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of chronic postsurgical pain uncovers
epigenetic mediators of genetic risk
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Background: Overlap of pathways enriched by single nucleotide polymorphisms and DNA-methylation
underlying chronic postsurgical pain (CPSP), prompted pilot study of CPSP-associated methylation quanti-
tative trait loci (meQTL). Materials & methods: Children undergoing spine-fusion were recruited prospec-
tively. Logistic-regression for genome- and epigenome-wide CPSP association and DNA-methylation-single
nucleotide polymorphism association/mediation analyses to identify meQTLs were followed by functional
genomics analyses. Results: CPSP (n = 20/58) and non-CPSP groups differed in pain-measures. Of 2753
meQTLs, DNA-methylation at 127 cytosine—guanine dinucleotides mediated association of 470 meQTLs
with CPSP (p < 0.05). At PARK16 locus, CPSP risk meQTLs were associated with decreased DNA-methylation
at RAB7L1 and increased DNA-methylation at PM20D1. Corresponding RAB7L1/PM20D1 blood eQTLs
(GTEx) and cytosine-guanine dinucleotide-loci enrichment for histone marks, transcription factor bind-
ing sites and ATAC-seq peaks suggest altered transcription factor-binding. Conclusion: CPSP-associated
meQTLs indicate epigenetic mechanisms mediate genetic risk.
Clinical trial registration: NCT01839461, NCT01731873 (ClinicalTrials.gov).

First draft submitted: 20 November 2020; Accepted for publication: 11 March 2021; Published online:
6 April 2021

Keywords: CPSP ¢ DNA methylation e epigenetics e genetics e mechanisms e meQTL e methylation quantitative
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Chronic postsurgical pain (CPSP) is a significant problem in children, with an incidence ranging from 14.5

to 38% [1-3]. Both genetic and environmental factors influence the risk for developing CPSP [4,5]. We recently

conducted a systematic review of genetic variants associated with CPSP [¢]. We found that well powered genome-wide

association studies (GWAS) are scarce in CPSP, [7,8] and many of the SNPs described in genetic association studies [9-

12] are located in noncoding regions, rendering functional interpretation difficult. The impact of environmental

factors on the development of CPSP underscores the role of epigenetic mechanisms in the pathogenesis of acute to

chronic pain transitions [13-15]. One widely studied epigenetic mechanism is DNA methylation. DNA methylation

occurs primarily at CpG sites. DNA methylation influences gene expression without alterations to the underlying

DNA sequence. Our previous epigenome-wide study in children undergoing spine fusion surgery showed that

DNA methylation at CpG sites in genes enriching opioid, dopaminergic and GABA pathways was associated

with CPSP [16,17]. Our systems biology guided study delineated genetic pathways involved in the pathophysiology

of CPSP [18]. Interestingly, epigenetic pathways overlap with the genetic pathways enriched by gene variants

associated with CPSP. Thus, we hypothesized that by integrating DNA methylation analyses with genetic studies, .
the mediating molecular mechanisms underlying CPSP can be elucidated [19]. Future = .
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In the postgenome-wide association studies era, there is considerable interest in research focused on the influence
of genetic polymorphisms (SNPs) on the level of DNA methylation at proximal CpG sites, also referred to
as methylation quantitative trait loci (meQTLs) [20,21]. Identification of meQTLs provides putative mechanistic
evidence for the role of noncoding genetic risk alleles with no known function. Additionally, they help identify
molecular mechanisms — DNA methylation at specific CpG sites — that mediate the association between genotype
and phenotype [22]. This is supported by the findings that meQTLs are located often at regulatory elements
than expected by chance, providing credence to their ability to impact phenotype/disease risk by influencing
transcription factor (TF) binding, chromatin conformation and gene expression [23,24]. This approach has been
successfully utilized in a number of conditions, including schizophrenia, alcohol dependence, obesity, cancer,
rheumatoid arthritis and metabolic traits [25-29].

In this pilot study, we aimed to identify meQTLs in blood that affect predisposition to CPSP through DNA
methylation in a surgical cohort of adolescents with idiopathic scoliosis undergoing spine surgery. Understanding
epigenetic-mediating mechanisms is crucial because while genetic variation (meQTL) cannot currently be modified,
DNA methylation may be a modifiable risk factor.

Materials & methods

An observational prospective cohort study was conducted in adolescents with idiopathic scoliosis undergoing pos-
terior spine fusion using standard surgical techniques, anesthetic and pain protocols. The studies are registered with
ClinicalTrials.gov (identifier: NCT01839461, NCT01731873), and approved by the institutional review board.
Written informed consent from parents and assent from children was obtained prior to enrollment. Pilot epigenome-
wide and candidate DNA methylation study results from this cohort have been previously published [16,17].

Inclusion criteria

Children aged 10-18 years of American Society of Anesthesiologists physical status less than or equal to two (mild
systemic disease) with a diagnosis of idiopathic scoliosis and/or kyphosis, scheduled to undergo elective spinal
fusion.

Exclusion criteria
Females who were pregnant or breastfeeding; subjects with a diagnosis of chronic pain; opioid use in the past 6
months; hepatic/renal disease and/or developmental delays.

