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Myocardial infarction (MI) is followed by extracellularmatrix
(ECM) remodeling, which is on the one hand required for the
healing response and the formation of stable scar tissue. How-
ever, on the other hand, ECM remodeling can lead to fibrosis
and decreased ventricular compliance. The small leucine-rich
proteoglycan (SLRP), biglycan (bgn), has been shown to be crit-
ically involved in these processes. During post-infarct remodel-
ing cardiac fibroblasts differentiate into myofibroblasts which
are the main cell type mediating ECM remodeling. The aim of
the present study was to characterize the role of bgn in modu-
lating the phenotype of cardiac fibroblasts. Cardiac fibroblasts
were isolated fromhearts of wild-type (WT) versus bgn�/0 mice.
Phenotypic characterization of the bgn�/0 fibroblasts revealed
increased proliferation. Importantly, this phenotype of bgn�/0

fibroblasts was abolished to the WT level by reconstitution of
biglycan in the ECM. TGF-� receptor II expression and phos-
phorylation of SMAD2were increased. Furthermore, indicative
of amyofibroblast phenotype bgn�/0 fibroblastswere character-
ized by increased�-smoothmuscle actin (�-SMA) incorporated
into stress fibers, increased formation of focal adhesions, and
increased contraction of collagen gels. Administration of neu-
tralizing antibodies to TGF-� reversed the pro-proliferative,
myofibroblastic phenotype. In vivo post-MI �-SMA, TGF-�
receptor II expression, and SMAD2 phosphorylation were
markedly increased in bgn�/0 mice. Collectively, the data sug-
gest that bgn deficiency promotes myofibroblast differentiation
and proliferation in vitro and in vivo likely due to increased
responses to TGF-� and SMAD2 signaling.

Cardiac fibroblasts are the main population of non-myocyte
cells that maintain the structural integrity of the heart muscle
by establishment and maintenance of the extracellular matrix
(ECM).2 In response to injury, cardiac fibroblasts infiltrate the
ischemic area to initiate healing and scar formation. Cardiac

ECM remodeling is affected by inflammation, hemodynamics,
and pressure load and determines ventricle size, ventricle
shape, and wall thickness eventually leading to ventricular dila-
tion, infarct expansion, and heart failure (1). During cardiac
remodeling fibroblasts differentiate into myofibroblasts, a fast
proliferating, �-smooth muscle cell actin (�-SMA)-positive
cell, with pronounced contractile and secretory properties
(2–7). Myofibroblasts are the key cell type that reorganizes
ECM and thereby confers adaptation to injury such as acute
myocardial infarction (MI) (8). During cardiac remodeling,
extensive de novo synthesis and degradation of ECMaswell as a
shift of the gene expression profile of ECM genes occurs (9).
Myofibroblasts are not present in the healthy myocardium.
Upon injury, myofibroblast differentiation is induced by pro-
fibrotic growth factors such as TGF-� and supported by ECM
such as fibronectin ED-A, which become thereby key players in
infarct healing (10). Chronic or repeated injury of cardiac tissue
may lead to persistence of more myofibroblasts contributing to
cardiac fibrosis. Of note, particularly after cardiac injury myo-
fibroblasts persist much longer after healing as compared with
other tissues, which might in part be caused by the mechanical
load through heart contraction and relaxation (11, 12).
In vitroupon treatmentwith pro-fibrotic growth factors such

as TGF-� fibroblasts produce increasing amounts of ECM
components including small leucine-rich repeat proteoglycans
(SLRP) such as biglycan (bgn) (13) and decorin. Bgn and
decorin are key regulators of lateral assembly of collagen fibers.
Deficiency of one or more SLRPs leads to abnormal collagen
fiber diameters and disturbed lateral association of fibers (14,
15). In addition bgn is thought to be involved also in assembly of
elastin fibers (16). In addition to its structural functions bgn is
involved in growth factor signaling by sequestering growth fac-
tors in the ECM (17) and is itself a ligand and/or cofactor to
receptors of innate immunity via binding to toll-like receptors
(18). Furthermore, bgn is a ligand of CD44 (19), a cell surface
receptor that is postulated to functionally interact with TGF-�
in myofibroblast differentiation (20). With respect to cardiac
pathophysiology, it is known that both SLRPs, biglycan, and
decorin, are up-regulated during infarct healing (21, 22). Bgn-
deficient male mice (bgn�/0) experience increased mortality
and impaired hemodynamic function after experimental MI
and a higher incidence of ventricular ruptures. The underlying
mechanism appears to be a distorted and fragile collagen scar in
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the absence of biglycan (22, 23). Asmyofibroblasts are themain
players in establishing of the infarct scar the aim of this study
was to elucidate the role of biglycan for phenotypic control of
cardiac fibroblasts.

