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Aims: Nerve injury-induced maladaptive changes in gene expression in the spi-
nal neurons are essential for neuropathic pain genesis. Circular RNAs (ciRNA) are
emerging as key regulators of gene expression. Here, we identified a nervous-
system-tissues-specific ciRNA-Katé with conservation in humans and mice. We
aimed to investigate whether and how spinal dorsal horn ciRNA-Katéb participates
in neuropathic pain.

Methods: Unilateral sciatic nerve chronic constrictive injury (CCl) surgery was used
to prepare the neuropathic pain model. The differentially expressed ciRNAs were ob-
tained by RNA-Sequencing. The identification of nervous-system-tissues specificity
of ciRNA-Katéb and the measurement of ciRNA-Katéb and microRNA-26a (miRNA-26a)
expression level were carried out by quantitative RT-PCR. The ciRNA-Katéb that tar-
gets miRNA-26a and miRNA-26a that targets Kcnk1 were predicted by bioinformatics
analysis and verified by in vitro luciferase reports test and in vivo experiments includ-
ing Western-blot, immunofluorescence, and RNA-RNA immunoprecipitation. The
correlation between neuropathic pain and ciRNA-Katéb, miRNA-26a, or Kcnk1 was ex-
amined by the hypersensitivity response to heat and mechanical stimulus.

Results: Peripheral nerve injury downregulated ciRNA-Katéb in the dorsal spinal horn
of male mice. Rescuing this downregulation blocked nerve injury-induced increase of
miRNA-26a, reversed the miRNA-26a-triggered decrease of potassium channel Kcnk1,
a key neuropathic pain player, in the dorsal horn, and alleviates CCl-induced pain hy-
persensitivities. On the contrary, mimicking this downregulation increased the miRNA-
26a level and decreased Kcnkl in the spinal cord, resulting in neuropathic pain-like
syndrome in naive mice. Mechanistically, the downregulation of ciRNA-Katéb reduced
the accounts of miRNA-26a binding to ciRNA-Katéb, and elevated the binding ac-

counts of miRNA-2éa to the 3’ untranslated region of Kcnk1 mRNA and degeneration
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1 | INTRODUCTION

Nerve injury-induced neuropathic pain is a chronic and refractory
disease, therefore affecting the quality of life of many patients. It is
estimated that neuropathic pain in the general population is to have
a prevalence ranging between 3% and 17%.! In the United States,
over 600 billion dollars per year is spent on healthcare costs related
to neuropathic pain management.2 However, as current medications
such as opioids and nonsteroidal anti-inflammatory drugs are inef-
fective or have severe side effects in most neuropathic pain patients,
the therapeutic effect is limited.® Neuropathic pain is characterized
by abnormal hypersensitivity to stimuli (hyperalgesia) and nocicep-
tive responses to non-noxious stimuli (allodynia). Central (e.g., spinal
cord dorsal) sensitization is thought to be a vital role in pain hyper-
sensitivity. These abnormal spinal sensitization activities are respon-
sible for peripheral nerve injury-induced maladaptive changes in
such pain-associated genes as an ion channel, receptor, and intercel-
lular signal molecular in the spinal cord.*”? Exploring the regulation
mechanism of dysfunctional spinal genes may provide a new avenue
for neuropathic pain management.

Circular RNAs (circRNAs), as a kind of novel identified non-
coding RNAs, have attracted great attention due to their potent
and multifunction in the regulation of gene expression.’®!! A large
number of circRNAs are dysregulated in the spinal cord following pe-
ripheral nerve injury,’?*® but the molecular mechanism underlying
neuropathic pain is still poorly understood. We identified a nervous
system-specifically expressed circRNA — ciRNA-Katéb — is highly
enriched in the spinal cord and decreases the expression in the spi-
nal cord after peripheral nerve injury. But it remains unclear the
mechanism of ciRNA-Katéb involved in neuropathic pain.

Potassium channels control the excitability of spinal neurons,
therefore, become a critical player in the occurrence of pain hyper-
sensitivity.'* KCNK1 belongs to the two-pore domain background
potassium (K2P) channel family and is the first identified member
in this family. Kcnk1 is enriched in the peripheral and central ner-
vous systems such as dorsal root ganglion, trigeminal nerve, and
spinal cord,*>*¢ peripheral nerve injury decreases the level of Kenk1
in mouse DRG.Y Rescuing this decrease alleviates nerve injury-
induced mechanical, thermal, and cold pain hypersensitivities. Kcnk1

has become a potential modulation factor in the development and

neuropathic pain mice.

of Kcnk1 mRNA, triggering in the reduction of KCNK1 protein in the dorsal horn of
Conclusion: The ciRNA-Kat6b/miRNA-26a/Kcnk1 pathway in dorsal horn neurons reg-

ulates the development and maintenance of neuropathic pain, ciRNA-Katéb may be a

potential new target for analgesic and treatment strategies.

circRNA-Katéb, Kcnk1, miR-26a, neuropathic pain

maintenance of neuropathic pain.” Here, we demonstrated that
the decreased of ciRNA-Katéb contributes to development and
maintenance of nerve injury-induced neuropathic pain by regulat-
ing microRNA-26a (miR-26a)-triggered Kcnk1 in spinal cord neurons.
ciRNA-Katé6b may be a critical player in neuropathic pain.

2 | MATERIALS AND METHODS

2.1 | Animals and pain model

Adult male Kunming mice (20-25g) were used in this study. All
animal procedures were approved by the animal care committee of
Xuzhou Medical University (Xuzhou, China). All animals were kept at
25°C and 40% humidity under a 12:12h light/dark cycle and with ad
libitum access to food and water. Chronic inflammatory pain was in-
duced by subcutaneous administration of CFA (40 pl; F5881; Sigma-
Aldrich) into the plantar surface of the left hind paw. The unilateral
sciatic nerve chronic constrictive injury (CCl) model was performed
as described previously.* All mice were maintained in a warm envi-

ronment until they recovered from anesthesia.

2.2 | Behavioral tests

Before the behavior testing, the locomotor function was tested ac-
cording to the previous method.” Thermal hyperalgesia and mechan-
ical allodynia were measured, respectively, as previously described.®
Briefly, thermal nociceptive behavior was assessed by measuring
mouse paw-withdrawal latency in response to a thermal stimulus
with an analgesia meter (IITC Model336 Analgesia Meter, Series 8;
IITC Life Science). The time required for the stimulus to elicit with-
drawal of the hind paw was recorded. Von Frey (Stoelting) filaments
that produce different forces were applied to detect mechanical al-
lodynia. Starting with a 0.16g and ending with a 6.0g filament. In
the absence of a paw withdrawal response, a stronger stimulus was
presented; when paw withdrawal occurred, the next weaker stimu-
lus was chosen. The optimal threshold filaments were presented five
times, respectively, at 5min intervals. All behavioral tests were per-

formed in a double-blind trial fashion in this study.
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2.3 | Spinal and DRG tissue collection

Mice were anesthetized with isoflurane and the spinal cord within
the lumbar segments (L3-L5) was removed rapidly. The DRG of the
spinal lumbar segment (L3/4 DRGs) was extracted. All operations
were performed on the ice box and put into snap-frozen in liquid
nitrogen, and stored at -80°C.

2.4 | RNA, circRNA, miRNA, and gRT-PCR

Total RNA was isolated with a Trizol reagent (15596-026; Invitrogen)
to generate cDNA templates by reverse transcription reactions
with random primers and reverse transcriptase M-MLV (2641A;
Takara Bio) at 42°C for 60min. cDNA products were used as tem-
plates to detect gene mRNA (Katéb F: 5'-AGAAGAAAAGGGGTCGT
AAACG-3'; R: 5-GTGGGAATGCTTTCCTCAGAA-3'; Kcnkl F: 5'-
GAGGAGCTGCCTTATGAGGAC-3'; R: 5-TCCCAATTCCAATTTCC
CGAG-3'; GAPDH F: 5" -AGGTCGGTGTGAACGGATTTG-3', R: 5'-
TGTAGACCATGTAGTTGAGGTCA-3; U6 F: 5-CTCGCTTCGGCAGC
ACATATACT-3', R: 5-ACGCTTCACGAATTTGCGTGTC-3’; Human
B-Tubulin F: 5-GGCCAAGGGTCACTACACG-3', R: 5-GCA GTCGC
AGTTTTCACACTC-3'), or circRNA (ciRNA-Katéb F: 5-GTGCTTTT
CCGTCCTCACTC-3',R: 5-~ACACAACCTGCACATTCCAA-3'; Human
CiRNA-Katéb F: 5-GTGCATTCCCATCCTCGCTC-3', R: 5-ACAGA
ACTTGCACATTTGAA-3') via qRT-PCR with SYBR Premix ExTagll
(RR820A; Takara Bio) according to the manufacturer's instructions.
MIRNA was reversely transcribed at 16°C for 30 min, and 37°C for
30min using specific primer 26aRT (5-TTAACTGGATACGAAGG
GTCCGAACACCGGTCGTATCCAGTTAAAGCCTATC-3'). gRT-PCR
was performed using primer pairs (miRNA-26a F: 5-TGCGGTTC
AAGTAATCCAGGA-3', R: 5-TACGAAGGGTCCGAACAC-3'). For
RNase R treatment, 5 ug of RNA was incubated with 4 U/ug of RNase
R (Epicenter) for 20min at 37°C and purified by phenol-chloroform
extraction. GAPDH and Ué as internal control. The expression levels
of the target genes were quantified relative to Gapdh or U6 expres-
sion (cycle threshold [Ct]) using the 2788CT methods.

