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Abstract
Non-melanoma skin cancers (NMSC) are the most common type of cancer, occurring at a rate of
over 1 million per year in the United States. Although their metastatic potential is generally low,
they can and do metastasize, especially in the immune compromised host, and their surgical
treatment is often quite disfiguring. Ultraviolet radiation (UVR) as occurs with sunlight exposure
is generally regarded as causal for these malignancies, but UVR is also required for vitamin D
synthesis in the skin. Based on our own data and that reported in the literature, we hypothesize that
the vitamin D produced in the skin serves to suppress UVR epidermal tumor formation. In this
review we will first discuss the evidence supporting the conclusion that the vitamin D receptor
(VDR), with or without its ligand 1,25-dihydroxyvitamin D, limits the propensity for cancer
formation following UVR. We will then explore three potential mechanisms for this protection:
inhibition of proliferation and stimulation of differentiation, immune regulation, and stimulation of
DNA damage repair (DDR).

Introduction
Over 1 million skin cancers occur annually in the United States, 80% of which are basal cell
carcinomas (BCC), 16% squamous cell carcinomas (SCC), and 4% melanomas, making skin
cancer by far the most common cancer afflicting humankind.1 Surgery is generally curative,
but disfiguring and costly. Ultraviolet radiation (UVR) is the major etiologic agent for these
cancers, but is also the principal means by which the body obtains vitamin D. Furthermore,
the skin is capable of converting the vitamin D produced to its active metabolite
1,25(OH)2D, and this conversion is potentiated by UVR at least in part by cytokines such as
TNF-α which are increased by UVR in the epidermis. This ability of the epidermis to make
its own vitamin D and 1,25(OH)2D is likely to be of great importance for epidermal
physiology and pathology. It is not at all clear, for example, whether the oral administration
of vitamin D, various analogs, and/or circulating levels of 25OHD and 1,25(OH)2D has a
major impact on processes within the skin—they may or they may not. Sun avoidance may
reduce one’s risk of developing skin cancer, but this practice frequently results in
suboptimal levels of vitamin D in the body, not to mention the epidermis. As pointed out in
the analysis by Lucas et al.,2 the global disease burden due to UVR pales in comparison to
the disease burden due to vitamin D deficiency, and although the latter can be prevented
with vitamin D supplementation, the skin remains for most of the world’s population the
major site of vitamin D availability. Most tissues have the vitamin D receptor (VDR), and
several including the epidermis, are capable of producing their own 1,25(OH)2D. Vitamin D
deficiency is associated with a number of diseases including, but not limited to,
osteomalacia and rickets. Increased cancer risk ranks high among these diseases, including
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cancer of epithelial tissues such as breast, prostate, and colon. Perhaps because UVR
increases the risk at least for non-melanoma skin cancers (NMSC), the potential for vitamin
D and 1,25(OH)2D production in the epidermis to serve as protection against UVR induced
epidermal carcinogenesis has received little attention. However, a low UVR dose may be
protective against skin cancer via the vitamin D signaling mechanisms that will be reviewed
in this article, and some epidemiologic evidence is consistent with a potential benefit of low
dose UVR. For example, in the study by Armstrong and Kricker,3 a slight decrease in the
incidence of SCC, BCC, and melanomas in 10 US populations was observed when the solar
UV measurement was increased from 100 to 110, although higher levels increased the
incidence. This same group,4 evaluating data from the Australian population, did not find a
significant increase in SCC with time spent out of doors in the general population. Rosso et
al.,5 in a multicentre European study, did not find a significant increase in SCC below a
threshold of 70 000 accumulated hours of sunshine, although the development of BCC had a
lower threshold. Before examining the animal data supporting this hypothesis, it is useful to
review vitamin D production and metabolism in the skin as mediated by UVB.

