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Abstract

Accumulating evidence indicates that various classes of non-coding RNAs (ncRNAS) including
microRNAs (miRNAs), PIWI-interacting RNAs (piRNAs) and long non-coding RNAs (IncRNAS)
play important roles in normal state as well as the diseases of the CNS. Interestingly, nCRNAs
have been shown to interact with messenger RNA, DNA and proteins, and these interactions could
induce epigenetic modifications and control transcription and translation, thereby adding a new
layer of genomic regulation. The ncRNA expression profiles are known to be altered after acute
CNS injuries including stroke, traumatic brain injury and spinal cord injury that are major
contributors of morbidity and mortality worldwide. Hence, a better understanding of the functional
significance of ncRNAs following CNS injuries could help in developing potential therapeutic
strategies to minimize the neuronal damage in those conditions. The potential of ncRNAs in blood
and CSF as biomarkers for diagnosis and/or prognosis of acute CNS injuries has also gained
importance in the recent years. This review highlighted the current progress in the understanding
of the role of ncRNAs in initiation and progression of secondary neuronal damage and their
application as biomarkers after acute CNS injuries.
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Introduction

In the post-genome sequencing era, it has become increasingly evident that a large portion of
the transcriptional output (~98%) do not code for proteins, but instead constitutes various
classes of housekeeping non-coding RNAs (ncRNASs) such as ribosomal RNAs (rRNAS),
transfer RNAs (tRNAs), and small nuclear RNAs (snRNAs), as well as regulatory ncRNAs
including microRNAs (miRNAs), PIWI-interacting RNAs (piRNASs) and long non-coding
RNAs (IncRNAs). While the essential nature of rRNAs and tRNAs in protein translation is
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known for several decades, the physiologic functions of other ncRNAs are mostly unknown
and hence they were previously considered as transcriptional noise. However, recent studies
show that they are an outcome of pervasive transcription (Wade and Grainger, 2014; Birney
et al., 2007) and control many functions including epigenetic modifications, transcriptional
and translational regulation, and RNA and protein scaffolding, and thus adds a new layer of
genomic regulation (Schmitz et al., 2016; Peschansky and Wahlestedt, 2014; Rinn and
Chang, 2012; Qureshi and Mehler, 2012). Recent studies also showed that both acute and
chronic injuries to CNS alter ncRNA expression and function (Dharap et al., 2009; Dharap
et al., 2010; Dharap et al., 2011; Dharap et al., 2012; Nelson and Wang 2010; Thome et al.,
2016; Wang et al., 2011b). This review briefly highlights the current knowledge of the role
of ncRNAs in the pathophysiology of acute CNS injuries.

Acute CNS injuries including stroke rapidly changes the expression of protein-coding genes
that regulate various processes such as excitotoxicity, oxidative stress, endoplasmic
reticulum stress, inflammation, autophagy, apoptosis, neurogenesis and angiogenesis that
synergistically promote neuronal death and/or plasticity after an injury (Lu et al., 2004;
Schmidt-Kastner et al., 2002; Sharp et al., 2011). Secondary brain damage and neurologic
dysfunction seen after other acute CNS injuries like traumatic brain injury (TBI), spinal cord
injury (SCI) and subarachnoid hemorrhage (SAH) are also linked to many of these
pathologic mechanisms. Hence, a better understanding of the roles of various classes of
ncRNAs mediating the pathophysiological mechanisms associated with acute CNS injuries
can help in designing much effective therapeutic agents for treating them.

MicroRNAs

The miRNAs are a highly conserved class of ncRNAs, ~22 nucleotide long and function by
binding to the 3' untranslated regions (3'UTRs) of mMRNASs by complementary base pairing.
This interaction allows inhibition of protein synthesis by either mRNA degradation by
complete base pairing or transient translational arrest by incomplete base pairing. The
miRNA-dependent post-transcriptional gene silencing is complex as individual miRNASs can
target many mRNAs and an individual mMRNA may contain binding sites for multiple
miRNAs. This unique feature allows a strong control of gene expression networks to
regulate almost any biological process including cellular differentiation and maintenance,
neurogenesis, apoptosis, inflammation and oxidative stress during development and diseases
(Neo et al., 2014; Zhao et al., 2013a; Zeng et al., 2014a; Chen et al., 2014; Jadhav et al.,
2014; Liu et al., 2015c¢; Varga et al., 2013). Interestingly, studies have shown that gene
disruption of the miRNA processing machinery such as Dicer and DGCRS results in
lethality showing the essential nature of miRNAs for life (Bernstein et al., 2003; Wang et al.,
2007).

MicroRNAs and post-stroke pathophysiology

We and others have shown that transient focal ischemia in experimental rodents leads to

changes in global expression of cerebral and vascular miRNAs (Zhu et al., 2014; Lusardi et
al., 2014, Gubern et al., 2013; Dharap et al., 2009; Jeyaseelan et al., 2008; Liu et al., 2010).
Bioinformatic analysis showed that the miRNAs altered after stroke target the translation of

Neurochem Int. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandran et al.

Page 3

proteins that modulate inflammation, excitotoxicity, oxidative stress, endoplasmic reticulum
stress, autophagy and apoptosis after experimental stroke (Dharap et al., 2009; Liu et al.,
2015a).

