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phosphorylation of the linker region of Smad2
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Abstract Transforming growth factor (TGF)-ff treatment
of human vascular smooth-muscle cells increases the
expression of biglycan and causes marked elongation of its
glycosaminoglycan (GAG) chains. We investigated the
role of MAP kinases and Smad transcription factors in this
response. TGF-f-stimulated phosphorylation of p38, ERK,
and JNK as well as Smad2 at both its carboxy terminal
(phospho-Smad2C) and in the linker region (phospho-
Smad2L). Pharmacological inhibition of ERK and p38
blocked TGF-f-mediated GAG elongation and expression
of biglycan whereas inhibition of JNK had no effect.
Inhibition of ERK and p38 but not JNK attenuated the
effect of TGF-p to increase phospho-Smad2L. High levels
of phospho-Smad2L. were detected in a nuclear fraction of
TGF-p treated cells. Thus, MAP kinase signaling through
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Introduction

Proteoglycans are ubiquitous extracellular matrix mole-
cules that play a major role in vascular biology and
pathology [1, 2]. Proteoglycans are composed of a core
protein and covalently attached glycosaminoglycan (GAG)
chains and they have a range rather than a discrete
molecular weight due to the range of sizes of the GAG
chains [2]. The major proteoglycans produced by vascular
smooth-muscle cells (VSMC) are the chondroitin sulfate/
dermatan sulfate (CS/DS) proteoglycans versican,
biglycan, and decorin, and the heparan sulfate (HS) pro-
teoglycan, perlecan [3]. Vasoactive factors stimulate the
expression of proteoglycan core proteins and independently
modify the biochemistry of the GAG chains using cell-
surface tyrosine and serine/threonine kinase [4, 5] and G
protein-coupled receptors [6, 7]. These intracellular sig-
naling pathways control the transcription and translation of
unidentified factors which regulate proteoglycan and spe-
cifically GAG synthesis and structure [8].

Alterations in the synthesis and structure of proteoglycans
lead to enhanced binding to apolipoproteins on lipids in vitro
[9-11] and enhanced trapping of atherogenic low-density
lipoproteins (LDL) in the vessel wall. The early trapping of
LDL in the vessel wall by modified biglycan is the initiating
factor in animal models [12, 13] and in human coronary artery
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atherosclerosis [14, 15]. Preventing the changes in proteo-
glycan synthesis and structure has been proposed as a
therapeutic target for the prevention of atherosclerosis [11, 16].

One of the major growth factors associated with vas-
cular disease is transforming growth factor (TGF)-f [17],
which acts via ubiquitous serine/threonine kinase receptors
[18, 19]. TGF-p stimulates proteoglycan synthesis, spe-
cifically the expression of biglycan and an elongation of its
DS GAG chains and this results in an increased binding of
the proteoglycan to LDL [4, 5, 10]. TGF-f signals changes
in biglycan synthesis through the canonical TGF-p receptor
I (TPRI/Alk 5)-mediated phosphorylation of Smad tran-
scription factors, specifically Smad2 [5, 18]. TGF-§
signaling is also known to involve (positively and nega-
tively) interactions with the mitogen-activated protein
(MAP) kinase pathways [18, 20, 21]. TGF-f-stimulated
expression of biglycan in pancreatic carcinoma cells
involves p38 MAP kinase signaling downstream of Smad
activation [22, 23], however, the relationship between
THRI/Alk 5, Smad phosphorylation and MAP kinase(s)
activation in VSMCs remains to be determined.

As well as stimulating phosphorylation of Smad tran-
scription factors on Ser residues in their carboxy terminal,
TGF-f can also stimulate the phosphorylation of ERK 1/2
[20]. Furthermore, activated ERK 1/2 can phosphorylate
Smad transcription factors on Thr [20] and possibly Ser
residues in the linker region of the transcription factor, a
response which can hinder the translocation of the Smad to
the nucleus [20]. We have made preliminary observations
that inhibitors of the MAP kinase, p38, can inhibit TGF-f-
stimulated proteoglycan synthesis in VSMCs but the role of
TGF-§ in the phosphorylation of p38 and the extended role
of p38, ERK, and JNK MAP kinases has not been reported.

In this study, we investigate the ability of TGF-§ to
stimulate the phosphorylation of MAP kinases and deter-
mine the activity of a range of inhibitors to block the action
of TGF-f on proteoglycan synthesis as well as further
explore the downstream interactions between MAP kinases
and Smad transcription factors. We report that all three
prototypical MAP kinases are phosphorylated by treatment
of VSMCs with TGF-f and that ERK and p38 MAP kinase
but not JNK are involved in proteoglycan synthesis. We
also report that there are interactions between the canonical
Smad pathway and the MAP kinase pathway in mediating
the effects on proteoglycan synthesis in VSMCs.

Materials and methods

Materials

Whatman 3MM chromatography paper, dimethylsulfoxide
(DMSO), DEAE Sephacel, SB431542, and SP600125 were

obtained from Sigma-Aldrich (St. Louis, MO). FR180204,
PD98059, and SB202190 were from Calbiochem (La Jolla,
CA, USA). UO126 was from Promega (Madison, WI,
USA) Human recombinant TGF-f1 was obtained from
R&D systems (Minneapolis, USA). Foetal bovine serum
(FBS) was obtained from CSL (Parkville, Australia).
Scintillation fluid Instagel was from Packard (Groningen,
The Netherlands). Carrier-free [355]—804 was from ICN
Biomedicals (Irvine, CA, USA). [358]-methionine/cysteine
was obtained from MP Biomedicals (California, USA).
Cetylpyridinium chloride (CPC) was from Uni-lab Chem-
icals and Pharmaceuticals, India. Cell culture materials
were from GIBCO BRL (Grand Island, USA). Anti-phos-
pho-p44/p42 (ERK1/2) antibody, anti-p44/p42 (ERK1/2)
antibody, anti-phospho-p38 antibody, anti-phospho-Smad?2
Ser245/255/250 antibody, anti-phospho-Smad2 Ser465/467
antibody and anti-GAPDH antibody were from Cell Sig-
nalling Technology (USA). Anti-phospho-JNK 1/2/3
antibody was from Santa Cruz Biotechnology, Inc. (Cali-
fornia, USA). Anti-smooth muscle «-actin antibody was
from Dako Corporation (California, USA). Peroxidase-
labeled anti-rabbit IgG was from GE Healthcare,
Buckinghamshire, UK.

