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Abstract

Histone modifications have emerged as critical epigenetic regulators in the development and progression of mental disorders. This review
synthesizes recent advances in the field, highlighting both canonical modifications, such as methylation, acetylation, and phosphorylation,
as well as novel discoveries that link neurotransmitter signaling to chromatin regulation. In particular, neurotransmitter-mediated histone
modifications, including serotonylation, dopaminylation, and histaminylation, represent a compelling new paradigm by which neuronal
activity and environmental stimuli can induce lasting changes in gene expression. Aberrant histone modifications have been implicated
in the risk, symptomatology, and treatment response of psychiatric conditions such as depression, bipolar disorder, and schizophre-
nia. Furthermore, therapeutic strategies that target histone-modifying enzymes, most notably histone deacetylase inhibitors, are being
actively explored for their potential to restore epigenetic balance and improve clinical outcomes. A deeper understanding of the mech-
anistic diversity and disease specificity of histone modifications will be crucial for the development of precision epigenetic therapies in

psychiatry.
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1. Introduction

Histone modifications represent a key epigenetic
mechanism that dynamically regulate chromatin structure
and gene transcription without altering the underlying DNA
sequence. These modifications include acetylation, methy-
lation, phosphorylation, ubiquitination, crotonylation, and
serotonylation. They occur predominantly on the N-
terminal tails of histone proteins and are catalyzed by spe-
cific “writer”, “eraser”, and “reader” enzymes [1]. By al-
tering the accessibility of chromatin, histone modifications
play essential roles in fundamental biological processes
such as embryonic development [2], cell fate determination
[3], and tissue-specific gene regulation [4]. In the central
nervous system, they are particularly critical for processes
like synaptic plasticity [5], memory formation [6], and neu-
rogenesis [7].

With the expansion of epigenetics research in recent
years, the role of histone modifications in mental disorders
has attracted more attention [8]. As an important epige-
netic regulatory mechanism [9], histone modifications play
a crucial role in neural development and in the pathogenesis
of mental disorders by influencing chromatin structure and
gene expression [8]. Due to their central role in regulat-
ing gene expression, histone modifications have emerged
as highly promising therapeutic targets for the treatment
of mental disorders [10]. This paper reviews the research

progress of histone modifications in mental disorders, dis-
cusses their mechanisms of action in various psychiatric
conditions, and considers their role in understanding dis-
ease mechanisms and clinical variability. Future research
directions in this field are also presented.

2. Association Between Histone
Modifications and Mental Disorders

The main types of histone modifications include
methylation, acetylation, and phosphorylation. These can
alter chromatin structure and function, thereby affecting
gene transcription activity [11]. Zhang et al., (2021) [12]
provided a detailed review on the basic research and nomen-
clature of histones. Among these modifications, histone
acetylation is one of the most extensively studied. Acety-
lation increases the positive charge of histones, leading to a
more relaxed chromatin structure and consequently enhanc-
ing gene transcription efficiency [13]. Histone methylation
is another important modification, primarily occurring on
the lysine residues of histone H3 [14]. Methylation can
occur as mono-, di-, or tri-methylation, and different sites
and degrees of methylation exert distinct regulatory effects
on gene transcription [14—16]. For instance, H3K4me3 is
a hallmark of transcriptionally active promoters, facilitat-
ing the recruitment of RNA polymerase II and gene acti-
vation, whereas H3K9me2/3 and H3K27me3 are classical
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repressive marks that promote heterochromatin formation
and transcriptional silencing. In contrast, H3K36me3 and
H3K79me?2 are enriched within gene bodies and contribute
to transcriptional elongation and regulation of splicing. Hi-
stone phosphorylation occurs predominantly on the serine
residues of histone H3 [17] and can alter the affinity be-
tween histones and DNA, thereby affecting chromatin sta-
bility.

In psychiatric disorders, abnormal histone modifica-
tions act as key intermediates linking genetic predisposi-
tion to altered gene expression and clinical manifestations
(Fig. 1). Genetic polymorphisms, such as single nucleotide
polymorphisms (SNPs), can influence the expression or
activity of histone-modifying enzymes, thereby modulat-
ing epigenetic regulation. These enzymes, including his-
tone methyltransferases (HMTs) and histone deacetylases
(HDAC:S), shape chromatin accessibility by adding or re-
moving histone marks such as H3K27ac, H3K4me3, or
H3K9me3. When chromatin remodeling disrupts neuronal
gene transcription, it impairs synaptic plasticity and con-
nectivity, driving cognitive and mood disturbances. Ther-
apeutic agents such as HDAC inhibitors can help restore
balanced chromatin states and normalize gene expression.
For example, studies have shown that aberrant histone mod-
ifications in patients with schizophrenia are closely asso-
ciated with pathological processes such as neurodevelop-
mental disorders, abnormal neuronal connectivity, and cog-
nitive dysfunction [18]. In addition, altered levels of his-
tone methylation in the promoter regions of certain genes
have been observed in the brains of patients with depres-
sion. These changes may lead to aberrant gene expression,
which subsequently affecting neuronal plasticity and func-
tion, and are associated with the emergence of depressive
symptoms [19]. The role of histone modifications in vari-
ous mental disorders is receiving increasing attention, and
the following sections will present research progress on hi-
stone modifications in different mental disorders.

3. Schizophrenia

Schizophrenia is a complex neuropsychiatric disor-
der whose pathogenesis is influenced by both genetic and
environmental factors. In recent years, epigenetic studies
have revealed the important role of histone modifications
in the development and progression of schizophrenia (Ta-
ble 1, Ref. [20-25]). Histone modifications play a sig-
nificant role in the neurodevelopmental processes underly-
ing schizophrenia, and abnormal histone modifications can
lead to disruptions in neuronal differentiation, migration,
and synapse formation, thereby affecting normal brain de-
velopment and function [26,27]. Moreover, histone modi-
fications are linked to the dysregulation of neurotransmitter
systems in the brains of schizophrenia patients. Dysfunc-
tion of the dopamine system, for example, is closely asso-
ciated with changes in histone modifications [28].

