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Abstract

Dysfunctions of genes transcription and translation in the nociceptive pathways
play the critical role in development and maintenance of chronic pain. Circular
RNAs (circRNAs) are emerging as new players in regulation of gene expression,
but whether and how circRNAs are involved in chronic pain remains elusive. We
showed here that complete Freund's adjuvant (CFA)-induced chronic
inflammation pain significantly increased circRNA-Filip1l (filamin A interacting
protein 1-like) expression in spinal neurons of mice. Blockage of this increase
attenuated CFA-induced nociceptive behaviors, and overexpression of spinal
circRNA-Filip1l in naive mice mimicked the nociceptive behaviors as evidenced
by decreased thermal and mechanical nociceptive threshold. Furthermore, we
found that mature circRNA-Filip1l expression was negatively regulated by
miRNA-1224 via binding and splicing of precursor of circRNA-Filip1l
(pre-circRNA-Filip1l) in the Argonaute-2 (Ago2)-dependent manner. Increase of
spinal circRNA-Filip1l expression resulted from the decrease of miRNA-1224
expression under chronic inflammation pain state. MiRNA-1224 knockdown or
Ago2 overexpression induced nociceptive behaviors in naive mice, which was
prevented by the knockdown of spinal circRNA-Filip1l. Finally, we demonstrated
that an ubiquitin protein ligase E3 component n-recognin 5 (Ubr5), validated as a

target of circRNA-Filip1l, plays a pivotal role in regulation of nociception by spinal
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circRNA-Filip1l. These data suggest that miRNA-1224-mediated and
Ago2-dependent modulation of spinal circRNA-Filip1l expression regulates
nociception via targeting Ubr5, revealing a novel epigenetic mechanism of

interaction between miRNA and circRNA in chronic inflammation pain.

Key words: circRNA; miRNA; Ubr5; nociception; spinal cord
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Significance Statement

CircRNAs are emerging as new players in regulation of gene expression. Here,
we found that the increase of circRNA-Filip1l mediated by miRNA-1224 in
Ago2-dependent way in the spinal cord is involved in regulation of nociception via
targeting Ubr5. Our study reveals a novel epigenetic mechanism of interaction

between miRNA and circRNA in chronic inflammation pain.
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Introduction

Emerging evidence has shown that malfunctions in regulation of gene expression
mediated by epigenetic mechanisms play the critical role in development and
maintenance of chronic pain induced by diverse causes (Imai et al., 2013; Ji et al.,
2016; Pan et al., 2016; Jiang et al., 2017). The existing body of research suggests
that the epigenetic regulation of gene expression by the widespread noncoding
RNAs (ncRNAs) including miRNA and long ncRNA is involved in the process of
inflammation or never injury-induced chronic pain (Zhao et al., 2013; Park et al.,
2014; Jiang et al., 2016). However, the study of pain-related circular RNAs
(circRNAs, a kind of ncRNAS) is still in its infancy.

CircRNAs, a large class of circularized RNAs in different species ranging from
human and mouse to Drosophila and C. elegans, are characterized by a high
stable structure and high tissue-specific expression (You et al., 2015; Chen and
Schuman, 2016). Their expression is associated with such physiological and
pathological processes as metabolism, cancer (Hansen et al., 2013a),
atherosclerosis (Holdt et al., 2016), and myogenesis (Legnini et al., 2017).
However, how they are causally linked to disease development remains elusive.
Recent studies reveal that several circRNAs are specifically enriched in brain
(Memczak et al., 2013; You et al., 2015; Chen and Schuman, 2016) or spinal cord

(Zhou et al., 2017). Interestingly, these circRNAs are differentially expressed in
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various brain regions or in neuronal subcellular fraction, and notably involved in
brain development, neuronal differentiation and synaptic plasticity (Rybak-Wolf et
al., 2015). These characteristics imply their potential involvement in the
pathogenesis of a variety of central nervous system (CNS) diseases.
Accumulating evidence indicates that their aberrant expression or functional
consequences contribute to the initiation, development, maintenance of various
neurological disorders such as epilepsy, Parkinson’s disease (PD) (Kumar et al.,
2018), Alzheimer’s disease (AD) (Shao and Chen, 2016), and pain (Cao et al.,
2017; Zhou et al., 2017). The expression profiling shows that spared nerve injury
(SNI) leads to 68 up-regulation and 120 down-regulation of circRNAs in rat spinal
cord, furthermore, in vitro luciferase assay shows that circ-0006928 regulates
chronic pain by targeting miRNA-184 (Zhou et al., 2017). Despite the fact in favor
of circRNA’s relevant potential therapeutic tool for CNS-related diseases, the role
of circRNAs in the aberrant gene expression has not been explored in chronic
pain. CircRNA-Filip1l, named as circ-0000691 in circbase data (Memczak et al.,
2013), is firstly found in mouse cerebella tissue (Glazar et al., 2014), and its
expression is further confirmed in mammalian brain (Rybak-Wolf et al., 2015). Our
circRNA profiling showed that circRNA-Filip1l was significantly increased in the
spinal cord of complete Freund's adjuvant (CFA)-induced chronic inflammatory
pain mice. However, it is unclear whether and how circRNA-Filip1l participates in

the process of chronic pain.
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Recently, a strong link between miRNA dysregulation and chronic pain has
been established (Descalzi et al., 2015). Manipulation of miRNA expression in
pain pathways from primary afferent nociceptors, DRG, spinal cord, and brain
associated with pain perception prevents or reverses persistent inflammatory,
neuropathic, and cancer pain behavior by post-transcription in cytoplasma (Park
et al., 2014; Jiang et al., 2016; Gandla et al., 2017; Zhang et al., 2017). Growing
findings suggest that the majority of miRNAs exist in both nucleus and cytoplasma,
and some are preferentially enriched in the nucleus (Roberts, 2014; Rasko and
Wong, 2017). Furthermore, the assembled Ago2-miRNA complexes are required
for modulation of splicing or transcription of mMRNA or circRNA through miRNA
binding in nucleus. MiRNA-671 directs the cleavage of a circular antisense
transcript of cerebellar degeneration-related protein 1 (CDR1) in Ago2-dependent
manner in nucleus, resulting in the down-regulation of circular antisense,
suggesting a crucial function of miRNA-mediated Ago2 cleavage in the
modulation of circRNA expression (Hansen et al., 2011). MiRNA-1224 is relatively
conserved in mammal cells, and is abundantly expressed in CNS tissues such as
brain cerebral (Hunsberger et al., 2012), hippocampus and the marginal division
(Shu et al., 2013). In HEK293T cell, up-regulation of miRNA-1224 with mimics
silences the expression of LRRK2 and a-synuclein associated with PD (Sibley et

al., 2012), supporting the potential regulatory role of miRNA-1224 in CNS
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diseases-related genes. However, it is still unknown whether miRNA-1224 is
involved in chronic pain.

In the current work, we found the increase of circRNA-Filip1l and decrease of
miRNA-1224 in mouse spinal cords in a CFA-induced inflammation pain model.
Moreover, miRNA-1224 is predictively bound to the splice junction of
precursor-circRNA-Filip1l (pre-circRNA-Filip1l). Thus, we hypothesized that the
circRNA-Filip1l cleaved by miRNA-1224 in an Ago2-dependent manner

contributes to the development and maintenance of chronic inflammatory pain.
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Materials and Methods

Animals, pain model, and behavior testing. All animal procedures were approved
by the animal care committee of Xuzhou Medical University (Xuzhou, China). All
efforts were made to minimize animal suffering and to reduce the number of
animals used. Mice were housed at 23 + 3 °C with humidity ranges between 25
and 45%, and maintained on a 12:12 light / dark cycle (06:00 to 18:00 h) with
access to food and water ad libitum. Adult male Shanghai populations of Kunming
mice (20 - 25 g) were used in this study. The animals were randomized to either a
control or an experimental group. Chronic inflammatory pain was induced by
subcutaneous administration of CFA (40ul; F5881; Sigma-Aldrich, USA) into the
plantar surface of the left hind paw. A 0.9% saline solution was used as a control
for CFA. Unilateral sciatic nerve chronic constrictive injury (CCl) model was
performed as described (Pan et al., 2014). Mice were anesthetized with inhalation
anesthesia by isoflurane in O,. Under the anesthesia condition: blunt dissection
was made into the skin overlying the area between the gluteus and biceps femoris
muscles, and the common left sciatic nerve of the hind paw was exposed at the
mid-thigh level. Approximately 7mm of nerve was freed, proximal to the sciatic
trifurcation, and three loose ligatures (about 1 mm space) of 7-0 silk thread were
placed around the sciatic nerve, until a brief twitch was observed. Sham-operative

groups underwent identical procedures but no ligation of the respective nerve.
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After surgery, all mice were maintained in a warm electric blanket with stable
temperature until they recovered from anesthesia.

Paw withdrawal latency to a thermal stimulus and paw withdrawal thresholds
to a mechanical stimulus were used to measure hyperalgesia and allodynia as
described previously (Pan et al., 2017). Before nociceptive behavior testing, mice
were acclimatized to the environment for 1h. Thermal hyperalgesia was assessed
with an analgesia meter (IITC Model 336 Analgesia Meter, Series 8; IITC Life
Science Inc.; Woodland Hills, CA, USA) by focusing a beam of light on the plantar
surface of the hind paw to generate heat. The time required for the stimulus to
elicit withdraw of the hind paw was recorded. The radiant heat intensity was
adjusted to obtain basal paw withdrawal latency of 11 to 14s. An automatic 20s
cutoff was used to prevent tissue damage. Thermal stimuli were delivered three
times to each hind paw at 5-min intervals. Mechanical allodynia was assessed
with the use of Von Frey filaments (Stoelting Inc., Chicago, IL, USA), starting with
a 0.16g and ending with a 6.0g filament. The filaments were presented five times
respectively at 5 min intervals, in ascending order of strength, perpendicular to the
plantar surface with sufficient force to cause slight bending against the paw. A
brisk withdrawal or flinching of the paw was considered a positive response. All

behavioral tests were performed in a double blind trial fashion in this study.

12
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Locomotors function. Three reflex tests were carried out as follows. To test the
grasping reflex, climbing tests were carried out according to previously described
procedures (Zhang et al., 2014). A 0.5mm diameter metal wire mesh with a 5mm
wide grid was placed vertically 30cm above the table. Each mouse started at the
bottom of the mesh with its head facing downward. After the mouse was released,
the time required for it to climb all the way to the top was recorded. A maximum
time of 60s was applied for animals that could not successfully complete this task.
Two sessions were performed for each mouse with a 30min interval, and the
shorter time was recorded. To test the placing reflex (Tao et al., 2003), we held
the mouse with the hind limbs slightly lower than the forelimbs and brought the
dorsal surfaces of the hind paws into contact with the edge of a table. The
experimenter recorded whether the hind paws were placed on the table surface
reflexively. To test the righting reflex (Tao et al., 2003), we placed the mouse on
its back on a flat surface; the experimenter noted whether it immediately assumed
the normal upright position. Scores for placing, grasping, and righting reflexes

were based on the counts of each normal reflex exhibited in five trials.

Spinal tissue collection. Mice were anesthetized with 10% chloral hydrate, and the
spinal cord within the lumbar segments (L3-L5) was removed rapidly. The dorsal
spinal cord ipsilateral to CFA was separated and snap-frozen in liquid nitrogen,

and stored at —-80°C.

