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MicroRNA-144 regulates angiotensin II-induced
cardiac fibroblast activation by targeting CREB
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Abstract. Cardiac fibrosis is involved in adverse cardiac
remodeling and heart failure, which is the leading cause
of deteriorated cardiac function. Accumulative evidence
has elucidated that microRNAs (miRNAs) play important
roles in the pathogenesis of cardiac fibrosis. However, the
exact molecular mechanism underlying miR-144 in cardiac
fibrosis remains unknown. In the present study, a transverse
aortic constriction (TAC) mouse model and angiotensin II
(Ang II)-induced cardiac fibroblasts (CFs) were constructed
in order to investigate the expression levels of miR-144. It was
demonstrated that miR-144 was significantly downregulated
following pathological stimuli. CFs infected with miR-144
mimics were then used to test the effect of miR-144 on CF
activation in vitro. The results revealed that overexpression
of miR-144 led to a dramatically decreased proliferation and
migration ability in CFs, as well as the transformation from
fibroblasts to myofibroblasts, which was characterized by the
decreased expression of collagen-I, collagen-III, CTGEF, fibro-
nectin and a-SMA. By contrast, such effects could be reversed
by miR-144 knockdown. Mechanistically, the bioinformatics
analysis and luciferase reporter assay in the present study
demonstrated that cAMP response element-binding protein
(CREB) was a direct target of miR-144, and the expression
of CREB was attenuated by miR-144. The results of the
present study demonstrated that miR-144 played a key role
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in CF activation, partially by targeting CREB, which further
suggested that the overexpression of miR-144 may be a prom-
ising strategy for the treatment of cardiac fibrosis.

Introduction

Cardiac fibrosis, characterized as excessive deposition of
extracellular matrix (ECM) in the perivascular and interstitial
region of the heart, is a common pathological manifestation
involved in multiple cardiac diseases, including hyperten-
sion, myocardial infarction and valvular heart disease (1-3).
Cardiac fibroblasts (CFs) are the predominant cell type in the
myocardium, and are the primary producers of ECM (2,4).
During cardiac remodeling, the important effect of CFs
on cardiac fibrosis is the differentiation to a myofibroblast
phenotype in response to various stimuli, which results in a
markedly decreased proliferation, migration and secretory
ability, and notably distinguished expression of a-smooth
muscle actin (a-SMA) (5,6). Cardiac fibrosis contributes to the
excessive activation of myofibroblasts, leading to myocardial
stiffness, cardiac hypertrophy, and the destruction of physi-
ological cardiac tissue and impaired cardiac functions, which
causes ventricular remodeling, heart failure and even cardiac
death (3,7).

MicroRNAs (miRNAs) are endogenous and highly
conserved RNA sequences, that are 20-23 nucleotide in
length, which act as negative regulators of gene expression by
promoting the degradation or inhibiting the translation of target
mRNAs (8-10). Notably, miRNAs act as important modula-
tors in the development and progression of cardiac fibrosis,
particularly regarding cell proliferation, migration of CFs and
the transformation to myofibroblasts (11-13). Angiotensin II
(Ang II) plays a critical role in cardiac fibrosis through
inducing the production of collagens, other ECM proteins
and activation of the pro-fibrogenic cascade (14,15). Notably,
Ang II is involved in the pathogenesis of cardiac fibrosis with
an array of gene expression changes (16,17). Among them,
miRNAs may provide new insights. Previous studies have
demonstrated that miR-144 was involved in multiple types of
human malignancy through comprehensive meta-analyses of
miRNA expression microarrays (18-21). There is a accumu-
lating evidence to suggest that miR-144 plays an important
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role in attenuating the proliferation and migration of various
cancer cells (22-24). Recently, miR-144 has been reported
to mediate the effect of ROCKI inhibition on the decreased
lung endothelial hyperpermeability induced by LPS (25).
miR-144 deficiency interrupts ECM remodeling characterized
by increased cardiac collagen content associated with changes
in Zebl1/LOXI1 axis (26) and decreases left ventricular remod-
eling following myocardial infarction leading to worsened
cardiac function (27). However, the potential role and precise
molecular mechanism underlying miR-144 in the process of
cardiac fibrosis remains unknown.

