Osteoporosis International (2019) 30:481-489
https://doi.org/10.1007/s00198-018-4607-5

ORIGINAL ARTICLE

@ CrossMark

Mutation update and long-term outcome after treatment with active
vitamin D3 in Chinese patients with pseudovitamin D-deficiency
rickets (PDDR)

Y.Chi'-J.Sun"-L.Pang’ - R.Jiajue’ - Y. Jiang' - O.Wang' - M.Li" - X.Xing" - Y.Hu" - X. Zhou' - X. Meng"' - W. Xia'

Received: 9 December 2017 / Accepted: 15 June 2018 /Published online: 31 October 2018
© International Osteoporosis Foundation and National Osteoporosis Foundation 2018

Abstract

Summary Pseudovitamin D-deficiency rickets is a rare disease which is caused by CYP27B1. In this study, we identified 9
mutations in 7 PDDR patients. In addition, we observed the response to long-term treatment of calcitriol in 15 Chinese patients
with PDDR, which showed that the biochemical abnormalities had been corrected satisfactorily after 1-year treatment.
Introduction Pseudovitamin D-deficiency rickets is a rare autosomal recessive disorder resulting from a defect in 25-
hydroxyvitamin D 1x-hydroxylase, which is encoded by CYP27B1. The purpose of this study was to identify the CYP27B1
mutations and investigate the response to long-term treatment of calcitriol in Chinese patients with PDDR.

Methods We investigated CYP27B1 mutations in seven individuals from six separate families. To investigate the response to
long-term (13 years) treatment with calcitriol in PDDR patients, we additionally collected clinical data of eight families from our
previous report and analyzed their biochemical parameter and radiographic changes during the treatment.

Results Nine different mutations were identified: two novel missense mutations (G194R, R259L), three novel and one reported
deletion mutations (c1442delA, c1504delA, c311-321del, and c. 48-60del), two novel nonsense mutations (¢.85G>T,
¢.580G>T), and a reported insertion mutation (c1325-1332insCCCACCC). The statistical analysis revealed that parathyroid
hormone (PTH) and ALP significantly decreased after 6-month and 1-year treatment with calcitriol respectively. Urine calcium
was measured in all the patients without kidney stones being documented. After 6-year treatment, the radiographic abnormalities
had also been improved. Two patients who had reached their final height are both with short stature (height Z-score below — 2.0).
Conclusions We identified seven novel mutations of CYP27B1 gene in seven Chinese PDDR families. Our findings revealed
after 1-year treatment of active vitamin D3, PTH and ALP significantly decreased. The correction of the biochemical abnormal-
ities had not improved the final height satisfactorily.
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Introduction

The secosteroid hormone 1,25-dihydroxyvitamin Dj
[1,25(OH),Ds] is essential for proper maintenance of calcium
and phosphate homeostasis [1]. Vitamin D must undergo two
successive hydroxylation reactions before acquiring hormonal
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activity. In the liver, an hydroxyl group is first added onto carbon
25 by the liver cytochrome P450 enzyme, vitamin D-25 hydrox-
ylase (CYP27), resulting in 25-hydroxyvitamin D [25(OH)D]
with minimal activity [2]. Secondly, in kidneys, the 25-
hydroxyvitamin D-1¢ hydroxylase (CYP27B1) drives the addi-
tion of a hydroxyl group on carbon 1, leading to the formation of
1,25(0OH), D3, the active hormonal form of vitamin D3, which is a
rate-limiting step and is tightly regulated by serum 1,25(0OH),D;,
parathyroid hormone (PTH), FGF23, calcium, and phosphate [3,
4]. Although 1o-hydroxylase activity occurs mainly in the kid-
ney, it is also found in extrarenal tissues such as skin, placenta,
colon, pancreas, lymph node, and macrophages [5].
Pseudovitamin D-deficiency rickets (PDDR; OMIM
264700; also referred to as vitamin D-dependent rickets type
I) is a rare autosomal recessive disorder caused by mutations
of the CYP27BI1 gene, characterized by the early-onset and a
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severe syndrome of rickets [6]. Patients with PDDR develop
growth retardation, hypotonia, weakness, and sometimes accom-
panied by hypocalcemic seizures in early infancy [7-9]. Apart
from low circulating levels of 1,25(0OH),Ds, biochemical features
include hypocalcemia, secondary hyperparathyroidism, and nor-
mal to elevated levels of 25-hydroxyvitamin D (250H D) [10].

