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Abstract: To determine whether the transplantation of bone marrow-derived mesenchymal stem cells (BM-MSCs) 
can improve the 1,25(OH)2D deficiency-induced rachitic phenotype, 2×106 BM-MSCs from wild-type mice or ve-
hicle were transplanted by tail vein injection into mice deficient in 1,25(OH)2D due to targeted deletion of 1α(OH)
ase (1α(OH)ase-/-). Our results show that 1α(OH)ase mRNA was expressed in the BM-MSCs derived from wild-type 
mice, and was detected in long bone, kidney and intestine from BM-MSC-transplanted 1α(OH)ase-/- recipients. 
Serum calcium, 1,25(OH)2D3 levels and body weight were significantly increased in BM-MSC-transplanted 1α(OH)
ase-/- recipients compared to vehicle-treated 1α(OH)ase-/- mice. Skeletal mineralization improved in 1α(OH)ase-/- 
recipients as demonstrated by BMD measurement, micro-CT analysis and von Kossa staining of undecalcified sec-
tions. Expression levels of type I collagen, osteocalcin, bone sialoprotein and vitronectin and the size of calcified 
nodules were decreased in BM-MSC cultures from 1α(OH)ase-/- mice compared with those from wild-type mice, 
however, these parameters were increased in those from BM-MSCs-transplanted 1α(OH)ase-/- recipients compared 
with those from vehicle-treated 1α(OH)ase-/- mice. This study indicates that donor BM-MSCs cells can relocate to 
multiple tissues where they synthesize 1α(OH)ase and produce 1,25(OH)2D that contributes to the improvement 
of serum calcium and skeletal mineralization. Results from this study suggest that BM-MSC transplantation may 
provide a therapeutic approach to treatment of pseudovitamin D-deficiency rickets.
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Introduction 

Vitamin D, as a pluripotent hormone, is involved 
in a variety of biological actions including calci-
um homeostasis, cell proliferation and cell dif-
ferentiation in many target tissues [1]. Vitamin 
D is absorbed from the diet, and generated in 
skin by exposure to ultraviolet light. The sec-
osteroid is transported in blood bound to vita-
min D-binding protein [2] and hydroxylated in 
the liver at the 25-position by a vitamin D 
25-hydroxylase (CYP2R1) [3]. The metabolite 
25-hydroxyvitamin D3 is further hydroxylated at 
the 1α-position to produce the active moiety, 
1,25-dihydroxyvitamin D (1,25(OH)2D) [1]. The 
enzyme catalyzing the production of 1,25(OH)2D 

is 25-hydroxyvitamin D3 1α-hydroxylase (1α(OH)
ase or CYP27B1). Although 1α(OH)ase is 
expressed predominantly in kidney, it is also 
expressed in a variety of extrarenal tissues 
such as skin, lymph nodes, colon, pancreas, 
adrenal medulla, dendritic cell, endothelial 
cells, brain, hypothalamus, placenta and bone 
cells [4-9]. Recent studies demonstrated that 
1α(OH)ase is also expressed in human bone 
marrow mesenchymal stem cells (BM-MSCs) 
and the expression levels of 1α(OH)ase in 
BM-MSCs are associated with osteoblastogen-
esis [10, 11].

Hereditary pseudovitamin D-deficiency rickets, 
also known as vitamin D-dependent rickets 
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type I, is characterized clinically by hypotonia, 
weakness, growth failure, and hypocalcemic 
seizures in early infancy [12]. The patients also 
have hypocalcemia, radiologic findings typical 
of rickets, elevated serum parathyroid hormone 
concentrations, and generalized aminoacid-
uria. It is inherited as an autosomal recessive 
trait. In 1997, the cDNA encoding 1α(OH)ase 
was cloned from several species [13-16]. The 
mutations of the 1α(OH)ase gene were exam-
ined in patients suffering from vitamin 
D-dependent rickets type I, one of three types 
of hereditary rickets. Missense mutations of 
the 1α(OH)ase gene have been identified in the 
type I rickets patients by several groups [13, 
17-19]. Thus, these observations establish that 
inactivating genetic mutations of the human 
1α(OH)ase cause type I hereditary rickets. We 
[20] and others [21] have previously reported a 
mouse model deficient in 1,25(OH)2D by target-
ed ablation of the 1α(OH)ase gene (1α(OH)ase-

/-). After weaning, mice developed hyperpara-
thyroidism, retarded growth, and the skeletal 
abnormalities characteristic of rickets. These 

abnormalities mimic those described in the 
human genetic disorder vitamin D-dependent 
rickets type I. 

