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Abstract

Factors contributing to development of complex regional pain syndrome (CRPS) are not fully
understood. This study examined possible epigenetic mechanisms that may contribute to CRPS
after traumatic injury. DNA methylation profiles were compared between individuals developing
CRPS (n =9) and those developing non-CRPS neuropathic pain (n = 38) after undergoing
amputation following military trauma. Linear Models for Microarray (LIMMA) analyses revealed
48 differentially methylated cytosine-phosphate-guanine dinucleotide (CpG) sites between groups
(unadjusted P's < 0.005), with the top gene COL11A1 meeting Bonferroni-adjusted < 0.05. The
second largest differential methylation was observed for the HLA-DRB6 gene, an immune-related
gene linked previously to CRPS in a small gene expression study. For all but 7 of the significant
CpG sites, the CRPS group was hypomethylated. Numerous functional Gene Ontology-Biological
Process categories were significantly enriched (false discovery rate-adjusted g value <0.15),
including multiple immune-related categories (eg, activation of immune response, immune system
development, regulation of immune system processes, and antigen processing and presentation).
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Differentially methylated genes were more highly connected in human protein—protein networks
than expected by chance (P < 0.05), supporting the biological relevance of the findings. Results
were validated in an independent sample linking a DNA biobank with electronic health records (n
= 126 CRPS phenotype, n = 19,768 non-CRPS chronic pain phenotype). Analyses using
PrediXcan methodology indicated differences in the genetically determined component of gene
expression in 7 of 48 genes identified in methylation analyses (#~'s < 0.02). Results suggest that
immune- and inflammatory-related factors might confer risk of developing CRPS after traumatic
injury. Validation findings demonstrate the potential of using electronic health records linked to
DNA for genomic studies of CRPS.
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1. Introduction

Complex regional pain syndrome (CRPS) is a chronic pain condition characterized by
allodynia and hyperalgesia, skin temperature and color changes, edema, and trophic
changes.” 8 Its pathophysiological mechanisms are only incompletely understood, but
available data suggest that neuropathic, central and autonomic nervous system,
inflammatory, and immune mechanisms all are involved.”-8 Complex regional pain
syndrome is a somewhat heterogeneous diagnosis, with several distinct phenotypes®10.15:
multiple mechanisms may contribute to different degrees across patients and over time.8:10

Familial aggregation of CRPS cases have led to suspicions of a heritable component of
CRPS risk.20:21.35 sypporting this, prior work has suggested possible genetic risk factors for
CRPS. Most frequently reported are genetic differences in the human leukocyte antigen
(HLA) system, the system underlying the adaptive immune response.#? Differences have
been noted in a number of studies in the frequency of several HLA alleles between patients
with CRPS and controls,*0:67-69 with replication observed for HLA-DQ8 effects.22:70

Beyond putative genetic drivers of susceptibility, epigenetic modifications provide an
additional path for transmitting CRPS risk. There have been multiple epigenetic processes
identified, with one of the most widely studied being DNA methylation.14.65 Methylation of
the DNA sequence, particularly at cytosine-phosphate-guanine dinucleotide (CpG) sites, is
known to be affected by both genetic and environmental factors (eg, diet, smoking, and
traumay), and suppresses transcriptional activity.38:6% To the best of our knowledge, no prior
studies have evaluated associations between CRPS and DNA methylation profiles. However,
limited animal and human work support the potential importance of altered gene expression
in CRPS.

Reviews of animal research conclude that altered gene expression in dorsal root ganglion
neurons could enhance inflammatory responses, contributing to CRPS risk.”>:72 Human
work regarding gene regulatory effects on CRPS risk is quite limited. One study described
altered expression of 18 micro-RNAs, which are involved in posttranscriptional regulation of
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gene expression, in patients with CRPS compared to controls.52 A more recent study
conducting genome-wide gene expression profiling of blood samples from 4 patients with
CRPS and 5 pain-free controls revealed 80 genes that were differentially expressed.3” A
reanalysis of these data using Linear Models for Microarray analysis revealed 257
differentially expressed genes in patients with CRPS.%2 In both studies, 3 of the largest gene
expression differences were for genes in the HLA system.37:62

