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Interleukin-1b Selectively Decreases the Synthesis of
Versican by Arterial Smooth Muscle Cells
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Abstract Proteoglycans accumulate in lesions of atherosclerosis but little is known as to which factors regulate the
synthesis of thesemolecules. Interleukin-1b (IL-1b) is a cytokine involved in vascular lesion development but it is not clear
whether it has specific effects on proteoglycan synthesis by arterial smooth muscle cells (ASMC). Monkey ASMC were
treated with IL-1b and proteoglycan synthesis assessed using [35S]-sulfate and [35S]-Trans amino acid labeling. Four
prominent size populations of proteoglycans, as determinedby SDS–PAGEgradient gel electrophoresis, were observed in
the culture medium and identified as versican, biglycan, decorin, and an unknown population that migrated to the gel
interface. IL-1b treatment decreased significantly the synthesis of versican, while increasing the synthesis of decorin, but
having no effect on biglycan synthesis. Northern blot analyses confirmed this selective effect on versican and decorin
mRNA transcripts. Nuclear run-on and RNA inhibition studies showed that decreased mRNA for versican was due to
increased mRNA degradation and not to changes in transcription. In addition, IL-1b increased the synthesis of the
population of proteoglycans that separated at the SDS–PAGE gel interface. Chondroitinase ABC lyase digestion of this
population revealed a complex of proteins composed of versican (350 kDa), an unidentified protein (215 kDa), and a
23 kDa protein identified by sequence analyses as serglycin. These data demonstrate that IL-1b selectively downregulates
versican synthesis by ASMC, while positively regulating the synthesis of other proteoglycans. J. Cell. Biochem. 101:
753–766, 2007. � 2007 Wiley-Liss, Inc.
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Versican is an extracellular matrix proteo-
glycan that accumulates in vascular diseases
such as atherosclerosis and restenosis [Geary
et al., 1996; Halpert et al., 1996; Matsuura et al.,
1996; Lin et al., 1996a; Gutierrez et al., 1997;
Wight et al., 1997; Evanko et al., 1998; O’Brien
et al., 1998; Geary et al., 2002]. The principal
source of vascular versican in these lesions is
the arterial smooth muscle cell (ASMC) [Chang

et al., 1983; Schönherr et al., 1991; Yao et al.,
1994; Schönherr et al., 1997; Lemire et al.,
1999]. Versican influences the phenotype of
ASMCs [Evanko et al., 1999; Lemire et al., 2002;
Merrilees et al., 2002] and endothelial cells
[Cattaruzza et al., 2002] and may regulate key
events associated with lipid retention [Camejo
et al., 1998; Williams and Tabas, 1998; Chait
and Wight, 2000] and plaque thrombosis
[Kolodgie et al., 2002; Mazzucato et al., 2002;
McGee and Wagner, 2003]. The inhibition of
versican synthesis by antisense modulates
tropoelastin synthesis and elastic fiber forma-
tion [Huang et al., 2006], possibly affecting
intima or plaque stability. For these reasons, it
becomes important to understand those factors
that regulate versican synthesis by ASMC.

Studies to date have identified a number
of growth factors such as platelet-derived
growth factor (PDGF) and transforming growth
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factor-b1 (TGFb1) that positively regulate the
synthesis of versican by ASMC [Schönherr
et al., 1991; Schönherr et al., 1997; Evanko
et al., 2001]. However, there has been only one
report of a cytokine negatively regulating
versican synthesis by ASMC and that involved
IL-1b [Ostberg et al., 1995]. We found that IL-1b
decreased mRNA for versican in both fibroblasts
and ASMC [Ostberg et al., 1995] but no infor-
mation was available as to the mechanism(s) by
which IL-1b decreased versican mRNA tran-
script in these cells, nor was it clear whether the
IL-1b effect was specific for versican. Further-
more, it was not known whether these changes
in mRNA were translated into differences in the
accumulation of versican in these cultures.

We have now extended our earlier studies and
demonstrate that IL-1b decreases mRNA stabi-
lity for versican in ASMC and these changes are
reflected in decreased levels of versican synthe-
sized by these cells. This is the first evidence of
negative regulation of versican synthesis con-
trolled at the post-transcriptional level in
ASMCs. Furthermore, we show this negative
regulation of versican synthesis by IL-1b is
accompanied by positive regulation of other
proteoglycans such as decorin. Finally we
identify serglycin, a previously unidentified
proteoglycan in these cultures as part of an
aggregate that is synthesized by ASMC and
positively regulated by IL-1b. These studies
illustrate the complex activity of specific inflam-
matory cytokines on the production of proteo-
glycans by ASMCs.