2.5 | Spinal neuron cell culture

The culture of spinal neuron cells was carried out described previ-
ously.® Briefly, 3 to 4 days-old mice under deep anesthesia were de-
capitated and the lumbar L3 to L5 segments of the dorsal spinal cord
were collected. After enzymatical digestion with papain and me-
chanical dissociation, the homogenate was centrifugated for 5min at
500rpm. After centrifugated, the supernatant was removed and re-
placed with 5mL of culture medium, the composition of which was as
follows: MEM-(Invitrogen), FCS (5% v/v; Invitrogen), heat-inactivated
horse serum (5% v/v; Invitrogen), penicillin, and streptomycin (50 1U/
mL for each; Invitrogen), transferrin (10 mg/mL; Sigma-Aldrich), in-
sulin (5mg/mL; Sigma-Aldrich), putrescine (100nM; Sigma-Aldrich),
and progesterone (20nM; Sigma-Aldrich). After trituration with a

fire-polished Pasteur pipette, the cells were plated on plastic culture
dishes. Cultures were maintained in a water-saturated atmosphere
(95% air, 5% CO,) at 37°C until used (10-15days). Two days after the
cells were seeded, cytosine arabinoside was added to the culture
medium for 24 h to reduce glial proliferation.

2.6 | Spinal astrocytes and microglia cultures

The isolation of spinal astrocytes and microglia cells was performed
as described previously with few modifications.® Briefly, 3 to 4 days-
old mice under deep anesthesia were decapitated and the lumbar L3
to L5 segments of the dorsal spinal cord were collected, then tissues
were digested enzymatically for 45min at 37°C with trypsin and
stopped by mixing the DMEM with 10% FBS. After centrifuging at
1000g for the 30s, the supernatant was removed and washed three
times with DMEM. Suspended the cells by DMEM with 20% FBS and
filtered with 200 mesh sieve. The cells were plated into a 24-well
plate and cultured at 37°C for 1week. To harvest the astrocyte the
mixed cell were shaken overnight and discarded the supernatant. To
harvest microglia cells, the mixed cells were shaken for 4h, and col-

lected the supernatant cell to a new plate for culture.

2.7 | Single-cell RT-PCR

Single-cell RT-PCR for spinal neurons was performed as described
previously with few modifications.® The primers are shown as fol-
lows: ciRNA-Katéb: outF, 5'-GTGCTTTTCCGTCCTCACTC-3'; outR,
5-ACAACCTGCACATTCCAA-3'; inF. 5-AGCCTTCTACCCCATGA
GAAA-3'; inR, 5-CAACAGCATAGGGACAACCAT-3". MIiRNA-26a
outF was the same as the miRNA-26a F primer mentioned above;
out R, 5'-TTAACTGGATACGAAGGGT-3'. MiRNA-26a inF, 5-GGCTG
GTGGAGTTAACTGG-3', and inR, 5'-~AAGGGTCCGAACACACCG-3".
NeuN: outF, 5-AGACAGACAACCAGCAACTC-3'; outR, 5-CTGTT
CCTACCACAGGGTTTAG-3". inF, 5-ACGATCGTAGAGGGACG-3';
inR, 5-TTGGCATAGGGTTCCCAGG-3'. Gapdh: outF, 5-AGGTTCAT
CAGGTAAACTCAG-3'; outR, 5'-ACCAGTAGACTCCACGACAT-3'.
inF, 5-ACCAGGGCTGCCATTTGCA; inR, 5-CTCGCTCCTGGAAG
ATGGTG-3'. Gapdh was used as the reference gene.

2.8 | Plasmid construction

All constructs were produced by the use of standard molecular
methods and confirmed by DNA sequencing. The overexpressed
fragment was prepared by PCR, Lenti-ciRNA-Katéb F: 5'-ATAAC
GCGTTCTAGGGGTTGAACTCAGGT-3" (Mlul), R: 5-ATAGAATT
CCAAGGCACAAACAACTGATCTT-3" (EcoRl); Lenti-miRNA-26a
F: 5-ATAACGCGTTCTTCACACCACGTGGCCA-3' (Mlul), R: 5'-
ATAGAATTCCTGCAGGACCTGCTTTGCT-3" (EcoRl); Lenti-Kcnk1
F: 5'-ATAACGCGTGCCACCATGCTGCAGTCCCTGGCCG-3'
(Mlul), R: 5'-ATAGAATTCTCAGTGGTCTGCAGAGCCA-3' (EcoRl).
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The lentivirus for knockdown of the expression of ciRNA-
Katéb and miRNA-26a are LV-ciRNA-Katéb-shRNA F: 5'-CGCGT
CCCCAGGAAACCAAGACCTGGTCTTCAAGAGAGACCAGG
TCTTGGTTTCCTTTTTGGAAAT-3'  (Mlul), R: 5-CGATTTCC
AAAAAGGAAACCAAGACCTGGTCTCTCTTGAAGACCAGG
TCTTGGTTCCTGGGGA-3' (Clal); LV-miRNA-26a Ih, F: 5-CGCGT
AGCCTATCCTGGATTACTTGAATTCAAGAGATTCAAGTAATC
CAGGATAGGCTTTTTTGGAAAT-3" (Mlul), R: 5-CGATTTCC
AAAAAAGCCTATCCTGGATTACTTGAATCTCTTGAATTCAAG
TAATCCAGGATAGGCTA-3' (Clal). These amplified fragments and
PWPXL vector were digested by corresponding double restriction
endonucleases, and then ligated with T4 ligase.

2.9 | Lentivirus production and verification

The constructed core plasmid (8 pg) and two envelope plas-
mids, PSPAX2 (6pg), and PMD2G (2pg) were co-transfected
into HEK293T cells in a 6-well plate according to the manu-
facturer's instructions of Lipofectamine 2000 (11668-027,
Invitrogen). The supernatant was collected at 48 h after trans-
fection and concentrated by using a Centricon Plus-70 filter unit
(UFC910096, Millipore). Lentivirus with titers 108 TU/mL was
used in the experiment. The virus was validated in vivo and in
vitro as in previous study.4 Inin vitro test, 20 pL lentivirus were
added in a 24-well plate containing 1 x 10° HEK293T cells and
DMEM without FBS; after 24 h, the transfection medium was
replaced with 500 pL fresh complete medium containing 10%
FBS; cells were collected at 48 h after culture and then detected
the abundance of the target gene. In in vivo test, daily intrathe-
cal injections of lentivirus or vector (1 uL) were performed for 2
consecutive days in naive or pain mice and then collected sam-
ples day 3 after the first injection to detective the expression

of the target gene.

2.10 | SiRNA, mimics and inhibitor

The siRNA, mimics, and inhibitor were used for intrathecal injec-
tion as described previously.’ In brief, holding the mouse by the
pelvic girdle and inserting a 30-gauge needle attached to a 25 pL
microsyringe between L5 and L6 vertebrae. When the needle was
inserted into the subarachnoid space, the mouse tail was found
to swing slightly. Injections of 5 pL of 20 pM siRNAs, mimics, and
inhibitors. The expression efficiency of cirRNA-Katé6b-siRNA (5'-
AGGAAACCAAGACCUGGUC-3'), miRNA-26a mimics (5-UUCAA
GUAAUCCAGGAUAGGCU-3'), miRNA-26a inhibitor (5-AGCCUTU
CCUGGTUUTCUUGAA-3'), Kcnk1-siRNA (604S, 5'-GCUGGAGG
CCAGCAAUUAUTT-3', 604AS 5'-AUAAUUGCUGGCCUCCAGCTT-
3'. 843S 5'-GCAGACCAGUCCUCUACUUTT-3'; 843AS, 5'-AAGUA
GAGGACUGGUCUGCTT-3') were confirmed with gRT-PCR or
Western-Blot from samples of the ipsilateral dorsal spinal cord at

72h after the last injection. Animals receiving intrathecal injections

of scrambled control were used as control groups.

