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Abstract

Aims/hypothesis Excess accumulation of vascular extracellu-
lar matrix (ECM) is an important pathological process in
cardiovascular diseases including diabetes-associated athero-
sclerosis. We explored how a recently identified molecule, cell
division autoantigen 1 (CDA1), influences the profibrotic
TGF-f3 pathway leading to vascular ECM accumulation.
Methods Expression levels of genes encoding for CDAI,
TGF-f3 and connective tissue growth factor (CTGF) were
examined in aorta from Apoe " mice with or without
diabetes. We used retroviral and adenoviral constructs to
knockdown or overexpress Tspyl2, the gene encoding CDAI,
in mouse vascular smooth muscle cells (VSMCs) with or
without TGF-f3 treatment in order to demonstrate the role of
CDAL in TGF-f signalling.

Results In vivo studies indicated that the mRNA levels of
CDA1l-encoding gene Tspyl2 and protein levels of CDAI1
were elevated in the aorta of diabetic Apoe ” mice,
accompanied by increased levels of Tgf-3 (also known as
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Tgfbl), Ctgf and ECM accumulation. In vitro studies in
vascular cells showed that TGF-{3 treatment rapidly in-
creased CDA1 protein levels, which then amplified TGF-f3
signalling leading to upregulation of ECM genes. Knock-
down of CDAl-encoding gene Ispyl2 to reduce cellular
CDAI1 level markedly attenuated TGF-[3-stimulated MAD
homologue 3 (drosophila; SMAD3) phosphorylation and
transcriptional activities. CDA1 overproduction increased
and Tspyl2 knockdown decreased expression of TGF-f3
receptor type I, 70rl (also known as Tgfbrl), but not TGF-
[3 receptor type 11, 73riI (also known as Tgfbr2), providing a
mechanism for CDA1’s action in modulating TGF-f3
signalling. Knockdown of CDA 1-encoding gene Tspyl2 also
blocked the profibrotic effect of TGF-f3 in VSMCs.
Conclusions/interpretation CDAI plays an important role in
vascular ECM accumulation by amplifying TGF-3 signal-
ling. This is critical for the profibrotic effect of TGF-{3 in the
vasculature. CDA1 is therefore a potential target for
attenuating vascular ECM accumulation caused by enhanced
TGF-f action, as seen in diabetic atherosclerosis.

Keywords Atherosclerosis - CDAL1 - Diabetes - Fibrosis -
TGF-f3 - Vascular ECM accumulation

Abbreviations

CDA1  Cell division autoantigen 1

CTGF  Connective tissue growth factor

ECM Extracellular matrix

ERK Extracellular signal-regulated protein kinase
MAPK Mitogen-activated protein kinase

siRNA  Short interfering RNA

SMAD MAD homologue 3 (drosophila)

VSMC  Vascular smooth muscle cell
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Introduction

Cardiovascular disease usually arises from vascular dys-
function as a result of atherosclerosis and/or thrombosis,
and is clinically associated with diabetes [1]. Excess
accumulation of extracellular matrix (ECM) in the vascu-
lature appears to play an important role in the development
and progression of the vasculopathy seen in diabetes [2—6].
However, the underlying molecular mechanisms have not
been fully delineated.

TGF-f3 is the major growth factor implicated in vascular
matrix accumulation via the SMAD signalling pathway [6, 7].
TGF-3-dependent and -independent signalling pathways
involving R-SMAD activation are the major pathways via
which various pathological stimuli that appear to be
enhanced in the diabetic milieu, e.g. TGF-[3, angiotensin II,
AGE, glucose and mechanical stretch, stimulate blood vessel
ECM accumulation and remodelling [6]. It has been
postulated that targeting downstream signalling of TGF-f3
could be beneficial by reducing ECM accumulation [8].
Indeed, blockade of the renin—angiotensin system with drugs
such as ACE inhibitors has been shown to reduce fibrosis,
partly via TGF-f3-dependent pathways, and has been
reported to attenuate atherosclerosis in the setting of diabetes
[4]. However, targeting ECM accumulation in the athero-
sclerotic plaque at a later stage remains controversial since in
certain contexts, such as in the fibrous cap, TGF-f3 may act
paradoxically to reduce the risk of subsequent acute plaque
rupture [9-11].

