
Biglycan Intensifies ALK5–Smad2/3 Signaling by TGF-b1
and Downregulates Syndecan-4 in Cultured Vascular
Endothelial Cells
Takato Hara,1 Eiko Yoshida,1 Yasuhiro Shinkai,2 Chika Yamamoto,3

Yasuyuki Fujiwara,4 Yoshito Kumagai,2 and Toshiyuki Kaji1*
1Faculty of Pharmaceutical Sciences, Department of Environmental Health, Tokyo University of Science, 2641
Yamazaki, Noda 278-8510, Japan

2Doctoral Program in Biomedical Sciences, Graduate School of Comprehensive Human Science, University of
Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8575, Japan

3Faculty of Pharmaceutical Sciences, Department of Environmental Health, Toho University, 2-2-1 Miyama,
Funabashi 274-8510, Japan

4Department of Environmental Health, School of Pharmacy, Tokyo University of Pharmacy and Life Sciences,
1432-1 Horinouchi, Hachioji 192-0392, Japan

ABSTRACT
Proteoglycans are macromolecules that consist of a core protein and one or more glycosaminoglycan side chains. A small leucine-rich
dermatan sulfate proteoglycan, biglycan, is one of the predominant types of proteoglycans synthesized by vascular endothelial cells; however,
the physiological functions of biglycan are not completely understood. In the present study, bovine aortic endothelial cells in culture were
transfectedwith small interfering RNAs for biglycan, and the expression of other proteoglycanswas examined. Transforming growth factor-b1

signaling was also investigated, because the interaction of biglycan with cytokines has been reported. Biglycan was found to form a complex
with either transforming growth factor-b1 or the transforming growth factor-b1 type I receptor, ALK5, and to intensify the phosphorylation of
Smad2/3, resulting in a lower expression of the transmembrane heparan sulfate proteoglycan, syndecan-4. This is the first report to clarify the
function of biglycan as a regulatory molecule of the ALK5–Smad2/3 TGF-b1 signaling pathway that mediates the suppression of syndecan-4
expression in vascular endothelial cells. J. Cell. Biochem. 118: 1087–1096, 2017. © 2016
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Vascular endothelial cells cover the inner surface of blood
vessels and are involved in the regulation of the blood

coagulation–fibrinolytic system by synthesizing and secreting not
only procoagulants, including tissue factor [Maynard et al.,
1977] and plasminogen activator inhibitor type 1 [van Mourik
et al., 1984], but also anticoagulants, including prostacyclin
[Weksler et al., 1977], thrombomodulin [Esmon and Owen, 1981],
and tissue plasminogen activator [Levin and Loskutoff, 1982]. The
cells also synthesize and secrete anticoagulant proteoglycans,
macromolecules that consist of a core protein and one or more
glycosaminoglycan side chains [Ruoslahti, 1988]. Vascular endo-
thelial cells express two types of proteoglycans. One type is the
heparan sulfate proteoglycans, including a large heparan sulfate

proteoglycan, perlecan [Saku and Furthmayr, 1989]; members of the
syndecan family of transmembrane proteoglycans, such as synde-
can-1 and syndecan-4 [Kojima et al., 1992]; and the cell-associated
proteoglycan, glypican [Mertens et al., 1992]. The other type is the
dermatan sulfate proteoglycans, such as small leucine-rich dermatan
sulfate proteoglycans, biglycan [Yamamoto et al., 2005] and decorin
[Sch€onherr et al., 1999].

Vascular endothelial proteoglycans have various physiological
functions, such as permeability, lipid metabolism, hemostasis,
thrombosis, and extracellular assembly [Camejo, 1981; Berenson
et al., 1984]. Proteoglycans are also involved in regulating the
activity of growth factors and cytokines, such as fibroblast growth
factor-2 (FGF-2) and transforming growth factor-b (TGF-b), to
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which some proteoglycans bind. When a monolayer of vascular
endothelial cells is injured, FGF-2 leaks from the damaged cells and
stimulates the migration and proliferation of cells near the damaged
site to repair the monolayer [Rifkin and Moscatelli, 1989]. During
repairment of the damaged endothelial monolayer, perlecan
promotes the binding of FGF-2 to its receptor [Aviezer et al.,
1994]. In addition, the heparan sulfate chains of endothelial heparan
sulfate proteoglycans exhibit heparin-like activity and contribute to
the anticoagulant properties of vascular endothelial cell monolayers
[Mertens et al., 1992]. On the other hand, biglycan and decorin
activate heparin cofactor II via the dermatan sulfate chains to inhibit
a coagulation factor, thrombin [Whinna et al., 1993], and decorin is
bound to TGF-b via the core proteins to inactivate this cytokine in
vitro [Hildebrand et al., 1994]. However, the physiological functions
of dermatan sulfate proteoglycans, especially biglycan, are not fully
understood.

TGF-b is a multifunctional cytokine involved in various vascular
events and diseases [Ruiz-Ortega et al., 2007]. The activity of TGF-b1

is mediated by type I transmembrane serine/threonine kinase
receptors that are activated by type II receptors bound to TGF-b1

[Wrana et al., 1994]. There are two kinds of type I TGF-b receptors:
one is activin receptor-like kinase 5 (ALK5), which is expressed in
most cell types, and the other is activin receptor-like kinase 1 (ALK1),
which is specifically expressed in vascular endothelial cells
[Goumans et al., 2002]. In vascular endothelial cells, ALK5 and
ALK1 transduce different signals from TGF-b1. Cell migration and
proliferation are inhibited by the pathway mediated by transcrip-
tional factors Smad2 and Smad3, which are phosphorylated by
ALK5, whereas they are stimulated by the pathway mediated by
Smad1, Smad5, and Smad8, which are phosphorylated by ALK1
[Derynck et al., 1998; Goumans et al., 2003].

The synthesis of endothelial proteoglycans is regulated by growth
factors and cytokines, such as VEGF165 [Kaji et al., 2006] and
connective tissue growth factor [Kaji et al., 2004]. TGF-b1 also
regulates endothelial perlecan and biglycan synthesis in a cell
density-dependent manner [Kaji et al., 2000]. We hypothesized that
biglycan may be involved in regulating the expression of other types
of proteoglycans by TGF-b1 in vascular endothelial cells. These data
indicated that biglycan intensifies ALK5–Smad2/3 signaling with
TGF-b1 as a co-receptor and then downregulates the expression
of syndecan-4 in cultured vascular endothelial cells.

