, this assay does not address the structure of chromatin in the nucleus, thus prohibiting a
true understanding of whether or not retinoids can actually stimulate the MITF-A promoter in
vivo. However, from the aforementioned data, we can speculate that MITF-A expression may be
up regulated after activation of the RAR/RXR heterodimer. In turn, MITF-A may bind to and
regulate the promoter of MITF-M, thus stimulating its increased expression and melanogenesis;
this could explain why we observe the accumulation of both MITF-M and MITF-A mRNAs after
treatment with both RAR and RXR agonists (Fig. 2G). It has been previously reported that
MITF-M is able to bind to and regulate its own promoter [62], so it is highly possible that MITF-
A may function in a similar fashion. In self-activating its own promoter, MITF-M interacts with
lymphoid enhancer-binding factor 1 (LEF-1) [62], a component of the Wnt signaling pathway.
Intriguingly, the recruitment of MITF-M to the M promoter depends on the binding of LEF-1 to

three adjacent binding sites [62]; this is most likely a preventative mechanism to preclude MITF-
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M from serving as a co-activator on many gene promoters containing single LEF-1 binding sites.
Furthermore, the Wnt/B-catenin signaling plays a significant role in in the development of the
retinal pigment epithelium (RPE), where MITF-A is highly expressed [63]. Elegant ChIP and
reporter gene assays have demonstrated that Tct/Lef (components of the Wnt/B-catenin pathway)
bind to and regulate the promoters of both Mitf~-D and Mitf~-H [63], two isoforms of Mitf that are
expressed in the RPE and important for its development [64, 65]. Combined, this data advocates
that Wnt signaling plays an important part in the regulation of many isoforms of MITF; it will be
interesting to determine whether, in addition to MITF-M, MITF-A is able to physically interact
with LEF-1 (or other transcription factors) on the M promoter to stimulate its increased
expression. On the other hand, two studies strongly suggest a second potential mechanism for
how MITF-A may regulate melanogenesis that is separate from it possibly regulating the MITF-
M promoter. First, in transient transfection assays, MITF-A was able to transactivate both the
TYR and the TYRP-1 gene promoters in HeLL.a human cervical cancer cells [66] and human
melanoma cells [38]. Therefore, it is plausible that MITF-A may regulate the promoters of 7YR
and TYRP-1 in pigment producing cells as well, in addition to or exclusive of regulating the
MITF-M promoter.

Genomic DNA is defined by its linear sequence, yet the three-dimensional organization
of the genome inside the nucleus forms an important role in gene expression regulation [67].
The control of gene expression often involves regulatory elements that are very far in genomic
distance from the genes they control [67]. Such regulation is achieved through chromatin
looping, wherein stretches of genomic sequence that lie on the same chromosome are actually in
closer proximity to each other than linear sequences that separate them [67, 68]. Intriguingly,

RXRa has been shown to form a heterodimeric complex with peroxisome proliferator-activated
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receptor (PPAR) on a RARE within the hepatitis B virus enhancer-1; once activated, the
complex transactivates the enhancer [69]. This data suggests that RXRa may have the ability to
activate enhancers and thus to regulate genes that are sequentially far away upstream or
downstream but close when chromatin is properly folded in the nucleus. Therefore, it is a
possibility that the RAR/RXR heterodimer enriched upstream of the MITF-A transcription start
site is also within an enhancer that may act to regulate genes that are not close in sequence of
DNA. We observed that in combination, RAR/RXR agonists were able to stimulate the
expression of both MITF-M and MITF-A in melanoma cells (Fig. 2G). Thus, it may be that due
to specific chromatin looping, the RAR/RXR heterodimer sequentially upstream of the MITF-A
transcription start site is, in three-dimension, close to and able to regulate the MITF-M promoter.
It is also possible that the RAR/RXR heterodimer acts in tandem to stimulate both MITF-4 and
MITF-M; the heterodimer could stimulate transcription of the proximal MITF-A4 as well as
stimulate transcription of the distal MITF-M through chromatin looping.

Vitiligo is one of the most common de-pigmenting skin disorders [2]. It occurs
worldwide, with an incidence of 0.1%-2% of the total population being affected [2]. It is
characterized by the acquired and progressive hypomelanosis of the hair and skin, with
melanocytes completely absent in affected lesions [2]. Although the exact mechanisms of
causation of vitiligo are still poorly understood, it typically co-exists with other autoimmune
disorders; it is theorized that a combination of genetics, environmental stress, immunological and
neurological factors synergize to destroy melanocytes, thus resulting in hypomelanosis [2].
Vitiligo leaves patients with severe physical disfigurement, which often causes serious emotional
distress and prevents an individual from living a full, rewarding life. As the pathogenesis for