To date, approximately 100 patients with PDDR have been
reported in the literature [9, 11, 12]. The causative gene
CYP27BI1 encoding vitamin D 1a-hydroxylase (NM_000785)
was mapped to chromosome 12q13.3, which consists of nine
exons spanning 4859 bases. Various types of mutations in the
CYP27B1 gene have been identified, including missense and
nonsense mutations, deletions, insertions, and splice-site muta-
tions [9]. In our previous study [9], we described nine novel
mutations and correlated activity reduction of 1o-hydroxylase
in eight Chinese families. To our best knowledge, 48 mutations
in the CYP27B1 gene have been identified so far [9, 13—15]. 1~
hydroxylase, a member of the mitochondrial cytochrome P450
enzyme family, shows a remarkable conservation of the topology
and tertiary structure. Erdem Durmaz’ et al. analyzed seven pa-
tients from four Turkish families with PDDR and showed there is
a good genotype-phenotype correlation in PDDR [16]. They
found that some patients may recover from the loss of
CYP27BI1 function, probably due to 1x-hydroxylase activity
exerted by a non-CYP27B1 enzyme [16].

Physiological doses of 1x(OH) vitamin D3 (1-OHD) or
1,25(0OH),D5 induce reversal of all the clinical, biochemical,
and radiological abnormalities related to PDDR [17, 18]. In
Dardenne O’s study [19], by feeding 1x-OHase mutant animal
models with high-calcium diet, the PDDR phenotype could be
rescued, while bone growth remained impaired, implicating the
high-calcium diet does not appear as effective as 1,25(0OH),D;.
Edouard T et al.’s study showed that treatment with calcitriol
started in infancy results in short- and long-term correction of
the clinical and laboratory abnormalities without serious adverse
events [20]. PDDR, as a rare disease, makes it difficult to perform
large-scale studies of clinical response to treatment by active vi-
tamin D. It still remains unclear whether treatment response by
active vitamin D is related with the genotype of PDDR patients.

In the current study, we analyzed the CYP27B1 gene muta-
tions in seven Chinese patients diagnosed with PDDR by se-
quence analysis. In order to further investigate the response to
short-term treatment with calcitriol, we additionally analyzed the
clinical data of eight PDDR patients reported in our previous
study [9].

Subjects and methods
Subjects

From 2010 to 2011, we recruited six pedigrees (seven pa-
tients) with 1x-hydroxylase deficiency from the outpatient

@ Springer

clinic at Department of Endocrinology, Peking Union
Medical College Hospital (PUMCH), China. Four male and
three female patients aged from 3 to 20 years old were inves-
tigated. All the subjects were from Han ethnic group and from
nonconsanguineous parents.

This study was approved by the Department of Scientific
Research at Peking Union Medical College Hospital. Written
informed consent was obtained from the patients and their
family members included in this study.

Biochemical assessment

Fasted whole blood samples were placed at room temperature
for 30 min and then centrifuged at 3000 r/min for 3 min to
separate the serum for analysis. Reference ranges were obtain-
ed from the central laboratory of PUMCH and were all age/
sex/ethnically appropriate. Serum 25-hydroxyvitamin D and
serum intact PTH levels were assayed by an automated Roche
electrochemiluminescence system (E 170; Roche Diagnostics,
Basel, Switzerland). Serum 1,25(OH),D; levels were deter-
mined by a 1,25-dihydroxyvitamin D 1251 RIA kit
(Diasorin, USA). Both fasted spot urine and full-day urine
collections were obtained. Assays were performed according
to the manufacturer’s protocol.

