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Abstract

Context—Hereditary vitamin D resistant rickets (HVDRR), also known as vitamin D-dependent
rickets type 11, is an autosomal recessive disorder characterized by the early onset of rickets with
hypocalcemia, secondary hyperparathyroidism and hypophosphatemia and is caused by mutations
in the vitamin D receptor (VDR) gene. The human gene encoding the VDR is located on
chromosome 12 and comprises eight coding exons and seven introns.

Objectives, Patients, and Methods—We analyzed the VDR gene of 5 previously unreported
patients, two from Singapore and one each from Macedonia (former Yugoslav Republic), Saudi
Arabia and Turkey. Each patient had clinical and radiographic features of rickets, hypocalcemia,
and the 4 cases that had the measurement showed elevated serum concentrations of 1,25-
dihydroxyvitamin D (1,25(0OH),D). Mutations were re-created in the WT VDR cDNA and
examined for 1,25(0OH),D3-mediated transactivation in COS-7 monkey kidney cells.

Results—Direct sequencing identified four novel mutations and two previously described
mutations in the VDR gene. The novel mutations included a missense mutation in exon 3 causing
the amino acid change C60W; a missense mutation in exon 4 causing the amino acid change
D144N; a missense mutation in exon 7 causing the amino acid change N276Y; and a 2 bp deletion
in exon 3 5’-splice site (IVS3A+4-5) leading to a premature stop.

Conclusions—These 4 unique mutations add to the previous 45 mutations identified in the VDR
gene in patients with HVDRR.
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INTRODUCTION

The biological actions of 1,25-dihydroxyvitamin D3 [1,25(OH),D3] including regulation of
calcium homeostasis, cellular differentiation, and immune function, are mediated by the
vitamin D receptor (VDR) a member of the steroid/nuclear receptor superfamily of ligand
activated transcription factors [1, 2]. Inherited or spontaneous mutations in the VDR gene
cause hereditary vitamin D resistant rickets (HVDRR), also known as vitamin D dependent
rickets type 11 (VDDR II) [3-5]. Patients with HVDRR exhibit a constellation of features
including early onset rickets, hypocalcemia, secondary hyperparathyroidism and
hypophosphatemia. Some HVDRR patients also have total body alopecia [6]. Patient’s with
HVDRR have significantly elevated serum levels of 1,25(0OH),D (written without the
subscript when it connotes D3 and/or D,). Elevated 1,25(0OH),D distinguishes HVDRR from
patients with 1a-hydroxylase deficiency, also known as vitamin D dependent rickets type |
(VDDR I). 1a-Hydroxylase deficiency is caused by mutations in the CYP27B1 gene that
have absent to low serum levels of 1,25(0OH),D [7]. Several types of heterogeneous genetic
abnormalities have been found in the VDR gene mainly missense mutations, nonsense
mutations and splicing mutations [3]. Mutations in the DNA binding domain (DBD) of the
VDR interfere with VDR-DNA interactions but not ligand-binding and result in loss of VDR
function and are usually associated with alopecia [8-12]. Mutations in the VDR ligand
binding domain (LBD) variously alter the ligand binding affinity, affect heterodimerization
with RXR, or inhibit coactivator interactions. These LBD mutations may result in partial or
total hormone unresponsiveness and may or may not have alopecia [13-17]. In this report,
we identify several novel mutations in the VDR in five patients with HVDRR and
summarize the reported mutations in this disease.

MATERIALS AND METHODS

Informed consent

Informed consents were obtained by the local physicians from the patients and parents for
minors under a Stanford University IRB approved protocol.

Cell culture

Dermal skin fibroblasts from patient 2 and normal control fibroblasts were grown in DMEM
containing 4.5 g glucose, 10 mM sodium pyruvate and 10% fetal bovine serum (FBS) at
37°C in an atmosphere of 5% CO2/95% air.

Gene amplification and DNA sequencing

Exons 2-9 of the VDR gene from the patient’s and parent’s DNA were amplified by PCR
and directly sequenced at the Stanford Protein and Nucleic Acid core lab.

Site-Directed Mutagenesis

Site-directed mutagenesis of the WT VDR cDNA in pSG5 was performed using
QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies, La Jolla, CA). Clones
were sequenced to confirm the presence of the mutation.

