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A B S T R A C T

Every year, neurodegenerative disorders take more than 5000 lives in the US alone. Cures have not yet been
found for many of the multitude of neuropathies. The majority of amyotrophic lateral sclerosis (ALS), fronto-
temporal dementia (FTD) and Parkinson's disease (PD) cases have no known genetic basis. Thus, it is evident that
contemporary genetic approaches have failed to explain the etiology or etiologies of ALS/FTD and PD. Recent
investigations have explored the potential role of epigenetic mechanisms in disease development. Epigenetics
comprises heritable changes in gene utilization that are not derived from changes in the genome. A main epi-
genetic mechanism involves the post-translational modification of histones. Increased knowledge of the epige-
nomic landscape of neurodegenerative diseases would not only further our understanding of the disease
pathologies, but also lead to the development of treatments able to halt their progress. Here, we review recent
advances on the association of histone post-translational modifications with ALS, FTD, PD and several ataxias.

1. Introduction

As our population ages, neurodegenerative diseases have become a
pressing problem [1,2]. These disorders are incurable, relentless and
often fatal shortly after diagnosis [2–4]. While these ailments vary in
their specific pathophysiology and clinical presentation, they share
several puzzling features. For instance, despite intense genetic analysis
of large patient populations, a significant proportion of neurodegen-
erative disease cases have no known genetic basis [5]. Furthermore,
several of these disorders show proteinaceous inclusions comprised of
misfolded proteins [6]. Throughout the years, various medications and
therapies have been considered for these diseases, many resulting in
less than satisfactory results [7]. Hence, the need for novel treatments
able to ameliorate symptoms and stop disease progress is at an all-time
high.

1.1. Amyotrophic lateral sclerosis and frontotemporal dementia

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig's

disease, is a neurological disorder characterized by the loss of function
of motor neurons and resulting muscle weakness [8]. In 2016, ap-
proximately 15,000 people in the United States were suffering from
ALS. Furthermore, nearly 5000 new cases surface every year [8]. Many
ALS patients ultimately perish from respiratory failure due to paralysis
of muscles necessary for breathing, usually between two to four years
after diagnosis [9]. At present, Rilutek (riluzole) and Radicava (edar-
avone) are the only FDA approved drugs for ALS treatment [10,11].
Riluzole's mechanism of action involves impacting glutamate release
leading to protection against glutamate-induced slowing of neurofila-
ment axonal transport [12], while the mechanism of action of edar-
avone is currently unknown [13]. While succeeding in reducing ALS
symptoms and modestly expanding the lifespan of ALS patients, these
medications are not able to stop the progress of the disease. A highly
effective cure for both ALS and FTD is yet to be discovered.

Most ALS cases arise in individuals with no family history of the
disease; thus, they are termed sporadic. Only 5–10% of all ALS cases is
linked to genetic mutations running in families and thus are referred to
as familial [14]. To make matters more complex, mutations in a

https://doi.org/10.1016/j.bbadis.2018.10.019
Received 28 June 2018; Received in revised form 5 October 2018; Accepted 11 October 2018

☆ This article is part of a Special Issue entitled: Post-Translational Modifications In Brain Health And Disease edited by Paula Moreira, Susana Cardoso and Sónia
Correia.

⁎ Corresponding author at: Ph.D. Programs in Chemistry, Biochemistry, and Biology, The Graduate Center of the City University of New York, New York 10016,
United States.

E-mail address: mariana.torrente@brooklyn.cuny.edu (M.P. Torrente).

BBA - Molecular Basis of Disease 1865 (2019) 1982–1991

Available online 20 October 2018
0925-4439/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2018.10.019
https://doi.org/10.1016/j.bbadis.2018.10.019
mailto:mariana.torrente@brooklyn.cuny.edu
https://doi.org/10.1016/j.bbadis.2018.10.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2018.10.019&domain=pdf


multitude of genes have been linked to familial ALS, most notably SOD1
[15], FUS [16], and TDP-43 [17]. Interestingly, TDP-43 inclusions are
present in the cytoplasm of degenerating neurons in 97%of all ALS
cases, including both familial and sporadic forms of the disease [18].
The discovery of the chromosome 9 open reading frame 72 (c9orf72) gene
and its association to both familial and sporadic ALS has deepened our
understanding of the processes triggering disease occurrence and pro-
gression [19,20]. However, despite these advances, no definitive cause
for ALS has been established [5].

