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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal disease. Skeletal muscles and motor neurons
(MNs) degenerate. ALS is a complex disease involving many genes in multiple tissues, the envi-
ronment, cellular metabolism, and lifestyles. We hypothesized that epigenetic anomalies in DNA
and RNA occur in ALS and examined this idea in: (1) mouse models of ALS, (2) human ALS, and
(3) mouse ALS with therapeutic targeting of DNA methylation. Human superoxide dismutase-1
(hSOD1) transgenic (tg) mice were used. They expressed nonconditionally wildtype (WT) and the
G93A and G37R mutant variants or skeletal muscle-restricted WT and G93A and G37R mutated
forms. Age-matched non-tg mice were controls. hSOD1 mutant mice had increased DNA methyl-
transferase enzyme activity in spinal cord and skeletal muscle and increased 5-methylcytosine (5mC)
levels. Genome-wide promoter CpG DNA methylation profiling in skeletal muscle of ALS mice
identified hypermethylation notably in cytoskeletal genes. 5mC accumulated in spinal cord MNs and
skeletal muscle satellite cells in mice. Significant increases in DNA methyltransferase-1 (DNMT1)
and DNA methyltransferase-3A (DNMT3A) levels occurred in spinal cord nuclear and chromatin
bound extracts of the different hSOD1 mouse lines. Mutant hSOD1 interacted with DNMT3A in
skeletal muscle. 6-methyladenosine (6mA) RNA methylation was markedly increased or decreased
in mouse spinal cord depending on hSOD1-G93A model, while fat mass and obesity associated
protein was depleted and methyltransferase-like protein 3 was increased in spinal cord and skeletal
muscle. Human ALS spinal cord had increased numbers of MNs and interneurons with nuclear 5mC,
motor cortex had increased 5mC-positive neurons, while 6mA was severely depleted. Treatment of
hSOD1-G93A mice with DNMT inhibitor improved motor function and extended lifespan by 25%.
We conclude that DNA and RNA epigenetic anomalies are prominent in mouse and human ALS and
are potentially targetable for disease-modifying therapeutics.

Keywords: motor neuron; cytosine methylation; 6-methyladenosine; FTO; Dnmt3A; CpG island

1. Introduction

ALS is a fatal neurological disease characterized by initial muscle spasticity and
fasciculation, followed by muscle weakness, atrophy, and eventual paralysis and respiratory
arrest [1,2]. The cause of the muscle spasticity, paralysis, and atrophy and the body
mass wasting is believed to be neuromuscular junction deterioration and progressive
degeneration and elimination of upper motor neurons (MNs) in cerebral cortex and lower
MNs in brainstem and spinal cord [1–3]. Patients die typically 3 to 5 years after diagnosis.
More than 5000 people in the USA and nearly 120,000 individuals worldwide are diagnosed
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with ALS each year (https://alsnewstoday.com/als-facts-statistics, accessed 29 October
2022). Aging is a strong risk factor [4]; ALS onset commonly occurs between 40 to 70 years
of age. Other known risk factors are maleness and family history [5,6].

The molecular pathogenesis of ALS is understood poorly [6,7], contributing to the lack
of comprehensive tissue and molecular target identification; thus, effective mechanism-
based, disease-modifying therapies are lacking [2]. Most individuals who develop classical
ALS are known as sporadic with few known genetic contributions [1,6]. Familial forms of
ALS are autosomal dominant, or autosomal recessive, and make up ~10% of all ALS cases.
ALS-linked gene mutations occur in sod1, tdp43, fus, and c9orf72 [6]. Sporadic forms are
clinically and neuropathologically indistinguishable from familial forms [1,3,7], raising the
possibility that the disease is modified epigenetically. Disease discordance in monozygotic
twins and triplets supports this possibility [8].

An epigenetic modification to nucleic acids can mimic genetic change and anomaly
where Mendelian inheritance is lacking [9,10]. Epigenetic modifications to DNA are re-
versible, heritable, and non-heritable changes in gene function that occur without a change
in DNA sequence [9,10]. 5-methylcytosine (5mC) methylation occurs in cytosine-phosphate-
guanine (CpG) dinucleotides within the 5′ regulatory regions of genes [11,12]. Cytosine
methylation modulates gene transcription, imprinting, and X-chromosome inactivation
and is thought to participate in normal development and several aberrant disease pro-
cesses in vertebrates [13–16]. There is accruing interest in DNA methylation in ALS [17,18].
DNA methylation is mediated enzymatically by DNA methyltransferase (DNMT) [19–22].
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 [23] and to DNA repair sites [24]. Mutations in the dnmt1
gene can cause neurodegenerative disease, including hereditary sensory and autonomic
neuropathy type 1 [25] and cerebellar ataxia [26]. DNMT3A and DNMT3B function as de
novo methyltransferases because they methylate hemi-methylated DNA and completely
unmethylated DNA [27,28]. DNMT3A is abundant in nervous and skeletal muscle tissue,
but DNMT3B is not [29,30]. Mutations in the dnmt3a gene cause overgrowth syndrome
with macroencephaly, intellectual disability, and autism spectrum disorder [31]. DNMT1
has been found in mitochondria from cultured mouse embryonic fibroblasts [32]. DNMT3A
has been found in pure mitochondria from human brain and mouse skeletal muscle and
CNS; it is enriched in certain tissues and matches the content of 5mC in mitochondrial
DNA [30].

Epigenetic modification of RNA also occurs [33], though there is debate about its
relevance and function [34]. RNA-base post-transcriptional methylations are in messenger
RNA (mRNA), transfer RNA (tRNA), ribosomal RNA, and small nuclear RNA [33]. N6-
methyladenosine (6mA) is a common reversible mRNA modification with putative roles in
cell differentiation, cancer, adipogenesis, lipid biology, and inflammation, but functions
of 6mA in the nervous system are unclear. The anticodon loop of tRNA is methylated by
DNMT2, also known as tRNA aspartic acid methyltransferase-1 (TRDMT1) [35]. Other
writers of RNA methylation are methyltransferase-like protein 3 (METTL3), METTL14,
METTL16, and Wilms tumor 1-associated protein [36–38]. Alk B homolog 5 (ALKBH5) and
fat mass and obesity associated protein (FTO) are RNA demethylases—the erasers [36].
Additional proteins, the readers, interact with 6mA-methylated RNA [36]. RNA methy-
lation regulates RNA trafficking, stability, and degradation [39,40]. 6mA mRNA mod-
ifications are written in nascent pre-mRNA to specify nuclear export and cytoplasmic
turnover [41]. Emerging data suggest that 6mA has a role in metabolic diseases and RNA
disorders [36–38].

Work on nucleic acid epigenetics is pertinent to ALS because aberrant DNA methyla-
tion could participate in human ALS pathogenesis [18,29,30,42]. DNMT1 and DNMT3A
proteins are upregulated in human ALS MNs [29]. In in vivo experimental neuronal cell
death settings, spinal MNs can engage epigenetic mechanisms to drive cell death, involving
DNMT upregulation, increased enzymatic activity, and increased DNA methylation [29].

https://alsnewstoday.com/als-facts-statistics


Cells 2022, 11, 3448 3 of 29

Indeed, a small molecule inhibitor of DNMTs, RG108, blocked the elevations in DNMT
enzymatic activity, 5mC accumulation, and strongly protected spinal MNs from degenera-
tion in vivo [29]. Human superoxide dismutase-1 (hSOD1) transgenic (tg) mouse skeletal
muscle and CNS have abnormal levels of mitochondrial DNA methylation [30]. Primary
disease mechanisms for ALS could be engaged in skeletal muscle [43–45]. Skeletal muscle
and adipose tissue involvement in human ALS and mouse models of ALS [43–46] suggests
that the ALS syndrome is a metabolic disease in human [47] and mouse models [48,49]. This
idea dovetails with functions of RNA epigenetics as a regulator of metabolic disease [36].
RNA dysfunction has been implicated in ALS pathogenesis [50–53]. This study was un-
dertaken to test three hypotheses: (1) DNA and RNA epigenetic markers and epigenetic
regulatory mechanisms are aberrant in skeletal muscle and spinal cord of hSOD1 mouse
models of ALS; (2) epigenetic anomalies occur in human ALS postmortem brain and spinal
cord; and (3) DNA methylation is therapeutically targetable and disease-modifying in mice,
thus implicating epigenetics as a mechanism of disease in ALS.

2. Materials and Methods
2.1. Transgenic (tg) Mice

We used several different lines of tg mice with hsod1 as mutant or wildtype (WT)
alleles. The mouse lines expressed hSOD1 nonconditionally (throughout the whole body)
or conditionally in skeletal muscle (hSOD1mus) only. We used these different tg mouse lines
to compare potential epigenetic pathology in the global presence of disease-causing genes
and in the tissue-confined presence of disease-causing genes in skeletal muscle to identify
CNS non-autonomous epigenetic pathology. All mouse lines have normal endogenous
mouse sod1 alleles. Non-tg age- and sex-matched littermates were controls. All mice were
barcoded and genotyped from tail genomic DNA at 1 month of age. With all tg mice, when
limb weakness developed, ad libitum NutriGel and chow pieces were placed in the cage,
and water was available at a bottom-cage level drinking spout. The institutional Animal
Care and Use Committee approved the animal protocols.

The different nonconditional tg mouse lines expressed the Gly93 to Ala substitution
(G93A) mutation, the Gly37 to Arg substitution (G37R) mutation, or WT hSOD1. The
transgenes are driven by the endogenous hSOD1 promoter. The lines were originally
purchased from The Jackson Laboratory (Bar Harbor, ME): G1H line, B6SJL-TgN-SOD1-
G93A1Gur [54], B6.Cg-Tg SOD1-G37R 29Dpr/J (line 29), and B6SJL-TgN[SOD1]2Gur [54].
These mouse lines have been used widely by us [55–59] and others as the major therapeutic
testing animal model of ALS [60].

The hSOD1-G93A mice express a high copy number of human mutant allele (~20 copies)
and have a rapid disease course with terminal stages of paralysis at 16–20 weeks of age.
The disease in these mice is fully penetrant with presymptomatic stages (<10 weeks of age),
early symptomatic stages (10–15 weeks of age) as indicated by leg tremor and paresis and
nascent motor deficits, and terminal stages (16–20 weeks of age) as seen by body mass
wasting and paralysis. The hSOD1-G37R mice have ~7-fold increases in SOD1 activity.
Disease onset (mean ± standard deviation [SD]), as assessed by running wheel activity,
and hind-limb paresis, occur at approximately 159 ± 39 days [57]. Median lifespan (mean
± SD) is approximately 366 ± 29 days [57]. The hSOD1-WT mice express levels of normal
hSOD1 comparable to the hSOD1-G93A line. These mice do not develop the aggressive
disease as their G93A counterparts though they do form cellular inclusions and late onset
mitochondriopathy in spinal cord [54,55,61].

We also used tg mice expressing WT-, G37R-, and G93A-hSOD1 only in skeletal
muscle. These mice have been described [30,44,45]. They express hSOD1 transgene vari-
ants at ~50–110% of endogenous mouse SOD1 in striated skeletal muscles, including
diaphragm [44,45]. hSOD1 is not detected in any spinal cord or brain neural cells and other
organ systems and tissue types [30,44]. hSOD1mus mice at 1.5 years show significant deficits
in motor function detected in holding/hanging, running, and swimming tests [44,45]. Af-
fected mice show progressive limb weakness and paresis with motor deficits, paralysis,
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and shortened lifespan. All hSOD1mus tg mice become clinical with weakness and limb
paresis. Lifespan is significantly shortened by 10–16%.

2.2. Human CNS Tissues

Postmortem human brain and spinal cord samples were obtained from the Human
Brain Resource Center in the Department of Pathology, Division of Neuropathology, Johns
Hopkins University School of Medicine. Control (n = 12) and sporadic ALS (n = 12) were
matched for age and postmortem delay [62–64]. Brains and spinal cords were immersion
fixed in 10% neutral-buffered formalin according to standard autopsy procedures. After
fixation, samples of motor cortex (Brodmann area 4) and spinal cord (cervical and lumbar
segments) were dissected and paraffin processed for neuropathological final diagnosis and
immunohistochemistry [62].

2.3. DNMT Enzyme Activity

Mice received a lethal dose of anesthetic and were decapitated for harvesting tissues
that were snap-frozen in isopentane cooled by dry ice. Total DNMT enzymatic activity
(maintenance and de novo) in spinal cord and skeletal muscle tissue extracts was deter-
mined using a validated colorimetric ELISA-like assay (Epigentek, Farmingdale, NY, USA)
as described [29].

2.4. 5mC and 6mA Assays

Mouse tissues that were isolated, snap-frozen, and stored at –70 ◦C were used to
extract with Trizol reagent (ThermoFisher Scientific, Waltham, MA, USA) genomic DNA
and total RNA from selected mouse skeletal muscles and spinal cord. Postmortem human
spinal cords from ALS patients and age-matched control individuals were also used for
6mA assays. ELISA was used to determine 5mC and 6mA concentrations using validated
colorimetric ELISA assays (Epigentek).

