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Smad7 iswell demonstrated as a negative regulator of TGF-β signaling. Its alteration in expression often results in
diseases such as cancer and fibrosis. However, the exact role of Smad7 in regulating bone remodeling during
mammalian development has not been properly delineated. In this study we performed experiments to clarify
the involvement of Smad7 in regulating osteogenesis and osteoclastogenesis both in vivo and in vitro. Genetically
engineered Smad7ΔE1 (KO)mice were used, whereby partial functional of Smad7 is lost by deleting exon I of the
Smad7 gene and the truncated proteins cause a hypomorphic allele. Analysis with μCT imagery and bone
histomorphometry showed that the KO mice had lower TbN, TbTh, higher TbSp in the metaphysic region of
the femurs at 6, 12, 24 weeks from birth, as well as decreased MAR and increased osteoclast surface compared
with the WT mice. In vitro BM-MSC multi-lineage differentiation evaluation showed that the KO group had re-
duced osteogenic potential, fewer mineralized nodules, lower ALP activity, and reduced gene expression of
Col1A1, Runx2 and OCN. The adipogenic potential was elevated in the KO group with more formation of lipid
droplets, and increased gene expression of Adipsin and C/EBPα. The osteoclastogenic potential of KO mice
BMMs was elevate, with emergence of more osteoclasts, larger resorptive areas, and increased gene expression
of TRAP and CTR. Our results indicate that partial loss of Smad7 function in mice leads to compromised bone for-
mation and enhanced bone resorption. Thus, Smad7 is acknowledged as a novel key regulator between osteogen-
esis and osteoclastogenesis.
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Introduction

Bone is a metabolically active and high energy consuming tissue,
which is continuously remodeled, shaped and repaired through its life-
time. This intricate process is carried out by two key cells: osteoblasts
and osteoclasts. Osteoblasts, bone matrix depositing cells derived from
mesenchymal stem cells, give rise to osteocytes. Osteoclasts are special-
ized bone resorptive cells derived from hematopoietic progenitor cells
embedded in bone marrow, which also give rise to macrophages in tis-
sue and monocytes in peripheral blood [1]. The cellular coupling activi-
ties between osteoclasts and osteoblasts are tightly regulated by local
and global systemic factors, which provide stable bone homeostasis or
bone remodeling following tissue damage [2]. Disruption of this equilib-
rium often can give rise to various musculoskeletal disorders including
osteoporosis, osteoporosis, osteopenia and arthritis.

TGF-β (transforming growth factor β) is a universal, multifactorial
cytokine that is regulating proliferation, differentiation and apoptosis
in a broad range of tissues during embryonic and postnatal life through
trans-membrane receptors. Combinatorial interactions in the receptor
and ligand complex allow differential signaling in the same tissues [3].
It is one of the most important factors in the bone environment, which
simultaneously regulates the activities of both osteoblasts and osteo-
clasts, and hence the balance between the dynamic processes of bone
formation and resorption. TGF-β familymembers signal through the ca-
nonical signaling pathway of SMAD (mothers against decapentaplegic
and Sma related family) cascade [4]. There are three types of Smad pro-
teins. The first is the receptor-regulated Smads (R-Smads), including
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Smad2/3 for TGF-βs, and Smad1/5/8 for BMPs (bone morphogenetic
proteins). They are directly phosphorylated by type I receptors, and
form a complex with the second type of Smad proteins, Common
Smad (Co-Smad, Smad4) prior to translocation into the nucleus where
they regulate gene transcription [4,5]. The third type of Smad proteins,
inhibitory Smads (I-Smads), including Smad6 and Smad7, are the key
regulators for TGF-β signaling through negative-feedback mechanisms.
Smad6 plays a more specific role in the BMP pathway, while Smad7 is a
general antagonist for both TGF-β and BMP signaling [6–8].

Smad7 antagonizes TGF-β signaling pathway through multiple
mechanisms inside both the cytoplasm and the nucleus [7,9]. It also
serves as an important cross-talk mediator of the TGF-β signaling path-
way with other signaling pathways [10]. Smad7 antagonizes TGF-β sig-
naling in the cytoplasm by forming a stable complex with TGF-βRI and
then inhibiting the recruitment and phosphorylation of R-Smads and R-
Smad–Smad4 complex formation [11–13]. Furthermore, it is also an
adaptor for recruitment of E3 ubiquitin ligases, like Smurf proteins for
attachment on to the plasma membrane, thus inducing TGF-βRI endo-
cytosis to mediate the ubiquitination and degradation of TGF-βRI in ei-
ther the lysosomal or proteasomal pathways [14–17]. In addition, BMP
and activinmembrane-bound inhibitor (BAMBI) is able to form a terna-
ry complex with activated TGF-βRI and Smad7, and synergizes with
Smad7 to antagonize TGF-β signaling by interfering with the recruit-
ment of R-Smads [18]. Inside the nucleus, Smad7 can interfere with
the functional Smad–DNA complex formation as well [19,20]. Besides
acting in the negative feedback loop in TGF-β signaling, Smad7 can
also be transcriptionally induced by inflammatory cytokines through
activation of NF-κB or STAT1, which in turn leads to suppression of
TGF-β signaling [21,22].