vitiligo is still not well understood, the treatment options are broad in nature and usually not fully
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effective [2]. Retinoids, especially RA, are possibly attractive candidates for the topical
treatment of vitiligo for two key reasons. Firstly, multiple independent studies have shown that
retinoids induce melanogenesis [13, 70-72]. We demonstrated that RA is able to induce the
accumulation of pigment, 7YR and MITF mRNAs, and TYR protein in vitro [13]. Another
study, which demonstrated that RA is able to stimulate melanogenesis in BI6F10 mouse
melanoma cells, utilized electron microscopy analysis to show an accumulation of more late-
stage melanosomes in RA-treated cells than in vehicle-treated control cells [70]. Melanosomes
also showed a larger total volume across all stages when cells were treated with RA [70]. A
similar study found that Hs939 human melanoma cells exposed to 1 uM of RA for longer than
four days exhibited an increase in melanogenesis marked by a more than three-fold increase in
melanin content and tyrosinase activity over control cells [71]. In a third study, topically applied
0.05% or 0.00375% RA augmented increases in melanocyte number after UV-B irradiation in
two unrelated mouse strains, C57BL/6 and HRA:Skh-2 (lightly-pigmented, hairless mice) [72].
After two weeks of treatment, a 2-fold increase in the number of DOPA-positive melanocytes
was observed concomitant with a 4-fold increase in melanogenesis [72]. In fact, RA was even
able to stimulate significant increases in melanogenesis and DOPA-positive melanocytes on its
own, although the effect was much more potent in conjunction with UV-B radiation [72]. A
second reason why RA is possibly an attractive therapeutic candidate for the treatment of vitiligo
is that all-trans retinoic acid has been previously shown to be a potent inducer of cellular
differentiation [73]. In one convincing study, all-frans retinoic acid was shown to not only
induce the differentiation of early-migrating trunk neural crest cells to melanocytes and
adrenergic cells, but it was also able stimulate the production of pigment by melanoblasts [73].

As vitiliginous skin is marked by an absence of functional melanocytes, RA may be useful in
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stimulating the differentiation of melanoblasts to pigment-producing melanocytes in lesioned
areas, followed by continued stimulation of melanogenesis.

Future studies will focus on the mechanism of how RAR/RXR modulates melanogenesis,
and whether or not it regulates MITF-A, MITF-M or both. We are also investigating whether
retinoids and RAR/RXR agonists are able to modulate pigmentation in three-dimensional human
skin equivalents, the mouse-tail and or the mouse hair. This investigation will allow us to better
analyze the potential for retinoids to act as inducers of melanogenesis in a possibly therapeutic
manner. To that end, we are also pursing an in vivo strategy to determine the importance of
MITF-A to melanogenesis in the mouse hair follicle. Utilizing the novel Cas9/CRISPR gene
targeting platform, we have selectively deleted regions within the first exons of MITF-A and
MITF-M. This is the first time, to our knowledge, that the MITF-A isoform is being analyzed for

its role in melanogenesis in the mouse hair follicle and the RPE in an in vivo model.
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Figure 4.1: RXRa and RARa are enriched upstream of the MITF-A transcription start site

(A) MNT-1 melanoma cells (MNT-1), darkly-pigmented human epidermal melanocytes (DP-
Mel), and B16 mouse melanoma cells (B16) were harvested for RNA extraction and
subsequently checked for expression levels of MITF-4 and MITF-M based on primers designed
to target exon 1 of each aforementioned isoform. Data shown is relative mean mRNA level for
three biological replicates of each cell line, as indicated by the error bars (n=3). (B) 4-mm skin
punch biopsies were acquired from anesthetized control Luc-shRNA mice and experimental Luc-
shRNA/rtTA2 and immediately stabilized in RNAlater. Extracted RNA was subjected to
Nanostring analysis on MITF-A and MITF-M isoforms based on the expression levels of exon 1
for each. Data shown is mean normalized counts of mRNA for each gene (n = 3 mice as
indicated by the error bars). (C) Primers used in ChIP analysis were designed to target the 2 kB
region upstream of the transcription start site for both MITF-A and MITF-M isoforms (designated
the “promoter region”). Four primers were made to target distinct 500-bp tiles within the entire
2 kB promoter region, designated 1-4 for each isoform (MITF-M1, MITF-A1, ect). (D)
Enrichment of both RXRa and RARa in the promoter regions of both MITF-A4 and MITF-M was
investigated using ChIP RT-qPCR analysis in both MNT-1 melanoma and darkly-pigmented
human epidermal melanocyte cell lines. A mock ChIP using a control IgG antibody was also
performed. Percent input corresponds to the mean of three ChIP biological replicates (n=3), as
indicated by the error bars. A two-tailed student’s #-test was used to determine statistical
significance in enrichment between RXRa and RARa and the mock IgG control. *, p <0.05 or
** p=<0.01
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Figure 4.2: Retinoids stimulate the MITF-A promoter and the expression of both MITF-A
and MITF-M

