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Abstract

Introduction: Current treatments for neuropathic pain are limited at least in part due to the
incomplete understanding of its underlying mechanisms. Recent evidence reveals the dysregulated
expression of long non-coding RNAs (IncRNAS) in the damaged nerve, dorsal root ganglion
(DRG), and spinal cord dorsal horn following peripheral nerve injury. However, the role of the
majority of INcRNAs in neuropathic pain genesis is still elusive. Unveiling the mechanisms of how
IncRNASs participate in neuropathic pain may develop new strategies to prevent and/or treat this
disorder.

Areas covered: This review focuses on the dysregulation of IncRNAs in the DRG, spinal cord
dorsal horn, and the injured peripheral nerves from preclinical rodent models of neuropathic pain.
We provide evidence of how peripheral nerve injury causes the dysregulation of IncRNAs in these
pain-related regions. The potential mechanisms of how dysregulated IncRNAs contribute to the
pathogenesis of neuropathic pain are discussed.

Expert opinion: The investigation on the role of the dysregulated IncRNAs in neuropathic pain
might open up a novel avenue for therapeutic treatment of this disorder. However, current
investigation is at the infancy stage, which challenges the translation of preclinical findings. More
intensive study on IncRNAs is required before the preclinical findings are translated into
therapeutic management for neuropathic pain.
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Introduction

Neuropathic pain, a major public health problem worldwide, is a distressing and debilitating
disease. It is characterized by spontaneous ongoing or intermittent burning pain, allodynia,
and hyperalgesia. Neuropathic pain is often caused by trauma (e.g., peripheral nerve, spinal
cord, or brain injury), and various diseases (e.g., stroke, multiple sclerosis, diabetics, cancer
chemotherapy, human immunodeficiency virus, and cancer) [1, 2]. Epidemiological
observation reveals that about 6.9-10% of the population suffers from neuropathic pain [3,
4]. In the United States, the cost of annual healthcare and productivity losses caused by
neuropathic pain are estimated to be as much as $600 billion [5, 6]. Current treatments for
this disorder including pharmacological interventions, such as anticonvulsants and opioids,
physical therapies, and filed stimulations have limited effects and/or produce several adverse
effects [7-9]. Thus, identifying the mechanisms of neuropathic pain is essential for the
discovery of novel treatments and preventive tactics for this disorder.

The transcriptional and translational changes in gene expression in the dorsal root ganglion
(DRG), spinal cord dorsal horn, and pain-related brain regions following peripheral nerve
injury are considered to participate in neuropathic pain genesis [10, 11]. In the past decade,
the advances of high throughput approaches, including gene microarray and next-generation
sequencing, have provided revolutionary strategies for transcriptome research. RNA
sequencing (RNA-Seq) utilizing diverse next-generation deep sequencing protocols paired
with bioinformatics pipelines has made it a possibility to detect expressional changes not
only of the transcripts of known genes, but also of the transcripts not previously annotated
[12]. Non-coding RNA investigation has benefited from these approaches due to the fact that
non-coding RNAs cannot be translated to detectable protein. Long non-coding RNAS
(IncRNAs, > 200 nucleotides) interact with proteins, DNA, and other RNAs and participate
in transcriptional silencing, translational inhibition, or modulating partners of multiprotein
complexes. They are emerging as potent and multifunctional regulators in physiological and
pathological processes (e.g. embryonic development, cancer, inflammation, and
cardiovascular and neurobiological diseases), despite being previously considered as the
spurious byproducts of gene transcription [13, 14]. An intriguing association between
IncRNASs and neuropathic pain has also been demonstrated recently [10, 11]. A large number
of IncRNAs have been comprehensively identified in the pain-related regions (e.g. DRG and
spinal cord) of mouse, rat, and human nervous systems [15-18]. The IncCRNAs are
dysregulated in these regions following peripheral inflammation or nerve injury [15, 19-21].
Moreover, these functional studies reveal that IncRNASs contribute to the development and
maintenance of neuropathic pain by regulating pain-associated genes and increasing
neuronal excitability in DRG primary sensory neurons [19, 21]. Undoubtedly, INcRNAs are
new players in the mechanisms of neuropathic pain.

In this review, we focus on the frontier findings of INcCRNAs and the changes of their
expression in the DRG, spinal cord dorsal horn, and the injured peripheral nerves from
preclinical rodent models of neuropathic pain and in the serum from neuropathic pain
patients. We also provide /n7 vitro and in vivo evidence of how peripheral nerve injury causes
the dysregulation of INcCRNAs in the pain-related regions. The potential mechanisms of how
the dysregulated INcRNAS contributes to the pathogenesis of neuropathic pain are discussed.
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This review provides up-to-date knowledge regarding the role of IncRNAs in neuropathic
pain.

