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Abstract: Atherosclerosis, which constitutes the single most important contributor to coronary artery disease (CAD),
is the leading cause of death and disability worldwide. MiR-144 has been well investigated in many human diseas-
es, while its role in atherosclerosis remains obscure. Here, we found that miR-144 is significantly up-regulated in the
plasma of CAD patients by gRT-PCR. In addition, we identified serum response factor (SRF) as a potential target of
miR-144 in Human umbilical vein endothelial cells (HUVECs) by luciferase reporter assay and western blot. Results
from MTT assays and flow cytometry showed that overexpression of miR-144 significantly inhibited cell proliferation,
increased apoptosis and induced more cells arrest in G1/S phase in HUVEC cells. While downregulation of miR-144
in HUVEC cells showed an adverse effect. Moreover, we found that restoration of SRF partially attenuated the inhibi-
tory effect of miR-144 on HUVEC cells proliferation. In conclusion, our study demonstrated that miR-144 regulates
the proliferation of human vascular endothelial cells through targeting SRF and suggested that miR-144 might be a

helpful therapeutic target for atherosclerosis treatment in the future.
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Introduction

Atherosclerosis, which constitutes the single
most important contributor to coronary artery
disease (CAD), is a chronic disease character-
ized by the accumulation of lipids and fibrous
elements in the large arteries [1]. As the lead-
ing cause of death and disability worldwide,
atherosclerosis accounts for approximately
29% of all mortalities [2]. Vascular endothelium
stand as the first barrier to inflammation and
thrombosis, the proliferation of vascular endo-
thelial cells plays a very important role in the
initiation and progress of atherosclerosis [3].
Despite the continuous advances of diagnosis
and treatment on atherosclerosis over the past
decades, it still remains one of the biggest
threats to human health. Therefore, identifying
some novel molecules involved in the prolifera-
tion of vascular endothelial cells may be helpful
to improve the diagnosis and treatment of
patients with atherosclerosis.

MicroRNAs (miRNAs) are a large group of non-
coding RNAs containing 18-25 nucleotides and

post-transcriptionally regulate the expression
of multiple genes by interacting with their
3’-untranslated regions [4]. MiR-144 was origi-
nally identified as an erythroid lineage-specific
microRNA, which is necessary for subsequent
survival and maturation of the erythroid lineage
[B]. In recent years, the biological function of
miR-144 has been well investigated. For exam-
ple, Cao et al. demonstrated that forced overex-
pression of miR-144 remarkably reduced cell
proliferation, increased apoptosis, and sup-
pressed migration and invasion of HCC cells
partially by targeting E2F3 [6]. Chen et al.
showed that miR-144 inhibited proliferation,
enhanced apoptosis, and increased autophagy
in lung cancer cells by targeted TIGAR [7]. Wang
et al. reported that miR-144 was markedly
downregulated in osteosarcoma cell lines and
clinical specimens. Functional studies indicat-
ed that miR-144 suppresses tumor cell prolif-
eration and metastasis in vitro as well as in vivo
by directly downregulating ROCK1 and ROCK2
expression [8]. Unfortunately, the biological sig-
nificance of miR-144 in the development of ath-
erosclerosis has not yet been studied.



MiR-144 target SRF in vascular endothelial cells

Serum response factor (SRF) is a member of
the highly conserved MADS (refers to four mem-
bers: MCM1, AGAMOUS, DEFICIENS and SRF)
box family of transcription factors, which is criti-
cal in cell proliferation and cell cycle regulation
[9]. SRF derives its name from the ability to
bind to a serum response element (SRE) and
influence gene expression [10]. A previous
study reported that SRF is a downstream medi-
ator of VEGF signaling in endothelial cells and a
critical requirement for VEGF-induced angio-
genesis [11]. Werth et al. showed that SRF is an
essential regulator of primary human vascular
smooth muscle cells proliferation and SRF
knockdown caused a cell-cycle arrest in G1
phase [12]. Moreover, recent studies identified
the role of SRF in the development of several
types of human cancers such as esophageal
squamous cell carcinoma [13], prostate cancer
[14] and hepatocellular carcinoma [15], sug-
gesting the pivotal role of SRF in cell proli-
feration.

