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ABSTRACT
For many years, proteins have been known be the major regulators in biological processes such as transcription and translation. However, in recent years, with the advent of high-throughput sequencing technology, a high-resolution map of the human transcriptome
was made and a large number of non-protein coding RNA genes were discovered. Non-protein coding RNA genes (ncRNAs) are classified according to their size. Long non-coding RNAs (lncRNAs) are a group of ncRNAs that are >200 nucleotides long. LncRNAs
are involved in many biological processes. Expression levels of and genetic variations in lncRNAs contribute to in vivo and in vitro
pathophysiological processes and have been associated with many diseases. In recent years, numerous lncRNAs, which are associated
with cardiovascular disease (CVD), have been identified. One of the major causes of CVD is atherosclerosis. The molecular processes
involved in the formation and progression of atherosclerosis in vascular smooth muscle cells, endothelial cells, and monocytes/macrophages play an important role in the development of CVD. In the future, a better understanding of the biological functions of lncRNAs
with their ever-increasing importance in the formation and development of atherosclerosis will shed light on the development of novel
therapeutic approaches for CVD.
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Introduction
Cardiovascular diseases (CVD) are among the most important causes of mortality in the world. Although the causes
of CVD are variable, atherosclerosis is seen as the most common cause (1). Coding transcripts constitute <3% of the
genome. The non-coding transcripts that constitute >80% of the genome were previously defined as “junk transcripts”
or “transcriptional noise” (2). Long non-coding RNAs (lncRNAs) constitute a new class of RNAs, larger than 200
nucleotides, do not code proteins. Studies have shown that lncRNAs have critical roles in cellular processes, such as the
development and differentiation in the control of gene expression. The lncRNAs regulate gene expression in the stages
of epigenetic control, transcription, RNA processing, and translation. The first identified lncRNA is X inactive specific
transcript (XIST) (3). Subsequent studies have identified several lncRNAs that play a vital role in cancer progression
and metastasis, cell proliferation, and apoptosis (4, 5). Investigating the role of lncRNAs in CVD will contribute to the
understanding of the molecular mechanism of atherosclerosis and to the development of new therapeutic approaches
in CVD.

Clinical and Research Effects
General characteristics of long non-coding RNAs
A large part of the mammalian genome is transcribed as non-coding RNA (ncRNA). The lncRNAs, which have
limited coding potential, constitute a large class as RNA transcripts larger than 200 nucleotides. The lncRNAs function as critical epigenetic regulators of gene expression. The common features of protein-coding RNAs include RNA
polymerase II processing and 5’ cap and 3’ polyadenylation. However, lncRNAs do not contain open reading frames
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and are generally expressed much lesser levels compared
mRNAs. The lncRNAs are alternatively spliced. Unlike
mRNA and miRNAs, lncRNAs have not been considerably
conserved among species (6).
A large number of lncRNAs have been identified with the
high throughput DNA sequencing technologies in recent
years. Although the role of lncRNAs is not considerably
known yet, it is thought that they regulate the expressions
of target genes and have important roles in many biological processes. They exhibit biological functions as important
regulators of gene transcription particularly in various types
of cancer and vascular diseases (7). The numbers of lncRNA
genes and transcripts have most commonly been defined in
humans and mice. In the NONCODE database (http: //
www.noncode.org), 141353 lncRNA transcripts and 90062
lncRNA genes have been identified to date. This number
appears to be 117405 lncRNA transcripts and 79940 lncRNA genes in mouse. The biological functions have been
characterized for a very few of a total of 324646 lncRNA
genes identified to date. The lncRNAs may be intergenic,
intronic, bidirectional, enhancer, and sense- or antisenseoriented, depending on their genomic location. Intergenic
lncRNAs (lincRNAs) are transcribed between two proteincoding genes, and intronic lncRNAs are transcribed in the
introns of protein-coding genes. The bidirectional promoter
lncRNAs are transcribed at a distance of about 1 kb to the
promoter from the opposite direction of the protein-coding transcript. Enhancer lncRNAs (elncRNAs) are usually
smaller than 2 kb and are transcribed in the enhancer regions of the genome. Sense lncRNAs are transcribed from
the sense strand of protein-coding genes and can contain
introns and exons. Antisense-oriented lncRNAs are transcribed from the antisense strand of protein-coding genes
and can overlap with exons, introns, or both belonging to
the protein-coding gene in the sense strand. Although the
functions of lncRNAs have not yet been elucidated in detail,
they are known to participate in cellular functions through
epigenetic, transcriptional, and post-transcriptional regulations. LncRNAs are mostly found in the nucleus and regulate gene expression at the epigenetic level. LncRNAs contribute to gene expression regulation by serving as signal,
decoy, guide, or scaffold. Some lncRNAs have undertaken
more than one of these tasks.
