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Differential IncRNA-mRNA co-expression network analysis
revealing the potential regulatory roles of
IncRNAs in myocardial infarction
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Abstract. Previous studies have reported that long, non-coding
RNAs (IncRNAs) are important in cardiovascular disease.
However, the IncRNAs involved in myocardial infarction and
their detailed mechanism have not been well characterized. In
the present study, an affymetrix microarray associated with
myocardial infarction was re-annotated, following which a
myocardial infarction-related differential IncRNA-mRNA
co-expression network (MILMN) was constructed.
Subsequently, pathway enrichment analysis was used for all the
mRNAs in the MILMN, and an IncRNA-pathway network was
constructed. It was found that the mRNAs were predominantly
involved in certain cardiovascular disease-associated pathway,
for example the dilated cardiomyopathy and mitogen-activated
protein kinase signaling pathway. Finally, a total of 39 key
IncRNAs were identified, which regulate crucial pathways
in myocardial infarction. Through pathway analysis of
these 39 key IncRNAs, the novel function of an annotated
IncRNAs-H19 was predicted, which may regulate apoptosis
signal-regulating kinase, which is a protein that promotes
pathological cardiac remodeling following myocardial infarc-
tion. The results of the present study not only provide potential
non-coding RNA biomarkers, but also provide further insights
into understanding the molecular mechanism of IncRNAs.

Introduction
Myocardial infarction, which is predominantly caused by

coronary heart disease, and by coronary thrombosis in particu-
larly, is a major contributor to mortality rates globally (1). With
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developments in research into myocardial infarction, the
biological-psychological-social medicine nexus has provided
a more detailed understanding of the risks of myocar-
dial infarction. Previous studies have reported that long
non-coding RNAs (IncRNAs) are involved in cardiac devel-
opment (2,3). The IncRNAs comprise a group of non-coding
RNAs, in addition to microRNA, PIWI-interacting RNAand
endogenous small interfering RNA, and are defined as
transcripts >200 nt in length with no known protein-coding
function (4). They have a large range of functions, including
in cell proliferation, apoptosis and cell invasion (5,6). It
has been shown that IncRNAs are associated with cardiac
hypertrophy (7), cardiovascular ageing (8) and cardiac
tissues following myocardial infarction (9). Although there
is no direct evidence between IncRNAs and myocardial
infarction, certain IncRNAs are associated with the risks
of myocardial infarction. For example, GASS5 functions as
a starvation- or growth arrest-linked riborepressor (10), and
this condition is similar to myocardial infarction. In addi-
tion, IncRNA-p21 and IncRNA PANDA are induced by DNA
damage in a p53-dependent manner (11,12) which also occurs
in the cardiomyocyte death that is associated with myocar-
dial infarction.

MicroRNAs have been well demonstrated in the devel-
opment of cardiovascular diseases (13), however, there are
few reports on IncRNAs in myocardial infarction (14). RNA
sequencing (RNA-seq) is a prevalent technique used to
profile IncRNAs, however, the publicly available RNA-seq
data are limited due to relatively high costs of the RNA-seq
technique. In addition, RNA-seq data are lacking in sample
numbers, compared with microarray expression profile data,
which often contained dozens to hundreds of pair-matched
samples (15). Therefore, the present study adopted a
re-annotation method to identify IncRNAs associated with
myocardial infarction. Furthermore, increasing evidence
shows that IncRNAs may be important in regulating gene
expression, and that the functions of IncRNAs are performed
predominantly by their secondary structures, which is diffi-
cult to decipher (15). Due to the considerable challenges in
investigating the functions of IncRNA, the present study used
a co-expression-based method, in which IncRNA functions
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were predicted, based on the functions of their co-expressed
protein-coding genes (15).

Therefore, the present study aimed to identify the IncRNAs
involved in myocardial infarction. IncRNA functions can
be predicted based on the functions of their co-expressed
protein coding genes, and alterations in the associations
between these genes between the different samples (normal or
myocardial infarction) can be used to identify key IncRNAs in
myocardial infarction. By re-annotating an affymetrix micro-
array associated with myocardial infarction, a myocardial
infarction-related differential IncRNA-mRNA co-expression
network (MILMN) was constructed in the current study, then
pathway enrichment analysis was conducted. The present study
aimed to identify potential non-coding RNA biomarkers, in
addition to providing further insight into the understanding of
the molecular mechanism of IncRNAs.

