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ABSTRACT

BACKGROUND: Early-life adversity (ELA) can lead to long-lasting behavioral and neurobiological changes through
epigenetic mechanisms. In this study, we comprehensively mapped genome-wide DNA methylation in the
prefrontal cortex of rats following maternal separation (MS).

METHODS: Rat pups were separated from their mother for 180 minutes/day from postnatal days (PNDs) 1 to 14 and
tested for depressive- and anxiety-like behavior during adulthood (PNDs 80-89). Genome-wide DNA methylation,
corresponding functional analyses, and transcription factor binding sites (TFBSs) were performed using reduced-
representation bisulfite sequencing, focusing on differentially methylated cytosines (DMCs), differentially
methylated regions (DMRs), and non-CpG sites.

RESULTS: Both male and female MS rats showed a significant decrease in sucrose preference. Principal component
and multidimensional scaling analyses did not show differences in the methylation data between male and female
rats, prompting us to combine them in subsequent analyses. A total of 33,905 DMCs and 151 DMRs were identified in
the MS group. The functional analysis of the dysregulated genes by DMCs and DMRs in the promoter or gene body
revealed gene enrichment involved in neurodevelopment, synaptic plasticity, and stress response. Key genes with
altered methylation included Dnmt3a/b, Notch1, Mapk14, and calcium channel subunits. Gene network analysis
revealed interactions among ribosomal, MAPK (mitogen-activated protein kinase), and glutamatergic pathway genes.
An enrichment of Elk1 TFBSs was particularly noted within the DMR. Additionally, differential non-CpG methylation,
specifically at CHH (H = C/T/A) sites, dysregulated the Wnt pathway genes.

CONCLUSIONS: Our findings expand our understanding of the molecular mechanisms that underlie the long-term
effects of ELA and identify potential biomarkers for stress-related psychiatric disorders.

https://doi.org/10.1016/j.bpsgos.2025.100487

During early life, intense and stressful events can significantly
impact an individual’s brain development, synaptogenesis,
synapse pruning, and cognitive maturation. These effects can
have a lasting impact on behavioral capabilities later in life
(1,2). Early-life adversity (ELA) refers to exposure to stressful
environmental circumstances such as parental separation,
physical violence, emotional neglect, and starvation during the
developmental period (3). Nearly one half of children worldwide
experience some kind of ELA (4,5) and therefore are at a
significantly higher risk of developing adverse outcomes in
adulthood, including major depressive disorder, posttraumatic
stress disorder, social phobia, generalized anxiety disorder,
panic disorder, and substance use disorders (6).

The impact of ELA on mental health has been a subject of
considerable research interest (7—11). Maternal separation (MS)
is a well-known rodent model for investigating the effects of
ELA, which parallels child abuse and/or neglect in humans.
Studies have shown that MS can emulate the neurobiological
effects of ELA in humans, leading to the development of mood
and anxiety disorders in adulthood (12). MS can trigger

neuroinflammatory responses in the brain, which can disrupt the
normal development and functioning of the brain (13), causing
irreversible damage to offspring by stimulating neuronal
apoptosis and altering neuroplasticity (14). Additionally, MS
affects the neuroendocrine system, including the hypothalamic-
pituitary-adrenal axis, the sympathetic-adrenal-medullary sys-
tem, and the central dopamine system. Dysregulation of these
systems can lead to abnormal levels of stress hormones and
neurotransmitters, impacting the body’s stress response (15).

The field of epigenetics has emerged as a crucial area of
study for understanding the relationship between ELA and
psychiatric illnesses (1,16-19). Among the various epigenetic
mechanisms, DNA methylation has received considerable
attention in psychiatric research by mediating long-term pro-
gramming effects. DNA methylation typically occurs at CpG sites
within gene promoters and is associated with transcriptional
silencing in mammalian genomes, while gene body methylation
is positively correlated with the expression (20). On the other
hand, the implications of 5mC (5-methylcytosine) methylation in
other genomic regions remain poorly understood.
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Previous studies have shown that MS alters DNA methyl-
ation patterns in brain areas that are crucial for learning and
memory. For example, a study demonstrated that neonatal MS
exposure elicited enduring DNA methylation changes, specif-
ically within the rat hippocampus, indicating a potential
mechanism by which early adversity can disrupt cognitive
development (21). Another investigation revealed that MS
induced differential methylation at the BDNF exon | promoter
within the hippocampus and medial prefrontal cortex (PFC)
and linked these changes to the enduring neurobiological
consequences of stress (22). Given the established associa-
tions between MS, DNA methylation, and behavioral out-
comes, recent advances in sequencing techniques provide
invaluable tools for elucidating the specific methylation alter-
ations associated with MS. The current study was undertaken
to examine genome-wide DNA methylation in the PFC of MS
rats with the central hypothesis that MS-induced behavioral
changes would be correlated with alterations in DNA methyl-
ation in both promoter regions and gene bodies, leading to
changes in gene functions and associated pathways. Our
findings deepen the understanding of the molecular mecha-
nisms that underlie the long-term effects of ELA and highlight
potential epigenetic biomarkers and therapeutic targets.

