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Studies of the genetics of psychiatric disorders have become one of the most exciting and fast-
moving areas in human genetics. A decade ago, there were few reproducible findings, and now
there are hundreds. In this review, we focus on the findings that have illuminated the genetic archi-
tecture of psychiatric disorders and the challenges of using these findings to inform our
understanding of pathophysiology. The evidence is now overwhelming that psychiatric disorders
are “polygenic”’—that many genetic loci contribute to risk. With the exception of a subset
of those with ASD, few individuals with a psychiatric disorder have a single, deterministic
genetic cause; rather, developing a psychiatric disorder is influenced by hundreds of different ge-
netic variants, consistent with a polygenic model. As progressively larger studies have uncovered
more about their genetic architecture, the need to elucidate additional architectures has become
clear. Even if we were to have complete knowledge of the genetic architecture of a psychiatric dis-
order, full understanding requires deep knowledge of the functional genomic architecture—the
implicated loci impact regulatory processes that influence gene expression and the functional co-
ordination of genes that control biological processes. Following from this is cellular architecture: of
all brain regions, cell types, and developmental stages, where and when are the functional architec-
tures operative? Given that the genetic architectures of different psychiatric disorders often
strongly overlap, we are challenged to re-evaluate and refine the diagnostic architectures of psychi-

atric disorders using fundamental genetic and neurobiological data.

Introduction
Psychiatric disorders are the most enigmatic maladies in medi-
cine. Although their existence has been known for millennia
(Porter, 2002) and their impact on public health well-docu-
mented, remarkably little is known about their causal risk factors
and fundamental neurobiology despite a considerable corpus of
research. In the past century, many have applied the best tools
then available but, until recently, without reproducible suc-
cesses. The lack of success using approaches that were fruitful
elsewhere is attributable an inadequate toolkit and the intrinsic
complexity of the brain. Psychiatric disorders impact higher
cortical functions (mood, behavior, perception, and cognition),
which are far more difficult to localize, quantify, and model
than more basic neurological functions. In addition, psychiatric
disorders are defined based on self-report and observation of
cognition and behavior rather than on direct measurement of
an etiological factor, making them syndromes rather than single
diseases. These features strongly suggest diverse and complex
etiologies.

Despite these challenges, there has been remarkable prog-
ress in the past decade in elucidating the genetic underpin-
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nings of psychiatric disorders with numerous findings that
meet modern criteria for significance and reproducibility
(Geschwind and Flint, 2015; Sullivan et al., 2018). In this
Review, we focus on the findings that have illuminated the
“genetic architecture” of psychiatric disorders and the chal-
lenges of using these findings to inform our understanding of
pathophysiology. Genetic architecture refers to the overall
composition of the implicated risk variants in the population—
the total number of variants and, for each, the frequencies in
those afflicted and in the general population and the degree
of risk conferred (Timpson et al., 2018). The concept of genetic
architecture is applicable to any trait (e.g., Huntington’s disease
is caused by a rare, deterministic variant). Knowledge of
genetic architecture can help optimize gene discovery (e.g.,
study design, ascertainment, choice of genotyping technology)
(Timpson et al., 2018; Visscher et al., 2012). Genetic architec-
ture can inform prospects for clinical utility: although many
deterministic monogenetic conditions are predicted or diag-
nosed using genetic testing, application to most psychiatric
disorders traverses far more murky, probabilistic terrain (Timp-
son et al., 2018).
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Figure 1. Relationship of the Levels of Disease Architecture to Different Stages of Analysis

Genetic studies identify the loci and causal variants that impact disease and thereby its genetic architecture. The subset of causal variants in coding regions are
typically directly assignable to genes. As many loci are non-coding, regulatory regions and the genes they regulate need to be empirically defined and identified —
such studies render the functional architecture of disease. As psychiatric disorders all appear to be polygenic, it is also necessary to consider the implicated
genes in the context of biological networks and pathways. Sets of genes and networks can be placed in specific developmental stages and cell types to generate
more precise understanding of their effects on brain regions and circuits. Diagnostic architecture —the structure of the interrelationships between psychiatric

syndromes—is subsequently refined by increased knowledge at each of these levels.

The evidence is now overwhelming that psychiatric disorders
have a “polygenic” basis—that many genetic loci, mostly with
small effect sizes, contribute to risk (Visscher et al., 2017). In
this respect, psychiatric disorders are broadly similar to other
common biomedical diseases. The polygenic concept allows
for the fact that some individuals can harbor genetic variants of
far larger effects. This is particularly salient for autism spectrum
disorder (ASD), where a large effect variant is present in ~15%
of cases, along with smaller proportions of individuals with
Tourette’s syndrome (TS), attention-deficit hyperactivity disor-
der (ADHD), and schizophrenia (SCZ) (lossifov et al., 2012;
Sanders et al., 2012; Satterstrom et al., 2018b; Singh et al.,
2016; Willsey et al., 2017). A polygenic model can include
weak and strong genetic effects, as well as non-genetic influ-
ences (e.g., the impact of environmental exposures and life
events [e.g., chronic fear], the impact of individual choices). A
key empirical finding is that genetic risk can be non-specific
and shared to varying extents across many adult- and child-
hood-onset psychiatric disorders (Antilla et al., 2018; Cross-Dis-
order Group of the Psychiatric Genomics Consortium, 2013;
Schork et al., 2019).

As progressively larger studies of psychiatric disorders have
uncovered increasingly more about their genetic architecture,
the need to elucidate additional architectures has become
clear (Figure 1). Even if we were to have complete knowledge
of the genetic architecture of a psychiatric disorder, full under-
standing requires deep knowledge of the functional genomic
architecture—how these loci interact in the nucleus (often
across large distances), how gene and isoform expression
are coordinated for many genes, and how these affect net-
works. Second, following from this, is cellular architecture—
of all brain regions, cell types, and developmental stages,
where and when are the functional architectures operative,

and what circuits do they influence? Finally, the data used to
diagnose psychiatric disorders consist of signs and symptoms
determined during patient-clinician interactions that infre-
quently have recourse to objective biomarkers to support or
refute a diagnosis. Furthermore, the internationally accepted
definitions of psychiatric disorders were crafted by experts
and influenced by traditions dating back a century or more.
Given that the genetic architectures of different psychiatric
disorders can strongly overlap, we are challenged to re-eval-
uate and refine the diagnostic architectures of psychiatric
disorders with respect to fundamental genetic and neurobio-
logical data.

Psychiatric Disorders and Genetics

Definitions

Many psychiatric disorders are internationally recognized (World
Health Organization, 1993). In this Review, we focus on the 10
psychiatric disorders that have been the subject of the greatest
scrutiny by geneticists and all are the focus of working groups in
the Psychiatric Genomics Consortium (PGC) (Sullivan et al.,
2018). We do not cover dementia and intellectual disability (ID),
which are often considered neurological conditions with promi-
nent psychiatric manifestations, but recognize the inherent
arbitrariness of following this conventional delineation. Table 1
contains brief definitions of each condition, along with lifetime
prevalence rates and twin heritabilities. The essence of each dis-
order is a persistent, pervasive, and pathological pattern of
abnormal mood (as in mania or major depression), perception
(e.g., auditory hallucinations in SCZ, bizarrely distorted body
image in anorexia nervosa [AN]), behavior (e.g., repetitive
hand-washing in obsessive-compulsive disorder [OCD], inju-
rious ethanol consumption in alcohol dependence [ALC]), or
higher-level cognition (e.g., delusions in SCZ). People with
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Table 1. Descriptive Features of 10 Psychiatric Disorders

Lifetim Twin SNP GWA GWAS
Abbreviation Name Prevalence Heritability Heritability Cases Loci Essential Characteristics Notable Impacts
ADHD attention-deficit 0.053 0.76 0.216 20,183 12 persistent inattention, costs estimated at
hyperactivity disorder hyperactivity, impulsivity ~$100 billion USD per year
ALC alcohol dependence 0.125 0.51 0.090 14,904 2 persistent ethanol use most expensive psychiatric
despite tolerance, disorder (total costs > $225
withdrawal, dysfunction billion/year)
AN anorexia nervosa 0.009 0.58 0.110 16,992 8 dangerously low weight notably high standardized
from self-starvation mortality ratio
ASD autism spectrum 0.017 0.74 0.118 18,381 5 abnormal social interaction wide range of function, from
disorder and communication complete care to exceptional
beginning before age 3 achievement
BIP bipolar disorder 0.010 0.85 0.213 29,764 30 manic-depressive illness, nearly as disabling as SCZ
episodes of mania usually
with depressive episodes
MDD major depressive 0.162 0.37 0.087 135,458 44 unipolar depression, top five in burden of disease
disorder persistent dysphoria with globally
physical/cognitive
symptoms
oCD obsessive-compulsive 0.011 0.47 0.280 2,688 0 uncontrollable, persistent top 10 globally for lost income
disorder thoughts (obsessions) and and decreased quality of life
repetitive behaviors
(compulsions)
PTSD post-traumatic stress 0.068 0.46 0.038 23,212 2 trauma-related high medical and psychiatric
disorder re-experiencing, avoidance, comorbidities (suicide,
negative thoughts, and substance depdence)
hyperarousal®
scz schizophrenia 0.004 0.81 0.244 40,675 145 longstanding delusions life expectancy decreased
and hallucinations by 12-15 years
TS Tourette’s syndrome 0.005 0.37° 0.350 4,819 1 vocal or motor tics (stereotyped, comorbid psychiatric

involuntary movement
and utterances)

disorders cause more disability
than tics

All definitions are made more restrictive by requiring persistence over time (e.g., the criteria for SCZ require >6 months of symptoms), presence in different contexts (e.g., for ADHD, inattention at
home, school, and in peer interactions), and significant impairment. See Table S1 for data and citations. Updated from Sullivan et al., (2012).
#PTSD is distinctive in requiring traumatic exposure to death, injury, or sexual violence.
PHeritability from national pedigrees is higher (0.77).




Figure 2. Prevalence and Impact of Psychi-
atric Disorders Compared to Other Major

Diseases

Looking at both measures allows evaluation of
how common and how impactful a psychiatric
disorder is. These data are from global surveys,
and we have included other major classes
of disease. Prevalence (x axis) and disability-
adjusted life years (DALYs, y axis) for 10 major
classes of disorders. DALYs are a measure of
overall disease burden due to the number of years
lost due to poor health, disability, or premature
mortality, here expressed as the proportion of total
global DALYs. Psychiatric disorders rank fifth and
account for 6.7% (females are the open diamond
and males are the closed diamond) (GBD 2016
Disease and Injury Incidence and Prevalence
Collaborators, 2017).

See also Table S1.

of these disorders. These are treatable
conditions, and treatment often leads to
marked improvements in symptoms and
quality of life. However, particularly for
severe psychiatric disorders, current
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serious psychiatric disorders are often acutely aware that their
symptoms and behaviors “don’t make sense” and have made
exhaustive attempts to ameliorate their iliness.

Each of these disorders has an explicit operational definition
based on symptoms (reported by a person or an informant)
and signs (observed by a clinician). Many diagnostic features
from laboratory testing, brain imaging, or pathology have been
evaluated, but few have acceptable positive and negative pre-
dictive values to support routine clinical use. One exception is
the measurement of intelligence, which defines ID and which is
an important clinical stratifier for many psychiatric disorders
(particularly ADHD and ASD). Thus, these conditions are disor-
ders or syndromes, not diseases due to their descriptive/syn-
dromic definitions without objective defining features based
on etiology. All are idiopathic with rare exceptions (single-gene
disorders with prominent ASD features like MECP2 and Rett
syndrome).

Impact

Psychiatric disorders are among the conditions with the greatest
impacts (GBD 2016 Disease and Injury Incidence and Preva-
lence Collaborators, 2017), ranking fifth globally in causes of
disability (Figure 2). These disorders are associated with consid-
erable morbidity and increased rates of mortality due to suicide
and ill health (e.g., 10- to 15-year reduction in life expectancy for
SCZ) and cost (due to health care, disability, and lost income).
The human impact of a severe mental illness on the lives of the
people afflicted and their families and communities is not readily
condensed into a statistic but is nonetheless often profound. In
addition, empirical studies have demonstrated the effectiveness
of social, psychological, and/or pharmacological therapies for all

Four clinical features of psychiatric disor-

ders are notable. First, there is consider-
able clinical variability. For example, individuals with ADHD or
OCD can have mild, transient symptoms in childhood or lifelong,
incapacitating symptoms. People with ASD can have profound
impairment requiring lifelong care, as well as high academic/
occupational achievement (despite impairments in social rela-
tions and behavioral flexibility). Features of many psychiatric dis-
orders are on a continuum: depressed mood is a normal human
experience but becomes major depressive disorder (MDD) if
present continuously for weeks or months. Second, many psy-
chiatric disorders are chronic illnesses: MDD often begins in
adolescence and recurs throughout adulthood. SCZ frequently
begins in early adulthood and is often life altering. Most people
with ASD in childhood continue to have ASD in adulthood (Bill-
stedt et al., 2007; Howlin and Magiati, 2017). Third, given the
syndromic nature of the definitions, it is unsurprising that these
conditions are commonly comorbid (e.g., many people with AN
or ALC also meet criteria for MDD, AN overlaps considerably
with MDD and OCD, about half of people with ASD have
ADHD symptoms) (de Bruin et al., 2007).

Finally, the neurological impact of psychiatric disorders can be
subtle. Some individuals have important neurological impair-
ments (e.g., epilepsy and motor or sensory abnormalities) or
neurological “soft signs” (deficits in sensory integration, coordi-
nation, and complex motor sequencing). However, most people
with a severe psychiatric disorder have little if any neurological
impairment (e.g., consciousness, sensation, motor function, lan-
guage, many aspects of memory). Individuals who are at the
worst point in their illnesses—floridly hallucinating, severely
manic, profoundly melancholic, or starved down to a body
mass index of 10—usually have normal neurological exams
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and unremarkable or only non-specific structural and functional
brain-imaging findings. This again suggests relatively subtle and
heterogeneous etiological processes.
A Brief History of Genetic Studies
For over 150 years, researchers have applied the best available
methods to try to find the causes of serious psychiatric disor-
ders. Many of these methods had been informative for other
medical disorders but unsuccessful for psychiatric disorders.
The most reproducible single clue that emerged was the ten-
dency for psychiatric disorders to “run” in families—as estab-
lished by 50+ years of twin, family, and adoption studies (sum-
marized in Table 1) (Polderman et al., 2015). This observation
logically led to attempts to identify the specific locations in the
genome conferring risk. The progression of genetic studies mir-
rors technology development since the 1960s: single-protein
biomarkers, small numbers of restriction-fragment-length poly-
morphisms, genome-wide panels of microsatellite markers for
linkage analysis, small numbers of selected SNPs, arrays con-
taining 10°-108 genome-wide SNPs, and resequencing of genes
and then exomes and whole genomes. Whenever a new technol-
ogy emerged, a prominent early success was strongly influential.
Examples include identification of a genomic region for Hunting-
ton’s disease using linkage analysis of 12 markers in 1983, the
association of common variation in APOE with Alzheimer’s dis-
ease in a candidate gene study of 30 cases in 1993, identification
of CFH as a risk factor for age-related macular degeneration
using SNP arrays in 96 cases in 2005, and exome sequencing
identifying the cause of Miller syndrome in four cases in 2009.
These early successes were a form of “winner’s curse” (loan-
nidis, 2005) that led to gross underestimation of the efforts that
would ultimately be required (we note that geneticists working
on most other complex human diseases were similarly misled).
Linkage analysis is poorly powered for complex traits (Risch
and Merikangas, 1996). Compared to current knowledge, the
reproducible yield of candidate gene-association studies is
negligible (Farrell et al., 2015). Linkage and candidate gene
studies led to many claims of gene discovery (e.g., COMT,
DISC1, DTNBP1, and NRG1 for SCZ) that were not subsequently
supported (Border et al., 2019; Farrell et al., 2015). Psychiatric
genetics was bedeviled by reproducibility problems.
Global Consortia
The failure of simple models led to widespread acknowledgment
of a need for sample sizes that were beyond the reach of any sin-
gle group to achieve power to detect generalizable findings. The
need for unprecedented levels of cooperation became widely
recognized (Cichon et al., 2009; Fischbach and Lord, 2010;
Geschwind et al., 2001; Lajonchere and AGRE Consortium,
2010; Moldin, 2003; Psychiatric GWAS Consortium Steering
Committee, 2009). Many consortia emerged to combine efforts
across research groups to elucidate reproducible genetic risk
factors for psychiatric disorders. For adult-onset disorders, this
began with transient efforts (e.g., GAIN, ISC, SGENE). For child-
hood-onset disorders, these efforts began in ASD with smaller
consortia, such as the IMGSAC and PARIS, during the linkage
era (International Molecular Genetic Study of Autism Con-
sortium, 2001; Philippe et al., 1999). Subsequently, the formation
of the Autism Genetic Resource Exchange (AGRE) enabled
expansion to include multiplex families (Geschwind et al.,
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2001; Lajonchere and AGRE Consortium, 2010). The largest
consortium in psychiatric genetics is the PGC, which began in
2007 (http://www.med.unc.edu/pgc/) (Sullivan et al., 2018) and
has spearheaded many of the major genetic advances in the
field. The PGC has 800+ members from 40+ countries and work-
ing groups for 11 psychiatric disorders. The PGC is a mega-anal-
ysis consortium that allows highly harmonized analyses, rigorous
quality standards, and significance thresholds that maximize
reproducibility. A feature of most consortia is making summary
results freely available, along with paths for other researchers
to get access to individual data or biological samples for inde-
pendent research.

