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Abstract

Objective: ATXN1 encodes the polyglutamine protein ataxin-1, which we have

demonstrated exerting an immunomodulatory function in the context of cen-

tral nervous system (CNS) autoimmunity, in addition to its classical role in the

neurodegenerative disorder spinocerebellar ataxia type 1 (SCA1). In this study,

we dissected the contribution of DNA methylation to the regulation of ATXN1

in multiple sclerosis (MS). Methods: We interrogated a DNA methylation data-

set previously generated via bisulfate DNA sequencing (BS-seq) in sorted

peripheral immune cytotypes (CD4+ and CD8+ T cells, CD19+ B cells, and

CD14+ monocytes) isolated from untreated MS patients at symptoms onset.

Results: Here, we report that ATXN1 undergoes hypo-methylation at four dis-

tinct regions upon MS, exclusively in B cells. We also highlight how these dif-

ferentially methylated sites overlap with other regulatory epigenetic marks and

MS risk variants. Lastly, we employ luciferase assays to assess the functionality

of these regions, showing that the loss of methylation leads to an increase in

ATXN1 expression. Interpretation: Altogether, these findings provide biological

insights into ataxin-1 regulation in the immune system as well as into the

molecular mechanisms underlying MS risk.

Introduction

The ATXN1 gene encodes the polyglutamine protein

ataxin-1, a transcription repressor that is primarily known

for causing the neurodegenerative disorder spinocerebellar

ataxia type 1 (SCA1) upon the pathological expansion of

the polyglutamine domain, which in turn leads to toxic

buildup of the protein within the nucleus.1 Conversely,

ATXN1 loss-of-function mutations have been linked to

Alzheimer’s disease (AD) pathogenesis and the etiology of

various types of cancers.2,3 A large genome-wide associa-

tion study (GWAS) designated ATXN1 as the most plau-

sible gene associated with multiple sclerosis (MS) risk

within a disease locus mapping at 6p22.3.4 More recently,

we have shown that ataxin-1 exerts a protective function

against autoimmune demyelination in the context of

experimental autoimmune encephalomyelitis (EAE),5 a

murine disease model that shares several key pathogenic

mechanisms with MS at the cellular and molecular levels.6

Specifically, we documented a previously unknown

immunomodulatory activity for ataxin-1 in B cells medi-

ated through the extracellular signal-regulated kinase

(ERK) and signal transducer and activator of transcrip-

tion (STAT) pathways as well as B cell receptor (BCR)

signaling.5,7 However, the molecular mechanisms regulat-

ing ATXN1 expression and function in the immune sys-

tem are yet to be defined.

Epigenetic modifications are heritable changes in the

DNA molecule that affect the transcription process with-

out modifications in its primary nucleotide sequence.8

Among the different epigenetic marks, DNA methylation

is the best-characterized modification in humans and

involves the covalent transfer of a methyl group onto the

C5 position of a cytosine to form 5-methylcytosine (typi-

cally in cytosine-guanine rich DNA sequences, or CpG

islands).9 DNA methylation is strictly regulated in space

and time, and aberrant methylation patterns have been

connected to the etiology of numerous chronic disorders

including neurodegenerative, cardiovascular, and autoim-

mune diseases.10,11 In MS, distinct epigenetic signatures
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have been detected in multiple peripheral immune cell

populations, including global methylation alterations in

CD19+ B cells associated with clinical onset and initiation

of cell differentiation programs,12–15 fueling our rationale

for investigating the epigenetic regulation of ATXN1 in

response to an autoimmune attack against the central

nervous system (CNS).

Here, we show that ATXN1 is hypomethylated at the

time of clinical onset primarily in B cells, resulting in an

increase in expression as confirmed by RNA-seq data and

luciferase assays. Moreover, we investigated the overlap

between the methylation sites and other epigenetic signa-

tures as well as MS risk variants, confirming that ATXN1

plays an important role in MS pathogenesis.

Materials and Methods

Subjects

Study participants, 29 multiple sclerosis (MS) patients

and 24 healthy controls, were recruited at the UCSF MS

Center as part of the UCSF multiple sclerosis EPIC and

ORIGINS studies and have been previously described.15

The UCSF-EPIC cohort includes 637 participants with

over 13 years of annual clinical follow-up and biospeci-

mens accrual at different clinical stages.16 Patients

included in this study were all treatment naive and met

clinical and radiographic diagnostic criteria for relapsing–
remitting MS (RR-MS). The ORIGINS study was

designed to recruit participants within the first few days

of symptoms (symptomatic for fewer than 90 days).

