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Abstract: Intracranial aneurysms (IAs) represent the most complex and relevant problem of modern
neurology and neurosurgery. They serve as one of the main causes of non-traumatic subarachnoid
hemorrhage (SAH), causing up to 85% of all cases of intracranial hemorrhage, which is associated
with frequent disability and high mortality among patients. Unfortunately, the molecular mechanisms
of the development and rupture of IAs are still under study. Long non-coding RNAs (lncRNAs)
are non-coding RNAs that typically have a length of more than 200 nucleotides. It is known that
lncRNAs regulate many processes, such as transcription, translation, cell differentiation, regulation of
gene expression, and regulation of the cell cycle. In recent years, a lot of evidence has established
their role in human diseases from oncology to cardiovascular disease. Recent studies have shown
that lncRNAs may be involved in the pathogenesis of IAs. The study of lncRNAs and its targets
in various pathological conditions of a person is a rapidly developing field, and it is likely that the
knowledge obtained from these studies regarding the pathogenesis of intracranial aneurysms will
have the potential to use lncRNAs in therapy, as well as in the diagnosis and prediction of high
aneurysms risk of rupture.

Keywords: intracranial aneurysm; long non-coding RNAs; subarachnoid hemorrhage; pathogenesis;
biomarker; therapy

1. Introduction

Intracranial aneurysms (IAs) occur in 2% to 3% of the general population and are characterized
by localized structural deterioration of the arterial wall, with loss of the internal elastic lamina and
disruption of the media [1]. Rupture of IAs can cause 85% of subarachnoid hemorrhage (SAH), a death
of 30–50% of the cases, and a severe disability in 30% of the cases [1,2]. At present, the treatment and
prevention of intracranial aneurysms are still challenged due to their unknown pathogenesis.
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In response to the destruction of the internal elastic lamina and subsequent mechanical overload
and tensile shear force, vascular smooth muscle cells (VSMCs) and fibroblasts synthesize collagen types
I and V, which are the main molecular constituents of IAs. VSMCs, which perform contractile functions
in the vessel wall, may initially migrate into the intima in response to endothelial damage. A change
in the physiological location and phenotype of VSMCs towards the synthetic type can contribute to
the restoration of the vessel wall through collagen synthesis, which leads to neointimal hyperplasia.
In addition, prolonged hemodynamic shear stress on the vascular wall leads to degradation of the
extracellular matrix (ECM), endothelial cells (ECs) dysfunction, and apoptosis or phenotypic modulation
of VSMCs towards undifferentiated pro-inflammatory VSMCs. Once molecular mechanisms cannot
compensate for the mechanical overload of the vessel wall and neointimal damage, cellular and
humoral inflammatory responses become the main factors in the formation of IAs. These responses,
which are mediated by inflammatory cytokines such as tumor necrosis factor (TNF), IL-1β and matrix
metalloproteinases (MMPs), promote the influx of macrophages and permanent degradation of collagen
and elastin fibers.

Long non-coding RNAs (lncRNAs) are frequently defined as non-protein-coding transcripts larger
than 200 nucleotides. LncRNAs, typically transcribed by RNA polymerase II, are a very heterogeneous
size group, some of which can span several tens of kilobases (kb). The genes of lncRNA share several
characteristics with the protein-coding genes, such as similar epigenetic profiles, the presence of
splicing and polyadenylation signals, as well as the size of exons and introns [3]. However, and
compared to mRNAs, lncRNAs are generally more enriched in the nucleus and show lower retention of
sequence, although some of them are strongly preserved. In addition, the lncRNAs are expressed more
weakly than the protein-coding genes and their expression is remarkably specific to certain tissues.
Depending on their position relative to the coding genes, lncRNAs can be divided into two broad
categories: intergenic lncRNAs and intragenic lncRNAs. Intergenic lncRNAs, located by definition in
unannotated regions of the genome, are generally called lincRNAs. They represent the best-studied
class of lncRNA today. Intragenic lncRNAs, on the other hand, can be subdivided according to how
they overlap the coding genes or their orientation with respect to them (antisense, intron, etc.). It
should be noted that many intergenic lncRNA genes have a transcription initiation site close to that of
a coding gene, with transcription occurring on the opposite strand (divergent transcription). Recently,
a study has demonstrated that the genes associated with these divergent transcripts frequently encode
transcriptional regulators involved in cell development and differentiation [3]. Finally, some lncRNAs
overlap small RNAs, such as small nucleolar RNAs (snoRNAs) or miRNAs, with potential functional
links, as in the case of regions subjected to genomic fingerprinting. Multiple lncRNAs contain repeating
elements, such as long interspersed nuclear elements (LINE) or short interspersed nuclear elements
(SINE), with potential functional implications. However, taken as a whole, lncRNAs do not have a
conserved sequence or structure that might be indicative of a particular function. Therefore, most
studies aimed at identifying potentially relevant lncRNAs in a given physiological or pathological
context are based on co-expression or co-regulation analyses. LncRNAs are key players in the epigenetic,
post-transcriptional, and translational coordination of gene expression in developmental and disease
processes [3]. Recent studies have shown that lncRNAs are partially specific for tissue and cell type,
suggesting their functional significance. The combination of ECM disruption, dysfunction of ECs,
VSMCs phenotypic switching, overproduction of reactive oxygen species (ROS), inflammation, and
immune responses, represents a dynamic process that leads to deterioration of the vascular wall and
formation of IAs [1]. However, only a few reports cited here were able to provide evidence for a
suspected molecular mechanism of action being mediated through lncRNAs. The detailed underlying
mechanisms that regulate these key processes still need many more studies and involves lncRNAs.
Obtaining a better understanding of the cellular mechanisms and regulatory networks driving IA
development and progression is essential to identify novel therapeutic targets. In addition, lncRNAs
can be detected in biological fluids, such as a plasma or serum samples, and they may potentially act
as non-invasive biomarkers for the diagnosis and prognosis of IAs and SAH [4]. In this review, we
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will review relevant studies regarding lncRNAs, IAs, and SAH, and explain the complex relationship
between them. We further discuss the clinical potential of lncRNAs for the development of novel
diagnostic and therapeutic strategies.

2. LncRNAs and IAs

An increasing number of studies have demonstrated the direct role of lncRNAs in the pathogenesis
of various human diseases including tumors, inflammatory, cardiovascular, and immunological
diseases [3,5]. In many studies, the regulatory mechanism of lncRNAs in aortic aneurysms was
also shown, which was directly associated with the formation, growth and dissection of the aorta
(Table 1) [6–19]. In recent years, increasing studies have focused on role lncRNAs in the pathogenesis of
IAs. For instance, lncRNAs have been reported to be upregulated in atherosclerotic and hypertension
disease, which are important risk factors for the development of IAs (Table 2) [20–26]; by signaling
to unique miRNAs or proteins, it may participate in multiple processes like VSMC phenotypic
switching, inflammation activation, ECM disruption, endothelial dysfunction, cells necrosis, and
overproduction of ROS, thus development, formation, growth, and rupture of IAs. LncRNAs molecular
functions in IAs are very diverse. For instance, in aneurismal tissues from IA patients (12 ruptured
IAs and 15 unruptured IAs), a microarray study indicated that 4129 lncRNAs (876 upregulated; 3253
downregulated) and 2926 mRNAs were significantly dysregulated. The authors further performed
lncRNA-mRNA co-expression network analysis (Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG)) and the co-expression networks were represented in immune response,
inflammatory response, the muscle contraction pathway, and the vascular smooth muscle contraction
pathway. There were 24 lncRNAs that interacted with eight mRNAs in the vascular smooth muscle
contraction, 10 lncRNAs interacted with 10 mRNAs in the GO term of immune response, seven
lncRNAs interacted with seven mRNAs in the GO term of inflammatory response, and 31 lncRNAs
interacted with nine mRNAs in the muscle contraction pathway [27].

Table 1. LncRNAs involved in aortic aneurysms.