In the present study, it was observed that miR-144 is down-
regulated both in the heart of TAC-induced mouse models and
in the CFs administered Ang II. The proliferation and migra-
tion ability of CFs was attenuated by miR-144 overexpression.
Furthermore, miR-144 inhibited the differentiation of CFs into
myofibroblasts, which was characterized by the decreased
expression of collagen-I, collagen-11I, CTGF, fibronectin and
o-SMA. The results from the present study further demon-
strated that miR-144 directly targeted CREB and decreased its
expression levels. By contrast, such effects could be reversed
by miR-144 knockdown. The present study implied that over-
expression of miR-144 could be a novel therapeutic strategy
for the treatment of cardiac fibrosis.

Materials and methods

Mouse model of TAC. Cardiac hypertrophy and fibrosis was
induced by pressure overload via TAC in accordance with
previously described methods (28). Briefly, male C57BL/6 mice
aged 8-10 weeks were anesthetized with pentobarbital sodium
(50 mg/kg) via intraperitoneal injection. After the chest was
opened and the thoracic aorta was exposed, TAC was performed
by inducing a 7-0 silk suture placed around the thoracic aorta
and tied around a 26-gauge blunt needle. Subsequently, the
needle was immediately removed and the thoracic cavity was
closed. Sham surgery animals underwent the same procedure
but without the tying of the suture around the aorta. The total
number of mice used in our study is 15, 6 for sham group and
9 for the surgery procedure; meanwhile, the number of rat
for CFs isolation is 12. All the procedures involving animals
experiments were performed according to the Guide for the
Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health and were approved by the Animal
Care and Use Committee of the Dezhou People's Hospital.

Tissue collection and Histological analysis. Hearts from
mice subjected to sham or TAC for 4 weeks were excised
after anesthetization with pentobarbital sodium (50 mg/kg)
via intraperitoneal injection and arrested in diastole with
10% potassium chloride solution, fixed by 10% paraformal-
dehyde and embedded in paraffin. Subsequently, these hearts
were sectioned transversely close to the apex to visualize
the left and right ventricles at 5 ym. Sections of each heart
at the mid-papillary muscle level were stained with hema-
toxylin-eosin (HE) for histopathology or with picrosirius red
(PSR) for the collagen deposition.

CF isolation and culture. Neonatal rat CFs were isolated
from 1-3-day-old Sprague-Dawley (SD) rats. The rats were
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anesthetized with pentobarbital sodium via intraperitoneal
injection (50 mg/kg) and the hearts were removed and quickly
dissected. The heart samples were washed in phosphate-buff-
ered saline to remove blood and impurities and then digested
with pancreatic enzyme and collagenase type I1. Subsequently,
pooled cell suspensions were centrifuged and resuspended in
Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich;
Merck KGaA) containing 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Inc) for 60 min at 37°C in humidified
air with 5% CO,, which allowed for preferential attachment
of fibroblasts to the bottom of the culture flasks. Flasks were
washed twice with PBS in order to remove the weakly attached
and non-adherent cells, whereas the CFs had attached onto the
culture plates. CFs were passaged when the cell confluence
achieved 70-80%, and the second or third passages were used
in the present study. In addition, CFs were starved for 24 h in
serum-free medium prior to treatment.

Cell transfection. The synthetic miR-144 analogs and
antagomir were synthesized by GenePharma. CF transfec-
tion was performed using a riboFEC CP Transfection kit
(Guangzhou RiboBio Co., Ltd.), according to the manufac-
turer's protocol. CFs were transfected with miR-144 mimic
and antagomir, as well as the corresponding controls at a
concentration of 50 nM. After 6 h, the transfected CFs were
treated with Ang IT (100 nM; Sigma-Aldrich; Merck KGaA) in
serum-free medium for 24 h in order to induce cardiac fibrosis
in vitro.

