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Osteoporosis is a systemic skeletal disorder characterized 
by reduced bone mineral density (BMD) and increased 
risk of fracture. We studied the effects of transplantation 
of mesenchymal stem cells (MSCs) overexpressing recep-
tor activator of nuclear factor-κB (RANK)-Fc and CXC 
chemokine receptor-4 (CXCR4) using retrovirus on ova-
riectomy (OVX)-induced bone loss in mice. Ten-week-old 
adult female C57BL/6 mice were divided into six groups 
as follows: Sham-operated mice treated with phosphate-
buffered saline (PBS) (Sham-op + PBS); OVX mice intrave-
nously transplanted with syngeneic MSCs overexpressing 
RANK-Fc-DsRED and CXCR4-GFP (RANK-Fc + CXCR4); 
RANK-Fc-DsRED and GFP (RANK-Fc + GFP); CXCR4-GFP 
and DsRED (CXCR4 + RED); DsRED and GFP (RED + GFP); 
or treated with PBS only (OVX + PBS). Measurement of 
BMD showed that introduction of RANK-Fc resulted in sig-
nificant protection against OVX-induced bone loss com-
pared to treatment with PBS (−0.1% versus −6.2%, P < 
0.05) at 8 weeks after cell infusion. CXCR4 + RED group 
also significantly prevented bone loss compared to OVX + 
PBS group (2.7% versus −6.2%, P < 0.05). Notably, the 
effect of RANK-Fc  + CXCR4 was greater than that of 
RANK-Fc + GFP (4.4% versus −0.1%, P < 0.05) while it was 
not significantly different from that in CXCR4 + RFP group 
(4.4% versus 2.7%, P = 0.055) at 8 weeks. Transplantation 
of MSCs with control virus (RED + GFP group) also resulted 
in amelioration of bone loss compared to OVX + PBS group 
(−1.7% versus −6.2%, P < 0.05). Fluorescence-activated 
cell sorting (FACS) and real-time quantitative PCR (qPCR) 
analysis for GFP from bone tissue revealed enhanced 
cell trafficking to bone by co-overexpression of CXCR4. 
In conclusion, we have demonstrated that intravenous 
transplantation of syngeneic MSCs overexpressing CXCR4 
could promote increased in vivo cell trafficking to bone in 
OVX mice, which could in itself protect against bone loss 
but also enhance the therapeutic effects of RANK-Fc.
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Introduction
Osteoporosis is a common skeletal disorder, which is composed 
of increased bone turnover, progressive bone loss, microarchi-
tectural deterioration, and finally increased risk of fracture.1 As 
life expectancy increases, the prevalence of osteoporosis and 
related fractures increase rapidly around the world. Most of the 
current treatment strategies for osteoporosis is focused on anti-
resorptive agents, which inhibit bone resorbing activity of osteo-
clast. Although these conventional therapies have been shown 
to effectively increase bone mineral density (BMD) and reduce 
risk of fractures,2 there have been ongoing concerns regarding its 
long-term safety. Indeed, estrogen therapy has been shown to be 
associated with increased risk of breast cancer or thromboembo-
lism3 and long-term bisphosphonate treatment may lead to severe 
suppression of bone turnover resulting in spontaneous fracture.4 
Therefore, the need for development of new therapeutic modali-
ties based on biological mechanisms that could physiologically 
modulate bone metabolism in its microenvironment is necessary.

Mesenchymal stem cell (MSC)–mediated gene therapy has 
been investigated as an attractive option for treatment of a number 
of diseases including articular cartilage damage,5,6 hemophilia,7 
or myocardial infarction.8 MSCs can be obtained by bone mar-
row aspiration and can be expanded by ex vivo culture, thereby 
making them good vehicles for in vivo gene delivery. It has been 
well established that MSCs showed good in vitro transduction effi-
cacy and long-term in vivo survival after retroviral transduction.9 
Although osteoporosis has been listed one of the top 10 potential 
targets of stem cell therapy,10 systemic delivery of MSCs for osteo-
porosis treatment has not been studied.