MATERIALS AND METHODS

MATERIALS
Bovine aortic endothelial cells were obtained from Cell Applications
(San Diego, CA). Dulbecco’s modified Eagle medium and Ca2þ- and
Mg2þ-free phosphate-buffered saline were obtained from Nissui
Pharmaceutical (Tokyo, Japan). Tissue culture dishes and plates were
from Iwaki (Chiba, Japan). Fetal bovine serum was obtained from
HyClone Laboratories (Waltham, MA). Recombinant human TGF-b1

and ALK5 inhibitor LY364947 were purchased from Wako (Osaka,
Japan). Chondroitinase ABC (EC 4.2.2.4, derived from Proteus
vulgaris), heparinase II (derived from Flavobacterium heparinum),
heparinase III (EC 4.2.2.8, derived from Flavobacterium heparinum),

and Diethylaminoethyl–Sephacel (DEAE-Sephacel) were purchased
from Sigma–Aldrich (St Louis, MO). Rabbit polyclonal antibodies
against TGF-b1 (V) or ALK5 (V–22), and goat polyclonal antibodies
against biglycan (L-15), syndecan-4 (N-19), or ALK1 (C-20) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
Smad2/3 (D7G7) and anti-phospho-Smad2/3 (D27F4) rabbit mono-
clonal antibodies, and horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG antibody (#7074) were obtained from Cell Signaling
Technology (Beverly, MA). HRP-conjugated anti-goat IgG antibody
(ab6885) was obtained from Abcam (Bristol, UK). Lipofectamine
RNAiMAX, Lipofectamine LTX, Opti-MEM, and Mammalian
Expression System with Gateway Technology were obtained from
Invitrogen (Carlsbad, CA). His Mag Sepharose Ni was obtained from
GE Healthcare Bio-Sciences AB (Bj€orkgatan, Sweden). Synthetic
small interfering RNAs (siRNAs) were purchased from Cosmo Bio Co.
(Tokyo, Japan). Other reagents of the highest grade available were
from Wako Pure Chemical Industries (Osaka, Japan).

CELL CULTURE AND TREATMENT
Vascular endothelial cells were cultured in a humidified atmosphere
of 5% CO2 at 37°C in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum and antibiotics
(5,000 IU/mL penicillin and 5mg/mL streptomycin) until confluent.
The cells were transfected with siRNAs for knockdown of biglycan,
TGF-b1, ALK1, ALK5, or both biglycan and TGF-b1. After this, the
expression of syndecan-4 or other proteoglycans was determined by
real-time reverse transcription polymerase chain reaction (RT-PCR)
or Western blot analysis as described below. In another experiment,
cultures of confluent cells were treated with LY364947 or TGF-b1

and then the expression of syndecan-4 was determined by real-time
RT-PCR or Western blot analysis.

siRNA TRANSFECTION
Transient transfection of siRNAswas performed using Lipofectamine
RNAiMAX, according to the manufacturer’s protocol. Briefly,
annealed siRNA duplex and Lipofectamine RNAiMAX were
dissolved in Opti-MEM in separate tubes and incubated for 5min
at room temperature. They were then mixed and incubated for
20min at room temperature. Vascular endothelial cells were grown
to about 80% confluence in Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum and then incubated for
4 h at 37°C in fresh Dulbecco’smodified Eaglemedium supplemented
with 10% fetal bovine serum and the siRNA/Lipofectamine
RNAiMAX mixture. The final concentrations of siRNA and
Lipofectamine RNAiMAX were 40 nM and 0.2%, respectively. After
that, the mediumwas changed to Dulbecco’s modified Eagle medium
supplemented with 10% fetal bovine serum alone and incubated
further. The sequences of sense and antisense siRNAs were as
follows: bovine biglycan siRNA-1 (siBGN-1), 50-CCAUCCA-
GUUUGGCAACUAdTdT-30 (sense), and 50-UAGUUGCCAAACUG-
GAUGGCC-30 (antisense); bovine biglycan siRNA-2 (siBGN-2),
50-GCUCCGACCUGGGUCUGAAdTdT-30 (sense), and 50-UUCA-
GACCCAGGUCGGAGCAC-30 (antisense); bovine TGF-b1 siRNA
(siTGFB1), 50-GCGUGCUAAUGGUGGAAUAdTdT-30 (sense), and
50-UAUUCCACCAUUAGCACGCGG-30 (antisense); bovine ALK1
siRNA (siALK1), 50-CCAGCUUUGAGGACAUGAAdTdT-30 (sense),
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and 50-UUCAUGUCCUCAAAGCUGGGG-30 (antisense); and bovine
ALK5 siRNA (siALK5), 50-CCAUCGAGUGCCAAAUGAAdTdT-30

(sense) and 50-UUCAUUUGGCACUCGAUGGUG-30 (antisense). Neg-
ative Control siRNA (siCont) (Qiagen, Valencia, CA) was used as a
non-specific sequence.

REAL-TIME RT-PCR
Total RNA was extracted using an RNeasy Lipid Tissue Mini Kit
(Qiagen). Complementary DNA (cDNA) was synthesized from the
mRNA using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster, CA). Real-time PCR was performed
using Power SYBR Green PCR Master Mix (Applied Biosystems,
Waltham, MA) with 1 ng/mL cDNA and 0.1mM primers (Table I) on a
StepOnePlus Real-Time PCR System (Applied Biosystems). Levels of
biglycan, decorin, perlecan, syndecan-1, syndecan-2, syndecan-3,
syndecan-4, glypican-1, and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) mRNAs were quantified by the comparative CT
method. The fold changes for each gene were normalized by the
intensity value of GAPDH.

PROTEOGLYCAN CORE PROTEIN EXTRACTION AND WESTERN BLOT
ANALYSIS
Proteoglycans that accumulated in the cell layer and conditioned
medium of vascular endothelial cells were extracted under
dissociative conditions. Specifically, the conditioned medium was
harvested and solid urea was added at a concentration of 8M. The
cell layer was washed twice with Ca2þ- and Mg2þ-free phosphate-
buffered saline and lysed with 8M urea cell extract solution (pH 7.5)
containing 120mM 6-aminohexanoic acid, 12mM benzamidine,
10mM N-ethylmaleimide, 2mM EDTA, 0.1M phenylmethanesul-
fonyl fluoride, 0.1M NaCl, 50mM Tris base, and 2% Triton X-100.
The extracts were applied to DEAE-Sephacel (0.3mL of resin)
columns andwashed four timeswith 0.25MNaCl 8Murea buffer (pH
7.5), containing 2mM EDTA, 0.5% Triton X-100, and 50mM Tris
base. Proteoglycans were eluted with 0.9mL 3M urea buffer (pH 7.5)
containing 2mM EDTA, 0.5% Triton X-100, and 50mM Tris base,
and precipitated with 3.5 volumes of 1.3% potassium acetate in 95%
ethanol for 2 h at �20°C; this precipitation step was repeated three
times. Precipitated proteoglycans were digested with heparinase II/
III in 100mM Tris–HCl buffer (pH 7.0) containing 10mM calcium
acetate and 18mM sodium acetate or with chondroitinase ABC in
50mM Tris–HCl buffer (pH 8.0) containing 1mg/mL bovine serum

