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ABSTRACT

Objective This study was designed to determine the methylation profile of four CpGs and the genotypes of two
CpG-SNPs located in promoter region of DIO2 in patients with Kashin-Beck disease (KBD). We also analyzed the
interaction between the CpGs methylations and CpG-SNPs.

Methods Whole blood specimens were collected from 16 KBD patients and 16 healthy subjects. Four CpGs and
two CpG-SNPs in the promoter regions of DIO2 were detected using matrix-assisted laser desorption ionization
time of flight mass spectrometry (MALDI-TOF-MS). The CpGs methylation levels were compared between
samples from KBD patients and healthy subjects. The methylation levels were also analyzed in KBD patients with
different CpG-SNP genotypes.

Results The mRNA expression of DIO2 in whole blood of KBD patients was significnatly lower than in healthy
controls (P <0.05). The methylation levels of DIO2-1_CpG_3 in KBD patients were significantly higher than
those in healthy controls (P <0.05). The methylation levels of four CpGs were not significantly different between
KBD patients and healthy controls. The methylation level of DIO2-1_CpG_3 in the promoter region of DIO2 in
KBD patients with GA/AA genotype was significantly higher than that of KBD patients with GG genotype (P
<0.05).

Conclusion The methylation level of DIOZ increases in KBD patients. Similar trends exist in KBD carriers of

variant genotypes of CpG-SNPs DIO2 rs955849187.
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INTRODUCTION

Kashin-Beck disease (KBD) is an endemic, chron-
ic, degenerative, progressive osteochondral disease
that is mainly distributed in a region of China spanning
the northeast to the southwest, as well as in some
parts of Eastern Siberia and northern part of the Kore-
an Peninsula™ ?. As of 2020, 0.18 million people suf-
fering from KBD and 35.5 million people at high risk of
KBD were estimated to be living in China™. However,

the precise mechanism of KBD remains elusive.
Selenium (Se) has been associated with KBD for
decades. As a vital trace element, Se is mainly ob-
tained from food™., In recent decades, its nutritional
value has been distinguished from its toxicity™
noproteins have antioxidant effects that are attributed
to the oxidation state of the Se atom!®* ., Antioxidants
protect DNA from oxidative stress caused by exces-
sive apoptosis and necrosis of articular chondrocytes
in KBD patients”®’, Thus, the antioxidant properties

. Sele-
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of selenoproteins may be protective for chondrocytes
against apoptosis and necrosis.

In recent years, more studies have focused on
the correlation between iodothyronine deiodinase (ID)
family and orthopedic diseases. Recent experiments
have shown that DIO2 mRNA level is elevated in artic-
ular cartilage of osteoarthritis (OA) patients and DIO2
may affect KBD progression in children!*®’. DIO2 seems
to increase OA risk via DNA methylation and gene ex-
pression changes!*), However, the methylation profiles
of DIO2 in KBD patients have not been well investigat-
ed. In addition, it is unclear whether there is a poten-
tial association between the genetic regulation of DIO2
and its epigenetic effects in KBD patients.

Here we determined CpGs and CpG-SNPs on
the DIO2 promoter region. Matrix-assisted laser de-
sorption/ionization time of flight mass spectrometry
(MALDI-TOF-MS) was used to quantify the methylation
levels of the above CpGs and to identify the CpG-SNPs
genotypes. The potential correlation of the methylation
levels of CpGs in KBD patients with those in different
genotypes was analyzed. The study aimed to identify
differential CpG sites and CpG-SNPs of DIO2 in KBD
patients and analyze the effects of DIO2 genetic-epi-
genetic crosstalk in KBD.

MATERIALS AND METHODS

Study population

Study participants were recruited from KBD endemic
areas of Shaanxi province, China. Blood samples were
collected from 226 KBD patients and 248 healthy sub-
jects. All participants underwent radiographic exam-
ination and were diagnosed according to the national
diagnosis of KBD (WS/T207-2010). Individuals with
genetic bone and cartilage diseases, arthritis related
disease, and other skeletal disorders were excluded
from the study. Participation was voluntary and all par-
ticipants gave written informed consent. The study de-
sign and proposal were approved by the human ethics
committee of Xi‘an Jiaotong University, China.

