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Dissertation Abstract 
 

 

Elucidating the Role of Phosphoinositides in Melanogenesis: 
PIKfyve Regulates Melanogenic Processes through the Synthesis  

of PI(3,5)P2 and PI(5)P 
 

By 

Marc Christopher Liggins 

Doctor of Philosophy in Biomedical Sciences 

University of California, Irvine, 2016 
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Epidermal melanocytes synthesize melanin within specialized lysosome-related 

organelles known as melanosomes. These melanosomes are transferred to neighboring 

keratinocytes where they surround nuclei to protect against ultraviolet-induced UV 

damage. The synthesis of melanin, a process known as melanogenesis, is subject to 

complex and intricate regulation at multiple levels. While extensive studies have 

elucidated many of the transcriptional and regulatory pathways, melanosomal trafficking 

comparatively far less understood. To further complicate matters, several lysosomal and 

autophagic components are utilized during these processes, but it is unclear what 

delineates the specificity of their regulation. To help elucidate these mechanisms, our 

laboratory conducted a genome-wide siRNA screen, which identified several novel 

regulators of melanogenesis. Several autophagy components, including the 

phosphoinositol binding protein WIPI1, were among those implicated in the screen. 

Through further investigation, it was determined that WIPI1 regulates both melanosomal 
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transcription and trafficking, but the mechanism by which it coordinated both processes 

was not thoroughly elucidated. WIPI1 binds to three different phosphoinositides, PI(3)P, 

PI(3,5)P2, and PI(5)P, the latter two of which are synthesized by the PIKfyve kinase 

complex. PI(3,5)P2 and PI(5)P have been priorly implicated in regulating membrane 

trafficking and signaling pathways. Furthermore, mutation in select PI(3,5)P2 effectors or 

in the PIKfyve complex itself has been shown to affect pigment accumulation, though 

the mechanisms have not been priorly elucidated. In our studies, we have demonstrated 

that loss of PIKfyve in vivo results in the progressive loss of pigmentation. Disruption of 

the PIKfyve leads to defects in vesicle trafficking and severe vacuolization. Our in vitro 

and in vivo studies have identified similar disruption in melanocytes resulting in the 

inhibition of melanosome maturation and melanosomal acidification. These mechanisms 

would suggest an important role of PI(3,5)P2 in melanogenesis. In contrast, partial 

depletion of PIKfyve depleted WIPI1 and resulted in downregulation of these signaling 

pathways and expression of MITF-M and TYR, while the addition of PI(5)P had the 

opposite effect. Taken together these studies demonstrate novel regulatory roles of the 

PIKfyve complex, elucidating distinct roles of PI(3,5)P2 and PI(5)P in melanogenesis. 

These studies expand upon the fields of knowledge in both melanocyte and 

phosphoinositide biology and provide significant insight into the regulatory mechanisms 

of melanocytes. 

 

 

 



1 

 

 

Melanogenesis and Its Regulation 

The Roles of Phosphoinositides and Phosphoinositide Binding Proteins in 

Melanosome Biogenesis 

 

Chapter 1 

 

Marc C. Liggins and Anand K. Ganesan 

  



2 

 

1.1   Abstract 

 

Epidermal melanocytes produce melanin through the process of melanogenesis. 

Melanin itself is synthesized within lysosome-related organelles known as 

melanosomes. While extensive studies have elucidated the transcriptional and 

enzymatic regulatory pathways in melanin synthesis, how the trafficking of 

melanosomes is regulated is not completely understood. Melanosome biogenesis 

requires proteins involved in lysosome and autophagosome biogenesis, but it is unclear 

how these components work together to make the melanosome. Our laboratory 

conducted a genome-wide siRNA screen, which identified multiple novel regulators of 

melanogenesis including several autophagy components. WIPI1, a phosphoinositide 

(PI) binding protein, was among those identified. Further studies determined that WIPI1 

coordinated both the transcription of genes that synthesize melanin and vesicle 

transport; however how WIPI1 does this was not elucidated. WIPI1 is known to bind to 

two phosphoinositides, PI(3,5)P2 and PI(5)P, which are synthesized by the PIKfyve 

kinase complex. Deletion of components of the PIKfyve complex leads to pigment loss 

in vivo. Pigment accumulation was similarly affected by mutation of two PI(3,5)P2 

effectors. Taken together, these studies suggest that WIPI1 may regulate 

melanogenesis through a mechanism involving phosphoinositides.  
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1.2   Skin Biology 

 

 The skin is the largest organ in the human body; it functions as a physical barrier 

that serves to maintain homeostasis and protect against environmental insults such as 

radiation, mechanical, chemical and microbial factors (1, 2). The skin is composed of 

three layers: the epidermis, dermis, and hypodermis (1, 3). The outermost layer, the 

epidermis, is devoid of blood vessels and nerves, consisting primarily of keratinocytes 

and melanocytes (4). The epidermis itself is a stratified epithelium composed of four 

sublayers, or strata: the stratum corneum, the stratum granulosum, the stratum 

spinosum, and the stratum basale (1, 4). The stratum corneum is the outermost layer 

and functions as the skins primary defense (1, 4, 5). It is composed of terminally 

differentiated keratinocytes called corneocytes that contain abundant keratin and form a 

barrier to protect from environmental insults and desiccation (1, 4, 5). Directly below is 

the stratum granulosum which is composed of flattened, nondividing keratinocytes that 

produce granules of keratinohyalin protein (4). The next layer, the stratum spinosum, 

contains keratinocytes and antigen-presenting Langerhans’ immune cells (4). The basal 

layer, the stratum basale, is composed of a single layer of cells that are attached to a 

non-cellular basement membrane that separates the epidermis from the dermis (4).  

The stratum basale is composed of differentiating and stem cell-like keratinocytes, 

sensory Merkel cells, and pigment-producing melanocytes (1, 4). 

The dermis is situated directly below epidermis (4).  It houses the sensory, neural 

and vascular networks of the skin, immune cells, excretory and secretory glands, as 

well as hair follicles and nails (4).  Even though the dermis is the thickest layer of the 
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skin, it contains fewer cells (1, 4).  The bulk of dermis volume is composed of a fibrous 

and amorphous extracellular matrix (ECM) which provides the skin with tensile strength 

and elasticity (1, 4).  Fibroblasts are the primary cell type in the dermis and are 

responsible for the maintenance of the ECM (4).  The hypodermis is a fatty tissue that 

comprises the deepest layer of the skin (3) and is primarily composed of adipocytes 

which function in thermoregulation, insulation, fat storage, and mechanical protection 

(3).  

 

1.3   Melanocyte Development and Biology 

 

Melanocytes are neural crest-derived, melanin-producing cells most prominently 

found the basal layer (stratum basale) of epidermis and the retina, however 

subpopulations can be found in additional tissues as well (6-10). During mammalian 

development, neural crest cells develop into melanoblast/glial progenitors and migrate 

throughout the mesenchyme of the developing embryo until reaching their target sites 

(4, 8). During development, expression of microphthalmia-associated transcription 

factor (MITF) and SOX10 commits the progenitors to develop into melanoblasts (4, 8).   

After migration, expression of tyrosinase-related protein 2 (TYRP2) and kit ligand (KL), 

in combination with MITF, differentiates melanoblasts into melanocyte stem cells and 

melanocytes (8). Factors that regulate melanocyte stem cell differentiation and 

melanocyte renewal are not fully understood. However, there is a gradual increase in 

melanocyte senescence and loss of the melanocyte population with age, more 

prominently in the hair bulb than the epidermis (11).  
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Epidermal melanocytes are specialized melanin-producing cells that are located 

within the basal layer of the epidermis and within the proximal bulb of the hair follicle 

(12).  Melanocytes comprise 5-10% of the epidermal cell population (11, 13) with 

greater density observed in the hair follicle (12).  Within the epidermis, melanocytes 

possess an extensive dendritic network in which one cell interacts with approximately 

36 keratinocytes as a means of melanin delivery (14, 15). Extensive crosstalk between 

keratinocytes and melanocytes regulate dendrite formation, proliferation, and melanin 

production (4, 12). Both endogenous and environmental factors stimulate the release of 

endocrine, paracrine, autocrine, and intracrine factors to regulate melanogenic 

processes (16). In response to UV radiation (UVR), keratinocytes upregulate paracrine 

signaling to melanocytes ultimately resulting in the upregulation of melanin synthesis (4, 

17). Melanin itself is produced within lysosome-related organelles called melanosomes 

in a process known as melanogenesis (4, 17, 18). Melanosomes develop through four 

distinct stages (4, 17, 18). Mature (stage IV) melanosomes are shuttled through 

melanocytic dendrites to neighboring keratinocytes  to protect cell nuclei from UVR (4). 

The process of melanogenesis is graphically summarized in Figure 1.1. 

 

1.4  Melanogenic Regulation and Development  

 

Solar ultraviolet (UV) radiation is divided into three wavelengths, UV-A (320 – 

400 nm), UV-B (280-320 nm), and UV-C (100 – 280 nm) (17). UV-C is not able to 

penetrate the atmospheric ozone layer, however UV-A and UV-B are both terrestrially 

present, accounting for approximately 94% and 6% respectively (17, 19). UV radiation 
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that penetrates the skin is absorbed by melanin, however the cellular response differs 

between UV-A and UV-B (17, 19). UV-A has no effect on melanocyte proliferation or 

total melanin content, instead resulting in oxidative conversion and darkening of melanin 

(tanning) (4, 17, 19). While UV-A does not induce DNA damage directly, it can result in 

the production of DNA-damaging free radicals (4, 19). In contrast, UVB is absorbed by 

DNA leading to the production of thymine dimers and other DNA photoproducts (4, 17). 

The presence of thymine dimers results in activation of p53 resulting in the transcription 

of proopiomelanocortin (POMC) in keratinocytes, which in turn triggers the production 

and release of α-melanocyte stimulating hormone (α-MSH) and other factors (17). UV 

irradiation also results in the release of other paracrine factors that can independently or 

synergistically modulate melanocyte function (4, 17).   

POMC can be processed into several melanocortin peptides which result in the 

activation of melanocortin receptors (MCRs) present on the melanocyte cell surface (16, 

17, 20). α-MSH and other melanocortins activate the melanocortin 1 receptor (MC1R) 

resulting in a kinase cascade leading to transcription of the melanocyte-specific isoform 

of MITF, MITF-M (16, 17, 20, 21). Additional keratinocyte-derived paracrine factors 

result in the phosphorylative activation of MITF-M (16, 17, 22).  Upon activation, MITF-

M binds to M-box and E-box consensus sequences resulting in the transcription of 

factors required for melanosome biogenesis and transport and melanin synthesis (16, 

17, 22). MITF-M recognizes consensus sequences associated with several 

melanogenic factors including MC1R, MART-1, PMEL, tyrosinase (TYR), tyrosinase-

related protein 1 (TYRP1), tyrosinase-related protein 2 (TYRP2), RAB27A and other 

melanogenic factors (23, 24).   
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While several isoforms of MITF are known, only five are expressed in the skin 

(22, 25). The MITF-M isoform is specific to melanocytes (16) and is the only isoform that 

highly expressed within the cell type (22, 25). Loss of the MITF-M isoform only affects 

dermal pigmentation, resulting in a “black-eyed, white” mouse phenotype in vivo (22) 

and unpublished results). Interestingly, studies have recently identified that both MITF-A 

and MITF-M are required for melanocytic dendrite formation (25).  

 

1.5  Lysosome-Related Organelles  

 

Melanosomes belong to class of organelles collectively referred to as lysosome-

related organelles (LROs) (26-29). LROs are specialized organelles found in select cell 

types, primarily distinguished by their function and unique cargo (26-29). LROs are 

found in a number of cell types including several hematopoietic cell types, osteoclasts, 

sperm cells, endothelial cells, melanocytes, and others (26-29). Lysosomes and LROs 

share compositional and physiological features, utilize common machinery, share 

several developmental parallels and often possess low luminal pH (26-29). As such, 

diseases that affect lysosomal and LRO machinery typically affect multiple tissues, two 

prime examples include Hermansky-Pudlak syndrome (HPS) and Chediak-Higashi 

syndrome (CHS) (26-29). HPS most prominently results in  oculocutaneous albinism, 

but patients also exhibit defective blood clotting as other complications can also arise as 

a result of defective lysosomal function (28, 30). Patients with CHS can exhibit a 

broader range of symptoms including hypopigmentation, platelet dysfunction, 

neurological dysfunction, and immunodeficiency (28).  
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LROs biosynthesis is a multistep process through which the organelles develop 

by acquiring specialized cargo (26, 27, 29). Vesicles that bud off from the trans-Golgi 

network (TGN) develop into early endosomes or multivesicular bodies (MVB) or through 

the acquisition of specific factors can develop directly into LROs (26-29). The presence 

of specific cargo components and other factors determine the developmental fate of 

early and late endosomes/MVBs – whether they develop into lysosomes or into LROs 

(26-29).  

 

1.6   Melanosome Development and Melanogenesis  

 

1.6.1 Early Melanosome Development – Stage I and II and their Factors 

 

Melanosomes are LROs that mature through four distinct stages (I-IV) of 

development (4, 17, 21, 24) (Figure 1.1). Differences in morphology, pigmentation, and 

the presence or absence of different factors define the maturity, or stage, of the 

melanosome and distinguish it from other organelles (21). The complex process of 

melanosome biogenesis is initiated when 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) (21, 

31, 32).  

MART-1 and PMEL expression is regulated by MITF-M and serve as stage 

markers for Stage I and II melanosomes, respectively (23, 32-34). While indispensable, 

the function of MART-1 is not well defined (33, 34). MART-1 is a small membrane-
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bound protein that is localized to the Golgi, ER, and stage I melanosomes (18, 33, 34). 

Even though MART-1 has no known enzymatic activity, it is required for expression, 

stability, processing, and trafficking of PMEL along with ocular albinism 1 (OA1) (31, 

33). Within post-Golgi compartments, OA1 and MART-1 stabilize PMEL (31, 33, 34). 

OA1 also regulates melanosome size and composition, however its interactions with L-

DOPA could suggest that it also functions in melanin synthesis as well (31). 

PMEL is a large pre-protein that is glycosylated in the ER and Golgi (32).  From 

the trans-Golgi network, PMEL associates with the adaptor protein 2 (AP-2) complex via 

di-leucine-based consensus and is transported to early endosomes along with MART-1 

(32, 34). Within early endosome vacuolar domains, PMEL is sorted into intraluminal 

membrane vesicles (ILVs) (32).  Acidification induces the proteolytic cleavage and 

maturation of PMEL into fragments which can then be polymerized (32). The transition 

between early endosomes and stage I melanosomes is poorly understood as it is 

debatable whether the two are distinguished from each other.  

Stage I melanosomes are multivesicular early endosomes, or premelanosomes, 

that possess a poorly organized internal structure, marked by the presence of MART-1 

and PMEL (17, 32-34). PMEL begins to generate fibrils from ILVs through association 

with the endosomal protein CD63 (26, 32). Membrane fusion induces the loss of ILVs 

and allows PMEL fibrils to be organized into amyloid sheets marking the transition to 

stage II (32). These sheets organize into a fibrillary matrix that is characteristic of stage 

II melanosomes and ultimately serve as a scaffold for melanin polymerization and 

deposition (17). Prior to the initiation of melanin synthesis, deacidification of the 
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melanosome is required for proper enzymatic function (16), however it is unknown when 

this occurs. 

While tyrosinase (TYR), and to the lesser extent TYRP1 and TYRP2, are 

essential for melanin production, these factors are initially absent from melanosomes 

(16). Once glycosylated, these proteins are packaged into adaptor protein-3 (AP-3) or -1 

(AP-1) clatharin-coated transport vesicles, which are transported to and fuse with stage 

II melanosomes (35). Tyrosinase allows for the initiation of melanin synthesis (16, 17).  

The deposition of melanin onto PMEL fibrils marks the transition to stage III 

melanosomes (16, 17).   

 

1.6.2 Mechanisms Underlying Melanosomal Trafficking  

 

The initiation of melanin synthesis requires the delivery of key melanogenic 

transporters and enzymes such as TYR, TYRP1, TYRP2, and OCA2  (oculocutaneous 

albinism II) (18). Within the ER and Golgi, TYR, TYRP1, and TYRP2 are folded and 

heavily glycosylated before being transported to the TGN (18). Within the trans-Golgi 

network, TYR, TYRP1, and OCA2 associate are recognized by adaptor protein (AP) 

complexes via acidic dileucine consensus sequences (18, 36). In non-melanocytic cells 

these sequences confer trafficking to late endosomes and lysosomes (36, 37), thus it is 

not fully understood what confers melanocytic specificity in the presence of both 

melanosomes and lysosomes. TYR and OCA2 are packaged within AP-1 or AP-3 

clatharin-coated vesicles, however TYRP1 only interacts with AP-1 vesicles (18, 35, 36, 

38). Association via dileucine consensus sequences packages TYR, TYRP1, and OCA2 
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in clathrin-coated AP-1/AP-3 vesicles for delivery to stage II melanosomes (18, 35). 

Interestingly, a dileucine consensus sequence is absent from TYRP2 (38), which 

instead utilizes a tyrosine based motif consensus sequence that normally directs 

proteins to the lysosome (36, 39).  It is not fully understood what signals mediate the 

delivery of TYRP2 to the melanosome.  

To facilitate vesicular transport, AP-complexes work in conjunction with 

biogenesis of lysosome-related organelles complex (BLOC) -1, -2, and -3 complexes 

(18, 40). The BLOC complexes are further assisted by RAB32 and RAB38, functioning 

as guanine-exchange factors to activate these factors and facilitate localization (40-43). 

Other RAB proteins are also believed to be involved in melanosome biogenesis, but 

their roles are less defined (18, 44, 45). BLOC -1, -2, and -3, in conjunction with RAB32 

and RAB38 facilitate trafficking of TYR and TYRP1, while TYRP2 trafficking appears to 

be solely dependent on RAB32 (18, 42, 43). Studies have shown that AP clatharin-

coated vesicles, in conjunction with RAB32/38 and BLOC complexes, function to 

transport cargo to melanosomes (18, 40, 42, 43). However the mechanisms underlying 

the specificity of vesicular targeting and fusion are poorly understood. It has been 

suggested that phosphotidylinositides may be involved in melanosome biogenesis and 

could thus elucidate this pathway (18, 42). 

 

1.6.3 Tyrosinase is required for the initiation of melanogenesis  

 

To facilitate melanin production, TYR, TYRP1, TYRP2, OCA2, and ATP7A are 

transported to stage II melanosomes (18). The initiation of melanin synthesis marks the 
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transition to stage II melanosomes (4). OCA2 and ATP7A both function as transport 

proteins for tyrosine and copper respectively (46, 47) while TYR and related proteins 1/2 

are key enzymes involved in melanin synthesis (48).  

BLOC-1 also facilitates transport of ATP7A to stage II melanosomes (18, 47). 

Copper is a necessary co-factor for tyrosinase function, and while TYR is believed to 

acquire copper in the TGN, supplementation by ATP7A is necessary for pigment 

production (18, 47). The function of OCA2 is less defined, but is necessary for melanin 

synthesis (18, 48, 49). While studies initially suggest that OCA2 functions as a tyrosine 

transporter (46, 49), recent studies would suggest that it functions as a Cl- transporter 

and contributes tyrosinase stability by increasing melanosomal pH (18, 48, 50). 

Tyrosinase initiates the melanogenic process by converting tyrosine and L-DOPA to 

DOPAquinone, thus serving as the rate limiting step in melanogenesis (4, 16, 51). 

