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ABSTRACT

DNA methylation has recently been linked to transcriptional dysregulation and neuronal dysfunction in
polyglutamine (polyQ) disease. This study aims to determine whether (CAG). expansion in ATXN3 perturbs
DNA methylation status and affects gene expression. We analyzed DNA methylation throughout the genome
using reduced representation bisulfite sequencing (RRBS) and confirmed the results using MethylTarget
sequencing. Dynamic changes in DNA methylation, transcriptional and translational levels of specific genes
were detected using BSP, qRT-PCR and western blot. In total, 135 differentially methylated regions (DMRs)
were identified between SCA3/MJD and WT mouse cerebellum. KEGG analysis revealed differentially
methylated genes involved in amino acid metabolism, Hedgehog signaling pathway, thyroid cancer,
tumorigenesis and other pathways. We focused on DMRs that were directly associated with gene expression.
On this basis, we further assessed 7 genes, including 13 DMRs, for DNA methylation validation and gene
expression. We found that the methylation status of the DMRs of En1 and Nkx2-1 was negatively associated
with their transcriptional and translational levels and that alteration of the DNA methylation status of DMRs
and the corresponding transcription occurred before dyskinesia in SCA3/MJD mice. These results revealed
novel DNA methylation-regulated genes, En1 and Nkx2-1, which may be useful for understanding the
pathogenesis of SCA3/MID.

INTRODUCTION that leads to an expanded polyQ tract in the
corresponding protein [1-4]. Accumulating data suggest

Polyglutamine (polyQ) expansion diseases are a group that the expanded polyQ tract triggers a pathogenic

of hereditary neurodegenerative disorders, including cascade, leading to selective neuronal cell dysfunction

spinobulbar muscular atrophy (SBMA), Huntington's and death [1-4]. However, the precise pathogenic

disease (HD), dentatorubral-pallidoluysian atrophy mechanism of neurodegeneration triggered by polyQ

(DRPLA) and six forms of spinocerebellar ataxia proteins remains largely unknown.

(SCAL, 2, 3, 6, 7 and 17) [1, 2]. These disorders share

common pathogenesis in that all are caused by an As a representative polyQ disease, SCA3/MJID is the

unstable CAG expansion mutation in a causative gene most prevalent ataxia transmitted via dominant
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inheritance worldwide [5]. It is caused by an abnormal
CAG expansion in exon 10 of ATXNS3, leading to an
expanded polyQ tract (55-87 glutamines in contrast to
the normal 10-51) near the C-terminus of the mutant
ataxin-3 protein [6, 7]. This expanded protein could
result in selective neuronal loss, predominantly in the
brainstem, cerebellum (spinocerebellar pathways and
dentate nucleus), striatum, thalamus, substantia nigra
and pontine nuclei. Because of this, SCA3/MJD is
characterized by progressive ataxia, oculomotor
abnormalities, dystonia and peripheral neuropathy [3,
4]. Furthermore, the severity of symptoms and the age
at onset (AAO) of SCA3/MJD are positively and
negatively related to the CAG expansion length in
ATXNS3, respectively [8, 9]. Although SCA3/MJID is
monogenic, as it arises from a mutation in ATXN3, this
disease is highly complex, and its pathogenic
mechanism has not yet been fully elucidated.

Pathologically, transcriptional dysregulation caused by
polyQ expansion is thought to be a major contributor to
selective neuronal death in SCA3/MJD [10].
Intranuclear accumulation of mutant ataxin3 and
transcription factor recruitment indicate that trans-
criptional dysfunction may play an important role in the
pathogenesis of SCA3/MJD [11]. Chou’s team detected
transcriptional changes in cultured cerebellar and
substantia nigra neurons [12] and in transgenic
SCA3/MJD mice [13]. In addition, they found that
expanded ataxin3 could activate the mitochondrial
apoptotic pathway and induce neuronal death by
regulating gene expression [12]. In recent years,
alterations in gene expression levels have also been
detected in peripheral blood samples from SCA3/MJD
patients [14]. However, the underlying molecular
mechanism by which expanded ataxin3 affects gene
expression remains unclear. DNA methylation, the most
extensively studied epigenetic phenomenon, can alter
the chromosomal stability and gene expression of an
organism and is one of the major DNA modifications
essential for the regulation of gene transcription and
genomic function [15]. It can affect gene expression at
the transcriptional and posttranscriptional levels by
either interfering with the binding of transcription
factors to promoters or altering mMRNA processing [16].
In recent years, changes in DNA methylation have been
detected in several neurodegenerative diseases, such as
Parkinson’s disease [17], Alzheimer's disease [18],
SCA2 [19], and SCA7 [20]. Our previous study
suggested that DNA methylation in the promoter of
ATXN3 might influence the AAO and progression of
SCA3/MJD  patients  [21].  Additionally, we
demonstrated that polymorphisms in DNA methylation-
related genes are associated with CAG distribution and
AAO in SCA3/MJD patients [22]. However, little
information is available on whether and how DNA

methylation contributes to transcriptional dysfunction in
SCA3/MJD.