13
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CircRNA-microarray. Total RNA from each of 6 samples was quantified using the
NanoDrop ND-2000. The sample preparation and microarray hybridization were
performed according to Arraystar Mouse circRNA’s standard protocols (Arraystar
Inc.). Briefly, total RNA from each sample was firstly treated with Rnase R
(Epicentre, Inc.) to obtain circRNA through removing linear RNAs. Then, each
sample was amplified and transcribed into fluorescent cRNA utilizing a random
priming method (Arraystar Super RNA Labeling Kit; Arraystar). The labeled
cRNAs were purified by RNeasy Mini Kit (Qiagen). The concentration and specific
activity of the labeled cRNAs (pmol Cy3/ug cRNA) were measured by NanoDrop
ND-2000. 1ug of each labeled cRNA was fragmented by adding 5ul 10 x Blocking
Agent and 1yl of 25 x Fragmentation buffer, then heated the mixture at 60 °C for
30min, finally 25ul 2 x Hybridization buffer was added to dilute the labeled cRNA.
50yl of hybridization solution was dispensed into the gasket slide and assembled
to the circRNA expression microarray slide (6 x 7K, Arraystar). The slides were
incubated for 17h at 65°C in an Agilent Hybridization Oven. After having washed
the slides, the arrays were scanned by the Axon GenePix 4000B microarray
scanner. Scanned images were then imported into GenePix Pro 6.0 software
(Axon) for grid alignment and data extraction. Quantile normalization and
subsequent data processing was performed using the R software package. After
quantile normalization of the raw data, low intensity filtering was performed, and

the circRNAs that at least 1 out of 3 samples have flag "expressed" (greater than

14
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2 times background standard deviation) were retained for further analyses.
Differentially expressed circRNAs with statistical significance between two groups
were identified through Volcano Plot filtering. The statistical significance of the
difference was conveniently estimated by t-test. CircRNAs having fold changes>2

and p-values<0.05 were selected as the significantly differentially expressed.

RNA, circRNA, miRNA, and RT-gPCR. Total RNA was isolated with a Trizol
reagent (15596-026; Invitrogen, USA) to generate cDNA templates by reverse
transcription reactions with oligo (dT) for Ago2, and Filip1l, or with random primers
for circRNA-Filip1l, and pre-circRNA-Filip1l, and reverse transcriptase M-MLV
(2641A; Takara Bio, Japan) at 42°C for 60 min. cDNA products were used as
templates to detect gene mRNA (Ago2: F: 5-CGTCCTTCCCACTACCACG-3, R:
5-CCAGAGGTATGGCTTCCTTCA-3’; Ubr5: F: 5-TGAGGTTTCTACGATCTGTG
GC-3’, R: 5-AAACACACGTTTGCATTTTCCA-3’; Filip1l: F: 5-CACA GGGTAAA
CTAGCCCTTG-3’; R: 5-TGGCGATTTTGACTGTCCTCA-3" and pre-circRNA-
Filip1l: F: 5-CTCTGGTCACCTGGTGGGAT-3, R: 5-TGGGTAGAGGCAATTTG
GCA-3’) or circRNA expression (circRNA-Filip1l: F: 5-AGGCCTCGGGATCCCAC
CTC-3', R: 5-TCCAGTCCGCCGAGGGCGC-3’; circRNA-014740: F:5-AGACA
TTGATGACTGCTTATGC-3, R: 5-CATAGCCCTGGTCACAACT-3’; circRNA-
16648: F:5-TTGGAGCTGCTGGCCCATCC-3', R: 5'-GCATTGTTGGTCCAACC

GGGTCT-3"; circRNA-005786: F: 5'-CTTGGCCTCTTCCTCCTTTT-3', R: 5-TGG

15
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GCCTCAGGAAGTAGAGA-3') via RT-gPCR with SYBR Premix ExTaqll (RR820A;
Takara Bio) according to the manufacturer’s instructions. miRNA was reversely
transcribed at 16°C for 30min, and 37°C for 30min using specific primer 1224RT
(5-TTAACTGGATACGAAGGGTCCGAACACCGGTCGTATCCAGTTAActccacc-

3’). RT-gPCR was performed using primer pairs 1224F: 5-TGCGGGTGAGGAC
TGGGGAG-3 and 1224R: 5-TACGAAGGGTCCGAACAC-3'. RNase R treatment
was performed as follows: 5 ug of total RNA was diluted in 20ul of water with 4U
RNase R/ug unless differently stated and 2pl of enzyme buffer (Epicenter), then
incubated 15min at 37°C and purified by phenol chloroform extraction. Reactions
were performed in triplicate. Gapdh (GF, 5'-GGTGAAGGTCGGTGTGAACG-3;
GR, 5-CTCGCTCCTGGAAGATGGTG-3") was used as an internal control of
Ago2, Ubrb, Filip1l and and pre- circRNA-Filip1l. U6 snRNA (6F, 5'-CTCGCTTCG
GCAGCACATATACT-3'; 6R, 5-ACGCTTCACGAATTTGCGTGTC-3') was used
as an internal control of mMiRNA-1224 and circRNA-Filip1l. The expression levels
of the target genes were quantified relative to Gapdh or U6 snRNA expression
(cycle threshold, CT) using the 222" methods. Any value among triplicates that
had a marked difference (=1.00) compared with the average of the other two was

omitted.

Spinal neuron culture. The primary culture of spinal neurons was carried out

according to the previous described (Hugel and Schlichter, 2000). Briefly, after

16
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decapitation of 3- to 4-d-old mice under deep anesthesia, a laminectomy was
performed, and the third dorsal of the spinal cord was cut with a razor blade. The
tissue fragments were digested enzymatically for 45min at 37°C with papain (20
U/ml, Sigma, St. Louis, MO) in oxygenated divalent-free Earle's balanced salt
solution (EBSS, Life Technologies, Gaithersburg, MD). The enzymatic digestion
was stopped by adding 3ml EBSS containing bovine serum albumin (1 mg/mi;
Sigma), trypsin inhibitor (10 mg/ml; Sigma), and DNase (0.01%; Sigma), and a
mechanical dissociation were performed with a 1ml plastic pipette. The
homogenate was deposited on top of 4ml of a solution of composition similar to
that described above, except that the concentration of bovine serum albumin was
increased to 10 mg/ml. After centrifugation (5min at 500rpm), the supernatant was
removed and replaced with 5ml of culture medium the composition of which was
the following: MEM-a (Life Technologies), fetal calf serum (5% vol/vol; Life
Technologies), heat-inactivated horse serum (5% vol/vol; Life Technologies),
penicillin and streptomycin (50 IU/ml for each; Life Technologies), transferrin (10
mg/ml; Sigma), insulin (5 mg/ml; Sigma), putrescine (100nM; Sigma), and
progesterone (20nM; Sigma). After trituration with a fire-polished Pasteur pipette,
the cells were plated on 35mm collagen-coated plastic culture dishes in the
central compartment, which was delimited by a small (internal diameter 15mm)
circular glass ring. This ring was glued onto the bottom of the dish with paraffin

wax and could easily be removed before electrophysiological experiments.
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Cultures were maintained in a water-saturated atmosphere (95% air, 5% CO,) at
37°C until use (10-15 d). Two days after the cells were seeded; cytosine
arabinoside (10uM) was added to the culture medium for 24h to reduce glial

proliferation.

Spinal astrocytes- and mircoglia cultures.

The isolation of spinal astrocytes and mircoglia cells was carried out according to
the previous described (Monif et al., 2016) with few modifications. The third dorsal
of spinal cord from 3- to 4-d-old mice was cut, the tissue fragments were digested
enzymatically for 45 min at 37°C with trypsin (0.25 %, Gibco), and stopped by
adding equal volume DMEM with 10% FBS, then centrifuged at 1000g for 30s,
removed the supernatant, washed three times with DMEM with 10% FBS,
centrifuged at 10009 for 30s each time. The mixed cells were suspended by the
use of DMEM with 20% FBS, and filtered with 200 mesh sieve. The suspended
cells were plated into 75 cm? plate. After 30min, transfered the medium to the 75
cm? flsak, cultured at 37°C for 7-10 days. To harvest the astrocytes, the flasks of
mixed glial cells were shaken at 220 rpm at 37°C overnight, discarded the
supernatant, the left was the astrocytes, and then added DMEM with 10% FBS,
and continued to culture at 37°C till to the cellular astrocyte density required. To
harvest microglial cells, the flasks of mixed glial cells were shaken at 150 rpm at

37°C for 4h, collected the supernatant containing the microglial cells to the new

18



s
O
p-
@)
7p)
-
-
®
=
O
D
e
O
)
@)
O
<
@)
0p)
O
| -
-
)
Z
-

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

plates, and continued to perform the culture at 37°C, till to the density of microglial

cells required

Cellular fraction and RNA isolation. PARIS™ Kit (Life Technologies, #AM1921)
was used to separately isolate nuclear and cytoplasmic RNA from cultured mouse

spinal neurons, following the manufacturer instructions.

Immunofluorescence and fluorescence in situ hybridization. The procedure was
performed as described in a previous study (Pan et al., 2014). In brief, spinal
cords were rapidly dissected from perfused mice and fixed with 4% PFA, then
cryoprotected in 30% sucrose. For fluorescence in situ hybridization (FISH) in
cultured cells, digoxin labeled circRNA-Filip1l probe (Dig-Filip1l, 5’-Dig-CGCCGG
GGAGGTGGGATCCCGA-Dig-3’) or miRNA-1224 probe (Dig-1224, 5-Dig-CTCC
ACCTCCCCAGTCCTCAC-Dig-3’) was hybridize to spinal slices as instructed in
the FISH kit (Guangzhou Exon), and incubated with then fluorescent-conjugated
secondary anti-digoxin, and then after PBS wash 3 times FISH sections were
incubated with NeuN antibody (MAB377, Millipore), finally after PBS wash 3 times
incubated with fluorescent-conjugated secondary antibody (Alexa-594, Cell
Signaling Technology). After the sections were rinsed in 0.01M PBS, coverslips

were applied.
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Northern blot. Northern blot was performed according to the previous described
(Legnini et al., 2017) with modified. Briefly, 10ug RNA was denatured with one
volume of glyoxal loading dye (Ambion) at 50°C for 30 min and loaded on 1.2%
agarose gel. Electrophoresis was carried out for 2.5h at 60V. RNA was transferred
on Hybond N* membrane (GE Healthcare) by capillarity overnight in 10xSSC.
Transferred RNA was cross-linked with UV at 1200x100 mJ/cm? and the
membrane was washed in 50mM Tris pH 8.0 at 45°C for 20min. Prehybridization
and hybridization were performed in Northern Max buffer (Ambion) at 68°C for
30min and overnight, respectively. 500ng of DIG-labeled probe in 10mL were
used for hybridization. The membrane was then washed with 2xSSC 0.1% SDS
twice 30min, then once 30min and once 1h with 0.2xSSC 0.1% SDS at
hybridization temperature. The membrane was the processed for DIG detection
(hybridization with anti-DIG antibody, washing and luminescence detection) with
the DIG luminescence detection kit (Roche), according to the manufacturer
instructions. DIG-labeled probes were produced by in vitro transcription with
DIG-RNA labeling kit (11175025910, Roche) of PCR templates produced with the
primers DFilip1IF (5-AGGCCTCGGGATCCCACCTC-3’) and DT7-Filip1IR (5'-TA
ATACGACTCACTATAGGTCCAGTCCGCCGAGGGCGC-3’), used with mouse
cDNAs. circRNA transcription with T7 RNA polymerase (Promega) was carried
out at 37°C for 2h, then purified with Micro Bio-Spin 30 Chromatography Column