Research into the epigenetic mechanisms of
schizophrenia has revealed complex alterations in hi-
stone acetylation [20-22]. Paternoster et al., (2021) [20]
demonstrated that central nervous system (CNS)-specific
inactivation of the schizophrenia-associated gene BRD1
in mice resulted in decreased acetylation of histone H3
at lysines 9, 14, and 18 (H3K9ac, H3K14ac, H3K18ac),
alongside increased histone H3 N-tail clipping. This
established a crucial role for BRD1 in maintaining normal
histone H3 acetylation levels in the brain, while linking
its deficiency to a specific histone hypoacetylation pro-
file. Conversely, Farrelly et al., (2022) [21] identified a
pattern of combinatorial hyperacetylation on the histone
variants H2A.Z and H4 in hiPSC-derived neurons from
schizophrenia patients, a finding validated in postmortem
human brain tissue. This study further characterized
BRD4, a bromodomain and extraterminal domain (BET)
family protein, as a direct “reader” of acetylated H2A.Z,
and showed that pharmacological inhibition of BET
proteins could rescue transcriptional deficits associated
with the disease. Adding another layer of complexity,
Martinez-Peula et al., (2024) [22] reported a global in-
crease in permissive histone marks, including H3K9ac,
H3K27ac, and H3K4me3, in the postmortem dorsolateral
prefrontal cortex of individuals with schizophrenia. This
hyperacetylation phenotype was linked to reduced HDAC
activity and lower HDAC4 protein expression and was
particularly pronounced in individuals with detectable
levels of antipsychotic medication at the time of death.
Collectively, these findings demonstrate that schizophrenia
involves a dysregulated histone acetylation landscape. This
includes both histone variant-specific hyperacetylation
(H2A.Z/H4) and residue-specific effects on H3 that can be
either hypo- or hyper-acetylated, likely depending on the
genetic background, brain region, and medication status.

Emerging evidence firmly establishes aberrant his-
tone methylation as a critical epigenetic mechanism con-
tributing to schizophrenia and shaping gene expression
programs involved in neurodevelopment, synaptic signal-
ing, and stress response [23,24,29,30]. A seminal study
by Chase et al., (2013) [23] was the first to demonstrate
a hyper-restrictive epigenomic landscape in schizophre-
nia. This was marked by elevated expression of the hi-
stone methyltransferases (HMTs) G9a-like protein (GLP)
and SET-domain, bifurcated 1 (SETDB1), along with in-
creased global levels of the repressive mark H3K9me2
in both postmortem parietal cortex and peripheral lym-
phocytes. Building on this foundation, Li et al., (2023)
[30] uncovered a precise gene-regulatory mechanism in
which SETDBI, via H3K9me3, represses the endogenous
retroelement RMER21B. Loss of SETDB1 derepresses this
element, enabling it to act as a distal enhancer for the
Htr3a gene through chromatin looping. This increased en-
hancer activity leads to the hyperdevelopment and hyper-
excitability of Htr3a-positive GABAergic interneurons, re-

&% IMR Press


https://www.imrpress.com

Novel Histone Modifications

) Epigenetic enzyme regulation
H3Q5ser, H3Q5dop, H3Q5his

(e.g. HMTs, HDACs)

Genetic Polymorphism

Histone

Modifications Psychiatric

Disorders

Chromatin structure
(e.g. promoter/enhancer

openness) Neuronal network dysfunction

M (e.g. synaptic dysfunction,

neurotransmitter imbalance)
Gene expression
(e.g. BDNF, RELN)

Symptoms
Treatment Response

Fig. 1. Crosstalk among histone modifications, genetic variation, and psychiatric disorders. This schematic illustrates the multi-

Therapeutic targeting
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layered interactions that link genetic polymorphisms, histone modifications, and psychiatric pathophysiology. Canonical and novel
histone modifications such as serotonylation (H3Q5ser), dopaminylation (H3Q5dop), and histaminylation (H3Q5his) can modulate chro-
matin structure, accessibility of promoters/enhancers, and the transcriptional activity of neuronal genes (e.g., BDNF, RELN). Genetic
variants influence the expression and activity of epigenetic enzymes (e.g., HMTs, HDACs), thereby affecting individual vulnerability
to psychiatric disorders. Dysregulated gene expression contributes to neuronal network dysfunction, synaptic dysregulation, and neuro-
transmitter imbalance, which manifest as core symptoms of schizophrenia, bipolar disorder, and depression. Therapeutic interventions
such as HDAC inhibitors act to restore chromatin balance and normalize transcriptional output, leading to improved clinical symptoms
and treatment response. BDNF, brain-derived neurotrophic factor; RELN, Reelin; HMTs, histone methyltransferases; HDACs, histone

deacetylases.

