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SUMMARY

Background and Purpose: MicroRNAs have recently been shown to regulate the down-
stream bioprocesses of intracerebral hemorrhage. The aim of this study was to investigate
whether miRNAs can be used as biomarkers to predict secondary hematoma enlargement
(HE) in patients with ICH. Methods: Consecutively, 79 ICH patients admitted within 6 h of
symptom onset and 30 healthy individuals were enrolled in this study. Whole-genome
miRNA expression profiles were generated in 32 patients (HE/non-HE: 14/18). Representa-
tive differentially expressed miRNAs were measured in all cases (HE/non-HE: 30/49) and
normal controls (n = 30) by real-time PCR. Results: Thirty miRNAs showed differential
expressions in the plasma samples from patients with HE as compared with the non-HE
controls. Compared to the hierarchical cluster analysis with all probes on microarray, all
patients were separated into two main branches with only four exceptions by 30 differen-
tially expressed miRNAs, improving the overall accuracy from 47.62 to 77.78% in the HE
and 72.73 to 100% in the non-HE group. Further support vector machine (SVM) test can
discriminate the two groups with 100% accuracy with 10 differentially expressed miRNAs.
Conclusions: We demonstrated that multiple miRNAs are differentially expressed in the
plasma of ICH patients with or without HE and may serve as circulating biomarkers for
predicting HE after ICH.

The first two authors contributed equally to
this work.

Introduction

Intracerebral hemorrhage (ICH) is a subtype of stroke, which
accounts for 20 to 30% of all strokes, leads to catastrophic disabil-
ity, and has a 6-month mortality rate of more than 50% [1]. How-
ever, compared with studies on ischemic stroke, studies on
characterizing ICH and its subsequent effects are limited. After an
acute ICH occurred, a series of pathophysiological processes would
take place, including apoptosis and necrosis, breakdown of the
blood-brain barrier, edema formation, inflammation, and extra-
cellular matrix remodeling [2]. Overall, one of the most devastat-
ing developments after ICH is hematoma enlargement (HE),
which is an independent determinant of both mortality and
functional outcome after ICH [3-5]. Intense researches are being
carried out to find the markers aiding the HE prediction in ICH
patients.

MicroRNAs (miRNAs) are important posttranscriptional regula-
tors of gene expression, which have been proven to be implicated
in the pathogenesis of various neurological and vascular diseases
[6]. For example, Tan’s team demonstrated that miRNAs were
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temporally regulated during progression and reperfusion of cere-
bral ischemia and that the miRNAs in total blood could be used as
diagnostic markers [7]. As a cluster of real-time regulating effec-
tors at the onset of ICH, miRNAs expression patterns change dra-
matically and start to function. Identifying specific miRNA
signatures in HE may aid the diagnosis and risk stratification. It
may also reveal previously unrecognized molecular targets for
innovative therapies.

Most modern day clinical studies have relied on tissue-based
measurements of miRNAs abundances, but miRNAs are also
released into the bloodstream and can be measured in human
blood [8]. Peripheral blood miRNAs, including miRNAs expressed
by peripheral blood mononuclear cells (PBMCs) as well as
extracellular/circulating miRNAs present in serum and plasma,
may potentially provide for easy and rapid testing in clinical
populations, assisting in diagnosis, or guiding therapy [9].

In this study, we hypothesized that circulating miRNAs play
important roles in regulating bioprocesses related to the down-
stream effects of ICH; therefore, differentially expressed miRNAs
might have a predictive value for the increased risk of HE after
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ICH. To test our hypothesis and identify new markers for deter-
mining anti-HE therapeutic strategies, we conducted a genome-
wide screening of the miRNAs from blood samples of ICH
patients with or without HE. A specific miRNA signature was
established in the peripheral plasma, which was used to predict
the secondary hematoma growth after ICH and reveal its
underlying mechanism.

Materials and Methods
Ethics Statement

This study was approved by the Medical Ethics Committee of Beij-
ing Tiantan Hospital, an affiliated teaching hospital of the Capital
Medical University. Written informed consents were obtained
from patients or their relatives.

