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Abstract

Background: A growing body of research has demonstrated associations between specific neurodevelopmental
disorders and variation in DNA methylation (DNAm), implicating this molecular mark as a possible contributor to
the molecular etiology of these disorders and/or as a novel disease biomarker. Furthermore, genetic risk variants of
neurodevelopmental disorders have been found to be enriched at loci associated with DNAm patterns, referred to
as methylation quantitative trait loci (mQTLs).

Methods: We conducted two epigenome-wide association studies in individuals with attention-deficit/hyperactivity
disorder (ADHD) or obsessive-compulsive disorder (OCD) (aged 4-18 years) using DNA extracted from saliva. DNAmM
data generated on the lllumina Human Methylation 450 K array were used to examine the interaction between
genetic variation and DNAm patterns associated with these disorders.

Results: Using linear regression followed by principal component analysis, individuals with the most endorsed
symptoms of ADHD or OCD were found to have significantly more distinct DNAm patterns from controls, as
compared to all cases. This suggested that the phenotypic heterogeneity of these disorders is reflected in altered
DNAm at specific sites. Further investigations of the DNAm sites associated with each disorder revealed that despite
little overlap of these DNAm sites across the two disorders, both disorders were significantly enriched for mQTLs
within our sample.

Conclusions: Our DNAm data provide insights into the regulatory changes associated with genetic variation, highlighting
their potential utility both in directing GWAS and in elucidating the pathophysiology of neurodevelopmental disorders.
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Background

Attention-deficit/hyperactivity disorder (ADHD) and
obsessive-compulsive disorder (OCD) are common, het-
erogeneous disorders that can co-occur or occur with
other neurodevelopmental disorders (NDDs), including
autism spectrum disorder (ASD) and Tourette syndrome
(TS) [1-3]. Elucidating the etiologies and pathophysiol-
ogies of these disorders has proven challenging as they
have historically been classified based on varying clinical
profiles, rather than underlying biology [4].

ADHD is characterized by inattention, hyperactivity,
and impulsivity mostly in childhood but it can persist
into adolescence and adulthood [5-7]. ADHD affects ap-
proximately 5% of children and adolescents, and 2.5% of
adults [8]. Core features of OCD consist of recurrent
and unwanted thoughts, urges, and repetitive behaviors
or mental acts performed to reduce anxiety or a sense of
dread [9]. These behaviors and thoughts can impair so-
cial and occupational functioning in individuals with
OCD [9]. The estimated prevalence of OCD in child-
hood and adult populations is similar, approximately 1-
3% [10, 11].

Both ADHD and OCD have been the focus of consid-
erable genetic research, including a small number of
genome-wide association studies (GWAS), given their
relative heritability estimates of 70-80% and 40—65%, re-
spectively [12—-16]. Both disorders have been found to be
polygenic in nature, with many common single nucleo-
tide polymorphisms (SNPs) each conferring small risks
[17-22]. However, there has been a notable lack of re-
producible GWAS findings, which may be attributed to
lack of statistical power but also heterogeneity in the dis-
orders [23-25]. Accounting for this heterogeneity by
examining symptom severity rather than diagnostic cat-
egories may help increase statistical power since individ-
uals with more severe symptoms plausibly have a larger
genetic load. The hypothesis that the manifestation of
each disorder represents extremes of a quantitative trait
may explain the heterogeneity of these disorders and the
rarity of replicable risk variants despite strong heritabil-
ity [26, 27].

In addition to genetics, epigenetic factors might mediate
the expression of ADHD and OCD. Epigenetics refers to
heritable changes to the chromatin state that are not due to
changes in DNA sequence, such as those accompanying cel-
lular reprogramming [28, 29]. DNA methylation (DNAm),
the most commonly studied human epigenetic mark, can re-
flect both genetic and environmental influences in a quanti-
tative and often stable manner [30, 31]. To that end, DNAm
states in 20-80% of CpGs in the genome are thought to as-
sociated with genetic variation to some extent [32-35], and
inter-individual variation of DNAm in a single CpG is best
predicted by an interaction between genetics and environ-
ment [30]. Research in ADHD has identified numerous

(2020) 12:23

Page 2 of 15

environmental risk factors including birth weight, early-life
maltreatment, lead exposure, and maternal smoking during
pregnancy [18, 36—38]. In contrast, there is currently a lack
of convincing evidence for reproducible associations between
OCD and environmental factors [14, 39].

In ADHD and OCD, a small number of DNAm stud-
ies, including candidate analyses and epigenome-wide
association studies (EWAS), have been published. Most
notably, a recent EWAS of ADHD performed on DNAm
measured in whole blood, found a large degree of het-
erogeneity across three ADHD cohorts, with no differen-
tially methylated sites replicating in the meta-analysis
[40]. Additional ADHD EWAS have been performed in
cord blood and saliva, the latter identifying differentially
methylated sites in VIPR2, a gene encoding a protein
that plays a role in circadian rhythm [41, 42]. Research
into DNAm patterns associated with OCD is more lim-
ited. One epigenetic OCD analysis reported DNAm as-
sociations proximal to genes involved in actin binding,
cell adhesion and transcriptional regulation [43]. Tar-
geted analyses have also implicated BDNF and OXTR
DNAm in OCD [44, 45].

While research into the epigenetic patterns underlying
ADHD and OCD is still relatively nascent, EWAS of
schizophrenia have provided strong evidence that epi-
genetic research can focus and strengthen genetic re-
search [46-48]. An integrated analysis of genetics and
DNAm in schizophrenia found that (1) differentially
methylated sites associated with a diagnosis of schizo-
phrenia replicated across independent cohorts, (2) differ-
entially methylated sites corresponded to known
schizophrenia GWAS loci, and (3) GWAS loci were
enriched for methylation quantitative risk loci (mQTLs)
[46, 49].

Here, we undertook a novel approach of incorporating
genetics, phenotype, and epigenetics to identify DNAm
correlates of ADHD and OCD. We hypothesized that
disorder heterogeneity would be reflected in DNAm pat-
terns and categorized individuals by their clinical profile
to aid in identifying differentially methylated sites. We
ran linear models of DNAm in ADHD or OCD cases vs.
controls and compared the results to the same analyses
run on a subset of ADHD or OCD cases selected based
on severity or number of symptoms. We then assessed
whether restricting heterogeneity of the phenotype led
to a stronger epigenetic signal. We also tested the
disorder-associated CpGs for their relatedness to nearby
genetic variation, i.e, mQTLs, and finally, assessed how
these mQTLs were positioned in independent GWAS
findings. We found that DNAm is a better discriminator
of more symptomatic cases of ADHD and OCD than the
heterogeneous, full cohorts of cases, as compared to
controls. As well, CpG sites differentially methylated



Goodman et al. Journal of Neurodevelopmental Disorders

between cases and controls, in both ADHD and OCD
analyses, were enriched for mQTL associations.

Methods and materials
Participants
Information on participants can be found in Table 1.
Participants for this study were collected from three
unique cohorts: (1) Patients with OCD and matched
controls were recruited from the Department of Psych-
iatry at the University of Michigan and surrounding
community. The lifetime and current severity of OCD
was assessed in patients with a modified version of the
Children’s Yale-Brown Obsessive Compulsive Disorder
Scale (CY-BOCS), with patients and their parents pro-
viding item scores retrospectively for the most severe
episode of OCD and item scores for current severity. (2)
Patients with ADHD or OCD were recruited through
the Province of Ontario Neurodevelopmental Disorders
Network (POND) from The Hospital for Sick Children
(SickKids Hospital; Toronto), Holland Bloorview Kids
Rehabilitation Hospital (Toronto), McMaster Children’s
Hospital (Hamilton), or Lawson Health Research Insti-
tute (London). Participants were recruited if they had a
primary clinical diagnosis of ADHD or OCD, sufficient
English comprehension to complete required testing,
and no contraindications for MRIL. Diagnoses were estab-
lished using the Parent Interview for Child Symptoms
for ADHD and the CY-BOCS for OCD. (3) Age-, sex-,
and tissue-matched control samples were measured in
individuals recruited at the Ontario Science Centre in
Toronto as part of the Spit for Science study [details
published elsewhere (Crosbie et al.)] [50]. In total, 17,
262 children and adolescents between 6 and 17 years
were recruited. Participants were excluded if they had
reported receiving a diagnosis of any mental illness from
a physician or mental health professional in an elec-
tronic questionnaire (community diagnosis). Parents of
children younger than 13 years filled out the question-
naires on their child’s behalf (referred to as “parental re-
spondents”). Individuals age 15 and older completed the
questionnaires for themselves, while those between the
ages of 13 and 15 responded either for themselves or
had parents fill out the questionnaire. Our previous
work established that the incidence rates of self-reported
diagnoses of NDDs in this community sample were
comparable to population prevalence as are typically re-
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164230) [50, 51]. Approval from research ethics boards
was obtained at all participating institutions. For all pa-
tients, parental consent was obtained for children be-
tween 6 and 12years of age. Individuals who were 13
years and older provided their own consent in addition
to parental consent.

