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Abstract: Cardiovascular diseases (CVDs) are among the top leading causes of mortality worldwide.
Besides canonical environmental and genetic changes reported so far for CVDs, non-coding RNAs
(ncRNAs) have emerged as key regulators of genetic and epigenetic mechanisms involved in CVD
progression. High-throughput and sequencing data revealed that almost 80% of the total genome
not only encodes for canonical ncRNAs, such as micro and long ncRNAs (miRNAs and lncRNAs),
but also generates novel non-canonical sub-classes of ncRNAs, such as isomiRs and miRNA- and
lncRNA-like RNAs. Moreover, recent studies reveal that canonical ncRNA sequences can influence
the onset and evolution of CVD through novel “non-canonical” mechanisms. However, a debate
exists over the real existence of these non-canonical ncRNAs and their concrete biochemical functions,
with most of the dark genome being considered as “junk RNA”. In this review, we report on the
ncRNAs with a scientifically validated canonical and non-canonical biogenesis. Moreover, we report
on canonical ncRNAs that play a role in CVD through non-canonical mechanisms of action.
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1. Introduction

According to the World Health Organization (WHO), cardiovascular, respiratory, and
neonatal conditions are the top global leading causes of death, causing 55% of total deaths
worldwide [1]. If we exclude the coronavirus (COVID-19) pandemic disease, which ac-
counted for almost 10% of total deaths worldwide in 2020 [2], cardiovascular diseases
(CVDs), such as ischaemic heart disease, stroke, hypertension, and atherosclerosis, are
among the top leading causes of morbidity and mortality, causing almost 21% of all deaths
globally [3,4]. CVDs are followed by respiratory conditions, such as chronic obstructive pul-
monary disease and lower respiratory infections, and by Alzheimer’s disease and Diabetes
mellitus, responsible for almost 1.8% of deaths globally [5] (World Health Statistics 2021).

Besides canonical environmental and genetic changes reported so far for CVD, recent
studies reveal the existence of new mechanisms, defined as “non-canonical”, that influence
the onset and evolution of CVD. Indeed, in addition to the canonical genetic changes,
non-canonical epigenetic modifications strongly influence cardiovascular disorders. Master
regulators of both canonical and non-canonical modifications are the non-coding RNA
(ncRNA) molecules, capable of influencing cardiovascular development and homeostasis
through conventional and non-conventional mechanisms [6–10]. In addition, recent studies
indicate that ncRNAs biogenesis and mechanisms of action are themselves regulated by non-
canonical mechanisms, revealing new unconventional functions and targets influencing
human biogenesis and diseases. In this review, we describe the ncRNAs showing a non-
canonical biogenesis and the ncRNAs regulating CVD through non-canonical mechanisms.
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2. Biogenesis and Development of Atherosclerosis, the Principal CVD Worldwide

Although the age-adjusted trend of CVD mortality is decreasing, at least in western
European countries, cardiovascular morbidity is expected to increase in 2030 [11]. This
is partly because of the increasing average age of the population, which will result in an
unavoidable increase in health care costs [4,12,13]. Principal CVDs include heart failure,
acute myocardial infarction, arrhythmia, and pulmonary hypertension, mainly caused by
hypercholesterolemia, atherosclerosis, diabetes, and other metabolic disorders [4,14].

Atherosclerosis is usually described as a chronic inflammatory disease [15] that de-
velops primarily in middle and large arteries, especially at branching points and curva-
tures. Since the flow at vessel curvatures is physiologically disturbed, endothelial cells
(ECs) lining these vessel areas show a physiological alteration of their integrity and func-
tion [16,17]. Indeed, ECs lining linear arterial tracts that are exposed to laminar flow show
a so-called “athero-protective” phenotype [18], characterized by a quiescent phenotype
and anti-inflammatory state [17,19,20]. Conversely, ECs exposed to disturbed flow show
an activated or so-called “maladapted” phenotype, characterized by a pro-inflammatory
and pro-apoptotic state [21], partly balanced by a flow-mediated increase in EC prolifera-
tion [16,17,19]. Although excessive proliferation has been regarded as pro-atherogenic [19],
restoring impaired EC regeneration is beneficial against atherosclerosis [22]. Hence, EC mal-
adaptation to this physiological disturbance increases the susceptibility of branching points
to a pro-inflammatory state [17,21]. During hyperlipidaemia, circulating oxidized lipopro-
tein influx in the sub-endothelial space is increased [23–25] and promotes the recruitment
of monocytes through the endothelial-mediated release of pro-inflammatory molecules
(e.g., adhesion molecules and chemokines) [24,26,27]. Sub-endothelial monocytes differen-
tiate into macrophages, which locally proliferate and take up oxidized lipoproteins [20,24].
Exacerbation of lipid deposition into the plaque inhibits EC proliferation and promotes EC
inflammation and apoptosis, sustaining chronic endothelial wound healing [16]. When
lipoprotein scavenging from resident macrophages becomes ineffective, macrophages turn
into foam cells [28]. Advanced lesion progression is characterized by an accumulation
of lipoproteins, macrophage-derived foam cell apoptosis and necrosis due to defective
efferocytosis [28]. Formation of cholesterol crystals and smooth muscle cell cap formation
are among the last phases of plaque formation, where cap formation is initiated to prevent
plaque rupture [29]. Hence, the growth of advanced lesions leads to a critical reduction
of arterial lumen and blood flow, reduced oxygen supply, and rupture or erosion of the
plaques, which can cause thrombosis [29].

3. Non-Coding RNAs

After the first discovery of the existence of small non-protein-coding RNA molecules
around the 1950s, such as the 15 kb ncRNA able to regulate the inactivation of the X
chromosome [30], the number of studies reporting the existence of ncRNAs exponentially
increased [31–34]. We arrived at the interpretation that 80% of the genome encodes for
ncRNAs [35], almost outclassing the role of protein-coding genes [33–35]. An interesting
observation was made in 2015 by Palazzo and Lee, who discussed a singular but important
controversy between the existence of ncRNAs and their concrete biochemical function [36].
Indeed, some individuals and the ENCODE consortium assumed and declared a priori
that the 80% of the dark genome was functional, without the existence of a real scientific
demonstration [35,36]. Apart from some criticisms linked to the cited assumption, the
debate about the percentage of the dark genome being “functional” or “junk” was partly
explained by Palazzo and Lee, who proposed the approach to consider uncharacterized
ncRNAs as not functional, unless proven otherwise [36,37]. Moreover, they underlined the
importance of considering the difference between the types of transcripts and the abundance
of transcripts, which is fundamental to define putative ncRNA functions [36,37]. Hence,
the real function of ncRNAs is far from being discovered.
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ncRNAs can be classified according to their size in small and long non-coding RNAs [36,38,39].
The small ncRNA subclass comprises ribosomal RNAs (rRNAs), transfer RNAs (tRNAs),
small nuclear and nucleolar RNAs (snRNAs, snoRNAs), signal recognition particle RNAs
(e.g., 7SL), micro RNAs (miRNAs), and short enhancer RNAs (eRNAs) [36,38,39]. The
rRNAs are the most abundant ncRNAs in terms of RNA mass in mammalian cells, but
tRNAs represent the most abundant subclass in terms of number of molecules [40]. This
underlines the concept already introduced by Palazzo and Lee about the difference between
types and abundance of ncRNA transcripts when considering their biochemical function [36].
All ncRNA molecules longer than 200 nucleotides are classified as long non-coding RNAs
(lncRNAs) and comprise more heterogeneous categories divided according to their ge-
nomic origin and biogenesis [36,38,39]. By general convention, lncRNAs, such as the long
intergenic lncRNAs (lincRNAs), are classified as canonical ncRNAs, whereas circular RNAs
(circRNAs), a sub-class of lncRNAs, are classified as non-canonical lncRNAs. circRNAs
were initially classified as “junk RNA” because of their low transcription rate [32,34,35].
However, the low transcription rate of lincRNAs and circRNAs is due to their highly stable
secondary structures generated after maturation (e.g., after splicing processes). Moreover,
lincRNAs and circRNAs can be stored in selective subcellular compartments or expressed
only under certain physiologic or pathologic conditions [36,38,39]. In addition to the type
and abundance parameters used to classify ncRNAs as functional or junk RNA molecules,
biogenesis and mechanisms of action are two additional parameters used to classify ncRNAs
as canonical or non-canonical RNA molecules [36].

4. Small ncRNAs

As mentioned before, there are several methods to classify ncRNAs, but the main one
is according to their size [39]. Indeed, all ncRNAs that are less than 200 bp in length are
classified as small ncRNAs. They can be further grouped according to their sequence char-
acteristics, the genomic localization of their corresponding genes, and their cross-species
functional conservation. The biogenesis is an additional criterion to divide all small ncRNAs
into seven subclasses [36,38,39], such as snRNAs, rRNAs, snoRNAs, tRNAs, miRNAs,
small Cajal body-specific RNAs (scaRNAs), and intron-derived ncRNAs [36,38,39]. Among
these, miRNAs and miRNA-like molecules [39], tRNAs, and snoRNAs show both a canoni-
cal and a non-canonical biogenesis, reflected also in an alternative biological function. So
far, miRNAs and miRNA-like molecules are those better characterized [41], despite the
existence of only a few indirect functional studies.

4.1. Canonical Biogenesis of miRNAs

According to the HUGO Gene Nomenclature Committee classification, miRNAs are
21–25 nt in length and exert their functional role as regulators of gene expression by
targeting the mRNA transcripts of their target genes in the RNA-induced silencing complex
(RISC) [41,42]. Thus, miRNAs lead to the degradation or translational repression of their
target transcripts [41]. Not only protein-coding but also lncRNAs can be targets of miRNAs,
indicating that miRNA plasticity is likely to affect a very large spectrum of diverse biological
processes, even at the epigenetic level [9,43,44].