METHODS AND MATERIALS

Animals

Detailed experimental protocols are provided in the
Supplement. This study utilized Sprague Dawley rats (Rattus
norvegicus), and experiments were approved by the Institu-
tional Animal Care and Use Committee at the University of
Alabama at Birmingham. As previously reported by our group
(23), MS pups were separated from dams into individual cages
on a 30 °C heating pad for 180 minutes each day on postnatal
days (PNDs) 1 to 14. On the same days as MS, control pups
were handled for 5 minutes twice daily and returned to the
dam. Following PND 14, all dams and litters were transferred to
fresh cages until weaning on PND 21.

Behavioral Tests

Behavioral tests were conducted in a blind fashion. In adult-
hood (PND 80), a sucrose preference test, elevated plus maze,
and forced swim test were conducted following our previous
study (24) in order to measure anhedonia (25), anxiety-related
behavior (26), and depressive-like behavior (27), respectively.
All behaviors were compared across groups using 2 X 2
analysis of variance (ANOVA). Data are reported as mean =
SEM. To examine epigenetic changes related to anhedonia, we
selected 10 MS rats (5 per sex) with the lowest percentage
sucrose preference level and randomly chose 10 control rats
for the methylation study. In each group, rats selected for
reduced-representative bisulfate sequencing (RRBS) were
from multiple litters.

Brain Collection

Twenty-four hours following the behavioral experiments, ani-
mals were sedated under isoflurane inhalation and euthanized
by decapitation. Prefrontal cortices were dissected and

Epigenetic Reprogramming and ELA

immediately placed on liquid nitrogen. Samples were stored
at —80 °C until DNA isolation.

DNA Isolation/Quality Control. Genomic DNA was
extracted from the PFC using the QlAamp genomic DNA
extraction kit (Qiagen). The concentration of extracted genomic
DNA was measured with NanoDrop (Thermo Fisher Scientific),
and the OD260/0D280 ratio was used for detecting any re-
sidual contaminants in DNA preparation.

Reduced-Representative Bisulfate Sequencing

The DNA library was prepared using the NuGEN Ovation RRBS
Methyl-seq kit (Tecan Genomics), with 20 ng/uL of DNA.
Subsequent to Mspl-based digestion, bisulfite conversion, and
polymerase chain reaction amplification, sequencing was
performed with NovaSeg500 in the 75-bp single-end reads
mode (lllumina).

RRBS Data Analysis

Filtering of RRBS reads and detailed analysis are provided in
the Supplement. The filtered reads were mapped against the
R. norvegicus reference genome using bsmap, and the
methylation calling at CG, CHG, and CHH sites (H = A/C/T
bases) was performed with mcall using default parameters.
The differential methylation in the MS group relative to the
control group was analyzed, and the significant sites and re-
gions were selected with mcomp, which uses Fisher’s exact
test for significance assessment.

Functional Analysis

The functional enrichment analysis was carried out using the
enrichR package with p value = .05. The known interaction
network was assessed using the STRING database and visu-
alized using Cytoscape version 3.10.2. The gene expression
profiles in different tissues were accessed via the RatGTEx
portal (https://ratgtex.org/). The expression profile used for
correlation analysis with the methylation data was obtained
from Benekareddy et al. (28), as detailed in the Supplement.

Transcription Factor Binding Site Enrichment

Transcription factor binding sites (TFBSs) in the differentially
methylated regions (DMRs) were determined and tested for
enrichment of known/de novo vertebrate TF binding motifs
using the findMotifsGenome.pl script from the HOMER pack-
age (29) with the following parameters: -masked -size 200
-len = 8,10,12.

RESULTS

Animal Behavior

The sucrose preference percentage was significantly lower in
MS-exposed adult male and female rats than in control rats
(control mean = SD = 92.57 = 6.490, MS = 80.84 = 9.653;
tis = 3.190, p = .0051, R? = 0.36) (Figure 1A). The interaction
between sex and MS was not significant (2-way ANOVA:
F116 = 0.0186, p > .05) (Figure 1A). The average number of
closed-arm entries in the elevated plus maze was slightly
higher in the MS group (38.50 = 10.11) than in the control
group (29.67 = 5.955), but this effect was not significant (t1o =
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1.843, p = .0951) (Figure 1B). The effect of MS on closed-arm
entries did not depend on sex (2-way ANOVA: F; g = 0.3672,
p > .05) (Figure 1B). Finally, neither MS alone (t;o = 0.8921,
p > .05) nor its interaction with sex (2-way ANOVA: Fig =
2.075, p > .05) significantly affected forced swim behavior
(Figure 1C).

