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Abstract:

 MicroRNAs have been identified as key regulators of gene expression and thus their potential in disease diagnostics, prognosis and therapy is being actively pursued. Deregulation of microRNAs in cerebral pathogenesis has been reported to a limited extent in both animal models and human. Due to the complexity of the pathology, identifying stroke specific microRNAs has been a challenge. This study shows that microRNA profiles reflect not only the temporal progression of stroke but also the specific etiologies. A panel of 32 microRNAs, which could differentiate stroke etiologies during acute phase was identified and verified using a customized TaqMan Low Density Array (TLDA). Furthermore we also found 5 microRNAs, miR-125b-2*, -27a*, -422a, -488 and -627 to be consistently altered in acute stroke irrespective of age or severity or confounding metabolic complications. Differential expression of these 5 microRNAs was also observed in rat stroke models. Hence, their specificity to the stroke pathology emphasizes the possibility of developing these microRNAs into accurate and useful tools for diagnosis of stroke.
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1. Introduction

Cerebral ischemia or stroke represents one of the leading causes of mortality and serious long-term disability worldwide with a projected increase of 24.9% (from 2010) by 2030 [1]. The complexity of the disease resulting from its multiple underlying risk factors has impeded both diagnosis and potential therapy. In the past few decades, radiological assessments such as computed tomography scans and magnetic resonance imaging have facilitated diagnosis of stroke and contributed to its management. Nevertheless, the diagnostic and prognostic powers are very often limited in stroke management, in comparison to cardiovascular ischemia [2,3]. Protein biomarkers such as C-reactive protein, interleukin-6, matrix metallopeptidase 9, vascular cell adhesion molecule 1 and intercellular adhesion molecule 1 have been suggested as additional diagnostic tools. However their specificity and ability to distinguish between acute stroke and its associated risk factors or even stroke mimics is uncertain [4]. RNA-based studies have suggested promising mRNA based biomarkers since changes in gene expression are reflected in the peripheral blood RNA of stroke patients. Blood mRNA profiles could distinguish transient ischemic attack from control samples [5] and thus serve as genomic biomarkers in ischemic stroke conditions [6] and as signatures for stroke subtypes [7].

Recent reports have demonstrated that a class of small endogenously expressed non-coding RNAs, known as microRNAs (miRNAs) [8,9] could regulate gene transcription and/or translation thus orchestrating mRNA expression [10]. miRNAs bind to their target mRNAs via partial or perfect complementarity resulting in degradation and/or translational repression of the transcript. This regulatory control enforced by miRNAs makes them intriguing candidates, for changes in their expression patterns are detected even before phenotypic projection of disease onset [11]. In renal cell carcinoma, miRNA profiling provided accurate classification of poorly differentiated tumors compared to mRNA profiles and thus enabled superior diagnosis [12]. Furthermore, changes in circulating miRNA patterns have been proposed as unique and reflective of various pathologies including cardiovascular diseases [3] for they mirror the events that occur at the site of injury [13]. Specific miRNA expression has also been shown in both brain tissue and blood following ischemic stroke [14]. Besides, circulating miRNA expression varies significantly in stroke patients as well as for the different stroke subtypes [15]. Thus, circulating miRNAs manifest the potential to be developed into ischemic stroke biomarkers. Though several groups have reported on altered expression of miRNAs during ischemic stroke [14,15], the specificity to acute stroke pathology or exclusion of confounding risk factors have not been established. These are critical factors that need to be addressed in order to identify stroke specific miRNAs with clinical potential. Hence in this study, using a larger cohort and taking into consideration the various confounding risk factors, we report specific miRNAs, with high diagnostic accuracy, that are distinctly and consistently altered in acute stroke patients. The miRNAs identified in this study hold the diagnostic potential for stroke as well as etiology differentiation.



2. Results and Discussion

Clinical characteristics of patients and healthy individuals enlisted in this study are given in Supplementary Table S1. Three independent cohorts of patients were used. Cohort 1, consisting of 68 stroke patients and 24 healthy individuals with a mean age range of 45.5 ± 2.07 and 39.0 ± 8.10 years, respectively was used for the discovery phase of the study. Cohort 2, consisting of 101 stroke patients, were much older (average age of 59.7 ± 1.39 years) and exhibited higher degree of stroke associated risk factors. Though it is known that miRNAs were altered in response to stroke, the implications caused by associated risk factors are often not taken into consideration. To address this limitation, our study included miRNA profiles of individuals, with different age groups and varying degrees of risk factors (Cohort 3). Cohort 3 consists of 94 patients, presenting with metabolic complications (only) without any history of stroke or related disease.


2.1. miRNA Profiles of Stroke Patients Reveal Temporal and Etiology Based Segregation

Three hundred and fourteen (314) miRNAs were detected upon profiling of total RNA isolated from cohort 1 patients’ peripheral blood samples. Further statistical analyses based on Benjamini-Hochberg FDR correction (p value < 0.05) and fold-change cut-offs (≥1.2 or ≤−1.2), resulted in 105 statistically significant miRNAs (Table 1). Quantitative PCR was performed on 10 miRNAs (p < 0.0001) to validate our microarray data (Supplementary Table S2). Among the 105 miRNAs, 58 were downregulated (fold change < −1.2) while 47 were upregulated (fold change >1.2; Table 1). These significantly altered miRNAs, correlated with available data on stroke or brain injury [14–16] and exhibited similar expression patterns between human [15] and rat stroke models [14,16] (Supplementary Table S3). Eighty-four (84) out of the 105 miRNAs were detected at high levels in human brain at various stages of development [17], suggesting functional roles in brain activities.


Table 1. miRNAs significantly expressed in all stroke cases. A total of 105 miRNAs were identified to be significantly (FDR p < 0.05) expressed in all stroke patients. Of these, 47 miRNAs were upregulated while 58 miRNAs were downregulated in all stroke patients.