No published studies have reported associations between CRPS and DNA methylation
status, and no gene expression studies have compared patients with CRPS to other pain
patients. The latter may be important because any gene expression differences between
patients with CRPS and controls might reflect chronic pain status rather than CRPS per se.
The current study therefore sought to evaluate whether presence of CRPS (vs non-CRPS
neuropathic pain) after traumatic injury is associated with differential DNA methylation
profiles. We further examined whether genes showing significant methylation differences in
the primary sample could be independently validated (in terms of the genetically determined
component of gene expression)28 in a large deidentified clinical sample.2557

2. Method

2.1

Primary methylation study

2.1.1. Design—Patients were all enrolled in the Veterans Integrated Pain Evaluation
Research (VIPER) study, a case-control study that included recent traumatic amputees from
Operation Enduring Freedom/Operation Iragi Freedom (OEF/OIF) who were enrolled 3 to
18 months after amputation. All subjects were enrolled between November 2011 and July
2013.

2.1.2. Subjects—All study procedures were approved by the institutional review board
of Walter Reed National Military Medical Center (WRNMMC). Subjects included 9 CRPS
and 38 non-CRPS neuropathic pain patients, all of whom had experienced military trauma
and had subsequently undergone posttraumatic amputation surgery. Subjects were included
if they were a military health care system beneficiary aged 18 years or older and undergoing
treatment at WRNMMC with a diagnosis of postinjury amputation of all or part of one limb
performed 3 to 18 months previously. Patients were excluded if they were afflicted with
severe traumatic brain injury, significant cognitive deficits, substantial hearing loss, spinal
cord injury with permanent or persistent deficits, ongoing tissue damage that might cause
pain, infection, heterotrophic ossification, poorly fitting prosthesis, or hip disarticulation.

Patients were eligible for this study if they reported clinically significant residual limb pain
at the time of evaluation, operationally defined as an average pain score over the past week
of =3/10 on a numeric rating scale (NRS). Those patients with clinically significant pain
were further adjudicated into pain subtypes (see Ref. 11 for full details). For use in the
adjudication process, all patients underwent a history and physical examination to assess
signs and symptoms used in CRPS diagnosis. Per the diagnostic algorithm in the larger
study, patients were initially classified into phantom or residual limb pain. Subsequently, the
residual limb pain group was further classified as somatic vs neuropathic through use of the
Self-Report Leeds Assessment of Neuropathic Symptoms and Signs (S-LANSS), based on

Pain. Author manuscript; available in PMC 2020 September 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bruehl et al.

2.2.

Page 4

the standard cutoff of =12 on the S-LANSS.# Finally, patients identified with neuropathic
pain qualities were further characterized into diagnostic groups, including CRPS (based on
the Budapest clinical criteria).33 The non-CRPS neuropathic pain subgroup consisted of
those patients meeting criteria for neuropathic pain who did not meet the Budapest criteria
for CRPS. The sample reported in the current work included all CRPS and non-CRPS
neuropathic pain patients as defined above in the VIPER sample who had DNA methylation
assay data available. The final sample was 98% male and 89% white, with a mean age of
26.9 years.

2.1.3. Procedures—After providing written informed consent, patients completed 0 to
10 NRS ratings of their pain intensity, with NRS anchors being 0 = “no pain” and 100 =
“worst possible pain.” Blood samples were also obtained from each patient at the time of
enrollment for subsequent analysis. For plasma preparation, 6 mL of blood was collected in
EDTA-containing K2 tubes and inverted to mix. Tubes were then spun at 3,000g for 20
minutes at 4°C. Plasma fraction was collected with a pipette and aliquoted into 1.5-mL
cryovials and stored at —20°C for 24 hours and subsequently at —80°C until assays were
conducted.

DNA methylation assays

DNA was extracted from whole blood and then sent to the Molecular Genomics Shared
Resource of the Duke Molecular Physiology Institute for methylation analysis. As
recommended by Illumina, we used the Zymo EZ DNA Methylation kit (Zymo Research,
Irvine, CA) for bisulfite conversion of DNA before running the Illumina Methylation 450 k
protocol. Before beginning the main portion of the protocol, the CT Conversion Reagent was
prepared. Then all steps were completed until step 2 where reagent was instead vortexed
constantly for 10 minutes instead of frequently. The protocol was then continued starting
with 500 ng of good-quality DNA and proceeding with the manufacturer’s protocol using
the alternative thermocycler conditions for Infinium Methylation assay in downstream
applications for steps 4 and 5 of the Zymo EZ DNA Methylation protocol. These alternative
conditions dictate instead of an incubation of 50°C for 16 hours, the thermocycler program
is as follows: (95°C for 30 seconds, 50°C for 60 minutes) x 16 cycles, then 4°C hold.