2.5. Genome-Wide CpG DNA Methylation Profiling in Skeletal Muscle of ALS Mice by Methylated
DNA-Immunoprecipitation (MeDIP)-Chip Analysis

Genomic DNA was isolated from snap-frozen hindleg skeletal muscle of low-copy
presymptomatic hSOD1mus-G37R mice (n = 3) and age/gender-matched littermate controls
(n = 3) and used for CpG island microarrays. All MeDIP, sample labeling, hybridiza-
tion, and processing were performed under standardized and strict operating procedures.
Isolated genomic DNA was sonicated to generate random fragments of 200–1000 bp. Im-
munoprecipitation (IP) of methylated DNA was performed using BiomagTM magnetic
beads coupled to monoclonal antibody to 5mC. The total input and matched IP DNA
were labeled with Cy3- and Cy5-labeled random 9-mers, respectively, and hybridized
to NimbleGen RN34 Meth 3x720K CpG plus Promoter arrays. An Axon GenePix 4000B
microarray scanner was used. Raw data was extracted as pair files by NimbleScan software
(Roche NimbleGen Inc., Basal, Switzerland). Median-centering quartile normalization
and linear smoothing by Ringo, limma, and MEDME was performed. From the normal-
ized log2-ratio data, a sliding-window peak-finding algorithm as part of NimbleScan v2.5
(Roche NimbleGen Inc.) was applied to find the methylated CpG enriched peaks with
specified parameters (sliding window width: 750 bp; mini probes per peak: 2; p-value
minimum cut-off: 2; maximum spacing between nearby probes within peak: 500 bp). To
compare promoters with differentially enriched methylation between hSOD1mus-G37R
and control mice, log2-ratio values were averaged and then used to calculate the M’ value
[M’ = Average(log2 MeDIPE/InputE) − Average(log2 MeDIPC/InputC)] for each probe.
NimbleScan sliding-window peak-finding algorithm was run on this data to find the
differential enrichment peaks. The differential enrichment peaks were filtered accord-
ing to the following criteria: (1) at least one of the two groups had the median value of
log2 MeDIP/Input ≥ 0.3 and a median value of M’ > 0 within each peak region; and (2) at
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least half of the probes in a peak had the median value of coefficient of variability ≤ 0.8 in
both groups within each peak region.

2.6. Immunohistochemistry (IHC) and Immunofluorescence (IF)

For histology, mice were perfusion-fixed with 4% paraformaldehyde. After perfusion-
fixation, forelimb triceps muscle, hindlimb biceps femoris muscle, and CNS were removed
from each mouse, and the tissues were cryoprotected (20% glycerol) before they were
frozen-sectioned (40 µm) using a sliding microtome. Serial tissue sections were stored
individually in 96-well plates. Mouse skeletal muscle sections were used for IF to study
the localizations of hSOD1 and satellite cell markers [65] as described [30]. The primary
antibodies used are in Table 1.

Table 1. Primary Antibodies Used.

Target Protein Commercial Source Assay

Human SOD1
(human-specific, not reactive

with mouse SOD1)

MBL International,
clone1G2 Immunoprecipitation (IP), IF

MyoD BD Pharmingen, clone MoAb5.8A IF

5mC Calbiochem, clone 16233D3 IF, IHC

6mA Proteintech, clone 1D5E10 IHC

DNMT1 Enzo, clone 60B12220.1 Western blotting (WB)

DNMT3A Enzo, clone 64B1446 WB

DNMT2/TRDMT1 LSBio, rabbit polyclonal WB

FTO LSBio, rabbit polyclonal WB

METTL3 Bethyl Labs, rabbit polyclonal WB

ALKBH5 Proteintech, rabbit polyclonal WB

Parvalbumin Sigma, clone PARV-19 IHC

Mouse spinal cord sections and human motor cortex and spinal cord paraffin sections were
used for immunoperoxidase IHC with diaminobenzidine (DAB) as chromogen to localize 5mC
and 6mA with monoclonal antibodies (Table 1). Human spinal cord sections were also used
for dual antigen labeling to localize 5mC within parvalbumin spinal interneurons visualized
with DAB and benzidine dihydrochloride, respectively, as chromogens as described [66–68].
Counterstaining with cresyl violet was done for cellular and neuroanatomical perspective.

2.7. Cell Counting

Profile counting was used to estimate the numbers of: (1) mouse skeletal muscle
satellite cells positive for hSOD1, MyoD, and 5mC; (2) mouse spinal MNs with nuclear 5mC
immunoreactivity (IR); (3) human motor cortex layer V neurons and spinal cord ventral
horn MNs positive for 5mC and 6mA; (4) human motor cortex subcortical white matter
glial cells positive for 6mA; and (5) human spinal cord interneurons positive for 5mC and
parvalbumin. For all IHC experiments and cell counting, series of cut sections were selected
with a random start and then systematically sampled (every 10th section) to generate a
subsample of anatomically-matched sections from each mouse muscle or spinal cord that
were processed and mounted on glass slides for evaluation. For human material, paraffin
blocks of motor cortex (Brodmann area 4) and cervical and lumbar spinal cord were cut
serially, and neuroanatomically matched sections were selected for staining. MNs and glia
were counted at 1000×magnification using strict morphological criteria. The criteria for
neurons included a multipolar shape and large round or ellipsoid nucleus, globular Nissl
staining of the cytoplasm, and a diameter of ~15–25 µm. The criteria for glial cells in white
matter included small size (diamater of 10 µm or less) and scant cytoplasm.
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2.8. Electron Microscopy (EM)

Age-matched non-tg and hSOD1mus-G37R, -G93A, and -WT tg mice (15–17 months of
age) received an anesthetic overdose and were perfused transcardially with 2% paraformalde-
hyde/2% glutaraldehyde. The group sizes were three mice/genotype. Tissue samples of left and
right biceps femoris were taken from each mouse and processed and embedded in plastic for
conventional transmission EM as described [69]. The sections were viewed and imaged using
a Phillips CM12 electron microscope. Digital electron micrographs from each mouse genotype
were used to examine satellite cells in at least 20 images per mouse.

2.9. Immunoblotting and IP

Western blotting was done to measure protein levels of DNMT1, DNMT3A, METTL3,
ALKBH5, and FTO in mouse skeletal muscle and spinal cord. Age-matched tg and non-
tg littermate control mice (n = 6/group) received a lethal dose of anesthesia and were
decapitated for harvesting forelimb and hindlimb skeletal muscle and spinal cord. The
subcellular fractionation protocol has been verified [63,70]. Protein concentrations were
measured by a Bio-Rad protein assay with bovine serum albumin as a standard.

Extracts from skeletal muscle and spinal cord and positive control cell lysates were
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membrane by electroelution as described [70]. For IP, prior
to SDS-PAGE, skeletal muscle protein extract (500 µg) was input for 5 µg human-specific
hSOD1 antibody (Table 1) followed by agarose-conjugated protein A (ThermoFisher) for
capture. Negative control conditions were tissue homogenates immunoprecipitated with
isotype specific non-immune IgG, with PBS but no IgG, IP with specific primary antibody
but with no homogenate input, and non-tg mouse skeletal muscle extracts [45]. Final IP
samples were subjected to SDS-PAGE and Western blot. The reliability of sample loading
and electroblotting in each experiment was evaluated by staining nitrocellulose membranes
with Ponceau S before immunoblotting. Ponceau S-stained membranes were used in
the figures to show protein loading. If transfer was not uniform, blots were discarded,
and SDS-PAGE was repeated. Blots were blocked with 2.5% nonfat dry milk with 0.1%
Tween 20 in 50 mM Tris-buffered saline (pH 7.4), then incubated overnight at 4 ◦C with
antibody (Table 1). The antibodies were used at concentrations for visualizing protein
immunoreactivity (IR) within the linear range. After the primary antibody incubation, blots
were washed and incubated with horseradish peroxidase-conjugated secondary antibody
(0.2 µg/mL), developed with enhanced chemiluminescence (ThermoFisher), and exposed
to X-ray film or imaged with a ChemiDoc imaging system (Bio-Rad Laboratories, Hercules,
CA, USA). ImageJ software was used to quantify target protein IR normalized to protein
loading identified by Ponceau S staining.

2.10. RG108 Therapeutic Testing in Mouse ALS

To assess a contribution of DNA methylation mechanisms in a mouse model of ALS,
nonconditional high-expressing hSOD1-G93A mice were treated daily with 2 mg/kg
(intraperitoneal, ip) RG108 (Sigma, Springfield, MO, USA) starting at 6 weeks of age
through terminal disease. RG108 is a small, cell-permeable, non-nucleoside direct specific
inhibitor of DNMT [71]. Because RG108 does not have a nucleoside derivation such as
5-azacytidine, 5-fluro-2-deoxycytidine, and zebularine, it has low to no toxicity [72]. We
verified using histopathological (heart, liver, gut) and behavioral (motor activity) endpoints
that RG108 has no apparent toxicity in adult non-tg male mice with chronic systemic
treatment at doses of 2 mg/kg and 10 mg/kg or vehicle (DMSO/saline), ip (Figure S1).
Afterwards, forty tg male mice were randomized to treatments of RG108 (n = 20) or vehicle
(n = 20). At 10–12-weeks of age, running wheel motor activity was tested on all mice. A
subset of mice from each group (n = 6) was perfusion-fixed for histology to use for in vivo
biological efficacy of drug action as assessed by skeletal muscle satellite cells positive for
5mC. The remaining mice were used for time-to-event outcomes.
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2.11. Data Analysis

The values shown in the graphs represent the mean ± SD unless stated otherwise. For
histological data, group means and variances were evaluated statistically by one-way ANOVA
and a Student’s t-test. Time-to-event measures (disease onset and survival duration) were
analyzed using Kaplan–Meier survival fit analysis. The Cox proportional hazards model was
used to analyze the effect of RG108 on survival and to determine hazard ratios. There was
no censoring of mice due to treatment-related deaths. A one-way ANOVA followed by Tukey
post-hoc test was used for statistical comparisons for time-to-event measures.

3. Results
3.1. DNMT Enzyme Activity Is Increased in Spinal Cord and Skeletal Muscle of hSOD1 tg Mice

DNMT enzyme activity was measured in tibialis anterior (TA) and whole spinal cord
and from non-tg mice and different genotypes of hSOD1 tg mice at early symptomatic
stages of disease (Figure 1A). In non-tg mice, skeletal muscle DNMT enzyme activity
was significantly higher (p < 0.05) than activity in the spinal cord (Figure 1A). Skeletal
muscle DNMT enzyme activity was higher in hSOD1 muscle-specific tg mice with mutant
G37R (p < 0.01) and G93A (p < 0.001) variants but not with WT allele, compared to non-tg
controls (Figure 1A). Skeletal muscle DNMT enzyme activity in nonconditional tg mice
with hSOD1-G37R was significantly higher (p < 0.001) compared to non-tg age-matched
controls. In the spinal cord, DNMT activity was significantly higher in hSOD1mus-G93A
mice (p < 0. 01) and -G37R mice (p < 0.05) compared to age-matched littermate control
mice (Figure 1A). In conditional tg mice with hSOD1mus-WT, activity was modestly higher
(p < 0.05) in spinal cord compared to non-tg mice. Nonconditional hSOD1-G37R mouse
spinal cord had increased (p < 0.01) DNMT activity compared to controls (Figure 1A).

3.2. Global DNA Methylation Is Increased in Spinal Cord and Skeletal Muscle of hSOD1 tg Mice

Because DNMT enzymatic activity was increased, the levels of the product of this
biochemical reaction was measured. Genomic DNA was assayed for global 5mC content
in whole spinal cord (Figure 1B) and TA (Figure 1C) of presymptomatic (young) and
symptomatic (old) conditional hSOD1mus mice expressing WT, G37R, and G93A genes.
Global 5mC levels were similar in spinal cord of all young mouse genotypes (Figure 1B).
In older symptomatic mice, global 5mC was increased (p < 0.05) in the spinal cord of
hSOD1mus-G37R, -G93A and -WT mice compared to older non-tg mice (Figure 1B). In non-
tg mouse skeletal muscle (Figure 1C), 5mC levels were ~3-fold higher (p < 0.01) in young
mice compare to older mice. In hSOD1 tg mice, the large difference between young and old
mice was greatly diminished. Older symptomatic hSOD1 mice had significantly increased
(p < 0.05) 5mC levels in skeletal muscle compared to older non-tg mice (Figure 1C).

3.3. 5mC Is Localized to Spinal Cord MNs and Skeletal Muscle Satellite Cells

Because 5mC was increased in total tissue DNA extracts, we next wanted to localize
the 5mC to cells. IHC for 5mC has been validated as a good read-out for DNMT activity
and in vivo drug and genetic modulation [29,30] and was used to determine if epigenetic
changes occur in a severe mouse model of ALS. Significant accumulation of 5mC was seen
in spinal MNs in presymptomatic (p < 0.001) and early symptomatic (p < 0.01) noncondi-
tional high-expressing hSOD1-G93A mice compared to age-matched non-tg littermates
(Figure 1D–F). The 5mC accumulation occurred in the nucleus and cytoplasm of MNs and
in puncta within dendrites (Figure 1D,E), previously shown to correspond to mitochondrial
DNA methylation [29,30].

IF was used to localize 5mC in TA of nonconditional hSOD1-G93A mice. The TA
appeared as a mosaic of myofibers positive or negative for hSOD1 with hSOD1-positive
small cells seen at the myofiber margins (Figure 1G). Colocalization of hSOD1 with MyoD
identified these cells as satellite cells (Figure 1H) that were also enriched in 5mC (Figure 1J).
EM identified subsets of satellite cells in presymptomatic mice undergoing apoptosis
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(Figure 1J), but the number of hSOD1-positive cells that were MyoD- or 5mC-positive did
not change significantly with disease stage (Figure 1K).