Data collection

Preoperatively, data were obtained on demographics (sex, age, race), weight, pain scores (Numerical Rating
Scale/0-10; NRS) (30] and home medications. Questionnaires to assess anxiety sensitivity (childhood anxiety
sensitivity index) [31] were administered preoperatively. All patients received total intravenous anesthesia (propofol
and remifentanil) and midazolam in the intraoperative period followed postoperatively by standardized doses of
patient-controlled analgesia (morphine or hydromorphone). Postoperatively, pain scores (every four hours) and
doses of morphine equivalents administered on postoperative days one and two were recorded. At 6-12 months
posthospital discharge, patients were asked to rate their average pain score (NRS) over the previous week. Data
about psychologic questionnaires collected, anesthetic medications and pain (nature and location) for a larger
cohort have been presented previously (32]. Here, we report on data relevant to this study’s aims.

The primary outcome was incidence of CPSE, determined to be positive if a pain score >3/10 was reported
on an 11-point NRS (range 0-10) 6-12 months after surgery. This cut-off was chosen because NRS pain scores
>3 (moderate/severe pain) at three months have been described as a predictor for persistence of pain, associated
with functional disability (33]. The NRS for pain intensity has been validated as a pain measure in children aged
7—17 years [30]. Occurrence of infection and malignancy in the interim period leading/contributing to chronic pain
was ruled out.

Genotyping & measurement of DNA methylation

Blood samples were collected in EDTA tubes before surgery. DNA was isolated on the same day, and frozen at-80°C.
Genotyping was done using the lllumina Human Omni5 v41-0 array (14 patients), Human Omni5Exome v41-1
(21 patients) and Infinium Omni5-4-v1 (39 patients). Arrays were changed due to availability of new array with more
SNPs. SNPs from autosomal chromosomes were selected for analysis and annotated using ANNOVAR software [34].
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Figure 1. Analysis workflow. Red text indicates tests; blue text indicates results.

All samples passed 95% threshold for call rates at genotype and individual levels. Genetic data was assessed for
Hardy—Weinberg equilibrium by means of a goodness of fit x? test with threshold for p-values 0.0001. Low-
frequency variants were also excluded — the threshold for minor allele frequencies was 10% (Supplementary Figure
1 for quality control workflow). DNA methylation was measured using using Zymo EZ DNA Methylation Gold
kit (Zymo Research, CA, USA), as described previously [16]. Data were then quality-controlled and preprocessed
as previously described. Both beta and M-values were obtained and used. To control for unwanted variation and
potential batch effects, surrogate variables were obtained using the R package ‘sva’ and included as co-variables in
relevant analyses. Illumina annotation was used for data interpretation, for example, probe location within genes,
CpG islands and shores, and regulatory features (http://genome.ucsc.edu; UCSC Genome Bioinformatics, CA,
USA).

Data analysis

The clinical characteristics, demographics and pain variables of the cohort were described using mean (with standard
deviation), median interquartile range and frequency (percentage) depending on data distribution. The CPSP and
non-CPSP groups were compared for non-genetic factors including demographics, surgical duration and childhood
anxiety sensitivity index using statistical methods appropriate for the distribution of the data. Factors significantly
different between groups (p < 0.05) were included as covariates for further genetic/epigenetic association analyses.
Since preoperative pain and acute postoperative pain are correlated with CPSP as primary pain outcomes, with
possible overlap of DNA methylation associations, we did not consider them as co-variables in the multivariate
genetic/ DNA methylation models for CPSP. An overview of the analytic workflow is provided in Figure 1.

Genetic & DNA methylation association analyses

Analyses were conducted using PLINK version 1.9 [35)). To identify genetic variants that were significantly associated
with presence/absence of CPSP for each of the variants, logistic regression was performed, assuming additive genetic
effects in which genotypes were numerically coded according to the number of minor alleles. Variants associated
with CPSP at p < 0.05 were selected for further analyses. DNA methylation association with CPSP: The beta and
M-values were first regressed against CPSP with age, sex, race and corresponding SVs controlled using the R package
‘limma’. CpG sites whose methylation significantly (p < 0.05) differed by 5% between CPSP and non-CPSP were
the steps selected. Associations between these CpG sites and CPSP were then confirmed by logistic regression using
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Figure 2. Causal inference test steps. Omnibus test: intersection/union test for p-value of causal interference test.

CPSP as the dependent variable. Only CpGs that showed significantly association in the logistic regression were
used in subsequent analyses.

meQTL analysis

Using the R package ‘MatrixEQTL [36], meQTLs were identified by regressing DNA methylation of the significant
CpG sites against the genotypes of the genetic variants. For methylation levels of each SNP-CpG pair, linear
regression was performed assuming additive genetic effects. Age, sex, race (White vs non-White) and SVs were
adjusted as co-variables. meQTL were selected if DNA methylation (measured by both beta and M-values) and
genotype associated at p < 0.05 level, and one copy of the minor allele led to a 5% change or more in DNA
methylation.

Causal inference test for mediation analysis

The causal inference test (CIT) is based on hypothesis testing rather than estimation, allowing the testable
assumptions to be evaluated in the determination of statistical significance (37]. All meQTLs selected in the steps
above were included in the CIT performed using the R package ‘CIT’ to select meQTLs whose association
with CPSP was significantly mediated by DNA methylation (p < 0.05). The steps are illustrated in Figure 2
(https://cran.r-project.org/web/packages/cit/index.html) [38].

Functional genomics analysis

To identify epigenetic marks and TF binding events that are enriched at 5mC sites, we used a computational
method we have described previously [39] where the set of genomic locations with 5mC marks were overlapped with
a large collection of functional genomics datasets from ENCODE [40], Roadmap Epigenomics [41] and chromatin
immunoprecipitation (ChIP)-seq for histone marks [42].

