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Altered expression of long noncoding RNAs in peripheral blood
mononuclear cells in patients with impaired leptomeningeal
collaterals after acute anterior large vessel occlusions
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Background: In the event of acute ischemic stroke (AIS) due to anterior large vessel occlusion (aLVO),
leptomeningeal collaterals (LMCs) status is a key factor to define the severity and functional prognosis of this
disease. However, the extent of LMCs exhibits substantial variability among the patients, which is genetic
determined. Long non-coding RNAs (IncRNAs) expression profiles in human peripheral blood have been
found to be altered after AIS. But whether there are specific IncRNAs correlated with LMC status in aLVO
has not yet been investigated.

Methods: Differential IncRNA expression panels in peripheral blood mononuclear cells (PBMCs) were
assessed by microarray analysis and individual quantitative real-time polymerase chain reaction (RT-PCR)
in three independent sets consist of 134 patients with aLVO and 73 healthy controls (HCs). LMCs Status in
those patients was assessed based on baseline computed tomographic angiography (CTA).

Results: Microarray analysis showed 23 differentially expressed IncRINAs in patients with poor LMCs
status. After independent validations by RT-PCR, IncRNA ENST00000422956 was found to be significantly
downregulated in patients with poor LMCs status. Receiver-operating characteristic (ROC) analysis revealed
the area under the ROC curve (AUC) for ENST00000422956 to predict poor LMCs status was 0.749.
Moreover, ENST00000422956 expression level and baseline National Institutes of Health Stroke Scale
(NIHSS) score were identified as independent predictors for impaired LMCs, and a significantly positive
correlation was observed between ENST00000422956 expression level and LMCs status. Via cis-regulatory
analysis, paired box 8 (Pax8) was identified as the target gene for ENST00000422956.

Conclusions: The dysregulated IncRNA ENST00000422956 in PBMCs was associated with impairment
of LMC:s in patients with aLVO, suggesting that measurement of circulatory IncRNAs might be included as
possible biomarkers for evaluation of LMCs status in AIS. More importantly, this might be the foundation
for understand the potential roles of IncRNAs in LMCs formation after ischemic stroke.
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Introduction

Acute ischemic stroke (AIS) due to anterior large vessel
occlusion (aLlVO) is a devastating event with poor functional
outcomes and high mortality rates in spite of recent
advances in treatment (1-3). Indeed, in the event of alVO,
leptomeningeal collaterals (LMCs) are believed to provide
substantial protection to the ischemic brain tissue, which
made the LMCs status a key factor that defines the severity
and functional prognosis of this disease and an important
parameter in identifying patients who may benefit from
recanalization therapy (4-9). However, there is robust
evidence from imaging studies to show that the extent of
LMC:s at baseline exhibits substantial variability among
patients with aLVO (1,2,4-9). Thus, it is critical to address
the potential causes for this inter-individual variability for
developing more efficient and accurate diagnostic method
to predict LMCs status and personalizing the therapy for
individual patients of aLVO.

Previous findings indicated that LMCs status is genetic
determined (7,8). In the past few years, long non-coding
RNAs (IncRNAs) which have a long transcription sequence
between 200 nucleotides and 100 kb have been found to be
involved in specific physiological and pathological processes
of a wide range of human diseases and disorders, including
AIS and revascularization after AIS (10-14). LncRNA
expression profiles in human peripheral blood were found
to be altered after AIS and several IncRNAs in peripheral
blood mononuclear cells (PBMCs) were identified as novel
potential diagnostic biomarkers of AIS (11,12). However,
whether there are specific IncRNAs associated with LMC
status and serve as biomarkers for predicting LMCs status
in patients with alLVO has not yet been investigated.

Therefore, to facilitate the molecular diagnosis of LMCs
status and to expand the understanding of pathogenesis
of LMCs formation (a process termed ‘arteriogenesis’)
following AIS, we performed microarray analysis to identify
the expression profiles of IncRNAs in aLVO patients with
different LMCs status and control subjects. Twenty-three
differentially expressed IncRNAs from the microarray
were identified in patients with poor LMCs status.
The sample size was expanded for further independent
validations and then, a significant downregulated IncRNA,
ENST00000422956, designated as IncLMCI, was initially
identified to be related with poor LMCs status. Our results
indicated that IncLMC1 may be a candidate in predicting
poor LMC:s status in AIS and our finding might be the
foundation for understand the potential roles of IncRNAs in
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arteriogenesis after ischemic stroke.

Methods
Study subjects

This is a prospective cohort study at the First Affiliated
Hospital of Chongqing Medical University. A total of 207
subjects including 134 AIS patients with aLVO and 73
healthy controls (HCs) were enrolled from January 2018
to April 2019. Patients were recruited in the study if they
were >18 years old, first found abnormal (FFA) within
24 h and baseline computed tomographic angiography
(CTA) demonstrated M1 middle cerebral artery (MCA)
+ internal carotid artery (ICA) occlusions. The exclusive
criteria consisted of intracranial hemorrhage on non-
contrast CT (NCCT), transient ischemic stroke, malignant
tumors and other severe systemic diseases, autoimmune
disease and drug or alcohol abuse. During the same
period, a group of HCs who had no history of previous
ischemic or other neurological disorders were recruited
from the physical examination center in our hospital.
Healthy subjects were matched for age, sex, and number of
major stroke risk factors (hypertension, diabetes mellitus,
hypercholesterolemia, smoking, obesity and coronary heart
disease).

