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Abstract

IMPORTANCE—Developmental brain disorders are a group of clinically and genetically
heterogeneous disorders characterized by high heritability. Specific highly penetrant genetic
causes can often be shared by a subset of individuals with different phenotypic features, and recent
advances in genome sequencing have allowed the rapid and cost-effective identification of many
of these pathogenic variants.

OBJECTIVES—To identify novel candidate genes for developmental brain disorders and provide
additional evidence of previously implicated genes.

DATA SOURCES—The PubMed database was searched for studies published from March
28,2003, through May 7,2015, with large cohorts of individuals with developmental brain
disorders.

DATA EXTRACTION AND SYNTHESIS—A tiered, multilevel data-integration approach was
used, which intersects (1) whole-genome data from structural and sequence pathogenic loss-of-
function (pLOF) variants, (2) phenotype data from 6 apparently distinct disorders (intellectual
disability, autism, attention-deficit/hyperactivity disorder, schizophrenia, bipolar disorder, and
epilepsy), and (3) additional data from largescale studies, smaller cohorts, and case reports

Corresponding Author: Christa Lese Martin, PhD, Autism & Developmental Medicine Institute, Geisinger Health System, 120
Hamm Dr, Ste 2A, Mail Code 60-36, Lewisburg, PA 17837 (cImartinl@geisinger.edu).

Author Contributions: Drs Gonzalez-Mantilla and Moreno-De-Luca contributed equally to this work. Dr Martin had full access to all
the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.

Study concept and design: All authors.

Acquisition, analysis, or interpretation of data: Gonzalez-Mantilla, Moreno-De-Luca, Martin.

Drafting of the manuscript: Gonzalez-Mantilla, Moreno-De-Luca, Martin.

Critical revision of the manuscript for important intellectual content: All authors.

Obtained funding: Ledbetter, Martin.

Administrative, technical, or material support: Moreno-De-Luca, Ledbetter, Martin.

Study supervision: Moreno-De-Luca, Ledbetter, Martin.

Conflict of Interest Disclosures: Dr Ledbetter reported working as a consultant for Natera Inc. However, there was no financial
support from this company for research or preparation of the article. No other disclosures were reported.

Additional Contributions: Daniel Moreno-De-Luca, MD, critically reviewed the manuscript and Tristan Nelson, BA, developed the
website with our DBD candidate gene knowledge base.

Dr Moreno-De-Luca was not compensated for his review. Mr Nelson is employed by Geisinger Health System and receives
compensation for his work, which included the development of the DBD candidate gene website.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez-Mantilla et al. Page 2

focusing on specific candidate genes. All candidate genes were ranked into 4 tiers based on the
strength of evidence as follows: tier 1, genes with 3 or more de novo pathogenic loss-of-function
variants; tier 2, genes with 2 de novo pathogenic loss-of-function variants; tier 3, genes with 1 de
novo pathogenic loss-of-function variant; and tier 4, genes with only inherited (or unknown
inheritance) pathogenic loss-of-function variants.

MAIN OUTCOMES AND MEASURES—Development of a comprehensive knowledge base of
candidate genes related to developmental brain disorders. Genes were prioritized based on the
inheritance pattern and total number of pathogenic loss-of-function variants identified amongst
unrelated individuals with any one of six developmental brain disorders.

STUDY SELECTION—A combination of phenotype-based and genotype-based literature review
yielded 384 studies that used whole-genome or exome sequencing, chromosomal microarray
analysis, and/or targeted sequencing to evaluate 1960 individuals with developmental brain
disorders.

RESULTS—Our initial phenotype-based literature review yielded 1911 individuals with pLOF
variants involving 1034 genes from 118 studies. Filtering our results to genes with 2 or more
pLOF variants identified in at least 2 unrelated individuals resulted in 241 genes from 1110
individuals. Of the 241 genes involved in brain disorders, 7 were novel high-confidence genes and
10 were novel putative candidate genes. Fifty-nine genes were ranked in tier 1,44 in tier 2,68 in
tier 3, and 70 in tier 4. By transcending clinical diagnostic boundaries, the evidence level for 18
additional genes that were ranked 1 tier higher because of this cross-disorder approach was
increased.