(732-6223, Bio-Rad).
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Synthetic anti-circRNA and circRNA mimics. The anti-circRNA-Filip1l mimics and
linear circRNA-Filip1l were obtained by in vitro transcription from a
PCR-generated template, respectively with anti-circRNA-Filip1l primer pair
(DFilip1IF and DT7-Filip1IR) and linear circRNA-Filip1l primer pair (DT7- Filip1IF,
5-TAATACGACTCACTATAGGGCTCCCCGGCGCGGCGGG-3'/Filip1IR, 5-GAG
GTGGGATCCCGAGGCCT-3’ (using mouse cDNA as PCR template) in presence
of T7 polymerase (Promega) following the manufacturer’s instructions, and
purified with Micro Bio-Spin 30 Chromatography Column (732-6223, Bio-Rad)
after DNase ftreatment. circRNA-Filip1l was synthesized using linear
circRNA-Filip1l according to the previous described (Legnini et al.,, 2017). A
phosphate group was then attached to the 5-OH using ATP and T4
Polynucleotide kinase (BioLabs); the linear transcript carrying no 5-phosphate
and 3’-OH ends was subjected to Ethanol precipitation in presence of 10mg of
glycogen (Roche). Ligase reaction was carried out in a final volume of 100ul,
incubating the linear transcript at 95°C for 2min followed by 5min at 75°C in
presence of 10% DMSO. T4 RNA Ligase (BioLabs), 1xT4 RNA Ligase Buffer,
10mM ATP and RNase inhibitor were then added and the reaction was carried out
at 16°C for 16h. The circularized RNA product was separated and purified from
the linear transcript by polyacrylamide gel electrophoresis. Thirty nanograms of
both circular and linear transcripts were subjected to RNase R treatment followed

by gRT-PCR to assess the circularity of the gel-purified RNA molecules.
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Plasmid construction. All constructs were produced by the use of standard
molecular methods and confiirmed by DNA sequencing. To construct
circRNA-Filip1l, miRNA-1224, and Ago2 overexpression vectors (OE): one insert
prepared by PCR using primer pairs [circRNA-Filip1l OE: PWFilpF, 5'-ACGCTC
GAGAGTGGCCCACTAGGCACTC-3' (Xhol)/PWFilpR, 5'-GGCGTTTAAACAAAC
AATAAGTCTGGGAGAG-3' (Pmel); miRNA-1224 OE: PW1224F, 5-CGGGATCC
GAGCCCATATCTCCTACTGG-3' (Bamhl)/PW1224R, 5'-AATACGCGTTCGACA
CAGGCGTTCTTGAG-3' (Mlul); and Ago2 OE: PW-Ago2F, 5'-AATGGATCCATG
TACTCGGGAGCCGGCCC-3' (BamHI)/PW-Ago2R, 5-AATACGCGTTCAAGCAA
AGTACATGGTGCGC-3" (Mlul)] and PWPXLvector were digested by
corresponding double restriction endonucleases (NEB), and then ligated with T4
ligase. To construct circRNA-Filip1l overexpression vectors in DNA3.1 plasmid:
one insert from PCR with PCR pair [5'-ACGAAGCTTAGCCTGAGTTTGCCATCT
TG-3' (Hindlll) and 5'-ACGCTCGAGTCAAAGAAACTAACGGCAAC-3' (Xhol)] and
the digested cDNA3.1 vector, and then ligated with T4 ligase. To construct
circRNA-Filip1l, miRNA-1224 and Ubr5 knockdown vector (KD), LV-anti-Filip1IF
[6'-P-CGCGCCCACCTCCCTCCCCGGCGCGGCGGGCGAGACGGGCCGGTG

G-3' (Mlul)] and LV-anti-Filip1IR [5-P-CGCCACCGGCCCGTCTCGCCCGCCG
CGCCGGGGAGGGAGGTGGG-3' (Clal)], or PLV-1224F [5'-P-CGCGGTGAGGA
CACCGAGGTGGAGtagcGTGAGGACACCGAGGTGGAG-3' (Mlul)] and PLV-

1224R [5'-P-CGCTCCACCTCGGTGTCCTCACgctaCTCCACCTCGGTGTCCTC
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AC-3'(Clal)] or PLV-Ubr5F [5’-P-CGCGGAATGTACTGGAGCAGGCTACTATTCG
AAAATAGTAGCCTGCTCCAGTACATTC-3' (Mlul)] and PLV-Ubr5R [5-P-CGGA
ATGTACTGGAGCAGGCTACTATTTTCGAATAGTAGCCTGCTCCAGTACATTCC
G-3' (Clal)] was annealed and ligated to the digested PLVTHM vector,

respectively.

Lentivirus production and verification. The constructed core plasmid (16ug) and
two envelope plasmids, PSPAX2 (12ug) and PMD2G (4.8ug), were
co-transfected into HEK293T cells in a 6-well plate according to manufacturer
instructions of Lipofectamine 2000 (11668-027, Invitrogen). The supernatant was
collected at 48h after transfection, and concentrated by using a Centricon Plus-70
filter unit (UFC910096, Millipore). Lentivirus with titers 10® TU/ml was used in the
experiment. The assays of lentivirus in vitro and in vivo infection were performed
according to previous study (Pan et al., 2014). Briefly, 20yl lentivirus and 1.5l
polybrene (1.4 ug/ul; H9268, Sigma-Aldrich) were added in a 24-well plate
containing 1x10° HEK293T cells and DMEM without FBS; after 24h, the
transfection medium was replaced with 500ul fresh complete medium containing
10% FBS; cells were collected at 48h after culture.

For in vivo verification of lentivirus, daily intrathecal injections of lentivirus or

vector (1ul) were performed for 2 consecutive days in naive or pain mice, then
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collected samples day 3 after the first injection. Otherwise please saw the

specified injection time points detailed in corresponded figure legend.

SIRNA, mimics, inhibitor, and lentivirus delivery. Injections were performed by
holding the mouse firmly by the pelvic girdle and inserting a 30-gauge needle
attached to a 25-pul microsyringe between L5 and L6 vertebrae. Proper insertion of
the needle into the subarachnoid space was verified by a slight flick of the tail after
a sudden advancement of the needle. Injections of 5ul of 20uM siRNAs, mimics
and inhibitor for circRNA-Filip1l (5-GCGCCGGGGAGGUGGAGCACGAGC-3),
Ago2 (sense: 5-GCGCCGGGGAGGCGGAGCCACGAGCTT-3, antisense: 5'-G
CTCGTGGCTCCGCCTCCCCGGCGCLTT-3’), Ubr5 (sense: 5-GAAUGUACUG
GAGCAGGCUACUATT-3’, antisense: 5-UAGUAGCCUGCUCCAGUACAUUCT
T-3%), or 1yl Lentivirus were performed daily for 3 days in a double blind trial
fashion. Knockdown via Ago2-siRNA, ubr5-siRNA, PLV-Ubr5 was confirmed with
RT-gPCR from samples of the ipsilateral dorsal spinal cord taken 72h after the
last injection. Animals receiving intrathecal injections of scrambled siRNA or an

empty vector were used as control groups.

Construction of reporter vector. The defined region of Ubr5 promoter was
amplified from mouse genomic DNA using primer pairs (G6-U5F, 5-ACGCTCGA

GCAGGCTGCGAGACGGAGAAAC-3 and G6-U5R, 5-AATAAGCTTCAGCGGG
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TGGACCACGAAAT-3’), and cloned into pGL6 plasmid (Beyotime) via Xhol and
Hindlll digestion. Empty pGL6 vector was used as control plasmid. To construct
the psiCK-wt-Filip1l or psiCK-mut-Filip1l reporter vector, psiCK-wtF [5-P-

TCGAGTCCTAACGCGTACGCTCGTGCTCCACCTCCCCGGCGCGGCGGGCG

AGACGGGC-3' (Xhol)] (Underlined presents the reverse complementary
fragment in pre-circRNA-Filip1l to miRNA-1224) and psiCK-wtR [5’-P-GGCCGC
CCGTCTCGCCCGCCGCGCCGGGGAGGTGGAGCACGAGCGTACGCGTTAG

GAC-3’ (Notl)], or psiCK-mutF [5-P-TCGAGTCCTAACGCGTACGCTCGTGCTA

ATCAGTTCCGGCGCGGCGGGCGAGACGGGCL-3 (Xhol)] and psiCK-mutR [5'-

P-GGCCGCCCGTCTCGCCCGCCGCGCCGGAACTGATTAGCACGAGCGTAC
GCGTTAGGAC-3’ (Notl)], were annealed and ligated to the digested psiCHECK2

vector, respectively.

Single cell RT-PCR. Single-cell RT-PCR for spinal neurons was performed as
described previously with few modifications (Jiang et al., 2016). Briefly, the
contents of dissociated spinal neurons from CFA mice were harvested into patch
pipettes with tip, placed gently into reaction tubes with Dnase | at 37°C for 30min,
and heated to 80°C for 5min to remove genomic DNA. Reverse transcriptase
(SuperScript Il Platinum; Invitrogen) and specific reverse outer primer or 1224-RT
was added, the sample was incubated at 50°C for 50min, and the reaction was

terminated at 70°C for 15min. The cDNA products were used in gene-specific
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nested PCR. The first-round PCR was performed with the outer primer pair (outF
and outR) in the FastStart universal SYBR green master kit (Roche, Switzerland).
PCR conditions were as follows: 1 cycle of 3min at 94°C; 5 cycles of 15s at 95°C
and 5min at 56°C, 30s at 72°C ; then 20 cycles of 15s at 95°C and 15s at 60°C,
30s at 72°C,and 1 cycle of 10min at 72°C. The second round of PCR was carried
out using 0.5yl of the first PCR product as the template and with inner PCR
primers (inF and inR). The amplification: 1 cycle of 3 min at 94°C; 35 cycles of 15s
at 95°C and 15s at 60°C, 30s at 72°C, and 1 cycle of 3min at 72°C. A negative
control was obtained from pipettes that were submerged in the bath solution only.
Gapdh was used as the reference gene. The primers are shown as the following:
circRNA-Filip1l: outF/inF, 5-ACTGGAGAGGCCTCGGGATC-3’; outR, 5-CGCCG
AGGGCGCACCACC-3’; inR, 5-CGCACCACCGGCCCGTGGC-3'. miRNA-1224:
RT, and outF/outR same as 1224RT, and 1224F/1224R above, respectively; inF,
5-GGGTGAGGACTGGGGAG-3’; inR, 5-AAGGGTCCGAACACCGG-3'. Ago2:
outF, 5-AGTTTGACTTCTACCTGTGCA-3’; outR, 5-TGTGTCCTGGTGGACCT
GGA-3. inF/inR same as Ago2 F/R above. Ubr5: outF, 5-AGAAGCAATTGCCG
TGACAAT-3', outR, 5-TGCTTGCCTGATCTGATGAC-3'. inF, 5-TGAGGTTTCT
ACGATCTGTGGC-3’; inR, 5-AAACACACGTTTGCATTTTCCA-3’. NeuN: outF,
5-AGACAGACAACCAGCAACTC-3’; outR, 5-CTGTTCCTACCACAGGGTTTAG-3'.
inF, 5-ACGATCGTAGAGGGACG-3’; inR, 5-TTGGCATATGGGTTCCCAGG-3'.

Gapdh: outF, 5-AGGTTCATCAGGTAAACTCAG-3’; outR, 5-ACCAGTAGAC
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TCCACGACAT-3'. inF, ACCAGGGCTGCCATTTGCA,; inR, 5-CTCGCTCCTGGA

AGATGGTG-3".

Luciferase reporter assay. HEK293T cells were cultured in DMEM with10% FBS.
HEK293T cells were seeded at 1x10° cells per 24-well. Identification of target was
performed by transfecting reporter plasmids (50ng) and DNA3.1-Filip1l (80ng) or
Lenti-Ago2 vector (80ng), or miRNA-1224 mimics (80ng) or inhibitor (50ng) into
HEK293T cells using Lipofectamine 2000 (11668-027, Invitrogen) in a 24-well
plate. Cell lysates were prepared and subjected to luciferase assays using the
Double luciferase reporter kit (E1910, Promega) at 48h after transfection
according to the manufacturer’s instruction. pRL-TK plasmid was used as an

internal control (Promega).

RNA-binding protein immunoprecipitation (RPIP). Immunoprecipitations were
performed using Magna RIP™RNA-Binding Protein Immunoprecipitation Kit
(17-700, Millipore). Briefly, spinal cord was harvested and placed in ice-cold PBS,
then homogenized and centrifuged 1500rpm for Smin at 4°C, obtained the
supernatant. Added 50ul of magnetic beads and ~5ug of the antibody of Ago2
(ab186733, Abcam) in each tube, incubated with rotation for 30min at room
temperature. Then, re-suspend the mixture by RIP immunoprecipitation buffer

and added the tissue supernatant, incubated with rotation for overnight at 4°C and
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pull down the RNA on the magnetic rack. Finally, digested the protein with

proteinase K and extracted RNA for PT-qPCR.

