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Targeted Disruption of TGF-3-Smad3 Signaling Leads to
Enhanced Neointimal Hyperplasia With Diminished Matrix
Deposition in Response to Vascular Injury

Kazuki Kobayashi, Koutaro Yokote, Masaki Fujimoto, Kimihiro Yamashita, Akemi Sakamoto,
Masaki Kitahara, Harukiyo Kawamura, Yoshiro Maezawa, Sunao Asaumi, Takeshi Tokuhisa,
Seijiro Mori, Yasushi Saito

Abstract—The role of transforming growth factor (TGF)-B and its signal in atherogenesis is not fully understood. Here,
we examined mice lacking Smad3, a major downstream mediator of TGF-B, to clarify the precise role of
Smad3-dependent signaling in vascular response to injury. Femoral arteries were injured in wild-type and Smad3-null
(null) male mice on C57BY/6 background. Histopathological evaluation of the arteries 1 to 3 weeks after the injury
revealed significant enhancement of neointimal hyperplasia in null compared with wild-type mice. Transplantation of
null bone marrow to wild-type mice did not enhance neointimal thickening, suggesting that vascular cells in situ play
a major role in the response. Null intima contained more proliferating smooth muscle cells (SMC) with less amount of
collagen compared with wild-type intima. TGF-8 caused significant inhibition of cellular proliferation in wild-type
aortic SMC, whereas the growth of null SMC was only weakly inhibited by TGF-J in vitro, indicating a crucial role
of Smad3 in the growth inhibitory function. On the other hand, Smad3-deficiency did not attenuate chemotaxis of SMC
toward TGF-B. TGF- increased transcript level of 2 type I collagen and tissue inhibitor of metalloproteinases-1, and
suppressed expression and activity of matrix metalloproteinases in wild-type SMC. However, these effects of TGF-£3
were diminished in null SMC. Our findings altogether show that the loss of Smad3 pathway causes enhanced neointimal
hyperplasia on injury through modulation of growth and matrix regulation in vascular SMC. These results indicate a
vasculoprotective role of endogenous Smad3 in response to injury. (Circ Res. 2005;96:904-912.)

Key Words: transforming growth factor-8 @ Smad3 m atherosclerosis ® neointimal hyperplasia
& smooth muscle cells

ransforming growth factor (T'GF)-8 is a prototypic mem-

ber of the TGF- superfamily that exerts a wide range of
biological effects on various cell types.! Well described
functions of TGF-f including growth inhibition, cell migra-
tion, differentiation, extracellular matrix production, and
immunomodulation. Abnormality in TGF-f8 signaling may
cause pathological conditions such as tumorigenesis, fibrotic
disorders, and vascular diseases.>? At present, however, the
role of TGF- and its signaling molecules in atherogenesis is
not fully understood.

TGF-8 is often regarded to have proatherosclerotic effect
on arteries. For example, TGF-J expression is increased in
human restenotic lesions as well as in neointimal hyperplasia
after balloon injury in animals.? TGF-8 facilitates extracel-
lular matrix deposition by stimulating production of procol-
lagen and fibronectin, downregulating the expression of

proteases, and upregulating protease inhibitors, such as plas-
minogen activator inhibitor type I (PAI-I) and tissue inhibitor
of metalloproteinase-1 (TIMP-1).4-8 TGF-f transgene into
vascular wall causes fibroproliferative intimal thickening in
animal models in the presence or absence of vascular inju-
ry.>19 Moreover, TGF- antagonism by antibody, soluble
receptor, or ribozyme reduces constrictive remodeling after
balloon injury in animals.!'-'3

On the other hand, considerable evidence implies antiath-
erosclerotic effects of TGF-B. TGF-B has been shown to
inhibit proliferation and migration of vascular smooth muscle
cells (SMCs) in vitro.'#!5 Inhibition of TGF-8 signal system-
ically by use of neutralizing antibody and soluble TGF-B
receptor type (TBR)-II or in T-cells by expressing a
dominant-negative TPR-II results in an unstable plaque
phenotype in mouse models of atherosclerosis.'6-18 SMCs
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obtained from human atherosclerotic plaques were shown to
be defective in the TGF- signal pathway and were resistant
to TGF-B-mediated growth suppression and apoptosis.!?2
Furthermore, low blood levels of active TGF- were associ-
ated with severity of vascular disease in a manner consistent
with an antiatherosclerotic effect of TGF-B.2!