In this research, we hypothesized that aberrant DNA
methylation in specific genes is an underlying cause of
transcriptional dysfunction in SCA3/MJD neurons. We
performed reduced representation bisulfite sequencing
(RRBS), a cost-efficient method of genome-wide DNA
methylation analysis, to test the DNA methylation
levels in the cerebellum of the SCA3/MJD mouse
model. Transcriptional changes were also measured by
gRT-PCR to study the relationship between DNA
methylation and gene expression in SCA3/MJD. The
data showed that expanded ataxin3 could perturb the
status of DNA methylation and then alter the
transcription of Enl and Nkx2-1 in the SCA3/MJD
mouse model. Changes in DNA methylation and gene
expression occurred before the appearance of ataxia
symptoms in SCA3/MJD mice. Together, these results
indicate that abnormal (CAG)n expansion in ATXN3
could influence the DNA methylation status and
transcript levels of specific genes. Therefore, the data
suggest that the novel DNA methylation-regulated
genes Enl and Nkx2-1 may be involved in the
pathogenesis of SCA3/MJD.

RESULTS
Symptoms in mice

In this study, approximately 50% of the mice in the
second generation expressed disease-causing human
ataxin-3 with an expanded polyglutamine tract, similar
to the report from the Jackson laboratory [23]. The
number of CAG repeats in the expanded ATXN3 was 83
or 84 in the second-generation SCA3/MJD mice. To
observe their symptoms, the rotation test was
conducted. The ataxin3-83/84Q mice exhibited
impaired motor coordination and a significantly shorter
latency to fall than the WT mice at the same age of 32
weeks (Figure 1). In addition, the ataxin3-83/84Q mice
displayed an ataxic, wide-based and irregular gait
compared to that of WT mice at 32 weeks (data not
shown). Overall, these results indicated that ataxic
symptoms similar to those of SCA3 clearly appeared in
ataxin3-83/84Q mice at the age of 32 weeks.

DNA methylation status in 32-week-old mice

RRBS was carried out using 3 SCA3/MJD and 3 WT
mice to identify differentially methylated CpG sites and
regions. The average global CpG methylation levels of
RRBS samples were 55.86 +1.1% and 58.07+1.8% in
WT and SCA3/MJD group, respectively. No significant
difference on global DNA methylation was detected
(p>0.05). After quality control and analysis of the data,
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a total of 135 DMRs were identified between the two
groups. As shown in Supplementary Tables 6 and 7, 62
DMRs were hypomethylated and 73 were hyper-
methylated in SCA3/MJD mice compared to WT mice.
Supplementary Tables 8 and 9 showed the DNA
methylation levels of CpG sites of DMRs in WT and
SCA3/MJD groups. GO and KEGG enrichment
analyses were applied to evaluate the differentially
methylated genes. In the GO functional analysis, the
hypomethylated DMRs in SCA3/MJD mice were
enriched in 400 major functional groups. Among these
functional groups, 356 were categorized as biological
process, only 1 as cellular component, and 40 as
molecular function. Among the hypermethylated DMRs
in SCA3/MJD mice, 348 major functional groups were
enriched. Likewise, 254 groups were assigned to
biological process, 23 to cellular component, and 71 to
molecular function. As shown in Figure 2, according to
the KEGG enrichment analysis, the DMRs were
involved in 14 pathways. More specifically, the major
DMRs were involved in the pathway tumorigenesis and
amino acid biosynthesis.

Validation of methylation results and detection of
transcription of the identified markers

From all the genes with identified DMRs, 7 genes
containing 13 DMRs were reported associated with the
function of neurons: Enl, Fbxo4l, Nkx2-1, Syngrl,
Rara, Otxl1, and Frzb. To determine whether these
candidate genes were differentially expressed in WT
and SCA3/MJD mouse cerebellum, we analyzed their
MRNA expression with qRT-PCR. And their DNA
methylation levels were confirmed using MethylTarget
sequencing. The primers used for MethylTarget
verification and the ¢RT-PCR are shown in
Supplementary Tables 3, 4.

In total, 12 cerebellum samples from 6 SCA3/MJD and
6 WT mice of 32-week old were used for the validation
experiments. As shown in Table 1 and Figure 3A,
compared to the WT group, the Enl (Enl_2 and Enl_3)
and Otxl (Otxl) sequences were significantly
hypermethylated in the SCA3/MJD group. By contrast,
significant hypomethylation was detected for Nkx2-1
(Nkx2-1 2 and Nkx2-1_3) in the SCA3/MJD group. As
shown in Table 2 and Figure 3B, significant differences
in MRNA levels were detected in Enl, Nkx2-1 and
Otx1, which exhibited distinct DNA methylation
patterns in the two groups. Compared to those in the
WT group, the mRNA levels of Nkx2-1 and Otx1 were
upregulated in SCA3/MJD group, while Enl was
downregulated. Therefore, we chose Enl, Otx1l and
Nkx2-1 for the next analysis. To further consolidate the
gRT-PCR results, we compared the translational level
of Enl, Otx1 and Nkx2-1 between SCA3/MJID and WT

mice by western blot. As shown in Figure 4, consistent
with the results of mRNA levels, the protein level of
Enl was downregulated while the protein levels of Otx1
and Nkx2-1 were upregulated in SCA3/MJD mice
(p<0.05).

