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Background: CLP-1 heterozygous mice exhibit enhanced susceptibility to cardiac stress.
Results: Angiotensin-II-induced left ventricular hypertrophy and fibrosis were enhanced, and the Smad3 and Stat3 signaling
was stimulated in CLP-1�/� mice.
Conclusion: CLP-1 controls the hypertrophy and fibrotic response during cardiac remodeling.
Significance:Our results offer the potential of targeting CLP-1 for therapeutic intervention in cardiac disease.

It is well known that the renin-angiotensin system contrib-
utes to left ventricular hypertrophy and fibrosis, a major
determinant of myocardial stiffness. TGF-�1 and renin-ang-
iotensin system signaling alters the fibroblast phenotype by
promoting its differentiation into morphologically distinct
pathological myofibroblasts, which potentiates collagen syn-
thesis and fibrosis and causes enhanced extracellular matrix
deposition. However, the atrial natriuretic peptide, which is
induced during left ventricular hypertrophy, plays an anti-
fibrogenic and anti-hypertrophic role by blocking, among
others, the TGF-�-induced nuclear localization of Smads. It
is not clear how the hypertrophic and fibrotic responses are
transcriptionally regulated. CLP-1, the mouse homolog of
human hexamethylene bis-acetamide inducible-1 (HEXIM-
1), regulates the pTEFb activity via direct association with
pTEFb causing inhibition of the Cdk9-mediated serine 2
phosphorylation in the carboxyl-terminal domain of RNA
polymerase II. It was recently reported that the serine kinase
activity of Cdk9 not only targets RNA polymerase II but also
the conserved serine residues of the polylinker region in
Smad3, suggesting that CLP-1-mediated changes in pTEFb
activity may trigger Cdk9-dependent Smad3 signaling that
can modulate collagen expression and fibrosis. In this study,
we evaluated the role of CLP-1 in vivo in induction of left
ventricular hypertrophy in angiotensinogen-overexpressing
transgenic mice harboring CLP-1 heterozygosity. We observed
that introduction of CLP-1 haplodeficiency in the transgenic
�-myosin heavy chain-angiotensinogen mice causes prominent
changes in hypertrophic and fibrotic responses accompanied by
augmentation of Smad3/Stat3 signaling. Together, our findings

underscore the critical role of CLP-1 in remodeling of the
genetic response during hypertrophy and fibrosis.

Cardiac hypertrophy, manifested by an increase in the size of
cardiomyocytes and proliferation of cardiac fibroblasts, is ini-
tially a compensatory response to cardiac insults designed to
maintain the myocardial output and wall stress. When the
workload becomes chronic, the compensatory remodeling of
the heart becomes decompensatory and is accompanied by
defined structural alterations due to the increase in the extra-
cellular matrix (ECM)2 proteins, which culminate into exces-
sive fibrosis, loss of compliance, and heart failure. It is known
that the renin-angiotensin system (RAS) contributes to left ven-
tricular hypertrophy (LVH) and fibrosis (1, 2), which is charac-
terized by a disproportionate accumulation of collagen type I, a
major determinant of myocardial stiffness. It is also known that
the transforming growth factor � (TGF-�)/Mothers against
decapentaplegic homolog 3 (Smad3) signaling is activated in
LVH and fibrotic response (3). Mechanistically, the TGF-�/
Smad3 signaling induces a genetic program that leads to a dis-
proportionate increase in collagen, excessive deposition of
ECM, and remodeling of the heart (4, 5). TGF-�1 and RAS
signaling alters the fibroblast phenotype by promoting its dif-
ferentiation into morphologically distinct pathological myofi-
broblasts that, in turn, promotes collagen synthesis and causes
enhanced ECM deposition. Recent reports suggest the partici-
pation of atrial natriuretic peptides (ANP) as an anti-fibrogenic
molecule in hypertrophic response in the heart via modulation
of ECM gene expression (6). ANP, whose expression is
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increased in various deleterious conditions to the heart, such as
pressure and volume overload (6, 7) and heart failure (8), is
known to block TGF-�-induced nuclear localization of the
causes of Smads and the inhibition of TGF-�-induced ECM
proteins (9). Thus, it appears that Smad signaling plays a prom-
inent role in AngII-moderated hypertrophic response. In addi-
tion to Smad, the signal transduction and activator of trans-
cription 3 (STAT3) signaling also plays a role in cardiac
hypertrophy (10, 11).We have previously shown that activation
of Janus kinase (Jak)/STAT signaling up-regulates angio-
tensinogen (ANG) gene transcription promoting the autocrine
RAS loop in cardiomyocytes (10–13). Despite the wealth of
information, it is not clear how the hypertrophic and fibrotic
responses are transcriptionally regulated.
Regulation of transcription at the level of chain elongation is

