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A genome-wide analysis of brain DNA methylation identifies new
candidate genes for sporadic amyotrophic lateral sclerosis
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Abstract

Genetic variants may underlie sporadic amyotrophic lateral sclerosis (SALS), but in only a few percent of patients have
causative mutations been found. This is possibly because SALS is more often due to a variation in DNA methylation, an
epigenetic phenomenon involved in gene silencing. Methylation across the whole genome was examined in brain DNA of 10
SALS patients and 10 neurologically-normal controls. Methylated DNA was immunoprecipitated and interrogated by
Affymetrix GeneChip Human Tiling 2.0R Arrays. Methylation levels were compared between SALS patients and controls
at each region of methylation across the genome. SALS patients had either hypo- or hyper-methylation at 38 methylation
sites (p <0.01). Of these, 23 were associated with genes and three with CpG islands. Pathway analysis showed that genes
with different methylation in SALS were particularly involved in calcium homeostasis, neurotransmission and oxidative
stress. In conclusion, a number of genes, either unsuspected in SALS or in potential cell death pathways, showed altered
methylation in SALS brains. The possibility of epigenetic therapy for SALS should encourage confirmation of these initial
results in a future larger whole-genome DNA methylation study.
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Introduction silencing, and the CpG islands of genes that are
actively expressed are usually free of methylation (3).
Once established, methylation status is usually
mitotically heritable, but the methylation slate is
wiped clean during embryonic development (4).
This raises the possibility that abnormal methylation
of a gene can arise during development, or in
adulthood due to environmental influences (5) and
not be passed on to the next generation. A similar
model of genetic-epigenetic interaction is increas-
ingly being considered in cancer (6).

In SALS, pathogenic variations in methylation
(epimutations) could lead to reduced expression of
genes necessary for motor neuron survival, or to
inappropriate expression of genes that are normally
kept silent. Methylation in SALS has previously

X A ) been examined only in the candidate genes SOD1
DNA methylation (2). This epigenetic phenomenon and VEGF (7) and in members of the metallothio-

The cause of sporadic amyotrophic lateral sclerosis
(SALS) in the great majority patients remains
unknown. The sporadic form is clinically indistin-
guishable from the genetic form, which raises the
possibility that both disorders are caused by genetic
variations (1). However, searches for disease-caus-
ing mutations and susceptibility loci in SALS have
been largely unsuccessful (for review, see Siddique
2008). A major stumbling block in looking for a
genetic cause of SALS has been the inability to
explain why a presumed germline genetic variant is
not commonly found in patients or their family
members.

One mechanism that can mimic genetic change,
but where Mendelian transmission is lacking, is

covalently adds methyl groups to the cytosines of nein gene family (8). In none of these genes was the
CpG dinucleotides. CpGs are often clustered in methylation pattern found to be different in SALS.

regions of high density known as CpG islands, which Recent technological advances allow for methyla-
can be found in promoters. Methylation in promo- tion to be studied across the entire genome (9),
ters is recognized as a fundamental regulator of gene removing the requirement for a priori knowledge of
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candidate genes. ChIP-on-Chip technology identifies
methylation by combining chromatin immunopreci-
pitation (ChIP) with whole-genome scanning (Chip)
(9-11). An antibody against methylcytosine isolates
methylated fragments from genomic DNA and the
methylated fragments are interrogated using gene
chips (9). In this study we used this technique to
analyse the whole-genome distribution of methyla-
tion in patients with SALS and compared these to
controls. We examined DNA from brain tissue
because epigenetic alterations vary widely between
tissue types. Epimutations can affect transcriptional
control elements that are distant from promoters (2),
so that in addition to promoter methylation we
measured methylation within genes and at intergenic
regions. We found a number of changes in the pattern
of methylation in ALS brains.

Materials and methods
Study subjects

Frozen brain samples from 10 male SALS patients
(mean age 63 years, SD+12 years) and 10 male
neurologically-normal controls (mean age 62 years,
SD +12 years) were obtained from the New South
Wales and Victorian Tissue Resource Centres (for
clinical details see Supplementary Table I). SALS
patients had no family history of ALS. The clinical
diagnosis of probable or definite ALS was made on
revised El Escorial criteria and confirmed by
neuropathological examination of the brain and
spinal cord (12). Mean post mortem delay was 14
h SD+8 h in SALS and 14 h SD+6 h in control
subjects. All subjects were of European descent.
The study was approved by the Human Research
Ethics Committee of the Sydney South-West Area
Health Service.

ChIP-on-Chip analysis

Genomic DNA was extracted using the phenol
chloroform method from 1 g of lateral frontal cortex
in the middle frontal region (Brodmann area 46).
The same anatomic region was sampled in SALS
patients and controls. Chromatin immunoprecipita-
tion followed by microarray hybridization was per-
formed by Genpathway (San Diego, CA, USA).
Methylated fragments were interrogated with Gene-
Chip Human Tiling 2.0R Arrays (Affymetrix, Santa
Clara, CA, USA). These arrays are based on repeat-
masked genomes and so do not include features such
as Alu repeats or transposons.

Data analysis

Two-sample comparisons were made with Tiling
Analysis Software version 1.0.08 (Affymetrix). ‘Pre-

sent’ or ‘absent’ calls were generated by applying a
>2.0 threshold to intensity values. Intervals were
derived by combining methylated sites that were less
than 300 bp apart and that ran for a total length of at
least 180 bp. Raw data files were analysed using
Genpathway software which coordinated the geno-
mic annotations of intervals, intensity peak metrics
and sample comparisons. Gene annotations were
taken from NCBI Build 36. CpG islands
were defined according to March 2006 UCSC
Genome Browser criteria, i.e. GC content of seg-
ment >50%, length >200 bp and ratio of CpG to
Cand G >0.6.

