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Cutaneous melanoma remains the deadliest form of skin cancer arising from malignant transformation 

of pigment-producing melanocytes, with a diagnosis of metastasis indicating a median survival rate 

of less than a year. Solar ultraviolet (UV) radiation, especially childhood sun exposure, is an important 

etiological risk factor of melanoma. This DNA damage if incorrectly repaired, can result in 

incorporation of mutations that cause aberrant cell cycling and/or other functional defects that 

promote tumorigenesis. Melanoma incidence is on the rise throughout the U.S and thus a better 

understanding of the molecular mechanisms underlying its formation and progression are needed for 

the purpose of diagnosis and therapeutic targeting. Previous studies in humans have determined that 

there is an inverse correlation between Vitamin D Receptor (VDR) expression and melanoma 

progression, and loss of VDR enhances susceptibility to UV induced epithelial tumor formation in 

mice. To better understand the relationship between VDR loss and melanoma susceptibility, we have 

developed a mouse model where VDR is selectively deleted in melanocytes, the cells that transform 

into melanomas, to determine its role in melanocyte homeostasis and UV-induced DNA damage. In 

vivo ablation of VDR in melanocytes (Vdrmel-/- mice), reduced the percentage of melanocyte 

precursors and mature differentiated melanocytes, as well as proliferating melanocyte, both pre- and 



 

 

 

post-UVB irradiation. VDR ablation significantly increased the proportion of UV induced DNA 

damaged melanocytes in the Vdrmel-/- mice. Topical application of vitamin D3, inhibited UV induced 

DNA damage of melanocytes in the presence of functional VDR and this inhibition was abrogated in 

the absence of melanocytic VDR. Vdrmel-/- mice also exhibited a reduction in melanocyte apoptosis 

after UVB exposure. Altogether, these results suggest that VDR plays an important role in controlling 

UV-induced DNA damage and melanocyte homeostasis in-vivo, and the protective effects of Vitamin 

D3 against the UV-induced DNA damage is mediated by functional VDR. Our previous studies have 

shown that mice selectively lacking the nuclear hormone receptor Retinoid X Receptor α, a 

heterodimeric partner of VDR, in epidermal keratinocytes (Rxrα
ep-/-

) developed a higher number of 

aggressive melanocytic tumors compared to wild type mice after two-step chemical carcinogenesis, 

suggesting a novel role of keratinocytic nuclear receptor signaling during melanoma progression. In 

the present study, we have generated a mouse model to establish the role for RXRα in spontaneous 

and acute UVB-induced melanocyte homeostasis and melanomagenesis. Combining Rxrα
ep-/-

mice 

with activated CDK4 (R24C) and oncogenic NRAS (Q61K) mutations in a trigenic model [Rxrα
ep-/-

| 

NRasQ61K| CDK4R24C/R24C] results in enhanced UVR-induced melanomagenesis compared to control 

mice. These melanomas show increased expression of markers of malignant progression, proliferation 

and tumor vascularization. Melanomas from trigenic mice display increased metastases of pigment-

producing cells to draining lymph nodes. Interestingly, the tumor adjacent normal skin of these mice 

have reduced expression of pro-apoptotic Bax and upregulation of cyclin D1 and p21 in the presence 

and absence of UVB treatment suggesting that these changes are primarily driven by loss of 

keratinocytic RXRα in the tumor microenvironment.  These, effects were exacerbated after exposure 

to a single neonatal UVB treatment and we observed additional activation of AKT and reduction in 

expression of pro-Caspase 3, suggesting that these changes are likely UV effects in combination with 



 

 

 

loss of RXRα protein in the keratinocytes. Besides enhancing melanomagenesis, keratinocytic RXRα 

loss results in a microenvironment favorable to primary tumor formation. Therefore, VDR in 

melanocytes has a “cell-autonomous” role to protect against UVB induced DNA damage and a 

pivotal role to control melanocyte homeostasis in vivo, while RXRα in keratinocytes modulate post-

UVB survival of melanocytes in a “non-cell autonomous” manner. Altogether these results establish 

a multitude of roles for type II nuclear receptors in melanocyte homeostasis and melanomagenesis, 

and identifies them as potential targets for melanoma diagnosis and therapeutics. 
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1.1  Abstract 
 

Cutaneous melanoma is the deadliest form of skin cancer, arising from malignant transformation 

of melanocytes, the pigment producing cells of the skin. Exposure to unprotected ultraviolet 

radiation (UVR) is the primary risk factor for development of melanoma and other skin cancers. 

This results in DNA damage, which if not correctly repaired, can result in incorporation of 

mutations leading to tumorigenic transformation due to abnormal cell cycling and other functional 

defects. In addition, these UVR-induced mutations may cooperate with heritable mutations that 

already predispose individuals to melanoma.  Vitamin D Receptor (VDR) and Retinoid-X-

Receptor α (RXRα), are members of the Type II Nuclear Receptor (NR) superfamily of DNA-

binding transcription factors. They ubiquitously regulate gene expression via binding to cognate 

ligands such as Vitamin D and through heterodimerization, are able to function as transcriptional 

co-repressors or co-activators. Progressive loss of VDR and RXRα expression has been reported 

during progression from benign nevi to invasive malignant melanoma in humans. Studies show 

that loss of VDR also enhances susceptibility to UV induced epithelial tumor formation in mice. 

Polymorphisms of VDR gene like Fok1, Bsm1 and Taq1 have been associated with malignant 

melanoma risk and progression of melanoma. We have found that keratinocyte-specific ablation 

of RXRα in a mouse model (Rxrα
ep-/-

) results in increased melanoma formation as a result of 

DMBA/TPA induced chemical carcinogenesis. Melanocytes in those mice exhibit enhanced 

proliferation in response to an acute dose of UVR, suggesting altered keratinocyte-melanocyte 

crosstalk. We aim to better elucidate the molecular mechanisms of VDR and RXRα function in 

UVR-induced melanocyte homeostasis and in melanomagenesis. 
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1.2  Biology of the Skin 
 

Skin is the largest organ in the body and provides a barrier between our internal organs and the 

external environment thus protecting the organism from environmental, chemical and physical 

traumas [1]. It is composed of three layers, the epidermis, dermis, and hypodermis. The epidermis 

is the uppermost layer and it is a multilayered stratified epithelium composed of four layers: basal, 

spinous, granular and stratum corneum [2]. Keratinocytes are the most abundant cell type in the 

epidermis, and is a constantly self-renewing tissue [3]. Keratinocytes move from the proliferative 

cells in the basal layer to give rise to the terminally differentiated spinous and granular layers, 

finally to the stratum corneum, the outermost layer which is comprised of flattened, dead cells that 

are continually shed and replaced by cells underneath (Figure 1.1) [3, 4]. These dead cells form a 

tight barrier to prevent water loss from the skin and also to keep harmful pathogens, out [3]. Dermis 

lies below the epidermis and connects to the epidermis via a basement membrane. Dermis is 

primarily comprised of fibroblasts, which secrete a collagenous extracellular matrix [3]. Below 

dermis lies the hypodermis composed of sub-cutaneous fat cells, known as adipocytes. This layer 

provides protection from injury by cushioning the structures underlying the skin such as bones and 

also produces heat as an energy reserve [5]. Besides these, melanocytes which are the melanin-

producing cells, reside within the epidermis, dermis, and hair follicles. Also present throughout 

the skin are immune cells, such as macrophages, mast cells, Langerhans cells, monocytes and T-

cells [6].  
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1.3  Biology of the Skin Melanocytes 
 

Melanocytes present in the epidermis and hair follicles, have the ability to synthesize and transfer 

melanin to other cells, thus giving skin and hair their pigment. Melanocytes form a heterogeneous 

group of cells in the human body, although all of them originate from embryonic cells named 

neural crest cells (NCC) [7]. One melanocyte is capable of contacting and transferring melanin to 

36 keratinocytes simultaneously through the formation of dendrites [3]. Melanocytes develop 

through a series of several steps starting with lineage specification from embryonic neural crest 

cells (melanoblasts), which migrate, proliferate and differentiate into melanocytes, followed by 

maturation of these melanocytes which includes melanin production in special organelles called 

melanosomes and finally transport of these mature melanosomes to keratinocytes and eventual cell 

death [7]. Melanin, the pigment produced by the melanocytes, functions to shield cells from 

ultraviolet radiation (UVR) that can cause severe damage to the DNA, resulting in mutations that 

cause cancers of the skin. Tanning can cause UVR-induced pigmentation of the skin, a process 

called melanogenesis. There is an inverse correlation between amount of cellular melanin content 

and rate of UVR-induced DNA damage [8]. Keratinocytes in response to UVR, increases the 

production and secretion of mitogenic paracrine factors to enhance melanogenesis, for example 

melanocyte stimulating hormone (αMSH) increased 30 fold after exposure of the keratinocytes to 

UVR [9]. In vitro and in vivo studies have demonstrated that in the presence of small DNA 

fragments mimicking sequences excised during the repair of UV-induced DNA photoproducts, 

activates tumor suppressor p53, enhances DNA repair efficiency, and stimulates melanogenesis 

by upregulating the expression of tyrosinase, the enzyme involved in melanin synthesis, thus 

suggesting that melanocytes can enhance their melanogenesis by directly sensing DNA damage 

without signaling from other cell types [10]. 
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Melanin pigment produced by melanocytes gives color to skin, hair follicles and eyes and are 

classified into two main types, pheomelanin and eumelanin, which are red/yellow and brown/black 

in color, respectively. Eumelanin is much more efficient at blocking UV photons than 

pheomelanin, thus the more eumelanin in the skin, the less UV-permeable is the epidermis. 

Melanin pigments are synthesized and stored in melanosomes, which are subcellular lysosome-

like organelles and are transferred to other cells, mostly keratinocytes, resulting in pigmentation 

of the skin and hair. Alterations in the composition of melanosomes such as variation in the 

number, size, composition and distribution can lead to varying pigmentation patterns within a 

species [11]. 

 

Melanocyte development, survival, migration and homeostasis is influenced by various pathways 

like signaling via the c-KIT receptor and its ligand Stem Cell Factor (SCF) also known as the Kit 

Ligand (KITL) [12], Endothelin signaling via the ENDRB receptor [13], αMSH signaling via the 

MC1R receptor and Hepatocyte Growth Factor (HGF) signaling via the c-MET receptor [9, 14]. 

MC1R receptor signaling is crucial for skin pigmentation. Upon UVR exposure, keratinocytes 

secrete paracrine αMSH, which when bound to MC1R results in production of cyclic AMP, leading 

to downstream activation of the transcription factor MITF, which regulates expression of several 

factors of melanocyte differentiation and pigment-production (figure 1.2) [9]. Specific variants of 

human MC1R have been associated with red hair phenotype and/or increased melanoma risk [15]. 

 

Recent findings have suggested that two distinct populations of melanocytes exist in the skin, i.e. 

the cutaneous melanocyte populations in the dermal layer as opposed to those cells residing in the 

epidermis and these are maintained by different signaling pathways [16]. Keratinocyte-specific 
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overexpression of SCF results in localization of melanocytes to the mouse epidermis, while HGF 

or EDN3 overexpression results in melanocytes populating the dermal layer [16]. Specific 

localizations of melanocytes can vary amongst species. For example, the skin of mice is strikingly 

similar to human skin in morphology, but melanocytes in the mouse skin are contained within the 

hair follicle and the number of innate extrafollicular epidermal melanocytes is low compared to 

human skin [9]. Additionally, studies from our own lab have shown that when mice are exposed 

to ultraviolet-B radiation (UVB), there is an activation and outmigration of melanocytes from the 

hair follicles into the epidermis and dermis; suggesting that the photoprotective function of murine 

melanocytes in response to UVR is conserved in mice [17, 18].  
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1.4  Ultraviolet Radiation-Induced DNA Damage and Mutation 
 

1.4.1 UV-induced DNA damage 

 

Solar ultraviolet radiation (UVR) is an environmental carcinogen and can directly and 

indirectly cause DNA damage, which can ultimately result in harmful mutations if not 

properly repaired and is the main cause of skin cancer. There are three main types of UV 

rays: UVA (315-400 nm), UVB (280-315 nm), and UVC (< 280 nm) [19]. UVB radiation 

produces adverse effects and is largely responsible for inducing DNA damage, even though 

most of the UVB is absorbed by the stratospheric ozone. UVA radiation can penetrate 

deeper into the skin, with 30-50% of its energy able to reach the dermis although it has a 

poor efficiency in inducing DNA damage, because it is not absorbed by native DNA. The 

DNA damage caused by UVA is largely indirect, it is absorbed by chromophores within 

the cell which results in formation of reactive oxygen species (ROS); which then react with 

DNA to cause oxidative-induced DNA damage, such as 8-Oxo-2'deoxyguanosine (8-oxo-

dG). The atmospheric ozone layer filters out UVC radiation, hence does not show much 

harmful effects [20, 21]. UVB radiation can result in formation of covalent bonds between 

adjacent pyrimidines, such as cyclobutane pyrimidine dimers (CPDs) and 6-4 

photoproducts (6-4 PPs) responsible for most of the carcinogenic effects of UV radiation, 

although UVB can also result in oxidative DNA damage [9, 20, 21]. Oxidative DNA 

lesions can be repaired by either base excision repair (BER) or nucleotide excision repair 

(NER). CPDs and 6-4 PPs are generally repaired using NER [20-22]. Nucleotide excision 

repair (NER) is the main pathway responsible for the removal of bulky DNA lesions 

induced by UV irradiation. A mere 15% reduction in NER capacity can separate healthy 

individuals from those developing skin cancers such as basal cell carcinoma (BCC) at an 

early age [21]. Xeroderma pigmentosum (XP) is a condition where the NER is 
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compromised and these individuals are highly sensitive to sunlight and are extremely 

susceptible to UVR-induced skin cancers as many mutations are improperly repaired. Even 

in healthy individuals, UVR-induced mutations can occur when the NER repair capacity is 

exceeded [20]. “Hotspots” of UVR-induced mutation correspond with regions of the 

genome where DNA repair is slow and can favor mutagenicity at these particular sites, thus 

suggesting that UVR-induced DNA lesions are not completely random [9, 22]. UVB 

generally induces point mutations at di-pyrimidine sites containing cytosine, with C to T 

transitions being the most common [23, 24]; while oxidative stress induced mutations most 

often result in G to T transversions [25, 26]. Thus, certain genetic regions are at higher risk 

for incorporating tumorigenic mutations as a result of UVR. 

 

1.4.2 Melanoma Etiology  

 

Malignant melanoma is a neoplasm of the melanocytes and arises from their malignant 

transformation. Although melanoma makes up less than 10% of total skin cancer 

incidences, it accounts for highest number of deaths [22]. Several risk factors can make a 

person more susceptible to develop melanoma. Exposure to UVR is the primary risk factor 

for melanoma. Individuals with high mole count are at higher risk for developing 

melanomas. The risk of melanoma is much higher for individuals with fair skin that 

freckles or burns easily with light or red hair. Melanoma risk is also higher in individuals 

with family history of melanoma. Around 10% of all people with melanoma have a family 

history of the disease. People with weakened immune systems (from certain diseases or 

medical treatments) are more likely to develop many types of skin cancer, including 

melanoma [27]. Thus, better understanding of the molecular mechanisms underlying the 
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formation of malignant melanoma and progression to metastasis is crucial for developing 

new diagnostic and therapeutic strategies as the number of incidences continues to rise. 

 

1.4.3 Mutations in Melanoma 

 

The mitogen-activated protein kinase (MAPK) pathway, consisting of RAS-RAF-MEK-

ERK kinases, has been found to be important in melanoma formation. BRAF mutations 

are found in ~50% of melanomas; with 90+% of those mutations being BRAF
V600E (Valine 

at amino acid position 600 is mutated to Glutamic acid). BRAF
V600E mutation is a point 

mutation consisting of a T-A transversion at position 1,799 which accounts for 90% of all 

mutations in the human BRAF gene [29]. This BRAF mutation results in constitutive 

downstream ERK activation and upregulation of Cyclin D1, the regulatory subunit of 

CDK4/6 required for G1S transition. Vemurafenib, a BRAF
V600E

 inhibitor, has shown some 

clinical success to treat BRAF
V600E 

melanomas. However, acquired drug resistance often 

occurs emphasizing the need for additional simultaneous therapeutic targets for melanoma 

treatment [30].  

Oncogenic RAS expression is prevalent in a broad range of human cancers with 15-20% 

of melanomas expressing mutant oncogenic NRAS.  NRAS-mutated tumors tend to be 

even more aggressive than the BRAF tumors, which tend to grow faster. Direct targeting 

of RAS mutations has been unsuccessful thus far, but pharmacological inhibition of MEK 

resulted in regression of melanomas in mice expressing NRAS
Q61K 

(glutamine at amino 

acid position 61 is mutated to lysine), but interestingly only when CDK4/6 was also 

inhibited [31, 32].  
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Inactivation of the INK4a/ARF (or CDKN2a) locus is a common and critical genetic event 

in the development of familial melanoma. Partial or complete loss of INK4a/ARF has been 

reported to exist in ~60% of melanoma cell lines surveyed [25, 33]. Via alternative splicing, 

the INK4a/ARF locus encodes two distinct gene products: p16
INK4a 

and p14
ARF 

[33]. 

p16
INK4a 

has a role in the Rb-INK4a-CDK4 pathway; via inhibiting Cyclin Dependent 

Kinases (CDK4/6) from phosphorylating the tumor suppressor protein retinoblastoma 

(pRb). When hypo-phosphorylated, pRb represses E2F1 transcription factor function and 

prevents exit from the G1 cell cycle phase [33]. Thus p16
INK4a 

expression results in a G1 

cell cycle arrest and limits excessive cellular proliferation [34]. p14
ARF 

stabilizes tumor 

suppressor p53 via inhibition of MDM2 protein, which otherwise mediates p53 degradation 

[34]. Both genes encoded by the INK4a/ARF locus are crucial for preventing aberrant cell 

cycling and tumorigenesis.  

 

Mutations in the Rb-INK4a-CDK4 pathway can result in cell cycle defects, such as 

oncogenic point mutations in CDK4 and has been found to be a risk factor for hereditary 

melanoma in humans. The mutant CDK4R24C protein (Arginine at amino acid position 24 

is mutated to Cysteine) is unable to bind p16
INK4a 

and thus the Rb-INK4a-CDK4 pathway 

is dysregulated similarly to if the INK4a/ARF locus had been inactivated [35]. 

Homozygous Cdk4
R24C/R24C 

mice have been found to have enhanced pRb phosphorylation, 

as well as increased cell proliferation rate. Additionally, these mice develop more 

spontaneous tumors as a function of age compared to control mice, and addition of the 

NRas
Q61K 

mutation enhances tumorigenesis resulting from expression of oncogenic Ras 
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[35]. Two-step DMBA/TPA induced chemical carcinogenesis treatment on the skin of 

Cdk4
R24C/R24C 

mice results in formation of invasive melanomas [36]. 