TGF-g elicits its effects via signaling through tetrameriza-
tion of two different receptor serine/threonine kinases, TBR-1
and TBR-I1.2223 Activation of the receptors leads to phos-
phorylation of cytoplasmic signal transducers Smad2 and
Smad3, classified as so-called receptor-activated Smads (R-
Smad). The activated R-Smad heteroligomerizes with Smad4,
a common mediator Smad, and the complex is transported to
the nucleus where it regulates gene expression. In addition,
pathways independent of Smads, which involve MAP kinases
have also been described.?? In mice lacking TGF-8 signaling
molecules, ie, TBR-I and TBR-II, Smad2 and Smad4 turned
out to be embryonic lethal.>*-2¢ However, it was recently
found that the mice null for Smad3 survive into adulthood.?”

We undertook the present study examining Smad3-null
mice in vivo and in vitro to elucidate the precise role of
Smad3-dependent TGF-f signaling in the vascular response
to injury.

Materials and Methods

Reagents

Reagents are described in an expanded Materials and Methods
section in the online data supplement available at
http://circres.ahajournals.org.

Mice

The generation of Smad3°#** null mice by homologous recombina-
tion was described previously.?” See expanded Materials and Meth-
ods section for details.

Femoral Artery Injury

Mice femoral arteries were injured by use of photochemically-
induced thrombosis method.?® See expanded Materials and Methods
section for details.

Histological Evaluation

Fixed femoral artery segments were embedded in paraffin and cut
into 5-um-—thick serial sections. Six sections per one irradiated
segment at 1-mm intervals were stained with hematoxylin and eosin.
Neointima was defined as the region between the lumen and the
internal elastic lamina. The media was defined as the region between
the internal and external elastic lamina. The cross-sectional areas of
intima and media were measured using NIH image version 1.62f
(National Institutes of Health, USA). The intima-to-media (I/M) ratio
was then calculated, and the mean /M of all 6 sections per one
irradiated segments was determined. The sections with intimal
hyperplasia were also subjected to Masson’s trichrome staining and
immunohistochemistry. Masson’s trichrome-positive intimal area
was analyzed using Photoshop version 7.0 (Adobe). All the mea-
surements were made in blinded manner.

Immunohistochemistry
Immunohistochemistry is described in the expanded Materials and
Methods section.

Bone Marrow Transplantation

Bone marrow transplantation (BMT) was performed principally as
described previously.?® Briefly, bone marrow cell suspensions ob-
tained from either Smad3-null or wild-type mice thigh bone were
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treated with ACK lysis buffer (0.155 mol/L ammonium chloride, 0.1
mol/L disodium EDTA, and 0.01 mol/L. potassium bicarbonate) to
lyse erythrocytes. The cells were intravenously injected to recipient
Smad3-null or wild-type mice (1X10° per body) between the age of
6 and 9 weeks, 3 hours after lethal irradiation (8.5 Gy). Engraftment
of the transferred bone marrow was confirmed by polymerase chain
reaction (PCR) on peripheral blood DNA according to the protocol
by Yang et al.26 Femoral artery injury was performed 6 weeks after
the bone marrow transfer.

Cell Culture

Mouse aortic SMCs were obtained and cultured as described by
Ohmi et al®° (see expanded Materials and Methods section). Exper-
iments were performed on cells after 5 to 10 passages from the
primary culture.

Immunocytochemistry

Immunocytochemical staining using anti—c-smooth muscle actin
(SMA) and smooth muscle myosin (SMM) antibodies was per-
formed as described by Hasegawa et al3! with some modification
(see expanded Materials and Methods section).

Immunoblotting
Immunoblotting was essentially performed as previously described32
(see expanded Materials and Methods section).

Growth Inhibition Assay
Growth inhibition assay was performed as described by Datto et al3?
(see expanded Materials and Methods section).

Cell Migration Assay
SMC migration was evaluated by modified Boyden chamber meth-
od* (see expanded Materials and Methods section).

Real-Time Quantitative PCR

Real-time quantitative PCR is described in expanded Materials and
Methods section.

Gelatin Zymography
Gelatin zymography is described in the expanded Materials and
Methods section.

Statistical Analysis
Results were presented as mean*+SEM. Statistical analyses used
two-tailed, unpaired student 7 test.