EXPERIMENTAL PROCEDURES

Animals and Surgical Procedures—Male bgn�/0 mice with a
targeted deletion of the bgn gene (24) andmale wild-type litter-
mates (WT, C57BL/6) were compared in this study. Animals
were housed under standard conditions (55% humidity, 12 h
day-night rhythm, standard chow, and water ad libitum). All
procedures were carried out in accordance with the AAALAC
guidelines and Guide for the Care and Use of Laboratory Ani-
mals (Department of Health and Human Services, National
Institutes of Health, Publication No. 86-23) and were approved
by the ethical and research board of the University and the
county of Düsseldorf.
Primary Cardiac Fibroblasts—Murine cardiac fibroblasts

were isolated from 6-week-old mice. Mice were euthanized by
CO2 inhalation. Skin was removed and the chest was opened
with sterile instruments. The heart was freed from pericardium
and atria were removed. Ventricles and septum were trans-
ferred into sterile PBS, washed twice in PBS, and cut into small
pieces and transferred into 6-well culture plates. Culture plates
were precoated with 5 �g of collagen type I/well (PureCol�
Collagen, Nutacon). Cardiomyocyte-plating medium con-
tained 60% FCS and 8 ng/ml basic fibroblast growth factor
(bFGF). After 24 h, at 37 °C the plating medium was removed
and DMEM containing 20% FCS and 8 ng/ml bFGF was added.
Subsequently, the medium was changed every other day for a
period of 2 weeks. For the first passage fibroblasts were washed
twice with PBS and treated with trypsin for 10 min at 37 °C and
transferred to a fresh culture dish. Two days later the medium
was changed to DMEM containing 10% FCS, and cells were
used for experiments after reaching confluence. Only the first
three passages were used (13).
The yield of fibroblasts from these explant cultures was

determined by cell counting after trypsin treatment (0.05%
trypsin in 0.02% EDTA for 10 min). For most experiments
fibroblasts were plated at 5000 cells/cm2 and grown in media
containing 2 or 5% FCS. All stimuli were added to DMEM
media containing at least 5% FCS, without previously starving
cells. Instead of serum withdrawal synchronization was
achieved by trypsinization and plating. This was necessary
because bgn�/0 fibroblasts were very sensitive to serum deple-
tion. A few experiments were performed after serum starvation
as indicated. To assay proliferation viable cells were counted in
the presence of trypan blue after trypsin treatment. DNA syn-
thesis was determined by incorporation of [3H]methyl-thymi-
dine into newly synthesized DNA as described (25).
Proliferation on Cell-derived ECM—To determine the effect

of ECM on proliferation primary fibroblasts were used to
deposit the ECM on the culture dish. For this purpose the cells
were fed with DMEM containing 10% FCS and 56 �g/ml ascor-
bic acid, which is known to stimulate collagen production and
deposition (26–28). After 20 days, ECM was macroscopically
visible on the plate. To obtain cell-free ECM, the cell layerswere
washed twice with PBS and lysed with 2.5 �M ammonium

hydroxide (30 min, room temperature) (29–31). After lysis of
the cells, the WT and bgn�/0 ECM were washed three times
with sterile distilled water and stored at 4 °C overnight. Subse-
quently, fibroblasts were plated on these cell-free ECM at a
density of 103 cells per cm2. The cells were allowed to settle and
grow for 48 h. Afterward cell number was determined as
described above.
Lentiviral Overexpression of bgn—The cDNA of murine bgn

was amplified by RT-PCR using the total RNA extracted from
hearts of C57/Bl6J mice. Amplification was achieved using the
primers as follows: XhoI-mBGN-F 5�-CTCGAGATGTGTC-
CCCTGTGGCTACTC-3� and EcoRI-mBGN-R 5�-GAATTC-
CTACTTCTTATAATTTCCAAA-3�. The cDNA was cloned
into the pCL1mcs vector (32, 33) using XhoI and EcoRI restric-
tion sites. The production of lentivirus, harvest of recombinant
lentiviral particles, and transduction of primarymurine cardiac
fibroblasts were performed as previously described (34). In this
lentiviral vector, the CMV promoter drives the overexpression
of biglycan. The pCL1 vector expressing only EGFPwas used as
mock control. Transfected fibroblasts were used 7 days after
transfection.
Purified Biglycan—To reconstitute the bgn content, human

biglycan was purified as described previously (35–37) and
added to collagen type 1 (PureCol Collagen, Nutacon) at 0.5
�g/ml prior to coating of cell culture plates. Subsequently, cell
proliferation was determined by cell counting.
Immunocytochemistry—To analyze cell morphology fibro-

blasts were plated on LabTekTM cell culture microslides
(Nunc). After incubation under standard conditions the cells
were washed and fixed by PBS-buffered paraformaldehyde
(3.7%) for 20 min at room temperature. Afterward, the cells
were incubated with the primary antibody for 1 h at room tem-
perature and washed again five times before the fluorochrome-
conjugated secondary antibody was added (1 h, room temper-
ature). Nuclei were stained by HOECHST Dye (1:10,000;
Invitrogen) for 5 min in the dark, and specimens were embed-
ded with Vectashield (Vector Labs) mounting medium.
Oil-supported Collagen Gel Retraction Assay—This assay

was performed as described by Vernon and Gooden (38) using
1.25 mg/gel of PureCol� Collagen (Nutacon). This assay visu-

TABLE 1
Primer for gene expression analysis

Gene Primer sequence

�-SMA 5�-CAGGCATGGATGGCATCAATCAC-3�,
5�-ACTCTAGCTGTGAAGTCAGTGTCG-3� (33)

