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Abstract 30 

Nerve injury-induced hyperactivity of primary sensory neurons in the dorsal root 31 

ganglion (DRG) contributes to chronic pain development, but the underlying epigenetic 32 

mechanisms remain poorly understood. Here we determined genome-wide changes in DNA 33 

methylation in the nervous system in neuropathic pain. Spinal nerve ligation (SNL), but not 34 

paclitaxel treatment, in male Sprague-Dawley rats induced a consistent low-level 35 

hypomethylation in the CpG sites in the DRG during the acute and chronic phase of neuropathic 36 

pain. DNA methylation remodeling in the DRG occurred early after SNL and persisted for at 37 

least three weeks. SNL caused DNA methylation changes at 8% of CpG sites with prevailing 38 

hypomethylation outside of CpG islands, in introns, intergenic regions, and repetitive sequences. 39 

In contrast, SNL caused more gains of methylation in the spinal cord and prefrontal cortex. The 40 

DNA methylation changes in the injured DRGs recapitulated developmental reprogramming at 41 

the neonatal stage. Methylation reprogramming was correlated with increased gene expression 42 

variability. A diet deficient in methyl donors induced hypomethylation and pain hypersensitivity. 43 

Intrathecal administration of the DNA methyltransferase inhibitor RG108 caused long-lasting 44 

pain hypersensitivity. DNA methylation reprogramming in the DRG thus contributes to nerve 45 

injury-induced chronic pain. Restoring DNA methylation may represent a new therapeutic 46 

approach to treat neuropathic pain. 47 

 48 

Significance Statement 49 

Epigenetic mechanisms are critically involved in the transition from acute to chronic pain after 50 

nerve injury. However, genome-wide changes in DNA methylation in the nervous system and 51 
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their roles in neuropathic pain development remain unclear. Here we used digital restriction 52 

enzyme analysis of methylation to quantitatively determine genome-wide DNA methylation 53 

changes caused by nerve injury. We showed that nerve injury caused DNA methylation changes 54 

at 8% of CpG sites with prevailing hypomethylation outside of CpG islands in the dorsal root 55 

ganglion. Reducing DNA methylation induced pain hypersensitivity, whereas increasing DNA 56 

methylation attenuated neuropathic pain. These findings extend our understanding of the 57 

epigenetic mechanism of chronic neuropathic pain and suggest new strategies to treat nerve 58 

injury-induced chronic pain.  59 

  60 
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Introduction  61 

   Chronic pain costs about $635 billion each year in medical treatment and lost 62 

productivity in the United States alone (Institute of Medicine Committee on Advancing Pain 63 

Research and Education, 2011). Neuropathic pain is a complex, chronic pain state that is usually 64 

caused by damage to the nervous system. Current treatments for neuropathic pain are poorly 65 

effective owing to limited understanding of the molecular mechanism involved. A well-defined 66 

characteristic of neuropathic pain is the prolonged hyperactivity of damaged primary afferent 67 

nerves and sensory neurons located in the dorsal root ganglion (DRG) (Pan et al., 1999; Liu et 68 

al., 2000). The establishment of this long-term hyperactivity is upheld by sustained changes in 69 

the expression levels of many genes, which suggests the involvement of global epigenetic 70 

changes (Xiao et al., 2002; Hammer et al., 2010). We and others have demonstrated that 71 

epigenetic mechanisms are critically involved in chronic pain development after nerve injury 72 

(Matsushita et al., 2013; Laumet et al., 2015). However, most studies focus on posttranslational 73 

histone modifications, whereas the changes in DNA methylation in injured DRGs during chronic 74 

neuropathic pain are not well defined.  75 

Control of chromatin accessibility for gene expression by DNA methylation is vital 76 

during development and cell type specificity of different tissues. DNA methylation is crucial 77 

during the differentiation of the nervous system and also has a relevant role in the function of 78 

adult post-mitotic neurons (Guo et al., 2011; Sharma et al., 2016). Aberrant cytosine methylation 79 

at CpG sites may result in dysregulation of expression of affected genes. Altered DNA 80 

methylation has been linked to memory formation, drug addiction, and several 81 

neurodegenerative diseases (Morris et al., 2014; Massart et al., 2015; Sanchez-Mut et al., 2016). 82 

Nerve injury induces DNA methylation changes in the DRG (Golzenleuchter et al., 2015). 83 



6 
 

 6 

However, the analysis was performed only 24 h after nerve injury, which predominantly reflects 84 

an acute pain state. Little is known about long-lasting changes in DNA methylation in the DRG 85 

during acute-to-chronic pain transition. 86 

In the present study, we used a highly quantitative digital restriction enzyme analysis of 87 

methylation (DREAM) (Jelinek et al., 2012; Jelinek and Madzo, 2016) to determine genome-88 

wide changes in DNA methylation in the nervous system caused by peripheral nerve injury. We 89 

showed that nerve injury, but not chemotherapy, primarily caused consistent low-level 90 

hypomethylation in the CpG sites in the DRG during the acute and chronic phase of neuropathic 91 

pain. The CpG sites affected by these changes were located mainly outside of CpG islands, in 92 

introns, intergenic regions, and repetitive sequences. Also, reducing DNA methylation levels 93 

using a DNA methyltransferase inhibitor or methyl group donor-deficient diets caused pain 94 

hypersensitivity. This new information extends our understanding of epigenetic mechanisms 95 

underlying neuropathic pain development and suggests new strategy to treat nerve injury-96 

induced chronic pain.  97 

 98 

Materials and Methods 99 

Animal models of neuropathic pain and intrathecal cannulation. All experimental 100 

protocols and procedures used in this study were approved by the Animal Care and Use 101 

Committee at The University of Texas MD Anderson Cancer Center and conformed to the 102 

National Institutes of Health guidelines on the ethical care and use of animals. 103 

Spinal nerve ligation (SNL) in male Sprague-Dawley rats (8-9 weeks old, ~220 g; Harlan 104 

