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Abstract 31 

Piwi-interacting RNA (piRNA) is the largest class of small noncoding RNA and involved in 32 

various physiological and pathological processes. However, whether it has a role in pain 33 

modulation remains unknown. In the present study, we found that spinal piRNA-DQ541777 34 

(piR-DQ541777) was significantly increased in the male mouse model of sciatic nerve chronic 35 

constriction injury (CCI)-induced neuropathic pain. Knockdown of spinal piR-DQ541777 36 

alleviated CCI-induced thermal hyperalgesia and mechanical allodynia and spinal neuronal 37 

sensitization. However, overexpression of spinal piR-DQ541777 in naïve mice produced pain 38 

behaviors and increased spinal neuron sensitization. Furthermore, we found that piR-DQ541777 39 

regulates pain behaviors by targeting CDK5 regulatory subunit-associated protein 1 (Cdk5rap1). 40 

CCI increased the methylation level of CpG islands in the cdk5rap1 promoter and consequent 41 

reduced the expression of Cdk5rap1, which was reversed by knockdown of piR-DQ541777 and 42 

mimicked by overexpression of piR-DQ541777 in naïve mice. Finally, piR-DQ541777 increased 43 

the methylation level of CpG islands by recruiting DNA methyltransferase 3A (DNMT3a) to 44 

cdk5rap1 promoter. In conclusion, this study represents a novel role of piR-DQ541777 in the 45 

regulation of neuropathic pain through methylation of cdk5rap1. 46 

Keywords: Piwi-interacting RNA; neuropathic pain; neuronal sensitization; spinal cord 47 

 48 

Significance statement 49 

Chronic pain affects approximately 20% of the world's population and is a major global public health 50 

problem. Although we have studied the neurobiological mechanism of neuropathic pain for decades, 51 

there is still no ideal drug available to treat it. This work indicates that a novel role of piR-DQ541777 52 

in the regulation of neuropathic pain through methylation of cdk5rap1. Our findings provide the 53 

first evidence of the regulatory effect of piRNAs on neuropathic pain, which may improve our 54 

understanding of pain mechanisms and lead to the discovery of novel drug targets for the prevention 55 

and treatment of neuropathic pain. 56 

 57 

 58 

 59 
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Introduction 61 

Non-coding RNA (ncRNA) is a class of RNA which normally does not encode a protein, including 62 

microRNA, small interfering RNA, long-non coding RNA and circle RNA, etc. At present, 63 

increasing evidence show that ncRNA plays an important role in the modulation of a diversity of 64 

physiological and pathophysiological, such as tumor generation, neurodevelopment, and nervous 65 

system diseases (Esteller, 2011). Piwi-interacting RNAs (piRNAs) are a novel class of small 66 

non-coding RNAs that were first discovered in mouse germ line cells (Vagin et al., 2006). They 67 

are approximately 24-33 nucleotides in length, slightly longer than microRNA (22 nucleotides). 68 

PiRNA exerts its function by specifically binding to the Piwi subfamily of the Argobaute protein 69 

family (Iwasaki et al., 2015). Recent studies have found that piRNA is essential for germline stem 70 

cell maintenance, transcriptional gene silencing, and mRNA translation and stability (Iwasaki et 71 

al., 2015; Ozata et al., 2019). The discovery of piRNA opens up a new field for the study of 72 

ncRNA. Further study on its biological functions will deepen our understanding of specific disease 73 

pathophysiological processes. 74 

Previous studies have shown that piRNA is widely expressed in the central and peripheral 75 

nervous system and participates in regulating various neurophysiological and neuropathological 76 

processes (Lee et al., 2011; Phay et al., 2018). For example, piR-F in aplysia brain involved in the 77 

maintenance of long-term memory (Rajasethupathy et al., 2012). Knockdown of specific piRNA 78 

in mouse hippocampus neurons reduced dendritic spines formation (Lee et al., 2011). Interestingly, 79 

Monichan Phay and his colleague recently found that peripheral nerve injury caused significant 80 

changes in piRNA expression in rat sciatic nerve axoplasm, suggesting that piRNA may be 81 

associated with the regulation of nociceptive processing (Phay et al., 2018). PiR-DQ541777 is 82 

highly expressed in the mammalian central nervous system and is involved in the modulation of 83 

synaptic plasticity (Lee et al., 2011). Given the essential role of synaptic plasticity in chronic pain 84 

(Kuner et al., 2016), we hypothesized that piR-DQ541777 may be involved in the modulation of 85 

pain information processing. In the present study, using a chronic constriction injury (CCI) of the 86 

sciatic nerve model, we examined the correlation between expression of piR-DQ541777 and 87 

neuropathic pain and the molecular mechanism of how piR-DQ541777 modulates neuropathic 88 

pain. This study is one of the first to directly demonstrate a role for piRNAs in neuropathic pain, 89 

which suggests piRNAs may be a novel target for future therapeutic development. 90 
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 91 

Materials and methods 92 

Animal, pain models 93 

All experiments were conducted in accordance with the animal protection and use policies of the 94 

International Association for the Study of Pain (IASP) and Nanjing Medical University. Adult 95 

male C57BL/6 mice were used in this experiment. Mice were kept in a 12/12 light cycle with 96 

temperature controlled at 22 C-26 C and provided with food and water ad libitum. Neuropathic 97 

pain was induced by ligation of the right sciatic nerve (chronic constriction injury model, CCI 98 

model),(Bennett and Xie, 1988) unilateral ligation of the L5 and L6 spinal nerves (spinal nerve 99 

ligation model, SNL model),(Kim and Chung, 1992) and axotomy and ligation of the tibial and 100 

common peroneal nerves (spared nerve injury model, SNI model) (Decosterd and Woolf, 2000). 101 

