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Abstract. Biglycan (BGN) has been reported to promote bone 
morphogenetic protein-4 (BMP-4) stimulated osteoblastic 
differentiation. However, the underlying mechanism has yet 
to be fully elucidated. The glycosaminoglycan (GAG) chains 
of BGN have a variety of biological functions. In the present 
study, we explored the potential role of the GAG chains of 
BGN in promoting BMP-4-induced osteoblast differentiation. 
BGN knockout (KO) murine calvarial cells were transfected 
with adenovirus overexpressing wild-type BGN (Adv-BGN), 
adenovirus expressing GAG-mutant BGN (Adv-BGNm) 
and adenovirus without BGN (Adv-Emp). Transfected cells 
were treated with or without BMP-4. Subsequently, BMP-4 
signaling and function were assessed by evaluating the 
expression of the osteoblast differentiation-related proteins, 
Smad1/5/8 phosphorylation and alkaline phosphatase 
(ALP) activity. Furthermore, the binding specificity of the 
transfected cells to BMP-4 was also investigated using 
immunofluorescence staining. Our study demonstrated that 
a mutant BGN lacking GAG chains decreased BGN-assisted 
BMP-4 signaling and osteoblast differentiation and that 
the expression of this mutant BGN in biglycan knockout 
(BGN-KO) calvarial osteoblasts could not rescue its differ-BGN-KO) calvarial osteoblasts could not rescue its differ-
entiation deficiency as efficiently as wild-type (WT) BGN. 
These results strongly suggest that the GAG chains of BGN 
promote BGN-assisted BMP-4 function.

Introduction

The extracellular matrix (ECM) of bone, which functions 
largely to provide biomechanical strength, is a complex 
network composed of heterogeneous macromolecules, 
including a number of small leucine-rich proteoglycans 

(SLRPs) (1). Biglycan (BGN), a member of the SLRP family, 
consists of a 45 kDa protein core and 2 glycosaminoglycan 
(GAG) chains, chondroitin sulfate (CS) and dermatan sulfate 
(DS), which are covalently linked to the protein core (2). The 
CS/DS chains are attached at amino acids 5 and 10 in the 
human BGN core protein (3). BGN is highly expressed in the 
ECM of bone and is localized on the surface of osteoblasts (4).

BGN is multifunctional and is widely involved in 
many biological processes. A noteble discovery is that BGN 
promotes osteoblast differentiation. BGN knockout (KO) mice 
have an age-dependent osteoporosis-like phenotype including 
a reduced growth rate, lower bone mass due to decreased 
bone formation and significantly shortened femurs (5-7). 
BGN modulates osteoblast differentiation by regulating bone 
morphogenetic protein-4 (BMP-4) signaling. Chen et al (8) 
were the first to propose that BGN modulates BMP-4-induced 
signaling to control osteoblast differentiation. Their results 
showed that BGN deficiency affected BMP-4 signal transduc-
tion, thus reducing core-binding factor α1 (Cbfa1) expression 
and in turn causing defective osteoblast differentiation. BGN 
plays an important role as a reservoir for balancing the growth 
factor activity of BMP-4 to control osteoblast differentiation. 
The absence of BGN caused less BMP-4 binding and subse-
quently reduced the sensitivity of osteoblasts to BMP-4 
stimulation, which ultimately led to a defect in the differentia-
tion of osteoblasts (8). This function could be attributed to the 
ability of BGN to bind BMP-4 and other molecules (8,9). 
However, the domains of BGN that are involved in its positive 
modulation of BMP-4 function remain unknown.