A group analysis compared the proportion of
methylated sites with either present or absent methy-
lation, using Fisher’s exact tests. To detect individual
differences that may have been concealed in the
group analysis, we compared peak intensity values for
each SALS patient with the average value of controls.
SALS:control probe intensities >1.3 or <0.7 were
considered significant based on correlated GenPath-
way qPCR values of representative genes. The
DAVID database (13) was used to analyse gene
ontology functional categories and Matlnspector
(14) identified transcriptional binding site motifs.
Statistical analyses were performed with JMP 6
(Cary, NC, USA) and Microsoft Excel (Redmond,
WA, USA). Corrections for multiple testing were not
performed due to controversies about these in whole-
genome studies (see Discussion) and the modest
sample number.

Replicate samples run at different times showed
that 72% of intervals overlapped in the two runs.
Much of this variation is probably due to small
differences in probe intensities that result in values
falling just below the threshold. Adjusting the thresh-
old from 2.0 to a lower value of 1.7 increased the
reproducibility to 92%, indicating that thresholding
is responsible for most of the test-test difference.

Results
Nomenclature

We defined an interval as a length of DNA contain-
ing methylated sites that exceed a set threshold
(Figure 1). A methylation region on the DNA strand
contains a single interval in at least one subject, or
intervals that overlap between different subjects
(Figure 2). A methylation region can be methylated
or unmethylated in different subjects. A gene
domain is an area within 10 kb upstream or down-
stream of an annotated gene or pseudogene and
consists of the gene body (exons and introns) and
the flanking areas (Figure 3). The intergenic area is
outside the gene domains. Data have been deposited
in GEO (accession number GSE12525).
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Figure 1. A. Affymetrix Integrated Genome Browser output showing exons (vertical lines) and introns (horizontal lines) of the gene ENPP3
(in the upper part of the diagram). The ENPP3 gene domain contains three intervals, two intronic and one in the right flanking region. The
lower part of the diagram shows that intervals are made up of lengths of methylated probe intensities (vertical lines) above a threshold value
(horizontal line). y-axis, probe intensity: x-axis, genomic location. Intervals are also indicated as small horizontal bars at the base of the
diagram. B. Higher magnification of the left intronic interval. The peak intensity value (circle) is the highest probe value of the interval.

Distribution of intervals in different genomic regions intervals per subject ranged from 14,105 to 37,765,

A total of 515,616 intervals were detected across the with a similar variation in interval numbers in CpG
20 subjects (Table I). These intervals gave rise to islands and gene domains. Despite this wide range,
64,424 methylation regions. Five percent of these the average number of intervals was similar in SALS
were in CpG islands and 57% in gene domains (with (25,384; SD+7268) and control (26,178; SD+
or without CpG islands). The total number of 6799) brains. About half the intervals were within

Sample 4
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Figure 2. Data from five samples showing that intervals (upper darker bars) in the same genomic area can be combined into methylation
regions (lighter bars). Samples with intervals in the methylation region are given a ‘present’ call. Samples may have more than one interval
within a single methylation region (sample 3) or have no intervals (absent) within the methylation region (sample 4). Intervals that do not
overlap within methylation region A (interval on far right) fall within another methylation region (B). Methylation regions can be associated
with more than one genomic feature (e.g. methylation region A is associated with gene 1, gene 2 and a CpG island). Conversely, genes can
be associated with more than one methylation region (e.g. gene 2 with methylation regions A and B).
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Figure 3. Terminology for genomic features. This genomic region contains a gene body with exons (dark bars) and introns, and a promoter

(light bar).

gene domains and half in intergenic regions (Figure
4). Intervals in gene domains were mostly within the
gene body, with smaller numbers flanking the gene or
in the promoter (Figure 4). Fewer than 4% of
intervals were in CpG islands. The proportion of
intervals in each of the above genomic areas was not
different in SALS and control brains (Table I).

Distribution of intervals across chromosomes

The total number of intervals in each chromosome
was similar in SALS and control brains (data not
shown). The proportion of intervals within gene
domains ranged from 20% on chromosome Y to
73% on chromosome 19, and was not different
between groups (Supplementary Figure 1). Promoter
methylation ranged from 4% in chromosome 18 to
25% in chromosome 19, and was increased in
controls at chromosomes 5 (»=0.04) and Y
(» =0.01). CpG island methylation ranged from 1%
in chromosome 3 to 18% in chromosome 19, and was
increased in controls at chromosomes 3 (p =0.02), 7
(»=0.04), X (p=0.02) and Y (»p =0.01).

Distribution of methylated genes and CpG islands

The average number of methylated gene domains in
the whole group was 6957 (range 4596-8979), which
corresponded to methylation at 17% of gene and
pseudogene domains (Figure 5). The total number of
methylated CpG islands was 55,859 (7% of CpG

islands in total). The number of gene domains that
were methylated was similar in SALS and control
brains (Supplementary Table II). In both SALS and
control brains, 17% of gene domains and 7% of
promoters were methylated. The proportion of pro-
moters with methylated CpG islands was also similar
in SALS (7%) and control (8%) brains.

Influence of age and post mortem delay on interval
number

No correlation was found between total interval
number and age (** =0.09) or post mortem delay
(*=0.002). The number of methylated gene
domains also did not correlate with age (+* =0.13)
or post mortem delay (** =0.0001). In addition, no
correlations were found when SALS and control
groups were analysed separately. Disease duration in
SALS patients did not correlate with interval num-
ber (#* =0.03) or the number of methylated gene
domains (¥ =0.03).

Group comparisons

Present or absent methylation calls at methylation
regions were compared between patients and con-
trols using Fisher’s exact tests. This identified 38
methylation regions at p <0.01, with three of these
in CpG islands and 23 in gene domains (Table II). A
further 424 differently-methylated regions were
identified at p <0.05, 28 in CpG islands and 257

Table I. Distribution of intervals in different genomic regions in control and SALS brains.

