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Background-—Maladaptive cardiac hypertrophy is a major risk factor for heart failure, which is the leading cause of death
worldwide. C-C motif chemokine receptor 9 (CCR9), a subfamily of the G protein–coupled receptor supergene family, has been
highlighted as an immunologic regulator in the development and homing of immune cells and in immune-related diseases.
Recently, CCR9 was found to be involved in the pathogenesis of other diseases such as cardiovascular diseases; however, the
effects that CCR9 exerts in cardiac hypertrophy remain elusive.

Methods and Results-—We observed significantly increased CCR9 protein levels in failing human hearts and in a mouse or
cardiomyocyte hypertrophy model. In loss- and gain-of-function experiments, we found that pressure overload–induced
hypertrophy was greatly attenuated by CCR9 deficiency in cardiac-specific CCR9 knockout mice, whereas CCR9 overexpression in
cardiac-specific transgenic mice strikingly enhanced cardiac hypertrophy. The prohypertrophic effects of CCR9 were also tested
in vitro, and a similar phenomenon was observed. Consequently, we identified a causal role for CCR9 in pathological cardiac
hypertrophy. Mechanistically, we revealed a lack of difference in the expression levels of mitogen-activated protein kinases
between groups, whereas the phosphorylation of AKT/protein kinase B and downstream effectors significantly decreased in CCR9
knockout mice and increased in CCR9 transgenic mice after aortic binding surgery.

Conclusions-—The prohypertrophic effects of CCR9 were not attributable to the mitogen-activated protein kinase signaling
pathway but rather to the AKT–mammalian target of rapamycin–glycogen synthase kinase 3b signaling cascade. ( J Am Heart
Assoc. 2016;5:e003342 doi: 10.1161/JAHA.116.003342)
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H eart failure is the leading cause of death in many
nations, especially in aging populations.1 At present,

heart failure is widely recognized to be a clinical syndrome
resulting from cardiac hypertrophy and remodeling, which
involves structural and functional changes in the left ventricle
(LV) in response to internal or external cardiovascular damage

or to induction by pathogenic risk factors. The most proximal
initiating stimuli for cardiac hypertrophy can be broadly
segregated into biomechanical stretch-sensitive mechanisms
and neurohumoral mechanisms that are associated with the
release of hormones, cytokines, chemokines, and peptide
growth factors via complex downstream signaling cascades.2

Although numerous studies have revealed crucial proteins
and pathways involved in the process of cardiac hypertrophy,
including the mitogen-activated protein kinase (MAPK)3 and
phosphatidylinositol 3 kinase–AKT–mammalian target of
rapamycin (mTOR)4–6 signaling pathways, the underlying
mechanism of cardiac hypertrophy remains elusive. Recently,
numerous studies have reported the effects of immunologic
molecules in cardiac hypertrophy.7–9 Based on the prominent
roles of immune networks in the pathogenesis of various
diseases, the identification of new immune regulators in
cardiac hypertrophy will provide insights into the mechanism
and treatment of cardiac hypertrophy and dysfunction.

Chemokines are a family of low-molecular-weight proteins
that play an essential role in complex cellular functions. C-C
motif class chemokines consist of at least 28 members (C-C
motif chemokine ligands [CCLs] 1–28) that signal through 10
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known chemokine receptors (C-C motif chemokine receptors
[CCRs] 1–10) that are a subfamily of the G protein–coupled
receptor family.10,11 Among these receptors, CCR9 has been
highlighted as an immunologic regulator in the development
and homing of immune cells and in immune-related diseases
since its discovery.12,13 Interactions between CCL25 and
CCR9 can induce regulatory T cell migration to the intestines,
which is associated with the pathogenesis of Crohn’s
disease.12 Recently, researchers have also found that CCR9
is not exclusively expressed on immune cells and may be
involved in the pathogenesis of other diseases such as cancer
and cardiovascular diseases14,15; however, the regulatory
effects and potential mechanisms of action of CCR9 in cardiac
hypertrophy are largely unknown. These clinical discoveries
motivated us to investigate the potential role of CCR9 in
maladaptive cardiac hypertrophy.

Materials and Methods

Ethics Statements
All experimental procedures involving human samples were
approved by the human research ethics committee of Fuwai
Hospital, and written informed consent was obtained before
heart sample collection. All animal experiments were
approved by the animal care and use committee of Fuwai
Hospital and were conducted in accordance with the US
National Institutes of Health guidelines.

Human Heart Sample
LVs (n=6 per group) were collected from patients with dilated
cardiomyopathy (DCM) and hypertrophic cardiomyopa-
thy.16,17 Normal LV tissues (n=6) were obtained from donors
after brain death who had passed away in accidents and
whose hearts were unsuitable for heart transplantation for
noncardiac reasons.2

