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Attention-Deficit Hyperactivity Disorder (ADHD) has high heri-

tability; however, studies of commonvariation account for<5%of

ADHD variance. Using data from affected participants without a

familyhistoryofADHD,wesought to identifydenovovariants that

could account for sporadic ADHD. Considering a total of 128

families, two analyses were conducted in parallel: first, in 11

unaffected parent/affected proband trios (or quads with the addi-

tion of an unaffected sibling) we completed exome sequencing. Six

denovomissensevariants athighly conservedbaseswere identified

and validated from four of the 11 families: the brain-expressed

genes TBC1D9, DAGLA, QARS, CSMD2, TRPM2, and WDR83.

Separately, in 117 unrelated probands with sporadic ADHD, we

sequenced a panel of 26 genes implicated in intellectual disability

(ID) and autism spectrum disorder (ASD) to evaluate whether

variation in ASD/ID-associated genes were also present in partic-

ipants with ADHD. Only one putative deleterious variant

(Gln600STOP) inCHD1Lwas identified; this was found in a single

proband. Notably, no other nonsense, splice, frameshift, or highly

conserved missense variants in the 26 gene panel were identified

and validated. These data suggest that de novo variant analysis in

familieswith independentlyadjudicatedsporadicADHDdiagnosis

can identify novel genes implicated in ADHDpathogenesis.More-

over, that only one of the 128 cases (0.8%, 11 exome, and 117 MIP

sequenced participants) had putative deleterious variants within
2017 Wiley Periodicals, Inc.
our data in 26 genes related to ID and ASD suggests significant

independence in thegeneticpathogenesisofADHDascompared to

ASD and ID phenotypes. � 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is a childhood

onset disorder characterized by symptoms of hyperactivity,

inattention, and/or impulsivity, with an estimated pooled prev-

alence of 3–4% [Erskine et al., 2013]. The heritability of ADHD

has been estimated to be between 70 and 90% [Stevenson, 1992;

Levy et al., 1997; Faraone et al., 2012]. Despite this strong

evidence of inheritance of ADHD, genome-wide association

studies (GWAS) of ADHD have not found any single nucleotide

variant (SNV) to be associated with ADHD at the level of

genome-wide significance (P< 5� 10�8) [Neale et al., 2010;

Stergiakouli et al., 2012; Middeldorp et al., 2016; Zayats et al.,

2016]. Familial and candidate gene studies have identified

numerous significant associations with ADHD; however,

SNVs in these genes were not significant in larger GWAS of

unrelated participants, and do not account for large amounts of

ADHD variance when considered in aggregate (<5%) [Franke

et al., 2009; Hawi et al., 2015].

Alternative to the use of GWAS and candidate gene studies of

common SNVs, investigators have focused on rare SNVs identified

through exome sequencing [Krumm et al., 2014], an approach that

has been particularly fruitful for neurodevelopmental phenotypes.

This approach was first used to identify pathogenic variants in

genes likely causative for Mendelian-inherited disorders, such as

Kabuki syndrome [Ng et al., 2010]. Later, this emphasis on rare

variants was extended to sporadic (occurring only in the proband,

without evidence of inheritance from either parent) [Fischbach and

Lord, 2010] and non-syndromic childhood psychiatric disorders,

such as autism spectrum disorder (ASD) and intellectual disability

(ID). Notably, these disorders—similar to ADHD—had not

yielded genome-wide significant SNV associations [Middeldorp

et al., 2016; Zayats et al., 2016]. Through use of familial data from

trios (affected proband and parents) or quads (affected proband,

unaffected sibling, parents), investigators identified numerous de

novo mutational events in the proband that were potentially

causative for ASD [O’Roak et al., 2011, 2012; Iossifov et al.,

2012 Neale et al., 2012; Sanders et al., 2012] or ID [de et al.,

2012; Rauch et al., 2012]. Proliferation of this approach to sporadic

and non-syndromic ASD and ID has resulted in the identification

of numerous candidate genes with potentially causative de novo

mutations [Krumm et al., 2014]. Twenty-six of these candidate

genes for ASD and ID currently compose a genetic panel used for

rapid and efficient targeted exonic sequencing using molecular

inversion probes (MIPs) [Coe et al., 2014].

There is growing evidence of shared genetic etiology for

numerous neuropsychiatric disorders. In particular, the Psy-

chiatric Genomics Consortium (PGC) has identified genetic

variants within L-type calcium channels, CACNA1C and

CACNB2, which are significantly associated across the five

major PGC phenotypes of study: ASD, ADHD, bipolar disor-

der, schizophrenia, and major depressive disorder [Smoller

et al., 2013]. In addition, there has been increasing scrutiny

of the symptom overlap between ASD and ADHD [Mayes et al.,

2011], with investigators suggesting candidate genes that may

underlie risk for both disorders [Rommelse et al., 2010].

Despite this speculation, few studies have yet evaluated the
potential shared genetic etiology between ASD and ADHD

specifically.

In the present study, we applied the exome sequencing approach

to familial data to identify rare, de novo SNVs thatmay be causative

for sporadic and non-syndromic ADHD. In addition, we usedMIP

sequencing of 26 ASD and ID candidate genes in a large number of

unrelated sporadic ADHD probands to determine whether these

ASD and ID risk-genes are also associated with ADHD.

MATERIALS AND METHODS

Ethics Statement
The Institutional Review Boards of the University of Washington,

University of California Irvine, Oregon Health and Science Uni-

versity (OHSU), and Michigan State University approved of this

study. Written, informed consent was received from the parent or

guardian of each minor.
Selection of Participants
Families were recruited from the local community via public

advertisements and mass mailings to parents of children in the

target age range asking for volunteers for a study of attention,

development, and ADHD, and specifying a need for healthy

children as well as children with suspected or diagnosed ADHD.

Identical procedures were followed at two different sites, one in

Michigan and one in Oregon, thus covering two different

geographic regions. An additional trio was identified at Wash-

ington and evaluated in the same manner, as outlined below.

