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Abstract

Genome-wide analyses of common and rare genetic variation have documented the heritability of
major psychiatric disorders, established their highly polygenic genetic architecture, and identified
hundreds of contributing variants. In recent years, these studies have illuminated another key
feature of the genetic basis of psychiatric disorders: the important role and pervasive nature of
pleiotropy. It is now clear that a substantial fraction of genetic influences on psychopathology
transcend clinical diagnostic boundaries. In this review, we summarize evidence in psychiatry for
pleiotropy at multiple levels of analysis: from overall genome-wide correlation to biological
pathways and down to the level of individual loci. We examine underlying mechanisms of
observed pleiotropy including genetic effects on neurodevelopment, diverse actions of regulatory
elements, mediated effects, and spurious associations of genomic variation with multiple
phenotypes. We conclude with an exploration of the implications of pleiotropy for understanding
the genetic basis of psychiatric disorders, informing nosology, and advancing the aims of precision
psychiatry and genomic medicine.
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The organization and re-organization of psychopathology into syndromes and disorders has
been an evolving project, beginning centuries ago and continuing to this day. The current
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prevailing classification or nosology of psychiatric disorders has its roots around the turn of
the 20th century when a pantheon of (mostly European) authoritative figures proposed
several major categories that were successively modified, sometimes discarded or combined,
and ultimately reified in the International Classification of Diseases (ICD) and the
Diagnostic and Statistical Manual of Mental Disorders (DSM). However, this nosology is,
by design, “atheoretical”, eschewing etiologic accounts in favor of descriptive collections of
symptoms. Though these disorders are presented as discrete entities with their own
diagnostic criteria, there has been an ongoing debate about their validity. Family and genetic
studies have played an important role in raising questions about the boundaries between our
diagnostic categories and the degree to which they “carve nature at its joints” (1). In
particular, evidence accumulated over decades of family and twin studies have shown that
familial and heritable components commonly overlap between disorders(1).

Against this backdrop came advances in human genetics that have enabled examination of
the genetic basis of disease at the level of DNA variation. A key theme emerging from recent
genomic studies of complex traits and diseases is the widespread nature of pleiotropy (2, 3).
Pleiotropy refers to the situation in which a genetic variant or gene has effects on more than
one phenotype. In a recent GWAS spanning 558 traits, more than 90% of trait-associated
loci (including more than 60% of genes) were found to be pleiotropic.(4) Here, we review
the phenomenon of pleiotropy and cross-phenotype genetic effects on psychopathology,
explore the potential mechanisms underlying shared genetic influences, highlight
outstanding research questions, and consider implications for psychiatric genetics and
nosology.

Genetic Overlap and Pleiotropy in Psychiatry

Well before it became possible to interrogate the genome at the level of DNA variation itself,
family and twin studies began documenting overlap among psychiatric disorders (see (1) and
(5) for review). In the past decade, characterizing such overlap at a molecular genetic level
has become a major activity in the field of psychiatric genetics. The basis of this shared
genetic vulnerability is generally attributed to the phenomenon of pleiotropy. However,
pleiotropy can be considered at varying levels of analysis, from individual variants, to genes,
loci that encompass multiple genes, biological pathways, and overall genome-wide
correlation (Figure 1). Variant level pleiotropy has been observed for both common single
nucleotide polymorphisms (SNPs) identified largely through GWAS and rare mutations
assayed by exome and genome sequencing.

Because of regional linkage disequilibrium (LD), many, if not most, of the most statistically
significant SNPs discovered by GWAS tag regions that encompass one or more true causal
variants. As such, they are more accurately described as associated loci or regions. Fine-
mapping studies are then required to narrow these regions to a credible set of variants that
underlie the association signal (6). Rare copy number variants (CNVs), which may involve
the deletion or duplication of large segments of DNA that encompass numerous genes, also
pose challenges for identifying the causal variation within an associated region. Multiple
causal variants within a gene may produce gene-level pleiotropy when, for example, each
variant affects distinct phenotypes. Genes, in turn, participate in higher level networks or
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pathways which can also contribute to multiple phenotypes. Finally, the aggregate
pleiotropic effects of variant, gene, and pathways can produce genetic correlation between
two or more phenotypes. In the sections that follow, we briefly summarize recent findings
from genomic studies regarding pleiotropy and the shared genetic basis of psychiatric
disorders.

Genetic Correlation Among Disorders.