Epigenetic regulation of lncRNAs
Epigenetics indicate hereditary changes in the gene phenotype without any change in the DNA sequence. These
hereditary changes mostly correspond to the changes in
histone post-translational modifications and chromatin
structure. Epigenetic modifications include DNA methylation, histone modifications, and ncRNAs. DNA methylation usually occurs in CpG regions (8). DNA methylation
plays an important role in the control of gene expression

during X chromosome inactivation, genomic imprinting
and development, and differentiation. Studies have shown
that lncRNAs cause histone modification by combining
with chromatin-remodeling complexes and thus activate
or inhibit transcription. The lncRNAs can play a role in
affecting the genomic imprinting and dosage compensation (9, 10). The XIST lncRNA plays an important role
in X chromosome inactivation in female mammals (11).
There is a repeating motif called “repeat A” at the 5’ end of
XIST. Repeat A motif is directly linked to EZH2, which
is the subunit of Polycomb repressive complex 2 (PRC2).
PRC2 is a protein complex that catalyzes the repressor
epigenetic modifications. PRC2 transcriptionally silences
the X chromosome by tri-methylating histone H3 lysine
27 (H3K27me3) (12). In another study, it was reported
that the KCNQ1OT1, which is an lncRNA, was required
for the maintenance of the silencing of the imprinted gene
UIG. Through the signal lncRNA function, KCNQ1OT1
has been reported to enable the accumulation of various
protein complexes to the region and direct the CpG methylation in differentially methylated regions and conserve
the maintenance (13).
Transcriptional and post-transcriptional regulations of
LncRNAs
LncRNAs regulate gene transcription by various mechanisms. These mechanisms are regulating the activities of
transcription factors, preventing the expression of neighboring genes, blocking promoter regions, and controlling
the interaction with proteins. Enhancer lncRNAs regulate
the expressions of target genes by creating chromosomal
loops between enhancer and promoter regions of genes. In
a study, lncRNA-Evf2 has been reported to suppress Dlx5/6
gene expression by regulating the methylation of Dlx5/6
gene, which is specific to the enhancer region (14). In another study, it has been shown that the lncRNA-SRG1 transcript inhibits the binding of activator proteins to the SER3
gene promoter and accordingly regulates the suppression of
SER3 (15). Wang et al. (16) reported that ncRNA CCND1
aggregates TLS, which is a RNA binding protein, into the
CCND1 promoter region and causes gene-specific suppression of CCND1.
LncRNAs can regulate alternative splicing, degradation, and
mRNA stability. The lncRNAs that function as a decoy can
suppress gene expression by linking various transcription
factors. Lin et al. (17) reported that the disorder in lncRNA
∑ RNA, known as MALAT1 in humans, altered splicing
activities of the genes coding heterogeneous nuclear ribonucleoproteins (hnRNPs). LncRNA-NEAT1 transcripts have
been reported to strain the geometry of paraspeckle proteins (PSPs) and to inhibit the protein translation of mRNA
by prolonging the survival of mRNAs in the nucleus (18).
LncRNAs can also act as endogenous decoys for miRNAs,
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for example, miR-135 and miR-133 target MEF2C and
MAML1, respectively, and regulate myoblast differentiation. Linc-MD1 contains two regions that bind to miRNA
and regulate the expression levels of MEF2C and MAML1
by linking miR-135 and miR-133, respectively (19). Guide
lncRNAs bind to RNPs, direct their localization to the specific target sites, and can activate or suppress the expression
of the target genes.