The protocol was approved by the institutional review
board at the participating hospital (File No. 2018-066-2)
and was registered in Chinese Clinical Trial Registry (File
No. ChiCTR1800018569). Written informed consent was
provided by the participants or their proxy in accordance

with Declaration of Helsinki of 1975.

Clinical variables and neuroimaging

All participants had standard assessments of demographic
characteristics, classical risk factors, blood pressure (BP)
and blood glucose level obtained at admission. For patients,
baseline National Institutes of Health Stroke Scale (NIHSS)
score, stroke etiology according to the Trial of ORG 10172
in Acute Stroke Treatment (TOAST) criteria (15), and
modified Rankin scale (mRS) score pre-stroke and 90 days
post-stroke were noted. Use of antiaggregant/anticoagulant
was determined when the participant used within 3 months
due to non-stroke reasons. The treatment protocol was
applied according to the international stroke management
guide and was decided at the treating neurologist’s
discretion. The primary outcome was the stroke severity
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assessed by baseline NIHSS score; mild stroke was defined
as NIHSS <5 and moderate-severe stroke was defined
as NIHSS >6 (12). Secondary outcomes included mRS
score at 3 months (a favorable functional outcome was
defined as mRS <2) and rate of symptomatic intracranial
hemorrhage (SICH) by applying the definition from the
second European-Australasian acute stroke study (ECASS
IT) criteria (5).

All patients underwent a standard non-helical NCCT
at admission performed on a multi-slice scanner (GE
Discovery CT750HD, GE Healthcare, WI, USA) using
100 kV, 120 mAs with 5 mm slice thickness. NCCT was
followed by CTA of head and neck, which was performed
by scanning from the cerebral vertex to the aortic arch with
5 mm section thickness slices. Nonionic contrast media
(70-80 mL) was administered into the antecubital vein at
3-5 mL/s, and the CTA source images were postprocessed
and reformatted to create axial, coronal and sagittal
multiplanar images using 20-mm-thick slabs. Follow-up
(24 h-7 d) magnetic resonance imaging (MRI) (GE 3.07T,
GE Healthcare), unless there were contraindications to
MR, in which case repeat NCCT was performed. Baseline
and follow-up imaging was analyzed were interpreted
separately by one neuroradiologist and one stroke
neurologist, and final decisions on the findings were reached
by a consensus. LMCs were assessed on baseline CTA by
consensus using the regional LMC (rLMC) score (16).
AIS patients were classified into 2 groups based on baseline
rLMC score: good LMCs (rLMC score >10) and poor
LMCs (rLMC score <10) (4).

Blood sampling and processing

Peripheral venous blood samples (45 mL) were obtained in
a sodium citrate tube from the enrolled patients on arrival
at the Emergency Department, whereas the blood samples
from the controls were taken before their breakfast. PBMCs
were isolated within 2 h of blood draw by using Ficoll (TBD
science, Tianjin, China) gradient centrifugation. PBMCs
were then transferred into 1 mL TRIzol Reagent in 1.5 mL
centrifuge tubes and stored at —80 °C until RNA extraction.

RNA extraction and IncRNA microarray analysis

Total RNA was extracted from PBMCs by using TRIzol
Reagent (Invitrogen, CA, USA) according to the
manufacturer’s protocol and quantified with the NanoDrop
ND-1000 (Thermo Scientifc, USA). Then, RNA samples
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obtained from 3 patients with good LMCs status,
3 patients with poor LMCs status and 3 HCs (discovery
set) were used for IncRNA microarray analysis using
Shbio Human IncRNA Microarray (4x180 K, platform:
GPL21047, Agilent Technologies, Santa Clara, CA,
USA), provided by Shanghai Biotechnology Corporation
(Shanghai, China). A total of 77,103 IncRNAs and 18,853
coding transcripts were detected. Slides were scanned
by Agilent microarray scanner (Agilent Technologies)
with default settings, dye channel: green, scan resolution
=3 pm, photoelectric multiplication tube (PMT) 100%,
20 bit. Data were extracted with Feature Extraction
software 12.0 (Agilent Technologies). Raw data were
normalized by Quantile algorithm, limma packages in R.
Significant differential expressed transcripts were screened

by fold change (FC) >2 or <-2 and P value <0.05.

Real-time polymerase chain reaction (RT-PCR) validations

After reverse transcription using a PrimeScript RT reagent
Kit (Takara, Dalian, China), IncRNA expressions were
detected by quantitative reverse-transcription RT-PCR.
The first stage RT-PCR validation was performed in
10 patients with good LMCs status, 10 patients with poor
LMC:s status and 10 HCs (training set). The expression
of screened IncRNAs was further confirmed in another
independent set of 62 patients with poor LMCs status, 46
with good LMCs status and 60 HCs (test set). LncRNA
Primers were provided by Invitrogen (CA, USA) (Table SI).

Quantitative RT-PCR was performed using a T100TM
Thermal Cycler (Bio-Rad, CA, USA). All experiments
were repeated in triplicate. Briefly, 10 pL reaction mixture
containing 5 pL. of SYBR Master mix, 1 pL. of cDNA
template, 0.50 pLL of each primer and 3 pL of ddH,O was
amplified by the following thermal parameters: an initial
incubation at 95 °C for 3 min, followed by 41 cycles of
denaturation at 95 °C for 30 s, annealing at 56.2 °C for
30 s, and extension at 72 °C for 30 s. The cycle threshold (Ct)
value of IncRNA was normalized to the housekeeping gene
[glyceraldehyde 3-phosphate dehydrogenase (GAPDH)].
The data analysis was carried out using the Bio-Rad CFX
Manager software based on the comparative Ct method.
The relative expression levels were determined by the
2742 method.