Receptor activator of nuclear factor-κB ligand (RANKL), 
receptor activator of nuclear factor-κB (RANK), and osteoprote-
gerin (OPG) play a critical role in the regulation of bone remodel-
ing by affecting osteoclastogenesis.11 RANKL, a membrane-bound 
protein of osteoblast and other bone marrow stromal cells, binds 
to RANK on osteoclast precursor cells and stimulates osteoclast 
differentiation. The RANK–RANKL interaction activates NF-κB 
signaling, which activates differentiation of osteoclast precursor 
to osteoclasts. OPG is a soluble decoy receptor secreted by osteo-
blasts and stromal cells, which binds to RANKL, sequestrates 
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it from RANK, and inhibits osteoclast formation.12 In animal 
models, null mutations of OPG resulted in severe osteoporosis12 
while overexpression of OPG13 or deletion of RANKL or RANK 
showed high bone mass.14–16 Based on these evidences, RANKL/
RANK/OPG system has been a target for developing new drugs 
for osteoporosis.17

RANK-Fc is a recombinant protein of the extracellular 
domain of RANK fused to the Fc region of human IgG and func-
tions as a soluble antagonist against RANKL and has a longer 
half-life than soluble RANK.18 With its ability to specifically bind 
to RANKL, treatment with RANK-Fc has been shown to block 

osteoclast differentiation and activation both in vitro and in vivo19 
and improve osteolytic lesion in multiple myeloma.20 Previously, 
we have shown that intraperitoneal transplantation of MSCs 
overexpressing RANK-Fc prevented ovariectomy (OVX)-induced 
bone loss in mice model, although the effect was marginal.21

CXC chemokine receptor-4 (CXCR4) is a dynamic seven–
transmembrane receptor of stromal cell–derived factor-1 
(SDF-1), regulated by environmental factors such as cytokines, 
chemokines, adhesion molecules, and proteolytic enzymes.22 
SDF-1 is highly expressed in bone marrow, especially by bone 
marrow endothelial cells23–25 and regarded as a chemotactic 
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Figure 1  Expression of SDF-1 in bone and serum in ovariectomized (OVX) mice. (a) RT-PCR analysis of SDF-1 from bone. Both Sham-operated 
group (n = 6) and OVX group (n = 6) were used for evaluating gene expression levels of SDF-1. mRNA coding for SDF-1 was detected by PCR ampli-
fication of cDNA fragment from reverse-transcribed total RNA prepared from whole mouse femur 28 days after Sham-op or OVX. (b) Blood samples 
were collected on days 14 and 28 after operation, serum was separated by centrifuge, and total SDF-1 levels were determined by enzyme-linked 
immunosorbent assay. cDNA, complementary DNA; RT-PCR, reverse transcription-PCR; SDF-1, stromal cell–derived factor-1.
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agent for lymphoid, myeloid, and immature CD34+ cells.26–28 
SDF-1/CXCR4 interaction is a well-known regulator of cell 
trafficking and homing29 and upregulation of CXCR4 expres-
sion could improve the engraftment and repopulation of human 
stem cells in nonobese diabetic/severe combined immuno
deficiency mice.30

In this study, we investigated the effects of intravenous infu-
sion of syngeneic MSCs overexpressing RANK-Fc and/or CXCR4 
on the prevention of OVX-induced bone loss in mice model. We 
found that MSCs overexpressing RANK-Fc effectively prevented 
OVX-induced bone loss and co-overexpression of CXCR4 resulted 
in greater protection.

Results
Induction of serum level of SDF-1 following OVX
As previous study showed that estrogen positively regulates 
SDF-1 in human breast and ovarian cancer cells in vitro,31 we 
wanted to identify whether bone marrow expression or serum 
level of SDF-1 changes after OVX. Ten-week-old female mice 
underwent OVX or Sham operation (n = 6, respectively). Mice 
were killed and cells were harvested from bone marrow culture. 
Reverse transcription-PCR analysis showed that SDF-1α mRNA 
level increased by 16% following OVX (Figure 1a), contrary to 
the previous results from cancer cells in vitro.31 Moreover con-
sistent with reverse transcription-PCR results, serum SDF-1α 
levels were significantly increased by ~1.5-fold at both 14 and 
28 days after OVX, although there was a substantial overlap in 
the individual values between two groups (Figure 1b). The over-
lap in the SDF-1 levels between two groups tended to disappear 
from day 14 to day 28. These results prompted us to exploit the 
SDF-1α/CXCR4 system for enhancing MSC delivery to bone 
marrow in OVX mice.

Establishment of cells stably co-overexpressing  
RANK-Fc and CXCR4
Having confirmed the upregulation of SDF-1 by OVX, we next 
generated MSCs overexpressing RANK-Fc, CXCR4, or both 
RANK-Fc and CXCR4. Toward this end, murine stem cell virus 
(MSCV)–based retrovirus encoding each gene or empty virus 
were sequentially transduced to MSCs obtained from syngeneic 
mice femurs (Figure  2a). Successful transduction of retrovirus 
was assessed by visualization of GFP or DsRED, which is coex-
pressed through internal ribosome entry site with the CXCR4 or 
RANK-Fc, respectively, using fluorescent microscope (Figure 2b). 
Fluorescence-activated cell sorting (FACS) analysis also showed that 
transduction efficiencies were within 88.5–94.2% (data not shown). 
Only GFP and DsRED positive cells were selected using FACS and 
used for further study. In addition, the cellular expression of CXCR4 
or RANK-Fc was confirmed by western blot analysis using anti-HA 
or anti-RANK/anti-IgG-Fc antibodies, respectively, with protein iso-
lated from whole cell lysates of transduced MSCs (Figure 2c).

