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Abstract

Background. Epigenetic modifications, such as DNA methylation, contribute to the patho-
physiology of major depressive disorder (MDD). This study aimed to identify novel MDD-
associated epigenetic loci using DNA methylation profiles and explore the correlations
between epigenetic loci and cortical thickness changes in patients with MDD.
Methods. A total of 350 patients with MDD and 161 healthy controls (HCs) were included in
the epigenome-wide association studies (EWAS). We analyzed methylation, copy number
alteration (CNA), and gene network profiles in the MDD group. A total of 234 patients
with MDD and 135 HCs were included in neuroimaging methylation analysis. Pearson’s par-
tial correlation analysis was used to estimate the correlation between cortical thickness of
brain regions and DNA methylation levels of the loci.
Results. In total, 2018 differentially methylated probes (DMPs) and 351 differentially methy-
lated regions (DMRs) were identified. DMP-related genes were enriched in two networks
involved in the central nervous system. In neuroimaging analysis, patients with MDD showed
cortical thinning in the prefrontal regions and cortical thickening in several occipital regions.
Cortical thickness of the left ventrolateral prefrontal cortex (VLPFC, i.e. pars triangularis) was
negatively correlated with eight DMPs associated with six genes (EML6, ZFP64, CLSTN3,
KCNMA1, TAOK2, and NT5E).
Conclusion. Through combining DNA methylation and neuroimaging analyses, negative cor-
relations were identified between the cortical thickness of the left VLPFC and DNA methy-
lation levels of eight DMPs. Our findings could improve our understanding of the
pathophysiology of MDD.

Introduction

Major depressive disorder (MDD), a common psychiatric disorder with a lifetime prevalence
of approximately 16%, severely diminishes individuals’ quality of life and limits their function-
ing in family, work, and social lives (Kessler et al., 2007; Kupfer, Frank, & Phillips, 2012).
As the neurobiological etiology of MDD, alterations in monoaminergic neurotransmission, dys-
function of neural circuits involved in emotion and reward processing, disturbances in the hypo-
thalamic–pituitary–adrenal (HPA) axis, and changes in neural–immune interactions have also
been suggested (Han & Ham, 2021; Kupfer et al., 2012; Malhi & Mann, 2018). The genetic her-
itability of MDD is estimated to be approximately 37% (Flint & Kendler, 2014), and genetic
makeup can determine the risk of MDD through its genetic influences on the aforementioned
neurobiological mechanisms in an interactive manner with psychosocial environmental factors
such as childhood maltreatment or stressful life events (Klengel & Binder, 2013).

Regarding the etiology of MDD, gene-environmental interactions suggest that the impacts
of psychosocial environmental exposure may be highly dependent on one’s genetic vulnerabil-
ity, which, in turn, can regulate the neurobiological mechanisms of response or coping with
stressful stimuli such as early life adversities (Klengel & Binder, 2013). Epigenetic mechanisms
such as DNA methylation are deeply involved in the fine modulation of the complex interplay
between genes and environments through their pivotal role as mediators of the effects of
adverse environmental factors on the genome in MDD (Lopizzo et al., 2015). DNA methyla-
tion, particularly methylation changes within promoter and enhancer regions of the gene, has
been reported to have long-term effects on the transcription of genes involved in the HPA axis
(e.g. FKBP5, NR3C1) (Efstathopoulos et al., 2018; Humphreys et al., 2019; Klinger-König et al.,
2019), neuroplasticity (e.g. BDNF) (Ferrer et al., 2019; Januar, Ancelin, Ritchie, Saffery, &
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Ryan, 2015), and monoaminergic neurotransmission (e.g.
SLC6A4) (Kang et al., 2013; Schneider et al., 2018) in an inter-
active manner with exposure to stressful life events in depression.
More recently, alterations in DNA methylation profiles in
response to psychosocial environmental factors have been found
in patients with MDD not only at the specific candidate gene
level, but also at an epigenome-wide level (Li, Morrison,
Turecki, and Drevets, 2022). A recent epigenome-wide association
studies (EWAS) by Aberg et al. (2020) found that DNA methyla-
tion loci within the serotonin receptor ionotropic 3, subunit c
(HTR3C) gene were associated with the diagnosis of MDD and
a significant overlap of EWAS findings between blood and post-
mortem brain tissue.

Structural and functional alterations in neural circuits influenced
by genetic predispositions may mediate the association between
genetic variations and development of MDD (Cattarinussi,
Delvecchio, Sambataro, & Brambilla, 2022; Kim, Ham, & Han,
2019; Zhang, Mellor, & Peng, 2018). For epigenetic markers, a
growing body of evidence has shown that variations in DNA
methylation are associated with structural changes in the brains
of patients with MDD (Wheater et al., 2020). For example,
Tozzi et al., reported that DNA methylation of the FKBP5 gene
intron, its genetic variation plays a pivotal role in HPA axis regu-
lation through modulation of glucocorticoid receptor sensitivity,
is associated with gray-matter concentration in the inferior frontal
gyrus, which corresponds to the ventrolateral prefrontal cortex, in
patients with MDD (Tozzi et al., 2018). Our previous study also
reported that DNA methylation of the serotonin transporter
gene (i.e. SLC6A4) was inversely correlated with the structural
connectivity of the body of the corpus callosum in patients with
MDD (Won et al., 2016). However, most previous epigenetic neu-
roimaging studies on MDD have explored the potential relation-
ship between neuroimaging markers and DNA methylation of
specific candidate genes based on a priori hypothesis regarding
the pathophysiology of MDD, rather than on EWAS-based sys-
tematic selection of candidate genes (Chiarella et al., 2020;
Kaufman et al., 2018; Yrondi et al., 2021).

Therefore, in this study, we aimed to perform comprehensive
epigenetic profiling using EWAS to identify novel epigenetic
loci associated with the pathophysiology of MDD using a sample
of patients with MDD and healthy controls (HCs). We also
explored the differences in profiles regarding copy number altera-
tions (CNAs) and gene networks between the two groups. After
exploring significant epigenetic loci at the EWAS level as a
neuroimaging-epigenetic study, we also investigated the potential
correlation between epigenetic loci and cortical gray matter thick-
ness to examine the potential contribution of epigenetic modifica-
tions to brain structural changes in MDD.

