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Abstract

The mammalian brain expresses several classes of noncoding RNAs (ncRNAS), including long
ncRNAS (IncRNAS), circular RNAs (circRNAs), and microRNAs (miRNAs). These ncRNAS play
vital roles in regulating cellular processes by RNA/protein scaffolding, sponging and epigenetic
modifications during the pathophysiological conditions, thereby controlling transcription and
translation. Some of these functions are the result of crosstalk between ncRNAs to form a
competitive endogenous RNA network. These intricately organized networks comprise INCRNA/
mMIiRNA, circRNA/MiRNA, or IncRNA/miRNA/circRNA, leading to crosstalk between coding and
ncRNASs through miRNAs. The miRNA response elements predominantly mediate the ncRNA
crosstalk to buffer the miRNAs and thereby fine-tune and counterbalance the genomic changes
and regulate neuronal plasticity, synaptogenesis and neuronal differentiation. The perturbed levels
and interactions of the ncRNAs could lead to pathologic events like apoptosis and inflammation.
Although the regulatory landscape of the ncRNA crosstalk is still evolving, some well-known
examples such as INcCRNA Malatl sponging miR-145, circRNA CDR1as sponging miR-7, and
IncRNA Cyrano and the circRNA CDR1as regulating miR-7, has been shown to affect brain
function. The ability to manipulate these networks is crucial in determining the functional outcome
of central nervous system (CNS) pathologies. The focus of this review is to highlights the
interactions and crosstalk of these networks in regulating pathophysiologic CNS function.
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Introduction

The mammalian genome is persistently active and transcribes >80% of the DNA (Hon et
al., 2017). However, <2% of the transcribed RNAs translate proteins (MRNASs), whereas
the remaining that lack the protein-coding potential are called noncoding RNAs (ncRNAS)
(Frith et al., 2005; Tisseur et al., 2011). Several classes of ncRNAs regulate diverse
cellular processes, including chromatin architecture, RNA/protein scaffolding, epigenetic
modifications, enhancer function, alternative splicing, RNA stability and translation (Mehta
et al., 2020; Mehta et al., 2015; @rom and Shiekhattar, 2013; Vemuganti, 2014; Yao et al.,
2019). An organism’s biological complexity is thought to be associated with the diversity
of the ncRNA genes that control the multitasked gene networks in higher-order organisms
(Mattick, 2001, 2004; Mattick and Gagen, 2001). Of all the organs, the central nervous
system (CNS) has the highest abundance, specificity and interactions of ncCRNAs which
indicate the cognitive evolution in mammals (Mahmoudi and Cairns, 2019; Mehler and
Mattick, 2007; Memczak et al., 2013; Necsulea et al., 2014; Rybak-Wolf et al., 2015; Taft
et al., 2007). Several classes of ncRNAs that differ widely in their length, structure, and
function were discovered in the past two decades (Esteller, 2011). The most abundant of
these are microRNAs (miRNAs; 18 to 22 nt long) that control translation, long noncoding
RNAs (IncRNAs; 200 to ~10,000 nt long) that modulate transcription, and circular RNAs
(circRNAs; 200 to ~7,000 nt long) that control miRNA functions (Ding et al., 2018). In
addition to directly regulating transcription and translation, many ncRNAs also influence
other classes of ncRNAs by forming a competitive endogenous RNA (ceRNA) network
that regulates biological processes. Primarily, INcRNAs and circRNAs compete to bind to
a limited pool of mMiRNAs, and thus formulate the ceRNA networks that control the CNS
proteome (Kleaveland et al., 2018; Salmena et al., 2011; Tay et al., 2014). The ncRNA
crosstalk is mediated by miRNA response elements (MRES) which are 6-8 nucleotide
seed regions in the coding RNAs or ncRNAs recognized by miRNAs (Lewis et al., 2005).
RNAs compete by MREs to bind miRNAs, and the bound miRNAs become unavailable
to bind to their target mMRNAS (Fig. 1). Thus, ncRNAs interact through MRE to buffer

the miRNAs and fine-tune the protein expression. Intriguingly, this crosstalk becomes
crucial to effectively control cell signaling. An example is INcRNA maternally expressed
gene 3 (Meg3), which harbors three putative MRE sites for miR-21 and thus competes
with miR-21 target programmed cell death 4 (PDCDA4) in the ischemic brain to drive
neuronal apoptosis (Yan et al., 2017). This review highlights the interactions and crosstalk of
IncRNAs, circRNAs, and miRNAs in regulating CNS functions (Table 1).

Long noncoding RNAs

LncRNAs are the largest class of ncCRNAs that are transcribed by RNA polymerase Il

from intra- and intergenic regions of the genome in both sense and antisense directions

and undergo 5" capping and 3" polyadenylation similar to mRNAs (Sun et al., 2018).
However, unlike mRNAs, they are poorly conserved and lack open reading frames (Ponting
et al., 2009). LncRNAs contain multiple functional domains that enable them to bind to
several proteins and RNAs to modulate transcription and translation, indicating that they
are flexible modular scaffolds with a combination of highly conserved and evolutionary
flexible regions (Ribeiro et al., 2018; Zampetaki et al., 2018; Zhang et al., 2010). This fits
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well with the IncRNAs regulatory model that shows the selection of discrete domains that
can interact with a diverse array of proteins, RNA, and DNA to bring them together to
achieve regulatory specificity (Guttman and Rinn, 2012). This hypothesis is supported by
the actions of IncRNA Meg3, which contains folding motifs M1, M2, M3, and RM2B1
(Zhang et al., 2010). Of these, M2 and M3 are essential for p53 activation (Zhang et al.,
2010). Surprisingly, a hybrid Meg3 containing an artificially synthesized sequence insert
but with the wild-type secondary structure retained the p53 activating function (Zhang et
al., 2010). The IncRNA HOX transcript antisense intergenic RNA (HOTAIR) is another
example and its 5” and 3’ domains bind polycomb repressive complex 2 and lysine-specific
demethylase 1 (LSD1) /REST corepressor 1 (COREST)/REL1 silencing transcription factor
(REST) complex, respectively (Rinn et al., 2007; Tsai et al., 2010). The HOTAIR-mediated
bridging of these complexes facilitates transcriptional silencing of the HOXD locus by
H3K27 methylation (Rinn et al., 2007; Tsai et al., 2010). Several other INcRNAs like