Results

Mice Lacking Smad3 Show Enhanced Neontimal
Hyperplasia in Response to Injury
To evaluate a role of Smad3 in the pathogenesis of neointimal
hyperplasia, femoral arteries of wild-type (n=12) and
Smad3-null (n=10) male mice were injured by use of the
photochemically-induced thrombosis method.2® Histopatho-
logical examination of the arteries 1 to 3 weeks after the
injury revealed markedly enhanced neointimal thickening in
Smad3-null mice compared with wild-type mice (Figure 1A
and 1B). As shown in Figure 1C, mean I/M ratios evaluated
at 1 and 3 weeks after the injury were significantly higher in
Smad3-null arteries (0.193*0.034 at 1 week and
0.541+0.093 at 3 weeks) than those of wild-type arteries
(0.059*0.018 at 1 week and 0.115+0.060 at 3 weeks,
P<0.01 at each time point).

Immunohistochemical examination showed that both neo-
intimal and medial cells were positive for a-SMA (Figure 2A
and 2B) but negative for pan-leukocyte marker CD45 (Figure
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Figure 1. Neointimal thickening in injured
femoral arteries of wild-type and Smad3-
null mice. Photomicrographs showing
representative cross sections of hema-
toxylin and eosin-stained femoral arteries
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2C and 2D), indicating that the intima was exclusively
composed of SMCs. The same anti-CD45 antibody recog-
nized leukocytes in vasa vasorum (Figure 2D) as well as
lymphocytes in the mouse spleen (Figure 2E).

TGF-B is well known for its antiinflammatory effect.!2 To
determine whether systemic inflammation due to Smad3
deficiency contributes to enhanced neointimal formation, we
injured femoral artery of wild-type and Smad3-null mice after
bone marrow transplantation (BMT). Lethally irradiated
Smad3-null mice received 1X10° bone marrow cells from a
wild-type mouse (BMT*™™' mice). At the same time,
irradiated wild-type mice were given bone marrow either
from Smad3-null or wild-type mice (BMT™'™"" and
BMT*"" mice). Photochemical injury was performed 6
weeks after the bone marrow transfer, and the arterial cross
section was analyzed 3 weeks later. As shown in Figure 1D,
mean I/M ratio was significantly higher in BMT¥—m!
arteries (0.353+0.091) than those of BMT™!~vild
(0.067+0.031, P=0.011) or BMT™4 (0.073+0.018,
P=0.039) arteries. I/M ratios in BMT*!~™!! 3nd BMT™I-vild

BMT vt BMTwomE BRITwtwt
{1=3) {=3)

from wild-type (A) and Smad3-null (B)
and BMTnullawild (E) and BMTwildanuII (F)
mice 3 weeks after endothelial injury. L
indicates vascular lumen. Arrows indicate
the positions of the internal elastic lam-
ina. Original magnification X200;

bar=50 pum. Intima-to-media (/M) ratios
at 1 and 3 weeks in wild-type and
Smad3-null mice (C) and in BMTll-wild,
BMTvid=mill and BMTId=wid gt 3 weeks
(D) were calculated from cross sectional
areas morphometrically measured using
an image analyzer. Open and closed col-
umns indicate wild-type and Smad3-null
mice, respectively. *P<0.01 compared
with wild type at each time point;
TP<0.05 compared with BMT™/I=wid,

mice tended to be lower than those of Smad3-null and
wild-type mice, respectively, presumably due to the effect of
vascular irradiation.?53¢ Representative cross sections of
BMT™"~"" and BMT""~™! femoral arteries are shown in
Figure 1E and 1F.

Smad3-Null Intima Is Rich in Proliferating Cells
but Contains Low Amounts of Collagen Fibers
Intimal cell proliferation was assessed by immunohistochem-
ical detection of proliferating cell nuclear antigen (PCNA) in
the femoral artery sections 1 week after the injury (Figure 3A
and 3B). The ratio of the PCNA-positive nuclei to total cell
nuclei was higher by 1.8-fold in Smad3-null intima compared
with wild-type intima (Figure 3C). The result shows an
increased proliferative activity of SMCs in Smad3-null artery
at the early stage after injury.

We next evaluated intimal cell density in hematoxylin and
eosin—stained arterial sections 3 weeks after the injury. As
shown in Figure 4A, the ratio of intimal cell number to total
intimal area was 1.6-fold higher in Smad3-null artery
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E

Figure 2. Immunohistochemical analysis of neointimal components. Cross sections of femoral arteries from wild-type (A and C) and
Smad3-null (B and D) mice 3 weeks after endothelial injury and of mouse spleen (E). Immunostaining was performed using specific
antibodies for «-SMA (A and B) and CD45 (C, D, and E). L indicates vascular lumen. Arrows indicate the positions of the internal elastic
lamina. Arrowheads indicate the positions of representative CD45-positive leukocytes. Original magnification X200; bar=50 um.

