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Aims
To assess the alterations in cell-specific DNA methylation associated with chondroitin sulphate
response using peripheral blood collected from Kashin-Beck disease (KBD) patients before
initiation of chondroitin sulphate treatment.

Methods
Peripheral blood samples were collected from KBD patients at baseline of chondroitin sulphate
treatment. Methylation profiles were generated using reduced representation bisulphite sequenc-
ing (RRBS) from peripheral blood. Differentially methylated regions (DMRs) were identified using
MethylKit, while DMR-related genes were defined as those annotated to the gene body or
2.2-kilobase upstream regions of DMRs. Selected DMR-related genes were further validated by
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) to assess expression levels.
Tensor composition analysis was performed to identify cell-specific differential DNA methylation
from bulk tissue.

Results
This study revealed 21,060 hypermethylated and 44,472 hypomethylated DMRs, and 13,194
hypermethylated and 22,448 hypomethylated CpG islands for differential global methylation
for chondroitin sulphate treatment response. A total of 12,666 DMR-related genes containing
DMRs were identified in their promoter regions, such as CHL1 (false discovery rate (FDR) =
2.11 × 10-11), RIC8A (FDR = 7.05 × 10-4), and SOX12 (FDR = 1.43 × 10-3). Additionally, RIC8A and
CHL1 were hypermethylated in responders, while SOX12 was hypomethylated in responders, all
showing decreased gene expression. The patterns of cell-specific differential global methylation
associated with chondroitin sulphate response were observed. Specifically, we found that DMRs
located in TESPA1 and ATP11A exhibited differential DNA methylation between responders and
non-responders in granulocytes, monocytes, and B cells.

Conclusion
Our study identified cell-specific changes in DNA methylation associated with chondroitin
sulphate response in KBD patients.
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Article focus
• To investigate the alterations in cell-specific DNA methyla-

tion associated with chondroitin sulphate response for
endemic arthritis.

Key messages
• Cell-specific DNA methylation alterations are associated

with chondroitin sulphate response in Kashin-Beck disease
(KBD) patients.

• The study revealed hypermethylated and hypomethylated
differentially methylated regions (DMRs) and CpG islands
for chondroitin sulphate treatment response.

• Specific genes (e.g. CHL1 and RIC8A) showed differential
methylation and gene expression in chondroitin sulphate
responders.

Strengths and limitations
• This is the first ever investigation to report cell-specific

differential DNA methylation pattern for chondroitin
sulphate response in endemic arthritis.

• There were only ten samples received, which reduced
representation bisulphite sequencing, thus restricting our
ability to detect smaller alterations in DNA methylation at
genome-wide significance.

Introduction
Kashin-Beck disease (KBD) is a chronic osteochondral disease
caused by environmental risk factors, which leads to irrever-
sible pathological and clinical signs.1 The primary damage
targets of KBD are epiphyseal cartilage and articular carti-
lage, resulting in endochondral ossification disorders and
secondary osteoarthropathy.2 Patients with advanced stages
of the disease may experience joint deformity, short stature,
permanent disability, and reduced quality of life.3 Up to now,
treatments for KBD have been limited to palliative meas-
ures such as steroids,4 selenium supplementation,5 physio-
therapy,6 and various joint debridement techniques,7 along
with medications for symptomatic relief including chondroi-
tin sulphate,8 non-steroidal anti-inflammatory drugs,9 sodium
selenite,9 and intra-articular hyaluronic acid.10 It should be
noted that there are substantial individual differences in the
therapeutic response of these drugs among KBD patients.

