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HIGHLIGHTS

® This current review covers studies that have identified long non-coding RNAs in aortic aneurysm development and progression.
® We separately discuss transcripts and mechanisms of importance to thoracic as well as abdominal aortic aneurysms.

® Functional data on IncRNAs being identified are highlighted.

® Some have been studied in human as well as experimental models of the disease pathology.
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Aortic aneurysm (AA) is a complex and dangerous vascular disease, featuring progressive and irreversible vessel
dilatation. AA is typically detected either by screening, or identified incidentally through imaging studies. To
date, no effective pharmacological therapies have been identified for clinical AA management, and either en-
dovascular repair or open surgery remains the only option capable of preventing aneurysm rupture. In recent
years, multiple research groups have endeavored to both identify noncoding RNAs and to clarify their function in
vascular diseases, including aneurysmal pathologies. Notably, the molecular roles of noncoding RNAs in AA
development appear to vary significantly between thoracic aortic aneurysms (TAAs) and abdominal aortic an-
eurysms (AAAs). Some microRNAs (miRNA - a non-coding RNA subspecies) appear to contribute to AA pa-
thophysiology, with some showing major potential for use as biomarkers or as therapeutic targets. Studies of
long noncoding RNAs (IncRNAs) are more limited, and their specific contributions to disease development and
progression largely remain unexplored. This review aims to summarize and discuss the most current data on
IncRNAs and their mediation of AA pathophysiology.

1. Aortic aneurysm disease

A true aneurysm is defined as a permanent dilatation of the vessel
wall, involving all layers. Enlargement > 1.5 times the expected dia-
meter is considered an aneurysm [1]. Close to 90% of aortic aneurysms
(AAs) are found in the abdominal aorta, where the typical clinical
diameter threshold for an aneurysm is 30 mm, although individual
anatomy may vary, and women can have smaller baseline diameters
[2]. The aneurysmal size criteria in thoracic aorta differ somewhat from
those in abdominal aorta, and are dependent on the site of the lesion

[3,4]. The prevalence of abdominal AA (AAA) is lower than 4% for
people (=65 years old) in Europe [5]. In contrast, the incidence of
thoracic AA (TAA) is about 7.6 per 100,000, with familial TAA ac-
counting for 21.5% of cases [6,7]. As most aortic aneurysms remain
asymptomatic until they rupture or dissect, they are typically detected
either by targeted screening, or by chance when imaging is conducted
for other reasons [8,9]. (see Table 1)

While established medical treatments, such as statins, antiplatelet
therapy and beta-blockers are able to reduce overall cardiovascular risk
in AA patients, they only have little impact (angiotensin receptor and
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ways at the transcriptional and post-transcriptional level. Functionally,
IncRNAs can serve as decoys, mimicking transcription factor binding
sites to bind to transcription factors. They can capture miRNAs to
suppress target gene expression, compete with endogenous RNA mo-
lecules, or act as guides across intracellular compartments, among other
functions [22,23]. LncRNAs can be further sub-classified into different
categories according their regulatory functions and locations within the
genome, or by biogenesis pathways, as well as by subcellular localiza-
tion [24-26]. Recent advances in deep sequencing technologies have

miR-675, HIF1a, miR-148b, let-7a, MCP-1, Spl,

HIF1A-AS1, hypoxia-inducible factor 1a-antisense RNA 1; Casp3/8, caspase-3 and caspase-8; BRG1, Brahma-related gene 1; BCL-2, B cell lymphoma 2; VSMC, vascular smooth muscle cell; LincRNA-p21, long intergenic
noncoding RNA-p21; hnRNP-K, heterogeneous nuclear ribonucleoprotein K; MALAT1, metastasis associated lung adenocarcinoma transcript 1; HDAC9, histone deacetylase 9; BRG1, Brahma-related gene 1; HOTAIR, HOX
transcript antisense intergenic RNA; ECM, extracellular matrix; MIAT, myocardial infarction associated transcript; BCL-x1, B cell lymphoma extra large; EC, endothelial cell; H19, H19 imprinted maternally expressed
transcript; MCP-1, macrophage chemoattractant protein-1; Sp1, specificity protein 1; PVT1, plasmacytoma variant translocation 1; MMP-2/9, metalloproteinase 2/9; GAS5, growth arrest—specific 5; SMAD3, SMAD family
member 3; SENCR, smooth muscle and endothelial cell-enriched migration/differentiation-associated IncRNA; FIL1, friend Leukemia Integration virus 1; CKAP4, cytoskeletal-associated protein 4; MYOSLID, myocardin-
induced smooth muscle IncRNA, inducer of differentiation; MKL1, MYOCD-related transcription factor A; SRF, serum response factor; SMILR, SMC-enriched long noncoding RNA; HAS2, hyaluronan synthase 2; NEAT,