sulting in anxiety- and depression-like behaviors in mice.
Such phenotypes are commonly comorbid with schizophre-
nia. This work provides a direct mechanistic link be-
tween HMT activity, specific neuronal subtypes, and be-
havioral phenotypes. Adding further nuance, Brocos-
Mosquera et al., (2021) [24] identified promoter-specific
histone methylation changes in two noradrenergic genes,
ADRA2A and ADRA2C, in the dorsolateral prefrontal cortex
of schizophrenia patients. Notably, the ADRA2A4 promoter
exhibited a bivalent chromatin state, marked by concurrent
enrichment of both H3K4me3 (activating) and H3K27me3
(repressive) modifications. This poised state may underlie
the context-dependent upregulation of ADRA2A4A mRNA ob-
served in patients exposed to antipsychotic medication, po-
tentially facilitated by a concomitant increase in H4K 16ac,
which is a permissive acetylation mark. Lastly, Rahman
and McGowan (2022) [29] emphasized the developmental
origins of histone methylation disturbances by reviewing
how early life stress (ELS) induces cell-type-specific his-
tone modification patterns in neurons and glia. ELS-driven
epigenetic reprogramming, including changes in H3K4me3
and H3K27me3, may “prime” the brain toward greater vul-
nerability to schizophrenia and other psychiatric conditions
later in life.
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Aberrantly increased histone phosphorylation in
schizophrenia has been implicated in chromatin instabil-
ity and dysregulated gene expression. Notably, phospho-
rylation of histone H3 at serine 10 (H3S10ph) is markedly
elevated in patients with schizophrenia [25]. This modi-
fication is typically associated with chromatin relaxation
and transcriptional activation. It may reduce histone-DNA
affinity, thereby enhancing the accessibility of regulatory
regions. The observed increase in H3S10ph likely re-
flects aberrant activation of upstream signaling pathways
that are responsive to cytokine and neurotransmitter signal-
ing, including mitogen-activated protein kinase (MAPK),
Janus kinase-signal transducer and activator of transcription
(JAK-STAT), and nuclear factor-xB (NF-xB) cascades.

In addition to the classical histone modifications,
emerging non-canonical modifications, such as serotony-
lation, lactylation, and dopaminylation, have attracted in-
creasing attention for their potential roles in the pathogene-
sis of schizophrenia [18]. These neurotransmitter-derived
or metabolite-driven histone marks act as integrators of
neuronal signaling and chromatin regulation. We provide
a dedicated section below (“Novel Histone Modifications
Mediated by Neurotransmitters™) to review these findings
in detail, including specific modification sites (e.g., H3Q5),
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functional consequences, and their relevance to psychiatric
phenotypes.

Overall, histone modifications influence the patholog-
ical processes of schizophrenia through multiple mecha-
nisms, including alteration of chromatin structure, regula-
tion of gene transcription, and by affecting the synthesis
and release of neurotransmitters. These abnormal modifi-
cations are closely related to the clinical manifestations of
schizophrenia and provide potential targets for developing
new therapeutic strategies. Future research will further elu-
cidate the specific mechanisms by which histone modifica-
tions contribute to schizophrenia, offering new insights and
approaches for clinical diagnosis and treatment.

4. Bipolar Disorder

Bipolar disorder (BD) is a chronic, disabling condi-
tion characterized by alternating mood episodes, including
depressive and manic/hypomanic phases [31]. The clear
influence of environmental factors, the clinical variabil-
ity between manic and depressive episodes that may lead
to the identification of state and trait biomarkers, and the
known effects of mood stabilizers on the epigenome lay the
groundwork for epigenetic research in BD [32]. Compared
with schizophrenia, the studies to date on histone modifica-
tions in BD have been relatively limited and have primarily
focused on the mechanisms involving histone acetylation
(Table 2, Ref. [33-35]).

Although evidence for altered histone acetylation in
BD is starting to emerge, there is still a scarcity of lo-
cus-level, cell type-specific ChIP-seq data. Tang et al.,
(2011) [33] examined postmortem prefrontal cortical tis-
sue from individuals with BD, schizophrenia (SCZ), and
healthy controls, focusing on acetylation of histone H3 at
lysines 9 and 14 (H3K9/K14ac). These marks are typically
associated with open chromatin and active transcription.
The levels of promoter-associated H3K9/K14ac in BD pa-
tients showed a significant age-dependent decline, mirror-
ing the pattern observed in healthy individuals. In contrast,
SCZ samples showed low H3K9/K 14ac levels from an early
age that persisted with aging, suggesting an early-onset and
static hypoacetylation profile unique to SCZ. Complement-
ing these findings, Rao et al., (2012) [34] reported signif-
icantly higher levels of global histone H3 acetylation lev-
els in the frontal cortex of BD patients compared to age-
matched controls. Notably, this increase was specific to
BD and was not found in patients with Alzheimer’s disease
(AD) [34]. The acetylation changes co-occurred with in-
creased H3 phosphorylation (H3S10ph) and global DNA
hypermethylation, suggesting coordinated epigenetic dys-
regulation.

A major advancement in our understanding of histone
modifications in BD comes from the large-scale integra-
tive epigenomic study by Girdhar et al. (2022) [35]. This
postmortem study mapped nucleosomal histone acetylation
landscapes in the adult prefrontal cortex of 388 controls

and 351 individuals diagnosed with schizophrenia or BD
[35]. The authors identified thousands of cis-regulatory do-
mains (CRDs) and clusters of co-modified chromatin seg-
ments. They also found clusters of hyperacetylated CRDs
that were shared between SCZ and BD. These regions were
enriched for regulatory elements involved in fetal neurode-
velopment and glutamatergic signaling, suggesting conver-
gent disruption of neurodevelopmental transcriptional pro-
grams. Notably, SCZ showed significant enrichment of ge-
netic risk loci within these hyperacetylated CRDs, implying
that H3K27ac dysregulation in SCZ may be driven primar-
ily by genetically encoded mechanisms that perturb chro-
matin architecture and gene regulation.

Valproic acid (VPA) is a widely prescribed mood sta-
bilizer for BD that acts partially through direct epigenetic
modulation [36,37]. Seminal studies by Phiel et al. (2001)
[36] and Géttlicher et al., (2001) [37] first identified VPA
as a direct inhibitor of HDACs. VPA was shown to in-
duce global hyperacetylation of histones H3 and H4, re-
sulting in a more relaxed chromatin configuration and en-
hanced transcription of genes implicated in neuroplastic-
ity, neuronal differentiation, and mood regulation. These
preclinical findings were extended in vivo by Tseng et al.,
(2020) [38], who utilized [*'C] Martinostat positron emis-
sion tomography (PET) to quantify HDAC expression in
the living human brain. Their study revealed significantly
reduced HDAC binding in the right amygdala of individu-
als with BD compared to healthy controls, with additional
exploratory reductions observed in the bilateral thalamus,
orbitofrontal cortex, and right hippocampus. Importantly,
decreased HDAC expression in fronto-limbic regions was
associated with emotional dysregulation and attentional im-
pairments, two core symptom domains of BD.