Apoptosis plays a major role in tissue loss in ischemic lesions. The existence of a
therapeutic time window between the onset of stroke and loss of brain tissue surrounding the
ischemic site due to apoptosis makes it a very attractive target for stroke therapy (Woodruff
et al., 2011; Broughton et al., 2009). Many studies evaluated the role of miRNAs in post-
stroke neuronal apoptosis (Fig. 1). For example, miR-210 was found to mediate
neuroprotective actions of vagus nerve stimulation (VNS) in a rodent model of transient
middle cerebral artery occlusion (MCAO) by targeting anti-oxidant and anti-apoptotic
components (Jiang et al., 2015). In a hypoxia-ischemia (HI) rat model (ligation of the right
common carotid artery followed by a 2.5h exposure to hypoxia), miR-139-5p was shown to
target human growth and transformation dependent protein (HGTD-P) which is a promoter
of neuronal apoptosis (Qu et al., 2014) (Fig. 1). Downregulation of miR-139-5p was also
observed in rat cortical neurons subjected to oxygen-glucose deprivation (OGD) as well as
in rat brain after HI (Qu et al., 2014). Treatment with agomiR-139-5p decreases cerebral
HGTD-P expression and infarct volume in adult rats following HI (Qu et al., 2014). The
widely known anti-apoptotic protein B-cell lymphoma-2 (Bcl2) was found to be a target of
miR-181a following stroke in a rodent model of forebrain ischemia (Ouyang et al., 2012).
Pre-treatment with antagomiR-181a led to a significant decrease in hippocampal neuronal
death along with an increase in Bcl-2 levels following forebrain ischemia (Moon et al.,
2013). Replenishing the levels of miR-9 which were downregulated in the brains of adult
mice following transient MCAQO was shown to prevent neuronal apoptosis by targeting
proapoptotic Bel-2-like 11 (Bcl2111) leading to reduced behavioral deficits, smaller
infarction and decreased edema (Wei et al., 2015) (Fig. 1). Another study found that there is
a decrease in the levels of miR-99a in the plasma of stroke patients, and increasing its level
decreases the secondary brain damage in a mouse MCAQO model by preventing apoptosis
(Tao et al., 2015). The neuroprotective potential of miR-99a was further validated by in vitro
studies that showed that miR-99a alleviates hydrogen peroxide-induced oxidative stress and
apoptosis. Further studies linked the neuroprotection afforded by miR-99a to targeting and
decreasing the levels of cyclin D1 and cyclin-dependent kinase 6 (CDK®) expression in both
in vitro and in vivo ischemia conditions that attenuates cell cycle progression leading to anti-
apoptotic actions (Tao et al., 2015) (Fig. 1). The miR-479 has also been identified as an
apoptosis-related miRNA that inhibits the expression of anti-apoptotic proteins Bcl-2 and
Bcl-w and contribute to post-ischemic neuronal damage in mouse N2A cells after OGD.
Inhibition of this particular miRNA increases the levels of Bcl-2 and Bcl-w leading to a
decline in ischemic damage indicated by a decreased infarct volume and neurological deficit
score (Yin et al., 2010a).

Several miRNAs were also shown to influence autophagy after stroke (Fig. 1). In particular,
miR-30a was found to be significantly downregulated following 1h MCAQ/24h reperfusion
in mouse cerebral cortex and in mouse N2A neuroblastoma cells after 1h OGD/6-48h
reoxygenation with a concomitant increase in levels of Beclin-1, an autophagy-signature
protein. Treatment with antagomiR-30a decreased OGD-induced cell death in vitro and post-
ischemic infarction and neurological deficits in vivo and thus an increase in Beclin-1

Neurochem Int. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandran et al.

Page 4

expression was linked with improvement in post-stroke outcome in both in vitro and in vivo
conditions (Wang et al., 2014a). The miR-207 was shown to control autophagic cell death
after ischemia by downregulating the expression of lysosomal-associated membrane protein
2 (LAMP?2). Treatment with a miR-207 mimic decreased LAMP2 expression, lysosome
count, infarct volume and improved the neurological function in rats after transient focal
ischemia (Tao et al., 2015).

Glutamate excitotoxicity is another major promoter of ischemic brain damage (Kostandy et
al., 2012). Focal ischemia in adult rats increased miR-107 expression and repression of its
target glutamate transporter-1 (GLT-1) (Yang et al., 2014). This decrease in GLT-1 levels
leads to a delay in the clearance of the released glutamate from the synaptic cleft leading to
excitotoxic neuronal death. Further studies showed that treatment with miR-107 inhibitor
attenuated the downregulation of GLT-1 protein expression in cultured neural cells subjected
to hypoxia/reoxygenation (Yang et al., 2014) (Fig. 1).

Microglial activation is a widely observed response after stroke that promotes inflammation
and thus aggravates ischemic brain damage (Taylor et al., 2013). A recent study showed that
intracerebroventricular administration of miR-424 mimic prevented microglial activation
leading to decreased infarct volume and brain edema after transient MCAO in adult mice
(Zhao et al., 2013b) (Fig. 1). Decreased levels of let-7c-5p was observed in the plasma of
stroke patients as well as in the plasma and brain of mice subjected to transient focal
ischemia (Ni et al., 2015). When let-7c-5p was overexpressed, levels of caspase-3 were
decreased leading to reduced microglial activation, decreased infarct volume and
neurological deficits after focal ischemia (Ni et al., 2015) (Fig. 1). The lesser known role of
caspase-3 in regulating microglial activation without triggering cell death through a protein
kinase C dependent pathway might have played a role in this particular response (Burguillos
etal., 2011). Replenishing miR-122 levels by intravenous administration of a miR-122
mimic was shown to reduce neurological deficits, infarct volume and ICAM-1 expression
together with downregulation of direct and indirect target genes and maintenance of vascular
integrity in a rat model of focal ischemia by acting on blood leukocytes rather than the brain
tissue directly (Liu et al., 2016a) (Fig. 1). A combination therapy of VELCADE and tissue
plasminogen activator was found to provide neuroprotection in aged rats after stroke by
simultaneously upregulating miR-146a and inactivating toll-like receptor signaling pathway
(Zhang et al., 2012a) (Fig. 1).

