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A sensory neuron-specific long non-coding
RNA reduces neuropathic pain by rescuing
KCNN1 expression

Bing Wang,"' Longfei Ma,"' Xinying Guo,"' Shibin Du,"' Xiaozhou Fen%,lfr
Yingping Liang,™' Gokulapriya Govindarajalu,’ Shaogen Wu,* Tong Liu,” Hong Li,?
Shivam Patel,’ Alex Bekker,’ Huijuan Hu"* and Yuan-Xiang Tao’>*
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Nerve injury to peripheral somatosensory system causes refractory neuropathic pain. Maladaptive changes of gene ex-
pression in primary sensory neurons are considered molecular basis of this disorder. Long non-coding RNAs (IncRNAs)
are key regulators of gene transcription; however, their significance in neuropathic pain remains largely elusive.
Here, we reported a novel IncRNA, named sensory neuron-specific IncRNA (SS-IncRNA), for its expression exclusively in
dorsal root ganglion (DRG) and trigeminal ganglion. SS-IncRNA was predominantly expressed in small DRG neurons and
significantly downregulated due to a reduction of early B cell transcription factor 1 in injured DRG after nerve injury.
Rescuing this downregulation reversed a decrease of the calcium-activated potassium channel subfamily N member
1 (KCNN1) in injured DRG and alleviated nerve injury-induced nociceptive hypersensitivity. Conversely, DRG downre-
gulation of SS-IncRNA reduced the expression of KCNN1, decreased total potassium currents and afterhyperpolarization
currents and increased excitability in DRG neurons and produced neuropathic pain symptoms.

Mechanistically, downregulated SS-IncRNA resulted in the reductions of its binding to Kecnnl promoter and heteroge-
neous nuclear ribonucleoprotein M (hnRNPM), consequent recruitment of less hnRNPM to the Kcnnl promoter and si-
lence of Kcnnl gene transcription in injured DRG.

These findings indicate that SS-IncRNA may relieve neuropathic pain through hnRNPM-mediated KCNN1 rescue in in-
jured DRG and offer a novel therapeutic strategy specific for this disorder.
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Role of SS-IncRNA in neuropathic pain

Introduction

Neuropathic pain is a chronic, refractory clinical condition affecting
approximately 6.9-10% of the world population.*? Current treat-
ments for this disorder are highly limited.> Although opioids are
the last option for pharmacological management of neuropathic
pain, they have unwanted side effects.* Specifically, prescription
opioid abuse recently in the USA has been accompanied by huge in-
creases in the incidences of addition and opioid-related mortality.?
Thus, identifying new targets and mechanisms for neuropathic
pain may open the door for non-opioid treatments for this disorder.

Persistent noxious stimuli arising from somatic damage or in-
jury to the peripheral nervous system are detected by primary sen-
sory neurons in the dorsal root ganglion (DRG).® These sensory
neuronal bodies, like neuromas at the injured sites, exhibit abnor-
mal ectopic firing and hyperexcitability that are generally consid-
ered as one of the common primary causes of peripheral
neuropathic pain.®® Nerve injury-induced reduction of potassium
channels in the DRG may contribute to this abnormal spontaneous
activity.’ K,1.2, an a-pore-forming subunit of a voltage-gated potas-
sium channel, is enriched highly in most medium and large DRG
neurons.'® Peripheral nerve injury downregulates its expression
in injured DRG.'>* Rescuing this downregulation attenuates nerve
injury-induced nociceptive hypersensitivity.’>** Mimicking this
downregulation reduces total K, currents, depolarizes the resting
membrane potential and decreases the current threshold for action
potential activation in injured DRG neurons and produces augmen-
ted responses to noxious stimuli.’* DRG K, 1.2 is likely a key play-
er in neuropathic pain. KCNN1 (also called SK1, K¢,2.1, SKCA1 or
hSK1), is a member of small conductance calcium-activated potas-
sium channels (KCNN1-3) that mediate action potential afterhy-
perpolarization (AHP) and gate neuronal excitability.” Unlike
K,1.2, KCNNT1 is expressed predominantly in small DRG neurons.*®
Expression of KCNN1 was reduced in the DRG avulsed from neuro-
pathic pain patients.” However, whether KCNN1 plays a pivotal
role in neuropathic pain is still elusive.’

Long non-coding RNAs (IncRNAs) are classified as non-protein
coding RNAs longer than 200 nucleotides and regulate gene expres-
sion at both transcriptional and translational levels in physiological
and pathological processes.’®?° The majority of IncRNAs have tis-
sue specificity in the brain,?>?? implying that they function in a
tissue-specific manner. Nevertheless, whether and how these
tissue-specific IncRNAs participate in neuropathic pain remains
unclear.?*?® Here we identified a unique and native IncRNA and
named it sensory neuron-specific IncRNA (SS-IncRNA), because it
is expressed exclusively in sensory neurons of DRG and trigeminal
ganglion, particularly in small nociceptive neurons of DRG. We
found that SS-IncRNA mitigates the development and maintenance
of neuropathic pain through heterogeneous nuclear ribonucleopro-
tein M (hnRNPM, an RNA-binding protein) mediated rescue of
KCNNT1 expression in injured DRG. SS-IncRNA is likely a new poten-
tial target for treatment of this disorder.

Materials and methods

Wild-type male and female CD-1 mice were purchased from
Charles River Laboratories. SS-IncRNA™ mice and Rosa2655"RNA
knock-in (KI) mice were generated by Biocytogen. Advillin®eERT2/*
mice were purchased from the Jackson Laboratory (Stock No:
032027). SS-IncRNA™M' mice or Rosa2655™ENA K1 mice were

BRAIN 2023: 146; 3866-3884 | 3867

backcrossed onto a C57BL/6 background for at least three genera-
tions to generate heterozygotes in our facility. These heterozygotes
female mice were then mated with male Advillin®**™* mice to
generate sensory neuron-specific conditional knockdown (cKD) or
knock-in (cKI) mice. All mice were kept under standard housing
conditions (12/12-h dark-light cycle and food and water ad libitum)
at Rutgers New Jersey Medical School. Animal procedures were ap-
proved by the Institutional Animal Care and Use Committee of
Rutgers New Jersey Medical School and consistent with the ethical
guidelines of the US National Institutes of Health and the
International Association for the Study of Pain.

Spinal nerve ligation (SNL) and chronic constriction injury
(CCI)-induced chronic neuropathic pain models in mice were car-
ried out according to previously published methods.**?*26:%
Briefly, for the SNL model, unilateral L4 spinal nerve was exposed
after removal of the L4 transverse process and then ligated with
7-0silk thread with transection distal to this site. For the CCI model,
the unilateral sciatic nerve was exposed and loosely ligated with
7-0 silk thread at three sites, separated by ~1 mm. Sham mice
were subjected to the same surgery except for ligation and/or tran-
section of the respective nerve. For chronic inflammatory pain
models in mice, 20 ul of undiluted complete Freund’s adjuvant
(CFA, Sigma-Aldrich) was injected subcutaneously into the plantar
surface of one hind paw or 5 pl of mono-iodoacetate (MIA, Millipore
Sigma) at a concentration of 50 pg/pl (diluted in 0.9% saline) was in-
jected into the unilateral knee joint, as previously described.?®*

The evoked behavioural testing including mechanical, heat and
cold tests was carried out in sequential order at 1-h intervals.
Conditional place preference (CPP) testing was performed 2 or 4
weeks after surgery. Locomotor function testing was carried out
prior to tissue collection. All mice were habituated for 1 to 2 h every
day for 2-3 days before basal behavioural testing.

Mechanical nociceptive hypersensitivity was quantified by
measuring paw withdrawal frequency to two calibrated von Frey
filaments (0.07 and 0.4 g, Stoelting Co), as previously de-
scribed.**?*?%%” Briefly, mice were placed in a Plexiglas chamber
on an elevated wire mesh screen to habituate for 30 min. Animals
received 10 repeated applications (10-20 s apart) of each von Frey
filament to the middle of the plantar surface of the hind paws. A
quick withdrawal of the paw was considered as a positive response.
The number of withdrawal responses within 10 applications was
recorded as percentage withdrawal frequency.

Heat nociceptive hypersensitivity was determined by measur-
ing paw withdrawal latencies upon heat stimulation, as de-
scribed.’*?*26%” Briefly, mice were placed on a glass surface in
individual Plexiglas cages. A beam of light from a Model 336
Analgesia Meter (IITC Inc. Life Science Instruments) was applied
to the middle of the plantar surface of each hind paw. A quick lift
of the hind paw was considered as the paw withdrawal latency.
A cut-off time of 20 s was used to avoid tissue damage to the hind
paw.

Cold nociceptive hypersensitivity was detected by measuring
paw withdrawal latencies to noxious cold (0°C), as previously de-
scribed.**?*26%” Briefly, mice were placed in a Plexiglas chamber
on the cold aluminium plate. The paw withdrawal latency was re-
corded as the length of time between placement and the first sign
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of the mouse jumping and/or flinching. This procedure was re-
peated three times with 10-min intervals. A cut-off time of 20 s
was used.

Spontaneous ongoing pain was examined by carrying out the
CPP test, as described.'*?*?%27 Briefly, the apparatus consisted of
a pair of chambers with distinct stripes (horizontal versus vertical)
on the walls and different texture (rough versus smooth) on the
floor connected with a door in the middle (Med Associates Inc).
Following preconditioning, each animal was monitored for 15 min
through photobeam detectors installed along the chamber walls
to automatically record basal time spent in each chamber, via
MED-PC IV CPP software. Conditional training for lidocaine- or
saline-paired chamber was conducted for the following 3 days
with the door closed. The mice first received an intrathecal injec-
tion of saline (5 ul) specifically paired with one conditioning cham-
ber, in the morning for 15 min. Six hours later, lidocaine (0.8%in 5 ul
saline) was given intrathecally paired with another opposite condi-
tioning chamber, in the afternoon, for 15 min. The injection order of
saline and lidocaine every day was alternated. On the test day, the
mice were placed in two chambers with the door open. The time
spent in each chamber was recorded for 15 min for analysis of
chamber preference. Place preference was indexed by the differ-
ence between the post-test time and preconditioning time spent
in the lidocaine-paired chamber.

Locomotor activity tests including placing, grasping and right-
ing reflexes were measured as previously described.'*?*?¢%” For
the placing reflex, the placed positions of the hind limbs were
slightly lower than those of the forelimbs, and the dorsal surfaces
of the hind paws were brought into contact with the edge of a table.
Whether the hind paws were placed on the table surface reflexively
was recorded. For the grasping reflex, after the mouse was placed
on a wire grid, whether the hind paws grasped the wire on contact
was recorded. For the righting reflex, when the mouse was placed
on its back on a flat surface, whether it immediately assumed the
normal upright position was recorded. Each trial was repeated
five times at 5-min intervals and the scores for each reflex were re-
corded based on counts of each normal reflex.

DRG microinjection was performed as described previously, with
minor modification.’*?*2¢%’ Briefly, a 3-cm long skin incision was
made aseptically at the midline of the lower back after mice were
anaesthetized with 2% isoflurane. The unilateral L4 and/or L3 ar-
ticular processes were exposed and then removed. The glass micro-
pipette was carefully inserted into the exposed ipsilateral L4 or L3/4
DRGs and 1 pl of either siRNA solution (40-80 pM) or viral solution
(4-9x 10" tu/pl) was injected into each DRG at a rate of 0.1ul/
min. The micropipette was removed 10 min after the injection.
The wound was copiously irrigated with sterile saline and the
skin was closed by suturing.

