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Abstract. The skin, as the largest organ of the human body, 
is an important source of stromal stem cells with multipotent 
differentiation potential. CD105+ mesenchymal stem cells 
exhibit a higher level of stemness than CD105‑ cells. In the 
present study, human dermal‑derived CD105+ fibroblast cells 
(CD105+ hDDFCs) were isolated from human foreskin speci-
mens using immunomagnetic isolation methods to examine 
the role of bone morphogenetic protein (BMP)‑7 in osteogenic 
differentiation. Adenovirus‑mediated recombinant BMP7 
expression enhanced osteogenesis‑associated gene expres-
sion, calcium deposition, and alkaline phosphatase activity. 
Investigation of the underlying mechanisms showed that BMP7 
activated small mothers against decapentaplegic (Smad) and 
p38/mitogen‑activated protein kinase signaling in CD105+ 
hDDFCs. The small interfering RNA‑mediated knockdown 
of Smad4 or inhibition of p38 attenuated the BMP7‑induced 
enhancement of osteogenic differentiation. In an in  vivo 
ectopic bone formation model, the adenovirus‑mediated over-
expression of BMP7 enhanced bone formation from CD105+ 
hDDFCs. Taken together, these data indicated that adenoviral 
BMP7 gene transfer in CD105+ hDDFCs may be developed as 
an effective tool for bone tissue engineering.

Introduction

Fibroblasts, the main constituents of connective tissue, are 
a well‑known source of cells for use in regenerative medi-
cine owing to their ability to produce extracellular matrix 

molecules and several bioactive factors (1,2). Human fibro-
blasts are cultured in  vitro for investigative purposes and 
as a replacement therapy for damaged tissue, as they can be 
reprogrammed into a pluripotent state that can differentiate 
into different phenotypes (3,4). Human skin is an accessible 
source of multipotent stromal cells (MSCs) with self‑renewal 
and multipotent capacities, which makes them valuable for 
various MSC‑based therapies (5). MSCs can differentiate into 
adipocytes, osteocytes, and chondrocytes, and are character-
ized by the expression of three surface markers, CD105, CD90, 
and CD73 (6). Dermal fibroblasts with multipotent capacity 
express high levels of CD105, and CD73‑ CD105+ fibro-
blasts have high proliferation rates and adipocyte/osteocyte 
differentiation potential (5,7).

Bone morphogenetic proteins (BMPs) are dimeric proteins 
that bind to type I and type II BMP receptors, transducing 
signals through small mothers against decapentaplegic 
(Smad)‑dependent and ‑independent pathways to regulate the 
transcription of BMP target genes (8). BMP7 is a member 
of the transforming growth factor‑β (TGF‑β) superfamily, 
which possesses a high osteogenic capacity  (9). BMPs 
signal via the p38 class of mitogen‑activated protein kinases 
(MAPKs), and the activity of p38 MAPK is regulated by BMP 
signaling (10). The role of BMP7 in the osteogenic differ-
entiation of human adipose‑derived stem cells (ADSCs) has 
been investigated extensively (11). In addition, BMP4 and the 
BMP2/7 heterodimer have been shown to induce the osteo-
genic differentiation of mouse skin‑derived fibroblasts (12). 
However, despite the potential therapeutic application of 
human dermal‑derived fibroblasts (hDDFCs), the mechanisms 
underlying their osteogenic differentiation and the role of 
BMP7 in this process remain to be fully elucidated.

In the present study, human dermal‑derived CD105+ 

fibroblast cells (CD105+ hDDFCs) were isolated to examine 
the role of BMP7 in the osteogenic differentiation of dermal 
fibroblast populations with multipotent stem cell capacity and 
investigate the underlying mechanisms.