Sample selection of ADHD and OCD and symptom
characterization

Samples selected from the three cohorts for the analysis
presented here met a number of criteria. Firstly, we im-
posed a limit of one case, ADHD or OCD, per family.
Cases could have symptoms of other disorders (e.g.,
ADHD case with some OCD symptoms) but not comor-
bid diagnoses at the time of data collection (e.g., child with
ADHD and ASD). Individuals were required to be Euro-
pean Caucasian ancestry due to the strong association be-
tween DNAm and ethnicity or heritage [52, 53]. Detailed
medication history was collected, and anyone with a
history of seizure medication (e.g., valproic acid) was ex-
cluded due to known effects on one-carbon metabolism,
the biochemical pathway in which methyl donors are pro-
duced. Following case selection, a similar number of age-
and ancestry-matched controls were chosen.

We selected ADHD and OCD cases based on cutoffs
on the SWAN and CY-BOCS, respectively [54—57]. For
the ADHD sample, a threshold of > 6 symptoms based
on the SWAN was used which reflects the DSM-5 cri-
teria [9].

For the OCD sample, a threshold of CY-BOCS total
score > 18 was used. We selected a slightly more conser-
vative cutoff than that suggested for the CY-BOCS
“moderate” symptom severity range. Twenty of 59 OCD
samples did not have CY-BOCS scores and as such were
excluded from analysis of the “more symptomatic” OCD
subset. However, as there were no a priori requirements
of disorder severity in the full OCD sample analysis,
these individuals were included there.

DNAm data generation and preprocessing

Saliva was collected using Oragene OG-500 (DNA
Genotek, Ottawa, ON) collection kits and stored at room
temperature as per manufacturer’s instructions. DNA
was extracted from saliva for all cases and controls using
standard techniques. Extracted DNA was sodium bisul-
fite converted using the Qiagen EZ DNA Methylation

ported (see OMIM 20985; OMIM 143465, OMIM kit (Qiagen, Valencia, CA), according to the
Table 1 Sample sizes and demographics

Cohort n study Age years (med.) Sex (% F) Array batch

control 54 Michigan (n = 19); TAG (n = 35) 4-19 (12) 27% A (10); B (9); C (35)
oCcb 59 POND (n = 33); Michigan (n = 26) 7-13 (9 44% A (16); B (15); C (28)
ADHD 22 POND (n = 22) 7-17 (8) 56% all A
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manufacturer’s protocol. All DNA samples were proc-
essed according to the manufacturer’s protocol for
DNAm analysis using the Illumina Human Methylation
450 K (450 K array) at The Centre for Applied Genomics
(SickKids). The distribution of the samples on the arrays
was randomized for all cases and controls and for age
and sex.

Raw data (IDAT files) underwent pre-processing qual-
ity control and normalization prior to analysis, using the
R package minfi [58]. Low quality probes were removed,
as measured by the detection p value, as well as probes
located on sex chromosomes, cross-reactive probes, SNP
probes, and probes targeting CpG sites within 5bp of an
SNP with a minor allele frequency > 1%. Background
signal subtraction and control normalization were then
performed using the methods designed for the Illumina
Genome Studio software. The final output consisted of
426,551 methylation values for each sample (Beta [f]
values) ranging from 0 to 1, corresponding to the per-
cent methylated probes measured at each CpG.

Prior to statistical analysis, buccal epithelial cell (BEC)
and blood cell proportions were estimated from the
methylation data using methods similar to those de-
scribed in Houseman et al. for blood samples and Smith
et al. for saliva samples [59, 60]. We used isolated cell
types (GEO GSE46573, GEO GSE35069) as reference
methylomes to identify CpGs differentially methylated
by cell type and then predicted the cellular composition
of each saliva sample [61, 62].

Genotyping data generation and preprocessing
The samples were genotyped as part of different geno-
typing projects, on a variety of genotyping arrays: Illu-
mina HumanCoreExome, PsychArray, Omni2.5, and
Affymetrix6.0. Samples for each array type were proc-
essed separately, using the same pipeline described
below. Data for each sample was extracted from imputed
data, combined and analyzed. Samples were excluded for
the following technical reasons: if (1) their call rate was
below 97% (2), if they were found to be outliers with re-
spect to heterozygosity, where outliers are defined as a
value at a distance greater than 6 times the interquartile
range from the closest quartile, and (3) if the sex pre-
dicted from the genotypes differed from the reported
sex. SNPs were excluded if (1) their call rate was below
97%, (2) deviated from the rules of Hardy-Weinberg
equilibrium at an FDR < 1%, based on a set of homoge-
neous samples in terms of ancestry, and (3) were found
to be duplicates of other SNPs, based on position and al-
leles, in which case the one with the highest call rate
was retained. These statistics were computed using plink
v1.90 [63].

Imputation was performed separately for each project,
using Beagle v4.1 and companion program conform-gt
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with default values. A/T and C/G genotyped SNPs were
removed prior to imputation. Data from phase 3, version
5 of the 1000 Genomes project, downloaded from
http://bochet.gcc.biostat.washington.edu/beagle/1000_
Genomes_phase3_v5a/b37.vcf/, was used as reference.

Principal components (PCs) were calculated from a set
of autosomal, bi-allelic ancestry informative markers
(AIM), calculated from samples from phase 3 of the
1000 Genomes project. We first pruned SNPs for linkage
disequilibrium (+* < 0.2 in 1500 kbp windows). Then, for
each continental population, the top 1% SNPs with lar-
gest frequency differences between that population and
all others were retained. We ignored SNPs in the MHC
regions: chr8 7,000,000—13000000 [hg19] (8p23 inver-
sion) and chr6 25,000,000-34,000,000.

Samples’ AIMs were extracted from the imputed data
sets, as long as their imputation quality was AR2 > 0.8.
Hard genotype calls were used. To identify outliers with
respect to ancestry, i.e., non-Caucasian samples, data
from samples were combined with data from the 1000
Genomes project (Supplementary Figure 1). PCs were
calculated using plink v1.90, and outliers (as defined
above) were identified from each of the top 3 principal
components. Once ancestry outliers were removed, PCs
were recomputed without 1000 Genomes samples and
used as covariates in downstream statistical analyses.

GWAS datasets

Additional datasets used for investigating the relation-
ship between genotype and ADHD or OCD diagnosis at
SNPS of interest were attained through the Psychiatric
Genetics Consortium (https://www.med.unc.edu/pgc/re-
sults-and-downloads). Summary statistics from Demon-
tis et al. and IOCDF-GC and OCGAS were downloaded
to assess genotype-phenotype correlations in independ-
ent samples of European ancestry [19, 22]. The ADHD
GWAS was performed on 19,099 individuals with
ADHD (and 34,194 matched controls from the European
Caucasian subset), and the OCD GWAS was performed
on 2688 individuals with OCD and 7037 matched con-
trols [19, 22].

Statistical analyses
Analysis pipeline is summarized in Fig. 1.