Real-time RT-PCR

Fibroblasts from patient 2 and a normal control were treated for 24 hr with vehicle (0.1%
ethanol) or 0.1 to 1000 nM 1,25(OH),D3. RNA was isolated using RNeasy Plus Mini Kit
(Qiagen, Valencia, CA). cDNA was prepared using Maxima Universal First Strand cDNA
Synthesis kit (Fisher Scientific, Pittsburg, PA). Real time PCR was performed using the
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DyNAmo ColorFlash gPCR kit (Fisher Scientific). Relative changes in mRNA expression
were assessed by the 2-AAC(T) method and normalized to that of the reference gene
glyceraldehyde phosphate dehydrogenase (GAPDH). Assays were performed in triplicate.
The primers used were CYP24A1 (forward) 5’-GGCTCTTTGTTGGATTGTCC, CYP24Al
(reverse) 5’-AAACCAGCAGTGAACCCTGT and GAPDH (forward) 5’-
GAAGGTGAAGGTCGGAGTCA, GAPDH (reverse) 5'-GATCTCGCTCCTGGAAGATG.

Transactivation Assays and Immunoblotting

RESULTS

Transactivation assays and immunoblotting were performed as previously described [18].
Luciferase activities were determined using the Dual Luciferase Assay (Promega) and a
Turner Design luminometer (Turner Design, Sunnyvale, CA). Samples from the
transactivation assays were denatured in LDS-sample buffer for 10 min at 70°C and
electrophoresed on 10% NuPAGE gels in MOPSSDS running buffer (Invitrogen). Proteins
were transferred to nitrocellulose and incubated with a mouse anti- VDR monoclonal
antibody (D-6, Santa Cruz Biotechnology, Santa Cruz, CA).

Case Reports

Initial lab data and uniform common normal ranges for all 5 subjects are shown in Table 1
where the values are all converted to similar units. In the case reports individual lab tests and
the normal ranges are mentioned in parentheses for the different hospitals.

Patient 1 is a Saudi Arabian boy. His parents originate from the same tribe indicating likely
consanguinity even though they are not close relatives. This is their second born child. His
older brother died at the age of 22 months with severe rickets and recurrent pneumonias that
resulted in respiratory failure. The patient was diagnosed with rickets at the age of 11
months and was given calcium and vitamin D supplementation. He did not respond to this
treatment and was referred to King Faisal Specialist Hospital and Research Centre-Jeddah at
the age of 18 months. At that time, he had severe respiratory distress, very poor muscle
power (unable to sit, poor head support), and significant signs of rickets without alopecia.
His initial evaluation lab tests are shown in Table 1 and revealed an ionized calcium level of
1.27 mmol/L (1.60-2.10), and a phosphate level of 0.92 mmol/L (1.36-2.26). Alkaline
phosphatase was 1541 1U/L (120-300) and PTH levels were 507 ng/L (15-65). 25-
hydroxyvitamin D [25(OH)D] level was 15.6 ng/mL (9-47) and 1,25(0OH),D level was 912
pg/mL (15-60). The elevated 1,25(0OH),D concentration in the face of hypocalcemia and
rickets suggested target organ resistance to 1,25(0OH),D and indicated the likely diagnosis of
HVDRR. Despite treatment with high doses of alfacalcidiol and oral calcium, he continued
to develop recurrent pneumonias that required admission to the intensive care unit where he
initially failed to show clinical improvement. He was therefore started on high dose
intravenous (1V) calcium infusion therapy. Within a few weeks, there was marked
improvement in his clinical, biochemical, and radiological status. By 4 years of age, he had
normal growth and motor development and he continued on treatment with intermittent high
dose IV calcium infusions and high dose oral calcium in between periods of IV infusion.