Vitamin D metabolism in the skin
Vitamin D3 is produced from 7-dehydrocholesterol (7-DHC) (Fig. 1). Irradiation of 7-DHC
with ultraviolet B (280–320 nm) (UVR) produces pre-D3, which subsequently undergoes a
temperature-dependent rearrangement of the triene structure to form D3, lumisterol, and
tachysterol. This process is relatively rapid and reaches a maximum within hours.6–8 Both
the degree of epidermal pigmentation and the intensity of exposure correlate with the time
required to achieve this maximal concentration of pre-D3 but do not alter the maximal level
achieved. Although pre-D3 levels reach a maximum, the biologically inactive lumisterol and
tachysterol accumulate with continued UV exposure. Thus, prolonged exposure to sunlight
would not produce toxic amounts of D3 because of the photoconversion of pre-D3 to
lumisterol and tachysterol. Melanin in the epidermis, by absorbing UVR, can also reduce the
effectiveness of sunlight in producing D3 in the skin. Sunlight exposure increases melanin
production, and so provides another mechanism by which excess D3 production can be
prevented. The intensity of UVR is dependent on latitude and season. In Edmonton, Canada
(52°N), very little D3 is produced in exposed skin from mid-October to mid-April, while in
San Juan (18°N), the skin is able to produce D3 all year long9. Clothing and sunscreen
effectively prevent D3 production in the covered areas. D3 produced in the skin can be
secreted from the skin by a poorly understood process, carried to the liver and other tissues
for further metabolism to 25-hydroxyvitamin D (25OHD), and then to the kidney to produce
the biologically active metabolite 1,25(OH)2D by the enzyme CYP27B1. However, the
keratinocyte contains the entire pathway for 1,25(OH)2D production from vitamin D.

The production of 1,25(OH)2D in the skin is under different regulation compared to its
production by the kidney, where the parathyroid hormone (PTH) and fibroblast growth
factor 23 (FGF23) are the principal hormonal regulators (PTH stimulates, FGF23 inhibits).
Keratinocytes respond to PTH with increased 1,25(OH)2D production, but these cells do not
have the classic PTH receptor and do not respond to cyclic AMP.10 The mechanism by
which PTH stimulates 1,25(OH)2D production in these cells remains unclear. The effect of
FGF23 on keratinocyte CYP27B1 expression or function has not been reported.
Furthermore, unlike the kidney, 1,25(OH)2D does not directly affect CYP27B1 expression
in keratinocytes. Rather, 1,25(OH)2D regulates its own levels in the keratinocyte by
inducing CYP24, the catabolic enzyme for 1,25(OH)2D3.11 Instead, cytokines such as tumor
necrosis factor-α (TNF)12 and interferon-γ(IFN)13 are potent inducers of CYP27b1 activity
in the keratinocyte. These cytokines are activated in the skin by UVB.
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Vitamin D and skin cancer
1,25(OH)2D has been evaluated for its potential anticancer activity for approximately 25
years.14 Most cell types, including many cancer cells such as basal cell (BCC) and
squamous cell (SCC) carcinomas15,16 as well as melanomas,17 contain the vitamin D
receptor (VDR). Although epidemiologic evidence supporting the importance of adequate
vitamin D nutrition (including sunlight exposure) for the prevention of at least some cancers,
including those of the colon,18–22 is reasonably strong, such evidence is much weaker for
skin cancers.23–25 One potential complication is that UVB radiation (UVR) has the dual
effect of promoting vitamin D3 synthesis in the skin (which can be further converted to
1,25(OH)2D3) and increasing DNA damage leading to skin cancer. Thus, although UVR
may be the most efficient means of providing the nutritional requirement for vitamin D, the
advantage to the skin may be countered by the increased risk of mutagenesis if the UVR is
excessive.

The potential for vitamin D signaling as protection against epidermal tumor formation
received an important boost when Zinser et al.26 demonstrated that 85% of VDR null mice
developed skin tumors within two months following 7,12-dimethyl-benzanthracene
(DMBA) administration. No tumors were found in the wildtype controls. The tumors were
mostly sebaceous, squamous, and follicular papillomas; however, several BCC were also
observed. No SCC were reported. These results have been confirmed using topical
administration of DMBA/TPA, although only papillomas were seen in the VDR null mice
unlike RXRα null mice which developed both BCC and SCC.27 More relevant to the
concept of photoprotection is the study by Ellison et al. 28 demonstrating that VDR null
mice were also more susceptible to tumor formation following UVB. These tumors included
SCC. We have confirmed these results with our own studies.29 The appearance of BCC in at
least some of these studies (including our own) is surprising since the typical malignancy
induced in mouse skin by UVR, ionizing radiation, or chemical carcinogens is SCC not
BCC.30 The appearance of BCC is characteristic of tumors formed when hedgehog (Hh)
signaling is disrupted,31 although activation of Hh signaling (Ptch−/+ mice) also predisposes
to UVR induced SCC formation.32 The question then becomes, through what mechanism (s)
does vitamin D signaling protect against UVB induced tumor formation? We will examine
three potential mechanisms and pathways within those mechanisms: regulation of
proliferation and differentiation with particular attention to the hedgehog (Hh) and wnt/β-
catenin pathways, immunoregulation, and DNA damage repair.