Imaging techniques

Radiographic studies were performed in the Department of
Radiology at the Peking Union Medical College Hospital.
Plain X-ray of the lower extremities was performed to detect
bone deformities.

DNA sequence analysis of CYP27B1

Genomic DNA was extracted from peripheral leukocytes of
seven patients and some of their parents and siblings, using a
QIAamp DNA Blood Mini Kit (50) (Qiagen, Germany). All
nine exons and exon-intron boundaries of the CYP27B1 gene
were amplified by PCR, with eight pairs of primers designed
using software Oligo 7.0 (Supplemental Table). Taqg DNA
polymerase (Takara, Japan) and its standard buffer were used
in all reactions under the following conditions: initial denatur-
ation at 95 °C for 3 min, followed by 30 cycles at 94 °C for
30 s, 50-58 °C for 30 s, and 72 °C for 50 s. The amplified
products were sequenced by an automated sequencer
(ABI3730XL) according to the manufacturer’s protocol.
Sequence alignment was performed using the Basic Local
Alignment Search Tool (BLAST) on the National Center for
Biotechnology Information database. We used an in silico
prediction method to analyze the identified variants (http://
genetics.bwh.harvard.edu/pph).
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Long-term treatment of calcitriol

Except for the seven patients recruited in the current study, we
also retrospectively analyzed the clinical data of another eight
patients from our previous study [9]. In all 15 patients, clinical
data were collected at the date of diagnosis, 3 and 6 months
and 1 and 2 years after treatment with calcitriol. After starting
calcitriol treatment in newly diagnosed children, serum levels
of calcium, phosphate, alkaline phosphatase, and PTH as well
as 24-h urinary calcium and phosphate were measured at each
time point during the treatment.

Statistical analysis

Data were presented as median. All statistical analyses were
conducted using Numpy 1.14 and Scipy 1.0. Wilcoxon’s rank-
sum test was conducted to compare differences between
pairwise groups. Spearman rank correlation coefficients were
calculated to describe the association between change of
height after calcitriol treatment and duration of treatment as
well as age at diagnosis. P values less than 0.05 were consid-
ered significant.

Results

Clinical characteristics of the seven newly recruited
patients with PDDR

Clinical features of the seven subjects on admission are sum-
marized in Table 1 and Fig. 1. The initial symptoms of these
patients all appeared within the first 2 years of life. The height
of these patients was all below the third percentile for age.
Baseline biochemical parameters are summarized in Table 2.
The diagnosis of pseudovitamin D-deficiency rickets (PDDR)
was based on the clinical manifestations and laboratory find-
ings. Except for patient 7, all the other patients responded well
to treatment with calcium and 1,25-(OH),D; supplementation.

Patient 1 (Fig. 2a), a 3-year-old boy, presented with leg
deformity and skelalgia at the age of 1 year and was unable

to walk steadily until 16 months of age. He had been admin-
istered with calcium occasionally before coming to our clinic.
Physical examination showed short stature, waddling gait,
slightly thinning hair, skull deformities, and sparse and irreg-
ularly arranged teeth. He also presented with pectus
carinatum, prominent rachitic rosary, enlargement of wrists
and ankles, genu varum, and saber-like bowed legs.
Laboratory data showed hypocalcemia, normal serum phos-
phorus, elevated ALP and PTH levels, normal 25(OH)Ds3, and
low 1,25(0OH),D; concentration.

Patient 2 (Fig. 2b), a 5-year-old boy, had suffered from
diarrhea frequently until 2 months of age. He developed re-
current tetany cramps and frequently sweating at the age of
8 months, without measurement of serum calcium. He began
teething at 10 months of age with sparse teeth and was unable
to walk steadily until 17 months of age. He was found to be
hypocalcemic and developed bowing of legs at the age of
1 year and had been administered with calcium since then.
He was easy to catch a cold. Physical examination showed
microsomia, murky coarse sparse teeth, rachitic rosary, en-
largement of wrists and ankles, and genu varum. Laboratory
data showed normal serum calcium and phosphorus, elevated
ALP and PTH levels, normal 25(OH)D3, and 1,25(OH),D3
concentration.

