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ABSTRACT

Objective: Ischemic stroke and myocardial infarction are 2 of the leading causes of mortality.
Both conditions are caused by arterial occlusion, resulting in ischemic necrosis of the cells
in the cortex and heart. Long non-coding RNAs (IncRNAs) are a group of non-coding RNAs
longer than 200 nucleotides without protein-coding potential. Thousands of IncRNAs have
been identified but their involvement in ischemic stroke and myocardial infarction has

not been studied extensively. Therefore, this study aimed to identify the role of IncRNAs,
particularly those that are commonly altered in these two ischemic injuries.

Methods: We combined diverse RNA sequencing data obtained from public databases and
performed extensive bioinformatics analyses to determine reliable IncRNAs commonly
identified from these datasets. Using sequence analysis, we also detected the IncRNAs that
may act as microRNA (miRNA) regulators.

Results: We found several altered IncRNAs that were common in ischemic stroke and
myocardial infarction models. Some of these IncRNAs, including zinc finger NFX1-type
containing 1 antisense RNA 1 and small nucleolar RNA host gene 1, were previously reported
to be involved in the pathogenesis of each of these models. Interestingly, several IncRNAs
had binding sites for miRNAs that were previously reported to be involved in the hypoxic
response, suggesting the possible role of these IncRNAs as regulators in ischemic responses.
Conclusion: The IncRNAs identified in this study will be useful in determining the regulatory
networks in ischemic stroke and myocardial infarction and in identifying potential specific
markers for each of these ischemic diseases.

Keywords: Long non-coding RNA; Myocardial infarction; Stroke; MicroRNAs

INTRODUCTION

Ischemic stroke and myocardial infarction are 2 of the most common diseases that result in
high mortality.»? Although the 2 conditions mainly differ in the speed of cell death and loss
of function, their common pathophysiology lays in the acute occlusion of arteries, resulting
in ischemic necrosis of the affected tissues. A frequently used molecular marker to diagnose
myocardial infarction is troponin, released into circulation as a result of myocardial necrosis.?
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However, the molecular marker for ischemic stroke has not yet been identified. Reperfusion
therapy is one of the most effective treatment methods for myocardial infarction, but the
same method may cause a clinical problem during the treatment of ischemic stroke.*

Long non-coding RNAs (IncRNAs) are a large group of non-coding RNAs with transcript
length longer than 200 nucleotides,’ and diverse genomic locations. A proportion of IncRNAs
is situated in the intergenic region between protein-coding genes—therefore called as long
intergenic non-coding RNAs—whereas another proportion is localized near the protein-
coding genes. The latter includes antisense IncRNAs that are positioned at the same genomic
locus with protein-coding genes but with the opposite genomic direction. Moreover, another
large population of IncRNAs is sited near the promoter region of protein-coding genes and
produces transcripts in the direction opposite (divergent transcription) to that of protein-
coding genes.® The numbers of discovered IncRNAs in humans and mice are still growing and
arecent GENCODE annotation reported the number of IncRNA genes (<18,000) comparable
to that of protein-coding genes (<20,000) in humans.” The primary working mechanism of
IncRNAs includes associating with transcription factors to regulate the transcription of other
genes and binding to microRNAs (miRNAs) to block their post-transcriptional regulation.
Although the IncRNAs have been studied in diverse human diseases, their roles and working
mechanism in myocardial infarction and ischemic stroke have not been investigated
extensively. Compared to the protein-coding genes, for which many expression-profiling
studies during the pathogenesis of these diseases have been conducted, few studies have
been performed for the analysis of IncRNAs in the same models.

In this study, we ascertained the IncRNAs commonly altered in the 2 ischemic disease
models: myocardial infarction and ischemic stroke. Based on publicly available data, we
identified several IncRNAs that may function as important regulators in these diseases.
Besides, we also showed that several IncRNAs may work as regulators of miRNAs. The
information reported in this study will contribute to future research on the pathology of
myocardial infarction and ischemic stroke.

