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Context: Production of the active vitamin D hormone 1,25-dihydroxyvitamin D requires hepatic
25-hydroxylation of vitamin D. The CYP2R1 gene encodes the principal vitamin D 25-hydroxylase
in humans.

Objective: This study aimed to determine the prevalence of CYP2R1 mutations in Nigerian children
with familial rickets and vitamin D deficiency and assess the functional effect on 25-hydroxylase
activity.

Design and Participants: We sequenced the CYP2R1 gene in subjects with sporadic rickets and
affected subjects from families in which more than one member had rickets.

Main Outcome Measures: Function of mutant CYP2R1 genes as assessed in vivo by serum 25-
hydroxyvitamin D values after administration of vitamin D and in vitro by analysis of mutant forms
of the CYP2R1.

Results: CYP2R1 sequences were normal in 27 children with sporadic rickets, but missense muta-
tions were identified in affected members of 2 of 12 families, a previously identified L99P, and a
novel K242N. In silico analyses predicted that both substitutions would have deleterious effects on
the variant proteins, and in vitro studies showed that K242N and L99P had markedly reduced or
complete loss of 25-hydroxylase activity, respectively. Heterozygous subjects were less affected
than homozygous subjects, and oral administration of vitamin D led to significantly lower increases
in serum 25-hydroxyvitamin D in heterozygous than in control subjects, whereas homozygous
subjects showed negligible increases.

Conclusion: These studies confirm that CYP2R1 is the principal 25-hydroxylase in humans and
demonstrate that CYP2R1 alleles have dosage-dependent effects on vitamin D homeostasis.
CYP2R1 mutations cause a novel form of genetic vitamin D deficiency with semidominant
inheritance. (J Clin Endocrinol Metab 100: E1005–E1013, 2015)

Vitamin D deficiency is prevalent worldwide (1–3) and
remains the most common cause of rickets in chil-

dren and osteomalacia in adults. Moreover, low vitamin D
status is associated with reduced bone density and in-

creased fracture risk in the elderly (4, 5). A growing num-
ber of association studies have also implicated low vitamin
D status as a potential risk factor for diabetes mellitus,
hypertension, malignancy, infection, and immune diseases
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(3, 6–10), and optimal vitamin D status is a topic of active
investigation and ardent controversy (11, 12). Vitamin D,
produced in the skin as vitamin D3 (cholecalciferol) after
exposure to UV light, or supplied in the diet as vitamin D3

or vitamin D2 (ergocalciferol), must undergo 25-hydroxy-
lation in the liver (13) by CYP2R1, to generate 25-hy-
droxyvitamin D [25(OH)D]. Further hydroxylation in the
kidneys by the 25(OH)D-1�-hydroxylase enzyme CYP27B1
generates 1,25-dihydroxyvitamin D [1,25(OH)2D], the active
hormone responsible for most of the physiological actions of
vitamin D.

Because few foods naturally contain or are fortified
with vitamin D, the principle source of vitamin D for most
populations is cutaneous production of vitamin D3 from
sunlight. Thus, it has been surprising that vitamin D de-
ficiency remains prevalent in sun-enriched parts of the
world (14–17), and that rickets occurs in children who live
in tropical countries (1). We sought to identify potential
genetic causes of rickets in a cohort of children in central
Nigeria (latitude 10°N) that responds more effectively to
calcium supplementation than to conventional doses of
vitamin D (18, 19). These subjects had low levels of
25(OH)D, which suggested a potential defect in 25-
hydroxylation of vitamin D. Hence, we examined the
CYP2R1 gene, which encodes the principle 25-hydroxy-
lase, as recessive mutations in the human CYP2R1 gene
(20–22) and disruption of murine Cyp2r1 (23) by con-
ventional gene targeting result in markedly reduced serum
levels of 25(OH)D.