Chondroitin sulphate is a natural sticky polysaccharide
derived from animal cartilage, which possesses anti-inflam-
mation effects11 and enhances immunity.12,13 Cartilage injury
in adult KBD patients could be related to the modification
of chondroitin sulphate structure.14 Luo et al15 indicated
that alterations of enzymes involved in cartilage chondroitin
sulphate metabolism on proteoglycan play an essential role
in KBD pathogenesis among adolescent children. Chondroi-
tin sulphate is often used to alleviate pain and promote
cartilage regeneration, thereby improving joint functions.16 A
previous study showed that chondroitin sulphate increases
type II collagen and proteoglycan synthesis in human articular
chondrocytes.17 Additionally, it can reduce the production of
some proinflammatory mediators and proteases, improving
the anabolic/catabolic balance of the extracellular cartilage
matrix.17 Clinical trials have demonstrated that chondroi-
tin sulphate is effective in reducing Western Ontario and
McMaster Universities osteoarthritis index (WOMAC)18 total

score and stiffness score over a six-month duration in KBD
patients when compared with placebo controls.8 A cluster-
randomized study also suggested that chondroitin sulphate
may play a protective role in preserving articular cartilage.19

These findings suggest that maintaining adequate levels of
chondroitin sulphate may help to prevent or reduce the
severity of joint damage associated with KBD.

DNA methylation is catalyzed by the methyltransfer-
ase enzymes that affect gene regulation without altering the
DNA sequence.20,21 Approximately 80% of all CpGs across the
genome are methylated, making DNA methylation a highly
stable biomarker compared with gene expression.22 Aberrant
methylation has been reported in several diseases, indicating
its potential as a diagnostic and prognostic tool.23 For example,
Nair et al24 indicated that DNA methylation plays a mediating
role between disease genetic variants and patient prognosis
in rheumatic arthritis. Furthermore, the predictive capability
of DNA methylation in response to therapy has been estab-
lished, underscoring its significance in personalized medicine
approaches.25 Specifically, a study investigating DNA methyl-
ation patterns in relation to etanercept responses identified
two methylation sites that served as predictive biomarkers in
rheumatic arthritis.26 So far, several studies have constructed
DNA methylation profiles of KBD, osteoarthritis, and normal
control articular cartilage, and have identified chondroitin
sulphate-related epigenetic differences.27,28 Peripheral blood
is composed of diverse cellular populations, each exhibit-
ing unique methylation signatures.29 The epigenome-wide
association study of peripheral blood samples at bulk level
may obscure the influence of cell-specific differential DNA
methylation. However, no investigations have explored the
effect of cell-specific DNA methylation patterns on the
response of chondroitin sulphate in KBD patients.

In this study, we conducted reduced representation
bisulphite sequencing (RRBS) on peripheral blood samples
obtained from KBD patients before initiation of chondroitin
sulphate treatment. Paired differentially methylated region
(DMR) analyses were performed to demonstrate the dis-
tinct epigenetic alternations between chondroitin sulphate
responders and non-responders. The DMRs were then
annotated with their associated differentially methylated
genes (DMGs), followed by the enrichment analysis. Addition-
ally, tensor composition analysis was performed to assess
the characteristics of cell-specific DNA methylation associated
with chondroitin sulphate response.

Methods
Patients and samples
A total of 120 KBD patients were enrolled in this study,
and each subject underwent a thorough clinical and radi-
ological examination. Diagnosis of KBD was based on the
clinical diagnosis criteria of China (WS/T 207-2010). The KBD
patients received treatment with chondroitin sulfate (Heng-
xin Pharmaceutical, China; national drug approval number
H32025748) at a dosage of three tablets thrice daily for a
duration of one month. Clinical data and joint dysfunction
index scores were measured at baseline before treatment
initiation and again at one month after treatment initiation.
The information included self-reported ethnicities, lifestyle
characteristics, health statuses, and family and medical
histories, as well as other relevant information to assess
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patient demographics and disease severity. Subjects with
missing blood and questionnaire data, with a joint dysfunction
index score of less than 6 before treatment, and diagnosed
with genetic bone and cartilage diseases, rheumatoid arthritis,
or other skeletal disorders were excluded from the study.
Peripheral blood samples were collected at baseline before
chondroitin sulphate treatment initiation.

