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Abstract
Multiple system atrophy (MSA) is a fatal late-onset neurodegenerative disease. Although presenting with distinct pathological
hallmarks, which in MSA consist of glial cytoplasmic inclusions (GCIs) containing fibrillar α-synuclein in oligodendrocytes, both MSA and Parkinson’s disease are α-synucleinopathies. Pathologically, MSA can be categorized into striatonigral
degeneration (SND), olivopontocerebellar atrophy (OPCA) or mixed subtypes. Despite extensive research, the regional
vulnerability of the brain to MSA pathology remains poorly understood. Genetic, epigenetic and environmental factors have
been proposed to explain which brain regions are affected by MSA, and to what extent. Here, we explored for the first time
epigenetic changes in post-mortem brain tissue from MSA cases. We conducted a case–control study, and profiled DNA
methylation in white mater from three brain regions characterized by severe-to-mild GCIs burden in the MSA mixed subtype
(cerebellum, frontal lobe and occipital lobe). Our genome-wide approach using Illumina MethylationEPIC arrays and a
powerful cross-region analysis identified 157 CpG sites and 79 genomic regions where DNA methylation was significantly
altered in the MSA mixed-subtype cases. HIP1, LMAN2 and MOBP were amongst the most differentially methylated loci. We
replicated these findings in an independent cohort and further demonstrated that DNA methylation profiles were perturbed
in MSA mixed subtype, and also to variable degrees in the other pathological subtypes (OPCA and SND). Finally, our comethylation network analysis revealed several molecular signatures (modules) significantly associated with MSA (disease
status and pathological subtypes), and with neurodegeneration in the cerebellum. Importantly, the co-methylation module
having the strongest association with MSA included a CpG in SNCA, the gene encoding α-synuclein. Altogether, our results
provide the first evidence for DNA methylation changes contributing to the molecular processes altered in MSA, some of
which are shared with other neurodegenerative diseases, and highlight potential novel routes for diagnosis and therapeutic
interventions.
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Multiple system atrophy (MSA) is an incurable progressive
neurodegenerative disease of adult-onset. Clinically, patients
present with an atypical parkinsonian syndrome, with little
or no response to levodopa, cerebellar ataxia and autonomic
dysfunction. Neuropathological examination reveals regional
neuronal loss with specific glial and neuronal inclusions
containing fibrillar α-synuclein. Like Parkinson’s disease
(PD), MSA is an α-synucleinopathy. Although these two
diseases may overlap clinically they differ pathologically,
with PD α-synuclein aggregates forming Lewy bodies in
neurons, in MSA the pathological hallmark is the presence
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of oligodendroglial glial cytoplasmic inclusions (GCIs) containing aggregated α-synuclein, with additional α-synuclein
accumulation forming less frequent neuronal cytoplasmic
inclusions (NCIs) [26, 35, 46]. GCIs are important in the
pathogenesis of MSA as their number correlates with disease duration and also with the severity of neurodegeneration [33]. The regional distribution of pathological changes
underlies the clinical symptoms of MSA. Patients with a
prominent parkinsonian movement disorder have predominantly striatonigral degeneration (SND subtype) and those
in which cerebellar signs predominate have more severe
olivopontocerebellar atrophy (OPCA subtype) [33, 54]. At
post-mortem examination cases often show an equal distribution of neurodegeneration in SND and OPCA regions
giving rise to the mixed subtype (SND = OPCA) [33]. Other
brain regions, including the sub-cortical white matter show
variable vulnerability to GCI pathology. The mechanisms
determining oligodendrocyte vulnerability to α-synuclein
aggregation and the susceptibility of different brain regions
to pathological changes are unknown. However, the existence of geographical variation in the predominance of the
MSA pathological subtypes, with OPCA predominating in
the Japanese population and SND being more common in
Caucasians, strongly suggests that genetic, epigenetic and/
or environmental factors are playing a role in the regional
vulnerability to the disease process [34].
In recent years, epigenetic modifications such as DNA
methylation changes have been identified in neurodegenerative diseases, including Alzheimer’s disease (AD) and
PD (e.g. [5, 6, 28, 42, 44, 53]). Epigenetic modifications
represent molecular regulatory mechanisms through which
environmental and lifestyle factors, in combination with the
individual genetic makeup, may modulate the risk of disease, leading to an increasing interest in investigating their
role in human diseases. We hypothesized that the selective vulnerability of different brain regions to α-synuclein
pathology and neurodegeneration in MSA may involve differential DNA methylation. To investigate this, we have
analysed genome-wide DNA methylation profiles in MSA
and controls using the Infinium MethylationEPIC BeadChip
(Illumina), which examines over 850,000 methylation sites
per sample at single-nucleotide resolution across the wholegenome. First, we have selected regions with varying severity of GCI pathology in MSA: a severely affected region
(cerebellar white matter), a moderately affected region
(frontal white matter) and a region with little involvement
(occipital white matter), and performed an epigenomewide association study (EWAS, MSA mixed subtype versus
controls—discovery cohort). Next, we have expanded the
number of MSA cases to include the three pathological subtypes (OPCA predominant, SND predominant and mixed)
and controls, and investigated in cerebellar white matter the
DNA methylation changes identified in the discovery cohort
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of MSA mixed-subtype cases. To our knowledge this is the
first study investigating genome-wide epigenetic changes in
brain regions affected in MSA.

Materials and methods
Demographic and clinical characteristics
of post‑mortem brain donors
All tissue came from brains donated to the Queen Square
Brain Bank archives, where it is stored under a licence from
the Human Tissue authority (No. 12198). The brain donation
programme and protocols have received ethical approval for
donation and research by the NRES Committee LondonCentral. All cases were characterized by age, gender, disease
history (including disease onset and duration) as well as neuropathological findings. Apart from frozen tissue, formalinfixed paraffin-embedded (FFPE) sections were also available
for detailed neuropathological evaluations, including sections stained for standard haematoxylin and eosin (H&E)
and with immunohistochemistry for α-synuclein [24]. FFPE
sections from 9 MSA mixed subtype and 6 normal control
donors matching the discovery cohort described below (Supplementary Table S1, Online Resource 1) were also used for
the analysis of global DNA methylation.
For our epigenome-wide scan, we have investigated
DNA methylation changes in samples from a total of 64
post-mortem brain donors [42 MSA donors (mean age
64.3 ± 7.65 years, gender = 21 males/21 females); and
22 neurologically normal control donors (mean age
80 ± 8.93 years, gender = 11 males/11 females)]. Data were
generated in a multi-phase study design (Fig. 1). To minimize any bias due to neuropathological differences across
MSA subtypes, only mixed (SND = OPCA) cases were
selected for the discovery phase. Also, given the selective
vulnerability of certain brain regions in MSA, at this phase
of the study, we selected three brain regions per donor with
varying severity of GCI pathology: a severely affected region
(cerebellar white matter), a moderately affected region (frontal white matter) and a region with little involvement (occipital white matter), while for the follow-up phase we have
investigated the cerebellar white matter only (Supplementary Table S1, Online Resource 1). We have dissected white
matter from each brain region to enrich for oligodendrocytes in which most of the aggregated α-synuclein is found
in MSA. Our discovery cohort included 10 pathologically
confirmed MSA donors classified as MSA mixed subtype
(mean motor onset 57.1 ± 6.57 years; mean disease duration
7 ± 3.80 years) and 6 neurologically normal controls. Our
follow-up cohort is composed of 16 additional MSA mixedsubtype cases (mean motor onset 55.5 ± 7.54 years; mean
disease duration 9.67 ± 12.5 years), 16 controls, 8 MSA
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Fig. 1  Flowchart of the analysis process in a multi-stage multiple
system atrophy (MSA) study. Briefly, for the discovery cohort, DNA
extracted from white matter tissue of three brain regions (N = 48
samples in total) was used for DNA methylation profiling using the
Illumina MethylationEPIC arrays (covering > 850,000 methylation
sites) (1). The EPIC array data were subject of thorough quality control (2, 47 samples and 756,224 CpG sites were used for downstream
analyses). To identify DNA methylation MSA-associated loci, we
have then performed an epigenome-wide association study (EWAS)
comparing MSA mixed-subtype cases to controls, and accounting for
possible confounder factors (e.g. age, sex, post-mortem delay, and
neuronal proportions). The EWAS was done for individual CpGs (significance threshold FDR < 0.05) as well as for larger genomic regions
comprising several CpGs (significance threshold Stouffer < 0.05).
Some of the genes, which showed significant differences in beta
values are indicated (3). We sought to replicate the results from the
discovery cohort in the replication and follow-up cohort that comprised a second MSA mixed-subtype cohort as well as a set of the
other MSA pathological subtypes (OPCA and SND subtypes). DNA
extracted from cerebellar white matter tissue only (N = 48 samples
in total) was used for DNA methylation profiling using the Illumina

MethylationEPIC arrays (4), which was subject of thorough quality
control checks (5, 46 samples and 758,752 CpG sites were used for
downstream analyses). The EWAS comparing each MSA subtype to
controls, and accounting for possible confounder factors (e.g. age,
sex, post-mortem delay, and neuronal proportions), did not reveal
significant DNA methylation changes at the genome-wide level (6).
As our aim was to replicate the MSA mixed-subtype-associated loci
identified in the discovery cohort in a new cohort of MSA mixed-subtype cases and to follow-up these loci in the other two MSA pathological subtypes (OPCA and SND), we then performed loci-specific
analyses in the second cohort (7). Finally, we have used an alternative analysis approach by applying weighted gene correlation network
analysis to the 10% most variable CpG sites (N = 75,798 CpG sites)
from all cerebellar samples (N = 62, from both cohorts), to identify
co-methylation MSA-associated signatures (8). MSA multiple system atrophy, OPCA olivopontocerebellar atrophy, SND striatonigral
degeneration, CRBL cerebellum, FL frontal lobe, OL occipital lobe,
WM white matter, QC quality control, EWAS epigenome-wide association study, FDR false discovery rate, WGCNA weighted gene correlation network analysis

OPCA subtype cases (mean motor onset 58.5 ± 11.5 years;
mean disease duration 7.25 ± 4.10 years), and 8 MSA SND
subtype cases (mean motor onset 57.5 ± 11.6 years; mean
disease duration 8.12 ± 2.17 years). Mean age at motor onset
and mean disease duration did not differ significantly across
MSA cohorts/subtypes. MSA neuropathological subtyping
was based on previously described criteria [33].

tissue sections were obtained from the cerebellum, frontal
lobe and occipital lobe. Heat antigen retrieval pre-treatment
was used prior to application of the primary antibody, antimethylcytosine (anti-5mC 1:250, Abcam Ab10805), followed by incubation with a biotinylated polyclonal secondary anti-rabbit (1:200, DAKO). Sections were then incubated
with an avidin–biotin peroxidase complex solution (Vectastatin ABC kit, Vector laboratories) to amplify the signal
and then with 3′3′-diaminobenzidine solution (DAB) to visualize the signal. Finally, sections were counterstained with
Mayer’s haematoxylin as the nuclear counterstain.
Quantitative analysis of the slides immunostained for
5mC was undertaken to compare global methylation patterns in MSA mixed-subtype versus neurologically normal

Analysis of global methylation by 5‑methylcytosine
immunohistochemical staining
To investigate global DNA methylation patterns in MSA
compared to controls we have used immunohistochemistry as previously described [23]. Briefly, 8-μm-thick FFPE

13

138

controls (discovery cohort, except one MSA case for whom
no FFPE tissue was available, Supplementary Table S1,
Online Resource 1). The brain regions analysed included
the cerebellum, posterior frontal lobe and the occipital
lobe (white matter only). The areas of interest were marked
and positively or negatively stained nuclei assessed by an
observer blinded to the diagnosis. The percentage of positively stained nuclei out of the total cell population count
was calculated.
Pairwise comparisons between MSA cases and controls
for each brain region were performed using the Wilcoxon
rank-sum test with Bonferroni correction for multiple testing. Statistical analysis was performed with the R suit and p
values < 0.05 were considered as significant.