Vitamin D regulation of epidermal proliferation and differentiation
The epidermis is composed of four layers of keratinocytes at different stages of
differentiation (reviewed in ref. 33). The basal layer (stratum basale, SB) rests on the basal
lamina separating the dermis and epidermis. Within this layer are the stem cells. These cells
proliferate, providing the cells for the upper differentiating layers. They contain an extensive
keratin network comprised of keratins K5 and K14. As the cells migrate upward from this
basal layer they acquire the characteristics of a fully differentiated corneocyte, which is
eventually sloughed off. The layer above the basal cells is the spinous layer (stratum
spinosum, SS). These cells initiate the production of the keratins K1 and K10, which are the
keratins characteristic of the more differentiated layers of the epidermis. Cornified envelope
precursors such as involucrin also appear in the spinous layer as does the enzyme
transglutaminase K, responsible for the ε-(γ-glutamyl)lysine cross-linking of these substrates
into the insoluble Cornified envelope. The granular layer, stratum granulosum (SG), lying
above the spinous layer, is characterized by electron-dense keratohyalin granules containing
profilaggrin and loricrin, which is a major component of the Cornified envelope. The
granular layer also contains lamellar bodies—lipid-filled structures that fuse with the plasma
membrane, divesting their contents into the extracellular space between the SG and stratum
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corneum (SC) where the lipid contributes to the permeability barrier of skin. As the cells
pass from the granular layer to the Cornified layer (SC), they undergo destruction of their
organelles with further maturation of the Cornified envelope into an insoluble, highly
resistant structure surrounding the keratin–filaggrin complex and linked to the extracellular
lipid milieu. The outer layer of the epidermis provides not only a barrier to water loss
(permeability barrier) but a barrier to invasion by infectious organisms.

As noted above, the keratinocytes of the epidermis are unique in their ability to produce
vitamin D3 from the precursor 7-dehydrocholesterol (7-DHC) and to convert the vitamin D
produced to the active metabolite 1,25(OH)2D. 1,25(OH)2D increases involucrin,
transglutaminase activity, loricrin, filaggrin, and Cornified envelope formation at
subnanomolar concentrations,34–39 while inhibiting proliferation at concentrations above 1
nM. Much of these actions are in conjunction with or via changes in calcium responsiveness
due to the ability of 1,25(OH)2D to induce the calcium receptor40,41 and the phospholipase
C enzymes42–44 that regulate the intracellular calcium levels critical for the differentiation
process. The antiproliferative effects are accompanied by a reduction in the expression of c-
myc45 and cyclin D146 and an increase in the cell cycle inhibitors p21cip and p27kip. In
addition, 1,25(OH)2D and its receptor regulate the processing of the long chain
glycosylceramides that are critical for permeability barrier formation47 and induce the
receptors—toll-like receptor 2 (TLR2) and its coreceptor CD14—that initiate the innate
immune response in skin.48 Activation of these receptors leads to the induction of CYP27B1
(the enzyme that produces 1,25(OH)2D), which in turn induces cathelicidin, resulting in the
killing of invasive organisms.48,49 Although the most striking feature of the VDR-null
mouse is the development of alopecia50,51 (also found in many patients with mutations in
the VDR), referred to as hereditary vitamin D resistance,52 these mice also exhibit a defect
in epidermal differentiation as shown by reduced levels of involucrin and loricrin and loss of
keratohyalin granules.53,54 Furthermore, these mice show a reduction in the lipid content of
the lamellar bodies concomitant with a reduction in glucosylceramide production and
transport into the lamellar bodies leading to a defective permeability barrier.47 The
CYP27B1 null mouse also shows a reduction in levels of the epidermal differentiation
markers and altered permeability barrier55 with a blunted innate immune response48 and
poor resistance to infections,56 but these mice do not have a defect in hair follicle cycling.

Two pathways that appear to be important for vitamin D signaling in the epidermis, with
respect to the proliferation and differentiation that we believe underlie the predisposition of
the VDR null mouse to tumor formation, are the Hh and wnt/ β-catenin pathways.