(A) A375 human melanoma cells (A375), human embryonic kidney 293T cells (HEK293T),
MNT-1 human melanoma cells (MNT-1), and SK-Mel-28 human melanoma cells (SKM28) were
harvested and subjected to immunoblotting to quantify the amount of RXRa and RARa proteins
in each. GAPDH was used as a loading control. (B) Schematic showing the size of the MITF-A
promoter upstream of the /uciferase gene in the pGL3-luciferase plasmid constructs. The full-
length MITF-A promoter contains the full 2-kB promoter region upstream of luciferase, while the
truncated MITF-A promoter only contains 60 base pairs of the MITF-4 promoter upstream of
luciferase. (C-F) HEK293T cells were transfected with either a firefly luciferase reporter driven
by the MITF-A full-length promoter (MITF-A EcoRI) or a firefly luciferase reporter driven by a
truncated MITF-A promoter (MITF-A Smal) and co-transfected with a Renilla luciferase reporter
driven by an SV40 promoter as an internal control. The cells were then treated with the
indicated dose of 9-cis retinoic acid (endogeneous RXRa ligand) (C), LG100268 (RXR agonist)
(D), BMS753 (RARa-specific agonist) (E) or HX531 (RXR antagonist) (F) for twenty four hours
before being harvested and subjected to a dual-luciferase assay. Relative luciferase units (RLUs)
corresponds to the mean of three biological replicates for each treatment (n=3), as indicated by
the error bars. A two-tailed student’s #-test was used to determine statistical significance in
RLUs between drug-treated cell lysate and vehicle-control cell lysate. *, p <0.05, **, p <0.01,
**% p <0.001. (G) MNT-1 melanoma cells were treated with an increasing dose (125 nM, 250
nM, 500 nM, 1000 nM) of BMS753 (RARa-specific agonist) or CD3254 (RXRa-specific
agonist) or a combination of both BMS753 and CD3254 for twenty-four hours before being
harvested for RNA and subsequent RT-qPCR. The expression levels of both MITF-4 exon 1 and
MITF-M exon 1 were analyzed and their expression was normalized to the internal housekeeping
gene, B-actin. Relative mRNA level corresponds to the mean of three biological replicates for
each treatment (n=3), as indicated by the error bars. A two-tailed student’s 7-test was employed
to determine the statistical significance in mean mRNA level between drug-treated cells and
vehicle-control cells. *, p <0.05, ** p <0.01.
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Figure 4.3: A model of how retinoids may modulate melanogenesis: stimulation of the
MITF-A promoter through the RAR/RXR heterodimer complex

[lustration representing the regulation of the MITF-A promoter by retinoids. In the vitamin A
pathway, ALDHI1A1 catalyzes the formation of retinoic acid (both all-frans and 9-cis) from
retinal. Cyanamide (Cya) prevents this reaction from occurring by inhibiting the catalytic
activity of ALDH1A1. In the absence of ligand, RAR/RXR is bound to the promoter of MITF-
A, upstream of the transcription start site. Co-repressor proteins, including histone deacetylases
(HDACS), PRC2 (polycomb repressive complex 2) and silencing mediator for retinoid or
thyroid-hormone receptors (SMRT) interact with the RAR/RXR heterodimer and keep the
chromatin in a condensed state that is not favorable for transcription to occur. However, when
retinoic acid binds to RAR/RXR, the heterodimer undergoes a conformational change and
recruits co-activator proteins, including histone acetyltransferases (HATs), SWItch/Sucrose non-
fermentable (SWI/SNF), TRITHORAX, and nuclear co-activator receptor proteins (NcoAs) and
releases co-repressor proteins. This then allows for the chromatin to be de-compacted and more
open for RNA polymerase II (Pol II) to bind and begin transcription.
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Figure 4.4: A model of how retinoids may modulate melanogenesis: the RAR/RXR
heterodimer acts as an enhancer to regulate MITF-M through chromatin looping
mechanisms

[lustration representing the regulation of the MITF-M promoter by retinoids. Although the
putative RAR/RXR is bound almost 200 kB upstream of the MITF-M promoter, chromatin
looping may bring the two in close physical proximity of each other. Thus, RAR/RXR may
directly regulate the MITF-M promoter. In the presence of retinoic acid, the RAR/RXR
heterodimer undergoes a conformational change and recruits co-activator proteins, including
histone acetyltransferases (HATs), SWltch/Sucrose non-fermentable (SWI/SNF), TRITHORAX,
and nuclear co-activator receptor proteins (NcoAs) and releases co-repressor proteins. This then
allows for the chromatin to be de-compacted and more open for RNA polymerase II (Pol II) to
bind and begin transcription.
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Table 4.1: List of putative transcription factor binding sites in the promoter of MITF-M, as

identified by MotifMap.