Stem cell therapy holds great promise for treat-
ment of many genetic and acquired diseases, 
and bone marrow mesenchymal stem cells 
(BM-MSCs) are one of the most promising can-
didate stem cell types for this form of therapy 
due to their availability and the relatively simple 
requirements for in vitro expansion and genetic 
manipulation [22]. However, despite extensive 
in vitro characterization, relatively little has 
been reported with respect to their in vivo biol-
ogy and therapeutic potential [23]. Recently we 
reported that non-adherent bone marrow cells 
(NA-BMCs) can be expanded in suspension and 
give rise to multiple mesenchymal phenotypes 
including fibroblastic, osteoblastic, chondrocyt-
ic and adipocytic as well as glial cell lineages in 
vitro using the “pour-off” BMC culture method 
[24]. Mesenchymal stem cells (MSCs) derived 
from NA-BMCs (NA-MSCs) from wild-type mice 
were transplanted into vitamin D receptor 
(VDR) gene knockout (VDR-/-) mice that had 
received a lethal dose of radiation. Results 
revealed that NA-MSC can be used to rescue 
lethally irradiated mice and become incorpo-
rated into a diverse range of tissues. After 
lethal dose irradiation, all untransplanted mice 

died within 2 weeks whereas those transplant-
ed with NA-MSCs were viable for at least 3 
months. Transplantation rescued these mice 
by reconstructing a hematopoietic system and 
repairing other damaged tissues [24]. This 
study indicated that adult bone marrow harbors 
pluripotent NA-MSCs which can migrate in vivo 
into multiple body organs. In the appropriate 
microenvironment, they can adhere, proliferate 
and differentiate into specialized cells of target 
tissues, and thus function in damaged tissue 
regeneration and repair. In the current study, 
we try to determine if transplantation of 
BM-MSCs could reverse the development of 
rickets and osteomalacia in 1α(OH)ase-/- mice, 
as a model for stem cell therapy to treat genetic 
diseases.

To determine whether the transplantation of 
BM-MSCs can rescue the rachitic phenotype 
induced by active vitamin D deficiency in mice, 
BMC-MSCs from wild-type mice or vehicle (as a 
control) were transplanted into male 1α(OH)
ase-/- mice by tail vein injection. The pheno-
types were analyzed at 4 weeks after the trans-
plantation. Serum calcium and 1,25(OH)2D3 
levels were examined in BMC-MSC-transplanted 
1α(OH)ase-/- recipients and vehicle-treated 
wild-type and 1α(OH)ase-/- mice; skeletal miner-
alization was examined by radiography, bone 
mineral density (BMD) using Piximus in femurs 
and the von Kossa procedure on undecalcified 
resin embedded sections. Expression levels of 
bone matrix proteins and the formation of calci-
fied nodules were examined in ex vivo cultured 
BMC-MSCs by Western blots and double stain-
ing with immunocytochemistry and the Von 
Kossa method. The percentages of CD4 and 
CD8 positive cells were examined by double 
immunoflorescence staining and flow cytomet-
ric analysis.

Materials and methods

Animals

The use of animals in this study was approved 
by the Institutional Animal Care and Use 
Committee of Nanjing Medical University 
(Approval ID 2012-00628). Mutant mice and 
control littermates were maintained in a virus- 
and parasite-free barrier facility and exposed to 
a 12-h/12-h light/dark cycle. The derivation of 
the parental strain of 1α(OH)ase-/- mice by 
homologous recombination in embryonic stem 
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cells was previously described by Panda et al 
[20]. Briefly, a neomycin resistance gene was 
inserted in place of exon VI, VII and VIII of the 
mouse 1α(OH)ase gene replacing both the 
ligand binding and heme binding domains. 
RT-PCR of renal RNA from homozygous 1α(OH)
ase-/- mice confirmed that no 1α(OH)ase mRNA 
is expressed from this allele [20]. Mice hetero-
zygous for the null 1α(OH)ase allele were fertile 
[20]. Tail fragment genomic DNA was isolated 
by standard phenol-chloroform extraction and 
isopropanol precipitation. The genotyping at 
the 1α(OH)ase was determined by PCR as 
described previously [25].