Transplantation of MSCs overexpressing RANK-Fc  
and CXCR4 increased BMD in OVX mice
Ten-week-old female C57BL/6 immunocompetent mice were used 
for this experiment. To ensure successful induction of osteoclast-
mediated bone loss, sublethal or lethal irradiation was not per-
formed in these animals. After OVX or Sham operation (Sham-op), 
mice underwent either syngeneic MSC transplantation, which was 
genetically modified as above, or phosphate-buffered saline (PBS) 
injection intravenously. We divided the animals into six groups as 
follows: (i) Sham-op mice treated with PBS (Sham-op + PBS; n = 
12), four groups (2, 3, 4, and 5) of OVX mice injected with MSCs 
transduced with dual retrovirus, (ii) pMSCV-RANK-Fc-IRES-
DsRED and pMSCV-CXCR4-IRES-GFP (RANK-Fc + CXCR4; 

Table 1  Body weight, body fat percentage, BMD, and BMC changes of the animals

Sham-op + PBS  
(n = 12)

RANK-Fc + CXCR4  
(n = 6)

RANK-Fc + GFP  
(n = 6)

CXCR4 + RED  
(n = 6)

RED + GFP  
(n = 9)

OVX + PBS  
(n = 9)

Body weight (g)

  Baseline 20.4 ± 0.7 20.3 ± 0.9 20.5 ± 0.6 19.8 ± 0.9 20.1 ± 1.5 21.2 ± 0.9

  4 week 20.7 ± 0.9 22.7 ± 1.7 22.1 ± 0.9 21.0 ± 1.9 22.3 ± 1.0 22.2 ± 0.9

  8 week 21.1 ± 1.3 25.8 ± 2.9 24.5 ± 2.4 23.9 ± 2.6 25.4 ± 2.9 27.7 ± 1.6

Body fat (%)

  Baseline 20.2 ± 3.1 20.8 ± 2.7 18.3 ± 3.9 18.1 ± 1.4 17.6 ± 2.7 22.1 ± 2.7

  4 week 18.9 ± 1.8 23.2 ± 4.2 21.7 ± 4.6 20.9 ± 4.7 19.8 ± 3.1 24.6 ± 3.0

  8 week 17.1 ± 2.5 27.1 ± 6.6 26.0 ± 5.1 24.4 ± 6.7 27.5 ± 3.6 31.6 ± 1.8

BMD (g/cm2)

  Baseline 0.0431 ± 0.0015 0.0431 ± 0.0016 0.0438 ± 0.0016 0.0438 ± 0.0017 0.0439 ± 0.0020 0.0467 ± 0.0011

  4 week 0.0462 ± 0.0020 0.0440 ± 0.0008 0.0435 ± 0.0015 0.0442 ± 0.0014 0.0429 ± 0.0019 0.0450 ± 0.0015

  8 week 0.0479 ± 0.0011 0.0449 ± 0.0018 0.0439 ± 0.0017 0.0449 ± 0.0017 0.0436 ± 0.0015 0.0433 ± 0.0008

BMC (g)

  Baseline 0.3494 ± 0.0257 0.3539 ± 0.0279 0.3706 ± 0.0272 0.3677 ± 0.0187 0.3758 ± 0.0254 0.3984 ± 0.0123

  4 week 0.4108 ± 0.0296 0.3922 ± 0.0205 0.3981 ± 0.0233 0.3885 ± 0.0274 0.3698 ± 0.0205 0.3955 ± 0.0233

  8 week 0.4341 ± 0.0181 0.3832 ± 0.0400 0.3688 ± 0.0385 0.3763 ± 0.0343 0.3595 ± 0.0211 0.3507 ± 0.0157

Abbreviations: BMC, bone mineral content; BMD, bone mineral density; CXCR4, CXC chemokine receptor-4; GFP, green fluorescent protein; OVX, ovariectomized; 
RANK-Fc, receptor activator of nuclear factor-κB-Fc; RED, Discosoma sp. red fluorescent protein.
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n = 6), (iii) pMSCV-RANK-Fc-IRES-DsRED and pMSCV-IRES-
GFP (RANK-Fc + GFP; n = 6), (iv) pMSCV-IRES-DsRED and 
pMSCV-CXCR4-IRES-GFP (CXCR4 + RED; n = 6), (v) pMSCV-
IRES-DsRED and pMSCV-IRES-GFP and (RED + GFP; n = 9), 
and (vi) OVX mice treated with PBS (OVX + PBS; n = 9). Among 
the six study groups, all OVX mice (other than Sham-op group) 
showed marked increase in fat percent and body weight, which 