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Importance of lncRNAs in the cells involved in the
formation of atherosclerosis
Vascular smooth muscle cells (VSMCs), endothelial cells
(EC), and macrophages are among the cells that play a role
in the development of atherosclerosis (20). In recent years,
genome-wide association studies have shown that chromosome 9p21 locus (Chr9p21) is a strong risk factor for coronary artery disease (CAD) (21). It has also been shown in
studies conducted in Turkish population that various single
nucleotide polymorphisms present in this locus form a predisposition to CAD development and that some variants
affect the severity of disease (22). This region is adjacent to
the INK4 locus and codes an lncRNA that acts as a scaffold
and is called as ANRIL (CDKN2B-AS). ANRIL expression
has been observed in several cells and tissues isolated from
SMCs, ECs, macrophages, carotid, and atherectomy (23). A
relationship between the severity of atherosclerosis and ANRIL expression has also been described (24). Yap et al. (25)
reported the association between ANRIL knockdown and
increase in the expression of the cyclin-dependent kinase inhibitor 2A (CDKN2A) and decrease in H3K27ME3. However, another study showed that CDKN2B expression was
elevated due to the inhibition of the binding of SUZ12 to
the Chr9p21 region as a result of the knockdown of ANRIL
gene with shRNA (26). In the Turkish population, a significant relationship has been detected between the genetic
variants found on the lncRNA gene ANRIL and the risk of
metabolic syndrome, which is associated with risk factors
that play a role in the development of hypertension and
CVD (27, 28). In addition, the expression levels of ANRIL
transcripts in atherosclerotic carotid plaques and saphenous
tissues of the patients undergoing carotid endarterectomy in
the Turkish society were investigated. There was a positive
correlation between the vascular stenosis grade and the CDKN2A gene, which is the gene adjacent to the ANRIL gene,
and the expression level of the ANRIL transcript was shown
for the first time in the saphenous tissues (29). In addition,
Holdt et al. (23) reported the importance of Alu motifs in
the proatherogenic functions of ANRIL. ANRIL can regulate the target genes through Alu motifs which are located
both on itself and on the promoter regions of the target
genes. As a result, a decrease is observed in apoptosis along
with the increase in cell proliferation and cell adhesion,
which play a critical role in the formation of atherosclerosis.

The function of ANRIL has still not been fully understood. This is because the differential transcript variants
of ANRIL have different regulatory and biological properties. This makes the ANRIL mechanism complex (2).
Jarinova et al. (30) reported that the DQ485454 and
EU741058 levels, which are among the short ANRIL
variants increased and the long variant DQ485453 level
decreased in those having risk alleles in whole blood. Another study found that the levels of transcript EU741058
increased but the DQ485454 transcript variant did not
change in those carrying the risk haplotype in peripheral
blood mononuclear cells and atherosclerotic plaques. In
addition, the correlation of EU741058 and NR_003529
transcripts with the severity of atherosclerosis has been reported (31). In the Turkish society, Bayoğlu et al. (29)
reported that ANRIL NR_003529 transcript levels increased in atherosclerotic carotid plaques in comparison
to saphenous tissue, but this result did not reach the level
of statistical significance.
Pathological angiogenesis resulting from cell proliferation,
cell motility and immune or inflammatory response play a
critical role in the development of atherosclerosis (32).In a
study, it was reported that lncRNA-MIAT (retinal non-coding RNA 2 or Gomafu) was induced by high glucose levels.
Endothelial cell proliferation, migration, and tube formation were inhibited along with the knockdown of the MIAT
gene, and it was demonstrated that the retinal microvascular dysfunction in diabetic rats improved (32). The knockdown of the MIAT gene has been shown to increase the
expressions of vascular endothelial growth factor (VEGF),
tumor necrosis factor (TNF)-α and intracellular adhesion
molecule-1 (ICAM-1). In addition, it has been shown that
miR-150-5p directly targets and suppresses VEGF expression due to the miR-150-5p regions that VEGF contained
(32, 33).