Cell proliferation and migration. A Cell Counting Kit-8
(CCK-8) (Dojindo Molecular Technologies, Inc.) was used to
assay CF proliferation. CFs transfected with the miR-144 mimic
were serum-starved in serum-free media for 24 h. The media
was then placed with a mixture of fresh serum-free DMEM
and CCK-8 reagent. The CCK-8 assay was performed after
12 h of incubation. The optical density was determined using
a microplate reader (Bio-Rad) at a wavelength of 450 nm. Cell
migration ability was analyzed using the Transwell chamber
assay. CFs were starved for 24 h and then the cells were placed
in the upper chamber of an insert (pore size, 8 ym). After 24 h
of incubation, the cells on the underside were fixed with 4%
paraformaldehyde for 20 min, and stained with 0.1% crystal
violet in 20% ethanol for 10 min. Images were captured using
a phase contrast microscope.

Reverse transcription-quantitative PCR and western blotting.
Total RNA from cultured CFs was extracted using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and then
reverse-transcribed using a Transcriptor First Strand cDNA
synthesis kit (Roche Diagnostics) as previously described (29).
The expression levels of target genes were quantified via
real-time PCR using a LightCycler 480 SYBR Green 1 Master
Mix and a Light-Cycler 480 qPCR system (Roche Diagnostics).
The relative transcription levels of the target genes were normal-
ized GAPDH, while the level of miR-144 was normalized to
U6 level. The primers for miR-144 (cat. no. HmiRQP0190)
were obtained from GeneCopoeia and the other primers are
listed in the Table I. Total protein was extracted from the
cultured CFs and the concentration of the proteins was deter-
mined using a BCA assay. Equal concentrations of proteins
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Table I. Antibody for immunofluorescence.
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Antibody Cat. no. Manufacturer Sources of species
Primary

a-SMA ab7817 Abcam Mouse
Secondary

Alexa Fluor 568-conjugated donkey anti-mouse IgG A10037 Invitrogen; Thermo Fisher Scientific, Inc. Mouse

SMA, smooth muscle actin.

were separated via SDS-PAGE (10% gel) and then transferred
onto PVDF membranes. After blocking with 5% non-fat dried
milk in TBS for 1 h, the membranes were incubated with
primary antibodies. Membranes were then incubated with a
secondary antibody and treated with enhanced chemilumi-
nescence reagent. Images were captured using a Molecular
Imager ChemiDoc™ XRS+ and quantified with Image Lab™
Software (version 5.1). The expression levels of specific
proteins were normalized against GAPDH. The associated
antibodies are listed in Table II.

Immunofluorescence staining. The cells were fixed with 3.7%
formaldehyde in PBS for 15 min at room temperature, and
permeabilized with 0.1% Triton X-100 in PBS for 40 min.
Subsequently, the cell slides were incubated overnight with the
a-SMA (1:100 dilution) at 4°C. After rewarming at 37°C for
1 h, the associated secondary antibody was used. The nuclei
were stained with DAPI and the cell size was measured using
Image Pro Plus software (version 6.0). The antibodies used are
listed in Table III.

Luciferase assay. For the luciferase assays, HEK293 cells
purchased from Type Culture Collection of the Chinese
Academy of Sciences were cultured in 24-well culture plates
and co-transfected with a pEZX-MTOI vector containing
wild-type or mutant CREB 3'-UTR reporters and 50 nm of
miR-144 using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.). Luciferase activities were measured
48 h after transfection with the application of the Dual
luciferase Reporter Assay System (Promega Corporation)
according to the manufacturer's protocol.

Statistical analysis. All statistical data were analyzed using
SPSS software (version 19.0; IBM) and are presented as the
mean + standard deviation. Differences between two groups
were analyzed using Student's t-tests, while differences among
multiple groups were analyzed by one-way ANOVA followed
by a Bonferroni post hoc test or Tamhane's T2 post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

miR-144 is closely associated with cardiac fibrosis. In order
to investigate the potential role of miR-144 in the pathogen-
esis of cardiac fibrosis, the mice were subjected to TAC and
cultured CFs administered with Ang II in the present study.

As presented in Fig. 1A, the miR-144 expression levels were
significantly decreased in the heart of the TAC group, which
exhibited a larger cell size and accumulation of fibrosis than
the sham group. Furthermore, it was observed in the present
study that the miR-144 expression in the cultured CFs progres-
sively decreased as the concentration of Ang II increased
(Fig. 1C), and the level of a-SMA, collagen 1 and collagen III
were reversely increased (Fig. 1B).