Through this process 846 children were identified who met our

research criteria for ADHD (any subtype, using DSM-IV crite-

ria). The definition of sporadic cases (below) was applied to this

sample; 17.0% met our definition of sporadic, yielding an

N¼ 155 for this study for. Eleven of those families were set

aside for the sequencing described below, based on (i) avail-

ability of sufficient quality and quantity of DNA from both

parents and (ii) older parental age (see Supplementary Table SI

for a summary of the demographic and clinical characteristics
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of the 11 sporadic ADHD probands who underwent exome

sequencing). The numbers and demographic and clinical fea-

tures of the entire cohort, and the sporadic cases identified and

studied here are described in Table I.
Procedure for Child Evaluation and Cohort
Selection

Step 1. Selection of cohort. Interested families volunteered by

contacting the study and then completed a multi-stage screening to

identify participants for the study. Parents first completed a short

screen to evaluate numerous exclusion criteria, including history of

autism spectrum disorder, history of >1 non-febrile seizure; head

injury with loss of consciousness >1min, history of diagnosis with

intellectual disability, andany long actingpsychoactivemedication that

could not wash out for companion studies of cognitive functioning.

Parents and teachers then completed nationally standardized

rating scales (The Conners-III [Conners, 2014], theDuPaul ADHD

Rating Scale [DuPaul et al., 2016], and the Strengths and Difficul-

ties Questionnaire (SDQ, Goodman, 1997]. A parent completed a

semi-structured clinical interview with a trained, masters-degree

level clinician (KSADS-E [Orvaschel, 1994]. Inter-interviewer

reliability with a gold standard trainer was satisfactory (k> 0.75

for all disorders discussed here). The clinician also briefly inter-

viewed and observed the child. A full scale intellectual quotient

(IQ) screening test (WISC-IV Vocabulary, Block Design, and

Information [Wechsler, 1991] and an academic screening test

(WIAT-II Word Reading and Math Problem Solving [Wechsler,

2005] were administered by different clinicians, whomade detailed

written notes on their behavioral observations.

A team of experienced clinicians (a board certified child psychia-

trist and a licensed clinical child psychologist) then reviewed all

available information independently to arrive at a best estimate

diagnosticprofile forADHDandallother childdisorders, blind toall

study hypotheses, or genetic data. Inter-clinician agreement was

acceptable (k> 0.80 for all disorders discussedhere).Disagreements

were resolved by consensus. To be eligible, clinicians had to see
TABLE I. Summary of the Selec

MIP and Exome Sequenci

Excluded familial

ADHD cases (N¼ 691)

Male 70%

Age, years 9.9

Full scale IQa 105

Word reading scorea 104

Family income, thousands, $ 64.1

Lifetime ODD diagnosisb 24%

Lifetime anxiety diagnosisb 30%

Lifetime mood disorderb 12%

ADHD hyperactivity T-Scorec 70

ADHD inattention T-Scorec 74

ADHD, attention-deficit hyperactivity disorder; IQ, intellectual quotient; ODD, oppositional defiant dis
aIQ and reading assessment are described in the text; these are standard scores with a mean of 1
bComorbid disorders are identified by the KSADS interview and diagnostic team review as describe
cADHD Rating Scale Parent rating T-scores have a mean of 50 and standard deviation of 10.
cross-informant agreement at aminimal level that is (i) at least three

symptoms of inattention or hyperactivity endorsed by both parent

and teacher AND (ii) at least T> 60 on at least one nationally

normedratingofADHDsymptomsbyboth reporters.Theyalsohad

to show (iii) impairment by at least one source (KSAD clinician

rating or SDQ impairment at moderate or severe by at least one

reporter). Once passing that screen-in, clinicians employed the “or”

rule to count symptoms and conducted a further evaluation of rule

outs, impairment, and other DSM criteria.

Additional exclusion criteria were applied at that point, includ-

ing appearance of autism spectrum disorder on the interview,

estimated FSIQ< 80, history of ever had psychosis, or current

major depressive episode (which made it difficult to evaluate

symptoms of inattention), or failure of minimal convergence

between parent and teacher ratings.

Step 2. Parent ADHD and sporadic status. Determination of

sporadic ADHD in the proband was evaluated by assessing each

parent for ADHD on at least one of the following: (i) a Structured

Clinical Interview that included both a SCID-I [First et al., 2002]

and modified KSADS for adults on current and past symptoms of

ADHD; (ii) the Conners Adult ADHD Rating Scale (CAARS

[Conners, 2014]; and/or (iii) the ADHD Rating Scale on current

and childhood symptoms [DuPaul et al., 2016]. For each case, a

parent provided a rating regarding history of ADHD in relatives of

the child including the child’s siblings. If a parent was unavailable

to complete an interview or ratings, the available parent rated the

missing parent on the ADHD Rating Scale.
Determination of Sporadic ADHD
Diagnosis of sporadic ADHD was then based on the following:
1.
ted

ng

Sp

orde
00 a
d in
Both parents denied history of confirmed or suspected ADHD

in self, sibling, or parent (no child 1st or 2nddegree relative) on a

Family Background Questionnaire; and
2.
 None of the child’s siblings had ever been diagnosed or treated

for ADHD per parent report; and
Sporadic ADHD Cases for

Versus Total Cohort

oradic ADHD cases MIP

sequenced (N¼ 144)

Sporadic ADHD cases trio or

quad exome sequenced (N¼ 11)

67% 82%

10.1 9.8

107 106

101 111

64.3 101

21% 18%

35% 27%

14% 0%

65 72

70 79

r.
nd standard deviation of 15.
the text.
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3.
 Both parents scored <6 symptoms of ADHD hyperactivity/

impulsivity and <6 inattention on current and past ratings

using the Barkley and Murphy Adult ADHD Rating Scale and

the KSADS retrospective interview, and <T¼ 65 on the Con-

ners Adult ADHD Rating Scale. (In one case the ADHD RS and

KSAD conflicted on our decision rule; the interview was used as

the gold standard; in two cases the ADHD RS indicated no

symptoms but the Conners >65; we relied on the ADHD RS as

the standard. In all other cases measures agreed on the case

selection). The<6 symptom cutoff was used in congruence with

DSM-IV criteria [American Psychiatric Association], which

were in force at the time this study was planned and data

were collected.

