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While epigenetic modifications have been implicated in ADHD through studies of peripheral tissue, to date there has been no
examination of the epigenome of the brain in the disorder. To address this gap, we mapped the methylome of the caudate
nucleus and anterior cingulate cortex in post-mortem tissue from fifty-eight individuals with or without ADHD. While no single
probe showed adjusted significance in differential methylation, several differentially methylated regions emerged. These
regions implicated genes involved in developmental processes including neurogenesis and the differentiation of
oligodendrocytes and glial cells. We demonstrate a significant association between differentially methylated genes in the
caudate and genes implicated by GWAS not only in ADHD but also in autistic spectrum, obsessive compulsive and bipolar
affective disorders through GWAS. Using transcriptomic data available on the same subjects, we found modest correlations
between the methylation and expression of genes. In conclusion, this study of the cortico-striatal methylome points to gene and
gene pathways involved in neurodevelopment, consistent with studies of common and rare genetic variation, as well as the
post-mortem transcriptome in ADHD.
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INTRODUCTION
While there have been marked advances in the understanding of
how common and rare genetic variation confers risk for attention-
deficit/hyperactivity disorder (ADHD) [1, 2], much less is known
about the role of epigenetic changes. There are several reasons to
think epigenetic processes, such as the methylation of DNA, may
play a role [3]. Firstly, epigenetic regulation is associated with key
processes in the human central nervous system including
neurogenesis [4] and fetal brain development [5]. While there
are many potential epigenetic mechanisms at play, we focus on
the methylation of DNA at the C-5 position of the cytosine ring,
the most widely studied epigenetic event in psychiatric genomics.
Subtle perturbations in these processes are a potential mechanism
for neurodevelopmental conditions that usually have their onset
early in life, such as ADHD. In this context, it is notable that
childhood ADHD symptoms have been associated with methy-
lomic change in cord blood obtained at birth in neurodevelop-
mental genes, such as CREB5 which regulates neurite outgrowth
and SKI involved in neural tube development [6, 7]. Indeed the
prospective association between cord blood methylation and
childhood ADHD has been found to be more robust than
associations with methylation changes found in peripheral blood
[6–11] or saliva [12, 13] acquired during childhood. Such work
suggests that early epigenetic modifications to genes in
neurodevelopmental pathways may be important for the emer-
gence and course of childhood ADHD.

A major barrier to the interpretation of changes in the
peripheral methylome is the absence of studies of the brain’s
methylome in ADHD. Epigenetic modifications show considerable
tissue specificity and thus changes detected in cord blood,
peripheral blood or saliva may not reflect changes that occur in
the brain [14]. While rich insights have stemmed from postmortem
methylome studies in other neurodevelopmental disorders such
as autism spectrum disorders [15] and schizophrenia [16, 17], such
work has been lacking in ADHD. Thus, here we aim to give novel
insights into potential epigenetic mechanisms in ADHD by
providing the first report on the methylome from post-mortem
brain tissue on donors with lifetime histories of ADHD. We
hypothesized that change may be particularly prominent in genes
implicated in neural development.
We examined two brain regions, the anterior cingulate cortex

(ACC) and the caudate for four reasons. First, these inter-
connected regions support many cognitive functions disrupted
in ADHD, including inhibitory processing and attention-
demanding tasks [18]. Second, both regions have been found
in mega and meta-analytic magnetic resonance imaging studies
to show structural and functional changes [19–21]. Third, the
regions are also enriched for neurotransmitters implicated in
ADHD, such as dopamine, the neurotransmitter modulated by
psychostimulant medication [22–25], and glutamate, the brain’s
major excitatory neurotransmitter [26]. Finally, we have also
reported recently on change in gene expression in these same