CONCLUSIONS AND RELEVANCE—This approach increased the yield of gene discovery
over what would be obtained if each disorder, type of genomic variant, and study design were
analyzed independently. These results provide further support for shared genomic causes among
apparently different disorders and demonstrate the clinical and genetic heterogeneity of
developmental brain disorders.

Developmental brain disorders (DBDs) are a group of heterogeneous conditions
characterized by deficits that affect multiple functional domains, such as cognition, behavior,
communication, and motor skills.! Developmental brain disorders include intellectual
disability or developmental delay (ID/DD), autism spectrum disorder (ASD), attention-
deficit/hyperactivity disorder (ADHD), schizophrenia, bipolar disorder (BD), and epilepsy.
The clinical presentation of these disorders is highly variable, ranging from mild to severe
impairments across the major areas of development.2 Clinical and epidemiologic studiesl—3
reveal that DBDs frequently cooccur with other developmental and/or neuropsychiatric
disorders and share common and overlapping signs and symptoms.3

Developmental brain disorders are considered distinct clinical entities by the DSM-5* and
the International Classification of Diseases, 10th Revision.® However, previous studiesl:6-8
provide strong evidence of common underlying molecular pathways and shared genetic
causes, such as copy number and single-nucleotide variants, among apparently different
DBDs.
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For example, structural and sequence variants in NRXNI (HGNC8008) are associated with
Pitt-Hopkins—like syndrome, ID/DD, ASD, ADHD, schizophrenia, BD, and epilepsy.®
Variants in ADNP (HGNC15766), CHD8 (HGNC20153), SCN2A (HGNC10588), and
PTCHDI1 (HGNC26392) have similarly been reported in individuals with a range of
DBDs.10-13 | jkewise, recurrent copy number variants (CNVs), including deletions at
1921.1, 16p11.2, 17912, and 22q11.2, have been identified in individuals with ID/DD, ASD,
schizophrenia, and epilepsy.14-17

Because of the phenotypic and genetic heterogeneity of DBDs, the identification of
causative genetic variants has been challenging. However, recent advances in copy number
and next-generation sequencing technologies, such as whole-exome sequencing (WES) and
whole-genome sequencing (WGS), have revolutionized the diagnostic approach to DBDs,
revealing causative genetic mutations in approximately 25% t050% of individuals with a
DBD.18-21 These technologies have also been successfully used in the research setting for
gene discovery in large cohorts of individuals with ASD, ID/DD, epilepsy, and
schizophrenia, generating vast amounts of publicly available genomic data.22-24

Other large-scale studies?>~27 of individuals with DBDs have found that identifying
independent de novo pathogenic loss-of-function (pLOF) variants (ie, nonsense, frameshift,
or splice site) in the same gene among unrelated individuals is a powerful statistical
approach to reliably identifying disease causative genes. Sanders et al2° studied 928
individuals with ASD and applied a permutation test to determine that 2 or more de novo
pLOF variants were highly unlikely to occur by chance and provide significant evidence for
ASD association (2= .008; false discovery rate [q] = 0.005). Willsey et al? similarly
assessed 1043 probands with ASD and found that observing 2 and 3 de novo pLOF variants
in the same gene in unrelated individuals identifies an ASD gene with a 97.8% and greater
than 99.9%chance of being a true ASD gene, respectively (q = 0.02 and 0.0002,
respectively), whereas genes with a single de novo pLOF variant are more likely than not to
be true ASD genes (54.7% chance, q = 0.45). Likewise, Dong et al?’ studied 787 families
with ASD (2963 individuals) and concluded that genes with a single de novo pLOF variant
have a 50.4% (q = 0.496) probability of being associated with ASD, whereas genes with at
least 2 de novo pLOF variants have a 97.6% probability of being associated with ASD (q =
0.024).