These findings suggest that altered HDAC levels in
BD may reflect compensatory epigenetic adaptations to
chronic affective instability, cumulative medication expo-
sure, or underlying disease mechanisms. They further high-
light regional HDAC dysregulation as a promising molec-
ular biomarker for symptom dimensions in BD.

5. Depression

Depression is a common psychiatric disorder with a
complex pathogenesis involving the interaction of multiple
biological and environmental factors [39]. Histone mod-
ifications have been shown to play an important role in
the development and progression of depression [19,40]. In
particular, histone acetylation can affect neuronal plastic-
ity and function. Altered levels of histone acetylation in
certain brain regions of depressed patients may be associ-
ated with neuronal atrophy and dysfunction. Furthermore,
modifications to histone methylation also play a crucial role
in depression. For example, Cruceanu et al., (2013) [41]
showed that aberrant modifications such as H3K4me3 are
closely linked to dysfunctions in the neurotransmitter sys-
tems within the depressed brain.
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Table 1. Histone modifications in Schizophrenia.

Histone Modi- Specific Site(s) Direction of Change in Proposed Mechanism Reported in Other Reference

fication Schizophrenia Disorders?

Acetylation Histone H3 Acetylation: H3K9ac, Decreased (in Brdl CNS-specific knockout of the BRDI gene impairs its scaffold function and associ- No Paternoster et al.,
H3K14ac, H3K18ac knockout mouse brain) ated histone acetyltransferase complex activity. BRDI depletion leads to increased 2021 [20]

Acetylation Histone H3 N-tail Clipping Increased (in  Brdl proteolytic cleavage of the histone H3 N-terminal tail, although the upstream mec-

knockout mouse brain) hanism is unclear.

Acetylation Histone = H2A.Z  Acetylation: Increased Combinatorial hyperacetylation was identified on histone variants H2A.Z and H4 Cancer Farrelly et al., 20-
combinatorial acetylation in patient-derived neurons. The BET family protein BRD4 is characterized as a bo- 22 [21]
(H2A.Z.1/2K4acK7acK11ac) na fide “reader” of H2A.Zac, and its inhibition ameliorates gene expression abnor-

Acetylation Histone H4 Acetylation: com- Increased malities.
binatorial H4 acetylation
(H4KS5acK8acK 16ac)

Acetylation Histone H3 Acetylation: H3K9ac, Increased Global reduction in histone deacetylase activity accompanied by decreased HDAC No Martinez-Peula et
H3K27ac activity and decreased HDAC4 protein expression. al., 2024 [22]

Methylation Histone H3 Methylation: H3K4me3 Increased

Methylation H3K9me2: Global (Parietal Cortex) Increased Forms a restrictive chromatin state, contributing to widespread transcriptional down- Huntington’s Dis- Chase et al.,

regulation; correlated with increased HMT expression (GLP, SETDB1). ease 2013 [23]

Methylation H3K4me3: ADRA2A promoter Increased In the dorsolateral prefrontal cortex of individuals with schizophrenia, ADRA24 an-

Methylation H3K27me3: ADRA2A promoter Increased d ADRA2C gene expression is regulated by a combination of bivalent chromatin m- .

. K T . Aging, Cancer, A- Brocos-Mosquera
Methylation H3K27me3: ADRA2C promoter Increased arks, the coexistence of the activating H3K4me3 and the repressive H3K27me3, to- utism etal. 2021 [24]
Acetylation H3K9ac: ADRA2C promoter Increased gether with H4K16ac. Antipsychotic treatment appears to enhance H4K16ac, there-

Acetylation H4K5ac: ADRA2C promoter Increased by promoting ADRA2A transcription. These findings suggest an interactive regulat-

ory mechanism linking drug exposure, epigenetic modulation, and gene-expression
changes in schizophrenia.
Phosphorylation H3S10 Increased Aberrant activation of MAPK, JAK-STAT, and NF-«B signaling pathways (via cy- No Sharma et al.,

tokine, stress, or neurotransmitter input) leads to increased histone H3 serine 10
phosphorylation, associated with open chromatin and active transcription; potentially
contributes to dysregulated gene expression in SCZ PBMCs.

2015 [25]

BET, bromodomain and extraterminal domain; CNS, central nervous system; HDAC, histone deacetylase; Brd1, bromodomain containing 1; HMT, histone methyltransferase; GLP, G9a-like protein; SETDBI,
SET-domain, bifurcated 1; ADRA2A, adrenoceptor alpha 2A; ADRA2C, adrenoceptor alpha 2C; SCZ, schizophrenia; MAPK, mitogen-activated protein kinase; JAK-STAT, Janus kinase-signal transducer and
activator of transcription; NF-xB, nuclear factor-«B; PBMCs, peripheral blood mononuclear cells.
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Table 2. Histone modifications in BD.

Histone Modifi-

cation

Specific Site(s)

Direction of Change
in BD

Proposed Mechanism

Reported in Other

Disorders?

Reference

Acetylation
Acetylation

Phosphorylation

Chromatin orga-

nization

H3K9%ac, H3K 14ac

Genome-wide H3

Genome-wide H3

3D Genome Archi-

tecture

Decreased (at GAD1
promoter)
Increased

Increased

Increased/Decreased

Transcriptional repression of key neuronal genes (e.g., GAD1).

Schizophrenia

Tang et al., 2011 [33]

Histone H3 hyperacetylation and phosphorylation may create an overly permissive

chromatin environment, enhancing neuroinflammatory and stress-response gene e-

xpression, while promoter-specific hypermethylation of synaptic and plasticity-rel-

ated genes (e.g., BDNF') reduces their transcription.