albumin and 3mM sodium acetate for 3 h at 37°C to determine core
proteins of syndecan-4 and biglycan, respectively. Separately, total
proteins from vascular endothelial cells were prepared by lysis in
sodium dodecyl sulfate (SDS) sample buffer (50mM Tris–HCl buffer
solution containing 2% SDS and 10% glycerol, pH 6.8) followed by
incubation at 95°C for 10min. The protein concentration was
determined using a BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA) before addition of 2-mercaptoethanol and bromo-
phenol blue to the samples. The proteoglycans or cellular proteins
were separated by SDS–polyacrylamide gel electrophoresis on a 10%
polyacrylamide gel and then transferred onto a polyvinyl difluoride
membrane (Immobilon-P, Millipore, Billerica, MA, USA) at 2mA/
cm2 for 1 h. Membranes were blocked with 5% skim milk in 20mM
Tris–HCl buffer solution (pH 7.5) containing 150mM NaCl and 0.1%
Tween 20, and then incubated overnight with a primary antibody
against biglycan, syndecan-4, ALK1, ALK5, Smad2/3, or phosphor-
ylated Smad2/3 at 4°C. The membranes were washed and then
incubated with HRP-conjugated secondary antibodies for 1 h at
room temperature. Immunoreactive bands were visualized using
enhanced chemiluminescence Western blotting detection reagents
(Chemi-Lumi One L, Nacalai, Kyoto, Japan) and scanned with a LAS
3000 Imager (Fujifilm, Tokyo, Japan). Representative blots are
shown from three independent experiments.

Ni2þ PULL-DOWN ASSAY
To prepare 6�His-tagged biglycan, the pDEST26-BGN
(NM_001711.3) plasmid vector was constructed using a Mamma-
lian Expression System with Gateway Technology, and the vector
was transfected into vascular endothelial cells with Lipofectamine
LTX and PLUS reagent. One microgram per microliter of plasmid
vector and PLUS reagent in Opti-MEM and Lipofectamine LTX in
Opti-MEM were prepared in separate tubes and mixed; the mixture
was then incubated for 5min at room temperature. Vascular
endothelial cells at about 80% confluence were incubated in the
mixture for 1 h at 37°C; the final concentration of the vector, PLUS
reagent, and Lipofectamine RNAiMAX were 1.7mg/mL, 0.17%,
and 0.35%, respectively. The pDEST26 vector was used as a
control. After incubation, the medium was changed to Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine
serum and the cells were further incubated for 24 h. After
incubation, proteoglycans that had accumulated in the condi-
tioned medium were extracted, concentrated, and digested with
chondroitinase ABC as described above in “Proteoglycan core
protein extraction and Western blot analysis.” The binding of
biglycan to either TGF-b1 or ALK5 was analyzed by a Ni2þ pull-
down assay as follows: 40mL of His Mag Sepharose Ni was
equilibrated with a binding/wash buffer, 25mM Tris–HCl con-
taining 150mM NaCl, and 5mM imidazole (pH 7.5). Chondroiti-
nase ABC-digested proteoglycans were mixed with either 500 ng
recombinant human TGF-b1 or 50mg of membrane proteins
extracted from endothelial cells using the ProteoExtract Native
Membrane Protein Extraction Kit (Merck KGaA, Darmstadt,
Germany) and incubated with the beads for 30min. After
incubation, the beads were washed four times with binding/
wash buffer and boiled with elution buffer, 50mM Tris–HCl
containing 8% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.005%

TABLE I. Bovine Gene-Specific Primers for Real-Time Polymerase
Chain Reaction

Gene Forward primer (50!30) Reverse primer (50!30)

Biglycan GCTGCCACTGCCATCTGAG CGAGGACCAAGGCGTAG
Decorin CTGCGGTTGACAATGGC CTCACTCCTGAATAAGAAGCC
Perlecan GCTGAGGGCGTACGATGG TGCCCAGGCGTCGGAACT
Syndecan-1 CAGTCAGGAGACAGCATCAG CCGACAGACATTCCATACC
Syndecan-2 CCAGATGAAGAGGACACAAACG CCAATAACTCCGCCAGCAA
Syndecan-3 CAAGCAGGCGAGCGTC GGTGGCAGAGATGAAGTGG
Syndecan-4 TTGCCGTCTTCCTCGTGC AGGCGTAGAACTCATTGGTGG
Glypican-1 GAAGGTCGGCAGGAAGAG CCAGGAGCAGCAGAGGA
GAPDH AACACCCTCAAGATTGTCAGCAA ACAGTCTTCTGGGTGGCAGTGA
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bromophenol blue, and 500mM imidazole (pH 6.8) at 95°C for
3min. The supernatant was collected and used to determine
complexes of biglycan with TGF-b1 or ALK5 by Western blot
analysis.

STATISTICAL ANALYSIS
Data were tested for statistical significance by analysis of variance
and Student’s t-test or Tukey’s method, as appropriate. P values of
less than 0.05 were considered statistically significant differences.

RESULTS

BIGLYCAN SUPPRESSES SYNDECAN-4 EXPRESSION
To examine the effects of biglycan knockdown on the expression of
messenger RNAs (mRNAs) coding for other types of proteoglycans,
either a negative control siRNA (siCont) or bovine biglycan siRNA-1
(siBGN-1) was transfected into vascular endothelial cells, and then
the mRNA expression levels were analyzed (Fig. 1). Suppression of
biglycan mRNA expression resulted in the induction of mRNAs
for decorin (1.50-fold), syndecan-1 (1.65-fold), and syndecan-4
(1.90-fold). An siRNA for bovine biglycan, siBGN-2, also induced the
expression decorin and syndecan-4 mRNAs, but failed to induce
syndecan-1 mRNA expression (data not shown). We have investi-
gated the relationship between the expression of biglycan and that of
syndecan-4 in vascular smooth muscle cells and found that siRNA-
mediated knockdown of biglycan expression results in a higher
expression of syndecan-4 mRNA (Fig. S1). This suggests that
biglycan suppression of syndecan-4 expression occurs in not only
vascular endothelial cells but also vascular smooth muscle cells.
Since the expression level of syndecan-4 in vascular smooth muscle
cells wasmuch lower than that in vascular endothelial cells, we could
not show the expression of syndecan-4 core protein.