Materials and Methods

Subjects
Our cohort of rachitic Nigerian children included 27 children

with sporadic rickets (serum concentration of 25[OH]D mean �
SD, 12.1 � 4.8 ng/mL) and 12 subjects from families (serum
concentration of 25[OH]D 11.4 � 4.5 ng/mL) with more than
one first-degree relative with rickets. Twenty-two first-degree
relatives of 12 index cases had a history of leg deformities con-
sistent with rickets, and 14 were included in this study. We con-
firmed rickets in all index cases and most siblings with rickets
using a rickets radiographic score of greater than 1.5 on a 10-
point severity scale (24). The control group consisted of 21 nor-
mal children between 19 and 59 months of age (mean � SD, 35.7
� 11.9 mo) who had been previously characterized (25). We
collected medical and demographic data from each subject, with
particular emphasis on skeletal deformities consistent with rick-
ets, and measured biochemical parameters of bone and mineral
metabolism. All studies were approved by the appropriate insti-
tutional review boards, and written informed consent was re-
ceived from all patients or their parents prior to inclusion in the
study.

Laboratory analyses and gene sequencing
We measured serum electrolytes and creatinine using routine

methods. For measurements of vitamin D metabolites, blood
samples were centrifuged within 30 minutes after collection, and
serum samples were stored at �70°C until shipped frozen to the
Mayo Clinic for analysis. Measurements of vitamin D3, vitamin
D2, 25(OH)D3, and 25(OH)D2 were performed by isotope-di-
lution liquid chromatography tandem mass spectrometry using
an API 4000 instrument (Applied Biosystems). We measured
serum concentrations of 1,25(OH)2D by RIA (DiaSorin). Intact
PTH was measured using the Immulite 2000 PTH assay (Diag-
nostics Product Corporation).

We extracted genomic DNA from dried blood spots or saliva
using standard methods. All five exons containing the coding
region, the exon-intron junctions, and the promoter of CYP2R1
(11p15.2) were sequenced as previously described (26). Nucle-
otide position was numbered according to the starting point of
the ATG codon in the cDNA (sequence accession number
NM_024514.4). The predicted effect of the variants was deter-
mined by in silico analyses using a web-based tool, Condel (27),
which assesses the outcome of amino acid changes using a con-
sensus deleteriousness score that combines various tools (eg,
SIFT, Polyphen2, MutationAssessor) (28–30). We used the
HOPE tool (31) to determine the effect of variation on the 3D
structure of the CYP2R1 protein.

We performed linkage analysis to determine potential associations
of CYP2R1 alleles with rickets by genotyping members of all families
for single nucleotide polymorphisms located within the CYP2R1 gene
(rs12794714, rs7936142, rs1993116, rs1740157, rs10500804,
rs11023373) (32). Genomic DNA from 59 unrelated subjects of Ni-
gerian origin was genotyped for mutations and used as a population
control. In addition, we analyzed CYP2R1 sequence data from 628
unrelated subjects in the 1000 Genomes Project.

Assessment of 25-hydroxylase activity in vivo
To assess the functional capacity of 25-hydroxylase in vivo,

we administered 50 000 IU orally of vitamin D2 (Pliva, Inc.) or
vitamin D3 (Bio-Tech) on separate occasions at least 3 months
apart to patients with CYP2R1 mutations, their unaffected first-
degree relatives, and control subjects (25).

Cell culture, analysis of Cyp2r1 in HEK293T cells,
and statistical methods

See Supplemental Methods.

Results

Molecular genetic studies
CYP2R1 sequences were normal in all 27 children with

sporadic rickets (data not shown). By contrast, probands
from two of 12 Nigerian families with more than one
member affected by rickets carried CYP2R1 mutations. In
a micro linkage analysis, there was concordance between
CYP2R1 alleles and rickets and/or low serum levels of
25(OH)D in affected members of both of these two fam-
ilies (Figure 1). Table 1 lists relevant characteristics of the
patients in these twofamilies.Bycontrast,probands fromthe
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other10familiesdidnotcarryCYP2R1mutations,andthere
was discordance between CYP2R1 haplotypes and trans-
mission of rickets in these kindreds (data not shown).

