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And I’ll return to you somehow 
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The diversity of hair and skin color is a direct result of melanin synthesis occurring in melanocytes.  

Melanogenesis is a set of highly regulated processes that occur in a specialized organelle called 

the melanosome.  Two components that are essential for melanogenesis to occur are 1) 

transcriptional regulation of the genes required for pigment production by MITF, and 2) proper 

trafficking of proteins and enzyme components to the melanosomes.  While extensive studies have 

identified over 100 genes, there are still gaps in understanding how MITF isoforms alter 

melanogenesis-specific gene expression and how proteins control the formation of the 

melanosome.  While these two parts of melanogenesis are distinct, in vivo models are a standard 

way to understand how these pathways contribute to melanogenesis as a whole.  We recently 

identified Pikfyve, a gene that encodes a phosphoinositide kinase, as a regulator of melanogenesis.  

Conditional loss of Pikfyve in murine melanocytes causes greying of the coat.  Isolation and culture 

of melanocytes from Pikfyve mice revealed defects in melanosome maturation due to failure of 

protein trafficking to the melanosome, defining a new lipid signaling pathway that controls the 

early stages of melanogenesis.  Another phosphoinositide binding protein, Wipi1, subtly alters 

pigmentation after constitutive loss in mice, with more pronounced phenotypes occurring at the 

cellular level.  In addition to this work, we completed additional studies trying to understand which 
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Mitf isoform regulates melanogenesis and when and where it does.  As Mitf-A and Mitf-M are the 

primary Mitf isoforms in melanocytes, we used CRISPR/Cas9 technology to generate both Mitf-A 

and Mitf-M isoform-specific knockout mice.  While loss of Mitf-A had only subtle impacts on 

pigmentation, loss of Mitf-M drastically alters pigmentation in the hair, skin, and eyes due to loss 

of melanocytes in adults.  Intriguingly, Mitf-M knockout mice also have enlarged kidneys, 

revealing new roles for this transcription factor in other tissues.  Moreover, we have recently 

revealed that some Mitf-M knockout mice can develop spontaneous repigmentation on parts of 

their body, a mechanism that is a result of spontaneous reactivation of melanocytes.  Taken 

together, these studies outline an approach that can be used to better understand how 

melanogenesis is specified in both place (intracellularly and in the organism) and time 

(development and hair stage). 
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CHAPTER 1  
 

Melanocytes, Pigmentation, and Human Health 
 

Jessica L. Flesher and Anand K. Ganesan 
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ABSTRACT 

Melanocytes are responsible for pigmentation variation found in humans and other 

mammals.  Within the epidermis, these specialized cells are responsive to environmental triggers 

and localized cell-to-cell signaling provides inductive signals for melanogenesis.  Mutations in 

melanocyte-specific genes account for much of the variation in skin and hair color in human 

populations and other species, but can also lead to psychologically damaging and deadly diseases.  

An invaluable tool in understanding melanocyte biology and the underlying process of 

melanogenesis are mouse models.  By manipulating the expression of key genes, we can better 

understand how melanogenesis is regulated in vivo. 

 

A CANVAS FOR PIGMENTATION 

As the most exposed surface, skin provides many vital functions for an organism.  Skin 

prevents desiccation and infection, heals following injury, provides an anchor for secondary 

structures, and is a canvas for the wide range of pigmentation patterns found in the animal kingdom 

(1).  In mammals, the skin is composed of three layers.  The uppermost and cellularly dense layer 

is the epidermis (2).  While the epidermis has numerous cell types, it is predominantly composed 

of keratinocytes and separated from the rest of the skin layers by a basement membrane (2, 3).  

Next, the dermis provides the underlying structure (2) and contains blood vessels that feed the 

epidermis.  Additionally, hair follicles and sweat glands that are continuous with the epidermis 

extend into the dermis during their formation (3).  The hypodermis, or fat layer, is the lowest layer 

of the skin.  Depending on the body region, the hypodermis consists of loose connective tissue to 

allow for the skin to glide or provides pockets of adipose for insulation (2).  While all the layers 
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of the skin contribute to the organs function, the dynamic epidermis and continuous hair follicles 

are responsible for the most visually apparent feature of skin, pigmentation. 

 The range of mammalian hair and skin colors and patterns is due to specialized cells called 

melanocytes.  In human skin, melanocytes are found in the basal layer of the interfollicular 

epidermis and within the bulge and bulb of the hair follicle (4).  The basement membrane of human 

epidermis contains approximately one melanocyte for every ten keratinocytes (4).  The location of 

melanocytes can vary between species.  Mice and other mammals have an abundance of follicular 

melanocytes, but lack melanocytes residing in the epidermis on the main trunk of the body (5).  In 

contrast, humans have melanocytes in the epidermis and in the hair, which are sparsely localized 

on body regions other than the scalp (6).  The number of melanocytes can also vary by body region.  

The scalp, palms of hands and soles of feet generally have fewer active melanocytes than found in 

the skin of the trunk, arms, or legs (7, 8).  When the normal distribution of melanocytes is lost and 

melanocytes overgrow this leads to the formation of melanocytic moles (aka nevi) and malignant 

melanomas (9).  The main contributor to the different shades of skin and hair color is the amount 

and type of the melanin pigments that are produced and packaged into organelles by melanocytes.  

These pigment units are delivered to keratinocytes in the epidermis or growing hair follicles (10).   

 During normal development melanocyte precursors called melanoblasts have to migrate 

from the neural crest to reach the skin.  Commitment to the melanocyte lineage requires the 

activation of key transcription factors and lineage markers that is initiated in the early embryo. 

Murine neural crest cells start to differentiate into migratory precursors at embryonic day (E) 8 

through the induction of Pax3 and Zic1 (11).  Bipotent progenitors of melanoblasts and glial cells 

are further specified by the expression of Sox10 and Snai2 at E8.5 (11, 12).  Expression of Mitf, 

Kit, and Ednrb starting at E9.5 commit cells to the melanocyte lineage (12) with detectable 
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melanoblasts by E10.5 (13).  Pools of melanocytes in the skin originate from melanoblasts derived 

from the cervical and trunk regions of the neural crest (14), but melanocytes are also found in the 

ear, eye, brain, and heart.  Melanoblasts from the cranial neural crest populate the stria vascularis, 

the vascularized portion of the cochlea in the ear and the uvea (iris stroma and choroid) of the eye 

(13, 15, 16).  The other pigmented cells of the eye, the iris pigment epithelium (IPE) and retinal 

pigment epithelium (RPE), produce melanin in an MITF-dependent manner, but are derived from 

the neuroepithelium rather than the neural crest (17).  Originating from the cephalic neural crest, 

melanocytes have been identified in the leptomeniges and the sympathetic cephalic ganglia of the 

brain (18, 19).  Melanocytes have also been identified in the valves and septa of the heart that 

originate from cardiac neural crest cells (11, 19).  Despite the different locations of the cells, the 

production of the pigment melanin is a defining characteristic. 

 

AN OVERVIEW OF MELANOGENESIS 

The production of melanin plays a very important role in the skin apart from outward 

appearance.  Melanin protects skin cells from harmful damage by ultraviolet (UV) radiation.  UV 

induces DNA damage which activates p53 as part of the repair pathways in keratinocytes and 

melanocytes (20).  As part of this response, p53 upregulates POMC (21) which is cleaved by 

multiple proprotein convertases releasing alpha-melanocyte stimulating hormone (αMSH) (22).  

The αMSH is recognized by the g-protein coupled melanocortin 1 receptor (MC1R) and sets off a 

adenylate cyclase dependent signaling cascade that leads to the activation and translocation of 

CREB into the nucleus (23).  Phosphorylation of CREB can also be stimulated by endothelins, 

which bind the endothelin receptor type B (EDNRB) and activate the MAPK signaling cascade 
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(24). Among the CREB target genes in melanocytes is the Microphthalmia associated 

transcription factor (MITF).   

MITF acts as the master regulator of melanogenesis.  While αMSH/MC1R stimulated 

MITF upregulation, canonical WNT signaling through the frizzled receptors allows β-

catenin/LEF1 binding to the MITF promoter (24).  MITF activity is also regulated post-

translationally.  Signaling through c-Kit is required for ERK2 phosphorylation of MITFSer73, while 

Ser409 is phosphorylated by the p90 ribosomal S6 kinase (p90RSK) (23).  Sumoylation of MITF 

also occurs at Lys182 and Lys316 which promotes MITF activity on promoters with multiple 

MITF binding sites (25).  Activated MITF turns on transcription of a number of target genes 

involved in motility (c-Met), survival (BCL2, HIF1A), proliferation (CDK2, CDK4, p16, Rb, p21), 

and melanogenesis (TYR, TYRP1, PMEL, MLANA, DCT) (23, 26).  The upregulation of 

melanogenesis-specific genes is necessary to provide the correct conditions for melanin synthesis 

to occur. 

Melanocytes sequester melanin synthesis and reactive oxygen species (ROS) intermediates 

within organelles called melanosomes.  Melanosomes, like lysosomes and other lysosome-related 

organelles, are derived from endosomes, have a low pH, and contain some lysosomal resident 

proteins (27).  There are four distinct stages of melanosomes characterized by both protein 

components and melanin deposition (24).  Stage I melanosomes resemble early endosomes marked 

by MART1 (melanoma antigen recognized by T-Cells 1) (28) and OA1 (ocular albinism 1) (24) 

with intraluminal vesicles containing PMEL (premelanosome protein) (27).  PMEL is first sent to 

the cellular membrane and must undergo clathrin-dependant endocytosis facilitated by adaptor 

protein complex 2 (AP-2) in order to make its way to stage I melanosomes (27).  In stage I 

melanosomes, PMEL is cleaved to form long amyloid fibrils characteristic of Stage II 
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melanosomes, this also corresponds with the morphological change to ellipsoidal, eumelanic 

melanosomes (24).  During this step, the kiss-and-run action of melanosomes with nearby 

lysosomes leads to the delivery of necessary proteins required for PMEL cleavage and the acidic 

environment for melanin synthesis (29).   

Melanosomes continue to progress with the delivery of catalytic enzymes including 

tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and dopachrome tautomerase (DCT).  

Following post-translational modification in the Golgi, these membrane bound proteins are 

trafficked to endosomes and multivesicular bodies and sorted into the appropriate vesicles for 

trafficking to the melanosome (27).  Vesicle trafficking of both TYR and TYRP1 from the trans-

Golgi network relies on the activity of RAB32 and RAB38, two functionally redundant RAS 

GTPases (30).  Like other GTPases, the activity of RAB32 and RAB38 is regulated by guanine 

nucleotide exchange factors (GEFs) that coordinate the release of guanosine diphosphate (GDP) 

to allow for guanosine triphosphate (GTP) binding and activation (30).  BLOC-3 (biogenesis of 

lysosomal related organelles complex 3) is composed of two subunits, HPS1 (Hermasky-Pudlak 

syndrome protein 1) and HPS4, that function as a RAB32 and RAB38 GEF and facilitate 

melanosome localization (31).  From early endosomes, TYRP1 and some TYR containing vesicles 

are trafficked to intermediate endosomes and endosomal tubules in a process requiring BLOC-1 

(32) which is made up of BLOS1 (Biogenesis of lysosome-related organelles complex 1 subunit 

1), BLOS2, BLOS3, SNAPN (Snapin) (33), PLDN (Pallidin), MUTED (34), CNO (Cappuccino)  

(35), and DTBP1 (Dysbindin) (36).  This trafficking mechanism also relies on the AP-1 complex 

for sorting TYR and TYRP1 into the tubules and positioning the cargo for delivery to melanosomes 

(37).  Fusion of endosomal tubules containing melanosomal proteins requires BLOC-2 composed 

of HPS3, HPS5 and HPS6 (38, 39).  Cells without the required AP-1, BLOC-1, or BLOC-2 have 
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mislocalization of TYRP1 to the Golgi and the cell membrane, while some TYR containing 

membranes are also delivered to the cell membrane (27, 37, 38).  The majority of TYR containing 

vesicles are trafficked in a nonredundant manner from multivesicular bodies (MVBs) through 

recruitment by AP-3 (40).  After delivery of the enzymatic proteins, melanosomes advance to 

Stage III, characterized by melanin deposition on PMEL fibrils (27).  TYR catalytic activity relies 

on copper, which is transported into melanosomes by ATP7A (ATPase copper transporting alpha) 

(41).  ATP7A is trafficked to stage III melanosomes in a BLOC-1 dependent manner (42).  Melanin 

synthesis continues until melanosomes are fully pigmented and enter Stage IV (27).  Melanosomes 

are themselves trafficked along microtubules to reach cellular dendritic “fingers” by microtubule-

associated motor proteins (24).  LC3B (microtubule-associated protein 1 light chain 3 beta) 

coordinates the assembly of motor proteins to the melanosome (43).  Regulation of LC3 is 

controlled through conjugation to phophatidylethanolamine on the melanosome membrane and is 

removed by ATG4B (autophagy related protein 4 beta) as the melanosomes reach the actin network 

(43).  Melanosomes then interact with the actin network in dendrites and dock to the plasma 

membrane in processes that require RAB27A (24).  

Stage IV melanosomes are transferred to neighboring keratinocytes.  Each melanocyte can 

interact with 30-50 neighboring keratinocytes to deliver melanosomes to the basal and suprabasal 

layers of the epidermis (4, 44).  In keratinocytes, melanosomes are trafficked towards the nucleus, 

where they form a cap on the apical side of the nucleus to prevent further DNA damage from UV 

irradiation (45).  Key steps of melanogenesis are illustrated in Figure 1.1.  Melanin is retained as 

keratinocytes differentiate, and degraded during terminal differentiation (45) through autophagy 

(46).  While melanogenesis can be stimulated by UV radiation, the amount of tanning that occurs 

is dependent on the complexion of an individual as described by the Fitzpatrick phototype scale 
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(44).  The range of pigmentation from phototypes I to VI is a result of mutations in the regulatory 

regions and genes that alter melanin synthesis.  

 

VARIATION IN HUMAN PIGMENTATION 

Melanins can be divided into two categories:  brown to black eumelanin and yellow to red 

pheomelanin (47).  The first steps of melanin synthesis requires TYR to catalyze the conversion 

of L-tyrosine to L-DOPA, the rate-limiting step of melanogenesis, and subsequently into 

dopaquinone (23).  Eumelanins are produced through the cyclization of dopaquinone into 

dopachrome which can be modified by TYR into 5,6-dihydroxyindole (DHI) or converted by 

TYRP1 or DCT into 5,6-dihydroxyindole-2-carboxylic acid (DHICA), the two eumelanin subunits 

(48).  For the production of pheomelanins, the sulfhydryl group of cysteine reacts with 

dopaquinone to form cysteinyl-DOPA which is further converted into the pheomelanins 1,4-

benzothiazine (BTZ) and 1,4-benzothiazine-3-carboxylic acid (BTZCA) (47).  The individual 

monomers of melanin alter how tightly the polymeric melanin can be deposited onto PMEL fibrils 

which, in turn, affects the shape of melanosomes (49) and how much photoprotection they confer 

(50).  Eumelanin, as illustrated in Figure 1.1, prevents DNA damage through absorption of UVB 

rays (280 – 320nm) that penetrate into the epidermis of the skin (44).  However, pheomelanin 

provides no protection against UVB irradiation and can amplify oxidative stress from UVA rays 

(320 – 400nm) that travel into the dermis of the skin (44, 51).  Through the irradiation of 

pheomelanin, UVA produces a superoxide anion that increases DNA damage through the 

production of reactive oxygen species (ROS) (51, 52).  Different hair colors and skin phototypes 

are a result of the balance between eumelanin and pheomelanin synthesis. 



 

9 
 

  Variation in human pigmentation is caused by genetic mutations that regulate steps of 

melanogenesis.  The recessive inheritance of red hair has led to the identification of multiple 

mutations residing in the MC1R gene that lead to a reduction or loss of function of the receptor 

(53) which triggers the production of pheomelanin.  African-American populations have an 

ancestral single nucleotide polymorphism (SNP) within the Agouti signaling protein (ASIP) gene 

region that is associated with darker skin tones (54).  ASIP is a known antagonist of the MC1R 

receptor, triggering pheomelanin synthesis and patterning of hair in some species (55).  Additional 

studies have identified SNPs associated with SLC24A2 (Solute Carrier Family 24 Member 5) that 

confer lighter skin in individuals of European descent (56) and MFSD12 (major facilitator 

superfamily domain containing 12) in African populations that increase the amount of melanin 

(57).  These observations illustrate how pigment variation is genetically encoded, even amongst a 

population that has very similar skin tones.  

In areas with high levels of UV, like the tropics, protection from UV-induced DNA damage 

can explain the prevalence of darker skin shades.  Individuals with more melanin and darker skin 

tones (Fitzpatrick phototypes V-VI) have more UV protection, increased ability to tan, and reduced 

risk for skin cancer (44).  Lighter skin tones (phototypes I-II) have less melanin, decreased UV 

protection, reduced tanning potential, and an increased risk for skin cancer  (44), resulting in higher 

rates of skin cancer for tropical and subtropical climates with large Caucasian populations 

including regions of Australia and southern latitudes of the United States (58).  The leading theory 

for the evolution of lighter skin tones present in ancestral European and Asian populations is 

related to vitamin D synthesis (59).  An essential step in vitamin D synthesis is the conversion of  

7-dehydrocholesterol (7-DHC) to vitamin D3 by basal keratinocytes in a process dependent on 

UVB radiation (60).  Near the equator, the high levels of UV light year-round allow for enough 
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vitamin D synthesis even with high levels of melanin blocking some of the UVB.  Closer to the 

poles, the total amount of UV radiation is drastically reduced due to cloud cover and the angle of 

the sun hitting the Earth (61).  This is consistent with historical data showing how skin 

pigmentation varies across different latitudes (62).  Retaining the ability to produce vitamin D is 

important for bone health, since Vitamin D deficiency causes rickets (60).  Vitamin D levels can 

influence mental health as vitamin D supplements have been used to treat seasonal affective 

disorder (SAD) (63) in order to improve patient wellness during winter months (64).  While 

pigmentation plays an important role in skin cancer risk, its influence on other facets of human 

health is incompletely understood.  

 

 HUMAN PIGMENTARY DISEASES AND MOUSE MODELS 

 The accumulation of mutations, either through direct UV-induced damage, amplified ROS 

induction, or aging can lead to skin cancer, the most commonly diagnosed group of cancers in the 

United States.  The main risk factors for any type of skin cancer are the amount of exposure to UV 

radiation and the amount of melanin present in the skin where individuals with mostly 

pheomelanin have the highest risk (65).  Melanocytes can also transform into the deadliest form 

of skin cancer, melanoma, responsible for 70-80% of all skin cancer related deaths (66).  Cutaneous 

melanomas have a high burden of somatic mutations that have a signatures attributed to UV 

damage and age (67).  While use of sunscreen has grown, melanomas are still frequent with 

increasing numbers in younger individuals due to use of tanning beds (44).  Additional factors 

contribute to melanoma formation, since the most common oncogenic driver mutation, BRAFV600E, 

does not share the classic UV signature.  Targeted therapy for the BRAF mutation and 

immunotherapy that recognizes neoantigens from highly mutated tumors have been effective for 
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a subset of melanoma patients (68).  Additionally, the presence of a BRAFV600E mutation is not 

sufficient to trigger melanoma formation, since this mutation is found in the majority of benign 

nevi, or moles, with additional mutations required to progress past initial growth arrest to form 

melanoma (69). To better understand how melanomas form and the complex relationship with 

other tumor suppressors and oncogenes, Tyr inducible Cre mouse models have been developed 

including two different BrafV600E models, BrafV600E alone (70) and in combination with Pten loss 

(71, 72), and an NrasQ61K model with Cdkn2a loss (73)  The complicated nature of melanocytes as 

the cell of origin continues to provide insight into how melanomas start and grow.   

Overactive melanocytes can also impact health through the upregulation of melanin 

production.  One common form of hyperpigmentation is melasma, a localized increase in 

pigmentation on the face, commonly associated with pregnancy (74).  Melasma is prevalent in 

about 1% of the general population (74) with approximately 90% of cases found in women (75).  

While topical, oral, and minimally invasive surgical procedures exist, many effective treatments 

cause unwanted side effects that can vary from irritation to burns on the skin (74).  UV exposure 

can exacerbate symptoms, so an important aspect of treatment is use of sunscreen and avoiding 

UV radiation (76).  Some of the cellular pathways that trigger melasma have been identified.  

Estrogen, which is elevated by pregnancy, can stimulate the G-protein coupled estrogen receptor 

(GPER) on melanocyte cell membranes to stimulate melanogenesis independently from the 

classical MC1R-UV damage response signaling pathway (77).  While melasma is relatively 

common, no mouse models for the disease currently exist. 

While too much pigmentation can lead to stigma, the loss of pigmentation can have a 

similar effect.  Localized loss of melanocytes through targeted destruction by immune cells leads 

to the autoimmune disease known as vitiligo (78).  Like melasma, vitiligo affects one percent of 
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the global population, however stigma associated with depigmentation disproportionately affects 

those with darker skin tones (79).  Moreover, patients with vitiligo can often have skin 

itching/burning, an increased incidence of depression/anxiety, changes in vision, and even changes 

in hearing (80).  During active disease, CD8 positive killer T-cells destroy melanocytes within the 

skin causing depigmentation (1).  Current therapies include narrowband UVB therapy to trigger 

migration of melanocytes from hair follicles into the interfollicular epidermis (81).  These methods 

show some efficacy in patients with stable disease, but don’t always result in long-term 

repigmentation.  This disease highlights the intimate communications that occur not only between 

melanocytes and keratinocytes, but melanocytes and the immune system.  Mouse models that 

phenocopy certain features of vitiligo have been developed, but the Mitfmi-vit premature greying did 

not result from immune destruction of melanocytes and the other model relies on induced 

overactivation of T cells to induce the destruction of melanocytes (82, 83). 

The most common group of hypopigmentary diseases is albinism.  Albinism occurs when 

melanocytes are present, but mutations in key proteins prevent the production of melanin.  The 

most common types of oculocutaneous albinism are caused by mutations in TYR (50%) or 

mutations in OCA2 (84), a protein that regulates pH (85) and contributes to the trafficking of TYR 

to the melanosome (86).  Oculocutaneous albinism type 3 is caused by mutations in TYRP1 and 

SLC45A2 mutations result in type 4 (87).  Mouse models for the genes associated with 

oculocutaneous albinism were some of the first established strains for the corresponding loci 

generated from mouse fanciers  (88, 89).  After Tyr was mapped to the murine albino locus (90), 

defects in TYR trafficking to the melanosome and altering TYR activity or protein levels have 

been made possible through the use of Tyr mutant mice (89, 91).  OCA2 is mutated in the pink-

eyed dilution mouse strain and can be used as a model for oculocutaneous albinism, type 2 (92).  



 

13 
 

The mouse brown locus encodes TYRP1, and mouse mutant alleles have led to discoveries that 

TYRP1 affects the stability of TYR (93).  Finally, mutations in Scl45a2 lead to the underwhite 

mouse because of osmotic regulation defects caused by the encoded MATP (membrane-associated 

transporter protein) (94).   

Due to the reliance of melanosomes and other lysosome-related organelles on endosomal 

and lysosomal trafficking machinery, mutations causing hypopigmentation can also be one 

characteristic of larger syndromes (95).  Hermansky-Pudlak syndrome (HPS) is characterized by 

oculocutaneous albinism, defects in blood clotting, and pulmonary fibrosis due to mutations in the 

AP3, BLOC-1, BLOC-2, and BLOC-3 subunits (87).  The subtypes of HPS are defined by the 

causal mutation (87).  Through the use of the pale ear and light ear mouse mutants, HPS1 and 

HPS4 were identified as the subunits of BLOC-3 (96).  The pearl mouse has been used a model 

for HPS type 2 due to corresponding mutation in Ap3b1, the beta 1 subunit of AP-3 (97) while 

HPS10 is caused by mutations in the delta subunit of AP-3 with the mocha mouse as a model (95).  

HPS types 3, 5 and 6 are recapitulated in the cocoa, ruby-eye2, and ruby-eye mice, respectively, 

and are caused by mutations in BLOC-2 (98).  Mutations in subunits of BLOC-1, DTNBP1, 

BLOC1S3, and PLDN are responsible for HPS types 7-9 (87).  In addition to these proteins, mouse 

models have led to the identification of other components of BLOC1: sandy (Dntbp1), reduced-

pigmentation (Bloc1s3), pallidin (Pldn), snapin (Snapn), muted (Muted), and Cappuccino (Cno) 

(33–36).  Chediak-Higashi syndrome is a rare disorder that causes hypopigmentation, 

immunodeficiency, and progressive neurologic dysfunction.  A causative mutation for Chediak-

Higashi syndrome is found in the LYST gene and understanding the cellular phenotype of enlarged, 

perinuclear lysosome-related organelles was facilitated by the beige mouse (99).  Another human 

disease associated with hypopigmentation and immunodeficiency or neurological symptoms is 
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Griscelli syndrome caused by defects in the trafficking of lysosome-related organelles (95, 100).  

