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Long non-coding RNAs and cell death following ischemic stroke
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Abstract

Stroke is a major cause of morbidity and mortality worldwide, and extensive efforts have focused on the improvement of
therapeutic strategies to reduce cell death following ischemic stroke. Uncovering the cellular and molecular pathophysiological
processes in ischemic stroke have been a top priority. Long noncoding RNAs (IncRNAs) are endogenous molecules that play key
roles in the pathophysiology of cerebral ischemia, and involved in the neuronal cell death during ischemic stroke. In recent years,
a bulk of aberrantly expressed IncRNAs have been screened out in ischemic stroke insulted animals. LncRNAs along with their
targets could affect the genetic machinery at molecular levels, and exploring their functions and mechanisms may be a promising
option for ischemic stroke treatment. In this review, we summarize the current knowledge for IncRNAs in ischemic stroke,
focusing on the role of specific IncRNAs that may underlie cell death to find possible therapeutic targets.
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Introduction

Stroke is a major health problem worldwide, and the second
most common cause of death and the third leading cause of
disability (Feigin et al. 2017). Stroke accounts for 5.5 million
deaths annually, with 44 million disabilities worldwide
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(Huang et al. 2012). According to the current global burden
of disease data on stroke, in 2013 there were almost 25.7
million stroke survivors, 6.5 million deaths, 113 million
disability-adjusted life year (DALY) due to stroke, and 10.3
million new strokes (Donkor 2018; Moran et al. 2013). The
burden of stroke seems to be shifting to the developing world
where currently, there are 4.85 million stroke deaths and 91.4
million DALYs annually compared with 1.6 million deaths
and 21.5 million DALYs in high-income countries (Donkor
2018; Moran et al. 2013).

Numerous efforts have been made to restore neurological
function and reduce ischemia-induced neuronal injury, includ-
ing inhibition of N-methyl-D-aspartate (NMDA) receptor (Yu
et al. 2015), repression of neuroinflammation (Hawkins et al.
2017), opening of the Krp channel (Sun et al. 2015), sup-
pression melastatin-like transient receptor potential cation
channel, subfamily M, member 7 (TRPM7) channel (Sun
et al. 2009), and inhibition of postsynaptic density-95 (Sun
et al. 2008). Despite this, rtPA (a thrombolytic agent) is the
only FDA-approved specific pharmacotherapy for the acute
phase of ischemic stroke (Tan et al. 2014). Furthermore, it has
been shown that intravenous thrombolysis could be an effec-
tive intervention to restore perfusion to cerebral tissue (Tekle
et al. 2012). However, this form of intervention is limited due
to a narrow therapeutic window (Group I-C 2012). The neu-
roprotective strategies after ischemic stroke could be so far
additive to reperfusion-recanalization methods, but these
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neuroprotective agents failed in clinical trials due to deleteri-
ous side effects and/or low efficacy (Khoshnam et al. 2018a;
Khoshnam et al. 2017a; Khoshnam et al. 2018b; Van der
Worp et al. 2002). Therefore, there is an urgent need for novel
and promising therapeutic targets. Undoubtedly, a better un-
derstanding of the pathological mechanisms will contribute to
improve effective treatment for ischemic stroke.

Long non-coding RNAs (IncRNAs) are constitute a signif-
icant portion of the mammalian genome, and are widely in-
volved in basic biological processes such as cell proliferation,
differentiation, apoptosis, autophagy, immune responses, and
angiogenesis. However, the functions and underlying mecha-
nisms of IncRNAs during pathophysiological processes of
ischemic stroke are not fully known (Carpenter et al. 2013;
Mercer et al. 2009; Schaukowitch and Kim 2014; Yang et al.
2012). LncRNAs may act as competing endogenous RNAs
(ceRNAs), namely, micro RNA (miRNA) sponges or
antagomirs, which interact with miRNAs and regulate the
expression of miRNA target protein (Han et al. 2015; Tang
et al. 2015; Wang et al. 2016; Xiao et al. 2015). It has been
reported that IncRNAs are involved in ischemic stroke and
mediate ischemic neuronal death in stroke (Wu et al. 2017,
Yan et al. 2016). Following cerebral ischemia, IncRNA
transcriptomic profiles are altered in the brain microvascular
endothelium (Zhang et al. 2016). Previously it was shown that
IncRNAs play an important role in regulating the expression
of proteins at multiple levels (Lorenzen et al. 2012).
Numerous classes of molecules such as IncRNAs underlying
pathological mechanisms after ischemic stroke, cannot be ig-
nored. LncRNAs are estimated to become a new modality and
target in regulation of ischemic stroke pathogenesis. This re-
view focusses on the functions of specific IncRNAs underling
neuronal apoptosis and cell death following ischemic stroke to
reveal possible therapeutic targets.