Location BBLS

chr3:70068379..70068396 1.738
chr3:70068380..70068397 1.729
chr3:70068202..70068211 2.029
chr3:70068280..70068288 2.515
chr3:70068280..70068288 2.515
chr3:70068279..70068288 2.139
chr3:70068280..70068289 2.135
chr3:70068202..70068210 1.938
chr3:70068277..70068288 1.573
chr3:70067895..70067902 1.931
chr3:70068280..70068288 2.515
chr3:70068280..70068288 2.515
chr3:70067506..70067512 1.41
chr3:70068379..70068396 1.214
chr3:70067507..70067514 1.684
chr3:70068384..70068394 0.835
chr3:70068382..70068396 1.735
chr3:70068380..70068397 1.316
chr3:70068379..70068396 1.318
chr3:70068380..70068397 1.233
chr3:70069427..70069441 1.147
chr3:70068379..70068396 0.767
chr3:70068426..70068435 1.504
chr3:70068379..70068395 0.526
chr3:70068381..70068397 0.536
chr3:70069427..70069444 0.133
chr3:70069429..70069443 1.155
chr3:70068379..70068396 0.284
chr3:70069427..70069444 0.271
chr3:70068047..70068055 1.143
chr3:70068381..70068397 0.35
chr3:70069427..70069444 0.222
chr3:70068379..70068396 0.043
chr3:70068380..70068397 0.043
chr3:70068380..70068397 1.145
chr3:70069426..70069442 0.309
chr3:70068380..70068397 0.559
chr3:70068383..70068397 0.162
chr3:70068379..70068395 0.368

BLS
2.312
2.312
2.705
2.515
2.515
2.737
2.737
2.607
2.515
2.612
2.515
2.515
2.089
2.312
2.089
2.312
2.737
2.312
2.312
2.312
2.098
2.312
2.376
2.312
2.312
1.399
2.098
2.312
1.071
1.467
2.312
1.796
2.312
2.312
2.312
1.621
2.312
2.312
2.312

NLOD
0.954
0.894
0.977

1
1
0.968
0.927
0.973
0.919

0.852

0.965
0.908
0.934
0.941
0.918
0.851
0.889
0.929
0.842
0.857
0.883

0.89
0.893
0.869

0.902
0.872
0.857
0.857
0.9
0.893
0.881
0.91
0.915

7~
Score

5.255
4.689
4.459
4.856
4.856
4.596
4.296
4.362
4.403

3.81
4.782
4.782
3.817
4.309
4.054
4.437
4.759

4.73

4.79
4.936

4.27
4.657
4.531
4.447
4.596
4.303
4.604
4.395
4.428
4.192
4.284
4.408
4314
4319
4.447
4.404

4.42
4.337
4.394
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FDR

0.012
0.013
0.013
0.014
0.019
0.022
0.028
0.035
0.035
0.035
0.055
0.068
0.074
0.082
0.083
0.084
0.094
0.1
0.103
0.107
0.113
0.12
0.131
0.14
0.142
0.148
0.157
0.163
0.165
0.165
0.166
0.17
0.171
0.172
0.173
0.178
0.183

TF Name
Lhx4

Lhx4

SF1
ATF2:c-Jun
ATF2:c-Jun
CREB, ATF
CREB, ATF
SF1

CREB
ETS2
CREB
CREB
MAFB
K-2b
MAFA

ipfl

CHX10
ALX-3
ALX-3
K-2b
CHX10
Gbx2

ELK4
HOXAI1
HOXAI1
Shox2
CHX10
Shox2
Pax-4
STATI1
Barx-2
POUG6F1
Pax-4
Pax-4

LH-2
PMX2A
Evx-1
HOXA3
Barx-2

Distance (bp)

Region
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Downstream
Upstream
Upstream
Upstream
Upstream
Downstream
Downstream
Upstream
Downstream
Upstream
Upstream
Downstream
Upstream
Upstream
Upstream
Downstream
Upstream
Upstream
Upstream



chr3:70068383..
chr3:70068379..
chr3:70068379..
chr3:70067982..
chr3:70068381..
chr3:70068379..
chr3:70069426..
chr3:70069426..
chr3:70068379..
chr3:70068379..
chr3:70068379..
chr3:70068380..
chr3:70068177..
chr3:70068379..
chr3:70068379..
chr3:70069426..
chr3:70069426..
chr3:70068202..
chr3:70069036..
chr3:70069118..

