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Identification of DNA methylation
associated enrichment pathways in adults
with non-specific chronic low back pain
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Abstract

Chronic low back pain (cLBP) that cannot be attributable to a specific pathoanatomical change is associated with high

personal and societal costs. Still, the underlying mechanism that causes and sustains such a phenotype is largely unknown.

Emerging evidence suggests that epigenetic changes play a role in chronic pain conditions. Using reduced representation

bisulfite sequencing (RRBS), we evaluated DNA methylation profiles of adults with non-specific cLBP (n¼ 50) and pain-free

controls (n¼ 48). We identified 28,325 hypermethylated and 36,936 hypomethylated CpG sites (p< 0.05). After correcting

for multiple testing, we identified 159 DMRs (q< 0.01and methylation difference> 10%), the majority of which were located

in CpG island (50%) and promoter regions (48%) on the associated genes. The genes associated with the differentially

methylated regions were highly enriched in biological processes that have previously been implicated in immune signaling,

endochondral ossification, and G-protein coupled transmissions. Our findings support inflammatory alterations and the role

of bone maturation in cLBP. This study suggests that epigenetic regulation has an important role in the pathophysiology of

non-specific cLBP and a basis for future studies in biomarker development and targeted interventions.
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Globally, low back pain has an annual prevalence of

about 38% (affects approximately 2.88 billion people)

and is the leading cause of disability.1,2 Athough many

people with low back pain do not seek care, it remains

one of the most common reasons for visits to primary

care providers.3 For some individuals, the pain resolves

within 4–6weeks. However, for many individuals the

low back pain progresses to chronic low back pain

(cLBP), lasting more than 12weeks.2 Furthermore, for

about 80 percent of patients with cLBP, the diagnosis

cannot be attributed to a recognizable, specific pathoa-

natomical change such as trauma, osteoporosis, ankylo-

sis spondylitis, and chronic inflammatory disease.3,4 As a

result, these individuals are classified as having non-

specific cLBP.3,4 Non-specific cLBP affects individuals

of all race, sex, and socioeconomic status. It has been

associated with mood disorders, decreased productivity,

and reduced quality of life. At present, treatment and

interventions for cLBP often fail to provide sufficient
levels of pain relief, and full functional restoration is
rarely achieved.2,3,5 Lack of human mechanistic studies
that can offer treatment targets has been identified as a
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potential barrier to the development of effective
interventions.6,7

Like most chronic health conditions, cLBP has both
genetic and environmental influences.8–10 Twin studies
estimate that about 46 to 75% of low back pain is her-
itable,9,11 and environmental factors account for approx-
imately 50% of the variance in pain perception and
prevalence.12–15 Environmental factors such as increased
physical and psychological stress (e.g., physically
demanding job,16 low job control,17 depression,18,19 anx-
iety,8 catastrophizing,8,18 and perceived discrimina-
tion20) have been associated with cLBP. Thus, a
mechanism such as epigenetics that links stressful envi-
ronmental factors to alterations in genetic expression
may play a significant role in cLBP.21

Emerging evidence attest to the role of epigenetics in
many chronic pain conditions.15,22–26 Epigenetics repre-
sents a mechanism by which the environment can direct-
ly enhance or suppress gene expression without
alterations of the primary DNA sequence.27,28 For
instance, DNA methylation is a stable epigenetic
change in which cytosine (C) nucleotides in CpG dinu-
cleotides are methylated. Recent studies suggest that epi-
genetic mechanisms underlie the development of many
chronic pain conditions such as fibromyalgia,15,22 chron-
ic postoperative pain,23,24 and cLBP.25,26 Secreted pro-
tein acidic and cysteine-rich (SPARC) protein is required
for the calcification of collagen in bone. Tajerian et al.
examined the relationship between spinal disc degenera-
tion, pain severity, SPARC gene expression, and DNA
methylation of the SPARC promoter in mice and human
with severe cLBP. They showed that, in vitro, increased
DNA methylation of the SPARC promoter decreases
the expression of the SPARC gene. In addition, DNA
methylation of 5 out of 12 CpGs in the SPARC promot-
er correlated with cLBP intensity.29 Understanding epi-
genetic differences between individuals with cLBP and
individuals without cLBP can increase our knowledge of
the pathogenesis and prognosis of cLBP.