The biogenesis of almost 40% of miRNAs occurs within 5 min [45,46]. Genes that
encode for miRNAs can be independent genes, or frequently located within introns of host
genes, despite the fact that expression of the miRNA and the host gene can be independently
coordinated [47]. Most of the canonical miRNA genes are transcribed by RNA polymerase II,
which generates an unprocessed primary sequence named pri-miRNA [39,42,46]. Following
the formation of a hairpin structure, the nuclear pri-miRNA is cleaved into a 70 nt precursor,
named pre-miRNA, by the RNase III enzyme Drosha in complex with Dgcr8 to protect the
precursor from degradation [39,42,46]. The cleavage of pri-miRNA by Drosha is determined
by the distance between the hairpin loop and the single-stranded RNA basal segments of the
pri-miRNA, recognized by Drosha for the proper cleavage [41,42,48]. The hairpin structure
shuttles from the nucleus to the cytoplasm through Exportin-5 and is further processed
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into a mature miRNA duplex of approximately 22 nt by the endoribonuclease (RNase II)
enzyme Dicer. The Dicer-mediated cleavage of the pre-miRNA hairpin loop is favoured by
other RNA-binding proteins, such as TRBP, that in complex with Dicer stabilize the miRNA
precursor and favour the cleavage [48,49]. Although the entire mechanism is unknown,
one of the miRNA duplex strands has an increased affinity energy for Argonaute 2 (AGO2)
protein in the RISC [41,42,49–51]. Hence, one strand of the miRNA duplex is usually
degraded, whereas the second (the guide strand) persists in the RISC and interacts with the
3′-end of target RNAs [41,42,49,52] (Figure 1).

Figure 1. Canonical and non-canonical small RNA biogenesis. Canonical miRNAs and isomiRs
are transcribed by RNA Pol II to generate a pri-miRNA precursor. Canonical or alternative
Drosha/DGCR8 cleavage produces pre-miRNA or pre-isomiR precursors, which are exported from
the nucleus to the cytoplasm through Exportin 5 to be further processed by the Dicer enzyme. Func-
tional miRNA and isomiR guide strands are loaded in the AGO-enriched complex to regulate gene
expression by translational inhibition or mRNA degradation though their canonical (red) or alter-
native seed sequences (red and blue). Alternative Dicer-mediated cleavage and second enzymatic
processing of miRNA duplexes (e.g., 2′OMe, m6A, A-to-I editing) generate miRNA epitranscrip-
tomes (alternative seed sequence in yellow), which can target novel mRNA targets. Drosha/DGCR8-
independent biogenesis characterizes non-canonical biogenesis of small RNAs such as miRtrons,
snoRNA-like miRNAs ACA45/GlsR17, tRNA-like miRNAs, and shRNA-like miRNAs. DGCR8
activity is required to generate miRNA precursors from snoRNA-like miRNAs. In addition, miR-451
and miR-2137 are produced through a Dicer-independent mechanism, due to a Drosha-mediated
generation of too short pre-RNAs that cannot bind to Dicer. Indeed, miR-451 is processed from
unknown enzymes and loaded into the AGO1-2 and EIF1A enriched RISC. Pre-miR-2137 is cleaved
by ER-enriched IRE1 that generates a miRNA duplex with strands that can both be incorporated into
the RISC.

Although the current nomenclature used for the miRNA duplexes is “miRNA” and
“miRNA-star” to instantly distinguish their functional context, this nomenclature is based
on the miRNAs’ static characteristics [51,52]. Indeed, Cloonan et al., along with miRBase
curators, underline the importance of considering that dominant strands can switch across
different tissues, indicating that the expression of conventional 5p and 3p arms is not
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representative of a certain miRNA, especially if the same miRNA develops through non-
conventional Drosha/Dicer-mediated alternative cleavages [42,53] (see Section 4.2.4).

miRNAs bind to RNAs through 2–7 nt at the 5′end of their sequence, termed “seed
sequence”, to induce the degradation or the translational inhibition of the RNA tar-
gets [41,51,52] (Figure 1). Since RNA transcripts can share the same target site for different
miRNAs, and an miRNA can modulate the expression of several RNAs [41,54], miRNAs
emerged as master regulators and interplayers between cardiovascular and metabolic
diseases [9].

4.2. Non-Canonical Biogenesis of Small RNAs

miRNAs produced through alternative biogenesis pathways are classified as non-
canonical miRNAs. They functionally and structurally resemble canonical miRNAs. Ex-
amples of non-canonical miRNAs are the snoRNA-, short hairpin RNA (shRNA)-, tRNA-
derived miRNAs, miRtrons, and the Dicer-independent miRNA subtypes [10,55] (Figure 1).
In addition, all canonical miRNAs subjected to an enzymatic or biochemical sequence mod-
ification during the maturation process are classified as non-canonical miRNAs. Members
of this subclass are the isomiRs [53,56] and the miRNA epitranscriptomes [57] (Figure 1).

4.2.1. snoRNA-, shRNA-, and tRNA-Derived miRNAs

snoRNAs are a class of ncRNAs of 60–300 nt in length that localize primarily in the
nucleolus of cells where they can modify rRNAs, snRNAs, and tRNAs. SnoRNAs can
process rRNA precursors through their H/ACA box, directing the pseudouridylation and
methylation of selective rRNA sites [10,58,59]. Several lines of evidence indicate that some
snoRNAs can be precursors of non-canonical miRNAs, generated through a biological
mechanism that seems to share similarities with the biogenesis of canonical miRNAs,
such as the involvement of Dicer, Dgcr8, and AGO enzymes. The so-called snoRNA-
derived miRNAs rely on Dicer and Dgcr8 for their stabilization and on Dgcr8 for their
degradation [59]. Similar to miRNAs, snoRNA-derived miRNAs are 21 nt long and can
bind to AGO enzymes, such as AGO1 and AGO4, to suppress mRNA targets [59]. In
contrast, two snoRNA-derived miRNAs, named ACA45 and GlsR17, show a biogenesis
depending not on Dicer but on Drosha/Dgcr8 [10,59]. These snoRNA-derived miRNAs
are characterized by a unique precursor structure containing two pre-miRNA-like hairpins
linked by a hinge. Like miRNAs, these unique structures seem to confer them the ability to
post-transcriptionally silence mRNA transcripts [59] (Figure 1).

shRNA-derived miRNAs derive from non-miRtronic genomic loci and, similar to
snoRNA-derived miRNAs, requires Dicer but not Dgcr8 for their biogenesis [10,55]. Mem-
bers of this subclass of ncRNAs are shRNA-miR-320, miR-484, miR-1980, and the isoleucine
tRNA gene. They are all characterized by unique structural features, such as hairpin struc-
tures flanking the classic pre-miRNA hairpin that cannot be recognized by Dgcr8. The
complex and unique hairpin structure is localized at the 3′ end and not at the canonical
5′end of these shRNA-derived miRNAs [10] (Figure 1). Additional data on shRNA-derived
miRNA clusters are emerging, suggesting that a novel biogenesis might reflect other unper-
ceived pivotal regulatory functions.

tRNA-derived miRNAs are produced during the maturation of tRNAs, but they share
functions similar to those of miRNAs, such as the silencing of RNA transcripts. First
data reporting the existence of tRNA-derived miRNAs emerged from HIV infected cells
showing an increased number of tRNAs of approximatively 20 nt in length deriving from
the HIV-transcriptional promoter tRNA-Lys3 [58,60]. These tRNAs showed the ability to
bind Ago2 and to act as Dicer substrate, following a duplex tRNA formation [58]. Like
snoRNA-derived miRNAs, tRNA-derived miRNAs are 18–22 nt in length and derive
from both the 5′and 3′ends of mature tRNAs (Figure 1). Interestingly, Dicer knockout
studies indicate that tRNA-derived miRNAs are more sensitive to Dicer deficiency than
canonical miRNAs [58,60]. However, their binding to Ago proteins seems to be less stable
than that of canonical miRNAs, probably due to their sensitivity to post-transcriptional
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modifications [58,60]. Their function is still unknown, but few data suggest that tRNA-
derived miRNAs might support miRNA biogenesis and cell proliferation [58,60,61]

4.2.2. MiRtrons

The miRtrons are the first class of non-canonical RNAs discovered in Drosophila
melanogaster in 2007 [62]. MiRtrons originate from the introns processed by the spliceo-
somes during miRNA hairpin production. They can be processed by Dicer but not by the
nuclear Drosha/Dgrc8 complex. Indeed, compared to pre-miRNA structures, miRtron
pre-miRNA-like precursors show a shorter hairpin structure that cannot be processed
by Drosha or Dgrc8. MiRtron pre-miRNA structures are instead debranched from the
DBR1 enzyme [62]. Like miRNAs, miRtron precursors require the Exportin-5-bound stage
to be transported in the cytoplasm and cleaved by Dicer [62] (Figure 1). Recently, high
throughput sequencing and structural analysis data confirmed that miRtrons differ from
canonical miRNAs in their CG content and hairpin length, conferring them more stabil-
ity [63]. However, although similarities exist between pre-miRNA precursors and miRtrons
from D. melanogaster and mammals, their ration is smaller in humans compared to flies and
their function is unknown [62,63]. Moreover, 5′-tailed miRtrons seem to be more frequent
in mammals compared to D. melanogaster, where 3′-tailed miRtrons represent the major
fraction of all miRtron structures.

4.2.3. IsomiRs

Deep-sequencing data indicate that for almost every miRNA sequence reported in
the miRBase database, there is an equivalent one generated through a non-canonical pro-
cess [53,56,64]. These unique human non-canonical miRNA isoforms are termed isomiRs
and differs from their miRNA precursors in their length and sequence [53,56]. Although the
mechanisms behind isomiR biogenesis are not fully understood, they might be generated
by alternative Drosha/Dicer cleavages of miRNA precursors, insertions, deletions, substitu-
tions, 5′ and/or 3′ cleavage variations, or 3′-end non-templated additions [53,64] (Figure 1).
Additionally, isomiRs can be generated by posttranscriptional nucleotide additions within
the sequences of miRNA precursors [64]. Cloonan et al. proposed a machine interpretable
nomenclature based on the sequence of the isomiRs and the relative position of aforemen-
tioned modifications in the pre-miRNA hairpins to distinguish isomiRs from canonical
miRNAs (see ref. [53] for more details). IsomiRs can share the same target of their miRNA
precursors to regulate common [53] or different biological pathways [64,65]. Moreover,
they can increase the mRNA-target specificity of canonical miRNAs [53]. However, because
functional data are still scarce, most of the isomiRs discovered by sequencing still need to
be included in the giant “junk RNA” group until their functions are demonstrated.