It has been shown that lncRNA as metastasis-associated
lung adenocarcinoma transcript (MALAT1) regulates genes
in EC and induces proliferation (34). It has been reported
that silencing of MALAT1 induces the transition phenotype of the EC from the proliferation state to the migration
state (35). Such phenotypic changes increase cell migration
in vascular and inhibit the cell cycle progression in vitro
and in vivo. With the silencing of MALAT1, the level of
CCNA2, CCNB1, and CCNB2, which are the cell cycle
regulator genes, decreased; however, the levels of cell cycle
inhibitor genes p21 and p27Kip1 increased. It has been
shown in a study that MALAT1 is expressed in both EC and
muscle cells and promotes the differentiation of the skeletal
muscle (36).
In addition to the changes in ECs, the proliferation and
migration of VSMC constitute an important step in the
formation and development of atherosclerosis. P53, which
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is an important molecule in cell cycle and apoptosis control, has also shown to be involved in the formation of
atherosclerosis (37). It has been reported in a study that
p53 is inactivated in the development of atherosclerosis
(38). Huarte et al. (39) reported that lincRNA-p21, which
is a p53-induced lncRNA, reduced the expressions of various p53 target genes by interacting with the p53 repressor
complex. In another study, it has been demonstrated that
lincRNA-p21 suppresses cell proliferation, induces apoptosis, and leads to neointimal hyperplasia along with the
knockdown of lincRNA-p21. LincRNA-p21 increases the
p53 activity by directly binding to mouse double minute 2 (MDM2); therefore, MDM2-mediated inhibition
of p53 decreases and the binding of p53 to p300 is facilitated (40). In another study investigating the role of
lncRNAs in smooth muscle cells, angiotensin II has been
shown to induce VSMC hyperproliferation and hypertrophy (41). The knockdown of lnc-Ang362 in angiotensininduced SMCs reduced the proliferation of SMCs. It has
been shown that Lnc-Ang362 is proximal to miR-221 and
miR-222, which are known to play a role in VSMC proliferation, and that it reduces the expression of the two
miRNAs (42).
Macrophages are among the cells that play a role in the formation and development of atherosclerosis. The accumulation of cholesterol by macrophages is one of the pathological characteristics of atherosclerosis. Monocyte/macrophage
differentiation is controlled by a complex process and requires cooperative expression of the stage-specific transcription factors, various cytokines, and ncRNAs. Chen et al.
(43) reported two ncRNAs: lncRNA monocyte (lnc-MC)
and miR-199a-5p, which are regulated by PU.1 with opposite roles during monocyte/macrophage differentiation.
Lnc-MC acts as a sponge for miR-199a-5p and promotes
monocyte/macrophage differentiation, and it can reduce the
suppression on the expression of activin receptor type 1B
(ACVR1B), which is an important monocyte/macrophage
differentiation regulator. In another study, lincRNA-Cox2
in rodent macrophages was reported to decrease (Ccl5) as
well as increase (interleukin [IL]-6) the expressions of cytokines that are associated with atherosclerosis via a nuclear
factor kappa (NFKB)-dependent pathway (44).
Atherosclerosis is a complex disease that shows a polygenic and multifactorial inheritance pattern. In addition
to lncRNAs acting on pro-atherogenic cells, several other
lncRNAs play a role in this process. For example, Hu et
al. (45) have identified lincRNA-DYNLRB2-2 induced at
a significant level by oxidized low-density lipoprotein (oxLDL) in THP-1 macrophage-derived foam cells in apoE
-/- mice and have shown that it reduces the severity of atherosclerosis (45). In another study, lncRNA apolipoprotein
A1 –antisense (APOA1-AS) has been shown to function as a

negative transcriptional regulator and to be the regulator of
distinct histone methylation patterns of APOA1, which is
the major component of high-density lipoprotein particles
(46).

Conclusion
Studies have shown that lncRNAs have important roles in
the etiology and prognosis of atherosclerosis. Identification
of lncRNAs involved in the formation and development
of atherosclerosis continues with RNA-based studies being
performed. The process of elucidating the functions of lncRNAs is still on the onset. Further research is needed in
this regard. The presence of various transcript variants of lncRNAs and the facts that these variants have different functions, a very rapid degradation, and very low intracellular
expression levels render the studies difficult. However, the
fact that lncRNAs participate in the atherosclerosis process
is indicated by functional genomic studies and it is suggested that that they may be the targets for therapeutic uses
in the future.
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