2.11 | Construction of reporter vector

Construction of circRNA-Katéb sponging miRNA-26a reporter:
a fragment of circRNA-Katéb containing the bound sequence by
miRNA-26a was amplified from mouse genomic DNA using a pair
of primers (F: 5-CGCTCGAGAGGACGGAGCCCAGGCAG-3', R:
5'-CGACGCGTAACCAATCAGCTGGCGGGA-3'). The PCR prod-
ucts and pGLé6 (5:1) were mixed, digested with Xhol and Mlul,
then ligated with T4 ligase. The ligation product is named the wild
type reporter (pGL6-wt-ciR-Katéb). Then, pGL6-wt-ciR-Katéb was
used as a PCR template to amplify the mutated fragment using a
pair of primers with mutation-matched sites (MF: 5'-AGACATAG
GATGGCGTATTTCATCGGGTTAAC-3', MR: 5-AAATACGCCAT
CCTATGTCTGGGTCCTTATATG-3'). PCR products were ligated
using a Gibson kit (E5510S), namely the mutated type reporter
(pGL6-mut-ciR-Katéb).

To construct the reporter of miRNA-26a targeting Kcnk1, the
matched fragment of Kenk1 3'-untranslated region (3'-UTR) was am-
plified with a pair of primers (wild-type F: 5-ATACTCGAGGAGCC
TTGACTGCATCCATTT-3', R: 5-ATAGCGGCCGCTGTTGCTGCTTA
GCTGTCGG-3'). The PCR products and psiCHECK2 were mixed,
digested with Xhol and Notl, and ligated with T4 ligase, namely
wild-type reporter (CHK-wt-Kcnk1). The mutation reporter was ob-
tained by amplifying the fragment with a CHK-wt-Kcnk1 template
and a pair of primers (mutated-type F: 5-TTCAAGCAACAGTG
TACTGCAGTAGGCG-3/, R: 5-AGTACACTGTTGCTTGAATTCGT
CCCCAGTGTA-3’), and ligating the PCR fragment using Gibson kit,
namely mutated type reporter (CHK-wt-Kcnk1).

2.12 | Luciferase reporter assay

HEK293T cell was cultured in DMEM with 10% FBS. The reporter
plasmid (50ng) and miR-26a mimics (80ng) or its inhibitor (80ng)
were co-transfected into HEK293T cells using Lipofectamine 2000
(11668-027, Invitrogen) in a 24-well plate. Cell lysis and fluores-
cence intensity were performed using dual luciferase kits (E1910,
Promega) at 36-48h after transfection according to the manufac-
turer's instruction.

2.13 | Western blot analysis

RIPA was used to lyse cells or tissues to extract proteins. 20-50 pg
of Protein was separated with 10% SDS-PAGE gel, transferred onto
a PVDF membrane, and incubated with antibody against KCNK1
(1:1000arb390214 biorbyt) or GAPDH (1:5000 AP0066 bioworld) and
H3 (1:2000 ab1791 abcam). Incubated in peroxidase-conjugated goat
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anti-rabbit 1gG secondary antibody (1:1000; VA0O1, Vicmed) and vis-

ualized using chemiluminescence detection (72,091, Sigma-Aldrich).

2.14 | Immunofluorescence and fluorescence in
suit hybridization (FISH)

To prepare complementary RNA (antisense cRNA) probes of mouse
ciRNA-Katéb, a PCR product was amplified using mouse cDNA with a
pair of primers including the T7 promoter at the 3’ end (F, 5-GTGCT
TTTCCGTCCTCACTC-3'; T7R, 5-TAATA CGACTCACTATAGGGAC
ACAACCTGCACATTCCAA-3'). Sense cRNA probes of ciRNA-Katéb
were prepared from a PCR product amplified using mouse cDNA
with a pair of primers including the T7 promoter at the 5’ end (T7F,
5'-TAATACGACTCACTATAGGGGTGCTTTTCCGTCCTCACTC-3;
R, 5'-ACACAACCTGCACATTCCAA-3'). The sequence was identi-
fied using DNA sequencing. After PCR purification, a riboprobe
was generated through in vitro transcription and labeled with
digoxigenin-dUTP according to the manufacturer's instructions
(Roche Diagnostics, Indianapolis, IN) at 37°C for 2h. The probes
were purified using Micro Bio-Spin™ 30 Chromatography Column
(Bio-Rad). FISH was carried out as described previously with minor
modification.'® After being treated with proteinase K for 15min, two
sets of sections were pre-hybridized for 1.5h at 65°C and hybridized
with digoxigenin-dUTP-labeled antisense and sense cRNA probes,
respectively, at 65°C overnight. After being blocked, the sections
were incubated with alkaline phosphatase-conjugated sheep anti-
digoxigenin (1:500, Roche) and NeuN antibody (1:1000; MAB2300,
Millipore) overnight at 4°C. After being washed in 1x PBST, TNT
buffer, and detection buffer, respectively, the fluorescent signals
were developed by incubation with Fast-Red dye and AlexaFluor-

conjugated secondary antibodies (Cell Signaling Technology).

2.15 | RNA-RNA in vivo precipitation (RRIP)
According to previous described,® with modification, biotin-labeled
wild or mutation miRNA-26a probe (Wild bio-26a, 5-TTCAAGTAATC
CAGGATAGGCT-Bio-3'; Mutated bio-26a, 5-ATCCCTTAAAGGTT
CTCAGGC-Bio-3') or biotin-labeled wild or mutation ciRNA-Katéb
probe (Wild Bio-Kéb, 5-CATCTTTAGGAAACCAAGACCTGGTCTTT
CTCATGGGGT-Bio-3'; Mutated Bio-Kéb, 5-ACCCCATGAGAAAG
ACCAGGTCTTGGTTTCCTAAAGATG-Bio-3') were used to perform
the RRIP experiment assay. The spinal cord was harvested 24 h after
intrathecal injection of Bio-26a (5 pL, 20 pM) and fixed by 2.5% for-
maldehyde for 10min, lysed, and sonicated. After centrifugation,
50 pL of the supernatant was retained as input, and the remaining
part was incubated with Dyna-beads M-280 Streptavidin (11205D,
Thermo Fisher Scientific) mixture overnight at 4°C. The next day, a
beads-probes-RNAs mixture was washed and incubated with 200 L
lysis buffer and proteinase K to reverse the formaldehyde crosslink-
ing. Finally, the mixture was added with TRizol for RNA extraction
and detection.
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2.16 | Statistical analysis

All data were first tested for normality using a Shapiro-Wilk test
normality test by Prism GraphPad 8.0. The data were presented as
Means + SEM. One-way or two-way ANOVA or paired or unpaired
Student's t-test were used to statistically analyzed. When ANOVA
showed a significant difference, pairwise comparisons between
means were tested by the post hoc Tukey method. Statistical analy-
ses were performed with Prism (GraphPad 8.0). p <0.05 was consid-

ered statistically significant in all analyses.

3 | RESULTS

3.1 | Identification of spinal ciRNA-Katé6b and its
specificity in the nervous system

To explore the circRNA mechanisms underlying neuropathic pain,
we carried out the deep sequencing of circRNAs from the ipsilat-
eral spinal dorsal horn of mice subjected to chronic constriction
injury (CCl) and Sham surgery. Among the differential expres-
sion ciRNAs (Table S1), ciRNA-Katéb was downregulated by 2.1
folds after peripheral nerve injury, this downregulation was fur-
ther confirmed by qRT-PCR (Figure 1A). Interestingly, although
ciRNA-Kat6b was not the most differential expression ciRNA,
ciRNA-Kat6b was specifically expressed in nervous system tis-
sues including 9 mouse nervous tissues (including the spinal cord,
dorsal ganglia root, thalamus, cerebellum, hippocampus, trigemi-
nal ganglion, cortex, and brain stem), but undetected in 5 non-
nervous tissues (including heart, lung, liver, kidney, and spleen)
(Figure 1B). Therefore, ciRNA-Katéb was chosen as the investi-
gation target in this study. Further informatics analysis showed
that ciRNA-Katéb was located on chromosome 14: 22,335,848-
22,336,720 (+) and back spliced by exon 2 of Katéb (or named
Myst4) (Figure 1C). The distinct product of the expected size was
amplified using outward-facing primers, and its junction point was
verified by Sanger sequencing (Figure 1C). To test the stability of
ciRNA-Katéb, total spinal RNAs from naive mice were treated with
RNase R exonuclease, and the result showed that ciRNA-Katéb was
resistant to RNase R digestion, whereas linear Katé6b mRNA was
easily degraded, indicating that ciRNA-Katéb is the circular RNA in
form (Figure 1D). To explore the expression distribution in cellular
type and tissues, we carried out the test by fluorescence in suit
hybridization (FISH). To exclude the effect of the linear Katéb, we
treated the spinal cord section with RNase R to digest the linear
RNA. FISH result from the antisense probe showed that ciRNA-
Katéb was mainly expressed in spinal cord neurons, but FISH
results from the sense probe did not display a signal (Figure 1E).
Given that fluorescent staining in the spinal slice only exhibits a
single layer of cellular information in ciRNA-Katéb expression. To
further evaluate the expression level of circRNA-Katéb in spinal
neurons and non-neurons, we respectively isolated the spinal

neurons, astrocytes, and microglia from spinal cord tissues. After
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FIGURE 1 Identification of neuron-specific circular RNA Katéb (ciRNA-Katéb) in nervous system tissues. (A) Peripheral nerve injury led