indicated successful induction of estrogen deficiency (Table  1). 
Measurement of BMD by dual energy X-ray absorptiometry 
revealed that OVX  + PBS groups showed decrease in BMD 8 
weeks after OVX as expected (Table 1, Figure 3). Introduction of 
MSCs overexpressing RANK-Fc only (RANK-Fc + GFP) could 
significantly attenuate OVX-induced bone loss at 8 weeks (com-
pare RANK-Fc +GFP with OVX + PBS group, −0.1% versus 
−6.2%, P < 0.05; Figure  3). Co-overexpression of CXCR4 along 
with RANK-Fc resulted in obvious increase in BMD during study 
period (2.1% at 4 weeks and 4.4% at 8 weeks) so that the difference 
between RANK-Fc + CXCR4 and OVX + PBS group reaches 10.6% 
at 8 weeks. Within the RANK-Fc groups, RANK-Fc + CXCR4 
group showed significantly higher BMD compared to RANK-Fc + 
GFP group at 4 weeks (P < 0.05) and the difference persists until 8 
weeks although it did not reach significance at 8 weeks (P = 0.21). 
Remarkably, CXCR4 + RED group also prevented bone loss com-
pared to OVX + PBS group (1.0% versus −3.2% at 4 weeks, P < 
0.05, 2.7% versus −6.2% at 8 weeks, P < 0.05) to the extent that the 
percent BMD changes in CXCR4 + RED and RANK-Fc + CXCR4 
group were only marginally different at 4 weeks (1.0% versus 2.1%, 
P = 0.055) and 8 weeks (2.7% versus 4.4%, P = 0.055). These results 
not only were in agreement with our hypothesis that overexpression 
of CXCR4 could improve the effect of gene therapy with RANK-Fc 
but also suggest that CXCR4 overexpression itself can be utilized 
for enhancing MSC effects. Intriguingly, RED + GFP group also 
prevented bone loss compared to OVX + PBS group (−1.7% versus 
−6.2% at 8 weeks, P < 0.05) indicating that MSCs per se may also 
play some role in OVX-induced osteoporosis in mice model.

Expression of RANK-Fc in mouse serum
Next, we investigated whether MSCs transduced with retrovirus 
encoding RANK-Fc could secrete RANK-Fc in mouse serum 
after systemic injection. As shown in Figure 4, the production of 
RANK-Fc in serum was evident at 14 days after the first injection 
in both RANK-Fc + CXCR4 (1.46 ± 0.16 ng/ml) and RANK-Fc + 
GFP groups (1.25 ± 0.14 ng/ml), and then the levels decreased 
below to 0.10 ng/ml at 28 days. There was no significant difference 
in the RANK-Fc levels between two groups. No serum RANK-Fc 
was detected in control animals (data not shown).

MSC trafficking with CXCR4 overexpression
To identify the direct evidence of MSC trafficking, three mice from 
each group that underwent MSC injection were killed 48 hours 
after injection as a parallel experiment. FACS analysis showed that 
the fraction of GFP-positive cells in bone marrow of mice injected 
with CXCR4-overexpressing MSCs 9.8-fold (RANK-Fc + CXCR4 
versus RANK-Fc + GFP; P < 0.05) or 5-fold (CXCR4 + RED ver-
sus RED + GFP; P < 0.05) higher than that in mice given CXCR4 
negative cells, indicating that CXCR4-overexpressing cells have 
better capability to navigate to bone marrow compared to CXCR4 
negative cells (Figure 5a,b).

Next, we performed real-time quantitative PCR (qPCR) anal-
ysis for GFP using genomic DNA isolated from femur, heart, liver, 
or spleen in these four groups of mice at 48 hours after cell injec-
tion. Real-time qPCR showed a significantly higher signal inten-
sity of GFP from RANK-Fc + CXCR4 and CXCR4 + RED group 
compared to RANK-Fc + GFP or RED + GFP group in all tissues 
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(Figure 5c). Among the tissues we tested, the signal intensity from 
heart was the most prominent.