For sham-operated mice, the nerve was exposed but without ligation or transection. Inflammatory 102 

pain was induced by intraplantar injection of Complete Freund’s Adjuvant (CFA) into the plantar 103 

surface or formalin into the dorsal surface of the mouse hind paw. Normal saline was used as 104 

control.  105 

Behavior tests 106 

Mice were placed in a plastic box on the glass plate and subjected to behavioral tests after 1 hour 107 

of habituation. A radiant heat source was focused onto the plantar surface of the hind paw. The 108 

time taken to elicit a withdrawal response (a lifting or licking of the hind paw) was recorded as 109 

paw withdrawal latency (PWL) (Hargreaves et al., 1988). The base value was adjusted to 12-15s, 110 

and an automatic 25-s cutoff was set to prevent burning injury. The test was performed three times 111 

with an interval of 5 minutes. For the paw withdrawal threshold (PWT), mice were placed on a 112 

metal mesh floor in a plastic box. A series of von Frey filaments (starting with 0.31g and ending 113 

with 4.0g) were applied to stimulate the hind paw plantar surface. A positive response was 114 

considered if the mice exhibited a brisk withdrawal or paw flinching. Results were analyzed using 115 

the Dixon up-and-down method (Chaplan et al., 1994). All the behavioral tests were carried out in 116 

a blinded manner. 117 

RT-qPCR 118 

Total RNA was extracted from mouse spinal cords using RNeasy Mini Kit, SurePrep™ Small 119 

RNA Purification Kit, or SurePrep™ Nuclear or Cytoplasmic RNA Purification Kit. The 120 
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concentrations and quality were determined by the NanoDrop 2000. The purified RNA 121 

was reverse transcribed into cDNA using the SuperscriptIII First-strand synthesis system. 122 

RT-qPCR was performed using SYBR® Green PCR Master Mix. Data was analyzed using the 123 

ΔΔCt method (Livak and Schmittgen, 2001). U6 RNA and β-Actin were used as internal control 124 

genes. The primersused for RT-qPCR were as follows: piR-DQ541777 RT: 125 

5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTTGAGA-3’. 126 

piR-DQ541777 S: 5’-GCTGGTCCGAAGGTAGTGA-3’; piR-DQ541777 AS: 127 

5’-GCAGGGTCCGAGGTTATTC-3’. cdk5rap1 S: 5’-CCATGTGCTGGGTGTTGCTTA-3’; 128 

cdk5rap1 AS: 5’- TCTGCCTTCCTAGAAGTTCATCC-3’. gapdh S: 129 

5’-GGCTGTATTCCCCTCCATCG-3’; gapdh AS: 5’-CCAGTTGGTAACAATGCCATGT-3’. U6 130 

S: 5’-CTCGCTTCGGCAGCACATATACT-3’; U6 AS: 5’-ACGCTTCACGAATTTGCGTGTC-3’. 131 

Lentivirus production and intrathecal injection 132 

The short hairpin RNAs (shRNAs) specifically targeting piR-DQ541777 and Cdk5rap1 were 133 

designed and inserted into the pSIH1-Puro-GFP lentiviral shRNA vector (sh-DQ541777, 134 

sh-Cdk5rap1). A scrambled shRNA was used as a control. In addition, the sequence of 135 

piR-DQ541777 or Cdk5rap1 was inserted into the lentiviral vector pLent-Puro-GFP 136 

(LV-DQ541777, LV-Cdk5rap1). An empty pLent-Puro-GFP vector served as a negative control. 137 

Intrathecal injection was performed using a 28-gauge stainless steel needle. A sudden slight flick 138 

of the tail after insertion between the L5 and L6 vertebrae indicated entry into the subarachnoid 139 

space. 8×105 TU virus was injected each time. The knockdown or overexpression of 140 

piR-DQ541777 in the spinal cord was verified by RT-qPCR. 141 

RNA-binding protein immunoprecipitation (RIP) 142 

RNA was isolated from spinal cords using the RIP Kit according to the manufacturer’s protocol. 143 

Spinal cords were lysed in complete RIP lysis Buffer. 10 μL of the supernatant of RIP lysate was 144 

removed and place it into a new tube and labeled “input”. This “input” sample was stored at -80°C 145 

until RNA purification. 5 μg of the antibody (anti-miwi, anti-DNMT1, anti-DNMT3a, 146 

anti-DNMT3b, or normal rabbit IgG) was added to the tube and incubated with rotation for 30 min 147 

at room temperature. The beads were washed twice. All the tubes contained cell lysate and 148 

antibody and beads were incubated with rotating for 4 h to overnight at 4°C. Next, the beads were 149 

washed with cold RIP Wash Buffer. 20 μL of the beads were removed and placed into a new tube 150 
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for western blot. Then, all tubes were incubated with proteinase K at 55°C for 30 min. The 151 

supernatant was transferred into a new tube. Finally, the RNA was extracted and analyzed by 152 

RT-qPCR. 153 

Fluorescence in situ hybridization (FISH), immunofluorescence, and immunohistochemistry 154 

Mice were anesthetized followed by a sternotomy surgery. Tissues were fixed by intracardial 155 

perfusion with 4% paraformaldehyde. Spinal cord tissues were isolated, post-fixed with 4% 156 

paraformaldehyde, and then dehydrated with 30% sucrose solution. The prepared spinal cord was 157 

cut into 30 μm thick sections. Digoxigenin (DIG)-labeled Lock Nucleic Acid (LNA)–based 158 

antisense oligonucleotide, as well as sense oligonucleotide probes, were synthesized. FISH was 159 

performed using FISH detection kit, and then FISH sections were incubated with NeuN antibody 160 

or Cdk5rap1 antibody, finally incubated with fluorescent-conjugated secondary antibody. Fos 161 

immunohistochemistry was carried out as we have previously reported (Zhou et al., 2017). 162 

Immunoblotting 163 

Spinal cords were quickly dissected from anesthetized mice. The spinal cord tissues were 164 

collected and homogenized in lysis buffer containing protease inhibitor. The homogenates were 165 

centrifuged and the supernatant was collected. Protein concentrations were measured using the 166 

