
Review Article
The Role of ANRIL in Atherosclerosis

Iman Razeghian-Jahromi , Ali Karimi Akhormeh ,
and Mohammad Javad Zibaeenezhad

Cardiovascular Research Center, Shiraz University of Medical Sciences, Shiraz, Iran

Correspondence should be addressed to Iman Razeghian-Jahromi; razejahromi@yahoo.com

Received 7 August 2021; Revised 10 November 2021; Accepted 19 January 2022; Published 9 February 2022

Academic Editor: Andrea Borghini

Copyright © 2022 Iman Razeghian-Jahromi et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

There is a huge number of noncoding RNA (ncRNA) transcripts in the cell with important roles in modulation of different
mechanisms. ANRIL is a long ncRNA with 3.8 kb length that is transcribed in the opposite direction of the INK4/ARF locus in
chromosome 9p21. It was shown that polymorphisms within this locus are associated with vascular disorders, notably
coronary artery disease (CAD), which is considered as a risk factor for life-threatening events like myocardial infarction and
stroke. ANRIL is subjected to a variety of splicing patterns producing multiple isoforms. Linear isoforms could be further
transformed into circular ones by back-splicing. ANRIL regulates genes in atherogenic network in a positive or negative
manner. This regulation is implemented both locally and remotely. While CAD is known as a proliferative disorder and cell
proliferation plays a crucial role in the progression of atherosclerosis, the functions of ANRIL and CAD development are
intertwined remarkably. This makes ANRIL a suitable target for diagnostic, prognostic, and even therapeutic aims. In this
review, we tried to present a comprehensive appraisal on different aspects of ANRIL including its location, structure, isoforms,
expression, and functions. In each step, the contribution of ANRIL to atherosclerosis is discussed.

1. Introduction

Coronary artery disease (CAD) has been become the lead-
ing cause of hospitalization and death in the era of cardio-
vascular disorders [1]. Among a variety of risk factors,
genetic susceptibility is a determining one for initiation and
progression of CAD [2]. Exploring the effects of differential
gene expression helps to elucidate less known aspects of
CAD pathogenesis, ultimately leads to efficient treatment
and even, prevention [3]. One of the recently discovered
gene-born elements with outstanding impact on gene expres-
sion is noncoding RNAs.

Only about 2% of the transcribed RNAs translate into
proteins [4]. The remaining 98% are found as the parts of
spliceosome, telomerase machinery, or ribosomal RNA. Fur-
thermore, there are noncoding RNAs that are appeared in
the form of short (microRNAs) or long noncoding tran-
scripts (lncRNA) [4]. Usually, the length of lncRNAs is
about more than 200 nucleotides [5]. Researchers thought

that they are only a kind of transcriptional noise, but later,
it was revealed that they are able to regulate different biolog-
ical mechanisms. In fact, they are means of information
transport between cells [6–8]. lncRNAs are much more
complex than microRNAs regarding their functions like
gene regulation, either positive or negative, altering chroma-
tin structure, and contribution to developmental processes
[9, 10]. Moreover, this type of RNAs implicates in several
physiological and pathological processes such as cell growth
and inflammation as well as regulation of cardiac develop-
ment [5, 11–15].

Reasonably, lncRNAs could be useful diagnostic bio-
markers and therapeutic targets since their expression is
changed in inflammatory conditions such as CAD [16, 17].
Imbalance in the expression of a variety of lncRNAs and
miRNAs is one of the hallmarks of atherosclerosis pathogen-
esis [18]. For instance, high expression of let-7 miRNA in
the cardiovascular system could be assumed as an evidence
for its important role in vascular-originated disorders.
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Moreover, the expression of let-7b is influenced by ANRIL
verifying its role in the atherosclerosis [19]. ANRIL, an
lncRNA, greatly involves in the expression of CAD-related
genes playing a promising part in atherosclerosis develop-
ment. Large unknown avenues in this area prompted us to
present a comprehensive appraisal on different perspectives
of ANRIL including its locus, exons, isoforms, expression,
abundance, and functions in relation to atherosclerosis.

2. ANRIL and 9p21locus

Strong evidence showed that susceptibility to atherosclerotic
vascular disease could beat least partly heritable. According
to the findings from genome wide association studies, cer-
tain polymorphisms on chromosome 9p21 are associated
with atherosclerotic vascular disease, CAD, stroke, myocar-
dial infarction (MI), and aortic aneurysm, independent of
well-known risk factors like hypertension, obesity, smoking,
or dyslipidemia [20, 21]. Three genes encoding for tumor
suppressor proteins are located in the INK4/ARF locus of
the chromosome 9p21 [3]. If antiproliferative effect of these
three suppressor molecules becomes downregulated, patho-
logic monocytosis or vascular proliferation is promoted
facilitating development of vascular atherosclerosis [22,
23]. To substantiate, p16-knock out mice demonstrated
increased vascular hyperplasia after intra-arterial injury
[24]. Also, it was seen that formation of atherosclerotic pla-
que is augmented in the case of ARF deficiency [25]. In con-
trast, induction of p16 and p15 levels possesses
antiatherogenic effects [26–28]. All the encoded proteins in
this region play critical roles in the regulation of cell prolif-
eration, which is a determining phenomenon in the pathol-
ogy of atherosclerosis [29].

ANRIL (Antisense Noncoding RNA in the INK4 Locus),
also known as CDKN2B-AS or CDKN2B-AS1, is a 3.8 kb
lncRNA that is transcribed in the antisense direction of this
gene cluster [30, 31]. Recently, ANRIL has been the point of
great attention because it has been characterized as the main
element in the chromosome 9p21 CAD locus [32, 33]. Gen-
eration of ANRIL and its diverse biological functions are
schematically depicted in Figure 1. Most of the studies
reported a link between ANRIL expression and Chr9p21
genotype [34]. In fact, nucleotide polymorphisms (SNPs)
of this region significantly contribute to the different expres-
sion levels of ANRIL [35]. Genetic variants associated with
atherosclerosis lie within the ANRIL codons [36]. This
diversified expression imposes different effects on cis- and
trans-gene regulation [19]. Certain polymorphisms of
ANRIL like rs4977574, rs1333040, rs1333042, and
rs10757274 are associated with CAD or increasing the risk
of MI. ANRIL rs4977574 A>G is possibly a strong risk fac-
tor toward developing MI or CAD. It was revealed that
rs1333040 T allele is an indicator of genetic susceptibility
for CAD especially in the Asians [37]. Some ANRIL poly-
morphisms like rs1004638, rs1333048, and rs1333050 may
be the genetic biomarkers of CAD but not MI or acute cor-
onary syndrome [38]. DNA methylation and binding of
transcription factors at the ANRIL promotor region are
affected by the existing alleles, which in turn affects the

expression level of ANRIL. This, on the other hand, demon-
strates another level of regulating mechanisms for the
expression of ANRIL [38]. Interestingly, other than SNPs
within this locus, expression of the INK4/ARF products is
influenced by polymorphisms located at about 120 kb
away [36].