The mutations in dilute (Myo5a), ashen (Rab27a), and leaden (Mlph) mice have been used to 

model the three subtypes of Griscelli syndrome (95). 

Another category of human diseases that have benefited from in vivo models of 

pigmentation, are those associated with defects in the neural crest.  The neural crest gives rise to 

melanocytes, neurons, gilia, smooth muscle cells, cartilage cells, bone cells, and adrenal cells 

found throughout the body (101).  Piebaldism is a pigmentation disorder that results in loss of 

pigmentation on the ventral area and the head that can manifest with auditory disorders and anemia 

caused by mutations in KIT which are phenocopied by murine Kit mutants (12).  Waardenburg 

syndrome (WS) is a large class of disorders that result in depigmentation of areas of the skin and 

hair, loss of pigment or heterochromia in the eyes, and sensorineural hearing loss with additional 

symptoms dependent on subtype (102).  Mutations in PAX3 lead to WS types 1 and 3 in humans 

and are located in the splotch locus of mice (102).  WS type 2 can arise from a number of genetic 

mutations including MITF, SNAI2, and SOX10 (103).  WS type 4 or Waardenburg-Shah syndrome 

is associated with mutations in EDN3, EDNRB, and SOX10 (103).  Additionally, some of the same 

MITF mutations are found in patients with Tietz syndrome and some of the corresponding 

mutations for both Waardenburg and Tietz syndromes are found in murine Mitf alleles (102).  

EDN3 is a ligand for EDNRB and corresponds to the lethal spotting and piebald spotting mutant 

mice, respectively (104), and mutations in EDNRB can also lead to Hirschsprung’s due to  

symptoms in the intestine (102).   
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MOUSE MODELS AS A TOOL FOR STUDYING PIGMENTATION 

 With the advance of technology, identifying key regulators of mouse coat pigmentation 

have incorporated alleles generated from spontaneous mutations to unbiased mutagenesis screens 

and targeted mutations (11, 105).  These tools have been instrumental in understanding the role of 

key regulators of melanocyte development, melanin synthesis, and melanosome maturation (12, 

27).  Phosphoinositides (PIs) that contribute to endosomal and lysosomal trafficking were linked 

to melanosome maturation with the identification of pigment phenotypes associated with Fig4 and 

Vac14 mutants (106, 107).  FIG4, a phosphoinositide 5-phosphatase, and VAC14, a scaffold 

protein, are two components of the PIKFYVE complex that includes PIKFYVE, a 

phosphoinositide 5-kinase (108).  While constitutive loss of Pikfyve is embryonically lethal (108), 

we utilized a combination of a Pikfyve conditional knockout mouse (109) with a Tyr inducible 

CRE line (72) to generate melanocyte specific Pikfyve knockout mice.  Using this strain, we were 

able to identify PIKFYVE as a novel regulator of melanogenesis and describe the role of 

PIKFYVE in melanosome biogenesis in vivo (Chapter 2, (110)).  In yeast an additional component 

of the homologous compound corresponds to mammalian WIPI1 (WD phosphoinositide 

interacting 1), an autophagy related protein that binds to PI containing membranes (107, 111).  

WIPI1 is a known regulator of pigmentation in vitro (112, 113), however its role in vivo is still 

unknown.  In Chapter 3, we describe the phenotype associated with constitutive loss of Wipi1 in 

black (non-agouti) and white-bellied agouti mice, as well as isolated melanocytes.   

 Another large component of pigmentation biology is focused on MITF.  Mutant Mitf alleles 

have been curated since the initial discovery of the microphthalmia locus in 1942 with 

approximately 40 annotated murine alleles (114, 115).  In vivo studies utilizing Mitf have advanced 

the field of melanocyte development and understanding of human diseases (105, 116), but one area 
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that is still not fully understood are the regulation and function of the unique isoforms of Mitf 

(117).  Previous studies have also identified a role for retinoids in the stimulation of MITF 

expression (118).  We identified a functional Retinoic Acid Response Element in the MITF-A 

promoter, generated Mitf-A and Mitf-M isoform specific knockout mice, and characterized the 

phenotypes of the skin, eye and kidney (Chapter 4, (119)).  The identification of sporadic spotting 

in the Mitf-M knockout line has led to new insight into the requirement of the M isoform in 

melanocyte development (Chapter 5).  Altogether, this work presents four novel mouse models to 

address both the role of phosphoinositide binding proteins in melanosome biogenesis and to better 

understand the role of Mitf isoforms in melanocytes.  
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Figure 1.1. Overview of Melanogenesis. Melanocytes in the skin are responsive to multiple 

signals following UV-induced DNA damage of keratinocytes leading to signaling cascades 

(dashed lines) that lead to upregulation and activation of MITF and subsequent melanocyte-

specific gene transcription.  Proteins required for melanogenesis are trafficked to maturing 

melanosomes for melanin synthesis.  Melanosomes are pigmented and trafficked to neighboring 

keratinocytes where they form an apical cap over the nucleus of keratinocytes.   
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ABSTRACT 

PIKfyve, VAC14, and FIG4 form a complex that catalyzes the production of PI(3,5)P2, a 

signaling lipid implicated in process ranging from lysosome maturation to neurodegeneration.  

While previous studies have identified VAC14 and FIG4 mutations that lead to both 

neurodegeneration and coat color defects, how PIKfyve regulates melanogenesis is unknown.  In 

this study, we sought to better understand the role of PIKfyve in melanosome biogenesis.  

Melanocyte-specific PIKfyve knockout mice exhibit greying of the mouse coat and the 

accumulation of single membrane vesicle structures in melanocytes resembling multivesicular 

endosomes.  PIKfyve inhibition blocks melanosome maturation, the processing of the melanosome 

protein PMEL, and the trafficking of the melanosome protein TYRP1.  Taken together, these 

studies identify a novel role for PIKfyve in controlling the delivery of proteins from the endosomal 

compartment to the melanosome, a role that is distinct from the role of PIKfyve in the reformation 

of lysosomes from endolysosomes. 

 

AUTHOR SUMMARY 

In order for a cell to develop and maintain functional organelles, proteins must be delivered 

to developing organelles in a precise, sequential fashion.  In this study, we used a well-established 

model for organelle biogenesis (the melanosome) to understand how phosphoinositides regulate 

vesicle trafficking and melanogenesis.  Blocking PI(3,5)P2 synthesis inhibits melanosome 

maturation and induces the accumulation of multivesicular endosomes.  Intriguingly, this role is 

different from the role of PI(3,5)P2 in lysosomal reformation.  Taken together, these studies 

identify distinct roles for PI(3,5)P2 in melanosome biogenesis.  
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INTRODUCTION 

Melanin, a pigment produced within uveal and epidermal melanocytes, absorbs UV 

radiation, protecting the eyes and skin from UV-induced DNA damage  (120). Melanin is 

synthesized in a lysosome-related organelle called the melanosome, which develops through four 

distinct stages that are readily distinguishable by electron microscopy (27, 121). Several human 

monoallelic disorders that present with hypopigmentation also have deficits in the biogenesis of 

lysosomes and lysosome-related organelles (122), highlighting the utility of melanosome 

biogenesis as a model system to define pathways that regulate organelle biogenesis (121, 123). 

The complex process of melanosome biogenesis initiates when specialized early 

endosomes bud off into spherical vacuoles known as stage I melanosomes, marked by the presence 

of melanoma antigen recognized by T cells 1 (MART-1) and the premelanosome protein (PMEL) 

(124–126).  Cleavage and fibrillation of PMEL marks the transition to stage II melanosomes (125) 

where PMEL fibrils serve as scaffold for melanin polymerization and deposition (127). Tyrosinase 

(TYR), and tyrosinase-related proteins 1 and 2 (TYRP1 & TYRP2) are three key enzymes involved 

in producing melanin (128). These proteins are glycosylated within the Golgi and packaged into 

adaptor protein-3 (AP-3) or -1 (AP-1) clathrin coated transport vesicles, which are transported to 

and fuse with stage II melanosomes (40). The initiation of tyrosinase enzymatic activity allows for 

the production of melanin (128), which is then deposited onto PMEL fibrils in stage III 

melanosomes (127). Mature, stage IV melanosomes are highly pigmented vesicles, which are 

opaque structures on electron microscopy filled with electron dense melanin (121, 123). Finally, 

mature melanosomes are transferred to neighboring keratinocytes (45, 129) through a process that 

is poorly understood. 
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Numerous studies have determined that proteins are delivered to the developing 

melanosome through multivesicular endosomes (MVEs).  The stage I melanosome protein MART-

1 is modified by K63 ubiquitin chains and delivered to a MVE (130).  This protein is ultimately 

transported to the stage I melanosome by a mechanism requiring the ESCRT (endosomal sorting 

complex required for transport) machinery (130).  In contrast, PMEL is sorted to intraluminal 

vesicles of MVEs by a process that is independent of ESCRT (131), and are then cleaved into 

PMEL fibrils in the developing melanosome (127). TYRP1 is trafficked to the melanosome 

limiting membrane through a process that requires both ESCRT I (132) and AP-1 (37).  TYR enters 

the MVE and then is rapidly re-recruited by a complex containing AP-3 into vesicles that 

ultimately transports this cargo to Stage II melanosomes (133).  While it is clear that many proteins 

are trafficked through multivesicular endosomes en route to melanosomes, it is still not known 

what signals are required for these proteins to exit the MVEs or what signals regulate the fusion 

of MVE-derived transport vesicles with the melanosome.  

Phosphoinositides (PI) have been implicated in controlling the fusion of transport vesicles 

with its desired target membrane (134, 135).  The low abundance lipid PI(3,5)P2 has undefined 

roles in organelle biogenesis but has been implicated in physiologic processes including autophagy 

(136–138), lysosome biogenesis (139–144), cytokine production (145), and vesicular trafficking 

(143, 146).  PI(3,5)P2 is synthesized by the mammalian PI5-kinase core complex, composed of the 

kinase PIKfyve, FIG4, and a VAC14 dimer (147–149). Intriguingly, FIG4 and VAC14 mutant 

mice exhibit coat color defects and vesicle trafficking defects in the central nervous system (CNS), 

and the CNS effects are related to an accumulation of autophagosomes (150).  PIKfyve inhibition 

in vitro has been recently shown to inhibit the reformation of lysosomes from endolysosomes 
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(151).  In summary, these studies implicate functional roles for the PIKfyve protein and the lipid 

it produces (PI(3,5)P2) in autophagy and lysosomal biogenesis/turnover.  

In this study, we sought to better understand how PIKfyve regulates melanosome 

biogenesis.  We determine that loss or inhibition of PIKfyve in melanocytes blocks melanosome 

maturation, resulting in the accumulation of single membrane vesicle structures that contain 

intraluminal vesicles.  Taken together, these studies define a specific role for phosphoinositides in 

regulating the delivery of proteins from multivesicular endosomes to melanosomes, phenotypes 

that are distinct from the role of PIKfyve in lysosome biogenesis and turnover.  

 

MATERIALS AND METHODS 

Mouse Strains and Genotyping 

All experiments involving mice conform to the NIH guidelines and were approved by the 

Institutional Animal Care and Use Committee (IACUC) of the University of California, Irvine, 

approval number 2011–3020. C57BL/6 PIKfyveFlox/Flox mice on a pure C57BL/6 background were 

obtained from Dr. Takehiko Sasaki (Akita University, Akita, Japan).  PIKfyve genotyping primers 

and PCR parameters are described in (109). PIKfyveFlox/Flox were crossed to Tyrosinase::CreERT2 

(JAX stock no: 012328) on a pure C57BL/6 background. The resulting Tyrosinase::CreERT2, 

PIKfyveFlox/+ progeny were backcrossed to PIKfyveFlox/Flox to generate Tyrosinase::CreERT2, 

PIKfyveFlox/Flox mice. Upon weaning, mice were placed on tamoxifen feed (Harlan Laboratories, 

250 mg/kg) for 29 days. Genomic DNA was isolated from mouse tail biopsies using the Quick 

Genotyping DNA Preparation Kit (Bioland Scientific, LLC) according to the manufacturer’s 

instructions.  Tyrosinase::CreERT2, PIKfyveFlox/Flox mice were crossed with ROSAmTmG/mTmG mice 

obtained from Jackson laboratories.  Genotypes of progeny was determined using specific 
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genotyping primers using guidelines provided by Jackson laboratories.  Resulting TyrCreERT2 

PIKfyveFlox/Flox ROSAmTmG/+ progeny were similarly placed on tamoxifen feed for 29 days as has 

been described above.  A complete list of genotyping primers are found in Table 2.1. 

 

Primary Melanocyte Isolation and Culture 

Primary mouse melanocytes were collected based on methods described by Godwin et 

al.(152).  In brief, newborn mice less than 3 days old were sacrificed and sterilized.  The skin was 

removed and cleaned of muscle.  To dissociate the epidermis, the skin was incubated for 1 hour in 

5mg/ml trypsin (Sigma-Aldrich) at 37°C.  The skin was washed and the epidermis was split off.  

The epidermis was chopped in 0.25% trypsin-EDTA solution (Gibco) and resuspended in growth 

media.  The resuspended cells were filtered using an 100µm cell strainer (Falcon) and plated on 

10 cm dishes.  Once melanocytes were established, TPA concentration was increased to 400nM to 

treat fibroblast contamination and increase pigmentation.  To increase purity of melanocytes for 

later experiments, cells isolated from epidermis were incubated on CD117 MicroBeads (Miltenyi 

Biotec) and sorted on MACS LS columns (Miltenyi Biotec).  CD117+ melanocytes were then 

plated in 24-well dishes. 

Harvested primary melanocytes were grown in RPMI-1640 (Thermo Fisher Scientific) 

supplemented with 10% FBS, antibiotic-antimycotic, 200nM 12-O-tetradecanoylphorbol 13-

acetate (TPA) (Abcam), and 200pM cholera toxin (Sigma-Aldrich) or RPMI-1640 supplemented 

with 5% FBS, 50ng/ml Stem cell Factor (SCF) (Protech International), 20nM Endothelin-3 

(EDN3) (Sigma-Aldrich) , 2.5ng/ml Fibroblast growth Factor (FGF) (Sigma-Aldrich), 100nM α-

Melanocyte stimulating hormone (α-MSH) (Sigma-Aldrich), 1µM Phosphoethanolamine (Sigma-

Aldrich), 10µM Ethanolamine (Sigma-Aldrich), and 1mg/ml Insulin (Sigma-Aldrich).  
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Electron Microscopy 

Cultured melanocytes or whole mouse skin (n=2 per genotype) harvested from either 

anesthetized or euthanized mice using a 4-mm round punch biopsy were fixed in half-strength 

Karnovsky’s fixative (153) for 24 hours before being transferred to sodium cacodylate buffer, 

0.2M, pH 7.4 (Electron Microscopy Sciences). Tissue was then postfixed with 1% osmium 

tetroxide containing 1.5% potassium ferrocyanide.  After being dehydrated, tissues were 

embedded in EPON and sections were obtained using a RMC-MT6000XL ultramicrotome 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 postfixation, cells or tissues were incubated in a 0.1%solution of l-

DOPA twice for 2.5 hours. The cells and tissues were washed and processed as described above.   

Darkly pigmented melanocytes were treated with various dosages of YM-201636 (0 – 1000 

nM) for 72 hours. Cells were then fixed for 4 hours in Karnovsky’s fixative, pH 7.2, before being 

washed with sodium cacododylate buffer (0.2 M). Primary melanocytes were fixed for 30 minutes 

in Karnosky’s fixative, pH 7.2, before being washed with sodium cacododylate buffer (0.2M). 

Samples were then processed for routine DOPA histochemistry electron microscopy. Melanosome 

stages (I – IV) were quantified visually in the electron micrographs and melanosome stage 

percentage was assessed versus vehicle treated controls.  Electron microscopy on whole mouse 

skin was obtained and processed as previously described by (91). 
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Immunofluorescence Microscopy 

For imaging mouse skin from TyrCreERT2 PIKfyveFlox/Flox ROSAmTmG/+, mice was 

harvested, skin was frozen in OCT blocks and cryosectioned.  4µm sections were imaged using a 

Nikon Eclispse Ti fluorescent microscope.  

 

Primary Melanocyte Treatment and Microscopy 

Primary melanocytes were plated on 4-chambered coverglass (Thermo Fisher Scientific) 

and treated with 1µg/ml 4-hydroxytamoxifen (4-HTA) for 48hrs. Cells were fixed in 2% PFA for 

1 hour at room temperature and imaged.  Phase contrast images were acquired using a Nikon 

Eclipse Ti fluorescent microscope. 

 

Mouse hair 

Dorsal hairs of mice at P50, P100, or P365 were shaved and 1 mg was dissolved overnight 

in 1 mL of 9:1 Soluene-350 (PerkinElmer) and water.  Quadruplicate 150 μL aliquots for each 

mouse hair sample were then analyzed for absorbance values at 405 nm as previously described 

(91).  

 

RESULTS 

Loss of PIKfyve leads to pigment loss in vivo 

PIKfyve forms a complex with VAC14 and FIG4 (107, 147) which then phosphorylates 

PI(3)P to PI(3,5)P2 (154) and  PIP to PI(5)P (155, 156).  VAC14 and FIG4 mutants are 

characterized by early lethality and accumulation of vacuoles in the CNS with accompanying coat 

color defects (106, 107, 157). PIKfyve knockout mice die during embryonic development (108), 
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making it difficult to assess the effects of PIKfyve on melanogenesis.  To better elucidate the role 

of PIKfyve in melanosome biogenesis, we generated melanocyte-specific, inducible PIKfyve 

knockout mice by crossing an established PIKfyveFlox/Flox strain (109) with an established 

melanocyte-specific, inducible Cre strain under a tyrosinase promoter (72) on a pure C57B6 

background. Induction of Cre recombination with tamoxifen results in the excision of the kinase 

domain of PIKfyve producing a slightly smaller protein than the full length PIKfyve (Figure 2.1A). 

Previously published studies suggested that truncated PIKfyve is unstable- infecting 

PIKfyveFlox/Flox mouse embryonic fibroblasts with adenovirus expressing Cre recombinase resulted 

in the loss PIKfyve protein (109).  Initial experiments verified that treating TyrCreERT2 

PIKfyveFlox/Flox melanocytes with tamoxifen also inhibited the accumulation of PIKfyve protein 

(Figure 2.1B).  Notably, tamoxifen treatment did not result in the complete deletion of PIKfyve as 

was described previously (109), indicating that Cre recombination in this model system is less 

efficient.  In addition, PIKfyve deletion inhibited the accumulation of pigmented melanosomes 

(Figure 2.1C, 2.1D), while also resulting in the accumulation of full length PMEL protein (Figure 

2.1B).  

To examine the effect of PIKfyve knockout on melanogenesis, TyrCreERT2 PIKfyveFlox/Flox 

mice were administered tamoxifen-containing chow for 29 days beginning at P21 (Figure 2.2A) 

to induce Cre-mediated excision of the kinase domain of PIKfyve. Mice were photographed 

initially (Figure 2.3A), shaved and depilated on a region of their back at P50, and hairs were 

allowed to regrow. TyrCreERT2 PIKfyveFlox/Flox mice fed tamoxifen for 29 days accumulated 

numerous white hairs that initially presented in the shaved and depilated area and were visually 

apparent at P85 (Figure 2.2B, 2.3B). The same hair phenotype was not observed in Cre negative 

PIKfyveFlox/Flox mice fed tamoxifen for 29 days or TyrCreERT2 PIKfyveFlox/Flox mice that were 
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administered a normal diet (Figure 2.2B, 2.3B-C).  Additional experiments revealed that the 

weights of PIKfyveFlox/Flox mice that were fed tamoxifen were similar regardless of whether they 

expressed TyrCreERT2 (Figure 2.3D), indicating that the smaller relative size of the TyrCreERT2 

PIKfyveFlox/Flox mice fed tamoxifen chow as compared to mice fed normal chow was a consequence 

of diet and not PIKfyve loss.  Hair from the backs of experimental mice was solubilized and the 

relative accumulation of melanin was quantified using standard spectrophotometric methods (91, 

158). Hairs from the TyrCreERT2 PIKfyveFlox/Flox mice that were fed tamoxifen accumulated 50% 

less melanin as compared to mice that were not fed tamoxifen or Cre negative controls (Figure 

2.2C).   

To better assess whether this phenotype was exclusively related to an effect on 

melanogenesis, we allowed the hairs to regrow after shave depilation and observed whether there 

was an increased accumulation of white hair after the mice were switched off tamoxifen feed.  

More white hairs were visually apparent after the mice were fed a normal diet for an additional 20 

days (p105, Figure 2.2B, 2.3B-C).  This phenotype appeared to be progressive initially as even 

less melanin accumulated in the hair of PIKfyveFlox/Flox mice after they were taken off tamoxifen 

chow (Figure 2.2B). Over the course of a year, PIKfyveFlox/Flox mice continued to accumulate 

numerous white hairs on the head and upper back, areas that had never been shave depilated 

(Figure 2.3B-C), indicating that the phenotype was accelerated but not induced by shave 

depilation.  The observed phenotype did not progress completely, as the mice continued to 

maintain the same relative level of depigmentation over the course of a year (Figure 2.3C). Taken 

together, these results indicate that PIKfyve loss inhibits melanin accumulation in the mouse hair 

and this phenotype is not progressive as would be expected if the phenotype were related to stem 

cell depletion (159).   
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To better understand how PIKfyve loss influences melanin accumulation, we next sought 

to characterize the PIKfyve knockout mice at the cellular level.  Initial studies sought to better 

understand why TyrCreERT2 PIKfyveFlox/Flox mice fed tamoxifen were not completely white but 

instead accumulated sporadic white hairs.  TyrCreERT2 PIKfyveFlox/Flox littermates fed either a 

control diet or tamoxifen diet were shave depilated at P50.  In both groups, mice had entered the 

3rd anagen by P60 with visible hair regrowth (Figure 2.4A).  Histology on skin collected at P60 

revealed that mice fed tamoxifen had both pigmented and unpigmented hair growing in follicles 

while mice fed the control diet had fully pigmented hair growth (Figure 2.4B). Since pigmented 

and unpigmented hairs are present in neighboring follicles, this suggests that loss of PIKfyve does 

not affect the growth of the hair.  Further studies examined the structure of the hairs histologically 

and verified that the hairs from PIKfyve knockout mice had the same morphology as wild-type 

mice with the exception that a number of the hairs in the knockout mouse lacked pigment (Figure 

2.5A).  High magnification images of these hair follicles revealed that some of them exhibited the 

accumulation of cells with intracellular vesicles with some residual pigment (Figure 2.5B, 

I=intermediate), while other hairs exhibited the accumulation of cells with intracellular vesicles 

with little to no pigment (Figure 2.5B, Ab= abnormal).  Still other hair follicles appeared normal 

(Figure 2.5B, N).  The observation that not all hair follicles in the mice exhibit a vacuolated 

phenotype is consistent with in vitro results indicating that deletion of PIKfyve was not 100% 

efficient (Figure 2.1B). To further verify that the observed phenotypes were not a consequence of 

stem cell loss, TyrCreERT2 PIKfyveFlox/Flox mice were crossed with ROSAmTmG/mTmG mice, a Cre 

reporter strain in which Cre expressing cells would express GFP (160). Resulting animals 

(TyrCreERT2 PIKfyveFlox/Flox ROSAmTmG/+) or controls (TyrCreERT2 ROSAmTmG/+) were fed 

tamoxifen from p21 to p50, animals were sacrificed at p100 and frozen sections were examined 
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by fluorescence microscopy.  Both control and PIKfyve knockout mouse skin had GFP positive 

cells associated with hair follicles (Figure 2.5C) while the PIKfyve knockouts accumulated white 

hairs (Figure 2.5D), suggesting that PIKfyve deletion does not significantly affect the survival of 

melanocytes in vivo.  