To use the lllumina Methylation 450 k kit (Illumina, San Diego, CA), 4 uL of bisulfite-
converted DNA was used and the manufacturer’s protocol for Infinium HD Methylation was
followed. Briefly, the samples were denatured and amplified overnight for 20 to 24 hours.
Fragmentation, precipitation, and resuspension of the samples followed overnight
incubation. After resuspension, samples were then hybridized to the Illumina Infinium
Methylation 450 k BeadChip for 16 to 24 hours. Finally, the BeadChips were washed to
remove any unhybridized DNA and then labeled with nucleotides to extend the primers to
the DNA sample. Following the Infinium HD Methylation protocol, the BeadChips were
imaged using the Illumina iScan system (Illumina).
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2.3. Data analysis

2.3.1. Differential methylation analysis—We conducted Linear Models for
Microarray (LIMMA)%6 analyses to identify differentially methylated CpG sites. LIMMA
estimates the log-fold change (logFC) for each CpG site.

Let j be a given CpG site. LIMMA’s Bayesian model assumes an inverse ;(2 prior for the
unknown variance oj2 with mean sj and degrees of freedom dp:

. ( ! )x2 &)
EEPOY T 9
GJZ dos(z) 0

For statistical inference, the approach uses a modified #statistic, in which the posterior
variance is substituted for the regular variance in the classical #statistic:

~2 doS(z) + dijz

C = 2
S| do + d @

Here, g is the residual degrees of freedom for the jth CpG site. Note that the variance
estimates are “moderated” using a shared value from the Bayesian prior Equation 1,
reducing the possibility of false positives that may arise from underestimation of the
variance. The modified #statistic has higher degrees of freedom, g + g, in comparison with
the ordinary tstatistic.

Most CpG sites were not variably methylated across the individuals. Hence, we filtered out
those CpG sites that were not sufficiently variable. Only those with variance >0.002 were
analyzed for this report.

2.3.2. Protein—protein interactions—We generated a protein—protein interaction
(PPI) subnetwork from the genes annotated to the differentially methylated CpG sites using
DAPPLE.8 A direct interaction between 2 proteins, represented as nodes, from a database
of high-confidence in vitro direct interactions (InWeb)*® is represented by an “edge” (line)
between the corresponding annotated genes. We tested the significance of the centrality
index, defined as the average number of direct connections to a tested gene. The significance
was evaluated as the proportion of within-degree node-label permutations (n = 1000) with a
permutation statistic greater than or equal to the centrality index value in the actual
(nonpermuted) data.

2.3.3. Enrichment for known pathways and functional annotations—Using
DAVID," we performed gene ontology analysis of the top 48 genes from the differential
methylation analysis to determine which genes belong to known pathways, gene sets, and
functional annotations. We used an enrichment analysis approach using the enrichGO
function of the Cluster Profiler R package (http://bioconductor.org/packages/release/bioc/
html/clusterProfiler.ntml). This analysis generated a list of pathways and functional
annotations with significant enrichment, as indicated by a false discovery rate-adjusted
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(FDR) g value <0.15 for the genes with differentially methylated sites. The number of
annotated genes for significant categories is provided in Supplementary Figure 1 (available
at http://links.lww.com/PAIN/A818) and Supplementary Figure 2 (available at http://
links.lww.com/PAIN/A819).

2.4. Validation study

2.4.1. Design—Results in the primary discovery sample were validated using a case-
control design in a DNA biobank linked to an electronic health records (EHR) database.