Bioinformatic analysis

LncRNA target prediction and functional group analysis:

Ann Transl Med 2019;7(20):523 | http://dx.doi.org/10.21037/atm.2019.10.02



Page 4 of 16

Wu et al. PBMCs IncRNAs in acute aLVOs

Figure 1 rLMC score in patients with aLVO based on CTA. (A) Eighty-three years old female with poor LMCs status (rLMC score =8);
(B) 76 years old male with good LMCs status (rLMC score =15). rLMC, regional leptomeningeal collateral; aLVO, anterior large vessel

occlusion; CTA, computed tomographic angiography; LMCs, leptomeningeal collaterals.

we identified the target neighboring genes of differentially
expressed IncRNAs via cis-or trans-regulatory effects.
Gene ontology (GO) functional annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis were performed according to the latest GO (http://
geneontology.org/) or KEGG database (http://www.
genome.jp/kegg/) to determine the biological roles of cis-/
trans-target genes.

Co-expression network construction: we performed
the IncRNAs-mRNAs co-expression analysis based on
calculating the Pearson’s correlation coefficient (PCC)
between the expression levels of mRNA and IncRNA in the
SBC human IncRNA array analysis. The value of parameter
PCC 20.70 and P value <0.05 was recommended for
further analysis. The open-source bioinformatics software
Cytoscape (version 3.4.0) was used to draw the network.
Degree centrality (the number of links between nodes) of
IncRNA-mRNA within the network determined the relative
importance of the nodes.

Statistical analysis

All statistical analyses were performed with GraphPad
Prism 5.0 (CA, USA) and SPSS 23.0 (SPSS, Chicago,
IL, USA). Continuous variables are reported as mean =
standard deviation (SD) or as medians [interquartile range
(IQR)]. Categorical variables are expressed as numbers
(percentages). Comparison between groups were assessed
by using Student’s 7-test or one-way analysis of variance
(ANOVA) for parametric data, Mann-Whitney U test or
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Kruskal-Wallis test for nonparametric data, and Pearson
chi-square test for categorical data. Correlation analysis was
performed using Spearman’s test. Diagnostic performance
of candidate biomarkers was analyzed by receiver-operating
characteristic (ROC) curves and the area under the ROC
curve (AUC). Independent factors for poor LMCs status
were evaluated using multivariate logistic regression
analysis. Variables from univariate analyses at P<0.1 were
considered to represent explanatory variables and were
included in the multivariable model. A value of P<0.05

(two-sided) was considered statistically significant.

Results
Characteristics of the study participants

From January 2018 to April 2019, a total of 207 subjects
including 134 patients with aLVO (39.6% females, mean
age 67.9x11.8 years) and 73 HCs (54.8% females, mean age
63.9£10.2 years) were included in the analysis. According to
the demonstration on admission CTA, 75 (56.0%) patients
were graded as having poor LMCs and 59 (44.0%) patients
were graded as having good LMCs (Figure I). Then, all
the subjects were divided into three independent sets: the
discovery set included 3 patients with poor LMCs status,
3 patients with good LMCs status and 3 HCs (44.4%
females, mean age 64.4+4.4 years). An independent training
set of 10 poor LMCs patients, 10 good LMCs patients and
10 HCs (43.3% females, mean age 62.8+14.2 years) was
investigated to verify the results of the discovery set. Then,
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Table 1 Characteristics of the participants in discovery set

Characteristics Poor LMCs (n=3) Good LMCs (n=3) HCs (n=3) P value

Age (mean + SD), years 63.0+1.0 65.0+7.9 65.3+3.1 0.827

Gender (female), n (%) 1(33.3) 2 (66.7) 1(33.3) 0.639

Medical history, n (%)
Hypertension 2 (66.7) 2 (66.7) 0 0.165
Hyperlipidemia 1(33.3) 1(33.3) 3(100.0) 0.165
Diabetes mellitus 0 0 0 1.000
Coronary heart disease 1(33.3) 0 0 0.325
Obesity (BMI =25 kg/m?) 1(33.3) 1(33.3) 1(33.3) 1.000
Current smoking 2 (66.7) 1(33.3) 1(33.3) 0.638

HCs, healthy controls; LMCs, leptomeningeal collaterals; SD, standard deviation; BMI, body mass index.

Table 2 Characteristics of the participants in the training set

Characteristics Poor LMCs (n=10) Good LMCs (n=10) HCs (n=10) P value

Age (mean + SD), years 71.2+15.7 59.2+14.5 58.1£8.5 0.067

Gender (female), n [%] 6 [60] 2 [20] 5 [50] 0.171

Medical history, n [%]
Hypertension 9 [90] 5 [50] 4 [40] 0.054
Hyperlipidemia 2 [20] 2 [20] 6 [60] 0.091
Diabetes mellitus 1[10] 2 [20] 1[10] 0.749
Coronary heart disease 3 [30] 0 1[10] 0.133
Obesity (BMI =25 kg/m?) 1[10] 2 [20] 4[40] 0.271
Current smoking 2 [20] 6 [60] 4 [40] 0.187

HCs, healthy controls; LMCs, leptomeningeal collaterals; SD, standard deviation; BMI, body mass index.

we further validated the expression of candidate IncRNAs in
another independent test set of 62 patients with poor LMCs,
46 patients with good LMCs and 60 HCs (45.2% females,
mean age 67.3+11.0 years). As demonstrated in Zibles 1-3,
no significant differences were observed among the three
subgroups with respect to age, sex and medical history.