When the cells were transfected with siBGN-1, the level of
biglycan mRNA consistently decreased during a 24-h incubation
(Fig. 2A, upper panel), while the syndecan-4 mRNA level increased
during a 6-h incubation (Fig. 2A, lower panel). Expression of
syndecan-4 increased with suppression of biglycan expression

during a 24-h incubation (Fig. 2B). These results suggest that
biglycan suppresses the expression of syndecan-4 in vascular
endothelial cells.

TGF-b1 SUPPRESSES THE EXPRESSION OF SYNDECAN-4
We next examined the effects of exogenous TGF-b1 on the
expression of syndecan-4 in vascular endothelial cells (Fig. 3),
because an interaction between biglycan and TGF-b1 has been
reported [Hildebrand et al., 1994]. TGF-b1 elevated the expression
levels of syndecan-4mRNA after a 3-h treatment at 1 and 5 ng/mL or
after a 6-h treatment at 5 ng/mL (Fig. 3A). The expression of
syndecan-4 increased after a 6-h incubation (Fig. 3B) and then
decreased after a 24-h incubation with TGF-b1 at 5 ng/mL (Fig. 3C).
A nonspecific band observed at the top of the images in Figure 3B did
not increase and that in Figure 3C did not decrease by TGF-b1,
suggesting that the cytokine specificallymodulates the expression of
syndecan-4.

To determine the effects of endogenous TGF-b1 on endothelial
syndecan-4 expression, we assessed the expression of syndecan-4 in
vascular endothelial cells in which the expression of TGF-b1 was
suppressed by bovine TGF-b1 siRNA (siTGFB1). As shown in
Figure 4, both siBGN-1 and siBGN-2 suppressed the expression of
biglycan mRNA in the presence or absence of siTGFB1. Similarly,
siTGFB1 suppressed the expression of TGF-b1 in the presence or
absence of siBGN-1/siBGN-2 (Fig. 4A). The expression of syndecan-
4 mRNA was elevated by siBGN-1, siBGN-2, and siTGFB1; such an
elevation was also observed at the protein level (Fig. 4B), suggesting
that endogenous biglycan and TGF-b1 each suppress syndecan-4
expression. The effect of siBGN-1/siBGN-2 and siTGFB1 on sydecan-
4 expression was additive, indicating that not only endogenous
biglycan but also endogenous TGF-b1 suppresses syndecan-4
expression in vascular endothelial cells.

TGF-b1 RECEPTOR TYPE-I, ALK5, INHIBITS THE EXPRESSION OF
SYNDECAN-4
To identify the TGF-b receptor involved in the suppression of
syndecan-4, siALK1, and siALK5 were transfected into vascular

Fig. 1. Effects of siRNA-mediated knockdown of biglycan on the expression of proteoglycan mRNAs in vascular endothelial cells. Bovine aortic endothelial cells were
transfected with siCont or siBGN-1 for 24 h and the expression of biglycan, decorin, perlecan, glypican-1, syndecan-1, syndecan-2, syndecan-3, and syndecan-4 mRNAs was
analyzed by real-time RT-PCR. Values are means� SE of three independent experiments performed in duplicate. Significantly different from the corresponding siCont, �P< 0.01.
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endothelial cells and the expression of syndecan-4 was evaluated
(Fig. 5). The expression of ALK1 andALK5was suppressed by siALK1
and siALK5, respectively (Fig. 5A and B, left and middle panels), but
was not influenced by siALK5 and siALK1 (data not shown). Under
such conditions, the expression of syndecan-4 mRNA was elevated
by either siALK1 or siALK5 (Fig. 5A, right panel); however, the
expression of syndecan-4 core protein was increased by siALK5 but
not by siALK1 (Fig. 5B), suggesting that ALK5 is involved
predominantly in negative regulation of syndecan-4 expression

by endogenous TGF-b1. In fact, a selective inhibitor of ALK5,
LY364947, increased the expression of syndecan-4 at both the
mRNA and protein levels (Fig. 5C and D).

BIGLYCAN CORE PROTEIN IS BOUND TO EITHER TGF-b1 OR ALK5
Since the data suggested that TGF-b1–ALK5 signaling negatively
regulates the expression of syndecan-4 in vascular endothelial cells,
we analyzed the interaction of biglycan with either TGF-b1 or ALK5.
As shown in Figure 6A, biglycan core protein appeared after
digestion with chondroitinase ABC, suggesting that the cells
synthesized biglycan as a proteoglycan molecule that bears
chondroitin/dermatan sulfate chains. The band of TGF-b1 that
had been pulled down by the His-tagged biglycan core protein was
detected when recombinant human TGF-b1 reacted with biglycan
core protein after digestion with chondroitinase ABC, suggesting
that TGF-b1 is bound to biglycan core protein, as previously reported

Fig. 3. Effects of TGF-b1 on the expression of syndecan-4 in vascular
endothelial cells. Bovine aortic endothelial cells were treated with TGF-b1 at 1
(~) and 5 (&) ng/mL at 37°C for 1, 3, 6, 12, 18, or 24 h. (A) Expression of
syndecan-4 mRNA. The mRNA expression was normalized to the corresponding
GAPDH mRNA level and presented as the fold induction relative to the
corresponding control (siCont treatment). Values are means� SE of two
experiments performed in duplicate. Significantly different from the
corresponding siCont, �P< 0.01. (B) Accumulation of syndecan-4 core
protein in the cell layer treated with TGF-b1 at 1 or 5 ng/mL for 6 h.
Western blot analysis (left panel) and its quantitative analysis (right panel).
Arrow head in the left panel indicates the position of sydecan-4. (C)
Accumulation of syndecan-4 core protein in the cell layer treated with TGF-b1

at 1 or 5 ng/mL for 24 h. Western blot analysis (left panel) and its quantitative
analysis (right panel). Arrow head in the left panel indicates the position of
sydecan-4.

Fig. 2. Effects of siRNA-mediated knockdown of biglycan on the expression
of syndecan-4 in vascular endothelial cells. Bovine aortic endothelial cells were
transfected with siCont or siBGN-1 at 37°C for 3, 6, 12, 18, and 24 h and the
expression of mRNAs coding for biglycan and syndecan-4 was analyzed.
Separately, the cells were transfected with siCont or siBGN-1 for 24 h and the
expression of syndecan-4 core protein was determined. (A) Expression of
biglycan (upper panel) and syndecan-4 (lower panel) mRNAs. Vascular
endothelial cells transfected with siRNAs for 4 h and then incubated in a fresh
medium. The time in (A) indicates the incubation time after transfection. The
mRNA expression was normalized to the corresponding GAPDHmRNA level and
presented as the fold induction relative to the corresponding control (siCont
treatment). Values are means� SE of three experiments performed in
duplicate. Significantly different from the corresponding siCont, �P< 0.01.
(B) Accumulation of biglycan and syndecan-4 core proteins in the conditioned
medium and the cell layer transfected with siCont or siBGN-1 for 24 h.
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by Hildebrand et al. [1994]. Figure 6B shows the interaction of
biglycan core protein with ALK5. The ALK5 band was identified by
Western blot analysis as an immunoreactive band that was decreased
by siRNA-mediated knockdown. ALK5 was increased only when the
receptor reacted with the His-tagged biglycan core protein obtained
from the conditioned medium of the cells and prepared by digestion
with chondroitinase ABC. This suggests that ALK5 is also bound to
biglycan core protein. Taken together, these results suggest that the
biglycan core protein potentiates TGF-b1–ALK5 signaling by
binding to both TGF-b1 and ALK5.