Materials and methods

Immunomagnetic isolation of CD105+ hDDFCs and cell 
culture. The present study was performed in accordance 
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with the Declaration of Helsinki for investigations involving 
human subjects, and was approved by the Ethics Committee 
of Shanghai Ninth People's Hospital Affiliated to Shanghai 
Second Medical University (Shanghai Ninth People's Hospital, 
Shanghai Jiao Tong University School of Medicine, Shanghai, 
China). Dermal fibroblasts were isolated from residual 
skin during circumcision surgery in 5 older children (age, 
6‑9 years) between June and July 2009. All patients provided 
written  informed  consent. The hDDFCs were isolated as 
described previously (13). Immunomagnetic isolation of the 
CD105+ cells was performed as described previously  (14). 
Briefly, suspensions of hDDFCs obtained from human 
dermis were washed once with 1X PBS and resuspended with 
magnetic cell sorting (MACS) buffer (1X PBS containing 
0.5% fetal bovine serum (FBS; cat. no. SH30087.01; HyClone; 
GE Healthcare Life Sciences, Logan, UT, USA) and 2 mM 
ethylenediamine tetraacetic acid, pH 7.2). A nylon mesh was 
used to filter cell suspensions (30‑µm pore). The cells were 
resuspended in MACS buffer at 107 cells per 80 µl, mixed with 
20 µl microbeads of directly conjugated mouse anti‑human 
CD105 antibody (1:200; cat.  no.  MCA1557; Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA), and incubated at 4˚C 
for 15 min on a rotator in the dark. Following washing in 1X 
PBS, the DDFCs‑CD105 cells were resuspended in MACS 
buffer and processed in an LS+/VS+ separation column. The 
column was removed from the magnetic device, and the cells 
were flushed out with MACS buffer. The CD105‑ and CD105+ 
cells were recovered by centrifugation at 300 x g for 10 min at 
4˚C for future use.

To determine the purity of the CD105+ cells, the cells were 
analyzed using the FACSCalibur device (BD Biosciences, San 
Jose, CA). Aliquots containing 0.5x106 CD105+ cells were 
incubated with phycoerythrin (PE)‑conjugated anti‑CD105 
antibody (1:100; cat. no. FAB10971B, R&D Systems, Inc., 
Minneapolis, MN, USA) on ice for 30 min, washed three 
times, and resuspended in wash buffer. IgG‑PE (1;200; 
cat.  no. SC‑3756; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA) was used as the isotype control. The hDDFCs 
were suspended basal media, which consisted of DMEM 
(DMEM‑HG; Invitrogen, Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) supplemented with 10% FBS (HyClone; 
GE Healthcare Life Sciences) and maintained in the original 
culture medium at 37˚C with 5% CO2.

Construct ion of  recombinant adenoviruses.  The 
AdCMV‑hBMP7 and AdCMV‑LacZ viruses were gener-
ated by Shanghai Key Laboratory of Tissue Engineering 
(Shanghai, China) using the BD Adeno‑Xä expression system 
(BD Biosciences). In vitro ligation was used to incorporate a 
mammalian expression cassette into a replication‑incompetent 
(∆E1/∆E3) human adenoviral type 5 (Ad5) genome. Full‑length 
human BMP7 (hBMP7) cDNA and pBlue‑BMP7 (4.5 kb), 
obtained from the American Tissue Culture Collection 
(Manassas, VA, USA) were cloned into a shuttle vector via 
the KpnI and NotI sites. The expression cassette was excised 
from the recombinant pShuttle2 plasmid using the PI‑SceI 
and I‑CeuI restriction endonucleases and ligated into the BD 
Adeno‑X viral DNA. The recombinant linearized pAdeno‑X 
DNA (PacI digestion) was transfected into 293 cells (Type 
Culture Collection of the Chinese Academy of Sciences, 

Shanghai, China) using FuGENE 6 (Roche Diagnostics, Basel, 
Switzerland) and the virus was purified by cesium chloride 
gradient ultracentrifugation at 100,000 x g for 2 h at 4˚C 
and stored in 10% glycerol in PBS. Titers were determined 
by end‑point dilution, yielding ~1.2x1010 plaque‑forming 
units (pfu)/ml. Recombinant adenoviruses expressing 
β‑galactosidase DNA (AdCMV‑LacZ) were generated as 
controls.

Transduction of hDDFCs and treatment. The cultured CD105+ 
hDDFCs were harvested and treated with virus at a multiplicity 
of infection of 200 pfu/cell in 1 ml DMEM‑HG medium for 
4 h at 37˚C. Following culture in DMEM with 10% FBS in a 
humidified atmosphere with 5% CO2, the cells were harvested, 
counted, and resuspended in an alginate hydrogel at the 
indicated concentrations.

