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Non-coding RNAs as therapeutic targets in spinal cord injury
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Abstract

Spinal cord injury (SCI) may be followed by persistent motor dysfunction and somatosensory disturbances that negatively influ-
ences the quality of life of patients and creates a significant economic burden. Analysis of secondary biological processes associ-
ated with changes in genetic expression is becoming increasingly important every day in understanding the pathophysiology of
spinal cord injury. The results of international sequencing of the human genome were analyzed in 2004. These data revealed about
20,000 protein-coding genes covering near 2% of the total genomic sequence. The vast majority of gene transcripts are actually
characterized as non-coding RNAs (ncRNAs). These RNA clusters do not encode functional proteins and ensure post-transcrip-
tional regulation of gene expression. The clusters may be small (approximately 20 nucleotides) known as miRNAs or the transcripts
can enroll over 200 nucleotides defined as long non-coding RNAs (IncRNAs). Some modern studies describe transient expression
of microRNA in case of spinal cord injury. These RNAs are associated with inflammation and apoptosis, functional recovery and
regeneration. Large-scale genomic analysis has demonstrated the existence of multiple IncRNAs whose expression is associated
with some processes of spinal cord injury. IncRNA can be divided into two categories depending on the position in relation to the
coding genes: intergenic and intragenic. Intergenic INcRNAs is currently the most studied class. Intragenic IncRNAs can be subdi-
vided depending on the overlap of the coding genes (antisense, intron, etc.). According to recent studies, long non-coding RNAs
are abundantly present in the tissues of central nervous system and may be crucial in the pathogenesis of certain diseases of nerv-
ous system. At the cellular level, it has been shown that IncRNAs regulate the expression of protein-coding RNAs. Moreover, these
molecules are involved into such processes as neuronal death, demyelination and glia activation. This review is devoted to the
role of ncRNAs in the pathogenesis of spinal cord injury and their potential use as targets for the treatment of consequences of
spinal cord injury.
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SCI — spinal cord injury

ncRNA — non-coding RNA
IncRNA — long non-coding RNA
SC — spinal cord
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Traumatic spinal cord injury often results significant
impairment in quality of life and disability. It is associated
with impairment and loss of motor and sensory functions,
impairment of vital function (respiratory, cardiovascular,
gastrointestinal and urinary system dysfunction), mus-
culoskeletal deformities [1, 2]. Annual incidence of spi-
nal cord injury worldwide is 10.5 cases per 100,000 (about
750,000 cases annually). Mean age of victims is 39.8 years.
SCI incidence in men is 3.37 times higher than in wom-
en. Thus, the most active group of population is under
risk that makes important the development of new ap-
proaches to the diagnosis and treatment of this lesion [2].

There are two main mechanisms of SCI: primary
mechanical and secondary one including inflammation,
acidosis, apoptosis and glial scar. The last one is a phys-
ical and molecular barrier preventing axonal regenera-
tion [3—35]. Secondary SCI includes astrogliosis as sig-
nificant augmentation of the number of astrocytes in the
area of neuronal injury, infection, stroke or neurodegen-
erative disease. However, astrogliosis is essential in regen-
eration processes since it restores homeostasis after SCI,
facilitates recovery of blood-brain barrier and suppresses
inflammation [6, 7]. Favorable effect of astrogliosis was
found in early hypertrophic phase after SCI while devel-
opment of dense scar in late hyperplastic phase impairs
axonal regeneration [8, 9]. In addition to neurons, other
SC cells, such as oligodendrocytes and microglia cells are
subject to apoptosis [6]. Loss of oligodendrocytes in white
matter continues throughout several weeks after SCI and
can contribute to progressive demyelination [10, 11].

Changes in gene expression are important in patho-
genesis of secondary SCI. However, the mechanisms reg-
ulating expression of these genes are unclear. About 70—
80% of human genome are actively transcribed in RNAs,
while only 2% are transcribed in protein-coding microR-
NAs. Thus, the number of non-coding RNAs (ncRNAs)
is much higher than the number of protein-coding genes.
Non-coding RNAs are grouped into two main classes de-
pending on transcript dimension: small and long. Small
ncRNAs include well-described microRNAs, small in-
terfering RNAs (miRNAs) and PIWI-interacting RNAs.
NcRNAs are good candidates for the role of regulators
of secondary SCI since these molecules can ensure post-
translational regulation of genes [11—13]. Some forms
of microRNAs are essential in embryonic development
of nervous system and important mediators of neuronal
plasticity [14, 15]. A number of microRNAs have been
proved to be involved in the development of severe neu-
rological diseases, such as Tourette's syndrome [16]. Some
trials are devoted to the role of microRNAs in neurode-
generation processes [17, 18]. Up to 40% of all known
ncRNAs are specifically expressed in the brain and oth-
er parts of central nervous system [19]. This finding has
shown that long non-coding RNA (IncRNA) can partic-
ipate in pathogenesis of nervous system diseases. There-
fore, identifying the expressed ncRNAs by genomic ap-
proaches will be valuable to understand the development
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of ncRNA-mediated diseases. The role of ncRNA in SCI
is still unclear although expression of large amount of
ncRNA was found in SC of mice.