To delineate the brain structural signatures influenced by indi-
vidual epigenomic profiles, we chose the atlas-based cortical
thickness of the whole brain as the neuroimaging parameter in
the present study. Among the widely studied cortical endopheno-
types (i.e. cortical thickness, surface area, and local gyrification
index), cortical thickness has a unique genetic origin (Panizzon
et al., 2009) and is strongly correlated with age-related trajectories
(Hogstrom, Westlye, Walhovd, & Fjell, 2013), which are asso-
ciated with the pathophysiology of MDD (Miles et al., 2021).
Furthermore, cortical thickness is one of the most intensively
studied neuroimaging parameters in relation to genetic factors,
such as polygenic risk score (Cattarinussi et al., 2022; Miles
et al., 2021) and DNA methylation (Freytag et al., 2017;
Gonzales et al., 2023) in MDD.

Materials and methods

Study participants

In this study, 350 patients with MDD (118 males and 232 females;
41.48 ± 14.80 years) and 161 HCs (58 males and 103 females;
39.08 ± 13.87 years) were included. Patients with MDD were
recruited between July 2015 and August 2021 from the outpatient
psychiatric clinic of the Korea University Anam Hospital in Seoul,
Republic of Korea. The present study used a combination of two
study samples: one study collected clinical and genomic data to
identify antidepressant treatment response-related biomarkers,
and the second study collected brain MRI data in addition to
the aforementioned data (Han et al., 2020a). Thus, among the
total of 350 patients with MDD and 161 HCs, 234 patients with
MDD and 135 HC underwent additional brain MRI scans.
A standardized clinical interview using a Structured Clinical
Interview for the fifth edition of the Diagnostic and Statistical
Manual of Mental Disorders was conducted to diagnose MDD
(First, Williams, Karg, & Spitzer, 2016). Two board-certified
Korean psychiatrists conducted the interviews (K.M. Han & B.J.
Ham). This study included patients whose diagnoses were con-
firmed by both psychiatrists. The HCs were recruited via adver-
tisements from the community. A total of 161 HCs were
assessed by two board-certified psychiatrists who found no evi-
dence of current or previous psychiatric illness. The following cri-
teria, described in a previous paper, were applied to both groups
for sample exclusion (Han et al., 2020b): (i) comorbidity of any
other major psychiatric disorders (including personality and sub-
stance use disorders), (ii) MDD with psychotic features, (iii) acute
patients with homicidal or suicidal thoughts who needed
inpatient care, (iv) current or previous major medical illness,
(v) current or previous neurological disease, and (vi) any contra-
indication for MRI. Depressive symptom severity was evaluated
using the 17-item Hamilton Depression Rating Scale (HDRS)
(Hamilton, 1960). The duration of illness was assessed using a
life chart methodology. The Edinburgh handedness test was
used to determine whether each participant was right-handed
(Oldfield, 1971). All participants were confirmed to have
Korean ancestry within the past three generations via self-report.
The study protocol was approved by the Institutional Review
Board (IRB) of the Korea University Anam Hospital
(2017AN0185). All the participants provided written informed
consent to participate in the study. For a given sample size (n =
511; 2:1 case:control ratio), DNA methylation differences of 2%
and 5% reached statistical power of 42% and 72%, respectively.
Statistical power was calculated using the pwrEWAS R package
(online Supplementary Fig. S1) (Graw, Henn, Thompson, &
Koestler, 2019)

Quality control and pre-processing of DNA Methylation data

The Infinium HumanMethylationEPIC BeadChip (Illumina Inc.,
San Diego, CA, USA) was used to estimate DNA methylation
levels (online Supplementary Materials). For signal intensity
values and pre-processing, the ChAMP R package was applied
to the Illumina Intensity Data files (Tian et al., 2017).
A β-value was used, which coded unmethylated as 0 and fully
methylated as 1, to express the methylation level of each probe.
Samples with a high proportion of poor-quality probes (>0.1)
were excluded. We performed principal component analysis
(PCA) to check for outliers that could confound the results
among the samples. Probes were eliminated using the following
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criteria: (i) detection p-value >0.01 probes, (ii) bead count <3 in at
least 5% of the samples, (iii) annotated as SNP-associated probes
(Zhou, Laird, & Shen, 2017), (iv) located on the sex chromosome,
(v) multi-hit CpG sites (Nordlund et al., 2013), and (vi) non-CG
probes. β-mixture quantile normalization (BMIQ) was used to
correct the technical batch resulting from differences in the
Infinium probe type (Teschendorff et al., 2013). Singular value
decomposition (SVD) was used to identify technical batches
and covariates. The batch effect correction was conducted using
the ComBat algorithm (Johnson, Li, & Rabinovic, 2007). We esti-
mated the white blood cell type composition using the
FlowSorted.Blood.EPIC R package (online Supplementary
Materials) as differences in white blood cell type composition
between samples may act as confounding factors.

MRI data acquisition and neuroimaging processing

T1-weighted images of the participants were obtained using a
3.0-Tesla TrioTM whole-body imaging system (Siemens
Healthcare GmbH, Erlangen, Germany) at the Korea University
MRI Center. The T1-weighted images were acquired parallel to
the anterior-commissure–posterior-commissure line using the
3D T1-weighted magnetization-prepared rapid gradient-echo
(MP-RAGE) sequence with the following parameters: repetition
time (TR), 1900 ms; echo time (TE), 2.6 ms; field of view, 220
mm; matrix size, 256 × 256; slice thickness, 1 mm; number of cor-
onal slices, 176 (without gap); voxel size, 0.86 × 0.86 × 1mm3; flip
angle, 16°; and number of excitations, 1. The T1-weighted MRI
neuroimaging analysis included 234 of 350 patients with MDD
and 135 of 161 HCs. The gray matter thickness of each cortical
region was obtained from the participants’ T1 images using the
FreeSurfer 6.0 version (Laboratory for Computational
Neuroimaging, Athinoula A. Martinos Center for Biomedical
Imaging, Charlestown, MA, USA; http://surfer.nmr.mgh.
harvard.edu). The FreeSurfer provides a 3D-cortical surface
reconstruction model and entails automated procedures for the
calculation of cortical thickness, including automatic segmenta-
tion of gray/white-matter boundaries, smoothing of the cortical
map, and parcellation of cortical regions based on the atlas, as
described previous literatures (Dale, Fischl, & Sereno, 1999;
Fischl, Liu, & Dale, 2001; Fischl et al., 2002; Fischl, Sereno, &
Dale, 1999; Fischl et al., 2004; Ségonne, Pacheco, & Fischl,
2007). Cortical gray matter thickness was determined as the short-
est distance between the gray/white matter and pial surfaces mea-
sured in millimeters (mm) (Han et al., 2020b). The cortical map
was smoothed using a Gaussian kernel with a full width at half
maximum of 20 mm for all cortical analyses (Han et al., 2020b).
The thicknesses of the 74 cortical gyri and sulci were calculated,
and we then used the gray matter thickness value of the 38 cor-
tical gyri in each hemisphere based on the atlas by Destrieux,
Fischl, Dale, and Halgren (2010). The total intracranial cavity vol-
ume (TICV) was automatically calculated using the FreeSurfer
software.

