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Abstract
As a group, malignancies of the skin are the most commonly diagnosed cancers, with over a million cases each 

year identified in the United States alone. While the keratinocyte malignancies – basal cell carcinoma (BCC) and 
squamous cell carcinoma (SCC) – represent the majority of clinical cases of skin cancer, malignant melanoma is 
the most deadly form of skin cancer. Each of these skin malignancies is clearly linked to UV radiation, with chronic 
cumulative UV exposure being most relevant for keratinocyte malignancies and intense, blistering sunburns most 
relevant for melanoma. In this review, we describe the epidemiology of skin cancer, the link with UV radiation, and the 
innate defenses used to resist UV damage with particular attention to the nucleotide excision DNA repair pathway. 
We also focus on the role of skin pigmentation and the molecular events that control melanization of the skin, since 
these signaling pathways appear to be major determinants of skin cancer risk. We are particularly interested in the 
melanocortin 1 receptor (MC1R) signaling pathway which influences basal skin pigmentation, the ability to tan and 
the efficiency by which UV-induced photolesions are repaired in melanocytes after UV exposure. 

Skin Cancer
Malignancies of the skin are the most commonly diagnosed 

cancers in the United States, with over a million new cases diagnosed 
annually and more than 10,000 deaths per year. They are commonly 
divided into two main categories, melanoma and non-melanoma 
skin cancers (NMSC’s). Malignant melanoma accounts for roughly 
4% of skin neoplasms but is the deadliest form, accounting for 75% 
of skin cancer related deaths [10]. Conversely, NMSC’s, derived from 
epidermal keratinocytes, are much more frequently diagnosed but 
cause fewer deaths. Basal cell carcinoma and squamous cell carcinoma 
together make up NMSC tumors, representing 78% and 21% of NMSC, 
respectively [11]. Among Caucasians, the estimated lifetime risk for 
basal cell carcinoma is roughly 35% for men and 25% for women. Basal 
cell carcinomas exhibit limited invasive and metastatic potential and 
are highly treatable by cryotherapy or surgical excision. Squamous cell 
carcinomas, on the other hand, are more aggressive and can invade 
deep into the skin, underlying structures, into lymph nodes and 
beyond, killing roughly 2,500 Americans annually. Standard treatment 
for localized NMSC is surgical removal, curettage and cauterization or 
cryosurgery, sometimes followed by radiotherapy or chemotherapy if 
there is clinical evidence of invasion or spread. 

Melanoma 
Melanoma is a neoplasm of melanocytes, the pigment producing 

cells of the skin. It is characterized by a tendency to metastasize early 
in its course, wherein it becomes highly treatment refractory. Although 
melanoma accounts for less than 10% of skin cancer cases in the U.S., 
it is responsible for 75% of all skin cancer deaths. Melanoma develops 
from melanocytes, neural crest-derived cells that manufacture melanin 
and give skin its color. Its lethality is due to its ability to invade other 
areas of the body early in its development, and its resistance to current 
forms of cancer therapy once spread beyond the primary site of disease. 
Malignant melanoma is diagnosed in almost 70,000 people and kills 
nearly 9,000 Americans each year [12]. Because of enhanced detection, 
an aging population and more ambient and recreational UV exposure, 
the incidence of melanoma incidence has increased steadily over the 

last several decades [13]. Whereas the disease was diagnosed only once 
in every 1,500 or so individuals in the 1930’s, melanoma now affects 
roughly one in every sixty Americans. It currently ranks in the “top-
ten” for the most commonly diagnosed malignancies for both men and 
women and it causes the most deaths by cancer in young adult women 
[14]. Melanoma incidence has more than doubled since 1973 alone, 
increasing at annual rate on the order of 3-7% to become a legitimate 
current public health issue. 

Major risk factors for skin malignancies

Although keratinocyte malignancies and melanomas display 
markedly different clinical characteristics, they share many common 
risk factors (Table 1) [15]. 

Skin pigmentation: Skin pigmentation is a major risk factor for 
developing both melanoma and non-melanomatous skin cancers, and 
in general, Caucasians are at much higher risk of skin malignancies 
than people of African, Asian or Latino descent. In the US, fair-skinned 
individuals are 20 times more likely to develop melanoma than their 
dark-skinned counterparts, with similar divergence in risk noted for 
BCC and SCC. Though there are many potential genetic differences 
between racial groups that might influence cancer risk, it is widely 
assumed that the major determinant of skin cancer risk is the amount 
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of dark brown/black UV-blocking melanin pigment in the skin [16]. 
UV radiation in the form of ambient sunlight or artificial tanning 
beds is a clear risk factor for BCC, SCC and melanoma [12]. Because 
more UV radiation can penetrate under-melanized skin, fair-skinned 
individuals accrue more cancer-causing UV-induced mutations when 
compared with highly pigmented individuals [17]. Furthermore, 
pheomelanin, the red/blonde sulfated melanin pigment expressed in 
persons of light complexion, is a poor UV-blocker and may in fact 
contribute to carcinogenesis by promoting UV-mediated free radical 
formation [18-21]. 