3.4. Gene Promoter CpG Hypermethylation Occurs in Skeletal Muscle of hSOD1 tg Mice

Our 5mC results so far were global assessments that did not relate to specific genes. To
refine our 5mC analysis with gene-specific proof-of-principle demonstration of epigenetic
changes occurring in one of our ALS mouse models, we did genome-wide promoter
CpG methylated-DNA immunoprecipitation (MeDIP)-chip analysis in skeletal muscle of
G37R-hSOD1mus mice (Figure 2).

Figure 1. Dnmt enzyme activity and 5mC are increased in mouse ALS. (A) Dnmt catalytic activity
(mean ± SD, n = 6/group) in whole spinal cord and TA muscle in non-tg mice and in different
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genotypes of hSOD1 tg mice at early symptomatic stages of disease. Non-tg spinal cord vs. non-tg TA
muscle, + p < 0.05; non-tg vs. tg spinal cord (black bars), # p < 0.05, * p < 0.01, ** p < 0.001; non-tg vs. tg
TA muscle (red bars), ++ p < 0.01, +++ p < 0.001. (B,C) 5mC levels (nanomolar, nM, mean ± SD,
n = 6/group) in spinal cord (B) and skeletal muscle (C) are increased in older (12 months) tg mice
compared to age-matched controls but not in young (4–6 months) tg mice. Non-tg vs. tg old mouse
spinal cord (B), * p < 0.05; non-tg young vs. non-tg old skeletal muscle (C), + p < 0.01; non-tg vs. tg
old skeletal muscle (C), * p < 0.05. (D,E) IHC shows differences in the localization of 5mC IR (brown
staining) in spinal cord MN cell nuclei (enclosed in circles) of non-tg mice (D) and hSOD1-G93A tg
mice (E) at presymptomatic (6 weeks old) stages of disease. (F) Counts (mean ± SD, n = 6/group)
of spinal MNs with full nuclear 5mC IR in hSOD1-G93A mice presymptomatic and symptomatic
stages of disease. Non-tg vs. tg, ** p < 0.01 and * p < 0.05. (G) hSOD1-specific IF staining (red)
showing the mosaic composition of hSOD1-positive and -negative myofibers in the TA of hSOD1 tg
mice. Subsets of small cells on the myofiber margins are positive (hatched arrows). (H,I) Labeling for
MyoD and hSOD1 identifies small cells as satellite cells (H, hatched arrow); subsets are 5mC enriched
(I, hatched arrow). (J) EM shows satellite cells undergo apoptosis in tg mice. (K) Counts (mean ± SD,
n = 6/group) of hSOD1-positive satellite cells, also positive for either MyoD or 5mC, do not change
with age in tg mice. Scale bars: (D) (same for (E)), 7 µm; (G), 20 µm; (H), 8 µm; (I), 5 µm; (J), 5 µm.

Figure 2. Global promoter CpG island microarray analysis in skeletal muscle (biceps femoris) of
presymptomatic (12 months old) hSOD1mus-G37R mice compared to age- and-sex-matched non-tg
mice. Cut-off for significant hypermethylation in tg mice (n = 3) versus age-matched non-tg mice
(n = 3) was a 2-fold difference. Triage of identified genes with significant hypermethylation into
classes was based on known functions of their products. Representative genes assigned to the
different categories are shown in Table S1.

Genes in ALS mouse skeletal muscle (biceps femoris) with significantly increased
(>2-fold) hypermethylation (Table S1) compared to littermate age- and sex-matched non-tg
control mice were grouped into functional classes (Figure 2). The predominant differ-
entially methylated gene promoters were distributed in all three promoter classes (high,
intermediate, and low CpG density) [73]. Hypermethylated genes (~856 genes) found
in biceps femoris of G37R-hSOD1mus mice were grouped into categories of cytoskeletal
(15%), intracellular signaling (11%), mitochondrial (10%), plasma membrane receptors-
transporters (9%), transcription factors (9%), and nuclear-DNA metabolism-chromatin (8%).
Other significantly hypermethylated gene promoters with a smaller representation fell
into groups designated as proteostasis (7%), RNA metabolism (6%), and cell death (6%).
Representative genes with significantly increased methylation are shown in Table S1.
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3.5. DNMT Levels Increase in Spinal Cord and Skeletal Muscle Nuclear Fractions of hSOD1 tg Mice

5mC is marked in the genome by the enzymatic activities of DNMTs. We therefore
assessed different DNMT protein levels in different tissue fractions. DNMT1 and DNMT3A
proteins were measured in spinal cord nuclear fractions by immunoblotting (Figure 3).

Figure 3. Immunoblotting for DNMT1 and DNMT3A in spinal cord nuclear extracts of nonconditional
hSOD1 tg mice and conditional tg mice with skeletal muscle-restricted expression of hSOD1mus.
Representative blots for DNMT1 (A) and DNMT3A (C) are shown with different tg mouse lines
randomized among lane assignments. Sizes of DNMT1 and DNMT3A (in kDa) are indicated for
each blot at right. Each blot had a positive control lane. Ponceau S-stained membranes show protein
loading. (B) Graph showing IR relative density levels (immunodensity mean ± SD, as % of non-
tg mouse IR) for DNMT1 and DNMT3A in nonconditional hSOD1 mouse lines (n = 5/genotype).
Horizontal line designates non-tg control at 100%. * p < 0.05; ** p < 0.01. (D) Graph showing protein IR
relative density levels (mean± SD, as % of non-tg mouse immunodensity) for DNMT1 and DNMT3A
in hSOD1mus mouse lines (n = 5/genotype). * p < 0.05.

The mobility in denaturing SDS-PAGE and detection of these proteins were consistent
with our previous observations [29,30]. DNMT1 levels were significantly increased 30–50%
above control levels in nonconditional hSOD1-G37R (p < 0.01), -G93A, (p < 0.05) and -WT
(p < 0.05) mice (Figure 3A,B). DNMT3A was significantly increased (p < 0.05) in hSOD1-
G93A and -WT mice (Figure 3A,B). In conditional tg mice with skeletal muscle-restricted
expression of hSOD1, DNMT1 was significantly increased (p < 0.05) in hSOD1mus-WT
mouse spinal cord nuclear extracts but not in the other tg mouse genotypes (Figure 3C,D).
DNMT3A levels were not changed significantly in spinal cord nuclear extracts in any of
these tg mouse lines (Figure 3C,D).

DNMT1 and DNMT3A proteins were measured in skeletal muscle nuclear fractions
by immunoblotting (Figure 4).
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Figure 4. Western blot analysis of DNMT1 and DNMT3A protein levels in nuclear extracts of skeletal
muscle from nonconditional hSOD1 tg mice and hSOD1mus mice. Representative immunoblots for
DNMT1 (A) and DNMT3A (C) are shown. The different tg mouse lines were randomized to lane
assignments. Sizes of DNMT1 and DNMT3A (in kDa) are indicated for each blot at right. Each
blot had a positive control lane. Ponceau S-stained membranes show protein loading. (B) Protein
IR levels (mean ± SD, as % of non-tg mouse immunodensity) for DNMT1 and DNMT3A in non-
conditional hSOD1 mouse lines (n = 5/genotype). * p < 0.05; ** p < 0.001. (D) IR protein levels
(mean ± SD, as % of non-tg mouse immunodensity) for DNMT1 and DNMT3A in hSOD1mus mouse
lines (n = 5/genotype). * p < 0.05; ** p < 0.01.

DNMT1 levels were significantly increased ~40% above (p < 0.05) control levels in
nonconditional hSOD1-WT mice (Figure 4A,B). In contrast, DNMT3A levels were 3-fold
higher (p < 0.001) in skeletal muscle nuclear fractions in nonconditional hSOD1-G37R mice,
while nonconditional hSOD1-G93A and -WT mice had more modest significant (p < 0.05)
increases (Figure 4A,B). With skeletal muscle-restricted expression of hSOD1, DNMT1 was
unchanged in all three tg mouse genotypes, while DNMT3A was significantly increased in
hSOD1mus-WT (p < 0.01) and hSOD1mus-G93A (p < 0.05) mice (Figure 4C,D).



Cells 2022, 11, 3448 12 of 29

3.6. DNMT Levels Increase in Chromatin Bound Fractions of hSOD1 tg Mouse Spinal Cord and
Skeletal Muscle

Within the nucleus, in order for DNMTs to mark DNA with 5mC, the enzymes need
to access chromatin. DNMT1 and DNMT3A proteins were measured in spinal cord total
chromatin fractions by immunoblotting (Figure 5).

Figure 5. Immunoblotting for DNMT1 and DNMT3A in the chromatin bound extracts of spinal cords
from nonconditional hSOD1 tg mice and hSOD1mus mice. Representative blots for DNMT1 (A) and
DNMT3A (C) are shown with different tg mouse lines randomized among the lane assignments. Sizes
of DNMT1 and DNMT3A (in kDa) are indicated for each blot at right. Each blot had a positive control
lane. Ponceau S-stained membranes show protein loading. (B) Protein IR levels (mean ± SD, as % of
non-tg mouse immunodensity) for DNMT1 and DNMT3A in nonconditional hSOD1 mouse lines
(n = 5/genotype). * p < 0.05; ** p < 0.01; *** p < 0.001. (D) Protein IR levels (mean ± SD, as % of non-tg
mouse immunodensity) for DNMT1 and DNMT3A in hSOD1mus mouse lines (n = 5/genotype).
* p < 0.05; ** p < 0.01.

DNMT1 was increased 2.5-fold (p < 0.001) in chromatin extracts of spinal cord from
nonconditional hSOD1-G93A mice (Figure 5A,B). Chromatin associated DNMT1 was not
detected in the G37R and WT genotypes of nonconditional hSOD1 tg mice. In contrast,
DNMT3 was significantly increased in chromatin fractions of spinal cords from noncondi-
tional hSOD1-G93A (p < 0.01), -G37R (p < 0.05), and -WT (p < 0.05) mice (Figure 5A,B). In
skeletal muscle-restricted hSOD1 expressers, all three genotypes had significantly increased
chromatin enrichment of DNMT1 (Figure 5C,D); hSOD1-G37R (p < 0.05) and hSOD1-
G93A (p < 0.01) mice had significantly increased chromatin enrichment of DNMT3A, but
hSOD1-WT mice did not (Figure 5C,D).

DNMT1 and DNMT3A proteins were measured in skeletal muscle chromatin fractions
by immunoblotting (Figure 6).
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Figure 6. Western blot analysis of DNMT1 and DNMT3A protein levels in the chromatin bound
extract of skeletal muscle from nonconditional hSOD1 tg mice and hSOD1mus mice. Representative
immunoblots for DNMT1 (A) and DNMT3A (C) are indicated. Different tg mouse lines were assign to
lanes randomly. Sizes of DNMT1 and DNMT3A (in kDa) are indicated for each blot at right. Each blot
had a positive control lane. Ponceau S-stained membranes show protein loading. (B) Protein IR levels
(mean ± SD, as % of non-tg mouse immunodensity) for DNMT1 and DNMT3A in nonconditional
hSOD1 mouse lines (n = 5/genotype). * p < 0.05; + p < 0.01; ** p < 0.001. (D) Protein IR levels
(mean ± SD, as % of non-tg mouse immunodensity) for DNMT1 and DNMT3A in hSOD1mus mouse
lines (n = 5/genotype). * p < 0.05; ** p < 0.01.

Nonconditional hSOD1-G37R (p < 0.001) and -G93A (p < 0.01) had significant ~ 2-fold
enrichments of DNMT1 in skeletal muscle chromatin (Figure 6A,B), while hSOD1-WT mice
had a lesser increase. A 2.5-fold increase (p < 0.001) in chromatin-associated DNMT3A
was seen in hSOD1-G37R skeletal muscle, but there was no significant increase in hSOD1-
WT mice and hSOD1-G93A mice (Figure 6A,B). In skeletal muscle-restricted expressers,
chromatin-associated DNMT1 was increased ~2-fold in hSOD1mus-G37R (p < 0.01) and
hSOD1mus-G93A (p < 0.01) mice and was ~50% above control (p < 0.05) in hSOD1mus-WT
mice (Figure 6C,D). hSOD1mus-WT mice had a significant increase (p < 0.05) in chromatin
DNMT3A (Figure 6C,D), while hSOD1mus-G37R and hSOD1mus-G93A mice were not
different from controls.

3.7. hSOD1 Interacts with DNMT3A in Skeletal Muscle of tg Mice

It is possible that mutant hSOD1 has a gain in function or altered function by aber-
rantly interacting with DNMTs. IP was used to determine if hSOD1 can directly influence
epigenetic regulatory proteins in mouse tissue (Figure 7).
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Figure 7. Co-IP identified an interaction between hSOD1 and specific isoforms of DNMTs in skeletal
muscle. (A) IP of skeletal muscle tissue lysates with human-specific antibody to capture hSOD1
followed by Western blotting (WB) of captured protein for DNMT3A identified co-precipitation
of DNMT3A with hSOD1-G37R and hSOD1-G93A but not in skeletal muscle lysates of non-tg
mice. Heavy chain IgG (IgGHC) and light chain IgG (IgGLC) are indicated at ~50 kDa and ~25 kDa,
respectively. Very long exposures were required to visualize the DNMT3A bands making the IgG
bands overexposed and smudged. (B) Co-IP of hSOD1 and DNMT1 was not found, but DNMT1
was detected in skeletal muscle tissue lysate used for input to IP (IP minus lanes). +, denotes hSOD1
antibody was added to the skeletal muscle homogenate. -, denotes hSOD1 was not added to the
skeletal muscle homogenate. (C) A minor fraction of 60 kDa DNMT2 co-precipitated with hSOD1.
DNMT2 was detected in skeletal muscle tissue lysate used for input to IP (IP minus lanes).