Reagents
Antibodies against CCR9 (ab38567, 1:500 dilution) were
obtained from Abcam. Antibodies against the following
proteins were purchased from Cell Signaling Technology:
MEK1/2 (9122, 1:1000 dilution), phosphorylated (p) MEK1/
2Ser32/36 (9154, 1:1000 dilution), ERK1/2 (4695, 1:1000
dilution), p-ERK1/2Thr202/Tyr204 (4370, 1:1000 dilution),
JNK (9252, 1:1000 dilution), p-JNKThr183/Tyr185 (4668,
1:1000 dilution), P38 (9212, 1:1000 dilution), p-P38Thr180/
Tyr182 (4511, 1:1000 dilution), AKT (4691, 1:1000 dilution),
p-AKTSer473 (4060, 1:1000 dilution), glycogen synthase
kinase 3b (GSK3b; 9315, 1:1000 dilution), p-GSK3bSer9
(9322, 1:1000 dilution), p70S6 kinase (2708, 1:1000

dilution), p-p70S6 kinaseSer371 (9208, 1:1000 dilution),
mTOR (2983, 1:1000 dilution), p-mTORSer2448 (2971,
1:1000 dilution), PI3 kinase p85 (4257, 1:1000 dilution),
and p-PI3 kinase p85Tyr458 (4228, 1:1000 dilution). Anti-
bodies against b-myosin heavy chain (sc53090, 1:200
dilution) and atrial natriuretic peptide (sc20158, 1:200
dilution) were purchased from Santa Cruz Biotechnology.
Antibodies against GAPDH (MB001, 1:10 000 dilution) were
obtained from Bioworld Technology. The BCA protein assay kit
was purchased from Pierce (Thermo Fisher Scientific). We
used peroxidase-conjugated secondary antibodies (1:10 000
dilution; Jackson ImmunoResearch Laboratories) for visualiza-
tion.

Animal Models and Procedures
Generation of cardiac-specific conditional CCR9 knockout
(CCR9-KO) mice involved generation of CCR9flox/flox (CCR9-
floxed) mice using the CRISPR/Cas9 system to insert 2
mLoxP sequences flanking the CCR9 exon 3 coding sequence
(CDS) region. We designed 2 single-guide RNAs targeting 2
locations of CCR9 using an online CRISPR design tool
(http://tools.genome-engineering.org). One single-guide
RNA targeted a region upstream of the 50 end of the CDS
region, whereas the other single-guide RNA targeted a region
downstream of the 30 end of the CDS region of CCR9.
A circular donor vector containing the CDS region flanked by
2 mloxP sites and 2 homology arms of 1.5 and 1.5 kb,
respectively, was used as template to repair the double-strand
breaks by homologous recombination. A total of 72 embryos
and mice were generated from zygotes injected with Cas9
mRNA, single-guide RNAs, and donor vector targeting the CDS
region sites. To detect the gene modifications, we designed a
pair of primers (F1/R1) to amplify the fragment containing the
left arm, the right arm, and the floxed CDS region. All
polymerase chain reaction products were subcloned, and 30
clones for each mouse were randomly selected for sequenc-
ing to detect the modifications. Further analyses revealed that
2 founder mice (numbers 11-4 and 12-11) contained floxed
CDS regions on the same allele. To confirm whether the
floxed allele functioned as expected, we used the genomic
DNA for in vitro Cre/loxP-mediated recombination. The primer
pairs F1/R1 and F2/R2 were used to detect the deletion
products and the circle product, respectively. All polymerase
chain reaction products were confirmed by sequencing.
Founder mouse 12-11 was mated with a C57BL/6J female
mouse to obtain CCR9-floxed mice. We then crossed the
CCR9-floxed mice with mice carrying an a-MHC–MerCreMer
transgene (MEM-Cre; MEM-Cre-Tg [Myh6-cre/Esr1, 005650];
Jackson Laboratory, Bar Harbor, ME) to produce CCR9-floxed/
MEM-Cre mice bearing MEM-Cre and floxed CCR9 genes. The
CCR9-KO mice were induced using tamoxifen injections
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(80 mg/kg per day, T-5648; Sigma-Aldrich) of 6-week old
CCR9-floxed/MEM-Cre mice for 5 consecutive days. MEM-Cre
mice and CCR9-floxed mice served as control groups.

Generation of cardiac-specific conditional CCR9 transgenic
(CCR9-TG) mice involved the transgene vector pCAG-
CAT-mCCR9, which contains a CAG gene promoter-loxP-CAT
gene-loxP-mCCR9 region and was constructed from pCAG-
loxP-CAT-loxp-lacZ by replacing the lacZ gene with mouse
CCR9 cDNA. The transgene vector was linearized and used
for pronuclear microinjection. Founder transgenic mice
were identified by tail DNA amplification and then bred
with C57BL/6J mice. CAG-CAT-mCCR9 mice (strain

C57BL/6J) were mated with Myh6-Cre mice to generate
CAG-CAT-mCCR9/Myh6-Cre double-transgenic mice. The
CCR9-TG mice were induced by tamoxifen injections
(80 mg/kg per day, T-5648; Sigma-Aldrich) of CAG-CAT-
mCCR9/Myh6-Cre mice aged 6 weeks for 5 consecutive
days. Untreated CAG-CAT-mCCR9/Myh6-Cre mice served
as a control group.