Many studies have proved that altered expression of Smad7 often
leads to human diseases, such as cancer, inflammatory diseases, diabe-
tes and fibrosis [23–29]. While less is known of its role in the tissues
of the skeletal system. It has been reported that loss of Smad3 signaling
promotes callus formation via the concomitant upregulation of osteo-
genesis and suppression of chondrogenesis, which leads to faster frac-
ture healing [30]. Smad7 has been reported to inhibit chondrocyte
differentiation at multiple steps during endochondral ossification, and
conditional overexpression of Smad7 in condensing mesenchymal
cells shows reduced Sox9 expression and poor cartilage formation
[31]. Other studies have also demonstrated that TGF-β acts directly on
bone marrow macrophages (BMMs) and promotes osteoclastogenesis
[32–34]. However, the specific role of Smad7 on bone remodeling has
not been accurately delineated so far. So in this study, with Smad7ΔE1

(KO) mice in which partial functional of Smad7 is lost by deleting
exon I of the Smad7 gene and the truncated proteins cause a
hypomorphic Smad7 allele [35], we demonstrated the effect of partial
loss of Smad7 on bone morphometry, lineage differentiation of bone
marrow derived mesenchymal stem cells (BM-MSCs) and osteoclasto-
genesis of bone marrow macrophages (BMMs). The results of this
study were designed to shed light on the precise role of Smad7 in
bone remodeling and development.

Materials and methods

Study design

This study has been divided into three parts. In the first part, we
studied long bone development using femurs from both WT and KO
mice at 6, 12 and 24 weeks old. Left femurswere harvested and subject-
ed to digital radiographs to compare the size and shape, to μCT examina-
tion to detect morphometric parameters as well as 3-D reconstruction
images, and to bone histomorphometry assay to observe tissue
morphology. In the second part, we compared the osteogenesis and
adipogenesis potentials of BM-MSCs between the KO and WT mice.
BM-MSCs were isolated from bone marrow and identified by flow cy-
tometry. Histochemical staining and qRT-PCR were used to compare
the differentiation potentials between the two groups. In the third
part, bone marrow cells from both KO and WT mice were treated with
M-CSF (recombinant murine macrophage-colony stimulating factor)
and RANKL (receptor activator of nuclear factor kappa-B ligand) for os-
teoclastogenesis. TRAP staining, qRT-PCR, and bone resorption assay
were used for comparison. Expression of phospho-Smad3was observed
in both osteogenesis and osteoclastogenesis processes.

Animals

Smad7ΔE1 mice (KO) were generated by inactivating the Smad7
gene in the mouse and replacing the translated part of exon I and part
of intron I of the Smad7 genomic sequence, coding for the 204 N-
terminal amino acid residues of Smad7, with a PGK-neo selection cas-
sette as previously reported [35]. In these mice, the first half of the
Smad7 protein is removed and the function of Smad7 is disrupted as
partial loss [35]. All the animals were bred and supplied by LAN HY's
Laboratory of The Chinese University of Hong Kong, and genotyped by
PCR as described [36]. 5–6week old KO andWTmice (CD-1 background
mice, male, 20 g to 25 g) were used for the in vitro study. 6, 12, and
24 week old male mice were used for the in vivo study. All animal ex-
periments were approved by the Animal Research Ethics Committee
of The Chinese University of Hong Kong.

Isolation and culture of mice BM-MSCs

Mice were terminated by cervical dislocation. Both tibia and femurs
were removed under sterile conditions. Bone marrow was flushed out
and filtered through a 70-μm filter mesh to remove any bone spicules
or cell clumps. The cells were then centrifuged at 300–400 g for 5 min
and planted in 10-cm dishes at a density of 105 cells/cm2. They were
then incubated at 37 °C with 5% CO2 in a humidified chamber. After
24 h, non-adherent cells were removed by changing medium. The me-
dium was replaced with fresh one every three days till the cells were
confluence. These cells were then passaged for further use.

Identification of mice BM-MSCs

The BM-MSCs were subjected to flow cytometry for cell surface ex-
pression of mice MSC positive markers CD90, CD44 and Sca1, as well
as the negative markers CD34 and CD45. Briefly, cells at P4 were har-
vested and cell suspensions containing 1 × 105 cells were stained with
the fluorescence conjugated antibodies: phycoerythrin (PE) conjugated
rat anti-mouse CD44 IgG2b, PE conjugated rat anti-mouse CD90 and
Sca-1 IgG2a, fluorescein isothiocyanate (FITC) conjugated rat anti-
mouse CD45 and CD34 (all, BD Pharmingen, U.S.) for 1 h at 4 °C. After
washing with PBS, the cells were re-suspended in 0.5 ml stain buffer
(BD Pharmingen, U.S.). Non-specific background signalsweremeasured
by incubating the cells with the appropriate isotype control antibodies.
The percentages of cells with positive signal were measured using a BD
LSRFortessa Cell Analyzer, and data was analyzed using BD FACSDiva
software.