Cell division autoantigen 1 (CDAL1) is a molecule that we
identified and named to reflect our initial finding that it
arrested cell growth when overexpressed in HeLa cells [12].
Its anti-proliferative action is supported by our further
findings as well as by those of other groups [13—15]. We
have shown that CDAL1 is able to activate the extracellular
signal-regulated protein kinase (ERK)/mitogen-activated pro-
tein kinase (MAPK) pathway and transcriptionally upre-
gulate the cyclin-dependent kinase inhibitor, p21"74"/<!
[13]. Both the latter and ERK/MAPK are known to be
regulated by TGF-f3 [16-21]. CDA1 has been shown to be
upregulated by TGF-f3 and to increase luciferase activities of
TGF-f3 reporter constructs in some lung cancer cell lines
[22-25]. These findings suggest that CDA1 may be involved
in TGF-$ signalling and play a role in mediating the
biological functions of TGF-3. TGF- upregulation is
thought to be a pathological event in diabetes, leading to
prominent ECM accumulation and thereby promoting vari-
ous diabetic complications, including nephropathy and
macrovascular diseases [26, 27].

Here, we not only show overexpression of the CDAI-
encoding gene Tspyl2 in diabetic Apoe””" mice, which
exhibit accelerated atherosclerosis, but also identify a novel
role for CDA1 in modulating TGF-f signalling in vascular

smooth muscle cells (VSMCs), which leads to ECM gene
expression. Thus, these data show that CDAIl is an
appropriate and potentially attractive molecular target to
block the profibrotic effect of TGF-f3, thus preventing,
retarding or treating diabetes-accelerated vascular ECM
accumulation and atherosclerosis.

Methods

Antibodies, reagents and plasmids Rabbit antibody, raised
to GST fusion protein of the C-terminal fragment of mouse
CDAI1, was affinity-purified using a method described
previously [12]. Antibodies to phospho-SMAD3 (Ser433/
435) (#9514) and to SMAD2/3 (sc-8332) were from Cell
Signaling Technology (Beverly, MA, USA) and Santa Cruz
Biotechnology (Santa Cruz, CA, USA), respectively. The
antibody to o-tubulin (T5168) was from Sigma-Aldrich (St
Louis, MO, USA) and recombinant human TGF-31 from
United States Biological Inc. (Swampscott, MA, USA).
Constructs of p3TP-Lux and p(CAGA)>-Luc have been
described previously [28, 29].

Cell culture Mouse VSMCs isolated from mouse aorta have
been described previously [30]. The cells were cultured in
DMEM/F12 plus 10% (vol./vol.) fetal bovine serum at 37°C
with 5% CO,. VSMCs were stably transduced by vector
control retrovirus or retrovirus expressing siRNA m957
silencing the CDAIl-encoding gene Tspyl2 as described
previously for the human CDA1l-encoding gene 7SPYL2 in
HeLa cells [13]. Tspyl2 siRNA m957 targets a region of the
open reading frame conserved in human and mouse.

Adenovirus constructs Adenovirus constructs to overex-
press mouse CDAl-encoding gene 7spyl2 or to express
hairpin-structured siRNA to silence 7spyl2 were prepared
using a vector system (AdEasy; Quantum Biotechnologies,
Montreal, QC, Canada). Briefly, the DNA fragment encod-
ing Myc-tagged mouse CDA1 was cloned into the transfer
vector, pAdTrack-CMV. The expression cascade containing
HI1 promoter and the DNA fragment coding for the hairpin
structured Tspyl2 siRNA m957 was cloned into the transfer
vector, pAdTrack. The linearised transfer vector constructs
were co-transformed with pAdEasy-1 plasmid into E. coli
strain BJ5183 allowing recombination to generate a re-
combinant adenovirus plasmid, which was then used to
produce infectious, but replication-defective adenoviruses
in HEK293 packaging cells. Viral particles were purified by
double caesium chloride gradient ultra-centrifugations.
Initially, the HEK293 packaging cells failed to produce
CDA1-producing adenovirus, probably due to overproduc-
tion of CDAI1 protein, which inhibits DNA synthesis and
arrests cell proliferation, thereby adversely affecting ade-

@ Springer



172

Diabetologia (2010) 53:170-179

novirus production [12, 13]. To overcome this problem,
HEK?293 packaging cells were stably transduced with the
retrovirus expressing 7spy/2 siRNA m957 [13], which
significantly reduced mRNA and protein levels of CDAI
even when used to produce CDA1-producing adenoviruses.

Gene-specific mnRNA quantitation by real-time RT-PCR Gene-
specific mRNA levels were quantitatively determined
as described [13] using a PCR system (7500 Fast Real-
Time PCR; Applied Biosystems, Foster City, CA, USA)
and normalised against endogenous 18S ribosome RNA
using ribosomal RNA control reagents (TagMan: Applied
Biosystems). Results are shown as fold change (arbitrary
unit) relative to control. Probes and primers used to deter-
mine gene-specific mRNA levels are listed in Electronic
supplementary material (ESM) Table 1.