Polycomb group complexes control the INK4/ARF locus
via inducing repression [39]. This type of control is impor-
tant for maintenance and proliferation of somatic stem cells
and self-renewal of tissues [40, 41]. SNPs at this locus alter
the repression intensity which may increase the individuals’
vulnerability to atherosclerosis following the changes in
ANRIL expression or its splicing pattern [36]. Different
splicing patterns cause certain modifications in ANRIL
structure which in turn modifies the repression intensity
by Polycomb group complexes [36]. There is strong correla-
tion between these three: (1) expression of different isoforms
of ANRIL proximal to the INK4/ARF locus, (2) INK4/ARF
transcription, and (3) the risk of atherosclerotic disease.
However, distal variants of ANRIL involving exons 18 and
19 are independently expressed with no correlation with
INK4/ARF transcripts [36].

3. ANRIL and Exons

Earlier, it was assumed that ANRIL has 19 exons [42]. With
the new discoveries in 2017, the number of exons increased
to 21 [36]. In healthy subjects, lymphocytes and monocytes
both express ANRIL [19]. Four major groups of ANRIL with
common proximal exons (exons 1, 5, and 6) and various
lengths were found in human peripheral blood mononuclear
cells (8 as 9). Most of the exons have less than 100 nucleo-
tides long. Many of them entirely consist of repetitive long-
and short interspersed nuclear elements (LINE and SINE) as
well as Alu elements [43]. Existence of several LINE and
SINE elements besides repetitive motifs modulates ANRIL
splicing [44, 45]. Splicing is also influenced by ANRIL local-
ization. For example, those expressed in the vascular smooth
muscle cells (VSMCs) contain the last exons and lack the
first ones leading to a different splicing pattern [46].

RNA polymerase II transcribes ANRIL, which is then
spliced into numerous linear and circular isoforms [32].
Exons in the linear and circular isoforms are somewhat dif-
ferent. While proximal exons [1, 2] are mainly found in lin-
ear isoforms, circular ones are more likely to contain central
exons [4–16, 36]. Downregulation of the first exons is asso-
ciated with some alleles that are related to vascular diseases.
For instance, CCA phenotype is related to reduce ANRIL
expression [46]. The majority of SNPs in the 9p21 locus
were detected in the region of 13-19 exons in ANRIL [47,
48]. All exons at the INK4/ARF locus are expressed at very
low levels, several folds lower than their protein peers (p15
and p16) [36].

4. ANRIL Isoforms: Linear and Circular

Complex tissue-specific splicing of ANRIL results in the pro-
duction of multiple isoforms [32, 36, 49]. Different cell types
may have different isoforms, circular or linear. In any cell
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type, several isoforms have been identified albeit at low
amount [32, 50, 51]. For instance, two, three, and five iso-
forms are expressed in testes, lung, and human umbilical

vein endothelial cells (HUVECs), respectively [42, 49]. No
isoforms of ANRIL are predominant in vivo [36]. All the lin-
ear or circular ANRIL isoforms contribute positively or
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Figure 1: (i) ANRIL is located at the human CDKN2A/B locus at 9p21 which is transcribed by RNA polymerase II and spliced into multiple
linear and circular isoforms in a tissue-specific manner. (ii) ANRIL has important well-established roles in cell proliferation, apoptosis,
senescence, inflammation, and extracellular matrix remodeling through regulation of the gene expression via regulation of the miRNA
activity, the biogenesis of the ribosomes, and chromatin modifying.
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negatively to the atherosclerosis with different degrees (18-
20 as 10). Footprints of ANRIL are found in different athero-
sclerosis components including vascular endothelial cells,
VSMCs, mononuclear phagocytes, and atherosclerotic pla-
ques [29, 52–54]. In various cell types, many typical linear
polyadenylated ANRIL isoforms have been discovered [32].
At least 20 linear isoforms of ANRIL have been identified
at Chr9p21 [50, 51, 55]. The expression level of diverse tran-
scripts of linear ANRIL has various impacts on gene regula-
tion [35]. Linear transcripts have been linked to an increased
risk of atherosclerosis [35]. The proximal linear CDKN2B-
AS1 transcripts have been demonstrated to play a role in
the development of diabetes and CAD [56]. Upregulation
of in vitro linear ANRIL expression increases proatherogenic
cell activities like proliferation and reduced apoptosis, as well
as differential expression of hundreds of genes, without
impacting the expression of CDKN2A/B suppressors [34].
Indeed, the severity of atherosclerosis was positively linked
with linear ANRIL levels [46, 47, 57].

4.1. Circular ANRIL. Circular RNAs are noncoding ones
with covalently closed ends. Although discovered in the
80th decade, most of the researches on the circular RNAs

have performed in the recent years. They are more stable
than the linear counterparts, present in all the eukaryotes,
and their expression is tissue-specific. Circular RNAs
implicate in apoptosis, oxidative stress, defense mecha-
nisms against microbial infection, and totally maintaining
cellular homeostasis. While some of the circular RNAs
behave like sponge or decoys to sequester RNA/protein
complexes, others may provide scaffolds for the formation
of protein complexes. Most of the circular RNAs are low
in amount in relative to their targets [58, 59]. For instance,
only 800-1000 copies of the circular ANRIL per cell
inhibit rRNA processing factor, which is present at about
10 folds higher [50, 60].

Chromatin regulation is also performed by circular
RNAs [61]. The function of the circular RNAs in promoting
or preventing cellular stress is possibly carried out through
inhibition of miRNA activity via induction of homeostasis
or enhancing stress response as an adaptation mechanisms
to chronic conditions [60, 62]. In particular, ANRIL and
miRNA networks have collaborations with each other in
gene expression as well. ANRIL regulates miRNA transcrip-
tion epigenetically and also binds to the miRNA as a sponge.
ANRIL expression is negatively related with its target miR-
NAs in the tissues and cell lines [63–68]. Sponging miRNAs
give ANRIL prooncogenic effects. However, some ANRIL
isoforms like those with exons 5-6-7 lack sponge activity
[50]. It should be noted that most circular RNAs are present
in the cytoplasm [69, 70]. Circular variants could be quanti-
fied by PCR (with outward-facing primers and specific exon-
exon junction approach), or based on their tolerance toR-
NAse R digestion [32].

Circular form of ANRIL is produced upon back-splicing
of linear transcripts. Back-splicing is the joining of a down-
stream splice donor site to an upstream splice acceptor site
[71, 72]. It seems that generation of circular ANRIL is a
competitive process against linear peers [73]. During stress
conditions, splicing pattern changes from sequential to
back-splicing in order to produce circular forms. So, all the
circular forms may have no specific functions, and they are
just a byproduct of alternative splicing. It was shown that
linear RNAs are expressed at 10 folds lower than their circu-
lar counterparts [74, 75]. Binding of circular RNAs to the
transcription factors regulates RNA splicing [76]. Circular
RNAs themselves may undergo another round of splicing
which is a unique characteristic of the circular isoforms
[77, 78]. However, circular and linear ANRIL have common
properties like enhanced stability and longevity [79].