In this study, we first estimated the serum lev-
els of miR-144 and SRF in CAD patients and
healthy controls. Next, we demonstrated that
SRF is a candidate target of miR-144 in vascu-
lar endothelial cells. In addition, we evaluated
the biological functions of miR-144 on human
vascular endothelial cells and its possible
mechanisms. Our findings revealed the regula-
tory effect of miR-144 on the proliferation of
human vascular endothelial cells and the
potential application of miR-144 as a candidate
target in the therapy of atherosclerosis.

Materials and methods
Plasma samples

28 coronary artery disease (CAD) patients and
the same amount of matched (gender and age)
healthy controls (HC) were recruited to our
study from September 2013 to May 2014. All
subjects had undergone coronary angiography
for evaluating coronary artery stenosis.
Inclusion criteria for CAD patients were >50%
narrowing of the lumina of at least one major
coronary arteries and individuals without any
coronary stenosis were defined as healthy con-
trols. All blood samples were collected via
venous puncture. The plasma was isolated by
centrifugation, then transferred to RNase-free
tubes and stored at -80°C until use. Written
informed consents were obtained from all CAD
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patients and healthy controls. This study was
performed in accordance to the declaration of
Helsinki and was approved by the ethics com-
mittee of our hospital.

Cell culture and transfection

Human umbilical vein endothelial cells (HU-
VECs) were obtained from The American Type
Culture Collection (ATCC). Cells were main-
tained in complete RPMI 1640 media contain-
ing 10% fetal bovine serum, 100 U/mL of peni-
cillin and 100 pg/ml of streptomycin (all from
Invitrogen, USA) in a humidified incubator at
37°C with 5% CO,. For cell transfection, miR-
144 mimics (miR-144), negative controls (miR-
NC), miR-144 inhibitors (anti-miR-144) and its
negative controls (anti-miR-con) were synthe-
sized by Genepharma (China). The whole cDNA
sequence of human SRF gene was amplified by
polymerase chain reaction (PCR) and then
cloned into pcDNA3.1 (+) vector to construct a
SRF expression plasmid (pcDNA3.1-SRF). The
transfections were performed with Lipofec-
tamine 2000 (Invitrogen) according to the man-
ufacture’s manual.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from plasma samples
and transfected cells using TRIzol reagent
(Invitrogen, USA) according to the manufactur-
er’'s instruction. The concentration of the RNA
samples was measured with a NanoDrop 1000
spectrophotometer (NanoDrop Technologies,
Waltham, USA) and then cDNA was synthesized
by reverse transcription. Quantitative real-time
PCR (gRT-PCR) was performed on ABI 7500
with SYBR Green detection (Applied Biosystems)
according to the standard protocol. The gRT-
PCR conditions were 95°C for 3 min and 40
cycles of 95°C for 12 s, and 62°C for 1 min.
Quantitative PCR of miRNAs was performed
using Tag-Man assays (Applied Biosystems,
Foster City, USA). The primers were as follows:
5-GCTGGGATATCATCATATACTG-3’ (forward) and
5-CGGACTAGTACATCATCTATACTG-3’ (reverse)
for miR-144; 5-CTGCCTCAACTCGCCAGAC-3’
(forward) and 5-TCAGATTCCGACACCTGGTAG-3’
(reverse) for SRF. U6 and B-actin were used as
endogenous control for miRNAs and mRNAs,
respectively. The relative quantitation of gene
expression levels were determined by 224Ct
method. Each sample was analyzed in
triplicate.
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Luciferase reporter assay

For luciferase reporter assay, The 3-UTR of
SRF containing the potential binding sites of
miR-144 or the mutant SRF 3’-UTR was cloned
into downstream Renilla luciferase open read-
ing frame of the pMIR miRNA Expression
Reporter Vector (Ambion, ABI). HUVEC cells
were plated into 24-well plate and then co-
transfected with 100 nM of miR-144 mimics or
negative controls and wild type (WT) or Mutant
(Mut) 3-UTR of SRF using Lipofectamine 2000
reagent (Invitrogen). HUVEC cells were harvest-
ed 48 h after transfection and the relative lucif-
erase activity was evaluated using Dual-
Luciferase Reporter System (Promega, Wis-
consin, WI, USA) following the manufacture’s
manual. This experiment was repeated at least
three times.