In the totality of patients of aLVO, 109 (81.3%) patients
suffered from moderate-severe stroke. The overall median
90 days mRS was 4 [2-6]. Only 41 subjects (31.1%)
(2 patients’ follow-up data were not available) achieved a
good functional outcome (90-day mRS <2). Notably, the
rate of moderate-severe stroke in patients with poor LMCs
status was much higher than that in patients with good
LMC:s status (89.3% vs. 71.2%, P=0.007). Moreover, even
though poor LMCs subgroup and good LMCs subgroup did
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not differ regarding the rates of receiving revascularization
therapy (48.0% uvs. 59.3%; P=0.192) and time-to-initiation
of intravenous thrombolysis IVT) (50.7£20.0 vs. 50.1£25.9,
P=0.912) or endovascular thrombectomy (ET) (164.1+74.7
vs. 229.2+128.8, P=0.067), subjects with poor LMCs status
had poorer clinical outcomes. Favorable functional outcomes
were seen in only 10 of 74 patients with poor LMCs status
and in 31 of 58 patients with good LMC:s status (13.5% vs.
53.4%, P<0.001). Moreover, patients with poor LMCs status
had higher rate of SICH (24.0% wvs. 10.2%, P=0.038) and
3-month mortality (41.9% wvs. 10.3%, P<0.001).

Discovery set: microarray profiling of IncRNAs

To determine whether there were specific IncRNAs
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Page 6 of 16

Table 3 Characteristics of the participants in the test set

Wu et al. PBMCs IncRNAs in acute aLVOs

Characteristics Poor LMCs (n=62) Good LMCs (n=46) HCs (n=60) P value
Age (mean + SD), years 69.4+11.6 67.5+10.5 64.8+10.4 0.065
Gender (female), n (%) 24 (38.7) 18 (39.1) 34 (56.7) 0.085
Medical history, n (%)
Hypertension 28 (45.2) 24 (52.2) 27 (45.0) 0.714
Hyperlipidemia 15 (24.2) 9 (19.6) 23 (38.3) 0.072
Diabetes mellitus 21 (33.9) 19 (41.3) 18 (30.0) 0.475
Coronary heart disease 16 (25.8) 9 (19.6) 7(11.7) 0.138
Obesity (BMI =25 kg/m?) 13 (21.0) 2 (4.3 10 (16.7) 0.055
Current smoking 27 (43.5) 18 (39.1) 20 (33.3) 0.510

HCs, healthy controls; LMCs, leptomeningeal collaterals; SD, standard deviation; BMI, body mass index.

associated with poor LMCs status in aLVO patients, we
profiled IncRNA expression in PBMCs from 3 patients with
good LMCs (G1, G2, G3), 3 patients with poor LMCs
(P1, P2, P3) and 3 HCs (H1, H2, H3) using the Human
LncRNA Array (4x180 K, Agilent Technologies). By
using the criteria of absolute FC >2, P<0.05, 179 IncRNAs
were found to be differentially expressed between poor
LMCs subgroup and good LMCs subgroup with 93 up-
regulated and 86 were down-regulated; 336 IncRNAs were
found to be differentially expressed between good LMCs
subgroup and HCs with 114 up-regulated and 222 down-
regulated; 721 IncRNAs were found to be differentially
expressed between poor LMCs subgroup and HCs with
207 up-regulated and 514 down-regulated. The IncRNA
expression variations between each two sample subgroups
were illustrated in the heat map (Figure 2A4) and scatter
plots (Figure 2B). A forward analysis of distinguished
IncRNAs based on their categorization was performed.
All differentially expressed IncRNAs were classified into
five groups: bidirectional, exonic-antisense, exonic-sense,
intergenic, and other. The pie charts show the components
of the dysregulated IncRNAs in each category (Figure 2C).
"To identify specific IncRNAs associated with poor LMCs
status, we selected potential biomarkers using the following
strategy: gene that differentally expressed in poor LMCs
subgroup when compared with good LMCs as well as HCs
subgroups. After the selection procedure, 23 IncRNAs met
these criteria (7able 4). Figure 3 presents the bar plots which
were visualized to assess IncRINA expression variation.
Then, to confirm the stability of the microarray data,

we randomly selected 5 IncRNAs (ENST00000422956,

© Annals of Translational Medicine. All rights reserved.

Inc-AL355490.1-5:1, Inc-EPSTT1-5:2, Inc-PTCH1-7:1,
NR_003672) among the 23 differentially expressed
IncRNAs to detect their expression levels using RT-PCR.
RT-PCR of these 5 IncRNAs showed that their expression
signatures in the discovery set were consistent with the
microarray profiling data (Figure 4).