Published studies have demonstrated that PIKfyve is essential for vesicular trafficking as 

loss or inhibition results in severe trafficking defects and vacuolization (136, 143, 148, 154). Other 

studies have also demonstrated that PIKfyve is essential for lysosomal trafficking (139, 161, 162) 

and in lysosomal reformation from endolysosomes (151).  To further characterize PIKfyve’s role 

in melanosome biogenesis, skin biopsies were taken at p60 and assessed at the ultrastructural level 

by electron microscopy and DOPA histochemistry electron microscopy (EM).  Intriguingly, 

melanocytes from knockout mice exhibit three morphological phenotypes when compared to 

controls (Figure 2.6A, subpanel a). Some of the melanocytes were phenotypically normal (N) 

(Figure 2.6A, subpanel b) while some exhibited profound vacuolization exhibiting vesicles within 

vacuoles resembling multivesicular endosomes (Figure 2.6A, subpanel d inset) plus very few 

melanosomes (Ab) (Figure 2.6A, subpanel d). Still others had an intermediate phenotype 

containing fewer melanosomes (I) (Figures 2.6A, subpanel c). Similarly, after DOPA incubation, 

morphologically normal cells contain minimal melanin reaction product in the Golgi area (Figure 

2.6B, subpanel a), while uncharacteristic deposition was observed in intermediate cells (Figure 

2.6B, subpanel b).  The abnormal cells had less TYR reaction product (Figure 2.6B, subpanel c). 

Closer examination of the grossly abnormal melanocytes revealed the accumulation of single 

membrane vesicles that had multiple vesicles within them and some TYR reaction product, 

reminiscent of multivesicular endosomes (Figure 2.6B subpanel d).  To understand whether the 

variable phenotypes observed in vivo were a consequence of partial/incomplete loss of PIKfyve, 
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we cultured melanocytes from TyrCreERT2 PIKfyveFlox/Flox mice, treated them with tamoxifen or 

vehicle, and examined the structure of melanosomes in the cultured cells by electron microscopy.  

Electron microscopy analysis indicated that some tamoxifen treated TyrCreERT2 PIKfyveFlox/Flox 

melanocytes accumulated single membrane structures resembling multivesicular endosomes with 

few stage IV melanosomes (Figure 2.6C, subanel a,b inset).  Other treated melanocytes 

accumulated early and late stage melanosomes with a few single membrane structures (Figure 

2.6C, subpanel c,d).   

 

DISCUSSION 

 Published studies revealed that VAC14 ingls and FIG4 pale tremor mice had lightening of 

the coat and severe neurologic disease, resulting in early lethality and the accumulation of 

autophagosomes within the CNS (150).  These phenotypes made it difficult to determine how 

exactly these mutations resulted in the coat color defects observed.  Similarly, the PIKfyve gene-

trap mouse also had severe neurologic disease, which ultimately resulted in early lethality (108), 

making it difficult to assess whether PIKfyve regulates melanogenesis.  To circumvent these 

limitations and study the effects on adult melanocytes, we generated a melanocyte lineage specific 

PIKfyve-knockout mouse model that utilized a tyrosinase driven Cre recombinase (72). 

Melanocytes were cultured from TyrCreERT2 PIKfyveFlox/Flox mice and incubated in the presence 

and absence of tamoxifen (Figure 2.1).  Tamoxifen treated melanocytes accumulated less 

melanosomes and less PIKfyve protein as compared to untreated cells (Figure 2.1B).  While these 

cells accumulated less PIKfyve, PIKfyve was not completely absent as was observed in 

experiments where PIKfyveFlox/Flox MEFs were infected with adenovirus expressing Cre 

recombinase (109).   
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Melanocyte-specific PIKfyve knockout mice accumulated grey hairs that were initially 

more obvious in shave depilated areas but that eventually were observed in hairs that were not 

shave depilated (Figure 2.3). This phenotype did not progress as the mice aged in contrast to other 

models of stem cell depletion (159).  TyrCreERT2 PIKfyveFlox/Flox mice were crossed with a Cre 

reporter strain (ROSAmTmG) and treated with tamoxifen to determine whether PIKfyve deletion 

affected melanocyte viability in vivo (Figure 2.5C).  Both PIKfyve knockout skin and control skin 

had GFP expressing melanocytes (Figure 2.5C), indicating that the observed phenotypes were not 

secondary to complete melanocyte loss.  High magnification light microscopy images of mouse 

hair follicles revealed that not all of the hair follicles from PIKfyve knockout mice contained 

vacuolated cells (Figure 2.6C).  Similarly, EM studies revealed that not all melanocytes from the 

animal accumulated abnormal endosomal vesicles (Figures 2.6A-B). Taken together, these results 

indicate that the mouse phenotype observed was not the result of complete deletion of PIKfyve but 

instead a partial loss of function phenotype.  This allowed us to study the effects of PIKfyve 

depletion on melanosome biogenesis as melanocytes remained in the PIKfyve knockout animal.    

As PIKfyve deficient melanocytes were still detectable in the adult animal (Figure 2.5C), 

we were able to then examine the consequences of PIKfyve depletion on melanosome biogenesis 

in vivo.  Epidermal melanocytes from tamoxifen fed TyrCreERT2 PIKfyveFlox/Flox mice accumulated 

abnormal single membrane vesicles with smaller vesicles within them reminiscent of MVEs that 

also contained tyrosinase reaction product (Figures 2.6A-B). A similar phenotype was observed 

when melanocytes from TyrCreERT2 PIKfyveFlox/Flox were cultured and treated with tamoxifen 

(Figure 2.6C), and MVEs containing DOPA reaction product were also shown to accumulate in 

PIKfyve inhibitor treated primary melanocytes (110).  Similarly, some of the MVE-like structures 

in the animal had DOPA reaction product within them, suggesting that they contain TYR, which 
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may be trapped within this compartment (Figure 2.6B).  Consistent with these observations, 

immunofluorescence studies in MNT-1 cells demonstrated that PIKfyve inhibition blocked PMEL 

processing and the trafficking of TYRP1 to the melanosome (110).  Other studies have shown that 

PI(3,5)P2 plays an essential role in MVE protein sorting and retrograde trafficking (146, 163, 164). 

Specifically, PI(3,5)P2 has been shown to regulate ESCRT-III function and MVE trafficking (164, 

165) downstream of ESCRT-I (166), which has been shown to be required for TYRP1 transport 

(132).  Interestingly, PIKfyve inhibition also affected the trafficking of MART-1 (110), whose 

proper trafficking requires ESCRT-I.  Taken together, these results are consistent with a model 

where PIKfyve regulates the delivery of TYRP1 and TYR from the endosome/MVE to the terminal 

melanosome (Figure 2.7).   

Recently published studies revealed that PI(3,5)P2 depletion inhibits the process of 

lysosome reformation from endolysosomes (151).  While we observed that PIKfyve inhibition 

affected lysosomal enzyme processing (110), we observed a distinct phenotype in melanocytes- 

MVE accumulation.  These results indicate that PI(3,5)P2 or PI(5)P that is generated from PI(3,5)P2 

modulates the biogenesis of melanosomes in a way that is distinct from its effect on lysosomes.  

PI(3,5)P2 or PI(5)P could control the biogenesis of melanosomes in several different ways.  These 

lipids could control the budding of vesicle cargo from the MVE en route to the melanosome or the 

fusion of vesicle cargo with the developing melanosomes. Alternatively, PI(3,5)P2 could be 

specifically required for ESCRT-I and ESCRT-III based trafficking of melanosome proteins.  

Finally, PI(3,5)P2 may regulate melanosome biogenesis by influencing conductance regulators 

required for pigmentation. Two families of cation channels, the TPCs and the TRPMLs, act as 

PI(3,5)P2 effectors and function in vesicular fusion (141, 167, 168). In particular, TPC2 was found 

to be activated by PI(3,5)P2 and regulate pigmentation in vitro in an expression dependent context 
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(140, 169, 170). Furthermore, single-nucleotide polymorphisms in TPC2 have also been identified 

in humans that are correlated with skin, eye, and hair pigment variation (171).  Finally, mice mutant 

for TRPML3, another putative PI(3,5)P2 regulated channel, exhibit hypopigmentary phenotypes 

(172).  Future studies will define the specific phosphoinositide that regulates melanogenesis, 

determine how and when these phosphoinositides regulate melanosome maturation, and identify 

phosphoinositide effectors protein present on the melanosome that participate in this process.   
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Figure 2.1. Loss of PIKfyve alters melanosome number. A) Schematic of Tyrosinase::CreERT2 

PIKfyveFlox/Flox knockout mice. In this model, the PIKfyve exon 38 (kinase domain) is flanked by 

intronic LoxP sites. Cells were treated with 4-hydroxytamoxifen (4-OHT) and mice were 

administered feed containing tamoxifen (TAM) to remove exon 38 resulting in the inactivation of 

the PIKfyve kinase.  B) Six different batches of primary melanocytes isolated from neonatal 

Tyrosinase::CreERT2; PIKfyveFlox/Flox were treated with 4-OHT or vehicle control for 48hrs.  Protein 

lysates were collected immunoblotted with the indicated Abs to measure PIKfyve and Pmel levels. 

C) Cells from Tyrosinase::CreERT2; PIKfyveFlox/Flox or wild type mice treated with 4-OHT or 

vehicle were then fixed and imaged using phase contrast microscopy, scale bar = 10µm. D) The 

number of melanosomes per cell in Tyrosinase::CreERT2; PIKfyveFlox/Flox melanocytes treated with 

4-OHT or vehicle was counted and quantified using ImageJ. ***, p < 0.001 using a two-tailed 

Student’s paired T test. 
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Figure 2.2. Melanocyte specific PIKfyve knockout mice exhibit hair greying.  A) Timeline of 

in vivo experiments. Five Tyrosinase::CreERT2; PIKfyveFlox/Flox and 5 PIKfyveFlox/Flox mice were 

administered tamoxifen chow for 29 days.  A control group of 5 Tyrosinase::CreERT2; 

PIKfyveFlox/Flox mice were fed a control diet throughout the course of the experiment.  All mice 

were shave depilated at p50 and subsequently fed normal chow beginning at p50 for the subsequent 

days. Gray bar denotes the duration that mice, with the exception of the control group, were on 

tamoxifen feed.  B) Littermates were photographed at P85, P105, and P365. C) Mouse hair from 

the genotypes indicated was dissolved in solune-350 and melanin quantitation was performed as 

described.  The relative amount of melanin in the hair was calculated relative to Cre- controls at 

P85, P105, and P365. Data shown are mean ± S.D. (n = 5 or 3 as indicated by error bars. ***, p < 

0.001 using a two-tailed Student’s paired T test. 
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Figure 2.3. Melanocyte specific PIKfyve knockout mice exhibit hair greying, continued. (A) 

Representative photographs of female littermates of p35 Tyrosinase::CreERT2; PIKFYVEFlox/Flox 

littermates. Cre- and Cre+ mice were administered tamoxifen (or normal) feed from day 21 to 35. 

(B) Representative photographs of individual littermates from each group taken at P85 or P105. 

(C) Side-by-side comparison of representative female littermates photographed at P105 or P365. 

(D) Mice were administered normal or tamoxifen containing feed for 29 days (P21-P50) after 

which all mice were administered normal feed. Mice were weighed at P365 and average weight of 

mice was calculated. For all experiments, all data are mean ± S.D. (n = 3 as indicated by error bars 
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Figure 2.4. PIKfyve inhibition does not alter hair cycle of mice.  (A) Tyrosinase::CreERT2; 

PIKFYVEFlox/Flox littermates were administered normal or tamoxifen (TAM) containing feed for 21 

days (P28-P50).  At P50, mice were photographed, and then shaved and depilated at to stimulate 

the 3rd hair cycle.  By P60 mice were again photographed showing the regrowth of white hairs.  

(B) H&E staining of skin collected from mice at P60 imaged at 4x and 10x magnification.  All 

visible hairs from mice fed a normal diet are pigmented.  In contrast, mice fed TAM have both 

pigmented and unpigmented hairs in the skin.  Black arrows denote unpigmented hairs.   
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Figure 2.5. Melanocyte specific PIKfyve knockout mice exhibit vacuolar accumulation in 

select mouse hairs. A) Haematoxylin and eosin stained sections from mice of the indicated 

genotypes at p60 was examined by light microscopy at 4x and 10x magnification. B) Toluene Blue 

stained semi-thin sections from mice of the indicated genotypes examined by light microscopy at 

100x magnification.  Anagen hair follicles from control PIKfyveFlox/FloxCre- mice (left panel) 

demonstrating normal melanocytes (M) at the epidermal/dermal papilla interface and from 

PIKfyveFlox/FloxCre+ mice (right panel) demonstrating melanocytes that appear morphologically 

normal (N), abnormal without containing melanin (Ab) and intermediate with minimal amount of 

melanin (I). C) Skin from TyrCreERT2 PIKfyveFlox/Flox ROSAmTmG/+ at P100 was embedded in OCT 

and examined by fluorescent microscopy at 4x magnification. D) Representative images of 

TyrCreERT2 PIKfyveFlox/Flox ROSAmTmG/+ mice and TyrCreERT2 PIKfyve++ ROSAmTmG/+ mice at 

P50.  Note the early greying phenotype shown here is similar to what is observed in TyrCreERT2 

PIKfyveFlox/Flox mice at p50. 
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Figure 2.6. Melanocyte specific PIKfyve knockout mice exhibit abnormal melanocyte 

morphology and trafficking. A) 4mm biopsies were obtained from PIKfyve knockout mice and 

processed for electron microscopy.  (a) Anagen hair bulbs contained melanocytes in various 

conditions, i.e. normal (N), abnormal (Ab), and intermediate (I).  (b) Approximately 40% appeared 

morphologically normal resembling follicular melanocytes in C57Bl mice (N).  (d) Another 40% 

exhibited profound vacuolization exhibiting vesicles within vacuoles resembling multivesicular 

bodies (inset to d) with very few if any melanosomes.  (c) Occasionally, approximately 20% 

melanocytes relatively fewer melanosomes generally of earlier stages than the morphologically 

normal melanocytes.  BARS:  a = 10 microns, b, c & d = 3.0 microns, inset to d = 0.75 microns.  

B) 4mm biopsies were obtained from PIKfyve knockout mice and processed for DOPA 

histochemistry and electron microscopy.  (a) morphologically normal melanocytes exhibited 

minimal DOPA reaction product in the trans Golgi network and associated 50 nm vesicles 

(arrows).  (b) Intermediate melanocyte exhibited uncharacteristic DOPA reaction product that was 

clustered in large vacuoles some of which contained filamentous material (arrows).  (c) The 

vacuoles of abnormal melanocytes exhibited very little DOPA reaction product with an occasional 

deposition around vesicles within the vacuoles (arrow) and attached to the limiting membrane of 

the vacuole (arrow with asterisk).  BARS:  a, b & c = 1.0 microns, d = 0.3 microns.  C)  

Ultrastructure of melanocytes cultured from PIKfyve knockout mice recapitulate the aberrant 

morphology observed in hair bulb melanocytes from PIKfyve knockout mice.  a & b) A prominent 

number of cultured melanocytes exhibited vacuoles with a central core of amorphorus material 

(arrows) with occasional stage IV melansomes (arrowheads).  c & d) A significant number of 

melanocytes exhibited many stage IV melanosomes (arrowheads) and earlier stage melanosomes 

with normally arraigned melanofilaments (arrowheads with asterisks) as well as few vacuoles with 
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a central core of amorphorus material (arrows).  N = nucleus. Bars: a-d = 5 microns, insets = 2 

microns. 
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Figure 2.7. PIKfyve regulates melanosome maturation. A) In normal melanocytes, PIKfyve 

regulates melanosome biogenesis by controlling the delivery of TYR and TYRP1 to the 

melanosome and inducing PMEL processing. B) Inhibition or loss of PIKfyve blocks PMEL 

processing and prevents TYR and TYRP1 from being trafficked to stage II melanosomes.  
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 Table 2.1. List of primers used in experiments and their sequences, 5’ to 3’.  

Primer Sequence 5’ to 3’ Animal Application 
Cre For GCGGTCTGGCAGTAAAAACTATC Mouse Genotyping 
Cre Rev GTGAAACAGCATTGCTGTCACTT Mouse Genotyping 
PIKfyveFlox For GAGAAAGGGGACAGTGTTTGGC Mouse Genotyping 
PIKfyveFlox Rev CCAGATCTTGCACTGTAACCACAAACCAC Mouse Genotyping 
ROSAmTmG For CTCTGCTGCCTCCTGGCTTCT Mouse Genotyping 
ROSA WT Rev CGAGGCGGATCACAAGCAATA Mouse  Genotyping 
ROSAmTmG Rev TCAATGGGCGGGGGTCGTT Mouse  Genotyping 
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ABSTRACT 

 Melanosomes are lysosome-related organelles dedicated to melanin synthesis.  To generate 

this specialized compartment, melanocytes must develop specific methods to transport proteins to 

the melanosome and not to other organelles.  Recent work from our group and others have 

indicated that several proteins involved in other endosomal and lysosomal biogenesis processes 

can play non-overlapping roles in melanosome biogenesis.  WIPI1, an autophagy related protein, 

binds phosphoinositides that regulate autophagy and contributes to melanosome formation and 

maturation.  In vivo, Wipi1 loss causes subtle changes in mouse coat color.  In culture, Wipi1 null 

melanocytes have increased accumulation of early stage melanosomes, indicating that WIPI1 plays 

a role in generating early stage melanosomes.   

 

MAIN TEXT  

Introduction 

The production of the pigment melanin is confined within a lysosome-related organelle 

called the melanosome (173).  Melanosomes contain specific markers, including proteins for 

melanin synthesis and deposition including Tyrosinase (TYR), Tyrosinase-related proteins 1 and 

2 (TYRP1 and DCT), and a premelanosome protein (PMEL) (27).  To sequester the essential 

membranes and generate an acidic environment for melanin synthesis, melanosomes rely on the 

function of additional proteins from multiple ubiquitous organelles (174).  The ER chaperone 

protein, calreticulin, is required for processing TYR, the enzyme that catalyzes the rate-limiting 

step of melanin synthesis (175).  Calreticulin and another chaperone protein found on 

melanosomes, BiP/GRP78 (174), also ensure the ER-associated degradation of soluble TYR in 

oculocutaneous albinism patients with mutations in the transmembrane domain of TYR (176).  
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Multiple lysosomal proteins have been found on melanosomes including LAMP1 (174, 177) and 

TPC2, a cation release channel (170).  Vesicle trafficking proteins are also required for the proper 

delivery of catalytic enzymes to the melanosome.  Mutations in HPS1 and HPS4, subunits of 

BLOC-3 (biogenesis of lysosome-related organelles complex 3) (96), are responsible for the pale 

ear and light ear mice (178) and, in humans, cause a distinct form of albinism (96).  

 Autophagy, the intracellular removal of unwanted protein aggregates and organelles, is 

another process that delivers proteins to the melanosome (179).  RNAi knockdown of ATG5, an 

autophagy protein that colocalizes to melanosomes, causes hypopigmentation in pigmented cell 

lines (112, 113); ATG4B and LC3B are required for normal trafficking of melanosomes (43); 

heterozygous deletion of Beclin1 results in decreased pigment accumulation in mice (113); and 

loss of Atg7 causes a subtle loss of coat color in mice (180).  Another autophagy protein that alters 

pigmentation in cell lines is WIPI1 (WD repeat domain, phosphoinositide-interacting 1).  

Depletion of WIPI1 decreases melanin production and alters melanosome maturation (112, 113).  

During autophagy, WIPI1 and its homologue WIPI2 bind ER membranes containing 

phosphoinositide 3-phosphate (PI(3)P) and transport these membranes to the growing phagophore 

(181, 182).  WIPI1 is retained on the autophagosome through its fusion with the lysosome and can 

be used as a marker of mammalian autophagy (183).  The functional role of WIPI1 during 

melanosome biosynthesis is not fully understood. 

 To further elucidate the role of WIPI1 in melanogenesis we sought to identify the 

phosphoinositides bound by WIPI1 and generate Wipi1 null mice to characterize the role of Wipi1 

in vivo.  We have generated WIPI1 constructs with altered phosphoinositide binding.  In vivo 

studies have revealed a subtle coat color phenotype associated with the loss of Wipi1, not visibly 

apparent on black (non-agouti) or agouti coat backgrounds.  Isolation and culture of primary 
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melanocytes from Wipi1 knockout mice indicate defects in melanosome maturation marked by 

more early stage melanosomes. 

 

WIPI1 binds to multiple phosphoinositides   

WIPI1 is a member of the PROPPIN family that consists of four 7-bladed β-propeller 

proteins that bind to specific phosphoinositides through a conserved FRRG motif  (111).  To 

characterize the binding function of WIPI1 in vitro, WIPI1 mutant constructs were designed where 

the arginines within the FRRD domain, R226 and R227, were removed.  Protein lysate was 

collected from HEK 293T cells overexpressing wildtype WIPI1, WIPI1R226A, or WIPI1R227A for 

lipid binding assays.  Lysates containing wildtype and mutant WIPI1 were assayed against a panel 

of phosphoinositide coated beads (Figure 3.1A).  Wildtype WIPI1 binds PI(3)P and PI(3,5)P2 

consistent with previous findings (111, 181), but also binds PI(5)P (Figure 3.1B).  Loss of R226, 

results in loss of WIPI1 binding to PI(3,5)P2, but not PI(3)P or PI(5)P.  While the R227A construct 

binds none of the phosphoinositide targets (Figure 3.1B).   

Previous studies have  identified that the kinase PIKFYVE generates critical PIs required 

for melanosome formation (110).  PIKFYVE forms a complex with the phosphatase FIG4 (106) 

and the scaffold protein VAC14 (29) and knockout of any of the three components of this complex 

results in a dilute coat color phenotype in mice.  In yeast, the homologous Fab1 protein complex 

can also include an additional PI binding protein, Atg18 (Autophagy related protein 18) (107), the 

yeast homolog to mammalian WIPI1 (111).  Preliminary studies have shown WIPI1 as not part of 

the stable mammalian complex (data not shown).  Further studies are needed to determine if WIPI1 

interacts with the PIKFYVE complex and the identity of PIs that regulate melanosome formation. 
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Loss of Wipi1 in vivo results in a subtle pigment phenotype   

To elucidate the mechanism through which WIPI1 regulates melanogenesis in vivo, Wipi1 

was constitutively knocked out in C57BL/6NTac mice.  Hair from control and Wipi1 knockout 

mice was collected at P50 and hair regrowth was stimulated through depilation.  Loss of only one 

copy of Wipi1 resulted in a 16% decrease in pigment accumulation in hair, p-value 0.007 (Figure 

3.2A), and loss of both copies of Wipi1 lead to a 20% reduction in melanin accumulation, p-value 

0.028 (Figure 3.2A). However, mice lacking Wipi1 did not have a visible decrease in a black coat 

color (Figure 3.2B).  After inducing hair growth and melanogenesis for 10 days, RNA from whole 

mouse skin was subjected to Nanostring analysis.  Wipi1 knockout mice had loss of Wipi1 with 

0.42% of wildtype mice Wipi1 expression levels, p-value 0.049 (Figure 3.2C).  In the same panel 

of mice, there was no significant loss of melanocyte-specific gene expression (Figure 3.2C). 

  In vitro studies in melanocyte and melanoma cell lines have shown that WIPI1 regulates 

melanogenesis (112, 113), but the in vivo phenotype in black mice is subtle.  One possible 

explanation is the prevalence of dark eumelanin in the hair is masking the phenotype as seen with 

the Pmel knockout mouse (184).  On a C57BL/6J background, the loss of Pmel resulted in an 

approximately 40% reduction in melanin accumulation in the hair and a visible phenotype was 

only detected after the allele was crossed to a lighter coat color background (184).  Likewise, loss 

of Mlana (MART1 gene) alters melanosome morphology, with a visibly slight dilution of coat 

color (185).  Agouti mice have a distinct band of pheomelanin present in the hair compared to non-

agouti black mice (186).  To generate a Wipi1 knockout mouse on an agouti coat color background, 

Wipi1 null black mice were crossed to wildtype white-bellied agouti mice.  Progeny were then 

backcrossed for five generations to create an agouti strain of Wipi1 knockout mice.  As was 

observed on the black coat color background, Wipi1 null mice on an agouti coat color background 
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have no visible decrease in pigmentation (Figure 3.2D).  Additional crosses with an Mitf-M null 

heterozygote (data not shown) and a melanocyte-specific Pikfyve heterozygote (data not shown) 

did not show any visible coat color phenotype.  To observe a pigment phenotype with Wipi1 loss, 

crosses with diluted pigment phenotypes found in Tyr alleles (186) could provide a coat color 

background with enough contrast to reveal a visible change in coat color indicative of the 15-20% 

decrease seen with loss of Wipi1 on a black (non-agouti) coat. 