Preparation of donor cells

The donor cells were prepared as described 
previously [24]. Briefly, tibiae and femurs of 2-4 
month old wild-type male C57 BL/6J mice were 
removed under aseptic conditions and BMCs 
were flushed out with Dulbecco’s modified 
Eagle’s minimal essential medium (DMEM) con-
taining 10% fetal calf serum (FCS) and 50 μg/
ml ascorbic acid. A single-cell suspension was 
achieved by forcefully expelling the cells 
through a 22 gauge syringe needle. 2×106 bone 
marrow cells were cultured in 36 cm2 petri dish-
es in 5 ml of the above mentioned medium in 
the presence of 10-8 M 1,25-(OH)2D3. After 4 
days, the non-adherent cells (4 day pour-offs) 
were suspended by pipetting gently and then 
transferred to a fresh petri dish. The medium 
was changed after 5 days. After 10 days the 
cells were detached from the substratum by 
exposure to 2 ml of trypsin (0.05%, w/v)/EDTA 
(0.02%, w/v) at 37°C for 3-5 minutes, and then 
washed 3 times with normal saline. Cells were 
suspended in normal saline at 107 cells/ml and 
used for transplantation.

Transplantation of BM-MSCs

Forty, 2-month-old, male 1α(OH)ase-/- mice 
received BM-MSC transplants. The control 
mice were injected with normal saline and the 
transplanted group received 2×106 BM-MSCs 
by tail vein injection [24]. This dose of BM-MSCs 
was the same as that used in our previous 
study [24] and has been demonstrated to be 
effective for regenerating tissue damaged by a 
lethal dose of radiation. Serum was isolated 
and serum calcium was determined by autoan-
alyzer (Beckman Synchron 67; Beckman Ins- 
truments). Serum 1,25(OH)2D3 was measured 

by radioimmunoassay (ImmunoDiagnostic Sys- 
tems, Bolden, UK).

RT-PCR

RNA was isolated from BM-MSCs or mouse 
long bones, kidney and intestine, using Trizol 
reagent (Invitrogen) according to the manufac-
turer’s protocol. The forward and the reverse 
primers used for amplification of the mouse 
1α(OH)ase mRNA were 5’-GCAGAGGCTCCGAA- 
GTCTTC-3’ and 5’-TGTCTGGGACACGGGAATTC-3’. 
The conditions for 32 cycles of PCRs were 94°C 
for 1 min, 58°C for 1 min, and 72°C for 1 min.

Skeletal radiography 

Tibiae were removed and dissected free of soft 
tissue. Contact radiographs were taken using a 
Faxitron model 805 (Faxitron Contact, Faxitron, 
Germany) radiographic inspection system (22-
kV voltage and 4-min exposure time). Eastman 
Kodak Co. (Kodak, Rochester, NY) X-Omat TL 
film was used and processed routinely.

Histopathological analysis

Tibiae from vehicle-treated wild-type, 1α(OH)
ase-/- mice or BM-MSC-transplanted 1α(OH)ase-

/- recipients were removed, fixed, and embed-
ded in LR White acrylic resin (London Resin 
Company Ltd., London, UK) and 1-μm sections 
were cut on an ultramicrotome. These sections 
were stained for mineral with the von Kossa 
staining procedure and counterstained with 
toluidine blue.

Bone marrow mesenchymal stem cell cultures

Tibiae and femurs of wild-type mice, 1α(OH)
ase-/- mice and BMC-MSC-transplanted 1α(OH)
ase-/- recipients were removed under aseptic 
conditions, and bone marrow cells (BMC) were 
flushed out with DMEM containing 15% FCS, 
50 mg/ml ascorbic acid, 10 mM β-glycer- 
ophosphate, and 10-8 M dexamethasone. Cells 
were dispersed by repeated pipetting, and a 
single cell suspension was achieved by force-
fully expelling the cells through a 22-gauge 
syringe needle. Total bone marrow cells (106) 
were cultured in 36-cm2 petri dishes in 5 ml of 
the above-mentioned medium. The medium 
was changed every 4 days, and cultures were 
maintained for 18 days. At the end of the cul-
ture period cells were washed with PBS, fixed, 
and double stained by immunocytochemistry 
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and by the Von Kossa method for calcified nod-
ules. Proteins were extracted for Western blot-
ting, as described below.

