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Abstract Amyotrophic lateral sclerosis (ALS) is the third
most common adult-onset neurodegenerative disease. A di-
agnosis is fatal owing to degeneration of motor neurons in
brain and spinal cord that control swallowing, breathing, and
movement. ALS can be inherited, but most cases are not
associated with a family history of the disease. The mecha-
nisms causing motor neuron death in ALS are still unknown.
Given the suspected complex interplay between multiple
genes, the environment, metabolism, and lifestyle in the
pathogenesis of ALS, we have hypothesized that the mech-
anisms of disease in ALS involve epigenetic contributions
that can drive motor neuron degeneration. DNA methylation
is an epigenetic mechanism for gene regulation engaged by
DNA methyltransferase (Dnmt)-catalyzed methyl group
transfer to carbon-5 in cytosine residues in gene regulatory
promoter and nonpromoter regions. Recent genome-wide
analyses have found differential gene methylation in human
ALS. Neuropathologic assessments have revealed that motor
neurons in human ALS show significant abnormalities in
Dnmt1, Dnmt3a, and 5-methylcytosine. Similar changes are
seen in mice with motor neuron degeneration, and Dnmt3a
was found abundantly at synapses and in mitochondria.
During apoptosis of cultured motor neuron-like cells, Dnmt1
and Dnmt3a protein levels increase, and 5-methylcytosine

accumulates. Enforced expression of Dnmt3a, but not Dnmt1,
induces degeneration of cultured neurons. Truncation muta-
tion of the Dnmt3a catalytic domain and Dnmt3a RNAi
blocks apoptosis of cultured neurons. Inhibition of Dnmt
catalytic activity with small molecules RG108 and
procainamide protects motor neurons from excessive DNA
methylation and apoptosis in cell culture and in a mouse
model of ALS. Thus, motor neurons can engage epigenetic
mechanisms to cause their degeneration, involving Dnmts and
increased DNA methylation. Aberrant DNA methylation in
vulnerable cells is a new direction for discovering mecha-
nisms of ALS pathogenesis that could be relevant to new
disease target identification and therapies for ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and
severely disabling fatal adult-onset neurologic disease char-
acterized by initial muscle spasticity, cramps, and fascicula-
tions, and then muscle weakness, atrophy, and eventual
paralysis and death typically 3–5 years after symptoms begin
[1, 2]. More than 5,000 people in the USA are diagnosed
with ALS each year (http://www.alsa.org), and the global
incidence of ALS is about 2 per 100,000 persons [3]. The
average age of disease onset is 55–65 years of age, and it
occurs more frequently in men than in women (http://www.
alsa.org). The cause of the spasticity, paralysis, and death is
believed to be progressive degeneration and elimination
of upper motor neurons in cerebral cortex, and lower motor
neurons in brainstem and spinal cord [1, 4, 5]. Other than life
support management, no effective treatments exist for ALS
[2, 3, 6]. Most individuals (~90 %) who develop classical
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ALS are identified as sporadic, with few known genetic
contributions [1]. Familial forms of ALS are autosomal
dominant or autosomal recessive, and make up ~10 % or
less of all ALS cases. ALS-linked gene mutations occur in
superoxide dismutase-1 (SOD1) , ALS2 (Alsin), p150glued

dynactin , senataxin , fused in sarcoma, tar-DNA binding
protein-43 , chromosome 9 open reading frame 72
(C9orf72), and in other genes that may be susceptibility
loci [5, 7, 8]. The identification of C9orf72 mutations in
patients without a family history of ALS [9] challenges the
traditional binary classification of the disease into familial and
sporadic forms. Moreover, sporadic disease is clinically and
neuropathologically indistinguishable from familial forms,
thus raising the possibility that the disease is caused by inter-
play of multiple genes or epimutations [10]. Disease discor-
dance in monozygotic twins suggests a strong contribution of
epigenetic factors in ALS [11]. The greatest known risk factor
for ALS is aging [5, 8]. It is intriguing that major epigenetic
differences arise in skeletal muscle, fat, and lymphocytes
during the lifetime of monozygotic twins [12].

The molecular pathogenesis of ALS is not understood [5,
13–15], contributing to the lack of appropriate and legitimate
disease target identification, and effective mechanism-based
therapies to treat this fatal disease. Many theories have
implicated perturbations in neurotrophin availability, axonal
transport, glutamate receptors and transporters, protein qual-
ity control, mitochondria, bioenergetics, antioxidant status,
apoptosis, inflammation, and autoimmunity in the mecha-
nisms of ALS pathogenesis [5, 6, 16]. Many of these theories
have been springboards for drug and non-drug trials, but all
interventions tested, except one, have failed to meet criteria
for efficacy. Riluzole, the only Food and Drug Administra-
tion (FDA)-approved drug for treating ALS [2], has actions
likely through its sodium channel antagonist properties.
However, riluzole has only marginal efficacy in some pa-
tients [2]. New disease mechanism-based molecular targets
are needed for ALS.

