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Vitamin D and skin cancer: A problem in gene regulation�
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Abstract

The skin is the major source of Vitamin D3 (cholecalciferol), and ultraviolet light (UV) is critical for its formation. Keratinocytes, the major
cell in the epidermis, can further convert Vitamin D3 to its hormonal form, 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] (calcitriol). 1,25(OH)2D3

in turn stimulates the differentiation of keratinocytes, raising the hope that 1,25(OH)2D3 may prevent the development of malignancies in
these cells. Skin cancers (squamous cell carcinoma (SCC), basal cell carcinoma (BCC), and melanomas) are the most common cancers
afflicting humans. UV exposure is linked to the incidence of these cancers—UV is thus good and bad for epidermal health. Our focus is on the
mechanisms by which 1,25(OH)2D3 regulates the differentiation of keratinocytes, and how this regulation breaks down in transformed cells.
Skin cancers produce 1,25(OH)2D3, contain ample amounts of the Vitamin D receptor (VDR), and respond to 1,25(OH)2D3 with respect to
induction of the 24-hydroxylase, but fail to differentiate in response to 1,25(OH)2D3. Why not? The explanation may lie in the overexpression
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of the DRIP complex, which by interfering with the normal transition from DRIP to SRC as coactivators of the VDR during differen
block the induction of genes required for 1,25(OH)2D3-induced differentiation.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The Vitamin D receptor (VDR) is found in most cell
types including many malignant cell types. This includes
the three major types of skin cancers: basal and squamous
cell carcinomas (BCC and SCC)[1,2] and melanomas[3].
These skin cancers are the most common of all malignan-
cies. The basis for the promise of 1,25-dihydroxyvitamin D3

Abbreviations: BCC, basal cell carcinoma; [Ca2+]i and [Ca2+]0, intra-
cellular and extracellular free calcium, respectively; CaR, calcium receptor;
DG, diacylglycerol; 7-DHC, 7-dehydrocholesterol, Vitamin D3 (cholecalcif-
erol); DMBA, dimethylbenzanthracene; IP3, inositol trisphosphate; 1OHase
(P450c27B1; CYP27B1), 25OHD-1�-hydroxylase; 24OHase (P450c24;
CYP24), 25-hydroxyvitamin D-24 hydroxylase; 25OHase (P450c27;
CYP27), Vitamin D-25-hydroxylase; 1,25(OH)2D3, 1,25-dihydroxyvitamin
D3 (calcitriol); 25-OHD3, 25-hydroxyvitamin D3 (calcidiol); PLC, phospho-
lipase C; PTH, parathyroid hormone; SCC, squamous cell carcinoma; VDR,
Vitamin D receptor; VDRE, Vitamin D response element
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(1,25(OH)2D3) (calcitriol) in the prevention and treatment
malignancy includes its antiproliferative, prodifferentiat
effects on most cells. Normal keratinocytes and melano
respond to 1,25(OH)2D3 with a reduction in proliferation an
an increase in differentiation. Furthermore, these cells m
their own 1,25(OH)2D3 suggesting that prevention and
treatment of such malignancies could involve providing
ficient substrate for the endogenous 25OHD-1�-hydroxylase
However, malignant transformation causes resistance to
actions of 1,25(OH)2D3 for a variety of reasons. In th
review, we will examine some of these mechanisms, focu
on work from our own laboratory in which an imbalance
coactivators appears to undercut the ability of 1,25(OH2D3
to initiate the sequence of gene induction required for di
entiation.

2. Does Vitamin D deficiency play a role?

Epidemiologic evidence supporting the importance
adequate Vitamin D nutrition (including sunlight exposu
has been obtained for colon, breast, and prostate cancer[4–6].
0960-0760/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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Fig. 1. A cartoon depicting the four principal layers of the epidermis and
the locations where the proteins of relevance to this review are produced.
Proliferation occurs in the stratum basale. The 1OHase and VDR are in
highest concentration in this layer. As the cells leave the stratum basale,
they begin the differentiation process with the production of early markers
such as K1 and K10, involucrin (Inv), and transglutaminase (TG) starting
in the stratum spinosum and late markers such as profilaggrin and loricrin
in the stratum granulosum. The enucleated stratum corneum containing the
cornified envelope and intercellular lipid contents of the lamellar bodies
provides the barrier.