Fos downstream transcript (FosDT), nuclear paraspeckle assembly transcript 1 (Neatl),
metastasis-associated lung adenocarcinoma transcript 1 (Malatl), antisense RNA in the
INK4 locus (ANRIL), Gomafu/myocardial infarction associated transcript (MIAT), H19
imprinted maternally expressed transcript (H19), Meg3, CaMK2D-associated transcript

1 (C2datl), Fas-antisense (Saf), Evf2, Lnc-Nr2f1, taurine upregulated 1 (TUG1), and
antisense of IGF2R non-protein coding RNA (Airn) regulate cell death, angiogenesis and
inflammation during development and diseases (Dharap et al., 2012; Fan et al., 2019;

Ren et al., 2020; Yang et al., 2017a). Due to these scaffolding abilities, IncRNAs regulate
the transcription of adjacent or distant genes in both cisand trans, and thus control post-
transcriptional mechanisms such as alternative splicing and mRNA stability both spatially
and temporally.

Our lab showed that focal ischemia significantly upregulates FosDT expression (Dharap
etal., 2012; Mehta et al., 2015) and mechanistically FosDT scaffolds the transcription

factor REST and chromatin-modifying proteins Sin3a and COREST to enable the REST
transcriptional complex to bind and suppress REST downstream genes in the post-ischemic
brain (Mehta et al., 2015). Our studies further showed that the FosDT-scaffolded REST
complex in turn represses the AMPA receptor subunit GRIAZ2 that is essential for preventing
excessive calcium entry into neurons and NF-kB subunit p52 that prevents nuclear
translocation of RelA (Mehta et al., 2015). Thus, FosDT induction enables REST-mediated
neuronal death following stroke. Other labs showed that Malatl induced after focal ischemia
in cerebral microvessels prevents brain damage by physically binding with proapoptotic
protein Bim and proinflammatory protein E-selectin (Zhang et al., 2017). In addition,
Malatl was shown to prevent apoptosis in an in vitro ischemic model in brain microvascular
endothelial bEnd.3 cells by acting as a ceRNA to sponge miR-205-3p, thus regulating PTEN
expression (Gao and Wang, 2020).

Recent studies showed the role of specific INcRNAs in brain development and disease
processes by testing various INcRNA knockouts. Interestingly, FosDT knockouts showed
normal brain development (Mehta et al., 2021). However, consistent with the role of FosDT
in ischemic brain damage, FosDT knockouts showed significant neuroprotection under
focal ischemia. This indicates that FosDT is dispensable under normal conditions, but its
induction is neurotoxic after CNS insults. Other studies showed that mice that lack Ma/at1
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develop normally, but they develop larger infarct and worsened neurological deficits when
challenged with focal ischemia (Zhang et al., 2012; Zhang et al., 2017). Some IncRNA
knockouts such as Gomafu, Fendrr, Peril, and Mdgt display impaired behavior or postnatal
lethality (Ip et al., 2016; Sauvageau et al., 2013). Mouse lacking Gomafu gene appeared
normal, viable, and fertile but displayed hyperactive behavioral phenotype assessed by
open field test (Ip et al., 2016). Gomafu expression was reported to be downregulated

in the post-mortem brain of schizophrenic patients (Barry et al., 2014). Gomafu acts as

a scaffold for splicing factors QKI and SRSF1 (serine/arginine-rich splicing factor 1) to
regulate alternative splicing of genes related to schizophrenic pathology, including D/ISC
and ERBB4 (Morikawa and Manabe, 2010). Gomafu knockdown induced expression of
DISCI and ERBB4 splice variants in human pluripotent stem cell-derived neurons (Barry et
al., 2014). On the contrary, Fendrrdeletion resulted in perinatal lethality due to defects in
multiple organs, Peril deletion promoted postnatal mortality, and Mdgt deletion resulted in
severe growth retardation phenotype and lethality (Sauvageau et al., 2013). Taken together,
these studies suggest that although some IncRNAs are developmentally dispensable, most
IncRNAs play a role in regulating cellular function during disease conditions.

Circular RNAs

CircRNAs are covalently closed continuous loops formed by either intra-lariat splicing
pathway or back-splicing pathway, most often from the same set of precursor RNAs that
form protein-coding MRNAs (Jeck and Sharpless, 2014; Jeck et al., 2013; Memczak et

al., 2013; Salzman et al., 2012). Due to the lack of defined 5’ caps and 3’ poly-A tails