Luciferase reporter assay The luciferase reporter assay has
been described previously [13]. Briefly, mouse VSMCs
stably transduced with vector control retrovirus (pSUPER-
retro-puromycin) or retrovirus expressing 7spyl2 siRNA
m957 were co-transfected by electroporation with pGL3-
BASIC (Promega, Madison, WI, USA), p3TP-Lux or
P(CAGA),-Luc (15 pg) and CMV-3-galactosidase (3 ug)
plasmids. Complete medium was replaced with serum-free
medium 24 h after electroporation. TGF-3 at final concen-
tration of 1.25 ng/ml or no TGF-3 was added to treat cells
for a further 24 h. Luciferase and [3-galactosidase activities
of each sample were analysed using assay systems (Lucif-
erase Assay, catalogue number E1501; (-Galactosidase
Enzyme Assay, catalogue number E2000; Promega).

Animal model The diabetic Apoe ~ mouse is an extensive-
ly characterised model of diabetes-associated atherosclero-
sis, as described previously [4, 31, 32]. Briefly, 6-week-old
Apoe”"” male mice on a C57BL6 background were rendered
diabetic by five daily intraperitoneal injections of streptozo-
tocin (Boehringer-Mannheim, Mannheim, Germany) at a
dose of 55 mg/kg in citrate buffer. Non-diabetic Apoe
control animals were injected with buffer alone. Only
animals injected with streptozotocin and with blood glucose
levels >15 mmol/l at 1 week after injection were considered
diabetic. All animals were housed on a 12 h light/dark cycle
with free access to water and standard mouse chow
(Specialty Feeds, WA, Australia). The animal studies were
approved by the AMREP Animal Ethic Committee accord-
ing to principles in line with international guidelines
including the ‘Principles of laboratory animal care’ (National
Institutes of Health, 1985). Animals were killed 10 and
20 weeks after induction of diabetes. Body weight and blood
pressure (systolic BP) were measured prior to killing.
Methods for the measurement of systolic BP by tail cuff
plethysmography, HbA ., plasma lipid and glucose levels, as
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well as en face analysis of aortic plaque area (% intimal area
stained with Sudan IV) have been described previously
[33, 34]. Whole aortas were cleaned by removing fat and
adventitia, and then used for isolation of total RNA or for en
face analysis of aortic plaque area. Cleaned aortic tissues
were also used for preparation of paraffin sections as
described previously [4, 35, 36].

Assessment of plaque area The en face analysis of athero-
sclerotic lesions was conducted as described previously [4].
The plaque area was calculated as the proportion (%) of aortic
intimal surface area occupied by red stained plaques (Adobe
Photoshop 6.0.1; Adobe Systems, San Jose, CA, USA).

Immunohistochemical and Trichrome staining Immunohis-
tochemical staining for various proteins in the paraffin
sections was carried out as described previously [4]. Briefly,
after incubation with primary antibodies (1:2,000 dilution for
CDAI, 1:200 for connective tissue growth factor [CTGF]),
biotinylated horse anti-rabbit or anti-mouse immunoglobulin
(Vector Laboratories, Burlingame, CA, USA) was used as a
second antibody, then followed by horseradish peroxidase-
conjugated streptavidin. Peroxidase activity was identified by
reaction with 3,3'-diaminobenzidine tetrahydrochloride
(Sigma Chemical, St Louis, MO, USA). Collagen content
was shown by Masson’s Trichrome staining method [4].

Results

Phenotypic data of Apoe”’~ mice with or without diabetes for
20 weeks As summarised in Table 1, the Apoe " animals
after 20 weeks of diabetes had significantly higher plasma
glucose concentrations and higher HbA ¢ levels than non-
diabetic Apoe””~ mice. The body weight of the diabetic
mice was significantly lower and plasma total cholesterol,
HDL and LDL were higher than in control mice (Table 1).
Diabetic Apoe ’~ mice did not show a significant change in
plasma triacylglycerol or systolic blood pressure when
compared with the non-diabetic group (Table 1).

Diabetes accelerates development of atherosclerosis in
Apoe " mice After 20 weeks of diabetes mice had in-
creased levels of atherosclerosis compared with age matched
non-diabetic Apoe " mice (Fig. 1). Increased staining of
plaques in the arch, thoracic and abdominal aorta of diabetic
mice was observed (Fig. 1). In diabetic mice, the arch region
of the aorta had a higher percentage plaque area than the
thoracic and abdominal aortic regions (Fig. 1).