In recent years, statistical methods to estimate SNP-based heritability have been extended to
allow estimates of SNP-based genetic correlation () between phenotypes, a measure of the
average effect of pleiotropy across all causal loci(7). In this paper, we use genetic correlation
as an index of polygenic overlap between phenotypes, though it has been noted that genetic
correlation may underestimate the magnitude of overlap when the direction of causal variant
effects on the phenotypes are mixed, and methods are available to address this (8). In the
first large-scale analysis of genetic correlation between psychiatric disorders, the Cross
Disorder Workgroup of the Psychiatric Genomics Consortium (PGC-CDG) examined five
major psychiatric disorders (autism spectrum disorder, ASD; attention deficit/hyperactivity
disorder, ADHD; bipolar disorder, BD; major depressive disorder, MDD; and schizophrenia,
SCZ) and found substantial evidence of genetic overlap (9). The strongest genetic
correlation was observed between BD and SCZ (r,~=0.68), but significant correlations were
also found between MDD and SCZ (0.43), BD (0.47), and ADHD (0.37), respectively and
between SCZ and ASD (0.16). Regarding the strong genetic overlap between BD and SCZ,
an analysis using causal mixture modeling indicated that 75% of the causal common variants
influencing the two disorders are shared (8). Analyses of post-mortem cortical
transcriptomic profiles among these disorders (with alcoholism substituting for ADHD) have
shown that patterns of shared gene expression closely correlated (r = 0.79) with pairwise
genetic correlations. (10) The Brainstorm Consortium (11) estimated pairwise rg for 25 brain
disorders (psychiatric and neurologic) as well as related quantitative traits. Significant
genetic correlations were observed for psychiatric disorders (especially among ADHD,
MDD, BD, anxiety disorders, and SCZ) while little overlap was seen among neurologic
disorders (including stroke, epilepsies, multiple sclerosis, Parkinson disease and migraine).
Interestingly, none of the neurologic disorders were significantly genetically correlated with
the psychiatric disorders with the exception of migraine, supporting the clinical distinction
between psychiatric and neurologic disease.

A more recent PGC-CDG analysis spanning eight psychiatric disorders (12) expanded our
understanding of genomic relationships by applying genomic structural equation modeling
(13), which can model multivariate genetic associations among phenotypes. The findings
revealed three correlated genomic factors that together accounted for more than 50% of the
genetic variation underlying these disorders. The first factor comprised disorders
characterized by compulsive/perfectionistic behaviors, specifically anorexia nervosa (AN),
obsessive-compulsive disorder (OCD), and, to a lesser extent, Tourette syndrome (TS).
Mood and psychotic disorders (MDD, BD, and SCZ) loaded most strongly on a second
factor while the third factor encompassed three early-onset neurodevelopmental disorders
(ASD, ADHD, TS) as well as MDD. These results illustrate how modeling disorder
relationships using common variant genomic data can provide insights into the underlying
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structure of psychopathology that could inform a more bottom-up reconceptualization of
psychiatric nosology.

Genetic correlation and polygenic risk score (PRS) analyses have also revealed genomic
overlap between psychiatric disorders and other biomedical traits and disorders. A notable
example is the finding of significant negative genetic correlations between AN and a range
of metabolic phenotypes, including obesity, type Il diabetes, leptin, fasting insulin and
insulin resistance (14). These results have suggested a reconceptualization of AN as a
disorder with both neurobiologic and metabolic etiology. Other work has shown significant
genetic overlap between SCZ and immune-mediated diseases (15) and between depression
and cardiovascular disease (16, 17).

Network and Pathway Pleiotropy.

Genetic correlation analyses can estimate the overall magnitude of genetic sharing between
phenotypes, but they do not address the biological basis of the overlap. Network and
pathway analyses take us a level down from aggregate genomic effects to identify which
biological or functional pathways contribute. These analyses typically take as inputs variant-
level association results, partition them into biologically-relevant gene sets, and then ask
which gene sets or pathways are enriched among GWAS signals. A broad-spectrum role for
genes involved in calcium channel signaling was first documented in the PGC-CDG analysis
of five disorders in which this pathway was implicated across ASD, ADHD, MDD, BD and
SCZ(9). The PGC Network and Pathway Analysis subgroup expanded on this work and
found 49 pathways with evidence of association across BD, MDD, and SCZ (18). Clustering
of these pathways revealed three biological themes: histone methylation, synaptic biology,
and immune and neurotrophic pathways. In the larger PGC-CDG analysis of eight disorders
(12), pleiotropic loci were significantly enriched in pathways related to neurodevelopment as
well as glutamate receptor signaling and voltage-gated calcium channel signaling.