TGF-�1 5�-CCGCAACAACGCCATCTATG-3�
5�-CTCTGCACGGGACAGCAAT-3�

TGF-�RII 5�-CAAGTCGGATGTGGAAATGG-3�,
5�-AAATGTTTCAGTGGATGGATGG-3�

CD44 5�-AGGATGACTCCTTCTTTATCCG-3�,
5�-CTTGAGTGTCCAGCTAATTCG-3�

PLOD1 5�-GAGCCTTGGATGAAGTTGTG-3�
5�-TAGTTGCCCAGGTAGTTCAG-3�

PLOD2 5�-AGTGGCAATTAATGGAAATGGG-3�,
5�-CTTGGGAGGGACATCTACTG-3�

mmp13 5�-GATGACCTGTCTGAGGAAGACC-3�
5�-CAAGAGTCGCAGGATGGTAGT-3�

Paxillin 5�-AATTCCAGTGCCTCCAACAC-3�
5�-GGAGGAGCTCATGACGGTAG-3�

Vinculin 5�-CGGGTTGGAAAAGAGACTGT-3�
5�-GGAACCGAGTATGGGTCTGA-3�

SMAD7 5�-GCATTCCTCGGAAGTCAAGA-3�
5�-GAGTAAGGAGGAGGGGGAGA-3�
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alizes the ability of cells to contract collagen matrices that are
free of adhesion. 12-well cell culture plates contained 1.4 ml
sterilemineral oil and a polyethylene (PE) ring on aTeflon�disk
to allow adhesion-free polymerization of collagen gels. The
cell-collagen solution was added to the inner circle of the PE
ring andpolymerized for 2 h at 37 °C and 5%CO2.After 24 h, gel
images were recorded under dark field illumination, and the
size of the gels was determined by ImageJ (NIH).
mRNA Expression—Total RNA was extracted from cell cul-

tures and the apex of hearts using TRIzol reagent (Invitrogen)

according to the manufacturer’s instructions. The synthesis of
cDNA by reverse transcriptase using random hexamer primers
was performed with 1 �g of total RNA using the Quantitect
reverse transcription kit (Qiagen). Relative quantitation of
mRNA expression levels were performed by qPCR with ABI
7300 real time system (Applied Biosystems) using Platinum
SYBR green qPCR SuperMix-UDG kit (Invitrogen). Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) is constitu-
tively expressed and was chosen as endogenous control. PCR
amplification was performed at initially 50 °C for 2 min, fol-

FIGURE 1. Lack of bgn causes increased proliferation of cardiac fibroblasts. A–D, morphology of WT (A and B) and bgn�/0 cardiac fibroblasts (C and D). A and
C, 200� and C and D, 400� magnification. E, DNA synthesis as measured by [H3]thymidine incorporation at 24 h in response to 5% FCS was increased in bgn�/0

fibroblasts; n � 5 (WT), n � 4 (bgn�/0). F, proliferation as determined by cell counting after 48 and 72 h under standard culture conditions (5% FCS) was
increased in bgn�/0 fibroblasts; n � 4 (48 h), n � 6 (72 h). G and H, effects of cell-free ECM derived from WT versus bgn�/0 fibroblasts on proliferation of cardiac
fibroblasts. Fibroblasts were plated on either plastic or WT fibroblast ECM (G) or bgn�/0 fibroblasts-derived ECM (H) and grown for 48 h in 5% FCS; n � 4. I, cell
proliferation as determined by cell counting in WT and bgn�/0 fibroblasts on collagen matrix plus and minus purified human bgn, n � 4. J, lentiviral
overexpression of bgn in bgn�/0 fibroblasts inhibited proliferation to WT level; cell counts after 72 h; n � 4. K, stimulation with either PDGF-BB (10 ng/ml) or 10%
serum (FCS) failed to stimulate DNA synthesis in bgn�/0 fibroblasts after serum withdrawal; n � 12 (starved), n � 4 (PDGF), n � 6 (FCS). Data are presented as
mean � S.E.; * and #, p � 0.05; **, p � 0.01.
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lowed by 95 °C for 2 min and 40 cycles at 95 °C for 30 s and
terminated by 60 °C for 30 s. Primer sequences are provided in
Table 1.
ProteinAnalysis—Western blottingwas performed using cell

lysates of 105 cells under standard conditions (5% serum). Equal
amounts of protein were run by standard 10% SDS-PAGE.
HSP90, �-tubulin, and GAPDH were used as loading controls.
Analysis was followed by incubation with primary antibodies.
The following primary antibodies were from Cell Signaling:
p44/42 MAPK (ERK1/2), phospho-p44/42 MAPK (pERK1/2),
SMAD3 and phospho-SMAD3, SMAD2, and phospho-
SMAD2. �-Tubulin antibody was from Sigma-Aldrich. HSP90,
GAPDH, and SMAD7 primary antibodies were from Santa
Cruz Biosciences. IR-Dye-conjugated secondary antibodies
were used for visualizing and quantifying protein levels with the
Odyssey Near Infrared Imaging System (Licor Biosciences).
TGF-� ELISAwas obtained fromR&D Systems and was per-

formed according to themanufacturer’s instructions to analyze
cell culture supernatants. All samples were normalized to non-
conditioned media.
ExperimentalMyocardial Infarction—At the age of 12weeks,