Infinium EPIC BeadChip methylation profiling
and quality control
Genomic DNA was extracted from flash-frozen brain tissue using standard protocols. A bisulfite conversion was
performed using 500 ng of genomic DNA using either the
TrueMethyl®Array Kit (Cambridge Epigenetix, discovery
phase) or the EZ DNA Methylation Kit (Zymo Research,
follow-up phase). Genome-wide methylation profiling was
performed at UCL Genomics, using the Infinium HumanMethylationEPIC BeadChip (Illumina), which covers over
850,000 CpG sites, following the manufacturer’s instructions. Beta values were used to estimate the methylation levels of each CpG site using the ratio of intensities between
methylated and unmethylated alleles. Beta values range
from 0 to 1, representing approximately 0–100% methylation, respectively.
The analysis of the EPIC array DNA methylation data
was performed using several R Bioconductor packages.
Briefly, raw data (idat files) were imported and then rigorously pre-processed with minfi [3] and ChAMP packages
[49]. Thorough quality control checks were performed with
minfi, watermelon [37], and ChAMP packages. Probes that
met one or more of the following criteria were excluded
from further analysis: (1) poor quality, (2) cross reactive,
(3) included common genetic variants, and (4) mapped to
X or Y chromosome. Over 750,000 CpG sites were used
for downstream analysis. Samples were dropped during
quality control if: (1) presenting with high failure rate, (2)
the predicted sex was not matching the phenotypic sex, and
(3) inappropriately clustering on multidimensional scaling
analysis.

Differential methylation analysis
To assess the magnitude of the differences between comparison groups (MSA versus controls), delta beta values were
computed as the difference between the mean beta values in
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each of the MSA groups (MSA mixed subtype discovery,
MSA mixed subtype follow-up, MSA OPCA subtype and
MSA SND subtype) and the mean beta values in the corresponding control group (controls discovery or controls
follow-up). As recommended by Du et al. [9], we have computed and used M values (logistic transformation of the beta
values) for all statistical analysis. Figure 1 shows an outline
of the analysis process.

Discovery phase
We have applied multiple linear regression models to identify associations between DNA methylation changes (at
specific CpG sites and more extended regions) and MSA.
We have accounted for possible confounding factors, including age, sex, post-mortem delay, neuronal proportions
(estimated using the CETS package [12]), batch effect (as
detected during quality control checks) and surrogate variables (as determined by the SVA package [25]) in our regression models. For the analysis of differentially methylated
CpG sites we have used the limma package [41], and for the
analysis of differentially methylated regions we have used
the DMRcate package [36]. We have performed a powerful cross-region analysis (all brain regions pooled together)
[44], and then region-specific analysis comparing methylation levels in each brain region (cerebellum, frontal lobe and
occipital lobe) between the MSA mixed-subtype cases and
the controls. To account for multiple samples from the same
individual (cerebellum, frontal lobe and occipital lobe), we
have used the duplicateCorrelation function available in
the limma package. False discovery rate (FDR) adjusted p
values < 0.05 were considered significant. To gain insights
into the biology underlying differentially methylated CpGs,
gene ontology and pathway enrichment analysis was carried
out using kegga and goana functions available in the limma
package [41] accounting for the number of probes in the
EPIC arrays. For differentially methylated regions, enrichment analysis was performed with default parameter values
in gProfiler [40].

Follow‑up phase
Because we observed considerable overlap across brain
regions in the discovery phase, only cerebellar white matter samples were analysed in a replication cohort of MSA
mixed-subtype cases and controls, and additionally in cases
of the other two pathological MSA subtypes (MSA OPCA
and MSA SND). We have performed an EWAS with data
from all the new cerebellar samples as described above in
the discovery phase, adjusting for the following covariates in our linear regression model: age, sex, post-mortem
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delay, neuronal proportions, and surrogate variables. Taking
into account the results from the discovery phase, we have
performed both CpG-specific and gene-specific analysis to
check which DNA methylation changes were replicated in
the new MSA mixed-subtype cohort compared to controls
as well as to verify whether these changes also occur in
the other MSA subtypes. We have also performed a metaanalysis with data from all MSA mixed-subtype cases and
all controls (from both discovery and follow-up), using the
same approach described above and adjusting for the following covariates in our linear regression model: age, sex,
post-mortem delay, neuronal proportions, batch, and surrogate variables. Nominal as well as analysis-wide corrected p
values were used as specified in the “Results” section.

Grading cerebellar pathology
As a proxy for neurodegeneration in the cerebellum, we have
evaluated the loss of Purkinje cells. To this end, using H&E
stained sections from all MSA cases included in the network
analysis (see below), we have performed a semi-quantitative analysis of Purkinje cell depletion based on a 4-point
scale (0 = absent; grade 1 = mild; grade 2 = moderate; grade
3 = severe) as previously described [33]. For the same cases,
we have also performed α-synuclein immunohistochemical
staining (anti-α-synuclein antibody 1:1,500, Thermo Scientific MA1-90342) to assess the severity of GCI pathology in the cerebellar white matter using a semi-quantitative
approach as previously described (0 = no inclusions; grade
1 = 1–5 inclusions; grade 2 = 6–19 inclusions; grade 3 = more
than 20 inclusions) [33]. Loss of Purkinje cells and the severity of GCI pathology were assessed by a neuropathologist
(YM) who was blinded to the pathological diagnoses. These
data were used for module–disease trait correlations in the
co-methylation network analysis described below.

Cerebellar co‑methylation network analysis
We have used a systems biology analysis approach based
on weighted gene correlation network analysis (WGCNA)
[22] to identify clusters of highly correlated CpGs (co-methylation modules) in an unsupervised manner (i.e. agnostic
of gene ontology). To this end, we have used data from all
cerebellar samples (from both discovery and follow-up
phases of the study), and focused on the top 10% of CpGs
with the highest variance across individuals regardless of
the disease status (N = 75,798 CpG sites). We have used M
values adjusted for age, sex, post-mortem delay, neuronal
proportions, batch effect and surrogate variables, and constructed a signed network. Modules were calculated using
the blockwiseModules function with a power of 10. Module
membership was then reassigned using the applyKMeans
function of the CoExpNets package [4].

139

The CpGs inside each module were represented by a
weighted average, the module eigengene (ME), which is formally defined as the first principal component of the module,
obtained by a principal component analysis on the CpG methylation values. The MEs were correlated with MSA status,
MSA subtypes, and other sample traits, including motor onset,
disease duration, Purkinje cell loss, and GCI pathology. We
have additionally made use of gene significance (GS) measures
to investigate the relevance of each CpG within the network
for MSA as described elsewhere [22]. Briefly, GS stands for
the correlation between CpG-specific methylation levels and
the MSA status, and the higher the absolute value of GSi, the
more biological significant is the ith CpG for MSA.
For each module, the module membership (MM) was
determined as the correlation between each CpG and the
ME of the corresponding module. Highly connected CpGs
within a module (hub CpGs) present with high MM values
to the respective module. In the “Results” section, we refer
to hub CpGs as those in the top 10 with the highest MM.
To gain insights into the biology underlying MSA-related
modules, gene ontology and pathway enrichment analysis for
CpGs mapping to genes and with MM > 0.40 was carried out
using default parameter values in gProfiler [40].

Results
The overall degree of DNA methylation remains
unchanged in brain tissue of MSA mixed‑subtype
cases
We first tested whether global DNA methylation patterns
are altered in MSA, as it has been reported for other neurodegenerative diseases (e.g. PD and AD [53]). Using an
immunohistochemistry approach, we compared the patterns of 5mC staining in MSA mixed-subtype and control
cases, in three brain regions with varying severity of GCI
pathology in MSA. Figure 2 shows that all three regions
display very similar percentages of 5mC positively stained
cells in both MSA mixed-subtype cases (n = 9) and controls (n = 6) (median values in cerebellum and frontal lobe:
96.5% controls vs 95% MSA mixed subtype; median values
in occipital lobe: 96% controls vs 97% MSA mixed subtype).
These results suggest that potential changes in DNA methylation profiles in MSA cannot be detected globally using
immunohistochemistry.

CpG‑specific DNA methylation changes were
detected across brain regions in the MSA
mixed‑subtype discovery cohort
To further explore whether DNA methylation profiles
are deregulated in MSA, we next investigated locusspecific DNA methylation changes. To identify specific
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Fig. 2  Semi-quantitative analysis of global DNA methylation by
immunohistochemistry in multiple system atrophy (MSA) mixedsubtype cases compared to normal controls. a 5‐Methylcytosine
(5mC) immunohistochemical staining in the white matter of an MSA
mixed-subtype case and a normal control (scale bar 100 µm). b Boxplot showing no significant differences between MSA mixed-subtype
cases (N = 9) and controls (N = 6) regarding the percentage of cells

staining positive for 5mC in three brain regions with distinct degrees
of pathology. Grey: control brain samples; red: brain region severely
affected in the MSA mixed subtype; orange: brain region moderately
affected in MSA; yellow: brain region mildly affected in MSA. CTRL
control group, MSA MSA mixed group, CRBL cerebellar white matter, FL frontal lobe white matter, OL occipital lobe white matter

differentially methylated CpG sites associated with selective
pathological vulnerability in MSA, we analysed three brain
regions with varying severity of GCI pathology in MSA:
cerebellum (severely affected in the MSA mixed subtype),
frontal lobe (moderately affected in MSA) and occipital
lobe (minimally affected in MSA). From the over 850,000
sites present in the EPIC arrays, 109,884 probes were filtered out during stringent quality control steps. Probes
were excluded if presenting poor quality, corresponding to
non-CpG sites, overlapping with common SNPs, aligning
to multiple locations, and mapping to chromosomes X and
Y, leaving a total of 756,224 CpG sites to be used in all
downstream analysis.
We performed a powerful cross-region analysis by pooling all brain regions together and comparing MSA mixedsubtype cases with controls. This cross-region analysis,
identified 157 differentially methylated CpGs mapping
across different chromosomes (Fig. 3a), and overlapping
with 103 known genes (Supplementary Table S2.1, Online
Resource 2). Q-Q plots are shown in Supplementary Fig. 1
(Online Resource 3). These CpGs were mostly hypermethylated, i.e. presented higher levels of methylation in MSA
mixed subtype compared to controls (Fig. 3b). Most of the
hypermethylated CpGs were located at the gene body or
at intergenic regulatory regions (Fig. 3c). CpGs located in
CpG islands (commonly at gene promoters) were mostly
hypomethylated (Fig. 3c). When comparing the difference
in methylation levels at these 157 CpGs between MSA
and controls (i.e. delta beta values) for each brain region,
the cerebellum (the most affected brain region analysed)