MATERIALS AND METHODS

Materials

DMEM, trypsin, non-essential amino acids,
sodium pyruvate, penicillin, and streptomycin
were from Irvine Scientific. Calf serum was
fromIntergen.DMEMminusmethionine, cyste-
ine, and glutamate, chondroitin ABC lyase,
[35S]-sulfate, and Trans-label ([35S]-labeled amino
acids) were from ICN. Fibronectin, agarose, and
Trizol were from Invitrogen. Urea was from
Fisher Scientific. Tris-Base, Triton X-100, and
bovine serum albumin were from Boehringer
Mannheim. Electrophoresis reagents including
acrylamide, and Zetaprobe membrane were
from Biorad. Formaldehyde was from J.T.
Baker. Protran nitrocellulose (0.2 mm) and the
Elutrap system were from Schleicher and
Schuell. Vitronectin was from Collaborative

Biomedical Products. DECAprime II DNA
labeling kit was from Ambion. DEAE Sephacel,
phenylmethylsulfonic fluoride, L-glutamine,
and some of the IL-1b were from Sigma. X-ray
film and benzamidine hydrochloride were from
Eastman-Kodak. 6-Aminohexanoic acid was
from ACROS. The Enhanced Chemilumines-
cence kit was from Tropix. a[32P]-dCTP was
from Andotech. Enlightening was from Dupont.

The IL-1b for some experiments was a gift
of Dr. Steven Dower, Immunex, Seattle, WA.
Experiments showed that IL-1b from Immunex
and from Sigma had the same effect on ASMC
proteoglycan synthesis. Antibody to recombi-
nant versican (V1) was prepared as described
[LeBaron et al., 1992; du Cros et al., 1995]. Anti-
biglycan (LF-51) and anti-decorin (LF-30)
[Fisher et al., 1995] antibodies were gifts from
Dr. Larry Fisher, National Institutes of Dental
Research, Craniofacial and Skeletal Diseases
Branch, National Institutes of Health.

Cell Culture

Monkey ASMC were a gift from Elaine
Raines, University of Washington. Cells were
maintained in DMEM 5% calf serum, 100 U/ml
penicillin, 100 mg/ml streptomycin sulfate, 1 mM
sodium pyruvate, and non-essential amino
acids. They were used between passage 8 and
13. For most experiments, 1� 106 cells were
plated on 60-mm tissue culture plastic dishes.
Cells were cultured for 24 h before the addition
of fresh medium containing or lacking IL-1b
(10�10M). To label the glycosaminoglycan
chains of the proteoglycans, [35S]-sulfate
(80 mCi/ml) was added to some cultures 4 or
6 h prior to harvest. For labeling of protein cores
6 h prior to harvest, the medium was changed to
medium lacking methionine and cysteine, and
40 mCi/ml [35S]-Trans-label was added. For
cultures previously treated with IL-1b, 10�10

M IL-1b was added to the labeling medium in
order to replace the previous dose. This treat-
ment had a similar effect to the response of the
[35S]-sulfate-labeled cultures in which IL-1b
was only added once because the medium was
not changed (data not shown). Protease inhi-
bitors (1 mM phenylmethylsulfonic fluoride,
5 mM benzamidine hydrochloride, 100 mM
6-aminohexanoic acid) were added to media at
harvest and samples were stored at�708C until
proteoglycan isolation.

Plates were coated, respectively, with fibro-
nectin (5 mg/ml), Type I collagen (1 mg/ml), and
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vitronectin (10 mg/ml) for 3 h prior to plating.
Cells were then plated on bare tissue culture
plastic and the above different substrates for
24 h. Subsequently, cultures were incubated
with or without IL-1b (10�10 M) for 24 h and
labeled with [35S]-sulfate (80 mCi/ml) for 6 h
prior to harvest. Media samples were harvested
with protease inhibitors and isolated by DEAE-
Sephacel chromatography, precipitated with
ethanol, and electrophoresed on 4%–12% gra-
dient SDS–PAGE with 3.5% stacking gel.

RNA Isolation, Northern Blotting, Hybridization

RNA was isolated using Trizol reagent (Invi-
trogen). Ten micrograms of RNA was electro-
phoresed in 0.8% agarose formaldehyde gels,
transferred to Zetaprobe membrane, and immo-
bilized by UV cross-linking [Järveläinen et al.,
1991; Sambrook et al., 1998]. Blots were probed
with [32P]-labeled DNA probes and washed as
previously described [Schönherr et al., 1997].
The DNA probes were as follows: human
versican, a 2.4 kb fragment from the bGAG
region [Zimmermann and Ruoslahti, 1989],
decorin [Day et al., 1987], human biglycan
[Fisher et al., 1989], 28S rRNA [Iruela-Arispe
et al., 1991].

Nuclear Run-on Transcription Assay

Cells were plated at near confluence for 24 h
and incubated for 6 h in the presence or absence
of 10�10 M IL-1b. Cells were scraped with PBS
and lysed with 0.5% Triton X-100 on ice for
2 min. They were then layered over a 5 ml
sucrose pad (0.33 N Sorbitol, 59 mM HEPES,
1 mM MgCl2�6H2O, 2% BSA, 59.9% Sucrose,
pH 7.5) and spun at 3,900� g for 1 h to pellet the
nuclei. The supernatant was carefully removed
and the nuclei pellets were resuspended in a
glycerol storage buffer (50 mM Tris HCl, pH 8.3,
5 mM MgCl2�6H2O, 0.1 mM Na2EDTA, 40%
glycerol). To radiolabel newly synthesized RNA,
an equal volume of reaction buffer {10 mM Tris,
pH 8.0, 5 mM MgCl2, 300 mM KCl, 0.5 mM each
of ATP, CTP, and GTP, 2 mM DTT, 1 U/ml
RNAsin, and 0.1 mCi [32P]UTP (3,000 Ci/mmol)}
was added to the nuclei and incubated at 308C
for 30 min. RNA was isolated using the Trizol
reagent. The newly synthesized radiolabeled
RNA (3� 106 dpm) was hybridized to slot
blots containing 0.8 mg of linearized human
versican cDNA insert and 28S plasmid on
Zetaprobe membranes (Biorad) in 50% forma-