Double staining by immunocytochemistry and 
by the von kossa method

Cultured cells in petri dishes were stained 
immunocytochemically for bone matrix proteins 
using the avidin-biotin-peroxidase complex 
(ABC) technique [26]. Primary antibody was 
applied to cells overnight at room temperature. 
As a negative control, the preimmune serum or 
TBS (50 mM Tris-HCl, 150 mM NaCl, and 0.01% 
Tween-20, pH 7.6) was substituted for the pri-
mary antibody. After washing with high salt buf-
fer (50 mm Tris-HCl, 2.5% NaCl, and 0.05% 
Tween-20, pH 7.6) for 10 min at room tempera-

Mississauga, Canada). Protein samples (30 
mg) were fractionated by SDS-PAGE and trans-
ferred to a polyvinylidene difluoride membrane. 
Immunoblotting was carried out using the anti-
bodies described previously [26]. Bands were 
visualized using the ECL chemiluminescence 
detection method (Amersham Pharmacia 
Biotech, Aylesbury, UK). Western products were 
quantified by image analysis using NIH 1.61 
image software.

Fluorescence-activated cell sorter (FACS) lym-
phocyte phenotyping

Freshly isolated peripheral blood lymphocytes 
were pretreated with antibodies to mouse 
CD16/CD32 to minimize nonspecific binding. 
Cells were then incubated on ice for 30 min 

Figure 1. Transplantation of BM-MSCs improved serum calcium through the pro-
duction of 1,25(OH)2D. (A) 1α(OH)ase mRNA expression assessed by RT-PCR in 
BM-MSCs derived from wild-type (WT) and 1α(OH)ase-/- mice. Serum calcium (B) 
and 1,25(OH)2D3 (C) levels in BM-MSC-transplanted 1α(OH)ase-/- mice (KO+T) 
and vehicle-treated wild-type (WT) and 1α(OH)ase-/- (KO) mice. (D) 1α(OH)ase 
mRNA expression assessed by RT-PCR in bone, kidney and intestine of BM-
MSCs-transplanted 1α(OH)ase-/- recipients (KO+T) and vehicle-treated wild-type 
(WT) and 1α(OH)ase-/- (KO) mice. (E) Body weight of the vehicle-treated wild-type 
(WT) and 1α(OH)ase-/- (KO) mice and of the BM-MSC-transplanted 1α(OH)ase-

/- mice (KO+T). Each value is the mean ± SEM of determinations in five mice of 
each group. *, P<0.05; ***, P<0.001 relative to WT mice. #, P<0.05 relative 
to KO mice.

ture followed by two 10- 
min washes with TBS, the 
cells were incubated with 
secondary antibody [bioti-
nylated rabbit antigoat IgG, 
biotinylated goat antirabbit 
IgG (Sigma)]. Cells were 
then washed as before and 
incubated with the Vec- 
tastain ABC-AP kit (Vector 
Laboratories, Inc. Ontario, 
Canada) for 45 min. After 
washing as before, red pig-
mentation to demarcate 
regions of immunostaining 
was produced by a 10- to 
15-min treatment with Fast 
Red TR/Naphthol AS-MX 
phosphate (Sigma; contain-
ing 1 mM levamisole as 
endogenous ALP inhibitor). 
After washing with distilled 
water, the cells were stain- 
ed for mineral with the von 
Kossa staining procedure 
and mounted with Kaiser’s 
glycerol jelly.

Western blot analysis

Western blots were per-
formed as described previ-
ously by us. Proteins were 
extracted from 18-day cul-
tures and quantitated by 
the protein assay kit (Bio-
Rad Laboratories, Inc., 
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with FITC-conjugated anti-
CD4 and phycoerythrin 
(PE)-conjugated anti-CD8. 
The cells were washed, tre- 
ated with erythrolysis buf-
fer, rewashed, and resus-
pended in 1ґ Hanks’ buff-
ered saline solution (HBSS), 
2% FBS, and 0.1% NaN2 
and analyzed by FACScan 
(Becton Dickinson).

Statistical analysis

Data are presented as 
means ± SEM. For each 
analysis, statistical com-
parisons were made using 
a two-way ANOVA, with 
P<0.05 being considered 
significant.

Results 

Donor BM-MSCs expressed 
the 1α(OH)ase gene

To determine whether the 
donor BM-MSCs expressed 
the 1α(OH)ase gene, the 
expression of 1α(OH)ase 
mRNA was examined in the 
BM-MSCs derived from 
wild-type or 1α(OH)ase-/- 
mice by RT-PCR. Results 
revealed that 1α(OH)ase 
mRNA was expressed in 
the BM-MSCs derived fr- 
om wild-type mice, but not 
from 1α(OH)ase-/- mice (Fi- 
gure 1A). Thus BM-MSCs 
derived from wild-type mice 
that were used as donor 
cells for transplantation, 
carried the 1α(OH)ase ge- 
ne.