RRBS Findings

RRBS was done to examine the methylation differences be-
tween MS and control rats. Ten samples, each from 5 male and
5 female rats, were sequenced for the control and MS groups.
Except for 1 sample (MS6/MSMH1), all exhibited an alignment
rate >90% against the rat reference genome. Therefore, MS6/
MSM1 was excluded from further analysis (Table S1). The total
number of CpG sites identified with a minimum depth of 20
was >3 million in both groups. Initially, we conducted principal
component analysis and multidimensional scaling of the
methylated CpG sites to evaluate sample variability
(Figure S1A, B). The findings revealed distinct clustering of the
control and MS groups, indicating variability within each group
regardless of sex. Notably, no sex-specific variation was
observed in the control group. Therefore, the sex cohorts were
merged for the differential analysis. Also, the distribution of all
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Figure 1. Animal behavioral changes associated
with MS. (A) Sucrose preference test. MS signifi-
cantly reduced sucrose preference, indicating
anhedonia-like behavior. (B) Elevated plus maze. The
number of entries into the closed arms was recorded
as an indicator of anxiety-related behavior. (C) The
time (in seconds) spent swimming during the forced
swim test was used to assess depressive-like
behavior. Data are reported as mean = SEM. MS,
maternal separation.

methylated sites in both the control and MS samples revealed
that 30.2% and 30.7% of methylated cytosines were located
within CpG islands, while 22.9% and 23.1% were situated on
the shore, and 11% and 11.1% were found in shelf regions,
respectively, suggesting that there was an ample number of
methylated CpG sites with functional implications for studying
differential methylation in MS (Figure S1C, D). The schematic
workflow of the subsequent differential methylation analysis is
provided in Figure S2.

Differentially Methylated CpG Sites

We initially focused on CpG sites and found 33,905 significant
differentially methylated CpGs when the MS group was
compared with the control group. (Figure 2A and Table S2).
Among the differentially methylated cytosines (DMCs), 7358
had strong hypomethylation, and 8851 had strong hyper-
methylation. Nevertheless, the majority of DMCs were classi-
fied as hypermethylated (Figure 2B). A volcano plot depicts the
significant strong hyper/hypomethylated cytosines at CpG di-
nucleotides (Figure 2C). The top 50 strongest hyper/hypo-
DMCs are shown in Table S3, and a heatmap illustrates the
methylation levels of these DMCs in each of the control and
MS samples (Figure 2D).
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Figure 2. Differentially methylated sites. (A) Genomic coordinate dot plot (Manhattan plot) of the MS-associated CpG methylation detected. The x-axis
represents chromosomes ranked by number, the y-axis represents —logso (o values), and the dotted line indicates the significance level. (B) Bar chart rep-
resents the distribution of hyper- and hypomethylated sites among all 33,905 significant DMCs. (C) A volcano plot of all the methylated sites with significant (o
< .05) strong hyper-DMCs (>0.3; highlighted as red) and strong hypo-DMCs (—0.3; highlighted as green). Hyper- and hypomethylated sites are colored brown
and purple, respectively. (D) Heatmap depicting the methylation level of the top 50 differentially methylated sites between the MS and control groups. The
samples and DMC sites were clustered using the hierarchical clustering algorithm. The control group samples are clustered under green, and MS samples are
clustered under violet. (E) DMC distribution among genic, intergenic, and promoter regions. (F) Distribution of DMCs in the CpG island, shore, and shelf
regions. Islands are denoted by red, shores (regions 0-2 kb upstream and downstream from CpG Islands) are denoted by purple, and shelves (regions 2-4 kb
upstream and downstream from CpG Islands) are denoted by blue; the other (genomic region that falls outside of the CpG islands, shores, and shelves) is
denoted by green. (G) DMC chromosomal distribution. The bar plot representing strong hyper- (>2, red), strong hypo- (<—2, green), hyper- (=0.2 and >0.15,
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Figure 3. Functional enrichment analysis of genes regulated by strong hypomethylated promoters. (A) The KEGG pathways enriched among the genes
regulated by strong hypomethylated promoters. (B) The enriched biological process terms among the genes regulated by strong hypomethylated promoters.
(C) The enriched molecular function terms among the genes regulated by strong hypomethylated promoters. (D) The KEGG pathways enriched among the
genes regulated by strong hypermethylated promoters. (E) The enriched biological process terms among the genes regulated by strong hypermethylated
promoters. (F) The enriched molecular function terms among the genes regulated by strong hypermethylated promoters. GnRH, gonadotropin-releasing
hormone; KEGG, Kyoto Encyclopedia of Genes and Genomes; TNF, tumor necrosis factor.

The distribution of

identified DMCs within annotated

genome regions indicates that the intergenic region contained
the highest number of DMCs. However, within the genomic
regions with functional implications, such as coding and reg-
ulatory areas, the majority of DMCs were found within genic
regions (12,341) (Table S4). The fewest DMCs were identified in
the promoter region (963) (Figure 2E and Table S5). A signifi-
cant enrichment relative to expected values was observed for
the DMCs in both the genic and promoter regions using ap <
.01; however, the intergenic region had fewer DMCs than
expected.

The regions of DNA with a high density of CpG di-
nucleotides, known as CpG islands, together with the
extended shores and shelves often found in proximity to gene
promoters, play a vital role in gene regulation through

methylation. Among the significant DMCs identified in the MS
group, most overlapped with CpG shore (4854), followed by
shelf (2795) and island (2334) (Figure 2F).