Clinical characteristics of study participants
Detailed characteristics of the study participants are summar-
ized in Table I. This study involved peripheral blood samples
from ten KBD patients, which were measured by RRBS. The
mean age of chondroitin sulphate responders was 65.0 years
(standard deviation (SD) 2.76), while that of non-responders
was 65.6 years (SD 6.50). All KBD participants self-reported as
Chinese Han ethnicity.

Definition of chondroitin sulphate response
The joint dysfunction index scores for KBD were meas-
ured using a document from the National and Family
Planning Commission of China titled “Assessment for Ther-
apeutic Efficacy on Kashin-Beck disease (WS/T 79-2011)” as
the primary measure (http://www.nhc.gov.cn/ewebeditor/uploadfile/
2014/10/20141022174419733.pdf). The joint dysfunction index
consists of five items: Q1 quantifies the degree of arthral-
gia during periods of nocturnal rest; Q2 evaluates arthralgia
experienced during ambulation; Q3 measures the severity
of morning stiffness; Q4 measures the maximum distance
ambulated; and Q5 assesses activities of lower limb. Each
item is allocated a score ranging from 0 to 2, with a total
score range of 0 to 10 (Supplementary Table i).30 These
scores provide an objective assessment of disease severity in
KBD patients. At the pre-treatment baseline visit and at the
follow-up visit (one month after baseline), the sum of joint
dysfunction index (SJDI) scores was measured. The response to
chondroitin sulphate was determined based on the difference
between pre-treatment SJDI scores and post-treatment SJDI
scores: the value ≥ 2 indicated responder, while the value ≤ 0
indicated non-responder.

Library construction and sequencing
DNA was extracted from peripheral blood specimens obtained
from five response and five non-response patients using
QIAamp Fast DNA Tissue Kit (Qiagen, Germany) following the
manufacturer’s instructions. The quantity of extracted DNA
was determined by agarose gel electrophoresis and A260/280
ratios measured by a spectrophotometer. The fragmented
DNA samples were treated with MspI (New England Biolabs
(NEB), USA) and then subjected to bisulphite conversion
for RRBS. The Accel-NGS Methyl-Seq DNA Library Kit (Swift
Biosciences, Integrated DNA Technologies, USA) was used to
attach adapters to the single-stranded DNA fragments. This
involved a highly efficient Adaptase step that performed end
repair, tailing of 3' ends, and ligation of the first truncated
adapter complement to 3' ends simultaneously. To incorpo-
rate truncated adapter 1, a primer extension reaction was
carried out during the extension step. The ligation step added
the second truncated adapter to the bottom strand only.
To enhance yield and facilitate the integration of full-length
adapters, the indexing PCR step was implemented. Bead-
based solid-phase reversible immobilization (SPRI) clean-ups

were used to eliminate oligonucleotides and small fragments,
as well as to modify enzymatic buffer composition. Ultimately,
pair-end 2 × 150 base pair sequencing was conducted utilizing
an Illumina HiSeq 4000 platform (Illumina, USA) housed in LC
Sciences (USA).

Differentially methylated analysis
Initially, Cutadapt (Marcel Martin, Sweden) and in-house Perl
scripts (Lianchuan, China) were employed to remove reads
containing adapter contamination, low-quality bases, and
undetermined bases.31 Subsequently, the sequence quality
was assessed using FastQC (Babraham Bioinformatics, UK).
Reads that passed the quality control were mapped to
reference genome hg38 using Bismark.32 Following alignment,
reads were de-duplicated using SAMtool.33 For each cytosine
site (or guanine corresponding to a cytosine on the opposite
strand) in the reference genome sequence, we determined
the DNA methylation level by calculating the ratio of reads
supporting C (methylated) to that of total reads (methylated
and unmethylated) using MethPipe (Andrew D. Smith, USA).34