Sprague-Dawley, Indianapolis, IN) was used for this study as the neuropathic pain model. 105 
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Animals were anesthetized with 2-3% isoflurane, and the left L5 and L6 spinal nerves were 106 

isolated and ligated tightly with 4.0-silk suture under a surgical microscope, as described 107 

previously (Kim and Chung, 1992; Chen et al., 2000). Sham surgery (without nerve ligation) was 108 

performed on the contralateral side as the control.  109 

Also, chemotherapy-induced peripheral neuropathy (CIPN) was used as another 110 

neuropathic pain model. Four intraperitoneal injections of the chemotherapeutic agent paclitaxel 111 

(2 mg/kg, every two days) were performed (Polomano et al., 2001; Chen et al., 2014b), and 112 

vehicle (cremophor ethanol 1:1)-treated rats were used as the control group. Both neuropathic 113 

pain models consistently induce pain hypersensitivity lasting for at least 4 weeks.  114 

DNA methyltransferase (DNMT) inhibitor N-phthaloyl-L-tryptophan (RG108, Tocris 115 

Bioscience, Bristol, UK) was administered intrathecally. RG108 is cell permeable (Brueckner et 116 

al., 2005) and has been shown to inhibit DNMTs in neurons in vivo (Guo et al., 2011). Under 117 

anesthesia with 2% isoflurane, an intrathecal catheter (a PE-10 tubing) was surgically inserted 118 

through an incision made in the cisternal membrane. The catheter was directed to the lumbar 119 

region of the spinal cord, and the external opening was sealed (Yaksh and Rudy, 1976). Rats 120 

displaying signs of the motor or neurological dysfunction were excluded and terminated 121 

immediately with an overdose of phenobarbital (200 mg/kg, i.p.). The animals were allowed to 122 

recover for five days before intrathecal injections. Ten μg of RG108 or vehicle (10% DMSO; 123 

saline) were injected intrathecally in a 5 μl volume followed by 10 μl saline flush as previously 124 

described (Laumet et al., 2015). The dose was selected based on previous publication (Chestnut 125 

et al., 2011). Animals received intrathecal injections for four consecutive days. 126 
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Behavioral assessment of tactile allodynia and hyperalgesia in rats. To quantify tactile 127 

allodynia, rats were placed in individual plastic boxes on a mesh floor and allowed to acclimate 128 

for 30–45 min. A series of calibrated von Frey filaments was applied perpendicularly to the 129 

plantar surface of the hind paw with sufficient force to bend the filaments for 6 s, and brisk paw 130 

withdrawals or flinching was considered as a positive response. In the absence of a response, the 131 

filament of next greater force was applied. If a response occurred, the filament of next lower 132 

force was applied. The tactile stimulus producing a 50% likelihood of withdrawal was 133 

determined using the “up-down” calculating method (Chaplan et al., 1994).  134 

We measured mechanical hyperalgesia in rats by testing the withdrawal threshold in 135 

response to a noxious pressure stimulus (Randall-Selitto test) using the paw pressure Analgesy-136 

Meter (UgoBasile Biological Research, Comerio, Italy). When the animal displayed pain by 137 

either withdrawing the paw or vocalizing, the pedal was immediately released, and the 138 

nociceptive withdrawal threshold was read on the scale (Laumet et al., 2015; Xie et al., 2016). 139 

The investigator (G.L.) performing behavioral experiments was blinded to the treatments. 140 

 141 

Modified-diet treatment. To manipulate DNA methylation levels, we altered the intake of 142 

methyl group donors (folate and vitamin B12) by feeding the rats with modified diets. The 143 

original diet AIN-93M (normal folate and vitamin B12 doses are 2.1 ppm and 28 μg/kg, 144 

respectively) was modified by Purina Animal Nutrition LLC Technical Services to make a folate 145 

and vitamin B12 deficient diet (0.1 ppm and 3 μg/kg, respectively) and a diet 5 times enriched in 146 

folate and vitamin B12 (10.5 ppm and 140 μg/kg, respectively). Five-week-old rats (weighing 147 

~120 g) were randomly placed in new cages with ad libitum regular, deficient and enriched diets, 148 
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respectively. The animals were kept on the diets for four weeks before SNL surgery, followed by 149 

three weeks after SNL. Behavioral tests were performed every 3-4 days during the diet feeding 150 

period. 151 

 152 

Neuronal nuclear enrichment. To prepare a neuronal nuclear enrichment, fresh whole 153 

DRG samples were cut and mashed onto an ice-cold petri dish. Mashed tissue from 3 DRGs was 154 

pooled in one 1.5 ml tube. The tissue was resuspended in buffer NAME (20 mM Tris pH8, 20 155 

mM KCl, 1.5 mM MgCl2) with a cocktail of protease and phosphatase inhibitors (Pierce), 0.5 156 

mM DTT and 1 mM PMSF (Sigma-Aldrich, MO) to obtain a single cell suspension. Cells were 157 

incubated on ice for 5 min before centrifuged at 3,000 rpm at 4 C for 2 min. The pellet was 158 

resuspended in buffer NAME containing 0.15% NP-40. Cells were incubated on a rotator 159 

overnight to isolate nuclei. Neuronal nuclei were immunoprecipitated using anti-Fox3 (neuronal 160 

nuclear marker, Abcam #104225) in PBS, and genomic DNA extraction was performed. 161 

Neuronal nuclei were lysed with lysis buffer (0.1 M Tris pH 8, 5 mM EDTA, 0.2% SDS, 0.2 M 162 

NaCl and proteinase K) overnight and precipitated with isopropanol. Genomic DNA pellet was 163 

washed with 75% ethanol, dried and re-suspended in TE buffer (Tris 10 mM pH8, 1 mM 164 

EDTA). The isolation purity was validated by western blot analysis. Nuclear proteins were 165 

extracted from one batch. Cytoplasm/nucleus separation was validated by western blot using 166 

anti-histone H3 (Cell Signaling Technology #9715; 1/4000) and neuronal enrichment was 167 

validated by western blot using the neuronal marker anti-Fox3 (Abcam #104225) and the 168 

satelite/glia markers anti-glutamine synthetase (Millipore #MAB302; 1/200) and anti-GFAP 169 