Patient 3 (Fig. 2c), a 3-year-old girl, with normal teething
and walking time, developed walking difficulty at the age of
24 months. She was unwilling to stand and walk before com-
ing to our clinic. Physical examination showed short stature,
thick hair, enlarged wrists and ankles, slight pectus carinatum,
and rachitic rosary. Laboratory data showed normal serum
calcium and hypophosphatemia, elevated ALP and PTH
levels, low 1,25(0H),D3, and normal 25(OH)D;
concentration.

Patient 4 (Fig. 2d), an 11-year-old girl, was able to walk at
the age of 11 months. She developed lower extremity defor-
mities and was diagnosed with “hypophosphatemic rickets” at
the age of 17 months. She had been treated with phosphate
and active vitamin D supplementation since then. She
changed teeth by the age of 8 years without eruption of per-
manent teeth. She presented with skelalgia, muscle weakness,

Table 1 Clinical characteristics of the seven PDDR patients
Patient Gender Birth Age at consult Height Growth Walking Leg  Leg deformity Bracelet ~ Rachitic
(percentage)  retardation  difficulty pain of wrist ~ rosary

1 M Jan. 2007 3 years 7 months <3% + + + Saber-like bowed legs  + +

2 M Oct. 2005 4 years 5 months <3% + + + Genu varum + +

3 F Oct.2008 2 years 5 months <3% + + + Slight genu varum + +

4 F Oct.2000 10 years 10 months <3% + + + Genu valgum + +

5 M Sep. 1998 12 years 6 months  <3% + + + Genu varum + +

6 F Sep. 1991 19 years 6 months  <3% + + + Genu valgum + +

7 M Jan. 2003 8 years 6 months <3% + + + Saber-like bowed legs  + +

M denotes male, F denotes female
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Fig. 1 The clinical characteristics and X-ray features of PDDR patients. a
Patient 4 had enlargement of wrists. b Patient 3 had odontodysplasia, with
murky gray and sparse teeth. ¢ Patient 4 showed rachitic rosary. d Patient

lower extremities numbness, and tetany cramps on admission.
Physical examination showed microsomia, swaying gait, mus-
cle weakness, sparse teeth, rachitic rosary, and enlargement of
wrists and ankles. Laboratory data showed hypocalcemia, nor-
mal serum phosphorus, and elevated ALP and PTH levels.
Patient 5 (Fig. 2e), a 13-year-old boy, presented with pillow
bald at the age of 6 months, teething at 10 months, and was not
able to walk steadily until 16 months of age. He developed
hypocalcemic seizures and muscle stiffness and had been
treated with calcium supplementation since 8 months of age.
Physical examination showed short stature, waddling gait, ir-
regularly arranged murky teeth, and genu varum. Laboratory

4 showed cupping and fraying of the metaphyseal region of wrists. e
Patient 4 presented with genu valgum. f Patient 5 presented with genu
varum

data showed hypocalcemia, normal serum phosphorus, and
elevated ALP and PTH levels. X-ray showed genu varum
and cupping and fraying of the metaphyseal region of wrists,
consistent with the features of rickets.

Patient 6 (Fig. 2e), sister of patient 5, 20 years old, could
not walk steadily until 15 months of age and developed tetany
cramps at the age of 8 years. She presented with scoliosis at
the age of 5 years, which aggravated progressively, and took
scoliosis surgery at the age of 19 years. She walked into our
clinic with the help of crutch. Physical examination showed
scoliosis, murky gray and dense teeth, rachitic rosary, enlarge-
ment of wrists and ankles, and genu valgum. Laboratory data

Table 2  Baseline biochemical parameters of the seven PDDR patients

Patient  Serum Serum P Serum  Serum  Serum Serum Glycosuria Amino  Proteinuria  24-h urine  24-h
Ca (mmol/L) ALP PTH 1,25(0OH),D;  25(OH)D; aciduria Ca urine
(mmol/L) (U/L) (pg/mL) (pg/ml) (ng/mL) (mmol) P (mmol)