Epigenome-wide reduced representation bisulfite
sequencing (RRBS) provides robust study design, that
can be exploited to aid in understanding subtle varia-
tions in cLBP pathogenesis.30 However, the power of
this approach has not yet been utilized to examine clinical
cLBP. The aim of this study was to identify DNA meth-
ylation changes that are distinctive to adults with cLBP.
We hypothesized that differential DNA methylation pro-
files could identify important pathways involved in cLBP.

Methods

Participants

Whole blood was collected from participants enrolled
in an on-going study: Examining Racial And

SocioEconomic Disparities in cLBP (ERASED) study

(R01MD010441). Criteria for enrollment in the study

are detailed in previously published work.31,32 Briefly,

50 adult males and females, ages 19 to 85 years, with

non-specific cLBP, were chronologically enrolled in the

study between June 2018 and September 2019. To be

considered cLBP, the pain must have persisted for at

least three consecutive months and resulted in pain on

at least half the days in the past six months. Pain phe-

notype data was collected from participants with cLBP

using self-report and confirmed diagnosis in the electron-

ic medical record. Participants were identified as having

non-specific cLBP based on joint clinical practice guide-

lines from the American Colleges of Physicians and the

American Pain Society.33 In addition, pain severity and

interference were assessed using the Brief Pain Inventory

(BPI) – Short Form, a widely used pain management

tool.34 Participants were excluded if they had a medical

condition that could confound the interpretation of the

phenotype or epigenomic changes, e.g., low back pain

attributable to infection, trauma, malignancy, or anky-

losing spondylitis, systemic infection, chronic inflamma-

tory disease (e.g., rheumatoid arthritis, systemic lupus

erythematosus, fibromyalgia), poorly controlled diabe-

tes, neurological disorders (e.g., Parkinson’s, multiple

sclerosis, and epilepsy) and any severe psychiatric disor-

der requiring hospitalization within the past 12months.
Additionally, 48 pain-free controls (PFC) were

recruited and enrolled in the study using the same pro-

cedure those with cLBP. Eligibility for the PFC group

included men and women between 19–85 years of age

who could read and write in English with no recent his-

tory of pain at any location and not pregnant or breast-

feeding. The same exclusion criteria were applied to the

PFC. The University of Alabama at Birmingham (UAB)

Institutional Review Board for Human Subject Research

approved all aspects of the study. All participants

received informed consent information, had all questions

answered, and provided written consent.

DNA extraction and RRBS

Venous blood samples were collected into ethylene-

diamine-tetra-acetic acid (EDTA) tubes and centrifuged

at 2500 x g for 10 mins at room temperature. Plasma and

buffy coat were isolated, aliquoted, and stored at -80�C
until DNA extraction. Genomic DNA was extracted

from the buffy coat by the UAB Center for Clinical

and Translational Sciences according to the Gentra

Puregene DNA Purification Protocol (Qiagen,

Valencia, CA, USA). Extracted DNA was quantified

on the NanoDrop 2000, and purity was determined

through spectrophotometry. All samples had a 260 nm

to 280 nm ratio of >1.8.
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RRBS libraries were prepared by the Heflin Center

for Genomic Sciences at UAB using the Ovation RRBS

Methyl-Seq kit (Tecan Genomics, Redwood City, CA,

USA). High-quality genomic DNA was digested with

MspI restriction enzymes. Fragments of the DNA were

ligated with adaptors and C-to-T-converted (bisulfite

conversion) strands sequenced on the NextSeq 500 plat-

form from Illumina to generate raw RRBS reads. A

Qubit fluorometer was used to assess the quantity and

quality of the libraries.

DNA methylation and data pre-processing

The raw RRBS reads were cleaned, and adapters

removed using Trim Galore.35 The trimmed reads were

then aligned and mapped to the human reference

genome (hg19) using Bismark.36 After discarding reads

with multiple mapping, reads with unique alignments

were identified. Following Bismark alignment and map-

ping, we used methylKit to identify the CpG sites, nor-

malize, and perform differential methylation (hypo/

hypermethylation).37 In our sample, the mapping effi-

ciency of Bismark aligning sequences to hg19 ranged

from 71 to 75%, and the methylKit C methylated in

the CpG context ranged from 38.6 to 58.7%.

Data analysis

The methylation level of each cytosine (C) was estimated

by C=ðCþ TÞ, where #C is the number of methylated

reads, and #T is the number of unmethylated reads.

Logistic regression was used to compare the level of

methylation between cLBP and PFC. After correcting

for multiple testing using the sliding linear model

(SLIM) method, a q-value< 0.01 was statistically signif-

icant.38 The q-value is the methylKit equivalence of the

false discovery rate (FDR).37 In addition, differential

methylation between the cLBP group and PFC group

was determined as percent methylation with � 10%

methylation as hypermethylated and � 10% as

hypomethylated.