Transcriptomic analyses of postmortem gene expression have also revealed shared and
distinct gene networks across multiple psychiatric disorders (19). For example, genes
involved in glial cell differentiation (predominantly expressed in astrocytes) were
upregulated in ASD, BD, and SCZ while expression of neuronal gene sets involved in
synaptic function were down-regulated across these disorders(10). Another analysis (20)
identified gene expression profiles shared across these three disorders including those
involved in synaptic function, nervous system development, lipid signaling, and
posttranslational protein modification. To date, the results of these studies have been
somewhat inconsistent, and it can be difficult to determine whether gene expression
differences are causal or secondary to disease states.

The complex, interconnected nature of gene regulatory networks led Boyle, Pritchard and
colleagues(21) to propose an “omnigenic model” of complex traits. In this model, the
genetic architecture of many diseases involves variations in a limited set of “core” genes as
well as a much larger component from “peripheral” genes that are connected to the core
genes through regulatory pathways. In what they refer to as “network pleiotropy”, “virtually
any variant with regulatory effects in a given tissue is likely to have (weak) effects on all

diseases that are modulated through that tissue.” The model predicts that these indirect
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effects may contribute to genetic correlations among disease phenotypes, though others have
challenged the distinction between core and peripheral genes(22).

Pleiotropic Effects of Copy Number Variants.

CNVs have convincingly shown cross-disorder effects for a range of neurodevelopmental
disorders (NDDs). These pleiotropic CNVs tend to be rare (frequency < 0.5%) and occur de
novo (ie, not inherited) but their effect sizes are substantially larger than those seen with
individual SNPs (23). Most of the CNVs associated with SCZ are also associated other
NDDs, particularly ASD and intellectual disability (ID) or developmental delays (DD),
though the frequency and penetrance of these CNVs tend to be greater for ASD/ID/DD than
for SCZ(24). Specific CNVs associated with ASD or SCZ have also been associated with
TS, ADHD, and OCD(25-27). The cross-disorder risk associated with CNVs may be due to
altered dosage of multiple genes encompassed by deletions or duplications. In the case of
22q11 deletions and duplications, accumulating evidence indicates that the spectrum of
phenotypic effects depends on copy number dosage and deletion size.(28-31) Occasionally,
the pathogenic effect of rare CNVs can be localized to a specific gene. For example,
deletions of 2p16.3 that specifically disrupt NRXNZ, a pre-synaptic adhesion protein
involved in synaptogenesis and synaptic transmission, have been associated with ID/DD,
ASD, ADHD, SCZ, epilepsy, and TS (32).

Gene, Locus and Variant Pleiotropy.

GWAS have identified a growing number of common variants associated with more than one
neuropsychiatric disorder. In the most comprehensive analysis to date, the PGC-CDG (12),
reported a GWAS meta-analysis comprising 727,126 individuals across 8 disorders (ASD,
ADHD, TS, AN, OCD, MDD, BD, and SCZ). A total of 109 independent pleiotropic loci
were identified including 23 that showed evidence of association with four or more
disorders. The most highly pleiotropic locus was observed at the netrin-1 receptor gene
DCC, a master regulator of white matter projections that plays a key role in axonal guidance
during neuronal development (33) and in the maturation of mesolimbic dopaminergic
connections to the prefrontal cortex during adolescence (34). Functional genomic analyses
showed that the pleiotropic loci map to genes that, on average, show heightened expression
beginning in the second prenatal trimester and are enriched in frontal cortical neurons,
particularly glutamatergic neurons. Of note, cross-disorder analyses have also provided
evidence for loci that appear to have relatively disorder-specific effects and presumably
account for the incomplete genetic correlations among psychiatric disorders (12, 35-38). For
instance, a GWAS of SCZ vs. BD cases identified several disorder-specific loci and found
enrichment of genes involved in potassium ion response as a differentiating genetic
mechanism between these two highly genetically correlated disorders (35) Also of note,
FMRP-targets and genes implicated in excessive synaptic pruning have thus far been more
convincingly linked to SCZ than to BD (39, 40).