This robust statistical approach has been used to identify disease risk genes in large cohorts
of individuals with DBDs, such as ASD, yielding a steadily increasing number of genes
associated with ASD. However, rare pLOF variants identified in a single individual are
usually not discussed in the results of these publications and often remain as isolated
findings relegated to the supplemental data. Genomic data from smaller cohorts and case
reports are similarly not routinely pooled with data from larger studies, thus precluding the
identification of potential individuals who may represent the second or third de novo pLOF
variant, moving the gene over the threshold for being considered disease causative.
Moreover, previous studies25-27 using this approach have been restricted to cohorts of
individuals ascertained based on a single categorical diagnosis; therefore, genomic data from
individuals with apparently distinct DBDs are not being jointly analyzed in search of
independent pLOF variants in the same gene among unrelated individuals.
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Methods

In this study, we expanded the aforementioned method and developed a multilevel data-
integration approach, which capitalizes on 3 genotype-phenotype data sources: (1) genomic
data from structural and sequence pLOF variants (de novo and inherited), (2) phenotype data
from 6 apparently distinct DBDs (cross-disorder), and (3) data from large-scale studies,
smaller cohorts, and case reports (cross-study). We used this method to identify and
categorize DBD candidate genes and shared genetic causes and molecular pathways that
transcend clinical diagnostic boundaries.

Development of a Comprehensive Cross-Disorder Genotype-Phenotype Knowledge Base

We conducted a tiered approach to develop a comprehensive database of DBD candidate
genes. Our first step comprised an exhaustive phenotype-based literature review of studies
using WGS, WES, CNV analysis, and/or targeted sequencing to evaluate large cohorts of
individuals with ID/DD, ASD, ADHD, schizophrenia, BD, and/or epilepsy. We selected
these 6 diagnoses because more studies with publicly available genomic data on these
disorders are available relative to other DBDs. We searched the PubMed database for articles
published from March 28, 2003, through May 7, 2015, for our search algorithm, limited to
studies in humans and written in the English language. The MeSH terms used were
intellectual disability, developmental delay, mental retardation, autism, epilepsy, seizures,
schizophrenia, bipolar disorder, ADHD, attention-deficit/hyperactivity disorder, whole-
exome sequencing, whole-genome sequencing, targeted sequencing, chromosomal
microarray analysis, single-gene deletions, microdeletions, and exonic deletions. Reference
lists of retrieved articles were also searched for other relevant studies. We reviewed all
available genotype and phenotype data included in the results section and supplemental data
of each article. Institutional review board approval and informed consent were not required
because all the data included were pooled from publicly available studies.

We included all cases with pLOF variants, which we defined as LOF sequence variants and
single-gene deletions that include one or more exons. We excluded individuals with intronic,
missense, or silent sequence variants, individuals with duplications or deletions involving
more than one coding gene, and individuals with more than one pLOF variant. For each
individual, we documented the presence or absence of each of the 6 DBDs, the type of
genomic variant and inheritance pattern, and the type of genomic diagnostic platform used in
the study. The phenotype information was used only as part of the inclusion criteria.

We subsequently selected those genes with 2 or more pLOF variants identified in 2 or more
unrelated individuals and conducted a second comprehensive genotype-based literature
review focused on each of these genes to identify additional pLOF variants and/or clinical
manifestations from smaller cohort studies and case reports (eFigure and eTable 1 in the
Supplement). To avoid double counting individuals and variants, we carefully annotated the
cohort name, individual identification number, phenotype, and all available variant
information and removed duplicate entries. Two investigators (A.J.G-.M. and A.M.-D-.L.)
independently reviewed all the data points included in the knowledge base. Although our
study design resembles a meta-analysis in the comprehensive literature review, it does not
follow the formal statistical approach used in meta-analyses. To provide an easily accessible
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resource for researchers, physicians, and other health care professionals, we created a
comprehensive online database with all our genotype and phenotype findings, which can be
accessed at http://geisingeradmi.org/dbdgenes.