Tyrosinase (TYR) and tyrosine hydroxylase (TH) are two unrelated mammalian 

proteins capable of hydroxylation of L-tyrosine to L-DOPA  (52). TH is only expressed in 

neural tissues, specifically within the adrenal medulla and dopaminergic neurons (53) 

while TYR is melanocyte specific (52). Activation of tyrosinase requires the reduction of 

two copper ions (Cu2+ to Cu1+) and is only optimally functional at neutral to basic pH 

(16). At lower pH, tyrosinase activity is reduced and is totally lost at acidic pH (16). 

Tyrosinase mediates the rate-limiting step in the production of both eumelanin and 

pheomelanin, utilizing L-tyrosine or L-DOPA as substrates to synthesize DOPAquinone, 

thus initiating (eu-/pheo-)melanogenesis (16, 51, 54). Normal melanocytes produce 

mixtures of pheomelanin and eumelanin partly determined by the availability of cysteine 

(51). The addition of cysteine to DOPAquinone initiates pheomelanogenesis permitting 
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sufficient cysteine concentrations are available (51). While TYR is required for melanin 

synthesis, recent studies would suggest that low levels of TYR are sufficient for pigment 

production (54).  

 

1.6.4 Types of Melanin 

 

Three types of melanin are produced in mammals as the end result of L-tyrosine 

transformation and polymerization – eumelanin, pheomelanin, and neuromelanin (4, 16, 

44). While both eumelanin and pheomelanin are produced within melanocytes, 

neuromelanin is exclusively produced by dopaminergic neurons resulting in 

pigmentation of the substantia nigra (4, 16, 55, 56). Neuromelanin is synthesized via 

tyrosine hydroxylase and is believed to function in the chelation of potentially damaging 

metals to prevent neurodegeneration (4, 9, 16, 55, 56). Nevertheless, the synthesis, 

function, and role of neuromelanin is not well defined.  

Eumelanin (brown/black pigments) and pheomelanin (red/yellow pigments) are 

exclusively produced by melanocytes as part of the melanogenic process, however only 

eumelanin possesses UV protective properties (4, 16, 44, 57, 58). While pheomelanin is 

of evolutionary significance, no biological role has been identified in humans (59). 

Furthermore, oxidation of pheomelanin by UV radiation results in increased oxidative 

damage and has been correlated with increased cancer risk (16, 59, 60). While most 

studies have been focused the production of eumelanin, eumelanogenesis, regulatory 

pathways involving pheomelanin production are not well understood. It is also unclear 

what factors determine whether melanosomes develop into eumelanosomes or 
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pheomelanosomes, though studies have identified proteins and mutations exclusive to 

pheomelanin synthesis (57, 60-64). The morphology of eumelanosomes and 

pheomelanosomes differs, where eumelanosomes are fibrillar during maturation while 

pheomelanosomes maintain a rounded appearance (4). 

 

1.6.5 Eumelanogenesis and Melanosome Transport 

 

The initiation of melanin synthesis marks the transition to stage II melanosomes 

(4). Tyrosinase initiates the eumelanogenic process by converting tyrosine and L-DOPA 

to DOPAquinone, thus serving as the rate limiting step in melanogenesis (4, 16, 51). In 

a two-step reaction, DOPAquinone is converted to DOPAchrome, which then 

spontaneously decomposes to produce to 5,6-dihydroxyindole (DHI) and 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) in a 70:1 ratio (4, 16, 51). However, TYRP2 

shifts this ratio by acting as a dopachome tautomerase (DCT), catalyzing the conversion 

of DOPAchrome to DHICA (4, 16, 51). TYRP1 and/or tyrosinase then catalyze the 

oxidation DHICA (4, 16, 51). DHI and DHICA, both in reduced and oxidized states, are 

synthesized into eumelanin polymers, which are then concentrated on PMEL fibrils (4, 

16, 51). The completion of melanin synthesis, characterized by complete darkening of 

the melanosome and minimal TYR activity, signify the completion of melanogenesis and 

are thus termed stage IV melanosomes (4). 

TYRP1 and TYRP2 exhibit significant functional and structural homology to 

tyrosinase but are only functional in the eumelanogenic pathway (16, 52). Specifically, 

TYRP1 and TYRP2 share ~40% amino acid homology with TYR, but utilize different 
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metal ions, iron and zinc respectively, as catalysts (16). TYRP1 and TYRP2 function to 

catalyze the conversion of downstream DOPA reaction products during the 

eumelanogenic process (4, 16, 51). While not necessary for melanin synthesis per se, 

their presence further catalyzes eumelanogenesis increasing both the quality and 

quantity of eumelanin produced (16, 51). Furthermore, TYRP2 also plays a key role in 

melanocyte development and survival (16).  

As melanosomes mature, microtubules, actin filaments, and myosin, in 

conjunction with RAB27A, move melanosomes towards the extremities of the cell and 

into the dendrites (17, 21, 65, 66). Upon completion of melanin synthesis, mature (stage 

IV) melanosomes are transferred to keratinocytes through a process that is not well 

understood (17, 21, 65). Melanosome transfer may involve exocytosis, 

cytophagocytosis, or fusion of the keratinocyte and melanocyte membranes (17). 

Coordination between melanocytes and keratinocytes mediate these processes are 

upregulated in a UV-dependent manner (17, 21, 65) (Figure 1.1).  

 

1.7   Identification of Novel Melanogenic Regulators utilizing genome-wide  

siRNA screen 

 

Extensive studies have greatly increased our knowledge of melanogenesis, yet 

the process is far from fully understood. Most prominently, the mechanisms underlying 

melanosome development, delivery and transport have been poorly elucidated. In 

particular, there is significant overlap in the machinery utilized in the development of 
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LROs and it is less clear what mediates the delivery of proteins specifically to 

melanosomes.  

To gain further insight into these mechanisms, a genome-wide siRNA screen 

against 21,127 unique human genes was conducted to identify novel regulators of 

melanogenesis (67). The screen was conducted in MNT-1 melanoma cells utilizing a 

Dharmacon library consisting of 84,508 siRNAs corresponding to four unique siRNA 

duplexes per gene (67).  This study utilized a 5 day post-transfection incubation period 

was established using tyrosinase depletion as a positive control for quantitative 

determination of melanin impairment (67). Melanin was spectrophotometrically 

quantified using an ATP-dependent luminescence cell viability assay (CellTiter-Glo) to 

normalize these results on a per cell basis by measuring absorbance at 405 nm  for 

melanin quantitation (67). MNT-1 melanoma cells were utilized in the screen as the cell 

line is most similar to normal human epidermal melanocytes and produce substantial 

melanin quantities, having been previously established in prior studies (35, 67-69).  

Using a cutoff of 2 standard deviations below the mean, the screen identified 98 

genes as regulators of melanogenesis (67). Individually synthesized siRNA pools were 

directed against 35 randomly selected genes from the initial 98 identified in the primary 

screen were selected for further screening to validate their impact on cellular 

pigmentation and four false positives were eliminated (67). Tyrosinase was utilized as a 

positive control and keratin 7 as a negative control that did not affect pigmentation (67).  

The remaining candidate genes were examined for their impact on MITF and 

TYR accumulation (67). These genes were screened in MNT-1 cells as well as darkly- 

and moderately-pigmented human epidermal melanocytes (67).  Approximately half 
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were found to affect tyrosinase accumulation in MNT-1 and darkly-pigmented 

melanocytes, and moderately-pigmented melanocytes (67). The autophagy protein, 

WIPI1 (WD-40 repeat-containing protein that interacts with phosphotidylinositides), was 

found to significantly impact tyrosinase accumulation in all three cell types (67). Several 

other autophagy components were also implicated in melanogenesis (67). 

WIPI1 is an autophagy protein that is believed to function in autophagosome 

formation through interactions with phosphatidylinositol-3-phosphate [PI(3)P] (70, 71). 

WIPI1 can also bind to phosphatidylinositol-3,5-bisphosphate [PI(3,5)P2] and 

phosphatidylinositol-5-phosphate [PI(5)P] (70, 71) however the function of these 

interactions has not been elucidated. WIPI1 is one of four mammalian PROPPINs (β-

propellers that bind polyphosphoinositides) along with WIPI2, WIPI3, and WIPI4 (67, 

68). WIPI1 and WIPI2 share the greatest homology with 80% protein identity (68, 69). 

Despite WIPI1 homology, WIPI2 only moderately affected pigmentation while WIPI3 and 

WIPI4 did not (67). 

 

1.8   The Role of Autophagic Regulators in Melanogenesis  

 

Autophagic machinery can work in conjunction with LROs (67, 72).  Recent 

observations highlighted that autophagosomes accumulate in cells defective for 

melanosome maturation (67, 72). Autophagy proteins LC3 and ATG5 were found to 

colocalize with melanosomes (67) (Figure 1.2). Not surprisingly, in addition to WIPI1, 

additional autophagy proteins identified in the screen were also found to significantly 

inhibit pigment accumulation in vitro (67, 73). Prominently, beclin1 inhibited pigment 
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accumulation in vitro and in vivo, specifically haploinsufficent mice were hypopigmented 

compared to wild-type controls (67, 73).   

Other studies have identified several autophagy proteins which impact 

melanogenesis via a pathway that is distinct from canonical autophagy further 

expanding upon the autophagy-melanogenesis relationship (24, 73-76). Induction or 

suppression of mTORC1 were found to reciprocally modulate autophagy and 

melanogenesis, suggesting an antagonistic relationship between the two processes (24, 

76).  Depletion of the autophagic regulator ULK1 resulted in increased melanogenic 

transcription and pigment production, further highlighting the antagonistic relationship 

between autophagy and melanogenesis (74). In contrast, loss of several autophagy 

components has been found to negatively affect melanogenesis (24, 67, 73, 75). 

Intriguingly, starvation induced autophagy has not been found to impact to 

melanogenesis (24, 74).   In some cases autophagy may function antagonistically to 

melanogenesis; however these studies would suggest that several autophagic 

components are necessary for melanogenic processes (24, 73). Taken together, it is 

clear that autophagy and melanogenesis are closely related processes; however 

dissecting the nature of the relationship is a significant conundrum. The complex 

relationship between autophagy and melanogenesis is further emphasized in follow-up 

studies that sought to define the functional role of WIPI1 in melanogenesis.  

 

1.9   WIPI1 Coordinates Melanogenic Transcription and Trafficking  
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Initial studies identified the autophagy protein, WIPI1, as a novel regulator of 

melanogenesis (67). siRNA knockdown resulted in significant pigment loss, and 

decreased tyrosinase and MITF mRNA (67). Further investigation reaffirmed these 

findings and confirmed decreased mRNA and protein accumulation of genes under 

MITF-M regulation as a result of RNAi knockdown of WIPI1 (24).  

To validate the transcriptional regulatory role of WIPI1, MNT-1 cells were 

transfected with WIPI1 overexpression or siRNA constructs (24). 24 hours post-

transfection, cells were co-transfected with a Renilla luciferase reporter and firefly 

luciferase promoters driven by tyrosinase or MITF-M promoters and after 48 hours were 

evaluated for luciferase activity (24). Core promoter activity of both MITF-M and 

tyrosinase was decreased as a result of WIPI siRNA knockdown (24). Complimentary to 

these findings, WIPI1 overexpression increased core promoter activity of both (24).  

Given that WIPI1 depletion results in downregulation of many MITF-M target 

genes essential for melanosome development and melanogenesis (24), this raised the 

question to whether or not melanosome maturation is affected a result. To answer this 

question, WIPI1 shRNA-expressing primary melanocytes were evaluated by 

transmission electron microscopy (24). WIPI1 depleted melanocytes exhibited 

significantly lower numbers of advanced stage (III and IV) melanosomes, instead 

accumulating stage I and II melanosomes and abnormal atypical vacuole-like vesicles 

(24). While other studies have shown that tyrosinase depletion resulted in decreased 

numbers of advanced stage melanosomes (54), the accumulation of immature 

melanosomes as a result of WIPI1 knockdown would suggest that tyrosinase is not 
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being trafficked to melanosomes (24). Taken together these defects would suggest that 

WIPI1 depletion results in abnormal melanosomal trafficking (24).  

Studies have shown that suppression of mTORC1 upregulates melanogenesis 

(24, 77, 78) and autophagy (79) providing further evidence for the linkage between 

melanogenesis and autophagy. Similarly, WIPI1 depletion upregulated mTORC1 

signaling while resulting in the downregulation of the mTORC2 pathway (24). mTORC2 

promotes the transcription of MITF-M, thus as a result of downregulation, melanogenic 

transcription was reduced (24). Treatment with rapamycin rescued the phenotypes that 

resulted from WIPI1 knockdown (24). Given these findings, it was concluded that WIPI1 

regulates melanogenesis via suppression of mTORC1 and activations of mTORC2 (24) 

(Figure 1.2).  

It was thoroughly established that WIPI1 impacts melanogenesis in vitro (24, 67), 

likely through modulating mTOR activity, however the exact regulatory mechanism 

remains unclear. Yet intriguingly, mTORC1 has been shown to suppress autophagy 

through the suppression of ULK1 (79), which itself has been shown to repress 

negatively impact melanogenesis (74). As both mTORC1 and WIPI1 interact with PI(3)P 

and PI(3,5)P2 (70, 71, 80), it remains plausible that phosphoinositides are the missing 

link in the regulation of these two pathways.    

 

1.10 PROPPIN Family 

 

WIPI1, along with WIPI2, WIPI3, and WIPI4 are the four mammalian members of 

the PROPPIN family (81, 82). PROPPINs adopt a seven-bladed propeller fold that 
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mediates protein interactions (81, 82). They contain phosphoinositide (PI) binding sites 

which mediate interactions with PI(3)P, PI(3,5)P2, and PI(5)P (70, 71) through several 

evolutionary conserved residues found in blades 5 and 6  (71, 81-83). Interestingly, 

these residues have been found to mediate binding to both PI(3)P and to a lesser 

degree PI(3,5)P2 as mutation attenuated all PI binding  (71, 81-83). Mutational analysis 

has not been conducted for PI(5)P binding.   

Saccharomyces cervisiae (yeast) possess three members of the PROPPIN 

family: ATG18, ATG21, and HSV2 (81-84). ATG18 possess two mammalian homologs, 

WIPI1 and WIPI2, which share 80% protein identity with each other (82-84). ATG21 

does not possess a mammalian homolog, but possesses functional homology to WIPI2 

(82-85). HSV2 also possess two mammalian homologs, WIPI3 and WIPI4, however 

there is greater divergence from HSV2 and there is reduced functional homology (82-

84). 

In yeast, ATG18 is able to form several diverse autophagy complexes which are 

mediated or regulate PI binding (86-88). ATG18 binds to the yeast-specific type V 

myosin adaptor, VAC17, to mediate cytoskeletal rearrangement and vacuole transport 

(88-90). A mammalian VAC17 homolog has not been identified, nor has a WIPI1-

myosin V relationship been identified. Interestingly however, the melanosomal protein, 

melanophillin (which is part of the RAB27a complex) functions similarly as a myosin V 

adaptor (91). Furthermore, keratinocyte derived endothelin-1, regulates the expression 

of both WIPI1 and RAB27A in melanocytes (92). However, whether WIPI1 plays a 

similar roll in myosin V melanosome transport remains to be elucidated.  
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ATG18 also forms a complex with ATG2 which is recruited during phagophore 

development through interaction PI(3)P (87, 93). While it has been suggested that 

WIPI1/2 mediate this function in mammals, only WIPI4 was found to bind to ATG2 and 

is believed to regulate this function to date(83, 93).   Of interest, ATG18 is also able to 

modulate activity of the phosphoinositol kinase, FAB1, through complex formation. 

Binding of ATG18 to the FAB1 complex results in the downregulation of kinase activity, 

thus resulting in decreased levels of PI(3,5)P2 (94). Given that ATG18 binds to both 

PI(3)P and PI(3,5)P2, this could thus be indicative of an autoregulatory relationship, 

however the role of ATG18-PI(3,5)P2 relationship has not been elucidated.  While the 

components of the FAB1 (PIKfyve in mammals) core complex are evolutionary 

conserved, a mammalian relationship between WIPI1/2 and PIKfyve has not been 

established.  

WIPI1 and WIPI2 are both expressed ubiquitously, however expression is highly 

variable by cell type (83, 95, 96). Interestingly, WIPI1 is highly expressed in 

melanocytes and melanoma cells (70, 96). In response to UVR, keratinocytes 

upregulate synthesis and secretion enthothelin-1, which in turn stimulates and activates 

MCR1 in melanocytes, as well as upregulating WIPI1 expression thus resulting 

upregulation of melanogenic gene expression and melanogenesis (16, 17, 92). WIPI2 

possesses five different isoforms which play different roles in autophagy regulation (85). 

During autophagy, WIPI1 and WIPI2 have both been shown to localize with 

autophagosomes, however studies have yielded mixed results to whether WIPI1 and 

WIPI2 have agnostic or antagonistic rolls in autophagy (71, 83-85, 97, 98). Recent 

studies have downplayed the role of WIPI1 in autophagy suggesting that WIPI2b 
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(isoform b) is required for ATG16L1 recruitment and LC3 conjugation (84, 85, 97, 99). 

Furthermore, pulldown analysis would suggest that WIPI1 only weakly binds ATG16L1 

but binds COPI vesicle transport machinery with high affinity, while WIPI2b co-

immunoprecipitated ATG16L1 but not COPI factors (85). Phosphoinositol binding by 

WIPI2 is required for induction of autophagy mediated induction of autophagy (83, 85, 

97, 99). Interestingly, while both PI(3)P and PI(5)P can induce autophagy via WIPI2b as 

a result of amino acid starvation, only PI(5)P induces autophagy under glucose 

starvation (83, 85, 97, 99). While WIPI2b and WIPI2d may have redundant functions 

(84, 85, 97), the functions of isoforms a, c, and e have not been elucidated. Interestingly 

expression of WIPI1 is upregulated in several cancer lines (83, 100), however the exact 

function of WIPI1 remains to be determined as no significant phenotype has been 

demonstrated thus far due to loss of WIPI1 in vivo. Furthermore, it is unclear if and how 

PI(3,5)P2 acts a WIPI1/2 effector.  

HSV2 and its mammalian homologs, WIPI3 and WIPI4, are poorly understood in 

terms of function (71, 81-83). WIPI3 is ubiquitously expressed however its function has 

yet to be defined (83). WIPI4 is an autophagy protein, functioning in autophagosome 

formation and possibly downstream of WIPI2 in LC3 lipidation, however these functions 

have not been well characterized (83). In vivo, loss of WIPI4 results in prominent 

neuropathological symptoms including axonal swelling, impaired memory and learning, 

behavioral abnormalities, and motor impairment (101). Cellularly, neural cells exhibited 

impaired autophagic flux and vacuolization (101). Given that the autophagy and 

neurological defects are milder compared to the loss of other autophagy proteins, this 

could be indicative of functional redundancy with other WIPI proteins (101). WIPI4 has 
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reduced affinity for PIs as a result of a hydrophobic residue in the binding region (81) 

however its functional relationship with the different PIs has yet to elucidated. 

Overall, with the exception of WIPI2b, the mammalian functions of the WIPI 

family have not been well elucidated. Studies have suggested that some WIPI functions 

may be functionally redundant between members, however many questions remain 

unanswered. Furthermore, the polygamous binding to different phosphoinositides may 

regulate different pathways as demonstrated by WIPI2 (71, 81-83, 97, 99). How WIPI1 

functions in autophagy, melanogenic transcription, and melanogenic regulation could be 

mediated through the recruitment of different phosphoinositides.  