LncRNA Type of
Aneurysm Gene-Target Related Functions Sample

Studied
Cellular
Origin Regulation References

LOXL1-AS TAA Giver
Promotes apoptosis and

inhibit VSMCs
proliferation

HAoSMCs,
human aorta

tissue
VSMCs Up [6]

HOTAIR TAA

ALOX15B,
AZU1, PIP,
TBX1, VIL1,

KRT20,
PRAMEF22

MMP-8, KERA,
CCBE1

Promotes apoptosis and
inhibit VSMCs
proliferation

ECM remodeling
(downregulates collagen
type I and III expressions)

HAoSMCs,
human aorta
tissue, CABG

tissue

VSMCs Down [7]

AK056155 AAA TGF-β,
PI3K/Akt

Development of LDS and
aortic aneurysm

HUVECs,
human serum ECs Up [8]

HLTF-5 TAA MMP9 ECM remodeling, VSMC
phenotype switching

Human aorta
tissue VSMCs Up [9]

MIAT TAA MiR-145,
PI3K/Akt/Bcl-2

Improves the viability
and inhibits VSMCs

apoptosis

Primary
hVSMCs,

human aorta
tissue

VSMCs Up [10]

MALAT1 AAA
NADPH NOX2

and
IL-6

Promotes AAA
development

HAoSMCs,
human aorta

tissue
ECs Up [11]

HIF1A-AS1A TAAA
Caspase-3,

caspase-8, and
Bcl2

Reduces apoptosis of
VSMCs

HAoSMCs,
human serum VSMCs Up [12,13]
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Table 1. Cont.

LncRNA Type of
Aneurysm Gene-Target Related Functions Sample

Studied
Cellular
Origin Regulation References

MALAT1 TAA HDAC9 and
BRG1

VSMCs dysfunction and
ECM disruption (increase
the activity of MMP2 and

MMP9)

Primary
hVSMCs,

human aorta
tissue

VSMCs Up [14]

PVT1 AAA
MMP2, MMP9,
TNF-α, IL-1β,

and IL-6

Suppresses VSMCs
apoptosis, ECM

disruption (decrease the
activity of MMP2 and

MMP9), and serum
pro-inflammatory

cytokines
(TNF-α, IL-1β,

and IL-6)

Primary
mVSMCs,

human and
mouse aorta

tissue

VSMCs Down [15]

HIF1A-AS1 TAA BRG1
Promotes apoptosis and

inhibit VSMCs
proliferation

Primary
hVSMCs,

human aorta
tissue

VSMCs Up [16]

GAS5 AAA
MiR-21

/PTEN/Akt,
YBX1

Promotes apoptosis and
inhibit VSMCs
proliferation

HAoSMCs,
human and
mouse aorta

tissue

VSMCs Up [17]

H19 AAA HIF1α
Promotes apoptosis and

inhibit VSMCs
proliferation

HAoSMCs,
human and
mouse aorta

tissue

VSMCs Up [18]

H19 AAA Let-7a, MCR-1,
IL-6,

Promotes aneurysm
formation by enhancing

vascular
pro-inflammatory

cytokines and enhancing
macrophage infiltration.

Primary
mVSMCs and

mouse
macrophages,
human and
mouse aorta

tissue

VSMCs Up [19]

Abbreviation: AAA, abdominal aortic aneurysm; TAA, thoracic aortic aneurysm; TAAA, thoracoabdominal aortic
aneurysm; LOXL1-AS1, LOXL1-antisense RNA; HOTAIR, HOX Transcript Antisense RNA; MIAT, myocardial
infarction-associated transcript; MALAT1, metastasis-associated in lung adenocarcinoma transcript-1; PVT1,
plasmacytoma variant translocation 1; HIF1A-AS1, antisense hypoxia inducible factor 1 alpha antisense RNA;
GAS5, growth-arrest-specific transcript 5; miR, microRNA; ALOX15B, arachidonate 15-lipoxygenase type B; AZU1,
azurocidin 1; PIP, prolactin induced protein; TBX1, T-box transcription factor 1; VIL1, villin 1; KRT20, keratin 20;
PRAMEF22, PRAME family member 22; MMP, matrix metalloproteinase; KERA, keratocan; CCBE1, collagen and
calcium-binding EGF domain-containing protein 1; TGF-β, transforming growth factor-β; PI3K, phosphoinositide
3-kinases; Akt, RAC-alpha serine/threonine-protein kinase; Bcl-2, B-cell lymphoma 2; PTEN, phosphatase and tensin
homolog deleted on chromosome 10; YBX1, Y box binding protein-1; HIF1A, hypoxia-inducible factor 1-alpha;
MCR-1, plasmid- mediated colistin resistance; IL-6, interleukin-6; HAoSMCs, human aortic smooth muscle cells;
HUVECs, human umbilical vein endothelial cells; VSMCs, vascular smooth muscle cells; ECs, endothelial cells;
ECM, extracellular matrix; mVSMC, mouse vascular smooth muscle cells; hVSMC, human vascular smooth muscle
cells; LDS, Loeys–Dietz syndrome.
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Table 2. List of lncRNAs potentially implicated in atherosclerosis and hypertension disease and their
regulatory mechanisms.

LncRNA Gene-Target Disease Regulation Regulatory Effect of
lncRNA References

LEF1-AS1 miR-544a/PTEN
axis Atherosclerosis Up

Regulates VSMCs
proliferation and

migration
[20]

lncRNA 430945 ROR2/RhoA Atherosclerosis Up Promotes the proliferation
and migration of VSMCs [21]

lncRNA-ATB TGF-β1 and
caspase-3 Atherosclerosis Up

Promotes apoptosis and
inhibits proliferation of

ECs
[22]

lncRNA
AF131217.1

miR-128-3p/KLF4
axis Atherosclerosis Down Reduces endothelial

inflammation [23]

lncRNA AK094457 PPARγ Hypertension Up
Increase Ang II-induced

hypertension and
endothelial dysfunction

[24]

MALAT1 Notch-1 Hypertension Down

Alleviates the vascular
lesion and remodeling:

reduction relative
expression of

inflammation-related,
endothelial

function-related and
oxidative stress-related

factors; inhibit ECs
apoptosis

[25]

MRAK048635_P1

Cyclin D1/E,
CDK2/4, p-Rb,

caspase3, PARP,
α-SMA and

calponin

Hypertension Down

Induces VSMCs
phenotypic switching from
a contractile to a secretory

phenotype. Promotes
proliferation, migration
and inhibits apoptosis of

VSMCs

[26]

Abbreviations: TGF-β1, Transforming growth factor-β1; PPARγ, Peroxisome proliferator-activated receptor gamma;
PTEN, Phosphatase and tensin homolog deleted on chromosome 10; ROR2, Receptor tyrosine kinase like orphan
receptor 2; RhoA, Ras homolog family member A; TGF-β1, Transforming growth factor beta 1; KLF4, Krueppel-like
factor 4; Cyclin D1/E, Cyclin D1/E; CDK2/4, Cyclin-dependent kinase 2/4; p-Rb, Retinoblastoma protein; PARP, Poly
(ADP-ribose) polymerase; α-SMA, Alpha-smooth muscle actin; Notch-1, Notch homolog 1, translocation-associated;
VSMCs, vascular smooth muscle cells; ECs, Endothelial cells; miR, microRNA.

ANRIL, also known as CDKN2B-AS, is a long non-coding RNA mostly localized in the nucleus,
spanning 126.3 kb in the genome, and its spliced product is a 3834 bp RNA [28]. ANRIL is highly
expressed in ECs and VSMCs and associated with a variety of human diseases, such as myocardial
infarction, ischemic stroke. and aortic aneurysm, with single nucleotide polymorphisms (SNP) in
this region [28]. There have been a lot of scholar studies that supported ANRIL multiple SNPs
loci associated with IAs. For example, Chen et al. confirmed rs1333040 and rs6475606 associated
with sporadic IA in the Chinese population [29]. Helgadottir et al. confirmed rs10757278 in ANRIL
associated with IA in European individuals [30]. Low et al. found that rs10757272 in ANRIL was
significantly associated with IAs in the Japanese population, and confirmed the role of rs10757278 [31].
Alg et al. also confirmed ANRIL SNP loci could lead to susceptibility of IAs on the basis of predecessors’
research results, and believe rs10757278 have significant effect on IA [32]. Additionally, studies indicate
that the association between rs10757278 and IA was independent of hypertension and smoking.

H19 is another lncRNA that is strongly associated with cardiovascular disease, such as high
blood pressure, ischemic stroke and coronary artery disease [28]. H19 is a well-studied lncRNA that
is important in cell differentiation and growth [33]. Chen et al. provided the first evidence those
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GWAS-discovered IA susceptibility loci BET1L rs2280543 may contribute to the risk of IA by interacting
with H19 in the Chinese population [34].

Recent studies have shown that hypoxia-inducible factor 1α-antisense RNA 1 (HIF1A - AS1) may
be involved in the formation of aortic aneurysms by regulating the proliferation and apoptosis of
VSMCs [12,13,16]. Xu et al. reported that HIF1A - AS1 is involved in the pathogenesis of IAs [35].
In the present study, it was shown that increased expression of HIF1A - AS1 inhibits the proliferation of
VSMCs and increases the expression of transforming growth factor β1 (TGF - β1). In addition, TGF-β
signaling has been shown to be involved in the regulation of VSMCs proliferation, indicating potential
involvement of TGF-β signaling in IA pathogenesis. TGF-β signaling under certain conditions fulfills
its biological functions through interaction with specific lncRNAs, which play a critical role in various
human diseases.