Dynamic changes in DNA methylation status and
transcript level

To detect dynamic alterations in the DNA methylation
status, transcription and translation of Enl, Otx1 and
Nkx2-1, we performed BSP, qRT-PCR and western blot
(Figure 5, Table 3 and Figure 6). For 3-month-old mice,
the average DNA methylation levels of the sequences
Enl 2 and Otx1 were significantly higher in the
SCA3/MJD group than in WT group (Figure 5A;
p<0.05). In contrast, the average DNA methylation
levels of the Nkx2-1 2 sequence were significantly
lower in the SCA3/MJD group than in WT group
(Figure 5A; p<0.05). Otx-1 and Nkx2-1 expression were
significantly higher, and En-1 expression was
significantly lower in the SCA3/MJD group than in WT
group (Figure 5B; p<0.05). For 19-month-old mice, the
DNA methylation levels of sequences in Enl, Otx1 and
Nkx2-1 showed no significant difference between the
two groups (Figure 5C; p>0.05). However, as shown in
Figure 5D, Otx1 and Nkx2-1 expression were
significantly higher in theSCA3/MJD group than in WT
group. Compared to the WT group, the protein level of
Enl showed a significant downregulation in SCA3/MJD
group at both 12 weeks and 19 months (Figure 6;
p<0.05). And at 19 months of age, the protein level of
Enl was higher than that at 12 weeks in both WT and
SCA3/MJID mice cerebellum (Figure 6; p<0.05). For
Nkx2-1, the protein levels were significantly
upregulated in the SCA3/MJD group than in WT group
(Figure 6; p<0.05). Within the WT or SCA3/MJD
group, the protein level of Nkx2-1 showed no
significant difference at different time points. No
significant difference was observed for the Otx1 protein
level between the SCA3/MJD and WT group at both 12
weeks and 19 months of age (p>0.05).

DISCUSSION

In the present study, we investigated the DNA
methylation landscape of the cerebellum of SCA3/MJD
transgenic mice by RRBS analysis. To our knowledge,
this represents the most systematic analysis of DNA
methylation in this disease using cerebellum samples
from SCA3/MJD and control mice. Although the global
average methylation pattern was similar between
SCA3/MJD and WT mice cerebellum at the single-CpG
level, 135 DMRs were identified using this technique
between the two groups, including 62 hypomethylated
and 73 hypermethylated. Functional analysis indicated
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Figure 1. SCA3/MJD mice fail in the accelerated rotarod test. All animals managed to stay on a rod rotating at constant speed (5rpm)
for about 5 min. When the rotation was accelerated to 10 rpm and 20 rpm, latency to fall from the test apparatus was significantly reduced in
SCA3/MID mice (p<0.05). And the extent of reduction is depended on the rotating speed. When the speed reached 20 rpm, the latency to fall
in SCA3/MJD mice were about 1min.
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Figure 2. KEGG pathway enrichment analysis of differentially methylated regions. Totally 14 pathways were enriched. (A) KEGG

pathway enriched from the hypermethylated regions in SCA3/MJD mice compared to controls. (B)

KEGG pathways enriched from the

hypomethylated regions in SCA3/MJD mice compared to controls. The major pathways were involved in the pathway for tumorigenesis and

amino acid biosynthesis.
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Table 1. Rate of DNA methylation in selected sequence of SCA3/MJD and WT mice.

Gene Sequence Control SCA3/MJD p value
Enl 1 0.516 + 0.076 0.500+0.069 0.651
Enl Enl_2 0.146 + 0.050 0.285+0.049 0.045*
Enl_3 0.197 + 0.051 0.285+0.061 0.007*
Fbxo41 Fbxo41 0.205+0.067 0.196+0.066 0.617
Frib Frzb_1 0.018+0.014 0.017 +0.012 0.715
rz
Frzb 2 0.177+0.015 0.151+0.011 0.550
Nkx2-1_1 0.021+0.014 0.018+0.012 0.552
Nkx2-1 Nkx2-1_2 0.023 +0.006 0.020+0.005 0.049*
Nkx2-1_3 0.197+0.004 0.159+0.004 0.013*
. Rara_1 0.433+0.140 0.434+0.159 0.998
ara
Rara_2 0.414+0.115 0.447+0.129 0.754
Syngrl Syngrl_1 0.387+0.223 0.383+0.226 0.961
Otx1 Otx1 0.344+0.068 0.459+0.047 0.007*
*: p<0.05.
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Figure 3. DNA methylation status of sequence in Enl, Nkx2-1, and Otx1 and the corresponding transcriptional levels of these
genes. (A) Compared to control group, the average methylation levels of sequence En1_2, En1_3, and Otx1 were higher in SCA3/MJD mice
(p<0.05). While the average methylation levels of sequences Nkx2-1_2 and Nkx2-1_3 were lower in SCA3/MJD mice (p<0.05). (B) the
transcriptional levels of Enl, Nkx2-1 and Otx1 were significantly different between SCA3/MJD and control groups (p<0.05). No significantly
differences were detected in the other genes.
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Table 2. The relative expression of selected genes in SCA3/MJD and WT mice.