Co-IP demonstrated that hSOD1-G37R and hSOD1-G93A interacted with DNMT3A in
skeletal muscle mitochondrial-enriched fractions (Figure 7A). Co-IP of hSOD1 and DNMT1
was completely negative (Figure 7B). A low level of interaction occurred with hSOD1 and
DNMT2 (Figure 7C).

3.8. DNA Methylation Is Increased in Human ALS CNS

To determine if our work on DNA methylation in mouse models of ALS has patho-
logical similarities to human ALS, IHC was used to localize 5mC in postmortem brain
and spinal cord of patients with ALS and age-matched control individuals (Figure 8).
In motor cortex, the number of pyramidal neurons enriched in 5mC was significantly
increased (p < 0.01) in ALS cases compared to control (Figure 8A,B,H). In the spinal
cord, remaining ventral horn lateral group MNs in ALS patients showed prominent
somatodendritic attrition and significant (p < 0.001) nuclear hypermethylation com-
pared to control individuals (Figure 8C,D,H). Additional observations focused on spinal
cord interneurons. Subsets of neurons smaller than attritional MNs showed strong
nuclear labeling for 5mC (Figure 8D). These cells could be near-endstage attritional
MNs, as described [62], or spinal cord interneurons. Spinal cord interneurons are
known to degenerate in tg hSOD1 mouse models of ALS [55,74]. Dual-labeling for
5mC and parvalbumin, an interneuron marker [55], showed that spinal interneurons in
control subjects generally had low detectable nuclear 5mC (Figure 8E,I). In ALS patients
(Figure 8F,G,I) the proportion of spinal interneurons with nuclear enrichment of 5mC
was significantly higher than in controls (p < 0.01).
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Figure 8. Upper MNs and spinal cord MNs and interneurons undergo hypermethylation in human
ALS. (A) Layer V pyramidal neurons in control motor cortex (arrows) have low nuclear 5mC IR
(brown). (B) In ALS motor cortex, numerous layer V pyramidal neurons (arrows) have nuclear 5mC
IR (brown). (C) Spinal cord MNs in controls have chromatin threads (arrow) decorated with 5mC IR
(brown) against a negative nucleoplasm. (D) Spinal cord MNs in ALS cases have shrunken nuclei that
are strongly positive throughout for 5mC IR (arrow, brown) and cell bodies with somatodendritic at-
trition. These cells are discernible as attritional MNs because of the marginalized Nissl substance [62].
Other cells (hatched arrow) could be residual MNs or interneurons. (E) Interneurons, identified by
parvalbumin (arrow, green/black) plus 5mC (brown), show scant DNA methylation IR in controls.
(F,G) In ALS cases, parvalbumin (green/black, arrow) colocalizes with 5mC (brown). Interneuron
in (G) is shown at higher magnification. Scale bars: (A) (same for (B)), 30 µm; (C) (same for (D)),
10 µm; (E) (same for (F)), 10 µm; (G), 5 µm. (H) Counts (mean ± SD) of motor cortical pyramidal
neurons and spinal MNs with nuclear IR for 5mC in control (n = 6) and ALS (n = 8) cases. * p < 0.01,
motor cortex; * p < 0.001, spinal cord. (I) Counts (mean ± SD) of parvalbumin-positive spinal cord
interneurons with nuclear IR for 5mC in control (n = 6) and ALS (n = 8) cases. * p < 0.01.

3.9. RNA Methylation Is Aberrant in ALS Mouse Spinal Cord and Skeletal Muscle

Epigenetic pathology could be limited to DNA methylation or it could be broadly man-
ifested to include other nucleic acid such as RNA. We therefore evaluated RNA methylation
in hSOD1 tg mice (Figure 9).
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Figure 9. 6mA RNA methylation is abnormal in hSOD1 mouse ALS. (A) ELISA for m6A content
(nanogram [ng], mean ± SD, n = 6/group) in whole spinal cord of presymptomatic (6 weeks old)
nonconditional hSOD1-G93A tg mice and age-matched littermate non-tg control mice. * p < 0.001.
(B) m6A ELISA (mean ± SD, n = 6/group) for whole spinal cord of presymptomatic (12 months old)
conditional hSOD1-G93Amus tg mice and age-matched littermate non-tg control mice. * p < 0.001.
(C) IHC for 6mA (brown staining) in lumbar spinal cord ventral horn of presymptomatic (6 weeks
old) and symptomatic (12 weeks old) nonconditional hSOD1-G93A tg mice and non-tg control mice.
6mA is enriched in MNs (non-tg, hatched arrow). Insets show MNs (arrows) at higher magnification.
Mutant hSOD1-G93A mouse MNs have cytoplasmic vacuoles (hatched arrows) or round strongly
positive cytoplasmic 6mA inclusions (solid arrow). For a negative control, spinal cord sections were
pretreated with RNase that abolished the IR for 6mA. Non-tg mouse sections were use for RNase
treatment because they had the strongest IR. Scale bars: (C) non-tg (same for presym and sym), 40 µm;
inset (non-tg, same for others), 10 µm; (C) non-tg RNase, 100 µm.

ELISA was used to measure 6mA amounts in whole spinal cord of presymptomatic
(6-week-old) nonconditional hSOD1-G93A tg mice and age-matched littermate non-tg
mice (Figure 9A). 6mA levels were significantly (p < 0.01) reduced in hSOD1-G93A mice
compared to control mice (Figure 9A). Whole spinal cord 6mA levels were also measured
in presymptomatic (12 months old) conditional hSOD1mus-G93A tg mice and age-matched
littermate non-tg mice, but these mice, in contrast to the nonconditional mutants, had an
8-fold increase in 6mA levels compared to their controls (Figure 9B).

IHC for 6mA in non-tg mouse spinal cord revealed robust IR associated with MNs
(Figure 9C) that was abolished completely by RNase treatment (Figure 9C). Non-tg mouse
MNs had a 6mA enrichment pattern resembling Nissl staining of ribonucleoprotein (Figure 9C,
non-tg, inset, hatched arrow). The relative enrichments of 6mA IR appeared to decrease
progressively in spinal cord of presymptomatic and early symptomatic nonconditional G93A-
hSOD1 mice (Figure 9C). The 6mA IR patterns in MNs in these mice were consistent with
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cytoplasmic vacuolation (Figure 9C, presym and sym, insets, hatched arrows). Some neurons
in presymptomatic mice had round intensely positive 6mA cytoplasmic inclusions (Figure 9C,
presym, inset, solid arrow).

Key RNA methylation enzymes in spinal cord and skeletal muscle of hSOD1 ALS
mice were measured by Western blotting (Figure 10).

Figure 10. Western blot analysis of RNA methylation-related enzymes in spinal cord and skeletal
muscle of hSOD1 tg mice. (A) FTO levels in spinal cord ((A), top) and skeletal muscle ((A), bottom)
of nonconditional hSOD1 tg mice (presymptomatic and symptomatic) and conditional hSOD1mus tg
mice. Age-matched non-tg littermates were controls. The several different hSOD1 tg mouse lines are
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shown randomized among the lane assignments. FTO size (in kDa) is indicated for each blot.
Ponceau S-stained membranes show protein loading. (B) METTL3 levels in spinal cord ((B), top and
middle) and skeletal muscle ((B), bottom) of nonconditional hSOD1 tg mice (presymptomatic and
symptomatic) and conditional hSOD1mus tg mice. Age-matched non-tg littermates were controls.
METTL3 size (in kDa) is indicated. In top blot, different subcellular fractions of spinal cord were
used to assess the presence of METTL3 in mitochondrial-enriched (P2), soluble (S2), and nuclear-
enriched (P1) tissue compartments. The middle blot was done using nuclear fractions of spinal
cord. The lowest blot in B was done using nuclear fractions of skeletal muscle. (C) ALKBH5 levels
in spinal cord ((C), top and middle) and skeletal muscle ((C), bottom) of nonconditional hSOD1 tg
mice (presymptomatic and symptomatic) and conditional hSOD1mus tg mice. Age-matched non-tg
littermates were controls. ALKBH5 size (in kDa) is indicated. In top blot, different subcellular
fractions of spinal cord were used to assess ALKBH5 presence in the mitochondrial-enriched, soluble,
and nuclear-enriched compartments and crude homogenate. The middle blot was done using
mitochondrial fractions of spinal cord. The lowest blot in C was done using mitochondrial fractions
of skeletal muscle. (D) Protein IR levels (mean ± SD, as % of non-tg mouse immunodensity) for FTO,
METTL3, and ALKBH5 in spinal cord of nonconditional hSOD1-G93A mice at presymptomatic and
symptomatic stages of disease (n = 6/group). * p < 0.001; + p < 0.05; ** p < 0.01; *** p < 0.001. (E) Protein
IR levels (mean ± SD, as % of non-tg mouse immunodensity) for FTO, METTL3, and ALKBH5 in
skeletal muscle of nonconditional hSOD1-G93A mice at presymptomatic and symptomatic stages of
disease (n = 6/group). * p < 0.001; ** p < 0.01; *** p < 0.001.

FTO was detected as a doublet band at ~58–65 kDa in spinal cord (Figure 10A, top); in
skeletal muscle, FTO was mostly seen as a single band (Figure 10A, bottom). Reports have
shown FTO at this size [75,76]. In nonconditional hSOD1-G93A tg mouse spinal cord and
skeletal muscle, FTO was severely reduced (p < 0.001) to 30–50% of control at presymptomatic
and symptomatic stages of disease (Figure 10D,E). METTL3 was detected as a single
protein at ~70 kDa in spinal cord (Figure 10B top and middle), but in skeletal muscle
METTL3 was seen as a doublet band (Figure 10B, bottom). Reports have shown METTL3
at this size and as a doublet [76,77]. We detected METTL3 in different subcellular-enriched
fractions of spinal cord, including mitochondrial-enriched (Figure 10B, top P2), cytosolic
(Figure 10B, top S2), and nuclear-enriched (Figure 10B, top, P1). Within these fractions,
METTL3 appeared lowest in the nuclear-enriched fraction in non-tg mice (Figure 10B, top).
When spinal cord and skeletal muscle P1 fractions of nonconditional hSOD1-G93A tg
mice and age-matched littermate non-tg mice were compared, METTL3 was significantly
increased (p < 0.01 and p < 0.001) in presymptomatic and symptomatic mutant mice
(Figure 10D,E). ALKBH5 was detected as ~40 or 50 kDa bands in spinal cord, depending
on tissue subcellular fraction (Figure 10C, top and middle). These two isoforms of ALKBH5
have been seen before [76,78], but the tissue fractionation subcellular distribution was not
reported. In the mitochondrial-enriched fraction, 40 and 50 kDa ALKBH5 bands were seen
(Figure 10C, top). In the cytosolic soluble fraction, only the 40 kDa ALKBH5 band was
seen (Figure 10B, top). In the nuclear-enriched fraction, only the 50 kDa band was detected
(Figure 10B, top). When spinal cord and skeletal muscle mitochondrial-enriched fractions
of nonconditional hSOD1-G93A tg mice and age-matched littermate non-tg mice were
compared, ALKBH5 levels were significantly (p < 0.05) reduced in presymptomatic mouse
spinal cord (Figure 10D) but not in presymptomatic mouse skeletal muscle (Figure 10E).

3.10. RNA Methylation Is Depleted Severely in Human ALS CNS

To determine if our work on RNA methylation in mouse models of ALS has patholog-
ical similarities to human ALS, IHC was used to localize 6mA in postmortem brain and
spinal cord of patients with ALS and age-matched control individuals (Figure 11).
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Figure 11. 6mA RNA methylation is depleted in postmortem human ALS upper MNs, white matter,
and lower MNs. Sections were counterstained with cresyl violet. (A) In control motor cortex, layer
V pyramidal neurons (arrows) are enriched in 6mA IR (brown). The cytoplasm is strongly positive
but the nucleus is less enriched (inset). See G for quantification. (B) In ALS motor cortex, layer V
pyramidal neurons (solid arrows) have diminished 6mA IR (brown) in the cytoplasm and the nucleus
compared to control. Subsets of pyramidal neurons remain enriched (hatched arrows). Neocortical
layer V Betz cells, with a chromatolytic morphology (inset), have depleted 6mA in the nucleus,
cytoplasm, and axon hillock (arrow). (C) Subcortical white matter in human controls is enriched
in cells with nuclear IR for 6mA (solid black arrows). These cells have a nuclear morphology of
oligodendrocytes [67]. Some cells are less intensely positive (hatched black arrows). (D) In the
subcortical white matter of human ALS cases, many cells with an oligodendrocyte morphology show
6mA depletion (solid black arrow); few cells appear less affected (hatched arrow). (E) In human
control spinal cord, the α-MNs are enriched in 6mA throughout the cytoplasm, including the axon
hillock (hatched arrow), and nucleus (*). Small glial cells are also positive (solid arrow). (F) In
human ALS spinal cord, the MNs are attritional and have severe depletion of cytoplasmic and nuclear
(asterisk) 6mA. Scale bars: (A) (same for (B)), 15 µm; (A) (inset), 7 µm; (C) (same for (D)), 20 µm;
(E) (same for (F)), 10 µm. (G) Counts (mean ± SD) of motor cortical pyramidal neurons, white matter
glial cells, and spinal MNs with enrichment of 6mA in control (n = 6) and ALS (n = 8) cases. + p < 0.05;
* p < 0.01. (H) ELISA determination of the nanogram (ng) amount (mean ± SD) of 6mA in cervical
spinal cord of human control (n = 6) and ALS (n = 8) cases. * p < 0.001.
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The number of pyramidal neurons enriched in 6mA decreased significantly (p < 0.05)
in the motor cortex of ALS cases compared to control (Figure 11A,B,G). Moreover, chro-
matolytic Betz cells in ALS cases excluded 6mA from the nucleus (Figure 11B inset). In
subcortical white matter of motor cortex, the number of cells with an oligodendrocyte
nuclear morphology that were positive for m6A was severely reduced (p < 0.01) in ALS
cases (Figure 11C,D,G). In spinal cord, MNs remaining in ventral horn lateral groups in
ALS patients with enrichment of 6mA were significantly reduced (p < 0.001) compared to
control individuals (Figure 11E–G). For corroboration, ELISA was used to measure global
6mA amounts in whole cervical spinal cord of human ALS and age-matched control cases.
6mA amount was robustly (p < 0.001) reduced in human ALS (Figure 11H).