70068397
70068396
70068396
70068000
70068397
70068396
70069443
70069443
70068396
70068395
70068396
70068397
70068188
70068395
70068395
70069443
70069443
70068209
70069046
70069135

0.024
0.568
0.925
0.192
0.002
1.158
0.129
0.122
0.364
0.338
0.211
0.111
1.355
0.077
0.002
0.121
0.107
2.677
0.464
0.077

2.312
2.312
2.312
1.031
2.312
2.312
1.137

1.39
2.312
2.312
2.312
2.312
2.376
2.312
2.312
1.251
1.031
2.737
1.935
1.184

0.898
0.892
0.908
0.823
0.882
0.932
0.871
0.858
0.874
0.877
0.849
0.881
0.916
0.851
0.858
0.869
0.883

0.982
0.859

4.293
4.523
4.662
4.686
4.278
4.736

4.43
4.343

4.47
4.444
4.422

4.34
4.485
4.343
4.279
4.502
4.453
3.933
4.519
4.417
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0.191
0.194
0.195
0.201
0.202
0.207
0.221
0.229

0.23
0.233
0.236
0.247
0.288

0.29
0.296
0.396

0.48
0.488

0.49
0.491

DIx-1
Evx-1
Octamer
GCNF
ipfl
LH-2
PMX2B
Alx-4
EMX2
HOXAS
1hx6.1
Esx1
Pax
HoxA?2
Barhl-1
HOXC4
HOXC5
NURRI1
Nkx2-2
Otx2

Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Downstream
Downstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Downstream
Downstream
Upstream
Downstream

Downstream



Table 4.2: List of putative transcription factor binding sites in the promoter of MITF-A, as

identified by MotifMap.
Location BBLS BLS
chr3:69871150..69871172 234 2794
chr3:69871219..69871241  1.417 2.794
chr3:69871553..69871559  2.612  2.695
chr3:69871553..69871559  2.612  2.695
chr3:69871813..69871823  1.128  2.106
chr3:69871815..69871821 1912 2.103
chr3:69871815..69871821 1912 2.103
chr3:69871813..69871822  1.335  1.485
chr3:69871813..69871821  1.455  1.688
chr3:69871080..69871086  2.591 2.591
chr3:69871144..69871165  0.601  2.154
chr3:69871200..69871210  0.555  1.028
chr3:69871200..69871210  0.759  1.296
chr3:69871078..69871085  2.516  2.591
chr3:69871199..69871209  0.551  1.028
chr3:69871641..69871661  0.869  2.486
chr3:69871668..69871686  1.026  2.337
chr3:69871818..69871825  1.771  2.103
chr3:69871640..69871658  1.024  2.337
chr3:69871199..69871209 045 1.159
chr3:69872140..69872149  1.524  1.844
chr3:69871547..69871558  1.716  2.391
chr3:69871127..69871138  1.241  2.794
chr3:69871546..69871562  0.054  2.019
chr3:69871198..69871214  0.362  1.028
chr3:69870544..69870561  0.242 1.57
chr3:69871199..69871210  0.477  1.159
chr3:69871199..69871210  0.477  1.159
chr3:69871546..69871562  0.439  2.182
chr3:69870735..69870762  0.554  1.898
chr3:69871200..69871210  0.763  1.296
chr3:69871184..69871191  1.986 2.794
chr3:69871055..69871062  1.868  2.591
chr3:69870735..69870762  0.341  1.665
chr3:69870946..69870955  1.117  1.805
chr3:69871839..69871846  1.509  1.632
chr3:69871646..69871664  0.341  1.456
chr3:69870944..69870955  1.024  1.805
chr3:69871149..69871156  2.459  2.794

NLOD
0.952
0.843

1
1
0.989

—_ = e =

0.89
0.936
0.975

0.924
0.792
0.842

0.836
0.897

0.957
0.878
0.871
0.884
0.857
0.896
0.888

0.84
0.817
0.975

0.793

0.949

0.818
0.935

Z-Score FDR
6.758 0
5.562 0
3.989 0.007
3.989 0.007
4.563 0.009
3.989 0.013
3.989 0.013
4.335 0.014
4.607 0.016
3.817 0.026
4.818 0.038
4.412 0.052

4.72 0.052
4.054 0.058
4.319 0.059

4.39 0.064
4.439 0.067
4.054 0.07
4.387 0.071
4.416 0.074
4.003 0.074
4.454 0.08

4.39 0.116
4.321 0.161
4.454 0.165
4316 0.193

4.37 0.216
4.303 0.23
4.405 0.257
4.578 0.276
4.714 0.338
4.241 0.358
4.241 0.365
4.538 0.404
4.353 0.41
4.241 0.423
4.353 0.434
4.552 0.474
3.933 0.484
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TF Name
LM4 M2
LM4 M2
Neuro D
Neuro D
TALI1