DBD Candidate Gene Prioritization

Results

To classify and prioritize our findings, we ranked all DBD candidate genes into 4 tiers based
on the strength of evidence as follows: tier 1, genes with 3 or more de novo pLOF variants;
tier 2, genes with 2 de novo pLOF variants; tier 3, genes with 1 de novo pLOF variant; and
tier 4, genes with only inherited (or unknown inheritance) pLOF variants. Genes from tiers 1
and 2 are considered high-confidence DBD causative genes, whereas those from tiers 3 and
4 are categorized as emerging DBD causative genes. In addition to the de novo events, genes
from all tiers could have any number of inherited (or unknown inheritance) variants.

Identification and Prioritization of DBD Candidate Genes

Our initial phenotype-based literature review yielded 1911 individuals with pLOF variants
involving 1034 genes from 118 studies. Filtering our results to genes with 2 or more pLOF
variants identified in at least 2 unrelated individuals resulted in 241 genes from 1110
individuals. The genotype-based literature review identified 850 additional individuals with
pLOF variants in 85 of the 241 initially identified genes, from 266 new studies, for a total of
1960 individuals with pLOF variants in 241 genes (eTable 2 in the Supplement).

The pLOF sequence variants were identified in 1516 individuals (77.3%) and were detected
using targeted sequencing (820 [54.1%]), WES (660 [43.5%]), and WGS (36 [2.4%)]).
Singlegene exonic deletions were observed in 444 individuals (22.7%), with most variants
from studies using genome-wide chromosomal microarray analysis(CMA) (413 [93.0%])
and the remaining 31 (7.0%) being identified with targeted CNV analysis. Overall, 1109
variants (56.6%) were identified using an unbiased, genome-wide diagnostic platform
(WGS, WES, or CMA), whereas 851 (43.4%) came from studies using targeted genomic
analyses. Information regarding the inheritance pattern was not available for 671 individuals
(34.2%). Of the 1289 with available inheritance data, 810 (62.8%) were de novo and 479
(37.2%) were inherited (Table 1).

We ranked all DBD candidate genes into 4 tiers based on the strength of evidence (Table 2).
Tier 1 includes 59 genes with 3 or more de novo pLOF variants. Tier 2 comprises 44 genes
with 2 de novo pLOF variants. Tier 3 includes 68 genes with 1 de novo pLOF variant, and
tier 4 contains 70 genes with only inherited or unknown inheritance pLOF variants. Genes
with the strongest level of evidence from tier 1 can be further subdivided based on the
number and inheritance pattern of all pLOF variants observed (Figure 1). Six genes have
more than 25 de novo pLOF variants each(AR/D1B[HGNC18040],S7.XBP1 [HGNC
11444], CDKL5THGNC 11411], SCN1A [HGNC 10585], SYNGAPI [HGNC 11497], and
CHD7[HGNC 20626]), 21 genes have 10 to 22 de novo pLOF variants, and 32 genes harbor
3 to 9 de novo pLOF variants.

JAMA Psychiatry. Author manuscript; available in PMC 2017 March 02.
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Increased Yield of Risk Allele Identification and Discovery of Novel DBD Candidate Genes

Compared with the use of our multilevel data-integration approach, had we used a classic
categorical diagnostic approach for gene discovery and only considered genes with 2 or
more pLOF variants identified in unrelated individuals with the same DBD, the total number
of unique disease-associated genes would be 208. By implementing a cross-disorder
approach to DBDs and integrating genotype and phenotype data from individuals with 6
apparently distinct disorders, we provided the required evidence to include 33 additional
genes in the knowledge base (12 high-confidence genes from tiers 1 and 2 and 21 emerging
candidate genes from tiers 3 and 4), which would have been missed with a categorical
diagnostic approach (Table 2). Furthermore, by transcending clinical diagnostic boundaries,
we increased the evidence level for 18 additional genes, which were ranked one tier higher
because of our cross-disorder approach (Table 2).