DMRs were calculated using default parameters in R package
MethylKit (R Foundation for Statistical Computing, Austria),
which included 1,000 bp slide windows with 500 bp overlap
and a p-value < 0.05 for statistical significance.35

Total RNA extraction, reverse transcription, and quantitative
reverse transcriptase PCR
The quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) was carried out as described previously.2

Briefly, total RNA samples from peripheral blood (ten
responders and ten non-responders) were extracted using the
TRIzol reagent (Invitrogen Thermo Fisher Scientific, USA). Next,
500 ng of the extracted RNA was reverse transcribed into
complementary DNA according to the manufacturer’s protocol
of Maxima H Minus cDNA Synthesis Master Mix with dsDNase
(Thermo Fisher Scientific).36 Then, 25 μl of reaction volume
was used for the qRT-PCR on CFX96 Real-Time PCR System
(Bio-Rad Laboratories, USA) using SYBR Green qPCR Master
Mix (Bimake.com, USA) to detect expression levels of DMR-
related genes.37 All reactions were carried out at an annealing

Table I. Characteristics of the study subjects used in reduced
representation bisulphite sequencing.

Characteristic
Chondroitin
sulphate responder

Chondroitin
sulphate non-res‐
ponder

Number of participants 5 5

Male, n (%) 3 (60) 3 (60)

Mean age at baseline,
yrs (SD) 65.0 (2.76) 65.6 (6.50)

Mean baseline SJDI
score (SD) 8.2 (0.40) 7.8 (1.16)

Mean 3-mth follow-up
SJDI score after CS
treatment (SD) 5.4 (0.80) 8.8 (0.75)

CS, chondroitin sulphate; SD, standard deviation; SJDI, sum of joint
dysfunction index.
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temperature of 60°C; cycling conditions were: 95°C-30 s (one
cycle), 95°C-5 s, followed by 60°C-30 s (40 cycles). The primers
used for cell adhesion molecule L1 like (CHL1), RIC8 guanine
nucleotide exchange factor A (RIC8A), SRY-box transcription
factor 12 (SOX12), acid phosphatase 1 (ACP1), and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) were purchased
from Takara Bio (Japan) (Supplementary Table ii). All primers
span intron-exon boundaries, and used at a final concentration
of 500 nM and validated using a standard curve of five serial
dilutions so that all primer efficiencies were between 90% and
105%. The 2-ΔΔCt method was employed to determine relative
messenger RNA (mRNA) levels and standardize them for each
transcript.38 The GAPDH gene was used to normalize the data.
All the qRT-PCR experiments were performed as triplicate
replications.

Statistical analysis
GraphPad Prism 7.03 (GraphPad Software, USA) was used for
statistical analysis. qRT-PCR data were presented as means
with SDs, and differences in expression levels were assessed
using the two-tailed independent-samples t-test. Statistical
significance was defined as p < 0.05.

Functional enrichment analysis of DMR-related genes
DMR-related genes were defined as those annotated to the
DMRs, including gene body or 2.2-kilobase upstream regions
of gene body, which had additional biological significance.
The Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases were used for annotating
both DMR-related genes and background genes. To analyze
the enrichment of GO terms and KEGG pathways in genes
related to DMRs, we used the GOseq R package (Matthew
Young, UK)39 and KOBAS software (Dechao Bu, China),40

respectively. The enriched pathways with a corrected p-value
< 0.05 were considered statistically significant.

