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The active form of vitamin D, 1a,25-dihydroxyvitamin D
[1a,25(OH)2D], is synthesized from its precursor 25 hydroxyvitamin
D [25(OH)D] via the catalytic action of the 25(OH)D-1a-hydroxylase
[1a(OH)ase] enzyme. Many roles in cell growth and differentiation
have been attributed to 1,25(OH)2D, including a central role in
calcium homeostasis and skeletal metabolism. To investigate the in
vivo functions of 1,25(OH)2D and the molecular basis of its actions,
we developed a mouse model deficient in 1a(OH)ase by targeted
ablation of the hormone-binding and heme-binding domains of
the 1a(OH)ase gene. After weaning, mice developed hypocalce-
mia, secondary hyperparathyroidism, retarded growth, and the
skeletal abnormalities characteristic of rickets. These abnormalities
are similar to those described in humans with the genetic disorder
vitamin D dependent rickets type I [VDDR-I; also known as
pseudovitamin D-deficiency rickets (PDDR)]. Altered non-collage-
nous matrix protein expression and reduced numbers of oste-
oclasts were also observed in bone. Female mutant mice were
infertile and exhibited uterine hypoplasia and absent corpora
lutea. Furthermore, histologically enlarged lymph nodes in the
vicinity of the thyroid gland and a reduction in CD4- and CD8-
positive peripheral T lymphocytes were observed. Alopecia, re-
ported in vitamin D receptor (VDR)-deficient mice and in humans
with VDDR-II, was not seen. The findings establish a critical role for
the 1a(OH)ase enzyme in mineral and skeletal homeostasis as well
as in female reproduction and also point to an important role in
regulating immune function.

V itamin D is a major regulator of mineral ion homeostasis and
can also have a significant influence on the growth and

differentiation of a variety of tissues (1–4). 1a,25-dihydroxyvi-
tamin D [1a,25(OH)2D] is the most potent metabolite of vitamin
D (5–7) and is believed to exert most of its actions via the
1a,25(OH)2D receptor (VDR) (8, 9), a member of the nuclear
hormone receptor superfamily. The synthesis of 1a,25(OH)2D
from its precursor 25-hydroxyvitamin D [25(OH)D] is catalyzed
by the mitochondrial cytochrome P450 enzyme 25-hydroxyvita-
min D-1a-hydroxylase [1a(OH)ase] or CYP27B1. Although a
number of tissues can synthesize 1a,25(OH)2D, the kidney is the
principal site of the circulating hormone. Recently cDNAs
encoding the mouse (10), rat (11, 12), and human (13, 14)
enzyme have been cloned, and the structures of the human (11,
14, 15) and mouse (16, 17) gene have been reported.

Vitamin D-dependent rickets type I (VDDR-I), also known as
pseudovitamin D deficiency rickets (PDDR), is an autosomal
recessive disorder characterized by low or undetectable levels of
1a,25(OH)2D, secondary hyperparathyroidism, hypocalcemia,
hypophosphatemia, and severe rachitic lesions (18 –21).
VDDR-I is assumed to result from impaired synthesis of
1a,25(OH)2D, and, indeed, a number of 1a(OH)ase gene mu-
tations have been reported in this disorder that result in dimin-
ished or absent 1a(OH)ase activity (13, 22–26).

To further investigate the functional role of the 1a(OH)ase
enzyme, we generated mice deficient in 1a(OH)ase by gene
targeting.

Materials and Methods
Methods including construction of the 1a(OH)ase targeting
vector; transfection of embryonic stem (ES) cells and generation
of 1a(OH)ase-deficient mice; Southern blot and PCR analysis of
ES cell and mouse tail DNA; Northern blot analysis; biochemical
and hormonal analyses; histological analysis; computer-assisted
image analysis; immunohistochemistry; and f luorescence-
activated cell sorter (FACS) lymphocyte phenotyping are pre-
sented in the supplemental data (which is published on the
PNAS web site, www.pnas.org).

Results
The targeting vector shown in Fig. 1A was used to inactivate one
allele of the 1a(OH)ase gene in ES cells. The inactivated allele
lacked both the hormone-binding domain and the heme-binding
domain of the enzyme. Two independent ES cell clones were
used to generate two lines of mice heterozygous for the muta-
tion, which were then interbred to generate 1a(OH)ase null
(2y2) mice (Fig. 1B). Litter sizes were no different from
normal, and the mutated allele was transmitted to the progeny
with the expected Mendelian frequency. Thus, haploinsuffi-
ciency of the 1a(OH)ase did not affect embryonic survival. By
reverse transcription (RT)-PCR, renal expression of the kidney
1a(OH)ase mRNA in (1y2) mice was reduced relative to that in
(1y1) mice, and, in (2y2) mice, it was undetectable (Fig. 1C).