now considered as the primary site for eukaryotic gene control
and is mediated by the positive transcription elongation factor
(pTEFb) complex that consists of cyclin-dependent kinase 9
(Cdk9) and its partner protein CyclinT1. CLP-1, the mouse
homolog of human hexamethylene bis-acetamide inducible 1
(HEXIM-1), regulates pTEFb activity via its dynamic associa-
tion/dissociation with pTEFb causing inhibition/activation of
Cdk9-mediated serine 2 phosphorylation in the carboxyl-ter-
minal domain of RNA polymerase II. We previously reported
that the “on” and “off” association of CLP-1 with pTEFb is Jak2-
dependent (14), a phenomenon that is paramount to control of
hypertrophic growth (14–17). More recently, it was reported
that the serine kinase activity of Cdk9 not only targets RNA
polymerase II but also the conserved serine residues of the

polylinker region in Smad3 (18), leading to speculation that
CLP-1-mediated changes in pTEFb activity may trigger Cdk9-
dependent Smad3 signaling that canmodulate collagen expres-
sion and fibrosis. We have also reported previously that CLP-1
null mice die during late embryonic development (19), but the
heterozygoteCLP-1�/�mice survive and harbor enhanced sus-
ceptibility to hypertrophic agonists providing a useful animal
model for investigation of the mechanistic aspects of compen-
sated hypertrophy (19). In this study, we evaluate the role of
CLP-1 in vivo in induction of LVH in ANG-overexpressing
transgenic mice harboring CLP-1 heterozygosity. We observed
that introduction of CLP-1 haplodeficiency in the transgenic
�-myosin heavy chain (�MHC)-ANG mice causes prominent
changes in hypertrophic and fibrotic responses. Our findings
underscore the critical role of CLP-1 in remodeling of the
genetic response during hypertrophy and fibrosis.

EXPERIMENTAL PROCEDURES

Transgenic Lines—Production of transgenicmice with cardi-
ac-restricted expression of �MHC-ANG, a kind gift of Dr. Thi-
erry Pedrazzini, has been described previously (20, 21). Male
�MHC-ANG (TG1306)/CLP-1�/� mice were produced by
crossing C57BL6 CLP-1�/� mice generated in our laboratory
with �MHC-ANG mice. All animal experiments were con-
ducted in accordance with the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of
Health (NIH Publication 85-23, revised 1996) and the approval
of the institutional Animal Care and Use Committee at State

FIGURE 1. Enhanced left ventricular hypertrophy in �MHC-ANG/CLP-1�/� mice. A, representative cross-section at the level of the left ventricle of adult
mouse hearts of wild type heart, transgenic wild type hearts, nontransgenic heterozygous heart, and transgenic heterozygous heart. B, panel shows collagen
deposition in a section of the left ventricle of �MHC-ANG/CLP-1�/� and �MHC-ANG/CLP-1�/� mice obtained by Masson Trichrome stain in magnification of
�200. C, bar graph shows the distribution of collagen deposition between �MHC-ANG/CLP-1�/� and �MHC-ANG/CLP-1�/� hearts sections (n � 3 per group).
*, p � 0.05 between �MHC-ANG/CLP-1�/� versus �MHC-ANG/CLP-1�/�. D, heart/body weight ratios for nontransgenic wild type heart, nontransgenic
heterozygous heart, and transgenic heterozygous heart. *, p values � 0.05. For wild type versus �MHC-ANG, the values are means � S.E.; **, p values are �0.01
�MHC-ANG/CLP-1�/� versus �MHC-ANG. E, bar graph shows the quantification of cross-sectional area. Values are mean � S.E.; *, p � 0.05 �MHC-ANG versus
wild type; **, p values are �0.01 �MHC-ANG/CLP-1�/� versus �MHC-ANG.
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University of New York-Downstate Medical School (protocol
03-209-10).
Immunoprecipitation and Western Blot Analysis—The