Cell culture

Human VSMCs were isolated using the explant technique
from discarded segments of the saphenous veins from a
variety of patient donors undergoing surgery at the Alfred
Hospital (Melbourne, Australia) [24]. The acquisition of
the vessels was approved by the Alfred Hospital Ethics
Committee. Cells were seeded into 24-well plates at 50,000
cells/well in low-glucose (5 mM) DMEM with 10% FBS
and antibiotics and maintained until confluent. Cells were
serum deprived by culturing in low glucose (5 mM)
DMEM with 0.1% FBS for 48 h prior to experimentation.
Experiments were conducted on cells passage 5-22.
Human VSMC were treated with various drugs under basal
conditions and in the presence of TGF-f for 24 h with
[*°S]-SO4 (50 pCi/ml) or *>S-methionine/cysteine (50 pCi/
ml). Parallel plates without radiolabel were established to
assess cell numbers, which were then used to normalize the
data. The drugs used at the concentrations shown did not
affect cell numbers in these experiments.

Measurement of [3 3 S]-SO,4 incorporation
into proteoglycans

Proteoglycans were extracted from the medium as previ-
ously described [25]. Incorporation of [355]-504 into
proteoglycans was measured by CPC precipitation as pre-
viously described [26]. Briefly, aliquots (50 ul) of the
medium were spotted on filter paper and washed five times
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for 40 min in 1% CPC with 0.05 M NaCl. The amount of
precipitate on the dried filter paper was determined by
liquid scintillation counting. The CPC precipitation method
elutes highly sulfated macromolecules, of which proteo-
glycans make up the large majority of these, and we have
shown that biglycan is the dominant form.

Ton-exchange chromatography

Extracted proteoglycans were purified on DEAE-Trisacryl
minicolumns, which were washed extensively with 8§ M
urea, 2 mM disodium EDTA, 0.5% Triton X-100, 0.25 M
NaCl, 50 mM Tris/HCI, pH 7.5 to remove glycoproteins
and free [*>S]-SO, and the proteoglycans were eluted with
the same buffer containing a higher salt concentration (3 M
NaCl). The isolated material was further concentrated by
ethanol/potassium acetate precipitation.

Gel electrophoresis

SDS-PAGE was performed according to the procedure of
Laemmli [27] on 4-13% acrylamide gradient gels with a
3% stacking gel. The labeled proteoglycans were visu-
alized by exposing dried gels to a phosphoimaging
screen (Fuji Photo Film Co., Japan) for approximately
3 days, and then scanned on a Bio-imaging analyzer
BAS-1000 MacBas (Fuji Photo Film Co., Japan). Sam-
ples are run in parallel with a '*C radioactive protein
ladder, which reveals a band at 220 kDa, corresponding
to biglycan.

Western blotting

Total cell lysates (50 pg of protein) were resolved on 10%
SDS-PAGE and transferred onto a PVDF membrane.
Membranes were blocked with 5% skim milk and incu-
bated with primary antibody followed by horseradish
peroxidase-anti IgG then ECL detection. Each experiment
was conducted at least three times.

Analysis of TGF-f-mediated gene expression: real-
time, reverse transcription polymerase chain reaction
(real-time RT-PCR)

Quiescent cells were treated with TGF-f (2 ng/ml) for
0-24 h. Total RNA was extracted using Qiagen RNeasy
mini kit. cDNA was synthesized from DNase-treated RNA
(1.8 pg/pl), using 10 ng/pl random hexamers (Takawa Bio
Inc., Japan). For the analysis of TGF-f-mediated gene
expression of biglycan, TagMan Fast Universal PCR
Master Mix (Applied Biosystems, California USA) was
used with primers and a FAM-labeled probe, with the
following sequences:

Forward primer 5-CTCAACTACCTGCGCATCTCA
G-3'; Reverse primer 5-GATGGCCTGGATTTTGTTGT
G-3’; Probe 5-FAMCCAAAGACCTCCCTGAGACCCT
GAATGA-3'. Data was normalized to the 18S house-
keeping gene. Experiments were performed at least two
times and analyzed in duplicate. Amplification was per-
formed on 96-well plates using the 7500 Fast Real-Time
PCR System (Applied Biosystems, California, USA) and
analyzed with 7500 Fast sequence detection software
v1.3.1 (Applied Biosystems, California USA).

Statistics

Proteoglycan data are presented as mean + S.E.M. from at
least three independent experiments conducted in triplicate.
Data from three independent experiments were statistically
analyzed using a one-way ANOVA for the determination
of the least significant difference upon which statistical
significance is reported.

Results

Inhibition of ERK by MEK1/2 inhibitors blocks
TGF-f-mediated GAG elongation and core protein
synthesis in VSMCs

To determine whether ERK is a mediator of TGF-f sig-
naling of GAG elongation in human VSMC, we used two
inhibitors, UO126 (MEK 1/2 inhibitor) and PD98059 (MEK
1 inhibitor) that specifically block activity of MEK1/2 and
consequently block ERK. Cells treated with TGF-f showed
an increase of almost two fold in [35 S]-SO, incorporation
into secreted proteoglycans (Figs. la, 2a) compared to
control cells. Treatment of cells with UO126 (0.1-10 pM)
or PD98059 (1-100 uM) showed a concentration-depen-
dent decrease of TGF-f-mediated [358]-804 incorporation
into secreted proteoglycans (Figs. la, 2a) with a maximum
decrease of 93% of TGF-f-stimulated component at 10 pM
UO126 (p < 0.01) and slightly more than 100% of TGF-f-
stimulated component at 100 pM PD98059 (p < 0.01)
(Figs. la, 2a). The TSRI/Alk 5 inhibitor, SB431542 [28]
was used as a positive control. The TGF-f-stimulated [35 SI-
SO, incorporation was totally abolished by SB431542
(Figs. la, 2a). Separation of proteoglycans on an SDS—
PAGE showed a decrease in electrophoretic mobility of
biglycan in the presence of TGF-f compared to control
cells (Figs. 1b, 2b, lane2 vs. lanel). The positive control,
SB431542 completely blocked this response (Figs. 1b, 2b,
lane 8 vs. lane 2). SDS-PAGE showed a concentration-
dependent increase in electrophoretic mobility in the
presence of UOI126 or PD98059 relative to TGF-f
treatment alone (Figs. 1b, 2b, lane 3-7), indicating a
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Fig. 1 Determination of the role of ERK activity in TGF-f-mediated
proteoglycan synthesis in human VSMCs using the MEK1/2 inhibitor
UO126. VSMCs were treated with UO126 (0.1-10 uM) in the
presence of TGF-f (2 ng/ml) and [*>S]-SO, (50 pCi/ml) for 24 h.
a Medium containing secreted proteoglycans was harvested and
spotted onto 3MM paper and CPC precipitation method applied to
assess radiolabel incorporation. Results are the mean + S.E. of data
normalized to control from three separate experiments in triplicate.
**p < 0.01 versus TGF-f alone using one-way ANOVA. b Secreted
proteoglycans were isolated using ion exchange chromatography
(DEAE-Sephacel) and concentrated by ethanol/potassium acetate
precipitation. Electrophoretic mobility of complete proteoglycans was
assessed by SDS-PAGE on a 4-13% acrylamide gradient gel. The gel
shows the analysis of biglycan as the proteoglycan of interest. The gel

