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Abstract

This study investigates the role of histone tail modifications in Parkinson’s Disease (PD), emphasizing the epigenetic regula-
tion of genes associated with the disease. PD primarily manifests in individuals over 60, suggesting that PD-causal genes re-
main dormant until later in life, influenced by environmental factors and epigenetic modifications. Histone modifications such
as methylation, acetylation, phosphorylation, and ubiquitylation play crucial roles in gene expression regulation by altering
chromatin structure or interacting with gene regulatory regions. Specifically, modifications on histones H2A, H2AX, H3, and
H4 have been linked to PD. For instance, a-Synuclein (a-SYN) aggregation, a hallmark of PD, is regulated by histone modifica-
tions like H3K27ac and H3K4me3, which enhance a-SYN expression and contribute to PD progression. Conversely, repressive
marks like H3K9ac and H3K27me3 can mitigate PD risk by reducing a-SYN levels. Therapeutic strategies targeting these histone
modifications, such as the use of GSK-J4 or vitamin C-treated neural stem cells, show potential in alleviating PD symptoms by
modulating histone marks and gene expression. Understanding these epigenetic mechanisms offers promising avenues for
developing novel treatments for PD.
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Introduction

Parkinson’s Disease (PD) predominantly manifests after the
age of 60, with less than 10% of cases occurring before 50 [1].
This raises the question: if PD is caused by genes present from
birth whose sequences remain unchanged throughout life, why
doesn’t it develop during infancy, childhood, or adolescence?
The straightforward answer is that PD-causal genes do not ex-
press before the age of 60. Thus, alongside genetic research
that identifies PD-causal genes, epigenetic research exploring
the regulation of these genes is crucial.

Human DNA, though 6 feet long, is not linear but densely
folded. It wraps around histones to form nucleosomes, which
are then packed into 30-nanometer fibers, forming chromatin,
and further condensed into chromosomes. This compact fold-
ing may protect genes from transcription until influenced by en-
vironmental factors, including gene expression regulators like
histone tail modifications.

Histones act as spools around which the DNA double-helix
wraps twice to form nucleosomes. The nucleosome core is an
octameric structure composed of two H2A-H2B dimers and one
H3-H4 tetramer. Each histone has N-terminal and C-terminal
tails that can unwind or condense chromatin [2] and strengthen
or disrupt histone-DNA interactions, thereby enhancing or re-
pressing gene expression. Compared to the nucleosome core,
the more flexible tails are especially susceptible to modifica-
tions by medicines, drugs, compounds, or other environmental
factors.

The length of these tails is limited. For instance, the N-ter-
minal tails of H2A, H2B, H3, and H4 consist of 23, 35, 40, and
25 amino acids, respectively. PD-related modifications include
methylation, acetylation, phosphorylation, and ubiquitylation,
with lysine (K) being the most commonly modified amino acid.
In total, there are 15 histone tail modifications associated with
PD: one on H2A, two on H2AX, ten on H3, one on H4, and none
on H2B (Figure 1). This study summarizes the role of histone tail
modifications in regulating PD-associated genes.

[ Mathylation

[FTYY Variant H2A core histone
[F2) H2A core histone 15 Acetylation
[FEA H2E core histone L Phosphorylation
(=W H3 core histone 2 Ubiquitylation
(28 H4 core histone [T N-terminus
[ C-terminus

Ll Co-oxist

Methodology

A systematic literature search was conducted using the
PubMed database to identify papers published up to June 2024,
with the search terms “H2A* OR H2B* OR H3* OR H4*” and
“Parkinson’s disease.” The study examined over 200 common
histone modifications. The present study reviewed, extracted,
summarized, illustrated, and discussed the positive findings
linking histone modifications to Parkinson’s disease.

Results and discussions

a-synuclein (a-SYN), encoded by the Synuclein Alpha gene
(SNCA), is primarily localized within synapses but also functions

in the nucleus and is the main component of Lewy bodies in
Parkinson’s Disease (PD) [3]. The aggregation of a-SYN in Do-
paminergic (DA) neurons, characteristic of PD, is accompanied
by neuronal synaptic damage, including loss of synapses and
diminished expression levels of synaptic-related proteins [4].
Some Short-Chain Fatty Acids (SCFAs), such as sodium butyrate
(NaB), can activate the autophagy pathway, reducing rotenone-
induced a-SYN expression and promoting a-SYN degradation,
which is essential for slowing PD progression [5]. This evidence
supports a core role of a-SYN in PD development; consequent-
ly, targeting a-SYN represents a key therapeutic strategy for PD
and related neurodegenerative disorders.

o-SYN expression is epigenetically regulated by histone mod-
ifications interacting with the SNCA promoter, such as H3K27ac,
H3K4me1l/3, H3K9me1/2, H3K14ac, H3K18ac, and H2AK119ub,
which can increase SNCA expression and elevate a-SYN levels,
thereby heightening PD risk [6-10]. Elevated a-SYN levels in DA
neurons may further influence the epigenome through various
mechanisms [3,8], creating a vicious cycle that ultimately re-
sults in the development of PD. In contrast, the repressive mark
H3K9ac can repress SNCA expression and decrease a-SYN levels,
thereby reducing PD risk [9]. These epigenetic deregulations of
SNCA, leading to altered a-SYN expression, play a critical patho-
physiological role in PD and other synucleinopathies [8].