hearts were homogenized with a glass tissue grinder in ice-
chilled buffer A (10 mmol/liter HEPES (pH 7.9). 1.5 mmol/liter
MgCl2, 10mmol/liter KCl, 200mmol/literNaCl, 0.2mmol/liter
EDTA) supplemented with 1 mmol/liter DTT, protease inhib-
itor mixture (P-8340, Sigma), 40 units/ml RNasin (Promega),
phosphatase inhibitor mixtures (P2850 and P5726, Sigma), and
0.1% Nonidet P-40. The extracts were subjected to sequential
centrifugations for 5 min each at 500 and 9000 � g at 4 °C. The
final supernatant was used in all experiments. For immunopre-
cipitation, the supernatant was incubated overnight with rabbit
antibody against Jak2 (Santa Cruz Biotechnology), followed by
3 h of incubation with protein G-agarose. Proteins were sepa-
rated by PAGE (10% Tris-HCl) and electrotransferred onto
nitrocellulose membrane. The blots were blocked in Tris-buff-
ered saline, 0.1%Tween 20with 5%bovine serumalbumin pow-
der for 1 h at room temperature. After incubation with the
primary antibody, detection was performed using secondary
horseradish peroxide-coupled antibody and ECL-enhanced
chemiluminescence according to the recommendations of the
supplier (Amersham Biosciences). The following antibodies
were used: rabbit anti-CLP-1 (Proteintech Group Inc.); rabbit
anti-GAPDH (Abcam); rabbit anti-cyclin T1 mouse monoclo-
nal anti-cdk9, rabbit anti-Stat3, and rabbit anti-Nox4 (Santa
Cruz Biotechnology); rabbit anti-phosphotyrosine-Stat3, rab-
bit anti-phosphotyrosine-Jak2, rabbit anti-Jak2 (Cell Signaling);
anti-smooth muscle �-actin (Sigma); and anti-rabbit cysteine-
rich 61-connective tissue growth factor-nephroblastoma over-
expressed (CCN) 1 from Biovision Inc. (Mountain View, CA).
Monoclonal antibodies againstmatrixmetalloproteases 3 and 9
antibodies were fromCalbiochem, and anti-phosphoserine 208
Smad3 was from Dr. Fang Liu (Center for Advanced Biotech-
nology and Medicine, Rutgers).

Quantitative Real Time-PCR (qPCR)—The following oligo-
nucleotide primers specific for mouse cardiac genes were used
in this study: ANF, sense 5�-gaacctgctagaccacct-3� and anti-
sense 5�-cctagtccactctgggct-3�; brain natriuretic peptide
(BNP), sense 5�-aagctgctggagctgataaga-3� and antisense 5�-
gttacagcccaaacgactgac-3�; and GAPDH, 5�-tgaccacagtccatgc-
catc-3� and antisense 5�-gacggacacattgggggtag-3�. Total RNA
was extracted from frozen cardiac tissues of mice group using
TRIzol reagent (Invitrogen), and cDNA was generated from 1
�g of RNA using a random hexamer and the Omniscript RT
(Qiagen) kit. qPCR was performed as described in the qPCR
core kit from SBYR Green (Eurogentec). The data were ana-
lyzed using the ��CTmethod and presented as arbitrary units.
Morphological Analysis—Hearts from 6-month-old male

mice of wild type, CLP-1�/�, �MHC-ANG, and �MHC-ANG/
CLP-1�/� genotypes were fixed in 10% buffered formalin for
24 h, followed by washing in phosphate-buffered saline (PBS)
andprocessed for paraffinwax tissue sectioning. Ten-�mtissue
sections were prepared and stainedwith hematoxylin and eosin
andMasson Trichrome staining performed in accordance with
the instructions of the manufacturer (HT15-KT, Sigma HT15
Trichrome stain (Masson) kit). For myocyte cross-sectional
area, the outlines of 100 myocytes were determined in each
group andmeasured with an image quantitative digital analysis
system (National Institutes of Health Image 1.6). Collagen con-
tent was determined in Trichrome-stained sections and mea-
sured by using the software Image-Pro Plus.
Angiotensin II Measurement—The intra-cardiac AngII pep-

tide levels were determined by enzyme immunoassay as sug-
gested by themanufacturer RayBiotech, Inc. Briefly, left ventri-
cle tissueswere harvested from eachmouse group and frozen in
liquid nitrogen. Heart tissue were homogenized in lysis buffer:
50 mM HEPES (pH 8.0), 10 mM MgCl2, 120 mM NaCl, 0.5%
Nonidet P-40, 2.5 mM MnCl2, and protease inhibitor mixture

TABLE 1
Functional analysis of wild-type (WT), heterozygous (CLP-1�/�), transgenic wild type-�MHC-ANG (TG�/�), and transgenic heterozygous-�MHC-
ANG (TG�/�) mice hearts obtained by M-mode echocardiograms
LVESD indicates left ventricle end-systolic diameter; LVEDD, LV end diastolic diameter; ED-SWT, end-diastolic septal wall thickness; ES-SWT, end-systolic septal wall
thickness; LVmass left ventricular mass and % FS, fractional shortening. Values are means � S.E.

