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Nerve Injury-Induced Chronic Pain Is Associated with
Persistent DNA Methylation Reprogramming in Dorsal Root
Ganglion

Judit Garriga,"™* “Geoffroy Laumet,>* Shao-Rui Chen,? Yuhao Zhang,’ Jozef Madzo,' Jean-Pierre J. Issa,! Hui-Lin Pan,?
and “Jaroslav Jelinek!
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Nerve injury-induced hyperactivity of primary sensory neurons in the dorsal root ganglion (DRG) contributes to chronic pain develop-
ment, but the underlying epigenetic mechanisms remain poorly understood. Here we determined genome-wide changes in DNA meth-
ylation in the nervous system in neuropathic pain. Spinal nerve ligation (SNL), but not paclitaxel treatment, in male Sprague Dawley rats
induced a consistentlow-level hypomethylation in the CpG sites in the DRG during the acute and chronic phases of neuropathic pain. DNA
methylation remodeling in the DRG occurred early after SNL and persisted for at least 3 weeks. SNL caused DNA methylation changes at
8% of CpG sites with prevailing hypomethylation outside of CpG islands, in introns, intergenic regions, and repetitive sequences. In
contrast, SNL caused more gains of methylation in the spinal cord and prefrontal cortex. The DNA methylation changes in the injured
DRGs recapitulated developmental reprogramming at the neonatal stage. Methylation reprogramming was correlated with increased
gene expression variability. A diet deficient in methyl donors induced hypomethylation and pain hypersensitivity. Intrathecal adminis-
tration of the DNA methyltransferase inhibitor RG108 caused long-lasting pain hypersensitivity. DNA methylation reprogramming in the
DRG thus contributes to nerve injury-induced chronic pain. Restoring DNA methylation may represent a new therapeutic approach to
treat neuropathic pain.
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Epigenetic mechanisms are critically involved in the transition from acute to chronic pain after nerve injury. However, genome-
wide changes in DNA methylation in the nervous system and their roles in neuropathic pain development remain unclear. Here we
used digital restriction enzyme analysis of methylation to quantitatively determine genome-wide DNA methylation changes
caused by nerve injury. We showed that nerve injury caused DNA methylation changes at 8% of CpG sites with prevailing hypom-
ethylation outside of CpG islands in the dorsal root ganglion. Reducing DNA methylation induced pain hypersensitivity, whereas
increasing DNA methylation attenuated neuropathic pain. These findings extend our understanding of the epigenetic mechanism
of chronic neuropathic pain and suggest new strategies to treat nerve injury-induced chronic pain. j
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icine of the National Academies, 2011). Neuropathic pain is a
complex, chronic pain state that is usually caused by damage to
the nervous system. Current treatments for neuropathic pain are
poorly effective because of the limited understanding of the mo-
lecular mechanism involved. A well defined characteristic of neu-
ropathic pain is the prolonged hyperactivity of damaged primary

Introduction
Chronic pain costs ~$635 billion each year in medical treatment
and lost productivity in the United States alone (Institute of Med-
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afferent nerves and sensory neurons located in the dorsal root
ganglion (DRG; Pan et al., 1999; Liu et al., 2000). The establish-
ment of this long-term hyperactivity is upheld by sustained changes
in the expression levels of many genes, which suggests the involve-
ment of global epigenetic changes (Xiao et al., 2002; Hammer et
al., 2010). We and others have demonstrated that epigenetic
mechanisms are critically involved in chronic pain development
after nerve injury (Matsushita et al., 2013; Laumet et al., 2015).
However, most studies focus on post-translational histone mod-
ifications, whereas the changes in DNA methylation in injured
DRGs during chronic neuropathic pain are not well defined.

Control of chromatin accessibility for gene expression by
DNA methylation is vital during the development and cell type
specificity of different tissues. DNA methylation is crucial during
the differentiation of the nervous system and also has a relevant
role in the function of adult postmitotic neurons (Guo et al.,
2011; Sharma et al., 2016). Aberrant cytosine methylation at CpG
sites may result in the dysregulation of expression of affected
genes. Altered DNA methylation has been linked to memory for-
mation, drug addiction, and several neurodegenerative diseases
(Morris et al., 2014; Massart et al., 2015; Sanchez-Mut et al., 2016).
Nerve injury induces DNA methylation changes in the DRG (Gol-
zenleuchter et al., 2015). However, the analysis was performed
only 24 h after nerve injury, which predominantly reflects an
acute pain state. Little is known about long-lasting changes in
DNA methylation in the DRG during acute-to-chronic pain
transition.