Western blot analysis

Total protein from HUVEC cells were extracted
48 h post-transfection by using RIPA buffer
supplemented with proteinase inhibitor (YTHX
Biotechnology, China) and protein concentra-
tions were determined using the BCA method
(Pierce, Rockford, USA). Then, proteins samples
were electrophoresed by SDS-PAGE and trans-
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Figure 1. MiR-144 is up-regulated and SRF is down-
regulated in the plasma of CAD patients. A. Relative
expression levels of miR-144 in the plasma of CAD
patients and healthy controls analyzed by qRT-PCR.
B. Relative mRNA levels of SRF in the plasma of CAD
patients and healthy controls analyzed by qRT-PCR.
C. Relationship between mRNA levels of SRF and
miR-144 levels in the plasma of CAD patients. Data
are expressed as mean = SD from three indepen-
dent experiments. *P<0.05.

ferred onto PVDF membranes (Millipore, USA).
After blocking with 5% non-fat milk for 1 h at
room temperature, membranes were incubated
with primary antibody against SRF or B-actin
(Abcam, USA) at 4°C overnight. After washing
for three times, HRP conjugated secondary
antibody (Santa Cruz, USA) was added and
incubated for another 1 h at room temperature.
Finally, the protein bands were visualized using
ECL system (Pierce, Rockford, USA). Three inde-
pendent experiments were performed.

MTT assay

Cell proliferation of transfected HUVEC cells
was measured by the 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide (MTT)
assay according to the manufacturer’s proto-
col. Briefly, the transfected cells were main-
tained in RPMI 1640 medium with 10% fetal
bovine serum at 37°C with 5% CO,. After incu-
bation for 24, 48, 72 and 96 h, respectively, 20
pl MTT reagent (5 mg/ml, Sigma) was added to
each well and cells were further incubated for 4
h. Then the formazan precipitate was dissolved
in 150 uL of DMSO (Sigma) and the absorbance
values were measured with a microplate reader
(Thermo Scientific, USA) at wavelength of 450
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Figure 2. SRF is a direct target of miR-144 in HUVEC cells. A. The potential miR-144 targeting site in SRF 3’-UTR
and the mutated sequences. B. The relative luciferase activity was measured in HUVEC cells after co-transfected
with miR-144 or miR-NC with wild-type (WT) or mutated (Mut) 3’-UTR of SRF. C. The protein levels of SRF in HUVEC
cells after tranfected with miR-144 mimics (miR-144) or its negative control (miR-NC). D. The protein levels of SRF
in HUVEC cells after tranfected with miR-144 inhibitor (anti-miR-144) or its negative control (anti-miR-con). Data are
expressed as mean + SD from three independent experiments. *P<0.05.

nm. Each experiment was repeated in triplicate
at least.

Flow cytometry

After transfection for 48 h, cells (1x105) were
harvested and wished twice with cold PBS.
Then, cells were incubated in PBS with 1 pg/mi
Annexin V-FITC and 1 ug/ml propidium iodide
(Pl) at room temperature in dark for 15 min-
utes. Apoptotic cells were assessed by flow
cytometric analysis using an Annexin V-FITC
Apoptosis Detection kit (BD Biosciences) ac-
cording to the manufacturer’'s guideline. For
cell cycle analysis, the harvested cells were
washed two times with PBS and fixed in cold
70% ethanol at 4°C overnight. Next, cells were
re-suspended and incubated with 0.1 mg/ml
RNase A and 0.05 mg/ml propidium iodide (PI)
for 30 min at 4°C. After that, cell cycle was then
analyzed by FACS Calibur flow cytometer (BD
Bioscience). All assays were conducted in tri-
plicate.

Statistical analysis

All data were expressed as mean + standard
deviation (SD) from at least three independent
experiments. SPSS 17.0 statistical software
(Chicago, IL) was used for statistical analysis.
The differences between groups were analyzed
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using Student’s t-test when comparing only two
groups or one-way analysis of variance when
comparing more than two groups. P<0.05 was
considered statistically significant.