MATERIALS AND METHODS

1. Analysis of RNA sequencing data

RNA sequencing data were obtained from the Gene Expression Omnibus (GEO) database.®
For myocardial infarction datasets, the raw FASTQ data of datasets with accession numbers
GSE95755° and GSE104187'° were downloaded. For the GSE95755 dataset, samples from
adult mice were used (4 control and 4 infarcted samples, respectively), and for GSE104187,
samples prepared 3 days after their surgery were used (2 control and 2 infarcted samples,
respectively). For ischemic stroke datasets, FASTQ datasets with accession numbers
GSE104882 and GSE112348" were obtained. For the GSE104882 dataset, samples derived
from the cortical tissues of mice 3 days after their surgery were used (3 control and 4 stroke
samples, respectively). Only mice raised on a normal diet were selected for our analysis. In
the case of the GSE112348 dataset, samples prepared 24 hours after their surgery were used
for our analysis (3 control and 3 stroke samples, respectively). The procedure to analyze
FASTQ data has been described in a previous study.” Briefly, reads with low sequencing
quality were removed using the Trimmomatic algorithm.” The remaining sequences were
aligned into the mouse genome (mm10) using STAR™ and the Fragments Per Kilobase of
transcript per Million mapped reads (FPKM) value was calculated using Cuffnorm® based
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on the GENCODE annotation (version M17).” Using the FPKM value for each gene, the fold
change and p-value based on the #test were calculated.

To increase the reliability of the results from the analysis algorithm, we also used another
approach to calculate the fold ratio of gene expression between treatment and control groups
in each dataset. Using the FASTQ reads after filtering out low-quality reads, the transcript
level of each gene was analyzed using the Salmon algorithm'® based on the GENCODE
annotation. Fold ratio and p-value of each gene were calculated using the edgeR software."

Among the analyzed genes, the significantly changed IncRNAs were selected, provided

the IncRNAs were in the top 10% groups based on p-values in both analysis workflows, i.e.
STAR-Cuffnorm and Salmon-edgeR. We combined the results from each of the myocardial
infarction and ischemic stroke groups as described in Fig. 1B. To select the altered IncRNAs
common between myocardial infarction and ischemic stroke models, we intersected the
combined data between the 2 disease datasets. For miRNA target analysis, only the IncRNAs
with FPKM values greater than 10 in both datasets were selected.

2. Prediction of miRNA target sites in IncRNA sequences

To identify a regulatory relationship between selected IncRNAs and miRNAs, we used the
TargetScan algorithm to predict the possible binding sites of miRNAs in IncRNA sequences.'®
We only selected target sites containing a perfect 7-mer match of the seed sequence (thus, a
perfect match of the 2nd to the 8th nucleotide from the 5’ end of the miRNA).

To increase the reliability of the prediction, public small RNA sequencing data for myocardial
infarction (GSE79050) and ischemic stroke (GSE104037) were obtained from the GEO
database.”* Among the miRNAs, only those with a significant difference between the
control and treatment groups (p-value<0.05) were selected. By comparing the predicted
miRNA targets from TargetScan analysis and the differentially expressed miRNAs identified
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Fig. 1. Analysis of RNA sequencing data from MI and ischemic stroke (MCAO) models. (A) Changes in the expression of marker genes from each experimental
model. The mRNA level change of Timp1 was used to determine the reliability of the MI model. For the MCAO model, the mRNA level of the Gfap gene, which
encodes glial fibrillary acidic protein, was used as a marker. The p-value was calculated using Student's t-test and described as asterisks. (B) The analysis
scheme to identify altered IncRNAs common to MI and MCAO models. Details of the analysis procedure are described in the materials and methods section.
Timp1, tissue inhibitor of metalloproteinase 1; Gfap, glial fibrillary acidic protein; MI, myocardial infarction; MCAO, middle cerebral artery occlusion; IncCRNA,
long non-coding RNA; mRNA, messenger RNA.

*p<0.01, Tp<0.001, ¥p<0.0001.
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from the analysis of public sequencing data, we shortlisted the miRNAs that had binding
sites in IncRNAs and also showed anti-correlation in the direction of expression change to
the same IncRNA.