	
Significantly upregulated miRNAs in all stroke cases




	






	
miRNA

	
p-value

	
Fold Change

	
miRNA

	
p-value

	
Fold Change

	
miRNA

	
p-value

	
Fold Change






	
hsa-let-7e

	
0.000

	
2.228

	
hsa-miR-26b*

	
0.004

	
3.725

	
hsa-miR-602

	
0.000

	
2.546




	
hsa-miR-125b-2*

	
0.007

	
1.795

	
hsa-miR-27a*

	
0.002

	
3.745

	
hsa-miR-611

	
0.002

	
1.815




	
hsa-miR-1261

	
0.003

	
2.145

	
hsa-miR-34b

	
0.003

	
1.534

	
hsa-miR-617

	
0.011

	
1.513




	
hsa-miR-129-5p

	
0.001

	
1.797

	
hsa-miR-370

	
0.002

	
6.215

	
hsa-miR-623

	
0.005

	
2.465




	
hsa-miR-1321

	
0.008

	
1.836

	
hsa-miR-381

	
0.014

	
1.719

	
hsa-miR-627

	
0.003

	
3.992




	
hsa-miR-135b

	
0.000

	
6.512

	
hsa-miR-422a

	
0.002

	
1.755

	
hsa-miR-637

	
0.002

	
1.737




	
hsa-miR-145

	
0.000

	
8.353

	
hsa-miR-483-5p

	
0.000

	
3.482

	
hsa-miR-638

	
0.000

	
2.410




	
hsa-miR-184

	
0.006

	
1.449

	
hsa-miR-488

	
0.006

	
2.124

	
hsa-miR-659

	
0.000

	
2.464




	
hsa-miR-187*

	
0.000

	
2.404

	
hsa-miR-490-3p

	
0.001

	
4.836

	
hsa-miR-668

	
0.003

	
2.541




	
hsa-miR-196a*

	
0.016

	
1.530

	
hsa-miR-494

	
0.000

	
2.916

	
hsa-miR-671-5p

	
0.000

	
2.907




	
hsa-miR-198

	
0.001

	
2.069

	
hsa-miR-498

	
0.000

	
2.479

	
hsa-miR-675

	
0.000

	
4.519




	
hsa-miR-200b*

	
0.000

	
2.573

	
hsa-miR-525-5p

	
0.002

	
1.999

	
hsa-miR-920

	
0.005

	
3.482




	
hsa-miR-210

	
0.000

	
4.923

	
hsa-miR-549

	
0.007

	
1.514

	
hsa-miR-933

	
0.015

	
1.437




	
hsa-miR-214

	
0.005

	
1.666

	
hsa-miR-552

	
0.000

	
4.077

	
hsa-miR-943

	
0.000

	
2.976




	
hsa-miR-220c

	
0.000

	
11.799

	
hsa-miR-553

	
0.000

	
15.392

	
hsa-miR-99a

	
0.000

	
6.401




	
hsa-miR-25*

	
0.000

	
2.145

	
hsa-miR-585

	
0.000

	
7.330

	

	

	









	
Significantly downregulated miRNAs in all stroke cases




	