RNA-RNA in vivo precipitation (RRIP). According to the previously described (Su
et al., 2015) with modification, biotin-labeled miRNA-1224 probe (Bio-1224, 5-CT
CCACCTCCCCAGTCCTCAC-Bio-3’) was used to perform the RRIP experiment
assay. Spinal cord was harvested 24h after intrathecal injection of Bio-1224 (5ul,
20uM) and fixed by 2.5% formaldehyde for 10min, lysed and sonicated. After
centrifugation, 50ul of the supernatant was retained as input and the remaining
part was incubated with Dynabeads M-280 Streptavidin (11205D, Thermo Fisher
Scientific) mixture over night at 4°C. Next day, beads-probes-RNAs mixture was
washed and incubated with 200yl lysis buffer and proteinase K to reverse the
formaldehyde crosslinking. Finally, the mixture was added with TRizol for RNA

extraction and detection.

Western blot analysis. Proteins (20 to 50 ug/sample) were separated by 10% SDS
polyacrylamide gel electrophoresis and transferred onto nitrocellulose
membranes, and incubated simultaneously at 4°C overnight in the corresponding
antibodies against: Ago2 (1:500, ab186733; Abcam), Ubr5 (1:1000, 65344; Cell
signaling), or control Tubulin B polyclonal antibody (1:5000; AP0064; bioworld).

The membranes were then washed twice in tris-buffered saline with Tween-20 at
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room temperature for 10min, incubated with HRP-labeled Goat Anti-Rabbit IgG
(1:1000; A0208; Beyotime) at room temperature for 1h, and washed twice again in
Tris-buffered saline with Tween-20 at room temperature for 10min. The immune
complexes were detected with an NBT/BCIP (nitro blue tetrazolium/
5-bromo-4-chloro-3-indolyl-phosphate) assay kit (72091; Sigma-Aldrich). Band
analyses were performed in ImageJ software, with the intensities of the target

signals normalized to those of B-actin for statistical analyses.

Statistical analysis. All data were presented as mean values + SEM. The data
were statistically analyzed with a one-way or two-way ANOVA or paired or
unpaired Student’s t test. When ANOVA showed a significant difference, pairwise
comparisons between means were tested by the post hoc Tukey method.
Statistical analyses were performed with Prism (GraphPad 5.00, USA). p < 0.05

was considered statistically significance in all analyses.
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Results

Profiling of spinal circRNAs in CFA-induced chronic inflammatory pain

The abundance of circRNAs in the CNS suggests its potential roles in dynamic
regulation of structure and function of the CNS (Shao and Chen, 2016). To identify
spinal circRNAs involved in chronic inflammation pain, we analyzed the circRNA
expression profiling from ipsilateral dorsal spinal cord of chronic inflammation pain
mice and control mice. 16 up-regulated and 34 down-regulated circRNAs with >
2.0 fold difference were obtained from 1099 candidates (Fig. 1A).
CircRNA-005252 with most significant difference, and other three randomly
selected circRNAs, including 1 up-regulated and 2 down-regulated in microarray
analysis, were further confirmed by qRT-PCR (Fig. 1B). CircRNA-005252 (namely
circRNA-Filip1l or mmu_circ_0000691 in cirbase database (Memczak et al., 2013))
--- was up-regulated by 2.8 fold. The further analysis showed that circRNA-Filip1I
was located on Chr16: 57391624 - 57391694 (+), and back spliced by intron 1 of
Filip1l, the distinct product of the expected size was amplified using
outward-facing primers and confirmed by Sanger sequencing (Fig. 1C). We then
investigated the stability and localization of circRNA-Filip1l in spinal cells.
Resistance to digestion with RNase R exonuclease showed that circRNA-Filip1l
was resistant to RNase R digestion, whereas linear Filip1l mRNA was easily

degraded; further confirming that circRNA-Filip1l specie was circular in form (Fig.
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1D). Northern blot assay verified the size of circRNA-Filip1l expected in spinal
RNA of adult mouse (Fig. 1E). Furthermore, to clarify the distribution of
circRNA-Filip1l in nucleus and cytoplasma, we separated the nucleus RNA and
cytoplasmic RNA from in vitro cultured spinal neurons to detect the content of
circRNA-Filip1l. RT-gPCR showed that the circRNA-Filip1l was localized in both
nucleus and cytoplasma fraction (Fig. 1F). Fluorescence in situ hybridization
further confirmed its localization in nucleus and cytoplasma of spinal neurons (Fig.
1G). These findings suggest that circRNA-Filip1l is an abundant and stable

circular noncoding RNA expressed in spinal cord of mice.

Expression patterns of spinal circRNA-Filip1l underlying chronic pain

To uncover a temporal expression pattern of circRNA-Filip1l in spinal cord in
chronic inflammation pain mice, we detected expression level of circRNA-Filip1l in
the spinal dorsal or ventral horn of mice from hour 2 to day 14 after subcutaneous
injection of CFA. RT-gPCR results showed that circRNA-Filip1l expression in the
spinal dorsal horn was not altered in the acute phase (2 h) after CFA injection,
however, was increased by 75% day 1, reached a peak (180%) day 3, diminished
day 7, and then returned to almost basal level day 14 after CFA injection (Fig. 2A).
The circRNA-Filip1l level in the ventral horn of spinal cord was increased merely
by 60 % day 3 and 53% day 7, but had no change at the other time points after

CFA injection (Fig. 2B). Furthermore, we found that the expression of
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circRNA-Filip1l in the contralateral spinal dorsal horn (Fig. 2C) and ipsilateral
DRG (Fig. 2D) was not altered from hour 2 to day 14 after CFA injection. These
results suggest that ipsilateral spinal dorsal horn is a major region contributing to
the increase of circRNA-Filip1l in chronic inflammation pain. This increase trend of
spinal circRNA-Filip1l expression related to chronic pain also was found in
ipsilateral spinal dorsal horn of CCl mice (another chronic pain model) day 3, 7
and 14 after surgery (Fig. 2E), but not observed in the ipsilateral DRG of CCI mice
(Fig. 2F). These data indicate the possible involvement of spinal circRNA-Filip1l
not only in chronic inflammatory pain but also in chronic neuropathic pain. Then,
we characterized the differential spatial patterns of expression of spinal
circRNA-Filip1l by combining FISH and cell-type-specific immunofluorescence
staining in vivo. We observed that circRNA-Filip1l was co-localized with NeuN, a
neuronal maker, in spinal cord (Fig. 2G). To further measure the expression level
of circRNA-Filip1l in spinal neurons and non-neurons, we analyzed its content in
the cultured spinal neurons and glial cells including astrocytes and microglial cells.
As shown in Fig. 2H, circRNA-Filip1l in neurons was 7.8 fold as that in microglial
cells, and 6.2 fold as that in astrocyte cells, indicating circRNA-Filip1l is mainly
expressed in spinal neuron cells. Since the cultured neurons can be depolarized
with high concentration KCI to mimic sensitized in vivo neurons by nociceptive
response (Yang et al., 2015). We treated the cultured spinal neurons with 50 mM

KCI for 12 h, and found that circRNA-Filip1l was significantly increased by this
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treatment (Fig. 2/), supporting a consistent change trend of circRNA-Filip1l
expression between the spinal neurons of CFA-treated mice and KCl-treated
spinal neurons in vitro. In addition, single-cell RT-PCR showed that five of six
spinal neurons from CFA mice expressed circRNA-Filip1l (Fig. 2J), further
confirming that the majority of spinal neurons express circRNA-Filip1l. Collectively,
these results suggest that spinal circRNA-Filip1l is increased under chronic pain

conditions.

Regulation of nociception by spinal circRNA-Filip1l

To further evaluate the therapeutic potential of spinal circRNA-Filip1l blockade in
the relief of nociception response, we used the linear specific antisense of
circRNA-Filip1l, including one exogenously synthesized anti-Filip1l by the use of
in vitro T7 transcription, an antisense RNA of cirRNA-Filip1l that can prevent it
from binding to its target gene; and another endogenous PLV-anti-Filip1l with GFP
label in vivo expressed by lentivirus to block spinal circRNA-Filip1l in CFA mice.
The analysis of GFP fluorescence intensity showed that PLV-anti-Filip1l mainly
expressed in spinal neurons of naive mice day 3 after 2 consecutive days’
intrathecal injection (Fig. 3A). Before the measure of nociceptive behavior, to
exclude the possibility that the observed effects were affected by
locomotor impairment, we observed the locomotor function in mice by testing their

grasping reflex, placing reflex and righting reflex. Results showed that blocking
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circRNA-Filip1l with anti-Filip1l or PLV-anti-Filip1l did not influence the locomotor
function of the mice (Table 1.). Thermal and mechanical nociceptive responses
were attenuated hour 24 after intrathecal injections of anti-Filip1l, but not
scrambled control in CFA mice, these alleviative effects lasted at least 2 days (Fig.
3B). The anti-nociceptive effects of PLV-anti-Filip1l were also observed day 2 after
intrathecal injection of PLV-anti-Filip1l in CFA mice (Fig. 3C), the effects had been
maintained during the entire period of observation. To further explore the role of
spinal circRNA-Filip1l in nociceptive regulation, then, we examined whether
circRNA-Filip1l overexpression mimicks the nociception-like behavior in naive
mice. To this end, two manipulating tools were employed --- exogenous
circRNA-Filip1l mimics synthesized through cyclizating the linear circRNA-Filip1l
from in vitro T7 transcription according to the previous described (Legnini et al.,
2017), and endogenous Lenti-Filip1l lentivirus --- to overexpress the
circRNA-Filip1l in spinal cord of mice. Validation experiments showed that spinal
circRNA-Filip1l expression in naive mice were up-regulated by 157% day 2 after
treatment with circRNA-Filip1l mimics and by 155% day 3 after Lenti-Filip1l
treatment, respectively (Fig. 3D, E). Similarly, Lenti-Filip1l with GFP label mainly
expressed in spinal neurons of naive mice day 3 after 2 consecutive days’
intrathecal injection (Fig. 3F). Locomotor impairment was not found after
overexpression of spinal circRNA-Filip1l by the use of circRNA-Filip1l mimics or

Lenti-Filip1l (Table 1.). However, the intrathecal injections of circRNA-Filip1l
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mimics or Lenti-Filip1l for 2 or 3 consecutive days, but not scrambled control or
empty vector, significantly produced a nociception-like behavior as evidenced by
a decrease threshold of mechanical or thermal stimulation (Fig. 3G, H). Together,
these findings establish that spinal circRNA-Filip1l plays an essential role in

physical and pathological nociceptive regulation.

MiRNA-1224 is an upstream regulator of circRNA-Filip1l

How is spinal circRNA-Filip1l up-regulated under chronic inflammatory pain
conditions? Data from previous study suggest that miRNAs modulate the
circRNAs expression via binding to the circRNA in cell nucleus (Hansen et al.,
2011). Through search in mirbase database using sequence of circRNA-Filip1l or
its precursor (pre-circRNA-Filip1l), we predicted possible miRNAs with the binding
sites to circRNA-Filip1l or pre-circRNA-Filip1l. We found that 14nt fragment in
miRNA-1224 was complementary to pre-circRNA-Filip1l region spanning its 5’
junction flank (Fig. 4A). Due to the location of pre-circRNA-Filip1l in spinal nucleus
fraction, we supposed that miRNA-1224, as an upstream regulator, may be
involved in the modulation of circRNA-Filip1l expression via the mediation of its
cleavage. To confirm the existence of miRNA-1224 in spinal nucleus, we detected
miRNA-1224 content in both nucleus and cytoplasma of spinal neuron cultured.
MiRNA-1224 was mainly located in nucleus, and its level in nucleus was 3.8-fold

higher than that in cytoplasma (Fig. 4B). FISH further confirmed the preferential
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localization of miRNA-1224 in nucleus of spinal neurons (Fig. 4C). Furthermore,
spinal miRNA-1224 expression was time-dependently decreased from hour 2 to
day 7 after CFA injection (Fig. 4D). Co-staining confirmed that miRNA-1224 was
spatially localized in the spinal neurons, and markedly increased under
CFA-induced inflammatory pain conditions (Fig. 4E).

