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a b s t r a c t

The active metabolite of vitamin D, 1,25-dihydroxyvitamin D, has been shown to have pro-differentiation
and antiproliferative effects on keratinocytes that are mediated by interactions with its nuclear receptor.
Other cutaneous actions of the vitamin D receptor have been brought to light by the cutaneous phenotype
of humans and mice with non-functional vitamin D receptors. Although mice lacking functional vitamin
D receptors develop a normal first coat of hair, they exhibit impaired cyclic regeneration of hair follicles
that leads to the development of alopecia. Normal hair cycling involves reciprocal interactions between
the dermal papilla and the epidermal keratinocyte. Studies in mice with targeted ablation of the vitamin
D receptor demonstrate that the abnormality in the hair cycle is due to a defect in the keratinocyte
nagen component of the hair follicle. Furthermore, expression of mutant vitamin D receptor transgenes in the
keratinocytes of vitamin D receptor knockout mice demonstrates that the effects of the receptor that
maintain hair follicle homeostasis are ligand-independent. Absence of a functional vitamin D receptor
leads to impaired function of keratinocyte stem cells, both in vivo and in vitro. This is manifested by
impaired cyclic regeneration of the hair follicle, a decrease in bulge keratinocyte stem cells with ageing
and an abnormality in lineage progression of these cells, leading to their preferential differentiation into

sebocytes.

. Introduction

Vitamin D and its receptor have been shown to play an impor-
ant role in epidermal cells [1]. Interest in the effects of the vitamin

endocrine system on the skin is based, in part, on the strik-
ng cutaneous phenotype of humans and animals with vitamin D
eceptor mutations [2–6]. In addition, the skin is the only known
rgan system capable of synthesizing all the components required
or ligand-dependent transactivation by the vitamin D receptor:
itamin D can be synthesized in response to UV radiation, the
nzymes required for 25 hydroxylation and 1 alpha hydroxylation
re expressed in the skin as is the vitamin D receptor [7].

Initial studies directed at identifying the abnormalities respon-
ible for the alopecia observed in humans and mice with mutant
itamin D receptors, focused on epidermal keratinocytes. Ker-
tinocytes isolated from neonatal vitamin D receptor null mice are

esistant to the antiproliferative and pro-differentiation effects of
,25-dihydroxyvitamin D. However, these cells respond in an iden-
ical fashion to wildtype keratinocytes when calcium is used as an
ntiproliferative and pro-differentiation agent [8]. In contrast, in
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vivo studies demonstrate impaired acquisition of markers of ker-
atinocyte differentiation in vitamin D receptor null mice between
birth and 3 weeks of age [9]. These data suggest that the ker-
atinocytes of the vitamin D receptor null mice are normal at birth
but there is an age-dependent impairment in epidermal differenti-
ation that precedes the development of alopecia.

The hair follicle is an organ that is composed of an epidermal and
a dermal component. Hair follicle morphogenesis begins day 14.5
of gestation in the mouse embryo. Reciprocal interactions between
the epidermal placode and the dermal condensate result in invagi-
nation of the epidermis which subsequently develops into a hair
follicle [10]. This morphogenic phase of hair follicle development
continues until 2 weeks postnatally with the formation of a hair
shaft. At this stage of development, the hair follicles of the vita-
min D receptor null mice are indistinguishable from those of their
wildtype littermates. After the morphogenic period, the hair folli-
cle undergoes cyclic regeneration with distinct phases: hair growth
during anagen, apoptosis of the lower part of the hair follicle during
catagen and rest during telogen. During this last phase, the dermal
papilla component of the hair cycle is brought into proximity to
a region of the hair follicle known as the bulge. The bulge, which

develops into a distinct morphological entity the third week of life,
resides below the sebaceous gland, and is thought to contain mul-
tipotent stem cells [11]. Reciprocal communications between the
dermal papilla and the bulge result in initiation of a new anagen
phase of the hair cycle.
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. Alopecia in VDR null mice

The first clinical evidence of the hair defect in the vitamin D
eceptor null mice is observed at approximately 4 weeks of age, the
ime of the first post-morphogenic anagen phase of the hair cycle.
n vivo studies in the vitamin D receptor null mice demonstrated an
nability to respond to an anagen initiating stimulus after the end
f the morphogenic period [8]. These investigations demonstrated
hat the alopecia in the absence of a functional vitamin D receptor
as due to a defect in cyclic regeneration of the hair follicle.

Studies were undertaken to identify whether the vitamin D
eceptor was required in the epidermal component of the hair
ollicle or in the dermal papilla cells. Hair reconstitution assays
emonstrated that vitamin D receptor expression in the dermal
apilla is not essential, but expression in the keratinocytes is [12].
dditional studies in transgenic mice demonstrated that expres-
ion of the vitamin D receptor in the keratinocytes of vitamin D
eceptor null mice was able to restore functional post-morphogenic
air cycles and to prevent the development of alopecia [13]. To dis-
ect the regions of the vitamin D receptor required for these effects,
ice with keratinocyte-specific expression of receptors that abol-

shed ligand binding and nuclear co-activator recruitment were
ngineered. These studies demonstrated that the ability to bind
igand was not required for the vitamin D receptor to promote
yclic regeneration of the hair follicle [14]. Inability to recruit co-
ctivators resulted in a mild phenotype. Thus, these investigations
emonstrated that vitamin D receptor expression in keratinocytes
as essential for post-morphogenic hair cycling and that these

ctions were ligand-independent.