	
miRNA

	
p-value

	
Fold Change

	
miRNA

	
p-value

	
Fold Change

	
miRNA

	
p-value

	
Fold Change






	
hsa-let-7a

	
0.002

	
−1.622

	
hsa-miR-222

	
0.003

	
−1.569

	
hsa-miR-500

	
0.004

	
−1.626




	
hsa-let-7b*

	
0.001

	
−2.087

	
hsa-miR-23a

	
0.008

	
−1.730

	
hsa-miR-500*

	
0.000

	
−2.309




	
hsa-let-7c

	
0.005

	
−1.663

	
hsa-miR-23b

	
0.003

	
−1.380

	
hsa-miR-501-5p

	
0.000

	
−2.450




	
hsa-let-7d*

	
0.002

	
−3.050

	
hsa-miR-26b

	
0.003

	
−1.563

	
hsa-miR-502-5p

	
0.001

	
−2.112




	
hsa-let-7f

	
0.001

	
−1.790

	
hsa-miR-30b

	
0.003

	
−1.503

	
hsa-miR-502-3p

	
0.000

	
−2.264




	
hsa-let-7g

	
0.007

	
−1.578

	
hsa-miR-30c

	
0.011

	
−1.442

	
hsa-miR-505*

	
0.000

	
−2.356




	
hsa-let-7i

	
0.005

	
−1.703

	
hsa-miR-30e*

	
0.001

	
−2.534

	
hsa-miR-532-5p

	
0.000

	
−1.775




	
hsa-miR-106b*

	
0.009

	
−1.332

	
hsa-miR-320b

	
0.016

	
−2.085

	
hsa-miR-574-5p

	
0.005

	
−1.569




	
hsa-miR-126

	
0.000

	
−2.041

	
hsa-miR-320d

	
0.016

	
−1.766

	
hsa-miR-574-3p

	
0.014

	
−1.528




	
hsa-miR-1299

	
0.008

	
−1.740

	
hsa-miR-324-5p

	
0.000

	
−2.499

	
hsa-miR-576-5p

	
0.000

	
−2.657




	
hsa-miR-130a

	
0.006

	
−1.486

	
hsa-miR-331-3p

	
0.000

	
−1.523

	
hsa-miR-625

	
0.000

	
−2.289




	
hsa-miR-151-5p

	
0.001

	
−1.883

	
hsa-miR-335

	
0.002

	
−2.142

	
hsa-miR-629

	
0.000

	
−1.908




	
hsa-miR-18a*

	
0.000

	
−1.647

	
hsa-miR-340

	
0.007

	
−1.498

	
hsa-miR-652

	
0.001

	
−1.398




	
hsa-miR-182

	
0.000

	
−2.533

	
hsa-miR-342-3p

	
0.000

	
−2.066

	
hsa-miR-7

	
0.000

	
−2.229




	
hsa-miR-183

	
0.000

	
−2.137

	
hsa-miR-342-5p

	
0.000

	
−2.135

	
hsa-miR-886-5p

	
0.006

	
−2.427




	
hsa-miR-186

	
0.002

	
−1.793

	
hsa-miR-361-5p

	
0.000

	
−2.022

	
hsa-miR-92a

	
0.003

	
−1.420




	
hsa-miR-192

	
0.002

	
−2.183

	
hsa-miR-362-5p

	
0.002

	
−1.944

	
hsa-miR-93*

	
0.002

	
−1.632




	
hsa-miR-20a

	
0.003

	
−1.633

	
hsa-miR-363

	
0.000

	
−1.769

	
hsa-miR-96

	
0.005

	
−2.101




	
hsa-miR-208a

	
0.005

	
−2.085

	
hsa-miR-423-3p

	
0.016

	
−1.614

	

	

	




	
hsa-miR-22*

	
0.011

	
−1.441

	
hsa-miR-493*

	
0.011

	
−2.058

	

	

	









Hierarchical clustering analyses showed that the miRNA profiles of healthy controls and stroke patients neatly assembled into two independent clusters (Figure 1A) while principal component analysis showed segregation within stroke patients (Figure 1B). Box-whisker plots showed that the segregation was due to the differences in timeline from the onset of stroke. Closer analysis revealed segregation among patients’ within 6 and 24 months of recovery (Figure 1C) and these clusters were distinct from acute patients (between day 1 to day 7) indicating temporal regulation of miRNAs during the progression of stroke pathogenesis. Nevertheless “recovered” patients clustered closer with the healthy controls suggesting a tendency for the miRNA expression, to return to normalcy.

Figure 1. Cluster plots of miRNA profiles. (A) Hierarchical clustering of miRNA profiles. miRNA profiling data showed that control samples were clustered away from stroke patients. The upregulated miRNAs are shown in red and downregulated miRNAs are shown in green; (B) Principal Component Analysis (PCA) and Box-whisker plots. PCA analysis showed segregation of controls (blue circles) away from stroke (red circles) patients. Box-whisker plots showed that the samples segregated into three absolute categories; healthy controls (purple box-whiskers), acute stroke (green box-whiskers) and “recovered” stroke patients (orange box-whiskers); and (C) PCA plots with time-based segregation. Clustering of stroke samples reflected temporal evolution of miRNAs in stroke patients (purple box-whiskers < 7 days; green box-whiskers < 6 months; blue box-whiskers < 24 months).
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Additionally when the patients were grouped based on the TOAST classification, as large artery (LA), cardioembolic (CE) and small vessel (SV), 57 miRNAs (let-7a, let-7d*, let-7g, let-7i, miR-126, -1261, -1299, -130a, -1321, -135b, -184, -187*, -18a*, -208a, -214, -20a, -22*, -26b, -26b*, -27a*, -30b, -30c, -30e*, -320b, -320d, -324-5p, -331-3p, -340, -342-3p,-361-5p, -363, -370, -381, -422a, -423-3p, -494, -501-5p, -502-3p, -505*, -525-5p, -549, -552, -553, -574-3p, -574-5p, -585, -602, -611, -617, -627, -629, -675, -7, -886-5p, -92a, -93* and -96) were identified to be significantly dysregulated among them. Hierarchical clustering revealed that these 57 miRNAs could accurately distinguish stroke subtypes within six months from stroke onset (Figure 2A). These findings were further validated on randomly selected patients (n = 22) using a customized TaqMan Low Density Array (TLDA). Setting cycle threshold values (CT) of 32 as a cut-off, a final panel of 32 miRNAs (let-7a, let-7d*, let-7g, let-7i, miR-126, -130a, -187*, -18a*, -20a, -22*, -26b, -30b, -30c, -30e*, -320b, -320d, -324-5p, -331-3p, -340, -342-3p, -361-5p, -363, -422a, -423-3p, -501-5p, -502-3p, -505*, -574-3p, -675, -886-5p, -92a and -93*) that could significantly distinguish the stroke etiology was obtained. Hierarchical clustering showed that this panel of miRNAs could neatly segregate the patients according to their stroke subtypes and possibly aid in the classification of stroke etiologies (Figure 2B).

Figure 2. (A) Hierarchical clustering of miRNA profiles. Fifty seven (57) miRNAs were significantly expressed (FDR p value < 0.05) in various stroke etiologies. Hierarchical clustering identified these miRNAs as potential biomarkers of stroke etiology during the acute phase. Stroke subtypes: small vessel (SV), large artery (LA) and cardioembolic (CE). Time point from stroke onset: less than 7 days; less than 6 months; less than 2 years; and (B) validation of miRNA cluster. TLDA validation of the 57 miRNA cluster provided a more stringent panel of 32 miRNAs with CT values of <32. Hierarchical clustering based on the relative expression showed that the 32 miRNAs were able to segregate the patients according to their respective stroke etiology.
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2.2. MicroRNAs as Biomarkers of Acute Stroke