As whole-exome and whole-genome sequencing (WES, WGS)
have become mainstream, the Whole Genome Sequencing for
Psychiatric Disorders consortium is adopting a similar approach
as the PGC but for modern resequencing (Sanders et al., 2017).
Investigators conducting WES for ASD have formed multiple
consortia. The Simons Simplex Collection focused on discovery
of de novo variation via WES and played a major role in acceler-
ating gene discovery in ASD (Fischbach and Lord, 2010). The
SPARK initiative is conducting WES on 50,000 ASD cases, a
rapid data-release policy (Spark Consortium, 2018). The Autism
Sequencing Consortium rigorously harmonizes ASD resequenc-
ing data from multiple studies (Buxbaum et al., 2012), and
combining data from multiple cohorts has enabled major ad-
vances (De Rubeis et al., 2014; Sanders et al., 2015).

Genetic Architecture

We review here what we have learned about the genetic archi-
tectures of the 10 psychiatric disorders in Table 1. Because
some of the basic techniques may be unfamiliar, we provide in
Table 2 brief definitions and accessible introductions to these
topics that are beyond the scope of this Review. The results to
date indicate that psychiatric disorder risk is imparted by many
common variants of individually small effects, and several disor-
ders also have contributions from rarer variants with larger
impact on risk (Geschwind and Flint, 2015; Sullivan et al., 2018).
Background

Knowledge of genetic architecture is fundamental to rational
study design and genotyping technology choice. For many de-
cades, this was debated with various authors speculating archi-
tectures inferred from indirect clinical or epidemiological data.
The extreme positions were the common-disease/common-
variant model (psychiatric disorders result from the cumulative
effect of many common variants of small effect) and the multi-
ple-rare-variant model (strong genetic impacts on single genes
cause psychiatric disorders, with each case having a different
causal mutation). Neither model can explain all of the genetic
risk, and many possible genetic architectures lie between these
extremes.

Genetic variation lies on a continuum from common to
extremely rare: a risk variant might be present on half the chro-
mosomes in a population or be observed only once in 1 million
people. We can consider a frequency continuum from ultra-
rare (present once in a large sample, frequency <0.001%) to
rare (present in a pedigree or in descendants of a recent
ancestor, <0.1%) to uncommon (0.1% to 1%) to common
(>1%). In general, rare variants arose recently, and common
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Table 2. Brief list of “Omic” Technologies Used to Understand Psychiatric Disorders.

Initialism
or Acronym

Reversed

Description

GWAS

WGS

WES

ocC

ChlIP-seq

Hi-C

RNA-seq

eQTL

genome-wide
association study

whole-genome
sequencing

whole-exome
sequencing

epigenomics

open chromatin

chromatin
immunoprecipitation
sequencing

none

RNA sequencing

expression
quantitative trait loci

Genomics: usually a case-control comparison of common genetic variation revealed by SNP
arrays (prespecified set of reliably measured biallelic genetic markers

selected for good performance and coverage of the genome). Can achieve coverage

of >90% of common variants in the genome. Can also identify rare CNVs. Many studies of
psychiatric disorders (Corvin et al., 2010; Sullivan et al., 2018; Visscher et al., 2017).

Genomics: ab initio resequencing of the genome. In concept, can identify all types of genetic
variation. Increasingly used clinically for rare genetic syndromes. Few studies
of psychiatric disorders to date (Wray and Gratten, 2018).

Genomics: a version of WGS focused on the protein-coding parts of the genome (~3%)
using one of several methods to pull down all known exons. This provides a focused
and less expensive way to identify gene-disrupting or missense variants

in exons. WES has identified ~100 genes for ASD and an increased “burden” of rare,
protein-altering genetic variation differing between cases and controls in SCZ and a
few other disorders (Biesecker and Green, 2014; Warr et al. 2015).

Unlike the (usually) static, body-wide nature of genomics (GWAS, WGS, WES), multiple
readouts that capture changes that do not affect DNA sequence but act to alter the
functional state of cells and tissues. These include DNA methylation,

histone tail modifications, etc. Initial approaches required large numbers of cells, but
improved versions can increasingly be applied to single cells. Epigenomic changes

can be highly specific to a cell or tissue or common across the body; they generally reflect
cell differentiation and function. (Ecker et al., 2012).

Epigenomic: regions of the genome that are not histone bound in cell nuclei and thus open to gene
regulatory processes. Main methods are ATAC-seq and DNase-seq (Ecker et al., 2012).

Epigenomic: a class of methods to identify functional modifications to specific genomic regions.
Many focus on changes to the N terminus tails of histone proteins.

Such changes are part of the histone code that can dramatically alter gene expression. Examples of
histone marks strongly associated with functional chromatin states include acetylation at the 27"
lysine of the histone H3 protein (H3K27ac) and trimethylation of the 4™ lysine of the histone H3
protein (H3K4me3) (Ecker et al., 2012).

Epigenomic: one of several chromosome-conformation capture methods that can capture
genomic regions that are near each other in cell nuclei. Hi-C does this in an

all-to-all manner, whereas other methods target more specific interactions. A

subset of these DNA-DNA contacts these can mediate regulatory interactions

between regions that are located far apart (Dekker et al., 2017; Rowley and Corces, 2018).

Genomic: identify the amount of all RNA molecules in a cell or tissue, a transcriptomic
technology. RNA-seq can also capture splicing and isoform level
information. (Hardwick et al., 2017).

Genomic and epigenomic: identify genetic predictors of gene expression. Essentially,

GWAS:Ss for every variable transcript in a tissue (~50,000) to identify genetic variants associated
with RNA abundance. Many are highly tissue or stage specific (Conesa et al., 2016;

Nica and Dermitzakis, 2013).

variants are far older. Given what we know now, common vari-
ants generally have small effects on disease risk (odds ratio
[OR] < 1.15), and rare variants typically have larger effect sizes
(>2.0), are more likely to be deleterious, and tend to be removed
by natural selection (Fu et al., 2013; Nelson et al., 2012; Zeng
et al., 2018). This is not an invariant rule, as rare variants may
have a continuum of risk (Marouli et al., 2017), and a fraction of
common variants have large effects (e.g., APOE and Alzheimer’s
disease).

Technology

Two main technologies have emerged for capturing germline
genetic variation in individual subjects: resequencing and SNP
arrays. Resequencing determines anew many types of genetic

variation in the immediately accessible genome. It captures
many types of genetic variation—SNPs, insertion-deletions,
copy-number variation (CNV)—across the frequency spectrum,
from ultra-rare to common. In concept, resequencing is the
method of choice for psychiatric genomics. Costs for WGS
have declined considerably ($800 per sample), but analyzing
WGS data remains challenging. Most resequencing studies to
date used WES, reducing expense and analytic burden via a
focus on protein-coding regions, where the functional impact
of variants is easier to interpret than in the non-coding genome.
Study designs are usually either standard case-control compar-
isons or family-based methods. For the latter, trios of unaffected
parents and an affected offspring are popular, as they enable
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Figure 3. The Yields of GWAS

(A) Overview of common-variant gene discovery for the psychiatric disorders in Table 1. Sources and label definitions are in Table 1. The x axis is the log4q of the
number of cases in the largest current GWAS. The y axis is the number of genome-wide significant and LD-independent loci. The color of each point reflects twin
heritability per the scale on the right. For BIP, MDD, and SCZ, the graph includes published and in preparation/in press results (connected by a line). Sample size is
the major determinant of discovery. We thank PGC colleagues for allowing us to present pre-publication results.

(B) Density plot of genetic risk scores (GRSs) in 4,932 SCZ cases (red) and 6,210 controls (blue) from Sweden (training set is from the PGC 2014 SCZ paper
excluding Swedish samples; Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014). The x axis shows the standardized GRS and the

(legend continued on next page)
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identification of de novo variation (i.e., present in an affected
child but absent in parents), which can improve power to detect
high-impact variants. Other resequencing technologies can
focus on the less-accessible parts of the genome (repetitive re-
gions or regions with variable structure and gene content).
Although very expensive and technically complex, single-cell re-
sequencing of nuclei from a tissue can identify somatic muta-
tions that arose during development (these changes are not her-
itable but may contribute to illness in some individuals) (Evrony
et al., 2016; McConnell et al., 2017). The largest resequencing
studies of psychiatric disorders have fewer than 25,000 cases,
but this will change in the next few years.

SNP arrays commonly include 700,000 or more readily geno-
typed biallelic genetic variants. These SNPs are preselected for
reliability and capacity to capture 90% or more of common ge-
netic variation in a population either directly or indirectly by capi-
talizing on linkage disequilibrium (LD, the strong tendency for
nearby genetic variants to be co-inherited). In effect, direct
assessment of <1 million SNPs can be leveraged to accurately
estimate genotypes for 5-10 million or more common, uncom-
mon, and even rare genetic variants. SNP arrays are inexpensive
($35 per sample) and have been applied to very large numbers of
people. Array technology can also identify large, rare CNVs (Luo
et al., 2012; Marshall et al., 2017; Sanders et al., 2011; Sebat
etal., 2007). WGS provides substantially more genome coverage
and resolution, especially with regard to certain forms of chro-
mosomal structural variation (Redin et al., 2017), but at an order
of magnitude cost more than SNP arrays. SNP-array studies of
readily measured human traits (e.g., height, educational attain-
ment, lipid levels) now routinely exceed sample sizes of 1 million,
and studies of psychiatric disorders have 10,000-130,000
cases. These studies do not directly capture causal genetic vari-
ation necessitating substantial follow-up to identify the causal
variants and genes affected (Gusev et al., 2018; Sekar et al.,
2016; Wang et al., 2018a).

Key issues in all of these studies are rigorous quality control,
careful assessment and control for multiple types of bias, and
correction for multiple comparisons. A large number of statistical
tests are conducted, requiring correction for multiple compari-
sons. For example, for SNP array studies, an accepted threshold
is p<5x 1078, akin to correcting o =0.05 for 1 million
comparisons.

Common-Variant Association Studies of Psychiatric
Disorders

Most genetic studies of psychiatric disorders in the past decade
have used SNP arrays to assess the role of accessible common
variation (also known as genome-wide association studies
[GWASS]). The common-variant findings for psychiatric disor-
ders are summarized in Figure 3A. Studies in SCZ and MDD
have yielded >100 loci; bipolar disorder [BIP] has 53 loci; and
ADHD, AN, and ASD have 5-12 loci. The crucial determinant of

the number of loci discovered is the number of cases; as sample
sizes increase, more loci will be identified (Geschwind and Flint,
2015; Sullivan et al., 2018). As a common disorder with relatively
low twin heritability (Levinson et al., 2014), MDD has had notable
difficulties with genetic discovery, but focusing on severe cases
(CONVERGE consortium, 2015) and increasing sample sizes has
been particularly fruitful (Wray et al., 2018).

Across all disorders, 241 loci have a significant association
with the 10 psychiatric disorders in Table 1 with 22 loci associ-
ated with >2 psychiatric disorders. Although most loci are dis-
ease specific, many loci increase risk for multiple disorders.
These loci together implicate ~76 Mb of the genome, as contain-
ing common genetic variants involved in the etiology of these
disorders. We speculate that many loci contain multiple func-
tional elements that contribute to risk. Around 400 protein-cod-
ing genes lie in these loci. Traditionally, genomic location is
used to assign SNPs to genes; however, as discussed more fully
below, this practice yields an incomplete portrait. If we overlay
functional genomic data from human brain (e.g., expression
quantitative trait locus [eQTL], regulatory chromatin interac-
tions), about 50% of the time, genes located in loci are also impli-
cated by functional data. Crucially, recent studies have shown
that genes located far outside of a locus are often implicated
(see Functional Architecture section below) (Wang et al,
2018a; Won et al., 2016).

Although the effects of any individual variant may be small,
they can nonetheless point to biological processes that may be
highly relevant to therapeutics. For example, GWAS results for
SCZ (Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014) and MDD (Wray et al., 2018) are enriched for
genes that encode proteins known to interact with pharmacolog-
ical targets of antipsychotics and antidepressants.

Genetic Risk Scores, SNP Heritability, and Genetic
Correlations

In the past decade, GWASs provided the impetus for several
methodological developments. These methods were partly moti-
vated by the failure of early genetic studies to identify common-
variant associations with SCZ (sample sizes, 250-1000 cases).

First, based on ideas from animal breeding genetics, genetic
risk scores (GRSs) initially appeared as part of a SCZ GWAS
(Purcell et al., 2009). A GRS captures the number of inherited
common-risk variants as a normally distributed number and
can be compared to a population mean (e.g., a person might
have a standardized SCZ GRS of 2, indicating inheritance of
SCZ risk alleles in the top 2-3 percentiles). Computing a GRS
requires a sizable external training set and can be applied to
new individuals of similar ancestry. GRSs can use significant,
nearly significant, and non-significant SNP associations and
have clearly indicated that more common variants will be
discovered as sample sizes increase (Purcell et al., 2009).
Indeed, GRS differences between cases and controls are

y axis shows the smoothed density, a prediction of the proportion of cases or controls with a given GRS value. The dashed vertical lines show the means of each
group. The group means differ by over 2/3 of a standard deviation (0.686) and are highly significantly different (p = 1.1 x 107254, controlling for genotyping array
and 5 ancestry principal components [PCs]). The two curves overlap substantially, but there are 48 controls with GRS >2 and 24 cases with GRS <—2.

(C) Depiction of GRS described in (B) but showing the proportions of cases (red) and controls (blue) in each SCZ GRS decile (y axis, 1 = lowest 10%, 10 = highest
10% GRS). x axis is the proportion within each decile. The proportions of cases increase steadily from lowest to highest. However, there are substantial numbers

of cases in the lowest decile and controls in the highest decile.
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now so widely replicated that GRSs are used for quality control
(the absence of a difference often indicates a basic problem
with a dataset). Inheriting a notably large number of SCZ risk
alleles (e.g., being in the top versus bottom 10% for GRSs)
carries more than a 10-fold increased risk of SCZ (Schizo-
phrenia Working Group of the Psychiatric Genomics Con-
sortium, 2014).

For example, Figure 3B shows the distributions of SCZ GRSs
in a set of SCZ cases and controls. There is a highly significant
mean difference between groups, but the distributions overlap
substantially. Figure 3C depicts the same data but shows the
proportions of cases and controls in each GRS decile. Intrigu-
ingly, there are many controls in the top decile and many cases
in the lowest decile. Detailed investigations of these observa-
tions are underway (e.g., do controls in the upper decile have a
subclinical form of SCZ or have strong protective factors? are
cases in the lower decile phenocopies or more likely to have a
strong-effect genetic variants?).

GRSs have emerged as a potentially important output from
psychiatric genetics and may help guide future precision-med-
icine approaches. In other areas of medicine, GRSs provide
new ways to evaluate risk and to stratify patients (e.g., for pros-
tate cancer, breast cancer, cardiovascular disease, and type 2
diabetes mellitus) (Gronberg et al., 2015; Khera et al., 2018;
McCarthy and Mahajan, 2018; Shieh et al., 2016). For psychiat-
ric disorders, considerable research is in progress; the potential
is that, for the cost of an inexpensive SNP array, GRSs could
assist in differential diagnosis, therapeutic selection, outcome
prediction, and patient stratification. Multiple clinical questions
could be addressed: for an individual with multiple comorbid-
ities (ADHD, ASD, OCD), do the three GRSs indicate that one
is the logical focus of treatment? Should this person with
MDD and a high BIP GRS receive a mood stabilizer, as well
as an antidepressant? Can we identify people with post-trau-
matic stress disorder (PTSD) at first presentation who are at
high risk of a pernicious course of illness? Can information
from genes in biological pathways be used to develop “mecha-
nistic GRSs” that could then be used to identify an antipsy-
chotic with the greatest chance of clinical response? We would
like to add an important caveat: although GRSs are conceptu-
ally straightforward, their creation and use requires consider-
able care and sophistication to derive secure and reproducible
findings (Lewis and Vassos, 2017; Torkamani et al., 2018). As
just one example, incorrect inference can readily occur if the
GRS training and target datasets are from different ancestries
(Martin et al., 2017).

Second, several methods can calculate the heritability of a trait
using SNP array data (Bulik-Sullivan et al., 2015; Yang et al.,
2011). These provide assessments of heritability based on
genome-wide genotypes and improve upon traditional heritabil-
ity measurements given their basis in direct genetic measure-
ments. SNP heritability can be estimated for traits that are diffi-
cult or impossible to assess using twins (e.g., antipsychotic
adverse drug reactions). Indeed, SNP heritability estimates are
available for thousands of traits (Zheng et al., 2017). Table 1
shows SNP-heritability estimates, and these tend to follow tradi-
tional heritability. These provide exceptionally strong indications
that common genetic variation is important for all complex psy-
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chiatric disorders, and more will be discovered with increasing
sample sizes.

In almost all instances, SNP heritability is less than twin/pedi-
gree heritability. If reviewed critically, indirect twin/pedigree her-
itability estimates are often upwardly biased, and the degree to
which SNP heritability is different from indirect measures is un-
clear. For any real difference between SNP and twin/pedigree
heritability, the major reasons are (1) imperfect assessment of
common variation (i.e., missing common variation in hard-to-
genotype or impute regions), (2) complex, non-SNP common
genetic variation whose identification requires resequencing or
specialized methods, and/or (3) poor measurement of rare ge-
netic variation with current sample sizes and technologies. It is
important to note that the goal of genetic studies of psychiatric
disorders is to generate clinical and biological insights and not
to align different conceptualizations of heritability.

