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ABSTRACT

In bone marrow, bone marrow stromal cells (BMSCs) have the capacity to differentiate into
osteoblasts and adipocytes. Age-related osteoporosis is associated with a reciprocal decrease of
osteogenesis and an increase of adipogenesis in bone marrow. In this study, we demonstrate
that disruption of nuclear factor I-C (NFI-C) impairs osteoblast differentiation and bone forma-
tion, and increases bone marrow adipocytes. Interestingly, NFI-C controls postnatal bone forma-
tion but does not influence prenatal bone development. We also found decreased NFI-C
expression in osteogenic cells from human osteoporotic patients. Notably, transplantation of
Nfic-overexpressing BMSCs stimulates osteoblast differentiation and new bone formation, but
inhibits adipocyte differentiation by suppressing peroxisome proliferator-activated receptor
gamma expression in Nfic

2/2 mice showing an age-related osteoporosis-like phenotype. Finally,
NFI-C directly regulates Osterix expression but acts downstream of the bone morphogenetic
protein-2-Runx2 pathway. These results suggest that NFI-C acts as a transcriptional switch in cell
fate determination between osteoblast and adipocyte differentiation in BMSCs. Therefore, regu-
lation of NFI-C expression in BMSCs could be a novel therapeutic approach for treating age-
related osteoporosis. STEM CELLS 2014;32:2467–2479

INTRODUCTION

Bone marrow stromal cells (BMSCs) have the
capacity to differentiate into osteoblasts and
adipocytes [1, 2]. Osteogenesis is regulated by
several growth and transcription factors, such
as transforming growth factor b, bone morpho-
genetic proteins (BMPs), Wnt, Hedgehog,
Runx2, Osterix (Osx), and b-catenin, whereas
adipogenesis is controlled by peroxisome
proliferator-activated receptor gamma (PPARc)
[3–6]. With aging, BMSCs become inclined to
undergo differentiation into adipocytes, result-
ing in an increased number of adipocytes and a
decreased number of osteoblasts in bone mar-
row [7]. However, the mechanism underlying
this differentiation switch remains unknown.

The nuclear factor I (NFI) family members of
transcription factors are expressed from four
highly conserved genes in mammals (named
Nfia, Nfib, Nfic, and Nfix) [8, 9]. All four NFI genes
are expressed in human osteoblasts and
osteoblast-like cell lines. In particular, Nfic mRNA
is highly expressed in normal osteoblasts com-
pared with other NFI family members [10]. In
addition, Nfic2/2 mice showed defects in alveo-
lar bone formation in molar tooth sockets [11].

However, the exact role of NFI-C in osteoblast dif-
ferentiation and bone formation remains unclear.

Oxidative stress caused by increased intra-
cellular reactive oxygen species (ROS) also
affects age-related osteoporosis and osteoblast
differentiation [7]. ROS changes target gene
expression by controlling transcription factor
activities, such as Wnt/b-catenin, NFjB, JNKs,
and MAPKs [12]. Oxidative stress also inhibits
Nfic transcriptional activity [13].

In this study, we found an age-related
decrease in Nfic expression in BMSCs. Nfic2/2

mice show an age-related osteoporosis-like phe-
notype with decreased osteoblast differentiation
and increased adipocyte differentiation. In con-
trast, Nfic overexpression reduced adipocyte dif-
ferentiation through suppression of PPARc, but
increased osteoblast differentiation in Nfic2/2

BMSCs. These findings suggest that NFI-C is an
important factor regulating the balance between
osteoblast and adipocyte differentiation in BMSCs.

MATERIALS AND METHODS

Animals

All experiments involving mice were performed
according to the Dental Research Institute
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guidelines and the Institutional Animal Care and Use Commit-
tees of Seoul National University (SNU-111013-2). Nfic2/2

mice were generated by removal of the second exon from
Nfic gene were kindly provided by Dr. Richard M. Gronostajski
[11], and homozygous Nfic2/2 mice were obtained by cross-
ing male and female heterozygous Nfic1/2 mice. As Nfic2/2

mice have brittle teeth, a ground standard rodent chow was
provided to all animals three times a week beginning 3 days
prior to weaning and continued it for up to 6 weeks.
Runx22/2 mice were kindly provided by Dr. Toshihisa Komori
(Nagasaki University Graduate School of Biomedical Sciences,
Nagasaki, Japan).

Micro-CT and Histomorphometric Analyses

The mandible, maxilla, and femur from 6-week-old wild-type (WT)
and Nfic2/2 mice were removed, fixed in 4% paraformaldehyde at
4�C overnight, and analyzed by micro-CT with a SkyScan scanner
and the associated software (Skyscan 1172, Kontich, Belgium). Iso-
topic resolution of the instrument was 10 mm. The 6-week-old
male mice were injected with 15 mg/kg of calcein (Sigma-Aldrich,
St. Louis, MO) 7 and 2 days before sacrifice. Histomorphometric
analyses were performed using the OsteoMeasure histomorph-
ometry system (OsteoMetrics, Decatur, GA).

Histology and IHC

The femurs were fixed overnight in 4% paraformaldehyde at
4�C. Undecalcified and decalcified femurs were sectioned and
subjected to H&E, von Kossa, tartrate-resistant acid phospha-
tase (TRAP), and IHC staining [14].

Human control and osteoporotic patient bone sections
were kindly provided from Dr. Y.-I. Yang (Paik Institute Clinical
Research, Inje University, Korea). Bone sections were obtained
from three osteoporotic patients (67–73-year-old females)
with age and sex matched control group (68–75-year-old
females, n 5 3), who did not have any endocrine and meta-
bolic diseases such as hyperparathyroidism and vitamin D
deficiency. Sections were subjected to H&E and IHC staining.
The study was approved by the hospital’s Institutional Review
Board (IRB NO: S-D20110001). The experiments were per-
formed with the understanding and written consent of each
participating subject according to the Declaration of Helsinki.