Figure 2. Transplantation of BM-MSCs improved skeletal mineralization in 
1a(OH)ase-/- recipients. (A) Representative contact radiographs and (B) bone 
mineral density (BMD) of the femurs of vehicle-treated wild-type (WT) and 
1α(OH)ase-/- (KO) mice and BM-MSCs-transplanted 1α(OH)ase-/- mice (KO+T). 
(C) Representative longitudinal sections of the proximal end of tibiae by micro-
CT scan and 3D reconstruction. Representative micrographs of (D) the growth 
plates and (E) trabeculae of tibiae in undecalcified sections stained by the von 
Kossa procedure as described in Materials and Methods and photographed at 
a magnification of 400×. Quantitation of mineralized areas of (F) growth plates 

and (G) trabecular bone. Each 
value is the mean ± SEM of 
determinations in five mice of 
each group. **, P<0.01; ***, 
P<0.001 relative to WT mice. 
#, P<0.05; ##, P<0.01 relative 
to KO mice.
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Transplantation of BM-MSCs improved serum 
calcium through the production of 1,25(OH)

2
D

To determine whether the transplantation of 
BM-MSCs can rescue the phenotype of 1α(OH)
ase deficient mice, 2×106 BMC-MSCs from 
wild-type mice or vehicle (as a control) were 
transplanted into male 1α(OH)ase-/- mice by tail 
vein injection. At 4 weeks after transplantation, 
serum calcium and 1,25(OH)2D3 levels and 
body weight were examined in BM-MSC-
transplanted 1α(OH)ase-/- recipients and vehi-
cle-treated wild-type and 1α(OH)ase-/- mice. 
Serum calcium levels rose to 2.08±0.25 
mmol/L in BM-MSCs-transplanted 1α(OH)ase-/- 
recipients from 1.6±0.18 mmol/L in vehicle-
treated 1α(OH)ase-/- mice, however, they did not 
reach the normal levels seen in the wild-type 
mice (Figure 1B). Serum 1,25(OH)2D levels 

were undetectable in vehicle-treated 1α(OH)
ase-/- mice and rose to 24% of vehicle-treated 
wild-type mice (96±11.3 ng/L) in 1α(OH)ase-/- 
transplant recipients (23±8.5 ng/L) (Figure 
1C). To identify the possible origin of 1,25(OH)2D 
in 1α(OH)ase-/- transplant recipients, the 
expression of the 1α(OH)ase gene was exam-
ined in long bone, kidney and intestine by 
RT-PCR. 1α(OH)ase mRNA in these tissues was 
undetectable in vehicle-treated 1α(OH)ase-/- 

mice, but was detected in BM-MSC-trans- 
planted 1α(OH)ase-/- recipients, although levels 
were lower when compared to levels in wild-
type tissues (Figure 1D). Body weight was 
decreased significantly in vehicle-treated 
1α(OH)ase-/- mice, and was increased signifi-
cantly in BM-MSC-transplanted 1α(OH)ase-/- 
recipients compared with vehicle-treated 
1α(OH)ase-/- mice, although it did not reach the 
wild-type level (Figure 1E).

Figure 3. Transplantation of wild-type BM-MSCs stimulated bone matrix protein synthesis and calcified nodule for-
mation in BM-MSC cultures from 1α(OH)ase-/- recipients. (A) Representative micrographs of the resulting cells of 
bone marrow cell cultures derived from vehicle-treated wild-type (WT) and 1α(OH)ase-/- (KO) mice and BM-MSCs-
transplanted 1α(OH)ase-/- mice (KO+T) with double staining with immunocytochemistry and Von Kossa for (A) type 
I collagen and von Kossa (Col I/VK), (B) osteocalcin and von Kossa (OCN/VK), (C) bone sialoprotein and von Kossa 
(BSP/VK), and (D) vitronectin and von Kossa (VN/VK). (E) Western blots of the cell extracts for expression of Col I, 
OCN, BSP and VN. β-actin was used as loading control for Western blots. (F) Protein levels relative to β-actin protein 
level were assessed by densitometric analysis and expressed relative to levels of WT mice. Each value is the mean 
± SEM of determinations in 5 mice of each genotype. **: P<0.01; ***: P<0.001 relative to WT mice. #: P<0.05; 
##: P<0.01, relative to KO mice.

