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DNA methylation has been reported as an important regulator of genomic structure stability, including
large tandem repeats. To test the modulation effect of variants in DNA methylationerelated genes on
distribution of expanded (CAG)n alleles and age at onset (AO) of patients with Machado-Joseph disease
(MJD), we conducted an association analysis on 23 selected SNPs in these genes in 613 patients with MJD
and 581 controls. There were significant differences in the distribution of rs12957023 between patients
and controls (OR ¼ 1.296, p ¼ 0.007 and OR ¼ 1.206, p ¼ 0.008, for genotype and alleles, respectively).
The distribution of (CAG)n size was also different between patients carrying a CC and the other genotypes
(TT and TC, p ¼ 0.011 for expanded (CAG)n and p ¼ 0.012 for normal size alleles), indicating that DNA
methylation might modulate the (CAG)n instability. We found also that rs13420827 in DNMT3A and
rs7354779 in DNMT3L contribute to AO of MJD (p ¼ 0.019 and p ¼ 0.008, respectively). In conclusion, our
data provide the first evidence that SNPs in DNA methylationerelated genes may contribute to (CAG)n
instability and modulate the AO of this disease.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

As an autosomal dominantly inherited neurodegenerative dis-
ease, Machado-Joseph disease/spinocerebellar ataxia type 3 (MJD/
SCA3) is caused by the abnormal expansion of a CAG repeat within
the coding region of ATXN3, leading to an expanded polyglutamine
stretch in the ATXN3 protein (Kawaguchi et al., 1994). The in-
dividuals with MJD usually carry CAG repeats longer than 56, and
are clinically characterized by progressive ataxia, dystonia, dysar-
thria, dysphagia, peripheral signs, and oculomotor anomalies
(Paulson, 2007, 2012). Average survival period after disease onset
ranges 20e25 years (Klockgether et al., 1998). Unfortunately, so far,
of Neurology, Xiangya Hos-
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there are no therapy strategies available to prevent or stop its
progression.

Serving as an important individual variation criterion of the
MJD, age at onset (AO) is inversely correlated with the size of
expanded CAG repeats. Modifier effects on the CAG repeats in other
polyQ-related genes may contribute to the AO variation in different
populations (Tezenas et al., 2014). Similarly, our team found as well
that the long normal ATXN2 allele and rs7969300 in ATXN2 were
linked to the earlier AO of patients with MJD (Chen et al., 2016a,b;
Ding et al., 2016). The reported modifiers could only partially
explain the AO variability (Bettencourt et al., 2011; Chen et al.,
2016a,b); therefore other genetical and epigenetical factors might
exist to modulate the unknown portion of AO variation.

Although the single causal gene ATXN3 mutation alone geneti-
cally leads to the MJD, a wide variety of aberrant cell metabolic
pathways mediated by the initial ATXN3 mutation render the
pathogenesis very complicated consequently (Goncalves et al.,
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2013; Koch et al., 2011; Nascimento-Ferreira et al., 2013; Simoes
et al., 2012, 2014). Among the aberrant cell processes, altered
transcription might serve as the pilot event although the exact
pathways that contribute to gene expression alteration remain
elusive (Chatterjee et al., 2015; Chou et al., 2008; Gao et al., 2015). It
has been believed that epigenetic modification, particularly DNA
methylation, may exert profound effects on regulation and
orchestration of multiple gene expression in certain neurodegen-
erative diseases (Li et al., 2016; Lu et al., 2013). Polymorphisms in
DNAmethylationerelated genes have been linked with Alzheimer’s
disease (Chouliaras et al., 2015), Parkinson’s disease (Liao et al.,
2013), and schizophrenia (Murphy et al., 2013). Recent evidences
support the link between aberrant global or localized DNA
methylation patterns and the trinucleotide repeat diseases, such as
the fragile X syndrome (Godler et al., 2010a,b), Friedreich ataxia (Al-
Mahdawi et al., 2008), SCA2 (Laffita-Mesa et al., 2012), and Hun-
tington disease (Ng et al., 2013). Indeed, DNA methylation in the
promoter region of the ATXN3 has been proposed to contribute to
the AO (Emmel et al., 2011;Wang et al., 2017) and CAG instability in
MJD (Wang et al., 2017). However, there is little information avail-
able regarding the possible association between DNA poly-
morphisms in methylation-related genes and the AO, as well as the
distribution of CAG repeats in MJD.