Third, we can now readily estimate the genetic correlations be-
tween traits using SNP array data (Bulik-Sullivan et al., 2015;
Yang et al., 2011). These methods have provided insights into
the fundamental basis of these disorders. A similar construct
could be assessed using twin or pedigree data but with lesser
power and precision. Notably, the major psychiatric disorders
have significant and often sizable genetic correlations (Lee
et al.,, 2013). A more comprehensive effort of 25 psychiatric
and neurological disorders showed that most psychiatric disor-
ders had significant genetic intercorrelations, but there were
far fewer for neurological conditions (Antilla et al., 2018). Impor-
tantly, comparison of SCZ results between European and East
Asian samples indicated that the genetic correlation was indis-
tinguishable from one, strongly indicating that the common-
variant genetic basis of SCZ is highly similar across these global
populations (Lam et al., 2018). Under a set of specific assump-
tions, we can also apply Mendelian randomization (MR) to sug-
gest causality; for two traits with sufficient numbers of significant
associations, MR can assess the plausibility of whether one trait
has a causal relation with another (e.g., lower educational attain-
ment and higher body mass were putatively causal for MDD)
(Wray et al., 2018).

Rare-Variant Association Studies of Psychiatric
Disorders

Resequencing studies that implicate ultra-rare and de novo vari-
ation have the major advantage of pinpointing risk variants in
specific genes. Compelling results can leverage the extensive
neuroscience toolkit for experimental modeling of specific
genes. Until relatively recently, identifying rare variants for psy-
chiatric disorders was mainly limited to large structural variants
(De Rubeis et al., 2014; lossifov et al., 2012; Marshall et al.,
2017; Sebat et al., 2007). As noted above, resequencing technol-
ogies enable rare-variant discovery in ever-larger samples, and
we know now that ultra-rare and de novo single-nucleotide var-
iants contribute to risk (Genovese et al., 2016; Sanders et al.,
2015; Satterstrom et al., 2018a; Singh et al., 2016; Wang et al.,
2018b; Willsey et al., 2017). Rare-variant association tests
require the aggregation of rare, deleterious mutations at a partic-
ular locus (usually in protein-coding exons or annotated regula-
tory regions) in cases compared to controls (Zuk et al., 2014).

At present, the largest resequencing efforts are for ASD and
SCZ. Rare-variant discovery has been most successful in ASD



where WES for rare, de novo, protein-truncating variants (PTVs)
in mutation-intolerant genes has identified around 100 high-con-
fidence connections to specific genes (Satterstrom et al,
2018a). Although each gene accounts for only a small fraction
of cases, rare de novo variation is predicted to account for
~15% of ASD cases (lossifov et al., 2014). Most of these muta-
tions also decrease 1Q, and ID is an important comorbidity of
ASD (Buja et al., 2018; lossifov et al., 2014), which is consistent
with previous work identifying dozens of known severe, rare
medical genetic syndromes associated with ASD (reviewed in
Abrahams and Geschwind, 2008; Geschwind, 2009).

The yield of resequencing in ASD is markedly higher than for
other psychiatric disorders. WES has implicated only two genes
for SCZ (Singh et al., 2016; Steinberg et al., 2017) at sample sizes
that yielded dozens of associations for ASD. In TS, a role for de
novo gene disrupting and missense variants has been estab-
lished (Willsey et al., 2017), and two high-confidence genes for
TS were recently identified (Wang et al., 2018b). Sizable WES
of ADHD and BIP are underway. For the other psychiatric disor-
ders in Table 1, major resequencing efforts are at more nascent
stages. There is debate in the field as to whether resequencing
efforts are worth the 10-15x greater cost, particularly for later-
onset disorders that are not associated with ID or neurological
impairment. The sobering experiences in SCZ and type 2 dia-
betes suggest a limited role of large-scale resequencing in adult
disorders until the costs decline substantially.

Identification of rare, genic mutations can be extremely infor-
mative. They directly implicate specific genes and are amenable
to experimental modeling. At the same time, interpretation of
these models is a formidable task. While some of these genes
are relatively specific to a disorder like ASD, many confer
broader phenotype risks (Abrahams and Geschwind, 2008; Ro-
nemus et al., 2014; Satterstrom et al., 2018a). Pleiotropy is more
the rule: most mutations increase risk for a range of neurodeve-
lopmental outcomes (e.g., ID, ASD, epilepsy, psychosis). These
pleiotropic large-effect mutations may work by disrupting key
neurodevelopmental processes rather than specifically causing
one defined clinical disorder (Geschwind and Levitt, 2007).
Even for a highly significant gene identified from resequencing,
precisely which human phenotype is being modeled and with
what specificity may be uncertain (i.e., ID and/or ASD). Another
question from these findings is whether genes that harbor
large-effect mutations causing ASD and ID affect biological pro-
cesses different from those that cause ASD that are not comor-
bid with ASD. Indeed, some gene-network analyses suggest the
existence of molecular processes that distinguish ASD from ID
(Parikshak et al., 2013; Satterstrom et al., 2018a).

The relative contributions of rare de novo missense or in-
herited mutations to psychiatric disorders are not quite as well
established as de novo PTVs. However, both rare missense
and inherited mutations have been shown to contribute to
ASD, simply with smaller effect sizes than de novo variants
(Ruzzo et al., 2018; Sanders et al., 2015). Furthermore, the ef-
fects of PTVs can be assessed in a functional and evolutionary
context (loss of one copy of the gene and the degree of
constraint) (Samocha et al., 2014), while the functional impact
of individual missense mutations is harder to determine. One
approach to this problem integrates prior information, such as

gene or protein-protein interaction (PPI) networks to boost the
signal of missense variation (Parikshak et al., 2013). The detec-
tion of inherited variation may be further hindered by ascertain-
ment bias from study designs that favor detection of de novo
variants. It is illustrative that studying families having multiple
children with ASD significantly reduced the signal from de
novo variation compared to singleton families while enhancing
that from inherited variation to identify risk genes (Ruzzo et al.,
2018). Consistent with a role of rare, inherited variation in risk
also comes from a recent WES of ASD and ADHD that excluded
cases with ID or comorbidity (Satterstrom et al., 2018b). These
investigators found that rare PTVs in mutation-intolerant genes
occurred with equal frequency in both ASD and ADHD and that
the genes impacted significantly overlapped. Larger samples
are needed to determine if genes with statistically significant as-
sociation with each disorder are shared and whether the muta-
tions have similar molecular impact. For example, even if muta-
tions increasing risk for ASD and ADHD were in the same gene,
they might impact different isoforms that could have different
functional consequences. Emerging data from RNA sequencing
(RNA-seq) from brain show remarkable isoform diversity in par-
allel with distinct protein interactions and cell-type specificity
(Gandal et al., 2018b), further highlighting the importance of un-
derstanding mutational consequences in an isoform context.
Copy-Number Variation

CNV refers to structural chromosomal variants greater than 1 kb
in size that lead to an increase or decrease in the DNA sequences
encompassed by the CNV (e.g., fewer or more than two copies of
an autosomal region). Approximately 4% of the genome com-
prises such structural variation, much of which is common, in-
herited, and relatively benign with regards to imparting disease
risk (Brand et al., 2014; Conrad et al., 2010; Mills et al., 2011; Se-
bat et al., 2004). Larger de novo CNVs, especially ones that
disrupt genes or change gene dosages, can carry major risks,
particularly for neurodevelopmental disorders (Malhotra and
Sebat, 2012; Sebat et al., 2007).

Several dozen rare CNVs are known to confer relatively strong
risks for psychiatric disorders, most commonly in ASD and SCZ
and less frequently in BIP, TS, and ADHD. Most known patho-
genic CNVs increase risk for multiple disorders (de la Torre-
Ubieta et al., 2016; Kirov, 2015; Lowther et al., 2017; Malhotra
and Sebat, 2012). These recurrent CNVs usually arise de novo,
mainly via non-allelic homologous recombination in regions
flanked by low copy-number repeats.

CNVs associated with psychiatric disorders share several
commonalities: (1) they usually contain multiple genes (with a
few exceptions; Bucan et al., 2009; Talkowski et al., 2011); (2)
they are usually >500 kb in size (although many we expect that
many smaller CNVs will be found using WGS), and the major
pathogenic mechanism is presumed to be dosage-sensitivity
of genes in the CNV, although distal regulatory effects on genes
outside of the CNV are also plausible (de la Torre-Ubieta et al.,
2018); (3) many CNVs are associated with partial disruption of
a range of developmental programs and impact multiple organs
(cardiac, gut, immune, and endocrine, as well as brain); (4) most
CNVs confer increased risk for multiple psychiatric disorders,
including ID, ASD, ADHD, and psychotic disorders (Kirov,
2015; Lowther et al., 2017); and (4) penetrance can be highly
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Figure 4. Establishing the Functional and Cellular Architectures Based on Genetic Findings

To begin, genetic analyses identify significant associations with one or more psychiatric disorders. Common variation is usually detected using GWAS and SNP-
array technologies. Rare variation capitalizes on CNVs or resequencing via WES or WGS. Some causal variants alter protein structure or function and thereby
directly point at specific genes. However, most genetic variation discovered to date is in non-coding regions, which can have highly diverse regulatory functions
(e.g., enhancer or repressor activity or regulation of splicing or alternative promotor usage). Assigning non-coding regulatory variants to genes is imprecise, as
gene regulation often occurs at a distance and does not necessarily involve the nearest gene. Instead, one can identify candidate target genes impacted by non-
coding disease-associated genetic variation using a range of functional genomic data. For example, quantitative mapping approaches can identify how a
particular variant affects open chromatin, histone tail modifications, gene expression, splicing, and DNA methylation. These methods integrate DNA-based
genetic variation with multi-level “omic” data—RNA sequencing (eQTL or splicing QTL [sQTL]), methylation analysis (methylation QTL [mQTL]), or chromatin
immunoprecipitation (ChIP)-seq (histone QTL [hQTL]) —to identify the quantitative impact of genetic variation on these molecular phenotypes. Other biochemical
methods identify active/open chromatin (ATAC-seq, DNase-seq) or 3D chromatin structures such as enhancer-promotor loops (Hi-C, ChlA-PET), which provide
additional information on the relationship between regulatory regions and specific genes with which they interact. Many functional genomic readouts are tissue
specific, highlighting the need for comprehensive studies of the human brain across development. When combined, these methods can identify the likely
functional impact of disease-associated variation on specific genes, which can then be experimentally validated. Molecular pathways can be identified using
pathway or gene-network analysis. Sets of disease-associated candidate genes can be tested for cell-type enrichment to define the cellular architecture.
A similar approach can be applied to identified regulatory regions to define functional regulatory networks or the cell types impacted by disease associated

regulatory variation.

variable, ranging from subtle effects detectable by neuropsycho-
logical tests to mild degrees of anxiety/ADHD to co-occurrence
of severe psychiatric disorders (Kendall et al., 2017; Stefansson
et al., 2014; Ulfarsson et al., 2017). Emerging evidence suggests
that among other factors, some of this pleiotropy may be due to
modification GRSs, because even in those with ASD or SCZ car-
rying large effect de novo mutations, there appears to be an ad-
ditive effect of common variation on phenotypic expression
(Tansey et al., 2016; Weiner et al., 2017).

Synthesis

In the past decade, major papers from the PGC and other con-
sortia have conclusively shown that all of the psychiatric disor-
ders in Table 1 have an important contribution from hundreds
or thousands of common genetic variants of relatively subtle ef-
fect. Exactly how these variants influence gene expression in the
context of biological networks is generally unknown but has
highlighted critical gaps in our knowledge of gene regulation.
Work in progress on the functional architecture and cellular/
tissue architecture will, we believe, yield the needed insights.
The impact of rare variation is less studied. Empirical data
show that rare genetic variation plays a role in some of these psy-
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chiatric disorders (ASD and SCZ, in particular, but also TS and
ADHD). However, direct comparisons of the contributions of
common and rare genetic variation show that common variation
dominates heritable risk for SCZ and ASD (Gaugler et al., 2014;
Purcell et al., 2014). Still, rare variants that disrupt genes provide
a clear starting point for mechanistic studies, and identification
of large effect mutations in patients is of substantial clinical util-
ity. Finally, many disorders are early in the discovery process.
Consistent with the documented clinical and epidemiological co-
morbidity, there is also important genetic overlap, including sub-
stantial components of genetic variation that increase risk for
multiple disorders—both of which necessitate consideration of
diagnostic architecture.

Functional Architecture

Moving from common-variant findings to genes, molecular path-
ways, and cells requires comprehensive genomic analysis.
Table 2 contains additional definitions and references to impor-
tant background that is beyond the scope of this Review. Figure 4
presents a schematic of how we can systematically evaluate the
implications and impacts of genetic architecture findings.



Table 3. Many Regulatory Interactions Are Distal

Distance from Regulatory Element to TSS

eQTL ATAC-seq HI-C
127 kb 407 kb 394 kb
Distribution of eQTL Distance from TSS

<10 kb >10 kb >100 kb
24% 76% 29%

Average distance from regulatory elements defined by eQTL, ATAC-seq,
and Hi-C in fetal brain is shown, as well as percentage of eQTL in >10 kb
(distal) and <10 kb (proximal) bins from the transcription start site (TSS) of
genes in fetal brain. Data from de la Torre-Ubieta et al., (2018), Poliouda-
kis et al. (2018), Won et al. (2016), and Walker and Geschwind (Walker
etal., 2018). eQTL are generally closer to the TSS than the biochemically
defined putative regulatory regions, which is expected, especially given
the limited (10 kb) resolution of Hi-C.

From Variant to Gene

Because most genetic variation that contributes to common psy-
chiatric disorders is not in protein-coding regions, a crucial step
in understanding disease mechanisms is pinpointing the genes
impacted by risk variants (Thurman et al., 2012; Visel et al.,
2009). This requires functional annotation of non-coding re-
gions—the goal of consortia like ENCODE (ENCODE Project
Consortium, 2011), Roadmap (Kundaje et al., 2015), and GTEx
(Battle et al., 2017), which produced genome-wide regulatory
maps and transcriptional profiles across spectrum of cells and
tissues. However, around half of non-coding regions have regu-
latory functions that are shared across tissues, meaning that
about half of the regulatory elements in a given tissue may be
relatively specific to a tissue, cell type, or developmental stage
(Liu et al., 2017a; Kundaje et al., 2015; Won et al., 2016). This
is particularly important for brain, which has higher cellular het-
erogeneity and longer developmental trajectories compared to
other tissues. The need for brain-specific functional genomic
data led to PsychENCODE (PsychENCODE Consortium, 2018)
(http://resource.psychencode.org/), which has produced and in-
tegrated multiple types of functional genomic data from human
brain (Gandal et al., 2018b; Li et al., 2018; Wang et al., 2018a).
Its goals are to complement the work of these other consortia
by producing accurate regional, cell-type-, and stage-specific
annotation of gene regulation and transcription at tissue and
cellular levels in brain from healthy individuals and cases with
major psychiatric disorders. This effort is complemented by the
BRAIN single-cell atlas of cell types and gene expression in hu-
man and mouse (Ecker et al., 2017).

These resources essentially provide maps for interpretation
of genetic variation implicated in psychiatric disorders in the
context of genes, their regulation, and the effects on biological
pathways. A complicating factor is that assigning even well-an-
notated genomic regions to specific genes is not as simple as
choosing the closest gene or genes containing variation that is
highly correlated with the associated SNPs, which is usually
the default approach (Whalen et al., 2016; Won et al., 2016).
Rather, as suggested by studies of brain eQTL (Battle et al.,
2017; Hauberg et al., 2017) and chromatin structure (de la
Torre-Ubieta et al., 2018; Won et al., 2016), nearly half of the

target genes of human regulatory variation are not in genomic
loci defined by linkage disequilibrium (LD) (Whalen and Pollard,
2018) (Table 3). Thus, “4D mapping” of chromatin interactions
(i.e., brain regions across developmental time) is critical for un-
derstanding the functional relationships of regulatory regions to
genes (Dekker et al., 2017).

Functional genomic data include gene expression surveys,
open chromatin, eQTLs, chromatin QTLs, methylation QTLs, his-
tone marks, and regulatory chromatin interactions, initially for
bulk tissues or sorted types of cells but increasingly at the
single-cell level. As illustrated in Figure 4, these data can be
combined to define candidate enhancer-promoter interactions
(from locus to gene) whose accuracy can then be assessed in
a biological system. Most published brain eQTL data have
n < 1,000 and contain only a fraction of presumed regulatory re-
lationships. Chromatin capture methods such as Hi-C can define
chromatin structure in brain nuclei (Dekker et al., 2013) and can
predict functional interactions defined by eQTL and enhancer-
mRNA relationships (Won et al., 2016). Although integration of
functional genomic data from brain yields empirically based hy-
potheses about regulatory relationships, experimental validation
is required. Techniques such as self-transcribing active-regula-
tory-region sequencing (STARR-seq) permit large-scale valida-
tion (which suggests enhancer functionality) (Arnold et al.,
2013; Liu et al., 2017b), while analysis in an appropriate cell
type with epigenome-editing technologies can confirm target
identity (de la Torre-Ubieta et al., 2018; Won et al., 2016).
Currently, it is wise to be conservative and rely on regulatory in-
teractions identified by multiple methods (e.g., eQTL/Hi- C, Gu-
sev et al., 2018; or ATAC-seq/Hi-C, de la Torre-Ubieta et al.,
2018). These distinct data types—often derived in different labo-
ratories in different samples —show significant overlap in regula-
tory predictions (Gusev et al., 2018). This is in contrast to com-
parisons relying on LD blocks or the assignment by the closest
gene, where the overlaps with methods that directly assess
chromatin are less substantial (Short et al., 2018; Whalen and
Pollard, 2018).