Our lab had identified miR-29c to directly target DNA methyltransferase 3a (DNMT3a)
which was found to mediate neuronal cell death in PC12 cells subjected to OGD. Also,
treatment with premiR-29¢c and DNMT3a siRNA decreased infarct volume post stroke
indicating the importance of this miRNA-target relationship in regulating stroke-associated
neuronal cell death (Pandi et al., 2013). Histone deacetylase inhibition by valproic acid is
known to protect the post-stroke brain (Wang et al., 2011c). Two miRNAs, miR-331 and
miR-885-3p were shown to be responsible for valproic acid-induced neuroprotection after
ischemia by modulating their predicted targets associated with several networks including
immune cell trafficking, neuronal cell death, synaptic depression and branching of neurites
(Hunsberger et al., 2012). Although not directly related to stroke, Duan et al. (2014) showed
that hyperglycemia leads to decreased expression of platelet miR-223 and miR-146a, and
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this in turn triggers platelet dysfunction and subsequent risk for onset of ischemic stroke.
Many miRNAs were also shown to protect the brain and promote plasticity and regeneration
by modulating neurogenesis and angiogenesis (Madathil et al., 2011; Selvamani et al. 2012;
Shi et al., 2010) (Fig. 1). Inhibiting let-7f with an antagomiR was shown to protect the post-
ischemic brain by increasing insulin-like growth factor-1 (IGF-1) levels (Selvamani et al.
2012). IGF-1 is a potent promoter of neurogenesis in normal and post-stroke brain. MiR-210
was found to increase post-stroke angiogenesis in a rat model of transient focal ischemia by
activating the Notch signaling pathway involved in blood vessel formation (Lou et al., 2012).
MiR-210 was upregulated following ischemic stroke and overexpression of this miRNA in
vitro showed an increase in angiogenesis as well as the levels of Notch-1. The other target
genes of miR-210 like ephrin A3 and hypoxia-inducing factor-1a might also be involved in
blood vessel formation (Lou et al., 2012) (Fig. 1). A similar study indicated the role of
miR-376b-5p in regulating the HIF-1a-mediated vascular endothelial growth factor
(VEGF)/Notch1l signaling pathway following permanent MCAQ in rats (Li et al., 2014a)
(Fig. 1). MiR-487b that was found to be increased in the plasma of ischemic stroke patients
is also a modulator of angiogenesis. Transfection of miR-487b in human umbilical vein
endothelial cells increased their proliferation, migration, invasion and tube formation and
expression of thrombospondin-1, which is an endogenous inhibitor of angiogenesis (Feng et
al., 2015a) (Fig. 1). A similar link between a stroke-related miRNA and angiogenesis was
shown in case of miR-155. Increased stabilization of blood vessels was observed to be
regulated by miR-155 through its target protein Ras homolog enriched in brain in a distal
MCAO mouse model (Caballero-Garrido et al., 2015) (Fig. 1). Another recent study showed
that miR-107 induced in the ischemic boundary zone after permanent MCAO targets Dicer-1
leading to translational resulting in upregulation of endothelial cell-derived VEGF
(VEGF165/VEGF164) that contributes to enhanced angiogenesis (Li et al., 2015). The
neuroprotective action of peroxisome proliferator-activated receptor 6 (PPARS) in
controlling ischemia-induced cerebrovascular damage was found to be an outcome of its
inhibition of the pro-apoptotic miR-15a. Decrease in miR-15a expression in turn leads to
increase in the levels of anti-apoptotic Bcl-2 that protects blood vessel integrity indicated by
a reduction in caspase-3 activity, decreased Golgi fragmentation and reduced cell death (Yin
etal., 2010b) (Fig. 1).

MicroRNAs and ischemic preconditioning

A short duration ischemia that doesn't kill neurons induces tolerance against a subsequent
damaging ischemic insult. This phenomenon is known as preconditioning (PC)-induced
ischemic tolerance is a consequence of multiple molecular mechanisms that include
induction of protein chaperones, anti-oxidant enzymes, anti-inflammatory and anti-cell death
pathways simultaneously to synergistically prevent ischemic cell death (Thompson et al.,
2013; Stetler et al., 2014; Sisalli et al., 2015). In addition, ncRNAs are also thought to
contribute to the PC-induced epigenetic reprogramming that convert ischemic intolerance to
ischemic tolerance (Dharap et al., 2010; Lusardi et al., 2010). Many studies have shown that
PC alters miRNA expression in rodent brain (Dharap and Vemuganti., 2010; Lee et al.,
2010; Lusardi et al., 2010; Liu et al., 2012; Cao et al., 2012; Shi et al., 2013; Peng et al.,
2013; Tripathi et al., 2014; Shin et al., 2014; Sun et al., 2015a; Vartanian et al., 2015; Feng
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et al., 2015b; Keasey et al., 2016). The window of maximal tolerance after ischemic PC is
known to be 3 days. Our lab showed that many miRNAs alter in adult rat brain as early as 6h
after PC and several of the changes sustain at least up to 3 days indicating their significance
in promoting ischemic tolerance (Dharap and Vemuganti, 2010). Our studies showed
upregulation of miRNAs like miR-374, miR-98, miR-340-5p, miR-21 and downregulation
of miRNAs like miR-466¢, miR-292-5p, miR-328, miR-873 following PC that modulate
pathways like Notch signaling, ubiquitin-proteasomal system, gap junction proteins and
nicotinamide adenine dinucleotide (NAD) metabolism that promote ischemic tolerance.