Gene Control (n=6) SCA3/MJD (n=6) p value
Otx1 0.717 £ 0.247 1.340 £ 0.576 0.035*
Enl 2.067 £ 0.446 1.509 + 0.151 0.018*
Nkx2-1 0.926 + 0.092 1.358 + 0.401 0.028*
Fbxo41 0.911 +£0.233 0.919 + 0.083 0.057
Frzb 0.820 £ 0.381 1.101 + 0.402 0.657
Rara 1.058 + 0.215 1.053 + 0.209 0.897
Syngrl 0.871+0.234 0.915+0.177 0.735
*: p<0.05.
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Figure 4. Protein levels of Enl, Nkx2-1, and Otx1 in 32-week old mice cerebellum. (A) Western blot analysis of En1 in both control
and SCA3/MIJD groups. Compared to control group, the protein level of Enl was significantly downregulated in SCA3/MJD group (p<0.05). (B)
Western blot analysis of Nkx2-1 in both control and SCA3/MJD groups. Compared to control group, the protein level of Nkx2-1 was
significantly upregulated in SCA3/MJD group. (C) Western blot analysis of Otx1 in both control and SCA3/MID groups. Compared to control
group, the protein level of Otx1 was significantly upregulated in SCA3/MJD group.
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that these DMRs were enriched in biological pathways
related to amino acid metabolism, Hedgehog signaling,
thyroid cancer, tumorigenesis and other pathways. For
amino acid metabolism, upregulated tryptophan 2,3-
dioxygenase could upregulate the downstream
compound quinolinic acid, an agonist of NMDA-R,
which can increase the influx of Ca2* ions that increase
Ca2*-dependent calpain activity in SCA3/MJD [24].
Moreover, amino acid metabolism and fatty acid
metabolism are related to the principal differential
metabolites in symptomatic SCA3 patients compared to
preclinical SCA3 patients and healthy controls [25].
Similarly, Hedgehog signaling activity in the Bergmann
glia is involved in the proliferation of cerebellar granule
neuron precursors and the proper maintenance of
cerebellar architecture [26]. Recently there is growing
evidence that polyQ disease share some similar
pathogenic mechanisms with tumor such as dys-
regulation of DNA repair genes. For organisms,
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continual exposure to exogenous and endogenous
stressors would lead to DNA breaks or damages [27].
So complex DNA damage repair mechanism have been
developed to maintain normal physiological function in
cells. Damage or improperly repaired DNA could
activate pro-apoptotic pathways, give rise to oncogenic
transformation, or induce cellular senescence [28, 29].
Therefore, many kinds of tumor have been found
related with abnormal DNA repair mechanism. In recent
years, increasing number of evidence suggested that
compromised DNA repair contributed to the patho-
genesis of SCA3/MJD. Distinct DNA damage has been
observed in SCA3/MJD patients [30] and transgenic
mice [31]. Besides this, association analysis and GWAS
studies have identified DNA repair genes as modifiers
of age at onset in SCA3/MJD [32, 33]. Although neither
DMRs in DNA repair genes nor biological pathways
related to DNA repair were found in our study, DNA
methylation and transcription levels of genes in DNA
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Figure 5. Dynamic DNA methylation and gene expression change of En1, Nkx2-1, and Otx1. (A, B) the average DNA methylation
levels and transcriptional levels in 12-week-old mice. DNA methylation levels of sequence Enl_2, Nkx2-1_2 and Otxlwere significantly
different between the two groups (p<0.05). In 12-week-old mice, expression of En1, Nkx2-1 and Otx1 were significantly different in the two
groups (p<0.05). (C, D) the average DNA methylation levels and transcriptional levels in 19-month-old mice. No significant difference was
observed for DNA methylation levels in sequences in En1, Nkx2-1 and Otx1. Expression of Nkx2-1 and Otx1 were still significantly different in

the two groups (p<0.05).
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Table 3. DNA methylation rate of sequences in Enl, Otx1, and Nkx2-1 in 12 weeks and 19 months mice between

SCA3/MID transgenic and WT groups.

Gene Sequence Time Group Levels of DNA methylation p value
SCA3/MJID 0.222 +0.082
3 month 0.033*
S1 control 0.067 £0.017
(En1_2) SCA3/MJD 0.172 + 0.009
19 month 0.286
Ent control 0.128 + 0.054
n
SCA3/MJID 0.504 +0.160
3 month 0.784
S2 control 0.459 £ 0.210
(Enl1_3) SCA3/MJD 0.364 + 0.081
19 month 0.608
control 0.307 £0.192
SCA3/MJID 0.324 +0.043
3 month 0.005*
Otxl S3 control 0.185 + 0.009
X
(Otx1) SCA3/MID 0.164 + 0.145
19 month 0.474
control 0.248 £0.116
SCA3/MJID 0.063 +0.023
3 month 0.009*
sS4 control 0.163 + 0.029
(Nkx2-1_2) SCA3/MJID 0.167 + 0.093
19 month 0.239
Nkx2-1 control 0.270+0.09
SCA3/MJID 0.656 +0.116
S5 3 month trol 0.527 4 0,015 0.192
(Nkx2-1.3) contro . +0.
19 month SCA3/MJID 0.622 +0.223 0.745

repair pathway should be assessed in future study to
advance our understanding of the pathogenesis of
SCA3/MJD. The above results indicate that the
expanded polyQ tract in ataxin3 could change the DNA
methylation status of a variety of genes involved in
various biological processes and, thus, cause neuronal
death in the cerebellum and spinal cord due to
alterations in the expression of these genes. In addition,
the observed alterations in DNA methylation were
gene- and sequence-dependent, consistent with previous
reports, e.g., methylation levels increased in some
sequences and decreased in others, even within the
same gene [34].

To exclude the possibility of false positive results in the
RRBS sequencing, several genes (Enl, Fbxo41, Nkx2-1,
Syngrl, Rara, Otx1, Frzb) with significantly differential
methylation status and neuron-related functions were
further assessed to verify their DNA methylation status
and detect their expression levels by MethylTarget,
gRT-PCR and western blot, respectively, in an
independent cohort of 32-week-old mice. The results of
the MethylTarget sequencing were consistent with the
RRBS data, indicating that RRBS is an effective and

practical method for exploring genome-wide DNA
methylation status in SCA3/MJD mice.