Patient 2 is a young boy from Macedonia (former Yugoslav Republic). The child was born
in April 1999 after an uneventful pregnancy. There was no known consanguinity between
the parents. In May 2001 he was investigated because of florid rickets, which ensued despite
regular oral vitamin D prophylaxis (1000 1U/day). He had rachitic rosary, deformed thorax
with Harrison’ groove and gibus of the spine. He exhibited severe motor retardation and
could not walk. He also had severe hypotonia and a very low serum creatinine (8 micromol/
L). There was no alopecia. There were no clinical and laboratory data indicating
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malabsorption syndrome. His renal function was normal. The laboratory data and the
clinical course with a clinical response to extremely high doses of calcitriol favored a
diagnosis of HVDRR. The pretreatment laboratory investigation shown in part in Table 1
revealed: total Ca 1.79, Pi 0.86, Mg 0.7 (all mmol/L), alkaline phosphatase 1506 IU/L.
There was generalized hyperaminoaciduria and iPTH was very elevated at 578 pg/ml (11—
62). Vitamin D metabolites were as follows: 25(0OH)D3 10.3 ng/ml (9-49) and 1,25(0OH),D
372 pg/ml (17-53). These pretreatment results raised the suspicion for HVDRR and led to
treatment with high doses of activated vitamin D. The treatment was started with low doses
of calcitriol (0.25 pg/day) and gradually increased at weekly intervals. There was no clinical
and laboratory improvement, until a dose of 20 pg/day was reached. At the 6 month mark
after diagnosis the serum biochemistry was as follows: Ca 2.35 mmol/I, Mg 0.9 mmol/l, Pi
1.42 mmol/l, alkaline phosphatase 518 IU/L, An ultrasound scan of the kidneys was normal
without nephrocalcinosis. After reaching the calcitriol dose of 20 pg/day there was a
significant clinical improvement; the boy could now walk without assistance, there was a
gain of muscle mass and improved muscle strength; his appetite improved and he was more
active. His height of 82 cm was still under the 3rd percentile. More recently, his Ca and Pi
reached the normal range, alkaline phosphatase significantly decreased from the
pretreatment value (>1500 1U/L) and serum creatinine increased to rormal. For the first time
calcium appeared in the urine 0.59 mmol/I (otherwise it was not detected by the current
assay <0.12 mmol/l). After another 2-3 months of therapy the boy appeared clinically well,
his biochemistries were stable and his alkaline phosphatase further decreased to 2841U/L.

Patient 3 is a boy of Chinese descent. He is the third child of non-consanguineous parents.
His 2 sisters are unaffected. He was born full term with a birth weight of 2.45 kg. There was
mild motor delay, and he walked at the age of 17 months. He presented at the age of 2 years
3 months with signs of rickets. On examination, his height measured 79.0 cm (<3'd
percentile) and his head circumference was 48.5 cm (50t percentile). He had mild frontal
bossing with flaring of the wrists and ankles. He also had genu valgum, as well as a mild
waddling gait. There was no rachitic rosary and he did not have alopecia. His anterior
fontanelle was closed. Investigations confirmed the diagnosis of rickets, with hypocalcemia:
with a low total serum calcium of 1.85 mmol/L (2.15-2.55), low serum ionized calcium of
0.85 mmol/L (1.15-1.35), low serum phosphate of 0.78 mmol/L (0.85-1.45) and markedly
elevated serum alkaline phosphatase of 1057 1U/L (40-130). The serum intact PTH was
elevated at 434 pg/ml (13-76). The renal and liver function tests were normal. The 25(0OH)D
was normal at 15.7 ng/mL (10.1-40.3), but the 1,25(0OH),D concentration was markedly
elevated at 320 pg/ml (22-67), which indicated the likely diagnosis of HVDRR.

He was treated with supraphysiological doses of calcium (maximum dose required was
elemental calcium 184 mg/kg/day) and alfacalcidiol drops (maximum dose required was 6
pg/day). There was progressive improvement in his muscle strength associated with a
reduction in the serum alkaline phosphatase levels. He required insertion of a metal plate
over his tibia to stabilize his progressive genu valgum, but the plate was successfully
removed 2 years later as his biochemical profile normalized. His urinary calcium creatinine
ratio remained normal during the treatment period and renal ultrasound showed no
nephrocalcinosis. He is currently 9 years old with no clinical signs of rickets. His muscle
strength is normal and he is able to participate in all physical activities. He remains on
calcium and calcitriol and the latest biochemical profile and bone mineral density results are
within the normal for his age.