A previous study showed differential cerebral miRNA expression profiles between PC (15
min MCAQ), ischemia (60 min MCAO) and ischemia followed by PC (15 min MCAQO
followed by a 60 min MCAO after 3 days) in adult mice (Lusardi et al., 2010). This study
showed that PC decreases the levels of miR-132 concomitantly increasing the levels of its
target methyl-CpG binding protein 2 (MeCP2) which is a transcriptional regulator. MeCP2
is thought to promote the PC-induced ischemic tolerance as MeCP2 knockout mice showed
increased neuronal death compared to wild type controls when subjected to focal ischemia
following PC (Lusardi et al., 2010). OGD-induced PC in hippocampal neurons showed.
Increased expression of mMiRNAs miR-9, miR-21, miR-29b and miR-132 that were thought
to be responsible for the ischemic tolerance (Keasey et al., 2016). This study is in contrast
with the in vivo study by Lusardi et al., (2010). These authors thought that the upregulation
of miR-132 mediates neuronal survival probably by targeting p250GAP, a Rho GTPase that
decreases neuronal survival and by targeting MeCP2-mediated suppression of the expression
of the neuroprotective BDNF (Keasey et al., 2016).

Hibernation in rodents is known to provide ischemic tolerance and during this phase
expression levels of the miRNAs of miR-200 and miR-182 families were shown to be
decreased leading to increased expression of the small ubiquitin-like modifier (SUMO)
proteins which belongs to the ubiquitin-like protein modifier (ULM) family that promotes
ischemic tolerance (Lee et al., 2012). Furthermore, inhibiting these miRNAS increased
global protein SUMOylation that is thought to be critical for ischemic tolerance (Lee et al.,
2012). Many pharmacological agents including 3-nitropropionic acid, lipopolysaccharide,
estrogen, resveratrol and volatile anesthetics like isoflurane and sevoflurane are known to
induce ischemic tolerance (Bracko et al., 2014; Vartanian et al., 2011; Raval et al., 2016;
Koronowski et al., 2015; Lopez et al., 2016; Yan et al., 2016; Wang et al., 2011a). MiRNAs
were thought to mediate the ischemic tolerance by some of these agents. Neuroprotection
induced by morphine PC preceding an ischemic insult in primary cortical neurons was
linked to the downregulation of miR-134 (Meng et al., 2016). Similarly, sevoflurane PC
against a 6h hypoxic injury in PC12 cells led to altered expression of 14 miRNAs and of
those downregulation of miR-101a and upregulation of miR-34b were linked to sevoflurane
PC. Overexpression of miR-101a increased apoptosis. In contrast, overexpression of
miR-34b increased cell viability and this was further confirmed when inhibition of miR-34b
increased the number of the apoptotic cells (Sun et al., 2015b). Interestingly, a recent study
from our lab showed that resveratrol PC does not alter miRNAs in mouse brain (Lopez et al.,
2016).

Neurochem Int. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandran et al. Page 7

Non-coding RNAs and hemorrhagic stroke

Hemorrhagic stroke occurs due to bleeding arising from the rupture of blood vessels that
damages the surrounding brain tissue through activation of the secondary injury cascades
including inflammation (Kumar et al., 2016, Sacco et al., 2013, Smith and Eskey, 2011).
Hemorrhagic stroke can be due to intracerebral hemorrhage (ICH) or subarachnoid
hemorrhage (SAH) (Sacco et al., 2013). The molecular mechanisms responsible for the
onset and progression of either of the subtypes of hemorrhagic stroke are not completely
understood. However, recent studies used antagomiRs and mimics to show the involvement
of miRNAs in the pathophysiology of both types of hemorrhagic stroke (Yang et al., 2015,
Kim et al., 2014, Muller et al., 2015) (Fig. 1). MiR-223 was found to target the nucleotide-
binding domain, leucine-rich-containing family, pyrin domain-containing-3 (NLRP3) which
contributes to microglial activation and neuronal injury following ICH in mice (Yang et al.,
2015). The levels of miR-223 decreased after ICH and treatment with a miR-223 mimic
reduced microglial activation, edema and inflammatory cytokine expression leading to
decreased neuronal damage and neurological deficits (Yang et al., 2015). MiR-223 was also
found to inhibit the inflammatory responses by reducing the levels of NLRP3, caspase-1 and
IL-1pB after ICH (Yang et al., 2015) (Fig. 1). Furthermore, reducing the levels of let-7c,
which was observed to be highly upregulated after ICH in rats led to increased levels of its
pro-survival targets like insulin like growth factor receptor 1 and p-Akt that in turn led to
decreased edema, less neurological deficits and curtailed apoptosis (Kim et al., 2014). It was
recently shown that miR-30a and miR-143 were significantly upregulated in cerebral arteries
following SAH indicating that they might control vascular changes after SAH by targeting
the connective tissue growth factor (Muller et al., 2015).