Application of functional genomic approaches to define regu-
latory regions and target genes has yielded important albeit
tentative clues as to the developmental and cell type architecture
of psychiatric disorders. One example comes from studies that
partition disease heritability defined by genome-wide SNP gen-
otyping, or by mapping putative causal variants across the
genome, to identify regions of enrichment, and ask in what tis-
sues and what stages are these regions active (de la Torre-
Ubieta et al., 2018; Finucane et al., 2018; Skene et al., 2018;
Won et al., 2016). As discussed more fully below, these studies
have implicated specific development epochs and brain regions
in risk for several psychiatric disorders and cognitive pheno-
types. These initial studies demonstrate that creation of these
gene regulatory maps with multiple methods that address
different molecular processes, developmental stages, and brain
regions is a critical step in understanding how disease risk bio-
logically unfolds.

From Genes to Networks

To understand how genes contribute to psychiatric disorders,
we are faced with the task of measuring and understanding phe-
notypes across a hierarchically organized complex system,
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connecting genes to behavior. Few genes act in isolation but
rather affect the function of other genes to influence a particular
phenotype via in-cellular networks or pathways (Barabasi et al.,
2011; Geschwind and Konopka, 2009). This challenge is exacer-
bated by the polygenic nature of psychiatric disorders. To under-
stand how genes contribute to CNS phenotypes, many groups
have applied an analytical framework at a gene-network level
involving coordinated regulation of gene expression (Parikshak
et al., 2013, 2015). Network analysis can interrogate multiple
levels of molecular organization and enable integration with
other information, including known pathway annotations.
Furthermore, when hundreds of genes are involved, network
analysis provides an organizing framework that can divide large
gene sets into biologically coherent modules for prioritization
(Parikshak et al., 2013, 2015) or add power to GWASs (Horn
et al., 2018). Combining network approaches with systems
neuroscience permits the methodical connection of heteroge-
neous genetic risk factors to brain mechanisms (Gandal et al.,
2016; Geschwind and Konopka, 2009).

Two general network approaches have been used in psychiat-
ric genomics based on literature-curated pathway databases
(e.g., Gene Ontology, KEGG) or data-driven tissue-specific ap-
proaches based on transcriptomic, proteomic, or other “omic”
data (Parikshak et al., 2015). The former approach has many
biases, including weighting highly studied genes, non-CNS
functional annotations, or very non-specific annotations (e.g.,
“synaptic function”) and lack of tissue specificity (missing tis-
sue-specific interactions or emphasizing those observed in other
tissues). Curated pathway-based studies using combinations
of multiple methods and data sources are far more convincing
than those using single sources and have yielded evidence for
common pathways across psychiatric disorders (Network and
Pathway Analysis Subgroup of Psychiatric Genomics Con-
sortium, 2015) but still do not fully overcome biases inherent in
literature curation. This illustrates a weakness in current func-
tional annotations that are broad or biased with regards to
neuronal annotation methods. Gene-network approaches can
identify presumed functional modules in an unbiased manner,
but understanding what these modules mean beyond broad an-
notations remains a major stumbling block for the field and will
require efforts connecting gene expression to neural cell biology
and physiology.

Despite these limitations, several studies in ASD and SCZ
highlight the power of using transcriptional networks based on
normal human brain tissue across development or brain regions
or more generalized PPIs (Hormozdiari et al., 2015; Liet al., 2014;
Lin et al., 2015) to identify molecular pathways, developmental
epochs, or brain circuits enriched for genetic variation. Despite
clear genetic heterogeneity, both ASD risk and SCZ risk
converge on shared molecular pathways (Network and Pathway
Analysis Subgroup of Psychiatric Genomics Consortium, 2015;
Parikshak et al., 2015). In ASD, these pathways involve regula-
tion of transcription and chromatin structure during neurogene-
sis and subsequent processes of synaptic development and
function during early fetal cortical development (Parikshak
et al., 2015). A small study implicated similar stages during the
developmental of the prefrontal cortex in SCZ risk (Gulsuner
et al., 2013), consistent with several decades of neuroanatomical
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studies (Glausier and Lewis, 2018; Piper et al., 2012). Impor-
tantly, these findings emerge from different methods, including
PPIs (Lin et al., 2015; O’Roak et al., 2012); integration of protein,
gene expression, and phenotype data (Gilman et al., 2011; Hor-
mozdiari et al., 2015); and chromatin marks (Sun et al., 2016).
These efforts point at similar pathways and/or convergence of
risk loci on similar biological processes (Corominas et al.,
2014; Gilman et al., 2012; Li et al., 2014).

One caveat in the interpretation of these studies is that they are
based on current knowledge of genetic contributions. In ASD,
this is heavily biased toward rare, de novo PTVs identified in sim-
plex families, which could impact different pathways than those
affected by inherited variation. Although there is likely a role for
rare inherited variation in ASD (Krumm et al., 2015), few studies
have identified significant signals based on inherited risk variants
for specific genes. A recent study of multiplex ASD families found
that inherited risk impacts pathways similar to those for de novo
variation (Ruzzo et al., 2018). Similarly, the developmental trajec-
tories of risk genes implicated by rare and common variation
appear to overlap, particularly for the fetal period for ASD risk.
Transcriptomic Networks Define Disorder-Associated
Molecular Pathology
Psychiatric disorders are not generally associated with brain pa-
thology on gross or microscopic examination. The development
of methods to capture the brain transcriptome led to studies of
differential expression in cases versus controls and evaluation
of convergent molecular pathology (Parikshak et al., 2015). To
organize these data, network/pathway approaches have been
applied to brain tissue from subjects with most major psychiatric
disorders, including SCZ, MDD, and ASD (Parikshak et al., 2015).
However, any changes detected in postmortem brain could be
causal or reflect disease consequences. Integration of these
data with genetic risk variants provides an opportunity to identify
a causal foothold. In ASD, these analyses, replicated using
different methods and samples, implicate synaptic and neuronal
signaling pathways overlapping with other causal gene-based
network methods (Parikshak et al., 2016; Voineagu et al,
2011). Similar network analysis based on gene co-expression
identifies transcriptional networks dysregulated in SCZ,
including co-expressed neuronal genes enriched for both com-
mon and rare SCZ-associated variants (Fromer et al., 2016).
Transcriptomic findings for ASD, SCZ, BIP, and MDD suggest
shared and disorder-specific gene expression changes (Gandal
et al., 2018a). Notably, cross-disorder transcriptome correla-
tions parallel genetic correlations, consistent with common
causal biology (Gandal et al., 2018a).

Several genes that cause rare forms of ASD (e.g., FMR1,
CACNA1C, TCF4) regulate expression or splicing of many genes
associated with psychiatric disorders (Tian et al., 2014; Weyn-
Vanhentenryck et al., 2014). FMR1 in particular interacts with
the mRNA of many ASD- and SCZ-risk genes (lossifov et al.,
2014; Parikshak et al., 2013; Schizophrenia Working Group of
the Psychiatric Genomics Consortium, 2014). Analysis of tran-
scriptional (Cotney et al., 2015; Sugathan et al., 2014), splicing
(Berto et al., 2016; Fogel et al., 2012; Weyn-Vanhentenryck
et al., 2014), or signaling (Tian et al., 2014) networks indicates
that at least some of the rare major gene forms of psychiatric dis-
orders impact pathways that are more generally related to risk in



the population. This further highlights the relevance of rare forms
of psychiatric disorders to understanding common genetic
variation.

Tissue and Cellular Architecture

As with gene network analyses to identify biological pathways, it
is possible to apply similar methods to identify empirically the
brain regions and developmental stages in which the genetic
findings are enriched. These analyses are important in a general
sense—are these disorders rooted in early fetal development,
childhood, adolescence, or adulthood?—but also because of
neuroscience tools that can manipulate increasingly specific
brain cell types in space and time.

Two general approaches are used to determine cell-type or
stage specificity. The first assigns genes implicated by risk var-
iants directly to cell types based on transcriptomics (Polioudakis
et al., 2018; Skene et al., 2018). The second partitions genetic
risk across non-coding regions and compares the predicted ac-
tivity of these regions across cell types and developmental
stages, which to date have been primarily based on tissue-level
open chromatin rather than single cells (de la Torre-Ubieta et al.,
2018). Development of robust single-cell methods for chromatin
analysis promises to be important (Cusanovich et al., 2018a,
2018b). At present, many psychiatric GWASs are under-pow-
ered to accomplish these intentions (Skene et al., 2018).

This lack of power for common-variant analyses is certainly
the case for ASD, where studies have relied primarily on
measuring expression enrichment or de novo PTVs. These
studies have demonstrated that ASD risk variants are enriched
in cortical glutamatergic neurons expressed during neurogene-
sis and neuronal migration during fetal cortical development in
human and mouse (Parikshak et al., 2013; Willsey et al., 2013).
Examination of the laminar patterns of expression in primate indi-
cated that ASD risk genes are enriched in upper- relative to
lower-layer neurons. This may be important for understanding
circuit-level architecture, because upper-layer neurons form
the primary direct connections between cerebral hemispheres
and cortical regions (Parikshak et al., 2013), and lower-layer neu-
rons primarily, but not exclusively, project to subcortical regions.

A recent study of single-nuclei RNA-seq from human fetal and
adult brain has validated the enrichment of genes harboring
large-effect de novo mutations associated with ASD in fetal glu-
tamatergic neurons (Polioudakis et al., 2018). These detailed
transcriptomic profiles provide nuance, especially for individual
genes, identifying genes expressed broadly across neurons or
with relative specificity for inhibitory neurons, neural progenitors,
or non-neural cells (Polioudakis et al., 2018). The importance of
the fetal period for ASD is supported by GWAS results integrated
with regulatory chromatin interactions and gene expression,
which show enrichment of enhancer marks in the fetal brain
and higher expression of ASD target genes during fetal cortico-
genesis (Grove et al., 2019). Comparisons across brain regions,
both prenatally and in adult, confirms prenatal cerebral cortical
enrichment over other brain regions, both prenatally and relative
to adult expression levels.

For SCZ, although earlier developmental stages are important
for the action of risk variants (de la Torre-Ubieta et al., 2018),
considerable cell-type specificity emerges in the adult brain.

The most comprehensive analysis to date used single-cell and
single-nuclei RNA-seq from multiple brain regions in mouse
and human (Skene et al., 2018). Distinct patterns of enrichment
were identified for different disorders, often mirroring known
biology (e.g., multiple sclerosis and Alzheimer’s disease risk
were enriched in microglia). Common-variant genetic findings
for SCZ showed enrichment in a limited set of major cell types:
pyramidal neurons in cortex and hippocampal CA1, striatal me-
dium spiny neurons, and cortical interneurons. MDD risk was
clustered in cortical interneurons and embryonic midbrain neu-
rons (these findings replicate in multiple new datasets, Bryois
et al., 2019). Orthogonal functional genomic data are consistent
with these findings, as open chromatin in neuronal nuclei
(NeuN+) from 14 regions from human adult brain showed signif-
icant enrichment of SCZ GWAS findings in cortex and striatum
(Fullard et al., 2018), and open chromatin in mouse cortical layers
showed SCZ enrichment in excitatory neurons in layer V (Hook
and McCallion, 2018).

Although these studies are not yet definitive, we highlight
emerging points of consistency. Genetic risk for SCZ appears
to be more widespread in 4D (Li et al., 2018) and somewhat
more specific to adult brain (particularly pyramidal neurons,
striatal medium spiny neurons, and cortical interneurons), but
also with strong effects during fetal cortical development (de la
Torre-Ubieta et al., 2018; Won et al., 2016). MDD risk is enriched
in adult cortical interneurons (Skene et al., 2018), but also with
fetal enrichment in midbrain neurons (Skene et al., 2018) (consis-
tent with theories of catecholaminergic cortically projecting
brainstem systems in MDD). Genetic risk for ASD appears to
act primarily in fetal periods, involving cortical glutamatergic
neurogenesis and early development. While ASD risk converges
on glutamatergic neuron development, by no means is every risk
gene expressed exclusively in these neurons (Polioudakis et al.,
2018). These findings broaden and refine the neuronal classes
where ASD risk genes act are supported by other analyses (Sat-
terstrom et al., 2018a). The implication of fetal neurogenesis in
childhood- and adult-onset disorders may highlight a critical
period in early brain development for multiple psychiatric disor-
ders (Geschwind and Rakic, 2013). As knowledge of gene regu-
lation at a single-cell level increases, the precision of assigning of
genetic risk to specific cell types will establish a solid framework
for the circuit architecture of these disorders.

Diagnostic Architecture
Psychiatry is one of the few areas in medicine that lack of objec-
tive biomarkers of illness. Other areas of medicine have
frequently updated diagnostic classifications as new biological
data and increased understanding of etiopathology emerge. In
the absence of objective diagnostic features from laboratory
testing, brain imaging, or pathology, the definitions of psychiatric
disorders are necessarily based on descriptive data collected via
human interactions and organized by expert panels. A long-
standing tension is whether psychiatric disorders are better
considered as fewer broad categories or more numerous refined
categories. In the past 30 years, psychiatric nosology has tended
toward the latter position.

For almost all psychiatric disorders, genetic data are the
most fundamental biomarker yet discovered (recalling that
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humans are exposed to their genomes from conception and
given the plausible absence of reverse causation). Given the
well-documented and extensive patterns of comorbidity, it is
perhaps unsurprising that genetic results show fundamental
overlaps between many adult and childhood disorders. For com-
mon variation, SCZ has significant positive genetic correlations
with BIP, MDD, ADHD, ASD, and AN (Antilla et al., 2018), and
MDD has significant positive genetic correlations with anxiety
disorders, ASD, ADHD, BIP, and AN (Wray et al., 2018). Neuro-
logical conditions, in contrast, have far fewer significant genetic
correlations (and largely for clinical subtypes like migraine with/
without aura). Moreover, the lifetime presence or absence of
many psychiatric disorders have positive genetic correlations
with quantitative measures of symptoms—e.g., lifetime MDD
has a genetic correlation of 0.98 with depressive symptoms
(Wray et al., 2018). Similar results have been reported for ASD,
ADHD, and OCD (Martin et al., 2018a). Similarly, for rare varia-
tion, as described above, there are pleiotrophic effects for
most rare CNVs and exon variants of strong effect, as many
such variants increase risk for multiple neurodevelopmental con-
ditions.

Given the emerging genetic findings, one might naturally
wonder about clinical genetic testing—what are the standards
for technological readiness, and precisely which findings are
ready for clinical use in psychiatry? A full treatment of this com-
plex topic is beyond the scope of this Review, and the answers
also depend on national laws, local ethical standards, and ac-
cess to genetic testing technologies. On the scientific side, we
think that the available data support three uses in clinical psychi-
atry. (1) For severe, childhood-onset neurodevelopmental disor-
ders (particularly severe ID and ASD), genetic evaluation of large
CNVs and rare mutations that disrupt the protein sequence of
genes important to neurodevelopment is indicated. We note
that this is now done routinely in many academic centers. The
utility is mostly diagnostic for the child and relevant to family
planning for the parent; some variants will also be medically
important and lead to a change in clinical management. (2) Large
CNVs in severe psychotic disorders (SCZ and schizoaffective
disorder) will be present in 3%-5% of cases. The utility is diag-
nostic and in ameliorating medical morbidity given that most
CNVs are multi-system disorders carrying additional medical
risks. (8) Unusual cases—individuals with a wide range of
single-gene disorders can initially present with prominent psy-
chiatric features. Instead of a primary psychiatric disorder, the
behavioral features are secondary to a biological process that
has been disrupted by a strong-effect mutation. Classic exam-
ples include Wilson’s disease and Huntington’s disease, which
can present with psychotic or mood symptoms. The utility here
is diagnostic and possibly therapeutic (e.g., copper chelation
therapy for Wilson’s disease can markedly improve outcomes
if not delayed due to a missed diagnosis).

In many countries, genetic tests can be used by consumers
without having rigorous evaluation of analytical validity, clinical
validity, and clinical utility (again, there are complex and coun-
try-dependent issues). However, there are abundant examples
of genetic tests that are now being used clinically that have a
weak scientific basis. This is problematic, but such testing has
been allowed to occur due to failures of regulatory processes.
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The fundamental database is not sufficiently complete to
draw unambiguous conclusions—research in progress by
many groups is combining epidemiological, clinical, and genetic
risk factors in historically large samples. However, we posit that
the genetic results are consistent with a tentative position: based
on significant genetic overlap between most childhood- and
adult-onset psychiatric disorders and their intercorrelations
with cognitive ability and personality, substantial components
of inherited liability are shared by many psychiatric disorders.
But with the exception of BIP and SCZ, most liability appears
more disease specific. When the scientific database is more
mature, revision of psychiatric nosology based on combining
clinical with rare- and common-variant genetic results may well
be warranted.

Conclusions and Future Directions

Complete Genetic Discovery

In the past decade, genetic approaches to psychiatric disorders
have yielded more reproducible insights into etiology than any
other prior approach. We now know vastly more about the
fundamental causes of these impactful disorders than ever
before. What we know now is incomplete and inadequate. We
need to complete genetic discovery, and we believe that this
should be an international priority in this area. Inexpensive SNP
arrays can measure the contributions of the vast majority of com-
mon variation and be efficiently assessed in large populations
now. To measure the full spectrum of rare variation and less-
accessible common variation, we will need resequencing efforts
of similar magnitude, but this will likely have to wait for more effi-
cient platforms and improved functional annotations.