to the differential expression of ciRNA-Katéb in mouse spinal cord by the use of RNA-Sequencing and RT-gPCR. n=3 mice/group. *p<0.05,
**p <0.01 versus Sham groups by two-tailed unpaired Student's t-test. (B) ciRNA-Katéb was specifically expressed in nervous system tissues,
such as the spinal cord, DRG (dorsal root ganglion), TG (trigeminal ganglion), BS (brain stem), thalamus, hippocampus, PFC (prefrontal cortex),
cerebrum and pons, but not found in the non-nervous system. n=3 mice/group. (C) The ciRNA-Katéb location in chromosome and its circle
identified by Sanger sequencing. The junction of ciRNA-Katéb was amplified by back-to-back primers and subjected to Sanger sequencing.
(D) Resistance test of ciRNA-Katéb to RNase R digestion. Total RNAs were digested with RNase R and used for transcription and gRT-PCR for
ciRNA-Katéb and its parent Kat6b mRNA. Kat6b mRNA was detected as the RNase R-sensitive control. n=4 mice/group ***p<0.001 versus
the corresponding mock groups by two-tailed unpaired Student's t-test. (E) ciRNA-Katéb was mainly expressed in the spinal neuron. The
detection was carried out by fluorescence in situ hybridization (FISH). NeuN, a neuron marker. Antisense indicates antisense probe; sense,
sense probe, Scale Bar: 30pum. (F) The relative level of circRNA-Katéb was analyzed by qRT-PCR, respectively, in spinal neurons, astrocytes
and microglial cells cultured in vitro. n=4, ***p <0.001 versus the corresponding groups by one-way ANOVA followed by post hoc Tukey
test. (G) circRNA-Katéb was decreased after treatment with KCI (50mM) for 12 h in cultured spinal neurons. n=4 per group. *p <0.05 versus
the related naive groups by two-tailed paired Student's t-test. (H) CiRNA-Katéb was detected in the human spinal cord and dorsal root
ganglion using reverse transcription (RT)-PCR with strand-specific primers. To exclude genomic DNA contamination, the extracted RNA

-tubulin Il was used as a control. n=3 biological repeats/tissues. SC, spinal cord; M, DNA ladder
marker. H,O was used for the negative control.

samples were pretreated with DNase I.

culture, we analyzed the ciRNA-Katéb level in three types of cells.
The results showed that ciRNA-Katéb in neurons was 5.9-fold
as that in microglial cells and 4.3-fold as that in astrocyte cells.
These results together with FISH data supports the conclusion
that ciRNA-Kat6b was mainly expressed in spinal cord neurons
(Figure 1F). Because the cultured neurons can be depolarized with
high-concentration KCI to mimic sensitized in vivo neurons by no-
ciceptive response,19 we treated the cultured spinal neurons with
50mM KCI for 12h and found that ciRNA-Katéb was significantly

decreased by this treatment (Figure 1G), supporting a consistent
change trend of ciRNA-Katéb expression between the spinal neu-
rons of CCl-treated mice and KCl-treated spinal neurons in vitro.
Further analysis by the cirbase database showed that ciRNA-Katéb
was conserved in mammal animals such as humans, rats, and dogs
(Figure S1A). CiRNA-Katéb was also detected in the human spinal
cord and DRG (Figure 1H). Collectively, we identified that ciRNA-
Katéb is specifically expressed in the nervous system, and has
high conservation between mice and humans.
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FIGURE 2 Downregulation of ciRNA-Katéb expression in the spinal cord after peripheral nerve injury. (A, B) Levels of ciRNA-Katéb in

the ipsilateral dorsal spinal cord (A) and ipsilateral dorsal root ganglion (DRG) (B) after chronic constriction injury (CCl) or Sham surgery of
unilateral sciatic nerve. n=6 mice/time point/group. A total of 4 DRGs from two mice were pooled to be one sample. *P<0.05, **P<0.01
versus the corresponding Sham group by two-way ANOVA followed by post hoc Tukey test. (C, D) Levels of ciRNA-Katéb in the ipsilateral
dorsal spinal cord (C) and ipsilateral L4 DRG (D) after unilateral spinal nerve ligation (SNL) or Sham surgery. n=6 mice/time point/group.
**P<0.01, ***P<0.001 versus the corresponding Sham group by two-way ANOVA followed by post hoc Tukey test. (E, F) Levels of ciRNA-
Katéb in the ipsilateral dorsal spinal cord (E) and L4 DRGs (F) on day 7 after sciatic nerve injury surgery or Sham surgery. n=6 mice/time
point/group. *P<0.05 versus the corresponding Sham group on day 0 by two-way ANOVA followed by post hoc Tukey test. n=6 mice/time

point/group.

3.2 | Peripheral nerve injury decreased ciRNA-
Katéb expression in the spinal cord

We next examined whether ciRNA-Katéb was altered in a time-
course-dependent manner in the spinal cord after peripheral nerve
injury. CIRNA-Katéb was significantly reduced in the ipsilateral (not
contralateral; Figure S2A) dorsal spinal cord on days 7, 14, and 21
following chronic constriction injury (CCI) of the unilateral sciatic
nerve, but not Sham surgery (Figure 2A). However, the change of
ciRNA-Katéb was not detected in both the ipsilateral (Figure 2B) and
the contralateral (Figure S2B) dorsal root ganglion (DRG) during the
observed times from days 3 to 21 after surgery. The downregulation
of ciRNA-Katéb was also observed in the ipsilateral dorsal spinal cord
(Figure 2C), but not observed in the contralateral dorsal spinal cord
(Figure S2C) and in both sides of DRG (Figure 2D and Figure S2D)
after unilateral L4 spinal nerve ligation (SNL). Similar to CCl and SNL
neuropathic pain model, unilateral sciatic nerve injury (SNI) led to a
marked decrease of ciRNA-Katéb in the ipsilateral dorsal spinal cord
(Figure 2E), however, did not change its expression in the contralat-
eral spinal cord (Figure S2E), or in both ipsilateral and contralateral
DRG (Figure 2F and Figure S2F) on day 7 after surgery. To further
examine whether peripheral nociceptive stimulus changed the

expression of ciRNA-Katéb in the dorsal spinal cord, we intra-plantar-
injected the Complete Fraud's Adjuvant (CFA) to produce the chronic
inflammation pain. The ciRNA-Katéb in the ipsilateral injection side
was not altered from hour 2 to day 7 post-CFA injection (Figure S2G).
It thus appears that peripheral nerve injury but not peripheral inflam-

mation down-regulates ciRNA-Katéb in the dorsal spinal cord.

3.3 | Rescuing downregulated spinal ciRNA-Katéb
mitigates neuropathic pain

To examine whether spinal ciRNA-Katéb downregulation participates
in the production of neuropathic pain, we rescued its downregula-
tion through intrathecal of lentivirus (Lenti) expressing ciRNA-Katéb
(Lenti-ciR-Katéb) into spinal cord on day 7 after CCl or Sham surgery.
The intrathecal injection of Lenti-ciR-Katéb reversed the expression
of ciRNA-Katéb on day 5 in the CCl group (Figure 3A). As described
previously,'® CCl led to heat hyperalgesia (evidenced by decreased
paw withdrawal latencies in response to heat) (Figure 3B) on the ip-
silateral and mechanical allodynia (demonstrated by increased paw
withdrawal threshold in response to von Frey filaments) (Figure 3C),
but not contralateral (Figure S3A,B) sides of Lenti-Gfp (used as a
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FIGURE 3 CiRNA-Katéb was involved in neuropathic pain development and maintenance. (A-E) Rescuing the nerve injury-induced
downregulation of ciRNA-Katéb attenuated neuropathic pain initiation and maintenance: (A) The ciRNA-Katéb expression in the dorsal spinal
cord on day 5 after intrathecal injection of Lenti-Gfp (GFP) or Lenti-ciRNA-Katéb (Katéb) into mice with 7 days CCl or Sham surgery. n=6
mice/group. **P<0.01, ***P<0.001 versus the corresponding group by one-way ANOVA followed by post hoc Tukey test. (B, C) Effect

of intrathecal post-injection of Lenti-ciRNA-Katéb (Lenti-ciR-Katéb) or Lenti-Gfp (Vector) on the hind paw withdrawal latencies (PWL) to
heat stimuli (B) and paw withdrawal threshold (PWT) to von Frey filaments stimuli (C) on the ipsilateral side at the different days after