Differentially methylated positions and regions

Differentially methylated probes (DMPs) and differentially
methylated regions (DMRs) were evaluated in patients with
MDD and HCs. Treatment was based on covariates consisting
of cell type heterogeneity, age, sex, and two principal components
(PCs). Two PCs were included to correct for unknown biases.
DMPs were identified using the limma R package (Ritchie

et al., 2015). Bonferroni corrected p-value was applied to the
DMP results ( p-value ⩽0.05/(734 794 probes) = 6.80 × 10−8).
We used the dmrff R package, which is based on inverse variance-
weighted statistics (Suderman et al., 2018), to identify DMR.
Significant DMR was considered based on the following criteria:
(i) distance between probes in a region ⩽300 bp, (ii) number of
probes in a region ⩾2, (iii) each region should be related with
at least one gene, and (iv) false discovery rate (FDR) ⩽0.05. The
genomic coordinates of DMPs and DMRs were represented
based on the GRCh38/hg38 reference genome.

Copy number alteration

CNA was performed using the ChAMP R package, which is based
on the circular binary segmentation (CBS) method using HCs as a
reference (Olshen, Venkatraman, Lucito, & Wigler, 2004; Tian
et al., 2017). Focal- and arm-level events that contained frequent
gains or losses in the MDD group were determined using the
Genomic Identification of Important Targets in Cancer 2.0
(GISTIC) algorithm. The genomic coordinates of the CNAs are
represented based on the GRCh38/hg38 reference genome.
Copy numbers >0.5 or < −0.5 were defined as copy number
gains or losses, respectively.

Network analysis

Network analysis was performed using the Ingenuity Pathway
Analysis (IPA) software (Ingenuity Systems, Redwood City, CA,
USA) with genes that corresponded to significant DMPs. The
Δβ values of DMPs were used to determine how each gene affects
the integrated network, containing estimations of direct and
indirect connections as well as experimentally observed relation-
ships. The score for each network was calculated based on the
set of focused genes in the network.

Neuroimaging analysis

Neuroimaging analyses were performed in two steps: First, one-
way analysis of covariance (ANCOVA) was conducted adjusting
for sex, age, TICV, and years of education to identify the differ-
ence in cortical thickness between the MDD and HC groups.
The Benjamini–Hochberg (BH) approach was used to correct
multiple testing error (the false discovery rate [FDR] ⩽0.05) for
the comparison of the cortical thickness between the two groups.
Second, Pearson’s partial correlation analysis was used to deter-
mine whether a relationship exists between the significant CpG
sites and the thickness of the cortical regions, which showed sig-
nificant differences between the two groups, for the neuroimaging-
epigenetic correlation analysis. The only significant DMPs were
included in the correlation analysis (i.e. p-value ⩽6.80 × 10−8).
Correlation analyses were performed for the MDD and HC groups
using the following covariates: Sex, age, TICV, years of education,
HDRS score, medication status (coded drug-naïve patients as 0
and medicated patients as 1), and illness duration were used as cov-
ariates for the MDD group. Illness duration, HDRS score, and
medication status were excluded from the covariates in the HC
group, as described in our previous study (Han et al., 2022).
The BH approach was also applied in the neuroimaging-epigenetic
correlation analyses (FDR⩽ 0.05). CpG sites derived from the
neuroimaging-epigenetic analysis were used to confirm potential
co-methylation effects using coMET R package (Martin, Yet,
Tsai, & Bell, 2015) (see online Supplementary Materials for detail).
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The correlations between the DNA methylation level of the CpG
sites and HDRS scores were analyzed to further investigate the rela-
tionship between DNA methylation level and MDD severity using
the Spearman rank correlation coefficient. Considering the patients
in remission, a linear regression method was applied to adjust for
the remission status on DNA methylation level before conducting
the correlation analysis. R 4.0.3 environment was applied for all
statistical analyses.

Results

Differentially methylated positions and regions

We performed a differential methylation analysis in 350 patients
with MDD and 161 HCs. Age, years of education, and HDRS scores
were significantly different between the MDD and HC groups
( p-value ⩽0.05; Table 1). After quality control, 734 794 CpG sites
remained and were used for differential methylation analysis.

A total of 2018 CpG sites were identified as significant DMPs
with Bonferroni-corrected p-value ( p-value ⩽6.80 × 10−8) (online
Supplementary Table S1). These DMPs (1128 hypermethylated
and 890 hypomethylated sites) were associated with 1474 unique
genes, including 333 MDD-related genes (Fig. 1a, b). The top 20
DMPs are presented in Table 2 and highlighted in Fig. 1b.
Among them, cg03009437 (chr22:31276850; LIMK2), cg07670259
(chr17:2613677; PAFAH1B1), and cg13128596 (chr11:104969131;
CASP4) were associated with MDD-related genes with p-values

of 2.84 × 10−15, 3.96 × 10−15, and 4.30 × 10−15, respectively (Gao
et al., 2020; Hall et al., 2018; Nagel et al., 2018).

The functional genomic and CpG island regions of 2018 sig-
nificant DMPs were separated into hypermethylated and hypo-
methylated DMPs. Among the 2018 DMPs, 560 of the 1128
(49.65%) hypermethylated DMPs were aligned to the body region
of the gene (Fig. 1c). The second highest number of hypermethy-
lated DMPs (340 of 1128 DMPs, 30.14%) were aligned within the
intergenic region (IGR) (Fig. 1c). Conversely, 27.4% of the hypo-
methylated DMPs were located at 200 bp upstream of the tran-
script start site (TSS200), 17.64% at 1500 bp upstream of the
transcript start site (TSS1500), 15.05% in the gene body, 14.27%
in the 5′ untranslated region (5′ UTR), 13.82% in the first exons,
11.12% in the IGR, 0.67% in the 3′ untranslated region (3′

UTR), and no DMPs in exon boundaries (Fig. 1c). Interestingly,
we found that 64.1% of the hypermethylated DMPs were located
in the open-sea region, whereas 73.6% of the hypomethylated
DMPs were located in the CpG island region, which is highly dis-
tributed in mammalian gene promoters (Fig. 1d) (Saxonov, Berg,
& Brutlag, 2006). In summary, hypermethylated DMPs were found
more frequently in the gene body region and IGR, whereas hypo-
methylated DMPs were found more frequently in promoter-
associated regions. A previous study revealed that increased
DNA methylation levels in the gene body regions may increase
gene expression (Laurent et al., 2010). Thus, our findings suggest
that MDD-related genes are upregulated through epigenetic mod-
ifications in patients with MDD.