Moreover, our multilevel data-integration approach identified 7 novel high-confidence DBD
candidate genes (tier 2) and provided evidence of 10 novel putative candidate genes (tiers 3
and 4), which were not previously considered to act as mendelian genes with high
penetrance and large effect size in any brain disorder (Table 3). Evidence of 2 of the novel
candidate genes (ELAVL2[HGNC 3313] and OR52M1 [HGNC 15225]) came from
individuals with different disorders with different types of genomic variants (structural and
sequence) reported by different studies, whereas 10 additional genes (H/VEP3[HGNC
13561], MOVIO0[HGNC 7200], NEDDY[HGNC7733], RALGAPB[HGNC 29221],
YTHDCI [HGNC 30626], CCDC91 [HGNC 24855], EDAZR [HGNC 17756], MSRA
[HGNC 7377], ARHGEF38[HGNC 25968],and £YS[HGNC 21555]) were identified by
the cross-disorder and cross-study approach and 5 (ZW/LCH[HGNC 25468], LPP[HGNC
6679], OR2TI0[HGNC 19573], CYLC2[HGNC 2583], and LRBA[HGNC 1742])
exclusively by the cross-study approach (unrelated individuals with variants in each gene
had the same DBD). All the pLOF variants identified for these genes came from the
supplemental data of different studies, which did not discuss such findings in the main
report. For example, 2 unrelated individuals from different cohort studies have de novo
pLOF variants in NEDDZ. one with ID/DD and ASD from the Simons Simplex Collection
reported by lossifov et al?8 and another with epilepsy reported by the EuroEPINOMICS-
RES Consortium et al.2% Mutations in this gene were previously reported in individuals with
different types of cancer, including melanoma, glioblastoma, and gastric cancer, but not in
association with any developmental or neuropsychiatric disorder.3°

Variable Expressivity of DBD Genes

Of the 241 DBD candidate genes, 75 (31.1%) were associated with a single disorder (ASD,
63; ID/DD, 6; schizophrenia, 5; and ADHD, 1), 79 (32.8%) with 2 disorders, 49 (20.3%)
with 3 disorders, 25 (10.4%) with 4 disorders, and 11 (4.6%) with 5 disorders. Two genes,
NRXNIand PARK2 (HGNC 8607), were associated with all 6 DBDs. Although there is
significant phenotypic heterogeneity and diagnostic overlap of apparently different disorders
associated with most of the DBD candidate genes, the prevalence of reported disorders
varies among genes, and a specific DBD association profile can be observed for each gene.
Furthermore, certain genes appear to be enriched for specific disorders more than others. For
example, as shown in Figure 2, the frequency of epilepsy is greater than that of ID/DD in
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individuals with pLOF variants in SCN1A, which in turn is greater than the frequency of
ASD. Conversely, individuals with pLOF variants in CHD& have a higher frequency of ASD
than ID/DD and epilepsy, whereas probands with variants in AR/D1B are more likely to be
diagnosed as having ID/DD than ASD or epilepsy. However, the extent and detail of the
phenotype data included in our study are restricted to the clinical information reported by
multiple articles, which is frequently scarce and incomplete. For example, large cohort
studies often only report the categorical diagnosis used as inclusion criteria for the study (eg,
epilepsy) but omit important neurodevelopmental comorbidities (eg, ID/DD, ASD). In
addition, many individuals recruited to study cohorts based on certain categorical diagnoses,
such as ID/DD and ASD, are young and have not passed through the age of risk to develop
other disorders, including schizophrenia and epilepsy. By integrating apparently different
categorical diagnoses and multiple study designs, we likely decrease the burden of some
phenotyping biases.