(133+8.6) compared with wild-type artery (85.3%7.7,
P<0.01), indicating higher cell density relative to extra-
cellular area in Smad3-null intima. Because TGF-3/Smad3
signal is implicated in extracellular matrix (ECM) deposition,
Masson’s trichrome staining was also performed on a 3-week
artery specimen to evaluate the amount of extracellular
collagen fibers (Figures 4C and 4D). As summarized in
Figure 4B, Smad3-null neointima showed 60% reduction in
the ratio of Masson’s trichrome-positive area to total intimal
area compared with that of wild-type intima. These results
suggest that Smad3 deficiency caused increased SMC num-
ber with less collagen deposition in neointima.

Growth Inhibition by TGF-f Is Attenuated in
SMCs Lacking Smad3
To identify the mechanisms by which Smad3 deficiency
caused exaggerated intimal hyperplasia, biological responses
of the aortic SMCs obtained from wild-type and Smad3-null
mice were examined in vitro. The cells were positive for both
a-SMA and SMM (Figure 5A and 5B) as examined by
immunocytochemistry. They also exhibited the classic “hills
and valley” appearance, a feature characteristic of confluent
cultured vascular SMCs. No morphological differences were
observed between wild-type and Smad3-null SMCs (data not
shown). It was confirmed by immunoblotting that SMCs
derived from Smad3-null mice lacked expression of Smad3,
whereas Smad? level was similar in both cells (Figure 5C).
The SMCs were first tested for proliferation. As shown in
Figure 6A, TGF-B dose-dependently inhibited FBS-
stimulated DNA synthesis in wild-type SMCs with the
maximal inhibition of 70% at 1 ng/mL and higher doses. In

contrast, growth of Smad3-null SMCs was only weakly
(<30%) inhibited by TGF-B. In addition, the basal growth
rate of the null cells was =~1.4-fold higher than that of the
wild-type. Similar results were obtained for two additional
cell lines of each genotype. The results firmly establish an
essential role for Smad3 in TGF-B-mediated inhibition of
cellular proliferation in vascular SMCs.

Smad3 Deficiency Does Not Attenuate
TGF-B-Mediated Migratory Response in SMCs
The cells were next examined for migration, another function
crucial to neointimal formation. Aschcroft et al3? previously
reported that Smad3-null monocytes and neutrophils were
unable to migrate toward TGF-B, suggesting Smad3 is
required for migration signal downstream of TGF-8. As
shown in Figure 6B, Smad3-null SMCs dose-dependently
migrated toward TGF-B at least to a similar extent as
wild-type SMCs in a modified Boyden chamber assay.
Moreover, Smad3-null cells showed a higher migratory
capacity (P<C0.05) than wild-type cells at 10 ng/mL TGF-p.
The result suggests that Smad3-dependent signal is not
essential for TGF-B~induced chemotaxis in murine vascular
SMCs.

SMCs Require Smad3 for the Regulation of Type
I Collagen, Matrix Metalloproteinases, and
TIMP-1 by TGF-f

Previous studies suggested that migration of medial SMCs to
intima involves extracellular matrix degradation.?8:3° Because
TGF-B is implicated in extracellular matrix metabolism
through transcriptional regulation of collagens, matrix metal-
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Figure 3. In vivo evaluation of cell proliferation in neointima.
Representative anti-PCNA-stained cross sections of femoral
arteries from wild-type (A) and Smad3-null (B) mice obtained 1
week after the injury. Arrowheads indicate PCNA-positive cells
in intima. C, Ratios of PCNA-positive intimal cell number to total
intimal cell number. L indicates vascular lumen. Original magnifi-
cation X200; bar=50 pm. *P<0.05 compared with the wild
type.

loproteinases (MMPs), and TIMP-1,78 we examined the
ability of TGF-B to regulate mRNA expression of these
components in wild-type and Smad3-null SMC. Transcript
levels of COL1A2, membrane-type matrix metalloproteinase
1 (MT1-MMP), and TIMP-1 were evaluated by real-time
quantitative PCR. As shown in Figure 7A, TGF-B time-
dependently upregulated mRNA level of COL1A2 in wild-
type SMCs with a maximal increase of 3-fold. Induction of
COL1A2 by TGF-B was significantly less in Smad3-null
SMCs compared with wild-type cells at all time points.
TGF-B suppressed mRNA expression of MT1-MMP, an
activator of pro-MMP-2,% to 64% of the basal level in
wild-type SMCs (Figure 7B). However, MT1-MMP level
was not affected by TGF-8 in Smad3-null SMCs. Moreover,
TGF-pB increased TIMP-1 expression by 5-fold over the basal