Patient 4 is a girl of Indian descent and the only child of a consanguineous marriage in
which her grandparents and great-grandparents were siblings. She was born prematurely at 8
months gestation, of a lower segment cesarean section for a breech presentation and her
birth weight was 2.5 kg. She required mechanical ventilation for respiratory distress
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syndrome and she stayed in hospital for 2 weeks. From 2 months of life, she gradually lost
all her relatively sparse hair and developed alopecia totalis. Shortly after she started weight
bearing, she developed progressive bilateral genu valgus deformity. She started walking
after 18 months and from 2 years of age, her wrists and ankles became progressively more
swollen and deformed. She started running only at the age of 3 years and began hopping and
jumping only at 4 years 8 months. However, she continued to experience pain in her legs on
walking long distances. Her dentition was delayed and only started appearing at 1 year. She
first presented to the pediatric endocrine clinic at the National University Hospital,
Singapore, at 4 years 8 months with severe short stature, associated with clinical features of
rickets and alopecia totalis.

On initial clinical examination, her height was 89.3 cm (<3'd percentile, -5SD), her weight
was 11.3 kg (<3'd percentile) and her head circumference was 46.3 cm (<3' percentile). Her
upper to lower segment ratio was 1.2, which was increased, indicating shortening of her
lower limbs. Her BP was 115/70 mm Hg and she had alopecia totalis, with no scalp or limb
hair and no eyebrows or eyelashes. She also had lumbar lordosis with very prominent
metaphyses at both wrists, lower femoral, upper tibial regions and ankles. She had marked
severe genu valgus deformity (worse on the left), with the distance between the medial
malleoli of 13.0 cm associated with bilateral pes planus.

Initial investigations confirmed the diagnosis of rickets, based on mild hypocalcemia with a
total serum calcium of 2.01 mmol/L (2.15-2.55), serum ionized calcium of 1.11 mmol/L
(1.15-1.35), low serum phosphate of 0.63 mmol/L (0.85-1.45) and markedly elevated serum
alkaline phosphatase of 2150 1U/L (40-130). The serum intact PTH was markedly and
appropriately elevated at 301 pg/ml (10-65). The renal, liver and thyroid function tests were
normal. A skeletal survey demonstrated generalized osteopenia with symmetrical deformed,
cupped and flared metaphyses present and deformities of the epiphyses. An X-ray left hand
for bone age was 3 years at a chronological age of 4 years 8 months. The 25(0H)D was 19
ng/mL and 1,25(0OH),D concentration was markedly elevated at 190 pg/ml (15-60), which
suggested the diagnosis of HVDRR.

She was initially commenced on supraphysiological doses of calcium (elemental calcium
160 mg/kg/day) and alfacalcidiol (9 pg/day), which were subsequently titrated to maintain
normal serum calcium levels, with a progressive reduction in the serum alkaline phosphatase
levels. Concomitantly, the genu valgus deformity improved significantly, with resolution of
the metaphyseal flaring of the wrists and ankles. However, she developed mild
nephrocalcinosis with tiny echogenic foci in the medullary regions of both kidneys. Her
urinary calcium creatinine ratio has remained normal. Over the next 12 years, she has been
regularly followedup as an outpatient. At 17 years 6 months, her height was 142.1 cm (<3
percentile) and her weight was 51.3 kg (50t-75t™ percentile). She had alopecia, with no
eyebrows, but used a custom-made wig. Her right leg was 3.0 cm longer than her left leg,
but there was no genu valgus deformity. She had low normal serum total calcium of 2.16
mmol/L (2.15-2.55) with a low normal ionized calcium of 1.17 mmol/L (1.15-1.35). The
serum alkaline phosphatase was 236 1U/L (40-130).