Genetic Architecture in Individuals

We have described multiple architectures for psychiatric disor-
ders. The ultimate goal is understanding as fully as possible the
etiological process in individuals with a severe psychiatric disor-
der. How does knowledge derived from large populations
contribute to iliness in an individual? For example, in those with
ASD who harbor a rare de novo PTV, is that variant sufficient to
cause the disorder, or are additional genetic or environmental
risk factors required? The answers will likely vary depending on
the gene, but already, there are multiple hints that risk profiles
in individuals are likely to be complex, even in those harboring
large-effect mutations. For instance, few large-effect mutations
are specific to a disorder, suggesting a possible role for additional
genetic, environmental, and stochastic factors. Although some
large-effect CNVs associated with ASD or SCZ have effects on
fecundity, when discovered in population surveys in individuals
without regard to disease status, many have relatively modest ef-
fects on the ability to have offspring compared with those having
the disease diagnosis (Stefansson et al., 2014). In the instances
where this has been studied directly, polygenic risk acts addi-
tively with major mutational burdens (Gaugler et al., 2014; Niemi
et al., 2018; Purcell et al., 2014; Weiner et al., 2017).

The model that we prefer is that many (but not all) large-effect
mutations sensitize an individual to manifest a developmental
neuropsychiatric disorder. We recognize that there are rare
large-effect mutations that show clear preferential effects toward
a disorder, as is the case for some CNVs and rare protein-
altering mutations. However, the effects on brain development



and function of many de novo or Mendelian mutations are so
large as to be non-specific with respect to any single disorder
(e.g., epilepsy, ASD, SCZ, ID). The resultant phenotype in an in-
dividual is dependent on the impact of environmental factors
and/or the additive effects of other rare-variation and polygenic
risk. This model may also help explain the high unaffected carrier
rate for some inherited mutations, if one presumes that the
parent carrying the mutation lacks the polygenic risk that has
accumulated in the child. However, we are still a long way from
being able to confidently predict disorder phenotypes from mea-
surement of genetic risk.

As noted above, the basic data remain incomplete, and further
genetic discovery efforts are needed to derive secure and
enduring answers to these fundamental questions. We do note
that the concept of individual architecture also spans multiple
other architectures described in this Review, which will be
essential to understanding mechanisms and focused therapeu-
tics in the individual.

Sex Differences

The genetic and pathophysiological explanations for sex differ-
ences in psychiatric disorders remain poorly understood, but
the advances in gene discovery described here provide a new
foundation to fuel studies in this important area. Many psychiat-
ric disorders show a different prevalence or onset in males and
females (Seedat et al., 2009). For example, marked sex differ-
ences in lifetime risk are apparent for ADHD, AN, ASD, MDD,
and SCZ (Hudson et al., 2007; Martin et al., 2018b; Philippe
et al., 1999). Whether sex differences are due to differential
vulnerability, diverging behavioral/cognitive manifestations,
and/or observer bias is not known with clarity but is likely to differ
across diagnoses. For example, in ASD, genetic and functional
genomic evidence suggests the presence of female protective
factors based in brain function and structure (Robinson et al.,
2013; Werling and Geschwind, 2013; Werling et al., 2016),
whereas in MDD or ALC, social factors likely may have a larger
role (Riecher-Réssler, 2017). Understanding the basis of sex dif-
ferences may provide critical clues for pathophysiology and
could inform diagnosis and treatment.

What’s the Endgame?

It is essential to consider what is required to improve the diag-
nosis and treatment of individuals with severe psychiatric disor-
ders. An extreme possibility is that achieving this intention could
require a full understanding of the development of the human
brain. Achieving this intention is unlikely to occur in the foresee-
able future. However, there are indications from other areas of
medicine that full understanding of a pathological process is
not required to improve therapeutics. For instance, the causes
of melanoma are not fully worked out, but the advent of check-
point inhibitors—based on several key pieces of the melanoma
puzzle—has markedly improved outcomes for disseminated
disease.

A reasonable, and not overly optimistic, answer is that a solid
beachhead is needed —a definite, reproducible, and clear iden-
tification of a neurobiological process conferring risk or protec-
tion for a psychiatric disorder. With such knowledge, the field
changes markedly: beachheads become lodgements, lodeg-
ments become full theaters of engagement, and manifest prog-
ress becomes achievable. Instead of discovering medicines by

accident and happenstance (as with virtually all prototypic med-
ications used in clinical psychiatry), the power of modern rational
drug design can be implemented.

To achieve this end, we suggest the need for a concerted
global effort. We are far from being able to confidently predict dis-
order phenotypes from measurement of genetic risk. Given the
marked progress to date, we believe it sensible to continue large
and comprehensive gene-discovery efforts. Such efforts are now
clearly incomplete, but definable stopping points can be articu-
lated (e.g., either where genetic discovery reaches an asymptote
or if new discoveries only replicate known functional and cellular
architectures). This will require working with groups traditionally
underrepresented in psychiatric research to attain an inclusive
and complete understanding of the contribution to disease in in-
dividuals with non-European ancestries. Discovery efforts across
multiple architectures are warranted to understand the individual
architecture that underlies disease risk and pathophysiology.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found with this article online at https://doi.
org/10.1016/j.cell.2019.01.015.

ACKNOWLEDGMENTS

We thank two anonymous reviewers for helpful critiques. P.F.S. was supported
by the Swedish Research Council (Vetenskapsradet, award D0886501), the
Horizon 2020 Program of the European Union (COSYN, RIA grant agreement
no. 610307), and US NIMH (U0O1 MH109528 and RO1 MH077139). The PGC
Substance Use Disorders Working Group receives support from the National
Institute on Drug Abuse and the National Institute of Mental Health (UO1
MH109532). D.H.G. was supported by US NIMH (RO1 MH100027, RO1
MHO081754, UO01 MH115746U01, MH105991, R0O1 MH109912, RO1
MH110927), the Hartwell Foundation, and the Simons Foundation (206744
and 239766). For assistance with Table 1, Table S1, and Figure 3A, we thank
the PGC BIP group (Ole Andreassen, Eli Stahl, and Andreas Forstner), PGC
Eating Disorders group (Cynthia Bulik), PGC MDD group (Cathryn Lewis and
Andrew Mclntosh), PGC OCD/Tourette’s group (Carol Mathews, Jeremiah
Scharf, Dongmei Yu, Manuel Mattheisen, and James Crowley), PGC PTSD
group (Caroline Nievergelt), PGC SCZ group (Mick O’Donovan), and PGC
SUD group (Arpana Agrawal, Howard Edenberg, and Joel Gelernter). We thank
Damon Pouliadakis for assistance with Figure 4.

DECLARATION OF INTERESTS

P.F.S. reports the following potentially competing financial interests. Current:
Lundbeck (advisory committee, grant recipient). Past three years: Pfizer (sci-
entific advisory board), Element Genomics (consultation fee), and Roche
(speaker reimbursement). D.H.G. has the following disclosures: Research
funding from Takeda pharmaceuticals and Roche for work in neurodegenera-
tive diseases. He has served as a scientific advisor for Falcon Computing, Axial
Biosciences, Acurastem, and Third Rock Ventures, on topics not directly
related to the work reviewed in this manuscript. He also serves as a scientific
advisor for Ovid Therapeutics, which is developing therapeutics for rare neuro-
developmental disorders.

WEB RESOURCES

Psychiatric Genomics Consortium, http://www.med.unc.edu/pgc/

PsychENCODE Consortium, https://www.synapse.org//#!Synapse:syn4921369/
wiki/235539

Simons Simplex Collection, https://www.sfari.org/resource/sfari-base

Autism Whole-Genome Sequence (AGRE, iHART), http://www.ihart.org/data;
https://research.mss.ng

Cell 177, March 21, 2019 177


https://doi.org/10.1016/j.cell.2019.01.015
https://doi.org/10.1016/j.cell.2019.01.015
http://www.med.unc.edu/pgc/
https://www.synapse.org//#!Synapse:syn4921369/wiki/235539
https://www.synapse.org//#!Synapse:syn4921369/wiki/235539
https://www.sfari.org/resource/sfari-base
http://www.ihart.org/data
https://research.mss.ng

REFERENCES

Abrahams, B.S., and Geschwind, D.H. (2008). Advances in autism genetics: on
the threshold of a new neurobiology. Nat. Rev. Genet. 9, 341-355.

Antilla, V., Bulik-Sullivan, B., Finucane, H.K., Walters, R.K., Bras, J., Duncan,
L., Escott-Price, V., Falcone, G.J., Gormley, P., Malik, R., et al.; Brainstorm
Consortium (2018). Analysis of shared heritability in common disorders of
the brain. Science 360.

Amold, C.D., Gerlach, D., Stelzer, C., Boryn, L.M., Rath, M., and Stark, A.
(2013). Genome-wide quantitative enhancer activity maps identified by
STARR-seq. Science 339, 1074-1077.

Barabasi, A.L., Gulbahce, N., and Loscalzo, J. (2011). Network medicine: a
network-based approach to human disease. Nat. Rev. Genet. 12, 56-68.

Battle, A., Brown, C.D., Engelhardt, B.E., and Montgomery, S.B.; GTEx Con-
sortium; Laboratory, Data Analysis &Coordinating Center (LDACC)—Analysis
Working Group; Statistical Methods groups—Analysis Working Group;
Enhancing GTEx (eGTEXx) groups; NIH Common Fund; NIH/NCI; NIH/NHGRI;
NIH/NIMH; NIH/NIDA; Biospecimen Collection Source Site—NDRI; Bio-
specimen Collection Source Site—RPCI; Biospecimen Core Resource—
VARI; Brain Bank Repository—University of Miami Brain Endowment Bank;
Leidos Biomedical—Project Management; ELSI Study; Genome Browser
Data Integration &Visualization—EBI; Genome Browser Data Integration
&Visualization—UCSC Genomics Institute, University of California Santa
Cruz; Lead analysts; Laboratory, Data Analysis &Coordinating Center
(LDACC); NIH program management; Biospecimen collection; Pathology;
eQTL manuscript working group (2017). Genetic effects on gene expression
across human tissues. Nature 550, 204-213.

Berto, S., Usui, N., Konopka, G., and Fogel, B.L. (2016). ELAVL2-regulated
transcriptional and splicing networks in human neurons link neurodevelop-
ment and autism. Hum. Mol. Genet. 25, 2451-2464.

Biesecker, L.G., and Green, R.C. (2014). Diagnostic clinical genome and
exome sequencing. N. Engl. J. Med. 370, 2418-2425.

Billstedt, E., Gillberg, I.C., and Gillberg, C. (2007). Autism in adults: symptom
patterns and early childhood predictors. Use of the DISCO in a community
sample followed from childhood. J. Child Psychol. Psychiatry 48, 1102-1110.
Border, R., Johnson, E.C., Evans, L.M., Smolen, A., Berley, N., Sullivan, P.F.,
and Keller, M.C. (2019). No support for candidate gene or candidate gene-by-
interaction hypotheses for major depression across multiple large samples.
Am. J. Psychiatry. https://doi.org/10.1176/appi.ajp.2018.18070881.

Brand, H., Pillalamarri, V., Collins, R.L., Eggert, S., O’'Dushlaine, C., Braaten,
E.B., Stone, M.R., Chambert, K., Doty, N.D., Hanscom, C., et al. (2014). Cryptic
and complex chromosomal aberrations in early-onset neuropsychiatric disor-
ders. Am. J. Hum. Genet. 95, 454-461.

Bryois, J., Skene, N.G., Hansen, T.F., Kogelman, L.J.A., and Watson, H.J.;
Eating Disorders Working Group of the Psychiatric Genomics Consortium, In-
ternational Headache Genetics Consortium, The 23andMe Research Team
(2019). Genetic Identification of Cell Types Underlying Brain Complex Traits
Yields Novel Insights Into the Etiology of Parkinson’s Disease. bioRxiv.
https://doi.org/10.1101/528463.

Bucan, M., Abrahams, B.S., Wang, K., Glessner, J.T., Herman, E.I., Sonnen-
blick, L.I., Alvarez Retuerto, A.l., Imielinski, M., Hadley, D., Bradfield, J.P.,
et al. (2009). Genome-wide analyses of exonic copy number variants in a fam-
ily-based study point to novel autism susceptibility genes. PLoS Genet. 5,
e1000536.

Buja, A., Volfovsky, N., Krieger, A.M., Lord, C., Lash, A.E., Wigler, M., and los-
sifov, I. (2018). Damaging de novo mutations diminish motor skills in children
on the autism spectrum. Proc. Natl. Acad. Sci. USA 115, E1859-E1866.
Bulik-Sullivan, B.K., Loh, P.R., Finucane, H.K., Ripke, S., Yang, J., Patterson,
N., Daly, M.J., Price, A.L., and Neale, B.M.; Schizophrenia Working Group of
the Psychiatric Genomics Consortium (2015). LD Score regression distin-
guishes confounding from polygenicity in genome-wide association studies.
Nat. Genet. 47, 291-295.

Buxbaum, J.D., Daly, M.J., Devlin, B., Lehner, T., Roeder, K., and State, M.W.;
Autism Sequencing Consortium (2012). The autism sequencing consortium:

178 Cell 177, March 21, 2019

large-scale, high-throughput sequencing in autism spectrum disorders.
Neuron 76, 1052-1056.

Cichon, S., Craddock, N., Daly, M., Faraone, S.V., Gejman, P.V., Kelsoe, J.,
Lehner, T., Levinson, D.F., Moran, A., Sklar, P., et al.; Psychiatric GWAS Con-
sortium Coordinating Committee (2009). Genomewide association studies:
history, rationale, and prospects for psychiatric disorders. Am. J. Psychiatry
166, 540-556.

Conesa, A., Madrigal, P., Tarazona, S., Gomez-Cabrero, D., Cervera, A.,
McPherson, A., Szczesniak, M.W., Gaffney, D.J., Elo, L.L., Zhang, X., et al.
(2016). A survey of best practices for RNA-seq data analysis. Genome Biol. 17.

Conrad, D.F., Pinto, D., Redon, R., Feuk, L., Gokcumen, O., Zhang, Y., Aerts,
J., Andrews, T.D., Barnes, C., Campbell, P., et al.; Wellcome Trust Case Con-
trol Consortium (2010). Origins and functional impact of copy number variation
in the human genome. Nature 464, 704-712.

CONVERGE consortium (2015). Sparse whole-genome sequencing identifies
two loci for major depressive disorder. Nature 523, 588-591.

Corominas, R., Yang, X., Lin, G.N., Kang, S., Shen, Y., Ghamsari, L., Broly, M.,
Rodriguez, M., Tam, S., Trigg, S.A., et al. (2014). Protein interaction network of
alternatively spliced isoforms from brain links genetic risk factors for autism.
Nat. Commun. 5, 3650.

Corvin, A., Craddock, N., and Sullivan, P.F. (2010). Genome-wide association
studies: a primer. Psychol. Med. 40, 1063-1077.

Cotney, J., Muhle, R.A., Sanders, S.J., Liu, L., Willsey, A.J., Niu, W., Liu, W.,
Klei, L., Lei, J., Yin, J., et al. (2015). The autism-associated chromatin modifier
CHDS8 regulates other autism risk genes during human neurodevelopment.
Nat. Commun. 6, 6404.

Cross-Disorder Group of the Psychiatric Genomics Consortium (2013). Identi-
fication of risk loci with shared effects on five major psychiatric disorders: a
genome-wide analysis. Lancet 387, 1371-1379.

Cusanovich, D.A., Hill, A.J., Aghamirzaie, D., Daza, R.M., Pliner, H.A., Berletch,
J.B., Filippova, G.N., Huang, X., Christiansen, L., DeWitt, W.S., et al. (2018a). A
Single-Cell Atlas of In Vivo Mammalian Chromatin Accessibility. Cell 174,
1309-1324.

Cusanovich, D.A., Reddington, J.P., Garfield, D.A., Daza, R.M., Aghamirzaie,
D., Marco-Ferreres, R., Pliner, H.A., Christiansen, L., Qiu, X., Steemers, F.J.,
et al. (2018b). The cis-regulatory dynamics of embryonic development at sin-
gle-cell resolution. Nature 555, 538-542.

de Bruin, E.I., Ferdinand, R.F., Meester, S., de Nijs, P.F., and Verheij, F. (2007).
High rates of psychiatric co-morbidity in PDD-NOS. J. Autism Dev. Disord. 37,
877-886.

de la Torre-Ubieta, L., Won, H., Stein, J.L., and Geschwind, D.H. (2016).
Advancing the understanding of autism disease mechanisms through ge-
netics. Nat. Med. 22, 345-361.

de la Torre-Ubieta, L., Stein, J.L., Won, H., Opland, C.K., Liang, D., Lu, D., and
Geschwind, D.H. (2018). The Dynamic Landscape of Open Chromatin during
Human Cortical Neurogenesis. Cell 172, 289-304.

De Rubeis, S., He, X., Goldberg, A.P., Poultney, C.S., Samocha, K., Cicek,
A.E., Kou, Y., Liu, L., Fromer, M., Walker, S., et al.; DDD Study; Homozygosity
Mapping Collaborative for Autism; UK10K Consortium (2014). Synaptic, tran-
scriptional and chromatin genes disrupted in autism. Nature 575, 209-215.

Dekker, J., Marti-Renom, M.A., and Mirny, L.A. (2013). Exploring the three-
dimensional organization of genomes: interpreting chromatin interaction
data. Nat. Rev. Genet. 74, 390-403.

Dekker, J., Belmont, A.S., Guttman, M., Leshyk, V.O., Lis, J.T., Lomvardas, S.,
Mirny, L.A., O’Shea, C.C., Park, P.J., Ren, B., et al.; 4D Nucleome Network
(2017). The 4D nucleome project. Nature 549, 219-226.