The hyper- and hypomethylated sites were distributed
across the chromosomes, highlighting their diverse genomic
locations (Figure 2G and Supplemental Results). Furthermore,
no direct correlation was observed between gene density and
the DMC sites, except on chromosome Y, where the DMCs
were spread across regions of low gene density (Figure 2H).
Interestingly, 2 of the mammalian de novo DNA methyl-
transferases, Dnmt3a and Dnmt3b, were found to be differ-
entially methylated in the MS group. A strong hypomethylation
of the CpG site at the third intron was observed in Dnmt3a, and
a strong hypermethylation in the coding DNA sequence region
was identified in Dnmt3b (Supplemental Results).

brown), and hypo- (=—0.2 and <-0.15) methylated site frequency across the rat genome. (H) Circos plot depicting the DMC distribution across chromo-
somes. The first track shows gene density within a 500-kb window, and the second track depicts differentially methylated sites that have been plotted. C,

control; DMC, differentially methylated cytosine; MS, maternal separation.
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Figure 4. Functional enrichment analysis of the genes with gene body differential methylation. (A) The KEGG pathways enriched among the genes having
strong hypomethylation. (B) The KEGG pathways enriched among the genes having strong hypermethylated cytosines. (C) The enriched biological process
terms among the genes having strong hypomethylated cytosines. (D) The enriched biological process terms among the genes having strong hypermethylated
cytosines. (E) The enriched molecular function terms among the genes having strong hypomethylated cytosines. (F) The enriched molecular function terms
among the genes having strong hypermethylated cytosines. ABC, ATP-binding cassette; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine
monophosphate; ECM, extracellular matrix; GnRH, gonadotropin-releasing hormone; GTPase, guanosine triphosphatase; KEGG, Kyoto Encyclopedia of
Genes and Genomes; MAPK, mitogen-activated protein kinase; mTOR, mechanistic target of rapamycin.

Functional Characterization of DMCs

Functional Enrichment of Genes Regulated by the
Differentially Methylated Promoters. Because hyper-
methylated promoters induce heterochromatin formation and
hinder the binding of transcription activators, consequently
repressing gene expression, it is imperative to investigate the
functional implications of both hyper- and hypomethylated
promoters. Functional analysis revealed that the hypomethy-
lated promoters were enriched with neuroactive ligand-receptor
interaction and oxytocin signaling pathways (Figure 3A). Among
biological processes, the regulation of postsynaptic membrane
potential, chemical synaptic transmission, and postsynaptic
and nerve development were enriched (Figure 3B). Molecular
functions included postsynaptic neurotransmitter receptor ac-
tivity, monoatomic ion-gated channel activity, and high voltage-
gated calcium channel activity (Figure 3C and Table S6).

The functional analysis of the hypermethylated promoter
genes in MS group rats showed an enrichment of the Hippo
signaling, motor proteins, and SNARE interactions in vesicular
transport pathways (Figure 3D). The biological processes

6

included immunological synapse formation, positive regulation
of inflammatory response, and behavioral fear response
(Figure 3E). Molecular functions such as signaling receptor
inhibitor activity and acetylcholine receptor inhibitor activity
were found to be enriched in the hypermethylated promoter
genes (Figure 3F and Table S7).

Functional Enrichment of the Genes Containing
DMCs. Functional analysis was also performed on genes
containing differentially methylated sites within the gene body.
Methylation within gene loci was positively correlated with higher
gene transcription levels. Moreover, gene body methylation may
influence various cellular processes, including histone modifica-
tion, alternative splicing, and the occurrence of spurious tran-
scription (20). We identified 46 genes associated with the MAPK
signaling pathway that exhibited strong hypomethylation, while
another 40 genes displayed strong hypermethylation in gene
body CpG sites. In the glutamatergic synapse pathway, 25 genes
exhibited strong hypomethylation, while 20 genes displayed
significant hyper-DMCs within their gene body (Figure 4A, B).
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Figure 5. The gene expression profile of the top 50 DMCs containing promoters obtained from the RatGTEx database. (A) Strong hypomethylated. (B)
Strong hypermethylated. (C) Correlation of methylation levels with the expression profile of genes harboring promoter DMCs. Scatter plot and Pearson’s
correlation showing the correlation between the differences in mRNA expression and methylation. The line represents a linear regression. Blue and orange dots
represent the mMRNA-DMC pairs exhibiting positive or inverse relationships, respectively. DMC, differentially methylated cytosine; mRNA, messenger RNA.

The genes containing hypo-DMCs were notably enriched in
pathways associated with aldosterone synthesis and secretion
and long-term depression, while genes with hyper-DMCs
exhibited significant enrichment in pathways related to calcium
signaling, GABAergic (gamma-aminobutyric acidergic) synapses,
and mTOR (mechanistic target of rapamycin) signaling (Figure 4A,
B). The dendrite development, postsynapse organization, and
small GTPase-mediated signal transduction genes were enriched
among hypo-DMCs (Figure 4C). Conversely, actin filament or-
ganization, regulation of presynaptic membrane potential, visual
system development, and sensory system development genes
were found to be hypermethylated within the gene body under
MS conditions (Figure 4D). Among the molecular function terms,
the ion channel and calcium channel regulator activity genes had
hypo-DMCs. In contrast, transmembrane receptor protein tyro-
sine kinase activity, ubiquitin protein ligase binding, and ABC-
type transporter activity genes were found to be harboring
hyper-DMCs (Figure 4E, F; Tables S8 and S9).