 

1.11 Overview of Phosphoinositides 

 

Phosphoinositides are an important class of phospholipids that mediate several 

cellular functions including membrane trafficking, signal transduction and cellular 

regulation, and nuclear processes (102-108). Within the ER, phosphatidylinositol 

synthase mediates the condensation of cytidine diphosphodiacylglycerol and myo-

inositol generating phosphatidylinositol (PtdIns) (102, 109). Phosphatidylinositol (PIP) is 

composed of hydrophilic inositol head group linked to glycerol and coupled to two fatty 

acyl chains and serves as the primary building block of all phosphoinositides (PIs) (102, 

109). The inositol ring can be reversibly phosphorylated at the 3, 4, and 5 positions 

generating mono-, bis-, and tri-phosphoinositides (102-108).  

As summarized in Figure 1.3, multiple kinases and phosphatases result in the 

interconversion of different phosphoinositides, or the inositol head by phospholipase C 
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can be released to act as a soluble signaling molecule  (102-108). The subcellular 

localization of the individual PIs is highly variable in their distribution (102-108). PIs 

have been found to be localized to plasma membrane, various organelles, vesicles, and 

within the nucleus (102-108). Similarly, individual PIs mediate several functions which 

vary highly depending upon localization and associated effectors (102-108).  

Phosphoinositides play several important roles in membrane dynamics including 

regulation of membrane traffic, cytoskeletal rearrangement, endocytosis and exocytosis 

events, and vesicular fusion (104, 105, 110). Segregation of different phosphoinositides 

ensures proper trafficking of vesicles to different organelles and membranes (104, 105, 

110). Several clatharin adaptor protein complexes, including AP-1 and AP-2, associate 

with phosphoinositides to deliver cargo (104, 105, 110-113). To initiate membrane 

fusion, additional factors including SNARE proteins are recruited by PIs which function 

in the tethering and fusion of vesicles, however the actual fusion process is not well 

understood (104, 105, 110-114). 

  Classically, one major PI regulatory pathway occurs through the hydrolysis by 

PKC to generate diacylglycerol (DAG) and inositol(1,4,5)triphosphate to trigger signaling 

cascades in various pathways (102, 103, 105). Phosphoinositides are also involved in 

the direct regulation of several cellular processes through the recruitment of different 

factors (102-105). PIs mediate and regulate several processes including autophagy and 

lysosome biogenesis and function (80, 97, 102-104, 113, 115-121). The of role PI(3)P in 

autophagy regulation has been well established, however recent studies have 

implicated roles of PI(3,5)P2 and PI(5)P as well (97, 103, 113, 121, 122). Studies would 

suggest that phosphoinositides regulate autophagy at multiple levels from activation of 
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autophagy pathways, to induction, to lysosomal transport and function (97, 103, 113, 

121-126).  

The role of nuclear phosphoinositides remains the most enigmatic. It is unclear 

whether phosphoinositides are transported to the nucleus or synthesized within it. Most 

phosphoinositides are present within the nucleus, specifically within both membranes, 

the nuclear interior, and in association with chromatin, however their nuclear roles are 

poorly defined (102, 127-129). However, several cytoplasmic and nuclear transcription 

factors do contain phosphoinositide binding domains (102, 127-129).  Furthermore, it is 

unclear how the fatty acid tails are constrained, however studies would suggest that 

different mechanisms may be utilized to sequester that tails (102). Within the nucleus, 

studies would suggest that PIs function in chromatin remodeling and transcriptional 

regulation through interactions with various factors (102, 127-129).  

 

1.12 Do WIPI1 and Phosphoinositides coordinate to regulate melanogenesis? 

 

The precise mechanism through which WIPI1 regulates melanogenic trafficking 

and transcription has not been determined (24). The importance of its melanogenic role 

is further highlighted as WIPI1 is highly expressed in melanocytes and melanoma cells 

(70, 96). Furthermore, given that WIPI1 is a phosphoinositide binding protein that binds 

to PI(3)P, PI(3,5)P2, and PI(5)P (70, 71), it is reasonable to postulate that WIPI1 

coordinates melanogenic functions through phosphoinositide binding. Interestingly, two 

of these phosphoinositides, PI(3,5)P2 and PI(5)P, are synthesized by one enzyme, 

PIKfyve (130, 131). Furthermore, the yeast homologs of WIPI1 and PIKfyve, ATG18 
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and FIG4 respectively, form a regulatory complex (94). It is unclear if a functional 

relationship exists in mammals as well.  

 

1.13 Biochemistry of The FAB1 and PIKfyve Complexes 

 

1.13.1  Functional biochemistry of the yeast PI5-kinase: FAB1 

 

FAB1 is a lipid kinase in Saccharomyces cerevisiae (yeast) is the only class III 

PI5 lipid kinase and is responsible for the generation of PI(3,5)P2 by phosphorylating 

PI(3)P at the 5-position (88, 132, 133). For efficient generation of PI(3,5)P2 two 

additional components are required, FIG4 and VAC14 (88, 132-134). FIG4 is a PI5-

phosphatase that mediates the conversion of PI(3,5)P2 to PI(3)P, yet paradoxically is a 

necessary activating component of the FAB1 complex (94, 132). VAC14 forms a 

scaffolding dimer that mediates interactions with FAB1, FIG4, as well as two regulatory 

components, VAC7 and ATG18 (88, 94, 132, 134). FAB1, FIG4, and dimerized VAC14 

form the core PI(3,5)P2 kinase complex, which is evolutionarily conserved in mammals 

(94, 135). In S. cerevisiae, VAC7 and ATG18 respectively function as inhibitors or 

activators of kinase activity through binding to VAC14 (94), however, these interactions 

are not conserved in mammals. VAC7 does not possess a known mammalian 

homologue. Even though ATG18 possess two mammalian homologues, WIPI1 and 

WIPI2, they have not been shown to interact or regulate kinase activity.  

 

1.13.2  Functional biochemistry of the mammalian PI5-kinase: PIKfyve 
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The mammalian PI5-kinase core complex is composed of the kinase PIKfyve, the 

phosphatase SAC3 (encoded by the FIG4 gene), and a scaffolding VAC14/ArPIKfyve 

dimer (135-137). Like yeast, PIKfyve is the only type III PI5 kinase (130). While FAB1 

has only been shown to utilize PI(3)P as a substrate, mammalian studies have 

suggested that PIKfyve can utilize either PI(3)P or phosphatidylinositol (PIP) to produce 

PI(3,5)P2 and PI(5)P respectively (130, 131). PIKfyve is responsible for the generation 

of ~85% of PI(5)P both directly through phosphorylation of PIP and indirectly via 

PI(3,5)P2 hydrolysis (131, 138). PI(5)P can also be produced through dephosphorylation 

of PI(4,5)P2 (130, 138). Other mammalian proteins have been shown to interact with the 

PIKfyve complex (139, 140), however only APP and APLP2 have been suggested to 

modulate kinase activity though direct interaction (141, 142).  

 

1.13.3  Molecular biochemistry of PIKfyve 

 

PIKfyve is a large cytosolic protein consisting of 2,052 – 2098 amino acid 

residues (143, 144). PIKfyve possesses several domains, specifically a phosphoinositol-

binding FYVE domain, a DEP domain, a chaperonin-like domain, and a C-terminal 

kinase domain (143, 145, 146). The FYVE domain specifically binds to PI(3)P with high 

affinity and is essential for PIKfyve localization (145). The DEP domain  is only present 

in PIKfyve from higher eukaryotes (147). While it normally functions in contributing to 

protein stability and targeting, its PIKfyve function has not been elucidated (147). 
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Similarly, the PIKfyve Cpn60_TCP1 chaperonin domain function has not well been 

defined (147).  Deletion of the chaperonin domain did not affect kinase activity (147).  

Three critical amino acid residues have been identified in the catalytic C-terminal 

domain (147). Lysine 1831 is the predicted to mediate ATP-binding given that kinase 

activity is detected upon mutation (147). Adjacent lysines (1999 and 2000) in the kinase 

domain also possess phosphoinositide binding affinity, but to a significantly lesser 

degree than the FYVE domain (145). Only PIP and PI(3)P have been demonstrated to 

function as substrates in kinase driven phosphorylation at the 5-position (115, 131, 

145). PI(3)P is the preferred kinase substrate, however mutagenesis studies have 

demonstrated that mutation of K2000 can shift substrate preference towards PI5P while 

K1999 mutagenesis had the reverse effect (115, 131, 145). Despite greater affinity for 

PI(3)P, PIKfyve inhibition or knockdown resulted in a relatively greater decrease in 

PI(5)P levels in comparison to PI(3,5)P2 (131). As a possible explanation for this 

discrepancy, it has been suggested that different PIKfyve pools are responsible for 

generating PI(5)P verses PI(3,5)P2 (115, 131).  

PIKfyve possesses multiple predicted phosphorylation sites (148), however 

among the four sites characterized (149-151), only phosphorylation of Ser318 was found 

to directly modulate kinase activity (151). In vitro, AMPKα phosphorylates PIKfyve at 

Ser307 to facilitate PIKfyve translocation (150). It has been suggested that P-Ser307 may 

promote GLUT4 translocation, as PIKfyve knockdown reduced insulin dependent 

glucose uptake (150). Insulin and glucose have been shown to increase PI(3,5)P2 (80, 

150) and PI(5)P levels both directly and indirectly (152). Specifically insulin and glucose 
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inhibit the SAC3 phosphatase (153) and stimulate AKT to phosphorylate PIKfyve at 

Ser318 and promote kinase activity (151). 

 

1.13.4  Molecular biochemistry of VAC14 

 

VAC14, also known as ArPIKfyve, does not possess enzymatic activity, but is an 

essential part of the PIKfyve complex (136). VAC14 possesses multiple HEAT repeats 

that mediate interactions with PIKfyve and SAC3 (94, 135, 136). Interaction with VAC14 

is essential for SAC3 and PIKfyve to elicit enzymatic activity (94, 135, 154). The VAC14 

C-terminal domain mediates dimerization, as monomeric VAC14 is unable to bind 

PIKfyve and SAC3 resulting in significant loss of enzymatic activity (134, 135). VAC14 is 

essential for SAC3 protein stability (155). In VAC14 null mice, VAC14 and SAC3 are 

lost, but transcriptional levels of SAC3 are not affected (155). In contrast, loss of 

PIKfyve does not affect protein levels or complex formation between SAC3 and VAC14 

(138). While a few proteins have been reported to bind directly to PIKfyve (139-142), 

VAC14 has been suggested to have a very large interactome (156).  However, very few 

of these interactions have been verified (156) and it is unknown if and how these 

mediate kinase activity or what complexes form with VAC14.  

 

1.13.5  Molecular biochemistry of SAC3 

 

SAC3 is encoded by the FIG4 gene (136). SAC3 is stabilized by binding to 

VAC14 (155) through which it functions as an activator of PIKfyve (136). SAC3 belong 
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to the SAC phosphatase family along with SAC1 and SAC2 (125, 137). While there is 

conservation in the phosphatase active site between all three members, the VAC14 

binding site is not conserved (125, 137). Furthermore, SAC1 and SAC2 utilize different 

phosphoinositol substrates than SAC3 (125, 157-161). SAC3 is the only known 5-

phosphotase to utilize PI(3,5)P2 as a substrate in the generation of PI(3)P (125, 136). 

Interestingly, SAC3 only exhibits phosphatase activity in complex with both VAC14 and 

PIKfyve (136). Impaired binding of SAC3 to VAC14 impairs PIKfyve enzymatic function 

(155, 158). Expression of wild-type or phosphatase-deficient SAC3 or in a FIG4 null 

background resulted in significant rescue of vacuolization in vitro, suggesting that 

phosphatase activity is not necessary for PIKfyve to exhibit kinase activity (158). 

Depletion of SAC3, or abolishment of phosphatase activity, stimulates glucose uptake 

thus promoting the activation of PIKfyve (151, 153). Similarly, insulin decreases SAC3 

phosphatase activity (153). Interestingly, expression of phosphatase-deficient SAC3 in a 

FIG4-/- background only resulted in partial-rescue in vivo, thus suggesting that SAC3 

possesses both catalytic and non-catalytic functions, the latter of which are poorly 

understood (158). While SAC3 is necessary for PIKfyve function (155), it is not fully 

understood how the PIKfyve complex functions both as a phosphatase and kinase as 

studies would suggest multiple factors modulate the balance between the two activities.   

 

1.14  PIKfyve Function and Disorder 

 

1.14.1  PIKfyve function and pathology 
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PIKfyve is a ubiquitously expressed kinase found to varying degrees in all tissues 

(137, 146, 162). Most of the protein is cytosolic or associated with internal structures, 

while a small fraction is membrane associated (146). Intracellular localization is 

determined by the FYVE domain, primarily resulting in localization to early endosomes 

and MVBs (143-145). PIKfyve, through the production of phosphoinositides, has been 

implicated to function in autophagy (97, 122, 123), endosome maturation (163), 

lysosome function and biogenesis (124, 164-168), cytokine production (169), and 

vesicular trafficking (167, 170).  

At the cellular level, PIKfyve inhibition or disruption of any complex components 

results in abnormal vesicular trafficking and severe vacuolization (123, 136, 138, 167). 

As a result, vacuolization, disruption of autophagy, and lysosomal inhibition ultimately 

lead to cell death (123, 124, 136, 163). Organismal disruption of PIKfyve or complex 

members results in dysfunction of multiple organ systems (138, 171), most prominently 

affecting the nervous system (94, 122, 123, 138, 155, 158, 171-173). Mutation or loss of 

any complex member results in severe neurodegeneration and juvenile lethality (94, 

138, 155). Loss of PIKfyve itself is non-viable and results in pre-implantation lethality 

(138). PIKfyve has also been implicated in playing an essential role in several other 

tissues to different degrees (124, 163, 171, 174). PIKfyve is essential for cellular 

function and viability as homozygous loss of any complex member is lethal, however the 

presence of one functional allele does not impair development (175). Only four human 

diseases have been linked to mutations in the PIKfyve complex (176). Among the 

complex members, only VAC14 has not been linked to any human disease.   
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1.14.2  Human diseases and the PIKfyve complex  

 

Several single nucleotide polymorphisms in the PIKFYVE gene have been 

identified as the causative agent of fleck corneal dystrophy (FCD), resulting in primarily 

frameshift mutations that result in premature truncation (176-178). FCD is relatively mild 

disease characterized by the accumulation of lipid and polysaccharide containing 

vesicles around eye keratocyte nuclei resulting in the appearance of “white flecks” 

which eventually clear up (176-178). The molecular pathogenesis of the disease has not 

been well characterized. Despite being autosomal dominant it is unclear why pathology 

is limited to the cornea (176-178).  

Mutations in the FIG4 gene are associated with Charcot-Marie-Tooth peripheral 

neuropathy type 4J (CMT4J) (155, 171), Yunis-Varón syndrome (179, 180) and 

seizures and psychiatric features (181). Additionally, polymorphisms in FIG4 have also 

been found in 2% of patients with amyotrophic and primary lateral sclerosis and may 

serve as a risk factor, however a clear linkage has not been established (172). 

  CMT4J is a rare autosomal recessive disorder neurological disorder that with 

childhood or adult onset (155, 171), however the triggers for age of onset are unclear. 

As a result of extensive demyelination and neurodegeneration, there is a progressive 

loss of motility and eventually death ensues (155, 171). The disease itself is caused by 

compound heterozygosity at the FIG4 locus, specifically a missense mutation I41T, 

combined with null mutation in the other allele resulting in partial loss of function (155, 

171). As a result, SAC3 exhibits defective interaction with VAC14, leading to 

destabilization of the protein, thus resulting in extensive vacuolization and eventually 
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cell death (155). Biallelic null mutations, both heterozygous and non-heterozygous, in 

FIG4 are associated with Yunis-Varón syndrome (179, 180). A more severe phenotype 

that is reminiscent of SAC3 null mice is observed and early juvenile lethality results 

(155, 179, 180). A novel, autosomal recessive missense mutation in SAC3, D783V, 

causes polymicrogyria and cortical malformation, resulting in epileptic seizures and 

behavioral abnormalities (181). Only minimal characterization of the D783V has been 

conducted but studies would suggest only partial loss of function (181). 

 

1.15  PtdIns(3,5)P2 

 

1.15.1  Molecular Biochemistry of PtdIns(3,5)P2 

 

PI(3,5)P2 is among the least abundant phosphoinositides, accounting for about 

0.025%~0.1% of total phosphoinositides (131, 138, 182). PIKfyve is solely responsible 

generating all cellular PI(3,5)P2 through the phosphorylation of PI(3)P (138). Complete 

ex vivo depletion of PIKfyve from mouse fibroblasts resulted in undetectable levels of 

PI(3,5)P2. PI(3,5)P2 is required for survival both in vitro and in vivo (131, 138, 182). Loss 

of PI(3,5)P2 results in severe vacuolization in vitro and in vivo and prominently leads to 

severe neurodegeneration in vivo (131, 138, 182). Determining the exact functional role 

of PI(3,5)P2 has presented two major caveats. First, as PIKfyve is responsible for the 

synthesis of both PI(3,5)P2 and PI(5)P, it can be difficult to distinguish their individual 

roles and effectors. Secondly, many PI binding proteins have affinity for more than one 

phosphoinositide. Nevertheless, studies have shown that PI(3,5)P2 can function in 
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several cellular processes acting as both an effector molecule and in regulation of 

membrane trafficking and protein sorting (182). Alternatively, PI(3,5)P2  can be 

hydrolyzed to PI(3)P or PI(5)P via MTMR phosphatases (131, 138).  

The transcriptional role of PI(3,5)P2 is poorly understood as PIKfyve is not known 

to localize to localize to the nucleus, as a result the nucleus is devoid of the 

phospholipid (102). Nuclear PI(5) is produced in a PIKfyve-independent manner (102). 

PI(3,5)P2 is not known to have a transcriptional role in mammals, however it has been 

shown to regulate transcription in yeast through interactions with TUP1 and CTI6, thus 

resulting in their activation and nuclear localization (183). TUP1 does possess a 

mammalian homologue, HIRA, however its function in relation to PI(3,5)P2 has not been 

determined.  

 

1.15.2  Cytoplasmic PtdIns(3,5)P2 Functions and Effectors  

 

Cellularly, PI(3,5)P2 is primarily localized to endosomal and lysosomal 

compartments as well as MVBs, functioning in both trafficking and functional regulation 

of the organelles (102, 123, 184). Studies would suggest that trafficking and regulation 

of endolysosomal pathways is mediated by a number of known and potential PI(3,5)P2 

effectors (156, 164-166, 182, 184-188). The role of PI(3,5)P2 in membrane trafficking 

has been best characterized in yeast where it plays an essential role in protein sorting in 

MVBs and retrograde trafficking from endosomes to the TGN (170, 182, 189). In 

mammals, PI(3,5)P2 functions to regulate MVB trafficking through binding to the 

ESCRT-III component, VPS24 (182, 188). Loss of PI(3,5)P2 or the VPS24 lipid-binding 
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domain results in the accumulation of large intracellular vacuoles (131, 188). While a 

definite effector of retrograde trafficking has not been identified, SNX1 and SNX2 are 

both PI(3)P and PI(3,5)P2 binding proteins that function in retrograde trafficking (170, 

185).  The exact role of PI(3,5)P2 in their regulation of these proteins is unclear. 

PI(3,5)P2 has been shown to regulate vacuole acidification in yeast and plants (182, 

190) suggesting that it may play a similar role in mammalian cells, however studies 

have yielded mixed results (124, 163). While studies would suggest that PI(3,5)P2 is 

essential for lysosomal trafficking, its role in lysosomal acidification remains unclear as 

studies have shown contradictory results (124, 163, 191). Furthermore, It has however 

been suggested that the PI(3,5)P2 regulated ion channels could function in regulating 

lysosomal pH (192, 193). 