Concomitant increases in expression levels of Tspyl2 and
profibrotic growth factors in atherosclerotic aortas from
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Table 1 Metabolic and blood pressure data for Apoe”~ mice

Variable Non-diabetic Diabetic
(n=9-20) (n=9-20)
Plasma glucose (mmol/l) 12.0+0.5 30.2+1.2°
HbA . (%) 43+0.1 14.4+0.3%
Total cholesterol (mmol/l) 12.2+0.6 18.8+1.0%
HDL (mmol/l) 2.6+0.2 3.5+0.2°
LDL (mmol/l) 8.5+0.4 14.0£0.9%
Body weight (g) 32.7+0.5 24.4+0.5%
Triacylglycerol (mmol/l) 2.4+0.1 2.8+0.2
Blood pressure (mmHg) 106+3 110+£5

Data are shown as mean+=SEM

2p<0.001; °p=0.02 vs non-diabetic Apoe

mice

diabetic Apoe”~ mice We found that mRNA levels of
CDA1-encoding gene Tspyl2 as well as of the profibrotic
growth factors Tgf-3 and Ctgf increased 1.5 to twofold in
aortas of Apoe ’~ mice with 10 weeks of diabetes (Fig. 2a).
Expression of these genes increased further, namely by
more than fivefold (Zspyl2), tenfold (Tgf-/3) and more than
15-fold (Ctgf), respectively, at 20 weeks of diabetes when

compared with age-matched non-diabetic animals (Fig. 2b).

CDAI1 protein was strongly stained in vessels from mice
after 20 weeks of diabetes, being present extensively in the
atherosclerotic plaques (Fig. 2¢). In control Apoe ’~ mice
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Fig. 1 Diabetes accelerates development of atherosclerosis in Apoe
mice. a Representative view of atherosclerotic plaques stained by
Sudan IV (red) in arch, thoracic and abdominal (left to right) aortas
from 20-week non-diabetic and diabetic Apoe~ mice. b Analysis of
the quantified plaque areas in total, arch, thoracic (Thora) and
abdominal (Abdom) aortas from 20-week non-diabetic group (white
bar, n=10) and diabetic group (black bar, n=8) of Apoe " mice.
Values are means=SE. SE (n=8-10) is shown as error bar. *p<0.001
vs non-diabetic group
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Fig. 2 Aortic Tspyl2 expression is increased in diabetic Apoe ’~ mice.
a Relative mRNA levels of Tspyl2, Tgf-3 and Ctgf as determined by
quantitative real-time PCR in aorta of 10-week-old or (b) 20-week-old
diabetic (black bars) and non-diabetic (white bars) Apoe ” mice.
Values are means+SE. SE (n=5-7) is shown as error bar. *p<0.05 vs
non-diabetic group. ¢ Immunohistochemical staining of CDA1 in 20-
week diabetic (Dia) and non-diabetic control (Con) Apoe”~ mouse
aorta sections. The diabetic aorta section was also stained with the
same anti-CDA1 antibody that was pre-absorbed with CDA1 antigen
(Dia+Ag). d Immunohistochemical staining for CTGF and (e)
Trichrome staining for ECM in 20-week non-diabetic (Con) and
diabetic (Dia) aorta sections

there was much less atherosclerosis [4] and very little
staining of CDA1l (Fig. 2c). Staining of CDAIl in the
diabetic atherosclerotic plaque was removed by pre-
absorption of the antibody with CDAI antigen, confirming
the specificity of CDA1 staining (Fig. 2c¢).

CTGF protein levels have been previously characterised
in detail and shown to be elevated in this animal model [4].
Our immunohistochemical staining for CTGF showed a
similar result, with higher levels of CTGF in the diabetes-
accelerated atherosclerotic plaque than in non-diabetic
controls (Fig. 2d). This is consistent with a role for CDA1
in promoting gene expression of profibrotic Ctgf in vivo

@ Springer



174

Diabetologia (2010) 53:170-179

and is consistent with our in vitro finding that CDA1 is
involved in TGF- signalling and is able to promote
expression of Crgf.

Enhanced accumulation of ECM in diabetic atherosclerotic
aortas of Apoe ’” mice Associated with upregulation of
CDA1 and TGF-B, the diabetic Apoe  atherosclerosis
model displayed increased accumulation of ECM in the
plaque (Fig. 2e). This result is consistent with our
hypothesis that CDAI1 has a role in enhancing TGF-f3
signalling leading to upregulation of CTGF and ultimately
leading to increased production and accumulation of
vascular ECM in vivo.