. The VDR and keratinocyte stem cells

The specialized bulge region of the hair follicle represents a
iche of stem cells that are called into play to regenerate the lower
ortion of the hair follicle during anagen, but also give rise to seba-
eous cells and contribute to cutaneous wound repair. Histological
nalyses of the skin of the vitamin D receptor null mice demon-
trated expansion of the lipid-laden sebocyte compartment and
ormation of large lipid-laden dermal cysts with age. This raised
he question as to whether the actions of the vitamin D receptor
ere to maintain the keratinocyte stem cell niche and/or play a

ole in lineage determination of these cells.
Similar to other stem cells, when plated at low density ker-

tinocyte stem cells grow slowly and after 4 weeks in culture on
eeder layers give rise to large colonies [15,16]. While the number
f large colonies formed by cells isolated in the neonatal period
as unaltered by absence of a functional vitamin D receptor, when

ells were isolated from 4-week-old mice, colony formation was
ramatically impaired in the vitamin D receptor null mice. Thus, in
he neonatal period, when the skin is phenotypically normal, colony
ormation by the vitamin D receptor ablated keratinocyte stem cells
s normal. However, by 4 weeks of age, a time at which the ker-
tinocyte stem cells of the vitamin D receptor null mice are unable
o regenerate a hair follicle in vivo, there is dramatic impairment
f colony formation in vitro. Both of these abnormalities are pre-
ented by expression of a keratinocyte-specific vitamin D receptor
ransgene in the vitamin D receptor null background [17].

The keratinocyte stem cells that reside in the bulge of the hair
ollicle express the cell surface markers CD34 and �-6 integrin [18].
mmunohistochemical studies demonstrated that the bulge of the

itamin D receptor null mice exhibited normal immunoreactivity at
weeks of age, however by 9 months of age, a distinct bulge could
o longer be appreciated. This raised the question as to whether
here was a decrease in the number of keratinocyte stem cells with
ge in the vitamin D receptor null mice. Flow cytometric analyses
istry & Molecular Biology 121 (2010) 314–316 315

were performed to quantiate the number of double positive cells. At
1 month of age, the number of cells was not significantly different
in the vitamin D receptor null mice compared to that of their wild-
type littermates. This suggested that there was a defect in lineage
determination of these cells, based on their inability to regenerate
a hair follicle in vivo and to form large colonies in vitro, despite their
apparently normal number. However, by 3.5 months of age, there
was a significant decrease in the number of double labeled cells
in the knockout mice, which was further decreased at 9 months of
age. Consistent with normalization of the phenotype of the vitamin
D receptor null mice with keratinocyte-specific vitamin D receptor
expression, the number of doubly labeled cells in these mice did
not differ from those of wildtype controls [17]. Thus these studies
suggest both a lineage progression defect in the keratinocyte stem
cells of the vitamin D receptor ablated mice, which is evident by 4
weeks of age, as well as a self-renewal defect leading to a decrease
in the number of these cells with age.

The canonical Wnt signaling pathway has been shown to play
a critical role in the development of the hair follicle as well as
in the regulation of postnatal hair cycles [19,20]. Overexpression
of a dominant negative Lef1 transgene in keratinocytes leads to
alopecia accompanied by the presence of large dermal cysts, a phe-
notype reminiscent of that observed in the vitamin D receptor null
mice [21,22]. Investigations were undertaken to evaluate whether
absence of a functional vitamin D receptor altered canonical Wnt
signaling. While co-transfection of a vitamin D receptor expres-
sion vector, along with �-catenin and Lef1, into COS-7 cells, did
not alter the expression of a Wnt reporter, the cooperative interac-
tions of �-catenin and Lef1, which were observed in reporter gene
assays in wildtype keratinocytes, were absent in keratinocytes lack-
ing the vitamin D receptor [17]. Thus these investigations suggest
that the vitamin D receptor is critical for optimal Wnt signaling in
keratinocytes and that absence of this effect may contribute to the
keratinocyte stem cell defect observed.

The defined role of the canonical Wnt signaling pathway in the
development of the hair follicle and the lack of requirement for the
vitamin D receptor during this phase, raise interesting questions as
to what additional co-factors or pathways interact with the vitamin
D receptor. Mice with keratinocyte-specific ablation of RXR-�, the
major RXR isoform in the skin, develop alopecia [23,24], as do mice
lacking the nuclear receptor co-repressor hairless [25], the latter of
which has been shown to interact with the canonical Wnt signal-
ing pathway [26]. Thus, elucidation of the molecular partners and
downstream targets of the unliganded vitamin D receptor in the
bulge stem cell is likely to reveal novel roles and mechanisms of
action of this nuclear receptor.
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