Results

MiR-144 is up-regulated and SRF is down-
regulated in the plasma of CAD patients

28 CAD patients and the same amount of
matched healthy controls were enrolled into
our study to evaluate the expression levels of
mMiR-144 and SRF in their plasma. gRT-PCR was
performed on all collected plasma samples. We
found that miR-144 expressions were signifi-
cantly up-regulated in the plasma of CAD
patients compared with healthy controls (Figure
1A). However, the expression levels of SRF in
the plasma of CAD patients were significantly
down-regulated when compared to that in
healthy controls (Figure 1B). Besides, the
expressions of SRF were inversely correlated
with the levels of miR-144 in the plasma of CAD
patients (Figure 1C), indicating a regulatory cor-
relation between SRF and miR-144.

SRF is a direct target of miR-144 in HUVEC
cells

Based on the miR target analysis results from
the websites targetscan, PicTar and miRanda,

Int J Clin Exp Pathol 2016;9(3):3357-3364
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Figure 3. MiR-144 regulates the proliferation of HUVEC cells. A, B. Relative expression levels of miR-144 in HUVEC
cells transfected with miR-144 mimics (miR-144) or its negative control (miR-NC). C, D. Cell proliferation of trans-
fected HUVEC cells determined by MTT assays. E, F. Cell apoptosis rate of transfected HUVEC cells measured by flow
cytometry. G, H. Percentages of transfected HUVEC cells arrest in G1/S phase measured by flow cytometry. Data are
expressed as mean + SD from three independent experiments. *P<0.05.

SRF has a putative miR-144 binding site in its ed luciferase report assay and western blot.
3’-UTR and was identified as a potential target Data from luciferase report assay showed that
of miR-144 (Figure 2A). To verify it, we conduct- the luciferase activity of wild type (WT) SRF

3361 Int J Clin Exp Pathol 2016;9(3):3357-3364
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Figure 4. SRF overexpression partially attenuated the inhibitory effect of miR-144 on HUVEC cells proliferation.
A. Relative mRNA levels of SRF in HUVEC cells transfected with pcDNA3.1-SRF or the control vector examined by
gRT-PCR. B. Cell proliferation of transfected HUVEC cells determined by MTT assays. C. Cell apoptosis rate of trans-
fected HUVEC cells measured by flow cytometry. D. Percentages of transfected HUVEC cells arrest in G1/S phase
measured by flow cytometry. Data are expressed as mean + SD from three independent experiments. *P<0.05.

3-UTR was significantly inhibited by miR-144
but the mutant (Mut) SRF 3’-UTR not (Figure
2B). In addition, results of western blot showed
that the protein levels of SRF in HUVEC cells
were markedly down-regulated when transfect-
ed with miR-144 mimics while up-regulated
when transfected with miR-144 inhibitors
(Figure 2C, 2D). These results suggest that SRF
is a direct target of miR-144 in HUVEC cells.

MiR-144 regulates the proliferation of HUVEC
cells

To investigate the biological effects of miR-144
on the proliferation of HUVEC cells, cells were
transfected with miR-144 mimics (miR-144),
miR-144 inhibitors (anti-miR-144) or their nega-
tive controls. The efficiency of transfection was
confirmed by qRT-PCR (Figure 3A, 3B). Then,
we conducted MTT assays on treansfected
cells and the results showed that the prolifera-
tion of HUVEC cells was significantly inhibited
when transfected with miR-144 mimics while
promoted when transfected with miR-144

3362

inhibitors (Figure 3C, 3D). We speculated that
the regulatory effects of miR-144 on the prolif-
eration of HUVEC cells may correlate with cell
apoptosis or cell cycle distribution, and flow
cytometry was performed to test it. Our results
showed that overexpression of miR-144 in
HUVEC cells resulted in increased apoptotic
cells and more cells arrest in G1/S phase
(Figure 3E, 3G). On the contrary, downregula-
tion of miR-144 resulted in decreased apoptot-
ic cells and fewer cells arrest in G1/S phase
(Figure 3F, 3H). These data collectively indicate
the regulatory effects of miR-144 on the prolif-
eration of HUVEC cells.