%

=

w

g

Q

A :

L 2 ) z

B = i} N 5

g 2z g 2

= [ g g =]

= <] - I < I

g = ) ) s

g g - = % Q % permitted more frequent discovery and annotation of novel IncRNAs.

L B i . . . e .

% A % SE Se & £ However, a detailed understanding of their specific functions and roles

k= g Eg & : = 3 A during disease development is mostly lacking. Here, we review recent

= 2 g & ‘Z’ g &= E ) N § studies that have identified dysregulated IncRNAs in TAA and AAA, and

Sleg|32g8 592 0% _ n7 S di h h i b hanisticall

<8228 2y fda Joa2d ~ iscuss to what extent these transcripts appear to be mechanistically

;= =g 9 : . . . . . .

bt E 8 % 83 g | é é g E 5 § Pé § involved in disease progression. Future studies are required to de-

g = termine whether IncRNAs can be employed as therapeutic targets and/

=] é or biomarkers in treating AAs.

Q

=

s| § o

(=] . . .

gl E 3. Role of IncRNAs in thoracic aortic aneurysm (TAA)

Bl =

ol & -2

c| & 3]

€ Hlorerrocoe <l oo é Some TAAs have common pathological features with AAA.

g i However, unlike the vast majority of AAAs, TAAs are more typically

S E associated with specific genetic factors, and can clinically manifest as

= o - - . -

£ o & - R g 2 part of syndromic connective tissue disorders, such as Marfan

Sl | <sce 2 5 % s Syndrome, Ehlers-Danlos, and Loeys-Dietz Syndrome. Mutations in

B2 <8528 ~» BZ=cf 3 . ;

w Z|E2255S2E% 28 § 59 3 genes which encode for members of the TGF-p (Transforming growth

= .8 o= Q
;§ E|TAEESE<TAS a2HZza = factor-beta) pathway, components of the vascular smooth muscle cell
< . . .

2 i (VSMCQ) actin-myosin cytoskeleton and contractile apparatus, and ele-
~ g 5 ments of the extracellular matrix (ECM) have been associated with TAA
_-:—; 2l g é ;C < pathogenesis [27]. Dysfunctional endothelial cells (ECs) displaying
S E abnormalities in signaling pathways and proteinases, such as Notch

113



Z.-y. Wu, et al.

signaling, ADAM17 (a disintegrin and metalloproteinase-17), and en-
dothelial nitric oxide synthetic signaling, are also found in TAA
[28-30]. Relatively few IncRNAs have so far been studied with a proven
biological relevance in TAA. These are summarized below.

3.1. HIF1A-AS1

Long noncoding-RNA HIF1a-AS1 (hypoxia-inducible factor la-an-
tisense RNA 1) is involved in cancer development [31], but also in TAA
pathogenesis. Elevated serum levels of HIF1a-AS1 were found in pa-
tients with TAA [32]. Knock-down of HIF1a-AS1 suppressed palmitic
acid (PA)-induced apoptosis in VSMCs of TAA in vitro, and decreased
expression levels of caspase-3 and caspase-8, while increasing the ex-
pression of the anti-apoptotic marker gene Bcl-2 (B cell lymphoma 2)
[32]. Interactions between HIF1a-AS1 and BRG1 (Brahma-related gene
1) appeared to be important in TAA pathogenesis [33]. HIF1a-AS1 was
positively regulated by BRG1, a major chromatin remodeling protein
involved in vascular development. BRG1 was also found to be over-
expressed in VSMCs of patients with TAA, promoting apoptosis and
inhibiting proliferation through HIFla-AS1. Evidence clarifying the
contribution of the HIF1a-AS1/BRG1 axis to TAA disease in animal
models is currently lacking.