Recent research has focused on the GAG chains of BGN. 
GAGs are highly negatively charged polysaccharides that 
maintain the structural integrity and viscosity of the extracel-
lular environment (10,11). GAGs have been reported to be 
associated with a variety of amyloid deposits (12,13). The 
DS GAGs of decorin are involved in the organization of the 
collagen fibrils (14). Furthermore, GAGs affect cell growth in 
both malignant and normal cells of the osteoblastic lineage in 
a concentration-dependent manner (15). GAGs contribute to 
numerous regulatory molecular networks through binding a 
variety of signaling molecules, including cytokines, chemo-
kines, growth factors and differentiation factors (16). The 
present study investigated the role of the GAGs of BGN in 
BGN-assisted BMP-4 function using BGN-KO calvarial 
osteoblastic cells.
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Materials and methods

Animals. Wild-type (WT) and biglycan knockout (BGN-KO) 
male mice (C57B6/129) were purchased from the SLAC 
Laboratory Animal Center (Shanghai, China). All animal care 
and experimental procedures were approved by the Ethics 
Committee of Tongji Medical College, Huazhong University 
of Science and Technology. Mice were housed in polypro-
pylene cages (32x40x18 cm) under controlled temperature 
(22-24˚C) and humidity with a 12-h light/dark cycle and free 
access to food and water. All experiments were performed 
using WT and BGN-KO mice (1-5 days old). The genotypes 
of the WT and BGN-KO mice were confirmed by polymerase 
chain reaction (PCR) as previously described (7).

Reagents. Human recombinant BMP-4 (hrBMP-4) was 
purchased from R&D Systems, Inc. (Minneapolis, MN, USA). 
The bicinchoninic acid (BCA) protein detection kit, chemilu-
minescent substrate kit and FITC-conjugated goat anti-rabbit 
secondary antibody were purchased from Pierce Chemical 
Co. (Thermo Fisher Scientific, Waltham, MA, USA). The 
alkaline phosphatase (ALP) kit was purchased from Sigma 
Chemical Co. (Sigma-Aldrich, USA). CLS-2 bacterial colla-
genase was purchased from Worthington (Lakewood, USA).

Culture medium. The complete medium consisted of 
α-modified minimum essential medium (Gibco-BRL, USA) 
supplemented with glutamine (2 mM), penicillin (100 U/ml), 
streptomycin (100 µg/ml) (Sigma), 2-mercaptoethanol 
(0.1 mM) and 10% fetal bovine serum (Gibco-BRL). The 
differentiation medium consisted of the complete medium 
supplemented with 2 mM β-glycerophosphate and 0.1 mM 
L-ascorbic acid phosphate magnesium (Sigma).

Preparation of murine calvarial cells. Neonatal murine 
calvarial cells were prepared as previously described (17). 
Briefly, calvariae harvested from WT or BGN-KO mice 
(1-5 days old) were pretreated with 4 mM EDTA in phos-
phate-buffered saline (PBS) for 2-10 min. The calvariae 
were digested with CLS-2 bacterial collagenase at 200 U/ml 
in PBS for 5-10 min. Cells from the last 3 digestions were 
collected and served as the starting population of highly 
enriched osteoblastic cells (18). The cells were washed twice 
with complete culture medium, seeded into 6-well plates at 
a density of 1,000-2,000 cells/cm2 and cultured at 37˚C in a 
humidified atmosphere containing 5% CO2 in the presence 
or absence of BMP-4 (30 ng/ml). Cultures were fed with 
the differentiation medium twice a week once they reached 
confluence (~7 days). The cells were then collected from 
cultures at intervals indicated in the following experiments.

Transfect ion of BGN-KO cells.  Adenovirus st ra ins 
without the BGN gene (Adv-Emp), overexpressing wild-
type BGN (Adv-BGN), or expressing GAG-mutant BGN 
(Adv-BGNS5AS10A or Adv-BGNm) were purchased from 
GeneChem (Shanghai, China). The BGN-KO cells were plated 
on 12-well plates in triplicate at a density of 2x104 cells/well in 
complete medium, cultured to 30% confluence and transfected 
either with 3.75x107 PFU/ml of Adv-BGN, 3.75x107 PFU/ml of 
Adv-BGNm or 3.75x107 PFU/ml of recombinant adenovirus 

without the BGN gene/cDNA (Adv-Emp) for 72 h. Then, the 
transfected cells were tested as specified in the text herein.