In the present study, we used a highly quantitative digital re-
striction enzyme analysis of methylation (DREAM,; Jelinek et al.,
2012; Jelinek and Madzo, 2016) to determine genome-wide changes
in DNA methylation in the nervous system caused by peripheral
nerve injury. We showed that nerve injury, but not chemother-
apy, primarily caused consistent low-level hypomethylation in
the CpG sites in the DRG during the acute and chronic phases of
neuropathic pain. The CpG sites affected by these changes were
located mainly outside of CpG islands, in introns, intergenic re-
gions, and repetitive sequences. Also, reducing DNA methylation
levels using a DNA methyltransferase inhibitor or methyl group
donor-deficient diets caused pain hypersensitivity. This new in-
formation extends our understanding of epigenetic mechanisms
underlying neuropathic pain development and suggests new
strategy to treat nerve injury-induced chronic pain.

Materials and Methods

Animal models of neuropathic pain and intrathecal cannulation. All exper-
imental protocols and procedures used in this study were approved by
the Animal Care and Use Committee at The University of Texas MD
Anderson Cancer Center and conformed to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Spinal nerve ligation (SNL) in male Sprague Dawley rats (8—9 weeks
old, ~220 g; Harlan Sprague Dawley) was used for this study as the
neuropathic pain model. Animals were anesthetized with 2—-3% isoflu-
rane, and the left L5 and L6 spinal nerves were isolated and ligated tightly
with 4.0 silk sutures under a surgical microscope, as described previously
(Kim and Chung, 1992; Chen et al., 2000). Sham surgery (without nerve
ligation) was performed on the contralateral side as the control.

Also, chemotherapy-induced peripheral neuropathy was used as an-
other neuropathic pain model. Four intraperitoneal injections of the
chemotherapeutic agent paclitaxel (2 mg/kg, every 2 d) were performed
(Polomano et al., 2001; Chen et al., 2014b), and rats treated with vehicle
(cremophor ethanol 1:1) were used as the control group. Both neuro-
pathic pain models consistently induce pain hypersensitivity lasting for at
least 4 weeks.

DNA methyltransferase (DNMT) inhibitor N-phthaloyl-L-tryptophan
(RG108, Tocris Bioscience) was administered intrathecally. RG108 is cell
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permeable (Brueckner et al., 2005) and has been shown to inhibit
DNMTs in neurons in vivo (Guo et al., 2011). Under anesthesia with 2%
isoflurane, an intrathecal catheter (PE-10 tubing) was surgically inserted
through an incision made in the cisternal membrane. The catheter was
directed to the lumbar region of the spinal cord, and the external opening
was sealed (Yaksh and Rudy, 1976). Rats displaying signs of the motor or
neurological dysfunction were excluded and terminated immediately
with an overdose of phenobarbital (200 mg/kg, i.p.). The animals were
allowed to recover for 5 d before intrathecal injections. Ten micrograms
of RG108 or vehicle (10% DMSO; saline) were injected intrathecally in a
5 ul volume followed by a 10 ul saline flush, as previously described
(Laumet et al., 2015). The dose was selected based on data in a previous
publication (Chestnut et al., 2011). Animals received intrathecal injec-
tions for 4 consecutive days.

Behavioral assessment of tactile allodynia and hyperalgesia in rats. To
quantify tactile allodynia, rats were placed in individual plastic boxes
on a mesh floor and allowed to acclimate for 30—45 min. A series of
calibrated von Frey filaments was applied perpendicularly to the plan-
tar surface of the hindpaw with sufficient force to bend the filaments for
6 s, and brisk paw withdrawals or flinching was considered as a positive
response. In the absence of a response, the filament of next greater force
was applied. If a response occurred, the filament of next lower force was
applied. The tactile stimulus producing a 50% likelihood of withdrawal
was determined using the “up-down” calculating method (Chaplan etal.,
1994).

We measured mechanical hyperalgesia in rats by testing the with-
drawal threshold in response to a noxious pressure stimulus (Randall-
Selitto test) using the paw-pressure Analgesy-Meter (Ugo Basile). When
the animal displayed pain by either withdrawing the paw or vocalizing,
the pedal was immediately released, and the nociceptive withdrawal
threshold was read on the scale (Laumet et al., 2015; Xie et al., 2016). The
investigator (G.L.) performing behavioral experiments was blinded to
the treatments.

Modified-diet treatment. To manipulate DNA methylation levels, we
altered the intake of methyl group donors (folate and vitamin B12) by
feeding the rats with modified diets. The original diet AIN-93M (normal
folate dose, 2.1 ppm; vitamin B12 dose, 28 ug/kg) was modified by
Purina Animal Nutrition LLC Technical Services to make a folate-
deficient and vitamin B12-deficient diet (0.1 ppm and 3 ug/kg, respec-
tively) and a diet five times enriched in folate and vitamin B12 (10.5 ppm
and 140 ug/kg, respectively). Five-week-old rats (weight, ~120 g) were
randomly placed in new cages with ad libitum regular, deficient, and
enriched diets, respectively. The animals were kept on the diets for 4
weeks before SNL surgery, followed by 3 weeks after SNL. Behavioral
tests were performed every 3—4 d during the diet feeding period.