Circulating concentrations of 1,25(OH)2D were undetectable
in the homozygous null mice and were somewhat lower (al-
though not significantly so) in the heterozygotes relative to
normals at 7 weeks of age (Table 1). Serum 25(OH)D concen-
trations were elevated in (2y2) mice relative to the heterozy-
gotes and normals. Both serum calcium and phosphate concen-
trations were reduced in (2y2) mice relative to the (1y2) mice
that were normal, and urinary phosphate was increased in the
homozygous null mice. Serum parathyroid hormone concentra-
tions were markedly elevated, the alkaline phosphatase concen-
trations were twice normal, and the body weight was substan-
tially reduced in the homozygous null mice at this time (Table 1).
The null mutant mice appeared grossly normal from birth until
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weaning; however, after weaning at 3 weeks, they displayed
marked growth retardation (see Fig. 5, which is published as
supplemental data).

The expression of the target genes for 1,25(OH)2D,
24(OH)ase, calbindin D9k, and calbindin D28k were assessed at
7 weeks by Northern blot analysis. There were decreased levels
of intestinal calbindin D9k mRNA in the heterozygous mice, and
it was absent in the null mutant mice (Fig. 1D). In the kidney, the
expression of the 24(OH)ase mRNA was almost completely
ablated in the null mutant mice, and the expression of renal
calbindin D9k and calbindin D28k was reduced.

Typical features of advanced rickets were observed histolog-
ically in bone (Fig. 2 A and B). These features included widening
of the epiphyseal growth plates predominantly because of an
increase in the width of the hypertrophic zone, which was also
disorganized; inadequate mineralization of cartilage, of the
primary spongiosa, and of cortical bone; as well as an increase
in osteoid in both trabecular and cortical bone (Fig. 2 A and B,
and see Fig. 6A, which is published as supplemental data).
Osteoblasts lining bone surfaces were increased (Fig. 2 A and B),
and the trabecular bone area in the primary spongiosa was
greater in null mutant than in wild-type mice (see Fig. 6B, which

Fig. 1. Gene targeting of mouse 1a(OH)ase. (A) Schematic representation of the genomic region encoding the 1a(OH)ase and the creation of a mutant allele
by homologous recombination. The neomycin resistance cassette (1.1 kb), which is introduced in the antisense orientation, is flanked by '1.4 and 2.8 kb of 59
and 39 1a(OH)ase gene sequences and replaces exons VI and VII encoding the hormone-binding domain, exon VIII encoding the heme-binding domain, and part
of exon IX. Genomic organization of the mouse 1a(OH)ase region was determined by cloning the gene from a 129svyJ library as described (17). (B) Analysis of
genomic DNA isolated from pups born to two heterozygotes. For Southern blot, purified DNA was digested with BamHI. The mutated allele (3.4 kb) is
distinguished from the wild-type allele (5.4 kb) using the 59 probe indicated in A. For multiplex PCR, a 500-bp neomycin gene product and a 376-bp 1a(OH)ase
exons VI and VII gene product were amplified. The positions of the primers are shown in A. (C) Reverse-transcriptase (RT)-PCR of total kidney RNA (20 mg) isolated
from wild-type (1y1), heterozygous (1y2), or homozygous (2y2) 1a(OH)ase-deleted littermates with primers generating a 176-bp 1a(OH)ase product and a
508-bp glyceraldehyde-3-phosphate dehydrogenase (GAPDH) product. Densitometric analysis values of 1a(OH)aseyGAPDH for (1y1) 5 100 6 4%; (1y2) 5 60 6
5%; (2y2) 5 0, mean 6 SEM, n 5 3. (D) Analysis of target gene expression in wild-type (1y1), heterozygous (1y2), and (2y2) 1a(OH)ase mice. Northern blot
analyses of 24(OH)ase, calbindin D9K, and calbindin D28K were performed on intestinal andyor kidney RNA of mice of each genotype at 7 weeks. Densitometric
analysis values for specific mRNAy18S of (1y1) vs. (1y2) vs. (2y2): intestine Calb9k, 100 6 5% vs. 85 6 5% vs. 2 6 2%; kidney 24(OH)ase, 100 6 4% vs. 103 6
5% vs. 4 6 2%; kidney Calb9k, 100 6 5% vs. 91 6 5% vs. 36 6 4%; kidney Calb28k, 100 6 5% vs. 96 6 4% vs. 61 6 3%, mean 6 SEM, n 5 3.
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Fig. 2. Histology of bone from 1a(OH)ase null mutant mice (2y2) and wild-type littermates (1y1). (A) Proximal tibial epiphysis, (GP) growth plate, and
metaphysis at 4 weeks, hematoxylin and eosin. (Upper) Bar 5 500 mm; (Lower) Bar 5 250 mm. (B) Von Kossa stain of undemineralized sections at 4 weeks.
Counterstaining with toluidine blue. (DF) distal femur, bar 5 500 mm; (GP) growth plate, bar 5 100 mm; (TB) trabecular and (CB) cortical bone, bar 5 50 mm, *,
osteoid. (C) Tartrate-resistant acid phosphatase (TRAP) staining of osteoclasts in the primary spongiosa. Counterstaining with methylene blue. (Upper) Bar 5 250
mm; (Lower) Bar 5 50 mm