Specifically, in the PD brain, H3K27ac is a highly common epi-
genetic mark across the genome, with a strong predilection for
PD-associated genes such as SNCA, PARK7, PRKN, and MAPT [6].
SNCA overexpression, i.e., elevated a-SYN, may induce H3K27ac
changes in the PD hippocampus [8]. Another important tran-
scription-promoting mark, H3K4me3, interacts with the SNCA
promoter and is significantly elevated at the SNCA promoter
region in PD substantia nigra (SN), controlling a-SYN expression
in DA neurons [7]. JARID1A, which can demethylate H3K4me3,
can reduce a-SYN expression [7]. Additionally, H3K4 mono-
methylation can also alter SNCA mRNA expression and is sig-
nificantly associated with excess a-SYN [8]. Furthermore, a-SYN
overexpression leads to an elevation of H3K9me and H3K9me2
[3]. Two other acetylation marks, H3K14ac and H3K18ac, could
lead to a net increase in histone H3 acetylation, enhancing
SNCA gene transcription and a-SYN expression in the PD pri-
mary motor cortex [9]. Furthermore, H2AK119ub represses the
phosphorylation of a-SYN at serine 129 (a-SYN-5129p). When
H2AK119ub is repressed by hyperphosphorylated BMI-1 (epi-
genetic polycomb repressor complex-1 subunit) that undergoes
a canonical polycomb E3 ligase function loss, a-SYN-S129p may
accumulate, facilitating the development of PD [10]. Converse-
ly, H3K9ac might repress SNCA gene transcription and a-SYN
expression, thus reducing PD risk. Decreased H3K9ac has been
found in the primary motor cortex of PD patients [9].

The following histone tail modifications interacting with
other genes may also influence PD risk by regulating non-SNCA
genes, exerting consistent or opposing effects to their impact
on SNCA or a-SYN:

H3K27ac

Rotenone may bind to the CTCF binding sites in some PD-
associated genes (e.g., PARK2, GPRIN3, FER), increase H3K27ac
around these sites, impact higher-order chromatin organiza-
tion, and enhance the influence of non-coding variants on ge-
nome integrity and cellular survival, thereby increasing PD risk
[11], consistent with the role of a-SYN. Conversely, the H3K27ac
inhibitor GNE-049 may reduce H3K27ac deposition, decrease
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iNOS, increase ARG1 and IRF4 levels, reduce mitochondrial
superoxide, circularity, stress, and membrane depolarization,
benefiting mitochondrial function, preventing primary trigger
immune memory formation, and attenuating secondary inflam-
matory responses, thus reducing PD risk [12]. Additionally, elec-
tromagnetic stimulation activates the histone acetyltransferase
Brd2, resulting in H3K27ac acetylation, alleviating PD symptoms
[13].

H3K4me3

GSK-J4, a histone demethylase inhibitor, can rescue abnor-
mal histone H3K4me3 methylation changes, contributing to its
neuroprotective effects [14]. Acting as a potent iron suppressor,
GSK-J4 significantly and selectively reduces intracellular labile
iron in dopaminergic neurons, suppresses cell death, and di-
minishes oxidative stress, all of which are hallmarks of PD [14].
Hence, GSK-J4's ability to suppress iron levels, reduce oxidative
stress, and provide neuroprotection underscores its therapeutic
potential for PD.

H2AX

Prx5 shields against DNA damage induced by rotenone, sup-
presses Ataxia Telangiectasia Mutated (ATM) kinase activity,
decreases phosphorylated histone H2AX (y-H2AX) levels, and
guards against rotenone-induced neurodegeneration of do-
paminergic (DA) neurons, thus mitigating the risk of PD [15].
Moreover, the expression of H2AX (Y142F) confers increased re-
sistance to DNA damage and consequent cell death in DA neu-
ron-like cells. This variant enhances the resilience of dopamine
neurons derived from bone marrow mesenchymal stem cells
(BMSCs) in a neurotoxic milieu, providing protection against the
risk of PD [16].