Interval position All subjects no. Control no. Control % of group total SALS no. SALS % of group total
Whole genome 515,616 261,780 - 253,836 -

Gene domain 248,516 126,429 48.3 122,087 48.1

Outside of gene domain 267,100 135,351 51.7 131,749 51.9
Promoter 39,905 20,315 7.8 19,590 7.7
Transcription start site 4349 2267 0.9 2082 0.8

CpG islands 18,004 9377 3.6 8627 3.4
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Figure 4. Distribution of methylated sites in brain DNA. About half of all methylation was in gene domains. Within gene domains, about
one third of methylation was within the gene body; 8% of methylated regions were in the promoter. A ‘distal promoter’ is between 7500 bp
upstream and 2500 bp downstream, and a ‘proximal promoter’ within 500 bp, of the transcriptional start site.

in 287 gene domains (data not shown). Genes with
significant variation in methylation levels were
reviewed as possible candidate genes for SALS,
based on NCBI descriptions and the current litera-
ture on the suspected pathogenesis of ALS. The four
genes with the most significant methylation differ-
ences (p <0.005) were ATRN, MSRA, PRDMI16
and SGCZ. Of these, only MSRA was considered as
a potential candidate due to its role in the oxidative
stress response (15). The full list of suggested
candidate genes is shown in Table III. In 24 of these
genes, the methylation region contained a predicted
transcription factor binding site.

Individual comparisons

When the peak probe intensity values of methylation
regions in individual SALS patients were compared
to the average intensity values of the controls, 47
methylation regions were found to be either methy-
lated or unmethylated across at least five SALS
patients (Table IV). These included 16 methylation
regions in gene domains and 11 in CpG islands.
Methylation regions located both in CpG islands and
gene domains were found in CPNE7, RPH3AL,
LOC100131606, LOC100127980 and LOC728117.
The RPH3AL methylation region, located upstream
of the gene, was unmethylated in all SALS patients.
In addition, a CpG island located within RPH3AL
was unmethylated in eight of the 10 SALS patients.
Another methylation region, located on chromosome
8, was unmethylated in all SALS brains but this
contained no genes or CpG islands. Of the above
genes, RPH3AL and NSF were considered possible
candidate genes for ALS and both contained pre-
dicted transcriptional binding sites in their methyla-
tion regions.

Analysis of biochemical pathways

The DAVID database contained 83% of the genes
that were identified in the p <0.05 group analysis.
Of these, 194 (81%) had a Gene Ontology annota-
tion. The three biological processes with the most
significant enrichment were calcium ion transport
(» =0.00002), the extracellular matrix (p =0.00005)
and cellular development (p =0.00006). The 10
most statistically significant functional pathways
are listed in Supplementary Table III.

Methylated in
Methylated in ~ Promoters with
promoters without  CPG islands
CpG islands 3%
4%

Other methylated
gene domains
10%

Unmethylated gene
domains
83%

Figure 5. Methylation status of gene domains in the brain.
Seventeen percent of genes have methylation regions within 10
kb of the gene body. Most gene domains are unmethylated. ‘Other
methylated gene domains’ comprise the gene body and flanking
areas, excluding the promoter.
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Table II. Differently-methylated regions in SALS at p <0.01. Ranked by increasing p-values.

Start Length SALS SALS Control Control Gene CpG
Chr position (bp) present absent present absent domain island P
20 3,557,635 494 0 10 8 2 ATRN 0.000
8 10,294,646 960 3 7 10 0 MSRA* 0.002
1 3,175,886 1187 1 9 8 2 PRDM16 0.003
3 148,133,280 698 9 1 2 8 0.003
8 14,603,469 715 2 8 9 1 SGCZ 0.003
11 84,554,430 732 2 8 9 1 0.003
2 22,447,428 629 0 10 6 4 0.005
2 36,232,341 1566 0 10 6 4 0.005
3 28,863,611 644 6 4 0 10 0.005
3 131,825,508 866 10 0 4 6 COL6A6* 0.005
6 163,187,405 661 0 10 6 4 PACRG* 0.005
7 127,949,472 258 0 10 6 4 0.005
12 30787946 1019 4 6 10 0 CAPRIN?2 0.005
13 112,850,942 821 0 10 6 4 F10, PROZ Yes 0.005
15 69,686,865 451 6 4 0 10 THSD4 0.005
19 876,694 584 0 10 6 4 KISSIR, ARI- Yes 0.005
D3A
21 39,020,840 711 6 4 0 10 0.005
21 45,684,675 892 0 10 6 4 COL18AI1* Yes 0.005
1 37,427,784 736 3 7 9 1 0.010
1 58,485,198 567 9 1 3 7 DABI* 0.010
4 15,008,264 808 1 9 7 3 LOC100129903, 0.010
CIQTNF7
5 10,517,151 516 9 1 3 7 ROPNIL 0.010
5 169,083,100 390 7 3 1 9 DOCK2 0.010
6 31,362,546 1238 1 9 7 3 0.010
7 1,554,825 408 9 1 3 7 MAFK, TME- 0.010
Mi184A4
7 23,430,668 467 1 9 7 3 IGF2BP3* 0.010
7 26,617,652 426 9 1 3 7 0.010
9 109,432,020 661 7 3 1 9 0.010
10 30,409,099 687 3 7 9 1 LOC729663 0.010
11 98,750,711 234 3 7 9 1 CNTN5* 0.010
11 116,035,359 793 9 1 3 7 0.010
12 39,992,907 436 3 7 9 1 0.010
12 89,619,237 532 1 9 7 3 0.010
15 56,642,786 452 9 1 3 7 LIPC 0.010
16 9,242,720 438 7 3 1 9 0.010
16 81,263,410 461 9 1 3 7 CDH13* 0.010
17 7,107,962 350 3 7 9 1 C1701f81, 0.010
CLDN7
22 22,009,656 610 9 1 3 7 LOC649264 0.010

Present/absent: methylation status.*genes identified as potential candidates; Chr: chromosome; bp: base pairs.