WT and bgn�/0 mice were anesthetized by i.p. injection of pen-
tobarbital (100mg/kg). A 2-cm long PE-90 catheter attached to
the hub of a needle was inserted into the trachea. To numb the
throat and reduce gag reflex a drop of 1% lidocaine was put
on the tip of the tube. Mice were subjected to permanent LAD-
occlusion followed by recovery for 3 or 7 days as described

before (22). Infarcted left ventricles were used for immunoblot-
ting and total RNAwas isolated from the apex. For immunohis-
tochemistry hearts were immediately placed in cryomolds with
OCT-Medium and frozen in liquid isopentane at 40 °C. All pro-
cedures were carried out as recently described in detail (39).
Immunohistochemistry—Cross sections of infarcted left ven-

tricles were prepared from native frozen tissue. Cryosections
(10�m)were cut at�25 °C using a Leica cryostat. Cryosections
were fixed in absolute ethanol at 4 °C and rehydrated (5min) in
70% ethanol at 4 °C. Subsequently, sections were washed with
PBS and incubated for 1 h at room temperature in blocking
solution (3% BSA in PBS). Incubation with primary antibodies
was performed over night (4 °C). Blocking of endogenous per-
oxidases was performed in 3% H2O2 for 20 min at room tem-
perature prior to incubation with HRP-conjugated secondary
antibody (1 h, room temperature). Detection with DAB solu-
tion was performed for 10 min at room temperature and fol-
lowed by counterstaining of nuclei with Mayer’s Hematoxylin.

RESULTS

Pro-proliferative Phenotype of Primary Cardiac Fibroblasts
from bgn�/0 Mice—WT fibroblasts were well spread and dis-
played few plasma membrane protrusions (Fig. 1, A and B). In
contrast, bgn�/0 fibroblasts were characterized by numerous
protrusions of the cytoplasm creating an irregular cell shape
(Fig. 1, C and D). In explant cultures, the number of cells that
grew out was significantly increased in bgn�/0 (data not shown)

FIGURE 2. Cardiac fibroblasts derived from bgn�/0 mice displayed characteristic features of differentiated myofibroblasts. A and B, immunocytochem-
ical staining of �-SMA in WT (A) and bgn�/0 fibroblasts (B) at 200 � magnification. C and D, immunostaining of F-actin at 200 � magnification. E, collagen gel
contraction by bgn�/0 fibroblasts was increased after 24 h; n � 4. mRNA expression of �-SMA is elevated in bgn�/0 fibroblasts, n � xy. G, �-SMA and HSP90
immunoblotting. Quantitative analysis was achieved by the ratio of �-SMA and HSP90 to control for loading, n � 5. H, mRNA expression of fibronectin ED-A
fragment was significantly induced in bgn�/0 fibroblasts; n � 4. Data are presented as mean � S.E.; *, p � 0.05; **, p � 0.01.
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suggesting a pro-proliferative phenotype and/or a pro-migra-
tory phenotype. Furthermore, first passage fibroblasts had sig-
nificantly increased DNA-synthesis as evidenced by
[3H]methyl-thymidine incorporation (Fig. 1E), which trans-
lated into increased proliferation as shown by growth curves
(Fig. 1F). To investigate if the enhanced proliferation of bgn�/0

fibroblasts was due to the lack of bgn in the pericellular matrix,
bgn�/0 fibroblasts were grown on WT cell-derived ECM and
WT fibroblasts were grown on bgn�/0 ECM. Providing WT
cell-derived ECM as substrate to WT fibroblasts exhibited
enhanced growth similar to bgn�/0 fibroblasts on plastic (Fig.
1G). Importantly, providing bgn�/0 fibroblasts with WT cell-
derived ECM inhibited their growth toWT level on plastic (Fig.
1G). On the other hand using bgn�/0 cell-derived ECM, fibro-
blasts of both genotypes showed increased growth and the dif-
ference between WT and bgn�/0 fibroblasts was no longer
detectable (Fig. 1H). To verify if this difference in proliferation

is caused by the lack of bgn, recombinant human BGN protein
was mixed with type I collagen and provided as ECM substrate
to the primary cardiac fibroblasts. Whereas WT fibroblasts
were not influenced by the substrate, bgn�/0 fibroblasts were
indeed inhibited to WT level (Fig. 1I). To further corroborate
this key finding bgn expression was restored in bgn�/0 fibro-
blasts by lentiviral transduction. Overexpression of bgn re-
duced the proliferation of bgn�/0 fibroblasts to the level of WT
fibroblasts treated with the control vector pCL1 (Fig. 1J).
Another phenotypic facet of bgn�/0 fibroblasts was that bgn�/0

fibroblasts did not re-enter cell cycle after serumwithdrawal as
evidenced by the paucity of response to platelet-derived growth
factor BB (PBGF-BB) and to 10% serum (Fig. 1K). Therefore all
experiments were performed in the presence of serum.
Increased �-SMA Expression and Matrix Contraction by

bgn�/0 Fibroblasts—Immunocytochemistry (ICC) of the cyto-
skeleton revealed that bgn�/0 fibroblasts displayed increased