To experimentally validate the in silicon prediction of miRNA-1224 regulating
circRNA-Filip1le expression, we cloned a bound fragment of pre-circRNA-Filip1l
by miRNA-1224 into psiCHECK reporter vector and detected the effect of
miRNA-1224 on the activities of the reporter in HEK293T cells. Co-transfection of
miRNA-1224 mimics with the reporter psiCK-wt-pre-Filip1l decreased luciferase
activities by 39% compared with mutated psiCK-mut-pre-Filip1l vector. Contrarily,
miRNA-1224 inhibitor elevated luciferase activities by 52% in psiCK-wt-pre-Filip1l,
but not in psiCK-mut-pre-Filip1l (Fig. 4F). These data indicate that miRNA-1224 in
vitro negatively regulates the expression of circRNA-Filip1l. To seek to determine
whether miRNA-1224 regulates circRNA-Filip1l expression in vivo via binding to
pre-circRNA-Filip1l, we firstly examined the binding capacity of miRNA-1224 to
pre-circRNA-Filip1l. We intrathecally injected bio-labeled miRNA-1224 probes into
control and CFA mice, and then tested the content of pre-circRNA-Filip1l
pull-down hour 24 after injection. RT-qPCR showed that pre-circRNA-Filip1l was
pull down by miRNA-1224 probes, and was increased in spinal cord of CFA mice,

compared with saline group (Fig. 4G), confirming the binding ability of
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miRNA-1224 to the pre-circRNA-Filip1l in vivo. Next, we further determined if
miRNA-1224 can regulate circRNA-Filip1l expression by targeting
pre-circRNA-Filip1l. Here, two tools including miRNA-1224 mimics and Lenti-1224
were synthesized or constructed as the described methods previously (Pan et al.,
2014) to up-regulate the expression of miRNA-1224. Their work efficiencies were
validated in vitro and in vivo. As shown in Figure 5A, HEK-293 cells transfected
with miRNA-1224 mimics or Lenti-1224, but not scrambled or empty vector,
displayed the increased miRNA-1224 by 118% or 189%, respectively (Fig. 4H).
The expression of mMiRNA-1224 was up-regulated by 79% hour 48 after 2
consecutive days’ miRNA-1224 mimics injection, or by 110% hour 72 after 2
consecutive days’ Lenti-1224 injection in naive mice and CFA mice (Fig. 4/).
Furthermore, we found that overexpressing miRNA-1224 with miRNA-1224
mimics or Lenti-1224 in spinal cord of CFA mice blocked the CFA-evoked
increase in spinal circRNA-Filip1l expression compared to the scrambled or
Lenti-vector group (Fig. 4J), however, did not change the increase in spinal
pre-circRNA-Filip1l of CFA mice (Fig. 4K). In contrast, blocking miRNA-1224 with
its inhibitor or PLV-1224 led to the increase of circRNA-Filip1l level (Fig. 4L), but
unaltered the pre-circRNA-Filip1l level in spinal cord of naive mice (Fig. 4M).
Together, these in vitro and in vivo results indicate miRNA-1224 regulates

expression of circRNA-Filip1l, but not pre-circRNA-Filip1l.
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MiRNA-1224 regulates nociception by mediation of circRNA-Filip1l

Our results indicate that miRNA-1224 modulates spinal circRNA-Filip1l
expression under chronic inflammatory pain conditions. Therefore, spinal
miRNA-1224 may also participate in the process of nociception regulation. Prior to
pain behavior evaluation, we examined the effect of miRNA-1224 regulation tools
on locomoter function. The reflex tests showed that miRNA-1224 overexpression
with miRNA-1224 mimics or Lenti-1224 did not affect the locomotor function
(Table 1.). However, CFA-induced thermal and mechanical nociceptive responses
were attenuated hour 48 after the intrathecal injection of miRNA-1224 mimics (Fig.
5A) or hour 72 after intrathecal injection of Lenti-1224 (Fig. 5B). Anti-nociceptive
effect was undetected after the injection of scramble (Fig. 5A) or empty vector (Fig.
5B). We also observed that pre-treatment with Lenti-1224, not empty vector, (i.t.
injection of Lenti-1224 or empty vector for 2 consecutive days before CFA
injection) significantly prevented CFA-induced nociceptive responses (Fig. 5C).
Next, we tested whether knockdown of spinal miRNA-1224 in naive mice can
induce the nociception-like behavior. The reflex tests confirmed no impairment of
locomotor function after down-regulation of spinal miRNA-1224 expression via
intrathecally injecting miRNA-1224 inhibitor or PLV-1224 or their negative controls
for 2 consecutive days in naive mice (Table 1.). While, the same treatment with
miRNA-1224 inhibitor (Fig. 5D) or PLV-1224 (Fig. 5E), but not scramble or empty

vector, significantly produced nociceptive responses as evidenced by a decrease
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of thermal and mechanical pain threshold (Fig. 5D, E). These findings suggest
that spinal miRNA-1224 is involved in the process of nociceptive response. Finally,
we checked whether miRNA-1224 regulates pain behavior through the mediation
of circRNA-Filip1l. Naive mice were pre-treatment or post-treatment with
miRNA-1224 inhibitor or lentivirus to knockdown their spinal miRNA-1224 before
or after intrathecal injection of anti-Filip1l, respectively, and then their nociceptive
responses were measured. We observed that knockdown of circRNA-Filip1l
significantly inhibited or reversed nociceptive responses induced by the block of
miRNA-1224 with lentivirus (Fig. 5F) or inhibitor (Fig. 5G), suggesting that
circRNA-Filip1l mediates the regulation of nociception by miRNA-1224. Taken
together, these findings indicate that spinal miRNA-1224 regulates nociception via

negatively targeting circR-Filip1l.

Ago2-mediated cleavage of pre-circRNA-Filip1l bound by miRNA-1224

To date, the modulatory mechanism of circRNA expression is poorly understood.
In recent study, it has been demonstrated that miRNA-671 directs cleavage of a
circular antisense transcript of CDR1 in an Ago2-slicer-dependent manner
(Hansen et al., 2011). Therefore, we hypothesized that miRNA-1224 mediates the
cleavage of pre-circRNA-Filip1l in Ago2-dependent manner to regulate the
content of mature circRNA-Filip1l. To test the point, firstly, we co-transfected Ago2

overexpression plasmid (Lenti-Ago2) and miRNA-1224 mimics with wild reporter
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psiCK-wt-pre-Filip1l or mutation reporter psiCK-mut-pre-Filip1l in HEK293T cells.
The transfection of miRNA-1224 mimics reduced the luciferase activities in
psiCK-wt-pre-Filip1l group, compared with psiCK-mut-pre-Filip1l group; the
overexpression of Ago2 further decreased the luciferase activities (Fig. 6A),
suggesting the overexpression of Ago2 inhibits the activity of pre-circRNA-Filip1l
expression. We further examined whether Ago2 can combine to pre-cirRNA-
Filip1l and miRNA-1224. We used Ago2 antibody to pull down spinal
pre-circRNA-Filip1l and miRNA-1224. RNA immunoprecipitation (RPIP) showed
that both pre-circRNA-Filip1l and miRNA-1224 were pulled down by Ago2
antibody, and the harvested amounts were decreased in CFA mice compared with
saline group (Fig. 6B). Next, we investigated whether Ago2 is involved in
regulation of circRNA-Filip1l and pre-circRNA-Filip1l expression. Due to the
reduced level of spinal Ago2 protein (Fig. 6C) day 3 after CFA injection,
Lenti-Ago2 or Ago2 protein were intrathecally injected into CFA mice to
overexpress Ago2; as well as PLV-Ago2 or Ago2-siRNA into naive mice to
knockdown Ago2 expression, then the effect of Ago2 on expression of
circRNA-Filip1l and pre-circRNA-Filip1l were evaluated. The tools of manipulating
Ago2 were firstly validated. Ago2 protein was increased by 54% day 2 after
intrathecal injection of Lenti-Ago2 in saline group mice; the decreased Ago2
expression was reversed day 3 after the same treatment in CFA mice (Fig. 6C),

respectively. Ago2 expression was reduced by 41.2% or 39.3% day 2 after
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intrathecal injection of Ago2-siRNA or day 3 after PLV-Ago2 injection in naive
mice, respectively (Fig. 6D). As expected, compared with the PBS or vector
control group, the intrathecal injections of Ago2 protein or Lenti-Ago2 abolished
the increase of spinal circRNA-Filip1l (Fig. 6E), but did not change the
pre-circRNA-Filip1l level (Fig. 6F) in CFA mice. Intrathecal injections of
Ago2-siRNA or PLV-Ago2 significantly elevated the expression of spinal
circRNA-Filip1l (Fig. 6G), but not pre-circRNA-Filip1l level in naive mice (Fig. 6H).
These results suggest that Ago2 affects the expression of circRNA-Filip1l, but not
pre-circRNA-Filip1l. Finally, we wanted to know whether mice receiving the
intrathecal injections of manipulation tools of Ago2 display behavioral changes in
nociceptive thresholds. We observed that the injections of Ago2 protein (Fig. 6/) or
Lenti-Ago2 (Fig. 6J), but not of PBS (Fig. 6/) or Lenti-vector (Fig. 6J), significantly
blunted the thermal and mechanical nociception, respectively. On the contrary,
injections of Ago2-siRNA (Fig. 6K) or PLV-Ago2 (Fig. 6L), but not of scramble (Fig.
6K) or vector (Fig. 6L), produced nociceptive responses. To further examine
whether Ago2 regulates nociception via the mediation of circRNA-Filip1l or
miRNA-1224, we evaluated the effect of blocking circRNA-Filip1l on nociception
induced by knockdown of Ago2. As expected, blockage of circRNA-Filip1l by
intrathecal pre-injection of anti-Filip1l prevented nociceptive responses induced
by Ago2 down-regulation in naive mice (Fig. 6M). However, overexpression of

spinal miRNA-1224 with Lenti-1224 did not prevent nociception induced by
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Ago2-siRNA in naive mice (Fig. 6N), indicating Ago2 regulates nociceptive
responses via circRNA-Filip1l, but not miRNA-1224. Collectively, these findings
suggest that Ago2 is involved in regulation of physical and pathological

nociception via miRNA-1224-dependent cleavage in circRNA-Filip1l.