CAD cell cultures and DRG neuronal cultures were prepared as de-
scribed previously.' %632 Briefly, CAD cells were cultured in
Dulbecco’s modified Eagle medium (DMEM)/F-12 HEPES (Gibco/
Thermo Fisher Scientific) supplemented with 8% foetal bovine ser-
um and 1% antibiotics. Dissociated DRG neurons were obtained
from 4-week-old CD1 mice and collected in cold neurobasal me-
dium (Gibco/Thermo Fisher Scientific) supplemented with 10% foe-
tal bovine serum, 5 ml r-glutamine (200 mM) (Gibco/ThermoFisher
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Scientific), 10 ml B-27® Supplement (50x) (Gibco/Thermo Fisher
Scientific), 100 units/ml penicillin and 100 pg/ml streptomycin
(Quality Biological). Dissociated cells were centrifuged and resus-
pended in mixed neurobasal medium, then cultured in a six-well
plate coated with 50 pg/ml poly-p-lysine (Sigma) at 1.5-4 x 10° cells.
The cells were incubated at 5% CO, and 37°C. On Day 2, 4-10 pl of
virus (titre > 6-9 x 10'%/pl), 300-500 ng of vector or siRNA (100 nM;
transfected with Lipofectamine 3000) was added directly to neu-
rons cultured in 6-well plates (2 ml media per well), and the cells
were collected after 3 days.

Total RNA from mouse tissues was extracted and purified using the
RNeasy mini kit (Qiagen). Total DNase-treated RNA from human
DRGs were purchased from Clontech Laboratories, Inc. cDNA was
synthesized by using the Omniscript RT Kit (Qiagen) with specific
RT-primers or oligo(dT) primers. Quantitative real-time PCR assays
were conducted using SYBR Green real-time PCR Master Mix. The
primers used are listed in Supplementary Table 4.

The single-cell RT-PCR procedure was performed according to the
manufacturer’s instructions with the Single-Cell RT-PCR Assay
Kit (Signosis). In brief, the freshly dissociated mouse DRG neurons
from adult mice were first prepared as described.'>*?32 Four
hours after plating, single living large (>35 pm), medium (25-35 pm)
and small (<25 um) DRG neurons were sorted using a micromanipu-
lator device (Leica Microsystems) under an inverted microscope
and collected in a PCR tube containing 6-8 ul of cell lysis buffer
(Signosis). Following centrifugation, the supernatants were col-
lected and divided into PCR tubes for different genes. All nest-PCR
primers used are listed in Supplementary Table 4. The PCR products
were analysed on ethidium bromide-stained 2% agarose gels.

Full-length cDNAs encoding Ebfl, Hnrnpm, SS-IncRNA and Kcnnl
were amplified by RT-PCR from mouse DRG RNA with the
Platinum Taq High Fidelity Kit (Invitrogen/Thermo Fisher
Scientific) and primers with restriction enzymes (Supplementary
Table 4), respectively. Double enzyme-digested PCR products
were ligated into the pHpa-tra-SK plasmids (University of North
Carolina, Chapel Hill) to replace enhanced green fluorescent pro-
tein (GFP) sequence or the multiple cloning site of the pAAV-MCS
vector (Cell Biolabs). The resulting vectors expressed the genes un-
der the control of the cytomegalovirus promoter. The sequences for
targeting gene shRNAs and control scrambled shRNA were an-
nealed and ligated into the pAAV-shRNA-EFla-EYFP using the
BamHI and Xbal cut sites. To produce viral particles, the recombin-
ant viral vectors and packaging vectors were co-transfected into
HEK-293T cells. Adeno-associated virus (AAV) particles were har-
vested and purified by using AAVpro Purification Kit (Takara).
Negative control siRNA and Ebfl siRNA (s201270), Hnrnpm siRNA
(s94804) and Kcnnl siRNA (s96527) were purchased from Thermo
Fisher Scientific, Inc.

The rapid amplification of cDNA ends (RACE) was performed using
the second generation 5'/3' RACE Kit (Roche Diagnostics) following
the manufacturer’s instructions to determine the 5 and 3’ end of
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SS-IncRNA. Briefly, total RNA from mouse DRG was extracted with
RNeasy Mini Kit (QIAGEN) and treated with overdose of DNase I
(RNase-free) (Invitrogen). For the 5’ RACE, first-strand cDNA syn-
thesis was performed by strand-specific primers followed by
poly(A) tailing. The 3’ RACE analysis was performed by reverse tran-
scription of cDNA using oligo dT-anchor primer followed by gene-
specific and anchor primer amplification. All primers are listed in
Supplementary Table 4. All PCR products were purified from an
agarose gel and cloned to pCR-Blunt II-TOPO vector (Thermo
Fisher) for DNA sequencing. The obtained sequences were as-
sembled to get the full-length cDNA sequence.

The separation of nuclear and cytoplasmic fractions from primary
cultured mouse DRG neurons was carried out by using the PARIS Kit
(Invitrogen). Briefly, cultured neurons were rinsed with ice-cold 1x
PBS and lysed in ice-cold cell fractionation buffer. After incubation
for 30 min on ice, the lysate was centrifuged at 15 000g for 15 min at
4°C to separate the nuclear and cytoplasmic fractions. Total RNA of
each fraction was extracted by following the kit instructions.
Various gene/transcript expression levels in both nuclear and cyto-
plasmic fractions of all samples were quantified by quantitative
real-time RT-PCR as described above.

The fresh tissues were homogenized and lysed in ice-cold lysis buf-
fer containing proteinase inhibitor and phosphatase inhibitor. The
samples were loaded onto a 4-15% stacking/7.5% separating
SDS-PAGE (Bio-Rad Laboratories), and then electrophoretically
transferred onto a polyvinylidene difluoride membrane (Bio-Rad
Laboratories). The membranes were blocked with 5% non-fat milk
in Tris-buffered saline/0.1% Tween-20 for 1 h and incubated over-
night at 4°C with the following primary antibodies including goat
anti-EBF1 (1:500, R&D systems), mouse anti-hnRNPM (1:500, Santa
Cruz), rabbit anti-KCNN1 (1:,000, LifeSpan BioSciences, Inc), rabbit
anti-phospho-ERK1/2 (Thr202/Tyr204, 1:800, Cell Signaling), rabbit
anti-ERK1/2 (1:800, Cell Signaling), mouse anti-GFAP (1:800, Cell
Signaling), rabbit anti-GAPDH (1:2000, Santa Cruz), and rabbit anti-
histone H3 (1:1000, Cell Signaling). The proteins were detected by
western peroxide reagent and luminol/enhancer reagent (Clarity
Western ECL Substrate, Bio-Rad) and exposed using the
ChemiDoc XRS System with Image Lab software (Bio-Rad). The in-
tensity of blots was quantified with densitometry using Image
Lab software (Bio-Rad). GAPDH and histone H3 were used as loading
controls for cytoplasmic and nuclear protein, respectively.

Northern blot analysis was performed as previously described.***

Briefly, digoxigenin-dUTP labelled complementary RNA (cRNA)
probes of mouse SS-IncRNA were made by PCR using genomic
DNA from mouse as the template. Total extracted RNA (10 pg)
was separated on agarose-formaldehyde gel, transferred to
BrightStar-plus positively charged nylon membrane (AM10100,
Ambition) and was exposed to UV irradiation (150 mJj/cm?) for
crosslinking into the membrane. The membrane was hybridized
with the probe at 68°C overnight. The next day, the membranes
were washed once with 2x SSC, and twice with 0.1x SSC, followed
by detection with the CDP-Star chemiluminescent substrate
(Roche).
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The RNAscope in situ hybridization (ISH) was carried out by using
RNAscope® 2.5 HD Detection reagent-red kit (REF:322360, ACD) fol-
lowing the manufacturers’ instructions. The positive control probe
for the housekeeping gene Ppib (REF: 320881, ACD) and the negative
control probe for the bacterial gene DapB were used to validate the
ISH procedure. The signals were detected by using the probe for
SS-IncRNA (REF:573241, ACD) and revealed by using BASEscope™
Fast RED assay following the manufacturer’s instructions.
Following ISH, the immunohistochemistry staining was performed
as described previously.**2%343 After being blocked for 1 h at room
temperature in 0.01 M PBS/0.3% Triton X-100 containing 4% goat
serum, the sections were incubated with chicken anti-p-tubulin
III (1:200, EMD Millipore), rabbit anti-glutamine synthetase (1:500,
Sigma-Aldrich), rabbit anti-NF200 (1:100, Sigma), biotinylated B4
(1:200, Sigma), rabbit anti-P2X3 (1:500, Neuromics), mouse anti-TH
(1:1000, EMD Millipore) and rabbit anti-TRPV1 (1:400, Abcam), re-
spectively, at 4°C overnight. The fluorescent signals were devel-
oped with appropriate fluorescence-conjugated secondary
antibodies. Images were captured with an inverted microscope
(DMI4000, Leica Microsystems). Immunoreactive positive neurons
containing three or more particles of SS-IncRNA were considered
to be ‘co-expressed’ cells, according to preceding studies.***’

The 2000-bp promoter sequence of SS-IncRNA gene was achieved
based on the University of Santa Cruz (UCSC) genomic database
(https:/genome.ucsc.edu). The motifs of EBF1 in this promoter re-
gion were predicted according to JASPAR database (http:/jaspar.
genereg.net/). To avoid false-positive scoring, the relative profile
score threshold was set at 90%. Through analysing the predicted
score from the potential EBF1-binding regions, the region with the
highest score was used to clone and to investigate the binding be-
tween EBF1 and SS-IncRNA.

The full-length sequence of SS-IncRNA containing the T7 promoter
was construed by RT-PCR with the primers in Supplementary
Table 4 and was in vitro transcribed and translated by the
Transcend™ Non-Radioactive Translation Detection System proce-
dures described in the manufacturer’s manual (Promega). In this
procedure, biotinylated lysine residues are incorporated into nas-
cent proteins during translation, allowing for in vitro non-
radioactively labelled protein synthesis. Proteins were detected
with horseradish peroxidase-conjugated streptavidin. The signals
were visualized by using SuperSignal western blotting kit detection
reagents (Thermo Pierce). Luciferase was used as a coding gene
control.

The RNA pull-down assay was performed by using a Pierce™
Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher) according to
the manufacturer’s instructions. The SS-IncRNA sense and
SS-IncRNA antisense RNA (Supplementary Table 4) were synthe-
sized in vitro by PCR using the Biotin RNA Labeling Mix (Roche)
and purified by the Thermo GeneJET RNA Purification Kit (Thermo
Fisher). The sense RNA was used as a negative control. The cultured
DRG neurons were homogenized and cross-linked by 37%
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formaldehyde for 10 min at room temperature, followed sheared by
sonication. Hybridization was performed at 37°C overnight.
Biotinylated RNA was captured by Dynabeads MyOne
Streptavidin T1 beads (Invitrogen, Cat. No. 65601). Proteins were se-
parated by the 4-20% Mini-PROTEAN TGX Precast Protein Gels
(Bio-Rad) followed by mass spectrometry analysis at the Center
for Advanced Proteomics Research at Rutgers New Jersey Medical
School. To verify the binding of SS-IncRNA to hnRNPM, western
blot analysis was carried out, as described above.

A 600-bp fragment from the SS-IncRNA promoter region (including
the EBF1-binding motif) and a 2000-bp fragment from the Kcnnl
promoter region (including hnRNPM-binding sites) were amplified
by PCR from genomic DNA wusing appropriate primers
(Supplementary Table 4) to construct the reporter plasmids, re-
spectively, as previously described.’ Luciferase activity was as-
sayed by the Dual-Luciferase Reporter Assay System (Promega).
Analyses of the test samples were performed in duplicate and
were repeated three independent times. Relative luciferase was
calculated by normalizing firefly luciferase activity (reporter) to
Renilla luciferase activity (an internal control).