While no PIKfyve regulated proton channels have yet been identified, PI(3,5)P2 

has been found to regulate two groups of endolysosomal cation channels – specifically 

two-pore channels (TPC1 and TPC2) (194) and transient receptor potential cation 

channel, mucolipin subfamily channels (TRPML1, TRPML2, and TRPML3) (165). Both 

TPC and TRPML channels were found to be specifically activated by PI(3,5)P2 with 

EC50’s in the nanomolar range (165, 194).   

TPC1 and TPC2 are Na+-selective ion channels that upon stimulation by 

PI(3,5)P2 trigger membrane depolarization of endolysosomes by releasing sodium ions 

into the cytosol (194, 195). However, recent studies have suggested that TPC2 may 

function as a Ca2+ channel (196). Furthermore, studies would suggest that TPC 

channels regulate vacuolar size as overexpression resulted in enlarged endolysosomes, 

possible due to dysregulation in endolysosomal fusion/fission events (126, 164, 194). 
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Furthermore, TPCs have been found to co-immunoprecipitate several RAB-GTPases 

(164). Similarly, inhibition of RAB nucleotide binding resulted in decreased TPC channel 

activity (164). TPC2 function was directly implicated in pigment production as 

overexpression of TPC2 or inhibition of RAB-GTPase activity resulted in decreased 

pigmentation (164, 195, 196). Interestingly, recent studies have found suggested that 

TPC2 functions as a PI(3,5)P2 regulated melanosomal cation channel (195, 196). TPC2 

was found to  regulate both melanosomal pH and size (195, 196). Overexpression of 

TPC2 or the addition of exogenous PI(3,5)P2 decreased melanosomal pH thus resulting 

in decreased pigmentation (164, 195, 196). Recent studies have also implicated TPCs 

in membrane and endolysosomal trafficking (196, 197), however it is unclear whether 

TPCs also function in melanosome trafficking.  

TRPMLs form a subfamily within the transient receptor channel (TRP) 

superfamily of cation channels (198) distinguished by several N-terminal conserved 

basic amino acid residues that mediate PI(3,5)P2 binding (165).  The TRPMLs possess 

75% amino acid similarity and function as endolysosomal Ca2+-channels (192, 193). 

TRPMLs primarily function in endolysosomal trafficking, however studies have 

suggested additional roles including signal transduction, autophagy, and in lysosomal 

function and pH homeostasis (192, 193). Interestingly, overexpression or loss TRPMLs 

results in impaired autophagy (192). TRPML1 is the best characterized among the 

TRPML members and is the only member that is ubiquitously expressed (192, 193). 

Mutations in TRPML1 are associated with the neurodegenerative, mucolipidosis type IV 

(165, 166, 192, 193). In vitro, loss or mutation of TRPML1 is phenotypically similar to 

loss of PI(3,5)P2 resulting in enlarged endolysosomes, trafficking defects, and impaired 
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lysosomal function (165, 166, 192, 193). TPRML2 and TRPML3 are expressed in tissue 

specific manners and are not associated with any human disease (192, 193). TRPML2 

and TRPML3 are less characterized and while all three members retain the same core 

functions, there are some differences in subcellular localization and function (192, 193).  

Studies have implicated mTORC1 as a regulator of melanogenesis and 

autophagy, however recent studies could suggest that PI(3,5)P2 is required for its 

activation (24, 77, 78, 80). Raptor, a component specific to the mTORC1 complex, 

binds to PI(3,5)P2 to mediate both mTORC1 activation and localization suggesting it 

could be a key effector (80). It has been suggested that distinct pools of PI(3,5)P2 

localize mTORC1 to late endosomal and lysosomal structures to mediate the release of 

amino acid under starvation conditions (80, 186) and may function in the regulation of 

lysosomal pH as well (199). Furthermore, PI(3,5)P2 activation of mTORC1 results in 

downregulation of autophagy (80, 186). It has been proposed that pathway may 

mediate function conjunction with PIKfyve suppressors to mediate autophagy (186). 

Homeostatic balance between PI(3,5)P2 and PI(5)P may function in autophagy 

regulation as studies have shown opposing effects on autophagy function (80, 84, 97, 

186). 

 

1.15.3  Myotubularin-related proteins convert P(3,5)P2 to PI(5)P in vitro  

 

Two sets of phosphatases hydrolyze PI(3,5)P2, SAC3 which generates PI(3)P 

and the myotubularin-related protein (MTMR) phosphatase family which generates 

PI(5)P (125, 130, 200-202). SAC3 is the only phosphatase known to use PI(3,5)P2 as a 
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substrate in the generation of PI(3)P (125, 136). In contrast, several members of the 

MTMR family have been proposed to possess 3-phosphatase activity, utilizing PI(3)P 

and/or PI(3,5)P2 as substrates (125, 130, 200-202).  MTM1, MTMR1-4, MTMR6-8, and 

MTMR14 possess sequence homology containing an active CX5R 3-phosphatase motif 

and are predicted to dephosphorylate of PI(3,5)P2 to PI(5)P (125, 203, 204).  Among 

these, most have been shown to modulate mammalian PI(3,5)P2 levels in vitro (97, 200, 

203-207). Mammalian PIKfyve studies and reviews by the Shisheva and Weisman 

groups have opposing viewpoints on the contributions of MTMRs to the PI(5)P pool 

(125, 131, 182, 208), thus the exact in vivo contributions of mammalian MTMRs in the 

production of PI(5)P remains unclear.  

MTMRs have been shown to regulate a wide variety of cellular processes and 

some are expressed in a tissue specific manner (207, 209). Mutations and 

polymorphisms in various MTMRs are associated with or severe as risk factors for 

several diseases (209, 210) however the molecular pathogenesis is poorly understood. 

Interestingly, mutation or loss of MTMR2 or MTMR13 are associated with CMT 

neuropathies type 4B1 and 4B2 respectively (CMT4B1/2) (211-213). Even though 

MTMR13 is catalytically inactive, it serves as a regulatory binding partner to MTMR2 

(212, 214). Loss of MTMR2 or MTMR13 alone does not result in vacuolization, however 

combined loss results neural demyelination which is further exacerbated in combination 

with SAC3 loss (211, 213).  MTMR2 dephosphorylates PI(3)P and PI(3,5)P2 (214) and 

is involved in pathways regulating myelin production (215), AKT signaling (214), and 

late endosomal trafficking (216). Taken together with the seemingly redundant 

phosphatase activity shared with other MTMRs it is difficult to understand the molecular 
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pathology of CMT4B and to ascertain the involvement of the individual 

phosphoinositides.   

 

1.16  PtdIns5P 

 

1.16.1 Molecular Biochemistry of PtdIns(5)P 

 

PI(5)P is about ten-times more abundant than PI(3,5)P2 in mammalian cells 

comprising about 0.25% of total phosphoinositides (131). PIKfyve is responsible for the 

production of most cellular PI(5)P either through direct phosphorylation of PIP or 

indirectly by dephosphorylation of PI(3,5)P2 by MTMRs (115, 131, 138). Studies by 

Shisheva’s group have demonstrated that PIKfyve utilizes  both PIP and PI(3)P as 

substrates in the production of PI(5)P and PI(3,5)P2 respectively (115, 131, 217). While 

studies have shown that MTM and MTMRs do possess PI(3,5)P2 phosphatase activity 

(9, 31, 79-81) there is limited evidence  to support that this is the major PI(5)P synthetic 

pathway in mammalian cells (115, 131). Nevertheless, the dephosphorylation pathway 

may be more prevalent in a subcellular or tissue specific manner. Regardless, PIKfyve 

is responsible for the generation of majority of cellular PI(5)P (115, 131, 138).  Loss, 

knockdown, or inhibition of PIKfyve results in decreased levels of both PI(3,5)P2 and 

PI(5)P (138). Similarly, mutation of PIKfyve’s ATP-binding or catalytic residues results in 

decreased levels of both  (217). 

Alternatively, PI(5)P is produced by dephosphorylation of PI(4,5)P2 by type I and 

type II PI(4,5)P2 4-phosphatases (218). The extent to which these phosphatases 
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contribute to PI(5)P production is unknown and varies by cell type (115). Type I 

phosphatases are the sole contributors in generation of the nuclear PI(5)P pool (102, 

115).  A minor proportion of PI(5)P is produced in a PIKfyve-independent manner by 

type I and type II PI(4,5)P2 4-phosphatases (218). Both phosphatases are ubiquitously 

expressed but expression levels do vary by tissue (218). Both localize to late 

endosomes and lysosomes (115, 218) and it has been suggested that this may be of 

more significance in cell types expressing low levels of PIKfyve (115). Furthermore, type 

I phosphatases can translocate to the nucleus in response to DNA damage is believed 

to be solely responsible for generation of nuclear PI(5)P, resulting in an increased 

PI(5)P levels (102, 115).  PI(5)P is suggested to function in the regulation of multiple 

cellular functions, both nuclearly and cytosolically (115). While it has been suggested 

that phospholipase C-δ1 may function in hydrolysis of PI(5)P to PIP, this mechanism 

has not been well elucidated (115). The majority of PI(5)P is removed by 

phosphorylation to PI(4,5)P2 by PIP4 kinases.  

 

1.16.2 Nuclear PtdIns(5)P and Factors 

 

Nuclear PI(5)P is found throughout the nucleus and within chromatin-enriched 

fractions (102). Nuclear PI(5)P is able to bind to factors involved in stress response, cell 

proliferation, cell differentiation through interactions with PHD-finger domain containing 

factors, affecting chromatin association as a result (102, 115, 127-129).  Within the 

nucleus, PI(5)P levels are relatively low and controlled by type I phosphatases and the 

beta isoform of the PIP4 kinase (PIP4Kβ) (102, 128). UV radiation and oxidative stress 
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increase nuclear PI(5)P levels by translocating type I phosphatases to the nucleus and 

decreasing PIP4Kβ activity (102, 115, 128). ING2, and several other PHD-finger 

containing nuclear factors were found to interact with PI(5)P and mediate association 

with chromatin, however only three of these factors (ING3, TAF3, and DIDO1) 

interacted with modified histone tails (129). PI(5)P binds to the nuclear transcription 

factor, ING2, to mediate its translocation and drive expression of ING2-regulated DNA 

damage response genes (127, 128). Even though PHD-containing proteins have the 

highest affinity for PI(5)P, other phosphoinositides [primarily PI(3)P and PI(4,5)P2] are 

also able to bind and activate these factors (129). The consequences of these 

interactions are not fully understood and only ING3 and TAF3 interactions have been 

characterized in detail thus far (127, 129).  

 

1.16.3  Cytoplasmic PtdIns(5)P and factors 

 

Studies suggest that PI(5)P is involved both nuclear and cytoplasmic cellular 

processes. PI(5)P is able to coordinate several cellular stress responses both directly 

through nuclear synthesis and indirectly through modulation of signaling pathways 

mediated by AKT activation (115). Cytoplasmically, PI(5)P is localized the ER and 

Golgi, and early endosomes (115, 118) where it has been implicated to function in 

glucose uptake, actin remodeling, membrane trafficking, autophagy, and AKT signaling 

pathways (97, 115). How PI(5)P modulates many of these processes remains unclear 

as very few cytoplasmic PI(5)P effectors have been identified (97, 119). 
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Salmonella and Shigella both produce virulence factors that function as PI(4,5)P2 

phosphatases to increase PI(5)P levels resulting in the recruitment of TOM1 to early 

endosomes. Even though TOM1, as well as TOM1L1 and TOM1L2, all preferentially 

bind PI(5)P (119), the functions of the latter two with respect to lipid binding have not be 

elucidated.  Recruitment of TOM1 by PI(5)P ultimately results in lysosomal inhibition 

thus leading to AKT activation (115, 117-119). This would suggest that PI(5)P may act 

in an opposing manner to PI(3,5)P2 in the regulation of lysosomal function. Similarly, 

PI(5)P and PI(3,5)P2 may play opposing roles in autophagy.  

Insulin and glucose have been shown to increase PI(5)P levels, promoting 

GLUT4 translocation and breaking down actin-stress fibers ultimately resulting 

increased glucose uptake (115, 152, 219). Complimentary to these findings, glucose-

starvation was also found to upregulate autophagy and promote autophagosome 

biogenesis through WIPI2-PI(5)P interactions in a PI(3)P-independent manner (97). 

This is further exemplified as WIPI1 knockdown or deletion resulted in upregulation of 

autophagy (97, 220). Upon further investigation, the authors concluded the PI(5)P is 

essential for inducing autophagy under glucose withdrawal (97). Mechanistically, it is 

likely that PI(5)P dependent phosphorylation of AKT functions in a feedback loop to 

promote PIKfyve kinase activity  (117, 151). As, PI(3,5)P2 activation of mTORC1 results 

in downregulation of autophagy (80, 186), there are likely additional factors that can tip 

the balance towards PI(5)P production.  

Given that PIKfyve synthesizes both PI(3,5)P2 and PI(5)P, further complicated 

the promiscuity with many PI-binding proteins, it is often difficult to discern the roles of 

the individual phosphoinositides in pathogenesis. Among the identified PI(5)P effectors, 
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none thus far have been clearly implicated in disease pathology. Thus PI(5)P remains 

the most enigmatic phosphoinositide.  

 

1.16.3.1 PtdIns5P 4-kinases phosphorylate PI(5)P to PI(4,5)P2 

 

PtdIns5P 4-kinases (PI5P4Ks) are responsible for the removal of PI(5)P by 

phosphorylating it at the 5-position to PI(4,5)P2 (97, 220-224). Three PI5P4K isoforms 

(α, β, and γ) have been identified, differing in both enzymatic activity and localization 

(97, 220-224). PI5P4Kα is the most active isoform and is primarily localized 

cytoplasmically (220, 222). PI5P4Kα can dimerize with PI5P4Kβ to translocate to the 

nucleus (220, 222). Interestingly, PI5P4Kβ exhibits great nuclear activity (220, 222). 

PI5P4Kα and PI5P4Kβ have been found to function in insulin signaling, autophagy, 

stress responses, gene regulations, and cancer (220, 223).   

PI5P4Kγ is the least understood among the PI5P4K isoforms, exhibiting the 

lowest kinase activity among the three (222, 225). PI5P4Kγ phosphorylation by 

mTORC1 or heterodimerization with PI5P4Kα alters its cellular localization (222, 224), 

prominently associating with autophagosomes (97). Interestingly, PI5P4Kγ reciprocally 

regulates mTORC1 activity (220, 221).  PI5P4Kγ deletion results in hyperactivation of 

mTORC1, several downstream pathways including autophagy regulation are not 

affected (220, 221). This stands in complement to the findings that that PI5P4Ks were 

found to negatively affect autophagy as a result of PI(5)P depletion (97). In vivo, 

germline loss of PI5P4Kα or PI5P4Kβ did not result in decreased viability or disease 

phenotypes and only the double knockout resulted in perinatal fatality (221), suggesting 
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functional compensation between the isoforms. However, loss of PI5P4Kγ resulted in 

immune hyperactivity and autoimmunity, though it is unclear if and how autophagy is 

affected (221).  

 

1.17 The role of PIKfyve and Phosphoinositides in Melanogenesis  

 

While multiple studies have focused on the function and pathogenesis of PIKfyve 

and its effectors, the role of PIKfyve in melanogenesis has not been well elucidated. 

Studies have noted pigment phenotypes associated with VAC14 and SAC3 mutation, 

however these have not been characterized in detail (94, 155, 171). Specifically, VAC14 

ingls and FIG4 pale tremor mice both exhibited significantly depigmented coats in 

addition to the severe neurodegenerative phenotype (94, 171). Furthermore, a partial 

loss of function SAC3 mouse mutant exhibited both increased longevity and 

intermediate restoration of coat color (155, 158)  

Similarly, mutations in two PI(3,5)P2 effectors have been associated with pigment 

abnormalities in vivo, however PI(3,5)P2 has not been directly implicated in one case 

(164, 195, 196, 226, 227). TPC2 was found to be activated by PI(3,5)P2 and negatively 

regulate pigmentation in vitro in an expression dependent context (164, 195, 196). 

Furthermore, single-nucleotide polymorphisms in TPC2 have also been identified in 

humans that are correlated with skin, eye, and hair pigment variation (227). Even 

though TPC2 has also been implicated in endolysosomal trafficking (196, 197), its 

melanosomal contributions are unclear. Finally, mice mutant for TRPML3 exhibit 
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hypopigmentary phenotypes (226). TRPML1 and TRPML2 have not been characterized 

for their effect on melanogenesis. 

Published studies revealed that mutations to VAC14 and SAC3 exhibit aberrant 

pigmentation (94, 155, 171), however these phenotypes have been poorly characterized 

and no studies have directly implicated the PIKfyve kinase itself in pigment regulation. 

Furthermore, studies have also identified abnormal pigmentation associated with the 

PI(3,5)P2 effectors TPC2 and TRPML3 (164, 195, 196, 226, 227), further implicating a 

role of PIKfyve in melanogenesis. While many studies have focused on the regulatory 

functions of PI(3,5)P2 and PI(5)P, these studies have failed to elucidate how these 

phosphoinositides function in cellular trafficking. Similarly, WIPI1 was implicated to 

function in both melanosome regulation and trafficking (24) and binds to both PIKfyve 

synthesized phosphoinositides. The implications of such have not yet been elucidated. 

Taken together, these studies strongly suggest that PIKfyve and its phosphoinositide 

products play a significant role in melanogenesis.  Thus investigating and elucidating 

the role of PIKfyve and its phosphoinositol products is the focus of my thesis project. 
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Figure 1.1: Graphical Summary of Melanogenesis. Melanogenesis is an intricate 

process that is subject to complex regulation. UV radiation stimulates keratinocytes to 

produce αMSH and other factors. αMSH activates a signaling kinase cascade leading to 

the transcription of MITF-M. Stem Cell Factor activates MITF-M to drive transcription of 

several melanosomal factors. These factors are processed and several are packaged 

into AP-clatharin coated vesicles and trafficked to the developing melanosome. MART-

1, PMEL, and OA1 are trafficked to developing endosomes / stage I melanosomes. 

Acidification of stage I melanosomes induces proteolytic cleavage of PMEL. The PMEL 

fragments are polymerized into extend striations resulting in an elongated morphology 

associated with stage II melanosomes. TYR and other factors are delivered to stage II 

melanosomes. Deacidification and the initiation of melanin synthesis defines the third 

stage in melanosome development. Upon complete melanization, the mature, stage IV, 

melanosomes are transferred to keratinocytes where they surround the nucleus to 

protect from UV-induced DNA damage.  
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Figure 1.2: Autophagy factors are involved in melanosome biogenesis.  A) 

Autophagy factors catalyze LC3 lipidation. LC3-II then coats the outer membranes of 

both autophagosomes and melanosomes. B) The autophagy factor, WIPI1, modulates 

mTORC1 activity leading to stabilization of β-Catenin and increased MITF-M 

transcription. MITF-M can then bind to consensus sequences associated with 

melanosomal factors and drive their transcription.  

 

Data excerpted from: 

 

“The pleiotropic roles of autophagy regulators in melanogenesis” 

Hsiang Ho, Anand K. Ganesan. 

Pigment Cell & Melanoma Research 

DOI: 10.1111/j.1755-148X.2011.00889.x 

Published August 10, 2011 

 

 

 

 

 

 

 

 

 

 



79 

 

Figure 1.2 
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Figure 1.3: Phosphoinositide Biosynthetic Pathway. 

Bold texted enzymes are actively discussed. Highlighted in red are phosphatases and 

associated pathways. Kinases and associated pathways are highlighted in green. 