FIGURE 3. Increased focal adhesions and differential regulation of ECM-related genes in bgn�/0 myofibroblasts. A and B, immunocytochemical analysis
of paxillin revealed increased establishment of focal adhesions (FA) in bgn�/0 fibroblasts. FA are pointed out by white arrows. C–F, immunoblotting and mRNA
expression of paxillin and vinculin 24 h after plating in 5% FCS confirmed the results obtained by immunostaining, n � 3. G–K, mRNA expression of cell surface
ECM receptor CD44, the ECM-modifying enzymes plod1 (H), plod2 (I), MMP3, and MMP13 24 h after plating in 5% FCS; n � 3 (PLOD1, 2); n � 4 (MMP3, 13). Data
are presented as mean � S.E.; *, p � 0.05.
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�-SMA containing stress-fibers indicative for myofibroblasts
(Fig. 2, A–D) (40). Additionally, bgn�/0 fibroblasts contracted
polymeric collagen gels more strongly compared with WT as
revealed by OSCR assay (Fig. 2E). Increased expression of
�-SMAwas verified by qPCRand immunoblotting (Fig. 2, F and
G). Another characteristic feature of activated fibroblasts is the
expression of fibronectin ED-A fragment, which was analyzed
by qPCR. In bgn�/0 fibroblasts fibronectin ED-A fragment was
strongly up-regulated (Fig. 2H). Other morphological hall-
marks of myofibroblasts (40) are focal adhesions. Therefore,
paxillin and vinculin (Fig. 3, A–F) were analyzed. mRNA and
protein expression of both genes were significantly up-regu-
lated in bgn�/0 fibroblasts. CD44 is a surface receptor that is
activated by bgn, hyaluronan, and osteopontin and is thought to
support myofibroblast infiltration and differentiation (19, 20,
41–43) Interestingly, CD44 was significantly up-regulated in
bgn�/0 fibroblast (Fig. 3G) (42). With respect to secondary
changes in the ECM bgn�/0 fibroblasts showed significantly
increased expression of enzymes involved in ECM remodeling
such as the procollagen-lysyl-oxidases (PLOD) that crosslink
collagennetworks andECMdegrading enzymes such asMMPs.
Specifically, PLOD1, PLOD2, and MMP13 were up-regulated
(Fig. 3, H–K) (8).
The Phenotype of bgn�/0 Fibroblasts Is Driven by TGF-�—

Subsequently, the molecular mechanisms were addressed that
were responsible for the myofibroblast phenotype of bgn�/0

fibroblasts. Differentiation of fibroblasts into myofibroblasts
can be induced by transforming growth factor � (TGF-�),
fibronectin fragment ED-A, andmechanical tension (5). There-
fore, first the response to TGF-� was addressed. Bgn�/0 fibro-
blasts showed slightly reduced concentrations of free secreted
TGF-� into cell culture supernatants (Fig. 4A) whereas mRNA
expression of TGF-� was not different between the two geno-
types (Fig. 4B). On the other hand the TGF-� receptor Type II
(TGF-�RII) was significantly up-regulated in bgn�/0 fibroblasts
shown by qPCR and immunoblotting (Fig. 4, C andD). In addi-
tion immunocytochemistry confirmed increased TGF-�RII
expression in bgn�/0 fibroblasts (Fig. 4, E and F). Therefore, the
possibility that increased signaling of endogenous TGF-� is
responsible for the phenotype was analyzed in further detail.
Indeed, administration of a neutralizing antibody to TGF-�

abolished the increased proliferation of bgn�/0 fibroblasts. In
contrast the neutralizing antibody had no effect on the prolif-
eration of WT fibroblast (Fig. 5A). Furthermore, the increased
collagen contraction by bgn�/0 fibroblasts was abolished by the
neutralizing TGF-� antibody as well (Fig. 5B). Likewise the
neutralizing TGF-� antibody strongly reduced the expression
of �-SMA in bgn�/0 fibroblasts as evidenced by ICC (Fig. 5, E
and F). The responsiveness of �-SMA to blocking TGF� was
confirmed by immunoblotting (Fig. 5G) and qPCR (Fig. 5J).
Furthermore neutralization of TGF-� reduced paxillin, TGF-
�RII, and fibronectin ED-A expression (Fig. 5, H, I, K, L).
Enhanced TGF-� Signaling and Apoptosis in bgn�/0

Fibroblasts.—Because all key features of myofibroblast pheno-
type of bgn�/0 fibroblasts were reversed by the neutralizing
TGF-� antibody the signaling response to TGF-� was analyzed
in further detail. Immunoblot analysis revealed increased
SMAD2 phosphorylation (Fig. 6A) as evidenced by increased

ratio of phosphoSMAD2 and total SMAD2. Total SMAD2 was
not changed (not shown). The data on SMAD2 phosphoryla-
tion therefore confirm increased TGF-� signaling in bgn�/0

fibroblasts. In contrast SMAD3 phosphorylation was not con-
sistently affected in bgn�/0 fibroblasts (Fig. 6B). Importantly,
ERK1/2 phosphorylation was enhanced in bgn�/0 fibroblasts
(Fig. 6C) corresponding to the proliferative advantage. Another
target gene that is known to be induced by TGF-� is SMAD7.
SMAD7 counteracts most common TGF-� responses as nega-
tive feedback. SMAD7 was significantly up-regulated in bgn�/0

fibroblasts (Fig. 6D). Of note SMAD7 targets active TGF-�RI
for degradation, which could be part of a negative feedback
mechanism to balance the increased TGF-� response of bgn�/0

fibroblasts. SMAD7 stabilizes �-catenin, which acts as tran-
scription factor for c-Myc and p53 (44–46). In line with these
known function of SMAD7, �-catenin showed significantly
increased protein levels in bgn�/0 fibroblasts (Fig. 6E). Of note,
bgn�/0 fibroblasts showed also increased apoptosis under nor-
mal conditions, as PARP1 cleavage was significantly increased
in bgn�/0 fibroblasts (Fig. 6F).