(Abcam #7260; 1/4000).  170 
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 171 

DNA methylation analysis. Rats were deeply anesthetized with 5% isoflurane, and then 172 

the brain, spinal cord and ligated or sham-operated DRG tissues at the L5 and L6 levels were 173 

rapidly harvested. We used the DREAM method to quantify methylation status at tens of 174 

thousands CpG sites across the genome (Jelinek et al., 2012; Jelinek and Madzo, 2016). In brief, 175 

genomic DNA extracted from DRG samples was spiked with methylation standards and 176 

sequentially digested with two restriction endonucleases recognizing CCCGGG sites in DNA. 177 

SmaI cleaved only unmethylated sites resulting in blunt ended fragments starting with 5’-GGG. 178 

Next, XmaI cleaved the remaining methylated sites creating 5’-CmeCGG overhang sequences. 179 

Exonuclease-deficient Klenow fragment DNA polymerase was then used to fill in the 3’ recesses 180 

left by XmaI and add 3’-dA overhangs to the ends of all fragments. Thus, specific signatures 5’-181 

GGG and 5’-CCGGG were created at unmethylated and methylated CpG sites, respectively. 182 

Illumina sequencing adapters were then ligated to the enzyme-treated DNA; sequencing libraries 183 

were generated according to Illumina protocols and run on an Illumina HiSeq 2000 and 2500 184 

instruments at Fox Chase Cancer Center Genomics facility. Sequencing data were aligned to the 185 

rat genome (rn4), and the reads with unmethylated and methylated signatures were counted at 186 

individual CCCGGG sites. Methylation levels were calculated as the ratio of reads with the 187 

methylated signature to all reads mapping to each respective site. DNA methylation values at 188 

individual CpG sites were adjusted based on spiked in standards and filtered for the minimum 189 

sequencing depth of 100 reads. We deposited DNA methylation DREAM data to Gene 190 

Expression Omnibus database under accession number GSE100641.  191 

 192 
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Reduced representation bisulfite sequencing (RRBS). Genomic DNA extracted from 193 

triplicate samples of DRGs 3 weeks after SNL or sham operation was analyzed for DNA 194 

methylation changes by reduced representation bisulfite sequencing (RRBS) (Gu et al., 2011)  to 195 

validate DREAM results by an orthogonal method. We followed the NEB protocol for 196 

methylated adaptors. Briefly, 1 microgram of genomic DNA was spiked 100 picograms of 197 

lambda phage DNA as the unmethylated standard and digested with MspI. Ends of restriction 198 

fragments were filled in, 3’-dA tailed and methylated adaptors (NEB E7535) were ligated to the 199 

ends of restriction fragments. Bisulfite treatment using the Epitect kit (Qiagen) followed. 200 

Bisulfite-converted libraries were amplified using EpiMark Taq DNA polymerase (NEB) and 201 

primers with barcode indices. The libraries were pooled and sequenced at Fox Chase Cancer 202 

Center Genomics Facility on Illumina HiSeq2500 instrument using single end reads of 50 bases. 203 

We used Bismark v0.18.1 (Krueger and Andrews, 2011) to align the sequences to the Rattus 204 

norvegicus rn4 genome assembly. We used methylKit v1.3.3 (Akalin et al., 2012) to analyze 205 

differential methylation. We deposited RRBS data to Gene Expression Omnibus database under 206 

accession number GSE114865.  207 

 208 

RNA-sequencing. We harvested DRGs from deeply anesthetized rats and isolated total 209 

RNA using RNeasy (Qiagen). We made RNA libraries from 1 μg of total RNA using stranded 210 

total RNA plus Ribo-zero kits (Illumina). The sequencing was performed at Fox Chase Cancer 211 

Center Genomics Core Facility. The detailed method has been described previously (Laumet et 212 

al., 2015). RNA sequence data are deposited in the Gene Expression Omnibus database under 213 

accession number GSE59043. 214 

 215 
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Statistical analysis. We used  one-way or two-way repeated ANOVA to analyze 216 

behavioral data for statistical differences (GraphPad Prism). Statistical calculations for DNA 217 

methylation and RNA-seq data were performed using the R suite (R Development Core Team, 218 

2017). Unsupervised hierarchical clustering was performed using the pvclust package (Suzuki 219 

and Shimodaira, 2006). Differences in methylation means and t-test p-values were used for 220 

Volcano plots. We used Fisher’s exact test to calculate odds ratios. Statistical significance of 221 

multiset intersections was computed using the SuperExactTest package (Wang et al., 2015). To 222 

compare the variation in expression and methylation level, we employed two tests: a Levene’s 223 

test which was used to assess the equality of variances between the two groups with stable or 224 

variable methylation. We performed overrepresentation analysis (ORA) for genes associated 225 

with methylation or expression changes. We used the ConsensusPathDB online tool (Kamburov 226 

et al., 2009; Herwig et al., 2016) and gene set enrichment analysis, GSEA software version 3.0, 227 

and Molecular Signature Database version 6.0 (MSigDB) (Subramanian et al., 2005), 228 

http://www.broad.mit.edu/gsea/, to identify enriched pathways and gene ontology (GO) sets. 229 

 230 

 231 

Results 232 

Peripheral nerve injury induces DNA methylation reprogramming in DRGs  233 

Pain hypersensitivity induced by spinal nerve ligation (SNL) in rats occurs immediately 234 

after nerve injury and persists as a chronic pain state for at least 6 weeks. We first examined 235 

DNA methylation in DRGs at three days after SNL to detect early epigenetic changes. We used 236 

the highly quantitative DREAM method to determine genome-wide DNA methylation patterns. 237 
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We observed changes in DNA methylation at more than 1,000 CpG sites. Overall, 4.6% of 238 

analyzed CpG sites showed gains of methylation while 3% of sites showed losses of methylation, 239 

predominantly those sites with high levels of baseline methylation (Fig. 1A, B).  240 