Additionally, Man et al. showed that downregulation of lncRNA GASL1 might have a role in
the pathogenesis of IA through its effects on VSMCs [36]. This study also showed that the actions of
GASL1 in IA might be achieved through the interactions with TGF-β1 and its regulatory roles on the
proliferation of VSMCs.

Microarray analysis, using the aneurysm tissues and superficial temporal arteries (STAs) samples of
patients with IA, indicated that 1518 lncRNAs were significantly dysregulated (413 were upregulated,
and 1105 were downregulated) in aneurysm tissue [37]. In addition, the protein-coding mRNA
profiles between the aneurysm tissues and STAs were also compared. In comparison with the
mRNAs in the STAs samples, 2545 mRNAs were differentially expressed in aneurysm tissues (1150
were upregulated, and 1395 were downregulated). Furthermore, 4 lncRNAs and 4 mRNAs were
confirmed by reverse transcription-quantitative polymerase chain reaction (qRT-PCR). Then, the
authors employed lncRNA target-prediction program, KEGG and GO analysis to explore potential
lncRNA functions. The results of further GO and KEGG indicated that lncRNAs were involved
mainly in regulating immune/inflammatory processes/pathways (chemokine signaling, B-cell receptor
signaling and cytokine–cytokine receptor interaction pathways) and vascular smooth muscle contraction
(Myocardin, MYOCD; smooth muscle aortic alpha-actin, ACTA2; myosin heavy chain, MYH11; and
myosin light chain 9, MYL9).

3. LncRNAs and SAH

Early brain injury (EBI) refers to the acute pathophysiological event that occurs within 2–3 days
of SAH. EBI is one of the leading causes of disability and mortality worldwide in patients with
SAH [38]. EBI is caused by blood brain barrier (BBB) disruption, brain edema, oxidative stress,
inflammation, and neural cell death [39]. However, the molecular regulatory mechanism in EBI after
SAH has been little studied. Evidence from some scientific studies shows that some lncRNAs are
involved in the development of EBI following SAH through the regulation of broad signaling pathway,
including inflammation.

Neuronal apoptosis usually occurs in EBI after SAH [40]. The p53 protein and neural growth factor
(NGF) are important factors in many cellular processes, including cell apoptosis [41]. The p53 and
NGF have been shown to be orchestrating proteins in the apoptotic pathways following a SAH [41,42].
LncRNAs have been shown to regulate p53 and NGF by affecting p53 and NGF mRNA stability and
affecting transcription of their target genes. For example, Yang et al. reported that H19 regulates brain
injury after SAH via miR-675 and let-7a by interacting with neuronal apoptosis induced by p53 and
NGF [42]. The authors found that the administration of melatonin (MT) upregulated expression of
H19, and H19 was shown to host miR-675, and miR-675 has been found to be a negative regulator of
P53. In addition, H19 was found to be a competing non-coding RNA for let-7a, and let-7a was found to
be a regulator of NGF by using a miRNA online database (www.mirdb.org). Liang et al. identified
and functionally characterized lncRNA maternally expressed (MEG3) in neuronal cells of SAH rats
whose expression is increased [43]. In addition, the expression of MEG3 was notably increased by
lentiviral transfection in vitro. Overexpressed MEG3 significantly inhibited neuronal activity for 72

www.mirdb.org


Life 2020, 10, 155 7 of 14

h. Meanwhile, overexpressed MEG3 resulted in increased neuronal apoptosis. Among this result,
lncRNA promotes the neuronal apoptosis by inhibiting the Pi3k/Akt pathway [43]. Altered expression
of MEG3 was observed to mediate ischemic neuronal death by activating p53 protein both in vitro and
in vivo [44].

In the brain tissues of a rat SAH model, a microarray study indicated that 402 mRNAs and 208
lncRNAs were significantly dysregulated. Among these dysregulated mRNAs and lncRNAs, 221
upregulated and 181 downregulated mRNAs and 64 upregulated and 144 downregulated lncRNAs [45].
Furthermore, five lncRNAs (BC092207, MRuc008hvl, XR_006756, MRAK038897, and MRAK017168)
were confirmed by qRT-PCR, where the expression levels of BC092207 and MRuc008hvl were
significantly upregulated and the expression levels of XR_006756, MRAK038897, and MRAK017168
were markedly downregulated. Moreover, among these downregulated lncRNAs, MRAK038897
exhibited the most marked change. MRAK038897 is associated with ankyrin repeat and suppressor
of cytokines signaling box 3 (ASB3), which is involved in the inflammatory process of EBI following
SAH [45,46]. In addition, in order to better understand differentially expressed mRNA genes in this
study, the KEGG and GO databases were used to analyze their potential biological functions. GO
and KEGG pathway analysis demonstrated that these differentially expressed mRNA genes were
involved in eight pathways, including ‘leishmaniasis’, ‘calcium signaling’, ‘tuberculosis’, ‘asthma’,
‘Staphylococcus aureus infection’, ‘chemical carcinogenesis’, ‘antigen processing and presentation’ and
‘neuroactive ligand-receptor interaction’. These pathways were mainly associated with inflammation,
which has been confirmed to result in BBB disruption and brain edema [47]. In another study, Peng
et al. identified 617 lncRNAs and 441 mRNAs that were aberrantly expressed in the mouse brain
at 24 h after SAH [48]. KEGG and GO analysis revealed that these differentially expressed mRNA
genes were involved in the inflammatory responses. Specifically, the authors found that among all
lncRNAs, lncRNA fantom3_F730004F19 has the closest relationship with differentially expressed
mRNA transcripts, which was correlated with CD14. The silencing of fantom3_F730004F19 resulted in
reduced expression of CD14 and TLR4 at both the mRNA and protein levels. Moreover, knockdown
of fantom3_F730004F19 attenuated inflammation in BV-2 microglia cells. These results suggest that
fantom3_F730004F19 may have some specific effects on the pathological processes of EBI following
SAH by regulating inflammation.

4. LncRNAs as Non-Invasive Biomarkers

Diagnosis of IAs mainly depends on imaging diagnostic methods, such as magnetic resonance
angiogram (MRA), computed tomography angiography (CTA), and digital subtraction angiography
(DSA) [49]. Despite the fact that preoperative diagnosis has improved in recent years, overall prognosis
remains poor, and SAH remains a serious health problem. Therefore, efforts must be made to search for
effective non-invasive biomarkers capable of identifying individuals at high risk of IAs development
and its subsequent rupture. In this context, there has been a great deal of interest in circulating nucleic
acids. Similar to circulating miRNAs, circulating lncRNAs were stably detectable in the human biofluids,
such as whole blood, plasma/serum, or cerebrospinal fluid (CSF) [4,50]. In addition, there is need for
a reliable, early, cost-effective, and non-invasive approach to screen IA patients in order to improve
prognosis in SAH. Circulating lncRNAs could be packaged into microparticles, including microvesicles,
exosomes, liposomes, and apoptotic bodies, to avoid being degraded [50]. Recently, several studies
have indicated that circulating lncRNAs can be regarded as potential biomarkers for cardiovascular
diseases (Table 3) [51–58], including IAs. For instance, for circulating long non-coding RNA-predicting
development of IAs, metastasis-associated lung adenocarcinoma transcript 1 (MALAT-1) levels were
independently associated with short disease-free survival (DFS) and poor overall survival (OS) for IA
patients, and higher MALAT levels predicted a higher risk of death in IA patients [59]. In addition,
the authors found that circulating MALAT1 expression was closely associated with hypertension
history, aneurysm rupture and Hunt–Hess level. These results demonstrated that circulating MALAT1
expression in IA patients may be a novel biomarker for prognosis. qRT-PCR detection, using the
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serum of IA patients and healthy controls, revealed that circulating HIF1A-AS1 was greatly altered in
IA patients [35]. The expression levels of HIF1A-AS1 were identified to be significantly increased in
patients with IAs compared with healthy controls. The HIF1A-AS1 could differentiate IA patients from
healthy controls with an area under the curve (AUC) of 0.879 (95% confidence interval (CI): 0.81–0.94).
Therefore, circulating HIF1A-AS1 may serve as a potential diagnostic biomarker for IAs. Liang et
al. tried to check the change in the expression of the circulating MEG3 in the CSF of SAH patients
at four time points (1, 3, 5, and 7 days) [43]. They showed that the expression level of circulating
MEG3 achieved a peak on the 3rd day after the clipping IA, and then gradually decreased to normal.
Interesting, the expression level of circulating MEG3 was increased with the elevation of Hunt–Hess
grade, which achieved the peak in SAH patients with Hunt–Hess IV-V, indicating that circulating
MEG3 can be served as an indicator of SAH severity. Additionally, in another experiment of IAs,
microarray assays showed that 797 circulating lncRNAs in the plasma were differentially expressed (519
upregulated and 278 downregulated) [60]. Of these, 10 circulating lncRNAs with the largest differential
expression were selected for qRT-PCR validation. Plasma levels of lncRNA TCONS_00000200 and
lncRNA ENST00000511927 were significantly higher in IA patients than in healthy controls with AUC
0.963 (95% CI: 0.919–1.000) and 0.804 (95% CI: 0.696–0.920), respectively. In addition, the authors argue
that confirmed these results through qRT-PCR of venous blood samples from 10 patients with familial
history of IA. Man et al. analyzed the relationship between serum GASL1 and TGF-β1 levels in patients
with IA and healthy controls [36]. It has been shown that serum levels of GASL1 were significantly
lower in patients with IAs than in healthy controls. Serum levels of TGF-β1 were significantly higher
in patients with IAs than in healthy controls. ROC curve analysis showed that for serum GASL1, the
AUC was 0.8820 (95% CI: 0.822–0.941), for serum TGF-β1, the AUC was 0.9420 (95% CI: 0.879–0.968).
In this study, a significantly negative correlation was found between serum GASL1 and TGF-β1 levels
in patients with IA.