and resistance to exonucleases, circRNAs are highly stable with a half-life that exceeds 48
hours (Jeck et al., 2013; Zeng et al., 2017). Like IncRNAs, circRNAs are also functionally
diverse and can act as decoys to sponge miRNAs and RNA-binding proteins. The concept
of miRNA sponging by circRNAs was started with the discovery of CDR1as, which
sponges miR-7 (Hansen et al., 2013). CDR1as is formed from the antisense transcript of
the cerebellar degeneration-related protein 1 (CDR1) gene (Hansen et al., 2013). CDR1as
contains >70 binding sites for miR-7, making it a unique example of a miRNA sponge
(Hansen et al., 2013). Another circRNA that sponge miRNAs include sex determines region
Y (SRY) that has 16 putative binding sites for miR-138 and circHIPK3 produced from the
second exon of homeodomain-interacting protein kinase 3 (HIPK3) gene that has binding
sites for several miRNAs including miR-124 (Hansen et al., 2013; Zheng et al., 2016).
Moreover, several circRNAs that are localized in the cell nucleus, including ci-ankrd52,
circEIF3J and circPAIP2, control transcription by interacting with the RNA polymerase 11
(Pol 11) and U1 small nuclear ribonucleoprotein particle (U1snRNP) complex (Li et al.,
2015; Zhang et al., 2013). Some circRNASs are also translated into small proteins or peptides
due to the presence of an internal ribosome entry site (IRES) and a start codon (Legnini et
al., 2017; Pamudurti et al., 2017; Yang et al., 2017b). For example, a cloned circRNA with
GFP* exons was shown to be translated into GFP protein, whereas circ-ZNF609 produces
a peptide that plays a role in myoblast differentiation (Legnini et al., 2017; Wang et al.,
2015). Multiple studies showed that several circRNAs are translated in vivo by associating
with polyribosomes (Legnini et al., 2017; Pamudurti et al., 2017). For example, circMbl3
produces by the mb/locus transcribes a 37 kDa protein enriched in the synaptosomes in the
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Drosophila head (Pamudurti et al., 2017). The circSHPRH encodes a novel 146 amino acid
protein SHPRH and circLINC-PINT encodes an 87 amino acid peptide PINT; both these
suppress cell proliferation and tumorigenesis (Zhang et al., 2018a; Zhang et al., 2018b).
Some of these events are upregulated due to adenosine (m®A) methylation at a specific
consensus motif (RRM®ACH) that is used as an IRES, thereby enabling translation of
circRNAs in a cap-independent manner (Chen et al., 2019; Liu et al., 2014; Wang et al.,
2015; Yang et al., 2017b; Zhou et al., 2017). Although many circRNAs have an abundance
of consensus mBA motifs, a single m8A site is sufficient to initiate translation with the help
of initiation factor elF4G2 and m6A reader YTHDF3, and facilitated by methyltransferases
METTL3/14 (Yang et al., 2017b). In mammals, circRNAs are more abundant in the CNS
than in other organs, where ~20% of the protein-coding genes produce circRNAs (You et al.,
2015). In the rat brain, circRNA levels are low at 2 weeks of age and from then continuously
increase at least up to 26 months (Mahmoudi and Cairns, 2019). This appears essential

for regulating functions such as neurotransmission, neuron maturation and synaptic activity
(Mahmoudi and Cairns, 2019).

Recent studies showed that expression profiles of circRNAs are altered in acute and chronic
disorders like stroke and Alzheimer’s disease (AD) (Duan et al., 2019; Gruner et al., 2016;
Huang et al., 2018; Jiang et al., 2019a; Kumar et al., 2018; Liu et al., 2017; Lukiw, 2013;
Mehta et al., 2017; Mo et al., 2018; Qin et al., 2018; Zhao et al., 2018; Zhou et al.,

2019). Several circRNAs like CDR1as, circSCMH1 circ_002136, circElavl1, circFOXO3,
circHECTD1, circHomerl, circMYLK, circNIgn1, circPTK2, circSHKBP1, circZip-2,
circZNF292, and circZNF609 were reported to regulate functions such as angiogenesis,
apoptosis, autophagy, inflammation, neuronal plasticity during disease processes (Mehta et
al., 2020; Yang et al., 2020). A recent study showed that circSCMHL1 significantly decreased
in the plasma of patients with acute ischemic stroke and plasma and peri-infarct cortex of
mice subjected to photothrombotic stroke (Yang et al., 2020). Replenishing the levels of
circSCMH1 improved motor and cognitive deficits without affecting the infarct size and
thereby facilitated functional recovery by increasing neuronal plasticity, decreasing glial
cell activation, and preventing peripheral Immune cell infiltration in mice and nonhuman
primates subjected to cerebral ischemia (Yang et al., 2020). These mechanisms are directly
regulated by the binding of circSCMH1 to methyl-CpG binding protein 2 (MeCP2) and
thereby regulating the expression of several MeCP2 target genes, including Mobp, 1gfbp3,
FxydIand Prodh (Yang et al., 2020).

CDR1as was shown to be expressed at high levels in the excitatory neurons and regulates
synaptic transmission (Hansen et al., 2013; Memczak et al., 2013; Piwecka et al., 2017;
Yoshimoto et al., 2020). Among the known circRNA biosynthetic pathways, CDR1as is
produced by the back-splicing process and enabled by flanking inverted sequences derived
from highly conserved mammalian-wide interspersed repeat (MIR) sequences (Yoshimoto et
al., 2020). Sponging by CDR1as facilitates the degradation of miR-7 and this controls miR-7
availability, which is crucial in suppressing the expression of pathological a-synuclein
(Hansen et al., 2013; Junn et al., 2009; Kim et al., 2018; Memczak et al., 2013; Zhao et al.,
2016). However, recent evidence indicates that circRNA-dependent miRNA sponge theory
is still evolving (Kristensen et al., 2020; Piwecka et al., 2017). It was reported that mature
miR-7 levels are downregulated in the CDR1as knockout mouse brain, which suggests that
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CDR1as do not inhibit or facilitate the degradation of miR-7. Instead, the lack of CDR1as
led to the downregulation of miR-7 in the brain as it is crucial in regulating miR-7 stability
or transport in neurons (Piwecka et al., 2017). This is supported by the observation that
many of the miR-7 target genes were induced, although CDR1as was not expressed in the
colon cancer samples (Kristensen et al., 2020). This indicates that sequestering of miR-7
from its target genes by CDR1as sponging is not a universal phenomenon (Kristensen et
al., 2020). Together, these results suggest that circRNAs are important regulators of many
pathophysiological mechanisms.