2.4.2. Sample—The validation sample was drawn from a large pool of clinical patients
seen at Vanderbilt University Medical Center since 2002 who had DNA samples available in
BioVU, the Vanderbilt biobank of deidentified DNA samples obtained for research purposes
from discarded blood.>>>7 BioVU DNA samples were linked in a deidentified manner to
pain-relevant phenotypes previously derived based on informatics algorithms applied to
/CD-9codes in the Synthetic Derivative, the Vanderbilt deidentified electronic medical
records database.19 The current study compared patients with a CRPS phenotype (n = 126)
to patients with a non-CRPS chronic pain phenotype (n = 19,768). In the CRPS sample, 69%
were female, vs only 50% being female in the non-CRPS sample. This predominance of
female patients in the CRPS validation sample is consistent with the broader CRPS
population.8 Mean age in the 2 validation samples was 62.6 (+14.18) and 64.4 (+20.7),
respectively.

2.4.3. Procedures—As a means of validating epigenetic effects observed in methylation
analyses, we tested for the contribution of differential gene expression to CRPS using the
PrediXcan methodology.2526 PrediXcan estimates the genetically determined component of
gene expression and evaluates this component for association with the target phenotype (ie,
CRPS). Using the weights Ej derived from the gene expression imputation model3! and the

number of effect alleles Xjj at the variant predictor j, the genetically determined component
of gene expression is calculated as the additive effect:

Gi= Y Xi;-
7

The imputation model was generated using Elastic Net. A significant association between
the genetically determined component of gene expression and the CRPS phenotype (in this
case, based on logistic regression) suggests a causal direction of effect (from gene
expression to phenotype) because the germline genetic profile (on which the genetic
component of gene expression is based) is not influenced by the CRPS phenotype.

2.4.4. Data analysis—We performed logistic regression modeling CRPS vs non-CRPS
chronic pain status using the genetically determined component of gene expression as the
independent variable. We tested in the independent BioVU validation sample the 48 genes
found to be significant in the differential methylation discovery analysis.
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3. Results

3.1. Differential methylation between complex regional pain syndrome and non—complex
regional pain syndrome neuropathic pain patients

Overall methylation levels by individual subject are provided in Supplementary Figure 3
(available at http://links.lww.com/PAIN/A820). We compared patients meeting vs not
meeting diagnostic criteria for CRPS to test whether presence of CRPS after traumatic injury
is associated with differential methylation profiles. LIMMA analyses revealed 48 CpG sites
differentially methylated (£ < 0.005, uncorrected) between CRPS and non-CRPS groups
(Table 1). For all but 7 CpG sites, the CRPS group was hypomethylated relative to the non-
CRPS neuropathic pain group. A Manhattan plot summarizing differential methylation at all
CpG sites highlights genomic regions in which this epigenetic mechanism may contribute to
differences between the groups (Fig. 1). One CpG site (cg17820060, COL11A1, P=9.98 x
10~7) was differentially methylated at a Bonferroni-corrected < 0.05 level. Additional CpG
sites at P< 5 x 10~* were noted for the following genes: HLA-DRB6, TMEM173, GPR75,
C20rf27A, and KCNH1. Box and whisker plots for methylation differences across CRPS
and non-CRPS groups for the top 2 genes identified (COL11A1and HLA-DRB6) are
provided in Figures 2A and B, respectively. In both cases, hypomethylation was observed in
the CRPS group, with wide variability in individual methylation levels noted, possibly
reflecting the suspected heterogeneity in contributions of various CRPS mechanisms across
individual patients.

To address potential pain confounders, we considered whether the 2 patient groups also
differed in the primary clinical feature of chronic pain intensity based on responses on the
NRS pain intensity rating scale used to determine study eligibility. Comparisons of mean
limb pain intensity ratings across the 2 groups revealed that the CRPS group (4.7 + 1.41) and
the non-CRPS neuropathic pain group (4.5 £ 2.00) did not significantly differ [t(45) =
-0.283, £P=10.78].

3.2. Functional analysis of differentially methylated cytosine-phosphate-guanine
dinucleotide sites

Using the Gene Ontology (GO) classification system,2 we tested whether CpG sites
showing differential methylation in patients with CRPS exhibited patterns of functional
enrichment. This functional enrichment analysis revealed numerous GO-Biological Process
(GO-BP) categories that were significantly enriched for differentially methylated genes at
FDR (g-value) <0.15.%0 As indicated in Supplementary Figure 1 (available at http:/
links.lww.com/PAIN/A818), a notable subset of these enriched GO-BP categories involved
immune function, including leukocyte-mediated cell toxicity, regulation of cell killing and
negative regulation of cell killing, immune effector process, immune response and activation
of immune response, production of molecular mediator of immune response, immune
system development, regulation of immune system processes, negative and positive
regulation of immune system process, antigen processing and presentation, and leukocyte
activation.