concentration-dependent decrease in proteoglycan size
upon treatment of VSMCs with UO126 or PD98059.
Changes in total proteoglycan core protein synthesis
were assessed by [*°S]-Met/Cys incorporation and CPC
precipitation for the specific quantitation of proteoglycans.
TGF-f-stimulated VSMCs showed an increase of [355]-
Met/Cys incorporation into secreted proteoglycans of
approximately 20% (Figs. 1c, 2c¢) compared to control
cells. Treatment of cells with UO126 (0.1-10 uM) or
PD98059 (1-100 pM) showed a concentration-dependent
decrease of TGF-f-mediated [*°S]-Met/Cys incorporation
into secreted proteoglycans (Figs. 1c, 2¢) with a maximum
decrease of 100% of TGF-f-stimulated component at
10 uM UO126 (p <0.01) and 90% TGE-f-stimulated
component at 100 uM PD98059 (p < 0.01). The TGF-p-
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is representative of three identical experiments. ¢ VSMCs were
treated with TGF-f (2 ng/ml) and UO126 (0.1-10 uM) and radiola-
beled with [*°S]-Met/Cys (50 pCi/ml) for 24 h to assess total
proteoglycan core protein synthesis. Medium containing secreted
proteoglycans was spotted onto 3MM paper and assayed as above.
Results shown are the mean £ S.E. of normalized data from three
separate experiments in triplicate. **p < 0.01 versus TGF-f alone
using one-way ANOVA. d VSMCs were treated with TGF-f (2 ng/ml)
and UO126 (10 uM) for 24 h. Total RNA was harvested and biglycan
mRNA expression was analyzed using RT-PCR. Results shown are
the mean £ S.E. of normalized data from two separate experiments in
duplicate. # p < 0.05 versus control and **p < 0.01 versus TGF-f
alone using one-way ANOVA

stimulated [>°S]-Met/Cys incorporation was inhibited by
SB431542 by more than 81% (p < 0.01) (Figs. lc, 2c¢).
To more specifically explore the effect of ERK inhibi-
tion on total core protein, we examined the expression of
biglycan. TGF-f has been reported to increase expression
of biglycan in VSMCs [5]. Hence we assessed the effect of
ERK inhibition on TGF-f-stimulated VSMC biglycan
mRNA levels. There are no significant changes of biglycan
mRNA expression at early time points (data not shown).
TGF-f-stimulated VSMCs showed increased biglycan
mRNA expression by 30% compared to control cells
(Figs. 1d, 2d) at 24 h. The TGF-f-stimulated biglycan
mRNA expression was reduced to less than the basal level
by UO126 and PD98059 (10 uM) (Figs. 1d, 2d) at 24 h,
indicating inhibition of ERK blocks TGF-f-stimulated
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Fig. 2 Determination of the A
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biglycan expression, which contributes to the effect on total
proteoglycan core protein shown above.

Direct inhibition of ERK by FR180204 blocks
TGF-f-mediated GAG elongation and core protein
synthesis in VSMC

To further confirm whether ERK is a mediator of TGF-f
signaling in proteoglycan synthesis in human VSMC, we
used the direct ERK inhibitor, FR180204, which specifi-
cally blocks downstream activity of ERK. Cells treated
with TGF-f showed a 64% increase of [353]-SO4 incor-
poration into secreted proteoglycans (Fig. 3a) compared to
control cells. Treatment of cells with FR180204 (0.1-
10 uM) showed a concentration-dependent decrease of
TGF-f-mediated [*°S]-SO, incorporation into secreted
proteoglycans (Fig. 3a) with a maximum decrease of 100%
of TGF-f-stimulated component at 10 pM FR180204
(p <0.01) (Fig. 3a). The TGF-p-stimulated [>°S]-SO,
incorporation was totally abolished by SB431542 (Fig. 3a).
Separation of proteoglycans by SDS-PAGE showed a large
decrease in electrophoretic mobility of biglycan in the
presence of TGF-f; compared to control cells (Fig. 3b, lane
2 vs. lane 1). Electrophoretic mobility of biglycan in TGF-
p-treated cells was inhibited to control the level in the
presence of SB431542 (Fig. 3b, lane 8 vs. lane 2). Sepa-
ration of proteoglycans on SDS-PAGE showed a
concentration-dependent  increase in electrophoretic
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mobility in the presence of FR180204 relative to TGF-f
treatment alone (Fig. 3b, lane 3-7), indicating a concen-
tration-dependent decrease in proteoglycan size upon
treatment with FR180204.

TGF-f-stimulated VSMCs showed an increase of [3 5S]-
Met/Cys incorporation into secreted proteoglycan core
proteins of approximately 17% (Fig. 3c) compared to
control cells. Treatment of cells with FR180204 (0.1-
10 uM) showed a concentration-dependent decrease of
TGF-f-mediated [*°S]-Met/Cys incorporation into secreted
proteoglycans (Fig. 3c¢) with a maximum decrease of 100%
of the TGF-f-stimulated component at 10 pM FR180204
(p < 0.01). The TGF-f-stimulated [*>S]-Met/Cys incorpo-
ration was reduced to less than basal level by SB431542
(Fig. 3c¢).