microRNAs

miRNAs are small ncRNAs that bind to the 3'UTR of target mRNAs, thereby suppress

the translation or direct the degradation of target mRNAs (Bartel, 2009). The number of
mature miRNAs in the human reported in miRBase are 1,917 (Alles et al., 2019; Bartel,
2018). Interestingly, more than half of the identified miRNAs express in mammalian neurons
(Cao et al., 2006; De Pietri Tonelli et al., 2014). Expression profiles of the miRNAs alter
extensively after both acute (stroke, traumatic brain injury; TBI, and spinal cord injury; SCI)
and chronic (AD, Parkinson disease; PD, and amyotrophic lateral sclerosis) CNS insults
(Chang et al., 2017; Dharap et al., 2009; Jiang et al., 2019b; Mehta et al., 2020; Sun et al.,
2014). Many studies showed that miRNA dysregulation leads to altered downstream protein
expression that influences neuronal survival during development and disease conditions
(Chandran et al., 2017; Eacker et al., 2009; Juzwik et al., 2019; Li et al., 2018a;
Nowakowski et al., 2018). Studies from our lab showed that post-stroke downregulation

of miR-7, an abundantly expressed miRNA in the brain, aggravates secondary brain

damage by derepressing its target a-synuclein (Kim et al., 2018). Likewise, post-stroke
downregulation of miR-29c promotes ischemic brain damage by derepressing its target
DNA methyltransferase 3a (DNMT3a) and treatment with premiR-29c, or DNMT3a siRNA
decreased the secondary brain damage after focal ischemia in rats (Pandi et al., 2013).

Induction of miR-210-3p in response to acute AMPK activation was shown to decrease
the ribosomal protein S6 kinase (p70S6K) activity in the ischemic mouse brain (Pfeiffer

et al., 2021). The p70S6K is a mitogen-activated Ser/Thr protein kinase that plays a

role in the remote ischemic preconditioning-induced reduction in ischemic injury by
regulating autophagy (Chen et al., 2018). The 3-phosphoinositide dependent protein kinase
1 (PDPKZ1), which phosphorylate p70S6K at Thr389/412, PI3K catalytic subunits PIK3CG
and PIK3C2A, and regulatory subunits PIK3R5 and PIK3R1, necessary for cellular growth
and survival, autophagy and cell cycle progression and phosphatidylinositol 3-kinase
(PTEN), are validated targets of miR-210-3p (Pfeiffer et al., 2021). The treatment with
miR-210-3p mimic following focal ischemia resulted in a concomitant decrease in these
targets in the mouse brain (Pfeiffer et al., 2021). Several other miRNAs induced in the
ischemic brain were also shown to either prevent or promote secondary brain damage. For
example, miR-20a induced after stroke was shown to alleviated brain injury in the rodent
brain by suppressing its target CDH1 (cadherin 1) which promotes neuronal apoptosis (Yang
et al., 2018). Our lab showed that induction of miR-145a represses the antioxidant enzyme
superoxide dismutase-2 (SOD2) following focal ischemia in rats (Dharap et al., 2009).

We further showed that treatment with antagomiR-145a derepressed SOD2 in penumbral
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neurons leading to reduced infarct size in rats subjected to focal ischemia (Dharap et al.,
2009).

Intriguingly, some of the miRNAs show sexually dimorphic responses after stroke. For
example, inhibition of insulin-like growth factor-1 (IGF-1) pathway regulatory miRNAs
such as Let-7f reduced ischemic brain damage in intact female, but not male or
ovariectomized female rats (Selvamani et al., 2012). Similarly, elevated levels of miR-363
were observed in the serum of adult females, but not age-matched males or middle-aged
males and female rats (Selvamani et al., 2012). Surprisingly, middle-aged females, but not
males, showed lower brain damage with improved sensory-motor function and reduced
activity of caspase-3 when treated with miR-363-3p mimic, indicating that miRNA
therapeutics need to be developed to target specific age and/or sex (Selvamani et al.,
2012). It is important to factor-in conditions like environmental enrichment and social
isolation together with age and sex in understanding the post-stroke outcome (Venna

and McCullough, 2015; Venna et al., 2012). Social isolation is a crucial contributor to
increased stroke severity and delayed functional recovery mediated by mechanisms such
as increased inflammation (Venna and McCullough, 2015). Several miRNAs, including
miR-181c-5p, miR-200c-3p, miR-141-3p, and miR-124-5p, were reported to be altered in
the brain following a stroke in socially isolated, aged mice (Verma et al., 2018). Of those,
inhibiting miR-141-3p (remains elevated over two weeks) ameliorated the negative effects
of social isolation on stroke outcome (mortality, infarct volume and neurologic dysfunction)
by derepressing Tgfprl and IGF-1 (Merma et al., 2018). The miRNAs and their targets could
mutually regulate each other. For example, transcription factor peroxisome proliferator-
activated receptor -y (PPAR7y) and miR-145 and miR-329 showed mutual induction in

the cerebral cortex of the rat (Dharap et al., 2015). Hence, miRNAs critically mediate

the pleiotropic beneficial effects of PPARvy agonists, which promote neuroprotection by
modulating genes containing peroxisome proliferator response elements in their promoters
(Dharap et al., 2015). Overall, miRNAs play a regulatory role in neuronal function after
stroke.