Frontotemporal dementia (FTD) is another neurological disorder
characterized by personality and behavioral changes [21]. Typically,
the disease manifests itself through the loss of spindle neurons in both
the frontal and temporal lobes of the brain [22]. Because of this, many
patients are often misdiagnosed with other illnesses such as depression
or even Alzheimer's disease [23]. While individual symptoms of FTD
can be pharmacologically treated, there are no medications to cure or
treat it. However, a number of drug candidates are being considered
[24]. Recently, FTD and ALS have become characterized as a series of
disorders that affect the size of the brain, particularly the frontal and
anterior temporal lobes [2], but the specific diagnosis varies depending
on the area of the brain affected. Both FTD and ALS patients have been
found to display a hexanucleotide repeat ‘GGGGCC’ expansion in the
c9orf72 gene, pointing to a major role for this gene in ALS/FTD pa-
thology [25]. This expansion is the most common genetic cause of both
ALS and FTD [26]. Aside from C9orf72, other proteins are linked to FTD
including FUS, Tau, and progranulin [27].

1.2. Parkinson's disease

Parkinson's disease (PD) is a devastating neurodegenerative disease
characterized by the loss of dopaminergic neurons of the substantia
nigra pars compacta (SNPC) [4]. The loss of SNPC neurons ultimately
leads to a severe decrease in the amount of dopamine in the brain
causing the patient to develop symptoms such as tremors, rigidity and
overall poor motor coordination [28]. Currently, it is the second most
common neurodegenerative disease found in developed nations, right
behind Alzheimer's disease [29]. Rather than treating the disease itself,
PD treatments typically only ameliorate symptoms of the disease
[30,31]. These include antidepressants, anti-tremor, and dopamine
promoting medications [32]. Sinemet (levodopa) is a dopamine pro-
moter, and it is one of the more widely used treatments for PD. Sinemet
results in many side effects including dizziness, nausea, heartburn, and
even muscle pain, especially after prolonged use [7]. One particularly
extreme side effect is dopamine dysregulation syndrome, where dopa-
mine levels become so unstable that the patient ends up becoming
addicted to dopamine replacement therapy use [33]. Hence, novel
treatments are sorely needed.

Like ALS, most PD cases are sporadic. Only 10% of all PD cases are
familial [34]. Several genes have been found to be associated with the
onset of both familial and sporadic PD. Some of these include PARK8
[35], LRRK2 [36], and PINK1 [37]. Prominently, the SNCA gene is
associated with PD. [38,39] This gene encodes for α‑synuclein, the most
notable component of Lewy bodies in degenerating dopaminergic
neurons [40,41]. Lewy bodies are proteinacious deposits which are a
hallmark of PD, even appearing before PD symptoms begin to show
[42,43].

1.3. Spinocerebellar and Friedrich's ataxias

Ataxias are usually defined as disorders where movement is hin-
dered due to cerebral malfunctions [44]. Spinocerebellar ataxias (SCAs)
are some of the most prevalent, accounting for nearly 36% of all ataxia
cases in the United States [45]. The most commonly studied SCAs in-
clude SCA1, SCA3 (also known as Machado-Joseph disease), and SCA36
[46]. Some symptoms include behavior or personality changes, muscle
tremors, trouble walking, and slurred speech, reminiscent of those seen

in ALS and FTD [3]. Proper diagnosis requires genetic testing; however,
not all ataxias are able to be identified in this way [47]. There are at
least 43 different types of ataxias, all with different symptoms, regions
of localization, and identification markers; 11 of these are associated to
repeat expansions in various genes [48]. For example, SCA1, SCA2,
SCA3, SCA6, SCA7, and SCA17 all have CAG repeats in the ATXN1,
ATXN2, ATXN3, CACNA1A, ATXN7, and TBP genes, respectively [48].
No reliable therapies have been developed for these diseases; however,
trials using riluzole [49] and varenicline [50] have shown promising
results.