BCA Protein Assay kit. Protein samples were separated using SDS-PAGE and transferred onto a 167 

polyvinylidene difluoride membrane. The membranes were incubated with the primary antibodies 168 

overnight at 4°C. After extensive washing, the membranes were incubated for with horseradish 169 

peroxidase-conjugated secondary antibody for 2h at room temperature. The immune complexes 170 

were detected by using a chemiluminescence detection kit. The signal intensity was analyzed 171 

using Image J software. Immunoprecipitations were carried out using the Catch and Release® 172 

v2.0 Reversible Immunoprecipitation System kit according to the manufacturer’s instructions. 173 

Bisulfite sequencing 174 

Mouse genomic DNA was isolated by the QIAamp DNA Mini Kit. Purified DNA was subjected to 175 

bisulfite conversion using the EZ DNA Methylation-Gold kit. Bisulfite-modified DNAs were 176 

amplified by PCR using the following primers: CpG island1-S1, 177 

5’-AAAGTTAGGGTTTTGGGATT-3’; CpG island1-AS1, 178 

5’-AACCCCATCTCTACTTCACAAAAC-3’; CpG island2-S2, 5’- 179 

GTTTTGTGAAGTAGAGATGGGGT-3’; CpG island2-AS1, 180 
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5’-ACTAACTACTTTTCCAAAACCTAAAT-3’. The DNA fragment was gel purified using the 181 

QIAquick Gel Extraction Kit followed by cloned into pGEM®-T Vector and sequenced. 182 

Dual-Luciferase reporter assay 183 

The defined region of piR-DQ541777 promoter was amplified from mouse genomic DNA 184 

(pGL-C1-S: 5’-AGAAGTAGTAGGTCTCACGGCT-3’, pGL-C1-AS: 185 

5’-TCACAGGGCAAATACTAGGGC-3’; pGL-C2-S: 5’-GCCCTAGTATTTGCCCTGTGAA-3’, 186 

pGL-C2-AS: 5’-AGCAGCCCACACTTCATTTC-3’; pGL-C1/2-S: 187 

5’-AAGAAGTAGTAGGTCTCACGGC-3’; pGL-C1/2-AS: 188 

5’-ACTAGCAGCCCACACTTCAT-3’) and cloned into a pGL6 plasmid (pGL-C1 contains the 189 

CpG island 1, pGL-C2 contains the CpG island 2, pGL-C1/2 contains both the two CpG islands). 190 

Empty pGL6 vector was used as a control plasmid. pGL-Cs or pGL-control was methylated using 191 

methyltransferase (M.SssI) at 37°C for 1 h. Activities of luciferase were measured at 48 h after 192 

transfection of plasmids using the dual-luciferase reporter assay system kit. The binding sites 193 

between piR-DQ541777 and cdk5rap1 were modified through site-directed mutagenesis using 194 

QuikChange Site-Directed Mutagenesis Kit. 195 

ChIP 196 

ChIP assays were performed using the Simple Chip Enzymatic Chromatin IP kit according to the 197 

manufacturer’s instructions. Briefly, spinal tissues were crosslinked with 1% formaldehyde 198 

followed by adding the ChIP lysis buffer with protease inhibitors. Sonicating the tissue to obtain 199 

chromatin with an average size of 200-500 bp. Immunoprecipitation was incubated with 200 

anti-DNMT1, anti-DNMT3a, and anti-DNMT3b antibodies followed by immunoprecipitation with 201 

Protein G Agarose Beads in each sample during an overnight incubation at 4°C. Normal rabbit 202 

IgG was used as a control. Meanwhile, 2% input reference was removed and stored at -80°C 203 

before adding antibody. The ChIP DNA crosslink was reversed by 5 mol/L NaCl and Proteinase K 204 

at 65°C for 2 hours. Immunoprecipitated DNA was amplified by PCR using their specific primers. 205 

In each PCR reaction, the corresponding input was taken in parallel for PCR validation.  206 

Experimental design and statistical analysis 207 

All mice were male, and the experimental groups were age-matched. The sample size was based 208 

on the results of preliminary data and previous experiments. All data were presented as mean sd. 209 

Comparison between two groups was performed using the unpaired T-test. Comparison between 210 
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more than two groups was analyzed using one-way ANOVA test followed by a Tukey's post hoc 211 

test. For repeated measurement data (behavioral data), two-way ANOVA with Bonferroni’s post 212 

hoc test was employed to do the statistical analysis. All the comparisons were conducted using 213 

PRISM 5 software. P<0.05 was considered to be statistically significant. 214 

 215 

Results 216 

PiRNA-DQ541777 was increased in the spinal cord in CCI mice 217 

To investigate whether piR-DQ541777 is involved in pain modulation, we first induced 218 

neuropathic pain in mice using sciatic chronic constriction injury (CCI) surgery. Behavioral results 219 

revealed that strong thermal hyperalgesia and mechanical hyperalgesia developed on day 1, 220 

peaked on day 3, and persisted over 14 days after CCI (Fig. 1A). Spinal tissues were then collected 221 

and the time course of spinal piR-DQ541777 expression was evaluated. The results from 222 

RT-qPCR showed that piR-DQ541777 level was gradually increased from day 1 to day 3 after CCI 223 

and was maintained at the peak for at least 14 days (Fig. 1B). Similar results were also observed in 224 

two other neuropathic pain models. Neuropathic pain induced by spared nerve injury (SNI) and 225 

spinal nerve ligation (SNL) significantly increased the expression of spinal piR-DQ541777 on day 226 

7 after surgery when compared to the sham groups (Fig. 1C). Moreover, we found that spinal 227 

piR-DQ541777 level was considerably increased in the CFA-induced chronic inflammatory pain 228 