Here, we collected a large cohort of patients with MJD from
Chinese population and tested if SNPs in DNA methylationerelated
genes (DNMT1, DNMT2, DNMT3A, DNMT3B, DNMT3L, MBD1, MBD2,
MeCP2, MTHFR, and TET1) are associated with variation in AO and
the distribution of the expanded (CAG)n alleles in MJD.

2. Materials and methods

2.1. Clinical sample collection

All patients in this study were consecutively recruited from the
Department of Neurology, Xiangya Hospital and the State Key
Laboratory of Medical Genetics, Central South University, from
2000 to 2017. All controls were collected from the same region of
patients by the Medical Examination Centre of Xiangya Hospital,
and all control individuals were independent from each other and
have no relation with all MJD patients. Written informed consent
was obtained from all subjects, after they read a document with
detailed information about the nature and possible consequences
of the study. This study was approved by the Ethics Committee of
Xiangya Hospital, Central South University.

Totally, 613 patients from 499 families with both clinical and
molecular diagnosis of MJDand 581 healthy controls were enrolled
in this study. All the enrolled patients had detailed clinical data. AO
was defined as the age at which the first ataxia symptom was re-
ported by the patients and confirmed by their family members.
About 298 patients and 281 controls from Hunan province were
selected for preliminary exploration. The remaining 315 patients
and 300 controls were used to verify the potential significance
found in the preliminary analysis for allelic and genotypic distri-
bution of SNPs between the patient and control groups, as well as
for the distribution of (CAG)n alleles and AO among different ge-
notypes in patients with MJD.

2.2. Isolation of genomic DNA and size determination of the CAG
repeats

Genomic DNA was extracted from peripheral blood leukocytes
via standard phenol-chloroform extraction methods. Size of the
CAG repeat in ATXN3 was determined in all the 613 patients by
capillary electrophoresis and DNA sequencing with T-vector
cloning.
2.3. Selection of SNPs and genetic analysis

SNPs were selected on the basis of their functional significance
with minor allele frequency >0.01 in Chinese population by using
the genome browsers of the 1000 Genomes (http://www.
internationalgenome.org/home), UCSC (http://genome.ucsc.edu),
and dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/).
All the selected SNPs in 298 patients and 281 controls were geno-
typed by matrix-assisted laser desorption/ionization-time-of-flight
mass spectrometry via the MassARRAY system (Sequenom). To
validate this method, 30 patients and 30 controls were randomly
selected for Sanger sequencing. In the remaining 315 patients and
300 controls, the potentially significant SNPs found in the pre-
liminary analysis including rs12957023, rs13420827, and
rs7354779, were genotyped by Sanger sequencing. All primers were
designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/).

2.4. Statistical analysis

Pairwise linkage disequilibrium (LD) among the selected SNPs
located on same chromosomes was computed for both D0 and R2

values by using the SHEsis software. The functional effect of each
SNP was identified using F-SNP database (http://compbio.cs.
queensu.ca/F-SNP/). Allele and genotype frequencies of all the
selected SNPs were analyzed for significance of the differences
between cases and controls using a binary logistic regression. Odds
ratio (OR) and 95% confidence intervals (CIs) were used as a mea-
sure of the relationship strength in the genotype and allelic fre-
quencies between patients and controls. To further test the
association between rs12957023 and the distribution of CAG units,
binary logistic regressions were performed for differences in the
(CAG)n distribution among the genotypes in all the 613 patients
with MJD.