Finally, we tried to identify the transplanted cells in vivo and 
to verify the effects of CXCR4 overexpression using a histologi-
cal method. However, as bone tissue itself produces a significant 
amount of autofluorescence, demonstrating fluorescence from 
the infused GFP-positive cells has many inherent difficulties. 
Therefore, for this particular experiment, we transduced MSCs 
with retroviruses that express LacZ instead of GFP. Systemic 
injection of MSCs transduced with pMSCV-CXCR4-IRES-
LacZ (CXCR4 + LacZ) or pMSCV-IRES-LacZ (LacZ) retrovirus 
was performed and femurs were harvested 48 hours after cell 
injection. Consistent with the PCR data, ex vivo X-Gal stain 
revealed that positively stained cells were definitely increased 

in CXCR4  + LacZ group principally in areas of metaphysis 
compared to the mice injected with MSCs overexpressing LacZ 
alone (Figure 5d,e). Collectively, these data suggest that CXCR4 
overexpression could help the MSCs to navigate to bone, which 
could partly explain the greater protection of bone loss by 
transplantation of MSCs overexpressing both RANK-Fc and 
CXCR4.

Discussion
In this study, we have demonstrated that transplantation of MSC 
retrovirally co-transduced with RANK-Fc and CXCR4 resulted in 
protection of OVX-induced bone loss in mouse model. The extent 
of protection by RANK-Fc and CXCR4 was greater compared to 
transplantation of MSCs that produce RANK-Fc alone. Moreover, 
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hematoxylin and eosin were examined under microscope (original magnification ×100). (e) The total numbers of X-Gal positive cells in the sections 
were counted. Five fields from three different mice for each cell type. *P < 0.05, versus LacZ. BM, bone marrow; CXCR4, CXC chemokine receptor-4; 
FSC, forward scatter; GFP, green fluorescent protein; PBS, phosphate-buffered saline; RANK-Fc, receptor activator of nuclear factor-κB-Fc.
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transplantation of MSC overexpressing CXCR4 alone also dem-
onstrated significant protection against OVX-induced bone loss, 
suggesting that co-overexpression of CXCR4 contributed to the 
enhanced efficacy of MSC therapy.

In a previous study, we have shown that RANK blockade by 
RANK-Fc could prevent OVX-induced bone loss by intraperi-
toneal injection of MSCs transduced with retrovirus encoding 
RANK-Fc 21. In that study, although RANK-Fc producing MSCs 
have clearly prevented bone loss, the effect was marginal, increas-
ing just ~4% of BMD compared to the control group. We reasoned 
that the lack of robust effects was attributable to the relatively poor 
trafficking of transplanted cells. To overcome these limitations, we 
have modified our experimental models. First, we changed the 
route of cell injection from intraperitoneal to intravenous so that 
the injected MSCs can be directly delivered to bone marrow space 
following systemic circulation thereby affecting skeletal microen-
vironment with secreted RANK-Fc by paracrine manners. Second, 
we have overexpressed CXCR4 along with the RANK-Fc to facili-
tate trafficking to bone. Indeed, with these two modified manners, 
we could achieve more potent bone-protecting effects of RANK-Fc 
gene therapy for OVX-induced bone loss in mice. Compared with 
the 4.6% gain in BMD by intraperitoneal transplantation of MSC 
secreting RANK-Fc alone,21 intravenous injection of MSCs that 
simultaneously overexpress RANK-Fc and CXCR4 resulted in 
>10% increase at the same duration. Although 10% increase in 
BMD is far from complete recovery to the level of Sham-op group, 
this is substantial in view of the fact that treatment with bispho-
sphonate, a standard therapy for osteoporosis, in human leads to 
5–6% increase in BMD in 24–36 months associated with preven-
tion of major fractures by >50% (refs. 32,33).

Although we have demonstrated significant protection against 
OVX-induced bone loss by MSC transplantation, the animals 
in our study seem to be in growing phase in view of the steady 
increase in BMD in Sham-op group. As bone length, mass, and 
mechanical properties reach mature levels by 12 weeks in mice,34 
10- to 12-week-old animals are commonly used to demonstrate 
OVX-induced bone loss. However, adult peak bone density is 
typically achieved by 4 months and femurs continue to lengthen 
for 4 or 8 months thereafter.35 Therefore, performance of OVX at 
10-week-old in our study has in fact induced premature meno-
pause but resulted in significant bone loss nonetheless, as was 
demonstrated in OVX + PBS group.

SDF-1/CXCR4 interaction has been recently exploited in 
diverse aspects of stem cell therapies. Overexpression of CXCR4 
in human hematopoietic stem cell line36 or CD34+ progenitors37 
improved chemotaxis, migration, and homing while block-
ing CXCR4/SDF-1 interaction led to inhibition of homing and 
repopulation.30,38 Besides hematopoietic stem cell transplanta-
tion, increasing CXCR4 expression in MSCs by stimulating 
cytokines, including FMS-like tyrosine kinase-3 ligand, stem 
cell factor, interleukin-6, hepatocyte growth factor, and interleu-
kin-3, improved the engraftment of MSC to bone marrow, assist-
ing the recovery of hematopoiesis after sublethal irradiation of 
nonobese diabetic/severe combined immunodeficiency mice.39 
Moreover, in mouse model of myocardial infarction, increased 
CXCR4 expression40,41 resulted in enhanced migration of cells to 
the infarcted sites and improved cardiac performance. Therefore, 