�MHC-ANG CLP-1 WT�/� n � 8 TG�/� n � 10 WT�/� n � 10 TG�/� n � 12

Heart rate (beats/min) 610 � 13 590 � 33 650 � 17 630 � 11
LVESD (mm) 1.08 � 0.006 1.29 � 0.004 0.93 � 0.005 1.06 � 0.003
LVEDD (mm) 2.18 � 0.010 2.37 � 0.011 2.03 � 0.024 2.35 � 0.009
ED-SWT (mm) 0.97 � 0.020 1.26 � 0.010a 0.88 � 0.060 1.25 � 0.040a
ES-SWT (mm) 1.20 � 0.030 1.60 � 0.070a 1.40 � 0.030 1.98 � 0.050a
LV mass (mg) 60 � 3 80 � 4a 62 � 2 93 � 3b
% FS 50 � 2 45 � 4 54 � 1 54 � 3b

a p � 0.05 versus corresponding control group.
b p � 0.05 �MHC-ANG/CLP-1�/� versus �MHC-ANG.

TABLE 2
Intracardiac of angiotensin II peptide
Tissue extracts from the left ventricle of 6-month-old wild-type (WT), heterozygous (CLP-1�/�), transgenic wild type-�MHC-ANG (TG�/�), and transgenic heterozy-
gous-�MHC-ANG (TG�/�) mice were used to determined by enzyme immunoassay of the AngII peptide levels. Data are expressed asmeans�S.E. of sixmice per group.

Angiotensin II (heart)
CLP-1�/� without �MHC-ANG CLP-1�/� without �MHC-ANG CLP-1�/� with �MHC-ANG CLP-1�/� with �MHC-ANG

fmol/g
128.3 � 7.4 125.8 � 9.5 332.8 � 33.4a 360.2 � 70.5b

a p � 0.05 �MHC-ANG versus wild type.
b p � 0.01 CLP-1�/� versus CLP-1 heterozygous mice.
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(P-8340, Sigma). The assay minimum detectable concentration
of angiotensin II is 2.62 pg/ml.
Echocardiography—For echocardiography, the mouse chest

was shaved, and echocardiographywas doneon consciousmice to
avoid any possible cardiac effects of anesthesia.Micewere imaged
using the optimal two-dimensionally guidedM-mode parasternal
view. Echocardiographywas performedusing thePhillips SONOS
5500with a 15MHz linear probe.Machine and gain settings were
optimized for best image quality using maximal sweep speed.

Images were stored digitally on optical disk for analysis. Left ven-
tricular systolic (LVESD), diastolic (LVEDD), septal (SW), and
posterior wall (PW) thicknesses were measured. Left ventricular
fractional shortening (FS) was calculated from the following for-
mula: FS (%)� ((LVEDD�LVESD)/LVEDD)�100.Theejection
fraction (EF) is calculated from the following formula: EF �
((LVEDD2 � LVESD2)/LVEDD2) � 100. Left ventricular
mass is calculated from the following formula: LV mass �
1.05 ((LVEDD � SW � PW)3 � (LVEDD3)).

FIGURE 2. A, two upper panels represent the CLP-1 and �MHC-ANG genotypes of each genetic background Western-blotted with specific antibodies. GAPDH
was used as loading control (n � 4). Statistical analysis on the expression levels of CLP-1 and cyclin T1 is depicted in the graphs. CLP-1 expression, *, p � 0.05
CLP-1�/� versus �MHC-ANG/CLP-1�/�; **, p � 0.05 CLP-1�/� versus �MHC-ANG/CLP-1�/�. p value was not significant between CLP-1�/� versus �MHC-ANG/
CLP-1�/�. CyclinT1 expression, *, p � 0.05 CLP-1�/� versus �MHC-ANG/CLP-1�/�. B, representative Western blot showing CLP-1/CyclinT1 interaction by
immunoprecipitation (IP) of total protein heart extracts from mice of each genetic background with anti-CLP-1 followed by blotting with anti-CyclinT1
antibody. Loading control was performed using a chicken anti-CLP-1 antibody (bottom panel). C, AngII triggers activation of the Jak/Stat pathway. The upper
panel is a Western blot showing tyrosine phosphorylation of Jak2. Total heart tissue extracts were immunoprecipitated with polyclonal anti-Jak2 antibody
and probed with anti-phosphotyrosine-Jak2 antibody. A direct Western blot using anti-Jak2 antibody serves as loading control. D, lower panel shows the
tyrosine phosphorylation of Stat3. As above, total heart tissue extracts were immunoprecipitated with rabbit anti-Stat3 followed by Western blotting with
anti-phosphotyrosine Stat3 antibodies. Data are expressed as means � S.E. of four independent experiments. *, p � 0.05 control mice versus transgenic mice.
**, p � 0.05 �MHC-ANG/CLP-1�/� versus �MHC-ANG.
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Statistical Analysis—Data are presented as mean � S.E. The
Graph Pad Prism5 software was used for statistical analysis.
Differences were compared using analysis of variance; p � 0.05
was considered statistically significant.