Neuronal nuclear enrichment. To prepare a neuronal nuclear enrich-
ment, fresh whole DRG samples were cut and mashed onto an ice-cold
Petri dish. Mashed tissue from 3 DRGs was pooled in one 1.5 ml tube.
The tissue was resuspended in buffer NAME (20 mm Tris, pH 8; 20 mm
KCL and 1.5 mm MgCl,) with a cocktail of protease and phosphatase
inhibitors (Thermo Fisher Scientific), 0.5 mm DTT, and 1 mm PMSF
(Sigma-Aldrich) to obtain a single cell suspension. Cells were incubated
on ice for 5 min before being centrifuged at 3000 rpm at 4°C for 2 min.
The pellet was resuspended in the buffer NAME containing 0.15% NP-
40. Cells were incubated on a rotator overnight to isolate nuclei. Neuro-
nal nuclei were immunoprecipitated using anti-Fox3 (neuronal nuclear
marker; catalog #104225, Abcam) in PBS, and genomic DNA extraction
was performed. Neuronal nuclei were lysed with lysis buffer (0.1 m Tris,
pH 8, 5 mm EDTA, 0.2% SDS, 0.2 M NaCl, and proteinase K) overnight
and precipitated with isopropanol. Genomic DNA pellet was washed
with 75% ethanol, dried, and resuspended in TE buffer (Tris 10 mm, pH
8,and 1 mm EDTA). The isolation purity was validated by Western blot
analysis. Nuclear proteins were extracted from one batch. Cytoplasm/
nucleus separation was validated by Western blot using anti-histone H3
(1/4000; catalog #9715, Cell Signaling Technology), and neuronal en-
richment was validated by Western blot using the neuronal marker
anti-Fox3 (catalog #104225, Abcam) and the satellite/glia markers anti-
glutamine synthetase (1/200; catalog #MAB302, Millipore) and anti-
GFAP (1/4000; catalog #7260, Abcam).
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DNA methylation analysis. Rats were deeply anesthetized with 5% iso-
flurane, and then the brain, spinal cord, and ligated or Sham-operated
DRG tissues at the L5 and L6 levels were rapidly harvested. We used the
DREAM method to quantify methylation status at tens of thousands
CpG sites across the genome (Jelinek et al., 2012; Jelinek and Madzo,
2016). In brief, genomic DNA extracted from DRG samples was spiked
with methylation standards and sequentially digested with two restric-
tion endonucleases recognizing CCCGGG sites in DNA. Smal cleaved
only unmethylated sites, resulting in blunt-ended fragments starting
with 5'-GGG. Next, Xmal cleaved the remaining methylated sites creat-
ing 5'-C™°CGG overhang sequences. Exonuclease-deficient Klenow
fragment DNA polymerase was then used to fill in the 3" recesses left by
Xmal and add 3'-dA overhangs to the ends of all fragments. Thus, spe-
cific signatures 5'-GGG and 5'-CCGGG were created at unmethylated
and methylated CpG sites, respectively. Illumina sequencing adapters
were then ligated to the enzyme-treated DNA; sequencing libraries were
generated according to Illumina protocols and run on Illumina HiSeq
2000 and 2500 instruments at the Fox Chase Cancer Center Genomics
facility. Sequencing data were aligned to the rat genome (rn4), and the
reads with unmethylated and methylated signatures were counted at
individual CCCGGG ssites. Methylation levels were calculated as the ratio
of reads with the methylated signature to all reads mapping to each
respective site. DNA methylation values at individual CpG sites were
adjusted based on spike-in standards and filtered for the minimum se-
quencing depth of 100 reads. We deposited DNA methylation DREAM
data into the Gene Expression Omnibus database under accession num-
ber GSE100641.

Reduced representation bisulfite sequencing. Genomic DNA extracted
from triplicate samples of DRGs 3 weeks after SNL or Sham operation
was analyzed for DNA methylation changes by reduced representation
bisulfite sequencing (RRBS; Gu et al., 2011) to validate DREAM results
by an orthogonal method. We followed the NEB protocol for methylated
adaptors. Briefly, 1 ug of genomic DNA was spiked 100 pg of lambda
phage DNA as the unmethylated standard and digested with Mspl. Ends
of restriction fragments were filled in, 3'-dA was tailed, and methylated
adaptors (catalog #E7535, NEB) were ligated to the ends of restriction
fragments. Bisulfite treatment using the Epitect kit (Qiagen) followed.
Bisulfite-converted libraries were amplified using EpiMark TagDNA
polymerase (NEB) and primers with barcode indices. The libraries were
pooled and sequenced at Fox Chase Cancer Center Genomics Facility on
an Illumina HiSeq2500 instrument using single end reads of 50 bases.
We used Bismark version 0.18.1 (Krueger and Andrews, 2011) to align
the sequences to the Rattus norvegicus rn4 genome assembly. We used
methylKit version 1.3.3 (Akalin et al., 2012) to analyze differential
methylation. We deposited RRBS data to the Gene Expression Omni-
bus database under accession number GSE114865.