4.2.4. Dicer-Independent miRNAs and Simtrons

Data reported so far indicate that Dicer is indispensable for the biogenesis of both
canonical and non-canonical miRNAs. In contrast, Drosha is indispensable only for canoni-
cal miRNAs, whereas it is dispensable for the biogenesis of non-canonical miRNAs and
miRNA-derived structures [10,39,66,67]. However, exceptions have been documented so
far for certain miRNAs [66,68]. The first reported miRNA produced in a Dicer-independent
fashion was miR-451. Indeed, plenty of data demonstrate that miR-451 biogenesis is in-
dependent from Dicer, an exception that, together with miR-451 function, is conserved
in humans and mice [10,39,55,68]. Dicer-mediated cleavage of miR-451 precursor is ham-
pered by a Drosha/Dgcr8 shortened cleavage of the pre-miR-451, leading to a too short
(~18 nt) substrate for Dicer cleavage [69]. The pre-miR-451 is, therefore, cleaved by un-
known enzymes at its 3′ end and loaded in the AGO2-RISC complex, or directly loaded in
an alternative, AGO1-enriched, silencing complex [39] (Figure 1). However, recent data
indicate that miR-451 is more enriched in the canonical AGO2-enriched RISC complex
compared to those comprising alternative AGO proteins [39] and requires the activity of
EIF1A, another RISC component, for its processing by AGO2 [70] (Figure 1). Hence, these
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studies not only indicated the existence of a Dicer-independent miRNA, but revealed how
other components of the RISC complex, such as EIF1A, can augment AGO2-dependent
unconventional miRNA biogenesis and function.

Although Dicer is indispensable for miRtron biogenesis, recent findings identified
two exceptional human miRtron structures, named miR-1228 and miR-1225, which are
produced in the absence of the canonical miRNA processing axis [71]. These non-canonical
miRtron-like molecules are defined as splicing-independent miRtron-like miRNAs or
“simtrons” and require only Drosha for their biogenesis [71]. Indeed, knockout of Ago2,
Dgcr8, and Dicer does not affect simtrons biogenesis, whereas deletion of Drosha affects
their maturation [71]. Simtrons and miRNAs share a similar function, interacting with
Ago2 in the RISC complex for the silencing of their target genes [71]. Although their
function is still not clarified, these miRNA-like molecules might share similar targets with
canonical miRNAs.

Together with miR-451, recent findings demonstrate that another functional miRNA
precursor, named pre-miR-2137, can be processed in a Dicer-independent fashion. Indeed,
Hamin and colleagues uncovered a novel role for the inositol-requiring enzyme-1 (IRE1)
RNase in the biogenesis of pre-miR-2137 [72] (Figure 1). IRE1 is an endoribonuclease
activated under endoplasmic reticulum stress upon unfolded protein accumulation. Sev-
eral works already demonstrated the involvement of IRE1 in miRNA regulation. Indeed,
IRE1 regulates the expression of miR-316 and miR-148a by regulating the transcription of
miRNA-related transcription factors [73]. The work from Hamid and colleagues demon-
strates that IRE1 can directly control the maturation of an miRNA in a Dicer-independent
fashion [72]. Indeed, inhibition of IRE1 reduces the expression of miR-2137, whereas the
use of a recombinant IRE1 and an IRE1-wildtype/Dicer-deficient mouse model promotes
pre-miR-2137 cleavage in an XBP1- and Dicer-independent manner [72] (Figure 1). Hence,
this unprecedented role reported for IRE1 in modulating miRNA maturation suggests a
more intricate mechanism by which miRNAs are produced and can modulate cell functions.

5. lncRNAs

lncRNAs are RNA sequences usually longer than 200 nt and classified according to
their biogenesis, structure, and mechanism of action. In general, lncRNA genes derive from
intronic, enhancer (eRNA), promoter, antisense, sense, or bidirectional genes [74]. Those
lncRNAs transcribed from separate or intergenic genes are classified as long intergenic lncR-
NAs (lincRNAs) [74]. Based on their structure, lncRNAs can be further classified into linear
lncRNAs, which include lincRNAs and eRNAs, and circular RNAs (circRNAs) [74]. Since
the biogenesis of circRNAs significantly differs from that of linear lncRNAs, they are con-
sidered as non-canonical lncRNAs, whereas linear lncRNAs are classified as conventional—
canonical—lncRNAs [38]. However, the non-conventional classification of all lncRNAs and
circRNAs partly depends on their different, non-conventional, functions.

5.1. Canonical Biogenesis of lncRNAs

Like conventional mRNA transcripts, canonical lncRNAs are transcribed by RNA Pol
II, and, similarly to mRNA transcripts, possess an m7G cap at the 5′ end and a polyA tail
at the 3′ end of their sequence [74,75]. However, they differ from mRNAs for their tran-
scription, export and turnover, all steps reflecting their versatile mechanism of action and
cellular function [75]. Most lncRNAs exert their function in the nucleus [74]. Accordingly,
after transcription, lncRNA transcripts are processed through alternative mechanisms
compared to mRNAs and miRNAs [75,76]. This is partly reflected by their fine-tuned
regulation upon transcription, which occurs in response to selective stimuli or during
specific cell processes [75,76]. Indeed, the expression of lncRNA genes is usually repressed
by histone modifications at their promoters, released upon selective cell signalling. In
detail, the transcription of lncRNA depends on the phosphorylation state of the RNA Pol II
carboxy-terminal domain, and on the trimethylation state of the lncRNA gene, fundamental
for RNA Pol II activity [77]. Phosphorylation-dysregulated RNA Pol II cannot bind to
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the SPT6 elongation factor, thus producing numerous unstable lncRNA transcripts that
accumulate on chromatin and are rapidly degraded by the RNA exosome [77]. Changes in
the trimethylation state of H3 from lncRNA genes promote the proper RNA Pol II phospho-
rylation and binding to SPT6, which in turn promotes the accumulation of R-loop enriched
lncRNA transcripts with a more stable structure [75,77]. Additional factors leading to
lncRNA accumulation in the nucleus are the reduced splicing efficiency and the alternative
polyadenylation system [75,77]. Indeed, due to a longer distance between the splice sites,
lncRNA splicing is less efficient than that of mRNAs [74]. Moreover, both long and short
tailored lncRNA isoforms can be produced by ribonuclease P-mediated cleavage and cap-
ping of their ends, leading to less stable structures. Hence, lncRNA transcripts are retained
in the nucleus to avoid their degradation [74,77]. lncRNAs showing stable structures can be
further processed and, therefore, transported in the cytoplasm through mechanisms similar
to that of mRNAs. Cytoplasmic lncRNAs are shortened and associated with RNA-binding
proteins through certain cis-elements localized primarily at their 5′ ends [78].

5.2. Non-Canonical Biogenesis of lncRNAs and circRNAs

Recent findings indicate that unique subnuclear structures, named “paraspeckles”, are
also involved in lncRNA biogenesis [76,79]. Paraspeckle assembly transcript 1 (NEAT1)
lncRNAs are produced through both canonical and non-canonical mechanisms that rely
on paraspeckle subnuclear structures [79]. NEAT1 lncRNAs are exceptionally abundant
mammalian lncRNAs and comprise two isoforms, named NEAT1_1 and NEAT1_2. They
are transcribed by the RNA Pol II from the same promoter gene. Both lncRNAs lack introns
and, therefore, are not produced through the canonical post-transcriptional splicing process.
Indeed, they are processed at their 3′ ends to produce the canonical NEAT1_1 and the
non-canonical NEAT1_2 transcript. The non-canonical transcript is characterized by a
triple-helix structure that confers more stability to this isoform [79]. Moreover, electron
microscopy data reveal that both structures are retained in the nucleus through the binding
of the paraspeckle complex with their paraspeckle affinity regions located at their 5′

ends [79]. Although the function of paraspeckle lncRNAs is still uncertain, they might
regulate cell response under certain stress conditions [79].

circRNAs were initially considered as a by-product of RNA splicing, generated
through the junction between the upstream exon and downstream exon site. The typ-
ical “back-splicing” structure of circRNAs originates from the non-canonical splicing and
covalently closed loop of pre-mRNAs. The circular structure protects circRNAs from
RNase R degradation. circRNAs are generally divided into four groups, such as the exonic
circRNAs, which comprise almost 80% of all identified circRNAs, the intronic circRNAs,
the tRNA intronic circRNAs, and the exon-intron circRNAs. Although the biogenesis of
circRNAs is not entirely known, three mechanisms have been widely proposed to generate
circular RNAs from their linear precursors, such as the lariat-driven, the intron pairing-
driven, and the RBP-mediated circularization mechanisms [80]. The intron pairing-driven
circularization is the biological mechanism that generates the exonic circRNAs, which
derive from an alternative circularization by complementary pairing of both sides of the
intron during pre-mRNA processing [80].

6. Non-Canonical Function of ncRNAs in CVD
6.1. IsomiRs and miRNA Epitranscriptomes

The analysis of RNA-bound and polysome-associated miRNAs and isomiRs in human
tissues reported by Cloonan and colleagues demonstrates that isomiRs are expressed
at a biological level similar to that of miRNAs [53]. Since they are associated with the
translational machinery, isomiRs are likely to be functional, exactly like miRNAs [53,56,64].
Using biotin-labelled synthetic miRNAs or isomiRs to pull-down endogenous mRNA
targets, Cloonan et al. demonstrated that miRNAs and their isomiRs, such as miR-10a/b and
isomiR-10a/b, act cooperatively to drive similar processes, such as cell cycle and apoptosis.
Moreover, isomiRs might increase the effects of their respective miRNAs [53,64] (Figure 2a).
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Figure 2. Non-canonical ncRNA function in CVD. In addition to their non-canonical biogenesis,
miRNAs and lncRNAs show non-canonical mechanisms of action, which can be further influenced by
their non-canonical biogenesis or post-transcriptional modifications. (a) IsomiRs produced through
a non-canonical biogenesis can enhance miRNAs function by targeting the same miRNA targets
or can play opposite roles by targeting other targets. (b,c) Post-transcriptional modifications of
miRNAs promoted by ROS or biochemical factors enhance the role of miRNAs as promoters of CVD.
(d) Non-canonical stress-induced lipid accumulation in the ER promotes IRE1-mediated miR2137
maturation, which promotes atherosclerosis by inhibiting the mTOR inhibitor INPPL1. (e) miRNAs
can exert a non-canonical role in the nucleus, a shuttle mediated by AGO2. Nuclear miRNAs can
interact and inhibit protein function, similarly to miR-126-5p that plays an anti-atherogenic role by
inhibiting nuclear Caspase 3 activity. In addition, nuclear miRNAs can modulate the expression
of genes by acting as epigenetic regulators (epi-miRNA), by targeting histone mRNA transcripts
or directly influencing histone methylation (Me) and acetylation (Ac). (f) Non-canonical mitomiRs,
transcribed by the mitochondrial DNA or shuttling in the mitochondria through AGO2, promote
CVD by inducing mitochondrial mRNA (mt-mRNA) degradation and subsequent mitochondrial
dysfunction. (g) lncRNAs can exert non-canonical roles by acting as miRNA targets, or by generating
circular RNAs (circRNAs), which act as competing endogenous RNAs (ceRNAs) by interacting with
miRNAs or proteins. Moreover, circRNAs can inhibit miRNA function by interacting with miRNAs
in exosomes, in an AGO2-dependent manner. In red, the canonical seed sequence of miRNAs; in blue,
the non-canonical seed or functional sequence. General miRNA and ncRNA sequences are in black.
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Recent findings indicate that miRNAs and isomiRs can regulate CVD by playing
synergistic or antagonistic roles. Indeed, van der Kwast and colleagues demonstrated that
miR-411, encoded from a large miRNA cluster located on the long arm of human chro-
mosome 14, has a 5′-isomiR, named ISO-miR-411, which derives from a single nucleotide
shift in Drosha’s cleavage of the pri-miR-411 [81]. The authors elegantly demonstrated
the importance of the miRNA cluster located in the 14q32 chromosomic arm as one of the
most regulated loci during ischemia, which plays a fundamental role in both the initiation
and development of most CVDs. ISO-miR-411 is 5-fold more abundant than its respective
miR-411 in the human vasculature of patients with peripheral artery disease (PAD) [81].
Moreover, compared to miR-411, it affects ischemia/neovascularization by targeting mRNA
transcripts different from those targeted by miR-411 [81] (Figure 2a). Of note, this is the first
work demonstrating a novel isomiR-mediated active regulation in a cardiovascular setting.