3.11. RG108 Delays Disease Onset and Extends the Lifespan of hSOD1-G93A ALS Mice

Because DNA methylation abnormalities were seen in mouse models of ALS and in
the real human disease, we returned to the mouse model to examine if this pathology was
meaningful as a therapeutic target. RG108 treatment was tolerated well, and it modified
several disease parameters. RG108 significantly (p < 0.01) delayed disease onset (Figure 12A)
as determined by motor activity (vehicle 100 days versus RG108 120 days).

Figure 12. The DNMT inhibitor RG108 is therapeutic in nonconditional hSOD1-G93A mice. RG108
was given ip 2 mg/kg/day starting at 6 weeks of age. (A) RG108 restored significant (* p < 0.001)
motor function (mean ± SEM) on a running wheel in 12-week-old mice (n = 10/group). (B) RG108
significantly reduced (* p < 0.01) the accumulation of skeletal muscle satellite cells positive for 5mC
(mean ± SD, n = 10/group). (C) RG108 treatment of hSOD1-G93A mice (n = 20/group) delayed
disease onset (vehicle 100 day versus RG108 120 days) and extended maximal survival from 130 days
to 160 days.

RG108 appeared to be biologically active in vivo because treatment reduced signifi-
cantly the number of skeletal muscle satellite cells positive for 5mC (Figure 12B). In addition,
RG108 importantly extended maximal survival from 130 days to 160 days (Figure 12C).
RG108 was tolerated well based on no observed motor behavioral performance deficits and
histological toxicity in liver, heart, and intestine (Figure S1).

4. Discussion

ALS appears mechanistically as a heterogeneous disease with familial and sporadic
forms. Familial forms are caused by monogenic mutations in several genes, most commonly
c9orf72, tdp43, sod1, and fus [6]. However, known genetic risk factors identified as ALS-
causing do not explain sufficiently the different phenotypes and clinical courses of ALS.
Identical twins with familial forms of ALS show disease discordance [8], and the majority of
diagnosed ALS cases are sporadic with no Mendelian traits. Age is an important risk factor
for ALS [4]. Maleness is also a risk factor for ALS [5]. These factors could allow for a melding
of ALS-causing variables with the distinctive epigenetic clock of individuals [79–81] and
intrinsic and extrinsic factors that influence DNA methylation patterns [82]. Fascinating
recent work has shown that disease-discordant monozygotic twins and triplets display
differential gene methylation [8], and individuals with underlying c9orf72 mutations have
CpG-island hypermethylation upstream of the c9orf72 repeat and DNA methylation-age
acceleration associated with disease duration and age of onset [83]. Newer work shows in
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sporadic ALS that DNA methylation age acceleration associates with earlier age of disease
onset and shortened lifespan [84]. Environment and lifestyle, such as occupational and
leisure exposures and diet, might also affect disease vulnerability and course and can
influence epigenetic signatures [85,86]. This idea is exemplified by the finding that Italian
soccer players have increased risk for ALS [87,88] that might tie into the neuromuscular
junction and its sensitivity to age-related epigenetic modifications [89]. Thus, there is good
rationale to study DNA methylation in ALS.

Other DNA methylome studies have focused on human ALS. DNA methylation
in sporadic ALS was examined in sod1 and vegf [90], in members of the metallothione
gene family [91], and in the astroglial glutamate transporter eaat2 gene promoter [92]. No
differences were found in DNA methylation patterns in sporadic ALS cases compared
to control cases. A genome-wide analysis of frontal cortex (Brodmann area 46) DNA
methylation in sporadic ALS revealed significant hypermethylation of genes involved in
calcium dynamics, oxidative stress, and synapses [93]. Another study of sporadic ALS and
control spinal cord DNA identified 112 differentially methylated genes with functions in
immune and inflammatory responses [94].

In this study, we approached the potential involvement of DNA methylation in ALS
pathogenesis by using hSOD1 mouse models and human postmortem CNS. In tg mice,
focusing on skeletal muscle and spinal cord, we analyzed DNA methylation at several bio-
logical tiers, including global 5mC content and its cellular localization, gene promoter CpG
island methylation, DNMT enzyme activity, DNMT protein levels in nuclear and chromatin
bound tissue extracts, and DNMT interactions with mutant hSOD1. Our additional work
on human ALS focused on the quantitative cellular localizations of 5mC in motor cortex and
ventral horn of spinal cord. We make a tentative case for aberrant epigenetic regulation in
tg mouse models of ALS and in human ALS. Knowing that DNMTs are already targets for
FDA approved clinical cancer treatments [95] and that DNMT inhibition is neuroprotective
in an axotomy model of MN death [29], we then did a drug experiment in hSOD1 mice
testing the therapeutic efficacy of the highly specific DNMT inhibitor RG108.

The results on 5mC and DNMTs in hSOD1 tg mice are new and salient for several
reasons. DNMTs have not been studied before in tg mouse models of ALS. We studied
several different tg hSOD1 mouse lines. The hSOD1mus mice were provocative because
hSOD1 presence (WT and mutant variants) only in skeletal muscle induced DNA methy-
lation changes in the spinal cord of mice as they aged. We do not know yet if there is
an epigenetic clock-related DNA methylation age acceleration; we assessed mice at only
one younger time, and the young tg mice and age-matched non-tg mice were not differ-
ent. An increase in spinal cord DNMT enzymatic activity in the older mice with hSOD1
expressed only in skeletal muscle is consistent with the increased 5mC content in spinal
cord. This finding could mean that there is peripheral retrograde or afferent anterograde
control of CNS DNA methylation. hSOD1mus tg mice also had increased 5mC and DNMT
enzymatic activity in skeletal muscle. Nonconditional hSOD1-G37R mice had increased
DNMT enzymatic activity as well; thus, entirely different hSOD1 tg mouse lines had similar
trends. A remarkable anatomical finding was the enrichment of 5mC in skeletal muscle
satellite cells of hSOD1mus tg mice, particularly those satellite cells expressing hSOD1. An
interesting hypothesis stemming from this finding is that satellite cells in ALS skeletal
muscle undergo DNA methylation age acceleration (e.g., they adopt an aberrant fast-paced
epigenetic clock). From our EM, skeletal muscle satellite cells of hSOD1mus tg mice undergo
apoptosis; perhaps this is programmed by DNA hypermethylation. Previous work has
shown that DNMT activation and DNA methylation can drive spinal MN apoptosis in cell
culture and in vivo [29].

Our genome-wide gene promoter GpG island methylation experiment provides novel
insight on epigenetic changes occurring in skeletal muscle of a hSOD1 tg mouse model
of ALS at a presymptomatic stage of disease. We need to verify concordance using gene-
specific expression profiling. We used MeDIP and CpG plus promoter arrays. We identified
in the biceps femoris of hSOD1mus-G37R mice ~856 genes with significant hypermethyla-
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tion. These genes have diverse functions, those with the most common hypermethylation
having functions in the cytoskeleton, intracellular signal transduction, and nucleus. Fewer
genes with significant hypermethylation in skeletal muscle were related to mitochondrial
biology, proteostasis, RNA homeostasis, and cell death. The cytoskeleton has been impli-
cated in MN diseases for a long time [96,97]. We found troponin-I (tnni1) hypermethylated.
Tnni1 is slow troponin, in contrast to fast troponin that is often implicated in human ALS
and is the basis of clinical trials with troponin activators [98]. Tnni1 loss of function gene
mutations cause myopathy [99]. Pathogenically there could be a disease continuum be-
tween ALS and primary myopathy. This idea is supported by tg mice expressing hSOD1
only in skeletal muscle [43–46]. Other hypermethylated genes were related to chromatin
modification and cell stress responses. We found sirtuin6 hypermethylated in hSOD1
tg mice. Sirtuin6 protects against stress-induced DNA damage and apoptosis [100] and
stabilizes skeletal muscle metabolism [101]. Sirtuin6 is also cold-inducible and regulates
thermogenesis [102]. In this regard, Sirtuin6 is of interest because repetitive periodic whole-
body hypothermia can extend the lifespan of ALS mice [103]. hSOD1mus-G37R mice also
had hypermethylation of mex3d gene. Mex3d promotes survival of proliferative cells [104].
Loss of Mex3d could be related to the apoptosis of skeletal muscle satellite cells in hSOD1
mice seen by EM. Functional categories with the least number of hypermethylated gene
promoters were endocrine, vascular, trophic-growth factor, and inflammation. Interestingly,
only approximately 1% of the hypermethylated genes detected had a functional role in
inflammation. Because the mice analyzed were presymptomatic, this could mean that
inflammatory changes are secondary to evolving skeletal muscle pathology in ALS. Our
identification of the hypermethylation of some endocrine related genes, neuroexophilin-4
(nxph4) and thyroid hormone receptor interacting protein-12 (trip12), is relevant to the emerging
concept that ALS is a metabolic syndrome [45,47–49]. Nxph4 is a secreted neuropeptide-
like glycoprotein and a positive regulator of glycolysis and mitochondrial complex I [105].
Trip12 has many functions, including DNA damage and repair, chromatin remodeling,
and muscle fiber selective proteasomal degradation of the multifaceted transcription factor
Sox-6 [106,107]. The possible causal roles of Tinn1, Sirtuin6, Mex3d, Nxph4, and Trip12 in
ALS mechanisms need to be evaluated.

In human ALS, we found increased numbers of MNs with strong nuclear positivity for
5mC. This occurred in motor cortex layer V and in spinal cord. 5mC IR was detected in MNs
of age-matched controls, but it was localized to fine chromatin-like strands in the nucleus.
In contrast, the nucleoplasm in ALS MNs was positive throughout the nucleus. MNs with
somatodendritic attrition [62] had particularly strong 5mC IR. We have described this before
in CNS tissues from different ALS cases [29]. Other apparent neurons in the ventral horn
with strong nuclear 5mC IR were seen in human ALS cases but not in controls. We reasoned
that these cells were either attritional MNs or spinal interneurons, and, if interneurons,
they were not likely to be the calbindin-D28 calcium binding protein-positive Renshaw
cells based on location and size [74,108]. Double labeling with the interneuron marker
parvalbumin identified these cells as spinal interneurons; moreover, these interneurons
had somatodendritic attrition. Our finding is the first description of spinal interneurons
undergoing an epigenetic pathology in human ALS. Other investigators have identified
loss of spinal interneurons in human ALS autopsy tissue [109] and functional abnormalities
in spinal interneurons in living ALS patients [108]. We found that spinal cord parvalbumin
interneurons and Renshaw cells degenerate in a hSOD1 mouse model of ALS [55,74]. The
results here perhaps hint that spinal interneurons and MNs in ALS undergo a multisynaptic
cellular network DNA methylation age acceleration as part of the disease mechanisms.
DNA methylation age acceleration has been previously identified as an explanation for
disease phenotype variation in human ALS with the proposition that epigenetic biological
age, rather than chronological age, is an important determinant of disease phenotype [84].

To begin addressing this idea of aberrant DNA methylation as a mechanism of dis-
ease in ALS, we did an experiment using a hSOD1 mouse model of ALS and RG108 as a
therapeutic test drug. RG108 is a synthetic small molecule, non-nucleoside, direct noncom-
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petitive inhibitor of DNMTs that blocks the DNA-binding pocket [110]. It was developed as
an alternative to 5-azacytidine and zebularine that form covalent protein-DNA adducts and
have global targeting and dose limiting toxicity in clinical cancer treatment [71]. Though
we analyzed by Western blotting DNMT1 and DNMT3A individually, the total biochem-
ical catalytic activity we measured reflected total. We thus chose RG108 as a test drug
to broadly inhibit DNMTs because of our experience in using this drug [29], we initially
wanted to target total activity, and because DNMT3A-specific inhibitors are just becom-
ing available and require in vivo characterization. Moreover, RG108 can reactivate genes
silenced by DNA methylation [110]. RG108 treatment increases the expression of anti-
senescence genes, while p53 and p16 expressions are suppressed, in ALS patient-derived
bone marrow mesenchymal stromal cells [111]; in addition, RG108 treatment of mice can
activate the rejuvenation stemness gene hes5 [112]. p53 suppression would be an important
therapeutic target because it is activated in human ALS [63] and in rodent models of MN
degeneration [113–115]; furthermore, p53 appears to be a strong driver of adult MN apop-
tosis [114,115]. Thus, RG108 is a very attractive small molecule for MN disease therapeutics.
RG108 appears fundamentally nontoxic in cell culture and in vivo [111,112]. Our prior [29]
and current results (Figure S1) support this claim. We showed that intracerebroventric-
ular (ICV) administration of RG108 robustly protected mouse spinal MNs in a model of
axotomy-induced apoptosis [29]. Another group showed that ICV administration of RG108
protects spinal MNs in a mouse model of spinal and bulbar muscular atrophy [112]. ICV
drug administration has less clinical translatability than systemic drug administration [116].
In our study here, we did systemic RG108 treatment of nonconditional hSOD1-G93A mice.
The systemic treatment was novel and afforded exploration of DNA methylation and
peripheral versus central target tissues as mechanisms of disease in mouse ALS. RG108
improved motor function, targeted skeletal muscle satellite cells to reduce DNA methyla-
tion, and extended survival of ALS mice. This finding strengthens the idea that hSOD1 in
skeletal muscle is a driver of pathogenesis in ALS [43–46] and identifies skeletal muscle
DNMTs as disease-modifying therapeutic targets in ALS.