 

1.4.4 UV and melanoma 

Ultraviolet radiation (UV) is both a mutagen and a damaging agent and has properties of 

both a tumor initiator and a tumor promoter and hence can be classified as a “complete 

carcinogen.” UV is epidemiologically and molecularly linked to the three most common 

types of skin cancer, basal cell carcinoma, squamous cell carcinoma and malignant 

melanoma, which together affect more than a million Americans annually [37]. Studies in 

newborn rodents and on human foreskin grafted on immunosuppressed nude mice have 

provided compelling evidence that high UVB doses are required for generation of m 

elanoma or of melanocytic tumors which are considered to be precursor lesions of 

melanoma [38, 39]. Melanoma risk is associated with cumulative, intermittent exposure to 

UV radiation [40]. A meta-analysis of 57 studies found a positive correlation between 

melanoma risk and intermittent sun exposure, but an inverse association for continuous 

over-exposure [41]. An exome sequencing study conducted on 34-primary cutaneous 

melanoma samples revealed that melanomas arising in severely sun damaged skin have 

higher mutation loads and 70% of all dinucleotide substitutions comprised of tandem 

CC>TT/GG>AA mutations. Interestingly, BRAF V600K mutations were more common in 

tumors arising in severely sun damaged skin, whereas BRAF V600E mutations were more 

common in tumors from sun-protected sites [42]. Another study revealed high numbers of 

somatic mutations, which showed the hallmark of UV-induced DNA repair were present 

in all melanoma samples with the presence of recurring somatic MAP2K1 and MAP2K2 
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mutations, and missense and nonsense somatic mutations were frequently found in a few 

candidate melanoma genes, FAT4, LRP1B and DSC1 [43]. Another study demonstrated 

that UVR-induced malignant melanomas carried more single base substitutions (SBS) than 

spontaneous malignant melanomas, where C>T/G>A was the most common in 

spontaneous but only modestly increased in UVR-induced malignant melanoma, and 

unlike malignant melanomas associated with repetitive exposures, they observed no 

CC>TT changes [81]. Pre-clinical mouse models that involve the induction of 

melanomagenesis through UVR treatment can be useful for simulating the natural 

progression of melanoma development as it occurs in human beings. However, the 

difference between localization of melanocytes within the mice and human skin is an 

important concern for mouse melanoma models as human melanocytes reside primarily in 

the basal layer of the epidermis and are susceptible to penetration by UVR while mouse 

melanocytes exist largely in the roots of hair follicles but rarely at the dermal–epidermal 

junctions [44]. Mouse models with overexpression of HGF/SF under the control of 

metallothionein gene promoter, possess melanocytes in the epidermis, upper dermis, and 

epidermal–dermal junction similar to human melanocytes, and develop metastases after 

UV irradiation follow human etiology and emphasize the significance of childhood UV 

exposure as a risk factor to melanoma development [45].  It has also been discovered that 

following UV treatment, various tumor suppressors are inactivated by DNA methylation, 

like CDKN2A, PTEN, and inactivating mutations in histone deacetylases such as HDAC1-

3 maintain chromosomes in the relaxed state, increasing its accessibility to transcription 

factors that promote melanoma development. Other genetic risk factors that lead to 

melanomagenesis have been determined in UVR models by additional genetic 
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modifications, such as inactivating Ink4a/Arf, CDK4, which decreased the latency time to 

metastasis [45]. Although our knowledge about the complex genetic and biological 

mechanisms leading to melanoma development has increased, but there are still gaps in our 

understanding of the early events of melanocyte transformation and disease progression 

and there is a major gap in our current knowledge of how UV initiates melanoma. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.5  Role of Nuclear Receptors in Melanomagenesis and epidermal homeostasis 
 

1.5.1 Type II Nuclear Receptors and their mechanism of action 

 

The nuclear receptors (NRs) belonging to the superfamily of steroid-thyroid hormone 

nuclear receptors, are a family of transcription factors that bind and respond to certain 
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steroids and other signaling molecules, such as vitamin D3, thyroid hormone, and retinoids 

and contribute to the cellular responses of physiological demands. As ligand-regulated 

transcription factors, the nuclear hormone receptors are nearly ideal drug targets, with 

internal pockets that bind to hydrophobic, drug-like molecules and well-characterized 

ligand-induced conformational changes that recruit transcriptional coregulators to 

promoter elements [37, 38]. Type II NRs have a DNA binding domain (DBD) which is 

highly conserved and consists of two zinc finger motifs. As part of a transcriptional 

regulatory complex, these NRs form either homo- or hetero-dimers with each other and 

bind response elements on the DNA [17]. These response elements generally consist of 

short direct-repeat sequences with a variable length of nucleotides in-between for example 

RXR-LXR (Liver-X-Receptor) heterodimer binds to a 5’AGGTCAxxxxAGGTCA-3’ 

consensus sequence [39]. Two activation domains called AF-1 and AF-2 assist the 

receptors in dimerization and DNA binding. More variation is evident within the carboxyl 

terminal ligand binding domain (LBD), where individual receptors have evolved to bind a 

variety of signaling molecules (Figure 1.3) [17, 40].  

Receptors for which ligand specificity has yet to be determined are labeled as orphan 

receptors [53]. Examples of endogenous NR ligands expressed in skin include all-trans 

retinoic acid (RA) for retinoic acid receptors (RARs) [17, 40], 9-cis RA for RXRs [17, 38], 

1,25-(OH)2-VD3 for Vitamin D receptor (VDR) [17], fatty acids/lipids for Peroxisome 

Proliferator-Activated Receptors (PPARs) [17, 41] and oxysterols for LXR [17, 42].  

 

A distinguishing feature of Type II NR function is the promiscuity to form heterodimers 

by the RXRs. All of the NRs are capable of forming heterodimers with one of the three 
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RXR isoforms; RXRα alone is able to heterodimerize with at least 15 NR family members 

[17]. After heterodimerzation these NRs occupy direct repeat response elements within the 

promoter regions of target genes, where they regulate gene expression in a ligand-

dependent manner [17]. The NR heterodimers can regulate organization of complexes that 

can either initiate or repress transcription, a process mediated via ligand binding [17]. 

Coactivators include ATP dependent chromatin remodelers, histone acetyltransferases and 

the Mediator complex [17, 43, 44]. Corepressors comprise the N-CoR/Smart assembly and 

histone deacetylases [17, 45]. Post-translational modifications of co-factors such as 

phosphorylation, methylation, sumoylation and ubiquitination contribute to the extensive 

specificity of NR regulation [17, 46]. Cell- and tissue-specific factors can also come into 

play, for example the PPARγ cofactor PGC-1 is present in adipose tissue but not 

fibroblasts, allowing a cell type-specific activation of genes related to adaptive 

thermogenesis [17]. This allows the NRs to influence a diverse range of gene expression 

in a manner that is dynamic via diversity in heterodimerization, ligand binding, and cell-

intrinsic properties. 

 

 

 

1.5.2 Role of Vitamin D Receptor in Melanoma development and epidermal homeostasis 

The biologically active form of vitamin D is 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] and 

it binds to the vitamin D receptor (VDR) and promotes association with its heterodimeric 

partner, the retinoid X receptor (RXR). The VDR-RXR heterodimer regulates transcription 

by binding to specific response elements in the promoter regions of target genes. Vitamin 
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D receptor (VDR) is ubiquitously expressed in the body, including by melanoma cells [56]. 

Like other type II nuclear receptors, 1,25(OH)2D3-induced VDR activation inhibited 

proliferation and promoted differentiation of keratinocytes, though VDR/RXRα 

heterodimers can also transactivate keratinocytic genes independent of 1,25(OH)2D3 

binding [57]. This is evidenced when comparing the phenotypes of vitamin D receptor and 

ligand knockout mice. The lack of phenotype in ligand knockout skin compared with the 

VDR−/−
 skin strongly suggests that VDR regulates transcription in keratinocytes 

independently of its 1,25(OH)2D3 ligand [58, 59]. There is an inverse correlation between 

VDR expression and progression of skin pigmented lesions and loss of VDR expression is 

observed in human melanomas as tumors progress from benign nevi to malignant and 

metastatic lesions [60]. Patients with melanoma are affected with reduced VDR expression 

[61]. Shorter overall survival is related to lack of or reduced VDR expression in melanomas 

localized to the skin lesions or metastases [61]. Lesser pigmented or amelanotic melanomas 

have a higher VDR expression compared to strongly-melanized melanomas [60, 61].   

 

Mice with genetic inactivation of VDR also increases their susceptibility to chemically-

induced skin tumorigenesis, where the VDR−/−
 mice rapidly develop skin tumors after oral 

administration of dimethylbenzathracene (DMBA), whereas wildtype mice are resistant to 

tumor development [59]. VDR−/−
 mice also developed UV-induced tumors more rapidly 

and with greater penetrance than the control mice. This may partly be due to a significant 

reduction in thymine dimer repair and keratinocyte apoptosis in VDR−/−
 skin following 

acute exposure to UV light [57]. Polymorphisms of the VDR gene have been shown to be 
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associated with both the occurrence and outcome of MM. In particular, TaqI, BsmI and 

FokI polymorphisms of the VDR gene are associated with MM risk [62-66].  

 

Loss or reduction of VDR expression predisposes the skin to tumor formation. Some of 

parameters that underlie the means by which VDR acts as a tumor suppressor in skin are, 

1) DNA damage repair is reduced in the absence of the VDR, allowing the mutations in 

the DNA to accumulate, 2) increased activation of the hedgehog and β-catenin pathways 

in the epidermis in the absence of the VDR, leading to poorly regulated proliferation with 

reduced differentiation, and finally 3) a shift in the expression of long noncoding RNAs 

toward a more oncogenic profile in the absence of VDR [56]. UVB-induced DNA damage 

includes the formation of 2 photoproducts, the cyclobutane pyrimidine dimers (CPD) and 

pyrimidine (6-4) pyrimidone photoproducts (6-4PP). In VDR null mice, there is a marked 

reduction in the clearance of CPDs and 6,4PPs following UVB treatment in vitro and in 

vivo [56, 67]. There is some evidence that the epidermis and epidermal portion of the hair 

follicles of adult Vdr null mice overexpresses elements of the hedgehog (HH) signaling 

pathway, suggesting that one of the causes of the increased susceptibility of the epidermis 

to malignant transformation is due to a loss of VDR regulation of HH signaling in the 

epidermis [56, 67]. Studies have shown that in humans as well as in mice, VDR appears to 

modulate the differential action of CTNNB1 (β-catenin pathway) and induce their 

signaling in the epidermis and hair follicles [56]. LncRNAs are known to regulate cancer 

development through mechanisms including tumor cell proliferation, evasion of growth 

suppressors, replicative immortality, angiogenesis, and invasion and metastasis. When the 

profile of lncRNAs was evaluated in the epidermis of VDR null mice and in keratinocytes 
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lacking VDR, it was found that H19, HOTTIP, Air, HOTAIR, Malat1, and SRA and 

Nespas were significantly and consistently increased in both cultured keratinocytes and 

epidermis following VDR deletion and these lncRNAs are known to be oncogenic [56, 68, 

69].  

 

Mice with targeted ablation of VDR present a large number of pathological properties in 

the skin, including progressive alopecia and dermal cysts as well as decreased expression 

of epidermal differentiation markers [70]. By expressing in discrete epidermal locations, 

VDR-interacting coactivators contributed divergent roles towards keratinocyte 

proliferation and differentiation [71]. Lipid production and epidermal barrier formation are 

also regulated through VDR and its associated cofactors. Genetic studies have implicated 

VDR as a necessary regulator of skin barrier formation [72]. Keratinocytes lacking VDR 

are hyperproliferative and exhibit decreased apoptosis [73]. Genetically engineered mice 

lacking the VDR (VDR-knockout mice) demonstrate a variety of phenotypes including 

abnormal hair follicles and more skin tumors, when exposed to a carcinogen, indicating a 

role of VDR in keratinocyte differentiation. Mice lacking VDR are predisposed to 

melanocytic tumor formation when exposed to high and prolonged doses of UVB [74]. In 

vitro, 1,25(OH)2D3 stimulates melanocyte maturation, possibly through the stimulation of 

tyrosinase activity, and protects cells from apoptosis through VDR signaling [75]. 

1,25(OH)2D3 performs important functions in regulating the skin differentiation process, 

for examples increase in the expression of involucrin, transglutaminase, loricrin, and 

filaggrin and increases keratinocyte cornified envelope formation while inhibiting 

proliferation by increasing intracellular calcium levels by induction of the calcium receptor 
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and the phospholipase C that are critical for the ability of calcium to stimulate keratinocyte 

differentiation. Mice lacking the VDR show defective epidermal differentiation 

manifesting as reduced levels of involucrin and loricrin and loss of keratohyaline granules 

which are involved in keratinization [82]. Altogether these suggest the role of VDR in 

epidermal homeostasis and as a tumor suppressor in the skin, however its role in 

melanocyte homeostasis has not been fully investigated. To that end, in the chapter 2 we 

have aimed to further elucidate the role of VDR in UVR-induced melanocyte homeostasis 

and DNA-damage.  

 

1.5.3 Role of RXRα in Melanoma development and melanocyte homeostasis 

RXRα/β expression has been detected in B16 and S91 murine melanoma cells, with RXRβ 

being the predominant isoform [17]. Interestingly loss of RXRα expression is observed in 

human melanomas as tumors progress from benign nevi to malignant and metastatic 

tumors, both in the melanoma cells and also in adjacent keratinocytes [76]. These data 

indicate an importance for RXR-mediated gene expression in melanomagenesis. Our own 

work has demonstrated the role of keratinocytic RXRα in manipulating melanocyte 

activation and proliferation through modulation of the cutaneous microenvironment [18]. 

RXRα/NR heterodimer binding regulates transcriptional repression of soluble mitogens 

and cytokines, making it a critical factor in the ultraviolet radiation (UVR) induced cellular 

responses. The loss of keratinocytic RXRα in Rxrαep-/- mice relieves transcriptional 

repression and allows overexpression of keratinocytic soluble factors that act on 

melanocytic cell-surface receptors. Higher numbers of epidermal melanocytes were seen 

after UVR exposure in Rxrαep-/- mice compared to controls, suggesting contribution of 
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soluble factors in the cellular microenvironment for melanocyte activation and migration 

out of the hair follicle ultimately regulating melanocyte homeostasis [18]. We have also 

observed that mice lacking RXRα expression in keratinocytes have a role in 

melanomagenesis. Keratinocyte specific ablation of RXRα (Rxrα
ep-/-

mice) results in 

enhanced formation and malignant conversion of melanomas as a result of chronic 

chemical DMBA-TPA carcinogenesis treatment on the skin [77]. Rxrαep-/- mice also 

developed a higher number of dermal melanocytic growths (nevi) compared to control 

mice, implicating contribution of keratinocyte-derived factors in melanomagenesis. Only 

nevi from RXRα mutant mice progressed to melanoma-like tumors, suggesting that RXRα-

mediated distinct non-cell autonomous actions suppressed nevi formation and melanoma 

progression in mice [77]. 

 

When these epidermal specific knockout mice were combined with mutant CDK4 in a 

bigenic mouse model, this effect was further exacerbated. These mice formed a higher 

number of large melanomas than either Rxrα
ep-/-

or Cdk4
R24C/R24C 

mice; and the melanomas 

exhibited higher expression of markers of malignant progression and had increased 

metastasis to lymph nodes relative to mice expressing only the mutant CDK4
R24C [78]. 

These results suggested that loss of RXRα expression in keratinocytes can promotes the 

transformation of melanocytes to malignancy, possibly via impaired cross-talk between 

keratinocytes and melanocytes. This also indicates that cooperativity with oncogenic 

mutations in key signaling pathways such as the Rb-INK4a-CDK4 pathway may enhance 

this effect. We also assessed the role of keratinocytic RXRα loss on melanocyte 

homeostasis following UVR, which is the more biologically-relevant model of melanoma 
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susceptibility compared to chemical carcinogens. We observed that loss of keratinocytic 

RXRα expression made melanocytes more sensitive to UVR-induced 

activation/proliferation in both the epidermis and dermis since we observed increased 

levels of 8-oxo-dG+ melanocytes in Rxrα
ep-/-

skin 48 hours post-UVR. We also observed 

an increases in the number of epidermal and total extrafollicular melanocytes was in UVR-

irradiated floxed Rxrα
L2/L2 

control skin over untreated mice, while in the mutant Rxrα
ep-/-

  

group, this increase was significantly higher. There was also an increase in the TYRP2-

positive melanocytes in the dermis of mutant skin 48 hours after UVR [18]. Additionally, 

in Rxrα
ep-/-

keratinocytes we observed increases in relative mRNA expression levels of 

mitogenic paracrine factors secreted by keratinocytes to stimulate melanocyte 

proliferation, particularly EDN1, FGF2, and SCF were more than two-fold higher in mutant 

skin prior to and 24 hours post-UVR [18]. Altogether our study provides evidence that 

keratinocytic RXRα, in cooperation with UVR, regulates melanocyte homeostasis by 

repressing secretion of paracrine mitogenic growth factors and emphasize that Rxrα
ep-/-

mice show enhanced susceptibility to malignant transformation upon UVR treatment. 

Since EDN1 is upregulated in keratinocytes from Rxrα
ep-/-

mice and addition of exogenous 

EDN1 to cultured primary melanocytes activates both the downstream MAPK and Protein 

Kinase C (PKC) pathways in primary murine melanocytes, it’s possible that the MAPK 

and PKC pathways are indirectly activated as a consequence of epidermal RXRα loss and 

this may be one of the mechanisms by which RXRα loss promotes melanomagenesis [79]. 

We also investigated the mechanistic role of keratinocytic RXRα loss in chronic UVB-

induced melanomagenesis in combination with either activated CDK4
R24C 

or oncogenic 
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NRAS
Q61K 

mutations. We observed that Rxrα
ep-/-

mice developed more and larger UVB-

induced melanocytic tumors in combination with either Tyr-NRas
Q61K 

or Cdk4
R24C 

mutations compared to their corresponding Rxrα
L2/L2 

controls. There was enhanced 

angiogenesis in tumors from the bigenic Rxrα
ep-/-

mice with increased metastasis of TYRP1-

expressing melanoma cells to draining lymph nodes. We also observed reduced expression 

of tumor suppressor p53, upregulation of cyclin D1, loss of PTEN and increased pAKT 

expression in our bigenic Rxrα
ep-/-

mice compared to the controls. Overall, our results 

suggested that loss of RXRα in the epidermis alters the skin microenvironment in a manner 

that both promotes formation and enhances progression of malignant and metastatic UVB-

induced melanomas when combined with upregulated NRAS and CDK4 signaling 

pathways [80]. To better understand the mechanistic role of RXRα in melanocyte and 

melanoma biology, in chapter 3 we have investigated the mechanistic role of keratinocytic 

RXRα loss in spontaneous and acute UVB-induced melanomagenesis in combination with 

activated CDK4
R24C 

and oncogenic NRAS
Q61K 

mutations.  
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Figure 1.1 Cross section of human skin (Adapted from Segre et al., 2006). 

 

Epidermal keratinocytes undergo a series of proliferation and differentiation from basal cells to 

spinous cells to enucleated granular cells, resulting finally in differentiated squamous in the 

stratum corneum, which is composed of keratin macrofibrils and cross-linked cornified envelopes 

(CEs). Tight junction plays an important role in epidermal permeability barrier. 
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Figure 1.1 
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Figure 1.2 Pathways regulating melanocyte development, survival, migration and 

homeostasis (Adapted from Lin et.al., 2007). 

 

Signaling via the c-KIT receptor and its ligand Stem Cell Factor (SCF/KITL), Endothelin signaling 

via the ENDRB receptor, αMSH signaling via the MC1R receptor and Hepatocyte Growth Factor 

(HGF) signaling via the c-MET receptor regulating the MITF promotor. 
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Figure 1.2 
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Figure 1.3 Schematic representation of functional domains in type II nuclear receptors 

(Adapted from Hyter et.al., 2013). 

