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Background and Purpose Stroke is the second leading cause of death and disability worldwide and
its diagnosis, and assessment of prognosis, remains challenging. There is a need for improved diagnostic and prognostic biomarkers. MicroRNAs (miRNAs) play important roles in the post-transcriptional regulation of gene expression and their secretion and remarkable stability in biofluids highlights their potential as sensitive biomarkers in the diagnosis and prognosis of acute stroke.
Methods We carried out a systematic review to assess current evidence supporting the potential of
miRNAs to act as unique diagnostic and prognostic biomarkers in blood samples collected from patients suffering acute stroke within 24 hours of symptoms onset.
Results We identified 22 studies eligible for inclusion with 33 dysregulated miRNAs having diagnostic potential in the acute phase of the disease. We identified miR-16, miR-126, and miR-335 as
having the highest sensitivity as diagnostic and prognostic biomarkers in acute ischaemic stroke
and present original bioinformatic and pathway enrichment analysis of putative miRNA–target interactions.
Conclusions miRNAs represent unique biomarkers which have a promising future in stroke diagnosis and prognosis. However, there is a need for more standardized and consistent methodology for
the accurate interpretation and translation of miRNAs as novel specific and sensitive biomarkers
into clinical practice.
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Introduction
Stroke is the second leading cause of death and disability-adjusted life-years worldwide.1 Ischaemic stroke (IS) accounts for
85% of all strokes, while haemorrhagic stroke (HS) accounts for
10% to 15%.2 Cerebral ischaemia leads to the development of a
complex cascade of pathological events centring around neuronal excitotoxicity and adenosine triphosphate depletion.3 The

ischaemic core is surrounded by the ischaemic penumbra, an
area of functionally compromised, partially-perfused salvageable tissue destined for infarction without intervention. Elucidation of the mediators of ischaemic cell death within the penumbra represents a promising area for the development of
gene-targeted intervention for neuroprotection.4 Furthermore,
the damage that occurs during HS is primarily a result of the
rapid accumulation of blood and consequent disruption of brain
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tissue and increased local pressure. At present, the diagnosis of
stroke relies on the clinician’s expertise in patient assessment
and rapid access to diagnostic imaging techniques such as
computed tomography (CT), CT angiography, CT perfusion or
magnetic resonance imaging (MRI). However, clinical assessment of stroke is not always straightforward, since CT images
are often normal in early presentation and access to CT perfusion and MRI is still challenging. An accurate, reliable and timely blood biomarker for stroke in the acute setting is currently
lacking, although its utility has long been recognised for the
purpose of early diagnosis and prognosis, as treatment of acute
ischaemic stroke (AIS) is time dependent.5
MicroRNAs (miRNAs) are short (approximately 20 to 23 base
pair) single-stranded non-coding RNAs that play an important
role in the post-transcriptional regulation of gene expression
through interaction between the miRNA seed region and complementary sites in target messenger RNA (mRNAs), targeting
the mRNA for degradation or translational repression.6 The
ability of a single miRNA to modulate the expression of multiple genes in multiple pathways places miRNAs in a powerful
position in the regulation of all major cellular functions.7 The
onset of stroke triggers a complex series of physiological, biochemical, and gene expression changes precipitating the onset
of neuronal injury, placing miRNAs in an advantageous position
in the regulation of multiple neuroprotective and deleterious
pathophysiological processes impacting on brain injury maturation. There is a growing body of evidence supporting the
potential roles for miRNAs in the attenuation of neurological
deficit, modulating key pathways central to the expansion of
the ischaemic core. miRNAs dysregulated following ischaemia
have been shown to suppress microglial function, playing an
important role in the recovery phase by promoting the growth
of neuronal tissue, and in the repair of injured brain tissue in
the acute phase by stimulating angiogenesis and neurogenesis.8,9 Conversely, in vitro models have provided significant
insight into the potential detrimental effects of miRNAs on
signalling contributing to the development of ischaemic injury,
such as miR-155 which has been shown to regulate reactive
oxygen species production, nitric oxide generation and apoptosis in the endothelial cells.10 The silencing of miR-155 demonstrates neuroprotective effects in the ischaemic environment
by enhancing proliferation, migration, and tube formation in
human brain endothelial cells. In the setting of HS, miRNA
overexpression has been shown to improve the brain blood
barrier integrity, suppress inflammation and inhibit neuronal
apoptosis, while other dysregulated miRNAs have the potential
to alleviate neurological deficits via suppression of neuroinflammation and reduction of cell death.11-13
https://doi.org/10.5853/jos.2020.05085

miRNAs represent a novel class of biomolecules with significant attractive properties centred around their ability to
target multiple effectors within a signalling network; this is of
particular importance given the heterogeneous nature of stroke
pathophysiology. Circulating miRNAs are easily accessible and
detectable in biofluids, and the identification of unique differential miRNA profiles in blood and urine places miRNAs in a
unique position as diagnostic biomarkers for disease progression
and measurement of therapeutic response.14-16 While much effort has been directed towards the identification of protein and
metabolic biomarkers, as a result of the low sensitivity of proteins, there is currently no rapid diagnostic assay which would
allow better management of acute stroke. The rapid induction
of an ischaemic miRNA profile can be detected before the
induction of protein markers, and their non-invasive, easy detection by quantitative polymerase chain reaction (qPCR)-based
platforms provides rapid and cost-efficient profiling, capable of
detecting even low-abundance miRNAs. Another advantage lies
in their potential to act as a ‘multifunctional’ assay for diagnosis, informing treatment decisions and evaluating treatment
response in the acute phase in contrast to protein biomarkers,
where many protein markers would be required, with current
analytical methods proving both expensive and time-consuming. While there remains a need for the identification of sensitive blood biomarkers that correlate with the development, diagnosis and prognosis of acute stroke, research centred around
miRNAs as biomarkers in stroke is still in its early stages and
the findings of such studies generally lack validity. The remarkable stability of miRNAs in biofluids, combined with their ease
of access places circulating miRNAs in a promising position
as minimally invasive clinical biomarkers in the diagnosis and
prognosis of stroke. We here present a comprehensive review of
the current clinical status and utility of circulating miRNAs in
whole blood, plasma and serum for their ability to diagnose and
assist in the prognosis of patients suffering stroke in the acute
phase to better inform patient management and outcomes.

Methods
Search strategy
We carried out a systematic review in line with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) reporting guidelines.17 The protocol was not registered. In order to maximise our search, we combined Medical
Subjective Heading (MeSH) terms with keyword terms to formulate the search strings. We conducted a comprehensive
search of the databases Medline PubMed, Scopus, Cinahl, Cochrane, Web of Science, and Embase. Our MeSH and keyword
http://j-stroke.org
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search terms were combined as follows: (miRNA OR miRNAs
OR microRNA OR microRNAs OR circulating miRNA OR circulating microRNAs OR miR) AND (Diagnostic OR diagnosis OR
prognosis OR prognostic OR prediction) AND (Stroke OR acute
stroke OR ischaemic stroke OR ischemic stroke OR ischaemia
OR ischemia OR haemorrhagic stroke OR hemorrhagic stroke
OR cerebrovascular accident OR cerebral infarction OR brain
venous infarction). Our search strategy was defined in consultation with a senior medical librarian. All searches were restricted to the English language and no time limitation was
applied.

Inclusion and exclusion criteria
We applied the following inclusion and exclusion criteria to our
search. Inclusion criteria: (1) case-control studies; (2) image-based diagnosis of acute ischaemic and HS; (3) initial
blood samples taken within the first 24 hours from onset of
symptoms. Exclusion criteria: (1) animal model studies; (2)
non-acute stroke studies; (3) article not available in English; (4)
study does not present original data (letters; replies; commentaries; opinion articles); (5) non-blood biomarkers (e.g., cerebrospinal fluid). For papers which were not accessible online,
authors were contacted and asked to provide a copy of their
study. Papers were excluded from the review where studies
were not accessible.

Bioinformatic miRNA gene target prediction and
analysis
Three miRNA gene target prediction tools (TargetScan v7.2,
miRDB [accessed 17th July 2020], and miRWalk v3.0) were used
to predict gene targets for miR-16-5p, miR-126-5p, and miR335-5p, as miRNAs identified as having highest sensitivity and
specificity with diagnostic and prognostic potential. Gene targets predicted by at least two of these tools were used for the
gene ontology (GO) analyses. All GO enrichment analyses were
carried out using EnrichR (version: January 23rd, 2019). An adjusted P-value cut-off of below 0.05 was used to filter results.
The code used in the miRNA gene target prediction analyses
and GO can be found at: https://github.com/GiantSpaceRobot/
miRNA-gene-target-prediction.