Novel circular ANRIL isoforms have been identified
whose expression levels are in association with transcription
level of the INK4/ARF locus, and hence, they are in close
relation with atherosclerosis risk [36]. Expression of circular
ANRIL is altered due to SNPs in the 9p21 locus as well. High
circular and low linear activity lead to atheroprotection. The
proportion of expression between circular and linear ANRIL
determines development of atherosclerotic plaques. It means
that cell uses circularization as a way to avoid synthesis of
linear forms preventing plaque growth (Figure 2) [47, 80,
81]. Circular ANRIL regulates miRNA expression in the ath-
erosclerotic plaques which might affect its growth [18].
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ANRIL

Promoting

Circular
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Figure 2: The ANRIL isoforms are associated with cardiovascular
diseases. Linear ANRIL isoforms are related to increase risk of
atherosclerotic plaques and promotion of atherosclerosis risk. On
the contrary, circular ANRIL isoforms contribute protection of
atherosclerotic plaques and atherosclerosis risk.
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Coronary atherosclerosis is prevented by reducing the
expression of circular ANRIL via decreasing apoptosis in
vascular endothelial cells and attenuating the expression of
inflammatory factors [82]. Downregulating the expression
of circular ANRIL is a new phenomenon in diagnosis and
treatment of CAD because inhibition of this molecule
reduces vascular endothelial injury, oxidative stress, and
inflammatory responses [83].

Since circular ANRIL shows heterogenous expression in
primary smooth muscle cells and macrophages of the vascu-
lar tissues, scrutinizing ANRIL functions in single cell level
provides insightful points toward elucidation of atheroscle-
rosis pathogenesis [50].

While circular RNAs have no capacity to produce pro-
teins, they have no association with ribosomes [72, 84].
Nonetheless, they regulate biogenesis of ribosomes in
VSMCs [50]. Also, they modulate apoptosis and prolifera-
tion of vascular cells conferring atherosclerosis protection
[50]. This type of ANRIL prevents rRNA maturation via
binding to lysine-rich domain of pescadillo zebrafish homo-
logue 1 (PES1) [85]. Consequent impairment in the biogen-
esis of ribosome activates p53 leading to increased apoptosis
and decreased proliferation. Protein translation and cell
growth are decreased, totally result in reducing the number
of proliferating cells in the atherosclerotic plaques yielding
atheroprotection [6].

. However, a circular ANRIL isoform was identified that
increases the risk of atherosclerosis. This isoform contains
exons 5, 6, and 7 involving in rRNA maturation and nucle-
olar stress induction [50]. Circular ANRIL has many prom-
inent characteristics including stability against degradation
and features of antiatherogenicity and antiproliferativity.
These properties make this form of ANRIL a valuable candi-
date for therapeutic approaches in proliferative disorders
like atherosclerosis [50]. Moreover, being stable for several
days gives a buffer-like face which is useful in stress condi-
tions [86].

5. ANRIL Expression and Abundance

ANRIL downregulation showed positive effects in animal
models of diabetes in terms of decreasing body weight, blood
glucose level, and islet cell apoptosis [87]. Expression of
ANRIL in different types of tumors shows its prominent role
in cellular proliferation and apoptosis which are important
steps of atherosclerosis [19]. Impaired expression of ANRIL
in the vascular endothelial cells is associated with inflamma-
tion which is followed by acceleration of endothelial injury
[33]. Also, proliferation, migration, senescence, and apopto-
sis of VSMCs are influenced by abnormal expression of
ANRIL [88].

Activity of transcriptional promoter, alternative splic-
ing, and RNA stability determine ANRIL abundance. Epi-
genetic regulation via methylation of promoter region
imposes long-lasting effects on ANRIL-related gene
expression and subsequent tissue functions [89–91]. Spe-
cific transcription of ANRIL in each cell type regulates
specific sequels in the cellular processes. Another level of
regulation is implemented through splicing that leads to

multiple varieties and dissimilar ANRIL abundance in dif-
ferent cell types [32]. Furthermore, some elements like age,
diabetes, and hypertension, traditional CAD risk factors,
affect ANRIL level [92]. However, it was shown that lipid
profile has no association with ANRIL expression [93].
Some cellular processes like genotoxic stress, tumorigene-
sis, senescence, and inflammation also influence ANRIL
expression [32].

6. ANRIL Functions

Intriguingly, there is no homolog for ANRIL transcript in
mice. Seemingly, ANRIL functions are specific to the
humans [46]. The 86 codons of the longest open reading
frame in ANRIL isoforms reinforce this fact that ANRIL
functions are delivered through RNA activity [49]. The main
function of ANRIL is regulation of gene expression [3]. Cell
proliferation, senescence, apoptosis, extracellular matrix
remodeling, and inflammation are all influenced by ANRIL
activity [94].

It was reported that linear ANRIL containing proximal
(exon 1) and distal (exons 13b and 19) exons were the pre-
dominant isoforms in the nucleus of melanoma cells. Both
linear and circular ANRILs with middle exons [5–7] are
present in the cytoplasm [51]. Nuclear localization of linear
variants is an evidence for certain functions such as regula-
tion of gene transcription via chromatin modulation while
homing of circular isoforms in the cytoplasm shows post-
transcriptional functions [32]. It was reported that overex-
pression of an ANRIL variant activates some genes that
involve in the architecture of the nucleus and chromatin [95].

Inflammation and its components like chemokines,
cytokines, and growth factors substantially involve in
CAD pathogenesis [96]. Linkage of CAD to inflammation is
a fact that has been confirmed in several studies [97–99]. A
regulatory role is considered for ANRIL which bridges
CAD and inflammation [33]. Proinflammatory factors like
NF-kβ and TNF-α upregulate ANRIL in endothelial cells
showing its relation to inflammation [32]. In turn, ANRIL
upregulation modulates the expression of inflammatory gene
downstream of NF-κB. ANRIL binds to a transcriptional
component (Yin Yang 1) to form a functional complex exert-
ing transcriptional regulation on inflammatory genes like IL6
and IL8 [33]. In fact, ANRIL is known as a novel member of
TNF-α-NF-kβ pathway that activate inflammatory elements
in the pathological conditions [33].

As antisense of CDKN2B, ANRIL has an inhibitory
effect on the expression of sense sequence [46]. ANRIL
recruits polycomb repressive complexes to their promoter
regulating the expression of protein-coding genes [68,
100]. There is an inverse relationship between ANRIL
and CDKN2B expression. Downregulation of ANRIL is
concomitant with the upregulation of CDKN2B which
has an antiproliferative effect resulting in reduced prolifer-
ation [46]. In contrast, expression of ANRIL, CDKN2A,
and CDKN2B is reported to be in a positive correlation
with each other in other investigations and shows that
transcription of these genes is coregulated in many tissues
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[36, 43, 49, 94, 101–104]. During cell growth, polycomb
proteins repress CDKN2A/B region via histone modifica-
tion while they are activated in senescence [100, 105,
106]. That is why the expression of CDKN2A is increased
with age [107]. Reasonably, ANRIL is closely associated
with cell senescence as well [106]. An interesting finding
is that ANRIL is in a stronger association with phenotype
in some cases compared with CDKN2A/B protein-coding
genes [102, 108].

Acting as a scaffold, ANRIL helps to form complexes
that regulate target genes via histone modification, ROS
upregulation, and aortic phenotype transition. This novel
epigenetic regulation provides extra insights for ANRIL to
be a therapeutic target in occlusive vascular diseases [37].
Phenotypic change of VSMCs is a determinant factor in ath-
erosclerosis development. Regulation of the functions of
endothelial cells and VSMCs by ANRIL [109, 110] remark-
ably contributes to vascular homeostasis [111]. In fact,
ANRIL alters the activity of AMP-activated protein kinase
(AMPK) which subsequently prevents phenotypic switching
of VSMCs inhibiting plaque formation [111]. Ox-LDL
induces the expression of ANRIL as well as ROS promoting
phenotypic transition of human aortic smooth muscle cells
[112]. In this regard, both ANRIL and AMPK could be con-
sidered as therapeutic targets for attenuating atherosclerosis-
associated vascular diseases [111].