Because of the heterogeneity of the AO variance, a log trans-
formation was conducted on the AO in second round of analysis. A
linear regression was performed for ln(AO) on the length of
expanded repeats. The constant and the partial regression coeffi-
cient in the analysis were calculated. These parameters were used
to construct an expected value of AO for each individual based on
their CAG repeat length followed by the residual estimation
through subtracting the actual and expected AO. The extent of the
AO variability explained by each SNP was tested with a linear
regression of these residuals on the number of minor alleles of the
SNP. Overall association of AO across the two significant SNPs
(rs13420827 and rs7354779) was tested by combining the p values
of each association using Brown’s method. To visualize the effect of
rs13420827 and rs7354779 on the AO, a linear regression was
performed by defining ln(AO) as the dependent variable and these
two SNPs as independent variables after having controlled the ef-
fect of expanded (CAG)n. As mentioned previously, long normal
alleles in ATXN2 might be a significant genetic modifier for MJD.
Therefore, its effect on the AO of patients with MJD has also been
analyzed using linear regression to exclude the possibility of false
positive. A hypothesis test was conducted for regression coefficients
to explore interaction between expanded (CAG)n and each geno-
type before the differences in AO according to genotype of each SNP
were tested by covariance analysis.

All analyses were performed using SPSS v.18.0 (SPSS Inc, Chi-
cago, IL) with nominal significance assigned if it meets p � 0.05.

3. Results

Characteristics of the 298 patients with MJD and 281 healthy
controls were summarized in Supplementary Table 1. Among the
298 patients with MJD (Supplementary Table 1) with mean age
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42.33 � 11.28 years and range 16e74, the ratio of female to male
was almost 1:1 (151: 147). Similarly, the healthy controls were
matched for gender, ethnicity, and area of residence, and had a
mean age of 41.50� 18.83 years with awide range of 14e81 as well.
There were neither significant differences in the gender composi-
tion (c2 ¼ 0.006, p ¼ 0.936) nor the current age (F ¼ 0.419, p ¼
0.518) between patients and controls. No significant differences in
age were found between genders within each group with p ¼ 0.506
in patients and p ¼ 0.614 in controls. All the selected SNPs for 298
patients with MJD and 281 controls were successfully genotyped.
Distribution of genotypes in all SNPs was in agreement with the
Hardy-Weinberg equilibrium in all groups (p > 0.05).
3.1. LD analysis in the selected SNPs

To further analyze the nonrandom associations between DNA
methylationerelated polymorphisms and the MJD phenotype, the
LD of the selected SNPs was statistically determined as shown in
Supplementary Table 2 and Fig. 1, respectively. Clearly, strong LD (r2

> 0.8) was observed in rs2228611 and rs759920 in DNMT1;
rs2424932, rs998382, and rs1569686 in DNMT3B; rs2075596 and
rs2239464 in MeCP2, in contrast to the SNPs with weak LD in other
genes. More specifically, the rs2228611 was located in the coding
region, whereas the rs759920 in the intron of the DNMT1, and from
F-SNP database, their FS scores are 0.314 and 0.208, respectively.
Thus, the SNP rs2228611 is predicted to confer alteration of the
splicing regulation. By contrast, the rs2424932 was a 30UTR variant,
whereas the rs998382 and the rs1569686 were intronic ones of the
DNMT3B gene, and no information was given in the F-SNP database
yet for this gene. Similarly, both rs2075596 and rs2239464 were
Fig. 1. Linkage disequilibrium structure of DNMT1(A), DNMT3A(B), DNMT3B(C), DNMT3L(D),
Values are shown as R2.
located in the intronic region of MeCP2 gene. In addition, because
the FS score is 0.176 for the rs2075596 and 0 for the rs2239464, the
transcriptional regulation was predictably altered in the rs2075596
but no change for the rs2239464. Given their locations and pre-
dicted functional effects, rs759920, rs998382, rs1569686, and
rs2239464 were not included in subsequent analysis.
3.2. Association of SNPs in DNA methylationerelated genes with
distribution of expanded CAGs