Stimulation of neovascularization is a potential strategy to promote vascular repair
and to restore blood flow in ischemic patients. Accordingly, current therapeutic strategies
promote both angiogenesis and arteriogenesis, since both are crucial to improve neovas-
cularization [82]. However, unlike arteriogenesis, ischemic-mediated hypoxia triggers
angiogenesis to resolve local ischemia Most of the known miRNAs playing a role in vas-
cular biology and neovascularization show relative isomiRs (Figure 2a,b). Among these,
miR-21-5p [83], miR-10a-5p [84], and miR-126-5p and -3p [85] are all well-established
modulators of vascular biogenesis, and are all expressed together with their respective
5′-isomiRs [84]. Since the isomiRs are usually more abundant than their respective miR-
NAs [84], they might promote the expression and function of their respective miRNAs
during vascularization. In addition, several studies on miRNA and isomiR expression
under hypoxic conditions support the cooperative role exerted by certain isomiRs with their
respective miRNAs. For example, miR-222-3p is expressed with its 3′-isomiR to modulate
vascular cell inflammation during ischemic conditions, whereas the 5′-isomiRs deriving
from miR-441 play an opposite role compared to miR-441, since they inhibit the translation
of the pro-angiogenic Angiopoietin-1 in patients with PAD [81].

Key and novel modulators of neovascularization are certain non-canonical, modi-
fied forms of miRNAs named miRNA epitranscriptomes (Figure 2a,b). miRNA epitran-
scriptomes are generated through a canonical biogenetic program followed by certain
biochemical nucleotide modifications that confers them novel functional regulatory roles
(Figure 1). Indeed, miRNA epitranscriptomes are characterized by three main modifica-
tions: the adenosine editing (A-to-I editing), the N6-adenosine methylation (m6A), and the
2′-O-methylation (2′OMe) [57,65]. Functional data exist mainly for the A-to-I editing and
the m6A methylation. Although most identified miRNA epitranscriptomes are involved in
cancer progression, recent findings indicate that the A-to-I editing and the m6A modifica-
tions confer to miRNA epitranscriptomes the ability to regulate cardiovascular homeostasis
(Figure 2b). Indeed, deep sequencing of murine and human muscle tissues collected during
post-ischemic neovascularization by van der Kwast and colleagues indicates that miR-487b,
upregulated during chronic hypertension and aneurysm formation, is edited in its seed
sequence during ischemia [86]. In particular, the 2′OMe promotes a novel, proangiogenic
function of miR-487b, which show a unique targetome compared to its canonical form
during ischemia [86] (Figure 2b). Concomitantly, additional studies indicate that m6A
modifications are required for the appropriate processing of most miRNAs involved in
vascular homeostasis. As an example, the work from Ma et al. demonstrated that pri-miR-
126 undergoes an m6A methylation that is mediated by methyltransferase 14 (METTL14)
and facilitates the maturation of miR-126 [87] (Figure 2b). Hence, dysregulation of miRNA
modifications during vascular biogenesis can significantly promote ischemic CVD and
impair neovascularization.
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6.2. Small-Derived miRNAs and MiRtrons

Certain snoRNA-derived miRNAs have been reported to share similar targets with
miRNAs and to regulate several biological processes, such as cell proliferation and inflam-
mation [88]. As an example, sdRNA-93 and sno-miR-28 regulate cell proliferation by re-
pressing the p53-stabilizing transcription initiation factor TFIID subunit 9b (TAF9B) [88–90].
MiR-320 is dysregulated in ischemic hearts, where its inhibition using anti-miR-320 reduces
cardiac infarction size [91]. Moreover, it is highly expressed in the pancreatic islets of
Langerhans, where it suppresses insulin resistance.

The role of tRNA-derived miRNAs is still unknown. Recent data suggest that those
loaded in the RISC complex might regulate mRNA transcripts similarly to canonical
miRNAs. Others suggest that their loading into the RISC complex may support miRNA
biogenesis. As an example, tRNA CU1276 can suppress the expression of RPA1, an enzyme
crucial for DNA damage repair in cancer cells [61]. In addition, as with other miRNAs,
stress-induced tRNA-derived miRNA FZD3 inhibits cell proliferation by targeting members
of the Wnt signalling pathway [60]. However, it is still not clear if this function is exerted
through the RISC complex. So far, only 3′tRNA fragments have been identified in the RISC,
but their function is still unknown [92].

As the first discovered class of non-canonical miRNAs, miRtrons attracted the interest
of researchers. Discrepancies between miRtrons and miRNA structures, as well as differ-
ences between mammals and flies in miRNA-yielding intron splicing methods, suggest the
existence of distinct evolutionary origins and mechanisms of action. High-throughput se-
quencing data indicate that mammalian miRtrons might be involved in gene silencing [63],
but data are still too preliminary.

6.3. Oxidative and ER Stress-Related Non-Canonical miRNAs

Non-canonical post-transcriptional modifications of miRNAs can promote the target-
ing of novel, alternative mRNA targets. The 8-oxoguanine (o8G) modification induced
by reactive oxygen species (ROS) in certain miRNAs is one of the recent mechanisms
promoting the miRNA-mediated progression of CVD (Figure 2c). As an example, the non-
canonical ROS-mediated introduction of o8G in position 7 of the seed sequence of miR-1
(o8G-miR-1) promotes miR-1 targeting of novel mRNAs and cardiac hypertrophy [93,94].
Together with o8G-miR-1, Seok and colleagues demonstrated that miR-1 undergoes another
ROS-mediated modification within its seed sequence. This variant is named 7U-miR-1,
which derives from a G:U modification of the nt 7 in the miR-1 seed and can drive cardiac
hypertrophy by affecting the cardiomyocyte phenotype [93] (Figure 2c). Hence, ROS-
mediated oxidation of selective positions within the miRNA seeds can modify miRNA
target specificity and generate an epitranscriptomic mechanism to modulate pathological
gene expression [93].

IRE1 is a known ER-stress sensor and promoter of adaptive stress responses caused by
the accumulation of unfolded proteins in the ER. IRE1 activity can be enhanced also by the
incorporation of saturated fatty acids (SFA) or free cholesterol within the ER [72,73]. Indeed,
although the ER plays a central role in lipid metabolism, it is poor in cholesterol and SFA.
However, free cholesterol and SFA can accumulate in the ER in metabolic disorders and
during chronic atherosclerosis [72]. Accumulation of SFA within the ER membrane dys-
regulates macrophage IRE1 and promotes its unconventional role as regulator of miRNA
biogenesis [72,95] (Figure 2d). Indeed, IRE1 activation caused by ER lipid accumulation
promotes the Dicer-independent and IRE1-dependent maturation of miR-2137, which tar-
gets and downregulates the inositol polyphosphate phosphatase-like 1 (INPPL1) transcript,
a lipid phosphatase that acts in the PI3K-PKB-mTOR axis [72] (Figure 2d). Hence, the non-
canonical IRE1-miR-2137 axis inhibits INPPL1-mediated inhibition of the mTOR pathway
to enhance macrophage growth and proliferation and to promote atherosclerosis [72].
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6.4. Non-Canonical Function of Nuclear and Mitochondrial miRNAs

Most canonical miRNAs exert their pro-atherogenic function in the cytoplasm by
interacting with their target transcript in the RISC. In addition, recent data indicate that
certain miRNAs involved in CVD development and progression exert their function in the
nucleus or in the mitochondria (Figure 2e,f). The first evidence of a nuclear miRNA was
reported by Meister and colleagues, demonstrating that 20% of total miR-21 levels, which
mainly reside in the cytoplasm, were instead accumulated in the nucleus [66]. Notably,
miR-21 promotes atherosclerosis and CVD by increasing cell apoptosis and inflammation in
ECs and macrophages, respectively. Several other studies indicate that other miRNAs, such
as miR-206, miR-122, and miR-29b, are actively transported into the nucleus and co-localize
with nuclear proteins [96] (Figure 2e). Sequencing data identified three main mechanisms
responsible for miRNAs shuttling into the nucleus. A common factor among all three
mechanisms is the presence of selective signal sequences within the sequences of certain
miRNAs. As an example, miR-29b is a member of the miR-29 family, but differently from
miR-29c and miR-29a, it contains an AGUGUU-motif at the 3′ end that is responsible for its
nuclear localization [97] (Figure 2e). Accordingly, additional studies identified this motif in
the sequence of selective miRNAs capable of translocating into the nucleus and exerting
their role by binding to specific RNA-binding proteins. However, it is not clear whether
nuclear localization sequences are indispensable for miRNA shuttling, since certain nuclear
miRNAs, such as miR-21, seem to be devoid of specific motifs.