There are no significant changes of biglycan mRNA
expression at early time points (data not shown). TGF-f-
stimulated VSMCs showed an increase in biglycan mRNA
expression by 30% compared to control cells (Fig. 3d) at
24 h. The TGF-f-stimulated biglycan mRNA expression
was decreased to 95% compared to TGF-p-stimulated
component by FR180204 at 10 uM 24 h (Fig. 3d), which is
consistent with our results that inhibition of ERK blocks
TGF-f-stimulated biglycan expression, which contributes
to the effect on total proteoglycan core protein shown
above.

To determine whether ERK phosphorylation is a medi-
ator of TGF-f5/Alk 5 signaling in VSMCs, we used the three
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Fig. 3 Determination of the role of ERK activity in TGF-f-mediated
proteoglycan synthesis in human VSMCs using the direct ERK
inhibitor FR180204. The ERK inhibitor blocks TGF-f-mediated
GAG elongation in human VSMCs. VSMCs were treated with
FR180204 (0.1-10 uM) in the presence of TGF-f (2 ng/ml) and
[**S]-SO, (50 pCi/ml) for 24 h. a [*3S]-SO, incorporation. b SDS-
PAGE analysis. ¢ [* S]-Met/Cys incorporation into proteoglycan core
protein synthesis. d Biglycan mRNA expression was analyzed exactly
as described in the legend of Fig. 1. e TGF-f/Alk 5-mediated ERK1/2
phosphorylation in human VSMCs. VSMCs were treated with TGF-f§
(2 ng/ml) and UO126 (3 pM), PD98059 (30 uM), FR180204
(10 pM) and SB431542 (3 pM) for 4 h. PDGF (50 ng/ml)-treated
VSMCs for 4 h were used as positive control. Cell lysates were

inhibitors above. A time course study indicates that TGF- 5/
Alk 5 stimulates maximum phosphorylation of ERK1 and
ERK?2 at 4 h, which is the time point chosen for subsequent
studies. Bands of 42 and 44 kDa corresponding to phos-
phorylated ERK1 and ERK2 were observed in Western blot
of whole-cell lysate from VSMCs (Fig. 3e, lane 1), indi-
cating the presence of phospho-ERK1/2 under basal
conditions. The phospho-ERK1/2 band intensities in TGF-f§
(2 ng/ml)-treated cells were increased compared to control

collected, and proteins were resolved by SDS-PAGE on a 10%
acrylamide gel and transferred onto a polyvinylidene difluoride
membrane. The membrane was incubated with anti-phospho-ERK1/2
polyclonal antibody (1:1,000 dilution) overnight at 4°C followed by
incubation with peroxidase-labeled anti-rabbit IgG (1:5,000 dilution)
for 1 h at room temperature. The membrane was then probed with
anti-ERK1/2 rabbit polyclonal antibody (1:1,000 dilution) for 1 h at
room temperature followed by incubation with peroxidase-labeled
anti-rabbit IgG (1:4,000 dilution) for 1 h. The Western-blot analysis is
representative of three independent experiments. *p < 0.05 versus
treated control; **p < 0.01 versus treated control; #p < 0.05 versus
untreated control

cells (Fig. 3e, lane 1 vs. lane 2), indicating the stimulation
of ERKI1/2 phosphorylation. Treatment with UO126
(3 uM) and PD98059 (30 uM) decreased the ERKI1/2
phosphorylation to below the basal level in TGF-f-treated
cells (Fig. 3e, lane 3, 4 vs. lane 2), indicating that ERK1/2
phosphorylation is down-regulated by inhibition of MEK1/2.
Consistent with its mechanism of action, no change in
ERK1/2 phosphorylation in FR180204/TGF--treated cells
was observed (Fig. 3e, lane 5 vs. lane 2). Phosphorylation
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of ERK1/2 is decreased to basal levels by the TGF-f/Alk 5
inhibitor SB431542 (3 uM) (Fig. 3e, lane 6 vs. 2). PDGF
(50 ng/ml)-treated VSMCs were used as positive control
and ERK phosphorylation was greatly enhanced in these
cells (Fig. 3e, lane 7). Taken together with our earlier
findings, this implies that TGF-f/Alk 5 signals via MEK1/2
and ERK to induce biglycan expression and GAG elonga-
tion in human VSMCs.

Direct inhibition of p38 MAP kinase by SB202190
blocks TGF-f-mediated GAG elongation and core
protein synthesis in VSMC

p38 MAP kinase was demonstrated to act as a mediator of
TGF-f signaling in GAG elongation in human VSMC [5].
To further investigate TGF-f-mediated p38 MAP kinase
signaling of GAG elongation in human VSMC, we used the
direct p38 MAP kinase inhibitor, SB202190. In these
experiments, cells treated with TGF-f showed a 148%
increase of [*>S]-SO, incorporation into secreted proteo-
glycans (Fig. 4a) compared to control cells. Treatment of
cells with SB202190 (0.1-10 uM) showed a concentration-
dependent decrease of TGF-f-mediated [355]-804 incor-
poration into secreted proteoglycans (Fig. 4a) with a
maximum decrease of 95% of TGF-f-stimulated compo-
nent at 10 uM SB202190 (p < 0.01) (Fig. 4a). The TGF-f-
stimulated [>°S]-SO, incorporation was totally abolished
by SB431542 (Fig. 4a). Separation of proteoglycans on an
SDS-PAGE showed a decrease in electrophoretic mobility
of biglycan in the presence of TGF-f§ compared to control
cells (Fig. 4b, lane 2 vs. lane 1). Electrophoretic mobility
of biglycan in TGF-f-treated cells was inhibited to control
levels in the presence of SB431542 (Fig. 4b, lane 8 vs. lane
2). Separation of proteoglycans with SDS-PAGE showed a
concentration-dependent  increase in electrophoretic
mobility in the presence of SB202190 relative to TGF-f
treatment alone (Fig. 4b, lanes 2-7), indicating a concen-
tration-dependent decrease in proteoglycan size upon
treatment with SB202190.

TGEF-f-stimulated VSMCs showed an increase of [3 5S]-
Met/Cys incorporation into secreted proteoglycans of
approximately 30% (Fig. 4c) compared to control cells.
Treatment of cells with SB202190 (0.1-10 pM) showed a
concentration-dependent decrease of TGF-f-mediated
[*>S]-Met/Cys incorporation into secreted proteoglycans
(Fig. 4c) with a maximum decrease of 95% of TGF-f-
stimulated component at 10 utM SB202190 (p < 0.01). The
TGF-f-stimulated  [*>S]-Met/Cys  incorporation ~ was
reduced to basal levels by SB431542 (Fig. 4c).