DNA Methylation as an Epigenetic Mechanism

A major hurdle for the identification of genetic causes of
sporadic ALS is the inability to find presumed germline
genetic variants in patients and their kindred [17]. However,
the identification of C9orf72 repeat expansions in apparently
sporadic cases of ALS has provided an explanation for some
cases [9]. Another possibility is a role of epigenetics. Epige-
netic mechanisms modify chromatin structure (Fig. 1) and
can mimic genetic change where Mendelian inheritance of
DNA sequence is lacking. Epigenetic modifications are re-
versible, heritable, and nonheritable changes in DNA or
chromatin structure, but not in DNA sequence, that can
modulate gene activity in a context-dependent manner

(Fig. 1) [18–20]. Chromosomes are packaged chromatin,
and the nucleosome is the basic unit of chromatin structure,
comprised of a 146-base pair stretch of DNA wrapped 1.7
times around an octameric core of histone protein pairs
(H2A, H2B, H3, and H4) [21]. There are different types of
epigenetic modifications, such as DNA methylation and
histone acetylation (Fig. 1). These covalent modifications
of DNA and histone proteins regulate the degree of compac-
tion or relaxation of chromatin, and permit or restrict access
of regulatory molecules to DNA. Biological processes relat-
ed to epigenetics include gene transcriptional regulation,
imprinting, X-chromosome inactivation, pluripotency, dif-
ferentiation, noncoding RNA function, and synaptic plastic-
ity [20, 22]. DNA methylation, the topic of this review, is the
major direct modification of eukaryotic DNA and is known
to have profound effects on the regulation of gene expression
[20, 23–25]. There are two related, but functionally different,
forms of DNA methylation that occur at cytosine moieties
identified as 5-methylcytosine methylation (5mC) and 5-
hydroxymethylcytosine methylation (5hmC) [20]. DNA
methylation can act synergistically with chromatin modifi-
cation (Fig. 1) by histone deacetylation to cause gene tran-
scriptional repression by directly interfering with binding of
transcription factors to DNA [23, 24].

DNA methylation is a covalent modification whereby
DNA methyltransferases (Dnmts), the enzymes responsible
for the formation of 5mC, catalyze methyl group transfer
from the endogenous donor S-adenosyl-methionine to
carbon-5 of the substrate cytosine residue (Fig. 1) [26–29].
There are ~3×107 residues of 5mC in the mammalian ge-
nome [28], but 5mC content in the genome varies more than
100-fold across species [30]. Generally, when DNA methyl-
ation is involved in gene silencing, the 5mCs are located in
cytosine–phosphate–guanine (CpG) dinucleotides (the phos-
phate is the phosphodiester bond between the cytosine and
guanine nucleotides) within the 5’ regulatory regions of
genes upstream from the transcriptional start sites [20, 31,
32]. These CpG-rich areas are referred to as CpG islands [31,
32], and are unique in their ability to carry genetic and
epigenetic information. A CpG island in DNA has been
defined as a region of 200 base pairs where CGs make up
more than 50 % of the region and CpGs are greater than 60 %
of the observed/expected ratio within that region [33]. About
60 % of genes in the human genome contain CpG islands in
their promoter regions [20, 28, 34]. The CpG-rich areas in
the promoter region of genes are one of the initiation sites
where transcription factors bind to the DNA, allowing tran-
scription of the corresponding gene. DNA methylation
changes the protein–DNA interactions that lead to alterations
in chromatin structure and rate of gene transcription [21, 35].
When promoter regions contain 5mC in their CpG islands,
transcription factors are unable to bind DNA, thus causing
gene silencing by inhibition of gene transcription [31, 32,
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36]. The transcriptional repression of genes involves the
5mC operating in a stable multiprotein complex of corepres-
sors to modify chromatin structure and inhibit transcription.

NonCpG cytosine methylation has also been observed in
human somatic tissues and is particularly prevalent in human
brain and skeletal muscle [37, 38], but cultured differentiated
human cells may have different patterns of non-CpG methyl-
ation compared with tissues [39]. Non-CpG 5mC can occur in
a CAC sequence context in human brain, which is distinct
from the CAG trinucleotide context found in embryonic stem

cells [37]. 5mCs can also be located within non-promoter
intra- and intergenic sequences, and DNA repeat sequences
[40]. In contrast to promoter 5mC, the presence of 5mC in
intragenic regions (the gene body) can be correlated positively
with gene expression [41].