Table 3. Circulating lncRNAs as possible biomarkers for cardiovascular diseases.

Disease LncRNA Sample Regulation Diagnostic Prognostic Sensitivity
%

Specificity
% AUC References

AIS NEAT1 Plasma Up Yes Yes 64.3 82.9 0.80 [51]

AIS ANRIL Plasma Down Yes No 72.2 71.2 0.75 [52]

AMI H19, MALAT1 and
MIAT PBMC Up Yes No Comb. 0.68 Comb. 0.76 Comb.

0.76 [53]

STEMI LIPCAR Plasma Up Yes No 0.82 0.75 0.78 [54]

CAD GAS5 Plasma Down Yes No 0.78 0.92 0.97 [55]

HF LIPCAR Plasma Up No Yes / / / [56]

DCM LncRNA
ENST00000507296 Plasma Up Yes Yes / / 0.78 [57]

Athero-sclerosis Exosomal
HIF1A-AS1 Plasma Up Yes No 0.86 0.82 0.75 [58]

Abbreviations: LncRNA, Long non-coding RNA; AUC, Area under ROC curve; AMI, Acute myocardial infarction;
AIS, Acute ischemic stroke; HF, Heart failure; CAD, Coronary artery disease; DCM, Dilated cardiomyopathy;
MALAT1, metastasis-associated in lung adenocarcinoma transcript-1; MIAT, myocardial infarction-associated
transcript; GAS5, growth-arrest-specific transcript 5; NEAT1, Nuclear enriched abundant transcript 1; ANRIL
CDKN2B-AS; LIPCAR, Long intergenic non-coding RNA predicting cardiac remodeling; HIF1A-AS1, Hypoxia
inducible factor 1α-antisense RNA 1 Note: AUC ≥ 0.75 is considered diagnostically significant for the biomarker;
Kaplan-Meier curves and log rank tests were used in articles to evaluate the prognostic significance of circulating
miRNAs in cardiovascular disease; /, not mentioned in article.

5. LncRNA-Based Therapeutics

The characteristic pathology of IAs is characterized by progressive cerebral vessel wall dilation,
promoted by dying VSMCs, “aberrant” proliferation, and migration of VSMCs, as well as impaired
synthesis and degradation of ECM components, which at least partially is the result of transmural
inflammation and its disruptive effect on cerebral vessel wall homeostasis [1]. Currently no conservative
treatment approach exists that could slow down IA progression and protect the risk of rupture. The
development and progression of various diseases, including IAs, can be associated both with activation
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of the expression of lncRNAs and with a decrease in their content in the cells [3,5]. Therefore, modern
approaches to gene therapy are actively developing, aimed at activating and suppressing lncRNAs
expression, as well as inhibiting their activity [61]. The methods of activating lncRNA expression
include lncRNAs delivery by viral vectors, such as lentivirus, or by non-viral vectors such as inorganic
or organic nanoparticles [62]. To suppress the expression of lncRNAs, approaches such as RNA
interference using aptamers or small interfering RNA/short hairpin RNA (siRNA/shRNA), antisense
oligonucleotides (ASOs), transcriptional repression, and gene editing tools such as CRISPR can be
used [61,63]. It is known that overexpression of angiogenic factors, such as vascular endothelial growth
factor A (VEGF-A), may be related to IA formation and rupture [64]. In addition, it has previously been
discussed that cluster miR-143/miR-145 takes part in various biological processes associated with IA
formation and the expression cluster miR-143/miR-145 is downregulated in IA tissues [65]. Gao et al.
in their study showed that lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)
and VEGF-A are upregulated and miR-143 is downregulated in IA tissues (rat models of IA and IA
patients) [66]. Moreover, the authors demonstrated that a decrease in MALAT1 expression induced by
short hairpin RNA (sh)-MALAT1 interference inhibited apoptosis and promoted the viability of ECs in
IA by modulating miR-143/VEGF-A axis. In addition, after injection of (sh)-MALAT1 into the right
cerebral ventricle of rats, a decrease in blood pressure and suppression of serum endothelin 1 (ET-1),
von Willebrand factor (VWF), and matrix metalloproteinase-9 (MMP-9) expression occurred. The
findings in this study partially disclose the pathogenesis of IA initiation and progression. Therefore,
MALAT1 represents a potential target for novel IA treatment strategies. In another study, Ren et al.
demonstrated that the upregulation of MALAT1 might function to downregulate miR-145, which
further induces VEGF-A levels in oxygen–glucose deprivation (OGD)-induced brain microvascular
endothelial cells (BMECs) [67].

Despite intensive studies of lncRNAs in cardiovascular disease, there is no lncRNA-based
therapeutics entering clinical trials at present in this area. There are several obstacles facing the
development of lncRNA-based therapeutics for IAs. One of the obstacles impeding development
of lncRNA-based therapeutics is low delivery efficacy to the brain vasculature and the likely need
for repeated delivery [68]. Second, the functions and mechanisms used by lncRNAs are much more
complex and diversified than other non-coding RNAs [3]. In spite of recent studies, lncRNAs are
still largely an “unknown” with regard to their cellular functions and molecular mechanisms of
pathogenesis in IAs. Third, the majority of lncRNAs that localize to the nucleus are thought to act as
epigenetic regulators [3,69]. This feature makes it hard to target lncRNAs using siRNA/shRNA, which
is a potential therapeutic strategy. Fourthly, challenges for lncRNAs delivery remain with respect
to their efficiency and tissue specificity [70]. While viral vectors induce immunogenicity, challenges
for delivery lncRNAs may be overcome using chemical functionalization of nanoparticles surface
targeted to specific ligands overexpressed by cells in the cerebral vessel wall in response to relevant
stimuli [68,71]. In addition, most lncRNAs lack conservation between species, which restricts the utility
of preclinical animal models. One possible strategy to overcome these issues is to identify the direct
targets of aneurysm-associated lncRNAs and use preclinical animal models to assess the therapeutic
role of these targets in IA pathogenesis and/or use innovative human-based model systems in vitro or
ex vivo. With more and intensive studies of lncRNAs in vitro preclinical animal models and human
patients, the application of lncRNA-based therapeutics in the clinic can become a reality.

6. Conclusions

Our understanding of the molecular pathophysiology of IAs and SAH is improving very rapidly
but is still limited. LncRNAs in IAs have emerged as a new research area (Figure 1). Only a few
studies have attempted to correlate changes in the expression levels of lncRNAs and their gene targets
with IAs and SAH in vitro and in vivo, in order to elucidate the mechanisms of pathogenesis. The
results of these studies allow a better understanding of the processes associated with the formation,
development, and rupture of IAs, and how risk factors, such as hypertension, predispose people to
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IAs. In addition, we suggested that lncRNAs would function as novel non-invasive biomarkers to
predict the IAs and SAH, and may yield new therapies in the future.