mide, 5% Denhardt’s reagent, 6� SSPE, 0.5%
SDS, 100 mg/ml denatured salmon sperm DNA
at 428C for 72 h. Filters were washed twice in 2�
SSPE, 0.1% SDS 20 min at 428C and once in
0.3� SSPE, 0.1% SDS 20 min at 558C. Filters
were then processed for autoradiography.

mRNA Stability Assay

Cells were plated at confluent stage for 24 h
and were treated in the presence or absence of
10�10 M IL-1b for 6 h and subsequently for 0,1, 2,
5, and 10 h in the presence of 10 mg/ml
Actinomycin D, an inhibitor of RNA synthesis.
Total RNA was isolated at the various time
points and Northern analysis was performed.
The membrane was probed with human versi-
can cDNA. For normalization, the membrane
was stripped and rehybridized with a probe for
18S rRNA.

Proteoglycan Isolation, PAGE,
and Western Blotting

Proteoglycans in the culture medium were
isolated by DEAE Sephacel chromatography
[Schönherr et al., 1997], precipitated with
ethanol, and electrophoresed on 4%–12% gra-
dient SDS–PAGE gels with 3% stacking gels
[Laemmli, 1970] unless otherwise noted. Some
samples were subjected to chondroitin ABC
lyase digestion [Schönherr et al., 1991, 1997]
prior to electrophoresis. The gels were treated
with Enlightening solution as directed by the
manufacturer and exposed to film. Proteins
were transferred from some gels to nitrocellu-
lose and probed with antibodies as previously
described [Schönherr et al., 1997], except that
the primary antibody was diluted in buffer
containing 2% calf serum. In some cases the
chemiluminescent signal from the Western
analysis was allowed to decay for at least 2 days
and blots were autoradiographed for 2 or more
days to detect [35S]-labeled molecules.

Electroelution from PAGE Gels

Individual proteoglycan bands were cut from
4%–12% PAGE gels with 3% stacking gels and
recovered from the gels by electroelution (18 h,
100 volts) in PAGE gel buffer lacking SDS,
using the Elutrap system. Following ethanol
precipitation, the recovered proteins were ana-
lyzed by PAGE gels followed by autoradiogra-
phy or Western blotting as above.

Interleukin-1b Effects on ASMC Versican 755



Protein Core Isolation and Peptide Sequencing

Monkey ASMC were plated at an initial
density of 6� 106 cells per 150-mm dish using
the same culture conditions as described in the
text. A total of 22 dishes were cultured. At 24 h
post plating, 10�10 M IL-1b was added to each
culture. To obtain a radiolabeled preparation to
be used as a tracer, four dishes were treated with
the same concentration of IL-1b plus 35S-labeled
amino acids (40 mCi/ml). All cultures were main-
tained for an additional 24 h after which the
conditioned media (CM) was collected. Proteo-
glycans were isolated from the CM by ion-
exchange chromatography (DEAE-Sephacel)
and subsequently concentrated by ethanol pre-
cipitation. The preparation was then electro-
phoresed on a 4%–12% gradient gel as previously
described [Schönherr et al., 1991]. The region of
the gel flanking the interface was then excised
from the gel for subsequent electroelution.

To facilitate elution of the interface band, the
gel slice was incubated in 1.5 ml of elution buffer
(25 mM Tris-HCl, 192 mM glycine, 0.1% SDS w/
v, pH 8.3) for 48 h at 48C. The band (as well as
the 1.5 ml of elution buffer) were placed in the
sample trap of an Elutrap electroeluter (Schlei-
cher and Schuell) and electroeluted at 100V/
20mA (constant voltage) for 48 h. Eluted sample
was collected and the elution buffer changed
every 12 h. The eluted band was then precipi-
tated by the addition of 3.5 volumes of 95%
ethanol containing 1.5% KAc w/v and pelleted
by centrifugation (10,000 rpm for 10 min). The
pelleted material was then subjected to chon-
droitinase ABC lyase digestion as previously
described [Schönherr et al., 1997]. The digested
material was electrophoresed on 4%–12%
SDS–PAGE gels with 3% stacking gels as
described [Laemmli, 1970]. Following SDS–
PAGE, the separated proteins were transferred
to PVDF membrane (Bio-Rad) and stained with
coomassie R250 (0.1 w/v R250 in 40% MeOH, 1%
HAc) and destained in 50% MeOH. An auto-
radiograph was then prepared from the PVDF
blot by placing it against film for 48 h. Using the
autoradiograph as a guide, a swatch of the
PVDF membrane containing the 23 kDa band
was cut and submitted for N-terminal sequen-
cing (Midwest Analytical, St. Louis, MO).