Methylarion in known ALS candidate genes

A number of possible candidate genes for SALS have
been suggested (for review, see Pasinelli and Brown,
2006). None of these candidate gene domains or
their associated CpG islands showed different
methylation proportions in SALS brains. In parti-
cular, no changes were seen in the methylation
patterns of SODI, TARDBP, VEGF, ANG nor any
of the neurofilament genes. The methylation status
of all the identified SALS candidate genes is shown
in Supplementary Table IV.

Gene expression

Gene expression in SALS has been examined in
eight whole-genome studies (17-24). Genes re-
ported to have different expression patterns in

SALS that showed altered methylation in the present
study were ALK, ATP9B, C4BPB, GRB14, NSF,
PCP4 and RYR3 (Supplementary Table V). How-
ever, the decreases or increases of gene expression
did not correlate consistently with the presence or
absence of methylation. None of the above genes
had methylation at their promoters, although some
methylation regions contained predicted transcrip-
tional binding sites.

Discussion

DNA methylation has been a relatively under-
studied area in neurodegeneration, even though
epimutations have been linked to a number of
pathological processes, in particular carcinogenesis.
Technical limitations have until recently restricted
methylation studies to individual candidate genes
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Table III. Candidate genes from the SALS/control group analysis. Ranked by functional pathway.

Functional SALS SALS Control Control
pathway Gene Site present absent present absent SALS methylation P
Calcium CACNAIB Intronic* 4 6 0 10 Hyper 0.043
dynamics CACNAIC Exonic 4 6 0 10 Hyper 0.043
CACNAIE Intronic 2 8 8 2 Hypo 0.012
FBLNS Flanking 4 6 0 10 Hyper 0.043
HPCALI Intronic 0 10 5 5 Hypo 0.016
ITPRIP Gene body 0 10 4 6 Hypo 0.043
PCP4 Flanking§ 4 6 0 10 Hyper 0.043
RAMPI Intronic§ 0 10 4 6 Hypo 0.043
RYR3 Intronic§ 4 6 9 1 Hypo 0.029
SLC24A3 Gene body 4 6 0 10 Hyper 0.043
Excitotoxicity ACCN1 Intronic 6 4 10 0 Hypo 0.043
SLC17A47 Flanking§ 0 10 5 5 Hypo 0.016
Oxidative stress MSRA Intronic§ 3 7 10 0 Hypo 0.002
PON2 Intronic§ 4 6 0 10 Hyper 0.043
PTGS1 Gene body§ 2 8 8 2 Hypo 0.012
Neuronal NRXN1 Intronic 0 10 4 6 Hypo 0.043
€XO0Cytosis SYTL3 Intronic§ 6 4 1 9 Hyper 0.029
Brain ALK Intronic 8 2 3 7 Hyper 0.035
development ALK Intronic§ 2 8 7 3 Hypo 0.035
BSG Gene body*§ 0 10 5 5 Hypo 0.016
CDH13 Intronic 9 1 3 7 Hyper 0.010
CDH13 Intronic 10 0 6 4 Hyper 0.043
CDH4 Intronic 1 9 6 4 Hypo 0.029
CDH4 Intronic 2 8 7 3 Hypo 0.035
CNTNS5 Intronic§ 3 7 9 1 Hypo 0.010
DOKS5 Intronic§ 6 4 10 0 Hypo 0.043
METRNL Flanking 0 10 4 6 Hypo 0.043
NRPI1 Intronic§ 1 9 6 4 Hypo 0.029
PCDH21 Intronic 0 10 4 6 Hypo 0.043
ROBO1 Intronic§ 5 5 0 10 Hyper 0.016
SIM1 Intronic§ 4 6 9 1 Hypo 0.029
Collagen COL23A1 Intronic 4 6 0 10 Hyper 0.043
COL4A1 Gene body§ 4 6 0 10 Hyper 0.043
COL6A3 Intronic 3 7 8 2 Hypo 0.035
COL6A6 Intronic§ 10 0 4 6 Hyper 0.005
Neurological CAS8 Intronic§ 4 6 9 1 Hypo 0.029
conditions CIITA Flanking 5 5 0 10 Hyper 0.016
DABI1 Intronic 9 1 3 7 Hyper 0.010
DMD Intronic§ 0 10 4 6 Hypo 0.043
LRRK1 Intronic 10 0 6 4 Hyper 0.043
PACRG Intronic§ 0 10 6 4 Hypo 0.005
SNTBI Intronic§ 4 6 9 1 Hypo 0.029
SNTG?2 Intronic§ 5 5 0 10 Hyper 0.016
Ubiquitin UBE2E3 Flanking§ 1 9 6 4 Hypo 0.029
DNA repair PLA2G4C Gene body 0 10 4 6 Hypo 0.043
Survival/apoptosis CERKL Intronic§ 1 9 6 4 Hypo 0.029
STAT3 Gene body 10 0 6 4 Hyper 0.043
Neurotrophic GFRA1 Intronic 0 10 4 6 Hypo 0.043
factor GFRA2 Intronic 0 10 4 6 Hypo 0.043
IGF2BP3 Intronic 1 9 7 3 Hypo 0.010
Xenobiotic AS3MT Intronic 7 3 2 8 Hyper 0.035
protection PAPSS2 Intronic 3 7 8 2 Hypo 0.035

*Methylation region in CpG island; §: Methylation region contains a predicted transcription factor binding site; Gene body: methylation
region covers both exons and introns. Genes that appear twice contain two methylation regions.

(7,8). Epigenome analyses now allow the examina-
tion of both the distribution of methylation in the
brain and comparisons between disease and control
phenotypes.

Of interest was the wide variation in the total
number of intervals, with some brains showing over
twice the number of others. This variation was

consistent across all genomic regions and was similar
in SALS and control brains. However, the average
number of intervals did not differ between SALS and
control subjects. Our finding of large inter-individual
differences in interval number is surprising, given a
previous report of a consistent methylation pattern
between brain samples (25). Methylation status can



05:26 15 January 2009

[University of Sydney] At:

Downl oaded By:

8 F M. Morahan et al.

Table IV. Comparison of methylation regions in individual SALS brains. Methylation regions where at least five SALS patients had
differences (either methylated or unmethylated) are shown. Ranked by decreasing number of patients with differences.