Genome-wide DNAm analyses were performed for
each two-group comparison using the Limma package,
which runs a linear regression on each CpG. Sex, age,
and estimated buccal proportion were included as covar-
iates, as well as batch, where appropriate; as all ADHD
samples were run in a single batch, only controls from
the same batch were included in these comparisons.
While both buccal cell and granulocyte proportions were
estimated, these measures were strongly inversely pro-
portional and as such, the granulocyte measure was not
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included as a covariate. CpGs reported as significantly
associated with ADHD or OCD were required to have a
nominal p value < 0.05 and an absolute AP > 5%. AP is
calculated as the difference in mean DNAm () between
groups. While Benjamini-Hochberg correction for mul-
tiple testing was applied, it was not reported as no sites
met a threshold of g value < 0.05.

Principal component analysis (PCA) was performed on
mean-centered data using Qlucore Omics Explorer [QOE,
www.qlucore.com] for visualization of case-control clus-
tering. Silhouette scores were calculated using beta values
and Manhattan distances for clustering.

mQTL identification was performed by first identifying
all SNPs within 5kb of any CpG significantly associated
with ADHD or OCD in the more symptomatic samples
subsets. SNPs with < 5% minor allele frequency (MAF)
in our sample (either ADHD and appropriate controls or
OCD and appropriate controls, depending on the SNP)

were removed. Alleles at each SNP were coded as “07,
“1”, and “2”, and a Spearman correlation was run at each
SNP-CpG pair. MQTLs were identified as SNP-CpG
pairs with a Benjamini-Hochberg corrected correlation p
value < 0.05 [52].

To test if the number of OCD- or ADHD-associated
CpGs associated with mQTLs were significantly
enriched compared to background CpGs (i.e., CpGs
assayed on the EPIC array), we employed repeated ran-
dom sampling. For each disorder, we randomly sampled
a set of CpGs equal to the number of disorder-
associated CpGs, 1000 times. For each iteration, the
same methods used above for mQTL identification were
applied: first, mapping all variable SNPs within 5kb of
each CpG, running correlations, and finally, correcting p
values for false discovery rate. The output of each iter-
ation was the sum of CpGs associated with at least one
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SNP (mQTL); combined, these 1000 sums were used to
generate a random null distribution.

Finally, a logistic regression using disorder status as
the outcome was run on each SNP that was significantly
associated with an NDD-associated CpG (3283 SNPs
correlated with ADHD-associated CpGs and 1150 SNPs
correlated with OCD-associated CpGs), using the R
package smpStats [64]. Principal components 1 and 2
calculated from the full genotyping array data were
included as covariates to account for population sub-
structure. Disorder-associated SNPs met a Benjamini-
Hochberg corrected p value < 0.05.

Summary statistics from independent GWAS were
downloaded for two sets of SNPs identified using the
prior ADHD and OCD mQTL analyses. First, all SNPs
identified as mQTLs and second, all SNPs tested in
mQTL analyses but not significantly associated with
DNA methylation, were assessed for their association to
either ADHD or OCD, as reported in each GWAS [19,
22]. Q-Q plots and genomic inflation factors (1) were
generated from the GWAS p values of these subsets to
assess if SNPs proximal to CpGs associated with a dis-
order were more likely to be associated with the disor-
ders themselves, as indicated by positive skewing of
observed p values and larger A values, respectively.

Results

DNAm better distinguishes more symptomatic cases of
ADHD and OCD from controls, as compared to more
heterogeneous, full case sets

DNAm profiles of all ADHD and OCD samples (1 = 22,
n = 59, respectively) were compared with age-, and
tissue-matched controls (n = 35, n = 54, respectively) at
426,551 sites using linear regression and covarying for
sex, buccal cell proportion, and age. Buccal composition
was estimated using DNAm and was included as a co-
variate despite no significant differences between cases
and controls (data not shown), as cellular heterogeneity
is strongly associated with DNAm. Batch was also in-
cluded as a covariate for analysis of OCD samples and
the corresponding controls as these were run in three
batches, with equal numbers of cases and controls in
each batch. No sites were identified as significantly asso-
ciated with ADHD or OCD after Benjamini-Hochberg
correction for multiple testing (all g > 0.05). As such, we
set the criteria for significance to a nominal p < 0.05 and
|AB| > 5% to identify sites likely to be true associations
while remaining cognizant of the increased risk of false
positives. At this threshold, 188 CpG sites were associ-
ated with ADHD, and 82 CpGs were associated with
OCD (Supplementary Table 1). Seven sites were associ-
ated with both ADHD and OCD and mapped to the fol-
lowing genes: DNAJC15 (2 CpGs), C130rf39, DLGAP2,
and PRDMY; two CpGs were intergenic.
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As both ADHD and OCD are heterogeneous disor-
ders, we repeated our analyses on subsets of cases that
included only individuals who were more symptomatic,
as determined by > 6 SWAN symptoms for ADHD or
CY-BOCS total score > 18 for OCD (n = 15; n = 28, re-
spectively). Of note, a higher CY-BOCS corresponds to
more severe OCD symptoms, while a higher SWAN
score is indicative of more ADHD symptoms, i.e., more
behaviors reflecting inattention, hyperactivity, or impul-
siveness. Although there were still no significant differ-
ences in buccal proportion found between cases and
controls (both p values> 0.05), differences in the distri-
bution of buccal proportion in the subset of ADHD and
controls were apparent (Supplementary Figure 2). To
better balance buccal proportion in ADHD cases and
controls, controls were stratified by cell proportion, and
eight samples were removed (remaining control samples
n = 27). As well, controls were significantly older than
the ADHD subset; this was the only comparison for
which age differed significantly between cases and con-
trols, and age was used as a covariate in all statistical
models (Supplementary Figure 3).

Linear models, identical to those run on the full co-
horts, were then applied to the more optimally matched
groups, and disorder-associated CpGs were identified
using the same criteria, i.e, nominal p < 0.05 and |AB| >
5%. In both ADHD and OCD, a greater number of sites
were associated with the more symptomatic subsets than
the full cohorts, which is likely due to the decreased het-
erogeneity of these subsets (299 ADHD-associated
CpGs; 137 OCD-associated CpGs; Supplementary Table
2). Additionally, many significant CpGs mapped to the
same gene, suggestive of differentially methylated re-
gions (DMRs); these included POUF6 (6 CpGs), PRDMS8
(4 CpGs), SNRPN (4 CpGs), and RASGEFIC (3 CpGs)
associated with the ADHD subset, and NINJ2 (5 CpGs),
PRKGI (4 CpGs) and CESI (2 CpGs) associated with the
OCD subset (example DMRs shown in Fig. 2). The over-
lap in CpGs associated with both the full cohort and
more symptomatic subset was greater than expected by
chance in both ADHD and OCD (103 CpGs and 35
CpGs, respectively), as determined by random resam-
pling 1000 times (all p < 0.0001; Table 2).

To assess how well the cases clustered separately from
controls, i.e., how unique their methylation profiles were
at the disorder-associated sites, we ran PCA on all four
sets of disorder-associated sites (ADHD full cohort,
ADHD more symptomatic subset, OCD full cohort,
OCD more symptomatic subset) on the samples from
which they were derived (Fig. 3a). In both ADHD and
OCD, the more symptomatic subsets of cases clustered
farther from controls, as compared to the full cohort. As
well, PC1, which separated cases from controls in all
comparisons, accounted for a larger proportion of the
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Table 2 Statistical comparisons
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comparison criteria for subsetting cases (n) controls (n) covariates # CpGs # overlapping CpGs
ADHD vs. controls NA 22 35 sex, age, %BEC 188 103
SWAN 2 6 15 27 299
QOCD vs. controls NA 59 54 sex, age, %BEC, batch 82 35
CYBOCS 2 18 28 54 137
A I | subset of cases
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total variation in the PCA performed on the subsets, as
compared to the full cohort (PC1 ADHD subset = 15%,
PC1 ADHD full = 12%; PC1 OCD subset = 10%, PC1
OCD full = 9%).