LncRNA-miRNA Interactions in CNS

Several studies showed that Argonaute (Ago) complexes contain both InNcRNAs and
miRNAs (Licatalosi et al., 2008; Wang et al., 2013). A strong interaction between INCRNAs
and miRNAs was observed by many studies where an IncRNA acts as a ceRNASs to sponge a
miRNA (Cesana et al., 2011; Deng et al., 2020; Kuai et al., 2021; Liang et al., 2020; Wang
et al., 2020a; Wang et al., 2020b; Wang et al., 2020c; Xiang et al., 2020; Xiao et al., 2019;
Zhang et al., 2019; Zhang and Zhang, 2020). The linc-RoR is a large intergenic IncRNA that
sponges and thus facilitate the degradation of miR-145 (Wang et al., 2013). Linc-RoR shares
MREs with the miR-145 targets Oct4, Sox2, and Nanog that are transcription regulators
essential for human embryonic stem cell maintenance and differentiation. Thus, linc-RoR
sponging prevents miR145-mediated degradation of Oct4, Sox2 and Nanog, suggesting

that linc-RoR acts as a ceRNA in modulating the availability of miR-145 (Cesana et

al., 2011; Wang et al., 2013). Various IncRNAs, including TNF and HNRNPL related
immunoregulatory (THRIL), Zinc finger nuclear transcription factor, X-box binding 1-type
containing 1 antisense RNA 1 (ZFAS1), KCNQ1 overlapping transcript 1 (KCNQ10T1),
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SHNGL16, Malatl, TUG1, Meg3, MIAT, H19, small nucleolar RNA host gene 6 (SNHG6)
act as ceRNAs to sponge miRNAs, and thereby modulate inflammation and apoptosis and
thus secondary brain damage after stroke (Deng et al., 2020; Kuai et al., 2021; Liang

et al., 2020; Wang et al., 2020a; Wang et al., 2020b; Wang et al., 2020c; Xiang et al.,
2020; Xiao et al., 2019; Zhang et al., 2019; Zhang and Zhang, 2020). For example, Malatl
and TUG1 induced after transient focal ischemia control apoptosis by sponging miR-145
and thus preventing suppression of its downstream aquaporin-4 (AQP4), involved in the
regulation of transmembrane water homeostasis and cerebral edema (Shan et al., 2020;
Wang et al., 2020a). Knockdown of AQP4 or Malat1 lessens oxygen-glucose deprivation-
induced injury of astrocytes by improving cell viability and reducing apoptotic cell death
(Jin et al., 2020). Malat1 sponges miR-30a and thus regulates miR-30a target Beclinl
(autophagy-associated protein) in the mouse cerebral cortex after focal ischemia (Guo et
al., 2017). Although autophagy plays a dual role (survival or damaging) following cerebral
ischemia, silencing of Beclinl abolished antimiR-30a-induced neuroprotection following
oxygen-glucose deprivation in Neuro-2a (N2a) cells (Wang et al., 2014). Furthermore,
TUGL upregulated in microglial cells following oxygen-glucose deprivation promoted
microglial M1 to M2 transition and its knockdown reduced expression of pro-inflammatory
cytokines tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) (Shan et al., 2020).
Treatment with a miR-145a inhibitor diminishes these effects of TUGL, indicating that
TUGL acts by sponging miR-145a (Shan et al., 2020).

Furthermore, INcRNA H19 induced after focal ischemia regulates inflammation by
controlling miR-138-5p and thus its downstream target p65 (Li et al., 2020b; Wang et

al., 2017). Knockdown of H19 led to activation of miR-138-5p which promoted cell
proliferation and prevented apoptosis and inflammation by reducing the levels of TNF-a,
IL-1B, and IL-6 mediated by p65 after cerebral ischemia in rats and oxygen-glucose
deprivation in PC12 cells (Li et al., 2020b). Another IncRNA Meg3 aggravated post-
stroke functional dysfunction by alleviating the suppression of semaphorin 3A (Sema3A)
by miR-424-5p (Xiang et al., 2020). Sema3A, which was induced in the ischemic

brain, is a member of the semaphorin family implicated in angiogenesis, formation of
neural networks, and tumorigenesis (Vadasz and Toubi, 2014). Activation of the Sema3A/
Cdc42/INK pathway promotes apoptosis and silencing of Sema3A increased cell viability
and reduced apoptosis following oxygen-glucose deprivation in N2a cells (Xiang et al.,
2020). Interestingly, miR-424-5p was shown to be downregulated in N2a cells following
oxygen-glucose deprivation and treatment with miR-424-5p mimic suppressed Sema3a
(Xiang et al., 2020). Furthermore, Meg3 interacted with miR-424-5p, leading to increased
apoptosis by derepressing Sema3A following focal ischemia in mice (Xiang et al., 2020).
Overall, these studies indicate that InNcRNAs interact with miRNAs, and thus control the
unidirectional regulation of MRNAs by miRNAs. This further highlights the prevalence of a
highly coordinated ncRNA system that regulates neuronal function in health and diseases.

circRNA-miRNA interactions in the CNS

CDR1as was the first circRNA identified to contain an unusually high number of conserved
binding sites for miR-7, indicating the possibility of a circRNA regulating the activity of
a miRNA (Hansen et al., 2013; Memczak et al., 2013). Both human and rodent brains
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show a high abundance of CDR1as and miR-7 (Hansen et al., 2013; Kim et al., 2018).