Another epigenetically modified DNA base is 5hmC.
Substantial amounts of 5hmC, sometimes called the fifth
base, occur in certain tissues, such as brain [42, 43], but its
formation and physiological significance is controversial.
5hmC is confined mostly to the 5’ regions of genes [44]

Fig. 1 Chromatin organization, the epigenome, and aberrant neuronal
DNA methylation human ALS. (Top) Eukaryotic chromosomes are
packages of DNA and protein located in the cell nucleus. The DNA,
comprised of a double helix and specific types of proteins called
histones are organized into chromatin strands. The substructure of the
chromatin strand is the nucleosome. The histone proteins of the chro-
matin strand are subject to epigenetic modification through acetylation.
The DNA double helix can be epigenetically modified by methylation
of cytosine residues in the primary sequence. The enzymes responsible
for cytosine methylation are DNA methyltranferases (Dnmts) that
transfer a methyl group from the donor S-adenosylmethionine (SAM),
generating S-adenosylhomocysteine (SAH), to carbon-5 in the cytosine
moiety to form 5-methycytosine (5mC). (Bottom) 5mC can be detected
in the human central nervous system with highly specific monoclonal

antibodies. In these images of human cerebral cortex, 5mCwas detected
using an immunoperoxidase method (5mC immunoreactivity is brown)
and then the sections were counterstained with cresyl violet to show
histologic details. Individual pyramidal neurons in amyotrophic lateral
sclerosis (ALS) motor cortex have varying intensities of nuclear stain-
ing for 5mC, including dark (solid black arrows), moderate (hatched
arrows), or low/undetectable (open arrows). The inset shows a large
upper motor neuron Betz cell (hatched arrow) with moderate chromatin
5mC and a nearby small neuron (solid black arrow), likely to be an
interneuron, with a high chromatin 5mC. Several nearby glial cells
(round nuclei) have low or undetectable 5mC. The details of this study
showing changes in human ALS motor cortex compared with age-
matched controls have been reported [70]. Scale bars: panorama
17 μm; inset 8 μm
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where it is thought to oppose the role of 5mC-mediated
transcriptional repression by inhibiting the binding of
methyl-CpG binding protein-2 and other DNA binding pro-
teins; thus, 5hmC functions as a facilitator of gene-
expression activity [44]. 5hmCmight also be an intermediate
of an active oxidative demethylation pathway [45], although
metabolite evidence for this pathway is lacking [46]. Ten-
eleven translocation methylcytosine dioxygenases (Ten-
eleven translocation 1–3) are thought to be the oxidases that
form 5hmC from 5mC [43]. Other active DNA demethyla-
tion pathways appear to involve excision of 5mC by DNA
base excision repair with thymine DNA glycosylase, modi-
fication of the 5mC base by activation-induced cytidine
deaminase, and apolipoprotein B mRNA editing enzyme
followed by base excision repair, and nucleotide excision
repair involving GADD45A [45].

5mC has other actions in the genome in addition the
regulation of gene expression. The methylation of cytosines
causes spontaneous mutations in the genome [30]. CG meth-
ylation sites are hotspots for most C>T and G>A transition
mutations in the human genome. Age-related accumulation
of 5mC-triggered mutations in tumor suppressor genes, cell
cycle genes, and oncogenes is a major pathway for develop-
ing cancer, accounting for about 60 % of all spontaneous
somatic mutations that inactivate the human p53 gene [30].
Thus, DNA methylation has been considered a basic mech-
anism for aging because it destabilizes the genome and
organismal function over time [30].

Mammalian Dnmts in the Central Nervous System

Dnmts catalyze DNA methylation (Fig. 1) and are thus
critical for the modulation of gene transcription [26–29,
31]. The Dnmt family has five members [28, 29, 31]. Dnmt1
is an abundant isoform in proliferating cells and displays a
preference for hemi-methylated substrates, and is targeted to
replication forks, acting to maintain methylation patterns
during cell replication [47] and to DNA repair sites [48].
Dnmt1 might also have nonmethyltransferase catalytic func-
tions through protein–protein and protein–DNA interactions
that operate through its large N-terminal domain [49, 50].
Dnmt1 binds histone deacetylase-2 and Dnmt1-associated
protein-1 to form a complex that directly mediates transcription-
al repression of chromatin [49]. Dnmt2 (also called transfer
RNA methyltransferase-1) transfers methyl groups to RNA not
DNA, despite its sequence similarities to authentic Dnmts [51].
Dnmt3a and Dnmt3b function as de novo methyltransferases
because they methylate hemi-methylated DNA and also
completely unmethylated DNA [52, 53]. Dnmt3a and Dnmt3b
are known to control non-CpG methylation [38, 39]. Dnmt3a
can also function as a DNA demethylase [54]. Dnmt3L is a
catalytically inactive homologue of Dnmt3a and Dnmt3b that

functions as an essential regulatory cofactor for tetrameric
complex assembly [55].

Mutations in the different Dnmt genes cause distinct
human diseases. Mutations in the Dnmt3b gene cause im-
munodeficiency centromeric region instability and facial
anomalies syndrome [56]. Some mutations in the Dnmt1
gene are linked to adult-onset neurodegenerative disorders.
Dnmt1 mutations have been identified as a cause of heredi-
tary sensory and autonomic neuropathy type 1 (HSAN1)
[57]. Mutations associated with HSAN1 are in the coding
sequence of dnmt1, corresponding to the nuclear localization
targeting sequence and sites critical for catalytic activity and
stability [57]. Peripheral blood cells from HSAN1 cases
show hypomethylation at numerous gene promoters and
DNA repeat sequences [57]. Substitution mutations in
Dnmt1 also cause a polymorphic disease identified as auto-
somal dominant cerebellar ataxia, deafness, and narcolepsy
[58]. These mutations are located in exon 21, corresponding
to the replication foci targeting sequence [58]. It is unclear
how these loss-of-function mutations in Dnmt1 affect the
nervous system. With traditional thinking, cycling cells
would be most affected given the function of Dnmt1 in
methylating newly synthesized DNA strands [47]. However,
Dnmt1 has been shown to undergo replication-independent
chromatin loading [59] and is found at DNA repair sites [48],
which are very relevant to postmitotic neurons.