Functional annotation and enrichment analysis

MethylKit was used to annotate differentially methylat-

ed bases, and regions to gene components based on the

nearest transcriptional start site using the University of

California, Santa Cruz Genome Brower (http://genome.

ucsc.edu/; hg19). Features of a CpG island included CG

length of at least 200 bp, CG fractions> 0.5, and an

observed to expected CpG ratio of> 0.6. Adjacent posi-

tions to CpG islands of 2,000 bp were identified as CpG

shores. Genomic features including promoters, exons,

introns, and intergenic regions were identified using

Genomic Features.39

To examine the potential functions of the identified

differentially methylated regions and annotated gene,

functional enrichment analysis was performed using

Gene Ontology (GO) pathway analyses.

Results

Sample characteristics

Our final sample included 50 adults with cLBP and 48

PFCs. The mean age of participants was 42.1�
13.8 years; half of them self-identified as non-Hispanic

White (50.5%) and female (52.5%). There was no signif-

icant group differences in terms of mean age, race, or

gender of particpants. As expected participants with a

history of cLBP had a significantly higher pain severity

score (4.6� 2.4) on the BPI compared to those without

cLBP (p< 0.0001). Details of the demographic charac-

teristics of participants are summarized in Table 1.

Individual sample analysis

The Euclidean distance was calculated based on the indi-

vidual sample methylation patterns. Wards minimum

variance was used to hierarchically cluster the entire

sample, as depicted in the dendrogram (Figure 1). The

sample shows clustering, especially among individuals

with cLBP (blue color).
Also, we performed principal component analysis

(PCA) to reduce a large number of data points into prin-

cipal components (PCs). Our PCA provided two major

PCs (PC1 and PC2), indicating two potential DNA

methylation patterns. As depicted in Figure 2, the meth-

ylation patterns between control and test samples could

be similar because of the overlap between the red cluster

(control samples) and the blue cluster (test samples).

Interestingly, several other test samples do not overlap

with the control samples (the non-overlapping data

points), suggesting that there may be different DNA

methylation patterns in test samples compared to the

control samples.

Table 1. Characteristics of study participants.

cLBP PFC

p-value(n¼ 50) (n¼ 48)

Age, mean (SD) 44.5� 12.7 39.9� 14.7 0.105

Sex, N(%) 0.423

Male 22 (44) 25 (52.1)

Female 28 (56) 23 (47.9)

Race, N(%) 0.588

Non-Hispanic White 25 (50) 25 (52.1)

Non-Hispanic Black 25 (50) 23 (47.9)

Pain severity, mean (SD) 4.6� 2.4 0.1� 0.4 <0.0001

Aroke et al. 3

http://genome.ucsc.edu/
http://genome.ucsc.edu/


Characterizations of differentially methylated regions
associated with cLBP

Our goal was to identify differentially methylated pat-
terns associated with cLBP. We obtained over 213k
DMRs mapped to the reference human genome (hg19).
At p< 0.05, we identified 65,261 (28,325 hypermethy-
lated and hypomethylated 36,936) CpG sites. After cor-
recting for multiple testing, we identified 159 DMRs
with q-values less than 0.01 and percent methylation dif-
ference of larger than 10. The top 20 DMRs sites are
shown in Table 2.

Genomic distribution of the identified DMRs

To explore the potential functional impact of cLBP
related DMRs on gene expression, we annotated the
putative DMRs to predetermined genomic features.
Figure 3 shows the chromosomal distribution of the
annotated DMRs. The majority of the DMRs were
located on chromosome 1 (8.5%), followed by chromo-
some 19 (7.5%) and chromosome 2 (7.2%).

As shown in Figure 4, about half of the identified
DMRs were located in promoter regions (48%), with
about 7% exonic regions.

Figure 5 depicts the differential methylation annota-
tions of the CpGs. As expected, about half of the anno-
tated CpGs occur in CpG islands.

Functional genomic analyses

The majority (69.5%) of the differentially methylated
CpGs were identified in protein-coding genes. To deter-
mine whether the overall pattern of differentially meth-
ylated genes was linked to cLBP disease state, we
performed functional enrichment analysis using Gene
Ontology. Pathway enrichment analysis revealed that
cLBP-related DMRs were significantly enriched in
about 165 biological processes in humans (p< 0.05).
Table 3 shows biological processes that are over-
represented in the DMRs with an enrichment fold
change of >100. These processes affect critical physio-
logical functions such as immune function, chondrocyte
maturation, and bone mineralization.