ANRIL facilitates atherosclerosis progression via spong-
ing mir-399-5p and regulating RAS/RAF/ERK signaling
pathway. This finding demonstrates the impact of ANRIL/
mir-339-5p/FRS2 regulatory axis on the oxLDL-induced
human aortic VSMCs and HUVECs progression [113]. It
was shown that upregulation of ANRIL results in induction
of proliferation and inhibition of apoptosis in human coro-
nary endothelial cells and HUVECs in a mir-181b-
dependent manner [114]. Cytokines of IL-10 and MCP-1,
which are known as the markers of endothelial dysfunction,
are associated with ANRIL expression [19]. Regulation of
endothelial dysfunction by ANRIL is performed through
inhibition of HUVEC proliferation and angiogenesis, pro-
motion of apoptosis, and activation of inflammation which
all are mediated by controlling the let-7b/TGF-βR1 signaling
pathway [19].

Regarding the association between ANRIL and plaque
stability, downregulation of ANRIL expression attenuates
endothelial cell dysfunction, augments the proliferative
and angiogenic capacity of damaged endothelial cells, pro-
motes the expression of anti-inflammatory mediators,
decreases local inflammation of the plaque, and increases
the stability of the plaque fibrous cap [19]. In particular,
ANRIL is important for regulation of two tumor suppres-
sor genes, cyclin-dependent kinase inhibitors A and B in
CDKN2A/B locus that are involved in atherosclerosis in
terms of thrombogenesis, vascular remodeling or repair,
and plaque stability [32, 42]. High ANRIL expression
was considered as an independent risk factor for in-stent
restenosis. However, it was declared that the added diag-
nostic potential of ANRIL will be reached when combined
with expression level of other lncRNAs like homeobox
A11 antisense [115].

7. Concluding Remarks

The importance of the functions of lncRNAs in the normal
cells becomes apparent when different disorders are emerged
upon deregulation of such elements [116]. Close relationship
has been found between the CDKN2A/B locus and a variety
of well-known disorders such as atherosclerotic disease, type
2 diabetes, stroke, periodontitis, aging, and hypertension
[101, 117]. Many disease-associated SNPs within or adjacent
to the ANRIL gene have been identified [118]. It was even
declared that ANRIL regulates its SNPs [3]. Abnormal
expression of ANRIL facilitates the incidence of a range of
atherosclerosis-related impairments including vascular
endothelial injury, deteriorations in VSMCs, mononuclear
cell adhesion/proliferation imbalance, glycolipid metabolism
disorder, DNA damage, and competing endogenous
RNAs [3].

All in all, the role of ANRIL in atherosclerosis results
from a balance between the level of linear (atherogenic)
and circular (antiatherogenic) variants [35]. Also, patholog-
ical changes raised by CAD affect ANRIL expression [34].
However, the main point is that molecular differences in
ANRIL (linear vs. circular) may lead to a fundamental
change in its function in terms of proliferation rate in
smooth muscle cells and macrophages [34] in a way that a
slight dominance of linear over circular ANRIL directs the
path in favor of CAD [50].

The exact molecular orchestrate forced by the genotype
variations in the relevant locus in which determines the ratio
of linear over circular ANRIL is still not fully known. This
may be due to the fact that both linear and circular isoforms
always coexist with each other in the cell, and additionally,
share the same sequences in part [34]. Since relative abun-
dance of linear/circular ANRIL may be a determining factor
for the atherosclerosis development [55], measuring this
ratio may have predictive value, aids in CAD risk classifica-
tion, and improves monitoring of treatment response as well
as disease relapse. Also, it is still being studied if inhibiting
linear ANRIL or increasing circularization is enough to pro-
tect against atherosclerosis in vivo [34].

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This study was supported by the Shiraz University of Medi-
cal Sciences (grant number: 25240).

References

[1] G. A. Roth, G. A. Mensah, C. O. Johnson et al., “Global bur-
den of cardiovascular diseases and risk factors, 1990–2019:
update from the GBD 2019 study,” Journal of the American
College of Cardiology, vol. 76, no. 25, pp. 2982–3021, 2020.

[2] M. K. Christiansen, L. Nissen, S. Winther et al., “Genetic risk
of coronary artery disease, features of atherosclerosis, and
coronary plaque burden,” Journal of the American Heart
Association, vol. 9, no. 3, article e014795, 2020.

6 Disease Markers



[3] R. Baranyi, P. Czech, S. Hofstätter, C. Aigner, and
T. Grechenig, “Analysis, Design, and Prototypical Implemen-
tation of a Serious GameReha@Stroketo Support Rehabilita-
tion of Stroke Patients with the Help of a Mobile Phone,”
IEEE transactions on computational intelligence and AI in
games, vol. 12, no. 4, pp. 341–350, 2020.

[4] M. K. Iyer, Y. S. Niknafs, R. Malik et al., “The landscape of
long noncoding RNAs in the human transcriptome,” Nature
Genetics, vol. 47, no. 3, pp. 199–208, 2015.

[5] L. Yang, J. E. Froberg, and J. T. Lee, “Long noncoding RNAs:
fresh perspectives into the RNA world,” Trends in Biochemi-
cal Sciences, vol. 39, no. 1, pp. 35–43, 2014.

[6] D. Padua, S. Mahurkar-Joshi, I. K. M. Law et al., “A long non-
coding RNA signature for ulcerative colitis identifies IFNG-
AS1 as an enhancer of inflammation,” American Journal of
Physiology Gastrointestinal and Liver Physiology, vol. 311,
no. 3, pp. G446–G457, 2016.

[7] M. K. Atianand,W. Hu, A. T. Satpathy et al., “A long noncod-
ing RNA lincRNA-EPS acts as a transcriptional brake to
restrain inflammation,” Cell, vol. 165, no. 7, pp. 1672–1685,
2016.

[8] S. Carpenter, D. Aiello, M. K. Atianand et al., “A Long non-
coding RNA mediates both activation and repression of
immune response genes,” Science, vol. 341, no. 6147,
pp. 789–792, 2013.

[9] C. Wahlestedt, “Targeting long non-coding RNA to thera-
peutically upregulate gene expression,” Nature Reviews Drug
Discovery, vol. 12, no. 6, pp. 433–446, 2013.

[10] A. Fatica and I. Bozzoni, “Long non-coding RNAs: new
players in cell differentiation and development,” Nature
Reviews Genetics, vol. 15, no. 1, pp. 7–21, 2014.

[11] K. M. Michalik, X. You, Y. Manavski et al., “Long noncoding
RNA MALAT1 regulates endothelial cell function and vessel
growth,” Circulation Research, vol. 114, no. 9, pp. 1389–1397,
2014.

[12] S.-Y. Ng, L. Lin, B. S. Soh, and L. W. Stanton, “Long noncod-
ing RNAs in development and disease of the central nervous
system,” Trends in Genetics, vol. 29, no. 8, pp. 461–468, 2013.