BD may involve epigenetic remodeling of enhancer acetylation landscapes

(H3K27ac) in cortical neurons, driving large-scale chromatin reorganization and

transcriptional misregulation, distinct from the more genetically anchored methy-

lation changes seen in schizophrenia.

Alzheimer’s Disease

Schizophrenia

Rao et al., 2012 [34]

Girdhar et al., 2022 [35]

BD, Bipolar disorder; BDNF, brain-derived neurotrophic factor; GAD1, glutamate decarboxylase 1.

Table 3. Histone modifications in Depression.

Histone Mod-  Specific Site(s) Direction of Change in Depression Proposed Mechanism Reported in Other Reference
ification Disorders?
Methylation H3K4me3: SYN2 promoter Increased Increased H3K4me3 at SYN2 promoter correlates with SYN2a  Bipolar Disorder Cruceanu et al., 2013
(in BD) and SYN2b (in MDD) overexpression; suggests epi- [41]
genetic upregulation of synapsin genes in mood disorders.
Methylation H3K4me3: GDNF promoter  Decreased (in CUMS mice) Decreased H3K4me3 at GDNF' promoter leads to decrease  No Uchida et al., 2011 [42]
GDNF expression; GDNF is involved in neuroprotection and
plasticity, linked to depressive-like behaviors in chronic stress
model.
Methylation H3K9me3: RMER21B retro- Decreased (in Setdb1-NS-cKO mice) Loss of SETDBI1 reduces H3K9me3, derepressing the Implicated in affec- Lietal., 2023 [30]
transposon at Htr3a locus RMER21B enhancer, which loops to the Htr3a promoter to  tive disorders
drive its expression and alter interneuron development.
Methylation H3K9me2: CaMKlla pro- Increased (in CSDS mice) Epigenetic suppression of CaMKlIl« via increased H3K9me2;  Schizophrenia Robison et al., 2014 [43]
moter (NAc) fluoxetine induces repressive chromatin state that reduces

CaMKIl« expression.
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Table 3. Continued.

Histone Mod-  Specific Site(s) Direction of Change in Depression Proposed Mechanism Reported in Other Reference
ification Disorders?
Methylation H3K27me3: RACI promoter  Increased (in CSDS mice) Chronic social stress increases H3K27me3 and decreased No Golden et al., 2013 [44]
& upstream (NAc) Racl expression to promotes social avoidance; reversed by
HDAC inhibitor (MS-275).
Methylation H3K9me3 Increased (in CK-Setdbl mice) Overexpression of SETDBI1 in forebrain neurons induces  Bipolar affec- Jiang et al., 2010 [45]
H3K9 trimethylation at NR2B, promoting repressive chro- tive disorder and
matin looping and downregulating NR2B expression. This  schizophrenia
alters NMDA receptor subunit composition, leading to
antidepressant-like behavior through reduced excitatory sig-
naling and altered synaptic plasticity.
Methylation H3K9me2: Genome-wide  Decreased after cocaine; mimics stress  Cocaine reduces G9a-mediated H3K9me?2, enhancing BDNF-  Cocaine addiction Covington et al., 2011
(mouse NAc) vulnerability TrkB-CREB signaling and promoting susceptibility to social [46]
defeat stress.
Methylation H3K27me3: PFC & hip- Decreased (in CSDS mice) IJMJD3 demethylates repressive H3K27me3 mark, potentially = Mood disorders Wang et al., 2018 [47]
pocampus derepressing cytokine genes in response to early adolescent
stress.
Acetylation H3K9/14ac, H3K18ac, H3K9/14ac, H3K18ac, H4K5/8/12/16ac  Altered histone acetylation in stress-sensitive brain regions No Kenworthy et al., 2014
H4K5/8/12/16ac increased in DR, mPFC, vHPC for non-  (e.g., DR, mPFC, vHPC) correlates with behavioral suscep- [48]
resilient rats; Decreased H4K8ac for both tibility to chronic social defeat stress.
resilient and non-resilient rats
Acetylation H3ac, H3 phosphoacetyla- Increased H3 and H4 acetyla- ECS induces chromatin remodeling at activity-dependent No Tsankova et al., 2004
tion, H4ac (promoters of c-  tion/phosphoacetylation  after =~ ECS; gene promoters, enhancing transcription of neuroplasticity- [49]
fos, BDNF, CREB) sustained H3ac at BDNF P3/P4 promoters  related genes such as BDNF and CREB, which may underlie
linked to chronic upregulation its antidepressant efficacy.
Acetylation H3K9ac, H4K 12ac Dynamic shift from early hypoacetylation ~SD induces time-dependent chromatin remodeling in  Addiction Montagud-Romero et al.,

to later hyperacetylation/methylation fol-
lowing repeated social defeat

hippocampus—initial transcriptional repression followed by
activation of plasticity and reward-related genes, enhancing
vulnerability to cocaine reward; Increased HAT and de-
creased HDAC contribute to altered chromatin accessibility.

2016 [50]
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Table 3. Continued.

Histone Mod-  Specific Site(s) Direction of Change in Depression Proposed Mechanism Reported in Other Reference
ification Disorders?
Deacetylation ~ Hdac2 expression Increased Hdac2 in NAc from stress- No No Krishnan et al., 2007 [51]
susceptible mice
Deacetylation ~ Global histone acetylation HDAC inhibition (MS-275, sodium bu- HDAC inhibitors promote gene expression via increased his-  No Covington et al., 2009
(NAc) tyrate); Increased histone acetylation; De-  tone acetylation in nucleus accumbens, producing antidepres- [52]
creased depressive-like behaviors sant effects.
Deacetylation ~ HDACS (Class I HDAC) Decreased HDACS nuclear localization in ~ Chronic stress reduces HDACS function (cytoplasmic reten-  Chronic, not acute, Renthal ez al., 2007 [53]
stress; Increased HDACS nuclear accu-  tion), leading to stress-sensitive gene expression; imipramine  cocaine or stress.
mulation after imipramine restores nuclear HDACS to suppress maladaptive transcrip-
tion.
Deacetylation ~ SIRTI gene (Class III  GWAS: SNPs in SIRTI associated with ~ SIRT1 regulates chromatin structure and neurotrophic signal- ~ Metabolism CONVERGE Consor-
HDACs) MDD in Han Chinese females ing; implicated in both genetic risk and stress response path- tium, 2015 [54]
ways in depression.
Deacetylation ~ SIRT1-BDNF signaling  Increased SIRT1 activation; Increased SIRTI enhances BDNF transcription via Nrf2 signaling path-  No Yao et al., 2021 [55]
(PFC, Hippocampus) BDNF expression; mimics antidepressant ~ way, mediating neuroplastic and behavioral resilience to
effects stress.
Crotonylation =~ H3  crotonylation  (e.g., Decreased in medial prefrontal cortex of  Upregulation of CDYL reduces histone crotonylation and in-  No Liu et al., 2019 [56]