We next focused on methylation reprogramming at the chronic pain stage three weeks 241 

after SNL. In the first experiment, we obtained DRGs from SNL and sham surgery sides in six 242 

individual rats and observed significant DNA methylation changes in 4.5% of sites. In contrast to 243 

the early stage, loss of methylation (i.e., hypomethylation) prevailed with 3.6% CpG sites, and 244 

only 0.9% sites were gaining methylation (Fig 1BC, D). We repeated this experiment two 245 

additional times and obtained similar results (Fig. 1-1A,B). To address whether the global 246 

changes observed consistently occurred at the same CpG sites in the different experiments, we 247 

compared the two experiments with the highest number of paired samples and found that the 248 

methylation differences were highly correlated (linear regression R2=0.47, p-value < 2x10-16, 249 

Fig. 1-1C).  To increase the statistical power, we pooled the three experiments and analyzed a 250 

total of 15 animals with high-quality data (Fig 2A). We confirmed prevailing hypomethylation 251 

that affected 6.5% of examined CpG sites. Simultaneously, we noted gains of methylation in 252 

1.4% of analyzed CpG sites.  253 

Finally, we validated the observation of prevailing hypomethylation in DRGs after SNL 254 

by an orthogonal method, Reduced Representation Bisulfite Sequencing (RRBS). Using the 255 

same criteria as for the restriction enzyme based DREAM method we quantified methylation at 256 

32,688 CpG sites. We observed hypomethylation at 3659 (11.2%) sites and hypermethylation at 257 

963 (2.9%) sites (Figure 1-1D). We found hypomethylation changes after SNL to be distributed 258 

globally across all chromosomes (Figure 1-1E). Since there was only a small overlap detected 259 

with the 100+ read coverage by both methods, the RRBS results represented an additional data 260 
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set of independent CpG sites validating the tendency to hypomethylation after SNL observed by 261 

the DREAM data. The overlapping sites showed an excellent correlation of methylation values 262 

measured by both methods (R-squared = 0.98) (Figure 1-1F). Thus, chronic pain is associated 263 

with a complex methylation reprogramming that affects up to 14% of the genome and is 264 

characterized predominantly by the loss of methylation at DRGs.  265 

We note that, while highly statistically significant, the methylation changes are relatively 266 

small (average loss of 1.7% for hypomethylated sites). There was a significant correlation 267 

between the degree of changes at three days and at three weeks after SNL (Pearson's correlation 268 

r=0.62, 95% CI  0.61-0.63, t = 95.2, df = 14566, p-value < 2x10-16, Fig. 1C), and a substantial 269 

overlap between the sites changed at three days and those changed at three weeks 270 

(hypergeometric test p-value < 10-100, Fig. 1D). When comparing week 3 to day 3, the dominant 271 

pattern seems to be fewer sites with gains of methylation and many more sites with losses of 272 

methylation. Thus, reshaping of the methylome starts early after SNL with both gains and losses 273 

of methylation, but the chronic pain phase is characterized by expansion of the hypomethylation 274 

defect. 275 

The effects of DNA methylation on gene expression vary depending on the location of 276 

the CpG sites affected (Jones, 2012). Therefore, we mapped the CpG sites that changed three 277 

weeks after SNL and compared their location to CpG sites with stable methylation (Figure 278 

1E). The variable CpG sites were significantly less likely to be in CpG islands (odds ratio 0.03, 279 

95% confidence interval 0.02-0.05), promoters (odds ratio 0.07, 95% confidence interval 0.05-280 

0.1), CpG island shores (odds ratio 0.43, 95% confidence interval 0.36-0.51) and exons (odds 281 

ratio 0.56, 95% confidence interval 0.47-0.67). The variable CpG sites were more often in 282 
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introns (odds ratio 1.2, 95% confidence interval 1.1-1.3), intergenic regions (odds ratio 7.4, 95% 283 

confidence interval 6.5-8.3), and repeats (odds ratio 1.5, 95% confidence interval 1.3-1.8).  284 

 285 

Peripheral nerve injury induces DNA methylation reprogramming in the spinal cord and 286 

cortex  287 

To determine whether SNL-induced DNA methylation changes are limited to DRGs, we 288 

performed DREAM analysis using spinal cord and prefrontal cortex tissues three weeks after 289 

SNL. As shown in Fig. 2, we observed DNA methylation changes in all tissues with qualitative 290 

and quantitative differences compared to DRGs. As opposed to the substantial bias towards 291 

hypomethylation in DRGs, we observed more gains of methylation in the spinal cord and 292 

prefrontal cortex. While progressively fewer loci were affected, there was a highly significant 293 

overlap of differentially methylated CpG sites in all three tissues (super exact test p-value = 10-294 

21, Fig. 2D).  295 

 296 

Chemotherapy-induced painful neuropathy causes minimal changes in DNA methylation 297 

We next asked whether DNA methylation changes caused by SNL would also occur in a 298 

different neuropathic pain model. We chose the rat model of chemotherapy-induced painful 299 

neuropathy caused by paclitaxel treatment, which induces prolonged pain hypersensitivity 300 

(Polomano et al., 2001). In contrast to the traumatic nerve injury model, paclitaxel treatment 301 

caused minimal changes in DNA methylation (<2% of CpG sites) in the DRG and spinal cord 302 

(Fig. 2-1A,B). DNA methylation changes in DRGs after SNL and after paclitaxel treatment were 303 
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inversely correlated (Pearson r=-0.35, p-value < 2e-16) (Figure 2-1C). We saw a similar inverse 304 

correlation between methylation changes after paclitaxel and SNL also in the spinal cord 305 

(Pearson r=-0.17, p-value < 2e-16) (Figure 2-1D). There was no statistically significant overlap 306 

of genes associated with either hypomethylated or hypermethylated CpG sites between SNL and 307 

paclitaxel treatment.  308 

 309 

Nerve injury-induced DNA methylation changes in DRGs recapitulate developmental 310 

reprogramming 311 

DNA methylation shows significant tissue and cellular specificity, and it is possible that 312 

the changes we observed in DRGs were caused by a shift in the cellular composition (such as 313 

increased satellite cells and/or infiltration of inflammatory cells). Therefore, we sought to 314 

determine whether the methylation changes observed in DRGs corresponded to methylation 315 

changes occurring in neurons by analyzing DNA obtained from neuronal nuclei captured using 316 

the anti-Fox3 antibody three weeks after nerve ligation (Fig. 3-1). Difficulties in purifying 317 

enough nuclei for DREAM analysis limited the number of samples we could study. 318 