Pathways that mediate the synthesis or breakdown of phosphoinositides are highlighted 

in green. PIKfyve mediates the conversion of PIP to PI(5)P as well as the conversion of 

PI(3)P to PI(3,5)P2. PI(3,5)P2 can be dephosphorylated by the MTM/MTMR 

phosphatase family to produce PI(5)P. Dephosphorylation of PI(4,5)P2 can contribute to 

the PI(5)P pool as well.  PI(5)P can be phosphorylated to PI(4,5)P2 which then feeds 

into second PI-biosynthetic pathway. 
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2.1  Abstract 

 

PIKfyve, VAC14, and SAC3 form a complex that catalyzes the production of PI(3,5)P2 

which can be converted to PI(5)P.   While disruption of this complex leads to defects in 

vesicle trafficking and organelle biogenesis, the precise roles of PI(3,5)P2 and PI(5)P in 

these processes is unknown.  In this study, we used melanogenesis as a model system 

to dissect the contributions of individual phosphoinositides to organelle biogenesis. 

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

that PIKfyve deletion modulates melanogenesis in vivo.  PIKfyve inhibition blocked 

melanosome and lysosome maturation inducing cell death in vitro, phenotypes which 

could be rescued by the addition of PI(3,5)P2. Partial depletion of PIKfyve in 

melanocytes downregulated the expression of tyrosinase and MITF, while addition of 

PI(5)P induced tyrosinase expression. Taken together, these studies define distinct 

roles for PI(5)P and PI(3,5)P2 in regulating transcription and vesicle trafficking, 

respectively. 
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2.2  Author Summary 

 

Transcription and vesicle trafficking must be coordinated in both time and space to 

precisely deliver proteins to the correct cellular organelle.  In this study, we used 

melanosome biogenesis as a model system to identify signaling pathways that 

coordinate vesicle trafficking with transcriptional events.  We identify PI(5)P and 

PI(3,5)P2 as critical regulators of transcription and vesicle trafficking, defining a PIKfyve 

complex that can coordinately regulate organelle biogenesis.   
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2.3  Introduction 

 

Melanin, a pigment produced within uveal and epidermal melanocytes (1), 

absorbs UV radiation, protecting the eyes and skin from UV-induced DNA damage (2).  

As melanin synthesis generates a significant amount of reactive oxygen species (ROS) 

(3, 4), eukaryotic cells have evolved precise mechanisms to sequester melanin 

precursors and ROS within the melanosome.  The melanosome is a lysosome-related 

organelle that develops through four distinct stages that are readily distinguishable by 

electron microscopy (5-7).  Several human monoallelic disorders that present with 

hypopigmentation also have deficits in the biogenesis of lysosomes and lysosome-

related organelles (8), highlighting the utility of melanosome biogenesis as a model 

system to define pathways that regulate organelle biogenesis (9, 10).  

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) (5, 11, 12). Cleavage and polymerization of PMEL 

marks the transition to stage II melanosomes (12) where PMEL fibrils serve as scaffold 

for melanin polymerization and deposition (7). Tyrosinase (TYR), and tyrosinase-related 

proteins 1 and 2 (TYRP1 & TYRP2) are three key enzymes involved in producing 

melanin (7). These proteins are glycosylated within the Golgi and packaged into adaptor 

protein-3 (AP-3) or -1 (AP-1) clatharin coated transport vesicles, which are transported 

to and fuse with stage II melanosomes (13). The initiation of tyrosinase enzymatic 

activity allows for the production of melanin, which is then deposited onto PMEL fibrils in 
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stage III melanosomes (7, 14). Mature, stage IV melanosomes are highly pigmented 

vesicles, which are opaque structures on electron microscopy filled with electron dense 

melanin (7, 15). Finally, mature melanosomes are transferred to neighboring 

keratinocytes (14, 16) through a process that is poorly understood. 

A number of studies have focused on determining how proteins are precisely 

delivered to the melanosome.  Consensus sequences on TYR and TYRP1 are 

recognized by conserved sites on AP complexes (6, 13, 17), which then assist in sorting 

and packaging TYR and TYRP1 into AP-1 and AP-3 clathrin coated vesicles for delivery 

to stage II melanosomes (6, 13).  While these motifs are required for trafficking they do 

not delineate specificity- when expressed in non-melanocytes these motifs target TYR 

and TYRP1 to late endosomes or lysosomes (18, 19). AP complexes work in 

conjunction with Rab32, Rab38, and biogenesis of lysosome-related organelles 

complex (BLOC) -1, -2, and -3 complexes to mediate vesicle trafficking of TYR, TYRP1, 

and TYRP2 from early endosomes to maturing stage II melanosomes (6, 20-23).  These 

trafficking pathways are not specific to the melanosome as they are involved in both 

lysosome and lysosome-related organelle trafficking (20).  While both the BLOC 

trafficking machinery and AP complexes are critical to deliver proteins to the 

melanosome, it is clear that other factors must also be involved to direct AP-coated 

vesicles to the right location.  

In an effort to identify proteins that convey specificity for melanosome delivery, 

our lab conducted a genome wide RNAi screen, which identified 94 novel positive 

regulators of melanogenesis including several autophagy genes (24). Other studies 

have identified several autophagy proteins, which impact melanogenesis via a pathway 
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that is distinct from canonical autophagy (25-28). WIPI1 and WIPI2, human homologues 

to the yeast protein ATG18 (29, 30), were among the autophagy proteins identified in 

the screen as novel regulators of melanogenesis (24).  WIPI1 and WIPI2 possess a 

phosphoinositide (PI) binding domain that allow them to bind to PI(3)P, PI(3,5)P2, and 

PI(5)P (31, 32). Phosphoinositides have been implicated in controlling the fusion of 

transport vesicles with its desired target membrane (33, 34). Knockdown of WIPI1 was 

found to effect the transcription of melanosomal proteins and disrupt vesicular 

trafficking, leading to accumulation of “vacuole-like” aberrant vesicles in melanocytes 

(24, 25). Interestingly, knockout of the WIPI1/2 yeast homologue ATG18 also results in 

vacuolization (35) similar to that observed with WIPI1 (24, 25).  ATG18 (the yeast WIPI 

homologue) can form a regulatory complex with a yeast PI5K kinase that generates 

PI(3,5)P2 (36).  A similar complex between PIKfyve (the only mammalian PI5K kinase) 

and WIPI1/2 has not been identified.  In mammalian cells, PIKfyve forms a complex with 

SAC3 and VAC14 (36, 37) and converts PI(3)P to PI(3,5)P2 (38) and PIP to PI(5)P (39, 

40). Intriguingly, SAC3 (41, 42) and VAC14 (36) mutant mice exhibit vesicle trafficking 

defects in both the central nervous system (CNS) and have noted coat color defects, 

implicating a role for the PIKfyve protein complex in both vesicle trafficking and 

organelle biogenesis.  

While published studies have revealed that PIKfyve complex mutants have 

macroscopic coat color defects (36, 41, 42), it is currently unclear how the PIKfyve 

complex regulates melanogenesis at the molecular level or which phosphoinositides are 

involved in this process. In this study, we examined the role of PIKfyve and the PIKfyve 

complex in regulating melanogenesis. We determined that complete inhibition of 
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PIKfyve blocks melanosome formation while partial suppression of PIKfyve activity 

blocks the accumulation of melanosome proteins via a mechanism involving the 

phosphoinositide PI(5)P. Taken together, these studies define a novel role for  

phosphoinositides in coordinating transcription and vesicle trafficking events required for 

organelle biogenesis.  
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2.4  Results 

 

Loss of PIKfyve leads to pigment loss in vivo 

 

PIKfyve forms a complex with VAC14 and SAC3 (36, 37) which then 

phosphorylates PI(3)P to PI(3,5)P2 (38) and  PIP to PI(5)P (39, 40). An intact ternary 

complex consisting of PIKfyve, VAC14 and SAC3 is required for PIKfyve enzymatic 

activity (37).  Published studies have shown that the PIKfyve complex is necessary for 

cell function and survival in different cell types (38, 43, 44), however its role in 

melanocytes has not been well characterized. PIKfyve knockout mice die during 

embryonic development (38), making it difficult to assess the effects of PIKfyve on 

melanogenesis. However, VAC14 and SAC3 mutants not only are characterized by 

early lethality and accumulation of vacuoles in the CNS but also by coat color defects 

(36, 41, 42).  To better elucidate the role of the PIKfyve complex in melanogenesis, we 

generated melanocyte-specific inducible PIKfyve knockout mice by crossing an 

established PIKFYVEFlox/Flox strain (43) with an established melanocyte-specific, 

inducible Cre strain under a tyrosinase promoter (45), both generated on a pure C57/B6 

background. The resulting TyrCreERT2 PIKFYVEFlox/Flox mice were administered 

tamoxifen-containing chow for 29 days beginning at P21 (Figure 1A) to induce Cre-

mediated excision of the PIKfyve allele. Mice were photographed (Figure S1A), shaved 

and depilated at approximately P35 and hairs were allowed to regrow. TyrCreERT2 

PIKFYVEFlox/Flox mice that were fed tamoxifen for one month resulted in the 

accumulation of numerous white hairs that were visually apparent at P85 (Figure 1B, 
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Figure S1B). The same phenotype was not observed in Cre negative PIKFYVEFlox/Flox 

mice fed tamoxifen for one month or TyrCreERT2 PIKFYVEFlox/Flox mice that were 

administered a normal diet (Figure 1B, Figure S1B).  Hair from the backs of 

experimental mice was solubilized and the relative accumulation of melanin in the hair 

was quantified using standard spectrophotometric methods (46, 47). 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 1C). 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 post removal of 

tamoxifen feed.  More white hairs were visually apparent after the mice were fed a 

normal diet for an additional 20 days (Figure 1D, Figure S1B & S1C).  In addition, even 

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

tamoxifen chow (Figure 1E), indicating that the phenotype was either a result of a 

profound effect of PIKfyve on melanogenesis or a result of stem cell loss. Skin biopsies 

were taken at p105 and stained with TRP2, a marker that can recognize melanocyte 

stem cells (48).  PIKfyve deletion resulted in only a slight decrease of TRP2 staining in 

the hair follicle (Figure S1D), indicating that the observed phenotype was mostly due to 

a direct effect on melanogenesis, although there might be a more subtle secondary 

effect of the deletion on melanocyte stem cell survival.  To determine whether PIKfyve 

deletion could inhibit the expression of melanogenesis genes, skin was harvested from 

mice at p50 before grey hairs were observed.  Gene expression analysis indicated that 

mice that were fed tamoxifen for one month had decreased expression of TYR, TYRP1, 
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and TYRP2 (Figure 1F). Taken together, these studies demonstrate that like VAC14 

and SAC3 knockout mice, knocking out PIKfyve specifically within melanocytes 

influences melanin accumulation within the hair in vivo, likely by directly modulating the 

expression of enzymes that synthesize melanin.  These findings spurred us to pursue in 

vitro approaches to better dissect the effects of the PIKfyve complex on melanogenesis.   

 

Pharmacologic inhibition of PIKfyve blocks melanosome maturation.   

 

PIKfyve is responsible for generating all cellular PI(3,5)P2 and most intracellular 

PI(5)P (38-40). Previous studies have determined that only a small amount of 

intracellular PIKfyve is required for normal cellular function, as near complete 

knockdown of PIKfyve was required to observe depletion of intracellular PI(3,5)P2 and  

PI(5)P pools (38). In contrast, pharmacological inhibition of PIKfyve has been shown to 

potently and acutely block enzymatic activity (38, 49) and significantly reduce 

phosphoinositide levels (38). Our mouse studies revealed that complete loss of PIKfyve 

had effects on melanin accumulation (Figure 1). In order to better understand how 

PIKfyve directly modulates melanogenesis, we sought to examine the effects of acute 

inhibition of PIKfyve activity and partial depletion of PIKfyve on melanogenesis in vitro.  

MNT-1 melanoma cells that produce stage I-IV melanosomes in vitro were treated with 

two PIKfyve inhibitors, YM-201636 and apilimod, the latter of which has been noted for 

increased potency and specificity (50). MNT-1 cells treated with YM-201636 or apilimod 

accumulated less melanin as compared to vehicle treated melanocytes (Figure 2A, 2B), 

similar to what was observed in experimental mice (Figure 1). Once we determined that 

file:///C:/Users/Marc/Desktop/Thesis%20Stuff/Thesis%20-%20Chapter%202%20(Final).docx%23_ENREF_38
file:///C:/Users/Marc/Desktop/Thesis%20Stuff/Thesis%20-%20Chapter%202%20(Final).docx%23_ENREF_38
file:///C:/Users/Marc/Desktop/Thesis%20Stuff/Thesis%20-%20Chapter%202%20(Final).docx%23_ENREF_38
file:///C:/Users/Marc/Desktop/Thesis%20Stuff/Thesis%20-%20Chapter%202%20(Final).docx%23_ENREF_49
file:///C:/Users/Marc/Desktop/Thesis%20Stuff/Thesis%20-%20Chapter%202%20(Final).docx%23_ENREF_38
file:///C:/Users/Marc/Desktop/Thesis%20Stuff/Thesis%20-%20Chapter%202%20(Final).docx%23_ENREF_50


92 

 

pharmacologic inhibition of PIKfyve resulted in decreased melanin production, we 

sought to determine how acute inhibition of PIKfyve blocks melanogenesis. PIKfyve 

inhibition did not inhibit the accumulation of tyrosinase, but it did induce the 

accumulation of the stage II melanosome marker PMEL in inhibitor treated cells (Figure 

2C).  PMEL maturation requires acidic proteolytic cleavage prior to synthesis of 

polymeric fibrils that are required for melanin deposition (12). Intriguingly, the PIKfyve 

inhibitor prevented the normal processing of PMEL, as a greater ratio of full size PMEL 

was present in inhibitor treated cells (Figure 2C). PIKfyve inhibition also blocked the pH 

dependent cleavage of the lysosomal protein cathepsin D, leading to an increased 

accumulation of unprocessed species (Figure 2C). Interestingly, a similar increased 

accumulation of unprocessed cathepsin D was observed in PIKfyve knockout platelets 

(51). While it remains unclear if PIKfyve is necessary for the acidification of lysosomes, 

there is general consensus that PIKfyve controls lysosomal trafficking (49, 51). Taken 

together, our studies indicate that acute inhibition of PIKfyve blocks the maturation of 

proteins in both the melanosome (PMEL) and lysosome (cathepsin D).  

To determine how PIKfyve regulates the formation of melanosomes, the effect of 

PIKfyve inhibition on melanosome biogenesis was assessed at the ultrastructural level. 

Established cultures of normal human melanocytes were treated with various dosages 

of YM-201636 (YM) and processed for routine and DOPA histochemistry electron 

microscopy.  Low magnification images of YM-201636 (1000 nM) versus vehicle treated 

melanocytes demonstrated that YM treated cells were dramatically hypopigmented 

(Figure 3A).  Upon DOPA incubation, melanosomes in the treated melanocytes 

contained melanin reaction product almost to the extent of control melanocytes (Figure 
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3A).  However, the melanin deposition within melanosomes in treated melanocytes 

appeared irregular and less homogeneous.  Higher magnification of vehicle versus YM 

treated cells demonstrated that within the Golgi zone, melanosomes of all stages 

existed in the control, whereas primarily Stage I and a few Stage II melanosomes 

existed in the YM treated melanocytes (Figure 3B).  In regions lateral to the Golgi zone 

and within dendrites, all stages of melanosomes existed in the YM treated melanocytes 

as oppose to predominantly Stage IV in the control treated melanocytes (Figure 3B). 

Melanosome stages were quantified in all YM-201636 treated melanocytes.  As the 

concentration of YM increased the melanosome profile increased in percent Stage I and 

concomitantly decreased in Stage 4 in a dose dependent manner (Figure 3C, Figure 

S2A).  

Once we realized that the percentage of “Stage 1” melanosomes increased with 

YM treatment, these primitive organelles were subjected to further scrutiny.  It has been 

demonstrated that tyrosinase exits the Golgi in 50 nm trafficking vesicles and en route 

to the Stage II melanosome enters the multivesicular body (MVB) and then rapidly is re-

recruited by a complex containing AP-3 into vesicles that ultimately transports this cargo 

to Stage II melanosomes (22). Without DOPA incubation it is difficult to ultrastructurally 

discern these multivesicular bodies from Stage I melanosomes particularly when 

melanofibrils are not apparent.  After DOPA incubation, the multivesicular bodies 

appear with DOPA reaction peripherally around their limiting membranes due to the fact 

that tyrosinase is a transmembrane enzyme with its catalytic carboxy end protruding 

into the lumen (Figure S2B).  These MVBs can occasionally appear in the Golgi zone of 

control melanocytes however subjectively many more appear in the YM treated 
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melanocytes and possibly in the dendrites (Figure S2C). Melanosome density within 

both the cell body and the dendrites of control and YM treated melanocytes with and 

without DOPA treatment was quantified.  There was a statistically significant increase in 

melanosome density in the cell body of YM treated melanocytes versus control in both 

the non-DOPA and DOPA treated group (Table S1 and S2).  In contrast, no difference 

in melanosome density was observed in the dendrites. The density of 50 nm vesicles 

containing tyrosinase cargo was quantitated in DOPA processed melanocytes.  In the 

Golgi area the density of DOPA positive 50 nm vesicles was significantly increased in 

the YM versus the vehicle treated melanocytes (Figure S2B), indicating the 

accumulation of stage I melanosomes. 

Previous studies have indicated that stage I melanosomes containing MART-1 

are primarily localized to the perinuclear region (52). Immunofluorescence microscopy 

revealed that MART-1 positive vesicles accumulate in PIKfyve inhibitor treated cells, 

suggesting that PIKfyve inhibition blocks the maturation of Stage I vesicles (Figure 3D). 

If PIKfyve inhibitors block the generation of stage II melanosomes, then PIKfyve 

inhibition should also result in the mislocalization of proteins normally delivered to the 

stage II, III and IV melanosomes.  PIKfyve inhibitor treatment blocked the normal 

trafficking of TYRP1, resulting in the accumulation of TYRP1 in a perinuclear region 

(Figure 3D).  Taken together, these studies further support the notion that PIKfyve 

regulates the maturation of the stage II melanosome.  

 

The PIKfyve complex regulates the expression of genes required for melanin 

synthesis.  
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While transgenic mouse studies have shown that the PIKfyve complex impacts 

vesicle trafficking in melanocytes, the exact contribution of each member of this 

complex to melanogenesis remains unclear.  While the inhibitor experiments indicate 

that PIKfyve regulates lysosome and melanosome maturation (Figure 2), prolonged 

blockade of PIKfyve eventually results in cell death (data not shown), making it difficult 

to elucidate the role of individual phosphoinositides in vesicle trafficking via lipid 

complementation.  To gain a better appreciation of the role of the PIKfyve complex and 

phosphoinositides in melanogenesis, we utilized an shRNA-based loss of function 

strategy to more subtly modulate PIKfyve levels. Previous studies have demonstrated 

that PIKfyve knockdown can significantly inhibit the accumulation of PI(3,5)P2 without 

completely eliminating the production of this lipid (38). To further elucidate the role of 

the PIKfyve complex in melanogenesis, melanoma and melanocyte lines or strains 

expressing shRNAs directed towards PIKfyve complex components were generated. 

shRNA mediated suppression of PIKfyve expression resulted in decreased 

accumulation of MITF-M and MITF-M regulated proteins (TYR, TYRP1) in all cell lines 

(Figure 4A). Quantitative RT-PCR studies revealed that PIKfyve knockdown inhibited 

the accumulation of MITF-M, TYR, and TYRP1 mRNAs in the majority of cells examined 

(Figure 4B). Similarly, VAC14 or SAC3 depletion also inhibited the accumulation of 

tyrosinase protein and mRNA transcripts (Figure 4C and 4D).  While acute inhibition of 

PIKfyve resulted in an abrupt block in vesicle maturation, it did not affect the 

transcription of genes that regulate melanogenesis (Figure 2).  In contrast, depletion of 

PIKfyve results in a downregulation of the expression of genes that regulate 
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melanogenesis, suggesting that melanogenesis could be modulated by the 

accumulation of specific phosphoinositide intermediates.   