Overexpression of miR-144 attenuates the proliferation and
migration of CFs. The CF activation underlying cardiac fibrosis
is characterized by enhanced proliferation and migration
ability, as well as the differentiation into myofibroblasts posi-
tive for a-SMA expression (1,6). In order to verify the effect
of significant miR-144 change on CF activation, the present
study transfected the CFs with miR-144 mimic and the corre-
sponding normal control. It was observed that the CFs infected
with miR-144 mimic demonstrated a dramatically increased
expression level, by ~40-fold (Fig. 2A). CCKS8 assay was
performed in order to evaluate the effect of miR-144 on the
proliferation of CFs. The results revealed that cell vitality of
CFs infected with miR-144 mimics was significantly attenu-
ated upon Ang II stimulation, whereas there was no difference
in the groups treated with PBS (Fig. 2B). Meanwhile, the effect
of miR-144 on the migration of CFs demonstrated results that
were consistent with Ang II administration (Fig. 2C).

miR-144 inhibits Ang II-induced myofibroblast differentiation
into CFs. As aforementioned, the important change in CFs
activation underlying cardiac fibrosis was the differentiation
into myofibroblasts, which exhibit characteristics of smooth
muscle cell contraction and the ability to synthesize ECM (2).
It was observed in the present study that the pro-fibrotic
genes, including collagen I, collagen I1I, CTGF, fibronectin
and a-SMA, were decreased in CFs transfected with miR-144
mimic upon Ang II administration, whereas no significant
difference was observed in the PBS group (Fig. 3A-E).
Furthermore, the immunofluorescence staining demonstrated
that overexpression of miR-144 attenuated the a-SMA expres-
sion in CFs treated with Ang II (Fig. 3F). Overall, these results
demonstrated that miR-144 ameliorated the activation of CFs.

miR-144 knockdown accelerates myofibroblast differentiation
into CFs, as well as the proliferation and migration of
CFs. The present study transfected the CFs with miR-144
antagomiR in order to confirm the protective role of miR-144
on cardiac fibroblast activation. miR-144 expression exhibited
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Table II. Antibodies used for immunoblot analysis.
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Antibody Cat. no. Manufacturer Sources of species
Primary

CREB ab32515 Abcam Rabbit

GAPDH 2118 Cell Signaling Technology, Inc. Rabbit
Secondary

IRDye800CW Conjugated Goat (polyclonal)  bs-40295G-IRDye8  LI-COR Biosciences Rabbit

Anti-Rabbit IgG (H+L)

Table III. The primers for reverse transcription PCR.

Primer Sequence (5'-3")

a-SMA-F ACGATGGAAACTACCGTGGAG
a-SMA-R TTGAAGGCCAATGACGTGCT
Collagen I-F CCTCAAGGGCTCCAACGAG
Collagen I-R TCAATCACTGTCTTGCCCCA
Collagen III-F ACGTAGATGAATTGGGATGCAG
Collagen III-R GGGTTGGGGCAGTCTAGTC
CTGF-F TGACCCCTGCGACCCACA

CTGF-R TACACCGACCCACCGAAGACACAG
Fibronectin-F CCGGTGGCTGTCAGTCAGA
Fibronectin-R CCGTTCCCACTGCTGATTTATC
GAPDH-F GGTGGACCTCATGGCCTACA
GAPDH-R CTCTCTTGCTCTCAGTATCCTTGCT
U6-F CTCGCTTCGGCAGCACA

U6-R AACGCTTCACGAATTTGCGT

SMA, smooth muscle actin; F, forward; R, reverse.

a significant decrease, by 25-fold (Fig. 4A). The CFs exhibited
a markedly enhanced proliferation and migration ability in
those that were infected with miR-144 antagomiR upon Ang II
stimulation (Fig. 4B and C). Furthermore, the present study
demonstrated that the pro-fibrotic genes, including collagen I,
collagen III, CTGEF, fibronectin and a-SMA, were increased in
CFs transfected with miR-144 antagomiR upon Ang II admin-
istration (Fig. 4D). Overall, these results revealed that miR-144
knockdown accelerated the activation of CFs.