Pain. Author manuscript; available in PMC 2020 September 04.


http://links.lww.com/PAIN/A820
http://links.lww.com/PAIN/A818
http://links.lww.com/PAIN/A818

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bruehl et al.

Page 8

Supplementary Figure 2 (available at http://links.lww.com/PAIN/A819) portrays the number
of differentially methylated genes by GO-Molecular Function (GO-MF) categories. The 5
GO-MF categories with the largest number of differentially methylated genes were protein
binding, organic cyclic compound binding, ion binding, heterocyclic compound binding, and
antigen binding. This latter immune-related GO-MF category supports the pervasive
immune-relevant findings in GO-BP enrichment analyses.

3.3. Protein—protein interactions for differentially methylated genes in patients with
complex regional pain syndrome

3.4.

We examined whether the 48 differentially methylated CpG sites reflected known PPlIs.
Among the genes annotated to the differentially methylated CpG sites, we found genes that
assemble in PPI subnetworks (Fig. 3). Using a within-degree node-label permutation, we
found that the differentially methylated genes were more highly connected in human PPI
networks than expected by chance (P = 0.03), indicating that the genes are more likely to be
essential genes.3?

Independent validation

We sought to validate primary findings in a large deidentified clinical sample of patients
who had provided DNA that was subjected to genome-wide level (GWAS) genetic assays.18
Prior work by one of the authors (E.R.G.) had developed methods for using reference
transcriptome data to impute the genetically determined component of gene expression from
GWAS genetic information alone (PrediXcan).28 Applying the PrediXcan approach, we
expected that compared to patients with a non-CRPS chronic pain phenotype, patients
displaying a CRPS phenotype would show evidence for differential genetically determined
gene expression in similar genes as revealed in primary analyses.

Results (Table 2) indicated differential gene expression for the CRPS phenotype relative to
the non-CRPS chronic pain phenotype for 7 of the 48 genes identified as loci for differential
methylation in the primary sample. These 7 genes were PTGR1, HS3ST3A1, FAMS83B,
CD81, GPR75, APBB2, AGT, and BTNLZ. Taken together, these results demonstrate that
the genes identified as showing CRPS-related differential methylation in the primary
analyses had some predictive power in an independent patient data set in which the genetic
component of gene expression was estimated using the germline genetic profile.

4. Discussion

To evaluate epigenetic mechanisms that may be associated with CRPS after injury, we
compared DNA methylation profiles in individuals with chronic pain who met Budapest
diagnostic criteria for CRPS to those not meeting CRPS criteria. We identified 48 CpG sites
that were (nominally) differentially methylated between the 2 groups. Of the 48, one met
methylome-wide significance (COL11A1I). Functional analyses revealed numerous GO-BP
categories that were significantly enriched in the CRPS group at FDR (g-value) <0.15.60 A
substantial portion of these functionally enriched categories were related to immune
function. It is notable that differences in methylation profiles and functional enrichment
patterns were observed despite both groups reporting similar pain intensity. Thus,
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differential methylation was not related simply to presence of chronic pain, but rather
specifically to clinical features reflected in the diagnostic criteria defining the CRPS group
(eg, edema, skin temperature changes). Validation sample findings regarding the genetically
determined component of gene expression suggest that altered expression of implicated
genes may confer risk of CRPS rather than simply being a consequence of CRPS.