Length SALS SALS Gene CpG

Chr  Start position (bp) methylated unmethylated domain island SALS methylation
8 1,732,991 1660 0 10 Hypo
17 210,280 907 0 10 RPH3AL* Hypo
17 122,587 925 0 8 RPH3AL* Yes Hypo
17 76,331,968 1091 0 7 KIAA1303 Hypo
13 111,717,247 1053 7 0 Yes Hyper
8 145,475,709 780 0 6 BOPI1, HSF1 Hypo
9 114,882,049 246 0 6 Hypo
10 134,704,773 414 0 6 Hypo
16 22,955,808 833 0 6 Hypo
16 88,181,317 1104 0 6 CPNE7* Yes Hypo
19 41,457,506 688 0 6 Yes Hypo
19 41,467,665 591 0 6 Yes Hypo
1 224,876,724 430 6 0 ITPKB Hyper
10 792,978 814 6 0 Hyper
1 3,738,455 653 0 5 KIAA0562 Hypo
3 278,451 809 0 5 CHL1* Hypo
4 16,544,148 209 0 5 Hypo
4 149,680,380 229 0 5 Hypo
4 188,117,410 14,408 0 5 Yes Hypo
4 190,521,648 774 0 5 Yes Hypo
5 4,919,316 548 0 5 Yes Hypo
5 17,629,808 235 0 5 LOC402207, Hypo

LOC729719,

LOC729724,

LOC729731,

LOC391761,

LOC729735
7 2,041,299 1517 0 5 MADILI Hypo
9 45,332,510 439 0 5 Yes Hypo
12 9,531,025 285 0 5 oros Hypo
12 94,554,802 513 0 5 Hypo
12 105,425,357 639 0 5 POLR3B Hypo
14 45,672,710 907 0 5 Hypo
17 42,024,723 407 0 5 NSF* Hypo
19 41,470,201 715 0 5 Yes Hypo
19 41,475,265 714 0 5 Yes Hypo
19 41,477,787 715 0 5 Yes Hypo
19 41,480,322 688 0 5 Yes Hypo
19 41,485,389 516 0 5 LOC100131606 Yes Hypo
19 41,487,904 516 0 5 LOC100131606, Yes Hypo

LOC100127980
21 45,877,357 1465 0 5 LOC728117 Yes Hypo
22 48,047,211 1186 0 5 Hypo
X 54,936,684 235 5 0 Hyper
3 11,958,423 2399 5 0 Hyper
7 157,410,089 790 5 0 PTPRN2 Hyper
11 122,780,554 274 5 0 Hyper
11 125,601,114 688 5 0 FAM118B Hyper
15 67,574,403 273 5 0 LOC145837 Hyper
18 74,734,887 207 5 0 Hyper
18 75,227,877 803 5 0 ATP9B Hyper
21 43,007,510 630 5 0 PDE9Y9A Hyper
22 34,303,699 447 5 0 Hyper

*Genes identified as potential candidates; Chr: chromosome; bp: base pairs.

change during ageing (26), but numbers of intervals
did not correlate with age in our subjects. The samples
in our study were taken from one area of the brain so
regional differences are unlikely to account for the
variation (25). The previous study that looked at 1505
potential methylation regions in CpG islands (25)
(compared to our 64,424 regions across the genome)
used a different technique of methylation analysis, so

direct comparison is difficult. Our findings suggest
that differences in brain methylation status between
individuals are more marked than previously thought.

Some chromosomes, in particular chromosome
Y, showed varying methylation between SALS and
control brains at CpG islands and gene domains.
This is of interest since most series have shown a
male predominance in SALS. An analysis of a mixed
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gender cohort would be required for further char-
acterization of gender differences in brain methyla-
tion.

The methylation rate of CpG islands we found
was similar to that in the Human Epigenome Project
(27) as well as a recent MeDIP study of methylation
in other tissues (28). About half the intervals we
detected were within 10 kb of genes, the remaining
half being at intergenic sites. Previous epigenetic
studies in human brain have investigated methyla-
tion patterns near genes only (25,29-32) rather than
across the whole genome. This study indicates that a
large proportion of methylation in the human brain
is at intergenic sites, where it may regulate genes
over large distances (27).

Several biochemical pathways were identified
where methylation differences could be relevant to
the pathogenesis of SALS, including calcium ion
transport. The current literature implicates several
mechanisms in the development of SALS and we
consider the following groups of genes to be of
particular interest as candidate genes for SALS.

Calcium dynamics

Among the genes with differing methylation levels in
SALS the most significant enrichment was for those
related to calcium ion transport. Dysregulation of
calcium homeostasis is thought to play a central role
in neuronal loss in SALS (33). Identified genes
included those for calcium channels (CACNAIB,
CACNAI1C, and CACNAIE) and a sodium-calcium
exchanger (SLC24A43). Of interest is CACNAIB,
which is involved in neurotransmitter release (34)
and was hypermethylated in patients compared to
controls. Another attractive candidate is HPCALI, a
calcium sensor for neuronal signalling (35) that
showed relative hypomethylation in patients. A
previous study showed the gene for the calcium
channel RYR3 is down-regulated in the motor cortex
of SALS patients (17) and our study found RYR3
was hypomethylated at a binding site for home-
odomain transcription factors, including the repres-
sor T'GIF2. The lack of methylation at this site may
allow repressors to bind and down-regulate RYR3 in
SALS. PCP4 is a neuronally-expressed calcium
binding protein that has previously been shown to
be down-regulated in SALS motor cortex (22). Our
study identified a hypermethylated region upstream
to PCP4 in the SALS patients. This region contained
a homeodomain transcriptional binding site that
may be blocked in the brain and contribute to the
down-regulation seen in this disease. RAMPI is
involved in the trafficking of calcitonin receptors
(36) and was hypomethylated at a transcriptional
binding site in SALS. Other candidate genes in-
volved in calcium dynamics included FBLNS5 and
ITPRIP.
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Excitotoxicity

Glutamate excitotoxicity has long been suspected to
underlie cell death in SALS (37) and differences in
glutamate handling in motor neurons are thought to
account for the site-specific damage seen in this
disease (37). SLC17A7 is a sodium-dependent
phosphate transporter that functions in glutamate
transport at synaptic vesicles (38). A region down-
stream to SLC17A7 that contained brain-specific
transcriptional binding sites was hypomethylated in
all SALS patients. Excitotoxicity also involves the
influx of sodium ions (39), and one of our candi-
dates, ACCN1, is a sodium ion transporter linked to
excitotoxicity in Parkinson’s disease (40). This gene
was hypomethylated in SALS.