Received: 4 March 2024 Revised: 20 March 2024 Accepted: 2 April 2024

1Social and Behavioral Research Branch, National Human Genome Research Institute, NIH, Bethesda, MD 20892, USA. 2Human Brain Collection Core, National Institute of Mental
Health, NIH, Bethesda, MD 20892, USA. 3Translational and Functional Genomics Branch, National Human Genome Research Institute, NIH, Bethesda, MD 20892, USA. 4These
authors contributed equally: Gauri G. Shastri, Gustavo Sudre. ✉email: shawp@mail.nih.gov

www.nature.com/tpTranslational Psychiatry

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02896-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02896-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02896-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02896-x&domain=pdf
http://orcid.org/0000-0002-8906-8452
http://orcid.org/0000-0002-8906-8452
http://orcid.org/0000-0002-8906-8452
http://orcid.org/0000-0002-8906-8452
http://orcid.org/0000-0002-8906-8452
http://orcid.org/0000-0003-4799-7904
http://orcid.org/0000-0003-4799-7904
http://orcid.org/0000-0003-4799-7904
http://orcid.org/0000-0003-4799-7904
http://orcid.org/0000-0003-4799-7904
http://orcid.org/0000-0002-2488-2365
http://orcid.org/0000-0002-2488-2365
http://orcid.org/0000-0002-2488-2365
http://orcid.org/0000-0002-2488-2365
http://orcid.org/0000-0002-2488-2365
http://orcid.org/0000-0002-1313-2526
http://orcid.org/0000-0002-1313-2526
http://orcid.org/0000-0002-1313-2526
http://orcid.org/0000-0002-1313-2526
http://orcid.org/0000-0002-1313-2526
https://doi.org/10.1038/s41398-024-02896-x
mailto:shawp@mail.nih.gov
www.nature.com/tp


brain regions among the same donors [27]. We found
transcriptome-wide differential expression of fourteen genes in
the ACC, and one in the caudate, along with an enrichment of
gene sets involved in neurodevelopmental processes and in
neurotransmission.
Thus, our study has three aims. First, we map ADHD-related

changes in the methylome of the post-mortem brain, focusing on
corticostriatal regions, determining if these changes implicate
processes pertaining to neurodevelopment. Second, we examine
if genes implicated by ADHD-related changes in methylation
overlap with those implicated by differential transcription, in the
same brain regions and the same subjects. Finally, we assess
whether the genes implicated by differential methylation overlap
with genes implicated through GWAS of ADHD and other
genetically correlated psychiatric disorders, particularly other
neurodevelopmental disorders, such as autistic spectrum dis-
orders [1, 28–30].

METHODS
Postmortem brain tissue selection and preparation
The final analyses in the study used postmortem brain tissue from 58
donors, of which 24 (10 cases, 14 controls) were from the National Institute
of Mental Health Human Brain Collection Core (HBCC) and 34 were from
the Neurobiobank (5 cases, 5 controls from Brain Tissue Donation Program
at the University of Pittsburgh, and 10 cases, 14 controls from University of
Maryland Brain and Tissue Bank). ADHD diagnosis was determined at each
study site by interviewing next of kin using DSM criteria as well as review
of prior records – see Supplemental Methods. Exclusion criteria included
presence of major neurological disorder or schizophrenia. Controls were
defined as those with no history of mental illness.
Brain tissue was sectioned as coronal slabs at autopsy and then

frozen at –80 °C. Dissections were performed on frozen tissue held on
dry ice in small batches, with each sample on dry ice for about 30 min.
Dissections targeted the dorsal anterior cingulate cortex (ACC), above
the genu of the corpus callosum, and the head of the caudate. Tissue for
methylation analyses was available from the ACC of 55 donors and the
caudate of 58 donors. DNA was extracted from bulk tissue homo-
genates, bisulfite conversion used the EZ DNA Methylation kit and the
methylation analyses were conducted at the Genomics Core of the
NHGRI using the Infinium HumanMethylationEPIC BeadChip (Illumina,
San Diego, CA).

DNA methylation data processing
Methylation data was processed using the Psychiatric Genomics
Consortium (PGC), ADHD Working Group pipeline for EWAS. In
summary, raw IDAT files were imported in R using the minfi package.
Samples were excluded based on the following criteria: (1) low overall
intensity (median unmethylated or methylated signal <13), sodium
bisulfite conversion median <80, (2) detection p value > 0.01 in more
than 1% of probes, (3) overall methylation call rate < 95%, and (4)
reported sex did not match predicted sex generated using the minfi
package function getSex(). Principal components (PCs) calculated across
all probes were used to identify outliers, and any samples >2 standard
deviations from the mean for both PC1 and PC2 were removed. In
addition, the following probes were removed: (1) probes with >2% of
samples with detection p value > 0.01, (2) probes annotated to the X
and Y chromosomes, (3) probes that cross-hybridize, (4) non-CpG site
probes, and (5) probes that overlap with common SNPs. Filtered probes
were quantile normalized using the CPACOR pipeline [31]. Finally, we
calculated a smoking score from the DNA methylation data [32]. After
these QC procedures, we retained 811,639 probes for the caudate and
820,051 for the ACC. Two caudate samples were removed based on
median intensity plots, and four ACC samples were removed as outliers
based on PCA on SNPs identified from the methylation array data. The
final postmortem brain EWAS thus included data from 51 ACC and 56
caudate specimens.