1 1.29] 1.50 8007 3637 5.82] 434 - - - 0.11 4.88

28 221 1.24 6751 2251 51.7 212 - NA - 033 351

3 2.18 0.70] 18591 6081 7.06] 222 - + TRACE 0.18 421

4 1.96} 1.08] 112871 5261 NA NA NA NA NA 0.50 NA

5 1.56] 1.41 23961 7321 59.0°1 19.7 , + B 0.14 NA

6 232 1.12 115 2057 22.8 63.41 - NA 0.3 g/L 0.28 72

7 1.68] 1.18 18441 7811 5.01) 21.1 - NA TRACE-(+) 0.06 6.15

Normal  2.13-2.70 1.09-1.87 42-390  12-65 14.1-56.5 8-50 - - <0.25 g/L

range

NA, not available; ALP, alkaline phosphatase; PTH, parathyroid hormone
“Patient 2 has been receiving treatment with calcium and vitamin D
®Measured after alpha calcitriol treatment
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Fig. 2 a—f Sequence analysis of human CYP27B1 gene and family
pedigrees. All nine exons and exon-intron boundaries of the CYP27B1
gene were amplified by PCR, and then directly sequenced. Mutations
found in six Chinese families with PDDR are shown. The affected
probands are indicated by black arrows. Compounds heterozygotes are

showed normal serum calcium, phosphorus, ALP,
1,25(0OH),D3, elevated ALP, and 25(OH)D5 concentration.

Patient 7 (Fig. 2f), an 8-year-old boy, was not able to walk
until 3 years old. He was diagnosed as vitamin D-dependent
rickets at 2 years old and had been treated with active vitamin
D and calcium occasionally. Physical examination showed
cephalus quadratus, enlarged wrists and ankles, costal margin
valgus, rachitic rosary, Harrison’s groove, and genu varum. X-
ray showed decreased bone mineral density, thinning cortical
bone, cupping and fraying of the metaphyseal region, and
saber-like deformity of tibia and fibula bones.

Sequence analysis of the CYP27B1 gene

In the genetic analysis, nine mutations were found in the
CYP27B1 gene (Table 3). Seven novel mutations were iden-
tified: two missense mutations (¢.580G>A, ¢.1376G>T), three
deletions (c1504delA, c311-321del, c.1442delA), and two
nonsense (¢.85G>T, ¢.580G>T) mutations. No identical

d Family 4

f Family 6

.}—Iﬁ P5 p7 /;

E1 c.48-60del
CTGGGCGCCCG

@ Famiys

“a® .

P4
E2 c.311-321del
TGCAGCTTCTCG

E8 ¢.1325-1332 insertion

GTATGGGGAGACTCCTEGCAGAGC  CTAGGCTACCGATAGTACCACTCA AGGAGGGACCCC GEOCCGAGCGOT TCCATCGCGTCCGTTGGGCGCCTC CCCCCCACCCCCCACCCATTTACA

b ot ot Ul

E3 ¢.580G>T

E2 ¢.311-321del
GGCCCGAGCGCT
AGGAGGGACCCCTGCAGCTTCTCG

indicated by solid circles (females) or squares (males), and heterozygotes
are indicated by half solid circles or squares. The missense mutations are
indicated by red arrows at the positions of nucleotide substitutions. The
insertion mutation is shown by the blue dash underlying the nucleotides

mutations were detected in the 50 unrelated control samples
(data not shown).

Patient 1 was compound heterozygous for two novel mu-
tations (Fig. 2a). The missense mutation ¢.580G>A results in
the substitution of glycine to arginine at codon 194. The de-
letion c.1442delA, which was also found in patient 3, elimi-
nated the normal termination signal and allowed the transla-
tion of additional 31 base pairs downstream.

Patient 2 was also compound heterozygous for two novel
mutations (Fig. 2b). The missense mutation c.1376G>T in
exon § results in the substitution of arginine to leucine at
codon 459. The deletion c¢.1504delA in exon 9, which altered
the reading frame after codon 502, also resulted in the trans-
lation of additional 31 base pairs downstream.