Study Design

This retrospective case-controlled research was based on a
prospective cohort study. A complete description of patient
selection and data collection has been published previously
[10]. In brief, consecutive primary ICH patients admitted within
6 h of symptom onset were included. All patients underwent
noncontrast CT (NCCT) and multidetector CT angiography
(MDCTA) on admission and a follow-up NCCT at 24 h. Thirty
healthy individuals registered for health check-up were enrolled
as the normal control. We examined the patterns of miRNA
expression in plasma obtained from 79 ICH patients and normal
controls in the following groups: (1) HE group (n = 30): within
24 h after hospitalization, hematoma volume growth >33% or
>12.5 mL; (2) non-HE group (n = 49): matched cases without
hematoma growth; and (3) normal control group (n = 30):
healthy individuals.

The collected demographic and clinical variables included
gender, age, tobacco use, history of hypertension, diabetes, hyper-
lipidemia, admission blood pressures, and medications (antihyper-
tensive and antiplatelet and anticoagulation agents). Laboratory
tests on admission included white blood cell count and platelet
count.

Blood Collection and Extraction of miRNAs from
Blood Sample

Six milliliters of fasting venous EDTA-blood samples was drawn
from patients’ right after the admission. The blood samples were
centrifuged at 2,000 g for 5 min, and the plasma was aliquoted
into 1.5-mL tubes, followed by a 15-min, high-speed centrifuga-
tion at 13,800 g to completely remove cell debris, leaving only cir-
culating RNA. Total RNA, which included miRNA, in 320 uL of
plasma was isolated, and the small RNA fractions (<200 nt) were
enriched using the mirVanaTM PARISTM RNA isolation kit fol-
lowing the manufacturer’s instructions (Ambion, Austin, TX,
USA). The concentration of small RNAs was determined by a
NanoDrop ND-1000 Spectrophotometer (Thermo Scientific,
Rockland, DE, USA). The quality of RNAs was determined by Agi-
lent BioAnalyzer 2100 (Agilent Technologies, Inc., Santa Clara,
CA, USA) and then stored at —80°C until use.
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MIRNA Expression Profiling from Circulating
Blood Plasma Samples

Expression profiling was performed with personnel blinded to
patient characteristics. Thirty-two samples (n = 14, n = 18) were
analyzed by the Human miRNA Microarray (V3)—Rel 12.0 Kit,
8x15K (Agilent Technologies, Inc., Santa Clara, CA, USA)
according to the manufacturer’s instructions. Each array con-
tained eight replicates of 866 miRNAs and 89 human viral miR-
NAs as annotated in the Sanger miRBase 12.0. A total of 100 ng
RNA was dephosphorylated and denaturalized in advance. Then,
the samples were labeled with pCp-Cy3 and hybridized for 20 h at
42°C. Microarrays were stringently washed and scanned on an
Agilent microarray scanner (model G2565A; Agilent Technologies
Inc., Santa Clara, CA, USA) at a sensitivity setting of 100 and 5%.

Bioinformatics Analysis

Agilent Feature Extraction (FE) software version 9.5.3 was used
for image analysis. The background subtraction and quantile nor-
malization were applied across different arrays, and eight replicate
intensity values of each miRNA were summarized by their median
value. We removed those miRNAs having absent expression in
over half the samples, which meant the miRNAs had no expres-
sion in over 7 cases of the HE group, in the mean time, that had
no expression in over 9 cases of the non-HE group. As a result,
our final data set contained expression levels of 667 miRNAs. By
using t-test or GlIm method and setting the P-value <0.05 as a cut-
off threshold, the differentially expressed miRNAs between the
two groups were screened out. The hierarchical clustering and
principal component analysis (PCA) were carried out for both the
samples and the differentially expressed miRNAs using the TM4
software [11]. Support vector machine (SVM) program was
applied to construct a model to detect hematoma growth after
ICH. Putative messenger RNA targets of differentially expressed
miRNAs were predicted by software microCosm, TargetScan, and
PicTar. Only those targets simultaneously predicted by at least two
algorithms were considered reliable. To better understand the
function of the miRNA targets, we used Gene Set Enrichment
Analysis (GSEA) to categorize targets by Gene Ontology (GO).