Emerging evidence indicates that Dicer and RISC components such as IPO8 and
AGO2 are involved in the shuttling of miRNAs between the cytoplasm and the nucleus [55]
(Figure 2e). AGO2 emerged as the main protein responsible for nuclear miRNA shuttling.
Although data regarding the role of nuclear miRNAs are poor, recent findings indicate that
nuclear miRNAs can bind with high affinity to introns and to the 3′- and 5′-UTRs of mRNAs
in a seed-dependent manner [98] (Figure 2e). Most of the genes regulated by nuclear
miRNAs code for enzymes that drive epigenetic processes. Moreover, the same epigenetic
proteins can regulate nuclear miRNA functions. This sub-class of nuclear miRNAs, named
epigenetic miRNAs (epi-miRNAs), can interact, directly or indirectly, with epigenetic
gene transcripts and components, such as HDACs, TETs, and HMTs [94] (Figure 2e).
A known epi-miRNAs is the nuclear miR-29b, which can modulate the expression of
epigenetic enzymes to inhibit the methylation of genes promoting cell proliferation and
inflammation [94]. In addition, other nuclear miRNAs, such as miR-9, miR-24-1, miR-155,
miR-212, miR-133a, let-7c, and miR-21-3p, promote histone acetylation and deacetylation
of genes involved in cardiac hypertrophy and heart failure. As an example, Yan and
colleagues demonstrated that nuclear miR-21-3p directly targets Hdac8, a member of the
Class I histone deacetylases, to regulate the cardiac hypertrophic response [99] (Figure 2e).

Canonical miRNAs can regulate atherosclerosis through a non-canonical interaction
with nuclear proteins involved in cell inflammation and apoptosis. (Figure 2e). Indeed, we
recently reported that miR-126-5p directly binds and forms a ternary complex with AGO2
and MEX3A through its 5′ end to shuttle from the cytoplasm to the nucleus [100]. Once in
the nucleus, miR-126-5p dissociates from AGO2 and binds with its seed sequence to the pro-
apoptotic caspase-3 protein in an aptamer-like fashion, preventing caspase-3 dimerization
and limiting its apoptotic function, a fundamental pro-atherosclerotic step [100] (Figure 2e).
Hence, the direct interaction with and inhibition of proteins by nuclear miRNAs reveal
novel, non-canonical, mechanisms by which miRNAs can modulate CVD.

Another non-canonical function of miRNAs is associated with their non-canonical
localization in the mitochondria (Figure 2f). Even if it is not clear how they translocate into
the mitochondria, it has been hypothesized that certain nuclear-encoded miRNAs, such as
miR-143 and miR-146a, which play antagonistic roles against cardiac dysfunction [101] and
atherosclerosis [102], might require AGO2 for their shuttling into the mitochondria [103]
(Figure 2f). As an example, nuclear miR-146a translocates into the mitochondria and
regulates mitochondrial function and cardiomyocyte apoptosis, a function that is de-
creased during ischemic reperfusion (I/R) [101]. In addition, recent findings identified
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miRNAs directly coded by the mitochondria genome (Figure 2f). These miRNAs are named
mitomiRs and originate from the mitochondria-derived mRNA transcripts. They act as
post-transcriptional regulators inside the mitochondria [104]. Most mitomiRs are reported
to play crucial roles in heart failure and CV complications [103,104] (Figure 2f). As an
example, mitomiR miR-181c play a role in cardiac remodelling by affecting complex IV of
the mitochondria respiratory chain, promoting ROS production and cardiomyocyte apopto-
sis [103]. Additional mitomiRs, such as miR696, miR-146a, miR-30, and miR-92a, promote
heart failure and CVD in humans by affecting—directly or indirectly—mitochondria genes,
such as cytochrome-b, ATP synthase subunits, and genes involved in oxidative stress [105].

6.5. Antagonistic Functions of miRNAs and lncRNAs

Although miRNA and lncRNA biogenesis and function are distinct and separated, they
can influence their reciprocal biogenesis and function. This novel level of gene regulation
is classified as “non-canonical”. Indeed, an miRNA can influence two distinct biological
processes by targeting an mRNA and lncRNA. Moreover, an lncRNA can promote the
activation of a certain pathways (acting as epigenetic regulator, guide or enhancer), but can
inhibit the same pathway by acting as sponge or decoy of an miRNA [106]. Therefore, we
could divide the lncRNA-miRNA-mRNA axis into two classes, such as the canonical and
non-canonical ones. The canonical axis can comprise all lncRNAs acting as competitive
endogenous RNAs (ceRNAs), sponges, or miRNAs decoys, since the most prominent body
of data reported on lncRNA:miRNA interaction regards cytoplasmic lncRNAs preventing
miRNAs from binding with their mRNA targets [74]. The canonical sponge interaction
occurs between the 3′ ends of the lncRNAs and the miRNA sites responsible for their
interaction with AGO2. Wang and colleagues firstly described this interaction, identifying
the lncRNA cardiac hypertrophy related factor (CHRF) able to sponge miR-489 to reduce
a hypertrophic response in neonatal cardiomyocytes [107]. lncRNA competition with
miRNAs to bind the same mRNA target can also be considered a canonical axis, which
regulates myocardial remodelling after injury [74,75]. Since most lncRNAs play pivotal
roles as epigenetic regulators in the nucleus, all lncRNAs that regulate miRNAs and general
gene expression in the nucleus can be included in the canonical axis classification. As an
example, lncRNA H19, a well-known regulator of atherosclerosis and skeletal muscle re-
generation, can generate miR-675 through an alternative splicing of the first exon regulated
by the RNA binding protein HuR, which is upregulated during cell stress [108]. In addition,
miR-221/222 can be co-transcribed with Ang-362, an lncRNA important for angiotensin
II-mediated cellular smooth muscle cell proliferation [109].

In contrast to lncRNAs acting as miRNA sponges or decoys, data regarding CVD-
related lncRNAs as targets of miRNAs are poor. However, the lncRNA-miRNA non-
canonical axis is emerging as a novel mechanism in CVD. Indeed, recent findings proved
the existence of lncRNAs, highly conserved between mice and humans, acting as miRNA
decoys [44,106,110] (Figure 2g). Like mRNAs, miRNAs can trigger lncRNA decoys in
the RISC through a perfect base-pair complementarity. LncRNA MALAT1, involved in
myocardial infarction and atherosclerosis, is currently one of the most abundant and well-
characterized lncRNAs [110]. Canonical MALAT1 promotes pro-fibrotic responses in heart
after myocardial injury by acting as miR-145 sponge [110]. However, MALAT1 can be
degraded by miR-9 through a non-conventional mechanism [110]. Indeed, Leucci and col-
leagues demonstrated that MALAT1, which localizes in the nucleus, contains two miRNA
recognition elements to which miR-9 can directly bind in an AGO2-dependent manner [110]
(Figure 2g). Interestingly, this binding occurs in the nucleus, highlighting the existence of
novel miRNA functions as post-transcriptional regulators in the nucleus. We also identified
a novel lncRNA, named lncWDR59, targeted by miR-103 in the RISC of EC to promote
atherosclerosis [44]. Indeed, differently from all canonical lncRNAs, lncWDR59 localizes in
the cytoplasm where it promotes EC proliferation by interacting with the Notch1-inhibitor
Numb. Thus, miR-103 interacts with lncWDR59 and induces its transcript degradation in
the RISC to inhibit EC regeneration and promote atherosclerosis [44] (Figure 2g). However,
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data so far are limited, and only few miRNA:lncRNA interactions have been validated
in vivo [44,110].

6.6. circRNAs

circRNAs are attracting increased attention among researchers worldwide due to their
potential modulation of several physiological processes, such as parental gene expression
and protein-coding formation [8]. circRNAs mainly derive from the back splicing of exons.
Usually packaged in exosomes, circRNAs have been reported to act as sponges of proteins
and miRNAs [80,111] (Figure 2g). Indeed, circRNA binding of miRNAs occurs in exosomes,
a mechanism now considered to be a biomarker in several pathologies [8,80,112]. As
members of the lncRNA subclass, circRNAs show a broad spectrum of action, acting as
transcriptional, translational, and epigenetic regulators of gene expression, regulating
mRNA splicing, or interacting with proteins [80]. Like circulating miRNAs, circRNAs are
frequently associated with selective RNA-binding proteins, such as AGO2 and lipoproteins,
and released in the circulation encapsulated in microparticles [8,80] (Figure 2g). Hence, like
miRNAs and lncRNAs, circRNAs can be used as biomarkers in several CVDs [8,80].

The first evidence of circRNAs acting as sponges of miRNAs is credited to Hansen
and colleagues [80,111]. They demonstrated that circRNAs contain miRNA-responsive
elements that allow them to sponge miRNAs and act as competing endogenous miRNAs
(ceRNAs) to promote the transcription of miRNA target genes [80,111] (Figure 2g). Hansen
and colleagues demonstrated that ciRS-7 contains more than 70 conserved miRNA target
sites to target miR-7 in the RISC complex [111]. Additional works indicate that circRNAs
can act as ceRNAs of miRNAs even in the absence of selective miRNA-binding sites. As
an example, circCSNK1G3 and circHIPK3 promote cell proliferation by sponging miR-
181b/d [112] and miR-7 [113], respectively.

Like nuclear miRNAs and lncRNAs, circRNAs show non-canonical roles as sponges
of certain proteins (Figure 2g). Indeed, circRNAs such as circPABPN1, circ-Foxo3 and
circYap contain specific binding sites for RBS2 to inhibit the biological activity of certain
proteins. In detail, circYap and circ-Foxo3 can inhibit the initiation of translation and cell
cycle progression by interacting with eIF4G and CDK2, respectively [80].

7. Conclusions

ncRNAs play pivotal roles in the onset and progression of cardiovascular and metabolic
diseases. For this reason, there is a growing research effort to develop novel and accurate
techniques to study the complex world of canonical and non-canonical ncRNAs. Validation
of ncRNA functions in CVD would offer the chance to develop novel and selective ncRNA-
based therapies against cardiovascular and metabolic disorders. However, we are still far
from confirming the real existence of all the ncRNA sub-categories identified so far, and
thus, are far from having confirmed their real ability to play a functional (physiological or
pathological) role.

The exponential increase in high-throughput and sequencing data is consistently
increasing the number and variety of new and existing ncRNAs. However, it has not
been accompanied by a parallel—fast-enough—scientific confirmation of their biological
relevance, facilitating an understanding of whether they can be classified as “functional”
or “junk” RNAs. A perfect example come from isomiRs, expressed at a similar biological
level of miRNAs. Paradoxically, nearly all miRNAs have the potential to be co-expressed
together with their corresponding isomiRs. However, data on their functional role are
still poor, leading to the conclusion that most sequencing-discovered isomiRs must still
be included in the “junk RNA” group. So, what is the biological function of these highly
expressed non-canonical ncRNAs? One of the most promising hypotheses is that non-
canonical ncRNAs may potentiate the effect of canonical miRNAs in response to certain
pathological conditions. Indeed, canonical and non-canonical ncRNAs share common
transcript targets. Non-canonical ncRNAs can target different genes but are involved in the
same pathways regulated by their respective canonical ncRNAs [36]. In this scenario, non-
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canonical RNAs may confer a more flexible and rapid response to drive specific responses
to certain physiological and pathological conditions.