Age: Incidence rates of BCC, SCC and melanoma all increase 
markedly with age (Figure 1). For BCC, incidence doubles 
approximately every 25 years, and is very rarely diagnosed in patients 
under the age of 40 years. The incidence of BCC is more than 100-
fold higher in people over the age of 55 years when compared to those 
20 years of age or younger. The average age of diagnosis for BCC and 
SCC is approximately 65 years. Similarly, the average age of diagnosis 
for melanoma is roughly 60 [14,22]. The reason(s) why skin cancer 
incidence increases with age are not clearly understood, but may reflect 
the typical long latency (typically decades) required for accumulation 
of sufficient mutations to result in carcinogenesis [23]. 

UV radiation: UV radiation, in the form of ambient sunlight 
and artificial UV sources such as tanning beds [24] is among the 
most important risk factors for both keratinocyte malignancies and 
melanoma. UV radiation and UV-induced mutagenesis are estimated 
to cause nearly 65% of melanomas and 90% of non-melanomatous skin 
cancers. Skin cancer is most prevalent in nations with large populations 
of fair-skinned UV-sensitive persons [25,26], and particularly in 
those with high levels of ambient UV radiation such as Australia, the 
United States, New Zealand and Europe. Within the United States, 
geographical factors clearly point to UV playing a major causative role 

in skin cancer risk. For example, the incidence of BCC is almost three-
fold more in Southern states compared to Northern or Midwest states 
[27]. 

The pattern of UV exposure seems to differ for keratinocyte 
malignancies versus melanomas. Thus, high intermittent UV 
exposures, especially blistering sunburns early in life, influence 
subsequent melanoma development [28,29] whereas chronic, 
cumulative UV exposure predicts keratinocyte malignancies (BCC, 
SCC) [30]. Most skin cancers are diagnosed in “UV-exposed” areas of 
the body. UV radiation can promote carcinogenesis by multiple ways. 
First, UV energy can directly affect nucleotides in the double helix of 
genomic DNA, particularly the cleavage of the 5-6 double bond of 
pyrimidines. When two adjacent pyrimidines undergo this change, 
a covalent ring structure referred to as a cyclobutane pyrimidine 
(thymine) dimer, can be formed. Alternatively, a pyrimidine 6-4 

Age •	 Incidences of basal cell carcinoma, squamous cell carcinoma and melanoma all increase dramatically with age.
UV exposure •	 Skin cancer incidence is highest in areas with the most ambient sunlight exposure (equatorial, high altitude).

•	 Occupational or recreational UV exposure.
•	 History of blistering sunburns seems particularly relevant to melanoma, whereas cumulative/chronic UV dose may be more 

predictive of keratinocyte malignancies.  
•	 Tanning bed use clearly is associated with BCC, SCC and melanoma.  
•	 First exposure to indoor tanning before 35 years of age raises lifetime risk of melanoma by 75%

Fair skin complexion •	 Fair skin complexion, caused by scant deposition of the highly UV-protective eumelanin pigment in the epidermis, is associated 
with higher risk of BCC, SCC and melanoma.

•	 In fair skin, more UV penetrates into the skin and promotes mutagenesis and carcinogenesis.  
•	 Albinos, who lack pigment entirely due to loss of function of melanogenic biosynthetic enzymes, are at particularly high risk for 

skin cancer (particularly BCC and SCC).  
•	 Cancer risk is also associated with an inability to tan adaptively. 

Personal or family history of 
skin cancer

•	 Once a person has been diagnosed with skin cancer, their risk for others is heightened. 
•	 Up to 10% of melanoma patients will develop a second melanoma in their lifetime. 
•	 Inherited CDKN2A defects (the gene that encodes the p16INK4A and p14ARF tumor suppressors) is associated with familial 

melanoma
Moles (nevi) •	 Many melanomas appear to arise from pre-existing moles.  

•	 Benign nevi and melanoma both frequently exhibit gain-of-function mutation in the B-Raf gene. 
Immune suppression •	 Immunosuppressive therapies (e.g. for treatment of autoimmune disorders, GVHD or rejection of solid organs in transplant 

recipients, heightens risk for melanoma, BCC and SCC.
•	 Chemotherapy also increases risk for skin cancers. 

Ionizing radiation •	 Particularly for SCC.  
DNA repair deficiency •	 Xeroderma pigmentosum (XP) patients who lack one of at least eight enzymes in a common  nucleotide excision repair (NER) 

pathway have a 2,000-fold increased risk of skin cancers, including melanoma.  
•	 Latency is much shorter in XP patients that in the general population, with many skin cancers developing in childhood on UV-

exposed skin. 
Heavy metals •	 Chromium, cobalt and other metals may promote free radical formation through Fenton chemistry, contributing to oxidative 

mutagenesis and carcinogenesis

Table 1: Major risk factors for skin cancers.