presented 80 CpGs with strong changes (absolute delta beta
values ≥ 5%). In three of those CpGs (cg04222842-SRP9,
cg15737168-TECTA, cg00720065-intergenic chr 2), such
strong effects were observed in the cerebellum but not in
the frontal or occipital lobes (absolute delta beta values < 5%
in the latter, Supplementary Table S2.1, Online Resource
2), suggesting these are region-specific DNA methylation
changes in MSA.
To address region-specific DNA methylation
changes further, we have also performed analyses for each
brain region separately, comparing MSA mixed-subtype
cases against controls for each region. These region-specific analyses revealed 61 differentially methylated CpGs
(41 of which with absolute delta beta ≥ 5%) in the cerebellum (mapping to 39 known genes), 63 CpGs in the frontal lobe (44 of which with absolute delta beta ≥ 5%), and
84 CpGs in the occipital lobe (58 of which with absolute
delta beta ≥ 5%, Supplementary Tables S2.2–S2.4, Online
Resource 2). Those CpGs were mostly hypermethylated
in MSA compared to controls (Fig. 3b), and the majority
were common across all brain regions (N = 42 CpGs) or
at least shared by two brain regions (Fig. 3d). Because
the cerebellum is the most pathologically affected region
amongst the three brain regions we have investigated, we
were particularly interested in alterations to DNA methylation profiles in the cerebellum. When comparing MSA
mixed-subtype cases and controls, six CpGs (cg15480237
in SENP6, cg15463989 in DGKI, cg02292205 in XKR6,
cg22523351 in NSMAF, cg04222842 in SRP9, and
cg09190141 in HTR3D; Supplementary Table S2.2, Online
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Fig. 3  Summary of CpG-specific DNA methylation changes
identified during the epigenome-wide association study in
multiple system atrophy (MSA)
mixed-subtype cases compared
to normal controls (discovery
phase). a Manhattan plot showing the distribution of differentially methylated CpGs across
different chromosomes using a
powerful cross-region analysis
(pooling together samples from
cerebellum, frontal lobe and
occipital lobe). b, c Number
and distribution of differentially
hypo- and hypermethylated
CpGs (represented in blue and
red bars, respectively) identified
in cross-region and region-specific analyses (MSA mixed subtype vs controls, FDR < 0.05). d
Venn diagram representing the
overlap across the three brain
regions (cerebellum CRBL,
frontal lobe FL, occipital lobe
OL), with blue and red numbers
indicating the number of
CpGs differentially hypo- and
hypermethylated in MSA mixed
subtype vs controls, respectively

Resource 2) showed stronger and significant differences
in the cerebellum only (absolute delta beta values ≥ 5%,
FDR < 0.05). Importantly, the cg04222842 mapping to the
SRP9 gene showed a gradient of change in DNA methylation levels that mirrors the pathological GCI burden in
the three brain regions analysed (− 6.8% in cerebellum,
− 4.5% in frontal lobe, and − 2.5% in occipital lobe; Supplementary Table S2.2, Online Resource 2). These results
support the existence of brain region-specific changes in
MSA, and suggest that the levels of DNA methylation may
relate to the GCI pathology burden.

DNA methylation alterations spanning genomic
regions were also detected across brain regions
in the MSA mixed‑subtype discovery cohort
We next wanted to explore differential methylation spanning larger genomic regions when comparing MSA mixedsubtype cases with controls. In the cross-region analysis
(i.e. pooling the three brain regions together), a total of 79
differentially methylated regions (DMRs, Fig. 4a) overlapping with promoter regions of 64 genes were identified.
When ranked based on adjusted p values, the top DMRs
(Supplementary Table S3.1, Online Resource 4) overlapped
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with the promoters of PIWIL1 (14 CpGs spanning 1366 bp),
CIZ (6 CpGs spanning 923 bp), ITGB2 (12 CpGs spanning
1039 bp), and MOBP (8 CpGs spanning 812 bp). Most of
the DMRs identified in this cross-region analysis showed
loss of methylation in MSA (Fig. 4a), which contrasts drastically with what we found in the analysis of individual CpGs
(Fig. 3b), where most sites showed a gain of methylation in
MSA. Functional enrichment analysis using these DMRs
(64 mapping to gene promoters) revealed a significant
overrepresentation of genes related to “piRNA binding”
(p = 2.00 × 10−3) and “polysome binding” (p = 4.99 × 10−3),
suggesting a role in regulation of gene expression and protein production (Supplementary Table S4, Online Resource
5).
Brain region-specific analysis identified 13 DMRs in
the cerebellum, 18 in the frontal lobe, and 20 in the occipital lobe (Fig. 4a, Supplementary Tables S3.2–S3.4, Online
Resource 4). As for the cross-region analysis described
above, the vast majority of DMRs were hypomethylated in
Fig. 4  Differentially methylated
regions (DMRs) in MSA mixed
subtype compared to controls
(discovery phase). a Number
of hypo- and hypermethylated
DMRs for the cross-region and
region-specific analyses. b Top
DMR in the cerebellum-specific
analysis mapping to MOBP on
chromosome 3. CTRL control
group, MSA MSA mixedsubtype group, CRBL cerebellar
white matter, FL frontal lobe
white matter, OL occipital lobe
white matter
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MSA compared to controls (Fig. 4a). We detected an overlap across the three brain regions, including the top DMR
with the lowest adjusted p value in the cerebellum, which
maps to MOBP (Fig. 4b), and is also in the top significant
DMRs for the other brain regions, spanning 7–8 CpGs
across 453–812 bp (Supplementary Tables S3.2–S3.4,
Online Resource 4). A DMR in CIZ, spanning 5–6 CpGs
across 550–923 bp, is the second most significant in the
cerebellum and is also at the top in the other brain regions
(Supplementary Tables S3.2–S3.4, Online Resource 4).
Several DMRs were significantly detected in a single brain
region, including several DMRs in the cerebellum, which
overlap with promoters of PCSK9, RP11-373N24.2, NARS,
and FANCD2OS (Supplementary Table S3.2, Online
Resource 4). As per the analysis of individual CpGs above,
most DMRs were shared across brain regions in the MSA
mixed subtype, which may be related with more broad
systemic changes occurring in MSA. On the other hand,
a few DMRs seem to be specific to the cerebellum, which
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may suggest they are involved in selective vulnerability of
this brain region in MSA.

DNA methylation in HIP1, LMAN2 and other loci
is consistently deregulated in MSA mixed‑subtype
cases
Having identified significant alterations to DNA methylation profiles in brain regions affected by MSA, and having shown that these alterations are mostly shared across
brain regions (Fig. 3d), we next aimed to replicate these
findings in an independent cohort of MSA mixed cases and
controls using the cerebellum white matter only. Through
stringent quality control steps, 107,166 probes were filtered
out from the over 850,000 sites present in the EPIC arrays
(for the reasons explained above), and 758,752 CpG sites
remained for downstream analysis. Although no CpGs were
found to be differentially methylated at the genome-wide
level (FDR < 0.05), 11 of the CpGs found to be differentially methylated in the discovery cohort (out of 41 CpGs
in the cerebellum and 80 CpGs in the cross-region analyses
with absolute delta beta values ≥ 5%, FDR < 0.05) showed a
similar direction and magnitude of the effect (absolute delta
beta ≥ 5%) in the replication MSA mixed-subtype cohort
(Table 1). Although additional CpGs have shown consistent results between the discovery and replication cohorts,
we have chosen a minimum absolute delta beta of 5% to
ensure the detected differences were robust. A CpG mapping
to HIP1 (cg15769835), an intergenic CpG on chromosome
15 (cg20123217), and another CpG mapping to LMAN2
(cg23483530) reached nominal significance in the replication cohort of MSA mixed-subtype cases when compared to
controls (p < 0.05, Fig. 5). It is of note that in terms of effect
size (delta betas), these three CpGs were in the top 12 of
differentially methylated CpGs in the cross-region analysis
of the discovery cohort (Supplementary Table S2.1, Online
Resource 2), with absolute delta betas > 5% in all three
brain regions. The LMAN2-cg23483530 showed significant
changes in all three brain regions in the discovery MSA
mixed-subtype cohort (FDR < 0.02, delta betas: − 13% cerebellum, − 10% frontal, and − 12% occipital lobe), and even
surpassed a conservative Bonferroni significance threshold
in the cross-region analysis (p = 3.6 × 10−8). Following those
CpGs, several others also showed very consistent effects in
both of the MSA mixed-subtype cohorts compared with controls (Table 1, p > 0.05). From the three replicated CpGs, a
meta-analysis of all MSA mixed vs all controls confirms
a strong effect of cg15769835 (HIP1), cg20123217 (intergenic on chromosome 15), and cg23483530 (LMAN2),
all with delta betas of over 8% and cg20123217 even surpassing a conservative Bonferroni significance threshold
(p = 1.4 × 10−9, Supplementary Table S5, Online Resource
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6). Q–Q plots for the meta-analysis are shown in Supplementary Fig. 1 (Online Resource 3).
Next, we wanted to gain depth in understanding the extent
of the changes in DNA methylation at the loci identified
in the discovery cohort. To do this, using the list of genes
showing differentially methylated CpG sites in the MSA
mixed-subtype discovery cohort, we investigated whether
DNA methylation levels in the cerebellum at additional CpG
sites in these same genes were significantly affected in the
MSA mixed-subtype replication cohort. We identified 10
CpGs showing gene-wide significant changes in the MSA
mixed-subtype replication cohort compared to controls with
a consistent direction of effect compared to the discovery
cohort (Table 2a). Of note, three of these additional CpGs
were in the DGKI gene, a gene that has shown cerebellumspecific DNA methylation changes in the discovery cohort.
We also asked whether there would be significant DNA
methylation changes at CpG sites spanning differentially
methylated regions found in the discovery phase (significance threshold p < 7.81 × 10−4 [0.05/64 gene promoters]).
Only one CpG site in MDGA1 (cg20053110), found to be
significantly hypomethylated in the MSA mixed-subtype
replication cohort compared to controls (delta beta = − 12%,
p = 3.50 × 10−4), overlaps with a 260-bp region (4 CpG sites)
significantly hypomethylated in the discovery cohort.

