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ABSTRACT

BACKGROUND Cardiac fibrosis (CF) is associated with increased ventricular stiffness and diastolic dysfunction and is an
independent predictor of long-term clinical outcomes of patients with heart failure (HF). We previously showed that the
matricellular CCN5 protein is cardioprotective via its ability to inhibit CF and preserve cardiac contractility.

OBJECTIVES This study examined the role of CCN5 in human heart failure and tested whether CCN5 can reverse
established CF in an experimental model of HF induced by pressure overload.

METHODS Human hearts were obtained from patients with end-stage heart failure. Extensive CF was induced by
applying transverse aortic constriction for 8 weeks, which was followed by adeno-associated virus-mediated transfer of
CCNS to the heart. Eight weeks following gene transfer, cellular and molecular effects were examined.

RESULTS Expression of CCN5 was significantly decreased in failing hearts from patients with end-stage heart failure
compared to nonfailing hearts. Trichrome staining and myofibroblast content measurements revealed that the estab-
lished CF had been reversed by CCN5 gene transfer. Anti-CF effects of CCN5 were associated with inhibition of the
transforming growth factor beta signaling pathway. CCN5 significantly inhibited endothelial-mesenchymal transition
and fibroblast-to-myofibroblast transdifferentiation, which are 2 critical processes for CF progression, both in vivo and
in vitro. In addition, CCN5 induced apoptosis in myofibroblasts, but not in cardiomyocytes or fibroblasts, both in vivo and
in vitro. CCN5 provoked the intrinsic apoptotic pathway specifically in myofibroblasts, which may have been due the
ability of CCN5 to inhibit the activity of NFkB, an antiapoptotic molecule.

CONCLUSIONS CCN5 can reverse established CF by inhibiting the generation of and enhancing apoptosis of
myofibroblasts in the myocardium. CCN5 may provide a novel platform for the development of targeted anti-CF therapies.
(J Am Coll Cardiol 2016;67:1556-68) © 2016 by the American College of Cardiology Foundation.

eart failure (HF) accounts for approximately  with increased ventricular stiffness, diastolic dysfunc-
450,000 deaths per year in the United tion, combined systolic and diastolic dysfunction
States and is the end result of most (3,4), arrhythmia (5), diabetic cardiomyopathy (6),
pathological cardiac insults. HF is characterized by and impaired coronary blood flow in patients
reduced cardiac contractility and global ventricular with HF (7). Detection of extensive fibrosis is a
remodeling (1,2). Cardiac fibrosis (CF) is associated predictor of mortality in patients with HF and for
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the effectiveness oflong-term HF therapy (7). Although
CF has conventionally been regarded as a secondary
phenomenon, it has also been suggested to play a pri-
mary role in the progression of HF (8). The clinical out-
comes of patients with symptomatic, severe aortic
stenosis undergoing aortic valve replacements corre-
late with CF severity (9). In line with this finding,
CF, but not left ventricular (LV), ejection fraction,
is associated with mortality and sudden cardiac
death in patients with nonischemic dilated cardio-
myopathy (10). Thus, CF is a valid target for the
treatment of HF; however, effective anti-CF thera-
pies are currently unavailable (11).

SEE PAGE 1569

CF is mediated primarily by transdifferentiation of
fibroblasts to myofibroblasts. Unlike quiescent fibro-
blasts, myofibroblasts secrete substantial amounts of
extracellular matrix proteins and possess contractile
properties due to the incorporation of «-smooth
muscle actin (a-SMA) into stress fibers (12). The ori-
gins of fibroblasts that expand under pathological
conditions are diverse (13). Resident fibroblast pro-
liferation may represent the most important source of
myofibroblasts. In addition, a lineage tracing study in
mouse models of pressure overload and chronic
allograft rejection revealed that cardiac endothelial
cells contribute to CF through a process called
endothelial-mesenchymal transition (EndMT) (14). In
a mouse model of dilated cardiomyopathy, a signifi-
cant fraction of myofibroblasts was shown to origi-
nate from hematopoietic cells (i15). An in-depth
understanding at the molecular level of the diverse
paths that lead to the expansion of cardiac myofi-
broblasts would facilitate the development of anti-CF
modalities.