H3K9ac

H3K9ac exhibits contrasting effects in the regulation of p53
and PGC-1a genes compared to SNCA [5,17]. SIRT1 can reduce
H3K9ac levels, suppressing p53 gene transcription, boosting
neuroprotection, and alleviating rotenone-induced degenera-
tion of dopaminergic neurons, consequently lowering the risk
of PD [17]. Moreover, NaB can enhance H3K9ac levels at the
PGC-1a promoter, safeguarding against rotenone-induced tox-
icity by activating the autophagy pathway through increased
expression of PGC-1a, thereby decelerating PD progression [5].
Conversely, inhibited H3K9ac may lead to the downregulation
of transcription of autophagy-related genes LC3 and Atg5 [18].

H3K9me3

SIRT1, a deacetylase enzyme, can bind to H3K9 at the p53
promoter, resulting in increased H3K9me3 levels, which inhibit
p53 gene transcription, enhance neuroprotection, alleviate ro-
tenone-induced dopaminergic neurodegeneration, and thereby
reduce the risk of PD or offer a novel treatment strategy for
the condition [17]. Notably, H3K9me3 plays a role opposite to
H3K9me and H3K9me2 on a-SYN. Neural stem/precursor cells
(NSCs) represent a promising systemic cell source for PD ther-
apy. Vitamin C (VC) has the potential to eliminate the repres-
sive histone code H3K9me3 at specific gene promoter regions,
thereby promoting the generation of authentic midbrain-type
Dopamine (mDA) neurons and enhancing survival and function
of NSCs derived from the Ventral Midbrain (VM). Consequently,
transplantation of VC-treated NSCs could significantly enhance
behavioral restoration and DA neuron engraftment, offering a
straightforward, effective, and safe therapeutic avenue for PD

[19]. In this context, H3K9me3 plays a role consistent with H3K-
9me and H3K9me2 on a-SYN.

H3K27me3

H3K27me3 functions as a repressive mark, and the histone
H3K27me3 demethylase Jumonji domain-containing 3 (Jmjd3)
may inhibit H3K27me3 in the SNAI2 promoter, leading to the
upregulation of SNAI2 expression and activation of the SNAI2/
YAP/HIF1a signaling pathway, ultimately diminishing cell apop-
tosis and preserving dopaminergic neuron survival, thereby ex-
erting a protective effect on PD [20]. Targeting the JIMJD3-SNAI2
pathway holds promise as a therapeutic strategy for PD. Addi-
tionally, Jmjd3 may modify H3K27me3 to enhance the polariza-
tion of M2 microglia, contributing to the immune pathogenesis
of PD. Suppression of Jmjd3 in the Substantia Nigra (SN) may
elevate H3K27me3 levels, leading to microglial overactivation
and exacerbating dopamine (DA) neuron death in PD. Further-
more, suppression of Jmjd3 in N9 microglia and midbrain, ac-
companied by an elevated level of H3K27me3, may result in
extensive neuron death in PD as well [21]. The polycomb re-
pressive complex 2 catalyzes polycomb group (PcG) proteins to
bind to and repress genes in embryonic stem cells, character-
ized by the presence of H3K27me3 [22]. Administration of the
dopamine precursor, L-DOPA, in PD induces a notable increase
in H3K27me3S528 phosphorylation in medium spiny neurons ex-
pressing dopamine D1 receptors. This phosphorylation may up-
regulate a subset of PcG-repressed genes, contributing to long-
term maladaptive responses, including motor complications or
dyskinesia in PD [22]. Transplantation of VC-treated NSCs may
harness their therapeutic potential for PD via H3K27me3 [22],
akin to H3K9me3 as discussed above, while GSK-J4 may exert
its therapeutic potential for PD via H3K27me3 [14], similar to
H3K4me3 as discussed earlier.

Conclusion and future directions

Evidence has demonstrated that histone tail modifications
play critical roles in the risk, development, progress, and sever-
ity of PD. These modifications could be potential pharmaceuti-
cal targets of the treatment of PD.

Histone tail modifications engage in complex interplay, or
crosstalk, forming intricate regulatory networks essential for
understanding the dynamic regulation of gene expression,
which is a significant future research direction. These modifi-
cations are tightly regulated by specific enzymes, known as
writer and reader proteins, such as histone methyltransferases,
demethylases, acetyltransferases, and deacetylases. Reader
proteins recognize and bind to specific modifications, recruiting
other effector molecules to modulate gene expression, making
the study of these enzymes’ effects another key research direc-
tion. Analyzing these enzymes’ roles and regulatory networks in
the context of PD is crucial for a comprehensive understanding
of histone modification regulation. Additionally, future research
should focus on identifying specific histone modifications or
regulatory mechanisms and exploring how these modifications
can be targeted to develop novel therapeutic strategies for PD.
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