Study participants are evaluated within 24 h of the initial

contact. All individuals were white, with western Euro-

pean ancestry, female, and had no history of smoking.

Mean ages at sample collection were 38 (range from 21 to

56) for cases and 37 (range: 22–58) for controls. There

was no significant difference in age between MS and con-

trol samples (Wilcoxon test, P = 0.47). Both studies were

approved by the UCSF Institutional Review Board, and

informed consent was obtained from all subjects.

Sample preparation and BS-seq analysis

Peripheral blood mononuclear cells (PBMCs) were iso-

lated immediately after blood collection using a standard

Ficoll (GE Healthcare) gradient procedure. CD4+ and

CD8+ T cells, CD14+ monocytes, and CD19+ B cells were

purified from PBMCs using a MoFlo Astrios cell sorter

(Beckman Coulter) and the following antibodies: CD3

APC (UCHT1, Beckman Coulter), CD4 Brilliant Violet

421(OKT4, BioLegend), CD8 APC AlexaFluor750 (B9.11,

Beckman Coulter), CD19 PerCP Cy5.5 (J3-119, Beckman

Coulter), CD14 PE (61D3, eBioscience). Genomic DNA

from sorted cells was extracted using the Quick DNA Kit

(Zymo Research) and processed for BS-seq library con-

struction as described.15 Briefly, genomic DNA was frag-

mented, end-repaired, A-tailed, and ligated to methylated

adaptors. Ligated fragments were subsequently bisulfite

converted using the EZ DNA Methylation Gold Kit

(Zymo Research) and amplified using the HiFi HotStart

Uracil+ ReadyMix PCR Kit (KAPA). Libraries were finally

sequenced on a NovaSeq platform (Illumina). The gener-

ated reads were analyzed following an established bioin-

formatics pipeline. After filtering out low-quality reads,

the remaining paired reads were uniquely mapped to the

reference human genome using the Bismark software.17

The number of “C” bases from the sequencing reads were

counted as methylated (denoted as NC) and the number

of “T” bases as unmodified (denoted as NT). The methy-

lation levels were then estimated as NC/(NC + NT).

Identification of differentially methylated
regions (DMRs)

Three different algorithms (metilene, SMART, and Defi-

ant) for DMR identification were applied. The pipeline

using the metilene package (version 0.2–8) to call the

DMRs has been previously described.15 SMART is an

entropy-based algorithm to calculate the methylation sim-

ilarity between neighboring CpG sites.18 By continuous

scanning the methylation similarity on each chromosome,

the CpG sites with similar methylation patterns across all

samples are merged into genome segments. After genome

segmentation, the methylation level of each genome seg-

ment is calculated as mean methylation level of the CpG

sites in it. In this study, the genome segments with differ-

ences in methylation ≥10% between MS and HC groups

(Student’s t-test p ≤ 0.05) and a minimum of 3 CpGs

were defined as DMRs. Defiant employs a weighted welch

expansion (WWE) algorithm to detect the DMRs.19 We

applied the Defiant software to identify DMRs with a

10% minimum absolute mean methylation difference and

a minimum of 3 CpGs per DMR (parameter -c 3 -CpN 3

-P 10).

mRNA-seq analysis

Transcriptomic analysis was performed on the B cells

from 23 MS patients and 14 healthy controls selected

within our study cohort. The poly(A)-selected paired-end

sequencing libraries were constructed using the mRNA

Hyper Prep Kit (KAPA), following the manufacturer’s

instructions. The sequencing was performed on a HiSeq

X Ten platform (Illumina), generating ~30 million pair-

end 150 bp reads per sample. For the data analysis, low-

quality and adapter sequences were trimmed using the
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Trimmomatic tool.20 The remaining reads were then