The ipsilateral L4 DRGs from eight SNL or sham mice with micro-
injection of AAV5-Gfp or AAVS5-SS-IncRNA 4 weeks before surgery
were collected on Day 7 post-surgery and pooled together to
achieve enough RNA. Total RNA (1.2 pg/sample) extracted as de-
scribed above was subjected to rRNA depletion by Ribo-Zero rRNA
Removal Kit ([llumina). Stranded-specific RNA sequencing libraries
were prepared by using the Illumina TruSeq Stranded Total RNA Kit
without poly-A selection. All assays were performed in triplicate
according to each manufacturer’s instructions. Sequencing was
carried out on an Illumina HiSeq2500 platform High Output Mode,
in a 2 x 150 bp paired-end configuration, with a total of more than
190 M reads per lane (at least 60 M reads per sample).*®

Chromatin immunoprecipitation (ChIP) was performed by using
the EZ ChIP™ Chromatin Immunoprecipitation Kit (Millipore) ac-
cording to the manufacturer’s instructions. Briefly, DRG homoge-
nates were crosslinked at room temperature for 10 min with 1%
formaldehyde. The crosslinking reaction was quenched by adding
glycine (0.25 M final concentration). After centrifugation, the pellet
was resuspended and lysed in SDS lysis buffer with protease inhibi-
tor cocktail. Cross-linked chromatin was sonicated to obtain DNA
fragments of 200-1000 bp. Lysate was precleaned with 20 pl Pierce
Protein A/G Agarose beads. Immunoprecipitation was carried out
at 4°C overnight using rabbit anti-EBF1 (2 pg, Millipore), mouse
anti-hnRNPM (2 pg, Santa Cruz Biotechnology, Inc) or purified rabbit
or mouse IgG. Input (2% of the sample for immunoprecipitation)
was used as a positive control. DNA fragments were purified with
a QIAquick DNA purification Kit (Qiagen) and analysed by using
SYBR green real-time PCR with the primers listed in
Supplementary Table 4.

The RNA-binding protein immunoprecipitation (RIP) assay was
carried out by using a Magna RIP RNA Binding Protein
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Immunoprecipitation Kit (Millipore) according to the manufac-
turer’s instructions. Briefly, DRGs were collected and homogenized
in ice-cold PBS. After centrifugation (1500 rpm, for 5 min at room
temperature), the pellet was resuspended in an equal volume of
RIP lysis buffer containing protease and RNase inhibitors.
Magnetic beads protein A/G were incubated with 2 pg of mouse
anti-hnRNPM (Santa Cruz Biotechnology, Inc) or of purified mouse
IgG (Millipore) at room temperature for 30 min. The RIP lysates
were then incubated with the bead-antibody complexes overnight
at 4°C. The samples were washed by using a magnetic separator
six times with 500 pl of ice-cold RIP wash buffer. After treatment
with proteinase K, the immunoprecipitated RNAs were purified
by phenol/chloroform extraction and eluted in 15pl of RNase-
DNase free water. About 10-20% of RIP lysate was used as input.
The relative abundance of SS-IncRNA transcripts was then quanti-
fied by RT-qPCR. All primers used are listed in Supplementary
Table 4.

Chromatin isolation by RNA purification (ChIRP) was carried out as
reported.®**° Briefly, the cultured neurons were rinsed with chilled
PBS and crosslinked by 1% formaldehyde for 10 min. The reactions
were quenched by adding 0.125 M glycine for 5 min. After cell pel-
lets were dissolved in nuclear lysis buffer, the lysates were soni-
cated to break DNA to 100-500bp fragments. A total of 14
different biotinylated antisense DNA probes that were complemen-
tary to the sequence of SS-IncRNA were designed using an online
tool (Singlemoleculefish.com) and numbered. The negative control
probes that were not complementary to the sequence of SS-IncRNA.
Seven odd-numbered probes, seven even-numbered probes and
negative control probes were hybridized, respectively, with the
cell lysates overnight. The complex of beads/probes/DNA was
pulled down by using streptavidin magnetic C1 beads
(Invitrogen). The potential binding DNA was ready for analysis by
quantitative PCR assay as described above.

The acute disassociated DRG neurons were cultured on laminin-
coated coverslip, as previously described.’**'*3> Whole-cell patch
clamp recording was carried out 4 to 6 h after plating. To increase
the recording efficiency, only AAV9-GFP (green)-labelled small-
sized neurons (<25 pm) were recorded at the temperature of 36°C.
Ky currents were determined using a method described in our pre-
vious studies.’>*>'* In brief, for K, current isolation, bath solution
contained the following regents (in mM): choline-Cl 130, KCI 5,
CdCl, 1, CaCl, 2, MgCl, 1, HEPES 10, glucose 10 (pH7.4 with
Tris-base, 320 mOsm). The intracellular pipette solution contained
(in mM): potassium gluconate 120, KC1 20, MgCl, 2, EGTA 10, HEPES
10, Mg-ATP 4 (pH 7.3 with KOH, 310 mOsm). K, currents were re-
corded under voltage clamp with a 500 ms depolarizing pulse (com-
mand voltages to potentials ranging between —-30 to +50 mV in
10 mV increments, holding at —80 mV). The resting membrane po-
tential was taken 3 min after a stable recording was first obtained.
Action potentials (APs) were recorded under current clamp. The
rheobase current was defined as the first step current that induced
one AP by 50 ms depolarizing step current. APs were evoked by
using a 1-s depolarizing current pulse (80 pA, 1.5 x of average rheo-
base current). The neurons showing single spike or no firing after
80 pA current injection were excluded. The AP amplitude was mea-
sured between the peak and the baseline. The AP overshoot was
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measured between the AP peak and 0 mV. AHP currents were re-
corded under voltage clamp with a 500 ms depolarizing pulse
(from —60 to 0 mV, holding at —60 mV). The AHP amplitude was
measured between the maximum hyperpolarization and the final
plateau voltage. The artificial CSF consisted of (in mM): NaCl 140,
KCl 5, CaCl, 2, MgCl, 1, HEPES 10 and glucose 10, with pH adjusted
to 7.3 by NaOH. The electrode resistances of micropipettes ranged
from 4 to 6 MQ. The patch pipette solution contained (mM): KCl
135, MgATP 3, Na,ATP 0.5, CaCl, 1.1, EGTA 2, and glucose 5; pH
was adjusted to 7.38 with KOH and osmolarity adjusted to 300
mOsm with sucrose. The number of spontaneous APs was calcu-
lated as the number of APs per second in 3 min during extracellular
buffer application. Recording signals were amplified with Axopatch
700B (Molecular Devices), filtered at 2 kHz, and sampled at 5 kHz
using pCLAMP 10 (Molecular Devices).

For in vivo experiments, mice were randomly distributed across
experimental cohorts. For in vitro experiments, the cells were
evenly suspended and then randomly distributed into each
well tested. The sample sizes were determined based on our
pilot studies, previous reports in the field*****3 and power
analyses (power of 0.90 at P<0.05). All results are shown as
the means + standard error of the mean (SEM) of at least three in-
dependent experiments. Data distribution was assumed to be
normal, but this was not formally tested. The data were statistic-
ally analysed using two-tailed, paired Student’s t-test and a
one-way, two-way or three-way ANOVA. When ANOVA showed
a significant difference, pairwise comparison between means
was performed using the post hoc Tukey method (SigmaPlot
12.5, San Jose, CA). Significance was set at P <0.05.

All information necessary to evaluate the reported findings are in-
cluded in the main text or the Supplementary material. Additional
data or further methodological details will be provided by the
authors upon request.

Results

To detect SS-IncRNA, we first searched our RNA-sequencing data-
base® and found a significant decrease of the stacked reads in
the genomic region (158205 157-158209430) of chromosome 1
from the ipsilateral L4 DRG on Day 7 following SNL as compared
to sham mice (Supplementary Fig. 1). We then designed strand-
specific primers for reverse transcription and identified the
SS-IncRNA transcripts in the DRGs of mouse and human (Fig. 1A),
although the sequences were not completely identical between
two species. In addition to DRG, this transcript was also detected
in the trigeminal ganglion, but not in the spinal cord, various brain
regions and other body organs of mice (Fig. 1B). We carried out RACE
for directional sequencing of 5’ and 3’ ends plus RT-PCR assay and
further identified a 2.118-kb full-length SS-IncRNA (containing three
exons and poly-A tail) in mouse DRG (Fig. 1C and Supplementary
Fig. 2) and a 2.454-kb full-length SS-IncRNA (containing three exons
and poly-A tail) in human DRG (Supplementary Fig. 3). Northern
blot analysis confirmed the existence of SS-IncRNA at the expected
size in the DRG, but not in the spinal cord, of adult mice (Fig. 1D).
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Quantitative analysis of nuclear/cytoplasmic RNA extracted from
the DRG revealed that SS-IncRNA was more enriched in the nucleus
than in the cytoplasm (Fig. 1E). Coding substitution frequency ana-
lysis of SS-IncRNA showed no apparent open reading frame
(Supplementary Figs 2 and 3). Consistently, in vitro translation of
SS-IncRNA did not produce any peptides/proteins (Fig. 1F).
Furthermore, ribosome profiling analysis proved no/minimal ribo-
somes on SS-IncRNA (Fig. 1G). Together, these results indicate that
SS-IncRNA is a non-coding RNA.

The cellular distribution pattern of SS-IncRNA in mouse DRG
was also examined by using the RNAscope ISH assay followed
by immunohistochemical staining of various cell markers.
SS-IncRNA-labelled signal particles (>3) were more enriched in
the nucleus than in the cytoplasm within the p-tubulin III (a specif-
ic neuronal marker)-positive cells from naive DRG (Fig. 1H and
Supplementary Fig. 4A). In contrast, no signal particles were de-
tected in the glutamine synthetase (a marker for satellite glial
cells)-positive cells of naive DRG (Fig. 1H and Supplementary Fig.
4B). Approximately 10.6% (253/2397) of the p-tubulin III-positive
neurons were labelled by SS-IncRNA, of which about 77% were
small (<25 pm in diameter), 18% medium (25-35 um in diameter),
and 5% large (> 35 pm in diameter) (Fig. 1I). Consistently, ~68% of
isolectin B4 (IB4, a marker for small non-peptidergic
neurons)-labelled neurons (Fig. 1J and Supplementary Fig. 5A)
and 67.7% of P2X purinoceptor 3 (P2X3, another marker for small
non-peptidergic neurons)-labelled neurons (Supplementary Fig.
5B) were positive for SS-IncRNA. In addition, ~15.1% of transient re-
ceptor potential vanilloid type 1 (TRPV1, a marker for small pepti-
dergic neurons)-labelled neurons, 8.2% of tyrosine hydroxylase
(TH, a marker for small low-threshold neurons)-labelled neurons,
and 2% of neurofilament-200 (NF200, a marker for medium/large
cells and myelinated amyloid-p fibres)-labelled neurons were
SS-IncRNA-positive (Fig. 1K-M and Supplementary Fig. 6).
Distribution of SS-IncRNA mainly in small DRG neurons suggests
its involvement in the transmission and modulation of nociceptive
information.