Dnmts have differential roles in nervous system develop-
ment and function [60], and DNA hyper- and hypomethyla-
tion can both cause neurodegeneration. Complete uncondi-
tional ablation of Dnmt1 and Dnmt3b causes embryonic le-
thality [52, 61], while ablation of Dnmt3a results in perinatal
lethality around 3–4 weeks of age [52]. In heterozygous
Dnmt1-null mice, brain injury after stroke is less compared
with wild-type mice [62], supporting a role for DNA methyl-
ation in neurodegeneration. Conditional knockout of Dnmt1
in neuroblasts at E12 results in mosaic mice with 95 % hypo-
methylation in brain cells and perinatal death caused by respi-
ratory failure, or mice with 30 % hypomethylation in brain
cells and viability [63]. Conditional knockout of Dnmt1 in
forebrain neuroblasts at E13.5 results in mice with ~90 %
hypomethylation in forebrain tissue and normal viability and
lifespan, but severe cerebral cortical neurodegeneration and
atrophy [64]. Conditional knockout of Dnmt1 in postmitotic
neurons does not affect global DNA methylation in brain or
mouse viability [63]. In contrast, mice with conditional knock-
out of Dnmt3a in neuronal precursors results in about 50 %
global hypomethylation in cerebral cortex and mouse death by
10 months of age [65]. Dnmt3a-null mice show impaired
postnatal neurogenesis related to faulty transcription of neu-
rogenic genes, rather than abnormal proliferation and survival
of postnatal neural stem cells [41].

Several studies have found high levels of Dnmt enzyme
activity, mRNA, and protein in adult mammalian central
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nervous system (CNS) [66–70]. Mature neurons are enriched
in Dnmts [66–70]. We have shown that Dnmt1 and Dnmt3a
are expressed in adult mouse brain and spinal cord, and in
adult human cerebral cortex and spinal cord, and that mouse
and human spinal motor neurons are enriched in these proteins
[70]. The functions of Dnmts in terminally-differentiated
postmitotic neurons are not understood. A possibility is that
Dnmts in the adult mammalian brain re-methylate newly
incorporated cytosines from G–T mismatch DNA repair after
5mC deamination [67]. We have found that Dnmt1 and
Dnmt3a have distinct subcellular localizations in neurons
[70], suggesting non-redundant functions. Our discovery that
Dnmt3a, but not Dnmt1, is located in presynaptic axon termi-
nals in the adult CNS is exciting because it identifies a local
presynaptic possibility for Dnmt3a in regulating synaptic
function. Studies have shown that Dnmts function in synaptic
plasticity [22, 71] and behavioral plasticity [72]. Mice with
conditional knockout of Dnmt1 and Dnmt3a, and with hypo-
methylation in forebrain show deficits in learning andmemory
distinct from single knockout mice, which show similar
changes on behavioral tasks, suggesting that Dnmt1 and
Dnmt3a have some overlapping functions in neurons [73].

Mitochondrial homeostasis is another possible function of
Dnmts in neurons [70]. Dnmts are present in mitochondria,
but it seems controversial as to which isoform is present in
mitochondria. Dnmt1, but not Dnmt3a, was reported to be
found in mitochondria from cultured mouse embryonic fi-
broblast and human colon carcinoma cell lines [74]. We have
found Dnmt3a enriched in mitochondria from human and
mouse CNS and, specifically, in neuronal mitochondria
in vivo [70]. Dnmt1 is much less abundant than Dnmt3a in
CNS mitochondria [70]. We suspect there is tissue- and cell-
specific distribution of Dnmt isoforms in mitochondria. 5mC
is also found in neuronal mitochondria in vivo as seen by
immunohistochemistry [70], indicating in vivo methylation
of mitochondrial DNA. Methylated cytosine residues have
been detected in mouse and human mitochondrial DNA, as
determined by methylation-sensitive restriction enzyme di-
gestion [75, 76], but it has not been known how mitochon-
drial DNA methylation is achieved. The presence of Dnmt1
and Dnmt3a in mitochondria [70, 74] is a likely mechanism
for mitochondrial DNA methylation. The existence of
Dnmt3a and 5mC in mitochondria enhances the idea of
DNA methylation involvement in synaptic mechanisms by
implicating epigenetic modification of the neuronal mito-
chondrial DNA as a new possible function of Dnmt3a in
adult neurons.