aligned to the human reference using hisat2.21 The htseq-

count tool and human gtf file from Ensembl were used to

count aligned reads for each gene.22 Differentially

expressed genes (DEGs) between RR-MS and HC individ-

uals were finally identified using the edgeR package.23

Bioinformatics analyses

The methylation of each DMR was calculated as the mean

methylation of all CpG sites in the region for each sam-

ple. The methylation differences of each DMR between

MS and HC groups in each cell type were assessed with

Mann–Whitney U test. DNase-seq and ATAC-seq data for

T cells, B cells, and monocytes were obtained from the

ENCODE database (Accession numbers: ENCFF508FIN,

ENCFF531CKE, ENCFF160SGQ, and ENCFF273DGN).24

H3K27ac peak data for four immune cell types (CD4+

and CD8+ T cells, CD19+ B cells, and CD14+ monocytes)

were also downloaded from the ENCODE portal

(Accession numbers: ENCFF969HEX, ENCFF471QGU,

ENCFF053LHH, and ENCFF823JZP). DNAse-seq and

ATAC-seq identify open chromatin regions along the gen-

ome.25 H3K27ac ChIP-seq instead maps those loci

enriched in histone H3 acetylated at the lysine residue

K27, which represents a robust marker for active enhan-

cers.26 The r2 measurements of linkage disequilibrium

(LD) were calculated with PLINK, using the European data

from the 1000 Genomes Project.27 The summary statistics

from the last MS meta-analysis (14,802 subjects with MS

and 26,703 controls) were used to identify SNPs associated

with MS susceptibility with nominal significance

(p < 0.05).4 The tracks of open chromatin peaks, H3K27ac

peaks, DMR positions, SNP significance, and LD matrix

were visualized using WashU Epigenome Browser.28

Cell lines

The HeLa cell line was obtained from the ATCC biobank.

The cells were cultured in Dulbecco’s Modified Eagle’s

Medium (GIBCO) supplemented with 10% v/v fetal

bovine serum (GIBCO) and maintained at 37°C in a

humidified atmosphere with 5% CO2.

Plasmids

The CpG-free firefly luciferase reporter vector pCpGL-

basic was a kind gift from Dr. Michael Rehli (University

Hospital, Regensburg, Germany). The Renilla luciferase

reporter vector pRL-TK was purchased from Promega. The

four DMRs identified within the ATXN1 gene by BS-seq

were amplified from genomic DNA with Phusion High-

Fidelity DNA Polymerase (New England Biolabs) using the

primers listed in Table S1, and the PCR products were then

cloned into the pCpGL-basic vector using the restriction

enzymes SpeI and NcoI (New England Biolabs). Individual

clones were confirmed by Sanger sequencing. The different

pCpGL constructs were methylated in vitro by incubating

6 lg of each plasmid with 12 U of DNA methyltransferase

SssI (New England Biolabs) for 4 h at 37°C, in the presence

of 320 lM S-Adenosylmethionine (SAM; New England

Biolabs) with additional 320 lM SAM supplemented after

the first 2 h. Mock reactions were carried out in the same

conditions but without the enzyme. All the plasmids were

finally precipitated overnight at �20°C with ethanol and

resuspended in sterile water.

Luciferase assays

HeLa cells were grown in 12-well plates at 90% conflu-

ency and co-transfected with 700 ng of the different

pCpGL constructs, either methylated or non-methylated,

and 70 ng of the pRL-TK vector using Lipofectamine

2000 (Invitrogen). After 24 h, cells were washed once

with PBS and lysed in 250 mL of Passive Lysis Buffer

(Promega), for 15 min at room temperature with agita-

tion. Twenty microliters of each cell lysate were loaded in

duplicate in black 96-well plates and the activities of both

firefly and Renilla luciferases were measured with the

Dual-Luciferase Reporter Assay System (Promega), using

a Veritas Microplate Luminometer (Turner BioSystems).

The firefly luciferase activity of each construct was first

normalized against Renilla luciferase activity, and then the

normalized signals of the methylated constructs were

expressed as fold-changes of the corresponding non-

methylated vectors. Data from three biologically indepen-

dent experiments were expressed as mean � SEM. Differ-

ences were assessed with two-tailed Student’s t test, and p

values equal to 0.05 or less were considered significant.