Materials and methods

Microarray data. The microarray data set, GSE48060, was
downloaded from the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE48060). This dataset applied the methodology
on the blood samples from 21 healthy control individuals and
31 patients with myocardial infarction using an Affymetrix
HG-U133 Plus 2.0 Microarray (16). The whole-genome
microarray profiling was performed on blood samples from
control individuals with normal cardiac function and from
patients with first-time acute myocardial infarction, within
48 h following myocardial infarction (16).

Functional re-annotation of IncRNAs. To re-annotate the
microarray data obtained, a non-coding RNA function anno-
tation server (ncFANs) was used to re-annotate the probes
on a HG-U133 Plus 2.0 array, following the steps on its
website (17). A total of 2,495 IncRNAs were re-annotated,
and each IncRNA and mRNA probe was converted into gene
Ensembl Gene IDs (http://www.ensembl.org/index.html). If
one gene matched more than one probe, the expression value
of this mRNA or IncRNA was computed by determining the
average expression value of all its corresponding probes.

Construction of the MILMN. Following re-annotation of the
microarray data, the expression values of the IncRNAs and
mRNAs were obtained. Subsequently, Pearson's correlation
coefficient (PCC) was calculated between the expression
values of each of the IncRNA-mRNA pairs across the normal
samples and the myocardial infarction samples, respectively
(Fig. 1). The IncRNA-mRNA pairs with a PCC >0.85 in
one sample group, but <0.5 in the other sample group were
selected (Fig. 1), as these parameters indicated that the
IncRNA-mRNA pairs were differentially co-expressed in the
two sample groups. Finally, the MILMN was constructed, in
which nodes were IncRNAs or mRNASs, and were connected
if they were differentially co-expressed (Fig. 2). The top 20
mRNA nodes, which were those with the highest degree,
were determined (Table I).

Identification of key IncRNAs in myocardial infarction. To
identify the key IncRNAs in myocardial infarction, the present
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study initially implemented pathway enrichment of the
mRNAs in the MILMN, using the Database for Annotation,
Visualization and Integrated Discovery 6.7 (18). P<0.05 was
considered to indicate a statistically significant difference.
Subsequently an IncRNA-pathway network was constructed,
in which nodes represented IncRNAs or pathways, and they
were connected if the corresponding co-expressed mRNAs
of an IncRNA were enriched in the corresponding pathway
(Fig. 3), suggesting that these pathways were potentially
regulated by the corresponding IncRNAs. From these
pathways, crucial pathways in myocardial infarction were
selected by a literature search using the following criteria:
(i) cardiovascular disease pathway; (ii) important signaling
pathway; (iii) cardiovascular muscle-related.

Finally, the IncRNAs which were linked with at least six
of the 11 crucial pathways in the IncRNA-pathway network
(Fig. 3) were considered to be key regulating IncRNAs in
myocardial infarction. The key IncRNAs and corresponding
crucial pathways are shown in Fig. 4A and in Tables I and I1I.
To better illustrate the potentially regulated process, the
co-expressing mRNAs were annotated into a dilated cardio-
myopathy pathway and a mitogen-activated protein kinase
(MAPK) signaling pathway (Figs 4B and 5). Pathway anno-
tation was used performed using the search and color tools
of the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (http://www.kegg.jp/kegg/tool/map_pathway2.
html).

Results

Construction of the MILMN. In the present study, the
MILMN was constructed, based on the co-expression asso-
ciations identified between the IncRNAs and mRNAs. This
network contained a total of 1,476 IncRNAs, 4,444 mRNAs
and 12,098 edges (Fig. 2). The top 20 mRNA nodes, which
comprised those with the highest degree, are shown in
Table I.