As noted, 155 families were identified as sporadic ADHD

cases, 17.0% of the total cohort of 846 ADHD cases. From these,

144 sporadic ADHD probands were sequenced for a panel of 26

genes of prior interest in ASD and ID, of which 117 passed

quality control and were used in analyses. The remaining 11

families were tested for pilot exome sequencing to identify

potential de novo SNVs responsible for sporadic ADHD. The

11 families selected for exome sequencing had an average

paternal age of 34.8 years (range 27.1–46.0 years); maternal

average age was 33.1 years (range 23.5–44.0 years).
Exome Sequencing/De Novo Variant
Identification in 11 Families With Sporadic
ADHD
The NimbleGen Big Exome 2011 Library (EZ Exome v3 with

approximately 64Mb of target sequence) was used for exome

sequencing of all 11 families’ DNA samples. FastQ files were

aligned to the human genome reference sequence 19 (hg19)

with the Burrows-Wheeler Aligner for the generation of BAM

files [Li and Durbin, 2009]. Realignment of regions with indels,

recalibration of base qualities, and variant detection and calling

was performed with the Genome Analysis Toolkit (GATK)

UnifiedGenotyper to produce VCF files [McKenna et al.,

2010]. Variants sites of low quality and likely to be false

positives were removed via the GATK Variant Quality Score

Recalibrator. CNVs were separately called from exome sequence

data by CoNIFER [Krumm et al., 2012]. Annotation of variants

was performed with SeattleSeq 138 (http://snp.gs.washington.

edu/). Relatedness between families was determined by com-

paring probands for relatedness up to the third degree (first

cousins) using the software KING [Manichaikul et al., 2010].

GEMINI was used to identify SNVs, CNVs, and indels

present in the affected ADHD proband that were not present

in the unaffected parents or sibling (if available) [Paila et al.,

2013]. Brain expression of the genes of the identified SNVs and

CNVs was performed using the Human Protein Atlas. SNVs,

CNVs, and indels were examined for evolutionary conservation

through GERP, with a minimum cut-off of 3, indicative of high

importance across species [Cooper et al., 2005]. Finally, these

high-impact variants were filtered for presence in any database

(NHLBI ESP Exome Variant Server, 1000 Genomes, or ExAC
and, separately, the Database of Genomic Variants for indels).

Variants not found in any known database were carried forward

as de novo variants. As a secondary analysis, we considered the

same classes of de novo variants, but relaxed the allele frequency

to <1% in the Exome Aggregation Consortium (ExAC) data-

base if the same variant was found in a second affected proband,

even when the occurrence in the second proband was not de

novo.
MIP Resequencing of ID/ASD Genes in 144
Unrelated, Sporadic ADHD Probands
Targeted molecular inversion probe (MIP) resequencing of 144

sporadic ADHDprobands (excluding the 11 probands who already

had data from exome sequencing) fromOHSU andMichigan State

University was performed for 26 candidate genes for ASD and ID

(see Table III in prior work by Coe et al. [2014] and note that

ARHGAP11A has subsequently been identified as a duplicated gene

with no associationwithASD/ID), as previously described [O’Roak

et al., 2012, 2014]. In total, the coding sequence and splice-

donor/splice-acceptor sites of the 26 candidate genes were targeted

using 1,388 MIPs. Participant DNA was barcoded and sequenced

using an IlluminaHiSeq 2000.Quality controlmetrics for theMIPs

used to sequence the genes implicated in ASD and ID are presented

in Supplemaentary Table S2.

Participants were filtered for quality control on the basis of the

total percentage of MIPs with at least 20 reads (the minimum for

variant calling). The sporadic ADHD probands were required to

have a minimum of 75% MIP coverage at the threshold of 20�.

This resulted in the inclusion of 117 of 144 samples (81.25%) for

analyses of GEMINI-determined loss-of-function stop-gain,

stop-loss, splice-acceptor, splice-donor, frameshift, and missense

variants in the 26 candidate genes for ASD and ID.
Validation of De Novo and MIP Sequencing
Variants
All identified de novo SNVs identified in the sporadic ADHD

families were separately validated using custom designed TaqMan

assays (see Supplemental Table S III for primer design). Similarly,

SNVs and CNVs that were likely loss-of-function or high GERP

missense variants in ASD or ID candidate genes were validated

using Taqman assays (for SNVs) and quantitative PCR (qPCR, for

CNVs).
RESULTS

Demographic and parental ADHD scale information for the 11

sporadic ADHD probands who underwent exome sequencing are

presented in Table II. Eight of the eleven exome sequenced families

were European Ancestry (EA, 73%), while nine of the 11 probands

were male (82%). The mean paternal age at birth of the ADHD

proband was 34.8 years; notably, the father’s age was higher in the

families for whom a de novo SNV was identified: 39.2 years as

compared to 32.3 years in families for whom no de novo SNV was

found (one-sided t-test P¼ 0.050). Additional clinical information

http://snp.gs.washington.edu/
http://snp.gs.washington.edu/


TABLE II. Demographic and Parental ADHD Characteristic
Comparison Among 11 Exome Sequenced Families

European

ancestry (n)

Male

proband

(n)

Mean

paternal

age

Eleven families 9 (82%) 9 (82%) 34.8 years

Four families with de

novo SNV

2 (50%) 4 (100%) 39.2 years

Seven families without

de novo SNV

7 (100%) 5 (71%) 32.3 years

ADHD, attention-deficit hyperactivity disorder; SNV, single nucleotide variant.
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about each of the 11 sporadic ADHD probands is presented in

Supplemental Table S I.

A total of eight de novomissense SNVs were called in four of the

11 families with sporadic and non-syndromic ADHD who under-

went whole exome sequencing. Of these eight de novo missense

variants, two SNVs (in SARM1 and SPTBN2) in two unique

families (four and six, respectively) did not subsequently validate

in an orthogonal test (i.e., showed the reference, non-de novo

SNV). The six validated de novo missense SNVs were all expressed

in the brain and found in four unique ADHD probands (Table III).