Results

ATXN1 is differentially methylated upon
multiple sclerosis

We have recently reported the results of a comprehensive

BS-seq screening on four peripheral blood immune cell

types (CD4+ and CD8+ T cells, CD19+ B cells, and CD14+

monocytes) isolated from 29 female non-smokers MS

patients at disease clinical onset and 24 healthy controls

matched in sex, age, smoking history, and ancestry.15

Here, we extracted from the dataset the DNA methylation

profiles for the ATXN1 locus (hg19, chr6:16350981–
16598133). Four differentially methylated regions (DMRs)

were identified using the metilene package within the

third, sixth, and seventh introns of the ATXN1 sequence,
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named hereafter DMR1 to DMR4 (Fig. S1). They cover,

respectively, 12, 7, 18, and 26 CpG sites. We re-analyzed

the raw sequencing data with two alternative packages

(defiant and SMART) to call the DMRs, and the same

four methylated regions in ATXN1 were identified by at

least two of the algorithms, thus confirming the robust-

ness of the results (Fig. S1). All four DMRs were signifi-

cantly hypo-methylated in the B cells of MS patients as

compared to controls (pDMR1 = 4.141 9 10�14; pDMR2 =
2.814 9 10�12; pDMR3 = 7.049 9 10�13; pDMR4 = 4.041 9

10�14), whereas DMR4 was also hypo-methylated in

monocytes (p = 0.042) (Fig. 1). We extended the analysis

to the genomic regions flanking the ATXN1 gene

(�100 kb from the transcriptional start site) but no addi-

tional DMRs were detected. In summary, these results are

consistent with the B cell-specific epigenetic regulation

of ATXN1 expression in response to autoimmune

demyelination.

ATXN1 methylated sites overlap with
euchromatin regions

We compared different epigenetic signatures in the

ATXN1 locus deriving publicly available data from

ENCODE DNAse-seq, ATAC-seq, and H3K27ac ChIP-seq

analyses in T cells, B cells, and monocytes (Fig. 2). Inter-

estingly, DMR1 does not overlap with any other epige-

netic mark in any cell type analyzed, likely mapping to a

heterochromatin region in both lymphocytes and mono-

cytes. DMR2 and MDR3 show similar patterns as both

overlap with DNAse/ATAC-seq peaks and ChIP-seq peaks

in B cells and T cells, but not in monocytes. Finally,

DMR4 overlaps with a DNAse-sensitive region only in B

cells. Altogether, these data indicate that DMR2 and

DMR3 likely function as enhancer regions for the lym-

phocyte lineage. On the contrary, DMR4 marks a B cell-

specific transcriptionally active region.

ATXN1 methylated sites are close to MS-risk
variants

The single nucleotide polymorphism (SNP) rs719316 in

the third intron of ATXN1 has been found as the

strongest MS risk variant in the 6p22.3 locus

(p = 1.62 9 10�13, OR = 1.072) in the largest GWAS and

meta-analysis from the International Multiple Sclerosis

Genetics Consortium (IMSGC).4 As DRM1 also maps to

the third intron, we were keen to explore the spatial rela-

tionship between DNA methylation patterns and MS sus-

ceptibility hits within the ATXN1 gene. To do so, we first

plotted the linkage disequilibrium (LD) across the region

using the European data from the 1000 Genomes Project

as a reference panel. Subsequently, we superimposed all

the SNPs associated with MS susceptibility with nominal

significance (p < 0.05) from the IMSGC study (Fig. 3).

As expected, both rs719316 and DMR1 co-localize in a

large LD block which shows the most significant associa-

tion with MS risk. Also, DMR2 and DMR3 map to two

adjacent LD blocks containing several MS risk markers.

In contrast, DMR4 is located in an LD block that failed

to show any association with MS susceptibility.

DNA methylation affects ATXN1 expression

DNA methylation typically results in the repression of

gene transcription.29 To experimentally address whether

Figure 1. ATXN1 is hypo-methylated in B cells upon MS. The boxplots represent mean methylation levels at four differentially methylated regions

within ATXN1 genomic sequence (DMR1, chr6:16640696–16641053; DMR2, chr6:16473394–16473577; DMR3, chr6:16420309–16422015;

DMR4, chr6:16306158–16306782) in four relevant immune peripheral cytotypes (CD4+ and CD8+ T cells, CD19+ B cells, and CD14+ monocytes)

between untreated MS patients (N = 17 for T cells, N = 29 for B cells, N = 12 for monocytes) and healthy controls (N = 12 for T cells, N = 24 for

B cells, N = 10 for monocytes). Differences between MS patients and controls in each cell type were assessed by Mann–Whitney U test.