CCl surgery. n=8 mice/group. **p<0.01, ***p <0.001 versus the Sham plus Vector group at the corresponding time points by two-way
ANOVA with repeated measures followed by post hoc Tukey test; *p <0.05, #p <0.01, ##p <0.001 versus the CCl plus Vector group at

the corresponding time points by two-way ANOVA with repeated measures followed by post hoc Tukey test. (D, E) Effect of intrathecal
pre-injection of Lenti-ciRNA-Katéb (Lenti-ciR-Katéb) or Lenti-Gfp (Vector) on paw withdrawal latencies (PWL) to heat stimuli (D) and paw
withdrawal threshold (PWT) to von Frey filaments stimuli (E) on the ipsilateral side at the different days after CCl or Sham surgery. n=8
mice/group. **p<0.01, ***p <0.001 versus the Vector plus Sham group at the corresponding time points by two-way ANOVA with repeated
measures followed by post hoc Tukey test; #p <0.05, #p <0.01, ##p <0.001 versus the Vector plus CCI group at the corresponding time
points by two-way ANOVA with repeated measures followed by post hoc Tukey test. (F-K) Knockdown of spinal ciRNA-Katéb induced the
generation of neuropathic pain-like symptoms: F1-F2, Levels of ciRNA-Katéb (F1) or Katéb (F2) in the dorsal spinal cord on day 3 after 2
consecutive days of intrathecal injection with ciRNA-Katéb siRNA (siRNA) or control scrambled siRNA (Scr) into the spinal cord. n=6 mice/
group. **p<0.01 versus the scrambled siRNA group by two-tailed unpaired Student's t-test. (G-H) Effect of 2 consecutive days of intrathecal
injection of ciRNA-Katéb siRNA or control scrambled siRNA (Scr) into spinal cord on paw withdrawal latencies (PWL) to heat stimuli (G)

and paw withdrawal threshold (PWT) to von Frey filaments stimuli (H) at the different days after siRNA microinjection. n=8 mice/group.

*p <0.05 versus the scrambled siRNA-treated mice at the corresponding time points by two-way ANOVA with repeated measures followed
by post hoc Tukey test. 11-12, levels of ciRNA-Katéb (1) or Katéb (12) in the dorsal spinal cord on day 6 after 2 consecutive days of intrathecal
injection with LV-ciRNA-Katéb-shRNA (shRNA) or control scrambled LV-Scr-shRNA (Scr) into the spinal cord. n=6 mice/group. *p <0.05
versus the Scr group by two-tailed unpaired Student's t-test. (J, K) Effect of 2 consecutive days of intrathecal injection of LV-ciRNA-Katéb-
shRNA or control scrambled LV-Scr (LV-vector) into spinal cord on paw withdrawal latencies (PWL) to heat stimuli (J) and paw withdrawal
threshold (PWT) to von Frey filaments stimuli (K) at the different days after virus injection. n=8 mice/group. *p <0.05, **p <0.01 versus the

scrambled shRNA-treated mice at the corresponding time points by two-way ANOVA with repeated measures followed by post hoc Tukey
test.

control)-injected mice from day 7 to day 11 after CCI. These pain Spinal injection of Lenti-ciR-Katéb on day 2 before CCl significantly

hypersensitivities were not observed in the CCl mice injected with attenuated thermal hyperalgesia and mechanical allodynia on days
Lenti-ciR-Kat6b during these periods (Figure 3B,C). Intrathecal injec- 7 and 15 post-CCl on the ipsilateral side (Figure 3D,E). Expectedly,
tion of neither virus altered the basal paw responses to thermal and basal paw responses on the contralateral side (Figure S3C,D) and
mechanical stimuli on the ipsilateral (Figure 3B,C) or contralateral locomotor functions, measured by grasping, climbing, and righting

(Figure S3A,B) side of the CCl mice and either side of the Sham mice. reflex, were not affected (Table 1) in these mice.
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TABLE 1 Mean changes in locomotor

Locomotor function test

function.
Treatment groups Placing Grasping Righting
PBS (5uL) 8 (0) 8(0) 8(0)
Sham + Vector 8 (0) 8(0) 8(0)
Sham + Lenti-ciR-Katbéb 8(0) 8(0) 8(0)
CCl+Vector 8 (0) 8(0) 8(0)
Scr 8(0) 8(0) 8(0)
CciR-Kat6b-siRNA 8 (0) 8(0) 8(0)
PBS+ LV-vector 8(0) 8(0) 8(0)
PBS + LV-ciR-Katéb-shRNA 8(0) 8(0) 8(0)
Sham +Scr 8(0) 8(0) 8(0)
Sham+miR-26a lh 8(0) 8(0) 8(0)
CCl+Scr 8(0) 8(0) 8(0)
CCl+miR-26a |h 8(0) 8(0) 8(0)
Sham +LV-Scr 8(0) 8(0) 8(0)
Sham+miR-26a shRNA 8(0) 8(0) 8(0)
CCl+LV-Scr 8(0) 8(0) 8(0)
CCl+miR-26a shRNA 8(0) 8(0) 8(0)
miR-26a mimics 8(0) 8(0) 8(0)
Lenti-Scr 8(0) 8(0) 8(0)
Lenti-miR-26a 8(0) 8(0) 8(0)
LV-Scr+Scr 8(0) 8(0) 8(0)
LV-Scr+26a-lh 8(0) 8(0) 8(0)
LV-ci-K6éb-shR +Scr 8(0) 8(0) 8(0)
LV-ci-K6b-shR+26a-lh 8(0) 8(0) 8(0)
Sham +Gfp 8(0) 8(0) 8 (0)
Sham +Kcnk1 8(0) 8(0) 8(0)
CCl+Gfp 8(0) 8(0) 8(0)
CCl+Kcnk1 8(0) 8(0) 8(0)
siR-Kcnk1 8(0) 8(0) 8(0)
Gfp+Scr 8(0) 8(0) 8(0)
Gfp+26a mimics 8 (0) 8(0) 8(0)
Kenk1 +Scr 8(0) 8(0) 8(0)
Kcnk1 +26a mimics 8(0) 8(0) 8(0)
26a+Gfp 8(0) 8(0) 8(0)
Scr+Kenk1 8(0) 8(0) 8(0)
26a+Kcnk1 8(0) 8(0) 8(0)
Note: Data are mean (SEM). n=8/group; No significance; one-way ANOVA (response time vs
treated groups) followed by post hoc Tukey test.
3.4 | Mimicking CCl-induced spinal ciRNA-Katéb linear Kat6b mRNA (Figure 3F2). The mice injected with ciRNA-Katéb

decrease leads to nociceptive hypersensitivity

We further examined whether spinal ciRNA-Katéb downregulation
is sufficient for neuropathic pain induction. Tssso this end, ciRNA-
Katéb siRNA (ciR-Katéb-siRNA) was intrathecally injected in naive
adult mice. Scrambled siRNA was used as a control. ciRNA-Katéb
siRNA that significantly knocked down ciRNA-Katéb in the dorsal
spinal cord (Figure 3F1), but did not influence the expression of the

siRNA, but not scrambled siRNA, exhibited significant decreases in
paw withdrawal latencies to thermal and mechanical stimuli during
the observed period from 2 to 4 days after injection (Figure 3G,H).
Furthermore, we used lentivirus to endogenously produce shRNA
(LV-ciR-Katéb-shRNA) to knock down ciRNA-Katéb in the spinal
cord. CiRNA-Katéb, not the linear Katéb, was decreased in the spi-
nal cord on day 5 after intrathecal injection of LV-ciR-Katéb-shRNA
(Figure 311,12). Like the ciRNA-Katéb siRNA-treated mice, the mice
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injected with LV-ciR-Katéb-shRNA, but not LV-Scr, displayed both
evoked thermal and mechanical sensitivities on 5, 7, and 9 after in-
jection (Figure 3J,K). As expected, no changes in locomotor function
(Table 1) were found in either siRNA or shRNA-injected mice. Spinal
ciRNA-Katéb downregulation likely caused neuropathic pain-like
symptoms.

3.5 | CiRNA-Katéb acts to be a sponge absorbing
miRNA-26a

How does spinal ciRNA-Katéb participate in neuropathic pain? We
carried out a search using the ciRNA-Katéb sequence in the miR-
base database, and found one possible 23 nt-length bound regions
(+470 to +492, junction point as +1) by miRNA-26a in ciRNA-Katéb
(Figure 4A). The RNA immunoprecipitation (RIP) assay revealed that
a fragment of ciRNA-Katéb containing miRNA-26a-bound region
could be amplificated from the complex immunoprecipitated with
miRNA-26a probe, but not its mutation control probe (Figure 4B),
at the same time, miRNA-26a was detectable from the immunopre-
cipitated complex with circ-Katéb probe (Figure 4B), indicating the
binding ability of miRNA-2éa to ciRNA-Katéb. The luciferase assay
revealed that co-transfection of miRNA-26a mimics (a synthesized

small RNA with the same sequence mimicking its overexpression)
and the wild pGLé6 reporter with the binding fragment of miRNA-26a
to ciRNA-Katéb in luciferase promoter, significantly decreased the
activity of the pGL6 reporter by 33% compared with the mutated
pGL6 reporter (Figure 4C). Contrarily, the co-transfection of miRNA-
26a inhibitor (Ih), a synthesized small RNA with its reverse comple-
mentary sequence used to knockdown miRNA-26a, increased the
activity of the wild reporter by 55%, compared with the mutated re-
porter (Figure 4C). Furthermore, we wondered whether neuropathic
pain stimulus could regulate miRNA-26a expression. We found that
nerve injury upregulated the expression of spinal miRNA-26a from
day 3 to 21 after CCl surgery (Figure 4D). These data indicate that
ciRNA-Katéb likely acts to be a sponge absorbing miRNA-2éa in spinal

neurons.