Temporal regulation of the significantly altered 105 miRNAs suggests their importance and relevance in stroke pathology and recovery. Thus we attempted to identify those that were unique to the immediate (acute) clinical status of stroke patients. The patients were segregated into acute and recovery phase. In comparison to healthy controls, 89 and 79 miRNAs were differentially altered in acute stroke and recovered patients respectively. Of these, 63 miRNAs were common between them. Thus the remaining 26 and 16 miRNAs were unique for acute stroke and recovered patients respectively (Figure 3). let-7d*, miR-125b-2*, -1261, -1299, -130a, -1321, -208a, -22*, -23a, -27a*, -320b, -320d, -30c, -340, -422a, -423-3p, -488, -502-5p, -549a, -574-3p, -574-5p, -617, -627, -886-5p, -92a and -93* were unique for acute stroke while let-7a, let-7g, miR-129-5p, -192-5p, -196a*, -26b, -30b, -30e*, -370, -381, -493*, -525-5p, -652, -920, -933 and -96 were unique for “recovered” stroke patients (Figure 3; highlighted in bold). Among these let-7a, let-7g, miR-125b-2*, -130a, -192, -196a*, -23a, -26b, 30b, -30c, -30e*, -320b, -320d, -340, -381, -488, -652 and -92a were also reported to exhibit similar expression patterns between human [15] and rat stroke models [14,16].

Figure 3. Differentially regulated miRNAs in stroke patients. miRNAs significantly altered (FDR p < 0.05) in acute stroke and recovery with respect to healthy controls are shown here. miRNAs unique to acute phase or recovery phase are represented in shaded regions in bold whereas those common to both categories are listed in the clear areas of the diagram.
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Diagnostic accuracy of acute phase specific miRNAs was tested through calculating the area under curve (AUC) of receiver operating characteristic (ROC) curves, and subsequently validated in a second, independent cohort of 101 stroke patients, (Cohort 2). miR-125b-2*, -27a*, -422a, -488 and -627 showed high AUC values of 0.95, 0.89, 0.92, 0.87 and 0.84 in the Cohort 1 and 0.85, 0.86, 0.86, 0.86, and 0.76 in the Cohort 2 patients, respectively (Table 2). All five miRNAs were found to be upregulated. ROC analysis of miR-125b-2*, -27a*, -422a, -488 and -627 in the Cohort 3 patients exhibiting stroke associated risk factors only, showed poor AUC values suggesting that the selected miRNAs were indeed exclusively indicative of the onset of cerebral ischemia (Table 2). As confounding factors often serve as risk factors associated with stroke, individuals presenting with risk factors comprising of hyperlipidaemia, hypertension or diabetes (cohort 3), were included in our study. Analysis of miRNA profiles of these subjects provided a better reflection of the real pathophysiology of stroke. Incidentally, miR-145 and miR-210 had been previously reported to be potential biomarkers for stroke diagnosis [18,19]. We observed that circulating miR-145 and miR-210 were indeed significantly increased in stroke patients with strong AUC values of 0.90 and 1.0 respectively. Nevertheless the altered expression of miR-145 and miR-210 was not unique for the acute phase as we found them to be increased in recovery phase (Figure 3). miR-210 has also been proposed as a biomarker for a variety of conditions such as pancreatic and renal cell cancer as well as congestive heart failure highlighting its non-specificity and inapplicability, particularly in clinical diagnosis of stroke [20–22].


Table 2. Receiver operating characteristic (ROC) curve analysis. Values for area under the ROC curve (AUC) for selected miRNAs with biomarker potential as well as their 95% confidence intervals (CI) are listed.



	
miRNAs

	
Cohort 1

	
Cohort 2

	
Cohort 3




	
Stroke patients

	
Stroke patients

	
Metabolic syndrome patients




	






	

	
AUC

	
95% CI

	
AUC

	
95% CI

	
AUC

	
95% CI






	
miR-125-2*

	
0.95 ± 0.04

	
0.89–1.02

	
0.85 ± 0.05

	
0.77–0.93

	
0.67 ± 0.19

	
0.36–0.98




	
miR-27a*

	
0.89 ± 0.07

	
0.77–1.01

	
0.88 ± 0.05

	
0.81–0.96

	
0.67 ± 0.16

	
0.40–0.93




	
miR-422a

	
0.92 ± 0.06

	
0.82–1.02

	
0.86 ± 0.07

	
0.75–0.97

	
0.30 ± 0.17

	
0.02–0.58




	
miR-488

	
0.87 ± 0.08

	
0.75–1.00

	
0.86 ± 0.06

	
0.72–0.92

	
0.56 ± 0.21

	
0.20–0.91




	
miR-627

	
0.84 ± 0.08

	
0.70–0.98

	
0.76 ± 0.06

	
0.66–0.87

	
0.41 ± 0.25

	
0.01–0.82




	
miR-920

	
0.81 ± 0.05

	
0.68–0.94

	
1.00 ± 0.00

	
1.00–1.00

	
0.33 ± 0.16

	
0.07–0.60









A few reports have highlighted the functional relevance of these five miRNAs with respect to brain physiology or pathology. miR-27a* is a direct target of cyclin-dependent kinase 5 (CDK5), which is predominantly expressed in the central nervous system [23]. CDK5 protein is upregulated in acute ischemia in various stroke models including post-mortem human brains [24] and plays crucial roles in neuronal survival and death. Thus upregulation of miR-27a* expression upon acute ischemia could be a defense mechanism by the cells to control the translation of CDK5 molecules. Independently, we also observed that progressive upregulation of miR-27a* correlates to neurogenesis in primary cultures of cortical neurons, thus implicating a major role for miR-27a* in neuronal regulation. Overexpression of miR-488 dysregulated corticotropin releasing hormone signalling, which is a crucial pathway activated in response to stress [25]. miR-488, suppresses the expression of panic disorder gene pro-opiomelanocortin.