We next examined whether the expression of SS-IncRNA was al-
tered in mouse DRG after peripheral nerve injury. The level of
SS-IncRNA was dramatically reduced in the ipsilateral L4 DRG on
Days 3, 7, 14, 21 and 28 after unilateral L4 SNL, but not sham sur-
gery (Fig. 2A). Neither SNL nor sham surgery changed basal ex-
pression of SS-IncRNA in the contralateral L4 DRG and ipsilateral
L3 DRG (Fig. 2B and C). Results were similar in injured DRG follow-
ing CCI (Fig. 2D and E). Interestingly, basal level of SS-IncRNA was
not substantially altered in the ipsilateral L3/4 DRGs during the ob-
servation periods in animal models of chronic inflammatory pain
caused by plantar injection of CFA into unilateral hind paw
(Fig. 2F) or intra-articular injection of MIA into unilateral knee
joint (Fig. 2G). Consistently, number of SS-IncRNA-positive neu-
rons, number of total particles per positive neuron, number of nu-
clear particles per positive neurons, and number of cytoplastic
particles per positive neurons in the ipsilateral L4 DRG were sig-
nificantly less than those in the contralateral L4 DRG on Days 3,
7 and 14 post-SNL (Fig. 2H-J and Supplementary Fig.7A-D). These
reductions occurred in all three types of DRG neurons, but pre-
dominantly in small DRG neurons (Supplementary Fig. 8). The evi-
dence indicates the downregulation of SS-IncRNA in injured DRG
neurons after peripheral nerve injury.
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Figure 1 Identification and characterization of sensory neuron-specific long non-coding RNA (SS-IncRNA) in DRG. (A) SS-IncRNA transcript was detected
in naive mouse and human DRG by using reverse transcription (RT)-PCR with strand-specific primers. The extracted RNA samples were treated with
excess DNase I to exclude genomic DNA contamination. Without RT primer, the PCR products of neither SS-IncRNA nor Gapdh (control) were detected in
the DNase I-treated samples. n = 3 biological repeats/species. NC = H,O; M = DNA ladder marker. (B) SS-IncRNA transcript is expressed in the DRG (1) and
trigeminal ganglion (2), but notin spinal cord (3), frontal cortex (4), brainstem (5), hippocampus (6), thalamus (7), cerebellum (8), lung (9), heart (10), liver
(11) and kidney (12), from adult male mice. Lane 13 = H,0. Gapdh = a control; n = 3 mice. (C) Schematic diagram of full-length SS-IncRNA analysed by 5
and 3’ RACE assay. Blue boxes and thick lines indicate exons and introns, respectively. (D) Northern blot analysis showing that SS-IncRNA (arrow) is
detected in the DRG, but not in the spinal cord (SC), from naive mice. n =3 biological repeats (five mice/repeat). M = RNA marker. (E) Ratios of nucleus
to cytoplasm for Gapdh mRNA, Tuba-1a mRNA, H19, Malat1 and SS-IncRNA in mouse DRG. n =3 mice. (F) In vitro translation of SS-IncRNA using the tran-
scend non-radioactive translation detection systems. Luciferase was used as a control for coding RNA. n = 3 biological repeats. (G) Ribosome profiling of
SS-IncRNA and Gapdh. The blue rectangles represent exons. RFP = ribosome-protected fragments. Signal ratios of ribosome profiling to RNA sequencing
(total) for mRNAs (Gapdh and Tuba-1a) and long non-coding RNAs (SS-IncRNA, H19 and Malat1). n = 3 mice. (H) Representative photomicrographs show-
ing that SS-IncRNA (Red; signal particles >3) is co-expressed with p-tubulin III (green, left) in individual DRG cells (arrows) and undetected in glutamine
synthetase (GS, green, right)-labelled DRG cells. 4', 6-diamidino-2-phenylindole (DAPI, blue) is a marker of cellular nucleus. Scale bar = 25 um. (I)
Histogram showing the distribution pattern of SS-IncRNA-positive somata in normal DRG. Small, 77%; medium, 18%; large, 5%. n=3 mice. (J-M)
Co-expression of SS-IncRNA (red) with isolectin B4 (IB4, green, J), transient receptor potential vanilloid type 1 (TRPV1, green, K), tyrosine hydroxylase
(TH, green, L) and neurofilament-200 (NF200, green, M) in individual DRG neurons (arrows). n = 8-10 sections from 4 to 5 mice. Scale bar = 25 pm.

EBF1 participates in nerve injury-ind_uced_ expression in our RNA sequencing database was reduced in injured
downregulation of DRG SS-IncRNA DRG post-SNL.%8 We speculated that a reduction of EBF1 expression
might be responsible for the SS-IncRNA downregulation in injured
DRG after nerve injury. Indeed, the binding of EBF1 to SS-IncRNA
promoter was verified by the evidence demonstrating that the frag-
ment of SS-IncRNA promoter containing this binding site could
be amplified from the complex immunoprecipitated with the
(-170GTCCCAAGGGA_1¢09) for early B cell transcription factor 1 anti-EBF1 antibody in nuclear fraction from the sham DRG
(EBF1) within mouse SS-IncRNA promotor. In addition, EbfI mRNA (Fig. 3A). SNL decreased this binding, as evidenced by a 56%

We further explored how peripheral nerve injury downregulated
SS-IncRNA in injured DRG. Considering that transcription
factors commonly regulate cellular gene expression, we used
the online JASPAR software and found a consensus binding site
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Figure 2 SS-IncRNA downregulation in injured DRG of male mice after peripheral nerve injury. (A-C) Level of SS-IncRNA in the ipsilateral (A) and contra-
lateral (B) L4 DRG and ipsilateral L3 DRG (C) after unilateral L4 SNL or sham surgery. n = 20 mice/time point/group. **P < 0.01, by two-way ANOVA with
post hoc Tukey test. (D and E) Level of SS-IncRNA in the ipsilateral (D) and contralateral (E) L3/4 DRGs after unilateral CCI or sham surgery. n = 6 mice/time
point/group. **P < 0.01, by two-way ANOVA with post hoc Tukey test. (F and G) Level of SS-IncRNA in the ipsilateral L3/4 DRGs at different time points after
unilateral hind paw injection of the complete Freund’s adjuvant (CFA, F) or unilateral intra-articular injection of sodium mono-iodoacetate (MIA, G). n =
6 mice/time point/group. One-way ANOVA with post hoc Tukey test. (H-J) Representative photomicrographs (H) and corresponding statistical analysis
(I and J) showing number of SS-IncRNA-labelled neurons (signal particles >3) and number of particles per labelled neuron in the ipsilateral and contra-
lateral L4 DRG on Days 3, 7 and 14 after SNL. n = 9-14 sections/time point from four to five mice. *P < 0.01 by two-way ANOVA with post hoc Tukey test.

Scale bar =25 um.

reduction in binding activity in the ipsilateral L4 DRG on Day 7 after
SNL mice as compared to that after sham surgery (Fig. 3A). This re-
duction could be explained by a time-dependent decrease of EBF1
expression in the ipsilateral L4 DRG after SNL, not sham surgery
(Fig. 3B).

To define whether EBF1 directly regulates SS-IncRNA expression,
we first knocked down EBF1 through transfecting a specific Ebf1
siRNA in cultured DRG neurons. The Ebfl siRNA, but not control
scrambled siRNA, markedly reduced basal levels of not only Ebf1
mRNA and EBF1 protein, but also SS-IncRNA in AAV5-GFP (as a
control)-transduced neurons (Fig. 3C and D). These reductions
could be reversed by co-transduction of AAVS expressing full-
length Ebfl mRNA (AAV5-EBF1; Fig. 3C and D), suggesting that
SS-IncRNA reduction was in specific response to EBF1 knockdown.
As expected, AAVS-EBF1 transduction alone significantly increased
basal amount of SS-IncRNA in the scrambled siRNA-treated neurons

(Fig. 3C). Dual-luciferase reporter assays showed that co-
transfection of full-length Ebfl (not control Gfp) vector with
SS-IncRNA reporter vector increased the activity of SS-IncRNA gene
promoter (Fig. 3E). In in vivo experiments, rescuing the
SNL-induced reduction of DRG EBF1 through microinjection of
AAVS5-EBF1 (not AAV5-GFP) into the ipsilateral L4 DRG of male
mice 35 days before surgery attenuated the SNL-induced mechan-
ical, heat and cold nociceptive hypersensitivities on the ipsilateral
(not contralateral) side and stimulation-independent spontaneous
ongoing pain during the development period (Supplementary Fig.
9A-I). Given that DRG neuronal hyperexcitability triggers the hyper-
activation of spinal cord dorsal horn neurons and astrocytes
through enhancing the release of neurotransmitters/neuromodu-
lators in primary afferents under neuropathic pain conditions,’
DRG microinjection of AAV5-EBF1 (not AAVS5-GFP) also blocked
the SNL-induced neuronal/astrocyte hyperactivities in the
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Figure 3 SS-IncRNA downregulation caused by EBF1 decrease in injured DRG of male mice after peripheral nerve injury. (A) SS-IncRNA gene promoter
fragment immunoprecipitated by rabbit anti-EBF1 antibody in the ipsilateral L4 DRG on Day 7 after SNL or sham surgery. Input = total purified frag-
ments; IgG = purified rabbit IgG; M = DNA ladder marker. n =36 mice (three repeats)/group. **P <0.01, by unpaired Student’s t-test. (B) Level of EBF1
protein in the ipsilateral L4 DRG at different days after SNL or sham surgery. n=16 mice (four repeats)/time point/group. **P <0.01, by two-way
ANOVA with post hoc Tukey test. (C and D) Levels of Ebf1l mRNA (C), SS-IncRNA (C) and EBF1 protein (D) in cultured DRG neurons transfected/transduced
as indicated. Ebf1-si = Ebf1 siRNA; Scr-si = control scrambled siRNA. n = 3 biological repeats/treatment/assay. P < 0.01, by one-way ANOVA with post
hoc Tukey test. (E) SS-IncRNA promoter activities in CAD cells transfected as shown. Naive = no treatment; Ebfl = proviral vector expressing full-length
Ebf1 mRNA,; Gfp = proviral vector expressing Gfp mRNA; SS = pGL3 reporter vector containing SS-IncRNA promoter. n = 3 biological repeats/treatment.
**P <0.01, by one-way ANOVA followed by post hoc Tukey test. (F and G) Levels of Ebfl mRNA (F), SS-IncRNA (F) and EBF1 protein (G) in the ipsilateral L4
DRG on Day 14 after SNL or sham surgery in mice with microinjection of AAV5-GFP or AAV5-EBF1 into the ipsilateral L4 DRG 35 days before surgery. n=
12 mice/group/assay. *P < 0.05, P < 0.01, by two-way ANOVA with post hoc Tukey test. (H and I) Levels of EbfI mRNA (H), SS-IncRNA (H) and EBF1 protein
(I) in the ipsilateral L3/4 DRGs on Day 7 after microinjection of Scr siRNA or Ebf1 siRNA into the ipsilateral L3/4 DRGs from SS-KI mice and cKI mice with
intraperitoneal injection of tamoxifen daily for seven consecutive days before siRNA microinjection. n =6 mice/group. **P < 0.01, by two-way ANOVA
with post hoc Tukey test. (J-M) Paw withdrawal frequency (PWF) to 0.07 g (J) and 0.4 g (K) von Frey filaments and paw withdrawal latency (PWL) to heat (L)
and cold (M) stimuli on the ipsilateral side at the different days as indicated before and after Ebf1 siRNA or scrambled (Scr) siRNA microinjection into
unilateral L3/4 DRGs in SS-KI mice and cKI mice with intraperitoneal injection of tamoxifen (Tam) daily for seven consecutive days before siRNA micro-
injection. n = 10 mice/group. **P < 0.01 versus the Ebf1 siRNA plus SS-KI mice at the corresponding time points by three-way ANOVA with repeated mea-
sures followed by post hoc Tukey test.

ipsilateral L4 dorsal horn 14 days after SNL (Supplementary Fig. 9J).
This microinjection also reversed the SNL-induced reduction in the
amount of SS-IncRNA in the ipsilateral L4 DRG (Fig. 3F and G). In add-
ition, mimicking the SNL-induced reduction of DRG EBF1 through
microinjection of Ebf1 siRNA (but not scrambled siRNA) into unilat-
eral L3/4 DRGs of naive male mice produced a marked decrease in
the level of SS-IncRNA in the microinjected DRGs, enhanced re-
sponses to mechanical, heat and cold stimuli on the ipsilateral
(not contralateral) side and the increases in neuronal/astrocyte

activities in the ipsilateral L3/4 dorsal horn (Supplementary Fig.
10A-G). To further demonstrate whether these enhanced behav-
ioural responses are mediated by DRG downregulated SS-IncRNA,
we  generated Rosa26°5mRNA  knock-in  (SS-KI)  mice
(Supplementary Fig. 11) and crossbred them with sensory neuron-
specific advillin-CreERT2 mice to achieve cKI mice, in which
intraperitoneal (i.p.) injection of tamoxifen at 1mg daily for 7
days induces SS-IncRNA overexpression only in sensory neurons
(Supplementary Fig. 12A). Ebfl siRNA-induced reduction of DRG
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SS-IncRNA and enhanced responses to mechanical, heat and cold
stimuli on the ipsilateral side were greatly reversed and attenuated,
respectively, in the tamoxifen-treated cKI mice (Fig. 3H-M).
Expectedly, basal behavioural responses on the contralateral side
in these mice were not altered during the observation period
(Supplementary Fig. 12B-D). Neither siRNA nor virus affected loco-
motor function in the mice used (Supplementary Table 1). Given
that SS-IncRNA co-expressed with Ebfl mRNA mainly in small
DRG neurons (Supplementary Fig. 13A-C), our results suggest that
nerve injury-induced downregulation of SS-IncRNA is attributed,
at least in part, to the silence of Ebf1 expression in injured DRG.