3.6 | CiRNA-Katéb regulates neuropathic pain by
targeting miRNA-26a

To explore whether miRNA-26a could mediate the neuropathic pain
induced by ciRNA-Katéb decrease, we measured the paw with-
drawal responses to heat and mechanical stimulus after manipu-
lating miRNA-26a expression. Firstly, miRNA-2éa inhibitor (Ih) was
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FIGURE 4 CiRNA-Katéb acts as competing endogenous RNAs to sponge miRNA-26a. (A) Schematic presentation of miRNA-2é6a binding
to ciRNA-Katéb. (B) Identification of miRNA-26a binding to ciRNA-Katéb: RT-PCR detection for ciRNA-Katéb using the immunoprecipitated
complex with miRNA-26a (miR-26a probe) or its mutated probe (NC) (left); or for miRNA-2éa using the immunoprecipitated complex with
wild ciRNA-Katéb (ciR-Katéb probe) or its mutated probe (NC) (right). (C) The validation of ciRNA-Katéb negatively regulating miRNA-26a by
luciferase reporter assay in vitro. A fragment of ciRNA-Katéb containing the bound region by miRNA-26a was inserted into pGL6 reporter
vectors (CHK-wt-ciR-Katéb). A mutation was generated via altering the sequence bound by miRNA-2éa as indicated (CHK-mut-ciR-Katéb).
The wild and mutation reporters were, respectively, co-transfected into the HEK293T with miRNA-26a mimics (miR-26a mics) or inhibitor
(miR-26a |h) or the scrambled. n=4 per group. ***p <0.001 versus CHK-mut-ciR-Katéb. Two-way ANOVA (effect vs plasmid treated
interaction) followed by post hoc Tukey test. (D) Levels of miRNA-26a in the ipsilateral dorsal spinal cord and contralateral dorsal spinal cord
after chronic constriction injury (CCl) or Sham surgery of unilateral sciatic nerve. n=6 mice/time point/group. *p<0.05, **p <0.01 versus the
corresponding Sham group by two-way ANOVA followed by post hoc Tukey test.
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FIGURE 5 MIiRNA-26a upregulation contributes to neuropathic pain. (A, B) The intrathecal injections of miRNA-2éa inhibitor (miR-26a

Ih) but not its control scramble inhibitor (Scr) for 1 day alleviated the CCl-induced thermal hyperalgesia (A) and mechanical allodynia (B).
n=8 mice/group. ***p<0.001 versus the Sham plus Scr-treated mice at the corresponding time points by two-way ANOVA with repeated
measures followed by post hoc Tukey test; *p <0.05, #p <0.01 versus the CCl plus Scr-treated mice at the corresponding time points

by two-way ANOVA with repeated measures followed by post hoc Tukey test. Red arrow indicates CCl or Sham surgery. Blue arrows
indicate miR-26a Ih or Scr. (C, D) 2 consecutive days intrathecal injections of Lenti-miRNA-26a inhibitor (miR-26a shRNA) but not control
lentivirus-mediated scramble inhibitor (LV-Scr) attenuated thermal hyperalgesia (C) and mechanical allodynia (D) in CCl mice. n=8 mice/
group. *p<0.05, ***p <0.001 versus Sham plus LV-Scr-treated mice at the corresponding time points by two-way ANOVA with repeated
measures followed by post hoc Tukey test; p<0.05, #p <0.01 versus CCI plus LV-Scr-treated mice at the corresponding time points by
two-way ANOVA with repeated measures followed by post hoc Tukey test. Red arrow indicates CCl or Sham surgery. Blue arrows indicate
miR-26a shRNA or LV-Scr. (E) Levels of miRNA-26a in the dorsal spinal cord on day 2 after intrathecal injection with miRNA-26a mimics
(mimics) or control scrambled miRNA (Scr) into spinal cord. n=6 mice/group. *p <0.05 versus the scrambled miRNA group by two-tailed
unpaired Student's t-test. (F) Levels of miRNA-26a in the dorsal spinal cord on day 5 after 2 consecutive days of intrathecal injection with
Lenti-miRNA-26a (Lenti-miR-26a) or control scrambled virus (Lenti-Scr) into the spinal cord. n=6 mice/group. **p <0.01 versus the scrambled
virus group by two-tailed unpaired Student's t-test. (G, H) Intrathecal injection of miRNA-2é6a mimics (miR-26a mimics) or control scrambled
miRNA (Scramble) into the spinal cord increased the hypersensitive response to heat stimuli (G) and to von Frey filaments stimuli (H) on the
different days after mimics injection. n=8 mice/group. *p <0.05, **p<0.01 versus the scrambled-treated mice at the corresponding time
points by two-way ANOVA with repeated measures followed by post hoc Tukey test. The red arrow indicates mimics or Scr injection. (I, J)
Two consecutive days of intrathecal injection of Lenti-miRNA-26a (Lenti-miR-26a) or control scrambled virus (Lenti-Scr) into the spinal cord
increased the hypersensitivity to heat stimuli (1) and to von Frey filaments stimuli (J) at the different days after lentivirus injection. n=8 mice/
group. *p<0.05, **p<0.01 versus the Lenti-Scr-treated mice at the corresponding time points by two-way ANOVA with repeated measures
followed by post hoc Tukey test. The red arrow indicates Lenti-miR-26a or Lenti-Scr. (K, L) Two consecutive days intrathecal injection of
miRNA-26a inhibitor (26a-1h) on day 3 after intrathecal injection of Lenti-ciRNA-Katéb-shRNA (LV-ci-Kéb-shR) or its scrambled virus control
(LV-Scr) in naive mice inhibited the production of pain hypersensitivity to heat stimuli (K) and to von Frey filaments stimuli (L). n=8 mice/
group. *p<0.05, **p <0.01 versus the LV-Scr plus the scrambled inhibitor (Scr) group; *p <0.05 versus the LV-ci-K6b-shR plus Scr group by
two-way ANOVA with repeated measures followed by post hoc Tukey test. The red arrow indicates LV-ci-Kéb-shR or LV-Scr injection. Blue
arrows indicate 26a-1h or its control.

intrathecally injected into the mice subjected to 7-day CCl surgery. in paw withdrawal latencies to thermal and mechanical stimuli on
Scrambled small RNA (Scr) was used as a control. The mice injected day 1 after injection (Figure 5A,B). Similarly, the injected mice with
with miRNA-26a-1h, but not Scr, showed the attenuated response LV-miRNA-26a shRNA (miR-26a shRNA), producing miRNA-26a
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inhibitor, but not its control LV-Scr, displayed the alleviated pain
hypersensitivity to thermal and mechanical stimulus (Figure 5C,D)
from days 2 to 7 after 2 consecutive days of intrathecal injection.
However, locomotor impairment, measured by reflex tests includ-
ing placing, grasping, and righting as previously described” was not
observed after synthesized or lentivirus-producing miRNA-2éa in-
hibitor (Table 1), suggesting that the decreased miRNA-2éa in the
spinal cord is helpful to the alleviated of neuropathic pain.

Conversely, the other two modulation tools including miRNA-
26a mimics and Lenti-miRNA-26 were employed to overexpress the
miRNA-26a in the spinal cord. In vivo test showed that miRNA-26a
mimics or Lenti-miRNA-26 increased the content of miRNA-26a by
66% or 70% respectively, indicating both its mimics and Lentivirus
tools are effective in work (Figure 5E,F). Furthermore, intrathe-
cal injection of miRNA-26a mimics, but not scrambled control, for
1day produced a nociception sensitivity response as evidenced
by the hypersensitivity for thermal and mechanical stimulus in
naive mice (Figure 5G,H). A similar reduction in pain threshold was
observed after miRNA-26a overexpression with Lenti-miRNA-26a,
but not negative control in naive mice (Figure 51,J), indicating the
spinal miRNA-26a overexpression leads to pain-like symptoms.
Whereas, the reflex tests confirmed no impairment of locomotor
function after upregulating miRNA-26a with mimics or lentivirus
(Table 1). To further investigate whether the ciRNA-Katéb-induced
pain hypersensitivity was mediated through miRNA-26a, we pre-
treated with LV-ciRNA-Katéb (LV-ci-Kéb-shR) on day 3 before
miRNA-26a inhibitor (26a-1h) in naive mice. We found intrathecal
injection of miRNA-26a inhibitor, but not its scrambled control,
markedly relieved the pain hypersensitivity induced by the knock-
down of ciRNA-Katéb (Figure 5K,L). Our data strongly suggest that
spinal ciRNA-Katéb regulates neuropathic pain via the mediation
of spinal miRNA-2éa.