We identified the previously described c.296T�C
(L99P) CYP2R1 mutation (21) in eight subjects in two
generations in both Families 1 and 2. The mutation was in
linkage disequilibrium with a consistent haplotype
across 45 kb of gDNA on the CYP2R1 locus. This hap-
lotype was not present in any of the 59 subjects in the 10
other families that we analyzed and hence is rare. Ac-
cordingly, these two apparently unrelated Nigerian
pedigrees show identity by state at the CYP2R1 locus on
the mutant chromosome, and likely share a common
origin with the L99P allele we previously identified in an

affected member of a third family
with rickets that originated in Ni-
geria (21).

The mother of the proband in
family 2 was heterozygous for a sub-
stitution of cytosine for adenine at nu-
cleotide position 726 (c.726A�C) in
exon 3 of the CYP2R1 gene (Figure
2C). This missense mutation re-
places lysine with asparagine at
amino acid 242 of the CYP2R1 pro-
tein (p.K242N).

Both the L99P and K242N muta-
tions were absent in CYP2R1 alleles
from 59 unrelated subjects of Nige-
rian origin and 628 unrelated sub-
jects in the 1000 Genomes Project,

thereby excluding the possibility that the identified mu-
tations represent population-specific sequence variants.
Moreover, Leucine 99 and Lysine 242 are both conserved
in the CYP2R1 enzymes of mammals, chickens, and fish,
suggesting that these residues play important roles in pro-
tein function or structure. The effects of the two point
mutations were analyzed using the bioinformatics soft-
ware Condel, which predicted that the L99P and K242N
amino acid replacements were both deleterious. Replace-
ment of Leucine 99 has been proposed to impair CYP2R1
folding (33), whereas our in silico analysis of the K242N
mutation predicts that this amino acid substitution dis-
turbs the interaction surface (31). Replacement of leu-

Figure 1. Pedigrees and single nucleotide polymorphism haplotype analysis. A, Family 1; B,
Family 2. The presence of a CYP2R1 mutation is noted under each subject, and the genotypes for
single nucleotide polymorphisms in and around the CYP2R1 gene are shown in the haplotype
boxes at the bottom of each pedigree. The CYP2R1 allele carrying the L99P mutation is shaded in
gray. Probands are indicated by the arrows.

Table 1. Biochemical and Radiographic Characteristics of Five Subjects With CYP2R1 Mutations

Subject Subject II-1
(Family 1)

Subject II-2
(Family 1)

Subject I-1
(Family 1)

Subject II-1
(Family 2)

Subject I-2
(Family 2)

Mutation Homozygous

L99P/L99P

Homozygous

L99P/L99P

Homozygous

L99P/L99P

Heterozygous

L99P/wt

Heterozygous

K242N/wt

Age, y 12.5 13 13.5 20 11 11.5 18 49 5 5.5 24

Ranges
ReferenceCharacteristic Before After

calciuma
After
vitamin D3

b
Before After

calciuma
Before After

calcium

Calcium, mg/dL 5.9 5.7 6.7 6.1 6.3 7.8 9.6 9.6 9.9 9.2 8.5–10.6
Phosphorus. mg/dL 2.6 3.4 4.0 3.9 4.3 5.5 3.2 2.0 4.6 3 2.5–5.4; 5–14 y

2.5–4.5 adults
Albumin, g/dL 3.7 3.9 3.7 3.4 4.4 3.9 4.3 3.5–5.0
Alkaline phosphatase, U/L 4866 5029 551 2391 2131 413 109 714 275 172 162–587; 5–14 y

45–115 adults
25(OH)D, ng/mL 8.0 2.2 1.5 4.1 3.7 3.1 4.9 16.4 25.9 18.7 �20
1,25(OH)2D. pg/mL 18 22 17 26 180 241 22–67
PTH, pg/mL 123 382 339 208 199 182 60 107 42 85 11–67
Radiographic score 10 8 0.5 9 1 5 1 0

To convert values for calcium to millimoles per L, multiply by 0.25. To convert values for phosphorus to millimoles per L, multiply by 0.32. To
convert values for 25(OH)D to nanomoles per L, multiply by 2.50. To convert values for 1,25(OH)2D to picomoles per L, multiply by 2.40. To
convert the values for PTH to picomoles per L, multiply by 0.11.
a Calcium was given as ground fish including bones 10 g twice daily, providing approximately 952 mg of elemental calcium daily for 6 mo.
b Vitamin D3 600 000 IU (15 mg) was given im twice at 3-month intervals.
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cine99 by proline, a known helix breaker, disrupts the
hydrogen bond network and sterics of the helix. Replace-
ment of lysine242 by asparagine is predicted to destabilize
positioning of Phe240 with consequent decreased inter-
action of CYP2R1 with its substrate, parent vitamin D.