Methylomics in ALS

We hypothesize that the neurodegeneration in ALSmay have
an epigenetic contribution [70]. Other laboratories have pro-
posed that epigenetic mechanisms might contribute to the

pathophysiology of other age-related neurodegenerative dis-
orders, such as Alzheimer’s disease [17]. Epigenetic mech-
anisms involving DNA methylation might explain how var-
iation in gene activity arising during development or from
environmental and lifestyle factors is not genetically trans-
missible in sporadic forms of ALS. Few articles exist on DNA
methylation in human ALS. Methylation in sporadic ALS has
been examined previously only in two candidate genes—
SOD1 and VEGF [77]—in members of the metallothionein
gene family [78], and in the astroglial glutamate transporter
EAAT2 gene promoter [79]. None of these studies found
differences in methylation patterns in sporadic ALS cases
compared with age-matched control cases.

A study reported on a genome-wide analysis of brain
DNA methylation in sporadic ALS accomplished by chro-
matin immunoprecipitation followed by microarray hybrid-
ization using GeneChip Human Tiling 2.0R arrays [80]. The
brain tissue analyzed was dorsolateral prefrontal cortex [80].
Unlike Brodmann area 4 (motor cortex), this region of cere-
bral cortex (Brodmann area 46) is not usually affected in
classical ALS [1] unless there is dementia [9]. Because DNA
methylation signatures are likely to vary in different parts of
the human CNS [81], tissue samples from affected and
unaffected regions should be studied from the same individual.
Nevertheless, this provocative study identified differentially
methylated genes in ALS cases compared with control cases
[80]. Calcium channel genes (CACNA1B and CACNA1C)
were hypermethylated, while the genes for neurexin-1
(NRXN1), glial cell-derived neurotrophic factor (GDNF) recep-
tors (GFRA1 and GFRA2), and phospholipid metabolism
(PLA2G4C) were hypomethylated [80].CACNA1C has at least
55 exons and encodes an α1 subunit of the L-type voltage-
gated calcium channel, also referred to as Cav1.2, and is known
to undergo neuronal cell-type specific DNA methylation pat-
terns [82]. Changes in the regulation of these genes suggest
anomalies in ion channel and plasma membrane function in
ALS. Consistent with earlier work, promoter regions of SOD1,
VEGF, EAAT2, and metallothioneins I and II were not differ-
entially methylated in ALS. Of further interest was the finding
that only about half of the brain DNAmethylation was found in
gene domain regions, with about 30% of the DNAmethylation
found within the gene body and 8% in promoter regions (distal
and proximal) [80]. Surprisingly, this study found that inter-
individual variation in human brain DNA methylation is large
and no altered DNA methylation pattern was common to all
sporadic ALS cases [80].

In a more recent study, CpG methylation microarrays were
used to profile postmortem spinal cord (ventral horn gray and
white matter) DNA extracts from sporadic ALS cases [83].
Bisulfite-converted DNA was amplified and hybridized to
Infinium Human Methylation27 DNA BeadChip arrays.
These arrays determine the methylation of 27,578 CpG sites
spanning 14,495 human genes. Hypo- or hypermethylation
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was found in 112 genes in ALS cases [83]. Many of the
differentially methylated genes found in sporadic ALS spinal
cord were associated with immune and inflammatory re-
sponses, and suggested infiltration of vascular-derived cells
and activation of resident microglia [83]. Some of the changes
identified by DNA methylation microarray were confirmed at
the RNA level by real-time polymerase chain reaction.

A perennial difficulty of cortical and spinal cord tissue
homogenate-based assays is the lack of cellular resolution,
and the CNS has extraordinary cellular heterogeneity. Cel-
lular resolution is necessary for more precise interpretation
of changes in tissue DNA methylation in ALS. Future stud-
ies should employ laser capture microdissection of specific
cell populations in human ALS tissues to maximize infor-
mation gleaned from assessments of the DNA methylome
[84]. Motor neuron-specific DNA methylation profiling in
human ALS can provide direct information on the genetic
changes leading to neurodgeneration and neuronal cell
death, and on the whole be directly relevant to the formula-
tion of new therapeutic interventions.

The most common known genetic cause of ALS is the
recently discovered noncoding hexanucleotide repeat expan-
sion in the C9orf72 gene [9, 85]. This mutation accounts for
24–37 % of familial ALS cases and ~6 % of sporadic ALS
cases in Caucasians. The functional consequences of the
mutated repeat expansion in C9orf72 are hypothetical and
implicate toxic gain-of-function properties related to seques-
tering of RNA binding proteins by RNA species containing
the repeat expansion or to anomalous nonATG-initiated
translation from the repeat expansion leading to aggregation
of dipeptide-repeat proteins [85]. Another possibility is a
loss-of-function mechanism caused by the expansion
resulting in reduction of mRNA [85]. Recently, an exciting
discovery was made showing that CpG islands in the 5’
regions of the C9orf72 repeat expansion of individuals with
ALS were hypermerthylated, and the corresponding mRNA
was down-regulated [86]. Furthermore, greater levels of
CpG island methylation were associated with more aggres-
sive disease. This report is exciting because it supports the
hypothesis that C9orf72 repeat expansion causes a loss-of-
function, and it demonstrates that mutant genes causing ALS
can be silenced epigenetically.