Discussion

In this study, we developed and implemented a genomicdriven, tiered approach to DBD
candidate gene identification, which capitalizes on the vast and rapidly increasing amount of
publicly available genotype and phenotype data on multiple individuals with a broad range
of brain disorders. We identified 241 candidate genes for DBD and prioritized them based on
the strength of evidence. Our multilevel data-integration approach increased the yield of
DBD candidate gene discovery over what would be obtained if each disorder, type of
genomic variant, and study design were analyzed independently.

The power of our approach comes from genotype and phenotype data integration at multiple
levels. This is the first study, to our knowledge, to integrate (1) genomic data from structural
and sequence pLOF variants identified using different diagnostic platforms (WGS, WES,
CMA, and targeted genomic approaches), (2) phenotype data from any 1 of 6 apparently
distinct brain disorders (ID/DD, ASD, ADHD, schizophrenia, BD, and epilepsy), and (3)
data from different types of study designs (large-scale cohorts, case series, and case reports).
Moreover, we included de novo and inherited pLOF variants to capture a broader spectrum
of genomic variation. We focused our analyses on pLOF variants to provide the highest level
of confidence on the deleteriousness of the observed variants. Al-though recent studies?2:31
have begun to include de novo missense variants predicted to be damaging by a combination
of in silico tools (developed to model the effects of amino acid substitutions on protein
structure and function), we excluded missense events, which account for most events
identified by large-scale sequencing studies, to avoid ambiguity in the interpretation of their
functional consequences. This approach results in higher specificity and reduced sensitivity.

Previous studies?>-27 have found that identifying independent de novo pLOF variants in the
same gene among unrelated individuals is a powerful statistical approach to reliably
identifying disease-causative genes. In our study, we identified 59 genes with at least 3 and
44 genes with 2 independent de novo pLOF variants, thus providing strong evidence to
consider this group of 103 genes as high-confidence DBD causative genes. In addition,
previous studies26:27 have also found that genes with a single de novo pLOF variant are
more likely than not to be true risk alleles with a 50.4% to 54.7% chance of truly being
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disease associated. We identified 68 genes with 1 de novo variant plus at least another pLOF
event that was inherited or of unknown inheritance and 70 genes with 2 or more pLOF
inherited (or of unknown inheritance) variants. Although the strength of evidence (based on
de novo variant counts) is not as robust as that of genes within tiers 1 and 2, we consider
these genes as emerging DBD causative genes. We hypothesize that as we continue our
ongoing approach to DBD gene discovery, a subgroup of genes included in tiers 3 and 4 will
soon move up to tiers 1 and 2 because of the rapidly increasing number of studies reporting
a wealth of genomic and phenotypic data from individuals with a variety of brain disorders.
If pLOF variants were to be identified in DBD candidate genes among unaffected
individuals (properly screened for neuropsychiatric disorders), the pathogenicity tier of such
genes would be reduced.

This type of study has certain limitations. First, the amount and quality of the phenotype
data used for our multilevel data integration approach rely on the clinical information
provided by each individual study, which is often limited. Second, we excluded missense
variants, deletions involving more than 1 coding gene, and individuals with more than 1
pLOF variant, which decreases the sensitivity of our method. However, the use of such strict
inclusion and exclusion criteria limits the number of potential confounding factors and
provides the strongest and least ambiguous evidence for the candidate genes identified.
Third, we based part of our approach on a method that was developed based on de novo
variants exclusively, and our study also includes inherited pLOF variants. To circumvent this
fact, we created a tiered system for gene prioritization, which ranks genes based on the
number of de novo variants. With this approach, genes within tiers 1 and 2, which have at
least 2 independent de novo pLOF variants, are considered high confidence, and genes with
in tiers 3 and 4 (1 de novo and only inherited variants, respectively) are considered emerging
candidate genes. Fourth, because our approach relies on published data, it is subject to
publication bias.