Results
Included studies
The initial comprehensive search of all the sources yielded 873
papers eligible for screening. After removal of 202 duplicates,
671 unique articles were assessed for inclusion by title and abstract screening, and a further 551 articles were excluded. Complete full-text analysis was carried out on the remaining 120
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3 Additional records
identified through
other sources

Screening

202 Duplicates

Eligibility

The quality of the included studies and risk of bias was assessed
by the Newcastle-Ottawa Scale.18 Studies were scored according to quality of study group selection, comparability, and outcome. A final quality score was calculated for each study ranging from 0 to 9. Studies were classified as high (7 to 9), medium
(4 to 6), or low (0 to 3) quality.

Records identified through database
searching
238 Embase
16 Cinahl
7 Cochrane
338 PubMed
78 Scopus
193 Web of Science

873 Total

671 Records after duplicates
removed

671 Records screened

551 Records excluded

120 Full-text articles assessed
for eligibility

22 Studies included
Included

Included studies quality assessment

Identification

Study selection and data extraction
Following removal of duplicates, paper titles and abstracts were
screened to identify relevant papers. Two authors independently
applied the inclusion and exclusion criteria to all retrieved citations with arbitration by a third reviewer in the event of lack of
consensus. Complete full-text analysis was then carried out on
articles that were included following title and abstract screening for final inclusion. Reference lists of identified records were
manually checked to identify additional relevant studies. For
each study, two reviewers independently extracted and compared data on patient cohorts, sample type and time point from
onset, miRNA selection, normalisation and quantification strategies, and 95% confidence interval, area under the curve, sensitivity, and specificity of dysregulated miRNAs.

Circulating MicroRNAs in Acute Stroke

98	Full-text articles excluded,
with reasons
51 Non-acute stroke study
15 No original data study
4 Non-microRNA studies
4 No control group study
24 Other reasons

22 Studies included in
quantitative synthesis

Figure 1. Flow chart detailing study screening and selection process.
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articles and finally 22 articles were included (Figure 1). Out of
22 case-controlled studies assessing acute stroke, a total of 22
IS and two HS cohorts were assessed, with a total of 2,470 AIS,
69 HS, and 1,651 healthy control (HC) subjects. One study also
included transient ischaemic attack (TIA) patients, one recruited
non-stroke patients with metabolic complications and one
stratified AIS by treatment with recombinant tissue plasminogen activator.19-21 Five studies recruited less than 50 patients
with the remainder recruiting 50 or more.22-26 Seven studies included only patients with a clinical diagnosis of first IS presentation, excluding recurrent IS patients (Table 1).22-24,27-30 Almost
all studies excluded patients with a recent history of active infection and active cancer or treatment. Only eight studies classified AIS patients by Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria which subtypes stroke aetiology into cardioembolism, large artery atherosclerosis (LAA), small vessel disease, and undetermined cause.31 Included studies did not provide any information about the effect of age and sex on miRNA
expression after stroke.

miRNA profiling
Eleven studies assessed miRNAs from plasma;19,21-23,25,27,30,32-35
seven studies from serum;22,26,36-40 and four assessed whole
blood miRNAs.20,24,28,41 Six studies assessed plasma-extracted total RNA from blood collected using ethylenediaminetetraacetic
acid (EDTA). Six studies utilized miRNA microarray to profile
miRNA expression, while only one study employed small RNA
sequencing techniques. The remaining studies selected their
miRNAs based on evidence from previous work using in vivo or
in vitro models or published in the existent literature at the time
of the study. A mix of endogenous and synthetic controls were
employed for normalisation. Eleven studies used endogenous U6
small nuclear RNA (snRNA), with a further three using RNU44,
U75 or a combination of miR-16 and/or miR-451 as endogenous controls. Eight studies used exogenous cel-miR-39, celmiR-54, or UniSp2/UniSp4/UniSp5 mix (Exiqon) synthetic spikein controls. Twelve studies employed TaqMan miRNA Assay
quantification, while the remaining studies employed SYBR
Green-based methods for reverse transcription qPCR (RT-qPCR)
analysis (Table 2).

Diagnostic accuracy of identified miRNAs
Diagnostic accuracy of specific miRNAs detected in the acute
phase was assessed for sensitivity and specificity (Table 3). We
identified miR-335 as demonstrating highest overall sensitivity
in AIS (97.6%), followed by miR-16 (94.7%), while miR-16 also
showed highest overall specificity (87%) followed by miR-126
and let-7b (84%) (Figure 2A).25,27,30,32 Upon assessment of stroke
https://doi.org/10.5853/jos.2020.05085

subtype, miR-16 was found to demonstrate the highest sensitivity (100%) and specificity (91.3%) in both large artery atherosclerosis stroke (LAAS) and total anterior circulation infarct
(TACI) groups.27 miRNA-124-3p was reported as having a sensitivity of 68.4% and specificity of 71.2% in HS.32

Potential clinical utility of dysregulated miRNAs
We define the clinical utility of the reported miRNAs based on
their potential to diagnose and predict prognosis in acute
stroke. The diagnostic potential was determined by the sensitivity and specificity of the reported miRNAs to correctly identify
IS or HS stroke populations, while the prognostic potential was
determined by the correlation of the reported miRNAs with
clinical outcome such as the modified Rankin Scale (mRS) and
National Institutes of Health Stroke Scale (NIHSS) (Table 3). We
identified 33 dysregulated miRNAs demonstrating diagnostic
potential in the acute phase of the disease (Figure 2B). We
identified miR-16, miR-126, and miR-335 as having diagnostic
and prognostic utility. miR-16 was reported to be upregulated
by two studies, demonstrating both diagnostic and prognostic
potential, with the ability to discriminate acute stroke subtype.25,32 Two studies, Leung et al.32 and Tian et al.,25 reported
upregulation of miR-16 in AIS compared to HCs. Tian et al.25 reported that miR-16 was significantly upregulated in LAA and
TACI subgroups of AIS. Leung et al.32 reported a correlation of
miR-16 with mild stroke, defined as NIHSS <5 but there was no
correlation with stroke volume measured radiologically. In comparison to Leung et al.,32 Tian et al.25 reported that miR-16 expression was significantly higher in the poorer prognosis group
(mRS 3–6) than in the good prognosis group (mRS 0–2). Downregulation of miR-126 was reported by two independent groups
in three studies to have diagnostic, disease severity management, risk prediction, and monitoring potential.27,34,35 Jin et al.35
reported a negative correlation between miR-126 expression
and NIHSS score and pro-inflammatory cytokine elevation,
placing it as biomarker of disease severity. miR-335 was reported by Zhao et al.30 as being downregulated and by using multiple logistic regression analysis it is suggestive that miR-335 can
act as an independent risk factor for IS. Furthermore, miR-335
correlates negatively with NIHSS. Increased miR-130a was reported as a potential biomarker in early diagnosis of brain oedema and prognosis in HS, correlating with perihematomal oedema severity, NIHSS, and mRS scores.36

Bioinformatic miRNA gene target prediction and
pathway enrichment
Putative mRNA targets of miR-16-5p, miR-126-5p, and miR335-5p, identified as having highest sensitivity and specificity
http://j-stroke.org
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IS
HC
TIA

Tiedt et al.
(2017)19

Cohorts

Sepramaniam et al. IS
(2014)20
HC
Non-stroke
metabolic
complications
patients

IS
HS
HC

Leung et al.
(2014)32

Study
IS: 74
HS: 19
HC: 23

Total no. recruited

<24 hr
<48 hr
<72 hr
6 mo
2 yr

IS:169
HC: 24
Non-stroke
m
 etabolic
complications
patients: 94

Mean time from onset IS: 260
to blood sampling for HC: 160
replication samples: 5 TIA: 72
hr
(3.9 hr for discovery
and 6.1 hr for
validation cohorts)
Day 1
Day 2
Day 3
Day 7
Day 90

0–6 hr
6–12 hr
12–24 hr

Sampling time
point from onset

Table 1. Characteristics of eligible studies
Exclusion criteria

NA

Diagnosis of IS defined by an
acute focal neurological
deficit in combination with
a DWI-positive lesion on
MRI or a new lesion on a
delayed CT scan. TIA defined
as acute onset transient
symptoms (lasting <24 hr)
without evidence of
infarction on neuroimaging