(on day 3 after injection, Fig. 1D). However, no significant alteration of spinal piR-DQ541777 229 

was found in the formalin-induced acute inflammatory pain model (at 2h after injection, Fig. 1D), 230 

implying that the upregulation of spinal piR-DQ541777 may be involved in the development of 231 

chronic pain rather than acute pain. Next, we employed a FISH experiment to further confirm an 232 

increase in piR-DQ541777 expression in the spinal dorsal horn of CCI mice compared to that of 233 

the sham group. Additionally, FISH and immunofluorescence costaining showed that 234 

piR-DQ541777 was colocalized with NeuN (a marker of neuronal cell bodies) (Fig. 1E). PiRNAs 235 

are associated with Piwi proteins to form an effector multi-protein complex. In mouse, Piwi clade 236 

members are MIWI, MILI, and MIWI2. However, only MIWI forms a functional complex with 237 

piRNA in the nervous system (Phay et al., 2018; Lee et al., 2011). To test whether piR-DQ541777 238 

is complexed with the Piwi proteins, we used a MIWI antibody to immunoprecipitate the piRNAs 239 

in mice. The results from RIP revealed that piR-DQ541777 interacted with MIWI protein and that 240 
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this interaction level was increased in the CCI group versus the sham group (Fig. 1F). Finally, 241 

subcellular fractionation location assays revealed the localization of piR-DQ541777 to both in the 242 

nucleus and cytoplasm (Fig. 1G). Taken together, these findings suggest that piR-DQ541777 was 243 

increased in the spinal cord during neuropathic pain conditions. 244 

Manipulation of piR-DQ541777 in the spinal cord modulates pain behaviors and spinal 245 

neuronal sensitization 246 

To determine the role of spinal piR-DQ541777 in the regulation of neuropathic pain, two tools 247 

were employed in the present study: shRNA lentivirus was used to silence piR-DQ541777 248 

expression and the overexpression lentivirus was used to upregulate piR-DQ541777 expression.  249 

The transfection efficiency of siRNA or lentivirus was validated in the spinal cord of CCI or naive 250 

mice by RT-qPCR (Fig. 2A and 2E). Firstly, intrathecal injection of piR-DQ541777 shRNA 251 

(sh-DQ541777) for 2 days before CCI (pretreatment) significantly alleviated CCI-induced thermal 252 

hyperalgesia and mechanical allodynia on day 1, 3, 5 and 7 (Fig. 2B). Moreover, sh-DQ541777 253 

was intrathecally injected daily for 2 days on day 5 and 6 after CCI (posttreatment) also 254 

significantly reversed CCI-induced thermal hyperalgesia and mechanical allodynia from day 7 to 255 

day 9 (Fig. 2C). Peripheral noxious stimuli or injury trigger Fos protein expression in the spinal 256 

cord, which has been used extensively as a marker of neuronal sensitization related to pain 257 

regulation (Gao and Ji, 2009). To investigate the effect of knockdown of piR-DQ541777 on 258 

CCI-induced spinal neuronal sensitization, we examined the expression of Fos protein in the 259 

spinal cord after sh-DQ541777 administration. The results from immunohistochemistry showed 260 

that either pretreatment or posttreatment with sh-DQ541777 significantly inhibited the 261 

CCI-induced increase in spinal Fos expression (Fig. 2D), suggesting that 262 

piR-DQ541777-silencing-induced alleviation of neuropathic pain may be through inhibition of 263 

spinal neuronal sensitization. Next, we examined whether overexpression of piR-DQ541777 by 264 

piR-DQ541777 lentivirus (LV-DQ541777) could induce pain hypersensitivity in naïve mice. 265 

Intrathecal injection of LV-DQ541777, not its control LV-NC, into naïve mice daily for 2 days 266 

significantly produced thermal hyperalgesia and mechanical allodynia (Fig. 2F). Furthermore, 267 

spinal administration of LV-DQ541777 also increased spinal Fos expression (Fig. 2F). These 268 

findings suggest that piR-DQ541777 in the spinal cord is essential for neuropathic pain regulation. 269 

PiR-541777 regulates CCI-induced neuropathic pain by targeting Cdk5rap1 270 
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To identify potential targets of piR-DQ541777, BLAST alignment was performed online. The 271 

piRNA-target binding sites search is based on sequence complementarity. In addition, RNAup  272 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAup.cgi) was used to calculate the free 273 

energy of the binding sites. The bioinformatical search revealed that piR-DQ541777 could target 274 

several neuronal mRNAs at a low free energy level, including Cdk5rap1 (Fig. 3A) and Mark1/2. 275 

As Cdk5rap1 is the endogenous inhibitor of CDK5(Ching et al., 2002; Liu et al., 2018) which is a 276 

key player in pain information processing in the spinal cord(Fang et al., 2015; Moutal et al., 2019), 277 

we chose to study its potential role as a target of piR-DQ541777 in neuropathic pain regulation. To 278 

experimentally validate our bioinformatics predictions, we first examined the expression level of 279 

Cdk5rap1 in the spinal cord after CCI. The results of RT-qPCR and western blot showed that CCI, 280 

not sham control surgery, significantly decreased the expression of spinal Cdk5rap1 (Fig. 3B). The 281 

correlation analysis revealed that Cdk5rap1 showed a significant inverse correlation with 282 

piR-DQ541777 expression (Fig. 3C). Further, FISH-immunofluorescent co-staining showed that 283 

Cdk5rap1 and piR-DQ541777 are co-expressed in spinal cells (Fig. 3D). Secondly, we 284 

quantitatively analyzed the changes of Cdk5rap1 expression after manipulation of piR-DQ541777 285 

in mice. Knockdown of piR-DQ541777 by its specific shRNA significantly reversed the decreased 286 

Cdk5rap1 expression in the spinal cord of CCI mice (Fig. 3E). However, lentivirus-mediated 287 

overexpression of piR-DQ541777 greatly decreased spinal Cdk5rap1 level in naïve mice (Fig. 3F). 288 

Thirdly, to explore the role of Cdk5rap1 in the mediation of pain regulation by spinal 289 

piR-DQ541777 at the behavioral level, we pretreated the mice with a siRNA to knockdown 290 

Cdk5rap1 before spinal administration of sh-DQ541777, then measured the behavioral response. 291 

The behavioral results showed that knockdown of Cdk5rap1 abolished the analgesia effect of 292 

sh-DQ541777 on the CCI-induced thermal hyperalgesia and mechanical allodynia (Fig. 3G). 293 