FIGURE 4. Increased expression of TGF-�RII in bgn�/0 fibroblasts. A, TGF-�
ELISA revealed lower levels of secreted TGF-� in medium conditioned by
bgn�/0 fibroblasts; n � 3. B, mRNA expression of TGF-�1 was not different
between the two genotypes; n � 6. C, mRNA expression of TGF-�RII was
significantly elevated in bgn�/0 fibroblasts. D, immunoblotting of TGF-�RII;
n � 5. E and F, immunocytochemical detection of TGF-�RII in primary cardiac
fibroblasts in the first passage, representative images are shown of n � 3. The
staining revealed increased TGF-�RII expression in bgn�/0 fibroblasts. Analy-
sis was performed 24 h after plating in 5% FCS. Data are presented as mean �
S.E.; *, p � 0.05.
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Increased Myofibroblastic Response in bgn�/0 Mice Post-MI—
To test whether the myofibroblast phenotype develops also in
vivo in bgn-deficient mice, experimental MI was performed.
The mRNA expression of �-SMA was induced in WT hearts
peaking 3 days afterMI, which has been shown before to be the
time of maximal myofibroblast appearance (10, 47) (Fig. 7A).
After 3 days, �-SMA levels began to decline inWTmice, which
is indicative for resolution of the myofibroblastic response. In
bgn�/0 mice mRNA expression of �-SMA was even more
strongly increased than inWThearts both 3 and 7 days post-MI
(Fig. 7A). Next some of the key molecules that were affected by

the bgn deletion in cardiac fibroblasts in vivo were analyzed in
myocardial samples 3 days after MI. TGF-�1 mRNA (Fig. 7B)
was significantly increased in bgn�/0 hearts, where as TGF-�2
and 3 were not different between the two genotypes (data not
shown). Furthermore, the mRNA of TGF-�RII and the myofi-
broblast marker fibronectin ED-A were increased in bgn�/0

hearts after MI compared withWT (Fig. 7, C andD). As shown
before in vitro the mRNA expression of SMAD7, CD44 and
paxillin were increased in bgn�/0 mice post-MI (Fig. 7, E–G).

Subsequently, the protein levels of �-SMA and TGF-�RII
were found to be increased 3 days post-MI as evidenced by

FIGURE 5. Reversion of myofibroblast phenotype by neutralizing endogenous TGF-�. A, cell growth in the presence of either non-immune mouse IgG
(mIgG) as isotype control or neutralizing antibody to TGF-� -1, -2, -3 (anti-TGF-�) after 24 h in 5% FCS. Both antibodies were used at 0.5 �g/ml. Anti-TGF-�
significantly inhibited proliferation of bgn�/0 fibroblasts; n � 3. B, OSCR assay in the presence of mIgG or anti-TGF-�. Anti-TGF� blocked enhanced collagen gel
contraction by bgn�/0 fibroblasts (black bars); n � 3. C–F, immunocytochemical staining of �-�-SMA of WT (C and D) and bgn�/0 fibroblasts (E and F) treated
with either mIgG (C and E) or anti-TGF-� neutralizing antibody (D and F). Anti-TGF-� reduced �-SMA-positive stress fibers in bgn�/0 fibroblasts; 200�
magnification; representative images of n � 3 experiments. G, immunoblotting confirmed the responsiveness of �-SMA to anti-TGF� antibodies; n � 3. H and
I, protein expression as evidenced by immunoblotting of paxillin (H) and TGF-�RII (I) were down-regulated by neutralization of TGF-� in bgn�/0 fibroblasts as
well. HSP90 served as loading control; n � 3. J–L, mRNA expression of �-SMA, paxillin, and the fibronectin fragment ED-A were analyzed by quantitative
real-time PCR. �-SMA and fibronectin ED-A mRNA expression were increased in bgn�/0 fibroblasts and were decreased by neutralizing TGF-�. Paxillin mRNA
showed a similar trend; n � 4. Experiments were performed 24 h after plating in 5% FCS Data are presented as mean � S.E.; *,# p � 0.05.
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Western blotting. Indicative for increased TGF-� signaling the
phosphorylation of SMAD2 was elevated in bgn�/0 mice after
MI and ERK1/2 phosphorylation showed only a trend to
increased phosphorylation. Finally immunohistochemistry of
�-SMA was performed to analyze the distribution of �-SMA
cells. As shown in Fig. 8, E–G pronounced increase of �-SMA-
positive cells were detected in the peri-infarct region 7 days
post-MI. All considered the key differences betweenWT fibro-
blasts and bgn�/0 fibroblasts pointing to amyofibroblastic phe-
notype in the absence of bgn were also observed in vivo
post-MI.