 As a regulator of autophagy, mammalian WIPI1 plays a semi-redundant role with WIPI2, 

both orthologues of yeast Atg18 (182).  During autophagy, both WIPI1 and WIPI2 bind and recruit 

ER membranes containing PI(3)P to generate the phagophore where both proteins are retained 

during autophagy (181, 187).  WIPI2 has an additional role in autophagy to recruit ATG16L1, a  

component of the LC3-conjugation complex that is necessary for the conjugation of cleaved LC3 

to phosphotidylethanolamine on the autophagosome membrane (188).  With the constitutive loss 

of Wipi1, it is possible that Wipi2 could be compensating.  In an attempt to shift WIPI2 into 

autophagy, preliminary studies utilizing calorie restriction in Wipi1 knockout mice were completed 

between P50 and P100.  There was no sign of alterations in coat color, though calorie restriction 

caused weight-loss and delayed hair growth (data not shown).  Since mouse models for Wipi2 loss 

are not available, future studies on primary melanocytes will address whether cells with loss of 

Wipi1 are more sensitive to knockdown of Wipi2.   

 

Alterations in primary melanocytes from Wipi1 knockout mice 

 The loss of Wipi1 in vivo resulted in a significant decrease in pigment accumulation of the 

hair without a visible phenotype.  To delve into the cell autonomous phenotype of Wipi1 null 

melanocytes, we generated primary cultures from neonatal skin.  Primary melanocytes were 
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prepared for electron microscopy to determine how loss of Wipi1 alters melanosome maturation 

by staging melanosomes.  Representative images of Wipi1 wildtype and null melanocytes are in 

Figure 3.3A, with representative melanosomes depicted for stages I-IV.  For each cell 

melanosomes were staged and counted.  There was no significant difference in melanosome counts 

in Wipi1 knockout melanocytes compared to wildtype (p = 0.340), though Wipi1 knockouts had 

39% more melanosomes on average (Figure 3.3B).  This might have been a result of variability in 

the few cells used per group.  Preliminary results suggest that Wipi1 knockout melanocytes have 

21-fold increased accumulation of stage I (p = 0.066) and 3-fold increase in stage II (p = 0.061) 

melanosomes compared to wildtype melanocytes (Figure 3.3C).  Increased accumulation of stage 

III melanosomes by 95% and stage IV melanosomes by 22% were not approaching significance, 

p = 0.149 and 0.680, respectively (Figure 3.3C).  Murine phenotypes with mutations in regulators 

of melanosome biogenesis including Pmel, Mlana, and Pikfyve inhibit maturation and alter the 

structure of melanosomes (110, 184, 185).  Unlike these models, knockdown or knockout of 

autophagy related proteins including ATG7, ATG4B, and LC3B still contain late stage 

melanosomes, though early stages were not quantified (43, 180).  Our results indicate that loss of 

Wipi1 induces accumulation of early stage and some late stage melanosomes yet these melanocytes 

produce less pigment in the hair.  This argues that WIPI1 plays a role in regulating the trafficking 

of specific constituents or vesicles to fuse with the melanosomes, as the process of melanosome 

maturation itself is not disrupted.   

 Localization of melanosome proteins is another indicator of defects in melanosome 

maturation (110, 112).  Loss of Wipi1 results in a perinuclear localization of TYRP1 melanosomes, 

and loss of colocalization with LC3 (Figure 3.3D).  Perinuclear localization of melanosomes was 

also seen with knockdown of LC3B (43) suggesting a defect in trafficking of melanosomes across 
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microtubules.  Preliminary results indicate that LAMP1, a lysosomal marker that colocalizes to 

melanosomes (177), has some loss of colocalization and accumulation around the nucleus (Figure 

3.3D).  EEA1, an endosomal marker (189), has no mislocalization with loss of Wipi1(Figure 3.3D).   

 In this study, we present the initial findings of a subtle pigment phenotype with loss of 

Wipi1, in vivo.  While the loss of Wipi1 does not result in a visible pigment phenotype, the 

significant loss of melanin accumulation in the hair is due to defects in the maturation of early 

stage melanosomes.  As a component of PI signaling and autophagy, understanding how WIPI1 

contributes to melanosome formation will aid our understanding of melanosome maturation and 

recruitment from other distinct organelle compartments.  

  

 

MATERIALS AND METHODS 

Mutagenesis of Wipi1 Constructs 

 The original plasmid containing human WIPI1 was purchased from GeneCopoeia (EX-

Z1566-Lv102).  The lipid binding pocked of WIPI1 were mutated using site-directed mutagenesis 

kit (Agilent Technologies, catalog number 200521).  Desired mutations were confirmed with 

Sanger sequencing (GeneWiz). 

 

Cell Lines, Culture, and Lipid Binding Assays 

 HEK293T cells were purchased from the ATCC and cultured in DMEM supplemented 

with 10% fetal bovine serum and antibiotic-antimycotic.  HEK cells plated in 6-well plates were 

transfected with WIPI1 constructs using Lipofectamine 3000 (Invitrogen) following 

manufacturer’s instructions.  After 48 hours, cells were lysed in Lipid Binding Buffer (20mM Tris-
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HCl, 150mM NaCl, and 1mM EDTA (pH 7.5)) with 0.1% Halt Protease and Phosphatase Inhibitor 

(Thermo Fisher Scientific) and passed through a 25-gauge needle 10 times.  Cells were sonicated 

on ice for 5 mins and spun at 13,000xg for 1 hour at 4°C.  Protein concentration was determined 

using a BCA assay (Thermo Fisher Kit), and aliquots of 200ug were made to reduce free-thaw 

cycles.  Lipid binding assays were performed in non-stick tubes (ThermoFisher Scientific), where 

40µg was diluted in Lipid Binding Buffer to 50µL.  Phospholipid conjugated beads (Echelon 

Biosciences) were mixed and 100µL were added to protein lysate.  Proteins were incubated on the 

beads for 4 hours at 4°C.  Following incubation, the beads were washed 5 times in Lipid Wash 

Buffer (10mM HEPES (pH 7.5), 150mM NaCl, 0.25% NP 40 substitute).  The final pellet was 

resuspended in 2X Laemmli’s Buffer for western blot analysis. 

 

Western Blot Analysis 

 Lipid-bound proteins were subjected to SDS-PAGE on 4-12% Tris-Glycine gels and 

transferred onto Immobilon-P membranes (EMD Millipore).  Membranes were blocked in 10% 

non-fat milk in 1X TBS with 0.1% Tween-20, and probed with WIPI1 and GFP antibodies.  Protein 

levels were assessed using densitometry analysis (ImageJ, NIH). 

 

Mouse Strains and Genotyping 

 All animal experiments were approved by the UC Irvine Institutional Animal Care and Use 

Committee (IACUC) (AUP-17-230).  Wipi1tm1(KOMP)Vlcg (Wipi1 knockout) allele used for this 

research project was generated by the trans-NIH Knock-Out Mouse Project (KOMP) and obtained 

from the KOMP Repository (www.komp.org) generated on a C57BL/6NTac background.  

Genomic DNA was isolated from distal toe clips of altricial animals using the Quick Genotyping 
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DNA preparation Kit (Bioland Scientific, LLC) according to the manufacturer’s instructions.  

White-bellied agouti mice (129S1/SvImJ) were purchased from The Jackson Laboratory (Stock 

Number 008875) and crossed to B6 Wipi1 knockout mice to generate F1 mixed background mice.  

Wipi1 F1 heterozygous mice were then backcrossed for five generations on to the wildtype agouti 

mice to produce Wipi1 knockout mice on a white-bellied agouti background.  Genotyping primers 

follow guidelines provided by the KOMP repository for the Wipi1 wildtype allele (Forward Primer 

5'-CCTCGGACAAACAGTCAGTCTATCC-3', Reverse Primer 5'-

AGAGAAAGGGCTCCTGAGCTTCC-3') and the neo cassette in the Wipi1 knockout allele 

(Forward Primer 5'-GCAGCCTCTGTTCCACATACACTTCA-3', Reverse Primer 5'-

TGTGGTTTGAAGGTCTTTTAGACTGC-3').   

  

Melanin Quantification of Hair 

 Dorsal hair from mice was collected at post-natal day 50 (P50) during the second telogen 

phase.  To measure melanin absorbance at 405nm, 1mg of hair was dissolved overnight at 65°C in 

1mL of 90% Soluene-350 (PerkinElmer) and 10% water.  An average of four 150µL aliqouts was 

used for each mouse hair sample.  Statistics were calculated in R (version 3.3.2) using a one-way 

ANOVA. 

 

RNA Isolation and Nanostring nCounter Analysis 

 Mice were shaved and depilated at P50 to stimulate the 3rd Anagen.  At P60, whole skin 

was collected from mice for RNA isolation and immediately stabilized overnight in RNAlater 

(Invitrogen) at 4°C.  Skin samples placed in hard tissue homogenizing reinforced tubes with 

2.8mm ceramic beads (Bertin Corporation) for homogenization using the Precellys24 high-
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throughput tissue homogenizer (Precellys).  RNA was extracted from the homogenized skin 

following the RNeasy Fibrous Tissue Mini Kit (Qiagen) following manufacturer’s instructions.  

RNA was normalized to a concentration of 20ng/µL and 5µL of normalized sample was then added 

to a 20µL aliquot of reporter codeset master mice.  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 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). 

 

Isolation and Culture of Primary Melanocytes 

 Neonatal mouse melanocytes were collected as previously described (110, 152).  

C57BL/6N mice less than 3 days old were euthanized and sterilized.  Skin was removed and 

cleaned of muscle.  The epidermis was separated from the dermis following a 1-hour incubation 

in 5mg/ml trypsin (Sigma-Aldrich) at 37°C.  The epidermis was chopped in 0.25% trypsin-EDTA 

solution (Gibco) and resuspended in RPMI with 5% FBS.  The resuspended cells were filtered 

using a 100µm cell strainer followed by a 40µm cell strainer.  Cells were sedimented and washed 

in PBS (pH 7.2) with 0.5% BSA (Fisher Scientific).  The cell pellet was resuspended and incubated 

with CD117 MicroBeads (Miltenyi Biotec) following the manufacturers protocol.  Cells were 

cultured using previously described methods (190) in RPMI (Corning) with 5% FBS, antibiotic-

antimycotic, and additional growth factors (alpha-MSH, FGF, SCF, insulin, EDN3, ethanolamine, 

phosphoenthanolamine).   
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Electron Microscopy 

 Primary melanocytes were seeded at 5x104 into 8-well chamber slides (Thermo Fisher 

Scientific, Catalog Number 1256518).  Forty-eight hours after seeding media was replaced with 

Karnovsky’s Fixative (153) for four hours at room temperature.  Cells were washed in 0.2M 

sodium cacodylate buffer for 15 minutes three times.  Samples were then processed for electron 

microscopy as previously described (91, 110).  Melanosome stages (I – IV) were quantified 

visually in the electron micrographs and melanosome stage percentage was assessed versus vehicle 

treated controls.  Images were edited for figures in Photoshop (21.0.1 release).  Statistical analysis 

of melanosome counts was completed in R (version 3.5.3) using pairwise t-tests with Benjamin & 

Hochberg test for false discovery rate.   

 

Immunofluorescence 

Primary melanocytes were seeded at 5x104 into 8-well chamber slides and grown for an 

additional 48 hours.  Melanocytes were fixed in 2% PFA for an hour at room temperature and 

washed in PBS.  Cells were permeabilized for 1 hour in 1X PBS with 1% BSA, 0.4% saponin, and 

0.1% Tween20 prior to staining.  Primary antibodies were used to detect TYRP1 (Abcam, catalog 

number ab3312), LC3 (Abcam, catalog number ab51520), LAMP1 (Abcam catalog number 

ab24170), and EEA1 (abcam, catalog number ab2900) with fluorophore-tagged secondary 

antibodies (AlexaFluor594 anti-rabbit, catalog number A11037 and AlexaFluor488 anti-mouse, 

catalog number A11059).  Coverslips were mounted with Vectashield containing DAPI (Vector 

Laboratories, catalog number H-1200).  Images were acquired using a Nikon Eclipse Ti fluorescent 

microscope.  Overlaid images were generated by merging individual channels using the stitching 
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plugin (191) in ImageJ (version 1.52).  Images were cropped for presentation in Photoshop (21.0.1 

release). 
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Figure 3.1. WIPI1 binds to multiple phosphoinositides. A) Schematic of phosphoinositide 

binding assay.  B) Wildtype human WIPI1 binds PI(3)P, PI(3,5)P2, and PI(5)P.  Mutations of 

arginines conserved amongst the PROPPIN family abolish phosphoinositide binding.  
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Figure 3.2. Loss of Wipi1 results in a subtle pigment phenotype. A) Total melanin 

quantification of hair collected at P50 normalized to wildtype C57BL/6N mice. Both Wipi1 

heterozygotes and Wipi1 knockouts have a significant reduction in melanin accumulation in hair 

at P50, p = 0.007 and 0.028, respectively.  Data shown is mean ± sd, n = 10.  B) Representative 

images of wildtype and Wipi1 knockout mice on a C57BL/6N background imaged at P50.  C) 

There is significant loss of Wipi1 expression, p = 0.049, but no change in expression for 

melanocyte specific genes.  Data shown is mean normalized counts of mRNA for gene, n = 3.  D) 

Representative images of wildtype, Wipi1 heterozygotes, and Wipi1 null on a white-bellied agouti 

coat color background imaged at P50.   
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Figure 3.3.  Characteristics of primary melanocytes from Wipi1 knockout mice.  A) 

Representative electron microscopy images of primary melanocytes taken from Wipi1 wildtype 

and Wipi1 knockout mice, scale bar is 5µm.  Insets are representative images of melanosomes in 

distinct stages.  B) Average number of melanosomes per melanocyte for wildtype and Wipi1 null 

primary melanocytes.  C) Melanosome stage counts from wildtype and Wipi1 knockout primary 

melanocytes, n = 6 wildtype melanocytes and 7 Wipi1 knockout melanocytes, error bars indicate 

mean ± standard error.  D) Representative immunofluorescence staining of indicated markers in 

wildtype and Wipi1 knockout primary melanocytes, scale bar is 10µm.   
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ABSTRACT 

MITF, a gene that is mutated in familial melanoma and Waardenburg syndrome, encodes 

multiple isoforms expressed from alternative promoters that share common coding exons but have 

unique amino termini.  It is not completely understood how these isoforms influence pigmentation 

in different tissues and how expression of these independent isoforms of MITF are regulated.  Here, 

we show that melanocytes express two isoforms of MITF, MITF-A and MITF-M.  Expression of 

MITF-A is partially regulated by a newly identified retinoid enhancer element located upstream of 

the MITF-A promoter.  Mitf-A knockout mice have only subtle changes in melanin accumulation 

in the hair and reduced Tyr expression in the eye.  In contrast, Mitf-M null mice have enlarged 

kidneys, lack neural crest derived melanocytes in the skin, choroid, and iris stroma; yet maintain 

pigmentation within the retinal pigment epithelium and iris pigment epithelium of the eye.  Taken 

together, these studies identify a critical role for MITF-M in melanocytes, a minor role for MITF-

A in regulating pigmentation in the hair and Tyr expression in the eye, and a novel role for MITF-

M in size control of the kidney.   

 

SIGNIFICANCE 

Mutations in MITF cause hypopigmentation and increase the risk for familial melanoma in 

humans.  There are multiple different isoforms of MITF, and it is currently unclear how these 

different isoforms contribute to pigment cell development in the eye, hair, and skin.  In this study, 

we identified two isoforms of MITF that are present in melanocytes of the skin and use genome 

editing technology to block the expression of one or the other of these isoforms in mice.  Taken 

together, our work illustrates how protein isoforms can differentially contribute to biological 

phenotypes, findings that have relevance to human disease.   
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INTRODUCTION 

 In the human genome, alternative promoters are present in 30-50% of coding genes where 

they contribute to the diversity of the proteome and allow more sophisticated control of gene 

expression  (192).  Alternative promoters contain unique sequences to regulate expression of 

distinct isoforms in response to environmental or developmental cues.  Genes including EIF1AX 

and HBG1 utilize alternative promoters where one promoter lacks a TATA box for the expression 

of isoforms at the correct time during development (192, 193).  In differentiation, alternative 

promoters allow for the expression of isoforms in tissue and cell-specific manners (194).  Aberrant 

use of alternative promoters is associated with cancer.  Transcripts generated through the TP53 P1 

promoter produce p53 protein isoforms containing transactivation domains that allow p53 to 

regulate its tumor suppressor functions (195), while transcription from the P2 promoter produces 

p53 protein that lack the transactivation domains (195), and promote breast cancer stem cell 

maintenance (196).   

 MITF (microphthalmia-associated transcription factor) is the master regulator of 

melanocyte cell identity, controlling the production of melanin that gives skin, hair, and eyes color 

(16).  Mutations in the human MITF locus are associated with increased risk for familial 

melanoma, Waardenburg syndrome, and Tietz syndrome (102, 197).  The MITF gene has nine 

distinct isoforms that are produced using alternative first coding exons (198).  Some isoforms have 

ubiquitous expression, while others are more restricted to specific cell types and tissues (199).  

While the amino-terminus of  MITF isoforms differ, all isoforms contain the basic helix-loop-helix 

leucine-zipper that is required for DNA binding and dimer formation with other bHLH family 

transcription factors (200).  Mitf mutations in mice cause varied phenotypes with distinct features 

including premature greying, microphthalmia, and depigmentation (201).  Although mice with 
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mutations in the promoter regions of Mitf have been identified (105), the mutant alleles involve 

loss of multiple isoforms, so it is still unclear how specific isoforms of MITF regulate 

pigmentation.  Established methods for studying the role of Mitf isoforms rely on: 1) mutant alleles 

that affect multiple isoforms (105);  2) examination of the expression pattern of isoforms in target 

tissues of wildtype and Mitf mutant animals to infer their function during development (198); 3) 

isoform specific overexpression studies to determine the function of individual isoforms (202); or 

4) isoform-specific knockouts as previously performed (203, 204).  More precise knockout models 

are needed to deconvolute the role of individual isoforms in tissue development and disease.   

 While published studies suggest that MITF-M is the main isoform expressed in 

melanocytes, the role of other MITF isoforms in melanocyte biology has not been studied.  Here, 

we demonstrate that the human MITF-A isoform is expressed in melanocytes and its expression is 

regulated by retinoids.  To distinguish the roles of Mitf-A and Mitf-M in pigment cell development 

and melanogenesis, we use CRISPR/Cas9 to generate Mitf-A and Mitf-M isoform-specific 

knockout mice.  We observe that Mitf-A knockout mice have a subtle loss of pigmentation in the 

hair, while Mitf-M knockout mice lack melanocytes in the epidermis, hair follicle, iris, and choroid.  

Our study illustrates the utility of a CRISPR/Cas9 based approach to define specific roles for MITF 

isoforms in tissue development and pigmentation.   

 

MATERIALS AND METHODS 

Mouse strains and genotyping 

 All animal experiments were approved by the UC Irvine Institutional Animal Care and Use 

Committee (IACUC) (AUP-17-230).  ROSAmTmG/mTmG mice (Stock No: 007576), C57BL/6J (Stock 

No: 000664) and B6(Cg)-Tyrc-2J/J mice (Stock No: 000058) were obtained from The Jackson 
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Laboratory. C57BL/6NTac zygotes for genome editing were obtained from Taconic Biosciences.  

C57BL/6N mice used for crb1 genotyping were obtained from the KOMP repository. Genotyping 

primers for Mitf mice were designed following characterization of deletions.  All other genotyping 

primers follow guidelines provided by The Jackson Laboratory. 

 Genomic DNA was isolated from distal toe clips of altricial animals using the Quick 

Genotyping DNA Preparation Kit (Bioland Scientific, LLC) according to the manufacturer’s 

instructions. Genomic DNA was sequenced to characterize the deletions of mice containing 

CRISPR/Cas9 generated deletions in Mitf at the Roy J. Carver Biotechnology Center 

(https://biotech.illinois.edu/htdna). Following the identification of 7bp deletion in exon 1A of Mitf, 

the effect on protein sequence was visualized in SnapGene Viewer (version 4.1.2) (from GSL 

Biotech; available at snapgene.com).  After characterization of deletions, genotypes of progeny 

were determined using designed genotyping primers for Mitf mice.  For the Mitf-A line, wildtype 

and homozygous knockouts are indistinguishable, so genotyping PCR reaction product was 

purified using the QIAquick PCR Purification Kit (Qiagen) and submitted for Sanger Sequencing 

(GENEWIZ) to determine whether the 7bp deletion was present.  To identify the presence of Crb1 

rd8 mutation present in mutant mice generated from the C57BL/6NTac line, we used established 

genotyping primers (Table 4.S5).  C57BL/6J albino mice purchased from The Jackson 

Laboratories and C57BL/6N mice obtained from the KOMP repository (www.komp.org) were 

used as wildtype and rd8 mutant controls, respectively, to verify the mixed C57BL/6NTac and 

C57BL/6J background.  Allele frequencies for wildtype and rd8 alleles were calculated based on 

genotyping of approximately 50 mice of each Mitf line. 

 

 

https://biotech.illinois.edu/htdna
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CRISPR/Cas9 genome-editing  

Mitf mutant mice were generated by pronuclear injection of CRISPR/Cas9 reagents into 

C57BL/6NTac zygotes.  Guide-RNAs (gRNAs) were designed using sgRNA Designer (Broad 

Institute, MIT) and GTScan (EMBL, Australia) algorithms.  Guide-RNA templates were 

synthesized by PCR using oligos and GBLOCK oligos (IDT, Coralville, IA).  In-Vitro Transcribed 

(IVT) gRNA were made using mMessage mMachine (Thermo-Fisher) and purified by MEGAclear 

kit (Thermo-Fisher).  Cas9 mRNA was made by IVT using the same reagents with px330 plasmid 

(Addgene plasmid #42230) (205).  RNAs were injected at 20 ng/ul each.  Resulting mice were 

screened by PCR and T7 endonuclease.  T7 endo-positive alleles were amplified by nested PCR 

and Sanger sequenced.  CRISPR alleles were separated from hemizygous founders by outcrossing 

the mice to C57BL/6J mice (The Jackson Laboratories, Stock No: 000664). Lines were established 

from the F2 generation that were predicted to knock out expression of each specific Mitf transcript.  

All primers and gRNA used are listed in Table S6. 

The Mitfem1Gane allele (MGI:6273202) contains a 7bp deletion in chromosome 6, spanning 

97,807,194 – 97,807,200 in Ensembl assembly GRCm38.p6. The deletion in this allele results in 

a loss of the Mitf-A isoform, designated as Mitf variant 202 in Ensembl and NM_001113198 in 

NCBI.  Homozygotes for the Mitfem1Gane are referred to as Mitf-A knockouts or nulls.  The 

Mitfem2Gane allele (MGI:6273203) contains an 18bp deletion in chromosome 6, spanning 

97,991,944 – 97,991,961 in Ensembl assembly GRCm38.p6.  The deletion in the Mitfem2Gane allele 

results in loss of the Mitf-M isoform through loss of a splice site, and this is designated as Mitf 

variant 201 in Ensembl and NM_008601 in NCBI.  Homozygotes for the Mitfem2Gane deletion are 

referred to as Mitf-M knockouts or nulls. 
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Single cell isolation, sorting, and RNA-seq 

Fat was scrapped off isolated back skin of ROSAmTmG mice using a scalpel, and then the 

skin was cut into approximately 2mm by 2mm pieces.  All pieces of each skin were placed into a 

Gentlemacs C Tube (Miltenyi) digested for 1 hour in an enzyme cocktail containing 232U DNAse 

I (Sigma-Aldrich), 0.25mg/ml liberase (Sigma-Aldrich), 23.2mM HEPES, 2.32mM sodium 

pyruvate (Corning), 0.0025g hyaluronidase (Fisher Scientific), and 1mg/mL dispase:collagenase 

(Sigma-Aldrich) in 5mL RPMI 1640 (Corning).  Dissociation was stopped with 10µL of 0.5M 

EDTA and 400µL FBS.  The skin was fully dissociated using gentlemacs m_imptumor_01 

protocol (Miltenyi Biotec).  Each sample was filtered twice in fresh RPMI containing FBS.   

Whole back skin of P54 ROSAmTmG mice was dissociated into a single cell suspension and 

incubated with Ghost Dye Red 780 (Tonbo biosiences) to identify viable cells.  Live GFP+ and 

tdTomato+ cells were sorted using a BD FACSAria Fusion Sorter.  