Global cell proportion estimation
The input methylation data were normalized based on the
chromosome position of CpGs in Infinium HumanMethyla-
tion450 BeadChip array (Illumina, USA).41 Briefly, the chro-
mosome position of DMR was mapped to CpG, and the
methylation level values of different DMRs at each CpG were
then averaged to obtain their corresponding methylation
values. Furthermore, global cell type proportions for B cells,
CD8+ and CD4+ T cells, monocytes, natural killer (NK) cells, and
granulocytes were estimated separately within the methyla-
tion level matrix using centDHSbloodDMC.m () in EpiDISH R
package.42

Cell type-specific analyses
We used tensor composition analysis to estimate differential
DNA methylation between chondroitin sulphate treatment
responses and cell type-specific DNA methylation. Tensor
composition analysis is a method that estimates cell type-
specific associations between DNA methylation and disease
phenotypes using bulk DNA methylation data.43 The input
included estimated global cell proportions and bulk DNA
methylation data related to chondroitin sulphate treatment
response. To estimate differential DNA methylation in tensor
composition analysis, we implemented a two-step pipeline:
a joint model and a marginal conditional model. The joint

model is used to detect differential DNA methylation within
any cell type at a CpG, while the marginal conditional model
is employed to detect differential DNA methylation within
a specific cell type adjusted for the other cell types at a
CpG. The joint model can be analogized to an analysis of
variance (ANOVA) test, and provides evidence for differential
DNA methylation in at least one cell type. The p-values of joint
model were adjusted for multiple tests using the Benjamini-
Hochberg method.43 All CpGs with p-values < 0.05 were tested
for cell-specific differential DNA methylation.

Results
Genome-wide DNA methylation profiles
The specific distribution for CpG, CHH, and CHG sites across
the whole genome are shown in Supplementary Figure a.
Mean methylation levels and patterns were almost identical
between chondroitin sulphate responders and non-respond-
ers for CpG, CHH, and CHG contexts in promoter, exon, intron,
and downstream regions (Supplementary Figures b to d). The
promoter and downstream regions exhibited higher mean
methylation levels than gene bodies such as internal exons
and introns.

DMR results and DMR-related genes between responders
and non-responders
To identify methylated regions and genes potentially involved
in chondroitin sulphate response, we compared the DNA
methylation profiles of chondroitin sulphate responder versus
non-responder (Figure 1a). A total of 65,532 DMRs (false
discovery rates (FDRs) < 0.05) were identified and annotated
with genomic features; however, over 90% of these DMRs
were found in promoter regions and intron regions. Compared
with non-responder, 21,060 DMRs were hypermethylated, and
the remaining 44,472 DMRs were hypomethylated (Figure 1b).
In functional elements such as promoter, exon, intron, and
intergenic regions (Table II), the number of hypomethylated
regions was higher than that of hypermethylated areas. DMRs
in promoters were mainly observed in low CpG-containing
promoter (LCP) (50.81%), followed by high CpG-containing
promoter (HCP) (25.49%) and intermediate CpG-containing
promoter (ICP) (23.70%). Furthermore, more DMRs exhibited
hypomethylation in LCP, HCP, and ICP regions. We identified a
total of 12,666 DMR-related genes that contained DMRs within
their promoter regions, such as CHL1 (FDR = 2.11 × 10-11),
RIC8A (FDR = 7.05 × 10-4), SOX12 (FDR = 1.43 × 10-3), and ACP1
(FDR = 1.73 × 10-5).

To investigate the relationship between DMR-related
genes and chondroitin sulphate response, we conducted
an analysis of four DMR-related genes based on previous
studies involving chondrogenesis and/or drug treatment.
Research has indicated that DNA methylation on functional
regions can regulate gene expression by modifying chroma-
tin structure or transcription efficiency.44 Thus, we examined
the transcriptional expressions of CHL1, RIC8A, SOX12, and
ACP1, of which DMR-related genes were expressed differently
between chondroitin sulphate responders and non-respond-
ers (Figure 1c). Specifically, the expression levels of CHL1,
RIC8A, and SOX12 were significantly higher in non-responders
than those in responders (p < 0.05, two-tailed independent-
samples t-test).
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Functional implication of DMR-related genes
In order to investigate the potential biological significance
of differential methylation between responders and non-res-
ponders to chondroitin sulphate therapy, we conducted
pathway enrichment analyses utilizing annotated DMR-related
genes. GO enrichment analysis of DMG identified 571

Table II. Statistics of differentially methylated regions in promoters
for chondroitin sulphate responder versus non-responder.