3.2. LincRNA-p21

Another upregulated IncRNA described in TAAs is lincRNA-p21
(long intergenic noncoding RNA-p21)3*, a transcriptional target of p53,
playing a pivotal role in atherosclerosis [35]. LincRNA-p21 can enhance
p53 transcriptional activity through positive feedback, repressing cell
proliferation while inducing apoptosis in VSMCs [35]. LincRNA-p21
can also directly bind to MDM2 (Mouse double minute 2), a ubiquitin
E3 ligase. Notably, decreasing the association of MDM2 and p53 trig-
gers a p53-p300 interaction, leading to additional p53 histone acet-
ylation and enhancing its transcription [35]. A second mechanism of
action was through physical association with hnRNP-K (Heterogeneous
nuclear ribonucleoprotein K), known to play various roles in the acti-
vation of the p53 pathway [36]. LincRNA-p21 interacted with hnRNP-K
and modulated its localization, inducing p53-mediated apoptosis [36].

Recently an in vitro study indicated that overexpression of lincRNA-
p21 can also promote apoptosis and inhibit proliferation in VSMCs of
patients with TAA through the TGFp-1 signaling pathway [37]. This
work also showed that lincRNA-p21 was a sensitive (bio)marker in
serum and aortic media of TAA patients. However, specificity issues
remain a concern for lincRNA-p21, as changes in its expression have
been linked to several diseases [37].

3.3. MALATI1

A ternary complex that mediates a critical mutual epigenetic
pathway for VSMC dysfunction in TAA was discovered recently [38].
The IncRNA MALAT1 (Metastasis associated lung adenocarcinoma
transcript 1) and BRG1 together formed a chromatin remodeling com-
plex. HDACY (Histone deacetylase 9) was then recruited, forming a
ternary complex [38]. The HDAC9-MALAT1-BRG1 complex can med-
iate cellular phenotypes by repressing expression of contractile protein-
coding genes. Silencing the expression of MALAT1 can induce in-
stability of the ternary complex and inhibit its nuclear co-localization
with HDAC9, preventing phenotypic switching [38].

In addition, MALAT1 has also been found to regulate endothelial
cell fate [39]. In vivo studies showed that genetic deletion of MALAT1
can inhibit proliferation of ECs in C57BL/6 mice [39]. However, the
role of MALAT1 in the endothelium of TAAs remains to be explored.

3.4. HOTAIR

HOTAIR (HOX transcript antisense intergenic RNA) is an antisense

114

Atherosclerosis 292 (2020) 112-118

IncRNA previously well studied in cancer, and also found to be de-
creased in TAA. A IncRNA:mRNA analysis revealed that HOTAIR levels
correlated with the expression of several genes (matrix metalloprotei-
nase-8,MMP8; keratocan, KERA; collagen and calcium binding EGF
domains 1, CCBE1) that were up-regulated in the ECM of ascending
aortic specimens of patients with sporadic TAA [40]. In vitro experi-
ments further revealed that collagen type I and IIl were down-regulated
upon knockdown of HOTAIR [40]. Lastly, knockdown of HOTAIR was
found to further accelerate apoptosis in VSMCs from patients with
sporadic TAAs [40].

3.5. MIAT

LncRNA MIAT (Myocardial infarction associated transcript) has
been shown to function as a competing endogenous RNA in diabete-
s—-induced microvascular dysfunction by sponging miR-150-5p, re-
lieving the inhibitory effect of miR-150-5p on VEGF (Vascular en-
dothelial growth factor) expression [41]. Knockdown of MIAT has also
been shown to inhibit EC proliferation [41].

One recent study in TAA revealed that expression of MIAT was up-
regulated in human VSMCs, and promoted the expression of Bcl-2 and
Bcl-xl (B-cell lymphoma extra large), two proteins with anti-apoptotic
properties [42]. Moreover, in vitro studies showed that MIAT can
downregulate miR-145 through the PI3K/Akt (Phosphoinositide-3-ki-
nase/Akt) pathway, promoting VSMC proliferation and inhibiting
apoptosis upon activation [42].