RESULTS

Hypertrophy in �MHC-ANG/CLP-1�/� Hearts—To estab-
lish a direct cause/effect relationship between CLP-1-mediated
changes in P-TEFb activity and cardiac hypertrophy, we
crossed the �MHC-ANG transgenic mice with CLP-1�/� mice
to obtain the bigenic �MHC-ANG/CLP-1�/� mice. The big-
enic mice have characteristically an enlarged heart with signif-
icant thickening of the ventricular wall compared with the
hearts of age-matched ANG/CLP-1�/� and CLP-1�/� mice
(Fig. 1A). Transverse sections of the hearts of each genotype,
cut at identical landmarks and stainedwithMassonTrichrome,
showed an increase in accumulation of collagen in the left ven-
tricle of the �MHC-ANG/CLP-1�/� hearts (Fig. 1B), signifi-
cantly more than in ANG/CLP-1�/� (Fig. 1, B and C) and con-
sistent with previous reports (20). Likewise, there was an
increase in the heart weight to body weight ratio (Fig. 1D)
accompanied with an increase in muscle fiber diameter in
�MHC-ANG/CLP-1�/� hearts (Fig. 1E). The morphological
and functional changes of all four genotypes were also evalu-
ated by M-mode echocardiography (see under “Experimental
Procedures”) (Table 1), which shows an increase in LV mass,
ED-SWT, and ES-SWT in the �MHC-ANG/CLP-1�/� mice. It
also appears that �MHC-ANG/CLP-1�/� hearts have better
systolic function as revealed by fractional shortening. Further
characterization of the �MHC-ANG/CLP-1�/� transgenic
mice was obtained by determining the levels of intracardiac
AngII peptide. The data in Table 2 show that the levels of int-
racardiac AngII in �MHC-ANG and �MHC-ANG/CLP-1�/�

transgenic mice are similar and support the findings of Mazzo-
lai et al. (21).
Overexpression of CyclinT1, the Cdk9 kinase partner pro-

tein in the P-TEFb complex, has been shown to potentiate car-
diac hypertrophy suggesting that CyclinT1 is limiting for acti-
vation of P-TEFb activity (15, 16). We examined the protein
levels of CyclinT1 in Western blot that show an increase in
�MHC-ANG/CLP-1�/� transgene as compared with the wild
type hearts without overexpression of ANG (Fig. 2A), suggest-
ing that a synergistic relationship exists between heterozygosity
of CLP-1 and expression of CyclinT1. The protein level of
CLP-1 was low in the heterozygous control mice compared
with wild typemice, as expected. Because CLP-1 is known to be
associated with CyclinT1 (14), the reduction in its level in
heterozygous hearts is expected to cause an increase of CLP-1-
free CyclinT1 in the bigenic hearts, which can be ascribed to

enhancement of transcriptional response in hypertrophy. We
therefore examined the association of CLP-1 with P-TEF-b in
extracts from�MHC-ANG/CLP-1�/� hypertrophied hearts by
immunoprecipitation with anti-CLP-1 antibody and Western
blotting with anti-CyclinT1 antibody. Fig. 2B shows that there
was a reduction in association of CLP-1 with the P-TEFb com-
plex in AngII-induced hypertrophied hearts compared with
mice with wild type CLP-1 levels. We then examined whether
introduction of CLP-1 heterozygosity in the ANG transgenes
would influence the Jak2/Stat3 growth signaling by immuno-
precipitation with anti-Jak2 antibody and Western blotting
with anti-phosphotyrosine Jak2 and Stat3 antibodies. Fig. 2, C
andD, shows that both Jak2 and Stat3 tyrosine phosphorylation
levels were increased significantly in the bigenic hearts, sug-
gesting the RAS loop activation is functionally involved in
enhancement of transcriptional activity in which CLP-1 appar-
ently plays a regulatory role.
Extracellular Matrix Deposition in �MHC-ANG/CLP-1�/�

Hearts—Evidence suggests that TGF-� induction in remodel-
ing of the heart is mediated via AngII, which also stimulates
fibroblast proliferation and ECMprotein production. The find-
ing that TGF-�1�/� mice chronically treated with AngII failed
to develop LVH (3) supports the notion that AngII-mediated
LVH is intrinsically linked to TGF-�1 signaling. Collagen turn-
over is triggered by fibroblasts undergoing TGF-�-induced
transition to myofibroblasts representing the pathological fea-
ture of the failing heart. This prompted us to examine whether
the fibroblast transition is controlled by CLP-1/pTEFb activity.
Wemeasured the expression of smoothmuscle�-actin (SM-�-
actin), a known marker for myofibroblasts (22, 23). Fibroblasts
were isolated from CLP-1�/� heterozygous mouse hearts and
treated with either AngII or TGF-�. Fig. 3A shows that there
was a time-dependent increase in SM-�-actin in fibroblasts iso-
lated fromCLP-1�/� hearts comparedwith those from thewild
type hearts. It is also known that fibrosis triggered by either
AngII or TGF-� involves the utilization of reactive oxygen spe-
cies (ROS), derived from NAD(P)H oxidases (23) and Nox4,
and plays a role in ECM deposition. We show here that the
expression of Nox4 is augmented in CLP-1�/� fibroblasts
treated with TGF-� or AngII (Fig. 3B). To evaluate in situ
whether decreased expression of CLP-1 correlates with en-
hanced Smad3 activation and smooth muscle expression, we
performed immunofluorescence studies in mouse embryonic
wild type (�/�), heterozygous (CLP-1�/�), and null (CLP-
1�/�) fibroblasts subjected to AngII or TGF-�1 induction. As
seen in Fig. 3C, a distinct nuclear localization of serine 208-
Smad3 was observed that correlated with �-smooth muscle
actin expression.

FIGURE 3. Enhanced expression of smooth muscle �-actin in CLP-1�/� fibroblasts. A, Western blots show the expression of smooth muscle �-actin in wild
type (SM-�-actin�/�) and CLP-1�/� (SM-�-actin�/�) fibroblasts. GAPDH expression was used as loading control. Data are expressed as means � S.E. of four
independent experiments. SM-�-actin, *, p � 0.05 wild type versus wild type treated with agonist; *, p � 0.05 control untreated versus treated with TGF-�, and
**, p � 0.05 CLP-1�/� versus wild type at 24 h treated with agonists. B, Western blot of wild type (CLP-1�/�) and heterozygous (CLP-1�/�) cardiac fibroblasts
treated for 24 h with TGF-� (10 ng/ml) and/or AngII peptide (10�7

M). The Western blot shows that the expression of Nox4 paralleled the increase expression
of smooth muscle �-actin in CLP-1�/� fibroblast. Data are expressed as means � S.E. of four independent experiments. Nox4, *, p � 0.05 wild type versus
CLP-1�/� treated with agonists. C, immunofluorescence assay performed in mouse embryonic in wild type (�/�), heterozygous (CLP-1�/�) and null (CLP-
1�/�) fibroblasts, showing the AngII or TGF-�1 induction of nuclear translocation of serine-phosphorylated Smad3 (red) and expression of smooth muscle
�-actin (green). Nuclear staining was obtained with DAPI (blue).
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Modulation of Smad3 Signaling in Haplodeficient CLP�/�

Hearts—It is known that there is a link between AngII and
TGF-� signaling, which through activation of Smad3 induces

fibrotic remodeling and contributes to diastolic dysfunction. A
previous report (18) indicated that the linker region of Smad3
can be targeted for phosphorylation by Cdk9, which results in
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enhanced Smad3 activity (18). Despite this, there is no clear
evidence on the mechanism by which Smad3 signaling influ-
ences the fibrotic process. To establish that Smad3 activity is
influenced by CLP-1/pTEFb control of transcription, we per-
formed co-transfection experiments using a Smad3-luciferase
reporter (p3Tx-Luc), FLAG-Smad3 expression vector, and a
FLAG-MSmad3 expression vector carrying a substitution
mutation of the serine residues in the linker region (18). As
observed in Fig. 4A, haplodeficiency of CLP-1 correlated
inversely with the Smad-luciferase reporter activity driven by
FLAG-Smad3. Under the same experimental conditions, a sub-
stitution mutation in the serine residue of the polylinker
(FLAG-MSmad3) expression vector failed to activate the
reporter Smad-luciferase. We then examined the Smad-lucif-
erase reporter activity after induction with AngII (Fig. 4B) or
TGF-�1 treatment (Fig. 4C). The increase observed in CLP-
1�/� embryonic fibroblast treated with TGF-�1 was signifi-
cantly reversed by reintroducing CLP-1 via co-transfection
with the expression vector pcDNA-CLP-1 (Null � C � TGF).
Further support for the role of CLP-1 in AngII-induced remod-
eling was obtained by expression of connective tissue remodel-
ing markers, such as metalloprotease 9 and cysteine-rich
61-connective tissue growth factor-nephroblastoma. As seen in
Fig. 4D, there was a significant increase in the expression of
MMP9 and CCN1 markers in extracts from the ANG/CLP-
1�/� hearts.