H3K9cr, H3K18cr in mPFC)

stress-susceptible mice

creases H3K27me3 at the VGF promoter, repressing tran-
scription and impairing synaptic plasticity and mood regula-

tion.

DR, dorsal raphe; GWAS, genome-wide association studies; MDD, major depressive disorder; CDYL, chromodomain Y-like protein; CUMS, chronic unpredictable mild stress; CSDS, chronic social defeat
stress; NMDA, N-methyl-D-aspartate; TrkB, tropomyosin receptor kinase B; PFC, prefrontal cortex; NR2B, N-methyl-D-aspartate receptor 2B subunit, CSDS, chronic social defeat stress; ECS, electroconvulsive
stimulation; SNP, single nucleotide polymorphisms; VGF, nerve growth factor inducible; CREB, cAMP-response element-binding protein; Nrf2, nuclear factor erythroid 2-related factor 2; HDACS, histone

Ss3id NI

deacetylase 5; NAc, nucleus accumbens.
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Research on histone methylation in depression has
already yielded some findings (Table 3, Ref. [30,41-
56]). H3K4me3 is one of the most characteristic histone
modifications and is associated with activation of gene
transcription, whereas other forms such as H3K9me2 and
H3K27me3 act to repress gene transcription [57]. Studies
on the role of H3K4me3 in depression have mainly focused
on the Synapsin 1 and the GDNF genes. Cruceanu et al.,
(2013) [41] reported significant enrichment of H3K4me3
at the promoter of Synapsin II (SYN2) in postmortem brain
samples from individuals with BD and major depressive
disorder (MDD). This enrichment was positively correlated
with increased expression of the disease-specific transcript
isoforms, SYN2a in BD, and SYN2b in MDD, suggesting
isoform-specific epigenetic regulation of synaptic genes via
H3K4me3. In contrast, no such consistent correlation was
observed at the SYN1 promoter, highlighting a potentially
unique role for SYN2 regulation in affective disorders. In
mice exposed to chronic unpredictable mild stress (CUMS),
a reduced level of H3K4me3 in the GDNF gene promoter
led to decreased GDNF expression, indicating that histone
modifications play a key role in behavioral responses to
chronic stress [42]. An increased level of H3K9me?2 in the
promoter region of the CaMKIla gene has been reported
to inhibit CaMKII« expression in depressed patients and in
mice treated with antidepressant [43]. Moreover, enhanced
H3K27me3 in the promoter region of the RACI gene in
the nucleus accumbens (NAc) of mice subjected to chronic
social defeat stress (CSDS) was associated with reduced
RACI1 expression [44].

Histone methyltransferases (HMTs) also play impor-
tant roles in depression. SETDBI, a histone methyltrans-
ferase, has been implicated in H3K9me3-mediated gene re-
pression and has emerged as a key modulator of mood-
related behavior. Jiang et al., (2010) [45] demonstrated
that enhanced Setdbl expression in forebrain neurons pro-
duced antidepressant-like effects in mice, including re-
duced behavioral despair in the tail suspension and forced
swim tests. More recently, SETDB1 was found to reg-
ulate the development of Htr3a-positive interneurons in
the cortex, which are essential for proper emotion regu-
lation. Furthermore, Setdbl haploinsufficiency led to en-
hanced depression- and anxiety-like phenotypes in both
male and female mice [30]. G9a (EHMT2) is a lysine
methyltransferase that catalyzes the repressive epigenetic
mark H3K9me2 and has been shown to play a central role
in mood regulation. In a seminal study, Covington et al.,
(2011) [46] demonstrated that chronic cocaine exposure
followed by social defeat stress (SDS) in mice led to de-
creased G9a expression and reduced H3K9me2 levels in
NAc, a brain region central to reward and affect regula-
tion. Liu et al., (2019) [58] demonstrated that genetic dele-
tion of PRMT1, a key protein arginine methyltransferase,
ameliorated depressive-like behaviors in mice. This behav-
ioral resilience was accompanied by upregulated expres-
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sion of brain-derived neurotrophic factor (BDNF) and post-
synaptic density protein 95 (PSD95) in the hippocampus
and prefrontal cortex, indicating that PRMT1-mediated hi-
stone arginine methylation may repress synaptic plasticity—
related gene expression under stress conditions [58]. In a
complementary study, Wang et al., (2018) [47] reported
that CUMS exposure in adolescent rats led to upregulation
of the H3K27me3-specific demethylase JMJD3 in both the
prefrontal cortex and hippocampus, resulting in global re-
duction of the repressive H3K27me3 mark.