All datasets were indexed by their genomic coordinates, which were used to intersect with the genomic coordinates
of methylation sites of interest. Using RELI [43], the significance of such intersections was estimated by comparing
to a null model, which consists of regions with 5mC (beta >0.2) but no significant association with CPSP (control)
and those associated with CPSP (p > 0.05 AND absolute paired difference <0.2). The expected intersection
values from the null model was normally distributed. The model parameters were estimated and the significance
of the observed number of intersections, for example, a Z-score and the corresponding p-value was calculated for
the observed intersections of methylation sites of interest. This procedure controls for the count and sizes of the
input loci and each individual dataset in the library. Genomic loci with 5SmC marks were also examined using
standard TF motif enrichment analysis. using HOMER motif enrichment algorithm (44 and human position
weight matrix binding site models from the CisBP database [45] as described before [39].

Focus on meQTL-CpG pairs (significant by CIT) annotated to differentially methylated regions (DMR) by
[lumina: due to our focus on meQTL in this manuscript, we did not conduct DMR analysis. Instead we focused
on DMR annotations by Illumina which were enriched for meQTL-CpG pairs. We evaluated HOMER/RELI
findings overlapping CpG sites at these locations. We also used the Genotype-Tissue Expression portal to identify
correlations between genotypes of meQTLs and blood gene expression levels to determine if direction of effects
on DNA methylation were consistent with reported computed expression quantitative trait loci (eQTLs). We
conducted Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) on isolated monocytes from
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Table 1. Demographic, perioperative and pain data for the entire cohort, subjects who developed chronic postsurgical

pain (chronic postsurgical pain yes) and those who did not (chronic postsurgical pain no).

Variable All (n=74) CPSP no (n = 38) CPSP yes (n = 20) p-value
Age (year) 144+1.7 144+ 1.8 149+ 1.4 0.24t
Sex (male) 11 (14.9%) 7 (18.4%) 1(5%) 0.24%
Race (White) 59 (79.7%) 31(81.6%) 16 (80.0%) 1.00%
Weight (kg) 53.7 (50.4-57.2) 53.7 (50.8-58.5) 53.8 (50.0-58.0) 0.88¢
CASI 289 +£55 27.5+5.1 30.0£55 0.15%
Preoperative pain score 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-2.0) 0.0108%
Surgical duration 43+1.1 43+1.0 39+1.2 0.20f
Pain AUCPOD 1 and 2 207.0 + 82.8 185.6 + 75.2 242.0 +88.9 0.0241
Morphine dose POD 1 and 2 (mg/kg) 1.3(0.9-1.9) 1.3(1.0-1.8) 1.5(1.1-2.3) 0.228
Pain scores at 6-12 months 1.0 (0.0-4.0) 0.0 (0.0-6.0) 5.0 (4.0-6.0) <0.0018
Tt-test;

*Fisher's exact test;
SWilcoxon rank sum test.
AUC: Area under curve; CASI: Childhood Anxiety Sensitivity Index; CPSP: Chronic postsurgical pain; POD: Postoperative day.

one patient (Phenotype: CPSP) to show evidence for open accessibility in meQTL-CpG enriched DMR (by
annotation) associated with CPSP. Using fresh blood (7 ml) collected preoperatively, white blood cells were purified
by HESPAN sedimentation, aliquoted and viably frozen in serum/DMSO solution. This protocol produces >80%
viable cells upon thawing. Since DNA accessibility is affected by cell composition, we performed ATAC-seq on
CD14% monocytes negatively selected using magnetic kits from Stem Cell. This cell subset preference is based
on evidence of differential immune signatures correlated to pain in patients undergoing hip arthroplasty [46,47].
We performed Tn5 reaction using OMNI-ATAC (48] protocol on 50 K magnetically purified cells. Libraries were
amplified and submitted for Illumina sequencing at Novagene (PE150, ~20 M reads). Data analysis was performed
using SciDAP platform (https://scidap.com, Datirium, LLC) [49]. Containerized CWL pipelines are available at
hteps://github.com/datirium/workflows. Briefly, trimmed ATAC reads were aligned to the human genome using
Bowtie [50] extended to 9 bp, normalized to total mapped read number and displayed as coverage on IGV-]JS genome
browser built into SciDAP. MACS?2 was used to identify islands of enrichment [51].

Results

We recruited 74 participants for the study. The mean age of participants was 14.4 years (standard deviation 1.7);
they were mostly White (79.7%) and female (85.1%). A description of pain and other variables is provided in
Table 1. Follow-up for CPSP outcomes was successful for 58 of these subjects (loss to follow-up 16/74-21.6%).
Incidence of CPSP in this cohort was 20/58 (34.5%). Preoperative pain, acute postoperative pain and pain at
6-12 months were significantly higher in the CPSP group compared with the non-CPSP group. None of the other
factors were identified to be significantly different by univariate analysis (p < 0.05).