Each SCA targets a different region of the brain, thus appearing with
a different set of symptoms. SCA1 patients endure issues with move-
ment and balance, such as numbness in their arms and legs that pro-
gressively increase over the years [51]. SCA3 has similar symptoms
with the inclusion of involuntary eye movements in some patients, as
well as sleeping problems [52]. SCA36 shares all of these symptoms;
however, sleep deprivation is not as defined as an issue as it is in SCA3
patients. SCA36 has been linked to a GGCCTG hexanucleotide repeat
expansion in the NOP56 gene [53].

Another common ataxia is Friedreich's ataxia (FRDA), an autosomal
recessive disease with a typical onset before age 20, causing symptoms
such as muscle weakness and deterioration, struggles with gait, and
eventually death by cardiomyopathy [54]. Patients with the disease
suffer from significant loss of both gray and white matter in the cere-
bellum and the dorsal medulla, leading to more severe symptoms and
disease progression, depending on the amount lost [55]. The disease is
linked to a triplet repeat expansion (GAA) in the FXN gene, leading to
reduced expression of the frataxin protein in the mitochondria [56].
The frataxin protein is required for iron homeostasis inside cells of both
eukaryotes and prokaryotes [57]. Iron-deficient anemia is a common
symptom from FRDA that is caused by the depletion of frataxin, al-
lowing for another route of possible treatment. Overall, FRDA can be
managed through the use of medications targeting individual symptoms
[58].

1.4. Epigenetics and histone modifications

The term “epigenetic” refers to changes in gene activity occurring
without direct changes in the DNA sequence [59]. These alterations are
heritable, and many of them are reversible [60]. These edits occur at
the molecular level and can be related to several factors such as en-
vironmental cues and stress [61]. While genetic factors greatly influ-
ence phenotype, epigenetic mechanisms add on a new layer of com-
plexity to our understanding of biology [62]. For many disorders,
epigenetics might hold the key to the development of disease; this is a
particularly intriguing possibility for diseases with unknown etiology.
Main epigenetic mechanisms include the methylation of DNA, micro-
RNAs (miRNA) and the post-translational modification of histone pro-
teins [60].

In every nucleus, genomic DNA is packaged in a protein-DNA
complex termed chromatin [63]. The basic unit of chromatin is called a
nucleosome, consisting of a histone octamer comprising two copies of
each of the core histone proteins (H2A, H2B, H3, and H4) around which
DNA wraps [64]. Depending on how tightly associated the DNA is to the
histone core, there is tightly packaged heterochromatin, or loosely
packaged euchromatin [65]. Heterochromatin is transcriptionally si-
lent, while euchromatin is actively transcribed [66]. The N-termini of
the core histones protrude out of the nucleosome, leaving them sus-
ceptible to a variety of post-translational modifications (PTMs) such as
methylation, acetylation and phosphorylation [67]. Traditionally, it
was thought that these modifications' only role was to modulate the
strength of the physical interactions between DNA and the histone oc-
tamer leading to alterations in gene transcription [68]. For instance,
acetylation decreases the positive charge on histones and lessens the
strength of the interaction with the negatively charged DNA backbone
[69]. However, now we understand that these modifications also act as
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binding sites for other proteins. For example, H3K9me3 plays a strong
role in silencing genes by serving as a binding platform for hetero-
chromatin protein 1 (HP1) [70,71]. Furthermore, combinations of
various histone modifications form a “code” that leads to different
cellular outcomes [72]. For example, the monoubiquitination of
H2BK123 leads to trimethylation of H3 on lysine 4 (H3K4me3) by ac-
tivating the methylase complex COMPASS [73]. Histone PTMs play
roles in nearly all biological processes including DNA repair [74], gene
transcription and translation [75] and even aging [76].