SRF overexpression partially attenuated the
inhibitory effect of miR-144 on HUVEC cells
proliferation

After co-transfected with miR-144 mimics and
pcDNA3.1-SRF (Figure 4A), HUVEC cells were
performed with MTT assays and flow cytome-
try. Data from MTT assays revealed that SRF
overexpression partially attenuated the inhibi-

Int J Clin Exp Pathol 2016;9(3):3357-3364
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tory effect of miR-144 on HUVEC cells prolifera-
tion (Figure 4B). Consistently, the effects of
miR-144 mimics on HUVEC cells apoptosis and
cell cycle distribution were also partially attenu-
ated by SRF overexpression (Figure 4C, 4D).
These data suggest that miR-144 may play its
role in HUVEC cells by partially regulate the
expression of SRF.

Discussion

The endothelium is a dynamic endocrine organ
which plays a critical role in vascular homeosta-
sis by keeping a delicate balance between
vasodilation and vasoconstriction [16]. In the
initial stage of atherosclerosis, the dysfunction-
al endothelium produces proinflammatory cyto-
kines and subsequently promoted the differen-
tiation of circulating monocytes into macro-
phages [17]. Nevertheless, the balance of
endothelial cells proliferation contribute to the
integrity of endothelium and evidences suggest
that dysfunction of endothelial cells is the earli-
est manifestation of atherosclerosis even with-
out angiographic evidence [18]. Therefore, to
clarify the factors regulating endothelial cells
proliferation and its mechanisms in atheroscle-
rosis is very necessary for further understand-
ing of its initiation and progression.

In recent years, the crucial role of microRNAs in
the development of atherosclerosis has been
well studied. Several miRNAs have been shown
to regulate the function of endothelial cells by
negatively controlling the expression of their
target genes, thereby involving in the initiation
and progression of atherosclerosis. For exam-
ple, Wu et al. found that miR-152 could inhibit
HUVEC cells proliferation and migration by tar-
geting ADAM17, indicating that miR-152 may be
involved in the development of atherosclerosis
[19]. Schober et al. demonstrated that miR-
126-5p promotes endothelial cells proliferation
and limits atherosclerosis by suppressing the
expression of DIk, introducing a potential ther-
apeutic approach [20]. Zhang et al. reported
that miR-26a inhibits endothelial cells apopto-
sis by directly targeting TRPC6 and its abnor-
mal expression is correlated with the develop-
ment of atherosclerosis [21].

In our study, we firstly analyzed the plasma lev-
els of miR-144 and SRF in CAD patients and
healthy controls. We found that miR-144 is sig-
nificantly up-regulated and SRF is significantly
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down-regulated in the plasma of CAD patients
when compared with that in healthy controls. In
addition, we found that the mRNA levels of SRF
were inversely correlated with miR-144 expres-
sions in the plasma of CAD patients. In this
respect, we supposed that miR-144 may play
its regulatory role by suppressing the expres-
sion of SRF during the development of CAD.
Then, results from target prediction indicated
that SRF is a potential target of miR-144. To
confirmed that, luciferase report assay and
western blot were performed. Data showed
that the luciferase activity of SRF 3-UTR and
the protein levels of SRF were negatively regu-
lated by miR-144. These suggest that miR-144
may play a critical role in the development and
progression of CAD.

To further explore the biological effect of miR-
144 on HUVEC cells, we transfected cells with
miR-144 mimics, inhibitors or their negative
controls, respectively. Then, MTT assays and
flow cytometry were performed on transfected
cells. Results showed that overexpression of
miR-144 significantly inhibited the proliferation,
increased apoptosis and induced more cells
arrest in G1/S phase in HUVEC cells. While
downregulation of miR-144 showed an adverse
effect on HUVEC cells. Furthermore, we exam-
ined whether restoration of SRF could whittle
the inhibitory effect of miR-144 on HUVEC cells
proliferation. Data from our experiments
showed that SRF overexpression partially
attenuated the inhibitory effect of miR-144 on
HUVEC cells proliferation. These results reveal
that miR-144 regulates HUVEC cells prolifera-
tion through directly targeting SRF.

In conclusion, our study demonstrated for the
first time that miR-144 is up-regulated in CAD
patients and uncovered the inhibitory effect of
miR-144 on HUVEC cells proliferation through
directly targeting SRF. This finding provided new
insights into the molecular mechanism of ath-
erosclerosis progression and suggested that
miR-144 might be a helpful therapeutic target
for atherosclerosis treatment in the future.
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