Histone acetylation is also critically involved in de-
pression. Studies by Tsankova ef al. [49,59] demonstrated
that histone acetylation was associated with the depressive
state in a mouse model of depression induced by CSDS.
Treatment with the antidepressant imipramine effectively
induced histone acetylation to alleviate depression. Specif-
ically, expression of the BDNF gene was suppressed in
the hippocampus of depressed mice. However, imipramine
treatment increased H3 acetylation in the BDNF promoter
region, leading to upregulated BDNF expression. More-
over, RACI1 gene expression decreased following CSDS,
which was linked to reduced H3 acetylation in its promoter
region. Research by Kenworthy et al. [48] and Montagud-
Romero et al. [50] found reduced levels of H3K9ac,
H3K14ac, H4K5ac, H4K8ac, H4K12ac, and H4K16ac in
the dorsal raphe (DR) and hippocampus of mice following
SDS, whereas the acetylation levels of H4K 12 and H3K 14
increased 15 or 21 days after the stress exposure.

The role of HDACs in depression has also been ex-
tensively studied. Human HDAC:s are classified into four
classes: Class [ (HDACI, 2, 3, 8), Class I (HDAC4, 5, 6, 7,
9, 10), Class III (SIRTs), and Class IV (HDAC11). Among
them, Class I and Class II HDACs are the most critical in
regulating depression [19]. The NAc is a core brain region
involved in reward and mood. Stress susceptibility was as-
sociated with increased HDAC?2 expression and decreased
histone acetylation following SDS, while antidepressant
treatment reduced HDAC2 levels and restored acetyla-
tion of histone H3 at lysines 14 and 27 [51,52]. Histone
deacetylase 5 (HDACS), a Class II member, was shown
to accumulate in the nucleus upon chronic imipramine
treatment, leading to the suppression of stress-responsive
genes and promotion of resilience. Conversely, HDACS-
deficient mice exhibit increased sensitivity to chronic emo-
tional stress and impaired behavioral adaptation [53]. Be-
yond central expression, genome-wide association studies
(GWAS) have identified SNPs within the SIRTI gene, a
Class III HDAC, as significantly associated with MDD
in Han Chinese females, implicating SIRT1-mediated hi-
stone and metabolic regulation in the risk of depression
[54]. Experimental studies further revealed that activation
of SIRT1 enhances BDNF expression and mediates the an-
tidepressant effects of nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) agonists, suggesting an epigenetic-metabolic
bridge in MDD pathophysiology [55]. HDACI has also
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emerged as a stress-responsive factor in peripheral systems.
Although primarily studied in regard to endothelial func-
tion, HDACI is recognized as a potential environmental
sensor that may influence stress-induced behavioral phe-
notypes through vascular or immune-related mechanisms
[60]. These findings indicate that both histone acetylation
and HDAC:s play significant roles in the pathogenesis of de-
pression, offering potential targets for the development of
new therapeutic strategies.

Recent evidence has identified chromodomain Y-like
protein (CDYL) as a key regulator of histone crotonyla-
tion in stress-induced depression [56]. Liu et al., (2019)
[56] reported that chronic social defeat stress leads to in-
creased CDYL expression and concomitant reductions in
histone crotonylation levels in the medial prefrontal cortex
of depressed mice. Although these changes correlate with
depressive-like behaviors, causality remains to be fully es-
tablished. Nevertheless, mechanistic experiments indicate
that CDYL can repress the transcription of neuropeptide
genes such as nerve growth factor inducible (VGF) by re-
ducing histone crotonylation and increasing H3K27me3 at
their promoters, thereby linking environmental stress to epi-
genetic modulation of mood-related pathways.

In summary, research into the mechanisms of his-
tone modification in psychiatric disorders is providing new
perspectives for understanding the molecular pathology of
these conditions and for exploring effective, mechanism-
based therapeutic targets.

6. Emerging Modifications and Technologies

6.1 Novel Histone Modifications Mediated by
Neurotransmitters

Neurotransmitter-mediated histone modifications are
a recently discovered and groundbreaking category of hi-
stone post-translational modifications. These directly link
brain signaling molecules to chromatin regulation, thus pro-
viding a new framework for understanding how neuronal
activity and environmental cues shape gene expression.
As mentioned above, one of the earliest and most studied
forms is histone serotonylation [61—63], in whereby sero-
tonin is covalently attached to the glutamine 5 residue on
histone H3 (H3Q5ser) [64] by transglutaminase 2 (TGM?2)
[65]. This modification often co-occurs with H3K4me3, a
marker of active promoters, and has been shown to facilitate
transcription initiation in serotonergic neurons [66]. Simi-
larly, dopaminylation, the covalent addition of dopamine
to H3Q5 (H3Q5dop), has been identified in dopaminergic
neurons of the ventral tegmental area [67], as well as in non-
dopaminergic regions such as the NAc [68]. This modifi-
cation plays a key role in regulating gene expression pro-
grams involved in reward processing, addiction, and be-
havioral plasticity, particularly in response to cocaine expo-
sure [67,69]. Importantly, the dysregulation of dopamine-
linked histone marks such as H3Q5dop may extend beyond
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addiction to psychiatric disorders that are characterized by
dopaminergic imbalance. For example, aberrant dopamin-
ergic signaling in the ventral tegmental area (VTA)-NAc
circuit is a well-established feature of anhedonia and mo-
tivational deficits in depression. Another neurotransmitter-
derived modification is histaminylation (H3Q5his), which
is found in the hypothalamus and is implicated in circadian
rhythms [70]. These modifications demonstrate that neuro-
transmitters function not only as synaptic messengers but
also as epigenetic modifiers, bridging extracellular signals
with chromatin-based transcriptional regulation and offer-
ing novel insights into the neuroepigenetic landscape.

6.2 Advances in Single-Cell and Spatial Epigenomics

The development of single-cell epigenomic technolo-
gies has revolutionized our understanding of histone mod-
ifications in heterogeneous brain tissues. Tools such as:
scCUT&Tag (single-cell cleavage under targets and tag-
mentation) [71] and scChIP-seq [72] allow the profiling
of histone modifications with single-cell resolution, reveal-
ing cell type-specific chromatin landscapes in both healthy
and diseased brains [73]. Furthermore, spatial epigenomics
platforms that combine chromatin profiling with tissue
imaging, enable the localization of histone modifications
within intact brain structures [74]. Emerging computa-
tional frameworks can now integrate histone modification
maps with transcriptomics, chromatin conformation (Hi-C),
DNA methylation, and even proteomics to identify regu-
latory circuits underlying mental illness. Machine learn-
ing methods, including SHAP-enhanced feature selection
and deep chromatin state prediction [75], are increasingly
applied to prioritize functional epigenetic biomarkers and
therapeutic targets.