Male mice aged 8 to 10 weeks (weight 24–27 g) under-
went aortic banding (AB) or a sham operation. AB was
performed to establish a pressure overload–induced cardiac
hypertrophy model in accordance with previously described
methods.16,18 Briefly, after anesthetization with pentobarbital

Figure 1. Cardiac CCR9 expression is increased in human hearts with DCM and HCM, mouse models of
cardiac hypertrophy, and NRCMs treated with Ang II. A and B, Western blot and quantitative results for
hypertrophic markers and CCR9 expression levels in the LVs of normal controls and DCM and HCM patients
(n=6 per group; *P<0.05 vs donor hearts). C, Western blot and quantification of hypertrophic markers and
CCR9 expression levels in the hearts of mice 4 and 8 weeks after sham or AB surgery (n=6 per group;
*P<0.05 vs sham group). D, Western blot analysis and quantification of hypertrophic markers and CCR9
expression levels in primary cultured NRCMs treated with PBS or Ang II for 24 or 48 hours (n=6 per group;
*P<0.05 vs PBS-treated group). AB indicates aortic banding; Ang II, angiotensin II; ANP, atrial natriuretic
peptide; b-MHC, b-myosin heavy chain; CCR9, C-C motif chemokine receptor 9; DCM, dilated cardiomy-
opathy; h, hours; HCM, hypertrophic cardiomyopathy; NRCM, neonatal rat cardiomyocyte; W, weeks.
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sodium (90 mg/kg; Sigma-Aldrich) via an intraperitoneal
injection and in the absence of any toe pinch reflex, the left
chest of each mouse was opened to identify the thoracic
aorta by blunting dissection at the second intercostal space.
AB was achieved by tying the thoracic aorta against a 26-
gauge needle with a 7-0 silk suture. After ligation, the needle
was removed, and adequate aortic constriction was confirmed
by Doppler analysis. The sham-operated group underwent a
similar procedure without aortic constriction.

For LY294002 (ab120243; Abcam) administration,
LY294002 was dissolved in dimethyl sulfoxide. The agent
was then administered to CCR9-TG and nontransgenic mice
daily for 4 weeks by intraperitoneal injection at a dose of
50 mg per kilogram of body weight. The same volume of
dimethyl sulfoxide was used as a control.

Echocardiography Measurements
Echocardiography measurements were performed at the
indicated time points to evaluate the cardiac function of the

mice. First, the surviving mice were anesthetized with 1.5%
to 2% isoflurane. For echocardiography, M-mode tracings
derived from the short axis of LV at the level of the papillary
muscles were recorded using a Mylab30CV (Esaote) ultra-
sound system with a 15-MHz probe. LV internal diameter
measurements were obtained from at least 3 beats and then
averaged. The LV end-diastolic and -systolic diameters
were measured at the largest and smallest LV areas,
respectively. Fractional shortening was calculated using the
following formula (in which FS indicates fractional shorten-
ing, LVEDd indicates LV end-diastolic diameter, and LVESd
indicates LV end-systolic diameter): FS(%)=(LVEDd�LVESd)/
LVEDd9100%.

Histological Analysis
At 4 weeks after AB or sham surgery, the mice were
euthanized to assess hypertrophic growth and cardiac
fibrosis. Paraffin-embedded 5-lm heart sections were stained
with hematoxylin and eosin and picrosirius red. The

Figure 2. Schematic representation of thegeneration of cardiac-specific conditional CCR9-KOmice and their
identification. A, Schematic illustration of cardiac-specific conditional CCR9-KO generation. B, Amplification of
the entire region covering the floxed exon 1, exon 2, and homology arm using the F1/R1 primer (left) and the
circle excised by Cre using the F2/R2 primer (right). C, DNA sequence of the truncated fragment amplified by
the F1/R1 primer (upper) and the circular PCR products amplified by the F2/R2 primer (lower). D, Western blot
and quantitative results for CCR9 expression levels in different tissues of CCR9-KO and CCR9-floxed/MEM-Cre
mice (n=6 per group; *P<0.05 vs CCR9-floxed group). CCR9, C-C motif chemokine receptor 9; CDS, coding
sequence; HR, heart rate; KO, knockout; LA, left atrium; MCS, multiple cloning site; PCR, polymerase chain
reaction; RA, right atrium; sgRNA, single-guide RNA; UTR, untranslated region; WT, wild type.
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cardiomyocyte cross-sectional areas were calculated after
staining with FITC-conjugated wheat germ agglutinin (Invitro-
gen). Images were taken by fluorescence microscopy, and
individual cell sizes were measured using a quantitative
digital image analysis system (Image-Pro Plus 6.0; Media
Cybernetics).

Neonatal Rat Cardiomyocyte Culture and
Adenovirus Infection
Neonatal rat cardiomyocytes (NRCMs) were plated onto
gelatin-coated culture dishes in DMEM/F12 medium contain-
ing 20% fetal calf serum. After 48 hours, the medium was
exchanged for serum-free DMEM/F12, and the NRCMs were
subsequently treated with angiotensin II (Ang II; 1 lmol/L) or
PBS. Recombinant Adenoviral CCR9 (AdCCR9) vectors were
generated by introducing rat CCR9 cDNA into a replication-
defective adenoviral vector. A similar adenoviral vector
encoding the GFP gene was used as a control. To downreg-
ulate CCR9 expression, rat short hairpin CCR (shCCR9)
constructs were cloned into adenovirus and AdshRNAs were
used as controls, and the efficiency and specificity of these
adenoviruses were validated. The NRCMs were infected with
the indicated adenoviruses at a multiplicity of infection of
100 particles per cell for 24 hours.