miR-144 directly targets CREB. Universally, the effects of
miRNA on various pathophysiological processes depend on
the direct regulation of their downstream targets. In order to
further elucidate the potential molecular mechanism by which
miR-144 affects CF activation, the present study performed
a bioinformatics analysis using the prediction algorithms
TargetScan (version 7.0) in order to identify the multiple target
genes of miR-144. Of these potential targets, CREB has been
demonstrated to play an important role in cardiac fibrosis, and
the putative binding site for miR-144 in the 3'UTR is presented
in Fig. 5A. Using luciferase reporter assays, the present study
observed that miR-144 mimic transfection decreased CREB
luciferase activity, and the effect was abolished when the

predicted binding sites within the CREB 3'UTR were mutated
(Fig. 5B). Furthermore, the western blot analysis demon-
strated that overexpression of miR-144 significantly attenuated
the CREB protein level of CFs upon Ang II administration
(Fig. 5C).

Discussion

Accumulating evidence has demonstrated that cardiac fibrosis
is implicated in multiple cardiac diseases, including hyperten-
sion, myocardial infarction and valvular heart disease (2).
Furthermore, the severity of cardiac fibrosis is partially
responsible for the progressive morbidity, mortality, and
healthcare expenditure caused by heart failure (7,30). Cardiac
fibrosis is characterized by excessive extracellular matrix
accumulation, which leads to the destruction of normal heart
tissue architecture, ventricular remodeling and accelerated
heart dysfunction (3). Despite improvements in the knowledge
surrounding cardiac fibrosis, there remains to be a lack of
effective treatment strategies. Aberrant miRNA expression has
emerged that links the pathophysiology of cardiac fibrosis with
heart failure, which may act as a potential novel therapeutic
target for the treatment of cardiac fibrosis (12,13).

miRNAs are endogenous, non-coding small RNA molecules,
which can be recruited to the RNA-induced silencing complex
and affect the target genes via diverse mechanisms (8). Recently,
the importance of miRNAs in various cardiac disease has been
well documented, particularly the role of miRNAs in cardiac
fibrosis (13). miR-26a has an effect on cardiac fibrosis mediated by
the NF-«xB signaling pathway (31). miR-133a regulates collagen
1A and connective tissue growth factor in myocardial fibrosis of
cardiac hypertension induced by Ang II stimulation (32). Let-7i
negatively regulates cardiac inflammation and fibrosis (33).
miR-122 suppresses fibrogenesis by targeting TGFpBR1 in
cardiac fibroblasts. miR-21 promotes cardiac fibrosis following
myocardial infarction via targeting smad7 (34). miR-155 accel-
erates cardiac fibrosis in the process of Ang Il-induced cardiac
remodeling (35). miR-150 inhibits the activation of CFs by regu-
lating c-Myb (36). The previous miRNA arrays demonstrated
that miR-144 is associated with hypertrophic cardiac tissues and
cardiac diseases. However, the role and underlying molecular
mechanism of miRNAs in cardiac fibrosis remains unclear.