Life 2020, 10, x FOR PEER REVIEW 11 of 15 

 

 

Figure 1. Long non-coding RNAs (lncRNAs) regulating intracranial aneurysm (IA) formation or 
progression. Selected targets that were shown to contribute to the effects of the lncRNAs in IA 
formation are shown. VSMCs, vascular smooth muscle cells; ECM, extracellular matrix, ECs, 
endothelial cells; ROS, reactive oxygen species; miR, microRNA; TGF - β1, transforming growth factor 
β1; MMP-9, matrix metalloproteinases 9; CD14, cluster of differentiation 14; TLR4, toll-like receptor 
4; ASB3, ankyrin repeat and SOCS box containing 3; Pi3k, phosphoinositide 3-kinase; AKT, 
serine/threonine kinase; VEGF-A, vascular endothelial growth factor A; KLF-2, kruppel-like factor 2; 
CARD8, Caspase recruitment domain-containing protein 8; CDKN2A/B, cyclin-dependent kinase 
inhibitor 2A/B; NGF, neural growth factor; HIF1A - AS1, hypoxia-inducible factor 1α-antisense RNA 
1; GASL1, growth-arrest-associated lncRNA 1; MEG3, Maternally Expressed 3; MALAT1, metastasis 
associated lung adenocarcinoma transcript 1 

Author contributions: Conceptualization, Writing - original draft: I.G.; Writing - review and editing, 
Investigation, O.B.; Data curation, A.I., V.P., Y.Z., J.R., G.A. and Y.L.; Validation, G.A. and G.Y.; Supervision, 
Funding acquisition, G.Y. All authors have read and agreed to the published version of the manuscript. 

Funding: This study was funded by Grant of the Republic of Bashkortostan to young scientists of February 7, 
2020 No. CD-43; National Natural Science Foundations of China (81971135, 81572482); China Postdoctoral 
Science Foundation (2019T120284, 2018M631964); and Heilongjiang Postdoctoral Fund (LBH-TZ19); Russian 
Academic Excellence project "5–100” for the Sechenov University, Moscow, Russia, and GALLY International 
Research Institute, San Antonio, Texas, USA. 

Conflicts of Interests: The authors report no conflict of interest in this study. 

References 

Figure 1. Long non-coding RNAs (lncRNAs) regulating intracranial aneurysm (IA) formation or
progression. Selected targets that were shown to contribute to the effects of the lncRNAs in IA formation
are shown. VSMCs, vascular smooth muscle cells; ECM, extracellular matrix, ECs, endothelial cells;
ROS, reactive oxygen species; miR, microRNA; TGF-β1, transforming growth factor β1; MMP-9, matrix
metalloproteinases 9; CD14, cluster of differentiation 14; TLR4, toll-like receptor 4; ASB3, ankyrin repeat
and SOCS box containing 3; Pi3k, phosphoinositide 3-kinase; AKT, serine/threonine kinase; VEGF-A,
vascular endothelial growth factor A; KLF-2, kruppel-like factor 2; CARD8, Caspase recruitment
domain-containing protein 8; CDKN2A/B, cyclin-dependent kinase inhibitor 2A/B; NGF, neural growth
factor; HIF1A - AS1, hypoxia-inducible factor 1α-antisense RNA 1; GASL1, growth-arrest-associated
lncRNA 1; MEG3, Maternally Expressed 3; MALAT1, metastasis associated lung adenocarcinoma
transcript 1

Author Contributions: Conceptualization, Writing—original draft: I.G.; Writing—review and editing,
Investigation, O.B.; Data curation, A.I., V.P., Y.Z., J.R., G.A. and Y.L.; Validation, G.A. and G.Y.; Supervision,
Funding acquisition, G.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Grant of the Republic of Bashkortostan to young scientists of February 7,
2020 No. CD-43; National Natural Science Foundations of China (81971135, 81572482); China Postdoctoral Science
Foundation (2019T120284, 2018M631964); and Heilongjiang Postdoctoral Fund (LBH-TZ19); Russian Academic
Excellence project "5–100” for the Sechenov University, Moscow, Russia, and GALLY International Research
Institute, San Antonio, Texas, USA.

Conflicts of Interest: The authors report no conflict of interest in this study.



Life 2020, 10, 155 11 of 14

References

1. Jin, D.; Song, C.; Leng, X.; Han, P. A systematic review and meta-analysis of risk factors for unruptured
intracranial aneurysm growth. Int J. Surg. 2019, 69, 68–76. [CrossRef] [PubMed]

2. D’Souza, S. Aneurysmal Subarachnoid Hemorrhage. J. Neurosurg. Anesth. 2015, 27, 222–240. [CrossRef]
[PubMed]

3. Lepoivre, C.; Belhocine, M.; Bergon, A.; Griffon, A.; Yammine, M.; Vanhille, L.; Zacarias-Cabeza, J.;
Garibal, M.A.; Koch, F.; Maqbool, M.A.; et al. Divergent transcription is associated with promoters of
transcriptional regulators. BMC Genom. 2013, 14, 914. [CrossRef]

4. Zhang, X.; Wang, W.; Zhu, W.; Dong, J.; Cheng, Y.; Yin, Z.; Shen, F. Mechanisms and Functions of Long
Non-Coding RNAs at Multiple Regulatory Levels. Int. J. Mol. Sci. 2019, 20, 5573. [CrossRef]

5. Zhang, X.; Hong, R.; Chen, W.; Xu, M.; Wang, L. The role of long noncoding RNA in major human disease.
Bioorg. Chem. 2019, 92, 103214. [CrossRef]

6. Huang, B.; Lu, S.; Lai, H.; Li, J.; Sun, Y.; Wang, C. LncRNA LOXL1-AS is up-regulated in thoracic aortic
aneurysm and regulated proliferation and apoptosis of aortic smooth muscle cells. Biosci. Rep. 2019, 39,
BSR20191649. [CrossRef]

7. Guo, X.; Chang, Q.; Pei, H.; Sun, X.; Qian, X.; Tian, C.; Lin, H. Long Non-coding RNA-mRNA Correlation
Analysis Reveals the Potential Role of HOTAIR in Pathogenesis of Sporadic Thoracic Aortic Aneurysm. Eur.
J. Vasc. Endovasc. Surg. 2017, 54, 303–314. [CrossRef]

8. Yu, B.; Liu, L.; Sun, H.; Chen, Y. Long noncoding RNA AK056155 involved in the development of Loeys-Dietz
syndrome through AKT/PI3K signaling pathway. Int. J. Clin. Exp. Pathol. 2015, 8, 10768.

9. Li, Y.; Liu, Y.; Liu, S.; Wu, F.; Li, S.; Yang, F.; Gu, Y.; Xu, Z.; Wang, G. Differential expression profile of long
non-coding RNAs in human thoracic aortic aneurysm. J. Cell Biochem. 2018, 119, 7991–7997. [CrossRef]
[PubMed]

10. Chen, S.; Chen, H.; Yu, C.; Lu, R.; Song, T.; Wang, X.; Tang, W.; Gao, Y. Long noncoding RNA myocardial
infarction associated transcript promotes the development of thoracic aortic by targeting microRNA-145 via
the PI3K/Akt signaling pathway. J. Cell Biochem. 2019, 120, 14405–14413. [CrossRef] [PubMed]

11. Wang, Y.; Nie, W.; Yao, K.; Wang, Z.; He, H. Interleukin 6 induces expression of NADPH oxidase 2 in human
aortic endothelial cells via long noncoding RNA MALAT1. Pharmazie 2016, 71, 592–597. [CrossRef] [PubMed]

12. He, Q.; Tan, J.; Yu, B.; Shi, W.; Liang, K. Long noncoding RNA HIF1A-AS1A reduces apoptosis of vascular
smooth muscle cells: Implications for the pathogenesis of thoracoabdominal aorta aneurysm. Pharmazie
2015, 70, 310–315. [PubMed]

13. Zhao, Y.; Feng, G.; Wang, Y.; Yue, Y.; Zhao, W. Regulation of apoptosis by long non-coding RNA HIF1A-AS1
in VSMCs: Implications for TAA pathogenesis. Int. J. Clin. Exp. Pathol. 2014, 7, 7643–7652. [PubMed]

14. Lino Cardenas, C.L.; Kessinger, C.W.; Cheng, Y.; MacDonald, C.; MacGillivray, T.; Ghoshhajra, B.; Huleihel, L.;
Nuri, S.; Yeri, A.S.; Jaffer, F.A.; et al. An HDAC9-MALAT1-BRG1 complex mediates smooth muscle
dysfunction in thoracic aortic aneurysm. Nat. Commun. 2018, 9, 1009. [CrossRef] [PubMed]