Neuro D
Neuro D
AP-4

HEB

MAFB

Staf
NF-kappaB
REL

MAFA
NF-kappaB
ESR1

ESR2
MAFA
ESR2
NF-kappaB (p50)
PURI1

TGIF
MYC::MAX
PKNOX2
NF-kappaB
RXR::RAR DRS
NFKB1
NFKB1
TGIF2

GR

c-Rel

MZF1
MZF1

PR

AhR, Arnt, HIF-1
MZF1
MIF-1

AhR
NURRI1

Distance (bp)
-125
-34
278
284
538
540
546
538
538
-195

Region
Upstream
Upstream
Downstream
Downstream
Downstream
Downstream
Downstream
Downstream
Downstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Downstream
Downstream
Downstream
Downstream
Upstream
Downstream
Downstream
Upstream
Downstream
Upstream
Upstream
Upstream
Upstream
Downstream
Upstream
Upstream
Upstream
Upstream
Upstream
Upstream
Downstream
Downstream
Upstream

Upstream



Conclusions and Future Directions
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Tyrosinase Modulates Pigmentation by Controlling the Distribution of Melanin Within the

Maturing Melanosome

Melasma, an acquired disorder of pigmentation associated with symmetrical
hypermelanosis, typically occurs in sun-exposed areas of skin [1, 2]. Melasma usually occurs in
women of color and is difficult to treat. [1, 2]. While there is no increase in the number of
melanocytes in skin marked by melasma, the melanocytes are larger and contain more dendritic
processes [3, 4]. Moreover, there is more eumelanin accumulation in the epidermis and dermis
[3,4]. Multiple etiological factors contribute to its onset, including a combination of genetic
influences, UV-R exposure, hormonal therapies (such as very commonly used hormonal birth-
control pills), cosmetics, phototoxic drugs, and antiepileptic medications [1, 2]. Kojic acid and
hydroquinone (HQ) are the most frequently used therapies for melasma [2, 5]. Both work by
inhibiting the activity of tyrosinase, arguably the most important enzyme needed for melanin
synthesis to occur [5]. However, both of these compounds are associated with risks and
uncomfortable side effects; more importantly, they are not fully efficacious in providing
continuous de-pigmentation of melasma skin lesions [5]. A once-daily triple combination
formulation therapy consisting of 4.0% HQ, 0.05% tretinoin, and 0.01% fluocinolone acetonide
(corticosteroid) has been shown to be one of the most efficacious treatments for melasma [6];
however, HQ was recently shown to be possibly carcinogenic at low doses, which makes its use
in the treatment of melasma controversial [7]. To this effect, the FDA has recently prohibited all
over-the-counter formulations of HQ until more research can be done to assess its potential
carcinogenity. Furthermore, the conversion products of HQ have been shown to cause de-

pigmentation side effects, which may also be possibly toxic to melanocytes [7]. Lastly, the
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prolonged use of HQ has been shown to cause ochronosis, or pigmentation characterized by a
blue-black color in treated areas, which is another highly undesirable side effect [7]. Taken
together, it is clear that more effective, less toxic and more potent therapeutics are needed to
inhibit melanogenesis in areas of skin marked by melasma.

To that end, we set out to determine whether or not whether tyrosinase is the ideal
enzyme to target in the treatment of melasma. Multiple studies have demonstrated that
tyrosinase inhibitors are clinically ineffective [7], meriting an analysis of the impact of what the
partial loss of TYR does in the melanocyte. To address this need, we utilized a novel, partial
loss of function mouse model [8, 9] to selectively deplete Tyr in the mouse hair follicle (Fig.
2.1). Intriguingly, while we did observe visual differences between 7yr knockdown mice and
control mice (Fig 2.1, Fig. 2.4), we demonstrate that the partial depletion of Tyr (~70%
knockdown) is not sufficient to induce significant decreases in the melanin accumulation in the
mouse hair follicle in two distinct coat colors (Tables 2.1 and 2.2); this suggests that TYR
activity is dispensable for melanogenesis to occur and that it may not be an ideal target for the
treatment of melasma. We did show, however, that the partial depletion of 7yr is sufficient to
alter the deposition of melanin within the terminal melanosome (Fig. 2.2) and to inhibit the
expression of other important genes required for melanogenesis, including Mitf-M, Sox10 and
Tyrp-1 (Fig. 2.2C). This data suggests that TYR plays a significant role in the pigment diversity
seen in humans and animals, especially in subtle pigment differences. Future studies will utilize
this partial loss of function mouse model to analyze the individual contributions of pigment-

related genes to melanogenesis.
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9-cis retinoic acid is the ALDH1A1 product that stimulates melanogenesis