We also studied RNA methylation in hSOD1 mouse models and human ALS post-
mortem CNS. This examination has not been done before. We analyzed in hSOD1 mice
global 6mA content and the levels of RNA methylation writer and eraser enzymes by
Western blotting of spinal cord and skeletal muscle extracts. The human ALS work focused
on the quantitative cellular localizations 6mA in motor cortex, subcortical white matter,
and ventral horn of spinal cord. In control mice, we showed by IHC the enrichment of
6mA in spinal MNs in a Nissl body-like pattern. This pattern was disrupted in ALS mouse
MNs. We also discovered in mice a dramatic age-related loss (~90 depletion) of 6mA in
spinal cord of non-tg mice with normal aging (2 months versus 12 months). Compared to
corresponding age-matched controls, nonconditional hSOD1-G93A mice showed a 50%
depletion of 6mA; in contrast, the restricted-expression of hSOD1-G93A in skeletal mus-
cle significantly rescued mice from the age-related depletion of 6mA in spinal cord. The
meaning of this 6mA incongruity in the different hSOD1 mouse models is unclear. The
rejuvenation of spinal cord 6mA content by hSOD1 expression only in skeletal muscle
could depend on concordant levels of 6mA writers and erasers. Changes in the levels of
METTL3, FTO, and ALKBH5 in spinal cord were not evidently explanatory of the change
in 6mA. In fact, the 6mA writer METTL3 was significantly upregulated in spinal cord of
nonconditional hSOD1-G93A mice. Perhaps this represents compensation, but we do not
know the tissue levels of the critical methyl donor cofactor S-adenosyl-methionine that
declines in rodent brain ~50% with aging [117–119].

In human ALS CNS, we observed profound 6mA pathology. By IHC, motor cortical
neurons, including Betz cells, and spinal MNs showed loss of 6mA IR. 6mA was mis-
localized in MNs in an apparent chromatolytic reaction. Subcortical white matter glial
cells positive for 6mA were significantly depleted. By ELISA, there was ~75% depletion
of 6mA in spinal cord. Perturbations in RNA metabolism in ALS were identified long
ago. A marked loss of single MN total RNA was shown in ALS [50]. Hartmann and
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colleagues [52] determined ~42% losses of total RNA in cervical and lumbar MNs in ALS
cases. Hypoglossal and nucleus ambiguous MNs had a significant loss of mRNA [53].
Base composition analysis of single MNs in ALS cervical spinal cord revealed significant
loss of adenine compared to control MNs [120], consistent with our finding of 6mA loss.
Contemporary techniques show that ALS cases have severe RNA instability, particularly
when TDP-43 pathology is present [121]. It is possible that the 6mA loss is secondary
to disease progression and signifies endstage or already emergent disease. The human
ALS tissue analysis is at terminal disease with extreme pathology and loss of 6mA. The
hSOD1 mice perhaps help with interpretation. The nonconditional hSOD1-G93A mice
have aggressive disease with marked ultrastructural pathology seen already at 4 weeks
of age [55,56] and presymptomatic depletion of 6mA. The hSOD1mus-G93A mouse model
has a very slow disease progression and apparent retrograde degeneration of spinal MNs
involving p53 [45] and, at a presymptomatic stage of disease, the 6mA concentration
in spinal cord is significantly elevated. In this context, accumulation of 6mA might
be related to disease causality. We could not examine in mice if the RNA methylation
pathology is a therapeutic target because highly specific pharmacological activators or
inhibitors are not yet available. More work is warranted to better understand the biology
of RNA methylation in ALS.

5. Conclusions

DNA and RNA epigenetic methylation anomalies are prominent in hSOD1 mouse
models of ALS and human ALS. 5mC and related enzymes were generally increased.
6mA was severely depleted in human ALS. Perturbations can occur in skeletal mus-
cle and CNS. The relationships between this DNA and RNA epigenetic pathology
and disease causality remain undiscovered. Abnormalities occur in presymptomatic
and symptomatic ALS mice, and they are present in human ALS in postmortem
tissue at terminal disease. Thus, the molecular mechanisms sustaining this epige-
netic pathology might be persistent during the entire course of disease rendering
them meaningful to disease causality and therapeutic targeting. Experiments on ALS
mice with presymptomatic initiated treatment of RG108 suggest that aberrant DNA
methylation in skeletal muscle and possibly the peripheral nervous system is related
to disease onset and progression and lifespan and is a therapeutic target for small
molecule inhibitors of DNMTs.
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//www.mdpi.com/article/10.3390/cells11213448/s1, Figure S1: RG108 does not have overt off-target
effects in vivo; Table S1: Hypermethylated Gene Promoters in Skeletal Muscle of hSOD1-G37Rmus

Transgenic Mice.

Author Contributions: Study concept and design, mouse care, data analysis, figure construction,
and manuscript writing: L.J.M.; tg mouse generation, breeding, genotyping, and care: M.W.; data
acquisition: L.J.M., D.A.A., M.V.N. and M.W.; data analysis: L.J.M. and M.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by NIH-NINDS grants NS034100, NS052098, and NS065895.

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Helsinki Declaration and was approved by the Institutional Review Board of the Johns Hopkins
University (protocol number MO19M389, approval 10/9/2019).

Informed Consent Statement: Not applicable. This study used de-identified human postmortem
autopsy specimens.

Data Availability Statement: Data and materials supporting the conclusions of this work are in-
cluded herein. L.J.M. is to be contacted to request availability of these materials.

https://www.mdpi.com/article/10.3390/cells11213448/s1
https://www.mdpi.com/article/10.3390/cells11213448/s1


Cells 2022, 11, 3448 25 of 29

Acknowledgments: This manuscript is dedicated to Donald L. Price. He has many professional
accomplishments, including creating and sustaining the Division of Neuropathology at Johns Hop-
kins University School of Medicine, making seminal discoveries in ALS and Alzheimer’s disease,
championing the use of appropriate animal models of human neurodegenerative disease, and giving
many young scientists opportunity, vision, and direction. The authors thank Antoinette Price for
work on the histology and immunohistochemistry and Edward Roberts for the outstanding EM work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rowland, L.P.; Shneider, N.A. Amyotrophic lateral sclerosis. N. Engl. J. Med. 2001, 344, 1688–1700. [CrossRef] [PubMed]
2. Petrov, D.; Mansfield, C.; Moussy, A.; Hermine, O. ALS clinical trials review: 20 years of failure. Are we any closer to registering a

new treatment? Front. Aging Neurosci. 2017, 9, 68. [CrossRef] [PubMed]
3. Heath, P.R.; Shaw, P.J. Update on the glutamatergic neurotransmitter system and the role of excitotoxicity in amyotrophic lateral

sclerosis. Muscle Nerve 2002, 26, 438–458. [CrossRef] [PubMed]
4. Alonso, A.; Logroscino, G.; Jick, S.S.; Hernán, M.A. Incidence and lifetime risk of motor neuron disease in the United Kingdom: A

population-based study. Eur. J. Neurol. 2009, 16, 745–751. [CrossRef] [PubMed]
5. McCombe, P.A.; Henderson, R.D. Effects of gender in amyotrophic lateral sclerosis. Gender Med. 2010, 7, 57–570. [CrossRef]
6. Finsterer, J.; Burgunder, J.M. Recent progress in the genetics of motor neuron disease. Eur. J. Med. Genet. 2014, 57, 103–112.

[CrossRef]
7. Martin, L.J. Mitochondrial and cell death mechanisms in neurodegenerative disease. Pharmaceuticals 2010, 3, 839–915. [CrossRef]
8. Tarr, I.S.; McCann, E.P.; Benyamin, B.; Peters, T.J.; Twine, N.A.; Zhang, K.Y.; Zhao, Q.; Zhang, Z.H.; Rowe, D.B.; Nicholson,

G.A.; et al. Monozygotic twins and triplets discordant for amyotrophic lateral sclerosis display differential methylation and gene
expression. Sci. Rep. 2019, 9, 8254. [CrossRef]

9. Wolffe, A.P.; Matzke, M.A. Epigenetics: Regulation through repression. Science 1999, 286, 481–486. [CrossRef]
10. Jaenisch, R.; Bird, A. Epigenetic regulation of gene expression: How the genome integrates intrinsic and environmental signals.

Nat. Genet. 2003, 33, 245–254. [CrossRef]
11. Brenner, C.; Fuks, F. DNA methyltransferases: Facts, clues, mysteries. Curr. Top. Microbiol. Immunol. 2006, 301, 45–66. [PubMed]
12. Bird, A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002, 16, 6–21. [CrossRef] [PubMed]
13. Curradi, M.; Izzo, A.; Badaracco, G.; Landsberger, N. Molecular mechanisms of gene silencing mediated by DNA methylation.

Mol. Cell. Biol. 2002, 22, 3157–3173. [CrossRef] [PubMed]
14. Yang, X.; Yan, L.; Davidson, N. DNA methylation in breast cancer. Endocr. Relat. Cancer 2001, 8, 115–127. [CrossRef]
15. Luczak, M.W.; Jagodzinski, P.P. The role of DNA methylation in cancer development. Folia Histochem. Cytobiol. 2006, 44, 43–154.
16. Levenson, J.M.; Roth, T.L.; Lubin, F.D.; Miller, C.A.; Huang, I.C.; Desai, P.; Malone, L.M.; Sweatt, J.D. Evidence that DNA

(cytosine-5) methyltransferase regulates synaptic plasticity in the hippocampus. J. Biol. Chem. 2006, 281, 5763–15773. [CrossRef]
[PubMed]

17. Martin, L.J.; Wong, M. Aberrant regulation of DNA methylation in amyotrophic lateral sclerosis: A new target of disease
mechanisms. Neurotherapeutics 2013, 10, 722–733. [CrossRef] [PubMed]

18. Kim, B.W.; Jeong, Y.E.; Wong, M.; Martin, L.J. DNA damage accumulates and responses are engaged in human ALS brain and
spinal motor neurons and DNA repair is activatable in iPSC-derived motor neurons with SOD1 mutations. Acta Neuropathol.
Commun. 2020, 8, 1–26. [CrossRef] [PubMed]

19. Cheng, X. Structure and function of DNA methyltransferases. Annu. Rev. Biophys. Biomol. Struct. 1995, 24, 293–318. [CrossRef]
20. Pradhan, S.; Bacolla, A.; Wells, R.D.; Roberts, R.J. Recombinant human DNA (cytosine-5) methyltransferase. I. expression,

purification, and comparison of de novo and maintenance methylation. J. Biol. Chem. 1999, 274, 33002–33010. [CrossRef]
21. Bestor, T.H. The DNA methyltransferases of mammals. Hum. Mol. Genet. 2000, 9, 2395–2402. [CrossRef] [PubMed]
22. Szyf, M. DNA methylation and demethylation as targets for anticancer therapy. Biochemistry 2005, 70, 533–549. [CrossRef]

[PubMed]
23. Robertson, K.D. DNA methylation, methyltransferases, and cancer. Oncogene 2002, 20, 3139–3155. [CrossRef] [PubMed]
24. Mortusewicz, O.; Schermelleh, L.; Walter, J.; Cardoso, M.C.; Leonhardt, H. Recruitment of DNA methyltransferase I to DNA

repair sites. Proc. Natl. Acad. Sci. USA 2005, 102, 8905–8909. [CrossRef] [PubMed]
25. Klein, C.J.; Botuyan, M.-V.; Wu, Y.; Ward, C.J.; Nicholson, G.A.; Hammans, S.; Hojo, K.; Yamanishi, H.; Karpf, A.R.; Wallace,

D.C.; et al. Mutations in DNMT1 cause hereditary sensory neuropathy with dementia and hearing loss. Nat. Genet. 2011,
43, 595–600. [CrossRef] [PubMed]

26. Winkelman, J.; Lin, L.; Schormair, B.; Kornum, B.R.; Faraco, J.; Plazzi, G.; Melberg, A.; Cornelio, F.; Urban, A.E.; Pizza, F.; et al.
Mutations in DNMT1 cause autosomal dominant cerebellar ataxia, deafness and narcolepsy. Hum. Mol. Genet. 2012, 21, 2205–2210.
[CrossRef] [PubMed]