[13] Z. Li, T. C. Chao, K. Y. Chang et al., “The long noncoding
RNA THRIL regulates TNFα expression through its interac-
tion with hnRNPL,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 111, no. 3,
pp. 1002–1007, 2014.

[14] P. Grote, L. Wittler, D. Hendrix et al., “The tissue-specific
lncRNA Fendrr is an essential regulator of heart and body
wall development in the mouse,” Developmental Cell,
vol. 24, no. 2, pp. 206–214, 2013.

[15] C. A. Klattenhoff, J. C. Scheuermann, L. E. Surface et al.,
“Braveheart, a long noncoding RNA required for cardiovas-
cular lineage commitment,” Cell, vol. 152, no. 3, pp. 570–
583, 2013.

[16] P. Qi and X. Du, “The long non-coding RNAs, a new cancer
diagnostic and therapeutic gold mine,” Modern Pathology,
vol. 26, no. 2, pp. 155–165, 2013.

[17] R. Spizzo, M. I. Almeida, A. Colombatti, and G. A. Calin,
“Long non-coding RNAs and cancer: a new frontier of trans-
lational research?,” Oncogene, vol. 31, no. 43, pp. 4577–4587,
2012.

[18] P. Holvoet, “Non-Coding RNAs Related to Atherosclerosis,”
in Non-coding RNAs at the Cross-Road of Cardiometabolic
Diseases and Cancer, pp. 89–117, Springer, 2021.

[19] X. Liu, S. Li, Y. Yang et al., “The lncRNA ANRIL regulates
endothelial dysfunction by targeting the let-7b/TGF-βR1 sig-
nalling pathway,” Journal of Cellular Physiology, vol. 236,
no. 3, pp. 2058–2069, 2021.

[20] E. Biros, M. Cooper, L. J. Palmer, P. J. Walker, P. E. Norman,
and J. Golledge, “Association of an allele on chromosome 9
and abdominal aortic aneurysm,” Atherosclerosis, vol. 212,
no. 2, pp. 539–542, 2010.

[21] S. Ye, J. Willeit, F. Kronenberg, Q. Xu, and S. Kiechl, “Associ-
ation of genetic variation on chromosome 9p21 with suscep-
tibility and progression of atherosclerosis: a population-
based, prospective study,” Journal of the American College
of Cardiology, vol. 52, no. 5, pp. 378–384, 2008.

[22] R. Wessely, “Atherosclerosis and cell cycle: put the brakes on!
Critical role for cyclin-dependent kinase inhibitors,” Journal
of the American College of Cardiology, vol. 55, no. 20,
pp. 2269–2271, 2010.

[23] M. Boehm and E. G. Nabel, “The cell cycle and cardiovascular
diseases,” Progress in Cell Cycle Research, vol. 5, pp. 19–30,
2003.

[24] F. Gizard, C. Amant, O. Barbier et al., “PPAR alpha inhibits
vascular smooth muscle cell proliferation underlying intimal
hyperplasia by inducing the tumor suppressor p16INK4a,”
The Journal of Clinical Investigation, vol. 115, no. 11,
pp. 3228–3238, 2005.

[25] H. González-Navarro, Y. N. Abu Nabah, Á. Vinué et al.,
“p19ARFDeficiency Reduces Macrophage and Vascular
Smooth Muscle Cell Apoptosis and Aggravates Atherosclero-
sis,” Journal of the American College of Cardiology, vol. 55,
no. 20, pp. 2258–2268, 2010.

[26] N. Kalinina, A. Agrotis, Y. Antropova et al., “Smad expres-
sion in human atherosclerotic lesions: evidence for impaired
TGF-beta/Smad signaling in smooth muscle cells of fibrofatty
lesions,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 24, no. 8, pp. 1391–1396, 2004.

[27] I. Reynisdóttir, K. Polyak, A. Iavarone, and J. Massagué, “Kip/
Cip and Ink4 Cdk inhibitors cooperate to induce cell cycle
arrest in response to TGF-beta,” Genes & Development,
vol. 9, no. 15, pp. 1831–1845, 1995.

[28] D. J. Grainger, “Transforming growth factor beta and athero-
sclerosis: so far, so good for the protective cytokine hypothe-
sis,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 24, no. 3, pp. 399–404, 2004.

[29] ENCODE Project Consortium, “An integrated encyclopedia
of DNA elements in the human genome,” Nature, vol. 489,
no. 7414, pp. 57–74, 2012.

[30] P. Skroblin and M. Mayr, ““Going long”: long non-coding
RNAs as biomarkers,” Circulation Research, vol. 115, no. 7,
pp. 607–609, 2014.

[31] T. Derrien, R. Johnson, G. Bussotti et al., “The GENCODE v7
catalog of human long noncoding RNAs: analysis of their
gene structure, evolution, and expression,” Genome Research,
vol. 22, no. 9, pp. 1775–1789, 2012.

[32] Y. Kong, C. H. Hsieh, and L. C. Alonso, “ANRIL: a
lncRNA at the CDKN2A/B locus with roles in cancer
and metabolic disease,” Frontiers in Endocrinology, vol. 9,
p. 405, 2018.

[33] X. Zhou, X. Han, A. Wittfeldt et al., “Long non-coding RNA
ANRIL regulates inflammatory responses as a novel compo-
nent of NF-κB pathway,” RNA Biology, vol. 13, no. 1,
pp. 98–108, 2016.

7Disease Markers



[34] L. M. Holdt and D. Teupser, “Long noncoding RNA ANRIL:
Lnc-ing genetic variation at the chromosome 9p21 locus to
molecular mechanisms of atherosclerosis,” vol. 5, p. 145, 2018.

[35] J.-s. Chi, J.-z. Li, J.-j. Jia, T. Zhang, X. M. Liu, and L. Yi, “Long
non-coding RNA ANRIL in gene regulation and its duality in
atherosclerosis,” Current Medical Science, vol. 37, no. 6,
pp. 816–822, 2017.

[36] C. E. Burd, W. R. Jeck, Y. Liu, H. K. Sanoff, Z. Wang, and
N. E. Sharpless, “Expression of linear and novel circular
forms of an INK4/ARF-associated non-coding RNA corre-
lates with atherosclerosis risk,” PLoS Genetics, vol. 6, no. 12,
article e1001233, 2010.

[37] Y.-n. Zhang, B. Qiang, and L. J. Fu, “Association of ANRIL
polymorphisms with coronary artery disease,” Medicine,
vol. 99, no. 42, article e22569, 2020.

[38] B. Xu, Z. Xu, Y. Chen, N. Lu, Z. Shu, and X. Tan, “Genetic and
epigenetic associations of ANRIL with coronary artery dis-
ease and risk factors,” BMC Medical Genomics, vol. 14,
no. 1, pp. 1-2, 2021.

[39] S. Pechlivanis, A. Scherag, T. W. Muhleisen et al., “Coronary
artery calcification and its relationship to validated genetic
variants for diabetes mellitus assessed in the Heinz Nixdorf
recall cohort,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 30, no. 9, pp. 1867–1872, 2010.

[40] S. Dhawan, S.-I. Tschen, and A. Bhushan, “Bmi-1 regulates
the Ink4a/Arf locus to control pancreatic beta-cell prolifera-
tion,”Genes & Development, vol. 23, no. 8, pp. 906–911, 2009.