Nevertheless, an analysis of five samples (two “input” mixed cellular populations and three 319 

neuron-enriched pools) showed that samples from the SNL clustered together and away from 320 

samples from the sham group (Fig.  3A). In this analysis, the neuron-enriched sample clustered 321 

very close to the unpurified DRGs, suggesting that injured DRG neurons likely undergo the same 322 

DNA methylation changes as detected in the whole DRGs.  323 

DNA methylation reprogramming is critically involved in neuronal development. Having 324 

shown that the methylation changes occur in injured DRG neurons, we asked whether this 325 
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epigenetic change reflected reprogramming at an early developmental stage. We analyzed DNA 326 

methylation in DRGs obtained from neonatal and adult animals. Striking differences in DNA 327 

methylation were observed (Fig. 3B, C), affecting 17% of the methylome. Both increases and 328 

decreases in methylation occurred during development, and there was a significant overlap 329 

(hypergeometric test p-value = 4x10-108) between the development-associated changes and those 330 

that occurred three weeks after SNL (Fig. 3C). Thus, DNA methylation remodeling associated 331 

with the chronic pain reflects partial reprogramming of the DRG neurons along pathways that 332 

recapitulate normal development. 333 

CpG sites hypomethylated after SNL were associated with 788 genes, sites 334 

hypomethylated in development were associated with 776 genes. The overlap was 262 genes (p 335 

= 10-46). Overrepresentation analysis (ORA) for the overlapping genes revealed “nervous system 336 

development” as the top gene ontology (GO) category. CpG sites hypermethylated after SNL 337 

were associated with 167 genes, sites hypermethylated in development were associated with 599 338 

genes. The overlap was 62 genes (p-value = 1.4x10-9). ORA for the overlapping genes revealed 339 

"muscle organ development" as the top GO category (Figure 3D). 340 

 341 

Nerve injury-induced methylation reprogramming correlates with increased gene 342 

expression variability in DRGs 343 

Gene expression in DRGs after SNL analyzed by RNA-seq showed 1684 genes 344 

upregulated (10%) and 1039 genes downregulated (6%) (Figure 4A). Downregulated genes were 345 

enriched in neuronal system, potassium channels, neuroactive ligand-receptor interaction and G 346 

protein-coupled receptors (GPCR) downstream signaling pathways. Upregulated genes were 347 
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enriched in pathways including extracellular matrix (ECM) organization, cytokine-cytokine 348 

receptor interaction, spinal cell injury, ECM-receptor interaction and hematopoietic cell lineage 349 

(Figure 4B). 350 

We next determined whether methylation changes detected in the DRG were correlated 351 

with altered gene expression we reported previously using RNA-seq analysis in the SNL model 352 

(Laumet et al., 2015). DNA methylation outside of gene promoter regions can be associated with 353 

either increased or decreased expression (Jones, 2012). We analyzed the relationship between the 354 

variability of DNA methylation at CpG sites and expression of the closest gene.  355 

We obtained RNA-seq data for 16809 genes and 100+ read coverage DNA methylation 356 

data for CpG sites associated with 7625 genes. Both data sets overlapped at 7112 genes. We 357 

observed significantly greater variability of expression of 2892 genes near the CpG sites that 358 

changed methylation compared to the CpG sites with stable methylation (Levene’s test for 359 

homogeneity of variance, F = 9.38, p-value = 0.002). We noted concordant changes in gene 360 

expression (>2-fold, p<0.05) and in DNA methylation (>2%, p<0.05) at 664 genes. The odds 361 

ratio of simultaneous dysregulation of DNA methylation and gene expression in DRGs after 362 

SNL was 1.23 (95%CI 1.09-1.38, p=0.0005). Thus the methylation reprogramming was 363 

associated with significant gene expression changes in the injured DRG. Genes affected by 364 

expression and DNA methylation changes were enriched for extracellular matrix organization 365 

and cytokine-cytokine receptor pathways. Gene ontology functional annotation analysis showed 366 

enrichment for cell adhesion, immune response, response to wounding, channel activity, 367 

signaling receptor activity, plasma membrane, extracellular matrix, basement membrane and 368 

neuron projection (Figure 4-1). Gene set enrichment analysis of genes with variable methylation 369 

showed increased expression of genes involved in morphogenesis and development and 370 
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decreased expression of voltage-gated and ligand-gated ion channels and axon-associated genes 371 

in DRGs after SNL (Figure 4-2). 372 

 373 

Reducing DNA methylation causes pain hypersensitivity  374 

 Our findings showed that nerve injury predominantly causes genome-wide losses of 375 

DNA methylation in the DRG. To determine whether DNA hypomethylation is sufficient to 376 

modulate pain sensitivity, we first used a DNA methyltransferase inhibitor, RG108 (Brueckner et 377 

al., 2005). Drugs can get a direct access to DRG neurons via intrathecal injections (Laumet et al., 378 

2015; Xie et al., 2016). Intrathecal injection of RG108 (10 μg/day for 4 consecutive days) caused 379 

a large and long-lasting reduction in the mechanical withdrawal thresholds, measured with von 380 

Frey filaments and a noxious pressure stimulus (Randall-Selitto test) in naïve rats (Fig. 5).  381 

Intrathecal vehicle injection produced no effect on the withdrawal thresholds.  382 