Osteogenic differentiation assay

BM-MSCs of both KO and WT mice were plated at 4 × 103 cells/cm2

in a 6-well plate and cultured in complete α-MEM medium (including
10% FBS) or osteogenicmedium, for 7 and 14 days. The osteogenicmedi-
um was a complete medium supplemented with 1 nM dexamethasone,
50 μMascorbic acid, and 10mM β-glycerophosphate (all, Sigma-Aldrich,
U.S.). Mineralized nodule formation was assessed using Alizarin Red S
staining, the cell/matrix layer was washed with PBS, fixed with 70% eth-
anol, stained with 0.5% Alizarin Red S (pH 4.1, Sigma-Aldrich, U.S.) for
10 min, and viewed with a LEICA DMIRB microscope (Leica Cambridge
Ltd., U.K.). To quantify the amount of Alizarin Red S bound to the miner-
alized nodules, the acetic acid extraction method was used, as reported
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[37]. The mRNA expression of early and late osteogenic markers includ-
ing Collagen type1, alpha 1 (Col1A1), Runt-related transcription factor 2
(Runx2) and Osteocalcin (OCN) was examined using qRT-PCR. The Alka-
line Phosphatase (ALP) cytochemical staining was performed by an AP
staining kit (Promega, U.S.). In brief, after fixation and equilibration
with ALP buffer (0.15 M NaCl, 0.1 M Tris–HCl pH 9.0, 1 mMMgCl2 and
0.1% Tween-20), the cells were incubated in ALP substrate solution
(0.5 mg nitro-blue tetrazolium chloride (NBT) and 0.25 mg 5-bromo-
4-chloro-3′-indolyphosphate p-toluidine salt (BCIP) in 1 ml ALP buffer)
for 20min at 37 °C. The color reactionwas stopped bywashingwith dis-
tilled water and the positive stain appeared deep blue. The ALP activity
was also performed by a LabAssay™ALP kit (Wako, U.S.). In brief, pro-
duction of p-nitrophenol was measured at OD 405 nm for 15 min at
37 °C, based on the standard curve prepared with different concentra-
tions of p-nitrophenol. The linear portion of the product curve was
used for the calculation of enzyme activity by linear regression. The
ALP activity was expressed as nmol p-nitrophenol per minute per μg
protein.

Cell proliferation assay and colony forming assay

Cell proliferation was compared by using a BrdU assay kit (Roche
Applied Science, U.S.). BM-MSCswere plated in triplicate at 5000
cells/well in 96-well plate and cultured either in complete α-MEMme-
dium or osteogenic medium for 1, 3, and 6 days. After labelling with
sterile BrdU labelling reagent at 37 °C for 3 h, the cells were then
fixed with FixDenat solution and incubated with anti-BrdU antibodies
(peroxidase conjugated for 1 h) for 90min. The cells were then washed
by PBS and incubated in substrate solution to perform a peroxidase re-
action. The absorbance at 450 nm was measured and reported.

The colony-forming unit (CFU) assay was also performed. BM-MSCs
plated in triplicate at 100 cells/well in 6-well plates and cultured either
in complete α-MEM medium or osteogenic medium (3 days after α-
MEM medium) for 10 days. The cells were fixed and stained with 1%
crystal violet (Sigma-Aldrich, U.S.). Cell colonies were counted
under microscopy and the CFU-F efficiency was performed according
to the formula: CFU-F efficiency = (counted CFU-F / cells originally
seeded) × 100. Triple CFU-F assays were performed for each isolated
cell population.

Adipogenic differentiation assay

BM-MSCs from both groups were incubated in completeα-MEMme-
dium(including 10% FBS) or adipogenicmedium, for 7, 14 and 21 days for
the assessment. The adipogenicmediumwas a completemediumsupple-
mented with 500 nM dexamethasone, 50 μM indomethacin, 0.5 mM
isobutylmethylxanthine, and 10 μg/ml insulin (all, Sigma-Aldrich, U.S.).
Lipid droplet formation was assessed using Oil Red-O staining, the cell/
matrix layer was washed with PBS three times, fixed with 70% ethanol,
stained with 0.3% fresh Oil Red-O solution (Sigma-Aldrich, U.S.) for
30 min, and viewed with a LEICA DMIRB microscope (Leica Cambridge
Ltd., U.K.). The mRNA expression of adipogenic markers including
CCAAT/enhancer binding protein alpha (C/EBPα) and Complement Factor
D (Adipsin) was examined using qRT-PCR.

Osteoclastogenesis assay

Bonemarrow cells were isolated, filtered, centrifuged, re-suspended
and cultured in complete α-MEM (including 10% FBS) supplemented
with 10 ng/mlM-CSF until the bonemarrowmacrophages reached con-
fluence. Cell dissociation reagent StemPro Accutase (Life Technologies,
U.S.)wasused for cell detachment and the cellswere seeded at a density
of 2.5 × 104/well in a 12-well plate and culturedwith completeα-MEM
supplemented with 10 ng/ml M-CSF (Life technologies, U.S.) and
100 ng/ml RANKL (supplied by Prof. Jia-ke XU's laboratory in The Uni-
versity of Western Australia), or M-CSF alone. After stimulation for
7 days, the cells were subjected to TRAP staining assay using an Acid
Phosphatase, Leukocyte (TRAP) Kit (Sigma-Aldrich, U.S.). ThemRNAex-
pression of Tartrate-resistant acid phosphatase (TRAP) and Calcitonin
Receptor (CTR)was examined using qRT-PCR. The bone resorption activ-
ity of the osteoclasts was assessed using HA/TCP coated plates (OAAS™,
Oscotect INC., Korea). Areas of the bone resorption pitches on the plates
weremeasured under a phase contrastmicroscope and quantified using
Image-Pro Plus software (Version 6.0, U.S.).