CDAIl knockdown abrogates TGF-B-stimulated SMAD3
activation in VSMCs In order to establish a pathological role
for overexpression of CDA 1-encoding gene Tspyl2 leading to
vascular ECM accumulation, we examined whether CDA1
plays a role in TGF-{3-stimulated SMAD phosphorylation
and transcriptional activities. We stably transduced VSMCs
with either a vector control retrovirus or a retrovirus
expressing hairpin-structured siRNA m957 [13] to reduce
the CDAI1 level. The cells were treated with TGF-3 at
specified concentrations for 30 min. CDA1 was undetectable
in mouse VSMCs with its gene being silenced by Tspyl2
siRNA m957, whereas CDA1 protein levels in control
VSMCs were increased by TGF-f3 treatment for 30 min
(Fig. 3a). SMAD?3 phosphorylation was undetectable in cells
without TGF-f3 treatment or with 0.1 ng/ml TGF-3. In
contrast, SMAD3 phosphorylation was markedly increased
with 0.5 ng/ml TGF-[3 and further increased with 1.25 ng/ml
in a dose-dependent manner. SMAD3 phosphorylation
stimulated by TGF-f at the same concentrations was
markedly attenuated by the decrease in the CDA1 level due
to Tspyl2 siRNA knockdown, whereas total SMAD2/3 levels
were not reduced (Fig. 3a). Attenuation of TGF-[3-stimulated
SMAD3 phosphorylation by Tspyl2 knockdown was also
observed with TGF-{3 treatment at higher concentrations
(Fig. 3a). These results demonstrate that CDA1 participates
in TGF-f3 signalling and plays a critical role in amplifying
the stimulation by TGF-3 of SMAD3 phosphorylation; they
also show that CDA1 protein levels play a pivotal role in
modulating SMAD phosphorylation and activation in re-
sponse to TGF-f3.

The role for CDA1 in mediating signalling and tran-
scriptional activities of TGF-3 was examined in control and
Tspyl2 knockdown VSMCs by measuring luciferase activ-
ities of a TGF-f3-responsive luciferase reporter construct,
p3TP-Lux, and a SMAD3-specific luciferase reporter
construct, p(CAGA),-Luc (Fig. 3b). Background levels
of luciferase activities for the promoterless luciferase gene
construct pGL3-BASIC in either vector retrovirus- or
Tspyl2 siRNA retrovirus-transduced VSMCs were not
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Fig. 3 CDALI is involved in TGF-f3 signalling. a Western blot
showing CDA1, phosphor-SMAD3, total SMAD2/3 and «-tubulin in
control (Vect) and CDAl-encoding gene Tspyl2 siRNA (siRNA)
knockdown VSMCs treated with TGF-f3 at specified concentrations
for 30 min. b Luciferase activities of TGF-{3-responsive reporter
constructs (3TP, CAGA) and a control (BASIC) in VSMCs treated or
not treated with TGF-f3 at 2.5 ng/ml for 24 h. Values are means+SE.
SE (n=6) is shown as error bar. ¥*p<0.001. ¢ Western blot of CDAI,
phosphor-SMAD3 and «-tubulin in VSMCs treated with TGF-3 at
1 ng/ml for specified times

changed by TGF-{ treatment (Fig. 3b). p3TP-Lux activity
was stimulated >17-fold by TGF-{3 treatment at 2.5 ng/ml
for 24 h in vector control cells, whereas CDA1 knockdown
attenuated the stimulatory effect of TGF-3 by >70%
(Fig. 3b). Similarly, TGF-f3 stimulated an eightfold increase
in luciferase activity of the p(CAGA);,-Luc in vector
control cells, but this increase was attenuated by more than
60% in the Tspyl2 siRNA knockdown cells (Fig. 3b). These
results indicate a role for CDA1 in modulating TGF-f3
signalling, leading to regulation of TGF-{3-responsive gene
promoters, a process involving SMAD3.

CDAI protein levels rapidly increase in response to TGF-3
treatment To further confirm the response of CDA1 with
increase in CDA1 protein levels to the TGF-3 treatment, as
observed in Fig. 3a, we treated VSMCs with TGF-f3 for
various periods of time. TGF-f3 rapidly increased CDAI
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protein levels after 10 min and these progressively increased
up to 25 min (Fig. 3c). Following the rise in CDAI,
phosphorylated SMAD3, detected by an antibody to
phospho-SMAD3 (Serd33/435), rose to a detectable level
after 15 and 20 min, and was markedly increased at 25 min
(Fig. 3c). In a longer time-course study, the rapid induction of
CDA1 and SMAD3 phosphorylation by TGF-3 was con-
firmed at 15 and 30 min (Fig. 3c). Furthermore, CDA1 levels
dropped from the peak to the control level after 1 to 2 h of
TGF-f treatment, gradually rising again after 3 h and reaching
a second peak after 5 h. SMAD3 phosphorylation peaked at
1 h and then gradually decreased. These findings confirm that
TGF- is able to rapidly increase CDA1 protein levels, which
further amplifies the ability of TGF-3 to stimulate SMAD3
phosphorylation and activities (Fig. 3a, b).