 

Transcriptional activation function 1 (AF-1) domain initiates at the amino terminus, followed by 

the DNA-binding domain (DBD). A flexible hinge region (H) assists in DNA binding, 

dimerization and transactivation functions. Variable ligand-binding domains (LBD) and a second 

activation function (AF-2) are present at the carboxyl terminus. 
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Figure 1.3 
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2.1 Abstract 

 

Neonatal exposure to UV irradiation is an important risk factor for melanoma progression. An 

inverse correlation exists between Vitamin-D-Receptor (VDR) expression and progression of 

melanoma. Here we have selectively ablated VDR in melanocytes to generate the Vdrmel-/ 

-  mice and studied its role in melanocyte homeostasis in vivo pre- and post-UVB 

exposure. Selective ablation of VDR in melanocytes reduced number of both melanocyte 

precursors and mature differentiated melanocytes pre- and post-UVB irradiation, as well as 

decreased number of proliferating melanocytes post-UVB, although, melanocyte proliferation 

was unaffected in un-irradiated neonatal mutant mice. Interestingly, an increase in the proportion 

of UV-induced DNA damaged melanocytes was observed in Vdrmel-/-neonatal mice. Loss 

of melanocytic VDR also resulted in reduced number of apoptotic melanocytes after 

UVB exposure. The above results suggest a cell-autonomous protective role of melanocytic 

VDR against UVB induced DNA damage and a pivotal role to control melanocyte homeostasis in 

vivo.   
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2.2 Significance 
 

The ability of melanocytic-VDR to protect against UV induced damage in skin and to regulate 

proliferation and differentiation of melanocytes indicates that it has a photo-protective role to 

shield against development of melanoma. This newly discovered role of VDR-signaling in 

melanocytes identifies VDR as a potential target for melanoma prevention and treatment.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



40 
 

 

2.3 Introduction 
 

Exposure to UVR is responsible for development of melanoma, an aggressive form of skin cancer, 

which originates in the melanocytes [1]. Therefore, for diagnosis and correct therapeutic targeting 

of melanomas it is crucial to understand the molecular mechanisms behind UV-induced melanoma 

formation. Epidemiological studies suggest that early, intense and intermittent exposure to UVB 

in children may give rise to cutaneous malignant melanoma [2]. A single exposure of neonatal 

mice to UVB irradiation is sufficient to induce melanoma in later life, rather than a cumulative 

lifetime exposure [3]. This is because melanocyte-progenitor cells are abundant in neonatal skin 

compared to adult mice and UVB may stimulate proliferation of DNA-damaged neonatal 

progenitors thus facilitating melanomagenesis [4]. Vitamin D Receptor (VDR) is a member of the 

nuclear hormone receptor superfamily and is a ligand-activated transcription factor that functions 

to control gene expression of specific biological responses ranging from homeostatic control to 

actions that control the growth, differentiation and functional activity of numerous cell types 

including those of the immune system and skin [5]. Following ligand activation after binding 

vitamin D hormone 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), the VDR interacts with its 

heterodimeric partner, nuclear receptor Retinoid-X-Receptors α/ β/  required for specific DNA 

binding and recruits a variety of coregulatory complexes that perform the additional functions 

required to modify transcriptional output with ultimate antitumor effects [6-8]. The active form of 

vitamin D3, 1,25-dihydroxyvitamin D3, is made in the skin after exposure to UV through the 

classical pathway [9], although vitamin D3 metabolism can also occur through an alternate 

mechanism as evident from CYP11A1-derived secosteroids detected in the human serum and 

epidermis, and pig adrenal glands [10, 11]. Vitamin D, either when formed in the skin after 

exposure to sunlight   or when ingested as dietary vitamin D, is an inactive precursor and requires 
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two hydroxylation steps, first in the liver and then the kidney, to be converted to 1α,25-

dihydroxyvitamin D3 (1,25(OH)2D3 or calcitriol), the active hormone [12]. Studies including ours 

have shown that VDR expression is disturbed in many cancers including melanomas and loss of 

VDR expression affects melanoma tumor behavior, allowing for progression of the disease (Figure 

2. 6) [13] and loss of VDR also enhances susceptibility to UV induced epithelial tumor formation 

in mice [14]. Polymorphisms of VDR gene like Fok1, Bsm1 and Taq1 have been associated with 

malignant melanoma risk and progression of melanoma [15]. Several studies indicate that VDR 

has a role in keratinocytes through its normal stem cell function, and keratinocyte differentiation 

and proliferation [5].  However, the functional role of VDR in melanocyte homeostasis is not well 

characterized. A series of epidemiological studies have suggested that low vitamin D levels 

increase the risk of cancers. There are also in vitro data, which suggests that vitamin D has anti-

proliferative effects on melanoma cells and that vitamin D levels at diagnosis have a role in 

determining outcome for melanoma patients [16]. However, the role of vitamin D in the presence 

and absence of melanocytic VDR is unknown. Herein, we have analyzed the in vivo role of VDR 

to regulate melanocyte homeostasis in the neonatal murine skin in response to UVB. We also 

evaluated the in vivo role of Vitamin D-VDR signaling in UV induced DNA damage. 
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2.4 Materials and methods 
 

Generation of Vdrmel-/- mice — The generation of VdrL2/L2 mice have been described previously 

[13]. Melanocyte specific ablation of VDR using the Cre-LoxP strategy was achieved by breeding 

hemizygous Tyr-Cre [14] transgenic mice to VdrL2/L2 mice to generate Tyr-Cre tg/0|VdrL2/L2 and Tyr-

Cre 0/0|VdrL2/L2 mice. Excision of Vdr was first verified by genotyping through PCR analysis on 

tail skin DNA using specific primers as described (Primer 1: 

GTCTTCTGACTCCCACAAGTGTACC, Primer 2: CTGTTGATGGACAGGAACACACAG C, 

Primer 3: CTTTGTACTACCAGGCTGAGCTTCG) and by immuno-histochemical (IHC) 

analyses using anti-VDR antibody to confirm ablation of VDR in the melanocytes and generation 

of Vdrmel-/- (mutant) mice as described [15]. VdrL2/L2 mice were used as controls for all studies. 4-6 

mice from multiple litters were used in each group and at each time point for subsequent analyses. 

Mice were housed in our approved University Animal Facility with 12-h light cycles in a specific 

pathogen-free environment with constant temperature control, food and water were provided ad 

libitum, and institutional approval was granted for all animal experiments via an Animal Care and 

Use Protocol (ACUP). 

 

UVB treatment of neonatal mice—P2 mice were exposed to a single dose of 350 mJ/cm2 of UVB 

light from a bank of four Philips TL-20W/12RS UV-B sunlamps as previously described [16, 17].  

The irradiance of the sunlamps was measured with an IL-1400A radiometer with an SEE240 UVB 

detector (International Light). Skin samples were collected at indicated time points (30 mins, 24h, 

48h, 72h and 96h) post UVB treatment for embedding in either paraffin or OCT for further 

histological and immuno-histochemical analyses.  
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Calcipotriol treatment— P1, P2 and P3 mice were topically administered 1nM of Calcipotriol 

(Vitamin D3 analog) after shaving the hair on the dorsal skin. On P2, these control and mutant 

mice were exposed to a single dose of 200mJ/cm2 of UVB and 48h post UVB, skin samples were 

collected for embedding in paraffin blocks for further histological and immuno-histochemical 

analyses. 

 

Histological analyses— All analyses were performed on 5 μm thick formalin-fixed paraffin skin 

sections. Prior to all procedures, sections were deparaffinized in xylene and rehydrated using 

graded alcohols. Fontana-Masson (melanin staining) [18] procedures were performed using 

commercial kits (American MasterTech-KTFMA, USA) according to the manufacturer's protocol. 

Slides were cleared in xylene and mounted in DPX mounting medium. All microscopic images 

were captured with a Leica DME light microscope using the Leica Application Suite software, 

version 3.3.1. Quantifications of cell labeling were performed using ImageJ software (NIH) and 

adobe photoshop, multiple fields on each slide from all groups were randomly chosen and 20 fields 

per group were counted. All experiments were performed in triplicates, and the slides were 

analyzed independently in a double-blinded manner by two investigators. Statistical significance 

was determined using a Student’s two tailed t-test as calculated by GraphPad Prism software.  

 

Immunohistochemistry— For immunohistochemistry (IHC) experiments, paraformaldehyde-

fixed paraffin skin sections (5 μm thick) were deparaffinized in xylene and rehydrated through 

graded alcohols. Antigen retrieval was performed in a hot water bath (95°C-100°C) for 20 minutes, 

using citrate buffer (pH 6.0) for all antigens. All sections were then washed three times with PBS-

Tween (0.05%), and blocked with 10% normal goat serum in PBS-Tween for 30 minutes to block 
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nonspecific antibody binding. Sections were then incubated overnight with primary antibody at 

4°C. Primary antibody incubation was followed by three washes with PBS-Tween before addition 

of either biotin or fluorophore-conjugated secondary antibodies, which were incubated on the 

sections for 2 hours at room temperature. For fluorescent IHC, nuclei were counterstained with 

DAPI (200 ng/mL) for 10 minutes at room temperature. For chromogenic IHC, sections were 

incubated with streptavidin-horseradish peroxidase (Vector Laboratories) for 30 minutes at room 

temperature, signal developed with DAB peroxidase substrate kit (Vector Laboratories), and 

counterstained with hematoxylin (1:1 in H20) for 15 minutes at room temperature. Finally, sections 

were rinsed with PBSTween 0.05% (fluorescent IHC) or running tap water (chromogenic IHC), 

dehydrated through sequential alcohol washes and then cleared in xylene. Slides were mounted 

with DPX mounting media and allowed to dry overnight. Antibodies used in 

immunohistochemistry are detailed in Table 1. Sections stained without primary antibody was 

used as a negative control, and all experiments were performed in triplicates. For dual fluorescent 

TUNEL-IHC staining, the DeadEnd TUNEL System (Promega, no. TB235) was combined with 

the above protocol as described [17]. Sections stained without primary antibody was used as a 

negative control, and all experiments were performed in triplicates. All fluorescent images were 

captured using a Zeiss AXIO Imager.Z1 with a digital AxioCam HRm and processed using 

AxioVision 4.8 and Adobe Photoshop. Chromogenic images were captured with a Leica DME 

light microscope using the Leica Application Suite software, version 3.3.1. Cell quantitation was 

performed using ImageJ software (NIH), multiple IHC fields on each slide from all groups were 

randomly chosen and 20 fields per group were counted. The slides were analyzed independently 

in a double-blinded manner by two investigators. Multiple sections were analyzed from 4-5 mice 
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of each genotype and for each time point, and significance was determined using a student’s 

unpaired t-test.  

 

Statistics- Statistical significances between the two groups were determined by Graphpad Prism 

software (GraphPad Software, La Jolla, CA) using unpaired Student t-test and Bonferroni-Step 

down (Holm) analysis as described [17]. Data obtained for all experiments from each group of 

control and mutant mice for each time point were combined for calculating the mean data and 

SEM.  
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2.5 Results 
 

Selective ablation of VDR in melanocytes of Tyr-Cre
tg/0

| VdrL2/L2 mice 

To that end, we have selectively ablated VDR in melanocytes using the Cre-LoxP strategy (Figure 

2.1a). Excision of melanocytic Vdr was verified by PCR analysis (Figure 2.1b) and 

immunohistochemistry (IHC) on skin sections from neonatal VdrL2/L2 (control) and Tyr-Cre 

(tg/0)/VdrL2/L2 bigenic mice [16]. Co-labeling with antibodies against tyrosinase-related protein 1 

(TYRP1) and VDR (Figure 2.1c) revealed that in the absence of the Cre transgene, melanocytes 

stained positive for TYRP1 and VDR in the controls. While VDR expression was absent in the 

presence of the Cre transgene in all of the TYRP1+ melanocytes in bigenic mice, thus confirming 

ablation of VDR in melanocytes and generation of the Vdrmel-/- (mutant) mice. In order to study the 

effects of neonatal UVB exposure, postnatal day 2 (P2) old groups of control and mutant mice 

(n=5/group) were exposed to a single dose of UVB, and the skin biopsies were collected at 

different time points as indicated (Figure 2.1d). In all subsequent analyses, both inter- and intra-

follicular melanocytes have been considered. OSU IACUC approval was obtained for animal 

experiments. 

 

VDR promotes differentiation of melanocytes pre- and post-UVB 

VDR plays an important role in promotion of epidermal keratinocyte differentiation and loss of 

VDR reduces keratinocyte differentiation in vitro [19]. We hypothesized that VDR promotes 

melanocyte differentiation in skin, and therefore ablation of melanocytic VDR may influence 

melanocyte differentiation in the neonatal skin. To test that, IHC analyses for melanocyte 

differentiation marker TYRP1 were performed at indicated time points on un-irradiated and UVB 

irradiated skin samples (Figure 2.2a, 2.7a). In Vdrmel-/- mice, there was a significant decrease in the 
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number of TYRP1+ melanocytes/field compared to the controls pre- and post-UVB at all the 

indicated time points (Figure 2.2b, 2.7b). Fontana Masson (FM) staining also revealed a similar 

decrease in the number of FM+ melanocytes in the Vdrmel-/- mice compared to the controls in the 

presence or absence of UVB at all of the time points (Figure 2.2c, d; 2.7c, d). The above results 

suggest a positive role for VDR in promoting melanocyte differentiation.  

 

Mice lacking melanocytic VDR expression results in reduced melanocyte homeostasis and 

proliferation 

 

We hypothesized that this effect could occur early during melanocyte maturation and development 

in the melanoblasts that mature into differentiated melanocytes. PAX3 is expressed in 

melanoblasts and in melanocyte stem cells with a role in their development and maintenance, 

respectively [20, 21]. To test that, we performed a co-IHC for PAX3 and TYRP2 on un-irradiated 

and UVB irradiated skin (Figure 2.3a, b; 2.8a, b). The results indicated that Vdrmel-/- mice exhibited 

a significant decrease in the number of PAX3+ melanocytes compared to the control mice both 

before and after UVB at all the time points. These results suggest that VDR has a role in 

melanocyte maturation during development and in UVB induced melanocyte homeostasis, thereby 

coinciding with a reduction of differentiated melanocytes in the absence of melanocytic VDR. IHC 

analysis for proliferating cell nuclear antigen (PCNA)+|TYRP1+ melanocytes revealed a 

significant decrease (18-31%) in the proliferation of melanocytes in mutants relative to the controls 

at different time points post UVB (Figure 2.3 c, d). Although melanocyte proliferation in un-

irradiated neonatal skin remained unaltered (Figure 2.8c, d), these results indicate a cell 

autonomous role of VDR to control proliferation of melanocytes in neonatal skin after acute UVB 

irradiation.  
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Increased UV-induced DNA damage and reduced apoptosis in mice lacking melanocytic 

VDR expression post neonatal UV exposure 
 

Exposure to UVB can lead to several deleterious responses in skin including formation of 

cyclobutane pyrimidine dimers (CPDs), which are highly mutagenic and carcinogenic. 

Quantification of CPD+ melanocytes following co-IHC analyses using anti-CPD and anti-TYRP1 

antibodies in UVB irradiated skin revealed a significant increase (~16-31%) in DNA damage in 

the mutant melanocytes compared to the controls as early as 30 min, and up to 96 h post UVB 

irradiation (Figure 2.4a and b). These results suggested a protective role of melanocytic VDR 

against UVB-induced DNA damage in melanocytes.  We next performed a hybrid TUNEL-IHC 

assay (using anti-TYRP1 antibody) to evaluate the rate of appearance of apoptotic melanocytes in 

response to UVB irradiation (Figure 2.4c). We observed a trend in reduction of TUNEL+ 

melanocytes in the skin of VDR mutants compared to controls at all time points post UVB, with a 

significant reduction observed at 24 and 72 h post treatment (Figure 2.4d). These results suggest 

that VDR has an important role in controlling melanocyte survival in neonatal skin post UVB 

treatment.  

 

Reduced UV-induced DNA damage in mice treated with vitamin D3 in presence of functional 

melanocytic VDR expression post neonatal UV exposure 

 

In vitro studies suggest that vitamin D protects DNA against damage induced by UV. In vivo 

studies show that in UVB-irradiated mice, the removal of CPD was significantly faster in 

epidermal keratinocytes of wild-type animals with functional VDR than in vitamin D receptor 

double mutants [21]. We hypothesized that vitamin D3 has protective effects against UV-induced 

DNA damage and vitamin D3 binds to melanocytic VDR to mediate this effects. To test that groups 

of control and mutant mice on postnatal days 1, 2 and 3 (P1, P2 and P3) were topically administered 
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1nM of calciprotriol (low calcemic analog of vitamin D3) and on postnatal day 2 (P2) these mice 

were exposed to a single dose of 200mJ/cm2 of UVB, and the skin biopsies were collected at 48hr 

post UVB (Figure 2.5a). Quantification of CPD+ melanocytes following co-IHC analyses using 

anti-CPD and anti-TYRP1 antibodies in UVB irradiated skin revealed a significant decrease in 

DNA damage in the control melanocytes in the presence of calcipotriol treatment compared to the 

untreated control mice. Interestingly no change was observed in the CPD positive DNA damaged 

melanocytes in the mutant mice after calcipotriol treatment (Figure 2.5b,c). These results suggest 

that vitamin D has a protective role against UV-induced DNA damage and the protective effects 

of vitamin D are lost in the absence of melanocytic VDR. 
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2.6 Discussion 
 

Altogether our results identify a photo-protective role of VDR in murine melanocytes against UVB 

induced DNA damage in vivo and establish its critical cell-autonomous role in regulating responses 

of melanocytes to neonatal UVB exposure by regulating their proliferation, differentiation and 

overall survival by promoting apoptosis and reducing UV-induced DNA damage.  As 

hypothesized, VdrL2/L2mice with functional VDR in melanocytes demonstrated reduced proportion 

of UV-induced DNA damaged melanocytes upon treatment with vitamin D analog calcipotriol 

compared to the untreated control mice. Meanwhile the mutant mice lacking melanocytic VDR 

displayed no change in the proportion of DNA damaged melanocytes in the presence or absence 

of vitamin D treatment. These results emphasize the protective effects of vitamin D in reducing 

UV induced DNA damage in the presence of melanocytic VDR, although further studies are 

needed to look at the changes in 6-4 photoproducts (6-4PP), another type of photolesion observed 

as a result of UV radiation [22].   It remains to be determined whether the observed changes are 

mediated by direct targets of melanocytic-VDR or indirectly through its downstream effectors. 

Understanding the mechanism(s) that leads to the reduced expression or loss of VDR during 

melanoma progression should shed new light on melanoma progression following neonatal UV 

exposure. In conclusion, VDR expression can serve as a prognostic tool to predict the susceptibility 

to melanoma development. It can also provide mechanistic explanation for some aspects of 

melanoma progression and predict the outcome of the disease [23]. Tumor cells and surrounding 

tissue environment interact, enabling tumor development. Similarly, in melanomas these 

interactions could be even stronger with tumor regulating the microenvironment to promote its 

progression [23]. Accordingly, a decrease of VDR expression in surrounding skin cells could 

represent a manifestation of such tumor regulatory actions and further studies will need to be 

undertaken to evaluate this.  Since VDR acts as a tumor suppressor both against chemically induced 
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formation of epidermal tumors and nevi [24] and in more physiologically relevant UVR-induced 

epidermal carcinogenesis [14], it is likely that VDR has a similar role in suppressing melanoma 

formation.  
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Figure 2.1: Selective ablation of VDR in melanocytes of Tyr-Cretg/0| VdrL2/L2 mice 

 

a) Targeting of VDR allele. E2, E3 and E4: exons 2, 3 & 4 respectively, B: BamHI; E: EcoRI; 

flags: LoxP; P1/P2, and P1/P3 primers for L2 and L- allele, respectively. b) PCR genotyping of 

Cre and VDR locus. c) Anti-TYRP1 (green) and anti-VDR (red) co-labeling of skin, counterstained 

with DAPI (blue). Scale bar =100 μm. d) Scheme for acute UVB treatment. c) Dotted line indicates 

epidermal-dermal junction. E, epidermis; D, dermis. 
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Figure 2.2: Melanocyte specific VDR ablation reduces number of differentiated melanocyte 

post-UVB 
 

a)  Anti-TYRP1 (green) labeling of skin for TYRP1+ melanocytes. Scale bar =20 μm. b) Graph 

represents TYRP1+ melanocytes/field. c) Fontana Masson (FM) staining of differentiated 

melanocytes. Scale bar =20 μm. d) Graph indicates FM+ melanocytes/field. a-c) Dotted line 

indicates epidermal-dermal junction. E, epidermis; D, dermis. * = p ≤ 0.05, ** = p ≤ 0.01. 

n=5/group, data represents mean SEM.  
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Figure 2.3: Melanocyte specific VDR ablation reduces precursor and proliferating 

melanocytes post UVB.  