BIGLYCAN ENHANCES PHOSPHORYLATION OF Smad2/3
TGF-b1 is bound to ALK5 and phosphorylates the Smad2/3
C-terminus, which transduces the TGF-b1 signal to the nucleus.
The effect of siBGN-1/2 on the phosphorylation of Smad2/3
was examined to clarify the significance of the formation of a
complex of biglycan with TGF-b1 and ALK5. Although Smad2/3

phosphorylation was observed when the cells were treated with
TGF-b1, phosphorylation was not detected in either siCont- or
siBGN-1/2-transfected cells in the absence of TGF-b1.When the cells
were stimulated with TGF-b1 at 1 ng/mL for 30min, Smad2/3
phosphorylation was detected. This phosphorylation decreased with
siBGN-1/2 (Fig. 7), indicating that biglycan potentiates TGF-b1–

ALK5 signal transduction by activating Smad2/3 phosphorylation.

Fig. 4. Effects of siRNA-mediated knockdown of biglycan or TGF-b1 or
both on the expression of syndecan-4 in vascular endothelial cells. Bovine
aortic endothelial cells were transfected with siCont, siBGN-1, or siBGN-2
combined with or without siTGFB1 at 37°C for 24 h. (A) Expression of
biglycan (left panel), TGF-b1 (middle panel), and syndecan-4 (right panel)
mRNAs. Values are means� SE of three experiments performed in duplicate.
Significantly different from the corresponding siCont or siTGFB1, �P< 0.01.
(B) Accumulation of syndecan-4 core protein in the cell layer transfected
with siCont, siBGN-1, and siBGN-2 combined with or without siTGFB1
for 24 h.

Fig. 5. Effects of siRNA-mediated knockdown of ALK1 and ALK5 and an ALK5
inhibitor, LY364947, on the expression of syndecan-4 in vascular endothelial
cells. Bovine aortic endothelial cells were transfected with siCont, siALK1, or
siALK5 at 37°C for 24 h (ALK1 and ALK5) or 36 h (syndecan-4). Separately, the
cells were treated with an ALK5 inhibitor LY364947 at 1mM at 37°C for 24 h.
(A) Expression of ALK1 (right panel), ALK5 (middle panel), and syndecan-4
(right panel) mRNAs. Arrow heads indicate the position of ALK1 (left panel) or
ALK5 (center panel). Values are means� SE of three experiments performed in
duplicate. Significantly different from the corresponding siCont, �P< 0.01. (B)
Expression of ALK1 (right panel), ALK5 (middle panel), and syndecan-4 (right
panel) proteins. (C) Expression of syndecan-4 mRNA. Values are means� SE of
three experiments performed in duplicate. Significantly different from the
control, �P< 0.01. (D) Expression of syndecan-4 core protein in the cell layer.
Western blot analysis (left panel) and its quantitative analysis (right panel).
Values are means� SE of three experiments performed in duplicate (right
panel). Significantly different from the control, #P< 0.05.
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DISCUSSION

The physiological functions of biglycan in vascular endothelial cells
are not fully understood. The present data, however, indicate that (1)
the expression of endothelial biglycan induces lower levels of
syndecan-4 expression, (2) both exogenous and endogenous TGF-b1

downregulate syndecan-4 expression, (3) syndecan-4 downregula-
tion is mediated by TGF-b1–ALK5 signaling, (4) biglycan is bound to
both TGF-b1 and ALK5, and (5) biglycan potentiates the phosphor-
ylation of Smad2/3, which is induced by TGF-b1. Taken together,
these results indicate that biglycan acts as a co-receptor in the TGF-
b1–ALK5–Smad2/3 system and is involved in the downregulation of
syndecan-4 expression in vascular endothelial cells. Biglycan has

been reported to bind not only TGF-b1 [Hildebrand et al., 1994] but
also other cytokines such as tumor necrosis factor-a [Tufvesson and
Westergren-Thorsson, 2002] and receptors [Schaefer et al., 2005].
The present study, for thefirst time, revealed that biglycan serves as a
co-receptor in TGF-b signaling and this signaling downregulates the
expression of syndecan-4 in vascular endothelial cells.

Biglycan and TGF-b1 were shown to suppress the expression of
syndecan-4 via the TGF-b1–ALK5 signaling pathway. Activation of
the TGF-b1–ALK5 pathway induces phosphorylation of not only
Smad2/3, part of the canonical Smad pathway, but also ERK1/2,
JNK1/2/3, and p38 MAPK in a non-Smad pathway. Although the
involvement of the non-Smad pathway in the downregulation of
endothelial syndecan-4 expression cannot be excluded, the present
results indicate that the Smad pathway is certainly involved in this
downregulation. There are previous examples of phosphorylated
Smads inhibiting gene expression through the formation of
complexes with transcription factors E2F4 and DP1 to stabilize
the TGF-b inhibitory element (TIE) [Chen et al., 2002; Suzuki et al.,
2004], which includes a TTGG sequence [Kerr et al., 1990; Chen et al.,
2001]. There are consensus TTGG sequences about �1.5 kb from the
promoter regions of the syndecan-4 gene in humans, mice, and
bovines, according to NCBI data. These TTGG sequencesmay serve as
TIE elements, and some of them are involved in the downregulation
of endothelial syndecan-4 expression.