Physiological role for CDAIl in regulating Ctgf and
ECM genes We examined the effect of knockdown of
CDAl-encoding gene TIspyl2 on TGF-f3 target genes,
including Ctgf 'and ECM genes in VSMCs. VSMCs were
un-transduced or stably transduced with a vector control
retrovirus or with a retrovirus expressing hairpin-structured
siRNA targeting a human sequence that is not conserved
in mouse genome. This retrovirus expressing hairpin-
structured siRNA was for use as an irrelevant siRNA
control. The retrovirus expressing Tspy/2 siRNA m957 [13]
is described in Fig. 3. Tspyl2 siRNA reduced Tspyl2 mRNA
levels by ~40% in VSMCs (Fig. 4). Expression of Crgf,
collagen I, III and IV, and fibronectin was significantly
decreased in Tspyl2 siRNA knockdown cells by 20% to
80% (Fig. 4). These results suggest a physiological role for
endogenous CDA1 in regulating TGF-3 target genes,
including Ctgf'and ECM genes, in VSMCs, consistent with
its role in TGF-f signalling and transcriptional regulation
of TGF-{3-responsive gene promoters (Fig. 3a, b).
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Fig. 4 Knockdown of CDAl-encoding gene 7spyl2 results in
decreased mRNA levels of Crgf and various ECM genes. mRNA
levels for Tspyl2, Ctgf, Fnl and Collal, Col3al and Col4al in
VSMCs transduced with no virus (white bars), vector retrovirus
(hatched bars), retrovirus expressing an irrelevant siRNA (grey bars)
or retrovirus expressing siRNA silencing CDAL1 (black bars). Values
are means+SE. SE (n=6) is shown as error bar. *p<0.001 vs VSMC
group with no virus

CDA1 is required for TGF-{3 to stimulate expression of Ctgf
and ECM genes We used adenovirus constructs to either
overexpress or knockdown CDAl-encoding gene 7spyl2 in
VSMCs. Uninfected VSMCs and VSMCs infected with a
vector adenovirus were used as controls (Fig. 5). After 24 h of
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Fig. 5 CDALI is critical for TGF-3 to regulate expression of Ctgf and
various ECM genes. Mouse VSMCs were infected with no virus, a
vector adenovirus (Con adenovirus), an adenovirus expressing mouse
CDAl-encoding gene Tspyl2 (Tspyl2 adenovirus) or an adenovirus
expressing siRNA m957 to silence Zspyl2 (siRNA adenovirus). The
same quantity of adenoviruses (~1x 10° plaque forming unit) was added
to ~5x10° VSMCs for 24 h to achieve the same levels of enhanced
green fluorescent protein as assessed under a fluorescent microscope.
After removal of the medium containing the adenoviruses, serum-free
DMEM/F12 medium with or without TGF-{3 at 1.25 ng/ml was added
and the cells were treated for a further 24 h. mRNA levels for CDA1-
encoding gene Tspyl2 (a), Ctgf (b), and genes encoding for collagen
types I (Collal) (¢), III (Col3la) (d) and IV (Col4al) (e), and
fibronectin (Fnl) (f) were determined by real-time RT-PCR and are
shown as arbitrary units. Values are meanstSE. SE (n=6) is shown as
error bar. *p<0.05 vs untreated group; p<0.05 vs untreated group of no
virus cells; 5p<0.05 vs no virus and control adenovirus in the presence
of TGF-B; $p<0.05 vs no virus (white bar) and control adenovirus (Con
adenovirus, white bar) in the absence of TGF-f3 treatment
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adenovirus infection, the cells were treated with TGF-{3 for a
further 24 h. As shown in Fig. 5, the Typyl2-overexpressing
adenovirus increased Tspyl2 mRNA levels by more than
sixfold whereas the siRNA adenovirus reduced 75py/2 mRNA
levels by >40%. TGF-f3 treatment moderately increased
endogenous Tspyl2 mRNA levels in the control groups as
well as in Tspyl2-adenovirus-infected VSMC group, but this
was not observed in the siRNA adenovirus-infected VSMCs.
TGF-3 stimulated Ctgf mRNA levels more than threefold in
the two control groups. Overexpression of CDAl-encoding
gene Typyl2 also increased Ctgf mRNA levels by >70%.
TGF-B treatment in the 7spy/2-adenovirus-infected VSMC
was associated with an even greater increase in Cigf
expression of >500%. TGF-f failed to stimulate Cigf
expression when CDAl-encoding gene T3pyl2 was silenced
by the siRNA-adenovirus in VSMCs (Fig. 5). In a similar
pattern to that seen with Czgf, ECM genes including collagen
types I, IIl and IV, and fibronectin were stimulated moderately
by TGF-f or CDA1 alone, and were stimulated to a greater
extent by the combination of TGF-f3 and CDAL.