Discussion

Worldwide, cLBP is a significant public health problem,
and this study is among the first to evaluate DNA

Figure 1. Comparison of the variation in methylation patterns between individual samples using Ward’s methods. Notes: test/
blue¼ cLBP and ctrl/red¼ PFC.

Figure 2. Principal component analysis of the variance between
cLBP and PFCc. Notes: cLBP cases are shown in blue and PFC are
shown in red.
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methylation profile associations in adults with and with-

out cLBP. Using RRBS, we identified 159 DMRs

(q< 0.01 and methylation difference> 10%), which

annotated to important protein-coding genes, including

CELSR1, KIF11, MINK1, and NAV1. Most of these

genes were hypomethylated in individuals in cLBP

with the notable exception of CELSR1, MFCE8, and

MINK1. Hypomethylation in the promoter region is

associated with gene expression, and hypermethylation

in the gene body is associated with gene silencing.40

Among individuals with cLBP, our findings suggest

increased expression of NAV1 and KIF11 genes, regulat-

ing neuronal development.41–43 The NAV1 gene is

expressed in the nervous system and plays a role in neu-

ronal migration,42 while the KIF11 affects synaptic

transmission by regulating microtubular and axonal

growth.41 While it remains unclear how increased

expression of NAV1 and KIF11 affects cLBP, it is pos-

sible that these genes’ epigenetic change may affect the

development and transmission of nociceptors. Other

genes that encode proteins involved in cellular activities

such as cell growth, migration, and skeletal

Table 2. Top 20 differentially methylated regions.

Chr Start End Genomic feature q-value

Methylation

difference (%) Genes

22 46862511 46862511 Intron 8.73E-74 23.42 CELSR1

15 89497084 89497084 Other 7.25E-78 21.77 MFGE8

6 72293855 72293855 CpG shore 2.34E-42 18.11

15 96985551 96985551 Other 1.82E-46 �16.80 NR2F2

2 96726330 96726330 Other 7.87E-44 �16.66 GPAT2

9 136995046 136995046 Other 3.84E-30 �16.22 WDR5

1 11006017 11006017 Other 7.75E-46 �15.96 C1orf127

1 206832961 206832961 Other 4.77E-38 15.85 DYRK3

9 36997747 36997747 Intron 5.8E-59 �15.83 PAX5

4 8272826 8272826 Intron 3.91E-46 �15.74 HTRA3

17 4767974 4767974 Intron 2.12E-37 15.64 MINK1

10 94352038 94352038 Promoter 3.82E-29 �15.17 KIF11

7 129789370 129789370 Other 4.12E-26 �15.03

1 201708421 201708421 Promoter 7.85E-27 �14.92 NAV1

14 22996387 22996387 Other 4.81E-37 �14.77 DAD1

17 406225 406225 CpG island 6.55E-39 �14.44 FAM101B

13 112238794 112238794 CpG island 4.24E-27 �14.24

16 89927101 89927101 Exon 8.75E-25 �14.19 TCF25

9 137974756 137974756 Intron 6.36E-29 �14.16 OLFM1

16 30671749 30671749 Promoter 4.29E-30 �14.16 FBRS

Notes: Chr¼ chromosome.

0

500

1000

1500

2000

2500

Figure 3. Chromosomal distribution of DMRs.
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rearrangement are the CELSR1 and MINK1. Genetic