RNA sequencing. We harvested DRGs from deeply anesthetized rats
and isolated total RNA using RNeasy (Qiagen). We made RNA libraries
from 1 pg of total RNA using stranded total RNA plus Ribo-zero kits
(Illumina). The sequencing was performed at the Fox Chase Cancer
Center Genomics Core Facility. The detailed method has been de-
scribed previously (Laumet et al., 2015). RNA sequence data are de-
posited in the Gene Expression Omnibus database under accession
number GSE59043.

Statistical analysis. We used one-way or two-way repeated ANOVA to
analyze behavioral data for statistical differences (Prism, GraphPad Soft-
ware). Statistical calculations for DNA methylation and RNA-sequencing
(RNA-seq) data were performed using the R suite (R Development Core
Team, 2017). Unsupervised hierarchical clustering was performed using
the pvclust package (Suzuki and Shimodaira, 2006). Differences in meth-
ylation means and ¢ test p values were used for Volcano plots. We used
Fisher’s exact test to calculate the odds ratios. The statistical significance
of multiset intersections was computed using the SuperExactTest pack-
age (Wang et al., 2015). To compare the variation in expression and
methylation level, we used two tests: a Levene’s test, which was used to
assess the equality of variances between the two groups with stable or
variable methylation. We performed overrepresentation analysis (ORA)
for genes associated with methylation or expression changes. We used the
ConsensusPathDB on-line tool (Kamburov et al., 2009; Herwig et al.,
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2016) and gene set enrichment analysis (GSEA) software version 3.0, and
Molecular Signature Database (MSigDB) version 6.0 (Subramanian et
al., 2005; http://software.broadinstitute.org/gsea/index.jsp) to identify
enriched pathways and gene ontology (GO) sets.

Results

Peripheral nerve injury induces DNA methylation
reprogramming in DRGs

Pain hypersensitivity induced by SNL in rats occurs immediately
after nerve injury and persists as a chronic pain state for at least 6
weeks. We first examined DNA methylation in DRGs at 3 d after
SNL to detect early epigenetic changes. We used the highly quan-
titative DREAM method to determine genome-wide DNA meth-
ylation patterns. We observed changes in DNA methylation at
>1000 CpG sites. Overall, 4.6% of analyzed CpG sites showed
gains of methylation while 3% of sites showed losses of methyl-
ation, predominantly those sites with high levels of baseline
methylation (Fig. 1A).

We next focused on methylation reprogramming at the
chronic pain stage 3 weeks after SNL. In the first experiment, we
obtained DRGs from SNL and Sham surgery sides in six individ-
ual rats and observed significant DNA methylation changes in
4.5% of sites. In contrast to the early stage, loss of methylation
(i.e., hypomethylation) prevailed with 3.6% of CpG sites, and
only 0.9% sites were gaining methylation (Fig. 1B). We repeated
this experiment two additional times and obtained similar results
(Fig. 1-1A,B available at https://doi.org/10.1523/JNEUROSCI.
2616-17.2018.f1-1). To address whether the global changes ob-
served consistently occurred at the same CpG sites in the different
experiments, we compared the two experiments with the highest
number of paired samples and found that the methylation differ-
ences were highly correlated (linear regression R* = 0.47, p < 2 X
10 ~'% Fig. 1-1Cavailable at https://doi.org/10.1523/JNEUROSCL.
2616-17.2018.f1-1). To increase the statistical power, we pooled
the three experiments and analyzed a total of 15 animals with
high-quality data (Fig. 2A). We confirmed prevailing hypom-
ethylation that affected 6.5% of examined CpG sites. Simultane-
ously, we noted gains of methylation in 1.4% of analyzed CpG
sites.

Finally, we validated the observation of prevailing hypomethyla-
tion in DRGs after SNL by an orthogonal method, RRBS. Using the
same criteria as for the restriction enzyme-based DREAM method,
we quantified methylation at 32,688 CpG sites. We observed hy-
pomethylation at 3659 (11.2%) sites and hypermethylation at
963 (2.9%) sites (Fig. 1-1D available at https://doi.org/10.1523/
JNEUROSCI.2616-17.2018.f1-1). We found hypomethylation
changes after SNL to be distributed globally across all chromosomes
(Fig. 1-1E available at https://doi.org/10.1523/JNEUROSCL
2616-17.2018.f1-1). Since there was only a small overlap detected
with the =100 read coverages read by both methods, the RRBS
results represented an additional dataset of independent CpG
sites validating the tendency to hypomethylation after SNL ob-
served by the DREAM data. The overlapping sites showed an
excellent correlation of methylation values measured by both
methods (R*> = 0.98; Fig. 1-1F available at https://doi.org/10.
1523/JNEUROSCI.2616-17.2018.f1-1). Thus, chronic pain is as-
sociated with a complex methylation reprogramming that affects
up to 14% of the genome and is characterized predominantly by
the loss of methylation at DRGs.