Clinical characterization of family 1
The index case in Family 1 (Figure 1A) was homozy-

gous for a missense mutation c.296T�C in exon 2 of the
CYP2R1 gene (Figure 3D), which results in substitution of
proline for leucine at position 99 (p.L99P). In addition to
the proband (II-1), his brother with rickets (II-2), and their
father (I-1) were also homozygous for the L99P mutation,
and two sisters and the mother were heterozygous for the
L99P allele. Both brothers who were homozygous for the
L99P mutation had severe rickets.

The proband (Figure 1A, II-1; Figure 3, A and B; Table
1) presented at age 12.5 years with leg pain, and had
marked anterior tibial bowing that was first noted at age
2 years. He had begun to walk at age 9 months but stopped
at age 3 years. His typical daily dairy product calcium

intake was 50 mg. Rib beading and
wrist enlargement were prominent,
and radiographs and biochemis-
tries were consistent with severe
rickets. The serum 25(OH)D con-
centration was 8 ng/mL. As part of a
clinical trial (34), he had a minimal
response to 6 months of supplemen-
tal calcium (reduction in radio-
graphic severity score from 10.0 to
8.0), and 3 months after additional
treatment with im vitamin D3,
600 000 IU (Hamexmedica Ltd) his
radiographic score declined from 8
to 3.5. A second dose of vitamin D3

was given, and 3 months later the ra-
diographic score was 0.5, indicating
the rickets was healed. He began
walking unaided, but his deformities
persisted.

The proband’s brother (Figure
1A, II-2; Figure 3C; Table 1) pre-
sented simultaneously at age 11
years with leg pain and genu valgum
that had been first noted at age 6.5
years. Walking had been delayed un-
til age 3 years. His typical daily dairy
product calcium intake was only 15
mg and his serum level of 25(OH)D
was 4.1 ng/mL. Radiographs showed
severe rickets, and the biochemical
features were similar to those of his

brother. In the same clinical trial as the proband (34), he
had a favorable clinical response to treatment with cal-
cium supplementation with reduction in the radiographic
severity score from 9.0 to 1.0 (near complete healing),
resolution of leg pain and improvement in genu valgum.
The serum 25(OH)D concentration remained low, and
other biochemical features of rickets remained un-
changed, however. He developed scoliosis in adolescence.

The 49-year-old father (Table 1 and Figure 1A, I-1) had
no history of childhood skeletal deformities. At age 24
years, he developed spastic paraparesis due to tuberculosis
of the spine. He recovered after antituberculosis treat-
ment, but he had a relapse of paraparesis at age 44 years
and has remained unable to walk. A spine radiograph at
age 46 years showed reduced mineralization and multiple
thoracic vertebral compression fractures; radiographs of
the pelvis, hips, femurs, and scapulae were normal, with-
out pseudofractures of osteomalacia. His serum 25(OH)D
concentration was 4.9 ng/mL and PTH was modestly
elevated.

Figure 2. Skeletal deformities and mutation analysis in affected members of family 2. A, The
proband and her affected sister from family 2, who are heterozygous for the p.L99P mutation,
both had marked genu varum deformity. B, A portion of the DNA sequence chromatogram of
exon 2, which demonstrates heterozygous replacement of T by C at position c.296 (arrow) that
leads to replacement of amino acid leucine at codon 99 with proline (p.99L�P) on one allele. C,
A portion of the DNA sequence chromatogram of exon 3 from their mother, with the arrow
denoting heterozygous replacement of adenine (A) by cytosine (C) at c.726 (A�C) that leads to
replacement of amino acid lysine at codon 242 by asparagine (p.242K�N) on one allele.
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One of the proband’s sisters (Figure 1A, II-3) had a
history of mild genu varum that had resolved spontane-
ously as a toddler, and the mother and the other sister had
no history of bone deformity or pain