A group of matricellular proteins known as the CCN
family (CCN1 to CCN6) are associated with diverse
cellular functions (16). We previously showed differ-
ential regulation of CCN2 and CCN5 expression during
the regression of cardiac hypertrophy. CCN2,
also known as connective tissue growth factor, is a
well-characterized marker and mediator of fibrosis
(17). As expected, hypertrophic responses and CF
upon pressure overload are significantly exacerbated
in the heart of CCN2 transgenic (Tg) mice. By contrast,
hypertrophic responses and CF upon pressure over-
load are significantly inhibited in the hearts of
CCN5 Tg mice. CCN5 also blocks CCN2-induced
cardiomyocyte hypertrophy in vitro. These observa-
tions suggest that CCN2 and CCN5 play opposing
roles during adverse cardiac remodeling: CCNS5 is
anti-hypertrophic and anti-fibrotic, whereas CCN2
is prohypertrophic and profibrotic (18).
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In this study, we found that CCN5 was
significantly decreased in the myocardium
of patients with severe HF. We evaluated
the effects of adeno-associated virus (AAV)-
mediated overexpression of CCN5 on es-
tablished CF with concomitant cardiac
dysfunction. CCN5 reversed pre-established
CF, as shown by its negative effects on
collagen contents and the fraction of cardiac
myofibroblasts returning to nearly normal

differentiation of fibroblasts into myofibro-
blasts in vivo and in vitro. In addition, CCN5
induced apoptosis in myofibroblasts, but not
in cardiomyocytes or fibroblasts in vivo and
in vitro. Collectively, these data show that
CCNs5 could be used for the development of
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METHODS

A detailed description of all experimental procedures
is provided in the Online Appendix.

RESULTS

CCN5 IS DOWN-REGULATED IN FAILING HEARTS.
To evaluate the clinical relevance of CCN5 in the
context of HF, expression of the protein was
measured in hearts obtained from patients with HF at
the time of cardiac transplantation and compared
with that in normal controls (Online Table 1). Western
blotting revealed that CCN5 expression was reduced
in failing hearts to ~24% of the level detected in
control hearts (Figure 1A). By contrast, CCN2 expres-
sion was nearly 4-fold higher in the same failing
hearts than in control hearts (Online Figure 1A). CCN5
expression was also measured in hearts obtained
from mice with HF induced by transverse aortic
constriction (TAC) for 8 weeks. In these failing hearts,
CCN5 expression was reduced to ~10% of the normal
level (Figure 1B), whereas CCN2 expression was
11-fold higher than in the controls (Online Figure 1B).
These results indicate that low CCN5 levels are asso-
ciated with HF in both humans and mice. These data
also confirm that CCN2 expression increases during
HF (17).

CCN5 REVERSES ESTABLISHED CF. To examine the
effects of CCN5 in failing hearts, recombinant AAV
serotype 9 was generated to drive CCN5 expression
(named AAV-CCN5) in the heart, together with a
control virus (named AAV-VLP). When injected via
tail vein, AAV-CCN5 increased CCN5 expression in a
dose-dependent manner and specifically in the heart.
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FIGURE 1 CCN5 is Down-Regulated in Failing Hearts
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CCNS5 levels were measured by Western blotting in heart tissue samples obtained from patients with HF and from healthy controls (Normal) (A),
and mice with TAC-induced HF and sham-operated mice (Sham) (B). Protein extracts (15 pg) were loaded and probed with anti-CCN5 and
anti-GAPDH antibodies. **p < 0.01. GAPDH = glyceraldehyde-3-phosphate dehydrogenase; HF = heart failure; TAC = transverse aortic constriction.