Ievel in wild-type SMCs (Figure 7C), whereas no significant
induction was observed in Smad3-null SMCs. Finally, the
effect of TGF-3 on MMP activity in SMC culture media was
examined by gelatin zymography (Figure 7D). The basal
gelatinolytic activity of MMP-2 in a serum-free conditioned
media was similar for wild-type and Smad3-null SMCs.
TGF- time-dependently suppressed MMP-2 activity in wild-
type cells with the maximal suppression of 29% at 24 hours,
but it did not show significant effect in Smad3-null SMCs.
These results suggest that Smad3 plays an essential role in
TGF-B-mediated regulation of type I collagen, MMPs, and
TIMP-1 in vascular SMCs.

Discussion

We report six novel findings in this article. First, mice lacking
Smad3 showed a significant enhancement of neointimal
hyperplasia on endothelial injury compared with correspond-
ing wild-type mice. Second, neointima of Smad3-null mouse
after injury contained a larger number of PCNA-positive cells
compared with wild-type, indicating an increased prolifera-
tive activity of Smad3-null SMCs in vivo. Third, Smad3-null
neointima showed higher cell density with reduced collagen
area. Fourth, TGF-B-induced growth inhibition was dimin-
ished in Smad3-null SMCs in vitro. Fifth, Smad3-null SMCs
retained migratory activity toward TGF-B. And finally,
Smad3-null SMCs were impaired in induction of type I
collagen and TIMP-1 as well as in suppression of MMPs by
TGF-B. These results confirm a regulatory role of endoge-
nous Smad3 in vascular remodeling in response to injury.

Enhanced neointimal hyperplasia in Smad3-null mice (Fig-
ure 1) lend support to previous reports describing the asso-
ciation of low TGF-8 activity either at the ligand or receptor
levels with intimal lesion formation. Grainger et al*! showed
that transgenic expression of apolipoprotein(a) promoted
SMC proliferation and subsequent development of early
vascular lesions by inhibiting proteolytic activation of
TGF-B. Conversely, treatment with the antiestrogen tamox-
ifen increased serum TGF-B, levels and suppressed the
formation of aortic lesions in mice*?; a similar effect was also
observed in human subjects.** McCaffrey et al'® reported that
reduced TBR-1I activity due to genomic mutations led to
SMC expansion in human atherosclerosis. Moreover, inhibi-
tion of TGF-B by use of a soluble type II recepior or a
neutralizing antibody accelerated atherosclerosis and induced
an unstable plaque phenotype in apoE-deficient mice.'?-'8
And our present findings, for the first time, demonstrate a
direct evidence that attenuation of TGF-B signal at the
postreceptor level results in enhanced neointimal formation
on injury.

Increased PCNA-positive intimal cells in vivo (Figure 3)
and defect in TGF-B-induced growth suppression in vitro
(Figure 6A) suggest that increased proliferative activity of
SMCs contributes to the prominent neointimal formation in
Smad3-null mice. Importance of Smad3 in TGF-B-mediated
growth inhibition has well been described in other cell types
such as aCD-stimulated primary splenocytes and embryonic
fibroblasts.3* Our results verify that Smad3, also in vascular
SMCs, plays a major role in growth inhibitory function of
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Figure 4. Evaluation of cell density and
matrix deposition in neointima. A, Ratios
of intimal cell number to total intimal
area evaluated on hematoxylin and
eosin-stained femoral arterial sections
from wild-type (n=7) and Smad3-null
(n=6) mice obtained 3 weeks after the
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TGF-B. It is to be noted that lack of Smad3 did not eliminate
TGF-B~induced growth suppression in SMCs (Figure 6A).
The residual growth inhibitory activity is likely to depend on
another mediator downstream of TGF-f3 receptors, possibly
Smad?2.

Ashcroft et al3” reported that Smad3 is required for
TGF-B-induced migration of monocytes, leukocytes, and
keratinocytes. Unexpectedly, Smad3-null SMCs were able to
migrate toward TGF-$ (Figure 6B). The finding suggests
that, in contrast to the growth inhibitory function, Smad3-
dependent signal is not essential for chemotaxis by TGF-f in
murine vascular SMCs. It is therefore likely that the ability of
medial SMCs to migrate into intima is preserved in Smad3-
null arteries. The signaling pathway responsible for TGF-p-
induced SMC motility remains to be elucidated.