LncRNAs expressed in DRG primary sensory neurons

Pain signals start as noxious stimuli detected by nociceptors located in peripheral nerve fiber
terminals of DRG primary sensory neurons and are transmitted via the DRG primary
afferents into the central nervous system, including the spinal cord dorsal horn and pain-
associated brain regions. The DRG appears to play a key role in neuropathic pain [22, 23].
Transcriptome analysis of the injured DRG following peripheral nerve injury by microarray
and RNA-seq identified a large number of deferentially expressed IncRNAs [20, 24-26].
Evidence indicates the potential involvement of the dysregulated DRG IncRNAS in
neuropathic pain.

The first intensively investigated IncCRNA in neuropathic pain is an endogenous voltage-
gated potassium channel (Kv) KcnaZ2antisense (AS) RNA [19]. This new regulatory gene is
highly conserved among humans, monkeys, mice, and rats. The Kcna2 AS RNA (2.52 kb in
size) is classified as a natural antisense transcript (NAT), which is defined as a processed
transcript that is complementary to the corresponding sense transcript in exon regions. It is
located in the cytoplasm and specifically targets Kcna2 mRNA, which encodes membrane
Kv1.2 subunit involved in the induction of neuropathic pain (Figure 1) [19] [27]. The Kcna2
AS RNA is up-regulated time-dependently in the injured rat DRG after spinal nerve ligation
(SNL). Mimicking this upregulation through the delivery of adeno-associated virus (AAV)
harboring the full-length Kcna2 AS RNA into the DRG neurons of naive rats significantly
reduced basal Kcna2 mRNA level both /n vitro and /n vivo [19]. Electrophysiological
experiments further identified that Kcna2 AS RNA reduced total Kv current and increased
excitability of DRG neurons [19]. Animals that received DRG injection of AAV-KcnaZ AS
RNA exhibited neuropathic pain symptoms as evidenced by the mechanical and cold
hypersensitivities in naive rats [19]. Blocking the nerve injury-induced up-regulation of
DRG Kcna2 AS RNA through microinjection of the AAV expressing a complement segment
from Kcna2 sense RNA into the injured DRG rescued DRG Kv1.2 expression and alleviated
neuropathic pain [19]. Kcna2 AS RNA may be an endogenous trigger in neuropathic pain
development and maintenance.

The Scn9a NAT is another identified antisense INCRNA coded by the complementary strand
of DNA that is opposite to its target Scn9a gene, with the two genes partially overlapping
(Figure 1) [28]. The expression levels of these two genes show a discordant pattern in the
DRG, with higher levels of Scn9a mRNA and lower level of Scn9a NAT [28]. The Scn9a
NAT is proved to act as a negative regulator of Scn9a mRNA. Overexpressing Scrn9a NAT
reduced Scn9a mRNA, its coding Nav1.7 protein, and Nav1.7 currents in DRG neurons [28].
However, the levels of neither Scn9a mRNA nor Scn9a NAT change significantly in the
ipsilateral L4-L6 DRG 3 days following chronic constriction injury (CCI) of the sciatic
nerve [28]. Interestingly, Nav1.7 protein and current are both increased in the DRG from a
rat model of painful diabetic neuropathy [29, 30], whereas the amount of Nav1.7 protein is
decreased in the injured DRG after SNL, spinal nerve injury (SNI), and sciatic nerve
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axotomy in the animals [31, 32]. The regulation of Nav1.7 by Scn9a NAT under these
neuropathic pain conditions is still unknown and remains to be further elucidated.