Examination of differentially methylated probes and regions
in ADHD in postmortem brain
Epigenome-wide association study (EWAS) analyses were conducted using
the cpg.assoc function from the minfi R package in which we conducted a

series of linear regressions using clinical diagnosis of ADHD as the
independent variable and each CpG methylation as the dependent
variable, an approach which has proved suitable for the analysis of EPIC
array data [33]. ACC and caudate were analyzed separately.
We considered a range of variables that have been associated with

DNA methylation in prior studies: demographic/clinical features (age at
death, gender, comorbidities, substance abuse, mode of death, clinical
evidence level), genotypic (the first five ancestry components - C1
through C5), technical covariates (processing batch, brain bank of origin,
post-mortem interval, and the first 10 principal components derived
from control probes), and biological covariates (estimated proportion of
NeuN+ (neuronal) cells [34] and a DNA methylation-based smoking
score) for inclusion in the model. To select the variables, we used the
approach employed by our group in previous post-mortem studies and
others. Specifically, we extracted the principal components of the
methylation data and retained the components with eigenvalues above
one (R package nFactors, version 2.4.1). The first ten principal
components were retained for the ACC, accounting for 46% of variance,
and fourteen principal components were retained for the caudate,
accounting for 49% of variance. Spearman correlations tested for
associations between these principal components and continuous
covariates, while a Kruskal-Wallis test was used for categorical covariates.
Covariates associated with any principal component at a Bonferroni
corrected p value < 0.05 were retained in the final model. For the ACC,
proportion of neurons, age at death, and one technical component (PC5)
were selected. For the caudate, the approach selected the proportion of
neurons, age at death, smoking score, two ancestral components (C1
and C3), and two of the technical components (PC3 and PC4). Finally, we
also included variables associated with diagnosis at a Bonferroni
corrected p value < 0.05: for both brain regions, substance abuse was
added to the final model.

Differentially methylated regions
We employed mCSEA, an algorithm designed to find differentially
methylated regions (DMRs) that have a small but consistent delta in
methylation related to complex phenotypes [35], and investigated which
regions of the methylome are differentially related to ADHD. Methylation
sites were classified as promoters when column UCSC_RefGene_Group
in the data package IlluminaHumanMethylationEPICanno.ilm10b2.hg19
contained terms: TSS1500, TSS200, 5ʹ untranslated region [UTR], or
1stExon; classified as belonging to gene bodies if the same column had
the term “Body”, and taken as CGI if the column “Relation_to_Island” was
either Island, N_Shore, S_Shore, N_Shelf, or S_Shelf. mCSEA ranks all CpG
sites based on the t-statistic assessing the association between
methylation and phenotype (using R limma) and performs an enrich-
ment analysis on CpG sites in the pre-defined regions using GSEA
(implemented in fgsea). Regions with CpG sites over-represented in the
ordered list of sites emerge as DMRs. The analyses for DMRs were
conducted separately for probes in gene bodies, promoter regions, and
CGIs. All probes were considered in these analyses, but only regions with
5 or more probes were analyzed. For the ACC, this resulted in 15,155
regions for gene bodies, 19,162 for promoters, and 24,657 for CGIs. For
the caudate, this resulted in 15,076 regions for gene bodies, 19,073 for
promoters, and 24,626 for CGIs. These DMRs were mapped to genes
using the leading edge CpG probes that contribute most to its
differential methylation. Specifically, the leading probes are mapped to
the nearest gene using the R package IlluminaHumanMethylationEPI-
Canno.ilm10b2.hg19, (within 1500 bp upstream or downstream). The
mCSEA tool has been successfully applied to other complex neuropsy-
chiatric phenotypes such post-traumatic stress disorder [36], epilepsy
[37], and rare neurogenetic syndromes, such as Cri du Chat [38]. The
approach also compares well against other tools for DMR detection in
terms of false positive rates [39].