Quantitative real-time-polymerase chain reaction (qRT-PCR)

Cells were harvested and lysed for RNA extraction with an RNeasy
mini kit (Life Technologies, U.S.). The total RNA with the same nano-
grams was reverse-transcribed to cDNA by an M-MLV Reverse Tran-
scriptase kit (Invitrogen™, U.S.). 3 μl of total cDNA of each sample was
amplified in a final volume of 15 μl of reaction mixture containing Plat-
inum SYBR Green qPCRSuperMix-UDG and specific primers for C/EBPα,
Adipsin, Col1A1, Runx2, OCN, Smad7, TRAP, CTR, 18S or GAPDH (all from
TechDragon, HK; Table 1) using the ABI StepOnePlus™real-time PCR
system. Cycling conditions were denaturation at 95 °C for 10 min,
40 cycles at 95 °C for 15 s, 60 °C for 34 s, and finally, 60 °C–95 °C with
a heating rate of 0.3 °C/s. The expression of the target genes was
normalized to that of 18S or GAPDH. Relative gene expression was
calculated using the 2−ΔCT formula.

Western blotting

Cells were lysedwith radioimmunoprecipitation assay (RIPA) buffer
with protease and phosphatase inhibitors phenylmethylsulfonyl fluo-
ride (PMSF), sodium orthovanadate and sodium fluoride (all, Thermo
Fisher Scientific, Germany) for measurement of protein concentration
by BCA protein assay (Pierce Biotechnology Inc., U.S.). After blocking
nonspecific binding with 5% (w/v) non-fat dry milk in TBS/T solution
(DAKO, Denmark), the PVDF membrane (Millipore, Billerica, U.S.) was
then incubated overnight at 4 °C with the primary antibodies anti-
phospho-Smad3 (Cell Signaling Technology, U.S.), anti-Smad7 (Santa
Cruz Biotechnology Inc., U.S.), and anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Santa Cruz Biotechnology Inc., U.S.), followed
by a horseradish peroxidase-conjugated secondary antibody. Immuno-
reactive bands were detected by ECL reagents (Pierce Biotechnology
Inc., U.S.).

Digital radiographs

The femurs of 6, 12 and 24week oldWT and KOmicewere removed
free of connective tissues, and subjected to Faxitron MX-20 Digital ma-
chine (Faxitron X-Ray Corp., Wheeling, IL, U.S.) under an exposure time
of 6000 ms and a voltage of 32 kV.

Micro-computed tomography (μCT)

The metaphysis region of the left distal femurs of both groups at each
time point was scanned using a μCT system (μCT40, Scanco Medical,
Basserdorf, Switzerland), at custom isotropic resolution of 8-μm isometric
voxel size with a voltage of 70 kV p and a current of 114 μA. Three-
dimensional (3-D) reconstructions ofmineralized tissueswereperformed
by an applicationof a global threshold (211mg hydroxyapatite/cm3), and
a Gaussian filter (sigma= 0.8, support = 2) was used to suppress noise.
The scan range covered 3.2 mm above and 3.2 mm below the growth
plate–epiphyseal junction, in total around 800 consecutive sections.
From this region, a series of 100 slices between 80 μm and 880 μm distal
to the growth plate–epiphyseal junction was chosen for the analysis. The
regions of interest (ROIs) inside the bone tunnel, representing the trabec-
ular bone, were separated with semi-automatically drawn contours
(outer value of 512 and inner value of 33). After 3D reconstruction, the
morphometric parameters including bone volume fraction (BV/TV),



Table 1
Primer sequences for quantitative real-time-polymerase chain reaction.

Gene name Forward primer sequence Reverse primer sequence Product size (bp)

Runx2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT 200
Col1A1 GGCTCCTGCTCCTCTTAG ACAGTCCAGTTCTTCATTGC 194
OCN ATGGCTTGAAGACCGCCTAC AGGGCAGAGAGAGAGGACAG 135
Adipsin CCTGAACCCTACAAGCGATG GGTTCCACTTCTTTGTCCTCG 170
C/EBPα TTACAACAGGCCAGGTTTCC CTCTGGGATGGATCGATTGT 232
TRAP TCCTGGCTCAAAAAGCAGTT ACATAGCCCACACCGTTCTC 212
CTR CGGACTTTGACACAGCAGAA CAGCAATCGACAAGGAGTGA 186
GAPDH GCATGGCCTTCCGTGTTC GATGTCATCATACTTGGCAGGTTT 86
18S rRNA ACCATAAACGATGCCGACT TGTCAATCCTGTCCGTGTC 216
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bone mineral density (BMD, mg/cm3), trabecular number (TbN, mm−1),
trabecular thickness (TbTh, mm), and trabecular separation (TbSp, mm),
were calculated using built-in software [38].