3.6. AK056155

Another IncRNA potentially involved in TAA development is
AKO056155. Yu et al. [43] found that AK0O56155 was elevated in the
circulation of patients with Loeys-Dietz Syndrome, and proposed ECs as
the most likely source. They further revealed that the expression of
AK056155 was regulated by TGFB-1 via the PI3K/AKT pathway in
HUVECs (Human umbilical vein endothelial cells).
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Fig. 1. Schematic illustration of cellular processes involved in AAA formation.
Inflammatory processes are mediated in a developing AA through T cells,
monocytes, macrophages, and B cells, which all can infiltrate the media and
adventitia of the aorta and release mediators that trigger the disease process
(cytokines, proteases, reactive oxygen species, among others). Endothelial
dysfunction, loss of VSMC contractility, phenotypic switching and apoptosis, as
well as ECM degradation, further contribute to aneurysm formation. Few long
non-coding RNAs with functional relevance in AA expansion have been de-
scribed. H19, Hifla-AS1 (hypoxia-inducible factor 1 alpha), and lincRNA-p21
regulate apoptosis in VSMCs, while PVT1 (plasmacytoma variant translocation
1) and GAS5 (growth arrest-specific 5) are involved in phenotypic switching of
VSMCs and endothelial dysfunction. For further details please refer to the
running text. AA: aortic aneurysm; VSMC: vascular smooth muscle cell; ECM:
extracellular matrix.
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4. Role of IncRNAs in abdominal aortic aneurysm (AAA)

The current understanding of the pathogenesis of AAA is largely
based on studies of aneurysmal aortic tissue obtained during open AAA
surgeries. As these interventions are usually conducted at advanced
stages of the disease, minimal information about the initial stimuli or
the early phases of development are available for humans. Questions
remain as to whether the observed late-process changes are causal or a
consequence of the disease [44].

Multiple vascular cell subtypes (ECs, SMCs and adventitial cells) are
involved in the process of AAA formation [45], highlighted in Fig. 1.
Dysfunctional ECs can trigger inflammation in the media and adventitia
[46]. Also observed is a chronic T-cell-stimulated inflammatory reac-
tion, which leads to proteolytic remodeling via macrophages and matrix
metalloproteinases (MMPs), and thus to a structural weakening of the
ECM. This is associated with a loss of elastic fibers, structural changes in
the collagen fibers, and sprouting of new vessels (angiogenesis). In
addition phenotypic switching, in which VSMC convert from a con-
tractile/differentiated state into a synthetic/de-differentiated one, is
involved in the process of AAA formation. VSMCs, the main cellular
component of the aortic wall, de-differentiate and proliferate, initiating
various signaling cascades that trigger further de-differentiation, pro-
liferation, migration, and apoptosis. These processes are at least partly
regulated by IncRNAs [47] as indicated in Fig. 2. Oxidative stress also
seems to play an important role in developing aneurysms, as it activates
MMPs, which subsequently degrade collagen fibers in the arterial wall
[48]. The following section will highlight studies identifying IncRNAs
that are involved in the above-mentioned mechanisms.

4.1. H19

H19 (H19 imprinted maternally expressed transcript), one of the
very first identified eukaryote IncRNAs, is highly expressed and well-
conserved across mammals in embryonic and prenatal stages [25]. H19
seems to play diverse roles in vascular diseases [49-53]. It was dis-
covered to stimulate VSMC proliferation in vitro, and H19-derived miR-
675 was noted to directly target PTEN (Phosphatase and tensin
homolog), a key regulator in the phenotypic transition of VSMCs
[21,50]. However, as shown in our recent study in AAA [51], H19-
mediated effects on VSMCs can occur in a miR-675-independent
manner.

H19 has now been identified as having a key role in AAA devel-
opment and progression, regulating VSMC apoptosis and aortic in-
flammation. H19 was upregulated in two independent murine AAA
models (Angiotensin II and porcine pancreatic elastase - PPE), as well as
aneurysmal human tissue specimens. Knockdown of H19 using locked
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nucleic acid (LNA)-GapmeRs repressed aneurysm growth in both of the
murine AAA models. On the cellular level, VSMC apoptosis was induced
by H19 via HIF1a. H19 promoted HIF1a expression by binding to the
promoter region and recruiting the transcription factor Sp1 (Specificity
protein 1) into the nucleus. In the cytoplasm, H19 retained HIFla,
which was then able to interact with MDM2 and mediate MDM2-p53
activity. Another potential pathway connecting H19 with VSMC apop-
tosis was described by Zhang et al. [49]. In their study, H19 directly
interacted with and inhibited miR-148b expression, regulating the
Wnt/B-catenin pathway in oxidized low-density lipoprotein-stimulated
human aortic VSMCs.