Loss-of function deletions and mutations in the coding
sequence of ALS2 can cause autosomal recessive juvenile
onset ALS [87, 88]. The ALS2 gene encodes for Alsin,
which is a guanine nucleotide-exchange factor for the small
GTPase Rab5. A recent genome-wide study of promoter
methylation of individuals who experienced severe psycho-
social trauma in early life and age-matched controls identi-
fied differentially methylated promoters in brain tissue from
case samples [89]. The ALS2 gene promoter showed the
most significant hypermethylation of 248 promoters [89].
This study is the first to provide evidence that rearing history

can influence the activity of genes that are involved in the
mechanisms of ALS.

Cellular Localizations of Aberrant DNA Methylation
and Dnmts in Human ALS

To put into specific cellular context potential DNA methyl-
ation changes in the human ALS nervous system, we have
used immunohistochemistry to localize 5mC and Dnmts
[70]. 5mC accumulated in vulnerable motor neurons in spi-
nal cord and motor cortex, and dissipated in astrocytes.
Dnmt1 and Dnmt3a also accumulated in cortical and spinal
motor neurons [70]. Western blotting confirmed these gen-
eral changes in human ALS tissue. A limitation of this work
is that the human ALS tissue is studied at end-stage disease,
so causal relationships between deregulated DNA methyla-
tion and Dnmt changes are difficult to identify. Cause–effect
relationships need to be studied in experimental model sys-
tems. Using a combination of cell culture and animal exper-
imental designs we have shown that Dnmt activity can drive
neuronal degeneration [70]. Increased activity of Dnmt3a
appears to have a particularly prominent pro-apoptotic role
in model systems of neuron degeneration that involve p53
and caspase-3 activation [70].

Endogenous Dnmts Mediate Apoptosis of Adult Mouse
Motor Neurons In Vivo

To examine the potential pro-apoptotic role of Dnmts in vivo,
we used a model of unilateral sciatic nerve avulsion that
induces robust p53-regulated apoptosis of adult spinal motor
neurons [90]. Although this animal model of acquired motor
neuron injury is not a genetic model of familial ALS harbor-
ing mutations in human SOD1, p150glued dynactin, or tar-
DNA binding protein-43 genes, it is very relevant to human
ALS because, unlike some of the transgenic mouse models
of ALS [91], the motor neurons degenerate through an ap-
parent programmed cell death process involving p53 and
caspase-3 activation [90] as in human ALS [92, 93]. Dnmt1
was up-regulated in both lesioned and nonlesioned sides of
spinal cord, while Dnmt3a was up-regulated in the lesioned
side only [70]. As a read-out for DNA methylation directly
in motor neurons during apoptosis, 5mC was detected
using an antibody. Obvious changes in the chromatin pat-
terns of 5mC were seen as early as 2 days after motor
neuron injury and significant increases in the levels of
immunoreactivity were detected as soon as 3 days after
injury [70]. Treatment of mice with RG108 blocked the
injury-induced enhancement of DNA methylation in motor
neurons and afforded sustained, near-complete protection
of motor neurons against apoptosis [70].
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Enforced DNMT3a Drives Apoptosis of Cultured Motor
Neuron-like Cells

In the course of cell transfection experiments for Dnmt anti-
body validation, we observed that enforced expression of
Dnmt3a induced apoptosis in cultured NSC34 cells (a mouse
spinal cord neuron-hybridoma cell line capable of differentiat-
ing into cells with some motor neuron-like features) [70]. We
then engineeredmammalian expression constructs for Dnmt3a-
green fluorescent protein (GFP) fusions. NSC34 cells were
transfected with the Dnmt–GFP constructs or a GFP expression
plasmid as a control. NSC34 cells over-expressing Dnmt3a for
24 h showed significant increases in p53 activation and
caspase-3 enzyme activity. These events are typically associat-
ed with apoptosis; moreover, the nuclei of these cells showed
chromatin condensation with characteristics of apoptosis. To
determine if the neuronal degeneration was related specifically
to the methyltransferase activity of Dnmt3a, we engineered an
expression construct (Dnmt3aΔ–GFP) containing the Dnmt3a
gene with a deletion in the DNA sequence encompassing
>93 % of the C-terminal catalytic domain of the encoded
protein. NSC34 cells transfected with the deletion plasmid
Dnmt3aΔ-GFP survived, differentiated into neuron-like cells,
and remained viable [70].

Endogenous Dnmts Mediate Apoptosis in Cultured
Motor Neuron-like Cells

We performed experiments to determine if endogenous
Dnmts function in neuronal apoptosis. During apoptosis
induced by the topoisomerase-I inhibitor, DNA strand-
break inducer camptothecin (CPT), Dnmt1, and Dnmt3a
protein levels and enzyme activity were significantly up-
regulated in differentiated NSC34 cells [70]. RG108 (a
designed small molecule isoform nonspecific Dnmt inhibi-
tor) [94] and procainamide (a Dnmt1-specific inhibitor) [95]
decreased significantly the amount of apoptosis in CPT-
treated NSC34 neurons. RNAi using Dnmt3a-siRNA also
decreased significantly the amount of NSC34 cell apoptosis
induced by CPT [70].