Genetic & DNA methylation association with CPSP

The following quality control — exclusion workflow (Supplementary Figure 1) was utilized: 121,301 SNPs from the
sex chromosome, chromosome zero, mitochondrial, indels and other were excluded from analysis. SNPs that failed
Hardy—Weinberg Equilibrium (p < 0.0001) or had minor allele frequencies below 10% were excluded. There were
4,186,587 variants on the exome chip initially and 1,270,531 variants remained after exclusion by QC. A total
of 49,058 SNPs were nominally associated with CPSP (p < 0.05). The results are enumerated according to the
analytic workflow in Figure 1. Following QC, 842,148 CpG sites were deemed evaluable. DNA methylation (both
beta and M-values) at 680 CpG sites were found to be associated with CPSP (p < 0.05 and >5% difference in
beta values).

meQTL (SNP-CpG-DNA methylation association) underlying CPSP

Pairwise association of the 49,058 variants with DNA methylation at 680 CpG sites identified 2753 meQTL with
significant impact on the DNA methylation levels (>5% change) at 480 CpG sites. Less than 100 of the meQTLs
identified were exonic (inset, Figure 1), with the majority being located in intronic or intergenic regions.
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CIT results

After CIT, 529 variant-CpG associations were found, with 127 unique CpG sites potentially mediating the genetic
association of 470 variants with CPSP. The relation of the CpG sites location in relation to CpG islands per the
UCSC browser was available for 57.5% of the 127 sites (26.0% were located in a CpG island, 12.6% in the north
shore of the islands, 15.7% in the south shore and 1.6% each in north and south shelves. Details of CpG-meQTL
pairs significant by CIT are presented in Supplementary Table 1. Descriptions of meQTL with SNP annotations
from ANNOVAR, CpG site details, CIT results, association of DNA methylation at the site and Odds ratio for
meQTL with CPSP are tabulated.

Functional genomics

To better understand the potential functions of the 127 CpGs identified by the CIT, functional genomics analyses
was used to identify enriched epigenetic markers (e.g., histone marks) and TF-binding motifs (see Methods). These
analyses revealed strong enrichment for repressive (H3K27me3 and H3K9me3) and active (H3K4mel) histone
marks, in addition to eQTLs, consistent with these regions being located within regulatory regions in brain-derived,
and other tissues (Figure 3A). Further analysis revealed enrichment for binding sites for particular TFs, including

MAE KLF1, FOXCI1 and GATAL1, at these loci (Figure 3B).

PARK16 locus CpG-DNA methylation associations
We focused on meQTL-CpG DNA methylation pairs significant by CIT, annotated to DMR by Illumina.
Interestingly, 18 of such 26 meQTL-CpG DNA methylation associations were between meQTLs at PARK16 locus
and CpG sites on PARK16 locus (DNA methylation at RAB7L1 CpG sites annotated to a DMR, and CpG sites
on PM20D1) (Figure 4). PARK16 locus is a genetic region spanning five genes on chromosome 1q32. The five
genes that make up the PARK16 locus include SLC4543, NUCKS1, RAB7,RAB7LI1, SLC41A1, and PM20D1.
meQTLs on genes NUCKS! (rs4951261, 1s823114, rs823130, rs11240565), PM20D1 (rs960603), RAB29
(rs708723), SLC45A3 (1516856110, 152793374, rs11240547), SLC41A1 (rs1772159), SLC45A3/NUCKSI
(rs1172198, 823096, rs823105) and ELK4/SLC45A3 (rs11589772) were associated with DNA methylation
on CpG sites in the north shore of CpG islands on RAB7L1 and sites on south shore of CpG islands on PAM20D1.
The level of DNA methylation in shores has previously been shown to be more highly correlated with gene ex-
pression than that of CpG islands likely because of transcription machinery binding to nearby promoter CpG
islands [521. DNA methylation at CpG sites on RAB7L1 were uniformly hypomethylated and PAM20D1 CpG sites
were uniformly hypermethylated in association with high risk CPSP genotypes. Beta values for association of
CpG-DNA methylation with CPSP and meQTL associated odds for CPSP risk in the PARK16 region are provided
in Table 2. Representative meQTL (rs708723 (RAB29) and rs960603 (PM20D1I) genotypes)-CpG (cg 16031515
on RAB7LI and cg16334093 on PM20DI1) DNA methylation with superimposed CPSP phenotypes are shown in
Figure 5. Description of meQTL, the CpG sites whose DNA methylation they affect, p-values of CIT components,
and association of meQTL with DNA methylation at the CG sites for the PARK16 locus are tabulated in Table 3.
Examples of meQTL associations with CPSP mediated by CpG sites in PARK16 are illustrated in Figure 6. Direc-
tions of association of meQTL-DNA methylation at CpG sites and CPSP is consistent with risk genotypes. Higher
PM20D1 DNA methylation mediates meQTL association with higher CPSP risk. Risk genotypes are associated
with decreased DNA methylation at RAB7L1 CpG sites; however, since DNA methylation at RAB7L]I sites are
independently protective of CPSP, hypomethylation at RAB7LI mediates association of meQTL with higher risk
for CPSP.