Figure 1: Melanoma incidence by age, 2000-2008, NCI SEER data.
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pyrimidone (6,4)- photoproduct can result when a 5-6 double bond in 
a pyrimidine opens and reacts with the exocyclic moiety of the adjacent 
3’ pyrimidine to form a covalent 6-4 linkage [31]. In this manner, 
UV-induced photodimers cause characteristic “UV signature” C-T 
transition mutations. Molecular evidence for the contribution of UV 
to skin cancer comes from examining the DNA sequence of primary 
skin cancers. Thus, in more than half of primary BCC tumor samples, 
the tumor suppressor p53 is genetically altered with 65% of mutations 
showing characteristic UV signature mutations (C>T or CC>TT 
transitions) [32]. Similarly, 90% of SCC isolates exhibit mutations in 
p53, with roughly 80% showing a UV signature [33]. UV signature 
mutations have been found in melanoma isolates and melanoma 
cell lines [34,35], indicating a strong UV influence in melanoma. As 
a result of these and other findings, it has been estimated the great 
majority of skin cancers are associated with UV-induced mutagenesis 
[36-40]. UV radiation can also damage cells by free radical formation 
and oxidative stress [41]. Oxidative DNA lesions are also mutagenic 
and form after UV-induced free radical attack [42]. One particularly 
well-characterized oxidative lesion is 7,8-dihydro-8-oxoguanine 
(8-oxoguanine; 8-OH-dG), which promotes mutagenesis since this 
guanine derivative can pair equally well with cytosine (normal pairing) 
and adenine (abnormal) and consequently cause GC-TA transversion 
mutations [43]. Thus a variety of DNA changes caused by UV radiation 
are potentially mutagenic. Carcinogenesis is influenced not only by the 
amount of environmental UV exposure but also by the degree to which 
damage can be repaired. 

Personal or family history of skin cancer: Either because of 
genetic predisposition or through environmental factors, people with a 
personal or family history of skin cancer have a higher risk of developing 
cutaneous malignancy [44]. Individuals who have had melanoma 
once have as much as an 8% chance of developing a second primary 
melanoma distinct from their original tumor [45] and melanoma risk is 
higher in people with first-degree relatives affected by melanoma [46]. 
Melanoma-prone family cohorts have been described with mutations in 
the CDKN2A gene which encodes the p16INK4A and p14ARF tumor 
suppressors [47-50]. Likewise, keratinocyte malignancies occur more 
often in people previously diagnosed with BCC, SCC or melanoma. 
One study found that risk of SCC was increased up to 27% for persons 

previously diagnosed with BCC, and risk was 2.5-fold higher if there 
was a history of prior personal melanoma [51]. 

Immune suppression: Individuals with defective immunity, 
particularly T cell immunity, are at increased risk for skin cancers. 
Thus, patients with inherited or acquired immune defects or those 
receiving immunosuppressive therapies (e.g. transplant recipients or 
cancer patients) all have a much higher risk of melanoma, BCC and 
SCC than normal patients [52-55]. The risk of BCC is 10-times higher 
and SCC up to 250-fold higher in solid organ transplant recipients [56-
57]. Similarly, risk of melanoma is up to eight-fold higher in the setting 
of immunosuppression [58]. Together, these epidemiologic studies 
suggest an active role for tumor immunosurveillance in resistance to 
skin cancers. 

Other risk factors: Heavy metal exposure (such as chromium and 
cobalt) [59] and having a large number of moles [60] both increase risk 
for melanoma. Defective DNA repair, particularly nucleotide excision 
repair (NER) is a major risk factor for BCC, SCC and melanoma. 

Fair skin complexion 

People with fair-skin have a much higher lifetime risk of skin cancer 
than individuals with darker complexions [61]. Melanoma, for example, 
occurs about twenty times more frequently in fair-skinned individuals 
than in people with dark skin complexions [62,63]. Similarly, the 
incidences for BCC and SCC are also much higher in less-pigmented 
individuals, making skin pigmentation a major determinant of skin 
cancer. Skin pigmentation is controlled by a number of genes, often 
first identified in animal models with albinism or other pigmentary 
defects (Table 2).