To quantify the differences observed in the PCA plots,
silhouette widths, a measure of the average distance be-
tween clusters, were compared using the beta values and
Manhattan distance (Supplementary Figure 4). In both
ADHD and OCD, average silhouette widths increased in
the subsets containing only more symptomatic cases
compared to controls. As well, among the samples in-
cluded in both the full analysis and the subset silhouette
widths were significantly greater (Wilcoxin signed-rank
p values< 0.05). We then re-introduced the less symp-
tomatic samples (ADHD 7 = 7, OCD # = 11) into the
PCAs of 299 ADHD subset-associated CpGs and 137
OCD subset-associated CpGs and found that PC1 scores
of these less symptomatic samples fell between more
symptomatic cases and controls (Fig. 3b, c). Overall,
these visualizations and quantitative tests all suggest that
more symptomatic cases of ADHD and OCD demon-
strate greater DNAm differences from controls.
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Finally, to assess whether the difference in sample selec-
tion or CpG set was responsible for the greater separation
between cases and controls in the more symptomatic sub-
set, we performed PCA on the complete sample set using
CpGs identified from the more symptomatic cohort. As
well, we performed PCA on the more symptomatic sample
set using CpGs identified from the complete cohort, in
both ADHD and OCD samples. The more symptomatic
samples remained more distantly clustered from controls,
as compared to the complete cohort of cases (Supplemen-
tary Figure 5). Irrespective of CpG set, the methylation
patterns of the more symptomatic individuals were more
distinct from the control samples.

Disorder-associated CpGs were enriched for mQTLs

Next, we assessed disorder-associated CpGs for under-
lying mQTLs, given the common relationship between
genetic DNAm variation, especially in NDD related loci.
We filtered for variable SNPs within a 5-kb window of
the two sets of disorder-associated CpGs identified using
the more symptomatic subsets, as they had better separ-
ation from controls. We then ran Pearson correlations
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were combined for mQTL analysis, as depicted by boxplots




Goodman et al. Journal of Neurodevelopmental Disorders (2020) 12:23 Page 10 of 15

between genotypes, coded numerically, and DNAm to in perfect linkage disequilibrium were associated with
identify mQTLs. Of the 299 CpGs associated with ADHD (p values<0.05; Supplementary Table 3). These
ADHD, 263 were tested with SNPs within 5kb, and 88%  SNPs were intronic to the gene MADILI, a component
of those (232) were significantly associated with at least  of the mitotic spindle-assembly checkpoint. This finding
one SNP at an FDR-corrected p value < 0.05. A total of suggests that DNAm may mediate the interaction be-
6433 SNP-CpG pairs were tested, as one CpG could be  tween ADHD and genomic/genetic variation as this
tested against multiple SNPs within 5 kb, and 3283 were locus.
identified as mQTLs.

Of the 137 CpGs associated with OCD, 106 were mQTL SNPs had skewed p values in independent GWAS
tested with SNPs within 5kb, and 81% of those (86) of ADHD but not OCD
were significantly correlated with at least one SNP at an ~ We assessed the summary statistics of two independent
FDR-corrected p < 0.05. A total of 2882 SNP-CpG pairs GWAS analyses for ADHD and OCD, of European de-
were tested, and 1350 were identified as mQTLs. Select  cent, to examine whether mQTL SNPs, i.e., SNPs associ-
mQTL associations identified in ADHD and OCD can  ated with disorder-associated CpGs, were independently
be seen in Fig. 4. For both ADHD- and OCD-associated  related to disorder status in larger sample sizes.
CpGs sets, the number of CpGs associated with at least From the results of Demontis et al. European cohort,
one mQTL was significantly enriched (p values< 0.001), we pulled all SNPs that were tested for mQTLs in the
as compared to 1000 iterations of randomly sampled ADHD sample; 5064 of 5294 were available, which in-
CpGs (See Methods for greater detail; Supplementary cluded 2760 of 2896 mQTL SNPs [19]. We generated
Figure 6). Q-Q plots of these mQTL SNPs and the remaining 2304

Finally, we tested each SNP that was significantly asso- SNPs that were tested for mQTLs, but not significant
ciated with an NDD-associated CpG (3283 SNPs corre-  (Fig. 5; Table 3). The genomic inflation factor reported
lated with ADHD-associated CpGs and 1150 SNPs for the full GWAS, testing 8,094,094 SNPs, was 1.22. By
correlated with OCD-associated CpGs as identified in  comparison, the mQTL SNPs (i.e., those associated with
the mQTL analysis) against disorder status. No SNPs  ADHD-associated CpGs) had a 1=1.47 while in the
were significantly associated with OCD after FDR cor-  remaining non-mQTL SNPs 1=1.23. This suggested that
rection; however, 13 SNPs within a 3.5-kb distance and the discovery of epigenotype-genotype-phenotype
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associated CpGs (left), non-mQTL SNPs proximal to disorder-associated CpGs (middle), and SNPS from the full GWAS (right)
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Table 3 Comparative genomic inflation factors (\)

Disorder subset n CpGs tested Sample A

ADHD Full GWAS 8094094 122
mQTL SNPs 2760 147
non-mQTL SNPs? 2304 123

OocD Full GWAS 8409516 1.03
mQTL SNPs 737 1.30
non-mQTL SNPs? 693 132

“Within 5 KB of disorder-associated with CpG

relationships was dependent on associations between
proximal SNPs and CpGs.

From the p values published in IOCDF-GC and
OCGAS (2018) European cohorts, we assessed all SNPs
that were tested for mQTLs in the OCD sample in this
study in the same manner as described for ADHD [22].
Of 2202 SNPs tested for mQTLs, 1430 were available in
the OCD GWAS, which included 737 of 1105 mQTL
SNPs and the 693 remaining SNPs that were proximal,
but not correlated with OCD-associated CpGs. Unlike
the ADHD GWAS analysis, the genomic inflation factor
of the OCD mQTL SNPs and non-mQTL SNPs was in-
flated, A = 1.3 and 1.32, respectively, relative to the full
GWAS, 1=1.03. However, Q-Q plots showed that “infla-
tion” was limited to p values near the mid-point, while
more significant p values were larger than expected, fall-
ing below the line of equality (y = x).

Discussion

Genetic and phenotypic heterogeneity of NDDs, includ-
ing ADHD and OCD, have likely contributed to difficul-
ties in uncovering the molecular etiologies of these
disorders. Here, we found that differentially methylated
CpGs were more readily identified by epigenome-wide
analysis of both ADHD and OCD when groups were re-
duced to more symptomatic cases. Moreover, the major-
ity of these CpGs were linked to mQTLs, associating
with genetic variation at proximal SNPs.

Research into the epigenetic aberrations associated
with ASD has provided insight into how epigenetic pat-
terns in blood-derived DNA can be reflective of
heterogenous neurodevelopmental phenotypes and how
samples may be classified a priori using underlying gen-
etic variation to better define subgroups of ASD [65].
We took a similar approach using phenotype rather than
genotype to assess whether a subset of individuals with
more endorsed symptoms of ADHD and OCD were
more distinct from controls than larger, more heteroge-
neous cohorts of ADHD and OCD. To account for the
possibility of higher comorbidity rates with more severe
presentations, participants with multiple diagnoses were
excluded. In both disorders, the reduced sets of more
symptomatic cases exhibited differential methylation
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from controls at a greater number of CpGs than the lar-
ger cohorts, and they clustered more distinctly from
controls. As well, multiple DMRs in both disorders ei-
ther gained significant CpGs or had larger effect sizes in
the subsets of cases with greater clinical severity (Fig. 2).
This finding speaks to the potential utility of
homogenous group of cases to improve the signal of epi-
genetic differences from controls.

In both the full OCD cohort and subset selected for
greater OCD severity, there was no clear-cut distinction
in clustering of cases and controls as visualized on a
PCA plot (Fig. 3). Of note, our severity cutoff corre-
sponded to “moderate” OCD on the CY-BOCS and chil-
dren diagnosed with moderate OCD experience daily
interference in their school and social performances;
their obsessive thoughts are described as frequent and
disturbing, and they can have difficulty controlling or
resisting urges to perform compulsions. Nonetheless, in
individuals with OCD, DNAm patterning showed greater
overlap with that of neurotypical children than the
ADHD group (versus controls). Interestingly, in brain
imaging studies of NDDs, brain structural connectivity
of individuals with ADHD differed more strongly from
controls than the structural connectivity of individuals
with OCD. Specifically, wide-spread fractional anisot-
ropy, which measures brain tissue characteristics includ-
ing fibre density and myelination, demonstrates
significant reductions in both ASD and ADHD groups
as compared to both controls and OCD groups; the
OCD group was the most similar to controls, with differ-
ences in fractional anisotropy limited to the splenium
[66]. Taken together with our findings, these results sug-
gest that ADHD may be a more distinctive condition at
the genetic, epigenetic and neurological levels than OCD
as compared to neurotypical children.