Patient 5 is a 6 4/12 year-old Turkish boy from Northwestern Turkey who was referred to
the pediatric endocrinology unit of Trakya University Faculty of Medicine for severe
deformities of both the legs and alopecia. He was the fifth child of consanguineous parents,
born at 38 weeks of gestation after an uneventful pregnancy (birth weight 2.75 kg). He had
progressive loss of hair from the scalp, eyebrows and eyelashes in the first few months of
life. He had received prophylactic vitamin D supplementation from 1 month to 6 months of
life followed by calcium supplementation upon development of a seizure-like event caused
by hypocalcemia, however, no further investigation was carried out. At 9 months of age,
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seizure-like events recurred, and he was hospitalized for evaluation. He presented with
classical rickets with alopecia and was diagnosed as HVDRR and treated with intravenous
calcium in addition to high dose calcitriol for 2 months. He was lost to follow-up after
discharge, and he was not given his treatment regularly. He was readmitted for bowing of
the legs at 2 years of age. Tooth eruption started at the normal age, however he developed
caries and underwent tooth extraction. An elder brother had similar findings and died at the
age of eight years due to pneumonia. His parents and elder sister were normal. On admission
his height and weight were 94 cm and 13.9 kg, respectively (both <3rd percentile). He had
total alopecia with no eyebrow or eyelashes. He had severe genu valgum deformity
bilaterally, as well as widening of the wrist and ankles. Features of hypocalcemia
(Chvostek’s sign and carpopedal spasm) were negative. Investigations revealed a serum total
calcium of 6.2 mg/dl (8.6-10 mg/dl), inorganic phosphorus of 3.9 mg/dl (2.4-4.7), alkaline
phosphatase of 704 1U/L (32-91), intact PTH of 192.7 pg /ml (12-88 pg/ml) and 25(0OH)D
of 72.6 ng/ml (7.6-75) as well as 24 h urinary calcium excretion of 5 mg/d with a urinary
calcium/creatinine ratio of 0.003. X-ray of the wrist and knee revealed cupping and fraying
of the metaphysis, widening of epiphysis and generalized osteopenia and rickets. Bone age
was 5 10/12 years (Greulich & Pyle). DEXA scan showed a z score of —1.3 for the lumbar
spine consistent with osteopenia. A clinical diagnosis of HYDRR was made and a blood
sample drawn for analysis of the VDR gene after informed consent was obtained from the
parents. The patient was treated with supraphysiological oral doses of calcium (150 mg/kg/d
elemental calcium) and calcitriol (4 pg/day). However there was no improvement in the
serum calcium level and hypocalcemia continued for the next five days. On day 6,
intravenous calcium was initiated. 1V calcium gluconate was administered at a dose of 1000
mg of elemental calcium (75 mg/kg/d) over a period of 18 hours which was subsequently
titrated to his serum calcium levels. He responded to IV calcium therapy with a rapid
correction of the serum Ca (6.1 to 8.2 mg/dL after one week of therapy). However IV
calcium could be continued for only one week since the family requested to discharge the
patient. Therapy was changed to oral calcium at a dose of 150 mg/kg/day and calcitriol 1 ug
3 times/day. At the time of discharge the patient was advised to return for IV calcium
infusions once a week while oral calcium and calcitriol were continued. Over the following
3 years clinical and laborartory findings improved and the calcium and calcitriol doses were
tapered. Recent labs included Ca 8.9 mg/dL, phos 3.4 mg/dL alkaline phosphatase of 75 1U/
L and PTH 36.5 pg/ml.

Molecular analyses

To determine whether the patients harbored mutations in the VDR gene we amplified and
sequenced exons 2-9 from genomic DNA samples. Patient 1 was homozygous for G to A
missense mutation in exon 4 creating a novel aspartic acid to asparagine substitution at
amino acid 144 (D144N). Both parents were heterozygous for the mutation as demonstrated
by the co-eluting bases on the chromatogram. The D144N mutation is located in helix 1 in
the ligand-binding domain (LBD) (Fig. 1).

Patient 2 was homozygous for a C to T base change in exon 5 that changed arginine to
cysteine at amino acid 158 (R158C). Both parents were heterozygous for the mutation. The
R158C mutation is located in the connecting loop between helix 2 and helix 3n in the LBD

(Fig. 1).

Patient 3 was heterozygous for two missense mutations in the VDR gene. One mutation, a G
to A substitution in exon 3, changed arginine to glutamine at amino acid 80 (R80Q). The
patient’s mother was heterozygous for the R80Q mutation (the base caller recorded an A and
not an N for the G/A sequence). The second mutation, a novel A to T base substitution in
exon 7 (the base caller recorded a T and not an N for the A/T sequence), created a novel
asparagine to tyrosine change at amino acid 276 (N276Y). The mother and father’s exon 7
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sequences were normal suggesting that the N276Y mutation likely arose spontaneously in
the patient. The R80Q mutation is located in the second zinc-finger of the DNA-binding
domain (DBD) and the N276Y mutation is in helix 5 in the LBD (Fig. 1).