Quantitative Real-time PCR

To verify the accuracy of the microarray-based miRNA
measurements, expression levels of hsa-miR-451, hsa-miR-16,
hsa-miR-29¢, and hsa-miR-122 were assessed by using quantita-
tive real-time PCR (QRT-PCR) according to the manufacturer’s
instructions (Takara, Japan; Exiqon, Vedbaek, Denmark). The
gene-specific primers of the target miRNAs were customized by
Takara, Japan, and Exiqon, Denmark. The QRT-PCR assay was
ran in triplicates for each sample to assess the technical variability.
The small RNA solution was pretreated by TURBO DNA-free™
Kit to remove contaminated DNA from RNA preparations. A liter-
ature search showed that expression of hsa-miR-451 and hsa-
miR-16 is most commonly detected at high levels in the plasma or
serum of normal individuals [12]. Relative quantities of miRNA
were calculated by using the comparative 2424Ct method after
normalization to the hsa-miR-451, because its amplification
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efficiency approximates most other miRNAs that have been
tested. The fold change was calculated by 27**",

Statistical Analysis

Demographic and clinical characteristics were compared among
the three groups, patients with HE, without HE, and normal con-
trols, using the chi-square test for categorical variables and
ANOVA test or Kruskal-Wallis test for continuous variables,
respectively. The associations between hsa-miR-29¢, hsa-
miR-122, has-miR-16, and HE were analyzed by multivariate
regression analysis with general line model, adjusting for potential
confounders such as age, gender, and history of hypertension or
SBP and DBP at admission. All data analyses were performed
using SAS 9.1.3 (SAS Institute, Inc., Cary, NC, USA). For all tests,
P < 0.05 was considered statistically significant.

Results

Demographic and Clinical Characterization
of Study Population

The collected demographic and clinical variables of 79 patients
and 30 normal controls in the study were summarized in Table 1.

Table 1 Demographics of participant patients and normal controls

Normal Patients Patients
Controls with HE without HE P-
Characteristics (n=30) (n = 30) (n = 49) value
Age (years) 54.6 + 7.95 582 +£11.02 53.4+875 0.09
Gender (Male/ 26/30 (86.7) 26/4 (86.7) 32/17 (65.3) 0.03
Female,%)
Currently 14/30 (46.7) 15/30 (50.0) 27149 (55.1) 0.74
Smoking,
YIN (%)
History of 3/30 (10.0) 4/30 (13.3) 10/49 (20.4) 033
Diabetes,
YIN (%)
History of 10/30 (33.3)  26/29 (89.7)  35/48 (72.9) 0.00
Hypertension,
YIN (%)
History of 5/30 (16.7) 5/26 (19.2) 8/47 (17.0) 0.96
Hyperlipidaemia,
YIN (%)
SBP at admission 1333 +£124 1726 +£263 1723 +253 0.00
(mmHg) (n=29) (n = 30) (n = 49)
DBP at admission 87.8 £ 9.1 100.6 + 16.1 99.8 £ 13.9 0.00
(mmHg) (n=30) (n=30) (n = 49)
WBC (10E9/L) NA 8.49 + 2.89 205.7 £ 49.4 0.83
PLT (10E9/L) NA 8.66 + 3.49 195.8 +49.5 0.40
Anticoagulant NA 0.00 0.00 1.00
medication, (%)
Antihypertensive NA 46.7 63.3 0.15
medication, (%)
Antiplatelet NA 133 16.4 0.72

medication, (%)

NA, Data not available.
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MiIRNA Profiling and Identifying Differentially
Expressed miRNAs from 32 Samples

We analyzed the expression of 866 miRNAs in the plasma of 14
patients with HE and 18 control subjects without HE after ICH.
The microarray results demonstrated that a large number of miR-
NAs can be detected in human plasma samples. Among a total of
866 miRNAs on chips, 664 were detected in over half of the
patients enrolled in this study (Supplementary Table 2). Differen-
tially expressed miRNAs could also be recognized among the sam-
ples representing ICH patients with or without HE. Overall, we
identified 30 differentially expressed miRNAs among patients with
or without HE at an adjusted significance level of P < 0.05. The
expression levels were represented in fold change numbers
(Table 2). Notably, most differentially expressed miRNAs (19/31,
63.33%) were upregulated in the HE group compared with the
non-HE control group, while only 11 (11/30, 36.67%) miRNAs
were significantly downregulated in such comparison. Among all
chromosomes, chromosome X contained the most differentially
expressed miRNAs (five definitely expressed miRNAs), followed
by Chromosome 1 with 3, while the other 15 chromosomes con-
tained fewer than 2 miRNAs.