alterations of CELSR1 are associated with neuronal

tube defects,44 and epigenetic regulation of CELSR1

has been associated with rheumatoid arthritis.45

MINK1 is highly expressed during endochondral differ-

entiation, and studies of MINK1 knock out mice have

shown that MINK1 deficiency may play a role in both

age- and injury-related osteoarthritis.46 We found that

the intronic regions of CELSR1 and MINK1 genes are

hypermethylated in the cLBP group compared to

healthy controls. Further analyses revealed that many

genes in the top twenty DMRs (e.g. MFGE8, WDR5,

PAX5, and DAD1) were hypomethylated, and some

have previously been associated with various immune

processes.47–50 However, the interpretation of the meth-

ylation status of these non-promoter regions is less

straight forward.
Functional pathway analysis allows for identifying

biological processes, diseases, or signaling pathways

associated with groups of related genes that are altered

in case samples compared to controls.51 A functional

pathway analysis revealed that the top differentially

enriched biological processes in individuals with cLBP

included immune signaling, endochondral ossification,

and G-protein coupled receptor signaling. Our findings
suggest that alterations in immune signaling pathways
such as fractalkine production, T-helper 1 cell lineage
commitment, N-terminal peptidyl-glycine N-myristoyla-
tion, and localization of protein to lysosome are differ-
entially enriched in individuals with cLBP. Fractalkine
(CX3C) is one of the most expressed membrane-bound
chemokines in the central nervous system.52 It is also
expressed on endothelial activated proinflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a)
and interleukin-1, where it acts as a chemo-attractant.
Emerging evidence suggests that fractalkine/CX3C is
involved in the pathogenesis of chronic painful condi-
tions such as rheumatoid arthritis and osteoarthritis.52–
54 Besides fractalkine production, our results also sug-
gest a differential commitment of genes regulating
T-helper 1 cell lineage, which promote immunological
processes may play a role in cLBP. Changes in
T-helper 1 cell lineage have previosly been associated
with arthritis.55 In addition, epigenetic mechanisms
play a role in the T helper 1 cell-lineage specific gene
expression, including T-box transcription factor 21
(TBX21) and interferon c (IFNG). Other investigators
have previously reported that variations in the expres-
sion of TBX21 and IFNG genes correlate with various
chronic pain conditions.56–58 These findings are consis-
tent with previous studies that found chemokines, cyto-
kines, and other proinflammatory genes to be
differentially expressed in acute and chronic low back
pain.59,60

The vertebral column is formed through chondrocyte
differentiation and bone mineralization. Our study
found that pathways associated with negative regulation
of chondrocyte development and bone mineralization
are differentially enriched in individuals with cLBP.
Chondrocytes undergo sequential differentiation, prolif-
eration, and maturation to establish future bones.61 It
has been reported that among individuals with osteoar-
thritis, the chondrocytes undergo degradation in
response to mechanical or proinflammatory injury.
This degradation process has been described as
“dedifferentiation” or “transdifferentiation” because
rather than merely breaking down the cartilage, the
chondrocytes undergo phenotypic changes that correlate
with the onset of osteoarthritis.62,63 Also, osteoarthritis
may be induced by injury (mechanical, inflammation, or
aging) that causes dysregulation of undifferentiated
articular chondrocyte progenitors, and associated
changes in endochondral ossification.63 Thus, it is pos-
sible that non-specific cLBP may be related to epigenetic
modifications that alter chondrocyte-to-osteoblast ossi-
fication. Tajerian and colleagues have previously
reported that differential methylation of the gene that
encodes the extracellular matric protein SPARC was
associated with low back pain severity in humans and

48%

7%
22%

23%

Differen�al Methyla�on Annota�on

Promoter Exon Intron Intergenic

Figure 4. Genomic region distribution of putative DMRs.

Figure 5. Genomic feature distribution of putative CpGs.
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animal models.29 In our sample, the SPARC gene was
slightly hypermethylated in individuals with cLBP. This
suggests that epigenetic changes to the matrix of the ver-
tebral column may play a role in cLBP.

Genes related to the G-protein coupled receptor sig-
naling pathway were also differentially enriched in our
sample. The enriched pathways included positive regu-
lation of synaptic cholinergic transmission, and bomb-
esin receptor signaling. Of these pathways, the
regulation of cholinergic impulses and bombesin
receptor have previously been associated with

nociception.64–66 Pain is modulated via cholinergic
impulses at spinal and supraspinal sites, including the
dorsal horn, hippocampus, and locus coerulus.67,68

Within this system, several genes (most notably the
tachykinin precursor 1 [TAC1] gene, which encodes sub-
stance P and other products of the tachykinin peptide
hormone family) play a role in pain modulation.69

Expression of TAC1 genes in the locus coeruleus has
been associated with chronic inflammation,70 while dif-
ferential expression in the periaqueductal gray has been
associated with chronic itching.71 Similarly, differential

Table 3. Functional Enrichment pathways in cLBP.

Biological process Definition

Fold

enrichment p-value

U2 snRNA 30-end processing Any process involved in forming the mature 30 end of a

U2 snRNA molecule

>100 0.004

Fractalkine production The appearance of fractalkine due to biosynthesis or

secretion following a cellular stimulus, resulting in an

increase in its intracellular or extracellular levels.

>100 0.006

Bombesin receptor signaling

pathway

The series of molecular signals generated as a conse-

quence of a bombesin receptor binding to one of its

physiological ligands.