Using Gene2DGE [33] transcriptome screening in the DRG of rats, several research groups
have identified dysregulated IncRNA transcripts associated with diabetes [34, 35]. Among
these transcripts, the INCRNA uc.48+ [34, 36], BC168687 [37-39], and NONRATT021972
[35, 40, 41] were found to be involved in diabetic neuropathic pain through purinergic
receptors or TRPV1. The levels of these three INcRNAs are markedly increased in the DRG
of diabetic neuropathic pain rats [34, 35, 38, 41]. Blocking these increases via intrathecal or
intravenous injection of each corresponding siRNA, respectively, alleviated mechanical
allodynia and thermal hyperalgesia in diabetic rats [34, 35, 38, 41]. Knockdown of DRG uc.
48+ attenuated P2X3 receptor- or P2X7 receptor-mediated immune and inflammatory
responses, including cytokine secretion, reactive oxygen species formation, and activation of
the extracellular signal-regulated kinase (ERK) 1/2 signaling pathway in the diabetic DRG
[34, 36]. Intrathecal BC168687 siRNA blocked the increases in the levels of P2X7 mRNA
and protein, phosphorylated-ERK1/2 (p-ERK1/2), and phosphorylated p38 in the DRG and
the amounts of nitric oxide, tumor necrosis factor-a (TNF-a), and interleukin-f in serum of
diabetic rats [38, 39]. BC168687 siRNA also reduced TRPV1 expression in diabetic DRG
[39]. NONRATTO021972 was also found to be increased in the serum of patients with type 2
diabetes mellitus [40, 41]. Intravenous injection of NONRATT021972 siRNA attenuated the
increases in the levels of P2X3, P2X7, GFAP, p-ERK1/2, and TNF-a in the DRG of diabetic
rats [35, 40, 41]. In addition, the IncRNA MRAKO009713 was also significantly up-regulated
in the injured DRG from CCI rats and contributed to CCl-induced neuropathic pain through
regulating the expression and function of DRG P2X3 receptors (Figure 1) [21]. Taken
together, these studies indicate the association of these IncRNAs with P2X3 receptor, P2X7
receptor, TRPV1 and downstream signals under neuropathic pain conditions, but the detailed
mechanisms of how these INcRNASs regulate purinergic receptors and TRPV1 are still
unclear. Moreover, this siRNA strategy has potential off-target effects. Single siRNA effects
from these reports should be verified by other approaches. Therefore, the role of these
IncRNAs in neuropathic pain remains to be confirmed.

LncRNAs expressed in the dorsal horn of the spinal cord

The spinal cord dorsal horn, where the second order of sensory neurons are located, is
responsible for relaying and modulating pain-related signals from nociceptors to the
supraspinal cord regions [2, 21]. Using the microarray-based profiling approach, a mouse
IncRNA gene chip including 25,376 IncRNA probes identified 511 differentially expressed
(> 2-fold) IncRNAs in the ipsilateral spinal cord dorsal horn at 10 days after SNL [15].
Pathway annotation and gene ontology analysis showed that the 35 differentially expressed
InNcRNA-mRNA pairs coordinated in the genome [15] were involved in Toll-like receptor
signaling, cytokine-cytokine receptor interaction, and peroxisome proliferator-activated
receptor signaling pathway [15]. Recently, sequencing analysis showed that 35, 44, 25, and
15 IncRNAs were up-regulated and 59, 135, 101, and 129 IncRNAs were down-regulated at
1, 3, 7, and 14 days, respectively, in the spinal cord after SNI [17]. These dysregulated
IncRNAs are associated with genes that have significant enriched molecular functions,
including transporter activity, calcium ion binding, protein binding, anion binding, structural
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molecular activity, lipid binding, and receptor binding [17]. Dou L et al reported that the
expression of INcRNA colon cancer associated transcript-1 (CCAT1) was reduced in the
spinal cord dorsal horn, DRG, hippocampus, and anterior cingular cortex from day 1 to day
5 after CClI [42]. Over-expression of IncRNA CCAT1 alleviated CCl-induced mechanical
allodynia [42]. However, how IncRNA CCAT1 participates in CCl-induced pain
hypersensitivity is unknown. Thus, functional study of INcRNA in the spinal cord dorsal
horn is not well documented.

Circular RNAs (circRNAS) are highly stable and have circularized transcripts by back
splicing of exons from mRNAs and antisense RNAs [43]. The majority of circRNAs are
conserved across species and lack the potency of translation, despite the existence of cap-
independent translation [44, 45]. RNA-seq analysis of transcripts from the spinal cord of
SNI rats identified that 188 circRNAs as well as 134 IncRNAs and 12 microRNAs
(miRNAs) were significantly altered on day 14 after SNI [46]. Another study revealed that
up to 363 circRNAs were significantly upregulated and 106 were downregulated in the
ipsilateral dorsal horn after CCI [47]. The circRNA-miRNA-mRNA network was
constructed /n silico by bioinformatics analyses, suggesting that these circRNAs function as
miRNA sponges and target mMRNAs under neuropathic pain conditions [46, 47]. Although
the functioning of circRNAs as efficient miRNA sponges is still under debate, they have
been called the competing endogenous RNAs (ceRNAS) to competitively bind the miRNAs
and inhibit their biological functions, therefore positively regulating the target genes of
miRNA [48]. For example, the deficiency of the circRNA, Carlas, down-regulates mature
miR-7 expression in excitatory neurons of the brain, resulting in disinhibition of immediate
early genes’ expression and in dysfunction of excitatory synaptic transmission [49]. The
INcRNA, Cyrano, which is also expressed in neurons of the brain, prevents repression of
miR-7-targeted mRNAs and enables accumulation of CdlrZasthrough directing potent
multiple-turnover destruction of miR-7 [50]. After knock-out of Cyrano, excess miR-7
causes cytoplasmic degradation of CdrZasin mouse neurons, in part through enhanced
silence of Cdriasby a second miRNA, miR-671 [50]. Thus, the interactions among different
types of non-coding RNAs may form a sophisticated regulatory network [49, 50]. However,
whether and how the dysregulated circRNAs participate in neuropathic pain is still unknown
and merits to be further investigated.