Folate and vitamin B12 are the main sources of the methyl group donors in the diet. We 383 

tested the effects of diets with a modified content of the key methyl group donors, folate, and 384 

vitamin B12, on the paw withdrawal thresholds. The tactile threshold (von Frey) increased until 385 

the rats reached their adult body size as previously described (McKelvey et al., 2015). Feeding 386 

the rats with the diet deficient in folate and vitamin B12 for 2-3 weeks significantly reduced the 387 

tactile (von Frey) withdrawal threshold before SNL surgery and in the contralateral (sham 388 

control) hindpaw (Figure 6). Although the withdrawal thresholds were not statistically different 389 

between the regular and enriched diet groups, the withdrawal thresholds were significantly lower 390 

in the deficient diet group than the enriched diet group (Figure 6). 391 
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 To confirm that the modified diets affect DNA methylation in the DRG, we compared 392 

global DNA methylation changes occurring three weeks after surgery for SNL in rats exposed 393 

for seven weeks to the deficient, regular and enriched diets. Interestingly, DNA hypomethylation 394 

in the DRG induced by SNL was not further enhanced in the rats fed by the folate- and vitamin 395 

B12-deficient diet (Fig. 7 A, C). In contrast, folate and vitamin B12 deficiencies resulted in DNA 396 

hypomethylation in DRGs obtained from the sham-operated contralateral side (Fig. 7 B, D). 397 

Together, these data suggest that nerve injury-induced DNA hypomethylation in the DRG is 398 

causally related to the development of chronic pain.  399 

 400 

 401 

Discussion 402 

In this study, we systemically examined changes in DNA methylation in the DRG during 403 

neuropathic pain development after nerve injury. We found that hypermethylation prevailed in 404 

injured DRGs (60% of differentially methylated sites) three days after SNL. Similarly, an 405 

analysis using reduced representation bisulfite sequencing in rat DRGs 24 hours after SNL 406 

showed that DNA methylation changes occurred at 1% of 1.4 million CpG sites (Golzenleuchter 407 

et al., 2015). Specifically, hypermethylation and hypomethylation were detected at 79%, and 408 

21%, respectively, differentially methylated CpG sites. To determine DNA methylation changes 409 

during the transition from acute to chronic pain after SNL, the majority of our analyses were 410 

performed in the DRGs three weeks after SNL. At this time, hypomethylation was pronounced in 411 

injured DRGs, affecting 83% differentially methylated CpG sites. Thus, although the early phase 412 

of epigenetic reprogramming after nerve injury mainly involves DNA hypermethylation in the 413 
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DRG, the chronic phase of nerve injury-induced neuropathic pain is associated predominately 414 

with DNA hypomethylation. 415 

Traumatic nerve injury resulted in significant changes in gene expression of 2723 genes. 416 

Membrane transporters and genes involved in synaptic transmission were enriched among 417 

downregulated genes. We showed that DNA methylation can be targeted and the combined 418 

analysis of DNA methylation and gene expression revealed several pathways of potential interest 419 

for therapeutic interventions. 420 

The persistent, abnormal activity of DRG neurons can also cause secondary structural 421 

and functional changes in the spinal cord and brain regions. Interestingly, we found less 422 

differentially methylated sites and a tendency to increased methylation both in the spinal cord 423 

and the prefrontal cortex as opposed to prevailing hypomethylation in DRGs during the chronic 424 

phase of neuropathic pain induced by SNL. In contrast, it has been reported that sciatic nerve 425 

injury induces global hypomethylation in the mouse prefrontal cortex (Tajerian et al., 2013). This 426 

discrepancy may be explained by the difference in time after nerve injury: three weeks in our 427 

study versus six months in Tajerian’s study. 428 

The large overlap between DNA methylation changes in the DRGs from neonates and the 429 

adult SNL DRGs suggests that the epigenetic status of DRG neurons returned to an early 430 

developmental state after injury. The precise mechanisms leading to nerve injury-induced DNA 431 

hypomethylation in the DRG remain unclear. Regeneration of peripheral nerves induces a 432 

hypersensitivity state of primary sensory neurons (Truini et al., 2013). A recent study indicates 433 

that Tet3 demethylase plays a major role in active DNA demethylation for axon regeneration and 434 

regional hypomethylation of genes linked to nerve regeneration after peripheral nerve injury 435 



22 
 

 22 

(Weng et al., 2017). Also, we have shown that Gadd45 in the DRGs is profoundly upregulated 436 

after SNL (Laumet et al., 2015). Because Gadd45 is actively involved in DNA demethylation 437 

(Niehrs and Schafer, 2012; Schafer, 2013), it may also contribute to DNA hypomethylation in 438 

the DRG induced by nerve injury.  439 

In contrast to SNL-induced DNA hypomethylation in the DRGs, we observed minimal 440 

changes in DNA methylation in paclitaxel-treated rats. Our data are consistent with the concept 441 

that traumatic nerve injury-induced active DNA hypomethylation is a key epigenetic mechanism 442 

involved in axon regeneration (Shin and Cho, 2017; Weng et al., 2017). It is likely that traumatic 443 

nerve injury, not chemotherapy, causes neuropathic pain through DNA hypomethylation 444 

involved in hyperexcitatble DRG neurons associated with nerve regeneration. Our findings 445 

suggest different molecular mechanisms are involved in the development of neuropathic pain 446 

caused by traumatic nerve injury and chemotherapy. In support of this notion, SNL increases 447 

postsynaptic NMDA receptor activity through CK2, whereas paclitaxel treatment primarily 448 

augments presynaptic NMDA receptor activity via PKC (Chen et al., 2014a; Xie et al., 2016). 449 

We also investigated a correlation between the changes in DNA methylation with changes in 450 

gene expression occurring in the DRGs 3 weeks after SNL. We observed increased variability in 451 

expression of genes associated with CpG sites differentially methylated after SNL. At the same 452 

time, variable methylation at CpG sites at transcription start sites was associated with decreased 453 

gene expression. Thus, DNA methylation reprogramming may contribute to altered gene 454 

expression in the DRG after nerve injury.  455 

Our study provides new evidence that DNA hypomethylation can directly affect the pain 456 

sensitivity. We showed that intrathecal injection of the methyltransferase inhibitor RG108 or 457 

folate- and Vitamin B12-deficient diet produced pain hypersensitivity in naïve rats.  Similar to 458 
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our findings, it has been reported that S-adenosylmethionine supplementation, a methyl donor, 459 

reverses nerve injury-induced neuropathic pain in mice (Gregoire et al., 2017). The methyl donor 460 

not only increases DNA methylation but also promote histone methylation (Mentch et al., 2015; 461 