Immunofluorescence Analysis
After infection and hypertrophic stimulation, the NRCMs were
fixed with 3.7% formaldehyde, followed by permeabilization
with 0.1% Triton X-100 in PBS, and blocking by a 10% BSA
solution at room temperature. The cells were subsequently
incubated with a primary antibody against a-actin, followed by
a fluorescent secondary antibody. The cell surface area was
measured using Image-Pro Plus 6.0 software.

Western Blotting and Quantitative Real-time
Polymerase Chain Reaction
Tissue and cell homogenates were prepared in lysis buffer.
After sonication, the extracts were incubated on ice for
15 minutes, followed by centrifugation at 4°C. The denatured
proteins were subjected to SDS-PAGE (Invitrogen) and
transferred to a polyvinylidene fluoride membrane (Millipore).
After being blocked with 5% nonfat milk, the membrane was
incubated with the indicated primary antibodies overnight at
4°C and subsequently with the peroxidase-conjugated sec-
ondary antibodies (1:10 000 dilution; Jackson ImmunoRe-
search Laboratories). A ChemiDoc XRS+ (Bio-Rad) instrument
was used to detect protein signals. Total RNA was extracted
using TRIzol reagent (Invitrogen), according to the

Figure 2. continued
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manufacturer’s protocol, and 2 lg RNA was reverse tran-
scribed using a Transcriptor First Strand cDNA Synthesis Kit
(Roche). Quantitative polymerase chain reaction amplification
of the mRNA of the indicated genes was performed using
SYBR Green (Roche).

Statistical Analysis
The data are presented as the mean�SD. Statistical analyses
were performed with SPSS version 13.0 software (IBM Corp).
Student 2-tailed t tests were used for comparisons between 2
groups. Differences among ≥3 groups were compared using
1-way ANOVA followed by a least significant difference or
Tamhane’s T2 post-test. Nonparametric methods Kruskal–
Wallis (≥3 groups) and Mann-Whitney (2 groups) and Bonfer-
roni correction were used when the number of analytic units
per group was quite small (n=6 per group). P<0.05 was
considered statistically significant.

Results

Upregulation of CCR9 in Failing Human Hearts
and Hypertrophic Murine Hearts and
Cardiomyocytes
To investigate the potential role of CCR9 in the process of
cardiac hypertrophy, we initially tested whether CCR9
expression level is altered in hearts with similar pathologies.
The results demonstrated that the CCR9 protein levels were
increased significantly in DCM patients; the protein levels of
the hypertrophic markers atrial natriuretic peptide and
b-myosin heavy chain were also increased compared with
controls (Figure 1A). We obtained similar results for human
hypertrophic cardiomyopathy samples (Figure 1B). For the
AB-induced hypertrophy mouse model, CCR9 protein levels
were significantly increased 4 and 8 weeks after the AB
operation compared with controls (Figure 1C). The CCR9
protein levels in Ang II–treated NRCMs were also markedly

Figure 3. Cardiac CCR9 deficiency attenuates AB-induced hypertrophy. A, Statistical results for HW/
BW, LW/BW, and HW/TL ratios (n=8–12 per group). B, Statistical results for the echocardiographic
parameters LVEDd, LVESd, and FS in the indicated groups (n=8–11 per group). C, Representative images
of the histological analysis of cardiac hypertrophy, as indicated by whole-heart short-axis cross sections,
H&E staining, and WGA staining, and representative images of cardiac interstitial fibrosis, as indicated by
picrosirius red staining of the perivascular and interstitial area (scale bar=50 lm; n=5 or 6 per group).
D, Statistical results for the individual cardiomyocyte cross-sectional area (n=5 or 6 per group; at least
140 cells were measured per mouse). E, Statistical results for cardiac interstitial fibrosis (n=5 or 6 per
group; at least 45 high-power fields were counted per group). F, Quantification results for hypertrophic
and fibrotic marker mRNA levels in the indicated groups (n=12 per group). *P<0.05 vs MEM-Cre/sham
or CCR9-floxed/sham group; #P<0.05 vs CCR9-KO/sham group; †P<0.05 vs MEM-Cre/AB or
CCR9-floxed/AB group. AB indicates aortic banding; ANP, atrial natriuretic peptide; b-MHC, b-myosin
heavy chain; BNP, B-type natriuretic peptide; BW indicates body weight; CCR9, C-C motif chemokine
receptor 9; CTGF, connective tissue growth factor; FS, fractional shortening; H&E, hematoxylin and eosin;
HW, heart weight; KO, knockout; LV, left ventricle; LVEDd, left ventricle end-diastolic diameter; LVESd,
left ventricle end-systolic diameter; LW, lung weight; TL, tibia length; W, weeks; WGA, wheat germ
agglutinin.
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increased (Figure 1D). These data indicate that CCR9 might
be involved in the development of cardiac hypertrophy.

Loss of CCR9 Attenuates Pressure
Overload–Induced Hypertrophy
After detecting the association between CCR9 and cardiac
hypertrophy, we performed loss- and gain-of-function studies
of CCR9 in vivo to examine whether alterations in CCR9
expression would affect cardiac hypertrophy. We generated
conditional CCR9-KO mice by crossing transgenic MEM-Cre
mice with CCR9-floxed mice (Figure 2A through 2C).