Histology

The femurs were fixed in buffered formalin, embedded in paraffin,
cut longitudinally into 5-μm thick sections and mounted on 3-
aminopropyl-triethoxy-silane (Sigma-Aldrich, U.S.) coated slides. After
deparaffination, the sections were stained with hematoxylin and eosin
(H&E) staining, safranin-O (SO)/fast green staining, and examined
under a light microscope (LEICA DMRB, Leica Cambridge Ltd., U.K.).

Bone histomorphometry

Both KO andWTmice at 24 weeks old were subcutaneously injected
with double-fluorescence labelling (calcein green, 10 mg/kg&xylenol or-
ange, 90 mg/kg) 13days and3 days respectively before sample collection.
Samples of femur and tibia were dehydrated in graded concentrations of
ethanol and embedded in methyl methacrylate (MMA). Sagittal sections
for the left proximal femur were obtained at a thickness of 5 μm for
Goldner Trichrome staining to analyze the static parameters, or at a thick-
ness of 10 μm and left unstained for collection of fluorochrome-based
data. A digitizing image analysis system (Osteometrics, Inc., USA) was
used for quantitative bone histomorphometric measurements. Briefly,
the regions of interest were the proximal femoral growth plate and the
proximal femoral metaphysis located between 0.5 and 3 mm distal to
the growth plate–epiphyseal junction. Parameters of osteoblast surface
(Ob.S/BS, %; Ob.N/BS, mm−1), osteoclast surface (Oc.S/BS, %; Oc.N/BS,
mm−1) and bone dynamic histomorphometric analyses for mineral ap-
position rate (MAR, μm/d) and bone formation rate per unit of bone sur-
face (BFR/BS, μm/d ∗ 100) were recorded and compared. Images were
obtained under a fluorescence microscope (Q500MC image analysis
system, Leica, Germany), and light microscope (LEICA DMRB, Leica
Cambridge Ltd., U.K.).

Data analysis

Data analysis was done using SPSS (version 16.0, SPSS Inc., U.S.).
Comparisons of the gene expression among groups were performed
using the ANOVA test, otherswere performedusing theMann–Whitney
U test. Datawas presented asmean± SD. p≤ 0.05was considered to be
statistically significant.

Results

Femur morphometry at different time points

No significant difference of the size and length of the femurs be-
tween KO and WT groups at 6, 12, and 24 weeks old was observed by
Digital radiographs (Fig. 1A). H&E staining and SO/fast green staining
of the paraffin sections of femurs at 24 weeks old showed less trabecu-
lar bone around the metaphysic region and thinner growth plate in the
KO mice (Fig. 1B); 3-D reconstructed images of μCT also confirmed
lower bone mass in the KO mice (Fig. 1B). The quantitative analysis
of μCT data showed that the KO group had significantly decreased TbN
(p b 0.001) and TbTh (p = 0.010), and increased TbSp (p = 0.002) in
the metaphysic region of the femurs at 6 weeks old. At 12 weeks old,
the KO group showed significantly decreased TbN (p = 0.003) and in-
creased TbSp (p = 0.009) at this region. At 24 weeks old, the KO group
had significantly decreased BMD (p = 0.011), BV/TV (p = 0.010), TbN
(p = 0.038), and TbTh (p = 0.018), and increased TbSp (p = 0.061)
(all n = 12; Fig. 1C). Figures from histology and parameters from μCT
showed the decreased bone mass of the KO mice compared to WT
with the age growth.

Bone histomorphometry analysis

Representative fluorescence micrographs of double labelling in tra-
becular surface (Tb.dL.S) showed a reduced interlabel width in the KO
group (Fig. 2A). The statistical analysis ofMAR confirmed a smallermin-
eral apposition rate in the KO group (Fig. 2D). The histomorphometric
analysis atlas of overall distribution of distal femur showed a smaller
amount of trabecular bone in theKOgroup (Fig. 2B).While the single la-
belled and double labelled length quantified by the BFR/BS did not show
much difference between the two groups (Fig. 2E). Representative mi-
crographs of MMA sections with Goldner Trichrome staining showed
more osteoclasts in the KO group (Fig. 2C). The statistical analysis of
Oc.S/BS and Oc.N/BS also confirmed a significant increase in the KO
group, whereas the Ob.S/BS and Ob.N/BS did not showmuch difference
(Fig. 2F) (all, n = 3).

Expression of mesenchymal stem cell-related surface markers

In order to compare the differentiation potential in vitro, BM-MSCs
were obtained from both WT and KO femurs. MSC-related surface
markers' expression in the BM-MSCs was measured using two positive
isotype controls phycoerythrin (PE) and one negative isotype control
fluorescein (FITC). The results of the cell surface markers' expression
of BM-MSCs in the KO group were: CD90 (72.7%), CD44 (84.8%), Sca1
(97.1%), as well as CD34 (1.0%) and CD45 (0.4%) (Supplemental
Fig. 1A). Similar results were found in the WT group: CD90 (70.5%),
CD44 (81.8%) and Sca1 (91.6%), as well as CD34 (1.3%) and CD45
(0.8%) (Supplemental Fig. 1b).