The intensity of cerebellar DNA methylation
deregulation varies between MSA pathological
subtypes
To explore the relationship between DNA methylation
changes and MSA pathology burden further, we have investigated the MSA OPCA subtype in which, similarly to the
MSA mixed-subtype, the cerebellum is severely affected,
as well as the MSA SND subtype, with less severe involvement of the cerebellum compared to striatonigral regions.
We found that out of the 11 CpGs consistently showing
changes across MSA mixed-subtype cohorts (Table 1,
Fig. 5), 7 (63.6%) exhibit the same direction and magnitude
of effect in MSA OPCA, and 6 (54.5%) in MSA SND. The
CpG in HIP1 (cg15769835) showed a strikingly stronger and
significant effect in MSA OPCA subtype (delta beta > 30%,
Table 1). The intergenic CpG-cg20123217 reached nominal significance in all cohorts, and showed again a stronger
effect in MSA OPCA (Table 1). On the other hand, the CpG
in LMAN2 (cg23483530) does not show the same trend in
MSA OPCA compared to the other MSA subtypes. For
MSA SND, apart from the intergenic CpG-cg20123217, the
cg09418084 mapping to a pseudogene also reached nominal
significance (Table 1).
Using the list of genes showing differentially methylated
CpG sites in the MSA mixed discovery subtype cohort we
investigated whether additional CpG sites in these same
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0.10
− 0.05

− 0.09

0.06

− 0.06
0.05

− 0.07

0.08
0.06

0.07

cg20123217
0.10
cg23483530* − 0.13

cg05199761* − 0.10

0.08

cg10409981* − 0.07
cg14321861*
0.09

− 0.06

0.10
0.18

0.08

cg17416644

cg21491246
cg24955660

cg06209906*

0.54

0.37
0.53

0.32

0.13
0.26

0.10

0.07

0.02
0.04

0.13

− 0.19
0.00

− 0.28

− 0.06
0.04

0.10

− 0.11

0.18
0.01

0.31

Delta
beta MSA
OPCA

0.24

0.67
0.57

0.80

0.70
0.39

0.98

0.22

0.02
0.27

7.94E−04

P.Val MSA
OPCA

0.03

0.00
0.04

− 0.10

− 0.05
0.05

0.10

0.00

0.11
− 0.03

0.08

0.47

0.44
0.55

0.42

0.47
0.25

0.03

0.68

0.01
0.12

0.09

Delta beta P.Val
MSA SND MSA
SND

14

6
7

11

8
17

7

10

15
5

7

91252201

15037318
153687910

1474841

99984763
27287531

66007964

6105145

62418105
176759977

75317253

Chr Map
(GRCh37)

TTC7B

DPP6

BRSK2

SEZ6

GS1124K5.11

IL2RA

LMAN2

HIP1

Gene symbol

Body-opensea

Feature

IGR-island
Seizure related ExonBnd6 homolog
opensea
Body-shelf
BR serine/
threonine
kinase 2
IGR-opensea
Body-opensea
Dipeptidyl
peptidase
like 6
Tetratricopep- Body-opensea
tide repeat
domain 7B

IGR-opensea
Body-shore
Lectin, mannose binding
2
TSS1500Interleukin
opensea
2 receptor
subunit alpha
Body-opensea

Huntingtin
interacting
protein 1

Gene name

*In the discovery cohort these were found to be genome-wide significant in both cerebellum-specific and cross-region analysis (FDR < 0.05), the other CpGs were found to be significant in the
cross-region analysis only. Bold highlights CpGs showing absolute delta beta values > 5% and p values < 0.05

cg09418084

cg15769835

0.01

Delta beta rep- P.Val replicalication MSA tion MSA
mixed
mixed

0.08

Delta beta discovery MSA
mixed

0.15

CpG

Table 1  CpGs differentially methylated in the MSA mixed discovery cohort (absolute delta beta ≥ 5% and FDR < 0.05) and maintaining the same direction and magnitude of effect (absolute
delta beta ≥ 5%) in the MSA mixed replication cohort
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Fig. 5  Boxplots of DNA
methylation levels in the
cerebellar white matter for the
top 3 replicated CpGs in the
MSA mixed-subtype across all
sample groups. Green boxes
highlight the discovery cohort
(D), and orange boxes highlight
the follow-up cohort (F), with
light colours corresponding to
controls, and dark colours to
MSA cases. CTRL controls,
MSA multiple system atrophy,
Mixed mixed subtype, OPCA
olivopontocerebellar atrophy
subtype, SND striatonigral
degeneration subtype

genes were significantly altered in the MSA OPCA and MSA
SND subtypes. Four out of ten CpGs showing gene-wide
significant changes in the MSA mixed-subtype replication
cohort compared to controls were also significant in MSA
OPCA (Table 2a). Two of these CpGs map to DGKI and
exhibited very small changes (less than 2%), but the other
two CpGs (cg15271829-PLB1 and cg12499572-INPP5A,
Table 2a) showed much stronger effects in MSA OPCA

compared to the other MSA subtypes. Several other CpGs
presented consistent effects in all cohorts but much stronger
and significant changes in MSA OPCA only (Table 2b).
These include multiple changes in the same genes (another
CpG in DGKI, three in INPP5A, and two in MOBP). It is of
note that in the discovery cohort a CpG in INPP5A was the
top differentially methylated CpG in both the cross-region
and region-specific analyses (second in occipital lobe only),

13

13

Delta beta
discovery
MSA mixed

Delta beta
replication
MSA mixed

P.Val replication MSA
mixed

Delta
beta MSA
OPCA

P.Val MSA
OPCA

Delta beta P.Val MSA
MSA SND SND

Chr Map
(GRCh37)

Gene symbol Gene name

Feature

(a) Gene-wide significant changes in the MSA mixed replication cohort and occasionally in MSA OPCA [cross-region significance threshold p < 9.00E−04 (0.05/54 genes) or cerebellumspecific threshold p < 1.90E − 03 (0.05/27 genes)]
cg15271829*** − 0.03
− 0.06
4.04E−04
− 0.22
7.91E−05
− 0.04
5.40E−01
2 28789262
PLB1
PhospholiBody-shore
pase B1
Body-opensea
cg08313420*
− 0.01
− 0.07
8.90E−04
− 0.25
3.37E−03
− 0.08
2.32E−02
7 6476110
DAGLB
Diacylglycerol lipase
beta
cg00282245*
0.05
0.09
5.27E−04
− 0.06
4.74E−02
0.01
2.36E−01
7 51130590
COBL
Cordon-bleu Body-opensea
WH2 repeat
protein
Body-opensea
cg14212951*** − 0.02
− 0.07
3.32E−04
0.03
7.90E−02
− 0.03
3.64E−02
7 137139878
DGKI
Diacylglycerol kinase
iota
Body-opensea
cg05540100*** − 0.03
− 0.12
5.38E−06
− 0.0003
1.72E−03
− 0.02
2.39E−02
7 137367050
DGKI
Diacylglycerol kinase
iota
cg02113214*** − 0.01
− 0.06
9.34E−05
− 0.01
1.84E−03
− 0.02
4.78E−02
7 137410625
DGKI
diacylglycerol Body-opensea
kinase iota
Body-opensea
cg10264318*
− 0.02
− 0.07
5.93E−04
0.05
4.09E−01
− 0.02
1.35E−01
7 154633168
DPP6
Dipeptidyl
peptidase
like 6
Body-shelf
cg12499572***
0.06
0.09
8.26E−04
0.28
7.62E−05
0.07
3.52E−01
10 134462831
INPP5A
Inositol
polyphosphate5-phosphatase A
cg22343263*
− 0.03
− 0.05
1.00E−04
0.002
3.48E−02
− 0.001
1.06E−01
12 50466510
ASIC1
Acid sensing TSS1500opensea
ion channel
subunit 1
cg18498263***
0.03
0.05
1.19E−03
− 0.06
8.36E−03
0.002
1.55E−01
14 91034963
TTC7B
Tetratricopep- Body-opensea
tide repeat
domain 7B
(b) Gene-wide significant in OPCA only [cross-region significance threshold p < 9.00E−04 (0.05/54 genes) or cerebellum-specific threshold p < 1.90E−03 (0.05/27genes)]
cg16729794*
0.06
0.09
0.016
0.28
1.83E−05
0.08
2.22E−01
3 39509195
MOBP
Myelin-asso- 5′UTR-opensea
ciated oligodendrocyte basic
protein

CpG

Table 2  Genes with at least one differentially methylated CpG in the discovery cohort (absolute delta-beta ≥ 5%, adj. p < 0.05) and with additional CpGs differentially methylated in the MSA
mixed replication cohort and/or MSA OPCA (absolute delta-beta ≥ 5%, gene-wide significant)
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0.08

− 0.01

− 0.02
− 0.02

0.06

0.08

0.04

0.08

0.08

− 0.03

− 0.02
− 0.004

0.08

0.05

0.05

0.11

cg05317077*

cg06277657***

cg10947146**
cg02881186***

cg10445361***

cg13582959***

cg02240936***

cg03237845***

0.033

0.687

0.004

0.027

0.006
0.012

0.318

1.34E−02

0.003

P.Val replication MSA
mixed

0.25

0.09

0.26

0.24

− 0.06
− 0.22

− 0.08

0.26

0.33

Delta
beta MSA
OPCA

4.13E−04

1.53E−03

4.28E−04

1.05E−03

2.73E−04
6.51E−05

1.06E−03

7.22E−04

3.86E−04

P.Val MSA
OPCA

0.05

0.02

0.05

0.05

− 0.02
− 0.03

− 0.03

0.09

0.08

9.36E−01

8.32E−01

9.95E−01

5.85E−01

2.94E−02
4.17E−01

5.78E−02

1.48E−01

4.90E−01

Delta beta P.Val MSA
MSA SND SND

15

10

10

10

8
8

7

3

3

57377660

134584660

134462849

134461611

11058710
140892009

137532374

39542991

39527173

Chr Map
(GRCh37)

TCF12

INPP5A

INPP5A

INPP5A

XKR6
TRAPPC9

DGKI

MOBP

MOBP

Myelin-associated oligodendrocyte basic
protein
Myelin-associated oligodendrocyte basic
Protein
Diacylglycerol kinase
iota
XK related 6
Trafficking
protein
particle
complex 9
Inositol
polyphosphate5-phosphatase A
Inositol
polyphosphate5-phosphatase A
Inositol
polyphosphate5-phosphatase A
Transcription
factor 12

Gene symbol Gene name

Body-opensea

Body-shore

Body-shelf

Body-shore

1st exon-island
Body-opensea

TSS1500island

TSS1500-shore

5′UTR-opensea

Feature

*Gene with significant CpG(s) in the cross-region analysis only; **gene with significant CpG(s) in cerebellum-specific analysis only; ***with significant CpG(s) in both cerebellum-specific and
cross-region analyses; bold highlights CpGs showing absolute delta beta values > 5% and gene-wide significant p values

0.10

Delta beta
replication
MSA mixed

0.09

Delta beta
discovery
MSA mixed

cg24602838*

CpG

Table 2  (continued)
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Next, to provide insight into higher order relationships
across CpGs/genes, we have constructed co-methylation networks using the top 10% most variable CpGs in all cerebellar samples. Using this agnostic systems biology approach
based on WGCNA, we have identified 45 clusters of highly

correlated CpGs, called co-methylation modules from now
on and each assigned a colour name.
Ten out of the 45 identified co-methylation modules
(plum1, lightcyan1, turquoise, sienna3, floralwhite, tan,
salmon, darkorange, steelblue, and skyblue, Fig. 6a) were
found to be associated with the disease status (i.e. MSA
or control) regardless of the MSA pathological subtype
(p < 0.001, 0.05/45 modules). The module membership
(MM) values for CpGs in MSA-associated modules were
highly correlated with gene significance (GS) for MSA,
suggesting that the CpGs with the highest MM (hub CpGs,
Table 3) within those modules are the most relevant for
MSA. The top 4 modules showing the stronger correlations
between MM and GS (r > 0.5) are represented in Fig. 6b, and
will be further described below.
One module (plum1) presented a strikingly strong negative correlation with the disease status (r = − 0.91, Fig. 6,
Table 3), suggesting lower levels of methylation in this
cluster of CpGs in MSA compared to controls. It is of note
that this module contains a CpG in SNCA (cg15402943),
and also a CpG in DGKI (cg05540100) found to be significantly hypomethylated in MSA compared to controls in our
previous analysis (Table 2). The top enriched pathway for
this module is “Cell death signalling via NRAGE, NRIF
and NADE”, followed by “Rho GTPase cycle”, “Diseases

Fig. 6  Results from the cerebellar multiple system atrophy (MSA) comethylation network analysis. a Module–trait relationships. The rows
represent the co-methylation module eigengene (ME) and its colour,
and the columns represent clinical/pathological traits. P values are
presented within each cell and the colour scale at the right indicates
the strength of the correlation (darker cells depict stronger correla-

tions, with blue representing negative and red positive correlations).
b Correlations between module membership (MM) and gene significance (GS) for MSA for the top 4 modules associated with the MSA
status (r > 0.50). MSA multiple system atrophy, Mixed mixed subtype, OPCA olivopontocerebellar atrophy subtype, SND striatonigral
degeneration subtype, GCI glial cytoplasmic inclusions

a CpG in DGKI was found to be significant in the cerebellum only, and also the top differentially methylated region
in the cerebellum (also detected in the other brain regions)
overlapped with the MOBP promoter region.
Regarding CpGs located around the DMRs found
in the discovery phase, only three CpG sites in MOBP
(cg16729794, cg24602838, and cg05317077), located just
upstream of the 812-bp region (8 CpG sites) which corresponded to the top DMR in the cerebellum and was hypermethylated in all three brain, were found to be significantly
hypermethylated in MSA OPCA (delta betas > 26%, Table 2)
and have shown the same trend but with smaller effects in
MSA mixed and MSA SND subtypes (delta betas = 6–10%,
Table 2).