Single Taqman validated de novo missense SNVs were observed in

TBC1D9His1179Tyr, and WDR83Gly127Arg in ADHD probands, but

not parents or unaffected siblings (when available), in families 3

and 11, respectively. Families 4 and 10 each had two de novo

and validated missense SNVs identified. In family 4, the sporadic

ADHD proband carried DAGLAAsp1017His (rs199764983) and

QARSCys471Tyr variants unobserved in family members. In family

10, the sporadic ADHD proband was observed to have both a

CSMD2Ile891Val and TRPM2Arg687Cys (rs139554968) variant. Nota-

bly, four of the six validated de novo missense SNVs were not

observed in any database. These results are summarized in
TABLE III. Summary of De Novo SNVs Identified by Trio

Gene affected Variant Chr:positiona rsID

Validated de novo missense SNVs

TBC1D9 His1179Tyr 4:141543615 None

DAGLAd Asp1017His 11:61511880 rs199764983

QARSe Cys471Tyr 3:49137057 None

CSMD2f Ile891Val 1:34190974 None

TRPM2g Arg687Cys 21:45819235 rs139554968

WDR83 Gly127Arg 19:12781425 None

Chr, chromosome; GERP, genomic evolutionary rate profiling; MAF, minor allele frequency; N/A, not
aPosition based on hg19 build.
bMinor allele frequency from ExAC pooled data.
cBrain tissue gene expression data from the Human Tissue Atlas.
dA DAGLA CNV has been implicated in autosomal dominant spinocerebellar ataxia 20 (OMIM 608687) ba
2006].
eQARS rare variants have been implicated in two cases of autosomal recessive progressive microce
fCSMD2 common variants have previously been associated with adult ADHD [Lesch et al., 2008] an
gTRPM2 common variants have previously been associated with bipolar disorder [McQuillin et al., 2
Table III. Additional SNVs that were identified as de novo in a

proband but which were subsequently noted to be present in

another proband, even if transmitted, and had MAF<1% are

presented in Supplemental Table S IV.

No CNVs or indels were identified as de novo and passed

filtering criteria in the 11 families examined for sporadic ADHD.

A MIP-based panel of 26 genes implicated in ASD and ID [Coe

et al., 2014] was separately performed for the 117 probands with

sporadic ADHD. Within the 26 genes, three total nonsense, splice,

frameshift, or highly conservedmissense variants were called among

the 117 sporadic ADHD probands and the 11 sequenced trios and

quads described above (see Table IV). Of these three called variants,

only one variant (CHD1LGln600STOP) in a single proband validated in

TaqMan assay orthogonal testing. The other MIP called variants

(ARHGAP11ATACA>TA frameshift and ADNPTT>TTGT frameshift)

each subsequently showed homozygosity for the reference allele for

all identifiedADHDprobands. The exomes of the 11 probands from

the trios/quad testswere evaluated forvariants in these same26genes

and none were found. Thus, only one of 128 ADHD probands

(0.68%) had a putative deleterious variant identified in these 26

ASD/ID genes.
DISCUSSION

Previous studies of the genetic determinants of ADHD have not

yielded SNVs or CNVs that are strongly associated with the

ADHD phenotype [Franke et al., 2009; Neale et al., 2010;

Stergiakouli et al., 2012]. Given the high heritability of

ADHD [Stevenson, 1992; Levy et al., 1997; Faraone et al.,

2012], efforts have shifted from GWAS to alternative methods,

such as statistical modeling of complex gene-by-gene/gene-by-

environment interactions [Zuk et al., 2012] or the use of

endophenotypes [Hawi et al., 2015] and/or continuous mea-

sures of ADHD severity [Groen-Blokhuis et al., 2014]. In this

work, we present an alternative view by performing the first

known study to combine whole exome sequencing to identify
or Quad Sequencing of Sporadic ADHD in 11 Families

GERP MAFb Brain expressionc Study family

5.01 0 Yes 3

4.14 4.24� 10�5 Yes 4

5.86 0 Yes 4

3.28 0 Yes 10

4.19 3.34� 10�5 Yes 10

4.51 0 Yes 11

available

sed on a 260 kb duplication on chromosome 11q12.2–11q12.3 [Knight et al., 2004; Coutinho et al.,

phaly with seizures and cerebral/cerebellar atrophy (OMIM 603727 and [Zhang et al., 2014].
d schizophrenia [Håvik et al., 2011].
005; Jang et al., 2015].



TABLE IV. Called Loss of Function or Highly Conserved Missense Variants in 26 Gene Autism Spectrum Disorder/intellectual Disability MIP
Panel Considering 117 ADHD Probands (Excluding the 11 Probands Who Underwent Whole Exome Sequencing)

Gene Variant Chr:positiona rsID GERP MAFb
#Affected ADHD

probands #Validated/N

ARHGAP11A Frameshift

(TACA> TA)

15:32917411-32917415 None 4.95 0 1 0/1

CHD1L Gln600STOP 1:146765310 rs149664186 5.27 0.00034 1 1/1

ADNP Frameshift

(TT> TTGT)

20:49510414-49510416 None 4.81 0 1 0/1

aPosition based on hg19 build.
bMinor allele frequency from ExAC pooled data.
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rare, de novo variants of likely high impact [Eichler et al., 2010],

with stringent phenotype classification to identify cases of

sporadic and non-syndromic ADHD.

Specifically in this work, we identified de novo missense

variants present only in the sporadically affected proband

that are possibly responsible for the sporadic ADHD observed

in the proband. The six validated missense SNVs are each

exceedingly rare (maximum allele frequency of 4.24� 10�5),

highly conserved, offering several additional possible candidates

of study in the pathogenesis of sporadic ADHD. Notably,

CSMD2 and TRPM2, both of which were identified in the

same sporadic ADHD proband in Family 10, each have been

reported in association with other psychiatric disorders; adult

ADHD [Lesch et al., 2008] and schizophrenia [Håvik et al.,

2011] for CSMD2, and bipolar disorder for TRPM2 [McQuillin

et al., 2005; Jang et al., 2015]. Two additional de novo mutations

identified in ADHD probands (see Supplementary Table SIII)

were found to have been transmitted to the probands in other

families. The possibility that these are related to ADHD, but

with incomplete penetrance and or additive effects, cannot be

excluded.

We MIP sequenced 26 genes associated with ASD and ID in

117 children with sporadic ADHD and evaluated their sequence

from exomes in the 11 family probands to assess overlap in these

genes with ADHD risk. These 26 genes are listed in Table III of

work by Coe et al. [2014]; MIP coverage of these genes in our data

is presented in Supplementary Table SI. In these 128 children

affected with ADHD (117 MIP sequenced and 11 exome

sequenced), we identified and validated only one highly-

conserved, called loss-of-function nonsense, splice, frameshift,

or missense variant in the 26 ASD/ID genes, which was found in a

single ADHD proband. This relative paucity of highly-damaging

variants in these genes associated with ASD/ID suggest indepen-

dent genetic pathways of pathogenesis for sporadic ADHD, as

compared to the more frequently studied ASD/ID phenotypes

[Krumm et al., 2014].