RESULTS

1. Selection of altered IncRNAs common in myocardial infarction and
ischemic stroke models

To identify the altered IncRNAs common in the injured heart from myocardial infarction and
the injured cortex from ischemic stroke, we collected public RNA sequencing data available
in the GEO database. For myocardial infarction data, we first selected GSE95755.° In this
dataset, myocardial infarction was induced by the permanent ligation of the left anterior
descending coronary artery, and 3 days later, cardiomyocytes and fibroblasts were isolated for
RNA sequencing. GSE104187 was the other dataset that we used for myocardial infarction.”®
The samples used to make this dataset was also prepared 3 days after the ligation of the left
anterior descending artery, but the RNA sequencing was performed for total heart tissue. In
the case of the ischemic stroke model, GSE104882 and GSE112348! were used, wherein the
RNA sequencing was performed using mouse cortex samples 3 days (GSE104882) and 1 day
(GSE112348) after the middle cerebral artery occlusion (MCAO) operation, respectively.

After the initial quality check of RNA sequencing data and quantitation of both protein-
coding and non-coding genes, we checked whether the datasets that we chose were

reliable, using marker gene levels. For the myocardial infarction model, tissue inhibitor of
metalloproteinase 1 (Timpl) was selected as the marker gene. It was previously reported that
Timp1 was significantly increased in myocardial infarction.? In the case of the ischemic
stroke model, we selected glial fibrillary acidic protein, that was reported as a reliable marker
in stroke model.? In the RNA sequencing data, these 2 marker genes were significantly
increased, confirming the reliability of the datasets that we selected (Fig. 1A).

We selected differentially expressed IncRNAs in each dataset and combined the list of IncRNAs
from the 2 myocardial infarction datasets and the 2 ischemic stroke datasets (Fig. 1B). The

list of differentially expressed IncRNAs is included in Supplementary Table 1. By merging the
combined myocardial infarction and ischemic stroke datasets, the altered IncRNAs common to
both the experimental models were selected. These analyses resulted in the identification of one
commonly decreased and 8 commonly increased IncRNAs in the 2 ischemic models (Fig. 2).

2. Genomic analysis of selected IncRNAs

The expression of the IncRNA RP23-445K23.4 was decreased significantly in both,
myocardial infarction and ischemic stroke models (Fig. 2A). Interestingly, one of the isoforms
of RP23-445K23.4 includes the sequence of miRNAs miR-29b-2 and miR-29c, suggesting this
IncRNA works as the primary transcript to produce these miRNAs. A previous report showed
that miR-29 family members were downregulated after myocardial infarction,* and miR-29b
levels were decreased following acute ischemic stroke.” Thus, it is plausible that RP23-
445K23.4 is involved in the progression of both these diseases by decreasing the production
of miR-29 family miRNAs.

The IncRNA RP23-234K24.8 (also annotated as Lrrc75-as1)—significantly increased in both
the ischemic models—is located downstream of the Lrrc75a gene with the opposite direction
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Fig. 2. Genomic information near the identified IncRNAs. For each IncRNA and its neighboring genes (A-1), the gene structures and genomic coordinates were
obtained from the UCSC genome browser (http://genome.ucsc.edu/).? For the datasets where significant changes in expression of IncRNA were observed,
the level of expression change is depicted on the right. The p-value was calculated using Student's t-test and described as asterisks. Each exon and intron is
indicated with a filled box and solid line, respectively, and the gene orientation is indicated with an arrowhead. Genes written in blue indicate protein-coding
genes, whereas genes written in green and red designate IncRNAs and small non-coding RNAs, respectively.

MI, myocardial infarction; MCAO, middle cerebral artery occlusion; IncRNA, long non-coding RNA; Zfas1, zinc finger NFX1-type containing 1 antisense RNA 1;
Snhg, small nucleolar RNA host gene.

*p<0.05, 1p<0.005, ¥p<0.0005.
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of transcription (Fig. 2B). This IncRNA contains the sequences of several small nucleolar
RNAs (snoRNAs) including snord49b, snord49a, and snord65. Our previous study showed
that Lrrc75-as1 regulates vascular calcification in vascular smooth muscle cells.* Another
IncRNA Gas5 was also increased in both the models and contains several snoRNAs as its
intronic sequences (Fig. 2C). It has been reported that Gas5 regulates myocardial infarction
and ischemic stroke by targeting miR-525-5p and miR-137, respectively.?*