Among the identified DMRs in the above 7 genes,
sequences belonging to Enl, Otx1 and Nkx2-1 showed
dramatic changes in DNA methylation status
accompanied by alterations in transcript levels. More
specifically, the DMRs of Enl and Nkx2-1 are located
in the promoter regions and their vicinity, while the
DMR of Otx1 is located in an intronic region. The
transcript levels of Enl and Nkx2-1 were inversely
correlated with the DNA methylation status, while the
Otx1 transcript level showed a positive correlation with
methylation level. These results are consistent with a
previous report that DNA methylation in promoter
regions was more thoroughly established as an
epigenetic regulator of gene expression [35, 36]. The
EN1 gene encodes the homeobox protein engrailed-1.
Its expression is observed within multiple neuronal cell
types, including in the cerebellum [37]. To date,
hypermethylation of this gene has been observed in
multiple cancer types, and the extent of the
hypermethylation was correlated with the grading,
location and outcome of the tumor [38, 39]. However,
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the function of EN1 in the central nervous system
remains unclear. In our study, sequences in the
promoter of Enl were hypermethylated in SCA3/MJD
mice compared to controls. This result suggested that
Enl hypermethylation might participate in the
pathogenesis of both tumor and SCA3/MJD. Moreover,
previous studies have shown that mitochondrial
dysfunction is related to the pathogenesis of
SCA3/MJD. 1t has been suggested that loss of
heterozygosity in EN1 may inhibit the activity of
mitochondrial complex |, leading to progressive
mesencephalic dopaminergic neuron degeneration in

19 month control 3 month control 19 month SCA3/MJID 3 month SCA3/M.JD

adulthood [40]. Nkx2-1, a homeodomain transcription
factor that was initially found to regulate the
transcription of many thyroid- and lung-specific genes,
has been demonstrated to participate in the process of
brain development in recent years [41]. It is responsible
for the interneuron specification of medial ganglionic
eminence cells and the regulation of guidance of
migrating interneurons [42]. Knockdown of NKX2-1 in
embryonic stem cells could cause a dislocation of
medial ganglion upregulation, suggesting that this gene
is crucial for the differentiation of the nervous system
[43]. In our study, Nkx2-1 was found to be hypo-
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Figure 6. Dynamic changes of Enl, Nkx2-1, and Otx1 protein levels in 12-week and 19-month old mice cerebellum. Compared
to the WT group, the protein level of En1 showed a significant downregulation in SCA3/MJD group at both 12 weeks and 19 months (p<0.05).
And at 19 months of age, the protein level of Enl was higher than that at 12 weeks in both WT and SCA3/MJD mice cerebellum (p<0.05). For
Nkx2-1, the protein levels were significantly upregulated in the SCA3/MJD group than in WT group (p<0.05). No significant difference was
observed for the Otx1 protein level between the SCA3/MJD and WT group at both 12 weeks and 19 months of age (p>0.05).
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methylated in the cerebellum of SCA3/MJD mice
compared to controls. We speculated that expanded
ataxin3 could influence the expression of Nkx2-1 by
changing the DNA methylation level of the promoter of
this gene, inducing interneuron dysfunction. Otx1 is a
transcription factor expressed in cortical progenitor cells
and emerging cortical plates [44]. Mice with targeted
deletion of Otx1 exhibited fewer cortical neurons and a
thinner cortex than control mice [45]. In this study, the
expression of Otx1 was not altered by its level of DNA
methylation. Future studies should focus on further
understanding the functions of these genes in the
mechanism of SCA3/MJD pathogenesis.

Furthermore, this study is the first to report dynamic
changes by detecting DNA methylation status,
transcript and translation levels in 3-month-old and 19-
month-old mice. Many studies to date have found that
methylome dynamics play an important role in neuronal
function [45], and it is well accepted that DNA
methylation is essential for mammalian development
[46]. According to our study, alteration of the target
sequences’ methylation status and the transcript levels
of their respective genes began as early as 3 months
prior to the occurrence of ataxia symptoms. At 3
months, before we detected ataxic behavior in mice, the
DNA methylation status of En1, Nkx2-1, and Otx1 had
changed, and their expression changed correspondingly.
By 19 months, although there was no significant
difference in DNA methylation status, the trans-
criptional and translational levels of Enl and Nkx2-1
still differed between SCA3/MJD transgenic mice and
WT mice. This result suggested that DNA methylation
could lead to long-term stability of phenotypes related
to ataxia by regulating the permanent silencing or
activation of specific genes, supporting the idea that
epigenetic alterations are mitotically heritable and
persistent [47-49].

Recent studies have also explored the possible cause for
the difference of DNA methylation observed in polyQ
disease [50]. The altered expression of DNA methyl-
transferases (DNMT) genes and DNA (de)methylation-
related genes might result in the change of DNA
methylation  [51]. Generally  speaking, DNA
methylation is mainly catalyzed by DNMTs in
mammals. Some studies have found that DNMT genes,
Gadd45a, Gadd45g and Rnf4 which involved in DNA
(de)methylation were differentially expressed in HD
models [52, 53]. Dnmtl has also been found up-
regulated in a spinal and bulbar muscular atrophy
(SBMA) mouse model [54]. Besides this, trinucleotide
repeats might be other factors which influence the level
of DNA methylation [50]. And environmental factors
such as diet, deficiency in essential amino acids and
folate, and exposure to nicotine and other toxins have

been linked to changes in global methylation changes
[55-57]. All the factors mentioned above provide novel
epigenetic therapeutic targets for SCA3/MJD.