Plasma Level of Representative Differentially
Expressed miRNAs in 79 Patients and 30 Normal
Controls

The confirmation study was carried out in 30 patients with HE, 49
control subjects without HE after ICH, and 30 normal controls.
Quantitative real-time PCR (QRT-PCR) results on representative
measured miRNAs (miR-16, miR-29¢, and miR-122) were found
to be consistent with the expression patterns observed by miRNA
microarray profiling. Plasma levels of miRNA-29c and miRNA-
122 were higher in the HE group than in the non-HE controls
based on microarray profiling (FC = 1.97, 1.76, respectively,
P < 0.01; Table 2). In regard to QRT-PCR measurement, miRNA-
29c was upregulated in the HE group compared with the non-HE
group by 2.069-folds (P = 0.0011) and to the normal control
group by 2.359-folds (P = 0.0004). Although the same trend is
also observed in the comparison of miRNA-122 between the first
two group by QRT-PCR as by microarray with the fold change as
1.630, the difference did not reach statistical significance
(P = 0.1269, Figure 1 and Table 3). We postulate that it is likely
that further testing in a larger sample may improve the statistical
power to a significant level. Encouragingly, miRNA-122 was sig-
nificantly higher expressed in normal control than HE group by
1.768-folds (P = 0.0498). On the other hand, as a stably expressed
miRNA in plasma and serum samples, the expression level of miR-
NA-16 showed no significant difference among three groups,
measured by either microarray or QRT-PCR.

Circulating miRNA Signatures Show Early
Predictive Values of Risk of HE after ICH Onset

Although individual miRNAs have shown predictive value in the
presence of HE after ICH, we further tested whether combined
miRNA signatures derived from unsupervised hierarchical cluster-
ing improved sensitivity and specificity. First, to test for common
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Table 2 MIRNAs that are differentially expressed in ICH patients with or
without hematoma enlargement

Serial Mature miRNA Fold
number  GSYM P-vValue®  change

Chromosomal
location

MicroRNAS with higher expression in hematoma enlargement cases

1 hsa-miR-522 0.007 2.491 Chromosome 19;
NC_000019.9
2 hsa-miR-1290 0.004 2.453 Chromosome 1;
NC_000001.10
3 hsa-miR-586 0.008 2.000 Chromosome 6;
NC_000006.11
4 hsa-miR-29¢ 0.010 1.966 Chromosome 1;
NC_000001.10
5 hsa-miR-100* 0.016 1.955 Chromosome 11;
NC_000011.9
6 hsa-miR-130a* 0.007 1.895 Chromosome 11;
NC_000011.9
7 hsa-let-7f-2* 0.008 1.895 Chromosome X;
NC_000023.10
8 hsa-miR-574-5p 0.002 1.839 Chromosome 4;
NC_000004.11
9 hsa-miR-29b-1* 0.016 1.781 Chromosome 7;
NC_000007.13
10 hsa-miR-122 0.008 1.764 Chromosome 18;
NC_000018.9
1 hsa-miR-19a* 0.022 1.739 Chromosome 13;
NC_000013.10
12 hsa-miR-29b 0.023 1.726 Chromosome 7;
NC_000007.13
13 hsa-miR-545* 0.029 1.722 Chromosome X;
NC_000023.10
14 hsa-miR-186* 0.026 1.664 Chromosome 1;
NC_000001.10
15 hsa-miR-518c¢ 0.041 1.635 Chromosome 19;
NC_000019.9
16 hsa-miR-22 0.042 1.573 Chromosome 17;
NC_000017.10
17 hsa-miR-542-3p 0.045 1.545 Chromosome X;
NC_000023.10
18 hsa-miR-369-3p 0.033 1.516 Chromosome 14;
NC_000014.8
19 hsa-miR-1294 0.042 1.432 Chromosome 5;
NC_000005.9
MicroRNAS with lower expression in hematoma enlargement cases
20 hsa-miR-211 0.043 0.641 Chromosome 15;
NC_000015.9
21 hsa-miR-365 0.039 0.626 Chromosome 16;
NC_000016.9
22 hsa-miR-598 0.046 0.622 Chromosome 8;
NC_000008.10
23 hsa-miR-325 0.049 0.621 Chromosome X;
NC_000023.10
24 hsa-miR-454* 0.031 0.612 Chromosome 17;
NC_000017.10
25 hsa-miR-573 0.047 0.587 Chromosome 4;
NC_000004.11
26 hsa-miR-1265 0.013 0.577