However, the results are less compelling for skin cancers. A
case control study of 165 melanoma patients and 209 con-
trols showed no association of the malignancy with Vitamin D
intake[7]. van Dam et al.[8] administered a food frequency
questionnaire to 43,217 males in the Health Professionals
Followup Study who were then followed for 8 years. Three
thousand one hundred and ninety of the participants devel-
oped basal cell carcinoma, but Vitamin D intake was not
associated with the development of this malignancy. Similar
results were obtained in the Nurses Health Study[9]. Associ-
ations with sunlight exposure, as have been shown for other
malignancies (colon, breast, and prostate), would be compli-
cated by the dual effect of ultraviolet (UV) light in promoting
Vitamin D3 synthesis in the skin but increasing the risk of skin
cancer.

3. Epidermis: a model of differentiation in time and
place

The epidermis is critical for life. It keeps what we need
inside and keeps what we do not need outside—the barrier
function. The primary cell in the epidermis responsible for
this barrier function is the keratinocyte (Fig. 1). The epider-
mis is self-renewing. Proliferating keratinocytes are found
o the
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and off to produce proteins that contribute to the fully differ-
entiated keratinocyte. For example, basal keratinocytes pro-
duce keratins 5 and 14. As they enter the stratum spinosum,
the production of keratins 1 and 10 replaces that of keratins
5 and 14. Involucrin, an important component of the corni-
fied envelope, and transglutaminase-K, the enzyme that cross
links involucrin and other substrates to form the cornified
envelope, are also made in the keratinocytes of the stratum
spinosum. The next higher level, the stratum granulosum,
is marked by the presence of keratohyalin granules. These
granules contain loricrin, a major component of the corni-
fied envelope, and profilaggrin, a precursor of filaggrin that
serves as a bundling protein for the keratin filaments. The
stratum granulosum also contains lamellar bodies whose con-
tents of lipids and lipid-processing enzymes are secreted into
the junction between the stratum granulosum and stratum
corneum to provide the mortar between the bricks that are
the corneocytes of the stratum corneum.

The differentiation process in the epidermis is tightly
regulated. A number of agents can affect the proliferation
and differentiation process. Our focus has been on cal-
cium and 1,25(OH)2D3 [10] stemming from our observa-
tions nearly 20 years ago that the keratinocyte is the most
prodigious producer of 1,25(OH)2D3 that we have ever stud-
ied. The keratinocytes of the stratum basale contain VDR,
which mediates 1,25(OH)D regulated proliferation and
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nly in the base of the epidermis, in the layer known as
tratum basale. Daughter cells leave the stratum basa
ifferentiate on their journey to the surface, where as the
leated cells of the stratum corneum they form the perme
ty barrier. Along the way, genes are sequentially turne
2 3
ifferentiation. These cells also contain ample supplie
-dehydrocholesterol (7-DHC) from which they make V
in D3 under the influence of UV light. Since these c
lso have the 25-hydroxylase (25OHase) and 25OHD�-
ydroxylase (1OHase), they are able to produce their
upply of 1,25(OH)2D3. Thus, the keratinocyte—and on
he keratinocyte—has the entire metabolic machinery to
uce 1,25(OH)2D3 from 7-DHC and is a target for th
ormone as well. However, the presence of VDR and
bility to produce 1,25(OH)2D3 do not distinguish norma
eratinocytes from transformed keratinocytes. All SCC l
hat we have tested have both VDR[1] and the ability to
roduce 1,25(OH)2D3 [11]. More recent studies observ

ncreased 1OHase and VDR expression in the BCC
CC tumors examined compared with normal epidermis

ncreased 25OHase expression in the SCC tumors[2,12].
In vitro, calcium is one of the most potent means

timulating epidermal differentiation while inhibiting pr
iferation. In vivo, a calcium gradient forms in the epider
lowest concentrations in the stratum basale, highest
entrations in the stratum granulosum)[13]. This gradien
ppears important for the proliferation–differentiation p
ess in vivo. Mice lacking the ability to make 1,25(OH)2D3
ail to maintain this gradient, show reduced expressio
ifferentiation markers in their epidermis, and are slow
ecover the epidermal barrier function when broken by p
cal means[14]. Given that 1,25(OH)2D3 is a calcium regu
ating hormone, it should come as no surprise that the e
f calcium and 1,25(OH)2D3 on keratinocyte proliferatio
nd differentiation are interacting.
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4. Role of 1,25(OH)2D3 in epidermal proliferation