To investigate whether downregulated SS-IncRNA in injured DRG
contributes to neuropathic pain development, we rescued this
downregulation through microinjection of AAVS5 expressing full-
length SS-IncRNA (AAVS5-SS) into the ipsilateral L4 DRGs 35 days
before surgery in male mice (Fig. 4A). Consistent with previous re-
ports,**?%2¢ the mice microinjected with AAV5-GFP exhibited
mechanical, heat and cold nociceptive hypersensitivities on the ip-
silateral side from Days 3 to 14 post-SNL (Fig. 4B-E) and the in-
creases of neuronal/astrocyte activities in the ipsilateral L4 dorsal
horn on Day 14 post-SNL (Supplementary Fig. 14A). These hyper-
sensitivities/increases were ameliorated in the mice microinjected
with AAVS5-SS during the observation period (Fig. 4B-E and
Supplementary Fig. 14A). As expected, microinjection of neither
AAVS5-GFP nor AAV5-SS altered basal paw withdrawal responses
on the contralateral side of SNL mice and on either side of
sham-operated mice (Fig. 4B-E and Supplementary Fig. 14B-D).
Similar results were observed after DRG microinjection of
AAVS5-SS or AAVS-GFP in male CCI mice (Fig. 4F-J] and
Supplementary Fig. 14E-G). The role of DRG downregulated
SS-IncRNA in the maintenance of neuropathic pain was also inves-
tigated. Because AAVS5 requires 3-4 weeks to become ex-
pressed,'>'?'?* male mice were subjected to SNL surgery 2
weeks after DRG viral microinjection. Mechanical, heat and cold
nociceptive hypersensitivities were fully developed on the ipsilat-
eral (not contralateral) side in both AAV5-GFP- and
AAV5-SS-microinjected mice on Day 7 post-SNL (Fig. 4K-N). These
hypersensitivities were markedly alleviated from Days 14 to 28
post-SNL in the AAV5-SS-microinjected mice (Fig. 4K-N).
Moreover, SNL-induced increases of neuronal/astrocyte activities
in the ipsilateral L4 dorsal horn on Day 28 post-SNL were abolished
in the AAVS5-SS-microinjected mice (Supplementary Fig. 14H).

To exclude the possibility that the observed phenotypic changes
above may be caused by microinjection-induced tissue damage, we
performed SNL or sham surgery in male SS-KI mice and cKI mice.
Rescuing the SNL-induced reduction of SS-IncRNA in the ipsilateral
L4 DRG of the cKI mice (not SNL SS-KI mice) following tamoxifen in-
jection (Fig. 40) impaired the SNL-induced mechanical, heat and
cold nociceptive hypersensitivities on the ipsilateral side from
Days 3 to 28 post-SNL (Fig. 4P-S). This rescue also abolished the
SNL-induced stimulation-independent spontaneous ongoing pain
and increases of neuronal/astrocyte activities in the ipsilateral L4
dorsal horn on Day 28 post-SNL (Fig. 4T and Supplementary Fig.
15 A and B). Basal paw responses on the contralateral side of SNL
cKI mice or SNL SS-KI mice and on both sides of the corresponding
sham mice were not altered, although a significant increase of
SS-IncRNA in the ipsilateral L4 DRG of the tamoxifen-treated sham
cKI mice (Fig. 40-S and Supplementary Fig. 15C-E). Similar findings
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were seen in SNL female SS-KI mice and cKI mice following tamoxi-
fen injection (Supplementary Fig. 16A-K). All AAV5-microinjected
mice and tamoxifen-treated SS-KI mice or cKI mice displayed nor-
mal locomotor activity (Supplementary Table 1).

Collectively, these findings suggest that rescuing DRG SS-IncRNA
downregulation relieves nerve injury-induced nociceptive
hypersensitivity during both development and maintenance
periods.

Is the downregulated SS-IncRNA in injured DRG sufficient for neuro-
pathic pain? To this end, we mimicked the nerve injury-induced
downregulation of DRG SS-IncRNA through microinjection of
AAVS expressing a specific SS-IncRNA shRNA (AAV5-SS shRNA)
into unilateral L3/4 DRGs of naive male mice. AAV5 expressing a
scrambled shRNA (AAV5-Scr shRNA) was used as a control. As ex-
pected, the amount of SS-IncRNA was markedly reduced in the mi-
croinjected DRGs 7 weeks after DRG microinjection of AAV5-SS
shRNA, but not AAV5-Scr shRNA (Fig. 5A). More importantly, this
microinjection produced substantial increases in paw withdrawal
frequencies to 0.07 and 0.4 g von Frey filaments and decreases in
paw withdrawal latencies to heat and cold stimuli on the ipsilateral
(not contralateral) side (Fig. 5B-E). These augmented responses oc-
curred 3 weeks post-microinjection and persisted for at least 7
weeks (Fig. 5B-E). This microinjection also led to stimulation-
independent spontaneous ongoing pain and increases of neuron-
al/astrocyte activities in the ipsilateral L3/4 dorsal horn 7 weeks
post-microinjection (Fig. 5F-H).

Given that shRNA may have potential off-targets, we generated
SS-IncRNAM (551%) mice (Supplementary Fig. 17) and cross-bred
them with sensory neuron-specific advillin-CreERT2 mice to obtain
cKD mice, in which intraperitoneal injection of tamoxifen at 1 mg
daily for 7 days knocked down SS-IncRNA expression only in sensory
neurons (Fig. 5I). Like the AAV5-SS shRNA-microinjected mice, the
cKD mice (but not SS%? mice) displayed mechanical, heat and cold
hypersensitivities from Days 4 to 21 after the first injection of tam-
oxifen and stimulation-independent spontaneous ongoing pain
and increases of neuronal/astrocyte activities in L3/4 dorsal horn
on Day 21 after the first injection of tamoxifen on the bilateral sides
(Fig. 5)-P). Similar results were observed in female S/
female cKD mice after tamoxifen injection (Supplementary Fig.
18A-H). Expectedly, no changes in locomotor activity were found
in either AAVS5-microinjected mice or tamoxifen-injected SS/f
mice or cKD mice (Supplementary Table 1).

Taken together, these data suggest that, in the absence of nerve
injury, DRG SS-IncRNA downregulation leads to neuropathic pain-
like symptoms.

mice and

To elucidate how DRG downregulated SS-IncRNA contributes to
neuropathic pain, we carried out high-throughput RNA sequencing
to search the downstream genes of SS-IncRNA in injured DRG after
SNL. The unbiased gene expression analyses revealed that approxi-
mately 1574 genes out of a total of 18865 identified genes were
markedly changed in the ipsilateral L4 DRG from the
AAVS5-GFP-treated mice 7 days after SNL as compared to those after
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Figure 4 Rescuing nerve injury-induced downregulation of DRG SS-IncRNA attenuated the development and maintenance of nerve injury-induced
nociceptive hypersensitivity in male mice. (A) Level of SS-IncRNA in the ipsilateral L4 DRG on Day 14 after SNL or sham surgery in male mice with micro-
injection of AAV5-GFP or AAV5-SS into unilateral L4 DRGs 35 days before surgery. n =12 mice/group. **P < 0.01, by two-way ANOVA with post hoc Tukey
test. (B-E) Effect of microinjection of AAVS5-SS or AAV5-GFP into the ipsilateral L4 DRG on the development of SNL-induced nociceptive hypersensitivity.
Paw withdrawal frequency (PWF) to 0.07 g (B) and 0.4 g (C) von Frey filament and paw withdrawal latency (PWL) to heat (D) and cold (E) stimuli on the
ipsilateral side at different days indicated before and after surgery. n = 12 mice/group. **P < 0.01 versus the AAVS5-GFP plus SNL group at the correspond-
ing time points by three-way ANOVA with repeated measures followed by post hoc Tukey test. (F) Level of SS-IncRNA in the ipsilateral L3/4 DRGs on Day
14 after CCI or sham surgery in male mice with microinjection of AAV5-GFP or AAVS5-SS into unilateral L3/4 DRGs 35 days before surgery. n =6 mice/
group. P <0.01, by two-way ANOVA with post hoc Tukey test. (G-J) Effect of microinjection of AAV5-SS or AAV5-GFP into the ipsilateral L3/4 DRGs
on the development of CCl-induced nociceptive hypersensitivity. Paw withdrawal frequency (PWF) to 0.07 g (G) and 0.4 g (H) von Frey filament and
paw withdrawal latency (PWL) to heat (I) and cold (J) stimuli on the ipsilateral side at different days indicated before and after surgery. n=12 mice/
group. *P < 0.05, *P < 0.01 versus the AAV5-GFP plus CCI group at the corresponding time points by three-way ANOVA with repeated measures followed
by post hoc Tukey test. (K-N) Effect of microinjection of AAV5-SS or AAV5-GFP into unilateral L4 DRG on the maintenance of SNL-induced nociceptive
hypersensitivity. Paw withdrawal frequency (PWF) to 0.07 g (K) and 0.4 g (L) von Frey filament and paw withdrawal latency (PWL) to heat (M) and cold (N)
stimuli on the ipsilateral (ipsi) and contralateral (con) sides at different days indicated before and after surgery. n = 12 mice/group. P < 0.01 versus the
AAVS5-GFP plus SNL group at the corresponding time points by three-way ANOVA with repeated measures followed by post hoc Tukey test. (O) Level of
SS-IncRNA in the ipsilateral L4 DRGs on Day 28 after SNL or sham surgery in SS-KI mice and cKI mice with intraperitoneal injection of tamoxifen daily for
seven consecutive days before surgery. n =12 mice/group. P <0.01, by two-way ANOVA with post hoc Tukey test. (P-S) Paw withdrawal frequency
(PWF) to 0.07 g (P) and 0.4 g (Q) von Frey filaments and paw withdrawal latency (PWL) to heat (R) and cold (S) stimuli on the ipsilateral side at the dif-
ferent days as indicated before and after SNL or sham surgery in SS-KI mice and cKI mice with intraperitoneal injection of tamoxifen (Tam) daily for
seven consecutive days before surgery. n =12 mice/group. **P < 0.01 versus the SNL SS-KI mice at the corresponding time points by three-way ANOVA
with repeated measures followed by post hoc Tukey test. (T) Spontaneous ongoing pain as assessed by the CPP paradigm 3 weeks after SNL or sham
surgery in SS-KI mice and cKI mice with intraperitoneal injection of tamoxifen daily for seven consecutive days before surgery. n =10 mice/group.
*P <0.01, by two-way ANOVA with post hoc Tukey test.

sham surgery (Supplementary Fig. 19A). About 27.9% of these
changed genes were upregulated and 72.1% downregulated
(Supplementary Fig. 19A). Among these changed genes, 44 upregu-
lated genes and 483 downregulated genes were reversed in the
ipsilateral L4 DRG from the AAVS5-SS-treated mice 7 days after
SNL (Supplementary Fig. 19B). These reversed genes-encoding
proteins are particularly enriched on the plasma membrane
(Supplementary Fig. 19C).