RESULTS

Northern blot analysis of mRNA isolated
from ASMC treated with 10�10 M IL-1b for 6 h

following stimulation up to 24 h confirmed
our previous findings that IL-1b significantly
reduced versican mRNA levels (Fig. 1A). IL-1b
had the opposite effect on decorin mRNA in that
IL-1b increased mRNA transcript for decorin at
the 12–18 h time point. The level of biglycan
mRNA was not affected by IL-1b treatment
at any of the time points analyzed. Because our
previous studies had suggested that the nature

Fig. 1. Changes in ASMC proteoglycan mRNA levels in
response to IL-1. A: Time course of the response to Il-1b. Cells
were stimulated with IL-1b (10�10 M) 24 h after plating and
harvested at the indicated times. Top panels: Northern blot of
RNA isolated from cultures was probed for the expression of
versican, biglycan, and decorin RNAs. Bottom panel: RNA in
gel stained with ethidium bromide (EtBr) prior to transfer.
B: Northern blot of RNA isolated 24 h after IL-1b treatment, from
cultures grown on different substrates. Top and bottom panels as
in A. fn, fibxonectin; collagen, type I collagen, vn; vitronectin.
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of the substrate may in part regulate the IL-1b
response by these cells, Northern blot analysis
was performed on ASMC grown on either type I
collagen, fibronectin, or vitronectin in the
presence or absence of IL-1b for 24 h (Fig. 1B).
Results show that none of the substrates
influenced the selective effects of IL-1b on
versican and decorin mRNA.

To determine if changes in versican mRNA
following IL-1b treatment were due to tran-
scriptional or post-transcriptional events,
nuclear run-on experiments were performed.
Hybridization analyses of radiolabeled tran-
scripts in the nuclear extracts revealed no
differences in versican RNA between IL-1b-
treated and control cultures when normalized to
28S RNA (Fig. 2A,B). These results suggest that
the decrease in mRNA for versican by IL-1b in
these cells is not due to a direct effect on
transcription. To determine if versican mRNA
stability was affected by IL-1b, cultures
were treated with actinomycin D at various
time points from 1 to 10 h following IL-1b
addition and Northern blot analyses perform-
ed at these time points. IL-1b treatment
increased the versican mRNA decay rate by
threefold over the controls (Fig. 2C). These
results indicate that IL-1b decreases versican
mRNA levels primarily by post-transcriptional
mechanisms.

To determine if IL-1b negatively regulated
the synthesis and accumulation of versican in
these cultures, ASMC were treated with IL-1b
for up to 24 h, pulse-labeled for 6 h with 35S-
sulfate before harvest, and proteoglycans were
isolated from the medium. SDS–PAGE ana-
lyses of radiolabeled proteoglycans show that
IL-1b reduced the amount of radiolabel in the
versican, previously identified as the proteogly-
can band that remains in the stacking gel
[Schönherr et al., 1991, 1997] (Fig. 3A) at all
time points. IL-1b (10�10 M) was chosen as a
dose since a dose-response experiment with IL-
1b revealed that 10�10 M gave a maximal effect
in decreasing the amount of radioactivity in the
versican band over the time points in the study
(data not shown). In addition, others have
shown that similar concentrations of IL-1b
regulate the synthesis of matrix molecules and
metalloproteinases by ASMC [Amento et al.,
1991; Keen et al., 1994; Ye et al., 1997]. IL-1b
increased the intensity of the unidentified (but
see below) radiolabeled band that separated at
the interface of the stacking and separating gels

but had no effect on the intensity of the band
previously identified as biglycan [Schönherr
et al., 1993]. However, IL-1b did increase the
radiolabel intensity in the band previously
shown to contain decorin [Järveläinen et al.,
1991; Schönherr et al., 1993].

To determine if the nature of the substrate
had an effect on this IL-1b response, ASMC
were cultured on fibronectin, Type I collagen, or
vitronectin and stimulated with IL-1b. None of
the substrates affected the selective effects of
IL-1b on the synthesis of proteoglycans by these
cells (Fig. 3B).

To determine if IL-1b affected the synthesis of
proteoglycan core proteins, cultures were
labeled with [35S]-labeled amino acids following
the same protocol as for cells labeled with [35S]-
sulfate. Following purification of the labeled
proteoglycans by DEAE chromatography, the
same four bands could be identified by 4%–12%
gradient SDS–PAGE (Fig. 4). As shown for the
[35S]-sulfate labeled samples, IL-1b reduced
the intensity of the versican band but increased
the intensities of the band at the gel interface as
well as the band that contains decorin without
affecting the band that contains biglycan
(Fig. 4). The changes detected in the interface
band after IL-1b treatment in the [35S]-amino
acid-labeled samples were not as dramatic as
those observed in the [35S]-sulfate-labeled sam-
ples (compare Fig. 3 and Fig. 4), suggesting that
IL-1b had a greater effect on the glycosamino-
glycan component of this band. Digestion of the
samples with chondroitin ABC lyase eliminated
all four radiolabeled bands and generated a
series of new bands that migrated to different
positions on the gel (Fig. 5A,B). Comparison of
the banding patterns between IL-1b-treated
and control cultures reveals that the same
bands are present but differ in their intensities.
Distinct bands were seen after chondroitin ABC
lyase digestion at 450, 350, 215, 127, 48, 40, and
23 kDa. IL-1b treatment caused decreases in
the 450 and 350 kDa bands by 6 h following
treatment and this decrease lasted through 24 h
of treatment (Fig. 5A). No change in intensity
was seen in the 215 kDa band but IL-1b
decreased the intensity of a band found at
127 kDa while increasing intensities of the 48
and 40 kDa bands. A faint band appeared at
approximately 23 kDa (Fig. 5A) which also was
increased by IL-1b by 12 h (Fig. 5B). While
differences in the intensities of these bands
could be seen as early as 6 h following IL-1b
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treatment, maximum differences were evident
at 24 h (Fig. 5A,B).