(continued)
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Table 2 (Continued)

Serial Mature miRNA Fold Chromosomal
number  GSYM P-Value*  change location
Chromosome 10;
NC_000010.10
27 hsa-miR-105* 0.036 0.551 Chromosome X;
NC_000023.10
28 hsa-miR-1225-5p  0.046 0.524 Chromosome 16;
NC_000016.9
29 hsa-miR-1202 0.007 0.474 Chromosome 6;
NC_000006.11
30 hsa-miR-1249 0.002 0.401 Chromosome 22;

NC_000022.10

P-values reported are the result of comparison analysis of microRNA
expression levels from 32(14/18) ICH patients with or without HE.

*In the miRNA cloning study, investigators found that the same precur-
sor could be transcripted from 5' or 3’ respectively and generated two
miRNA molecules. If the cloning research can determine the relative
expression levels of the two molecules, a * sign was used to represent
the secondary expression quantity molecule.

patterns in HE patients and controls, we separately applied hierar-
chical clustering by using the expression of all probes on micro-
array and the 30 differentially expressed probes screened out in
our study. As shown in heat maps (Figure 2A and B), patients
were clustered separately into two main branches with only four
outliers in the non-HE cases by 30-probe clustering test. The
overall accuracies of the cluster increased from 47.62% (10/21)
to 77.78% (14/18) in the HE group and from 72.73% (8/11) to
100% (14/14) in the non-HE group according to two clustering
sets. To improve the predictive power of a miRNA-based biomar-
ker, we next tried to construct a prediction model combining a
cohort of these differentially expressed miRNAs by using statistical
learning techniques. A SVM was applied as described in the Mate-
rials and Methods section. We added the differentially expressed
miRNAs to the model sequentially according to the increasing
trend of P-value and evaluated the sensitivity and specificity of
each model. Interestingly, the best result was obtained by using
linear basis function SVM and a subset of 10 miRNAs with the
lowest P-values in order (hsa-miR-1249, hsa-miR-574-5p, hsa-
miR-1290, hsa-miR-522, hsa-miR-130a*, hsa-miR-1202, hsa-
let-7f-2*, hsa-miR-586, hsa-miR-122, and hsa-miR-29c). Ten
signature miRNAs allowed discrimination of HE patients from
controls with an accuracy of 100%, a specificity of 100%, and a
sensitivity of 90% (Table 4, Figure 2C,D), representing a signifi-
cant improvement from single miRNA predictor.

Target Genes Predictions and Potential
Molecular Mechanism Exploratory from Gene
Ontology and Pathway Analysis

Three widely used algorithms (TargetScan, miRanda, and picTar)
were employed to obtain the gene list predicted to be targeted by
the 30 differentially expressed miRNAs. As a result, we identified
1598 predicted target genes (Supplementary Table 3), belonging
to seven miRNAs. Among the miRNAs with high hit rate, miRNA
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Figure 1 MicroRNAs differentially expressed between ICH patients with or without hematoma enlargement (HE) and normal controls. Note: The
validation study using QRT-PCR assays also showed miRNA-29¢c and miRNA-122 to be upregulated in HE cases versus non-HE or HE cases versus normal
controls. Schematic representation of miRNA-29c and miRNA-122 with differential expression among three groups (n = 30, 30, and 49 respectively) after
the statistical test are shown. MiRNA-16 is used as a no-expression change representation of microarray data, given its relative stable expression level in
plasma and serum like miRNA-451. The y-axis represents units of delta Ct (Ctmirnadinterest — Ctmirnaasi), With an arbitrary zero point, so that each unit
measures a 2-fold change. The fold changes among HE, non-HE, and normal control group are displayed below each miRNA along with the P-values.