Table 1. Demographic and clinical characteristics of patients with MDD and HCs

Characteristics MDD (n = 350) HC (n = 161) P-value (t, χ2)

Age (mean ± S.D.) 41.76 ± 14.77 38.41 ± 13.94 0.016a (t = 2.426)

Sex (female/male) 232/118 104/57 0.763b (χ2 = 0.140)

Education years (mean ± S.D.) 13.11 ± 3.21 15.04 ± 2.26 <0.001a (t =− 7.802)

HDRS-17 score (mean ± S.D.) 16.41 ± 6.64 0.93 ± 1.69 <0.001a (t = 19.155)

Remission state/depressive state 38/312 NA NA

Illness duration (mean ± S.D.) (months) 28.64 ± 28.82 NA NA

Drug-naive/drug-treated patients (n) 106/244 NA NA

Medication (n)

Antidepressants

SSRI 97 NA NA

SNRI 55

NDRI 5

NaSSA 22

Etc 10

Combination of AD 55

Antipsychotics

None 166

AP 58

Combination of AP 20

ap values for comparisons of age, years of education, HDRS scores, and TICV were obtained using independent t tests.
bp-values for sex distribution were obtained using the chi-square test.
HCs, healthy controls; MDD, major depressive disorder; SD, standard deviation; HDRS-17, 17-item Hamilton Depression Rating Scale; TICV, total intracranial cavity volume; SSRI, selective
serotonin reuptake inhibitor; SNRI, serotonin and norepinephrine reuptake inhibitor; NDRI, norepinephrine-dopamine reuptake inhibitor; NaSSA, noradrenergic and specific serotonergic
antidepressant; APs, antipsychotics; ADs, antidepressants.
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DMRs can capture additional signals from multiple single sites
because they collect methylation variations between subsequent
probes in an area. A total of 351 DMRs were identified using the cri-
teria described in the Materials and Methods section, after adjusting
for sex, age, and two principal components (online Supplementary
Table S2). The most significant DMR was located on chromosome
6, which included two CpG sites associated with the gene body
region of the BRPF3 gene (online Supplementary Table S2).

Copy number alteration

To detect CNAs, 350 patients with MDD were analyzed using
GISTIC algorithm. A total of 37 gains and 23 losses were identi-
fied at FDR⩽ 1.0 × 10−4 (online Supplementary Fig. S2).
Recurring focal CNAs in patients included gains in HLA-DRB5

on 6p21.32, HLA-A and RNF39 on 6p22.1, olfactory receptor
gene family (OR4K5, OR11H2, OR4K1, OR4K2, OR4N2,
OR11H12, OR4Q3, and OR4M1) on 14q11.2, and HLA-B on
6p22.33, and losses in HCG4B on 6p22.1, HLA-B on 6p21.33,
DUSP22 on 6p25.3, LOC645166 on 1q21.2, and LOC641298 on
16p12.2 (online Supplementary Table S3).

Gene network analysis

IPA was performed to identify the interactions and networks
between the 1474 DMP-related genes. The IPA identified the
enrichment of 25 networks involved in multiple diseases and disor-
ders. We found two networks associated with the central nervous
system (CNS): A network with a score of 29 was associated with
nervous system development and function, organ morphology,

Figure 1. Differentially methylated probes (DMPs) between major depressive disorder (MDD) and healthy control (HC) groups. (a) Volcano plot of all CpG sites.
X-axis represents Δβ, and y-axis represents −log10( p-value). Hypomethylated probes in MDD group are highlighted in blue, whereas hypermethylated probes
are highlighted in red. Black dot represents probes that are not significant. The horizontal dashed line at −log10(6.80E − 08) indicates the Bonferroni corrected
p-value of 0.05. Δβ (delta-beta), the average beta value of MDD patients minus the average beta value of HCs. (b) Manhattan plot of all CpG sites. Y-axis represents
−log10( p-value), whereas x-axis represents chromosomes. Different colors are used to identify different chromosomes. DMP results were adjusted for sex, age,
white blood cell composition and two principal components. The horizontal red dashed line at −log10(6.80E− 08) indicates the Bonferroni corrected p-value
of 0.05. For the top 20 significant DMPs, 17 CpG sites are labeled with red dots and three CpG sites are labeled with blue dots since they are found in MDD related
genes. Among the remaining, a total of 330 green labeled CpG sites are found in MDD related genes. (c) Polar bar plot indicating distributions of functional genomic
regions of hypermethylated (left) and hypomethylated (right) DMPs. Colors are illustrated according to the number of probes for each functional genomic region.
TSS1500, 200–1500 bp upstream of the transcriptional start site; TSS200, 0–200 bp upstream of the transcriptional start site; 5′UTR, between the transcriptional
start site and the ATG start site; 1stExon, first exon; Body, between the ATG and stop codon; 3′UTR, between the stop codon and poly A signal; IGR, intergenic
region; ExonBnd, Exon-boundary. (d) Pie chart illustrating distributions of hypermethylated (left) and hypomethylated (right) DMPs according to the CpG island
regions. Different color labels are used to distinguish different regions. shelf, 2–4 kb from a CpG island; shore, 0–2 kb from a CpG island; openSea, >4 kb from
a CpG island; island, CpG island.
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and tissue morphology (online Supplementary Fig. S3a). Another
network, with a score of 29, was associated with developmental dis-
orders, hereditary disorders, and neurological diseases (online
Supplementary Fig. S3b).