Ischemic stroke

Ischemic stroke can be initiated by an embolic or thrombotic
occlusion of a cerebral artery, and accounts for approxi-
mately 85% of all stroke cases (Gilgun-Sherki et al. 2002).
Following ischemic stroke, neurons are unable to maintain
their normal transmembrane ionic gradient and
homoeostasis, triggering deleterious processes such as
excitotoxicity, oxidative stress and inflammation, which
cause neuronal and glia apoptotic and/or necrotic cell death
(Khoshnam et al. 2017d; Velayatzadeh et al. 2014). A spec-
trum of severity is observed in the affected region of the
brain, owing to differential lessening of blood supply to
different zones. Thus, part of the brain tissue (core) un-
dergoes irreversible neuronal damage due to necrotic cell
death, while the surrounding tissues contain salvageable
and metabolically active cells (penumbra), in which cell
death occurs less rapidly (Alishahi et al. 2019; Khoshnam

@ Springer

et al. 2017d). Salvaging of the ischemic penumbra is the
main target for therapeutic agents, and may be associated
with improved neurological outcomes and recovery (Aliaga
etal. 2010; Kumar et al. 2010). Following cerebral ischemia
a cascade of cellular and molecular events leads to ischemic
damage and irretrievable cerebral injury (Moskowitz et al.
2010). The ischemic cascade is a complex series of
intertwined cellular mechanisms including excitotoxicity,
oxidative and nitrative stress, inflammation and apoptosis,
which are deleterious for the neurons, glial and endothelial
cells (Broadbent et al. 2004; Iadecola and Anrather 2011;
Thangavelu et al. 2012; Vakili et al. 2011). These patho-
physiological processes trigger each other in a positive
feedback loop that terminates in neuronal cell death and
brain damage (Velayatzadeh et al. 2014). A better under-
standing of the molecular and cellular mechanisms under-
lying stroke pathogenesis and following recovery may sug-
gest promising and novel methods complementary to r-tPA
for ischemic stroke therapy (Sun et al. 2008; Sun and Feng
2013; Sun et al. 2009).

Mechanisms of IncRNA functions

Non-coding RNAs are divided into long (>200 nt) RNAs
(IncRNAs and ribosomal RNAs) and short (<200 nt) RNAs
including microRNAs (miRNAs) and transfer RNAs (Mercer
and Mattick 2013; Wilusz et al. 2009). LncRNAs can regulate
gene expression in both transcriptional and post-
transcriptional levels (Fig. 1). The mechanisms for the actions
of IncRNAs at the transcriptional level include regulation and
modification of chromosomes that are involved in the alter-
ation of gene expression. Additionally, IncRNAs in post-
transcriptional regulation act as competing endogenous
RNAs (ceRNA) and miRNA sources, leading to RNA degra-
dation (Bao et al. 2018).

LncRNAs may recruit different kinds of chromatin regula-
tory proteins in the nucleus by interacting with specific sites in
the chromatin, which integrate and orchestrate the shape of the
chromosome, and then suppress or activate of the genes ex-
pression, or alter the modification (acetylation or methylation)
of the chromatin (Bao et al. 2018).Furthermore, IncRNAs reg-
ulate gene expression after transcription, either directly
through regulating RNA splicing and RNA degradation, or
indirectly by affecting miRNA functions. It has been shown
that several IncRNAs have sequences base-paired to the pre-
cursor messenger RNA (pre-mRNA) and block the splicing of
these pre-mRNAs, which is a crucial step for a pre-mRNA
being transcribed into mRNA. LncRNAs can directly bind
to mRNA and regulate the degradation of mRNA
(Szczesniak and Makatowska 2016). LncRNAs can regulate
gene expression by affecting the formation or function of
miRNAs. Some IncRNAs contain complementary binding
sites to certain miRNAs, and act as miRNA sponges, which
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Fig. 1 Mechanisms of IncRNA function. Studies have described a range
of mechanisms by which IncRNAs regulate their targets at the
transcriptional and post transcriptional levels (Hu et al. 2012). (1) RNA
decoys; several IncRNAs directly binding to transcription factors and
titrating them away from their DNA targets (Kino et al. 2010; Ng et al.
2012). (2) Chromatin modification; IncRNAs recruits different kinds of
regulatory proteins which promotes histone methylation and
deacetylation on the chromatin (Bao et al. 2018). (3) MicroRNA sponge;