In conclusion, the present study clarified the DNA
methylation landscape in association with gene
expression in the cerebellum of SCA3/MJD transgenic
mice. We also detected dynamic alterations of DNA
methylation in Enl, Otx1 and Nkx2-1. The present study
identifies these genes as novel research targets regulated
by DNA methylation, providing useful information for
further studies of the pathogenesis of SCA3/MJD.

MATERIALS AND METHODS

The entire experimental procedure was approved and
supervised by the ethics committee of Xiangya
Hospital, Central South University. The mice (B6;
CBA-Tg (ATXN3*) 84.2Cce/lbezJ; ID: 012075) were
purchased from Jackson Laboratory, and their
offspring were used in this study. They were maintained
under standard conditions (12:12 hours light-
dark cycle with lights on between 06:00 and 18:00;
temperature 22 = 1° C; mouse chow and water provided
ad libitum). Cerebellum samples were collected from
SCA3/MJD transgenic vs. WT offspring for subsequent
analysis.

PCR, agarose gel electrophoresis and capillary
electrophoresis sequencing were used for the genotypic
detection of the mice. The expanded CAG repeats were
amplified by PCR wusing a pair of primers: 5°-
CCAGTGACTACTTTGATTCG-3*  (forward) 5’-
TGGCCTTTCACATGGATGTGAA-3’ (reverse). The
amplification reaction system and conditions are
summarized in Supplementary Tables 1, 2. The size of
the PCR products was examined with an imaging
system after 15 min of ethidium bromide (EB) staining.
Capillary electrophoresis sequencing was performed to
test the (CAG)n repeat number using an ABI 3730XL
DNA Analyzer (Applied Biosystems, Foster City, CA,
USA). The footprint and rotation tests were used to
validate the phenotype of SCA3/MJD mice, as in our
previous reports [58].

DNA extraction

Adult male mice (3 transgenic and 3 WT, 32 weeks old)
were sacrificed using cervical dislocation, and the
cerebellums were dissected directly. Samples were
immediately frozen in liquid nitrogen and stored at
—80° C until use. Genomic DNA was extracted using a
TIANamp Genomic DNA Kit (Tiangen, Beijing, China)
according to the manufacturer’s protocol. The extracted
DNA quality was evaluated by a NanoDrop 8000
Analyzer (Thermo Scientific).
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RRBS sequencing and data analysis

RRBS sequencing was performed at BGI-Shenzhen
(Shenzhen, China). First, 3 pg of total genomic DNA
from each sample was digested with Mspl (NEB,
R0106T), and then, DNA end repair, single A nucleotide
addition, and multiplexed adapter ligation were
performed. The genomic DNA was purified by agarose
gel electrophoresis to isolate 40-220 bp fragments. Then,
a ZYMO EZ DNA Methylation-Gold™ kit (Zymo
Research, D5006) was used to perform bisulfite
conversion, and PCR was performed. An Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) was used to analyze the quality of the libraries, and
DNA fragments with sizes ranging from 25 bp to 12,000
bp were quantified with the ABI StepOnePlus Real-Time
PCR System (Thermo Fisher, USA). The resulting
fragments were sequenced on an Illumina HiSeq 2000
analyzer (lllumina). After sequencing, methylation
analysis of promoter and CpG island regions was
performed by examining the distribution ratio of CG,
CHG and CHH among the methylated C bases, the
average methylation level of C bases and the distribution
of different types of methylation. The methylation level
and CpG density were used to calculate the regional
methylation profile in a specific area, and the CpG
density was defined for each CpG site within a window
of 200 bp. Differentially methylated region (DMR)
analysis was performed using the sliding window method
to calculate the methylation differences between the
SCA3/MJD and WT mouse cerebellum samples. Then,
the DMRs were subjected to functional annotation,
including GO and KEGG pathway analysis. For each
DMR, the statistical significance of the differential
methylation was calculated using Fisher’s exact test on
a 2x2 contingency table of methylated and
nonmethylated counts in the two groups. Multiple-
hypothesis correction was applied using the Benjamini—
Hochberg procedure. DMRs were identified using a
final cutoff of P<le-5.

Validation of DNA methylation status and detection of
the expression levels of the identified markers

Seven target genes with the greatest differences in DNA
methylation were subjected to further analysis
(Supplementary Tables 3, 4). An independent group of
adult male mice (6 transgenic vs 6 WT, 32 weeks old)
was used to validate the results of RRBS and to detect
the expression of these differentially methylated genes.
Sample acquisition, DNA extraction and preservation
were performed as mentioned above.

MethylTarget sequencing and data analysis

The genomic regions of interest were transformed to
bisulfite-converted sequences using geneCpG software.