In the presence of TGF-f3, overexpression of the CDA1-
encoding gene Tspyl2 significantly increased mRNA levels
of Crgf and various ECM genes compared with the TGF-f3
treatment groups with either no virus or with the control
adenovirus. This demonstrates the ability of CDAIl to
enhance the effect of TGF-f3 in upregulating these target
genes. Furthermore, silencing of CDA1-encoding gene Tspyl2
not only reduced basal mRNA levels of Ctgf and ECM
genes, consistent with the results seen with the retrovirus as
shown in Fig. 4, but also prevented TGF-3 from stimulating
these genes (Fig. 5). The effect of Tspyl2 knockdown on
TGF-f3-stimulated gene expression is consistent with the
Tspyl2 knockdown-induced attenuation of TGF-f3 signalling
(Fig. 3a, b).

CDAI increases expression levels of Tgf-3 and Tgf-3
receptor type I, but not type Il To examine the mechanism
whereby CDA1 modulates the TGF-{3 signalling pathway
leading to regulation of TGF-f3 target genes such as Crgf
and various ECM genes, we determined the effects of
Tspyl2 knockdown and overexpression on expression of
Tgf~( and its receptors. We found that Tspy/2 knockdown,
as described in Fig. 4, resulted in significant decreases in
mRNA levels of 7gf- by ~30% and of the TGF-{ receptor
type I or T6rI (also known as Tgfbrl) by ~50%, but not of
the TGF-3 receptor type II or 731 (also known as Tgfbr2;
Fig. 6a). In contrast, adenovirus-delivered CDA1 overpro-
duction resulted in increase of 7gf-3 by ~150% and of the
T8rl by ~300%, but not of the 75rII (Fig. 6b). These results
show that CDAL1 is able to increase the expression levels of
the ligand and receptor levels of the TGF-3 signalling
pathway, providing a mechanism to explain the action of
CDA1 in mediating the profibrotic effect of TGF-f3.
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Fig. 6 CDALI increases expression of 7gf-(3 and 73/, but not T5rll.
The mRNA levels of the above are shown in the same VSMCs with
(a) CDAI1 knockdown and controls as described for Fig. 4 (key
identical) or with (b) overexpression of CDAl-encoding gene Tspyl2
as described in Fig. 5, but without TGF-f3 treatment, including no
virus (white bars), vector (hatched bars) and CDAl-producing
adenovirus (black bars) infected cells. Values are meanstSE. SE
(n=06) is shown as error bar. *p<0.001 vs no virus group

Discussion

This study used a well characterised animal model of diabetes-
accelerated atherosclerosis, the streptozotocin induced
diabetic Apoe ~ mouse, which develops aortic plaques with
pathological features relevant to human disease [32]. As
characterised in detail previously [4, 5], this model has
increased vascular ECM accumulation, which is associated
with accelerated vascular disease, manifested as rapid
development of atherosclerotic plaques. ECM remodelling
in blood vessels is an early event in response to pathological
insults, with vascular fibrosis likely to further contribute to
the subsequent development of atherosclerosis. Specifically,
ECM accumulation may help increase plaque size, leading to
narrowing of the lumen of these vessels.

The present study reports a novel observation that ex-
pression of Tspyl2, the gene encoding for CDAI, is
increased in the atherosclerotic aortas of diabetic Apoe
mice. To further explore the potential biological role of
CDAI1, we carried out a series of in vitro experiments
increasing cellular levels of CDAI1 in mouse VSMCs to
mimic the in vivo diabetes context in order to demonstrate
the profibrotic effect of CDA1. Our siRNA data specifically
show the efficacy of targeting CDA1 in attenuating TGF-f3-
stimulated expression of ECM genes.
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Expression levels of CDAl-encoding gene Tspyl2 were
increased progressively in the aorta of Apoe ’~ mice after
10 to 20 weeks of diabetes, accompanied by the progressive
development of atherosclerosis and increased levels of
TGF-3, ECM content and atherosclerotic plaque area
(Figs 1 and 2), as previously reported [4, 35]. This suggests
that regulatory molecules such as CDAI are induced at an
earlier stage, before the disease has become manifest. These
findings are therefore consistent with a role for CDA1 in
the development and progression of atherosclerosis in these
mice, particularly in the diabetic context.