To further explore the association of the SNPs in DNA
methylationerelated genes with distribution of the expanded
(CAG)n, genotype, and allele frequencies, OR and 95% CI for the 18
SNPs mentioned previously were calculated as shown in Table 1.
The lowest p value was observed for the rs12957023 (MBD1) for the
patients and controls (pallelic ¼ 0.024 and pgenotype ¼ 0.030). The
power of the allelic testing was 0.706 (Power and Sample Size
Calculation program, http://biostat.mc.vanderbilt.edu/wiki/Main/
PowerSampleSize, with the level of significance of 0.05 and OR of
1.394). After a Bonferroni correction for the 19 of SNPs, the statis-
tical significance for this logistic analysis was p ¼ 0.0026. Thus, we
expanded the sample scale by adding 315 patients and 300 controls
for the subsequent analysis of the rs12957023. With increase of
sample scale, after a Bonferroni correction for the two SNPs, even
more significant difference was observed in genotype of
rs12957023 inMBD1 between patients and controls (pallelic ¼ 0.008
and pgenotype ¼ 0.007) and the power of allelic testing increased to
0.826 (with the level of significance of 0.05 and OR of 1.287) in this
cohort. The distribution of rs12957023 genotype was 312/256/45 in
patients with MJD versus 338/214/29 in the controls. Accordingly,
MBD2(E), MeCP2(F), and MTHFR(G) SNPs results from the preliminary analysis cohort.
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Table 1
Association of polymorphisms in DNA methylationerelated genes and MJD

Gene SNPs Location MAF
(MAF in
Chinese)

Minor
allele

Genotype
casesa

Genotype
controlsa

pallelic pgenotype ORallelic (95% CI) ORgenotype (95 % CI) FS score

DNMT1 rs2228611 Coding
region

0.47 (0.29) T 150/124/24 140/114/27 0.810 0.804 0.828 (0.178e3.845) 0.823 (0.177e3.825) 0.314

rs16999593 Coding
region

0.05 (0.20) C 195/89/14 176/92/13 0.216 0.294 0.817 (0.593e1.125) 0.841 (0.608e1.163) 0.575

rs2336691 Intron 0.02 (0.11) A 233/60/5 221/55/5 0.963 0.989 0.991 (0.672e1.460) 0.997 (0.678e1.468) 0.208
rs759920 Intron 0.46 (0.32) A 149/125/24 139/116/26 0.918 0.875 1.085 (0.233e5.043) 1.132 (0.243e5.272) 0.208

DNMT2 rs11254413 Coding
region

0.38 (0.25) A 166/111/20 154/114/13 0.835 0.670 1.032 (0.767e1.389) 1.063 (0.802e1.410) 0.237

DNMT3A rs13420827 30UTR 0.21 (0.23) G 192/87/19 180/89/12 0.780 0.746 1.046 (0.765e1.430) 1.049 (0.786e1.401) 0.065
rs1550117 5’upstream 0.11 (0.25) A 178/105/15 180/92/9 0.121 0.102 1.287 (0.935e1.772) 1.290 (0.951e1.750) 0.109
rs11683424 Intron 0.10 (0.09) T 277/19/2 265/13/3 0.637 0.576 1.168 (0.613e2.224) 1.184 (0.656e2.136) 0.242

DNMT3B rs2424908 Intron 0.64 (0.46) C 97/151/50 95/138/48 0.934 0.722 1.012 (0.769e1.332) 1.048 (0.809e1.359) unknown
rs2424932 30UTR 0.20 (0.04) A 267/31/0 251/29/1 0.333 0.302 2.223 (0.441e11.203) 2.354 (0.464e11.950) unknown
rs998382 Intron 0.36 (0.04) A 264/34/0 246/34/1 0.927 0.974 0.917 (0.141e5.957) 0.969 (0.145e6.497) unknown
rs1569686 Intron 0.28 (0.04) G 263/35/0 244/36/1 0.345 0.285 0.461 (0.093e2.301) 0.411 (0.081e2.097) unknown