Thirteen primers for the 7 target genes were designed
and synthesized based on the bisulfite-converted DNA
(Supplementary Table 3). Genomic DNA was subjected
to sodium bisulfite treatment using the EZ DNA
Methylation™-GOLD Kit (Zymo Research, Irvine, CA,
USA). Multiplex PCR and index PCR were performed
as described in detail elsewhere [59]. The reactions
were cleaned up wusing the DNA Clean and
Concentrator™-5, and the products were normalized by
concentration and pooled. Then, the libraries were
denatured, diluted, and sequenced on the Illumina
MiSeq according to the manufacturer’s protocols. The
sequencing run was a 150-base paired-end run. Quality
control of the sequencing reads was performed by
FastQC. Filtered reads were mapped to the genome by
Blast after read recalibration with USEARCH. All data
are presented as the mean + SD, and t-tests or U tests
were used to assess the differences between groups.
Methylation and haplotypes were analyzed using Perl
script. Statistical analysis was performed with t-test and
ANOVA. p< 0.05 was considered statistically
significant. Graphs were drawn with GraphPad Prism
5.0.

Quantitative real-time PCR

Total RNA from mouse cerebellum samples was
purified using TRIzol (Invitrogen, Carlsbad, CA, USA)
and treated with DNase (from the Turbo DNA-Free kit).
The RNA was reverse-transcribed for qRT-PCR assays
(Maxima SYBR Green qPCR Master Mix, CFX96, Bio-
Rad, Hercules, CA, USA), and each PCR was carried
out in triplicate using SYBR Green PCR Master Mix
(Applied Biosystems). Primers (Supplementary Table 4)
were designed using Primer3 (http://bioinfo.ut.ee/
primer3-0.4.0/). The gRT-PCR mixture (20 pL)
consisted of a cDNA aliquot, 400 nM forward or
reverse primer and 1x SYBR Green PCR Master Mix
containing AmpliTaq Gold DNA polymerase and
SYBR Green 1 dye. The relative expression level of the
mRNA was calculated using the 2-2A¢t method, and
results with Ct >35 were excluded. PCR amplification
of GAPDH mRNA was used as a control for
normalization. A Wilcoxon rank sum test was used for
the statistical analyses, and p< 0.05 was considered
statistically significant.

Western blot

Cerebellum tissues were lysed in a pre-cooled RIPA
buffer, homogenized with ultrasound homogenizer,
incubated on ice for 20min and centrifuged at 120009
for 10 mins at 4° C. The protein content was determined
by the bicinchoninic acid (BCA) method (PPLYGEN,
Beijing, China). Then the protein samples were
subjected to various concentrations of SDS-PAGE and
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transferred to the PVDF membranes. The membranes
were blocked with 5% non-fat dried milk in tris-
buffered saline (TBS) containing 0.05% Tween-20 for 2
hour and incubate overnight with Enl, Nkx2-1, or Otx1
antibody at 4° C, respectively. Then the membranes
were washed 3 times with 0.1% Tween-20 TBS and
incubate with anti-mouse secondary antibody for 2 h. -
actin antibody (1:2,000; Sigma-Aldrich) was used to
normalize the expression data. The immunoreactive
bands were visualized by enhanced chemiluminescence
using Image Lab™ software with the gel imaging
analysis system (Bio-Rad).

Detection of dynamic changes in DNA methylation
and gene expression in presymptomatic and aging
SCA3/MJD and WT mice

Enl, Nkx2-1 and Otx1, which exhibited significant
differences in DNA methylation between the two
groups by both RRBS and MethylTarget sequencing,
were subjected to this analysis. To observe the dynamic
changes in DNA methylation and gene expression,
presymptomatic mice (3 transgenic vs 3 WT at 12
weeks of age) and aging mice (3 transgenic vs 3 WT at
19 months of age) were used for bisulfite sequencing
PCR (BSP), gRT-PCR and western blot analysis.
Sample acquisition, DNA extraction, preservation and
bisulfite modification were performed as mentioned
above. The primers (Supplementary Table 5) used to
amplify the DMRs were designed online with
MethPrimer software (http://www.urogene.org/
methprimer/). The DMRs in these genes were PCR
amplified using EpiTaq™ HS reagents (Takara Bio Inc.,
Dalian, China). The PCRs were carried out in 50 pl
reaction mixtures containing 5 pl of bisulfite-converted
genomic DNA, 0.5 pl of the forward primer, 0.5 ul of
the reverse primer, 6 pl of ANTPs (2.5 mM each), 5 ul
of 25 mM MgCl2, 5 ul of 10 x EpiTaq PCR buffer, 0.25
ul EpiTaq HS (5 U/ul) and 27.75 pl of H20. The PCR
conditions were as follows: 98° C for 4 min; 38 cycles
of 98° C for 15 s, 55° C for 30 s and 72° C for 45 s; and
a final elongation at 72° C for 7 min. Then, the PCR
products were separated on 2% agarose gels and
purified with a gel purification kit (Sangon Biotech,
Co., Ltd., Shanghai, China).The amplicons were then
subcloned into the pEASY-T1 vector (Transgene
Biotech, Beijing, China) according to the manufacturer’s
directions for sequencing. At least 5 clones were
randomly chosen for sequencing analysis using M13
forward or reverse primers (Genewiz Biotech, Beijing,
China). QUMA software (http://quma.cdb.riken.jp/) was
used online to analyze the sequencing results. The
detection of the expression of selected genes (primers
for Enl, Nkx2-1 and Otxl1 are displayed in
Supplementary Table 4) and data analysis were
performed as mentioned above.
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SUPPLEMENTARY MATERIALS
Supplementary Tables
Please browse Full Text version to see the data of Supplementary Table 6 to 9.

Supplementary Table 1. The amplification reaction system of genotyping of mice.