 

a) Anti-TYRP2 (red) and anti-PAX3 (green) co-labeling of PAX3+ melanocytes. b) Bar-graph 

represents PAX3+|TYRP2+ melanocytes/field. c) Anti-PCNA (red) and anti-TYRP1 (green) co-

labeling of TYRP1+ proliferating melanocytes. d) Graph indicates percent proliferating 

melanocytes. DAPI counterstaining (blue) in a and c. Dotted lines (a-c) indicates epidermal-dermal 

junction. E, epidermis; D, dermis. Scale bar = 20μm. (b-d) * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 

0.001. n=5/group, data represents mean SEM. 
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Figure 2.4: Melanocyte specific VDR ablation reduces apoptotic melanocytes and alters 

DNA damage post UVB. 

 

a) Anti-TYRP1 (green) and anti-CPD (red) co-labeling of CPD+ melanocytes. b) Graph represents 

percentage of CPD+|TYRP1+ melanocytes. c) TUNEL (green) and TYRP1 (red) co-staining for 

apoptotic melanocytes. d) Graph shows percent TUNEL+|TYRP1+ melanocytes. DAPI 

counterstaining (blue) in a and c. Dotted lines (a-c) indicates epidermal-dermal junction. E, 

epidermis; D, dermis. Scale bar = 20μm. (b-d) * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. 

n=5/group, data represents mean SEM. 
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Figure 2.5: Vitamin D treatment reduces DNA damage post UVB in the presence of 

melanocytic VDR. 

 

a) Scheme for calcipotriol (vitamin D) treatment in acute UVB treated mice. b) Anti-TYRP1 

(green) and anti-CPD (red) co-labeling of CPD+ melanocytes. c) Graph represents percentage of 

CPD+|TYRP1+ melanocytes. c) TUNEL (green) and TYRP1 (red) co-staining for apoptotic 

melanocytes. DAPI counterstaining (blue) in b. Dotted lines (b) indicates epidermal-dermal 

junction. E, epidermis; D, dermis. Scale bar = 20μm. (c) ** = p ≤ 0.01. n=5/group, data represents 

mean SEM. 
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Figure 2. 6: Reduced expression of keratinocytic and melanocytic VDR during melanoma 

progression in human skin.  

 

Representative localization of VDR protein within the epidermis and dermis of normal skin (a, b) 

and malignant melanoma (c, d). Brown staining represents VDR expression, counterstained with 

Harris hematoxylin. E, epidermis; D, dermis. Black dashed line indicates epidermal-dermal 

junction. Scale bar = 100μm. 
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Figure 2.7: Melanocyte specific VDR ablation reduces number of differentiated 

melanocytes in un-irradiated mice skin.  

 

a) Anti-TYRP1 (green) labeling of dorsal skin for TYRP1+ (arrows) melanocytes in skin of un-

irradiated neonatal mice (P0 and P5). b) Graph represents TYRP1+ melanocytes/ field. c) Fontana 

Masson (FM) staining of melanin containing differentiated melanocytes (black, arrows) in 

neonatal mice. d) Graph summarizes FM+ melanocytes/field. a-c) Dotted line indicates epidermal-

dermal junction. E, epidermis; D, dermis. Scale bar = 20 μm. b-d) * = p ≤ 0.05. n=5/group, data 

represents mean SEM. 
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Figure 2. 7 
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Figure 2. 8: Loss of melanocytic VDR reduces number of precursor melanocytes without 

affecting melanocyte proliferation in un-irradiated neonatal mice skin.  

 

a) Co-labeling of neonatal dorsal skin with anti-TYRP2 (red) and an early melanoblast 

development-marker anti-PAX3 (green) antibodies counterstained with DAPI (blue). 

TYRP2+/PAX3+ melanocytes (arrows). b) Bar graph represents PAX3+ melanocytes/ field. c) 

Anti-PCNA (red) and anti-TYRP1 (green) co-labeling of dorsal skin, counterstained with DAPI 

(blue). Arrows indicate TYRP1+ /PCNA+ proliferating melanocytes. d) Graph indicates percent 

PCNA+ melanocytes per field. a-c) Dotted line indicates epidermal-dermal junction. E, epidermis; 

D, dermis. Scale bar = 20 μm. b-d) * = p ≤ 0.05. n=5/group, data represents mean SEM. 
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Table 2.1. List of antibodies used during experimental procedures. 

Antibody Host Source Application Dilution/Concentration 

anti-PEP1 (TYRP1) 

anti-PEP8 (TYRP2) Rabbit NIH (kindly provided by V. Hearing) IHC-P 1:1000 

anti-PCNA Mouse Abcam (ab29) IHC-P 1:6000 

anti-CPD Mouse (KB: MC-062) IHC-P 1:1000 

anti-VDR Rat LifeSpan Biosciences (LS-B2577) IHC-P 1:20 

anti-PAX3 Mouse Developmental Studies Hybridoma Bank IHC-P 1:7 
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3.1 Abstract 
 

Understanding the underlying molecular mechanisms involved in the formation of cutaneous 

malignant melanoma is critical for improved diagnosis and treatment.  Keratinocytic nuclear 

receptor Retinoid X Receptor α (RXRα) has a protective role and is known to regulate keratinocyte 

and melanocyte homeostasis following acute ultraviolet (UV) irradiation. Here we report that a 

trigenic mouse model system (Rxrαep−/−| Tyr-NRasQ61K | Cdk4R24C/R24C) with an epidermis-specific 

knockout of the Retinoid X Receptor α (Rxrαep−/−), combined with oncogenic NRasQ61K 

(constitutively active RAS) and activated Cdk4R24C/R24C (constitutively active CDK4) develops 

spontaneous melanoma, and exposure to a single neonatal UVB treatment reduces the tumor 

latency in those mice compared to control mice with functional RXRα. Melanomas from the 

trigenic Rxrαep−/− mice are larger in size, have a higher proliferative capacity, exhibit increased 

expression of malignant melanoma markers and exhibit enhanced vascularization. Altered 

expression of several biomarkers including increased expression of activated AKT, p21 and cyclin 

D1 and reduced expression of pro-apoptotic markers such as BAX and Pro-Caspase 3 was 

observed in the tumor adjacent normal (TAN) skin from our acute UVB treated trigenic Rxrαep−/− 

mice. Interestingly, we observed an increase in p21 and Cyclin D1 and downregulation of Bax 

expression in the TAN skin of unirradiated trigenic Rxrαep−/− mice, suggesting that those changes 

might be consequences of loss of functional RXRα in the melanoma microenvironment. Loss of 

epidermal RXRα in combination with oncogenic NRasQ61K and Cdk4R24C/R24C mutations 

significantly enhances invasion of melanoma cells to draining lymph nodes in the trigenic mice 

compared to the controls with functional RXRα. Above studies demonstrate a crucial  and 

protective role of keratinocytic RXRα to (1) suppress the formation of spontaneous and acute 

UVB-induced melanomas, and (2) prevent their progression to malignant melanomas in 

combination with driver mutations such as activated Cdk4R24C/R24C and oncogenic NRasQ61K. 
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3.2 Introduction 
 

Malignant melanoma is the deadliest form of skin cancer with approximately 76,000 new cases 

and an estimated 10,000 deaths in the US this year [1]. Although it arises in both the chronic and 

non-chronic UV damaged skin, epidemiological studies indicate an increased association with 

acute rather than chronic sun exposure [2]. Despite the fact that early detection and treatment of 

the tumor can lead to a high cure rate of patients, malignant melanoma has an unpredictable 

evolution due its high metastatic ability that is typically non-responsive to current therapies [3]. 

Melanoma originates in the pigment producing melanocytes, which protect the skin against 

harmful effects of UV irradiation of the sun. Transformation of melanocytes to cutaneous 

melanoma is a multistep process called melanomagenesis [4]. This involves formation the of a 

nevus followed by radial proliferation of the melanocytes (radial growth phase) to the basement 

membrane in the skin and vertical proliferation (vertical growth phase) into the dermis crossing 

the basement membrane. The tumor is considered invasive at this point and ultimately turns 

metastatic when the cells enter the bloodstream or lymphatic vessels from which they colonize to 

other tissues and organs [5]. Keratinocytes are predominantly present in the epidermis and support 

it through a constant cycle of proliferation and differentiation [6]. Keratinocytes protect the body 

from UV radiation through transfer of melanin from melanocytes [7], and promote melanocyte 

proliferation and homeostasis through secretion of paracrine factors [8, 9]. Therefore, 

understanding the molecular mechanisms behind melanomagenesis is crucial for determining new 

pathways that can be manipulated for diagnosis and therapeutic targeting. 

 

Retinoid-X-Receptors (RXRs) α, β, and γ are members of the nuclear hormone receptor (NR) 

superfamily, and play an important role in gene regulation mediating biological processes such as 
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development, differentiation, and homeostasis [10]. RXRs function as ubiquitous DNA-binding 

transcription factors and heterodimerize with some 15 NR family members [10, 11]. RXRs can 

regulate gene expression via multiple signaling pathways by interacting with several coactivators 

and corepressors [12]. Previously, we have shown that by deleting RXRα protein selectively in the 

epidermal keratinocytes via Cre-LoxP technology alters paracrine signals to the melanocytes 

enhancing melanomagenesis [13, 14]. This deletion also increases melanocyte proliferation and 

leads to defective DNA damage repair following acute ultraviolet-B (UVB) irradiation [10]. Loss 

of keratinocytic RXRα increases melanocytic tumor formation resulting from chemical 

carcinogenesis [14-16] and enhances the expression of several mitogenic factors in keratinocytes 

including Endothelin-1 (EDN1), Hepatocyte Growth Factor (HGF) and Stem Cell Factor (SCF) 

[13, 14, 17]. A progressive loss of keratinocytic RXRα protein was observed through analysis of 

human melanomas collected at different stages of disease progression as tumors progress from 

benign nevi to in situ and metastatic melanomas [14]. Through our previous studies we have also 

found that when epidermis-specific RXRα knockout was combined with an activating Cyclin-

Dependent Kinase 4 (CDK4) homozygous-mutation (R24C|R24C), the bigenic mice exhibited an 

increase in chemical carcinogen-induced melanomagenesis, suggesting cooperative effects 

between RXRα signaling and a key oncogenic driver [14]. We have also shown that loss of 

keratinoctyic RXRα in combination with either oncogenic N-RAS (NRasQ61K) or activating 

Cdk4R24C/R24C mutations in two separate bigenic models, enhances melanomagenesis through 

chronic UVB exposure [18].  

 

In this study, we have aimed to investigate a role for keratinocytic RXRα in spontaneous and acute 

neonatal UVB induced melanomagenesis, which is a more biologically-relevant model since 
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malignant melanoma is epidemiologically associated with acute sun exposure [2]. The CDK4 

pathway comprising of signaling components like p16, cyclin D, CDK4/6 and retinoblastoma is 

known to be dysregulated in 90% of human melanomas [19], while 15–20% of melanoma cases 

show mutations in the NRAS gene [20]. We observed that keratinocytic Rxrα ablation combined 

with Cdk4R24C/R24C and NRasQ61K mutations resulted in increased number of spontaneous and acute 

UVB-induced melanocytic tumors compared to control mice with functional RXRα (RxrαL2/L2). 

Melanomas from the spontaneous and UVB treated groups of trigenic Rxrαep−/− mice were more 

proliferative and showed increased rate of malignant conversion and tumor vascularization, while 

apoptotic melanocytes were reduced. We also observed an increase in invasion of melanoma cells 

into draining lymph nodes of trigenic Rxrαep−/− mice compared to controls with functional RXRα. 

Additionally, the tumor adjacent normal (TAN) skin from both groups of untreated and UVB-

treated trigenic Rxrαep−/− mice showed dysregulated expression of several melanoma biomarkers. 

Particularly, we observed increase in the phosphorylated, active form of Protein Kinase B (AKT), 

p21 and Cyclin D1 and reduced expression of pro-apoptotic markers BAX and pro-Caspase 3 in 

the UVB treated trigenic mice, while in the trigenic unirradiated mice we observed an increased 

expression of p21 and Cyclin D1 and reduced expression of pro-apoptotic BAX. Altogether, our 

results suggest that loss of keratinocytic RXRα promotes and enhances formation of spontaneous 

malignant melanomas in combinations with distinct driver mutations, and these effects are further 

exacerbated by a single neonatal UVB exposure.  
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3.3 Materials and methods  
 

Generation of mice 

Generation of Rxrαep−/− [15], Cdk4R24C/R24C [21], and Tyr-NRasQ61K [22] mice have been described 

previously. See Supplementary Figure 3.S2 for breeding strategies for generation of the 

Rxrαep−/−|Tyr-NRasQ61K| Cdk4R24C/R24C trigenic mice. All the PCR primers used for genotyping are 

listed in Supplementary Table 3.2. Mice were housed in our approved University Animal Facility 

with 12-h light cycles, food/water were provided ad libitum, and institutional approval was granted 

for all experiments via an Animal Care and Use Protocol (ACUP). 

 

UVB treatment of mice 

Age- and sex-matched P2 mice were exposed to a single dose of 800 mJ/cm2 of UVB light from 

a bank of four Philips TL-20W/12RS UV-B [13], in order to stimulate a large outmigration of 

melanocytes from hair follicles into the extrafollicular epidermis and dermis [13] and promote 

melanomagenesis [23]. Upon weaning (21 days postnatal), mice were observed weekly for 

appearance of melanocytic tumors. By 6 months’ post UVB, melanocytic lesions were quantitated, 

and biopsies of lesions and tumor adjacent normal (TAN) skin were collected for analyses. This 

experiment was repeated independently twice with at least five mice per group of control and 

mutant mice. 

 

Histological analyses 

All analyses were performed on 5 μm thick formalin-fixed paraffin (FFPE) sections. Hematoxylin 

and eosin (H&E) staining was performed as previously described [16].  
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Immunohistochemistry 

5 μm thick sections were deparaffinized and rehydrated as described above. All slides were treated 

with 10% H2O2 in 1X PBS for 25 minutes at 60°C to remove melanin pigment. Antigen retrieval 

was performed in a 95°C-100°C bath for 20 minutes, using either Tris-EDTA buffer (pH 9.0) for 

metastatic melanoma antibody cocktail HMB45 + MART1, or citrate buffer (pH 6.0) for all other 

antigens. All sections were then washed three times with 0.05% PBS-Tween (PBST), and blocked 

with 10% normal goat serum in PBST for 30 minutes to block nonspecific antibody binding. 

Sections were then incubated overnight with primary antibody at 4°C. Primary antibody incubation 

was followed by three washes with PBS-Tween before addition of either biotin or fluorophore 

conjugated secondary antibodies, which were incubated on the sections for 2 hours at room 

temperature. For fluorescent IHC, nuclei were counterstained with DAPI (200 ng/mL) for 10 

minutes at room temperature. For chromogenic IHC, sections were incubated with streptavidin-

horseradish peroxidase (Vector Laboratories) for 30 minutes at room temperature, signal 

developed with DAB peroxidase substrate kit (Vector Laboratories), and counterstained with 

hematoxylin (1:1 in H20) for 15 minutes at room temperature. Finally, sections were rinsed with 

PBST (fluorescent IHC) or running tap water (chromogenic IHC), dehydrated through sequential 

alcohol washes and then cleared in xylene. Slides were mounted with DPX mounting medium. 

Sections stained without primary antibody was used as negative controls, and all experiments were 

performed in triplicates. TUNEL staining, the DeadEnd TUNEL System (Promega, no. TB235) 

was used as described [13]. Sections on the same slide labeled without primary antibody was used 

as negative controls and all experiments were performed in triplicates. Antibodies used are detailed 

in Table 2.1. 
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Imaging and quantitation of histological experiments 

Brightfield images were captured with a Leica DME light microscope using the Leica Application 

Suite software, version 3.3.1. Fluorescent images were captured using a Zeiss AXIO Imager.Z1 

with a digital AxioCam HRm and processed using AxioVision 4.8 and Adobe Photoshop. 

Quantifications of cell labeling were performed using ImageJ software (NIH), multiple random 

fields (at least 12) were imaged from several replicate mice in all groups and counted. The slides 

were analyzed independently in a double-blinded manner by two investigators and significance 

was determined using a Student’s two-tailed t-test as calculated by GraphPad Prism software. 

 

Immunoblotting analyses 

Protein lysates were obtained by homogenizing tissue in lysis buffer (20 mM HEPES, 250 mM 

NaCl, 2 mM EDTA, 1% SDS, 10% glycerol, 50 mM NaF, 0.1mM hemin chloride, 5 mM NEM, 1 

mM PMSF and 10 mg/mL leupeptin and aproptinin) [4,14,15] followed by sonication. Protein 

concentration was performed using the BCA assay (Thermo Scientific). Protein lysates were 

resolved using SDS-PAGE gel electrophoresis and transferred onto a nitrocellulose membrane. 

The blots were blocked overnight with 5% non-fat dry milk and incubated with specific antibodies 

(detailed in Table 3.1). After incubation with appropriate secondary antibody, signals were 

detected using immunochemiluminescent reagents (GE Healthcare, Piscataway, NJ). Equal protein 

loading in each lane was confirmed with a β-actin antibody (#A300-491, Bethyl). 
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3.4 Results 
 

Loss of keratinocytic Rxrα expression in cooperation with activated Cdk4 and oncogenic 

NRas mutations results in increased spontaneous and acute UVB-induced melanoma 

formation 

 

Our previous studies indicated that keratinocytic RXRα protein has an important role in 

melanocyte homeostasis and melanomagenesis, as observed in mouse models with epidermis-

specific knockout of Rxrα (Rxrαep−/−) [13, 14, 16]. Furthermore, loss of keratinocytic Rxrα 

expression when combined with activated Cdk4R24C/R24C or oncogenic human NRAS (Tyr-

NRasQ61K) after chronic UVB-irradiation results in malignant melanoma formation [18]. 

Therefore, we hypothesized that loss of keratinocytic Rxrα expression when combined with 

homozygous activated Cdk4R24C/R24C and heterozygous melanocyte specific expression of 

oncogenic human NRAS (Tyr-NRasQ61K) would result in enhanced formation of spontaneous 

malignant melanoma, which would be further aggravated/ accelerated by a single neonatal UVB-

irradiation in the trigenic mouse model. 

To that end, we have combined the Rxrαep−/− mice, in which Rxrα was selectively deleted in 

epidermal keratinocytes, with oncogenic Neuroblastoma RAS Viral Oncogene Homolog 

(NRasQ61K) and activating Cdk4R24C/R24C mutations to generate a trigenic mouse line by breeding 

together our Rxrαep−/−|Cdk4R24C/R24C and Rxrαep−/−|Tyr-NRasQ61K bigenic mouse lines to elucidate 

the role of RXRα loss in melanoma formation when combined with aberrant signaling pathways 

and after exposure to a single neonatal dose of UVB exposure. (see Materials and Methods, Figure 

3.6a). RxrαL2/L2|Cdk4R24C/R24C|Tyr-NRasQ61K mice (floxed Rxrα mice containing LoxP sites flanking 

exon 4) were used as “controls” for wild-type Rxrα. Here onwards, the homozygous Cdk4R24C/R24C 

mutation will be simply referred to as Cdk4R24C. Cohorts of neonatal (P2) mice from each group 

of control and trigenic mice were left with no UVB treatment and were monitored for spontaneous 
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melanoma formation, while a second cohort of control and trigenic mice were irradiated with a 

single dose of 800 mJ/cm2 UVB at P2 and monitored periodically for formation of melanocytic 

tumors (Figure 3.6b) [18]. Neonatal UVB dose stimulates migration of melanocytes into the 

epidermis and dermis and promotes melanomagenesis. [13, 23]. Melanocytic tumors in the UVB 

treated trigenic mice developed within 6-7 months of UVB treatment, while the spontaneous 

melanocytic lesions appeared approximately a year after birth. Here we have characterized and 

compared the melanocytic tumors in the Rxrαep−/−|Cdk4R24C/R24C|Tyr-NRasQ61K mice induced by a 

single neonatal UVB exposure after 6 months of incubation, with the spontaneous melanocytic 

lesions that develop in the 12 month old Rxrαep−/−|Cdk4R24C/R24C|Tyr-NRasQ61K mice.  