Analysis of the expression profiles of miR-125b-2*, -27a*, -422a, -488 and -627, from stroke onset till recovery of two years showed that their highest expression occurred within the acute phase (one to seven days) of stroke in humans (Figure 4). To establish that their changes in expression were a consequence of the onset of stroke, an in vivo study using rat models was carried out. Rats subjected to Middle Cerebral Artery occlusion (MCAo) were sacrificed over a period of 0 h to 3 days. Changes in the miRNA expression in blood and brain were determined. In the brain samples, the highest expression for all the 5 miRNAs was observed within the acute phase (0 to 24 h). miR-125b-2* and miR-488 peaked at 6 h from the onset of stroke, to 1.56 ± 0.28 and 1.36 ± 0.24 fold, respectively in ischemic rat brain whereas miR-27a*, -422a and -627 peaked at 24 h from the onset of stroke, to 5.37 ± 0.46, 1.52 ± 0.28 and 8.53 ± 1.23 fold, respectively (Figure 4). The corresponding expression of these miRNAs was also at maximum levels in the rat blood, during the acute phase. miR-125b-2* blood profile showed similar expression to that of the ischemic brain, albeit with greater fold change differences. Incidentally, miR-125b-2* was shown to be conserved in the brain throughout the chimpanzee, macaque and human species, implicating its crucial functional roles in mammalian brain development [26]. In fact we also observed miR-125b-2* to have the strongest biomarker potential based on AUC values (Table 2). Except for miR-125b-2*, the remaining miRNAs exhibited an opposing profile in the brain and blood at their corresponding time points. Similar phenomenon was also observed in patients diagnosed with atherosclerotic abdominal aortic aneurysm [27]. Expression of miR-29b, -124a, -155 and -223, that were significantly increased in the atherosclerotic abdominal tissue was reduced in circulation. Similarly, miR-92a levels were found increased in acute myeloid and lymphoblastic leukemia cells, and decreased in circulation [28], suggesting complex regulatory processes occurring via the circulatory system.

Figure 4. Relative miRNA expression in stroke patients and ischemic rodent models. The expression patterns of miR-125b-2*, -27a*, -422a, -488 and -627 were determined in the blood of stroke patients (n = 45) as well as ischemic brain and blood of rats subjected to MCA occlusion (n = 6). Changes in relative expression for the respective samples were determined with respect to normal healthy individuals and control rats. (black represents blood miRNA profiles; grey represents ischemic brain miRNA profiles).
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Although the focus of the study was to identify specific miRNAs involved in acute stroke, we observed miR-920, a human specific miRNA, to be differentially expressed in “recovered” stroke patients. Its expression remained higher than control from the onset of stroke until day 2 and then decreased to 0.26 ± 0.752 by day 7. However, a more significant increase in miR-920 expression was observed during the recovery phase and its expression remained elevated up to 2 years after onset of stroke (vs. controls; Supplementary Table S4). miR-920, a target of beta-transducin repeat-containing protein (β-TrCP) [29] was also predicted to regulate brain-specific angiogenesis inhibitor 1 (BAI1). Though miR-920 has not been found in normal developing human brain [17], it may function similarly to miR-126 in atherosclerosis [30]. Zernecke et al. [30] showed that miR-126 targeted vascular smooth muscle cells in atherosclerotic rat models. This miRNA was in fact released from endothelial cells and circulated via apoptotic bodies to mediate its athero-protective effects on the vascular smooth muscle cells, by reducing the plaque size. Hence the possibility of human specific miR-920 being regulated in a similar manner, to cause a beneficial effect in stroke recovery needs to be further explored.

Such studies highlight the importance of miRNAs in circulation and further affirm that miRNAs found in circulation are not entirely a consequence of necrotic or apoptoic cells spilling their contents.




3. Experimental Section


3.1. Patient Enrolment (Standard Protocol Approvals, Registrations, and Patient Consents)

287 individuals (24 healthy individuals, 169 stroke patients and 94 individuals presented with metabolic syndrome) were enrolled from Khoo Teck Puat Hospital Singapore, Singapore General Hospital and University Malaya Medical Centre (UMMC), Malaysia. The study was carried out in accordance with the Declaration of Helsinki (2008) of the World Medical Association and was approved by the Medical Ethics Committee of UMMC (Ref. No: 607.20), National University of Singapore Institutional Review Board (NUS-IRB Ref. Code: 08-381, Approval: NUS-676), Ministry of Health, Singapore (MH95:03/1–11) and the Institutional Review Board (IRB) of the National University Health System and Singapore General Hospital, SingHealth (CIRB Ref. No: 2011/216/A). Ischemic stroke was confirmed through either MRI or CT imaging of the brain, and the risk factors (if any) were characterized based on the ancillary blood and routine tests [15]. Characterization of the stroke subtypes were made based on World Health Organization clinical criteria and according to Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification. These patients were separated into two cohorts based on recruitment time. Cohort 1 (n = 68) was used for the discovery phase of the study whereas cohort 2 (n = 101) was used for the validation phase. Prior to blood sampling, each volunteer, gave a written informed consent. Blood was collected at the following time points following the onset of stroke: within 24 h (Day 1), within 48 h (Day 2) and within the 7 days (Day 7). Patients from outpatient clinics, in recovery phases (from 2 months to 2 years from stroke onset) were also included in this study. Cohort 3 (n = 98) consisting of patients exhibiting stroke-associated risk factors only, were also recruited for the study.



3.2. Middle Cerebral Artery Occlusion (MCAo)

Male Wistar rats (280–320 g) obtained from the Laboratory Animal Centre (National University of Singapore, Singapore) were maintained on an ad libitum intake of standard laboratory chow and drinking water. All animals were handled according to the Council for International Organisation of Medical Sciences on Animal Experimentation (World Health Organisation, Geneva, Switzerland) and the National University of Singapore (IACUC/NUS) guidelines for laboratory animals. A minimum number of animals (n = 6) were used for each category. The animals were anesthetized using 7% chlorohydrate and MCAo was induced via injection of an embolus into the middle cerebral artery [31]. Ipsilateral cerebral blood flow was measured by Laser Doppler Flowmetry (OxyFlo, Oxford-Optronix, Oxford, UK). Animals were sacrificed at 0, 3, 6, 12, 24, 48 and 72 h following MCAo and the brain samples collected were sectioned into 2-mm-thick coronal slices using an AltoSA-2160 brain-sectioning matrix (Roboz, Gaithersburg, MD, USA). The samples were stored in −80 °C until RNA processing.