The syndecan family is a group of transmembrane-type heparan
sulfate proteoglycans. In this family, syndecan-4 is a type of
syndecan that is essential for focal adhesion; the core protein of
syndecan-4 forms focal adhesions and stress fibers in fibronectin

Fig. 6. Binding of biglycan core protein to TGF-b1 and ALK5. [A] Binding of endothelial biglycan core protein to TGF-b1. Bovine aortic endothelial cells transfected with the
pDEST26 (C) or pDEST26-BGN (B) plasmid vector were incubated at 37°C for 24 h to obtain 6�His-tagged biglycan. The conditioned medium was concentrated and dermatan
sulfate chains of biglycan were digested with chondroitinase ABC (þ, digested; �, not digested). The biglycan core proteins were subjected to a Ni2þ pull-down assay
(þ, performed;�, not performed) with (þ) or without (�) recombinant human TGF-b1 (rhTGF-b1). Western blot analysis (left panel) and its quantitative analysis (right panel).
[B] Binding of endothelial biglycan core protein to ALK5. Bovine aortic endothelial cells were transfected with siCont at 37°C for 24 h, and the membrane proteins were extracted.
Separately, the cells were transfected with the pDEST26 (C) or pDEST26-BGN (B) plasmid vector to obtain 6�His-tagged biglycan. The conditioned medium was concentrated
and dermatan sulfate chains of biglycan were digested with chondroitinase ABC (þ, digested; �, not digested). The membrane proteins and the biglycan core proteins
were subjected to a Ni2þ pull-down assay (þ, performed;�, not performed). The position of ALK5 was confirmed by siRNA-mediated knockdown of ALK5 (þ, siALK5;�, siCont).
Western blot analysis (left panels) and its quantitative analysis (right panels). Values are means� SE of three experiments performed in duplicate. Significantly different from
without chondroitinase ABC, #P< 0.05.

Fig. 7. Effects of siRNA-mediated knockdown of biglycan on the
phosphorylation of Smad2/3 by TGF-b1 in vascular endothelial cells. Bovine
aortic endothelial cells were transfected with or without siCont, siBGN-1, or
siBGN-2 at 37°C for 24 h and then incubated with or without TGF-b1 at 1 ng/mL
for 30min.
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substrates [Woods and Couchman, 2001]. In fact, degradation of cell
surface heparan sulfate chains with heparinase weakens cell-
fibronectin adhesion and reduces focal adhesions in vascular
endothelial cells [Moon et al., 2005]. Heparan sulfate chains of
syndecan-4 promote the construction of larger focal adhesions
[Gopal et al., 2010]. Syndecan-4 is required for the alignment of
vascular endothelial cells along the luminal surface of normal blood
vessels, and a syndecan-4 deficiency results in the activation of
atherosclerotic plaques in ldlr-/- and ApoB100/100 mice fed high-
fat diets [Baeyens et al., 2014]. In addition, an increase in dermatan
sulfate chains together with a decrease in heparan sulfate chains is
observed in atherosclerotic intima [Stevens et al., 1976]. Excess
biglycan activates TGF-b1–ALK5 signaling and reduces syndecan-4,
leading to a disturbance in the normal structure of the extracellular
matrix in a vascular endothelial monolayer, which may weaken the
barrier function of these cells. Therefore, it is suggested that
increased biglycan downregulates endothelial syndecan-4 expres-
sion, and consequently affects the adhesion of vascular endothelial
cells to the extracellular matrix in atherosclerotic vascular tissue,
promoting lesions. Since TGF-b1 induces the synthesis of biglycan
with elongated dermatan sulfate chains in vascular endothelial cells
[Kaji et al., 2000], and since TGF-b1-induced biglycan synthesis in
aortic cells is involved in the progression of atherosclerosis [Tang
et al., 2013] via lipid accumulation in the vascular wall [Hayashi
et al., 2012], an assumption can be made that TGF-b1 and biglycan
participate in a positive feedback loop to enhance endothelial
biglycan expression and contribute to the accumulation of lipids in
the atherosclerotic vascular wall.

Neovascularization and atherosclerosis progression are interre-
lated. Plaque neovascularization mainly occurs in the ruptured site
of atherosclerotic lesions [Moreno et al., 2004], and the inhibition
of neovascularization reduces the progression of advanced
atherosclerosis [Moulton et al., 2003]. In addition, cultured human
umbilical vein endothelial cells highly express ADAMTS-4 (a
disintegrin and metalloproteinase with thrombospondin motifs 4),
an extracellular matrix metalloproteinase that digests biglycan
during tube formation in the collagen gel [Melching et al., 2006].
At that time, the expression of biglycan is reduced [Obika et al.,
2014], suggesting that ADAMTS-4 and its substrate biglycan are
involved in angiogenesis by vascular endothelial cells. On the
other hand, it has been reported that TGF-b can suppress the
expression of ADAMTS-4 [Salter et al., 2011; Ashlin et al., 2013;
Wang et al., 2013]. Furthermore, the present data showed that
decreased biglycan expression inhibits the TGF-b signaling
pathway, which can suppress ADAMTS-4 expression. Therefore,
it is postulated that the TGF-b signaling pathway, which was
reduced by lower expression of biglycan, mediates higher
expression of ADAMTS-4 in vascular endothelial cells during
angiogenesis. This positive feedback loop by biglycan, the TGF-b
signaling, and ADAMTS-4 may be involved in angiogenesis by
vascular endothelial cells in atherosclerotic lesions. The involve-
ment of syndecan-4 in angiogenesis, which is increased by the
inhibition of the TGF-b signaling pathway, remains to be
elucidated.

Cellular proliferation is promoted by decreasing syndecan-4 in
vascular smooth muscle cells in atherosclerosis-susceptible

pigeons [Bortoff and Wagner, 2005]. On the other hand, the effect
of biglycan on proliferation depends on the cell type. For example,
biglycan promotes the proliferation of vascular smooth muscle
cells but not of vascular endothelial cells [Shimizu-Hirota et al.,
2004]. Biglycan activates TGF-b1–ALK5 signaling as a co-receptor
as shown in this study. Since ALK5 is ubiquitously expressed in
most cell types, including vascular endothelial cells, we postulate
that biglycan potentiates TGF-b1 signaling in vascular endothelial
cells as well as other cell types, although the regulation that results
may depend on the cell type. Interrelated regulatory mechanisms
in the synthesis of different types of proteoglycans have been
suggested [Tang et al., 2014]; however, little was known about
these mechanisms. The present report is the first to reveal the
molecular mechanism by which the expression of one proteogly-
can type influences that of another proteoglycan type. The present
study provides a partial molecular explanation for the histopath-
ological studies on atherosclerosis that show the abundance of
proteoglycans varies depending on the progression of atheroscle-
rosis. In addition, the present data suggest the significance of an
excess accumulation of biglycan in atherosclerotic vascular walls.
Specifically, biglycan contributes not only to the change in
proteoglycan types expressed during the progression of athero-
sclerosis, but also to the accumulation of low-density lipoprotein
that increases with biglycan [Evanko et al., 1998; O’Brien et al.,
1998]. There may be crosstalk among different types of
proteoglycans in vascular endothelial and smooth muscle cells.
Clarification of this system is essential to understanding the
complex histopathological changes associated with variation in
the proteoglycan types in atherosclerotic vascular walls.