[41] H. Chen, X. Gu, I. Su et al., “Polycomb protein Ezh2 regulates
pancreatic beta-cell Ink4a/Arf expression and regeneration in
diabetes mellitus,” Genes & Development, vol. 23, no. 8,
pp. 975–985, 2009.

[42] E. Pasmant, I. Laurendeau, D. Héron, M. Vidaud, D. Vidaud,
and I. Bièche, “Characterization of a germ-line deletion,
including the entire INK4/ARF locus, in a melanoma-
neural system tumor family: identification of ANRIL, an anti-
sense noncoding RNA whose expression coclusters with
ARF,” Cancer Research, vol. 67, no. 8, pp. 3963–3969, 2007.

[43] O. Jarinova, A. F. Stewart, R. Roberts et al., “Functional anal-
ysis of the chromosome 9p21.3 coronary artery disease risk
locus,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 29, no. 10, pp. 1671–1677, 2009.

[44] R. J. Dixon, I. C. Eperon, and N. J. Samani, “Complementary
intron sequence motifs associated with human exon repeti-
tion: a role for intragenic, inter-transcript interactions in gene
expression,” Bioinformatics (Oxford, England)., vol. 23, no. 2,
pp. 150–155, 2007.

[45] C. Cocquerelle, P. Daubersies, M. A. Majérus, J. P. Kerckaert,
and B. Bailleul, “Splicing with inverted order of exons occurs
proximal to large introns,” The EMBO Journal, vol. 11, no. 3,
pp. 1095–1098, 1992.

[46] A. Congrains, K. Kamide, R. Oguro et al., “Genetic variants at
the 9p21 locus contribute to atherosclerosis through modula-
tion of ANRIL and CDKN2A/B,” Atherosclerosis, vol. 220,
no. 2, pp. 449–455, 2012.

[47] L. M. Holdt, F. Beutner, M. Scholz et al., “ANRILExpression
is associated with atherosclerosis risk at chromosome 9p21,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 30,
no. 3, pp. 620–627, 2010.

[48] A. Visel, Y. Zhu, D. May et al., “Targeted deletion of the 9p21
non-coding coronary artery disease risk interval in mice,”
Nature, vol. 464, no. 7287, pp. 409–412, 2010.

[49] L. Folkersen, T. Kyriakou, A. Goel et al., “Relationship
between CAD risk genotype in the chromosome 9p21 locus
and gene expression. Identification of eight new ANRIL
splice variants,” PLoS One, vol. 4, no. 11, article e7677, 2009.

[50] L. M. Holdt, A. Stahringer, K. Sass et al., “Circular non-
coding RNA ANRIL modulates ribosomal RNA maturation
and atherosclerosis in humans,” Nature Communications,
vol. 7, no. 1, p. 12429, 2016.

[51] D. Sarkar, A. Oghabian, P. K. Bodiyabadu et al., “Multiple
isoforms of ANRIL in melanoma cells: structural complexity
suggests variations in processing,” International Journal of
Molecular Sciences, vol. 18, no. 7, p. 1378, 2017.

[52] C. Zollbrecht, M. Grassl, S. Fenk et al., “Expression pattern in
human macrophages dependent on 9p21.3 coronary artery
disease risk locus,” Atherosclerosis, vol. 227, no. 2, pp. 244–
249, 2013.

[53] V. Nanda, K. P. Downing, J. Ye et al., “CDKN2BRegula-
tesTGFβ signaling and smooth muscle cell investment of
hypoxic neovessels,” Circulation Research, vol. 118, no. 2,
pp. 230–240, 2016.

[54] R. Papait, P. Kunderfranco, G. G. Stirparo, M. V. G. Latro-
nico, and G. Condorelli, “Long noncoding RNA: a new player
of heart failure?,” Journal of Cardiovascular Translational
Research, vol. 6, no. 6, pp. 876–883, 2013.

[55] Z. Baharoglu, D. Bikard, and D. Mazel, “Conjugative DNA
transfer induces the bacterial SOS response and promotes
antibiotic resistance development through integron activa-
tion,” PLoS Genetics, vol. 6, no. 10, article e1001165, 2010.

[56] M. Hubberten, G. Bochenek, H. Chen et al., “Linear isoforms
of the long noncoding RNA CDKN2B-AS1 regulate the c-
myc- enhancer binding factor RBMS1,” European Journal of
Human Genetics, vol. 27, no. 1, pp. 80–89, 2019.

[57] S. Arslan, Ö. Berkan, T. Lalem et al., “Long non-coding RNAs
in the atherosclerotic plaque,” Atherosclerosis, vol. 266,
pp. 176–181, 2017.

[58] Y. Enuka, M. Lauriola, M. E. Feldman, A. Sas-Chen,
I. Ulitsky, and Y. Yarden, “Circular RNAs are long-lived
and display only minimal early alterations in response to a
growth factor,” Nucleic Acids Research, vol. 44, no. 3,
pp. 1370–1383, 2016.

[59] Q. Zheng, C. Bao, W. Guo et al., “Circular RNA profiling
reveals an abundant circHIPK3 that regulates cell growth by
sponging multiple miRNAs,” Nature Communications,
vol. 7, no. 1, article 11215, 2016.

[60] J. W. Fischer and A. K. L. Leung, “CircRNAs: a regulator of
cellular stress,” Critical Reviews in Biochemistry and Molecu-
lar Biology, vol. 52, no. 2, pp. 220–233, 2017.

[61] L.-L. Chen, “The biogenesis and emerging roles of circular
RNAs,” Nature Reviews Molecular Cell Biology, vol. 17,
no. 4, pp. 205–211, 2016.

[62] A. K. L. Leung and P. A. Sharp, “MicroRNA functions in
stress responses,” Molecular Cell, vol. 40, no. 2, pp. 205–
215, 2010.

[63] E. B. Zhang, R. Kong, D. D. Yin et al., “Long noncoding
RNA ANRIL indicates a poor prognosis of gastric cancer
and promotes tumor growth by epigenetically silencing of
miR-99a/miR-449a,” Oncotarget, vol. 5, no. 8, pp. 2276–
2292, 2014.

[64] F. Wang, X. Su, C. Liu, M. Wu, and B. Li, “Prognostic value of
plasma long noncoding RNA ANRIL for in-stent restenosis,”
Medical Science Monitor, vol. 23, pp. 4733–4739, 2017.

8 Disease Markers



[65] J. Ma, T. Li, X. Han, and H. Yuan, “Knockdown of LncRNA
ANRIL suppresses cell proliferation, metastasis, and invasion
via regulating miR-122-5p expression in hepatocellular carci-
noma,” Journal of Cancer Research and Clinical Oncology,
vol. 144, no. 2, pp. 205–214, 2018.

[66] X. Dong, Z. Jin, Y. Chen et al., “Knockdown of long non-
coding RNA ANRIL inhibits proliferation, migration, and
invasion but promotes apoptosis of human glioma cells by
upregulation of miR-34a,” Journal of Cellular Biochemistry,
vol. 119, no. 3, pp. 2708–2718, 2018.