Patient 4 was found to have a unique 2 bp deletion in the 5’-donor splice site at the exon 3-
intron E boundry [19] in the VDR gene. The normal VDR exon 3-intron E sequence is
GAGT|GTGAGTGTCC. Deletion of either the GA or AG base pair in the splice site would
generate the sequence GAGT|GTGTGTCC. Evidence to demonstrate that it was the AG
base pair that was deleted and not the GA base pair was determined by examining the exon
3-intron E sequence of the parents DNA that were heterozygous for the 2 bp deletion. The
sequence analyses showed that the sequence became mixed beginning at the A base
indicating that the AG base pair was deleted.

Patient 5 had a missense mutation in exon 3. The C to G mutation created a novel cysteine to
tryptophan substitution at amino acid 60 (C60W). The C60W mutation is located second
zinc-finger structure in the VDR DBD (Fig. 1).

Effects of mutations on VDR transactivation

The C60W, D144N, R158C and N276Y mutations were then recreated in the VDR cDNA
and their effects on VDR transactivation examined using a CYP24A1 promoter luciferase
reporter. In these assays, the D144N (EC5g = 10.98 nM) and R158C (ECgq = 11.25 nM)
mutants were ~33-fold less responsive to 1,25(0OH),D3 compared to the WT VDR (ECgq =
0.33 nM) (Fig. 2, panels A and B). The N276Y (ECsgg = 26.2 nM) mutant was ~78-fold less
responsive to 1,25(0OH),D3 compared to the WT VDR and the C60W mutant exhibited no
induction of luciferase activity (Fig. 2, panels C and D). Immunoblotting shows that the
VDR mutant proteins were expressed in COS-7 cells (Fig. 2E). These results demonstrate
that the C60W, D144N, R158C and N276Y mutations cause resistance to 1,25(0OH),D3 and
are the molecular cause of HVDRR in these patients.

Cultured skin fibroblasts were only available from patient 2 with the R158C mutation in the
LBD. To determined whether the cells were resistant to 1,25(0H),D3 we examined
induction of CY24A1 (24-hydroxylase) gene expression, a classic marker of 1,25(0H),D3
responsiveness. As shown in Fig. 2F, when 1,25(0OH),D3 was added to normal control
fibroblasts the cells induced CYP24A1 gene expression in a dose-dependent manner. In
contrast, patient 2 cells had no response to | and 10 nM 1,25(0OH),D3 and exhibited only a
minimal response to 100 nM 1,25(OH),D3 and the very high dose of 1 uM 1,25(0OH),D3
(Fig. 2F) compared to the WT control cells.

DISCUSSION

We describe five new unrelated cases of HVDRR. Patient 1 had a unique D144N mutation
in the LBD. The D144N mutation resulted in a VDR that was 33-fold less responsive to
1,25(0OH),D3 compared to WT VDR in cultured COS-7 cells. The lower transactivation
activity exhibited by the D144N mutant VDR suggests that the D144N mutation lowered the
VDR’s affinity for 1,25(0OH),D3. Although D144 is not a contact site for 1,25(0OH),Dy5 its
neighboring residue Y143 forms a hydrogen bond with the 3-OH group of 1,25(0OH),D3
[20]. The D144N mutation may interfere with the hydrogen bonding activity of Y143 and
therefore lower mutant VDR’s affinity for 1,25(OH),Ds.

Patient 2 had an R158C mutation in the LBD. The R158C mutation was previously
identified in a Korean girl with HYDRR without alopecia [21]. The Korean patient had a
compound mutation; she was heterozygous for the R158C mutation and the other VDR
allele had a Thr146lle mutation in the LBD. In our transactivation assays, the recreated
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R158C mutant VDR exhibited a 33-fold decrease in transactivation activity compared to the
WT VDR in COS-7 cells. On the other hand, when we examined 1,25(0OH),D3
responsiveness in fibroblasts from patient 2 we observed a significant lack of induction of
CYP24A1 gene expression indicating that the R158C mutation may have additional effects
on VDR function in the patient’s cells (Fig. 2). Since the R158C mutation is located in one
of the two nuclear localization signals in the VDR [22, 23], a reduction in nuclear
localization would likely further contribute to the low induction of CYP24A1 gene
expression observed in the patient’s cells.