Table 1. Serum and urine profiles and body weight of 1a(OH)ase1/1, 1a(OH)ase1/2, and
1a(OH)ase2/2 mice

1a(OH)ase1/1 1a(OH)ase1/2 1a(OH)ase2/2

Serum Ca21, mM 2.42 6 0.23 2.29 6 0.03 1.35 6 0.01*
Serum PO4

32, mM 3.03 6 0.13 3.44 6 0.18 2.57 6 0.19*
Serum 1,25(OH)2D, pgyml 86.33 6 13.9 68 6 20.1 Undetectable†

Serum 25(OH)D, ngyml 18 6 1.2 16.5 6 3.5 32 6 2**
Serum PTH, pgyml 29.83 6 4.88 29.8 6 3.02 440 6 129.8**
Serum alkaline phosphatase, unitsyliter 255.7 6 60 247.7 6 31.27 506.1 6 31.7**
Urinary PO4

32, mmolymmol creatinine 9.8 6 0.7 10.8 6 0.8 18.1 6 0.9**
Body weight, g 20.7 6 0.7 23.3 6 1.4 13.7 6 1.0**

Results are means 6 SE of determinations in three mice of the same genotype. *, P , 0.05 compared with
1a(OH)ase1/1 mice; **, P , 0.005 compared to 1a(OH)ase1/1 mice. All tests were done on 7-week-old mice.
†Less than 4 pgyml.
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is published as supplemental data). Osteocalcin was decreased,
however, in cortical bone (see Fig. 7 Upper, which is published
as supplemental data) whereas type I collagen levels were
normal (see Fig. 7 Lower, which is published as supplemental
data). Osteoclast numbers and size appeared to be reduced in
bone from the null mutant mice when compared with that of
normal mice (Fig. 2C), and this finding was confirmed by the
image analysis (see Fig. 6C which is published as supplemental
data). Parathyroid glands, which stained positively for the cal-
cium-sensing receptor (CaSR), were clearly enlarged in the
homozygous mutant mice compared with wild-type mice (Fig. 3).

Large ectopic lymph nodes, which stained positive for CD4,
were observed in the neck of the null mutant mice and were not
seen in the wild-type (Fig. 3, and see Fig. 8, which is published
as supplemental data). A reduction in the CD4- and CD8-
positive peripheral T lymphocyte populations was also observed
in null mutant mice compared with wild-type mice (Table 2, and
see Fig. 9, which is published as supplemental data).

Wild-type female mice were demonstrated to be cycling
normally by examining vaginal smears, and the mice were killed
at the estrus phase of the cycle. In contrast, the null mutant mice
were acyclic and did not ovulate. The mutant mice were infertile;
attempts to mate them were unsuccessful.

By gross anatomical analysis, the ovary and uterus of female
1a(OH)ase null mutant mice were smaller (Fig. 4) [ratio of ovary
plus uterine wet weight (mg) to body weight (g): 1a(OH)ase1/1,
7.82 6 1.12 (mean 6 SE); 1a(OH)ase2/2, 2.04 6 0.58; P , 0.01].
Histological analysis of female 1a(OH)ase null mutant mice
showed uterine hypoplasia at 7 weeks, with a poorly developed
endometrium (Fig. 4). Ovaries of these mice were smaller than
in wild-type, ovarian follicles were immature, interstitial tissue
was increased, and there were no corpora lutea (Fig. 4). Male

reproductive organs were grossly normal in 1a(OH)ase null
mutant mice (data not shown). Alopecia and loss of whiskers
were not observed (see Fig. 5, which is published as supplemen-
tal data).