Work in non-neural cells has shown that Dnmt
overexpression can be cytotoxic. Overexpression of Dnmt1
and Dnmt3a in human and mouse tumor cell lines dimin-
ished clonogenicity and survival, while cells tolerated
Dnmt3b overexpression [96]. In nonsmall cell lung cancer
cell lines, activation of Dnmt1 can cause suppression of
survivin gene expression and induce apoptosis [97]. Loss
of survivin expression is associated with motor neuron de-
generation in neonatal spinal cord organotypic slice cultures
[98].

Based on different lines of experimental evidence using
animal model and cell culture systems we have shown that

motor neurons can engage epigenetic mechanisms to drive
apoptosis, involving Dnmt up-regulation and increased DNA
methylation [70]. Because the animal and cell culture para-
digms were models of neuronal apoptosis, associations be-
tween Dnmts/DNA methylation and apoptosis can only be
interpreted. Human cells with perturbations in DNA methyl-
ation linked to Dnmt3b abnormalities are hypersensitive to
radiation-induced apoptotic and non-apoptotic cell death [99],
so it is possible that DNA methylation can also regulate other
forms of cell death, such as autophagy and programmed
necrosis. We hypothesize that the neurodegeneration in hu-
man ALS, which is suspected to be some form of programmed
cell death [92, 93], may be the result of abnormal epigenetic
regulation. Epigenetic mechanisms involving DNA methyla-
tion might explain how individual variation in gene activity
arising during development or from environmental and life-
style factors is not genetically transmissible in sporadic forms
of ALS.

DNA Methylation, Neurotransmission, Interneurons,
and ALS

DNA methylation appears to function in synaptic plasticity
[22, 71]. DNA methylation is a dynamic gene regulatory
mechanism, as illustrated by some genes undergoing cyclical
changes within minutes to hours [100]. Inhibition of DNA
methylation can block long-term potentiation in acute hip-
pocampal slices [22, 71]. Prolonged depolarization of cul-
tured cortical neurons can cause demethylation of the gene
promoter for the neurotrophin brain-derived neurotrophic
factor [60]. Furthermore, spontaneous synaptic activity is
regulated by DNA methylation that, in itself, changes in
response to synaptic activity [101]. The finding that DNA
methylation can regulate spontaneous miniature neurotrans-
mission [101] is consistent with our finding that Dnmt3a is
localized in axon terminals [70] and is pertinent to ALS. We
have found deficits in spontaneous miniature and evoked
inhibitory postsynaptic currents in motor neurons cultured
from a transgenic mouse model of ALS [102]. Single-cell
quantitative polymerase chain reaction revealed silencing of
genes encoding glycine receptor channel subunits in motor
neurons [102]. It is not yet clear whether the abnormality in
ALS mouse motor neuron neurotransmission is autonomous
or non-autonomous and related to primary abnormalities in
spinal interneurons. Other studies of transgenic mouse
models of ALS show that interneurons degenerate before
motor neurons [91], and motor neurons become deficient in
glycinergic innervation early in the course of the disease
[103], leading to the hypothesis that ALS is initiated in
interneurons [104]. This hypothesis has been supported by
recent work modeling ALS in Drosophila [105] and in
clinical studies of ALS patients [106]. Interneurons are
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interesting in the context of DNA methylation because they
might be particularly sensitive to epigenetic modulation, as
suggested in studies of prenatal stress in mice [107] and in
the patterns of 5mC immunolabeling in human ALS cerebral
cortex (Fig. 1). Their possible involvement in ALS pathogen-
esis would be consistent with non-autonomous mechanisms
of degeneration for motor neurons [16, 91, 104, 108].

DNA Methylation, Skeletal Muscle, and ALS

Recent epidemiologic observations showing that profession-
al soccer and football players, and Gulf War veterans have an
increased risk of developing ALS have led to ideas about a
potential association between physical activity and ALS, but
this possibility has been disputed by indications that other
genetic, environmental, and lifestyle factors, rather than
physical activity per se, increase ALS susceptibility [109,
110]. It is pertinent, in this regard, that human ALS may be a
form of metabolic disease with defects in energy metabolism
manifesting as negative energy balance, hypermetabolism,
and hyperlipidemia [111]. Evidence is accruing that DNA
methylation can contribute to increased risk and develop-
ment of metabolic disease by regulating the expression of
genes that control body energy metabolism and glucose
homeostasis [112].