Both common and rare variants are expected to contribute to the

heritability of disease [Eichler et al., 2010]. A large GWAS

examining common SNVs have found significant associations

with two L-type calcium channel genes, CACNA1C, and CACNB2,

when looking for phenotypic overlap between five psychiatric
phenotypes (ASD, ADHD, bipolar disorder, major depressive

disorder, and schizophrenia) as the outcome [Smoller et al.,

2013]. These and other prior results suggested a common genetic

etiology in low penetrance risk variants between the disparate

psychiatric disorders. Notably, prior study of psychiatric

disease overlap did not specifically study ID [Smoller et al.,

2013], nor have GWAS been performed on ID. Our work, which

examined rare variants, suggests that high penetrance gene asso-

ciations with sporadic ADHD do not overlap with ASD and ID.

However, as noted above, genes that may also be associated with

schizophrenia and bipolar disorder (CSMD2 and TRPM2) did

contain de novo mutations in sporadic ADHD probands.

Several limitations of this study should be considered. First, our

study did not identify any de novo CNVs in affected probands that

could account for the occurrence of sporadic ADHD. Prior studies

of ADHD have noted an enrichment of large CNVs in ADHD cases

[Elia et al., 2010; Stergiakouli et al., 2012], particularly in genes

related to neurodevelopment [Williams et al., 2010]. Likely explan-

ations for this paucity of CNVs are likely related to the difficulty in

identifying large CNVs, which often span intergenic regions not

captured by exome andMIP probes [Krumm et al., 2012]. Second,

our study was composed of two aims, which occurred indepen-

dently and temporally parallel to each other: to identify de novo

variants in sporadic ADHDprobands and to exclude the possibility

of overlap with genes implicated in ASD and ID. As we used an

existing gene panel for ASD and ID [Coe et al., 2014]; we did not

have the capability to examine the unique genes implicated in

sporadic ADHD in the 117 independent samples used to exclude

genetic overlapwithASDand ID. Third, it is notable thatwhile nine

of the 11 families studied were EA, two of the four families in which

de novomissense SNVs were identified were non-EA (see Table II).

Finally, our analyses of de novo variation included only 11 families.

Our study was also underpowered to detect recurrent de novo

variants in the same gene; this phenomena has been noted to have

only occurred three times thus far for ASD/ID (in genes CHD8,

NTNG1, and SCN2A) after the sequencing of several thousand

probands [Krumm et al., 2014].

In summary, ADHD is a prevalent disease of childhood

[Thomas et al., 2015] that has been reported to cause an approxi-

mate twofold increased mortality rate ratio in a recent large cohort

study [Dalsgaard et al., 2015] in addition to the other challenges the
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affected patients face. Despite the importance of ADHD, little is yet

known of the specific genetic factors that influence its pathogenesis

[Neale et al., 2010; Hawi et al., 2015]. Within this context, we have

performed the first known exome sequencing analysis of sporadic

(non-inherited) ADHD and identified six candidate genes with de

novo missense SNVs. We also report the novel finding that the

genetic etiology of sporadic ADHD appears to be independent of

ASD and ID, contradicting past findings fromGWAS. These results

emphasize the importance of identifying and evaluating specific

genetic predictors of ADHD, to better understand the pathogenesis

of this prevalent and morbid disorder of childhood.
ACKNOWLEDGMENTS

Exome sequencing was provided by the University of Washington

Center for Mendelian Genomics and was funded by the National

Human Genome Research Institute and the National Heart, Lung,

and Blood Institute grant 1RC2HG005608 and 1U54HG006493.

Additional funding was received from the Washington State Life

Sciences Discovery Fund to the Northwest Institute of Genomic

Medicine (2065508 and 0905001) and the Washington Research

Foundation. This research was supported, in part, by the Simons

Foundation Autism Research Initiative (SFARI 303241) and NIH

(R01MH101221) to E.E.E. DSK was supported by NIH

1F31MH101905-01, T32HL007312, and AHA 16POST27250048.

Data collection and sample preparation was supported by NIH

R01MH099064.
WEB RESOURCES

The URLs for data presented herein are as follows:

1000 Genomes Browser, http://www.1000genomes.org/1000-

genomes-browsers

Database of Genomic Variants, http://dgv.tcag.ca/dgv/app/

home

ExAC Browser, http://exac.broadinstitute.org/

Exome Sequencing Project (ESP) Exome Variant Server, http://

evs.gs.washington.edu/EVS/

GEMINI, https://gemini.readthedocs.org/en/latest/

Human Protein Atlas, http://www.proteinatlas.org/

SeattleSeq Annotation 138, http://snp.gs.washington.edu/

SeattleSeqAnnotation138/

UCSC Genome Browser, http://genome.ucsc.edu
REFERENCES

American Psychiatric Association. Diagostic and statistical manual of
mental disorders, 4th edition, 4e. American Psychiatric Association,
editor. Washington, DC.

Coe BP, Witherspoon K, Rosenfeld JA, van Bon BWM, Silfhout ATV-V,
Bosco P, Friend KL, Baker C, Buono S, Vissers LELM, Schuurs-
Hoeijmakers JH, Hoischen A, Pfundt R, Krumm N, Carvill GL, Li D,
Amaral D, Brown N, Lockhart PJ, Scheffer IE, Alberti A, Shaw M,
Pettinato R, Tervo R, de Leeuw N, Reijnders MRF, Torchia BS, Peeters
H, Thompson E, O’Roak BJ, Fichera M, Hehir-Kwa JY, Shendure J,
MeffordHC, Haan E, G�ecz J, de Vries BBA, Romano C, Eichler EE. 2014.
Refining analyses of copy number variation identifies specific genes
associated with developmental delay. Nat Genet 46:1063–1071.

Conners CK. 2014. Conners 3rd edition (Conners 3) DSM-5 Update.
North Tonawanda, NY: Multi-Health Systems Inc. p 13.

Cooper GM, Stone EA, Asimenos G, Green ED, Sidow A. NISC Compara-
tive Sequencing Program 2005. Distribution and intensity of constraint
in mammalian genomic sequence. Genome Res 15:901–913.

Coutinho P, Cruz VT, Tuna A, Silva SE, Guimar~aes J. 2006. Cerebellar
ataxia with spasmodic cough: A new form of dominant ataxia. Arch
Neurol 63:553–555.