*p < 0.05, ***p < 0.001.
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this epigenetic mark negatively affects ATXN1 expression,

we established a luciferase assay to test the functionality

of the four DMRs we identified.30 We cloned each DMR

into a CpG-free luciferase reporter vector, and the differ-

ent constructs were transfected in HeLa cells after being

methylated in vitro. The luciferase activity for each con-

struct was then measured and compared to that of the

non-methylated counterpart. Consistent with our expecta-

tion, the constructs carrying the methylated DMR1,

DMR3, and DMR4 expressed significantly lower levels of

luciferase than their non-methylated versions (Fig. 4A).

Methylation of DRM2 failed to exert any detectable effect

on luciferase transcription, possibly due to the limited

length of this site (183 bp) compared to the other three

(357 bp for DMR1, 1706 bp for DMR3, and 624 bp for

DMR4) (Fig. 4A).

To further confirm the results of the luciferase assays,

we extracted the expression data for ATXN1 from a tran-

scriptomic dataset that we generated using the B cells iso-

lated from the same cohort of the initial BS-seq

screening. Consistent with the in vitro results, ATXN1

expression was significantly higher in MS patients

(Fig. 4B). We also analyzed the mRNA levels of two genes

encoding key ataxin-1 interactors, namely Capicua (CIC)

and ataxin-1-like (ATXN1L), but no differences were

found between cases and controls (Fig. 4B). Likewise, no

DMRs were detected in their DNA coding sequences

(data not shown).

Discussion

We have recently provided experimental evidence sup-

porting a modulatory role for ATXN1 on B cell function,

a key component of MS pathogenesis.5 Here, we expand

its functional characterization by showing that ATXN1

expression in B cells is epigenetically regulated in the early

stages of disease expression. Specifically, we identified

within the ATXN1 genomic sequence four sites hypo-

methylated in B cells at clinical onset. Furthermore, we

demonstrated that the loss of methylation mechanistically

leads to increased levels of ATXN1 messenger RNA. These

results are in line with the immunoregulatory function we

have previously documented for ataxin-1 in the EAE

model. In fact, the EAE data indicate that the two mouse

Atxn1 splicing variants are similarly upregulated in the

spleen at disease peak, as part of a novel homeostatic

mechanism to control the aberrant immune response.5

Our current knowledge of the epigenetic regulation of

ATXN1 in health and disease is limited, mostly coming

from studies in the SCA1 field. The RNA-binding protein

PUMILIO1 (PUM1) was found to regulate ataxin-1 levels

in the mouse brain by affecting the Atxn1 transcript sta-

bility via direct interactions with the 3’UTR.31 The micro-

RNAs miR-19, miR-101, and miR-130 also target the

30UTR of ATXN1 transcript and cooperatively inhibit its

translation.32 More recently, the 5’UTR has been demon-

strated to participate in ATXN1 regulation as well. The

Figure 2. ATXN1 DMRs overlap with other epigenetic marks. The plot depicts the epigenetic annotation at the ATXN1 locus in four different

immune cell types (CD4+ and CD8+ T cells, CD19+ B cells, and CD14+ monocytes), based on publicly available ENCODE data. DNAse-seq and

ATAC-seq peaks highlight genomic regions of open chromatin, while H3K27ac ChIP-seq peaks indicate sites functioning as active enhancers.
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Figure 3. ATXN1 DMRs overlap with MS-risk variants. The plot displays the linkage-disequilibrium (LD) across the ATXN1 locus according to r2

values calculated from the European dataset in the 1000 Genomes Project. Variants associated with MS susceptibility with nominal significance

(p < 0.05) in the most recent MS meta-analysis from the International Multiple Sclerosis Genetics Consortium (IMSGC) are also depicted. The dia-

mond highlights the strongest association in the meta-analysis (rs719316) mapping to the third intron of ATXN1. The DMRs are shown below the

LD plot.