It was reported (24, 25) recently that ANP exerts an anti-
fibrogenic effect on pro-fibrogenic TGF-� and the intracardiac
RAS signaling, suggesting that the expression pattern of the
antifibrogenic ANP may be distinct in the wild type CLP-1�/�

and CLP-1�/� harboring theMHC-AngII expression in hearts.
We therefore evaluated by quantitative PCR the expression of
ANP and BNP peptides. cDNA obtained from the heart tissues
of each mouse group was used to perform qPCR using primers
for ANP and BNP (see “Experimental Procedures”). We
observed a marked increase in expression of ANP and BNP in
the transgenic ANG/CLP-1�/� mice. However, the expression
was notably reduced in the ANG/CLP-1�/� mice (Fig. 4E). We
conclude that CLP-1/pTEFb transcriptional control is involved
in diverse aspects of LVH and fibrosis remodeling, including
the negative transcriptional control of ANP and BNP expres-
sion. Finally, we performed a Western blot of heart extracts to
evaluate activation of the Cdk9/TGF-�1/Smad3 axis in wild
type (WT), heterozygous (CLP-1�/�), transgenic wild type-
�MHC-ANG (TG�/�), and transgenic heterozygous-�MHC-
ANG (TG�/�) mouse hearts. As seen, in Fig. 4F, there was a

significant increase in serine 208-Smad3 phosphorylation in
extracts from transgenic heterozygous �MHC-ANG (TG�/�),
supporting our in vitro findings (Fig. 3C) that a decrease in
levels of CLP-1 enhances Smad3-mediated ECM deposition.

DISCUSSION

This report provides evidence that CLP-1 plays a significant
role in modulation of the disease processes in left ventricular
remodeling and fibrosis during cardiac hypertrophy due to its
regulatory effects on pTEFb activity controlling transcription
elongation, considered now to be the primary site for eukary-
otic gene control. The CLP-1 haplodeficiency caused exacerba-
tion of the various aspects of LVH development and fibrogen-
esis. Because CLP-1-mediated control of pTEFb is universal,
targeting genes associated with LVH and fibrogenic responses
perhaps arise from the interplay among TGF-�/Smad3/Jak2
signaling for the context-specific control of pTEFb activity.
The Jak/Stat signaling has been documented to play a prom-

inent role in cardiac hypertrophy (10–12). Jak2 is also known to
promote ROS production and ECM deposition (26). Although
the precise nature of the cross-talk between these signaling
events is not known, the regulation of the P-TEFb complex by
Jak2 signaling was previously described (14), suggesting per-
haps that themodulation of the hypertrophic features observed
in �MHC-ANG/CLP-1�/� hearts is the consequence of
enhanced Jak2 function. Precedent also exists for Jak2/Stat3
signaling to undergo functional association with a number of
regulatory proteins (27, 28). For example, Stat3-mediated
expression of Nox4 transcription factor (26), which influences
the trans-differentiation of fibroblast into myofibroblasts, is an
ROS known to be essential in myofibroblast formation in
AngII-induced cardiac hypertrophy (23). We speculate that a
functional linkage between TGF-�1/Smad3 and Jak/STAT sig-
naling might be essential in eliciting the regulatory response
triggered by AngII in cardiomyocytes. AngII-mediated LVH
thus appears to be intrinsically linked to TGF-�1/Smad3/Jak2/
Stat3 signaling, which is a contributing factor in ECM deposi-
tion and apoptotic cell death (29).
It is known that AngII contributes significantly to left ven-

tricular remodeling and fibrosis and plays an important role in
mediating TGF-� up-regulation in the heart undergoing
remodeling. However, the precise nature of themolecular com-
ponents activated by TGF-� leading to both fibrosis and hyper-
trophic growth is not known andneeds further analysis. Indeed,
it was recently reported that Smad4 gene knock-outmice devel-
oped cardiac hypertrophy, collagen deposition, and impaired