Figure 4. Transplantation of BM-MSCs increased the 
percentage of CD4 and CD8 positive cells in 1α(OH)
ase-/- recipients. Comparison of the distribution of 
CD4+ and CD8+ peripheral T lymphocytes in vehicle-
treated wild-type (WT) and 1α(OH)ase-/- (KO) mice 
and BM-MSCs-transplanted 1α(OH)ase-/- recipients 
(KO+T) by fluorescence-activated cell sorter (FACS) 
analysis. The data shown are (A) representative re-
sults and (B) quantitation for five individual mice of 
each group. Each value is the mean ± SEM of de-
terminations in five mice of each group. *, P<0.05; 
***, P<0.001 relative to WT mice. #, P<0.05 relative 
to KO mice.
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Transplantation of BM-MSCs improved skeletal 
mineralization in 1α(OH)ase-/- recipients  

To determine whether transplantation of 
BM-MSCs can rescue the rachitic skeletal 
lesions in 1α(OH)ase-/- mice, skeletal mineral-
ization was examined by radiography, bone 
mineral density (BMD) measurement using 
Piximus in femurs and von Kossa staining of 
undecalcified resin embedded sections. 
Results revealed that the BMD was improved in 
BM-MSC-transplanted 1α(OH)ase-/- mice com-
pared to vehicle-treated 1α(OH)ase-/- mice, 
although it did not reach levels seen in vehicle-
treated wild-type mice (Figure 2A and 2B). 3D 
reconstructed longitudinal sections demon-
strated that the mineralized epiphyseal volume 
and trabecular bone volume were increased 
and the width of the unmineralized growth plate 
become narrower in BM-MSC-transplanted 
1α(OH)ase-/- mice compared to vehicle-treated 
1α(OH)ase-/- mice (Figure 2C). Von Kossa 
stained sections showed that mineralization in 
the hypertrophic zone of the growth plate and 
in trabeculae were improved in BM-MSC-
transplanted 1α(OH)ase-/- mice compared to 
vehicle-treated 1α(OH)ase-/- mice, although 
mineralization did not recover to normal levels 
(Figure 2D and 2E).

Transplantation of wild-type BM-MSCs stimu-
lated osteoblast differentiation and calcified 
nodule formation in BM-MSC cultures from 
1α(OH)ase-/- recipients

To determine whether the improvement of skel-
etal mineralization in BM-MSC-transplanted 
1α(OH)ase-/- recipients was associated with 
stimulating osteoblast differentiation and 
matrix calcification, bone marrow cells isolated 
from wild-type and 1α(OH)ase-/- mice and 
1α(OH)ase-/- transplant recipients were cultured 
for 18 days and analyzed by double staining 
with immunocytochemistry and Von Kossa, and 
by Western blotting. The areas of calcified nod-
ule formation and immunodetectable type I col-
lagen, osteocalcin, bone sialoprotein and vitro-
nectin were smaller in 1α(OH)ase-/- mouse cul-
tures relative to wild-type mouse cultures, how-
ever they were larger in BM-MSC-transplanted 
1α(OH)ase-/- mice compared to vehicle-treated 
1α(OH)ase-/- mice; nevertheless they did not 
reach the normal levels seen in the wild-type 
cultures (Figure 3A-D). Western blot analysis 

showed that type I collagen, osteocalcin, bone 
sialoprotein and vitronectin were down-regulat-
ed in cells from 1α(OH)ase-/- mouse BM-BMC 
cultures compared with wild-type mouse BM- 
BMC cultures, however, they were up-regulated 
significantly in cells from BM-MSC-transplanted 
1α(OH)ase-/- mouse BM-BMC cultures com-
pared with cells from vehicle-treated 1α(OH)
ase-/- mouse BM-BMC cultures (Figure 3E and 
3F).

Transplantation of BM-MSCs increased the 
percentage of CD4 and CD8 positive cells in 
1α(OH)ase-/- recipients  

To determine whether the transplantation of 
BM-MSCs can normalize the abnormality in the 
percentage of CD4 and CD8 positive cells 
occurring in 1α(OH)ase-/- mice [20], CD4 and 
CD8 positive cells were examined by double 
immunoflorescence staining and flow cytome-
try analysis. Our results showed that the per-
centage of CD4 and CD8 positive cells were 
decreased in the vehicle-treated 1α(OH)ase-/- 
mice, and were increased significantly in viable 
BM-MSCs-transplanted 1α(OH)ase-/- mice com-
pared to vehicle-treated 1α(OH)ase-/- mice, 
although they did not recover to normal levels 
(Figure 4A, 4B). 