The hypothesis that an increase in CDAl-encoding gene
Tspyl2 expression in diabetic atherosclerosis is due to an
enhanced level of TGF-f3 and plays a pathological role by
enhancing the profibrotic effect of TGF-3 was investigated in
a series of in vitro studies involving overexpression and
inhibition of vascular Tspyl2 expression. Specifically, CDAI
protein levels were rapidly increased by TGF-f3 treatment,
followed by SMAD3 phosphorylation. CDA1 protein levels
gradually decreased for 1 to 2 h after the peak level, rising
again at 4 to 5 h after TGF-f3 treatment. The first increase in
CDAL1 is apparently a result of exogenous TGF-f3 stimula-
tion. The second peak in CDA1 at 4 to 5 h may reflect an
autocrine effect of endogenous TGF-[3, which is consistent
with a previous observation that the protein level of CDAI is
increased by TGF-f3 treatment at 4 and 8 h in a human lung
cell line [23]. The ability of CDAI to promote expression of
Ctgf'and the ECM genes, including collagen I, IIT and IV, and
fibronectin, in VSMCs was demonstrated by the increase in
expression of these genes following CDA1 overproduction.

The critical roles for CDAl in mediating TGF-f3
signalling and TGF-3-dependent stimulation of expression
of Crgf and various ECM genes were clearly demonstrated
using an siRNA CDAl-encoding gene knockdown ap-
proach. Specifically, Tspyl2 knockdown led to marked
attenuation of TGF-3 signalling, as well as abrogation of
the profibrotic effect of TGF-f3. These data not only show
that CDA1 has a pathological role in promoting the
development of atherosclerosis in diabetes, but also support
the potential efficacy of targeting CDA1 in order to inhibit
or reduce ECM production as a result of enhanced TGF-f3
action coordinated by elevated production of CDAI.

Unlike directly targeting TGF- or TGF-f3 receptors,
which results in deleterious effects due to inhibition of
other important biological effects of TGF-f3, targeting
CDA1 specifically appears to block only the enhanced
action of TGF-3. Knockdown of the CDA1-encoding gene
Tspyl2 markedly attenuated, but did not completely block
TGF-3-stimulated SMAD3 phosphorylation and transcrip-
tional activities (Fig. 3). However, this effect appears to be
sufficient to prevent the stimulatory effect of TGF-f3 on its

target genes associated with ECM production, including
Ctgf, collagen 1, III and IV, and fibronectin (Fig. 5). Based
on these results, it is suggested that targeting CDA1 will be
effective in inhibiting ECM production increased by the
enhanced profibrotic action of TGF-f3. Furthermore, it is
predicted that targeting CDA1 may not affect key physio-
logical roles of TGF-f3, since SMAD phosphorylation and
transcriptional activities of TGF-f§ were not completely
blocked (Fig. 3).

The molecular pathway whereby CDA1 mediates the
profibrotic effect of TGF-3 and angiotensin II involves
SMAD3, a key TGF- signalling molecule involved in
vascular fibrosis [37] and diabetic nephropathy [38, 39].
The effects of CDAT1 reduction and overproduction on Tgf-3
and TfBrl gene expression provide a molecular mechanism to
explain the role of CDA1 in TGF-3 signalling and target
gene expression. The TGF-f3 receptor type I has dual
specificity kinase activities directly responsible for phos-
phorylating R-SMAD proteins including SMAD3 [40, 41]
and activating the ERK MAPK pathway [21]. This is
consistent with a role for CDAI1, not only in enhancing
TGF-p-stimulated SMAD3 activity, but also in activating
ERK MAPK as has been shown previously [13]. Indeed, the
ERK MAPK pathway has been previously reported to be
involved in diabetic complications [42] and the crosstalk
between the SMAD and MAPK pathways is considered to
play an important role in diabetic tissue scarring in the
vasculature and kidney [43].

In summary, CDA1 is implicated in diabetes-induced
vascular ECM accumulation by enhancing TGF-f3 signalling,
leading to increased gene expression of Ctgf and ECM
proteins. TGF-3 is upregulated in diabetes with enhanced
TGF-f3 signalling and excess accumulation of vascular ECM,
as seen in diabetes-accelerated atherosclerosis. Indeed,
increased TGF-f3 activity induces CDA1, with this molecule
appearing to be critical for the profibrotic effect of TGF-f3.
Targeting CDAL is effective at attenuating the profibrotic
action of TGF-f3, but does not completely block TGF-f3
signalling. Therefore, CDA1 appears to be an attractive
molecular target for treating vascular fibrosis, atherosclerosis
and other vascular disorders associated with enhanced TGF-f3
action and tissue scarring as commonly seen in diabetes.
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