Western blot analysis. For western blotting, confluent cells 
were cultured in medium with 2% serum overnight and then 
treated with BMP-4 (30 ng/ml) for the duration specified. 
The cells were washed with PBS and lysed in an extraction 
buffer (25 mM Tris-Cl, pH 7.2, 1% Triton X-100, 0.1% SDS, 
1% sodium deoxycholate, 0.1 M NaCl and 1 mM EDTA) 
containing a protease inhibitor cocktail. Then, the lysate 
was mixed with sample buffer containing 50 mM Tris/HCl 
(pH 7.6), 2% SDS, 10% glycerol, 10 mM dithiothreitol and 
0.2% bromophenol blue and boiled for 5 min. The protein 
concentration in the supernatant was determined using the 
BCA kit according to the manufacturer's instructions. The 
proteins were separated by SDS-PAGE (10% gel), transferred 
to a nitrocellulose membrane and incubated with primary 
antibody at 4˚C overnight. Immune complexes were detected 
with the appropriate secondary antibodies and enhanced 
chemiluminescence (ECL) and quantitatively analyzed 
using Kodak Digital Science 1D software (Eastman Kodak 
Company). The relative intensity was expressed as the total 
optical density.

Measurement of alkaline phosphatase activity. Confluent 
cells were incubated for 48 h in the presence or absence 
(control) of 30 ng/ml BMP-4 in serum-free medium and lysed 
in lysis buffer (20 mM Tris, 0.5 mM MgCl2, 0.1 mM ZnCl2 
and 0.1% Triton X-100). The alkaline phosphatase (ALP) 
levels in the lysates were determined using an ALP kit and the 
production of p-nitrophenol was measured by spectrophoto-
metric absorbance at 405 nm. The ALP value was calculated 
using standards and expressed as Sigma U/mg of protein 
lysate. One Sigma unit is equal to 1 µM p-nitrophenol/h.

Immunofluorescence. Well-cut slides were placed into 12-well 
plates. Cells were then seeded into each well at 1x104 cells/well 
in complete medium and cultured until confluence. To detect 
BMP-4 binding, the cells were preincubated with BMP-4 
(10 µg/ml) for 2 h at room temperature and washed with PBS 
3 times. The slides were removed from the plates, and the 
cells were fixed in 4% phosphate-buffered formaldehyde for 
30 min, then washed and blocked in PBS with 0.1% BSA and 
5% normal goat serum (blocking solution) for 30 min at room 
temperature. To identify BMP-4-positive cells, the slides were 
incubated with anti-BMP-4 antibody at 4˚C overnight, then 
washed and incubated with FITC-conjugated goat anti-rabbit 
secondary antibody for 2 h at room temperature. The cells 
were subsequently washed and incubated with Hoechst to 
stain the nuclei. Slides were then imaged using a fluorescence 
microscope (Olympus BX51; Tokyo, Japan), and the results 
were analyzed quantitatively with Image-Pro® Plus (IPP) 
software.

Statistical analysis. Results are expressed as the mean ± stan-
dard deviation (SD), calculated from 3 independent 
experiments. The results were analyzed with SPSS 13.0 
statistical software. A one-way ANOVA procedure followed 
by least significant difference post hoc tests was used to deter-
mine the statistical significance of differences of the means. 
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P<0.05 was considered to indicate statistically significant 
differences.

Results

Characterization of adenovirus-mediated expression of 
wild-type and mutant BGN in BGN-KO osteoblastic cells. 
To test the adenovirus transfection efficiency and the BGN 
expression in the osteoblasts, we measured the quantity of 
BGN produced by osteoblasts in complete medium following 
adenoviral transfection. To confirm that the BGN expression 
persisted for at least 2 weeks, BGN synthesis was analyzed 
at Days 3, 6 and 14 using western blot analysis with specific 
antibodies (Fig. 1A).