Discussion

In the present study, we demonstrated that 
BM-MSCs derived from wild-type mice express 
1α(OH)ase mRNA. When the BM-MSCs carrying 
1α(OH)ase mRNA were injected into the circula-
tion of 1α(OH)ase-/- mice, they partially rescued 
the rachitic phenotype of 1α(OH)ase-/- mice, by 
improving serum calcium and skeletal mineral-
ization through the production of 1,25(OH)

2
D

3
 

and enhancing osteoblast differentiation. 
Furthermore, we found that the transplantation 
of BM-MSCs partially rescued decreased CD4 
and CD8 positive cells which were reduced due 
to 1,25(OH)2D3 deficiency. 

Previous studies have demonstrated that 
human MSCs have the capacity to enzymati-
cally activate 25(OH)D to 1,25(OH)2D via 1α(OH)
ase (CYP27B1) [11]. In the current study, the 
expression of 1α(OH)ase mRNA was examined 
in the BM-MSCs derived from either wild-type 
or 1α(OH)ase-/- mice using RT-PCR. Our results 
demonstrated that 1α(OH)ase mRNA was 
detected in the BM-MSCs derived from wild-
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type mice, but not from 1α(OH)ase-/- mice. 
Therefore, such BM-MSCs carrying the 1α(OH)
ase gene when used as donor cells for trans-
plantation into 1,25(OH)2D3 deficient mice 
appeared to be potentially helpful to rescue the 
rachitic phenotype.

To test our hypothesis, we transplanted 
BM-MSCs derived from wild-type mice to 
1,25(OH)2D deficient mice. Four weeks after 
the transplantation of BM-MSCs, phenotypes 
were compared between the BM-MSCs-
transplanted 1α(OH)ase-/- recipients and vehi-
cle-treated 1α(OH)ase-/- mice. We indeed found 
that the rachitic phenotype was substantially 
improved by the transplantation of BM-MSCs, 
including improvements in both skeletal growth 
and mineralization. We also found that serum 
calcium, 1,25(OH)2D3 levels and body weight 
were increased significantly in the BM-MSCs-
transplanted 1α(OH)ase-/- recipients. Our previ-
ous study demonstrated that transplanted 
donor cells could migrate to multiple organs via 
the circulation, including heart, spleen, liver, 
kidney, lung, intestine, peripheral blood and 
bone marrow [24]. In this study, we demonstrat-
ed that following transplantation, 1α(OH)ase 
mRNA was detected by RT-PCR in bone, kidney 
and intestine from BM-MSCs-transplanted 
1α(OH)ase-/- recipients, but not from vehicle-
treated 1α(OH)ase-/- mice. These results sug-
gest that donor BM-MSCs cells can relocate to 
multiple tissues where they synthesize 1α(OH)
ase and produce 1,25(OH)2D3 that contributes 
to the improvements of the 1,25(OH)2D-
deficient state, including increases in growth.

1,25(OH)2D has been shown to stimulate bone 
formation and mineralization in studies using 
human osteoblasts and to stimulate osteogen-
ic differentiation from human mesenchymal 
stem/stromal cells [6, 27]. 1,25(OH)2D en- 
hanced mineralization through its effects on 
human osteoblasts before the onset of mineral-
ization [28]. To further investigate whether the 
improvement of skeletal mineralization in 
BM-MSC-transplanted 1α(OH)ase-/- recipients 
was associated with stimulating osteoblast dif-
ferentiation, bone matrix protein synthesis and 
matrix calcification, we performed ex vivo 
BM-MSC cultures and examined the alterations 
of osteoblast differentiation parameters and 
calcified nodule forming efficiency. Our results 
demonstrated that bone matrix protein expres-
sion levels, including type I collagen, osteocal-