Upregulated:
miR-16 in IS vs. HS
and HC;
miR-124-3p in HS vs.
IS and HC

Dysregulated miRNA

NA

Upregulated:
hsa-miR-125b-2*
hsa-miR-1261
hsa-miR-1321
hsa-miR-27a*
hsa-miR-422a
hsa-miR-488
hsa-miR-549
hsa-miR-617
hsa-miR-627
Downregulated:
hsa-let-7d*
hsa-miR-1299
hsa-miR-130a
hsa-miR-208a
hsa-miR-22*
hsa-miR-23a
hsa-miR-320b
hsa-miR-320d
hsa-miR-30c
hsa-miR-340
hsa-miR-423-3p
hsa-miR-502-5p
hsa-miR-574-3p
hsa-miR-574-5p
hsa-miR-886-5p
hsa-miR-92a
hsa-miR-93

Prior antiplatelet Upregulated:
therapy,
miR-143-3p
cardiovascular
miR-125b-5p
events, or silent
miR-125a-5p
brain infarction in
the discovery
samples

Age ≥18 yr; HS or IS
NA
confirmed by CT scan and/or
MRI, who presented within
24 hr of symptom onset

Inclusion criteria/
stroke diagnosis

26 miRNAs unique for acute stroke reported;
miR-125b-2*, -27a*, -422a, -488, and -627 could reflect
the onset of IS and prove to be of diagnostic value

miR-125a-5p, miR-125b-5p, and miR-143-3p
associated with high specificity and with higher
sensitivity than multimodal CT;
miR-125a-5p, miR-125b-5p, and miR-143-3p
independent of infarct volume and stroke pathogenesis

miR-16 as diagnostic marker in IS in late (>6–24 hr)
symptoms onset;
miR-124-3p as diagnostic marker in HS in early (≤6 hr)
symptoms onset;
miR-124-3p correlates positively with stroke volume on
CT in HS and stroke severity

Main conclusion(s)

Bejleri et al.
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IS
HC

IS
HC

IS
HC

IS
HC

IS
HC

Long et al.
(2013)27

Huang et al.
(2016)28

Zhao et al.
(2016)30

Li et al.
(2018)22

Ma et al.
(2019)23

Study

Table 1. Continued

Cohorts
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<6 hr

<6 hr

<24 hr

<12 hr

<24 hr
1 wk±24 hr
4 wk±24 hr
24 wk±48 hr
48 wk±72 hr

Sampling time
point from onset

IS: 33
HC: 20

IS: 40
HC: 27

IS: 168
HC: 104

IS: 346
HC: 346

IS (<24 hr): 38
Total IS: 197
HC: 50

Total no. recruited

1st IS and admission within
6 hr after symptom onset
NIHSS <25
Sudden occurrence of a
focal neurological deficit in
the ischemic lesion that could
be observed on CT or MRI
Adequate access to patient
information

Decreased miR-335 negatively correlates with NIHSS;
Decreased plasma miR-335 is an independent risk
factor for IS

let-7e-5p negatively regulates genes enriched in the
MAPK signalling pathway, implicating a role in the
pathogenesis of IS

miR-93 positively correlates with neutrophils, indicating
plasma miR-93 might originate from neutrophils;
Positive correlation between miR-93 in neutrophils and
BI at admission or 7 days, indicating patients with
relative higher neutrophil miR-93 have better ADLS;
BV2 microglia cells proliferation was inhibited by
miR-93 agomir treatment, indicating that miR-93
depresses brain inflammatory process

Upregulated:
Positive correlation between plasma miR-424 and
miR-424 in lymphocytes
lymphocytes and neutrophils, indicating plasma miR-424
and neutrophils
might originate from lymphocytes and neutrophils;
Not significantly changed: Upregulated miR-424 in immune cells might depress the
miR-424 in plasma
proliferation of lymphocyte, reduce the levels of proinflammatory cytokine (TNF-α), anti-inflammatory
cytokine (IL-10), and neurotrophic factor (IGF-1) in
plasma, demonstrating the immunosuppressive potential
of miR-424
Recurrent stroke; Downregulated:
haematological
miR-93 in plasma and
system diseases;
neutrophils
malignant tumours,
and renal or liver
failure; history of
mental disorders;
severe dementia or
CAD; other diseases
affecting the
hemogram

First IS and admission within Recurrent stroke;
6 hr of symptom onset;
hematologic
NIHSS <25 points
diseases; malignant
Sudden occurrence of focal
tumours; renal or
neurological deficits with
liver failure; history
exclusion of ICH on CT
of mental disorders;
HC without any focal
severe dementia or
neurological deficits and
CAD; other diseases
history of CNS disease
affecting the
hemogram

Main conclusion(s)

Upregulated:
Significant change miR-30a, miR-126, and let-7b in IS
Let-7b in SA, Cemb, and
compared to HC
UDN groups from 24 hr to
24 wk
Downregulated:
miR-30a
miR-126 from 24 hr
to 24 wk
Let-7b in LA group from
24 hr to 24 wk

Dysregulated miRNA

Patients with a his Upregulated:
tory of stroke,
Let-7e-5p
PAD, or cancer

Other types of
stroke: TIA, SAH,
embolic brain
infarction, brain
tumours, and
cerebrovascular
malformation;
severe systemic
diseases;
inflammatory and
autoimmune
diseases; serious
chronic diseases;
subjects with
Cemb and atrial
fibrillation

Exclusion criteria

Diagnosis of IS based on pa Recurrent stroke, Downregulated:
tient history, laboratory and blood disorders,
miRNA-335
neurological examination,
acute infectious
MRI and MRA
diseases, renal or
Neurological deficits
liver failure,
evaluated using NIHSS
tumours

First IS

First IS

Inclusion criteria/
stroke diagnosis
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IS
HC

HS
HC

IS
HC

IS
HC

IS
HC

IS
HC

Yoo et al.
(2019)24

Wang et al.
(2016)36

Wang et al.
(2014)33

Jickling et al.
(2016)41

Tian et al.
(2016)25

Chen et al.
(2018)37

Study

Table 1. Continued

Cohorts
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<24 hr

<6 hr

<24 hr
24–48 hr
48–72 hr

0–3 hr
3–6 hr
6–12 hr
12–24 hr

Day 1
Day 2–3
Day 5–8
Day 9–14

<24 hr

Sampling time
point from onset

IS: 128
HC: 102

IS: 40
HC: 30

IS: 106
HC: 106

IS: 136
(1) MRI +ve: 76
(2) MRI –ve: 60
HC: 116

HS: 50
HC: 15

IS: 11
HC: 10

Total no. recruited

NA

Upregulated:
Let-7e
Downregulated:
miR-186-5p
miR-32-5p
miR-340-5p
miR-579-3p

Dysregulated miRNA

Upregulated:
hsa-miR-106b-5p
hsa-miR-4306
Downregulated:
hsa-miR-320e
hsa-miR-320d

Age <18 yr old; tPA Upregulated:
or OAC; ICH or HT; miR-146b
other complicating
neurological or
neuropsychological
diseases; cancer;
comorbidity with
proinflammatory
conditions, and
clinical signs of
infection

Upregulated:
miR-16

Infection; treatment Downregulated:
with
miRNA Let-7i
immunosuppression;
leukaemia, or
lymphoma

Excluded if received
tPA or OAC before
the initial blood
samples

Infratentorial ICH; Upregulated:
IVH; hematoma
miR-130a
expansion;
secondary ICH;
undergoing
surgical
hematoma
evacuation;
recent stroke

NA

Exclusion criteria

Time from onset to admission Immune disease;
<6 hr
trauma; CAD;
organ failure;
tumour and
infection

AIS with evidence of acute
infarct on DWI

IS or TIA
No history of CAD

Age ≥18 yr Admission
≤72 hr from onset

1st IS

Inclusion criteria/
stroke diagnosis

miR-146b positively correlates with infarct volume and
NIHSS;
Significant increase of miR-146b in patients with lesion
volume >3 cm3 or NIHSS score >5

miR-16 significantly higher in the poor prognosis vs.
good prognosis group;
miR-16 significantly higher in IS patients with LAA,
TACI subtype

Decreased let-7i correlates modestly with an increase in
admission NIHSS, infarct volume and plasma MMP9;
Let-7i gene targets HMGB1, CD86, and CXCL8 which
promote inflammation and tissue injury

hsa-miR-106b-5P and hsa-miR-4306 showed a
gradient of increase, while hsa-miR-320e and hsa-miR320d showed a gradient of decrease from control
patients in MRI (–ve) and MRI (+ve) IS

miR-130a significantly increased and reached peak
within 1 day after ICH;
miR-130a significantly correlates with PHE volume at
days 0–1 and 2–3;
miR-130a positively correlates with NIHSS and mRS,
indicating that serum miR-130a might be a locationdependent predictor of prognosis

miR-340-5p participates in the peripheral immune re
sponse to ischaemia by fine-tuning ARG1 expression