AAV-CCN5 prevented TAC-induced HF, which is
consistent with the data obtained with CCN5 Tg mice
(Online Figure 2). Mice were subjected to TAC for
8 weeks to induce HF. Echocardiography demon-
strated significant LV dilation and reduced fractional
shortening in these mice, indicating HF. Mice with
failing hearts received AAVs (5 x 10'° viral genomes
per mouse) through the tail vein and were analyzed
8 weeks later. Although the echocardiographic pa-
rameters of mice that received AAV-VLP further
deteriorated, those of mice that received AAV-CCN5
were well preserved (Online Figure 3). These results
indicate that CCN5 is cardioprotective.

Hearts obtained from the experiments described in
the preceding text were subjected to histological
analysis. To analyze the components of CF, heart
sections were stained with trichrome. Fibrosis in both
interstitial and perivascular areas increased after
8 weeks of TAC, and increased further after another
8 weeks of TAC in mice that received AAV-VLP. How-
ever, fibrosis in the same areas was markedly reduced
in mice that received AAV-CCN5 under the same con-
ditions (Figure 2A). Heart sections were further stained
with antibody raised against «-SMA, a marker of
myofibroblasts. The fraction of a-SMA-positive myo-
fibroblasts increased after 8 weeks of TAC, and
increased further after another 8 weeks of TAC in mice
that received AAV-VLP. Once again, the fraction of

a-SMA-positive cells was markedly lower in mice
that received AAV-CCN5 under the same conditions
(Figure 2B). The reduction in the number of a-SMA-
positive cells after the administration of AAV-CCN5
was further confirmed by fluorescence-activated
cell sorting (FACS) analysis (Figure 2C). These data
suggest that CCN5 induces degradation of preformed
fibrogenic materials in the heart. Additionally, CCN5
reduced the fraction of «-SMA-positive myofibroblasts
that had already expanded in response to TAC.

CCNS5 INHIBITS TGF-B SIGNALING. Transforming growth
factor (TGF)-f is a critical mediator of CF. The effect of
CCNS5 on TGF-p signaling was determined by Western
blotting (Figure 3A). Consistent with previous reports,
TAC increased TGF-B signaling, as shown by the
increased phosphorylation of SMAD2, an activating
SMAD. In mice that received AAV-CCN5, TAC-induced
SMAD?2 phosphorylation was markedly reduced, and
moreover, the level of SMAD7, an inhibitory SMAD,
was increased. CCN2 is a downstream target of TGF-3
signaling (19). The higher level of CCN2in failing hearts
was not observed in mice that received AAV-CCNS5.
Lysyl oxidase mediates crosslinking of collagen fibers
during fibrosis (20). TAC increased the expression of
lysyl oxidase in mice, but its expression returned to
normal following AAV-CCNS5 treatment. Quantitative
real-time polymerase chain reaction (qQRT-PCR) also
revealed that TACinduced higher expression of TGF-p1
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FIGURE 2 CCN5 Reduces Established CF
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Mice were sham-operated or underwent TAC for 8 weeks. AAV-VLP or AAV-CCN5 (5 x 10 viral genomes per mouse) was injected via tail vein.
Eight weeks later, hearts were analyzed for the extent of CF. (A) Hearts were sectioned and stained with trichrome. Representative images of
the interstitial (upper row) and perivascular (lower row) areas are shown. The percentage of fibrotic areas is plotted. (B) Heart sections were
immunostained with antibodies against a-SMA. Representative images of interstitial (left panel) and perivascular (right panel) areas are shown.
The fraction of a-SMA-positive cells is shown. (C) Fibroblasts were isolated from hearts using the Langendorff perfusion system, and cell
fractions that expressed a-SMA were determined using FACS (n = 3). *p < 0.05; **p < 0.01. AAV = adeno-associated virus; CF = cardiac
fibrosis; FACS = fluorescence-activated cell sorting; SMA = smooth muscle actin; other abbreviations as in Figure 1.
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FIGURE 3 CCNS5 Inhibits TGF-p Signaling
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Mice were sham-operated or underwent TAC for 8 weeks. AAV-VLP or AAV-CCN5 was injected. (A) Eight weeks later, heart extracts
(50 png) were subjected to Western blotting. (B) Heart extracts were subjected to qRT-PCR. *p < 0.05; **p < 0.01. gqRT-PCR = quantitative
real-time polymerase chain reaction; TGF = transforming growth factor; other abbreviations as in Figures 1 and 2.