Interpretation of these findings is best considered in context of clinical and experimental
data regarding CRPS mechanisms. Research has increasingly highlighted a likely role for
immune mechanisms in CRPS. Several studies suggest that autoimmune mechanisms are
relevant to CRPS24:28 with, for example, over one-third of CRPS patients across 3 studies
exhibiting higher levels of antineuronal antibodies than population norms.6:23:43:44
Moreover, a passive transfer model has demonstrated that serum 1gG from patients with
CRPS can induce CRPS in animals after tissue injury.39-63 A key role for inflammatory
mechanisms has also been suggested. Compared to both healthy controls and non-CRPS
pain patients, CRPS patients display significantly elevated levels of proinflammatory
cytokines (eg, TNF-alpha, IL-1 beta).2:49.66.74.75 A study using informatics-based network
analysis34 suggests that such proinflammatory changes may derive in part from upstream
alterations in nfKappaB, an inducible transcription factor involved in immune regulation and
inflammation,®4 a finding supported in a preclinical model of CRPS.16

In light of evidence for immune and inflammatory mechanism in CRPS, several aspects of
the current findings are notable. One of the top 2 CpG sites most strongly associated with
CRPS was in HLA-DRB6, an HLA class Il pseudogene. This gene has previously exhibited
differential gene expression between patients with CRPS and pain-free controls.3” Class |1
HLA genes are involved in immune regulation, and are expressed by B cells, activated T
cells, and dendritic cells.*? HLA-DRB6 is hypomethylated in rheumatoid arthritis, a painful
autoimmune condition,32 a pattern similar to patients with CRPS in the current study. Also,
among the 48 CpG sites exhibiting differential methylation were genes including MICA,
TMEM173, and BTNLZ, all of which were hypomethylated in patients with CRPS. M/CA is
an HLA class | gene, expressed by somatic cells rather than specifically in immune cells.*2
Variations in the M/CA gene have been linked with other painful (Sjogren syndrome)2 and
nonpainful automimmune conditions (cutaneous lupus erythematosus).*> TMEM173
produces the stimulator of interferon genes (STING) protein, a regulator of innate immune
responses that also is involved in autoimmune diseases*820 and promotes inflammation.’8
BTNLZ, a gene identified both in the primary methylation sample and in the validation
sample, is an HLA class Il-related gene that has been associated with painful autoimmune
conditions due to its being in strong linkage disequilibrium with HLA-DQBI1 and HLA-
DRBI haplotypes.>3 Interestingly, work in CRPS suggests that both the HLA-DQB1 and
HLA-DRBI genes are differentially expressed (downregulated) in patients with CRPS
compared to pain-free controls.37:62

The current findings are also relevant in terms of inflammatory CRPS mechanisms. Among
the 48 genes displaying differential methylation in CRPS were the COL11A1 and MAP3K7
genes. These genes are part of an nfKappaB-related gene network.54.73.76 Activation of the
nfKappaB pathway triggers cytokine release, leading to inflammation.3# Inflammatory
clinical features (eg, edema and erythema) and elevated proinflammatory cytokine levels are
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both characteristic of CRPS, particularly in its early stages.>1047 Differential methylation
was also noted in the GPR75 gene, another gene validated in terms of the genetic component
of gene expression in our large informatics sample. Impaired GPR75 function has been
linked to neuroinflammation.3 Oxidative stress is also linked to inflammation,3 and current
findings of differential methylation of P7TGR1 in patients with CRPS may be relevant in this
regard. PTGRI codes for prostaglandin reductase-1, which is involved in catabolism of
eicosanoids and lipid peroxidation, and is part of the nuclear factor E2-related factor 2
(NRF2) pathway.>® A potential link between P7TGRI and CRPS was also validated in the
informatics sample in the current study. The NRF2 pathway controls expression of genes
enhancing cellular antioxidant capacity.5?

Preclinical CRPS models341 and meta-analysis of human studies? suggest that CRPS risk
after injury may be mitigated by administration of antioxidants, consistent with a possible
role for oxidative stress in CRPS.

The largest differential methylation effect in the current work was for the COL11A1 gene.
COL11A1is involved in collagen formation, and notably, the only prior gene expression
work in CRPS found that one of the top differentially expressed genes was also a collagen-
related gene, MMP93" There is no prior evidence of a specific role for collagen-related
factors in CRPS, although we might speculate that given the role of collagen in skin
formation,® altered expression of genes such as COL11A1 and MMP9 might contribute to
altered skin growth often characteristic of CRPS.”:8 In addition, it may be relevant that both
the COL11A1 gene and the KRT16gene are part of the TFAP2A gene regulatory network.”’
The protein expressed by the KRT16 gene has been shown to be a target for autoantibody
responses in a preclinical CRPS model 61

Our results identified numerous PPIs related to the differentially methylated genes observed
between groups. These findings of known functional interactions between proteins coded for
by differentially methylated genes linked to CRPS strengthen arguments for the biological
importance of these genes in CRPS. The 2 most prominent nodes reflected hormonal
regulation processes and immune function.