Author Contributions: Conceptualization, L.N. and C.W., data curation, L.N.; writing—original
draft preparation, L.N.; writing—review and editing, L.N. and C.W.; funding acquisition, C.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG), TRR267,
and SFB1123.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data herein presented are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. The Top 10 Causes of Death. Available online: https://www.who.int/news-room/fact-sheets/

detail/the-top-10-causes-of-death (accessed on 7 February 2022).
2. World Health Organization. World Health Statistics 2021: A Visual Summary. Available online: https://www.who.int/data/

stories/world-health-statistics-2021-a-visual-summary (accessed on 7 February 2022).
3. World Health Organization. Global Health Estimates: Life Expectancy and Leading Causes of Death and Disability. Available

online: https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates (accessed on 7 February 2022).
4. Roth, G.A.; Mensah, G.A.; Johnson, C.O.; Addolorato, G.; Ammirati, E.; Baddour, L.M.; Barengo, N.C.; Beaton, A.Z.; Benjamin, E.J.;

Benziger, C.P.; et al. Global Burden of Cardiovascular Diseases and Risk Factors, 1990–2019: Update From the GBD 2019 Study.
J. Am. Coll. Cardiol. 2020, 76, 2982–3021. [CrossRef] [PubMed]

5. World Health Organization. World Health Statistics: Monitoring Health for the SDGs 2021. Available online: https://apps.who.
int/iris/bitstream/handle/10665/342703/9789240027053-eng.pdf (accessed on 10 January 2022).

6. Jayasuriya, R.; Ganesan, K.; Xu, B.; Ramkumar, K.M. Emerging role of long non-coding RNAs in endothelial dysfunction and
their molecular mechanisms. Biomed. Pharmacother. 2022, 145, 112421. [CrossRef] [PubMed]

7. Tateishi-Karimata, H.; Sugimoto, N. Roles of non-canonical structures of nucleic acids in cancer and neurodegenerative diseases.
Nucleic Acids Res. 2021, 49, 7839–7855. [CrossRef] [PubMed]

8. Sun, C.; Ni, M.; Song, B.; Cao, L. Circulating Circular RNAs: Novel Biomarkers for Heart Failure. Front Pharm. 2020, 11, 560537. [CrossRef]
9. Jaé, N.; Dimmeler, S. Noncoding RNAs in Vascular Diseases. Circ. Res. 2020, 126, 1127–1145. [CrossRef]
10. Abdelfattah, A.M.; Park, C.; Choi, M.Y. Update on non-canonical microRNAs. Biomol. Concepts 2014, 5, 275–287. [CrossRef]
11. Correction to: Heart Disease and Stroke Statistics—2019 Update: A Report from the American Heart Association. Circulation

2020, 141, e33. [CrossRef]
12. Pearson-Stuttard, J.; Guzman-Castillo, M.; Penalvo, J.L.; Rehm, C.D.; Afshin, A.; Danaei, G.; Kypridemos, C.; Gaziano, T.;

Mozaffarian, D.; Capewell, S.; et al. Modeling Future Cardiovascular Disease Mortality in the United States: National Trends and
Racial and Ethnic Disparities. Circulation 2016, 133, 967–978. [CrossRef]

13. Banerjee, S.; Huth, J.K. Time-series study of cardiovascular rates in India: A systematic analysis between 1990 and 2017. Indian
Heart J. 2020, 72, 194–196. [CrossRef]

14. Yusuf, S.; Hawken, S.; Ounpuu, S.; Dans, T.; Avezum, A.; Lanas, F.; McQueen, M.; Budaj, A.; Pais, P.; Varigos, J.; et al. Effect of
potentially modifiable risk factors associated with myocardial infarction in 52 countries (the INTERHEART study): Case-control
study. Lancet 2004, 364, 937–952. [CrossRef]

15. Ross, R. Atherosclerosis–an inflammatory disease. N. Engl. J. Med. 1999, 340, 115–126. [CrossRef] [PubMed]
16. Natarelli, L.; Schober, A. MicroRNAs and the response to injury in atherosclerosis. Hamostaseologie 2015, 35, 142–150. [CrossRef] [PubMed]
17. Chistiakov, D.A.; Orekhov, A.N.; Bobryshev, Y.V. Effects of shear stress on endothelial cells: Go with the flow. Acta Physiol. 2017,

219, 382–408. [CrossRef] [PubMed]
18. Wang, J.; Wang, Y.; Sheng, L.; He, T.; Nin, X.; Xue, A.; Zhang, H.; Liu, Z. High fluid shear stress prevents atherosclerotic plaque

formation by promoting endothelium denudation and synthetic phenotype of vascular smooth muscle cells. Mol. Med. Rep. 2021,
24, 577. [CrossRef]

19. Fuster, J.J.; Fernández, P.; González-Navarro, H.; Silvestre, C.; Nabah, Y.N.; Andrés, V. Control of cell proliferation in atherosclero-
sis: Insights from animal models and human studies. Cardiovasc. Res. 2010, 86, 254–264. [CrossRef]

20. Robbins, C.S.; Hilgendorf, I.; Weber, G.F.; Theurl, I.; Iwamoto, Y.; Figueiredo, J.L.; Gorbatov, R.; Sukhova, G.K.; Gerhardt, L.M.;
Smyth, D.; et al. Local proliferation dominates lesional macrophage accumulation in atherosclerosis. Nat. Med. 2013, 19,
1166–1172. [CrossRef]

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/data/stories/world-health-statistics-2021-a-visual-summary
https://www.who.int/data/stories/world-health-statistics-2021-a-visual-summary
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates
http://doi.org/10.1016/j.jacc.2020.11.010
http://www.ncbi.nlm.nih.gov/pubmed/33309175
https://apps.who.int/iris/bitstream/handle/10665/342703/9789240027053-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/342703/9789240027053-eng.pdf
http://doi.org/10.1016/j.biopha.2021.112421
http://www.ncbi.nlm.nih.gov/pubmed/34798473
http://doi.org/10.1093/nar/gkab580
http://www.ncbi.nlm.nih.gov/pubmed/34244785
http://doi.org/10.3389/fphar.2020.560537
http://doi.org/10.1161/CIRCRESAHA.119.315938
http://doi.org/10.1515/bmc-2014-0012
http://doi.org/10.1161/CIR.0000000000000746
http://doi.org/10.1161/CIRCULATIONAHA.115.019904
http://doi.org/10.1016/j.ihj.2020.05.014
http://doi.org/10.1016/S0140-6736(04)17018-9
http://doi.org/10.1056/NEJM199901143400207
http://www.ncbi.nlm.nih.gov/pubmed/9887164
http://doi.org/10.5482/HAMO-14-10-0051
http://www.ncbi.nlm.nih.gov/pubmed/25612846
http://doi.org/10.1111/apha.12725
http://www.ncbi.nlm.nih.gov/pubmed/27246807
http://doi.org/10.3892/mmr.2021.12216
http://doi.org/10.1093/cvr/cvp363
http://doi.org/10.1038/nm.3258


Biomedicines 2022, 10, 445 16 of 19

21. Yamamoto, E.; Siasos, G.; Zaromytidou, M.; Coskun, A.U.; Xing, L.; Bryniarski, K.; Zanchin, T.; Sugiyama, T.; Lee, H.;
Stone, P.H.; et al. Low Endothelial Shear Stress Predicts Evolution to High-Risk Coronary Plaque Phenotype in the Future.
Circ. Cardiovasc. Interv. 2017, 10, e005455. [CrossRef]

22. Schober, A.; Nazari-Jahantigh, M.; Wei, Y.; Bidzhekov, K.; Gremse, F.; Grommes, J.; Megens, R.T.; Heyll, K.; Noels, H.;
Hristov, M.; et al. MicroRNA-126-5p promotes endothelial proliferation and limits atherosclerosis by suppressing Dlk1. Nat. Med.
2014, 20, 368–376. [CrossRef]

23. Tabas, I.; Williams, K.J.; Borén, J. Subendothelial lipoprotein retention as the initiating process in atherosclerosis: Update and
therapeutic implications. Circulation 2007, 116, 1832–1844. [CrossRef]

24. Bekkering, S.; Quintin, J.; Joosten, L.A.; van der Meer, J.W.; Netea, M.G.; Riksen, N.P. Oxidized low-density lipoprotein induces
long-term proinflammatory cytokine production and foam cell formation via epigenetic reprogramming of monocytes. Arter.
Thromb. Vasc. Biol. 2014, 34, 1731–1738. [CrossRef]

25. Nielsen, L.B. Transfer of low density lipoprotein into the arterial wall and risk of atherosclerosis. Atherosclerosis 1996, 123, 1–15. [CrossRef]
26. Wolf, D.; Ley, K. Immunity and Inflammation in Atherosclerosis. Circ. Res. 2019, 124, 315–327. [CrossRef] [PubMed]
27. Reglero-Real, N.; Colom, B.; Bodkin, J.V.; Nourshargh, S. Endothelial Cell Junctional Adhesion Molecules. Arterioscler. Thromb.

Vasc. Biol. 2016, 36, 2048–2057. [CrossRef] [PubMed]
28. Doran, A.C.; Yurdagul, A., Jr.; Tabas, I. Efferocytosis in health and disease. Nat. Rev. Immunol. 2020, 20, 254–267. [CrossRef] [PubMed]
29. Bentzon, J.F.; Otsuka, F.; Virmani, R.; Falk, E. Mechanisms of plaque formation and rupture. Circ Res 2014, 109, 1852–1866.

[CrossRef] [PubMed]
30. Panning, B.; Jaenisch, R. RNA and the Epigenetic Regulation of X Chromosome Inactivation. Cell 1998, 93, 305–308. [CrossRef]
31. Rinn, J.; Guttman, M. RNA and dynamic nuclear organization. Science 2014, 345, 1240–1241. [CrossRef]
32. Stark, B.C.; Kole, R.; Bowman, E.J.; Altman, S. Ribonuclease P: An enzyme with an essential RNA component. Proc. Natl. Acad.