Gene set enrichment analysis (GSEA)
GSEA were run using gometh() in the missmethyl package. We included
CpG sites that were the leading probes for genes implicated in the
mCSEA analyses, retaining those significant at FDR q < 0.05 and running
analyses for caudate and ACC separately. gometh() is designed
specifically to account for sources of bias inherent in methylation
analysis, such as the differing number of probes per gene and CpGs sites
that are annotated to multiple genes [40]. We then used REVIGO [41] to
run a semantic space analysis on the gene sets significant at FDR
q < 0.05.
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Relating the post-mortem methylome to the transcriptome
There were 48 samples with both transcriptome and methylome data for
the ACC, and 54 for the caudate. These analyses used the mCSEAIntegrate()
function within mCSEA. First, the DMR is summarized in one value- the
average of the methylation difference across the leading edge CpG probes
that contribute most to its differential methylation. The DMR is then
mapped to a its nearest genes using the R package IlluminaHumanMethy-
lationEPICanno.ilm10b2.hg19 (within 1500 bp upstream or downstream).
Next, we calculated the Pearson correlation coefficient between each
region’s average methylation and the expression of its nearby genes
(within 1500 bp upstream or downstream, again using the same
annotation R packages as above). The expected correlation depends on
the region type: negative correlation for promoters, as methylation
typically suppresses gene expression (Jones & Baylin, 2002); positive
correlation for gene bodies, as methylation often increases expression
(Aran et al., 2011), and a mix of positive and negative correlations for CpGs
within CGIs as these complex regions can contain both promoters and
gene bodies.
Details on the transcriptomic analyses are given elsewhere, but in brief

the gene expression was conducted using Illumina NovaSeq 6000,
2 × 150 bp following Ribo-Zero GOLD treatment to remove mitochondrial
RNA and cytoplasmic rRNA. We used the same analytic approach in the
TWAS as in the current MWAS, considering the same variables along with
ones unique to RNASeq (RNA-seq batch, and RINe). We report both
nominally and FDR adjusted correlations (setting q < 0.05).

Comparison of differentially methylated genes with genes
implicated in psychiatric disorders
Genes implicated in ADHD (at FDR q < 0.05) through the mCSEA DMR
analyses were entered into Multi-marker Analysis of GenoMic Annotation
(MAGMA) [42]. This analysis tests whether the genes implicated by DMRs
were associated with genes for ADHD implicated through GWAS. MAGMA
relates GWAS SNPs to genes by their genomic positions, and then uses a
SNP-wise sum model to test the SNP association with a gene-level
continuous variable reflecting differential methylation. The 2023 Psychia-
tric Genomics Consortium ADHD GWAS data release was used along with
the concatenation of European and African-American samples from
1000Genomes as the reference data to estimate linkage disequilibrium
between SNPs [43]. We also used MAGMA to investigate whether
differential methylation in ADHD would overlap with genes implicated
through GWAS for other psychiatric disorders, specifically autism spectrum
disorder [44], major depression [45, 46], bipolar affective disorder [47],
schizophrenia [48], Tourette Syndrome [49], obsessive compulsive disorder
[50], Alzheimer’s disease, alcohol use disorder, and as a ‘negative’ control,
rheumatoid arthritis.

RESULTS
Epigenome-wide association study in ADHD
Clinical and demographic details of the donors are given in
Table 1. In a model that showed no genomic inflation or deflation
(all lambda < 1.08), no differentially methylated probes (DMPs)
reached epigenome-wide significance at FDR q < 0.05 in either the
ACC or the caudate. However, 38,797 probes were nominally
significant (at p < 0.05) in the caudate and 35,622 probes in the
ACC - Fig. 1 and Supplementary File 1.