Total RNA from GFP+ and tdTomato+ cells from mice 1-4 was monitored for quality 

control using the Agilent Bioanalyzer Nano RNA chip.  Library construction was performed 

according to the Illumina TruSeq RNA v2 protocol.  The input quantity for total RNA was 1µg, 

and mRNA was enriched using oligo dT magnetic beads.  The enriched mRNA was chemically 

fragmented for four minutes.  First strand cDNA synthesis was performed using random primers, 

dNTPs, and reverse transcriptase to make cDNA.  After second strand synthesis the cDNA was 

cleaned using AMPure XP beads, the cDNA was end repaired, and then the 3’ ends were 

adenylated.  Illumina barcoded adapters were ligated on the ends, and the adapter ligated fragments 

were enriched through nine cycles of PCR.  The resulting libraries were validated by qPCR and 

sized by Agilent Bioanalyzer DNA high sensitivity chip.  The concentrations for the libraries were 

normalized and then multiplexed together.  The concentration for clustering on the flowcell was 
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12.5pM.  The multiplexed libraries were sequenced on three lanes using paired-end 100 cycles 

chemistry for the HiSeq 2500.  The version of HiSeq control software used was HCS 2.2.38 with 

real time analysis software, RTA 1.18.61.  Paired-end sequencing reads were trimmed of adapter 

sequences, analyzed for quality using the Fastqc program 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and aligned to the mouse reference 

genome version mm10 using the Tophat alignment software (version 2.0.12) (206).  Fragments 

and exons were quantified using the Cufflinks program (version 2.2.1) (207).  DEseq2 (version 

1.14.1) (208) was utilized to distinguish differentially expressed genes from GFP+ and tdTomato+ 

populations in R (3.3.2). The data discussed in this publication have been deposited in NCBI’s 

Gene Expression Omnibus (209) and are accessible through GEO Series accession number 

GSE138538 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138538). 

 

Analysis of read junctions 

BAM files generated in Tophat were visualized against the annotated mm10 transcriptome 

in IGV (version 2.4.8) (210, 211).  After identifying read junctions present between exons 1A to 

1B, 1B to 2A, and 1M to 2A, read junctions were counted between exons 1B and 2A as proxy for 

Mitf-A as no other isoforms containing exon 1B were found.  Read junctions between exons 1M 

and 2A was counted as proxy for Mitf-M.  The percentage of Mitf-A and Mitf-M transcripts was 

determined for GFP+ and tdTomato+ cells.  To account for differential expression of Mitf between 

melanocytes and other skin cells, the percentage of each isoform was multiplied by the relative 

abundance of Mitf in the respective cell population.  A Pearson’s Chi-squared test performed in R 

(version 3.3.2) was used to determine if the expression of individual isoforms was significantly 

different between samples.   
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Human RNAseq raw data files (SRP039354) were retrieved from the SRA database (212) 

and aligned to the NCBI human reference genome GRCh38 using Tophat alignment software 

(version 2.0.12) (206).  BAM files were visualized as described above.  To delineate isoforms 

containing exon 1B, the proportion of read junctions from upstream exons (1A, 1J, 1C, 1E, and 

1H) to 1B was multiplied by the proportion of read junctions to 2A containing 1B.  Read junctions 

between 1M and 2A were still used as proxy for MITF-M.   

 

Melanocyte isolation using CD117 microbeads 

 Neonatal mouse melanocytes were collected as previously described (110, 152).  Mice less 

than 3 days old were euthanized and sterilized.  Skin was removed and cleaned of muscle.  The 

epidermis was separated from the dermis following a 1-hour incubation in 5mg/ml trypsin (Sigma-

Aldrich) at 37°C.  The epidermis was chopped in 0.25% trypsin-EDTA solution (Gibco) and 

resuspended in RPMI with 5% FBS.  The resuspended cells were filtered using a 100µm cell 

strainer followed by a 40µm cell strainer.  Cells were sedimented and washed in PBS (pH 7.2) 

with 0.5% BSA (Fisher Scientific).  The cell pellet was resuspended and incubated with CD117 

MicroBeads (Miltenyi Biotec) following the manufacturers protocol.  CD117 positive and CD117 

negative cells were then lysed for RNA extraction using RNAeasy Mini Kit (Qiagen) and cDNA 

was generated using a high-capacity RNA to cDNA kit (Life Technologies). 

 

Cell lines and cell culture 

 Human MNT-1 melanoma cells, a gift from M. Marks (University of Pennsylvania), were 

cultured in high-glucose DMEM (containing sodium pyruvate and L-glutamine) (Caisson) 

supplemented with 15% fetal bovine serum (CellGro), MEM vitamin solution (Invitrogen), 
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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.   

 

RNA isolation, reverse-transcriptase quantitative PCR (RT-qPCR) 

 Human cell lines were harvested using Tri-Reagent solution (Ambion) and RNA was 

extracted using a Direct-zol RNA miniprep kit (Zymo Research).  Complementary DNA (cDNA) 

was synthesized from total RNA using a high-capacity RNA to cDNA kit (Life Technologies).   

Enucleated eyes from adult mice were dissected to isolate the posterior chamber under a Leica 

DMC2900 stereo-microscope.  The retina was carefully removed, and the cells of the choroid and 

RPE were scraped from the sclera and placed into RNAlater (Invitrogen).  RNA was extracted 

using the RNAeasy kit (Qiagen) with cDNA was synthesized utilizing SuperScript II RT 

(Invitrogen) and random primers.   

Primers were designed to target the unique amino-terminus of human MITF-A and MITF-

M using Primer3 (213, 214).  Primers for the unique first exons of Mitf isoforms were previously 

described (198) with additional primers designed utilizing Primer3. All primers used are listed in 

Table 4.S4.  Power SYBR Green PCR master mix (Life Technologies) was used to amplify pure 

cDNA.  All reactions were completed in technical and 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 for human genes were normalized to either β-actin 

or GAPDH  and values from mouse tissue were normalized to Hprt using the relative quantification 
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mathematical model (Pfaffl) as previously described (118).  A two-tailed Student’s t-test and two-

way ANOVA were employed to determine statistical significance with R statistical Software 

(version 3.3.2).   

To confirm the mutation present in Mitf-A transcripts from Mitf-A mutant mice, cDNA 

from wild-type and Mitf-A knockout mice was amplified using a sequencing forward primer that 

was upstream of the deletion and the common Exon 1 Reverse qPCR primer.  PCR reaction product 

was purified using the QIAquick PCR Purification Kit (Qiagen) and submitted for Sanger 

Sequencing (GENEWIZ) to determine whether the 7bp deletion was present.  The sequences were 

aligned to the mouse Mitf-A transcript (NM_001113198.1) in SnapGene (version 4.2.6) with 

primers and amino acid sequence labeled.  

 

Nanostring nCounter analysis on whole-mouse skin 

RNA was isolated from mice at P60 following stimulation of 3rd Anagen as described (91).  

Mice were shaved and depilated at P50 to stimulate the 3rd Anagen.  Whole mouse skin was 

harvested from euthanized mice at P60 and immediately stabilized overnight in RNAlater 

(Invitrogen) at 4°C.  Skin samples were homogenized using the Precellys24 high-throughput tissue 

homogenizer (Precellys) in hard tissue homogenizing reinforced tubes that contain 2.8mm 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 20ng/µL and 5µL of normalized sample was then added to a 

20µL aliquot of reporter codeset master mice.  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 completion of the prep station step, the cartridge was loaded onto the nCounter and 
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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).  For RT-qPCR 

analysis on skin, cDNA was synthesized as described above for cells sorted with CD117 beads.  

 

Identification of binding motifs and chromatin immunoprecipitation (ChIP) 

Putative RXR/RAR binding sites in the MITF-A promoter was identified  using MotifMap 

and the hg18 reference genome (215, 216).  Human NCBI accession numbers used were 

NM_00198159 (MITF-A) and NM_00248 (MITF-M) and corresponding mouse NCBI accession 

numbers are NM_002223198 (Mitf-A) and NM_008601 (Mitf-M). Conservation of the RXR/RAR 

binding site between human and mouse (mm10 reference genome) was determined by aligning 

1000bp upstream of the transcription start site of MITF-A for the human and murine sequences in 

MegAlign (version 14.0.0) (DNASTAR). Two-kilobases of DNA upstream of the transcription 

start site for each human promoter was designated as the “promoter region” and tiled using four 

500bp “tiles”.  Primers for quantitative PCR targeted each of these four tiled regions are listed in 

Table S4 and described in Supplemental Materials and Methods.   

 

Drug treatment and dual-luciferase reporter assay 

HEK293T cells were transfected with 1µg of a firefly luciferase reporter driven by human 

MITF-A full-length promoter (MITF-A EcoRI) or a truncated MITF-A promoter (MITF-A SmaI).  

Both plasmids were a kind gift of Dr. Shigeki Shibahara as previously described (217).  An 

additional construct with a mutagenized promoter (MITF-A Mut) was generated by site-specific 

mutagenesis (Agilent Technologies) as described in Supplemental Materials and Methods 
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Melanin quantification 

After shaving the dorsal hairs of mice at post-natal day 50 (P50), 1mg of hair was dissolved 

overnight in 1mL of 90% Soluene-350 (PerkinElmer) and 10% water at 65°C.  Quadruplicate 

150µL aliquots for each mouse hair sample were analyzed for absorbance at 405nm as previously 

described (110).  Melanin quantification of tail skin was performed on 1cm sections of whole skin 

dissolved in 90% Soluene-350 as described above. To measure melanin in eyes of mice, the eyes 

were enucleated and dissected. The iris and the posterior chamber of the eye, following retina 

removal, were separated and dissolved overnight in Soluene-350 as described above.   

 

Histology 

Eyes were collected from adult mice, and connective tissue around the eye was removed. 

The eyes were than fixed in 10% formalin, dehydrated in ethanol, and embedded in paraffin.  

Seven-micron thick sections were de-waxed and rehydrated in ethanol and stained with 

hematoxylin and eosin to view general structure. Images at 20X were taken using a Nikon Eclipse 

E200.  High magnification images of iris were taken with a 63X oil lens on a Zeica ApoTome2. 

 

Western blots and immunoprecipitation 

 Both eyes from adult mice were incubated in LysisT buffer (250mM NaCl; 50mM Tris, 

pH 7.5; 0.125% Na deoxycholate; 0.375% Triton X-100; 0.15% NP-40; 4mM EDTA; 10µM 

Aprotinin; 50µM Leupeptin; 1mM PMSF) with Halt Protease and Phosphatase Inhibitor (Thermo 

Scientific) for 10 minutes.  The samples were homogenized using the Precellys24 high-throughput 

tissue homogenizer as described above.  Next, the samples were incubated on ice for 30 minutes 

prior to centrifugation to collect protein lysate.  Lysates were subjected to SDS-PAGE on 8% Tris-
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Glycine gels and transferred onto Immobilon-P membranes (EMD Millipore).  Membranes were 

blocked in 5% non-fat milk with 1X TBS and 1% Tween-20, and probed with rabbit polyclonal 

GAPDH, 5174, lot# 6; rabbit monoclonal MITF, 12950, lot# 2 (Cell Signaling Technology).  

Protein levels were assessed using densitometry analysis (ImageJ, NIH).  Total MITF levels was 

measured by generating protein lysates from both eyes of adult mice and subjecting them to 

immunoblotting with an MITF antibody as described in Supplemental Materials and Methods. 

 

Immunofluorescence Staining 

 Skin from mice were collected at P56 and processed following established protocols (218).  

Dissected skin was cut into 1cm x 1cm square and fixed in 2% formaldehyde in 1X PBS for 30 

minutes on ice.  Fixed tissue was washed overnight in PBS at 4°C, followed by an overnight wash 

in 10% sucrose in PBS at 4°C.  Skin was embedded in OCT (Fisher Scientific) and stored at -80°C.  

Ten-micron sections of skin were cut and dried overnight at room temp.  Slides were blocked in 

1% BSA (Fisher Scientific) in 1X PBS with 0.1% Tween-20 (Fisher Scientific) and probed with 

rat monoclonal CD117, CL8936AP, lot# 103628G (Cedarlane) and chicken anti-rat, Alexa488 

(Life Technologies).  Slides were imaged using Nikon Eclipse Ti fluorescent microscope.  The 

number of CD117 positive hair follicles was counted in two distinct (non-sequential) slides and 

averaged for each mouse.  A one-way ANOVA was used to calculate statistical significance with 

R statistical software (version 3.5.1).  Images were post processed using Adobe Photoshop. 

Eyes collected at P56 were fixed and cut in half prior to embedding, each half of the eye 

was embedded separately.  Sectioning and staining were completed as described above.   
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Kidney characterization 

 Kidneys were collected from 4-month-old mice of both genders (3 males, 3 females for 

each genotype).  The ratio of kidney to body mass was calculated from the combined weight of 

both kidneys divided by the weight of the individual mouse.  For each mouse, one kidney was 

fixed and embedded in paraffin for histological analysis and imaged using methods described 

above. The other kidney was de-capsulated and macerated for 30 minutes in 5N HCl at 37°C.  

Tissue was rinsed in deionized water and stored at 4°C overnight.  Tubules and glomeruli were 

dissociated through shaking and suspended in 25 ml of deionized water.  Glomeruli were counted 

on five different 100µl aliquots.  This procedure was modified from a published protocol (204).  

Statistical significance was determined using a two-way ANOVA with R statistical software 

(version 3.5.1). 

 Kidneys from 4-month-old mice were collected for RNA isolation and stabilized in 

RNAlater overnight.  Following the same homogenization procedure described above for the skin, 

kidney RNA was isolated using the RNAeasy Mini Extraction Kit (Qiagen) with on-column DNase 

digestion.  cDNA synthesis was performed using methods described for CD117+ and CD117- 

cells. 

  

RESULTS 

Multiple Mitf isoforms are expressed in melanocytes 

 To identify which Mitf isoforms are expressed in melanocytes, we first crossed Tyr::Cre-

ERT2 mice (72) with ROSAmTmG mice (160).  In Tyr::CreERT2, ROSAmTmG double heterozygous mice, 

injection of tamoxifen induces melanocytes to express EGFP whereas all other cells in the 

epidermis express tdTomato (Figure 4.1A) (110).  Single cell suspensions were generated from 
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mouse skin of the indicated genotypes and sorted into tdTomato+ and EGFP+ populations for bulk 

RNA-seq.  A PCA plot demonstrates that our sorting procedure could separate melanocytes from 

other skin cell types (Figure 4.1B).  We next examined the expression of a panel of melanocyte, 

keratinocyte, fibroblast, and endothelial cell-specific transcripts in EGFP+ and tdTomato+ cells 

(Figure 4.2A, Table 4.1).  Almost all (97%) of the transcripts encoding known melanogenesis 

regulators were expressed in the GFP+ sorted cells (Figure 4.2B).  The remaining 3% of transcripts 

encoding melanocyte specific markers were expressed in tdTomato+ cells, indicating that the 

induction of the Tyr::CreERT2 transgene was incomplete. In contrast, over 99% of Trp63 transcripts 

(a transcription factor that regulates keratinocyte development (219, 220)) were found in the 

tdTomato+ populations (Fig 4.1C),  indicating that our method could efficiently sort melanocytes 

from other skin cells. 

 To determine the isoforms of Mitf expressed in mouse skin, BAM files for MITF transcripts 

were visualized and unique read junctions were counted using IGV 2.3.77 (210, 211).  Read 

junctions between exon 1A and 1B would correspond to Mitf-A.  Notably, no other read junctions 

between exon 1B and other exons were observed in our dataset when aligned to the annotated 

mouse transcriptome.  For simplicity, read junctions between exons 1B and 2A were counted as a 

proxy for Mitf-A, while read junctions between exons 1M and 2A were considered a proxy for 

Mitf-M (Figure 4.2C).  In EGFP+ melanocytes, Mitf-A accounts for 9% of total Mitf, while Mitf-

M accounts for the other 91% (Figure 4.2D).  Of the Mitf expression in tdTomato+ skin cells, 66% 

was identified as Mitf-M (Figure 4.2D).  To account for the differential expression of Mitf isoforms 

in EGFP+ and tdTomato+ cell populations, we calculated the relative abundance of these 

transcripts in melanocytes as compared to all other skin cells (Figure 4.2E).  To validate RNAseq 

findings, cKit+ cells (an established marker of melanocytes (221)) were isolated from wildtype 
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neonatal epidermis.  RNA was isolated from cKit+ and cKit- cells and reverse transcribed to 

quantify Mitf isoform expression.  Mitf transcripts were abundant in cKit-expressing cells and 

largely absent in cKit negative cells (Figure 4.2F), suggesting that the low levels of Mitf transcripts 

detected in tdTomato+ cells are a result of the presence of uninduced melanocytes in that sample.   

To verify that both MITF-M and MITF-A are expressed in human melanocytes, we 

measured the relative abundance of MITF-M and MITF-A transcripts using isoform-specific RT-

qPCR primers.  In MNT-1 pigmented melanoma cells and deeply-pigmented human melanocytes, 

both MITF-M and MITF-A are expressed at similar proportions as observed in the adult mouse 

(Figure 4.1D-E).  Additionally, utilizing a published human epidermal melanocyte RNAseq 

dataset (212), we determined the relative isoform abundance of MITF isoforms by counting read 

junctions as proxy for individual isoforms.  Multiple isoforms containing exon 1B were identified, 

so read junctions between exons 1B and 2 were taken as proxy for all exon 1B containing isoforms 

(Figure 4.1F).  Relative abundance for each individual isoform containing exon 1B was 

proportioned by counting read junctions from exons 1A, 1J, 1C, 1E, and 1H to exon 1B (Figure 

4.1F).  Read junctions between exons 1M and 2 were counted as proxy for MITF-M (Figure 4.1F).  

In human melanocytes, 73% of MITF was MITF-M and the next most abundant isoform was MITF-

A, which accounted for 21% (Figure 4.2G).  The other isoforms present accounted for less than 

6% of total MITF expression (Figure 4.2G).  These results confirm that MITF-M is the primary 

isoform expressed in both mouse and human melanocytes, and MITF-A is the second most 

abundant isoform expressed in melanocytes. 
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The MITF-A promoter contains a RXR/RAR binding site 

To determine how MITF-A is differentially regulated in melanocytes, we searched for 

unique binding motifs in the alternative promoters for human MITF-A and MITF-M.  Utilizing 

MotifMap (215, 216), we verified the presence of known sites that mediate MITF-M transcription 

including CREB and PAX (Table 4.2).  We also identified a putative RXR/RAR DR5 binding site 

714 base pairs (bp) upstream of the transcription start for MITF-A (Table 4.3).  While the promoter 

regions, including the RXR/RAR binding site, for the A isoform are conserved in the mouse 740bp 

upstream of the transcription start site (Figure 4.3), expression of MITF-A is more robust in human 

melanocytes (Figure 4.1-2).  We previously showed that 9-cis retinoic acid upregulates MITF and 

TYR expression in cultured melanocytes, stimulating pigment production in melanocyte and 

melanoma cell lines (118).  Both the retinoic acid receptors (RAR) and retinoid x receptors (RXR) 

form dimers that are activated in response to retinoids (222).  Additionally, RXRα is expressed in 

melanocytes (223) and a RXRα hypomorphic (I273N) mouse mutant exhibits premature greying 

(224). 

Having established that MITF-A expression levels were higher in human melanocytes 

compared to mouse, we next sought to validate the binding of RXR and RAR to the MITF-A human 

promoter.  For ChIP analysis, we designed tiled primers for 2kb upstream of transcription start 

sites for both MITF-A and MITF-M (Figure 4.4A).  The putative RXR/RAR DR5 binding site is 

located in tile A3.  In the human MNT-1 melanoma cell line, we found that pulldown with RARα 

significantly enriched for tiles A3 and A4 (Figure 4.4B) and RXRα enriched for tile A4 (Figure 

4.4C).  Using deeply pigmented (DP) human melanocytes, tile A4 was significantly enriched with 

RARα while tiles A2 and A3 were approaching significance (Figure 4.4D).  For RXRα in DP 
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melanocytes, only tile A3 was approaching significance (Figure 4.4E).  Consistent with our 

MotifMap findings, RARα and RXRα did not bind to the MITF-M tiles (Figure 4.4B-E). 

 

Retinoids stimulate MITF-A promoter 

 Having demonstrated binding of RXR/RAR to a region within the MITF-A promoter, we 

next investigated whether RXR and RAR ligands could induce MITF-A promoter activity.  To test 

the activity of the human MITF-A promoter, we used MITF-A promoter luciferase plasmid 

constructs containing either full length or truncated MITF-A promoter (Figure 4.3A).  Luciferase 

experiments were conducted in HEK293T cells.  The full length MITF-A promoter construct had 

activity similar to the truncated construct in serum-starved, vehicle (ethanol) treated cells (Figure 

4.5B).  By contrast, 9-cis retinoic acid induced luciferase activity of the full length MITF-A 

promoter construct, but failed to induce luciferase activity of the truncated MITF-A construct 

(Figure 4.5B).  In the presence of DMSO, the vehicle for some retinoid receptor ligands, the full-

length construct had a higher baseline activation compared to the truncated promoter (Figure 4.5C-

E).  Stimulation of the RXR subunit alone using the pan-RXR agonist LG100268 increased the 

activation of the luciferase reporter above baseline (Figure 4.5C), verifying that RXR can induce 

the luciferase activity of this reporter.  Likewise, increasing concentrations of BMS753, a potent 

RARα agonist, stimulated the activity of the full length MITF-A promoter construct (Figure 4.5D).  

Taken together, these results suggest that RXR/RAR heterodimers can regulate the expression of 

MITF-A.  This is consistent with previous findings that 9-cis retinoic acid can regulate MITF 

expression (118). 

 Having verified that the MITF-A promoter responds to retinoids, RXR-, and RAR-agonists, 

we next tested whether RXR/RAR regulates MITF-A expression via the newly identified 
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RXR/RAR binding site.  Using site-directed mutagenesis, we deleted 28bp encompassing the 17bp 

motif identified through MotifMap to generate a mutant promoter construct (Figure 4.5A).  

Baseline luciferase activity from the mutant construct was significantly reduced compared to the 

full-length promoter construct, although the mutant retained higher levels of lucifierase expression 

when compared to the truncated promoter (Figure 4.5E).  These results can be explained by the 

presence of other enhancer elements in the promoter that are known to activate MITF-A expression.  

Taken together, these studies indicate that RXR/RAR activation can induce the expression of 

MITF-A.  

  

Mitf isoform-specific mutant mice 

 While expression studies have defined Mitf-M as the  melanocyte specific isoform and 

Mitf-A as a regulator of eye development (225), the specific function of each isoform during 

development is unclear.  Established mouse Mitf mutant alleles have loss of expression or function 

of multiple isoforms (Steingrímsson et al., 2003, 2004; Steingrímsson, 2008), making it difficult 

to determine the distinct roles of Mitf isoforms in tissue development.  Because each isoform has 

its own unique first exon, we sought to generate mutant mice specifically lacking a single isoform.  

We designed guide RNAs for CRISPR/Cas9 gene-editing for exons 1A and 1M of Mitf.  Utilizing 

this technique, we generated a 7bp deletion at the beginning of the coding region of exon 1A that 

produces a frameshift mutation that causes multiple premature stop codons (Figure 4.6A, 4.7A-

B).  This allele was designated Mitfem1Gane, but for clarity, homozygous mice will hereafter be 

referred to as Mitf-A knockout or null mice.  Similarly, we also generated an 18bp deletion 

spanning the splice site for exon 1M of Mitf (Figure 4.6A, 4.7C) designated Mitfem2Gane.  Mice 
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homozygous for the Mitfem2Gane allele, with targeted deletion of the Mitf-M isoform, will hereafter 

be referred to as Mitf-M knockout or null. 

 Loss of specific isoforms of Mitf produced distinct pigment phenotypes.  While mice 

lacking Mitf-A have no visible defect on a black (non-agouti) coat-color background (Figure 4.6B, 

4.8A-B, 4.9A-B), quantitative analysis of the hair detected a 7% reduction in melanin 

accumulation of Mitf-A knockout mice compared to wildtype black mice (Figure 4.6C).  In 

contrast, mutation of Mitf-M results in a loss of melanin in the hair and the skin of the ears and tail 

similar to the phenotype seen in albino mice (Figure 4.6D-F, 4.8C-D, 4.9C-D).  Despite this 

dramatic loss of coat color, Mitf-M knockout mice are distinct from albino mice since their eyes 

contain some pigment and appear dark (Figure 4.6D, Figure 4.8C).  Other studies have shown that 

mice heterozygous for mutations in the Mitf promoter region do not have appreciable differences 

in coat color (226).  Similarly, loss of one copy of Mitf-M does not result in an appreciable change 

in pigmentation as mice appear black (Figure 4.6D).  Moreover, there was no quantifiable 

differences in pigmentation in these animals, as they accumulate similar amounts of melanin in 

their hair as wildtype mice (Fig 4.6E).  

Previous studies have shown that overexpression of Mitf-A in kidneys can increase the ratio 

of kidney to body mass and increase the number of glomeruli, while deletion of Mitf-A and 

elements upstream of the Mitf-A promoter results in experimental mice with kidneys that have less 

glomeruli (204).  Histological analysis of kidneys from our Mitf-A null, 4-month-old mice showed 

no gross morphological changes as determined by two separate pathologists (Figure 4.10A-D).  