Skin “color” is determined mainly by the type and amount of 
melanin deposited in the epidermis. Melanin is a large bio-polymer 
composed of subunits of different melanotic pigment species formed 
by sequential oxidation and cyclization of the amino acid tyrosine [64] 
(Figure 2). Biosynthetic reactions are catalyzed by several pigment 
enzymes, which when defective, render hypopigmented phenotypes. 
Tyrosinase is the rate-limiting enzyme that catalyzes the first two 
steps in melanogenesis, namely conversion of tyrosine into DOPA 
and then subsequently into DOPAquinone [65,66]. Loss of function of 

Gene Function General Structure Pigmentation Disorder

KITLG (stem cell factor/ kit ligand) Transmits survival and differentiation signals to 
melanocytes Membrane tyrosine kinase Piebaldism

MC1R (melanocortin 1 receptor) Binds to melanocyte stimulating hormone and 
generates cAMP signal 7 transmembrane Gs-coupled receptor Red hair, freckling, defective 

tanning

MITF (microphthalmia) Myc-like master transcription factor essential for 
melanocyte differentiation and survival

basic-helix-loop-helix-leucine-zipper 
transcription factor

Waardenburg syndrome 
type 2

OA1 receptor Maintenance of melanosome size G-protein-coupled receptor Ocular albinism (OA)

P/OCA2 Melanosome acidification 12-transmembrane domain-containing 
protein

Oculocutaneous albinism type 
2 (OCA2)

Pmel17 (gp100; ME20) Striation formation; melanin polymerization Type 1 transmembrane protein Unknown

SLC24A5 (solute carrier family 24 
member 5) Melanosomal cation exchange Membrane transporter Fair skin

TRP1 (tyrosinase-related protein-1) Melanin biosynthesis; tyrosinase stabilization Type 1 transmembrane protein Oculocutaneous albinism type 
3 (OCA3)

TRP2 (dopachrome tautomerase) Melanin biosynthetic enzyme Type 1 transmembrane protein Unknown

TYR (tyrosinase) Rate-limiting enzyme in melanin biosynthesis Type I transmembrane protein Oculocutaneous albinism type 
1 (OCA1)

Table 2: Major genes affecting skin color [1-7].
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Figure 2: Melanin Biosynthesis.  Melanins are large bioaggregates composed of pigmented precursors originally derived  from the amino acid tyrosine.   Epidermal 
melanins are present in two major forms: (1) eumelanin, an effective UV-blocking brown/black pigment and (2) pheomelanin, a sulfur-containing red/blonde pigment 
less able to absorb UV photons.  The melanocyte stimulating hormone (MSH) - melanocortin 1 receptor (Mc1r) signaling axis is a major determinant of the type and 
amount of melanin produced by melanocytes in the skin. 

tyrosinase is the defect in the most common type of human albinism. In 
the skin, melanin is synthesized in melanocytes and then transferred to 
keratinocytes where it accumulates to protect the skin against UV injury 
[67]. There are two basic types of melanin: eumelanin and pheomelanin 
[68]. Eumelanin is a far better “sunscreen” than pheomelanin. After a 
common biosynthetic pathway mediated by tyrosinase, eumelanin and 
pheomelanin synthesis diverge after the formation of dopaquinone 
(Figure 2). Eumelanin is preferentially expressed in UV-protected 
people with dark complexions. It is chemically inert, poorly-soluble 
and quite efficient at absorbing UV photons. In contrast, pheomelanin 
is the melanin preferentially expressed in UV-and skin cancer-prone 
individuals of light complexion. Due to incorporation of cysteine 
into its precursors, pheomelanin is a red-yellow sulfur-containing 
compound [69]. UV resistance is mainly determined by the levels of 
eumelanin found in the epidermis [70]. Besides allowing more UV 
energy to pass through the superficial layers of the epidermis to cells 

in the basal layer, pheomelanin may actually contribute to UV-induced 
free radical formation and oxidative DNA damage in the skin [71-73]. 
The contribution of pheomelanin to UV-induced carcinogenesis is an 
ongoing area of investigation.

Accounting for 5-10% of cells in the basal layer of the epidermis, 
melanocytes are dendritic-type cells derived from the neural crest. 
They are the sole manufacturers of melanin in the skin. Each epidermal 
melanocyte may be in intimate contact with as many as 30-50 maturing 
keratinocytes in what has been termed the “epidermal melanin unit” 
[74]. As pigment is manufactured, melanocytes actively transfer 
melanin to neighboring keratinocytes. In this manner, melanin 
accumulates in the epidermis to function as a “natural sunscreen” to 
protect the skin against UV radiation [75]. 

Skin complexion can be described using the “Fitzpatrick Scale” 
which describes individual phototypes by basal skin complexion and 

Fitzpatrick
Phototype

Phenotype Epidermal 
eumelanin

UV Response MED
(mJ/cm2)*

Skin cancer risk

I •	 Basal skin tone is bright white
•	 Northern European/British 

+/- •	 Always burns, peels
•	 Never tans

15-30 ++++ 

II •	 Basal skin tone is white
•	 European/Scandinavian 

+ •	 Burns easily, peels
•	 Tans minimally 

25-40 +++/++++ 

III •	 Basal skin tone is fair
•	 Southern  or Central European 

++ •	 Burns moderately
•	 Average tanning 

30-50 +++ 

IV •	 Basal skin tone is light brown
•	 Mediterranean, Asian or Latino 

+++ •	 Burns minimally
•	 Tans easily 

40-60 ++ 

V •	 Basal skin tone is brown
•	 East Indian, Native American, Latino or 

African 

++++ •	 Rarely burns
•	 Tans easily 

60-90 + 

VI •	 Basal skin tone is black
•	 African or Aboriginal ancestry 

++++++ •	 Almost never burns
•	 Tans readily 

90-150 +/- 

Minimal erythematous dose (MED) is the least amount of UV that will result in sunburn 24h after exposure