Sci. USA 1978, 75, 3717–3721. [CrossRef]
33. Papadopoulos, G.L.; Reczko, M.; Simossis, V.A.; Sethupathy, P.; Hatzigeorgiou, A.G. The database of experimentally supported

targets: A functional update of TarBase. Nucleic Acids Res. 2008, 37, D155–D158. [CrossRef]
34. Bentwich, I. Prediction and validation of microRNAs and their targets. FEBS Lett. 2005, 579, 5904–5910. [CrossRef]
35. Dunham, I.; Kundaje, A.; Aldred, S.F.; Collins, P.J.; Davis, C.A.; Doyle, F.; Epstein, C.B.; Frietze, S.; Harrow, J.; Kaul, R.; et al. An

integrated encyclopedia of DNA elements in the human genome. Nature 2012, 489, 57–74. [CrossRef]
36. Palazzo, A.F.; Lee, E.S. Non-coding RNA: What is functional and what is junk? Front. Genet. 2015, 6, 2. [CrossRef] [PubMed]
37. Doolittle, W.F.; Brunet, T.D.P.; Linquist, S.; Gregory, T.R. Distinguishing between “Function” and “Effect” in Genome Biology.

Genome Biol. Evol. 2014, 6, 1234–1237. [CrossRef] [PubMed]
38. Amin, N.; McGrath, A.; Chen, Y.-P.P. Evaluation of deep learning in non-coding RNA classification. Nat. Mach. Intell. 2019, 1,

246–256. [CrossRef]
39. Park, S.; Kang, I.; Shin, C. MicroRNA clustering on the biogenesis of suboptimal microRNAs. Appl. Biol. Chem. 2021, 64, 51. [CrossRef]
40. Lee, Y.S.; Shibata, Y.; Malhotra, A.; Dutta, A. A novel class of small RNAs: tRNA-derived RNA fragments (tRFs). Genes Dev. 2009,

23, 2639–2649. [CrossRef]
41. Bartel, D.P. MicroRNAs: Target Recognition and Regulatory Functions. Cell 2009, 136, 215–233. [CrossRef]
42. Dexheimer, P.J.; Cochella, L. MicroRNAs: From Mechanism to Organism. Front. Cell Dev. Biol. 2020, 8, 409. [CrossRef]
43. López-Urrutia, E.; Bustamante Montes, L.P.; Ladrón de Guevara Cervantes, D.; Pérez-Plasencia, C.; Campos-Parra, A.D. Crosstalk

Between Long Non-coding RNAs, Micro-RNAs and mRNAs: Deciphering Molecular Mechanisms of Master Regulators in Cancer.
Front. Oncol. 2019, 9, 669. [CrossRef]

44. Natarelli, L.; Geißler, C.; Csaba, G.; Wei, Y.; Zhu, M.; di Francesco, A.; Hartmann, P.; Zimmer, R.; Schober, A. miR-103 promotes
endothelial maladaptation by targeting lncWDR59. Nat. Commun. 2018, 9, 2645. [CrossRef]

45. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

46. Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [CrossRef] [PubMed]
47. De Rie, D.; Abugessaisa, I.; Alam, T.; Arner, E.; Arner, P.; Ashoor, H.; Åström, G.; Babina, M.; Bertin, N.; Burroughs, A.M.; et al. An

integrated expression atlas of miRNAs and their promoters in human and mouse. Nat. Biotechnol. 2017, 35, 872–878. [CrossRef]
48. Denli, A.M.; Tops, B.B.J.; Plasterk, R.H.A.; Ketting, R.F.; Hannon, G.J. Processing of primary microRNAs by the Microprocessor

complex. Nature 2004, 432, 231–235. [CrossRef]
49. Zhang, H.; Kolb, F.A.; Jaskiewicz, L.; Westhof, E.; Filipowicz, W. Single Processing Center Models for Human Dicer and Bacterial

RNase III. Cell 2004, 118, 57–68. [CrossRef]
50. Czech, B.; Zhou, R.; Erlich, Y.; Brennecke, J.; Binari, R.; Villalta, C.; Gordon, A.; Perrimon, N.; Hannon, G.J. Hierarchical rules for

Argonaute loading in Drosophila. Mol. Cell 2009, 36, 445–456. [CrossRef]
51. Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay. Nat. Rev. Genet. 2010,

11, 597–610. [CrossRef]
52. Okamura, K.; Liu, N.; Lai, E.C. Distinct mechanisms for microRNA strand selection by Drosophila Argonautes. Mol. Cell 2009, 36,

431–444. [CrossRef]

http://doi.org/10.1161/CIRCINTERVENTIONS.117.005455
http://doi.org/10.1038/nm.3487
http://doi.org/10.1161/CIRCULATIONAHA.106.676890
http://doi.org/10.1161/ATVBAHA.114.303887
http://doi.org/10.1016/0021-9150(96)05802-9
http://doi.org/10.1161/CIRCRESAHA.118.313591
http://www.ncbi.nlm.nih.gov/pubmed/30653442
http://doi.org/10.1161/ATVBAHA.116.307610
http://www.ncbi.nlm.nih.gov/pubmed/27515379
http://doi.org/10.1038/s41577-019-0240-6
http://www.ncbi.nlm.nih.gov/pubmed/31822793
http://doi.org/10.1161/CIRCRESAHA.114.302721
http://www.ncbi.nlm.nih.gov/pubmed/24902970
http://doi.org/10.1016/S0092-8674(00)81155-1
http://doi.org/10.1126/science.1252966
http://doi.org/10.1073/pnas.75.8.3717
http://doi.org/10.1093/nar/gkn809
http://doi.org/10.1016/j.febslet.2005.09.040
http://doi.org/10.1038/nature11247
http://doi.org/10.3389/fgene.2015.00002
http://www.ncbi.nlm.nih.gov/pubmed/25674102
http://doi.org/10.1093/gbe/evu098
http://www.ncbi.nlm.nih.gov/pubmed/24814287
http://doi.org/10.1038/s42256-019-0051-2
http://doi.org/10.1186/s13765-021-00624-3
http://doi.org/10.1101/gad.1837609
http://doi.org/10.1016/j.cell.2009.01.002
http://doi.org/10.3389/fcell.2020.00409
http://doi.org/10.3389/fonc.2019.00669
http://doi.org/10.1038/s41467-018-05065-z
http://doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://doi.org/10.1038/nrm3838
http://www.ncbi.nlm.nih.gov/pubmed/25027649
http://doi.org/10.1038/nbt.3947
http://doi.org/10.1038/nature03049
http://doi.org/10.1016/j.cell.2004.06.017
http://doi.org/10.1016/j.molcel.2009.09.028
http://doi.org/10.1038/nrg2843
http://doi.org/10.1016/j.molcel.2009.09.027


Biomedicines 2022, 10, 445 17 of 19

53. Cloonan, N.; Wani, S.; Xu, Q.; Gu, J.; Lea, K.; Heater, S.; Barbacioru, C.; Steptoe, A.L.; Martin, H.C.; Nourbakhsh, E.; et al. MicroRNAs
and their isomiRs function cooperatively to target common biological pathways. Genome Biol. 2011, 12, R126. [CrossRef]

54. Wu, L.; Fan, J.; Belasco, J.G. MicroRNAs direct rapid deadenylation of mRNA. Proc. Natl. Acad. Sci. USA 2006, 103, 4034–4039. [CrossRef]
55. Stavast, C.J.; Erkeland, S.J. The Non-Canonical Aspects of MicroRNAs: Many Roads to Gene Regulation. Cells 2019, 8, 1465.

[CrossRef] [PubMed]
56. Dika, E.; Broseghini, E.; Porcellini, E.; Lambertini, M.; Riefolo, M.; Durante, G.; Loher, P.; Roncarati, R.; Bassi, C.; Misciali, C.; et al. Unraveling

the role of microRNA/isomiR network in multiple primary melanoma pathogenesis. Cell Death Dis. 2021, 12, 473. [CrossRef] [PubMed]
57. Hoernes, T.P.; Erlacher, M.D. Translating the epitranscriptome. Wiley Interdiscip. Rev. RNA 2017, 8, e1375. [CrossRef] [PubMed]
58. Cole, C.; Sobala, A.; Lu, C.; Thatcher, S.R.; Bowman, A.; Brown, J.W.S.; Green, P.J.; Barton, G.J.; Hutvagner, G. Filtering of deep sequencing

data reveals the existence of abundant Dicer-dependent small RNAs derived from tRNAs. Rna 2009, 15, 2147–2160. [CrossRef]
59. Ender, C.; Krek, A.; Friedländer, M.R.; Beitzinger, M.; Weinmann, L.; Chen, W.; Pfeffer, S.; Rajewsky, N.; Meister, G. A human

snoRNA with microRNA-like functions. Mol. Cell 2008, 32, 519–528. [CrossRef]
60. Liu, B.; Cao, J.; Wang, X.; Guo, C.; Liu, Y.; Wang, T. Deciphering the tRNA-derived small RNAs: Origin, development, and future.

Cell Death Dis. 2021, 13, 24. [CrossRef]
61. Maute, R.L.; Schneider, C.; Sumazin, P.; Holmes, A.; Califano, A.; Basso, K.; Dalla-Favera, R. tRNA-derived microRNA modulates

proliferation and the DNA damage response and is down-regulated in B cell lymphoma. Proc. Natl. Acad. Sci. USA 2013, 110,
1404–1409. [CrossRef]

62. Okamura, K.; Hagen, J.W.; Duan, H.; Tyler, D.M.; Lai, E.C. The mirtron pathway generates microRNA-class regulatory RNAs in
Drosophila. Cell 2007, 130, 89–100. [CrossRef]

63. Rorbach, G.; Unold, O.; Konopka, B.M. Distinguishing mirtrons from canonical miRNAs with data exploration and machine
learning methods. Sci. Rep. 2018, 8, 7560. [CrossRef]

64. Tomasello, L.; Distefano, R.; Nigita, G.; Croce, C.M. The MicroRNA Family Gets Wider: The IsomiRs Classification and Role.
Front. Cell Dev. Biol. 2021, 9, 668648. [CrossRef]

65. Van der Kwast, R.; Quax, P.H.A.; Nossent, A.Y. An Emerging Role for isomiRs and the microRNA Epitranscriptome in Neovascu-
larization. Cells 2019, 9, 61. [CrossRef] [PubMed]

66. Meister, G.; Landthaler, M.; Patkaniowska, A.; Dorsett, Y.; Teng, G.; Tuschl, T. Human Argonaute2 Mediates RNA Cleavage
Targeted by miRNAs and siRNAs. Mol. Cell 2004, 15, 185–197. [CrossRef] [PubMed]

67. Cheloufi, S.; Dos Santos, C.O.; Chong, M.M.W.; Hannon, G.J. A dicer-independent miRNA biogenesis pathway that requires Ago
catalysis. Nature 2010, 465, 584–589. [CrossRef] [PubMed]