Together, these advances underscore a new paradigm
in neuroepigenetics, where neurotransmitters not only mod-
ulate behavior but also write epigenetic memory into
the genome. By leveraging innovative technologies, re-
searchers are now poised to elucidate in detail how specific
histone modifications contribute to disease risk, symptom
heterogeneity, and treatment response at unprecedented res-
olution [76].

6.3 Histone Modifications as Therapeutic Targets for
Mental Disorders

The critical role of histone modifications in mental
disorders has made them a focal point in the develop-
ment of therapeutic strategies [10]. Among these, HDACs
and modifiers of histone methylation have emerged as key
molecular targets. HDAC inhibitors (HDACI) exert an-
tidepressant and anxiolytic effects primarily by increas-
ing histone acetylation to enhance chromatin accessibility
and promote the expression of neuroplasticity-related genes
[77,78]. Mechanistically, HDACi neutralize the positive
charges on histone tails, thus weakening histone-DNA in-
teractions and relaxing chromatin structure. This facilitates
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the transcriptional activation of genes that are critical for
neuronal function. For example, studies have shown that
HDAC:I can increase the expression of BDNF [79], a key
molecule involved in neuronal survival, differentiation, and
plasticity [80]. The resulting upregulation of BDNF leads
to the alleviation of depressive and anxiety symptoms.

Therapeutic approaches that target modifications to
histone methylation are also being explored. Abnormal
methylation can be rectified by modulating the activity of
HMTs or demethylases. For instance, some studies have
found that adjusting histone H3K4 methylation can affect
gene expression. H3K4 methylation is generally associated
with gene activation, whereas H3K9 methylation is linked
to gene repression [81,82]. By modulating these methy-
lation marks, aberrant gene expression can be corrected,
thereby improving the symptoms of mental disorders.

Future research should aim to explore in further de-
tail the specific mechanisms by which histone modifica-
tions contribute to various mental disorders, and how tar-
geting such modulations could lead to precise treatment ap-
proaches. This should ultimately lead to more effective
therapeutic strategies, thus improving patients’ quality of
life.

7. Challenges and Future Perspectives

The mechanisms by which histone modifications in-
fluence mental disorders are complex and multifaceted, in-
volving neural development, neurotransmitter regulation,
and neuronal plasticity [8]. With ongoing research ad-
vances, histone modifications hold promise not only as di-
agnostic markers but also as therapeutic targets for mental
disorders.

However, despite promising evidence implicating the
role of histone modifications in the pathophysiology of
mental disorders, the field continues to face critical method-
ological and interpretative challenges that limit the robust-
ness and generalizability of current findings.

One prominent example is the inconsistent direction-
ality of H3K4me3 changes across studies and disorders.
H3K4me3 is a classical transcriptionally permissive mark
that has been reported to increase in the prefrontal cortex of
individuals with MDD in some postmortem studies, con-
sistent with upregulation of stress-responsive genes. How-
ever, other studies using a rodent CSDS model observed
region-specific reductions in H3K4me3, particularly in the
hippocampus and NAc. These were associated with behav-
ioral despair and social avoidance phenotypes. Results are
similarly mixed with regard to schizophrenia. Some hu-
man postmortem analyses reported widespread reductions
of H3K4me3 in promoter regions of synaptic and gluta-
matergic genes, whereas others found increased H3K4me3
occupancy at pro-inflammatory gene loci. The divergent
findings suggest that several factors may strongly mod-
ulate the pattern and consequences of H3K4me3 alter-

&% IMR Press

ations, including cell-type specificity, brain region, devel-
opmental stage, and disease subtype. Moreover, dynamic
H3K4me3 changes may occur during different phases of
disease progression or treatment response, which is rarely
considered in cross-sectional designs. These contradic-
tory findings highlight the need for precise, high-resolution
approaches—such as ChIP-seq in sorted cell populations,
single-nucleus epigenomics, and CUT&Tag methods—to
resolve whether H3K4me3 alterations are disease drivers,
consequences, or compensatory mechanisms.

Second, many studies rely on postmortem human
brain tissue, which is subject to confounding factors such as
cause of death, agonal state, medication history, and post-
mortem interval, all of which can alter the histone marks.
Moreover, cell-type heterogeneity in bulk tissue analyses
can obscure neuron- or glia-specific epigenetic dynamics.
While some recent work incorporates single-cell or cell-
sorted epigenomics, such approaches remain technically
demanding and limited in scale.

Third, significant translational gaps exist between ro-
dent models and human depression. Rodent models (e.g.,
chronic social defeat stress, learned helplessness) capture
only select facets of depressive phenotypes and do not
fully recapitulate the heterogeneity observed in human pa-
tients. Additionally, sex-specific and developmental-stage-
specific epigenetic regulation is often overlooked, despite
growing evidence of their relevance in determining vulner-
ability to psychiatric disease.

Finally, the relative strength of evidence varies widely
across histone marks and disorders. For example, his-
tone acetylation and HDAC inhibition are supported by
robust preclinical and pharmacological data in depression
and anxiety, whereas the roles of newer modifications such
as crotonylation or serotonylation remain preliminary and
largely correlative.

Future studies should further elucidate the specific
roles of histone modifications in different mental disorders.
They should also explore how the modulation of histone
modifications can lead to more precise treatments. Such ef-
forts will be crucial in developing more effective therapeu-
tic strategies and improving the overall clinical outcomes
and quality of life for patients suffering from these condi-
tions.
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