DNMT3L rs8129776 Intron 0.55 (0.30) A 142/129/27 138/116/27 0.681 0.431 1.063 (0.794e1.425) 1.119 (0.846e1.478) 0.5
rs7354779 Coding

region
0.17 (0.05) C 277/21/0 249/32/0 0.055 0.054 0.548 (0.297e1.013) 0.539 (0.287e1.011) 0.269

rs2070565 Splice
region

0.21 (0.15) T 210/79/8 193/82/6 0.748 0.993 0.946 (0.673e1.330) 1.001 (0.719e1.395) 1

MBD1 rs12957023 Intron 0.35 (0.27) C 150/118/30 163/102/16 0.024 0.030 1.394 (1.045e1.859) 1.347 (1.030e1.762) 0.208
MBD2 rs1259938 30UTR 0.18 (0.03) T 283/15/0 262/18/1 0.175 0.193 0.610 (0.299e1.246) 0.623 (0.305e1.271) unknown
MeCP2 rs2734647 30UTR 0.63 (0.29) C 204/52/42 185/57/39 0.107 0.183 0.566 (0.297e1.013) 0.687 (0.394e1.195) 0.050

rs2239464 Intron 0.45 (0.18) G 213/46/39 201/45/35 0.955 0.996 1.021 (0.487e2.144) 1.001 (0.546e1.837) 0
rs2075596 Intron 0.37 (0.81) A 46/45/207 36/52/193 0.244 0.337 1.595 (0.728e3.498) 1.354 (0.729e2.514) 0.176

MTHFR rs1801133 Coding
region

0.25 (0.28) A 121/132/45 130/121/30 0.166 0.213 1.211 (0.924e1.587) 1.181 (0.909e1.534) 0.493

rs1801131 Coding
region

0.25 (0.33) G 204/87/7 180/91/10 0.268 0.570 0.834 (0.605e1.150) 0.909 (0.655e1.262) 0.533

TET1 rs150689919 Coding
region

0.01 (0.03) T 276/22/0 259/22/0 0.870 0.910 0.948 (0.502e1.791) 0.963 (0.505e1.837) unknown

Key: MAF, minimum allele frequency in Southern China.
p* p values after the Bonferroni correction.

a The order of genotypes: DD/Dd/dd (d is the minor allele).
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frequency of the minor allele C was significantly higher in the pa-
tients with MJD than in the controls.

For the total 613 MJD patients, significant differences were
detected in the normal (CAG)n distribution (p¼ 0.012, 95% CI: 1.272
(1.053e1.536)) and in the expanded (CAG)n distribution (p ¼ 0.011,
95% CI: 1.244 [1.050e1.473]) between patients carrying genotype
CC and CTþTT. As more detailed in Fig. 2, the (CAG)n distribution in
ATXN3 among different genotypes indicated that the CC genotype in
rs12957023 may affect the distribution of CAG allele in MJD.
3.3. Association of the SNPs in DNA methylationerelated genes with
AO in MJD

Toassess thepotential associationof individual SNPson residualAO,
statistic study was conducted. As shown in Table 2, p value for
rs13420827 in DNMT3A and rs7354779 in DNMT3L was 0.048 and
0.073, respectively, indicating these twoSNPsmaytendtobeassociated
with AO. In the expanded samples, both rs13420827 and rs7354779
remainsignificantafteraBonferronicorrectionfor2tests (p¼0.019and
p¼ 0.008, respectively). Overall, both SNPs are significantly associated
with AO (p¼ 0.000152) based on Brown’s method.

In the expanded sample as shown in Fig. 3 and Table 3, the value
of R2 suggested that the size of the expanded (CAG)n alone account
for 60.3% of the AO variation. To study the effect of normal ATXN3
alleles, ATXN2 alleles, and the two SNPs on the AO, various com-
binations were made to exclude the possibility of false positive. As
shown in Table 3, inclusion of normal ATXN3 alleles and ATXN2
alleles did not raise the value of R2 significantly. However, after
inclusion of rs13420827 and rs7354779 to the model, R2 value was
increased to 0.613 (p ¼ 0.035 and p ¼ 0.003, respectively),
indicating that the two SNPs were responsible for approximately 1%
of the variability in AO.