and -B2 and that AAV-CCN5 significantly inhibited the
expression of CF-associated genes, including CCN2,
galectin 3, collageniA, collagen3A1, and fibronectin
(Figure 3B and Online Table 2). These data suggest
that CCN5 inhibits TGF-f signaling.

CCNS5 INHIBITS EndMT. Cardiac fibroblasts are derived
from many different cellular origins. Endothelial
cells significantly contribute to CF through EndMT
(14). Thus, we tested whether CCN5 inhibits
EndMT using the Scl-Cre-ERT; R26RstopYFP
double-Tg mice. In these double-Tg mice, Cre-ERT is

expressed specifically in endothelial cells. Therefore,
tamoxifen-induced yellow fluorescent protein (YFP)
expression persists in cells of endothelial origin,
regardless of subsequent phenotypic alterations.
Tamoxifen was administered for 5 consecutive days
to these double-Tg mice. At 4 weeks after the first
tamoxifen administration, mice were subjected to
TAC and injected with AAV-CCN5 or AAV-VLP
simultaneously. After an additional 8 weeks, cardiac
function and anatomy were examined (Figure 4A).
Severe cardiac dysfunction and fibrosis were evident
in mice that received AAV-VLP, whereas they were


http://dx.doi.org/10.1016/j.jacc.2016.01.030

JACC VOL. 67, NO. 13, 2016
APRIL 5, 2016:1556-68

Jeong et al.
CCN5 Reverses Established Cardiac Fibrosis

FIGURE 4 CCN5 Inhibits EndMT
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(A) Experimental schema are shown for B and C. (B) Heart sections were co-immunostained with antibodies against YFP (green) and vimentin (red). Cells
positive for both YFP and vimentin (arrows) underwent EndMT. (C) Fractions of vimentin-positive cells that were YFP-positive are plotted (n = 3). (D)
HCAECs were cultured in CM-Con or CM-CCN5 in the presence or absence of TGF-p. Cells were then co-stained with VE-cadherin or vimentin. (E) HCAECs
were scratched and then cultured under the same conditions as shown in E. After 48 h, cells were fixed and stained with DAPI. Representative images are
shown (left), and migration distances are plotted (right) (n = 4). (F) qRT-PCR analyses of a-SMA, collagen |, collagen IIl, Tie2, and CD31 were performed
using cells cultured under the same conditions as shown in D (n = 6). *p < 0.05; **p < 0.01. CM-CCN5 = CCN5-containing conditioned medium;
CM-Con = control-conditioned medium; DAPI = 4',6-diamidino-2-phenylindole; EndMT = endothelial-mesenchymal transition; YFP = yellow fluorescent
protein; HCAEC = human coronary artery endothelial cell; VE = vascular-endothelial; other abbreviations as in Figures 2 and 3.

less evident in mice that received AAV-CCN5
(data not shown). Cardiac tissue sections were then
prepared and immunostained with anti-YFP and
anti-vimentin antibodies (Figure 4B). Cells positive
for both YFP and vimentin, a fibrotic marker, repre-
sent cells of endothelial origin that had acquired
fibrotic phenotypes through EndMT. Approximately
8.5% of the vimentin-positive cells were also
YFP-positive in mice that received AAV-VLP, whereas
in mice that received AAV-CCN5, it was <1%
(Figure 4C), indicating that CCNS5 significantly inhibi-
ted EndMT in vivo.