Determination of DIO2 mRNA expression in KBD
patients

RNA was extracted from KBD and control samples (n=8/
group) using the TRIzol kit (Life Technologies, Carlsbad,
CA) and reverse-transcribed using the RevertAidTM
First Strand cDNA synthesis kit (MBI, Fermentas, Vilni-
us, Lithuania) following the manufacturer’s instructions.
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Real-time PCR was done on an iQe5 quantitative sys-
tem (Bio-Rad, Philadelphia, PA, USA) with B-actin as a
reference gene. Amplification primers were as follows:
DIO2 (Forward 5'- GGAAGATCGATGTGCAGCAG -3, and
Reverse 5'- GCCGGACTTCTTGAAGGTTG -3’) and B-ac-
tin (Forward 5’- GAACGGTGAAGGTGACAGCAG -3’, and
Reverse 5- GTGGACTTGGGAGAGGACTGG -3’). RT-gPCR
analysis was done in a 20-pL reaction mixture containing
1.6pL of cDNA, 0.8uL of each primer, 10uL of 2xSYBR
Premix Ex Taq II (Takara), and 6.8pL of ddH,O using the
TagMan method (94°C for 2 minutes, followed by 40 cy-
cles of 94°C for 10 seconds and 72°C for 30 seconds).
Reactions were performed in duplicate and DIO2 expres-
sion levels normalized to B-actin and analyzed by iQe5
software (version 2.0, Biorad, Philadelphia, PA).

Primer design and synthesis

Primers for detecting CpGs methylation of DIO2 were de-
signed using Agena’s software (http://www.epidesigner.
com/index.html). The software suggested several primer
pairs and the ones covering most CpGs chosen for the
experiments. Primers were synthesized by Liuhe Huada
Gene Technology Co., Ltd (Beijing, China). An additional
T7 promoter tag and a 10-mer tag for in vivo transcrip-
tion were added to each reverse primer and forward
primer to adjust for melting temperature differences. The
primer sequences were: forward: TTTATAAGGATATTGAG-
TAGTTTGAGAAGA and reverse: CCCAACACCTAAAAC-
CATACTTAAC (Fig. 1A). The target fragment of DIO2
contained four CpGs, which were determined by the se-
quence of target fragments (Fig. 1B).

Quantitative methylation detection by MALDI-
TOF MS

EZ-96 DNA methylation kit (Zymo Research, California,
USA) was used for the bisulfite treatment of genomic
DNA (200ng) according to manufacturer’s instructions.
Next, Sequenom MassARRAY platform (CapitalBio,
Beijing, China) was used to quantitatively determine
DIO2 methylation. This platform is composed of ma-
trix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry and RNA base-specif-
ic cleavage (Mass CLEAVE). Quantitative methylation
data were obtained via Spectro CHIP (Agena Biosci-
ence, California, USA) and Mass ARRAY Compact Sys-
tem (Agena Bioscience, California, USA). The EpiTYPER
software version 1.0 (Agena Bioscience, California,
USA) was used to analyze data obtained from MAL-
DI-TOF MS experiment.
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Figure 1. The information of CpG methylation sites in primer DIO2 #1 and the sequence of target fragment in the pro-
moter region of DIO2 A The dots represent the CpG sites to be tested in the target fragment; B The blue bases represent

CpG sites to be tested.

CpG-SNPs genotyping

Determination of CpG-SNPs
DIO2 promoter sequence was downloaded from NCBI
(https://www.ncbi.nim.nih.gov/gene/), and 2500bp and
500bp of sequences upstream and downstream of the
TSSs were taken. Finally, DIO2 # 1 primer, with a length
of 442bp and covering four CpGs, was chosen to amplify
the 630bp - 1071bp of the promoter region (Figure 1).
Next, the position of the amplified fragment on
the chromosome was determined by using the follow-
ing formula:
Amplification length = S3-E3 + 1
S3 =S1 4+ S2-1
E3 =S1 + E2-1
Where S1 is the starting position of the promot-
er region on the chromosome, E1 is the termination
position of the promoter region on the chromosome,
S2 represents the starting position of the amplified

fragment in the promoter region, E2 represents the
termination position of the amplified fragment in the
promoter region, S3 represents the starting position
of the amplified fragment on the chromosome, and E3
represents the termination position of the amplified
fragment on the chromosome.

DIO2 SNPs were identified and downloaded from
NCBI (https://www.ncbi.nlm.nih.gov/snp/) and ordered by
chromosome position. The SNPs were present in the fol-
lowing chromosomal location: chr14:80212311-80212752
and <300bp either side of this region. Here, these SNPs
are CpG-SNPs. Two DIO2 CpG-SNPs (rs914454577 and
rs955849187) were finally identified for analysis.