result in the reduction of miRNA functions. Hence, IncRNAs
can act as ceRNA to decrease the concentration of miRNAs in
cells, and negatively regulate the functions of miRNAs (Ebert
et al. 2007; Ma et al. 2014).

LncRNAs in ischemic stroke

Recently, the expression, function, and mechanisms of
IncRNAs and miRNAs in ischemic stroke have drawn wide
attention, and hundreds of aberrantly expressed IncRNAs
were identified in ischemic patients and animal models of
ischemic stroke (Dykstra-Aiello et al. 2016; Khoshnam et al.
2017b; Khoshnam et al. 2017c¢; Zhang et al. 2016). It has been
demonstrated that several IncRNAs were up or down regulat-
ed in the cortexes of rats subjected to transient middle cerebral
artery occlusion (MCAO) (Dharap et al. 2012). Recently, it
has also been reported that ischemia may induce broad alter-
ation of IncRNAs during the pathophysiology of stroke, and
that they have an active role in ischemic stroke. This demon-
strates their great impact on progression of cerebral ischemic
injuries (Bhattarai et al. 2017).

many IncRNA genes contain embedded miRNA sequence, which soak
up the target miRNA and result in the reduction of their functions in cells
and titrating them away from their targets (Cesana et al. 2011; Karreth
etal. 2011; Salmena et al. 2011). A few IncRNAs seem to modulate direct
processing of mRNAs, including splicing (4) translation (5), and degra-
dation (6) (Gong and Maquat 2011; Tripathi etal. 2010; Yoon et al. 2012).
IncRNA, long non-coding RNA; mRNA, messenger RNA

The interplay of IncRNAs in post-stroke cell death

A microarray profiling study identifies altered IncRNA
transcriptomic profiles in the brain microvascular endothelium
following ischemic stroke (Zhang et al. 2016). Accumulating
evidence has shown that IncRNAs play an essential role in the
pathogenesis of ischemic stroke, and several IncRNAs were
reported to mediate ischemia-induced apoptosis and cell
death, including Malatl, Meg3, FosDT, C2datl, N1LR and
TUGI (summarized in Fig. 2).

Metastasis associated lung adenocarcinoma
transcript1 (Malat1)

Malatl plays an important role in protecting the cerebral mi-
crovasculature against cerebral ischemia, and is one of the
most highly upregulated IncRNAs after ischemic stroke
(Yuan et al. 2015). Several reports demonstrated that Malatl
inhibits cancer cell apoptosis by inducing the autophagy path-
ways (Li et al. 2016; Yuan et al. 2016). Recent studies show
that Malatl promotes neovascularization and regulates
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Fig. 2 Schematic of IncRNAs
mediated ischemic stroke-
induced cell death. Malatl;
metastasis-associate lung
adenocarcinoma transcript 1,
Meg3; maternally expressed gene
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endothelial cell function after hind-limb ischemia (Michalik
etal. 2014).