TGF-B is known as a potent inducer of ECM deposition. It
has been demonstrated that overexpression and intravenous
administration of TGF-J caused arterial intimal thickening
largely consisted of increased ECM.1044 TGE-f3 exerts fibro-
genic activity through enhancement of ECM synthesis as well
as inhibition of ECM degradation by downregulating MMP
expression and upregulating MMP inhibitors.5-8 Previous
studies, mainly performed on dermal fibroblasts, showed that
TGF-B-mediated regulation of many ECM-related genes,
such as type I, III, V, and VI collagens, TIMP-1 and MMP-1
was Smad3-dependent.*5-*7 In this study, we reported that
Smad3-null neointima was rich in SMCs with relatively less
matrix-deposition compared with wild-type intima, as evalu-
ated by intimal cell density and Masson’s trichrome staining
(Figure 4), confirming a crucial role of Smad3-dependent
signals in vascular ECM regulation. Moreover, TGF- was
unable to enhance mRNA expression of COL1A2 and
TIMP-1 or suppress MT1-MMP expression in Smad3-null
SMCs (Figure 7), establishing Smad3-dependency of these
genes in vascular SMCs. Regulation of MMP-2 or gelatinase
also seems to depend on Smad3-pathway in SMCs, because

Wild-
type

injury. B, Ratios of Masson'’s trichrome—
positive intimal area to total intimal area
in femoral arterial sections from wild-type
(n=7) and Smad3-null (n=6) mice 3
weeks after the injury. C and D, Photo-
micrographs showing the representative
Masson’s trichrome-stained sections of
wild-type (C) and Smad3-null (D) femoral
arteries. Arrows indicate the positions of
the internal elastic lamina. L indicates
vascular lumen. Original magnification
X200; bar=50 um. *P<0.01 compared
with the wild type.

8mad3
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TGF-f attenuated MMP-2 activity in the culture media of
wild-type but not in Smad3-null SMCs. Because degradation
of matrix scaffold by MMPs enables cell movement and
general tissue reorganization,?®3? inability of TGF-8 to sup-
press MMPs in Smad3-null SMCs may facilitate cell migra-
tion from media to intima in vivo.*® Our in vitro finding that
Smad3-null SMCs show a higher migration than wild-type at
10 ng/ml. TGF-B (Figure 6B) may support this idea. MMP
activity uninhibited by TGF-8 as well as decreased matrix
deposition might also have contributed to enhancement of
intimal thickening in Smad3-null mice.

There have been reports on injury models suggesting that
TGF-$ promotes intimal thickening.32-1342 The present re-
sult that Smad3 deficiency accelerates intimal response to
injury appears inconsistent with these results. However, we
do not think that our findings contradict other reports on
TGF-p transgene or antagonism. Our model differs from any
other previous models in the point it specifically lacks Smad3
signal but not other TGF-B signal components, eg, Smad2
and MAP kinases. Smad3 not only transduces signal down-
stream of TGF-f, but also plays a major role in signaling of
activins,?>23 other members of the TGF-$ superfamily. Ac-
tivin A is expressed in atherosclerotic lesion®® and promotes
the contractile or nonproliferative phenotype of SMCs,5!
playing a role in stabilization of atherosclerotic plaque.
Adenovirus-mediated overexpression of activin A suppresses
neointimal formation.5! Although we have not examined the
involvement of activin A in the present study, it is assumable
that the defect in activin A signal in addition to TGF-j3
accounts for the drastic neointimal hyperplasia in Smad3-null
mice. It is of interest to determine whether specific activation
of Smad3 in arterial SMCs in vivo attenuates neointimal
hyperplasia. As another possibility, proinflammatory status
caused by systemic Smad3 deficiency?” might have influ-
enced neointimal response. Although our BMT results (Fig-
ure 2D through 2F) show that the degree of intimal hyper-
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Figure 5. Characterization of cultured mice aortic SMCs. SMCs
enzymatically isolated from the aorta of wild-type mice were
immunocytochemically stained using anti-SMA (A, green) and
anti-SMM (B, red) antibodies, counterstained with DAPI (blue,
for nuclei), and subjected to fluorescent microscopy. Original
magnification X200. C, Total cell lysates of wild-type and
Smad3-null SMCs were analyzed by SDS-PAGE and subjected
to immunobiotting with an anti-Smad2/3 antibody. Migration
positions of Smad?2 and Smad3 are indicated.

plasia mainly depends on the origin of blood vessels and not
of bone marrow cells, further investigation is needed to
elucidate the entire role of inflammation in Smad3-null
vascular response.