ACKNOWLEDGMENTS
We would like to thank Dr. Thomas N. Wight of the Benaroya
Research Institute at Virginia Mason, Seattle, WA, USA, for his
helpful comments and suggestions on this study and manuscript.
This workwas supported by Grants-in-Aid for Scientific Research (B)
#24390034 and Challenging Exploratory Research #24659058 (to
T. K.) and a Grant-in-Aid for Scientific Research (C) #15K08047 (to
C. Y.) from the Japan Society for the Promotion of Science.

REFERENCES
Ashlin TG, KwanAPL, Ramji DP. 2013. Regulation of ADAMTS-1,�4 and�5
expression in human macrophages: Differential regulation by key cytokines
implicated in atherosclerosis and novel synergism between TL1A and IL-17.
Cytokine 64:234–242.

Aviezer D, Hecht D, Safran M, Eisinger M, David G, Yayon A. 1994. Perlecan,
basal lamina proteoglycan, promotes basic fibroblast growth factor-receptor
binding, mitogenesis, and angiogenesis. Cell 79:1005–1013.

Baeyens N, Mulligan-Kehoe MJ, Corti F, Simon DD, Ross TD, Rhodes JM,
Wang TZ,Mejean CO, SimonsM, Humphrey J, Schwartz MA. 2014. Syndecan
4 is required for endothelial alignment in flow and atheroprotective
signaling. Proc Natl Acad Sci USA 111:17308–17313.

Berenson GS, Radhakrishnamurthy B, Srinivasan SR, Vijayagopal P, Dalferes
ER Jr., Sharma C. 1984. Recent advances in molecular pathology.
Carbohydrate-protein macromolecules and arterial wall integrity-a role in
atherogenesis. Exp Mol Pathol 41:267–287.

JOURNAL OF CELLULAR BIOCHEMISTRY1094 BIGLYCAN AND TGF-b1 SUPPRESS SYNDECAN-4



Bortoff KD, Wagner WD. 2005. Reduced syndecan-4 expression in arterial
smooth muscle cells with enhanced proliferation. Exp Mol Pathol 78:10–16.

Camejo G. 1981. The interaction of lipids and lipoproteins with the
intercellular matrix of arterial tissue: Its possible role in atherogenesis.
Adv Lipid Res 19:1–53.

Chen CR, Kang Y, Massague J. 2001. Defective repression of c-myc in breast
cancer cells: A loss at the core of the transforming growth factor beta growth
arrest program. Proc Natl Acad Sci USA 98:992–999.

Chen CR, Kang Y, Siegel PM, Massague J. 2002. E2F4/5 and p107 as Smad
cofactors linking the TGFbeta receptor to c-myc repression. Cell 110:19–32.

Derynck R, Zhang Y, Feng XH. 1998. Smads: Transcriptional activators of
TGF-beta responses. Cell 95:737–740.

Esmon CT, Owen WG. 1981. Identification of an endothelial cell cofactor for
thrombin-catalyzed activation of protein C. Proc Natl Acad Sci USA
78:2249–2252.

Evanko SP, Raines EW, Ross R, Gold LI, Wight TN. 1998. Proteoglycan
distribution in lesions of atherosclerosis depends on lesion severity,
structural characteristics, and the proximity of platelet-derived growth
factor and transforming growth factor-beta. Am J Pathol 152:533–546.

Gopal S, Bober A, Whiteford JR, Multhaupt HA, Yoneda A, Couchman JR.
2010. Heparan sulfate chain valency controls syndecan-4 function in cell
adhesion. J Biol Chem 285:14247–14258.

Goumans MJ, Valdimarsdottir G, Itoh S, Lebrin F, Larsson J, Mummery C,
Karlsson S, ten Dijke P. 2003. Activin receptor-like kinase (ALK)1 is an
antagonistic mediator of lateral TGFbeta/ALK5 signaling. Mol Cell
12:817–828.

Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P, ten Dijke P.
2002. Balancing the activation state of the endothelium via two distinct TGF-
beta type I receptors. Embo J 21:1743–1753.

Hayashi K, Sasamura H, Azegami T, Itoh H. 2012. Regression of
atherosclerosis in apolipoprotein E-deficient mice is feasible using high-
dose angiotensin receptor blocker, candesartan. J Atheroscler Thromb
19:736–746.

Hildebrand A, Romaris M, Rasmussen LM, Heinegard D, Twardzik DR, Border
WA, Ruoslahti E. 1994. Interaction of the small interstitial proteoglycans
biglycan, decorin and fibromodulin with transforming growth factor beta.
Biochem J 302(Pt2):527–534.

Kaji T, Yamada A, Miyajima S, Yamamoto C, Fujiwara Y, Wight TN, Kinsella
MG. 2000. Cell density-dependent regulation of proteoglycan synthesis by
transforming growth factor-1 in cultured bovine aortic endothelial cells.
J Biol Chem 275:1463–1470.

Kaji T, Yamamoto C, Oh-i M, Fujiwara Y, Yamazaki Y, Morita T, Plaas AH,
Wight TN. 2006. The vascular endothelial growth factor VEGF165 induces
perlecan synthesis via VEGF receptor-2 in cultured human brain microvas-
cular endothelial cells. Biochim Biophys Acta 1760:1465–1474.

Kaji T, Yamamoto C, Oh-i M, Nishida T, Takigawa M. 2004. Differential
regulation of biglycan and decorin synthesis by connective tissue growth
factor in cultured vascular endothelial cells. Biochem Biophys Res Commun
322:22–28.

Kerr LD, Miller DB, Matrisian LM. 1990. TGF-beta 1 inhibition of transin/
stromelysin gene expression ismediated through a Fos binding sequence. Cell
61:267–278.

Kojima T, Shworak NW, Rosenberg RD. 1992. Molecular cloning and
expression of two distinct cDNA-encoding heparan sulfate proteoglycan core
proteins from a rat endothelial cell line. J Biol Chem 267:4870–4877.

Levin EG, Loskutoff DJ. 1982. Cultured bovine endothelial cells produce
both urokinase and tissue-type plasminogen activators. J Cell Biol 94:
631–636.

Maynard JR, Dreyer BE, Stemerman MB, Pitlick FA. 1977. Tissue-factor
coagulant activity of cultured human endothelial and smooth muscle cells
and fibroblasts. Blood 50:387–396.

Melching LI, Fisher WD, Lee ER, Mort JS, Roughley PJ. 2006. The cleavage of
biglycan by aggrecanases. Osteoarthritis Cartilage 14:1147–1154.

Mertens G, Cassiman JJ, Van den Berghe H, Vermylen J, David G. 1992. Cell
surface heparan sulfate proteoglycans fromhuman vascular endothelial cells.
Core protein characterization and antithrombin III binding properties. J Biol
Chem 267:20435–20443.