Tissue-Level Expression Analysis of Genes

Because the gene expression patterns across normal tissues
delineate the typical sites of expression, dysregulation of these
patterns can significantly impact the specific tissues in which
the genes are expressed. Therefore, we first examined the
expression profiles of genes regulated by differentially meth-
ylated promoters (Figure 5A, B and Table S10). The correlation
analysis of our methylation data with the differential gene

Biological Psychiatry: Global Open Science July 2025; 5:100487 www.sobp.org/GOS

expression profiles from Benekareddy et al. (29) indicated a
negative correlation of —0.026 (p = .8). This lack of statistical
significance is likely attributable to the limited overlap of only
33 genes (Figure 5C). Among these, Dscami1, Tiam1, and
Sema7a exhibited promoter hypermethylation and showed
reduced gene expression in MS. Conversely, hypomethylation
in the promoters of Rps27a, Apobec1, Cd63, Clasp1, and Alx4
was associated with a positive trend in gene expression.

We further investigated the expression levels of genes
containing DMCs within the gene body to discern tissue-
specific expression patterns (Figure 6A, B and Table S11). A
moderately significant positive correlation was observed be-
tween the differential methylation of gene body and gene
expression patterns from the previous study (0.106, p = .055)
(Figure 6C). The genes Fit1, Rapgef1, Tiam1, Zc3h8, Dscami1,
Mypn, and Tgfbr3 exhibited strong hypomethylation and were
associated with expression downregulation. In contrast, the
genes Cd47, Necap2, Stk38, Gab1, Ldlrad3, Prom1, Ppp3ca,
Pcbp4, Snf8, Insr, and Cotl/1, which showed hypermethylation
of their gene bodies, displayed upregulation of gene expres-
sion in MS.

Analysis of DMRs

Next, we determined the DMR, which constitutes consecutive
CpG sites covering significant genomic regions. A total of 151
DMRs were identified in MS, including 65 hypomethylated and
86 hypermethylated regions with a methylation difference of |
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Figure 6. The gene expression profile of the top 50 DMCs containing genes obtained from the RatGTEx database. (A) Strong hypomethylated. (B) Strong
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the correlation between the differences in mMRNA expression and methylation. The line represents a linear regression. Blue and orange dots represent the
mRNA-DMC pairs exhibiting positive or inverse relationships, respectively. DMC, differentially methylated cytosine; mRNA, messenger RNA.

0.2| (Figure 7A and Table S12). The regions spanned a total 10
kb of genome, ranging from 8 to 519 bp in length. The
methylation level of the top 50 DMRs across the control and
MS samples is provided as a heatmap (Figure 7B). DMRs were
observed across all chromosomes with the exception of
chromosome Y (Figure 7C, D and Supplement). Most of the
DMRs were situated within genic coordinates (enriched, p =
2.7 X 10_5), while the fewest were found in the promoter re-
gion (Figure 7E; Tables S13 and S14; Supplement). Also, the
CpG island harbored 36 DMRs and the shore region had 27,
and 8.6% of the identified DMRs were located in the CpG shelf
(Figure 7F).

Functional Analysis of Genes Present in DMRs

Functional analysis of genes present in both hyper- and hypo-
DMRs was performed. It was found that the genes in hypo-
DMRs had enrichment of the MAPK signaling pathway
(Figure 8A). In terms of biological processes, the genes were
linked to ribonucleoprotein complex biogenesis, sodium ion
transmembrane transport, and response to gonadotropin
(Figure 8B). Among molecular function, an enrichment for so-
dium ion transmembrane activity, MAPK kinase activity, and
voltage-gated sodium ion channel activity was observed
(Figure 8C and Table S15).

The genes within the hyper-DMRs were associated with the
AMPK, oxytocin signaling, and glutamatergic synapse path-
ways (Figure 8D). Among the biological process terms, genes
associated with neural precursor cell proliferation and central

nervous system neuron differentiation were enriched
(Figure 8E). The molecular functions of the genes present in
hypermethylated regions were linked to DNA binding tran-
scription activator activity, f-catenin binding, and transcription
coregulator binding activity (Figure 8F and Table S16).

Tissue-Level Expression Analysis of DMR Genes

The expression analysis of genes in DMRs from the RatGTEx
portal in normal tissues showed that the genes Gnai2,
Ssbp3, Negr1, Eri3, and Slc2a3 within hypo-DMRs had higher
expression in various brain tissues. The hypo-DMRs in the
gene body may decrease the expression of these genes.
Additionally, genes from hyper-DMRs, such as Rora and
Sox5, exhibited consistently lower expression across all brain
tissues, and the hypermethylated sites may increase the
expression of these genes in MS (Figure 9A, B and
Table S17).