Because of their impact on transcriptional activation and repression,
one of the most studied histone modification is the methylation of ly-
sine and arginine residues [77]. There are three levels of methylation,
mono-, di-, and trimethylation, each responsible for a different effect on
chromatin function, and controlled by distinct histone methyl-
transferases (HMTs) and demethylases [78]. The acetylation and dea-
cetylation of histones can also result in changes in the structure of
chromatin. Acetylation and deacetylation are controlled by acetyl-
transferases (HAT) and deacetylases (HDAC), respectively [79]. Acet-
ylation usually occurs on lysine residues on the histone N-terminal tails
[80]. The activation and repression of transcription through histone
acetylation and deacetylation has led to the investigation of HDAC in-
hibitors as viable therapeutics. For instance, the use of sodium phe-
nylbutyrate on mice with Huntington's disease triggers neuroprotective
effects [81]. Phosphorylation at serine, threonine and tyrosine residues
on histone proteins has been associated to a wide range of cellular
processes. For example, phosphorylation of Histone H2A(X) on serine
139 plays a significant role in the DNA damage response [82], while
H3S10ph is strongly associated to transcriptional activation [83]. Fur-
thermore, H3S10ph has the ability to block methylation on H3K9 while
increasing H4K16ac resulting in overall increased transcription [66].
H3S10ph is also correlated with increases in the levels of H3K14ac,
highlighting crosstalk between these two marks [83,84].

Many histone PTMs have been correlated with various diseases. For
instance, numerous cancer types, such as those from breast, bone,
colon, and lung, display a loss of H4K16ac and H4K20me3 marks, as
evidenced by mass spectrometry investigations [85]. Moreover, cells
from patients with rheumatoid arthritis show an increase in H3K4me3
levels along with a reduction on the levels of H3K27me3, leading to
believe that these marks play a role in the development of the disease

[86]. Furthermore, certain genes believed to be involved in systemic
lupus erythematosus display altered H3K4me3 levels [87]. The link
between histone modifications and neurodegenerative disease is be-
ginning to be discovered, with recent advances hinting at an important
role for epigenetics in the etiology of ALS, FTD, PD, and ataxias.

2. Histone modifications in neurodegenerative disease

2.1. Role of histone PTMs in ALS

2.1.1. FUS/TLS
Fused in sarcoma (FUS; also known as TLS) is a protein found mostly

in the nucleus, responsible for regulating transcription through alter-
native splicing, a process that occurs during gene expression that allows
for a single gene to encode for several proteins [88]. FUS can also
transport spliced mRNA out of the nucleus and into other organelles for
further processing [89]. FUS is also thought to play a role in DNA re-
pair, due to its ubiquitous presence at DNA repair sites [90]. The pre-
sence of the RGG-rich domain in FUS suggests it is able to aggregate and
form droplets within the cell. RGG-rich domains are responsible for the
aggregation of other proteins, such as LAF-1, and TDP-43 [91,92]. In-
deed, FUS mislocalizes and aggregates in ALS, particularly in patients
with FUS-associated familial ALS [93]. So far, more than 50 mutations
in the FUS gene have been linked to ALS; many of these are con-
centrated in the region involved in DNA binding and mRNA processing
[94].

Several histone modifications have been found to be associated to
the FUS protein in ALS (Fig. 1) [95,96]. In a study of mutant or wild-
type human FUS in motor neurons of murine spinal cord-dorsal root
ganglion cultures, accumulation of FUS in the cytoplasm depleted the
amount of PRMT1 available [95]. PRMT1 is an arginine methyl-
transferase responsible for mono- and asymmetric di-methylation of
H4R3me2 [97]. Sequestration of PRMT1 results in a decrease in
H4R3me2, with accompanying decreases in H3K9ac, and H3K14ac re-
sulting in loosened chromatin and increased access for the transcrip-
tional machinery [95]. Furthermore, interaction between HDAC1 and
FUS is needed for DNA repair [98,99]. The presence of increased DNA
damage is a hallmark of ALS and other neurodegenerative diseases
[100]. Indeed, the lack of DNA damage response due to FUS