Table 3 Plasma level of circulating differential MicroRNAs in all ICH patients and normal controls enrolled into the study (measured by QPCR)

Average 2Ct value Average 2Ct value

Average 2Ct value

Fold Change (FC) Fold Change (FC)

MicroRNA name (Control group) (HE group) (Non-HE group) (HE vs. Control, P-value) (HE vs. Non-HE, P-value)
Has-miR-29¢c 9.66 + 1.43 842 +1.73 9.46 £ 0.7 2.36 2.07

(n=28) (n =29 (n = 48) (P = 0.00) (P =0.00)
Has-miR-122 9.41 +1.33 8.58 + 1.62 9.26 + 1.61 1.77 1.63

(n=29) (n = 26) (n=47) (P = 0.05) (P=0.13)
Has-miR-16 3.33 +1.07 3.27 +£0.43 3.38 + 0.56 1.04 1.08

(n =30) (n =25) (n = 48) (P =0.69) (P =0.89)
29b/c occupied the first place with 716 and 710 target genes, . -

P P set Discussion

respectively. Then, GO analysis revealed that a broad range of
biological processes or molecular function categories were
enriched among the target gene list (Supplementary Table 1),
including cell apoptosis, collagen biosynthesis, blood vessel
development and morphogenesis, cell-cell or cell-substrate adhe-
sion, extracellular matrix constituent and binding, metalloendo-
peptidase activity, ion channel and transporter activity, water
homeostasis, and inflammatory response. Individual miRNAs are
involved in a variety of biological responses, and certain catego-
ries are also enriched in their own target genes. A representive
interaction network was constructed to delve whether several
miRNA control a group of genes collectively. The result was illus-
trated in Supplementary Figure 1. From this ultra dense net-
work, we conclude that the multiple target genes are regulated
by individual miRNA and there are overlaps of their regulations
among difference miRNAs.

© 2012 Blackwell Publishing Ltd

Our study was the first to show that variations in miRNA expres-
sion occur after the onset of ICH. There are distinct circulating
miRNA profiles in patients with ICH with or without secondary
HE. Circulating miRNAs may be the most appropriate biomarkers
that can be used as a diagnostic signature and the target for thera-
peutic intervention. This is because miRNAs are the most stable
bioactive molecules that are promptly and stably expressed during
disease progression. By assessing genome-wide miRNA expression
levels in the peripheral blood, we demonstrated that plasma
miRNAs could be reliably measured in patients and those distinct
patterns of miRNA profiles was generalized between 14 ICH
patients with HE and 18 ICH patients without HE. A total of 30
independent miRNAs were differentially expressed between the
plasma samples collected from two groups (Ps<0.05; Table 2).
Nineteen miRNAs were expressed at higher levels in the HE group

CNS Neuroscience & Therapeutics 18 (2012) 1003-1011 1007
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Figure 2 Hierarchical Cluster Heatmap of circulating miRNAs and classification results using a trained support vector machine (SVM) in patients with or
without hematoma enlargement (HE) after ICH. Note: Unsupervised hierarchical clustering of expression level of the overall probe miRNAs on the
microarray (A) or 30 most dysregulated miRNAs (B) were carried out by using the Euclidian distance measure. HE patients (n = 14) and control subjects
(n = 18) cluster separately with only four outliers in the analysis with 30 probes, showing that distinct miRNA patterns were unique for cases and controls,
respectively. The miRNAs represented in the heat map are listed in Supplementary Table 2 and Table 2. (C) The classification accuracy reaches 100%,
when a subset of 10 miRNAs with the lowest P-value is added to the SVM model in a forward manner according to the P-value and growing trends. (D) A
3D scattered plot shows that the total 32 ICH patients with or without HE were completely separated into two groups, leading to an accuracy of 100%.

with hsa-miR-522, hsa-miR-1249, and hsa-miR-586 enriched the respectively. Most of the upregulated miRNAs showed >1.5-fold
most at 2.49-, 2.45-, and 2.00-fold changes, respectively, followed changes, with only one exception (hsa-miR-1294 with fold
by hsa-miR-29¢ and hsa-miR-100 at 1.97- and 1.96-fold changes, change at 1.43). Eleven miRNAs were expressed at lower levels in
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Table 4 Complex miRNA signatures predict HE happens after ICH

MiRNA Marker number TP FN TN FP CC Accuracy
3 10 4 17 1 0.69 0.84
4 10 4 17 1 0.69 0.84
52 12 2 17 1 0.81 0.91
6° 13 1 17 1 0.87 0.94
7 14 0 16 2 0.88 0.94
g° 14 0 16 2 0.88 0.94
9? 14 0 17 1 0.94 0.97
10° 14 0 18 0 1.00 1.00
30° 14 0 18 0 1.00 1.00