Before the covariance analysis, no significant interaction was
observed between genotypes and expanded (CAG)n for the
rs13420827 and the rs7354779. Further analysis of rs13420827
showed that the patients with GG genotype (38.00 � 10.39)
performed a later AO approximatelyþ3.5 years as compared with
the other genotype (34.68 � 10.16; F ¼ 3.065, p ¼ 0.047). Simi-
larly, for the rs7354779 after adjusting for size of the repeat, AO of
patients with CT genotype (38.43 � 8.76) was approximately 4-
year later than those with TT genotype (34.54 � 10.24; F ¼ 9.557,
p ¼ 0.002). Given that only three patients carry both GG and CT
genotypes, it is unnecessary statistically to perform the further
analysis.
4. Discussion

Initial discoveries support that DNA methylation mainly refers
to the addition of a methyl group to the 50 position of a cytosine in a
CpG dinucleotide (Bheemanaik et al., 2006; Du et al., 2015), and to
the 6’position of adenosine (unpublished data). Several protein
families function as modulation of the methylation pattern,
including DNA methyltransferase (DNMTs) (Bestor et al., 1988;
Okano et al., 1998), methyl-CpG-binding domain (MBD) proteins
(Bogdanovic and Veenstra, 2009; Filion et al., 2006; Hendrich and
Bird, 1998), and ten-eleven translocation (TET) protein family
(Pastor et al., 2013; Smith andMeissner, 2013). In our present study,
23 SNPs detected in the genes encoding all the three protein fam-
ilies were linked with differences in the distribution of (CAG)n al-
leles or AO variation in MJD.



Fig. 2. CAG allele distribution in ATXN3, in a total of 613 patients with MJD among
different genotypes of rs12957023 in MBD1. (A) Distribution of normal (CAG)n alleles:
CC versus TC genotype (p ¼ 0.044, OR ¼ 1.218, 95% CI: 1.005e1.476); CC versus TT
genotype (p ¼ 0.028, OR ¼ 1.220, 95% CI: 1.022e1.457); CC versus TTþTC genotype (p ¼
0.012, OR ¼ 1.272, 95% CI: 1.053e1.536); (B) Distribution of normal (CAG)n alleles: CC
versus TC genotype (p ¼ 0.013, OR ¼ 1.242, 95% CI: 1.047e1.472); CC versus TT ge-
notype (p ¼ 0.030, OR ¼ 1.287, 95% CI: 1.024e1.617); CC versus TTþTC genotype (p ¼
0.011, OR ¼ 1.244, 95% CI: 1.050e1.473). Abbreviation: MJD, Machado-Joseph disease.

Table 2
Regression of residual AAO on each SNP in the preliminary analysis

Gene SNPs Partial regression
coefficient of
constant

Partial regression
coefficient of SNP

p Value

DNMT1 rs2228611 1.919 �0.027 0.973
rs16999593 2.364 �1.173 0.188
rs2336691 1.909 �0.024 0.983

DNMT2 rs11254413 1.782 0.242 0.772
DNMT3A rs13420827 1.203 1.670 0.048a

rs1550117 1.610 0.648 0.458
rs11683424 1.791 1.458 0.410

DNMT3B rs2424908 1.702 0.239 0.751
rs2424932 1.797 1.024 0.544

DNMT3L rs8129776 1.269 1.033 0.194
rs7354779 1.650 3.593 0.073b

rs2070565 1.613 0.843 0.395
MBD1 rs12957023 1.963 �0.101 0.897
MBD2 rs2734647 1.947 �0.097 0.891
MeCP2 rs2239464 1.930 �0.065 0.929
MTHFR rs1801133 2.661 �1.018 0.165

rs1801131 1.603 0.886 0.370
TET1 rs150689919 1.729 2.359 0.231

a p value below 0.05.
b p value close to 0.05.