cin, bone sialoprotein and vitronectin, and cal-
cified nodule forming efficiency were reduced in 
vehicle-treated 1α(OH)ase-/- mice, whereas the 
transplantation of wild-type BM-MSCs to 
1α(OH)ase-/- mice can significantly up-regulate 
these bone matrix protein expression levels 
and increase calcified nodule forming efficien-
cy. 1,25(OH)2D has been described to stimulate 
the synthesis of type I collagen [29] and the 
production of osteocalcin in human osteoblasts 
[6, 30]. Bone sialoprotein is present in the 
matrix of osteoblasts and may have a role as a 
nucleus of hydroxyapatite crystal formation and 
cell attachment [31]. In human bone marrow 
stromal cells, addition of 1,25(OH)2D alone had 
no significant effect on bone sialoprotein mRNA 
expression, but high levels of BSP were 
observed in dexamethasone-treated cultures 
to which 1,25 (OH)2D3 had been added [32]. 
Vitronectin is a multifunctional extracellular 
matrix glycoprotein that contains an RGD 
sequence and is involved in cell adhesion, 
spreading, and migration by interaction with 
integrins [33]. Our previous study has shown 
that the expression levels of osteocalcin, bone 
sialoprotein and vitronectin at both mRNA and 
protein levels were down-regulated in BM-MSCs 
from Phex deficient mice [26]. Osteocalcin, 
bone sialoprotein and vitronectin are all local-
ized in mineralized bone matrix in wild-type 
mice, but not in defective mineralized bone 
matrix in Phex deficient mice [26]. Other previ-
ous studies also demonstrated that BM-MSCs 
could differentiate into osteoblasts in trans-
planted recipients [34]. Clinical studies have 
reported successful treatment of vitamin 
D-dependent rickets, type I with physiologic 
doses of 1,25(OH)2D3 administered on a daily 
basis [18, 35]. Therefore, the transplantation of 
BM-MSCs rescues rachitic phenotypes both via 
providing donor cells that produce 1,25(OH)2D3 
and by stimulating BM-MSC differentiation into 
osteoblasts, that subsequently enhance bone 
matrix protein synthesis and mineralization. 

Although transplantation of MSCs can attenu-
ate or possibly correct genetic disorders of 
bone and cartilage, clinical application of MSC 
transplantation for the treatment of genetic dis-
orders of bone and cartilage is uncommon. 
Studies in a mouse model of osteogenesis 
imperfecta, a genetic disorder in which osteo-
blasts produce defective type I collagen, 
showed that infusion of BM-MSCs resulted in a 
significant increase in collagen production [36]. 
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Additionally other studies have also demon-
strated that normal murine MSCs migrate and 
incorporate into the developing neonatal het-
erozygous and homozygous osteogenesis 
imperfecta mouse, differentiate into osteo-
blasts and appear to participate in the bone 
formation of the recipient mouse in vivo [37, 
38]. Clinical studies in humans have demon-
strated that mesenchymal progenitors in nor-
mal transplanted marrow can migrate to bone 
in children with osteogenesis imperfecta, and 
then give rise to osteoblasts whose presence 
correlates with an improvement in bone struc-
ture and function [39]. However, until now there 
has been no report that has examined BM-MSC 
transplantation to treat pseudovitamin D-defi- 
ciency rickets. This may be because replace-
ment therapy with exogenous 1,25(OH)2D3, 
administered on a daily basis, has been consid-
ered the standard of care for vitamin D- 
dependent rickets, type I [18]. Our study has 
demonstrated that transplantation of normal 
BM-MSCs can partially rescue the phenotype 
of pseudovitamin D-deficiency rickets. Fur- 
thermore, partial expression of both renal and 
extra-renal 1α(OH)ase was restored. To the 
extent that locally produced 1,25(OH)2D3 is 
required to regulate skeletal metabolism [40] 
and immune function [41] by an autocrine/
paracrine mechanism, this restoration of local 
1α(OH)ase may provide an advantage over 
standard therapy. Consequently results from 
this study suggest that BM-MSC transplanta-
tion may provide an alternative or adjunct to 
treatment of pseudovitamin D-deficiency rick-
ets. Nevertheless in our study, when 2×106 
BM-MSCs derived from wild-type mice were 
transplanted to 1,25(OH)2D deficient mice, the 
rachitic phenotype was only partially rescued. 
To obtain better therapeutic effects, it may be 
necessary to increase the donor cell dose or 
examine increase durations after transplan- 
tion with the same donor cell dose. Alterna- 
tively overexpression of 1α(OH)ase in donor 
BM-MSCs might be more potent in improving 
the rachitic phenotype induced by 1,25-Dihy- 
droxyvitamin D deficiency. Clearly therefore 
more preclinical studies are required to opti-
mize the application of BM-MSC transplanta-
tion to treatment of pseudovitamin D-deficiency 
rickets. 
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