15. Zhang, Z.; Zou, G.; Chen, X.; Lu, W.; Liu, J.; Zhai, S.; Qiao, G. Knockdown of lncRNA PVT1 Inhibits Vascular
Smooth Muscle Cell Apoptosis and Extracellular Matrix Disruption in a Murine Abdominal Aortic Aneurysm
Model. Mol. Cells 2019, 42, 218–227. [CrossRef]

16. Wang, S.; Zhang, X.; Yuan, Y.; Tan, M.; Zhang, L.; Xue, X.; Yan, Y.; Han, L.; Xu, Z. BRG1 expression is
increased in thoracic aortic aneurysms and regulates proliferation and apoptosis of vascular smooth muscle
cells through the long non-coding RNA HIF1A-AS1 in vitro. Eur. J. Cardiothorac. Surg. 2015, 47, 439–446.
[CrossRef]

17. He, X.; Wang, S.; Li, M.; Zhong, L.; Zheng, H.; Sun, Y.; Lai, Y.; Chen, X.; Wei, G.; Si, X.; et al. Long
noncoding RNA GAS5 induces abdominal aortic aneurysm formation by promoting smooth muscle
apoptosis. Theranostics 2019, 9, 5558–5576. [CrossRef]

18. Li, D.Y.; Busch, A.; Jin, H.; Chernogubova, E.; Pelisek, J.; Karlsson, J.; Sennblad, B.; Liu, S.; Lao, S.; Hofmann, P.;
et al. H19 induces abdominal aortic aneurysm development and progression. Circulation 2018, 138, 1551–1568.
[CrossRef]

19. Sun, Y.; Zhong, L.; He, X.; Wang, S.; Lai, Y.; Wu, W.; Song, H.; Chen, Y.; Yang, Y.; Liao, W.; et al. LncRNA H19
promotes vascular inflammation and abdominal aortic aneurysm formation by functioning as a competing
endogenous RNA. J. Mol. Cell Cardiol. 2019, 131, 66–81. [CrossRef]

http://dx.doi.org/10.1016/j.ijsu.2019.07.023
http://www.ncbi.nlm.nih.gov/pubmed/31356963
http://dx.doi.org/10.1097/ANA.0000000000000130
http://www.ncbi.nlm.nih.gov/pubmed/25272066
http://dx.doi.org/10.1186/1471-2164-14-914
http://dx.doi.org/10.3390/ijms20225573
http://dx.doi.org/10.1016/j.bioorg.2019.103214
http://dx.doi.org/10.1042/BSR20191649
http://dx.doi.org/10.1016/j.ejvs.2017.06.010
http://dx.doi.org/10.1002/jcb.26670
http://www.ncbi.nlm.nih.gov/pubmed/29323743
http://dx.doi.org/10.1002/jcb.28695
http://www.ncbi.nlm.nih.gov/pubmed/30989723
http://dx.doi.org/10.1691/ph.2016.6598
http://www.ncbi.nlm.nih.gov/pubmed/29441928
http://www.ncbi.nlm.nih.gov/pubmed/26062299
http://www.ncbi.nlm.nih.gov/pubmed/25550800
http://dx.doi.org/10.1038/s41467-018-03394-7
http://www.ncbi.nlm.nih.gov/pubmed/29520069
http://dx.doi.org/10.14348/molcells.2018.0162
http://dx.doi.org/10.1093/ejcts/ezu215
http://dx.doi.org/10.7150/thno.34463
http://dx.doi.org/10.1161/CIRCULATIONAHA.117.032184
http://dx.doi.org/10.1016/j.yjmcc.2019.04.004


Life 2020, 10, 155 12 of 14

20. Zhang, L.; Zhou, C.; Qin, Q.; Liu, Z.; Li, P. LncRNA LEF1-AS1 regulates the migration and proliferation
of vascular smooth muscle cells by targeting miR-544a/PTEN axis. J. Cell Biochem. 2019, 120, 14670–14678.
[CrossRef]

21. Cui, C.; Wang, X.; Shang, X.M.; Li, L.; Ma, Y.; Zhao, G.Y.; Song, Y.X.; Geng, X.B.; Zhao, B.Q.; Tian, M.R.;
et al. lncRNA 430945 promotes the proliferation and migration of vascular smooth muscle cells via the
ROR2/RhoA signaling pathway in atherosclerosis. Mol. Med. Rep. 2019, 19, 4663–4672. [CrossRef] [PubMed]

22. Yu, H.; Ma, S.; Sun, L.; Gao, J.; Zhao, C. TGF-β1 upregulates the expression of lncRNA-ATB to promote
atherosclerosis. Mol. Med. Rep. 2019, 19, 4222–4228. [CrossRef] [PubMed]

23. Lu, Q.; Meng, Q.; Qi, M.; Li, F.; Liu, B. Shear-Sensitive lncRNA AF131217.1 Inhibits Inflammation in HUVECs
via Regulation of KLF4. Hypertension 2019, 73, e25–e34. [CrossRef] [PubMed]

24. Zhuo, X.; Wu, Y.; Yang, Y.; Gao, L.; Qiao, X.; Chen, T. LncRNA AK094457 promotes AngII-mediated
hypertension and endothelial dysfunction through suppressing of activation of PPARγ. Life Sci. 2019, 233,
116745. [CrossRef] [PubMed]

25. Xue, Y.Z.; Li, Z.J.; Liu, W.T.; Shan, J.J.; Wang, L.; Su, Q. Down-regulation of lncRNA MALAT1 alleviates
vascular lesion and vascular remodeling of rats with hypertension. Aging (Albany NY) 2019, 11, 5192–5205.
[CrossRef]

26. Fang, G.; Qi, J.; Huang, L.; Zhao, X. LncRNA MRAK048635_P1 is critical for vascular smooth muscle cell
function and phenotypic switching in essential hypertension. Biosci. Rep. 2019, 39, BSR20182229. [CrossRef]

27. Wang, W.; Li, H.; Yu, L.; Zhao, Z.; Wang, H.; Zhang, D.; Zhang, Y.; Lan, Q.; Wang, J.; Zhao, J. Aberrant
expression of lncRNAs and mRNAs in patients with intracranial aneurysm. Oncotarget 2017, 8, 2477–2484.
[CrossRef]

28. Hung, J.; Miscianinov, V.; Sluimer, J.C.; Newby, D.E.; Baker, A.H. Targeting Non-coding RNA in Vascular
Biology and Disease. Front. Physiol. 2018, 9, 1655. [CrossRef]

29. Chen, Y.; Li, G.; Fan, H.; Guo, S.; Li, R.; Yin, J.; Zhang, X.; Li, X.; He, X.; Duan, C. CDKN2BAS gene
polymorphisms and the risk of intracranial aneurysm in the Chinese population. BMC Neurol. 2017, 17, 214.
[CrossRef]

30. Helgadottir, A.; Thorleifsson, G.; Magnusson, K.P.; Grétarsdottir, S.; Steinthorsdottir, V.; Manolescu, A. The
same sequence variant on 9p21 associates with myocardial infarction, abdominal aortic aneurysm and
intracranial aneurysm. Nat. Genet. 2008, 40, 217–224. [CrossRef]

31. Low, S.K.; Takahashi, A.; Cha, P.C.; Zembutsu, H.; Kamatani, N.; Kubo, M.; Nakamura, Y. Genome-wide
association study for intracranial aneurysm in the Japanese population identifies three candidate susceptible
loci and a functional genetic variant at EDNRA. Hum. Mol. Genet. 2012, 21, 2102–2110. [CrossRef] [PubMed]

32. Alg, V.S.; Sofat, R.; Houlden, H.; Werring, D.J. Genetic risk factors for intracranial aneurysms: A meta-analysis
in more than 116,000 individuals. Neurology 2013, 80, 2154–2165. [CrossRef] [PubMed]

33. Mongelli, A.; Martelli, F.; Farsetti, A.; Gaetano, C. The Dark That Matters: Long Non-coding RNAs as Master
Regulators of Cellular Metabolism in Non-communicable Diseases. Front. Physiol. 2019, 10, 369. [CrossRef]
[PubMed]

34. Chen, Y.; Xiutian, S. Replication of GWAS Loci Revealed an Increased Risk of BET1L and H19 Polymorphisms
with Intracranial Aneurysm. Dis. Markers 2019, 2019, 1–8. [CrossRef]

35. Xu, J.; Zhang, Y.; Chu, L.; Chen, W.; Du, Y.; Gu, J. Long non-coding RNA HIF1A-AS1 is upregulated in
intracranial aneurysms and participates in the regulation of proliferation of vascular smooth muscle cells by
upregulating TGF-β1. Exp. Ther. Med. 2019, 17, 1797–1801. [CrossRef]