Conditional knockout founders were identified by Western
blot analysis (Figure 2D). CCR9-KO and control (MEM-Cre and
CCR9-floxed) groups were subsequently challenged with AB or
sham operation. At 4 weeks after the operation, echocardio-
graphic, hemodynamic, and histological analyses were per-
formed. The results demonstrated that, compared with the
control groups, the hypertrophic response was significantly
blunted by CCR9 deficiency. The heart weight (HW)/body
weight (BW), lung weight/BW, and HW/tibia length ratios
were markedly decreased in the CCR9-KO group compared

with the controls (Figure 3A). The echocardiographic mea-
surements indicated that AB-treated CCR9-KO mice were
characterized by decreased LV end-diastolic and -systolic
diameters and increased fractional shortening, demonstrating
smaller LV dimensions and elevated systolic function (Fig-
ure 3B). Histological analysis indicated that the hypertrophic
response of the CCR9-KO mice was significantly attenuated
compared with controls, and these animals manifested
decreased heart size and cardiomyocyte cross-sectional area
as well as alleviation of interstitial fibrosis (Figure 3C through
3E). The mRNA levels of hypertrophic and fibrotic markers
were also reduced significantly in the AB-treated CCR9-KO
group (Figure 3F). Collectively, these results indicated that
CCR9 inactivation can protect the heart from pressure
overload–induced cardiac hypertrophy.

CCR9 Overexpression Exacerbates Pressure
Overload–Induced Hypertrophy
Next, we generated CCR9-TG mice with cardiac-specific CCR9
overexpression. Initially, we analyzed the CCR9 protein levels in
CCR9-TG and control (nontransgenic) groups by Western

Figure 3. continued.
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blotting (Figure 4A). At 4 weeks after AB, the CCR9-TG mice
exhibited an enhanced hypertrophic response, with increased
HW/BW, lung weight/BW, and HW/tibia length ratios
(Figure 4B) and exacerbated cardiac function, as characterized
by increased LV end-diastolic and -systolic diameters and
shortened fractional shortening compared with controls (Fig-
ure 4C). Histological analysis indicated that CCR9 overexpres-
sion increased the heart size and cardiomyocyte cross-sectional
area and significantly enhanced interstitial fibrosis relative to
the controls (Figure 4D through 4F). In addition, compared with
the controls, CCR9 overexpression markedly increased the

mRNA levels of hypertrophic and fibrotic markers (Figure 4G).
Taken together, these data suggest that CCR9 activation can
deteriorate cardiac morphology and function in vivo.

CCR9 Promotes Ang II–Induced Cardiomyocyte
Hypertrophy In Vitro
Having tested the potential effects of CCR9 on cardiac
hypertrophy in vivo, in a better-controlled experimental setting,
we determined the functional contribution of CCR9 to cardiac
hypertrophy using primary cultured NRCMs. Loss- and gain-of-

Figure 4. Cardiac CCR9 overexpression exacerbates AB-induced hypertrophy. A, Repre-
sentative results for Western blot, and quantification results of CCR9 expression levels in
indicated groups (n=6 per group). B, Statistical results for HW/BW, LW/BW, and HW/TL
ratios (n=10–12 per group). C, Statistical results for the echocardiographic parameters
LVEDd, LVESd, and FS in the indicated groups (n=9–11 per group). D, Representative images
of the histological analysis of cardiac hypertrophy, as indicated by the whole-heart short-axis
cross-section, H&E staining, WGA staining, and representative images of cardiac interstitial
fibrosis as indicated by picrosirius red staining of the perivascular and interstitial area (scale
bar=50 lm; n=5 or 6 per group). E, Statistical results for individual cardiomyocyte cross-
sectional area (n=5 or 6 per group; at least 150 cells were measured per mouse). F,
Statistical results for cardiac interstitial fibrosis (n=5 or 6 per group; at least 45 high-power
fields were counted per group). G, Quantification results for hypertrophic and fibrotic marker
mRNA levels in the indicated groups (n=12 per group). *P<0.05 vs NTG/sham group;
#P<0.05 vs NTG/AB group. AB indicates aortic banding; ANP, atrial natriuretic peptide; b-
MHC, b-myosin heavy chain; BNP, B-type natriuretic peptide; BW indicates body weight;
CCR9, C-C motif chemokine receptor 9; CTGF, connective tissue growth factor; FS, fractional
shortening; H&E, hematoxylin and eosin; HW, heart weight; LV, left ventricle; LVEDd, left
ventricle end-diastolic diameter; LVESd, left ventricle end-systolic diameter; LW, lung weight;
NTG, nontransgenic; TG, transgenic; TL, tibia length; W, weeks; WGA, wheat germ agglutinin.
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function studies of CCR9 were performed with AdshCCR9 to
knock down CCR9 or with AdCCR9 to overexpress the protein.
Subsequently, infectedNRCMswere exposed to Ang II or to PBS
as a control. The CCR9 protein levels were assessed byWestern
blot analysis to guarantee the success of infection (Figure 5A).
As shown in Figure 5B, CCR9 deficiencymarkedly inhibited Ang
II–induced hypertrophic response, whereas CCR9 overexpres-
sion clearly enhanced the response. Consistently, the mRNA
levels of hypertrophic markers decreased after CCR9 knock-
down and increased after CCR9 overexpression (Figure 5C).
These data implicate CCR9 as an exacerbating factor for
cardiomyocyte hypertrophy in vitro.