Oxidative stress

Oxidative stress is implicated in SALS and three of
our differently-methylated genes protect against
oxidative damage. PON2 has been the subject of
SNP association studies in SALS (41) and was
hypermethylated at a transcriptional binding site in
SALS. MSRA repairs oxidative damage and is
highly expressed in nervous tissue (15). PTGSI,
known commonly as cyclo-oxygenase, protects cells
from oxidative damage and has been shown to play a
role in neuroinflammation (39). Both the latter
genes were hypomethylated at transcriptional bind-
ing sites.

Neuronal exocytosis

Neurexins are cell surface proteins that mediate the
assembly of presynaptic terminals and couple cal-
cium channels to synaptic vesicle exocytosis (42).
NRXN1 was unmethylated in all SALS brains while
controls showed variable methylation. SY7TL3 inter-
acts with NRXN1 and is likely to play a part in
synaptic vesicle exocytosis (43). SYTL3 was hyper-
methylated at an intronic homeodomain binding site
in SALS. NSE essential to vesicle fusion at synaptic
terminals (44), is down-regulated in SALS (22) and
was hypomethylated at a predicted repressor binding
site. RPH3AL, the human ortholog of a rat GTPase
involved in calcium-regulated exocytosis (45), was
hypomethylated at two sites, one located upstream
of the gene that was unmethylated in all SALS
patients. The other site was a CpG island located
within RPH3AL that was unmethylated in eight of
the 10 SALS patients. These two sites contain
transcriptional binding motifs for homeodomain
proteins, neurogenesis and apoptosis.

Other neuromuscular conditions

DMD, the mutated gene responsible for Duchenne
and Becker muscular dystrophies (46), was hypo-
methylated at a predicted repressor binding site in
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SALS. Two syntrophin genes, SNTBI (47) and
SNTG?2 (48), are associated with dystrophin in cells
and showed SALS hypo- and hyper-methylation,
respectively. LRRK1 and PACRG are associated with
Parkinson’s disease. Other identified genes included
CAS8, CIITA and DABI1, which have been associated
with neuromuscular conditions in humans or animal
models.

Brain development

This group of candidate genes is involved in brain
development and neural network formation, and
includes the cell adhesion molecules PCDH21,
CDH4, CDHI13 and CHLI (49). Of interest is
NRPI, a receptor for vascular endothelial growth
factor (50), which itself is implicated in SALS (51).
NRP1 was hypomethylated in SALS at a transcrip-
tional binding site.

Neurotrophic factors, ubiquitin, apoptosis, xenobiotics,
DNA repair, collagen and microRNA

Impairment of neurotrophic factors may lead to
selective motor neuron death in ALS (52). GDNF is
up-regulated in SALS (18) and we found the GDNF
receptors GFRA1 and GFRAZ2 were hypomethylated
in all SALS patients. The transcriptional repressor
IGF2BP3, which acts on the neurotrophic factor
IGF2, was hypomethylated in SALS. Other candi-
dates were related to ubiquitination (UBEZ2ES3),
neuronal survival and apoptosis (CERKL and
STAT3), xenobiotic detoxification (PAPSS2 and
AS3MT), DNA repair (PLA2G4C) and the collagen
genes (COL23A1, COL4A1, COL6A3 and
COL6A6). One neuronally-specific microRNA,
miR-124-A3, was located upstream to a hypomethy-
lated region in SALS.

Expression studies

Genes reported to have different expression in SALS
were investigated to see if expression could be linked
to changes in methylation. Genes with differences in
both their methylation and expression patterns were
ALK, RYR3, GRBI4, PCP4, C4BPB, NSF and
ATP9B, some of which have been discussed above.
ATPY9B is down-regulated in SALS (17) and was
hypermethylated in SALS at binding sites for factors
that regulate the cellular calcium response and
neuronal excitability, and are involved in synaptic
transmission and neuronal apoptosis. Although the
methylation differences in these seven genes were
outside promoters, the proximity of the methylation
regions to transcriptional binding sites may allow
these regions to influence expression.

A limitation of this study was the modest
numbers of disease and control brains analysed.

The large number of methylated sites detected
means that a considerable number of differences
are likely to be due to statistical chance. We did not
apply corrections for multiple testing, given the
small numbers of subjects and the controversy in
applying these corrections to whole-genome studies
(53). The current high experimental cost of these
whole-genome studies and the scarcity of human
brain tissue (both diseased and normal) will limit
this approach to modest numbers for the foreseeable
future. However, accurate age-, sex- and ethnicity-
matching in this study reduced the sources of
variation to a minimum. In addition, the use of
pathway analysis identified groups of genes in which
methylation differences may well have biological
significance.