Functional genomics: PARK16

RELI analyses showed significant overlap (p < 0.001) overlap for transcription factor binding sites (TFBS) (for
GATA2, IKZF1 and INOB80) at CpG sites with differential DNA methylation at PARK16 loci (RAB7LI and
PM20D1I). These results indicate that these particular TFs might have altered binding events due to differential
methylation. eQTLs for 1s708723 (RAB7LI), 1s960603 (PM20D1I) and rs823114 (NUCKSI) genotypes accessed
through G-TEx portal are shown in Supplementary Figure 2. Consistent with expected expression based on
DNA methylation associations with meQTLs, we found significantly higher RAB7L1 and lower PM20D1 ¢QTLs
associated with high risk genotypes, but no eQTLs for other genes in PARK16 (SLC41A1 and NUCKS]I).
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Figure 3. Enriched gene regulatory mechanisms within the 127 CpGs that causally mediate associations between
SNPs and chronic post surgical pain. (A) Epigenetic markers enriched within these regions — histone marks, expression
trait quantitative loci, and chromatin states. The X-axis indicates the significance (-log p-value), using the RELI
software package (see Methods). The size of each circle indicates the fold-enrichment relative to background.
Chromatin states are based on combinations of histone marks using the ChromHMM tool and data from RoadMap
Epigenomics: 12_EnhBiv, bivalent enhancer; 2_TssAFInk, region flanking an active transcription start site; 3_TxFInk,
transcribed regions; 7_Enh, enhancer. (B) Transcription factor binding site motifs enriched within the DNA sequences
of these regions. The Y-axis indicates regulatory proteins (e.g., transcription factors), in decreasing order of
significance.
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Table 2. CG sites, methylation quantitative trait loci and chronic postsurgical pain associations at the PARK16 locus.

CpG CHR Location Relation to CpG  Gene p-value: DNAm Difference in DNAm Step 2¢  Snp-CpG

genome build island step 11 beta beta: CPSP yes p-value

37/Hg19 Vs no DNAm-CPSP
cg16031515 1 205743344 N_Shore RAB7L1 0.004 -0.106 0.005 N
926418147 1 205743515 N_Shore RAB7L1 0.003 -0.073 0.002 N
cg14893161 1 205819251 S_Shore PM20D1 0.018 0.129 0.007 N
cg12898220 1 205819356 S_Shore PM20D1 0.039 0.13 0.007 N
cg11965913 1 205819406 S_Shore PM20D1 0.009 0.157 0.007 N
cg07167872 1 205819463 S_Shore PM20D1 0.02 0.152 0.003 N
cg16334093 1 205819600 S_Shore PM20D1 0.029 0.099 0.005 N
cg07157834 1 205819609 S_Shore PM20D1 0.017 0.099 0.005 N
meQTL Risk allele CHR Location Function Gene Odds ratio LL95% CI UL 95% CI p-value
rs16856110 G 1 205631767 intronic SLC45A3 0.218 0.055 0.870 0.031
rs11240547 A 1 205632932 intronic SLC45A3 0.387 0.159 0.945 0.037
rs2793374 A 1 205647508 intronic SLC45A3 3.626 1.456 9.030 0.006
rs823105 A 1 205657570 intergenic SLC45A3; NUCKST 4.032 1.611 10.090 0.003
rs1172198 A 1 205662718 intergenic SLC45A3; NUCKST 4.679 1.755 12.470 0.002
rs823096 A 1 205679887 intergenic SLC45A3; NUCKS1 4.051 1.592 10.310 0.003
rs823130 A 1 205714372 intronic NUCKS1 5.944 1.933 18.270 0.002
rs4951261 C 1 205717823 intronic NUCKS1 0.338 0.136 0.842 0.020
rs823114 A 1 205719532 upstream NUCKS1 2.881 1.252 6.630 0.013
rs11240565 A 1 205722958 intergenic NUCKS1; RAB29 0.376 0.157 0.902 0.028
rs708723 A 1 205739266 UTR3 RAB29 3.194 1.345 7.586 0.009
rs1772159 A 1 205759195 UTR3 SLC41A1 6.020 1.907 19.000 0.002
rs960603 A 1 205812614 intronic PM20D1 4.866 1.382 17.130 0.014

TStep 1 (DNA methylation association): DNAm (DNA methylation) beta values = age + sex + race + CPSP + surrogate variables.

Step 2 (DNAM-CPSP association): CPSP = DNAm (beta values).

meQTLs that have increase risk for CPSP (odds ratio >1) are not shaded in the lower table.

CHR: Chromosome; CpG: Cytosine-guanine dinucleotide; CPSP: Chronic postsurgical pain; DNAm: DNA methylation; meQTL: Methylation quantitative trait loci.
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DNAm: DNA methylation; CPSP: Chronic post surgical pain.

ATAC-seq: PARK16

We identified chromatin accessibility peaks in PARK16 locus genes overlapping mediating CpG sites as well
as meQTLs associated with CPSP (Supplementary Figure 3). For example, Chrl: 205819055-205819458 in
PM20D1 shows a broad ATAC-seq peak overlapping 6 CpG sites (Chr1:205819251-205819609) indicating
open chromatin regions amenable to be affected by DNA methylation changes leading to altered TF binding.
Also shown are overlapping CTCF peaks in monocytes (CD14™ cells) from publicly available ENCODE dataset
(EH002169, GSM1022659). This includes a previously reported CTCF peak at Chr1: 205,760,411-205,761,320
in the SLC41A1 gene transcription end site, about 17 kb from the CpG sites annotated to CpG sites on RAB7LI
(Chrl: 205743344-205743515) and about 60 kb away from the differentially methylated CpG sites enriching
south shore of CpG islands on PM20D1 (Chrl: 205819251-205819609).