Reagents Volume
r Tag DNA polymerase 0.2l
10xPCR buffer 1wl
DNA 1 ul
dNTP 0.2l
Primer-Forward (100 ng/ul) 0.2l
Primer-Reverse (100 ng/ul) 0.2 ul
ddH.O 7.2 ul

Supplementary Table 2. The amplification reaction condition of genotyping of mice.

Cycle Temperature Time
1 94° C 5 min
94° C 30s
38 59° C 30s
72°C 15s
72°C 10 min
1 4°C Forever
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Supplementary Table 3. Primers in methyltarget sequencing for validation of DNA methylation status.
Primers Sequence
Enl 1 F GATAGGTTTAGTTAGTGATTTGGTTTTG
Enl 1 R ACCTTTCTAACTAAAAYCTTCCTCTACATTC
Enl 2 F GGAGAGGTTTTTGTTATTAAGTTTTAGTTTAG
Enl1 2 R CAACCAAACCCACCAATCTAAC
Enl 3 F TATTYGGGAAAAGAGGAAATGT
Enl 3 R AAAACCTCTATATTAAATTTCCCTACAAA
Fbxo4l F TTTAGTYGTTTTAGTTTTYGGTTTATTTTTAG
Fbxo4l R AAAAACTAACTAAACCDAAACTCRTACC
Frzb 1 F GTTATTGTTTTTAGGAGGTTGTTATTTTTG
Frzb 1 R CACACCTTTCCCCACTCC
Frzb 2 F TTATTAAGTTTTGTAAGTTTGTGTGTGAG
Frzb 2 R ACAAACTAACCRATAAAAACAAATAACTAAC
Nkx2-1 1 F AGTAAGTGTATTTTTGTATGGTTGAGTTT
Nkx2-1 1 R CCCAACACCCCAACTCAA
Nkx2-1 2 F GGTAATTTGGGTAATATGAGYGAGTTGT
Nkx2-1 2 R CAATACCCTCACCCCACTCC
Nkx2-1 3 F TTGGTGGTTTGGGTGTGTT
Nkx2-1 3 R CAACAACAACAAACTCAACAACAA
Rara_1 F TGGGAAGGTGGTATTATTTTGG
Rara_1 R CACACTTCTAATTCTCCACCTAAAA
Rara_2 F AATTGTTAYGAGTGAAGGTTAAGAGG
Rara 2 R ACAAAACAAATCTATTCCTAAAACCATC
Syngrl_F GGTGGTTTTGGAGTAGGTTTTTTT
Syngrl R AACCCAAAAACAACCCTCTAAAC
Otx1_F TTCGYGTTATTTTGTAGGTTTTTAGTTTT
Otx1_R AACCRAAAATAATAACAACCTAATCCT
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Supplementary Table 4. Primers in qRT-PCR for detection of gene transcription.

Gene Primers Product size

F:5 GGTTGTCTCCTGCGACTTCA 3
GAPDH R: 5 TGGTCCAGGGTTTCTTACTCC 3' 183bp

ot F:5 ACCTTCCTTCTCCGAAATCTG 3 1490
R: 5 GGACTGCCTTACATCTCAACAA 3 P

Enl F: 5 AAGAACGAGAAGGAAGACAAGC 3' 92b
R: 5" ATATAGCGGTTTGCCTGGAA 3' P

Nkx2-1 F: 5’ CGAGATATTCGCCTCCTCCC 37 -
R: 5 GATTCGGCGTCGGCTGG 3° p

Frzb F: 5 ATGATGTGACCGCCGTTGT 3' 160b
R: 5'CGTTCCTCGTCTTCATAGCC 3' P

F: 5' CAGTGTCAAGGACCGCAAGA 3'
R: 5' GGAAGCAGAAACCCACGAAC 3
F: 5 TCTTCTGTATCTTCACCTACCTGG 3
Fbxo41 R: 5' TGGAACAGACTCGGGCATT 3' 135bp

F: 5' CAGTGCCATCTGCCTCATCT 3'

Rara R: 5' CATCAGCATCTTGGGGAACAT 3 151bp

Syngril 89 bp

Supplementary Table 5. Primers in BSP for detection of DNA methylation status in 3 months and 19 months mice.

Primers Primers sequence Product size
F AGAAGTTTTAGAAAGTTGGAGAGAT

Enl-2 391bp
R TTTCCCACCCAATATCCTATTAAA
F ATATTGGGTGGGAAAGGTTTT

Enl-3 443bp
R AATATACCTCCTTACAAAACCTAAAT
F GGTGGTATTTAAGATTAATTTGTTAG

Otx1 671bp
R ATTACATTCCCAAACCCTTCTC
F GTAGGTTAAGATTTGGTTTTAGA

Nkx2-1-1 429bp
R AAAACCTAACCCTACAACCC
F TTGGTAGGTTGATTTTGAGTGT

Nkx2-1-2 462bp
R CCTATTTCTATCCACCTCTACTCTA

Supplementary Table 6. Differential methylated regions (DMRs) detected between control and SCA3/MID
cerebellum samples. Compared to control group, 62 DMRs were found hypomethylated in SCA3/MJD group.

Supplementary Table 7. Differential methylated regions (DMRs) detected between control and SCA3/MID
cerebellum samples. Compared to control group, 73 DMRs were found hypermethylated in SCA3/MID group.

Supplementary Table 8. DNA methylation levels of CpG sites of each DMRs in the control mice cerebellum.

Supplementary Table 9. DNA methylation levels of CpG sites of each DMRs in SCA3/MIJD mice cerebellum.
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