Furthermore, overexpression of Cdk5rap1 by posttreatment with LV-Cdk5rap1 significantly 294 

inhibited the thermal hyperalgesia and mechanical allodynia induced by LV-DQ541777 in naïve 295 

mice (Fig. 3H). Together, these findings suggest that piR-DQ541777 regulates pain behaviors by 296 

targeting Cdk5rap1. 297 

PiR-DQ541777 increases the methylation level of cdk5rap1 298 

There are two potential binding sites between piR-DQ541777 and Cdk5rap1, which are very close 299 

to the transcriptional initiation site of the Cdk5rap1 gene (Fig. 3A). In addition, these two binding 300 
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sites are located in the region of two CpG islands (CpG island 1: -124-221; CpG island 2: 301 

260-446). Given that piRNA was proposed to guide DNA methylation and the DNA methylation 302 

gene plays an important role in gene silence,(Rajasethupathy et al., 2012; Holoch and Moazed, 303 

2015) we hypothesized that piR-DQ541777 inhibits the expression of Cdk5rap1 by regulating 304 

Cdk5rap1 gene methylation. To confirm our hypothesis, we first analyzed the methylation status 305 

of the two CpG islands by bisulfite sequencing. The results showed that the both CpG island 1 and 306 

2 were densely methylated in CCI mice compared with the sham group, which was inhibited by 307 

treatment with the sh-DQ541777 (Fig. 4A-4C). In contrast, overexpression of piRNA-541777 308 

increased the methylation levels of the CpG island 1 and 2 in naive mice (Fig. 4A-4C). Next, we 309 

cloned three segments of the Cdk5rap1 gene, including the CpG island 1, CpG island 2, and both 310 

the two CpG islands, into the upstream of the pGL6 luciferase reporter (named as pGL-C1, 311 

pGL-C2, and pGL-C-1/2, respectively) and detected their ability to drive luciferase expression in 312 

HEK293 cells. We found that all three reporter vectors produced greater luciferase activities than 313 

the control vector (Fig. 5A). However, the increased luciferase activity induced by pGL-C1 was 314 

much higher than that induced by pGL-C2 (Fig. 5A), indicating that the cloned pGL-C1 region 315 

contains the mainly regulatory element of the Cdk5rap1 gene. More importantly, methylation of 316 

pGL-C1 and pGL-C2 in vitro by the methyltransferase M.SssI before being introduced into the 317 

cells abolished their enhancement in luciferase activity (Fig. 5B). These results implicate a direct 318 

role of DNA methylation of the segment containing the CpG island 1 and 2 in transcriptional 319 

regulation of Cdk5rap1 gene expression. 320 

To further explore whether piR-DQ541777 directly binds to Cdk5rap1 and regulates gene 321 

expression through the methylation-dependent way, we cotransfected piR-DQ541777 and the 322 

above reporter vectors containing wild-type or mutant binding sites into SH-SY5Y cells and tested 323 

the effects of piR-DQ541777 on the luciferase activities of the reporter genes (Fig. 5C). We found 324 

that cotransfection of piR-DQ541777 with pGL-wt-C1/2 (wt1-wt2) or pGL-wt-C1 (wt1-mut2) 325 

considerably decreased luciferase activities compared with pGL-mut-C1/2 (mut1-mut2) (Fig. 5D). 326 

Transfection of piR-DQ541777 also significantly decreased the luciferase activities induced by 327 

pGL-wt-C2 (mut1-wt2) (Fig. 5D). Moreover, administration of the demethylation agent 328 

5’-aza-2’-deoxycytidine (5-aza-dc) significantly reversed the decreased luciferase activity induced 329 

by cotransfection of piR-DQ541777 with pGL-wt-C1/2, pGL-wt-C1, and pGL-wt-C2 (Fig. 5E). 330 
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Lastly, we examined the role of DNA methylation in mediating Cdk5rap1 expression related to 331 

piR-DQ541777 in vivo. We found that the decreased expression of Cdk5rap1 mRNA was reversed 332 

by intrathecal injection of 5-aza-dc in LV-DQ541777 treated mice (Fig. 5F). In addition, spinal 333 

administration of 5-aza-dc significantly alleviated the thermal hyperalgesia and mechanical 334 

allodynia induced by overexpression of spinal piR-DQ541777 in naïve mice (Fig. 5G). Taken 335 

together, these results suggest that piR-DQ541777 regulates Cdk5rap1 expression via methylation 336 

of the CpG islands in the promoter region. 337 

DNMT3a mediates the modulation of piR-DQ541777 on the methylation level of Cdk5rap1 338 

It has been reported that piRNA and methyltransferase can form a complex, to participate in DNA 339 

methylation (Wu et al., 2015; Laisne et al., 2018). Therefore, we speculate that piR-DQ541777 340 

regulates the methylation level of the Cdk5rap1 gene by recruiting methyltransferase to their 341 

binding sites. To verify our hypothesis, we immunoprecipitated three methyltransferases (DNMT1, 342 

DNMT3a, and DNMT3b) from control and CCI mice and measured the level of piR-DQ541777 343 

bound to the methyltransferase by RT-qPCR. The results showed that an increased level of 344 

piR-DQ541777 bound to DNMT3a, but not DNMT1 and DNMT3b, in CCI mice compared with 345 

the sham control mice (Fig. 6A). Consistently, the interaction level between DNMT3a and MIWI 346 

protein was also increased in the CCI group versus the sham group (Fig. 6B). Next, we studied the 347 

association between DNMTs and the binding sites of piR-DQ541777 and the Cdk5rap1 gene. We 348 

found that CCI significantly increased the level of DNMT3a bound to both site 1 and site 2 when 349 

compared with the sham-operated group. Knockdown of spinal piR-DQ541777 by intrathecal 350 

administration of sh-DQ541777 significantly inhibited CCI-induced high level of DNMT3a bond 351 

to the two sites (Fig. 6E and 6F). On the contrary, overexpression of spinal piR-5147777 by 352 

intrathecal administration of LV-DQ541777 significantly increased the level of DMNT3a bond to 353 

site 1 and site 2 (Fig. 6E and 6F). Neither DNMT1 (Fig. 6C and 6D) nor DNMT3b (Fig. 6G and 354 