Small interfering RNAs (siRNAs) against Smad4 
(target sequence: 5'‑GCC​ATA​GTG​AAG​GAC​TGT​T‑3') 
were synthesized by GeneChem (Shanghai, China). The 
hDDFCs (1x105  cells) infected with recombinant adeno-
virus were transfected with Smad4 siRNA (2.5  µg) for 
48 h using Lipofectamine 2000 (Invitrogen, Thermo Fisher 
Scientific, Inc.). For inhibitor treatment, the recombinant 
adenovirus‑infected CD105+ hDDFCs were incubated with 
osteogenic medium (OM) consisting of DMEM, 10% FBS, 
1% antibiotics, 0.01 µM 1,25‑dihydroxyvitamin D3, 50 µM 
ascorbate‑2‑phosphate, and 10  mM β‑glycerophosphate 
(Sigma, EMD Millipore, Billerica, MA, USA) in the pres-
ence or absence of the p38 inhibitor (SB203580; 10  µM; 
cat. no. tlrl‑sb20; InvivoGen, San Diego, CA, USA) at 37˚C 
for 24 h for western blot detection of p38 MAPK, 7 days for 
osteogenesis‑associated gene expression, alkaline phospha-
tase (ALP) staining and ALP activity assay, and 21 days for 
Alizarin Red S staining.

Adipogenic differentiation. Adipogenic differentiation was 
performed as previously described (13). Briefly, the cells were 
cultured at 37˚C on cover slips at a density of 3,000 cells/cm2 in 
adipogenic differentiation medium consisting of low‑glucose 
DMEM, 10% FBS, 1% antibiotics, 0.5 mM isobutylmethyl-
xanthine, 1 µM dexamethasone, 10 µM insulin, and 200 µM 
indomethacin (Sigma, EMD Millipore) for 3  weeks. To 
confirm differentiation, the cells were stained with Oil Red O 
(Sigma, EMD Millipore) for 5 min following induction, and 
photographed under an Axiovert inverted microscope (Zeiss 
AX10; Carl Zeiss AG, Oberkochen, Germany).

Osteogenic differentiation. Osteogenic differentiation was 
examined as previously described (13). Briefly, the cells were 
seeded at a density of 3,000 cells/cm2 and cultured at 37˚C in 
OM consisting of DMEM, 10% FBS, 1% antibiotics, 0.01 µM 
1,25‑dihydroxyvitamin D3, 50 µM ascorbate‑2‑phosphate, 
and 10 mM β‑glycerophosphate. Alizarin Red S staining was 
performed 4 weeks following induction to confirm calcium 
deposition.

ALP staining was performed using the BCIP/NBT 
Alkaline Phosphatase Color Development kit (Beyotime 
Institute of Biotechnology, Jiangsu, China) following 7 days 
of osteogenic induction. ALP activity was assessed using an 
Alkaline Phosphatase Yellow (pNpp) Liquid Substrate system 
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for ELISA (Sigma, EMD Millipore) following 7  days of 
osteogenic induction. 

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) analysis. Total RNA was extracted from 
the hDDFCs using TRIzol reagent (Invitrogen, Thermo Fisher 
Scientific, Inc.). For the synthesis of first strand cDNA, AMV 
reverse transcriptase (Promega, Madison, WI, USA) was 
used. qPCR was then performed using the SYBR Premix Ex 
Taq kit (Takara Biotechnology Co., Ltd., Dalian, China), in a 
volume of 25 µl containing 2 µl cDNA, 12.5 µl SYBR Premix 
Ex Taq, 0.5 µl each of the forward and reverse primers, and 
9.5 µl RNase‑free water, in an ABI 7900 sequence detection 
system under the following conditions: Initial denaturation 
at 95˚C for 10 min, followed by 40 cycles of denaturation at 
95˚C for 15 sec, annealing at 60˚C for 30 sec, and extension 
at 72˚C for 30 sec. The samples were then normalized to 
the expression of GAPDH using the 2‑ΔΔCq method (15). The 
following primers were used for qPCR: BMP7, sense 5'‑GGG​
CTT​CTC​CTA​CCC​CTA​CA‑3' and antisense 5'‑ACG​TCT​
CAT​TGT​CGA​AGC​GT‑3'; osteopontin (OPN), sense 5'‑AGG​
CCA​AAA​TAG​AGC​TGC​CT‑3' and antisense 5'‑GTG​GTC​
ATG​GCT​TTC​GTT​GG‑3'; osteocalcin (OCN), sense 5'‑CGT​
AGA​AGC​GCC​GAT​AGG​C‑3' and antisense 5'‑ATG​AGA​
GCC​CTC​ACA​CTC​CTC‑3'; osterix (OSX), sense 5'‑CTC​
TGC​GGG​ACT​CAA​CAA​CT‑3' and antisense 5'‑ATG​GAT​
GCC​TGC​CTT​GTA​CC‑3'; runt related transcription factor 2 
(RUNX2), sense 5'‑TCT​GGC​CTT​CCA​CTC​TCA​GT‑3' and 
antisense 5'‑GTC​CAC​TCT​GGC​TTT​GGG​AA‑3'; ALP, sense 
5'‑ACC​GCT​TCC​CAT​ATG​TGG​CT‑3' and antisense 5'‑GGT​
CTG​GAA​GTT​GCC​CTT​GA‑3'; GAPDH, sense 5'‑ACC​ATC​
TTC​CAG​GAG​CGA​GA‑3' and antisense 5'‑TGG​TTC​ACA​
CCC​ATG​ACG​AA‑3'.