Clinical characterization of family 2
The proband of family 2 (Figure 1B, II-1) was heterozy-

gous for the c.296T�C missense mutation, p.L99P, as was
her affected sister (Figure 1B, II-2) and father (Figure 1B
and Figure 2B). Both children had clinical (Figure 2A),
biochemical (Table 1), and radiographic (Figure 3, A and
B) evidence of rickets. Their father (I-1) had a history com-
patible with childhood rickets. A younger sister (II-3) was
clinically unaffected. The proband and her affected sister
had presented with bowed legs at ages 62 and 32 months
with radiographic scores of 5.0 and 2.0, respectively. The
typical diet of the proband provided a daily calcium intake
of 175 mg. Her serum 25(OH)D concentration was 16.4
ng/mL. Both affected sisters were treated with calcium and
the proband had also received oral vitamin D2, 50 000 IU
monthly for 6 months in a clinical trial (35). After treat-
ment, rickets had resolved in both subjects (radiographic
scores of 1.0 and 1.5, respectively). The mother had no
history of bonedeformity,but shehadanelevated serumPTH
concentration and a low serum 25(OH)D concentration.

Response to oral vitamin D challenge
Affected members of Families 1 and 2 were given a

single dose of 50 000 IU orally of vitamin D2 or vitamin D3

on separate occasions. Serum con-
centrations of parent vitamin D2 and
vitamin D3 were less than 5 ng/mL in
all study and control subjects at base-
line, and showed robust increases 1
day after administration of the re-
spective vitamin D compound (Fig-
ure 4A). The three subjects who were
homozygous for L99P had lower
baseline 25(OH)D3 concentrations
(3.1 � 1.7 ng/mL; P � .001) and
showed significantly blunted re-
sponses to oral vitamin D3 compared
with individuals who were heterozy-
gous for the L99P or K242N muta-
tions or normal subjects (Figure 4B).
Subjects who were heterozygous for
the L99P mutations had lower base-
line 25(OH)D3 concentrations than
control children (13.4 � 2.3 ng/mL
vs 25.9 � 6.1 ng/mL, respectively;
P � .001), and showed subnormal
responses to administration of vi-
tamin D3. The baseline 25(OH)D3

concentration for the subject who was heterozygous for
the K242N mutation was 15.6 ng/mL. The peak
25(OH)D3 values were observed 3 days after oral vita-
min D3, and represented incremental increases in serum
25(OH)D3 of 9.8 � 2.7, 19.9 � 9.6, and 30.6 � 16.0
ng/mL in L99P homozygous, L99P heterozygous, and
control subjects, respectively (P � .03). The incremental in-
crease in serum 25(OH)D3 in the K242N heterozygous sub-
ject was 10.5 ng/mL.

Serum levels of 25(OH)D2 were undetectable prior to
administration of vitamin D2, and peaked at Day 3 with
incremental responses that were lower in individuals who
were homozygous (9.0 � 0.5 ng/mL) than those who were
heterozygous (19.0 � 7.8 ng/mL) for the L99P mutation
(P � .025) (Figure 4C). Moreover, heterozygous individ-
uals had lower peak values than control children (38.2 �

13.3 ng/mL; P � .008) (Figure 4C). In the K242N
heterozygous subject, the peak 25(OH)D2 concentration
was 12.4 ng/mL.

Peak serum levels of 25(OH)D on Day 3 positively cor-
related with peak serum concentrations of vitamin D on
Day 1 in control and heterozygous subjects (Figure 5) but
not in subjects who were homozygous for the L99P mu-
tation. The relatively lower vitamin D levels achieved in
homozygous and heterozygous subjects generally resulted
in greater 25(OH)D concentrations at similar vitamin D
levels in healthy controls. Among the L99P homozygous
subjects, the relatively low concentrations of 1,25(OH)2D

Figure 3. Skeletal deformities and mutation analysis in affected members of family 1. A and B,
The proband of family 1 shows marked residual anterior tibial bowing at age 20 years. C, His
brother shows residual genu valgum at age 18 years. D, A portion of the DNA sequence
chromatogram of exon 2 from the proband. The nucleotide sequence of CYP2R1 is noted above
each chromatogram. This reveals a homozygous thymidine (T) to cystosine (C) substitution at
c.296 (arrow) that leads to replacement of amino acid leucine at codon 99 with proline
(p.99L�P).
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at baseline increased in response to administration of vi-
tamin D2 or D3, consistent with a functional vitamin D
deficiency (Supplemental Figure 1).