Non-coding RNAs and TBI

TBI in adult rats significantly alters the hippocampal miRNAome between 3h and 24h
following injury and the bioinformatics analysis of TBI-responsive miRNAs predicted that
they target mMRNAs that modulate processes like cell differentiation and proliferation, signal
transduction, transcriptional regulation and protein kinase activity (Redell et al., 2009).
Altered hippocampal miRNA profiles following TBI in rodents between 1h to 7 days after
injury was subsequently confirmed and bioinformatics analysis showed that the TBI-
responsive miRNASs target mRNAs that control processes like response to stress,
metabolism, protein binding, endocytic vesicle and synaptosomes that might be related to
TBI pathophysiology (Liu et al., 2014b). Importantly, three of the miRNAs altered after TBI,
miR-144, miR-153 and miR-340-5p target calcium/calmodulin-dependent serine protein
kinase (CASK), nuclear factor erythroid 2-related factor 2 (NRF2) and a-synuclein (SNCA)
which play significant roles in post-injury pathophysiology (Liu et al., 2014b). While CASK
modulates synaptic function and dendritic spine formation (Hsueh 2006; Chao et al., 2008),
NRF2 is a transcription factor that induces anti-oxidant gene expression and hence prevents
neurodegeneration (Ma 2013, Calkins et al., 2009). SNCA is highly concentrated in
presynaptic terminals and its abnormal accumulation is a defining pathological hallmark of
neurodegeneration in Parkinson's disease (Cabin et al., 2002; Barker and Williams-Gray,
2016). Hence, these miRNAs altered after TBI might be functionally related to
neurodegeneration seen after an acute injury. The miRNA profiles were also shown to be
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altered in the cerebral cortex in a rat model of fluid-percussion injury (Lei et al., 2009).
Following TBI, significant alterations in the expression of several mMiRNAs were observed
between 6h to 3 days, and one of those miRNAs called miR-21 was altered at all time points
tested (Lei et al., 2009). The miR-21 was shown to have anti-apoptotic activity. Treatment
with a miR-21 agomiR was shown to target the expression of apoptosis and angiogenesis
related proteins leading to better neuronal survival after TBI in rodents (Ge et al., 2014).
Increasing the levels of miR-21 by treatment with its agomiR was also shown to alleviate the
BBB damage leading to better neurological functional recovery after TBI (Ge et al., 2015).
Mechanistically, miR-21 was shown to arrest the loss of tight junction proteins like occludin
and claudin-5 and increase the levels of Angiopoietin-1 and its receptor Tie-2 proteins which
contribute to the BBB integrity (Ge et al., 2015) (Fig. 1). MiR-21 was also shown to be a
molecular mediator that improves the cognition in mice subjected to running wheel exercise
after TBI (Hu et al., 2015b; Miao et al., 2015). The protective potential of miR-21 might
also due to its ability to block apoptosis by acting on the phosphatase and tensin homolog
(PTEN)-AKkt signaling pathway (Han et al., 2014).

Altered miRNA profiles were also shown following controlled cortical impact injury in adult
mice (Meissner et al., 2015). The miR-2137 is one of the miRNAs that was found to be
highly upregulated in the penumbral tissue surrounding the contusion at 6h following TBI,
and was thought to be a marker of injury as it is not known to be expressed in normal brain
(Meissner et al., 2015). Possible targets of miR-2137 include solute carrier family 12
member 5, pleckstrin and Sec7 domain containing protein that are involved in chloride
homeostasis in neurons and development and maintenance of dendritic spines (Meissner et
al., 2015; Funk et al., 2008; Choi et al., 2006). Sabirzhanov et al. (2016) showed that
miR-711 upregulated after TBI in mouse cortex silences pro-survival Akt leading to
neuronal death and administration of miR-711 hairpin inhibitor into injured cortex decreased
the post-injury lesion volume, neuronal loss and behavioral deficits. TBI was also shown to
downregulate miR-23a and miR-27a in mouse cortex following moderate CCI injury leading
to an increase in their targets Noxa, Puma and Bax (Sabirzhanov et al., 2014). Treatment
with antagomiRs for these miRNAs blocked the expression of these pro-apoptotic proteins
leading to decreased neuronal death (Sabirzhanov et al., 2014). Jadhav et al. (2014) showed
that TBI downregulates miR-200b in microglia leading to derepression of its target c-Jun N-
terminal kinase that in turn mediates increased pro-inflammatory cytokine expression
leading to neuronal death. MiRNA profiling of postmortem human cerebellar tissue from
patients who had died from severe frontal cortex injuries also indicated significant
upregulation of 13 miRNAs (Schober et al., 2015).

Non-coding RNAs and SCI

The lack of a definitive cure or treatment strategy for SCI is similar to that seen in TBI
(Silva et al., 2014). This in turn has led to research efforts to better understand the molecular
basis of secondary injury progression after SCI that has been attributed to cellular and
molecular events such as oxidative stress, inflammation, apoptosis, glutamate excitotoxicity
and endoplasmic reticulum stress (Jia et al., 2012; Donnelly and Popovich., 2008; Zhang et
al., 2012b; Liu et al., 1999; Ohri et al., 2011). As ncRNAs can control all these mechanisms,
studying their functional significance in regulating target proteins after SCI will provide
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better strategies to design therapies. Following SCI in adult rats, miRNAome was shown to
alter in 3 different temporal patterns viz., upregulation, downregulation and lastly early
upregulation at 4h followed by downregulation at 1 to 7 days (Liu et al., 2009).
Bioinformatics analysis showed that miRNASs altered after SCI target genes involved in
inflammation, oxidative stress and apoptosis and thus modulate the outcome after SCI (Liu
et al., 2009). A subsequent study showed that miRNAs including miR210, miR300-3p,
miR-325-5p, miR-487b and miR-16 altered after SCI might regulate the enzymes associated
with cholesterol-metabolism like isopentenyl diphosphate isomerase-1 and farnesyl-
diphosphate farnesyltransferase-1 (Chen et al., 2015b). This is understandable as cholesterol
metabolism is known to be decreased after SCI (Gilbert et al., 2014; Myers et al., 2007) and
SClI-responsive miRNAs might play a role in this. Using bioinformatics analysis, Liu et al.
(2016b) showed that miRNAs altered after SCI target genes that promote plasticity and
repair including those belonging to the neurotrophin signaling pathway. Expression of
miR-124 was shown to be reduced in the perilesional region within 7 days following SCI
(Zhao et al., 2015) and chitosan polyplex mediated delivery of miR-124 was shown to
regulate the post-SCI microglial activation that aggravates the secondary injury (Louw et al.,
2016) (Fig. 1). The miR-21 was shown to be significantly upregulated in corticospinal
neurons following treatment with docosahexaenoic acid in parallel with enhancement of
neural plasticity following SCI (Liu et al., 2015e). The increased expression of miR-21
might improve the functional recovery by targeting PTEN that has been linked to SCI
pathophysiology (Liu et al., 2015e).