We found 7 CpGs mapping to 5 genes (C130rf39,
C170rf54, DNAJC15, LLGL2, POLS) that were associated
with both ADHD and OCD in the more symptomatic
samples (Supplementary Table 2). Additionally, both dis-
orders were associated with altered DNAm at CpGs
mapping to MADIL1, MGC87042, PTPRN2, and SGK2;
however, the specific associated CpGs were unique to
each disorder. Notably, MADILI has previously been as-
sociated with ADHD, as reported in an EWAS of DNAm
data measured in saliva samples on the Illumina 450K
HumanMethylation array [42]; Wilmot et al. found four
CpGs mapping to MADILI associated with ADHD at a
nominal p value< 0.05 and AP > 2% [42]. In our sample,
two CpGs in this gene were associated with ADHD
(cg12376829, p value< 1.7 x 107% AB = - 6.9%;
cgl7545141, p value< 0.044, AB = 5.7%), and one was as-
sociated with OCD (cg03075889, p value< 0.037, AS =
16.1%). In sum, many of our findings suggest that there
may be common epigenetic dysregulation across
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multiple NDDs as has been demonstrated previously for
genomic variation.

The MADILI gene has previously been reported as
containing risk variants associated with both bipolar dis-
order and schizophrenia, in multiple studies, and more
recently, with ADHD and anxiety [67-71]. In our ana-
lysis, MADILI contained the only SNPs significantly as-
sociated disorder status; 13 SNPs in perfect linkage
disequilibrium were associated with ADHD. This gene
specifically merits further research with respect to both
the genetic and epigenetic variation in associations with
NDDs.

Assessing OCD- and ADHD-associated CpGs for asso-
ciations with genetic variation, we discovered that 81%
and 88% of significant sites were linked to mQTLs, re-
spectively. These proportions are relatively high given
that depending on tissue and developmental timing, be-
tween 20-80% of CpGs are predicted to be mQTL-
associated [32-35]. This finding was consistent with pre-
vious research into epigenetic correlates of ADHD and
schizophrenia, but this is the first demonstration of this
finding for OCD [40, 48, 72]. In the context of schizo-
phrenia, mQTLs have been proposed as representing
SNPs with a functional annotation [40, 48]. The genetic
variation across individuals harboring different SNPs can
be associated with a regulatory change that is mediated
by a specific DNAm change. Based on this postulation,
we tested whether our mQTL SNPs, i.e., SNPs associated
with disorder-associated CpGs, were more likely to be
associated with disorder status in large, independent
GWAS analyses run on ADHD and OCD groups. Using
the summary statistics of our mQTL SNPs as compared
to the whole genome, we saw a stronger trend towards
lower p values in ADHD, but not OCD. One interpret-
ation of this finding is that there is a stronger
epigenotype-genotype-phenotype correlation in ADHD
than OCD and therefore, incorporating DNAm into
ADHD genetic research may be particularly fruitful as it
has been in schizophrenia research. Although the OCD
GWAS we used was the largest study to date, it is still
likely underpowered, with no reported SNPs meeting
genome-wide significance. As such, we cannot defini-
tively say that DNAm would not be informative in future
OCD GWAS analyses.

Our findings were limited by common issues that
affect epigenetic research in NDDs. DNAm is strongly
associated with tissue/cell type and here, we have ana-
lyzed saliva DNAm in cases and controls rather than
brain, which is arguably the tissue of interest. As correla-
tions between saliva and brain tissue are limited, we
hesitate to interpret potential effects of these DNAm
patterns on brain pathophysiology and how they relate
to ADHD or OCD etiology. Nonetheless, DNAm studies
in accessible tissues, such as saliva and peripheral blood,
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have contributed to the understanding of the patho-
physiology of complex diseases, gene-environment inter-
actions, and effects of prenatal exposures, all of which
are pertinent to the study of neurodevelopmental disor-
ders [48, 60, 73, 74]. As well, such accessible, quantita-
tive measures may prove useful as molecular markers of
each disorder, potentially prior to clinical presentation
and predictive of later behavioral outcomes.

Furthermore, our study sample was small and likely
underpowered, especially given that common genetic
variants are believed to have small contributions to dis-
order risk, and it is plausible that similar effects are seen
in epigenetics. However, based on our findings, we argue
that the reduced power of selecting a subset of cases
may be offset by the increased effect size, as seen in our
DMRs. Finally, as both ADHD and OCD are believed to
represent extremes of quantitative traits, it is likely that
our control samples reflect the normative degree of het-
erogeneity seen in SWAN and CY-BOCS measures [56].
As such, our findings were likely affected by the ranges
of non-syndromal ADHD and OCD traits in the control
group. Future studies would ideally measure ADHD or
OCD in both cases and controls to have a better under-
standing of the range of phenotypic variability and over-
lap in each group prior to assessing DNAm.

Conclusions

The enrichment of mQTLs in NDD-associated CpGs
sites, presented here and in previous research studies,
highlights the utility of DNAm as both an asset to gen-
etic NDD research and a potential biomarker in itself.
The DNAm patterns in ADHD and OCD provide evi-
dence of potential epigenetic biomarkers mirroring the
phenotypic heterogeneity of these NDDs. Across all
NDD research, it is plausible that reducing NDD cohorts
to more homogenous subgroups may be a useful method
in uncovering stronger molecular correlates as we have
shown here.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/511689-020-09324-3.

Additional file 1: Supplementary Figure 1. Principal components 1
and 2 from principal component analysis (PCA) of our samples and
samples from phase 3 of the 1000 Genomes project. PCA was calculated
from ancestry informative markers (AIM). Plotted samples included our
control, ADHD and OCD samples (black) and 1000 Genomes project
samples grouped into the following ancestries: African (AFR), Americas
(AMR), East Asian (EAS), European (EUR), and South Asian (SAS). Samples
represented by black a “X" were identified as outliers (see Methods) and
were removed prior to analysis.

Additional file 2: Supplementary Figure 2. Distributions of predicted
buccal epithelial (buccal) and granulocyte (gran) proportions in “more
symptomatic” ADHD subset (n = 15) versus all controls (A; n = 35) and
subset of controls (B; n = 27). Underlying cell proportions of saliva
samples were predicted from DNAm data using methods described in
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Smith et al. (2015). (A) Subset of ADHD samples selected based on 26
SWAN symptoms (n = 15) with visibly different cell proportions than
corresponding controls (although means did not differ significantly, p-
values >0.05). (B) Same subset of ADHD samples and selected controls,
chosen to better balance buccal and granulocyte proportion.

Additional file 3: Supplementary Figure 3. Age distribution of cases
and controls in each comparison. Ages of participants used in full OCD
cohort vs. controls, (top left) full ADHD cohort vs. controls (bottom left),
subset of more symptomatic OCD cases with CYBOCS scores 218 vs.
controls (top right), and subset of more symptomatic ADHD cases with
SWAN scores 26 vs. controls (bottom right). Asterisk denotes significant
difference in mean ages between groups (p-value<0.05).

Additional file 4: Supplementary Figure 4. Silhouette plots
generated on betas values using Manhattan distance, using the same
samples and CpGs as displayed in Figure 3a. (A) all OCD samples and
controls (n = 113, CpGs = 82); (B) more symptomatic OCD samples and
controls (n = 82, CpGs = 137); (€) all ADHD samples and controls (n =
57, CpGs = 188); (D) more symptomatic ADHD samples and controls (n =
42, CpGs = 299).

Additional file 5: Supplementary Figure 5. More symptomatic cases
cluster more distinctly from controls using CpGs identified in the full
cohorts, than full cohorts using CpGs identified in the subsets. PCAs were
run on subsets using NDD-associated CpGs identified in full cohorts, and
on full cohorts using NDD-associated CpGs identified in subsets. Samples
sizes and number of CpGs input into PCA shown in bottom, righthand
corner of each facet.