Expression and functional analyses
The abundance of both mutant and wild-type CYP2R1

recombinant proteins in transiently transfected HEK293T
cells was similar (Figure 4D), indicating that neither mu-
tation affected expression of the protein. To determine the

consequence of the identified mutations on CYP2R1 en-
zyme function, we transiently transfected HEK293T host
cells with empty vector, wild-type, or mutant CYP2R1
cDNAs and compared the generation of 1,25(OH)D3

from substrate 1�-hydroxyvitamin D3 using a luciferase
reporter gene that is under the control of the vitamin D
receptor (VDR). In the absence of 1�-hydroxyvitamin D3

or recombinant CYP2R1, very little luciferase activity was
detected (Figure 4E). Cells expressing wild-type CYP2R1
showed robust increases in luciferase activity compared
with cells transfected with vector DNA, indicating that
synthesis of 1,25(OH)2D3 was dependent upon forced ex-
pression of 25-hydroxylase activity. Moreover, the cata-
lytic properties of the recombinant CYP2R1 enzyme with
1�-hydroxyvitamin D as a substrate (Km 9.6�M) com-
pared favorably with the properties of the purified enzyme
(Km 11.3�M) (33). By contrast, the p.L99P CYP2R1 did
not induce activity of the reporter gene, indicating that this
mutation abolished 25-hydroxylase activity. The K242N
mutant induced a blunted response to 1�-hydroxyvitamin
D3 (Km, 10.4 � 7.7�M; Vmax, 0.55 � 0.12 relative units)
compared with the wild-type enzyme (Km, 9.6 � 2.8�M;
Vmax, 0.93 � 0.08 relative units), indicating a significant

Figure 4. Effect of CYP2R1 mutations on 25-hydroxylase activity. A, Peak serum vitamin D2 and D3 levels 24 h after administration of vitamin D2

or D3. B, Serum 25(OH)D3 concentrations after administration of 50 000 IU of vitamin D3. C, Serum 25(OH)D2 concentrations after administration
of 50 000 IU of vitamin D2. D, Immunoblot of HEK293T cell extracts. Cells were transfected with plasmids containing vector sequences only (lane
1) or cDNAs corresponding to wild type (lane 2), L99P (lane 3), or K242N (lane 4) Cyp2r1 with FLAG epitope tag. Blots were sequentially incubated
with anti-FLAG antibody an anti-J-actin antibody to assess protein loading of each lane. E, Response of normal and mutant Cyp2r1 enzymes to
increasing concentrations of 1�-hydroxyvitamin D3. The expression plasmids were introduced into HEK 293 cells with DNAs constituting the VDR-
Gal4/GAL4-UAS-Luciferase hybrid reporter gene system. Relative activity is expressed as the ratio of induced firefly luciferase to control
(constitutive) Renilla luciferase. Points on the graphs represent means of triplicate values established at each concentration of secosteroid. In all
figures, error bars represent SE of the mean, and stars represent significant (P � .05) differences between subjects homozygous for the L99P
mutation and control subjects, using the Kruskal-Wallis test with Dunn’s post-test analysis. One subject in Family 1 (II-4) did not participate in the
in vivo vitamin D response assessment.