Dalsgaard S, Øtergaard SD, Leckman JF. 2015. Mortality in children,
adolescents, and adults with attention deficit hyperactivity disorder: A
nationwide cohort study. The Lancet 385:2190–2196.

de Ligt J,WillemsenMH, vanBonBWM,Kleefstra T, YntemaHG,Kroes T,
Vulto-van Silfhout AT, KoolenDA, deVries P, Gilissen C, del RosarioM,
Hoischen A, Scheffer H, de Vries BBA, Brunner HG, Veltman JA, Vissers
LELM. 2012. Diagnostic exome sequencing in persons with severe
intellectual disability. N Engl J Med 367:1921–1929.

DuPaul GJ, Power TJ, Anastopoulos AD, Reid R. 2016. ADHD rating scale
—5 for children and adolescents. New York, NY: Guilford Press.

Eichler EE, Flint J, Gibson G, Kong A, Leal SM, Moore JH, Nadeau JH.
2010.Missing heritability and strategies for finding the underlying causes
of complex disease. Nat Rev Genet 11:446–450.

Elia J, Gai X, Xie HM, Perin JC, Geiger E, Glessner JT, D’arcy M,
deBerardinis R, Frackelton E, Kim C, Lantieri F, Muganga BM, Wang
L, Takeda T, Rappaport EF, Grant SFA, Berrettini W, Devoto M,
Shaikh TH, Hakonarson H, White PS. 2010. Rare structural variants
found in attention-deficit hyperactivity disorder are preferentially
associated with neurodevelopmental genes. Mol Psychiatry
15:637–646.

Erskine HE, Ferrari AJ, Nelson P, Polanczyk GV, Flaxman AD, Vos T,
Whiteford HA, Scott JG. 2013. Epidemiological modelling of
attention-deficit/hyperactivity disorder and conduct disorder for the
Global Burden of Disease Study 2010. J Child Psychol Psychiatry 54:
1263–1274.

Faraone SV, Biederman J, Wozniak J. 2012. Examining the comorbidity
between attention deficit hyperactivity disorder and bipolar I disorder:
A meta-analysis of family genetic studies. Am J Psychiatry
169:1256–1266.

First MB, Spitzer RL, Gibbon M, Williams JBW. 2002. Structured Clinical
Interview for DSM-IV-TR Axis I Disorders, Research Edition, Patient
Edition. New York: Biometrics Research.

FischbachGD, LordC. 2010. The simons simplex collection: A resource for
identification of autism genetic risk factors. Neuron 68:192–195.

Franke B, Neale BM, Faraone SV. 2009. Genome-wide association studies
in ADHD. Hum Genet 126:13–50.

Goodman R. 1997. The strengths and difficulties questionnaire: A research
note. J Child Psychol Psychiatry 38:581–586.

Groen-Blokhuis MM, Middeldorp CM, Kan K-J, Abdellaoui A, van
Beijsterveldt CEM, Ehli EA, Davies GE, Scheet PA, Xiao X, Hudziak
JJ, Hottenga J-J, Neale BM, Boomsma DI. 2014. Attention-deficit/
hyperactivity disorder polygenic risk scores predict attention problems
in a population-based sample of children. J Am Acad Child Adolesc
Psychiatry 53:1123–9.e6.

Hawi Z, Cummins TDR, Tong J, Johnson B, Lau R, Samarrai W, Bellgrove
MA. 2015. The molecular genetic architecture of attention deficit
hyperactivity disorder. Mol Psychiatry 20:289–297.

Håvik B, Le Hellard S, Rietschel M, Lybæk H, Djurovic S, Mattheisen M,
M€uhleisen TW, Degenhardt F, Priebe L,MaierW, Breuer R, Schulze TG,

http://www.1000genomes.org/1000-genomes-browsers
http://www.1000genomes.org/1000-genomes-browsers
http://dgv.tcag.ca/dgv/app/home
http://dgv.tcag.ca/dgv/app/home
http://exac.broadinstitute.org/
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
https://gemini.readthedocs.org/en/latest/
http://www.proteinatlas.org/
http://snp.gs.washington.edu/SeattleSeqAnnotation138/
http://snp.gs.washington.edu/SeattleSeqAnnotation138/
http://genome.ucsc.edu


388 AMERICAN JOURNAL OF MEDICAL GENETICS PART B
Agartz I, Melle I, Hansen T, Bramham CR, N€othen MM, Stevens B,
Werge T, Andreassen OA, Cichon S, Steen VM. 2011. The complement
control-related genes CSMD1 and CSMD2 associate to schizophrenia.
Biol Psychiatry 70:35–42.

Iossifov I, Ronemus M, Levy D, Wang Z, Hakker I, Rosenbaum J,
Yamrom B, Lee Y-H, Narzisi G, Leotta A, Kendall J, Grabowska E, Ma
B, Marks S, Rodgers L, Stepansky A, Troge J, Andrews P, Bekritsky M,
Pradhan K, Ghiban E, Kramer M, Parla J, Demeter R, Fulton LL,
Fulton RS, Magrini VJ, Ye K, Darnell JC, Darnell RB, Mardis ER,
Wilson RK, Schatz MC, McCombie WR, Wigler M. 2012. De novo
gene disruptions in children on the autistic spectrum. Neuron
74:285–299.

JangY, Lee SH, Lee B, Jung S, KhalidA,UchidaK,TominagaM, JeonD,Oh
U. 2015. TRPM2, a susceptibility gene for bipolar disorder, regulates
glycogen synthase kinase-3 activity in the brain. J Neurosci
35:11811–11823.

Knight MA, Gardner RJM, Bahlo M, Matsuura T, Dixon JA, Forrest SM,
Storey E. 2004. Dominantly inherited ataxia and dysphonia with dentate
calcification: Spinocerebellar ataxia type 20. Brain 127:1172–1181.

Krumm N, O’Roak BJ, Shendure J, Eichler EE. 2014. A de novo conver-
gence of autism genetics and molecular neuroscience. Trends Neurosci
37:95–105.

KrummN, Sudmant PH, Ko A, O’Roak BJ, MaligM, Coe BP, Quinlan AR,
Nickerson DA, Eichler EE. NHLBI Exome Sequencing Project 2012.
Copy number variation detection and genotyping from exome sequence
data. Genome Res 22:1525–1532.