Among these reversed genes, one of the most striking genes is
Kcnnl mRNA (encoding KCNN1). Like SS-IncRNA, the level of Kcnnl
mRNA was considerably reduced in the ipsilateral L4 DRG from
Days 3 to 28 after unilateral L4 SNL, but not sham surgery
(Supplementary Fig. 20A). Consistently, the amount of KCNN1 pro-
tein was also significantly reduced in the ipsilateral L4 DRG from
days 3 to 14 post-SNL (Supplementary Fig. 20B). To determine
whether its reduction participated in neuropathic pain genesis,
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Figure 5 DRG knockdown of SS-IncRNA produced neuropathic pain-like symptoms in male naive mice. (A) Level of SS-IncRNA in the ipsilateral L3/4
DRGs 7 weeks after microinjection of AAV5-scrambled shRNA (Scr sh) or AAV5-SS-IncRNA shRNA (SS sh) into unilateral L3/4 DRGs. n =8 mice/group.
**P <0.01, by unpaired Student’s t-test. (B-E) Effect of microinjection of Scr sh or SS sh into the ipsilateral L3/4 DRGs on paw withdrawal frequency
(PWF) to 0.07 g (B) and 0.4 g (C) von Frey filament stimuli and paw withdrawal latency (PWL) to heat (D) and cold (E) stimuli on the ipsilateral (Ipsi)
and contralateral (Con) at time points shown after viral microinjection. n =8 mice/group. *P < 0.05, **P < 0.01 versus the Scr sh-treated mice at the cor-
responding time points by two-way ANOVA with repeated measures followed by post hoc Tukey test. (F and G) Effect of microinjection of Scr sh or SS sh
into the ipsilateral L3/4 DRGs on spontaneous ongoing pain as assessed by the CPP paradigm 7 weeks after viral microinjection. Pre= preconditioning;
Post = post-conditioning. n =8 mice/group. **P < 0.01, by two-way ANOVA with repeated measures followed by post hoc Tukey test (F) or by unpaired
Student’s t-test (G). (H) Neuronal and astrocyte activities in the ipsilateral L3/4 dorsal horn as assessed by levels of p-ERK1/2 and GFAP, respectively,
7 weeks after DRG microinjection of Scr sh or SS sh into unilateral L3/4 DRGs. Total ERK1/2 were used as a control. n =3 mice/group. **P < 0.01, by un-
paired Student’s t-test. (I) Level of SS-IncRNA in DRG, TG, spinal cord (SC), brainstem (BS), anterior cingulate cortex (ACC) and cerebellum (Cere) from
SS"" mice and cKD mice 21 days after first injection of tamoxifen. n =6 mice, **P < 0.01, by unpaired Student’s t-test. (]-M) Paw withdrawal frequency
(PWF) to 0.07 g (J) and 0.4 g (K) von Frey filaments and paw withdrawal latency (PWL) to heat (L) and cold (M) stimuli on the left and right sides at the
different days as indicated in S mice and cKD mice with intraperitoneal injection of tamoxifen (Tam) daily for seven consecutive days. n = 10 mice,
*P <0.01 versus the SS" group by three-way ANOVA with repeated measures followed by post hoc Tukey test. (N and O) Spontaneous ongoing pain as
assessed by the CPP paradigm 21 days after first tamoxifen injection in S$*# mice and cKD mice. Pre = preconditioning; Post = post-conditioning. n = 10
mice/group. *P < 0.01, by two-way ANOVA with repeated measures followed by post hoc Tukey test (N) or by unpaired Student’s t-test (O). (P) Neuronal
and astrocyte activities in the L3/4 dorsal horn from S$" mice and cKD mice as assessed by levels of p-ERK1/2 and GFAP, respectively, 21 days after first
tamoxifen injection. Total ERK1/2 were used as a control. n=9 mice/group. **P < 0.01, by unpaired Student’s t-test.

we rescued the SNL-induced KCNN1 reduction in injured DRG
through microinjection of AAV9 expressing full-length Kcnnl
mRNA (AAV9-KCNN1) into the ipsilateral L4 DRG 35 days before
surgery (Supplementary Fig. 20C). Microinjection of AAV9-KCNNT1,
but not AAV9-GFP, diminished the SNL-induced mechanical, heat
and cold nociceptive hypersensitivities from Days 3 to 28
post-SNL on the ipsilateral side, stimulation-independent spontan-
eous ongoing pain and increases of neuronal/astrocyte activities in
the ipsilateral L4 dorsal horn on Day 28 post-SNL (Supplementary
Figs 20D-K and 21). Neither AAV9 microinjection changed basal
paw responses on the contralateral side of SNL mice and on both
sides of sham mice (Supplementary Fig. 20D-J) and locomotor func-
tion (Supplementary Table 1), although there was a substantial

increase of KCNN1 in the ipsilateral L4 DRG of sham mice microin-
jected with AAV9-KCNN1 (Supplementary Fig. 20C). Furthermore,
we mimicked the SNL-induced reduction of DRG KCNN1 through
microinjection of a specific Kecnnl siRNA into unilateral L3/4 DRGs
of naive mice (Supplementary Fig. 22A and B). The mice microin-
jected with Kcnnl siRNA, but not a control scrambled siRNA, dis-
played enhanced responses to mechanical, heat and cold stimuli
on the ipsilateral (not contralateral) side from Days 3 to 7 post-
microinjection (Supplementary Fig. 22C-F) and increases of neur-
onal/astrocyte activities in the ipsilateral L3/4 dorsal horn on Day
7 post-microinjection (Supplementary Fig. 22G). These findings
strongly suggest that DRG KCNN1 reduction is required for nerve
injury-induced nociceptive hypersensitivity.
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Figure 6 SS-IncRNA downregulation participated in the SNL-induced KCNN1 decrease in injured DRG of male mice. (A and B) Levels of Kcnnl mRNA (A)
and KCNN1 protein (B) in the ipsilateral L4 DRGs on Day 28 after SNL or sham surgery in the SS-KI mice and cKI mice with intraperitoneal injection of
tamoxifen daily for seven consecutive days before surgery. n=12 mice/group. **P <0.01, by two-way ANOVA with post hoc Tukey test. (C) Levels of
hnRNPM and Kcnnl mRNAs in the ipsilateral L4 DRGs on Day 14 after SNL or sham surgery in the mice with microinjection of AAV5-GFP or
AAVS-EBF1 into ipsilateral L4 DRG 35 days before surgery. n=12 mice/group. *P <0.01, by two-way ANOVA with post hoc Tukey test. (D) Level of
Kcnnl mRNA in L3/4 DRGs from S mice and cKD mice 21 days after first intraperitoneal injection of tamoxifen. n = 8 mice. **P < 0.01, by unpaired
Student’s t-test. (E) Level of KCNN1 protein in the ipsilateral L3/4 DRGs on Day 7 after first intraperitoneal injection of tamoxifen in S5/ mice and
cKD mice with microinjection of AAV9-GFP or AAV9-KCNNT1 into unilateral L3/4 DRGs 35 days before tamoxifen injection. n=12 mice/group. *P <
0.01, by two-way ANOVA with post hoc Tukey test. (F) Level of Kcnnl mRNA in the ipsilateral L3/4 DRGs on Day 7 after microinjection of Scr si or Ebf1
siRNA into unilateral L3/4 DRGs. n=6 mice/group. P <0.01, by unpaired Student’s t-test. (G-J) Paw withdrawal frequency (PWF) to 0.07 g (G) and
0.4 g (H) von Frey filament stimuli and paw withdrawal latency (PWL) to heat (I) and cold (J) stimuli on the ipsilateral side on Day 7 after first intraper-
itoneal injection of tamoxifen in S$! mice and cKD mice with microinjection of AAV9-GFP or AAV9-KCNN1 into the unilateral L3/4 DRGs 35 days before
tamoxifen injection. n = 12 mice/group. **P < 0.01, by three-way ANOVA with repeated measures followed by post hoc Tukey test. (K) Neuronal and astro-
cyte activities in the L3/4 dorsal horn as assessed by levels of p-ERK1/2 and GFAP, respectively, on Day 7 after first intraperitoneal injection of tamoxifen
in S mice and cKD mice with microinjection of AAV9-GFP or AAV9-KCNNT1 into the unilateral L3/4 DRGs 35 days before tamoxifen injection. Total
ERK1/2 were used as a control. n=6 mice/group. **P < 0.01, by two-way ANOVA with post hoc Tukey test. (L) Levels of SS-IncRNA, Kecnnl mRNA, Kenn2
mRNA, Kcnn3 mRNA and Kenn4 mRNA in the cultured DRG neurons transduced/transfected as indicated. Scr-sh = AAVS expressing control scrambled
shRNA,; SS-sh = AAVS expressing SS-IncRNA shRNA; AAV5-SS = AAVS expressing SS-IncRNA; AAV5-EFP = AAVS expressing Gfp mRNA. n = 3 biological
repeats/group. P < 0.01, by one-way ANOVA followed by post hoc Tukey test.

cold nociceptive hypersensitivities and increases of neuronal/
astrocyte activities in the L3/4 dorsal horn on the ipsilateral (but

To demonstrate whether KCNN1 reduction is due to SS-IncRNA
downregulation in injured DRG under neuropathic pain conditions,

we first examined the effect of rescuing SS-IncRNA downregulation
on the SNL-indued reduction in KCNN1 expression in injured DRG.
The tamoxifen-treated cKI mice exhibited significant reversion of
the SNL-induced reductions in the levels of Kecnnl mRNA and
KCNN1 protein in the ipsilateral L4 DRG on Day 28 post-SNL
(Fig. 6A and B). A similar change of Kcnnl mRNA was observed in
the AAVS5-EBFl-microinjected mice 14 days post-SNL (Fig. 6C).
Conversely, the cKD mice displayed the reductions in the amounts
of Kennl mRNA and KCNN1 protein in the DRGs on Day 21 after first
injection of tamoxifen (Fig. 6D and E). Microinjection of Ebf1 siRNA
into unilateral L3/4 DRGs of naive mice produced a similar change
of Kennl mRNA in the microinjected DRGs on Day 7 post-
microinjection (Fig. 6F). More importantly, mechanical, heat and

not contralateral) side in the AAV9-GFP-microinjected cKD mice
were not seen in the AAV9-KCNN1-microinjected cKD mice on
Day 7 after first injection of tamoxifen (Fig. 6E, G-K and
Supplementary Fig. 23A-C). This suggests that DRG KCNN1 reduc-
tion mediates the downregulated SS-IncRNA-induced nociceptive
hypersensitivity. Neither virus nor tamoxifen injection altered ba-
sal responses on both sides of SS¥" mice (Fig. 6G-J and
Supplementary Fig. 23A-C) and locomotor activity in both sS%/#
mice and cKD mice (Supplementary Tablel). Consistently, the
amount of Kecnnl mRNA (but not Kenn2-4 mRNAs) was reduced in
cultured DRG neurons transduced with AAV5-SS shRNA plus
AAVS-GFP and increased in cultured DRG neurons transduced
with AAV5-SS plus AAV5 Scr shRNA (Fig. 6L). More importantly,
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the AAVS5-SS shRNA-induced Kcnnl mRNA reduction was markedly
rescued by co-transduction of AAV5-SS (Fig. 6L). Additionally, the
Ebf1 siRNA-induced Kcnnl mRNA reduction could be reversed by
AAVS5-EBF1 transduction in cultured DRG neurons (Fig. 6M).
Collectively, these data suggest that SS-IncRNA positively regulates
the transcriptional activity of Kcnnl gene and alleviates nerve
injury-induced nociceptive hypersensitivity through rescuing
Kcnnl reduction in injured DRG.