Cerebellar co‑methylation networks identify DNA
methylation signatures associated with MSA disease
status
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Table 3  Highly interconnected CpGs in co-methylation modules associated with the MSA disease status
Module
Plum1

a

CpGs
cg20048521

Genes
C6orf221

cg14428827
cg18932707
cg09303171

ITGA8

cg25842050
cg16201233

RRAGC

cg06148118

LMO2

cg07945047

Lightcyan1

EPB41L2

cg06478421
cg16787431

HOXB3

cg20446143

MS4A8B

cg10426234

Tan

cg06642177

SGK1

cg14078059

Chr

Feature

6

Body

12

IGR

6

IGR

cg11162385

NANP

20

TSS200

10

Body

cg15238008

DDX12

12

TSS200

19

TSS200

8

TSS1500

5

IGR

cg26460378

WDR62

1

Body

cg16508039

UBR5-AS1

11

TSS1500

cg02653800

UBE2D1

10

Body

IGR

cg13113052

POLI

18

Body

SDC2

8

IGR

cg20882291

6

5′UTR

cg14714046

2

IGR

17

Body

Salmon

8

5′UTR

6

IGR

cg01095763

IQCA1

2

Body

cg24397470

FRMD4A

10

Body

DTNA

18

11

TSS1500

cg16905100

12

IGR

cg07191498

3

IGR
5′UTR

16

Body

cg11919558

SERTAD2

2

5′UTR

2

Body

cg05852537

PROCR

20

TSS200

10

cg25989511

5

IGR

cg24003508

KLF6

cg22344631

2

IGR

cg18284089

TMEM154

HOXA2

cg13527466
cg20051635

7
12

ZAP70
FTMT

TNXB

cg10365886

TNXB

cg07945971

TSPAN9

cg03353442

DENND4C

9

5′UTR

cg04337518

AMPD2

1

TSS1500

2

IGR

cg08769544

MEPCE

7

TSS1500

TSS200

cg07667367

SPATA4

IGR

cg03309025

1

IGR

Darkorangea

cg06122635

19

IGR

cg07287188

6

Body

cg25730577

6
12

Body
TSS200

TSS1500
ExonBnd

5

4

IGR

2

12

cg23523282
cg07524919

4

TSS200

3

IGR

17
CSF1

1

IGR
TSS1500

Body

cg00867446

ACIN1

14

5′UTR

5′UTR

cg22506042

P2RX1

17

Body

cg00872984

TNXB

6

Body

cg26538214

KLF6

10

5′UTR

cg10923662

TNXB

6

Body

cg05326918

VPS4A

16

TSS1500

cg21051046

7

IGR

cg12371933

7

IGR

Steelblue

cg05966983

C1orf113

cg12071656

MMP9

20

MT3

16

cg19112895

3

IGR

cg06213463

cg14349532

3

IGR

cg00351804

1

7

TSS200
Body
TSS200
IGR

cg18966597

7

IGR

cg13609723

NKX3-1

8

Body

cg12105980

7

IGR

cg07137043

EIF4H

7

Body

cg06597462

7

IGR

cg07008893

CHD7

8

5′UTR

cg16929199

7

IGR

cg26474620

ST7

7

Body

cg11382477

b

IGR

Genes

SLC9A5

cg21588562

a

TSS200

7

CpGs

SNED1

cg16901862

Floralwhitea

6

b

cg08380642

cg07600621

Sienna3

Module

cg18624016

cg02707071
Turquoiseb

Feature

7

cg01495416
cg26195291

Chr

cg13482308

PAX5

7

IGR

cg19812670

NAALADL2

9

Body

cg05225581

KBTBD6

cg21734015

FOXA3

19

cg04599533

LMLN

3

TSS1500
Body

Skyblueb

3
13

Body
1stExon

cg17398237

MND1

4

TSS200

cg23904393

NCBP1

9

5′UTR

MPV17L2

cg25471021

MTA3

2

Body

cg17430625

cg10434152

GOLSYN

8

TSS200

cg03594908

cg25936334

CCDC82

11

cg09170127

ZMAT2

5

5′UTR

cg22717608

Body

cg08656770

cg13527872

DAPK1

9

Body

cg16886471

cg13064050

GPR37

7

TSS200

cg00116554

PDHX

19

Body

7

IGR

11
6
17

SNAI2

cg17819963

PAOX

10

TSS1500

cg18721249

CAV1

cg19731597

NCAN

19

TSS200

cg00013410

MED13

8
7
17

TSS200
IGR
IGR
1stExon
Body
1stExon

Also associated with the MSA mixed subtype
Also associated with the MSA OPCA subtype
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Table 4  Highly interconnected CpGs in co-methylation modules
exclusively associated with one of the MSA pathological subtypes
Module

CpGs

Violet

Genes

cg00566635 ADAMTS8
cg07058484
cg20697767 RPRML
cg09728904 ASS1
cg07049764
cg01040624 SLC12A8
cg21242212 MIR208B
cg08388822 ZSWIM7
cg08318600 C16orf38
cg05788548 SKI
Lightcyan cg10341355 SLC13A3
cg00837537
cg12408507 DYSF
cg01481205 MIR4534
cg00213091 INPP5A
cg19851810 EPHB2
cg04315300
cg09033376 ASPRV1
cg12945363 RGS3
cg11931953 FOXK1
Purple
cg04976746 SLC30A1
cg14244136 TPM1
cg10088041 LOC145663
cg01688355 FAR1
cg10654015 TP73
cg04346539 ORMDL2
cg03174294 GPR124
cg14042203 DTX4
cg26100711 MIXL1
cg11142248 FLJ43390
Orangcg12059180 CLDN18
ered4
cg20506380 SPTA1
cg06797478
cg11977158 SYN3
cg11275803 RPS18
cg12456435 CSDE1
cg27052442 ERBB2
cg12436715 TTLL3
cg22966196 ABCC2
cg16039979 C1orf86

13

Chr Feature

Association

11
16
17
9
6
3
14
17
16
1
20
8
2
22
10
1
1
2
9
7
1
15
15
11
1
12
8
11
1
14
3
1
13
22
6
1
17
3
10
1

MSA
mixed

5′UTR
IGR
1stExon
Body
IGR
Body
TSS1500
Body
Body
Body
Body
IGR
Body
TSS1500
3′UTR
Body
IGR
1stExon
Body
Body
Body
1stExon
TSS200
5′UTR
TSS200
TSS1500
5′UTR
TSS200
TSS200
Body
TSS1500
Body
IGR
Body
TSS1500
5′UTR
5′UTR
3′UTR
Body
5′UTR

MSA
OPCA

MSA
OPCA

MSA
OPCA

Table 4  (continued)
Module

CpGs

Genes

Darkmagenta

cg22674699

HOXD9

cg02792822

PSAP

10

Body

cg14141984

SETD1A

16

Body

cg15768526

KNOP1

16

5′UTR

cg27151617

ANKRD7

cg25015867

ZNF521

cg05386151

NUCKS1

1

5′UTR

cg05906350

FAM190B

10

5′UTR

cg07959065

AMFR

16

Body

2

IGR

cg03816598

Chr Feature
2

7
18

1stExon

Association
MSA SND

TSS1500
Body

of signal transduction”, “Axon guidance”, and “Splicing
factor NOVA regulated synaptic proteins” (Supplementary Table S6.1, Online Resource 7). The module (sienna3)
presenting the second strongest negative association with
MSA (r = − 0.54, Fig. 6, Table 3), contains a CpG in LMAN2
(cg23483530) found to be differentially hypomethylated in
MSA mixed subtype (Table 1). Most of the hub CpGs in
this module are intergenic (Table 3). It is of note that this
module is enriched for “Cerebral white matter atrophy”
(Human phenotype ontology term), and for infection related
pathways (Supplementary Table S6.2, Online Resource
7). Another interesting module is the lightcyan1 module
(r = 0.68, Fig. 6, Table 3). Elevated DNA methylation in
the HOXA gene cluster on chromosome 7 has been associated with AD neuropathology [45], which is in line with the
positive correlation found between the lightcyan1 module
(containing HOXA2 and additional CpGs in this region of
chromosome 7, Table 3) and the MSA status. The lightcyan1
module is enriched for drug metabolism related pathways
(Supplementary Table S6.3, Online Resource 7). A fourth
interesting module is the salmon module (r = − 0.52, Fig. 6,
Table 3), which has an overrepresentation of CpGs mapping
to genes involved in “Axon guidance”, and “Rho GTPase
cycle” (Supplementary Table S6.4, Online Resource 7).
Functional gene ontology analysis across these four modules
shows a shared enrichment for “cytoskeletal protein binding”, “anatomical structure development”, “cell morphogenesis”, “nervous system development”, and “cell projection”.
Detailed results on the functional enrichment analysis for all
modules associated with the MSA status is provided in Supplementary Tables S6.1–6.10 (Online Resource 7).
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Co‑methylation network analysis identifies MSA
subtype‑specific signatures in the cerebellum
Our co-methylation network analysis not only revealed
signatures associated with the MSA disease status but also
co-methylation modules associated specifically with each
pathological MSA subtype (Fig. 6a). Although there is overlap across MSA subtypes in terms of directionality (positive or negative correlations) with several modules, modules
reaching network-wide significant correlations (p < 0.001)
are unique to each MSA subtype (Fig. 6a). The most highly
interconnected CpGs (hub CpGs) for each of the MSA subtype-associated modules are shown in Tables 3 and 4.
Four modules are associated with the MSA mixed subtype (floralwhite, darkorange, violet, and plum1, p < 0.001;
Fig. 6a, Tables 3, 4). As per the analysis with the overall
MSA status, the module presenting the strongest association with MSA mixed subtype is plum1, which has been
described above. These four modules are enriched for “cytoplasm”, and “intracellular organelle part” as well as for a
transcription factor binding motif for E2F (Supplementary
Tables S6.1, S6.6, S6.8, and S6.11, Online Resource 7).
Furthermore, with the exception of the violet module, the
other three modules present an enrichment for “enzyme
binding” and “protein-containing complex” as well as for
several shared transcription factors binding motifs. Regarding molecular pathways, the floralwhite module is enriched
for “Mitophagy—animal”.
Six modules are associated with the MSA OPCA subtype
(lightcyan, turquoise, purple, orangered4, skyblue, and tan,
p < 0.001; Fig. 6a, Tables 3, 4). The lightcyan module is positively correlated with MSA OPCA and contains the HIP1
CpG (cg15769835), which was found to be differentially
hypermethylated in the MSA mixed and the MSA OPCA
subtypes, with a much stronger effect in the latter (Table 1).
This CpG in HIP1 has the 6th highest gene significance for
MSA in the lightcyan module. It is of note that one of the
hub CpGs of the lightcyan module maps to INPP5A, which
was also detected in our differential methylation analysis,
both in the MSA mixed discovery cohort and in the MSA
OPCA subtype (Table 2; Supplementary Tables S1.1–1.4,
Online Resource 1). Also of note, and in line with what
we observed in the differential methylation analysis, the
sienna3 module containing the LMAN2 CpG (cg23483530)
is not associated with MSA OPCA (r = − 0.0025, p = 0.985).
These modules are enriched for “protein binding” and “neurogenesis”, “cytoplasm”, and “organelle part” as well as for
several shared transcription factors binding motifs (4/6 modules). Regarding the enrichment for molecular pathways, the
purple and tan modules are enriched for “Ubiquitin mediated
proteolysis”, and the skyblue and tan are enriched for “FoxO
signalling pathway” and “Gene expression (Transcription)”.
The lightcyan module is enriched for “Axon guidance”,
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while the turquoise is enriched for “Long-term depression”,
and the orangered4 for “Synaptic vesicle cycle” (Supplementary Tables S6.5, and S6.12–6.14, Online Resource 7).
Since the cerebellum is mildly affected in MSA SND
subtype, we were expecting to find fewer modules associated with this MSA subtype in cerebellar networks. Indeed,
only one module was found to be associated with MSA SND
(darkmagenta; Fig. 6a, Table 4), which is enriched for “protein domain specific binding” (Supplementary Table S6.15,
Online Resource 7).