Additionally, in our mice, loss of Mitf-A did not significantly alter the ratio of kidney to body mass 

(Figure 4.6F, 4.10E) or the number of glomeruli in the kidney (Figure 4.6G, 4.10E).  The 

melanocyte-specific isoform Mitf-M was also detected in the kidneys (Figure 4.10F-G) and loss 
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did significantly increase the ratio of kidney to body mass in both males and females (Figure 4.6F).  

However, while there was a trend towards increased glomeruli in Mitf-M knockout mice, the 

difference was not significant (Figure 4.6G, 4.10E).  In Mitf-M knockout mice, there was no 

significant change in relative isoform abundance with the exception of Mitf-A and total Mitf 

(Figure 4.10F), however there is a trend toward enrichment of the Mitf-C isoform with loss of Mitf-

M in the kidney (Figure 4.10G).  

 To more closely examine the expression of melanocyte isoforms of Mitf in the skin, we 

examined melanocyte-specific gene expression in whole back skin from wildtype and isoform-

specific knockout mice using Nanostring.  Mitf-A knockout mice had a similar gene expression 

profile compared to wildtype mice (Figure 4.11A).  While the 7bp deletion causes a frameshift 

(Figure 4.7B), it did not alter the stability of the mRNA transcript, and Mitf-A expression levels 

were unchanged in knockout mice.  To verify that the Mitf-A knockout mice lack functional MITF-

A protein, we collected protein lysate from whole eyes of wildtype and Mitf-A knockout mice, as 

Mitf-A is the predominant isoform in the eye.  Mitf-A knockout mice had ~50% reduced levels of 

total MITF in the eye (p-value = 0.003) (Figure 4.11B).  Consistent with the visual loss of 

pigmentation, Mitf-M knockout mice had decreased expression of all melanocyte-specific genes 

in the skin without notable changes in expression of Mitf-A (Figure 4.11C).  Mice heterozygous 

for the Mitf-M mutation showed no significant change in Mitf-M expression using RT-qPCR 

(Figure 4.11D), suggesting that the wildtype allele is upregulated in Mitf-M heterozygotes.  RT-

qPCR was not sensitive enough to detect the different isoforms of Mitf expressed in the skin.  This 

type of the analysis would likely require isolation of melanocytes from the skin to generate enough 

Mitf transcripts that could be reproducibly measured.  We did note that the downregulation of 

melanogenesis markers in Mitf-M knockout mice coincides with the loss of cKit positive 
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melanocytes in the hair follicle (Figure 4.11E-F). This loss of cKit positive cells was observed in 

Mitf-M knockout mice, but not in Mitf-A null or albino mice, suggesting that the pigment 

phenotype observed in these mice is secondary to the loss of melanocytes.   

 During normal development, MITF controls the migration of melanoblasts to target tissues 

including the epidermal basal membrane, the hair follicle, the iris stroma, and the choroid of the 

eye (16).  Choroidal and iris stromal melanocytes and the pigmented epithelia of the iris (IPE) and 

retina (RPE) are thought to rely on MITF to induce melanin production.  Unlike the neural crest-

derived melanocytes, the cells of the pigmented epithelium are derived from the optic cup and 

express multiple isoforms of Mitf (17). Because these distinct pigment layers in the eye rely on 

different isoforms of Mitf, we investigated whether Mitf isoform-specific knockout mice had any 

eye phenotype.  Live animal images taken of mice suggest a subtle loss of pigment in the iris of 

Mitf-M knockout mice (Figure 4.12A (top), 4.13A-D).  There was a significant reduction (~35%) 

of pigmentation in the iris of Mitf-M knockout mice (Figure 4.12B) when melanin absorbance of 

the isolated iris was quantified.  In contrast, Mitf-A knockout mice had no significant change in 

iris pigmentation (Figure 4.12B).  Moreover, the difference in iris pigmentation was somewhat 

apparent when hematoxylin and eosin (H&E) stained sections were visualized at 20X 

magnification (Figure 4.14A-D), and even more apparent when these sections were visualized at 

63X magnification (Figure 4.14E-H).  Upon enucleation of the eyes, it became apparent that loss 

of Mitf-M, but not Mitf-A affected pigment accumulation in the posterior of the eye (Figure 4.12A, 

4.13E-H), a result that was even more evident after removal of the retina from the posterior 

segment.  Overall, the posterior segment of the eye of Mitf-M knockout mice had 30% of the 

pigment present in wild type eyes as measured by relative melanin absorbance (Figure 4.12C).  

Mitf-M knockout mice did have significantly more pigment in their eyes when compared to B6 
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albino mice (Figure 4.12B-C), which are known to lack pigment in both melanocytes and the 

retinal pigment epithelium.  H&E staining of wildtype and Mitf-A knockout mice revealed 

pigmentation in both the choroid and RPE, however, loss of MITF-M results in the loss of choroidal 

pigmentation while the RPE appears normally pigmented (Figure 4.12D, 4.14I-L).  Choroidal cKit 

positive melanocytes are also absent in Mitf-M knockout mice (Figure 4.12E).  While histology 

reveals no gross morphological defects in the retina, we next sought to ensure any phenotypes 

observed in the Mitf knockout mice are not due to changes in retina degeneration caused by the 

presence of the Crb1 rd8 mutation from the C57BL/6N line.  Since the Mitf-A and Mitf-M lines 

are on a mixed 6N and 6J background, 50 mice of each line were genotyped for the Crb1 wildtype 

and rd8 alleles. Primers were validated with C57BL/6J mice, which lack the rd8 mutation, and 

C57BL/6N, which are homozygous for the rd8 mutation.  The Mitf-M mice tested in these studies 

were all either heterozygous or lack the rd8 allele altogether.  Their eye phenotypes were compared 

against the eyes of wildtype mice, including those from the C57BL/6N line, which are known to 

be homozygous for rd8.  Given these results, it is highly unlikely that the phenotypes observed are 

related to rd8, as none of the Mitf-M mice examined were rd8 homozygotes while, in contrast, the 

control mice examined were rd8 homozygotes (Figure 4.13I-J).  Using RT-qPCR, we compared 

expression of isoforms in the combined choroid and RPE of the mice.  The mutation in Mitf-M 

resulted in the expected downregulation of the Mitf-M transcript as well as total Mitf, Tyr, and 

Mart1 (Figure 4.12F).  In Mitf-A knockout mice there was an increase in the mutated Mitf-A 

transcript that results in premature stop codons.  The mutation was verified using Sanger 

sequencing of wildtype and knockout Mitf-A transcripts (Figure 4.15).  Interestingly, more Mitf-J 

transcripts also accumulated in Mitf-A knockout eyes when compared to the choroid and RPE of 

wildtype mice.  These changes in specific transcripts is highlighted by the change in relative 
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abundance of Mitf isoforms in the eye (Figure 4.12G).  Finally, we also observed decreased 

accumulation of Tyr transcript in Mitf-A knockout eyes (Figure 4.12F), consistent with other 

studies that indicate that MITF-A regulates TYR expression in the eye (199).  Together, these 

studies show that deletion of Mitf-A or Mitf-M has distinct effects on the development of the skin, 

eyes, and kidneys.   

 

DISCUSSION 

Use of alternative promoters by a gene enables more sophisticated control of the gene’s 

expression.  Such elaboration helps facilitate development and tissue specification, and is also 

associated with unique disease states (192).  In the eye, mouse Mitf isoforms are known to be 

differentially regulated during the formation of the RPE (198).  We show here that expression of 

MITF-A, the second most abundant isoform in human melanocytes (Figure 4.2), is regulated by 

retinoids, transcriptional activators that have a prominent role in eye development (227).  Retinoids 

can regulate alternative promoters.  The Stra6 gene contains two alternative promoters, with the 

intronic promoter containing a retinoic acid response element (RARE).  Under excessive vitamin 

A levels, there is increased expression of Stra6S from the intronic promoter (228).  Similarly, it is 

conceivable that levels of retinoids may dictate MITF isoform expression within the RPE, as 

retinoids are known regulators of eye development.     

Our group has shown that 9-cis retinoic acid and retinal stimulate melanogenesis in 

pigmented cell lines (118), while others have shown that retinal increases the sensitivity of 

melanocytes to UVA-induced pigment production (229).  Based on the finding that 9-cis retinoic 

acid led to an upregulation in MITF expression (118), we identified a RARE binding motif in the 

human MITF promoter upstream of the 1A exon.  Apart from the MITF-M promoter, the regulators 
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of other isoform-specific promoters are poorly understood (117).  While it is possible that the 

RARE facilitates chromatin looping to regulate distant genes or additional MITF isoforms, we 

have shown this binding motif contributes to human MITF-A promoter activity (Figure 4.5).  

Consistent with this notion, retinoid receptors have also been linked to pigmentation.  A germline 

mutation of RXRα in the RXRaPke mouse results in premature greying starting when mice reach 5 

weeks (224).  RXRaPke mice also experience alopecia and are hairless at 4 months (224), so the 

isolated effect of RXRα on melanocytes and pigmentation is still unknown.  Conditional deletion 

of RXRα in keratinocytes causes a dilute coat color (230), suggesting that RXRα may regulate 

pigmentation in a melanocyte cell autonomous and non-autonomous manner.  Taken together, 

these results indicate that deletion of MITF-A in melanocytes, like the RXRα knockout, only 

partially affects hair follicle pigmentation.   

In humans, mutations in MITF have been linked to Waardenburg Syndrome, type 2A and 

Tietz Syndrome, disorders characterized by pigmentary defects including a white forelock and 

hearing loss  (102, 231).  These mutations occur throughout the MITF gene, but are most common 

in the DNA binding domains (232) with some of the mutations recapitulated in mice (102). 

Similarly, mutations in humans associated with familial melanoma and predisposition to renal cell 

carcinoma (197, 232) are also within the DNA binding domains.  The characterized mouse 

mutations in Mitf only partially recapitulate pigmentary disorders, but cause a wide range of 

phenotypes including pigmentation defects, microphthalmia, hearing loss, changes in bone 

density, and deficiency in immune cells (105).  The majority of mouse mutations occur in the DNA 

binding and dimerization domains that can alter all isoforms of MITF, which explains the wide 

range of tissues affected (105).  Even mutations in the promoter regions have variable phenotypes.  

Both the Mitfmi-vga9, a MITF null, and Mitfmi-rw mice, which has a deletion of multiple unique first 
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exons and promoter regions, have pigmentation and eye defects found only in homozygous mice 

(233, 234).  To distinguish the role of different isoforms, we generated Mitf-A and Mitf-M isoform-

specific knockout mice.  These unique specific isoform knockout reagents can be used to better 

delineate the function of individual isoforms, as described in this manuscript.   

While Mitf-A was first thought to play an important role in the development of the RPE  

(199), similar to loss of Mitf-D and -H in the Mitfmi-rw mouse (198), we found that Mitf-A is not 

required for the development of the RPE (Figure 4.12).  These results suggest that though Mitf-A 

plays a role in pigmentation of the hair and eye (Figures 4.6, 4.11-12), it is redundant in 

melanocytes and both the IPE and RPE cells.  Lack of a phenotype in the RPE may be a result of 

compensation by additional Mitf isoforms, as was shown with loss of Mitf-D (203).  Since Mitf-A 

is expressed in multiple tissues (199), the A isoform may have more specific roles in other organs 

like the kidney, where overexpression of Mitf-A caused an increase in size and nephron number 

while the deletion of the promoter and Mitf-A decreases the glomeruli number (204).  In our study, 

we found no significant change in kidney mass in our Mitf-A knockout mice (Figure 4.6, 4.9).  This 

difference in phenotype may be secondary to the deletion of almost 6,000bp that include exon 1A 

and the Mitf-A promoter in (204) as compared to the more specific deletion within the 1A exon 

presented in this study.  Since the Mitf isoforms can be regulated by distant regulatory elements, 

large changes in the promoter regions may modulate the expression of multiple isoforms, as 

observed in mice with the Mitfvga9 allele.  In contrast, exon specific deletions could affect promoter 

regulation in cases where Mitf isoforms themselves differentially activate Mitf promoters.  Future 

studies will address the broad impacts of loss of individual Mitf isoforms on the expression of other 

Mitf isoforms and Mitf target genes at different times during development.   
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The loss of Mitf-M results in the loss of melanocytes in the hair, skin, iris stroma, and 

choroid, but not the cells of the IPE and RPE (Figures 4.6, 4.11-12).  This phenotype is similar to 

the phenotype of Mitfmi-bw mice, where a LINE1 element is inserted between the common exons 3 

and 4 (235, 236).  While the Mitfmi-bw mice have loss of Mitf-M expression in the skin and eye, the 

LINE insertion also results in reduced expression and alternatively spliced transcripts of Mitf-A 

and -H (235).  During embryonic development aberrant Mitf-M transcripts were also detected 

(237), indicating the Mitfmi-bw allele is not a clean knockout of the M isoform.  Mitf-M 

heterozygotes have no pigment defects (Figure 4.6D-E), which suggests that one copy of Mitf-M 

is sufficient to maintain Mitf-M expression levels (Figure 4.11D).  In this study, we have generated 

a specific Mitf-M knockout mouse and demonstrated that loss of MITF-M results in the loss of iris 

stromal and choroidal melanocytes.  Our findings also demonstrate that while Mitf-M may be 

expressed in the adult RPE (238) and can rescue loss of pigmentation in Mitfvga9 mice (202), it is 

not required for pigmentation of the RPE.  Additionally, the loss of Mitf-M increased the size of 

the kidneys (Figure 4.6), indicating that loss of a single isoform affects distinct tissues differently, 

further highlighting the utility of the isoform specific knockout reagents generated in this study.   

Recent studies in the eye have identified the Crb1 mutant rd8 allele present in the 

C57BL/6N mice as a cause of retinal degeneration (239, 240).  While the rd8 allele is present in 

both of the knockout lines from the original C57BL/6NTac embryos, both lines were outcrossed 

to C57BL/6J to isolate individual CRISPR alleles.  In the 50 mice from the Mitf-M line studied 

here, all were either wild type or heterozygous for the rd8 allele at the Crb1 locus (Figure 4.13J).  

Published studies have shown that rd8 heterozygous mice show no signs of retinal degeneration 

as compared to rd8 homozygous mice (241).  In this study, eye phenotype comparisons were made 

between Mitf-M knockout mice and C57BL/6N mice, which are homozygous for the rd8 allele.  
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While we cannot exclude that the rd8 allele can influence the RPE phenotypes observed here, it is 

unlikely that our observed results are caused by an rd8 mutation.  Moreover, Mitf-M knockout 

mice not only have a pigment phenotype in the choroid but also in the iris stroma, further evidence 

that the phenotype observed here is independent of rd8 mutation.   

In summary, this study demonstrates that differential regulation of MITF isoforms plays a 

critical role in tissue development.  MITF-A is regulated by retinoids, signaling molecules that are 

crucial in eye development, yet Mitf-A knockout mice have no eye phenotype although they have 

reduced MITF protein levels.  These findings suggest that low levels of MITF are likely required 

for RPE pigmentation and Mitf isoforms play redundant roles in this process.  In contrast, Mitf-M 

deletion results in the loss of melanocytes in both the skin and choroid, indicating that this isoform 

is necessary for melanocyte development in these tissues.  This work provides a first glimpse at 

how two distinct Mitf isoforms regulate three distinct tissues and is another example of how protein 

isoforms can be differentially regulated in tissues, resulting in distinct developmental phenotypes 

that influence human disease.    
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Figure 4.1.  Generation of Tyr:CreERT2, ROSAmTmG mice.  (A) Cross to generate Tyr:CreERT2, 

ROSAmTmG double heterozygous mice.  Mice were injected with tamoxifen once daily for 10 days 

to generate melanocyte specific EGFP expression.  EGFP+ and tdTomato+ cells were sorted using 

FACS.  (B) A Principal component analysis (PCA) plot of RNA-seq data that characterizes trends 

of the expression profiles of EGFP+ melanocytes (green) and all other skin cells that are 

tdTomato+ (red).  (C) Expression of Trp63 in EGFP+ and tdTomato+ cells of mouse skin. (D-E) 

RNA isolated from (D) MNT-1 human melanoma cells and (E) darkly-pigmented human 

epidermal melanocytes (DP-Mel) was analyzed using RT-qPCR with primers designed to target 

exon 1 of MITF-A and MITF-M, n=3.  (F) Outline of read junctions used to determine MITF 

isoform abundance from human RNAseq data. 
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Figure 4.2. Melanocytes express multiple isoforms of Mitf.  Cells were collected from 

Tyr:CreERT2, ROSAmTmG mice at P54 and sorted into EGFP+ and tdTomato+ populations using 

FACS.  (A) Heatmap of RNA-seq gene expression for melanocyte-specific genes and other skin 

cell markers in EGFP+ and tdTomato+ cells.  Transcripts range from those with high abundance 

(dark red) to those with low abundance (dark blue).  (B) Melanocyte-specific gene expression in 

EGFP+ and tdTomato+ cells.  (C) Schematic illustrating read junctions for Mitf-A and Mitf-M. (D) 

Relative distribution of Mitf isoforms in mouse EGFP+ melanocytes and tdTomato+ skin cell 

subpopulations. n = 4, χ2 = 37663, p < 0.0001. (E) Distribution of Mitf isoforms in melanocytes 

and other skin cell populations of the skin.  (F) Relative Mitf expression of cKit positive and 

negative cells from neonatal epidermis sorted on microbeads.  (G) MITF isoform relative 

abundance in human melanocytes. 
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Figure 4.3.  RXR/RAR binding site is conserved between mouse and human.  The human 

MITF-A promoter and the murine Mitf-A promoter were aligned using the first 1000bp upstream 

of the transcription start site for the A isoform.  A red box indicates the conserved RXR/RAR 

putative binding site.  
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Figure 4.4.  RXR/RAR bind upstream of the human MITF-A promoter.  (A) Tiled primers for 

ChIP analysis were designed to target the promoter region 2 kb upstream of the transcription start 

site for both MITF-A and MITF-M isoforms. (B-E) Enrichment of both (B,D) RARα and (C,E) 

RXRα in MITF promoter regions was investigated using ChIP RT-qPCR analysis in (B-C) MNT-

1 cells and (D-E) darkly pigmented human melanocytes (DP-Mel), n=3. 
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Figure 4.5.  Retinoids stimulate the human MITF-A promoter through RXR/RAR binding 

site.  (A) Schematic showing the size of MITF-A promoter upstream of the luciferase gene in the 

pGL3-luciferase plasmid constructs. (B-D) HEK293T cells were transfected with MITF-A 

promoter constructs and co-transfected with a Renilla luciferase reporter as an internal control.  

The cells were treated with the indicated dose of (B) 9-cis retinoic acid; (C) LG100268, a RXR 

agonist; and (D) BMS753, a RARα-specific agonist.  (E) HEK293T cells were transfected with 

promoter constructs including a mutant MITF-A promoter lacking the putative RXR/RAR binding 

site. n=3.  
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Figure 4.6. Mitf-A and Mitf-M isoform-specific mutant mice generated using CRISPR/Cas9 

gene targeting platform.  (A) Schematic of 7bp deletion in exon 1A for Mitf-A knockout mice 

and 18bp deletion in exon 1M and intron for Mitf-M knockout mice.  Untranslated regions of exons 

1A and 1M are grey, while coding regions are blue.  Red asterisks denote premature stop codons 

in first 2 exons caused by 7bp deletion.  (B) Wildtype and Mitf-A isoform specific knockout 

heterozygous and homozygous mice imaged at p50. (C) Melanin quantification of hair collected 

at p50 normalized to wildtype mice. n = 15. (D) Comparison of wildtype and Mitf-M isoform 

specific knockout heterozygous and homozygous mice imaged at p50.  (E) Melanin quantification 

of hair collected at p50 normalized to wildtype mice. n = 10. (F) Melanin quantification on tail 

skin of wildtype, Mitf-A-/-, Mitf-M-/-, and B6 albino mice. (G) Quantification of total kidney mass 

to body mass for males and females of indicated genotypes, n = 3. (H) Scatterplot of glomeruli 

number and kidney weight for individual male (filled shapes) and female (open shapes) of wildtype 

(circles), Mitf-A-/- (triangles), and Mitf-M-/- (diamonds) mice.  
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Figure 4.7. Validation of CRISPR/Cas9 knockout of Mitf isoforms.  (A) IGV visualization of 

DNA sequencing results showing location of deletion in exon 1A of Mitf in Mitf-A knockout mice.  

(B) Comparison of wildtype and knockout Mitf-A DNA sequence and resulting amino acid 

sequence visualized in SnapGene Viewer. Seven-base pair deletion highlighted in wildtype 

sequence with red box and a red line marks the deletion in the knockout sequence.  Red arrows 

indicate first change in amino acid sequence and the first premature stop codon resulting from 

CRISPR/Cas9 deletion. (C) Visualization of DNA sequencing results showing location of deletion 

spanning the splice site for exon 1M of Mitf in Mitf-M knockout mice. 
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Figure 4.8.  Consistent coat colors of Mitf isoform-specific knockout mice.  (A-D) Images 

showing coat color of (A) Mitf wildtype mice, (B) Mitf-A knockout mice, (C) Mitf-M knockout 

mice, and (D) C57BL/6 albino mice.  All mice were imaged on the same day for consistent lighting 

conditions and are within two weeks of age.   
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Figure 4.9.  Loss of Mitf-M alters pigmentation of tails and paws.  (A) Images of Mitf wildtype 

mice showing eyes, paws, and tail.  (B) Mitf-A knockout mice illustrating eye, paw, and tail 

pigmentation.  (C) Images of Mitf-M knockout mice showing loss of pigment in nose, paws, and 

tails, but retention in the eye.  (D) C57BL/6 albino mice illustrating eye, paw, and tail 

pigmentation.   
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Figure 4.10. Mitf isoforms play overlapping roles in the kidney.  (A) Diagram of kidney region 

depicted in H&E staining of kidneys at 5X and 20X magnification. (B) Representative images of 

kidney histology from wildtype mice at 5X magnification (left) and 20X magnification (right). (C) 

Kidney histology of Mitf-A-/- mice. (D) Representative kidney histology from Mitf-M-/- mice.  (E) 

Quantification of glomeruli number for males and females of indicated genotypes, n = 3. (F) 

Relative expression of Mitf isoforms in kidneys of indicated mice normalized to wildtype mice. 

(G) Further comparison of Mitf isoform abundance in the kidneys of wildtype and Mitf knockout 

mice.  
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Figure 4.11. Mitf isoform-specific knockout mice have distinct skin gene expression 

phenotypes.  Skin was collected at P60 for RNA extraction after stimulating the hair cycle at P50.  

Purified RNA was subjected to Nanostring analysis on melanocyte specific genes.  Data shown is 

mean normalized counts of mRNA for each gene in (A) Mitf-A knockout mice and (C) Mitf-M 

knockout mice compared to wildtype litter mates.  Wildtype, Mitf-M-/- n = 3; Mitf-A-/- n=2.  (B) 

Western blot for pan-Mitf on whole eye protein lysates from Mitf-A+/+ and Mitf-A-/- mice. (D) 

Relative expression of Mitf-M in Mitf-M wildtype, heterozygous, and knockout mice.  (E) cKit 

staining on indicated mouse skin collected at P56 with cKit positive melanocytes indicated by 

arrows and bounded by the red box, inset.  (F) Quantification of cKit positive hair follicles (HF), 

n = 3.  
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Figure 4.12. Mitf isoform-specific knockout mice have distinct eye phenotypes.  (A) 

Representative images of whole eyes of indicated mice before (top) and following enucleation of 

iris with pupil indicated (middle) and posterior surface of the eye (bottom).  (B) Melanin 

quantification on dissected iris of indicated mice, n=3. (C) Pigment assay on combined RPE, 

choroid, and sclera of wildtype, Mitf-A-/-, Mitf-M-/-, and Albino mice, n = 4. (D) H&E sections from 

paraffin embedded eyes with choroid and RPE indicated by arrows.  (E) cKit staining of choroid, 

with RPE highlighted and cKit positive melanocytes indicated with arrows.  The inset area is 

highlighted by the red box.  (F) Relative expression of Mitf isoforms in the isolated RPE and 

choroid of wildtype and Mitf isoform-specific mutant mice, n = 3.  (G) Further comparison of Mitf 

isoform abundance in the RPE and choroid of wildtype and Mitf knockout mice. 
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Figure 4.13.  Loss of Mitf-M alters pigmentation of the eye.  (A-D) Live animal images of eyes 

from (A) wildtype, (B) Mitf-A-/- mice, (C) Mitf-M-/- mice, and (D) albino mice.  (E-H) Whole-eye 

images of iris with pupil indicated (upper) and posterior surface (lower) of (E) wild-type mice, (F) 

Mitf-A knockout mice, (G) Mitf-M knockout mice, and (H) albino mice that lack all pigmentation, 

with reduced pigmentation of the eye in (G).  (I) Representative gel showing genotyping at Crb1 

gene for rd8 allele for 10 mice in both the Mitf-A line and the Mitf-M line. Arrows denote expected 

size for wildtype (220bp) and rd8 (224bp) alleles.  (J) Genotyping results from 17 C57BL/6J, 17 

C57BL/6N, 51 Mitf-A mice, and 50 Mitf-M mice. Allele frequencies of wildtype and rd8 Crb1 

alleles were calculated from genotyped mice. 
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Figure 4.14.  Depigmentation of iris stroma and choroid in Mitf-M knockout mice. (A-D) 

H&E staining focused on the iris and ciliary bodies collected at 20X of (A) wild-type, (B) Mitf-A 

knockout, (C) Mitf-M knockout, and (D) albino mice. (E-H) Iris histology showing iris pigment 

epithelium (above dashed line) and iris stroma (below line) at 63X magnification of (E) wild-type, 

(F) Mitf-A-/- mice, (G) Mitf-M-/- mice, and (H) albino mice. (I-L) H&E staining of retinal histology 

focusing on the choroid and RPE collected at 40X of (I) wild-type mice, (J) Mitf-A knockout mice, 

(K) Mitf-M knockout mice, and (L) albino mice.   
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Figure 4.15.  Mitf-A transcripts from Mitf-A knockout mice retain deletion.  Alignment of 

Sanger sequencing reads from wild-type and Mitf-A knockout mice following amplification.  