We note that, while highly statistically significant, the meth-
ylation changes are relatively small (average loss of 1.7% for hy-
pomethylated sites). There was a significant correlation between
the degree of change at 3 d and at 3 weeks after SNL [Pearson’s
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correlation r = 0.62; 95% confidence interval (CI), 0.61-0.63;
t=95.2;df = 14,566; p < 2 X 10 ~le, Fig. 1C], and a substantial
overlap between the sites changed at 3 d and those changed at 3
weeks (hypergeometric test, p < 10 ~'°°; Fig. 1 D). When compar-
ing week 3 to day 3, the dominant pattern seems to be fewer sites
with gains of methylation and many more sites with losses of meth-
ylation. Thus, the reshaping of the methylome starts early after SNL
with both gains and losses of methylation, but the chronic pain phase
is characterized by expansion of the hypomethylation defect.

The effects of DNA methylation on gene expression vary
depending on the location of the CpG sites affected (Jones,

2012). Therefore, we mapped the CpG sites that changed 3
weeks after SNL and compared their locations to CpG sites
with stable methylation (Fig. 1E). The variable CpG sites
were significantly less likely to be in CpG islands (odds ratio,
0.03; 95% CI, 0.02-0.05), promoters (odds ratio, 0.07; 95%
CI, 0.05-0.1), CpG island shores (odds ratio, 0.43; 95% CI,
0.36-0.51), and exons (odds ratio, 0.56; 95% CI, 0.47—0.67).
The variable CpG sites were more often in introns (odds
ratio, 1.2;95% CI, 1.1-1.3), intergenic regions (odds ratio, 7.4;
95% CI, 6.5-8.3), and repeats (odds ratio, 1.5; 95% CI,
1.3-1.8).
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Peripheral nerve injury induces DNA methylation
reprogramming in the spinal cord and cortex

To determine whether SNL-induced DNA methylation changes
are limited to DRGs, we performed DREAM analysis using spinal
cord and prefrontal cortex tissues 3 weeks after SNL. As shown in
Figure 2, we observed DNA methylation changes in all tissues
with qualitative and quantitative differences compared with
DRGs. As opposed to the substantial bias toward hypomethyla-
tion in DRGs, we observed more gains of methylation in the
spinal cord and prefrontal cortex. While progressively fewer loci
were affected, there was a highly significant overlap of differen-

tially methylated CpG sites in all three tissues (super exact test,
p =10"*'; Fig. 2D).

Chemotherapy-induced painful neuropathy causes minimal
changes in DNA methylation

We next asked whether DNA methylation changes caused by SNL
would also occur in a different neuropathic pain model. We chose
the rat model of chemotherapy-induced painful neuropathy
caused by paclitaxel treatment, which induces prolonged pain
hypersensitivity (Polomano et al., 2001). In contrast to the trau-
matic nerve injury model, paclitaxel treatment caused minimal
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changes in DNA methylation (<2% of CpG sites) in the DRG and
spinal cord (Fig. 2-1A,B available at https://doi.org/10.1523/
JNEUROSCI.2616-17.2018.f2-1). DNA methylation changes in
DRGs after SNL and after paclitaxel treatment were inversely
correlated (Pearson r = —0.35; p < 2e-16; Fig. 2-1C available
at https://doi.org/10.1523/J]NEUROSCI.2616-17.2018.£2-1). We
also saw a similar inverse correlation between methylation changes
after paclitaxel treatment and SNL in the spinal cord (Pearson r =
—0.17; p < 2e-16; Fig. 2-1 D available at https://doi.org/10.1523/
JNEUROSCI.2616-17.2018.f2-1). There was no statistically
significant overlap of genes associated with either hypomethy-
lated or hypermethylated CpG sites between SNL and pacli-
taxel treatment.

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

DNA methylation shows significant tissue and cellular specificity,
and it is possible that the changes we observed in DRGs were
caused by a shift in the cellular composition (e.g., increased sat-
ellite cells and/or infiltration of inflammatory cells). Therefore,
we sought to determine whether the methylation changes ob-
served in DRGs corresponded to methylation changes occurring
in neurons by analyzing DNA obtained from neuronal nuclei
captured using the anti-Fox3 antibody 3 weeks after nerve liga-
tion (Fig. 3-1 available at https://doi.org/10.1523/JNEUROSCI.
2616-17.2018.f3-1). Difficulties in purifying enough nuclei for
DREAM analysis limited the number of samples we could
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study. Nevertheless, an analysis of five
samples (two “input” mixed cellular po-
pulations and three neuron-enriched
pools) showed that samples from the SNL
clustered together and away from samples
from the Sham group (Fig. 3A). In this
analysis, the neuron-enriched sample
clustered very close to the unpurified
DRGs, suggesting that injured DRG neu-
rons likely undergo the same DNA meth-
ylation changes as detected in the whole
DRGs.