Patient 3 was a compound heterozygote with mutations R80Q in the VDR DBD and N276Y
in the VDR LBD. The missense mutation in exon 3 in the patient was inherited from the
mother as she was heterozygous for the R80Q mutation. The R80Q mutation was previously
described in four patients from three unrelated families all with origins in North Africa [3,
10, 11]. Mutations in the DBD disrupt DNA binding and prevent gene transactivation by the
VDR [24]. The N276Y mutation appears to have arisen spontaneously as neither the
patient’s mother nor father harbors the mutation (Fig. 1). However, it can’t be ruled out that
N276Y mutation was inherited from a different father. The N276Y mutation is located in
helix H5 in the LBD (Fig. 3). N276 is not a contact point for 1,25(0OH),D3 but a number of
neighboring amino acids do contact the ligand including R274, S275 and S278. It is thus
likely that the N276Y mutations interferes with ligand-binding as our studies showed that
the R276Y mutant VDR required ~78-fold higher concentrations of 1,25(0OH),D5 for
transactivation compared to the WT VDR.

Patient 4 had a unique 2 bp deletion that altered the exon 3-intron E 5’-splice site from
GTGAGT to GTGTGT. The 2 bp deletion altered the 5’-donor splice site that would either
cause exon 3 to be skipped or intron E to be incorporated into the VDR mRNA. It is more
likely that exon 3 is skipped as a previous report of a single G to C base substitution in the
exon 3-intron E 5’-splice site that changed the sequence from GTGAGT to GTGACT in a
patient with HVDRR showed that patient’s VDR cDNA had a fusion of exon 2 and exon 4
demonstrating that the splice-site mutation caused exon 3 to be skipped [25]. This resulted in
a premature stop signal that produced a mutant protein that contained 48 amino acids of the
wild-type sequence plus 5 additional amino acids due to the frameshift in exon 4 (Phe48fs).
No specific [3H]-1,25(0H),D3 binding was found in cell extracts from that patient’s
fibroblasts and the cells exhibited no 24-hydroxylase activity in response to 1,25(0H),D3
treatment demonstrating resistance to 1,25(0H),D3 [25].

Patient 5 had a unique C60W mutation in the second zinc-finger structure in the DBD (Fig.
1). The C60W mutant was totally inactive in transactivation assays most likely due to a
failure to bind to DNA.

As of this writing there are 50 unique mutations in the VDR gene consisting of 5 deletions
(including 1 in a Pomeranian dog), 4 splice-site mutations, 1 deletion/substitution, 1
insertion/duplication, 6 nonsense mutations and 33 missense mutations (Tables 2 and 3). Of
the missense mutations, 12 mutations were in the DBD and 21 mutations were in the LBD
(Fig. 1). All patients with mutations in the DBD including the patient described here with
the C60W mutation had HVDRR with alopecia indicating that DNA interaction is a critical
function of the VDR in regulating hair growth [6]. On the other hand, HVDRR patients with
mutations in the LBD that affect ligand-binding or coactivator-binding do not have alopecia
including patient’s 1 and 2 described here with the D144N and R158C mutations.
Interestingly, patient 3 with compound heterozygous mutations R80Q in the DBD and
N276Y in the LBD did not have alopecia indicating that the N276Y mutant VDR allele
prevented alopecia even though it was not able to prevent hypocalcemia and rickets [6]. Of
the other 4 patients previously reported with compound heterozygous mutations R50X/

Mol Genet Metab. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Malloy et al.

Page 9

AK?246 [26], 366delC/E329K [27], T1461/R158C [21], and R263L/R391S [28] only the
patient with the T1461/R158C mutations did not have alopecia [6].