Rare variant association studies have also revealed pleiotropic effects of specific mutations,
especially for ASD and other NDDs. Indeed, a recent overview noted that “to date, no genes
have been identified that, when mutated, confer only ASD risk and no risk for ID or other
NDDs.” (41) Exome-sequencing has shown that rare protein-truncating variants are
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associated with ASD, ADHD, ID, but also SCZ and BD (42, 43). MAP1A, a gene involved
in the organization of neuronal microtubules, was significantly associated with ASD and
ADHD in a pooled analysis of all cases.(43) In addition, exome sequencing of parent-child
trios with OCD found significant overlap between genes harboring de novo damaging
mutations in OCD with those previously found to contribute to TS and ASD (44). Rare
variants in genes involved in chromatin function have also demonstrated pleiotropic effects
on psychopathology, presumably due to the widespread regulatory role of chromatin
remodeling on gene expression. For example, disruptions (by rare point mutations,
translocations, and structural deletions) of MBDA5, a gene involved in heterochromatin and
epigenetic regulation, have been associated with ASD/ID/DD as well as a broad range of
phenotypes including anxiety and BD (45). In addition, rare loss-of-function (LOF)
mutations in SETD1A, a histone methylatransferase, have been associated with SCZ, ASD,
and other NDDs (46), while LOF mutations in CHDS, a regulator of chromatin remodeling,
have been associated with syndromic NDDs, including ASD and ID (47).

Genetic Influences on Transdiagnostic Phenotypes.

Genetic influences on psychiatric disorders also share genetic determinants with

dimensional psychological and neurocognitive traits that transcend diagnostic boundaries. In
some cases, these findings support the hypothesis that categorically-defined disorders
represent the extremes of quantitative traits and subthreshold symptoms that are seen across
the spectrum of “normal” variation (48, 49). For example, common variants and de novo rare
variants affecting ASD are also associated with typical variation in the population in social
and communication ability (50). CNVs known to be pathogenic for NDDs (including ASD
and SCZ) are also associated with cognitive deficits among individuals unaffected with
neuropsychiatric disorders (51), and a greater burden of these CNVs have been observed
among adults with a history of psychotic experiences in the absence of psychiatric disorders
(52). Similarly, polygenic risk for SCZ is associated with social cognitive and
neurocognitive traits in healthy individuals (53) and common variant liability to ADHD is
associated with variation in extraversion (54) and subthreshold ADHD symptoms (55). A
large scale GWAS meta-analysis of neuroticism, a personality trait indexing negative
affectivity, found substantial genetic correlations with anxiety disorders (ry = 0.82) and
depression (.68) but also significant correlations with ASD and SCZ (56). Other studies have
found significant genetic overlap between psychiatric disorders and a range of structural and
functional neuroimaging phenotypes (57). Overall, these studies suggest that the boundaries
between disorder and normal variation are indistinct.

Phenomewide Effects of Psychiatric Risk Loci.

Now that GWAS have been extensively applied across virtually all domains of biomedicine,
it has become relatively straightforward to examine (by simple look-up) the pleiotropic
effects of loci that have been implicated in psychiatric disorders. The NHGRI-EBI GWAS
Catalog(58) comprises nearly 200,000 associations across a broad landscape of complex
traits and reveals numerous instances in which loci convincingly associated with
neuropsychiatric phenotypes are also associated with other biomedical traits and diseases.
For example, a coding missense variant (rs13107325 C>T, A391T) in the manganese
transporter SLC639A8 s strongly associated with SCZ but has also shown genome-wide
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significant association with an array of other traits and disorders from blood pressure and
lipid levels to alcohol consumption, Crohn’s disease and others.(59) The highly pleiotropic
nature of this variant is likely related to its effect on regulating levels of manganese, a co-
factor for glycosylation enzymes that in turn affect a vast assortment of cellular pathways
(60)

The availability of large-scale biobanks linking electronic health records (EHRs) and
genomic data, have recently enabled phenome-wide association studies (PheWAS) (61). In
contrast to GWAS which involves an unbiased search across the genome for variants
associated with a specific phenotype, PheWAS involves an unbiased search across the
phenome for phenotypes associated with a specific variant (or group of variants). Thus,
PheWAS is effectively a search for pleiotropy that leverages the availability of broad
phenotypic data such as those now available in biobanks and population registers. A growing
number of studies have taken a PheWAS approach to examine the phenotypic spectrum of
psychiatric risk variants, mostly focused on PRS. (62-66) For example, PheWAS in the UK
Biobank have found associations between MDD PRS and a range of biological and
psychological traits including cardiovascular disease, celiac disease, sleep disorders, white
matter microstructure, and neuroticism.(66, 67)

Potential Mechanisms underlying Shared Genetic Influences

The observation that a genetic variant is associated with multiple phenotypes can be due to a
number of phenomena(2). In this section, we discuss potential mechanisms of observed
pleiotropy that can drive shared genetic risk associations across complex traits (depicted in
Figure 2).