DNA methylation reprogramming is
critically involved in neuronal develop-
ment. Having shown that the methylation
changes occur in injured DRG neurons,
we asked whether this epigenetic change
reflected reprogramming at an early de-
velopmental stage. We analyzed DNA
methylation in DRGs obtained from neo-
natal and adult animals. Striking differ-
ences in DNA methylation were observed
(Fig. 3B), affecting 17% of the methylome.
Both increases and decreases in methyl-
ation occurred during development, and
there was a significant overlap (hypergeo-
metric test, p = 4 X 107'%®) between
the development-associated changes and
those that occurred 3 weeks after SNL
(Fig. 3C). Thus, DNA methylation re-
modeling associated with the chronic pain
reflects partial reprogramming of the
DRG neurons along pathways that reca-
pitulate normal development.

CpG sites hypomethylated after SNL
were associated with 788 genes, and sites
hypomethylated in development were as-
sociated with 776 genes. The overlap was
262 genes (p = 10 ~*°). ORA for the over-
lapping genes revealed “nervous system
development” as the top GO category. CpG
sites hypermethylated after SNL were
associated with 167 genes, and sites hyper-
methylated in development were associ-
ated with 599 genes. The overlap was 62
genes (p = 1.4 X 10 7). ORA for the
overlapping genes revealed “muscle organ
development” as the top GO category
(Fig. 3D).

Nerve injury-induced methylation
reprogramming correlates with
increased gene expression variability in
DRGs

Gene expression in DRGs after SNL ana-
lyzed by RNA-seq showed 1684 genes
upregulated (10%) and 1039 genes down-
regulated (6%; Fig. 4A). Downregulated
genes were enriched in the neuronal system,
potassium channels, neuroactive ligand-re-
ceptor interactions, and G-protein-coupled
receptor downstream signaling pathways.
Upregulated genes were enriched in path-
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Figure 4.  Gene expression changes in DRGs 3 weeks after SNL. A, Volcano plot shows 1684 (10%) upregulated and
1039 (6%) downregulated genes. B, Top pathways with enriched downregulated (blue) and upregulated (red) genes.
Functional annotation of genes with simultaneous dysregulation of DNA methylation and gene expression is shown
in Figure 4-1 available at https://doi.org/10.1523/JINEUR0SCI.2616-17.2018.f4-1 and Figure 4-2 available at
https://doi.org/10.1523/JNEUR0OSCI.2616-17.2018.f4-2.
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(more than twofold, p < 0.05) and in
DNA methylation (>2%, p < 0.05) at 664
genes. The odds ratio of simultaneous
dysregulation of DNA methylation and
gene expression in DRGs after SNL was
1.23 (95% CI, 1.09-1.38; p = 0.0005).
Thus, the methylation reprogramming
was associated with significant gene ex-
pression changes in the injured DRG.
Genes affected by expression and DNA
methylation changes were enriched for
ECM organization and cytokine—cyto-
kine receptor pathways. Gene ontology
functional annotation analysis showed
enrichment for cell adhesion, immune
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response, response to wounding, channel
activity, signaling receptor activity, plasma
membrane, ECM, basement membrane,
and neuron projection (Fig. 4-1 available at
https://doi.org/10.1523/JNEUROSCI.2616-
17.2018.f4-1). GSEA of genes with variable
methylation showed increased expression
of genes involved in morphogenesis and
development, and decreased expression of
voltage-gated and ligand-gated ion chan-
nels and axon-associated genes in DRGs
after SNL (Fig. 4-2 available at https://
doi.org/10.1523/J]NEUROSCI.2616-17.2018.
4-2).

kkk Fhx Reducing DNA methylation causes

pain hypersensitivity

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

50—
BL

2 3
Time (days)

— -

Figure 5.
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ways including extracellular matrix (ECM) organization, cytokine—
cytokine receptor interaction, spinal cell injury, ECM-receptor
interaction, and hematopoietic cell lineage (Fig. 4B).

We next determined whether methylation changes detected in
the DRG were correlated with the altered gene expression we
reported previously using RNA-seq analysis in the SNL model
(Laumet et al., 2015). DNA methylation outside of gene pro-
moter regions can be associated with either increased or de-
creased expression (Jones, 2012). We analyzed the relationship
between the variability of DNA methylation at CpG sites and
expression of the closest gene.

We obtained RNA-seq data for 16809 genes and DNA meth-
ylation data for CpG sites associated with 7625 genes. Both data-
sets overlapped at 7112 genes. We observed significantly greater
variability of expression of 2892 genes near the CpG sites that
changed methylation compared with the CpG sites with stable
methylation (Levene’s test for homogeneity of variance, F = 9.38,
p = 0.002). We noted concordant changes in gene expression

Intrathecal injection of RG108 induced pain hypersensitivity in naive rats. Pain hypersensitivity was measured 24 h
after intrathecal injection of RG108 10 g or vehicle (8 rats/group). A, B, RG108 induced significant reduction of von Frey
thresholds (A) and Randall-Selitto thresholds (B) analyzed by repeated-measures two-way ANOVA (interaction drug X time:
Fg 112y = 11.4,p <0.0001and F g 4y = 5.16, p < 0.0007, respectively). ***p < 0.001, **p << 0.01, compared with baseline

DNA methylation in the DRG. To deter-
mine whether DNA hypomethylation is
sufficient to modulate pain sensitivity, we
first used a DNA methyltransferase inhib-
itor, RG108 (Brueckner et al., 2005).
Drugs can get direct access to DRG neu-
rons via intrathecal injections (Laumet et
al., 2015; Xie et al., 2016). Intrathecal in-
jection of RG108 (10 ug/d for 4 consecu-
tive days) caused a large and long-lasting
reduction in the mechanical withdrawal
thresholds, measured with von Frey filaments and a noxious
pressure stimulus (Randall-Selitto test) in naive rats (Fig. 5). In-
trathecal vehicle injection produced no effect on the withdrawal
thresholds.