The Rps19 gene, the only promoter in the hypo-DMR,
showed higher expression in all brain tissues. The expression
of Cpeb2 and Ptpn18 genes, which were regulated by the
hyper-DMR in the promoter, demonstrated lower expression
across all tissues except for Pcbp4, which exhibited higher
expression in all brain tissues (Figure 9C and Table S18).

Enrichment of TFBSs

The epigenetic regulation of crucial TFBSs can govern the
expression of downstream signaling genes, leading to pro-
found alterations in behavioral changes during MS. The
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enriched motifs identified in DMRs included C2H2 zinc finger
factors: Zic1:Zic2, Lhx6, and Lhx3 transcription factors and
ETS (E26 transformation-specific) transcription factors Elk1
and Elk4 (Figure S3A and Table S19).

Gene Interaction Network Analysis

The gene interaction network offers insight into the regulatory
cascade and biological implications of differential methylation.
Among the genes regulated by the differentially methylated
promoters, the strong hypomethylated promoters had known
interaction between Rps19, Rpl10, and Mrps5—genes asso-
ciated with protein translation (Figure S3B). Conversely, the
genes regulated by hypermethylated promoters revealed an
interplay between MAPK signaling pathway genes, Mapk14
and Mef2c, and actin cytoskeleton genes, including Actc1,

Actb, and Myh6 (Figure S3C). In the context of genes present
in hypo-DMRs, an interaction between Zfp407 and Gna12 was
identified (Figure S3D). Conversely, the genes from hyper-
DMRs exhibited one-on-one interactions involving Rab6b
and Ephb1, Sox5 and Foxp1, Foxo3 and Axin2, Brsk2 and
Camkk2, and Fnib and Nfix genes (Figure S3E). The genes that
harbored strong hypo- and hyper-DMCs in the gene loci dis-
played a subnetwork of 17 and 12 genes, respectively
(Figure S4 and Supplement).

Differentially Methylated Non-CpG Sites

Apart from CpG dinucleotides, methylation also occurs in non-
CpG sites, including CHG and CHH, where H represents A, T,
or C. Therefore, in the current study, we examined DNA
methylation on both these non-CpG sites.
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Figure 8. Functional enrichment analysis of the genes present in the significant differentially methylated regions. (A) The KEGG pathways enriched among
the genes present in strong hypomethylated regions. (B) The biological process enriched among the genes present in strong hypomethylated regions. (C) The
enriched molecular function terms among the genes present in strong hypomethylated regions. (D) The KEGG pathways enriched among the genes present in
strong hypermethylated regions. (E) The biological process enriched among the genes present in strong hypermethylated regions. (F) The enriched molecular
function terms among the genes present in strong hypermethylated regions. GnRH, gonadotropin-releasing hormone; KEGG, Kyoto Encyclopedia of Genes
and Genomes; MAPK, mitogen-activated protein kinase; TRP, transient receptor potential.

Differentially Methylated CHG Sites. Approximately 48
million CHG sites were identified in the PFC of both control and
MS rats. However, only 938 CHG sites were found to be
differentially regulated with MS (Figure 10A and Table S20).
The distribution of differential CHG sites across the chro-
mosome shows that chromosome 19 contained 70 strongly
hypomethylated sites, while most of the other chromo-
somes displayed a hypermethylation pattern (Figure 10B).
Among the differentially methylated CHG sites, 14 covered
13 gene promoters, and 285 sites were located within 272
gene loci (Tables S21 and S22). The functional enrichment
analysis yielded no significant results for both promoters
and genes.

Differentially Methylated CHH Sites. Differential
methylation analysis between the control and MS groups
identified 4926 significant CHH sites across the genome
(Table S23). Most were hypomethylated, followed by hyper-
methylated sites (Figure 10C). Across all chromosomes,
hypomethylated CHH sites were predominant, and

10

chromosome 1 harbored a maximum number of differentially
methylated sites (84 sites); the least number of sites were
present in chromosome Y (Figure 10D).

Genes Linked to Differentially Methylated CHH Sites.
Of the differential CHH sites identified, 102 were situated within
the promoters of 99 genes, while 1810 were located in the
gene loci of 1338 genes. Among the genes with differential
methylation at the CHH site in the gene body, 576 sites were
hypomethylated, and 304 were hypermethylated. Also, only
143 genes showed strong hypermethylation, and 315 genes
showed strong hypomethylation (Table S24).