CCN5 function was analyzed in vitro by using
CCN5-containing conditioned medium prepared
from cultures of HEK293 cells transiently transfected
with CCNs5-expressing plasmids. The conditioned
medium contained ~200 ng/ml of CCN5, as deter-
mined by enzyme-linked immunoabsorbent assay
(ELISA) (data not shown). When added to the
culture of neonatal cardiomyocytes, CCN5-containing
conditioned medium, but not the control conditioned
medium, inhibited phenylephrine-induced hyper-
trophy (Online Figure 4). This indicates that condi-
tioned medium containing CCN5, but not control
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conditioned medium, contained functionally active
CCN5. Treatment of human coronary artery endo-
thelial cells (HCAECs) with TGF- resulted in acqui-
sition of vimentin and loss of vascular-endothelial
(VE)-cadherin, an endothelial cell marker. This TGF-
B-induced EndMT was completely prevented by
co-treatment with CCN5-containing conditioned
medium (Figure 4D). Endothelial cells that have un-
dergone transition are characterized by increased
migratory capability (21). Treatment of HCAECs with
TGF-B increased cellular migratory activity, as
assessed by an in vitro scratch assay, and this was
prevented by incubation with CCN5-containing
conditioned medium (Figure 4E). gqRT-PCR revealed
that fibroblast-associated genes including «-SMA,
collagen I, and collagen III were up-regulated and
endothelial-associated genes, including Tie2 and
CD31, were down-regulated in HCAECs after treat-
ment with TGF-f, and that these changes were
completely prevented by CCN5 (Figure 4F). These
results indicate that CCN5 inhibits EndMT in vitro.

CCN5 INHIBITS FIBROBLAST-TO-MYOFIBROBLAST
TRANSDIFFERENTIATION. Cardiac fibroblasts trans-
differentiate into myofibroblasts during CF. Myofi-
broblasts are characterized by the expression of
o-SMA. Mice were subjected to TAC and injected with
AAV-CCN5 or AAV-VLP simultaneously (Figure 5A).
Eight weeks after this procedure, cardiac dysfunction
and fibrosis were evident in mice that received
AAV-VLP, whereas they were considerably less
evident in mice that received AAV-CCN5 (data
not shown). Cardiac tissue sections were then pre-
pared and immunostained with anti-vimentin and
anti-a-SMA antibodies (Figure 5B). The cells positive
for both vimentin and «-SMA represent cells of fibro-
blast origin that had transdifferentiated into myofi-
broblasts. Approximately 17% of the vimentin-positive
cells were also a-SMA-positive in mice that received
AAV-VLP. This was reduced to ~4% in mice
that received AAV-CCN5 (Figure 5C). These data indi-
cate that CCN5 inhibited fibroblast-to-myofibroblast
transdifferentiation in vivo.

An in vitro experiment recapitulating fibroblast-
to-myofibroblast transdifferentiation was performed
using rat adult cardiac fibroblasts. Treatment of these
fibroblasts with TGF-f markedly increased o-SMA
expression, as shown by immunostaining, whereas
co-treatment with CCN5-containing conditioned
medium completely blocked o-SMA expression
(Figure 5D). Increased a-SMA expression significantly
increases myofibroblast contractile activity, which can
be observed in a collagen gel lattice assay (22). Treat-
ment of cardiac fibroblasts with TGF-f significantly

JACC VOL. 67, NO. 13, 2016
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induced collagen gel contraction, which was atten-
uated by co-treatment with CCN5-containing con-
ditioned medium (Figure 5E). qRT-PCR revealed
that TGF-p significantly increased o-SMA and
collagen I mRNA expression in cardiac fibroblasts,
and that CCN5-containing conditioned medium
completely reversed this effect of TGF-§ (Figure 5F).
These results indicate that CCN5 completely inhibits
TGF-B-mediated transdifferentiation of fibroblasts
in vitro.