Fig. 3. Modification of AO attributed to expanded CAG repeat length in ATXN3 of pa-
tients with MJD (linear regression). The X-axis denotes the CAG repeat size, which was
regarded as an independent variable, and the Y-axis indicates the dependent variable,
ln AO. Model parameters: ln(AO) ¼ 8.710e0.069*Exp, where Exp ¼ expanded CAG
repeats in ATXN3. Abbreviations: AO, age at onset; MJD, Machado-Joseph disease.
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rs12957023, an intronic SNP in MBD1, showed significant dif-
ferences of genotypic and allelic distributions between patients
with MJD and controls. Frequency of its minor C allele is signifi-
cantly higher in patients relative to normal controls. Moreover, the
distribution of normal and expanded (CAG)n in 613 patients with
MJD were significantly different between who carrying genotype
CC and the other two genotypes CTand TT. Thus, this SNPmay affect
CAG repeat distribution and be associated with CAG instability.

Structurally, DNA methylation status determines DNA confor-
mational alteration (Landgrave-Gomez et al., 2015), whereas tri-
nucleotidic repeats are among the most unstable regions in the
genome (Simard et al., 2014). CAG instability occurs during both
meiotic and mitotic stages (Souza et al., 2016), the main process of
spermatogenesis that is critically regulated by epigenetic events.
MBD1 can bind to aberrantly methylated promoters to dysregulate
gene expression (Bogdanovic and Veenstra, 2009). Thus, it is
plausible to speculate that MBD1 might modulate the CAG insta-
bility in MJD by being involved in the process of DNAmethylation at
meiotic or mitotic stages. In our present study, by using the FS score
from F-SNP (Lee et al., 2008), function of the rs12957023 inMBD1 is
predicted to alter its regulation on transcription. However, the
definite function of this SNP has not been investigated to explain
exactly how the MBD1 associates with CAG repeats expansion.
Strong association was observed between the SNPs rs13420827
in DNMT3A and rs7354779 in DNMT3Lwith AO in MJD. The patients
with the GG genotype of rs13420827 or the CT genotype of
rs7354779 conferred later AO relative to those with other geno-
types. And the combined effect of these two significant SNPs could
explain approximately 1% of the variability in AO. Altogether sug-
gests that DNAmethylation plays important roles in themodulation
of AO in patients with MJD. However, the effect of ATXN2 allele on
AO found in the previous studies was not completely replicated.
This might be because of the limited number of long normal ATXN2
CAG repeats carriers (18 subjects) in this cohort. Since the exclusion
of the ever-known contributing factors, the influence of rs13420827
and rs7354779 are more reliable for us to make the conclusion.

To further understand the potential mechanisms for the asso-
ciation of SNPs rs13420827 in DNMT3A and rs7354779 in DNMT3L
with AO in MJD, it is of importance to remember that DNMT3A is a
de novo methyltransferase, forming the methylation patterns



Table 3
Regression analysis of normal CAG repeats in ATXN3, ATXN2, and rs13420827, rs7354779 on age at onset in MJD

Group R2 6R2 Coefficient of the equation p value

① 0.603 - 8.710 (Constant) <0.001
�0.069 (Exp) <0.001

① þ ② 0.603 0 8.656 (Constant) <0.001
�0.069 (Exp) <0.001
0.001 (normal CAG repeats in ATXN3) 0.939

① þ ③ 0.605 0.002 8.701 (Constant) <0.001
�0.069 (Exp) <0.001
0.064 (A1 group in ATXN2) 0.127

① þ ④ 0.603 0 8.707 (Constant) <0.001
�0.069 (Exp) <0.001
0.002 (A2 group in ATXN2) 0.907

① þ ⑤ 0.604 0.001 8.677 (Constant) <0.001
�0.069 (Exp) <0.001
0.013 (A3 group in ATXN2) 0.502

① þ ⑥ 0.607 0.004 8.708 (Constant) <0.001
�0.069 (Exp) <0.001
0.032 (rs13420827) 0.028

①þ ⑦ 0.610 0.007 8.686 (Constant) <0.001
�0.069 (Exp) <0.001
0.098 (rs7354779) 0.002

①þ ⑥ þ ⑦ 0.613 0.010 8.684 (Constant) <0.001
�0.069 (Exp) <0.001
0.031 (rs13420827) 0.035
0.095 (rs7354779) 0.003