Differentially methylated regions
Using mCSEA we found differentially methylated regions (DMRs)
significant at FDR q < 0.05 for the caudate (in 143 promoter
regions, 222 in gene bodies, and 146 in CpG islands) and the ACC
(221 DMRs in promoters, 381 in genes, and 340 in CpG islands) -
Supplemental File 2. Three examples of these DMRs are shown in
Supplemental Fig. 1. Genes implicated by DMRs in the caudate
overlapped significantly with those for the ACC, with 104
intersecting genes (p < 3.77e–62, Jaccard index= 0.094).
In gene set analyses that included the leading methylation

probes (at FDR q < 0.05), neurodevelopmental processes
emerged as strongly enriched. This enrichment was noted for
both brain regions, and ranged from gene pathways involved in
neurogenesis, to the development of oligodendrocytes and glial
cells. The top ten most significantly enriched gene sets in each
brain region are shown in Fig. 2A, and Supplementary File 3
gives the full results. Processes of cell-cell adhesion were also
enriched in both regions. Semantic analysis (REVIGO) of the
Biological Process gene sets significantly enriched in the
caudate also confirmed the over-representation of genes related
to the nervous system development and neural precursor cell
proliferation (Fig. 2B).

Overlap between brain methylome and brain transcriptome
in ADHD
We next used mCSEAIntegrate to determine if genes implicated by
differential methylation of promoters, gene bodies or CGIs had
correlated change in gene expression in the same brain regions in
the same individuals. Correlations were generally modest and
were higher for gene expression and methylation change in
promoter regions than methylation in gene bodies or CGIs, both

Table 1. Demographic and clinical details of the 58 donors.

ADHD Unaffected Test of difference

Total N 25 33

Age at death (years) Mean (SD) 21 (8.4) 23 (8.1) t= 0.9, p= 0.37

Sex Male 22 24 Exact p= 0.14

Female 3 9

Race/ethnicity White, non-Hispanic 19 13 X(3)2= 7.7, p= 0.006

Other 6 20

Comorbidities Depression 6 0 Exact p= 0.004

Adjustment disorder 2 0

Bipolar affective disorder, not otherwise specified 1 0

Dysthymia 0 1

Autistic spectrum disorder 1 0

Substance use disorders Yes 12 0 Exact p < 0.001

No 13 33

Manner of death Accident 9 8 X(3)2= 8.2, p= 0.04

Homicide 1 9

Suicide 8 4

Natural 7 12

Post-mortem interval (hours) Mean (SD) 27 (16) 20.4 (10.5) t= 1.99, p= 0.05
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for the ACC (F(2, 33)= 7.84, p < 0.0004; promoter r= 0.17 [SD 0.16]
> CGI, r= 0.13 [0.09] > gene bodies, r= 0.11 [0.08], all p < 0.05)
and the caudate (F(2, 298)= 4.31, p < 0.01; promoter, r= 0.15
[0.11] > CGI, r= 0.14 [0.12]= gene bodies, r= 0.11 [0.08], p < 0.05).

Among genes showing correlated change (at FDR q < 0.05) in the
methylome and transcriptome in both brain regions was AURKC
(see Supplementary Fig. 2)—a gene involved in spindle formation
during mitosis. In the ACC only, we found significant correlation for

Fig. 1 Results of a methylation-wide association study with ADHD. A Probe-level results annotated to the closest gene. The red line
indicates nominal significant (at p < 1e–05). B qq plots, with lambda indicating no genomic inflation/deflation. ACC anterior cingulate cortex.
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TBX5, which encodes transcription factors involved in the regulation
of developmental processes, VWDE, involved in anatomic structure
development, as well as RGMA, a gene involved in neurite
outgrowth, cortical neuron branching, and the formation of mature
synapses.

Associations between brain methylome and GWAS for ADHD
and other psychiatric disorders
We next examined associations between differentially methylated
genes and genes implicated by prior GWAS. We found significant
associations between genes implicated in ADHD by mCSEA and
genes implicated in ADHD through GWAS for the caudate, but not
for the ACC- Fig. 3. There were also significant associations
between genes implicated by GWAS for autism spectrum disorder
and the DMRs for the caudate and for the ACC (at p < 0.05 only).
More modest nominally significant (p < 0.05) associations were
noted with bipolar disorder and obsessive compulsive disorder for
the caudate genes.