3.3. Total RNA Isolation

Peripheral blood samples from patients and rat stroke models were collected in RNALater (Ambion, Austin, TX, USA) and stored at −80 °C until processing. Total RNA was isolated using the Ribopure™ Blood RNA isolation Kit (Ambion, Austin, TX, USA) according to manufacturer’s protocol. Total RNA from rat brain samples was extracted by a single-step method using Trizol according to the manufacturers’ protocol (Invitrogen, Carlsbad, CA, USA). RNA concentration was determined using ND-1000 Spectrophotometer (Nanodrop™, Wilmington, DE, USA). The integrity of RNA samples was verified using denaturing gel electrophoresis (15% polyacrylamide gel) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples displaying RNA integrity number (RIN) of >7.5 were subsequently selected for microarray and quantitative PCR analysis.



3.4. miRNA Microarray and Statistical Analysis

miRNA profiling was performed on individual as well as pooled samples using LNA™-modified oligonucleotide (Exiqon, Vedbaek, Denmark) probes (Sanger miRBase release 12 and release 16). Peripheral blood RNA (1 μg) was 3′-end-labeled with Hy3 dye and hybridized on miRCURY LNA™ Arrays according to the manufacturer’s protocol (Exiqon, Vedbaek, Denmark). The first stage of analysis was performed using Partek® 6.6 Genomics Suite software (Partek Inc., St. Louis, MO, USA). Briefly, background-subtracted median signal intensity of 100 was selected as a threshold value for inclusion of significantly detected miRNAs. Global sample variability was assessed by principal components analysis (PCA). First stage of normalization was carried out against a group of endogenous controls and the spike-in controls for each chip to avoid technical and experimental variations among the healthy and stroke samples. The normalized signal intensity value was log 2 transformed and differentially regulated (stroke versus healthy controls) miRNAs were selected. List of miRNAs with an absolute fold change ≥1.2 and ≤−1.2 and p value < 0.05 after the Benjamini-Hochberg false discovery rate (FDR) correction following multiple comparisons were considered significant. All statistical analyses were performed using the statistical tools provided by Partek® 6.6 Genomics Suite software (Partek Inc., St. Louis, MO, USA). Receiver operating characteristic (ROC) curve values were generated using the online PSPP software (Free Software Foundation, Boston, MA, USA). Log 2 transformed normalized signal intensity ratios were used for the analysis.



3.5. Quantitative PCR

Validation of miRNAs was carried out using TaqMan quantitative Real-Time PCR. Briefly, 10 ng of total RNA was reverse transcribed (in 15 μL) using specific stem-loop primers. For the PCR reaction, 1.33 μL (~0.891 ng) of RT-product was used. PCR was carried out using the Applied Biosystems 7900 high throughput sequence detection system (Applied Biosystems, Foster City, CA, USA). Both RT- and PCR-reactions were performed in triplicate, in three separate experiments. RNU44 was used as the housekeeping gene. For validation of the specific miRNA cluster (57 miRNAs), a customized low-density array (LDA) panel was used and the reaction performed according to the manufacturer’s protocols (Applied Biosystems, Foster City, CA, USA). Analysis of the LDA data was carried out using the DataAssist software provided by manufacturer (Applied Biosystems, Foster City, CA, USA). Global normalization of the LDA data was performed and the p values were adjusted according to the Benjamini-Hochberg FDR method.




4. Conclusions

Blood based miRNAs could provide an additional tool for an accurate analysis to assess diagnosis of stroke patients. Based on patient blood miRNA profiles, our study identified a panel of 32 miRNAs that could accurately distinguish stroke subtypes. We also found miR-125b-2*, -27a*, -422a, -488 and -627 to be consistently altered during acute stroke. Furthermore, using rat stroke models we provide evidence that changes in expression of these miRNAs in the brain in response to MCAo is reflected in their corresponding blood. This further confirms that the upregulation of expression observed for miR-125b-2*, -27a*, -422a, -488 and -627 is indeed a consequence of acute cerebral ischemia. Thus, we propose that miR-125b-2*, -27a*, -422a, -488 and -627 could reflect the onset of ischemic stroke and prove to be of diagnostic value.



Supplementary Information

ijms-15-01418-s001.pdf





Acknowledgments

The study was funded by National Medical Research Council (NMRC) Singapore under the grants NMRC/EDG/0037/2008 (R-183-000-230-275); NMRC/EDG/0034/2008; NMRC/IRG/1279/2010 (R-183-000-290-213); and University of Malaya High Impact Grant (HIR00067).



Conflicts of Interest

All authors declare no conflict of interests.




	Author ContributionsKJ, SS, DSK, KYL and AA perceived the concept, designed the experiments and wrote the manuscript. All experiments were carried out in KJ’s laboratory. AA performed the microarray. All other experiments including qPCR were carried out by SS, KYL, JRT, PK and FJL. DSK performed the statistical analysis and interpretation of data in relation to metabolic syndrome. JRT, KYL and FJL created the animal models for the study. Blood RNA extraction was carried out by FLY, JRT, DSK and AA. All bioinformatics analyses were performed by AA, SS, DSK and KYL under the guidance of KJ. Patient recruitment and collection of blood samples were carried out by KST, CWW, DAD, FPW and ST.