The functional enrichment analysis of genes with strong
differentially methylated CHH sites within the gene body
revealed that hypo-CHH-containing genes were enriched for
Wnt signaling pathways (Figure 11A). Conversely, genes with
hyper-CHH sites in gene loci were associated with axon guid-
ance and calcium signaling pathways (Figure 11B). The
enriched biological processes indicated that the genes with
hypo-CHH sites were involved in cell junction assembly, axon
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Figure 9. (A) The gene expression profile of the genes present in the top 50 DMRSs, obtained from the RatGTEx database. (A) Strong hypomethylated. (B)
Strong hypermethylated. (C) The gene expression profile of the DMR hypermethylated promoters regulating Pcbp4, Pton18, and Cpeb2 and also the
hypomethylated promoter of the Rps19 gene. DMR, differentially methylated region.

guidance, neuron projection guidance, and myelination
(Figure 11C). In contrast, the genes that had hyper-CHH sites
showed involvement in small GTPase-mediated signal trans-
duction, positive regulation of cell projection organization,
synapse maturation, and long-term synaptic potentiation
(Figure 11D). Also, the molecular function terms enriched show
the actin-binding, cadherin binding, and sodium channel regu-
lator activity terms among genes with hypo-CHH sites
(Figure 11E), while cyclase activity, MAPK kinase binding ac-
tivity, and calcium-activated cation channel activity were iden-
tified among hyper-CHH sites containing genes (Figure 11F;
Tables S25 and S26). The complete list of promoters with dif-
ferential CHH sites is provided in Table S27, but the functional
enrichment analysis yielded no significant results.

DISCUSSION

The findings from the current study highlight the profound
impact of early-life stress (ELS), particularly when viewed from
the perspective of the MS model, on the epigenetic landscape
of the brain. The observation of reduced sucrose preference in
rats subjected to MS serves as a compelling indicator of
anhedonia. This behavioral change underscores the necessity
of further investigating the epigenetic modifications that
accompany such early-life stressors. The delineation of
methylation patterns in the control and MS groups provides
critical insight into the epigenetic imprinting related to ELA. The
prevalence of widespread DNA methylation changes at both
CpG and non-CpG sites suggests a comprehensive reprog-
ramming of the genomic landscape influenced by stress. The
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Figure 10. Non-CpG site methylation analysis. (A)
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predominance of hypermethylation over hypomethylation,
especially at CpG sites, raises important questions about
how these modifications may inhibit necessary gene
expression linked to neurodevelopment and stress response.
Moreover, the enrichment of differentially methylated genes
in pathways essential for synaptic function and neuro-
development reflects how ELS may disrupt critical processes
in brain development and function. The identification of
DMRs, particularly those located within gene bodies, may
indicate functional implications for gene expression regula-
tion. Furthermore, the analysis revealed alterations in TFBSs
and gene interaction networks, suggesting that ELS does not
merely cause isolated gene-specific changes but rather leads
to broader disruptions in cellular processes that govern brain
function. Such disruptions may have far-reaching implica-
tions, potentially paving the way for the development of
stress-related disorders.

The genes subjected to regulation by differential methyl-
ation offer valuable insights into the dysregulation of biological
pathways and functions through epigenetic mechanisms.
Hypomethylated CpG sites located in the promoter region may
enhance the expression of the corresponding genes. The
Notch1 gene, with a hypomethylated promoter in MS, has
shown upregulation of the transcript in the hippocampus
during the long MS, implicating the relevance of the Notch1
system in neural development or disorders (30). Strong hypo-
methylation of the promoter region was observed for the
Grin3b gene. Previous research indicates that blood
messenger RNA levels of GRIN3B hold promise as an early

123 4567 8 9111121314151617181920 X Y

biomarker for diagnosing and understanding the development
of posttraumatic stress disorder (31).

Considering that hypermethylation of promoters is linked to
reduced gene expression, it is essential to investigate the
functions of these potentially downregulated genes. The
strong hyper-DMCs in promoters that regulate motor proteins
such as Kif4a, Actc1, and Actb could lead to axonal transport
deficits and contribute to the dysregulation of synapse plas-
ticity, neuronal function, learning, and memory, as has been
observed in several neuropsychiatric disorders (32). The anxi-
ety disorder genes CCKBR and MEF2C, involved in positive
regulation of the behavioral fear response, showed a strong
hypermethylation pattern, and they have been found to overlap
with schizophrenia and bipolar disorder, respectively (33).

The substantial number of genes that displayed gene body
methylation warrants further investigation into the functional
implications, particularly considering the contrasting effect of
gene body methylation on gene expression compared with
promoters. Our study revealed notable epigenetic modifica-
tions encompassing both hypo- and hyper-DMCs within the
gene bodies of MAPK and cholinergic synapse pathway
genes. As detailed in Supplemental Discussion, both pathways
are linked to the pathophysiology of depression, highlighting
the intricate nature of epigenetic regulation through gene body
methylation in MS.

Consecutively methylated CpG sites within DMRs are more
likely to be associated with altered gene expression and have a
substantial impact on disease phenotype than methylation at a
single site (34). The hyper-DMRs in the promoter region of RNA
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binding protein Pcbp4 and the hypo-DMRs in ribosomal gene
Rps19 are noteworthy. The connection between these genes
and neurotransmitter signaling and ribosomal dysfunction is
further elaborated in Supplemental Discussion. DMR hypo-
methylation within the gene body was observed for Gna12,
and the dysregulated GNA72 Ga. subunit is shared by autism
spectrum disorder, schizophrenia, and bipolar disorder (35).
Our study identified another G protein, Gnas, which is
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Figure 11. The functional analysis of the genes
with differentially methylated cytosines at the CHH
site. (A) The KEGG pathways enriched among the
genes having strong hypomethylation. (B) The KEGG
pathways enriched among the genes having strong
hypermethylated cytosines. (C) The enriched bio-
logical process terms among the genes having
strong hypomethylated cytosines. (D) The enriched
biological process terms among the genes having
strong hypermethylated cytosines. (E) The enriched
molecular function terms among the genes having
strong hypomethylated cytosines. (F) The enriched
molecular function terms among the genes having
hypermethylated cytosines. ATPase, adenosine tri-
phosphatase; cAMP, cyclic adenosine mono-
phosphate; ECM, extracellular matrix; GTPase,
guanosine triphosphatase; KEGG, Kyoto Encyclo-
pedia of Genes and Genomes.