MicroRNA expression in spinal cord injury

N.K. Liu et al. performed an experiment on rats with
traumatic brain injury in order to determine microRNA
expression over time [15]. The authors concluded that
injured SC in a rat contains approximately 77% (269) of
microRNAs identified in a healthy rat (350). Thus, SC
is a rich source of microRNA expression. Expression of
97 out of 269 microRNAs changed after SCI. Moderate,
high and very high expression of 60 out of 97 microRNAs
was found. Expression of other 37 microRNAs was low.
SC decompression is preferable surgical treatment of SC
trauma. M. Ziu et al. analyzed expression of various mi-
croRNAs depending on duration of SC compression [20].
These researchers proved that expression of some microR-
NAs differs depending on compression time. In particu-
lar, miR-107 is expressed in long compression model and
does not change in short compression model. Expression
of miR-148 is increased in 3 and 6 hours after prolonged
compression and after 6 hours in short compression mod-
el. It was also shown that miR-210 is expressed after 3, 6
and 24 hours in long compression model and only after
24 hours in short compression model.

MicroRNA associated with inflammation and
apoptosis

V. Sahni et al. conducted an experiment on mice with
SCI and determined the role of bone morphogenetic pro-
teins (BMPs) and their receptors in secondary astroglio-
sis after SCI [9]. These authors detected significant aug-
mentation of BMP4 in 4, 7 and 15 days after injury. They
also found moderate increase of BMP7 levels in 4 days af-
ter injury and normalization 7 days later. The researchers
also observed increased transcription of 1a BMP receptor
(BMPR1a) and GFAP protein (glial fibrillary acidic pro-
tein) in 4 and 7 days after injury. BM P signaling pathway
includes SMAD proteins (similar to mothers against de-
capentaplegic). It was shown that these proteins control
posttranscriptional processing of miR-21 [17]. The au-
thors analyzed the behavior of this microRNA and dem-
onstrated that BMPR1a-mediated signal transmission
inhibits cytoplasmic processing of miR-21. Thus, final
processed product of this microRNA is usually inhibit-
ed after SCI. O. Bhalala et al. conducted an experiment
on mice in order to clarify the role of miR-21 in astrocyt-
ic response after SCI [21]. The authors found that miR-
21 overexpression in astrocytes after SCI weakens hyper-
trophic response. Moreover, they observed that miR-21
inhibition is accompanied by increased axonal density
at the site of lesion. The authors revealed a new effect of
miR-21 in astrocytic regulation of hypertrophy and glial
scar progression after SCI. V. Izumi et al. analyzed miR-
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223 and found high expression of this microRNA in 12
hours after SCI [22]. As for apoptosis, G. Liu et al. dem-
onstrated a significant change in expression of some mi-
croRNAs in rats with SCI. In fact, they found increased
expression of Let-7a and miR-16 and reduced miR-15b
level in 10 days after injury [23].

MicroRNA associated with functional recovery and
regeneration

Regeneration is a reproduction of accurate copies of
lost anatomical structures. This phenomenon is observed
in some vertebrate species, such as salamanders, axolotls
and danio rerio and lost in mammals. Molecular mech-
anisms of this process are still unclear [24]. The role of
microRNA in SC regeneration after injury was studied
in some of these species. T. Sehm et al. conducted an ex-
periment on axolotls and determined the role of miR-196
in tail regeneration after its amputation [24]. The authors
found significantly increased expression of miR-196 with-
in 14 days after amputation. Inhibition of miR-196 sig-
nificantly impaired regeneration. These data indicate that
this microRNA is essential at the early stages of regener-
ation of the tail in axolotls. J.F. Diaz Quiroz et al. found
that miR-125b is necessary for functional regeneration af-
ter SCI in the same species [25]. The authors have shown
that reducing the level of miR-125b in axolotl up to that
in rats inhibits regeneration through regulation of the Se-
ma4D gene. The last one causes development of glial scar.
Y.M. Yu et al. studied the role of miR-133b in function-
al recovery after SCI [26]. For this purpose, they used a
model of SCI in danio rerio and revealed positive regu-
lation of miR-133b in neurons. Inhibition of miR-133b
changed motor recovery and reduced axonal regenera-
tion within the spinal cord slice.