TP, true positive; FN, false negative; TN, True negative; FP, false posi-
tive; CC, correlation coefficient. °The classification accuracy by miRNA
markers reach 90% are in bold letters. ®The classification accuracy by
miRNA markers reach 100% are in darker highlight.

the HE group with hsa-miR-1249 and hsa-miR-1202 downregu-
lated the most at 0.47- and 0.40-fold changes, respectively,
followed by hsa-miR-1225-5p, hsa-miR-105*, hsa-miR-1265, and
hsa-miR-573 at 0.52-, 0.55-, 0.58-, and 0.59-fold changes, respec-
tively. The remaining downregulated miRNAs showed <0.65-fold
changes. The results indicate that miRNA biomarkers can be used
in the prediction of hematoma growth. To validate whether com-
plex miRNA signature may serve as a new class of biomarkers in
predicting the HE happening after ICH, SVM was applied to con-
struct a model for the discrimination of HE happening after ICH.
The classification accuracy by the miR signatures reached 90%
using subset of 5 miRNAs, and the best result was obtained using a
subset of 10 miRNAs at an accuracy of 100% (see in Table 4 and
Figure 2C, D).

The similar applications of miRNA biomarker were reported in
former studies. Liu et al. [13] found that the different brain dam-
age conditions showed different miRNAs profile patterns, includ-
ing ischemic stroke, intracerebral hemorrhage, and kainate
seizures, and the miRNA expression changes could be detect both
in brain tissue and peripheral blood samples. There is also evi-
dence in support of temporal changes in expression of miRNAs
during stroke progression. In stroke etiology, miRNA may modu-
late pathogenic processes including atherosclerosis (miR-21,
miR-126), hyperlipidemia (miR-33, miR-125a-5p), hypertension
(miR-155), and plaque rupture (miR-222, miR-210). Following
focal cerebral ischemia, significant expression changes implicate
miRNA in the pathological cascade of events that include blood—
brain barrier disruption (miR-15a) and cell death signaling
(miR-497). Early activation of miR-200 family members improves
neural cell survival and subsequent HIF-lo stabilization. Pro-
(miR-125b) and antiinflammatory (miR-26a, -34a, -145, and
let-7b) miRNAs may also positively influence stroke outcomes
[14]. Kay’s informative study demonstrates that the peripheral
blood miRNAs profiles of small artery (SA) stroke samples showed
a distinctly different pattern from that of the large artery (LA)
strokes samples. Their most plausible finding is that, by hierarchi-
cal clustering analysis among the different subtypes, undeter-
mined etiology (UDE) of stroke samples (n = 3) resembled the
profile of small artery stroke (SA, n = 3). The result showed prom-
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ising potential of classifying patients by the miRNA biomarkers
beyond clinical diagnosis and uncover the etiology mechanism of
UDE stroke [7].