FIGURE 4. CLP-1 gene dosage modulates serine-Smad3 transcriptional activity. A, transient transfections using the Smad3-luciferase reporter (pT3�Luc),
the FLAG-Smad3, or the mutant FLAG-MSmad3 were examined in mouse embryonic fibroblasts wild type, heterozygous, and mice null for the CLP-1 gene. In
the absence of the ligands AngII or TGF-�1, there was a significant increase in the luciferase reporter activity inversely proportional to the CLP-1 gene dosage.
However, substitution mutations of the conserved serine residues in the polylinker region of Smad3 (MSmad3) completely abolished luciferase activity. B, AngII
mediates Smad3 transcriptional activity in mouse embryonic fibroblasts, and a similar response as above using AngII as inducer of Smad activity was observed.
C, even a more significant transcriptional induction was observed with TGF-�1 treatment that was reversed by co-transfection with pcDNA CLP-1 (Null � C
(CLP-1) � TGF). Data are expressed as means � S.E. of four independent experiments. *, p � 0.05 control versus TGF-� treatment; **, p � 0.05 Null TGF-�-treated
versus Null TGF-� treated and CLP-1 added. D, upper panels shows a representative Western blot with specific antibodies against MMP3, MMP9, and CCN1.
GAPDH was used as loading control (n � 4). E, bar graphs represent the quantitative determination of atrial natriuretic peptide and brain natriuretic peptide by
qPCR. Data are expressed as means � S.E. of three independent experiments. ANP and BNP expression shows a *, p � 0.05 �MHC-ANG/CLP-1�/� versus
�MHC-ANG/CLP-1�/�. F, Western blots show the expression of serine 208-Smad3 in heart protein extracts from wild type (WT), heterozygous (CLP-1�/�),
transgenic wild type-�MHC-ANG (TG�/�), and transgenic heterozygous-�MHC-ANG (TG�/�) mice hearts. GAPDH expression was used as loading control. Data
are expressed as means � S.E. of three independent experiments. Serine 203-Smad3 expression shows the following: *, p � 0.05 �MHC-ANG/CLP-1�/� versus
�MHC-ANG/CLP-1�/�.
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fractional shortening (30, 31). Similarly, Smad3 knock-outmice
revealed an increase in cardiac hypertrophy but a decrease in
ECM deposition (32). These observations suggest that Smad4
and/or Smad3 may not be the components of TGF-�1 hyper-
trophy response. However, the enhanced left ventricular
remodeling in the Smad4 knock-out was recently shown to be
due to an increase in the levels of miR27b, a microRNA nor-
mally inhibited by Smad4 (31). Whether a similar explanation
applies to the findings of Divakaran et al. (32) has yet to be seen.
Alternatively, TGF-� may promote hypertrophy in a Smad-in-
dependent pathway.
Regardless, our objective here was to explore whether CLP-1

mediates the activation of the TGF-�-Smad3 signaling axis.
The prevailing view is that activation of fibroblast and its trans-
formation into myofibroblasts, which is integrally involved as
the key regulator of ECM, are the primary events associated
with fibrotic disease. TGF-� expression is directly correlated
with the transition of compensated hypertrophy to failure.
Activation of TGF-� and, by extension, of fibrosis is in part
dependent on Smad3 signaling. The Smad3 nullmice exhibit an
attenuation of fibrosis and ventricular remodeling. Other sig-
naling events, such as NADH oxidase-dependent ROS produc-
tion, are also involved in myofibroblast transition and fibrosis
(23).
Another complexity in the transcriptional control of hyper-

trophy is the finding that ANP has an antifibrogenic effect via
interrupting TGF-�-stimulated signaling, inhibiting myofibro-
blast transformation and ECM deposition, and consequently
playing an anti-fibrogenic role in the pathogenesis of LVH and
fibrosis (9). Nuclear translocation of Smad3 is fundamental to
its action in positive or negative regulation of target genes.
Mechanistically, this is achieved by phosphorylation of Smad3
at a site different from that required for its TGF-�-induced
nuclear translocation and consequently disrupting the nuclear
entry of Smad3. We observed that deficiency of CLP-1 in CLP-
1�/� reduced effectively the expression of ANP. Whether
CLP-1 deficiency extends its control to phosphorylation of the
alternate site in Smad3 is not known. Evidence is, however,
available in support of the role of CLP-1 in modulation of
expression of a defined gene in the controlled expression of
vascular endothelial growth factor (VEGF) (33).
Previous reports described that establishment of AngII-me-

diated LVHwas not accompanied by collagen deposition (3, 20,
34). We show here that reduction in CLP-1 levels triggers
enhancement of collagen deposition in vivo linking collagen
synthesis to the CLP-1-mediated modulation of P-TEFb activ-
ity. The unique role of CLP-1 in augmenting the AngII-TGF-
�1-Smad3 signaling network is supported by the evidence that
reduction of CLP-1 gene dosage resulted in an increase in Cdk9
activity followed by nuclear translocation of phosphoserine
208-Smad3 and increased expression of�-smoothmuscle actin
in mouse embryonic fibroblast. The consequences of phospho-
serine 208-Smad3 signaling in transcriptional modulation are
accompanied by trans-differentiation of fibroblasts subjected
to administration ofAngII or TGF-�.We also demonstrate that
CLP-1 has a role inmodulation of the transcriptional activity of
Smad3 in fibroblasts co-transfected with a Smad-luciferase
reporter, a finding that contributes to the role of Smad-Stat

signaling in fibrotic remodeling. Taken together, our data
underscore the subtle role of CLP-1 not only in the transcrip-
tion elongation machinery but also in the complex control of
AngII-TGF-�1-CLP-1-Smad3 signaling axis and natriuretic
peptide expression.
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