3.7 | Upregulation of miRNA-26a decreases the
expression of Kcnk1 in spinal cord

To explore how spinal miRNA-2éa increase is involved in neuro-
pathic pain, we predicted its downstream targets by combining
seven independent programs (Figure 6A). As the potassium chan-
nels paly a critical role in the regulation of neuronal excitability

13.20 \ve focused on the potassium

under chronic pain conditions,
channels among the predicted targets by miRNA-26a. We found
9 potassium channel genes might become miRNA-26a's poten-
tial downstream targets (Figure 6A). Among them, Kcnk1 (one
member of the two-pore domain background potassium (K2P)
channel family) is likely the target of miRNA-2éa due to its high-
est frequency appearance by 5 prediction programs (Figure 6A).
The 3'UTR of mouse Kcnkl mRNA constitutes a conserved miR-
26a binding sequence of “UACUUGAA” (220-227 bp, the first
base of 3'UTRas +1), and this region displayed a high specific
conversation among 4 mammal specifics including mouse, rat,

human, and chimp (Figure 6B). KCNK1 is a critical player in the

modulation of the neuropathic pain through controlling K* cur-
rent in peripheral sensory neurons.!” Therefore, Kcnk1 was cho-
sen as a potential target of miRNA-2éa in this study. Our findings
showed that peripheral nerve injury also decreased Kcnk1 mRNA
expression in the ipsilateral dorsal spinal cord from the day 3 to
day 21 after surgery (Figure 6C). The KCNK1 protein in the ipsi-
lateral spinal dorsal cord was also decreased on day 7 after CCl
surgery (Figure 6D). Additionally, single-cell PCR showed that
Kcnk1, miRNA-26a, and ciRNA-Katéb were co-expressed in the
spinal neuron (Figure 6E). Thus, we wondered whether miRNA-
26a could regulate the expression of KCNK1 in the dorsal spinal
cord. Further studies between the in vitro and in vivo experi-
ments were carried out to verify this point. In vitro, we cloned
the 3'UTR of mouse Kcnkl mRNA containing the region bound
by miRNA-26a into the firefly luciferase reporter (CHK-wt-kcnk1).
As expected, the luciferase assay revealed that co-transfection
of wild-type reporter (CHK-wt-kcnk1), but not control mutated
reporter (CHK-mut-kcnk1), with miRNA-26a mimics signifi-
cantly decreased the activity of the luciferase in HEK293T cells
(Figure 6F). Contrarily, the co-transfection of wild-type but not
mutated reporter with miRNA-2éa inhibitor increased the activ-
ity of the luciferase (Figure 6F). Furthermore, knocking down the
CCl-induced miRNA-26a increase in the spinal cord through in-
trathecal injection of miRNA-26a inhibitor (but not Scr) reversed
the CCl-induced decreases in Kcnk1 in the ipsilateral dorsal spinal
cord (Figure 6G,H). Additionally, spinal upregulation of miRNA-2éa
through intrathecal injection of miRNA-2é6a mimics (but not Scr)
reduced the levels of dorsal spinal cord Kcnk1 mRNA (Figure 6l)
and protein (Figure 6J). These in vitro and in vivo data strongly
support the idea that nerve injury-induced KCNK1 downregula-
tion is due, at least in part, to increased miRNA-26a expression in

the spinal cord of mice with nerve injury.

3.8 | The decrease of Kcnk1 is required for the pain
hypersensitivity induced by miRNA-26a

To further investigate whether spinal Kcnk1 is involved in the devel-
opment of neuropathic pain, we used the lentivirus to overexpress
Kcnk1 in the spinal cord of neuropathic pain mice. We found Kcnk1
was increased on day 5 after the intrathecal injection of Lenti-Kcnk1
but its control Lenti-Gfp (Figure 7A), and its upregulation rescued
the decrease of spinal Kcnk1 in the nerve injury mice (Figure 7A).
Furthermore, rescuing the CCl-induced downregulation in spinal
Kcnk1 through Lenti-Kcnk1, but not Lenti-Gfp, attenuated the induc-
tion of CCl-induced thermal and mechanical pain hypersensitivities
(Figure 7B,C) with no locomotor impairment (Table 1). Additionally,
spinal knockdown of Kcnk1 through intrathecal injection of Kcnk1
siRNA, not scrambled siRNA, reduced the levels of Kcnk1 in the spi-
nal cord of naive mice (Figure 7D) and augmented the responses to
thermal and mechanical stimuli after siRNA injection (Figure 7E,F),
indicating the pain-like behavior genesis. Expectedly, the locomotor
injury was not affected by siRNA or scramble control (Table 1).
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FIGURE 6 Upregulated miRNA-26a was required for CCl-induced decreases in Kcnk1 expression in nerve-injured spinal cord. (A) The
sequence analysis of miRNA-26a matching to 3'UTR of nine potassium ion channel mRNA by seven prediction programs including PITA,
RNA22, miRmap, microT, miRanda, PicTar, and TargetScan. (B) The analysis of species conservation of miRNA-26a targeting 3'UTR of Kcnk1
mRNA among four mammal animals. (C) Peripheral nerve injury downregulated the expression of Kcnk1 mRNA in a time-dependent manner
in the ipsilateral dorsal spinal cord after chronic constriction injury (CCI). n=6 mice/time point/group. *p <0.05, versus the corresponding
Sham group by two-way ANOVA followed by post hoc Tukey test. (D) The KCNK1 protein decreased in the ipsilateral dorsal spinal cord
after CCl. n=4 mice/group. *p <0.05 versus the Sham group. (E) Co-expression analysis of ciRNA-Katéb, miRNA-26éa, and Kcnk1 in the single
spinal neuron by single cell-RT-PCR. The number presented different samples. H,O was used for the negative control. Gapdh was used

as the reference gene. (M) DNA ladder marker. (F) Verification of Kcnk1 as a target gene of miRNA-26a by luciferase reporter assay after

the co-transfection of luciferase reporter (CHK-wt-Kcnk1) with miRNA-26a mimics (miR-26a mics) or its scrambled control and miRNA-26a
inhibitor (miR-26a Ih) or its scrambled control in HEK293T cells. A mutation (CHK-mut-Kcnk1) was generated in the miRNA-26a matched seed
sequence of Kcnk1 mRNA-3'UTR. n=4. *p<0.05, ***p <0.001 versus the corresponding group by two-way ANOVA followed by post hoc
Tukey test. (G, H) The expression of Kcnk1 mRNA (G) and protein (H) on day 2 after intrathecal injection of miRNA-26a inhibitor (miR-26a

Ih) or its scrambled control (Scr) into the mice with 7-day CCl or Sham surgery mice. n=6 (G) or n=5 (H). *p<0.05, **p <0.01 versus the
corresponding group by one-way ANOVA followed by post hoc Tukey test. (I, J) The expression of Kcnk1 mRNA (1) and protein (J) on day 2
after intrathecal injection of miRNA-26a mimics (miR-26a-mimics) or its scrambled control (Scr) into naive mice. n=6 (l) or n=4 (J). *p<0.05,
**p <0.01 versus the scrambled control group by one-way ANOVA with post hoc Tukey test.

Finally, to test whether miRNA-26a modulates pain hypersen- naive mice (Figure 71,J). These data suggested that Kcnk1 mediates

sitivity via the mediation of Kcnk1, we increased the expression of the pain hypersensitivity induced by the miRNA-26a increase.
Kcnk1 post or before miRNA-26a in the spinal cord of naive mice.
We found that the intrathecal pre-injection of Lenti-Kcnk1 on day
3 before miRNA-26a mimics injection prevented the miRNA-26a 4 |

increase-induced nociception sensitivity to thermal and mechan-

DISCUSSION

ical stimulus in naive mice (Figure 7G,H). Similarly, the intrathe-
cal injection of Lenti-Kcnk1 post-injection of Lenti-miRNA-26a
abolished the miRNA-26a upregulation-induced pain sensitivity in