CircRNA-Filip1l regulates nociception via targeting Ubr5

Many recent studies (Li et al., 2015; Long et al., 2017) have shown that nucleus
circRNAs contribute to gene transcription via recruiting the RNA polymerase |I.
Therefore, we wanted to know what are the downstream of circRNA-Filip1l
underlying regulation of nociception. Firstly, we performed an in silicon target
prediction using linear sequence of circRNA-Filip1l in BLAST program of NCBI. A
total of 42 genes were predicted as the potential targets of circRNA-Filip1l. Some
(e.g., Rn28s1, LOC105242388) are the ribosomal RNA or noncoding RNA, others
are the unreported pain-related genes such as Atxn2, PwwpZ2a, Plxdc2 and Ubr5.
Among them, ubiquitin protein ligase E3 component n-recognin 5 (Ubr5) can
regulate the neuronal plasticity through activating the NMDA receptor in CNS, and
is implicated in the pathologic process of central neural system diseases such as
depression and epilepsy through ubiquitination of modification (Kato et al., 2012;
Christensen et al., 2013). In Ubr5 gene, the specific region near transcription start
site (TSS) of Ubr5 (+221 - +242, TSS as +1) was found to be bound by

circRNA-Filip1l (+25 - +4, 5 junction as +1) (Fig. 7A). Therefore, we chose to
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evaluate the potential role of Ubr5 as a target of circRNA-Filip1l. We hypothesized
that circRNA-Filip1l facilitates the transcription of Ubr5 through its binding to Ubr5
TSS and recruits RNA polymerase. Secondly, to experimentally validate the in
silicon predictions, according to our previous method (Pan et al., 2016), we cloned
a 440 bp Ubr5 fragment containing the bound region by circRNA-Filip1l into pGL6
reporter vector, and tested the effects of circRNA-Filip1l on the activities of the
Ubr5 transcription in HEK293T cells. Expectedly, only pGL6-Ubr5 produced the
relative strong luciferase activities compared with the empty vector (Figure 7B),
indicating the cloned region contains the regulatory element, and can drive Ubr5
expression. The co-transfection of pGL6-Ubr5 with  circRNA-Filip1l
overexpression plasmid enhanced the luciferase activities by 55.7% compared
with co-transfection of pGL6-Ubr5 with empty vector (Fig. 7B). Thirdly, we
assessed whether Ubr5 co-express with other regulators, single-cell RT-PCR
showed that five of six spinal neurons expressed Ubr5, that four of these five cells
co-expressed with circRNA-Filip1l, five of them with miRNA-1224, and four of
them with Ago2 (Fig. 7C), suggesting they are able to co-express in the spinal
neurons. Thus, we further examined whether circRNA-Filip1l is involved in the
regulation of Ubr5 expression in vivo. Spinal Ubr5 was significantly increased by
67 % day 3 after CFA injection (Fig. 7D, E), suggesting its possible regulatory role
in the chronic inflammation pain. Furthermore, the increase of Ubr5 expression

was efficiently reversed to the almost basal level day 2 after intrathecal injection of
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Ubr5-siRNA (Fig. 7D) day 3 after intrathecal injection of PLV-Ubr5 (Lentivirus
Ubr5-shRNA) in CFA mice (Fig. 7E). It is apparent from our data that Ubr5-siRNA-
or PLV-Ubr5-, but not scramble- or empty vector-injected mice exhibited the
anti-nociceptive effects in CFA-induced chronic inflammatory pain model (Fig. 7F,
G). These findings indicate the involvement of Ubr5 in the process of chronic pain.

Next, we determined whether there is a regulatory role of circRNA-Filip1l in
Ubr5 expression in vivo. The increase of Ubr5 was abolished by intrathecal
injections of anti-Filip1l, but not the scrambled control in CFA mice (Fig. 7H).
While, overexpressing circRNA-Filip1l with circRNA-Filip1l mimics (Fig. 7/) or
Lenti-Filip1l (Fig. 7J) reduced the level of Ubr5 protein, compared with scrambled
or empty vector in naive mice, suggesting that Ubr5 is a positive regulatory target
of circRNA-Filip1l. Finally, to explore the role of Ubr5 in mediating nociceptive
regulation by circRNA-Filip1l, we pre- or post- treated animals with Ubr5-siRNA
before or after overexpressing spinal circRNA-Filip1l, and then measured the
nociceptive responses. Behavioral results showed that the knockdown of Ubr5
with intrathecal pre-treatment with PLV-Ubr5 significantly prevented thermal and
mechanical nociceptive responses induced by overexpression of circRNA-Filip1l
through i.t. injection of its mimics (Fig. 7K). Moreover, down-regulation of Ubr5
with PLV-Ubr5 post-treatment significantly alleviated thermal and mechanical
nociceptive responses induced by Lenti-Filip1l (Fig. 7L). These findings indicate a

direct mediatory role of Ubr5 in regulation of nociception by circRNA-Filip1l.
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922  Together, these results suggest that spinal circRNA-Filip1l regulates nociception
923  via positively targeting Ubr5. In conclusion, these data indicate that miRNA-1224
924 and Ago2 are involved in the regulation of circRNA-Filip1l-mediated Ubr5
925  expression (Fig. 8).
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Discussion
Chronic pain is one of the most intractable human complaints and is caused by
inflammation, lesion or dysfunction of the nervous system (Clark, 2016; Ji et al.,
2018; Jing et al., 2018). The expression of aberrant pain-related gene in spinal
neuronal or glial cells is the most prominent contributor in various nociceptive
pathways underlying chronic pain (Ji et al., 2016; Jiang et al., 2017; Tsuda, 2018).
Therefore, the unraveling of the genetic basis and its regulatory mechanisms will
improve our insight into chronic pain, and provides potential targets for developing
novel therapeutic strategies. Various studies have refined our understanding of
miRNAs or long strand ncRNA in the pathway of different pain models, and shown
that noncoding RNAs have regulatory functions in the process of nociceptive
signal. The current study identified an essential role of circRNA-Filip1l as a
mediator of chronic inflammation pain by directly targeting Ubr5 at the spinal level.
We further found that miRNA-1224 was an upstream regulator of circRNA-Filip1l
in the Ago2-depedent manner. Our results are for the first time to functionally
demonstrate that circRNA is an important player to the induction and maintenance
of chronic pain.

CircRNA, a noncoding RNA as the novel regulatory mechanism of gene
expression, attracts widespread attention on their vital roles in biological
processes and human diseases. A growing body of evidence suggests that

circRNAs are enriched in nervous system, such as different brain regions, primary
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neurons and isolated synapses (Shao and Chen, 2016), and a number of
circRNAs are highly conservation among species, and their expressions are
changed during neuronal differentiation (Rybak-Wolf et al., 2015). However, it is
only beginning to understand how circRNAs are involved in physiological and
pathological processes of nervous system. Several studies have gained an insight
into the function of circRNAs in neurological disorders or diseases like
Parkinson’s disease (Kumar et al., 2018), Alzheimer’s disease (Lu and Xu, 2016;
Zhao et al., 2016), amyotrophic lateral sclerosis and spinal muscul aratrophy
(Scotti and Swanson, 2016). In 2017, circRNA is firstly reported to be associated
with brain function --- circRNA-Cdr1as-knockout mice display the impaired
sensorimotor gating due to the dysfunction of excitatory synaptic transmission in
brain (Piwecka et al., 2017), circRNA serves as a critical player in CNS diseases.
Recent work has focused on the relationship between circRNA and pain. Zhou et
al (Zhou et al., 2017) and Cao et al (Cao et al., 2017) found that spared nerve
injury (SNI)- or chronic constriction injury-induced neuropathic pain causes the
expression alteration of 188 or 469 spinal circRNAs, respectively. Despite spinal
circRNA profiles are changed in chronic neuropathic pain, it remains unknown
whether circRNAs regulate the nociception behavior. The results of this study
showed that CFA-induced chronic inflammation pain increased the content of

circRNA-Filip1l in spinal cord of mice; knockdown of circRNA-Filip1l alleviated the
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nociceptive behavior, supporting the idea that circRNA-Filip1l regulates the
nociceptive response.

MiRNAs are approximately 21 nucleotides in length and well-studied
noncoding RNA species in terms of their biogenesis and functions. Increasing
evidence over the past few years from different pain models have linked miRNA to
nociceptive pathways including membrane receptors (Park et al., 2014; Jiang et
al., 2016), ion channels (Pan et al., 2016; Peng et al., 2017), transcription factors
(Willemen et al., 2012), translation factors (Sun et al., 2012), and other cellular
signals (Zhou et al., 2016), from primary afferent nociceptors, DRG, spinal cord,
and brain areas. Previous reports on nucleus miRNAs uncover their importance
functions in the RNA splice or transcription (Liao et al., 2010). For example,
nucleus miR-671 can mediate the cleavage of circRNA-Cdr1as in mouse brain
(Hansen et al., 2011). Although growing number of molecular and functional data
support the involvement of cytoplasma miRNA in the process of chronic pain, little
is known about whether nucleus miRNA is related to chronic pain. In our work, the
abundant expression of miRNA-1224 was identified in the mouse spinal nucleus.
Indeed, miRNA-1224 has been discovered to differentially express in the liver of
fatty liver disease (Dolganiuc et al., 2009), and in different tissues of bladder
cancer (Dudziec et al., 2011), inflammation and acute injured kidney (Niu et al.,
2011; Bellinger et al., 2014; Roy et al., 2017). MiRNA-1224 can be also detected

in hippocampus and the marginal division of the neostriatum in rats (Shu et al.,
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2013). But, Up to now, far too little attention has been paid to the function of
miRNA-1224 in diseases. We provide the first evidence that spinal nucleus
miRNA-1224 is implicated in the modulation of chronic inflammatory pain.
Furthermore, we reveal a novel mechanism of miRNA-122 in the pain process
through splicing circRNA-Filip1l in Ago2-depedent manner.

In fact, it is still challenged to understand how circRNA expression itself is
regulated in pathological processes. Several reports show that antisense
oligonucleotide or miRNA are associated with the splice of circRNA, and change
their expression level (Havens et al., 2013; Jeck and Sharpless, 2014). As
miRNA-671 almost fully binds to circRNA-Cdrias to form the miRNA-671-
circRNA-Cdr1as complex in cell nucleus, Ago2 slices circRNA-Cdrlas after
recognizing the complex (Piwecka et al., 2017). In the present study, we found
that Ago2 recognized and sliced the complex formed by miRNA-1224 and
pre-circRNA-Filip1l, resulting in the reduction of mature circRNA-Filip1l in the
spinal nucleus. Our data suggest that miRNA-mediated Ago2 cleavage for
pre-circRNA may play a crucial role in the modulation of circRNA biogenesis, at
the least, in spinal nucleus. Therefore, combined with previous reports, circRNA
may be regulated through two ways: Ago2 cleaved circRNA or their precursors
after miRNAs binding. Our findings will allow for a new optional strategy in
prevention and treatment of pain or other CNS diseases via affecting circRNA

biogenesis by miRNA.
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Ago2, termed as EIF2C2, is a member of Ago family (1, 2, 3 and 4)
characterized with a high conservation among species and broadly expression in
different tissues (Ye et al., 2015). Interestingly, Ago2 is the only one with catalytic
activity among family members, and efficiently silences the expression of small
RNAs. Distinguishing from the other members, mice with Ago2 knockout are
lethal (Shekar et al., 2011). Extensive studies have shown that Ago2 participates
in miRNA generation (Schaefer et al., 2010), miRNA-mediated mRNA degradation
(Meister et al., 2004; Cifuentes et al., 2010), translation repression (Friend et al.,
2012), and hetero-chromatinization (Moshkovich et al., 2011) in Dicer (an
endoribonuclease)-independent means. Knockdown of Ago2 leads to the
decrease of global miRNA (Morita et al., 2007). For example, Ago2, not 1, 3 and 4,
is down-regulated in brain lysates from encephalomyelitis mice, the expression
level of several miRNAs including let-7a-5p, let-7e-5p, let-7f-5p, 106b-5p, 144-3p,
and 188a-5p display a significant reduction (Lewkowicz et al., 2015), suggesting
Ago2 is involved in the etiology of CNS diseases (Savas et al., 2008). Deficiency
of Ago2 in D2R neurons relieves self-administration of cocaine due to the declined
content of miRNAs in the mouse striatum (Schaefer et al., 2010), revealing a vital
role of Ago2 in the treatment of CNS diseases (Carrick et al., 2016). Here, we
found nociceptive behavior caused the decrease of spinal Ago2 level, and

overexpressing Ago2 significantly attenuated the pain hypersensitivity, it can
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therefore be concluded that Ago2 is a an important player in nociceptive
response.