The CDR1as/miR-7 complex was shown to be widely associated with Ago in the mouse
brain (Hansen et al., 2013). CDR1as sponging was thought to neutralize as well as transport
miR-7 to different locations in the body. While CDR1as is an extreme example with ~70
miR-7 binding sites, several other circRNAs like circTLKZ1, circTTC3, circDLGAP4 also
sponge MiRNAs even with single miR binding sites (Duan et al., 2018; Lei et al., 2019; Li
and Diao, 2019; Wang et al., 2018; Wu et al., 2019). In CNS, circRNA/MRNA networks are
thought to play a critical role in regulating neuronal plasticity, synaptogenesis, and neuronal
differentiation under normal conditions, and apoptosis and inflammation under pathologic
conditions (Bai et al., 2018; Chen et al., 2020; Dai et al., 2021; Han et al., 2018; Jiang et al.,
2019a; Mehta et al., 2017; Wang et al., 2019; Wu et al., 2019; Yang et al., 2021; Zhao et al.,
2020). CircRNA CDR1as is one of the best examples where its loss dampens the neuronal
activity and causes defects in neuropsychiatric behavior in mice by deregulating miR-7,
suggesting that CDR1as is crucial in mediating synaptic transmission (Piwecka et al., 2017).
In pathological conditions, for example, circTLK1 induction aggravates ischemic brain
damage in mice by suppressing miR-335-3p and derepressing 2,3,7,8-tetrachlorodibenzo-p-
dioxin-inducible poly ADP-ribose polymerase that mediates DNA repair and cell death (Wu
et al., 2019). Similarly, circTTC3 targets Toll-like receptor 4 by sponging miR-372-3p, and
thereby promotes post-stroke brain damage in mice (Yang et al., 2021).

Among various circRNAs altered after TBI, circLrplb showed significant upregulation

in the rat brain (Xie et al., 2018). CircLrplb binds to miR-27a, which was observed to

be downregulated after TBI leading to activation of proapoptotic Bcl-2 family proteins
Puma, Noxa, and Bax (Sabirzhanov et al., 2014). Additionally, DNA damage-regulated
autophagy modulator 2 (Dram2), a target of miR-27a-3p, showed a positive correlation
with the circLrplb in the post-TBI rat brain (Li et al., 2020a). Mechanistically, circLrplb
upregulation derepressed Dram?2 by sponging miR-27a-3p to promote autophagy following
TBI, and this was reversed by miR-27a-3p inhibition (Li et al., 2020a). circRNA-2960,
which was observed to be significantly induced after SCI, contributes to secondary damage
by sponging miR-124 (Chen et al., 2021). Treatment with miRNA-124 agomir or a plasmid
that interferes with circRNA-2960 promoted recovery after SCI (Chen et al., 2021). These
studies indicate that circRNAs play a crucial role in determining the outcome following
acute CNS injury.

In the AD brain, circ_0000950 promotes neuronal apoptosis and inflammation and
suppresses neurite outgrowth by sponging miR-103 (Yang et al., 2019). Interestingly, a
recent study proposed the comprehensive circRNA-associated ceRNA networks comprised
of 235 circRNAs, 30 miRNAs and 1,202 mRNAs that were dysregulated in the brain of
the APP/PS1 mouse model of AD (Ma et al., 2019). The circRNAs also influence the
neuronal function in PD (Feng et al., 2020). For example, circDLGAP4 was observed

to be downregulated in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
PD in mouse and MPP*-treated human neuroblastoma cell line SH-SY5Y and mouse
dopaminergic neuronal cell line MN9D (Feng et al., 2020). The circDLGAP4 sponges
miR-134-5p, which was known to be induced in PD and suppresses the expression of
CREB (Feng et al., 2020). The circDLGAP4/miR-134-5p/CREB signaling influences the
expression of CREB target genes including BDNF, Bcl-2, and PGC-1a, and thereby
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modulates neuronal function (Feng et al., 2020). Together, these findings suggest that
circRNA-miRNA interactions influence the pathophysiological signaling in the brain during
acute and chronic neurological disorders.

Crosstalk of circRNA, miRNA and IncRNA in CNS

Recent studies indicated that crosstalk among various classes of NcRNAs acts as an
additional layer of gene regulation (Kleaveland et al., 2018; Tay et al., 2014). In CNS,

these interactions are highly prevalent. Particularly, a network of ncRNAs comprised of
IncRNAs and circRNAs target miRNAs and modulate the downstream effects under normal
as well as pathological states (Kleaveland et al., 2018). An example of such a network is the
interaction between the IncRNA Cyrano and the circRNA CDR1as to regulate the activity

of miR-7 (Fig. 2), and thereby repression of its downstream mRNAs like a-synuclein

(Kim et al., 2018; Kleaveland et al., 2018; Piwecka et al., 2017). As a-synuclein promotes
neurodegeneration, this has major implications in various CNS disorders. Following focal
ischemia, miR-7 downregulation derepress a-synuclein leading to secondary neuronal
damage (Kim et al., 2018). Interestingly, CDR1as knockout mice showed downregulation of
mature miR-7 in CNS, but not in peripheral organs (Piwecka et al., 2017). Hence, sponging
of miR-7 by CDR1as seems to be crucial for the stability and/or transport of miR-7 to enable
increased repression of its target genes in CNS (Hansen et al., 2013; Kleaveland et al., 2018;
Kristensen et al., 2020; Piwecka et al., 2017). CDR1as is abundant in both human and mouse
brains, where it is expressed in excitatory neurons, but not astrocytes and oligodendrocytes
(Piwecka et al., 2017).