Detection of key IncRNAs regulating crucial pathways in
myocardial infarction. To investigate the biological functions
of IncRNAs during the development of myocardial infarc-
tion, the present study annotated the mRNAs in the MILMN
into KEGG pathways. This resulted in a total of 26 pathways
being detected (Fig. 3), which included certain cardiovascular
disease pathways, including the Dilated cardiomyopathy and
Hypertrophic cardiomyopathy pathways, and certain impor-
tant signaling pathways, including the Calcium signaling
pathway and MAPK signaling pathway. Subsequently an
IncRNA-pathway network was constructed based on these
pathways, in which edges indicated IncRNAs, which poten-
tially regulated the corresponding pathways (Fig. 3). From
these pathways, 11 crucial pathways were selected, following
a literature review. These pathways were either cardiovas-
cular disease pathways or were important signaling pathways
in myocardial infarction (Table IT). The key IncRNAs, which
regulated at least six of the 11 crucial pathways were selected
(Fig. 4A; Table III). A total of 39 key IncRNAs were identi-
fied (Table III), and three of the IncRNAs (AC004410.1,
CTB-113P19.1.1 and RP13-452N2.1.1) were found to regulate
the most crucial pathways (Table I1T).
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Table I. Top 20 mRNAs with the highest degree in the myocardial infarction-related differential long non-coding RNA-mRNA

co-expression network.

Symbol Degree Gene name

Cilp2 49 Cartilage intermediate layer protein 2

ANGPTL2 46 Angiopoietin-like 2

Ptgis 45 Prostaglandin 12 (prostacyclin) synthase

CORO6 40 Coronin 6

CLDNI10 39 Claudin 10

piwil2 39 Hydroxy-8-5-steroid dehydrogenase, 3 8- and
steroid &-isomerase 7; piwi-like 2 (Drosophila)

mfap4 37 Microfibrillar-associated protein 4

Hus1b 35 HUSI1 checkpoint homolog b (S. pombe)

PCGF1 34 Polycomb group ring finger 1

Slc22a9 33 Solute carrier family 22 (organic anion transporter), member 9

TROAP 32 Trophinin associated protein (tastin)

zarl 30 Zygote arrest 1

CLDNI19 30 Claudin 19

Imf2 30 Lipase maturation factor 2

ppyrl 28 Pancreatic polypeptide receptor 1

ephX1 28 Epoxide hydrolase 1, microsomal (xenobiotic)

Fkbplb 28 FK506 binding protein 1B, 12.6 kDa

SLC5A4 27 Solute carrier family 5 (low affinity glucose cotransporter), member 4

RNF207 25 Ring finger protein 207

HSPBS 25 Heat shock 22 kDa protein 8

Table II. Key pathways in myocardial infarction.

Pathway Regulatory IncRNAs (n) PMID
hsa04010: MAPK signaling pathway 38 25154304
hsa04270: Vascular smooth muscle contraction 35

hsa04260: Cardiac muscle contraction 35

hsa03320: PPAR signaling pathway 32 10073956
hsa04512: ECM-receptor interaction 30 19747544
hsa05412: Arrhythmogenic right ventricular cardiomyopathy 29

hsa04080: Neuroactive ligand-receptor interaction 29 23916832
hsa04020: Calcium signaling pathway 28 24548334
hsa05410: Hypertrophic cardiomyopathy 25

hsa05414: Dilated cardiomyopathy 19

hsa04912: GnRH signaling pathway 12 19554077

IncRNA, long non-coding RNA ; MAPK, mitogen-activated protein kinase; PPAR, peroxisome proliferator-activated receptor; ECM, extracel-

lular matrix; GnRH, gonadotropin-releasing hormone.

Investigating the regulatory mechanism of IncRNAs in
myocardial infarction. To examine the detailed regulatory
mechanism of the key IncRNAs identified, the co-expressing
mRNAs of the key IncRNAS were mapped into the
Dilated cardiomyopathy pathway and MAPK signaling
pathway (Figs. 4B and 5). In the Dilated cardiomyopathy
pathway, certain key proteins were potentially regulated
by IncRNAs, including dihydropteridine reductase (DHPR)
and transforming growth factor (TGF)-p (Fig. 4B). In the

MAPK signaling pathway, IncRNAs were also found,
which potentially regulated certain key proteins, including
MAPK kinase 2 (MEK?2), MAPK kinase 7 (MKK?7) and
epidermal growth factor receptor (EGFR), as shown in
Fig. 5A. Subsequently, the sub-network was extracted from
the MILMN, within which were the mRNAs that were in the
MAPK signaling pathway. mRNA-MAP3K6 was found to be
differentially co-expressed with nine IncRNAs, including H19
(Fig. 5B).