A previous study3! took a similar cross-disorder approach to identify DBD candidate genes.
Li et al3! pooled WES and WGS data from 3555 trios with any 1 of 4 disorders (ID, ASD,
epilepsy, or schizophrenia) from 36 studies and used the Transmission and De Novo
Association program?3! to identify a higher prevalence of de novo variants (mainly missense
variants) in probands relative to their unaffected control siblings. On the basis of annotation
of de novo exonic variants, they prioritized 764 potential candidate genes, of which 53 were
associated with more than 1 disorder and 1, SCN2A, with all 4 DBDs. The main differences
with our study include our exclusion of missense variants to avoid ambiguous pathogenicity
interpretations and our inclusion of (1) 2 additional brain disorders (ADHD and BD), (2)
structural pLOF variation in addition to sequence variants, (3) inherited (and unknown
inheritance) pLOF variants, and (4) a larger number and different types of studies (351
publications in addition to the 36 studies reviewed by Li et al31).

Our results are consistent with the concept of developmental brain dysfunction, which our
group recently proposed to encompass a continuum of developmental disabilities and
neuropsychiatric disorders.? This model emphasizes atypical brain development as a
common denominat or that can manifest as cognitive, behavioral, and/or motor impairments
and arise from a genetic anomaly or an insult to the developing brain. Furthermore, the
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specific profile of impairments (type and severity) resulting from the underlying brain
dysfunction can be used to determine an individual’s categorical clinical diagnosis and guide
treatment.

Conclusions

The continued efforts of the scientific community to establish and expand large data-sharing
international consortia dedicated to study the underpinnings of brain disorders will further
increase our knowledge of genomic causes shared by apparently distinct disorders. The
creation of a comprehensive database, updated in real time, of all potentially causative
variants associated with all medical disorders will allow for continuous gene discovery. By
sharing genotype and phenotype data on individuals with DBDs with fellow researchers,
physicians, and other health care providers, common underlying molecular pathways that
may be amenable to potential therapeutic interventions are likely to emerge.
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Figurel.
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Pathogenic Loss-of-Function (pLOF) Variants With Known Inheritance Pattern in Tier 1
Candidate Genes for Developmental Brain Disorders

Variants with unknown inheritance patterns are not included in the figure. Tier 1 refers to
genes with 3 or more de novo pLOF variants.

JAMA Psychiatry. Author manuscript; available in PMC 2017 March 02.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Gonzalez-Mantilla et al. Page 13

CHD7 (111)
POGZ (10) . NRXN1 (102)
100% SCNIA (59)

KDM6A (13)

MEF2C (13)

EP300 (13)

CTNNBI (13)

[Jio/oD
I AsD

[ Epilepsy

CHD2 (13) CASK (22)

EFTUD2 (14) AUTS2 (22)

NSD1 (15)

MED13L (15)

SHANK3 (17)

EHMTI (17) ILIRAPL1 (19)
FOXP1(17) CHD8 (18)
RAI1 (18)

Figure?2.
Frequency of Intellectual Disability or Developmental Delay (ID/DD), Autism Spectrum

Disorder (ASD), and Epilepsy in Individuals With Pathogenic Loss-of-Function (pLOF)
Variants in Tier 1 Candidate Genes for Developmental Brain Disorders

The figure shows 40 tier 1 genes selected based on the total number of cases (=10). The total
number of pLOF variants (de novo, inherited, and unknown inheritance) is shown in
parentheses for each gene. We only included 3 of the 6 developmental brain disorders
because these were the most common phenotypes reported by the individual studies. Tier 1
refers to genes with 3 or more de novo pLOF variants.
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Table 2

Prioritization of Candidate Genes for Developmental Brain Disorders Based on the Number of De Novo pLOF

Variants

Gene
Rank

No. of De Novo
pLOF Variants

No. of
Genes Genes?