The expression level of BGN in BGN-KO osteoblastic cells 
transfected with Adv-BGN was highest at Day 6 and began to 
decrease at Day 14. However, the synthesis of mutant BGN 
in BGN-KO osteoblastic cells transfected with Adv-BGNm 
increased continually from Day 3 to 14. Furthermore, as 
judged by electrophoretic mobility on SDS-PAGE, BGN 
produced from Adv-BGN-transfected BGN-KO osteoblastic 
cells and endogenous BGN produced from WT osteoblasts 
were processed similarly, suggesting that WT BGN was 
correctly expressed in Adv-BGN-transfected BGN-KO 
osteoblastic cells.

Chondroitinase-ABC (C-ABC) lysates (0.3 U/100 µg) 
were used to generate deglycated BGN. Following digestion 
with C-ABC lyases, the BGN produced by Adv-BGN- and 
Adv-BGNm-transfected BGN-KO cells or WT osteoblasts 
migrated similar distances on SDS-PAGE (Fig. 1B), which 
suggested that the mutant BGN lacking GAG chains was 
correctly expressed in BGN-KO osteoblastic cells.

The expression of mutant BGN in BGN-KO calvarial osteo-
blastic cells cannot rescue its differentiation deficiency as 
efficiently as wild-type BGN. Several studies have indicated 
that Cbfa1 is an osteoblast-specific transcription factor and 
a regulator of osteoblast differentiation, controlling the 
expression of specific extracellular matrix proteins and intra-
cellular proteins, including osteopontin, bone sialoprotein 
(BSP) and osteocalcin (19-21). The expression of Cbfal is 
downregulated in BGN-KO cells (22). In the present study, 
we measured Cbfa1 expression in BGN-KO osteoblastic cells 
at the protein level by western blot analysis and found that 
both Adv-BGN and Adv-BGNm transfection enhanced Cbfal 
protein expression in BGN-KO osteoblastic cells compared 
with the Adv-Emp control, either with or without BMP-4 
treatment. Notably, Cbfal expression in Adv-BGN-transfected 
osteoblastic cells was significantly upregulated compared 
to Adv-BGNm-transfected osteoblastic cells after treatment 
with BMP-4. This result suggested that BGN, particularly its 
GAG chains, is essential for BMP-4-induced Cbfal expression 
(Fig. 2A and B).

We also evaluated the expression of osteoblastic proteins 
in WT and BGN-KO osteoblastic cells transfected with 
Adv-Emp, Adv-BGN and Adv-BGNm. Osteopontin, BSP and 
osteocalcin expression were measured by western blot anal-
ysis. These results showed that the expression of osteopontin, 
BSP and osteocalcin were all downregulated in BGN-KO 
cells and Adv-Emp-transfected BGN-KO cells compared with 

WT osteoblastic cells. Both Adv-BGN and Adv-BGNm trans-
fection can rescue the deficiency of these 3 specific proteins 
in BGN-KO cells. However, the expression of these proteins 
in the Adv-BGN-transfected group is significantly higher than 
that in the Adv-BGNm-transfected group (Fig. 2C and D). 
DM1A was selected as the internal control.

As an early osteogenic differentiation marker, ALP 
activity was also analyzed using an ALP activity assay 
(Fig. 3). The ALP level of Adv-BGN-transfected BGN-KO 
osteoblastic cells treated with BMP-4 increased 1.7-fold (from 
33±1.7 to 57±3.0, P<0.01). The ALP level in Adv-BGNm-
transfected BGN-KO osteoblastic cells treated with BMP-4 
also increased 1.5-fold (from 30±2.0 to 45±2.6, P<0.01). The 
ALP level before and after treatment with BMP-4 was highest 
in WT osteoblastic cells than in all other groups. Collectively, 
these data suggest that BMP-4-induced ALP expression in 
BGN-KO osteoblastic cells could be partially rescued by 
Adv-BGN transfection.