The role of miRNAs in neuronal apoptosis was reiterated in a recent study that showed that
post-SCI apoptosis can be controlled by modulating miR-20a and miR-29b, and thus their
targets myeloid cell leukemia 1 (anti-apoptotic) and BH3-only protein (pro-apoptotic) (Liu
et al., 2015d) (Fig. 1). MiRNAs also modulate the post-SCI angiogenesis that helps
plasticity. MiR-126 was shown to increase angiogenesis and reduce inflammation in a
contusion SCI model in adult rodents by targeting Sprouty-related EVH1 domain-containing
protein 1, phosphoinositol-3 kinase regulatory subunit 2, and also modulate inhibitors of
angiogenic and cell survival signals in response to VEGF and vascular cell adhesion
molecule 1 that promote vascular inflammation after injury (Hu et al., 2015a). Liu et al.
(2015b) showed that miR-223 improves functional recovery in rats after SCI by promoting
angiogenesis and blocking neuronal apoptosis by decreasing the expression of Bax and
cleaved caspase-3 and increasing the levels of Bcl2 and GRIAL.

MicroRNAs as potential biomarkers for acute CNS injuries

There is an immediate need for identifying novel biomarkers in the body fluids that can
inform the incidence, severity and response to treatment after an acute CNS injury. MiRNAs
can fit this need as they are known to be released into both blood and CSF and remain stable
for days. Hence, many studies evaluated their usefulness as biomarkers for identifying the
onset of stroke, TBI and SCI (Reid et al., 2011; Tan et al., 2011; Wang et al., 2013).
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MicroRNASs as stroke biomarkers

Stroke was shown to rapidly alter the miRNA expression profiles in blood in both rodents
and humans (Sepramaniam et al., 2014; Selvamani et al., 2014; Liu et al., 2010; Tan et al.,
2009; Jeyaseelan et al., 2008). In some studies, expression profiling of blood was conducted
in parallel with brain (Liu et al., 2010; Jeyaseelan et al., 2008) and CSF (Sgrensen et al.,
2014) that showed overlapping patterns of miRNA levels between blood/brain and blood/
CSF. The miRNAs that showed altered levels in blood after stroke include miR-107 (Yang et
al., 2016b), miR-128b (Yang et al., 2016b), miR-153 (Yang et al., 2016b), miR-124 (Weng et
al., 2011; Laterza et al., 2009), miR-210 (Zeng et al., 2011), miR-145 (Gan et al., 2012),
miR-21 (Zhou and Zhang, 2014; Tsai et al., 2013), miR-221 (Tsai et al., 2013), miR-30a
(Long et al., 2013), miR-126 (Chen et al., 2015a; Long et al., 2013), let-7b (Long et al.,
2013), miR-223 (Wang et al., 2014d) and miR-24 (Zhou and Zhang., 2014). Importantly,
Yang et al. (2014) showed that miR-107 was elevated in the plasma of both rats and humans
after stroke. Zeng et al. (2013) highlighted the utility of using miRNAs together with protein
biomarkers to identify ischemic stroke by demonstrating that a combination of an
inflammatory cytokine, a hemostasis protein called fibrin degradation product and a repair-
related miR-210 has a high sensitivity for predicting stroke recovery in humans.
Furthermore, miR-122 was shown to be reduced in the blood after stroke in both rats and
humans (Liu et al., 2010; Jickling et al., 2014). These studies illustrate the usefulness of
blood miRNAs as stroke biomarkers.

Circulating miRNAs have also been studied as diagnostic biomarkers for diabetes-related
stroke (Yang et al., 2016a; Duan et al., 2014). Decreased expression of miR-223 and
miR-146a was observed in both the plasma and platelets in diabetic stroke patients
compared to non-diabetic stroke patients and was correlated with higher blood glucose
concentration and platelet activation rates (Duan et al., 2014). Increased miR-223 and
decreased levels of miR-144 in platelets and plasma was thought to indicate a risk for
ischemic stroke in type-2 diabetics (Yang et al., 2016a). Post-stroke depression is a common
complication that is associated with increased morbidity and mortality (Whyte and Mulsant,
2002). A recent study that blood miRNAs can be used as biomarkers to predict the onset of
post-stroke depression at an early stage (Zhang et al., 2016b). A correlation between
increased serum miR-132 levels and post-stroke cognitive impairment was also shown
recently in stroke patients (Huang et al., 2016).

