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Abstract

Identification of vitamin D as a potent anti-rachitic factor almost a century ago, prompted
investigations aimed at addressing its mechanism of action and key target tissues. Studiesin
vitamin D deficiency models and in kindreds with impaired hormone activation and function were
critical in identifying key stepsin the vitamin D signaling pathway. Studies in humans with
vitamin D receptor mutations provided a tremendous amount of information regarding the role of
this receptor in calcium and skeletal homeostasis. The availability of mouse models of vitamin D
receptor ablation provided an important tool for detailed molecular analyses of the
pathophysiologic basis for the skeletal, parathyroid and cutaneous phenotypes observed in mice
and humans with impaired vitamin D receptor function. These investigations revealed that a
critical action of the liganded receptor is the promotion of intestinal calcium absorption.
Bypassing this defect by dietary or transgenic rescue prevents the severe skeletal phenotype of the
vitamin D receptor ablated mice, as well as the development of hyperparathyroidism. In contrast,
intestine specific ablation of the receptor resultsin marked skeletal pathology. Like their human
counterparts, vitamin D receptor knockout mice develop alopecia. Studiesin these mice
demonstrated that the actions of the vitamin D receptor required for cyclical regeneration of the
hair follicle and prevention of alopecia were shown independent of 1,25-dihydroxyvitamin D
demonstrating that the unliganded receptor has an important role in the cutaneous homeostasis.
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Like humans affected by Vitamin D receptor (VDR) mutations, mice with targeted ablation
of the VDR areindistinguishable from their normal littermates at birth[1-4]. Abnormalities
in growth and mineral ion homeostasis are not observed until the third week of life[2],
consistent with the observation that intestinal calcium absorption islargely vitamin D
independent in rodents until this age[5]. The critical role of the VDR and itsligand in
intestinal calcium absorption at later stages of development was confirmed by studiesin 10
week old VDR knockout mice, which demonstrated a dramatic decrease in duodenal
calcium absorption[3]. This was associated with impaired expression of TRPV5 and
TRPV6, the calcium channels that are thought to regulate calcium entry into the enterocyte,
aswell as suppressed levels of MRNA encoding Calbindin D9K, a 1,25-dihydroxyvitamin D
inducible gene whose expression correlates with active intestinal calcium transport.
Interestingly, ablation of both TRPV6 and Calbindin DK leads to mild
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hyperparathyroidism, but normal serum calcium and persistent active transport of calciumin
the intestine, suggesting that additional genes play a significant role in active intestinal
transport of calcium [6]. Correlating with the presence of increased renal calcium clearance,
calbindin D9K mRNA levels are also decreased in the kidneys of the VDR null mice,
although levels of TRPV5 and TRPV6 are not altered.

Secondary hyperparathyroidism in the VDR null mice is seen by 21 days of age[2] and
initially, PTH-mediated bone resorption is able to maintain normocalcemiain the presence
of impaired intestinal calcium absorption. However, after approximately 4 weeks of age,
calcium levelsin the VDR null mice decline and stabilize at levels approximately 30%
lower than those of their heterozygous and wildtype littermates. This secondary
hyperparathyroidism results in hypophosphatemia due to increased renal phosphate |osses
and is accompanied by growth retardation, which persists throughout life[2]. Analyses of the
skeletal phenotype of the VDR null mice demonstrate progressive expansion of the growth
plate within 3 days of development of hypophosphatemia (Figure 1). Histologically, the
reserve and proliferative chondrocyte layers of the growth plate are not significantly
different from those of wildtype mice; however, there is a dramatic increase in the length of
the hypertrophic chondrocyte layer of the growth plate, secondary to impaired apoptosis of
these cellg[7]. Analyses of the molecular basis for this impaired apoptosis demonstrate that
phosphate activates the mitochondrial apoptotic pathway in hypertrophic, but not
proliferative chondrocytes, and that this processis impaired by hypophosphatemia[8]. Thus,
the receptor-dependent actions of 1,25-dihydroxyvitamin D in chondrocytes are not required
for normal growth plate maturation. However, investigations in mice with chondrocyte-
specific ablation of the VDR demonstrate delayed vascular invasion associated with a
reduction in VEGF mRNA levels as well as a decrease in FGF23 expression by osteoblasts,
leading to increased circulating phosphate and 1,25-dihydroxyvitamin D level§[9]. In an
anal ogous fashion, chondrocyte-specific ablation of Cyp27bl led to an increase in the
hypertrophic chondrocyte layer of embryonic bones, decreased RANKL expression,
impaired osteoclastogenesis and decreased VEGF expression in the neonatal growth plate
[10], demonstrating arole for the VDR and itsligand in skeletal development. The receptor-
dependent actions of 1,25-dihydroxyvitamin D also play acritical role in preserving normal
growth plate morphology in the hypophosphatemic Npt2a knockout mice [11],
demonstrating that, while the vitamin D signaling pathway is not essential for normal
growth plate maturation, it can compensate for the effects of hypophosphatemiain this
setting.