the enhanced BMD response by co-overexpressing RANK-Fc and 
CXCR4 demonstrated in our study is in good agreement with 
these previous observations, underscoring the critical role of 
CXCR4 in modulating MSC trafficking. Furthermore, we found 
that OVX has induced SDF-1α gene expression from cultured 
bone marrow mononuclear cells. Although there was a substantial 
degree of overlap, mean serum SDF-1 measurement also exhibited 
corresponding changes, which could further augment the effects 
of MSCs overexpressing CXCR4. Significant overlap in the SDF-1 
levels may indicate that estrogen deficiency induced by OVX is 
not the only factor that controls the SDF-1 levels. Alternatively, 
given the clear difference in SDF-1 mRNA levels from bone mar-
row cells, it is possible that serum levels of SDF-1 may not accu-
rately reflect the levels in bone marrow environment.

Notably, we have demonstrated that MSCs overexpressing 
CXCR4 alone (CXCR4 + RED group) were also able to protect 
against OVX-induced bone loss, which was comparable to the 
effects of MSCs overexpressing RANK-Fc alone. This result sug-
gests that augmentation of RANK-Fc effect by co-overexpression 
of CXCR4 may be attributable to the CXCR4 itself rather than 
indirectly affecting the function of RANK-Fc by CXCR4.

Our study has limitation in that we were not able to demon-
strate long-term engraftment of infused GFP-positive cells in vivo. 
In addition, the serum level of RANK-Fc peaked at 2 weeks but 
decreased thereafter. However, both FACS analysis of the cells 
from bone marrow and PCR amplification of genomic DNA 
clearly showed that the infused cells have successfully navigate to 
bone in short term. Although FACS analysis revealed that only 
0.26% of the bone marrow cells have GFP positive signals in mice 
receiving RANK-Fc + CXCR4, it may result from the dilution of 
the cells with all different kinds of cell populations and is still 9.8-
fold higher compared to those harvested from RANK-Fc only 
group. Moreover, short-term histological analysis after inject-
ing LacZ-positive MSCs also demonstrated localization of cells 
in the metaphysis, which could partly explain the mechanism of 
the BMD gain. Disappearance of serum RANK-Fc after 2 weeks 
might suggest that the infused cells are not actually engrafting but 
lodging and then dying or moving on. The steady effects on BMD 
up to 8 weeks in this context are difficult to interpret. It might 
be possible that the initial secretion of RANK-Fc in the microen-
vironment by the transplanted cells induced sustained blockade 
of RANK–RANKL interaction with resultant inhibition of bone 
resorption even after the cells disappeared.

The trafficking efficiency of MSCs overexpressing CXCR4 in 
our study was much lower than that from previous study using 
CXCR4-overexpressing hematopoietic stem cell, in which sublethal 
irradiation was performed before transplantation. As irradiation of 
bone marrow has been shown to induce SDF-1 expression,23 lack 
of this procedure may also have contributed to the low trafficking 
efficiency. Another interesting finding is that substantial amount 
of GFP signal was observed in heart from the mice transplanted 
with MSCs overexpressing CXCR4 (both RANK-Fc + CXCR4 and 
CXCR4 + RED). Although differential expression of SDF-1 has 
not been well studied, Gleichmann et al. have reported that heart 
tissue exhibited the strongest expression of SDF-1γ, an isoform of 
SDF-1, which shares almost identical amino acid sequence with 
SDF-1α.42 We speculate that this higher endogenous expression of 
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SDF-1γ in heart could lead to avid retention of MSCs overexpress-
ing CXCR4. Therefore, notwithstanding the potential benefit of 
CXCR4 overexpression, the inherent nonspecificity and scarcity of 
stem cell trafficking is something to overcome to establish an effi-
cient therapeutic modality by using the stem cell transplantation.

Interestingly, transplantation of MSCs transduced with control 
virus (RED + GFP) has also resulted in significant protection against 
OVX-induced bone loss. Therapeutic effects of MSC transplanta-
tion per se without genetic modification have also been observed in 
fracture43,44 or local ischemic heart disease.45,46 Moreover, in rabbit 
osteoporosis model, local application of MCS could strengthen the 
osteoporotic bone in vivo.47 Although these previous studies dem-
onstrated the effects of locally applied MSCs, the beneficial effect of 
MSCs in our study was observed when we gave the cells systemi-
cally. In the absence of RANK-Fc secretion, the small number of 
MSCs with control virus may have differentiated into the osteo-
blasts, which could account for the protection against bone loss. 
Another potential explanation is that engrafted MSCs could favor-
ably condition the bone marrow microenvironment to alleviate the 
OVX-induced bone loss. The latter hypothesis is supported by a 
recent study that showed supportive role of MSCs in hematopoi-
etic stem cell engraftments.39 The favorable effects of MSCs per se, 
i.e., without genetic modification, can provide a promising future 
for cell therapy given the potential risk of retroviral transduction of 
MSCs, including uncontrolled proliferation or oncogenesis that can 
occur depending on the integration of the virus.