Lesch K-P, Timmesfeld N, Renner TJ, Halperin R, R€oser C, Nguyen TT,
CraigDW,Romanos J,HeineM,Meyer J, FreitagC,WarnkeA, Romanos
M, Schafer H, Walitza S, Reif A, Stephan DA, Jacob C. 2008. Molecular
genetics of adult ADHD: Converging evidence from genome-wide
association and extended pedigree linkage studies. J Neural Transm
115:1573–1585.

Levy F, Hay DA, McStephen M, Wood C, Waldman I. 1997. Attention-
deficit hyperactivity disorder: A category or a continuum? Genetic
analysis of a large-scale twin study. J Am Acad Child Adolesc Psychiatry
36:737–744.

Li H, Durbin R. 2009. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25:1754–1760.

Manichaikul A,Mychaleckyj JC, Rich SS,Daly K, SaleM,ChenW-M. 2010.
Robust relationship inference in genome-wide association studies. Bio-
informatics 26:2867–2873.

Mayes SD, Calhoun SL, Mayes RD, Molitoris S. 2011. Autism and ADHD:
Overlapping and discriminating symptoms. Res Autism Spectr Disord
6:277–285.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A,
Garimella K, Altshuler D, Gabriel S, Daly M, DePristo MA. 2010. The
genome analysis toolkit: A MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res 20:1297–1303.

McQuillin A, Bass NJ, Kalsi G, Lawrence J, Puri V, Choudhury K, Detera-
Wadleigh SD, Curtis D, Gurling HMD. 2005. Fine mapping of a
susceptibility locus for bipolar and genetically related unipolar affective
disorders, to a region containing the C21ORF29 and TRPM2 genes on
chromosome 21q22.3. Mol Psychiatry 11:134–142.

Middeldorp CM, Hammerschlag AR, Ouwens KG, Groen-Blokhuis MM,
St Pourcain B, Greven CU, Pappa I, Tiesler CMT, Ang W, Nolte IM,
Vilor-Tejedor N, Bacelis J, Ebejer JL, Zhao H, Davies GE, Ehli EA, Evans
DM, Fedko IO, Guxens M, Hottenga J-J, Hudziak JJ, Jugessur A, Kemp
JP, Krapohl E,MartinNG,MurciaM,MyhreR,Ormel J, Ring SM, Standl
M, Stergiakouli E, Stoltenberg C, Thiering E, Timpson NJ, Trzaskowski
M, van der Most PJ, Wang C, Nyholt DR, Medland SE, Neale B,
Jacobsson B, Sunyer J, Hartman CA, Whitehouse AJO, Pennell CE,
Heinrich J, Plomin R, Davey-Smith G, Tiemeier H, Posthuma D,
Boomsma DI. EArly Genetics and Lifecourse Epidemiology (EAGLE)
Consortium, Psychiatric Genomics ConsortiumADHDWorkingGroup
2016. A genome-Wide association meta-Analysis of attention-Deficit/
Hyperactivity disorder symptoms in population-Based pediatric
cohorts. J Am Acad Child Adolesc Psychiatry 55:896–905.e6.

Neale BM, KouY, Liu L,Ma’ayan A, Samocha KE, SaboA, LinC-F, Stevens
C, Wang L-S, Makarov V, Polak P, Yoon S, Maguire J, Crawford EL,
Campbell NG, Geller ET, Valladares O, Schafer C, Liu H, Zhao T, Cai G,
Lihm J, Dannenfelser R, Jabado O, Peralta Z, Nagaswamy U, Muzny D,
Reid JG, Newsham I, Wu Y, Lewis L, Han Y, Voight BF, Lim E, Rossin E,
KirbyA, Flannick J, FromerM, Shakir K, Fennell T,GarimellaK, Banks E,
Poplin R, Gabriel S, dePristo M, Wimbish JR, Boone BE, Levy SE,
Betancur C, Sunyaev S, Boerwinkle E, Buxbaum JD, Cook EH, Devlin B,
Gibbs RA, Roeder K, Schellenberg GD, Sutcliffe JS, Daly MJ. 2012.
Patterns and rates of exonic de novo mutations in autism spectrum
disorders. Nature 485:242–245.

Neale BM, Medland SE, Ripke S, Asherson P, Franke B, Lesch K-P,
Faraone SV, Nguyen TT, Schafer H, Holmans P, Daly M, Steinhausen
H-C, Freitag C, Reif A, Renner TJ, Romanos M, Romanos J, Walitza
S, Warnke A, Meyer J, Palmason H, Buitelaar J, Vasquez AA,
Lambregts-Rommelse N, Gill M, Anney RJL, Langely K, O’Donovan
M, Williams N, Owen M, Thapar A, Kent L, Sergeant J, Roeyers H,
Mick E, Biederman J, Doyle A, Smalley S, Loo S, Hakonarson H, Elia
J, Todorov A, Miranda A, Mulas F, Ebstein RP, Rothenberger A,
Banaschewski T, Oades RD, Sonuga-Barke E, McGough J, Nisen-
baum L, Middleton F, Hu X, Nelson S. 2010. Meta-analysis of
genome-wide association studies of attention-deficit/hyperactivity
disorder. J Am Acad Child Adolesc Psychiatry 49:884–897.

Ng SB, Bigham AW, Buckingham KJ, Hannibal MC, McMillin MJ,
Gildersleeve HI, Beck AE, Tabor HK, Cooper GM, Mefford HC, Lee
C, Turner EH, Smith JD, Rieder MJ, Yoshiura K-I, Matsumoto N, Ohta
T, Niikawa N, Nickerson DA, Bamshad MJ, Shendure J. 2010. Exome
sequencing identifies MLL2 mutations as a cause of Kabuki syndrome.
Nat Genet 42:790–793.

O’Roak BJ, Stessman HA, Boyle EA, Witherspoon KT, Martin B, Lee C,
Vives L, Baker C, Hiatt JB, Nickerson DA, Bernier R, Shendure J, Eichler
EE. 2014. Recurrent de novomutations implicate novel genes underlying
simplex autism risk. Nat Commun 5:5595.