associated with a hyper-DMR, and this finding is consistent
with a previous anxiety-related hyper-DMR that has been
identified (36). Moreover, the consistently higher expression of
both Gna12 and Gnas across multiple brain tissues un-
derscores the potential functional relevance of these genes in

the brain.

The observed methylation changes in TFBSs highlight a
significant mechanism through which gene expression can be

13

Biological
Psychiatry:
GOS



http://www.sobp.org/GOS

Biological
Psychiatry:
GOS

regulated in the context of brain development and behavioral
alterations associated with MS. The enrichment of specific
TFBSs, such as the zinc finger factors Zic1, Zic2, and Lhx6,
together with Lhx3 and the ETS factors Elk1 and Elk4, signals
a critical adaptation in the gene regulatory networks of MS
rats. Zic2 and Lhx6 are involved in forebrain neuron devel-
opment, whereas Lhx3 is required for motor neuron specifi-
cation. Interestingly, ELK-1 TF is upregulated in deaths by
suicide related to depression and animal models of depres-
sion induced by unpredictable chronic mild stress and social
defeat (37). Notably, patients who responded positively to
antidepressant treatment had significantly lower blood levels
of ELK-1 than nonresponders (37).

The gene interaction network offers insight into the regu-
latory cascade and biological implications of differential
methylation. The hypermethylated DMRs identified within the
gene loci of TF Foxp1 and the interacting partner Sox5 are
significant because FOXP1 is closely associated with human
neurodevelopmental  disorders, including intellectual
disability, autism spectrum disorder, and speech and lan-
guage disorders (38). The genes that harbored strong hypo-
DMCs in the gene loci displayed a subnetwork of genes
that are integral to the voltage-gated calcium channel com-
plex that governs presynaptic depolarization and calcium
channel opening. This complex plays a critical role in neuro-
transmitter release and has also been linked to various
neuropsychiatric disorders, including depression, autism,
schizophrenia, cerebellar ataxia, and bipolar disorder (39-41).
Interestingly, interactions among various genes that had
hyper-DMCs in the gene body formed a network, including
glutamate-related genes that act as Glu receptors in tripartite
glutamate synapse. The association of AMPA receptors
(GRIA3 and GRIA4), kainate receptors (GRIK2 and GRIK2),
and NMDA receptors (GRIN2A and GRIN2B) in the patho-
physiology of mood disorders has been established (42).

It has been reported that non-CpG methylation is associ-
ated with transcriptional repression and the pluripotency-
associated epigenetic state (43,44). This supports the notion
that non-CpG methylation is an emerging epigenetic marker
for defining tissue-specific patterns of gene expression,
particularly in the brain. Because the majority of the identified
non-CpG sites were of the CHH type, CHH site methylation
likely has a more pronounced impact on gene expression
regulation than CHG in MS. The role of non-CpG methylation in
gene regulation and its link to psychiatric disorders is dis-
cussed further in Supplemental Discussion.

Conclusions

The current study provides a comprehensive analysis of
DNA methylation changes in the rat brain following MS, an
established model of ELS. These epigenetic alterations have
the potential to significantly impact gene expression and
contribute to the development of stress-related psychiatric
disorders in adulthood. We observed widespread alterations
in genes that are critical for neurodevelopment, synaptic
function, and the stress response that occur through
methylation at both CpG and non-CpG sites in the promoter
regions and gene bodies. The pathways and gene in-
teractions that we identified are highly relevant to the

Epigenetic Reprogramming and ELA

underlying mechanisms of stress-related disorders, such as
depression and anxiety. One limitation is that we only found
subtle behavioral effects except for changes in sucrose
preference/anhedonia. MS has been shown to lead to a
variety of behavioral changes, with some inconsistencies in
the literature (45-48). Because we only found anhedonia-like
behavior, our epigenetic data are likely most relevant to this
facet of ELS. The lack of other behavioral findings might
have resulted from lower sample sizes and reduced power to
detect differences in the forced swim and elevated plus
maze tests. Future well-powered studies should test the
direct association between epigenetic changes and anxiety-
like behaviors related to ELS. Moreover, it is essential to
recognize that this investigation was confined to the PFC,
implying that patterns of epigenetic dysregulation may vary
across different brain regions. Lastly, future studies should
focus on validating these methylation changes and exploring
their functional consequences on gene expression and
behavior. Additionally, investigating the reversibility of these
epigenetic modifications may open new avenues for in-
terventions for stress-related psychopathologies.
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