In addition to arachitic growth plate, VDR null mice also develop osteomalacia(Figure 1).
Thisis manifested by a 30 fold increase in osteoid volume at 70 days of age in the VDR null
mice, relative to that of their wildtype littermateg[12]. Thisincrease in osteoid is largely
responsible for the increase in trabecular bone volume and trabecular thickness observed in
the VDR null mice. It also leads to the reduced stiffness of the bones observed on
biomechanical testing, and decreased strength[12]. Osteoblast numbers are increased,
presumably due to the marked increase in circulating parathyroid hormone. Despite these
high parathyroid hormone levels, osteaclast number is not significantly increased,
suggesting that absence of afunctional VDR leads to impaired osteoclast differentiation.
However, osteoclast-spleen co-cultures using cells isolated from VDR null and wildtype
mice demonstrate that, in the absence of the VDR, parathyroid hormone can promote
osteoclastogenesis, likely reflecting the redundant actions of these two hormones on
induction of RANK ligand expression[13]. Thus, the inappropriately normal number of
osteoclasts observed in the absence of afunctional VDR presumably reflects the inability of
these cells to bind to and resorb unmineralized matrix, rather than a defect in osteoclast
differentiation. Interestingly, intestine-specific ablation of the VDR leads to normal calcium
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levels, but enhanced osteoclastogenesis, and high levels of 1,25-dihydroxyvitamin D that
lead to osteopenia and impaired matrix mineralization [14].

The absence of afunctional VDR aso leads to dental pathology. VDR knockout mice have
both enamel and dentin abnormalities, associated with dental root resorption. Whereas the
latter phenotype is reversed by maintaining normal mineral ion levels, enamel and dentin
integrity is only partially restored[15].

Investigations in humans with VDR mutations have demonstrated that intravenous calcium
infusions, which bypass the defect in intestinal calcium absorption, profoundly ameliorate
their skeletal phenotype[16]. Similarly, institution of a calcium and phosphate rich diet,
supplemented with lactose (which promotes intestinal cal cium absorption in rodents)
prevents the devel opment of abnormal mineral ion homeostasisin the VDR null mice[17] as
does transgenic overexpression of the VDR in theintestine of VDR null mice[18,19]. These
observations demonstrate that V DR-dependent intestinal calcium absorption is the major
physiological action by which the VDR contributes to normal mineral ion homeostasis. They
also provided a mouse model in which to identify which physiological consequences of
impaired vitamin D action are areflection of impaired mineral ion homeostasis, impaired
ligand-dependent actions of the VDR, and impaired ligand-independent effects.