Keratinocyte proliferation is inhibited by high doses of
1,25(OH)2D3 [11,15]. However, some studies have shown
that lower doses of 1,25(OH)2D3 have a proproliferative
effect [16,17], and topical application of 1,25(OH)2D3
to mouse skin stimulates epidermal proliferation[18].
This biphasic action of 1,25(OH)2D3 may underlie an
apparent paradox in the effect of 1,25(OH)2D3 and its
analogs on skin tumor induction. Topical application of
1,25(OH)2D3 and its analogs prevents papilloma formation
by a two-step carcinogenesis model in which a single
application of dimethylbenzanthracene (DMBA) is followed
by biweekly applications of phorbol ester (TPA) with
1,25(OH)2D3 or an analog applied 30–60 min before each
phorbol ester administration[19–21]. This would suggest
that 1,25(OH)2D3 was countering the proliferative actions of
TPA. However, 1,25(OH)2D3 promoted tumor development
when only DMBA was used both to initiate and promote
tumor development[22] suggesting that in this case, the
proproliferative effects of 1,25(OH)2D3 dominated the
response.

Although the proliferative actions of 1,25(OH)2D3 are
not understood, the antiproliferative actions can be attributed
to several mechanisms. 1,25(OH)2D3 administration blocks
cells at the Go/G1 to S transition[15]. Although this has
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scription[29]. We[30] propose a different mechanism involv-
ing coactivator recruitment that will be discussed following
a review of calcium and 1,25(OH)2D3 regulated differentia-
tion.

5. Role of calcium and 1,25(OH)2D3 in epidermal
differentiation

Calcium is a potent regulator of keratinocyte differentia-
tion (Fig. 2). Within hours of the calcium switch, the cells
begin to make involucrin[31–33], loricrin [34], transglutam-
inase[31–33], keratins K1 and K10[35], and filaggrin[35],
and they start to form cornified envelopes[31,35]. The mRNA
levels for these proteins increase after the calcium switch
[32,34,35], indicating that these effects of calcium represent
genomic actions, a conclusion confirmed by nuclear run-on
and promoter-construct experiments for many of these genes.
Calcium response regions have been identified in the promot-
ers of the involucrin[36] and Kl [37] genes. These calcium
response regions contain an AP-1 site critical for calcium
responsiveness and an adjacent DR3 which we have shown
is a functional Vitamin D response element[38].

Keratinocyte differentiation is tightly linked to a rise in
intracellular free calcium ([Ca2+]i ) [39]. Raising the extra-
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plasma membrane where it binds to its receptor RACK. PKC activation may
contribute to the transcriptional regulation by calcium via activation of AP-1
transcription factors (modified from Bikle[54]).
ot received extensive study in keratinocytes, this b
s presumed to occur because of an upregulation o
ell cycle inhibitors p21 and p27 as occurs in other
ypes[23,24]. The p21 promoter has a functional Vitam

response element (VDRE), indicating that the regula
f at least this cell cycle inhibitor is at the transcriptio

evel [25]. However, 1,25(OH)2D3 also increases transform
ng growth factor-�1 and -�2 production by keratinocyte
26,27], which indirectly could mediate the antiproliferat
ctions of 1,25(OH)2D3. The VDR is likely to be critica

or these actions, and its absence does increase the s
ibility of the epidermis to malignant transformation. Us

model for mammary cancer induction in which medr
progesterone pellets are implanted before oral admin
ion of DMBA at ages 5.5 and 7 weeks, Zinser et al.[28]
ound that 85% of VDR-null mice developed tumors (p
arily papillomas but some BCCs), whereas none of the

ype mice did. However, transformed keratinocytes are
esponsive to the antiproliferative actions of 1,25(OH)2D3
han are normal keratinocytes despite having normal leve
DR [1,11,15]. One potential mechanism for this resista
roposed by Goltzman et al.[29] involves increased serin
hosphorylation of the retinoid X receptor� (RXR�). RXR�

s the preferred partner for VDR with respect to transc
ional activation under most circumstances. In transfor
ells, RXR� is phosphorylated via the activated ras/MA
athway. This phosphorylation is postulated to make RX�
less stable partner for VDR in VDR–RXR comple