miR-144 has been demonstrated to be involved in multiple
types of human malignancy and is downregulated in colon
cancer, lung cancer, prostate cancer and hepatocellular carci-
noma, as revealed by a comprehensive meta-analysis of miRNA
expression microarrays. Increasing evidence has verified that
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Figure 1. Downregulation of miR-144 in cardiac fibrosis. (A) Histological analyses of the hematoxylin and eosin and picrosirius red (Red) staining on the tissue
section of left ventricle. The expression levels of miR-144 in the left ventricles of TAC and sham mouse. “P<0.05 vs. sham group. n=3-5. Scale bar=20 ym.
(B) Markers for extracellular matrix proteins (a-SMA, Collagen I and Collagen III) in CFs with increased Ang II stimulation. n=3. (C) Reverse transcrip-
tion-PCR analysis of miR-144 expression in CFs upon increased Ang II stimulation. n=3. "P<0.05 vs. control group; “P<0.05 vs. 25 nm Ang II group; "P<0.05
vs. 50 nm Ang II group. miR, microRNA; TAC, transverse aortic constriction; a-SMA, a-smooth muscle actin; CF, cardiac fibroblasts; Ang II, angiotensin II.
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miR-144 acts as a novel suppressor of the development of
various tumors via inhibition of the proliferation and migra-
tion of the cancer cells (18-24). Recently, it has been revealed
that miR-144 plays an important role in cardiac diseases.
Specifically, miR-144 attenuates cardiac ischemia/reperfu-
sion injury by targeting FOXOI1 (37). miR-144 deficiency
interrupts ECM remodeling and decreases left ventricular
remodeling following myocardial infarction leading to wors-
ened cardiac function (26,27). Notably, bleomycin-induced
pulmonary fibrosis has been demonstrated to be associated
with miR-144 expression (38), while miR-144 induces hepatic
stellate cell activation in the human fibrotic liver by targeting
TGF-p1 (39) and regulates relaxin/insulin-like family peptide
receptor 1 expression in lung fibroblasts (40). Overall, these
results indicate that miR-144 may play an important role in
the fibrotic progression underlying various diseases. Previous
studies have demonstrated that cardiac fibrosis plays a critical
role in the regulation of heart function, ventricular remodeling
and the development of heart failure following cardiomyocyte
hypertrophy and myocardial infarction (1). In the present
study, it was observed that miR-144 expression was dramati-
cally decreased in heart tissue subjected to TAC surgery, and
a gradual decrease in CFs was observed as the concentra-
tion of Ang II increased. Furthermore, the critical event in
cardiac fibrosis is the transformation of CFs to myofibroblasts,
which is characterized by irreversible acquisition of expres-
sion of a-SMA (6). The present study clarified that miR-144
overexpression significantly inhibited the proliferation and
migration of CFs upon Ang II administration. The multiple

ECM proteins expressed in CFs were attenuated by miR-144
which included minimal a-SMA positive expression. By
contrast, such effects could be reversed by downregulation of
miR-144. Therefore, the present study indicated that miR-144
may play an important role in pathologies of cardiac fibrosis.
miRNAs play important roles in the regulation of cell
development, differentiation, proliferation and apoptosis
through acting as negative regulators of target gene expression
by promoting the degradation or inhibiting the translation of
downstream mRNAs (10). In silico target prediction analyses
were performed in the present study in order to investigate the
underlying molecular mechanism by which miR-144 regulated
CF activation. Notably, CREB demonstrated a conserved puta-
tive binding site for miR-144 in the 3'UTR in different species,
which is well recognized as being involved in the multiple
crucial signaling pathways implicated in cardiac fibrosis
and cardiac hypertrophy (41). Furthermore, several previous
studies have suggested that the activation of CREB was essen-
tial for cardiomyocyte hypertrophy subjected to TAC surgery
and Ang II administration (42). Meanwhile, during ventricular
remodeling induced by pressure overload, cardiac fibrosis
was the hallmark pathological manifestation characterize by
excessive ECM deposition. In fact, the luciferase-reporter
assays demonstrated that the CREB luciferase activity was
largely attenuated by miR-144 mimic, and that this process
was blocked when the predicted binding sites within the CREB
3'UTR were mutated. Notably, it was observed that CREB
demonstrated a remarkable decrease in expression of CFs
upon Ang II administration. Overall, it can be concluded that
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the detrimental role of miR-144 in pathological CF activation
is partially dependent on the negative activation of CREB.

In conclusion, we first demonstrated that miR-144 showed a
downregulation in heart tissue subjected to TAC and CFs upon
Ang II stimulation. The in vitro experiment further clarified
the miR-144 was largely implicated in the process of cardiac
fibrosis, which characterized by the decreased proliferation
and migration of CFs transfected with miR-144 induced by
Ang II treatment, as well as the attenuated myofibroblasts
transformation. Mechanistically, miR-144 directly targeted and
downregulated the CREB expression in CFs with Ang II stimula-
tion. Our current study suggests that miR-144-CREB axis could
be an important novel target for the treatment of cardiac fibrosis.
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