 

PIKfyve modulates the stability of WIPI1, a protein known to regulate the 

accumulation of proteins that regulate melanogenesis 

 

WIPI1 and WIPI2 are both homologous to yeast ATG18 (29, 30) which itself can 

regulate kinase activity of the yeast PIKfyve homologue (FAB1) (35, 36). Yeast-two 

hybrid studies and mutant analysis have further suggested that the yeast WIPI1/2 

homologue (ATG18) can bind to the yeast PIKfyve homologue (FAB1), acting as a 

negative regulator of kinase activity (36).  Previous studies from our laboratory 

demonstrated that WIPI1 knockdown not only blocked the formation of stage III 

melanosomes in melanocytes but also inhibited the expression of genes that regulate 

melanogenesis (25), suggesting that WIPI1 and PIKfyve could interact.  To determine 

whether there is a functional interaction between the PIKfyve complex and WIPI1 in 

mammalian cells, the consequences of PIKfyve knockdown on WIPI1 levels were 

examined.  PIKfyve knockdown inhibited the accumulation of WIPI1 protein (Figure 5A), 

while having no effect on the accumulation of WIPI1 or WIPI2 mRNA (Figure 5B).  To 

investigate whether PIKfyve directly binds to and stabilizes WIPI1/2, we 

immunoprecipitated WIPI1/2 or PIKfyve and probed for WIPI1, WIPI2, PIKfyve, SAC3, 

or VAC14 (Figure 5D). Additional experiments revealed that treating cells with a PIKfyve 

inhibitor did not inhibit the accumulation of WIPI1 (Figure 5C), indicating that the 

phenotypes observed in our shRNA experiments were likely the result of depletion of 
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PIKfyve itself or more likely the result of an effect of PIKfyve depletion on 

phosphoinositide levels. PIKfyve or VAC14 antibodies were able to immunoprecipitate 

PIKfyve, VAC14, and SAC3, but were not able to precipitate WIPI1 or WIPI2. Similarly, 

the members of the PIKfyve complex were not immunoprecipitated with the WIPI1 or 

WIPI2 antibodies. Taken together these results indicate that the PIKfyve complex 

regulates melanogenesis by influencing both the accumulation of enzymes that 

synthesize melanin and by influencing melanosome maturation, similar to what was 

observed with WIPI1 (25).    

 

A Novel Role for PI(5)P in Stimulating Melanogenesis 

 

WIPI1 contains a phosphoinositide binding motif that can mediate binding to 

PI(3)P, PI(3,5)P2 and  PI(5)P (32). WIPI1’s ability to interact with PI(3)P is believed to 

function primarily in autophagy (53), but its functional relationship with the other 

phospholipids has yet to elucidated. PIKfyve is responsible for generating PI(3,5)P2 and 

most cellular PI(5)P (38-40). Moreover recent studies suggest that PI(3,5)P2 plays a 

more substantial role in cellular trafficking (39) while the functions PI(5)P are relatively 

less defined. Our results show that PIKfyve does not directly interact with WIPI1 

although PIKfyve knockdown does result in decreased WIPI1 accumulation (Figure 5).  

It is conceivable that PIKfyve could stabilize WIPI1 by catalyzing the production of 

phosphoinositides, which then bind WIPI1 and promote protein stability. To better define 

which phosphoinositide may be involved in WIPI1 stabilization, we overexpressed 

WIPI1 in HEK293T cells and examined its ability to bind to different phosphoinositides. 
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The overexpressed WIPI1 construct was able to bind to all three phosphoinositides with 

preference for monophosphates (Figure 6A). Recent studies have implicated WIPI2-

PI(5)P binding in noncannonical autophagy (31) however the nature of WIPI1’s 

interaction has yet to be elucidated. To elaborate on the roles of the phospholipids in 

melanogenesis we treated parental MNT-1 cells (Figure 6B, 6C) with either PI(3)P, 

PI(3,5)P2 and  PI(5)P and appropriately charged matched carriers. Addition of PI(3)P 

and PI(5)P increased the accumulation of TYR protein (Figure 6B) and mRNA (Figure 

6C), indicating that these phosphoinositides modulate melanogenesis. Interestingly, 

only PI(3)P increased WIPI1 accumulation, consistent with the hypothesis that this 

phosphoinositide stabilizes WIPI1 and modulates melanogenesis via WIPI1.  In 

contrast, PI(5)P induced tyrosinase accumulation but did not modulate WIPI1 levels 

(Figure 6B). Recent studies have indicated that loss of PI(3,5)P2, as opposed PI(5)P, 

results in cellular vacuolization leading to cell death (39). Additional studies revealed 

that PI(3,5)P2 complemented the effect of 1000 nM YM-201636 on cell death (Figure 

6D).  Taken together our studies suggest that PI(3)P and PI(5)P modulate 

melanogenesis, while PI(3,5)P2 influences vesicle trafficking and cell survival.  
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2.5  Discussion 

 

The studies presented in this manuscript demonstrate that the PIKfyve complex 

regulates melanogenesis directly (Figure 1) as lineage-dependent PIKfyve knockout 

mice retain melanocyte stem cells as identified by TRP2 staining (Figure S1A) yet 

accumulate progressively less pigment in the hair over time.  These observations are 

slightly more dramatic than what was observed in both VAC14 ingls (36) and FIG4 pale 

tremor mice (42), both of which had lightening of the coat.  Vac14 and Fig4 constitutive 

knockout mice as well as the PIKfyve gene-trap mouse also had severe neurologic 

disease, which ultimately resulted in early lethality (36, 38, 42) preventing a full 

examination of the effects of these genes on melanogenesis. Interestingly, partial loss 

of function mutations in FIG4 resulted in a beige coat color and increased longevity (41), 

implicating a specific role for the PIKfyve complex in melanogenesis. The lineage 

specific knockout studies presented here further confirm that the PIKfyve complex plays 

a specific role in melanogenesis.  

Previous studies have implicated an important role for PIKfyve and PI(3,5)P2 in 

lysosomal function and trafficking (51, 54-56). Dysregulation of autophagy (44) and 

impaired lysosomal function are known to contribute to vacuolization and cell death 

associated with PIKfyve inhibition or loss (51, 55). In this study, we demonstrate that 

PIKfyve inhibition results in the accumulation of proteins that would normally be 

processed by the lysosome (Cathepsin D) (Figure 2C), consistent with prior in vivo 

studies that demonstrated a critical role for PIKfyve in lysosome biogenesis in platelets 

(51).  We also show that PIKfyve inhibition blocks melanin accumulation (Figure 2), and 
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prevents the maturation of stage I to stage II melanosomes by blocking PMEL cleavage.   

This ultimately results in the accumulation of vesicles marked by MART-1 (Figure 3) and 

an overall reduction in the accumulation of melanin.  Taken together these results 

explain the results observed in SAC3 (42) and VAC14 mice (36), which accumulate less 

melanosomes within their hair.    

The PIKfyve complex functions as a critical phosphoinositol kinase in mammalian 

cells as it is responsible for generating the majority of PI(5)P and all PI(3,5)P2 (38-40).  

In this manuscript, we sought to examine the contributions of PI(5)P and PI(3,5)P2 to 

melanogenesis and melanosome biogenesis.  Recent studies have indicated that loss 

of PI(3,5)P2, as opposed to PI(5)P, result in trafficking defects that lead to cellular 

vacuolization (39). Our studies support these findings, as the addition of PI(3,5)P2 was 

able to attenuate cell death as a result of PIKfyve inhibition (Figure 6D).  Intriguingly, 

other published studies suggest that PI(3,5)P2 may regulate melanosome biogenesis.  

Two families of cation channels, the TRPMLs and the TPCs, act as PI(3,5)P2 effectors 

and function in vesicular fusion (55, 57, 58). Interestingly, TPC2 mutations in Xenopus 

oocytes (54) result in decreased pigment accumulation while single-nucleotide 

polymorphisms in TPC2 in humans is associated with skin, eye, and hair color variation 

(59).   Similarly, mice mutant for TRPML3 (60) exhibit hypopigmentary phenotypes, 

further implicating a role for PI(3,5)P2 in melanogenesis.  Future studies will focus on 

determining whether the spatial production of PI(3,5)P2 and the cellular location of these 

channels is critical for controlling vesicle fusion and organelle biogenesis.  

Published studies indicate that PI(5)P also functions in autophagy and 

endolysosomal formation, but often in a functionally distinct manner from PI(3,5)P2 (40, 
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61). In this study, we sought to better understand the contributions of PI(5)P to 

melanogenesis. PIKfyve knockdown resulted in the downregulation of genes that 

catalyze the synthesis of melanin (Figure 4). Additional experiments revealed that 

addition of PI(5)P induced the expression of genes that catalyzed melanogenesis 

(Figure 6). These results suggest that PIKfyve modulates the expression of 

melanogenesis genes via a mechanism involving PI(5)P. The observations presented 

here are strikingly similar to previous studies indicating that WIPI1 regulates both 

melanogenesis and the maturation of the melanosome (25).  While WIPI1 does not form 

a complex with PIKfyve (Figure 5D) in mammalian cells as it does in yeast (36), PIKfyve 

knockdown does regulate the accumulation of WIPI1 suggesting a functional interaction 

(Figure 5A). WIPI1 can bind to both PI(3)P, PI(3,5)P2, and PI(5)P (Figure 6A) and is 

highly expressed in melanocytes and melanoma cells as compared to other cell types 

(62, 63). Future studies will investigate whether WIPI1 is the phosphoinositide effector 

protein that regulates melanogenesis. 

PI(5)P is a relatively rare phosphoinositide and remains poorly characterized 

(40).  We observed that the addition of PI(5)P can induce the accumulation of 

tyrosinase protein (Figure 6B).  PI(5)P is present in the nucleus where it has been 

shown to interact with several PHD-domain containing transcription factors (64).  PI(5)P 

can upregulate the expression of specific genes through an epigenetic mechanism 

involving the epigenetic regulator ING2 (65).  In addition, PI(5)P can also activate the 

differentiation of myoblasts through its interaction with TAF3 (64).  Other studies have 

indicated that WIPI1, a putative phosphoinositide effector in melanocytes, can localize 

to the nucleus and bind to transcription factors (62).  Taken together, these studies 
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suggest that WIPI1 and the phosphoinositide PI(5)P may regulate melanogenesis by 

controlling gene expression (Figure 7). As phosphoinositides can rapidly be 

interconverted within cells (66), it is often difficult to definitively determine which 

phosphoinositide regulates a particular step in the melanogenesis pathway.  Future 

studies will focus on better defining potential nuclear and cytoplasmic PI(5)P effectors to 

determine more precisely how PI(5)P regulates transcription.  

Melanosome biogenesis is a precisely orchestrated process involving the 

coordinated transcription of multiple genes and the timed delivery of enzymes to the 

melanosome as it matures (10). While the transcription of genes that regulate 

melanosome transport and melanin synthesis are coordinately regulated by MITF, it is 

currently unclear whether the transcription of melanin synthesizing enzymes is 

coordinated with the biogenesis of the melanosome itself.   Previous work from our 

group implicated a role for the phosphoinositide binding protein WIPI1 in coordinating 

melanosome biogenesis with the transcription of enzymes that synthesize melanin (25). 

In this study, we implicate a role for phosphoinositides themselves in this coordinate 

regulation. While this coordinate regulation is novel, it is not entirely unexpected as 

PI(3,5)P2 can act as a transcriptional regulator through interactions with Tup1 and Cti6 

in yeast (68) while also regulating vesicle traffic (38). Future studies will focus on 

defining the precise role for specific phosphoinositides and their effectors in vesicle 

trafficking and transcription in vivo.   
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2.6  Materials and Methods 

 

Antibodies and Primers 

 

All antibodies used in experimental assays are listed in Table S3. PIKfyve genotyping 

primers are described in (43) and other genotyping primers were taken from the mouse 

mutant resource website, (Jackson Laboratory Bar Harbor, ME). RT-qPCR primers 

were designed using Primer3web (http://www.primer3plus.com) and are listed in Table 

S4.  

 

Cell Culture 

 

Human MNT-1 cells were cultured in DMEM (Genesee Scientific) supplemented with 

15% fetal bovine serum (Corning), AIM-V medium (Life Technologies), MEM vitamin 

solution (Invitrogen), and antibiotic-antimycotic (Life Technologies). For melanin 

quantification experiments MNT-1 cells were switched to DMEM minus phenol RED 

(Fisher Scientific) supplemented with 10% fetal bovine serum, L-glutamine (Invitrogen), 

and antibiotic-antimycotic. Human deeply pigmented neonatal epidermal melanocytes 

(Life Technologies) were cultured in Medium 254 (Life Technologies) supplemented 

with Human Melanocyte Growth Supplement 2 (Life Technologies) and antibiotic-

antimycotic. B16 cells were cultured DMEM supplemented with 10% fetal bovine serum 

(Life Technologies), L-Glutamine, MEM non-essential amino acids (Life Technologies), 

antibiotic-antimycotic, and 0.075% sodium bicarbonate (Sigma-Aldrich). Epidermal 
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melanocytes isolated from C57BL/6J mice were obtained from Antonella Bacchiocchi 

(Yale University). These cells were cultured in Ham’s F-12 Nutrient Mixture (Life 

Technologies) supplemented with 8% fetal bovine serum, bovine pituitary extract (Life 

Technologies), antibiotic-antimycotic, 5 ng phorbol 12-myristate 13-acetate (Abcam), 

and 0.00022% 3-Isobutyl-1-methylxanthine (Sigma-Aldrich). HEK293T cells were 

cultured in DMEM supplemented with 10% fetal bovine serum and antibiotic-

antimycotic.  

 

RNA Interference 

 

We utilized the pLKO.1 lentiviral based shRNA expression system (Open Biosystems) 

for our shRNA experiments. MNT-1 cells, B16 cells, human melanocyte, and mouse 

melanocyte shRNA-expressing cell lines were established as described (24, 25).  The 

following constructs were purchased from Open Biosystems: pLKO.1-PIKFYVE #1, 

RHS3979-98831506; pLKO.1-PIKFYVE #2, RHS3979-98831520; pLKO.1-VAC14 #1, 

RHS3979-99218405; pLKO.1-VAC14 #2, RHS3979-99218425; pLKO.1-SAC3 #1, 

RHS3979-98058306; pLKO.1-SAC3 #2, RHS3979-98058322; and pLKO.1 non-

targeting control. In B16 cells and mouse melanocytes a mouse specific construct 

purchased from Sigma-Aldrich was also used (pLKO.1-PIKFYVE #3 

(TRCN0000025096, Clone ID:NM_011086.1-949s1c1)  along with pLKO.1-PIKFYVE #2 

which recognizes both the human and mouse sequence. Gene knockdown was 

quantified by real-time quantitative RT-PCR and immunoblotting. A Student’s two-tailed 
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t-test was used to calculate the statistical significance in comparison to non-targeting 

controls.  

 

Real-time quantitative PCR for mRNA quantitation 

 

E.Z.N.A. Total RNA Kit I (Omega Bio-Tek) was used to lyse cells and purify RNA. A 

high-capacity RNA-to-cDNA kit (Applied Biosystems) was then utilized to generate 

cDNA for RT-qPCR. Quantitative RT PCR was performed with cDNA using Power 

SYBR Green PCR Master Mix (Applied Biosystems). A 7900HT Fast-Real TIME PCR 

System (Applied Biosystems) and SDS 2.4 (Applied Biosystems) were utilized to 

determine Ct values. Each sample was normalized to at least one housekeeping gene 

(GAPDH, β-Actin, and/or HPRT) and analyzed using the relative quantification model 

(Pfaffl). A Student’s two-tailed t-test was used to calculate the statistical significance in 

comparison to vehicle-treated control.  

 

Drug treatment 

 

MNT-1 cells were plated in 6-well plates at a concentration of 2 x 105 cells per well and 

allowed to adhere overnight. Cells were then incubated with varying concentrations of 

YM-201636 (Cayman Chemical) or Apilimod (US Biological) dissolved in normal MNT-1 

media.  For the control, an equal amount of DMSO (0.1%) was added to the media. 

Media was refreshed after 48 hours and cells were lysed with RIPA buffer after 72 hours 

of treatment.  
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Pigment Measurement 

 

MNT-1 cells were plated in 96-well plates at a concentration of 1.5 x 104 cells per well 

and allowed to re-attach overnight. Media was refreshed for drug treated cells every 48 

hours. After five days of treatment cells were lysed with Cell-Titer-Glo reagent 

(Promega). Relative melanin accumulation was quantified by measuring absorbance at 

405 nm and normalizing this value to luminescence to determine cell number as 

determined by the Cell-Titer-Glo assay as previously described (24). Pigment percent 

was quantified relative to vehicle control.  A Student’s two-tailed t-test was used to 

calculate the statistical significance in comparison to vehicle-treated control. 

 

Treatment of cells by addition of exogenous lipids 

 

All carriers and phospholipids were obtained from Echelon Biosciences. Unlabeled 

PI(3)P, PI(5)P, and PI(3,5)P2 were constituted in DMSO:H2O (10:1); carrier 2 and carrier 

3 were reconstituted in H2O. Carriers and lipids were combined at 1:1 molar ratio and 

incubated for 15 minutes at room temperature. Charge matched carriers were used to 

optimize lipid delivery – carrier 3 was used to reconstitute PI(3)P or PI(5)P; carrier 2 

was used to reconstitute PI(3,5)P2. The mixture was then diluted in MNT-1 media and 

incubated with cells for 48 hours. Media was refreshed and cells were incubated for 

another 24 hours. Cells were lysed with RIPA lysis buffer at the completion of treatment 
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and subjected to western blot analysis. Media combined with carrier 2 or 3 alone served 

as a negative control and lipids were tested at 2 – 10 µM final concentrations.  

 

Cell Survival Assay 

 

MNT-1 cells were plated in 96-well plates at a concentration of 1.5 x 104 cells per well 

and allowed to re-attach overnight. Phospholipids were prepared as previously 

described and combined with media containing drug or vehicle control. Media 

containing drug and lipid was refreshed on cells every 48 hours. After five days of 

treatment cells were lysed with Cell-Titer-Glo reagent (Promega). The luminescence 

value was used to determine cell survival as determined by the Cell-Titer-Glo assay as 

previously described (69). A Student’s two-tailed t-test was used to calculate the 

statistical significance in comparison to vehicle-treated control. 

 

Immunoprecipitation  

 

Cells were lysed from 10 cm plates with 1 mL of lysis/wash buffer (20 mM Tris HCl, 150 

mM NaCl, 5% Glycerol, 1% NP40, 1 mM EDTA, protease inhibitors). Lysates were 

centrifuged at 14000 RPM and the supernatant was homogenized by passing through a 

syringe with a 22-gauge needle. Lysates were loaded on to Protein A/G PLUS agarose 

(Santa Cruz Biotechnologies), incubated with PIKfyve, SAC3, VAC14, WIPI1, WIPI2 

antibodies or control IgG overnight, washed 3x with wash buffer, and eluted with 
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Laemmli sample buffer.  Eluted lysates were subjected to SDS-PAGE followed by 

immunoblotting with the indicated antibodies.  