Patient 3 was compound heterozygous for two novel mu-
tations c¢.1442delA and ¢.85G>T (Fig. 2¢). The deletion
c.1442delA was also found in patient 1. The novel nonsense
mutation ¢.85G>T (E29X) in exon 1 altered the reading frame
downstream of codon 29, which resulted in a truncated protein
containing 29 amino acids.

Table 3  Nine CYP27B1 mutations in seven Chinese patients with PDDR
Mutation Nucleotide change Amino acid change Mutation type Exon Patient
no. no.
1 ¢.48-60delCTGGGCGC Frameshift after 16L Deletion 1 5,6
CCGAG

24 ¢.85G>T E29X Nonsense mutation 1 3

38 ¢.311-321delGGCCCGAGCGC Frameshift after 104R Deletion 2 4,5,6

42 ¢.580G>T G194X Nonsense mutation 3 4

5% ¢.580G>A G194R Missense mutation 3 1
¢.1325-1332 ins CCCACCC Frameshift after 441H Insertion 8 7

7 c.1376G>T R459L Missense mutation 8 2

8% c.1442delA Frameshift after 481E Deletion 9 1,3

9* c.1504delA Frameshift after 502N Deletion 9 2

#Novel mutations found in this study
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Patient 4 was also compound heterozygous for two novel
mutations ¢.311-321delGGCCCGAGCGC in exon 2 and
¢.580G>T (G194X) in exon 3 (Fig. 2d). The deletion ¢.311-
321del, which was also found in patients 5 and 6, caused the
frameshift after 104R and resulted in a truncated protein con-
taining 36 amino acids.

Patients 5 and 6 were compound heterozygous for a report-
ed mutation ¢.48-60delCTGGGCGCCCGAG and a novel
mutation c¢.311-321del (Fig. 2e), as found in patient 4. The
deletion c.48-60del altered the reading frame downstream of
codon 16.

Patient 7 was homozygous for a known c¢.1325-1332 ins
CCCACCC insertion mutation in exon 8 (Fig. 2f), which al-
tered the reading frame downstream of codon 441 and created
a premature TGA stop signal at codon 446.

Clinical outcome after long-term treatment
with active vitamin D;

All the 15 patients had been given active vitamin D and cal-
cium supplementation after diagnosis. The dosage of active
vitamin D for each patient was adjusted according to their
biochemical parameters during the treatment. The aims of
the treatment were to achieve normocalcemia, to maintain
PTH levels within normal limits, and to avoid hypercalciuria.
We measured serum PTH, ALP, urine calcium, and urine
phosphate from diagnosis to 13 years after treatment. At the
time of the pretreatment evaluation, 11 of the 15 patients had
hypocalcemia and 12 out of 15 had high alkaline phosphatase
levels (on average threefold above the upper limit of the ref-
erence range). Baseline PTH levels, documented in 14 pa-
tients, were all high (on average sevenfold above the upper
limit of the assay specific reference range), indicating second-
ary hyperparathyroidism.

The statistical analysis revealed that PTH and ALP
significantly decreased after 6-month and 1-year treatment
with calcitriol respectively and maintained within normal
range during the follow-up period (Fig. 3). Urine calcium
was measured in all the 15 patients (median 1.85 mmol/
24 h, range 0.06—-10.88 mmol/24 h) without kidney stones
or nephrocalcinosis being documented. The height change
of the patients is positively related to the duration of the
treatment (r=0.772, p=0.009) during the first 2 years
(data not shown). Two patients had reached their final
height during the treatment, and all of them had short
stature (height Z-score at or below —2.0). X-ray showed
that after 6-year treatment by calcitriol, the cupping and
fraying of the metaphyseal region had been significantly
improved, while the decrease of bone mineral density
could still be observed (Fig. 3a, b). Figure 3¢ showed
saber-like deformity of the tibia and fibula had not been
changed after 8-year treatment by calcitriol.
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Discussion

In the present study, we reported six new Chinese kindreds
with 1-ahydroxylase deficiency and identified nine different
mutations including seven novel mutations of CYP27B1 in
these families. All of the patients were proven to have muta-
tions in both alleles. To date, a total of 54 mutations of
CYP27B1 have been identified including the seven novel mu-
tations found in this study. In our previous and current study,
we found 17 mutations in 15 Chinese PDDR patients [9],
which are mostly distributed in five exons: E1 (17.6%), E2
(11.8%), E3 (11.8%), E8 (29.4%), E9 (23.5%). Most muta-
tions associated with PDDR lead to a total loss of 1o hydrox-
ylase activity when expressed in vitro [21].