Proteoglycans isolated from the media of
control cultures and cultures treated with IL-
1b were subjected to chondroitin ABC lyase
digestion and probed with an antibody to
human versican. This antibody was raised

against total recombinant versican V1 isoform
expressed by CHO cells [LeBaron et al., 1992; du
Cros et al., 1995] and thus is expected to react
with all the versican splice variants. Versican
antibody reacted only with protein cores at 450
and 350 kDa (Fig. 6, lanes 2, 3) and not with
the radioactive bands at 215, 127, 48, 40, and

Fig. 2. Nuclear run-on transcription. A: Nuclear run-on
transcriptional analysis of untreated cells and cells exposed to
10�10 M IL-1b for 6 h was performed as described under
Materials andMethods. The labeled transcripts of control and IL-
1b-treated cells were hybridized to human versican cDNA and
28S plasmid that had been previously slot blotted and bound to
the filter. B: Relative levels of the transcripts for versican were
normalized per 28S and expressed in the bar graph. Solid bar
represents control cells and open bar represents IL-1b-treated
cells. C: Effect of IL-1b on versican mRNA decay rate. Confluent

cells were treated in the presence or absence of IL-1b (10�10 M)
for 6 h and subsequently up to 10 h in the presence of 10 mg/ml
Actinomycin D. Total RNA was isolated at 0, 1, 2, 5, 10 h and
Northern analysis was performed. Closed circles represent
control cells and open circles represent IL-1b-treated cells. The
decay of versican mRNA was found to have a half-life of 6 h in
control and 2 h in IL-1b-treated cells. All scanning data from
Northern blots were subjected to linear analysis of semilog plots
of the percentage of mRNA remaining versus time [Song et al.,
2000].
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23 kDa, which can be detected by autoradio-
graphy after the decay of the chemiluminescent
signal (lanes 5, 6). The bands of immunoreac-
tivity below 350 kDa may represent degrada-
tion products, which appear as faint bands after
SDS–PAGE of [35S]-amino acid-labeled core
proteins (Fig. 5A). By comparing the size of
these bands with the versican splice variants
expressed by glioma cells [Dours-Zimmermann
and Zimmerman, 1994], it is likely that the

450 kDa band corresponds to the V0 isoform and
the 350 kDa band corresponds to the V1 isoform,
which are both expressed by ASMC [Yao et al.,
1994; Lemire et al., 1999]. IL-1b decreased the
intensity of the 450 and 350 kDa immunoreac-
tive bands showing IL-1b selective effect on
versican core protein synthesis.

Western analysis of chondroitin ABC lyase-
digested proteoglycans from the media of con-
trol cultures, and of cultures treated with IL-1b
for 24 h, was used to identify the core proteins of
decorin and biglycan, which are dermatan
sulfate proteoglycans (Fig. 6B). Biglycan immu-
noreactive core proteins, at approximately 50
and 43 kDa, were detected in both IL-1b and
control samples, but the intensity of the signal
did not change in response to IL-1b (Fig. 6B,
lane 3, IL-1; lane 2, control). On the other
hand, decorin immunoreactivity increased in
response to IL-1b and migrated at approxi-
mately 48 and 40 kDa (Fig. 6B, lane 6, IL-1; lane
5, control). After the short-lived chemilumines-
cent Western signal had decayed, the blots were
subjected to autoradiography to detect the [35S]-
labeled core proteins, which are present in
greater amount in the IL-1b-treated sample
(Fig. 6B, lane 9, IL-1; lane 8, control). Biglycan
immunoreactivity corresponded predominately
with the top of the 48 kDa [35S]-labeled core
protein (compare to Fig. 6B, lanes 2, 3). Decorin
immunoreactivity corresponded with both the

Fig. 3. Time course of the incorporation of [35S]-sulfate into
proteoglycans in response to IL-1b.A: Cells were stimulatedwith
IL-1b (10�10 M) 24 h after plating. [35S]-sulfate was added to the
culture medium 6 h before harvest at the indicated times.
Proteoglycans were isolated form the culture medium and equal
volumes were separated on SDS–PAGE gels and autoradio-
graphed. The number of hours after IL-1b addition is indicated.
The position of the 200 kDamarker is indicated.B: Cells growing
on different substrates, as specified, were treated with IL-1 and
labeledas describedabove.Mediumwas collected24hafter IL-1
treatment andequal volumesof radiolabeledproteoglycanswere
separated by SDS–PAGE. Arrow points to radiolabeled proteo-
glycans that separate at the stacking/resolving gel interface.