Type |. Biological Pleiotropy

Single-gene

Biological pleiotropy (also known as horizontal pleiotropy) refers to the scenario in which a
causal variant or a gene produces direct biological effects on more than one phenotype (2).
Here we define two subtypes of biological pleiotropy: single-gene pleiotropy and multi-gene
regulatory pleiotropy (Figure 2A). The major distinguishing feature of the two subtypes is
whether causal risk variants, either residing in coding or non-coding regions, directly affect a
single gene (i.e., single-gene pleiotropy) or multiple genes simultaneously (i.e., multi-gene
regulatory pleiotropy).

pleiotropy

Causal risk variants may affect multiple traits through the action of a sing/e target gene with
multifarious effects (Figure 2A(a)). There are a number of non-mutually exclusive scenarios
under which gene pleiotropy may occur; a gene may perform multiple, distinct molecular
functions, participate in multiple independent biological pathways or cellular processes, or
be expressed in multiple organs, tissues or spatiotemporal contexts, each affecting distinctive
traits. In addition, a single gene can have diverse biological roles by encoding multiple
protein isoforms — that is, protein products that differ in structure and function. Various
regulatory mechanisms, including alternative splicing, RNA editing, or post-transcriptional
modifications, enable this diversity of gene-to-protein mapping (68). Of note, more than
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94% of human genes encode protein isoforms, and alternative splicing is particularly
widespread in the nervous system (69).

Figure 3 depicts four exemplar mechanisms of single-gene pleiotropy related to psychiatric
disorders (See Supplement for an expanded discussion). NRXN1 encodes multiple isoforms
with differential effects on psychiatric and neurocognitive symptoms (Figure 3A) and has
been associated through common and rare variant studies with NDDs including ASD, ID
and SCZ(70-72), with suggestive associations reported for ADHD, TS, OCD, and BD
(reviewed in (73, 74)). The transcription factor 7/C4 acts as a “master regulator” of diverse
downstream transcription factors and their target genes.(Figure 3B) Common variants in
TCF4 have been associated with SCZ and MDD, while rare damaging mutations have been
linked with PittHopkins syndrome, ID, SCZ, ASD, and MDD (75-79). A third example is
DCC, the most pleiotropic locus in the recent PGC-CDG analysis of eight psychiatric
disorders (Figure 3C). Through its interaction with netrin-1, a key molecule essential for
axon guidance (80), DCC plays a fundamental role in establishing white matter connections
in diverse brain regions across critical developmental windows. Finally, RBFOXI, a highly
conserved RNA-binding protein, appears to have diverse neurobiologic effects by regulating
tissue-specific alternative splicing of genes important for neuronal development and
excitability (81, 82) and has been associated with numerous childhood- and adult-onset
neuropsychiatric disorders and related traits.(12, 58, 83-89). (Figure 3D).

Multi-Gene Regulatory Pleiotropy

Pleiotropy may also occur when a causal variant directly alters the expression of multiple
genes, each of which may underlie the change of distinct phenotypes.(Figure 2A(b)). More
than 90% of loci identified in GWAS localize to non-coding regions (90), which include a
broad spectrum of regulatory elements. Many of these regulatory elements, including
enhancers, silencers, insulators, and cis-eQTLs govern the dynamic control of
spatiotemporal gene expression, and in many cases, are shared by multiple genes in a given
region (91). “Super-enhancers”, large clusters of enhancers occupying an extended range of
genomic regions(92), can regulate expression of functionally related genes en masse.
Variation around the super-enhancer region around RERE has been associated with SCZ,
MDD, AN, ASD, and TS (12). Regulatory pleiotropy can also result from genetic effects on
chromosome conformation (93). Through three-dimensional looping, distal non-coding
regulatory elements up to several megabases away from gene promoters can interact and
modulate expression of target genes. For example, a variant upstream of protocadherin cell
adhesion (PCDH) gene clusters on chromosome 5, important in neurodevelopment, affects
expression of multiple protocadherin genes which have been associated with SCZ and MDD
(12, 56).

Type Il. Mediated pleiotropy

Mediated pleiotropy (also known as “vertical pleiotropy™) occurs when a variant exerts a
direct influence on one trait, which itself has a causal effect on a second trait. (2) A
statistical association between the variant and both traits may be detected, but the variant’s
effect on the second trait may only be mediated through the first trait. A familiar example of
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mediated pleiotropy is the observation that variants affecting low-density lipoprotein (LDL)
levels are secondarily associated with coronary artery disease (94).