The hedgehog (Hh) pathway (Fig. 2)—Ptch 1 is the membrane receptor for Shh. In the
absence of Shh, Ptch 1 inhibits the function of another membrane protein smoothened
(Smo). Shh reverses this inhibition, freeing Smo to enable the activation of a family of
transcription factors Gli1, Gli2, and Gli3. Suppressor of fused (Sufu) may maintain these
transcription factors in the cytoplasm and/or limit their activity in the nucleus such that the
loss of Sufu leads to increased Hh signaling.57,58 Gli1 and 2 overexpression in keratinocytes
can increase the expression of one another as well as Ptch 1, the anti-apoptotic factor bcl2,
cyclins D1 and D2, E2F1, and cdc45 (all of which promote proliferation), while suppressing
genes associated with keratinocyte differentiation such as K1, K10, involucrin, loricrin and
the VDR.59–63

The appearance of BCC is characteristic of tumors formed when Hh signaling is disrupted,64

although activation of Hh signaling (Ptch−/+ mice) also predisposes to UVR induced SCC
formation.32 We have found that the epidermis and epidermal portion (utricles) of the hair
follicles of adult VDR null animals overexpress elements of the Hh signaling pathway.29

These results suggest that one of the causes of the increased susceptibility of the epidermis
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to malignant transformation is due to a loss of VDR regulation of Hh signaling in the
epidermis. Furthermore, we29 found that 1,25(OH)2D suppressed all elements of the Hh
pathway in a dose dependent fashion that required the VDR. These results have been
confirmed at least for Gli1 by others65 in a study demonstrating that 1,25(OH)2D could
reduce tumor growth in Ptch null mice. Furthermore, the promoters of Shh and Gli1 have
been found to bind to VDR,66 suggesting a direct genomic action on these genes. However,
vitamin D may regulate this pathway not only via the genomic actions of 1,25(OH)2D acting
through its receptor, VDR, but also by direct inhibition by vitamin D independent of its
receptor. The latter possibility stems from observations that vitamin D itself, as well as its
precursor 7-dehydrocholesterol, can bind to and inhibit the actions of smoothened (Smo), a
critical step in Hh signaling.67,68 1,25(OH)2D was less effective68 suggesting a direct effect
of vitamin D itself, but the relative role of this non-genomic to the genomic actions of
vitamin D is not clear.

The wnt/β-catenin pathway (Fig. 3)—Wnt signaling via activation of β-catenin has a
complex role in VDR function. Wnt ligands bind to their seven-transmembrane frizzled
receptors and an LRP5 or LRP6 co-receptor leading to phosphorylation of disheveled (Dvl)
resulting in disruption of the axin/APC complex and inhibition of the kinase activity of
glycogen synthase kinase 3β (GSK-3β). Phosphorylation by GSK-3β of the serine(s) within
exon 3 of β-catenin results in its degradation by the E3 ubiquitin ligase. Thus, wnt signaling
increases the availability of β-catenin in the nucleus, where it binds to transcription factors
of the T-cell factor (TCF) and lymphoid enhancer factor (LEF) families to promote the
expression of genes such as cyclin D1 and c-myc69 important for proliferation. β-Catenin
also forms part of the adherens junction complex with E-cadherin where it may play an
important role in keratinocyte differentiation.70 Tyrosine phosphorylation of E-cadherin, as
occurs after calcium administration to keratinocytes, promotes the binding of β-catenin and
other catenins to the adherens junction complex70,71 making it less available for
transcriptional activity. Over expression and/or activating mutations in the β-catenin
pathway lead to skin tumors, in this case pilomatricomas or trichofolliculomas (hair follicle
tumors),72–74 indicative of the hyperproliferative response to β-catenin in these cells. In
colon cancer cells, VDR has been shown to bind to β-catenin, and reduce its transcriptional
activity in a ligand dependent fashion.75 Furthermore, in these cells, 1,25(OH)2D has been
shown to increase E-cadherin expression, such that β-catenin is redistributed from the
nucleus to the plasma membrane where it forms a complex with E-cadherin and other
catenins at adherens junctions.76 We46 have obseved similar phenomena in keratinocytes.
However, the suppression of β-catenin signaling by 1,25(OH)2D does not necessarily require
E-cadherin.77 Rather, β-catenin binds to VDR in its AF-2 domain, binding that enhances the
ability of 1,25(OH)2D to activate the transcriptional activity of the VDR,77 but blocks the
transcriptional activity of β-catenin.77 Mutations in the AF-2 domain that block coactivator
binding do not necessarily block β-catenin binding.77 Palmer et al.78 evaluated the
interaction between VDR and β-catenin in transcriptional regulation in keratinocytes, and
identified putative response elements for VDR and β-catenin/LEF in a number of genes.
These interactions were either positive or negative, depending on the gene being evaluated.
The hypothesis put forward is that genes in which the interaction was positive (i.e.
stimulated transcription) benefited from β-catenin acting as a coactivator for VDR on
VDREs, whereas in situations where the interaction was negative (i.e. suppression of
transcription), VDR prevented β-catenin from binding to TCF/LEF required for transcription
in those genes. We have found in keratinocytes that knockdown of VDR reduces E-cadherin
expression and formation of the β-catenin/E-cadherin membrane complex, resulting in
increased β-catenin transcriptional activity, whereas 1,25(OH)2D administration has the
opposite effect.46 This was associated with increased (with VDR knockdown) or decreased
(with 1,25(OH)2D administration) keratinocyte proliferation and cyclin D1 expression,
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respectively. These actions in the epidermis (and intestinal epithelium) appear to differ from
those in the hair follicle in that Cianferotti et al.79 found a reduction in the proliferation of
keratinocytes in the dermal portion of the hair follicle (below the bulge) in VDR null mice,
and no stimulation of proliferation when β-catenin was overexpressed in these cells, in
contrast to the stimulation of proliferation in control animals. Thus, VDR/β-catenin
interactions can be positive or negative, depending on the gene/cell/function being
evaluated; however, in the epidermis in the absence of VDR, the unchecked activity of wnt/
β-catenin appears to be proliferative and inhibitory of differentiation.