Malat1 is identified as one of the most highly upregulated
OGD (oxygen-glucose deprivation)- responsive endothelial
IncRNAs (Zhang et al. 2016). Recently, a study report that
Malatl promotes brain microvascular endothelial cell
(BMECs) autophagy and survival in OGD/R (Oxygen-glu-
cose deprivation/ reoxygenation) condition, in which Malatl
served as a ceRNA by sponging miR-26b and upregulating
ULK2 expression. Autophagy has been shown to have pro-
tective effects on BMECs against cerebral ischemic insults (Li
et al. 2017). It has been shown that IncRNAs such as Malat|1
may act as ceRNAs, namely, miRNA sponges or antagomirs,
and regulate the expression of miRNA target protein (Han
et al. 2015; Tang et al. 2015; Wang et al. 2016).
Additionally, Malat1 plays critical protective roles in ischemic
stroke, and silencing of Malatl increased OGD-induced cell
death and Caspase 3 activity in BMECs. Silencing of Malatl
also aggravated OGD-induced expression of proinflammatory
cytokines such as MCP-1, IL-6, and E-selectin and increased
the pro-apoptotic factor Bim in vitro. These results indicate
that Malatl, by inhibiting endothelial cell death and inflam-
mation, has protective effects against cerebral ischemic insults
(Zhang et al. 2017).

Maternally expressed gene 3 (Meg3)

Meg3 encodes a IncRNA which is widely expressed in many
tissues and cells, such as brain and endothelial cells (Michalik
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et al. 2014; Zhou et al. 2012). Meg3 was known as a tumor
suppressor IncRNA, and growing evidence shows that its ex-
pression is lost in many tumors and cancer cell lines (Mondal
et al. 2015; Peng et al. 2015; Zhang et al. 2010; Zhuo et al.
2016). It has been shown that overexpression of Meg3 pro-
motes cell apoptosis and suppresses tumor cell growth (Lu
et al. 2013; Wang et al. 2012). Recently, the expression and
functions of MEG3 were discovered in the nervous system
and in ischemic stroke (Liu et al. 2016; Yan et al. 2016). In
both OGD neurons and MCAO mice, MEG3 presents as a
cytotoxic factor for ischemic injury, and its inhibition in-
creased the neurobehavioral score and decreased the infarction
and edema volume in MCAO mice (Yan et al. 2016).
Meanwhile, the increase in neural cell death and apoptosis
was accompanied by the increase in MEG3. Additional stud-
ies show that p53 and 12/15-LOX (12/15-Lipoxygenase) con-
tributes to MEG3 functions. P53 plays crucial roles in DNA
repair and triggering apoptosis when DNA damage proves to
be irreparable (Williams and Schumacher 2016). MEG3 was
found to promote the expression of the p53 gene and to facil-
itate neural apoptosis in ischemic stroke insulted mice.
Inhibition of this association suppressed neural apoptosis
and reduced infarct volume (Yan et al. 2016). 12/15-LOX is
amain isoform of lipoxygenases, and it was robustly activated
in the injured brain. 12/15-LOX contributing to oxidative
stress-induced neuronal death following cerebral ischemia
(Dharap et al. 2013; Jung et al. 2015). It has been demonstrat-
ed that production of 12/15-LOX-1 was inhibited by over-
expression of miR-181b, which is a key regulator for 12/ 15-
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LOX expression (Liu et al. 2016). In MCAO mice or OGD
neurons, MEG3 was upregulated and acts as a ceRNA by
sponging miR- 181b, which leads to upregulation of 12/15-
LOX and subsequent neuronal death (Liu et al. 2016).

Fos downstream transcript (FosDT)

FosDT overlaps the Fos gene downstream (Ji et al. 2017), and
its expression in rats was highly upregulated after focal ische-
mia in MCAO rats (Mehta et al. 2015), which contributes to
post-stroke neurological dysfunction and brain damage.
Inhibition of FosDT resulted in the improvment of motor
function recovery and a decrease of infarct volume associated
with hypoxic injuries (Mehta et al. 2015). Fos was also found
to increase following brain injury (Mehta et al. 2015), which
is correlated with the increase in FosDT level. In addition, Fos
was found to be congenic with FosDT (Mehta et al. 2015), and
may have regulatory and/or transcriptional interactions.