Melanin is aberrantly regulated in vitiligo and melasma, two skin disorders characterized
by hypomelanosis and hypermelanosis, respectively [1, 10]. Both diseases are not well
understood and lack effective treatment options that ensure long-term, normal pigmentation in
skin lesions [2, 4, 10-13]. Thus, pharmacologic agonists and antagonists are needed that either
stimulate pigmentation in hypopigmented skin, or inhibit pigmentation in hyperpigmented skin.
In an effort to better understand the molecular network that governs pigment production and to
identify novel, single gene loci that support melanogenesis, MNT-1 melanoma cells were used to
screen a genome-wide synthetic siRNA library [14]. ALDH1A1, a well-characterized enzyme
involved in detoxification processes and in vitamin A metabolism [15], was one of 92 novel
regulators of melanogenesis identified in the screen [14]. Intriguingly, ADLH1A1 was one of
only three genes identified to impact TYR protein accumulation in three cell lines with distinct
genetic backgrounds, further indicating that it regulates melanogenesis [14]. In this study, we
identified at least one mechanism of how ALDHI1A1 regulates pigment production. We
demonstrate that 9-cis retinoic acid acts as a potent inducer of melanogenesis in MNT-1
melanoma cells and darkly-pigmented primary human epidermal melanocytes (Figs. 3.2-3.3).
We observed dose-response increases in 7YR and MITF mRNA transcript, and TYR protein
when cells were exposed to 9-cis retinoic acid (Figs. 3.3A-3.3F). Furthermore, the depletion of
ALDHI1AT1 by siRNA prevented the accumulation of 7YR and MITF transcripts in the presence
of 9-cis retinal (the substrate of ALDH1AL1), but not in the presence of 9-cis retinoic acid (Figs.
3.3G-3.3H). This data provides key evidence that it is the product of ALDH1AI catalysis that

modulates melanogenesis. We utilized three-dimensional human skin equivalents to assess if
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cyanamide, a potent catalytic inhibitor of ALDHI1A1, would be able to impact pigment
production. After three weeks of daily treatment, skin equivalents exposed to cyanamide
demonstrated significantly less melanin as assessed by a melanin assay when compared to water-
treated control equivalents (Fig. 3.4), suggesting that cyanamide may be an ideal pharmaceutical
agent in the treatment of melasma. Currently, we are working on experiments in which a pre-
formulated topical cream with cyanamide is applied to the tails of C3HeB/Fel littermates, along
with vehicle cream control. We hypothesize that due to the potent effect of cyanamide on the
skin equivalents, treatment on the mouse-tails will result in visible and quantitative melanin loss.
C3HeB/Fel mice are ideal for this use because unlike other commonly used mouse strains (such

as C57BL/6J), their tails are uniform in pigment.
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Retinoids Modulate MITF: A Novel Mechanism in the Regulation of Melanin Biosynthesis

We previously identified ALDH1A1 as a novel regulator of melanogenesis [14].
However, because ALDHI1AL1 is a catalytic enzyme involved in multiple detoxification processes
and in vitamin A metabolism [15], we hypothesized that one of its substrates or products would
somehow impact pigment production. To that end, we then went on to show that its oxidation
product in vitamin A metabolism, 9-cis retinoic acid, is the product of ALDH1A1 that stimulates
melanogenesis [16]. However, the mechanism of how 9-cis retinoic acid achieves such
modulation remained unanswered. Two classes of nuclear receptors, RARs and RXRs, exert the
biological activity of 9-cis retinoic acid [17]. While RARs are activated by both all-trans
retinoic acid (which we also showed stimulated the accumulation of pigment in melanoma cells,
albeit not as potently as 9-cis retinoic acid) and 9-cis retinoic acid, RXRs are only activated by 9-
cis retinoic acid [17]. Therefore, we hypothesized that a RAR/RXR heterodimer, activated by 9-
cis retinoic acid, may be enriched in the promoter region of a key gene involved in
melanogenesis. We utilized MotifMap [18, 19] to identify a putative RAR/RXR heterodimer
upstream of the MITF-A transcription start site, an isoform of MITF not well-characterized nor
previously known to play a role in pigment production in the melanocyte. We then performed
ChIP RT-qPCR experiments that demonstrated the enrichment of both RARa and RXRa
upstream of the MITF-A transcription start site (Figs. 4.1C, 4.1D); intriguingly, we identified no
enrichment of RARa or RXRa anywhere upstream of the MITF-M transcription start site (Fig.
4.1D). We then went on to show, through luciferase-activity assays, that retinoids are able to
activate the full-length MITF-A4 promoter, but not a truncated MITF-A promoter that lacks the