 

Lipid Beads Pulldown Assay 

 

Lysates from HEK293T cells overexpressing WIPI1 were generated in lipid-binding 

buffer (20mM Tris-HCl, 150mM NaCl, and 1mM EDTA [pH 7.5]).  Cells were passed ten 

times through a G25 needle and sonicated on ice. Insoluble debris was removed by 

centrifugation at 13,000xg for 1 hr at 4°C.  100 µL of PI(3)P, PI(3,5)P2, PI(5)P, or control 

bead slurry (Echelon Bioscience) was added to 40 µg of cell lysate and incubated on a 

rotator for 4 hours at 4°C.  The beads were washed five times with lipid-wash buffer 

(10mM HEPES [pH 7.4], 150mM NaCl, 0.25% NP40).  Bound proteins were eluted with 

2X SDS.  Protocol modified from previously described (31). 

 

Electron Microscopy 

 

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). 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 (47).  
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Immunofluorescence Microscopy 

 

MNT-1 cells were plated in 12-well plates with coverslips at a concentration of 1 x 104 

cells per well and allowed to adhere overnight. Cells were then treated with 100 nM 

Apilimod, 1000 nM YM-201636, or DMSO control overnight. Alternatively, control and 

shRNA expressing cells were plated in 12-well plates at a concentration of 1 x 104 cells 

per well and allowed to re-attach overnight. Cells were fixed with 4% paraformaldehyde 

for 1 hour. Coverslips were rinsed with PBS and permeablized with 0.1% Triton X-100 

(Fisher Scientific) and subsequently blocked in 2% BSA in PBS containing 0.1% Tween 

20 for 1 hour. Cells were then incubated with primary antibodies (Supplemental Table 1) 

followed by secondary antibodies conjugated to Alexa Fluor 594 or 488 (Invitrogen) and 

were mounted in a solution containing DAPI. Confocal images were acquired using a 

LSM 780 confocal multiphoton microscope and images were processed in Zen lite 

(Zeiss). 

 

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). 

PIKFYVEFlox/Flox were crossed to Tyrosinase::CreERT2 (JAX stock no: 012328) on a pure 
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C57BL/6 background. The resulting Tyrosinase::CreERT2, PIKFYVEFlox/+ progeny were 

backcrossed to PIKFYVEFlox/Flox to generate CreERT2, PIKFYVEFlox/Flox mice. Upon 

weaning, mice were placed on tamoxifen feed (Harlan Laboraties, 250 mg/kg) for 30 

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.  

 

Mouse hair 

 

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

mL of hot (65°C) 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 (47).  

 

RNA isolation on whole mouse skin and Nanostring Analysis 

 

4 mm punch biopsies of mouse skin was harvested from anesthetized mice and 

stabilized overnight in RNAlater (Life Technologies) at 4°C. RNA Purification and 

Nanostring gene expression analysis were carried out as previously described (47). 

 

Tissue Immunofluorescence 
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Whole mouse skin was formalin fixed and paraffin embedded. Immunofluorescence 

staining was carried out using a TRP2 primary antibody and a FITC-conjugated Alexa 

Fluor 488 secondary antibody.  Specific antibodies used are listed in Table S3. 
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Figure 2.1. 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 p35 and subsequently fed 

normal chow beginning at p50 for the subsequent 50 days.   Mice were photographed at 

both p85 and p105 and melanin quantitation of mouse hair was performed.  Gray bar 

denotes the duration that mice, with the exception of the control group, were on 

tamoxifen feed.  Littermates were photographed at P85 (B) and P105 (D). Mice hair 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 (C) 

and P105 (E) Data shown are mean ± S.D. (n = 5 as indicated by error bars). F) 4mm 

skin biopsies were obtained from experimental mice at P50. Extracted RNA was 

subjected to Nanostring analysis using a codeset monitoring the expression of the 

genes listed below the graph. Normalized counts of each mRNA (n = 3 mice per group) 

were averaged for each gene.  Data shown are mean ± S.D. (as indicated by error 

bars). *, p < 0.05; **, p < 0.01; or ***, p < 0.001 using a two-tailed Student’s paired T 

test.  
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Figure 2.2. PIKfyve inhibitors block lysosomal trafficking pathways and inhibit 

melanin accumulation. A) MNT-1 cells were treated with PIKfyve inhibitors YM-

201636 (YM), apilimod or vehicle control for five days. A spectrophotometric melanin 

quantitation assay was used to measure the amount of accumulated melanin. (n = 6 as 

indicated by error bars). B) Equal numbers of MNT-1 cells treated with the indicated 

doses of YM or Apilimod were pelleted.   Photographs of the cell pellets were obtained 

to document that YM and Apilimod treatment inhibited the accumulation of melanin. C) 

MNT-1 cells treated with PIKfyve inhibitors for 72 hours. The relative accumulation of 

TYR, and processed and unprocessed forms of PMEL and Cathepsin D was measured 

by immunoblotting. Average size of glycosylated TYR is indicated. Sizes indicate full-

sized protein unless otherwise indicated. Preprocathepsin D is 43 KD and procathepsin 

D is 46 kD. Each experiment was performed three times in triplicate. For all 

experiments, data shown are mean ± S.D *, p < 0.05; **, p < 0.01; or ***, p < 0.001 

using a Student’s paired T test versus vehicle treated control. 
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Figure 2.3. PIKfyve inhibition results in decreased number of advanced stage 

melanosomes. Normal human melanocytes (NHM) were treated with 1000 nM YM-

201636 or vehicle without (Control) or with DOPA histochemistry (DOPA Tx) and (A) 

observed by electron microscopy Scale bar, A = 5 µm and B = 2 µm.  (B) Pie graphs 

representing quantification of melanosome stages as percentage in NHM treated with 

100, 500, or 1000 nM YM-021636 or vehicle.  C) MNT-1 cells treated with 1000 nM YM-

201636 (YM), 100 nM apilimod (AP), or vehicle (VEH) control were stained with anti-

MART-1 or anti-TYRP1 antibodies and imaged by confocal microscopy. Percent 

quantification of cytosolic MART-1 or TYRP1 per signal area in MNT-1 cells treated with 

PIKfyve inhibitors relative to vehicle controls. Data shown are normalized to vehicle 

control. Scale bar, 10 µm. For all experiments, all data are mean ± S.D. (n = 3 as 

indicated by error bars). A Student’s paired t-test with a two-tailed normal distribution 

versus non-targeting scramble control. *, p < 0.05; or **, p < 0.01. Each experiment was 

performed with three biological replicates and three technical replicates.  
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Figure 2.4. PIKfyve knockdown inhibits the accumulation of proteins that 

synthesize melanin. MNT-1 human melanoma, darkly pigmented (DP) human 

epidermal melanocytes, B16 mouse melanoma cells, and C57/B6 mouse epidermal 

melanocytes were transduced with lentiviruses expressing independent shRNA’s 

against PIKfyve (A,B), or SAC3 or VAC14 (C,D) or control, and selected with 

puromycin. Protein levels for MITF-M, TYR, and TYRP1 were accessed via 

immunoblotting. MITF-M was detected on a separate blot.  (A,C) and quantified via 

densitometry analysis relative to GAPDH. mRNA levels of shRNA expressing cells were 

quantified via quantitative RT-PCR as described (B,D).  For all experiments, all data are 

mean ± S.D. (n = 3 as indicated by error bars). A Student’s paired t-test with a two-tailed 

normal distribution versus non-targeting scramble control. *, p < 0.05; **, p < 0.01; or 

***, p < 0.001. Each experiment was performed with three biological replicates and three 

technical replicates. 
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Figure 2.5. PIKfyve regulates melanogenic transcription by stabilizing WIPI1. A) 

MNT-1 cells, darkly pigmented (DP) melanocytes, B16 mouse melanoma cells, and 

C57/B6 mouse epidermal melanocytes expressing shRNA’s against PIKfyve or non-

targeting scramble control were analyzed. The amount of accumulated WIPI1 and 

WIPI2 proteins was assessed relative to GAPDH using immunoblotting. Densitometry 

values for each lane are reported. B) mRNA levels of shRNA expressing cells described 

in (A) were quantified via quantitative RT-PCR. C) MNT-1 cells treated with PIKfyve 

inhibitors for 72 hours were lysed and the relative accumulation of WIPI1 and WIPI2 

proteins was measured via immunoblotting. D) MNT-1 cell lysates were 

immunoprecipitated with the indicated antibodies (PIKfyve, VAC14, WIPI1, WIPI2, or 

mouse IgG control) and probed with the antibodies indicated. All data are mean ± S.D. 

(n = 3 as indicated by error bars). A Student’s paired t-test with a two-tailed normal 

distribution versus controls. *, p < 0.05; **, p < 0.01; or ***, p < 0.001.  Each experiment 

was performed with three biological replicates and three technical replicates.  
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Figure 2.6. PI5P stimulates melanogenesis. A) Lysates from HEK293T cells 

overexpressing WIPI1 were incubated with agarose beads coated with PI(3)P, 

PI(3,5)P2, or PI(5)P.  Bound proteins were eluted and assessed by immunoblotting.  

Uncoated beads were used as a control. MNT-1 cells were treated with 10 µM of 

phospholipids [PI(3)P, PI(3,5)P2, PI(5)P] or equimolar amounts of appropriate carriers 

for 72 hours before lysis. B) The amount of TYR and WIPI1 protein that accumulated in 

lipid treated cells was measured by immunoblotting and quantified by protein 

densitometry relative to a GAPDH loading control. C) Relative mRNA levels of the 

genes in phospholipid treated cells were quantified via quantitative RT-PCR as 

described. PI(3)P and PI(5)P were quantified relative to carrier 3. PI(3,5)P2 was 

quantified relative to carrier 2. D) MNT-1 cells were treated with 1000 nM YM-201636 or 

vehicle control for five days and 0.5 µM of phospholipids [PI(3)P, PI(3,5)P2, PI(5)P] or 

carrier alone. Relative cell survival was quantified using a Cell-Titer-Glo assay 

described previously (69). All data are mean ± S.D. (n = 3 as indicated by error bars). A 

Student’s paired t-test with a two-tailed normal distribution versus controls. *, p < 0.05; 

**, p < 0.01; or ***, p < 0.001.  Each experiment was performed with three biological 

replicates and three technical replicates. 
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Figure 2.7. PIKfyve regulates melanogenesis and melanocyte survival. Synthesis 

of PI(3,5)P2 by PIKfyve regulates both melanosome biogenesis and the survival of 

melanocytes. PIKfyve also stimulates melanogenesis through the production of PI(5)P 

by either a direct or indirect mechanism. 
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Figure 2.S1. Melanocyte specific PIKfyve knockout mice exhibit hair greying. A) 

Representative photographs of littermates from each group. Unfed = 

Tyrosinase::CreERT2; PIKFYVEFlox/Flox that were only administered normal feed. Cre- = 

PIKFYVEFlox/Flox. Cre+ = Tyrosinase::CreERT2; PIKFYVEFlox/Flox. Side-by-side comparison 

of female littermates photographed at p35 prior to shave depilation and induction of a 

new hair cycle.  Tyrosinase::CreERT2; PIKFYVEFlox/Flox (left two) and PIKFYVEFlox/Flox 

(middle two) were administered tamoxifen feed from day 21 to 35.  The two mice on the 

far right (Tyrosinase::CreERT2; PIKFYVEFlox/Flox) were administered normal feed for days 

21-35. B) Representative photographs of individual littermates from each group taken at 

p85 (left three) or p105 (right three). C) Side-by-side comparison of representative 

female littermates photographed at p105. D) Four-mm skin biopsies taken at P105 were 

formalin fixed, dehydrated, and paraffin embedded. Skin was sectioned and 

immunostained with a TRP2 antibody.  TRP2 expressing cells were then identified using 

a FITC-conjugated secondary antibody.  Representative 10x images are shown.   
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Figure 2.S2. PIKfyve inhibition results in decreased number of advanced stage 

melanosomes. A) Quantification of melanosome stages as percentage in NHM treated 

with 100, 500, or 1000 nM YM-021636 or vehicle.  B) Normal human melanocytes 

(NHM) were treated with 1000 nM YM-201636 or vehicle and observed by electron 

microscopy.  Arrows indicate multivesicular bodies that after DOPA histochemistry 

appear to have reaction product peripherally around their limiting membranes. Scale 

bar, 2 µm. C) Normal human melanocytes (NHM) were treated with 1000 nM YM-

201636 or vehicle, processed for DOPA histochemistry and observed by electron 

microscopy.  The density of DOPA positive 50nm vesicles in the Golgi area was 

quantitated. Scale bar, 2 µm. D) Numeration of melanosome density if the cell body and 

dendrite of NHM treated with 1000 nM YM-201636 or vehicle without or with DOPA 

histochemistry and P values determined by Student t-Test of the density data. 

 



139 

 

 

 

 

 

 

  



140 

 

Table 2.S1. Numeration of melanosome density of the cell body and dendrite of 

NHM treated with 1000 nM YM-201636 or vehicle without or with DOPA 

histochemistry. 

 

Treatment  Histochemistry  Cell Area  
Average # 

melanosomes/100 µm2  

Vehicle No DOPA  Cell Body  129 

Vehicle DOPA  Cell Body  139 

1000 nM YM-
201636 

No DOPA  Cell Body  171.3 

1000 nM YM-
201636 

DOPA  Cell Body  179.4 

Vehicle NO DOPA  Dendrite  142.5 

Vehicle DOPA  Dendrite  138.5 

1000 nM YM-
201636 

No DOPA  Dendrite  139.5 

1000 nM YM-
201636 

DOPA  Dendrite  140.6 
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Table 2.S2. P values determined by Student t-Test of the density data presented 

in Table 2.S1. 

 

 

t-Test  Site  P values  

Vehicle-no DOPA vs Vehicle-DOPA  Cell Body  0.323 

YM 1000 nM-no DOPA vs YM 1000 nM-DOPA  Cell Body  0.352 

Vehicle-no DOPA vs YM 1000 nM-no DOPA  Cell Body  0.067 

Vehicle-DOPA vs YM 1000 nM-DOPA  Cell Body  0.022 

Vehicle-no DOPA vs Vehicle-DOPA  Dendrite  0.137 

YM 1000 nM-no DOPA vs YM 1000 nM-DOPA  Dendrite  0.484 

Vehicle-no DOPA vs YM 1000 nM-no DOPA  Dendrite  0.154 

Vehicle-DOPA vs YM 1000 nM-DOPA  Dendrite  0.462 
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Table 2.S3. List of antibodies used in experiments.  
WB = Western Blot. IP = immunoprecipitation. IF = Immunofluorescence. If two 
applications are listed, concentrations used depict respective antibody concentrations 
used.  
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Antibody Host Application Dilution Company Catalog No. 

Anti-Cathepsin D Rabbit WB 1:1000 
Cell 

Signaling 
2284 

Anti-SAC3 Mouse WB 1:1000 
Antibodies 

Inc. 
75-201 

Anti-GAPDH Rabbit WB 1:5000 
Cell 

Signaling 
5174 

Anti-HMB45 (PMEL) Mouse WB 1:1000 
Thermo 

Scientific 
MA5-13232 

Anti-Melan-A 
(MART1) 

Mouse IF 1:2500 
Santa 
Cruz 

Sc-20032 

Anti-MITF Mouse WB 1:500 Invitrogen 18-0369 

Anti-PIP5K3 
(PIKfyve) 

Mouse WB / IP 
1:1000 / 

1:500 
Abnova 

H00200576-
M01 

Anti-Tyrosinase 
(TYR) 

Mouse WB 1:3000 Abcam ab738 

Anti-Tyrosinase 
(TYR) 

Goat WB 1:1000 
Santa 
Cruz 

Sc-7833 

Anti-TRP1 Mouse WB / IF 
1:500 / 
1:5000 

Abcam ab3312 

Anti-TRP2 Goat IF 1:50 
Santa 
Cruz 

Sc-10451 

Anti-VAC14 Mouse WB / IP 
1:1000 / Santa 

Cruz 
Sc-271831 

1:200 

Anti-WIPI49 (WIPI1) Mouse WB / IP 
1:1000 / 

Abnova 
H00055062-

M02 1:1250 

Anti-WIPI2 Mouse WB / IP 
1:1000 / 
1:1000 

AbD 
Serotec 

MCA5780GA 

Anti-Goat IgG, 
HRP-Linked 

Rabbit WB 1:5000 
Santa 
Cruz 

Sc-2768 

anti-rabbit IgG, HRP-
linked 

Goat WB 1:5000 
Cell 

Signaling 
7074 

anti-mouse IgG, 
HRP-linked 

Horse WB 1:5000 
Cell 

Signaling 
7076 

EasyBlot anti-mouse 
IgG, HRP-linked 

  WB 1:5000 GeneTex 
GTX221667-

01 

Normal Mouse IgG Mouse IP 1:200 
Santa 
Cruz 

Sc-2025 

 
  



144 

 

Table S4. List of primers used in experiments and their sequences, 5’ to 3’.  
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Primer Sequence 5’ to 3’ Animal Application 

Cre GCGGTCTGGCAGTAAAAACTATC Mouse Genotyping 

Cre GTGAAACAGCATTGCTGTCACTT Mouse Genotyping 

PIKfyveFlox GAGAAAGGGGACAGTGTTTGGC Mouse Genotyping 

PIKfyveFlox CCAGATCTTGCACTGTAACCACAAACCAC Mouse Genotyping 

Pikfyve-Forward TGGCCACAGATGATAAGACGT Human Q RT-PCR 

Pikfyve-Reverse GGGGCTCATCTTGATCAGGAG Human Q RT-PCR 

Pikfyve-Forward TCATGAAATGGCCACAGATG Mouse Q RT-PCR 

Pikfyve-Reverse TGGTCAGGAGTCAAGGGTTT Mouse Q RT-PCR 

Tyr-Forward AGGCAGAGGTTCCTGTCAGA Human Q RT-PCR 

Tyr-Reverse ATCCCATGAAGTTGCCAGAG Human Q RT-PCR 

Tyr-Forward GGGCCCAAATTGTACAGAGA Mouse Q RT-PCR 

Tyr-Reverse ATGGGTGTTGACCCATTGTT Mouse Q RT-PCR 

Tyrp1-Forward CGCACAACTCACCCTTTATTT Human Q RT-PCR 

Tyrp1-Reverse CTTTCCTGTCCTACCCCAAG Human Q RT-PCR 

Tyrp1-Forward ACCCATTTGTCTCCCAATGA Mouse Q RT-PCR 

Tyrp1-Reverse CCTCCTTAGCCATTCGTCAA Mouse Q RT-PCR 

Vac14-Forward GCTAAGGAGTCGCGAGGTTC Human Q RT-PCR 

Vac14-Reverse TTCCGCTTTTCGTACAGCTT Human Q RT-PCR 

Vac14-Forward CAACCTCGGGCTAAGGTGT Mouse Q RT-PCR 

Vac14-Reverse CAACCTTCCGCTTTTCGTAG Mouse Q RT-PCR 

Fig4-Forward GTGTTGTTCCTGGCTGGACT Human Q RT-PCR 

Fig4-Reverse TTCTGGACCGAGCTGATGAT Human Q RT-PCR 

Fig4-Forward GTCTGGTGTGCTGGAGGTCT Mouse Q RT-PCR 

Fig4-Reverse TTCTGGACCGAGCTGATGAT Mouse Q RT-PCR 

MITF-M-Forward ACCT TCTCTTTGCCAGTCCA Human Q RT-PCR 

MITF-M-Reverse CCAATCCAGTGAGAGACGGT Human Q RT-PCR 

MITF-M-Forward TATGGTGCCTTCTTTATGCC Mouse Q RT-PCR 

MITF-M-Reverse AGCATAGCAAGGTTTCAGG Mouse Q RT-PCR 

Wipi1-Forward TGAAATCCCGGACGTCTACA Human Q RT-PCR 

Wipi1-Reverse GCCGTGGTTTTGTGTGACTG Human Q RT-PCR 

Wipi1-Forward TATATCGTGGAGCGCCTCTT Mouse Q RT-PCR 

Wipi1-Reverse CGGTTGAGCCGAATAGACA Mouse Q RT-PCR 

Wipi2-Forward GTTCTCCAGCAGCCTAGTGG Human Q RT-PCR 

Wipi2-Reverse ACAGCCAGAATCGTGTTGGA Human Q RT-PCR 

Wipi2-Forward AGATGACCTGGGTGCTGTG Mouse Q RT-PCR 

Wipi2-Reverse GGAGGATGTTCGCTGTCTTC Mouse Q RT-PCR 

GAPDH-Forward CCAACGTGTCAGTGGTGGA Human Q RT-PCR 

GAPDH-Reverse CGTCAAAGGTGGAGGAGTGG Human Q RT-PCR 

β Actin-Forward CGTCAAAGGTGGAGGAGTGG Human Q RT-PCR 

β Actin-Reverse AAGGAAGGCTGGAAGAGTGC Human Q RT-PCR 

HPRT-Forward GCGATGATGAACCAGGTTATGA Mouse Q RT-PCR 

HPRT-Reverse TCCAAATCCTCGGCATAATGA Mouse Q RT-PCR 
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3.1  Elucidating the Role of PIKfyve in Melanogenesis In Vivo 

 

The studies presented in chapter 2 demonstrate that the PIKfyve complex 

regulates melanogenesis. Our studies showed that lineage-dependent PIKfyve-

knockout mice exhibit progressive whitening of the mouse coat (Figure 2.1). Similarly, 

previous studies have noted that VAC14 ingls (1) and FIG4 pale tremor mice (2), both 

exhibited similar lightning of coat color, however this phenotype was not characterized. 