Several mediation-analysis approaches have been developed to estimate the relative
proportions of direct and indirect genetic effects in the presence of pleiotropy (95-97). In
recent years, Mendelian randomization (MR) methods have been widely used to examine
putative causal relationships between an exposure (X) and an outcome (Y) using one or
more genetic variants (G) as instrumental variables. The MR approach is based on the fact
that alleles are randomly allocated at conception and has three core assumptions (98): (1) G
is robustly associated with X, (2) G is not associated with any confounder (U) of the X-Y
relationship, and (3) G is independent of Y conditioning on X and U. When these
assumptions are met, the causal effect of X on Y can be estimated as the ratio of G-Y effect
to G-X effect. In a sense, then, MR can be thought of as a test of mediated pleiotropy in
addition to its role in testing causal exposure-outcome effects.

MR has been used to examine several hypotheses about causal effects on mental illness. For
example, several MR studies have investigated the long-debated causal relationship between
cannabis use and schizophrenia, with mixed results (99). Surprisingly, stronger evidence has
been reported for a causal influence of schizophrenia risk on cannabis use than effects in the
other direction (99). MR analysis has also been applied to biological “exposures” with
evidence, for example, that low C-reactive protein levels are causally related to SCZ risk
(100, 101). Findings from such MR studies may help identify modifiable factors for targeted
prevention and intervention, though the mechanisms underlying mediated pleiotropy are
often unknown.

Type Ill. Spurious pleiotropy

Finally, apparent pleiotropic associations may arise due to various artefacts in study design
or limitations in defining risk genotypes and phenotypes, creating “spurious pleiotropy” (2).
In essence, spurious pleiotropy can result from a kind of misclassification at either the
genomic or phenotypic level.

At the genomic level, spurious pleiotropy may occur when an associated region
encompasses multiple causal variants or genes that are in strong LD. In this case, variants or
genes affecting different phenotypes through independent biological mechanisms may
appear to be a single associated “pleiotropic” locus. In their genome-wide survey of
pleiotropy, Watanabe and colleagues (4) found that the MHC region, where more than 300
genes are tightly clustered in long-ranged LD blocks, was associated with more than 200
phenotypes across 23 phenotypic domains. However, in-depth investigation using fine-
mapping and colocalization analysis identified more than a third of these associations as
false positives. Improved methods of fine-mapping and incorporation of functional
annotation and gene-expression data will help further sift through spurious pleiotropic
signals in regions of high LD.

Phenotypic misclassification, a well-known phenomenon in psychiatric diagnosis, can also
induce spurious pleiotropy. For example, if a sufficient proportion of cases of BD are
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misdiagnosed as MDD, a GWAS of the two disorders could inflate evidence for genetic
correlation and loci associated with both disorders. However, while simulations have shown
that diagnostic misclassification can induce spurious genetic correlation, misclassification
rates would need to be unrealistically high to account for the magnitude of genetic overlap
that has been found in GWAS analyses (11). A variant of the misclassification problem can
occur when there is unrecognized comorbidity of phenotypes, either due incomplete
phenotyping or induced by ascertainment bias (102). For example, if cases of one disorder
are enriched for comorbidity with a second disorder, ignoring this comorbidity could result
in biased estimates of genetic correlation between the two disorders. Finally, the selection of
controls could also drive spurious pleiotropy. The use of shared controls is hot uncommon in
GWAS of multiple phenotypes, and failure to account for these in statistical analysis can
bias estimates of genetic overlap. In addition, recent simulations demonstrate that the use of
both unscreened controls and “super-normal” controls (screened to exclude multiple related
phenotypes) can upwardly bias genetic correlations, especially between disorders that are
common.(103) Minimizing the possibility of spurious pleiotropy in cross-disorder studies
requires careful and broad-based phenotypic assessment to limit misclassification (ideally
including longitudinal measures that can account for instability of phenotypic presentations)
and the selection of controls screened to only exclude the target disorders.

Implications for understanding the genetic basis of psychiatric disorders.