Cortical thickness alterations

In the neuroimaging analysis, 234 of 350 patients with MDD and
135 of 161 HCs were included (online Supplementary Table S4).
Comparisons of 76 cortical thickness of the bilateral hemispheres
between the MDD and HC groups showed that four significantly
increased cortical regions and three significantly decreased cor-
tical regions with FDR⩽ 0.05 (online Supplementary Table S5).
Patients with MDD showed significantly decreased cortical thick-
nesses in the left pars triangularis (FDR = 0.046), right transverse
frontopolar gyrus (FDR = 0.018), and middle frontal gyrus (FDR
= 0.018). The patient group also showed significantly increased
cortical thickness in several occipital regions, including the bilat-
eral lingual gyri (right: FDR = 0.020; left: FDR = 0.046), left super-
ior occipital gyrus (FDR = 0.021), and the right cuneus (FDR =
0.023) (online Supplementary Table S6).

We performed an ad hoc analysis to investigate the potential
correlation between cortical thickness of the left pars triangularis
and illness duration or depression severity. In Pearson’s partial
correlation analysis, we observed a weak but significant negative

correlation between illness duration and the thickness of the left
pars triangularis in the MDD group (r =−0.156, p-value =
0.019), with age, sex, TICV, years of education, medication, and
the HDRS score as covariates. However, we did not find any sig-
nificant correlation between HDRS score and cortical thickness in
the MDD group.

Correlation between DNA methylation and cortical thickness

Correlation analyses were conducted using the β values of 2018
significant DMPs and the thicknesses of 76 cortical regions.
Within seven cortical regions that showed different cortical thick-
ness between the MDD and HC groups, eight CpG sites had sig-
nificant correlations at FDR⩽ 0.05 (Table 3). For these eight CpG
sites, the cortical thickness of the left pars triangularis showed
negative correlations with cg09705759 (r = −0.213, FDR =
0.022), cg14706523 (r = −0.213, FDR = 0.031), cg02593636 (r =
−0.231, FDR = 0.034), cg26929161 (r =−0.229, FDR = 0.038),
cg01490772 (r =−0.217, FDR = 0.039), cg23644045 (r = −0.227,
FDR = 0.043), cg24300703 (r =−0.227, FDR = 0.043), and
cg04227758 (r =−0.225, FDR = 0.049) (Table 3) in the MDD
group. This relationship was absent in the HC group entirely
(Fig. 2). Additionally, we analyzed the correlation between the
methylation level of eight CpG sites and HDRS scores in the
MDD and HC groups, respectively. Among the eight CpG sites,

Table 2. Top 20 DMPs obtained from methylation analysis of patients with MDD

CpG site p-Valuea Δβ CHR Positionb Gene Functional regionc CGI regiond MDD related genee

cg20996545 1.11 × 10−17 0.028 11 17 226 920 IGR Shore

cg21604516 5.80 × 10−16 −0.029 8 31 032 953 PURG TSS200 Opensea

cg03901462 6.79 × 10−16 −0.021 11 62 805 402 NXF1 1stExon Island

cg16525439 7.09 × 10−16 0.025 6 36 211 131 BRPF3 Body Opensea

cg22549556 1.18 × 10−15 0.026 8 69 130 039 IGR Opensea

cg19527233 2.29 × 10−15 0.015 17 28 960 994 SEZ6 Body Opensea

cg09789536 2.71 × 10−15 −0.024 1 960 846 KLHL17 Body Island

cg03009437 2.84 × 10−15 0.036 22 31 276 850 LIMK2 Body Shore LIMK2

cg24491553 2.96 × 10−15 −0.019 15 41 559 012 TYRO3 TSS200 Shore

cg17432189 3.58 × 10−15 −0.025 5 119 268 565 TNFAIP8 TSS200 Shore

cg27272293 3.87 × 10−15 0.045 12 76 137 227 IGR Opensea

cg07670259 3.96 × 10−15 0.026 17 2 613 677 PAFAH1B1 5’UTR Opensea PAFAH1B1

cg13128596 4.30 × 10−15 0.029 11 104 969 131 CASP4 TSS1500 Opensea CASP4

cg15779295 4.34 × 10−15 0.027 2 183 260 624 IGR Island

cg05521474 4.65 × 10−15 0.037 5 135 746 507 IGR Opensea

cg17836790 5.10 × 10−15 0.021 5 500 450 SLC9A3 Body Island

cg12271800 5.27 × 10−15 0.033 19 58 517 397 ZBTB45 Body Island

cg19345149 8.55 × 10−15 −0.013 11 116 788 159 ZNF259 TSS200 Island

cg07222421 8.92 × 10−15 0.042 1 155 748 857 MSTO2P Body Shelf

cg25481680 8.95 × 10−15 −0.024 10 103 351 121 PCGF6 5’UTR Island

aBonferroni corrected p-value (⩽0.05/(734 794 probes) = 6.80E− 08).
bUCSC GRCh38/hg38.
cCpG sites located in functional genomic regions, TSS1500, 200–1500 bases upstream of the transcriptional start site; TSS200, 0–200 bases upstream of the transcriptional start site; 5′UTR,
between the transcriptional start site and ATG start site; 1stExon, first exon; Body, between ATG and stop codon; IGR, intergenic region.
dCpG sites located on CpG islands, Shelf, 2–4 kb from a CpG island; Shore, 0–2 kb from a CpG island; OpenSea, >4 kb from a CpG island; Island, CpG island.
eMDD-related genes were extracted from the GWAS catalog (https://www.ebi.ac.uk/gwas/) and PubMed (https://pubmed.ncbi.nlm.nih.gov/).
DMP, differentially methylated probe; MDD, major depressive disorder; Δβ (delta-beta), the average beta value of MDD patients minus the average beta value of HCs; CGI, CpG island.
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cg09705759 showed a positive correlation with the HDRS scores
(r = 0.120, p-value = 0.025), whereas cg01490772 showed a nega-
tive correlation with the HDRS scores (r = −0.237, p-value =
8.03 × 10−6). Those relationships were not observed in the HC
group, indicating that these CpG sites may have potential as epigen-
etic markers for assessing MDD severity (online Supplementary
Fig. S4).

Discussion

In this study, we performed a comprehensive analysis to examine
the association between genome-wide DNA methylation and

structural changes in the brain of patients with MDD. The
main strength of this study was the investigation of novel epigen-
etic loci and their relationship with cortical thickness in patients
with MDD. We found 2018 candidate CpG sites and 351 regions.
Interestingly, 8 of the 2018 CpG sites from the EWAS results
showed significant negative correlations with the cortical thick-
ness of the left pars triangularis, which corresponds to the ventro-
lateral prefrontal cortex (VLPFC) in patients with MDD.
The present study makes an important contribution to the under-
standing of the pathophysiology of MDD regarding the interac-
tions between epigenetic makeup, structural brain changes, and
the disease.