CCN5 INDUCES APOPTOSIS IN MYOFIBROBLASTS. The
preceding data suggest that CCN5 prevents expansion
and transdifferentiation of fibroblasts under fibrotic
conditions. We tested whether enhanced clearance of
myofibroblasts also contributes to CCN5-mediated
reversal of CF. Mice were subjected to TAC and injec-
ted with AAV-CCN5 or AAV-VLP simultaneously
(Figure 6A). Two weeks after this procedure, cardiac
tissue sections were examined for apoptosis with ter-
minal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick end-labeling (TUNEL)
staining. Immunostaining with anti-¢-SMA antibody
was also performed simultaneously (Figure 6B). Either
TUNEL-positive or a-SMA-positive cells were rare in
sham-operated mice but were significantly prominent
in TAC-operated mice. Approximately 9% of the
a-SMA-positive cells were also TUNEL-positive in
mice that received AAV-VLP. This level increased to
~72% in mice that received AAV-CCN5 (Figure 6C).
Taken together, these data indicate that CCN5 induces
apoptosis in myofibroblasts in vivo. CCN5-mediated
apoptosis was not observed in either cardiomyocytes
or fibroblasts (data not shown).

Cardiomyocytes and fibroblast (nonmyocyte) frac-
tions were separately obtained from rat hearts. Part of
the fibroblast fraction was further differentiated into
myofibroblasts in vitro by treatment with TGF-p (23).
Fractions were subjected to Western blotting, using
antibodies against a-actinin, vimentin, and «-SMA to
confirm cell type and differentiation status (Online
Figure 5) before treatment with control or CCN5-
containing conditioned medium. Cells undergoing
necrosis or apoptosis are characterized by shrinking
nuclei, a phenomenon called pyknosis. Fluorescence
microscopy revealed that CCN5 increased pyknosis
in myofibroblasts, but not in cardiomyocytes or
fibroblasts (Figure 6D). CCN5 also increased TUNEL-
positive nuclei in myofibroblasts but not in
cardiomyocytes or fibroblasts (Figure 6E). Fibroblasts
and myofibroblasts were subjected to FACS analysis to
quantify cells with surface expression of annexin V, a
marker of apoptosis. CCN5 significantly increased the
number of annexin V-positive myofibroblasts, but had
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vimentin and a.-SMA (arrows) underwent fibroblast-to-myofibroblast transdifferentiation. (C) The fraction of o.-SMA-positive cells that were vimentin-positive is
plotted (n = 3). (D) Fibroblasts were cultured in CM-Con or CM-CCN5 in the presence or absence of TGF-p. Cells were co-stained with anti-o.-SMA or DAPI. (E)
Collagen gel lattices were made and cultured under the same conditions as shown in D. After 48 h, areas of the collagen lattice were measured. Representative
images of collagen gel lattices are shown (left), and areas of the collagen gel relative to those of the control gel are plotted (right) (n = 3). (F) RNA was obtained
from the same sets of cells as in D. qRT-PCR analyses of a-SMA and collagen | were performed (n = 6). *p < 0.05; **p < 0.01. Abbreviations as in Figures 2 to 4.

no effect on fibroblasts (Figure 6F). We could not
obtain consistent FACS data with cardiomyocytes,
probably because of their rod-like shapes (data not
shown). Taken together, these results indicate that
CCN5 induces apoptosis specifically in myofibroblasts.

CCN5 TRIGGERS THE INTRINSIC PATHWAY OF
APOPTOSIS IN MYOFIBROBLASTS. To further char-
acterize CCN5-induced apoptosis of myofibroblasts,
cells were prepared as described previously and
incubated with CCN5-containing conditioned
medium for 1 or 2 days. Western blotting revealed
lower expression of Bcl-2, an antiapoptotic molecule,