Potential targets of microRNA in spinal cord injury

Inflammation, acidosis and apoptosis

N.K. Liu et al. studied the role of microRNA after
SCI in analysis of potential target genes [15]. Statistical
analysis demonstrated that these targets are genes en-
coding the components involved in various physiologi-
cal processes such as inflammation, acidosis and apopto-
sis. Genes inhibiting inflammatory process are potential
targets for some microRNAs (miR-221, miR-1, miR-206,
miR-152, miR-122, miR-181a, miR-411, miR-99a, miR-
34a, miR-30c, miR-384-5p, miR-30b-5p and miR-214).
A number of genes responsible for apoptosis are poten-
tial targets for microRNA. Expression of these microR-
NAs is reduced after SCI (miR-127, iR-181a, miR-411,
miR-34a and miR-384-5p). According to available da-
ta, abnormal expression of microRNA after traumatic
SCl is essential in secondary damage of the spinal cord.
Thus, these microRNAs may be potential targets in SCI
management. V. Sahni et al. reported that miR-21 nega-
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tively regulates reactive hypertrophy of astrocytes in SCI
[9]. However, the authors have not yet been able to iden-
tify the targets of miR-21, which can affect astrocyte
size enlargement. G.Liu et al. studied microRNA asso-
ciated with apoptosis and showed that increased expres-
sion of Let-7a was accompanied by increased expression
of RAS (genes and proteins (so-called small G-proteins
(small GTPases))) and MYC (genes regulating cellular
proliferation, differentiation and carcinogenesis) in 10
days after lesion. However, expression of RAS and MYC
normalized after 31 days although Let-7a level remained
elevated [23]. On the one hand, increased expression of
microRNA was due to increased expression of Bcl-2. On
the other hand, exercise after SCI was shown to be main-
taining muscle mass in paralyzed limbs, stimulating ana-
tomical and biochemical plasticity in spinal cord and in-
creasing the level of neurotrophic factors in muscles and
spinal cord [27—32]. These data justified a research of the
effect of physical exercise on expression of some microR-
NAs [23]. In this trial, G. Liu et al. showed that exercise
within 5 days after SCI was accompanied by significant-
ly increased expression of miR-21 with anti-apoptotic ef-
fect and reduced expression of miR-15b [23]. Increased
expression of miR-21 resulted decrease in expression of
RNA-messenger PTEN (phosphatase and tensin homo-
log) and PDC4 (programmed cell death protein 4). In-
hibition of these proteins is known to be associated with
reduced apoptosis in cancer cells through inhibiting pro-
teinkinases B [23].

Functional recovery and regeneration

T. Sehm et al. studied potential targets of miR-196
for tail regeneration in axolotl [24]. The authors con-
firmed that this microRNA directly influences the Pax7
gene and suppresses the levels of the expressed protein.
Thus, this microRNA affects cell division during regen-
eration and produces a small tail phenotype. This pro-
tein produced the phenotype through a feedback loop
with BMP4 and Msx1 (Msh homeobox 1) proteins. These
proteins are necessary to control cellular proliferation in
the spinal cord. As soon as miR-125 was determined as
an important factor for regeneration, J.F. Diaz Quiroz et
al. analyzed the effect of increased level of miR-125b in
rats after SCI [25]. They injected a synthetic variant of
miR-125b into the lesion site in 7 days after injury and
showed reduced level of Sema4D, development of the gli-
al scars and positive effect on functional recovery (im-
proved movement in some animals). Y.M. Yu et al. an-
alyzed the role of miR-133b in functional recovery after
SCI. They found that this microRNA is important for SC
regeneration in danio rerio. Regeneration is associated
with reduced level of RhoA protein (RAS homolog gene
family, member A) of small GTPase (guanosine triphos-
phate) [26]. The regularities of activation of this protein
after SCI and its role in apoptosis of CNS cells have been
studied [33]. Both proteins originating from myelin and
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tumor necrosis factor directly activate Rho. Inactivation
of Rho C3-05 (RAS homolog gene family, member C3-
05, antagonist of RhoA) after SCI blocks augmentation
of p75SNTR protein (p75 neurotrophin receptor) and in-
hibits apoptosis. Rho C3-05 inactivation prevents apop-
tosis and stimulates regeneration. MiR-133b causes this
reduction through direct interaction with RNA media-
tor RhoA. This is an important conclusion, since it was
shown that inactivation of this GTPase leads to restora-
tion of coordination between anterior and posterior limbs
in mice [34].