The effect of p38 inhibition by SB202190 on TGF-f-
stimulated VSMC biglycan mRNA levels was investigated.
TGF-f-stimulated VSMCs showed an increase in biglycan
mRNA expression of 30% compared to control cells

(Fig. 4d). The TGF-f-stimulated biglycan mRNA expres-
sion was decreased to 100% compared to TGF-f-
stimulated component by SB202190 (10 uM) (Fig. 4d),
which is consistent with our results that inhibition of p38
blocks TGF-f-stimulated biglycan expression which con-
tributes to the effect on total proteoglycan core protein
shown above.

TGF-f/Alk 5-mediated p38 MAP kinase
phosphorylation in human VSMCs

We undertook a time course study of TGF-f/Alk 5-medi-
ated p38 MAP kinase phosphorylation in human VSMCs
using Western blot. The phospho-p38 MAP kinase band
intensity in TGF-f (2 ng/ml) treated cells at 30 min, 1 h,
and 2 h were increased significantly compared to control
cells (Fig. 4e, lanes 2—4 vs. lane 1) followed by a decrease
to basal level at 4 h (Fig. 4e, lane 5). p38 MAP kinase is
known to be activated by cell stress [29], therefore we used
H,0O,-induced oxidative stress as a positive control.
Treatment with H,O, (500 uM) increased p38 MAP kinase
phosphorylation compared to control cells (Fig. 4e, lane 6
vs. lane 1). These results demonstrate that in human
VSMCs, TGF-p/Alk 5 stimulates the phosphorylation of
p38 MAP kinase. We could not examine the action of the
inhibitor SB202190 on phospho-p38 as its mode of action
is to block the enzymatic activity of p38 but not its phos-
phorylation, this is similar to the ERKI1/2 inhibitor
FR180204 (Fig. 3e).

Inhibition of INK MAP kinase has no effect
on TGF-f-induced proteoglycan synthesis

To examine whether JNK MAP kinase is a mediator of
TGF-p signaling of GAG elongation in human VSMC, we
used the direct JNK MAP kinase inhibitor, SP600125 that
specifically blocks the activity of JNK MAP kinase. Cells
treated with TGF-f showed 115% increase of [>°S]-SO,
incorporation into secreted proteoglycans (Fig. 5a) com-
pared to control cells. Treatment of cells with SP600125
(0.01-1 uM) showed no effect of TGF-f-mediated [358]-
SO, incorporation into secreted proteoglycans (Fig. 5a).
The TGF-f-stimulated [358]-504 incorporation was totally
abolished by SB431542 (Fig. 5a). Separation of proteo-
glycans on an SDS-PAGE showed a decrease in
electrophoretic mobility of biglycan in the presence of
TGF-f§ compared to control cells (Fig. 5b, lane 2 vs. lane
1). Electrophoretic mobility of biglycan in TGF-f-treated
cells was inhibited in the presence of SB431542 (Fig. 5b,
lane 8 vs. lane 2). There was no effect on electrophoretic
mobility in the presence of SP600125 relative to TGF-f
treatment alone (Fig. 5b, lanes 3—7 vs. lane 2). The radio
sulphate data indicated that JINK MAP kinase has no effect
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Fig. 4 Determination of the role of p38 MAP kinase activity in TGF-
f-mediated proteoglycan synthesis in human VSMCs using the direct
p38 inhibitor SB202190. VSMCs were treated with SB202190 (0.1-
10 uM) in the presence of TGF-f (2 ng/ml) and [*°S1-S0, (50 nCi/
ml) for 24 h. a [*>S]-SO, incorporation. b SDS-PAGE analysis.
¢ [*>S]-Met/Cys incorporation into proteoglycan core protein synthe-
sis. d Biglycan mRNA expression were analyzed exactly as described
in the legend of Fig. 1. SB SB431542. e Temporal effects of TGF-f/
Alk 5-mediated p38 phosphorylation in human VSMCs. VSMCs were
treated with TGF-f (2 ng/ml) for up to 4 h. H,O, (500 uM)-treated
VSMCs for 30 min were used as positive control. Cell lysates were
collected, and proteins were resolved by SDS-PAGE on a 10%

on proteoglycan synthesis therefore further analysis of core
protein synthesis is not necessary.

To determine whether JNK MAP kinase is a potential
mediator of TGF-f/Alk 5 signaling in VSMCs, we used
direct JNK MAP kinase inhibitor SP600125. A time-course
study indicates that TGF-f/Alk 5 stimulates maximum
phosphorylation of JNK1/2/3 MAP kinase at 4 h, which is
the time point chosen for subsequent studies. A band of
46 kDa, corresponding to phosphorylated JNK1/2/3 MAP
kinase, was observed (Fig. Sc, lane 1), indicating the
presence of phospho-JNK1/2/3 MAP kinase under basal

acrylamide gel and transferred onto a polyvinylidene difluoride
membrane. The membrane was incubated with anti-phospho-p38
MAP kinase (Thr180/Tyr 182) polyclonal antibody (1:500 dilution)
overnight at 4°C followed by incubation with peroxidase-labeled anti-
rabbit IgG (1:5,000 dilution) for 1 h at room temperature. The
membrane was then probed with anti-GAPDH rabbit monoclonal
antibody (1:1,000 dilution) for 1 h at room temperature followed by
incubation with peroxidase-labeled anti-mouse IgG (1:5,000 dilution)
for 1 h. The Western blot is representative of three independent
experiments. *p < 0.05 versus treated control; **p < 0.01 versus
treated control; #p < 0.05 versus untreated control

conditions. The phospho-JNK1/2/3 MAP kinase band
intensity in TGF-f (2 ng/ml) treated cell was increased
compared to control cells (Fig. 5c, lane 1 vs. lane 2).
Treatment with SP600125 (1 uM) decreased the JNK
phosphorylation to near basal levels in TGF- S-treated cells
(Fig. 5c, lane 3 vs. lane 2). INK MAP kinase is known to
be activated by cell stress [30], therefore we used H,O,-
induced oxidative stress as a positive control. Treatment
with H,O, (200 puM) increased JNK1/2/3 MAP kinase
phosphorylation significantly compared to control cells
(Fig. 5¢c, lane 4). These data indicated that TGF-f/Alk 5
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Fig. 5 Determination of the role of JNK activity in TGF-f-mediated
proteoglycan synthesis in human VSMCs using the JNK inhibitor
SP600125. VSMCs were treated with SP600125 (0.01-1 pM) in the
presence of TGF-f (2 ng/ml) and [355]—504 (50 pCi/ml) for 24 h.
a [>°S]-S0O, incorporation. b SDS-PAGE analysis were analyzed
exactly as described in the legend of Fig. 1. ¢ No effect of JNK
inhibitor SP600125 on TGF-f/ALK5-mediated JNK phosphorylation
in human VSMCs. VSMCs were treated with TGF-f (2 ng/ml) and
SP600125 (1 uM) for 4 h. Cell lysates were collected, and proteins
were resolved by SDS-PAGE on a 10% acrylamide gel and

signals via JNK MAP kinase, but this signaling pathway is
not involved in proteoglycan synthesis in human VSMCs.