Cell Culture and Transfection

BMSCs of the tibia and femur of 6-week-old WT and Nfic2/2

mice were flushed with a-MEM (Gibco BRL, Carlsbad, CA).
After removing red blood cells, cells were seeded on 100 mm
culture dishes (Nunc, Rochester, NY), and cultured in a-MEM
supplemented with 100 IU/ml penicillin, 100 mg/ml strepto-
mycin (Gibco BRL), and 10% fetal bovine serum (FBS, Gibco
BRL). Primary calvarial osteoblasts were isolated from the cal-
varial bones of WT and Nfic2/2 mice at P3 and P5. Briefly,
the calvarial bones were dissected and washed in phosphate
buffered saline (PBS), and cut into small pieces. Bones were
digested in 1% Collagenase Type I (Gibco BRL) and 1.6% Dis-
pase II (Gibco BRL) in a-MEM for 1 hour in a 5% CO2 incuba-
tor. To induce osteogenic differentiation, 80%–90% confluent
cells were cultured in a-MEM supplemented with 5% FBS,
ascorbic acid (50 mg/ml), and b-glycerophosphate (10 mM) for
up to 2 weeks. To induce adipogenic differentiation, 80%–90%
confluent cells were cultured in DMEM supplemented with
10% FBS, insulin (10 mg/ml), dexamethasone (1 mM), and 3-

isobutyl-1-methylxanthine (0.5 mM) for up to 7 days. Adipo-
cytes were identified using an oil red O staining. For the
quantification, oil red O dye was extracted using isopropanol
for 10 minutes at room temperature, and absorbance was
measured at 510 nm.

MC3T3-E1 cells were cultured in a-MEM supplemented
with 10% FBS and antibiotics. C2C12 cells (ATCC) were cultured
in DMEM supplemented with 100 IU/ml penicillin, 100 mg/ml
streptomycin, and 10% FBS. The indicated expression plasmid (2
mg) was transiently transfected into MC3T3-E1 and C2C12 cells
using the Lipofectamine Plus reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Human BMSCs
(hBMSCs) were purchased from Cambrex (East Rutherford, NJ)
and cultured in low DMEM supplemented with 100 IU/ml peni-
cillin, 100 mg/ml streptomycin, and 10% FBS.

In Vitro Osteoclastogenesis

Bone marrow cells were cultured for 1 day with 30 ng/ml
Macrophage-colony stimulating factor (M-CSF) in a-MEM con-
taining 10% FBS, and used as bone marrow-derived macro-
phages (BMMs). The BMMs (5 3 104 cells/well) were
cultured for 3 days with M-CSF (60 ng/ml) and RANKL (100
ng/ml). In the coculture system, BMMs (5 3 105 cells/well)
and calvarial osteoblasts (2.5 3 104 cells/well) were plated in
each well of 48-well plates and cultured for 6 days in 400 ml
a-MEM supplemented with 10% FBS, 1028 M 1,25-dihydroxy-
vitamin D3, and 1026 M prostaglandin E2. Osteoclasts were
identified using a TRAP staining kit (Sigma-Aldrich) according
to the manufacturer’s instructions.

Bone Marrow Cavity Transplantation of BMSCs

Six-week-old male Nfic2/2 mice were used as recipients.
BMSCs were obtained from the tibia and femur of 6-week-old
Nfic2/2 mice. Nfic2/2 BMSCs were labeled with green fluo-
rescent protein (GFP) using a retrovirus, and then cultured for
24 hours with Nfic or Osx retrovirus. We injected Nfic- or Osx-
overexpressing BMSCs, or corresponding mock-infected (GFP-
labeled) BMSCs (1 3 106 cells/femur in 10 ml of a-MEM) into
the bone marrow cavity of the left femur. Mice were sacri-
ficed 4 weeks after transplantation, and femurs were resected
and analyzed using micro-CT.

Reverse Transcription-Polymerase Chain Reaction
and Real-Time Polymerase Chain Reaction Analyses

Total RNA (2 mg) was reverse transcribed using 0.5 mg of Oli-
go(dT) and 1 ml (50 IU) of Superscript III enzyme (Invitrogen)
in a 20 ml reaction mixture at 50�C for 1 hour. The resulting
mixture was amplified by polymerase chain reaction (PCR).
For real-time PCR, specific primers for Nfic, Bsp, osteocalcin

(Oc), Alp, Runx2, Osx, Opg, Rankl, Dlx5, Msx2, Pparc, and Hprt

were synthesized as listed in Supporting Information Table S1.
Real-time PCR was performed on an ABI PRISM 7500
sequence detection system using the SYBR GREEN PCR Master
Mix (Applied Biosystems, Foster City, CA) according to the
manufacturer’s instructions. The PCR conditions were 94�C for
1 minute, followed by 95�C for 15 seconds, and 60�C for 34
seconds for 40 cycles. All reactions were run in triplicate and
were normalized to the housekeeping gene, Hprt. Relative dif-
ferences in PCR results were calculated using the comparative
cycle threshold (CT) method.
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Western Blot Analyses

Western blot analyses were performed as previously
described [14]. Briefly, proteins (30 mg) were separated by
10% sodium dodecyl sulfate polyacrylamide gel electrophore-
sis, transferred onto a nitrocellulose membrane (Schleicher &
Schuell BioScience, Dassel, Germany), and labeled with spe-
cific antibodies. Labeled protein bands were detected using
an enhanced chemiluminescence system (GE Healthcare, Buck-
inghamshire, U.K.).

ChIP Assays

ChIP assays were performed as previously described [15].
MC3T3-E1 cells were treated with BMP-2 (300 ng/ml) for 48
hours. The samples were sonicated, followed by chromatin
immunoprecipitation with rabbit anti-mouse Nfic (30 ml) and
rabbit anti-mouse Runx2 (10 ml, Santa Cruz) antibodies. The
final DNA pellets were recovered and analyzed by PCR using
specific primers. PCR primers were synthesized as listed in
Supporting Information Table S2. The following PCR conditions
were used: 94�C for 30 seconds; 60�C for 30 seconds; and
72�C for 30 seconds for a total of 35 cycles. The PCR products
were electrophoresed in a 2% agarose gel, stained with ethi-
dium bromide, and visualized under ultraviolet light.

Gene-Expression Profiling

Gene profiling of the two groups of hBMSCs (hBMSCs-Old
and hBMSCs-OP) was described previously [16]. Publicly avail-
able gene expression datasets were downloaded from gene
expression omnibus (GEO) (accession number GSE35959), and
NFI-C mRNA expression (Probeset ID 213298_at) was analyzed
between hBMSCs of five osteoporotic patients (hBMSCs-OP;
79–94 years old) and hBMSCs of the age-matched control
group (hBMSCs-old donors; 79–89 years old, n 5 4).

Statistical Analyses

All quantitative data are presented as the mean6 SD. Statisti-
cal differences were analyzed using Student’s t tests (*,
p< .05).