Finally, overactivation of TGF-B-Smad3 pathway is im-
plicated in various fibrotic diseases involving organs such as
skin, lung, liver, and kidney. Molecular agents that block
Smad3-dependent TGF-£ signal are anticipated as an ideal
therapeutic option for these disorders.* However, our present
results lead us to surmise that systemic suppression of Smad3
signaling can cause undesirable effects in the arteries by
facilitating proliferative intimal lesions. Therefore, selective
drug-delivery to the affected organs as well as careful
monitoring of possible vascular lesions should be considered
on clinical application of Smad3 inhibitors for fibrotic
diseases.

In conclusion, mice lacking Smad3 developed marked
neointimal hyperplasia on injury accompanying modulation
of growth and matrix regulation in vascular SMCs. This study
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Figure 6. TGF-p-induced growth inhibition and migration of
wild-type and Smad3-null SMCs. A, Wild-type (open columns)
and Smad3-null (closed columns) SMCs were assayed for TGF-
B-induced growth inhibition using ®H-thymidine incorporation.
Data are expressed as the means of three separate experi-
ments, each performed in quadruplicate. +P<0.01, ++P<0.05,
compared with the value of 0 ng/mL TGF-g. B, Migration of
wild-type (open circles) and Smad3-null (closed circles) SMCs
toward various doses of TGF-8 was measured by use of modi-
fied Boyden chamber method. Data represent the percentage of
cell numbers relative to those in the absence of TGF-8 and are
expressed as the means of 5 separate experiments, each per-
formed in triplicate. +P<0.01, ++P<0.05, compared with the
value of 0 ng/mL TGF-B. *P<0.05, compared with the value of
wild-type at 10 ng/mL TGF-8.

documents direct evidence and novel information on the
functional significance: a vasculoprotective role of Smad3-
dependent TGF-f signaling in response to injury.
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Figure 7. Effect of TGF-$ on expression
of type | collagen, MMPs, and TIMP-1 in

wild-type and Smad3-null SMCs. Tran-
script levels of COL1A2 (A), MT1-MMP
(B), and TIMP-1 (C} in wild-type and
Smad3-null SMCs treated with TGF-8.
Wild-type (open columns) and Smad3-
null (closed columns) SMC were incu-
bated with 10 ng/mL TGF-p for the indi-
cated periods, the total RNA was

x
1
I_I i
°
0 12 24

Incubation period (h)

isolated and used for cDNA synthesis.
Quantitative real-time PCR was per-
formed using the SYBR Green PCR
Master Mix and analyzed on an ABI
PRISM 7000 Sequence Detector Sys-

)

tem. Data were calculated relative to the

4 2
T + x
O%9 3 [
Z 8 g8
69 gp
g2 > + . T2
ié * §’t'1
4o v O
o re
) | '—'—l )
0
0 12 24
Incubation peried (h)
8 5 120
s 7 2100
— o L
28 s N £8
3 80 |
g5 s 52
T 4 S 6o
[ %‘m
=g 3 * E2 wf
. BE
3
I i SE nf
0 g 05 iz
0 12 24

24

value for the cells without TGF-$ and are
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wild type at the same time point. D,
MMP-2 gelatinolytic activity in the cul-

ture media of wild-type and Smad3-null
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SMCs treated with TGF-8. Cuiture media
of SMCs incubated with 10 ng/mL
TGF-B for the indicated periods was an-
alyzed by gelatin zymogram. Proteolytic
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degradation of gelatin by MMP was visualized as a translucent band on the dark background. Graph shows the gelatinolytic activity,
evaluated by densitometrical scanning of the bands, relative to those of wild-type SMCs at 0 hour. Data were expressed as the means
of 4 separate experiments. +-+P<0.05, compared with the value of 0 hour.
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Abstract

Transforming growth factor (TGF)- 8 is a multifunctional cytokine involved in
the regulation of proliferation, differentiation, migration, and survival of many
different cell types. The role of TGF-B in atherosclerosis has been intensively
studied, but the precise function of the downstream signals in this disease
entity remains unclear. We recently discovered that mice lacking Smad3, a
major downstream mediator of TGF-B, show enhanced neointimal hyperplasia
with decreased matrix deposition in response to vascular injury. This review
summarizes the current view on involvement of TGF-B in atherosclerotic
vascular disease, and discusses the role of Smad3-dependent TGF-f signal in

vascular response to injury.