LncRNAs expressed in peripheral nerves

The demyelination of peripheral sensory fibers after injury participates in neuropathic pain
[51]. An antisense INcCRNA, which is transcribed for the opposite strand of the proximal
promoter of Egr2, was discovered by Martinez-Moreno et a/ in both mouse and rat sciatic
nerves [52]. After peripheral nerve injury, the expression of £gr2 AS RNA is increased and
affects the expression of £gr2 mRNA via an epigenetic mechanism [52]. Ectopic expression
of Egr2 ASRNA in mouse DRG cultures inhibits the expression of £gr2 mRNA and
attenuates myelination of Schwann cells [52]. This work sheds light on the investigation of
IncRNAs in peripheral nerves. A microarray-based analysis revealed that a large number of
IncRNAs are differentially expressed in the distal segment of the sciatic nerve at different
time points following injury [53]. The ectopic expression of the INCRNA,
NONMMUGO014387, promotes the proliferation of mouse Schwann cells [53]. Yao et a/
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analyzed the microarray data of IncRNAs in rat DRG after sciatic nerve injury and reported
the expressional change of a down-regulated INcRNA, uc.217, in regenerative DRG neuronal
outgrowth. Knock-down of uc.217 expression could significantly promote neurite outgrowth
in cultured DRG neurons [54]. These studies show the regulatory function of plasticity in
peripheral nerves by IncRNAs. Nevertheless, it is still obscure if INcRNAs play a role in
neuropathic pain genesis.

5. Conclusion

Compared to miRNAs, IncRNAs may specifically target the gene expression as they are
much longer in size and selectively bind to specific genes. For example, blocking nerve
injury-induced increases in DRG KcnaZ antisense RNA specifically and selectively rescued
downregulation of Kcna2? mRNA and alleviated neuropathic pain, without affecting acute
pain and locomotor function [19]. Given that virus-mediated gene therapy has been used in
clinical trial [55, 56], virus-mediated DRG delivery of KcnaZsense RNA fragment may
open a new avenue for neuropathic pain management. Thus, investigations of the
dysregulated INcRNASs in neuropathic pain not only provide insights into the mechanisms
underlying this disorder but also open a door to develop new analgesics with greater efficacy
and fewer side effects. However, current investigation on the role of IncRNAs in neuropathic
pain is in the infancy stage, which challenges the translation of preclinical findings. The
clinical efficacy and risks associated with INcRNAs’ therapy also needs to be systematically
evaluated through rigid trials.

6. Expert opinion

7.

It’s becoming feasible to profile IncRNAs by high-throughput analysis, such as next
generation RNA-seq nowadays. The pioneering studies described above have suggested that
a subset of IncRNAs, including circRNAs, are involved in neuropathic pain in different pain-
related regions. Except for a few INcCRNAs (e.g. Kcna2 AS) [19, 21], the specific functions
of most INcRNAs in neuropathic pain are still elusive. Given that the IncRNAs orchestrate
the upstream changes in gene transcription, such as transcriptional factors [13, 57],
manipulating the key INCRNASs’ expression in pain pathways may effectively prevent and/or
treat the development and maintenance of neuropathic pain. Therefore, it is optimistic that
IncRNAs will become promising targets for the management of this disorder with the
combined efforts of pain researchers and clinical physicians.

