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Abstract

Objective: To determine the expression and clinical significance of plasma miR-335 in patients

with acute ischemic stroke (AIS) and investigate its association with calmodulin (CaM) expression.

Methods: Plasma miR-335 and CaM expression levels in patients with AIS and healthy controls

were examined. Correlations between miR-335, CaM, and National Institutes of Health Stroke

Scale scores were also analysed. Furthermore, the potential regulatory function of miR-335 on

CaM expression was investigated.

Results: Plasma miR-335 levels were significantly lower in AIS and negatively correlated with

NIHSS scores. The converse was observed for plasma CaM levels. Plasma miR-335 and CaM levels

were negatively correlated. Plasma miR-335 was confirmed as a novel biomarker for AIS diagnosis

and an independent predictor of AIS. Up-regulation of miR-335 suppressed CaM protein

expression, and CaM was confirmed as a direct target of miR-335.

Conclusions: Plasma miR-335 was down-regulated in AIS patients and represents a potential

noninvasive circulating biomarker.
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Introduction

Stroke is a leading cause of long-term
disability and mortality worldwide.1 Acute
ischemic stroke (AIS) is a major subtype of
stroke and requires time-sensitive interven-
tion.2 Although administration of thrombo-
lytics within 3 hours from the onset of
symptoms improves the clinical outcome,3

only a small proportion of AIS patients
receive thrombolytic treatment.4,5 One of
the important limitations for thrombolytic
use is the narrow time window for treat-
ment. There is evidence associating diagnos-
tic uncertainty with underuse of fibrinolytic
treatment.6 However, blood samples can be
easily obtained in clinical practice and could
be used for diagnostic purposes. Previous
studies have revealed numerous molecular
changes in the blood of AIS patients.7,8

Additional research is required to better
understand the molecular biology of AIS
and identify potential biomarkers for early
diagnosis and accurate assessment.

MicroRNAs (miRNAs) are a class of
endogenous, noncoding, single stranded
small regulatory RNA molecules, which are
approximately 22 nucleotides in length.9

Through base-pairing to the 30 untranslated
region (30UTR) of target messenger RNA
(mRNA), miRNAs can regulate gene expres-
sion at the posttranscriptional level by indu-
cing mRNA degradation or translational
repression.10 miRNAs are important regula-
tors of brain development and function.
Changes in miRNA expression are closely
related to stroke pathogenesis.11,12 miRNA
dysregulation has been detected following
ischemic stroke.13,14 Since miRNAs are
stably expressed in human serum or
plasma,15 several miRNAs such as miR-
26b, miR-146a, and miR-145 have been
reported as blood biomarkers for ischemic
stroke.7,16,17

Recent studies have demonstrated that
miR-335 is involved in the regulation of
neuronal growth and development.18

Dharap et al.19 observed decreased miR-

335 expression in the adult rat brain after
transient middle cerebral artery occlusion.
However, the role of miR-335 in human AIS
remains unknown. In the present study,
plasma miR-335 levels were measured in
AIS patients and healthy controls, and the
correlation between plasma miR-335 levels
and stroke severity was explored.
Furthermore, calmodulin (CaM), which
plays an important role in the mechanisms
of ischemic brain injury, was identified as a
direct target of miR-335 in human umbilical
vein endothelial cells (HUVECs).

Patients and methods

Patients and samples

A total of 168 AIS patients who were
admitted to the Department of Neurology,
Tianjin Medical University General
Hospital within 24 hours after the onset of
symptoms between January 2012 and
October 2015, were prospectively enrolled.
The diagnosis of AIS was based on patient
history, laboratory and neurological exam-
ination, magnetic resonance imaging, and
magnetic resonance angiography.
Neurological deficits were evaluated using
the National Institutes of Health Stroke
Scale (NIHSS). Exclusion criteria included
recurrent stroke, blood disorders, acute
infectious diseases, renal or liver failure,
and tumours. Healthy volunteers (104)
were included as the healthy control group.
The current study was approved by the
medical ethics committee of Tianjin
Medical University General Hospital (No.
2015011). All subjects provided signed
informed consent forms.

Peripheral blood samples (5mL) were
collected in EDTA-K2 anti-coagulant
tubes immediately after patient admission,
and centrifuged at 1500 g for 20min and at
12 000 rpm for 10min at 4�C. Then, the
prepared supernatant was transferred to
RNase/DNase-free tubes and stored at
�80�C until further processing.
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RNA extraction and quantitative
real-time PCR

Total RNA was extracted using TRIzol
solution (Invitrogen, Carlsbad, CA, USA).
The cDNA was synthesized with the
ReverTra Ace qPCR RT Kit (Toyobo,
Japan). Real-time qPCR was performed
using the SYBR Premix Ex Taq kit
(Takara, Dalian, China) on a 7500HT ana-
lyser (Applied Biosystems, USA) with cycling
conditions of 95�C for 5min, followed by
40 cycles of 95�C for 15 s and 60�C for 60 s.
Because of the lack of universal endogenous
controls for plasma samples, synthetic
cel-miRNA-39 was spiked into each sample
as an internal control as previously
described.20,21 The relative amount of miR-
335 to cel-miR-39 was calculated using the
equation 2��Ct, where �CT¼ (CTmiR-335 -
CTcel-miR-39).