and higher expression of BAX, a proapoptotic mole-
cule, after treatment with CCN5. The executioner
caspases, caspase 3 and 7, were activated by CCN5,
as shown by their cleavage. These data further
support our claim that CCN5 induces apoptosis in
myofibroblasts. Whereas caspase 8 is involved in the
extrinsic pathway, caspase 9 is involved in the
intrinsic apoptotic pathway. CCN5 induced activation
of caspase 9 but not caspase 8, indicating that
CCN5 induced the intrinsic pathway of apoptosis
(Figure 7A). Release of cytochrome c from mitochon-
dria is another hallmark of the intrinsic pathway of
apoptotic cell death (24). Immunostaining of the
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FIGURE 6 CCN5 Induces Myofibroblast Apoptosis
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and plotted (n = 3). (F) Fibroblasts and myofibroblasts were cultured

myofibroblasts revealed that cytochrome c release
was increased after CCN5 treatment (Figure 7B).
Myofibroblasts exhibited higher expression levels
of the antiapoptotic molecule NFkB than fibroblasts
did (Figure 7C). We reasoned that higher levels of
NFkB are needed to maintain the viability of
apoptosis-prone myofibroblasts. In line with this hy-
pothesis, the higher transcriptional activity of NF«B
observed in myofibroblasts was markedly reduced by
CCN5 (Figure 7D). NFkB exerts its antiapoptotic
functions in the nucleus. The nuclear localization of
NF«B in myofibroblasts was completely reversed after
treatment with CCN5 (Figure 7E). These data suggest
that CCN5 may induce apoptosis in myofibroblasts by
inhibiting the nuclear localization of NFkB.

DISCUSSION

The CCN family consists of 6 secreted matricellular
proteins, of which CCN2, the best characterized, has
prominent profibrotic activity in a variety of tissues,
including liver and kidney (25). We previously
reported that CCN2 is prohypertrophic and profi-
brotic, whereas CCN5 is antihypertrophic and anti-
fibrotic in the heart. CCN2 and CCNS5 are regulated in
opposite ways during the progression and regression
of cardiac hypertrophy, suggesting that CCN2 and
CCNs5 play a “tug-of-war” during cardiac remodeling
under pathological conditions.

In this study, we focused on specific antifibrotic

mechanisms and showed that AAV-mediated
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FIGURE 7 CCNS5 Triggers the Intrinsic Apoptotic Pathway
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delivery of CCN5 regressed established CF in a
mouse model of pressure overload-induced HF. This
observation is consistent with previous reports
showing that CF is reversible in certain cases (26,27).
However, in these previous studies, it was unclear
whether CF was merely prevented from further
deterioration or was truly reversed. In the current
study, we clearly show that CCN5 reversed estab-
lished CF using trichrome staining and analysis of
myofibroblast contents before and after CCN5 gene
transfer (Figure 2).

Endothelial cells provide an important source of
cells for the expanded fibroblast population in the

failing heart and under other adult fibrotic conditions
through EndMT (14,28). In addition, fibroblast trans-
differentiation into myofibroblasts plays a major
role in the progression of CF. Our data show that
CCN5 inhibits EndMT and the transdifferentiation
of fibroblasts to myofibroblasts both in vivo and
in vitro (Figures 4 and 5). It was previously shown
that the TGF-B signaling pathway is involved in
both EndMT and fibroblast transdifferentiation.
We showed that CCN5 inhibits this pathway
(Figure 3), indicating that CCN5 blocks EndMT and
fibroblast transdifferentiation via inhibition of the
TGF-f signaling pathway. In addition, CCN5 induced
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CENTRAL ILLUSTRATION CCN5 Reverses Established Cardiac Fibrosis: Effect in the Myocardium
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CCNG5 exerts its anti-CF effects by inhibiting both EndMT and the transdifferentiation of fibroblasts into myofibroblasts. In addition, CCN5 induces apoptosis specifically
in myofibroblasts. CCN5 mediates these functions at least partly by inhibiting the TGF-B signaling pathway. CF = cardiac fibrosis; EndMT = endothelial-mesenchymal
transition; TGF = transforming growth factor.

apoptosis in myofibroblasts (Figures 6 and 7). To the
best of our knowledge, this study is the first report to
show the loss of myofibroblasts during CF regression.
A role for TGF-B in protecting rat lung fibroblasts from
interleukin (IL)-1B-induced apoptosis was previously
reported (29). Therefore, it is possible that CCN5
induces apoptosis of myofibroblasts indirectly, by
inhibiting TGF-f signaling (Central Illustration).
Besides its function in inhibiting the TGF-p signaling
pathway, CCN5 is also thought to exert its functions
via other mechanisms.