Table 3: Fitzpatrick Scale of Skin Phototypes
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Figure 3: The adaptive tanning response.  Adaptive pigmentation, or the ability to make a protective tan after sun exposure, is dependent on both p53 and 
the melanocortin 1 receptor (MC1R) [8-9].  UV-induced damage in  keratinocytes induces p53-mediated up-regulation of transcriptional expression of the pro-
opiomelanocortin (POMC) gene.  The POMC gene encodes a propeptide whose cleavage products include  α-melanocyte stimulating hormone (MSH), the cognate 
ligand of the melanocortin 1 receptor (MC1R) on melanocytes.  MSH produced and secreted from UV-exposed keratinocytes binds to MC1R  on melanocytes in 
the basal epidermis, inducing adenylyl cyclase activation and generation of the second messenger cAMP.  Elevated cAMP levels trigger a number of downstream 
events including activation of protein kinase A (PKA) and subsequent up-regulation of two transcription factors- the cAMP responsive binding element (CREB) and 
microphthalmia (Mitf)- that both mediate up-regulation of melanin production by induction of tyrosinase and other melanogenic enzymes.  Thus, MSH-MC1R signaling 
leads to enhanced pigment synthesis and subsequent transfer of melanin to epidermal keratinocytes.  As a result, the skin is more protected against subsequent UV 
insults.  It is likely that UV radiation also has direct, cell-autonomous effects on melanocytes. 

UV sensitivity [76-78] (Table 3). Persons of very light complexion are 
described as being “phototype I” whereas those of the very darkest 
complexions are “phototype VI”. Skin cancer incidence is highest 
among persons of low Fitzpatrick phototype who are relatively 
undermelanized and who burn rather than tan in response to UV 
exposure. Minimal erythematous dose, often abbreviated “MED”, is a 
measure of the skin’s response to ultraviolet radiation using erythema 
(redness, swelling) as an endpoint. More UV radiation is needed 
to “burn” dark skin, and therefore MED is higher in dark-skinned 
persons [76,79,80]. Most of the genes associated with pigmentation 
encode protein products that influence melanocyte differentiation/
survival, pigment biosynthesis or melanin localization/transport [2]. In 
general, defects in melanin biosynthetic enzymes lead to incomplete 
loss of pigmentation whereas those that result in failures in melanocyte 
development result in more profound phenotypes. Overall, it seems 
that the protein products of several genes together influence basal skin 
pigmentation in humans. 

Adaptive pigmentation and the melanocortin 1 receptor 
(MC1R)

A prominent feature of fair-skinned cancer-prone individuals 
is their tendency to burn rather than tan after UV exposure. The 
ability to increase levels of epidermal melanin after a first UV insult 
is physiologically critical to reducing subsequent UV damage. The 

melanocortin 1 receptor (MC1R) has emerged as a critical determinant 
of pigmentation and the tanning response. With respect to skin 
cancer, loss of function mutations of MC1R are a well-described risk 
factor for melanoma [61,81] and MC1R signaling seems to be central 
to the adaptive tanning response (Figure 3). The MC1R is a seven-
transmembrane G-protein-coupled receptor that upon binding to 
α-melanocyte stimulating hormone (MSH), activates adenylate cyclase 
and formation of the second messenger cAMP. This signaling cascade 
initiates a series of pro-survival and pro-differentiation molecular 
events, including up-regulation of eumelanin production [82]. When 
MC1R signaling is defective, then there is limited ability to up-
regulate melanin production after UV exposure. Among humans, 
there are three clinically-relevant common polymorphisms of the 
MC1R: Arg151Cys (R151C), Arg160Trp (R160W) and Asp294His 
(D294H). These “red hair color” (RHC) variants correlate with red 
hair, freckling and tendency to burn rather than tan after UV exposure. 
Molecularly, the RHC MC1R variants display a muted ability to 
activate adenylate cyclase after MSH binding, and thus are associated 
with a blunted cAMP signaling response. Importantly, these loss-of-
function polymorphisms of MC1R are also influence susceptibility to 
melanoma and other skin cancers. Using an animal model, we showed 
that functional Mc1r signaling is critical to adaptive pigmentation. 
Whereas mice with intact Mc1r responded to repeated UV exposure by 
depositing eumelanin in the epidermis, animals that were genetically 
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identical except for loss of Mc1r failed to melanize at all in response 
to the UV exposure [8]. In subsequent work, Cui and colleagues 
found that adaptive pigmentation was dependent on p53 function 
[9]. Thus, we hypothesize that the ability to tan adaptively after UV 
exposure involves a p53-mediated MSH-MC1R-dependent signaling 
pathway in the epidermis (Figure 3) and that defects in this pathway 
predispose individuals to UV sensitivity and UV-induced skin cancers. 
People with a defective “tanning response” and fair skin are prone 
to the accumulation of UV-induced mutations in the skin by having 
insufficient melanin to interfere with UV penetration. 