Protein sequence is highlighted in orange under NM_001113198 sequence, with the 7bp deletion 

highlighted in red.   
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Table 4.4.  List of primers for RT-qPCR and ChIP analysis.  Primers designed for chromatin 

immunoprecipitation (ChIP) and reverse transcriptase-quantitative PCR (qPCR) in human cell 

lines and mouse tissues. 
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ABSTRACT 

Spotting in mammals is generally a result of defects in melanocyte differentiation, and 

existing Mitf mutant mice commonly have spotting phenotypes.  Here we describe a novel 

phenotype observed in five percent of mice homozygous for a Mitf-M isoform-specific deletion.  

Observed spots vary in size and body region, but are visible on pups and maintain pigmentation as 

mice age.  Gene expression of skin from wildtype, Mitf-A knockout mice and Mitf-M knockout 

mice reveal unique targets of Mitf isoforms.  Skin from the Mitf-M knockout spot has rescue of 

gene expression required for pigmentation, but maintains some similarity to unpigmented skin 

from Mitf-M knockout mice.  Initial findings suggest that the spots are not caused by alternative 

splicing that rescues Mitf-M expression, but rather compensation from alternative promoter driven 

isoforms of Mitf.    

 

MAIN TEXT 

Introduction 

Spotting is a common phenotype found in mammals as varied as cows (242), horses (243), 

dogs (244), and mice with similar mutations causing human pigmentation disorders such as 

Waardenburg syndrome (245).  The study of mouse white spotting mutants has revealed the key 

regulators of melanoblast migration from the neural crest and differentiation into mature 

melanocytes (245).  In the classical model of melanocyte development, murine neural crest 

precursors expressing Pax3 turn on Sox10 to become bipotent progenitors.  These progenitors can 

become melanoblast committed to melanocyte differentiation when they express Mitf  and Kit (12).  

Melanoblasts from the cranial neural crest populate the eyes and ears (13), while cervical and trunk 

neural crest melanoblasts populate the skin (14). 
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Murine mutations in Mitf cause a wide range of phenotypes by altering bone density, 

hearing, and eye morphology in addition to coat pigmentation and patterning (105).  Alleles 

containing mutations that alter the basic domain, required for DNA binding of Mitf (200), result in 

white spotting for heterozygotes and complete loss of pigmentation with microphthalmia for 

homozygotes, including Mitfmi, Mitfmi-Or, and Mitfmi-H (105, 114, 246–248).  Mitfmi-bws and Mitfmi-rw 

alleles that alter splicing and promoter regulation of isoforms exhibit phenotypes only in 

homozygote or compound heterozygote mice (105, 226, 234, 249, 250).  Complete loss of Mitf 

with the Mitfvga9 allele or loss of the M isoform in Mitfmi-bw and Mitfem2Gane are characterized by a 

loss of coat color and neural crest derived melanocytes (119, 233, 235).  A pigmented spot around 

the neck is a common feature of the Mitfmi-rw
 allele and black spotting arose out of the Mitfmi-bw line 

generating a stable line of spotted mice (105, 251).  Mitf is a key determinant in melanocyte 

development, but the precise requirements for Mitf and its isoforms in melanocyte differentiation 

and survival is not fully understood.  Here we present the characterization of spotting in a Mitf-M 

isoform specific knockout mouse with the Mitfem2Gane allele.  Additionally, we compare gene 

expression profiles of Mitf-A (Mitfem1Gane) and Mitf-M knockout mice, including the Mitf-M 

knockout spot, to reveal new candidates for Mitf isoform specific gene regulation.   

 

Mitf-M knockout mice have sporadic spotting 

 Isoform-specific loss of Mitf-M results in a loss of melanocytes and pigmentation of the 

hair, skin, choroid, and iris stroma (119). While breeding colonies of Mitfem2Gane mice, hereafter 

referred to as Mitf-M knockout mice, sporadic spotting was observed in individual homozygotes 

with loss of Mitf-M (Figure 5.1A) where Mitf-M null littermates were unspotted as previously 

described (119) (Figure 5.1A).  The Mitf-M heterozygote breeding pairs produced pups with 



 

164 
 

genotype frequencies that are not significantly different than expected Mendelian inheritance 

patterns, X2 = 0.2231 (Figure 5.1B).  Spotting was observed in 4.95% of Mitf-M knockout mice 

from both Mitf-M heterozygote and homozygous knockout breeding pairs (Figure 5.1C), but is not 

inheritable.  This is distinct from the stable spotting phenotype that arose out of the Mitfmi-bw strain 

with multiple spots per mouse (251) or the pigmented head spot found in the Mitfmi-rw mice (105).  

Histology of the skin from spotted mice reveal pigmented hair follicles from spots neighboring 

unpigmented hair follicles (Figure 5.1D).  We do observe occasional minor belly spots in Mitf-M 

heterozygotes (Figure 5.1E), a phenomenon seen with other recessive Mitf mutant alleles (105). In 

Mitf-M knockout mice, spots were predominantly observed on the lower back of the mice ranging 

in size and color (Figure 5.2A), but were also observed in other body regions including the rump, 

leg, head, eye, and ear (Figure 5.2B-C).  During development, melanoblasts must migrate from the 

neural crest to the skin before differentiating into melanocytes to pigment the hair (245).  

Melanoblast distribution in embryos varies with higher density in the head, cervical, and tail region 

compared to the trunk  (245).  The locations of the spots on the back, rump, head, eye, and ear may 

be due to high density of melanocyte precursors during these early stages of development.  Two 

spotted mice were identified with multiple spots where one spot was located on the back and one 

was located in another region including the rump (Figure 5.2B (rump), 5.2D).   

 Murine melanocyte pigmentation of hair is first noticeable a few days after birth and 

generally remains pigmented through hair cycles through the life of the mouse (252).  The 

pigmented spots in Mitf-M null mice were generally visible by P10 (Figure 5.2D).  Spots were 

followed in individual mice and maintained pigmentation following depilation at P60 and 

remained pigmented at P732 (2 years) (Figure 5.2D). Another mouse where the spot was identified 

at P5 is pictured following depilation at P108 (Figure 5.2E).  Since the spots do not prematurely 
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grey, this suggests that there are functional melanocyte stem cells within the spot to maintain the 

pigmentation over time. 

 

Loss of melanocyte specific gene expression in Mitf-M knockout mouse skin is partially 

rescued in spots 

 Within the skin, melanocytes have a very distinct gene expression profile that relies heavily 

on Mitf expression.  Mitf-M  has long been thought to be the major isoform that contributes to 

melanoblast specification due to the high expression levels in melanocytes (253), the ability to 

rescue eye pigmentation of Mitf null mice (202), and the absence of melanocytes with loss of Mitf-

M in adult skin (119).  The Mitf-A isoform has been shown to regulate some of the same genes 

required for pigmentation of the retinal pigment epithelium (RPE) (199) with subtle roles in 

pigmentation of the skin (119).  To better understand how pigmentation was rescued in Mitf-M 

knockout mice and the subtle phenotype of Mitfem1Gane mice, hereafter referred to as Mitf-A 

knockout mice (119), we collected skin samples for bulk RNA sequencing from wildtype, Mitf-A 

isoform specific knockouts, and Mitf-M isoform specific knockouts including one mouse with a 

spot where we collected pigmented and unpigmented skin (Figure 5.2D).  To initiate the hair cycle 

and melanocyte growth, mice were shaved and depilated at P50, ten days prior to collection of 

biopsies.  Using principal component analysis wildtype and Mitf-A knockout samples showed high 

similarity while the unpigmented Mitf-M knockouts clustered together (Figure 5.3A) with the 

exception of sample M2 which had low similarity as shown by the MA-plot (Figure 5.3B).  The 

sample from the pigmented spot (Mspot) fell between the wildtype/Mitf-A knockout cluster and 

the Mitf-M knockout cluster.  Numerous differential genes were identified when comparing all of 

the samples with at least a log2 fold change above 1-fold and adjusted p-value below 0.05 (Table 
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5.1).  Utilizing pairwise comparisons, we identified genes differentially expressed in Mitf-A 

knockout mice compared to wildtype (Table 5.2) and Mitf-M knockout mice compared to wildtype 

(Table 5.3).  Figure 5.3C represents the genes that passed this cut-off for Mitf-A knockout skin and 

the top 10 upregulated and top 20 downregulated genes in Mitf-M knockout skin.  Our previous 

studies utilizing targeted nanostring probes identified no differences between gene expression of 

Mitf-A null and wildtype mice (119), but with sequencing data Erdr1 is enriched 9-fold in the skin 

of mice with loss of Mitf-A (Figure 5.3C, Table 5.2).  Similar to previous results, loss of Mitf-M 

results in downregulation of key components of melanogenesis including Tyr, Tyrp1, and Dct.  

With the rescue of pigmentation in the spot (Mspot), these same pigment genes have expression 

similar to those found in wildtype skin even compared to unpigmented skin from the same mouse 

(M4) (Figure 5.3C).  Due to available mice, samples M1, M3, M4, and Mspot represent male mice 

resulting in enrichment of genes found on the Y chromosome (Kdm5d, Uty, Eif2s3y, Dxd3y) in the 

Mitf-M knockout mice.  Comparisons between Mitf-A and Mitf-M knockout mice also highlighted 

differences in genes required for melanogenesis (Table 5.4). 

 MITF is a known regulator of many gene programs in melanocytes from differentiation to 

cell survival (16), with many identified gene targets (254).  In Mitf-M knockout skin, a number of 

known neural crest lineage markers (Pax3, Sox10, and Kit) and MITF target genes are 

downregulated including Tyr, Dct, and Mc1r (Figure 5.3D).  The unique amino termini of MITF 

isoforms is thought to give specificity to MITF isoforms (117).  MITF-M gene targets like Tyr, 

can be activated by the MITF-A isoform (199) while the MITF-Mc isoform acts as a repressor.  

While the expression of genes required for melanogenesis within the spot resembles wildtype skin, 

the most downregulated genes by log2 fold change have patterns similar to the skin of Mitf-M 

knockout mice (Figure 5.3E).  Further inquiry into these genes with MotifMap (215, 216) 
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identified numerous genes containing an MITF binding motif (M02099) with the CAKGTGV 

consensus sequence (bolded genes in Figure 5.3D-E, Table 5.5).  Further investigation is necessary 

to identify if these represent MITF-M specific target genes.   

 To better understand the changes in gene expression of Mitf knockout mice, we utilized 

Gene Set Enrichment Analysis (GSEA) and identified gene ontology sets that were differentially 

regulated between pairwise comparisons of genotypes.  In Mitf-A knockout mouse skin compared 

to wildtype skin numerous mitochondrial and ribosomal gene sets are enriched (Figure 5.4A-B, 

Table 5.6).  In general, depilation at P50 during second telogen (252) will stimulate the third 

anagen cycle (255), but small changes in signaling within the skin can alter the response to 

depilation (256).  Alterations in mitochondrial and ribosomal genes can delay the hair cycle in 

mice (257), suggesting that most of the observed gene expression changes correspond to 

differences between hair cycle.  One gene set enriched in wildtype skin is related to eye 

morphogenesis (Figure 5.4B-C, Table 5.7) which is consistent with research showing Mitf-A 

contributes to proper development of the pigmented regions of the eye  (119, 198, 199).  No 

striking pathways were enriched when comparing wildtype and Mitf-A knockout mice by Ingenuity 

Pathway Analysis (IPA) (data not shown).  The top enriched gene sets when comparing wildtype 

and Mitf-M knockout skin included a number of gene sets associated with melanocytes, 

pigmentation, and melanin synthesis in wildtype skin (Figure 5.5A-B, Table 5.8).  Enrichment of 

methylation related gene sets in Mitf-M knockout mice is reliant on Y chromosome genes and may 

be a byproduct since the mice included were predominantly male (Figure 5.5B-C, Table 5.9).  

Pathways identified by IPA comparing wildtype and Mitf-M null mice included melanocyte 

development and pigmentation signaling, which had decreased expression of multiple markers 

including Mc1r, Sox10, Pax3, Tyr, Tyrp1, and Dct (Figure 5.5D).  Further analysis into diseases 
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and biological functions identified a number of annotated pathways regarding melanocytes 

including synthesis of melanin with the majority of related genes downregulated in Mitf-M 

knockout mice (Figure 5.5E).  This also corresponded with the predicted inhibition of MITF based 

on expression changes in target genes (Figure 5.5F).  Intriguingly, we also found that within our 

data set a number of genes related to toxicity or injury in the kidney had altered expression levels 

(Figure 5.5F), consistent with previous findings that Mitf-M alters the homeostatic control of the 

kidney (119).  Comparisons between Mitf-A and Mitf-M knockout mice included similar gene sets 

associated with changes in pigmentation (Figure 5.6A-C, Table 5.10-11) which was also apparent 

by IPA (data not shown).   

Due to the variability of spot size and pigmentation, our data set only includes one Mitf-M 

knockout mouse with matched unpigmented and pigmented spot skin.  To get a preliminary 

glimpse of differentially expressed genes within the spot, we compared two normal Mitf-M 

knockout mice (M1, M3) with the matched set of biopsies from the spotted mouse (M4, Mspot).  

Oca2 was the only gene identified that passed thresholds described above with 23-fold change and 

adjusted p-value of 0.0050.  GSEA revealed that the spotted mouse had enrichment for gene sets 

associated with RNA processing and pigmentation (Figure 5.7A-B, Table 5.12) with gene ontology 

sets associated with channels were enriched in the unspotted mice (Figure 5.7B-C, Table 5.13).  

Based on activation of downstream targets in IPA, MITF activity was predicted to be activated in 

the spotted mouse (Figure 5.7D).  Inclusion of additional matched unpigmented and pigmented 

spots from Mitf-M knockouts is necessary to better understand the specific gene expression 

changes occurring to generate and maintain the pigmented spots in these mice. 
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Mitf-A and Mitf-J may compensate for loss of Mitf-M in spots of Mitf-M knockout mice 

 Mitf-M knockout mice were characterized as lacking melanocytes in adult skin (119).  The 

presence of pigmentation in these mice suggests three possibilities: 1) MiT/TFE family members 

(MITF, TFEB, TFE3, TFEC) are compensating for the loss of Mitf-M in a small portion of cells.  

Family members form homodimers and heterodimers to bind to CACGTG E-boxes as basic helix-

loop-helix zipper transcription factors and TCATGTG M-boxes, a unique target of the MiT family 

(258).  There was no significant change in expression for the three other family members (Tfeb, 

Tfec, and Tfe3) with loss of Mitf-M or in skin from the spotted mouse (Figure 5.3C).  However, 

additional samples from spots are needed to validate this observation.  2) Alternative splicing 

rescues aberrant Mitf-M transcripts.  The Mitfmi-bw allele is caused by a LINE1 insertion between 

exons 3 and 4 of Mitf that results in a black-eyed white phenotype (235) and is phenocopied by 

our Mitf-M knockout mice (119).  A stable spotting phenotype arose out of the Mitfmi-bwstrain that 

was caused by alternative splicing that skipped exons 3 and/or 4, producing a functional, but 

truncated Mitf-M transcript (251).  Additionally, the black spotting phenotype exhibited premature 

greying and was inheritable (251), which we do not observe in the Mitf-M knockout spotted mice 

(Figure 5.2).  Splicing analysis identified rare skipped exons within Mitf, but there was no 

significant changes between the unspotted Mitf-M knockouts when compared to the skin samples 

from the Mitf-M-/- spotted mouse.  Inclusion of exons 2, 3, 4, or 6 was found in approximately 99% 

of read junctions identified (Figure 5.8A), suggesting that alternative splicing of Mitf is not 

rescuing aberrant Mitf-M transcripts.  3) Alternative promoter driven isoforms of Mitf can 

compensate in a small portion of cells lacking Mitf-M.  To investigate which Mitf isoforms could 

be compensating in the Mitf-M knockout mice, we analyzed read junctions present in our bulk 

sequencing data set after alignment.  Read junctions were counted if they included known first 
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exons (Figure 5.8B).  Since both the A and J isoforms include exon 1B, the proportion of read 

junctions between 1B and exon 2 was distributed based off the proportion of junctions from exons 

1A and 1J to exon 1B.  In whole skin wildtype mice have approximately equal proportions of Mitf-

A, Mitf-J, and Mitf-M (Figure 5.8C).  Mitf-M knockout mice including the skin from the spot have 

complete loss of Mitf-M (Figure 5.8C), however no significant difference in Mitf-A and Mitf-J 

expression were observed between the white Mitf-M knockout skin and the spotted Mitf-M 

knockout skin.  When running validation with full-length PCR using isoform specific primers, all 

three isoforms were detected at full-length (Figure 5.8D).  Of note, sample 3, corresponding to the 

Mitf-M knockout spot skin, had a similar sized product to full length Mitf-M.  Utilizing the read 

fragments from bulk sequencing, we identified an intronic splice junction with exon 2 that could 

be generated from the Mitf-M promoter (Figure 5.9).  This predicted transcript still retains the 18 

base pair deletion of the Mitf-M knockout allele with multiple (14) stop codons present in the 

intronic sequence to ablate production of a functional protein (Figure 5.9), supporting the idea that 

the loss of Mitf-M expression is not rescued within the spot.  Additionally, using PacBio long-read 

sequencing of select samples (WT1, A1, M1, and Mspot) we were able to verify the presence of 

both Mitf-A and Mitf-J promoter driven isoforms in Mitf-M knockout mice (Figure 5.8E).  As a 

validation of the methods used, we also quantified the frequency of Trp63  TA and ΔN isoforms 

driven by alternative promoters that plays an important role in keratinocyte differentiation (220). 

No significant differences in Trp63 isoforms was observed across samples (Figure 5.10).  Our 

findings suggest that in a handful of melanoblasts, expression of alternative Mitf promoter driven 

isoforms compensate for the loss of Mitf-M, allowing differentiation into functional melanocyte 

populations. 
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 In summary, we have identified spotting in five percent of mice lacking Mitf-M, identified 

potential Mitf isoform specific gene targets, and presented preliminary results from efforts to 

identify the cause of spotting.  Additional experiments are necessary to confirm our hypothesis on 

the presence of spotting in Mitf-M knockout mice, including analyzing skin from additional spots 

and sequencing of the Mitf-M transcript present in the spot.  One drawback to these studies is the 

sporadic nature of spotting in the Mitf-M null line, making it difficult to isolate melanocytes or 

RNA from spotted skin. Future studies can utilize other established Mitf alleles to generate 

compound heterozygotes that may develop more frequent and robust spotting phenotypes that 

recapitulate key characteristics observed in spotted Mitf-M knockout mice.  Understanding the 

origin of spotting in Mitf-M knockout mice may reveal unique roles of additional isoforms of Mitf 

or confirm the reliance of melanocytes on the Mitf-M isoform. 

 

MATERIALS AND METHODS 

Mouse strains and genotyping 

 All animal experiments were approved by the UC Irvine Institutional Animal Care and Use 

Committee (IACUC) (AUP-17-230).  The Mitfem1Gane allele (MGI:6273202) and Mitfem2Gane allele 

(MGI:6273203) are previously described (119) and generated with the help of the Transgenic 

Mouse Facility at UC Irvine.  Homozygotes for the Mitfem1Gane allele have a 7 bp deletion resulting 

in the loss of the Mitf-A isoform (Ensembl variant 202, NCBI variant NM_001113198) and are 

referred to as Mitf-A knockouts or nulls.  Homozygotes for the Mitfem2Gane allele have an 18 bp 

deletion resulting in the loss of the Mitf-M isoform (Ensembl variant 201, NCBI variant 

NM_008601) are referred to as Mitf-M knockouts or nulls.  Genotyping primers and PCR 

conditions are provided in Table 5.15.  For the Mitf-A line, wildtype and homozygous knockouts 
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are indistinguishable, so genotyping PCR reaction product was purified using the QIAquick PCR 

Purification Kit (Qiagen) and submitted for Sanger Sequencing (GENEWIZ) to determine whether 

the 7bp deletion was present.  Mice with spots were imaged when identified.  Additional 

photographs were taken during procedures and on indicated days. Calculations of genotyping 

frequencies and spotting were calculated only from genotyped animals.  The Pearson’s Chi-

squared test to validate Mendelian inheritance was determined in R (version 3.5.3).  

 

RNA isolation from mouse skin 

 RNA was isolated from whole mouse skin at P60 following stimulation of 3rd Anagen as 

previously described (91, 119).  Mice were shaved and depilated at P50 to stimulate the 3rd Anagen.  

Four mm punch biopsies were collected from the skin of mice at P60 and immediately stabilized 

in RNAlater (Invitrogen) at 4°C.  Skin samples were homogenized using the Precellys24 high-

throughput tissue homogenizer (Precellys) in hard tissue homogenizing reinforced tubes that 

contain 2.8mm 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). 

 Full-length mRNA was converted to cDNA using SuperScript IV First-Strand Kit 

(ThermoFisher) with oligodT primers.  Forward primers for full-length PCR were previously 

published (119) or designed to include most of the unique exon 1 of individual Mitf isoforms using 

Primer3 (213, 214) along with the reverse primer for exon 9.  All primers and PCR conditions are 

listed in Table 5.15. 
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Bulk RNA sequencing and analysis 

 Total RNA from whole mouse skin was monitored for quality control using the Agilent 

Bioanalyzer Nano RNA chip and Nanodrop absorbance ratios for 260/280nm and 260/230nm.  

Library construction was performed according to the Illumina TruSeq mRNA stranded protocol.  

The input quantity for total RNA within the recommended range and mRNA was enriched using 

oligo dT magnetic beads.  The enriched mRNA was chemically fragmented.  First strand synthesis 

used random primers and reverse transcriptase to make cDNA.  After second strand synthesis the 

ds cDNA was cleaned using AMPure XP beads and the cDNA was end repaired and then the 3’ 

ends were adenylated.  Illumina barcoded adapters were ligated on the ends and the adapter ligated 

fragments were enriched by nine cycles of PCR. The resulting libraries were validated by qPCR 

and sized by Agilent Bioanalyzer DNA high sensitivity chip.  The concentrations for the libraries 

were normalized and then multiplexed together.  The multiplexed libraries were sequenced using 

paired end 100 cycles chemistry on the NovaSeq 6000.  Post-processing of the run to generate the 

FASTQ files was performed at the Institute for Genomics and Bioinformatics (UCI IGB).  

Paired-end sequencing reads were trimmed of adapter sequences using Trimmomatic 

(version 0.35) (259), analyzed for quality using the Fastqc program 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and aligned to the mouse reference 

genome version mm10 using the HISAT2 alignment software (version 2.1.0) (260).  Fragments 

and exons were quantified using featureCounts pipeline from the subread module (version 1.5.0) 

(261).  DEseq2 (version 1.22.2) (208) was utilized to distinguish differentially expressed genes 

between mouse genotypes and phenotypes.  Genes identified in pairwise comparisons with 

adjusted p value below 0.05 and a log2 fold change greater than 1 or less than -1 were sorted by 

log2 fold change and input into Gene Set Enrichment Analysis (GSEA) software (version 4.0.3) 
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(262, 263) using the GSEAPreranked pipeline with the C5-Gene Ontology database, classic 

enrichment statistic, and mouse gene symbols as reference.  Enriched gene sets were filter with 

nominal p-value below 0.05, false discovery rate (FDR) below 0.25, and family wise error rate 

(FWER) below 0.25.  Top enriched gene sets for each pairwise comparison was further processed 

using leading edge analysis to identify overlap between gene sets.  The data sets were filtered to 

include genes with a log2 fold change greater than 1 or less than -1 and analyzed with Ingenuity 

Pathway Analysis (IPA, version 51963813) (Qiagen).  