Osteogenic potential of BM-MSCs in vitro

Under osteogenic inductive conditions, the BM-MSCs in the KO
group had fewer mineralized nodules compared with those of the WT
group both at day 7 and day 14 using Alizarin Red S staining confirmed
by the quantification with acetic acid extraction method (Fig. 3A). The
CFU-F assay and the quantification showed no significant difference be-
tween the colony forming efficiency of the two groups (Fig. 3B). Al-
though cell proliferation reduced after osteogenic induction, there was
no difference between the KO and WT groups (Fig. 3C). The ALP cyto-
chemical staining showed lower ALP positive signal in the KO group



Fig. 1. (A) Representative digital X-ray images of the femurs of both KO and WT groups at 6, 12, and 24 weeks old. Scale bar = 6.5 mm. (B) Photomicrographs showing the trabecular
bone around metaphysic region using H&E and SO/fast green staining of paraffin sections, as well as 3-D images of μCT showing the ROIs of the femurs from the 24 week old mice.
Scale bar = 100 μm. (C) Column charts show the parameters of BMD, BV/TV, TbN, TbTh, TbSp of both KO and WT groups at 6, 12, and 24 weeks of age (all, n = 12). All data were
shown as mean ± SD. *p ≤ 0.05.
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(Fig. 3D), and the ALP activity assay of the protein confirmed the results
(Fig. 3E) (all above, n = 3). The gene expression of Col1A1, Runx2 and
OCN normalized to GAPDH was significantly lower in the KO group
at day 7 and day 14 respectively compared with that of the WT group
(n = 6; Fig. 3F). The expression of phospho-Smad3 in both the WT
and KO groups with or without induction by osteogenic medium was
compared. The expression was elevated in the KO group compared
with the WT group under the osteogenic induction (Fig. 3G).
Adipogenic potential both in vivo and in vitro

The adipogenic potential induced by adipogenic medium of the BM-
MSCs in the KO group had earlier lipid droplet formation at day 5 com-
paredwith theWT group (Fig. 4A). The Oil Red O staining showedmore
oil droplets in the KO group at day 21 (n= 3; Fig. 4B). The gene expres-
sion of Adipsin and C/EBPα normalized to GAPDH was significantly
higher at day 7, day 14 and day 21 respectively in the KO group com-
pared with that of the WT group (n = 6; Fig. 4C). The body weights at
three time points were recorded and compared. Significantly higher
weights were observed in the 12 and 24 week old groups of the KO an-
imals (n= 12; Fig. 4D). The anatomy pictures also showedmore fat tis-
sue at the abdomen in the KOmice (Fig. 4E). H&E staining of the paraffin
sections and Goldner Trichrome of theMMA sections in themetaphysic
region of femurs at 24 weeks old showed more adipose tissue in the
subchondral bone and bone marrow respectively in the KO animals
(Figs. 4F & G).
Osteoclastogenic potential of BMMs in vitro

Osteoclasts were induced with M-CSF and RANKL in both groups,
and more typical osteoclasts formed 3 days after induction in the KO
group (Fig. 5A). The osteoclastogenic potential detected by TRAP stain-
ing was significantly higher in the KO group compared with that of the
WT group (Fig. 5B). For quantification, TRAP positive cells with more
than three nuclei were counted in each well of the 12-well plate select-
ed and counted randomly for five visual fields (~4.9 mm2/field). The
number and size of the osteoclasts were also higher and larger in the
KO group than those of the WT group (Fig. 5E). The bone resorption
assay and the quantification showed that the KOgroup had significantly
larger resorptive areas (Figs. 5C & D) (all above, n = 3). The gene ex-
pression of TRAP and CTR normalized to 18S was significantly higher in
the KO group at day 7 compared with those of the WT group (n = 6;
Fig. 5F). The expressions of phospho-Smad3 of both the WT and KO
groups with or without induction by RANKL were compared. The ex-
pression was elevated in the KO group compared with the WT group
by the RANKL-induced osteoclastogenesis (Fig. 5G).
Discussion

The importance of TGF-β in bone development and homeostasis has
been extensively illustrated both in vitro and in vivo with convincing
evidences showing the potent effects on bone formation, bone resorp-
tion, and the synergistic interplay between these two processes. This



Fig. 2. (A) Representative fluorescencemicrographs showing double labelling in trabecular surface (Tb.dL.S) in bothWT and KOmice at 24 weeks old (arrows pointing to inter-labelling
distanceswith double labelling by calcein green and xylenol orange). (B)Histomorphometry analysis atlas of overall distribution of trabecular bone, showing single labelling (white), dou-
ble labelling (green & yellow) and trabecular bone (blue). (C) Representative photomicrographs for Goldner Trichrome staining ofMMA sections inmetaphysic region of femurs, showing
both osteoblasts and osteoclasts (pointing by arrows). Photomicrographs with higher magnification (×400) were attached in the top corners. Scale bar= 100 μm. (D & E) Column charts
showing statistics of MAR and BFR/BS. (F) Column charts showing parameters of osteoblast surface (Ob.S/BS, Ob.N/BS) and osteoclasts surface (Oc.S/BS and Oc.N/BS) (all, n = 3). All data
were shown as mean ± SD. *p b 0.05.