 

Phenotypically, overall skin of the control and trigenic mice was heavily pigmented throughout 

(Figure 3.1a) making it difficult to quantitate smaller melanocytic lesions. Only larger lesions in 

Rxrαep−/−|Cdk4R24C/R24C|Tyr-NRasQ61K mice could be quantitated, as they were raised at that size. 

Strikingly, UVB induced Rxrαep−/−|Cdk4R24C/R24C|Tyr-NRasQ61K mice developed significantly 

larger melanocytic tumors with some degree of ulceration compared to the untreated trigenic mice 

(Figure 3.1a, b).  To further characterize the bigenic “control” and trigenic mice, we performed 

hematoxylin and eosin (H&E) staining on 5μm thick paraffin sections of the dorsal skin from both 

genotypes. The melanocytic lesions were more densely pigmented (Figure 3.1c, d), showed 

enhanced penetration into the epidermal basal layer (Figure 3.1c, d (inset)) and exhibited a 

significant increase in epidermal thickness in the skin of Rxrαep−/−|Cdk4R24C/R24C|Tyr-NRasQ61K 

mice compared to RxrαL2/L2|Cdk4R24C/R24C|Tyr-NRasQ61K mice, although UVB seemed to exacerbate 

the effects (Figure 3.1e, f). This phenotype is quite often seen in mice bearing an epidermal 

ablation of RXRα, as the basal layer keratinocytes are hyperproliferative [15]. Importantly, both 
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the radial growth phase (RGP) and vertical growth phase (VGP) of the melanocytic tumors in the 

dermis were significantly increased in the trigenic mice compared to the control in the untreated 

mice (Figure 3.1g) while the UVB treated trigenic mice showed significantly heightened increase 

in the RGP and VGP relative to their control bigenic mice (Figure 3.1h). Histopathological 

analyses confirmed that the melanocytic lesions from the no UVB treated trigenic mouse line are 

melanomas with hallmarks of round and/or spindle cell tumors and mild to moderate 

anisokaryosis, which is the variation in size of nuclei in excess of the normal range for a tissue. 

Meanwhile the lesions from the acute UVB treated trigenic mice are anaplastic melanomas with 

poor differentiation and moderate to marked anisokaryosis [5 times the normal nuclei size] (Figure 

3.6c). Altogether, our results suggest that loss of epidermal Rxrα expression in combination with 

oncogenic NRAS and activated CDK4 enhances melanomagenesis, which is further accelerated 

by a single neonatal UVB exposure. 

 

Increased proliferation, malignant conversion, enhanced vascularization and reduced 

apoptosis in melanomas from trigenic mice lacking keratinocytic Rxrα expression in the 

epidermis.  
 

IHC analyses were performed using specific antibodies for markers of proliferation, malignant 

conversion, and vascularization, to further characterize the melanocytic tumors from the trigenic 

mice. We aimed to elucidate the differences between melanomas from Rxrαep-/-|Cdk4R24C/R24C|Tyr-

NRasQ61K and their corresponding RxrαL2/L2 controls from untreated mice at 12 months of age and 

6 months after single neonatal UVB treatment as discussed above. In order to determine the 

proliferation index of the melanocytic tumors, we co-labeled with antibodies directed against the 

proliferation marker PCNA and the melanocyte-specific enzyme tyrosinase related protein 1 

(TYRP1) (Figure 3.2a, b) [25, 26]. We observed a significantly higher number of 
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PCNA+/TYRP1+ co-labeled proliferating melanocytes in the spontaneous melanocytic lesions 

from trigenic Rxrαep−/− mice as compared to the corresponding control (See Figure 3.2c). A further 

increase in proliferation was observed in the UVB treated trigenic mice compared to their 

respective controls (Figure 3.2d). In order to determine the rate of malignant conversion of the 

melanocytic tumors, IHC was performed using an antibody cocktail directed against melanoma 

antigens MART-1 and HMB45 [27]. The malignant melanoma antibody cocktail showed increased 

staining in the melanocytic tumors from the trigenic Rxrαep−/− mice compared to their control mice 

in the untreated group (Figure 3.2e). Furthermore, UVB treated groups displayed intense staining 

compared to the no UVB treated mice, suggesting a larger population of malignant and aggressive 

cells in those melanomas (Figures 3.2e, f). We then labeled for the endothelial cell-specific marker 

Cluster of Differentiation 31 (CD31) (Figure 3.2g, h) [28].  Although mice from the spontaneous 

(no UVB) and single UVB treated control groups exhibited a similar presence of CD31+ cells 

compared to the trigenic Rxrαep−/− mice, there was a higher incidence of larger and complex 

CD31+ vasculature in the UVB treated trigenic Rxrαep−/− mice (Figure 3.2h, right panel). 

Altogether, above results suggest that loss of Rxrα expression in the epidermis in combination with 

activated CDK4 and N-RAS contributes to enhanced proliferation, malignant conversion, and 

vascularization of melanomas, and exposure to a single neonatal dose of UVB accelerates this 

process. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay 

was used to detect DNA strand breaks, which is often associated with apoptosis (Figure 3.3a, b) 

[29]. The percentage of dermal TUNEL positive cells in trigenic mice was reduced compared to 

the controls both in the untreated and single UVB treated group (Figure 3.3c, d) suggesting that 

keratinocytic RXRα plays a role in regulating apoptosis in the dermal melanomas.  
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Cutaneous melanomas in the Rxrαep−/−|Cdk4R24C/R24C|Tyr-NRasQ61K trigenic mice metastasize 

to distal lymph nodes. 

 

In order to determine the effects of keratinocytic Rxrα loss on metastasis of spontaneous and UVB 

induced melanomas, we analyzed draining lymph nodes (LNs) from Rxrαep-/-|Cdk4R24C/R24C|Tyr-

NRasQ61K mice for the presence of invasive melanocytes and compared them with lymph nodes 

from RxrαL2/L2|Cdk4R24C/R24C|Tyr-NRasQ61K (control) mice. Lymph nodes from the trigenic mice 

were enlarged compared to their respective control mice in both the UVB untreated (spontaneous) 

and treated groups, as there was more drainage in the mice where Rxrα was ablated in the 

epidermal keratinocytes (Figures 3.4a, b). To further characterize the lymph nodes of the control 

and trigenic mice, we performed hematoxylin and eosin (H&E) staining on 5μm thick paraffin 

sections of the LNs from both the UVB untreated (spontaneous) and single UVB treatment groups 

(Figure 3.4c, d). There was an increase in the number of pigment-containing cells in LNs from 

Rxrαep-/-|Cdk4R24C/R24C|Tyr-NRasQ61K mice compared to the control mice in the group with 

spontaneous melanomas (Figure 3.4c). Meanwhile, the trigenic mice in the single neonatal UVB 

treated group showed deep and highly pigmented regions compared to their corresponding controls 

(Figure 3.4d). To specifically characterize the presence of melanocytic cells in the LNs, we 

performed chromogenic IHC for TYRP1 on LN sections from mutant and control mice (Figure 

3.4e, f). We observed a much higher presence of TYRP1+ positive cells in the trigenic group 

compared to the bigenic group with spontaneous melanomas (Figure 3.4e), and a marked increase 

in TYRP1+ cells in LNs from the Rxrαep−/− mice compared to their RxrαL2/L2 controls post acute 

neonatal UVB exposure (Figure 3.4f). These results suggest that loss of epidermal Rxrα expression 

cooperates with oncogenic NRAS and activated CDK4 to form spontaneous and UVB-induced 

melanomas with enhanced risk of metastasis of melanoma cells to the distal LNs. 
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Dysregulated melanoma signaling in Tumor Adjacent Normal (TAN) skin from spontaneous 

and acute UVB irradiated mice lacking keratinocytic Rxrα expression. 

 

Since keratinocytic Rxrαep−/− mutant mice formed spontaneous and acute neonatal UVB-induced 

melanocytic lesions relative to RxrαL2/L2 controls, we next aimed to determine if keratinocytic Rxrα 

loss also leads to phenotypic changes in the normal skin adjacent to the tumor that increases 

susceptibility to melanomas. To that end, we performed immunoblotting analyses on whole skin 

biopsies to analyze expression of known biomarkers of melanoma susceptibility in tumor adjacent 

normal (TAN) skin from the spontaneous (no UVB) and single neonatal UVB-irradiated Rxrαep−/− 

mutant mice and compared them to their controls.  

We found that ablation of epidermal Rxrα expression resulted in no significant increase in 

phosphorylation of AKT at Ser473 or total AKT levels in the no UVB treated Rxrαep−/− mutants 

relative to their RxrαL2/L2 controls (see Figure 3.5a, 3.7a). No appreciable difference in expression 

of its upstream regulator PTEN was also observed in the Rxrαep−/− mutants (Figure 3.5a, 3.7b). In 

neonatal UVB treated group, loss of epidermal Rxrα expression resulted in a significant increase 

in expression of Ser473 phosphorylation of AKT with no change in the expression of total AKT 

and tumor suppressor PTEN (see Figure 3.5b, 3.8a, b). Immuno-blotting revealed that expression 

of p21 and cyclin D1 was significantly increased in Rxrαep−/− mutant mice compared to their 

RxrαL2/L2 control both in the UVB untreated and treated groups, while no change in the expression 

of p53 was observed (Figure 3.5c, d, 3.7c, d, e, 3.8c, d, e).  Pro-apoptotic protein BAX is 

moderately decreased in the Rxrαep−/− mutant mice compared to its RxrαL2/L2 control in the 

untreated and treated groups. No significant changes in the expression of pro-Caspase 3, another 

apoptosis related protein, was observed in the UVB untreated TAN skin of Rxrαep−/− mutant mice 

relative to the RxrαL2/L2 mice. Interestingly, a single neonatal UVB exposure reduced pro-Caspase 

3 expression in the trigenic mutants compared to the bigenic corresponding controls with intact 
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RXRα (Figure 3.5e, f, 3.7e, f, 3.8e, f). Altogether, these results suggest that loss of keratinocytic 

Rxrα expression results in alteration of several key signaling pathways in the melanoma 

microenvironment that enhance melanoma susceptibility. 
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3.5 Discussion 
 

We have previously shown that keratinocytic RXRα has a role in acute UV-induced melanocyte 

proliferation [13], in chemically induced melanomagenesis [16] and in cutaneous melanoma 

formation when combined with mutant Cdk4 by chemical carcinogenesis [14]. We have also 

demonstrated that loss of epidermal RXRα in combination with oncogenic mutant NRasQ61K or 

activated Cdk4R24C/R24C promotes chronic UVB-induced melanoma formation [18]. As acute 

neonatal UV exposure is a major risk factor of cutaneous melanoma [2, 23, 30], we herein 

investigated the consequences of loss of epidermal RXRα in melanoma formation and determined 

its cooperativity with signaling pathways linked to melanoma driver mutations [NRas (Q61K) and 

activated Cdk4 (R24C)] for the formation of spontaneous and acute UVB-induced melanomas. Our 

results suggest a protective role of keratinocytic RXRα against aggressive melanoma formation 

induced spontaneously or after acute UVB irradiation. 

 

Rxrαep−/− mice, in combination with Tyr-NRasQ61K and homozygous Cdk4R24C/R24C mutations, 

developed increased number of spontaneous and acute UVB-induced melanocytic tumors that 

were also bigger in size with increased penetration of pigmented cells into the epidermal basal 

layer, compared to their corresponding RxrαL2/L2 controls. Similar observations were previously 

made in lesions from our bigenic RXRαep−/−|Tyr-NRasQ61K and RXRαep−/−|Cdk4R24C/R24C mice when 

exposed to chronic UVB [18]. Ablation of RXRα in neonatal mouse epidermis causes skin 

hyperplasia, which is reflected by increased epidermal thickness due to proliferation and 

differentiation as observed in our mutant mice. Loss of keratinocytic RXRα also resulted in a 

significantly increased RGP and VGP in the trigenic spontaneously RXRαep−/−|Tyr-

NRasQ61K|Cdk4R24C/R24C melanomas, and single neonatal UVB exposure aggravates this effect. 

These observations have been reflected previously in our studies when RXRαep−/− mice were 
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exposed to acute UVB [13] and when combined with mutant Cdk4 by chemical carcinogenesis 

[14].  Vertical growth phase is achieved when the nevus acquires characteristics of both 

tumorigenicity and/or mitogenicity, properties that enable cellular proliferation within a foreign 

matrix, an important step in tumor progression [31]. The increase in PCNA+/TYRP1+ cells within 

the RXRαep−/−|Tyr-NRasQ61K|Cdk4R24C/R24C skin as compared to the RxrαL2/L2 control mice verified 

the presence of a large population of proliferating melanocytes in the mutant melanomas in absence 

or in presence of acute UVB. RXRαep−/−|Tyr-NRasQ61K| Cdk4R24C/R24C melanocytic tumors 

displayed an increased staining against melanoma antibody cocktail HMB45 and MART-1, which 

correlated well with the higher VGP in those mice, a similar increase in CD31 staining implies 

that the larger melanocytic tumors formed in those mice would necessitate additional 

vascularization for nutritional support. Enhanced expression of melanoma antibody HMB45 

cocktail has been correlated with melanocytic tumors and melanomas [27, 32, 33], while CD31 

immuno-reactivity is closely linked to melanocytic tumor progression and the presence of its 

aggressive behavior [34]. Failure to trigger apoptosis is a hallmark of cancer when low apoptotic 

indices in melanoma are observed, particularly in advanced stages [35]. Interestingly, a reduced 

percentage of TUNEL+ dermal melanocytes were detected in the mutant melanomas developed 

spontaneously or after acute UVB irradiation. Similar observations of enhanced proliferative, 

angiogenic, and malignant/metastatic properties were previously made in melanocytic lesions 

from DMBA-TPA treated Rxrαep−/− |Cdk4R24C mice [14] and in our chronic UVB exposed bigenic 

mice studies [18], although reduction in apoptotic melanocytes in our trigenic Rxrαep−/− mice is 

unique to the current study.  Altogether, above data confirm that melanocytic tumors formed in 

the absence of keratinocytic RXRα, and in the presence of oncogenic NRAS mutation and 
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activated CDK4, have increased metastatic capabilities compared to the control mice with an 

accelerated effect in the acute UVB treated mice. 

We observed a higher degree of malignancy in melanomas from the trigenic Rxrαep−/− mouse line, 

where we observed an increased invasion of TYRP1-expressing melanoma cells to draining lymph 

nodes in RXRαep−/−|Tyr-NRasQ61K|Cdk4R24C/R24C mice with enhanced drainage seen in the UVB 

treated mice. In our DMBA-TPA treated Rxrαep−/−|Cdk4R24C/R24C mice [14] and chronic UVB 

treated RXRαep−/−|Tyr-NRasQ61K and RXRαep−/−|Cdk4R24C/R24C bigenic mice [18], we observed 

similar increase in proliferation, angiogenesis, and malignant/metastatic properties. All of these 

results highlight an important role for RXRα in mediating melanocyte proliferation, homeostasis, 

angiogenesis and apoptosis and suggest that loss of keratinocytic RXRα contributes to the 

progression of spontaneous and neonatal acute UVB-induced melanocytic lesions to malignant 

and invasive tumors. These observations correlate well with our earlier observations in human 

melanomas, which demonstrated progressive loss of RXRα protein in the epidermal keratinocytes 

as lesions progressed from benign nevi to metastatic melanomas [14]. 

 

We observed an increased expression of p21, a cyclin dependent kinase inhibitor and an 

upregulation of Cyclin D1 in the TAN skin from trigenic Rxrαep−/−, without appreciable difference 

in p53 expression.  Although, we have previously observed a reduced expression of p53 in our 

chronic UVB exposed RXRαep−/−|Tyr-NRasQ61K and RXRαep−/−|Cdk4R24C/R24C bigenic mice skin 

[18] and P21 expression is known to be tightly regulated by p53 [36], p21 can be expressed without 

being induced by p53 via a p53 independent pathway [37, 38]. At this point, it is uncertain if the 

lack of p53 downregulation is due to difference in the UV treatment regime (chronic vs acute) 

between the two studies. It also remains to be determined the presence of p53 somatic mutations 
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in the spontaneous and acute UV induced melanomas, which may lead to loss of function of p53 

protein.  Enhanced expression of Cyclin D1 has been correlated with progression of primary 

melanoma [39, 40] and is upregulated due to p53 inactivation, although like p21, Cyclin D1 can 

be regulated independent of p53 expression [41].  

 

PTEN functions as a tumor suppressor and the loss of functional PTEN results in AKT activation, 

suppression of apoptosis, and promotion of tumorigenesis [42]. PTEN normally functions in 

homeostatic balance with AKT, and when it is functionally suppressed results in excessive AKT 

phosphorylation [42] as observed previously in our chronic UVB exposed bigenic mice [18]. 

Although, we did not observe any loss of PTEN or an increase in levels of activated, 

phosphorylated AKT protein in Rxrαep−/− TAN skin in the spontaneous melanocytic tumors, a 

significant increase in phosphorylated AKT at Ser 473 was noted in the acute UVB treated 

Rxrαep−/− TAN skin. Different mechanisms of action may explain those findings in un-irradiated 

skin, such as the inhibition of phosphorylation of AKT by PTEN may be impaired through its 

somatic mutation and inactivation, without alteration in protein expression as previously found in 

a number of malignancies including melanoma [43]. Alternatively, PI3K-independent activation 

of AKT such as ILK-1 associated phosphorylation of AKT at Ser 473 has been observed previously 

[44]. AKT activation independent of PI3K is also reported through glucagon-like peptide-1 (GLP-

1) and glucose-dependent insulinotropic polypeptide (GIP) [45]. PI3K independent activation of 

AKT through a diverse group of tyrosine (Ack1/TNK2, Src, PTK6) and serine/threonine (TBK1, 

IKBKE, DNAPKcs) kinases has been reported previously [46]. PTEN expression was unchanged 

in breast and ovarian cancers where the constitutively active AKT positive specimens show no 

alteration in PI3K or PTEN [47].  
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In addition, we observed a decrease in the expression of pro-apoptotic protein BAX in the UVB 

untreated Rxrαep−/− TAN skin compared to the controls, which was also reduced in the mutant skin 

several weeks after exposure to a neonatal single UVB treatment. Similarly, expression of Pro-

Caspase-3 was reduced in the acute UVB treated Rxrαep−/− TAN skin, although we were unable to 

detect expression of cleaved Caspase-3. p53 mediated apoptosis usually involves upregulation of 

pro-apoptotic Bcl-2 members such as BAX and activation of Caspase-3 [48, 49], and BAX and 

Caspase 3 can also be activated independent of p53 activation [50, 51]. Reduced expression of 

BAX and Pro-Caspase 3 in the mutant skin without significant changes in p53 expression could 

be a p53 independent event as reported earlier. Since the above results are obtained from tumor 

adjacent skin, they strongly suggest that loss of epidermal RXRα alone or in combination with 

acute neonatal UVB create a microenvironment in the skin that is susceptible to melanoma 

formation in the context of multiple signaling pathways mediated by driver mutations such as 

oncogenic NRAS and activating CDK4 mutations. Increased expression of p21 and Cyclin D1 and 

reduced expression of BAX that is observed in the TAN skin of the RXRαep−/−|Tyr-

NRasQ61K|Cdk4R24C/R24C mice before and after acute UVB treatment, is likely due to the loss of 

RXRα in the epidermis, thereby contributing to changes in the expression of signaling molecules 

in the melanoma microenvironment. Acute UVB treatment induces additional alteration including 

significant increase in pAKT and significant decrease in pro-caspase 3 in the tumor 

microenvironment.  It remains to be determined if there is any relationship between the NR 

signaling pathway and the BRAFV600E mutation, which is mutated in >50 % of human melanomas 

[52].  Altogether, RXRα can potentially serve as a clinical diagnostic marker and a therapeutic 

target for preventing UV-induced melanoma progression and metastasis in humans, although 

further studies are necessary in this direction. 
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Figure 3.1: Macroscopic and histological characterization of spontaneous and acute UVB 

induced melanomas from control and RXRαep−/−|TyrNRasQ61K|Cdk4R24C/R24C mice. 