Figure 5. Relationship of Peak 25-hydroxyvitamin D with Peak
Vitamin D Concentrations. A, Relationship of peak serum 25(OH)D2

value at Day 3 with peak vitamin D2 concentrations on Day 1
after vitamin D2 administration. B, Relationship of peak serum
25(OH)D3 value at Day 3 with peak vitamin D3 concentrations on Day
1 after vitamin D3 administration.
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reduction in 25-hydroxylase activity. Because recent studies
show that the closely related CYP2C8 exists as a dimer when
boundtomammalianmembranes,andthat this structurehas
functional significance (36), we found it conceivable that the
dimeric structure of CYP2R1 that was observed after crys-
tallization of solubilized protein might also exist in the mem-
brane-bound form of CYP2R1 (33). Hence, we assessed
whether the L99P and K242N proteins might inhibit activity
of the wild-type enzyme. However, when coexpressed with
equal amount of wild-type CYP2R1, neither mutant enzyme
showed a dominant negative effect (data not shown).

Discussion

Rickets generally results from inadequate cutaneous syn-
thesis or insufficient dietary supply of vitamin D. Less
commonly, rickets arises from pseudovitamin D defi-
ciency, in which severe hypocalcemia and rickets develop
within the first year of life and do not respond to treatment
with standard doses of vitamin D and calcium. The initial
characterization of this hereditary form of pseudovitamin
D deficiency rickets noted that to maintain health, intake
of vitamin D had to be consistently in vast excess of the
recommended daily allowance, hence, the term vitamin D
dependency was proposed to describe the new syndrome
(37). Later reports characterized a second form of pseu-
dovitamin D deficiency that was not responsive to even
high doses of vitamin D (38). The mechanisms and re-
sponsible genes for these two types of pseudovitamin D
deficiency have been characterized. Mutations in the
CYP27b gene encoding 25(OH)D 1�-hydroxylase are the
basis for vitamin D-dependent rickets type 1A (VDDR1A,
MIM 264700) (39, 40), and explain the inability to syn-
thesize the fully active form of vitamin D, 1,25(OH)2D. By
contrast, mutations in the VDR gene encoding the vitamin
D receptor are the basis for vitamin D-dependent rickets
type 2A (VDDR2A, MIM 277440) (41, 42), and account
for resistance to high doses of vitamin D or even
1,25(OH)2D. More recently, overexpression of a hetero-
geneous nuclear ribonucleoprotein–like dominant-nega-
tive protein that binds to the VDR response element in
vitamin D target genes has been described as a second
mechanism for VDDR2 (VDDR2B, MIM 600785), al-
though the precise molecular defect is unknown (43). In
this report we describe another mechanism for pseudovi-
tamin D deficiency that is uniquely associated with low
serum concentrations of 25(OH)D, vitamin D–dependent
rickets type 1B (VDDR1B, MIM 600081).

We identified two different CYP2R1 missense mutations
in affected members of two families with VDDR1B. Linkage
analysis excluded an association between the CYP2R1 locus

and rickets in 10 additional families. Moreover, we did not
identify CYP2R1 mutations in 27 unrelated patients with
sporadic rickets. Although our mutation-detection strategy
mayhavemissed somemutations inCYP2R1, our results are
consistentwithgeneticheterogeneity inVDDR1Band/orun-
disclosed environmental effects.

Our data support a gene dosage effect of CYP2R1 on
conversion of vitamin D to 25(OH)D in humans. Semi-
dominant inheritance is signified by a more severe disease
phenotype when the mutant allele is homozygous and a
less severe phenotype when the allele is heterozygous. Al-
though VDDR1A is an autosomal-recessive condition,
VDDR1B is a more complex disorder in which the phe-
notype is dependent upon the number of defective alleles.
Patients with one defective CYP2R1 allele showed a mild
form of VDDR1B. These patients produce less 25(OH)D
than control subjects after administration of either vita-
min D2 or vitamin D3, but are able to maintain near nor-
mal mineral homeostasis as adults. By contrast, patients
who are homozygous for CYP2R1 mutations have a more
severe form of VDDR1B. These patients show minimal
increases in serum 25(OH)D after vitamin D, and clinical
improvement is effected only with very high doses of vi-
tamin D or calcium (21, 44). Similarly, two Saudi siblings
with low serum concentrations of 25(OH)D due to com-
pound heterozygosity for two other CYP2R1 mutations
showed very modest responses to high-dose vitamin D
supplementation (20). Interestingly, subject I-1 in family
1, an adult, showed near-normal serum levels of PTH,
calcium, and phosphorus despite homozygosity for the
nonfunctional L99P allele. This is similar to the natural
history of many patients with VDDR2A, who, during and
after puberty and into adulthood are able to maintain nor-
mal mineral metabolism with modest oral calcium sup-
plements (45), in accordance with a proposed mechanism
for vitamin D–independent calcium absorption from the
intestine (46). Nutritional rickets in Nigerian children
commonly results from the interaction of very low dietary
calcium intakes and suboptimal vitamin D status (35). The
susceptibility of children to develop rickets with the
CYP2R1 mutation may be augmented by dietary calcium
deprivation or by vitamin D deficiency. The clinical re-
sponse to calcium supplementation in some of the subjects
with CYP2R1 mutations suggests the critical role of pro-
viding adequate calcium.