Discussion
Mice lacking the capacity to synthesize 1,25(OH)2D demon-
strated hypocalcemia, secondary hyperparathyroidism, hy-
pophosphatemia, and phosphaturia. These abnormalities un-
doubtedly resulted from the diminished capacity of vitamin
D-deficient animals to optimally absorb calcium and the subse-
quent stimulus for parathyroid gland enlargement, overproduc-
tion of parathyroid hormone and consequent effects on renal
phosphate handling. In the 1a(OH)ase mutant mice, circulating
1,25(OH)2D3 levels were undetectable by RIA, emphasizing the
nonredundant role played by the renal 1a(OH)ase in producing
the hormonally active metabolite of vitamin D. It has been
suggested that other enzymes such as the vitamin D-25-
hydroxylase (CYP27) can catalyze 1a-hydroxylation of
25(OH)D (27), and this might occur in the kidney (28). However,
this phenomenon clearly does not occur to any major extent in
the homozygous mice although the ability of other enzyme
systems to carry out local 1a-hydroxylation of vitamin D me-
tabolites can now be studied further in the 1a(OH)ase knock-out
model.

The well-established ligand dependency of the VDR was
demonstrated by the marked reduction in mRNA levels encod-
ing intestinal calbindin D9k, renal 24(OH)ase, renal calbindin
D9k, and renal calbindin D28k mRNA levels, which was mani-
fested by the 1a(OH)ase null mutant mice relative to wild-type
littermates. Further studies can now be done to assess the
relative contribution of 1,25(OH)2D relative to serum calcium in
expression of these genes. The reduction in 24(OH)ase levels was
especially marked. It had been speculated that 24,25(OH)2D
might serve physiological roles, and, indeed, intramembranous
bone formation is impaired in 24(OH)ase null mutant mice.
However, this phenotype was rescued by mating these animals
with VDR null mutant mice (29), pointing to the abnormally
elevated 1,25(OH)2D levels as the cause of the defect. This
observation provided evidence that 24,25(OH)2D is dispensable
for bone development and that 24-hydroxylation of vitamin D
metabolites represents the essential first step in their catabolism.
This view is reinforced by the present study, in which, despite
minimal 24(OH)ase activity, bone development was apparently
normal up until weaning at sites of intramembranous bone
formation such as calvarium and mandible (data not shown).

Typical rachitic lesions were observed in bone of the 1a-
(OH)ase-deficient mice after weaning, which resulted in the
diminished growth of these animals. Inactivation of 1a(OH)ase
in the null mice therefore produced a phenotype that was similar
to that of the human genetic disease, VDDR-I, in which several
mutations of the human 1a(OH)ase gene have now been de-
scribed, and confirms that deficient 1a(OH)ase activity under-
lies this disorder. A rachitic phenotype has also been observed
in mice homozygous for deletion of the VDR gene and in the
human disorder VDDR-II, in which VDR gene mutations have
been detected. The skeletal lesions in the VDR null mutant mice
were largely reversed by normalizing ambient calcium and
phosphate (30, 31). Further studies will be required to assess the
role of calcium per se in the genesis of skeletal dysfunction in the
1a(OH)ase-deficient mice.

Elevated serum alkaline phosphatase levels in the 1a(OH)ase
null mutant mice likely reflected increased osteoblast activity, and
this increased activity was corroborated by the increased trabecular
area in the null mutant bone, which was, however, poorly miner-
alized. The alterations in the levels of osteocalcin may reflect direct
effects of 1,25(OH)2D deficiency on osteoblastic gene transcription,
indirect effects such as those of hypocalcemia on the production or

Fig. 3. Histology of parathyroid glands and adjacent thyroid tissue of
1a(OH)ase null mutant mice (2y2) and wild-type littermates (1y1). (Upper),
Hematoxylin and eosin; (Lower), Immunostaining for calcium-sensing recep-
tor (CaSR). Bar 5 250 mm. Parathyroid glands are denoted by arrows and lymph
nodes by arrowheads.