Vitamin D regulation of epidermal immunity
The potential role for vitamin D and its active metabolite 1,25(OH)2D to modulate the
immune response rests on the observation that VDR is found in activated dendritic cells,
macrophages, and lymphocytes,80,81 that these cells produce 1,25(OH)2D (i.e. express
CYP27B1),80 and that 1,25(OH)2D regulates their proliferation and function.82 Two forms
of immunity exist, adaptive and innate, and each are regulated by 1,25(OH)2D.

Adaptive immunity—The adaptive immune response involves the ability of T and B
lymphocytes to produce cytokines and immunoglobulins, respectively, to specifically
combat the source of the antigen presented to them by cells such as macrophages and
dendritic cells. Vitamin D exerts an inhibitory action on the adaptive immune system. In
particular, 1,25(OH)2D suppresses proliferation and immunoglobulin production and retards
the differentiation of B-cell precursors into plasma cells.81 In addition, 1,25(OH)2D inhibits
T-cell proliferation,83 in particular the Th1 cells capable of producing IFN-γ and IL-2 and
activating macrophages84 and Th17 cells capable of producing IL-17 and IL-22.85,86 In
contrast IL-4, IL-5, and IL-10 production increase,87 shifting the balance to a Th2 cell
phenotype. CD4+/ CD25+ regulatory T-cells (Treg) are also increased by 1,25 (OH)2D88

leading to increased IL-10 production. The IL-10 so produced is one means by which Treg
can block Th1 and Th17 development. At least in part, these actions on T-cell proliferation
and differentiation stem from actions of 1,25(OH)2D on dendritic cells to reduce their
maturation and antigen presenting capability.89 The ability of 1,25(OH)2D to suppress the
adaptive immune system is beneficial for conditions in which the immune system is directed
at self—i.e. autoimmunity90 and following transplants91—but might not be good for tumor
surveillance.