Design and synthesis of CpG-SNP primers

Primers for CpG-SNPs genotyping (Table 1) were
designed using Agena’s software (http://www.epide-
signer.com/index.html) and synthesized by Liuhe Hua-
da Gene Technology Co., Ltd (Beijing, China).

Table 1. The information of CpG-SNPs primers of DIO2 used in this study

CpG-SNPs Primer Sequence Tm(°C)
rs914454577 Fw: ACGTTGGATGGTATAAAAGGCGTCAGGGAG 48.6
Rv: ACGTTGGATGTTGCTATCTGTCTGTGGTGC
rs955849187 Fw: ACGTTGGATGGAGCGACTGACTCCTCTTTT 50.8

Rv: ACGTTGGATGCAGAGAGAGGCACTTTGCAC
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CpG-SNP genotyping

PCR was done in 384-well plates in a 5-pL reaction
volume. The product was then subjected to SAP mix
treatment to remove free dNTPs. Then a single base
extension reaction was performed, and the product pu-
rified by clean resin. The Spectro CHIP containing the
processed extension products was detected on the MAL-
DI-TOF MS platform (CapitalBio, Beijing, China). The
experiment data were analyzed using TYPER version 4.0.

Statistical analysis

All measurement data are presented as meanxSD.
Groups (KBD vs controls) were compared using the
student’s t-test. P<0.05 was considered statistically
significant. All statistical analyses were performed on
SPSS version 23.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Baseline characteristics of study population
Totally 226 KBD patients and 248 healthy controls with
matched age and gender were included in this study.
Sixteen KBD patients and 16 controls were selected from
the KBD and control groups randomly. The basic demo-
graphics of study population are shown in Table 2. There
were no statistically significant differences between the
two groups in terms of age and gender (both P>0.05).

DIO2 mRNA levels in KBD patients

The results of DIO2 mRNA level in blood samples of
KBD patients and healthy control subjects (n = 8 per
group) were shown in Fig. 2. The results showed that
the level of DIO2 mRNA of KBD patients was signifi-
cantly lower than that of control group (P<0.001),
suggesting that GPX3 gene expression was down-reg-
ulated in KBD patients.

DIO2 CpG methylation in KBD patients
The methylation levels of four CpGs in the DIO2 pro-

Table 2. Baseline characteristics of study population

Characteristics KBD (n=16) Controls (n=16) t/x* P value

Age, x £SD 54.26+5.61 52.35+8.79 0.733 0.469
Gender, F/M 6/10 8/8 0.508 0.476
Degree, n(%)

I 1 (6.25) =

1I 7 (43.75) -

111 8 (50.00) -
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Figure 2. DIO2 mRNA level in peripheral blood of KBD

patients and controls.

moter region are shown in Fig. 3. Methylation level
analysis revealed that DIO2-1_CpG_3 methylation
level was significantly higher in KBD patients relative
to controls (P <0.05). Methylation levels of the other
three CpGs were not statistically different in these two
groups (P >0.05) (Fig. 4).

DIO2 CpG methylation in patients with different
degrees of KBD

Methylation analysis of the four CpGs in DIO2 promot-
er regions of patients with varying degrees of KBD (I/
IT and III) did not reveal significant methylation differ-
ences (Fig. 5; P >0.05).

DIO2 CpG-SNPs genotypes

DIO2 CpG-SNPs were genotyped in 32 samples. The
results showed that at DIO2 rs955849187, one KBD
patient had AA genotype, one had AG and fourteen
had GG while all 16 controls had GG. Incidence of vari-
ant genotypes (AA/GA) in DIO2 rs955849187 was not
significantly different between these two group (4* =
2.004, P >0.05).

DIO2 CpGs methylation levels in KBD patients
with different CpG-SNP genotypes

Methylation analysis of the four CpGs in DIO2 promot-
er regions of KBD patients with different rs955849187
genotypes revealed that DIO2-1_CpG_3 methylation
in patients with GA/AA genotype was significantly
higher relative to those with the GG genotype (Fig.
6; P<0.05). Methylation levels of the remaining CpGs
were not significantly different among KBD patients
with different genotypes (Fig. 6; P >0.05).