Figure 4. DNA methylation modulates ATXN1 expression. (A) Luciferase reporter vectors bearing the four DMRs were methylated in vitro and

transfected in HeLa cells. The luciferase activity for each construct was tested 24 h after transfection and compared to the non-methylated coun-

terpart. A luciferase vector lacking the promoter region (MCS) was used as additional control. The data were expressed as log2 transformed fold

change (log2FC) and plotted as means � SE. Differences between experimental conditions were assessed by two-tailed Student’s t test. (B) The

boxplots represent the RNA levels for ATXN1, ATXN1L, and CIC gene in B cells from MS patients (N = 23) and healthy controls (N = 14). The data

were expressed as log2 transformed counts per million (log2CPM) and derived from RNA-seq. Differential expression analysis was performed using

the exact test implemented in the edgeR package. *p < 0.05, **p < 0.01, ***p < 0.001.
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microRNA miR-760 was shown to bind a conserved site

in this region to induce RNA degradation and transla-

tional inhibition.33 Also, 12 out-of-frame upstream AUGs

(uAUGs) were detected in the ATXN1 50UTR with the

ability to impair the translational efficiency of the tran-

script.34 Our study is the first to report an additional

mechanism of ATXN1 regulation outside the central ner-

vous system, with relevance for B cell biology and

autoimmunity. It would be noteworthy to investigate

whether, and to what extent, the other known regulatory

circuits take part in the control of ATXN1 expression in

the peripheral immune system upon MS.

The overall methylation status of the DNA molecule is a

dynamic process that results from the concerted activity of

DNA methyltransferases such as DNMT1, and enzymes

that can oxidize 5-methylcytosines to unmodified cytosines

such as the 10 to 11 translocation (TET) family.35 In addi-

tion, passive dilution of methylated cytosines during the S

phase can also lead to a change in global DNA methylation

levels.36 Although we still ignore which of the two mecha-

nisms is the main contributor for ATXN1 hypo-

methylation, the fact that our previous RNA-seq screening

found TET1 upregulated with nominal significance in

patient B cells supports the hypothesis of an active

demethylation process acting on the ATXN1 locus.15

From a molecular standpoint, ataxin-1 shuttles between

the cytosol and the nucleus where it binds the promoters

of specific target genes as part of a multimeric complex

and inhibits their transcription.37 We have previously

tested two key ataxin-1 interactors, ATXN1L, and CIC,

for their role in autoimmune demyelination and at least

CIC showed a modifying activity in the EAE paradigm.5

Interestingly, we did not detect any differences in DNA

methylation and mRNA levels for ATXN1L and CIC

genes, suggesting that their regulation upon disease might

take place post-transcriptionally, at the protein level. In

fact, it has been shown that the levels of CIC protein are

controlled by the cooperative binding of both ATXN1

and ATXN1L.38 On the other hand, we cannot rule out

the possibility that other ataxin-1 binding partners within

the complex are subjected to epigenetic regulatory events

in B cells in a pro-inflammatory milieu.

In summary, we provide insights into the regulatory

mechanisms of a novel MS risk gene in the peripheral

immune system at the time of diagnosis. The mapping of

three of the four DMRs nearby susceptibility-associated

SNPs is suggestive of the direct involvement of MS risk

genetic factors in modulating ATXN1 methylation. The

correlation between allelic carriage and DNA methylation

levels has been shown at several MS risk loci including

HLA-DRB1*15:01, TNFSF14, and CYP24A1,12,39 and it will

be important to formally test the ATXN1 locus in larger

cohorts for cis methylation effects associated with the

susceptibility variant rs719316. Altogether, our findings

support a working model in which positive feedback loops

epigenetically drive the expression of ataxin-1 in the

immune system in response to encephalitogenic challenges

in order to limit the aberrant activation and proliferation

of B cells and eventually control the magnitude of the

autoimmune attack. Among others, ataxin-1 negatively reg-

ulates the B cell-mediated expression of interleukin 18 (IL-

18), a critical factor mediating autoreactive Th1 and

humoral responses.5,40 A consistent body of evidence high-

lights an active role of B cells in MS pathogenesis through

antigen presentation, pro-inflammatory cytokine produc-

tion, and perhaps autoantibody secretion.41 Additional

studies will be required to address the heterogeneity of the

B cell compartment. In this light, we have already docu-

mented that ataxin-1 ablation drives the expansion of

specific B cell subsets such as B-1a and B-1b.5 Single-cell

approaches will be instrumental to verify whether ATXN1

undergoes the same regulation in different B cell subtypes.
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Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Figure S1 DMR calling at the ATXN1 locus. The results

of three different software (metilene, defiant, and

SMART) used to identify differentially methylated regions

(DMRs) from bisulfate DNA sequencing (BS-seq) data

are shown in the figure. The thickness of the bars is pro-

portional to the extension of the different DMRs.

Table S1 Primers sequences were used to clone the four

DMRs into the pCpGL-basic vector.
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