Despite a large number of circRNAs have been found, how circRNA regulates
gene expression is a major problem for a long time. The relatively well-studied
mechanism is that circRNA adsorbs miRNAs (a process known as miRNA
sponge), and thereby decreases the binding of miRNAs to their target mMRNAs
(Hansen et al., 2013b). As circRNA-HIPK3 adsorbs 9 different miRNAs, the
knockdown of circRNA-HIPKS3 inhibits cell growth via enhancing the level of
miRNAs binding to the target MRNAs (Zheng et al., 2016). MiRNA-7 is involved in
the formation of dendritic spine density (Choi et al., 2015; Zhang et al., 2015),
Cdr1as is known as the sponge for miRNA-7 and regulates the stability or
transport of miRNA-7 in neuronal cells, hence, the function-loss-circRNA-Cdr1as
impairs the sensorimotor gating and synaptic transmission of mouse brain tissues
including cerebellum, cortex, hippocampus, and olfactory bulb by enhancing the
number of freely available miRNA-7 (Piwecka et al., 2017). Although, relatively to
act as sponge of miRNAs, only few circRNAs are studied in the function of gene
transcription, it is now well established from various studies that circRNAs can
bind to not only proteins such as AGO and RNA polymerase Il (Poll), but also to
linear RNAs and DNAs in cellular nucleus. CircRNA from Fmn gene lavishly
presents in nucleus, and promotes the transcription of Fmn gene by enhancing

the binding capacity of Poll to Fmn promoter (Chao et al., 1998; Zhang et al.,
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2013). Similarly, the complex formed by circRNA-EI and U1 snRNP can also
recruit Poll to the promoter of circRNA-EI parental gene in nucleus, initiating the
transcription process (Li et al., 2015). Interestingly, circRNA-Mble regulates the
biogenesis of parent linear Mble RNA (Ashwal-Fluss et al., 2014). Consistently,
our findings showed that circRNA-Filip1l enhanced the transcription level of Ubr5
via binding to the near region in TSS. But, further research should be undertaken
to investigate whether the binding sites recruit the RNA polymerase. Our
observations may provide an approach to obtain the possible downstream targets
of nucleus circRNAs. The findings of the current study support the previous
reports: such IncRNAs as RoX2, TERC, and HOTAIR, are enriched in the
mammalian nucleus, and bind to gene bodies and GA-rich DNA regions to control
gene transcription via recruiting RNA polymerase (Chu et al., 2011; Bonasio and
Shiekhattar, 2014). Consequently, we speculate that circRNA or IncRNA may
share the regulatory mechanism of gene expression through transcriptional
interference (Bonasio and Shiekhattar, 2014; Fatica and Bozzoni, 2014).

Ubr5 is a HECT (homologous to E6-associated protein at the
carboxy-terminus) E3 Ub ligase recognizing n-degrons, and has a catalytic ability
of directly recognizing and ligating ubiquitin to degrading proteins. It is very well
deliberated that Ubr5 participates in CNS-related diseases, such as
neuroinflammation, cognitive disorders and depression (Gudjonsson et al., 2012;

Rutz et al., 2015). Depression increases Ubr5 expression in the lateral habenula
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tissues of rats, the administration of Escitalopram, a selective serotonin reuptake
inhibitor, for 4 weeks alleviates the depression behavior by decreasing the level of
Ubr5 expression (Christensen et al., 2013). Ubr5 mutation clinically impairs the
cognitive capability in Alzheimer disease (Hu et al., 2011), suggesting Ubr5 has
an essential role in CNS diseases. In our work, Ubr5 was significantly increased in
spinal cord of chronic inflammatory pain model, the knockdown of Ubr5
attenuated the pain behavior, and therefore, Ubr5 could serve as an important
regulator in the process chronic pain.

In summary, we demonstrate that spinal miRNA-1224-mediated splice of
circRNA-Filip1l in Ago2-depedent manner regulate chronic inflammatory pain via
targeting Ubr5. These findings shed light on new circRNA mechanism underlying
nociceptive information processing; may provide a rational for the future
development of potential targeted interventions via circRNA modulating

pain-related gene expression.
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Figure legends

Figure 1. Profiling of circRNAs and circRNA-Filip1l expression in mouse spinal
cord. A, The expression profiling of differential circRNAs with 2 fold or more was
generated from circRNA microarray. Spinal cord was collected 3 day after CFA- or
Saline-injection. n = 3 per group. The number presents the identification of
circRNA in Arraystar Mouse circRNA's Microarray. B, Four differential circRNAs
were subjected to qRT-PCR verification. n = 4 per group; no significance versus
the corresponding microarray groups by two-tailed paired Student’s t test. C, The
genomic loci of circRNA-Filip1l (ciR-Filip1l) is shown. The junction of
circRNA-Filip1l was amplified by the use of back-to-back primers, and then
sequenced by Sanger-Sequencing. Arrows represent divergent primers binding to
the genome region of circRNA-Filip1l. D, Total RNAs were digested with RNase R
followed by gqRT-PCR detection of circRNA-Filip1l expression. Filip1l mRNA was
detected as the RNase R-sensitive control. n = 4 per group; ***p<0.001 versus the
corresponding mock groups by two-tailed paired Student’s t test. E, Northern blot
for circRNA-Filip1l in spinal cord of mice. SC, spinal cord; M, RNA marker. F,
Distribution of circRNA-Filip1l in the nucleus and cytoplasma of spinal neuron
cultured in vitro. Gapdh represents coding RNA control; Malat1, noncoding RNA
control. Their levels were normalized to Gapdh. Spinal nucleus and cytoplasma

RNA were collected respectively from 48 h cultured mouse spinal neurons in vitro.
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n = 4 per group. G, CircRNA-Filip1l FISH in the spinal neuron cultured in vitro.

DAPI, nucleus staining dyes.

Figure 2. Chronic inflammatory pain induces the increase of spinal
circRNA-Filip1l. A, B, Chronic inflammatory pain time-dependently led to the
increase of circRNA-Filip1l in the ipsilateral (Ipsil) spinal dorsal horn (A), and to
the slight increase of Ipsil spinal ventral horn (B) of mice. n = 5 per group; *p<0.05,
**p<0.01 versus the corresponding Sal groups by two-tailed paired Student’s t test.
C, D, The injection of CFA did not change the expression of circRNA-Filip1l in the
contralateral (Contral) spinal dorsal horn (C), and the Ipsil DRG (D) of mice. n=5
per group; no significance, versus the corresponding Sal groups by two-tailed
paired Student’s t test. E, F, Neuropathic pain induced by chronic constriction
injury altered the content of circRNA-Filip1l day 3, 7 and 14 in spinal cord (C), but
not in DRG (D) after surgery. n = 5 per group; *p<0.05 versus the related Sham
groups by two-tailed paired Student’s t test. G, Combined circRNA-Filip1l FISH
(green) and NeuN (a neuronal marker, red) immunofluorescence staining in spinal
cord day 3 after CFA or saline injections. Scale bar, 25 ym. H, The relative level of
circRNA-Filip1l was analyzed by RT-PCR, respectively in spinal neurons, and
astrocytes and microglial cells cultured in vitro. n = 6 per group; ***p<0.001 versus
the related microglial groups by two-tailed paired Students t test. |,

circRNA-Filip1l was increased after treatment with KCI (50mM) for 12 h in cultured
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spinal neurons. n = 6 per group; **p<0.01 versus the related naive groups by
two-tailed paired Student’s t test. J, Single cell real-time polymerase chain
reaction (RT-PCR) shows the co-localization of circRNA-Filip1l with NeuN. Nos.
1-6 represents six different neurons; No. 7 (N) is a negative control. The spinal

neurons were isolated from day 2 after CFA-injected mice with 4 weeks-old.

Figure 3. CircRNA-Filip1l contributes to nociceptive behavior. A, The infection of
PLV-anti-Filip1l with GFP reporter in spinal cord of naive mice day 3 after 2
consecutive days’ intrathecal injection (day 5 after the first injection). NeuN, a
neuron marker. Scale bar, 25 ym. B, C, Inhibition of circRNA-Filip1l alleviated the
thermal hyperalgesia and mechanical allodynia after 2 consecutive days’
intrathecal injections of anti-Filip1l (B) or PLV-anti-Filip1l (C) in CFA mice. n = 6
per group; *p<0.05, **p<0.01; two-way ANOVA (effect vs. group x time interaction)
followed by post hoc Tukey test. Red arrow indicates CFA or saline injections;
blue arrow, anti- Filip1l or Scr and PLV-anti-Filip1l or Vector injections. The
anti-Filip1l sequence was antisense strand of full length of circRNA beginning
from junction. D, E, Intrathecal injections of circRNA-Filip1l mimics (D) or
Lenti-Filip1l (E) for 2 consecutive days increased the spinal circRNA-Filip1l
content in naive mice. n = 5 per group; p*<0.05, or **p<0.01; two-tailed paired
Student’s t test. F, The infection of Lenti-Filip1l with GFP reporter in spinal cord of

naive mice day 3 after 2 consecutive days’ intrathecal injection. Scale bar, 25 ym.
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G, H, Overexpression of circRNA-Filip1l induced the generation of pain-like
behavior after 2 consecutive days’ intrathecal injections of circRNA-Filip1l mimics
(G) or Lenti-Filip1l (H). n = 6 per group; *p<0.05, **p<0.01; two-way ANOVA
(effect vs. group x time interaction) followed by post hoc Tukey test. Blue arrow,

circRNA-Filip1l mimics or Scr and Lenti-Filip1l or Lenti-vector injections.

Figure 4. MiRNA-1224 is an upstream negative regulator of circRNA-Filip1l. A,
Schematic presentation of miRNA-1224 (miR-1224) binding to the fragment of
pre-circRNA-Filip1l (pre-ciR-Filip1l). Underlined presents circRNA-Filip1l; blue,
the reverse complementary of miR-1224 to pre-ciR-Filip1l. B, Distribution of
miRNA-1224 in the nucleus and cytoplasma of spinal neuron cultured in vitro. n =
4 per group. Spinal nucleus and cytoplasma RNA were separated from spinal
neurons cultured in vitro for 48 h. C, miRNA-1224 FISH in the spinal neuron
cultured in vitro. D, CFA induced the time-dependent decrease of spinal
miRNA-1224. n = 5 per group;*p<0.05, **p<0.01 versus the corresponding Sal
groups by two-tailed paired Student’s t test. E, Combining FISH of miRNA-1224
and IF of NeuN. Scale bar, 25 ym. F, The validation of miR-1224 negatively
regulating circRNA-Filip1l by luciferase report assay in vitro. A fragment of
pre-circRNA-Filip1] containing the bound region by miRNA-1224 was inserted into
psiCHECK reporter vectors (psiCK-wt-pre-Filip1l). A mutation was generated via

altering the sequence bound by miRNA-1224 as indicated (psiCK-mut-pre-Filip1l).
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The wild and mutation reporters were co-transfected into the HEK293T with
miRNA-1224 mimics or inhibitor or the scrambled. n = 4 per group; *p<0.05;
two-way ANOVA (effect vs. plasmid x treated interaction) followed by post hoc
Tukey test. G, Test for the binding capacity of miRNA-1224 to pre-circRNA-Filip1l
in vivo. Spinal cord was harvested hour 24 after intrathecal injection of
Bio-miRNA-1224  probes, fixed by formaldehyde, and the bound
pre-circRNA-Filip1l was pull down by Dynabeads M-280 Streptavidin. n = 4 per
group; *p<0.05 versus Sal group by two-tailed paired Student’s t test. H, In vitro
transfection of miRNA-1224 mimics or Lenti-1224 enhanced the miRNA-1224
level in HEK293T hour 48 after treatment. n = 4 per group; **p<0.01 versus the
corresponding groups by two-tailed paired Student’s t test. I, Intrathecal injections
of miRNA-1224 mimics or Lenti-1224 for 2 consecutive days increased the
miRNA-1224 content in spinal cord of naive mice. n = 4 per group; p*<0.05,
**p<0.01; one-way ANOVA (expression vs. the treated groups) followed by post
hoc Tukey test. J, K, Intrathecal injections of miRNA-1224 mimics (J) or
Lenti-1224 (K) for 2 consecutive days inhibited the expression of spinal
circRNA-Filip1l, not changed the spinal pre-circRNA-Filip1l level day 2 after last
injection in CFA mice. n = 5 per group; **p<0.01; one-way ANOVA (expression vs.
the treated groups) followed by post hoc Tukey test. L, M, Intrathecal injections of
miRNA-1224 inhibitor (L) or PLV-1224-sponge (M) for 2 consecutive days

increased the expression of spinal circRNA-Filip1l, not changed the spinal
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pre-circRNA-Filip1l level day 3 after last injection in naive mice. n = 5 per group;
**p<0.01 versus the corresponding control groups by two-tailed paired Student’s t

test.