Fig. 1. Notable histone modifications linked to FUS, TDP-43, and C9orf72 in ALS.
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aggregation is thought to cause neurodegeneration [100]. Exploiting a
FUS overexpression yeast model, our own work revealed a severe de-
crease in the global levels of H3S10ph and H3K14ac [96]. In agreement
with the results seen in the murine spinal cord-dorsal root ganglion
cultures [91], H4R3me2 expression was also decreased in the yeast FUS
model [96]. Furthermore, H3K56ac is also lowered in the yeast FUS
proteinopathy model [96]. This modification is required to reinstate
chromatin structure over repaired DNA and is critical for signaling
completion of repair [101].

2.1.2. TDP-43
TDP-43, or TAR DNA-binding domain protein, is another protein

strongly linked to ALS. Interestingly, akin to FUS, TDP-43 is involved in

certain aspects of RNA metabolism [102]. Residing mostly in the nu-
cleus, TDP-43 contains a glycine-rich C-terminus, two RNA recognition
motifs, and is capable of transporting proteins between the nucleus and
the cytoplasm [103,104]. TDP-43 is also associated with the formation
of stress granules within cells, which are also thought to be linked to
ALS [105]. Not surprisingly, mutations in TDP-43 have been ex-
tensively associated with neurodegeneration [106–109]. Misfolding of
TDP-43 leads to a loss of protein function and a reduced ability to
shuttle RNA. [110,111] TDP-43 has been associated to a variety of
histone modifications (Fig. 1) [96]. In a yeast TDP-43 overexpression
model, our laboratory has found H3K36me3 to decrease. This same
model also revealed an increase in H4K16ac and H4K12ac [96].
H4K16ac is a mark connected to DNA double strand break repair, a

Fig. 2. Notable histone modifications linked to FUS and Tau in FTD.
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hallmark of ALS [112,113], while H4K12ac, a mark associated with
active promoters is a mark that has been associated to facilitating
transcriptional elongation [114,115]. H4K12ac has also been found to
play a role in learning and memory [116], leading to believe that this
mark plays a large role in the progression of memory problems in ALS.
Interestingly, there are distinct changes in histone modification profiles
for each proteinopathy model (FUS vs. TDP-43), providing evidence
that histone PTM changes are not associated with general protein ag-
gregation toxicity pathways, but specific proteinopathies [96].

2.1.3. c9orf72
Discovered in 2011, the c9orf72 (chromosome 9 open reading frame

72) gene contains a hexanucleotide repeat expansion (HRE) ‘GGGGCC’.
This HRE is the most common genetic cause of both ALS and FTD. [26]
In general, the c9orf72 gene in healthy individuals contains up to 30
HRE; ALS and FTD patients have been found to carry over 500 repeats
[117]. The number of HREs correlates to the severity of the symptoms,
with a larger number of repeats decreasing the chances of survival for
the patient [118]. This expansion is linked to ALS and FTD in multiple
family pedigrees, being prominent in a number of familial ALS cases
[19,119]. The HRE are thought to lead to toxicity in a variety of ways
including protein loss-of-function and gain-of-function toxicity through
repeat-associated non-ATG (RAN) translation [120]. RAN translation is
thought to lead to toxicity through the creation of short RNA transcripts
that are prone to aggregation and can interfere with RNA processes
[120]. These GGGGCC expanded repeats have been linked to histone
modifications (Fig. 1) [121]. In particular, increases in the levels of
H3K9me3, H3K27me3, H3K79me3, and H4K20me3 are associated to
the expanded HREs in mutant c9orf72 and transcriptional repression of
the gene [121]. Interestingly, the rise in tri-methylation is not observed
in normal c9orf72, and suggests a mechanism for loss-of-function
toxicity in the mutant gene, as the protein product of c9orf72 has been
recently implicated as an important protein in vesicle transportation
and lysosomal biogenesis in motor neurons [122]. Furthermore, the
decrease in the levels of these marks could be identified in the blood of
a large cohort of ALS patients, suggesting that these histone PTMs could
be potentially used as a diagnostic disease marker [121].