VDR null mice weaned onto this calcium and phosphate rich diet by day 18 of life do not
develop hyperparathyroidism[17]. Unlike the VDR null mice with abnormal mineral ion
homeostasis that exhibit an increase in parathyroid cell proliferation accompanied by a 10
fold increase in parathyroid glandular volume and a 16 fold increase in circulating
parathyroid hormone levels by 70 days of age, the parathyroid glands of the VDR null mice
with normal mineral ion homeostasis are indistinguishable from those of their wildtype and
heterozygous littermates. This suggests that parathyroid cellular proliferation is
predominantly influenced by calcium and that, in the presence of normal circulating calcium
levels, therole of the VDR in parathyroid homeostasisis redundant. Thisis supported by the
phenotype of mice with parathyroid-specific ablation of the VDR. These mice do not
demonstrate an increase in parathyroid cellular proliferation, but do exhibit a decrease in
expression of the parathyroid calcium sensor, resulting in amild increase in circulating PTH
levels despite normocalcemia[20]. Similar to normalization of parathyroid functionin
normocal cemic VDR null mice, the skeletal consequences of VDR ablation are prevented by
maintaining normal mineral ion homeostasis: ricketsis not observed, nor is osteomal acia
The bones of the VDR null mice with normal mineral ion homeostasis are histologically,
histomorphometrically and biomechanically indistinguishable from those of their wildtype
littermates[12], demonstrating that the physiological actions of the VDR on the skeleton are
largely indirect, and primarily reflect its critical rolein intestinal calcium absorption.

The VDR null mice have been shown to have higher blood pressure than wildtype mice.
Thisis associated with an increase in renin mMRNA and plasma angiotensin |1 level§[21].
While saline suppression decreased renin mRNA levelsin the VDR null mice, levels
remained high compared to wildtype mice subjected to similar salt loading. Thus, the renin-
angiotensin system retains its responsiveness to salt in the absence of afunctional VDR;
however, the VDR null mice exhibit an increase in basal renin activity. Consistent with the
ligand-dependence of the effects of the VDR in regulating the renin-angiotensin system, a
50% increase in renin MRNA levels was observed in vitamin D deficient wildtype mice. In
vitro studies were able to identify regulatory regionsin the renin gene that mediate
transcriptional repression in response to 1,25-dihydroxyvitamin D[21].

Independently of the abnormalities in the renin-angiotensin system, the VDR playsarolein
regulation of cardiac function. Mice with cardiomyocyte-specific deletion of the VDR
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exhibit left ventricular hypertrophy and a reduction in end-diastolic and end-systolic
volume. Molecular investigations suggest that cardiac hypertrophy in the VDR null mice
results from impaired ligand-dependent inhibition of the pro-hypertrophic calcineurin/
NFATCc1 pathway[22]. In contrast, vitamin D receptor ablation resulted in small and
variably sized skeletal muscle fibers. Thiswas accompanied by persistent expression of
early myogenic markers, although overall myocyte differentiation was found to be normal
[23].

While many epidemiological studies suggest an inverse correlation between vitamin D status
and malignancies in humans, no spontaneous tumors are observed in the VDR null mice.
However, these mice do exhibit hyperproliferation of colonic cells [24] as well asincreased
breast[25] and skin[26] cancer in response to chemical carcinogens. Analyses of mammary
gland maturation demonstrate an increased number of secondary branch points and terminal
end buds, aswell as an increased proliferative response to estrogen and progesterone[27]. In
vitro studies demonstrating suppression of sex steroid induced branching by 1,25-
dihydroxyvitamin D suggest that the ligand-dependent effects of the VDR serve to attenuate
mammary gland proliferation and branching.

The effect of VDR ablation on immune function has been extensively investigated.
Although defectsin T cell and macrophage function were observed, these were reversed by
maintaining normocalcemiain the VDR null mice, suggesting that these abnormalities were
secondary to impaired mineral ion homeostasi§[28]. However, normocalcemic VDR null
mice have decreased |FN production by T helper cells, thought to be secondary to impaired
macrophage production of 1L-18[29]. VDR null mice exhibit enhanced sensitivity to
induction of inflammatory bowel disease[30], but are less susceptible to experimental
autoimmune encephalomyelitig31] and airway inflammation[32], suggesting that the VDR
does modulate immune function, but its effects vary depending on the model and perhaps
the underlying genetic background of the mice being studied.