Ecker, J.R., Bickmore, W.A., Barroso, |., Pritchard, J.K., Gilad, Y., and Segal,
E. (2012). Genomics: ENCODE explained. Nature 489, 52-55.

Ecker, J.R., Geschwind, D.H., Kriegstein, A.R., Ngai, J., Osten, P., Polioudakis,
D., Regeyv, A., Sestan, N., Wickersham, |.R., and Zeng, H. (2017). The BRAIN
Initiative Cell Census Consortium: Lessons Learned toward Generating a
Comprehensive Brain Cell Atlas. Neuron 96, 542-557.


http://refhub.elsevier.com/S0092-8674(19)30048-0/sref1
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref1
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref2
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref2
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref2
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref2
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref3
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref3
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref3
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref3
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref4
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref4
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref5
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref6
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref6
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref6
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref7
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref7
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref8
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref8
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref8
https://doi.org/10.1176/appi.ajp.2018.18070881
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref10
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref10
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref10
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref10
https://doi.org/10.1101/528463
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref12
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref12
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref12
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref12
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref12
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref13
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref13
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref13
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref14
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref14
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref14
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref14
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref14
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref15
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref15
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref15
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref15
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref16
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref16
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref16
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref16
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref16
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref17
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref17
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref17
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref17
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref18
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref18
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref18
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref18
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref19
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref19
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref20
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref20
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref20
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref20
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref21
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref21
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref22
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref22
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref22
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref22
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref23
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref23
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref23
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref24
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref24
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref24
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref24
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref25
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref25
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref25
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref25
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref26
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref26
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref26
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref27
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref27
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref27
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref28
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref28
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref28
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref29
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref29
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref29
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref29
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref30
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref30
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref30
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref31
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref31
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref31
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref32
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref32
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref33
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref33
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref33
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref33

ENCODE Project Consortium (2011). A user’s guide to the encyclopedia of
DNA elements (ENCODE). PLoS Biol. 9, e1001046.

Evrony, G.D., Lee, E., Park, P.J., and Walsh, C.A. (2016). Resolving rates of
mutation in the brain using single-neuron genomics. eLife 5.

Farrell, M.S., Werge, T., Sklar, P., Owen, M.J., Ophoff, R.A., O’'Donovan, M.C.,
Corvin, A., Cichon, S., and Sullivan, P.F. (2015). Evaluating historical candidate
genes for schizophrenia. Mol. Psychiatry 20, 555-562.

Finucane, H.K., Reshef, Y.A., Anttila, V., Slowikowski, K., Gusev, A., Byrnes,
A., Gazal, S., Loh, P.R., Lareau, C., Shoresh, N., et al.; Brainstorm Consortium
(2018). Heritability enrichment of specifically expressed genes identifies dis-
ease-relevant tissues and cell types. Nat. Genet. 50, 621-629.

Fischbach, G.D., and Lord, C. (2010). The Simons Simplex Collection: a
resource for identification of autism genetic risk factors. Neuron 68, 192-195.

Fogel, B.L., Wexler, E., Wahnich, A., Friedrich, T., Vijayendran, C., Gao, F., Par-
ikshak, N., Konopka, G., and Geschwind, D.H. (2012). RBFOX1 regulates both
splicing and transcriptional networks in human neuronal development. Hum.
Mol. Genet. 27, 4171-4186.

Fromer, M., Roussos, P., Sieberts, S.K., Johnson, J.S., Kavanagh, D.H., Peru-
mal, T.M., Ruderfer, D.M., Oh, E.C., Topol, A., Shah, H.R., et al. (2016). Gene
expression elucidates functional impact of polygenic risk for schizophrenia.
Nat. Neurosci. 19, 1442-1453.

Fu, W., O’Connor, T.D., Jun, G., Kang, H.M., Abecasis, G., Leal, S.M., Gabriel,
S., Rieder, M.J., Altshuler, D., Shendure, J., et al.; NHLBI Exome Sequencing
Project (2013). Analysis of 6,515 exomes reveals the recent origin of most hu-
man protein-coding variants. Nature 493, 216-220.

Fullard, J.F., Hauberg, M.E., Bendl, J., Egervari, G., Cirnaru, M.D., Reach,
S.M., Motl, J., Ehrlich, M.E., Hurd, Y.L., and Roussos, P. (2018). An atlas of
chromatin accessibility in the adult human brain. Genome Res. 28, 1243-1252.

Gandal, M.J., Leppa, V., Won, H., Parikshak, N.N., and Geschwind, D.H.
(2016). The road to precision psychiatry: translating genetics into disease
mechanisms. Nat. Neurosci. 719, 1397-1407.

Gandal, M.J., Haney, J.R., Parikshak, N.N., Leppa, V., Ramaswami, G., Hartl,
C., Schork, A.J., Appadurai, V., Buil, A., Werge, T.M., et al.; CommonMind
Consortium; PsychENCODE Consortium; iPSYCH-BROAD Working Group
(2018a). Shared molecular neuropathology across major psychiatric disorders
parallels polygenic overlap. Science 359, 693-697.

Gandal, M.J., Zhang, P., Hadjimichael, E., Walker, R.L., Chen, C., Liu, S., Won,
H., van Bakel, H., Varghese, M., Wang, Y., et al.; PsychENCODE Consortium
(2018b). Transcriptome-wide isoform-level dysregulation in ASD, schizo-
phrenia, and bipolar disorder. Science 362.

Gaugler, T., Klei, L., Sanders, S.J., Bodea, C.A., Goldberg, A.P., Lee, A.B., Ma-
hajan, M., Manaa, D., Pawitan, Y., Reichert, J., et al. (2014). Most genetic risk
for autism resides with common variation. Nat. Genet. 46, 881-885.

GBD 2016 Disease and Injury Incidence and Prevalence Collaborators (2017).
Global, regional, and national incidence, prevalence, and years lived with
disability for 328 diseases and injuries for 195 countries, 1990-2016: a system-
atic analysis for the Global Burden of Disease Study 2016. Lancet 390,
1211-1259.

Genovese, G., Fromer, M., Stahl, E.A., Ruderfer, D.M., Chambert, K., Landén,
M., Moran, J.L., Purcell, S.M., Sklar, P., Sullivan, P.F., et al. (2016). Increased
burden of ultra-rare protein-altering variants among 4,877 individuals with
schizophrenia. Nat. Neurosci. 19, 1433-1441.

Geschwind, D.H. (2009). Advances in autism. Annu. Rev. Med. 60, 367-380.

Geschwind, D.H., and Flint, J. (2015). Genetics and genomics of psychiatric
disease. Science 349, 1489-1494.

Geschwind, D.H., and Konopka, G. (2009). Neuroscience in the era of func-
tional genomics and systems biology. Nature 467, 908-915.

Geschwind, D.H., and Levitt, P. (2007). Autism spectrum disorders: develop-
mental disconnection syndromes. Curr. Opin. Neurobiol. 77, 103-111.

Geschwind, D.H., and Rakic, P. (2013). Cortical evolution: judge the brain by its
cover. Neuron 80, 633-647.

Geschwind, D.H., Sowinski, J., Lord, C., Iversen, P., Shestack, J., Jones, P.,
Ducat, L., and Spence, S.J.; AGRE Steering Committee (2001). The autism ge-
netic resource exchange: a resource for the study of autism and related neuro-
psychiatric conditions. Am. J. Hum. Genet. 69, 463-466.

Gilman, S.R., lossifov, I., Levy, D., Ronemus, M., Wigler, M., and Vitkup, D.
(2011). Rare de novo variants associated with autism implicate a large func-
tional network of genes involved in formation and function of synapses. Neuron
70, 898-907.

Gilman, S.R., Chang, J., Xu, B., Bawa, T.S., Gogos, J.A., Karayiorgou, M., and
Vitkup, D. (2012). Diverse types of genetic variation converge on functional
gene networks involved in schizophrenia. Nat. Neurosci. 15, 1723-1728.

Glausier, J.R., and Lewis, D.A. (2018). Mapping pathologic circuitry in schizo-
phrenia. Handb. Clin. Neurol. 150, 389-417.

Gronberg, H., Adolfsson, J., Aly, M., Nordstrém, T., Wiklund, P., Brandberg, Y.,
Thompson, J., Wiklund, F., Lindberg, J., Clements, M., et al. (2015). Prostate
cancer screening in men aged 50-69 years (STHLM3): a prospective popula-
tion-based diagnostic study. Lancet Oncol. 16, 1667-1676.

Grove, J., Ripke, S., Als, T.D., Mattheisen, M., Walters, R.K., Won, H., Pallesen,
J., Agerbo, E., Andreassen, O.A., Anney, R., et al. (2019). Identification of com-
mon risk variants for autism spectrum disorder. Nat. Genet. https://doi.org/10.
1038/s41588-019-0344-8.

Gulsuner, S., Walsh, T., Watts, A.C., Lee, M.K., Thornton, A.M., Casadei, S.,
Rippey, C., Shahin, H., Nimgaonkar, V.L., Go, R.C., et al.; Consortium on the
Genetics of Schizophrenia (COGS); PAARTNERS Study Group (2013). Spatial
and temporal mapping of de novo mutations in schizophrenia to a fetal pre-
frontal cortical network. Cell 154, 518-529.

Guseyv, A., Mancuso, N., Won, H., Kousi, M., Finucane, H.K., Reshef, Y., Song,
L., Safi, A., McCarroll, S., Neale, B.M., et al.; Schizophrenia Working Group of
the Psychiatric Genomics Consortium (2018). Transcriptome-wide association
study of schizophrenia and chromatin activity yields mechanistic disease in-
sights. Nat. Genet. 50, 538-548.

Hardwick, S.A., Deveson, I.W., and Mercer, T.R. (2017). Reference standards
for next-generation sequencing. Nat. Rev. Genet. 18, 473-484.

Hauberg, M.E., Zhang, W., Giambartolomei, C., Franzén, O., Morris, D.L.,
Vyse, T.J., Ruusalepp, A., Sklar, P., Schadt, E.E., Bjorkegren, J.L.M., and
Roussos, P.; CommonMind Consortium (2017). Large-Scale Identification of
Common Trait and Disease Variants Affecting Gene Expression. Am. J.
Hum. Genet. 7100, 885-894.

Hook, P.W., and McCallion, A.S. (2018). Heritability enrichment in open chro-
matin reveals cortical layer contributions to schizophrenia. bioRxiv. https://doi.
org/10.1101/427484.

Hormozdiari, F., Penn, O., Borenstein, E., and Eichler, E.E. (2015). The discov-
ery of integrated gene networks for autism and related disorders. Genome
Res. 25, 142-154.

Horn, H., Lawrence, M.S., Chouinard, C.R., Shrestha, Y., Hu, J.X., Worstell, E.,
Shea, E., llic, N., Kim, E., Kamburov, A., et al. (2018). NetSig: network-based
discovery from cancer genomes. Nat. Methods 75, 61-66.

Howlin, P., and Magiati, I. (2017). Autism spectrum disorder: outcomes in
adulthood. Curr. Opin. Psychiatry 30, 69-76.

Hudson, J.I., Hiripi, E., Pope, H.G., Jr., and Kessler, R.C. (2007). The preva-
lence and correlates of eating disorders in the National Comorbidity Survey
Replication. Biol. Psychiatry 67, 348-358.

International Molecular Genetic Study of Autism Consortium (IMGSAC) (2001).
A genomewide screen for autism: strong evidence for linkage to chromosomes
2q, 7q, and 16p. Am. J. Hum. Genet. 69, 570-581.

loannidis, J.P. (2005). Why most published research findings are false. PLoS
Med. 2, e124.

lossifov, I., Ronemus, M., Levy, D., Wang, Z., Hakker, |., Rosenbaum, J., Yam-
rom, B., Lee, Y.H., Narzisi, G., Leotta, A., et al. (2012). De novo gene disrup-
tions in children on the autistic spectrum. Neuron 74, 285-299.

lossifov, I., O’Roak, B.J., Sanders, S.J., Ronemus, M., Krumm, N., Levy, D.,
Stessman, H.A., Witherspoon, K.T., Vives, L., Patterson, K.E., et al. (2014).

Cell 177, March 21,2019 179


http://refhub.elsevier.com/S0092-8674(19)30048-0/sref34
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref34
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref35
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref35
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref36
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref36
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref36
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref37
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref37
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref37
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref37
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref38
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref38
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref39
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref39
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref39
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref39
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref40
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref40
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref40
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref40
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref41
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref41
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref41
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref41
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref42
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref42
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref42
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref43
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref43
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref43
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref44
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref44
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref44
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref44
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref44
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref45
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref45
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref45
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref45
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref46
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref46
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref46
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref47
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref47
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref47
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref47
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref47
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref48
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref48
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref48
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref48
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref49
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref50
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref50
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref51
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref51
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref52
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref52
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref53
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref53
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref54
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref54
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref54
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref54
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref55
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref55
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref55
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref55
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref56
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref56
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref56
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref57
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref57
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref58
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref58
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref58
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref58
https://doi.org/10.1038/s41588-019-0344-8
https://doi.org/10.1038/s41588-019-0344-8
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref60
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref60
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref60
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref60
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref60
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref61
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref61
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref61
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref61
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref61
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref62
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref62
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref63
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref63
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref63
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref63
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref63
https://doi.org/10.1101/427484
https://doi.org/10.1101/427484
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref65
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref65
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref65
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref66
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref66
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref66
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref67
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref67
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref68
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref68
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref68
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref69
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref69
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref69
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref70
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref70
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref71
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref71
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref71
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref72
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref72

The contribution of de novo coding mutations to autism spectrum disorder.
Nature 515, 216-221.

Kendall, K.M., Rees, E., Escott-Price, V., Einon, M., Thomas, R., Hewitt, J.,
O’Donovan, M.C., Owen, M.J., Walters, J.T.R., and Kirov, G. (2017). Cognitive
Performance Among Carriers of Pathogenic Copy Number Variants: Analysis
of 152,000 UK Biobank Subjects. Biol. Psychiatry 82, 103-110.

Khera, A.V., Chaffin, M., Aragam, K.G., Haas, M.E., Roselli, C., Choi, S.H., Na-
tarajan, P., Lander, E.S., Lubitz, S.A., Ellinor, P.T., and Kathiresan, S. (2018).
Genome-wide polygenic scores for common diseases identify individuals
with risk equivalent to monogenic mutations. Nat. Genet. 50, 1219-1224.

Kirov, G. (2015). CNVs in neuropsychiatric disorders. Hum. Mol. Genet. 24
(R1), R45-R49.

Krumm, N., Turner, T.N., Baker, C., Vives, L., Mohajeri, K., Witherspoon, K.,
Raja, A., Coe, B.P., Stessman, H.A., He, Z.X., et al. (2015). Excess of rare, in-
herited truncating mutations in autism. Nat. Genet. 47, 582-588.

Kundaje, A., Meuleman, W., Ernst, J., Bilenky, M., Yen, A., Heravi-Moussavi,
A., Kheradpour, P., Zhang, Z., Wang, J., Ziller, M.J., et al.; Roadmap Epige-
nomics Consortium (2015). Integrative analysis of 111 reference human epige-
nomes. Nature 578, 317-330.

Lajonchere, C.M.; AGRE Consortium (2010). Changing the landscape of
autism research: the autism genetic resource exchange. Neuron 68, 187-191.
Lam, M., Chen, C.-Y., Li, Z., Martin, A., Bryois, J., Ma, X., Gaspar, H., Ikeda, M.,
Benyamin, B., Brown, B.C., et al.; Psychiatric Genomics Consortium - Schizo-
phrenia Working Group; Indonesia Schizophrenia Consortium; Genetic
REsearch on schizophreniA neTwork-China and Netherland (GREAT-CN)
(2018). Comparative genetic architectures of schizophrenia in East Asian
and European populations. bioRxiv. https://doi.org/10.1101/445874.

Lee, S.H., Ripke, S., Neale, B.M., Faraone, S.V., Purcell, S.M., Perlis, R.H.,
Mowry, B.J., Thapar, A., Goddard, M.E., Witte, J.S., et al.; Cross-Disorder
Group of the Psychiatric Genomics Consortium; International Inflammatory
Bowel Disease Genetics Consortium (IIBDGC) (2013). Genetic relationship be-
tween five psychiatric disorders estimated from genome-wide SNPs. Nat.
Genet. 45, 984-994.

Levinson, D.F., Mostafavi, S., Milaneschi, Y., Rivera, M., Ripke, S., Wray, N.R.,
and Sullivan, P.F. (2014). Genetic studies of major depressive disorder: why
are there no genome-wide association study findings and what can we do
about it? Biol. Psychiatry 76, 510-512.

Lewis, C.M., and Vassos, E. (2017). Prospects for using risk scores in poly-
genic medicine. Genome Med. 9, 96.

Li, J., Shi, M., Ma, Z., Zhao, S., Euskirchen, G., Ziskin, J., Urban, A., Hallmayer,
J., and Snyder, M. (2014). Integrated systems analysis reveals a molecular
network underlying autism spectrum disorders. Mol. Syst. Biol. 10, 774.