Sun et al. have studied the role of H19 in regulating aortic in-
flammation during AAA formation [53]. They confirmed increased
expression of H19 in two mouse AAA models (Angiotensin II and CaCl,-
induced), as well as aneurysmal human tissue samples. In vitro and in
vivo studies revealed that H19 can increase aortic IL-6 (Interleukin 6)
levels by sponging let-7a in VSMCs and macrophages in Angiotensi-
n-II-induced AAA (using C57BL/6 J mice). H19 also increased levels of
MCP-1 (Macrophage chemoattractant protein-1), which enhanced
macrophage infiltration. In ECs, H19 was repressed by aging, and was
able to regulate inflammatory activation by inhibiting STAT3 (signal
transducer and activator of transcription 3) signaling [54].

Taken together, these various publications suggest that H19 is
central to the development and progression of AAA (see Fig. 3), making
it a potential therapeutic target for future studies.

4.2. PVT1

Zhang et al. [55] found that IncRNA PVT1 (Plasmacytoma variant
translocation 1) was involved in the murine ApoE~’~ Angiotensin-II
induced AAA model. PVT1 upregulation was also confirmed in diseased
human patient AAA tissue samples. Overexpression of PVT1 promoted
the disease-triggering effects of Angiotensin-II on cultured VSMCs, fa-
cilitating apoptosis, elevating MMP-2 and MMP-9, and promoting
VSMC phenotypic switching. Knockdown of PVT1 reversed these ef-
fects. PVT1 may function through sponging miRNAs in this process,
however, further investigation will be required to elucidate mechanistic
details.

4.3. GAS5

LncRNA GAS5 (Growth arrest-specific 5), a critical regulator in
hypertension-induced vascular remodeling [56], is another potential
IncRNA that has been linked to AAA. LncRNA GAS5 can negatively
regulate TGFf3/SMAD3 (SMAD family member 3) signaling, known to
play a critical role in VSMC differentiation [57]. SMAD3 protein was

Fig. 2. Schematic overview of long non-coding RNAs

sl involved in smooth muscle cell dynamics during the
Matrix Synthesis development of AA. Mechanisms that alter the phe-
notype of vascular smooth muscle cells (VSMCs), or
mediate their ability to migrate, proliferate, produce
H19 /‘\ extracellular matrix components and essentially be-
PVT1 y N = =~ GAS5 come apoptotic, are of great importance in AA for-
HIF1a-AS1  £--=Xy NEAT1 mation. Various long non-coding RNAs have been
LincRNA-p21 - Apoptosis \ ] / Migration SENCR shown to crucially regulate these processes.
- - _ o  —— VAN
Contractile Phenotypic Synthetic Proliferation
Phenotype Switching Phenotype - T
PVT1 SENCR NEAT1 MYOSLD
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Cytoplasm

Nucleus

competitively bound by GASS5 via the RNA SMAD-binding elements,
hindering it from binding to the SMAD-binding elements in the SM22a
(smooth muscle protein 22-alpha) promoter [57]. Further, GAS5 may
also sponge miR-223, decreasing the inhibitory effects of miR-223 on
NAMPT (Nicotinamide phosphoribosyl-transferase), whose over-
expression can reduce endothelial progenitor cell senescence [58].

4.4. SENCR

As a human vascular cell-enriched IncRNA, SENCR (Smooth muscle
and Endothelial cell-enriched migration/differentiation-associated
IncRNA) serves as a cis-acting element, acting in the cytoplasm [59].
Bell et al. [59] performed RNA sequencing in human coronary artery
SMCs after SENCR silencing, and showed reduction in expression of
VSMC contractile genes including MYOCD (Myocardin), while genes
associated with VSMC migration were increased.

SENCR also correlated with the expression of the FIL1 (Friend
Leukemia Integration virus 1) gene [59], a crucial regulator in EC
function and specification. SENCR positively regulated angiogenic
processes in HUVECs [60], and was further found to be induced by
laminar shear stress in human ECs [61]. Knockdown of SENCR dis-
placed CKAP4 (Cytoskeletal-associated protein 4), which then bound
CDHS5 (Cadherin 5), destabilizing the CDH5/CTNND1 (Catenin delta 1)
complex and perturbing EC adherens junctions [61]. SENCR has not yet
been directly linked to AA disease, but the proposed mechanisms in
SMCs and ECs make it an intriguing IncRNA for further exploration in
disease-relevant models.