inding to the VDRE in promoters of genes regulated
,25(OH)2D3 and so reduce 1,25(OH)2D3 mediated tran
-

ellular calcium concentration ([Ca]0) increases [Ca ]i
31,35,39]. The initial rise is mediated by the calcium rec

ig. 2. Calcium signaling in the keratinocyte. The keratinocyte con
calcium receptor that when activated increases phospholipase C

ctivity (both PLC� and �1), resulting in the production of two impo
ant intracellular messengers, inositol trisphosphate (IP3) and diacylglycero
DG). IP3 stimulates the release of calcium from intracellular stores (ER
olgi) via its receptor IP3R. The Golgi appears to have additional role

ntracellular calcium signaling as suggested by the presence of a n
f signaling molecules in this subcellular organelle. PLC-�1 and IP3R are
oth required for the activation of trpC channels by which calcium e

he cells. The rise in intracellular calcium (Cai) leads to the induction o
enes required for the differentiation process. The rise in DG and Cai also

ncrease the activation of PKC in part by stimulating its redistribution to
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tor (CaR)[40–42]. Cells lacking the CaR do not respond to
[Ca2+]0 acutely[42], and the epidermis of mice lacking the
CaR does not differentiate normally[43]. As cells differenti-
ate, they lose their acute response to calcium. The loss of the
acute response to [Ca2+]0 coincides with a switch from pro-
ducing the full-length CaR to an alternatively spliced form
lacking exon 5[40]. Only the full-length CaR can respond
acutely to [Ca2+]0 with an increase in [Ca2+]i [40]. The role
of the alternatively spliced form is not known. After the ini-
tial rise, the increase in [Ca2+]i is sustained. Transformed
keratinocytes have a robust [Ca2+]i response to [Ca2+]0, but
it is not sustained. Agents such as ATP, which stimulate only
a transient increase in [Ca2+]i , do not promote differentia-
tion indicating that a sustained influx of calcium is required.
A number of calcium channels in keratinocytes have been
described. However, we[44] have recently found that the
trpC channels 1 and 4 carry much of this calcium influx at
least after store depletion. Importantly for the discussion to
follow, these channels require phospholipase C-�1 (PLC-�1)
to function[44].

Calcium both induces and activates the phospholipase C
family, whose members provide additional second messen-
gers for mediating the effects of calcium on the keratinocyte
[45,46]. The principal enzymes involved are phospholipase
C � and�1. These enzymes hydrolyze phosphatidylinositol
bisphosphate (PIP) to inositol trisphosphate (IP) and dia-
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Fig. 3. Calcium and 1,25(OH)2D3 fail to induce transglutaminase (TG)
expression in SCC4. In this experiment, normal human keratinocytes
(NHK) and the squamous carcinoma cell line SCC4 were incubated in low
(0.03 mM) or high (1.2 mM) calcium and vehicle or 10−8 M 1,25(OH)2D3

over a period up to 48 h. The cells were extracted and analyzed for TG mRNA
levels by Northern analysis. TG was synergistically induced by 1,25(OH)2D3

and calcium in the NHK, but no induction was seen in SCC4 despite the abil-
ity of these cells to express some TG mRNA. Similar results are found for
other differentiation markers (from Ratnam et al.[1]).

(mutations in the ER calcium pump ATP2A2) and Hailey Hai-
ley disease (mutations in the Golgi calcium pump ATP2C1)
cause abnormalities in epidermal proliferation and differenti-
ation[49] associated with abnormalities in calcium handling
by the keratinocyte. Both ER and Golgi have the IP3 receptor.
This receptor is critical in regulating calcium influx through
the store operated channels of the keratinocyte[44] as well as
responding to IP3 generated from the action of PLCs with an
efflux of calcium from these intracellular stores. In addition,
the Golgi fraction contains many of the proteins involved
in calcium signaling, namely the CaR, PLC-�1, PI3K, and
SRC kinases suggesting that the role of the Golgi in con-
trolling intracellular calcium is quite complex (Tu and Bikle,
manuscript in preparation).
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ylglycerol (DG). As for the response of [Ca2+]i to [Ca2+]0,
he rise in IP3 and DG is both immediate and prolonged a
he calcium switch. The prolonged increase in inositol p
hates is due to calcium activation of PLC-�1, although th

nitial increase in IP3 and [Ca2+]i after the calcium switch
ediated by PLC-�. Activation of PLC-�1 is mediated b
calcium-induced increase in SRC family tyrosine kina