Similar to some human kindreds affected by VDR mutations[33], mice lacking functional
VDRs develop alopecia[2] (Figure 2). Thefirst coat of hair develops normally, however,
after the morphogenic period, which ends day 14 of postnatal lifein mice, the VDR null
mice are unable to establish new hair follicles, resulting in progressive hair losg[34].
Histologically, the skin of the VDR null mice demonstrates expansion of the sebocyte
component, the presence of lipid laden dermal cysts and patulous hair follicle remnants
(Figure 3). Unlike the skeletal and parathyroid abnormalities observed in the VDR null
mice, the cutaneous phenotype is not prevented by maintaining normal mineral ion levels
and is particularly intriguing since it is not observed in vitamin D deficiency nor isit seenin
mice or humans lacking Cyp27B1, the enzyme responsible for conversion of 25-
hydroxyvitamin D to its active metabolite, 1,25-dihydroxyvitamin D[35]. This suggested
that the VDR was required to maintain normal hair, and that its actionsin the hair follicle do
not require 1,25-dihydroxyvitamin D.

In mice, hair follicles begin to form day 14 of embryonic development, v/ainteractions
between the epidermal placode and underlying mesodermal condensate. Reciprocal
signaling between these two compartments results in the formation of a mature hair follicle,
with the epidermal component giving rise to the keratinocyte component of the hair follicle,
and the mesodermal condensation giving rise to the dermal papilla. Postnatally, the hair
follicle goes through periods of growth (anagen), regression (catagen) and rest (telogen)

[36]. During this latter phase of the hair cycle, the dermal papillais approximated to the
bulge region of the hair follicle which contains keratinocyte stem cells. Thisis thought to
permit reciprocal signaling between these two cell compartments that result in induction of a
new anagen phase of the hair cycle, during which anew hair shaft is formed.
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Investigations aimed at defining the pathophysiologic basis for the alopecia observed in the
VDR null mice demonstrated that, after d 14 of life which marks the end of the morphogenic
period, the VDR null mice are unable to initiate new hair cycles[34]. Hair reconstitution
assays, in which neonatal keratinocytes and dermal papilla cells of differing genotypes are
implanted into a nude mouse host, demonstrated that expression of the VDR in the dermal
papilla component was not required for postmorphogenic hair cycling, whereas expression
in keratinocytes was critical[37]. This was further confirmed by investigations
demonstrating that targeting VDR expression to the keratinocytes of VDR null mice
corrected the hair cycle defect, regardless of mineral ion status[38]. These observations led
to investigations aimed at identifying the regions of the VDR required for the maintenance
of post-morphogenic hair cycles. Investigationsin VDR null mice with targeted ablation of
the first zinc finger of the DNA binding domain reveal a surrogate initiator methionine,
resulting in the expression of a VDR protein lacking the AF1 domain and the first zinc
finger[1]. These mice are a phenocopy of mice that do not express any VDR protein,
demonstrating that this amino terminal region of the VDR plays a critical role in post-
morphogenic hair cycles. Keratinocyte-specific expression of a VDR with a mutation that
prevents ligand binding and ligand-dependent transactivation also prevents the hair cycle
defect, confirming that the actions of the VDR that regulate the post-morphogenic hair cycle
are ligand independent[39].

These observations were particularly intruiging, given the results of studies in keratinocytes
isolated from VDR null mice. 1,25-dihydroxyvitamin D treatment of wildtype keratinocytes
had been shown to attenuate keratinocyte proliferation and to promote keratinocyte
differentiation[40]. Its actions in this respect were redundant with those of calcium. In vitro
studies demonstrated that, while 1,25-dihydroxyvitamin D could not exert a pro-
differentiation and anti-proliferative effect in VDR null keratinocytes, the effects of calcium
were indistinguishable from those observed in wildtype keratinocytes 34]. Furthermore, in
vivo studies revea ed a defect in keratinocyte differentiation in the skin of VDR null mice
that was normalized by maintenance of normal mineral ion homeostasig[41]. These
observations, which were at odds with the observation that normal mineral ion levels could
not prevent alopeciain the VDR null mice, suggested that the VDR acted in a unique
population of keratinocytes to maintain normal post-morphogenic hair cycling.