Plasma CaM protein measurements

CaM was determined using an enzyme-
linked immunosorbent assay kit (Biocalvin,
Jiangsu, China) according to the manufac-
turer’s instructions. All samples were ana-
lysed in triplicate and the mean CaM protein
level was used for statistical analysis.

Cell culture and transfection

HUVECs were purchased from American
Type Culture Collection (Rockville, MD,
USA) and maintained in human endothelial
serum free medium (Gibco-BRL, Rockville,
MD, USA) at 37�C in 5%CO2. Transfection
with miR-335 mimics or negative control
(miR-NC; GenePharma, Shanghai, China)
was performed using Lipofectamine 2000
(Invitrogen, California, USA) according to
the manufacturer’s instructions.

Luciferase Reporter Assays

The pGL3-reporter luciferase vector was
used for the construction of the

pGL3-CaM or pGL3-CaM-mut vectors.
For the luciferase assay, cells were seeded
into 24-well plates and cultured for 24 h. The
cells were then co-transfected with the plas-
mids and miR-335 mimics or miR-NC using
Lipofectamine 2000. After 2 days, the cells
were harvested, and luciferase activity was
measured using a dual-luciferase reporter
assay system (Promega, USA).

Western blot analysis

The HUVEC cells were lysed in an ice-cold
Radio-Immunoprecipitation Assay (RIPA)
buffer, and the protein samples were sepa-
rated using 12% SDS-PAGE and transferred
to a PVDF membrane. Proteins were then
blocked using 5% non-fat milk in TBST for
1 h. Later, the membranes were incubated
with rabbit anti-human polyclonal primary
antibody (ABclonal, USA) at 4�C overnight.
The following day, the membranes were
washed with TBST and incubated with
HRP-conjugated goat anti-rabbit IgG
(ABclonal, USA). The blots were processed
using an ECL reagent (GE healthcare, USA),
and signals were quantified using Quantity
One software (Bio-Rad). b-actin was used as
an internal reference.

Statistical Analyses

Statistical analyses were performed using
SPSS version 16.0 (SPSS, Chicago, IL,
USA) and P< 0.05 was considered statistic-
ally significant. Differences between groups
were analysed using t-test for parametric
variables and Mann–Whitney U-test for
nonparametric variables. Pearson’s correl-
ation analysis was performed to analyse the
relationship between two variables. A recei-
ver-operating characteristic (ROC) curve
was used to assess the diagnostic value of
plasma miR-335 for AIS. A multiple logistic
regression analysis was carried out to test
whether plasma miR-335 was associated
with the presence of AIS.

Zhao et al. 1333



Results

Plasma miR-335 and CaM levels in
AIS patients and their association with
stroke severity

The characteristics of all participants are
summarized in Table 1. Plasma miR-335
levels in AIS patients were significantly
lower than in healthy controls (P< 0.001,
Figure 1(a)), and were negatively correlated
with NIHSS scores (R¼�0.3682, P< 0.001;
Figure 1(b)). Plasma CaM levels in AIS
patients were significantly higher than in
healthy controls (P< 0.001, Figure 1(c)),
and were positively correlated with NIHSS
scores (R¼ 0.5297, P< 0.001; Figure 1(d)).
Moreover, plasma miR-335 and CaM levels
were negatively correlated (R¼�0.4352,
P< 0.001; Figure 1(e)). Logistic multiple
regression analysis revealed that decreased
plasma miR-335 was independently corre-
lated to the risk of AIS (Table 2).

Diagnostic value of plasma miR-335 for AIS

ROC curve analysis was performed to assess
the diagnostic value of plasma miR-335 for
AIS. The area under the curve was 0.898
(95% CI, 0.855 – 0.931; Figure 2). The
optimal sensitivity and specificity were
97.6% and 69.2%, respectively.

CaM is the direct target of miR-335

Using the TargetScan bioinformatics soft-
ware, CaM was identified as one of the

potential targets of miR-335. The predicted
binding of miR-335 with the CaM 30UTR is
illustrated in Figure 3(a). Figure 3(b) shows
that miR-335 mimics significantly reduced
CaM protein levels. In addition, a reporter
assay revealed that transfection with miR-
335 mimics triggered a marked decrease in
the luciferase activity of a pGL3-CaM plas-
mid, without a change in the luciferase
activity of a pGL3-CaM-mut plasmid
(Figure 3(c)). These data indicate that
CaM is a direct target of miR-335.

Discussion

Early diagnosis and evaluation would
improve the prognosis of AIS patients.
miRNAs are stable in human serum/
plasma and have been identified as circulat-
ing biomarkers in numerous diseases includ-
ing ischemic stroke.22,23 miR-335 has been
reported to be associated with the terato-
genic effects of ethanol in a foetal mouse
cerebral cortex-derived neurosphere culture
model.24 Samaraweera et al.18 showed that
miR-335 may be involved in neuronal dif-
ferentiation through regulation of HAND1
and JAG1, two known modulators of neur-
onal differentiation. In addition, miR-335
levels in the adult rat brain were down-
regulated after transient focal ischemia.19

The current study presents several novel
findings. Decreased plasma miR-335was
detected in AIS patients within 24 h of the
onset of stroke. This is in accordance with
the results reported by Yuan et al.25

Table 1. Clinical characteristics of the whole study cohort at study entrance.