Western blot analysis. Protein was extracted from the cells 
using RIPA buffer and protein concentration was quanti-
fied with a BCA kit (Bio‑Rad Laboratories, Inc., Richmond, 
CA, USA). Aliquots of cell lysates containing equal quantities 
of protein (30 µg) were separated by 12% SDS‑PAGE and 
transferred onto nitrocellulose membranes (Amersham, GE 
Healthcare Life Sciences, Chalfont, UK). The membranes were 
blocked with 5% nonfat milk in TBST overnight, and incu-
bated with primary antibodies against p‑Smad 1/5/8 (1:1,000; 
cat. no. 9511), Smad1 (1:1,000; cat. no. 9743), extracellular 
signal‑regulated kinase (ERK; 1:2,000; cat. no. 4696), phos-
phorylated (p)‑ERK (1:1,000; cat. no. 9101), c‑Jun N‑terminal 
kinase (JNK; 1:1,000; cat. no. 9252), and p‑JNK (1:1,000; 
cat. no. 9251) from Cell Signaling Technology, Inc. (Beverly, 
MA, USA); p‑p38 (1:500; cat.  no.  sc‑7973), p38 (1:1,000; 
cat. no. sc‑7972), BMP7 (1:200; cat. no. sc‑9305), runt‑related 
transcription factor 2 (RUNX2; 1:1,000; cat. no. sc‑12488), 
and ALP (1:200; cat.  no.  sc‑15065) from Santa Cruz 
Biotechnology, Inc.); and OSX (1:500; cat. no. ab94744), OPN 
(1:1,000; cat. no. ab8448), OCN (1:500; cat. no. ab93876) and 
GAPDH (1:2,000; cat. no. ab22555) from Abcam (Cambridge, 
UK) at 4˚C overnight. The membranes were then washed three 
times in TBST, and incubated with the corresponding horse-
radish peroxidase‑conjugated secondary antibodies (1:5,000; 
cat. no. 31462 and 32230; both from Thermo Fisher Scientific, 
Inc.) at 4˚C for 1 h. Signals were detected using the Pierce 

ECL western blotting substrate. The quantification of western 
blot bands was conducted by comparison against the GAPDH 
bands using ImageJ software (version 1.48; National Institutes 
of Health, Bethesda, MD, USA).

Induction of bone formation by hBMP7‑transduced fibro‑
blasts in vivo. A total of 10 immunodeficient C57BL/6 male 
mice aged 4‑5 weeks (15±0.30 g) were obtained from Shanghai 
Second Medical University Center of Laboratory Animals 
(Shanghai, China). All experimental protocols were approved 
by the Animal Experiment Committee of Shanghai Second 
Medical University. Mice had ad libitum access to food and 
water and were maintained in a 12‑h light/dark cycle at 21±2˚C 
with a relative humidity of 45±10%. The mice were injected 
with CD105+ hDDFCs transfected with Ad‑LacZ (negative 
control) or Ad‑BMP7. Alginate (Sigma, EMD Millipore) 
was dissolved in PBS to a concentration of 2% (w/v), and the 
adenovirus‑infected CD105+ hDDFCs were added to the algi-
nate solution at a density of 2.5x107 cells/ml. The cell‑alginate 
preparation was mixed with excessive aqueous slurries of 
2M calcium chloride to produce hydrogels and washed with 
PBS. The mice were anesthetized and injected subcutaneously 
with two 400 µl injections of cell‑hydrogel mixture using an 
18‑gauge needle into the dorsal panniculus carnosus. The 
Ad‑BMP7‑transduced cells were injected into the right side 
and Ad‑LacZ‑transduced cells were injected into the left side 
of mice. At 12 weeks post‑implantation, the mice were sacri-
ficed by CO2 asphyxiation. Bone constructs were dissected 
and surrounding soft tissue was removed. X‑ray images were 
acquired and the bone constructs were fixed in 4% paraformal-
dehyde for the histologic and immunohistochemical analyses 
of bone formation.