The IncRNA zinc finger NFX1-type containing 1 (ZnfxI) antisense RNA 1 (Zfasl) was increased
in both the models (Fig. 2D). The first exon of Zfas1 overlaps with that of protein-coding
gene Znfxl. Zfas1 was reported to be increased in a mouse myocardial infarction model and
operates as a Serca2a inhibitor by binding to this protein.” In contrast, this IncRNA was
downregulated in the blood leukocytes of patients with ischemic stroke,* requiring the
measurement of its levels in the cortex from the ischemic stroke model. Small nucleolar
RNA host gene (Snhg) 1is the host gene of many snoRNAs and was increased in both the
models (Fig. 2E). This IncRNA has been reported to regulate cerebrovascular pathology in
the ischemic stroke model by regulating HIF-1a/VEGF signaling,* although there is no report
indicating the role of Snhgl in myocardial infarction until now.

The IncRNAs RP23-349B4.7, RP23-110C17.2, and Snhg5 were increased in myocardial
infarction and ischemic stroke models (Fig. 2F-H). Among them, RP23-349B4.7 and Snhg5
contain snoRNA in their intronic sequences (Fig. 2F and H). H19 is a well-known IncRNA that
contains miR-675 in its sequence (Fig. 21). The expression of this IncRNA is dysregulated in
diverse cancers and its working mechanism had been extensively studied in cancer models.*
Compared to the many studies in cancer, few studies have been reported in myocardial
infarction and ischemic stroke for H19 IncRNA. There is a report that H19 was increased in
the rat model of cerebral ischemia, and it promoted neuroinflammation by driving histone
deacetylase 1-dependent M1 microglial polarization.>® However, another study reported that
H19 was decreased in infarcted myocardium.* In our analysis, the expression of H19 was
increased in both the models (Fig. 2I). Because myocardial infarction and ischemic stroke
have many common phenotypes including hypoxic responses, the expression of H19 is
expected to show the same trend between 2 models. Thus, we support the data that H19 is
increased in both ischemic models.

3. Identification of miRNA targets of IncRNAs

To predict the functions of the common IncRNAs, we selected the IncRNAs with high
expression in samples from both the models. One of the main working mechanisms of
IncRNAs is the inhibition of miRNA function through sequence-specific binding.> To operate
as an efficient miRNA suppressor, the IncRNAs need to be expressed at a high level as
described previously.> We arbitrary selected the expression cutoff value of FPKM as 10, and
the selected IncRNAs based on this cutoff included RP23-234K24.8, Gas5, Zfasl, Snhgl, and
RP23-349B4.7, all of which were upregulated in both the models. To select the miRNAs that
can base-pair with the IncRNAs, we used the TargetScan algorithm to predict the binding
between miRNAs and IncRNAs'® and organized miRNA-IncRNA pairs (Fig. 3A).

LncRNAs and miRNAs suppress each other, thereby showing anti-correlation in their
expression. To select reliable IncRNA-miRNA pairs, we obtained the small RNA sequencing
data from public databases. The dataset with the accession number GSE79050 represents
data from a myocardial infarction model, while GSE104037 denotes data from an MCAO
model.”?° After choosing the miRNAs that were differentially expressed between untreated
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Fig. 3. Analysis of IncRNA-targeting miRNA. (A) Analysis scheme to identify miRNA targets of IncRNAs. The miRNA targets were identified by combining the
results from in silico predictions of binding sequences in IncRNAs and those from analyzing the expression changes of miRNAs in small RNA sequencing data
of Ml and ischemic stroke (MCAO) models. The detailed procedure is described in the Materials and Methods section. (B-D) The position and sequence of the

miRNA-binding region in the IncRNA (B) Zfas],

(C) Snhgt, and (D) Snhg5. The sequence matches between miRNA and IncRNA were predicted using the mfold

web server (http://unafold.rna.albany.edu/?q=mfold).* (E) The expression levels of selected miRNAs in (B-D). In each dataset of Ml and MCAO, the normalized
counts of each miRNA between sham and treated groups are shown. p-value calculated using Student's t-test is shown.