51N. Li et al. / Bone 67 (2014) 46–55
universal cell regulator molecule plays an important role in holding the
balance between the two tightly regulated processes [39]. Smad7,
known as the inducible regulator, attunes the activities of TGF-β/Smad
signaling pathway, and inhibits diverse cellular processes regulated by
TGF-β, such as cell proliferation, differentiation, apoptosis, adhesion
and migration. It is also involved in a vast majority of physiological
events, and selected pathological processes including cancer, tissue fi-
brosis, diabetes, and some inflammatory diseases [23–29,40]. However,
the essential role of Smad7 in bone remodeling during mammalian de-
velopment has not yet been fully delineated. In our study, a transgenic
animal with the deletion of Smad7 exon I is used to investigate the
roles of Smad7 in bone remodeling. This Smad7 partial knockout animal
has been widely adopted in the study of renal fibrosis for example. Pre-
vious studies showed that this kind of deletion is sufficient to generate
experimental animals with higher TGF-β/Smad3 signaling activity
[36]. Our study demonstrated that partial knockout of Smad7 impaired
bone remodeling particularly in the process of bone resorption, as well
as suppressing osteogenesis and promoting osteoclastogenesis, indicat-
ing Smad7 itself may be an important regulator in both processes.

We found that functional impairment of Smad7 on bone morphom-
etry becomesmore prominent in the increasingly older KOmice. Thepa-
rameters of BMD and BV/TV only showed significant decreases at
24 weeks in the KO group, indicating the accumulated reduction on
bonemass in the KO group. The significant changes shown in measured
trabecular bone microarchitecture are of clinical significance, since bio-
mechanical strength is closely associated with fracture risk [41]. This in-
terpretation has important clinical relevance and invites therapeutic
possibilities with age. Another interesting observation is the decreased
trabecular bonemass as shown in both μCT and bone histomorphometry
analysis, which is mainly due to enhanced bone resorption (increased
number and activity of osteoclasts). In perfectly balanced bone remodel-
ing, bone formation and resorption are strictly coordinated. The activat-
ed osteoclasts are most necessary for the control of bone formation in
the bone remodeling process [42,43]. It has been confirmed recently in
another study, that osteoclastic bone resorption can directly activate os-
teoblast function, through regulating the cell signals in bone formation
[44]. However, in our current study, we did not see any significant de-
crease in the number and activity of osteoblasts in vivo in the KO mice,
indicating the compensatory work of the strongly upregulated bone re-
sorption event, whichmay be themain contributor for the reduced bone
mass.

Previous studies have demonstrated that TGF-β plays a vital role in
every stage of osteogenesis in vitro. However, some ambiguous obser-
vations with conflicting interpretations may be attributed to the differ-
ent differentiation stages of the target cell populations. One important
variable is that TGF-β can stimulate the early stages of differentiation
but inhibit in later stages [45,46]. These studies support our findings
that the canonical TGF-β signaling (as shown by the expression of



Fig. 3. (A) Photomicrographs and column chart showing Alizarin Red S staining and quantification at days 0, 7, and 14 in both KO andWTBM-MSCs under osteogenic culture conditions.
(B) Photomicrographs and column chart showing the CFU-F efficiency at day 10. (C) Column chart showing the cell proliferation quantification using BrdU assay at days 1, 3, and 6.
(D) Photomicrographs showing the ALP cytochemical staining at day 14. (E) Column chart showing theALP activity at day 14 (n=3, all the above). (F) Column charts showing the relative
gene expression of Runx2, Col1A1 andOCNnormalized toGAPDH at days 0, 7, and 14 (n=6). (G) Electrophoresis images showing Smad7 and phospho-Smad3 expression patterns. All data
were shown as mean ± SD. *p ≤ 0.05.
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phospho-Smad3) was enhanced and triggered early osteogenesis in
both WT and KO groups; while overstimulated canonical TGF-β
signaling in the later process of osteogenesis resulted in reduced
osteoblastogenic potential. The decrease in TβRI and TβRII expression
Fig. 4. (A) Photomicrographs showing the lipid droplet formation after adipogenic induction at
groups cultured with basal medium or adipogenic medium at day 21 (n = 3). Scale bar = 10
normalized to GAPDH at days 0, 7, 14, and 21 (n= 6). (D) Column charts showing the body we
in abdomen in both KO andWTmice. (F) Photomicrographs showing adipose tissues in the subc
Goldner Trichrome staining on MMA sections at the age of 24 weeks old compared with WT. S
was observed during human BM-MSC osteogenic differentiation from
osteoprogenitor cells tomature osteoblasts [47], and TGF-β/receptor in-
teractions were reduced during murine and rat osteoblast differentia-
tion [48,49]. Smad3, activated by TGF-β1, physically interacts with
day 5 of BM-MSCs. (B) Photomicrographs showing Oil Red O staining of BM-MSCs in both
0 μm. (C & D) Column charts showing the relative gene expression of Adipsin and C/EBPα
ight of mice at 6, 12 and 24 weeks old (n = 12). (E) Photo showing the fat tissue exposed
hondral bone and bonemarrowof theKO animals byH&E staining on paraffin sections and
cale bar = 200 μm. All data were shown as mean ± SD. *p ≤ 0.05.