27. Okano, M.; Bell, D.W.; Haber, D.A.; Li, E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation
and mammalian development. Cell 1999, 99, 247–257. [CrossRef]

http://doi.org/10.1056/NEJM200105313442207
http://www.ncbi.nlm.nih.gov/pubmed/11386269
http://doi.org/10.3389/fnagi.2017.00068
http://www.ncbi.nlm.nih.gov/pubmed/28382000
http://doi.org/10.1002/mus.10186
http://www.ncbi.nlm.nih.gov/pubmed/12362409
http://doi.org/10.1111/j.1468-1331.2009.02586.x
http://www.ncbi.nlm.nih.gov/pubmed/19475756
http://doi.org/10.1016/j.genm.2010.11.010
http://doi.org/10.1016/j.ejmg.2014.01.002
http://doi.org/10.3390/ph3040839
http://doi.org/10.1038/s41598-019-44765-4
http://doi.org/10.1126/science.286.5439.481
http://doi.org/10.1038/ng1089
http://www.ncbi.nlm.nih.gov/pubmed/16570845
http://doi.org/10.1101/gad.947102
http://www.ncbi.nlm.nih.gov/pubmed/11782440
http://doi.org/10.1128/MCB.22.9.3157-3173.2002
http://www.ncbi.nlm.nih.gov/pubmed/11940673
http://doi.org/10.1677/erc.0.0080115
http://doi.org/10.1074/jbc.M511767200
http://www.ncbi.nlm.nih.gov/pubmed/16606618
http://doi.org/10.1007/s13311-013-0205-6
http://www.ncbi.nlm.nih.gov/pubmed/23900692
http://doi.org/10.1186/s40478-019-0874-4
http://www.ncbi.nlm.nih.gov/pubmed/32005289
http://doi.org/10.1146/annurev.bb.24.060195.001453
http://doi.org/10.1074/jbc.274.46.33002
http://doi.org/10.1093/hmg/9.16.2395
http://www.ncbi.nlm.nih.gov/pubmed/11005794
http://doi.org/10.1007/s10541-005-0147-7
http://www.ncbi.nlm.nih.gov/pubmed/15948707
http://doi.org/10.1038/sj.onc.1204341
http://www.ncbi.nlm.nih.gov/pubmed/11420731
http://doi.org/10.1073/pnas.0501034102
http://www.ncbi.nlm.nih.gov/pubmed/15956212
http://doi.org/10.1038/ng.830
http://www.ncbi.nlm.nih.gov/pubmed/21532572
http://doi.org/10.1093/hmg/dds035
http://www.ncbi.nlm.nih.gov/pubmed/22328086
http://doi.org/10.1016/S0092-8674(00)81656-6


Cells 2022, 11, 3448 26 of 29

28. Xie, S.; Wang, Z.; Okano, M.; Nogami, M.; Li, Y.; He, W.W.; Okumura, K.; Li, E. Cloning, expression and chromosome locations of
the human DNMT3 gene family. Gene 1999, 236, 87–95. [CrossRef]

29. Chestnut, B.A.; Chang, Q.; Price, A.; Lesuisse, C.; Wong, M.; Martin, L.J. Epigenetic regulation of motor neuron cell death through
DNA methylation. J. Neurosci. 2011, 31, 16619–16636. [CrossRef]

30. Wong, M.; Gertz, B.; Chestnut, B.A.; Martin, L.J. Mitochondrial DNMT3A and DNA methylation in skeletal muscle and CNS of
transgenic mouse models of ALS. Front. Cell. Neurosci. 2013, 7, 279. [CrossRef]

31. Tatton-Brown, K.; Seal, S.; Ruark, E.; Harmer, J.; Ramsay, E.; Del Vecchio Duarte, S.; Zachariou, A.; Hanks, S.; O’Brien, E.;
Aksglaede, L.; et al. Mutations in the DNA methyltransferase gene DNMT3A cause an overgrowth syndrome with intellectual
disability. Nat. Genet. 2014, 46, 385–388. [CrossRef] [PubMed]

32. Shock, L.S.; Thakkar, P.V.; Peterson, E.J.; Moran, R.G.; Taylor, S.M. DNA methyltransferase 1, cytosine methylation, and cytosine
hydroxymethylation in mammalian mitochondria. Proc. Natl. Acad. Sci. USA 2011, 108, 3630–3635. [CrossRef] [PubMed]

33. He, C. RNA epigenetics? Nat. Chem. Biol. 2010, 6, 863–865. [CrossRef] [PubMed]
34. Darnell, R.B.; Ke, S.; Darnell, J.E., Jr. Pre-mRNA processing includes N6 methylation of adenosine residues that are retained in

mRNA exons and the fallacy of “RNA epigenetics”. RNA 2018, 24, 262–267. [CrossRef] [PubMed]
35. Schaefer, M.; Lyko., F. Solving the Dnmt2 enigma. Chromosoma 2010, 119, 35–40. [CrossRef] [PubMed]
36. Zhong, H.; Tang, H.F.; Kai, Y. N6-methyladenine RNA modification (m6A): An emerging regulator of metabolic diseases. Curr.

Drug Targets 2020, 21, 1056–1067. [CrossRef]
37. Huang, H.; Weng, H.; Chen, J. The biogenesis and precise control of RNA m6A methylation. Trends Genet. 2020, 36, 44–52.

[CrossRef]
38. Zhang, N.; Ding, C.; Zuo, Y.; Peng, Y.; Zuo, L. N6-methyladenosine and neurological diseases. Mol. Neurobiol. 2022, 59, 1925–1937.

[CrossRef]
39. Schaefer, M.; Pollex, T.; Hanna, K.; Tuorto, F.; Meusburger, M.; Helm, M.; Lykom, F. RNA methylation by Dnmt2 protects transfer

RNAs against stress-induced cleavage. Genes Dev. 2010, 24, 1590–1595. [CrossRef]
40. Tuorto, F.; Liebers, R.; Musch, T.; Schaefer, M.; Hofmann, S.; Kellner, S.; Frye, M.; Helm, M.; Stoecklin, G.; Lyko, F. RNA cytosine

methylation by Dnmt2 and NSun2 promotes tRNA stability and protein synthesis. Nat. Struct. Mol. Biol. 2012, 19, 900–905.
[CrossRef]

41. Ke, S.; Pandya-Jones, A.; Saito, Y.; Fak, J.J.; Vågbø, C.B.; Geula, S.; Hanna, J.H.; Black, D.L.; Darnell, J.E., Jr.; Darnell, R.B. m6A
mRNA modifications are deposited in nascent pre-mRNA and are not required for splicing but do specify cytoplasmic turnover.
Genes Dev. 2017, 31, 990–1006. [CrossRef] [PubMed]

42. Hop, P.J.; Zwamborn, R.A.J.; Hannon, E.; Shireby, G.L.; Nabais, M.F.; Walker, E.M.; van Rheenen, W.; van Vugt, J.J.F.A.; Dekker,
A.M.; Westeneng, H.J.; et al. Genome-wide study of DNA methylation shows alterations in metabolic, inflammatory, and
cholesterol pathways in ALS. Sci. Transl. Med. 2022, 14, eabj0264. [CrossRef] [PubMed]

43. Dobrowolny, G.; Aucello, M.; Rizzuto, E.; Beccaficao, S.; Mammucari, C.; Bonconpagni, S.; Belia, S.; Wannenes, F.; Nicoletti, C.;
Del Prete, Z.; et al. Skeletal muscle is a primary target of SOD1G93A-mediated toxicity. Cell Metab. 2008, 8, 425–436. [CrossRef]
[PubMed]

44. Wong, M.; Martin, L.J. Skeletal muscle-restricted expression of human SOD1 causes motor neuron degeneration in transgenic
mice. Hum. Mol Genet. 2010, 19, 2284–2302. [CrossRef] [PubMed]

45. Martin, L.J.; Wong, M. Skeletal muscle-restricted expression of human SOD1 in transgenic mice causes a fatal ALS-like syndrome.
Front. Neurol. 2020, 11, 592851. [CrossRef]

46. Pikatza-Menoio, O.; Elicegui, A.; Bengoetxea, X.; Naldaiz-Gastesi, N.; López de Munain, A.; Gerenu, G.; Gil-Bea, F.J.; Alonso-
Martín, S. The skeletal muscle emerges as a new disease target in amyotrophic lateral sclerosis. J. Pers. Med. 2021, 11, 671.
[CrossRef]

47. Steyn, F.J.; Ioannides, Z.A.; van Eijk, R.P.A.; Heggie, S.; Thorpe, K.A.; Ceslis, A.; Heshmat, S.; Henders, A.K.; Wray, N.R.; van den
Berg, L.H.; et al. Hypermetabolism in ALS is associated with greater functional decline and shorter survival. J. Neurol. Neurosurg.
Psychiatry 2018, 89, 1016–1023. [CrossRef]

48. Dupuis, L.; Oudart, H.; René, F.; Gonzalez de Aguilar, J.L.; Loeffler, J.P. Evidence for defective energy homeostasis in amyotrophic
lateral sclerosis: Benefit of a high-energy diet in a transgenic mouse model. Proc. Natl. Acad. Sci. USA 2004, 101, 11159–11164.
[CrossRef]

49. Dupuis, L.; Petersen, A.; Wedt, P. Thermoregulation in amyotrophic lateral sclerosis. In Thermoregulation: From Basic Neuroscience
to Clinical Neurology; Part II; Romanovsky, A.A., Ed.; Elsevier: Amsterdam, The Netherlands, 2018; Volume 157, pp. 749–760.

50. Mann, D.M.A.; Yates, P.O. Motor neurone disease: The nature of the pathogenic mechanism. J. Neurol. Neurosurg. Psychiatry 1974,
37, 1036–1046. [CrossRef]

51. Hartmann, H.A.; McMahon, S.; Sun, D.Y.; Abbs, J.H.; Uemura, E. Neuronal RNA in nucleus ambiguus and nucleus hypoglossus
of patients with amyotrophic lateral sclerosis. J. Neuropath. Exp. Neurol. 1989, 48, 669–673. [CrossRef]

52. Davidson, T.J.; Hartmann, H.A.; Johnson, P.C. RNA content and volume of motor neurons in amyotrophic lateral sclerosis. I. The
cervical swelling. J. Neuropathol. Exp. Neurol. 1981, 40, 32–36. [CrossRef] [PubMed]

53. Hartmann, H.A.; Sun, D.Y. Regional mRNA changes in brain stem motor neurons from patients with amyotrophic lateral sclerosis.
Mol. Chem. Neuropath. 1992, 17, 249–257. [CrossRef] [PubMed]

http://doi.org/10.1016/S0378-1119(99)00252-8
http://doi.org/10.1523/JNEUROSCI.1639-11.2011
http://doi.org/10.3389/fncel.2013.00279
http://doi.org/10.1038/ng.2917
http://www.ncbi.nlm.nih.gov/pubmed/24614070
http://doi.org/10.1073/pnas.1012311108
http://www.ncbi.nlm.nih.gov/pubmed/21321201
http://doi.org/10.1038/nchembio.482
http://www.ncbi.nlm.nih.gov/pubmed/21079590
http://doi.org/10.1261/rna.065219.117
http://www.ncbi.nlm.nih.gov/pubmed/29222117
http://doi.org/10.1007/s00412-009-0240-6
http://www.ncbi.nlm.nih.gov/pubmed/19730874
http://doi.org/10.2174/1389450121666200210125247
http://doi.org/10.1016/j.tig.2019.10.011
http://doi.org/10.1007/s12035-022-02739-0
http://doi.org/10.1101/gad.586710
http://doi.org/10.1038/nsmb.2357
http://doi.org/10.1101/gad.301036.117
http://www.ncbi.nlm.nih.gov/pubmed/28637692
http://doi.org/10.1126/scitranslmed.abj0264
http://www.ncbi.nlm.nih.gov/pubmed/35196023
http://doi.org/10.1016/j.cmet.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19046573
http://doi.org/10.1093/hmg/ddq106
http://www.ncbi.nlm.nih.gov/pubmed/20223753
http://doi.org/10.3389/fneur.2020.592851
http://doi.org/10.3390/jpm11070671
http://doi.org/10.1136/jnnp-2017-317887
http://doi.org/10.1073/pnas.0402026101
http://doi.org/10.1136/jnnp.37.9.1036
http://doi.org/10.1097/00005072-198911000-00008
http://doi.org/10.1097/00005072-198101000-00004
http://www.ncbi.nlm.nih.gov/pubmed/6162920
http://doi.org/10.1007/BF03160014
http://www.ncbi.nlm.nih.gov/pubmed/1492883


Cells 2022, 11, 3448 27 of 29

54. Gurney, M.E.; Pu, H.; Chiu, A.Y.; Dal Canto, M.C.; Polchow, C.Y.; Alexander, D.D.; Caliendo, J.; Hentati, A.; Kwon, Y.W.; Deng,
H.X.; et al. Motor neuron degeneration in mice that express a human Cu,Zn superoxide dismutase mutation. Science 1994,
264, 1772–1775. [CrossRef] [PubMed]

55. Martin, L.J.; Liu, Z.; Chen, K.; Price, A.C.; Pan, Y.; Swaby, J.A.; Golden, W.C. Motor neuron degeneration in ALS mutant superoxide
dismutase-1 transgenic mice: Mechanisms of mitochondriopathy and cell death. J. Comp. Neurol. 2007, 500, 20–46. [CrossRef]
[PubMed]