O’Roak BJ, Vives L, Fu W, Egertson JD, Stanaway IB, Phelps IG, Carvill
G, Kumar A, Lee C, Ankenman K, Munson J, Hiatt JB, Turner EH,
Levy R, O’Day DR, Krumm N, Coe BP, Martin BK, Borenstein E,
Nickerson DA, Mefford HC, Doherty D, Akey JM, Bernier R, Eichler
EE, Shendure J. 2012. Multiplex targeted sequencing identifies recur-
rently mutated genes in autism spectrum disorders. Science
338:1619–1622.

Orvaschel,H. 1994. Schedule forAffectiveDisorders and Schizophrenia for
School-Aged Children—Epidemiologic Version 5 (K-SADS-E). Fort
Lauderdale, FL: Nova Southeastern University.

O’Roak BJ, Deriziotis P, Lee C, Vives L, Schwartz JJ, Girirajan S, Karakoc E,
MacKenzie AP, Ng SB, Baker C, Rieder MJ, Nickerson DA, Bernier R,
Fisher SE, Shendure J, Eichler EE. 2011. Exome sequencing in sporadic
autism spectrum disorders identifies severe de novo mutations. Nat
Genet 43:585–589.

Paila U, Chapman BA, Kirchner R, Quinlan AR. 2013. GEMINI: Integra-
tive exploration of genetic variation and genome annotations. PLoS
Comput Biol 9:e1003153–e1003158.

Rauch A, Wieczorek D, Graf E, Wieland T, Endele S, Schwarzmayr T,
Albrecht B, Bartholdi D, Beygo J, Di Donato N, Dufke A, Cremer K,
Hempel M, Horn D, Hoyer J, Joset P, R€opke A, Moog U, Riess A, Thiel
CT, Tzschach A,Wiesener A,Wohlleber E, Zweier C, Ekici AB, Zink AM,
Rump A, Meisinger C, Grallert H, Sticht H, Schenck A, Engels H,
Rappold G, Schrock E, Wieacker P, Riess O, Meitinger T, Reis A, Strom



KIM ET AL. 389
TM. 2012. Range of genetic mutations associated with severe non-
syndromic sporadic intellectual disability: An exome sequencing study.
The Lancet 380:1674–1682.

Rommelse NNJ, Franke B, Geurts HM, Hartman CA, Buitelaar JK. 2010.
Shared heritability of attention-deficit/hyperactivity disorder and autism
spectrum disorder. Eur Child Adolesc Psychiatry 19:281–295.

Sanders SJ, Murtha MT, Gupta AR, Murdoch JD, Raubeson MJ, Willsey
AJ, Ercan-Sencicek AG, DiLullo NM, Parikshak NN, Stein JL, Walker
MF, Ober GT, Teran NA, Song Y, El-Fishawy P, Murtha RC, Choi M,
Overton JD,BjornsonRD,CarrieroNJ,MeyerKA, BilguvarK,Mane SM,
�SestanN, Lifton RP, GunelM, Roeder K, GeschwindDH,Devlin B, State
MW. 2012. De novomutations revealed by whole-exome sequencing are
strongly associated with autism. Nature 485:237–241.

Smoller JW, Craddock N, Kendler K, Lee PH, Neale BM, Nurnberger JI,
Ripke S, Santangelo S, Sullivan PF, Consortium PG. 2013. Identification
of risk loci with shared effects on five major psychiatric disorders: A
genome-wide analysis. Lancet 381:1371–1379.

Stergiakouli E, Hamshere M, Holmans P, Langley K, Zaharieva I, Hawi Z,
Kent L, Gill M, Williams N, Owen MJ, O’Donovan M, Thapar A.
deCODE Genetics, Psychiatric GWAS Consortium 2012. Investigating
the contribution of common genetic variants to the risk and pathogene-
sis of ADHD. Am J Psychiatry 169:186–194.

Stevenson J. 1992. Evidence for a genetic etiology in hyperactivity in
children. Behav Genet 22:337–344.

Thomas R, Sanders S, Doust J, Beller E, Glasziou P. 2015. Prevalence of
attention-deficit/hyperactivity disorder: A systematic review and meta-
analysis. Pediatrics 135:e994–1001.

Wechsler D. 1991. The Wechsler intelligence scale for children. San
Antonio, TX: The Psychological Corporation.
Wechsler D. 2005. Wechsler Individual Achievement Test 3rd Edition
(WIAT-III). London: The Psychological Corporation.

Williams NM, Zaharieva I, Martin A, Langley K, Mantripragada K, Fossdal
R, Stefansson H, Stefansson K, Magnusson P, Gudmundsson OO,
Gustafsson O, Holmans P, Owen MJ, O’Donovan M, Thapar A. 2010.
Rare chromosomal deletions and duplications in attention-deficit hyper-
activity disorder: A genome-wide analysis. The Lancet 376:1401–1408.

Zayats T, Jacobsen KK, Kleppe R, Jacob CP, Kittel-Schneider S, Ribases
M, Ramos-Quiroga JA, Richarte V, Casas M, Mota NR, Grevet EH,
Klein M, Corominas J, Bralten J, Galesloot T, Vasquez AA, Herms S,
Forstner AJ, Larsson H, Breen G, Asherson P, Gross-Lesch S, Lesch
K-P, Cichon S, Gabrielsen MB, Holmen OL, Bau CHD, Buitelaar J,
Kiemeney L, Faraone SV, Cormand B, Franke B, Reif A, Haavik J,
Johansson S. 2016. Exome chip analyses in adult attention deficit
hyperactivity disorder. Transl Psychiatry 6:e923.

Zhang X, Ling J, Barcia G, Jing L, Wu J, Barry BJ, Mochida GH, Hill RS,
Weimer JM, Stein Q, Poduri A, Partlow JN, Ville D, Dulac O, Yu TW,
Lam A-TN, Servattalab S, Rodriguez J, Boddaert N, Munnich A,
Colleaux L, Zon LI, S€oll D, Walsh CA, Nabbout R. 2014. Mutations
in QARS, encoding glutaminyl-tRNA synthetase, cause progressive
microcephaly, cerebral-Cerebellar atrophy, and intractable seizures.
Am J Hum Genet 94:547–558.

Zuk O, Hechter E, Sunyaev SR, Lander ES. 2012. The mystery of missing
heritability: Genetic interactions create phantom heritability. Proc Natl
Acad Sci 109:1193–1198.
SUPPORTING INFORMATION

Additional supporting information may be found in the online

version of this article.