Nucleotide Excision Repair (NER) 

Risk of developing skin cancer is related both to UV exposure 
as well as the extent to which an individual is able to recover from 
UV-mediated cellular injury. The major DNA repair pathway 
that reverses UV-induced photolesions (e.g. cyclobutane dimers, 
[6,4]-photoproducts) is the nucleotide excision repair (NER) pathway, 
which involves multiple proteins and the following basic steps:

Recognition of damage and recruitment of a multi-protein repair 
complex to the damaged site.

Nicking the damaged strand several nucleotides away on each side 
of the damaged site and excision of the damaged region between the 
two nicks.

Filling in the resultant gap by a DNA polymerase using the non-
damaged strand as a template and ligating the final nick to seal the 
strand. 

The process of NER begins with the recruitment and binding of 
the XPC/HHR23B complex to sites of DNA damage that distort the 
normal structure of the double helix [83-85]. NER can be broken down 
into two types, depending on how the initial damage is identified. If the 
damage is present in an actively transcribed gene, then “transcription-
coupled repair” (TC-NER) may be initiated because of interference 
(by the DNA lesion) with the normal function of RNA polymerases 
and other transcription proteins [86]. Transcription-coupled repair is 
initiated through the involvement of the CSA and CSB proteins, which 
are defective in Cockayne syndromes. These NER proteins facilitate 
removal of stalled RNA polymerases and entry of NER machinery 
in order that the DNA damage may be repaired [87]. If, however, 
the damage is located in non-transcribed sections of the genome, 
then NER is initiated through “global genome repair” (GG-NER) 
in a process that does not involve the CS proteins. Rather, GG-NER 
surveillance is accomplished via a heterodimeric complex composed 
of XPC and HR23B [88]. The XPC-HR23B protein complex, perhaps 
in conjunction with DDB1 and DDB2 (XPE), binds to sites of helical-
distorting DNA damage (such as the photolesions produced by UV 
radiation) and recruits other NER proteins to the damaged area [89-
90]. The next step in NER is thought to involve local unwinding of 
the double helix around the damage, mediated by the TFIIH complex 
which is a multiprotein complex comprised of at least nine subunits, 
including the XPB and XPD helicases which function 3’ to 5’ and 5’ 
to 3’ respectively [91]. In this manner, TFIIH unwinds a stretch of 20-
30 nucleotides that include and surround the damaged nucleotides. In 
this manner, there is local relaxing of three-dimensional structure in 
order to optimize function and access for subsequent NER proteins 
[92,93]. Two enzymes - XPA and RPA- stabilize the unwound DNA 
surrounding the area of damage to protect the separated strands from 
further chemical or enzymatic attack (e.g. strand breaks) during the 
repair process [89,94]. The next step in NER involves cleaving the 

damaged strand of DNA, mediated by the XPF and XPG endonucleases 
[95]. XPF functions in a heterodimeric complex with ERCC1 to nick 
the DNA 20 (± 5) nucleotides 5’ downstream of the damage while 
XPG cleaves 5 (±3) nucleotides 3’ to the damage [96-101]. Once 
the damaged strand has been nicked on either side of the lesion, the 
damaged piece (typically 20-30 nucleotides in length) is displaced 
along with the TFIIH-XPA-XPG-XPF/ERCC1 complex to leave an 
undamaged, unpaired complementary strand which will serve as the 
template to restore the previously damaged area of the genome [102]. 
The gap is restored through the actions of RPA, RF-C, PCNA and DNA 
polymerase δ and ε using the opposite undamaged strand as a template 
[103]. Finally, DNA ligase seals the newly-synthesized oligomer to the 
remainder of the DNA [89,90,104-106].

The importance of NER can clearly be demonstrated by observing 
the natural history of Xeroderma pigmentosum (XP), a clinical 
condition of homozygous deficiency of any one of at least eight 
enzymes (XPA-G) central to the NER pathway [107,108]. XP patients 
suffer lifelong extreme sensitivity to UV radiation and are among 
the highest risk patients for all types of UV-induced skin cancers 
(including melanoma). Thus, individuals with XP suffer severe and 
disfiguring UV-induced skin changes, and have a greatly increased 
(>1000-fold) incidence of skin cancers, often with their first skin 
cancer arising during childhood. Skin malignancies from XP patients 
show a high frequency of UV-induced p53 mutations [109]. Many XP 
patients die in young adulthood from skin cancer (often melanoma). 
Intriguingly, polymorphisms that result in incomplete but not total loss 
of NER function may predict increased carcinogenesis in the general 
population [110-117].