DISCUSSION

Biglycan and decorin are differentially regulated after myo-
cardial infarction. Furthermore genetic deletion of both SLRPs
caused a distinct cardiac phenotype after experimental MI,
characterized by disturbed remodeling and hemodynamic
insufficiency (21, 22). These experiments revealed a more
severe phenotype in bgn�/0 comparedwith decorin�/�mice, as
evidenced by rupture of infarct scars and increasedmortality in
bgn�/0 mice. Mechanistically it was demonstrated that the col-
lagenous network of the infarct scars was distorted explaining
the rupture phenotype. In the present study it was addressed
whether the deletion of bgn affects the phenotype of cardiac
fibroblasts, in vitro, which may contribute to the phenotype
after MI in vivo.
In the first sets of the experiments, a pro-proliferative phe-

notype of bgn�/0 fibroblasts was demonstrated that was clearly
caused by the lack of bgn in the pericellular ECM, becauseWT-
ECM, addition of purified recombinant BGN and overexpres-
sion of bgn rescued this phenotype. This is in linewith results in
various other cell types. Bgn inhibits the proliferation of endo-
thelial cells (48), of osteogenic precursors and pancreatic can-
cer cells (49, 50). It was also demonstrated that soluble bgn
inhibits PDGF-BB-induced proliferation in mesanglial cells
(51). In contrast, overexpression of bgn in smooth muscle cells
supported proliferation (48). Therefore, it appears that the
effect of bgn on proliferation may be cell type-specific. It has
been shown that increased ability of fibroblasts to contract col-
lagen gels is due to differentiation into myofibroblasts (40, 52,
53). Accordingly, in addition to the pro-proliferative pheno-
type, the morphology, and behavior of bgn�/0 fibroblasts
resembled a myofibroblast phenotype as evidenced by in-
creased �-SMA incorporation into stress fibers and increased
collagen gel contraction. In line with these findings increased
formation of focal adhesions occurred in bgn�/0 fibroblasts and
expression of fibronectin ED-A was up-regulated. This is the
first evidence that bgn is a regulator of myofibroblast differen-
tiation. With respect to the other SLRPs it has been suggested
that at least decorinmay have similar effects, as decorin inhibits
TGF-�-induced contraction and basal contraction of smooth
muscle cells, hypertrophic scar fibroblasts and embryonic
fibroblasts (54–56). Furthermore, it was shown that embryonic
fibroblasts from decorin-null mice show stronger contractile
abilities under static tension thanWT fibroblasts, which in part
is reversed by TGF-� treatment (55).
In search of the underlying mechanism, it was found in the

present study that TGF-�RII expression and SMAD2 phosphor-

FIGURE 6. Increased phosphorylation of SMAD2 and ERK in bgn�/0

fibroblasts. Cardiac fibroblasts were grown in 5% serum and Western
blot analysis was performed 24 h after plating. A–C, immunoblotting and
quantitative analysis of phosphorylated and total SMAD2 (A), SMAD3 (B),
and ERK1/2 (C); n � 3. Quantitative data were expressed as the ratio
between phosphorylated and total protein. D and E, SMAD7 and �-catenin
expression were analyzed by Western blot and HSP90 protein was used as
loading control for quantitative analysis; n � 3. F, PARP1 immunoblotting
revealed increased PARP cleavage in bgn�/0 fibroblasts but not in WT.
GAPDH was used as loading control; n � 9. Data are presented as mean �
S.E.; *, p � 0.05.

FIGURE 7. Increased mRNA expression of �-SMA and myofibroblast-asso-
ciated genes after experimental MI in bgn�/0 mice. Total RNA was isolated
from the apex post-MI and analyzed for �-SMA, TGF-�1, TGF-�RII, fibronectin
ED-A, SMAD7, CD44, and paxillin. mRNA expression as determined by quan-
titative real time RT-PCR and compared with results from sham-operated
mice. A, �-SMA mRNA expression 3, 7, and 21 days postexperimental MI; n �
7(3 d), n � 4(7 d), n � 9 (21 d). B–G, mRNA expression of TGF-�1, TGF-�RII,
fibronectin ED-A, SMAD7, CD44, and paxillin 3 days post-MI. Data are
expressed as mean � S.E.; *, p � 0.05; n � 5.
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ylation were increased despite of slightly lower TGF-� concen-
tration in the supernatants. Furthermore, blocking TGF-� by
neutralizing antibodies reversed the phenotypic hallmarks of
bgn�/0 fibroblasts such as the pro-proliferative phenotype,
�-SMA expression, focal adhesions, collagen gel contraction,
and fibronectin ED-A expression. These results strongly sug-
gested that endogenous TGF-� signaling may be enhanced and
that TGF-� signaling was responsible for the myofibroblast
phenotype. TGF-� initially binds to TGF-�RII, which then
recruits and phosphorylates TGF-�RI (57). This receptor com-
plex than recruits cofactors such as SARA and receptor-regu-
lated SMADs, which are phosphorylated by TGF-�RI upon
ligand binding. SMAD signaling can be transduced by het-
erodimer and homodimers of SMAD2 and SMAD3. In addition
active SMAD2 interacts with SMURF2 an E2 ubiquitin ligase,
and this complex leads to degradation of transcription inhibi-
tors such as Ski and SnoN (58, 59). In the present study,
increased SMAD2 phosphorylation was sensitive to blocking
TGF-�1 antibodies. In line with the present results myofibro-
blasts of human epiretinal membranes show increased TGF-
�RII expression (60). Furthermore, bgn and fibromodulin
double-deficientmandibular condylar chondrocytes have over-
active TGF-� signaling leading to chondrogenesis and ECM
turn over (17, 61). Therefore, the present findings are in line
with the literature on SLRPs suggesting that lack of SLRPs may
in certain biological context enhance TGF-� signaling. Specif-
ically, in cardiac fibroblasts the present data suggest that lack of
bgn causes a myofibroblast phenotype by increased TGF-�RII
expression and SMAD2 signaling.