Folate and vitamin B12 are the main sources of the methyl
group donors in the diet. We tested the effects of diets with a
modified content of the key methyl group donors, folate and
vitamin B12, on the paw withdrawal thresholds. The tactile threshold
(von Frey) increased until the rats reached their adult body size,
as previously described (McKelvey et al., 2015). Feeding the rats
with the diet deficient in folate and vitamin B12 for 2-3 weeks
significantly reduced the tactile (von Frey) withdrawal threshold
before SNL surgery and in the contralateral (Sham control) hind-
paw (Fig. 6). Although the withdrawal thresholds were not statis-
tically different between the regular and enriched diet groups, the
withdrawal thresholds were significantly lower in the deficient
diet group than in the enriched diet group (Fig. 6). To confirm
that the modified diets affect DNA methylation in the DRG, we
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Figure 6.  Effect of folate- and vitamin B12-enriched, regular and deficient diets on pain hypersensitivity before and after nerve injury. Randall-Selitto and von Frey thresholds were measured

every 3 d for 7 weeks. SNL was performed on day 26. The data were analyzed using two-way repeated-measures ANOVA followed by Bonferroni’s correction for multiple tests. 4, B, von Frey
thresholds were measured on the ipsilateral rear paw (main diet effect: F, ,;, = 5.31, p = 0.014; significant time X diet interaction: F 55 ,73) = 3.96, p < 0.0001; A) and contralateral rear paw
(main diet effect: F, ;,) = 10.1, p = 0.003; significant time X diet interaction: F, 1,4) = 3.04, p << 0.0001; B). €, D, Randall-Selitto thresholds were measured on the ipsilateral rear paw (main
diet effect: F, ,p) = 5.89, p = 0.01; () and the contralateral rear paw (main diet effect: , ,,, = 4.45, p = 0.036; D). Eight mice/diet group. *p << 0.05, **p << 0.01, ***p << 0.001. Significant
difference between deficient diet and reqular diet; *p << 0.05, *p < 0.01, **p << 0.001, significant difference between deficient diet and enriched diet. Data are presented as the mean = SEM.

compared global DNA methylation changes occurring 3 weeks
after surgery for SNL in rats exposed for 7 weeks to the deficient,
regular, and enriched diets. Interestingly, DNA hypomethylation
in the DRG induced by SNL was not further enhanced in the rats
being fed the folate-deficient and vitamin B12-deficient diet (Fig.
7A,C). In contrast, folate and vitamin B12 deficiencies resulted in
DNA hypomethylation in DRGs obtained from the Sham-operated
contralateral side (Fig. 7B,D). Together, these data suggest that
nerve injury-induced DNA hypomethylation in the DRG is causally
related to the development of chronic pain.

Discussion

In this study, we systemically examined changes in DNA methyl-
ation in the DRG during neuropathic pain development after
nerve injury. We found that hypermethylation prevailed in in-
jured DRGs (60% of differentially methylated sites) 3 d after
SNL. Similarly, an analysis using reduced representation
bisulfite sequencing in rat DRGs 24 h after SNL showed that
DNA methylation changes occurred at 1% of 1.4 million CpG
sites (Golzenleuchter et al., 2015). Specifically, hypermethylation
and hypomethylation were detected at 79% and 21%, respec-
tively, differentially methylated CpG sites. To determine DNA
methylation changes during the transition from acute to chronic
pain after SNL, the majority of our analyses were performed in the
DRGs 3 weeks after SNL. At this time, hypomethylation was pro-
nounced in injured DRGs, affecting 83% of differentially methylated
CpG sites. Thus, although the early phase of epigenetic reprogram-

ming after nerve injury mainly involves DNA hypermethylation in
the DRG, the chronic phase of nerve injury-induced neuropathic
pain is associated predominantly with DNA hypomethylation.

Traumatic nerve injury resulted in significant changes in the
gene expression of 2723 genes. Membrane transporters and genes
involved in synaptic transmission were enriched among down-
regulated genes. We showed that DNA methylation can be tar-
geted, and the combined analysis of DNA methylation and gene
expression revealed several pathways of potential interest for thera-
peutic interventions.