BGN-KO osteoblastic cells transfected with Adv-BGN exhibit 
significantly greater BMP-4 binding than BGN-KO cells 
transfected with Adv-BGNm. BGN-KO osteoblastic cells have 
a low affinity for BMP-4 binding. Therefore, we investigated 
whether the ectopic expression of BGN or mutant BGN could 
upregulate the binding of BGN-KO cells to BMP-4. BMP-4-
positive cells were stained using immunofluorescence. 

Figure 1. Expression of wild-type BGN and mutant BGN in Adv-BGN and 
Adv-BGNm-transfected BGN-KO osteoblastic cells was evaluated using 
SDS-PAGE. (A) Lanes 1-3, positive control: BGN expression in wild-type 
osteoblasts (Days 3, 6 and 14); lanes 4-6, blank control: BGN expression in 
BGN-KO osteoblasts (Days 3, 6 and 14); lanes 7-9, negative control: BGN 
expression in BGN-KO osteoblasts transfected with Adv-Emp (Days 3, 6 and 
14); lanes 10-12, BGN expression in BGN-KO osteoblasts transfected with 
Adv-BGN (Days 3, 6 and 14); and lanes 13-15, BGN expression in BGN-KO 
osteoblasts transfected with Adv-BGNm (Days 3, 6 and 14). (B) Lane 1, 
BGN expression in wild-type osteoblasts (Day 6); lane 2, BGN expression 
in BGN-KO osteoblasts transfected with Adv-BGN (Day 6); lane 3, BGN 
derived from Adv-BGNm transfected BGN-KO osteoblasts (Day 6) treated 
with C-ABC lyase; lane 4, BGN derived from wild-type osteoblasts (Day 6) 
treated with C-ABC lyase; and lane 5, BGN derived from Adv-BGN-
transfected BGN-KO osteoblasts (Day 6) treated with C-ABC lyase.
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Specifically, cells were incubated with BMP-4 for 2 h. After 
washing with PBS, cells were stained with a fluorescently 
labeled anti-BMP-4 antibody. The BGN-KO osteoblastic 
cells transfected with Adv-BGN or Adv-BGNm had higher 
fluorescence intensity than the BGN-KO cells transfected 
with Adv-Emp (Fig. 4).

However, transfection with Adv-BGNm did not enhance 
the binding affinity of BGN-KO cells to BMP-4 as effectively 
as transfection with Adv-BGN. Quantitative analysis showed 
that the Adv-BGNm-transfected BGN-KO osteoblastic cells 
had less overall fluorescence intensity (25 vs. 40%, P<0.05) 
than Adv-BGN-transfected cells (Fig. 4). Endogenous BMP-4 
was measured prior to the preincubation with BMP-4 and only 
<1% of the untreated BGN-KO cells were BMP-4-positive 
(data not shown). These results show that the GAG chains 
of BGN play an important role in the binding of osteoblastic 
cells to BMP-4 at the cellular level, which may explain the 
reason why expression of mutant BGN in BGN-KO calvarial 
osteoblastic cells could not rescue its differentiation defi-
ciency as efficiently as WT BGN.

Effects of Adv-BGN on BMP-4-induced signal transduc-
tion in BGN-KO osteoblastic cells. Finally, we examined 
BMP-4 signal transduction in BGN-KO osteoblastic cells 
by measuring phosphorylated Smad1/5/8 (P-Smad1/5/8). To 
determine whether the level of P-Smad1/5/8 in BGN-KO 
cells could be enhanced by the overexpression of BGN, 

BGN-KO osteoblastic cells were transfected with Adv-Emp, 
Adv-BGN and Adv-BGNm. Once the cel ls reached 
confluence, they were treated with BMP-4 (30 ng/ml) 
for 30 min and P-Smad1/5/8 levels were measured by 
western blot analysis. We found that the P-Smad1/5/8 
level was significantly increased in Adv-BGN-transfected 
BGN-KO osteoblastic cells treated with BMP-4 compared to 
Adv-BGNm- or Adv-Emp-transfected BGN-KO osteoblastic 
cells (Fig. 5).