Introduction

Transforming growth factor (TGF)- B is a prototypic member of the TGF-f3
superfamily which exerts wide range of biological effects on many different cell
types (Roberts and Sporn, 1990). TGEF- Bis involved in growth inhibition,
extracellular matrix production, immunomodulation, differentiation and cell
migration. Aberrant activation of TGF- B signaling is implicated in various
pathological conditions, such as cancer and fibrotic disorders (Blobe, 2000). The
role of TGF-B in atherosclerotic vascular disease has also been the subject of
intensive study. In this review, we will summarize the current view on the
involvement of TGF-B in atherosclerotic vascular disease, and discuss the
potential implications of Smad3-dependent signal in vascular response to

injury.

Intracellular signal transduction by TGF-(3

TGF- B is a dimer of polypeptides, secreted as latent form and become activated
through proteolytic cleavage. Three isoforms, TGEF-1, -2 and -B3, have been
identified, among which TGF-P1 being best-studied. Figure 1 shows a schematic
illustration of intracellular signal transduction by TGF-B. TGF-f elicits the
effects via signaling through tetramerization of two different receptor
serine/threonine kinases, TGF- B receptor type (TPR)-I and T BR-II (Heldin et al.
1997, Massagué ] and Chen Y-G 2000). Receptor activation leads to
phosphorylation of cytoplasmic signal transducers Smad2 and Smad3,
classified as so-called receptor-activated Smads (R-Smad). The activated
R-Smad heteroligomerizes with Smad4, a common mediator Smad, and the

complex is transported to the nucleus where it regulates expression of target



genes. Smad7, an inhibitory Smad, binds to TPR-I, interferes with the
phosphorylation of R-Smad, and results in suppression of the signaling. In.
addition, pathways independent of Smads, e.g. those involving MAP kinases,
have also been described (Massagué ] and Chen Y-G 2000).

The two R-Smads may have distinct functions downstream of TGF-p
receptors, as judged from their structure and the patterns of gene induction
(Roberts et al. 2001). Mice in which the Smad2 or Smad3 genes have been
deleted by homologous recombination also show dramatically different
phenotypes. Target deletion of the Smad2 gene results in early embryonic
lethality (Waldrip et al. 1998). In contrast, the mice lacking Smad3 are viable
and show various phenotypes including impaired mucosal immunity (Yang et
al.1999), accelerated wound healing (Ashcroft et al. 1999), protection against
diabetic glomerular changes (Fujimoto et al. 2003), attenuation of fibrotic
response (Flanders et al. 2004) and tumorigenesis (Waldrip et al. 1998, Wolfraim
et al. 2004). These findings indicate the biological importance of

Smad3-dependent signal particularly after birth.

TGF-P promotes restenotic vascular lesions

More than a decade ago, it was reported that human vascular restenosis lesions
as well as neointimal segment in injured rat carotid arteries express TGF-BI
mRNA and protein (Majesky et al. 1991, Nikol et al. 1992), suggesting the
involvement of TGF-p in the lesion formation. As a matter of fact, direct
application of TGF-p to the arterial wall in animal models either by production
in situ through gene transfer or by intraluminal administration of recombinant

protein resulted in enhanced neointimal hyperplasia composed of smooth
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)



muscle cells (SMCs) and extracellular matrix, in the presence or absence of
vascular injury (Nabel et al. 1993, Kanzaki et al. 1995, Schulick et al. 1998).
TGF- B activity to stimulate procollagen and fibronectin production,
downregulate matrix metalloproteinases (MMPs), and upregulate protease
inhibitors (Ignotz RA and Massagué ] 1986, Uria et al. 1998, Westerhausen 1991)
may play a critical role in the promotion of neointimal hyperplasia. It was also
shown that TGF-B antagonism either by antibody, soluble receptor or ribozyme
oligonucleotides effectively reduced neointimal formation and constrictive
remodeling after balloon-injury in animals (Wolf et al. 1994, Yamamoto et al.

2000, Kingston et al. 2001).

TGF-p stablizes atherosclerotic plaques

Recent progress in vascular research underscores the importance of
inflammatory process in formation of atherosclerotic vascular diseases (Libby
2002). According to this concept, rupture or erosion of vulnerable atheromatous
plaque plays a central role in the onset of cardiovascular events. It is now
widely recognized that such lipid-rich atheromatous plaque is distinct from
SMC/matrix-rich post-angioplasty restenotic lesions in their biological
characteristics.

Figure 2 illustrates the major steps in atherosclerotic lesion formation and
the putative effects of TGF-B on the each step. I vitro, TGF-B has been shown to
attenuate endothelial activation through downregulation of adhesion molecules
(Gamble et al. 1993) and upregulation of endothelial nitric oxide synthase
(noue et al. 1995). It also inhibits cholesteryl ester accumulation n

macrophages and deactivates T-lymphocytes (Argmann et al. 2001, Gamble et al.