The persistent, abnormal activity of DRG neurons can also
cause secondary structural and functional changes in the spinal
cord and brain regions. Interestingly, we found less differentially
methylated sites and a tendency toward increased methylation in
both the spinal cord and the prefrontal cortex as opposed to
prevailing hypomethylation in DRGs during the chronic phase of
neuropathic pain induced by SNL. In contrast, it has been re-
ported that sciatic nerve injury induces global hypomethylation
in the mouse prefrontal cortex (Tajerian et al., 2013). This dis-
crepancy may be explained by the difference in time after nerve
injury: 3 weeks in our study versus 6 months in the study by
Tajerian et al. 2013.

The large overlap between DNA methylation changes in the
DRGs from neonates and the adult SNL DRGs suggests that the
epigenetic status of DRG neurons returned to an early develop-
mental state after injury. The precise mechanisms leading to
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nerve injury-induced DNA hypomethylation in the DRG remain
unclear. The regeneration of peripheral nerves induces a hyper-
sensitivity state of primary sensory neurons (Truini et al., 2013).
A recent study (Weng et al., 2017) indicates that Tet3 demethyl-
ase plays a major role in active DNA demethylation for axon
regeneration and regional hypomethylation of genes linked to
nerve regeneration after peripheral nerve injury. Also, we have
shown that Gadd45 in the DRGs is profoundly upregulated after
SNL (Laumet et al., 2015). Because Gadd45 is actively involved in
DNA demethylation (Niehrs and Schifer, 2012; Schifer, 2013), it
may also contribute to DNA hypomethylation in the DRG in-
duced by nerve injury.

In contrast to SNL-induced DNA hypomethylation in the
DRGs, we observed minimal changes in DNA methylation in
paclitaxel-treated rats. Our data are consistent with the concept
that traumatic nerve injury-induced active DNA hypomethyla-
tion is a key epigenetic mechanism involved in axon regeneration
(Shin and Cho, 2017; Weng et al., 2017). It is likely that traumatic
nerve injury, not chemotherapy, causes neuropathic pain through
DNA hypomethylation involved in hyperexcitable DRG neurons
associated with nerve regeneration. Our findings suggest that dif-
ferent molecular mechanisms are involved in the development of
neuropathic pain caused by traumatic nerve injury and che-
motherapy. In support of this notion, SNL increases postsynaptic
NMDA receptor activity through CK2, whereas paclitaxel treat-
ment primarily augments presynaptic NMDA receptor activity

via PKC (Chen et al., 2014a; Xie et al., 2016). We also investigated
a correlation between the changes in DNA methylation with
changes in gene expression occurring in the DRGs 3 weeks after
SNL. We observed increased variability in the expression of genes
associated with CpG sites differentially methylated after SNL. At
the same time, variable methylation at CpG sites at transcription
start sites was associated with decreased gene expression. Thus,
DNA methylation reprogramming may contribute to altered
gene expression in the DRG after nerve injury.

Our study provides new evidence that DNA hypomethylation
can directly affect the pain sensitivity. We showed that intrathecal
injection of the methyltransferase inhibitor RG108 or eating a
folate-deficient and vitamin B12-deficient diet produced pain
hypersensitivity in naive rats. Similar to our findings, it has been
reported that S-adenosylmethionine supplementation, a methyl
donor, reverses nerve injury-induced neuropathic pain in mice
(Grégoire etal., 2017). The methyl donor not only increases DNA
methylation but also promotes histone methylation (Mentch et
al., 2015; Tang et al., 2016), which may account for the small
effect of the enriched diet on nociception. Because of the complex
actions of the methyl diets, our conclusion about the role of DNA
methylation in neuropathic pain is primarily based on the use of
the DNA methylation inhibitor. Our findings of DNA methyl-
ation reprogramming in SNL-induced neuropathic pain are also
in line with several clinical observations. For example, patients
carrying mutations in the DNMT1 gene developed sensory neu-
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ropathy (Klein etal., 2011). Moreover, two-thirds of subjects with
MECP?2 mutation-Rett syndrome, a DNA methylation reader dys-
function, also show abnormal nociception (Downs et al., 2009). In
addition, vitamin B12 and folate deficiencies increase the risk of
the development of peripheral neuropathy in patients (Shorvon
etal., 1980; Reynolds, 2006). Interestingly, we were able to repro-
duce these observations in a rat model. Folate or vitamin B12
deficiency might also alter the function of immune cells and glia and
thus contribute to chronic pain. Therefore, folate and vitamin B12
levels and intake should be monitored in patients at risk for the
development of painful neuropathy.

In summary, our study reveals that traumatic nerve injury-
induced DNA hypomethylation in the DRG during chronic pain
is a genome-wide event. Because reducing DNA methylation
caused pain hypersensitivity, it suggests a causal role of DNA
hypomethylation in neuropathic pain development. Nerve
injury-induced persistent DNA hypomethylation could contrib-
ute to epigenetic reprogramming to maintain hyperactivity of
sensory neurons chronic pain. This epigenetic reprogramming
could underlie a persistent transcriptional change necessary to
sustain the chronic pain state.
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