6H) show any significant difference in the level of binding to site 1 or site 2. To exclude the 355 

possibility that piR-DQ541777 may have an effect on the methyltransferase expression, we 356 

examined the expression of DNMT1, DNMT3a, and DNMT3b, after LV-piR-DQ541777 injection 357 

in naïve mice. The results showed that overexpression of piR-DQ541777 had no significant effect 358 

on the expression of DNMT1 (Fig. 7A), DNMT3a (Fig. 7B) and DNMT3b (Fig. 7C) compared 359 

with the control group. Taken together, these findings suggest that piR-DQ541777 regulates the 360 
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methylation level of Cdk5rap1 by recruiting DNMT3a to the promoter of Cdk5rap1 (Fig. 7D). 361 

 362 

Discussion 363 

In the present study, we found that piR-DQ541777 regulates neuropathic pain by methylation 364 

of cCdk5rap1 in the spinal cord. The major findings are as follows: (1) CCI-induced neuropathic 365 

pain significantly increased the expression of piR-DQ541777 in spinal cord; (2) manipulation of 366 

spinal piR-DQ541777 expression affects pain behaviors and central sensitization in mice; (3) 367 

piR-DQ5417777 regulates CCI-induced neuropathic pain by targeting Cdk5rap1; (4) 368 

piR-DQ541777 recruits DNMT3a to the CpG islands of the Cdk5rap1 promoter and as a result 369 

increases methylation of Cdk5rap1. Taken together, these results revealed an important role of 370 

piR-DQ541777 in the occurrence and development of neuropathic pain. 371 

Spinal cord central sensitization, one of the key mechanisms for the generation and 372 

maintenance of chronic pain, largely depends on the abnormal expressions of receptor, ion 373 

channels, and intracellular signal transduction pathways in neurons (Latremoliere and Woolf, 2009; 374 

Alles and Smith, 2018). These abnormal expressions of the receptor, ion channels and intracellular 375 

signal transduction pathways mostly result from aberrations in gene regulation. However, the 376 

mechanisms of gene expression regulation in chronic pain still remain unclear. Non-coding RNA, 377 

which was discovered recently, is an important regulator of gene expression. Emerging studies 378 

have shown that chronic pain not only causes changes in the expression of ncRNAs, such as 379 

microRNA, siRNA and lncRNA, but also changes in their target genes and differences in 380 

expression during development and maintenance of chronic pain (Bali and Kuner, 2014). As a new 381 

class of non-coding RNA, piRNA has attracted more and more attention on their potential role in 382 

complicated biological processes. Previous studies have shown that piRNA is expressed in 383 

testicular tissues (Ro et al., 2007). However, recent evidence indicates that piRNA is also widely 384 

expressed in nervous tissues (Lee et al., 2011; Phay et al., 2018), suggesting that it may also be 385 

involved in the regulation of the pathophysiological processes of the nervous system. In the 386 

present study, we firstly report that a nervous system-wide expressed piRNA, piR-DQ541777, is 387 

involved in the regulation of chronic neuropathic pain. PiR-DQ541777 is expressed in spinal cord 388 

and modulation of it significantly changes the neuropathic pain behaviors in mice. Our study 389 

expands the knowledge about the functional role of ncRNA, especially piRNA, in the generation 390 
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of neuropathic pain, and also deepened the understanding of the molecular mechanisms of 391 

neuropathic pain regulation. A recent study reported that 18 rat piRNAs identified in sciatic nerve 392 

show differential changes in their levels after nerve injury, indicating axonally localized piRNA 393 

are critical to regulating nerve regeneration (Lee et al., 2011). Emerging evidence suggests that the 394 

active regeneration process of periphery nerve plays a pivotal role in the production and 395 

maintenance of neuropathic pain (Xie et al., 2017). Therefore, specifically targeting the piRNAs in 396 

periphery nerve system may also provide effective pain relief. In future, more research is needed 397 

to apply and test the role piRNAs in pain. 398 

CDK5 is a proline-directed serine/threonine kinase. Previous studies have shown that CDK5 399 

is closely related to pain modulation (Pareek and Kulkarni, 2006). Chronic inflammation or 400 

peripheral nerve injury significantly increased the expression of CDK5 in the spinal cord. 401 

Knockdown of CDK5 expression or inhibition of CDK5 activity in the spinal cord attenuated pain 402 

behaviors induced by inflammation or nerve injury in mice (Fang et al., 2015; Moutal et al., 2019). 403 

Cdk5rap1 is an endogenous inhibitor of CDK5. Overexpression of Cdk5rap1 could significantly 404 

inhibit the activity of CDK5 (Ching et al., 2002; Liu et al., 2018). Although many studies have 405 

reported that CDK5 is involved in pain regulation, few studies reported the connection between 406 

Cdk5rap1 and pain. Here, our findings revealed that the expression of spinal Cdk5rap1 was 407 

significantly reduced in CCI-induced neuropathic pain mice. Moreover, this reduction of 408 

Cdk5rap1 contributed to modulation of neuropathic pain related to spinal piR-DQ541777. Taken 409 

together, we propose that Cdk5rap1 is also a key player in the development of neuropathic pain. 410 

Although there is a clear association between the effect of piR-DQ541777 on pain and 411 

piR-DQ541777 on Cdk5rap1, no formal proof for causality is the limitation of the present study. 412 

PiRNA exerts its function through a wide variety of molecular mechanisms. In animal germ 413 

lines, piRNA interacts with the piwi proteins maintain genome integrity by silencing transposons 414 

(Aravin et al., 2007). PiR-ABC interacts with 3'UTR of the tnfs4 gene and controls the expression 415 

of TNFSF4 in bladder cancer (Chu et al., 2015). In addition, recent evidence suggested that 416 

piRNA also showed an important role in epigenetic regulation of gene expression. 417 