Li, M., Santpere, G., Imamura Kawasawa, Y., Evgrafov, O.V., Gulden, F.O., Po-
chareddy, S., Sunkin, S.M., Li, Z., Shin, Y., Zhu, Y., et al.; BrainSpan Con-
sortium; PsychENCODE Consortium; PsychENCODE Developmental Sub-
group (2018). Integrative functional genomic analysis of human brain
development and neuropsychiatric risks. Science 362.

Lin, G.N., Corominas, R., Lemmens, |., Yang, X., Tavernier, J., Hill, D.E., Vidal,
M., Sebat, J., and lakoucheva, L.M. (2015). Spatiotemporal 16p11.2 protein
network implicates cortical late mid-fetal brain development and KCTD13-
Cul3-RhoA pathway in psychiatric diseases. Neuron 85, 742-754.

Liu, X., Finucane, H.K., Gusev, A., Bhatia, G., Gazal, S., O’Connor, L., Bulik-
Sullivan, B., Wright, F.A., Sullivan, P.F., Neale, B.M., and Price, A.L. (2017a).
Functional Architectures of Local and Distal Regulation of Gene Expression
in Multiple Human Tissues. Am. J. Hum. Genet. 100, 605-616.

Liu, Y., Yu, S., Dhiman, V.K., Brunetti, T., Eckart, H., and White, K.P. (2017b).
Functional assessment of human enhancer activities using whole-genome
STARR-sequencing. Genome Biol. 18, 219.

Lowther, C., Costain, G., Baribeau, D.A., and Bassett, A.S. (2017). Genomic
Disorders in Psychiatry-What Does the Clinician Need to Know? Curr. Psychi-
atry Rep. 19, 82.

Luo, R., Sanders, S.J., Tian, Y., Voineagu, |., Huang, N., Chu, S.H., Klei, L., Cai,
C., Ou, J., Lowe, J.K., et al. (2012). Genome-wide transcriptome profiling re-

180 Cell 177, March 21, 2019

veals the functional impact of rare de novo and recurrent CNVs in autism spec-
trum disorders. Am. J. Hum. Genet. 97, 38-55.

Malhotra, D., and Sebat, J. (2012). CNVs: harbingers of a rare variant revolution
in psychiatric genetics. Cell 7148, 1223-1241.

Marouli, E., Graff, M., Medina-Gomez, C., Lo, K.S., Wood, A.R., Kjaer, T.R.,
Fine, R.S., Lu, Y., Schurmann, C., Highland, H.M., et al. (2017). Rare and
low-frequency coding variants alter human adult height. Nature 542, 186-190.

Marshall, C.R., Howrigan, D.P., Merico, D., Thiruvahindrapuram, B., Wu, W.,
Greer, D.S., Antaki, D., Shetty, A., Holmans, P.A., Pinto, D., et al.; Psychosis
Endophenotypes International Consortium; CNV and Schizophrenia Working
Groups of the Psychiatric Genomics Consortium (2017). Contribution of
copy number variants to schizophrenia from a genome-wide study of 41,321
subjects. Nat. Genet. 49, 27-35.

Martin, A.R., Gignoux, C.R., Walters, R.K., Wojcik, G.L., Neale, B.M., Gravel,
S., Daly, M.J., Bustamante, C.D., and Kenny, E.E. (2017). Human Demo-
graphic History Impacts Genetic Risk Prediction across Diverse Populations.
Am. J. Hum. Genet. 7100, 635-649.

Martin, J., Taylor, M.J., and Lichtenstein, P. (2018a). Assessing the evidence
for shared genetic risks across psychiatric disorders and traits. Psychol.
Med. 48, 1759-1774.

Martin, J., Walters, R.K., Demontis, D., Mattheisen, M., Lee, S.H., Robinson,
E., Brikell, I., Ghirardi, L., Larsson, H., Lichtenstein, P., et al.; 23andMe
Research Team; Psychiatric Genomics Consortium: ADHD Subgroup; iP-
SYCH-Broad ADHD Workgroup (2018b). A Genetic Investigation of Sex Bias
in the Prevalence of Attention-Deficit/Hyperactivity Disorder. Biol. Psychiatry
83, 1044-1053.

McCarthy, M.I., and Mahajan, A. (2018). The value of genetic risk scores in pre-
cision medicine for diabetes. Expert Rev. Precis. Med. Drug Dev. 3, 279-281.

McConnell, M.J., Moran, J.V., Abyzov, A., Akbarian, S., Bae, T., Cortes-Cir-
iano, I., Erwin, J.A., Fasching, L., Flasch, D.A., Freed, D., et al. (2017). Intersec-
tion of diverse neuronal genomes and neuropsychiatric disease: The Brain So-
matic Mosaicism Network. Science 356.

Mills, R.E., Walter, K., Stewart, C., Handsaker, R.E., Chen, K., Alkan, C., Aby-
zov, A., Yoon, S.C., Ye, K., Cheetham, R.K., et al.; 1000 Genomes Project
(2011). Mapping copy number variation by population-scale genome
sequencing. Nature 470, 59-65.

Moldin, S.0O. (2003). NIMH Human Genetics Initiative: 2003 update. Am. J. Psy-
chiatry 160, 621-622.

Nelson, M.R., Wegmann, D., Ehm, M.G., Kessner, D., St Jean, P., Verzilli, C.,
Shen, J., Tang, Z., Bacanu, S.A., Fraser, D., et al. (2012). An abundance of
rare functional variants in 202 drug target genes sequenced in 14,002 people.
Science 337, 100-104.

Network and Pathway Analysis Subgroup of Psychiatric Genomics Con-
sortium (2015). Psychiatric genome-wide association study analyses implicate
neuronal, immune and histone pathways. Nat. Neurosci. 18, 199-209.

Nica, A.C., and Dermitzakis, E.T. (2013). Expression quantitative trait loci: pre-
sent and future. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368, 20120362.

Niemi, M.E.K., Martin, H.C., Rice, D.L., Gallone, G., Gordon, S., Kelemen, M.,
McAloney, K., McRae, J., Radford, E.J., Yu, S., et al. (2018). Common genetic
variants contribute to risk of rare severe neurodevelopmental disorders. Na-
ture 562, 268-271.

O’Roak, B.J., Vives, L., Girirajan, S., Karakoc, E., Krumm, N., Coe, B.P., Levy,
R., Ko, A, Lee, C., Smith, J.D., et al. (2012). Sporadic autism exomes reveal a
highly interconnected protein network of de novo mutations. Nature 485,
246-250.

Parikshak, N.N., Luo, R., Zhang, A., Won, H., Lowe, J.K., Chandran, V., Hor-
vath, S., and Geschwind, D.H. (2013). Integrative functional genomic analyses
implicate specific molecular pathways and circuits in autism. Cell 155,
1008-1021.

Parikshak, N.N., Gandal, M.J., and Geschwind, D.H. (2015). Systems biology
and gene networks in neurodevelopmental and neurodegenerative disorders.
Nat. Rev. Genet. 16, 441-458.


http://refhub.elsevier.com/S0092-8674(19)30048-0/sref72
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref72
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref73
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref73
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref73
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref73
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref74
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref74
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref74
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref74
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref75
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref75
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref76
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref76
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref76
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref77
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref77
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref77
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref77
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref78
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref78
https://doi.org/10.1101/445874
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref80
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref80
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref80
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref80
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref80
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref80
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref81
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref81
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref81
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref81
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref82
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref82
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref83
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref83
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref83
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref84
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref84
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref84
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref84
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref84
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref85
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref85
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref85
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref85
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref86
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref86
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref86
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref86
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref87
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref87
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref87
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref88
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref88
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref88
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref89
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref89
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref89
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref89
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref90
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref90
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref91
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref91
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref91
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref92
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref92
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref92
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref92
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref92
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref92
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref93
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref93
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref93
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref93
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref94
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref94
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref94
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref95
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref95
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref95
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref95
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref95
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref95
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref96
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref96
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref97
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref97
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref97
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref97
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref98
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref98
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref98
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref98
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref99
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref99
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref100
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref100
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref100
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref100
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref101
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref101
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref101
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref102
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref102
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref103
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref103
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref103
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref103
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref104
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref104
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref104
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref104
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref105
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref105
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref105
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref105
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref106
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref106
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref106

Parikshak, N.N., Swarup, V., Belgard, T.G., Irimia, M., Ramaswami, G., Gan-
dal, M.J., Hartl, C., Leppa, V., Ubieta, L.T., Huang, J., et al. (2016). Genome-
wide changes in IncRNA, splicing, and regional gene expression patterns in
autism. Nature 540, 423-427.

Philippe, A., Martinez, M., Guilloud-Bataille, M., Gillberg, C., Rastam, M.,
Sponheim, E., Coleman, M., Zappella, M., Aschauer, H., Van Maldergem, L.,
et al. (1999). Genome-wide scan for autism susceptibility genes. Paris Autism
Research International Sibpair Study. Hum. Mol. Genet. 8, 805-812.

Piper, M., Beneyto, M., Burne, T.H., Eyles, D.W., Lewis, D.A., and McGrath,
J.J. (2012). The neurodevelopmental hypothesis of schizophrenia: convergent
clues from epidemiology and neuropathology. Psychiatr. Clin. North Am. 35,
571-584.

Polderman, T.J., Benyamin, B., de Leeuw, C.A., Sullivan, P.F., van Bochoven,
A., Visscher, P.M., and Posthuma, D. (2015). Meta-analysis of the heritability of
human traits based on fifty years of twin studies. Nat. Genet. 47, 702-709.

Polioudakis, D., de la Torre-Ubieta, L., Langerman, J., Elkins, A.G., Stein, J.L.,
Vuong, C.K., Opland, C.K., Lu, D., Connell, W., Ruzzo, E.K., et al. (2018). A sin-
gle cell transcriptomic analysis of human neocortical development. bioRxiv.
https://doi.org/10.1101/401885.

Porter, R. (2002). Madness: A Brief History (Oxford: Oxford University Press).

PsychENCODE Consortium (2018). Revealing the brain’s molecular architec-
ture. Science 362, 1262-1263.

Psychiatric GWAS Consortium Steering Committee (2009). A framework for in-
terpreting genome-wide association studies of psychiatric disorders. Mol.
Psychiatry 14, 10-17.

Purcell, S.M., Wray, N.R., Stone, J.L., Visscher, P.M., O’Donovan, M.C., Sulli-
van, P.F., and Sklar, P.; International Schizophrenia Consortium (2009). Com-
mon polygenic variation contributes to risk of schizophrenia and bipolar disor-
der. Nature 460, 748-752.

Purcell, S.M., Moran, J.L., Fromer, M., Ruderfer, D., Solovieff, N., Roussos, P.,
O’Dushlaine, C., Chambert, K., Bergen, S.E., Kéhler, A, et al. (2014). A poly-
genic burden of rare disruptive mutations in schizophrenia. Nature 506,
185-190.

Redin, C., Brand, H., Collins, R.L., Kammin, T., Mitchell, E., Hodge, J.C., Han-
scom, C., Pillalamarri, V., Seabra, C.M., Abbott, M.A., et al. (2017). The
genomic landscape of balanced cytogenetic abnormalities associated with
human congenital anomalies. Nat. Genet. 49, 36-45.

Riecher-Rossler, A. (2017). Sex and gender differences in mental disorders.
Lancet Psychiatry 4, 8-9.

Risch, N., and Merikangas, K. (1996). The future of genetic studies of complex
human diseases. Science 273, 1516-1517.

Robinson, E.B., Lichtenstein, P., Anckarsater, H., Happé, F., and Ronald, A.
(2013). Examining and interpreting the female protective effect against autistic
behavior. Proc. Natl. Acad. Sci. USA 110, 5258-5262.

Ronemus, M., lossifov, I., Levy, D., and Wigler, M. (2014). The role of de novo
mutations in the genetics of autism spectrum disorders. Nat. Rev. Genet. 15,
133-141.

Rowley, M.J., and Corces, V.G. (2018). Organizational principles of 3D genome
architecture. Nat. Rev. Genet. 19, 789-800.

Ruzzo, E.K., Perez-Cano, L., Jung, J.-Y., Wang, L.-k., Kashef-Haghighi, D.,
Hartl, C., Hoekstra, J., Leventhal, O., Gandal, M.J., Paskov, K., et al. (2018).
Whole genome sequencing in multiplex families reveals novel inherited and
de novo genetic risk in autism. bioRxiv. https://doi.org/10.1101/338855.

Samocha, K.E., Robinson, E.B., Sanders, S.J., Stevens, C., Sabo, A,
McGrath, L.M., Kosmicki, J.A., Rehnstrom, K., Mallick, S., Kirby, A., et al.
(2014). A framework for the interpretation of de novo mutation in human dis-
ease. Nat. Genet. 46, 944-950.

Sanders, S.J., Ercan-Sencicek, A.G., Hus, V., Luo, R., Murtha, M.T., Moreno-
De-Luca, D., Chu, S.H., Moreau, M.P., Gupta, A.R., Thomson, S.A., et al.
(2011). Multiple recurrent de novo CNVs, including duplications of the
7911.23 Williams syndrome region, are strongly associated with autism.
Neuron 70, 863-885.

Sanders, S.J., Murtha, M.T., Gupta, A.R., Murdoch, J.D., Raubeson, M.J., Will-
sey, A.J., Ercan-Sencicek, A.G., DiLullo, N.M., Parikshak, N.N., Stein, J.L.,
et al. (2012). De novo mutations revealed by whole-exome sequencing are
strongly associated with autism. Nature 485, 237-241.

Sanders, S.J., He, X., Willsey, A.J., Ercan-Sencicek, A.G., Samocha, K.E., Ci-
cek, A.E., Murtha, M.T., Bal, V.H., Bishop, S.L., Dong, S., et al.; Autism
Sequencing Consortium (2015). Insights into Autism Spectrum Disorder
Genomic Architecture and Biology from 71 Risk Loci. Neuron 87, 1215-1233.

Sanders, S.J., Neale, B.M., Huang, H., Werling, D.M., An, J.Y., Dong, S., Abe-
casis, G., Arguello, P.A., Blangero, J., Boehnke, M., et al.; Whole Genome
Sequencing for Psychiatric Disorders (WGSPD) (2017). Whole genome
sequencing in psychiatric disorders: the WGSPD consortium. Nat. Neurosci.
20, 1661-1668.

Satterstrom, F.K., Kosmicki, J.A., Wang, J., Breen, M.S., De Rubeis, S., An, J.-
Y., Peng, M., Collins, R.L., Grove, J., Klei, L., et al. (2018a). Novel genes for
autism implicate both excitatory and inhibitory cell lineages in risk. bioRxiv.
https://doi.org/10.1101/484113.

Satterstrom, F.K., Walters, R.K., Singh, T., Wigdor, E.M., Lescai, F., Demontis,
D., Kosmicki, J.A., Grove, J., Stevens, C., Bybjerg-Grauholm, J., et al. (2018b).
ASD and ADHD have a similar burden of rare protein-truncating variants. bio-
Rxiv. https://doi.org/10.1101/277707.

Schizophrenia Working Group of the Psychiatric Genomics Consortium (2014).
Biological insights from 108 schizophrenia-associated genetic loci. Nature
511, 421-427.

Schork, A.J., Won, H., Appadurai, V., Nudel, R., Gandal, M., Delaneau, O., Re-
vsbech-Christiansen, M., Hougsaard, D., Beekved-Hansen, M., Bybjerg-Grau-
holm, J., et al. (2019). A genome-wide association study for shared risk across
major psychiatric disorders in a nation-wide birth cohort implicates fetal neuro-
development as a key mediator. Nat. Neurosci 22, 353-361.

Sebat, J., Lakshmi, B., Malhotra, D., Troge, J., Lese-Martin, C., Walsh, T,
Yamrom, B., Yoon, S., Krasnitz, A., Kendall, J., et al. (2007). Strong association
of de novo copy number mutations with autism. Science 316, 445-449.

Sebat, J., Lakshmi, B., Troge, J., Alexander, J., Young, J., Lundin, P., Manér,
S., Massa, H., Walker, M., Chi, M., et al. (2004). Large-scale copy number poly-
morphism in the human genome. Science 305, 525-528.

Seedat, S., Scott, K.M., Angermeyer, M.C., Berglund, P., Bromet, E.J.,
Brugha, T.S., Demyttenaere, K., de Girolamo, G., Haro, J.M., Jin, R., et al.
(2009). Cross-national associations between gender and mental disorders in
the World Health Organization World Mental Health Surveys. Arch. Gen. Psy-
chiatry 66, 785-795.

Sekar, A., Bialas, A.R., de Rivera, H., Davis, A., Hammond, T.R., Kamitaki, N.,
Tooley, K., Presumey, J., Baum, M., Van Doren, V., et al.; Schizophrenia Work-
ing Group of the Psychiatric Genomics Consortium (2016). Schizophrenia risk
from complex variation of complement component 4. Nature 530, 177-183.

Shieh, Y., Hu, D., Ma, L., Huntsman, S., Gard, C.C., Leung, J.W., Tice, J.A., Va-
chon, C.M., Cummings, S.R., Kerlikowske, K., and Ziv, E. (2016). Breast can-
cer risk prediction using a clinical risk model and polygenic risk score. Breast
Cancer Res. Treat. 159, 513-525.