47]. SRC kinases activate phosphatidyl inositol 3′kinase
PI3K) by phosphorylation of the p85 subunit. This le
o increased production of PIP3, and activation of PLC-�1
y the PIP3 [47a]. Calcium activation of PLC-�1 does no
equire tyrosine phosphorylation. On the other hand,
ctivates PLC-�1 by tyrosine phosphorylation via the kina
ctivity of the EGF receptor. This does not lead to dif
ntiation, but may promote proliferation, indicating that
anner by which PLC-�1 is activated is crucial for its fun

ion. Keratinocytes lacking PLC-�1 fail to differentiate in
esponse to calcium[46]. However, when keratinocytes a
nduced to overexpress PLC-�1, they also fail to different
te in response to calcium. SCC overexpress PLC-�1 in a
anner that cannot be regulated by calcium or 1,25(OH2D3

48]. Thus, both the levels and the means by which PLC�1
s activated appear to determine the role this critical enz
lays in keratinocyte proliferation and differentiation. Fail
f calcium and 1,25(OH)2D3 to activate PLC-�1 in SCC may
ontribute to their resistance to the prodifferentiating eff
f calcium and 1,25(OH)2D3.

The handling of calcium within the keratinocyte is a
mportant for differentiation. Both the ER and the Go
pparatus play critical roles in this regard. Darier’s dis
ig. 4. The 24-hydroxylase but not the PLC-�1 promoter is regulated b
,25(OH)2D3 in SCC lines. SCC 4 and SCC12B2 were transfected

uciferase promoter constructs containing either the 24-hydroxylase V
r the PLC-�1 VDRE. 1,25(OH)2D3 and retinoic acid stimulated transcr

ional activity of the 24-hydroxylase promoter but not the PLC-�1 promote
n this assay under conditions in which both reporters respond to thes

ones in normal keratinocytes (from Xie and Bikle[48]).
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Fig. 5. SCC lines have normal levels of VDR with normal binding affinity
for 1,25(OH)2D3. (A) The VDR levels in various SCC lines were assessed
by Western analysis and compared to those in normal keratinocytes (K2P)
and immortalized keratinocytes (HACAT). No consistent differences were
observed. (B) The ability of nuclear extracts from various SCC lines to
bind 1,25(OH)2D3 was compared to that of normal keratinocytes (K2P)
and immortalized keratinocytes (HACAT). No consistent differences were
observed (from Ratnam et al.[1]).

Calcium and 1,25(OH)2D3 interact in their ability to
inhibit proliferation and stimulate gene expression[32]. The
higher the [Ca2+]0, the more sensitive is the keratinocyte to
the antiproliferative effect of 1,25(OH)2D3 (and vice versa)
[50]. Part of this synergism can be explained by the ability
of 1,25(OH)2D3 to induce CaR[51] and so make the ker-
atinocyte more sensitive to [Ca2+]0 [51]. Both calcium and
1,25(OH)2D3 induce the PLC family of enzymes[50,52], and
calcium can further activate these enzymes by nongenomic
means via SRC kinases and PI3K as described earlier. The
mechanism by which calcium induces PLC is unclear, but a

DR6-type VDRE is present in the promoter of the PLC-�1
gene that is critical for its induction by 1,25(OH)2D3. As men-
tioned previously, the calcium response element and VDRE in
the involucrin promoter are quite close spatially[38]. Muta-
tions in the AP-1 site within the calcium response element
block both calcium and 1,25(OH)2D3 induction of the involu-
crin gene, but mutations within the VDRE block only its
response to 1,25(OH)2D3 [38]. The molecular basis for the
synergism between calcium and 1,25(OH)2D3 with respect
to transglutaminase induction has not been elucidated.