Heterochromatin protein 1a (HP1a) interacted with piRNA-piwi complex and is required for the 418 

histone modification (Iwasaki et al., 2016). PiRNA-piwi complex regulates the gene expression by 419 

direct methylation of histone H3 lysine 9 (H3K9me) in somatic cells in the adult Drosophila ovary 420 
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(Lin and Yin, 2008). In the present experiment, our results also showed that piRNA controls its 421 

target gene expression through an epigenetic mechanism. Two CpG islands were found near the 422 

binding sites between piR-DQ541777 and Cdk5rap1. In vitro and in vivo modulation of 423 

piR-DQ541777 significantly affect the methylation level of both the CpG islands in the Cdk5rap1 424 

promoter. Furthermore, we found that DNMT3a could be recruited by piR-DQ541777-MIWI 425 

complex and transferred to the binding sites between piR-DQ541777 and cdk5rap1. These results 426 

suggest that the epigenetic mechanism mediates the regulation of neuropathic pain related to 427 

spinal piR-DQ541777.  428 

In conclusion, this study has improved our understanding of piRNA in the physiology and 429 

pathology of the nervous system and elucidates a new molecular mechanism of neuropathic pain. 430 

Our findings may lead to novel drug target discovery for the prevention and treatment of 431 

neuropathic pain. 432 
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 515 

Figure legends 516 

Figure 1. PiR-DQ541777 expression in the spinal cord. A, Alterations of nociceptive behaviors 517 

after CCI. Two-way ANOVA; group for PWL, F(3, 28) = 221.06, P<0.001; group for PWT, F(3, 28) = 518 

257.3, P<0.001; **P<0.01, ***P<0.001, CCI-Ipsi versus CCI-control; Ipsi, the ipsilateral hind 519 

paw; Contral, the contralateral hindpaw; n=8. B, Time course of spinal piR-DQ541777 expression 520 

in CCI-induced neuropathic pain. One-way ANOVA; F(4, 24) = 14.793, P<0.01; *P<0.05, **P<0.01, 521 

***P<0.001, n=6. C, Spinal piR-541777 expression on day 7 after CCI, SNI, and SNL-surgery. 522 

t(10) = 8.523, 9.463, 7.176; **P<0.01, n=6. D, Spinal piR-541777 expression at 2h after formalin 523 

injection and 3d after CFA injection. t(10) = 10.94; **P<0.01, n=6. E, PiR-DQ541777 FISH and 524 

NeuN immunofluorescence staining in the spinal cord on day 7 after CCI or sham surgery. Scale 525 

bar, 25 μm. Arrow indicates the representive examples of double-labeled cells. F, RT-qPCR 526 

expression of piR-DQ541777 after immunoprecipitation with MIWI antibody. t(10) = 12.28, 527 

***P<0.001, n=6. G, Subcellular fractionation location assays of piR-541777 in the spinal cord. 528 

 529 

Figure 2. Spinal piR-DQ541777 regulates pain behaviors and spinal neuronal sensitization. A, The 530 

validation of piR-541777 shRNA (sh-DQ541777) transfection efficiency in the spinal cord of CCI 531 

mice. t(10) = 12.20; **P<0.01, n=6. B, Changes of nociceptive behaviors after pretreatment with 532 

sh-DQ541777 in CCI mice. Two-way ANOVA; group for PWL, F(3, 49) = 141.9, P<0.01; group for 533 

PWT, F(3, 28) = 173.8, P<0.001; **P<0.01, ***P<0.001, sh-NC+CCI versus sh-NC+Sham; 534 

#P<0.01, ##P<0.001, sh-DQ541777+CCI versus sh-NC+CCI; NC, negative control; n=8. C, 535 

Changes of nociceptive behaviors after posttreatment with sh-DQ541777 in CCI mice. Two-way 536 

ANOVA; group for PWL, F(3, 49) = 425.2, P<0.001; group for PWT, F(3, 39) = 405.4, P<0.001; 537 

**P<0.01, ***P<0.001, CCI+sh-NC versus Sham+sh-NC; #P<0.01, ##P<0.001, 538 

CCI+sh-DQ541777 versus CCI+sh-NC; n=8. D, Spinal Fos expression after pretreatment (on day 539 

3) and posttreatment (on day 7) with sh-DQ541777 in CCI mice. t(10) = 13.1, 14.44; ***P<0.001, 540 
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n=6. Arrows indicate the representive examples of positive Fos signal. E, The validation of 541 

piR-541777 lentivirus (LV-DQ541777) transfection efficiency in the spinal cord of naive mice. t(10) 542 

= 17.38; ***P<0.001, n=6. F, Changes of nociceptive behaviors after intrathecal injection of 543 

LV-DQ541777 in naive mice. Two-way ANOVA; group for PWL, F(1, 14) = 94.23, P<0.01; group 544 

for PWL, F(1, 14) = 89.56, P<0.01; *P<0.05, **P<0.01, ***P<0.001, n=8. G, Spinal Fos expression 545 

on day 3 after intrathecal injection of LV-DQ541777 in naive. t(10) = 14.68; ***P<0.001, n=6. 546 

Arrows indicate the representive examples of positive Fos signal. 547 

 548 

Figure 3. PiR-DQ541777 regulates neuropathic pain by targeting Cdk5rap1. A, Bioinformatics 549 

search revealed that Cdk5rap1 has two putative binding sites with piR-DQ541777. TSS, 550 

transcription start site. B, Spinal Cdk5rap1 mRNA and protein expression in CCI-induced 551 

neuropathic pain. One-way ANOVA; F(4, 24) = 44.30, 20.58, P<0.01; *P<0.0, **P<0.01, n=6. C, 552 

Correlation analysis of Cdk5rap1 with piR-DQ541777 in the spinal cord after CCI. D, 553 

PiR-DQ541777 FISH and Cdk5rap1 immunofluorescent costaining in the spinal cord on day 7 554 

after CCI. Scale bar, 25 μm. Arrow indicates the representive examples of double-labeled cells. E, 555 

Spinal Cdk5rap1 expression on day 7 after posttreatment with sh-DQ541777 in CCI mice. 556 