Interestingly, partial loss of function mutations in FIG4 had a milder phenotype when 

compared to FIG4 knockout mice (3), further suggesting that the phenotype was not a 

result of loss of melanocyte stem cells but instead a direct impact on melanogenesis. 

When coupled with previously published studies, it is clear that the PIKfyve complex 

plays a critical role in melanogenesis. While these studies have directly implicated a role 

for PIKfyve in melanogenesis, the mechanism has not been thoroughly elucidated.  

The phenotype presented by our lineage-specific knockout mice would is 

characteristic of melanocyte stem cell loss, however, as indicated by TYRP2 staining, 

there were no significant differences in the total melanocyte population (Figure S2.1). 

The progressive loss of pigmentation in the mouse coat does however exhibit 

phenotypic similarity to our in vitro inhibitor studies (Figures 2.2 and 2.3) which would 

suggest that melanosome trafficking is being disrupted as a result. To determine how 

PIKfyve controls melanosome maturation in vivo, skin biopsies were accessed at the 

ultrastructural level by DOPA histochemistry electron microscopy (EM). Preliminary 

analysis of anagen hair follicles from control and flox mice were compared by EM 

(Figure 3.1A). Melanocytes from knockout mice exhibit three morphological phenotypes 
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(Figure 3.1B). About 40% of melanocytes appear normal with all stages of 

melanosomes present, while another 40% exhibit extensive vacuolization with few 

melanosomes, and the remaining 20% present an intermediate phenotype (Figure 

3.1C). Similarly, after DOPA incubation, morphologically normal cells contain melanin 

reaction product, while uncharacteristic deposition is observed in intermediate cells and 

abnormal cells lack reaction product completely (Figure 3.1C). As a result, anagen hair 

follicles from knockout mice exhibit minimal or no melanin in intermediate and abnormal 

melanocytes respectively (Figure 3.1). The lack of DOPA staining would further suggest 

the loss of TYR protein. These results complement our Nanostring findings that 

indicated the reduced accumulation of tyrosinase mRNAs (Figure 2.1). Taken together, 

these studies indicate that PIKfyve regulates melanosome maturation in vivo and would 

also suggests that PIKfyve regulates the accumulation of tyrosinase mRNA. The 

PIKfyve complex functions as a critical phosphoinositol kinase in mammalian cells as it 

is responsible for generating the majority of PI(5)P and all PI(3,5)P2 (4-6). To further 

determine how PIKfyve regulates melanogenesis in vivo it is necessary to assess the 

contributions of its product phosphoinositides.  

Previous studies have implicated that PI(3,5)P2 regulates membrane trafficking 

as loss of the phospholipid or PIKfyve machinery results in the accumulation of large 

intracellular vacuoles both in vitro and in vivo (1, 3, 4, 6-8). Furthermore, PI(3,5)P2 has 

also been implicated in melanogenesis, specifically mutations in two PIKfyve effectors 

have been identified that result in pigment abnormalities (9-13). To elaborate upon the 

differing roles of  PI(5)P and all PI(3,5)P2 in vivo, we are currently utilizing established 

protocols (14)  to isolate and culture primary melanocytes from PIKfyve flox and control 
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mice and inducing PIKfyve deletion with tamoxifen in vitro. The isolated melanocytes 

will be treated with PI(5)P or PI(3,5)P2 and phenotypically characterized. Given prior 

studies and our in vitro findings (Figure 2.6), we hypothesize that PI(3,5)P2 treatment 

will result in rescue of all defects while PI(5)P may induce the transcription of 

tyrosinase. Future characterization of the effects of these lipids would require 

identification of specific phosphoinositide effectors.   

Recent in vitro studies have identified PIKfyve point mutations in the kinase 

domain which bias PIKfyve production towards PI(3,5)P2  or PI(5)P  (5, 6). PIKfyveK1999E 

exhibits significantly reduced levels of PI(3,5)P2  and profound vacuolization, while 

PIKfyveK2000E only perturbed PI(5)P accumulation but no aberrant morphology was 

observed (5, 6). To determine the in vivo roles of PI(3,5)P2 and PI(5)P in 

melanogenesis, we will employ lineage-specific, inducible, PIKfyve point mutations. 

Isolating and culturing melanocytes from these models will serve to further complement 

our studies through in depth molecular and biochemical analysis as previously 

conducted. We hypothesize that PIKfyveK1999E will exhibit phenotypic similarity to our 

PIKfyve flox mice, characterized by significant vacuolization, trafficking defects, and 

progressive pigment loss. In support of our reasoning, only PIKfyveK1999E cells exhibited 

vacuolization which is indicative of trafficking defects (5, 6). As PI(3,5)P2 has been 

shown to be essential for multivesicular body (MVB) (7, 8) and lysosomal trafficking (15-

17), it stands to reason that loss of the phospholipid would similarly effect LRO 

trafficking. Complimentary to this, our in vitro studies have shown that PIKfyve inhibition 

resulted in the accumulation of tyrosinase within multivesicular bodies (Figure 2.3). In 

contrast, if PI(5)P does significantly contribute to melanogenesis, we would expect 
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PIKfyveK2000E mutant mice to exhibit an intermediate pigment phenotype. Partly, due to 

only partial loss of function (5, 6) and unclear contributions from MTMRs, residual levels 

of PI(5)P would remain. Furthermore, the contributions of PI(5)P to melanosomal gene 

expression are less defined. Given that neither PIKfyve knockdown or knockout 

completely depleted TYR mRNA (Figures 2.1 and 2.4) and that studies have shown that 

incomplete depletion of TYR does not profoundly affect pigment accumulation (18), we 

expect only a mild pigment phenotype would be observed if at all. Given that our 

established model results in deletion of the kinase domain (19), a double mutant should 

be phenotypically identical to our established mouse model. Furthermore, another 

potential caveat in our analyses is that these models exhibited incomplete depletion of 

the specific lipids in vitro (5, 6). To overcome similar limitations, previous studies have 

transfected reporter plasmids or overexpressed PtdIns5P 4-kinases in order to further 

deplete PI(5)P levels (20). Utilizing similar methodology, we can deplete PI(5)P in 

isolated melanocytes using melanocyte-optimized protocols (14). While our in vivo 

studies have clearly demonstrated the PIKfyve is required for melanogenesis in vivo, 

these additional studies will provide significant insights into the regulatory mechanism 

and will help elucidate the individual roles of PI(5)P and PI(3,5)P2.  

 

3.2  PI(3,5)P2 coordinates trafficking to melanosome and melanosome 

acidification 

 

Given our findings, it’s likely that PIKfyve coordinates different melanogenic 

processes through synthesis of different phosphoinositides.   While several challenges 
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are presented in determining the trafficking dynamics of PIKfyve, the challenges posed 

in understanding transcriptional regulation are more easily overcome. Determining the 

functional roles of the individual phosphoinositide products presents several challenges 

as they have not been well characterized. Furthermore, as PIKfyve is responsible for 

generating both PI(3,5)P2 and PI(5)P (4-6), it is difficult to ascertain specific functions to 

either phosphoinositide unless the specific effectors are known. Very few effector 

proteins have been identified and even fewer that only bind PI(3,5)P2 or PI(5)P. 

However, it is plausible that subcellular localization of different phosphoinositides may 

confer different function to these factors.  

During melanosome biogenesis, PMEL and MART-1 are transported together to 

early endosomes via AP-2 vesicles (21-23). Endosome acidification is necessary to 

induce proteolytic cleave of PMEL prior to progression into stage II melanosomes (21-

23). Our studies have shown that upon PIKfyve inhibition, there are increased numbers 

of stage I melanosomes as verified by immunofluorescence staining with MART-1 

(Figure 2.3). As the melanosome matures, MART-1 is believed to be recycled back to 

the trans-Golgi network (24). As PI(3,5)P2 has been implicated in retrograde trafficking 

to the TGN (8, 25, 26), the melanosomal accumulation of MART-1 would suggest 

dysfunction in the pathway. However, this would also suggest that that AP-2 trafficking 

has not been disrupted as a result. Even though this would suggest that PMEL is being 

trafficked to the developing melanosomes despite PIKfyve inhibition, our results indicate 

that proteolytic cleavage of PMEL is not occurring (Figure 2.2) as further evidenced by 

our EM studies (Figure 2.3). Recent studies have identified TPC2 as a melanosomal 

PI(3,5)P2 effector (12, 13). PI(3,5)P2 activates the TPC2 cation channel resulting in 
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acidification of the melanosome (12, 13). Low pH is necessary for PMEL cleavage given 

that experiments have shown that the primary PMEL protease, beta-secretase 2, 

exhibits optimal proteolytic activity at pH 4.5 (27-29). Complimentary to our own studies, 

this would suggest that TPC2 is required for melanosomal acidification to induce 

proteolytic cleavage of PMEL. This may seem contradictory given that at low pH 

negatively effects tyrosinase activity (30) and decreases pigmentation (12, 13).  

Cellularly, OCA2 functions antagonistically of TPC2 in regulating melanosomal pH and 

pigmentation (31, 32). OCA2 is trafficked along with TYR and TYRP1 using AP-1/AP-3 

vesicles to the developing melanosome. Given that TYR and TYRP1 trafficking is 

disrupted as a result of PIKfyve inhibition (Figure 2.3), OCA2 trafficking is likely also 

disrupted. Taken together, defects in acidification and deacidification, coupled with 

lower enzymatic trafficking, could explain the pronounced pigment phenotypes 

associated with PIKfyve dysfunction in vitro (Figure 2.1) and in vivo [Figure 2.3 and (1, 

2)]. It would also stand to reason why an intermediate phenotype is exhibited as a result 

of partial loss function (3). Overall, these studies provide evidence directly implicating 

PI(3,5)P2 in both melanosomal function and trafficking. Future studies will focus on 

confirming these hypotheses and elucidating the role of PI(3,5)P2 in AP-1/AP-3 

trafficking and confirming the role of TPC2 in PMEL processing.  

 Elucidating the regulatory mechanisms and expanding upon the roles of 

PI(3,5)P2 in melanogenesis presents several caveats that must be overcome. Most 

prominently is that very few PI(3,5)P2 effectors are known and that many PI binding 

proteins have affinity for more than one phosphoinositide. We will investigate the role of 

TPC2 in melanosomal acidification using RNAi knockdown to determine determining if 
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PMEL proteolytic cleavage is affected by immunoblotting. Additionally, we will measure 

the effects on melanosomal acidification using pH sensitive fluorophores. Our 

PIKfyveK1999E studies will provide significant insight into the roles of PI(3,5)P2 in 

membrane trafficking and acidification. To compliment these studies, we will conduct 

immunofluorescence analyses complimented with phosphoinositide rescue experiments 

to verify our findings. However, even if proposed melanosomal roles of PI(3,5)P2 are 

verified through these studies, the appropriate effector proteins must be identified to 

complete our studies.  

Three PI(3,5)P2 effectors that have been characterized in melanocytes, however 

only TPC2 and TRPML3 affected pigmentation (9-13). Furthermore, pigment 

abnormalities associated with TPC2 and TRPML3 do not appear to be related to 

melanosomal trafficking (9-13). Given that members of TRPML family regulate 

endolysosomal trafficking (33, 34) and are specifically activated by PI(3,5)P2, TRPML1 

and TRPML2 remain prime candidates in our attempts to identify trafficking effector 

proteins (35). While TRPML1 has not been characterized in melanocytes, in vitro 

studies have implicated that its role in endolysosomal trafficking (35, 36).  Given that 

there is a significant overlap in both the developmental processes and machinery 

utilized in both lysosome biogenesis and melanogenesis, it is reasonable to hypothesize 

that TRPML1 may regulate melanosomal trafficking.  Permitting our hypothesis is 

correct, RNAi knockdown of the different TRPMLs combined with immunofluorescence 

analysis will allow us to determine  if TRPML1 does indeed regulate melanosomal 

trafficking.  
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3.3  PI(5)P regulates gene expression in melanocytes 

 

In our studies we sought to elucidate the role of PI(5)P in melanogenesis. 

Studies have found that PI(3,5)P2 and PI(5)P both function in autophagy and lysosome 

biogenesis, but in functionally distinct and even antagonistic manners  (20, 37-40). 

Coupling published studies with our own work would suggest that PIKfyve regulates 

melanosomal trafficking and development via PI(3,5)P2.  The contributions of PI(5)P are 

to melanogenesis are much less defined. PIKfyve knockdown resulted in the 

downregulation of several melanosomal proteins (Figure 2.4) exhibiting remarkable 

similarity to previous studies that had implicated WIPI1 in melanosomal regulation (41).  

Given these findings, it was not surprising that PIKfyve knockdown also resulted in 

decreased accumulation of WIPI1 protein, thus suggesting a functional relationship 

(Figure 2.5). WIPI1 is highly expressed melanocytes and melanoma cells (42, 43) and 

expression can be further up upregulated via keratinocyte signaling (44), thereby further 

highlighting its melanosomal significance. Given that WIPI1 can bind to PI(3)P, 

PI(3,5)P2, and PI(5)P (Figure 2.6A), it is plausible that recruitment by different 

phosphoinositides mediates differential function. 

Previous studies within our lab demonstrated that WIPI1 modulates transcription 

via inhibition of mTORC1, thus resulting in activation of the mTORC2-AKT pathway 

(41). In turn this leads to β-Catenin stabilization which leads MITF-M transcription (41). 

Consistent with WIPI1 knockdown studies (41), PIKfyve knockdown decreased 

accumulation of β-Catenin and phosphorylated AKT (Figure 3.2A). Interestingly, 

addition of exogenous PI(3,5)P2 or PI(5)P to untreated cells demonstrated that the 
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phospholipids oppositely effect AKT phosphorylation (Figure 3.2B) and TYR protein 

accumulation (Figure 2.6). These results would suggest that PI(5)P activates the AKT 

signaling pathway to increase melanosomal gene expression. Additionally, these 

findings compliment previous studies that have shown that PI(5)P upregulates AKT 

phosphorylation  (5, 40, 45, 46). It is somewhat surprising that phosphorylated S6K 

increased as a result of PIKfyve knockdown (Figure 3.2A) given that PI(3,5)P2 has been 

suggested to activate mTORC1 (37). Furthermore, decreased levels of PI(3,5)P2 should 

increase activation of the mTORC2-AKT pathway, yet the opposite was observed. 

Taken together, this may suggest that WIPI1 functions downstream of mTOR and imply 

that WIPI1 may function as a PI(5)P effector. Overall, these studies would suggest that 

PI(5)P may modulate melanosomal transcription via AKT and WIPI1, however much 

work must be completed to flesh out these studies and formulate a solid hypothesis. 

Future studies will elaborate upon how these factors may work together in concert to 

regulate melanosomal processes.  

Our findings suggest that PIKfyve may be modulating melanosomal transcription 

through PI(5)P synthesis. As nuclear PI(5)P is synthesized in a PIKfyve-independent 

manner, our findings would suggest that cytoplasmic PI(5)P is predominantly regulating 

melanogenic transcription. To confirm that PIKfyve is modulating melanosomal 

transcription, chromatin immunoprecipitation (ChIP) assays with RNA Polymerase II 

must be conducted. This will allow us to determine how transcription of MITF-M and 

TYR are being effected under different conditions and how PI(3,5)P2 and PI(5)P are 

affecting promoter occupancy. Interestingly, WIPI1 can also localize to the nucleus (39). 

Permitting availability of ChIP-grade antibodies for WIPI1, ChIP-seq analysis in the 
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presence or absence of phosphoinositides will allow us to determine if WIPI1 is 

modulating melanosomal transcription cytoplasmically or nuclearly.   

 

3.4 Conclusions 

 

Previous studies have identified aberrant pigmentation associated with PIKfyve 

kinase complex mutations and in PI(3,5)P2 effector proteins, however, with one very 

recent exception, PIKfyve has not been implicated in regulating melanosome 

biogenesis. The thesis work presented here not only defines novel roles of PIKfyve in 

regulating melanogenesis, but expands upon and bridges findings from previous 

studies. We demonstrate that PIKfyve coordinates both melanogenic trafficking and 

transcription through the synthesis of PI(3,5)P2 and PI(5)P. Overall, our findings support 

the hypothesis that PI(3,5)P2 regulates melanosomal pH and trafficking and that PI(5)P 

and WIPI1 coordinate melanosomal transcription. Future studies will elaborate upon the 

individual roles of the phosphoinositides themselves in melanogenesis and define their 

regulatory mechanisms. Nevertheless, this work expands upon the pool of knowledge 

and provides new insights into both melanocyte and phosphoinositide biology.  
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Figure 3.1:  Melanocytes from PIKfyve knockout mice exhibit lack pigment and 

exhibit profound vacuolization. All mice were shave depilated at p35 and 

subsequently fed normal chow beginning at p50 for the subsequent days.  A) 4mm skin 

biopsies were obtained from experimental mice in early anagen at P60 observed by 

microscopy. Melanocytes (M) from anagen hair follicles from control mice were 

observed by light microscopy at the epidermal/dermal papilla interface from control life 

(left panels) and knockout mice (right panels). In experimental mice, arrows refer 

melanocytes that appear morphologically normal (N), abnormal without melanin (Ab) 

and intermediate with minimal melanin (I). B) Different morphological melanocyte 

variants as observed by electronmicroscopy. C) Increased magnification with with 

DOPA histochemistry illustrating melanocyte morphological variants. Normal (leftmost 

panels), Intermediate (center panels), and abnormal (rightmost panels)  
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Figure 3.2:  PI(5)P activates AKT signaling pathways. A) MNT-1 cells, darkly 

pigmented (DP) melanocytes, B16 mouse melanoma cells, and C57/B6 mouse 

epidermal melanocytes expressing shRNA’s against PIKfyve or non-targeting scramble 

control were analyzed. The amount of accumulated proteins was assessed relative to 

GAPDH using immunoblotting. B) The amount of TYR and WIPI1 protein that 

accumulated in lipid treated cells was measured by immunoblotting. Each experiment 

was performed with three biological replicates and three technical replicates. 
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