Table 3. Correlation between cortical thickness of significant brain regions and DNA methylation levels of eight CpG sites in patients with MDD

Cortical regions CpG site (functional regiona; Δβ) CHR Positionb Gene r P-value FDRc

L Pars triangularis cg09705759 (IGR; 0.008) 4 139 634 378 −0.213 1.22 × 10−3 0.022

cg14706523 (Body; 0.008) 2 54 740 436 EML6 −0.213 1.23 × 10−3 0.031

cg02593636 (IGR; 0.029) 12 10 505 730 −0.231 4.45 × 10−4 0.034

cg26929161 (Body; 0.035) 20 52 084 727 ZFP64 −0.229 5.04 × 10−4 0.038

cg01490772 (TSS1500; −0.003) 12 7 129 997 CLSTN3 −0.217 1.02 × 10−3 0.039

cg23644045 (Body; 0.013) 10 77 527 229 KCNMA1 −0.227 5.62 × 10−4 0.043

cg24300703 (Body; 0.008) 16 29 979 474 TAOK2 −0.227 5.69 × 10−4 0.043

cg04227758 (Body; 0.017) 6 85 476 633 NT5E −0.225 6.42 × 10−4 0.049

aCpG sites locate in functional genomic regions, TSS1500, 200–1500 bases upstream of the transcriptional start site; Body, between the ATG and stop codon; IGR, intergenic region.
bUCSC GRCh38/hg38.
cBenjamini–Hochberg (BH) approach was applied (FDR⩽ 0.05).
MDD, major depressive disorder; Δβ (delta-beta), the average beta value of MDD patients minus the average beta value of HCs; FDR, false discovery rate; L, left hemisphere.

Figure 2. Scatter plots of Pearson’s partial correlation analysis between brain cortical thickness and differentially methylated probes (DMPs). Red dots/lines indi-
cate MDD group and black dots/lines indicate HC group. Colored line represents the correlation between cortical thickness of brain region and methylation level of
CpG sites. Each plot showed significant negative correlations between the left pars triangularis and (a) cg09705759, (b) cg14706523, (c) cg02593636, (d) cg26929161,
(e) cg01490772, (f) cg23644045, (g) cg24300703, and (h) cg04227758. Cortical thickness was adjusted for age, sex, education year, total intracranial cavity volume,
illness duration, HDRS score, and medication status. Methylation level was adjusted for age, sex, PC1, and PC2. Pearson correlation coefficients and p-values are
indicated for both groups. MDD, major depressive disorder; HC, healthy control; L, left hemisphere; R, Pearson’s partial correlation coefficient; HDRS, 17-item
Hamilton Depression Rating Scale; PC, principal component.
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Of the top 20 DMP-related genes, the nuclear RNA export fac-
tor 1 (NXF1) gene has been identified as a positive regulator of the
IRF5 signaling pathway that was involved in various autoimmune
diseases, such as inflammatory bowel disease and multiple scler-
osis (Kaur, Lee, Chow, & Fang, 2018). Seizure-related gene 6
(Sez6), another top DMP-related gene, encodes a transmembrane
protein that modulates synaptic plasticity in the cortex and
hippocampus (Gunnersen et al., 2007). Sez6 is involved in psychi-
atric disorders, including autism spectrum disorder (ASD),
childhood-onset schizophrenia, and bipolar disorder (BD)
(Ambalavanan et al., 2016; Chapman et al., 2015; Xu et al.,
2013). Given the neural–immune interactions and synaptic plas-
ticity are deeply involved in the etiology of MDD (Barnes,
Mondelli, & Pariante, 2017; Duman, Aghajanian, Sanacora, &
Krystal, 2016; Han & Ham, 2021; Troubat et al., 2021), our results
suggest that NXF1 and Sez6 methylation may play an important
role in the pathophysiology of MDD. Among the other top
DMP-related genes, LIM kinase 2 (LIMK2), a gene that regulates
cortical development and was reported to be associated with
schizophrenia by a recent EWAS in the Han Chinese population
(Li et al., 2021). A previous study also reported its up-regulation
in deep layer three pyramidal cells in the dorsolateral prefrontal
cortex in patients with schizophrenia (Datta, Arion, Corradi, &
Lewis, 2015). Bromodomain and PHD finger containing protein
3 (BRPF3), which is involved in the regulation of the histone acet-
yltransferase activity and substrate specificity, was reported to be
associated with both, MDD in a recent large-scale whole-exome
sequencing study (Zhou et al., 2021) and antidepressant response
in patients with MDD (Kang et al., 2020). PAFAH1B1, also
known as LIS1, encodes a critical mediator of neuronal migration
in brain development (Sudarov et al., 2018) and is suggested to be
related with chronic mental illness such as schizophrenia and BD
(Cukkemane et al., 2021; Tabarés-Seisdedos et al., 2006).
This gene is also deeply involved in synaptic function and plasti-
city of mature CA1 neurons in the hippocampus (Sudarov et al.,
2018). A Kelch-like 17 (KLHL17) gene, which encodes a neuron-
specific F-actin binding protein, is known to regulate dendritic
spine morphology or plasticity and be associated with neurodeve-
lopment disorders such as intellectual disability and ASD (Hu,
Huang, & Hsueh, 2020; Huang, Fang, Kung, & Chen, 2022).
CASP4 gene encodes a caspase-4, which plays a critical role in
inflammatory responses, secretion of interleukin (IL)-1b and
IL-18 (Kajiwara et al., 2014) and is reported to be associated
with schizophrenia and BD in a human study (de Baumont
et al., 2015). A previous mouse study also suggested that this
gene contributes to the pathogenesis and cognitive impairment
in Alzheimer’s disease (Kajiwara et al., 2016). The exact function
of PURG, which encodes a kind of purine-rich element-binding
protein, is not well understood, several genome-wide association
studies have reported that PURG is associated with cognitive per-
formance and intelligence (Hill et al., 2019; Kang et al., 2023; Lee
et al., 2018).