The current findings further support the potential of immune-focused therapies for CRPS.29
To the extent that immune differences may play a mechanistic role in only a subset of
patients with CRPS, profiles of differential methylation in CRPS-related immune genes
could potentially help target immune-focused treatments to patients most likely to respond.
The epigenetic changes indicated by CRPS-related methylation profiles might also help
identify novel CRPS risk mechanisms that could point towards new treatments. Finally, from
the methodological perspective, findings in the validation sample demonstrate the promise of
using electronic health records linked to DNA for genomic studies of CRPS.

Several study limitations are acknowledged. First, although our sample of patients with
CRPS was more than twice as large as any prior epigenetic work in patients with CRPS, the
sample was nonetheless small and there were a large number of statistical tests. Risk of type
I error was mitigated in part through the LIMMA analysis used, which accounts for
intercorrelations among measures and thereby helps minimize type | error. We note that one
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CpG site in the COL11A1 gene was significant even after Bonferroni correction. In addition,
the fact that 7 of the genes displaying differential methylation in the primary study were
validated in the informatics-based clinical sample also supports at least some of the observed
methylation differences as being real effects. Nonetheless, the /CD-9-based CRPS
phenotype in this validation sample might limit interpretation of these validation results.
Another potential limitation is that we cannot address the possibility that pain management
medications, which may differ in patients with CRPS, or other clinical factors may have
impacted on methylation patterns after development of CRPS. Finally, generalizability of
study results must be considered in light of the relatively low mean pain intensity observed
(4.7/10), the unusual initiating event (amputation), and atypical sample demographics,
although all patients with CRPS did meet the Budapest criteria. Patients with CRPS seeking
clinical care often report severe pain and are more likely to be female and older,® whereas
the current sample was primarily younger and male, due to the military nature of the sample.
Replication of these findings in more traditional clinical CRPS samples would be desirable.
The fact that 1 of the top 2 CpG sites exhibiting significant differential methylation in this
study also displayed differential gene expression between patients with CRPS and nonpain
controls in a prior nonmilitary sample37 suggests that current results might generalize to
more clinically representative samples.

In summary, this study for the first time suggests a potential role for epigenetic mechanisms
(differential DNA methylation) in risk of CRPS after injury. The pattern of results suggests
that immune and inflammatory mechanisms in particular may be involved in influencing
CRPS risk. Although our results require replication, these epigenetic findings build on prior
studies increasingly pointing towards the potential value of interventions targeting immune
and inflammatory pathways for enhancing care of patients with CRPS.
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Figure 1.

Manbhattan plot for differential methylation across all CpG sites evaluated. Any gene above
the horizontal line indicates Bonferroni-corrected £< 0.05. One gene COL11A1 (nominal P
= 9.98E-07) passed this threshold. CpG, cytosine-phosphate-guanine dinucleotide.
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Figure 2.
Box and whisker plots displaying source of differential methylation for the top 2 identified

genes, COL11A1 (A) and HLA-DRB6 (B).

Pain. Author manuscript; available in PMC 2020 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bruehl et al. Page 19

KCNH5 TGB1
cb4
KCNAB2 CD81 e
ABL1
KCNB2
PRKCZ Cigr2 GAD1
Z('1 8 /
GaB2
THEFS PPP2CB
YWHAG
WKBKE PRKACA
B i CTNNB1 1=
PPP2R1A PTRRN2
HSPAg HSPAS GLI2
Hopa—MARSK7 BTRC
= HSPIOABT
PEGRT SMAD3
MAP3K3

UBB EP300

UBC RPS27A
LOC100130702

MICA

Figure 3.
Protein—protein interactions (PPIs) among the genes annotated to the differentially

methylated CpG sites. Nodes represent proteins associated with the annotated genes
displaying significant differential methylation in primary analyses. Known direct
interactions between proteins are represented as an edge between the annotated genes. CpG,
cytosine-phosphate-guanine dinucleotide.
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