36. Man, H.; Bi, W. Expression of a Novel Long Noncoding RNA (lncRNA), GASL1, is Downregulated in Patients
with Intracranial Aneurysms and Regulates the Proliferation of Vascular Smooth Muscle Cells In Vitro. Med.
Sci. Monit. 2019, 25, 1133–1139. [CrossRef]

37. Li, H.; Yue, H.; Hao, Y.; Li, H.; Wang, S.; Yu, L.; Zhang, D.; Cao, Y.; Zhao, J. Expression profile of long
noncoding RNAs in human cerebral aneurysms: A microarray analysis. J. Neurosurg. 2016, 127, 1055–1062.
[CrossRef]

38. Rass, V.; Helbok, R. Early Brain Injury after Poor-Grade Subarachnoid Hemorrhage. Curr. Neurol. Neurosci.
Rep. 2019, 19, 78. [CrossRef]

39. Li, Y.; Wu, P.; Bihl, J.C.; Shi, H. Underlying Mechanisms and Potential Therapeutic Molecular Targets in
Blood-Brain Barrier Disruption After Subarachnoid Hemorrhage. Curr. Neuropharmacol. 2020. [CrossRef]

http://dx.doi.org/10.1002/jcb.28728
http://dx.doi.org/10.3892/mmr.2019.10137
http://www.ncbi.nlm.nih.gov/pubmed/30957191
http://dx.doi.org/10.3892/mmr.2019.10109
http://www.ncbi.nlm.nih.gov/pubmed/30942415
http://dx.doi.org/10.1161/HYPERTENSIONAHA.118.12476
http://www.ncbi.nlm.nih.gov/pubmed/30905197
http://dx.doi.org/10.1016/j.lfs.2019.116745
http://www.ncbi.nlm.nih.gov/pubmed/31404524
http://dx.doi.org/10.18632/aging.102113
http://dx.doi.org/10.1042/BSR20182229
http://dx.doi.org/10.18632/oncotarget.13908
http://dx.doi.org/10.3389/fphys.2018.01655
http://dx.doi.org/10.1186/s12883-017-0986-z
http://dx.doi.org/10.1038/ng.72
http://dx.doi.org/10.1093/hmg/dds020
http://www.ncbi.nlm.nih.gov/pubmed/22286173
http://dx.doi.org/10.1212/WNL.0b013e318295d751
http://www.ncbi.nlm.nih.gov/pubmed/23733552
http://dx.doi.org/10.3389/fphys.2019.00369
http://www.ncbi.nlm.nih.gov/pubmed/31191327
http://dx.doi.org/10.1155/2019/9490639
http://dx.doi.org/10.3892/etm.2018.7144
http://dx.doi.org/10.12659/MSM.912204
http://dx.doi.org/10.3171/2016.9.JNS16839
http://dx.doi.org/10.1007/s11910-019-0990-3
http://dx.doi.org/10.2174/1570159X18666200106154203


Life 2020, 10, 155 13 of 14

40. Qian, C.; Jin, J.; Chen, J.; Li, J.; Yu, X.; Mo, H.; Chen, G. SIRT1 activation by resveratrol reduces brain edema
and neuronal apoptosis in an experimental rat subarachnoid hemorrhage model. Mol. Med. Rep. 2017, 16,
9627–9635. [CrossRef]

41. Zhang, N.; Jiang, T.; Wang, Y.; Wang, S.; Hu, L.; Bu, Y. BTG4 is A Novel p53 Target Gene That Inhibits Cell
Growth and Induces Apoptosis. Genes (Basel) 2020, 11, 217. [CrossRef]

42. Yang, S.; Tang, W.; He, Y.; Wen, L.; Sun, B.; Li, S. Long non-coding RNA and microRNA-675/let-7a mediates
the protective effect of melatonin against early brain injury after subarachnoid hemorrhage via targeting
TP53 and neural growth factor. Cell Death Dis. 2018, 9, 99. [CrossRef]

43. Liang, Z.; Chi, Y.J.; Lin, G.Q.; Xiao, L.F.; Su, G.L.; Yang, L.M. LncRNA MEG3 participates in neuronal cell
injury induced by subarachnoid hemorrhage via inhibiting the Pi3k/Akt pathway. Eur. Rev. Med. Pharmacol.
Sci. 2018, 22, 2824–2831. [CrossRef]

44. Liu, J.; Li, Q.; Zhang, K.S.; Hu, B.; Niu, X.; Zhou, S.M.; Li, S.G.; Luo, Y.P.; Wang, Y.; Deng, Z.F. Downregulation
of the Long Non-Coding RNA Meg3 Promotes Angiogenesis After Ischemic Brain Injury by Activating
Notch Signaling. Mol. Neurobiol. 2017, 54, 8179–8190. [CrossRef] [PubMed]

45. Zheng, B.; Liu, H.; Wang, R.; Xu, S.; Liu, Y.; Wang, K.; Hou, X.; Shen, C.; Wu, J.; Chen, X.; et al. Expression
signatures of long non-coding RNAs in early brain injury following experimental subarachnoid hemorrhage.
Mol. Med. Rep. 2015, 12, 967–973. [CrossRef] [PubMed]

46. Chou, S.H.; Feske, S.K.; Atherton, J.; Konigsberg, R.G.; De Jager, P.L.; Du, R.; Ogilvy, C.S.; Lo, E.H.; Ning, M.
Early elevation of serum tumor necrosis factor-alpha is associated with poor outcome in subarachnoid
hemorrhage. J. Investig. Med. 2012, 60, 1054–1058. [CrossRef] [PubMed]

47. Gonçalves, B.; Turon, R.; Mendes, A.; Melo, N.; Lacerda, P.; Brasil, P.; Bozza, F.A.; Kurtz, P.; Righy, C. Effect of
Early Brain Infarction After Subarachnoid Hemorrhage: A Systematic Review and Meta-Analysis. World
Neurosurg. 2018, 115, e292–e298. [CrossRef]

48. Peng, J.; Wu, Y.; Tian, X.; Pang, J.; Kuai, L.; Cao, F.; Qin, X.; Zhong, J.; Li, X.; Li, Y.; et al. High-Throughput
Sequencing and Co-Expression Network Analysis of lncRNAs and mRNAs in Early Brain Injury Following
Experimental Subarachnoid Haemorrhage. Sci. Rep. 2017, 7, 46577. [CrossRef]

49. Ahmed, S.U.; Mocco, J.; Zhang, X.; Kelly, M.; Doshi, A.; Nael, K.; De Leacy, R. MRA versus DSA for the
follow-up imaging of intracranial aneurysms treated using endovascular techniques: A meta-analysis. J.
Neurointerv. Surg. 2019, 11, 1009–1014. [CrossRef]

50. Sohel, M.M.H. Circulating microRNAs as biomarkers in cancer diagnosis. Life Sci. 2020, 248, 117473.
[CrossRef]

51. Li, P.; Duan, S.; Fu, A. Long noncoding RNA NEAT1 correlates with higher disease risk, worse disease
condition, decreased miR-124 and miR-125a and predicts poor recurrence-free survival of acute ischemic
stroke. J. Clin. Lab. Anal. 2019, e23056. [CrossRef] [PubMed]

52. Feng, L.; Guo, J.; Ai, F. Circulating long noncoding RNA ANRIL downregulation correlates with increased
risk, higher disease severity and elevated pro-inflammatory cytokines in patients with acute ischemic stroke.
J. Clin. Lab. Anal. 2019, 33, e22629. [CrossRef] [PubMed]

53. Wang, X.M.; Li, X.M.; Song, N.; Zhai, H.; Gao, X.M.; Yang, Y.N. Long non-coding RNAs H19, MALAT1 and
MIAT as potential novel biomarkers for diagnosis of acute myocardial infarction. Biomed. Pharmacother. 2019,
118, 109208. [CrossRef] [PubMed]

54. Li, M.; Wang, Y.F.; Yang, X.C.; Xu, L.; Li, W.M.; Xia, K.; Zhang, D.P.; Wu, R.N.; Gan, T. Circulating Long
Noncoding RNA LIPCAR Acts as a Novel Biomarker in Patients with ST-Segment Elevation Myocardial
Infarction. Med. Sci. Monit. 2018, 24, 5064–5070. [CrossRef]