Table 2. Analysis of peripheral T cells in littermate 1a(OH)ase1y1

and 1a(OH)ase2y2 mice

1a(OH)ase1y1 1a(OH)ase2y2

CD41 42.9 6 3.2 23.3 6 3.4*
CD81 15.19 6 0.92 10.11 6 0.95**
CD41CD81 1.32 6 0.53 0.47 6 0.01
CD42CD82 39.27 6 3.1 66.14 6 4.3***

Results are means 6 SE of determinations in three 7-wk-old mice of the
same genotype. *, P , 0.01; **, P , 0.02; ***, P , 0.005, compared with
1a(OH)ase1y1 mice.
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processing of matrix proteins, or the altered capacity of deminer-
alized matrix to retain such proteins.

Osteoclasts were reduced in the 1a(OH)ase null mutant bone,
and this may be a manifestation of the important role that
1,25(OH)2D plays in osteoclastogenesis (32). Nevertheless such
a decrease was not observed in the VDR null mutant mouse
bones (32, 33). The reason for this discrepancy is unclear but
could suggest that 1,25(OH)2D functions through an alternate
pathway in mediating its effects on osteoclast development.

Alopecia was noted in VDR knockout mice, and this is often,
but not invariably, found in patients of some VDDR-II kindreds
(34). It is not seen in patients with dietary vitamin D deficiency
or VDDR-I, and, consistent with this, alopecia was not observed
in the 1a(OH)ase null mutant mice. Hypocalcemia andyor
hypophosphatemia per se are not causal of this lesion inasmuch
as normalization of serum calcium and phosphate in VDR null
mutant mice did not prevent the alopecia (30). Temporally
controlled ablation of RXRa in keratinocytes generated a

transgenic mouse model with alopecia similar to that observed
in VDR knockout mice, suggesting a role of RXRyVDR het-
erodimers in directing normal hair cycling (35). Although the
VDR has yet to be shown to have ligand-independent transcrip-
tional activity, the present studies may indicate that it does have
such effects in the hair follicle or that an alternate ligand may
direct VDR action in integumentary tissues.

Two independent strains of VDR-deficient mice have been
generated by different targeting strategies, and, although both
similarly manifest a skeletal and integumentary phenotype, differ-
ences have been observed. In one study, the homozygous mutant
mice were viable and fertile, and had no additional developmental
abnormalities (36), in the other, the mice had a decreased lifespan
after weaning, and female mice had uterine hypoplasia because of
impaired ovarian folliculogenesis (33). In our 1a(OH)ase null
mutant mice, similar to one of the VDR-ablated models, uterine
hypoplasia and decreased ovarian size were found, folliculogenesis
was clearly compromised, and the mice were not ovulating and were
infertile. The fertility and reproductive capacity of the vitamin
D-deficient female rat are markedly diminished (37), and this is not
corrected by normalizing the hypocalcemia, but requires
1,25(OH)2D (38). The mechanism of action of 1,25(OH)2D in this
process remains to be determined.

The reproductive organs of male 1a(OH)ase null mutant mice
appeared grossly normal. Vitamin D deficiency does reduce the
reproductive effectiveness of the male rat (39); however, dimin-
ished male fertility is largely corrected by restoring the plasma
calcium level to normal.

Additional important findings in our study were the presence
of ectopic lymph nodes in the neck of 1a(OH)ase null mutant
mice, as well as in the heterozygous animals, and evidence for a
redistribution in T cell populations in peripheral blood lympho-
cytes. No such findings have been reported in VDR null mutant
mice although 1a,25(OH)2D3 has previously been reported to
have profound effects on the immune system (40–42). Whether
this represents further evidence that 1a,25(OH)2D may not exert
all its effects via the VDR or that the 1a(OH)ase modulates
immune function via metabolites other than 1a,25(OH)2D re-
mains to be determined.

In summary, our studies have provided a mouse model of
1a(OH)ase deficiency that phenotypically is similar to the
human disease, VDDR-I. The alterations in reproductive and
immune function noted in the mice may be masked in the human
by early introduction of vitamin D replacement therapy, or may
be species specific. Our model should prove useful, however, in
determining the precise role played by 1a,25(OH)2D in the
physiology of several cells and organs, whether this role can be
substituted by the calcium ion, whether the effects of
1a,25(OH)2D occur solely via the VDR, and whether other
vitamin D metabolites or other products of the 1a(OH)ase exist
and function.
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