Groups Stroke patients Controls Statistical significance

Age (years) 70� 8 69� 9 P¼ 0.629

Males/females (n) 88/80 55/49 P¼ 0.518

Hypertension (n) 115 (68.5%) — —

Diabetes (n) 63 (37.5%) — —

Dyslipidaemia (n) 91 (54.2%) — —

Coronary artery disease (n) 59 (35.1%) — —

Smokers (n) 82 (48.8%) 47 (45.2%) P¼ 0.358
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Figure 1. Plasma miR-335 and Calmodulin (CaM) levels in acute ischemic stroke (AIS) patients and healthy

controls. (a) Plasma miR-335 levels in AIS patients were significantly lower than in healthy controls. (b) Plasma

miR-335 levels were negatively correlated with NIHSS scores in AIS patients. (c) Plasma CaM levels in AIS

patients were significantly higher than in healthy controls. (d). Plasma CaM levels were positively correlated

with NIHSS scores in AIS patients. (e) Plasma miR-335 and CaM levels were negatively correlated.

Table 2. Logistic regression analysis for risk factors of acute ischemic stroke.

Risk factors OR 95% CI Statistical significance

Age 2.03 1.56 – 2.61 P¼ 0.011

Hypertension 2.36 1.89 – 2.95 P¼ 0.008

Diabetes 1.65 1.21 – 2.33 P¼ 0.026

Dyslipidaemia 1.59 1.19 – 2.15 P¼ 0.032

Coronary artery disease 1.72 1.28 – 2.47 P¼ 0.015

miR-335 0.79 0.68 – 0.87 P¼ 0.028
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The current study also determined that a low
level of miR-335 expression could distin-
guish AIS patients from healthy controls
and was correlated with NIHSS scores.
Using multiple logistic regression analysis,

it was confirmed that decreased plasma
miR-335 is an independent risk factor
for AIS.

It is now clear that miRNAs exert their
functions by the regulation of target gene
expression.26 Calcium overload plays an
important role during ischemic brain
damage and is mediated by CaM.27 Tang
et al.28 revealed increased CaM activity in
the rat brain in a cerebral ischemia-reperfu-
sion injury model. Yuan et al.16 found
increased plasma CaM expression in
patients with acute cerebral infarction and
showed a correlation between plasma CaM
levels and the severity of neurological def-
icits. Using PCR and western blotting,
Yuan’s study showed that miR-335 over-
expression suppressed CaM at both mRNA
and protein levels in HUVEC cells.25

However, the association between plasma
miR-335 and CaM levels in clinical AIS
samples and the direct targeting of CaM by
miR335 were not analysed. The current

Figure 2. Receiver operating characteristics

(ROC) curve of plasma miR-335 for the diagnosis of

acute ischemic stroke.

Figure 3. CaM is a direct target of miR-335. (a) Predicted miR-335 target sequence in the 30UTR of CaM.

(b) Analysis of relative luciferase activities of CaM-WT and CaM-mut (**P> 0.01 versus control [one-way

analysis of variance]). (c) miR-335 upregulation in HUVECs was associated with decreased CaM protein levels.
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study confirmed high plasma levels of CaM
in AIS patients and their association with
high NIHSS scores. Furthermore, plasma
miR-335 and CaM levels were negatively
correlated. A luciferase reporter assay
revealed that up-regulation of miR-335
significantly decreased the relative lucifer-
ase activity of the 30UTR of wild-type
CaM but had no effect on the 30UTR of
mutant CaM, indicating that miR-335 dir-
ectly targets CaM expression by binding to
its 30UTR region. Therefore, miR-335 may
play a role in stroke-related pathophysio-
logical processes by targeting CaM.
However, a ‘one-to-one’ connection
between miRNAs and target mRNAs
does not exist. An average miRNA can
have more than 100 targets.29 In addition,
several miRNAs can target a single tran-
script.30 Therefore, the potential regulatory
effects afforded by miR-335 are numerous,
and the link between miR-335 and AIS
may not be limited to CaM and calcium
overload. The involvement of miR-335 in
the pathophysiological processes of AIS
may be complex and multifaceted and
needs further clarification.

There are some limitations in this work.
First, this is a retrospective study, and the
sample size is relatively small. Second, the
source of circulating miRNAs and the
mechanisms controlling the biogenesis of
circulating miRNAs are not yet fully under-
stood. It is widely believed that miRNAs
released from damaged cells or circulating
cells lead to increased levels of circulating
miRNA.31 However, the precise reason for
the down-regulation of circulating miRNAs
after ischemic stroke is not clear. Further
studies are needed to explore these
mechanisms.

The present study has shown that plasma
miR-335 is down-regulated in AIS patients
and might serve as a useful noninvasive
circulating biomarker. Large-scale prospect-
ive studies are needed to confirm this
conclusion.
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