55. Yin, Q.; Wu, A.; Liu, M. Plasma Long Non-Coding RNA (lncRNA) GAS5 is a New Biomarker for Coronary
Artery Disease. 2017;23:6042-6048. Med. Sci. Monit. 2017, 23, 6042–6048. [CrossRef]

56. Kumarswamy, R.; Bauters, C.; Volkmann, I.; Maury, F.; Fetisch, J.; Holzmann, A.; Lemesle, G.; de Groote, P.;
Pinet, F.; Thum, T. Circulating long noncoding RNA, LIPCAR, predicts survival in patients with heart failure.
Circ. Res. 2014, 114, 1569–1575. [CrossRef]

57. Zhang, X.; Nie, X.; Yuan, S.; Li, H.; Fan, J.; Li, C.; Sun, Y.; Zhao, Y.; Hou, H.; Wang, D.W.; et al. Circulating
Long Non-coding RNA ENST00000507296 Is a Prognostic Indicator in Patients with Dilated Cardiomyopathy.
Mol. Ther. Nucleic. Acids. 2019, 16, 82–90. [CrossRef]

58. Wang, Y.; Liang, J.; Xu, J.; Wang, X.; Zhang, X.; Wang, W.; Chen, L.; Yuan, T. Circulating exosomes and
exosomal lncRNA HIF1A-AS1 in atherosclerosis. Int. J. Clin. Exp. Pathol. 2017, 10, 8383–8388.

http://dx.doi.org/10.3892/mmr.2017.7773
http://dx.doi.org/10.3390/genes11020217
http://dx.doi.org/10.1038/s41419-017-0155-8
http://dx.doi.org/10.26355/eurrev_201805_14983
http://dx.doi.org/10.1007/s12035-016-0270-z
http://www.ncbi.nlm.nih.gov/pubmed/27900677
http://dx.doi.org/10.3892/mmr.2015.3474
http://www.ncbi.nlm.nih.gov/pubmed/25777551
http://dx.doi.org/10.2310/JIM.0b013e3182686932
http://www.ncbi.nlm.nih.gov/pubmed/22918199
http://dx.doi.org/10.1016/j.wneu.2018.04.037
http://dx.doi.org/10.1038/srep46577
http://dx.doi.org/10.1136/neurintsurg-2019-014936
http://dx.doi.org/10.1016/j.lfs.2020.117473
http://dx.doi.org/10.1002/jcla.23056
http://www.ncbi.nlm.nih.gov/pubmed/31721299
http://dx.doi.org/10.1002/jcla.22629
http://www.ncbi.nlm.nih.gov/pubmed/30069916
http://dx.doi.org/10.1016/j.biopha.2019.109208
http://www.ncbi.nlm.nih.gov/pubmed/31302423
http://dx.doi.org/10.12659/MSM.909348
http://dx.doi.org/10.12659/MSM.907118
http://dx.doi.org/10.1161/CIRCRESAHA.114.303915
http://dx.doi.org/10.1016/j.omtn.2019.02.004


Life 2020, 10, 155 14 of 14

59. Ouyang, Y.; Jiang, Y.; Yu, M.; Zhang, M.; Tan, Z. Upregulation of MALAT1 expression predicts a poor
prognosis in the development of intracranial aneurysm (IA). Int. J. Clin. Exp. Pathol. 2017, 10, 5907–5912.

60. Wu, C.; Song, H.; Wang, Y.; Gao, L.; Cai, Y.; Cheng, Q.; Chen, Y.; Zheng, Z.; Liao, Y.; Lin, J.; et al. Long
non-coding RNA TCONS_00000200 as a non-invasive biomarker in patients with intracranial aneurysm.
Biosci. Rep. 2019, 39, BSR20182224. [CrossRef]

61. Ma, J.; Han, L.N.; Song, J.R.; Bai, X.M.; Wang, J.Z.; Meng, L.F.; Li, J.; Zhou, W.; Feng, Y.; Feng, W.R.; et al. Long
noncoding RNA LINC01234 silencing exerts an anti-oncogenic effect in esophageal cancer cells through
microRNA-193a-5p-mediated CCNE1 downregulation. Cell. Oncol. (Dordr) 2020. [CrossRef]

62. Zuo, X.; Chen, Z.; Gao, W.; Zhang, Y.; Wang, J.; Wang, J.; Cao, M.; Cai, J.; Wu, J.; Wang, X. M6A-mediated
upregulation of LINC00958 increases lipogenesis and acts as a nanotherapeutic target in hepatocellular
carcinoma. J. Hematol. Oncol. 2020, 13, 5. [CrossRef] [PubMed]

63. Perez-Pinera, P.; Jones, M.F.; Lal, A.; Lu, T.K. Putting Non-coding RNA on Display with CRISPR. Mol. Cell
2015, 59, 146–148. [CrossRef]

64. Fontanella, M.; Gallone, S.; Panciani, P.P.; Garbossa, D.; Stefini, R.; Latronico, N.; Rubino, E.; Marengo, N.;
Ducati, A.; Pinessi, L.; et al. Vascular endothelial growth factor gene polymorphisms and intracranial
aneurysms. Acta Neurochir. (Wien) 2013, 155, 1511–1515. [CrossRef] [PubMed]

65. Xu, J.; Yan, S.; Tan, H.; Ma, L.; Feng, H.; Han, H.; Pan, M.; Yu, L.; Fang, C. The miR-143/145 cluster reverses the
regulation effect of KLF5 in smooth muscle cells with proliferation and contractility in intracranial aneurysm.
Gene 2018, 679, 266–273. [CrossRef] [PubMed]

66. Gao, G.; Zhang, Y.; Yu, J.; Chen, Y.; Gu, D.; Niu, C.; Fu, X.; Wei, J. Long Non-coding RNA
MALAT1/microRNA-143/VEGFA Signal Axis Modulates Vascular Endothelial Injury-Induced Intracranial
Aneurysm. Nanoscale Res. Lett. 2020, 15, 139. [CrossRef] [PubMed]

67. Ren, L.; Wei, C.; Li, K.; Lu, Z. LncRNA MALAT1 up-regulates VEGF-A and ANGPT2 to promote angiogenesis
in brain microvascular endothelial cells against oxygen-glucose deprivation via targetting miR-145. Biosci.
Rep. 2019, 39, BSR20180226. [CrossRef]

68. Ma, S.C.; Li, Q.; Peng, J.Y.; Zhouwen, J.L.; Zhang, D.N.; Zhang, C.B.; Jiang, W.G.; Jia, W. CLDN5 affects
lncRNAs acting as ceRNA dynamics contributing to regulating blood-brain barrier permeability in tumor
brain metastasis. Oncol. Rep. 2018, 39, 1441–1453. [CrossRef]

69. Uthaya Kumar, D.B.; Williams, A. Long non-coding RNAs in immune regulation and their potential as
therapeutic targets. Int. Immunopharmacol. 2020, 81, 106279. [CrossRef]

70. Bhan, A.; Soleimani, M.; Mandal, S.S. Long Noncoding RNA and Cancer: A New Paradigm. Cancer Res.
2017, 77, 3965–3981. [CrossRef]

71. Shen, J.; Zhao, Z.; Shang, W.; Liu, C.; Zhang, B.; Xu, Z.; Cai, H. Fabrication of a nano polymer wrapping
Meg3 ShRNA plasmid for the treatment of cerebral infarction. Artif. Cells Nanomed. Biotechnol. 2018, 46,
894–903. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1042/BSR20182224
http://dx.doi.org/10.1007/s13402-019-00493-5
http://dx.doi.org/10.1186/s13045-019-0839-x
http://www.ncbi.nlm.nih.gov/pubmed/31915027
http://dx.doi.org/10.1016/j.molcel.2015.07.002
http://dx.doi.org/10.1007/s00701-013-1779-9
http://www.ncbi.nlm.nih.gov/pubmed/23728502
http://dx.doi.org/10.1016/j.gene.2018.09.010
http://www.ncbi.nlm.nih.gov/pubmed/30201338
http://dx.doi.org/10.1186/s11671-020-03357-2
http://www.ncbi.nlm.nih.gov/pubmed/32602008
http://dx.doi.org/10.1042/BSR20180226
http://dx.doi.org/10.3892/or.2018.6208
http://dx.doi.org/10.1016/j.intimp.2020.106279
http://dx.doi.org/10.1158/0008-5472.CAN-16-2634
http://dx.doi.org/10.1080/21691401.2018.1471483
http://www.ncbi.nlm.nih.gov/pubmed/29956569
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	LncRNAs and IAs 
	LncRNAs and SAH 
	LncRNAs as Non-Invasive Biomarkers 
	LncRNA-Based Therapeutics 
	Conclusions 
	References