Total promoters

Hypermethylated, n

(n = 87,058)

Hypomethylated, n

(n = 117,025)

Proximal

HCP 8,567 10,378

ICP 7,996 10,115

LCP 17,072 21,428

Intermediate

HCP 8,572 10,046

ICP 7,200 9,654

LCP 15,499 20,825

Distal

HCP 6,206 8,255

ICP 5,021 8,373

LCP 10,925 17,951

HCP, high CpG-containing promoter; ICP, intermediate CpG-containing
promoter; LCP, low CpG-containing promoter.

significant GO terms for biological process, such as phosphor-
ylation (FDR = 1.94 × 10-20), protein phosphorylation (FDR =
2.46 × 10-18), and regulation of transcription, DNA-templated
(FDR = 3.84 × 10-18). For molecular function, 193 significant GO
terms were identified, such as ATP binding (FDR = 5.15 × 10-30),
nucleotide binding (FDR = 6.87 × 10-26), and metal ion binding
(FDR = 1.23 × 10-20). For cellular component, 168 significant GO
terms were identified, such as cytoplasm (FDR = 4.88 × 10-32),
nucleus (FDR = 8.64 × 10-30), and cytosol (FDR = 1.84 × 10-27)
(Figure 2a). Furthermore, our investigation of KEGG annotated
pathways revealed the top five hits as glutamatergic synapse
(FDR = 6.00 × 10-4), type II diabetes mellitus (FDR = 8.83 × 10-4),
focal adhesion (FDR = 1.13 × 10-3), circadian entrainment (FDR
= 1.50 × 10-3), and axon guidance (FDR = 1.51 × 10-3) (Figure
2b).

Differentially methylated region within CpG island between
responders and non-responders
Our analysis of methylation sites within CpG island (CGI) were
collectively analyzed using EMBOSS (Rice P, UK).45 In total,
35,642 significant CGIs with a FDR < 0.05 were identified,
including 13,194 hypermethylated CGIs and 22,448 hypome-
thylated CGIs. In particular, our investigation revealed notable
associations between specific CGIs and various genes such
as WDR43 (hypermethylated, FDR = 3.92 × 10-208) and CLIC4
(hypomethylated, FDR = 3.71 × 10-199).

Global methylation changes are cell-specific between
responders and non-responders
Joint test revealed two regions that differed across all
cell types, chr12:93963963-93967395 (p = 0.026) and
chr13:113424898-113425105 (p = 0.006). Marginal conditional
test identified that chr12:93963963-93967395 in monocytes

Fig. 1
Overview of DNA methylation profile. a) A heatmap was used to assess the DNA methylation level of the top 50 methylated sites. Each methylated
site is represented by a single row of coloured boxes, while each sample is represented by a single column. b) Volcano plots for differentially
methylated regions (DMRs). The colour scheme uses red to denote high expression and blue to indicate low expression. c) Confirmation of the
differential expression of DMR-related genes. Messenger RNA (mRNA) fold change for cell adhesion molecule L1 like (CHL1), RIC8 guanine nucleotide
exchange factor A (RIC8A), SRY-box transcription factor 12 (SOX12), and acid phosphatase 1 (ACP1) in peripheral blood, measured by quantitative reverse
transcriptase polymerase chain reaction with triplicate replication. Symbols represent each individual donor. Bars show the mean and standard
deviation. *p < 0.05, ***p < 0.001. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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and B cells was associated with differential DNA methylation in
chondroitin sulphate responders compared with non-respond-
ers at baseline. This region is located within the transcription
sites of KIAA0748 (TESPA1) on chromosome 12. Moreover,
chr13:113424898-113425105 in granulocytes, monocytes, and
B cells was associated with differential DNA methylation in
chondroitin sulphate responders compared with non-respond-
ers at baseline, which was located within the transcription sites
of ATP11A on chromosome 13 (Table III).