 

Mice with epidermal-specific Rxrα ablation in combination with Tyr-NRasQ61K and homozygous 

Cdk4R24C mutations have (a) spontaneous melanocytic growths; (b) larger melanocytic tumors 

with some degree of ulceration post single neonatal UVB treatment compared to mice with 

functional Rxrα. Lesions indicated by arrows. Histological analyses of melanocytic tumors 

from Tyr-NRasQ61K and Cdk4R24C mice and with functional (left panel) and ablated (right panel) 

Rxrα. Tyr-NRasQ61K/Cdk4R24C mice with epidermal-specific Rxrα ablation have (c) more 

pigmented lesions with minimal penetration into epidermal basal layer (inset); (d) greater degree 

of densely pigmented lesions with enhanced penetration into epidermal basal layer after acute 

neonatal UVB treatment. E, epidermis; D, dermis; HD, hypodermis. Scale bar =50 μm. (e, f) 

Increased epidermal thickness, and higher radial growth phase (RGP) and vertical growth phase 

(VGP) of melanocytic tumors in RXRαep−/− |Tyr-NRasQ61K |Cdk4R24C/R24C mice with no UVB 

treatment and single UVB treatment relative to their respective controls. Statistical relevance 

indicated as follows; * = p < 0.05. 
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Figure 3.2: Melanomas from RXRαep−/−|TyrNRasQ61K|Cdk4R24C/R24C mice display enhanced 

proliferation, malignant conversion and angiogenesis relative to their controls.  
 

(a, b) Fluorescent IHC for proliferation marker PCNA (red) and melanocyte marker TYRP1 

(green). A trend in overall increase of PCNA+/TYRP1+ cells was observed in lesions from 

Rxrαep−/− mice compared to RxrαL2/L2 controls in combination with Tyr-NRasQ61K and Cdk4R24C 

mutations in no UVB treated mice (A) and single neonatal UVB treated mice (B). (c, d) Bar-graph 

represents PCNA+|TYRP2+ melanocytes/ field in no UVB and acute UVB treatment respectively. 

(e, f) IHC using antibody cocktail of antibodies directed against malignant melanoma antigens 

HMB45 and MART-1 (red). Overall, more positive staining was observed in lesions from the triple 

knockout mice with RXRαep−/− ablation compared to bigenic mice with their respective RxrαL2/L2 

controls mutations in no UVB treated mice (e) and single neonatal UVB treated mice (f). (g, h) 

IHC for tumor angiogenesis marker CD31 (red). Overall, more prominent staining was observed 

in lesions from trigenic RXRαep−/− mice compared to controls. Loss of epidermal Rxrα results in 

lesions with multicellular CD31+ blood vessels (g, right panel) in mice with no UVB treatment 

while acute UVB treated mice resulted in larger multicellular CD31+ blood vessels (h, right panel). 

(a, b, c, d, e, f, g, h) White dashed lines, artificially added, indicate epidermal-dermal junction. 

Blue color corresponds to DAPI staining of the nuclei. E=Epidermis, D=Dermis. Scale bars = 50 

μm. Statistical relevance indicated as follows; * = p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 
 

 

 

Figure 3.2 



103 
 

 

Figure 3.3: Melanomas from trigenic RXRαep−/−|TyrNRasQ61K|Cdk4R24C/R24C mice display 

reduced apoptosis relative to their controls with functional RXRα 

 

(a, b) TUNEL assay to label apoptotic cells. Apoptotic cells are indicated by green staining (top 

panel), blue color corresponds to DAPI staining of the nuclei (middle panel) and merged TUNEL 

and DAPI cells (lower panel). Overall, reduced TUNEL positive staining was observed in lesions  

from trigenic Rxrαep−/− mice compared to their respective controls in mice with (a) no UVB 

treatment as well as the (b) acute UVB treated mice. (c, d) Bar-graph represents TUNEL+ 

melanocytes/ field in no UVB and acute UVB treatment respectively. 
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Figure 3.4: Enhanced metastasis to draining lymph nodes in trigenic RXRαep-/-|TyrNRasQ6 1K 

|Cdk4R24C/R24C mice relative to RxrαL2/L2 control mice. 

 

(a, b) Excised draining lymph nodes from RXRαL2/L2/Tyr-NRasQ61K/Cdk4R24C/R24C and 

RXRαep−/−/TyrNRasQ61K/Cdk4R24C/R24C mice at age (a) 12 months for untreated mice and (b) 6 

months for single UVB treated mice. (c, d) Histological analyses of draining lymph nodes 

from Tyr-NRasQ61K/Cdk4R24C mice with functional and ablated Rxrα in (c) no UVB treatment as 

well as the (d) acute UVB treated mice. (e, f) Chromogenic IHC for melanocyte-specific marker 

TYRP1 (brown). More positive staining overall is observed in RXRαep−/−/TyrNRas 
Q61K/Cdk4R24C/R24C LNs as opposed to their relative RXRαL2/L2 control LNs in both the UVB 

untreated and treated groups. Hematoxylin (purple) was used as a nuclear counterstain. Scale bar 

=100 μm.  
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Figure 3.5: Spontaneous and acute UVB-irradiated skin from trigenic mice exhibit altered 

expression of regulators of signaling.  

 

(a, b) Immunoblotting showed upregulation in pAKT with negligible effect on PTEN expression 

in TAN skin of the no UVB and UVB treated trigenic Rxrαep−/− mutant mice compared to the 

RXRαL2/L2 mice. (c, d) Activation of p21 and Cyclin D1 expression in the Rxrαep−/− mutant mice 

compared to the RXRαL2/L2 control mice with negligible effect on p53 expression in both the 

untreated and single UVB treated groups. (e, f) Modest decrease in BAX expression in the 

Rxrαep−/− mutant mice relative to the controls in the untreated group while a significant loss of 

BAX and pro-Caspase 3 expression in TAN skin of trigenic Rxrαep−/− compared to RxrαL2/L2 

controls post single UVB exposure. (a, b, c, d, e, f) Equal loading was confirmed by β-actin. Two 

biological replicates for each group are shown for all immunoblots. 
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Figure 3. 6: Breeding of mouse lines and UV scheme used in this study. 

(a)Breeding crossings used K14-Cretg/O|RxrαL2/L2 is also known as Rxrαep-/-. (b) Scheme for 

single neonatal UVB treatment of mice. (c) H&E stained section showing poorly differentiated 

melanoma with abnormally large nuclei compared to the normal range (inset). 
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Figure 3. 7: Changes in the expression of different cellular proteins from the TAN skin in 

the UVB untreated mice. 

 

Quantification of western blot. (a, b) Graphs showing expression of pAKT normalized with AKT 

and PTEN normalized with actin, no significant change. (c, d, e) Graphs showing expression of 

p21, cyclin D1 and p53 normalized against actin, with significant increase in p21 (p < 0.05) and 

cyclin D1 (p < 0.01) and no significant change in p53. (f, g) Graphs showing expression of bax 

and pro-caspase 3 normalized against actin, with significant decrease in bax (p < 0.05) and no 

significant change in pro-caspase 3. 
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Figure 3. 8: Changes in the expression of different cellular proteins from the TAN skin in 

the UVB treated mice. 

 

Quantification of western blot. (a, b) Graphs showing expression of significant increase in pAKT 

normalized with AKT (p < 0.05) and PTEN normalized with actin with no significant change. (c, 

d, e) Graphs showing expression of p21, cyclin D1 and p53 normalized against actin, with 

significant increase in p21 (p < 0.01) and cyclin D1 (p < 0.05) and no significant change in p53. 

(f, g) Graphs showing expression of bax and pro-caspase 3 normalized against actin, with 

significant decrease in both bax (p < 0.05) and pro-caspase 3 (p < 0.05). 
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Figure 3. 8 
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Table 3.1: Antibodies used for immuno-histochemical staining and immuno-

blotting with details including the host, detection for-, the source, application 

and the dilution used. 

 

Antibody Host For Detection of: Source Application Dilution 

anti-HMB45 Mouse Malignant Melanoma Abcam (ab732) IHC-P 1:100 

anti-pAKT Rabbit Phosphorylated AKT Protein cell signaling (4060) WB 1:2000  

anti-PTEN Rabbit PTEN Protein cell signaling (9559) WB 1:1000  

anti-p53 Rabbit p53 Protein 
Santa Cruz (sc-6243), 

Leica (NCL-p53-CM5p) 
WB 1:500 

anti-AKT Rabbit Total AKT Protein cell signaling (6727) WB 1:1000 

anti-cyclinD1 Mouse Cyclin D1 Protein cell signaling (2926) WB 1:2000 

anti-B-actin Rabbit Loading Control Bethyl lab (A300-491A) WB 1:5000 

anti-CD31   Rabbit Tumor Angiogenesis Abcam (ab28364)  IHC-P  1:50 

anti-PEP1 (TYRP1) Rabbit Melanocytic cells 
NIH (kindly provided by 

V. Hearing) 
 IHC-P 1:1000 

anti-PCNA Mouse Proliferating Cells Abcam (ab29)  IHC-P 1:6000 

      

IHC-P = Immunohistochemistry - Paraffin Sections, WB = Western Blot 
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Table 3.2: PCR primers used for genotyping of mouse lines with the forward 

and reverse primers for K14-Cre, RXRα and CDK4, their sequences and the 

expected band sizes. 

 

Gene Primer Name Sequence (5'-3') Expected Bands 

K14- Cre TK139 (Forward) ATTTGCCTGCATTACCGGTC 349 bp (Cre+), No amplification 

(Cre-) 
TK141 (Reverse) ATCAACGTTTTGTTTTCGG 

Rxrα 

UN128 (Forward) CTCAAGTGAGGTGGACATTA 

203 bp (L2), 110 bp (L-) WH231 (Reverse) GAGCTATTGTGCCCTGGAAG 

WH233 (L-) GGAAGCCCAAGATGACCCTC 

Cdk4 
BAB493 (Forward) TGAAGTGCAGAATCTTCGGTGCAAA 

440 bp (WT), 530 bp (R24C) 
BAB496 (Reverse) CATTAGGAACTCTCACACTCTTGAG 
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4.1 Conclusions and Future directions 
 

Malignant melanoma is one of the fastest growing cancers in the United States and no effective 

therapeutic options are available once the primary tumor has disseminated to distal organs. Rates 

of melanoma incidence as a result of unprotected ultraviolet radiation are on the rise in Oregon 

and throughout the U.S.; thus better understanding of the molecular mechanisms underlying its 

formation and progression are needed for the purposes of diagnosis and therapeutic intervention.  

In this work we have used mouse models to establish multiple roles for Type II nuclear receptors 

in UVR-induced melanocyte homeostasis and melanomagenesis.  

 

The role of VDR in melanocytes themselves had never been thoroughly investigated previously, 

even though a gradual loss of VDR expression has been previously observed in the melanoma cells 

themselves during disease progression [1, 2]. By ablating VDR selectively in the melanocytes 

(Vdrmel-/-), we observed differential alterations in the survival of the melanocytes. Loss of 

melanocytic VDR expression results in defective melanocyte homeostasis as there is a marked 

decrease in mature and differentiated melanocytes compared to the controls in the unirradiated and 

UVB irradiated mice. Alterations in differentiation have been previously observed in mice with 

keratinocyte-specific knockout of VDR [3], which is similarly dysregulated in our Vdr
mel-/-

model 

with melanocyte-specific knockout of VDR. It has been previously reported that the epidermis of 

the VDR-null mice displayed a marked decrease in the expression of differentiation markers like 

involucrin, prolaggrin, and loricrin [4]. Similarly, selective loss of VDR in melanocytes led to a 

reduction in mature differentiated melanocytes in our Vdr
mel-/-

mice, which was further 

corroborated by reduction in the number of precursor melanocytes (melanoblasts). Our studies also 

indicated that functional melanocytic VDR protected against UV induced DNA damage seen in 
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the control VDR mice, where the UVB photoproduct, the cyclobutane pyrimidine dimer (CPD), 

was markedly reduced compared to the Vdr
mel-/-

mice. It was previously reported that VDR helps 

removal of the UVB photoproduct, CPD through nucleotide excision repair (NER) [5, 6]. The 

photoprotective role of melanocytic VDR may possibly be as a result of interaction between VDR 

and DNA repair genes and maybe mediated through VDR's transactivation of certain genes by a 

subunit of the nucleotide excision repair (NER)/transcription factor, TFIIH [7], which needs to be 

further validated. The photo-protective role of melanocytic VDR is further evidenced with an 

increase in apoptotic melanocytes in the control mice with intact functional VDR compared to the 

mutant mice. This is validated when vitamin D demonstrated a protective role by reducing UV-

induced DNA damage in the presence of melanocytic VDR and the protective effects of vitamin 

D are lost in the absence of melanocytic VDR. It remains to be determined whether the observed 

changes are mediated by direct targets of melanocytic-VDR or indirectly through its downstream 

effectors. The protective effects of VDR can be further validated by evaluating the changes in 

melanocyte secreted chemokines in response to UVR, that mediate infiltration of macrophages, 

which further secrete interferon-γ (IFN-γ) that influences melanocyte survival [8, 9]. A better 

understanding of the direct gene regulation by VDR in melanocytes will further enhance our 

knowledge of its role in these cells. ChIP for VDR in melanocytes followed by next generation 

high-throughput sequencing (ChIP-seq) may be a technique worth employing in the future, in order 

to elucidate genome-wide binding of VDR in melanocytes. In simultaneous studies, we will 

identify activated and repressed promoters by conducting ChIP-seq analyses of activating 

(H3K4me3; H3K9ac), repressing (H3K27me3) and active enhancer (H3K4me1; H3K27ac) 

histone marks, respectively. These studies will reveal the mechanism whereby vit D3-bound VDR 

regulates target gene expression. Future studies are needed to explore the effects of melanocytic 
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VDR ablation on formation of UVR-induced tumors in adult mice; potentially in combination with 

the activated CDK4 and oncogenic NRAS
Q61K 

mutations; and/or BRAF
V600E 

mutations. 

 

Loss of RXRα expression in murine epidermal keratinocytes (Rxrα
ep-/-

) enhances melanocyte 

proliferation following an acute UVR dose as a result of increased expression of mitogenic 

paracrine factors such as EDN1, SCF, and FGF2 [10]. When keratinocytic RXRα ablation was 

combined with activated CDK4 (R24C) or oncogenic NRAS (Q61K) mutations in a bigenic mouse 

model (Rxrα
ep-/-

| TyrNRas
Q61K 

or Rxrα
ep-/-

| Cdk4
R24C

), results indicated an increased number of 

melanomas induced by chronic UVR for 30 weeks, compared to control mice with the activated 

CDK4 or oncogenic NRAS mutations alone. These tumors from the bigenic Rxrα
ep-/-

mice show 

enhanced expression of malignant melanoma and tumor angiogenesis markers; and increased 

metastases of cells expressing the melanocyte-specific marker TYRP1 to draining lymph nodes 

are also observed in these animals [11].  

 

Combining keratinocytic RXRα ablation with activated CDK4 (R24C) and oncogenic NRAS 

(Q61K) mutations in a trigenic mouse model (Rxrα
ep-/-

| TyrNRas
Q61K

| Cdk4
R24C

) in our current 

study results in increased number and size of melanomas induced spontaneously and the tumor 

latency was reduced by half after exposure to acute neonatal UVR compared to control mice with 

the activated CDK4 and oncogenic NRAS mutations alone. Tumors from the trigenic Rxrα
ep-/-

mice 

show enhanced expression of malignant melanoma and tumor angiogenesis markers, increased 

proliferative melanocytes; and increased metastases of cells expressing the melanocyte-specific 

marker TYRP1 to draining lymph nodes. These mice also had reduced apoptotic melanocytes 

compared to their respective control mice. Tumor adjacent normal skin in the unirradiated and 
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UVB treated mice had reduced expression of Bax, a pro-apoptotic marker commonly 

downregulated in melanoma [12] and upregulation of p21 and cyclin D1; suggesting that 

keratinocytic RXRα loss results in a microenvironment favorable to tumor formation. We did not 

observe a loss of p53 expression in these mice as opposed to in our chronic UVB treated bigenic 

mice study [11] and we are uncertain if the lack of p53 downregulation is due to difference in the 

UV treatment regime (chronic vs acute) between the two studies. The increased expression of p21 

and cyclin D1 is usually regulated by p53 decrease but there is also evidence of a p53-independent 

regulation [13-15]. Interestingly, in the acute UVB treated tumor adjacent normal skin had an 

increase in pAKT expression while there was a downregulation of pro-caspase 3 compared to the 

untreated group; suggesting these additional alterations are due to changes in the 

microenvironment due to acute UVB treatment in combination with RXRα deletion. Altogether, 

these results indicate that keratinocytic RXRα expression is involved in mediating cell-cell 

communication between keratinocytes and melanocytes that when dysregulated results in both 

promotion and enhanced formation of UVR-induced melanomas. In the future we would also like 

to investigate the cooperative effects of RXRα loss in combination with oncogenic BRAF
V600E

, as 

this mutant protein is expressed in a majority of melanomas [6]. Resistance to treatment with drugs 

that target the mutant BRAF protein [7] can be acquired by melanomas; underscoring the need for 

additional therapeutic targets for concurrent multidrug treatment strategies. Work is currently 

underway in our lab to evaluate the efficacy of FDA approved drugs identified through a high-

throughput screen against resistant metastatic melanoma cell lines and we can use these trigenic 

mice to study their effects as an in vivo mouse model. 

 

As RXRα acts as a heterodimeric partner for a large number of other Type II nuclear receptors, it 

may be useful to investigate the role of other NRs in skin tumorigenesis. We have identified a 
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protective role of VDR in UV-induced DNA damage and melanocyte homeostasis. Since there is 

a progressive loss of RXRα and VDR from normal skin to melanocytic nevi to malignant 

melanoma, and since RXRα and VDR are heterodimeric partners, it would be interesting to see if 

our trigenic Rxrα
ep-/- mice show any changes in VDR expression. We would also be interested in 

combining RXRα and VDR deletion and generating a Rxrαep-/- | Vdr-/- bigenic mouse line to 

evaluate their dual role together in melanomagenesis.  We would also be interested in determining 

the contributions of VDR and RXRα in melanocytic migration, invasion and adhesion through in 

vitro studies. We are also interested in heterodimeric partners of RXR, such as Pregnane-X 

Receptors (PXR), Liver-X-Receptors (LXRs), Retinoic Acid Receptors (RARs) and Peroxisome 

Proliferator-Activated Receptors (PPARs) in the keratinocytes, whose expression is lost during 

melanoma progression in humans. PXR is a mediator of drug metabolism and transport [16]. 

Treatment of melanoma cells with an LXR agonist resulted in induction of apoptosis in a dose-

dependent manner [17]. Keratinocyte-specific ablation of PPARγ (Pparγ
ep-/-

) resulted in 

conversion of DMBA-TPA induced epidermal tumors to malignant carcinomas [18]. Subsequent 

studies in mouse models will be necessary to elucidate their role in UV-induced melanomagenesis. 