The usefulness of circulating miRNAs as biomarkers to differentiate the stroke subtypes was
also demonstrated in animals and humans. Liu et al. (2010) showed that the blood miRNA
expression signatures between rats subjected to ischemic stroke and ICH are significantly
different, but there is an overlap between brain and blood expression profile within a stroke
subtype. Leung et al. (2014) showed that miR-124-3p levels were significantly higher while
miR-16 levels were significantly lower in the plasma from hemorrhagic stroke patients
compared to ischemic stroke patients indicating that blood miRNA profiles can predict the
stroke subtypes in humans as well. A set of 30 inflammation-related miRNAs including
miR-494, miR-1471 and miR-874 (upregulated) and miR-301a, miR-144 and miR-122
(downregulated) were observed to be significantly altered in plasma microvesicles after ICH
in both male and female patients (Guo et al., 2013). Hematoma formation after ICH can be
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identified by miRNA profiling. Increased levels of circulating miRNAs like miR-522,
miR-122, and miR-29c¢ were observed in the plasma of ICH patients with hematoma
compared to ICH patients without hematoma (Zheng et al., 2012). Blood miRNA profiling
also indicated the possibility of identifying perihematoma edema (PHE) after ICH in both
humans and rats (Zhu et al., 2015; Wang et al., 2016a). A correlation was observed between
miR-126 levels in blood and the PHE volume in ICH patients (Zhu et al., 2015). The rat
model of ICH indicated that increased levels of miR-29c and miR-122 in plasma correlates
with PHE formation (Wang et al., 2016a). Rupture of intracranial aneurysms (1As) is a major
cause of hemorrhagic stroke, especially SAH (Krings et al., 2011). Changes in circulating
miRNA profiles were shown to correlate with the presence of 1As (Jin et al., 2013; Li et al.,
2014b). Jin et al. (2013) showed altered expression of 86 miRNAs (69 up- and 17
downregulated) in the serum of patients with aneurysms compared to control subjects. One
of the miRNAs identified to be upregulated in this study (miR-25) was also shown by Li et
al. (2014b). Another profiling study showed altered expression of 157 miRNAs (72 up- and
85 downregulated) in the intracranial aneurysmal tissue compared to normal superficial
temporal arteries (Liu et al., 2014a).

MicroRNAs as TBI and SCI biomarkers

Usefulness of miRNAs as TBI biomarkers was evaluated in humans and animal models of
acute CNS injuries. Plasma levels of miR-16 and miR-92a were shown to be elevated in
humans following mild or severe TBI compared to controls (Redell et al., 2010). In mice,
serum miRNA profiles were shown to be altered as early as 3h following a mild closed head
injury compared to controls regardless of the severity of mild injury (Sharma et al., 2014). In
adult rats, levels of let-7i were shown to be increased in both serum and CSF as early as 3h
following blast TBI (Balakathiresan et al., 2012). Circulating miRNAs were also shown to
act as biomarkers of pituitary dysfunction after TBI (Taheri et al., 2016). Serum levels of
miR-126-3p and miR-3610 showed a correlation with hypopituitarism between day 1 to day
28 as well as at 5 years following TBI (Taheri et al., 2016). The miRNAs were shown to
serve as biomarkers of injury severity and recovery after acute SCI in rodents (Hachisuka et
al., 2014). Serum miRNA profiling in a mouse SCI model showed increased levels of
miR-9*, miR-219 and miR-384-5p that correlated with the severity of SCI (Hachisuka et al.,
2014).

Other non-coding RNAs altered following acute CNS injuries

Human and rodent genomes are replete with many types of ncRNA genes. Importantly,
~68% of the genes expressed in humans are InNcRNAs making them the largest class of
ncRNAs (lyer et al., 2015). The functions of IncRNAs are not fully deciphered, but they
were shown to play diverse roles in regulating cell proliferation, survival and migration, and
maintaining the genomic stability by acting as guides, decoys, scaffolds and signaling
molecules (Kung et al., 2013; Rinn and Chang., 2012; Mercer et al., 2009). The IncCRNAs
possess multiple domains that enable them to bind to DNA, RNA and protein to modify
chromatin states, transcription and translation, to ultimately control the gene expression
(Mercer and Mattick, 2013). By definition, IncRNAs are >200 nucleotides long, transcribed
by RNA polymerases Il or 111, capped and polyadenylated similar to mRNAs, but lack the
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protein-coding potential due to truncated open reading frames (Kung et al., 2013; Mercer et
al., 2009). They are sub-classified as long intergenic RNAs (lincRNAs) and transcribed
ultraconserved regions (T-UCRs). LincRNAs transcribed from the intergenic regions of the
genome regulate the expression of neighboring as well as distant genes (Guttman et al.,
2011). Whereas, the functions of T-UCRs are not yet deciphered. While lincRNAs are least
conserved, T-UCRs are most conserved between mammals and rodents (Bejerano et al.,
2004).