Functional role of IncRNA in spinal cord injury

Recently, new characteristics of differentially ex-
pressed IncRNAs have been discovered in SCI. In par-
ticular, IncRNA-mediated modulation of glial activa-
tion and neuronal apoptosis has become an area of in-
tensive research.

Glial activation

Glia may be activated within 1 day (microglia acti-
vation) and persist for months or even years (astroglio-
sis) after SCI [35—37]. In the model of acute blunt SCI
in rats, it was found that the level of MALATI protein
(metastasis associated lung adenocarcinoma transcript
1) is significantly increased within the damaged area of
SC [38]. MALAT]1 activates miR-199b and contributes to
release of proinflammatory cytokines. Inhibition of spi-
nal MALATI led to decrease in expression of microglial
marker Iba-1 and proinflammatory cytokines in the epi-
center of contusion and improvement of motor function
of posterior limb. However, the role of MALATI in mi-
croglial polarization has not been studied in this research.
Other authors found that expression of ncRNA IncSCIR1
is continuously decreased in 1, 4 and 7 days after mod-
erate blunt SCI [39]. The amount of IncSCIR1 inversely
correlated with expression of bone morphogenetic pro-
tein 7 (Bmp7) and adrenomedullin (Adm). These proteins
contribute to spinal cord astrogliosis [40, 41]. Inhibition of
IncSCIR1 stimulated migration and proliferation of cul-
tivated astrocytes [39]. However, most functional studies
were performed in vitro. Nevertheless, these studies en-
sured preliminary evidence that IncRNA can participate
in gliogenesis after SCI.

Neuronal apoptosis

Neuronal death is the most obvious consequence of
spinal cord injury, especially in acute phase of lesion.
Therefore, the molecules-modulators of neuronal apop-
tosis constantly attract the attention of researchers. XIST
(X-inactive specific transcript) was identified as one of the
active IncRNAs with the greatest multiplicity of changes
in the number of molecules in the model of SC contusion
in mice [42]. Inhibition of XIST had a significant neuro-
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protective effect through activation of (PI3K)/AKT pro-
tein in damaged SC. Inhibition of XIST was followed by
increased expression of miR-494. Then, the last one in-
hibited PTEN deletion. Reducing PTEN activated PI3K/
AKT pathway and protected neurons from apoptosis.

Possible therapeutic approaches

The role of microRNA in SCI needs further study.
However, there are multiple data on microRNAs as a new
class of therapeutic targets [43—45]. MicroRNAs reduce
protein levels in central nervous system through posttran-
scriptional regulation [16, 46]. Thus, inhibition of mi-
croRNA associated with a specific disease can eliminate
the blockade of expression of the desired protein. On the
contrary, introduction of microRNA mimetics can stimu-
late endogenous microRNA suppressing the desired gene
[47]. Some modified RNAs may be used as pre-microR-
NA or as oligonucleotides against microRNA [48]. Oli-
gonucleotides against microRNA are complementary nu-
cleotides with reverse chain. Their stability and specifici-
ty are improved by chemical modifications. It was shown
that oligonucleotides with 2'-O-methyl-modification are
effective inhibitors of several cell lines and cultured neu-
rons [49—51]. MicroRNAs mimic small, usually double-
chained, chemically modified oligonucleotides which can
be used to inhibit specific target proteins. The double-
chained structure is necessary for effective association
with RISC (RNA-induced silencing complex). One of
the chains is a mature microRNA, and the complemen-
tary chain forms a complex with a sequence of mature mi-
croRNA [51]. There is still no evidence of efficacy of these
simulators although they are often used in crop studies
[52]. There are still many challenges to usy microRNAs as
therapeutic targets including difficult introduction, pos-
sible effects on other genetic systems and ensuring safety.
However, the strategy of manipulating microRNA in vivo
for regulation of abnormal processes is becoming possi-
ble as a therapeutic approach. A better understanding of
their biosynthesis and function will undoubtedly facili-
tate the development of microRNA therapy.

Conclusion

Spinal cord injury is a cause of disability in working-
age population. This serious clinical problem is still re-
quiring intensive research. Non-coding RNAs are also
analyzed in this pathology. As a result, their importance
in control of inflammation, acidosis, apoptosis, prolif-
eration and regeneration was emphasized. Further stud-
ies of non-coding RNAs in spinal cord injury, identifica-
tion of target genes and signal transmission pathways are
needed. Non-coding RNAs participate in various cellu-
lar and tissue changes at all stages of spinal cord injury
through interaction with a network of coding genes. Thus,
deregulation of non-coding RNAs is a new approach to
influence on molecular mechanisms in spinal cord inju-
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ry. The ultimate aim is to develop an effective and safe
therapeutic and diagnostic strategies for patients with spi-
nal cord injury.
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