We have learned that some genes and pathways may have pleiotropic effects on
psychopathology by impacting neurodevelopment. For example, rare CNVs that have broad
neuropsychiatric effects appear to disrupt neurodevelopment in fundamental ways that
confer risk for multiple NDDs. Common variants with highly pleiotropic effects also appear
to act in part by modulating neurodevelopmental processes and the establishment of brain
circuitry that may create a relatively pluripotent vulnerability to mental illness beginning in
prenatal periods.(12) The differentiation of this vulnerability into the more distinct
syndromes that we recognize clinically may then involve additional sets of common and rare
variations and environmental factors, possibly mediated by epigenetic effects. In addition, as
reviewed earlier, other pleiotropic genes may act through effects on broad regulatory
networks that amplify their cross-disorder effects. It is likely that, as sample sizes and
functional genomic resources expand, we will see more and more evidence of
interconnections among genomic contributions to psychiatric and other disorders owing to
their extreme polygenicity(3). Indeed, the evidence to date may simply represent the initial
scaffolding upon which we will build a more comprehensive view of the genomic map of the
human phenome in which psychiatric disorders represent one component of a highly
networked structure.

Implications for psychiatric nosology.

The current systems for classifying psychiatric disorders (the ICD and DSM) have relied on
the consensus of experts and historical traditions for grouping symptoms into syndromes.
The evolving database of genetic relationships and pleiotropic genes reviewed here has
revealed surprising degrees of shared biology among these syndromes. Incorporating these
insights into our understanding of psychopathology encourages the possibility of
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constructing a more bottom-up classification of psychiatric disorders. For example, the
recent findings of the PGC-CDG indicate that certain constellations of disorders load on
different correlated genomic factors. It is important to note, however, that the discovery of
shared genetic or other biological risk factors does not by itself entail that clinical categories
are collapsible. Psychiatric disorders, are defined not only by their genetic boundaries but
also by their symptoms, course, age of onset, and a variety of other features(1). The
complexity and multifactorial etiology of psychiatric disorders make it unlikely that specific
genetic “signatures” will, by themselves, be found to define and distinguish neuropsychiatric
syndromes. Nevertheless, genetic relationships can reasonably inform future efforts to build
classifications that are more closely tied to etiology. In addition, as the power of genetic
studies grows, we may be able to dissect the heterogeneity of disorders and discern subtypes
that are more genetically homogeneous. Overall, then, the lumping and splitting of
psychiatric disorders is likely to continue, but the hope is that it will be increasingly
grounded in evidence-based biological insights.

Genetic data can also provide evidence for a more dimensional conceptualization of clinical
syndromes. Genomic influences on psychiatric disorders appear to be largely continuous
with subsyndromal symptoms and with dimensional components of disorder (e.g.
neurocognition and social cognition), supporting a view of disorders as extremes of a
distribution of quantitative traits. Again, however, incorporating these insights into a
diagnostic system is not straightforward; for example, clinical decisions about when
treatment is warranted may still require the demarcation of (somewhat arbitrary) thresholds.
On the other hand, a greater emphasis on quantitative traits may justify their status as viable
treatment targets as is the case in other areas of medicine (e,g, blood pressure and lipid
levels in cardiovascular medicine).

Implications for genetic counseling and genomic medicine.

The pleiotropic nature of many genetic variations is also relevant for the implementation of
genomic medicine. For example, a genomic work-up including chromosomal microarray
analysis and exome sequencing has been recommended as standard of care for idiopathic
ASD (104). As we have seen, however, many rare CNVs and mutations associated with ASD
are also associated with other NDDs and with SCZ. The expanding database of pleiotropic
associations may thus complicate genetic counseling for individuals and families carrying
such genetic risk factors. Some have also argued for more routine genetic testing for large-
effect CNVs in adult-onset disorders. For example, 2211 deletions carry a substantial risk
of SCZ (~25-30%) even though they are found in a small minority of cases (~1%) (105).
Routine genetic testing for 22g11 CNVs has been advocated for patients with SCZ because
it can have implications for reproductive decision-making, cascade screening, and because
patients and families also find value in having an explanation for the illnesses they are
suffering from.(106) However, individuals carrying 22q11 deletions are also at risk for a
range of psychiatric disorders (including ASD, ADHD, ID, anxiety disorders, and mood
disorders) as well as subsyndromal cognitive and psychiatric impairments (107, 108). Thus,
genetic counseling for these individuals may need to include risk estimates and
communication for a broad range of disorders.

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 12

Implications for precision psychiatry and therapeutic development

The emerging paradigm of precision medicine has been defined as “an approach to disease
treatment and prevention that seeks to maximize effectiveness by taking into account
individual variability in genes, environment, and lifestyle.” (109) Several fields of medicine
have already had success in this effort, with particular emphasis in two directions. The first
has been the use of genetic and genomic information to guide the development of novel drug
targets for cancers, hyperlipidemia, and cystic fibrosis (110). Second, there has been
growing interest in the use of PRS to stratify risk and treatment strategies based on
individual genetic risk profiles, especially in cardiovascular disease and oncology (111). In
both of these efforts--drug development and risk stratification--pleiotropy may have
important implications for the application of precision medicine.