The differentially expressed miRNAs in our data were closely
related to several important bioprocesses underlining early
hematoma expansion. (1) We have identified the plasma levels
of apoptosis-related miRNAs [15-20]. For example, the expres-
sion levels of miRNA-29b (FC = 1.73)/miRNA-29c (FC = 1.97)/
miRNA-29b-1* (FC = 1.78), miRNA-574-5p (FC = 1.84) and
miRNA-22 (FC = 1.57) and miRNA-122 (FC = 1.76) were higher
in HE group in comparison with the non-HE control group.
These miRNAs may have played a role in inducing apoptosis in
the cascade of pathological changes after ICH, which reflects the
severity of tissue necrosis and vascular structural damage around
the hematoma in the HE group. (2) Inflammatory mechanisms
play the central role in the progression of ICH-induced brain
injury. Many inflammatory pathways are known to be regulated
by miRNAs, and the proinflammation miRNAs have also been
upregulated in HE group in our profiling data [21-24]. The HE
patients showed higher plasma levels of miR-let-7f (FC = 1.90),
miR-19a (FC = 1.74), miR-122(EC = 1.76), miR-29b (FC = 1.73),
miR-29b-1* (FC = 1.78), and miR-29¢ (FC = 1.97). (3) Acute
hypertension is associated with hematoma enlargement and poor
clinical outcomes of ICH, but up to now, little is known about
how elevated BP influences ICH-related brain injury[25-27].
Logically reasonable, in our data, the miRNAs that related to the
elevation of blood pressure were also upregulated in HE group.
They included miR-130a (fold change = 1.90), let-7f (the same
family member of let-7e, fold change = 1.90), and miR-19a (a
member of miR-17/92 gene cluster, fold change = 1.74). This
finding indicated that some miRNAs might prompt HE by upre-
gulating the blood pressure in ICH patients, showing their pre-
dicting and intervening potential for HE. (4) Patients with HE
were more likely to have coagulation abnormalities, which might
represent another therapeutic opportunity [28]. A study on tis-
sue factor (TF), the main initiator of the coagulation cascade,
demonstrated that over-expression of two members of miR-17/
92 cluster (miR-19b and miR-20a) decreased TF mRNA, protein
levels, and the procoagulant activity by 60% [29]. It is very
meaningful we identified the higher expression of miR-19a (a
sequence highly similar to miR-19b) in the HE group in our
study may indicating the downregulation of TF and the conse-
quential coagulation disorders. (5) Injecting collagenase has been
a way of creating ICH in animal model by dissolving collagen
composition in the extracellular matrix around vascular base-
ment [30]. Collagen also serves as a crucial initiator of platelet
aggregation and ATP release, initiating coagulation cascade [31].
It is beyond doubt that collagen composition is a necessary par-
ticipator in hematoma formation and development. MiR-29 fam-
ily is well predicted and reported to downregulate a scala of
profibrotic targets, including collagens, fibrillin-1, and elastin-1
[32]. In our study, we have screened out probes of three related
functional miRNAs elevated in HE group—miR-29b (FC = 1.73),
miR-29b-1* (FC = 1.78), and miR-29c¢ (FC = 1.97).

To systematically understand the pathological roles of the 1598
target genes, gene ontology (GO) analysis was performed to show
that differentially regulated miRNAs can affect certain categories
of biological processes, such as apoptosis and cell proliferation
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regulation, immune and hypoxia response, collagen biosynthesis
and blood vessel development regulation, water homeostasis and
electric ion channel activity regulation, energy metabolic process
and coagulation, extracellular matrix constituent and cell surface
binding, and blood pressure control and inflammation activation
(as listed in Supplementary Table 1). The comprehensive analysis
of the functional related miRNA set up an ultra dense network
(Supplementary Figure 1), which we inferred came from the mul-
tiple target genes regulated by individual miRNA and the overlap
of their regulation. The miRNA-29b and miRNA-29c are in the
central of this network and regulated the maximum number of
target genes. GO analysis also indicated that miRNA-29 family is
involved in most of these pathological settings, indicating their
important roles in HE. Taken together, these exploratory analyses
suggested that variation in the plasma level of key circulating
miRNAs might affect critical biological processes or molecular
functions involved in the development of HE, an important mech-
anism warranting further research. In addition, we have also seen
some related pathway to be involved: ECM-receptor interaction
pathway (KEGG: hsa04512), focal adhesion (KEGG: hsa04510),
VEGF signaling pathway (KEGG: hsa04370), neuroactive ligand—
receptor interaction (KEGG: hsa04080) etc. However, there was
no significant enrichment of these pathways. As the prediction
model of miRNA may contain both false positive and negative
results, it is a necessity to further confirm their roles by conduct-
ing more functional experiments.

Conclusions

Our study has found that the profiles of miRNA are stable in the
circulation and surprisingly informative. Complex miRNA signa-
tures could potentially serve as a new class of biomarkers to pre-
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dict HE after ICH. The classification accuracy by the miRNA
signatures reached 90% by using the subset of 5 miRNAs, and the
best result was obtained by using a subset of 10 miRNAs with an
accuracy of 100%. The results presented here establish the
foundation and rationale to motivate future global investigations
on the biological effects of these miRNAs in the fundamental
molecular pathophysiology of HE. Further prospective studies
with larger sample size are needed to assess the clinical application
of this miRNA signature. We are optimistic that circulating sys-
temic miRNA analysis has great potential as a novel and clinically
useful biomarker to predict HE.
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