RESULTS

Nfic Disruption Impairs Bone Formation During
Postnatal Osteogenesis

First, to examine the pattern of Nfic gene expression with
advancing age, we analyzed Nfic mRNA expression in BMSCs
derived from embryonic day 18.5 (E18.5) to 60-week-old mice.
After birth, Nfic expression significantly increased from post-
natal day 16 (P16) to 6 weeks, and subsequently decreased by
60 weeks (Fig. 1A). During in vitro osteoblast differentiation,
Nfic was expressed from day 0 of the culture, increased from
days 4 to 10 (early osteoblast differentiation), and decreased
by days 10–21 (late osteoblast differentiation and mineraliza-
tion). Runx2 expression increased from days 4 to 7, and then
declined gradually from days 10 to 21, corresponding to late
osteoblast differentiation and mineralization, at which period
showed the peak expression of Osx during culture (Fig. 1B).

Nfic2/2 mice have normal life spans but showed growth
retardation due to impaired ability to feed on hard, normal
rodent chow from delayed tooth root development [11].

Therefore, to mitigate feeding impairment in Nfic2/2 mice,
we added a soft dough dietary supplement 3 days prior to
weaning and continued it for up to 6 weeks, and measured
the body weight of WT and Nfic2/2 mice. The total weight
difference between WT and Nfic2/2 mice at 16 days and 6
weeks was not significant (Supporting Information Fig. S1A).
After rescuing Nfic2/2 mice from the impaired feeding-
dependent growth retardation using the soft dough diet, we
evaluated the effect of Nfic disruption on the mandible using
microcomputed tomography (micro-CT) at 6 weeks of age. In
addition to the previous characterized defects in tooth roots,
the cortical bone volume and bone thickness were markedly
reduced in the mandible of Nfic2/2 mice compared to WT
(Fig. 1C). These results suggest that Nfic disruption markedly
reduces bone volume, which is not a starvation effect on
bone density.

To investigate the role of Nfic in bone, we examined the
bone microarchitecture in Nfic2/2 femurs at 6 weeks. Micro-CT
images of femoral bone showed decreased trabecular bone vol-
ume and cortical bone thickness in Nfic2/2 mice compared to
WT (Fig. 1D, 1E). We analyzed both males and females by his-
tology and found no sex differences regarding reduced trabecu-
lar bone density and increased trabecular bone separation. To
reduced variation, we used only male littermates for all the
experiments. In micro-CT analyses, Nfic2/2 mice exhibited sig-
nificant decreases in bone mineral density (32%), trabecular
bone volume (BV/TV, 34%), trabecular bone number (Tb.N,
41%), cortical bone volume (Ct.BV/TV, 24%), and cortical bone
thickness (Ct.Th, 20%), but a significant increase in trabecular
separation (Tb.SP, 34%; Fig. 1F). We also investigated the
effects of Nfic disruption on bone sampled during the lactation
period, at postnatal day 16 (P16) where impaired feeding did
not occur. As expected, mice at P16 and 6 weeks showed very
similar bone characteristics (Supporting Information Fig. S1B,
S1C), suggesting that Nfic disruption impairs bone formation
during postnatal osteogenesis. However, Nfic-deficiency did not
affect prenatal bone and tooth development (Supporting Infor-
mation Fig. S2A–S2D). Overall, these results are consistent with
the notion that Nfic controls postnatal bone formation and
tooth root development but does not influence prenatal bone
development.

To determine whether the decreased bone mass of Nfic2/2

mice was caused by impaired osteoblast activity, we evaluated
osteoblast function using bone histomorphometric analyses in
6-week-old femurs. Trabecular and cortical bone volume were
markedly decreased in Nfic2/2 mice compared to WT based on
H&E and von Kossa staining (Fig. 1G). Osteoblast number per
tissue area (N.Ob/T.Ar), osteoblast number per bone parameter
(N.Ob/B.Pm), osteoblast surface per bone surface (Ob.S/BS),
mineralizing surface per bone surface (MS/BS), and bone forma-
tion rate per bone surface were significantly decreased in
Nfic2/2 mice compared to WT (Fig. 1H). Nfic2/2 mice at P16
had similarly reduced parameters of osteoblast activity as the 6-
week-old mice (Supporting Information Fig. S1D, S1E). To deter-
mine whether the reduced osteoblast number in Nfic2/2 mice
resulted from the decreased proliferation of bone forming
osteoblasts, we evaluated the cell proliferation rate by IHC using
PCNA antibody as well as MTT assays. We also investigated the
expression of cell cycle arrest protein, p21, by Western blot. In
the femur, proliferating cell nuclear antigen (PCNA)-positive
cells were dramatically decreased in osteogenic cells from
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Figure 1. Nfic disruption impairs bone formation during postnatal osteogenesis. (A): Nfic expression was evaluated using real-time PCR
analyses in bone marrow stromal cells derived from aged mice. n 5 3, *, p< .05. (B): MC3T3-E1 cells were cultured in differentiation
media for up to 3 weeks. Nfic, Runx2, and Osx were evaluated using Western blot analyses. (C): Representative micro-CT image of the
mandible and (D) the distal femur. (E): 3D micro-CT images of trabecular bone and cortical bone in the distal femur. (F): Micro-CT quan-
tification of the distal femur in WT and Nfic2/2 mice aged 6 weeks. n 5 5, *, p< .05. (G): H&E staining (a–f) and von Kossa staining (a0–
f0) from distal femurs in WT and Nfic2/2 mice aged 6 weeks. c–f and c0–f0 are higher magnifications of a–b and a0–b0, respectively. c–d
and c0–d0, trabecular bone. e–f and e0–f0, cortical bone. Scale bars, a–b and a0–b05 500 mm; c–d and c0–d05 200 mm; e–f and e0–f05 100
mm. (H): Histomorphometric analyses of distal femoral metaphysis in WT and Nfic2/2 mice aged 6 weeks. n 5 5, *, p< .05. (I): Repre-
sentative calcein double labeling sections in femurs from WT and Nfic2/2 mice aged 6 weeks. The white arrow represents the MAR.
n 5 5, *, p< .05. Data are presented as the mean6 SD. Abbreviations: BFR/BS, bone formation rate per bone surface; BMD, bone min-
eral density; BV/TV, trabecular bone volume; Ct.BV/TV, cortical bone volume; Ct.Th, cortical bone thickness; MAR, mineral apposition
rates; MS/BS, mineralizing surface per bone surface; N.Ob/B.Pm, osteoblast number per bone parameter; N.Ob/T.Ar, osteoblast number
per tissue area; Ob.S/BS, osteoblast surface per bone surface; Tb.Th, trabecular bone thickness; Tb.N, trabecular bone number; Tb.SP,
trabecular separation; WT, wild type.