References


	1. 
Roger, V.L.; Go, A.S.; Lloyd-Jones, D.M.; Benjamin, E.J.; Berry, J.D.; Borden, W.B.; Bravata, D.M.; Dai, S.; Ford, E.S.; Fox, C.S.; et al. American Heart Association Statistics Committee and Stroke Statistics Subcommittee. Heart disease and stroke statistics—2012 update: A report from the American Heart Association. Circulation 2012, 125, 188–197. [Google Scholar]

	2. 
Cucchiara, B.; Nyquist, P. Blood markers in TIA: Array of hope? Neurology 2011, 77, 1716–1717. [Google Scholar]

	3. 
Xu, J.; Zhao, J.; Evan, G.; Xiao, C.; Cheng, Y.; Xiao, J. Circulating microRNAs: Novel biomarkers for cardiovascular diseases. J. Mol. Med. Berl 2011, 90, 865–875. [Google Scholar]

	4. 
Jickling, G.C.; Sharp, F.R. Blood biomarkers of ischemic stroke. Neurotherapeutics 2011, 8, 349–360. [Google Scholar]

	5. 
Zhan, X.; Jickling, G.C.; Tian, Y.; Stamova, B.; Xu, H.; Ander, B.P.; Turner, R.J.; Mesias, M.; Verro, P.; Bushnell, C.; et al. Transient ischemic attacks characterized by RNA profiles in blood. Neurology 2011, 77, 1718–1724. [Google Scholar]

	6. 
Sharp, F.R.; Jickling, G.C.; Stamova, B.; Tian, Y.; Zhan, X.; Ander, B.P.; Cox, C.; Kuczynski, B.; Liu, D. RNA expression profiles from blood for the diagnosis of stroke and its causes. J. Child Neurol 2011, 26, 1131–1136. [Google Scholar]

	7. 
Jickling, G.C.; Xu, H.; Stamova, B.; Ander, B.P.; Zhan, X.; Tian, Y.; Liu, D.; Turner, R.J.; Mesias, M.; Verro, P.; et al. Signatures of cardioembolic and large-vessel ischemic stroke. Ann. Neurol 2010, 68, 681–692. [Google Scholar]

	8. 
Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell 1993, 75, 843–854. [Google Scholar]

	9. 
Wightman, B.; Ha, I.; Ruvkin, G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 1993, 75, 855–862. [Google Scholar]

	10. 
Lagos-Quintana, M.; Rauhut, R.; Lendeckel, W.; Tuschl, T. Identification of novel genes coding for small expressed RNAs. Science 2001, 294, 853–858. [Google Scholar]

	11. 
Zampetaki, A.; Kiechl, S.; Drozdov, I.; Willeit, P.; Mayr, U.; Prokopi, M.; Mayr, A.; Weger, S.; Oberhollenzer, F.; Bonora, E.; et al. MicroRNA profiling reveals loss of endothelial miR-126 and other microRNAs in type 2 diabetes. Circ. Res 2010, 107, 810–817. [Google Scholar]

	12. 
Hauser, S.; Wulfken, L.M.; Holdenrieder, S.; Moritz, R.; Ohlmann, C.H.; Jung, V.; Becker, F.; Herrmann, E.; Walgenbach-Brünagel, G.; von Ruecker, A.; et al. Analysis of serum microRNAs (miR-26a-2*, miR-191, miR-337-3p and miR-378) as potential biomarkers in renal cell carcinoma. Cancer Epidemiol 2012, 36, 391–394. [Google Scholar]

	13. 
Gidlöf, O.; Andersson, P.; van der Pals, J.; Götberg, M.; Erlinge, D. Cardiospecific microRNA plasma levels correlate with troponin and cardiac function in patients with ST elevation myocardial infarction, are selectively dependent on renal elimination, and can be detected in urine samples. Cardiology 2011, 118, 217–226. [Google Scholar]

	14. 
Jeyaseelan, K.; Lim, K.Y.; Armugam, A. MicroRNA expression in the blood and brain of rats subjected to transient focal ischemia by middle cerebral artery occlusion. Stroke 2008, 39, 959–966. [Google Scholar]

	15. 
Tan, K.S.; Armugam, A.; Sepramaniam, S.; Lim, K.Y.; Setyowati, K.D.; Wang, C.W.; Jeyaseelan, K. Expression profile of microRNAs in young stroke patients. PLoS One 2009, 4, e7689. [Google Scholar]

	16. 
Dharap, A.; Bowen, K.; Place, R.; Li, L.C.; Vemuganti, R. Transient focal ischemia induces extensive temporal changes in rat cerebral microRNAome. J. Cereb. Blood Flow Metab 2009, 29, 675–687. [Google Scholar]

	17. 
Ziats, M.N.; Rennert, O.M. Identification of differentially expressed microRNAs across the developing human brain. Mol. Psychiatry 2013. [Google Scholar] [CrossRef]

	18. 
Zeng, L.; Liu, J.; Wang, Y.; Wang, L.; Weng, S.; Tang, Y.; Zheng, C.; Cheng, Q.; Chen, S.; Yang, G.Y. MicroRNA-210 as a novel blood biomarker in acute cerebral ischemia. Front. Biosci. Elite Ed 2011, 3, 1265–1272. [Google Scholar]

	19. 
Gan, C.S.; Wang, C.W.; Tan, K.S. Circulatory microRNA-145 expression is increased in cerebral ischemia. Genet. Mol. Res 2012, 11, 147–152. [Google Scholar]

	20. 
Ho, A.S.; Huang, X.; Cao, H.; Christman-Skieller, C.; Bennewith, K.; Le, Q.T.; Koong, A.C. Circulating miR-210 as a novel hypoxia marker in pancreatic cancer. Transl. Oncol 2010, 3, 109–113. [Google Scholar]