Moon JJ,MatsumotoM, Patel S, Lee L, Guan JL, Li S. 2005. Role of cell surface
heparan sulfate proteoglycans in endothelial cell migration and mechano-
transduction. J Cell Physiol 203:166–176.

Moreno PR, Purushothaman KR, Fuster V, Echeverri D, Truszczynska H,
Sharma SK, Badimon JJ, O’Connor WN. 2004. Plaque neovascularization is
increased in ruptured atherosclerotic lesions of human aorta: Implications for
plaque vulnerability. Circulation 110:2032–2038.

Moulton KS, Vakili K, Zurakowski D, Soliman M, Butterfield C, Sylvin E, Lo
KM, Gillies S, Javaherian K, Folkman J. 2003. Inhibition of plaque
neovascularization reduces macrophage accumulation and progression of
advanced atherosclerosis. Proc Natl Acad Sci USA 100:4736–4741.

O’Brien KD, Olin KL, Alpers CE, Chiu W, Ferguson M, Hudkins K, Wight TN,
Chait A. 1998. Comparison of apolipoprotein and proteoglycan deposits in
human coronary atherosclerotic plaques: Colocalization of biglycan with
apolipoproteins. Circulation 98:519–527.

Obika M, Vernon RB, Gooden MD, Braun KR, Chan CK, Wight TN. 2014.
ADAMTS-4 and biglycan are expressed at high levels and co-localize to
podosomes during endothelial cell tubulogenesis in vitro. J Histochem
Cytochem 62:34–49.

Rifkin DB, Moscatelli D. 1989. Recent developments in the cell biology of
basic fibroblast growth factor. J Cell Biol 109:1–6.

Ruiz-Ortega M, Rodriguez-Vita J, Sanchez-Lopez E, Carvajal G, Egido J.
2007. TGF-beta signaling in vascular fibrosis. Cardiovasc Res 74:196–206.

Ruoslahti E. 1988. Structure and biology of proteoglycans. Annu Rev Cell
Biol 4:229–255.

Saku T, Furthmayr H. 1989. Characterization of the major heparan sulfate
proteoglycan secreted by bovine aortic endothelial cells in culture. Homology
to the large molecular weight molecule of basement membranes. J Biol Chem
264:3514–3523.

Salter RC, Arnaoutakis K, Michael DR, Singh NN, Ashlin TG, Buckley ML,
Kwan APL, Ramji DP. 2011. The expression of a disintegrin and
metalloproteinase with thrombospondin motifs 4 in human macrophages
is inhibited by the anti-atherogenic cytokine transforming growth factor-b
and requires Smads, p38 mitogen-activated protein kinase and c-Jun. Int J
Biochem Cell Biol 43:805–811.

Sch€onherr E, O’Connell BC, Schittny J, Robenek H, Fastermann D, Fisher LW,
Plenz G, Vischer P, Young MF, Kresse H. 1999. Paracrine or virus-mediated
induction of decorin expression by endothelial cells contributes to tube formation
and prevention of apoptosis in collagen lattices. Eur J Cell Biol 78:44–55.

Schaefer L, Babelova A, Kiss E, Hausser HJ, Baliova M, Krzyzankova M,
Marsche G, Young MF, Mihalik D, Gotte M, Malle E, Schaefer RM, Grone HJ.
2005. Thematrix component biglycan is proinflammatory and signals through
Toll-like receptors 4 and 2 in macrophages. J Clin Invest 115:2223–2233.

Shimizu-Hirota R, Sasamura H, KurodaM, Kobayashi E, Hayashi M, Saruta T.
2004. Extracellular matrix glycoprotein biglycan enhances vascular smooth
muscle cell proliferation and migration. Circ Res 94:1067–1074.

Stevens RL, Colombo M, Gonzales JJ, Hollander W, Schmid K. 1976. The
glycosaminoglycans of the human artery and their changes in atherosclero-
sis. J Clin Invest 58:470–481.

Suzuki H, Yagi K, Kondo M, Kato M, Miyazono K, Miyazawa K. 2004. C-Ski
inhibits the TGF-beta signaling pathway through stabilization of inactive
Smad complexes on Smad-binding elements. Oncogene 23:5068–5076.

Tang T, Thompson JC, Wilson PG, Yoder MH, Mueller J, Fischer JW,Williams
KJ, Tannock LR. 2014. Biglycan deficiency: Increased aortic aneurysm
formation and lack of atheroprotection. J Mol Cell Cardiol 75:174–180.

JOURNAL OF CELLULAR BIOCHEMISTRY BIGLYCAN AND TGF-b1 SUPPRESS SYNDECAN-4 1095



Tang T, Wilson PG, Thompson JC, Nelson C, Yoder MH, Tannock LR.
2013. Prevention of TGFbeta induction attenuates angII-stimulated
vascular biglycan and atherosclerosis in Ldlr-/- mice. J Lipid Res 54:
2255–2264.

Tufvesson E, Westergren-Thorsson G. 2002. Tumour necrosis factor-alpha
interacts with biglycan and decorin. FEBS Lett 530:124–128.

vanMourik JA, Lawrence DA, Loskutoff DJ. 1984. Purification of an inhibitor
of plasminogen activator (antiactivator) synthesized by endothelial cells.
J Biol Chem 259:14914–14921.

Wang SL, Yu YL, Tang CL, Lv FZ. 2013. Effects of TGF-b1 and IL-1b on
expression of ADAMTS enzymes and TIMP-3 in human intervertebral disc
degeneration. Exp Therapeut Med 6:1522–1526.

Weksler BB, Marcus AJ, Jaffe EA. 1977. Synthesis of prostaglandin I2
(prostacyclin) by cultured human and bovine endothelial cells. Proc Natl
Acad Sci USA 74:3922–3926.

Whinna HC, Choi HU, Rosenberg LC, Church FC. 1993. Interaction of heparin
cofactor II with biglycan and decorin. J Biol Chem 268:3920–3924.

WoodsA, Couchman JR. 2001. Syndecan-4 and focal adhesion function. Curr
Opin Cell Biol 13:578–583.

Wrana JL, Attisano L, Wieser R, Ventura F, Massague J. 1994. Mechanism of
activation of the TGF-beta receptor. Nature 370:341–347.

Yamamoto C, DengX, Fujiwara Y, Kaji T. 2005. Proteoglycans predominantly
synthesized by human brain microvascular endothelial cells in culture are
perlecan and biglycan. J Health Sci 51:576–583.

SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.

JOURNAL OF CELLULAR BIOCHEMISTRY1096 BIGLYCAN AND TGF-b1 SUPPRESS SYNDECAN-4