Nfic2/2 mice compared to WT (Supporting Information Fig.
S3A). In vitro 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assays showed decreased proliferation
rates, with a 35% decrease in Nfic2/2 BMSCs (Supporting Infor-
mation Fig. S3B). Furthermore, Nfic2/2 BMSCs exhibited an
increase in p21 but a decrease in cyclin D1 (Supporting Informa-
tion Fig. S3C). The distance of double calcein labeling was
reduced in Nfic2/2 mice compared to WT, indicating that the
mineral apposition rate was significantly reduced (by �30%) in
Nfic2/2 mice (Fig. 1I). These experiments suggest that the loss
of Nfic in mice results in reduced osteoblast number and
impaired osteoblast function in bone.

Nfic-Deficiency Increases Bone Marrow Fat Similar to
Osteoporotic Patients

To determine whether the decreased bone mass in Nfic2/2

mice resulted from an increased number of bone marrow adi-
pocytes, we evaluated bone marrow adipocytes in the femurs
from Nfic2/2 mice using H&E staining. There was greater accu-
mulation of adipocytes in the bone marrow space of Nfic2/2

mice that increased in an age-dependent manner (Fig. 2A). To
investigate the effect of Nfic disruption on adipocyte differen-
tiation of BMSCs, we evaluated adipocyte differentiation using
oil red O staining after culturing WT and Nfic2/2 BMSCs. oil red
O-positive cells were dramatically increased in Nfic2/2 BMSCs
compared to WT BMSCs in control and adipogenic induction
media (Fig. 2B, upper left panel). The amount of oil red O dye
was significantly increased in Nfic2/2 BMSCs (Fig. 2B, upper
right panel). Expression of the adipocyte differentiation marker,
Pparc, was significantly increased in Nfic2/2 BMSCs (Fig. 2B,
lower panel). However, there were no differences between WT
and Nfic2/2 BMSCs with respect to oil red O positivity or Pparc
expression at E18.5 (Supporting Information Fig. S2E).

Marrow adipocytes were also increased in the bone sec-
tions of osteoporotic patients as observed in Nfic2/2 mice
(Fig. 2C). Thus, we evaluated NFI-C and CD68 expressions
using IHC analyses of the bone from normal and osteoporotic
patients. NFI-C was strongly detected in osteoblasts of normal
bone, but was dramatically decreased in osteoporotic bone.
The number of CD68-positive osteoclasts was markedly
decreased in osteoporotic patient bone compared to normal
(Fig. 2D). Next, we analyzed NFI-C mRNA expression using the
microarray dataset that was used to compare the gene
expression pattern between osteoporosis hBMSCs (hBMSCs-
OP) and control hBMSCs (hBMSCs-old) in GEO (accession no.
GSE35959). In this dataset, NFI-C gene expression was signifi-
cantly decreased in hBMSCs-OP compared to hBMSCs-Old
(Fig. 2E). ROS also affects age-related osteoporosis by control-
ling target gene expression [7]. Therefore, to investigate the
effect of ROS on NFI-C expression, we evaluated NFI-C expres-
sion using real-time PCR and Western blotting after H2O2

treatment of hBMSCs. NFI-C mRNA and protein levels were
significantly decreased in H2O2-treated hBMSCs compared to
control cells (Fig. 2F). These results suggest that NFI-C is a
potential candidate gene for age-related osteoporosis.

Nfic Accelerates Osteoblast Differentiation and
Suppresses Adipocyte Differentiation

To investigate the effect of Nfic overexpression on osteoblast
and adipocyte differentiation of Nfic2/2 BMSCs, we incubated
cells in osteogenic differentiation media for 14 days or adipo-

genic differentiation media for 7 days after transient transfec-
tion of Nfic expression plasmid into Nfic2/2 BMSCs. Osteoblast
and adipocyte differentiation were evaluated using real-time
PCR, alkaline phosphatase (ALP) staining, alizarin red S minerali-
zation, and oil red O staining. Nfic overexpression increased ALP
activity and mineralized nodules in Nfic2/2 BMSCs (Fig. 3A). Alp

mRNA expression also increased with Nfic overexpression in
Nfic2/2 BMSCs (Fig. 3B). However, Nfic overexpression
decreased the number of oil red O-positive adipocytes in
Nfic2/2 BMSCs (Fig. 3C). In addition, Pparc expression was also
significantly decreased by Nfic overexpression in Nfic2/2 BMSCs
(Fig. 3D). Moreover, Nfic-overexpressing cells had 20-fold
decreased Pparc promoter activity approximately compared to
control cells (Fig. 3E). These results suggest that Nfic promotes
osteoblast differentiation and inhibits adipocyte differentiation
by suppressing Pparc expression in BMSCs.

To determine whether Nfic expression in BMSCs could
rescue the osteoporosis-like phenotype of Nfic2/2 mice, we
overexpressed Nfic in Nfic2/2 BMSCs via retroviral infection
and transplanted these cells into the femur cavities of
Nfic2/2 mice. Femur micro-CT images show that Nfic2/2

mice transplanted with Nfic-overexpressing BMSCs have
increased trabecular bone volume compared to Nfic2/2 mice
transplanted with mock-infected BMSCs (Fig. 3F, left panel).
In histomorphometric analyses, Nfic2/2 mice transplanted
with Nfic-overexpressing BMSCs exhibited significant increases
in trabecular bone volume (BV/TV) and trabecular bone num-
ber (Tb.N), but significant decreases in Tb.SP (Fig. 3F, right
panel). Four weeks after transplantation, the transplanted
BMSCs were analyzed by IHC using the Nfic and GFP antibod-
ies. In Nfic2/2 mice transplanted with Nfic-overexpressing
BMSCs, Nfic- and GFP-positive cells were observed along the
trabecular bone surface, indicating osteoblast differentiation
of transplanted BMSCs (Fig. 3G). However, in Nfic2/2 mice
transplanted with mock-infected BMSCs, only GFP-positive
BMSCs were found in bone marrow without Nfic expression
(Fig. 3G). In histological analyses, transplantation of Nfic-over-
expressing BMSCs showed an increase in trabecular bone
mass (Fig. 3G) but a decrease in bone marrow adiposity com-
pared to Nfic2/2 mice (Fig. 3H). These results suggest that
NFI-C may be a new target for osteoporosis treatment
because Nfic-overexpression rescued the osteoporosis-like
phenotype of Nfic2/2 mice.