1198

Table III. Key IncRNAs in myocardial infarction.

Regulatory

IncRNA pathways (n) Function
AC004410.1 11 Uncharacteristic
RP13-452N2.1.1 10 Uncharacteristic
CTB-113P19.1.1 10 Uncharacteristic
RP11-1277A3.1.1 9 Uncharacteristic
RP11-731J8.2.1 9 Uncharacteristic
RP5-828H9.3.1 9 Uncharacteristic
CTD-2350C19.1 9 Uncharacteristic
RP11-161M6.2.1 9 Uncharacteristic
CTD-2144E22.6.1 9 Uncharacteristic
RP11-806L.2.2 9 Uncharacteristic
RP11-573D15.2.1 9 Uncharacteristic
RP11-414K1.3.1 9 Uncharacteristic
AP000475.2.1 9 Uncharacteristic
RP11-24D15.1.1 9 Uncharacteristic
C4orf38 9 Uncharacteristic
CTD-2329C7.2 9 Uncharacteristic
ACl145123.2.1 9 Uncharacteristic
RP5-1142A6.3.1 8 Uncharacteristic
RP11-540A21.2.1 8 Uncharacteristic
H19 8 Tumor suppressor
CTD-2574D22.5.1 8 Uncharacteristic
RP11-407N17.5.1 8 Uncharacteristic
CTC-378H22.2.1 8 Uncharacteristic
RP11-723G8.1.1 8 Uncharacteristic
RP11-167N24.3.1 8 Uncharacteristic
AL928742.12.1 8 Uncharacteristic
LINCO00174 7 Uncharacteristic
RP11-65L194 7 Uncharacteristic
RP11-442018.2.1 7 Uncharacteristic
RP1-170019.14.1 7 Uncharacteristic
RP11-480A16.1.1 7 Uncharacteristic
GS1-204112.2.1 6 Uncharacteristic
RP11-611L7.1.1 6 Uncharacteristic
783851.1.1 6 Uncharacteristic
RP11-353N14.1 6 Uncharacteristic
LINC01482 6 Uncharacteristic
AC093611.1.1 6 Uncharacteristic
C210rf91-0OT1 6 Uncharacteristic
LINCO00313 6 Uncharacteristic

IncRNA, long non-coding RNA.

Discussion

In previous years, the significant functional molecular
mechanism of IncRNAs has been recognized, particularly
in cardiovascular diseases. Furthermore, increasing evidence
shows that IncRNAs may be important in regulating gene
expression (15). Due to considerable challenges in examining
the functions of IncRNA, a co-expression-based method
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4
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Selecting IncRNAs whose co-expression
'mRNAs were annotated in key pathways
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Figure 1. Flow chart of the procedures used in the present study. IncRNA,
long non-coding RNA.

was developed, in which IncRNA functions were predicted
based on the functions of their co-expressed protein-coding
genes (15), as genes that exhibit similar expression patterns
under multiple conditions have a tendency to be involved
in the same pathways (19). Therefore, these co-expressed
protein-coding genes are potentially regulated by the corre-
sponding IncRNAs (15,20).