>100 0.006

N-terminal peptidyl-glycine

N-myristoylation

The myristoylation of the N-terminal glycine of proteins

to form the derivative N-myristoyl-glycine.

>100 0.006

Negative regulation of gastric

emptying

Any process that decreases the frequency, rate or

extent of any gastric emptying process, the process in

which the liquid and liquid-suspended solid contents

of the stomach exit through the pylorus into the

duodenum.

>100 0.006

Positive regulation of protein

localization to lysosome

Any process that activates or increases the frequency,

rate or extent of protein localization to lysosome.

>100 0.006

Negative regulation of retinal cell

programmed cell death

Any process that stops, prevents, or reduces the fre-

quency, rate or extent of programmed cell death that

occurs in the retina.

>100 0.006

T-helper 1 cell lineage

commitment

The process in which a CD4-positive, alpha-beta T cell

becomes committed to becoming a T-helper 1 cell, a

CD4-positive, alpha-beta T cell specialized to pro-

mote immunological processes often associated with

pathological conditions such as arthritis.

>100 0.008

Epithelial cell maturation

involved in prostate gland

development

The developmental process, independent of morpho-

genetic (shape) change that is required for an epi-

thelial cell of the prostate gland to attain its fully

functional state.

>100 0.008

Negative regulation of

chondrocyte development

Any process that decreases the rate, frequency, or

extent of the process whose specific outcome is the

progression of a chondrocyte over time, from its

commitment to its mature state.

>100 0.008

Peptidyl-glycine modification The modification of peptidyl-glycine. >100 0.01

Positive regulation of synaptic

transmission, cholinergic

Regulates the release of acetylcholine. Supraspinal

cholinergic neurons play an essential role in the

processing of nociceptive information and pain

modulation.

>100 0.01

Negative regulation of bone

mineralization involved in

bone maturation

Any process that stops, prevents, or reduces the

frequency, rate, or extent of bone mineralization

involved in bone maturation.

>100 0.01

Aroke et al. 7



expression of supraspinal bomberin receptor signaling

has also been associated with itching (hypersensitivity)

and antinociception.64

Several pathways were differentially enriched without

known specific links to pain or nociception, including

negative regulation of gastric emptying, and negative

regulation of retinal cell programmed cell deaths. It is

possible that these pathways contain genes that may

affect nociception and pain perception.
Finally, epigenetic modifications such as DNA meth-

ylation reflect gene-environment interactions that affect

gene expression without changing the underlying DNA

sequence.40 These environmental factors occur over an

individual’s lifespan and may influence normal physiol-

ogy and disease risk, including chronic pain.72 Given the

differential enrichment of gene involved in immune sig-

naling and ossification, it is possible that the observed

differential methylation in the cLBP group, may be relat-

ed to environmental factors that promote inflammation

and decrease bone formation/healing such as chronic

stress and depression.18,73,74 Studies have shown that

increased psychological stress may increase inflamma-

tion and alter endochondral ossification.75 Future stud-

ies should longitudinally examine gene-environment

interactions and associated DNA methylation changes

in individuals in cLBP.

Strengths and limitations

The current study had several strengths, including the

largest RRBS sample to date in research on non-

specific cLBP. Nonetheless, our findings must be consid-

ered in the context of several limitations. First, since our

study is cross-sectional, we cannot determine whether

observed DNA methylation changes in the epigenome

of individuals with cLBP are a consequence of the dis-

ease, or a part of its etiology. By including a general

healthy sample of PFCs, we guarded against differential

methylation being just a consequence of co-morbidities.

Second, the sample size of our study is relatively small

for genome-wide RRBS, even if it is the largest to date

among cLBP methylation studies.29 Third, our genomic

DNA was extracted from peripheral blood cells, and

thus our DNA methylation analysis contains a mix of

cell types. However, several studies have shown that

blood DNA methylation correlates strongly with brain

tissue methylation,76,77 and other investigators have used

blood to study DNA methylation in chronic pain con-

ditions.15,23,26,78,79 Finally, we use computational analy-

ses to evaluate functional pathways associated with the

observed differential methylation between cLBP and

PFC. Future more extensive studies should analyze

actual differential gene expression (transcriptomics)

and protein levels.