Discussion

In this pilot study, by integrating genotype and DNA methylation analyses, we identified 2753 putative meQTLs
associated with CPSP. In addition, DNA methylation at 127 CpG sites were found to mediate associations between
470 SNPs and CPSP. The PARK16 locus on Chromosome 1 was identified as a primary site with several meQTL-
CpG associations. The association of meQTLs annotated to genes in the PARK16 genetic locus with CPSP were
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DNAm at cg16031515, rs26418147
Direction of (RAB7L1)
effect on DNAmM
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DNAm at cg07157834, cg7167872, cg11965913,
cg12898220, cg14893161, cg16334093

(PM20D1)
- b

<
Rs823114 G>A CPSP

(NUCKS1) } OR 2.88 (95% Cl 1.25-6.63) p = 0.01

DNAm at, cg16031515, rs26418147
Direction of (RAB7L1)
effect on DNAm

Effect on risk for
CPSP

DNAm at, cg11965913, cg07167872, cg14893161

- (PM20D1)
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RrMa0D1 fA } OR 4.866 (95% Cl 1.382-17.130) p = 0.014
(RAB29) OR 3.194 (95% Cl 1.345-7.586); p - 0.009

Figure 6. Mediation model showing mediation of meQTL association with chronic post surgical pain by

DNA methylation. Mediation model denoting mediation by DNAm at CpG sites on two genes (RAB7L1 and PM20D1)
of association of meQTLs rs823114 G_A (NUCKS1) (A), rs960603 G_A (PM20D1) and rs708723 (RAB7L1) (B) with CPSP.
Odds ratios for CPSP (all meQTLs are associated with increased Odds for CPSP) are presented. Causal inference test was
significant for all these interactions. The direction of association of meQTL on DNAm and DNAm on CPSP are denoted
by + (positive) and - (negative) signs. In panel B, the red font indicates specific additional CpG sites affected by
meQTL rs708723. Net effect of all meQTLs was to decrease DNAm at RAB7L1 sites and thus decreased the protective
effect of RAB7L1 CpG DNAm on CPSP, and to increase DNAm at PM20D1 associated with increased risk for CPSP.

CPSP: Chronic post-surgery pain; DNAm: DNA methylation; OR: Odds ratio.

found to be mediated by reprogramming-specific differentially methylated regions on two genes in the same region
(RAB7LI and PM20D1). meQTLs associated with risk of CPSP were consistently associated with decreased DNA
methylation at RAB7LI and increased DNA methylation at PAM20D1 CpG sites. In the absence of cell- and
tissue-specific experimental evidence, our functional data interpretation provides putative evidence that differential
methylation at the CpG sites modulates binding of TFs and might represent the possible mechanism underlying
the regulatory effects of some noncoding gene variants on CPSP development.

The genomic methylation pattern at PARK16 locus has been found to be associated with neurodegenerative
conditions such as Parkinson’s disease and Alzheimer’s disease [53-57). This is the first time this region is shown to
be associated with molecular mechanisms linked to acute to chronic pain transition. Although there is no direct
evidence for the role of PARK16 in chronic pain, we know that parkinson’s disease (PD) is associated with chronic
pain and abnormal pain processing [58]. We also know that dopamine deficit lowers multimodal pain thresholds
and dopaminergic mechanisms underly pain, depression, and addiction [59]. Our previous findings — differential
DNA methylation in regulatory genomic regions enriching GABA and dopamine DARPP32 signaling pathways
associated with CPSP and anxiety sensitivity in adolescents undergoing spine surgery — also suggested dopamine-
related emotion/reward contributes to behavioral maintenance of pain after surgery [16]. Notably, methylation
changes have been described to be consistent in brain and blood for this genomic region, supporting the notion of
using blood tissue DNA methylation as a proxy for DNA methylation changes in the brain [60].

DNA methylation is tissue specific and for brain-related phenotypes such as CPSP, careful consideration of tissue
source for epigenetic analyses is important. Use of blood for DNA methylation studies in neural phenotypes is
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supported by blood-brain DNA methylation concordance studies which have observed high correlation of DNA
methylation levels across tissues especially related to genetic influences [61,62]. Also, a significant overlap of cis
meQTLs (45-73%) and targeted CpG sites (31-68%) has been reported across brain prefrontal cortex, whole
blood and saliva [29]. In fact, cross-tissue meQTLs are also enriched in cross-tissue eQTLs in association with
schizophrenia [29]. meQTL maps and cross-tissue meQTLs have previously been examined using data of meQTL
and corresponding CpG sites derived from infant cord, blood tissue from children, and publicly available brain
tissue databases. The authors found that in subjects with autism spectrum disorder, both peripheral blood and
fetal brain were enriched for meQTLs (63]. Similar findings for overlap of, meQTL signals across adult brain
and blood tissues [20], further suggest blood-derived meQQTLs may serve as biomarkers and represent brain tissue
SNP-DNA methylation relationships. This gives us confidence in our blood-based findings in relation to a neural
phenotype [64]. Our findings provide a basis for future investigation of brain and blood meQTLs for specifically
pain phenotypes.