CCR9 Overexpression Increases AKT
Phosphorylation in Response to Hypertrophic
Stress
CCR9 is clearly able to enhance pressure overload–induced
cardiac hypertrophy; however, the underlying mechanisms by
which CCR9 regulate the pathogenesis of hypertrophic
response remain to be elucidated. According to previous
studies, the MAPK and AKT signaling pathways play important
roles in cardiac hypertrophy3,19,20; therefore, we initially
examined whether CCR9 alterations could affect the MAPK
signaling response. Notably, following AB operation, MAPK

phosphorylation levels remained unaffected by both CCR9
deficiency and overexpression (Figure 6A and 6B). In contrast,
AKT phosphorylation levels were significantly blunted in the
CCR9-KO group and elevated markedly in the CCR9-TG group
after AB-induced hypertrophy compared with the controls. We
observed similar phosphorylation trends for the downstream
molecules of AKT (mTOR, GSK3b, and p70S6K) (Figure 7A and
7B). Consistent with the in vivo results, the phosphorylation
levels of AKT and downstream molecules were decreased or
increased significantly after CCR9 knockdown or overexpres-
sion in Ang II–treated NRCMs, respectively (Figure 7C and 7D).
These results indicate that the prohypertrophic effects of CCR9
are attributable to activation of the AKT signaling pathway.

Inactivation of Cardiac AKT Rescues the Adverse
Effect of CCR9 Overexpression on Pressure
Overload–Induced Cardiac Hypertrophy
The aforementioned results suggested a strong association
between CCR9 overexpression and AKT signaling activation,
thus we were interested in determining whether inactivation
of AKT could reverse the adverse effects of CCR9 overex-
pression. To conduct this study, CCR9-TG and nontransgenic
mice were treated with LY294002 to inhibit the phosphory-
lation of AKT or dimethyl sulfoxide for control and challenged

Figure 4. continued.
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with AB surgery. The inhibition efficiency of LY294002 was
confirmed by Western blot analysis (Figure 8A). We found that
after the administration of LY294002, phosphorylation levels
of AKT and downstream molecules decreased significantly
compared with the dimethyl sulfoxide–treated groups. In
addition, AKT inactivation significantly attenuated the AB-
induced hypertrophic response characterized by reduced
ratios of HW/BW, lung weight/BW, and HW/tibia length
(Figure 8B); reduced LV dimension; and restored cardiac
function (Figure 8C). Consistently, histological analysis, man-
ifested by decreased heart size and cardiomyocyte cross-
sectional area as well as alleviation of interstitial fibrosis,
indicated that AKT inactivation could reverse the adverse
effects of CCR9 overexpression following AB surgery (Fig-
ure 8D through 8F). In addition, the mRNA levels of atrial
natriuretic peptide and b-myosin heavy chain were also

downregulated because of AKT inhibition compared with the
controls (Figure 8G). In summary, these data suggest that the
inhibition of AKT plays an essential role in preventing
hypertrophic responses following CCR9 overexpression.

Discussion
As an immunologic regulator, the effect of CCR9 on diseases
apart from inflammatory diseases and cancers, such as
cardiovascular diseases, and especially its role in the develop-
ment of cardiac hypertrophy remain poorly investigated. In this
study, we identified CCR9 as an intrinsic positive regulator of
maladaptive cardiac hypertrophy and demonstrated that CCR9
promotes maladaptive hypertrophy in the context of AB-
induced chronic pressure overload. We obtained inspiration

Figure 5. CCR9 modulates Ang II–induced cardiomyocyte hypertrophy in vitro. A, Western blot analysis
and quantification results for CCR9 expression level in each group (*P<0.05 vs AdshRNA group; #P<0.05 vs
AdGFP group). B, Representative images of NRCMs infected with AdshCCR9 or AdCCR9 and treated with
Ang II (1 lmol/L) or PBS for 48 hours (blue: nuclear; green: a-actin; scale bar=50 lm; n=6 per group). Cell
surface area is assessed and compared in AdshCCR9 and AdCCR9 groups (n=12 per group; at least 55 cells
were examined each group; *P<0.05 vs AdshRNA or AdGFP/PBS group; #P<0.05 vs AdshRNA or AdGFP/
Ang II group). C, The relative levels of hypertrophic markers mRNAs in NRCMs infected with AdshCCR9 and
AdCCR9 (n=12 per group; *P<0.05 vs AdshRNA or AdGFP/PBS group; #P<0.05 vs AdshRNA or AdGFP/Ang
II group). AdGFP indicates Adenoviral green fluorescent protein; AdshRNA, Adenoviral short hairpin RNA;
Ang II, angiotensin II; ANP, atrial natriuretic peptide; b-MHC, b-myosin heavy chain; CCR9, C-C motif
chemokine receptor 9; NRCM, neonatal rat cardiomyocyte.
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from failing and hypertrophic human hearts with remarkable
upregulated expression levels of CCR9. We also found that
CCR9 was highly expressed in an AB-induced murine hyper-
trophy model, Ang II–treated NRCMs, and failing human heart.
Further investigation using loss- and gain-of-function experi-
ments in vivo and in vitro demonstrated that CCR9 was an
intrinsic prohypertrophic regulator; however, the possible
mechanisms by which CCR9 enhance cardiac hypertrophy
remain unclear. It is generally accepted that biomechanical
stress induced by pressure overload initiates numerous
signaling pathways, regulating the hypertrophic growth of
cardiac myocytes and interstitial fibrosis. Numerous studies
have reported that the MAPK signaling pathway plays a critical
role in cardiac hypertrophy.19–22 Based on this relationship, we
assessed MAPK signaling pathway activation after AB opera-
tion, but the results revealed no significant difference in MAPK
activation between the different groups, indicating that the
prohypertrophic effects of CCR9 may not occur in a MAPK-
dependent manner.