Main conclusion(s)

Bejleri et al.
Circulating MicroRNAs in Acute Stroke

https://doi.org/10.5853/jos.2020.05085

IS
HC

IS
HC

IS
HC

Jin et al.
(2017)34

Xiang et al.
(2017)21

Jin et al.
(2018)35

Study

Table 1. Continued

Cohorts
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<24 hr

24 hr

<24 hr

Sampling time
point from onset

IS: 148
HC: 148

IS: 86
HC: 39

IS: 106
HC: 110

Total no. recruited

Exclusion criteria
Upregulated:
miR-222
miR-218
miR-185
miR-206
Downregulated:
miR-126
miR-130a
miR-378
miR-101

Dysregulated miRNA
miR-126 and miR-130a are independent protective
factors for IS while miR-222, miR-218, and miR-185
are independent risk factors;
miR-126, miR-378, and miR-101 negatively correlate
with NIHSS, while miR-222, miR-218, and miR-206
positively associate with NIHSS

Main conclusion(s)

Upregulated:
miR-222
miR-218
miR-185
Downregulated:
miR-126
miR-130a

miR-126 and miR-130a correlate with lower disease
risk, decreased disease severity, and reduced
inflammatory cytokines

miR-15a expression not significantly different in IS
Infection; severe rt-PA IS miRNAs
liver and kidney
upregulated compared to compared to HC. However, significantly downregulated
by 0.5-fold in the rt-PA group compared to non-rt-PA
disease;
non-rt-PA:
group;
cardiopulmonary
hsa-let-7i-5p
Let-7i expression significantly correlates with the NIHSS
disease; tumour;
hsa-miR-371b-5p
score after rt-PA.
Rheumatic
rt-PA IS miRNAs
immune disease, downregulated compared
TIA, or ICH and
to non-rt-PA:
history of IS
hsa-miR-4693-3p
within the last 3 hsa-miR-4666a-5p
mo
hsa-miR-3154
hsa-miR-4768-3p
hsa-miR-550a-5p
hsa-miR-3685
hsa-miR-5191
hsa-miR-3186-5p
hsa-miR-15a-5p
hsa-miR-4773
hsa-miR-4510
hsa-miR-411-5p
hsa-miR-106a-5p
Ebv-miR-BART2-3p
Let-7i (IS vs. HC)

Age ≥18 yr diagnosis of IS
Uncontrollable
according to history,
infection; renal or
laboratory and neurological hepatic failure;
examination, CT scan, MRI, haematological
and/or MRA within 24 hr
malignancies or
following the onset of
solid tumours, or
symptoms
immunosuppressive
therapy or tPA
HC with history of
stroke, MI, or PAD;
severe infection;
renal or hepatic
dysfunction; nonspecific dizziness; or
non-organic
headaches

Age ≥18 yr; Administration of
aspirin upon admission
NIHSS score ≥4, and
diagnosis of IS by an
experienced neurologist
based on history, physical
examination, and CT

Diagnosis of IS according to Infection, renal or
patient history, laboratory
hepatic failure;
and neurological
haematological
examination, CT scan, MRI, malignancies; solid
and/or MRA
tumours;
immunosuppressive
therapy, or
treatment with tPA

Inclusion criteria/
stroke diagnosis
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IS
HC

IS
HC

IS
HC

IS
HC

Li et al.
(2015)29

Liu et al.
(2015)26

Wang et al.
(2017)39

Zhou et al.
(2018)40

Cohorts

24 hr
48 hr
72 hr

<20 hr

<24 hr
<48 hr

24 hr

24 hr
48 hr
7 day
1 mo
6 mo
2 yr

Sampling time
point from onset

IS: 50
HC: 50

IS: 78
HC: 39

IS: 31
HC: 11

IS: 117
HC: 82

IS: 146
HC: 96

Total no. recruited

NA

NA

NA

NA

NA

Inclusion criteria/
stroke diagnosis

NA

HC excluded if
previous history
of CVA

Age <18 yr; tPA or
OAC treatment,
ICH or HT; other
complicating
neurological or
neuropsychological
diseases; cancers;
comorbidity with
proinflammatory
conditions, and
clinical signs of
infection

Other types of
stroke: TIA, SAH,
brain tumours, and
cerebrovascular
malformation;
severe systemic
diseases;
Inflammatory and
autoimmune
diseases; serious
chronic diseases

Age <18 yr; being
on tPA or OAC, ICH,
or HT; other
complicating
neurological or
neuropsychological
diseases; cancer;
comorbidity with
proinflammatory
conditions and
clinical signs of
infection

Exclusion criteria

Upregulated:
Exosomal miR-134

Downregulated:
miR-221-3p
miR-382-5p

Downregulated:
miR-124
miR-9
miR-219

Upregulated:
miR-32-3p
miR-106b-5p
miR-1246
Downregulated:
miR-532-5p

Upregulated:
miR-145
Downregulate:
miR-23a,
miR-221

Dysregulated miRNA

Exosomal miR-134 significantly correlate with infarct
volume, NIHSS, poor prognosis, hs-CRP, and IL-6

miRNA-221-3p and miRNA-382-5p levels were lower
in patients with IS than in HC;
No significant differences seen for miRNA-4271

miR-124 and miR-9 negatively correlate with infarct
volume;
miR-9 decreased in patients with larger stroke

miRNA target genes might participate in the mTOR,
MAPK, and ErB signal pathways;
Stroke-related genes vascular endothelial growth
factor-A (VEGFA), myeloid cell leukemia-1 (Mcl-1), and
superoxide dismutase 2 (SOD2) might be targets of
miR-106b. miR-106b may affect multiple pathways
such as apoptosis, oxidation, angiogenesis, and
neurogenesis

Significant increase of miR-145 in patients with lesion
volume >3 cm3 or with NIHSS score >5;
The combination of hs-CRP and miR-145 has the
highest sensitivity/specificity

Main conclusion(s)

IS, ischaemic stroke; HS, haemorrhagic stroke; HC, healthy control; CT, computerised tomography; MRI, magnetic resonance imaging; NA, not available; TIA, transient ischaemic attack; DWI, diffusion weighted image; SAH, subarachnoid haemorrhage; Cemb, cardioembolic; SA, small artery ischaemic stroke; UDN, undetermined ischaemic stroke; LA, large artery ischaemic stroke; PAD, peripheral arterial disease; MAPK, mitogen-activated protein kinases; MRA, magnetic resonance angiography; NIHSS, National Institutes of Health Stroke Scale; ICH, intracranial haemorrhage; CNS, central nervous system; CAD, coronary artery disease;
TNF-α, tumour necrosis factor alpha; IL-10, interleukin 10; IGF-1, insulin-like growth factor 1; BI, barthel index; ADLS, activities of daily living; BV2, BV-2 microglial cell; ARG1, arginase-1; IVH, intraventricular haemorrhage; PHE, perihaematoma edema; +ve, positive; –ve, negative; tPA, tissue plasminogen activator; OAC, oral anticoagulant; MMP9, matrix metalloproteinase 9; HMGB1, high mobility group box 1; CD86, cluster of differentiation 86; CXCL8, C-C-C motif chemokine ligand 8; LAA, large artery atherosclerosis; TACI, total anterior circulation infarct; rt-PA, recombinant tissues plasminogen activator; MI, myocardial infarction; HT, haemorrhagic transformation; hs-CRP, high sensitivity C-reactive protein; mTOR, mechanistic target of rapamycin; CVA, cerebral vascular accident.