miRNA, microRNA; IncRNA, long non-coding RNA; FPKM, Fragments Per Kilobase of transcript per Million mapped reads; Zfasl, zinc finger NFX1-type containing
1antisense RNA 1; Snhg, small nucleolar RNA host gene; MI, myocardial infarction; MCAO, middle cerebral artery occlusion.
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and treated samples, the miRNAs with expression change in the direction opposite to that of
each IncRNA were selected. Among the selected miRNA-IncRNA pairs, those that contained
base-pairing sequences predicted by TargetScan were chosen (Fig. 3A). The resultant IncRNA-
miRNA pairs included Zfasl-miR-136-5p, Snhgl-let-7i-5p, Snhgl-miR-141-3p, Snhg5-miR-448-
3p, and Snhg5-miR-141-3p (Fig. 3B-D). The expression of these miRNAs was decreased in the
treatment samples in each dataset, as shown in Fig. 3E.
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DISCUSSION

In this study, we identified altered IncRNAs common between 2 ischemic disease models:
myocardial infarction and ischemic stroke. Among the selected IncRNAs in this study, several
IncRNAs including Gas5 were reported to be involved in myocardial infarction or ischemic
stroke as described above. Because the expression of these IncRNAs showed the same pattern
of expression change, it can be expected that they may be involved in physiological processes
such as hypoxic response or cell death, common to these diseases. Moreover, 8 out of 9
selected IncRNAs are conserved in the human genome, suggesting they could have regulatory
roles during the pathogenesis of human diseases (Fig. 2 and Supplementary Fig. 1). It will be
interesting to uncover the detailed working mechanisms of these IncRNAs.

Although the IncRNAs common to both, myocardial infarction and ischemic stroke models
were the primary targets of our analysis, many IncRNAs were altered in just one disease
model exclusively (Supplementary Table 1). Thus, it is possible that these IncRNAs are
involved in the processes occurring in only one disease model. The list of these IncRNAs will
be a valuable resource for researchers aiming to determine the working mechanism of each of
these ischemic diseases. However, we also note that the expression changes of IncRNAs after
cerebral or myocardial ischemia could be affected by the selection of time points after the
surgery. Thus, the measurement of selected IncRNAs at diverse time points after the surgery
will be an appropriate starting point before analyzing the IncRNAs function.

For the IncRNAs, including Zfas1, Snhgl, and Snhg5, we identified several miRNAs that may
be in a regulatory relationship with IncRNAs. Among those miRNAs, miR-141-3p has been
shown to regulate hypoxia-induced apoptosis in cardiomyocytes.” Because miR-141-3p was
decreased in myocardial infarction-induced samples, and miR-141-3p-targeting IncRNAs—
Snhgl and Snhg5—were increased in myocardial infarction cases from our analyses, further
studies are required to verify whether these IncRNAs are also involved in hypoxia-related
processes via regulation of miR-141-3p.

Along with the research to elucidate the working mechanisms of IncRNAs or their-
related miRNAs selected above, studies to discover molecular markers of these diseases
are also essential. The list of overlapping or specifically changed IncRNAs in our study
(Supplementary Table 1) is expected to be beneficial for studies aiming to discover the
markers of myocardial infarction and ischemic stroke.

SUPPLEMENTARY MATERIALS

Supplementary Table 1

List of differentially expressed long non-coding RNAs in each dataset. The average signal
means the average value of Fragments Per Kilobase of transcript per Million mapped reads of
analyzed samples in each dataset. The fold change and p-value based on the #-test are included.

Click here to view
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Supplementary Fig. 1

Genomic information near the human IncRNAs homologous to the selected mouse IncRNAs.
For the IncRNAs in Fig. 2 except for RP23-110C17.2, which is not conserved in humans, their
human homologs (hg19) were identified and depicted.

Click here to view

REFERENCES

10.

11.

12.

13.

14.

15.

16.

GBD 2016 Stroke Collaborators. Global, regional, and national burden of stroke, 1990-2016: a systematic
analysis for the Global Burden of Disease Study 2016. Lancet Neurol 2019;18:439-458.

PUBMED | CROSSREF

Reed GW, Rossi JE, Cannon CP. Acute myocardial infarction. Lancet 2017;389:197-210.

PUBMED | CROSSREF

Tucker JF, Collins RA, Anderson AJ, Hauser ], Kalas J, Apple FS. Early diagnostic efficiency of cardiac
troponin I and Troponin T for acute myocardial infarction. Acad Emerg Med 1997;4:13-21.