Discussion
In this study, we conducted the first genome-wide RRBS
of peripheral blood to reveal the epigenetic characteristics

between chondroitin sulphate responders and non-respond-
ers in KBD patients. We presented novel differentially
methylated signals associated with chondroitin sulfate
treatment response among KBD patients in terms of 756
DMRs, 48 CGIs, and multiple functional pathways. We
also performed tensor composition analysis to clarify the
cell type-specific DNA methylation of chondroitin sulphate
treatment response in KBD. Our findings provide insight into
the epigenetic mechanisms underlying chondroitin sulphate
treatment response and the specific DNA methylation patterns
among cell types in KBD patients.

Pre-treatment DNA methylation patterns may serve as
predictive markers of treatment response. DNA methylation

Fig. 2
Function analysis of differentially methylated region-related genes. a) Gene Ontology (GO) analysis of differentially methylated region (DMR)-related
genes. b) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of DMR-related genes. ATP, adenosine triphosphate.
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that occurs in the gene body regions can interfere with
the ability of transcription factors to interact with the DNA,
thereby preventing access by the transcription machinery
and altering gene expression.46 The cytosine-guanine (C-G)
dinucleotides (CpG) are commonly found in clusters in gene
promoter regions, where they are known as CpG islands; these
islands tend to be hypomethylated when gene transcription
is active.23 Conversely, DNA hypermethylation is generally
associated with a decrease in gene expression.23

Our analysis revealed multiple novel genes of dif-
ferential DNA methylation associated with chondroitin
sulphate that were not present in the Comparative Toxicoge-
nomics Database,47 such as CHL1, RIC8A, SOX12, and ACP1.
CHL1 is a bone morphogenetic protein antagonist,48 and
could serve as an important biomarker for both diagnosis
and treatment outcome of complex disease.49 RIC8A is a
highly conserved cytosolic protein that plays a regulatory
role in asymmetric cell divisions.50 Knocking down RIC8A
has been shown to result in anomalous radial migratory
behaviour, characterized by reduced cell spreading and focal
adhesion formation.51 SOX12 plays a crucial role in establish-
ing non-canonical wingless/integrated (WNT) signal crosstalk,
which positively regulates SOX4 and SOX11 in growth plate
chondrocytes.52 ACP1 plays a pivotal role in the biosynthesis
of cytosolic low molecular weight protein tyrosine phospha-
tase,53 which serves as a key regulator in regulation of growth
factors and cellular adhesion. A previous study confirmed an
association between the ACP1 gene and treatment-related
osteonecrosis in children.54

Our GO enrichment analysis of DMR-related genes
revealed functional categories mainly related to regulation of
transcription, RNA polymerase, and protein binding. Addi-
tionally, these genes were enriched in five KEGG main
classes potentially associated with environmental information
processing, genetic information processing, human diseases,
metabolism, and organismal systems, such as focal adhe-
sion, long-term potentiation, glutamatergic synapse, and
insulin signalling pathway. A study by Han et al55 investiga-
ted differences in N-glycoproteins present in knee cartilage
from individuals with normal control, OA, and KBD, and
found that key N-glycoproteins were closely related to focal
adhesion pathway for OA and KBD. However, there is limited
evidence regarding the treatment response of chondroitin
sulphate in KBD patients. Given that epigenetic factors largely

promote the development of KBD,56 studying chondroitin
sulphate treatment-related pathways could have considerable
translational value and impact on developing therapeutic
strategies for KBD.