IS
HC

Jia et al.
(2015)38

Study
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miRNA selection
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Plasma, neutrophils and
Based on previous studies
lymphocytes; EDTA tubes; Trizol

Plasma and neutrophils;
EDTA tubes; Trizol
mirVana miRNA kit

Whole blood; Trizol

Serum
mirVana PARIS RNA kit

Plasma; Trizol

Whole blood; PAXgene tubes
PAXgene microRNA kit

Plasma
S/P RNAiso kit

Serum; Trizol

Li et al.
(2018)22

Ma et al.
(2019)23

Yoo et al.
(2019)24

Wang et al.
(2016)36

Wang et al.
(2014)33

Jickling et al.
(2016)41

Tian et al.
(2016)25

Chen et al.
(2018)37

Plasma; EDTA tubes; Trizol

Plasma; EDTA-K2 tubes; Trizol

Zhao et al.
(2016)30

Xiang et al.
(2017)21

Whole blood; Trizol
mirVana PARIS miRNA kit

Huang et al.
(2016)28

Plasma; EDTA-2k tubes; Trizol

Based on previous studies

Plasma; Trizol

Long et al.
(2013)27

miRCURY LNA Array

Based on previous studies

Based on previous studies

Agilent Human miRNA
(860K) V19.0 array

Based on previous studies

Agilent miRNA microarray

Based on previous studies

Illumina Human MicroRNA
Expression Profiling Assay V2

Based on previous studies

Based on previous studies

Based on previous studies

miRCURY LNA Array

Jin et al.
(2017)34

Normalisation
Synthetic single-strand RNA
oligonucleotides

miRNA quantification
miRNA RT-qPCR (Taqman assays)
Absolute quantification using standard curves

Synthetic cel-miR-39

U6

U6

Synthetic cel-miR-54

U75

RNU6B

Endogenous miR-16
(or/and miR-451)

RNU6

U6

U6

Synthetic cel-miR-39

U6

U6

RNU44

miRNA RT-qPCR (Taqman assays)
RNA concentration & purity determined by ND-1000 spectrophotometer
Relative expression determined using the 2-ΔΔCT method

miRNA RT-qPCR (SYBR Premix Ex Taq)
RNA concentration and purity evaluated by ELISA
Relative expression determined using the 2-ΔΔCT method

miRNA RT-qPCR (Taqman assays)
Quality requirements A260 nm/A280 nm ratio 1.9 & 28S/18S ratio 1.8
Relative expression determined using the 2-ΔΔCT method

miRNA RT-qPCR (S-Poly(T) miRNA qPCR-assay)
Relative expression determined using the 2-ΔΔCT method

miRNA RT-qPCR (TaqMan Universal PCR Master Mix)
RNA concentration determined by ND-1000 Spectrophotometer
RNA integrity determined by Agilent 2100 Bioanalyzer & A260/A280 ratio
Relative expression determined with respect to controls

miRNA RT-qPCR (Taqman assays)
RNA concentration determined by ND-1000 Spectrophotometer
Relative expression determined using 2-ΔΔct method

SYBR Green-based miRNA RT-qPCR (SYBR PrimeScript)

miRNA RT-qPCR (Taqman assays)
RNA purity & integrity evaluated by denaturing gel electrophoresis
Relative expression determined using the 2-ΔΔCT method

miRNA RT-qPCR (Taqman assays)
Relative expression determined using the 2-ΔΔCT method

miRNA RT-qPCR (Taqman assays)
Relative expression determined using the 2-ΔΔCT method

miRNA RT-qPCR (SYBR Premix Ex Taq)
Relative expression determined using the 2-ΔCT method

miRNA RT-qPCR (Taqman assays)
Relative expression determined using the 2-ΔCT method

miRNA RT-qPCR (Bulge-Loop) miRNA qRT-PCR detection Kit & TransStart Green qPCR SuperMix
Relative expression determined using 2-ΔΔct method

miRNA RT-qPCR (Taqman assays)
RNA concentration determined by ND-1000 Spectrophotometer
RNA integrity determined by gel electrophoresis & Agilent 2100 Bioanalyzer
Relative expression determined with respect to controls

Illumina small RNA sequencing Spike-in mix, Exiqon
miRNA RT-qPCR (ExiLENT SYBR Green) and miRNA LNA PCR primers
(UniSp2, UniSp4, and UniSp5) Relative expression determined using the 2-ΔCT method
Absolute quantification using standard curves

Based on previous studies

Sepramaniam et al. Whole-blood; Trizol
(2014)20
Ribopure Blood RNA kit

Plasma miRCURY RNA kit

Tiedt et al.
(2017)19

RNA extraction

Plasma; EDTA tubes;
Trizol miRNeasy kit

Leung et al.
(2014)32

Study

Table 2. Methodologies employed by the studies included in the review
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Serum
Exosome RNA purification kit
Zhou et al.
(2018)40
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EDTA, ethylenediaminetetraacetic acid; RT-qPCR, quantitative reverse transcription polymerase chain reaction; LNA, locked nucleic acid.

miRNA RT-qPCR (SYBR Green)
RNA concentration & quality determined by ND-2000 spectrophotometer
Relative expression determined using the 2-ΔΔCT method
NA

Serum
miRNA kit
Wang et al.
(2017)39

Based on previous studies

miRNA RT-qPCR (SYBR)
Relative expression determined using the 2-ΔCT method
U6

Serum; Trizol
Liu et al.
(2015)26

Based on previous studies

miRNA RT-qPCR (SYBR Premix Ex TaqII)
Concentration & quality of RNA measured by spectrophotometer & A260/280 ratio
Relative expression determined using the 2-ΔCT method
Synthetic cel-miR-39

Serum; Trizol
miRNeas kit
Li et al.
(2015)29

Based on previous studies

miRNA RT-qPCR (Taqman assays)
RNA concentration determined using ND-1000 Spectrophotometer
RNA integrity determined by gel electrophoresis
Relative expression determined using the 2-ΔΔCT method
Synthetic cel-miR-39

U6
Based on previous studies
Serum; Trizol
Jia et al.
(2015)38

miRCURY LNA Array

miRNA RT-qPCR (Taqman assays)
Quality requirements A260 nm/A280 nm ratio 1.9 & 28S/18S ratio 1.8
Relative expression determined using the 2-ΔΔCT method

miRNA quantification
miRNA selection
RNA extraction

Plasma; Trizol
Jin et al.
(2018)35

Study

Table 2. Continued
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U6

Normalisation

miRNA RT-qPCR (SYBR Premix Ex Taq)
Relative expression determined using the 2-ΔΔCT method
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with diagnostic and prognostic potential, were identified using
TargetScan, miRDB, and miRWalk. A total of 7,859 targets were
predicted for miR-16-5p, 6,592 for miR-126-5p, and 1,171 for
miR-335-5p. A total of 2,716 were predicted to be shared
mRNA targets of both miR-16-5p and miR-126-5p, while 277
and 224 genes were shared targets of both miR-335-5p and
miR-16-5p, and miR-335-5p and miR-126-5p respectively. A
total of 376 genes were predicted to be targeted by all three
miRNAs (Figure 3A).
We performed enrichment analysis of GO terms on predicted
miRNA–target interactions (Figure 3B and C). The full results
are available in Supplementary Table 2 (EnrichR_analysis_
Bejleri_2021). Our analysis of miR-16-5p targets revealed
significant enrichment (P-adj <0.05) of insulin signalling, Wnt
signalling, transforming growth factor β (TGF-β), mammalian
target of rapamycin (mTOR), and mitogen-activated protein
kinase (MAPK) signalling pathways. Signalling pathways such
as these coordinate physiological and pathological processes
in response to acute stroke, governing molecular activities at
a cellular level. mRNA translation plays a pivotal role in the
control of gene expression and regulation of homeostasis in
response to disease, tightly controlled by signalling pathways
in response to various stimuli, such as oxygen and nutrient
deprivation and compromised energy status. Post-translational regulation, degradation or translation inhibition of mRNA
highlights the important roles of miRNAs in response to disease
pathophysiology. Our enrichment analysis indicates that increased miR-16 in response to ischaemia negatively regulates
significantly high numbers of key proteins in the insulin and
downstream mTOR and MAPK signalling pathways, impacting
on the regulation of critical cellular responses including cellular
metabolism, growth, proliferation, and homeostasis (Figure 4).
Reported decreased expression of miR-126 following ischaemia
carries significant implications for subsequent disinhibition of
a significant number of predicted target genes associated with
ErbB signalling, tumor necrosis factor (TNF) signalling, RAS
signalling, and MAPK signalling pathways. Similarly, downregulation of miR-335 is associated with the positive regulation
of predicted target Rho associated protein kinase 1 (ROCK1),
involved in vascular inflammation, and NOTCH1 regulation
of human endothelial cell calcification, linked to aortic valve
calcification and stenosis, placing miR-126 and miR-335 as
potential biomarkers of systemic inflammation. Pathways sharing common target genes predicted to be targeted by all three
miRNAs are associated with MAPK signalling (13 common targets, P<0.005), ErbB signalling (7 common targets, P<0.005),
insulin signalling (7 common targets, P<0.05), and JAK-STAT
signalling (8 common targets, P<0.05).
https://doi.org/10.5853/jos.2020.05085
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Table 3. Diagnostic accuracy of reported miRNAs
Study
Leung et al.
(2014)32

miRNA
miR-124-3p

95% CI

AUC

Sensitivity (%)