4.5. MYOSLID

Another IncRNA involved in phenotypic switching is the VSMC-
specific IncRNA MYOSLID (myocardin-induced smooth muscle IncRNA,
inducer of differentiation), which promotes VSMC differentiation and
attenuates proliferation [62]. MYOSLID may exert its function through
two parallel pathways: MKL1 (MYOCD-related transcription factor A)/
SRF (Serum response factor), and TGF(3-1/SMAD. Depletion of MYO-
SLID influenced F-actin assembly and then blocked MKL1 nuclear
shuttling, which led to a down-regulation of VSMC contractile genes.
MYOSLID also interacted with TGF[3-1/SMAD pathways in a positive
feedback fashion. Though SENCR silencing can decrease expression of
MYOCD, this effect was not observed on MYOSLID. Further, loss of
MYOSLID did not alter SENCR expression.

4.6. SMILR

Ballantyne et al. [63] identified SMILR (SMC-enriched long non-
coding RNA) through RNA sequencing in human saphenous SMCs
treated with IL-1a (Interleukin-1a) and PDGF (Platelet-derived growth
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Fig. 3. Schematic illustration of several
pathways that H19 involved in the pro-
gression and development of AAA. SR:
stress response; IL-6: interleukin-6; Wntl:
Wnt family number 1; HiFla, hypoxia-in-
ducible factor 1 alpha; SP1: specificity pro-
tein 1; MDM2: mouse double minute 2; TCF:
T cell factor; LEF: lymphoid enhancer-
binding factor; let-7a: microRNA let-7a.

®
l Ubiquitination

Degradation

factor). Knockdown of SMILR reduced VSMC proliferation and de-
creased expression of HAS2 (Hyaluronan synthase 2). The protein-
coding gene HAS2, is in close proximity to SMILR, and encodes an
enzyme that synthesizes a component of the ECM, hyaluronic acid.
SMILR may regulate HAS2 expression by acting as an enhancer or
scaffold. This too needs to be further clarified as regards its contribution
to AA disease.

4.7. NEATI

The role of IncRNA NEAT1 (nuclear paraspeckle assembly transcript
1) in VSMC phenotypic switching was recently discovered by Ahmed
et al. [64]. Both in vivo and in vitro studies showed increased levels of
NEAT1 expression during phenotypic modulation in VSMCs. Functional
tests revealed that NEAT1 can promote VSMC proliferation and mi-
gration. NEAT1 also decreased expression of SMC-specific contractile
genes by binding WDR5 (WD Repeat Domain 5), a chromatin modifier,
initiating an epigenetic ‘off-status’.

4.8. Lnc-Ang 362

An angiotensin II-upregulated IncRNA, Inc-Ang 362, was detected in
rat VSMCs, where it served as a host transcript for miR-221,/22,2°°.
Knockdown of Inc-Ang 362 reduced the expression of Mcm7 (mini-
chromosome maintenance complex component 7), a critical regulator
during cell cycle progression. Lnc-Ang 362 inhibition can further at-
tenuate proliferation of VSMCs, suggesting a functional role for this
IncRNA in Angiotensin II-associated vascular diseases (like AAAs).

5. Summary and perspectives

AAs are “silent killers” for which current clinical diagnostic and
therapeutic methods are still limited. New pharmacological approaches
to slow aneurysm progression and limit the risk of (mostly fatal) acute
ruptures are urgently needed. During the past decades, studies have
accumulated demonstrating that ncRNAs, particularly microRNAs,
serve as key regulators in the development and progression of AAs,
including both TAAs and AAAs despite their differing mechanisms.
MiRNAs have been studied in both animal models and human samples,
with some having achieved clinical trial status to evaluate them as
biomarkers or therapeutic targets.

Although some IncRNAs have been described as dysregulated in
models or human tissue AA specimens, comparatively few studies exist
to date that have established their functional roles in AA disease. The
cellular specificity of IncRNAs is an intriguing feature of this ncRNA
subclass, making them of particular interest for AA. Single cell RNA
sequencing may assist in this regard, enabling transcript identification
under high resolution conditions. Additional efforts are underway to
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identify other subclasses of ncRNAs that might have potential relevance
in AA, but that remain largely unstudied (such as circular RNA). Future
challenges include the establishment of optimized IncRNA modulation
and targeting strategies to form the basis for future clinical trials, and
more thoroughly performed in vivo studies.
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