[67] B. Zhao, Y. L. Lu, Y. Yang et al., “Overexpression of lncRNA
ANRIL promoted the proliferation and migration of prostate
cancer cells via regulating let-7a/TGF-β1/ Smad signaling
pathway,” Cancer Biomarkers, vol. 21, no. 3, pp. 613–620,
2018.

[68] F. Q. Nie, M. Sun, J. S. Yang et al., “Long noncoding RNA
ANRIL promotes non-small cell lung cancer cell proliferation
and inhibits apoptosis by silencing KLF2 and P21 expres-
sion,” Molecular Cancer Therapeutics, vol. 14, no. 1,
pp. 268–277, 2015.

[69] H. H. Geng, R. Li, Y. M. Su et al., “The circular RNA Cdr1as
promotes myocardial infarction by mediating the regulation
of miR-7a on its target genes expressione0151753,” PLoS
One, vol. 11, no. 3, 2016.

[70] Z. Li, C. Huang, C. Bao et al., “Exon-intron circular RNAs
regulate transcription in the nucleus,” Nature Structural &
Molecular Biology, vol. 22, no. 3, pp. 256–264, 2015.

[71] J. Salzman, C. Gawad, P. L. Wang, N. Lacayo, and P. O.
Brown, “Circular RNAs are the predominant transcript iso-
form from hundreds of human genes in diverse cell types,”
PLoS One, vol. 7, no. 2, article e30733, 2012.

[72] W. R. Jeck, J. A. Sorrentino, K. Wang et al., “Circular RNAs
are abundant, conserved, and associated with ALU repeats,”
RNA, vol. 19, no. 2, pp. 141–157, 2013.

[73] R. Ashwal-Fluss, M. Meyer, N. R. Pamudurti et al., “circRNA
biogenesis competes with pre-mRNA splicing,” Molecular
Cell, vol. 56, no. 1, pp. 55–66, 2014.

[74] W. R. Jeck and N. E. Sharpless, “Detecting and characterizing
circular RNAs,” Nature Biotechnology, vol. 32, no. 5, pp. 453–
461, 2014.

[75] J. E. Wilusz, “Circular RNAs: unexpected outputs of many
protein-coding genes,” RNA Biology, vol. 14, no. 8,
pp. 1007–1017, 2017.

[76] X. Zeng, W. Lin, M. Guo, and Q. Zou, “A comprehensive
overview and evaluation of circular RNA detection tools,”
PLoS Computational Biology, vol. 13, no. 6, article
e1005420, 2017.

[77] Y. Gao, J. Wang, Y. Zheng, J. Zhang, S. Chen, and F. Zhao,
“Comprehensive identification of internal structure and
alternative splicing events in circular RNAs,” Nature Com-
munications, vol. 7, no. 1, p. 12060, 2016.

[78] X. O. Zhang, R. Dong, Y. Zhang et al., “Diverse alternative
back-splicing and alternative splicing landscape of circular
RNAs,” Genome Research, vol. 26, no. 9, pp. 1277–1287, 2016.

[79] S. P. Barrett and J. Salzman, “Circular RNAs: analysis, expres-
sion and potential functions,” Development, vol. 143, no. 11,
pp. 1838–1847, 2016.

[80] L. M. Holdt, S. Hoffmann, K. Sass et al.et al., “Alu elements in
ANRIL non-coding RNA at chromosome 9p21 modulate
atherogenic cell functions through trans-regulation of gene
networks,” PLoS Genetics, vol. 9, no. 7, article e1003588, 2013.

[81] F. Di Gesualdo, S. Capaccioli, and M. Lulli, “A pathophysiol-
ogical view of the long non-coding RNA world,” Oncotarget,
vol. 5, no. 22, pp. 10976–10996, 2014.

[82] Z. Zhao, X. Li, C. Gao et al., “Peripheral blood circular RNA
hsa circ 0124644 can be used as a diagnostic biomarker of cor-
onary artery disease,” Scientific Reports, vol. 7, no. 1, pp. 1–9,
2017.

[83] P. Shi, H. Ji, H. Zhang, J. Yang, R. Guo, and J. J. E. Wang, “cir-
cANRIL reduces vascular endothelial injury, oxidative stress
and inflammation in rats with coronary atherosclerosis,”
Experimental and Therapeutic Medicine, vol. 20, no. 3,
pp. 2245–2251, 2020.

[84] J. U. Guo, V. Agarwal, H. Guo, and D. P. Bartel, “Expanded
identification and characterization of mammalian circular
RNAs,” Genome Biology, vol. 15, no. 7, p. 409, 2014.

[85] S. Granneman, E. Petfalski, and D. Tollervey, “A cluster of
ribosome synthesis factors regulate pre-rRNA folding and
5.8S rRNA maturation by the Rat1 exonuclease,” The EMBO
Journal, vol. 30, no. 19, pp. 4006–4019, 2011.

[86] T. B. Hansen, J. Kjems, and C. K. Damgaard, “Circular RNA
and miR-7 in cancer,” Cancer Research, vol. 73, no. 18,
pp. 5609–5612, 2013.

[87] X. Wen, X. R. Han, Y. J. Wang et al., “Retracted: Down-
regulated long non-coding RNA ANRIL restores the learning
and memory abilities and rescues hippocampal pyramidal
neurons from apoptosis in streptozotocin-induced diabetic
rats via the NF-κB signaling pathway,” Journal of Cellular
Biochemistry, vol. 119, no. 7, pp. 5821–5833, 2018.

[88] L. Chen, H. Qu, M. Guo et al., “ANRIL and atherosclerosis,”
Journal of Clinical Pharmacy and Therapeutics, vol. 45, no. 2,
pp. 240–248, 2020.

[89] K. Lillycrop, R. Murray, C. Cheong, A. L. Teh, R. Clarke-Har-
ris, S. Barton et al., “ANRIL promoter DNA methylation: a
perinatal marker for later adiposity,” eBioMedicine, vol. 19,
pp. 60–72, 2017.

[90] E. M. Curtis, R. Murray, P. Titcombe et al., “Perinatal DNA
methylation at CDKN2A is associated with offspring bone
mass: findings from the Southampton Women’s Survey,”
Journal of Bone and Mineral Research, vol. 32, no. 10,
pp. 2030–2040, 2017.

[91] R. Murray, J. Bryant, P. Titcombe et al., “DNAmethylation at
birth within the promoter of ANRIL predicts markers of car-
diovascular risk at 9 years,” Clinical Epigenetics, vol. 8, no. 1,
p. 90, 2016.

[92] M. Vausort, D. R. Wagner, and Y. Devaux, “Long noncoding
RNAs in patients with acute myocardial infarction,” Circula-
tion Research, vol. 115, no. 7, pp. 668–677, 2014.

[93] C. R. Rankin, Z. A. Lokhandwala, R. Huang, J. Pekow,
C. Pothoulakis, and D. Padua, “Linear and circular
CDKN2B-AS1 expression is associated with inflammatory
bowel disease and participates in intestinal barrier forma-
tion,” Life Sciences, vol. 231, article 116571, 2019.

[94] A. Congrains, K. Kamide, T. Katsuya et al., “CVD-associ-
ated non-coding RNA, ANRIL, modulates expression of
atherogenic pathways in VSMC,” Biochemical and Biophys-
ical Research Communications, vol. 419, no. 4, pp. 612–
616, 2012.