DISCUSSION
In an effort to map methylation differences in the brain tied to
ADHD, we found several differentially methylated regions
(DMRs) that predominantly implicated neurodevelopmental
gene pathways. We demonstrate a significant association
between differentially methylated genes in the caudate and
genes implicated by GWAS not only in ADHD but also in autistic
spectrum, obsessive compulsive and bipolar affective disorders
through GWAS.
The genes implicated by differential methylation pertained

almost exclusively to neurodevelopmental processes, encompass-
ing neurogenesis, and oligodendrocyte and glial cell differentia-
tion. This finding is consistent with prior studies of the ADHD
peripheral methylome which also point to neurodevelopmental
gene pathways, particularly when the methylome is characterized
at birth using cord blood [6, 7]. Our methylation findings also echo
our earlier post-mortem finding that altered gene expression in
ADHD was most prominent among genes known to be
preferentially expressed during early life, particularly in the
caudate [51].
We found a modest correlation between gene expression (using

TWAS) and a gene-level metric of methylation. Some of the genes
showing the most correlated changes in methylation level and
expression are involved in neurodevelopmental processes, such as
neurite outgrowth (RCMA) and anatomic development (VWDF).
Previous post-mortem aligning methylation and gene expression
patterns are limited, and generally also report modest correlation
at the level of individual genes, with more robust links at the level
of gene networks [51, 52].

We found that the genes implicated by differential methyla-
tion of gene bodies in the caudate aligned with genes
implicated by GWAS in ADHD [1]. This finding is perhaps
unsurprising as twin studies demonstrate that methylation is to
some degree under genetic control [53–55], and thus common
genetic variation conferring risk for ADHD would be expected to
have a central methylomic reflection. It is interesting that the
methylome of the caudate aligns with common variant genetic
risk for the disorder, given that the pathophysiological events in
the caudate has been linked to the onset of childhood ADHD in
several theoretical models [56–60]. By contrast, the methylome
of the ACC was not strongly associated with common variant
risk for ADHD, possibly as the ACC may be more tied to the adult
trajectories of ADHD, which only partially overlap with the risk
genes for ADHD onset [60].
We note six limitations. First, while the postmortem brain

specimens were acquired from multiple study sites, we tried to
minimize heterogeneity effects by using a common pipeline for
tissue preparation, methylation data acquisition and analysis.
Second, we did not have fresh peripheral blood or saliva on the
same subjects for methylomic study and so were unable to
assess the degree of concordance between ADHD related
change in the central and peripheral methylomes. Third, we
assessed methylation in bulk tissue homogenates, and so our
EWAS model incorporates estimated proportion of neurons as a
covariate. Fourth, methylation is only one of the epigenetic
mechanisms that impacts gene expression and we did not
consider histone modification, acetylation or hydroxymethyla-
tion [61]. Multi-omic profiling of these epigenetic markers,
ideally tied to changes in gene expression at the level of single
cells is the next step for this work. In a similar vein, we note that
the EPIC arrays have limited coverage of the methylome,
assaying around ~900k CpGs. Superior cover is provided by
approaches such as whole-genomic bisulphite sequencing
(capturing around 28 million CpGs) or Methylation Capture
Sequencing (capturing ~3.7 million CpGs), but these methods
are much more expensive and require more genomic DNA [62].
Fifth, our cohort was racially diverse, which while a strength,
required us to control for population stratification effects
through the use of genetic principal components reflecting
ancestry. Finally, the sample size was modest, reflecting the
complexity of obtaining postmortem tissue and was only
available on older adolescents and young adults. Given the
sample size we could not explore the possible effects of
psychostimulant medications on the brain’s methylome. We
also focused on just two brain regions, and while these were
chosen on theoretical grounds, it is possible that ADHD related
changes may be more prominent in other areas and at other
developmental stages, such as earlier in childhood.

Fig. 2 Gene set analyses results. A Top 10 biological processes that were most enriched by genes implicated through differential
methylation. B A semantic space analysis of all significant biological processes (FDR q < 0.05), further highlighting the enrichment of genes
pertinent to neurodevelopment.
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In conclusion, we report the first study of the postmortem
cortico-striatal methylome in ADHD, finding that differential
methylation pointed to genes involved in brain development.

DATA AVAILABILITY
Data are being deposited in NIMH Data Archive under Collection 3151, experiment
2443 (https://nda.nih.gov/edit_collection.html?id=3151).
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