Nfic Disruption Impairs Osteoblast Differentiation,
Which Reduces Osteoclast Activity

To investigate the effect of Nfic disruption on osteoblast dif-
ferentiation of BMSCs, we evaluated the expression of osteo-
blast differentiation markers using real-time PCR, ALP staining,
and alizarin red S mineralization after culturing BMSCs from
WT and Nfic2/2 mice. ALP activity and quantity of mineralized
nodules from alizarin red S staining in Nfic2/2 BMSCs
decreased approximately twofold compared to WT cells (Fig.
4A, 4B). Expression of the osteoblast differentiation marker
Runx2 was unaffected by Nfic disruption. However, Osx, Alp,
osteocalcin (Oc), and bone sialoprotein (Bsp) expressions were
significantly decreased in Nfic2/2 BMSCs (Fig. 4C). These find-
ings suggest that Nfic disruption impairs osteoblast differentia-
tion of BMSCs.

To determine whether the decreased trabecular bone vol-
ume was caused by increased osteoclast activity in Nfic2/2
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Figure 2. Nfic-deficiency increases bone marrow fat as seen in osteoporotic patients. (A): H&E staining of distal femurs from WT and
Nfic2/2 mice aged 6 and 28 weeks. c–d and g–h are higher magnifications of boxed a–b and e–f, respectively. a–d, 6 weeks. e–h, 28
weeks. Scale bars5 a–b and e–f5 500 mm; c–d and g–h5 50 mm. (B): Representative oil red O staining images (upper left panel) and
quantification of oil red O staining (upper right panel). WT and Nfic2/2 BMSCs were cultured in adipogenic induction media for 7 days.
PPARc expression was analyzed using real-time PCR in WT and Nfic2/2 BMSCs (lower panel). n 5 3, *, p< .05. (C): H&E and (D) IHC
staining from bone specimens of an osteoporotic patient. Left panel, NFI-C; middle panel, CD68; right panel, negative control. Scale
bars5 50 mm. n 5 3. (E): Expression of NFI-C mRNA was analyzed from gene expression dataset GSE35959 deposited in gene expression
omnibus. n 5 5, *, p< .05. (F): Effect of H2O2 on NFI-C expression in hBMSCs. Real-time PCR and Western blot analyses were used to
determine the level of NFI-C expression in hBMSCs treated with or without H2O2 (200 mM/ml) for 5 days. n 5 3, *, p< .05. Data are
presented as the mean6 SD. Abbreviations: hBMSCs, human bone marrow stromal cells; NFI-C, nuclear factor I-C; WT, wild type.



Figure 3. Nfic accelerates osteoblast differentiation and suppresses adipocyte differentiation. (A): Nfic2/2 bone marrow stromal cells
(BMSCs) were transfected with the Nfic expression vector or control empty expression vector and then cultured in osteogenic induction
media for 7 days (ALP staining) and 14 days (ARS). (B): Alp (left panel) and Nfic (right panel) expression were analyzed using real-time
PCR. n 5 3, *, p< .05. (C): Representative oil red O staining images (left panel) and quantification of oil red O staining (right panel).
Nfic2/2 BMSCs were transfected with the Nfic expression vector or control empty expression vector and then cultured in adipogenic
induction media for 7 days. (D): Pparc expression was analyzed using real-time PCR. n 5 3, *, p< .05. (E): Pparc promoter activity was
assessed in C2C12 cells transfected with pGL3-Luc-Pparc and Nfic expression vectors or control empty expression vector for 48 hours.
n 5 3, *, p< .05. (F): Representative micro-CT images and micro-CT quantification of the distal femurs in WT and Nfic2/2 mice trans-
planted with Nfic-overexpressing BMSCs or mock-infected BMSCs at 10 weeks of age. n 5 3, *, p< .05. (G): Histological analyses of distal
femurs in Nfic2/2 mice transplanted with Nfic-overexpressing BMSCs. Immunohistochemistry (IHC) analysis of the femur transplanted
with Nfic-overexpressed or mock-infected BMSCs using Nfic and GFP antibodies. Scale bars5 50 mm. (H): H&E staining (left panel). Scale
bars5 200 mm. The number of adipocytes in Nfic2/2 mice transplanted with Nfic-overexpressing BMSCs compared to Nfic2/2 mice
transplanted with mock-infected BMSCs at 10 weeks of age (right panel). n 5 3, *, p< .05. Data are presented as the mean6 SD. Abbre-
viations: ALP, alkaline phosphatase; ARS, alizarin red S staining; BV/TV, trabecular bone volume; GFP, green fluorescent protein; IHC,
immunohistochemistry; Tb.N, trabecular bone number; Tb.SP, trabecular separation; WT, wild type.



Figure 4. Nfic disruption impairs osteoblast differentiation and reduces osteoclast activity. (A): ALP staining and activity. (B): ARS and
quantification of alizarin red S stained mineralized nodules. WT and Nfic2/2 bone marrow stromal cells (BMSCs) were cultured in osteo-
genic induction media for 7 days (ALP) and 14 days (ARS). n 5 3, *, p< .05. (C): Expression of Runx2, Osx, Alp, Oc, and Bsp was analyzed
using real-time PCR in WT and Nfic2/2 BMSCs after differentiation for 7 days. n 5 3, *, p< .05. (D): TRAP staining of femurs from WT
and Nfic2/2 mice aged 6 weeks. Right panels are higher magnifications of boxed left panels. Scale bars, right panels5 200 mm; left pan-
els5 100 mm. (E): Histomorphometric analyses of the distal femoral metaphysis from WT and Nfic2/2 mice aged 6 weeks. n 5 5, *,
p< .05. (F): WT bone marrow-derived macrophages were cocultured with WT and Nfic2/2 primary osteoblasts for 6 days in the absence
or presence of VitD3 and PGE2, fixed, and stained for TRAP. (G): TRAP-positive MNCs were counted in (D). n 5 3, *, p< .05. (H): TRAP
activity was quantified in cell lysates. n 5 3, *, p< .05. (I): sRankl levels were measured in cell culture media using ELISA kits. n 5 3, *,
p< .05. (J): Expression of Rankl and Opg was analyzed in primary osteoblasts using real-time PCR. n 5 3, *, p< .05. Data are presented
as the mean6 SD. Abbreviations: ALP, alkaline phosphatase; ARS, alizarin red S staining; MNCs, multinucleated cells; N.Oc/T.Ar, osteo-
clast number per tissue area; N.Oc/B.Pm, osteoclast number per bone parameter; Oc.S/BS, osteoclast surface per bone surface; PGE2,
prostaglandin E2; TRAP, tartrate-resistant acid phosphatase; VitD3, 1,25-dihydroxyvitamin D3; WT, wild type.