circRNAs have been emerging to be a novel regulatory function
mechanism in gene expression and attract widespread atten-
tion for their key roles in myriad biological processes and human
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FIGURE 7 MIRNA-26a regulates neuropathic pain via the mediation of KCNK1. (A) Levels of KCNK1 in the dorsal spinal cord on day 5
after 2 consecutive days of intrathecal injection with Lenti-Kcnk1 (Kcnk1) or its control Lenti-Gfp (Gfp) day 7 post-CCl or Sham surgery. n=5
mice/group. **p<0.01, ***p <0.001 versus the corresponding groups by one-way ANOVA with post hoc Tukey test. (B, C) The intrathecal
injections of Lenti-Kcnk1 (Kcnk1) but not its control Lenti-Gfp (Gfp) for 2 consecutive days attenuated the sensitivity response to heat stimuli
(B) and to von Frey filaments stimuli (C). n=8 mice/group. *p<0.05, **p<0.01, ***p <0.01 versus the Sham plus Lenti-Gfp-treated mice at
the corresponding time points by two-way ANOVA with repeated measures followed by post hoc Tukey test; #p<0.05, #p <0.01 versus the
CCl plus Lenti-Gfp-treated mice at the corresponding time points by two-way ANOVA with repeated measures followed by post hoc Tukey
test. The red arrow indicates CCl or Sham surgery. Blue arrows indicate Lenti-Kcnk1 or Lenti-Gfp injection. (D) Levels of KCNK1 in the spinal
dorsal cord on day 2 after 2 consecutive days of intrathecal injection of Kcnk1 siRNA or the scrambled siRNA (Scr) in naive mice. n=4 mice/
group. *p <0.05 versus the scrambled siRNA group by one-way ANOVA with post hoc Tukey test. (E, F) The intrathecal injections of Kcnk1
siRNA (siR-Kcnk1) but not the scrambled siRNA (Scr) for 2 consecutive days induced the neuropathic pain-like symptom evidenced by heat
hyperalgesia (E) and mechanical allodynia (F) in naive mice. n=8 mice/group. *p <0.05, **p <0.01 versus the scrambled siRNA-treated mice
at the corresponding time points by two-way ANOVA with repeated measures followed by post hoc Tukey test. The red arrow indicates
siRNA injection. (G, H) Intrathecal pre-injection of Lenti-Kcnk1 (Kcnk1) for two consecutive days prevented the thermal hyperalgesia (G)

and mechanical allodynia (H) induced by miRNA-26a mimics (26a mimics) during the development period. n=8 mice/group. **p<0.01,
***p<0.001 versus the scrambled Lenti-Gfp plus miRNA scramble-treated mice at the corresponding time points by two-way ANOVA with
repeated measures followed by post hoc Tukey test; *p <0.05 versus the Lenti-Gfp plus miRNA-26a mimics-treated mice at the corresponding
time points by two-way ANOVA with repeated measures followed by post hoc Tukey test. The red arrow indicates miRNA-26a mimics or Scr
injection. The blue arrow indicates Lenti-Kcnk1 or Lenti-Gfp injection. (I, J) Intrathecal post-injection of Lenti-Kcnk1 (Kcnk1) for 2 consecutive
days inhibited the pain hypersensitivity response to thermal and mechanical stimulus induced by Lenti-miRNA-2éa (26a) or Lenti-Scr (Scr)
during the maintenance period. n=8 mice/group. *p <0.05, **p<0.01, ***p <0.001 versus the scrambled Lenti-Scr plus Lenti-Gfp-treated
mice at the corresponding time points by two-way ANOVA with repeated measures followed by post hoc Tukey test; ¥p <0.05 versus the
scrambled Lenti-miRNA-26a plus Lenti-Gfp-treated mice at the corresponding time points by two-way ANOVA with repeated measures
followed by post hoc Tukey test. The red arrow indicates Lenti-miRNA-2éa or Lenti-Scr injection. The blue arrow indicates Lenti-Kcnk1 or

Lenti-Gfp injection.
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diseases.?!?? Bioinformatic analyses from human brain tissues
identified a large number of neuronal-specific circRNAs, 80% of
mouse brain circRNAs are also detected in the human brain. The
expression levels of these circRNAs are often changed during neu-
ronal differentiation and in nervous system-related diseases,?® but
how they are causally linked to neuronal-specific physiological and
pathological functions remains elusive. In this study, we identified
a nervous system-specific circRNA—ciRNA-Katéb and reported
its downregulation in the spinal cord following peripheral nerve
injury. This downregulation was required for the induction and
maintenance of neuropathic pain through positive regulation of
miRNA-26a-triggered Kcnk1 in the spinal cord. CiRNA-Katéb likely
is a critical player in the mechanisms of nerve injury-induced pain
hypersensitivity (Figure 8).

CiRNA-Kat6b downregulation is required for the miRNA-26a
increase in the spinal cord of neuropathic pain mice. Circular non-
coding RNAs exert important biological functions through their in-
teraction with other RNA, DNA, and protein in gene expression.?*
We demonstrated ciRNA-Katéb acts as an miRNA-26a sponge to reg-
ulate the miRNA-2éa level and triggered Kcnk1l mRNA content in the
spinal cord. The lentivirus-mediating upregulation of ciRNA-Katéb
blocked the increased level of miRNA-26a in the spinal cord of CCI
mice, resulting in the attenuation of pain hypersensitivity. The down-
regulation of ciRNA-Katéb with siRNA or shRNA led to the increase
of miRNA-26a in the spinal cord of naive mice, causing the neuro-
pathic pain-like behavior genesis. MicroRNAs have been demon-
strated to be closely linked to a variety of pain types, ranging from
primary nerve tissue such as DRG?” to the central nervous system

such as spinal cord?® and pain-related brain regions.?” MiRNA-26a is
involved in several diseases as neonatal sepsis,?® stroke,?’ coronary

heart disease (CHD),%° and cancer.%! But it remains unknown what

Cytomembrane

Cytplasm

Nucleus

Kat6b pre-mRNA A
I
I
]

the expression pattern of miRNA-26a is and how it is regulated in
nervous system diseases. Here, we found miRNA-2éa is likely a key
regulator in the initiation and maintenance of neuropathic pain. The
inhibition of miRNA-26a expression via the intrathecal injection of
its exo- or endogenous reverse complementary small RNA rescued
the reduction of pain threshold in CCI mice. Furthermore, the over-
expression of miRNA-26a prevented the production of nociception
sensitivity induced by ciRNA-Katéb downregulation. CiRNA-Katéb
appears to be a critical player in neuropathic pain via regulating
miRNA-26a content in the spinal cord. However, (1) it is still unclear
how ciRNA-Katéb regulates the expression of miRNA-2éa; (2) the
other potential mechanisms such as binding protein, DNA, or long
noncoding RNA by which ciRNA-Katéb participates in neuropathic
pain cannot be excluded; (3) how the decreased spinal ciRNA-Katéb
is regulated under the condition of neuropathic pain. These issues
in neuropathic pain remain to be further investigated in the future.
Downregulated spinal ciRNA-Katéb contributes to increasing
the level of spinal miRNA-26a and induces nociceptive hypersensi-
tivity. The present study demonstrated that suppressed miRNA-26a
expression through intrathecal injection of miRNA-26a inhibitor
in CCl mice reversed the decreases in Kcnkl in the injured spinal
cord, thereby abolishing neuropathic pain development and main-
tenance. Mimicking nerve injury-induced spinal miRNA-2éa upreg-
ulation through intrathecal injection of miRNA-26a mimics in naive
mice decreased the expression of Kcnkl and augmented the ani-
mals' response to noxious stimuli. Kcnk1 is an endogenous initiator
of neuropathic pain.17 Kcnk1 (K2P 1.1) is the first found member in
the family of the two-pore domain potassium (K2P) channels. Kcnk1
keeps the balance of the resting potential of the cellular membrane
by controlling the outflow of potassium ions and has a vital role in the

maintenance of neuron excitability. Paclitaxel can time-dependently

Neuropathic
Pain

DXXXXIXUX

FIGURE 8 Proposed mechanism by which ciRNA-Katéb contributes to neuropathic pain.
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downregulate the expression of Kcnk1 mRNA and protein in the DRG
and trigeminal neurons.®'” Rescuing the downregulation can relieve
mechanical allodynia and heat hyperalgesia,17 suggesting its potential
involved in neuropathic pain. In the present study, similarly to in DRG,
Kcnk1 was found to be deceased in the spinal cord of neuropathic
pain-induced CCl surgery. This downregulation was attributed to the
increased expression of spinal miRNA-26a under the pain condition.
Abolishing the increase of miRNA-26a significantly restored the ex-
pression of Kcnk1 in the spinal cord of mice with nerve injury, and the
upregulation of miRNA-26a led to the decrease of Kcnk1 in the spinal
cord of naive mice, suggesting Kcnk1 is a downstream gene regulated
by miRNA-26a. In line with this conclusion, the pain hypersensitivity
induced by the miRNA-26a increase was blocked or prevented by the
Kcnk1 upregulation. Interestingly, spinal Kcnk1, as a potassium ion re-
sponsible for the maintenance of resting potential in a spinal neuron,
is demonstrated to be involved in the regulation of neuropathic pain.
To our knowledge, it is the first evidence for Kcnk1 associating with
chronic pain at the spinal level. Additionally, given that the high con-
servation of miRNA-2éa binding to 3'UTR of Kcnk1 among mammals
such as humans, chimp, mice, and rats, our study may provide novel
insight into the clinical treatment of neuropathic pain. In summary,
we demonstrated that rescuing ciRNA-Katéb downregulation in the
injured spinal cord mitigated neuropathic pain without affecting
basal pain and locomotor function. Given that ciRNA-Katéb is specif-
ically expressed in the nervous system tissues, developing drugs, or
virus vehicles that increase its expression may selectively affect the
nervous system without impacting peripheral tissues, and produce
an anti-nociception with no side effect on peripheral tissues com-
pared to currently available treatments. Thus, ciRNA-Katéb may be a
promising target for neuropathic pain management.
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