We demonstrated in one L99P homozygous subject
that radiographic healing of rickets could be achieved with
two large doses of IM vitamin D (600 000 IU), indicating
that the vitamin D deficiency could be overcome. The
small but significant increases in serum 25(OH)D in pa-
tients who have biallelic loss of function mutations in
CYP2R1 may reflect the activity of other cytochrome P450
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enzymes that can also serve as 25-hydroxylases (26, 47, 48).
These data are similar to observations in mice in which
Cyp2r1 alleles have been genetically ablated, and which
show both a gene-dosage effect on circulating levels of
25(OH)D and markedly reduced but detectable levels of
25(OH)D in homozygous Cyp2r1 knockout mice (23, 49).
The identity of the auxiliary 25-hydroxylase(s) is unknown.
The increase in 1,25-dihydroxyvitamin D after oral admin-
istration of 50 000 IU of vitamin D2 or D3 in the L99P ho-
mozygous subjects was also consistent with functional vita-
min D deficiency, characterized by induction of renal
CYP27B1 by elevated PTH (25). Whether lower doses of
vitamin D would raise the substrate concentration suffi-
ciently to overcome the 25-hydroxylation deficit is
unknown.

This report has several limitations. The two kindreds
whose responses to vitamin D2 and vitamin D3 were stud-
ied included adult parents and older children, whereas
control subjects were all children enrolled in a study of
vitamin D. It is possible that vitamin D absorption is
greater in children than in adults, possibly accounting for
some of the observed differences. The blunted increase in
25(OH)D observed in subjects possessing the CYP2R1
mutation may, in part, reflect impaired absorption of vi-
tamin D rather than impaired CYP2R1 25-hydroxylation.
However, even in subjects with the CYP2R1 mutation, the
peak vitamin D concentrations achieved should have been
sufficient to produce a greater increase in 25(OH)D values
than we observed. Although consistent with a model of
semidominant inheritance, we concede that our findings
are not definitive, and that the dosage effects that we have
observed may be due to differences in age or genetic back-
ground of the subjects we studied.

We did not treat any subjects with the CYP2R1 muta-
tion with 25(OH)D, to bypass the enzymatic defect of
25-hydroxylation. This would merit further study and po-
tentially strengthen our conclusion regarding the func-
tional significance of CYP2R1 mutations in vivo and the
benefit of treatment with 25(OH)D.

In the context of recent reports of inactivating mu-
tations of CYP24A1 (50 –52), which encodes an enzyme
that degrades 25(OH)D and 1�,25(OH)2D, this study
provides new insights into the contribution of genetic
variability to human vitamin D homeostasis. The L99P
allele prevalence is nearly 1% in subjects of African
descent (53). Given the abundance of other nonsynony-
mous polymorphisms distributed throughout the cod-
ing region of the human CYP2R1 gene (28), and recent
genome wide association studies showing an associa-
tion between circulating 25(OH)D concentrations and
the CYP2R1 locus (54), we suggest that variation in
CYP2R1 expression may have an important role in de-

termining vitamin D requirements. Hence, our study
raises important questions regarding the effectiveness
of standardized doses of supplemental vitamin D for
maintaining optimal vitamin D status and encourages
additional study of the relationship between CYP2R1
genotype and vitamin D status.
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