Figure 2. Cbfal and related osteoblastic markers were significantly upregulated in Adv-BGN-transfected osteoblasts. (A and B) Lanes 1-5, Cbfal expression in 
WT, BGN-KO, Adv-Emp-transfected, Adv-BGN-transfected and Adv-BGNm-transfected osteoblasts without BMP-4 treatment; lanes 6-10, Cbfal expression 
in WT, BGN-KO, Adv-Emp-transfected, Adv-BGN-transfected and Adv-BGNm-transfected osteoblasts after BMP-4 treatment. Equal protein loading is 
demonstrated by probing the same blot with a monoclonal antibody against DM1A. The Cbfal expression level in the Adv-BGN-transfected cells is signifi-
cantly higher than that in the Adv-BGNm-transfected cells (*P<0.05, Adv-BGN/Adv-BGNm). (C and D) The expression of osteopontin, BSP and osteocalcin 
were detected in WT, BGN-KO, Adv-Emp-transfected, Adv-BGN-transfected and Adv-BGNm-transfected osteoblasts (lanes 1-5) after BMP-4 treatment. 
Equal protein loading is demonstrated by probing the same blot with a monoclonal antibody against DM1A. The osteopontin, BSP and osteocalcin expression 
is significantly higher in Adv-BGN-transfected cells than in Adv-BGNm-transfected cells *P<0.05, Adv-BGN/Adv-BGNm.

Figure 3. ALP activity was significantly increased in Adv-BGN-transfected 
BGN-KO osteoblastic cells. ALP activity in Adv-BGN-transfected BGN-KO 
osteoblastic cells treated with BMP-4 was significantly higher than that in 
Adv-BGNm- and Adv-Emp-transfected BGN-KO osteoblastic cells treated 
with BMP-4.*P<0.05, Adv-BGN/Adv-BGNm; #P<0.05, Adv-BGN/Adv-Emp. 
ALP activity in Adv-Emp-transfected BGN-KO osteoblastic cells and 
Adv-BGNm-transfected BGN-KO osteoblastic cells treated with BMP-4 was 
significantly different.
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Discussion

Although the ability of BGN to regulate osteoblast differ-
entiation has been known for many years, the details of the 
underlying mechanism have not been fully elucidated. In 
the present report, we studied the effects of GAG chains of 
BGN on the BMP-4-induced osteoblast differentiation. Our 
results suggest that the GAG chains of BGN act as a positive 
modulator of BGN activity and promote BMP-4-induced 
osteoblast differentiation. In particular, immunofluorescence 
revealed that the expression of BGN in BGN-KO osteoblasts 
enhanced the cellular affinity to BMP-4 compared to cells 
expressing non-glycanated BGN (Adv-BGNm), indicating 
the importance of GAG chains in promoting binding of 
osteoblastic cells to BMP-4 and osteoblastic differentia-
tion. In vitro ALP activity and Smad1/5/8 phosphorylation 
demonstrated that Adv-BGNm could not rescue BGN-assisted 
BMP-4 function and signaling as efficiently as the glycanated 
BGN (Adv-BGN). It is conceivable that the 2 long GAG 
chains accommodate more interaction sites for the basic 
protein BMP-4, thus enhancing the interaction between BGN 
and BMP-4. Notably, Adv-BGNm transfection of BGN-KO 
osteoblastic cells treated with BMP-4 significantly enhanced 
the ALP activity and binding affinity to BMP-4 compared 
with Adv-Emp transfection, which suggests that other BGN 
components, such as protein core, may also function to 
promote BMP-4-induced osteoblast differentiation.