Bone formation was monitored in  vivo by fixing bone 
constructs with 4% paraformaldehyde, followed by decalcifi-
cation in 10% formic acid. The samples were dehydrated in a 
graded alcohol series, diaphonized in xylene, and embedded in 
paraffin. The paraffin blocks were sectioned into 5‑µm‑thick 
slides, deparaffinized, hydrated, stained with hematoxylin and 
eosin (H&E) and photographed under an Axiovert inverted 
microscope (Zeiss AX10).

Statistical analysis. The results are expressed as the 
mean  ±  standard deviation. Student's t‑test was used for 
comparisons of two groups and one‑way analysis of variance 
was used for multiple comparisons. Data were analyzed using 
SPSS software (version 14.0; SPSS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Isolation and in vitro differentiation of CD105+ cells from 
hDDFCs. Primary CD105‑ hDDFCs exhibited an extended 
and long narrow shape, whereas CD105+ hDDFCs exhibited 
a spindle‑like morphology following 12 h in culture (Fig. 1A). 
Flow cytometric analysis confirmed the expression of the 
surface marker CD105 in isolated cells and the isolated 
CD105+ cells had a purity of 95±2.5% (Fig. 1B). The differ-
entiation of hDDFCs into osteogenic and adipogenic lineages 
was confirmed by Alizarin red staining and Oil‑red‑O staining 
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3‑4  weeks following induction. Representative images of 
Alizarin red‑ and Oil‑red‑O‑stained CD105‑ and CD105+ cells 
are shown in Fig. 1C and D. 

BMP7 enhances the osteogenic differentiation of CD105+ 
hDDFCs. To examine the effect of BMP7 on the osteogenic 
differentiation potential of CD105+ hDDFCs, the cells were 
infected with recombinant adenovirus expressing hBMP7 
and cultured in BM or OM. The expression of BMP7 and 
osteogenesis‑associated genes was assessed by RT‑qPCR and 
western blot analyses. The results showed that the expres-
sion levels of RUNX2, OSX, OCN, OPN, and ALP were 

significantly upregulated by OM, and BMP7 significantly 
enhanced this effect (Fig. 2A and B). Alizarin red staining 
at 21  days post‑osteogenic induction showed that BMP7 
enhanced the intensity of staining, indicating increased 
calcium deposition (Fig. 2C). BMP7 significantly increased 
the expression and activity of ALP by ~1.5‑fold in the cells 
cultured in OM (Fig. 2D and E). Taken together, these results 
indicated that BMP7 has a potent effect on enhancing the 
osteogenic differentiation of CD105+ hDDFCs.

Activation of Smad and MAPK signaling in CD105+ hDDFCs. 
The present study further examined the mechanisms underlying 

Figure 1. Morphological and flow cytometry analyses of human dermis‑derived CD105+ fibroblastic cells (CD105+ hDDFCs). (A) Morphology of CD105‑ and 
CD105+ hDDFCs obtained following 12 h of culture. Scale bar=200 µm. (B) Cell purity following magnetic sorting was assessed by FACS analysis. Debris 
were excluded on the FSC/SSC plot. Multiple differentiation potential of CD105‑ and CD105+ hDDFCs was examined via (C) Alizarin Red staining analysis 
of the differentiation of CD105+ hDDFCs to an osteogenic lineage; (D) Oil red O staining analysis of differentiation into an adipogenic lineage. Scale 
bar=100 µm. hDDFCs, human dermal‑derived fibroblast cells.
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the effect of BMP7 on the osteogenic differentiation of CD105+ 
hDDFCs by assessing the expression of proteins associated 
with the BMP canonical Smad‑dependent and non‑canonical 
Smad‑independent pathways. The results of the western 
blot analysis and densitometric quantification showed that 
BMP7‑expressing adenovirus infection significantly enhanced 
the OM‑induced upregulation of p‑Smad1/5/8, indicating 
the activation of Smad signaling (Fig. 3A). OM treatment 
induced the phosphorylation of ERK, p38 and JNK, and the 
overexpression of BMP7 further upregulated the OM‑induced 

phosphorylated form of p38 (Fig. 3B). These results indicated 
the activation of p38/MAPK signaling by BMP7 in the CD105+ 
hDDFCs.

Smad4 knockdown impairs the promotion of osteogenic 
differentiation of CD105+ hDDFCs induced by BMP7. To 
further elucidate the involvement of the Smad pathway in 
the effect of BMP7, the present study examined the effect of 
Smad4 knockdown on the enhancing effect of BMP7 on the 
OM‑induced osteogenic differentiation of CD105+ hDDFCs. 