2.2. Histone post-translational modifications in FTD: FUS and Tau

Many of the histone modification marks associated with FUS in ALS
also seem to be found in FTD (Fig. 2), regardless of the area of the brain
that the disease may affect. In HeLa cells overexpressing FUS, the
density of both trimethylation on H3K9 and trimethylation on H4K20
were progressively increased at telomeres [123]. The presence of
H3K9me3 marks have been associated to binding heterochromatin
protein 1 (HP1) to pericentric heterochromatin [67], and therefore
playing a role in transcriptional repression. Increased H3K9me3 marks
have also been noted as relevant to DNA double strand break repair
[124]. H4K20me3 is also responsible for transcriptional repression
when present at promoters [114]. Transcriptional repression and DNA
repair are mechanisms found in both ALS by FUS [125], as well as in
FTD by c9orf72 [121]. As FUS, TDP-43 and C9orf72 are all involved in
RNA processes and have been found to misfold in the context of disease,
there is no doubt that a link between RNA disruption and proteostasis is
associated to ALS and FTD [126].

Tau is another protein that plays a role in the pathology of FTD. Tau
is one of the first microtubule-associated proteins to be characterized
[127]. Approximately 34 mutations in the Tau gene, MAPT, have been
associated with FTD, alluding to a role in the onset of FTD [128]. Tau-
deficient mice models display disruptions in the distribution and levels
of H3K9me3 and HP1α, revealing lowered levels of H3K9 trimethyla-
tion (Fig. 2) [129]. In this context, histone modifications might also
have a role outside of the nucleus. For instance, in the same mice
models, H3K9me3 could not be incorporated into pericentromeric
heterochromatin. Hence, H3K9me3 was only present in the cytoplasm

of hippocampal neurons [129]. Cytoplasmic histones have been shown
to impact cellular signaling and innate immunity [130]. This invokes
the tantalizing possibility that histone PTMs occurring outside of the
nucleus may be associated with disease onset related to Tau or other
proteinopathies.

2.3. Histone modifications in Parkinson's disease

A variety of different epigenetic abnormalities have been associated
to the pathology of PD. [131] Many studies have focused on the role of
DNA methylation and microRNAs play in the development of PD;
however histone modifications are beginning to gain traction as an
attractive target of study. α‑Synuclein had been found to associate with
histones through the inhibition of overall histone acetylation [132].
Furthermore, overexpression of α‑synuclein is associated with lowered
H3K9ac and increases in H3K14ac and H3K18ac marks in primary
motor cortex cells [133]. H3K9ac is thought to have a role in active
transcription, working in tandem with H3K14ac [134,135]. α‑Synu-
clein overexpression was also shown to cause hypoacetylation of H3 in
SH-SY5Y cells [132]. In a yeast model of α‑synuclein proteinopathy, we
find a decrease in the level of H2BT129ph, a mark linked to DNA da-
mage [96,136]. The same model revealed a decrease in the levels of
H3K36me2 [96]. H3K36me2 is a fairly well characterized histone mark
that is known to play a role in DNA double-strand break repair [137].
Interestingly, dopamine depletion in PD has also been associated to
histone PTMs. When dopamine levels decrease, a decrease in H3K4me3
is also observed in a mouse model. Moreover, histone deacetylation was
observed at H4K5, H4K8, H4K12, and H4K16 in striatal cells from both
mice and primate models treated with levodopa [138]. A summary of
all these findings is presented in Fig. 3.

2.4. Histone modifications in spinocebrellar ataxia and Friedreich's ataxia

The variation in SCA types and their subsequent pathologies give
rise to a vast landscape of investigation. As of yet, very few connections
have been made between histone modifications and SCA, regardless of
type. For instance, SCA8 is caused by both CTG/CAG combined repeats
in the ATXN8 gene [139]. After studying a library of human kidney cell
line variants with differing numbers of ATXN8 combined repeats, in-
creased H3K9me2 expression was found in cells with 157 combined
repeats, accompanied by a decrease in H3K14ac [140] (Fig. 4).