This study represents a solid starting point for
further epigenetic analyses in SALS. Given the
potential for large numbers of rarely-occurring
methylation differences to interact to produce the
disease, newer whole-genome technologies for
methylation analysis would be of value to confirm
our results. One such technique is chromatin immu-
noprecipitation combined with deep sequencing (54)
which would allow further characterization of the
regions of interest. This would enable DNA methyla-
tion to be compared with both single nucleotide and
copy number variation in a single study, in addition to
the detection of these variations in only a small
percentage of the tissue. Since the normal variation
in brain DNA methylation is not known, tissue from
atleast 100 SALS patients and 100 controls should be
examined. In addition, because DNA methylation
probably varies in different parts of the CNS, samples
should be examined from a region maximally affected
by the disease (the spinal cord), a region affected by
the disease but with less cell loss (the frontal cortex),
and a region not known to be affected by the disease
(e.g. the occipital cortex). The numbers of patients
(and in particular controls) needed, and the expense
of such a study, will require an international colla-
borative effort. This will be feasible if tissue banks can
be found that have frozen brain and spinal cord
samples to allow extraction of high-quality genomic
DNA from sufficient numbers of SALS and age- and
gender-matched controls.

In conclusion, this study is the first to examine
methylation in normal human brain tissue across
the whole genome and represents a resource for
future studies. It has revealed a number of differ-
ences in SALS patients. Although no altered
methylation pattern was common to all SALS
patients, multiple rare changes in methylation may
have an important role in the pathogenesis of
SALS. Novel candidates detected by this genome-
wide methylation study include genes involved in
calcium homeostasis, excitotoxicity and oxidative
stress, all of which have been implicated in SALS.
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Methylation remains an exciting field in SALS
research both in terms of explaining pathogenesis
and identifying interacting environmental factors.
Of particular relevance to patients with SALS,
finding an epigenetic cause for this disease could
open up new avenues for therapy (3).
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Supplementary Table I. Clinical details of SALS patients and controls.

Group Region first affected Disease duration (years)* Cause of death Age at death (years) PM delay (h)
SALS Lower limb 3 ALS 54 9
SALS Upper limb 2 ALS 47 13
SALS Lower limb 2 ALS 70 12
SALS Bulbar 1 ALS 53 18
SALS Lower limb 1 ALS 54 19
SALS Lower limb 2 ALS 68 5
SALS Lower limb 10 ALS 84 23
SALS Bulbar 2 ALS 62 28
SALS Lower limb 1 ALS 77 6
SALS Lower limb 1 ALS 56 8
Control - - IHD 55 7
Control - - IHD 44 13
Control - - IHD 69 16
Control - - IHD 54 29
Control - - Cardiomyopathy 53 16
Control - - IHD 69 13
Control - - Colon carcinoma 85 9
Control - - IHD 60 13
Control - - Suicide 74 16
Control - - IHD 59 12

SALS patients are age-matched with sequential controls. *The difference between the date of diagnosis of SALS and the date of death,
rounded to the nearest year. PM: post mortem; IHD: ischaemic heart disease.
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Supplementary Figure 1. Interval frequencies in different genomic areas by chromosome. Interval frequencies across different
chromosomes were similar in SALS and control subjects, apart from those labelled with asterisks (significantly different at p <0.05).
Genes: gene domains; Ctrl: control;% Intervals: per cent intervals in each group associated with each genomic feature (e.g. the first bar
showing 52% of intervals in controls were associated with genes). The most significant differences were in the Y chromosome.

Supplementary Table II. Distribution of genomic regions by methylation status.

All subjects (average) Control (average) SALS (average)
Number % Number % Number %
Genomic region Total number  methylated methylated methylated methylated methylated methylated
Gene and pseudogene 40,834 6957 17.0 7065 17.3 6849 16.7
domains
Promoters 40,834 2793 6.8 2844 6.9 2742 6.7
Promoters with CpG 17,947 1346 7.4 1382 7.7 1310 7.3
islands
Promoters without 22,887 1447 6.3 1462 6.4 1432 6.3

CpG islands
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Supplementary Table III. Gene ontology functional categories that were over-represented in differently-methylated gene domains in SALS.
Ranked by increasing p-values.

Gene ontology functional annotation Count P

Calcium ion binding 28 0.00002
Extracellular matrix 9 0.00005
Multicellular development 48 0.00006
Anatomical structure development 45 0.00007
Multicellular process 66 0.00014
Basement membrane 7 0.00017
Cell adhesion 22 0.00021
Biological adhesion 22 0.00021
Developmental process 58 0.00036
System development 37 0.00037

Supplementary Table IV. Methylation status of SALS previously-identified candidate genes (listed alphabetically).

SALS SALS Control Control Fisher’s Methylation Within

Gene present absent present absent exact p site CpG  Other CpG islands in the gene domain
ABCAI 6 4 6 4 0.675 Downstream No Promoter, Intron
2 8 3 7 0.5 Downstream No
0 10 2 8 0.237 Intron No
0 10 1 9 0.5 Intron No
9 1 6 4 0.152 Exon No
3 7 3 7 0.686  Intron No
3 7 2 8 0.5 Exon No
7 3 7 3 0.686  Intron No
1 9 1 9 0.763 Intron No
1 9 0 10 0.5 Intron No
4 6 6 4 0.328 Intron No
9 1 9 1 0.763  Intron No
1 9 0 10 0.5 Intron No
ABCD1 0 10 0 10 1 - - Promoter
ALS2 5 5 6 4 0.5 Upstream No Promoter
3 7 2 8 0.5 Upstream No
0 10 1 9 0.5 Upstream No
ANG 0 10 1 9 0.5 Intron No Promoter, Upstream
AR 1 9 0 10 0.5 Intron No Promoter, Exon
0 10 1 9 0.5 Intron No
ARHGEF10 10 0 10 0 1 Upstream Yes Promoter, Exon, Exon
0 10 1 9 0.5 Intron No
8 2 9 1 0.5 Intron Yes
9 1 9 1 0.763 Intron No
10 0 10 0 1 Intron No
6 4 7 3 0.5 Intron Yes
1 9 0 10 0.5 Intron No
10 0 9 1 0.5 Intron Yes
2 8 3 7 0.5 Intron No
6 4 6 4 0.675 Intron No
1 9 0 10 0.5 Intron No
8 2 8 2 0.709 Intron No
10 0 10 0 1 Intron No
8 2 7 3 0.5 Intron No
2 8 1 9 0.5 Intron No
4 6 4 6 0.675 Exon No
6 4 5 5 0.5 Intron No
2 8 2 8 0.709 Intron No
2 8 1 9 0.5 Intron No
1 9 0 10 0.5 Downstream No
ARSA 0 10 0 10 1 - - Promoter
BSCL2 0 10 0 10 1 - - Upstream, Downstream, Intron
CHMP2B 0 10 0 10 1 - -~ Promoter
CcCOxXC 0 10 0 10 1 - - Promoter
DCTNI1 0 10 0 10 1 - - None
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DNM?2 1 9 0 10 0.5 Intron No Promoter