Studies have shown that FosDT binds directly to two co-
repressors for the transcription factor REST (repressor
element-1 silencing transcription factor), which including
coREST (co-repressors of the transcription factor REST) and
Sin3a (Dharap et al. 2013). REST is a repressor of synaptic
transmission and neural differentiation (Paonessa et al. 2016).
Evidence shows that REST and its corepressors (Sin3A and
coREST) form a complex, which represses the downstream
genes such as nucleus factor kappa b (NF-xB2), glutamate
receptor 2(GluR2), and N-methyl-D-aspartate 1 expression,
thus increasing neuronal death and brain damage following
ischemic stroke (Mehta et al. 2015; Noh et al. 2012). FosDT
also interacts with REST associated chromatin-modifying pro-
teins and promotes ischemic brain injury (Mehta et al. 2015),
which suggests that FosDT could be therapeutically targeted
to minimize post stroke brain damage .

CaMK2D-associated transcript 1 (C2dat1)

C2datl was found in MCAO insulted rat brains, and its ex-
pression was accompanied by an increase in CaMK2D gene.
Functionally, inhibition of C2dat1 or CaMK2D promoted cell
death in the OGD/R mouse Neuro 2A (N2a) cells, and indi-
cated possible interaction of C2dat1 with CaMK2D (Xu et al.
2016). CaMK2D mediates the intracellular Ca®* signals and is
highly expressed in brain and muscle tissues (Gray and Heller
Brown 2014; Mattingsdal et al. 2013). In cerebral ischemia,
the expression of CaMK2D was stimulated by IncRNA
C2datl, which results in an increase in the expression of
CaMKIIS (calcium/calmodulin-dependent kinase II) protein.
Increasing of the CaMKIId protein expression induced phos-
phorylation of IKK o/ (IkB kinase complex), degradation of
IkB (inhibitory kB), activation of NF-kB, as well as induction
of anti-apoptotic protein Bcl-Xl, leading to inhibition of
ischemia-induced cell apoptosis. Therefore, IncRNA C2datl

promotes neuronal survival by upregulation of CaMKII6 ex-
pression following cerebral ischemia (Xu et al. 2016). The
family of CaMKII comprises of four isoforms (CaMKllI«, f3,
v, &) encoded by different genes (Baucum et al. 2015;
Hudmon et al. 2001; Srinivasan et al. 1994). Recently, it was
suggested that CAMK2D/CaMKII6 and CAMK2G/CaMKIly
were upregulated after acute ischemia. Overexpression of
CaMKI1$ and CAMKIIy promote neuronal survival, and their
knockdown results in neuronal death after ischemia and reper-
fusion (I/R) (Ye et al. 2018). It was also shown that C2dat/
and C2dat2 were upregulated by I/R and modulate CaMKII$
expression. OGD/R-induced CaMKIId expression was
inhibited by knockdown of C2dat1/2 and decreased neuronal
survival, thus proving specific targeting of CAMK2D by
C2dat1/2. Mechanistically, upregulation of these CaMKII ki-
nases led to activation of the NF-kB signaling pathway, which
protects neurons from ischemic damage (Ye et al. 2018).

N1LR

LncRNA-NILR was shown to be up-regulated in response to
mild injury induced by focal I/R in both in vivo and in vitro
models of ischemia (Wu et al. 2017). It was found that N1LR
improved cell cycle progression and cell proliferation, and
inhibited apoptosis in N2a cells subjected to OGD/R.
Furthermore, N1LR lessened neuronal apoptosis and neural
cell loss in I/R-induced mouse brains. Mechanistically, NILR
promoted neuroprotection possibly through prevention of the
activation of p53 (Wu et al. 2017). These results revealed that
NI1LR may be essential for the neurons to resist ischemic
damage. Interestingly, it was demonstrated that N1LR over-
laps with the 5'- UTR of the protein-coding gene Nckl. It is
thought that Nck1 is involved in cellular remodeling, glucose
tolerance, and insulin signaling. Its activity increases after
cerebral ischemia. Nck1 expression is increased by knock-
down of NILR. However, expression of Nck1 is not affected
by overexpression of N1LR. Therefore, the mechanism by
which N1LR interacts with Nck1 is still unclear in ischemic
stroke (Wu et al. 2017).