Regulation of nucleotide excision repair (NER)

At least eight enzymes- XPA, ERCC3 (XPB), XPC, ERCC2 (XPD), 
DDB2 (XPE), ERCC4 (XPF), ERCC5 (XPG), and POLH (XP-V)- work 
in concert to carry out nucleotide excision DNA repair. Homozygous 
lack of any one of the NER enzymes causes the disease xeroderma 
pigmentosum (XP) which is characterized by profound UV-sensitivity 
and exorbitant risk of skin cancer [118]. XP, being an autosomal 
recessive disorder, is very rare, however there is emerging evidence that 
hypomorphic polymorphisms in the NER response occur among the 
general population and that these may influence melanoma and skin 
cancer risk [119,120]. Individuals with more proficient NER would 
theoretically be more protected against UV-induced malignancy, and 
the contribution of NER polymorphisms in risk of skin cancer is an 
area of active investigation [121-123]. Recently, somatic loss of NER 
through acquired XPC inactivation was shown to occur in a significant 
number of human squamous cell carcinomas, suggesting that loss-of-
function of NER may actually be pivotal to skin cancer progression 
[124]. Nucleotide excision DNA repair involves the following basic 
steps: (1) damage surveillance and recognition, (2) recruitment of NER 
proteins to the site of DNA damage, (3) nicking the affected strand on 
either side of the lesion and excision of the damaged region between 
the two nicks and (4) filling in the resultant gap by a DNA polymerase 
using the non-damaged strand as a template and ligating the final nick 
to seal the strand. 

Mechanisms regulating NER is a very active area of investigation; 
there are many potential points in the NER pathway wherein the 
efficiency of NER could be modified. Recognition of DNA damage 
during GG-NER requires the recruitment of damage specific DNA-
binding proteins. Zhao and colleagues recently reported that NER 
activity could be regulated by MAP kinase pathway-mediated 
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heterochromatin structure. Specifically, they found that inhibiting 
p38 in UV-irradiated normal human fibroblasts resulted in reduced 
chromatin relaxation, reduced DDB2 ubiquitination, and decreased 
XPC recruitment to CPDs and concluded that p38 is a major player 
in DNA damage recognition by regulating chromatin relaxation and 
DDB2 degradation [125]. XPC is recruited to the DNA damage site very 
early and is thought to be a critical initiator of GG-NER [84,125-127]. 
DDB2, a component of the larger UV-DDB complex, is also recruited 
to DNA lesions independent of XPC binding [125,128]. Following 
UV-irradiation, UV-DDB recognizes the DNA lesion and aids in the 
recruitment XPC [129]. DDB2 is then ubiquitinated allowing XPC to 
bind the damage site and initiate NER [130-132]. This process is much 
more important for repair of DNA damage within chromatin. XPC 
localization is dependent on DDB2 levels. In p53 null cells with low 
basal levels of DDB2, XPC localized to DNA damage sites much more 
slowly than in cells overexpressing DDB2 [127]. Further, XPC was 
unable to bind CPDs unless DDB2 was present [126]. Thus p53 can 
regulate DNA damage site recognition by modulating DDB2 enzyme 
transcription. 

There is evidence that the damage recognition step can be variable. 
One of the most well studied mammalian cellular responses to 
DNA damage involves the p53 tumor suppressor gene. p53 was first 
implicated in genomic repair n 1995 when UVC exposed fibroblasts 
containing mutated p53 displayed a decreased capacity to repair 
cyclobutane pyrimidine dimers (CPDs) as compared to wild type p53 
fibroblasts [133]. This p53 mediated NER effect was later found to 
be specific for GG-NER, while transcription-coupled repair was not 
affected by p53 status [134-136], suggesting that p53’s involvement in 
NER may be limited to the initial damage recognition steps. In later 
studies, p53 was found to have a profound effect on CPD clearance 
but little influence on the repair of 6-4PP [137,138]. Initially, studies 
on p53-mediated regulation of NER were focused on p53’s ability to 
induce transcription of NER associated genes. Interestingly, a number 
of UV-inducible genes, namely MDM2, XPC and DDB2, are known p53 
transcriptional targets: [139]. XPC and DDB2 were first reported to be 
under the transcriptional control of p53 in 2002 and later found to be 
induced in a DNA damage-dependent manner [140,141]. The key NER 
enzyme DDB2, part of the UV-damaged DNA binding complex (UV-
DDB), has also been shown to be regulated at the post-translational 
level. This complex has high affinity for UV-induced DNA lesions, 
especially 6-4PPs, and binds lesions quickly after UV insult. After UV 
irradiation, the UV-DDB subunit DDB2 is rapidly polyubiquitinated 
via association with its binding partner DDB1 and its ability to 
bind Cullin 4A, an E3 ubiquitin ligase. Once ubiquitinated, DDB2 
degradation reveals the DNA lesion and allows for the recruitment and 
binding of XPC to the DNA damage sites, an event essential for NER 
activation.[84,132,142,143]. 