In summary, we demonstrated that RANK-Fc protects against 
bone loss in mice model of osteoporosis and co-overexpression of 
CXCR4 resulted in greater protection with improved MSC traf-
ficking to bone. Moreover, the bone protective effects of MSCs per 
se were validated in OVX-induced bone loss model. These results 
support the use of CXCR4 transduced MSCs as an efficient cellu-
lar vehicle for gene therapy. Furthermore, we could speculate that 
MSCs per se with or without RANK-Fc expression, might be one 
of the potential therapeutic tools for osteoporosis.

Materials and Methods
Animals. Female C57BL/6 mice aged 10 weeks were purchased from Japan 
SLC Lab (Hamamatsu, Japan). All animal experiments were performed 
under approval from the Institutional Animal Care and Use Committee of 
Seoul National University and complied with the National Research Council’s 
“Guidelines for the Care and Use of Laboratory Animals” (revised 1996).

Experimental design to study the effects of OVX on SDF-1α. Mice were 
randomly divided into two groups and underwent either Sham operation 
(Sham; n = 6) or bilateral OVX (OVX; n = 6). Sera were collected on the 
day 14 and 28 after operation. Twenty-eight days after operation, all mice 
were killed and femurs from each group were dissected free of surrounding 
tissue and stored at −70 °C with liquid nitrogen.

Retroviral vector construction and establishment of MSCs. The mouse 
CXCR4 cDNA in eukaryotic expression vector pCMV-CXCR4 was 
obtained from Takashi Nagasawa (Kyoto University, Japan), and the pMT-
RANK-Fc vector containing a DNA sequence encoding the extracellu-
lar domain of mouse RANK (Met1–Pro213) fused via a linker to the Fc 
region of human immunoglobulin G1 (IgG1) was provided by Jaerang Rho 
(Chungnam National University, Daejon, Korea).

The MSCV-based retroviral vector, pMSCV-IRES-GFP was a kind gift 
from Neil A. Clipstone (Northwestern University, Chicago, IL) and has 
been described previously.48 To generate retroviral vectors that coexpress 

DsRED or LacZ downstream of IRES, DsRED or LacZ cDNA was PCR 
amplified using pCMV-DsRED or pCMV-LacZ as parental plasmids 
and ligated into the pMSCV-IRES-GFP vector in place of GFP, giving 
pMSCV-IRES-DsRED or pMSCV-IRES-LacZ, respectively. The mouse 
CXCR4 cDNA with HA epitope tag at the C-terminus was prepared using 
PCR from pCMV-CXCR4 as a template and ligated into the BglII/EcoRI 
site of plasmid pMSCV-IRES-GFP or BglII/XhoI site of pMSCV-IRES-
LacZ, giving pMSCV-CXCR4-IRES-GFP or pMSCV-CXCR4-IRES-LacZ, 
respectively (Figure  2a). The retroviral vector encoding RANK-Fc was 
generated by introducing the RANK-Fc cDNA into the EcoRI/NotI site 
of pMSCV-IRES-DsRED, giving pMSCV-RANK-Fc-IRES-DsRED. The 
nucleotide sequence of the plasmids were confirmed by direct sequencing. 
The retroviral vectors express RANK-Fc or CXCR4 and marker genes, 
i.e., GFP, DsRED, or LacZ, from a single bicistronic mRNA under the 
transcriptional control of MSCV-LTR allowing identification of gene 
expression using the fluorescence (GFP or DsRED) or LacZ.

Mouse MSCs were established by explant culture of bone marrow cells 
from C57BL/6 mouse femur as previously described21 and P2 to P3 MSCs 
were use for retroviral transduction. All MSCs used in this experiment 
were co-transduced with two types of retrovirus harboring GFP or RED, 
with two rounds of transduction for each construct. Viral transduction 
has been performed as described previously.21

Experimental design to study the effects of MSC transplantation on OVX-
induced bone loss. Ten-week-old female C57BL/6 mice were divided into 
six groups as described the Results section. On study day −1, under gen-
eral anesthesia with ketamine (50 mg/kg) and xylazine (15 mg/kg), bilat-
eral OVX or Sham-op was performed by standard method49 for “OVX” or 
“Sham-op” groups, respectively. On study day 0, total 6–7 × 105 MSCs in 
100 μl of PBS were injected into the lateral tail veins of mice within 5–6 sec-
onds. On day 7, second dose of MSCs were injected. Forty-eight hours after 
infusion of second dose of cells, three mice from cell injection groups were 
used for cell trafficking assay. BMD (g/cm2) and body composition using 
a Lunar PIXImus densitometer (software version 2.0; GE Lunar, Madison, 
WI) were measured as previously described21 on weeks 0, 4, and 8 with 
remaining mice. Blood samples were obtained from retro-orbital plexus on 
week 4 and 8 under anesthesia with diethyl ether and sera were separated 
and stored at −70 °C until analysis.