The biochemical and genetic analyses of the VDR in HVDRR patients has yielded important
insights into the structure and function of the receptor that mediates 1,25(OH),D action. A
concerted investigative approach of HVDRR at the clinical, cellular and molecular level has
proven exceedingly valuable in gaining knowledge about the functions of the domains of the
VDR protein and in elucidating a detailed understanding of the mechanism of action of
1,25(0OH),D. These studies have been essential to promote the wellbeing of the families with
HVDRR and in improving the diagnostic and especially the clinical management of children
with this rare genetic disease.
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Fig. 1. Mutationsin the VDR causing HVDRR

A. Location of mutations in the DNA-binding domain (DBD). Conserved amino acids are
shaded.

B. Location of mutations in the ligand-binding domain (LBD).

The a-helices are shown as black boxes and the B-turns as hatched box. Missense mutations
are on top and nonsense mutations on bottom. E1 and AF-2 (activation function 2) represent
helices important for transactivation. Adapted from Feldman et al [7]. Mutations from the
current patients are indicated with an *.
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Fig. 2. Transactivation of mutant VDRs by 1,25(0OH),D3in COS-7 cells

Panels A-D, COS-7 cells were transfected with VDR expression vectors and CYP24A1
promoter luciferase reporter plasmids. Cells were treated with vehicle (0.1% ethanol) or
graded concentrations of 1,25(0OH),D3 for 24 hrs then assayed for luciferase activity. Panel
E, immunoblots of VDR mutant expression in COS-7 cells. Panel F, patient 2 fibroblasts and
normal control fibroblasts were treated with vehicle (0.1% ethanol) or graded concentrations
of 1,25(0OH),D5 for 24 hrs then assayed for CYP24A1 gene expression by real-time RT-
PCR. Error bars represent standard deviation from the mean.
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Table 2

Missense mutations in the VDR gene causing HVDRR

Missense Mutation Exon | Alopecia | Reference
V26M 2 Y [29]

G33D 2 Y [8, 30]
H35Q 2 Y [31]

ca1y 2 Y [32]

K45E 2 Y [33]

G46D 2 Y [12]

Fa71 2 Y [33]

R50Q 3 Y [9]

C60W 3 Y This report
R73Q 3 Y [8]

R80Q 3 Y [10, 11]
C84R 3 Y [34]
D144N 4 N This report
R158C 5 N [21] This report
L227P 6 N [35]
F251C 6 Y [16]
Q259P 7 Y [36]
Q259E 7 Y [37]
L263R 7 Y [28]

1268T 7 N [38]
R274L 7 N [13]
R274H 7 N [39]
N276Y 7 N This report
W286R 8 N [40]
H305Q 8 N [15]

1314S 8 N [14]
G319V 8 Y [37]
E329K 8 Y [27]
V346M 9 N [41]
R391C 9 Y [14]
R391S 9 Y [28]
E420K 9 N [17]
E420A (heterozygous mutation) | 9 N [18]
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Table 3

Other mutations in the VDR gene causing HVDRR

Nonsense M utations Exon Alopecia | References
R30X [26, 42, 43]
R50X 3 \% [44, 45]
R73X 3 Y [36, 37, 46, 47]
Q152X 4 \% [13]
Y295X 7 Y [48, 49]
Q317X 8 Y [50]
Deletion

delAG (IVS3A+4-5) Exon 3-intronE | Y This report
¢.366delC (c.526delC) 4 Y [27]
¢.716delA (c.879delA) 6 \% [51]
AK246 (c.896-898delCTT) 6 Y [26]
Deletion/substitution

5 bp deletion/8 bp substitution 4 N [52]
Insertion/duplication

102 bp insertion/duplication 9 Patchy [53]
Splice-site Mutation

1VS3+5G>C Exon 3-intronE | Y [25, 47]
GTCAGT to GTGAGT (c.862C>G) | 6 \% [36]
1VS4+1G>C Exon 4-intron F | Patchy [54]
IVS8+1G>T Exon 8-intronJ | Patchy [55]
Mutation in Pomeranian dog

€.525delG (dog c.654delG) 4 Y [56]

Intron nomenclature is from Miyamoto et al [19]. Numbers in parentheses represent coordinates based on NCBI reference sequence:
NM_000376.2. The coordinates for the dog sequence were based on NCBI Reference Sequence: XM_543714.3.
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