Our lab showed that focal ischemia in adult rats extensively alters the cerebral InNCRNA
expression profiles during the acute reperfusion period (Dharap et al., 2012). Functional
significance of the IncRNAs in post-stroke outcome is currently not known, however they
might play a significant role in modifying the post-stroke epigenetic landscape. In support of
this notion, a study from our lab showed that binding of many stroke-responsive INCRNAs to
chromatin-modifying proteins (CMPs) Sin3A and coREST increases significantly after focal
ischemia (Dharap et al., 2013). These 2 CMPs are co-repressors of the transcription factor
REST which is known to promote ischemic neuronal death (Noh et al., 2012; Pandi et al.,
2013; Hwang et al., 2014; Mehta et al., 2015). A recent study also showed that binding of an
IncRNA named Fos Downstream Transcript (FosDT) upregulated after stroke is important
for the post-ischemic regulation of REST target genes NF-xB2, GRIA2 (encodes the
ionotropic glutamate receptor AMPA type subunit 2) and GRIN1 (encodes the ionotropic
glutamate receptor NMDA type subunit 1) which play a significant role in the post-stroke
brain damage (Mehta et al., 2015) (Fig. 1). Another recent study showed that increased
expression of INCRNA CAMK2D-associated transcript 1 (C2dat1) promotes the expression
of calcium/calmodulin-dependent kinase 11 (CaMKII) that mediates ischemic neuronal death
(Xu et al., 2016) (Fig. 1). Further, silencing C2dat1 led to reduced expression of CaMKI|
and thus blocked the downstream NF-xB signaling that is known to kill neurons in the post-
ischemic brain (Xu et al., 2016). Another IncRNA called Malat1 was shown to be involved
in the protection of cerebral microvessels after an ischemic insult. Malatl levels increased in
cultured endothelial cells following OGD and in cerebral microvessels in mice subjected to
transient MCAO (Zhang et al., 2016a). Furthermore, loss of Malat1 function induced by an
LNA-GapmeR significantly increased OGD-induced endothelial damage (Yuan et al., 2015).

Role of INcRNAs was also studied after other acute CNS injuries including TBI, SCI and
SAH. A recent study showed the expression of several IncRNAs was altered in mouse
cerebral cortex at 24h after TBI (Zhong et al., 2016). This study also evaluated the effect of
TBI on mRNA expression simultaneously. Bioinformatics analysis of the co-expression
networks of mMRNAs and IncRNAs altered after TBI showed that a majority of them are
associated with inflammatory and immunological activity, metabolism, neuronal and
vascular networks and cellular function (Zhong et al., 2016) (Fig. 1). Transplantation of
human adipose-derived stem cells (hADSCs) and treatment with the conditioned media from
the hADSCs improved the motor and cognitive functions, and reduced secondary lesion
volume following TBI in young rats (Tajiri et al., 2014). These beneficial effects were
attributed to InNcRNAs NEAT1 and MALAT1 secreted from the hADSCs (Tajiri et al., 2014)
(Fig. 1). A recent study also showed that an IncRNA called IncSCIR1 was downregulated
following SCI in rats and its inhibition contributes to gliosis by selectively targeting the
expression of adrenomedullin (Adm), bone morphogenetic protein 7 (BMP7), a-synuclein
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(a-syn) and wingless-type MMTYV integration site family, member 3 (Wnt3) (Wang et al.,
2015) (Fig. 1). While Adm activates pro-inflammatory cytokines, BMP7 prevents axonal
growth, a-syn promotes post-SCI neuronal death and Wnt3 is essential for neural
regeneration after SCI (Zeng et al., 2014b; Matsuura et al., 2008; Busch and Morgan, 2012;
Yin et al., 2008). SAH was also shown to significantly alter the IncRNA expression profiles
in adult rat brain (Zheng et al., 2015). Bioinformatics analysis of their co-expressed mRNAs
indicated that pathways associated with inflammation, neuroactive ligand-receptor
interaction, calcium signaling and antigen processing and presentation were probably
controlled by these IncRNAs in promoting early brain injury following SAH (Zheng et al.,
2015).

PiRNAs are a large class of ncRNAs which are 24 to 31 nucleotides in length and lack
sequence conservation between species (O'Donell et al., 2007). Although their functional
role and method of biogenesis are not clearly established, they are thought to control post-
transcriptional silencing of retrotransposons to prevent mutations and thus maintains genome
integrity (Halic and Moazed., 2009; Iwasaki et al., 2015). A study from our lab showed that
stroke significantly alters piRNA expression profiles in rat brain (Dharap et al., 2011).
Bioinformatics analysis showed that the stroke-responsive piRNAS target various classes of
transposons and thus might be involved in maintaining genetic equilibrium and a set of
transcription factors redundantly control the piRNA gene promoters after stroke (Dharap et
al., 2011).

Conclusion

The molecular mechanisms responsible for the high morbidity and mortality associated with
acute CNS injuries like ischemic stroke, TBI and SCI are not yet completely understood.
Furthermore, no therapeutic agents are currently available to control the secondary brain
damage and neurological dysfunction after acute CNS insults. Various studies discussed in
this review indicate that ncRNAs play crucial roles in neurological dysfunction after acute
CNS insults and may pave ways to devise newer molecular therapeutic options by
modulating them. As ncRNAs target multiple pathologic mechanisms, they are attractive to
control post-injury brain damage efficiently. Studies in both animal models and humans have
also showed altered expression profiles of circulating ncRNAs following acute CNS injuries
indicating their potential to be used as diagnostic and prognostic biomarkers.
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Greater than 98% of the transcriptional output in mammals is noncoding
RNAs.

Noncoding RNAs control transcription and translation.

Acute injuries to CNS that include stroke and traumatic brain injury
significantly alters noncoding RNA expression and function.

Post-injury brain damage can be altered by modulating noncoding RNAs like
microRNAs and long noncoding RNAs.

Noncoding RNAs in blood can be used as prognostic and diagnostic
biomarkers for acute CNS injuries.
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NcRNAs mediate common molecular mechanisms associated with the different acute CNS
injuries. Different studies have shown that ncRNAs like miRNAs and IncRNAs contribute to

the pathophysiology of acute CNS injuries by mediating common pathophysiological

mechanisms like apoptosis, inflammation and glutamate excitotoxicity as well as

neuroprotective mechanisms like neuroprotection, neuroplasticity and angiogenesis.
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