Specificity (%)

24 hr

0.59–0.79

0.70

68.4

71.2

24 hr

0.55–0.76

0.66

94.7

35.1

Tiedt et al. (2017)19 miR-125a-5p, miR-125b-5p,
and miR-143-3p

<24 hr

NA

0.90

85.6

76.3

Sepramaniam et al. miR-125b-2
(2014)20
miR-27a

24 hr

0.77–0.93

0.85

NA

NA

0.81–0.96

0.86

NA

NA

miR-422a

0.75–0.97

0.86

NA

NA

miR-488

0.72–0.92

0.86

NA

NA

miR-627

0.66–0.87

0.76

NA

NA

miR-920

1.00–1.00

1.00

NA

NA

Long et al.
(2013)27

miR-16

Time point

miR-30a

24 hr

0.87–0.98

0.91

94

80

miR-126

24 hr

0.87–0.98

0.92

92

84

Let-7b

24 hr

0.88–0.98

0.93

92

84

Huang et al.
(2016)28

let-7e-5p

<12 hr

0.78–0.85

0.82

NA

NA

Zhao et al.
(2016)30

miR-335

<24 hr

0.86–0.93

0.90

97.6

69.2

Wang et al.
(2014)33

MRI-negative: miR-106b-5p

<24 hr

1.00–1.00

1.00

NA

NA

miR-4306

0.80–0.95

0.88

NA

NA

miR-320e

0.91–0.99

0.95

NA

NA

0.95–1.00

0.98

NA

NA

0.93–1.00

0.96

NA

NA

miR-4306

0.92–0.98

0.95

NA

NA

miR-320e

0.96–1.00

0.98

NA

NA

miR-320d
MRI-positive:

miR-106b-5p

<24 hr

miR-320d
Tian et al.
(2016)25

Chen et al.
(2018)37

Jin et al.
(2017)34

Jin et al.
(2018)35

0.97–1.00

0.99

NA

NA

miR-16

<6 hr

0.65–0.90

0.76

69.7

87

miR-16 in LAAS

<6 hr

0.88–1.02

0.95

100

91.3

miR-16 in TACI

<6 hr

0.93–1.03

0.98

100

91.3

miR-16 in PACI

<6 hr

0.64–0.95

0.80

70.6

87

miR-146b

<24 hr

0.63–0.81

0.78

NA

NA

CRP & miR-146b

<24 hr

0.80–0.94

0.86

NA

NA

IL-6 & miR-146b

<24 hr

0.74–0.89

0.82

NA

NA

CRP & IL-6 & miR-146b

<24 hr

0.80–0.93

0.87

NA

NA

miR-126

<24 hr

0.58–0.73

0.65

NA

NA

miR-130a

<24 hr

0.57–0.18

0.64

NA

NA

miR-222

<24 hr

0.51–0.66

0.58

NA

NA

miR-218

<24 hr

0.55–0.70

0.62

NA

NA

miR-185

<24 hr

0.53–0.68

0.60

NA

NA

All 5 miRNAs combined

<24 hr

0.71–0.83

0.77

87.7

54.5

miR-126

<24 hr

0.60–0.73

0.67

NA

NA

miR-130a

<24 hr

0.56–0.68

0.62

NA

NA

miR-222

<24 hr

0.57–0.69

0.63

NA

NA

miR-218

<24 hr

0.63–0.75

0.69

NA

NA

miR-185

<24 hr

0.57–0.70

0.63

NA

NA

All 5 miRNAs combined

<24 hr

0.80–0.84

0.84

83.8

69.6
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Table 3. Continued
Study

Time point

95% CI

AUC

Sensitivity (%)

Specificity (%)

CRP+miR-145

miRNA

<24 hr

0.80–0.95

0.90

NA

NA

CRP+miR-23a

<24 hr

0.73–0.89

0.82

NA

NA

CRP+miR-221

<24 hr

0.74–0.89

0.82

NA

NA

Liu et al.
(2015)26

miR-124

<24 hr

0.61–0.92

0.76

NA

NA

Wang et al.
(2017)39

miR-221-3p

<20 hr

0.73–0.90

0.81

NA

NA

miR-382-5p

<20 hr

0.63–0.87

0.75

NA

NA

miR-4271

<20 hr

0.51–0.75

0.63

NA

NA

Jia et al.
(2015)38

CI, confidence interval; AUC, area under the curve; NA, not available; LAAS, large artery atherosclerosis stroke; TACI, total anterior circulation infarct; PACI,
partial anterior circulation infarct; CRP, C-reactive protein.

■ Sensitivity

miRNA
miR-124-3p [32]
miR-16 [32]
miR-125a-5p, miR-125b-5p, and miR-143-3p* [19]
miR-30a [27]
miR-126 [27]
let-7b [27]
miR-335 [30]
miR-16 [25]
miR-16 in LAAS [25]
miR-16 in TACI [25]
miR-16 in PACI [25]
miR-126, miR-130a, miR-222, miR-128, miR-185* [34]
miR-126, miR-130a, miR-222, miR-128, miR-185* [35]

68

■Specificity (%)

71
95

35

86

76

94
92
92
98

80
84
84
69

70

87
100
100

91
91

70

87
55

88
84

0

(%)

70

50

100

150

200

A
Immunomodulators/
neuroinflammation
↓miR-124 ↓miR-9
↓miR-219 ↓miR-340-5p

Prognostic

↓let-7i
Diagnostic
↓miR-30a
↓miR-320e
↓miR-320d
↓miR-23a
↓miR-221
↓miR-532-5p
↓miR-335
↓miR-221-3p
↓miR-382-5p

↑miR-124-3p
↑miR-125b-2
↑miR-27a
↑miR-422a
↑miR-488
↑miR-627
↑miR-106b-5p
↑miR-4306
↑miR-145

↑miR-32-3p
↑miR-1246
↑let-7e-5p
↑miR-185
↑miR-125a-5p
↑miR-125b-5p
↑miR-143-3p
↑miR-146b
↑↓let-7b

↑miR-222 ↑miR-218
Disease Severity Management
↓miR-378
↓miR-101
↑miR-206

↑miR-16
↑↓miR-130a

↓miR-126
Disease risk prediction and
disease monitoring

B
Figure 2. Clinical utility of identified miRNAs in acute stroke. (A) Diagnostic accuracy of acutely expressed miRNAs within or at 24 hours of stroke symptoms
onset. Study reference indicated in brackets. (B) Clinical utility of dysregulated miRNAs. LAAS, large artery atherosclerosis stroke; TACI, total anterior circulation infarct; PACI, partial anterior circulation infarct. *Denotes combination of miRNAs.
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miR-16
(7859)

miR-126
(6592)
2716
4490

3276
376
277

224

294

miR-335
(1171)

A

B

C
Figure 3. Bioinformatic miRNA gene target prediction and pathway enrichment. (A) Total and shared predicted mRNA targets of miR-16-5p, miR-126-5p,
and miR-335-5p, identified as having highest sensitivity and specificity with diagnostic and prognostic potential. Barplots showing the top (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) terms and (C), enriched gene ontology (GO) terms per group. The fraction in each bar represents the number of predicted
gene targets/total number of genes associated with a given pathway or GO. Adjusted P values (Benjamini-Hochberg corrected) <0.05 were considered significant. GnRH, gonadotropin-releasing hormone; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin; TNF, tumor necrosis factor;
ErbB, epidermal growth factor; RISC, RNA‐induced silencing complex; MF, molecular function; BP, biological process; CC, cellular component.
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mTOR
signalling

Insulin
signalling

miR-126-5p

Wnt
signalling

RAS/MAPK
signalling

TNF
signalling

miR-335-5p

ErbB
signalling

Cellular target

Targeting

miRNA

miR-16-5p

Circulating MicroRNAs in Acute Stroke

ROCK1
NOTCH1 regulation of
ROCK2 human endothelial cell
regulation
calcification

Process

Endothelial cell

Cell growth, survival
Angiogenesis
Cellular migration/invasion

Atherosclerosis &
inflammation

Endothelial cell
calcification

Figure 4. Potential roles for miR-16-5p, miR-126-5p, and miR-335-5p in the pathogenesis of ischaemic stroke. Putative targets for miR-16-5p were significantly enriched in mammalian target of rapamycin (mTOR), insulin, Wnt, and Ras/mitogen-activated protein kinases (MAPK) signalling pathways involved in
regulation of roles central to neuronal survival and death and infarct development following stroke. Ras/MAPK is a common signalling pathway significantly
enriched for the targets of both miR-16-5p and miR-126-5p. Also enriched in targets of miR-126-5p were tumor necrosis factor (TNF) and epidermal growth
factor (ErbB) signalling pathways related to immune and inflammatory responses and endothelial cell growth, survival and proliferation. miR-335-5p regulation of Rho associated protein kinase 1 (ROCK1), involved in vascular inflammation, and NOTCH1 regulation of human endothelial cell calcification, is linked
to aortic valve calcification and stenosis, common causes of cardiovascular morbidity and mortality. Figure produced in Biorender.