binding site for the RAR/RXR heterodimer we identified through ChIP RT-qPCR (Figs. 4.2C-
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4.2F). Finally, while RARo and RXRa agonists alone do not stimulate the accumulation of
MITF-A or MITF-M transcripts, a combination of the agonists are able to do so (Fig 4.2G).
Much work needs to be completed to finish this project and to establish a full mechanism
of how retinoids modulate MITF and melanogenesis overall. Firstly, we are in the process of
performing ChIP-seq in order to fully confirm the binding of both RARa and RXRa in the
promoter region of MITF-A. Secondly, we are planning to perform additional /uciferase-activity
assays and transfect cells with a full-length MITF-M promoter, as well as a truncated MITF-M
promoter. After transfection and treatment with different retinoids, the relative luciferase
activity measurements will provide us with information on whether or not retinoids are able to
activate the MITF-M promoter in addition to activating the MITF-A promoter. Although ChIP
RT-qPCR has shown no RAR/RXR heterodimer upstream of the MITF-M transcription start site,
it is still as possibility that it is bound to an enhancer, and due to chromatin looping, able to
regulate the transcription of MITF-M. The luciferase-activity experiments using MITF-M
promoter constructs will provide us with information on whether the identified RAR/RXR
heterodimer is able to regulate the MITF-M promoter directly through chromatin looping, or only
able to activate the MITF-A promoter. To that end, we are also interested in determining if, upon
activation and increased expression by RAR/RXR, MITF-A is regulating the transcription of
MITF-M. Studies have shown that MITF-M can regulate its own promoter through an
interaction with LEF-1 [20], so it is a possibility that MITF-A may function in a similar manner.
The analysis of this may prove to be difficult, however, if no antibodies exist that specifically
target MITF-A. To our knowledge, commercially available antibodies for MITF are pan-MITF
antibodies, in that they target an exon common to all isoforms. However, if possible ChIP RT-

qPCR could be used to assess whether MITF-A is able to regulate the transcription of MITF-M.
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It would also be interesting to see whether MITF-A regulates the transcription of 7YR and TYRP-
1, as it has been previously shown to activate the promoters of both genes in HeLa cells and
human melanoma cells [21, 22].

We are also interested in how the chromatin landscape changes in the promoters of both
MITF-M and MITF-A after treatment with retinoids. If RAR/RXR is in fact enriched in the
MITF-A promoter, activation by ligand should result in enrichment of active chromatin marks,
coupled with the loss of repressive chromatin marks. We have previously observed that when
treated with 9-cis retinoic acid, both H3K4Me3 and H3K9ac marks, which are associated with an
active promoter [23], are significantly enriched in the MITF-A promoter regions previously
identified to harbor RAR/RXR. Similarly, we observed significant decreases in enrichment for
H3K9me3, a chromatin mark associated with repressed, inactive regions of chromatin [23], in
the same aforementioned promoter regions of MITF-A when cells were treated with 9-cis retinoic
acid. We are in the process of repeating this experiment to confirm these results, but they will
provide us with a clearer picture of how the chromatin landscape changes in the presence of
retinoids. It will also be interesting to analyze whether siRNA-mediated knockdown of
RAR/RXR prevents changes in chromatin marks when cells are exposed to retinoids. In order to
further verify that RAR and RXR are dimerized in our mechanism, ChIP re ChIP can be used
[24]. In ChIP re ChIP, it is possible to identify multiple proteins that bind to the same DNA
sequence, because two subsequent immunoprecipitation are carried out [24]. Thus, we plan to
perform ChIP re ChIP coupled to RT-qPCR with both RARa and RXRa ChIP-grade antibodies
in order to fully verify that RAR and RXR form a heterodimer complex as hinted at in our
previous ChIP experiments. Lastly, we are investigating whether retinoids are able to induce the

accumulation of pigment in the mouse-tail and in the previously used three-dimensional human
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skin equivalents. Another in vivo approach that we are employing is isoform-specific knockouts
of MITF-A and MITF-M utilizing the novel Cas9/CRISPR system. This is the first time that the
role of MITF-A is being investigated in an in vivo approach. If MITF-A does contribute
significantly to melanogenesis, we hope to see lightening of the coat of MITF-A knockout mice.
Furthermore, we can utilize skin from MITF-A knockout mice for a variety of approaches to
investigate its function in pigment synthesis in the mouse hair follicle. Currently, we are
breeding the offspring of chimera MITF-A and MITF-M knockouts and using novel sequencing
approaches to identify what mice have the ideal knockout for both isoforms; from there, we can
establish mouse lines with appropriate backcrossing for future experiments.

Overall, this thesis work establishes a novel mechanism in the regulation of
melanogenesis, which may aid in the development of therapeutics in the treatment of two of the
most common and difficult to treat pigmentary disorders, melasma and vitiligo. We show a
novel role for 9-cis retinoic acid in the stimulation of pigmentation. We also demonstrate that
ALDHI1AL, which is responsible for the synthesis of 9-cis retinoic acid, may be an ideal target
for inhibiting pigment synthesis in areas of hyperpigmented skin. Lastly, we provide data to
suggest that 9-cis retinoic acid is able to bind to and activate a RAR/RXR heterodimer upstream
of the MITF-A transcription start site. However, we can only theorize as to what may be
occurring from here: either MITF-A is a novel regulator of melanogenesis, or the RAR/RXR
heterodimer may act as an enhancer and regulate the expression of MITF-M. Nonetheless, this
work has established exciting new leads for the pigment biology field and provides new avenues

to investigate in the search for better treatment options for common pigmentary disorders.
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