The CYP27BI1 gene consists of nine exons, encoding a
509-residue protein, with the initiation codon located in exon
1. Yamamoto et al. constructed a three-dimensional structure
of CYP27B1 by the homology modeling technique, thus en-
abled us to predict the function of other mutation residues
responsible for PDDR [22]. The three-dimensional (3D) struc-
ture of CYP27BI1 contains 17 helices and 6 (3-strands [22, 23].
The transient N-terminal region and the following region of
CYP27B1 (Metl-Ala38) were not constructed because the
coordinates of the corresponding region of CYP2CS5 were
not determined [22].

The c.48-60del mutation, a 13-bp deletion located in exon
1, has been found in patient 5 and his sister, which has also
been found in our previous study (patient 7) [9]. This mutation
resulted in a truncated protein containing only 21 amino acids.
Patients 5 and 6 also carried another deletion mutation, ¢.311-
321del, which created a premature TGA stop signal at codon
328, forming a truncated protein with 181 amino acids re-
duced. These two deletions may explain the severe manifes-
tations in these two patients. Both of them presented with
hypocalcemic seizures and had murky teeth. Patient 6 present-
ed with scoliosis and undertook scoliosis surgery. Patient 5
had been treated with calcium supplementation since
8 months, which may partially explain why he did not develop
with scoliosis.

The novel nonsense mutation ¢.85G>T (E29X), which was
found in patient 3, resulted in a truncated protein containing
29 amino acids. This mutation changes the first structure of
1 x-hydroxylase which is supposed to abolish the enzyme ac-
tivity. The other mutation found in patient 3 is c.1442delA,
also been found in patient 1, which generated an abnormal
protein containing 540 base pairs (extended by 31 nucleo-
tides), which changes the structure of a 3-sheet that binds
substrate [18, 19]. Both of the mutations are supposed to re-
duce the activity of 1o-hydroxylase significantly and may
explain the relatively high PTH and ALP levels in patient 3.

Another novel nonsense mutation ¢.580G>T (G194X),
found in patient 4, resulted in an early termination of signal
at codon 194 instead of codon 509 and produced a truncated
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Fig. 3 PTH (pg/mL), ALP (U/L), and urine calcium (mmol/24 h) levels
of the 15 PDDR patients during the 13 years of treatment with calcitriol.
X-ray showed that after 6-year treatment by calcitriol, the cupping and
fraying of the metaphyseal region had been significantly improved, while

protein with 315 amino acids reduced. This mutation changes
the first structure of the enzyme, which is supposed to abolish
the enzyme activities too. The deletion c.311-321del was
found in patient 4 and family 5 who are from two unrelated
families. This may implicate that the c¢.311-321del would
probably be another common mutation in Chinese Han race.
Patient 4 was relatively severe both in clinical manifestations

the decrease of bone mineral density could still be observed in patients 3
and 7 recruited in this study (a, b). Saber-like deformity of the tibia and
fibula had not been changed after 8-year treatment by calcitriol (c)

and biochemical parameters, which is consistent with the
genotype.

The insertion ¢.1325-1332insCCCACCC, found in patient
7, has been reported in many ethnic groups. The 7-bp insertion
in exon 8 altered the reading frame after codon 441 and
disrupted the heme-binding domain. This mutation has also
been found in our previous study [9]. Our findings further
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confirmed that this insertion is a common mutation distributed
widely. The novel missense mutation ¢.580G>A (G194R)
found in patient 1 locates in E helix, which plays an important
role in protein folding. The deletion c.1442delA was found in
both patients 1 and 3, who are from two unrelated families. It
implicates that the c.1442delA may be another mutation hot
spot in Chinese Han race.