Several histone PTMs have been associated with FRDA (Fig. 4). As
previously mentioned, one of the main causes of FRDA is the triplet
repeat expansion GAA responsible for the transcriptional silencing of
the FXN gene [141]. Lymphoid cell lines from FRDA patients revealed
that H3K4me2 and H3K4me marks decreased in the area surrounding
the triplet repeat expansion when compared to unaffected cells [142].
Moreover, both human tissues and a transgenic mice model showed an
overall decrease in H3K9ac levels accompanied by increases in
H3K9me2 and H3K9me3 levels [143]. Collectively, these changes in
histone marks would lead to lowered transcription, strongly suggesting
that this is part of the mechanism that defines FRDA pathology.

3. Histone modifications in neurodegenerative disease: New
avenues for treatment

HDAC inhibitors have been studied for potential use as therapies for
ALS and FTD. [25] At present, butyrates are the most commonly studied
class of HDAC inhibitors in humans, as they are able to easily penetrate
the blood-brain barrier [144]. Sodium phenylbutyrate inhibits most
HDACs, except for class III HDACs and class II HDAC6 and HDAC10
[145]. In ALS mice models, treatment with sodium phenylbutyrate
enhanced overall histone acetylation and improved survival rates
[144]. Remarkably, in humans, sodium phenylbutyrate was not only
safe and tolerable, but it was also able to increase histone acetylation in
blood buffy-coat specimens while decreasing ALS symptoms [146].
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Treatment of SOD1 G93A transgenic ALS mice with both riluzole and
sodium phenylbutyrate increased H4 acetylation and survival by
21.5%, more than either riluzole or sodium phenylbutyrate on their
own [147]. In the case of PD, administration of HDAC inhibitors in vivo
or in vitro rescued α‑synuclein-induced toxicity [148]. Despite their
name, it is important to note that HDACs act upon several other non-
histone targets [149,150]. Therefore, there are other possible cellular
mechanisms involving acetylation – independent of histones – by which
HDAC inhibition can lead to reduction of toxicity. Nevertheless, com-
bination of traditional treatments and treatments targeting epigenetic
mechanisms might be in the not so distant future for ALS treatment.

In FRDA, treatment with nicotinamide (vitamin B3), an HDAC in-
hibitor, resulted in upregulation of the FXN gene by way of decreasing
H3K9me3 and H3K27me3 at the FXN gene, and consequently

increasing histone acetylation in both H3 and H4 [151]. This reveals a
possible treatment for FRDA, especially when considering the wide-
spread availability, tolerability and affordability of vitamin B3. In the
case of SCA1 however, treatment with HDAC inhibitors may be in-
adequate. ATXN1 is the protein believed to be responsible for SCA1,
and has been found to bind HDAC3 causing transcriptional repression
in vitro [152], however depletion of HDAC3 does not change the SCA1
phenotype. Indeed, HDAC3 depletion did not decrease neurodegen-
eration in SCA1 transgenic mice, suggesting that HDAC inhibitors may
not be a viable course of treatment [153].

4. Concluding remarks

In the past fifteen years, neurodegenerative diseases have been the

Fig. 3. Notable histone modifications linked to α‑synuclein and dopamine depletion in PD.
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subject of an explosion of research. Many advances have been made,
but for patients, these diseases remain unstoppable and fatal, high-
lighting an immediate need for the development of more effective
therapies. Histone post-translational modifications are highly druggable
targets, and thus they represent an attractive target for pharmaceutical
intervention. Aberrant histone modification profiles related to neuro-
degeneration are beginning to emerge and underscore the great need
for the inclusion of the characterization of epigenetic mechanisms in
neurodegenerative disease research. Increasing our understanding of
the histone codes at play will allow us to envision viable approaches to
restore proper chromatin dynamics and lead to new treatments for
neurodegenerative diseases.
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