Future and focus of research

Research regarding the role of IncRNASs in neuropathic pain is still at an early stage
compared to other fields (such as cancer research). As discussed above, some IncRNAs from
the damaged peripheral nerve, DRG, and spinal cord dorsal horn may play a critical role in
neuropathic pain, but the detailed mechanisms of how the majority of these InNcRNAs (except
for Kcna2 antisense RNA) contribute to this disorder is still elusive. Moreover, the role of
most dysregulated INcCRNAs identified from RNA sequencing in neuropathic pain is still
unclear. It is worthy to explore the functions of INcRNAs in the process of central
sensitization in the spinal cord dorsal horn and brain pain-related regions (such as the
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amygdala and anterior cingulate cortex) [58]. Due to the heterogeneity and complexity of

ne

uropathic pain, investigations of the types of neuropathic pain (e.g., orofacial neuropathic

pain vs somatic neuropathic pain) might reveal distinct functional IncRNAs. In addition,
single-cell RNA sequencing [59] may disclose specific expression patterns of INCRNASs in

Ssu

b-populations of DRG sensory neurons and dorsal horn projection neurons or excitatory/

inhibitory interneurons. The integration of multiple approaches will enable efficient

ch
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Article highlights box

. A large number of IncRNAs, including antisense RNAs and circular RNAs,
are dysregulated in pain-related regions in the peripheral and central nerve
systems following peripheral nerve injury.

. The Kcna2 antisense RNA participates in neuropathic pain through peripheral
nerve injury-induced upregulation, and through specific and selective silence
of Kcan2 mRNA expression in the injured dorsal root ganglion.

. The role of the majority of dysregulated IncRNAs in neuropathic pain is still
elusive and remains to be determined.
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Figure 1.

Long noncoding RNAs in dorsal root ganglion neurons contribute to neuropathic pain.
Under normal conditions, the expressional level of Kcrna2 AS RNA is relatively low. In
contrast, KcnaZ AS RNA is up-regulated after nerve injury and specifically inhibits the
expression of KecnaZ mRNA in the cytoplasm of the dorsal root ganglion neurons, resulting
in the decrease in membrane Kv1.2 and the increased excitability of primary sensory
neurons [18]. The Scn9a NAT is found to act as a negative regulator of Scrn9a. The role of
Scn9a NAT in neuropathic pain condition is still elusive [24]. MRAKO009713 contributes to
neuropathic pain by directly binding to the nociceptive P2X3 receptors and then regulating
its expression and function in dorsal root ganglion neurons [20]. KcnaZ: potassium voltage-
gated channel subfamily A member 2 gene; Kv1.2: voltage-gated potassium channel 1.2;
mRNA: messenger RNA; AS: antisense; P2Xg3: purinergic receptor P2X 3; Scn9a. sodium
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voltage-gated channel alpha subunit 9; Nav1.7: voltage-gated sodium channel 1.7; NAT:
natural antisense transcript.
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Table 1.
LncRNAs Associated with Neuropathic Pain.
Neuropathic Tissue INcCRNAs Change in Targets References
Pain Models Expression
SNL Injured DRG Kcna2 ASRNA 0 Kcna2 Zhao et al. [19]
SNL Injured DRG H19,Gm21781 et al. M Unknown Wu et al. [20]
CCl Injured DRG MRAKO009713 1 P2X3 receptor Li etal. [21]
Diabetic DRG uc.48+ 0 P2X3 receptor Wang et al. [34]
neuropathy
Diabetic DRG NONRATT021972 0 P2X7 receptor, Liu et al. [35],
neuropathy P2Xj receptor,  Yu eral [40] and
TNF-a etal Yuetal [41]
Diabetic DRG BC168687 0 P2X; receptor.  Liu et al. [38] and
neuropathy TRPV1 et al. Liu eral. [39]
SNL Spinal cord Speer7-ps, Uc007pbc.1, ™ Unknown Jiang et al. [15]
et
al.
SNI Spinal cord XLOC_041439, Mlxipl, ™ Unknown Zhou et al. [17]
Rn50_X_0739.1
Ccl Spinal cord, DRG, CCAT1 \ microRNA-155 Dou et al. [42]
hippocampus, and and SGK3
ACC
SNI Spinal cord rno circ 0004058, T Unknown Zhou et al. [46]
Rn50_8_0646.1 et al.
CCl Spinal cord rno_circRNA_008973, M Unknown Cao et al. [47]
rmo_circRNA_007512 et
al.
Sciatic nerve  Peripheral nerves Egr2 AS RNA ! Egr2 Martinez-Moreno
transection etal. [52]

ACC: anterior cingulate cortex; AS: antisense; CCI: chronic constriction injury; DRG: dorsal root ganglion; LncRNAs: long noncoding RNAS;
SNI: spared nerve injury; SNL: spinal Nerve ligation.
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