A significantly hypermethylated region was identified in the
gene body region of the histone deacetylase 3 (HDAC3) gene,
which is a member of the class I HDACs (Park & Kim, 2020).
Overexpression of HDAC3 has been reported to accelerate oxida-
tive stress-induced neurodegenerative processes (Bardai &
D’Mello, 2011). Furthermore, previous studies have reported
that HDAC3 is associated with the pathophysiology of
Parkinson’s and Alzheimer’s disease (Choi et al., 2015; Mahady
et al., 2018). Another significant DMR was found in the promoter
hypomethylation of the orphan G protein-coupled receptor 12

(GPR12) gene, which plays a critical role in cortical development
(Ignatov et al., 2003). A previous study has reported that GPR12 is
upregulated in the microglia through a neuroinflammation pro-
cess (Bédard, Tremblay, Chernomoretz, & Vallières, 2007).
Given the suggested roles of these genes, epigenetic modifications
may be associated with the pathophysiology of MDD.

We found significant CNAs within several genes, including the
ring finger protein 39 (RNF39) and olfactory receptor gene fam-
ilies. According to a previous study, the hypomethylation of
RNF39-containing DMR is associated with the development of
PTSD after traumatic stress exposure (Rutten et al., 2018).
The olfactory receptor gene family, located at 14q11.2, is strongly
associated with ASDs and an earlier age of Alzheimer’s disease
(Gibitova et al., 2022; Shaw et al., 2011). Interestingly, the
human leukocyte antigen (HLA) regions contain the most abun-
dant focal gain and loss regions in the present study. Recently,
there has been growing evidence that inflammatory markers or
autoimmune diseases that play a role in the etiology of MDD
are correlated with highly polymorphic HLA regions (Gough &
Simmonds, 2007; Osimo et al., 2020). Although significant altera-
tions were observed in our study, these results warrant further
investigation.

Given the epigenetic variations, we identified two gene networks
associated with the CNS. The first gene network included the
NF-κB complex with multiple indirect interactions. NF-κB plays
a crucial role in inflammatory and structural plasticity in the
mature brain (Dresselhaus & Meffert, 2019). The second gene net-
work included Tumor necrosis factor-a-induced protein 8
(TNFAIP8) and TYRO3 protein tyrosine kinase (TYRO3), the
top-ranked DMP-related genes. TNFAIP8 is essential for maintain-
ing immune homeostasis via regulating IκBα/NF-κB and PI3K/Akt
signaling pathways (Xue et al., 2020). Downregulation of TYRO3
has been implicated in loss of stress resistance (e.g. hypoxia and
neurotransmitter overstimulation) and neurodevelopmental dis-
eases (Pierce & Keating, 2014; Zhang et al., 2023). Therefore, the
complex interactions of these genes may be associated with the
pathophysiology of MDD through their involvement in structural
alterations and neuroinflammatory processes in the brain.

In this study, we observed significant cortical thinning of the
prefrontal cortex (PFC), including the left pars triangularis,
right transverse frontopolar, and middle frontal gyri, and cortical
thickening in several occipital regions in the MDD group. A
reduction in MDD-associated cortical thickness in the PFC has
been consistently reported in numerous MRI studies (Schmaal
et al., 2017; Suh et al., 2019). For example, a previous
meta-analysis by Schmaal et al. (2017), using MRI data from
2148 patients with MDD and 7957 HC volunteers from 20 sites
worldwide, reported significant MDD-related thinning of the
PFC, including the pars triangularis, middle frontal gyrus, and
frontal pole, which corresponds to the results of the present
study. In particular, the pars triangularis, which corresponds to
the VLPFC and its cortical thinning, was significantly correlated
with epigenetic loci in the present study and is deeply involved
in the cognitive control of negative emotions and reward process-
ing with regard to the neural circuit dysfunction of MDD (Phillips
et al., 2015; Rive et al., 2013).

We examined the association between 2018 DMPs and cortical
region thickness, which showed significant differences between
the MDD and HC groups, to identify novel epigenetic loci asso-
ciated with cortical thickness changes in patients with MDD.
The reduction in the cortical thickness of the left pars triangularis,
which corresponds to the VLPFC, was strongly correlated with
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DNA methylation changes in eight CpG sites in the MDD group
but not in the HC group. We found that six out of eight CpG sites
were associated with EML6, ZFP64, CLSTN3, KCNMA1, TAOK2,
and NT5E genes. CLSTN3 encodes calsyntenin-3, a synaptogenic
adhesion molecule that plays an important role in GABAergic and
glutaminergic synaptic development (Um et al., 2014). This gene
has been reported to be associated with ASDs and schizophrenia
via its involvement in brain development (Howes & Onwordi,
2023; Woodbury-Smith et al., 2022). Furthermore, a recent
study using maternal peripheral blood samples from 92 partici-
pants reported that DNA methylation of CLSTN3 was associated
with postpartum depressive symptoms (Lapato et al., 2019).
EML6 encodes microtubule-associated proteins, which are asso-
ciated with cytoskeletal function (Shinde et al., 2021), and its gen-
etic expression has been reported to be altered in post-mortem
PFC tissue from patients with Alzheimer’s disease (Sherva et al.,
2023) and postmortem midbrain tissue from those with schizo-
phrenia (Puvogel et al., 2022). TAOK2 is located in the 16p11.2
chromosomal deletion region, which is known to be associated
with ASD and schizophrenia (Richter et al., 2019). This gene
has a critical role in brain development through involvement in
synaptic and dendritic development (Richter et al., 2019), and
its genetic variant was associated with psychosis phenotype,
including schizophrenia and BD, in the genome-wide association
study (Steinberg et al., 2014), and a most recent EWAS reported
that DNA methylation of TAOK2 was associated with the degree
of general psychopathology in childhood (Rijlaarsdam et al.,
2023). KCNMA1 encodes the BK channels, which comprise
four α-subunits of the calcium ion-activated potassium channel
and play an important role in the synaptic regulation of neuronal
excitability (Laumonnier et al., 2006). KCNMA1 has been
reported to be associated with ASD and neurodevelopment disor-
ders (Cheng, Qiu, & Du, 2021), and its de novo mutation was
reported to be associated with ASD (Wu et al., 2020). ZFP64
encodes a co-activator of the Notch signaling pathway
(Sakamoto, Tamamura, Katsube, & Yamaguchi, 2008), which is
involved in the regulation of neuronal cell proliferation, differen-
tiation, and growth (Ables, Breunig, Eisch, & Rakic, 2011). The
potential contribution of the Notch signaling pathway to the pre-
disposition to psychiatric disorders has been reported (Hoseth
et al., 2018). Previous studies have reported that ZFP64 is asso-
ciated with recurrent MDD (Glahn et al., 2012) and binge eating
behavior in BD (Winham et al., 2014). Another significant CpG
site, cg04227758, was located in the body region of the NT5E
gene. The NT5E gene encodes ecto-5′-nucleotidase (CD73),
which plays a role in converting 5′-adenosine monophosphate
(AMP) to adenosine (Lennon, Taylor, Stahl, & Colgan, 1998).
Dysregulation of the adenosine metabolism pathway can contrib-
ute to the etiology of psychiatric disorders, including ASD,
Alzheimer’s disease, and MDD (Liu et al., 2019), because it may
affect neuronal dysfunction and neurodegeneration via glutama-
tergic neurotransmission (Cunha, 2016). Previous studies have
reported that NT5E is associated with diagnosis of BD (Bigdeli
et al., 2013) and history of childhood trauma in patients with
MDD (Van der Auwera et al., 2018).