Figure 5. MiRNA-1224 modulates the nociceptive behavior through the mediation
of circRNA-Filip1l. A, B, Intrathecal injections of miRNA-1224 mimics (A) or
Lenti-1224 (B) for 2 consecutive days reversed CFA-induced thermal
hyperalgesia and mechanical allodynia during the maintenance period. n = 6 per
group; *p<0.05, **p<0.01; two-way ANOVA (effect vs. group x time interaction)
followed by post hoc Tukey test. Red arrow indicates CFA or Sal injections; blue
arrow miRNA-1224 mimics or Scr and Lenti-1224 or Lenti-vector injections. C,
Intrathecal pre-injection of Lenti-1224 for 2 consecutive days prevented the
CFA-induced pain hypersensitivity during the development period. n = 6 per group;
*p<0.05, **p<0.01; two-way ANOVA (effect vs. group x time interaction) followed
by post hoc Tukey test. Blue arrow, Lenti-1224 or Lenti-vector injections; red
arrow, CFA or Sal injections. D, E, Intrathecal injections of miRNA-1224 inhibitor
(D) or PLV-1224 (E) for 2 consecutive days produced pain-like behavior in naive
mice. n = 6 per group; *p<0.05, **p<0.01; two-way ANOVA (effect vs. group x time
interaction) followed by post hoc Tukey test. Black arrow, miRNA-1224 inhibitor or
Scr and PLV-1224 or Vector injections. F, Intrathecal injection of anti-Filip1l

significantly inhibited or prevented the pain hypersensitivity induced by PLV-1224
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in naive mice. n = 6 per group; *p<0.05; two-way ANOVA (effect vs. group x time
interaction) followed by post hoc Tukey test. Red arrow, PLV-1224 injection; blue
arrow, anti-Filip1l or Scr injection. G, Pre-treatment with anti-Filip1l significantly
inhibited the pain hypersensitivity induced by miRNA-1224 inhibitor in naive mice.
n = 6 per group; *p<0.05; two-way ANOVA (effect vs. group x time interaction)
followed by post hoc Tukey test. Red arrow, miRNA-1224 inhibitor injection; blue

arrow, anti-Filip1l or Scr injections.

Figure 6. Ago2 mediates circRNA-Filip1l expression by cleavage of the
pre-circRNA-Filip1l, and regulates the nociceptive behavior. A, Luciferase
activities of reporter plasmid after co-transfection of miRNA-1224 mimics, Ago2
overexpression plasmid (Lenti-Ago2) or empty vector (Lenti-vector), and
psiCK-mut-pre-Filip1l or psiCK-wt-pre-Filip1l into HEK293T. n = 4 per group;
*p<0.05, **p<0.01; two-way ANOVA (effect vs. plasmid x treated interaction)
followed by post hoc Tukey test. B, Co-immunoprecipitation of Ago2 and
pre-circRNA-Filip1l or miRNA-1224. The pre-circRNA-Filip1l, miRNA-1224 and
Ago2 complex was pulled down using anti-Ago2 antibody for spinal tissues 3 days
after CFA injection. n = 4 per group; *p<0.05 versus the corresponding Sal groups
by two-tailed paired Student’s t test. C, D, The expression change of Ago2 protein
after intrathecal injection of Lenti-Ago2 in naive mice or CFA-induced pain mice

(C), and knockdown of Ago2 with Ago2-siRNA and PLV-Ago2 in naive mice (D). n
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= 4 per group; *p<0.05; one-way ANOVA (expression vs. the treated groups)
followed by post hoc Tukey test. E, F, Overexpression of Ago2 decreased the
spinal circRNA-Filip1l content (E), but not pre-circRNA-Filip1l content (F) in CFA
mice. Spinal cord was collected, respectively hour 3 after intrathecal injection of
Ago2 protein, and day 2 after Lenti-Ago2 intrathecal injection. n = 5 per group;
*p<0.05, **p<0.01; one-way ANOVA (expression vs. the treated groups) followed
by post hoc Tukey test. G, H, Knockdown of Ago2 increased the spinal
circRNA-Filip1l expression (G), not changed pre-circRNA-Filip1l level (H) day 2
after 2 consecutive day’s Ago2-siRNA or PLV-Ago2 injections in naive mice. n =5
per group; *p<0.05, versus the corresponding control groups by two-tailed paired
Student’s t test. I, J, Overexpression of Ago2 alleviated the thermal hyperalgesia
and mechanical allodynia induced by intrathecal injection of Ago2 (/) or
Lenti-Ago2 for 2 consecutive days (J) in CFA mice. n = 6 per group; *p<0.05,
**p<0.01; two-way ANOVA (effect vs. group x time interaction) followed by post
hoc Tukey test. Red arrow, CFA injection; blue arrows, Ago2 or PBS (left) and
Lenti-Ago2 or Lenti-vector (right) injections. K, L, Knockdown of Ago2 induced the
thermal and mechanical hypersensitivity after 2 consecutive days’ intrathecal
injections of Ago2-siRNA (K) or PLV-Ago2 (L) in naive mice. n = 6 per group;
*p<0.05, **p<0.01; two-way ANOVA (effect vs. group x time interaction) followed
by post hoc Tukey test. Black arrow, Ago2-siRNA or Scr and PLV-Ago2 or Vector

injections. M, Inhibiting circRNA-Filip1l with anti-Filip1l prevented the thermal and
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mechanical hypersensitivity induced by knockdown of Ago2 after 2 consecutive
day’s intrathecal injection of PLV-Ago2 in naive mice. n = 6 per group; **p<0.01;
two-way ANOVA (effect vs. group x time interaction) followed by post hoc Tukey
test. N, Overexpression of miRNA-1224 did not change the pain hypersensitivity
induced by knockdown of Ago2 with Ago2-siRNA for 2 consecutive days
intrathecal injection in CFA mice. n = 6 per group; **p<0.01; two-way ANOVA

(effect vs. group x time interaction) followed by post hoc Tukey test.

Figure 7. CircRNA-Filip1l regulates nociceptive response via positively targeting
Ubr5. A, Schematic presentation of circRNA-Filip1l binding to near region of Ubr5
TSS. B, Validation of circRNA-Filip1l targeting Ubr5 by the use of luciferase
reporter. The activities of the pGL6-Ubr5 encompassing TSS of Ubr5 region
bound by circRNA-Filip1l were detected hour 24 after co-transfection of pGL5 or
pGL6-Ubr5 with DNA3.1-Filip1l by firefly luciferase reporter assays in HEK293T
cells. The pGL6 plasmid (empty vector) was used as the negative control;
pGL6-Ubr5, plasmid with Ubr5 region bound by circRNA-Filip1l. DNA3.1-Filip1l,
plasmid of circRNA-Filip1l overexpression. Values of luciferase activities for each
plasmid were normalized for transfection efficiency by co-transfection with
pRL-TK plasmid. n = 4 per group; **p<0.01, ***p<0.001; two-way ANOVA (effect
vs. plasmid x treated interaction) followed by post hoc Tukey test. C, Single cell

RT-PCR shows the co-expression of circRNA-Filip11 with miRNA-1224, Ago2, and
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Ubr5 in the spinal neurons of mice. No. 7 is a negative control. D, E, Knockdown
of Ubr5 reversed the increase of spinal Ubr5 protein 24h after intrathecal injection
of Ubr5-siRNA (D) or day 2 after 2 consecutive day’s intrathecal injection of
PLV-Ubr5 (E) in CFA mice. n = 5 per group; *p<0.05, **p<0.01; one-way ANOVA
(expression vs. the treated groups) followed by post hoc Tukey test. F, Intrathecal
injection of Ubr5-siRNA for 2 consecutive days alleviated the hypersensitivity to
thermal or mechanical stimulus in CFA mice. Red arrow, CFA or Sal injections;
Blue arrows, Ubr5-siRNA or Scr injections. n = 6 per group; *p<0.05, **p<0.01;
two-way ANOVA (effect vs. group x time interaction) followed by post hoc Tukey
test. G, Intrathecal injection of PLV-Ubr5 for 2 consecutive days inhibited the pain
sensitivity in CFA mice. Red arrow, CFA or Sal injections; Blue arrows, PLV-Ubr5
or Vector injections. n = 6 per group; *p<0.05, **p<0.01; two-way ANOVA (effect
vs. group X time interaction) followed by post hoc Tukey test. H, Inhibiting
circRNA-Filip1l via intrathecal injection of anti-Filip1l for 2 consecutive days
reversed the increase of Ubr5 protein in CFA mice. n = 5 per group; *p<0.05;
one-way ANOVA (expression vs. the treated groups) followed by post hoc Tukey
test. I, J, Up-regulating circRNA-Filip1l via intrathecal injections of circRNA-Filip1I
mimics (/) or Lenti-Filip1l (J) for 2 consecutive days increased the expression of
Ubr5 protein in naive mice. n = 5 per group; *p<0.05, **p<0.01; one-way ANOVA
(expression vs. the treated groups) followed by post hoc Tukey test. K, Intrathecal

pre-injection of PLV-Ubr5 for 2 consecutive days prevented the thermal
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hyperalgesia and mechanical allodynia induced by circRNA-Filip1l during the
development period. n = 6 per group; *p<0.05, **p<0.01; two-way ANOVA (effect
vs. group x time interaction) followed by post hoc Tukey test. Blue arrow,
PLV-Ubr5 or Vector injections; Red arrow, circRNA-Filip1l mimics or Scr injections.
L, Intrathecal post-injection of Ubr5- siRNA for 2 consecutive days inhibited the
pain hypersensitivity induced by Lenti-Filip1l during the development period. n = 6
per group; *p<0.05, **p<0.01; two-way ANOVA (effect vs. group x time interaction)
followed by post hoc Tukey test. Red arrow, Lenti-Filip1l or Lenti-vector injections.

Blue arrow, Ubr5-siRNA or Scr injections.

Figure 8. The schematic of miRNA-1224 splicing circRNA-Filip1l in an

Ago2-dependent manner regulates chronic inflammatory pain via targeting Ubr5.
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Table 1.

Test was peformed 48 h after intrathecally injection of mimics, anti-RNA and Scr
or 72 h after intrathecal injection of Lentivirus for 2 consecutive days in mice. No
significance; one-way ANOVA (response time vs. the treated groups) followed by

post hoc Tukey test. SEM given in parentheses. n = 5 mice per group; five trials.
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Table 1. Mean changes in locomotor function.

Locomotor function test

Treatment groups - - —
Placing  Grasping  Righting

Saline (5 pl) 5(0) 5(0) 5(0)
Negative control siRNA (Scr) 5(0) 5(0) 5(0)
PLVTHM empty vector (Vector) 5(0) 5(0) 5(0)
Pwpxl empty vector (Lenti-vector) 5(0) 5(0) 5(0)
Sal + Scr 5(0) 5(0) 5(0)
Sal + anti-Filip11 5(0) 5(0) 5(0)
CFA + Scr 5(0) 5(0) 5(0)
CFA + anti-Filip11 5(0) 5(0) 5(0)
Sal + Vector 5(0) 5(0) 5(0)
Sal + PLV-anti-Filip11 5(0) 5(0) 5(0)
CFA + Vector 5(0) 5(0) 5(0)
CFA + PLV-anti-Filip1l 5(0) 5(0) 5(0)
circRNA-Filip1] mimics 5(0) 5(0) 5(0)
Lenti-circRNA-Filip11 5(0) 5(0) 5(0)
Sal + miRNA-1224 mimics 5(0) 5(0) 5(0)
CFA + miRNA-1224 mimics 5(0) 5(0) 5(0)
Sal + Lenti-miRNA-1224 5(0) 5(0) 5(0)
CFA + Lenti-miRNA-1224 5(0) 5(0) 5(0)
miRNA-1224 inhibitor 5(0) 5(0) 5(0)
PLV-miRNA-1224 5(0) 5(0) 5(0)
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