XPC, a critical mediator of NER, is itself regulated by p53 [140] and 
has recently been reported to be influenced by promoter methylation 
[144] and PTEN through AKT/p38 signaling [145]. XPC can itself 
regulate levels and nuclear localization of CENTRIN 2, a microtubule 
nucleating proteins localized to centrosomes that may regulate mRNA 
transport out of the nucleus. [146,147]. XPC enzyme levels may be 
regulated by efficiency of proteosomal degradation [148,149]. Smith 
and coworkers found that MG-132, a ubiquitin ligase inhibitor, blocked 
XPC degradation and that unphosphorylated RB protein stabilized 
XPC and enhanced NER [150]. 

Sancar and colleagues recently reported that XPA may be the rate-
limiting factor of NER function, that it is transcriptionally regulated 
by a molecular circadian rhythm, that it undergoes post-translational 
acetylation and that XPA enzyme levels were regulated in part by 
ubiquitination by the E3 ubiquitin ligase HERC2 and subsequent 
degradation by the 26S proteasome [151]. Historically, the role of 
MAP kinase pathways including JNKs, ERKs, and p38 MAPK in NER 
function has been controversial [152-156]. However, recently a study 
by Zhao and colleagues provides insight into a p38 driven mechanism 
of NER activation. They found that inhibiting p38 in UV-irradiated 
normal human fibroblasts resulted in reduced chromatin relaxation, 
reduced DDB2 ubiquitination, and decreased XPC recruitment to 
CPDs and concluded that p38 plays a major role in DNA damage 
recognition by regulating chromatin relaxation and DDB2 degradation 
[125]. Thus, it appears that NER efficiency (and ultimately rates of 
mutagenesis and carcinogenesis) can be influenced by the efficiency 
by which DNA damage is recognized, the levels and stability of NER 
enzyme mRNA and proteins, their nuclear localization, and their 
enzymatic activity. Clearly there are numerous ways in which cells may 
modify NER activity. 

MC1R and DNA repair

In melanocytes, it appears that NER can be regulated by MC1R 
signaling and the cAMP second messenger pathway. Using human 
melanocytes transfected with Mc1r genes of variable functionality, 
various groups have reported a reproducible link between MC1R-
cAMP signaling and NER efficiency [157-160]. Using our MC1R-
variant C57BL/6 murine model, we also observed that the clearance of 
UV-induced thymine dimers in the skin of Mc1r-defective mice was 
compromised (Figure 4). We and others are currently investigating 
the molecular mechanisms linking Mc1r signaling with NER activity. 
Pharmacologic manipulation of melanocytic cAMP levels represents a 
promising and novel approach to alter UV sensitivity and melanoma 
risk. Pharmacologic MC1R mimetics include both small peptides that 
mimic MSH agonist activity [161] as well as agents that bypass the 
MC1R to directly manipulate melanocyte cAMP levels. We, for example, 
reported that topical application of forskolin, a skin-permeable small 
molecule that directly adenylate cylase restored dark pigmentation in 
an Mc1r-defective animal model and that this induced melanin was 
potently protective against UV damage and carcinogenesis of the skin 
[8]. We posit that this approach may also enhance NER in the skin. 

Figure 4: Mc1r function influences repair of UV-induced DNA damage.  
Mc1r-intact (Mc1rE/E) or –defective (Mc1re/e) mice were exposed to UV.  Clearance 
of thymine dimers in the skin was followed over time by Southwestern analysis 
using a monoclonal antibody against thymine dimers.  Note that animals with 
intact Mc1r cleared thymine dimers more efficiently than Mc1r-defective mice. 
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Conclusions
The incidence and morbidity of both non-melanomatous skin 

cancers and malignant melanoma have increased dramatically 
over the past several decades. By understanding the mechanisms 
of carcinogenesis as well as innate mechanisms of resistance to 
carcinogenesis, rational preventive strategies can be developed to 
reduce the burden of disease caused by skin cancers. One of the 
most important genetic loci that influences skin cancer risk is the 
MC1R which is characterized by demonstrating defective signaling 
polymorphisms in skin cancer prone, fair-skinned populations. 
Besides regulating adaptive pigmentation (tanning), MC1R signaling 
also induces more efficient nucleotide excision repair. Defective MC1R 
signaling not only permits increased UV penetration into the skin 
because of a pigment defect, but it is also associated with sluggish NER 
which favors UV-induced mutagenesis. Our long-term goal is to devise 
rational pharmacologic strategies to rescue MC1R signaling in high-
risk cancer-prone populations in order to reduce risk of melanoma and 
other skin cancers.
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