Training set: first stage RT-PCR validation and functional
characteristic of the selected IncRNAs

At the first stage of validation, we selected the top 3
IncRNAs that were mostly differentially expressed
in the two subgroups of patients (Figure 3C)
(ENST00000422956, Inc-AL355490.1-5:1, NR_003672)
and performed RT-PCR validation of their expression
in the training set. The results revealed that 2 IncRNAs
were differentially expressed in the poor LMCs
patients. Compared to good LMCs patients and HCs,
ENST00000422956 was significantly down-regulated in
poor LMCs patients (P<0.05) (Figure 5A) and NR_003672
was significantly up-regulated (P<0.05) (Figure 5B).
However, there was no difference of Inc-ALL355490.1-5:1
expression in poor LMCs subgroup (Figure 5C).
Meanwhile, to investigate whether the dysregulated
IncRNAs are involved in the regulation of genes and
potential signaling pathways related to poor LMCs, we used
cis- or trans-regulatory predicted patterns to find target
genes for the these 3 IncRNAs. As the result, the target
gene of ENST00000422956 is paired box 8 (Pax8). Lnec-
ALL355490.1-5:1 is an antisense transcript of ribosomal
RNA processing 12 homolog (PRP 12). Additionally, family
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Figure 2 Differential expression of IncRINAs among the three groups in discovery set. (A) Heat map of IncRINAs with different expression
level; (B) scatter plots of IncRNAs with different expression level; (C) pie charts showing the components of differentially expressed
IncRNAs in each category (bidirectional, exonic-antisense, exonic-sense, intergenic, and other). IncRNAs, long non-coding RNAs; HCs,

healthy controls; LMCs, leptomeningeal collaterals.
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Table 4 Dysregulated expression of IncRNAs (FC >2; P<0.05) from a discovery set of IncRNA microarray profiling

FC (abs)

Gene ref. ID Poor LMCs vs. Poor LMCs vs. Regulation Chromosome Start site End site

good LMCs HCs
ENST00000422956 5.77 8.16 Down chr2 113235536 113276581
Lnc-AL355490.1-5:1 5.55 3.54 Up chr10 97387996 97388516
NR_003672 3.19 2.74 Up chr9 136725231 136728184
Lnc-ZC3H8-2:1 3.13 3.05 Down chr2 112400094 112401560
Nr_026804 3.09 3.66 Down chr4 38612700 38664628
Lnc-EPSTI1-5:2 2.90 3.05 Down chr13 42994894 43005217
Nr_125375 2.71 4.20 Down chrb 473235 480891
Lnc-PTCH1-7:1 2.66 4.29 Down chr9 95866110 95866343
Nr_002312 2.65 2.26 Up chr14 20343070 20343411
Lnc-CDC123-2:1 2.61 2.91 Up chr10 12264265 12264874
Nr_003945 2,57 212 Down chri1 6713145 6721879
Lnc-FCRL6-1:2 2.55 8.44 Down chr1 159800545 159808648
Lnc-CD200R1-1:3 2.48 3.47 Down chr3 113012538 113019603
Lnc-AMPH-9:1 2.44 5.66 Down chr7 38266335 38266805
ENST00000588796 2.43 2.36 Up chr2 3960094 3974036
Lnc-XAGE3-3:2 2.36 2.82 Up chrX 52965449 52995472
Lnc-CCDC82-6:2 2.31 2.80 Down chri1 96387139 96389919
ENST00000518993 2.08 3.44 Down chr8 59119218 59121346
Lnc-SERPINB9-4:1 2.08 2.45 Down chré 2965453 2967178
Lnc-SPIRE2-1:3 2.07 2.37 Down chr16 89816776 89821154
Lnc-COX10-1:2 2.06 2.03 Up chr17 14209784 14211319
Lnc-SETD4-12:3 2.06 2.46 Down chr21 34887045 35984710
ENST00000620538 2.05 3.77 Down chr15 25708470 25710869

IncRNAs, long non-coding RNAs; FC, fold change; LMCs, leptomeningeal collaterals; HCs, healthy controls.

with sequence similarity 69 member B (FAM69B) and
lipocalin 10 (LCN10) are the target genes of NR_003672.
GO analysis indicated that several functional pathways were
enriched, including DNA binding, nucleic acid binding and
cellular response to stimulus, etc. Besides, KEGG pathway
analysis showed that these IncRNAs were mapped in thyroid
cancer pathway, pathways in cancer and base excision repair.

Then, we constructed IncRNAs-mRINA co-expression
network analysis containing these top 3 mostly differentially
expressed IncRINAs (2 up-regulated and 1 down-regulated)
and 145 associated mRNAs (8 up-regulated and 137 down-

© Annals of Translational Medicine. All rights reserved.

regulated). Figure 6 showed that ENST00000422956
correlated with the largest numbers of associations and has
a particularly high degree, suggesting that it might be the
hub for this IncRNAs module.

Test set: independent validation of IncRNA-ENST00000422956
and its diagnostic values for poor LMCs status

Considering IncRNA-ENST00000422956 might be the
most important among the three IncRNAs and involved
in the process of LMCs formation, we investigated this
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Figure 3 Bar plots which were visualized to assess IncRINA expression variation in each two subgroups. (A) Good LMCs subgroup vs. HCs; (B)
poor LMCs subgroup vs. HCs; (C) poor LMCs subgroup vs. good LMCs subgroup. IncRNA, long non-coding RNA; HCs, healthy controls;
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Figure 4 Validation of the results of the microarray data in discovery set by RT-PCR. (A) ENST00000422956; (B) Inc-AL355490.1-5:1; (C)
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NS, not significant.
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Figure 5 First stage RT-PCR validation in the training set. (A) ENST00000422956 was significantly down-regulated in poor LMCs
patients; (B) there was no difference of Inc-AL355490.1-5:1 expression among the three subgroups (C) NR_003672 was significantly up-
regulated in poor LMCs patients. *, P<0.05, **, P<0.01. RT-PCR, real-time polymerase chain reaction; LMCs, leptomeningeal collaterals;
HCs, healthy controls; NS, not significant.