The missense mutation ¢.1376G>T (R459L) was found in
patient 2. The heme is sandwiched between the L helix includ-
ing its N-terminal loop and the I helix. The sulfide of C455
provides the axial ligand at the fifth coordination site of the
heme iron [22]. The mutant R459L locates in the L helix and
is just four residues away from the thiolate cysteine 455,
which is also highly conserved. Wang JT et al. reported a
similar mutant R453C, which disrupts a salt bridge that inter-
acts with the heme propionate and influences heme binding
[21]. Another novel deletion c.1504delA was also found in
patient 2, which altered the reading frame after codon 502,
and generated an abnormal protein containing 540 base pairs.
This deletion, similar with c.1442delA, changes the structure
of a [3-sheet that binds substrate.

Patient 1 and patient 2 are both compound heterozygous for
a missense mutation and a deletion. Interestingly, both of the
deletion (c.1442delA and c.1504delA) resulted in an extended
protein containing 540 base pairs. It seems that these two
patients share the same onset of age and similar levels of
PTH and ALP. While compared with patients 3, 4, 5 and 7,
who carried either nonsense mutation or deletion/insertion,
their PTH and ALP are relatively lower, elucidating the cor-
relation between phenotype and genotype. However, bone
deformities, 25(OH)Ds, and 1,25(0OH),D5 concentration are
not consistent with the genotype, suggesting that some other
endogenous or exogenous factors and intake of calcium and
vitamin D metabolites may influence the 1 x-hydroxylase ac-
tivity as well.

In the present study, after 1-year treatment with calcitriol,
serum ALP and PTH significantly decreased to nearly normal
range. While in Edouard T’s study [20], treatment with
calcitriol resulted in the normalization of serum levels of calci-
um, phosphate, alkaline phosphatase, and PTH within
3 months. The correction delay of these parameters in our study
could possibly be explained by the difference of initial calcitriol
dosage. Their treatment was started on an outpatient basis at a
dose of 1.0ug/day, given in two doses of 0.5 pug. However, in
our study, the median initiation daily calcitriol dose was 0.5 pg/
day (range 0.25-1.5 ug).

In the long-term follow-up period, ALP and PTH main-
tained within normal range and no kidney stones had been
observed, which implicated that the dosage used in our study
could correct the biochemical abnormalities as well as
avoiding hypercalciuria. Edouard T et al. observed that lumbar
spine areal BMD also normalized within 3 months, which
further elucidated that even having low levels of
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1,25(OH),D5 during childhood is compatible with achieving
a normal peak bone mass [20, 24]. After the correction of the
biochemical parameters, the radiographic abnormalities had
also been improved. Height change of the patients is positive-
ly related to the duration of treatment in the first 2 years. Two
patient with final height Z-score below —2.0 both had re-
ceived calcitriol after puberty, which implicated the impor-
tance for early diagnosis and calcitriol treatment. Our findings
were consistent with Edouard T et al.’s study [20].

There are some limitations in our study. We have not con-
ducted the functional analysis of the mutant 1x-hydroxylase
activity in the newly recruited patients. The treatment re-
sponse of our patients varied with treatment history and was
significantly associated with the age at which calcitriol treat-
ment was started. The height change data during the follow-up
were not available for further analysis of the response to long-
term treatment.

Conclusion

In conclusion, we described seven novel mutations of the
CYP27B1 gene in seven Chinese families with PDDR in ad-
dition to two known mutations, which updated the database of
CYP27B1 gene mutations. The mutations c.311-321del and
c.1442delA would probably be the hot spot mutations in
Chinese Han race. Our findings revealed after 1-year treat-
ment of active vitamin D3, PTH and ALP significantly de-
creased. The correction of the biochemical abnormalities had
not improved the final height satisfactorily. Further studies are
needed to determine whether the response to treatment was
correlated with genotype.
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