	21. 
Zhao, A.; Li, G.; Péoc’h, M.; Genin, C.; Gigante, M. Serum miR-210 as a novel biomarker for molecular diagnosis of clear cell renal cell carcinoma. Exp. Mol. Pathol 2013, 94, 115–120. [Google Scholar]

	22. 
Endo, K.; Naito, Y.; Ji, X.; Nakanishi, M.; Noguchi, T.; Goto, Y.; Nonogi, H.; Ma, X.; Weng, H.; Hirokawa, G.; et al. MicroRNA 210 as a biomarker for congestive heart failure. Biol. Pharm. Bull 2013, 36, 48–54. [Google Scholar]

	23. 
Ballabio, E.; Armesto, M.; Breeze, C.E.; Manterola, L.; Arestin, M.; Tramonti, D.; Hatton, C.S.; Lawrie, C.H. Bortezomib action in multiple myeloma: MicroRNA-mediated synergy (and miR-27a/CDK5 driven sensitivity)? Blood Cancer J 2012, 24, e83. [Google Scholar]

	24. 
Mitsios, N.; Pennucci, R.; Krupinski, J.; Sanfeliu, C.; Gaffney, J.; Kumar, P.; Kumar, S.; Juan-Babot, O.; Slevin, M. Expression of cyclin-dependent kinase 5 mRNA and protein in the human brain following acute ischemic stroke. Brain Pathol 2007, 17, 11–23. [Google Scholar]

	25. 
Muiños-Gimeno, M.; Espinosa-Parrilla, Y.; Guidi, M.; Kagerbauer, B.; Sipilä, T.; Maron, E.; Pettai, K.; Kananen, L.; Navinés, R.; Martín-Santos, R.; et al. Human microRNAs miR-22, miR-138-2, miR-148a, and miR-488 are associated with panic disorder and regulate several anxiety candidate genes and related pathways. Biol. Psychiatry 2011, 69, 526–533. [Google Scholar]

	26. 
Hu, H.Y.; Guo, S.; Xi, J.; Yan, Z.; Fu, N.; Zhang, X.; Menzel, C.; Liang, H.; Yang, H.; Zhao, M.; et al. MicroRNA expression and regulation in human, chimpanzee, and macaque brains. PLoS Genet 2011, 7, e1002327. [Google Scholar]

	27. 
Kin, K.; Miyagawa, S.; Fukushima, S.; Shirakawa, Y.; Torikai, K.; Shimamura, K.; Daimon, T.; Kawahara, Y.; Kuratani, T.; Sawa, Y. Tissue-and plasma-specific microRNA signatures for atherosclerotic abdominal aortic aneurysm. J. Am. Heart. Assoc 2012, 1, e000745. [Google Scholar]

	28. 
Tanaka, M.; Oikawa, K.; Takanashi, M.; Kudo, M.; Ohyashiki, J.; Ohyashiki, K.; Kuroda, M. Down-regulation of miR-92 in human plasma is a novel marker for acute leukemia patients. PLoS One 2009, 4, e5532. [Google Scholar]

	29. 
Chen, S.; He, Y.; Ding, J.; Jiang, Y.; Jia, S.; Xia, W.; Zhao, J.; Lu, M.; Gu, Z.; Gao, Y. An insertion/deletion polymorphism in the 3’ untranslated region of beta-transducin repeat-containing protein (β-TrCP) is associated with susceptibility for hepatocellular carcinoma in Chinese. Biochem. Biophys. Res. Commun 2010, 391, 552–556. [Google Scholar]

	30. 
Zernecke, A.; Bidzhekov, K.; Noels, H.; Shagdarsuren, E.; Gan, L.; Denecke, B.; Hristov, M.; Köppel, T.; Jahantigh, M.N.; Lutgens, E.; et al. Delivery of microRNA-126 by apoptotic bodies induces CXCL12-dependent vascular protection. Sci. Signal 2009, 2, ra81. [Google Scholar]

	31. 
Zhang, R.L.; Chopp, M.; Zhang, Z.G.; Jiang, Q.; Ewing, J.R. A rat model of focal embolic cerebral ischemia. Brain Res 1997, 766, 83–92. [Google Scholar]



















© 2014 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png





nav.xhtml


  ijms-15-01418


  
    		
      ijms-15-01418
    


  




  





media/file3.png
¢ > Y A
g

£ 3 R 2
< o RS ] o 2
b3 > o ]
H & ° re g
4 [ 2
© ° ° & s

“ MmN oo moemNONW ®m M = O m N o ONgQUWOwNON

~T-AST-YIW \eLzuw ezzp-yw 88y Lzoum

Recovery

Acute
Day1 Day2
Hun

o m N =
a8p-uIw 2w






media/file0.png
PC#218.6%

Hierarchical Clustering

type [ control [ stroke

-5.00 0.00

PCAMapping 699%) PCAMapping 71.7%)






media/file1.png
Hisrarchical Clustring

(B)





media/file2.png
-125b-2%, -1261,
-1321 -27a%, 422:,-488,
-549,-617, -62

let-Te, -135b,
-145, -184, -187*, -198,
*, -210, -214, -220c,

*
490-3p, 494 498, SSL -553, -585,
602, -611,-623,-637, -638, 639, -668,
-671-5p, -675

let-7a, let-Tg,
miR-192, -26b,
-30b, -30e*,

-126, -151-5p, -182, -183,
-186, -18a*, -20a, -222, -23b, -324-5p,
-331-3p, -335. -342-3p, -342-5p, -361-5p,
-500%, -501-5p, -502-3p, -505*,
-532-5p, -576-5p, -625. 7

let-7d%,

miR-1299, -130a, -208a,

-22%,-23a, -320b, -320d, -30c, -340, -423-3p, -502-5p,
-574.5p, -886-5p, -92a, -93*