Figure 6 Co-expression network construction. The IncRNAs-mRNA co-expression network consisted of 3 IncRNAs and 145 mRNAs,
squares denoted IncRNAs, and circles denoted mRNAs. Red squares represented up-regulated and green squares represented down-
regulated IncRNAs. The node degree was indicated by the square size. IncRNAs, long non-coding RNAs.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2019;7(20):523 | http://dx.doi.org/10.21037/atm.2019.10.02



Annals of Translational Medicine, Vol 7, No 20 October 2019

Page 11 of 16

. ROC curve
A B 1o = C :
NS woox i 40 Spearman’s correlation coefficient r=0.3357, P<0.001
30 I—_H—l 08 )
20 : — =
S5l 5§
o = S
g8 91 A ; £ 061 29
38 8 = . = 23
>8 I . = 17} 29 o2
5 & 6 - S 88
18 8 4 & G 04 ep
N g e . o 2z '(7;
z g S Z 10
w2 sufs d r o
(13 H T 0.2 g o«
? P ? , AUC =0.749 ; imspibtaisbelag wel
& \,@O &0 oo 0 T
S & 00 02 04 06 08 10 0 5 10 15 20
[y Q 1-specificity rLMC score

Figure 7 Independent validation of IncRNA-ENST00000422956 and its diagnostic values for poor LMCs status in the test set (A)
ENST00000422956 was differentially expressed in poor LMCs group when compared with good LMCs group as well as HCs group by RT-
PCR; (B) ROC analysis revealed an area under the curve of 0.749 (95% CI, 0.657-0.841; P<0.001) with sensitivity of 71.7% and specificity
of 66.1% at the cutoff value of 1.136-fold; (C) a significantly positive correlation was observed between IncRNA-ENST00000422956
level and LMC:s status, as assed by rLMC score among all patients in the test set (Spearman’s correlation coefficient r=0.3357, P<0.001).
** P<0.01 and ***, P<0.001. IncRNA, long non-coding RNA; LMCs, leptomeningeal collaterals; HCs, healthy controls; RT-PCR, real-

time polymerase chain reaction; ROC, receiver-operating characteristic; CI, confidence interval; rLMC, regional leptomeningeal collateral;

AUCG, area under the ROC curve; NS, not significant.

IncRNA in another independent set of 62 poor LMCs
patients, 46 good LMCs patients and 60 HCs. By using RT-
PCR, ENST00000422956 exhibited significantly decreased
expression in patients with poor LMCs status compared
to patients with good LMCs status and HCs (both P value
<0.05) (Figure 7A). Then, to assess the potential usefulness
of ENST00000422956 for prediction of poor LMCs status
in aLVO patients, we performed a ROC curve analysis,
which revealed an AUC of 0.749 [95% confidence interval
(CD), 0.657-0.841; P<0.001] with sensitivity of 71.7%
and specificity of 66.1% at the cutoff value of 1.136-fold
(Figure 7B).

To further determine the predictors for poor LMCs
status, two subgroups of patients according to LMCs
status were compared in this group. In univariate
analyses, there were a statistically significant difference
in ENST00000422956 PBMCs level (P<0.001), baseline
NIHSS score (P<0.001), admission diastolic BP (P=0.040)
and rate of M1 + ICA occlusion (P=0.008) between
the two subgroups of patients (7zble 5). In multivariate
analysis, PBMCs ENST00000422956 expression
level [OR, 0.792 (0.669-0.936); P=0.006] and baseline
NIHSS score [OR, 1.130 (1.040-1.227); P=0.004] were
identified as independent predictors for impaired LMCs
(1able 6). Besides, a significantly positive correlation was
observed between IncRNA-ENST00000422956 level
and LMCs status, as assed by rLMC score among all
patients in the test set (Spearman’s correlation coefficient

© Annals of Translational Medicine. All rights reserved.

r=0.3357, P<0.001) (Figure 7C). These results indicated
that ENST00000422956 was associated with poor
LMC:s status in alLVO patients and may be a potential
candidate biomarker to predict poor LMCs. Thus,
ENST00000422956 was renamed IncLMCI in the present
study.

LucLMC1 was associated with stroke severity of aLVO
patients in the test set

Given that IncRNAs are involved in AIS with ischemia/
reperfusion injury (10-14,17,18) and LMCs status is a key
factor that defines the severity of aLVO, we hypothesized
that the identified PBMCs IncLMCI1 may be associated
with neurological deficit severity in aLVO patients. To test
this hypothesis, we analyzed their expression levels in the
test set of AIS patients classified by the NIHSS scores. The
results showed that PBMCs LncLMCI level in moderate-
severe stroke were significantly lower than those in mild

stroke [0.99 (0.20-2.64) vs. 1.89 (0.72-7.15); P=0.035].