mice, we evaluated TRAP activity in WT and Nfic2/2 mice at 6
weeks. The number of TRAP-positive osteoclasts was markedly
decreased in Nfic2/2 mice compared to WT (Fig. 4D). In bone
histomorphometric analyses, the osteoclast number per tissue
area (N.Oc/T.Ar), osteoclast number per bone perimeter, and
osteoclast surface per bone surface (Oc.S/BS) were signifi-
cantly decreased in Nfic2/2 mice compared to WT at 6 weeks
(Fig. 4E) as well as at P16 (Supporting Information Fig. S4A,
S4B). Formation of multinucleated TRAP-positive osteoclasts
in cultured BMMs was identical in both types of mice (Sup-
porting Information Fig. S4C), suggesting that osteoclast line-
age cells were not directly affected by Nfic disruption.

To determine whether impaired osteoblast differentiation
in Nfic2/2 mice caused reduced osteoclast formation, we
cocultured normal BMMs with WT or Nfic2/2 calvarial osteo-
blasts, and analyzed osteoclast generation by TRAP staining.
The number of TRAP-positive multinucleated cells was signifi-
cantly reduced when WT BMMs were cocultured with Nfic2/2

osteoblasts compared to WT osteoblasts (Fig. 4F, 4G). Osteo-
blasts from Nfic2/2 mice supported less osteoclastogenesis,
and consequently decreased TRAP activity (Fig. 4H). Soluble
Rankl (sRankl) expression was also decreased in the Nfic2/2

osteoblast cocultured group (Fig. 4I). Using real-time PCR, we
observed that osteoblasts from Nfic2/2 mice had normal
expression of osteoprotegerin (Opg) but decreased Rankl

expression (Fig. 4J). These results indicate that reduced osteo-
clast activity in Nfic2/2 mice may be due to the failure of nor-
mal osteoblast differentiation stemming from reduced Rankl-
mediated signaling.

Nfic Mediates BMP2-Runx2-Induced Osx Expression

Osx, a zinc finger-containing transcription factor, plays an
important role in osteoblast differentiation [17]. To investigate
the exact role of Nfic in osteoblast differentiation, we exam-
ined the interrelationship between Nfic and Osx. Nfic2/2

BMSCs exhibited reduced Osx mRNA expression compared to
WT (Fig. 4C). The expression of Osx protein was dramatically
reduced in Nfic2/2 osteoblasts compared to WT based on
immunofluorescence of femoral trabecular bone, as well as by
Western blot analyses (Fig. 5A, left panel), suggesting that
Nfic is required for Osx expression. However, Nfic-disruption
in mice did not alter the expression of Runx2 protein (Fig. 5A,
right panel). Osx mRNA and protein levels were increased in
Nfic-overexpressing cells (Fig. 5B). To assess the effects of Nfic

on the transcriptional activity of the Osx promoter, we meas-
ured Osx promoter activity after overexpression of Nfic in
MC3T3-E1 cells in the presence or absence of BMP-2. Nfic-
overexpressing or BMP-2-treated cells increased Osx promoter
activity. Moreover, Nfic overexpression strongly enhanced Osx

promoter activity in the presence of BMP-2 (Fig. 5C) via a
mechanism that includes direct binding to the Osx promoter
region as determined by chromatin immunoprecipitation
(ChIP) assays using the anti-Nfic antibody after BMP-2 treat-
ment. We identified a putative Nfic-binding motif in a region
between 2359 and 2117 of the Osx promoter in the pres-
ence of BMP-2 signaling (Fig. 5D). In addition, Osx expression
was increased by BMP-2 treatment and/or Nfic overexpression
in Nfic2/2 osteoblasts (Fig. 5E). These results suggest that Nfic
directly regulates Osx expression through the BMP-2 signaling
pathway during osteoblast differentiation. However, Osx
expression was still detected in Nfic2/2 BMSCs. Interestingly,

Dlx5 and Msx2 mRNA expression were significantly increased
in Nfic2/2 mice compared to WT (Supporting Information Fig.
S5A), suggesting that Dlx5 and Msx2 expression were
increased in Nfic2/2 osteoblasts as a compensatory mecha-
nism for Osx control. In addition, Dlx5 or Msx2 overexpression
in Nfic2/2 osteoblasts significantly increased Osx expression
compared to control osteoblasts (Supporting Information Fig.
S5B).

To determine whether impaired bone formation could be
rescued by Osx overexpression in Nfic2/2 mice, we overex-
pressed Osx in Nfic2/2 BMSCs via retroviral infection and
transplanted them into the femur cavities of Nfic2/2 mice.
Femur micro-CT images show that the trabecular bone vol-
ume reduction in Nfic2/2 mice was only partially rescued by
Osx overexpression (Fig. 5F, left panel). In histomorphometric
analyses, Nfic2/2 mice transplanted with Osx-overexpressing
BMSCs exhibited significant increases in trabecular bone vol-
ume (BV/TV) and trabecular bone number (Tb.N), but signifi-
cant decreases in Tb.SP (Fig. 5F, right panel). The transplanted
BMSCs were analyzed by IHC using Osx and GFP antibodies 4
weeks after transplantation. Osx- and GFP-positive BMSCs
were found in osteoblasts of the trabecular bone surface in
Nfic2/2 mice transplanted with Osx-overexpressing BMSCs.
However, in Nfic2/2 mice transplanted with mock-infected
BMSCs, only GFP-positive BMSCs were found without Osx
expression (Fig. 5G). In histological analyses, transplantation
of Osx-overexpressing BMSCs increased trabecular bone mass,
but marrow adiposity was unchanged (Fig. 5G). Nfic2/2 mice
transplanted with Osx-overexpressing BMSCs was not altered
in the number of adipocytes compared to Nfic2/2 mice (Fig.
5H). These results suggest that Osx promotes osteoblast differ-
entiation but does not influence adipocyte differentiation in
BMSCs.