Additional file 6: Supplementary Figure 6. Random distribution of
CpGs associated with at least one mQTL from sets of 299 CpGs (left) and
137 CpGs (right). Sets of CpGs randomly sampled from preprocessed EPIC
array data 1000 times were correlated against SNPs to generate
distributions of expected numbers of mQTL-associated CpGs identified
(top) and expected proportions of mQTL-associated CpGs. Red lines rep-
resent numbers of ADHD- or OCD-associated CpGs found to be associ-
ated with at least one mQTL.

Additional file 7: Supplementary Tables S1, Table S2, Table S3.

Abbreviations

ADHD: Attention-deficit/hyperactivity disorder; BEC: Buccal epithelial cell;
DMR: Differentially methylated region; DNAm: DNA methylation;

EWAS: Epigenome-wide association study; GWAS: Genome-wide association
study; mQTLs: Methylation quantitative risk loci; NDD: Neurodevelopmental
disorders; OCD: Obsessive-compulsive disorder; PCA: Principal component
analysis; SNP: Single nucleotide polymorphism

Acknowledgements

We would like to thank all of the patients and families for participating in
our research studies and the physicians, clinical staff, and research staff for
their assistance with patient recruitment. We would also like to Chunhua
Zhang and Youliang Lou for their contributions to this work.

Authors’ contributions

SJG analyzed and interpreted the data, generated figures/tables, and wrote
the manuscript. CLB helped with manuscript writing and data analysis,
providing expertise into disorder phenotypes and scales. DTB designed the
study, managed collaborations, and integrated cohorts. MTS and ECD helped
with data analysis and interpretation and manuscript preparation. ML
analyzed genotyping data and provided input into statistical method
selection. ALT wrote R scripts and assisted with data analysis. MB provided
intellectual contribution to the analytical pipeline. NM, DR, and KDF provided
patient samples and phenotypic data. JC, RS, GLH, EA, and PDA provided
patient samples, phenotypic data, and assisted with study design and data
interpretation. RW is the principal investigator and was involved in all
aspects of the study. All authors have read and approved the manuscript.

Funding

This research was funded by the Canadian Institutes of Health Research
(PDA: MOP-106573; RJS: MOP-93696), the National Institute of Mental Health
(GH: RO1T MH101493, R0O1T MHO085321), and the Ontario Brain Institute (OBI;
IDS-I'1-02). OBl is an independent non-profit corporation, funded partially by

(2020) 12:23

Page 13 of 15

the Ontario government. The opinions, results, and conclusions are those of
the authors, and no endorsement by the Ontario Brain Institute is intended
or should be inferred. Bioinformatic analyses were supported in part by the
Canadian Centre for Computational Genomics (C3G), part of the Genome
Technology Platform (GTP), funded by Genome Canada through Genome
Quebec and Ontario Genomics (ALT, MB), and Genome Canada through On-
tario Genomics (ALT, SC, MB, and RW). Dr. Paul D. Arnold receives support
from the Alberta Innovates Translational Health Chair in Child and Youth
Mental Health.

Availability of data and materials
The microarray data will be made publicly available in the GEO repository
upon publication.

Ethics approval and consent to participate

Participants were enrolled and consented in studies approved by the
Research Ethics Boards of the respective institutions (University of Michigan,
SickKids, Holland Bloorview Kids Rehabilitation Hospital, Western University,
McMaster University).

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.

Author details

'Genetics and Genome Biology, SickKids Hospital, Toronto, ON, Canada.
Neurosciences and Mental Health Program, SickKids Hospital, Toronto, ON,
Canada. *Department of Pathology and Molecular Medicine, McMaster
University, Hamilton, ON, Canada. “Biochemical Genetics Laboratory, Alberta
Children’s Hospital, Calgary, AB, Canada. *Centre for Computational Medicine,
SickKids Hospital, Toronto, ON, Canada. ®Department of Computer Science,
University of Toronto, Toronto, ON, Canada. 7Departmem of Psychiatry and
Behavioural Neurosciences, McMaster University, Hamilton, ON, Canada.
®Department of Psychiatry and Behavioral Neurosciences, Wayne State
University, Detroit, MI, USA. °Department of Psychiatry, University of
Michigan, Ann Arbor, MI, USA. '°Holland Bloorview Kids Rehabilitation
Hospital Toronto, Toronto, ON, Canada. 'Institute of Medical Science,
University of Toronto, Toronto, ON, Canada. 2Mathison Centre for Mental
Health Research and Education, University of Calgary, Calgary, AB, Canada.
13Departments of Psychiatry and Medical Genetics, Hotchkiss Brain Institute,
Cumming School of Medicine, University of Calgary, Calgary, AB, Canada.
"“Department of Psychiatry, University of Toronto, Toronto, ON, Canada.
*Division of Clinical and Metabolic Genetics, SickKids Hospital, Toronto, ON,
Canada. mDepartment of Molecular Genetics, University of Toronto, Toronto,
ON, Canada. "Department of Paediatrics, University of Toronto, Toronto, ON,
Canada.

Received: 18 November 2019 Accepted: 28 July 2020
Published online: 16 August 2020

References

1. Zandt F, Prior M, Kyrios M. Repetitive behaviour in children with high
functioning autism and obsessive compulsive disorder. J Autism Dev Disord.
2006 Jul 25;37(2):251-9.

2. Geller D, Petty C, Vivas F, Johnson J, Pauls D, Biederman J. Examining the
relationship between obsessive-compulsive disorder and attention-deficit/
hyperactivity disorder in children and adolescents: a familial risk analysis.
Biol Psychiatry. 2007,61(3):316-21.

3. Geller DA, Biederman J, Faraone SV, Cradock K, Hagermoser L, Zaman N,
et al. Attention-deficit/hyperactivity disorder in children and adolescents
with obsessive-compulsive disorder: fact or artifact? J Am Acad Child
Adolesc Psychiatry. 2002;41(1):52-8.

4. Willcutt EG. The prevalence of DSM-IV attention-deficit/hyperactivity
disorder: a meta-analytic review. Neurotherapeutics. 2012 Aug 15;9(3):490-9.

5. Reiff MI, Banez GA, Culbert TP. Children who have attentional disorders:
diagnosis and evaluation. Pediatr Rev. 1993;14(12):455-65.

6. Biederman J, Faraone S, Milberger S, Curtis S, Chen L, Marrs A, et al.
Predictors of persistence and remission of ADHD into adolescence: results



Goodman et al. Journal of Neurodevelopmental Disorders

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

from a four-year prospective follow-up study. J Am Acad Child Adolesc
Psychiatry. 1996;35(3):343-51.

Biederman J, Faraone SV, Spencer T, Wilens T, Norman D, Lapey KA, et al.
Patterns of psychiatric comorbidity, cognition, and psychosocial functioning
in adults with attention deficit hyperactivity disorder. Am J Psychiatry. 1993;
150(12):1792-8.

Faraone SV, Asherson P, Banaschewski T, Biederman J, Buitelaar JK, Ramos-
Quiroga JA, et al. Attention-deficit/hyperactivity disorder. Nat Rev Dis
PrimersNature Publishing Group. 2015;1(1):15020-3.

Association AP. Diagnostic and Statistical Manual of Mental Disorders (DSM-
5°). American Psychiatric Pub; 2013. 1 p.

Delorme R, Golmard J-L, Chabane N, Millet B, Krebs M-O, Mouren-Simeoni
MG, et al. Admixture analysis of age at onset in obsessive-compulsive
disorder. Psychol Med. 2005;35(2):237-43.

Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime
prevalence and age-of-onset distributions of DSM-IV disorders in the
National Comorbidity Survey Replication. Arch Gen PsychiatryAmerican
Medical Association. 2005;62(6):593-602.