Therefore, in the present study, an affymetrix microarray
associated with myocardial infarction was re-annotated,
following which an MILMN was constructed. This network
contained a total of 1,476 IncRNAs and 4,444 mRNAs. In
this network, a number of mRNAs were identified, which
were linked with several IncRNAs, indicating that they are
potentially regulated by these IncRNAs in myocardial infarc-
tion. The most connected mRNA was CLIP2, with a degree
of 49 (Table I). Studies have shown that the minor T allele of
the CLIP2 gene has a protective effect against elevated serum
lipid and lipoprotein levels, thus being associated with the risk
of cardiovascular diseases (21). Another highly-connected
mRNA was PTGIS, which is a catalyst for the synthesis of
PGI2 from prostaglandin H2, is widely distributed and is
predominantly found in vascular endothelial cells and smooth
muscle cells (22).
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IncRNA

mRNA
case

control ——

Figure 2. Myocardial infarction-related differential IncRNA-mRNA co-expression network. The triangle nodes represent IncRNAs and the circular nodes
represent mRNAs. Red edges represent an IncRNA-mRNA co-expression association in the case samples, whereas green edges represent an IncRNA-mRNA
co-expression association in the control samples. IncRNA, long non-coding RNA.

To examine the key IncRNAs and their potential func-
tions in myocardial infarction, pathway enrichment of all
the mRNAs in the MILMN was performed, from which an
IncRNA-pathway network was constructed (Fig. 3). From a
total of 26 pathways, 11 crucial pathways, which comprised
cardiovascular disease pathways or important signaling
pathways, were selected (Table IT). For example, the Calcium
signaling pathway (23), peroxisome proliferator-activated
receptor signaling pathway (24) and MAPK signaling
pathway (25) were found to be important in the development
of myocardial infarction.

Subsequently, 39 key IncRNAs were identified that
appeared to regulate the majority (6/11) of the crucial
pathways (Table IIT). Of these IncRNAs, AC004410.1,
CTB-113P19.1.1 and RP13-452N2.1.1 regulated almost all
the crucial pathways (Table III). To examine the detailed
regulatory mechanism of the key IncRNAs, the co-expressed
mRNAs of the key IncRNAs were mapped into the Dilated
cardiomyopathy pathway. A number of crucial membrane
proteins were annotated (Fig. 4B). For example, DHPR, a
dihydropyridine receptor, is essential in skeletal muscle
excitation-contraction coupling, which leads to an increase in
[Ca2*] via the activation of ryanodine receptors (26,27), and

indicates that IncRNAs may be involved in inter/intra-cardiac
cell communication. Of note, previous studies have suggested
that several classes of RNA molecules are used for the hori-
zontal transfer of information between different types of cells
in the heart (28). Furthermore, the present study revealed
that another important protein, TGF-f3, which is considered
a potential biomarker of myocardial infarction (29), was also
regulated by the IncRNAs.

The present study subsequently focused on the MAPK
signaling pathway, due to its vast implications in signaling
and crosstalk with other signaling networks (Fig. 5A). For
example, MAPK is involved in crosstalk with mitochondria,
which are the powerhouses of the cell that provide >80%
of the adenosine triphosphate required for normal cardio-
myocyte function, and have a crucial role in cell death (30).
The results of the present study showed that certain pivotal
proteins in this pathway were regulated by IncRNAs. These
proteins were found to be important in myocardial infarc-
tion, for example MKK cascades modulate the hypertrophic
response of the heart to pressure overload (31,32) and, in
the ras-Raf-MEK-ERK signaling cascade, overexpres-
sion of an activated form of MKKI1 has been shown to
lead to profound cardiac hypertrophy without fibrosis (33).
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Figure 3. IncRNA-pathway network.

In addition, these cascades also function as molecular
switches in response to spatiotemporal-specific cell-cell
communication in myocardial infarction (30,31). To better
illustrate the potential mechanism of IncRNAs, the present
study extracted the sub-network from the MILMN, which
contained key IncRNAs and their regulating mRNAs in the
MAPK signaling pathway. Of these IncRNAs, only H19 had
functional annotation. Although it has been shown to be
important in several types of cancer (34), its role in myocar-
dial infarction remains to be fully elucidated. The present
study found that H19 potentially regulated mRNA-MAP3K®6,
coding the ASK?2 protein, which promotes pathological

IncRNA, long non-coding RNA.

cardiac remodeling following myocardial infarction (35),
indicating the potential roles of H19. Although the results of
the present study require further experimental verification,
the results provide further insight into understanding the
roles of IncRNAs in myocardial infarction.
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