56. Martin, L.J.; Gertz, B.; Pan, Y.; Price, A.C.; Molkentin, J.D.; Chang, Q. The mitochondrial permeability transition pore in motor
neurons: Involvement in the pathobiology of ALS mice. Exp. Neurol. 2009, 218, 333–346. [CrossRef]

57. Martin, L.J.; Fancelli, D.; Wong, M.; Niedzwiecki, M.; Ballarini, M.; Plyte, S.; Chang, Q. GNX-4728, a novel small molecule drug
inhibitor of mitochondrial permeability transition, is therapeutic in a mouse model of amyotrophic lateral sclerosis. Front. Cell.
Neurosci. 2014, 8, 433. [CrossRef]

58. Gertz, B.; Wong, M.; Martin, L.J. Nuclear localization of human SOD1 and mutant SOD1-specific disruption of survival motor
neuron protein complex in transgenic amyotrophic lateral sclerosis mice. J. Neuropathol. Exp. Neurol. 2012, 71, 162–177. [CrossRef]

59. Chen, K.; Northington, F.J.; Martin, L.J. Inducible nitric oxide synthase is present in motor neuron mitochondria and Schwann
cells and contributes to disease mechanisms in ALS mice. Brain Struct. Funct. 2010, 214, 219–234. [CrossRef]

60. Clerc, P.; Lipnick, S.; Willett, C. A look into the future if ALS research. Drug Discov. Today 2016, 21, 939949. [CrossRef]
61. Jaarsma, D.; Haasdijk, E.D.; Grashorn, J.A.; Hawkins, R.; van Duijn, W.; Verspaget, H.W.; London, J.; Holstege, J.C. Human

Cu/Zn superoxide dismutase (SOD1) overexpression in mice causes mitochondrial vacuolization, axonal degeneration, and
premature motoneuron death and accelerates motoneuron disease in mice expressing a familial amyotrophic lateral sclerosis
mutant SOD1. Neurobiol. Dis. 2000, 7, 623–643. [CrossRef]

62. Martin, L.J. Neuronal death in amyotrophic lateral sclerosis is apoptosis: Possible contribution of a programmed cell death
mechanism. J. Neuropathol. Exp. Neurol. 1999, 58, 459–471. [CrossRef] [PubMed]

63. Martin, L.J. p53 is abnormally elevated and active in the CNS of patients with amyotrophic lateral sclerosis. Neurobiol. Dis. 2000,
7, 613–622. [CrossRef] [PubMed]

64. Shaikh, A.Y.; Martin, L.J. DNA base-excision repair enzyme apurinic/apyrimidinic endonuclease/redox factor-1 is increased and
competent in the brain and spinal cord of individuals with amyotrophic lateral sclerosis. Neuromolecular. Med. 2002, 2, 47–60.
[CrossRef] [PubMed]

65. Fayzullina, S.; Martin, L.J. DNA damage response and DNA repair in skeletal myocytes from a mouse model of spinal muscular
atrophy. J. Neuropathol. Exp. Neurol. 2016, 75, 889–902. [CrossRef]

66. Martin, L.J.; Blackstone, C.D.; Huganir, R.L.; Price, D.L. Cellular localization of a metabotropic glutamate receptor in rat brain.
Neuron 1992, 9, 259–270. [CrossRef]

67. Furuta, A.; Martin, L.J. Laminar segregation of the cortical plate during corticogenesis is accompanied by changes in glutamate
receptor expression. J. Neurobiol. 1999, 39, 67–80. [CrossRef]

68. Furuta, A.; Price, D.L.; Pardo, C.A.; Troncoso, J.C.; Xu, Z.S.; Taniguchi, N.; Martin, L.J. Localization of superoxide dismutases in
Alzheimer’s disease and Down’s syndrome neocortex and hippocampus. Am. J. Pathol. 1995, 146, 357–367.

69. Martin, L.J.; Pardo, C.A.; Cork, L.C.; Price, D.L. Synaptic pathology and glial responses to neuronal injury precede the formation
of senile plaques and amyloid deposits in the aging cerebral cortex. Am. J. Pathol. 1994, 145, 1358–1381.

70. Martin, L.J.; Price, A.C.; McClendon, K.B.; Al-Abdulla, N.A.; Subramaniam, J.R.; Wong, P.C.; Liu, Z. Early events of target
deprivation/axotomy-induced neuronal apoptosis in vivo: Oxidative stress, DNA damage, p53 phosphorylation and subcellular
redistribution of death proteins. J. Neurochem. 2003, 85, 234–247. [CrossRef]

71. Siedlecki, P.; Garcia Boy, R.; Much, T.; Brueckner, B.; Suhai, S.; Lyko, F.; Zielenkiewicz, P. Discovery of two novel, small-molecule
inhibitors of DNA methylation. J. Med. Chem. 2006, 49, 678–683. [CrossRef]

72. Suzuki, T.; Tanaka, R.; Hamada, S.; Nakagawa, H.; Miyata, N. Design, synthesis, inhibitory activity, and binding mode study of
novel DNA methyltransferase 1 inhibitors. Bioorg. Med. Chem. Lett. 2010, 20, 1124–1127. [CrossRef] [PubMed]

73. Weber, M.; Hellmann, I.; Stadler, M.; Ramos, L.; Paabo, S.; Rebhan, M.; Schubeler, D. Distribution, silencing potential and
evolutionary impact of promoter DNA methylation in the human genome. Nat. Genet. 2007, 39, 457–466. [CrossRef] [PubMed]

74. Chang, Q.; Martin, L.J. Glycinergic innervation of motoneurons is deficient in amyotrophic lateral sclerosis mice: A quantitative
confocal analysis. Am. J. Pathol. 2009, 174, 574–585. [CrossRef] [PubMed]

75. McTaggart, J.S.; Lee, S.; Iberl, M.; Church, C.; Cox, R.D.; Ashcroft, F.M. FTO is expressed in neurones throughout the brain and its
expression is unaltered by fasting. PLoS ONE 2011, 6, e27968. [CrossRef]

76. Zhao, Y.; Hu, J.; Sun, X.; Yang, K.; Yang, L.; Kong, L.; Zhang, B.; Li, F.; Li, C.; Shi, B.; et al. Loss of m6A demethylase ALKBH5
promotes post-ischemic angiogenesis via post-transcriptional stabilization of WNT5A. Clin. Transl. Med. 2021, 11, e402. [CrossRef]

77. Du, Y.; Hou, G.; Zhang, H.; Dou, J.; He, J.; Guo, Y.; Li, L.; Chen, R.; Wang, Y.; Deng, R.; et al. SUMOylation of the m6A-RNA
methyltransferase METTL3 modulates its function. Nucleic Acids Res. 2018, 46, 5195–5208. [CrossRef]

78. Liu, Y.; Zhou, T.; Wang, Q.; Fu, R.; Zhang, Z.; Chen, N.; Li, Z.; Gao, G.; Peng, S.; Yang, D. m6A demethylase ALKBH5 drives
denervation-induced muscle atrophy by targeting HDAC4 to activate FoxO3 signalling. J. Cachexia Sarcopenia Muscle 2022,
13, 1210–1223. [CrossRef]

79. Horvath, S. DNA methylation age of human tissues and cell types. Genome Biol. 2013, 14, 3156. [CrossRef]

http://doi.org/10.1126/science.8209258
http://www.ncbi.nlm.nih.gov/pubmed/8209258
http://doi.org/10.1002/cne.21160
http://www.ncbi.nlm.nih.gov/pubmed/17099894
http://doi.org/10.1016/j.expneurol.2009.02.015
http://doi.org/10.3389/fncel.2014.00433
http://doi.org/10.1097/NEN.0b013e318244b635
http://doi.org/10.1007/s00429-009-0226-4
http://doi.org/10.1016/j.drudis.2016.02.002
http://doi.org/10.1006/nbdi.2000.0299
http://doi.org/10.1097/00005072-199905000-00005
http://www.ncbi.nlm.nih.gov/pubmed/10331434
http://doi.org/10.1006/nbdi.2000.0314
http://www.ncbi.nlm.nih.gov/pubmed/11114260
http://doi.org/10.1007/s12017-002-0038-7
http://www.ncbi.nlm.nih.gov/pubmed/12230304
http://doi.org/10.1093/jnen/nlw064
http://doi.org/10.1016/0896-6273(92)90165-A
http://doi.org/10.1002/(SICI)1097-4695(199904)39:1&lt;67::AID-NEU6&gt;3.0.CO;2-7
http://doi.org/10.1046/j.1471-4159.2003.01659.x
http://doi.org/10.1021/jm050844z
http://doi.org/10.1016/j.bmcl.2009.12.016
http://www.ncbi.nlm.nih.gov/pubmed/20056538
http://doi.org/10.1038/ng1990
http://www.ncbi.nlm.nih.gov/pubmed/17334365
http://doi.org/10.2353/ajpath.2009.080557
http://www.ncbi.nlm.nih.gov/pubmed/19116365
http://doi.org/10.1371/journal.pone.0027968
http://doi.org/10.1002/ctm2.402
http://doi.org/10.1093/nar/gky156
http://doi.org/10.1002/jcsm.12929
http://doi.org/10.1186/gb-2013-14-10-r115


Cells 2022, 11, 3448 28 of 29

80. Horvath, S.; Raj, K. DNA methylation-based biomarkers and the epigenetic clock theory of ageing. Nat. Rev. Genet. 2018,
19, 371–384. [CrossRef]

81. Levine, M.E.; Lu, A.T.; Quach, A.; Chen, B.H.; Assimes, T.L.; Bandinelli, S.; Hou, L.; Baccarelli, A.A.; Stewart, J.D.; Li, Y.; et al. An
epigenetic biomarker of aging for lifespan and healthspan. Aging 2018, 1810, 573–591. [CrossRef]

82. Govender, P.; Ghai, M.; Okpeku, M. Sex-specific DNA methylation: Impact on human health and development. Mol. Genet.
Genom. 2022, 297, 1451–1466. [CrossRef] [PubMed]

83. Zhang, M.; Tartaglia, M.C.; Moreno, D.; Sato, C.; McKeever, P.; Weichert, A.; Keith, J.; Robertson, J.; Zinman, L.; Rogaeva, E. DNA
methylation age-acceleration is associated with disease duration and age at onset in C9orf72 patients. Acta Neuropathol. 2017,
134, 271–279. [CrossRef]

84. Zhang, M.; McKeever, P.M.; Xi, Z.; Moreno, D.; Sato, C.; Bergsma, T.; McGoldrick, P.; Keith, J.; Robertson, J.; Zinman, L.; et al. DNA
methylation age acceleration is associated with ALS age of onset and survival. Acta Neuropathol. 2020, 139, 943–946. [CrossRef]
[PubMed]

85. Migliore, L.; Coppedè, F. Genetics, environmental factors and the emerging role of epigenetics in neurodegenerative diseases.
Mutat. Res. 2009, 667, 82–97. [CrossRef] [PubMed]

86. Freydenzon, A.; Nabais, M.F.; Lin, T.; Williams, K.L.; Wallace, L.; Henders, A.K.; Blair, I.P.; Wray, N.R.; Pamphlett, R.; McRae,
A.E. Association between DNA methylation variability and self-reported exposure to heavy metals. Sci. Rep. 2022, 12, 10582.
[CrossRef] [PubMed]

87. Chiò, A.; Benzi, G.; Dossena, M.; Mutani, R.; Mora, G. Severely increased risk of amyotrophic lateral sclerosis among Italian
professional football players. Brain 2005, 128, 472–476. [CrossRef]

88. Pupillo, E.; Bianchi, E.; Vanacore, N.; Montalto, C.; Ricca, G.; Della Cuna, R.S.; Fumagalli, F.; Castellani, M.; Poli, F.; Romeo, F.; et al.
Increased risk and early onset of ALS in professional players from Italian soccer teams. Amyotrop. Lateral Scler. Frontotemporal
Degener. 2020, 21, 403–409. [CrossRef] [PubMed]

89. Dobrowolny, G.; Barbiera, A.; Sica, G.; Scicchitano, B.M. Age-related alterations at neuromuscular junction: Role of oxidative
stress and epigenetic modifications. Cells 2021, 10, 1307. [CrossRef]

90. Oates, N.; Pamphlett, R. An epigenetic analysis of SOD1 and VEGF in ALS. Amyotroph Lateral Scler. 2007, 8, 3–86. [CrossRef]
91. Morahan, J.M.; Yu, B.; Trent, R.J.; Pamphlett, R. Are metallothionein genes silenced in ALS? Toxicol. Lett. 2007, 168, 83–87.

[CrossRef]
92. Yang, Y.; Gozen, O.; Vidensky, S.; Robinson, M.B.; Rothstein, J.D. Epigenetic regulation of neuron-dependent induction of

astroglial synaptic protein GLT1. Glia 2010, 58, 277–286. [CrossRef] [PubMed]
93. Morahan, J.M.; Yu, B.; Trent, R.J.; Pamphlett, R. A genome-wide analysis of brain DNA methylation identifies new candidate

genes for sporadic amyotrophic lateral sclerosis. Amyotroph Lateral Scler. 2009, 10, 418–429. [CrossRef] [PubMed]
94. Figueroa-Romero, C.; Hur, J.; Bender, D.E.; Delaney, C.E.; Cataldo, M.D.; Smith, A.L.; Yung, R.; Ruden, D.M.; Callaghan, B.C.;

Feldman, E.L. Identification of epigenetically altered genes in sporadic amyotrophic lateral sclerosis. PLoS ONE 2012, 7, e52672.
[CrossRef] [PubMed]
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