CDRL1 as is known to be downregulated in CNS diseases like stroke and PD leading to
failure of degradation or sequestration of miR-7 from binding to its target genes (Kristensen
et al., 2020; Lukiw, 2013; Piwecka et al., 2017). This, in turn, leads to the derepression

of miR-7 target genes like a-synuclein, Fos, Nr4a3, Irs2 and KIf4, promoting neuronal
damage and functional dysfunction (Kleaveland et al., 2018). The miR-7 levels are reported
to decrease during both acute (stroke) and chronic (PD) disorders and correlate with the
induction of a-synuclein (Kim et al., 2016; Kim et al., 2018; McMillan et al., 2017). In
addition to CDR1as, miR-7 is also regulated by IncRNA Cyrano, which promotes miR-7
degradation through a target-directed miRNA degradation (TDMD) mechanism (Kleaveland
et al., 2018; Shi et al., 2020). The complementarity between miRNA and target RNA

is critical for the degradation process. The miRNAs are very stable in the RNA-induced
silencing complex when the pairing between miRNA and mRNA is only partial (Shi et al.,
2020). However, binding of an IncRNA leads to 3’ trimming, tailing and degradation of
miRNA because of comprehensive, complete pairing (Kleaveland et al., 2018; Shi et al.,
2020). An example is miR-7 which will be degraded by binding to Cyrano that has a single
highly conserved miR-7 binding site of unusually high complementarity that promotes
TDMD-induced tailing and trimming of miR-7 (Kleaveland et al., 2018; Shi et al., 2020).
Recently it was shown that the ZSWIM8 Cullin-RING E3 ubiquitin ligase is required for
TDMD. The extensive pairing of Cyrano at the 3’ region of miR-7 induces a conformational
change that is recognized by ZSWIMS8 ubiquitin ligase. Thus, the ligase polyubiquitinates
the Ago protein causing its proteolysis by the 26S proteasome, thereby exposing the miRNA
to cytoplasmic nucleases (Shi et al., 2020).
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Cyrano is a conserved IncCRNA that expresses 5-10-fold higher in the brain and muscle

than the rest of the body organs of the mouse (Kleaveland et al., 2018). Although Cyrano
knockout did not affect body weight, motor function behavior, and survival of mice, it led
to increased miR-7 levels and repression of miR-7 target genes (Kleaveland et al., 2018).
Similar results were also reported in K562 human cells, where Cyrano reduction due to
CRISPRi-mediated inhibition of transcription led to a specific increase in miR-7, indicating
that regulation of miR-7 by Cyrano is conserved (Kleaveland et al., 2018). Thus, a network
of ncRNA seems to be an additional regulatory layer in preventing anomalies in physiologic
function by fine-tuning the gene expression.

Challenges, perspectives, and future goals

The ncRNAs are thought to contribute to the complexity of brain functions and their changes
were shown to modulate pathologies, including stroke and chronic neurodegenerative
diseases. Hence, the therapeutic potential of several ncRNAs is being evaluated extensively.
An example of a promising candidate is the antimiR-122 miravirsen which is in

clinical trials for hepatitis C (Gebert et al., 2014; Janssen et al., 2013). In addition

to their individual roles, crosstalk between various types of ncRNAs complicates the

brain pathologies. Hence, studying their interactions, such as INCRNA-mMiRNA, circRNA-
miRNA, and IncRNA-miRNA-circRNA networks, in regulating mRNAs and modulating
neuropathology is challenging (Zhang et al., 2020). Computational curation of conserved
complementary seed sequences has been widely utilized to predict ncRNA interactions to
identify the ncRNAs and mRNAs that share MREs so that they can be simultaneously
targeted (Fukunaga and Hamada, 2017; Fukunaga et al., 2019; Li et al., 2018b). Algorithms
such as TargetScan and miRanda are effectively employed to detect ncRNA interactions in
ceRNA networks (Li et al., 2018b; Tay et al., 2014). The predicted networks are further
experimentally confirmed using crosslinking immunoprecipitation (CLIP) with antibodies
against argonaute, a component of the RNA-induced silencing complex (RISC) and by
high-throughput sequencing following CLIP (HITS-CLIP), photoactivatable-ribonucleoside-
enhanced CLIP (PAR-CLIP), and crosslinking, ligation, and sequencing of hybrids
(CLASH) to identify the novel RNA interacting partners (Hao et al., 2016; Li et al., 2014;
Zhang and Yang, 2018).

The interactions between ncRNAs (IncRNAs, miRNAs, and circRNAs) form multi-
dimensional networks that respond to a variety of endogenous and exogenous stimuli such as
energy deprivation and changes in reactive oxygen species (ROS), cytokines, hormones, and
growth factors during ischemic stroke or head trauma. The majority of the ncRNA networks
remain inactive due to the dosing effect as various classes of RNAs can interact only when a
RNA reaches a certain threshold of expression. Examples of this phenomenon are INCRNAs
FosDT and Malat1, which are dispensable for development, but crucial in shaping the
post-stroke functional outcome (Mehta et al., 2021; Zhang et al., 2012; Zhang et al., 2017).
This is further complicated by the epigenetic components that interact spatiotemporally and
impart inter-individual heterogeneity to the disease outcome. Evaluating ncRNA regulation
and the downstream effects of their interactions in various pathologic conditions helps to
develop effective RNA therapeutics. However, recently identified epitranscriptomic RNA
modifications such as m8A, which regulates splicing, degradation and translation, increased
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the complexity of the RNA therapeutic strategy (Chokkalla et al., 2020, 2021). This is

highly pertinent for CNS as epitranscriptomic modifications are in high abundance in the
brain and have a role in activity or stress-dependent gene expression (Chokkalla et al.,

2019; Chokkalla et al., 2020, 2021). Furthermore, the off-target effects of RNA regulatory
networks necessitate careful examination to determine their potential efficacy in treating
brain pathologies. This is especially important when a network involves a miRNA that
targets mMRNAs (Peter, 2010). To overcome the challenges posed by ncRNA crosstalk, it

is crucial to figure out the critical component RNA in the network, cellular localization

and the changes in the expression of various RNAs by a disease process. For example,
Malatl extensively expresses in the normal human brain and upregulates in tumors and
neurodegenerative diseases, implying that it might be the regulatory RNA of the network (Fu
et al., 2020; Tano et al., 2010; Zhang et al., 2017). An example of cell-specific nNcRNA is the
brain-enriched circRNA CDR1as, expressed at high levels predominately in the soma and
neurites of excitatory neurons but not in glial cells (Piwecka et al., 2017). CDR1as is thought
to play a functional role in maintaining the stability and transport of miR-7 in neurons
(Kristensen et al., 2020; Piwecka et al., 2017). Further studies to uncover the intricacies

of ncRNA networks will lead to a better understanding of brain pathophysiology and new
therapeutic targets.