Discussion

This is the first study reporting the altered expression of
IncRNAs in blood of humans with impaired LMCs after
acute aLVOs. A key finding of the present study was that
decreased IncLMCI expression in PBMCs was associated
with impairment of LMCs in patients with aLVO,
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Table 5 Univariate analysis of predictors of poor LMCs status in the test set

Wu et al. PBMCs IncRNAs in acute aLVOs

Characteristics Poor LMCs (n=62) Good LMCs (n=46) OR (95% Cl) P value
Age (mean + SD), years 69.4+11.6 67.5+10.5 1.016 (0.981-1.052) 0.382
Gender (female), n (%) 23 (37.1) 18 (39.1) 0.982 (0.449-2.148) 0.965
Medical history, n (%)
Hypertension 28 (45.2) 24 (52.2) 0.755 (0.351-1.622) 0.471
Hyperlipidemia 15 (24.2) 9(19.6) 1.312 (0.517-3.332) 0.567
Diabetes mellitus 21 (33.9) 19 (41.3) 0.728 (0.331-1.601) 0.429
Atrial fibrillation 23 (37.1) 12 (26.1) 1.671 (0.724-3.854) 0.227
Obesity (BMI =25 kg/m?) 13 (21.0) 4(8.7) 2.786 (0.844-9.194) 0.083
Current smoking 27 (43.5) 18 (39.1) 1.2 (0.552-2.608) 0.645
Antiplatelet agents 8(12.9) 10 (21.7) 0.533 (0.192-1.480) 0.223
Oral anticoagulants 2(3.2) 4 (8.7) 0.35 (0.061-1.999) 0.220
Pre-stroke mRS [median, IQR] 0 [0-1] 0 [0-1] 1.131(0.761-1.683) 0.679
Baseline NIHSS [median, IQR] 15 [11-20] 10 [5-15] 1.148 (1.069-1.232) <0.001
Baseline systolic BP (mean + SD), mmHg 148.5+£22.5 148.4+22.6 1(0.983-1.018) 0.969
Baseline diastolic BP (mean + SD), mmHg 84.8+12.5 80.0+10.7 1.036 (1.001-1.072) 0.040
Admission glucose (median, IQR), mmol/L 8.1 (6.6-10.0) 7.1 (5.2-10.9) 1.004 (0.911-1.106) 0.155
Etiology, n (%)
LAA 9(14.5) 13 (28.3) 0.431 (0.166-1.120) 0.079
CE 34 (54.8) 22 (47.8) 1.214 (0.565-2.608) 0.618
OD/UE 19 (30.6) 11 (23.9) 1.439 (0.605-3.427) 0.409
Location of occlusion*®, n (%)
M1 + ICA occlusion 24 (38.7) 7(15.2) 3.519 (1.357-9.127) 0.008
FFA to imaging (median, IQR), min 200.0 (78.0-451.0) 168.5 (93.0-350.5) 1(0.999-1.001) 0.580
ENST00000422956 expression (median, IQR) 0.35 (0.08-1.52) 1.89 (0.99-7.30) 0.768 (0.654-0.901) <0.001

*

, most proximal occlusion location. LMCs, leptomeningeal collaterals; FFA, first found abnormal; LAA, large artery atherosclerotic;

CE, cardioembolism; ICA, internal carotid artery; IQR, interquartile range; SD, standard deviation; mRS, modified Rankin scale; NIHSS,
National Institutes of Health Stroke Scale; OD/UE, other determined/undermined etiology; Cl, confidence interval; OR, odds ratio; BP,

blood pressure; BMI, body mass index.

suggesting that measurement of circulatory IncRNAs might
now be included as possible biomarkers to be explored
further for evaluation of LMCs status in AIS and its causes.

As demonstrated in our results, in the event of aLVO,
LMC:s status is a key factor to predict the severity and
functional prognosis of this devastating disease. Previous
work aimed at estimating LMCs status mainly focused
on digital subtraction angiography (DSA) or on CTA
evaluations (16,19). However, collateral imaging techniques
are limited by offering only a snapshot assessment of LMCs

© Annals of Translational Medicine. All rights reserved.

viability, and providing no visualization of the small inter-
arteriolar connections directly (20). Meanwhile, it takes
a certain time and the patient’s cooperation to complete
the imaging examination. Therefore, this is an imprecise
and challenging process to assess LMCs status based on
information extracted only from radiologic examinations
and there is an urgent need for new methods to aid in the
evaluation of LMC:s status in alLVO.

Previous studies have indicated that epigenetic
biomarkers may facilitate clinical assessment and accurate
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Table 6 Multivariate analysis of predictors for poor LMCs status in the test set

Characteristics OR (95% Cl) P value
Baseline NIHSS 1.130 (1.040-1.227) 0.004
Diastolic blood pressure 1.046 (0.999-1.094) 0.054
M1 + ICA occlusion* 2.066 (0.679-6.290) 0.201
LAA 1.181 (0.334-4.178) 0.796
ENST00000422956 expression 0.792 (0.669-0.936) 0.006

*, most proximal occlusion location. LMCs, leptomeningeal collaterals; LAA, large artery atherosclerotic; ICA, internal carotid artery;
NIHSS, National Institutes of Health Stroke Scale; Cl, confidence interval; OR, odds ratio.

prediction of various diseases (12). LncRNAs belong to a
novel class of non-coding RNAs and constitute a significant
portion of the mammalian genome (10,13). They are often
cell and tissue specific and can be found between gene coding
regions (long intergenic noncoding RNAs), overlapping
coding genes in either sense or antisense directions, as
pseudogenes that have sequence similarity to coding genes
or as mRNA-like IncRNAs (17). LncRNAs are stable in
the plasma and other body fluids and have therefore served
as biomarkers for cardiovascular disease (21) and cancers
(22-24). In ischemic stroke, Dykstra-Aiello ez 4. (17) and
Deng er al. (12) provided evidence that IncRNAs were
aberrantly expressed in peripheral blood of patients with
and suggested that IncRNAs have potential for stroke
biomarker development. Therefore, our current findings
that IncRNA ENST00000422956 (referred as ‘IncLMC1’)
significantly differentially expressed in patients with poor
LMC:s status could be considered in development of future
biomarker panels to differentiate poor LMCs status in
al.VO patients.