Given that KCNN1 mediates the AHP of action potential and contri-
butes to neuronal excitability,'® we investigated the impact of mim-
icking the SNL-induced DRG SS-IncRNA downregulation on the
KCNN1-controlled AHP, K, currents and excitability of DRG neurons.
To increase the recording efficiency, we microinjected AAV9-GFP
alone or a mixed viral solution of AAV9-KCNN1 and AAV9-GFP
into unilateral 1L3/4 DRGs of S$™! mice or cKD mice 35 days before
first tamoxifen injection. Whole-cell patch-clamp recordings were
performed only in acutely disassociated GFP-labelled small DRG
neurons from the ipsilateral L3/4 DRGs 7 days after first intraperito-
neal injection of tamoxifen, as KCNN1 and SS-IncRNA were ex-
pressed predominantly in small DRG neurons.’® Compared to
AAV9-GFP-microinjected SS™ mice, total K, current density and
AHP currents were significantly reduced in small DRG neurons
from AAV9-GFP-microinjected cKD mice following tamoxifen injec-
tion (Fig. 7A, B, D and E). These reductions were completely reversed
in AAV9-KCNN1-microinjected cKD mice (Fig. 7A, B, D and E). Bath
application of 100 nM apamin, a selective KCNN blocker,** led to
less reductions of K, currents and AHP currents in the
DRG neurons from AAV9-GFP-microinjected cKD mice than
those from AAV9-GFP-microinjected S mice or AAV9-KCNN1-
microinjected cKD mice (Fig. 7C and F), strongly indicating that re-
ductions of total K, current density and AHP currents in small
DRG neurons of tamoxifen-treated cKD mice are likely due to
KCNN1 downregulation.

In addition, DRG neuronal excitability was also examined.
Compared to AAV9-GFP-microinejcted S mice, the number of ac-
tion potentials evoked by stimulation of 80 pA (1 s) was substantially
increased in small DRG neurons from AAV9-GFP-microinejcted cKD
mice following tamoxifen injection (Fig. 7G-I). This increase was not
seen in AAV9-KCNN1-microinjected cKD mice (Fig. 7G-I). Bath applica-
tion of 100 nM apamin produced less increase in number of action
potentials in the DRG neurons from AAV9-GFP-microinjected cKD
mice than that from AAV9-GFP- microinjected SS™ mice or
AAV9-KCNN1-microinjected cKD mice (Fig. 7I). No significant changes
were seen in the resting membrane potentials, current thresholds,
membrane input resistances, number of spontaneous action poten-
tials and other action potential parameters including threshold, amp-
litude and overshoot among three treated groups (Supplementary
Table 2). Together, SS-IncRNA downregulation increases neuronal ex-
citability likely through silencing KCNN1 expression in small DRG
neurons.

Finally, we asked how Kcnnl mRNA was reduced by downregulated
SS-IncRNA in injured DRG neurons. Given that RNA-binding
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proteins regulate gene transcription,®*** we searched for

SS-IncRNA binding proteins by designing antisense RNA probes to
capture SS-IncRNA and then carrying out the mass spectrometry
(MS) assay. We found that 16 proteins bound to SS-IncRNA in cul-
tured DRG neurons (Supplementary Table 3). hnRNPM (heteroge-
neous nuclear ribonucleoprotein M) appeared to be the most
likely binding partner among these binding proteins
(Supplementary Table 3). The binding of hnRNPM to SS-IncRNA
was verified in cultured DRG neurons (Fig. 8A). Furthermore, a
SS-IncRNA fragment was immunoprecipitated by anti-hnRNPM
antibody, but not normal purified IgG, in the ipsilateral L4 DRG of
sham mice (Fig. 8B). SNL significantly reduced this immunoprecipi-
tating activity by 73% of the value of sham group in the ipsilateral L4
DRG on Day 7 post-surgery (Fig. 8B). The reduction in the binding
ability of SS-lincRNA to hnRNPM was mainly due to the
SNL-induced DRG SS-IncRNA downregulation in injured DRG, as
the level of hnRNPM protein was not altered in the ipsilateral L4
DRG from Days 3 to14 post-SNL (Supplementary Fig. 24A).

We further carried out the ChIP assay and found that hnRNPM
bound to two regions (R2: —674/-362 and R3: —381/-161) of the
Kcnnl gene promoter, as documented by the amplification of only
these two regions (out of five regions from —900 to +253) from the
complexes immunoprecipitated with anti-hnRNPM antibody in nu-
clear fraction from the ipsilateral L4 DRG of tamoxifen-pretreated
sham SS-KI mice (Fig. 8C and Supplementary Fig. 24B). These two
binding activities were decreased by 57% and 34%, respectively,
on Day 7 post-SNL in tamoxifen-pretreated SS-KI mice (Fig. 8C
and D). The tamoxifen-pretreated SNL cKI mice did not exhibit
these decreases (Fig. 8C and D), suggesting that rescuing
SS-IncRNA downregulation can block the SNL-induced decrease in
the binding activity between hnRNPM and the Kcnnl promoter in
injured DRG. The in vitro experiments showed that the promoter ac-
tivity of Kennl gene and the levels of Kennl mRNA and its protein
were dramatically increased in the CAD cells and cultured DRG
neurons, respectively, with AAV9-hnRNPM transduction plus con-
trol scrambled siRNA transfection (Fig. 8E and F and
Supplementary Fig. 24C). These increases could be diminished by
co-transduction with AAV5-SS shRNA (Fig. 8E and F and
Supplementary Fig. 24C). Additionally, SS-IncRNA overexpression
in the CAD cells and cultured DRG neurons through transduction
with AAVS5-SS plus transfection with scrambled siRNA increased
the promoter activity of Kennl gene and amounts of Kecnnl mRNA
and its protein, respectively (Fig. 8E and G and Supplementary
Fig. 24D). These increases were blocked by co-transfection with
hnRNPM siRNA (Fig. 8E and G and Supplementary Fig. 24D). Given
that SS-IncRNA also bound to R2 and R3 of the Kcnnl gene promoter
in cultured DRG neurons (Fig. 8H) and that SS-IncRNA co-expressed
with Kennl mRNA and hnRNPM mRNA in individual small DRG neu-
rons (Supplementary Fig. 13), our findings indicate that SS-IncRNA
downregulation results in a reduction in Kennl transcriptional ac-
tivity likely through decreasing the recruitment of hnRNPM to
Kcnnl gene promoter in injured DRG.

Although SNL did not alter basal expression of hnRNPM in in-
jured DRG (Supplementary Fig. 21A), we asked whether hnRNPM
expressed at normal/basal level was required for maintaining basal
DRG KCNNT1 expression and normal nociceptive information trans-
mission and whether these effects were SS-IncRNA-dependent. The
hnRNPM siRNA-microinjected SS-KI mice with intraperitoneal tam-
oxifen injection daily for 7 days before DRG siRNA microinjection
displayed the decreases in the levels of Kcnnl mRNA and KCNN1
protein in the L3/4 DRGs on Day 7 post-microinjection, mechanical,
heat and cold nociceptive hypersensitivities from Days 3 to 7
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Figure 7 Downregulated SS-IncRNA produced the KCNN1-controlled increase in the excitability of small DRG neurons. All recordings were carried out
on Days 7-10 after first intraperitoneal injection of tamoxifen into S5 mice and cKD mice with microinjection of AAV9-GFP (GFP) or a mixed solution
of AAV9-KCNN1 (KCNN1) and AAV9-GFP into unilateral L3/4 DRGs 4 weeks before tamoxifen injection. (A) Representative traces of total K, current be-
fore and after apamin application in small DRG neurons from three treated groups as indicated. (B) I-V curves in small DRG neurons before apamin
application from AAV9-GFP plus SS™* group (n =30 neurons, 18 mice), AAV9-GFP plus cKD (n =30 neurons, 15 mice) and AAV9-KCNN1/AAVS5-GEP
plus cKD (n =30 neurons, 16 mice). *P < 0.01 versus the AAV9-GFP-microinjected S group at the corresponding voltage and *#P < 0.01 versus the
AAV9-GFP-microinjected cKD group at the corresponding voltage by three-way ANOVA followed by post hoc Tukey test. (C) At 50 mV, relative reductions
in total K, currents in small DRG neurons after apamin application from three treated groups as indicated. *P < 0.05, by two-way ANOVA with post hoc
Tukey test. (D) Representative traces of afterhyperpolarization (AHP) currents elicited by depolarizing pulse injection (from —-60 to 0 mV, holding at
—60 mV, 500 ms) in small DRG neurons before and after apamin application from three treated groups as indicated. (E and F) Amplitudes of AHP cur-
rents before apamin application (E) and relative reductions in the amplitudes of AHP currents after apamin treatment (F) in small DRG neurons from
AAV9-GFP-microinjected SS™' mice (n=30 neurons, 11 mice), AAV9-GFP-microinjected cKD mice (n=30 neurons, 14 mice) or
AAV9-KCNN1-microinjected cKD mice (n =30 neurons, 15 mice). *P <0.01, by two-way ANOVA with post hoc Tukey test. (G) Representative traces of
action potentials elicited by current injection (1 s, 80 pA) in small DRG neurons before and after apamin application from three treated mice as indi-
cated. (H and I) Frequency of action potentials before apamin application (H) and relative increases in the frequency of action potentials after apamin
treatment in small DRG neurons from three treated groups as indicated. Number of cells recorded was same as in E. **P < 0.01, by two-way ANOVA with
post hoc Tukey test.

post-microinjection and increases of neuronal/astrocyte activities Discussion

in the L3/4 dorsal horn on Day 7 post-microinjection on the ipsilat-
Previous work has attributed neuropathic pain initiation and progres-

sion at least in part to nerve injury-induced reduction of potassium
channels in injured DRG.? However, how potassium channels are re-
duced after peripheral nerve injury remains mysterious. Here we re-
ported that the downregulation of a newly identified SS-IncRNA
temporally correlated with KCNN1reduction in injured DRG following
taining basal DRG KCNN1 expression and basal/acute pain and that peripheral nerve injury. The downregulated SS-IncRNA contributed to
Ss-IncRNA participates in these processes. As expected, neither induction and maintenance of neuropathic pain through losing re-
hnRNPM siRNA nor control scrambled siRNA altered locomotor cruitment of hnRNPM to Kcnnl promoter and subsequently leading
function in SS-KI mice or cKI mice (Supplementary Table 1). to Kennl transcriptional silence and neuronal hyperexcitability in