Tang et al., 2016), which may account for the small effect of the enriched diet on nociception. 462 

Because of the complex actions of the methyl diets, our conclusion about the role of DNA 463 

methylation in neuropathic pain is primarily based on the use of the DNA methylation inhibitor. 464 

Our findings of DNA methylation reprogramming in SNL-induced neuropathic pain are also in 465 

line with several clinical observations. For example, patients carrying mutations in DNA 466 

methyltransferase DNMT1 gene developed sensory neuropathy (Klein et al., 2011). Moreover, 467 

two-thirds of subjects with MECP2 mutation-Rett syndrome, a DNA methylation reader 468 

dysfunction, also show abnormal nociception (Downs et al., 2009). In addition, vitamin B12 and 469 

folate deficiencies increase the risk of developing peripheral neuropathy in patients (Shorvon et 470 

al., 1980; Reynolds, 2006). Interestingly, we were able to reproduce these observations in a rat 471 

model. Folate or B12 deficiency might also alter the function of immune cells and glia and thus 472 

contribute to chronic pain. Therefore, folate and vitamin B12 levels and intake should be 473 

monitored in patients at risk for developing painful neuropathy. 474 

In summary, our study reveals that traumatic nerve injury-induced DNA hypomethylation 475 

in the DRG during chronic pain is a genome-wide event. Because reducing DNA methylation 476 

caused pain hypersensitivity, it suggests a causal role of DNA hypomethylation in neuropathic 477 

pain development. Nerve injury-induced persistent DNA hypomethylation could contribute to 478 

epigenetic reprogramming to maintain hyperactivity of sensory neurons chronic pain. This 479 

epigenetic reprogramming could underlie a persistent transcriptional change necessary to sustain 480 

the chronic pain state.  481 
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Figure legends 627 

Figure 1. DNA methylation changes in DRGs after spinal nerve ligation (SNL). Analysis of 628 

6 SNL or Sham operated pairs of DRGs (A) 3 days and (B) 3 weeks after surgery. Volcano plots  629 

show CpG sites differentially methylated after SNL, defined by difference from Sham > 2% and 630 

p-value < 0.05. Dark blue dots show hypomethylated sites. Orange dots show hypermethylated 631 

sites. Percentage of differentially methylated sites is shown in parentheses. (C) A scatterplot 632 

shows a high correlation of methylation differences detected at 3 days and at 3 weeks after SNL 633 

(Pearson's correlation r=0.62, 95% CI  0.61-0.63, t = 95.2, df = 14566, p-value < 2x10-16). The 634 

red line shows a linear regression. (D) Venn diagrams show significant overlaps of CpG sites 635 

hypomethylated (blue, hypergeometric test p-value = 2 x 10-102) or hypermethylated (orange, 636 

hypergeometric test p-value = 4 x 10-108) at 3 days (d3) and 3 weeks (w3), respectively. (E) CpG 637 

sites with methylation changes 3 weeks after SNL were rarely located in CpG islands, shores, 638 

promoters and exons. There were more likely located in introns, intergenic regions, and repeats. 639 

Horizontal lines show 95% confidence intervals of odds ratios of variable/stable methylation 640 

(Fisher’s exact test). Validation of the methylation changes after SNL is shown in Extended Data 641 

Fig. 1-1.  642 

 643 

Figure 2.  DNA methylation changes in (A) DRGs, (B) spinal cord, and (C) prefrontal cortex 3 644 

weeks after spinal nerve ligation (SNL). Volcano plots show hypomethylated CpG sites in blue 645 

and hypermethylated sites in orange. CpG sites differentially methylated after SNL were defined 646 

by the difference from Sham >2% and permutation test p-value < 0.05. (D) A bar chart 647 

illustrating all possible intersections among CpG sites differentially methylated in prefrontal 648 

cortex (PFC), spinal cord (SC) and DRGs. The matrix of solid and empty circles at the bottom 649 
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illustrates the “presence” (solid green) or “absence” (empty) of the data sets in each intersection. 650 

The numbers to the right of the matrix are set sizes. The colored bars represent the intersection 651 

sizes with the color intensity showing the p-value significance. DNA methylation changes after 652 

paclitaxel treatment are shown in Extended Data Fig. 2-1. 653 

 654 

Figure 3. DNA methylation changes in DRGs after SNL recapitulate normal development. 655 

(A) Unsupervised hierarchical clustering of DNA methylation values shows that total DRGs and 656 

purified DRG neurons cluster together, while Sham and SNL cluster separately. (B) 657 

Developmental DNA methylation differences between neonatal and adult DRGs. (C) Overlap of 658 

DNA methylation changes in development and after SNL. (D) Top gene ontology terms enriched 659 

for methylation changes at genes common to SNL and development (blue hypomethylated, 660 

orange hypermethylated genes). Neuronal isolation Western blots are shown in Extended Data 661 

Fig. 3-1. 662 

 663 

Figure 4. Gene expression changes in DRGs three weeks after SNL. (A) Volcano plot shows 664 

1684 (10%) upregulated and 1039 (6%) downregulated genes. (B) Top pathways with enriched 665 

downregulated (blue) and upregulated (red) genes. Functional annotation of genes with 666 

simultaneous dysregulation of DNA methylation and gene expression is shown in Extended 667 

Data, Fig. 4-1 and 4-2. 668 

 669 

Figure 5. Intrathecal injection of RG108 induced pain hypersensitivity in naïve rats. Pain 670 

hypersensitivity was measured 24 hours after intrathecal injection of RG108 10 μg or vehicle (8 671 
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rats/group). RG108 induced significant reduction of von Frey thresholds (A) and Randall-Selitto 672 

thresholds (B) analyzed by repeated measure two-ways ANOVA (interaction drug x time: 673 