Fig. 5. (A) Photomicrographs showing the osteoclast-likecell formation after RANKL induction at day 3 in both KO andWT groups. (B) Photomicrographs showing BMMs of both KO and
WT groups cultured with or without RANKL and stained with TRAP (arrows showing the osteoclasts inWT group). (C) Photomicrographs showing the bone resorption activity of the os-
teoclasts using OSSA plate. (D) Column charts showing the bone resorption area per well measured by an image analyzer. (E) Column charts showing statistics of TRAP+ osteoclast num-
ber counted infivevisual areas at randomperwell of the 12-well plates (n=3, all the above). (F) Column charts showing the relative gene expression of TRAP and CTR normalized to 18S at
day 7 (n = 6). (G) Electrophoresis images showing phospho-Smad3 expression. All scale bar = 200 μm. All data were shown as mean ± SD. *p ≤ 0.05.
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Runx2 at the Runx2-responsive elements, thus suppressing the expres-
sion of Runx2 and other osteogenic markers like Col1A1, ALP, and
osteocalcin by an autoregulatory feedback mechanism to slow down
bone formation [45]. Moreover, menin, a repressor of osteoblast matu-
ration by binding to TGF-β1-activated Smad3, mediates the inhibitory
effects of the latter onRunx2 activity [50]. Given all these results and ob-
servations, it is expected that loss of Smad7 would suppress osteogenic
potential, which is in agreementwith our findings: partial loss of Smad7
function may inhibit the osteogenesis process through activating TGF-
β/Smad3 signaling.

TGF-β is released in active form during bone resorption, and in-
creases RANKL/OPG ratio in vitro, which can enhance osteoclastogene-
sis [51–54]. The direct effects of TGF-β1 on osteoclast precursors, such
as up-regulation of RANK expression [32,52], induction of NF-κB activa-
tion [33], and suppression of cytokine signaling expression [34], are re-
sponsible for the promotion of TGF-β1 on osteoclastogenesis. TGF-β
stimulates RANKL-induced osteoclastogenesis throughmolecular inter-
action with Smad3 and Traf6 [55]. In the current study, we demonstrat-
ed an important involvement of Smad7 in osteoclastogenesis, through
activating the expression of phospho-Smad3. Given that Smad7 is the
crosstalk mediator for both canonical and non-canonical TGF-β signal-
ing networks, and the intricate regulation between these two pathways
[10], the exactmechanisms bywhich Smad7 regulates osteogenesis and
osteoclastogenesis need further and deeper investigation.

Our study demonstrated the possible involvement of Smad7 in bone
remodeling, via regulating osteogenesis and osteoclastogenesis. Al-
though a number of questions still remain unanswered, the manipula-
tion of Smad7 may represent a new strategy for the treatment of
metabolic bone diseases such as osteoporosis. The role of Smad7 in os-
teoporotic bone remodeling, bone fracture healing and possible phar-
macological intervention in Smad-based pathways deserve further
studies. In addition, the KOmice also exhibited impaired capacity to bal-
ance between osteogenesis and adipogenesis based on our observation.
After all, it is known that C/EBPα regulates the balance between osteo-
genesis and adipogenesis through modulation of DNA methylation and
histone acetylation [56]. So how the Smad7 regulates the switch be-
tween osteogenesis and adipogenesis remains unclear. Furthermore,
the thinner growth plate of KO mice femurs observed in our study,
and the proven role of Smad7 in chondrocyte differentiation [31], and
tissue fibrosis [28,57], do suggest a regulatory role of Smad7 in chondro-
genesis and fibrosis as well.

In summary, our current study demonstrates that partial loss of
Smad7 function in a livingmousemodel leads to impaired bone remod-
eling particularly in the process of bone resorption process in vivo, as
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well as suppressed osteogenesis and enhanced osteoclastogenesis
in vitro. These findings may provide new evidence for a better under-
standing of the biological functions of Smad7 in bone remodeling, and
a novel Smad-based therapeutic potential for metabolic bone diseases.
Smad7 itself may be a potential new target for maintaining bone health.

Conclusion

The trabecular number, trabecular thickness and MAR were signifi-
cantly decreased in the Smad7ΔE1 mice, indicating a trend towards
bone loss, which was supported by measurements of increased trabec-
ular separation and osteoclast surface compared with the WT mice.
The Smad7ΔE1 mice had impaired bone remodeling associated with en-
hanced bone resorption. Partial loss of Smad7 inhibited osteogenesis
and promoted adipogenesis in BM-MSCs as well as osteoclastogenesis
in BMMs. Altogether the results indicate that Smad7 is involved in reg-
ulating bone remodeling and the maintenance of bone homeostasis.
Any disruption to Smad7 expression or activity could therefore play
prominent roles in various metabolic bone diseases. Smad7 may be a
new ideal therapeutic target for maintaining or restoring proper bone
health.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2014.06.033.
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