Enzyme-linked immunosorbent assay of SDF-1 and RANK-Fc. SDF-1 
levels were analyzed by double-antibody sandwich enzyme-linked 
immunosorbent assay method according to the directions of the manu-
facturer (sensitivity, 31.25 pg/ml; range, 62.5–5,000 pg/ml; R&D systems, 
Minneapolis, MN). RANK-Fc enzyme-linked immunosorbent assay was 
performed as described previously.21

Analysis of MSC trafficking
FACS for GFP: Forty-eight hours after MSC infusion, cells were recovered 
from bone marrow and were analyzed for the presence of GFP-positive 
cells by FACS (FACS Vantage SE; Becton Dickinson, Franklin Lakes, NJ) 
using 106 cells per sample. Cells from nontransplanted mice were used 
to exclude false positive cells. For positive control, direct intrafemoral 
injection of RED + GFP cells were perform and b cells were collected 
immediately after injection.

DNA PCR for GFP: Tissues from heart, liver, and spleen were 
removed and frozen with liquid nitrogen. Femurs were fixed with 4% 
paraformaldehyde at 4 ºC for 24 hours immediately after extraction. To 
detect GFP by real-time qPCR, the soft tissues including heart, liver, and 
spleen were placed in a lysis buffer containing 100 mmol/l NaCl, 100 mmol/l 
Tris–Cl (pH 8.0), 25 mmol/l EDTA (pH 8), 0.5% sodium dodecyl sulfate, 
and 0.1 mg/ml proteinase K (Gentra Systems, Minneapolis, MN). The 
bones were homogenized, and then lysis buffer was added. Genomic 
DNA was extracted using standard phenol–chloroform extraction 
method as described previously.21 The β-actin gene was selected as a 
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housekeeping gene to normalize variations in DNA content. SYBR Green 
PCR Master Mix (Applied Biosystems, Foster City, CA) was used as 
reaction medium in a total volume of 30 μl. Real-time qPCR reactions 
were performed in an ABI Prism 7000 Sequence Detection System 
(Applied Biosystems). The precycling steps were 2 minutes at 50 °C and 
10 minutes at 95 °C, followed by 15 seconds at 95 °C and 1 minute at 60 °C 
for 40 cycles. An automatic threshold over background was selected, 
and the cycle corresponding to its surpass (Ct) was defined. For each 
reaction, Cts for different GFP were normalized with the corresponding 
β-actin Ct by substraction (DCt). The sequences of sense and antisense 
primers are as follows; 5′-CACATGAAGCAGCACGACTT-3′ and 5′-
AGTTCACCTTGATGCCGTTC-3′ for GFP, 5′-TGGGTATGGAATCCT 
GTGGC-3′ and 5′-CCAGACAGCACTGTGTTGGC-3′ for β-actin.

Histological examination of MSCs overexpressing LacZ: To demonstrate 
the MSCs in situ, 10-week-old C57BL/6 mice underwent intravenous 
injection with MSCs transduced with MSCV-IRES-LacZ or MSCV-
CXCR4-IRES-LacZ and were killed 48 hours after MSC infusion. After 24 
hours fixation, femurs were rinsed in PBS for 24 hours and then decalcified 
in 0.25 mol/l EDTA at 4 °C for 72 hours. Each femur was immersed in 
5 ml 1 mol/l X-Gal in PBS containing 20 mmol/l potassium ferricyanide, 
20 mmol/l potassium ferrocyanide, and 1 mmol/l magnesium chloride at 
37 °C for 8 hours.50 After staining, femur was removed from X-Gal, rinsed 
with PBS for 24 hours and embedded in paraffin. Sagittal sections were 
taken at 5 μm thickness, mounted on slides and stained with hematoxylin 
and eosin.

Statistical methods. Data were assessed using Statistical Package for the 
Social Sciences (SPSS, Chicago, IL) software (version 11.0), and summa-
rized with descriptive statistics (mean, standard error). The differences 
between each group at each time-point were analyzed with the nonpara-
metric Kruskal–Wallis test. All tests were two-sided, and a significance 
level of 5% was assigned.
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