One-way ANOVA; F(3, 20) = 60.41, P<0.001; *P<0.05, #P<0.05, n=6. F, Spinal Cdk5rap1 557 

expression on day 3 after intrathecal injection of LV-DQ541777 in naive mice. t(10) = 7.29; 558 

*P<0.05, n=6. G, Knockdown of Cdk5rap1 reversed analgesia effect of sh-DQ541777 on thermal 559 

hyperalgesia and mechanical allodynia in CCI mice. Two-way ANOVA; group for PWL, F(1, 14) = 560 

48.16, P<0.01; group for PWL, F(1, 14) = 52.65, P<0.01; *P<0.05, **P<0.01, n=8. H, 561 

Overexpression of Cdk5rap1 inhibited LV-DQ541777-induced thermal hyperalgesia and 562 

mechanical allodynia in naive mice. Two-way ANOVA; group for PWL, F(1, 14) = 42.43, P<0.01; 563 

group for PWL, F(1, 14) = 48.1, P<0.01; *P<0.05, **P<0.01, n=8. 564 

 565 

Figure 4. PiR-DQ541777 regulates the CpG islands methylation of cdk5rap1. A, The indication of 566 

the methylation status of CpG island 1 and 2 in the Cdk5rap1 gene. Each row of circles represents 567 

a single cloned allele, and each circle indicates a single CpG site at a specific location. The filled 568 

and open circles represent the methylated and unmethylated CpG sites, respectively. B, Changes 569 

of the methylation level of CpG island 1 of the Cdk5rap1 gene on day 7 after posttreatment with 570 
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sh-DQ541777 in CCI mice. One-way ANOVA; F(2, 15) = 44.77, P<0.01; **P<0.01, #P<0.05, n=6. 571 

C, Changes of the methylation level of CpG island 2 of the cdk5rap1 gene on day 3 after 572 

intrathecal injection of LV-DQ541777 in naive mice. t(10) = 8.12; *P<0.05, #P<0.05, n=6. 573 

 574 

Figure 5. PiR-DQ541777 regulates Cdk5rap1 expression via methylation of its CpG islands. A, 575 

The activity of the cloned segments of Cdk5rap1 was identified by luciferase reporter assay in 576 

HEK293T cells. One-way ANOVA; F(3, 20) = 144.0, P<0.001; *P<0.05, ***P<0.001, versus pGL; 577 

pGLC1, the segments of Cdk5rap1 contains CpG island 1; pGLC2, the segments of cdk5rap1 578 

contains CpG island 2; pGLC1/2, the segments of cdk5rap1 contains both the CpG island 1 and 2; 579 

n=6. B, The activity of methylated or demethylated segments of cdk5rap1 encompassing CpG 580 

islands was detected by firefly luciferase reporter assays. t(10) = 8.12, 7.39, 11.97; *P<0.05, 581 

***P<0.001, n=6. C and D, Changes of the luciferase activity after cotransfection with the above 582 

luciferase reporters and piR-DQ541777 mimic. The mutation was generated in the binding 583 

sequence between piR-DQ541777 and cdk5rap1 as indicated pGL-wt-C1 (W1-Mut2), pGL-wt-C2 584 

(Mut1-Wt2), and pGL-mut-C1/2 (Mut1-Mut2). One-way ANOVA; F(4, 25) = 106.6, P<0.001; 585 

***P<0.001, versus Wt1-Wt2; #P<0.05, ##P<0.01, ###P<0.001, versus Mut1-Mut2; n=6. E, 586 

Changes of the luciferase activity induced by cotransfection with the luciferase reporters and 587 

piR-DQ541777 mimic after treatment with 5-aza-dc. t(10) = 14.21, 10.91, 7.12; *P<0.05, **P<0.01, 588 

***P<0.001, n=6. F, 5-aza-dc increase the spinal Cdk5rap1 expression in LV-DQ541777-treated 589 

mice. One-way ANOVA; F(3, 20) = 48.53, P<0.01; **P<0.01, #P<0.05, n=6. G, 5-aza-dc reversed 590 

LV-DQ541777-induced thermal hyperalgesia and mechanical allodynia. Two-way ANOVA; group 591 

for PWL, F(1, 14) = 49.18, P<0.01; group for PWL, F(1, 14) = 52.94, P<0.01; *P<0.05, **P<0.01, 592 

n=8. 593 

 594 

Figure 6. DNMT3a mediates the methylation of Cdk5rap1 related to piR-DQ541777. A, The 595 

capacity of methyltransferases (DNMT1, DNMT3a, and DNMT3b) bind to piR-DQ541777 in CCI 596 

group versus sham group by RNA immunoprecipitation (RIP) method. t(10) = 11.57; **P<0.01, 597 

n=6. B, The interaction level of DNMT3a and MIWI after CCI by immunoprecipitation. t(10) = 598 

9.97; **P<0.01, n=6. C and D, The change of DNMT1 bind to the sites of piR-DQ541777 and 599 

cdk5rap1 by chromatin immuno-precipitation (ChIP) method. n=6. E and F, The change of 600 
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DNMT3a bind to the sites of piR-DQ541777 and cdk5rap1. One-way ANOVA; F(3, 20) = 64.15, 601 

57.19, P<0.01; t(10) = 9.03, 10.68; **P<0.01, ***P<0.001, #P<0.05, n=6. G and H, The change of 602 

DNMT3b bind to the sites of piR-DQ541777 and cdk5rap1. n=6. 603 

 604 

Figure 7. Effect of piR-DQ541777 on DNMTs expression. A, Spinal DNMT1 expression after 605 

intrathecal injection of LV-piR-DQ541777 in naïve mice. t(10) = 1.29; n=6. B, The expression of 606 

DNMT3a in the spinal cord after LV-piR-DQ541777 injection in mice. t(10) = 0.13; n=6. C, The 607 

expression of spinal DNMT3b expression in LV-piR-DQ541777 treated mice. t(10) = 0.46; n=6. D, 608 

Schematic of regulation of nociceptive sensitization by piR-DQ541777-mediated methylation of 609 

the cdk5rap1. 610 
