① þ ⑤ þ ⑥ þ ⑦ 0.613 0.010 8.656 (Constant) <0.001
�0.069 (Exp) <0.001
0.030 (rs13420827) 0.039
0.095 (rs7354779) 0.003
0.011 (A3 group in ATXN2) 0.578

①þ ② þ ⑤ þ⑥ þ ⑦ 0.613 0.010 8.657 (Constant) <0.001
�0.069 (Exp) <0.001
0.001 (normal CAG repeats in ATXN3) 0.933
0.030 (rs13420827) 0.039
0.095 (rs7354779) 0.003
0.010 (A3 group in ATXN2) 0.599

The bold p values were below 0.05, indicating that the equation after inclusion of these SNPs were significant.
①Expanded CAG repeats in ATXN3;② Normal CAG repeats in ANXN3;③ A1 group of CAG repeats in ATXN2;④A2 group of CAG repeats in ATXN2;⑤A3 group of CAG repeats in
ATXN2; ⑥rs13420827 in DNMT3A; ⑦rs7354779 in DNMT3L.
Exp: expanded CAG repeats in ATXN3.
Normal CAG repeats in ATXN3 were divided into 3 subgroups: 19/19e25/26e40.
A1 ¼ grouped by repeat length of shorter allele (<22/22) in ATXN2, A2 ¼ grouped by repeat length of longer allele (22/23e26/>26) in ATXN2. A3 ¼ The ATXN2 genotypes were
divided into four classes: 1) at least one short allele (<22), 2) homozygous medium 22 CAG alleles, 3) at least one intermediate allele (>26), and 4) at least one short in-
termediate allele (23e26) with or without a medium 22 CAG allele.
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during early embryogenesis (Landgrave-Gomez et al., 2015). Sig-
nificant abundance of DNMT3A at synapses and in mitochondria
suggests its essential roles in neuronal functions (Chestnut et al.,
2011). Indeed, required for neurogenesis and neuronal differentia-
tion, DNMT3A is involved in regulation of neurogenic genes tran-
scription (Wu et al., 2010). A functional polymorphism rs13420827
located in the 30UTR of DNMT3Awas found to be associated with AO
in MJD in this study. The possible mechanism of this SNP could
include but not limited to potential effect on DNMT3A expression
and consequent DNA methylation activity.

Although lacking the amino acid residues necessary for meth-
yltransferase activity, DNMT3L is critically involved in DNA
methylation, as it acts as a regulator of de novo methyltransferases
by simulating the activity of DNMT3A and DNMT3B (Gowher et al.,
2005; Suetake et al., 2004). In this study, as mentioned previ-
ously, SNP rs7354779 in DNMT3L was shown to be associated with
AO in MJD. To interpret the mechanism, it is necessary to look at the
characterization of this SNP. rs7354779 is a nonsynonymous poly-
morphism that results in a G278R change and occurs at the C-ter-
minal portion of DNMT3L that interacts with the active catalytic
methyltransferase domain of DNMT3A and DNMT3B (Chen et al.,
2005; Jia et al., 2007), suggesting the roles of the rs7354779 in
regulation of DNMT3A and DNMT3B.

In the present study, rs13420827 (in DNMT3A) and rs7354779
(in DNMT3L) showed a combined effect on the AO in MJD,
potentially indicating that these two genes might be involved in the
regulation of AO through same metabolic pathway.

In conclusion, altogether this study suggest that DNA methyl-
ation is still another pathogenic mechanism in MJD and that the
SNPs in some key enzyme genes involved in the methylation may
regulate the expression and the activity of the enzymes responsible
for the dynamic methylation patterns and levels. However, the
analysis was limited by the sample size and the population
composition in this study. Further study on the role of SNPs in DNA
methylation regulation as well as the methylation mediated AO
modulation in MJD, will open a novel avenue for understanding the
pathogenesis and may provide new insight into the epigenetic
therapy for the MJD by using larger sample size and population
compositions in other cohorts.
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