Franke B, Faraone SV, Asherson P, Buitelaar J, Bau CHD, Ramos-Quiroga JA,
et al. The genetics of attention deficit/hyperactivity disorder in adults, a
review. Mol PsychiatryNature Publishing Group. 2012;17(10):960-87.
Faraone SV, Perlis RH, Doyle AE, Smoller JW, Goralnick JJ, Holmgren MA,

et al. Molecular genetics of attention-deficit/hyperactivity disorder. Biol
Psychiatry. 2005,57(11):1313-23.

van Grootheest DS, Cath DC, Beekman AT, Boomsma DI. Twin studies on
obsessive-compulsive disorder: a review. Twin Res Hum Genet. 2005;8(5):
450-8.

Taylor S. Etiology of obsessions and compulsions: a meta-analysis and
narrative review of twin studies. Clin Psychol Rev Elsevier Ltd. 2011;31(8):
1361-72.

Hudziak JJ, Van Beijsterveldt CEM, Althoff RR, Stanger C, Rettew DC, Nelson
EC, et al. Genetic and environmental contributions to the child behavior
checklist obsessive-compulsive scale: a cross-cultural twin study. Arch Gen
Psychiatry. American Medical Association. 2004;61(6):608-16.

Maher B. Personal genomes: the case of the missing heritability. Nature.
2008;6:18-21.

Galéra C, Coté SM, Bouvard MP, Pingault J-B, Melchior M, Michel G, et al.
Early risk factors for hyperactivity-impulsivity and inattention trajectories
from age 17 months to 8 years. Arch Gen PsychiatryAmerican Medical
Association. 2011;68(12):1267-75.

Demontis D, Walters RK, Martin J, Mattheisen M, Als TD, Agerbo E, et al.
Discovery of the first genome-wide significant risk loci for attention deficit/
hyperactivity disorder. Nat Genet. 2019;51(1):63-75.

Mattheisen M, Samuels JF, Wang Y, Greenberg BD, Fyer AJ, McCracken JT,
et al. Genome-wide association study in obsessive-compulsive disorder:
results from the OCGAS. Mol Psychiatry. 2014;20(3):337-44.

Stewart SE, Yu D, Scharf JM, Neale BM, Fagerness JA, Mathews CA, et al.
Genome-wide association study of obsessive-compulsive disorder. Mol
Psychiatry. 2013;18(7):788-98.

International Obsessive Compulsive Disorder Foundation Genetics
Collaborative (IOCDF-GC) and OCD Collaborative Genetics Association
Studies (OCGAS). Revealing the complex genetic architecture of obsessive-
compulsive disorder using meta-analysis. Mol PsychiatryNature Publishing
Group. 2018,23(5):1181-8.

Neale BM, Medland SE, Ripke S, Asherson P, Franke B, Lesch K-P, et al. Meta-
analysis of genome-wide association studies of attention-deficit/hyperactivity
disorder. J Am Acad Child Adolesc Psychiatry. 2010,49(9):384-97.

Pauls DL, Abramovitch A, Rauch SL, Geller DA. Obsessive—-compulsive
disorder: an integrative genetic and neurobiological perspective. Nat Rev
Neurosci. 2014;15(6):410-24.

Faraone SV, Larsson H. Genetics of attention deficit hyperactivity disorder.
Mol Psychiatry. 2019;12:1-14.

Middeldorp CM, Hammerschlag AR, Ouwens KG, Groen-Blokhuis MM, St
Pourcain B, Greven CU, et al. A genome-wide association meta-analysis of
attention-deficit/hyperactivity disorder symptoms in population-based
pediatric cohorts. J Am Acad Child Adolesc PsychiatryElsevier. 2016;55(10):896.
Plomin R, Haworth CMA, Davis OSP. Common disorders are quantitative
traits. Nat Rev GenetNature Publishing Group. 2009;10(12):872-8.

Bird A. Perceptions of epigenetics. Nature. 2007;447(7143):396-8.

Greally JM. A user's guide to the ambiguous word “epigenetics.”. Nat Rev
Mol Cell Biol. 2018;19.

(2020) 12:23

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 14 of 15

Teh AL, Pan H, Chen L, Ong ML, Dogra S, Wong J, et al. The effect of
genotype and in utero environment on interindividual variation in neonate
DNA methylomes. Genome Res. 2014;24(7):1064-74.

Lappalainen T, Greally JM. Associating cellular epigenetic models with
human phenotypes 2017;18(7):441-51. Available from: http://dx.doi.org/
https://doi.org/10.1038/nrg.2017.32.

Bell JT, Tsai PC, Yang TP, Pidsley R, Nisbet J, Glass D. Epigenome-wide scans
identify differentially methylated regions for age and age-related
phenotypes in a healthy ageing population. PLoS Genet. 2012;8.
Grundberg E, Meduri E, Sandling JK, Hedman AK, Keildson S, Buil A. Global
analysis of DNA methylation variation in adipose tissue from twins reveals
links to disease-associated variants in distal regulatory elements. Am J Hum
Genet. 2013;93.

Gertz J, Varley KE, Reddy TE, Bowling KM, Pauli F, Parker SL, et al. Analysis of
DNA methylation in a three-generation family reveals widespread genetic
influence on epigenetic regulation. Bickmore WA, editor. PLoS Genet. Public
Library of Science; 2011 Aug 11,7(8):¢1002228.

Chen L, Ge B, Casale FP, Vasquez L, Kwan T, Garrido-Martin D, et al. Genetic
drivers of epigenetic and transcriptional variation in human immune cells.
Cell. Elsevier; 2016 Nov 17;167(5):1398-1414.e24.

Banerjee TD, Middleton F, Faraone SV. Environmental risk factors for
attention-deficit hyperactivity disorder. Acta Paediatr. 2007,96(9):1269-74.
Langley K, Holmans PA, van den Bree MB, Thapar A. Effects of low birth
weight, maternal smoking in pregnancy and social class on the phenotypic
manifestation of attention deficit hyperactivity disorder and associated
antisocial behaviour: investigation in a clinical sample. BMC Psychiatry. 2007
Jun 20;7(1):30-8.

Froehlich TE, Anixt JS, Loe IM, Chirdkiatgumchai V, Kuan L, Gilman RC.
Update on environmental risk factors for attention-deficit/hyperactivity
disorder. Curr Psychiatry Rep Current Science Inc. 2011;13(5):333-44.
Brander G, Pérez-Vigil A, Larsson H, Mataix-Cols D. Systematic review of
environmental risk factors for obsessive-compulsive disorder: a proposed
roadmap from association to causation. Neurosci Biobehav RevElsevier Ltd.
2016,65:36-62.

Zilhdo NR, Sugden K, Consortium B, Hoen PACT, van Meurs J, Isaacs A, et al.
Epigenome-wide association study of attention-deficit/hyperactivity disorder
symptoms in adults. BPSElsevier Inc. 2019;86(8):599-607.

Walton E, Pingault J-B, Cecil CAM, Gaunt TR, Relton CL, Mill J, et al.
Epigenetic profiling of ADHD symptoms trajectories: a prospective,
methylome-wide study. Mol Psychiatry. 2016;22(2):250-6.

Wilmot B, Fry R, Smeester L, Musser ED, Mill J, Nigg JT. Methylomic analysis
of salivary DNA in childhood ADHD identifies altered DNA methylation in
VIPR2. J Child Psychol Psychiatry. 2016;57(2):152-60.

Yue W, Cheng W, Liu Z Tang Y, Lu T, Zhang D, et al. Genome-wide DNA
methylation analysis in obsessive-compulsive disorder patients. Sci
RepNature Publishing Group. 2016;2:1-7.

D'Addario C, Bellia F, Benatti B, Grancini B, Vismara M, Pucci M, et al.
Exploring the role of BDNF DNA methylation and hydroxymethylation in
patients with obsessive compulsive disorder. J Psychiatr ResElsevier. 2019;
114:17-23.

Cappi C, Diniz JB, Requena GL, Lourenco T, Lisboa BCG, Batistuzzo MC,
et al. Epigenetic evidence for involvement of the oxytocin receptor
gene in obsessive- compulsive disorder. BMC NeurosciBioMed Central.
2016;30:1-8.