Figure 2. BMP7 promotes the osteogenic differentiation of CD105+ hDDFCs in vitro. CD105+ hDDFCs were infected with recombinant adenovirus expressing 
human BMP7 for 48 h and cultured in BM or OM. Detection of BMP7 and osteogenesis‑associated gene expression by (A) reverse transcription‑quantitative 
polymerase chain reaction and (B) western blot analyses at 7 days. Densitometric quantification of the immunoblot normalized to GAPDH. *P<0.05 and **P<0.01, 
vs. BM; #P<0.05 and ##P<0.01, vs. OM+Ad‑LacZ. Osteogenic differentiation of CD105+ hDDFCs infected with or without recombinant adenovirus in the pres-
ence of BM or OM was determined by (C) Alizarin Red S at 21 days, (D) ALP staining at 7 days, and an (E) ALP activity assay at 7 days. Scale bar=200 µm. 
*P<0.05, vs. BM; #P<0.05, vs. OM+Ad‑LacZ. hDDFCs, human dermal‑derived fibroblast cells; BM, basal medium; OM, osteogenic medium; BMP7, bone 
morphogenetic protein 7; RUNX2, runt related transcription factor 2; OSX, osterix; OCN, osteocalcin; OPN, osteopontin; ALP, alkaline phosphatase.

Figure 3. BMP7 activates Smad and MAPK pathways in CD105+ hDDFCs cells. CD105+ hDDFCs or BMP7‑expressing adenovirus‑infected CD105+ hDDFCs 
were treated with BM or OM, and the phosphorylation of (A) Smad‑ and (B) MAPK‑related proteins was analyzed by western blot analysis following 24 h 
of culture. Densitometric quantification of the immunoblot normalized to total protein. *P<0.05, vs. BM; #P<0.05, vs. OM+Ad‑LacZ. hDDFCs, human 
dermal‑derived fibroblast cells; BMP7, bone morphogenetic protein 7; BM, basal medium; OM, osteogenic medium; Smad, small mothers against decapen-
taplegic; MAPK, mitogen‑activated protein kinase; ERK, extracellular signal‑regulated kinase; JNK, c‑Jun N‑terminal kinase; p‑, phosphorylated.
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The silencing of Smad eliminated the BMP7‑induced upregu-
lation of RUNX2, OSX, OCN, OPN and ALP in the presence 
of OM, compared with that in the si‑Control transfected cells 
(Fig. 4A). Consistent with these results, Smad knockdown 
reversed the BMP7‑induced increase in Alizarin red and ALP 
staining (Fig. 4B) and ALP activity (Fig. 4C), indicating that 
the effect of BMP7 on promoting the osteogenic differentiation 
of CD105+ hDDFCs occurred via a Smad‑dependent pathway. 
The expression of p38 MAPK (p38/p‑p38) was also measured 

and the results showed that it was not altered by siR‑Smad4 
(data not shown).

Inhibition of p38/MAPK attenuates the osteogenic differen‑
tiation of CD105+ hDDFCs induced by BMP7. To determine 
the role of the p38 MAPK pathway, the cells were treated 
with the p38 inhibitor SB203580 and incubated in OM in 
the presence or absence of BMP7. The results of the western 
blot analysis showed that inhibition of p38 attenuated the 

Figure 4. SMAD4 knockdown attenuates the BMP7‑induced promotion of CD105+ hDDFCs osteogenic differentiation. (A) Recombinant adenovirus‑infected 
CD105+ hDDFCs transfected with siRNA for Smad4 or control were subjected to western blot analysis for the detection of Smad/p‑Smad and osteogenesis‑ 
associated gene expression 7 days following osteogenic induction. Densitometric quantification of p‑Smad was normalized to total Smad; densitometric quan-
tification of other proteins was normalized to GAPDH. *P<0.05, vs. Ad‑LacZ; #P<0.05, vs. Ad‑BMP7+siR‑Scr. Osteogenic differentiation of CD105+ hDDFCs 
infected with or without recombinant adenovirus in presence of osteogenic medium was determined by (B) Alizarin Red S and ALP staining and an (C) ALP 
activity assay 7 or 21 days following osteogenic induction. Scale bar=200 µm. *P<0.05. hDDFCs, human dermal‑derived fibroblast cells; Smad, small mothers 
against decapentaplegic; siR, small interfering RNA; Scr, scramble; BMP7, bone morphogenetic protein 7; RUNX2, runt related transcription factor 2; OSX, 
osterix; OCN, osteocalcin; OPN, osteopontin; ALP, alkaline phosphatase; p‑, phosphorylated.
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BMP7‑induced upregulation of OSX, OCN, OPN, and ALP, 
whereas the expression of RUNX2 was not affected by the 
inhibition of p38 (Fig. 5A). The Alizarin red and ALP staining 
showed that the inhibition of p38 attenuated the effect of 
BMP7 on enhancing the OM‑induced osteogenic differen-
tiation of CD105+ hDDFCs (Fig. 5B). In addition, treatment 
with SB203580 reversed the BMP7‑induced increase in ALP 
activity (Fig. 5C). Taken together, these results indicated 
that the p38 MAPK signaling pathway was involved in the 
enhancement of the OM‑induced osteogenic differentiation of 
CD105+ hDDFCs by BMP7. The results also showed that p38 