A previous study suggested that since there was a very low load of recurrent mutations induced by 

classical UVB-induced dimer photoproducts, there may be a role for cell extrinsic mechanisms, 

such as photo-immunosuppression and inflammation in driving malignant melanoma after acute 

UVB exposure [19]. Similarly, we can evaluate the changes in immune cell infiltration and 

inflammatory markers in our acute UVB treated mice. In our previous study with Rxrα/β
mel-/-

, 

where Rxrα and Rxrβ were selectively ablated in the melanocytes, there was a defect in the 

chemokines secreted by melanocytes to attract macrophages and other immune cells following 
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UVR [8]. Similarly, we would like to evaluate the alterations in the immune response in our 

trigenic Rxrα
ep-/-

 mice following UVR treatment. 

 

In conclusion, our work has significantly expanded the body of knowledge regarding the function 

of keratinocytic RXRα and melanocytic VDR in melanocyte homeostasis and in melanomagenesis. 

Melanoma is a disease that is refractory to all current forms of treatment and our studies 

investigating mechanisms underlying micro-environmental influences on melanoma promotion 

and progression are important for the development of novel therapeutic targets to prevent and/or 

cure melanoma. Since melanoma cells express VDR, it indicates that malignant melanoma 

represents a promising target for treatment with Vitamin D3 or its analogs, accompanied by 

monitoring of serum 25(OH)D3/2 and calcium levels, as an adjuvant or prophylactic strategy. 

Similarly, loss of RXRα expression during melanoma progression asserts it as a viable biomarker 

of melanoma progression and potential therapeutic target for melanoma treatment in humans 

potentially with RXRα agonist during early stages of melanoma development. VDR and RXRα 

expression can also be used for diagnostic purposes since their expression is lost during melanoma 

progression. We can use our RXRαep-/- mice as pre-clinical animal model for screening of novel 

compounds such as small molecule modulators, natural compounds to prevent and treat melanoma. 

 

 

 

 

 

 

 

 

 

 

 

 



124 
 

 

 

4.2 References 

 

1. Brozyna AA, Jozwicki W, Janjetovic Z, Slominski AT: Expression of vitamin D 

receptor decreases during progression of pigmented skin lesions. Human pathology 

2011, 42(5):618-631. 

 

2. Brozyna AA, Jozwicki W, Slominski AT: Decreased VDR expression in cutaneous 

melanomas as marker of tumor progression: new data and analyses. Anticancer Res 

2014, 34(6):2735-2743. 

 

3. Bollag WB: Mediator1: an important intermediary of vitamin D receptor-regulated 

epidermal function and hair follicle biology. The Journal of investigative dermatology 

2012, 132(4):1068-1070. 

 

4. Xie Z, Komuves L, Yu QC, Elalieh H, Ng DC, Leary C, Chang S, Crumrine D, 

Yoshizawa T, Kato S et al: Lack of the vitamin D receptor is associated with reduced 

epidermal differentiation and hair follicle growth. The Journal of investigative 

dermatology 2002, 118(1):11-16. 

 

5. Demetriou SK, Ona-Vu K, Teichert AE, Cleaver JE, Bikle DD, Oh DH: Vitamin D 

receptor mediates DNA repair and is UV inducible in intact epidermis but not in 

cultured keratinocytes. The Journal of investigative dermatology 2012, 132(8):2097-

2100. 

 

6. Bikle DD: The vitamin D receptor: a tumor suppressor in skin. Discovery medicine 

2011, 11(56):7-17. 

 

7. Drane P, Compe E, Catez P, Chymkowitch P, Egly JM: Selective regulation of vitamin 

D receptor-responsive genes by TFIIH. Molecular cell 2004, 16(2):187-197. 

 

8. Coleman DJ, Garcia G, Hyter S, Jang HS, Chagani S, Liang X, Larue L, Ganguli-Indra 

G, Indra AK: Retinoid-X-receptors (alpha/beta) in melanocytes modulate innate 

immune responses and differentially regulate cell survival following UV irradiation. 

PLoS genetics 2014, 10(5):e1004321. 

 

9. Zaidi MR, Davis S, Noonan FP, Graff-Cherry C, Hawley TS, Walker RL, Feigenbaum L, 

Fuchs E, Lyakh L, Young HA et al: Interferon-gamma links ultraviolet radiation to 

melanomagenesis in mice. Nature 2011, 469(7331):548-553. 

 

10. Wang Z, Coleman DJ, Bajaj G, Liang X, Ganguli-Indra G, Indra AK: RXRalpha 

ablation in epidermal keratinocytes enhances UVR-induced DNA damage, 

apoptosis, and proliferation of keratinocytes and melanocytes. The Journal of 

investigative dermatology 2011, 131(1):177-187. 

 



125 
 

 

11. Coleman DJ, Chagani S, Hyter S, Sherman AM, Lohr CV, Liang X, Ganguli-Indra G, 

Indra AK: Loss of keratinocytic RXRalpha combined with activated CDK4 or 

oncogenic NRAS generates UVB-induced melanomas via loss of p53 and PTEN in 

the tumor microenvironment. Molecular cancer research : MCR 2015, 13(1):186-196. 

 

12. Leverkus M, Gollnick H: "Bak (and Bax) to the future"--of primary melanoma 

prognosis? The Journal of investigative dermatology 2006, 126(6):1212-1214. 

13. Galanos P, Vougas K, Walter D, Polyzos A, Maya-Mendoza A, Haagensen EJ, Kokkalis 

A, Roumelioti FM, Gagos S, Tzetis M et al: Chronic p53-independent p21 expression 

causes genomic instability by deregulating replication licensing. Nature cell biology 

2016, 18(7):777-789. 

 

14. Macleod KF, Sherry N, Hannon G, Beach D, Tokino T, Kinzler K, Vogelstein B, Jacks 

T: p53-dependent and independent expression of p21 during cell growth, 

differentiation, and DNA damage. Genes & development 1995, 9(8):935-944. 

 

15. Wang H, Spillare EA, Wang QS, Sabourin CLK, Stoner GD: p53-independent down-

regulation of cyclin D1 and p21Waf1 in the process of immortalization of human 

esophageal epithelial cells. International journal of oncology 1998, 12(2):325-328. 

 

16. Swales KE, Moore R, Truss NJ, Tucker A, Warner TD, Negishi M, Bishop-Bailey D: 

Pregnane X receptor regulates drug metabolism and transport in the vasculature 

and protects from oxidative stress. Cardiovascular research 2012, 93(4):674-681. 

 

17. Zhang W, Jiang H, Zhang J, Zhang Y, Liu A, Zhao Y, Zhu X, Lin Z, Yuan X: Liver X 

receptor activation induces apoptosis of melanoma cell through caspase pathway. 

Cancer cell international 2014, 14(1):16. 

 

18. Indra AK, Castaneda E, Antal MC, Jiang M, Messaddeq N, Meng X, Loehr CV, Gariglio 

P, Kato S, Wahli W et al: Malignant transformation of DMBA/TPA-induced 

papillomas and nevi in the skin of mice selectively lacking retinoid-X-receptor alpha 

in epidermal keratinocytes. The Journal of investigative dermatology 2007, 

127(5):1250-1260. 

 

19.   Mukhopadhyay P, Ferguson B, Muller HK, Handoko HY and Walker GJ: Murine 

melanomas accelerated by a single UVR exposure carry photoproduct footprints but 

lack UV signature C4T mutations in critical genes. Oncogene 2015, 1-9. 

 

 

 

 

 

  



126 
 

 

Bibliography 
 
 

Abdel-Malek ZA, Knittel J, Kadekaro AL, Swope VB, Starner R: The melanocortin 1 receptor 

and the UV response of human melanocytes--a shift in paradigm. Photochemistry and 

photobiology 2008, 84(2):501-508. 

 

Ackermann J, Frutschi M, Kaloulis K, McKee T, Trumpp A, Beermann F: Metastasizing 

melanoma formation caused by expression of activated N-RasQ61K on an INK4a-deficient 

background. Cancer research 2005, 65(10):4005-4011. 

 

Altucci L, Gronemeyer H: Nuclear receptors in cell life and death. Trends in endocrinology and 

metabolism: TEM 2001, 12(10):460-468. 

 

American Cancer Society. Cancer Facts & Figures 2016. In. Atlanta: American Cancer Society; 

2016. 

 

Aoki H, Yamada Y, Hara A, Kunisada T: Two distinct types of mouse melanocyte: differential 

signaling requirement for the maintenance of non-cutaneous and dermal versus epidermal 

melanocytes. Development 2009, 136(15):2511-2521. 

 

Ariotti S, Beltman JB, Chodaczek G, Hoekstra ME, van Beek AE, Gomez-Eerland R, Ritsma L, 

van Rheenen J, Maree AF, Zal T et al: Tissue-resident memory CD8+ T cells continuously 

patrol skin epithelia to quickly recognize local antigen. Proceedings of the National Academy 

of Sciences of the United States of America 2012, 109(48):19739-19744. 

 

Bandarchi B, Ma L, Navab R, Seth A, Rasty G: From melanocyte to metastatic malignant 

melanoma. Dermatology research and practice 2010, 2010. 

 

Bastien N, Therrien JP, Drouin R: Cytosine containing dipyrimidine sites can be hotspots of 

cyclobutane pyrimidine dimer formation after UVB exposure. Photochemical & 

photobiological sciences : Official journal of the European Photochemistry Association and the 

European Society for Photobiology 2013, 12(8):1544-1554. 

 

Baynash AG, Hosoda K, Giaid A, Richardson JA, Emoto N, Hammer RE, Yanagisawa M: 

Interaction of endothelin-3 with endothelin-B receptor is essential for development of 

epidermal melanocytes and enteric neurons. Cell 1994, 79(7):1277-1285. 

 

Benchimol S: p53-dependent pathways of apoptosis. Cell death and differentiation 2001, 

8(11):1049-1051. 

 

Bikle DD, Chang S, Crumrine D, Elalieh H, Man MQ, Choi EH, Dardenne O, Xie Z, Arnaud RS, 

Feingold K et al: 25 Hydroxyvitamin D 1 alpha-hydroxylase is required for optimal epidermal 

differentiation and permeability barrier homeostasis. The Journal of investigative dermatology 

2004, 122(4):984-992. 



127 
 

 

Bikle DD: The vitamin D receptor: a tumor suppressor in skin. Discovery medicine 2011, 

11(56):7-17. 

 

Bikle DD: Vitamin D and the skin: Physiology and pathophysiology. Reviews in endocrine & 

metabolic disorders 2012, 13(1):3-19. 

 

Bikle DD: Vitamin D metabolism, mechanism of action, and clinical applications. Chemistry 

& biology 2014, 21(3):319-329. 

 

Bollag WB: Mediator1: an important intermediary of vitamin D receptor-regulated 

epidermal function and hair follicle biology. The Journal of investigative dermatology 2012, 

132(4):1068-1070. 

 

Bourguet W, Germain P, Gronemeyer H: Nuclear receptor ligand-binding domains: three-

dimensional structures, molecular interactions and pharmacological implications. Trends in 

pharmacological sciences 2000, 21(10):381-388. 

 

Brash DE, Haseltine WA: UV-induced mutation hotspots occur at DNA damage hotspots. 

Nature 1982, 298(5870):189-192. 

 

Brenner M, Hearing VJ: The protective role of melanin against UV damage in human skin. 

Photochemistry and photobiology 2008, 84(3):539-549. 

 

Brozyna AA, Jozwicki W, Carlson JA, Slominski AT: Melanogenesis affects overall and 

disease-free survival in patients with stage III and IV melanoma. Human pathology 2013, 

44(10):2071-2074. 

 

Brozyna AA, Jozwicki W, Janjetovic Z, Slominski AT: Expression of vitamin D receptor 

decreases during progression of pigmented skin lesions. Human pathology 2011, 42(5):618-

631. 

 

Brozyna AA, Jozwicki W, Slominski AT: Decreased VDR expression in cutaneous melanomas 

as marker of tumor progression: new data and analyses. Anticancer Res 2014, 34(6):2735-

2743. 

 

Candi E, Schmidt R, Melino G: The cornified envelope: a model of cell death in the skin. Nature 

reviews Molecular cell biology 2005, 6(4):328-340. 

 

Cantwell-Dorris ER, O'Leary JJ, Sheils OM: BRAFV600E: implications for carcinogenesis and 

molecular therapy. Molecular cancer therapeutics 2011, 10(3):385-394. 

 

Chakravarti N, Lotan R, Diwan AH, Warneke CL, Johnson MM, Prieto VG: Decreased 

expression of retinoid receptors in melanoma: entailment in tumorigenesis and prognosis. 

Clinical cancer research : an official journal of the American Association for Cancer Research 

2007, 13(16):4817-4824. 

 



128 
 

 

Chambon P: A decade of molecular biology of retinoic acid receptors. FASEB journal : official 

publication of the Federation of American Societies for Experimental Biology 1996, 10(9):940-

954. 

 

Cichorek M, Wachulska M, Stasiewicz A, Tyminska A: Skin melanocytes: biology and 

development. Postepy dermatologii i alergologii 2013, 30(1):30-41. 

 

Coleman DJ, Chagani S, Hyter S, Sherman AM, Lohr CV, Liang X, Ganguli-Indra G, Indra AK: 

Loss of keratinocytic RXRalpha combined with activated CDK4 or oncogenic NRAS 

generates UVB-induced melanomas via loss of p53 and PTEN in the tumor 

microenvironment. Molecular cancer research : MCR 2015, 13(1):186-196. 

 

Coleman DJ, Garcia G, Hyter S, Jang HS, Chagani S, Liang X, Larue L, Ganguli-Indra G, Indra 

AK: Retinoid-X-receptors (alpha/beta) in melanocytes modulate innate immune responses 

and differentially regulate cell survival following UV irradiation. PLoS genetics 2014, 

10(5):e1004321. 

 

Cook PW, Pittelkow MR, Shipley GD: Growth factor-independent proliferation of normal 

human neonatal keratinocytes: production of autocrine- and paracrine-acting mitogenic 

factors. Journal of cellular physiology 1991, 146(2):277-289. 

 

Dave VP, Kaul D: Coronary heart disease: Significance of liver X receptor alpha genomics. 

World journal of cardiology 2010, 2(6):140-149. 

 

de Gruijl FR, van Kranen HJ, Mullenders LH: UV-induced DNA damage, repair, mutations 

and oncogenic pathways in skin cancer. Journal of photochemistry and photobiology B, Biology 

2001, 63(1-3):19-27. 

 

DeCoster MA: Group III secreted phospholipase A2 causes apoptosis in rat primary cortical 

neuronal cultures. Brain research 2003, 988(1-2):20-28. 

 

Degenhardt K, Chen G, Lindsten T, White E: BAX and BAK mediate p53-independent 

suppression of tumorigenesis. Cancer cell 2002, 2(3):193-203. 

 

Dennis LK, Vanbeek MJ, Beane Freeman LE, Smith BJ, Dawson DV, Coughlin JA: Sunburns 

and risk of cutaneous melanoma: does age matter? A comprehensive meta-analysis. Annals 

of epidemiology 2008, 18(8):614-627. 

 

Denzer N, Vogt T, Reichrath J: Vitamin D receptor (VDR) polymorphisms and skin cancer: A 

systematic review. Dermato-endocrinology 2011, 3(3):205-210. 

 

Dilworth FJ, Fromental-Ramain C, Yamamoto K, Chambon P: ATP-driven chromatin 

remodeling activity and histone acetyltransferases act sequentially during transactivation by 

RAR/RXR In vitro. Molecular cell 2000, 6(5):1049-1058. 

 



129 
 

 

D'Mello SA, Finlay GJ, Baguley BC, Askarian-Amiri ME: Signaling Pathways in 

Melanogenesis. International journal of molecular sciences 2016, 17(7). 

 

Du J, Miller AJ, Widlund HR, Horstmann MA, Ramaswamy S, Fisher DE: MLANA/MART1 

and SILV/PMEL17/GP100 are transcriptionally regulated by MITF in melanocytes and 

melanoma. The American journal of pathology 2003, 163(1):333-343. 

 

Eller MS, Ostrom K, Gilchrest BA: DNA damage enhances melanogenesis. Proceedings of the 

National Academy of Sciences of the United States of America 1996, 93(3):1087-1092. 

 

Ellison TI, Smith MK, Gilliam AC, MacDonald PN: Inactivation of the vitamin D receptor 

enhances susceptibility of murine skin to UV-induced tumorigenesis. The Journal of 

investigative dermatology 2008, 128(10):2508-2517. 

 

Field S, Newton-Bishop JA: Melanoma and vitamin D. Molecular oncology 2011, 5(2):197-214. 

Fuchs E, Raghavan S: Getting under the skin of epidermal morphogenesis. Nature reviews 

Genetics 2002, 3(3):199-209. 

 

Galanos P, Vougas K, Walter D, Polyzos A, Maya-Mendoza A, Haagensen EJ, Kokkalis A, 

Roumelioti FM, Gagos S, Tzetis M et al: Chronic p53-independent p21 expression causes 

genomic instability by deregulating replication licensing. Nature cell biology 2016, 18(7):777-

789. 

 

Gandini S, Gnagnarella P, Serrano D, Pasquali E, Raimondi S: Vitamin D receptor 

polymorphisms and cancer. Advances in experimental medicine and biology 2014, 810:69-105. 

 

Gandini S, Sera F, Cattaruzza MS, Pasquini P, Picconi O, Boyle P, Melchi CF: Meta-analysis of 

risk factors for cutaneous melanoma: II. Sun exposure. European journal of cancer 2005, 

41(1):45-60. 

 

Geng Y, Walls KC, Ghosh AP, Akhtar RS, Klocke BJ, Roth KA: Cytoplasmic p53 and activated 

Bax regulate p53-dependent, transcription-independent neural precursor cell apoptosis. The 

journal of histochemistry and cytochemistry : official journal of the Histochemistry Society 2010, 

58(3):265-275. 

 

Gilchrest BA, Eller MS, Geller AC, Yaar M: The pathogenesis of melanoma induced by 

ultraviolet radiation. The New England journal of medicine 1999, 340(17):1341-1348. 

 

Gnagnarella P, Pasquali E, Serrano D, Raimondi S, Disalvatore D, Gandini S: Vitamin D receptor 

polymorphism FokI and cancer risk: a comprehensive meta-analysis. Carcinogenesis 2014, 

35(9):1913-1919. 

 

Gross C, Musiol IM, Eccleshall TR, Malloy PJ, Feldman D: Vitamin D receptor gene 

polymorphisms: analysis of ligand binding and hormone responsiveness in cultured skin 

fibroblasts. Biochemical and biophysical research communications 1998, 242(3):467-473. 

 



130 
 

 

Guy GP, Jr., Thomas CC, Thompson T, Watson M, Massetti GM, Richardson LC, Centers for 

Disease C, Prevention: Vital signs: melanoma incidence and mortality trends and projections 

- United States, 1982-2030. MMWR Morbidity and mortality weekly report 2015, 64(21):591-

596. 

 

Haake A SG, Holbrook KA: Structure and function of the skin: overview of the epidermis and 

dermis. The Biology of the skin 2001 2001:19-45. 

 

Hacker E, Muller HK, Irwin N, Gabrielli B, Lincoln D, Pavey S, Powell MB, Malumbres M, 

Barbacid M, Hayward N et al: Spontaneous and UV radiation-induced multiple metastatic 

melanomas in Cdk4R24C/R24C/TPras mice. Cancer research 2006, 66(6):2946-2952. 

 

He G, Siddik ZH, Huang Z, Wang R, Koomen J, Kobayashi R, Khokhar AR, Kuang J: Induction 

of p21 by p53 following DNA damage inhibits both Cdk4 and Cdk2 activities. Oncogene 2005, 

24(18):2929-2943. 

 

Hermanson O, Glass CK, Rosenfeld MG: Nuclear receptor coregulators: multiple modes of 

modification. Trends in endocrinology and metabolism: TEM 2002, 13(2):55-60. 