6. SCC fail to differentiate in response to
1,25(OH)2D3: role of coactivators

Transformed keratinocytes (SCCs) are resistant to
1,25(OH)2D3 and calcium with respect to differentiation
[11,15] as illustrated inFig. 3. However, not all genes in
SCC fail to respond to 1,25(OH)2D3. As illustrated inFig. 4,
1,25(OH)2D3 (and retinoic acid) can induce 24-hydroxylase
expression in SCC lines as well as in normal keratinocytes
[11,48], although it cannot induce an enzyme required for
differentiation, namely PLC-�1 [48], or markers of differ-
entiation such as involucrin and transglutaminase[1,11].
As discussed previously, the resistance to 1,25(OH)2D3 is
n d
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s well expressed in proliferating keratinocytes and S

to the PLC-�1 VDRE is normal. The electromobility shift assay was use
VDRE for PLC-�1. The extent of binding was comparable whether the nu

(NHK). To demonstrate the presence of VDR and RAR in the boun
amples, which reduced binding to the main band but revealed a higher
ds RAR and VDR but not RXR as seen by the lack of supershift wh



88 D.D. Bikle et al. / Journal of Steroid Biochemistry & Molecular Biology 97 (2005) 83–91

Fig. 7. Changes in the expression level of DRIP205 and SRC-2 and -3 dur-
ing keratinocyte proliferation and differentiation. (A) Protein expression of
DRIP205 and SRC-3. The same amount of protein in the nuclear extracts
from SCC (lane 1), proliferating keratinocytes (PK) (lane 2), and differen-
tiated keratinocytes (DK) (lane 3) was subjected to Western analysis. The
protein expression of DRIP 205 and SRC-3 was detected by incubation
with affinity-purified antibodies against DRIP205 or human SRC-3 (RAC3,
Santa Cruz), respectively. DRIP205 was detected in SCC and proliferating
keratinocytes (PK), but not in differentiated cells (DK). In contrast, SRC-3
was detected in all three cell types. SRC-1 and -2 were not detected using
commercially available antibodies (Santa Cruz). (B) mRNA expression of
DRIP205, SRC-2, and -3 during keratinocyte differentiation shown by semi-
quantitative RT-PCR analysis. Human keratinocytes were grown in 0.07 mM
Ca2+ until 30% confluent for 3 days and then switched to 0.03, 0.1, or
1.2 mM Ca2+. RNA was isolated at the indicated time points after the cal-
cium switch and from epidermis separated from human foreskin. RNA from
each sample was reverse-transcribed and amplified by PCR using primer sets
for DRIP205, SRC-2, -3, and G3PDH as loading control. Epidermis with-
out reverse transcription (no RT) is shown as a negative control. DRIP205
was expressed in the early stages of differentiation, but was down-regulated
during the differentiation process. RT-PCR results of the amplification of
DRIP205 mRNA using 30 and 35 cycles are shown for clarity. SRC-2 and
-3 mRNA levels were not altered by calcium or time in culture (from Oda et
al. [53]).

lines [53]. Differentiation markers prefer a complex of the
VDR with the SRC family of coactivators[53]. In normal
keratinocytes DRIP205 levels decrease with differentiation,
whereas SRC-2 and -3 levels remain steady or increase
(Fig. 7) [53]. However, in SCC, the DRIP complex is over-
expressed (Fig. 8) [53], resulting in a very different profile of
VDR binding proteins when compared to the differentiated
keratinocyte. In particular, despite the fact that SRC-2 and -3
are expressed in SCC, they are not found in the proteins bind-

Fig. 8. Purification of VDR binding proteins from keratinocytes. Nuclear
extracts were prepared from the squamous carcinoma cell line SCC12B2
(SCC) (lanes 1 and 2), and from primary cultures of differentiated epider-
mal keratinocytes (DK) (lanes 3 and 4) (maintained in 1.2 mM calcium for
7 days after calcium switch). The extracts were incubated with GST-VDR
(LBD) affinity beads in the presence (lanes 2 and 4) or absence (lanes 1
and 3) of 1× 10−7 M 1,25(OH)2D3 (D3). Bound proteins were eluted, sepa-
rated by SDS-PAGE, and visualized by silver staining. Apparent molecular
weights of these bands are shown. The ligand dependent protein complex
from SCC included 15 different proteins ranging in molecular weight from
25 to 250 kDa. Proliferating keratinocytes (cultured in 0.03 mM calcium for
3 days after calcium switch) showed an almost identical subunit profile to
SCC (data not shown). In contrast, differentiated keratinocytes (DK) showed
the appearance of a ligand dependent p180 band, but lacked the major DRIP
proteins (lane 4). These proteins were analyzed by mass spectrometry. A lig-
and independent band (**) was observed, and P65* was GST-VDR leaked
from affinity beads (from Oda et al.[53]).