Myofibroblasts are innately unstable cells that are
transiently generated under pathological conditions
and they must be rapidly destroyed once the patho-
logical stimuli are removed. We suggest that both
survival and death signaling pathways are delicately

balanced in activated states in myofibroblasts and
that a disturbance in this balance can potentially lead
to apoptosis of myofibroblasts. We found that the
expression of the proapoptotic molecule p53 was
elevated in myofibroblasts (data not shown). The
apoptosis associated with this elevated level of p53
could be counteracted by the elevated level of the
antiapoptotic molecule NFkB. CCN5 did not affect the
expression or activity of p53 (data not shown), but
inhibited NFkB signaling (Figure 7). It is possible that
more proapoptotic and antiapoptotic molecules are
involved in CCN5-mediated apoptosis of myofibro-
blasts. Further in-depth studies will be required to
address this issue in more detail.

In addition to reducing the number of myofibro-
blasts, CCN5 also reduced the levels of collagens and
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related extracellular matrix proteins. This may be
explained by the increased activities of matrix met-
alloproteases (MMPs) and/or reduced activities of
tissue inhibitors of metalloproteases (TIMPs) (30).
We found that MMP-2, MMP-3, and MMP-9 were
up-regulated by CCN5, whereas TIMP2, TIMP3, and
TIMP4 were down-regulated by CCN5 (Online
Figure 6). CCN5 also normalized the hyper-
phosphorylation of Akt and mammalian target of
rapamycin (mTOR) induced by TGF-f in cardiac
fibroblasts, which is consistent with the findings
observed in lung fibroblasts (Online Figure 7).

STUDY LIMITATIONS. The mouse model used in this
study involved a surgical procedure that is widely
used in preclinical studies of HF. Although this model
exhibits an array of typical HF phenotypes, it may
represent only the acute model of HF. In clinical
scenarios, CF (in particular, nonreparative CF) is more
often associated with HF that has been developing
over a long period of time. Therefore, it may be
necessary to test the efficacy of CCN5 in more chronic
models of HF. For example, a protocol with less
intense TAC for a period of 4 to 6 months might
provide such a chronic model. It is notable that CCN5
improved the survival of mice that were subjected to
TAC for up to 4.5 months (Online Figure 8).

CONCLUSIONS

Our data demonstrate that CCN5 can reverse estab-
lished CF in a mouse model of HF, probably via its

CCN5 Reverses Established Cardiac Fibrosis

ability to inhibit both EndMT and the trans-
differentiation of fibroblasts into myofibroblasts, and
its capacity to increase apoptosis specifically in
myofibroblasts. Collectively, these actions of CCN5
result in lower numbers of myofibroblasts in the
myocardium, resulting in reversal of CF. Although
further studies are required to fully understand the
molecular mechanisms, we propose that CCN5 exerts
these effects, at least in part, by inhibiting the TGF-§
signaling pathway (Central Illustration). CCN5 could
represent a new target for the development of novel
therapies for CF.
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PERSPECTIVES

Jeong et al.

COMPETENCY IN MEDICAL KNOWLEDGE: CF develops in

several types of heart disease including HF, ventricular arrhyth-
mias, and atrial fibrillation. The matricellular protein CCN5 can

reverse fibrosis in preclinical models.

TRANSLATIONAL OUTLOOK: clinical studies are needed to
evaluate the efficacy and safety of CCN5 in patients with HF and
other cardiac diseases associated with progressive fibrosis.
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