Conclusion

Effective management of cLBP, one of the leading causes

of lives lived with disability, requires an understanding of

underlying mechanisms that cause cLBP. The current

study aimed to provide a better understanding of the rela-

tionship between DNA methylation modifications and

cLBP. The findings are consistent with other studies sug-

gesting a potential role of inflammation, and vertebral

matrix integrity. Our study further suggests that differen-

tial methylation of genes involved in G-protein coupled

cholinergic signaling correlate with cLBP. Recently tar-

geted interventions to reverse epigenetic modifications

provide hope for the development of novel effective inter-

ventions to manage non-specific cLBP.
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GNdO, Costa RS, Barreto ML, Figueiredo CA.

Polymorphisms in the DAD1 and OXA1L genes are asso-

ciated with asthma and atopy in a South American popu-

lation. Mol Immunol 2018; 101: 294–302.
51. Garc�ıa-Campos MA, Espinal-Enr�ıquez J, Hernández-

Lemus E. Pathway analysis: state of the art. Front

Physiol 2015; 6: 383–383.
52. Nanki T, Imai T, Kawai S. Fractalkine/CX3CL1 in rheu-

matoid arthritis. Mod Rheumatol 2017; 27: 392–397.
53. Umehara H, Tanaka M, Sawaki T, Jin ZX, Huang CR,

Dong L, Kawanami T, Karasawa H, Masaki Y,

Fukushima T, Hirose Y, Okazaki T. Fractalkine in

10 Molecular Pain

http://www.bioinformatics.babraham.ac.uk/publications.html
http://www.bioinformatics.babraham.ac.uk/publications.html


rheumatoid arthritis and allied conditions. Mod Rheumatol

2006; 16: 124–130.
54. Wojdasiewicz P, Poniatowski LA, Kotela A, Deszczy�nski

J, Kotela I, Szukiewicz D. The chemokine CX3CL1 (frac-

talkine) and its receptor CX3CR1: occurrence and poten-

tial role in osteoarthritis. Arch Immunol Ther Exp (Warsz)

2014; 62: 395–403.
55. Kanduri K, Tripathi S, Larjo A, Mannerstr€om H, Ullah

U, Lund R, Hawkins RD, Ren B, L€ahdesm€aki H,

Lahesmaa R. Identification of global regulators of T-

helper cell lineage specification. Genome Med 2015; 7:

122–122.
56. Chae S-C, Shim S-C, Chung H-T. Association of TBX21

polymorphisms in a Korean population with rheumatoid

arthritis. Exp Mol Med 2009; 41: 33–41.
57. Davoli-Ferreira M, de Lima KA, Fonseca MM,

Guimar~aes RM, Gomes FI, Cavallini MC, Quadros AU,

Kusuda R, Cunha FQ, Alves-Filho JC, Cunha TM.

Regulatory T cells counteract neuropathic pain through

inhibition of the Th1 response at the site of peripheral

nerve injury. Pain 2020; 161: 1730–1743.
58. Shamji MF, Setton LA, Jarvis W, So S, Chen J, Jing L,

Bullock R, Isaacs RE, Brown C, Richardson WJ.

Proinflammatory cytokine expression profile in degener-

ated and herniated human intervertebral disc tissues.

Arthritis Rheum 2010; 62: 1974–1982.
59. Starkweather AR, Ramesh D, Lyon DE, Siangphoe U,

Deng X, Sturgill J, Heineman A, Elswick RK Jr, Dorsey

SG, Greenspan J. Acute low back pain: differential

somatosensory function and gene expression compared

with healthy no-pain controls. Clin J Pain 2016; 32:

933–939.
60. Dorsey SG, Renn CL, Griffioen M, Lassiter CB, Zhu S,

Huot-Creasy H, McCracken C, Mahurkar A, Shetty AC,

Jackson-Cook CK, Kim H, Henderson WA, Saligan L,

Gill J, Colloca L, Lyon DE, Starkweather AR. Whole

blood transcriptomic profiles can differentiate vulnerabili-

ty to chronic low back pain. PLoS One 2019; 14:

e0216539–e0216539.
61. Staines KA, Pollard AS, McGonnell IM, Farquharson C,

Pitsillides AA. Cartilage to bone transitions in health and

disease. J Endocrinol 2013; 219: R1–R12.
62. Charlier E, Deroyer C, Ciregia F, Malaise O, Neuville S,

Plener Z, Malaise M, de Seny D. Chondrocyte dedifferen-

tiation and osteoarthritis (OA). Biochem Pharmacol 2019;

165: 49–65.
63. Aghajanian P, Mohan S. The art of building bone: emerg-

ing role of chondrocyte-to-osteoblast transdifferentiation

in endochondral ossification. Bone Res 2018; 6: 19.
64. Stone LS, Molliver DC. In search of analgesia: emerging

roles of GPCRs in pain. Mol Interv 2009; 9: 234–251.
65. Xiao Y, Yang X-F, Xu M-Y. Effect of acetylcholine on

pain-related electric activities in hippocampal CA1 area of

normal and morphinistic rats. Neurosci Bull 2007; 23:

323–328.