Quality scores
Quality scores for the included studies ranged from 2 to 9 (Supplementary Table 1). Three studies were classified as having low
quality as they had a score ≤3.26,30,36 Eleven studies were classified as medium quality and eight studies as having high quality.

Discussion
We identified miR-16 and miR-126, reported by more than one
study, and miR-335 as having the highest sensitivity as potential biomarkers with diagnostic and prognostic utility in AIS.
miR-16 was reported to be upregulated in IS when compared to
HS patients and HCs, with particularly high diagnostic capability in LAAS and TACI subgroups. The potential mechanisms of
miR-16 in ischaemic reperfusion injury have been extensively
studied in middle cerebral artery occlusion (MCAO) mice models
176
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and it has been shown that miR-16 promotes ischaemic brain
injury by negatively regulating anti-apoptotic Bcl-2 and Bcl-w.42
Tian et al.25 demonstrated that miR-16 expression was markedly
higher in stroke groups with poorer clinical outcomes (mRS
3–6) compared to those with a more favourable clinical outcome (mRS 0–2).
We report significant overrepresentation of several signal
transduction networks by predicted targets of miR-16, notably insulin signalling and associated downstream mTOR and
MAPK signalling pathways. Insulin-mediated signalling plays
critical roles in the integration of various signals in response to
environmental stress and nutrient availability and coordination
of cellular response, and downstream activation of mTOR and
RAS/MAPK signalling modulates cellular metabolism, growth,
proliferation, and homeostasis. Of particular note in the context of our study, mTOR signalling is known to be dysregulated
https://doi.org/10.5853/jos.2020.05085
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following ischaemia and oxygen-glucose deprivation (OGD),
playing roles central to neuronal survival and death, and infarct
development. Similarly, activation of MAPK signalling following
IS is known to play roles in the regulation of neuronal survival,
inflammation, and apoptosis. As a result, these signalling pathways have been the focus of a number of studies attempting
to achieve neuroprotection in the treatment of IS, with current
evidence indicating that the potential neuroprotective effects
of key targets in these pathways do not function in isolation
but as part of an integrated signalling response in relation to
cellular survival, highlighting the potential importance of the
multitargeting regulation of these pathways by miR-16 in the
development of cerebral infarction. Interestingly, our analyses
also revealed a relationship between miR-16 and Wnt signalling
and significant enrichment of miR-16 targets in the TGF-β signalling pathway. Wnt has been shown to be critically involved
in neurogenesis and functional recovery following ischaemia
while TGF-β plays roles in mediating the angiogenic and immune response in ischaemic brain tissue.43 miR-16 is highly
conserved and ubiquitously expressed across tissues and cell
types, with well-characterised roles in the negative regulation
of cell proliferation & angiogenesis.44,45 Increased miR-16 following AIS, negatively regulating complex signal transduction
networks identified here, carries significant implications for
the regulation of fundamental biological processes critical for
coordination of cellular response to ischaemia and associated
excitotoxicity. Notably, the critical roles of insulin, mTOR, MAPK,
and Wnt signalling have been a focus of significant interest as
potential mechanisms affecting cellular survival and injury in
the treatment of stroke.46,47
Three separate studies from two independent groups reported
miR-126 as having diagnostic, disease risk prediction, monitoring, and management potential in AIS, demonstrating high sensitivity and specificity alone and in combination.27,34,35 miR-126
has been shown to be highly abundant and an endothelial-specific miRNA in capillaries and larger vessels, with key roles in
vascular integrity and ischaemia-induced angiogenesis.48 Lower
levels of miR-126 have been associated with increased plasma
levels of the pro-angiogenic and pro-inflammatory mediator,
placenta growth factor, a member of the vascular endothelial
growth factor family and primary inflammatory instigator of
atherosclerosis development and atherosclerotic plaque instability in coronary artery disease (CAD) and associated disease
severity.49 Decreased endothelial progenitor cell expression of
miR-126 has been reported in CAD, heart failure, and diabetic
patients.50 miR-126 has been reported as a potential biomarker
of stroke severity as it negatively correlates with the NIHSS, a
measure of stroke severity, and its association with cardiovascuhttps://doi.org/10.5853/jos.2020.05085