Runx2 Mediates BMP-2-Induced Nfic Expression

Osteogenic transcription factors, including Runx2, Dlx5, Msx2,
and Osx, are generally regulated by BMP-2 [5]. To investigate
whether Nfic is regulated by BMP-2, we evaluated Nfic
expression and promoter activity after BMP-2 stimulation in
MC3T3-E1 cells using real-time PCR and Western blot. BMP-2
significantly increased Nfic promoter activity as well as Nfic

mRNA and protein levels (Fig. 6A, 6C). We also examined
whether Runx2, which is stimulated by BMP-2, regulates Nfic
during osteogenesis. Runx2 overexpression significantly
increased Nfic promoter activity and Nfic mRNA and protein
expression (Fig. 6B, 6C). Runx2 knockdown decreased Nfic

promoter activity and Nfic protein expression approximately
10-fold and inhibited the enhancing effect of BMP-2 on the
Nfic promoter and expression (Fig. 6D). Next, to determine
whether Runx2 directly binds to the Nfic promoter region, we
performed ChIP assays using the Runx2 antibody after BMP-2
treatment. We identified a putative Runx2 consensus
sequence in a region between 2423 and 2246 of the Nfic

promoter. Runx2 directly interacted with the Nfic promoter in
the presence of BMP-2 (Fig. 6E). In addition, we also exam-
ined Nfic expression in Runx22/2 mice. In immunofluores-
cence studies, Nfic protein expression was observed but was
dramatically reduced in Runx22/2 developing bone and carti-
lage (Fig. 6F, upper panel). In real-time PCR and Western blot
experiments, Nfic mRNA and protein expression levels were
significantly decreased in Runx22/2 mice compared to WT
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Figure 5. Nfic mediates BMP-2-Runx2-induced Osx expression. (A): Immunofluorescence staining of Osx (red) in trabecular bone of dis-
tal femoral metaphysis from WT and Nfic2/2 mice aged 6 weeks. Scale bar5 100 mm. Western blotting analyses of Runx2, Osx, and Nfic
in WT and Nfic2/2 bone marrow stromal cells (BMSCs). (B): Real-time PCR and Western blot analyses to evaluate Osx expression in
MC3T3-E1 cells transfected with Nfic and Runx2 expression vectors or control empty expression vector and treated with BMP-2 (300
ng/ml) for 48 hours. n 5 3, *, p< .05. (C): Osx promoter activity assessed in MC3T3-E1 cells transfected with pGL3-Luc-Osx (21,269 to
191) and Nfic expression vectors or control empty expression vector, and treated BMP-2 (300 ng/ml) for 48 hours. n 5 3, *, p< .05.
(D): Scheme of putative Nfic-binding motif in the Osx promoter. The primer pairs used for the ChIP assay are shown as arrowheads
(upper panel). Detection of Nfic binding to the Osx promoter using ChIP analyses in MC3T3-E1 cells treated with BMP-2 (300 ng/ml) for
48 hours. The putative Nfic-binding motif was PCR-amplified with P1 primers, and a PCR was also performed with negative control locus
primers P2 (lower panel). (E): Nfic2/2 osteoblasts were treated with BMP-2 (300 ng/ml) and/or transfected with the Nfic expression vec-
tor. Osx expression was analyzed using real-time PCR. n 5 3, *, p< .05. (F): Representative micro-CT images and micro-CT quantification
of the distal femurs in WT and Nfic2/2 mice transplanted with Osx-overexpressing BMSCs or mock-infected BMSCs at 10 weeks of age.
n 5 3, *, p< .05. (G): Histological analyses of distal femurs in Nfic2/2 mice transplanted with Osx-overexpressing BMSCs. Immunohisto-
chemistry (IHC) analysis of the femur transplanted with Osx-overexpressed or mock-infected BMSCs using Osx and GFP antibodies. Scale
bars5 50 mm. (H): H&E staining (left panel). Scale bars5 200 mm. The number of adipocytes in Nfic2/2 mice transplanted with Osx-
overexpressing BMSCs compared to Nfic2/2 mice transplanted with mock-infected BMSCs at 10 weeks of age (right panel). n 5 3, *,
p< .05. Data are presented as the mean6 SD. Abbreviations: BMP-2, bone morphogenetic protein 2; BV/TV, trabecular bone volume;
GFP, green fluorescent protein; IHC, immunohistochemistry; Tb.N, trabecular bone number; Tb.SP, trabecular separation; WT, wild type.



Figure 6. Runx2 mediates BMP-2-induced Nfic expression. (A, B): Nfic promoter activity and mRNA expression were determined using
promoter assays and real-time PCR in MC3T3-E1 cells transfected with pGL3-Luc-Nfic (22,520 to 188) and Runx2 expression vectors or
control empty expression vector, and treated with BMP-2 (300 ng/ml) for 48 hours. n 5 3, *, p< .05. (C): Western blot analyses to eval-
uate Nfic expression in MC3T3-E1 cells transfected with the Runx2 expression vector or control empty expression vector and treated
with BMP-2 (300 ng/ml) for 48 hours. (D): Nfic promoter activity was assessed in MC3T3-E1 cells transfected with pGL3-Luc-Nfic
(22,520 to 188) and Runx2 siRNA or control siRNA in the presence or absence of BMP-2 (300 ng/ ml) for 48 hours. n 5 3, *, p< .05.
Nfic and Runx2 expression were analyzed using Western blot analyses in control and Runx2-inactivated MC3T3-E1 cells. (E): Scheme of
putative Runx2-binding motif in the Nfic promoter. The primer pairs used for the ChIP assay were shown as arrowheads (upper panel).
Detection of Runx2 binding to the Nfic promoter using ChIP analyses in MC3T3-E1 cells treated with BMP-2 (300 ng/ml) for 48 hours.
The putative Runx2-binding motif was PCR-amplified with P1 primers, and a PCR was also performed with negative control locus primers
P2 (lower panel). (F): Immunofluorescence staining of Nfic (Red) in femurs from E18.5 WT and Runx22/2 mice. Scale bar5 100 mm.
Total RNA and protein isolated in calvarial bone from WT and Runx22/2 mice. Runx2 and Nfic expression were assessed using real-time
PCR and Western blot analyses. n 5 3, *, p< .05. Data are presented as the mean6 SD. (G): A model of role of Nfic during osteoblast
and adipocyte differentiation. Abbreviations: BMP-2, bone morphogenetic protein 2; WT, wild type.
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(Fig. 6F, lower panel). These results suggest that Runx2 acts
upstream of Nfic and regulates Nfic expression through the
BMP-2 signaling pathway.