Previous reports support our findings; Miyazaki et al (23) 
reported that hypersulfated chondroitin sulfate (CS)-E binds to 
BMP-4 and enhances osteoblast differentiation by increasing 
the level of exogenous sulfated GAGs to MC3T3-E1 osteo-

blastic cells. It has also been reported that collagen chondroitin 
sulfate promotes the in vitro mineralization of 3-dimensional 
collagen matrices seeded with bone-derived cells (24). 
However, contrary to our present results, a recent report 
suggested that the GAG component of BGN suppresses the 
BGN-assisted BMP-2 function in mouse C2C12 myoblastic 
cells (25). The apparently different functions of GAGs in 
C2C12 myoblastic cells and BGN-KO osteoblastic cells 
could be due to the fact that C2C12 myoblastic cells and 
BGN-KO osteoblastic cells are at different differentiation 
stages. Another possible explanation is that GAGs may have 
different effects on different BMP members. The differences 
in testing methods and the biological differences between 
these 2 cell lines should also be considered as explanations for 
the discrepancies between these results.

It is well known that the Smad pathway is active during 
osteoblast differentiation. When BGN-KO osteoblastic cells 
were transfected with Adv-BGN, Smad1/5/8 phosphorylation, 
ALP activity, and the expression of the transcription factor 
Cbfa1 and related proteins were all upregulated, indicating 
that GAGs may facilitate osteoblast differentiation through 
Smad1/5/8 phosphorylation and Cbfa1 activity. This finding 
indicates that the GAGs are essential for BGN to regulate 
Cbfa1 transcriptional activity. A related report showed that 
glycanated BGN is able to increase the phosphorylation of 
Smad1/5/8 (26). Markedly, it was reported that the levels of 
non-glycanated forms of BGN increase with age in human 
articular cartilage (27). A similar trend was observed in both 
articular cartilage and intervertebral discs. Therefore, we 
hypothesize that in early development (i.e., infancy, childhood 
and adolescence), osteoblast differentiation is quite active 

Figure 4. (A) Adv-BGN-transfected BGN-KO osteoblastic cells have a 
higher binding affinity to BMP-4 than Adv-BGNm-transfected cells. Images 
of BMP-4-positive cells were captured by a fluorescence microscope. The 
green fluorescence shown in 1, 2 and 3 represents BMP-4-positive cells. 
The blue fluorescence shown in 4, 5 and 6 represents nuclear staining with 
Hoechst corresponding to 1, 2 and 3. (B) Quantitative analysis of the fluo-
rescence intensity of BMP-4-positive cells. *P<0.05, Adv-BGN/Adv-BGNm; 
#P<0.05, Adv-BGN/Adv-Emp.

Figure 5. Expression of P-Smad1/5/8 and total Smad-1 in Adv-BGN-
transfected BGN-KO osteoblastic cells was significantly higher than that in 
Adv-Emp-transfected cells and Adv-BGNm-transfected cells. (A) Lanes 1-3 
show the level of P-Smad1/5/8 and total Smad-1 in BGN-KO osteoblastic 
cells transfected with Adv-Emp, Adv-BGN, or Adv-BGNm without BMP-4 
treatment; lanes 4-6 show the level of P-Smad1/5/8 and total Smad-1 in 
BGN-KO osteoblastic cells transfected with Adv-Emp, Adv-BGN and 
Adv-BGNm and treated with BMP-4. The level of P-Smad1/5/8/Smad-1 in 
Adv-BGN-transfected cells was significantly higher than that in Adv-Emp- 
and Adv-BGNm-transfected cells. *P<0.05, Adv-BGN/Adv-BGNm; #P<0.05, 
Adv-BGN/Adv-Emp.
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and that the body needs more glycanated forms of BGN to 
enable BMP-4 to execute its normal biological functions, 
which require the GAG chains of BGN. Furthermore, we 
hypothesize that in adulthood, the body is fully developed 
and osteoblast differentiation becomes relatively inactive. 
Therefore, the GAG chains of BGN may be less essential 
during adulthood than during childhood, and this could be 
reflected by the increase in the levels of non-glycanated BGN.

In conclusion, our study demonstrated that GAG chains 
increase BGN-assisted BMP-4 signaling and osteoblast 
differentiation in BGN-KO osteoblastic cells, demonstrating 
the positive effect of GAG chains of BGN on BMP-4-induced 
osteoblast differentiation. This finding represents an impor-
tant step towards the development of new treatments for bone 
diseases and BGN-related disorders.
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