Taurine-upregulated gene 1 (TUG1)

TUG]1 was initially detected in taurine-treated mouse retinal
cells and is important for retinal development (Young et al.
2005). TUGI regulates the methylation of H3K27me3 to re-
press gene expression (Conway et al. 2015), and also acted as
a sponge for miRNAs such as miR-9, miR-144, miR-26a,
miR-377, miR-300, miR-335, and miR-299 (Cai et al. 2017,
Chen et al. 2017; Duan et al. 2017; Ji et al. 2016; Khalil et al.
2009; Ma et al. 2017; Wang et al. 2017). It has been shown
that expression of TUG1 was upregulated in brain ischemic
penumbra of the MCAO model, and similar results were ob-
served in cultured neurons following OGD insult.
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Knockdown of TUGI promoted cell survival and decreased
the ratio of apoptotic cells, which may be regulated by de-
creasing the Bel2111 protein and increasing miRNA-9 expres-
sion (Chen et al. 2017). MiR-9 is highly expressed in neuro-
genic regions (Brunkow and Tilghman 1991), and inhibits
bel2111, which is a pro-apoptosis protein in ischemic injury.
Therefore, TUGI exerts its functions by sponging up miR-9,
and subsequently weakens the inhibitory effects of miR- 9 on
Bcl2111, leading to a cytotoxic effect under ischemic condi-
tions (Chen et al. 2017). Recent finding showed that TUGI,
which could be as a miR-145a-5p sponge, is required for the
release of inflammatory cytokines and microglial activation
after OGD (Wang et al. 2019).

Future perspectives and challenges

Several studies have reported that certain IncRNAs play a
critical role in cell death during ischemic stroke (Dykstra-
Aiello et al. 2016). Studies on the regulatory mechanisms of
IncRNAs in experimental stroke models may provide a prom-
ising therapeutic target for ischemic stroke patients (Zhang
et al. 2018).

Along with intensive studies, the exploration of IncRNAs
still faces multiple challenges. First, the complexity of
IncRNAs’ diverse functions hamper the study of their molec-
ular mechanisms, and current studies on identifying their di-
verse functions and mechanisms have been relatively small-
scale to date. More independent studies may help validate the
results and drive reliable conclusions, but there is still a long
way to go before this knowledge can be applied to the clinic
(Zhang et al. 2018). Second, most IncRNAs are less reliable as
therapeutic targets in ischemic stroke patients, owing their
rapid degradation by the abundant RNases of the cells.
Despite the challenges, IncRNA-based therapeutics offer
promising strategies to decrease neuronal apoptosis and cell
death following ischemic stroke. Many studies remain to be
performed in order to identify candidate IncRNAs, to design
chemical modifications or formulations for better delivery of
IncRNAs, to better understand how IncRNAs exert their ef-
fects via hundreds of targets, and to find methods to moderate
unwanted side effects (Zhang et al. 2018). Clinically effective
IncRNA-based drugs and successful clinical trials will certain-
ly advance our fight against ischemic stroke-induced cell
death.

Conclusion

Taken together, IncRNAs play important roles in ischemic
stroke-induced cell death. Studies to elucidate the functions
and mechanisms of IncRNAs have increased in recent years,
and several IncRNAs were reported to be associated with is-
chemic stroke pathogenesis (Boon et al. 2016). The bulk of
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aberrantly expressed IncRNAs were found in the brain of
in vivo and in vitro ischemic insulted models (Dharap et al.
2012; Zhang et al. 2016; Zhao et al. 2015), which provides a
unique view of the pathobiology of ischemic stroke. In recent
years, great progress has been made to uncover the potential
roles of IncRNAs in ischemic stroke. Elucidating the mecha-
nisms and functions of the IncRNAs under ischemic condi-
tions may lead to potential opportunities for identifying bio-
markers and novel therapeutic targets of ischemic stroke.
LncRNAs may act as biomarkers, therapeutic target, or a nov-
el epigenetic intervention tool for decreasing and prevention
of cell death in ischemic stroke insulted patients. Further,
IncRNAs may provide a better understanding of pathophysi-
ological process underlying cell death following ischemic
stroke. However, this field is still facing a lot of challenges.
Till now, only a very small number of IncRNAs have been
studied in the ischemic stroke. With advances in our under-
standing about expression and function of IncRNAs in the
pathogenesis of ischemic stroke, we can expect to identify
new biomarkers and therapeutic targets for the treatment and
prevention of cell death following ischemic stroke. Their
growing efficacy and accuracy will be of benefit to ischemic
stroke patients.
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