Conclusions

Despite extensive studies in the past decade, the ncRNA field is still evolving and presenting
new avenues to configure their efficient role in regulating brain function. Among various
ncRNA classes, INcCRNAs, circRNAs, and miRNAs appear to shape gene and protein
expression profiles directly or indirectly during brain development and disease conditions.
Furthermore, by MREs with either partial or complete complementarity, ncRNAs closely
interact with one another, resulting in sequestering and preventing miRNASs from acting on
MRNAs. Interaction of INCRNAs and circRNAs could also facilitate the decay of miRNAs.
Several factors, such as the existence of multiple MREs in a target’s 3" UTR, the ability

of multiple MREs to function alone or cooperatively, the ability of a single miRNA

to control multiple targets, and the specific spatial-temporal distribution determining the
overall sponging effects may complicate this crosstalk. The circRNAs may sponge miRNA
to stabilize and transport them, thereby influencing their spatial neuronal function. Recent
studies suggest that INcCRNA-miRNA-mRNA or circRNA-miRNA-mRNA dynamic networks
exist in the brain to fine-tune neuronal gene expression. More importantly, crosstalk between
IncRNASs and circRNAs plays a critical role in regulating the activity of miRNAs, thereby
positively or negatively influencing gene function. This shows an additional molecular layer
regulating genomic function that can significantly affect post-transcriptional gene regulation
during multiple pathophysiological conditions. However, more studies are needed to find
various ncRNA networks that can be targeted to develop future RNA therapeutics.
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Highlights

. The mammalian brain abundantly expresses several classes of noncoding
RNAs (ncRNAs), including long ncRNAs, circular RNAS, and microRNAS.

. The ncRNAs regulate transcription and translation by scaffolding, sponging
and epigenetic modifications.

. The ncRNASs form networks by interacting through miRNA response
elements.

. The ncRNA crosstalk fine-tunes the genomic changes and thus regulates CNS
pathophysiologic function.
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The miRNA response elements (MRESs)-mediate crosstalk between coding and non-coding
transcripts. Different classes of ncRNAs such as IncRNAs and circRNAs with MREs act
as competing endogenous RNAs (ceRNAS). Their interaction with miRNAs regulates the
expression of target mMRNAs. This crosstalk plays a central role in CNS pathophysiology.
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Fig. 2.
CircRNA CDR1as stabilizes, whereas IncRNA Cyrano triggers miR-7 degradation in the

CNS. Cyrano has a complete complementarity to miR-7 that promotes target-directed
miRNA degradation of miR-7. On the contrary, circRNA CDR1as sponges miR-7 and
mediates its intracellular transport.
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Table 1.

The ncRNA networks that play a role in CNS

Network

Putative Function

Linc-RoR/miR-145

Malatl or TUG1/miR-145
H19/138-5p
Meg3/miR-424-5p
CDR1as/miR-7
circTLK1/miR-335-3p
circTTC3/miR-372-3p
circLrplb/miR-27a

CircRNA-2960/miR-124
circ_0000950/miR-103

circDLGAP4/miR-134-5p

CDR1as/miR-7/Cyrano

Human embryonic stem cell maintenance and differentiation by targeting transcription regulators Oct4, Sox2, and
Nanog (Cesana et al., 2011; Wang et al., 2013)

Controls apoptosis by regulating aquaporin-4 following stroke (Shan et al., 2020; Wang et al., 2020a)
Regulates apoptosis & inflammation by targeting p65 after stroke (Li et al., 2020b; Wang et al., 2017)
Regulate apoptosis by Sema3A/Cdc42/INK pathway (Xiang et al., 2020)

Regulate neuronal activity (Hansen et al., 2013; Piwecka et al., 2017)

Aggravates ischemic brain damage by derepressing TIPARP (Wu et al., 2019)

Promotes post-stroke brain damage in mice by targeting TLR4 (Yang et al., 2021)

Promotes apoptosis following TBI by activating Bcl-2 family proteins Puma, Noxa, and Bax (Sabirzhanov et al.,
2014; Xie et al., 2018)

Contributes to secondary damage after SCI (Chen et al., 2021)

Promote neuronal apoptosis and inflammation and suppresses neurite outgrowth in the AD brain (Yang et al.,
2019)

Suppresses CREB and CREB target genes including BDNF, Bcl-2, and PGC-1a to modulates neuronal function in
PD (Feng et al., 2020)

Regulate miR-7 genes like a-synuclein, Fos, Nr4a3, Irs2 and KIf4 (Kim et al., 2018; Kleaveland et al., 2018;
Piwecka et al., 2017)

2,3,7,8-tetrachlorodibenzo-p-dioxin-inducible poly (ADP-ribose) polymerase, TIPARP; Toll-like receptor 4, TLR4.

Neurochem [nt. Author manuscript; available in PMC 2022 October 01.



	Abstract
	Introduction
	Long noncoding RNAs
	Circular RNAs
	microRNAs
	LncRNA-miRNA Interactions in CNS
	circRNA-miRNA interactions in the CNS
	Crosstalk of circRNA, miRNA and lncRNA in CNS
	Challenges, perspectives, and future goals
	Conclusions
	References
	Fig. 1.
	Fig. 2.
	Table 1.