Co‑methylation network analysis identifies
MSA neurodegeneration‑associated signatures
in the cerebellum
To further investigate the relationship between methylation
signatures and disease features, we have also correlated the
co-methylation modules with some of the major disease
related traits, including disease onset, disease duration,
Purkinje cell loss (as a proxy for neurodegeneration) and
GCI grade/burden. We found three modules significantly
associated with Purkinje cell loss in the cerebellum (lightcyan, darkred, and salmon, p < 0.001; Fig. 6a), but no other
significant associations with the other disease traits after
accounting for multiple testing. The lightcyan module (positively associated with the MSA OPCA subtype, and including the CpG in HIP1) shows a positive correlation with loss
of Purkinje cells in the cerebellum (Fig. 6a). This finding
suggests that higher methylation levels in the CpGs composing that cluster are associated with increased cell loss. On
the other hand, two modules—the darkred (positively correlated with the MSA SND subtype) and the salmon module
(negatively associated with the MSA status) show negative
correlations with loss of Purkinje cells (Fig. 6a), and therefore higher methylation levels in those CpGs seem to protect
against neuronal cell loss. These results suggest that white
matter DNA methylation signatures are associated with neurodegeneration in MSA.

Discussion
To the best of our knowledge, this is the first epigenomewide study in MSA. We have quantitatively interrogated over
850,000 methylation sites across the genome, covering 99%
of RefSeq genes, 95% of CpG islands, and a high number
of enhancer regions. Our case–control study was carefully
designed (Fig. 1) and aimed first at better understanding the
variation in pathological burden in multiple brain regions
(cerebellum, frontal lobe and occipital lobe). We also further
extended our research to the three main MSA pathological
subtypes (MSA mixed, MSA OPCA, and MSA SND). Our
discovery cohort identified over 60 differentially methylated
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CpG sites in each brain region (region-specific analyses),
and over 150 CpG sites in a more powerful cross-region
analysis. Similar studies performed in other neurodegenerative diseases (e.g. AD), have reported gains in DNA methylation [45]. In line with these reports, our data also show
that the vast majority of differentially methylated CpGs in
MSA show a gain in DNA methylation. We refer further
below to several neurodegeneration-related genes that have
shown consistent differential methylation in brain regions
affected by MSA across cohorts.
The HIP1 gene encodes a cytosolic protein (huntingtin interacting protein 1—HIP1), which is ubiquitously
expressed and highly enriched in human and mouse brain
tissue [51]. The real function of HIP1 protein remains
unknown, but it has been shown to have a role in the clathrin-mediated endocytosis, which regulates several signalling
pathways, receptor trafficking and cytoskeleton dynamics
[39, 50]. HIP1 has been shown to be a direct interactor of
huntingtin (the causal protein mutated in Huntington’s disease). In Huntington’s disease, HIP1’s pro-apoptotic activity
has been proposed to play a role in the amplification of the
cascade of cell death signals [13]. The significant increase
in DNA methylation levels in the body of the HIP1 gene
(cg15769835) we observed in MSA overall, and which was
more pronounced in MSA OPCA when compared to controls, suggest that HIP1 may have a toxic effect in MSA
controlled, at least in part, by DNA methylation.
The closest coding gene upstream of the intergenic CpG
on chromosome 15 (cg20123217, with increased DNA
methylation levels in MSA) is VPS13C, which belongs to a
family of large VPS13 proteins (VPS13A–D, vacuolar sorting proteins crucial for vesicular transport) and has been
associated with early onset autosomal recessive PD [27].
Interestingly, another intergenic CpG (cg10409981) showing
consistent reduction in DNA methylation levels across all
MSA cohorts/subtypes, is located upstream of an additional
gene in the same family—VPS13B, which has been associated with Cohen syndrome, a developmental disorder with
intellectual disability, among other central nervous system
features [20].
The LMAN2 gene encodes the vesicular integral-membrane protein VIP36, which is an intracellular lectin that
cycles between the endoplasmic reticulum (ER) and the
Golgi apparatus, and has been suggested to act as a cargo
receptor in the transport and sorting of glycoproteins. Cargo
receptors participate in the export of folded proteins from
the ER and also in the retrieval of misfolded proteins from
the Golgi to the ER [31]. A common feature across neurodegenerative diseases is the accumulation of misfolded
proteins, such as α-synuclein in MSA. Dysregulation of
LMAN2 through DNA methylation changes, as the observed
reduction of DNA methylation levels in the body of the gene
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(cg23483530), may be contributing to impaired protein quality control in MSA.
Apart from significant changes in individual CpGs, we
also identified differentially methylated regions comprising
several CpGs in the MSA mixed subtype (discovery phase).
These regions included CpGs mapping to the MOBP promoter, which is the top differentially methylated region in
the cerebellum. Notably, additional CpGs in MOBP were
significantly associated with the MSA OPCA subtype in the
follow-up phase of our study. The MOBP gene encodes the
myelin-associated oligodendrocyte basic protein (MOBP),
which is the third most abundant protein in CNS myelin
[29]. Although the MOBP function remains unclear, it has
been suggested that it primarily plays a role in connecting
myelin to a membrane-associated signalling complex linked
to the cytoskeleton, thus participating in myelin stabilization. Variable levels of MOBP have been shown to affect the
morphological differentiation of oligodendrocytes [43], and
could therefore be playing a role in increasing the density of
oligodendrocyte precursor cells as observed in MSA [1, 10].
Further supporting an involvement of MOBP in neurodegenerative diseases, several reports have provided evidence for
a role of MOBP in the pathogenesis of multiple sclerosis
[29], and genetic variants in MOBP have been associated
with increased risk of neurodegenerative diseases, including progressive supranuclear palsy (PSP) and corticobasal
degeneration [16, 21].
The power of genome-wide DNA methylation studies,
such as this one, lies on the fact that they can additionally
identify pathways and networks, which may be more relevant
to disease pathophysiology than lists of individual genes. It
has been suggested that co-methylation, i.e. highly correlated
methylation levels across samples, can be used as a proxy to
discover functional associations between gene pairs [2]. We
have therefore performed a co-methylation network analysis
and identified modules associated with the MSA disease status and MSA pathological subtypes. Importantly, within the
co-methylation module which displayed the strongest association with MSA (plum1 module) we found a CpG in SNCA
(cg15402943), the gene that encodes α-synuclein. MSA and
PD are α-synucleinopathies, both sharing the accumulation
of α-synuclein in inclusions but predominantly in different
cell types. In PD, a significant reduction in DNA methylation levels at the SNCA promoter region has been reported
[18, 48]. Here, in MSA, we found the association with the
plum1 module, even though significant changes in individual
CpGs mapping to the SNCA region were not detected. This
suggests that perhaps in MSA SNCA plays a role in pathways relevant to the disease but it is not the sole or primary
driver of such pathways. In line with reports of apoptotic
cell death in MSA, almost exclusively in oligodendrocytes
[17, 38], the top enriched pathway for the plum1 module
was “Cell death signalling via NRAGE, NRIF and NADE”.
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This module also contains an overrepresentation of genes
involved in the “Rho GTPase cycle”. Rho GTPases are small
G proteins, which have been implicated in the pathogenesis
of neurodegenerative diseases, such as PD and AD. Rho
GTPases are evolutionarily conserved regulators of cytoskeletal dynamics, and function in signalling pathways from the
earliest stages of embryonic development and supporting life
thereafter [7, 47]. The co-methylation network analysis also
revealed other pathways in MSA, including mitophagy and
infection related pathways. Mitochondrial dysfunction has
indeed been observed in MSA, and has been suggested as a
shared disease mechanism among α-synucleinopathies [11].
Furthermore, the overrepresentation of changes in infection
related pathways may point to neuroinflammation, another
shared mechanism across neurodegenerative diseases [14,
19, 32]. Interestingly, a recent study reports on the crosstalk
between neuroinflammation and oligodendrocytes containing GCIs leading to an immune response locally restricted to
white matter regions in MSA [15]. The co-methylation network analysis supported and complemented the results from
the differential methylation analysis, as MSA-associated
modules included CpGs that had been found to be differentially methylated in MSA. These include the CpG in LMAN2
(cg23483530) in the sienna3 module, which presents the
second strongest negative association with the MSA status,
and the CpG in HIP1 (cg15769835) in the lightcyan module, which was positively associated with the MSA OPCA
subtype.
As in MSA the oligodendrocytes are the cells most frequently affected by α-synuclein aggregation, it is interesting to note that our findings point to several genes that are
mainly expressed in oligodendrocytes, such as HIP1 and
MOBP, while SNCA is expressed in neurons and oligodendrocytes in similar proportions, and LMAN2 is more highly
expressed in astrocytes and microglia (as seen in single cell
RNAseq data, https://www.brainr naseq.org/). Elucidating
the correlation between DNA methylation at these loci and
gene expression levels is certainly of interest and warrants
future investigation.
There has been an emerging role for axon–oligodendrocyte coupling particularly in MSA, and also in other neurodegenerative diseases [30]. Oligodendrocytes represent the
majority of glial cells in the adult CNS (75%). The main
and best known function of oligodendrocytes is the production, stability and maintenance of myelin, the organized and
tightly packed enlarged plasma membrane of oligodendrocytes that wraps around neuronal axons [10]. Supporting the
hypothesis that this function is impaired in MSA, myelin
staining is focally reduced in MSA, and this is accompanied by myelin degradation [1]. Also, our data identified
DNA methylation changes in the gene encoding the third
most abundant myelin protein (MOBP). Other functions
of oligodendrocytes include: (a) the maintenance of ionic
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homeostasis in the CNS, by buffering increased extracellular
potassium resulting from neuronal excitation; (b) the provision of metabolic and trophic supply at the axon–myelin
unit, helping the maintenance of neuronal functions; (c) the
provision of lactate as a source of energy, which is crucial
for axonal survival; and (d) the secretion of growth factors, including glial- and brain-derived neurotrophic factor (GDNF and BDNF), which control neuronal survival
and axonal outgrowth [10]. Our data suggest that the latter may be affected in MSA, as “Axon guidance” pathway
is enriched across several MSA-associated co-methylation
modules. It has been shown that oligodendrocyte ablation
severely affects cerebellar neuronal circuitries [8]. We have
found cerebellar white matter co-methylation signatures significantly associated with the degree of Purkinje cell loss,
suggesting that the observed changes in DNA methylation
may be playing a role in circuitry dysfunction and leading
to degeneration of these cells.
An increasing number of studies reporting on epigenetic
changes in neurodegenerative diseases have emerged in
recent years. For example, Smith and colleagues report that
elevated brain DNA methylation in the HOXA gene cluster
on chromosome 7 is associated with AD neuropathology
[45]. In line with this, our co-methylation network analysis
identified a positive association between the module containing HOXA2 and additional CpGs in that region of chromosome 7 and the MSA disease status. It is also interesting to
note that a recent PSP EWAS has shown significant DNA
methylation changes in LMAN2 [52], which we also detected
in MSA. Interestingly, a study aiming to identify common
DNA methylation changes across neurodegenerative diseases [42] has shown shared changes in HIP1 (AD and
Down syndrome) and MOBP (PD and Dementia with Lewy
Bodies). Furthermore, shared affected pathways include
“regulation of actin cytoskeleton” and “axon guidance”.
These findings, together with ours, emphasise the possibility that changes in DNA methylation profiles could be shared
across neurodegenerative diseases. Moreover, our findings
that deregulation of DNA methylation (such as the CpG in
LMAN2) can occur across different brain regions with variable pathological burden, poses the question of whether these
shared changes could represent general disease mechanisms
that are affected in the early phases of disease pathogenesis.
Altogether, these findings may be relevant for drug development, as drugs against these targets could potentially be
effective against multiple neurodegenerative diseases.
We are fully aware that our EWAS study, like many
others, comes with limitations. First, the potential influence of unknown genetic variants on the epigenetic patterns observed cannot be ruled out. Second, environmental factors, such as medications, smoking status, or other
pathologies might as well affect DNA methylation profiles.
Here, we adjusted our data for possible confounders and
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used stringent criteria for loci selection and statistical
thresholds. Future work, and integration with methylome
datasets collected by other research groups will help identify the precise contributions of all these factors to the
DNA methylation profiles reported here. Another potential
limitation of this study is the fact that it uses post-mortem
brain samples. The observations we report here are relevant to the end stage of the disease and, therefore, causality cannot be inferred. However, having found significant
DNA methylation changes in a minimally affected brain
region, such as the occipital white matter in MSA, as well
as changes that correlate with the severity of pathology,
suggests DNA methylation at these loci is deregulated
early in the disease pathogenesis. Finally, although the
sample size is rather modest, our study is strengthened by
its design: (a) we dissected white matter, which minimizes
cell type heterogeneity, consequently reducing the noise
in the data, and further accounted for possible neuronal
contamination in our statistical analyses; (b) we ranked
the MSA cases based on pathological subtypes to obtain
homogeneous disease cohorts; (c) we performed a multistage study, enabling us to replicate some of the initial
findings in the follow-up stage; and (d) we used two independent methodologies for data analysis (differential methylation analysis and co-methylation network analysis), and
both approaches identified concordant results. In future
work, it would be interesting to investigate additional brain
regions affected in MSA, including the striatonigral system, pons, medulla and subcortical white matter in the
motor cortical region.
Here, we have conducted the first EWAS in MSA using
a multi-stage study design, which allowed us to report
on consistent DNA methylation changes associated with
MSA, MSA subtypes and neurodegeneration. Our data
provide the first evidence for changes in DNA methylation across brain regions in MSA, including in HIP1,
LMAN2 and MOBP, all relevant to neurodegenerative
diseases. Our analyses of multiple brain regions with different degrees of GCI pathology, demonstrated that some
DNA methylation changes mirror the MSA-associated
pathology (i.e. cerebellum-specific or at least stronger
effects in the cerebellum, the most severely affected brain
region analysed), such as CpGs in SRP9 and DGKI. We
also detected changes shared with other neurodegenerative
diseases, including changes in HIP1, LMAN2, MOBP and
in the HOXA gene cluster, suggesting these loci could be
involved in common mechanisms implicated in neurodegeneration. Our co-methylation network analysis further
complemented the results from the differential methylation
analysis by implicating neurodegeneration relevant pathways, including those related to cell death signalling, Rho
GTPase signalling, axon–oligodendrocyte coupling, protein quality control, neuroinflammation, and mitophagy.
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These findings will pave the way to more extensive
research into the mechanisms leading to these changes,
and may lead to improved disease classification, disease
management, and novel therapeutic interventions.
Acknowledgements The authors would like to thank Ms Gaganjit Kaur
Madhan (MSc) for sample processing and UCL Genomics centre for
advice and processing of the EPIC arrays. Queen Square Brain Bank
for Neurological Disorders receives support from the Reta Lila Weston
Institute of Neurological Studies and the Medical Research Council.
CB is supported by the by the Multiple System Atrophy Trust and
the British Neuropathological Society. TTW is supported by the Reta
Lila Weston Trust. TR is supported by Karin & Sten Mortstedt CBD
Solutions. TL is supported by an Alzheimer’s Research UK Senior
Fellowship. JLH is supported by the Multiple System Atrophy Trust;
the Multiple System Atrophy Coalition; Fund Sophia, managed by the
King Baudouin Foundation and Karin & Sten Mortstedt CBD Solutions. This research was supported by the National Institute for Health
Research University College London Hospitals Biomedical Research
Centre.

Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of
interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References
1. Ahmed Z, Asi YT, Lees AJ, Revesz T, Holton JL (2013) Identification and quantification of oligodendrocyte precursor cells
in multiple system atrophy, progressive supranuclear palsy and
Parkinson’s disease. Brain Pathol 23:263–273. https://doi.org/10
.1111/j.1750-3639.2012.00637.x
2. Akulenko R, Helms V (2013) DNA co-methylation analysis suggests novel functional associations between gene pairs in breast
cancer samples. Hum Mol Genet 22:3016–3022. https://doi.
org/10.1093/hmg/ddt158
3. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg
AP, Hansen KD et al (2014) Minfi: a flexible and comprehensive
Bioconductor package for the analysis of Infinium DNA methylation microarrays. Bioinformatics 30:1363–1369. https://doi.
org/10.1093/bioinformatics/btu049
4. Botia JA, Vandrovcova J, Forabosco P, Guelfi S, D’Sa K, United
Kingdom Brain Expression C et al (2017) An additional k-means
clustering step improves the biological features of WGCNA
gene co-expression networks. BMC Syst Biol 11:47. https://doi.
org/10.1186/s12918-017-0420-6
5. Chuang YH, Paul KC, Bronstein JM, Bordelon Y, Horvath S, Ritz
B (2017) Parkinson’s disease is associated with DNA methylation
levels in human blood and saliva. Genome Med 9:76. https://doi.
org/10.1186/s13073-017-0466-5
6. De Jager PL, Srivastava G, Lunnon K, Burgess J, Schalkwyk LC,
Yu L et al (2014) Alzheimer’s disease: early alterations in brain

Acta Neuropathologica (2020) 139:135–156

7.
8.

9.

10.

11.

12.

13.

14.
15.

16.

17.
18.

19.

20.

21.

DNA methylation at ANK1, BIN1, RHBDF2 and other loci. Nat
Neurosci 17:1156–1163. https://doi.org/10.1038/nn.3786
DeGeer J, Lamarche-Vane N (2013) Rho GTPases in neurodegeneration diseases. Exp Cell Res 319:2384–2394. https://doi.
org/10.1016/j.yexcr.2013.06.016
Doretto S, Malerba M, Ramos M, Ikrar T, Kinoshita C, De Mei C
et al (2011) Oligodendrocytes as regulators of neuronal networks
during early postnatal development. PLoS ONE 6:e19849. https
://doi.org/10.1371/journal.pone.0019849
Du P, Zhang X, Huang CC, Jafari N, Kibbe WA, Hou L et al
(2010) Comparison of Beta-value and M-value methods for quantifying methylation levels by microarray analysis. BMC Bioinform
11:587. https://doi.org/10.1186/1471-2105-11-587
Ettle B, Schlachetzki JCM, Winkler J (2016) Oligodendroglia and myelin in neurodegenerative diseases: more than
just bystanders? Mol Neurobiol 53:3046–3062. https: //doi.
org/10.1007/s12035-015-9205-3
Foti SC, Hargreaves I, Carrington S, Kiely AP, Houlden H, Holton JL (2019) Cerebral mitochondrial electron transport chain
dysfunction in multiple system atrophy and Parkinson’s disease.
Sci Rep 9:6559. https://doi.org/10.1038/s41598-019-42902-7
Guintivano J, Aryee MJ, Kaminsky ZA (2013) A cell epigenotype specific model for the correction of brain cellular heterogeneity bias and its application to age, brain region and major
depression. Epigenetics 8:290–302. https: //doi.org/10.4161/
epi.23924
Hackam AS, Yassa AS, Singaraja R, Metzler M, Gutekunst CA,
Gan L et al (2000) Huntingtin interacting protein 1 induces apoptosis via a novel caspase-dependent death effector domain. J Biol
Chem 275:41299–41308. https://doi.org/10.1074/jbc.M0084
08200
Hirsch EC, Vyas S, Hunot S (2012) Neuroinflammation in Parkinson’s disease. Parkinson Relat Disord 18(Suppl 1):S210–212.
https://doi.org/10.1016/S1353-8020(11)70065-7
Hoffmann A, Ettle B, Battis K, Reiprich S, Schlachetzki JCM,
Masliah E et al (2019) Oligodendroglial alpha-synucleinopathydriven neuroinflammation in multiple system atrophy. Brain
Pathol 29:380–396. https://doi.org/10.1111/bpa.12678
Hoglinger GU, Melhem NM, Dickson DW, Sleiman PM, Wang
LS, Klei L et al (2011) Identification of common variants influencing risk of the tauopathy progressive supranuclear palsy. Nat
Genet 43:699–705. https://doi.org/10.1038/ng.859
Jellinger KA, Stadelmann C (2000) Mechanisms of cell death in
neurodegenerative disorders. J Neural Transm Suppl 59:95–114
Jowaed A, Schmitt I, Kaut O, Wullner U (2010) Methylation regulates alpha-synuclein expression and is decreased in Parkinson’s
disease patients’ brains. J Neurosci 30:6355–6359. https://doi.
org/10.1523/JNEUROSCI.6119-09.2010
Kiely AP, Murray CE, Foti SC, Benson BC, Courtney R, Strand
C et al (2018) Immunohistochemical and molecular investigations
show alteration in the inflammatory profile of multiple system
atrophy brain. J Neuropathol Exp Neurol 77:598–607. https://doi.
org/10.1093/jnen/nly035
Kolehmainen J, Black GC, Saarinen A, Chandler K, ClaytonSmith J, Traskelin AL et al (2003) Cohen syndrome is caused
by mutations in a novel gene, COH1, encoding a transmembrane
protein with a presumed role in vesicle-mediated sorting and intracellular protein transport. Am J Hum Genet 72:1359–1369. https
://doi.org/10.1086/375454
Kouri N, Ross OA, Dombroski B, Younkin CS, Serie DJ, SotoOrtolaza A et al (2015) Genome-wide association study of corticobasal degeneration identifies risk variants shared with progressive supranuclear palsy. Nat Commun 6:7247. https://doi.
org/10.1038/ncomms8247