PUBMED | CROSSREF

Widimsky P, Coram R, Abou-Chebl A. Reperfusion therapy of acute ischaemic stroke and acute
myocardial infarction: similarities and differences. Eur Heart J 2014;35:147-155.

PUBMED | CROSSREF

Kopp F, Mendell JT. Functional classification and experimental dissection of long noncoding RNAs. Cell
2018;172:393-407.

PUBMED | CROSSREF

Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev Biochem 2012;81:145-166.
PUBMED | CROSSREF

Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis I, Loveland J, et al. GENCODE reference
annotation for the human and mouse genomes. Nucleic Acids Res 2019;47:D766-D773.

PUBMED | CROSSREF

Clough E, Barrett T. The Gene Expression Omnibus database. Methods Mol Biol 2016;1418:93-110.
PUBMED | CROSSREF

Quaife-Ryan GA, Sim CB, Ziemann M, Kaspi A, Rafehi H, Ramialison M, et al. Multicellular
transcriptional analysis of mammalian heart regeneration. Circulation 2017;136:1123-1139.

PUBMED | CROSSREF

Williams AL, Khadka V, Tang M, Avelar A, Schunke KJ, Menor M, et al. HIF1 mediates a switch in pyruvate
kinase isoforms after myocardial infarction. Physiol Genomics 2018;50:479-494.

PUBMED | CROSSREF

Bhattarai S, Aly A, Garcia K, Ruiz D, Pontarelli F, Dharap A. Deep sequencing reveals uncharted isoform
heterogeneity of the protein-coding transcriptome in cerebral ischemia. Mol Neurobiol 2019;56:1035-1043.
PUBMED | CROSSREF

Kim YK. Analysis of circular RNAs in the coronary arteries of patients with Kawasaki disease. J Lipid
Atheroscler 2019;8:50-57.

CROSSREF

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina sequence data.
Bioinformatics 2014;30:2114-2120.

PUBMED | CROSSREF

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-seq
aligner. Bioinformatics 2013;29:15-21.

PUBMED | CROSSREF

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, et al. Transcript assembly

and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell
differentiation. Nat Biotechnol 2010;28:511-515.

PUBMED | CROSSREF

Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast and bias-aware quantification
of transcript expression. Nat Methods 2017;14:417-419.

PUBMED | CROSSREF

https://doi.org/10.12997/jla.2020.9.3.449 457


https://e-jla.org/DownloadSupplMaterial.php?id=10.12997/jla.2020.9.3.449&fn=jla-9-449-s002.ppt
http://www.ncbi.nlm.nih.gov/pubmed/30871944
https://doi.org/10.1016/S1474-4422(19)30034-1
http://www.ncbi.nlm.nih.gov/pubmed/27502078
https://doi.org/10.1016/S0140-6736(16)30677-8
http://www.ncbi.nlm.nih.gov/pubmed/9110006
https://doi.org/10.1111/j.1553-2712.1997.tb03637.x
http://www.ncbi.nlm.nih.gov/pubmed/24096325
https://doi.org/10.1093/eurheartj/eht409
http://www.ncbi.nlm.nih.gov/pubmed/29373828
https://doi.org/10.1016/j.cell.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22663078
https://doi.org/10.1146/annurev-biochem-051410-092902
http://www.ncbi.nlm.nih.gov/pubmed/30357393
https://doi.org/10.1093/nar/gky955
http://www.ncbi.nlm.nih.gov/pubmed/27008011
https://doi.org/10.1007/978-1-4939-3578-9_5
http://www.ncbi.nlm.nih.gov/pubmed/28733351
https://doi.org/10.1161/CIRCULATIONAHA.117.028252
http://www.ncbi.nlm.nih.gov/pubmed/29652636
https://doi.org/10.1152/physiolgenomics.00130.2017
http://www.ncbi.nlm.nih.gov/pubmed/29862458
https://doi.org/10.1007/s12035-018-1147-0
https://doi.org/10.12997/jla.2019.8.1.50
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/23104886
https://doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/20436464
https://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/28263959
https://doi.org/10.1038/nmeth.4197

LncRNAs in Ischemic Stroke and Myocardial Infarction

Journal of
Lipid and
Atherosclerosis

https://e-jla.org

17.  Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics 2010;26:139-140.
PUBMED | CROSSREF

18. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites in mammalian
mRNAs. Elife 2015;4:e05005.
PUBMED | CROSSREF

19. Ooi]YY, Bernardo BC, Singla S, Patterson NL, Lin RCY, McMullen JR. Identification of miR-34 regulatory
networks in settings of disease and antimiR-therapy: Implications for treating cardiac pathology and
other diseases. RNA Biol 2017;14:500-513.
PUBMED | CROSSREF

20. Kobayashi M, Benakis C, Anderson C, Moore MJ, Poon C, Uekawa K, et al. AGO CLIP reveals an activated
network for acute regulation of brain glutamate homeostasis in ischemic stroke. Cell Rep 2019;28:979-991.¢6.
PUBMED | CROSSREF

21. Lindsey ML, Yabluchanskiy A, Ma Y. Tissue inhibitor of metalloproteinase-1: actions beyond matrix
metalloproteinase inhibition. Cardiology 2015;132:147150.
PUBMED | CROSSREF

22. Barreto G, White RE, Ouyang Y, Xu L, Giffard RG. Astrocytes: targets for neuroprotection in stroke. Cent
Nerv Syst Agents Med Chem 2011;11:164-173.
PUBMED | CROSSREF

23. Tyner C, Barber GP, Casper J, Clawson H, Diekhans M, Eisenhart C, et al. The UCSC genome browser
database: 2017 update. Nucleic Acids Res 2017;45:D626-D634.
PUBMED | CROSSREF

24. van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, Marshall WS, et al. Dysregulation of
microRNAs after myocardial infarction reveals a role of miR-29 in cardiac fibrosis. Proc Natl Acad Sci U S
A 2008;105:13027-13032.
PUBMED | CROSSREF

25. Khanna S, Rink C, Ghoorkhanian R, Gnyawali S, Heigel M, Wijesinghe DS, et al. Loss of miR-29b
following acute ischemic stroke contributes to neural cell death and infarct size. J Cereb Blood Flow
Metab 2013;33:11971206.
PUBMED | CROSSREF

26. Jeong G, Kwon DH, Shin S, Choe N, Ryu J, Lim YH, et al. Long noncoding RNAs in vascular smooth
muscle cells regulate vascular calcification. Sci Rep 2019;9:5848.
PUBMED | CROSSREF

27. Zhangy, Hou YM, Gao F, Xiao JW, Li CC, Tang Y. IncRNA GASS regulates myocardial infarction by
targeting the miR-525-5p/CALM2 axis. J Cell Biochem 2019;120:18678-18688.
PUBMED | CROSSREF

28. ChenF, Zhang L, Wang E, Zhang C, Li X. LncRNA GASS5 regulates ischemic stroke as a competing
endogenous RNA for miR-137 to regulate the Notchl signaling pathway. Biochem Biophys Res Commun
2018;496:184-190.
PUBMED | CROSSREF

29. Zhangy,JiaoL, SunL, LiY, GaoY, Xu C, et al. LncRNA ZFASI as a SERCA2a inhibitor to cause
intracellular Ca** overload and contractile dysfunction in a mouse model of myocardial infarction. Circ
Res 2018;122:1354-1368.
PUBMED | CROSSREF

30. Wang], RuanJ, Zhu M, YangJ, Du S, Xu D, et al. Predictive value of long noncoding RNA ZFAS1 in patients
with ischemic stroke. Clin Exp Hypertens 2019;41:615-621.
PUBMED | CROSSREF

31. ZhangL, Luo X, Chen F, Yuan W, Xiao X, Zhang X, et al. LncRNA SNHG1 regulates cerebrovascular
pathologies as a competing endogenous RNA through HIF-1a/VEGF signaling in ischemic stroke. J Cell
Biochem 2018;119:5460-5472.
PUBMED | CROSSREF

32. Ghafouri-Fard S, Esmaeili M, Taheri M. H19 IncRNA: roles in tumorigenesis. Biomed Pharmacother
2020;123:109774.
PUBMED | CROSSREF