Fig. 4. Time course of incorporation of [35S]-amino acids into
proteoglycans in response to IL-1b. Cellswere stimulatedwith IL-
1b (10�10 M) 24 h after plating. Cultures were labeledwith [35S]-
amino acids 6 h before harvest at the indicated times.
Proteoglycans were isolated from the culture medium. Amounts
proportional to the cell number were separated on SDS–PAGE
gels and autoradiographed. Arrow points to radiolabeled proteo-
glycans that separate at the stacking/resolving gel interface.
[Color figure canbeviewed in theonline issue,which is available
at www.interscience.wiley.com.]
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48 and 40 kDa core proteins (compare to Fig. 6B,
lanes 5, 6).

To identify the specific protein core(s) in
the smallest proteoglycan that increases in
response to IL-1b, the bands from control and
IL-1-treated samples were excised from a gel
similar to Figure 4. The electroeluted bands
were digested with chondroitin ABC lyase and
probed with antibodies to decorin and biglycan
(Fig. 6C). The small band from IL-1 and control
treated cultures contained both decorin

(Fig. 6C, lanes 5, 6) and biglycan cores (lanes
2, 3). The similarity between the Western signal
for decorin (Fig. 6C, lanes 5, 6) and the
autoradiographic pattern (Fig. 6C, lanes 8, 9)
suggests, however, that the lower molecular
weight band contains predominately decorin.
These results support the interpretation that
decorin but not biglycan was influenced by
IL-1b treatment.

To identify the presence of specific proteogly-
can cores in the radiolabeled proteoglycan
bands, [35S]-amino acid-labeled bands were cut
from the gel, digested with chondroitin ABC
lyase, electroeluted from the gel, and rerun on
SDS–PAGE (Fig. 7). Recovery from the gels is
not quantitative so comparisons of abundance
among cores recovered from a single proteogly-
can band, as well as between IL-1b-treated and
control cultures, is not possible. Digestion of the
radiolabeled band in the stacking gel from
control and IL-1b-treated cultures gave protein
bands at 450, 350, and 305 kDa (Fig. 7, lane 1).
The 305 kDa band is likely to be a degradation
product, as it is not routinely seen. The 450 and
350 kDa bands correspond to the versican cores,
as identified by Western analysis in Fig. 6A.

Digestion of the radiolabeled band that
separates at the interface between the stacking
and resolving gel with chondroitin ABC lyase
resulted in protein bands at 350, 215, and
23 kDa (Fig. 7, lane 2). These results show that
versican is also present in the second radiola-
beled band because the 350 kDa protein is
recognized by the versican antibody (Fig. 6A).
Two additional components (215 and 23 kDa)
are radiolabeled in this band as well. No
versican immunoreactivity was seen at the
positions of the 215 and 23 kDa cores (see
Fig. 6A), indicating that they are not derived
from versican. Thus, of the seven protein cores
identified following chondroitin ABC lyase
treatment of ASMC-derived proteoglycans, only
four corresponded to known proteoglycans
synthesized by these cells. Furthermore, these
three components of the interface band are only
resolved from each other after chondroitin ABC
lyase digestion of the sample, and not by boiling
in gel loading buffer containing mercaptoetha-
nol prior to cutting the interface band from the
gel. These results suggest that the macromole-
cules that separate at the interface on the SDS–
PAGE gel may be part of a complex formed by
covalent linkage involving chondroitin sulfate
chains or merely represent more than one

Fig. 5. Time course of incorporation of [35S]-amino acids into
proteoglycan core proteins in response to IL-1b. A: Cells were
stimulated with IL-1b (10�10 M) 24 h after plating. Cultures were
labeledwith [35S]-amino acids 6 h before harvest at the indicated
times. Proteoglycans were isolated from the culture medium and
were subjected to chondroitin ABC lyase digestion prior to
loading on gels. Amounts proportional to the cell number were
separated on SDS–PAGE gels and autoradiographed. The
asterisk indicates the top of the separating gel. The positions of
the size markers are indicated, at right. Arrowheads, at left, are
labeled with the calculated size of the core protein bands.
B: Portion of an SDS–PAGE gel containing the 23 kDa protein at
various times after IL-1b treatment. [Colorfigure canbeviewed in
the online issue, which is available at www.interscience.wiley.
com.]
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chondroitin sulfate proteoglycan with separate
and distinct core proteins. Furthermore, it is of
interest that chondroitin ABC lyase digestion of
the biglycan band (Fig. 7, lane 3) generated a
band at 127 kDa and at �48 kDa, while
chondroitin ABC lyase digestion of the smal-
ler band, containing predominantly decorin
(Fig. 6C) generated only bands at �45 kDa and
several lower molecular weight bands. The
identity of the 127 kDa band is not known at
this time.