Involvement of Smad2 carboxyl terminal
and linker region phosphorylation in TGF-f
signaling in human VSMCs

We undertook a time-course study of TGF-f/Alk 5-medi-
ated Smad2 C-terminus phosphorylation in human VSMCs
using Western blot. The phospho-Smad2C band intensities
in TGF-f (2 ng/ml) treated cells at 30 min, 1 h, 2 h, 4 h,
and 6 h were increased compared to control cells (Fig. 6a,
lane 1 vs. lane 2—-6) followed by a decrease at 24 h to a low
level as we have previously reported [5] (Fig. 6a, lane 7).
These results demonstrate that in human VSMCs,
TGF-p/Alk 5 stimulates rapid phosphorylation of Smad2
C-terminus.

A time course of TGF-f/Alk 5-mediated Smad2L
phosphorylation was determined in human VSMCs using
Western blot. The Smad2 linker region phosphorylation
(phospho-Smad2L) band intensities in TGF-f (2 ng/ml)-
treated cells at 1 h, 2h, 4h, and 6 h were increased

transferred onto a polyvinylidene difluoride membrane. The mem-
brane was incubated with anti-phospho-JNK monoclonal antibody
(1:200 dilution) overnight at 4°C followed by incubation with
peroxidase-labeled anti-mouse IgG (1:4,000 dilution) for 1 h at room
temperature. The membrane was then reprobed with anti-smooth-
muscle a-actin mouse monoclonal antibody (1:1,000 dilution) for 1 h
at room temperature followed by incubation with peroxidase-labeled
anti-mouse IgG (1:5,000 dilution) for 1 h. The Western blot is
representative of three identical experiments

significantly compared to control cells (Fig. 6b, lanes 2-5
vs. lane 1) followed by a decrease at 24 h to a low level
(Fig. 6b, lane 6). The increased level of cytosolic phospho-
Smad2L in TGF-f-treated cells at 1 h was completely
prevented in cells treated with SB431542 (Fig. 6b, lane 7
vs. lane 2). These results demonstrate that in human
VSMCs, TGF-p/Alk 5 stimulates maximum phosphoryla-
tion of Smad2L at 1 h, which is sustained for at least 6 h.

Experiments then focused on whether Smad2 phos-
phorylation is involved in the TGF-f-mediated MAP
kinase signaling pathway. MEK1/2 inhibitor UO126, p38
MAP kinase inhibitor SB202190 and JNK MAP kinase
inhibitor SP600125 were used. A band of 58 kDa corre-
sponding to phosphorylated Smad2 at the C-terminal
region was observed (Fig. 6¢c, lane 1), indicating the pres-
ence of phospho-Smad2C under basal conditions. The
phospho-Smad2C band intensity in TGF-f (2 ng/ml; 1 h)-
treated cells was greatly increased compared to control
cells (Fig. 6c, lane 1 vs. lane 2), indicating the stimulation
of Smad2 C-terminal phosphorylation. Treatment with
UO0126 (3 uM) or SB202190 (3 uM) or SP600125 (1 pM)
had no effect on the Smad2 C-terminus phosphorylation in
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TGF-f-treated cells (Fig. 6¢, lane 3-5 vs. lane 2). Inter-
estingly, our preliminary results indicated that SB202190
does not block activity of C-terminal Smad2 phosphory-
lation via TGF-f/Alk 5 at 10 upM in VSMCs (data not
shown), a concentration which was found to block the
activity of TGF-p/Alk 5 in A498 renal epithelial carcinoma
cells [31]. Treatment with SB431542 (3 uM) reduced
Smad2C phosphorylation to the basal level (Fig. 6¢, lane 6
vs. lane 1). These results indicate that Smad2C phosphor-
ylation does not involve TGF-f-mediated p38 MAP kinase,
MEK1/2 and JNK MAP kinase signaling.

Experiments then focused on whether Smad2 linker
region phosphorylation is involved in TGF-f-mediated
MAP kinase signaling pathway. In TGF-f-treated cells,
UO126 (3 uM) and SB202190 (3 pM) inhibited the Smad2
linker region phosphorylation, approximately 30 and 40%,
respectively, (Fig. 6¢c, lane 3, 4 vs. lane 2) whereas there