F(8,112) = 11.4, p<0.0001 and  F(8,104) = 5.16, p<0.0001 respectively). ***= p<0.001, **= 674 

p<0.01 and *= p<0.05. Data are presented as mean ± SEM. 675 

Figure 6. Effect of folate and vitamin B12 enriched, regular and deficient diets on pain 676 

hypersensitivity before and after nerve injury. Randall-Selitto and von Frey thresholds were 677 

measured every three days for 7 weeks. SNL was performed on day 26. The data were analyzed 678 

using two-way repeated measures ANOVA followed by Bonferroni’s correction for multiple 679 

tests. 680 

Von Frey thresholds were measured on (A) the ipsilateral rear paw (main diet effect F(2,21) = 681 

5.31, p=0.014) and significant time x diet interaction F(26,273) = 3.96, p<0.0001 and (B) 682 

contralateral rear paw (main diet effect F(2,12) = 10.1, p=0.003) and significant time x diet 683 

interaction F(24,144) = 3.04, p<0.0001. Randall-Selitto thresholds were measured on (C) the 684 

ipsilateral rear paw (main diet effect F(2,20) = 5.89, p=0.01)  and (D) contralateral rear paw 685 

(main diet effect F(2,12) = 4.45, p=0.036). Eight mice/diet group. * indicates significant 686 

difference between deficient diet and regular diet, # indicates significant difference between 687 

deficient diet and enriched diet. Data are presented as mean ± SEM. 688 

Figure 7. Effect of folate and vitamin B12 enriched, regular and deficient diets and nerve injury 689 

on DNA methylation in DRGs. Hypomethylation at the injured DRGs was not further enhanced 690 

by the diet deficient in folate and vitamin B12. On the other hand, uninjured DRGs in rats fed 691 

with a diet deficient in methyl donors showed hypomethylation changes similar to those after 692 

SNL. CpG sites hypomethylated after deficient diet are shown in blue, CpG sites with increased 693 
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methylation are shown in orange. Percentage of total analyzed CpG sites is shown in 694 

parentheses. (A) DNA methylation changes at the injured side, deficient vs. regular diet. (B) 695 

Prevailing hypomethylation at the control side, deficient vs. regular diet. (C) DNA methylation 696 

changes at the injured side, deficient vs. enriched diet. (D) Prevailing hypomethylation at the 697 

control side, deficient vs. enriched diet.  698 

 699 

Legends to extended data figures 700 

 701 

Figure 1-1. Prevailing DNA hypomethylation in DRGs 3 weeks after spinal nerve ligation 702 

(SNL). Related to Fig. 1. DNA methylation changes in DRGs 3 weeks after SNL in three 703 

experiments, each comparing 3 SNL/Sham pairs. (A, B) DNA methylation was analyzed by the 704 

DREAM assay. Dark blue dots show hypomethylated sites. Orange dots show hypermethylated 705 

sites. Percentage of differentially methylated sites is shown in parentheses. (C) Correlation of 706 

methylation differences in two representative experiments at 17869 CpG sites. Red solid line 707 

shows linear regression (p-value < 2e-16). (D) DNA methylation analyzed by the RRBS assay. 708 

Aquamarine blue dots show hypomethylated sites. Magenta dots show hypermethylated sites. (E) 709 

Hypomethylated CpG sites are distributed on all chromosomes. (F) RRBS and DREAM assays 710 

detected distinct sets of CpG sites with an overlap of 0.3%. Methylation values at CpG sites 711 

detected by both assays were highly concordant (linear regression R^2=0.98). 712 

 713 

Figure 2-1. DNA methylation changes after paclitaxel treatment are minimal and distinct 714 

from those after SNL. Related to Fig. 2.  (A) DNA methylation changes at 15807 CpG sites in 715 
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DRGs from three paclitaxel-treated and three control rats. (B) DNA methylation changes at 716 

15559 CpG sites in dorsal horns of the spinal cord from two paclitaxel-treated and three control 717 

rats. Dark blue dots show hypomethylated sites. Orange dots show hypermethylated sites. 718 

Percentage of differentially methylated sites is shown in parentheses. Inverse correlation of DNA 719 

methylation changes after paclitaxel treatment and SNL in (C) DRGs (Pearson's correlation r = -720 

0.35, t = -39.347, df = 10977, p-value < 2.2e-16) and (D) the spinal cord (Pearson's correlation r 721 

= -0.17, t = -20.497, df = 13257, p-value < 2.2e-16). 722 

 723 

Figure 3-1. Validation of DRG neuronal isolation by western blots. Related to Fig. 3. (A) 724 

Nuclei were isolated from a pool of DRGs as evidenced by immunolabeling of histone 3 by 725 

western blots. (B) Neuronal nuclei were separated by immunoprecipitation. The separation of 726 

neuronal and non-neuronal nuclei were confirmed immunolabeling of neuronal marker Neuronal 727 

Nuclei (NeuN) and glial markers Glial fibrillary acidic protein (GFAP) and glutamine synthetase 728 

(GS).  Western blots were imaged and quantified by infrared imaging system.     729 

 730 

Figure 4-1. Over-representation analysis of genes with dysregulated methylation and 731 

expression. Related to Fig. 4. Genes with expression and DNA methylation changes were 732 

enriched in extracellular matrix organization and cytokine-cytokine receptor pathways. Gene 733 

ontology functional annotation analysis showed enrichment for cell adhesion, immune response, 734 

response to wounding, channel activity, signaling receptor activity, plasma membrane, 735 

extracellular matrix, basement membrane and neuron projection.  736 

 737 
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Figure 4-2. Gene set enrichment analysis of genes associated with DNA methylation 738 

changes in DRGs after SNL. Related to Fig. 4. (A, B) Top gene ontology (GO) categories 739 

enriched after SNL. (C) Frequency of gene representation in GO subsets significantly enriched 740 

after SNL (FDR < 0.05). (D, E) Top GO categories repressed after SNL. (F) Frequency of gene 741 

representation in GO subsets significantly repressed after SNL (FDR < 0.05). 742 
