Short, P.J., McRae, J.F., Gallone, G., Sifrim, A., Won, H., Geschwind, D.H.,
Wright, C.F., Firth, H.V., FitzPatrick, D.R., Barrett, J.C., and Hurles, M.E.
(2018). De novo mutations in regulatory elements in neurodevelopmental dis-
orders. Nature 555, 611-616.

Singh, T., Kurki, M.I., Curtis, D., Purcell, S.M., Crooks, L., McRae, J., Suvisaari,
J., Chheda, H., Blackwood, D., Breen, G., et al.; Swedish Schizophrenia Study;
INTERVAL Study; DDD Study; UK10 K Consortium (2016). Rare loss-of-func-
tion variants in SETD1A are associated with schizophrenia and developmental
disorders. Nat. Neurosci. 19, 571-577.

Skene, N.G., Bryois, J., Bakken, T.E., Breen, G., Crowley, J.J., Gaspar, H.A.,
Giusti-Rodriguez, P., Hodge, R.D., Miller, J.A., Mufioz-Manchado, A.B.,
et al.; Major Depressive Disorder Working Group of the Psychiatric Genomics
Consortium (2018). Genetic identification of brain cell types underlying schizo-
phrenia. Nat. Genet. 50, 825-833.

Cell 177, March 21, 2019 181


http://refhub.elsevier.com/S0092-8674(19)30048-0/sref107
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref107
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref107
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref107
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref108
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref108
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref108
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref108
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref109
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref109
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref109
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref109
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref110
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref110
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref110
https://doi.org/10.1101/401885
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref112
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref113
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref113
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref114
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref114
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref114
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref115
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref115
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref115
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref115
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref116
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref116
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref116
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref116
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref117
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref117
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref117
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref117
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref118
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref118
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref119
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref119
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref120
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref120
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref120
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref121
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref121
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref121
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref122
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref122
https://doi.org/10.1101/338855
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref124
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref124
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref124
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref124
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref125
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref125
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref125
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref125
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref125
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref126
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref126
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref126
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref126
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref127
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref127
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref127
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref127
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref128
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref128
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref128
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref128
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref128
https://doi.org/10.1101/484113
https://doi.org/10.1101/277707
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref131
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref131
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref131
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref132
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref132
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref132
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref132
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref132
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref133
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref133
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref133
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref134
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref134
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref134
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref135
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref135
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref135
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref135
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref135
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref136
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref136
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref136
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref136
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref137
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref137
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref137
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref137
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref138
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref138
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref138
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref138
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref139
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref139
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref139
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref139
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref139
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref140
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref140
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref140
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref140
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref140

Spark Consortium (2018). SPARK: A US Cohort of 50,000 Families to Accel-
erate Autism Research. Neuron 97, 488-493.

Stefansson, H., Meyer-Lindenberg, A., Steinberg, S., Magnusdottir, B.,
Morgen, K., Arnarsdottir, S., Bjornsdottir, G., Walters, G.B., Jonsdottir, G.A.,
Doyle, O.M., et al. (2014). CNVs conferring risk of autism or schizophrenia
affect cognition in controls. Nature 505, 361-366.

Steinberg, S., Gudmundsdottir, S., Sveinbjornsson, G., Suvisaari, J., Paunio,
T., Torniainen-Holm, M., Frigge, M.L., Jonsdottir, G.A., Huttenlocher, J., Ar-
narsdottir, S., et al. (2017). Truncating mutations in RBM12 are associated
with psychosis. Nat. Genet. 49, 1251-1254.

Sugathan, A., Biagioli, M., Golzio, C., Erdin, S., Blumenthal, |., Manavalan, P.,
Ragavendran, A., Brand, H., Lucente, D., Miles, J., et al. (2014). CHD8 regu-
lates neurodevelopmental pathways associated with autism spectrum disor-
der in neural progenitors. Proc. Natl. Acad. Sci. USA 111, E4468-E4477.

Sullivan, P.F., Daly, M.J., and O’Donovan, M. (2012). Genetic architectures of
psychiatric disorders: the emerging picture and its implications. Nat. Rev.
Genet. 13, 537-551.

Sullivan, P.F., Agrawal, A., Bulik, C.M., Andreassen, O.A., Berglum, A.D.,
Breen, G., Cichon, S., Edenberg, H.J., Faraone, S.V., Gelernter, J., et al.; Psy-
chiatric Genomics Consortium (2018). Psychiatric Genomics: An Update and
an Agenda. Am. J. Psychiatry 175, 15-27.

Sun, W., Poschmann, J., Cruz-Herrera Del Rosario, R., Parikshak, N.N., Hajan,
H.S., Kumar, V., Ramasamy, R., Belgard, T.G., Elanggovan, B., Wong, C.C.Y.,
Mill, ., Geschwind, D.H., and Prabhakar, S. (2016). Histone Acetylome-wide
Association Study of Autism Spectrum Disorder. Cell 167, 1385-1397.

Talkowski, M.E., Mullegama, S.V., Rosenfeld, J.A., van Bon, B.W., Shen, Y.,
Repnikova, E.A., Gastier-Foster, J., Thrush, D.L., Kathiresan, S., Ruderfer,
D.M., et al. (2011). Assessment of 2g23.1 microdeletion syndrome implicates
MBDS5 as a single causal locus of intellectual disability, epilepsy, and autism
spectrum disorder. Am. J. Hum. Genet. 89, 551-563.

Tansey, K.E., Rees, E., Linden, D.E., Ripke, S., Chambert, K.D., Moran, J.L.,
MccCarroll, S.A., Holmans, P., Kirov, G., Walters, J., et al. (2016). Common al-
leles contribute to schizophrenia in CNV carriers. Mol. Psychiatry 217,
1085-1089.

Thurman, R.E., Rynes, E., Humbert, R., Vierstra, J., Maurano, M.T., Haugen,
E., Sheffield, N.C., Stergachis, A.B., Wang, H., Vernot, B., et al. (2012). The
accessible chromatin landscape of the human genome. Nature 489, 75-82.

Tian, Y., Voineagu, |., Pasca, S.P., Won, H., Chandran, V., Horvath, S., Dol-
metsch, R.E., and Geschwind, D.H. (2014). Alteration in basal and depolariza-
tion induced transcriptional network in iPSC derived neurons from Timothy
syndrome. Genome Med. 6, 75.

Timpson, N.J., Greenwood, C.M.T., Soranzo, N., Lawson, D.J., and Richards,
J.B. (2018). Genetic architecture: the shape of the genetic contribution to hu-
man traits and disease. Nat. Rev. Genet. 19, 110-124.

Torkamani, A., Wineinger, N.E., and Topol, E.J. (2018). The personal and clin-
ical utility of polygenic risk scores. Nat. Rev. Genet. 19, 581-590.

Ulfarsson, M.O., Walters, G.B., Gustafsson, O., Steinberg, S., Silva, A., Doyle,
O.M., Brammer, M., Gudbjartsson, D.F., Arnarsdottir, S., Jonsdottir, G.A.,
et al. (2017). 15g11.2 CNV affects cognitive, structural and functional corre-
lates of dyslexia and dyscalculia. Transl. Psychiatry 7, e1109.

Visel, A., Rubin, E.M., and Pennacchio, L.A. (2009). Genomic views of distant-
acting enhancers. Nature 467, 199-205.

Visscher, P.M., Goddard, M.E., Derks, E.M., and Wray, N.R. (2012). Evidence-
based psychiatric genetics, AKA the false dichotomy between common and
rare variant hypotheses. Mol. Psychiatry 17, 474-485.

Visscher, P.M., Wray, N.R., Zhang, Q., Sklar, P., McCarthy, M.l., Brown, M.A.,
and Yang, J. (2017). 10 Years of GWAS Discovery: Biology, Function, and
Translation. Am. J. Hum. Genet. 107, 5-22.

Voineagu, |., Wang, X., Johnston, P., Lowe, J.K., Tian, Y., Horvath, S., Mill, J.,
Cantor, R.M., Blencowe, B.J., and Geschwind, D.H. (2011). Transcriptomic
analysis of autistic brain reveals convergent molecular pathology. Nature
474, 380-384.

182 Cell 177, March 21, 2019

Walker, R.L., Ramaswami, G., Hartl, C., Mancuso, N., Gandal, M.J., de la
Torre-Ubieta, L., Pasaniuc, B., Stein, J.L., and Geschwind, D.H. (2018). Ge-
netic control of gene expression and splicing in the developing human brain.
bioRxiv. https://doi.org/10.1101/471193.

Wang, D., Liu, S., Warrell, J., Won, H., Shi, X., Navarro, F.C.P., Clarke, D., Gu,
M., Emani, P., Yang, Y.T., et al. (2018a). Comprehensive functional genomic
resource and integrative model for the human brain. Science 362.

Wang, S., Mandell, J.D., Kumar, Y., Sun, N., Morris, M.T., Arbelaez, J., Nasello,
C.,Dong, S., Duhn, C., Zhao, X., et al.; Tourette International Collaborative Ge-
netics Study (TIC Genetics); Tourette Syndrome Genetics Southern and
Eastern Europe Initiative (TSGENESEE); Tourette Association of America Inter-
national Consortium for Genetics (TAAICG) (2018b). De Novo Sequence and
Copy Number Variants Are Strongly Associated with Tourette Disorder and
Implicate Cell Polarity in Pathogenesis. Cell Rep. 25, 3544.

Warr, A., Robert, C., Hume, D., Archibald, A., Deeb, N., and Watson, M. (2015).
Exome Sequencing: Current and Future Perspectives. G3 (Bethesda) 5,
1543-1550.

Weiner, D.J., Wigdor, E.M., Ripke, S., Walters, R.K., Kosmicki, J.A., Grove, J.,
Samocha, K.E., Goldstein, J.I., Okbay, A., Bybjerg-Grauholm, J., et al.; iP-
SYCH-Broad Autism Group; Psychiatric Genomics Consortium Autism Group
(2017). Polygenic transmission disequilibrium confirms that common and rare
variation act additively to create risk for autism spectrum disorders. Nat.
Genet. 49, 978-985.

Werling, D.M., and Geschwind, D.H. (2013). Understanding sex bias in autism
spectrum disorder. Proc. Natl. Acad. Sci. USA 1710, 4868-4869.

Werling, D.M., Parikshak, N.N., and Geschwind, D.H. (2016). Gene expression
in human brain implicates sexually dimorphic pathways in autism spectrum
disorders. Nat. Commun. 7, 10717.

Weyn-Vanhentenryck, S.M., Mele, A,, Yan, Q., Sun, S., Farny, N., Zhang, Z.,
Xue, C., Herre, M., Silver, P.A., Zhang, M.Q., et al. (2014). HITS-CLIP and inte-
grative modeling define the Rbfox splicing-regulatory network linked to brain
development and autism. Cell Rep. 6, 1139-1152.

Whalen, S., and Pollard, K.S. (2018). Most regulatory interactions are not in
linkage disequilibrium. bioRxiv. https://doi.org/10.1101/272245.

Whalen, S., Truty, R.M., and Pollard, K.S. (2016). Enhancer-promoter interac-
tions are encoded by complex genomic signatures on looping chromatin. Nat.
Genet. 48, 488-496.

Willsey, A.J., Sanders, S.J., Li, M., Dong, S., Tebbenkamp, A.T., Muhle, R.A.,
Reilly, S.K., Lin, L., Fertuzinhos, S., Miller, J.A., et al. (2013). Coexpression net-
works implicate human midfetal deep cortical projection neurons in the path-
ogenesis of autism. Cell 155, 997-1007.

Willsey, A.J., Fernandez, T.V., Yu, D., King, R.A., Dietrich, A., Xing, J., Sanders,
S.J., Mandell, J.D., Huang, A.Y., Richer, P., et al.; Tourette International
Collaborative Genetics (TIC Genetics); Tourette Syndrome Association Inter-
national Consortium for Genetics (TSAICG) (2017). De Novo Coding Variants
Are Strongly Associated with Tourette Disorder. Neuron 94, 486-499.

Won, H., de la Torre-Ubieta, L., Stein, J.L., Parikshak, N.N., Huang, J., Opland,
C.K,, Gandal, M.J., Sutton, G.J., Hormozdiari, F., Lu, D., et al. (2016). Chromo-
some conformation elucidates regulatory relationships in developing human
brain. Nature 538, 523-527.

World Health Organization (1993). The ICD-10 Classification of Mental and Be-
havioural Disorders (Geneva: Diagnostic Criteria for Research).

Wray, N.R., and Gratten, J. (2018). Sizing up whole-genome sequencing
studies of common diseases. Nat. Genet. 50, 635-637.

Wray, N.R., Ripke, S., Mattheisen, M., Trzaskowski, M., Byrne, E.M., Abdel-
laoui, A., Adams, M.J., Agerbo, E., Air, T.M., Andlauer, T.M.F., et al.; eQTLGen;
23andMe; Major Depressive Disorder Working Group of the Psychiatric Geno-
mics Consortium (2018). Genome-wide association analyses identify 44 risk
variants and refine the genetic architecture of major depression. Nat. Genet.
50, 668-681.

Yang, J., Lee, S.H., Goddard, M.E., and Visscher, P.M. (2011). GCTA: a tool for
genome-wide complex trait analysis. Am. J. Hum. Genet. 88, 76-82.


http://refhub.elsevier.com/S0092-8674(19)30048-0/sref141
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref141
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref142
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref142
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref142
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref142
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref143
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref143
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref143
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref143
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref144
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref144
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref144
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref144
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref145
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref145
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref145
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref146
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref146
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref146
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref146
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref147
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref147
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref147
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref147
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref148
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref148
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref148
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref148
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref148
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref149
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref149
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref149
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref149
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref150
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref150
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref150
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref151
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref151
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref151
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref151
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref151
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref152
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref152
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref152
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref153
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref153
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref154
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref154
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref154
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref154
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref155
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref155
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref156
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref156
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref156
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref157
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref157
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref157
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref158
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref158
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref158
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref158
https://doi.org/10.1101/471193
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref160
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref160
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref160
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref161
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref161
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref161
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref161
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref161
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref161
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref161
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref162
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref162
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref162
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref163
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref163
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref163
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref163
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref163
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref163
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref164
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref164
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref165
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref165
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref165
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref166
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref166
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref166
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref166
https://doi.org/10.1101/272245
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref168
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref168
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref168
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref169
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref169
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref169
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref169
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref170
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref170
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref170
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref170
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref170
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref171
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref171
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref171
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref171
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref172
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref172
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref173
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref173
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref174
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref174
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref174
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref174
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref174
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref174
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref175
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref175

Zeng, J., de Vlaming, R., Wu, Y., Robinson, M.R., Lloyd-Jones, L.R., Yengo, L.,
Yap, C.X., Xue, A., Sidorenko, J., McRae, A.F., et al. (2018). Signatures of
negative selection in the genetic architecture of human complex traits. Nat.
Genet. 50, 746-753.

Zheng, J., Erzurumluoglu, A.M., Elsworth, B.L., Kemp, J.P., Howe, L., Hay-
cock, P.C., Hemani, G., Tansey, K., Laurin, C., Pourcain, B.S., et al.; Early Ge-
netics and Lifecourse Epidemiology (EAGLE) Eczema Consortium (2017). LD

Hub: a centralized database and web interface to perform LD score regression
that maximizes the potential of summary level GWAS data for SNP heritability
and genetic correlation analysis. Bioinformatics 33, 272-279.

Zuk, O., Schaffner, S.F., Samocha, K., Do, R., Hechter, E., Kathiresan, S., Daly,
M.J., Neale, B.M., Sunyaev, S.R., and Lander, E.S. (2014). Searching for
missing heritability: designing rare variant association studies. Proc. Natl.
Acad. Sci. USA 111, E455-E464.

Cell 177, March 21,2019 183


http://refhub.elsevier.com/S0092-8674(19)30048-0/sref176
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref176
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref176
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref176
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref177
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref177
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref177
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref177
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref177
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref177
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref178
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref178
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref178
http://refhub.elsevier.com/S0092-8674(19)30048-0/sref178

	Defining the Genetic, Genomic, Cellular, and Diagnostic Architectures of Psychiatric Disorders
	Introduction
	Psychiatric Disorders and Genetics
	Definitions
	Impact
	Commonalities
	A Brief History of Genetic Studies
	Global Consortia

	Genetic Architecture
	Background
	Technology
	Common-Variant Association Studies of Psychiatric Disorders
	Genetic Risk Scores, SNP Heritability, and Genetic Correlations
	Rare-Variant Association Studies of Psychiatric Disorders
	Copy-Number Variation
	Synthesis

	Functional Architecture
	From Variant to Gene
	From Genes to Networks
	Transcriptomic Networks Define Disorder-Associated Molecular Pathology

	Tissue and Cellular Architecture
	Diagnostic Architecture
	Conclusions and Future Directions
	Complete Genetic Discovery
	Genetic Architecture in Individuals
	Sex Differences
	What’s the Endgame?

	Supplemental Information
	Acknowledgments
	Declaration of Interests
	References