Tier 1

23

59 ADNP, ANKZ, ANKRD11, ARID1B, ASHIL, ASXL3, AUTSZ2, CASK, CDKLS5,
CHAMPI, CHD2, CHD7, CHD8, CTNNBI, DMD, DPP6, DPYD, ¥ DSCAM, DYRKIA,
EFTUDZ, EHMTI1, EP300, FOXP1, GRINZB, ILIRAPLIY IQSECZ, KANSL1,

KCNQZb KDM5B, KDM6A, KMTZA, MAGELZ, MBD5, MECPZ, MED13L, MEFZC,
MYTIL, NRXN1, NSD1, POGZ, PTCHDI, PTEN, PURA, RAI1, SCNIA, SCNZA,
SETBPI1, SETDIA, SETD5, SHANKS3, SLCZA1, SLC35A2, SRCAP, STXBFI,

SYNGAPI, TCF4, UBE3A, WDR45, ZMYND11Y

Tier 2

44 CBL, CSMD1,% CTNNA3, CUL3, DDX3X, DIP2A, DLG2PELAVL2, FHIT,
GATAD2BHISTIHI1E, HIVEP3, ITSN1, KATNALZ, KDM5CY KDM6B, KMTZ2C,
LAMAZ, LRP2P MOV10, MYH10, NBEA, NCKAPI, NEDDO, NFIA, PHE2,
PHF21A, RALGAPB, RIMS1, SETD2Y SLC6A8Y SMC1A, SPAST, TAF13, TBRI,
TCF7L2, TNRC6B, TRIOP TTN, UPF38YWAC, WDFY3, XTHDC1, ZWILCH

Tier 3

68 APHIA, ARHGAP24, ATRX, AXLBAIAP2, BIRC6, BRWDI1, CACNAZD3, CCDCI1,

CD163L1, CDC42BPB, CHRNA7, CSDEL, CSTF2T, CTTNBPZ, DDHD2D DNMS,
DPP3, DST, EDA2R, EP400, ERBB4, FAM190A, FCRL6, FLG, GABRB3, GALNTL4,

GGNBPZ, GSDMC, HNRNPU, JUP, KAL1, KDM3A, LJCAMbLEO.Z, L/NGOZbiP,
MACROD2b MCPHI, MSRA, MYOC, NAA15 NCKAPS, NR3C2, OR2TI10, PARKZ,
PCDH15Y PDE11A, PLCBI1, PPM1D, PSD3, PTPRD, QRICHI, RABZA, RAB39B,

RANBP17, RBFOX1, SCARA3, SLC16A2, SLC4A10V SLC6AL, SLCIAG, STXBPS,
SUCLG2, TGM1, THSD7A, TSPAN17, WHSCI

Tier 4

Only inherited,
or unknown,
variants

70 ACACA, AIFM3, ANKS1B, AP152, ARHGEF 38, BRAT1, CACNAIC, CACNAZD?Z,
CACNAZD4, CALCR, CAPN12, CARKD, CDH13, CERS4, CHDIL, CNTN4, CNTNG,
CNTNAPZ, COBL, CUL4B, CYFIPL, CYLCZ DDX53, DISC1, DNAH10, EYS, GJB6,
GRIPL, IMMPZL, INADL, IQGAP2, KANK1, KIAA0100, KRT34, KYNU, LAMCS3,
LRBA, MAPT, MCC, MIB1, MTMR12, NAALADL2, NLGN3, NRG3, NRXN3,
OR52M1, PAH, PAK3, PCOLCE, PHF15, PLA1A, PLA2G4F, PTPRM, RELN,
RNASET2, SDK1, SGSM3, SLCO1B1, SLCO1B3, SPARCL1, TRPM1, TRPMS,
TTLL3, UTP6, VIL1, VPS13B, WWOX, ZBBX, ZNF559, ZNF774

Abbreviation: pLOF, pathogenic loss of function.

a . . . . . . . . . .
Genes set in boldface type are genes that would have been missed with a categorical diagnostic approach (evidence required to be included in the
database came from individuals with different developmental brain disorders). Underlined genes are novel developmental brain disorder candidate

genes.

b N . . .
Genes that rank one tier higher (increased evidence level) because of our cross-disorder approach.
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