33. Wang]J, Zhao H, Fan Z, Li G, Ma Q, Tao Z, et al. Long noncoding RNA H19 promotes neuroinflammation
in ischemic stroke by driving histone deacetylase 1-dependent M1 microglial polarization. Stroke
2017;48:2211-2221.
PUBMED | CROSSREF

https://doi.org/10.12997/jla.2020.9.3.449 458


http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/26267216
https://doi.org/10.7554/eLife.05005
http://www.ncbi.nlm.nih.gov/pubmed/27124358
https://doi.org/10.1080/15476286.2016.1181251
http://www.ncbi.nlm.nih.gov/pubmed/31340158
https://doi.org/10.1016/j.celrep.2019.06.075
http://www.ncbi.nlm.nih.gov/pubmed/26279068
https://doi.org/10.1159/000433419
http://www.ncbi.nlm.nih.gov/pubmed/21521168
https://doi.org/10.2174/187152411796011303
http://www.ncbi.nlm.nih.gov/pubmed/27899642
https://doi.org/10.1093/nar/gkw1134
http://www.ncbi.nlm.nih.gov/pubmed/18723672
https://doi.org/10.1073/pnas.0805038105
http://www.ncbi.nlm.nih.gov/pubmed/23632968
https://doi.org/10.1038/jcbfm.2013.68
http://www.ncbi.nlm.nih.gov/pubmed/30971745
https://doi.org/10.1038/s41598-019-42283-x
http://www.ncbi.nlm.nih.gov/pubmed/31429119
https://doi.org/10.1002/jcb.29156
http://www.ncbi.nlm.nih.gov/pubmed/29307821
https://doi.org/10.1016/j.bbrc.2018.01.022
http://www.ncbi.nlm.nih.gov/pubmed/29475982
https://doi.org/10.1161/CIRCRESAHA.117.312117
http://www.ncbi.nlm.nih.gov/pubmed/30307773
https://doi.org/10.1080/10641963.2018.1529774
http://www.ncbi.nlm.nih.gov/pubmed/29377234
https://doi.org/10.1002/jcb.26705
http://www.ncbi.nlm.nih.gov/pubmed/31855739
https://doi.org/10.1016/j.biopha.2019.109774
http://www.ncbi.nlm.nih.gov/pubmed/28630232
https://doi.org/10.1161/STROKEAHA.117.017387

LncRNAs in Ischemic Stroke and Myocardial Infarction

Journal of
Lipid and
Atherosclerosis

https://e-jla.org

34. ZhouM, Zou YG, Xue YZ, Wang XH, Gao H, Dong HW, et al. Long non-coding RNA H19 protects acute
myocardial infarction through activating autophagy in mice. Eur Rev Med Pharmacol Sci 2018;22:5647-5651.
PUBMED

35. Ebert MS, Sharp PA. MicroRNA sponges: progress and possibilities. RNA 2010;16:2043-2050.

PUBMED | CROSSREF

36. Zuker M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res
2003;31:3406-3415.
PUBMED | CROSSREF

37. QinQ, CuiL, Zhou Z, Zhang Z, Wang Y, Zhou C. Inhibition of microRNA-141-3p reduces hypoxia-induced

apoptosis in H9¢2 rat cardiomyocytes by activating the RP105-dependent PI3K/AKT signaling pathway.
Med Sci Monit 2019;25:7016-7025.
PUBMED | CROSSREF

https://doi.org/10.12997/jla.2020.9.3.449 459


http://www.ncbi.nlm.nih.gov/pubmed/30229841
http://www.ncbi.nlm.nih.gov/pubmed/20855538
https://doi.org/10.1261/rna.2414110
http://www.ncbi.nlm.nih.gov/pubmed/12824337
https://doi.org/10.1093/nar/gkg595
http://www.ncbi.nlm.nih.gov/pubmed/31532760
https://doi.org/10.12659/MSM.916361

	Identification of Long Non-Coding RNAs Common to Ischemic Stroke and Myocardial Infarction
	INTRODUCTION
	MATERIALS AND METHODS
	2. Prediction of miRNA target sites in lncRNA sequences

	RESULTS
	2. Genomic analysis of selected lncRNAs
	3. Identification of miRNA targets of lncRNAs

	DISCUSSION
	SUPPLEMENTARY MATERIALS
	Supplementary Table 1
	Supplementary Fig. 1

	REFERENCES