Meanwhile, reports have also focused on the roles of the
AKT signaling pathway in cardiac hypertrophy, and some

reports supported the opinion that activation of the AKT
signaling pathway could inhibit cardiomyocyte apoptosis and
promote heart function.23–25 Nagoshi et al25 posited that the
acute activation of AKT is cardioprotective and can reduce
infarction size and cardiac dysfunction after ischemia–
reperfusion injury. Condorelli et al26 observed that cardiac-
specific AKT overexpression significantly increased cardiomy-
ocyte size, which was associated with increased systolic
function. Meanwhile, others favored the view that AKT
activation would enhance cardiac hypertrophy associated
with deteriorated heart function.26,27 In addition, the duration
of AKT activation also affects cardiac hypertrophy. Shiojima
et al28 argued that short-term AKT activation induces
physiological hypertrophy and a moderate increase in heart
size, whereas chronic AKT activation results in pathological
cardiac hypertrophy with significantly increased cardiomy-
ocyte size.

Numerous previous studies have also studied the essential
effects of CCR9 on the AKT signaling pathway and related
diseases. Li and coworkers29 found that compromised CCR9–
CCL25 interactions promoted apoptosis in non–small cell lung

Figure 6. Mitogen-activated protein kinase signaling acts downstream of CCR9. A and B, Representative
results for Western blot and quantification results of the phosphorylation of MEK, ERK, JNK, and p38 and
their basal volumes in the indicated groups (n=6 per group; *P<0.05 vs CCR9-floxed/sham or NTG/sham
group). AB indicates aortic banding; AdGFP indicates Adenoviral green fluorescent protein; AdshRNA,
Adenoviral short hairpin RNA; CCR9, C-C motif chemokine receptor 9; ERK, extracellular regulated protein
kinase; JNK, c-Jun N-terminal kinase; KO, knockout; MEK, MAPK/ERK kinase; NTG, nontransgenic; p38,
protein 38; TG, transgenic; W, weeks.
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Figure 7. AKT signaling acts downstream of CCR9. A and B, Representative results for Western blot, and
quantification results of the phosphorylation of AKT,m-TOR, GSK3b, and p70S6K and their basal volumes in
the indicated groups (n=6 per group; *P<0.05 vs CCR9-floxed or NTG/sham group; #P<0.05 vs CCR9-
floxed or NTG/AB group). C and D, Representative results forWestern blot, and quantification results of the
phosphorylation of AKT, m-TOR, GSK3b, and p70S6K and their basal volumes in the indicated groups (n=6
per group; *P<0.05 vs AdshRNA or AdGFP/PBS group; #P<0.05 vs AdshRNA or AdGFP/Ang II group). AB
indicates aortic banding; Ang II, angiotensin II; CCR9, C-C motif chemokine receptor 9; GSK3b, glycogen
synthase kinase 3b; KO, knockout; mTOR, mammalian target of rapamycin; NTG, nontransgenic; TG,
transgenic; W, weeks.
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cancer cells by activating phosphatidylinositol 3 kinase/AKT
in vitro, which resulted in the upregulation of antiapoptotic
proteins and downregulation of apoptotic proteins. In addition,
the results of breast cancer–related research demonstrated
that the CCR9–CCL25 axis activates cell survival signals
through AKT and subsequent GSK3b inactivation.30

We subsequently investigated whether the AKT signaling
pathway is involved in cardiac hypertrophy and found that the
prohypertrophic effects of CCR9 was, to some extent,
attributable to the activation of the AKT signaling pathway
after AB treatment. The in vivo and in vitro results indicated
that inactivation of CCR9 can downregulate the