Furthermore, growing evidences suggest that although
IncRNAs have no protein-coding capability, they can
execute functions by regulating the expression of the
neighboring or overlapping coding genes and are involved
in specific physiological and pathological processes of a
wide range of human diseases (10-14,21,25). In ischemic
stroke, IncRNAs were reported to be involved in not only
the pathophysiology of stroke but also angiogenesis after
AIS (11-14,17). Downregulation of the IncRNA Meg3
resulted in a proangiogenic effect evidenced by increased
endothelial cell migration, proliferation, sprouting, and
tube formation after ischemic brain injury in rats (13). Also,
Zhang et al. (26) identified oxygen-glucose deprivation
(OGD)-responsive brain endothelial IncRNAs suggesting
potential pathological roles for these IncRNAs in

© Annals of Translational Medicine. All rights reserved.

mediating endothelial responses to ischemic stimuli.
However, whether IncRNAs are involved in the regulation
of arteriogenesis after ischemic stroke remains poorly
defined. To address this issue, we analyzed our microarray
datasets and identified a novel human IncRNA, IncLMC1
which correlated with poor LMCs status as well as stroke
severity in patients with alVO, indicating that IncLMC1
might be involved in the process arteriogenesis following
AIS. Via cis-regulatory prediction analysis, Pax8 was
identified as the target gene for IncLMCI1. As a cell lineage-
restricted transcription factor, Pax8 is known to control the
development of the central nervous system, eye, kidney,
thyroid gland, organs deriving from the mesonephric duct
and those related to the Miillerian duct, and it is constantly
expressed in these normal organs or tissues (27). Current
studies of Pax8 were mainly focused on tumors derived
from these organs, especially thyroid (28), kidney (29) and
ovarian carcinomas (30). Our KEGG analysis showed that
Pax8 was involved in several pathways in cancers, which was
consistent with the previous demonstrations. Moreover,
a recent study of Pax8 in thyroid tumors demonstrated
that neuropilin-2 (NRP2) was its potential transcriptional
target (31). By directly binding to a region of the NRP2
promoter, Pax8 negatively regulated the expression of
NRP2, which contributed to reduction of tumor cell
proliferation, migration ability, and invasion activity (31,32).
Interestingly, as multifunctional single-spanning trans-
membrane glycoprotein, NRP2 also plays a central role in
neuronal and blood vessel development as a co-receptor
for vascular endothelial growth factor A (VEGF-A) and its
homologues (32-34). Recent animal studies have reported
that VEGF-A was critical for promoting collateral growth
and de novo arteriogenesis and thus impacted LMCs status
in development and ischemic disease (7,35-37). Indeed,
arteriogenesis is intrinsically related to endothelial function
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and VEGF-A exerts the majority of its actions by binding
to VEGF receptor 2 (VEGFR2), a master regulator
of endothelial cell function (2,8,35,38). Activation of
VEGFR2 will initiate multiple signaling pathways that
regulate endothelial proliferation, migration, adhesion
and lumenization (39). Thus, we speculated that a network
regulated by IncLMCI1 through Pax8/NRP2 pathway might
be involved in arteriogenesis in AIS. Subsequent work
should be performed in vitro and vivo to further understand
the role and underlying mechanism of LMCs formation.

Certain limitations of our study need to be
acknowledged. First, this was a single-center study with a
relatively small sample size. Thus, the possibility of a type
IT error must be admitted and a selection bias is likely.
Multicenter trials and larger sample size will have more
stringency. Furthermore, the determination of peripheral
IncRNAs levels was based on the measurement of a single
sample obtained upon admission and, therefore, we could
not evaluate possible changes of IncRNAs according to the
stages of AIS.

In conclusion, this is the first study reporting the
altered expression of long noncoding RNAs in humans
with impaired LMCs after acute aLVOs. We have shown
that circulating IncLMC1 was differentially expressed in
PBMC:s of patients with poor LMCs status, suggesting
that measurement of circulatory IncRNAs might now be
included as possible biomarkers to be explored further for
evaluation of LMCs status in AIS. More importantly, it may
help us to have a better understanding of the pathogenesis
of arteriogenesis in AIS that IncRNAs might be involved
in this process. This conclusion prompts the necessity for
further studies to the function of IncRNAs in modulating
LMCs formation following ischemic stroke.
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Supplementary

Table S1 The sequences of RT-PCR primers

LncRNAs Forward (5'-3') Reverse (5'-3")
ENST00000422956 CTCCTCGCTGAGATTA CTGGCAAGTTACACCT
Lnc-AL355490.1-5:1 CATCCAGGAGATTGAGAA TAGCCAAACACCACAGAG
NR_003672 GGCGATTTCTACACTCAG CCATTGCTACCCATTTT
Lnc-EPSTI1-5:2 CACTAACCTGGAAACC TGTAAATTGTAGGAGCA
Lnc-PTCH1-7:1 TATTCACAACCAGGAG CAGACAGAGCAAGACT

RT-PCR, real-time polymerase chain reaction; IncRNAs, long non-coding RNAs.