<« Fig. 6 Temporal aspects and effects of MAP kinase inhibitors on TGF-

p-stimulated phosphorylation of C-terminal and linker region of Smad2
in human VSMCs. VSMCs were treated with TGF-f (2 ng/ml) for up to
24 h. Cell lysates were collected, and proteins were resolved by SDS-
PAGE on a 10% acrylamide gel and transferred onto a polyvinylidene
difluoride membrane. The membrane was incubated with anti-phospho-
Smad?2 Ser 465/467 polyclonal antibody (1:1,000 dilution) (a) or anti-
phospho-Smad2 Ser 245/250/255 polyclonal antibody (1:1,000
dilution) (b) overnight at 4°C followed by incubation with peroxi-
dase-labeled anti-rabbit IgG for 1 h at room temperature. The
membrane was then reprobed with anti-GAPDH rabbit monoclonal
antibody (1:1,000 dilution) for 1 h at room temperature followed by
incubation with peroxidase-labeled anti-mouse IgG for 1 h. The
Western blot is representative of three independent experiments.
¢ Effects of MAP kinase inhibitors on TGF-f/Alk 5-mediated C-
terminal (top row) and linker region (middle row) Smad2 phosphor-
ylation in human VSMCs. VSMCs were treated with TGF-f (2 ng/ml)
and UO126 (3 uM), SB202190 (3 puM, 10 uM), SP600125 (1 pM) and
SB431542 (3 uM) for 1 h. Cell lysates were collected, and proteins
were resolved by SDS-PAGE on a 10% acrylamide gel and transferred
onto a polyvinylidene difluoride membrane. The membrane was
incubated with anti-phospho-Smad2 Ser 465/467 polyclonal antibody
(1:1,000 dilution) (top row) or anti-phospho-Smad2 Ser 245/250/255
polyclonal antibody (1:1,000 dilution) (middle row) overnight at 4°C
followed by incubation with peroxidase-labeled anti-rabbit IgG
(1:1,000 dilution) for 1 h at room temperature. The membrane was
then reprobed with anti-GAPDH rabbit monoclonal antibody (1:1,000
dilution) for 1 h at room temperature followed by incubation with
peroxidase-labeled anti-mouse IgG (1:5,000 dilution) for 1 h. The
Western blot is representative of three independent experiments.
d Effect of TGF-f stimulation on nucleus accumulation of phospho-
Smad2L in VSMCs. VSMCs were treated with TGF-f (2 ng/ml) for
1 h. Cell lysates were collected, nucleus proteins were extracted and
resolved by SDS-PAGE followed by transfer onto a polyvinylidene
difluoride membrane. The membrane was incubated with anti-phospho-
Smad2 Ser 245/250/255 polyclonal antibody (1:1,000 dilution) over-
night at 4°C followed by incubation with peroxidase-labeled anti-rabbit
IgG (1:1,000 dilution) for 1 h at room temperature. The membrane was
then reprobed with anti-GAPDH rabbit monoclonal antibody (1:1,000
dilution) for 1 h at room temperature followed by incubated with
peroxidase-labeled anti-mouse IgG (1:5,000 dilution) for 1 h. The
Western blot is representative of three independent experiments

was no effect of SP600125 (Fig. 6c¢, lane 5 vs. lane 2). The
inhibitory response to the MAP kinase inhibitors was rel-
atively small but fairly consistent. In five separate
experiments we observed inhibition of phospho-Smad2L
levels by ERK inhibition on five occasions, inhibition due
to p38 inhibition on three occasions and we never observed
inhibition using a JNK inhibitor. In one experiment, com-
bined inhibition of ERK and p38 had an additive effect
compared to each inhibitor alone. As expected, treatment
with SB431542 (3 uM) reduced Smad2 linker region
phosphorylation to near basal levels in all experiments
(Fig. 6c, lane 6 vs. lane 1). We then further investigated if
TGF-f stimulation of VSMCs leads to accumulation of
phospho-Smad2L. in the nucleus. Cells were treated with
TGF-f and a nuclear fraction isolated and assessed for
phospho-Smad2L. by Western blotting. TGF-f§ stimulation
of VSMCs leads to marked accumulation of phospho-
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Smad2L in the nucleus compared to control cells (Fig. 6d,
lane 2 vs. lane 1). These results suggest that phosphory-
lation of the linker region of Smad2 by p38 and ERK1/2 is
involved in TGF-f-mediated biglycan synthesis in human
VSMCs.

Discussion

Proteoglycan synthesis in VSMCs is of interest because the
binding of lipids to modified proteoglycans is an initiating
step in the development of atherosclerosis [14, 15]. Mul-
tiple vasoactive growth factors regulate the synthesis and
structure of proteoglycans and their cellular signaling
pathways are of interest as potential therapeutic targets [11,
16]. TGF-f is involved in multiple mechanisms of the
development of atherosclerosis including actions on pro-
teoglycan synthesis [5, 17]. TGF-f primarily elicits its
effects through the canonical Smad/phospho-Smad tran-
scription factor pathway [18]. Recent studies have shown a
potentially important role for MAP kinases in determining
the response to TGF-f [18, 20, 21] and in this report we
have investigated the role of MAP kinases in TGF-f-
mediated proteoglycan synthesis in human VSMCs. TGF-f
treatment stimulates the phosphorylation of the three major
MAP kinases, p38, ERK, and JNK, all within a relatively
short time frame, but not as rapid as the phosphorylation of
Smad2 in its carboxyl terminal. TGF-f stimulates the
elongation of GAG chains on DS proteoglycans, specifi-
cally biglycan and this response requires p38 and ERK but
not JNK MAP kinase. TGF-f also stimulates the expres-
sion of proteoglycan core proteins including at least the
critical lipid binding proteoglycan, biglycan and the TGF-
f-stimulated expression of biglycan is mediated via p38
and ERK but also not JNK. Inhibition of both ERK and p38
alone completely abrogates the effect of TGF-f on pro-
teoglycan synthesis, suggesting that they may be working
synergistically and/or may be able to replace each other’s
influence. TGF-f mediates rapid phosphorylation of
Smad?2 on its carboxy terminal and this is not antagonized
by inhibitors of ERK, p38 or JNK indicating as expected
that the MAP kinase is not involved in this response. TGF-f3
also increases phosphorylation of Smad2 in the linker
region which is, as expected, blocked by SB431542 whose
target is Alk 5. The TGF-f-mediated phosphorylation of
Smad?2 in the linker region is weakly blocked by inhibitors
of ERK, p38 but not by a JNK MAP kinase inhibitor.
Linker region phosphorylation has previously been
described to involve ERK and JNK [32, 33]. The data
indicates that p38 and ERK are involved in the TGF-f-
mediated modification of proteoglycan synthesis in
VSMCs and although JNK is phosphorylated it is not
involved in proteoglycan synthesis. Furthermore, it appears

that the mechanisms differentiating the activity of the three
MAP kinases to mediate TGF-f-stimulated proteoglycan
synthesis might relate to the activity (or lack thereof) of the
MAP kinases to phosphorylate Smad? in its linker region a
point that requires further investigation. It is specifically
unclear as to how some but not all MAP kinases are able to
phosphorylate Smad2 in its linker region.