 

Huang P, Chandra V, Rastinejad F: Structural overview of the nuclear receptor superfamily: 

insights into physiology and therapeutics. Annual review of physiology 2010, 72:247-272. 

 

Hutchinson PE, Osborne JE, Lear JT, Smith AG, Bowers PW, Morris PN, Jones PW, York C, 

Strange RC, Fryer AA: Vitamin D receptor polymorphisms are associated with altered 

prognosis in patients with malignant melanoma. Clinical cancer research : an official journal 

of the American Association for Cancer Research 2000, 6(2):498-504. 

 

Hyter S, Bajaj G, Liang X, Barbacid M, Ganguli-Indra G, Indra AK: Loss of nuclear receptor 

RXRalpha in epidermal keratinocytes promotes the formation of Cdk4-activated invasive 

melanomas. Pigment cell & melanoma research 2010, 23(5):635-648. 

 

Hyter S, Coleman DJ, Ganguli-Indra G, Merrill GF, Ma S, Yanagisawa M, Indra AK: Endothelin-

1 is a transcriptional target of p53 in epidermal keratinocytes and regulates ultraviolet-

induced melanocyte homeostasis. Pigment cell & melanoma research 2013, 26(2):247-258. 

 

Hyter S, Indra AK: Nuclear hormone receptor functions in keratinocyte and melanocyte 

homeostasis, epidermal carcinogenesis and melanomagenesis. FEBS letters 2013, 587(6):529-

541. 

 

Indra AK, Castaneda E, Antal MC, Jiang M, Messaddeq N, Meng X, Loehr CV, Gariglio P, Kato 

S, Wahli W et al: Malignant transformation of DMBA/TPA-induced papillomas and nevi in 

the skin of mice selectively lacking retinoid-X-receptor alpha in epidermal keratinocytes. The 

Journal of investigative dermatology 2007, 127(5):1250-1260. 

 



131 
 

 

Jakob JA, Bassett RL, Jr., Ng CS, Curry JL, Joseph RW, Alvarado GC, Rohlfs ML, Richard J, 

Gershenwald JE, Kim KB et al: NRAS mutation status is an independent prognostic factor in 

metastatic melanoma. Cancer 2012, 118(16):4014-4023. 

 

Janjetovic Z, Brozyna AA, Tuckey RC, Kim TK, Nguyen MN, Jozwicki W, Pfeffer SR, Pfeffer 

LM, Slominski AT: High basal NF-kappaB activity in nonpigmented melanoma cells is 

associated with an enhanced sensitivity to vitamin D3 derivatives. British journal of cancer 

2011, 105(12):1874-1884. 

 

Janowski BA, Willy PJ, Devi TR, Falck JR, Mangelsdorf DJ: An oxysterol signalling pathway 

mediated by the nuclear receptor LXR alpha. Nature 1996, 383(6602):728-731. 

Kato S: The function of vitamin D receptor in vitamin D action. Journal of biochemistry 2000, 

127(5):717-722. 

 

Kliewer SA, Sundseth SS, Jones SA, Brown PJ, Wisely GB, Koble CS, Devchand P, Wahli W, 

Willson TM, Lenhard JM et al: Fatty acids and eicosanoids regulate gene expression through 

direct interactions with peroxisome proliferator-activated receptors alpha and gamma. 

Proceedings of the National Academy of Sciences of the United States of America 1997, 

94(9):4318-4323. 

 

Kobayashi N, Muramatsu T, Yamashina Y, Shirai T, Ohnishi T, Mori T: Melanin reduces 

ultraviolet-induced DNA damage formation and killing rate in cultured human melanoma 

cells. The Journal of investigative dermatology 1993, 101(5):685-689. 

 

Kobayashi T, Urabe K, Winder A, Jimenez-Cervantes C, Imokawa G, Brewington T, Solano F, 

Garcia-Borron JC, Hearing VJ: Tyrosinase related protein 1 (TRP1) functions as a DHICA 

oxidase in melanin biosynthesis. The EMBO journal 1994, 13(24):5818-5825. 

 

Kos L, Aronzon A, Takayama H, Maina F, Ponzetto C, Merlino G, Pavan W: Hepatocyte growth 

factor/scatter factor-MET signaling in neural crest-derived melanocyte development. 

Pigment cell research / sponsored by the European Society for Pigment Cell Research and the 

International Pigment Cell Society 1999, 12(1):13-21. 

Kucher C, Zhang PJ, Acs G, Roberts S, Xu X: Can Melan-A replace S-100 and HMB-45 in the 

evaluation of sentinel lymph nodes from patients with malignant melanoma? Applied 

immunohistochemistry & molecular morphology : AIMM / official publication of the Society for 

Applied Immunohistochemistry 2006, 14(3):324-327. 

 

Kwong LN, Costello JC, Liu H, Jiang S, Helms TL, Langsdorf AE, Jakubosky D, Genovese G, 

Muller FL, Jeong JH et al: Oncogenic NRAS signaling differentially regulates survival and 

proliferation in melanoma. Nature medicine 2012, 18(10):1503-1510. 

 

Lang D, Lu MM, Huang L, Engleka KA, Zhang M, Chu EY, Lipner S, Skoultchi A, Millar SE, 

Epstein JA: Pax3 functions at a nodal point in melanocyte stem cell differentiation. Nature 

2005, 433(7028):884-887. 

 



132 
 

 

Larue L, Beermann F: Cutaneous melanoma in genetically modified animals. Pigment cell 

research / sponsored by the European Society for Pigment Cell Research and the International 

Pigment Cell Society 2007, 20(6):485-497. 

 

Leid M, Kastner P, Chambon P: Multiplicity generates diversity in the retinoic acid signalling 

pathways. Trends in biochemical sciences 1992, 17(10):427-433. 

 

Li J, Xuan Z, Liu C: Long non-coding RNAs and complex human diseases. International 

journal of molecular sciences 2013, 14(9):18790-18808. 

 

Li M, Chiba H, Warot X, Messaddeq N, Gerard C, Chambon P, Metzger D: RXR-alpha ablation 

in skin keratinocytes results in alopecia and epidermal alterations. Development 2001, 

128(5):675-688. 

 

Li X, Wu Z, Mei Q, Li X, Guo M, Fu X, Han W: Long non-coding RNA HOTAIR, a driver of 

malignancy, predicts negative prognosis and exhibits oncogenic activity in oesophageal 

squamous cell carcinoma. British journal of cancer 2013, 109(8):2266-2278. 

 

Liang X, Bhattacharya S, Bajaj G, Guha G, Wang Z, Jang HS, Leid M, Indra AK, Ganguli-Indra 

G: Delayed cutaneous wound healing and aberrant expression of hair follicle stem cell 

markers in mice selectively lacking Ctip2 in epidermis. PloS one 2012, 7(2):e29999. 

 

Lin JY, Fisher DE: Melanocyte biology and skin pigmentation. Nature 2007, 445(7130):843-

850. 

 

Lippens S, Hoste E, Vandenabeele P, Agostinis P, Declercq W: Cell death in the skin. Apoptosis : 

an international journal on programmed cell death 2009, 14(4):549-569. 

 

Macleod KF, Sherry N, Hannon G, Beach D, Tokino T, Kinzler K, Vogelstein B, Jacks T: p53-

dependent and independent expression of p21 during cell growth, differentiation, and DNA 

damage. Genes & development 1995, 9(8):935-944. 

 

Maddodi N, Setaluri V: Role of UV in cutaneous melanoma. Photochemistry and photobiology 

2008, 84(2):528-536. 

 

Mahajan K, Mahajan NP: PI3K-independent AKT activation in cancers: a treasure trove for 

novel therapeutics. Journal of cellular physiology 2012, 227(9):3178-3184. 

 

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, Umesono K, Blumberg B, Kastner 

P, Mark M, Chambon P et al: The nuclear receptor superfamily: the second decade. Cell 1995, 

83(6):835-839. 

 

Meier F, Nesbit M, Hsu MY, Martin B, Van Belle P, Elder DE, Schaumburg-Lever G, Garbe C, 

Walz TM, Donatien P et al: Human melanoma progression in skin reconstructs : biological 

significance of bFGF. The American journal of pathology 2000, 156(1):193-200. 

Melanoma Skin Cancer. American Cancer Society 2016. 



133 
 

 

 

Michael R Wiles JW, Kashif A Ahmad,: Basic Biology of the Skin. Essentials of Dermatology 

for Chiropractors 2011, Chapter 3:27-32. 

 

Noonan FP, Recio JA, Takayama H, Duray P, Anver MR, Rush WL, De Fabo EC, Merlino G: 

Neonatal sunburn and melanoma in mice. Nature 2001, 413(6853):271-272. 

 

 

Oba J, Nakahara T, Abe T, Hagihara A, Moroi Y, Furue M: Expression of c-Kit, p-ERK and 

cyclin D1 in malignant melanoma: an immunohistochemical study and analysis of prognostic 

value. Journal of dermatological science 2011, 62(2):116-123. 

 

Orzan OA, Sandru A, Jecan CR: Controversies in the diagnosis and treatment of early 

cutaneous melanoma. Journal of medicine and life 2015, 8(2):132-141. 

 

Pawlowska E, Wysokinski D, Blasiak J: Nucleotide Excision Repair and Vitamin D--Relevance 

for Skin Cancer Therapy. International journal of molecular sciences 2016, 17(4):372. 

 

Persad S, Attwell S, Gray V, Delcommenne M, Troussard A, Sanghera J, Dedhar S: Inhibition of 

integrin-linked kinase (ILK) suppresses activation of protein kinase B/Akt and induces cell 

cycle arrest and apoptosis of PTEN-mutant prostate cancer cells. Proceedings of the National 

Academy of Sciences of the United States of America 2000, 97(7):3207-3212. 

 

Pfeifer GP, Besaratinia A: UV wavelength-dependent DNA damage and human non-

melanoma and melanoma skin cancer. Photochemical & photobiological sciences : Official 

journal of the European Photochemistry Association and the European Society for Photobiology 

2012, 11(1):90-97. 

 

Pisacane AM, Picciotto F, Risio M: CD31 and CD34 expression as immunohistochemical 

markers of endothelial transdifferentiation in human cutaneous melanoma. Cellular 

oncology : the official journal of the International Society for Cellular Oncology 2007, 29(1):59-

66. 

Plummer RS, Shea CR, Nelson M, Powell SK, Freeman DM, Dan CP, Lang D: PAX3 expression 

in primary melanomas and nevi. Modern pathology : an official journal of the United States and 

Canadian Academy of Pathology, Inc 2008, 21(5):525-530. 

 

Poulikakos PI, Persaud Y, Janakiraman M, Kong X, Ng C, Moriceau G, Shi H, Atefi M, Titz B, 

Gabay MT et al: RAF inhibitor resistance is mediated by dimerization of aberrantly spliced 

BRAF(V600E). Nature 2011, 480(7377):387-390. 

 

Rachez C, Lemon BD, Suldan Z, Bromleigh V, Gamble M, Naar AM, Erdjument-Bromage H, 

Tempst P, Freedman LP: Ligand-dependent transcription activation by nuclear receptors 

requires the DRIP complex. Nature 1999, 398(6730):824-828. 

 

Ramirez JA, Guitart J, Rao MS, Diaz LK: Cyclin D1 expression in melanocytic lesions of the 

skin. Annals of diagnostic pathology 2005, 9(4):185-188. 



134 
 

 

 

Rane SG, Cosenza SC, Mettus RV, Reddy EP: Germ line transmission of the Cdk4(R24C) 

mutation facilitates tumorigenesis and escape from cellular senescence. Molecular and 

cellular biology 2002, 22(2):644-656. 

 

Rane SG, Dubus P, Mettus RV, Galbreath EJ, Boden G, Reddy EP, Barbacid M: Loss of Cdk4 

expression causes insulin-deficient diabetes and Cdk4 activation results in beta-islet cell 

hyperplasia. Nature genetics 1999, 22(1):44-52. 

 

Rass K, Reichrath J: UV damage and DNA repair in malignant melanoma and nonmelanoma 

skin cancer. Advances in experimental medicine and biology 2008, 624:162-178. 

 

Rastogi RP, Richa, Kumar A, Tyagi MB, Sinha RP: Molecular mechanisms of ultraviolet 

radiation-induced DNA damage and repair. Journal of nucleic acids 2010, 2010:592980. 

 

Schrama D, Keller G, Houben R, Ziegler CG, Vetter-Kauczok CS, Ugurel S, Becker JC: 

BRAFV600E mutations in malignant melanoma are associated with increased expressions 

of BAALC. Journal of carcinogenesis 2008, 7:1. 

 

Scott MC, Suzuki I, Abdel-Malek ZA: Regulation of the human melanocortin 1 receptor 

expression in epidermal melanocytes by paracrine and endocrine factors and by ultraviolet 

radiation. Pigment cell research / sponsored by the European Society for Pigment Cell Research 

and the International Pigment Cell Society 2002, 15(6):433-439. 

 

Serrano M, Hannon GJ, Beach D: A new regulatory motif in cell-cycle control causing specific 

inhibition of cyclin D/CDK4. Nature 1993, 366(6456):704-707. 

 

Sharpless NE, Kannan K, Xu J, Bosenberg MW, Chin L: Both products of the mouse Ink4a/Arf 

locus suppress melanoma formation in vivo. Oncogene 2003, 22(32):5055-5059. 

 

Sheppard KE, McArthur GA: The cell-cycle regulator CDK4: an emerging therapeutic target 

in melanoma. Clinical cancer research : an official journal of the American Association for 

Cancer Research 2013, 19(19):5320-5328. 

 

Shibutani S, Takeshita M, Grollman AP: Insertion of specific bases during DNA synthesis past 

the oxidation-damaged base 8-oxodG. Nature 1991, 349(6308):431-434. 

 

Sinha RP, Hader DP: UV-induced DNA damage and repair: a review. Photochemical & 

photobiological sciences : Official journal of the European Photochemistry Association and the 

European Society for Photobiology 2002, 1(4):225-236. 

 

Slominski AT, Kim TK, Li W, Postlethwaite A, Tieu EW, Tang EK, Tuckey RC: Detection of 

novel CYP11A1-derived secosteroids in the human epidermis and serum and pig adrenal 

gland. Scientific reports 2015, 5:14875. 

 



135 
 

 

Slominski AT, Li W, Kim TK, Semak I, Wang J, Zjawiony JK, Tuckey RC: Novel activities of 

CYP11A1 and their potential physiological significance. The Journal of steroid biochemistry 

and molecular biology 2015, 151:25-37. 

 

Soengas MS, Lowe SW: Apoptosis and melanoma chemoresistance. Oncogene 2003, 

22(20):3138-3151. 

 

Sotillo R, Garcia JF, Ortega S, Martin J, Dubus P, Barbacid M, Malumbres M: Invasive 

melanoma in Cdk4-targeted mice. Proceedings of the National Academy of Sciences of the 

United States of America 2001, 98(23):13312-13317. 

 

Stahl JM, Cheung M, Sharma A, Trivedi NR, Shanmugam S, Robertson GP: Loss of PTEN 

promotes tumor development in malignant melanoma. Cancer research 2003, 63(11):2881-

2890. 

 

Sun M, Wang G, Paciga JE, Feldman RI, Yuan ZQ, Ma XL, Shelley SA, Jove R, Tsichlis PN, 

Nicosia SV et al: AKT1/PKBalpha kinase is frequently elevated in human cancers and its 

constitutive activation is required for oncogenic transformation in NIH3T3 cells. The 

American journal of pathology 2001, 159(2):431-437. 

 

Teichert AE, Elalieh H, Elias PM, Welsh J, Bikle DD: Overexpression of hedgehog signaling is 

associated with epidermal tumor formation in vitamin D receptor-null mice. The Journal of 

investigative dermatology 2011, 131(11):2289-2297. 

U.S. state-level and Oregon county-level incidence data query. Incidence data based on data 

from the State’s Cancer Registry, the SEER November 2015 data submission, and the CDC's 

National Program of Cancer Registries Cancer Surveillance System (NPCR-CSS) November 

2015 and January 2016 data submissions. National Cancer Institute and Centers for Disease 

Control and Prevention State Cancer Profiles 2016. 

 

Underhill C, Qutob MS, Yee SP, Torchia J: A novel nuclear receptor corepressor complex, N-

CoR, contains components of the mammalian SWI/SNF complex and the corepressor KAP-

1. The Journal of biological chemistry 2000, 275(51):40463-40470. 

 

Vinceti M, Malagoli C, Fiorentini C, Longo C, Crespi CM, Albertini G, Ricci C, Lanzoni A, 

Reggiani M, Virgili A et al: Inverse association between dietary vitamin D and risk of 

cutaneous melanoma in a northern Italy population. Nutrition and cancer 2011, 63(4):506-

513. 

 

Wang H, Spillare EA, Wang QS, Sabourin CLK, Stoner GD: p53-independent down-regulation 

of cyclin D1 and p21Waf1 in the process of immortalization of human esophageal epithelial 

cells. International journal of oncology 1998, 12(2):325-328. 

 

Wang Z, Coleman DJ, Bajaj G, Liang X, Ganguli-Indra G, Indra AK: RXRalpha ablation in 

epidermal keratinocytes enhances UVR-induced DNA damage, apoptosis, and proliferation 

of keratinocytes and melanocytes. The Journal of investigative dermatology 2011, 131(1):177-

187. 



136 
 

 

 

Waseem NH, Lane DP: Monoclonal antibody analysis of the proliferating cell nuclear antigen 

(PCNA). Structural conservation and the detection of a nucleolar form. Journal of cell science 

1990, 96 ( Pt 1):121-129. 

 

Widenmaier SB, Sampaio AV, Underhill TM, McIntosh CH: Noncanonical activation of 

Akt/protein kinase B in {beta}-cells by the incretin hormone glucose-dependent 

insulinotropic polypeptide. The Journal of biological chemistry 2009, 284(16):10764-10773. 

 

Wolnicka-Glubisz A, Noonan FP: Neonatal susceptibility to UV induced cutaneous malignant 

melanoma in a mouse model. Photochemical & photobiological sciences : Official journal of the 

European Photochemistry Association and the European Society for Photobiology 2006, 5(2):254-

260. 

 

Yamazaki F, Okamoto H, Matsumura Y, Tanaka K, Kunisada T, Horio T: Development of a new 

mouse model (xeroderma pigmentosum a-deficient, stem cell factor-transgenic) of ultraviolet 

B-induced melanoma. The Journal of investigative dermatology 2005, 125(3):521-525. 

 

Yerlikaya A, Okur E, Ulukaya E: The p53-independent induction of apoptosis in breast cancer 

cells in response to proteasome inhibitor bortezomib. Tumour biology : the journal of the 

International Society for Oncodevelopmental Biology and Medicine 2012, 33(5):1385-1392. 

 

Yoganathan TN, Costello P, Chen X, Jabali M, Yan J, Leung D, Zhang Z, Yee A, Dedhar S, 

Sanghera J: Integrin-linked kinase (ILK): a "hot" therapeutic target. Biochemical 

pharmacology 2000, 60(8):1115-1119. 

 

Yoshida H, Kunisada T, Grimm T, Nishimura EK, Nishioka E, Nishikawa SI: Review: 

melanocyte migration and survival controlled by SCF/c-kit expression. The journal of 

investigative dermatology Symposium proceedings / the Society for Investigative Dermatology, Inc 

[and] European Society for Dermatological Research 2001, 6(1):1-5. 

 

Zeljic K, Kandolf-Sekulovic L, Supic G, Pejovic J, Novakovic M, Mijuskovic Z, Magic Z: 

Melanoma risk is associated with vitamin D receptor gene polymorphisms. Melanoma 

research 2014, 24(3):273-279. 

 

Zinser GM, Suckow M, Welsh J: Vitamin D receptor (VDR) ablation alters carcinogen-

induced tumorigenesis in mammary gland, epidermis and lymphoid tissues. The Journal of 

steroid biochemistry and molecular biology 2005, 97(1-2):153-164. 