Since the 23 kDa protein showed positive
regulation by IL-1b, we sought to identify the
source of this protein. Amino terminal sequen-
cing of the 23 kDa band resulted in the
elucidation of a stretch of 15 contiguous amino
acids. A BLAST search [Altschul et al., 1997] of
the NCBI non-redundant data base showed an
exact match of this Macaca nemstrina sequence
with amino acids 28–42 of the predicted
sequence of proteoglycan 1, secretory granule
isoform 1, from Macaca mulatta, the rhesus
monkey (Fig. 8). This proteoglycan is also
known as serglycin and is encoded by the

PRG1 gene. Homo sapiens and the Yerkes
chimp, Pan troglodytes had a three amino acid
insertion in comparison to the serglycin
sequence found in both Macaca species; a
different three amino acid insertion is found in
rat and mouse. Thus, the 23 kDa band liberated
by chondroitinase ABC lyase digestion of band
at the interface is the monkey homologue of
human serglycin.

DISCUSSION

Versican has been shown to be positively
regulated by PDGF and TGF-b1 in ASMC [Chen
et al., 1991; Schönherr et al., 1991, 1997;
Evanko et al., 2001] and these molecules are
likely to be at least partly responsible for the
increase of versican seen in developing vascular
lesions [Geary et al., 1996, 2002; Halpert et al.,
1996; Matsuura et al., 1996; Lin et al., 1996b;

Fig. 6. Identificationof theproteoglycancores responding to IL-
1b stimulation by Western blot analysis. A: Versican core
proteins decrease in response to IL-1b. Proteoglycans were
isolated from the medium of cells cultured for 24 h in absence
(lane 2) or presence (lane 3) of IL-1b, subjected to chondroitin
ABC lyase digestion, and electrophoresed on 4%–12% SDS–
PAGE gels and transferred to nitrocellulose. Left panel: the blot
was probed with an antibody to human versican. Lane 1 is a
control sample of the chondroitin ABC lyase reaction mixture,
lacking any proteoglycan sample. Right panel: autoradiography
to detect [35S]-label, after decayof chemiluminescent signal from
theWestern analysis. The positions of the radiolabeled cores are
indicatedwith arrows. Thepositionof themolecular sizemarkers
is indicated at left. B: Identification of the 48 and 40 kDa cores:
the decorin core increases in response to IL-1b. Proteoglycans
were isolated from the medium of cells cultured for 24 h in
absence (lanes 2, 5, 8) or presence (lanes 3, 6, 9) of IL-1b,
subjected to chondroitin ABC lyase digestion, and electrophor-
esedon10%PAGEgels and transferred tonitrocellulose. Lanes1,
4, 7; a control sample of the chondroitin ABC lyase reaction
mixture, lacking any proteoglycan sample. Lanes 1–3, Western
blot probed with antibody to biglycan; lanes 4–6, identical blot
probed with antibody to decorin; lanes 7–9, same blot as lanes
4–6, autoradiographed to detect [35S]-label, after decay of
chemiluminescent signal from Western. C: Identification of the
48 and 40 kDa core proteins derived from the smallest
proteoglycan band. Proteoglycans bands were cut from a gel,
electroeluted, subjected to chondroitin ABC lyase digestion, re-
applied to 8% SDS–PAGE gels, and subjected to Western
analysis. Lanes 1, 4, 7; a control sample of the chondroitin ABC
lyase reaction mixture, lacking any proteoglycan sample. Lanes
2, 5, 8, core proteins derived from the smallest proteoglycan
band, from the medium of an untreated culture. Lanes 3, 6, 9,
core proteins derived from the smallest proteoglycan band, from
the medium of a culture treated with IL-1b for 24 h. Lanes 1–3,
Western blot probed with antibody to biglycan; lanes 4–6,
Western blot probed with antibody to decorin; lanes 7–9, same
blot as lanes 4–6, autoradiographed to detect [35S] label, after
decay of chemiluminescent signal from Western blot.
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Gutierrez et al., 1997; Wight et al., 1997;
Evanko et al., 1998; O’Brien et al., 1998].
Although versican is widely distributed in loose
connective tissue [Bode-Lesniewska et al., 1996;
Westergren-Thorsson et al., 1998], restenotic
lesions [Matsuura et al., 1996; Wight et al.,
1997; Chung et al., 2002], condensing mesench-
yme prior to chondrogenesis [Kimata et al.,
1986], and the cycling hair follicle [du Cros et al.,
1995], high-level expression of this proteogly-
can is transient. Little is known about the
removal of versican in vivo and whether it is
regulated by increased degradation or decreas-
ed synthesis. Thus far, the only molecule known
to decrease versican RNA abundance in ASMC
is IL-1b [Ostberg et al., 1995]. While IL-1b
appears to be a negative regulator of versican
synthesis in ASMC, opposite effects are seen
with cultured human embryonic lung fibro-
blasts [Tufvesson and Westergren-Thorsson,
2000]. Such results suggest that IL-1b effects
on proteoglycan synthesis may be cell-type
specific. In addition, antisense IL-1b expression
reduces endogenous IL-1b levels in vascular
smooth muscle cells but has no effect on
versican mRNA levels when these cells are
maintained in the presence of endothelial
growth supplement [Hsu et al., 1999]. On the
other hand, another member of the versican
family, aggrecan, is decreased in response to IL-
1b in cultured cartilage and in rabbit articular
chondrocytes in monolayer culture [Tyler, 1985;
Benton and Tyler, 1988; Demoor-Fossard et al.,
1998].