lar disease, immune and inflammatory responses. Plasma miR126 has been shown to negatively correlate with inflammatory
cytokine TNF-α, interleukin 1β (IL-1β), and IL-6 levels, while
miR-126 over-expression in endothelial cells has been shown to
decrease pro-inflammatory TNF-α and high-mobility group box
1 (HMGB1), involved in the pathogenesis of IS and reperfusion
injury.35,51 Our analysis also identified significant overrepresentation of miR-126-5p target genes associated with both TNF and
RAS/MAPK signalling, and ErbB signalling, with significant roles,
in microglia activation, cytokine production and inflammation,
and endothelial cell proliferation and function.52 Decreased
miR-126 and associated positive regulation of target genes in
these pathways carries implications for dysregulation of acute
inflammatory response and associated stroke pathology, further supporting a possible role for miR-126 as an endothelial
cell-specific biomarker of systemic inflammatory status, damage, and severity. This is of particular interest given the strong
association of stroke with hypertension and related cardiovascular diseases and associated poor prognosis and mortality.
miR-335 was found to have the highest overall sensitivity
(98%) amongst all miRNAs reported, and negative correlation
with NIHSS, demonstrating promising diagnostic utility. miR335 has been reported to be decreased in rat MCAO models
of AIS, and synthetic increased expression inhibits apoptotic
signalling and reduces ischaemic injury via downregulation
of ROCK2.53 ROCK1 and ROCK2 are both reported targets of
miR-335, involved in fundamental cellular functions including
vascular inflammation, cell adhesion, migration, cytoskeleton
organization, and stress fibre formation. Our analysis identified
ROCK1 as a predicted target of miR-335-5p, and enrichment
of miR-335-5p target genes in apoptosis modulation and signalling. We also identified a number of predicted miR-335-5p
target genes in NOTCH1 regulation of human endothelial cell
calcification. Dysregulation of NOTCH signalling is increasingly
linked to aortic valve calcification, a leading cause of heart disease, and dysregulation of miR-335 has also been reported in a
mouse model of aortic valve stenosis, supporting a role for miR335 specificity in patients suffering AIS.54
Our analysis highlights significant roles for miR-16, miR-126,
and miR-335 in the modulation of pathways involved in stroke
pathophysiology, immunomodulation and inflammation regulation. It should be emphasized that the functional consequences
of miRNA modulation on the identified pathways are dynamic,
and both the consequences of the activated signalling pathways
and of miRNA regulation of targets are cell- and disease-context dependent. The multi-targeting abilities of miRNAs exert
an effect at a systems level in response to environmental and
intra-cellular cues, and the impact of target pathway deregulahttp://j-stroke.org
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tion is dependent on the duration as well as the severity of the
insult, such as OGD. Of particular note, we have here identified a
significantly high number of gene targets of these ischaemia-associated miRNAs involved in insulin, MAPK, mTOR, and Wnt
signalling pathways, carrying significant implications for infarct
development and expansion in IS (Figure 4). Elucidation of the
mechanisms underlying the pathophysiology of IS represents a
promising approach to the development of therapeutic strategies which can halt the progression and expansion of cell death,
and promote neuroprotection in acute ischaemia. We identified
a small number of common targets of all three miRNAs, involved
in the co-ordination of the cellular stress response to ischaemic
environment, with impacts on salvageable tissue. Increased
sensitivity (100%) and specificity (91.3%) of miR-16 in both
LAAS and TACI groups, compared to partial anterior circulation
infarct (70.6% and 87% respectively), supports a diagnostic and
prognostic role in the severity of compromised tissue. Similarly,
decreased miR-126 and miR-335 expression and their association with cardiovascular disorders and regulation of immune and
inflammatory responses supports their significant sensitivity and
specificity as biomarkers of systemic inflammatory status, damage and severity in IS. In addition to their diagnostic potential
in AIS, dysregulation of these miRNAs presents promising utility
providing information about underlying aetiology.
Of the identified studies, only one reported significant utility
for miRNAs in HS. Wang et al.55 reported upregulation of miR130a in haemorrhagic patients and its potential use as a biomarker in the diagnosis of early oedema and prognosis in acute
HS. Evidence in both in vitro and in vivo models has demonstrated that delivery of a miR-130a antagonist (antagomir)
successfully attenuate brain oedema, reduce both blood-brain
barrier permeability and infarct volume, and improve neurologic
function.55
While the utility of circulating miRNAs as biomarkers has been
recognised, several factors present problems in their successful
translation and development in stroke. We identified wide variation in the number of patients and control groups recruited to
each study. However, the diagnostic and prognostic utility of the
miRNAs that we have reported were based on robust numbers of
recruited patients with a mean cohort 10 number of 74 (range,
38 to 136).25,27,32-34,36 Furthermore, 20 of the included studies
were performed in Asia, one in Europe and one in USA, indicating that miRNA studies reported may not be representative of
all cohorts and population differences in small non-coding RNA
expression should be taken into consideration in translational
study design.56 Varied inclusion and exclusion criteria in participant recruitment and sampling time of blood can contribute
considerable variability given the rapid evolution of the miRNA
178
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profile and the heterogeneity of the developing ischaemic environment. Five studies included only first-time stroke patients or
excluded recurrent stroke patients, while four studies excluded
patients who had received thrombolytic therapy prior to the
blood collection. There is now evidence that tissue plasminogen
activator alters miRNA profile expression and subsequently the
identification of diagnostic and prognostic biomarkers.21 All these
confounding factors have the potential to impact detection of
differential expression of miRNA profiles among the studies and
warrant consideration in future study design.
Variability in the methodology used in miRNA studies from
blood collection to miRNA profile discovery also warrants
consideration. The most common sample type was plasma, followed by serum and a small number of studies employed whole
blood. Recent evidence has shown a marked heterogeneity in
miRNA expression from serum and plasma samples, impacting
significantly on reporting of variances in miRNA profiling.57 The
use of EDTA tubes from six studies adds more potential variability, as anti-coagulants such as heparin and EDTA are potent
inhibitors of down-stream PCR reactions, impacting on the
quality of down-stream analysis for biomarker identification.58
These differences in blood collection procedures can affect the
coagulation cascade and, along with degree of haemolysis and
platelet, red and white blood cell contamination, may influence
the biochemical profiles.
Importantly, the most common control for miRNA normalization was endogenous U6, with other studies utilising endogenous miR-16, miR-451, RNU44, and U75. Just eight studies
employed exogenous spike-in controls for normalisation. The
use of snRNAs, such as U6, may not reflect the biochemical
transcription, processing, and expression patterns of other RNA
classes and as such may not be suitable for miRNA normalisation. Furthermore, serum levels of U6 have been reported to
demonstrate a high variability in patients with critical illness,
and to correlate with serum levels of established inflammatory
biomarkers.59 Use of circulating miR-16 and miR-451 as a normalisation strategy, known to be significantly altered in plasma
and serum in response to haemolysis, for blood samples from
patients with acute intracerebral haemorrhage by one study in
this review highlights the problematic area of lack of consensus
on a normalisation strategy, particularly in the case of a haemolytic-susceptible circulating diagnostic or prognostic biomarker
such as miR-16. However, due to the sensitivity and specificity of
miRNA profiles in response to disease states, especially given the
heterogeneous nature and aetiology of IS, the identification of
a single reference with universal applicability will be difficult. To
this end, the use of exogenous synthetic spiked-in miRNA during
RNA isolation for normalisation represents a robust approach.
https://doi.org/10.5853/jos.2020.05085
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The considerable variation in the pre-analytical and analytical
approaches highlighted here represent a significant barrier in
the identification of clinically useful miRNAs in translational
stroke research, and are most likely responsible for the heterogeneous results yielded from our analysis and the number
of studies that have reported the top three miRNAs which we
have identified as having diagnostic and prognostic potential.
The small number of studies which report these miRNAs raises
concerns regarding the reproducibility of such studies. However,
our bioinformatic analysis has demonstrated the pivotal role
that these miRNAs play in stroke pathophysiology. The variability across profiling platforms, and in particular the lack of consensus on normalisation strategies confers a significant impact
on the ability to detect significant biological differences across
samples is such a heterogeneous disease setting, and therefore
their utility in a clinical and research setting. Nonetheless, we
present a comprehensive and encouraging review of current
evidence on the current position of miRNAs as biomarkers of
acute stroke and our analysis indicate the need for further
research in order to confirm our findings and provide more evidence of the potential clinical utility of miRNAs in the field of
translational stroke research.

Conclusions
We identified candidate miRNAs miR-16, miR-126, and miR335 as promising biomarkers for stroke with diagnostic and
prognostic potential. Considerable variation in pre-analytical
and analytical parameters which potentially contribute to the
lack of overall consensus in miRNA expression profiles identified
in this review highlights the need for internationally accepted
and unified methodologies which would standardise the process
of blood sampling, handling and preparation for miRNA screening, profiling and validation. It is important to acknowledge the
potential contributions of underlying pathologies to miRNA
dysregulation in the setting of AIS, as we have highlighted in
our bioinformatic analyses. Inflammatory response has been
well established as a biomarker of stroke, and miRNA changes
may reflect the underlying aetiology and systemic inflammatory
responses as factors related and consequential to AIS pathogenesis. While considerable advancements have been made in
the development of miRNAs as therapeutic targets in nonstroke pathologies, the heterogeneity of stroke pathogenesis
and associated biochemical cascades requires more robust investigation for the meaningful translation of miRNAs as therapeutic modulators in AIS. While the capacity of miRNAs to target multiple genes in multiple pathways places them in a
unique position for development in AIS, the complexity of stroke
https://doi.org/10.5853/jos.2020.05085

pathophysiology and associated, equally complex, comorbidities
requires greater consideration in the development of candidate
miRNAs as biomarkers and potential therapeutic targets. Consideration for toxicity and off-target downstream effects resulting from the delivery of miRNA mimics and antagomirs highlights the need for robust pre-clinical development for the refinement and successful translation of miRNAs as multi-targeting biomarkers and promising therapeutic targets in AIS.
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Supplementary Table 1. Study quality assessment using Newcastle-Ottawa scale for case-control studies
Selection
Study

Adequate case Representativeness Selection Definition
definition
of cases
of controls of controls

Outcome
Comparability
Ascertainment
Same
method of Non-response
of cohorts
of exposure
ascertainment
rate

Total
score

Leung et al.
(2014)32

*

*

-

-

*

*

-

*

5

Tiedt et al.
(2017)19

*

*

-

-

**

*

-

*

6

Sepramaniam et al.
(2014)20

*

*

-

-

*

*

-

-

4

Long et al.
(2013)27

*

*

-

*

**

*

*

*

8

Huang et al.
(2016)28

*

*

-

*

**

*

-

*

7

Zhao et al.
(2016)30

*

-

-

-

*

*

-

-

3

Li et al.
(2018)22

*

-

-

*

**

*

-

*

6

Ma et al.
(2019)23

*

-

-

*

**

*

-

*

6

Yoo et al.
(2019)24

*

-

-

-

**

*

-

*

5

Wang et al.
(2016)36

*

-

-

-

-

*

-

-

2

Wang et al.
(2014)33

-

*

*

*

*

*

-

*

6

Jickling et al.
(2016)41

*

*

-

*

**

*

-

*

7

Tian et al.
(2016)25

-

*

-

-

**

-

-

*

4

Chen et al.
(2018)37

*

*

*

*

**

*

-

*

8

Jin et al.
(2017)34

*

*

-

*

**

*

-

*

7

Xiang et al.
(2017)21

*

-

-

-

*

*

-

*

4

Jin et al.
(2018)35

*

*

-

*

**

*

-

*

7

Jia et al.
(2015)38

*

*

*

*

**

*

-

*

8

Li et al.
(2015)29

*

-

-

-

*

*

-

*

4

Liu et al.
(2015)26

*

*

-

-

-

*

-

*

3

Wang et al.
(2017)39

*

-

-

*

**

*

-

*

6

Zhou et al.
(2018)40

*

*

*

*

**

*

-

*

8

A maximum of one star is awarded for each numbered item within the selection and outcome categories and a maximum of two stars are awarded for comparability. A final quality score ranges from 0–9. Studies are classified as having high quality if score is 7–9, medium quality if score is 4–6 and low quality if
score is 0–3.
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