 

Analysis of read junctions 

 BAM files generated in Hisat2 were visualized against the annotated mm10 transcriptome 

in Integrative Genomics Viewer (IGV) (version 2.7.2) (210, 211).  After identifying read junctions 

present between Mitf exons 1A to 1B, 1J to 1B, and 1B to 2A, read junctions were counted between 

exons 1B and 2A and divided based on the proportion of junctions to exon 1B from either 1A 

(proxy for Mitf-A) or 1J (proxy for Mitf-J).  Read junctions between exons 1M and 2A were used 

as proxy for Mitf-M.  For Trp63, read junctions were identified spanning exons TA to 2, 2 to 3, 3 

to 4, and ΔN to 4.  Read junctions between exons 3 and 4 were used as proxy for the Trp63 TA 

promoter driven isoform while junctions between ΔN and 4 were used as proxy for the Trp63 ΔN 

promoter driven isoform.  The read junctions used are illustrated in Figure 5.5.  To determine if 

there were statistical differences between isoform abundance in the different mouse genotypes, we 

utilized ANOVA in R (version 3.5.3).   

 Predicted aberrant Mitf-M promoter driven transcripts were determined from visualizing 

reads in IGV.  The predicted transcript was aligned against the Mitf-M transcript (Ensembl variant 

201, NCBI variant NM_008601) and a modified Mitf-M transcript with the intron was retained 
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through the observed read junctions to exon 2M using the Clustal Omega algorithms in 

MegAlignPro (version 17.0.2).  These three transcripts allowed the visualization of the entire 

deletion found in Mitf-M knockout mice. 

 Transcriptome-wide analysis of splicing events was completed using rMATS (replicate 

Multivariate Analysis of Transcript Splicing) (version 4.0.2) (264–266), including statistical 

analysis of pairwise comparisons.  Skipped exons, retained introns, mutually exclusive exons, 

alternative 5’ splice sites, and alternative 3’ splice sites were identified by rMATS.  Mitf splicing 

events, all skipped exons, were characterized using the UCSC Genome Browser (267).  Individual 

read junction counts for each sample and splicing event were used to calculate the percent of events 

where the skipped exon was included. 

 

PacBio full transcript RNA sequencing and analysis 

 RNA samples were prepped as described above.  The IsoSeq libraries were constructed 

following the protocol from the Lexogen Telo Prime Full Length cDNA Amplification Kit v2 (P/N 

K01324, Vienna, Austria). One microgram of RNA was processed to full length cDNA which was 

then amplified by PCR.  The cDNA products were quantified by Qubit and analyzed on the Agilent 

DNA High Sensitivity chip. The amplified cDNA products were used for SMRTbell template 

preparation with no size selection using the SMRTbell Express Template Prep Kit 1.0 (P/N: 100-

259-100 Pacific BioSciences, Menlo Park, CA).  The final SMRTbell templates were quantified 

by Qubit and analyzed on an Agilent DNA 1200 Agilent chip in order to verify the template length. 

The templates were prepared for sequencing by annealing the sequencing primer v3 (component 

of SMRTbell Express Template Prep Kit 1.0 (P/N: 100-259-100) and binding the polymerase to 

the primer-annealed template (component of Sequel Binding Kit 3.0 P/N: 101-626-600). Each 
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SMRTbell template was loaded by diffusion at 8pM and sequenced for 20 hours with a pre-

extension time of 4 hours. The templates were loaded on a 1M v3 LR SMRTcell tray (P/N: 101-

531-001).  The templates were sequenced using sequencing kit 3.0 (4rxn) (P/N: 101-597-900) on 

the PacBo Sequel platform.  Post-processing of the run to generate the subread bam files was 

performed at the Institute for Genomics and Bioinformatics (UCI IGB).  

PacBio SMRT sequencing subreads were analyzed using smrtanalysis software (version 

7.0.0) following steps of the isoseq3 analysis.  Briefly, the circular consensus sequences were 

generated, the cDNA primers were removed, and transcripts were clustered by similarity of 

consensus sequences.  While the 5’ cDNA primer was unmodified (5’-

TGGATTGATATGTAATACGACTCACTATAG-3’), to recognize full length transcripts with a 

polyA-tail, the 3’ cDNA primer had to be modified (5’-TCTCAGGCGTTTT-3’).  This 

modification also reduced the number of chimeric reads detected and analysis proceeded with full-

length non-chimeric reads.  Clustered reads were than aligned using Minimap2 (268) to the mm10 

genome.  TranscriptClean (version 1.0.7) (269) and TALON (version 4.0) (270) were used to 

clean-up splice junctions and classify transcripts as known, novel-in-catalog, or novel not in-

catalog.  Tracks containing transcripts of interest were uploaded to the UCSC Genome Browser 

(267) to visualize full-length reads.   
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Figure 5.1. Spotting occurs in the Mitf-M knockout mice.  A) Representative photographs of 

littermates including wildtype, Mitf-M knockout, and Mitf-M knockout with a spot taken at P50.  

B) Distribution of genotypes from heterozygous breeding pairs.  C) Frequency of spotting in Mitf-

M knockout pups within the breeding colony from heterozygous pairs (4.20%), homozygous pairs 

(5.39%), and all breeding pairs combined (4.95%).  D) Representative hematoxylin & eosin 

staining of skin from Mitf-M knockout spotted mice. (a) highlights border of one spot where 

unpigmented or lightly pigmented hairs (dashed arrows) are neighboring pigmented hairs (solid 

arrows), (b) are unpigmented follicles from a sperate mouse found on the same section as 

pigmented follicles of the spot.  E) Representative Mitf-M heterozygotes with white belly spots. 
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Figure 5.2. Representative images of spotted Mitf-M knockout mice. A) Representative images 

of Mitf-M knockout mice with spots along the back (total of 15 mice, 2 had additional spots in 

other body regions).  B) Additional spots were occasionally observed on the rump (2 mice), head 

(1 mouse), ear (2 mice), leg (1 mouse), and around the eye (2 mice).  C) Frequency of spotting by 

body region (two mice had discernable spots in two distinct body regions).  D) Representative 

images of a mouse with two large spots, one on the back and one on the rump.  Images were 

captured on indicated postnatal days, where P60 image was taken following shave and depilation 

on P50.  E) Representative image of another mouse where spots were visible as early as P5.  This 

mouse was shaved and depilated at P100 and reimaged at P108.   
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Figure 5.3. Mitf-M knockout spots have partial rescue of wildtype gene expression. A) PCA 

of RNA sequencing data highlighting similarities between wildtype (WT1-3) and Mitf-A knockout 

(A1-4) samples.  Mitf-M knockout skin has distinct gene expression (M1-4, M2 was excluded from 

plot) from wildtype, but skin from the spot has an intermediate gene expression profile.  B) MA 

plot highlighting similarities between samples.  C) Heatmap of the top 20 downregulated and top 

10 upregulated genes in Mitf-M knockout mice compared to wildtype combined with the top 

differentially expressed genes in Mitf-A knockout mice compared to wildtype, log2 fold change 

more than 1-fold with padj < 0.05.  D) Heatmap of known Mitf target genes, bolded genes have 

MITF binding motif detailed in Table 5.5.  E) Heatmap of top 20 downregulated genes in Mitf-M 

knockout mice compared against all other samples, bolded genes have MITF binding motif 

detailed in Table 5.5. 
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Figure 5.4. Enriched gene sets in pairwise comparison of wildtype and Mitf-A knockout mice.  

A) Enrichment plots for ribosome and inner mitochondrial membrane protein complex gene 

ontology sets comparing wildtype (positive, red) and Mitf-A knockout mice (negative, blue).  B) 

Top enriched gene ontology sets using log2 fold change in expression when comparing skin from 

wildtype (black, n = 3) and Mitf-A knockout mice (red, n = 4).  Cutoff for gene set enrichment was 

family-wise error rate p < 0.25, false discovery rate q < 0.1, nominal p < 0.05 with no more than 

10 depicted for each comparison.  C) Enrichment plot for eye morphogenesis gene set comparing 

wildtype (positive, red) and Mitf-A null (negative, blue) mice with list of top 10 depleted markers 

in Mitf-A knockout skin  
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Figure 5.5.  Enriched gene sets in pairwise comparison of wildtype and Mitf-M knockout 

mice.  A) Enrichment plots for melanocyte differentiation, developmental pigmentation, and 

pigment granule gene sets comparing wildtype (positive, red) and Mitf-M null (negative, blue) 

mice, with list of depleted markers in Mitf-M null skin.  B) Enriched gene ontology sets for 

wildtype (black, n = 3) versus Mitf-M knockout mice (blue, n = 4) comparison.  Cutoff for gene 

set enrichment was family-wise error rate p < 0.25, false discovery rate q < 0.1, nominal p < 0.05 

with no more than 10 depicted for each comparison.  C) Enrichment plot for demethylase activity, 

with list of enriched markers in Mitf-M knockout skin.  D) Diagram of the IPA melanocyte 

development and pigmentation signaling network, highlighting in green genes that are repressed 

in the Mitf-M knockout mice data set (Msh-r (or Mc1r), Sox10, Pax3, Tyr, Tyrp1, and Dct).  Purple 

outlines indicate genes that were also present in the dataset.  E)  Synthesis of melanin, a 

representative biological function that is altered based on changes in the gene expression of 

component genes in Mitf-M knockout mice.  Gene boxes in green are downregulated in Mitf-M 

knockout mice, while red indicates upregulation.  E) Predicted inhibition of MITF in Mitf-M 

knockout mouse skin versus wildtype skin based on target gene expression using upstream analysis 

in IPA.  Blue indicates predicted inhibition, green denotes downregulated genes, and red highlights 

upregulated genes.  F) Misregulation of genes associated with injury of the kidney in Mitf-M 

knockout skin.  Blue indicates predicted inhibition, orange predicts activation, green denotes 

downregulated genes, and red highlights upregulated genes.   
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Figure 5.6.  Enriched gene sets in comparison of Mitf-A knockout mice and Mitf-M knockout 

mice.  A).  Enrichment plots for melanocyte differentiation, developmental pigmentation, and 

pigment granule gene sets comparing Mitf-A null (positive, red) and Mitf-M null (negative, blue) 

mice, with list of depleted markers in Mitf-M null skin.  B) Enriched gene sets for Mitf-A knockout 

mice (red, n = 4) compared with Mitf-M knockout mice (blue, n = 4).  Cutoff for gene set 

enrichment was family-wise error rate p < 0.25, false discovery rate q < 0.1, nominal p < 0.05 with 

no more than 10 depicted for each comparison.  C) Enrichment plot for demethylase activity, with 

list of enriched markers in Mitf-M knockout skin compared to Mitf-A knockout skin.   
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Figure 5.7.  Enriched gene sets in comparison of unspotted Mitf-M knockout mice to a spotted 

Mitf-M knockout mouse.  A) Enrichment plot for pigment granule and RNA splicing gene 

ontology sets comparing unspotted Mitf-M knockout mice (positive, red) and skin samples from a 

spotted Mitf-M knockout mouse (negative, blue) with a list of top 10 enriched markers from the 

spotted mouse.  B) Top enriched gene sets when comparing black-eyed white Mitf-M knockout 

mice (blue, n = 2) with skin samples from a Mitf-M knockout mouse with spots (green, samples 

included both white and spotted skin).  Cutoff for gene set enrichment was family-wise error rate 

p < 0.25, false discovery rate q < 0.1, nominal p < 0.05 with no more than 10 depicted for each 

comparison.  C) Enrichment plot for gated channel activity that is enriched in unspotted mice 

compared to the spotted mouse.  D) Predicted activation of MITF activity using IPA upstream 

regulator analysis.  Orange indicates predicted activation, red denotes upregulated genes, and green 

highlights downregulated genes.   
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Figure 5.8.  Mitf isoform-specific changes in Mitf knockout mice.  A) Combined percent of 

inclusion of rare skipped exons (2, 3, 4, or 6) in the Mitf gene.  Graph depicts mean (WT and spot) 

or mean ± standard deviation (Mitf-A-/- and Mitf-M-/-).  B) Overview of read junction counting 

strategy for individual isoforms of Mitf.  C) Mitf isoform abundance in Mitf knockout mice, with 

mean ± standard error shown, n = 2 WT, 4 Mitf-A knockouts, 4 Mitf-M knockouts, 1 spot from 

Mitf-M knockout.  D) Full-length PCR products using specified Mitf isoform specific primer sets.  

Full-length transcripts are 3246 bp (Mitf-A), 3555 bp (Mitf-J), 2993 bp (Mitf-M), and 2320 bp 

(exons 6-9). Samples #1-5 are from Mitf-M-/- mice (sample #3 is from a spot), samples #6-8 are 

from wildtype mice, samples #9-12 are from Mitf-A-/- mice.  E) UCSC GenomeBrowser view of 

full-length Mitf transcripts. TALONT000213417 corresponds to an 1A driven transcript and 

TALONT000194754 corresponds to a 1J driven transcript.   
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Figure 5.9.  Predicted aberrant Mitf-M sequence from spot of Mitf-M knockout mouse.  

Shown are the canonical Mitf-M transcript, the Mitf-M transcript with the intron retained through 

the splice site with exon 2, and the predicted sequence from the spot containing the 18bp CRISPR 

knockout deletion (bounded by red box) and the intronic splice junction with exon 2.  Nucleotides 

from the exons are capitalized and those from the intron are in lower case.  The light blue bar 

denotes those nucleotides arising from exon 1M, the black bar denotes those from the intron, and 

blue denotes the start of exon 2.  The red shaded boxes highlight all of the in-frame stop codons 

within the intronic region. 
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Figure 5.10.  Trp63 isoforms are unchanged in Mitf knockout mice. A) Depiction of read 

junctions to distinguish TA and ΔN promoter driven transcripts of Trp63.  B) Trp63 isoform 

abundance in wildtype and Mitf knockout mice.  Mean ± standard error is shown, n = 3 WT, 4 

Mitf-A knockouts, 4 Mitf-M knockouts, 1 spot from Mitf-M knockout mouse.  C) UCSC Genome 

Browser (http://genome.ucsc.edu) view of full-length Trp63 transcripts.  

ENSMUST00000115305.1 corresponds to the known MGI transcript Trp63-204 (and NCBI 

transcript NM_001127263.1) and TALONT000147124 corresponds to a novel-in-catalog isoform.   
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Table 5.5.  MITF binding motifs in top differentially expressed genes.
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 Pigmentation in mice has captivated humans since ancient times where written record 

describes spotted and waltzing mice in China and Japanese woodcuts depict still common 

phenotypes (271).  Breeding of mouse strains continued into the 18th and 19th century by fanciers 

who were interested in specific patterns and colorations (272), leading to the identification of a 

number of the classical pigmentation loci including agouti (Asip), brown (Tyrp1), albinism (Tyr), 

and pink-eye dilution (Oca2) (88).  While some variation is found in wild mouse species today 

(273, 274), laboratory mice have provided an unparalleled tool for linking basic melanocyte 

biology to in vivo phenotypes of mammals.  From early mutagenesis studies, loci that regulate 

pigmentation including the microphthalmia locus (114) hinted at the genes that weren’t cloned 

until 50 years later (233).  Over 171 pigmentation associated genes have been cloned while another 

207 loci associated with pigment phenotypes in mice have not been cloned to date (104).  The 

identification of novel regulators of in vivo pigmentation continues to expand the list of 

pigmentation genes (57, 110, 180) shedding light on the complexity of melanocyte biology. 

 Melanosomes contain key protein components that regulate melanin synthesis (TYR, 

TYRP1, DCT), acidification (OCA2, MATP), and trafficking (RAB27A) (92, 174, 275).  Another 

component of melanosome biogenesis is the regulation of trafficking to and from endosomal and 

lysosomal compartments via phosphoinositides (PIs) (276).  This was first implicated by mouse 

mutants for Fig4 and Vac14 that exhibited dilution of coat color in addition to neurological 

phenotypes (106, 107), but understanding the role of PIs in melanogenesis is still in its early stages.  

The work presented here highlights the in vivo phenotypes associated with two additional PI 

binding proteins, PIKFYVE and WIPI1 (Chapters 2-3).  PIKFYVE plays multiple roles during 

melanosome maturation by coordinating transfer between the lysosome and melanosomes (29), in 

addition to labeling TYR and TYRP1 containing vesicles with the appropriate PI for fusion with 
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the melanosome (110).  We have identified that phosphorylation of PIs by PIKFYVE is required 

for proper melanosome maturation and pigmentation of melanocytes and the murine coat (Chapter 

2,(110)).  While the role of WIPI1 has been most extensively studied in autophagy through the 

delivery of PI(3)P containing ER membranes to the growing phagophore (181), WIPI1 also 

regulates melanin production and melanosome maturation in vitro (112, 113).  Additionally, we 

present the subtle in vivo phenotype associated with the constitutive loss of Wipi1 and a proposed 

role in trafficking membranes and vesicles to the maturing melanosome (Chapter 3).  While 

additional work is necessary, we have developed the tools to understand the defects in melanosome 

maturation and trafficking associated with loss of Wipi1 in vivo. 

 A major question that still remains is which PIs are required for melanosome maturation.  

PIKFYVE is the kinase for the production of both PI(5)P and PI(3,5)P2 (147–149) and WIPI1 

binds to both of those species in addition to PI(3)P (Chapter 3, (183)).  Myotubularins are a family 

of PI 3-phosphatases that are responsible for the conversion of PI(3,5)P2 to PI(5)P and PI(3)P to 

phosphatidylinositol (277).  A siRNA based screen identified five family members (MTMR4, 

MTMR9, MTMR12 MTMR13/SBF2, and SBF1) that decreased pigmentation over 20 percent when 

knocked down in melanoma cell lines (113) and mutations in FIG4, MTMR2 and MTMR13/SBF2 

lead to subtypes of Charcot-Marie-Tooth disease (276).  Other diseases associated with vesicle 

and organelle trafficking exhibit hypopigmentation in addition to more severe neurological and 

immune symptoms.  Mouse mutants played a pivotal role in the identification of the subunits of 

AP3, BLOC-1, BLOC-2, and BLOC-3, which are mutated in subtypes of Hermansky-Pudlak 

syndrome (87).  For example, mutations in the pale ear mouse are found in the Hps1 gene, while 

the light ear mouse has a mutation in Hps4, two components of the BLOC-3 complex (96).  While 

these models can be used to study melanosome maturation and trafficking, new mouse models are 
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needed to pinpoint the roles of phosphoinositides in regulation of melanosomes.  Myotubularin 

family mutant mice have been generated including the five family members that reduced 

pigmentation in the siRNA screen (Mtmr4, MGI:2180699; Mtmr9, MGI:2442842; Mtmr12, 

MGI:2443034; Mtmr13/Sbf2, MGI:1921831; Sbf1, MGI:1925230) (115).  Though none have 

notable pigment phenotypes, future studies crossing to the conditional Pikfyve allele may answer 

whether PI(5)P is required for maturation of melanosomes.  Patients with Griscelli syndrome and 

the corresponding mouse models (Myo5a, Rab27a, and Mlph) may provide further insight into 

trafficking defects associated with loss of Wipi1 (95).  While we detected accumulation of early 

stage melanosomes in Wipi1 knockout mice, by crossing with Myo5a, Rab27a, or Mlph mutant 

mice we can understand whether WIPI1 coordinates the trafficking of melanosomes to the 

periphery of the melanocyte.   

 As the master regulator of melanocyte cell identity and differentiation, MITF and the 

microphthalmia locus has long been the focus of pigment cell research.  Over 40 mutant Mitf 

mouse alleles (MGI:104554) have contributed to understanding the role of Mitf in vivo (115, 119).  

Mutations fit into two categories, those that alter all isoforms are generally found in the common 

exons including the basic helix-loop-helix domain and those that alter individual isoforms disrupt 

the unique first exons and the regulatory regions (105).  With the identification of conserved unique 

promoter driven isoforms, an ongoing area of interest are the contributions of individual Mitf 

isoforms and how they are regulated (117).  We have generated a Mitf-A isoform specific knockout 

mouse.  This knockout implicated a partial role for Mitf-A in pigmentation of the skin and eye, and 

determined that Mitf-A expression is partially regulated by retinoids (Chapter 4, (119)).  Loss of 

Mitf-M results in the loss of neural crest derived melanocytes of the skin and eye and, as found in 

our Mitf-M isoform specific knockout mice, alter the size of the adult kidney (Chapter 4, (119)).  
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Additional work identified some potential new targets for MITF-M with MITF binding motifs 

(Chapter 5).  Rare spotting events occur in approximately five percent of Mitf-M knockout mice, 

due to melanocytes escaping the loss of Mitf-M (Chapter 5).  Intriguingly, these spots seem to 

result not from the upregulation of other Tfeb isoforms and other MiT family members or through 

the low level of expression of aberrantly spliced Mitf isoforms, but possibly compensation by other 

promotor driven isoforms of Mitf.  These isoforms are not upregulated in these spots, suggesting 

that expression of these other isoforms, while necessary for generation of the spots, are not 

sufficient on their own to form the spots.  Identifying the specific mechanism by which the 

melanocyte gene expression program is reactivated in the spots could lead to a better understanding 

of the regulation of the pigmentation program in melanocytes.   

 Mutations in MITF have been linked to familial cancers and severe pigmentation disorders 

including Waardenburg syndrome (102), but understanding the regulation of MITF and its 

individual isoforms is ongoing.  Retinoid stimulation of MITF has sparked interest in the 

development of novel retinoid compounds to treat pigmentary disorders like vitiligo (118).  

However, the retinoic acid response element is only one of the binding motifs that are unique to 

MITF-A (119).  Identifying additional compounds that can regulate pigmentation is needed to 

develop treatments for pigmentary disorders that do not cause severe side effects or worsen the 

disease (118).  The identification of the nine promoter driven isoforms was influenced in part due 

to the tissues and cells from which they were identified:  Mitf-M (melanocyte), Mitf-H (heart), 

Mitf-Mc (Mast cells) (233, 278, 279).  This doesn’t provide a complete story, since multiple 

isoforms have been implicated in tissues including melanocytes, the eye, and kidneys (119, 198, 

204).  Within the spot, we found no evidence of activation of Mitf-M through alternative splicing, 

which suggests other isoforms may compensate to trigger melanocyte survival and differentiation 
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in the absence of Mitf-M.  Since the spots remain pigmented throughout the lifespan of the mice, 

the melanocytes appear to have a viable stem cell compartment.  Another possibility is that initial 

activation of Mitf target genes for melanogenesis and melanocyte survival are maintained through 

super enhancers like the one identified in humans in the HERC2 locus that regulates OCA2 

expression and contributes to eye color in humans (280, 281).  By crossing the Mitf-M knockout 

mice to other Mitf mutant alleles to generate compound heterozygotes, we may be able to generate 

more frequent and robust spotting phenotype to follow up on chromatin immunoprecipitation 

(ChIP) or ChIP-seq to identify novel super enhancers for melanocytes.  The addition of the novel 

isoform-specific knockout mice to the Mitf mutant models will further our understanding of MITF 

isoforms in development through the study of the spotted phenotype and pigmentation through 

comparative studies of the subtle role of Mitf-A compared to the requirement for Mitf-M.  

 From studies in mice, pigmentation biology has revealed the functional significance of 

many genes that control skin, hair, and eye color.  By combining in vitro studies with mouse 

models, the underlying science goes from what is observed in a dish to the impacts on individual 

organs and the organism as a whole.  My graduate work has added to the field’s understanding of 

the complex role of PIs in melanosome biogenesis and delved into the complexity of Mitf isoforms, 

their unique contributions, and regulation.  Next steps include identifying PI phosphatases that 

coordinate the regulation of PI species in melanocytes, how those same proteins impact 

melanosome biogenesis and trafficking, and expanding on the role of Mitf isoforms in melanocyte 

development and differentiation.  While basic biology requires years to advance to human 

treatments, the identification of a retinoid receptor binding site within the Mitf-A promoter has 

supported continued research into the use of retinoids to increase pigmentation to prevent skin 

cancer and treat pigmentary disorders.  The contribution of Pikfyve, Wipi1, Mitf, and the hundreds 
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of other genes to mouse coat color continues to remind us of the complexity behind something as 

seemingly simple as skin color.   
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