However, the phenotype of bgn�/0 fibroblasts appears to be
more complex, due to the fact that increased SMAD7 and
�-catenin levelswere detected aswell, whichmight be the cause
of yet another facet of this phenotype. SMAD7 is translocated
into the cytosol upon TGF-� signaling and then stabilizes
�-catenin binding to E-cadherin complexes. In turn, these
complexes inhibit phosphorylation of �-catenin and thereby
its degradation (62). Furthermore, SMAD 7 interacts with
�-catenin to modulate TGF-� induced apoptosis, as SMAD7
acts as positive regulator of the TGF-�-activated pathway
involving TAK1-MKK3 and p38 mitogen-activated kinases,
leading to induction of c-Myc and p53 and subsequently apo-
ptosis (46, 62–64). Indeed, increased apoptosis was detected by
PARP1 cleavage, despite of the proliferative phenotype. This
could be part of a negative feed back mechanism to balance the
increased proliferative rate of bgn�/0 fibroblasts. In mesanglial
cells, it was demonstrated that soluble bgn inhibited cyclohex-
amide-induced apoptosis (51). In 2002, Young et al. showed
that bgn-deficient mice have diminished capacity to produce
bone marrow stromal cells (BMSCs), and that these cells are
characterized bymore apoptosis than cells fromnormal control
littermates. Furthermore, bgn and decorin double-deficient
BMSCs undergo apoptosis more often than WT BMSCs (65).
CD44 was up-regulated in bgn�/0 fibroblast in vitro. This is

of interest because in CD44-null mice, fibroblast infiltration,
myofibroblast differentiation, and matrix production in the
infarct zone is markedly reduced, while inflammation is
increased leading to increased ventricular dilation (42). Fur-
thermore, less SMAD2 phosphorylation and decreased prolif-

FIGURE 8. TGF-�RII protein expression and SMAD2 phosphorylation were increased post-MI in bgn�/0 mice. Immunoblotting using left ventricular tissue
extracts 3 days post-MI. A, Western blotting of �-SMA in tissue extracts from infarcted ventricles confirmed increased �-SMA expression in bgn�/0 mice.
B, TGF-�RII protein expression. C, increased ratio of phosphorylated SMAD2 to total SMAD2 in bgn�/0 hearts. D, ratio of phosphorylated ERK to total ERK1/2
revealed only a trend toward increased phosphorylation of ERK1/2; in A–D, n � 5. E and F, immunostaining of �-SMA 7 days after experimental MI. Shown are
representative images of the peri-infarct zone confirming up-regulated �-SMA expression in bgn�/0 mice; n � 4. G, quantification of �-SMA immunohisto-
chemistry as in D and E was performed using ImageJ (NIH). Data are expressed as mean � S.E.; *, p � 0.05.
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eration was detected in CD44-null mice compared with WT
mice (42). These findings implicated CD44 via SMAD2 signal-
ing inmyofibroblast differentiation and function. It is therefore
conceivable that the up-regulation of CD44 in the absence of
biglycan, as described here, supports the increased TGF-� 1
response and the pro-proliferative myofibroblast phenotype of
the bgn�/0 fibroblasts.
The changes in the TGF-� system were paralleled by induc-

tion of PLOD1, PLOD2 and MMP13 in bgn�/0 fibroblasts,
which is in line with the myofibroblastic phenotype and sug-
gests that bgn�/0 fibroblasts showed differences with respect to
matrix remodeling. These results are also in line with the
increased expression of MMP13 in bgn�/0 hearts in vivo after
MI as described earlier (22). During the first 48 h post-MI,
macrophages infiltrate the infarcted area and secrete cytokines
and growth factors, such asTGF-�, leading to the appearance of
myofibroblasts (12). Importantly, the myofibroblast phenotype
of bgn�/0 fibroblasts reported here in vitro was also detected
in vivo. Namely, increased �-SMA and other key changes
observed in vitro occurred also in infarcted hearts of bgn�/0

mice at 3 and 7 days post-MI. Because in WT mice, myofibro-
lasts decline at the time when bgn accumulates in the peri-
infarct area (22), it may be hypothesized that bgn functions as a
molecular switch to terminate the myofibroblastic response.
In summary, it is shown here for the first time that the lack of

bgn causes cardiac fibroblasts to differentiate into pro-prolifer-
ativemyofibroblasts due to increased sensitivity to endogenous
TGF-�/SMAD2 signaling. Myofibroblast contraction of the
scar leads to scar thinning, and increased wall tensionmay con-
tribute to ventricular stiffness and diastolic dysfunction (12).
Therefore, increased myofibroblast differentiation in the
absence of bgn may be involved in the cardiac phenotype of
bgn�/0 mice post-MI which was characterized by hemody-
namic dysfunction and ventricular ruptures. As a working
hypothesis to explain the phenotype of bgn�/0 mice post-MI, it
may be considered that biglycan causes distortion of collagen
fibril assembly in the scar as shown by Westermann et al. (22).
In addition the lack of bgnmay cause increased scar contraction
bymyofibroblasts as suggested here. Together these twomech-
anismsmay cause decreased stability and increased tension and
therefore increased susceptibility of the scar to rupture. The
function of bgn during fibroblast phenotype regulation might
also be important to consider in response to various pharma-
cologic treatments that affect bgn expression and deposition
such, as angiotensin II receptor type 1 antagonists or statins
(66, 67).
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