An epigenetic modification refers to not only a potentially her-
itable, but also an environmentally modifiable regulation of gene
function and expression by psychosocial stresses particularly for
childhood maltreatments (Lopizzo et al., 2015). Furthermore,
convergence evidence has shown that this environment-induced
alteration in DNA methylation contributes to an individual’s pre-
disposition to MDD by impairing brain network development

(Wheater et al., 2020). For example, a study by Tozzi et al.
(2018) found that DNA methylation of FKBP5 gene intron
seven regions was correlated with the degree of childhood adver-
sity among patients with MDD and high-risk allele of rs1360780,
and that DNA methylation was also correlated with reduced gray
matter concentration in the prefrontal cortex (i.e. inferior frontal
orbital gyrus). Another study suggested that childhood maltreat-
ment was associated with higher DNA methylation levels of the
oxytocin receptor (OXTR) gene, which was negatively correlated
with the gray matter volume of the left orbitofrontal cortex
among children (Fujisawa et al., 2019). Considering the potential
interplay among epigenetic modifications, early life stress, and
brain structural changes with regard to the pathophysiology of
MDD (Uchida, Yamagata, Seki, & Watanabe, 2018; Wheater
et al., 2020), epigenetic loci associated with the diagnosis of
MDD or cortical thickness changes in the present study may
have underlying potential interactions with psychosocial environ-
mental factors. However, we did not investigate participants’ psy-
chosocial environmental factors, such as early life stress, which
might limit our ability to unravel the complex interplay among
epigenetic mechanisms, structural brain changes, and the devel-
opment of MDD.

In a combined neuroimaging-epigenetic analysis, only a subset
of epigenetic loci was associated with cortical thickness changes in
patients with MDD. Several epigenetic loci can increase an indi-
vidual’s susceptibility to the development of MDD by modulating
the pathophysiological pathways of MDD (Penner-Goeke &
Binder, 2019). Among these epigenetic loci, some may be
involved in neurobiological mechanisms that could impact inter-
mediate neuroimaging phenotypes, such as structural brain
changes associated with depression, including synaptic and den-
dritic development, neuronal cell proliferation, differentiation,
growth, and glutamatergic neurotransmission (Uchida et al.,
2018; Wheater et al., 2020). Recent large-scale collaborative
imaging-genetic studies, such as the Enhancing Neuro Imaging
Genetics through Meta-Analysis (ENIGMA) consortium and
the IMAGEN study, have suggested that structural brain altera-
tions were heritable and polygenic (Hibar et al., 2015; Stein
et al., 2012), and a growing body of evidence has shown the rela-
tionship between DNA methylation and brain structural changes
in MDD (Wheater et al., 2020). Thus, in the present study, we
presumed that among the 2018 DMPs involved in MDD patho-
physiology, only a subset might be involved in the depression-
related intermediate neuroimaging phenotype. This may explain
why several CpG sites related to the diagnosis of MDD were asso-
ciated with changes in cortical thickness in the present study.

This study had several strengths and limitations. First, we
examined the DNA obtained from peripheral blood, which does
not directly represent the methylation landscape in the brain tis-
sue. However, previous studies have suggested a concordance
between DNA methylation patterns in peripheral lymphocytes
and several brain regions (Davies et al., 2012; Horvath et al.,
2012). Second, causal relationship between the onset of MDD
and DNA methylation level cannot be established in a case-
control study and confounding factors should be considered.
Although we adjusted DNA methylation results using two con-
founders (age, sex) and two principal components, there are
still potential confounders such as functional polymorphisms
and environmental factors (e.g. BMI, smoking, alcohol consump-
tion, physical activity, and other lifestyle factors) that may affect
the interpretation of our results. Therefore, our findings should
be interpreted with caution and need further validation using
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external cohort data. Furthermore, within 10 kb genomic regions
centered on each of the 8 CpG sites, we did not observe any sig-
nificant co-methylation (rho > |0.5|) (online Supplementary
Fig. S5). Since the potential impact of multiple CpG sites on cor-
tical thickness might not be fully addressed, further efforts to val-
idate co-methylation using whole-genome bisulfite sequencing are
needed. Additionally, the lack of replication and relatively small
sample size may limit the reliability of the present study.
However, to maximize the statistical power, all samples were
included in the discovery group without creating an independent
replication group. Although our study is still underpowered in
cases where DNA methylation differences are marginal, we com-
prehensively investigated the potential correlation between epi-
genetic loci and brain structure (i.e. cortical thickness) in
patients with MDD, thereby providing a foundation for transla-
tional research in neuroimaging genomics. Future studies with
larger sample sizes are expected to support the findings of this
study. Finally, we did not provide further validation results at
the gene expression level because of the limited sample size in
the Gene Expression Omnibus (GEO) database (GSE42546,
GSE80655, GSE101521, GSE102556, and GSE185855) (data not
shown). Further investigation of our findings, through the com-
bination of epigenomic, genomic, transcriptomic, and metabolo-
mic data, will provide a deeper understanding of the
pathophysiological mechanisms underlying MDD.

In conclusion, we found that the cortical thickness of the left
VLPFC was negatively correlated with the DNA methylation
levels of CpG sites associated with EML6, ZFP64, CLSTN3,
KCNMA1, TAOK2, and NT5E, which may affect alterations in
brain function and structure. In addition, genes associated with
DMPs were enriched in the gene networks involved in CNS
morphology and neurodevelopmental disorders. Our findings
provide deeper insight into the pathophysiological mechanisms
of MDD.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291724000709.
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