The role of Smad transcription factors in TGF-f-medi-
ated cellular responses has been researched and reviewed
[18, 34], but the role of MAP kinases is a nascent area of
interest [18, 20, 21]. The earliest observations were the
rapid activation of p21Ras by TGF-f [35] and the identi-
fication of the MAP kinase kinase kinase (MAPKKK)
TAKI1 (TGF-f-activated kinase) as an early response to
TGF-f [36]. Subsequently the activation (phosphorylation)
of the three major MAP kinases has been described [18, 20,
21]. The direct nature of the activation, meaning that it was
independent of Smad phosphorylation, arose in cells in
which Smad function was compromised and TGF-f could
still mediate JNK activation and phosphorylation. Never-
theless, Smad and MAP kinase pathways downstream of
THRI/Alk 5 are known to integrate. The canonical TGF-f
activation of Smads involves Ser phosphorylation in the
carboxy terminal [18] essential for allowing the interaction
with Smad4 and thus translocation to the nucleus and
regulation of transcription [18]. MAP kinases can phos-
phorylate Smads outside the carboxy terminal region and
specifically in what is termed the linker region [32, 37].
The convergence of Smad and MAP kinase signaling can
result in both cooperativity and antagonism and as such is
context dependent [38].

The carboxy terminal phosphorylation and activation of
Smads is strong and rapid, occurring in minutes after
receptor stimulation, and we made similar findings in
human VSMCs (see Fig. 6a). The temporal aspects and the
strength of the phosphorylation of MAP kinases by TGF-f
are much more variable. Some responses are rapid, but
others are delayed and prolonged, possibly suggesting the
involvement of pathways downstream of Smad phosphor-
ylation and transcription and indeed the potential exists for
both responses to co-exist. In vivo, the presence of multiple
growth factors in diseased vessels raises the possibility that
the much stronger phosphorylation of MAP kinases via
tyrosine kinase receptors (see Fig. 3e) may mask the TGF-
f-mediated activation, notwithstanding that both pathways
may play a role in cellular responses. Further mechanistic
studies in vitro and in vivo are required to define the
contribution of TGF-f-mediated MAP kinase signaling in
vascular disease.

Phosphorylation of the carboxyl terminal of Smad2/3 is
associated with the translocation of the Smad to the
nucleus, but the role of linker region phosphorylation
remains unresolved and is an interesting question in the cell
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biology of TGF-f actions. Linker region phosphorylation
can prevent the translocation of the Smad to the nucleus
[37] and thus inhibit TGF-f signaling. Conversely, linker
region phosphorylation can modify and enhance the tran-
scription activity of the Smad hetero-complex and hence
regulate and intensify TGF-f signaling [33]. We have
demonstrated that TGF-f stimulation of VSMCs leads to
marked accumulation of phospho-Smad2 in the nucleus
and this Smad is phosphorylated in the linker region. This
strongly suggests that the MAP kinase-mediated phos-
phorylation of the linker region of Smad2 in VSMCs leads
to the stimulation of growth factor-mediated GAG hy-
perelongation. Further work will be aimed at identifying
the genes and their targets that upregulate the mechanism
of GAG synthesis leading to the hyperelongation of GAG
chains associated with increased lipid binding and
atherosclerosis.

Li et al. [32] have recently reported that ERK2 is
involved in the TGF-f-mediated phosphorylation of the
linker region but not the carboxy terminal region of Smad2,
and by correlation TGF-f stimulation of collagen expres-
sion also involves the ERK2 and linker region
phosphorylation [32]. The NIH/3T3 fibroblasts showed
much higher expression of ERK2 compared to ERKI
whereas in our cells expression and phosphorylation of
ERK1 and ERK2 and consequently, after stimulation, of
phospho-ERK1 and phospho-ERK2 were approximately
equal. Our studies demonstrate a role of ERK and phospho-
ERK in proteoglycan synthesis by VSMCs. As the work of
Li et al. [32] demonstrated, specific roles for individual
ERK isoforms then application of their methodologies to
study the specific roles of ERK1 and ERK2 (and their
phospho derivatives) should be a worthwhile extension of
the current studies. Also, the over expression of a Smad2
mutant that lacks the ability to be phosphorylated in the
linker region would provide an interesting means to eval-
uate the mechanistic implication of the MAP kinase/Smad2
interaction.

ERK can be negatively or positively involved in TGF-f
induced cellular responses [38]. In our VSMCs, inhibition
of ERK and p38 blocks the effect of TGF-f to mediate
elongation of GAG chains (see Figs. 3, 4). It is therefore
likely that ERK is positively implicated in the response to
TGF-f, implying that there is a downstream ERK target
that is involved in proteoglycan synthesis. However, the
biochemical mechanism through which growth factors
cause hyperelongation of GAG chains is unknown, at least
in part, because the mechanism of polymerization of CS/
DS GAG chains is not resolved [7, 39-41]. We have
recently demonstrated that the GAG elongation to a mul-
titude of growth factors, including TGF-f, is dependent
upon both transcription and translation [8]. Our studies on
growth factors have pointed to some of the likely

transcription factors involved, such as phospho-Smad2 and
its binding partners but the targets, presumably the tran-
scripts for the enzymes involved in polymerization remain
unknown [41]. Linking the transcription factors of the
growth factor-signaling pathways with the activation of the
biochemical mechanisms mediating GAG hyperelongation
is an ongoing aim of our laboratory.

In conclusion, continuing evidence emerges to support
the role of proteoglycans in the initiation and progression
of atherosclerosis, particularly human atherosclerosis and
cardiovascular disease [15, 42]. The role might not be so
prominent in animal models because as recently pointed
out, the mechanisms of atherosclerosis are quite different in
rodent models compared to humans [43]. Whereas the
animal model favors the so-called inflammatory response
of atherosclerosis, human atherosclerosis is dependent
upon events occurring in a proteoglycan-rich layer of the
neo-intima [43]. Nevertheless, we have recently been able
to utilize a standard rodent model, the high-fat-fed
ApoE ™"~ model to provide proof of principle that an agent
which inhibits proteoglycan synthesis, specifically inhibits
GAG hyperelongation, reduces LDL binding in vitro, and
ex vivo can reduce the deposition of lipid in the wall of the
blood vessel [13]. Notwithstanding the limitations of the
animal model, this suggests that targeting proteoglycan
synthesis may be a pathway for the prevention of athero-
sclerosis in humans. The major limitations would be
hepatic effects; however, these are unlikely to be relevant
due to the different metabolism in that tissue [42]. Growth
factor-signaling pathways provide valid targets for the
prevention of atherosclerosis, and the data provided in this
study further elucidates the important signaling pathways
through which TGF-f mediates its effects on proteoglycan
synthesis in human VSMCs.
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