inhibitor SB203580 suppressed BMP7‑induced Smad1/5/8 
phosphorylation (data not shown).

BMP7 enhances bone formation of CD105+ hDDFCs in vivo. 
The effects of BMP7 on osteogenic differentiation were exam-
ined in nude mice injected intramuscularly with adenovirus 
infected CD105+ hDDFCs. Representative X‑ray images and 
bone volumes from mice are shown in Fig. 6A, indicating 
enhanced bone formation by BMP7 in vivo. The H&E staining 
of tissue sections showed enhanced trabecular bone forma-
tion in Ad‑BMP7 sections compared with Ad‑LacZ sections 

Figure 5. Inhibition of p38 MAPK attenuates the BMP7‑induced promotion of CD105+ hDDFCs osteogenic differentiation. Recombinant adenovirus infected 
CD105+ hDDFCs were incubated with OM in the presence or absence of the p38 inhibitor (SB203580, 10 µM). (A) Western blot detection of p38 MAPK 
following 24 h of culture in OM, and osteogenesis‑associated gene expression 7 days following osteogenic induction. Densitometric quantification of p‑p38 was 
normalized to total p38; densitometric quantification of other proteins was normalized to GAPDH. *P<0.05, vs. Ad‑LacZ; #P<0.05, vs. Ad‑BMP7. Osteogenic 
differentiation of CD105+ hDDFCs infected with or without recombinant adenovirus in the presence of BM or OM was determined by (B) Alizarin Red S 
and ALP staining, and an (C) ALP activity assay 7 or 21 days following osteogenic induction. Scale bar=200 µm. *P<0.05. hDDFCs, human dermal‑derived 
fibroblast cells; BMP7, bone morphogenetic protein 7; BM, basal medium; OM, osteogenic medium; Smad, small mothers against decapentaplegic; BMP7, 
bone morphogenetic protein 7; RUNX2, runt related transcription factor 2; OSX, osterix; OCN, osteocalcin; OPN, osteopontin; ALP, alkaline phosphatase; 
p‑, phosphorylated.
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(Fig. 6B). These results confirmed the effect of BMP7 on 
promoting the osteogenic differentiation of CD105+ hDDFCs 
in an in vivo model.

Discussion

The adult mammalian dermis contains a subpopulation of 
precursor cells that possess the capacity to differentiate into 
different lineages  (16‑18). These fibroblastic MSCs have 
attracted attention for their plasticity and, therefore, their 
potential therapeutic applications, including in transplantation 
for bone formation (19). In the present study, the role of BMP7 
in the osteogenic differentiation of CD105+ hDDFCs was exam-
ined in vitro and in vivo, and the underlying Smad‑dependent 
and ‑independent mechanisms were identified.

Conflicting reports exist on the differentiation potential 
of dermal fibroblasts, with certain studies suggesting limited 
potential and others demonstrating adipocytic, osteocytic and 
chondrocytic differentiation capacities (20‑23). One reason 
for these controversial results is the heterogeneity of isolated 
dermal fibroblasts, which include populations with different 
differentiation capacities (5,13). Although dermal fibroblasts 
have a surface antigen profile similar to that of MSCs and 
ADSCs, human foreskin‑derived dermal fibroblasts do not 
always have the potential to differentiate into adipogenic 
or osteogenic lineages. This is a result of only a fraction of 
dermal‑derived fibroblasts being positive for CD105, and the 
expression of CD105 determines the properties of MSCs (5,24). 
In the present study, a CD105+ subpopulation of hDDFCs was 
isolated from human foreskin specimens and it was shown that 
they possessed the capacity to differentiate into osteogenic 
and adipogenic lineages by incubation in the corresponding 
induction medium. Furthermore, the overexpression of 
BMP7 via adenovirus infection enhanced the BM‑induced 
osteogenic differentiation of CD105+ hDDFCs. In a previous 
study, rat dermal fibroblasts transduced with an adenovirus 
vector engineered to express BMP7 were transplanted into 

immunocompromised mice. These transduced dermal fibro-
blasts formed bone and repaired skeletal defects, indicating 
the role of BMP7 in promoting bone formation in vivo (25). 
Similarly, BMP7‑transduced dermal fibroblasts repaired 
segmental defects in rat femurs when injected subcutane-
ously, and only BMP7‑transduced fibroblasts formed bone in 
diffusion chambers, suggesting that BMP induces osteoblastic 
differentiation of fibroblasts (22). These studies support the 
findings of present study and suggest that further investiga-
tions is warranted to assess the potential of BMP7‑expressing 
CD105+ hDDFCs for in vivo applications.