While the present data indicate that IL-1b
has definite effects on the synthesis of versican
by ASMCs, IL-1b is known to induce the
production of proteolytic enzymes capable of
degrading proteoglycans and thus may addi-
tionally regulate versican content by influen-
cing versican turnover. For example, IL-1b
induces the degradation of aggrecan via the

Fig. 7. Correlation of proteoglycans with their respective
protein cores. Individual [35S]-amino acid-labeled proteoglycan
bands derived from the medium of cells cultured in the presence
of IL-1bwere cut from gels, digestedwith chondroitin ABC lyase,
and their core proteins electrophoresed and autoradiographed.
Lane numbers correspond to the position of the undigested
proteoglycan bands on a PAGE gel, from top to bottom. Bands 1
(versican) and 2 (unknown) were subjected to chondroitin ABC
lyase digestion before isolation from the gel slices and recovered
from the reaction solution. Bands 3 (biglycan) and 4 (predomi-
nately decorin) were isolated from the gel slices by electroelu-
tion, ethanol precipitated, and subjected to chondroitin ABC
lyase digestion. Arrowheads, at left, are labeled with the calcu-
lated size of the core protein bands.

Species Accession # Serglycin sequence

Macaca nemstrina (this work) 1    YP          ARYQWVRCNPDSN  15 
Macaca mulatta XP_001110742 28  YP          ARYQWVRCNPDSN  42 
Pan troglodytes XP_001168827 27  YP{TQR}ARYQWVRCNPDSN  44 
Homo sapiens NP_002718 28  YP{TQR}ARYQWVRCNPDSN  45 
Rattus novegicus  NP_064459 27  YP{ARR}ARYQWVRCKPD       42 
Mus musculus   NP_035287 26  YP{ARR}ARYQWVRCKP          40 

Fig. 8. Amino-terminal sequencing of the 23 kDa band revealed 100%homology to human serglycin from
theRhesusmonkey.Macaca serglycin lacks three amino acids (TQR) in comparison to thehumanandYerkes
chimp sequence.
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induction of matrix metalloproteinase and
‘‘aggrecanase,’’ a molecule that is a member of
the ‘‘ADAMTS’’ family [Hughes et al., 1995; Xu
et al., 1996; Hsu et al., 1999; Tortorella et al.,
1999]. Furthermore, ASMC-derived versican is
a substrate for ADAMTS-1 and ADAMTS-4
[Sandy et al., 2001]. It is not known whether
the metalloproteinases that are induced in
ASMC in response to IL-1b [Galis et al., 1994;
Fabunmi et al., 1996] degrade versican, or
whether the ADAMTS members are regulated
by IL-1b in ASMC.

Our finding that IL-1b positively regulates
the synthesis and accumulation of decorin
agrees with earlier studies that demonstrated
that IL-1b derived from macrophages increased
decorin synthesis by ASMCs [Edwards et al.,
1990, 1994]. The fact that IL-1b positively
regulates decorin levels via the transcription
factor AP-1/c-jun in fibroblasts [Mauviel et al.,
1996; Lin et al., 1997] suggests that the
synthesis of this proteoglycan is controlled
through transcriptional regulation by IL-1b.
The lack of AP1 binding sites in the versican
promoter [Naso et al., 1994] indicates that the
synthesis of these two proteoglycans must be
controlled differently.

The finding that serglycin was produced by
these cells and remained as part of an aggregate
between the stacking and resolving gel under
reducing conditions was a surprise. Serglycin
was once thought to be restricted to the
haemopoietic lineage [Kolset and Gallagher,
1990; Schick and Senkowski-Richardson, 1992;
Schick and Jacoby, 1995] but a number of
studies have shown that serglycin is expressed
outside the haemopoietic system including
vascular endothelial and smooth muscle cells
[Kulseth et al., 1999; Schick et al., 2001]. Our
finding that IL-1b increased the amount of
serglycin produced by ASMCs is the first
demonstration that this cytokine positively
regulates serglycin, although TNF alpha and
IL-1b also stimulate serglycin production in
endothelial cells [Kulseth et al., 1999]. In
addition to serglycin being present in the
radiolabeled band present at the gel interface,
chondroitinase digestion of this band also
released two proteins at 350 and 215 kDa.
Western blot analyses identified the 350 kDa
band as versican but the versican antibody did
not react with the 215 kDa band. Interestingly,
macrophages secrete serglycin covalently
linked to MMP 9 and this complex was seen to

separate at the interface of a 4.5%–7.5%
gradient SDS–PAGE gel [Winberg et al., 2000]
similar to what we have seen in our study.
Whether this same complex exists for ASMCs
awaits further study but this would seem
unlikely since reducing conditions were used
in the isolation of this aggregate in our study.
Identification of the nature of the interaction of
sergylcin with these and other components also
awaits further study.

In summary, IL-1b specifically downregu-
lates versican synthesis by cultured non-human
primate ASMC by post-transcriptional events
but positively regulates the synthesis of other
proteoglycans synthesized by these cells, such
as decorin and serglycin. These changes may be
part of a specific response by ASMCs in response
to this proinflammatory cytokine. Since versi-
can accumulation is a hallmark of early vascu-
lar lesions, IL-1b may be useful as a treatment
in negatively regulating versican synthesis by
ASMC involved in vascular lesion development.
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