[95] K. Sato, H. Nakagawa, A. Tajima, K. Yoshida, and I. Inoue,
“ANRIL is implicated in the regulation of nucleus and poten-
tial transcriptional target of E2F1,” Oncology Reports, vol. 24,
no. 3, pp. 701–707, 2010.

9Disease Markers



[96] G. K. Hansson and P. Libby, “The immune response in ath-
erosclerosis: a double-edged sword,” Nature Reviews. Immu-
nology, vol. 6, no. 7, pp. 508–519, 2006.

[97] E. Gutiérrez, A. J. Flammer, L. O. Lerman, J. Elízaga,
A. Lerman, and F. Fernández-Avilés, “Endothelial dysfunc-
tion over the course of coronary artery disease,” European
Heart Journal, vol. 34, no. 41, pp. 3175–3181, 2013.

[98] R. Khan, V. Spagnoli, J.-C. Tardif, and P. L. L'Allier, “Novel
anti-inflammatory therapies for the treatment of atheroscle-
rosis,” Atherosclerosis, vol. 240, no. 2, pp. 497–509, 2015.

[99] G. K. Hansson, A. K. Robertson, and C. Söderberg-Nauclér,
“Inflammation and atherosclerosis,” Annual Review of
Pathology, vol. 1, no. 1, pp. 297–329, 2006.

[100] Y. Kotake, T. Nakagawa, K. Kitagawa et al., “Long non-
coding RNA ANRIL is required for the PRC2 recruitment
to and silencing of p15(INK4B) tumor suppressor gene,”
Oncogene, vol. 30, no. 16, pp. 1956–1962, 2011.

[101] Y. Kong, R. B. Sharma, B. U. Nwosu, and L. C. Alonso, “Islet
biology, the CDKN2A/B locus and type 2 diabetes risk,” Dia-
betologia, vol. 59, no. 8, pp. 1579–1593, 2016.

[102] M. S. Cunnington, M. Santibanez Koref, B. M. Mayosi,
J. Burn, and B. Keavney, “Chromosome 9p21 SNPs associ-
ated with multiple disease phenotypes correlate with ANRIL
expression,” PLoS Genetics, vol. 6, no. 4, article e1000899,
2010.

[103] A. D. Johnson, S.-J. Hwang, A. Voorman et al., “Resequen-
cing and clinical associations of the 9p21.3 region: a compre-
hensive investigation in the Framingham heart study,” The
Region, vol. 127, no. 7, pp. 799–810, 2013.

[104] A. Motterle, X. Pu, H. Wood et al., “Functional analyses of
coronary artery disease associated variation on chromosome
9p21 in vascular smooth muscle cells,” Human Molecular
Genetics, vol. 21, no. 18, pp. 4021–4029, 2012.

[105] J. Gil and G. Peters, “Regulation of the INK4b-ARF-INK4a
tumour suppressor locus: all for one or one for all,” Nature
Reviews Molecular Cell Biology, vol. 7, no. 9, pp. 667–677,
2006.

[106] K. L. Yap, S. Li, A. M. Muñoz-Cabello et al., “Molecular inter-
play of the noncoding RNA ANRIL and methylated histone
H3 lysine 27 by polycomb CBX7 in transcriptional silencing
of INK4a,” Molecular Cell, vol. 38, no. 5, pp. 662–674, 2010.

[107] W. Y. Kim and N. E. Sharpless, “The regulation of INK4/ARF
in cancer and aging,” Cell, vol. 127, no. 2, pp. 265–275, 2006.

[108] E. Pasmant, A. Sabbagh, M. Vidaud, and I. Bièche, “ANRIL, a
long, noncoding RNA, is an unexpected major hotspot in
GWAS,” FASEB Journal, vol. 25, no. 2, pp. 444–448, 2011.

[109] H. Cho, G.-Q. Shen, X. Wang et al., “Correction: Long non-
coding RNA ANRIL regulates endothelial cell activities asso-
ciated with coronary artery disease by up-regulating CLIP1,
EZR, and LYVE1 genes.,” vol. 294, no. 22, p. 8715, 2019.

[110] V. Lo Sardo, P. Chubukov, W. Ferguson et al., “Unveiling the
role of the most impactful cardiovascular risk locus through
haplotype editing,” Cell, vol. 175, no. 7, pp. 1796–810.e20,
2018.

[111] D.-J. Hu, Z.-Y. Li, Y.-T. Zhu, and C. C. Li, “Overexpression of
long noncoding RNA ANRIL inhibits phenotypic switching
of vascular smooth muscle cells to prevent atherosclerotic
plaque development in vivo,” Aging, vol. 13, no. 3,
pp. 4299–4316, 2021.

[112] C. Zhang, S. Ge, W. Gong et al., “LncRNA ANRIL acts as a
modular scaffold of WDR5 and HDAC3 complexes and pro-

motes alteration of the vascular smooth muscle cell pheno-
type,” Cell Death & Disease, vol. 11, no. 6, pp. 1–3, 2020.

[113] T. Huang, H. Zhao, X. Zhang et al., “LncRNA ANRIL regu-
lates cell proliferation and migration via sponging miR-339-
5p and regulating FRS2 expression in atherosclerosis,” Euro-
pean Review for Medical and Pharmacological Sciences,
vol. 24, no. 4, pp. 1956–1969, 2020.

[114] F. Guo, C. Tang, Y. Li et al., “The interplay of LncRNAANRI-
Land miR-181b on the inflammation-relevant coronary
artery disease through mediatingNF‐κB signalling pathway,”
Journal of Cellular and Molecular Medicine, vol. 22, no. 10,
pp. 5062–5075, 2018.

[115] Z. Jin, H. Shen, W. Cha, H. Xia, L. J. E. Liu, and T. Medicine,
“Predictive value of using plasma long non-coding RNAs
ANRIL andHOXA11-AS for in-stent restenosis,” Experimen-
tal and Therapeutic Medicine, vol. 23, no. 2, pp. 115–118,
2022.

[116] E. Rahimi, A. Ahmadi, M. A. Boroumand, B. Mohammad
Soltani, and M. Behmanesh, “Association of ANRIL expres-
sion with coronary artery disease in type 2 diabetic patients,”
Cell Journal, vol. 20, no. 1, pp. 41–45, 2018.

[117] S. A. Hannou, K. Wouters, R. Paumelle, and B. Staels, “Func-
tional genomics of the CDKN2A/B locus in cardiovascular
and metabolic disease: what have we learned from GWASs?,”
Trends in Endocrinology and Metabolism, vol. 26, no. 4,
pp. 176–184, 2015.

[118] H. M. Broadbent, J. F. Peden, S. Lorkowski et al., “Susceptibil-
ity to coronary artery disease and diabetes is encoded by dis-
tinct, tightly linked SNPs in the ANRIL locus on
chromosome 9p,” Human Molecular Genetics, vol. 17, no. 6,
pp. 806–814, 2008.

10 Disease Markers


	The Role of ANRIL in Atherosclerosis
	1. Introduction
	2. ANRIL and 9p21locus
	3. ANRIL and Exons
	4. ANRIL Isoforms: Linear and Circular
	4.1. Circular ANRIL

	5. ANRIL Expression and Abundance
	6. ANRIL Functions
	7. Concluding Remarks
	Conflicts of Interest
	Acknowledgments