Innate immunity—The innate immune response is the critical first line of defense against
invading pathogens. The response involves the activation of toll-like receptors (TLRs) in
polymorphonuclear cells (PMNs), monocytes, and macrophages as well as in a number of
epithelial cells including those of the epidermis, gingiva, intestine, vagina, bladder, and
lungs.92 TLRs are transmembrane pathogen-recognition receptors that interact with specific
membrane patterns (PAMP) shed by infectious agents that trigger the innate immune
response in the host.93 Activation of TLRs leads to the induction of antimicrobial peptides
and reactive oxygen species, which kill the organism. Among these antimicrobial peptides is
cathelicidin. The expression of this anti-microbial peptide is induced by 1,25(OH)2D in both
myeloid and epithelial cells,94,95 cells that also express CYP27B1 and so are capable of
producing the 1,25(OH)2D needed for this induction. Stimulation of TLR2 by an
antimicrobial peptide in macrophages96 or stimulation of TLR2 in keratinocytes by
wounding the epidermis48 results in increased CYP27B1 expression, which in the presence
of adequate substrate (25OHD) stimulates cathelicidin expression. Lack of substrate
(25OHD), VDR, or CYP27B1 blunts the ability of these cells to respond to a challenge with
respect to cathelicidin production.48,95,96
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The major cells involved in adaptive immunity in the skin include the Langerhans cells,
dendritic cells, and T-cells. The Langerhans cells are dendritic-like cells within the
epidermis that when activated by invading organisms, migrate to the lymph nodes serving
the skin where they present the antigens to the T-cells, initiating the adaptive immune
response.97 Keratinocytes, on the other hand, are equipped with toll-like receptors that
enable them to respond to invading organisms with elaboration of antimicrobial peptides
such as cathelicidin49 but also a variety of cytokines that provoke an inflammatory
response.98 UVB leads to a reduction in Langerhans cells and blunts their antigen presenting
activity,99–101 but stimulates the innate immune function of keratinocytes perhaps as a
consequence of UVB induced vitamin D/1,25(OH)2D production in the skin.102,103

The potential role of altered skin immunity by UVB with respect to skin carcinogenesis was
suggested by Kripke and Fisher104 who found that skin tumors originally induced in mice by
chronic UVR grew when transplanted into other UV-irradiated mice; however, it was found
that the tumors did not grow further when transplanted into non-irradiated mice. What is less
clear is whether 1,25(OH)2D would enhance or protect against UVR immunosuppression.
One study demonstrated that topical 1,25(OH)2D at a high concentration (1.65 μM)
protected against UVR induced suppression of contact hypersensitivity to oxazolone in
mouse skin;105 however, a study in humans from the same group showed suppression of
delayed hypersensitivity (Mantoux test) by topical 1,25(OH)2D at high doses with a trend
toward additive suppression even at lower doses when combined with UVR.106 These data
are limited, but raise some concerns about the balance between innate and adaptive
immunity in tumor surveillance, and how that balance is affected by vitamin D.

Vitamin D regulation of the DNA damage response
UV wavelengths shorter than 280 nm (UVC) are absorbed by the ozone layer and do not
reach the earth. UV wavelengths longer than 320 nm (UVA) are capable of penetrating into
the dermis, and damage DNA (e.g. 8-oxoguanine production) primarily by oxidative
processes. UVA does not stimulate vitamin D production. UVB, with a spectrum range of
280–320 nm, exerts its effects primarily in the epidermis, where it causes DNA cyclobutane
pyrimidine dimers (CPD) and pyrimidine (6–4)pyrimidone photoproducts (6–4PP), which if
not repaired result in C to T or CC to TT mutations, the UVB “signature” lesion.107,108 This
type of mutation in p53 is common (50–90%) in both BCC and SCC30,109–111 as well as in
actinic keratoses, the precursor lesions to SCC.112 Preventing UVR induced DNA damage
from producing DNA mutations is the role of DNA damage repair (DDR), and p53 appears
to have an important role in this process.113 DDR involves a cascade of damage recognition,
and repair and signal transduction that coordinates the response of the cell cycle to DNA
damage. DDR activates checkpoints that delay the cell cycle, provides time for repair, and
directs damaged cells into senescent or apoptotic pathways. DDR involves a number of
components, is well orchestrated, tightly controlled, and highly accurate in normal primary
cells such that the spontaneous mutation rate is very low, and changes in copy number are
negligible.114–116 During malignant transformation, DDR becomes less controlled, and
mutation rates and copy number abnormalities increase by several orders of
magnitude.114,115,117,118 Nucleotide excision repair (NER) is the principal means by which
UVR damage is repaired. NER can remove DNA damage before DNA replication begins,
and consequently plays a major role in reducing the amount of damage that becomes fixed
as mutations during replication.119–121 The DNA damage is recognized, the DNA is
unwound around the lesion, and 30 base pair portions of DNA containing the lesion are
excised by endonucleases such as XPF and XPG followed by fill-in with DNA polymerases
such as Polδ, Polε, and Polκ.