66. Naser PV, Kuner R. Molecular, cellular and circuit basis

of cholinergic modulation of pain. Neuroscience 2018; 387:

135–148.

67. Li GZ, Liu ZH, Wei X, Zhao P, Yang CX, Xu MY. Effect
of acetylcholine receptors on the pain-related electrical
activities in the hippocampal CA3 region of morphine-
addicted rats. Iran J Basic Med Sci 2015; 18: 664–671.

68. Lü Y, Xu M. Effects of acetylcholine injection on electric
activities of pain-related neurons in the locus ceruleus of
healthy rats*$. Neural Regen Res 2010; 5: 466–470.

69. Lin C-CJ, Chen W-N, Chen C-J, Lin Y-W, Zimmer A,
Chen C-C. An antinociceptive role for substance P in
acid-induced chronic muscle pain. Proc Natl Acad Sci U

S A 2012; 109: E76–E83.
70. Shanley L, Davidson S, Lear M, Thotakura AK, McEwan

IJ, Ross RA, MacKenzie A. Long-range regulatory syner-
gy is required to allow control of the TAC1 locus by MEK/
ERK signalling in sensory neurones. Neurosignals 2010;
18: 173–185.

71. Gao Z-R, Chen W-Z, Liu M-Z, Chen X-J, Wan L, Zhang
X-Y, Yuan L, Lin J-K, Wang M, Zhou L, Xu X-H, Sun
Y-G. Tac1-expressing neurons in the periaqueductal gray
facilitate the itch-scratching cycle via descending regula-
tion. Neuron 2019; 101: 45–59.e49.

72. Kanherkar RR, Bhatia-Dey N, Csoka AB. Epigenetics across

the human lifespan. Front Cell Dev Biol 2014; 2: 49–49.
73. Abdallah CG, Geha P. Chronic pain and chronic stress:

two sides of the same coin? Chronic Stress (Thousand

Oaks, Calif) 2017; 1: 2470547017704763.
74. Fernandez M, Colodro-Conde L, Hartvigsen J, Ferreira

ML, Refshauge KM, Pinheiro MB, Ordo~nana JR,
Ferreira PH. Chronic low back pain and the risk of depres-
sion or anxiety symptoms: insights from a longitudinal
twin study. Spine J 2017; 17: 905–912.

75. Haffner-Luntzer M, Foertsch S, Fischer V, Prystaz K,
Tschaffon M, M€odinger Y, Bahney CS, Marcucio RS,
Miclau T, Ignatius A, Reber SO. Chronic psychosocial
stress compromises the immune response and endochon-
dral ossification during bone fracture healing via b-AR
signaling. Proc Natl Acad Sci U S A 2019; 116: 8615–8622.

76. Massart R, Dymov S, Millecamps M, Suderman M,
Gregoire S, Koenigs K, Alvarado S, Tajerian M, Stone
LS, Szyf M. Overlapping signatures of chronic pain in
the DNA methylation landscape of prefrontal cortex and
peripheral T cells. Sci Rep 2016; 6: 19615.

77. Braun PR, Han S, Hing B, Nagahama Y, Gaul LN,
Heinzman JT, Grossbach AJ, Close L, Dlouhy BJ,
Howard MA, Kawasaki H, Potash JB, Shinozaki G.
Genome-wide DNA methylation comparison between
live human brain and peripheral tissues within individuals.
Transl Psychiatry 2019; 9: 47.

78. Takenaka S, Sukenaga N, Ohmuraya M, Matsuki Y,
Maeda L, Takao Y, Hirose M. Association between neu-
ropathic pain characteristics and DNA methylation of
transient receptor potential ankyrin 1 in human peripheral
blood. Medicine (Baltimore) 2020; 99: e19325.

79. Livshits G, Malkin I, Freidin MB, Xia Y, Gao F, Wang J,
Spector TD, MacGregor A, Bell JT, Williams FMK.

Genome-wide methylation analysis of a large population
sample shows neurological pathways involvement in
chronic widespread musculoskeletal pain. Pain 2017; 158:
1053–1062.

Aroke et al. 11


	table-fn1-1744806920972889