eral (but not contralateral) side (Fig. 81-M and Supplementary Fig.
25A-E). These changes were not seen in the hnRNPM
siRNA-microinjected cKI mice with intraperitoneal tamoxifen in-
jection (Fig. 8I-M and Supplementary Fig. 25A-E). These findings
suggests that normal expression of DRG hnRNPM is critical in main-
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Figure 8 SS-IncRNA downregulation reduces the recruitment of hnRNPM to Kcnnl promoter to produce Kcnn1 silence in injured DRG. (A) hnRNPM
pulled down by SS-IncRNA antisense probe (AS), but not sense probe (SE), in cultured DRG neurons. Input = extracted total protein. n = 3 biological re-
peats. (B) SS-IncRNA fragment immunoprecipitated by mouse anti-hnRNPM antibody in the ipsilateral L4 DRGs on Day 7 after SNL or sham surgery. M =
marker; Input = total purified RNA. IgG: purified mouse IgG. n = 40 mice (four repeats)/group. *'P < 0.01, by unpaired Student’s t-test. (C and D) R2 and R3
regions of Kcnnl promoter immunoprecipitated by mouse anti-hnRNPM antibody in the ipsilateral L4 DRGs on Day 7 after SNL or sham surgery from
SS-KImice or cKI mice with intraperitoneal injection of tamoxifen daily for seven consecutive days before surgery. Representative image showing the
binding of hnRNPM to the R2 region of Kennl promoter (C) and quantitative analysis of the bindings (D). M = marker; Input = total purified fragments; IgG
= purified mouse IgG. n =36 mice (three repeats)/group. **P < 0.01, by two-way ANOVA with post hoc Tukey test. (E) Kcnnl gene promoter activities in in
vitro CAD cells transfected/transduced as shown. GFP = proviral vector expressing Gfp; SS = proviral vector expressing full-length SS-IncRNA; hnR = pro-
viral vector expressing full-length hnRNPM; KCNN1 = pGL3 reporter vector with KCNN1 promoter; Scr si = control scrambled siRNA; hnR si = hnRNPM
siRNA; SS sh = AAVS expressing SS-IncRNA shRNA; Scr sh = AAVS5 expressing control scrambled shRNA. n = 3 biological repeats/treatment. **P < 0.01, by
one-way ANOVA post hoc Tukey test. (F and G) Levels of SS-IncRNA, hrnRNPM mRNA and Kcnnl mRNA in the cultured DRG neurons transduced/trans-
fected as indicated. SS = AAVS5 expressing full length SS-IncRNA; Scr sh = AAVS5 expressing control scrambled shRNA; SS sh = AAVS expressing
SS-IncRNA shRNA; GFP = AAVS5 expressing Gfp; Scr si = control scrambled siRNA; hnRNPM si = hnRNPM siRNA; hnRNPM = AAVS5 expressing full length
hnRNPM,; n = 3-4 biological repeats/group. *P < 0.05, *P < 0.01, by one-way ANOVA with post hoc Tukey test. (H) Two regions (R2, —-674/-362; R3, —381/
—-161), but not other two regions (R1, —900/-675; R4, —170/-16), from the Kcnnl promoter were pulled down by SS-IncRNA probes in cultured DRG neu-
rons. A total of 14 different biotinylated antisense DNA probes that were complementary to the sequence of full-length SS-IncRNA were designed and
numbered. Seven old-number probes (Odd) and seven even-numbered probes (Even) were pooled together, respectively, for hybridization of cell lysate.
M = marker; Input = extracted DNA; NC = negative control probes. n = 3 biological repeats. (I) Levels of hnRNPM and KCNN1 proteins in the ipsilateral L3/
4 DRGs on Day 7 after microinjection of control scrambled siRNA (Scr) or hnRNPM siRNA (hn-si) into the unilateral L3/4 DRGs from male SS-KI mice or cKI
mice with intraperitoneal injection of tamoxifen daily for 7 days before DRG siRNA microinjection. n = 6 mice/group. P < 0.01, by two-way ANOVA with
post hoc Tukey test. (J-M) Effect of microinjection of control scrambled (Scr) siRNA or hnRNPM siRNA into the ipsilateral L3/4 DRGs on paw withdrawal
frequency (PWF) to 0.07 g (J) and 0.4 g (K) von Frey filament stimuli and paw withdrawal latency (PWL) to heat (L) and cold (M) stimuli on the ipsilateral
side at time points as shown after siRNA microinjection in male SS-KI mice or cKI mice with intraperitoneal injection of tamoxifen (Tam) daily for 7 days
before DRG siRNA microinjection. n=8-9 mice/group. **P <0.01 versus the Scr siRNA-treated SS-KI mice and P <0.01 versus the hnRNPM
siRNA-treated SS-KI mice at the corresponding time points by three-way ANOVA with repeated measures followed by post hoc Tukey test.

injured DRG. SS-IncRNA likely plays an important role in nerve DRG following peripheral nerve injury. Under normal conditions,
injury-induced nociceptive hypersensitivity. SS-IncRNA was detected exclusively in DRG neurons, particularly
SS-IncRNA, unlike other IncRNAs such as Kcna2 antisense RNA, in small DRG neurons. SS-IncRNA was downregulated in injured

NIS-IncRNA and H19,'*¢*’ is transcriptionally silenced in injured DRG neurons after SNL- or CCl-induced peripheral nerve injury,
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but not CFA- or MIA-induced peripheral inflammation. How this
downregulation is in a specific response to peripheral nerve injury
remains unknown, but the present study showed that nerve
injury-induced transcriptional silence of DRG SS-IncRNA may be at-
tributed to nerve injury-induced reduction in DRG EBF1. EBF1 could
bind to and activate the SS-IncRNA promoter to trigger SS-IncRNA ex-
pression in DRG neurons. SNL-induced reduction of EBF1 resulted
in a decrease in binding of EBF1 to SS-IncRNA promoter and then a
transcriptional inactivation of SS-IncRNA gene in injured DRG.
Whether DRG EBF1 reduction, like SS-IncRNA downregulation, also
responds specifically to peripheral nerve injury remains to be deter-
mined. Admittedly, other transcription factors that may also be im-
plicated in SS-IncRNA downregulation in injured DRG cannot be
ruled out. Additionally, a decrease in RNA stability and/or epigenet-
ic modifications***° may be involved in DRG SS-IncRNA downregu-
lation after nerve injury.

DRG KCNN1 reduction is required for neuropathic pain genesis.
Like SS-IncRNA, KCNN1 is expressed mainly in small DRG neu-
rons.’® KCNN1 was decreased in the DRG avulsed from neuropathic
pain patients.” Our findings revealed that SNL reduced the expres-
sion of Kcnnl mRNA and KCNN1 protein in injured mouse DRG neu-
rons. Consistently, SNL decreased the apamin-sensitive K, currents
in injured rat DRG neurons.** Interestingly, a previous study re-
ported no change of KCNN1 protein in injured rat DRG 15 days after
CCL Given that this study did not mention behavioural data,'® un-
changed expression of KCNN1 in injured DRG is likely due to an un-
successful CCI model. More importantly, we found that rescuing
KCNN1 reduction in injured DRG mitigated SNL-induced nocicep-
tive hypersensitivity and dorsal horn neuronal/astrocyte hyper-
activity on the ipsilateral side during the development period. In
addition, knockdown of KCNNT1 in the DRG of naive mice produced
enhanced responses to noxious stimuli and dorsal horn neuronal/
astrocyte hyperactivity on the ipsilateral side. These findings
strongly indicate an important role of DRG KCNN1 reduction in
neuropathic pain genesis.

SS-IncRNA downregulation produces the hnRNPM-mediated re-
duction of Kennl mRNA in injured DRG. HnRNPM is a member of the
family of the (pre-) mRNA binding heterogeneous nuclear ribonucleo-
proteins (hnRNPs) that play major roles in the formation, packaging
and processing of mRNA.*® We demonstrated that hnRNPM bound
to the Kennl gene promoter, triggered Kenn1 transcriptional activation,
and increased the expression of Kcnnl mRNA and its protein in cul-
tured DRG neurons. SNL did not significantly alter basal expression
of hnRNPM in injured DRG, but hnRNPM expressed at normal level
was required for maintaining basal KCNN1 expression in DRG neu-
rons, because DRG knockdown of hnRNPM markedly reduced the le-
vels of Kennl mRNA and KCNN1 protein in in vivo and in vitro DRG
and produced the enhanced responses to noxious stimuli. The impact
of hnRNPM on Kcnnl transcriptional activation may require the
transcription factor TAF15, as interaction of hnRNPM with
TAF15 promoted gene transcription.®? SS-IncRNA knockdown blocked
the hnRNPM-triggered activation of Kcnnl promoter and expression
of Kcnnl mRNA and its protein in cultured DRG neurons.
Moreover, SS-IncRNA overexpression attenuated the hnRNPM
knockdown-induced the decreases of the expression of Kcnnl mRNA
and its protein in the DRG and the enhanced response to noxious stim-
uli. Given that SS-IncRNA bound to both hnRNPM and Kcnnl promoter
and that SS-IncRNA, hnRNPM mRNA and Kcnnl mRNA co-expressed
particularly in individual small DRG neurons, SS-IncRNA may function
as a molecular scaffolder to recruit hnRNPM to the Kcnnl promoter for
maintaining normal KCNN1 expression in DRG neurons. Nerve
injury-induced downregulation of SS-IncRNA may result in a decrease
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inits binding to hnRNPM, lost the recruitment of hnRNPM to the Kcnnl
promoter and silenced Kcnnl expression in injured DRG neurons. This
conclusion was further supported by the fact that SS-IncRNA-induced
activation of the Kcnnl promoter and increases in the levels of Kenni
mRNA and KCNN1 protein in cultured DRG neurons were prevented
by hnRNPM knockdown. Besides hnRNPM, our MS assay revealed
that the remaining 15 proteins also interacted with SS-IncRNA in
DRG. Whether these proteins participate in the downregulated
SS-IncRNA-induced reduction of KCNN1 in injured DRG remains to
be determined.

Downregulated SS-IncRNA contributes to neuropathic pain likely
through silencing KCNN1 expression in injured DRG. We demon-
strated that rescuing nerve injury-induced downregulation of
DRG SS-IncRNA reversed nerve injury-induced reductions of Kennl
mRNA and KCNN1 protein in injured DRG and attenuated the de-
velopment and maintenance of nerve injury-induced nociceptive
hypersensitivity. Conversely, mimicking nerve injury-induced
DRG SS-IncRNA downregulation decreased the expression of DRG
Kcnnl mRNA and KCNN1 protein, reduced total K, currents and
AHP currents and increased excitability in small DRG neurons
and augmented responses to noxious stimuli. Moreover, these elec-
trophysiological changes and enhanced behavioural responses
were significantly blocked after DRG overexpression of KCNN1.
Considering that DRG KCNN1 reduction is required for neuropathic
pain genesis, our findings suggest that SS-IncRNA alleviates nerve
injury-induced nociceptive hypersensitivity likely through rescu-
ing the hnRNPM-mediated DRG KCNN1 reduction, decreasing neur-
onal hyperexcitability in injured DRG, diminishing the release of
transmitters/neuromodulators in primary afferents and conse-
quently impairing dorsal horn central sensitization. In support of
this conclusion, we found that rescuing SS-IncRNA downregulation
in injured DRG prevented nerve injury-induced hyperactivation in
dorsal horn neurons and astrocytes. It is worth noting that, besides
Kcnn1 transcript, rescuing DRG SS-IncRNA downregulation also im-
pacted the SNL-induced changes in other DRG transcripts. Thus,
other potential mechanisms by which downregulated SS-IncRNA
contributes to neuropathic pain cannot be excluded.

Mechanisms underlying neuropathic pain are complicated and
still incompletely understood. Several lines of evidence support
the role of medium and large DRG neurons in neuropathic pain.
An increase in spontaneous ectopic activity after nerve injury was
found in injured myelinated afferents and the corresponding me-
dium and large DRG neurons.”>>? Nerve injury-induced mechanical
allodynia was mediated by amyloid-p fibres.>*> After oxaliplatin
administration, bursts of action potentials induced by the cooling
applied on mouse and human peripheral axons were detected in
myelinated A fibres.”® Moreover, DRG knockdown of Na,1.6,>’
Kcan2 antisense RNA,™ or NIS-IncRNA* expressed mainly in me-
dium and large DRG neurons significantly mitigated nerve
injury-induced nociceptive hypersensitivities and prevented ab-
normal spontaneous activity in myelinated neurons of injured
DRG. In contrast, if small nociceptive DRG neurons participate in
neuropathic pain remains to be determined. The mice with knock-
down or knockout of Na,1.7, Na,1.8, or Na,1.9 in small DRG neurons
displayed intact neuropathic pain in early studies,”**° but periph-
eral nerve injury increased the excitability and decreased mem-
brane threshold and rheobase in injured small DRG neurons.®® A
recent study revealed that blocking nerve injury-induced upregula-
tion of GPR151 in small DRG neurons attenuated nerve
injury-induced neuronal hyperexcitability and nociceptive hyper-
sensitivities.®> Consistent with this observation, the present study
showed that downregulated SS-IncRNA and KCNN1 expressed
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predominantly in small DRG neurons'® were required for DRG neur-
onal excitability and nociceptive hypersensitivities following nerve
injury. The evidence strongly suggests that small DRG neurons, like
medium and large DRG neurons, are also implicated in neuropathic
pain genesis.

In conclusion, the present study demonstrated that SS-IncRNA
overexpression in injured DRG alleviated nerve injury-induced
nociceptive hypersensitivity without altering responses to acute/
basal noxious stimuli and locomotor function. Given that
SS-IncRNA is exclusively expressed in sensory neurons, targeted
SS-IncRNA may produce an antinociceptive effect on neuropathic
pain with no or fewer unwanted side effects.
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