We will focus our discussion on the PARK16 locus where most of our major findings are. There is prior
evidence for the function of variants we identified in PARK16 locus (rs960603 and rs708723) as meQTLs. Our
results show that rs960603 A allele on PM20D1 is associated with increased risk for CPSP and increased DNA
methylation at CpG sites on PM20D1. The direction of meQTL-DNA methylation associations are aligned
with previous studies which found an association between PM20D1 hypermethylation and Alzheimer’s disease.
They showed that PMM20D1 methylation in human frontal brain cortex samples are dependent on the rs708727—
15960603 haplotype [531. They observed an allele-dependent correlation with PAM20D1 promoter methylation
(TT associated with increased DNA methylation) and further, that PAM20D1 expression was inversely correlated
with the methylation of its promoter. In fact, DNA methylation at the same CpG site (cg14893161; Chr 1:
205,819,251) is also affected by rs708723 and rs960603 in our study. Sanchez-Mut e a/. also used ChIP assays
and 3-C assays to show that meQTLs regulate long-range chromatin interaction of the RAB29-PM20D1 loci and
reduce CTCF binding to 3C anchors in human frontal cortex samples with highly methylated at the PA20D1
promoter (cgl4893161). In addition, they demonstrated that transcriptionally silent chromatin state could be
restored upon use of DNA demethylating agent 5-aza-2’-deoxycytidine, in turn affecting the chromatin loop and
PM20D1I expression. Thus, in Alzheimer’s disease, when PM20D1 CpG sites are non-methylated, an enhancer
region 60 kb downstream of PM20D1 physically interacts with PAM20D1 promoter via CTCF binding and favors
PM20D1 transcription, which is protective; and hypermethylation is associated with pathology. Similarly, in CPSP,
we hypothesize PM20DI meQTL effects through hypermethylation at CpG sites increase risk for CPSP, although
the mechanism is yet unknown.

A two stage meta-analysis found rs708723/1q32 T allele in RAB29 increased PD risk [57]. They tested whether
association of rs708723 with gene expression and DNA methylation status of proximal transcripts or CpG sites
respectively. They found correlations of T>C with increased expression of NUCKSI (p = 1.8 x 10 - 7) and decreased
expression of RAB7LI (p = 7.2 x 10 - 4) in frontal cortex and cerebellar tissue, thus revealing potential biological
consequences of this variant. Our study provides further evidence that association of phenotype risk (in our case,
CPSP) with 15708723 A (or T) allele in RAB29 (Chr 1: 205739266) is mediated by decreased DNA methylation
at CpG sites at RAB7LI and increased DNA methylation at CpG sites at PM20D1 thus providing a molecular
mechanism for the associations between SNP-gene expression. Another study investigating DNA methylation and
gene expression in in frontal cortex and cerebellar regions in subjects with PD supports our findings that higher
odds for CPSP for meQTL rs823114 G >A on NUCKSI was mediated through increased DNA methylation at
CpG sites in PM20D1. This study reported that the PD risk allele (T) at rs823118 (in LD with rs823114) was
associated with increased methylation at PM20D]1. In addition, they showed PD associated decreased expression
of NUCKS! and increased transcription of RAB7LI in brain tissues [65]. Thus, there seems to be consistency in
mechanisms and roles of meQTLs/DNA methylation at PARK16 locus for CPSP and other neurologic conditions.

In addition, there is prior evidence for the role of the genes in the PARK16 locus in pain pathology. RAB7LI
is a small cytosolic GTPase belonging to the RAB-related GTP-binding protein subfamily [66] has been implicated
in intracellular cell signaling processes and vesicle trafficking (67. While in gene knockdown mice, significantly
decreased neurite process length was found [56] overexpression was protective against alpha-syn-induced dopamin-
ergic neuronal loss in animal models of PD (68]. This would suggest increased expression was protective for CPSP.
However, gain-of-function mutations in RAB7 were proposed to cause Charcot—Marie—Tooth type 2B neuropathy,
a disorder characterized by sensory loss [69] with increased lysosomal activity, autophagy and premature degradation
of long axons due to trafficking of neurotrophic factors and prolonged mitogen-activated protein kinase activation
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in the long axons of peripheral sensory neurons (70]. Given the conflicting mechanisms for RAB7LI in PD and
Charcot—Marie—Tooth, there is much to be known about its mechanistic role in CPSP. Interestingly, PAY20D1 codes
for PM20D1, a factor secreted by thermogenic adipose cells that catalyzes both the hydrolysis and condensation of
N-acyl amino acids, which have been found to play a role in nociception (71]. PM20D1-knockout mice were shown
to have bidirectional changes in N-acyl amino acid levels in blood/tissues and influence late nociceptive behaviors
in mice in formalin assay models [72). This is aligned with our observations that increased DNA methylation
of PM20D1 (decreased expression) increased CPSP risk. The differences in early and late nociceptive effects of
PM20DI may support the use of PM20D1 inhibitors for acute but not chronic pain management [72).

The key link between DNA methylation and gene expression is related to chromatic accessibility and TFBS.
TFs play an important role in altering gene expression in response to injury, stress and other events influencing
neuronal plasticity and pain [73]. Using bioinformatics enrichment methods to integrate chromatin state and
TF binding profiles with DNA methylation profiles, we identified functional meQTLs [74]. We conducted ATAC-
seq experiments which showed the presence of chromatin accessibility peaks in CpG rich areas as well as verified
CTCF binding sites in PARK16 locus by use of overlapping ChIP-seq data from ENCODE. There is recent evidence
that >95% CTCEF sites bound by cohesin mediate chromatin looping [75] and regulates chromatin accessibility
and transcription [76]. The CTCEF site has in fact been previously identified as a key area involved in long-range
interactions with meQTLs rs708723 (RAB7LI) and 15960603 (PM20D1I) [53. Our study identified rs960603
and rs708727 as meQTLs to also be associated with CPSP. In addition, Homer bioinformatics analyses showed
enrichment for repressive histone marks and TF binding sites at CpG sites with significant enrichment for MAE,
Zinc finger proteins, GATA and homeodomain family TE In a case-control study of 5 PARK16 locus (RAB7LI
and SLC41A1) variants for PD, which found them to be protective, a putative GATA1 binding site was previously
identified that is potentially altered by variants in the promoter region of RAB/LI [77), consistent with our results
showing enrichment for GATA1 binding sites at the 127 CpGs that causally mediate associations between SNPs
and CPSP (Figure 3B). In another study, the allele rs823144 A >C within the PARK16 locus was found to be
protective for PD, with differential binding of particular TFs proposed to contribute to altered expression levels
of the RAB7LI gene [55]. Our findings of DNA methylation mediating association of meQTLs with phenotype
(CPSP) provides a plausible putative mechanism for altered TFBS at this locus for neural phenotypes involving
dopaminergic processes.