155
22. Langfelder P, Horvath S (2008) WGCNA: an R package for
weighted correlation network analysis. BMC Bioinform 9:559.
https://doi.org/10.1186/1471-2105-9-559
23. Lashley T, Gami P, Valizadeh N, Li A, Revesz T, Balazs R (2015)
Alterations in global DNA methylation and hydroxymethylation
are not detected in Alzheimer’s disease. Neuropathol Appl Neurobiol 41:497–506. https://doi.org/10.1111/nan.12183
24. Lashley T, Holton JL, Gray E, Kirkham K, O’Sullivan SS, Hilbig
A et al (2008) Cortical alpha-synuclein load is associated with
amyloid-beta plaque burden in a subset of Parkinson’s disease
patients. Acta Neuropathol 115:417–425. https: //doi.org/10.1007/
s00401-007-0336-0
25. Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD (2012) The
sva package for removing batch effects and other unwanted variation in high-throughput experiments. Bioinformatics 28:882–883.
https://doi.org/10.1093/bioinformatics/bts034
26. Lees AJ, Hardy J, Revesz T (2009) Parkinson’s disease. Lancet
373:2055–2066. https: //doi.org/10.1016/S0140- 6736(09)60492- X
27. Lesage S, Drouet V, Majounie E, Deramecourt V, Jacoupy M,
Nicolas A et al (2016) Loss of VPS13C function in autosomalrecessive parkinsonism causes mitochondrial dysfunction and
increases PINK1/Parkin-dependent mitophagy. Am J Hum Genet
98:500–513. https://doi.org/10.1016/j.ajhg.2016.01.014
28. Lunnon K, Smith R, Hannon E, De Jager PL, Srivastava G, Volta
M et al (2014) Methylomic profiling implicates cortical deregulation of ANK1 in Alzheimer’s disease. Nat Neurosci 17:1164–
1170. https://doi.org/10.1038/nn.3782
29. Montague P, McCallion AS, Davies RW, Griffiths IR (2006) Myelin-associated oligodendrocytic basic protein: a family of abundant CNS myelin proteins in search of a function. Dev Neurosci
28:479–487. https://doi.org/10.1159/000095110
30. Mot AI, Depp C, Nave KA (2018) An emerging role of dysfunctional axon-oligodendrocyte coupling in neurodegenerative diseases. Dialogues Clin Neuro 20:283–292. https: //doi.org/10.31887
/DCNS.2018.20.4/knave
31. Nawa D, Shimada O, Kawasaki N, Matsumoto N, Yamamoto
K (2007) Stable interaction of the cargo receptor VIP36 with
molecular chaperone BiP. Glycobiology 17:913–921. https://doi.
org/10.1093/glycob/cwm067
32. Niranjan R (2018) Recent advances in the mechanisms of neuroinflammation and their roles in neurodegeneration. Neurochem
Int 120:13–20. https://doi.org/10.1016/j.neuint.2018.07.003
33. Ozawa T, Paviour D, Quinn NP, Josephs KA, Sangha H, Kilford
L et al (2004) The spectrum of pathological involvement of the
striatonigral and olivopontocerebellar systems in multiple system
atrophy: clinicopathological correlations. Brain 127:2657–2671.
https://doi.org/10.1093/brain/awh303
34. Ozawa T, Revesz T, Paviour D, Lees AJ, Quinn N, Tada M et al
(2012) Difference in MSA phenotype distribution between populations: genetics or environment? J Parkinsons Dis 2:7–18. https
://doi.org/10.3233/JPD-2012-11056
35. Papp MI, Kahn JE, Lantos PL (1989) Glial cytoplasmic inclusions
in the CNS of patients with multiple system atrophy (striatonigral
degeneration, olivopontocerebellar atrophy and Shy–Drager syndrome). J Neurol Sci 94:79–100
36. Peters TJ, Buckley MJ, Statham AL, Pidsley R, Samaras K, Lord
RV et al (2015) De novo identification of differentially methylated
regions in the human genome. Epigenet Chrom 8:6. https://doi.
org/10.1186/1756-8935-8-6
37. Pidsley R, Wong CCY, Volta M, Lunnon K, Mill J, Schalkwyk
LC (2013) A data-driven approach to preprocessing Illumina
450K methylation array data. BMC Genom 14:293. https://doi.
org/10.1186/1471-2164-14-293
38. Probst-Cousin S, Rickert CH, Schmid KW, Gullotta F (1998) Cell
death mechanisms in multiple system atrophy. J Neuropathol Exp

13

156

39.

40.

41.

42.

43.

44.

45.

46.

Acta Neuropathologica (2020) 139:135–156
Neurol 57:814–821. https://doi.org/10.1097/00005072-19980
9000-00002
Rao DS, Chang JC, Kumar PD, Mizukami I, Smithson GM,
Bradley SV et al (2001) Huntingtin interacting protein 1 Is a
clathrin coat binding protein required for differentiation of late
spermatogenic progenitors. Mol Cell Biol 21:7796–7806. https://
doi.org/10.1128/MCB.21.22.7796-7806.2001
Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H
et al (2019) g:Profiler: a web server for functional enrichment
analysis and conversions of gene lists (2019 update). Nucleic
Acids Res. https://doi.org/10.1093/nar/gkz369
Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W et al (2015)
limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res 43:e47. https: //doi.
org/10.1093/nar/gkv007
Sanchez-Mut JV, Heyn H, Vidal E, Moran S, Sayols S, DelgadoMorales R et al (2016) Human DNA methylomes of neurodegenerative diseases show common epigenomic patterns. Transl
Psychiatry 6:e718. https://doi.org/10.1038/tp.2015.214
Schafer I, Muller C, Luhmann HJ, White R (2016) MOBP levels
are regulated by Fyn kinase and affect the morphological differentiation of oligodendrocytes. J Cell Sci 129:930–942. https: //doi.
org/10.1242/jcs.172148
Semick SA, Bharadwaj RA, Collado-Torres L, Tao R, Shin JH,
Deep-Soboslay A et al (2019) Integrated DNA methylation and
gene expression profiling across multiple brain regions implicate
novel genes in Alzheimer’s disease. Acta Neuropathol. https: //doi.
org/10.1007/s00401-019-01966-5
Smith RG, Hannon E, De Jager PL, Chibnik L, Lott SJ, Condliffe
D et al (2018) Elevated DNA methylation across a 48-kb region
spanning the HOXA gene cluster is associated with Alzheimer’s
disease neuropathology. Alzheimers Dement 14:1580–1588. https
://doi.org/10.1016/j.jalz.2018.01.017
Spillantini MG, Crowther RA, Jakes R, Cairns NJ, Lantos PL,
Goedert M (1998) Filamentous alpha-synuclein inclusions link
multiple system atrophy with Parkinson’s disease and dementia
with Lewy bodies. Neurosci Lett 251:205–208

47. Stankiewicz TR, Linseman DA (2014) Rho family GTPases: key
players in neuronal development, neuronal survival, and neurodegeneration. Front Cell Neurosci 8:314. https://doi.org/10.3389/
fncel.2014.00314
48. Tan YY, Wu L, Zhao ZB, Wang Y, Xiao Q, Liu J et al (2014)
Methylation of alpha-synuclein and leucine-rich repeat kinase
2 in leukocyte DNA of Parkinson’s disease patients. Parkinson
Relat Disord 20:308–313. https://doi.org/10.1016/j.parkreldis
.2013.12.002
49. Tian Y, Morris TJ, Webster AP, Yang Z, Beck S, Feber A et al
(2017) ChAMP: updated methylation analysis pipeline for Illumina BeadChips. Bioinformatics 33:3982–3984. https://doi.
org/10.1093/bioinformatics/btx513
50. Waelter S, Scherzinger E, Hasenbank R, Nordhoff E, Lurz R,
Goehler H et al (2001) The huntingtin interacting protein HIP1 is
a clathrin and alpha-adaptin-binding protein involved in receptormediated endocytosis. Hum Mol Genet 10:1807–1817. https: //doi.
org/10.1093/hmg/10.17.1807
51. Wanker EE, Rovira C, Scherzinger E, Hasenbank R, Walter S, Tait
Det al (1997) HIP-I: a huntingtin interacting protein isolated by
the yeast two-hybrid system. Hum Mol Genet 6:487–495. https://
doi.org/10.1093/hmg/6.3.487
52. Weber A, Schwarz SC, Tost J, Trumbach D, Winter P, Busato F
et al (2018) Epigenome-wide DNA methylation profiling in progressive supranuclear palsy reveals major changes at DLX1. Nat
Commun 9:2929. https://doi.org/10.1038/s41467-018-05325-y
53. Wen KX, Milic J, El-Khodor B, Dhana K, Nano J, Pulido T et al
(2016) The role of DNA methylation and histone modifications
in neurodegenerative diseases: a systematic review. PLoS ONEoS
One 11:e0167201. https://doi.org/10.1371/journal.pone.0167201
54. Wenning GK, Tison F, Ben Shlomo Y, Daniel SE, Quinn NP
(1997) Multiple system atrophy: a review of 203 pathologically
proven cases. Mov Disord 12:133–147. https://doi.org/10.1002/
mds.870120203
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Affiliations
Conceição Bettencourt1,2 · Sandrine C. Foti1,3 · Yasuo Miki1,4 · Juan Botia5 · Aparajita Chatterjee1 ·
Thomas T. Warner1,2,6 · Tamas Revesz1,3 · Tammaryn Lashley1,3 · Robert Balazs1,3 · Emmanuelle Viré7 ·
Janice L. Holton1,2
1

The Queen Square Brain Bank for Neurological Disorders,
UCL Queen Square Institute of Neurology, London, UK

5

Departamento de Ingeniería de la Información y las
Comunicaciones, Universidad de Murcia, Murcia, Spain

2

Department of Clinical and Movement Neurosciences, UCL
Queen Square Institute of Neurology, London, UK

6

Reta Lila Weston Institute of Neurological Studies, UCL
Queen Square Institute of Neurology, London, UK

3

Department of Neurodegenerative Disease, UCL Queen
Square Institute of Neurology, London, UK

7

Institute of Prion Diseases, MRC Prion Unit At UCL,
Courtauld Building, 33 Cleveland Street, London, UK

4

Department of Neuropathology, Institute of Brain Science,
Hirosaki University Graduate School of Medicine, Hirosaki,
Japan

13