DISCUSSION

KBD is an endemic osteochondral disease. Active
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Figure 3. Methylation levels of CpGs in the promoter region of the DIO2 gene in KBD and controls (the color of the dots
indicates the methylation level. The darker the color, the higher the methylation level. The numbers 1, 2, 3, and 4 in the
figure represent CpGs DIO2-1_CpG_1, DIO2-1_CpG_2, DIO2-1_CpG_3, DIO2-1_CpG_4; K: KBD patients, C: healthy
controls).
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Figure 6. Comparison of methylation levels of CpG sites in KBD patients with different genotypes of DIO2 rs955849187.

prevention and control of KBD remains an important
task in China. Recent studies have demonstrated that
environmental and genetic factors, as well as their inter-
actions, may influence the occurrence and development
of KBD.[" 2% Selenjum (Se) deficiency is thought to be
a key environmental factor in KBD pathogenesis™ %,
Several KBD susceptibility genes have been identified
through GWAS studies, PCR, and Western blotting™” *®,
Nevertheless, genetic risks do not fully explain KBD
pathogenesis. Recently, researchers have paid more at-
tention to the role of epigenetics in KBD.

DIO2 belongs to the iodothyronine deiodinase
family and catalyzes the conversion of prohormone
thyroxine (T,) to the bioactive thyroid hormone (T;)
through outer ring 5’-deiodination™® '*1, DIO2 is
widely expressed in humans tissues, including in the
thyroid gland, cardiac and skeletal muscle, brown
adipose tissue, placenta, and pituitary®®. DIO2 is
thought to be an important modulator of thyroid
hormone activity. DIO2 is a selenoprotein as it con-
tains the amino acid selenocysteine (Sec)™™ **), It has
been reported that the thyroid hormone may affect
skeletal maturation.” Both Se and iodine are es-
sential trace elements required for DIO2 synthesis
and function,™ and their deficiencies influence KBD
development®?., Blood T, level in children from KBD
endemic areas were reported to be significantly lower
than in children from other regions™®, suggesting that

low Se, iodine, thyroid hormone, and DIOZ2 levels may
contribute to KBD development.

Emerging evidence suggests that common varia-
tions in DIO2 are associated with osteoarthritis (OA)™!,
Genome-wide DNA methylation analysis of OA sam-
ples revealed widespread methylation differences in
OA (versus control samples)!® ?3, Additionally, DIO2
expression in OA-affected cartilage samples was found
to be modulated by methylation. About 40% of OA-as-
sociated CpGs might be affected by proximal SNP vari-
ations™", KBD and primary OA not only share similar
clinical manifestations but also pathological processes
in articular cartilage, including chondrocyte apoptosis,
inflammation, and cartilage degeneration®?*, There-
fore, we hypothesized that there might be some inter-
actions between DIO2 methylation and its CpG-SNPs
in KBD patients. Thus, we designed specific primers for
detecting CpG methylation in the DIO2 promoter re-
gion and analyzed SNPs near the CpGs. MALDI-TOF-MS
was used to quantitatively detect CpG methylation and
to genotype CpG-SNPs.

All SNPs that can directly or indirectly create or
destroy a CpG site are called CpG-SNPs.”?”! They are
potential hotspots that may underlie human diseases
(e.g. KBD) because CpG-SNPs sequence variation may
reveal DNA methylation in disease contexts as well
as potential genetic-epigenetic crosstalk™® *!. To our
knowledge, few CpG-SNP analyses have been done
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in KBD. Our data show that DIO2-1_CpG_3 methyl-
ation level in KBD patients was significantly elevated
relative to controls. However, methylation differences
were not significant between patients with degree I/II
and degree III KBD, suggesting that DIO2 methylation
level might not be associated with KBD severity, which
might have been affected by the small sample size
and need to be further validated in future studies. Im-
portantly, in two KBD patients with variant genotype,
DIO2-1_CpG_3 methylation was significantly higher
than in KBD patients with the GG genotype, indicating
that CpG-SNPs and CpG methylation may affect each
other in KBD patients. Future studies will determine
which one takes the initiative in this relationship.

There were two major limitations in our study.
First, the sample size of our present study was rela-
tively small, which will limit the generalization of our
findings. Second, this study was a screening, explor-
atory, and investigative research as a whole, and the
mechanism of DIO2 affecting KBD was not thoroughly
explored.

In conclusion, we analyzed the methylation
profiles of four CpGs and six CpG-SNPs in the DIO2
promoter region in blood samples of KBD patients
and healthy controls. The methylation level of DIO2
increases in KBD patients. Similar trends also exist in
KBD carriers of variant genotypes of CpG-SNPs DIO2
rs955849187. This study provides a new perspective
for the pathogenesis of KBD.
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