ing to VDR. Thus, we hypothesize that the failure of SCCs
to switch coactivator complexes from DRIP to SRC explains
the failure of 1,25(OH)2D3 to induce the genes required for
differentiation. Our working model for this failure to switch
from DRIP to SRC coactivation is shown inFig. 9. The thrust
of this model is that during normal keratinocyte differentia-
tion, the DRIP complex is replaced by the SRC complex. The
mechanism underlying this switch is unclear, but is under
active investigation in our laboratory. While DRIP can pro-
mote the transcriptional activity of the VDR for some genes,
SRC is required to promote the transcriptional activity of the
VDR for the genes involved in differentiation. In SCC, the
transition from DRIP to SRC does not occur either because
the means to facilitate the transition is defective and/or over-
whelmed by the excess DRIP.
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Fig. 9. Model showing selective utilization of two distinct VDR coactivators of DRIP/Mediator and SRC/p160 in transcriptional activation during keratinocyte
differentiation. Both DRIP/Mediator and SRC/p160 may be involved in Vitamin D regulated transcription of undifferentiated proliferating cells (upper). At
this stage, transcriptional activation may require primarily the linking of the VDR complex to the general transcription machinery including RNA Pol II. With
differentiation DRIP levels fall and SRC/p160 family members take the dominant role in transcriptional control (lower), a transition which we believe to be
essential for the induction of genes required for differentiation. This transition does not occur in SCC as DRIP remains overexpressed, contributing to the failure
of 1,25(OH)2D3 to induce genes required for differentiation.

7. Summary

Keratinocyte proliferation and differentiation are tightly
controlled processes critical for maintenance of the epider-
mal functions of skin. Calcium and 1,25(OH)2D3 participate
in the regulation of these processes. Keratinocytes contain
both CaRs and VDRs and possess the metabolic machinery
to make their own 1,25(OH)2D3. Although most of our infor-
mation on the mechanisms by which such regulation occurs
comes from in vitro studies, the abnormalities in the epider-
mis in animals lacking CaR, VDR, or 1OHase attest to the
importance of calcium and 1,25(OH)2D3 in regulating ker-
atinocyte differentiation in vivo. Calcium and 1,25(OH)2D3
interact in their regulation of keratinocyte differentiation. A
sustained increase in [Ca2+]i is required for differentiation
to occur. Extracellular calcium acutely increases [Ca2+]i via
CaR but exerts a more prolonged effect on [Ca2+]i via activa-
tion and induction of PLC and the opening of various calcium
channels. 1,25(OH)2D3 potentiates these effects by induc-
ing the CaR and PLC family. Through the sustained rise in
[Ca2+]i , genes producing the proteins required for differen-
tiation are induced in a manner potentiated by 1,25(OH)2D3
acting on these genes through their own VDREs. The sequen-
tial turning on and off of genes during the course of dif-
ferentiation can be understood as occurring through three
mechanisms: (1) the loss of the full-length CaR and VDR
w and
1 im-
u RIP

to SRC coactivator binding to the VDR with differentiation
in that the VDRE of genes induced during differentiation
appear to be selective for the VDR–SRC complex. Skin can-
cer develops when these processes go awry. The transformed
cells become resistant to the antiproliferative, prodifferenti-
ating actions of calcium and 1,25(OH)2D3. This is not due
to the loss of the CaR, VDR, or 1OHase in most cases.
Rather, the problem lies distal to these receptors. Clues lie
in the overexpression of PLC-�1, which seems to promote
proliferation rather than differentiation when overexpressed,
and DRIP205, which seems to maintain the proproliferative
actions of 1,25(OH)2D3 while blocking the shift to coac-
tivator complexes (SRC) that mediate its prodifferentiating
actions. Overexpression of ras may also contribute by lead-
ing to the phosphorylation of RXR� and so diminishing the
effectiveness of the VDR–RXR partnership in transcriptional
regulation. Much remains to be understood. Although dietary
Vitamin D appears to have little effect on the development of
skin cancer, 1,25(OH)2D3 and its analogs, perhaps in combi-
nation with other agents including retinoids, may prove useful
in preventing and treating skin cancer.
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