1 9 0 10 0.5 Intron No

1 9 1 9 0.763 Downstream No
EGR2 1 9 0 10 0.5 Upstream No Promoter, Exon Downstream
GAN 2 8 3 7 0.5 Promoter Yes -
GARS 0 10 0 10 1 - - Promoter
GDAPI1 0 10 0 10 1 - - Promoter
GJBI 0 10 0 10 1 _ _ Exon
HEXA 0 10 0 10 1 _ _ Exon
HEXB 0 10 0 10 1 - -~ Promoter
HMBS Y 10 0 10 1 - - Promoter, Downstream, Downstream
HSP22 5 5 4 6 0.5 Upstream No -
HSP27 0 10 0 10 1 - - Promoter
HSP60 0 10 0 10 1 - - Promoter
IGHMBP2 10 0 10 0 1 Intron No Promoter
IKBKAP 0 10 3 7 0.105  Intron No  Promoter
KIFIB 0 10 0 10 1 - - Promoter
KIF214 7 3 8 2 0.5 Intron No  Exon

4 6 7 3 0.185  Intron No
KIF5A4 1 9 3 7 0.291 Downstream No Promoter, Upstream, Downstream
LICAM 0 10 0 10 1 - - Upstream
LITAF 2 8 2 8 0.709 Downstream No Promoter

0 10 1 9 0.5 Intron No
LMNA 9 1 7 3 0.291 Downstream No Promoter, Exon
MFN2 0 10 0 10 1 - - Promoter
MItRNAS 0 10 0 10 1 - -~ Promoter
MTMR2 6 4 8 2 0.314 Intron No Promoter

10 0 10 0 1 Intron No

6 4 4 6 0.328  1ntron No
NDRG1 10 0 10 0 1 Intron No -

0 10 2 8 0.237 Promoter Yes

1 9 0 10 0.5 Upstream No

4 6 5 5 0.5 Upstream No
NEFH 0 10 0 10 1 - - Promoter, Upstream
NEFL 2 8 5 5 0.175 Upstream No Promoter, Downstream
NGFR 0 10 0 10 1 - - Promoter
NIPAI 0 10 0 10 1 - - Promoter, Downstream
PO 0 10 1 9 0.5 Upstream No Upstream, Upstream
PHYH 0 10 0 10 1 - - Promoter, Upstream
PLPI 0 10 0 10 1 _ _ _
PMP22 10 0 10 0 1 Intron No Promoter, Exon
PRPH 0 10 1 9 0.5 Downstream No Promoter

Downstream, Downstream, Exon, Intron,

PRX 1 9 1 9 0.763 Downstream No Upstream

7 3 3 7 0.089  Exon No

9 1 8 2 0.5 Intron Yes

9 1 10 0 0.5 Intron No
RAB7A 0 10 0 10 1 - — Promoter, Intron
SBF2 10 0 10 0 1 Intron No Promoter, Upstream, Upstream

10 0 9 1 0.5 Intron No

SETX 3 7 3 7 0.686 Intron No Promoter

1 9 5 5 0.07 Intron No

3 7 3 7 0.686  Exon No
SH3TC2 1 9 1 9 0.763 Intron No -

9 1 10 0 0.5 Intron No
SLCI12A46 0 10 0 10 1 - - Promoter
SMN1 0 10 0 10 1 - - Promoter
SMN2 3 7 1 9 0.291 Intron No Promoter
SOD1 0 10 0 10 1 - - Promoter
SOX10 0 10 0 10 1 - - Promoter
SPAST 0 10 0 10 1 - — Promoter, Downstream
SPG20 0 10 0 10 1 - - Promoter, Downstream
SPG21 0 10 0 10 1 - - Promoter
SPG3A4 0 10 0 10 1 - - Promoter

Promoter, Intron, Intron, Intron, Intron,

SPG7 1 9 4 6 0.152 Exon No Downstream

2 8 3 7 0.5 Downstream Yes
SPTLC1 9 1 7 3 0.291 Intron Yes Promoter

0 10 3 7 0.105  Intron No

0 10 1 9 0.5 Intron No
TARDBP 0 10 0 10 1 - -~ Promoter
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VAPB 10 0 10 0 1 Intron No Promoter
VEGF 0 10 0 10 1 - - Promoter
YARS 2 8 5 5 0.175 Intron No Promoter

*Gene symbol according to NCBI version 36; §: CpG islands as defined by the UCSC Genome Browser Build March 2006; Upstream,
downstream: flanking regions; dashes: indicate the gene domain was unmethylated in all subjects; present/absent: methylation status.

Supplementary Table V. Genes with methylation and previously-identified expression differences in SALS.

Gene Analysis SALS methylation Methylation site Expression Reference

ALK Group Methylated Intronic Down Dangond et al. 2003
ALK Group Unmethylated Intronic§ Down Dangond et al. 2003
ATP9B Individual Methylated Intronic§ Down Wang et al. 2006
C4BPB Group Methylated Intronic Down Dangond et al. 2003
GRB14 Group Unmethylated Downstream§ Down Wang et al. 2006
NSF Individual Unmethylated Intronic§ Down Lederer et al. 2007
PCP4 Group Methylated Upstream§ Down Lederer et al. 2007
RYR3 Group Unmethylated Intronic§ Down Wang et al. 2006

§Methylation region contains a predicted transcription factor binding site.
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