Motor neuron non-autonomous mechanisms of disease in
ALS also extend to the periphery because primary disease in
skeletal muscle can cause motor neuron degeneration and
ALS in transgenic mice [113]. Studies of human ALS sup-
port the concept that abnormalities in skeletal muscle are

primary intrinsic mechanisms in the pathogenesis, rather
than merely secondary changes related to denervation and
neurogenic atrophy [114–116]. Evidence from monozygotic
twins reveals that they have similar DNA methylation pat-
terns in skeletal muscle when young, but markedly divergent
patterns when older; thus, environmental and lifestyle factors
have major epigenetic effect on skeletal muscle [12]. Elegant
developmental experiments on mouse cells show that myo-
blasts are heterogeneous in their DNAmethylation signatures,
which then interact with environmental influences to confer
muscle groups their distinct characteristics [117]. Skeletal
muscle also has a high degree of plasticity that allows adaption
to a variety of environmental and kinesiologic challenges,
such as exercise [118], and acute exercise is associated with
rapid gene promoter hypomethylation in skeletal muscle in
human [119]. If skeletal muscle contributes to the etiology of
ALS [113], then a variety of epigenetic mechanisms could
contribute to the multifactorial disease process, and epigenetic
modifying drugs could be used to target skeletal muscle
peripherally, without the need for blood–brain barrier perme-
ability, for the treatment of ALS.

Opening a New Door to ALS Therapy

New clinically relevant disease concepts, targets, and drug
applications are necessary to move ALS therapy in new
meaningful directions because status quo concepts and treat-
ments are ineffective [2, 6]. DNA methylation is an exciting
potential field relevant to human ALS in terms of identifying
pathogenic mechanisms. If our hypothesis is correct regarding

Table 1 DNA methylation inhibitor drugs possibly relevant to amyotrophic lateral sclerosis (ALS)

Drug Drug class Mechanisms Indications Comments and concerns

5-aza-cytidine (5-azaC) &
5-aza-2-deoxycytidine
(5-azadC, decitabine)

Nucleoside analog
prodrug, suicide
inhibitor of Dnmt

DNA incorporation, DNA–
Dnmt trapping, passive
loss of DNA methylation

Hematological
malignancies

Covalent DNA-protein trapping,
carcinogenic, dose-limiting toxicity

Zebularine Cytidine nucleoside
analog

Inhibition of cytidine
deaminase and Dnmt

Preclinical cancer
chemoprevention

Lower toxicity than 5-azaC; orally active

Procainamide Non-nucleoside,
small molecule

Sodium channel blocker,
Dnmt1 inhibitor

Cardiac arrhythmia Long history of use in humans; off-target
actions related to Na+ channel
blocking, perhaps beneficial in ALS

Hydralazine Non-nucleoside,
small molecular

Increases cGMP,
vasodilation, activates
Hif1; direct Dnmt
inhibition uncertain

Hypertension,
preclinical for
cancer
chemotherapy

Long history of use in humans; can cause
lupus-like syndrome; pleiotropic
mechanisms of action

RG108 Non-nucleoside,
small molecule

Blocks noncovalently Dnmt
active site, inhibition of
Dnmt

Preclinical for
cancer
chemotherapy
and ALS therapy

Shown to block DNA methylation
accumulation in motor neurons and
their degeneration; encouraging future

Psammaplin Marine sponge
bisulfide
bromotyrosine
antibiotic

Inhibits HDAC and Dnmt
activities

Preclinical for
cancer
chemotherapy

Strong off-target cytotoxic effects in
cultured human cells; limited in vivo
data available

Dnmt = DNA methyltransferase; cGMP = cyclic guanosine monophosphate; Hif1 = hypoxia‐inducible factor‐1.
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DNA methylation as a mechanism of disease in ALS, then
new avenues for epigenetic therapeutics become available to
ALS patients for testing in clinical trials (Table 1). DNA
methylation can be modified pharmacologically, and by
lifestyle intervention and rehabilitation programs [29, 120,
121]. Nucleoside analogs and Dnmt inhibitors are available
(Table 1) to achieve DNA demethylation, and some DNA
methylation modifying drugs are FDA-approved for human
use. Nucleoside analogs are used widely as suicide inhibitors
of Dnmts in treating neoplasia, but have dose-limiting toxicity
and carcinogenic side effects [29, 120]. Blocking the catalytic
activity of Dnmts with small molecules is another strategy.
Procainamide and hydralazine are FDA-approved for the
treatment of cardiac arrhythmia and hypertension owing to
their sodium channel blocking activity and cyclic guanosine
monophosphate modulation actions, respectively; however,
they are now being tested as Dnmt inhibitiors in preclinical
studies [120]. In addition to other actions, these drugs can bind
CpG-rich sequences and act as partial competitive inhibitors of
Dnmt1. Natural molecules (psammaplins) and rationally
designed small molecules (RG108) are sound alternative ap-
proaches to modify DNA methylation. RG108 is an exciting
drug because it has demethylating activity in vitro and in vivo
in non-neuronal systems, and low toxicity—even at high con-
centrations [120]. We have shown the demethylating efficacy
of RG108 in neuronal systems and its robust neuroprotective
actions in cell and animal models of motor neuron degenera-
tion [70], thus establishing aberrant DNAmethylation as a new
disease target in ALS and RG108 as a potential therapy.
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