Jaffe AE, Gao Y, Deep-Soboslay A, Tao R, Hyde TM, Weinberger DR, et al.
Mapping DNA methylation across development, genotype and
schizophrenia in the human frontal cortex. Nat Neurosci. 2015;19(1):40-7.
Wockner LF, Noble EP, Lawford BR, Young RM, Morris CP, Whitehall VLJ, et al.
Genome-wide DNA methylation analysis of human brain tissue from
schizophrenia patients. Transl PsychiatryNature Publishing Group. 2019;24:1-8.
Hannon E, Dempster E, Viana J, Burrage J, Smith AR, Macdonald R, et al. An
integrated genetic-epigenetic analysis of schizophrenia: evidence for co-
localization of genetic associations and differential DNA methylation.
Genome BiolGenome Biology. 2016;25:1-16.

Hannon E, Dempster E, Viana J, Burrage J, Smith AR, Macdonald R, et al. An
integrated genetic-epigenetic analysis of schizophrenia: evidence for co-
localization of genetic associations and differential DNA methylation.
Genome Biol. 3rd ed. BioMed Central; 2016;17(1):176-116.

Crosbie J, Arnold P, Paterson A, Swanson J, Dupuis A, Li X, et al. Response
inhibition and ADHD traits: correlates and heritability in a community
sample. J Abnorm Child PsycholSpringer US. 2013;41(3):497-507.


https://doi.org/10.1038/nrg.2017.32

Goodman et al. Journal of Neurodevelopmental Disorders

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Park LS, Burton CL, Dupuis A, Shan J, Storch EA, Crosbie J, et al. The Toronto
obsessive-compulsive scale: psychometrics of a dimensional measure of
obsessive-compulsive traits. J Am Acad Child Adolesc Psychiatry. 2016;55(4):
310-4.

Fraser HB, Lam LL, Neumann SM, Kobor MS. Population-specificity of human
DNA methylation. Genome Biol [Internet]. 2012;13(2):R8.

Bell JT, Pai AA, Pickrell JK, Gaffney DJ, Pique-Regi R, Degner JF, et al. DNA
methylation patterns associate with genetic and gene expression variation
in HapMap cell lines. Genome BiolBioMed Central Ltd. 2011;12(1):R10.
Scahill L, Riddle MA, McSwiggin-Hardin M, Ort S|, King RA, Goodman WK,
et al. Children's Yale-Brown obsessive compulsive scale: reliability and
validity. J Am Acad Child Adolesc Psychiatry. 1997;36(6):844-52.

Swanson JM, Schuck S, Porter MM, Carlson C, Hartman CA, Sergeant JA,

et al. Categorical and dimensional definitions and evaluations of symptoms
of ADHD: history of the SNAP and the SWAN rating scales. Int J Educ
Psychol Assess. 3rd ed. 2012 Apr;10(1):51-70.

Burton CL, Wright L, Shan J, Xiao B, Dupuis A, Goodale T, et al. SWAN scale
for ADHD trait-based genetic research: a validity and polygenic risk study. J
Child Psychol Psychiatry. 2019,60(9):988-97.

Hanna GL, Piacentini J, Cantwell DP, Fischer DJ, Himle JA, Van Etten M.
Obsessive-compulsive disorder with and without tics in a clinical sample of
children and adolescents. Depress Anxiety. 2002;16(2):59-63.

Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen
KD, et al. Minfi: a flexible and comprehensive Bioconductor package for the
analysis of Infinium DNA methylation microarrays. BioinformaticsOxford
University Press. 2014;30(10):1363-9.

Houseman EA, Houseman E, Accomando WP, Koestler DC, Christensen BC,
Marsit CJ, et al. DNA methylation arrays as surrogate measures of cell
mixture distribution. BMC Bioinformatics [Internet]. 2012;13(1):-86.

Smith AK, Kilaru V, Klengel T, Mercer KB, Bradley B, Conneely KN, et al. DNA
extracted from saliva for methylation studies of psychiatric traits: evidence
tissue specificity and relatedness to brain. 2015;1688(1):36-44.

Lowe R, Gemma C, Beyan H, Hawa M|, Bazeos A, Leslie RD. Buccals are likely
to be a more informative surrogate tissue than blood for epigenome-wide
association studies. Epigenetics. 2014;8.

Reinius LE, Acevedo N, Joerink M, Pershagen GR, Pershagen G, Dahlen S-E,
et al. Differential DNA methylation in purified human blood cells:
implications for cell lineage and studies on disease susceptibility. Ting AH,
editor. PLoS ONE [Internet]. 2012 Jul 25;7(7):e41361.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al.
PLINK: a tool set for whole-genome association and population-based
linkage analyses. Am J Hum Genet. 2007,81(3):559-75.

Clayton D. snpStats: SnpMatrix and XSnpMatrix classes and methods. 2019.
Siu MT, Butcher DT, Turinsky AL, Cytrynbaum C, Stavropoulos DJ, Walker S,
et al. Functional DNA methylation signatures for autism spectrum disorder
genomic risk loci: 16p11.2 deletions and CHDS variants. Clin Epigenetics.
2019;13:1-19.

Ameis SH, Lerch JP, Taylor MJ, Lee W, Viviano JD, Pipitone J, et al. A
diffusion tensor imaging study in children with ADHD, autism spectrum

disorder, OCD, and matched controls: distinct and non-distinct white matter

disruption and dimensional brain-behavior relationships. Am J Psychiatry.
2016;173(12):1213-22.

Cross-Disorder Group of the Psychiatric Genomics Consortium. Electronic
address: plee0@mgh.harvard.edu, Cross-Disorder Group of the Psychiatric
Genomics Consortium. Genomic relationships, novel loci, and pleiotropic
mechanisms across eight psychiatric disorders. Cell. 2019 Dec 12;179(7):
1469-1482.e11.

Bergen SE, O'Dushlaine CT, Ripke S, Lee PH, Ruderfer DM, Akterin S, et al.
Genome-wide association study in a Swedish population yields support for
greater CNV and MHC involvement in schizophrenia compared with bipolar
disorder. Mol Psychiatry. 2012;17(9):880-6.

Levey DF, Gelernter J, Polimanti R, Zhou H, Cheng Z, Aslan M, et al.
Reproducible genetic risk loci for anxiety: results from ~200,000 participants
in the million veteran program. Am J Psychiatry. 2020;177(3):223-32.

Trost S, Diekhof EK, Mohr H, Vieker H, Kramer B, Wolf C, et al. Investigating
the impact of a genome-wide supported bipolar risk variant of MAD1L1 on
the human reward systemNature Publishing Group. 2016;41(11):2679-87.
Ripke S, O'Dushlaine C, Chambert K, Moran JL, Kahler AK, Akterin S, et al.
Genome-wide association analysis identifies 13 new risk loci for
schizophrenia. Nat GenetNature Publishing Group. 2013;45(10):1150-9.

(2020) 12:23

72.

73.

74.

Page 15 of 15

Pineda-Cirera L, Shivalikanjli A, Cabana-Dominguez J, Demontis D, Rajagopal
VM, Barglum AD, et al. Exploring genetic variation that influences brain
methylation in attention-deficit/hyperactivity disorder. Trans|
PsychiatrySpringer US. 2019;19:1-11.

Butcher DT, Cytrynbaum C, Turinsky AL, Siu MT, Inbar-Feigenberg M,
Mendoza-Londono R, et al. CHARGE and kabuki syndromes: gene-specific
DNA methylation signatures identify epigenetic mechanisms linking these
clinically overlapping conditions. Am J Hum Genet. 2017;100(5):773-88.
Choufani S, Cytrynbaum C, Chung BHY, Turinsky AL, Grafodatskaya D, Chen
YA, et al. NSD1 mutations generate a genome-wide DNA methylation
signature. Nat Commun. 2015,6(1):109.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



mailto:plee0@mgh.harvard.edu

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods and materials
	Participants
	Sample selection of ADHD and OCD and symptom characterization
	DNAm data generation and preprocessing
	Genotyping data generation and preprocessing
	GWAS datasets
	Statistical analyses

	Results
	DNAm better distinguishes more symptomatic cases of ADHD and OCD from controls, as compared to more heterogeneous, full case sets
	Disorder-associated CpGs were enriched for mQTLs
	mQTL SNPs had skewed p values in independent GWAS of ADHD but not OCD

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