DISCUSSION

Age-related osteoporosis is related to accumulation of bone
marrow adiposity due to increased adipocyte differentiation
rather than osteoblast differentiation in BMSCs of bone mar-
row [7]. In this study, we found that Nfic expression was
decreased in an age-dependent manner. In addition, Nfic2/2

mice showed an age-related decrease in bone mass with a
concomitant accumulation of marrow fat. Nfic2/2 mice show
a similar bone phenotype to osteoporotic patients. PPARc is
an important transcription factor controlling adipocyte differ-
entiation [6]. In a previous study, it was reported that an NFI
binding motif was found in the PPARc promoter region and
that adipocyte differentiation increased due to upregulated
PPARc expression mediated by NFI-A and NFI-B [18]. However,
our findings show that Nfic inhibited adipocyte differentiation
by suppressing PPARc expression in BMSCs, simultaneously
increasing osteoblast differentiation. These results suggest
that NFI-C controls the fate of BMSCs based on differentiation
into osteoblasts and adipocytes.

The NFI gene family plays multiple essential roles in both
prenatal and postnatal development. In Nfia2/2 and Nfib2/2

mice, the first morphological changes are observed at E14 to
E15 [19]. Nfia2/2 mice showed prenatal lethality, which may
be caused by defects in brain development [20], and Nfib2/2

mice also die at birth, likely due to lung maturation defects
[19]. In contrast, Nfix2/2 mice exhibit a normal life span
when their diet is supplemented with soft foods, suggesting
they may have digestive tract defects [21]. Recently, it has
been reported that Nfix is a novel regulator of hematopoietic
stem and progenitor cell survival [22]. Nfix also modulates
neuronal and glial differentiation during postnatal cerebellum
development [23]. Similarly, Nfic acts as a regulator of post-
natal growth and regeneration of adult progenitor cell prolif-
eration and hair follicles [24]. Nfic2/2 mice have normal
tooth crowns but short molar roots implying that Nfic has an
essential role in stage-specific regulation of postnatal tooth
development as molar root formation in mice starts around
postnatal day 8 (�P8) [11, 25]. In this study, Nfic2/2 mice
showed normal prenatal bone and tooth development but
exhibited defects in postnatal bone growth. These findings
indicate that NFI-C is an essential transcription factor that pri-
marily regulates postnatal development in bone and tooth.

BMP-2 is a potent growth factor that promotes osteoblast
differentiation and induces bone formation [26, 27]. BMP-2
cellular signaling regulates several osteogenic target transcrip-
tion factors, including Runx2, Dlx5, Msx2, and Osx [26]. In this
study, we demonstrated that the BMP-2 signaling pathway
regulates Nfic expression. When BMP signaling is inhibited
during bone and tooth development, noggin-overexpressing
mice showed defects in the tooth root, impaired osteoblast
differentiation, and reduced bone formation [28, 29] similar
to the bone and tooth abnormalities shown in Nfic2/2 mice.
Our study also demonstrated that Runx2-inactivated osteo-
blasts showed decreased Nfic expression and that BMP-2
induction in Runx2-inactivated osteoblasts could not reverse

this decrease in Nfic. Moreover, Nfic expression was dramati-
cally decreased in Runx22/2 mice, whereas Nfic2/2 osteo-
genic cells showed normal Runx2 expression. Overall, our
results indicate that Nfic appears to function downstream of
Runx2, and that BMP-2-induced Nfic expression is mediated
by Runx2.

BMP-2 signaling regulates Osx expression, as well as
Runx2, Dlx5, and Msx2 [30, 31]. It has been reported that Osx
expression is regulated by BMP-2 signaling via both Runx2-
dependent and -independent mechanisms. However, the
mechanism by which BMP-2 regulates Osx expression remains
unclear in some aspects. It is well known that Runx2 directly
binds to Osx promoter region and regulates Osx promoter
activity [32]. Accordingly, Runx2 overexpression significantly
increased Osx expression in Nfic2/2 osteoblasts (data not
shown). These findings suggest that Runx2 directly acts on
Osx promoter. However, we for the first time suggest that
Runx2-dependent Osx regulation in BMP-2 signaling is medi-
ated in part by Nfic, which is a downstream target of Runx2.
Nfic plays a role as an intermediary transducer between
Runx2 and Osx in the BMP-2 signaling pathway during osteo-
blast differentiation. Dlx5 and Msx2 also regulate Osx expres-
sion through Runx2-independent pathways in BMP-2 signaling
[30, 31]. In this study, our results suggest that Osx expression
is regulated by BMP-2 signaling during osteoblast differentia-
tion through three distinct mechanisms: the Runx2 pathway,
the Runx2-Nfic pathway, and the Dlx5 and/or Msx2 pathway
(Fig. 6G). Further investigation is required to determine the
functional relationship among these three pathways in Osx
regulation during osteoblast differentiation and bone
formation.

Osx is an essential transcription factor for osteoblasts in
embryonic skeletal development as well as during postnatal
bone formation [17, 33]. In this study, Nfic disruption signifi-
cantly decreased Osx expression and osteogenic cell number
in Nfic2/2 mice during postnatal osteogenesis. In rescue
experiments, transplantation of Nfic-overexpressing BMSCs
dramatically increased bone mass compared to transplanta-
tion of Osx-overexpressing BMSCs in Nfic2/2 mice. Interest-
ingly, Nfic2/2 mice transplanted with Nfic-overexpressing
BMSCs decreased adipocyte differentiation and bone marrow
adiposity, whereas those transplanted with Osx-overexpressing
BMSCs were not altered. In accordance with our results, Osx
enhanced osteoblast differentiation but did not influence adi-
pocyte differentiation in BMSCs [34]. These data suggest that
impaired bone formation in Nfic2/2 mice is caused by
reduced Osx expression and osteogenic cell number as well as
by increased adipocyte differentiation.

SUMMARY

In summary, our findings indicate that Nfic disruption alters
the differentiation fate of BMSCs by inhibiting osteoblast dif-
ferentiation and promoting adipocyte differentiation, thereby
leading to age-related osteoporosis. Interestingly, transplanta-
tion of Nfic-overexpressing BMSCs rescued an osteoporosis-
like phenotype in Nfic2/2 mice. Taken together, our data sug-
gest that NFI-C is a new candidate gene that causes osteopo-
rosis. Therefore, regulation of NFI-C expression in BMSCs
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could be a novel therapeutic approach for treating
osteoporosis.
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