We used CIT to further examine which of the CpG sites may be causal mediators of SNP-CPSP associations.
A limitation of this study is the relatively low standards when selecting putative candidate sites. Due to the
exploratory nature of the study and small sample size, no priori power analysis or correction on multiple testing
was conducted. In compensation, we took the methylation difference into account. Only sites that showed at
least 5% difference between groups were considered. Our previous study demonstrated that this strategy could be
effective and sometimes more critical in the identification of differentially methylated positions [39]. Replication
studies are needed to draw any solid conclusions. While there are challenges to applying CIT methods related to
low power of multiple testing; simulation studies have demonstrated the validity and advantage of the CIT package
over other common multiple testing strategies [38]. The functional interpretation of our study results are limited by
the absence of experimental data from relevant cell lines and expression data, given that meQTLs are enriched in
regulatory domains and are known to both enhance and repress gene expression in a cell- and tissue-specific way.
Hence, we verified using G-TEx portal that meQTLs associated with increased DNA methylation was associated
with decreased gene expression for PM20D1 (eQTLs) in brain and blood tissue, and vice versa for RAB7LI with
no effect on expression of other PARK16 genes. Cellular heterogeneity presents a major confounding factor in
epigenetic studies. We used statistical methods (surrogate variable analysis (SVA 3.24.4)) to control batch effect and
unknown confounders such as cell composition [16,78,79]. We would like to point out that by using a study cohort
with minimal preoperative pain, our study design has the advantage of mitigating time dependent cause—effect
questions that usually complicates DNA methylation-phenotype relationships in acute to chronic pain transitions.

Conclusion

meQTLs analysis in blood suggest potential novel molecular mechanisms mediating genetic associations with
CPSP. They also partially explain molecular function of non-protein-coding, CPSP associated genetic variants.
What is not known is whether meQTL associated CpG sites are also subject to environmental effects and if so, the
proportion of gene-environmental effects [s0]. If the effects on DNA methylation are purely genetic, this will need
to be considered in future epigenetic studies.
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Future perspective

While genetic variation (meQTL) cannot currently be modified, DNA methylation may be a modifiable risk factor.
Understanding epigenetic-mediating mechanisms opens the possibility of development of targeted therapeutic
approaches to reprogram these modifications. The identification of TEBS associated with the meQTLs in previously
known pain and dopamine function relevant genetic loci such as PARK16 renders new avenues to regulate
their function and could spur new research into biomarkers and modifiable strategies in genetically susceptible
individuals. Our study provides novel pilot data for future transcriptome and TF binding studies to evaluate key
DNA methylation sites. Future multi-omics studies of gene expression are needed to validate our findings and
identify the SNP-DNA methylation-mRNA associations in relation to CPSP and chromatin structure profiles to
identify functional meQTLs [81]. Single-cell assays and programmable nucleases could be used to further explore
the function of non-coding variants on DNA methylation (821, and environmental stimuli exposure could be tested
to understand how meQTLs encode environmental interactions by regulating DNA methylation.

Summary points

e By integrating genotype-DNA methylation and bioinformatics data, our pilot study identified putative
methylation quantitative trait locis (meQTLs) and investigated DNA methylation as a mediator of genetic variant
associations with chronic postsurgical pain.

e 2753 meQTL associated with DNA methylation at 480 cytosine—guanine dinucleotide (CpG) sites were identified
(p < 0.05; >5% change in DNA methylation).

e DNA methylation at 127 CpGs mediated associations between 470 single nucleotide polymorphisms and chronic
postsurgical pain (CPSP).

e Functional genomics analyses identified enrichment for repressive histone marks and transcription factors (MAF,
KLF1, FOXC1) binding sites at the CpG sites, providing putative evidence for altered binding events due to
differential methylation, which need further experimental validation.

e meQTLs in blood may partially explain molecular function of non-protein-coding, CPSP associated genetic
variants.

e PARK16 gene locus (spans five genes, has known dopamine regulating effects) was enriched for meQTL-CpG pairs
after CIT. Hypomethylation at CG sites at RAB7L1 and hypermethylation of CG sites at PM20D1 within PARK16
locus mediated association of meQTLs (for example, RAB7L1 (rs708723), PM20D1 (rs960603) and NUCKST
(rs823114)) with CPSP. Corresponding meQTLs were identified for RAB7L1 and PM20D1 using G-TEx.

e ATAC-seq identified accessible chromatin at differentially methylated CpG locations at PARK16 and CTCF-binding
site which has been previously identified as a key area involved in long-range interactions with meQTLs rs708727
(RAB7L1) and rs960603 (PM20D1.

e Replication to bolster the pilot findings of this study and future studies detailing meQTL-DNA methylation-gene
expression-CPSP relation and impacted transcription factor binding sites are needed.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup
pl/10.2217/epi-2020-0424
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