The keratinocytes that reside in the bulge region of the hair follicle contain a population of
keratinocyte stem cells that are responsible for regeneration of the hair follicle during
postmorphogenic hair cycles and can contribute to the sebocytes of the sebaceous gland.
While this bulge niche forms normally in the absence of the VDR, by 9 months of age, it is
no longer apparent in the VDR null mice[42]. Like other stem cells, when plated in culture
at low density, keratinocyte stem cells give rise to large colonies (CFUs). While cells
isolated from the morphogenic period form large colonies regardless of VDR status, cells
isolated from 4 week old VDR null mice do not. This abnormality in colony formation is
rescued by targeting expression of the VDR to the keratinocytes of VDR null mice,
demonstrating that CFU formation is VDR dependent[42].

Bulge keratinocyte stem cells can be isolated by flow cytometry using the cell surface
markers CD34 and alpha 6-integrin. These investigations demonstrated a normal number of
keratinocyte stem cellsin 4 week old VDR null mice, but revealed a progressive decline
with ageing, a phenotype that was prevented by the keratinocyte-specific VDR transgene,
suggesting a self-renewal defect in keratinocyte stem cells. In addition, the observation that
keratinocyte stem cell number is normal at 4 weeks of age, yet these cells are unable to
recongtitute a hair follicle /n vivoor to form colonies /n vitro, suggest alineage progression
defect aswell.
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While the molecular partners that interact with the unliganded VDR to promote keratinocyte
stem cell lineage progression and self renewal have yet to be identified, alopeciaisaso a
feature of mouse models in which transcriptional co-factors that associate with the VDR
have been deleted. Mutation of the Hairless gene in mice and humans leads to alopecia
associated with sebaceous cysts, similar to those observed in VDR null mice[43,44].
Impaired canonical Wnt signaling leads to defectsin hair follicle morphogenesis and
cycling[45]. Ablation of RXR-alphain keratinocytes leads to a phenotype more severe than
that observed with ablation of the VDR, suggesting that its interactions with other nuclear
receptors in keratinocytes contribute to cutaneous homeostasis[46]. I nterestingly, the
interaction of the VDR with modulators of these pathways involves sequences outside the
activation factor (AF1 and AF2) domains that bind classic nuclear receptor co-modulators.
Thus identification of the molecular partners of the VDR that are required to maintain
normal keratinocyte stem cell function are likely to reveal novel functions of this nuclear
receptor.
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Fig. 1.

Skeletal phenotype of VDR null mice at 35 days of age. Radiographs of the tibia and fibula
of Wildtype (A) and VDR null mice (B) are shown. Arrow heads point to the cortical bone,
which is undermineralized, thus thinner in the VDR null mouse. Arrow points to the
expanded, radiolucent growth plate, classic for rickets. VVon kossa staining demonstrates a
decrease in mineral in the cortical and trabecular bone of the VDR null mouse (D), relative
to its wildtype littermate, as well as expansion of the growth plate. Modified from [2].
Copyright 1997, National Academy of Sciences, U.S.A.
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Fig. 2.

Alopeciaand growth retardation in Vitamin D receptor null mice. Appearance of wildtype
(Ieft), heterozygous (middle) and homozygous (right) vitamin D receptor knockout
littermates at 3.5 months of age. Reproduced from [2]. Copyright 1997, National Academy
of Sciences, U.SA.

Calcif Tissue Int. Author manuscript; available in PMC 2014 February 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Demay Page 12

Fig. 3.

Skin phenotype of VDR-null mice. Skin from 8-month-old VDR-null mice (B) demonstrates
lipid-laden dermal cysts (arrowheads) and an increase in sebaceous activity (arrows),
relative to that seen in wildtype mice (A). Sections were stained for lipid with oil-red-O and
counterstained with hematoxylin. Modified from [42]. Copyright 2007, National Academy
of Sciences, U.SA.
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