Figure 8. AKT inhibition blunted AB-induced cardiac hypertrophy in vivo. A, After the administration of
LY294002 or PBS, Western blot analysis and statistical results of the phosphorylation of AKT, m-TOR,
GSK3b, and p70S6K and their basal volumes in the indicated groups (n=6 per group). B, Statistical results
for HW/BW, LW/BW, and HW/TL ratios (n=11 or 12 per group). C, Statistical results for the
echocardiographic parameters LVEDd, LVESd, and FS in indicated groups (n=8–11 per group). D,
Representative images of the histological analysis of cardiac hypertrophy, as indicated by the whole-heart
short-axis cross section, H&E staining, WGA staining, and representative images of cardiac interstitial
fibrosis as indicated by picrosirius red staining of the perivascular and interstitial area after AB (scale
bar=50 lm; n=6 per group). E, Statistical results of individual cardiomyocyte cross-sectional area (n=6
per group; at least 100 cells were measured per mouse). F, Statistical results of cardiac interstitial fibrosis
(n=6 per group; at least 50 high-power fields were counted per group). G, Quantification results of
hypertrophic markers mRNA levels in the indicated groups after AB (n=12 per group). *P<0.05 vs
LY294002-treated NTG/AB group; #P<0.05 vs DMSO-treated NTG/AB group. AB indicates aortic
banding; ANP, atrial natriuretic peptide; b-MHC, b-myosin heavy chain; BW indicates body weight; CCR9,
C-C motif chemokine receptor 9; DMSO, dimethyl sulfoxide; FS, fractional shortening; GSK3b, glycogen
synthase kinase 3b; H&E, hematoxylin and eosin; HW, heart weight; LVEDd, left ventricle end-diastolic
diameter; LVESd, left ventricle end-systolic diameter; LW, lung weight; mTOR, mammalian target of
rapamycin; NTG, nontransgenic; TG, transgenic; TL, tibia length; WGA, wheat germ agglutinin.
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phosphorylation of AKT and its downstream effectors and
attenuate hypertrophy, whereas CCR9 overexpression pro-
duced opposite effects. Furthermore, the inhibition of AKT
with LY294002 was able to significantly blunt the hyper-
trophic response in CCR9-TG mice after AB operation. These
data indicate that the prohypertrophic effects of CCR9 occur
in an AKT–mTOR/GSK3b signaling-dependent manner. In a
similar murine model of AB-induced cardiac hypertrophy,
another immunologic molecule, adaptor protein SH2BB adap-
tor protein 3 (SH2B3), played similar roles in the development
of cardiac hypertrophy. The overexpression of SH2B3 signif-
icantly aggravated hypertrophic responses on prohypertrophic
stimuli, and SH2B3 deficiency attenuated cardiac hypertro-
phy. Further investigations demonstrated that SH2B3 regu-
lated the hypertrophic response via the AKT–mTOR/GSK3b
signaling cascade in a focal adhesion kinase–dependent
manner.17 These data indicated that immunologic molecules
might exert complex functions apart from immune regulation.
In addition, we found that the phenotypes following AKT
activation may not be the same. AKT activation induced by AB
in the context of CCR9 overexpression may lead to aggra-
vated hypertrophy and deteriorated systolic function, whereas
AKT overexpression due to a transgenic approach was
characterized by the promoted cardiac function.26 As a
serine/threonine kinase that appears to be central in
mediating various biological stimuli, AKT is important in
complex cellular functions, including cell proliferation, growth,
and migration. The effects of AKT on its numerous down-
stream targets determine its function in cardiovascular
processes such as cardiomyocyte survival,31 growth and
proliferation,32 atherosclerosis,33 cardiac hypertrophy, and

interstitial fibrosis. The above distinguishing viewpoint might
be held because AKT may modulate cardiovascular biology in
alternative pathways. We cannot also rule out the involvement
other proteins or signaling pathways activated by CCR9
overexpression and the influence of different settings, exper-
imental approaches, and animals.

The hypertrophic growth of cardiomyocytes following
prohypertrophic stimuli is regulated by endocrine, paracrine,
and autocrine networks activating membrane-bound receptor-
mediated signal transduction pathways.34 The increased
CCR9 protein levels observed in human samples with
hypertrophic cardiomyopathy, in DCM, and in murine hearts
challenged with an AB operation indicated that CCR9 is a
potential target for the specific treatment of cardiac hyper-
trophy. This research, however, has some limitations. First,
the pressure overload model may represent hypertrophic
cardiomyopathy to some extent; however, it is not the best
representative model for DCM. Because cardiac hypertrophy
is the early stage and initial pathological change of heart
failure, as mentioned, and the human heart sample of DCM is
derived from patients diagnosed with DCM and end-stage
heart failure, the upregulation of CCR9 in DCM may demon-
strate that the induction of CCR9 may be a common pathway
to heart failure resulting from hypertrophic cardiomyopathy,
DCM, and pressure overload challenge. The involvement of
CCR9 in human heart with DCM requires deeper and further
investigations. Second, in this research we neglected the
immunologic regulatory function of CCR9 in the pathogenesis
of cardiac hypertrophy. This function is reported in immune
response and related diseases and may be exerted in cardiac
hypertrophy. Third, we should expand our research from a

Figure 8. continued.
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murine pressure overload model to other models, such as
cardiac hypertrophy and ventricular remodeling after myocar-
dial infarction.

In conclusion, this study is the first to define the role of
CCR9 in cardiac hypertrophy.

Perspective
Our findings indicate that CCR9 is a novel modulator of
cardiac hypertrophy in response to prohypertrophic stress.
The underlying mechanism of prohypertrophic effects of CCR9
appears to involve the activation of AKT signaling. Conse-
quently, the present study also provided novel insights into
the molecular mechanisms of cardiac hypertrophy. Based on
these findings, CCR9 may represent a new therapeutic target
for suppressing the onset of cardiac hypertrophy.
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