68. Martinez, J.; Patkaniowska, A.; Urlaub, H.; Lührmann, R.; Tuschl, T. Single-Stranded Antisense siRNAs Guide Target RNA
Cleavage in RNAi. Cell 2002, 110, 563–574. [CrossRef]

69. Yang, J.-S.; Maurin, T.; Lai, E.C. Functional parameters of Dicer-independent microRNA biogenesis. Rna 2012, 18, 945–957.
[CrossRef] [PubMed]

70. Yi, T.; Arthanari, H.; Akabayov, B.; Song, H.; Papadopoulos, E.; Qi, H.H.; Jedrychowski, M.; Güttler, T.; Guo, C.; Luna, R.E.; et al. eIF1A
augments Ago2-mediated Dicer-independent miRNA biogenesis and RNA interference. Nat. Commun. 2015, 6, 7194. [CrossRef]

71. Havens, M.; Reich, A.; Duelli, D.; Hastings, M. Biogenesis of mammalian microRNAs by a non-canonical processing pathway.
Nucleic Acids Res. 2012, 40, 4626–4640. [CrossRef]

72. Hamid, S.M.; Citir, M.; Terzi, E.M.; Cimen, I.; Yildirim, Z.; Dogan, A.E.; Kocaturk, B.; Onat, U.I.; Arditi, M.; Weber, C.; et al. Inositol-requiring
enzyme-1 regulates phosphoinositide signaling lipids and macrophage growth. EMBO Rep. 2020, 21, e51462. [CrossRef]

73. Avril, T.; Chevet, E. IRE1-mediated miRNA maturation in macrophage phosphoinositide signaling. EMBO Rep. 2020, 21, e51929. [CrossRef]
74. Statello, L.; Guo, C.-J.; Chen, L.-L.; Huarte, M. Gene regulation by long non-coding RNAs and its biological functions. Nat. Rev.

Mol. Cell Biol. 2021, 22, 96–118. [CrossRef]
75. Quinn, J.J.; Chang, H.Y. Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 2016, 17, 47–62.

[CrossRef] [PubMed]
76. Dahariya, S.; Paddibhatla, I.; Kumar, S.; Raghuwanshi, S.; Pallepati, A.; Gutti, R.K. Long non-coding RNA: Classification,

biogenesis and functions in blood cells. Mol. Immunol. 2019, 107, 80–90. [CrossRef] [PubMed]
77. Schlackow, M.; Nojima, T.; Gomes, T.; Dhir, A.; Carmo-Fonseca, M.; Proudfoot, N.J. Distinctive Patterns of Transcription and RNA

Processing for Human lincRNAs. Mol. Cell 2017, 65, 25–38. [CrossRef] [PubMed]
78. Zeng, C.; Hamada, M. Identifying sequence features that drive ribosomal association for lncRNA. BMC Genom. 2018, 19, 906.

[CrossRef] [PubMed]
79. Naganuma, T.; Hirose, T. Paraspeckle formation during the biogenesis of long non-coding RNAs. RNA Biol. 2013, 10, 456–461.

[CrossRef] [PubMed]
80. Geng, X.; Jia, Y.; Zhang, Y.; Shi, L.; Li, Q.; Zang, A.; Wang, H. Circular RNA: Biogenesis, degradation, functions and potential roles

in mediating resistance to anticarcinogens. Epigenomics 2020, 12, 267–283. [CrossRef]
81. Van der Kwast, R.; Woudenberg, T.; Quax, P.H.A.; Nossent, A.Y. MicroRNA-411 and Its 5′-IsomiR Have Distinct Targets and Functions and

Are Differentially Regulated in the Vasculature under Ischemia. Mol. Ther. J. Am. Soc. Gene Ther. 2020, 28, 157–170. [CrossRef]

http://doi.org/10.1186/gb-2011-12-12-r126
http://doi.org/10.1073/pnas.0510928103
http://doi.org/10.3390/cells8111465
http://www.ncbi.nlm.nih.gov/pubmed/31752361
http://doi.org/10.1038/s41419-021-03764-y
http://www.ncbi.nlm.nih.gov/pubmed/33980826
http://doi.org/10.1002/wrna.1375
http://www.ncbi.nlm.nih.gov/pubmed/27345446
http://doi.org/10.1261/rna.1738409
http://doi.org/10.1016/j.molcel.2008.10.017
http://doi.org/10.1038/s41419-021-04472-3
http://doi.org/10.1073/pnas.1206761110
http://doi.org/10.1016/j.cell.2007.06.028
http://doi.org/10.1038/s41598-018-25578-3
http://doi.org/10.3389/fcell.2021.668648
http://doi.org/10.3390/cells9010061
http://www.ncbi.nlm.nih.gov/pubmed/31881725
http://doi.org/10.1016/j.molcel.2004.07.007
http://www.ncbi.nlm.nih.gov/pubmed/15260970
http://doi.org/10.1038/nature09092
http://www.ncbi.nlm.nih.gov/pubmed/20424607
http://doi.org/10.1016/S0092-8674(02)00908-X
http://doi.org/10.1261/rna.032938.112
http://www.ncbi.nlm.nih.gov/pubmed/22461413
http://doi.org/10.1038/ncomms8194
http://doi.org/10.1093/nar/gks026
http://doi.org/10.15252/embr.202051462
http://doi.org/10.15252/embr.202051929
http://doi.org/10.1038/s41580-020-00315-9
http://doi.org/10.1038/nrg.2015.10
http://www.ncbi.nlm.nih.gov/pubmed/26666209
http://doi.org/10.1016/j.molimm.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31079005
http://doi.org/10.1016/j.molcel.2016.11.029
http://www.ncbi.nlm.nih.gov/pubmed/28017589
http://doi.org/10.1186/s12864-018-5275-8
http://www.ncbi.nlm.nih.gov/pubmed/30598103
http://doi.org/10.4161/rna.23547
http://www.ncbi.nlm.nih.gov/pubmed/23324609
http://doi.org/10.2217/epi-2019-0295
http://doi.org/10.1016/j.ymthe.2019.10.002


Biomedicines 2022, 10, 445 18 of 19

82. Raval, Z.; Losordo, D.W. Cell Therapy of Peripheral Arterial Disease. Circ. Res. 2013, 112, 1288–1302. [CrossRef]
83. Guduric-Fuchs, J.; O’Connor, A.; Cullen, A.; Harwood, L.; Medina, R.J.; O’Neill, C.L.; Stitt, A.W.; Curtis, T.M.; Simpson, D.A. Deep

sequencing reveals predominant expression of miR-21 amongst the small non-coding RNAs in retinal microvascular endothelial
cells. J. Cell. Biochem. 2012, 113, 2098–2111. [CrossRef]

84. Voellenkle, C.; Rooij, J.; Guffanti, A.; Brini, E.; Fasanaro, P.; Isaia, E.; Croft, L.; David, M.; Capogrossi, M.C.; Moles, A.; et al. Deep-sequencing
of endothelial cells exposed to hypoxia reveals the complexity of known and novel microRNAs. Rna 2012, 18, 472–484. [CrossRef]

85. Chistiakov, D.A.; Orekhov, A.N.; Bobryshev, Y.V. The role of miR-126 in embryonic angiogenesis, adult vascular homeostasis, and
vascular repair and its alterations in atherosclerotic disease. J. Mol. Cell. Cardiol. 2016, 97, 47–55. [CrossRef] [PubMed]

86. Van der Kwast, R.V.; van Ingen, E.; Parma, L.; Peters, H.A.; Quax, P.H.; Nossent, A.Y. Adenosine-to-Inosine Editing of MicroRNA-487b
Alters Target Gene Selection After Ischemia and Promotes Neovascularization. Circ. Res. 2018, 122, 444–456. [CrossRef] [PubMed]

87. Ma, J.-Z.; Yang, F.; Zhou, C.-C.; Liu, F.; Yuan, J.-H.; Wang, F.; Wang, T.-T.; Xu, Q.-G.; Zhou, W.-P.; Sun, S.-H. METTL14 sup-
presses the metastatic potential of hepatocellular carcinoma by modulating N6-methyladenosine-dependent primary MicroRNA
processing. Hepatology 2017, 65, 529–543. [CrossRef] [PubMed]

88. Wajahat, M.; Bracken, C.P.; Orang, A. Emerging Functions for snoRNAs and snoRNA-Derived Fragments. Int. J. Mol. Sci. 2021,
22, 10193. [CrossRef] [PubMed]

89. Yu, F.; Bracken, C.P.; Pillman, K.A.; Lawrence, D.M.; Goodall, G.J.; Callen, D.F.; Neilsen, P.M. p53 Represses the Oncogenic
Sno-MiR-28 Derived from a SnoRNA. PLoS ONE 2015, 10, e0129190. [CrossRef] [PubMed]

90. Patterson, D.G.; Roberts, J.T.; King, V.M.; Houserova, D.; Barnhill, E.C.; Crucello, A.; Polska, C.J.; Brantley, L.W.; Kaufman, G.C.;
Nguyen, M.; et al. Human snoRNA-93 is processed into a microRNA-like RNA that promotes breast cancer cell invasion. NPJ
Breast Cancer 2017, 3, 25. [CrossRef]

91. Zhang, X.; Yuan, S.; Li, H.; Zhan, J.; Wang, F.; Fan, J.; Nie, X.; Wang, Y.; Wen, Z.; Chen, Y.; et al. The double face of miR-320:
Cardiomyocytes-derived miR-320 deteriorated while fibroblasts-derived miR-320 protected against heart failure induced by
transverse aortic constriction. Signal Transduct. Target. Ther. 2021, 6, 69. [CrossRef]

92. Kuscu, C.; Kumar, P.; Kiran, M.; Su, Z.; Malik, A.; Dutta, A. tRNA fragments (tRFs) guide Ago to regulate gene expression
post-transcriptionally in a Dicer-independent manner. Rna 2018, 24, 1093–1105. [CrossRef]

93. Seok, H.; Lee, H.; Lee, S.; Ahn, S.H.; Lee, H.-S.; Kim, G.-W.D.; Peak, J.; Park, J.; Cho, Y.K.; Jeong, Y.; et al. Position-specific
oxidation of miR-1 encodes cardiac hypertrophy. Nature 2020, 584, 279–285. [CrossRef]

94. Colpaert, R.M.W.; Calore, M. Epigenetics and microRNAs in cardiovascular diseases. Genomics 2021, 113, 540–551. [CrossRef]
95. Çimen, I.; Kocatürk, B.; Koyuncu, S.; Tufanlı, Ö.; Onat, U.I.; Yıldırım, A.D.; Apaydın, O.; Demirsoy, Ş.; Aykut, Z.G.;
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