Tensor composition analysis indicated that chondroi-
tin sulphate treatment was associated with cell-specific DNA
methylation changes between non-responders and respond-
ers. The observed distinctions at baseline suggest that gene
expression influenced by DNA methylation levels located in
chr12:93963963-93967395 and chr13:113424898-113425105
may differ between chondroitin sulphate response groups.
Our findings contribute to the understanding of the underly-
ing mechanisms of KBD, particularly in relation to the response
to chondroitin sulphate treatment. By identifying cell-specific
changes in DNA methylation associated with chondroitin
sulphate response, we uncovered potential biomarkers that
could be used to monitor treatment response. This could
lead to improved diagnostic accuracy and more personal-
ized treatment strategies for KBD patients. Cell-specific DNA
methylation patterns will be invaluable for epigenome-wide
association studies and KBD epigenome studies to help
improve biological interpretation, for prioritizing candidates
that require functional validation, and to help elucidate causal
pathways to KBD.

Furthermore, our findings on the patterns of cell-spe-
cific differential global methylation associated with chondroi-
tin sulphate response, including one located in ATP11A that
was significantly associated with differential DNA methylation
between responders and non-responders in granulocytes,
monocytes, and B cells, provide novel insights into the cellular
mechanisms of KBD. Given that a CGI within the ATP11A gene
is susceptible to methylation, it is plausible that the down-
regulation of ATP11A expression in B cell progenitors is a
consequence of DNA methylation.57 It has been shown that
an increased expression level of ATP11A can confer protec-
tion to malignant lymphoblastic leukaemia cells against a
variety of novel small molecule signal transduction inhibitors.58

Therefore, determining the gene expression level of ATP11A
may have prognostic value,58 and potentially serve as a novel
therapeutic target for KBD. Our findings could be helpful in
the design of targeted therapies that aim to modulate these
specific cellular responses, thereby enhancing the efficacy of
chondroitin sulphate treatment in KBD patients.

Table III. Results of the tensor composition analysis of differentially methylated regions.

chr: stratpos-endpos (hg38) Gene annotation Cell type Δ methylation
Joint model
p-value*

Marginal conditional model
p-value

chr12:93963963-93967395 KIAA0748 Granulocyte Hyper 0.026 0.282

Monocyte 0.034

B cell 0.034

chr13:113424898-113425105 ATP11A Granulocyte Hypo 0.006 0.005

Monocyte 0.006

B cell 0.006

*Joint model in tensor composition analysis tested for evidence of differential DNA methylation within any cell type at each differentially methylated
region.
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To the best of our knowledge, this is the first inves-
tigation to report cell-specific differential DNA methylation
for chondroitin sulphate response in KBD patients. However,
our study also has several limitations. First, there were only
ten samples receiving RRBS, which restricted our ability to
detect smaller alterations in DNA methylation at genome-
wide significance. Second, we used GAPDH as the internal
reference gene in PCR, which may not be the most suita-
ble internal reference gene. The stability of multiple refer-
ence genes in KBD samples should be compared in future
studies. Third, estimates of differential DNA methylation
derived from tensor composition analysis were not based on
cell-specific DNA methylation measurements obtained from
our study participants. The ethnic differences may influence
DNA methylation patterns and subsequently affect cell type
prediction accuracy. It is imperative to obtain DNA methyla-
tion data from sorted cells for more accurate results. Addition-
ally, there exists a greater capacity to detect differential DNA
methylation in more abundant cell types compared with less
abundant ones.

In summary, we presented a comprehensive analysis
of DMR in response to chondroitin sulphate in KBD patients,
and estimated alterations in DNA methylation using decon-
volute cell-specific DNA methylation methods. We identified
a group of differentially methylated genes related to chon-
droitin sulphate response, and identified several cell-specific
DMRs. Our findings suggest that there is a strong associa-
tion between cell-specific differential DNA methylation and
chondroitin sulphate response. Our study provides novel
insights into understanding the characteristics of target
cells affected by chondroitin sulfate therapy and identifying
potential biomarkers for evaluating its efficacy in KBD patients.

Supplementary material
Figures displaying distribution trend of chromosome-wide
methylation sequencing data and mean methylation level in the
gene body. Tables listing the joint dysfunction index criterion and
the primers used in quantitative reverse transcriptase polymerase
chain reaction detection.
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