The NER process has two main branches distinguished by the mechanisms used for initial
recognition of DNA damage:122 transcription coupled repair (TCR) during which DNA
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polymerases stop replication at the site of the lesion until it is repaired,123–127 and global
genomic repair (GGR), during which non-transcribed regions of the genome are repaired.128

Keratinocytes in the epidermis of mice lacking VDR are deficient in DDR as demonstrated
by a reduced rate of clearing CPDs and 6-4PPs following UVB.129 Moreover, 1,25(OH)2D
increases CPD clearance and p53 in VDR intact mice130,131 as well as upregulation of two
genes important for DDR: XPC (xeroderma pigmentosum complementation group C) and
DDB2 (damage-specific DNA binding protein 2, also known as XPE).129,132 These actions
of vitamin D signaling on DDR contribute to the reduced susceptibility of normal skin to
UVB induced tumor formation.

Summary
UVB is critical for vitamin D production in the skin, but UVB is also the major cause of skin
cancer. This article examines the question of whether the beneficial effects of vitamin D
production can counter the harmful effects of carcinogenesis, and the predisposition of VDR
null mice to UVB induced skin cancer suggests that it is a possibility. Three potential
mechanisms for such protection were examined. The first mechanism focuses on the role of
vitamin D signaling in keratinocyte proliferation and differentiation. In particular, two
pathways affecting proliferation and differentiation, namely the hedgehog and wnt/β-catenin
pathways, were evaluated. Mice lacking the VDR have increased expression of the
hedgehog pathway and increased activation of the wnt/β-catenin pathway. 1,25(OH)2D
suppresses both pathways in cells containing the VDR. Thus, in the absence of vitamin D
signaling, overexpression of the hedgehog and wnt/β-catenin pathways leads to increased
proliferation and decreased differentiation associated with tumor development. The second
mechanism involves the role of vitamin D signaling in the immune system of the skin.
1,25(OH)2D/VDR promotes innate immunity but suppresses adaptive immunity. UVB
likewise promotes innate immunity and suppresses adaptive immunity, perhaps in part by
stimulating vitamin D/1,25-(OH)2D production. The net effect on tumor formation with
respect to protection by vitamin D signaling is unclear. The third mechanism is DNA
damage repair (DDR). The epidermis of VDR null mice show impaired DDR following
UVR. 1,25-(OH)2D accelerates DDR. Thus, by these mechanisms one can conclude that the
skin has evolved protective mechanisms against UVR induced carcinogenesis, and that these
mechanisms involve vitamin D.
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Fig. 1.
Production of vitamin D and its metabolism to 1,25(OH)2D in the keratinocyte. UVB, via a
photochemical reaction, breaks open the B ring of 7-dehydrocholesterol (7-DHC) to produce
pre vitamin D3, which is subsequently converted first to 25OHD by the enzymes CYP27A1
and CYP2R1 and then to 1,25(OH)2D by CYP27B1. Regulation of CYP27B1 is primarily
by cytokines such as tumor necrosis factor-α (TNF-α) and interferon-γ(IFN-γ).
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Fig. 2.
The hedgehog signaling pathway. In the absence of Shh, Ptch 1 suppresses signaling by
smoothened (Smo). Binding of Shh to Ptch 1 relieves this inhibition. Activation of Smo
leads to the activation and translocation of transcription factors of the Gli family into the
nucleus, with subsequent changes in gene expression.
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Fig. 3.
The wnt signaling pathway. Wnts bind to their frizzled receptors (FZ) and coreceptors LRP
in the membrane. This binding can be blocked by dickkopf (Dkk) or soluble frizzled related
proteins (sFRP). Activation of FZ by wnt results in phosphorylation of disheveled (Dvl)
which induces the disruption of the axin/APC/GSK-3β complex and recruitment of axin to
the membrane. When active, this complex phosphorylates β-catenin, leading to its
proteosomal degradation. However, following wnt stimulation, β-catenin is no longer
degraded and can enter the nucleus, where in combination with members of the LEF/TCF
family, it can induce expression of its target genes such as cyclin D1. β-Catenin also binds to
the E-cadherin complex in the plasma membrane, a complex stabilized by calcium, where it
may play a role in differentiation.
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