To investigate the mechanisms underlying the effect of 
BMP7 on the osteogenic differentiation of CD105+ hDDFCs, 
the present study examined Smad‑dependent and ‑independent 
pathways. The results showed that the overexpression of BMP7 
enhanced the OM‑induced activation of Smad and MAPK 
signaling. Furthermore, Smad4 knockdown or the inhibition 
of p38 MAPK signaling suppressed the effect of BMP7 on 
enhancing the OM‑induced osteogenic differentiation of CD105+ 

hDDFCs, indicating the involvement of the two signaling 
pathways. The role of the BMP/Smad pathways in regulating 
osteoblast differentiation has been investigated extensively (26). 
TGF‑β signals are transmitted through the formation of type I 
and type II serine/threonine kinase receptor complexes (27). The 
conserved canonical TGF‑β/BMP signaling cascade depends 
on cell surface BMP receptors that mediate the phosphorylation 
of Smad proteins, which translocate into the nucleus to regulate 
the transcription of specific genes (28). In the non‑canonical 
Smad‑independent signaling pathway, the activation of p38 
MAPK mediates the differentiation of mesenchymal precursor 
cells (29). In response to BMP induction, the Smad and p38 
MAPK pathways converge at the Runx2 gene to control MSC 
differentiation, and the activity of Runx2 and BMP‑activated 
Smads is essential for bone formation. The results of the present 
study showed that the expression of Runx2 was not affected 
by p38 MAPK inhibition; further experiments are required 
to determine the involvement of Runx2 in the BMP7‑induced 
osteogenic differentiation of CD105+ hDDFCs. However, the 
present study demonstrated the involvement of the two pathways 
in the effect of BMP7. BMP2‑induced osteogenic differentia-
tion and increased bone formation have previously been shown 
to be mediated by the activation of Smad and p38 signaling 
pathways in MC3T3‑E1 preosteoblasts (30). Crosstalk between 
these two pathways and other signaling pathways, including 
Wnt, Hedgehog and Notch, are key in BMP signaling; therefore, 
understanding the mechanisms underlying their effect on the 
induction of osteoblastogenesis and bone formation is essential 
for their clinical application (31‑35). 

In the present study, an in vivo ectopic bone formation 
model was used to confirm that the ectopic expression of BMP7 
enhanced bone formation in nude mice injected intramuscularly 
with adenovirus‑infected CD105+ hDDFCs. The increasing 
use of BMP‑containing osteogenic implants for the treatment 
of bone‑related diseases requires the development of effective 
delivery systems and cell sources. The present study provides a 
rationale for the use of skin‑derived precursors with the poten-
tial to differentiate into an osteogenic lineage and demonstrated 
their efficacy in vivo. This provides the basis for further inves-
tigations to establish systems for the use of subpopulations of 

hDDFCs as a cellular source for tissue engineering. 

Figure 6. BMP7 induces bone formation of CD105+ hDDFCs cells in vivo. 
Adenovirus‑infected CD105+ hDDFCs with calcium alginate were injected 
intramuscularly into nude mice (n=5). (A) X‑ray images of opaque tissue 
were captured and bone volumes were measured at 12 weeks post‑injection. 
(B) Hematoxylin and eosin staining of tissue sections. Scale bar=50 µm. 
Green arrows indicate trabecular bone generated by osteocyte‑like cells; 
black arrows indicate undegraded alginate material. hDDFCs, human 
dermal‑derived fibroblast cells; BMP7, bone morphogenetic protein 7.
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In conclusion, the present study showed that a subpopulation 
of dermal fibroblasts with positive expression of CD105 offer 
potential for osteogenic differentiation, which is enhanced by 
the induction of BMP7and mediated by the activation of Smad 
and p38/MAPK signaling. These data indicate that adenoviral 
BMP7 gene transfer in CD105+ hDDFCs may be an effective 
tool for bone tissue engineering.
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