In the case of drug development, identifying pleiotropic variants may help define the
spectrum of therapeutic and adverse drug effects. For example, Diogo and colleagues (112)
conducted a PheWAS of 25 variants associated with common diseases and putative drug
targets in prior GWAS and supported by additional biological evidence. Examining 1683
disease phenotypes, they identified phenotypic associations that either validated suspected
drug targets or predicted likely adverse drug effects. The finding that specific genes or loci
have pleiotropic effects on a range of psychiatric disorders could mean that treatments
targeting the biology of such genes would have broad-spectrum therapeutic effects. At the
same time, several loci have now been shown to have opposite directional pleiotropic effects
—increasing the risk of one psychiatric disorder while lowering the risk of others (12, 37).
In these instances, treatments based on modulating these gene products for one disorder
could have unintended adverse consequences on another disorder.

With regard to PRS-based stratification, PheWAS have also identified pleiotropic
associations that might impact risk prediction in healthcare systems For example, in a recent
analysis by the PsycheMERGE consortium leveraging electronic health record-linked
biobanks (63), a SCZ PRS was associated with SCZ as well as an array of psychiatric
disorders and medical phenotypes. To the extent that PRS become relevant to risk prediction,
such pleiotropic effects may create challenges for risk assessment and communication. At
the same time, pleiotropy can be leveraged to improve the power and accuracy of polygenic
risk prediction for a given disorder by incorporating SNP effects from traits genetically
correlated with the target disorder (113).

Conclusions

Just as genetic studies have demonstrated that essentially all psychiatric disorders are
heritable, research over the past decade has taught us that virtually all of these disorders
have some degree of genetic overlap with other phenotypes. However, we are only beginning
to understand the details of how these phenotypes are related, the molecular mechanisms of
cross-phenotype correlations, and the implications of pleiotropy for precision and genomic
medicine. Progress in this area will benefit from the increasing availability of large-scale
genomic and phenotypic databases, advances in statistical methods, improved functional
annotation of the genome, and the application of newer cellular model systems and genome
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editing technologies that can be used to dissect the biological basis of pleiotropy. A host of
questions are high on the research agenda. How do variants confer broad vs. more phenotype
specific effects? Which cross-phenotype associations reflect biological, mediated, or
spurious pleiotropy? How exactly can cross-disorder genomic relationships inform
psychiatric nosology? The answers to these and other questions are certain to deepen our
understanding of mental illness and improve the prospects for precision psychiatry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Dr. Smoller was supported in part by NIMH R01 MH118233 and a gift from the Demarest Lloyd Jr Foundation. Dr.
Lee was supported by NIMH RO0 MH101367 and R01 MH119243.

References

1.

Smoller JW (2013): Disorders and borders: psychiatric genetics and nosology. Am J Med Genet B
Neuropsychiatr Genet. 162B:559-578. [PubMed: 24132891]

. Solovieff N, Cotsapas C, Lee PH, Purcell SM, Smoller JW (2013): Pleiotropy in complex traits:

challenges and strategies. Nat Rev Genet. 14:483-495. [PubMed: 23752797]

. Jordan DM, Verbanck M, Do R (2019): HOPS: a quantitative score reveals pervasive horizontal

pleiotropy in human genetic variation is driven by extreme polygenicity of human traits and
diseases. Genome Biol. 20:222. [PubMed: 31653226]

. Watanabe K, Stringer S, Frei O, Umicevic Mirkov M, de Leeuw C, Polderman TJC, et al. (2019): A

global overview of pleiotropy and genetic architecture in complex traits. Nat Genet. 51:1339-1348.
[PubMed: 31427789]

. Smoller JW, Andreassen OA, Edenberg HJ, Faraone SV, Glatt SJ, Kendler KS (2019): Psychiatric

genetics and the structure of psychopathology. Mol Psychiatry. 24:409-420. [PubMed: 29317742]

. Schaid DJ, Chen W, Larson NB (2018): From genome-wide associations to candidate causal

variants by statistical fine-mapping. Nat Rev Genet. 19:491-504. [PubMed: 29844615]

. van Rheenen W, Peyrot WJ, Schork AJ, Lee SH, Wray NR (2019): Genetic correlations of polygenic

disease traits: from theory to practice. Nat Rev Genet. 20:567-581. [PubMed: 31171865]

. Frei O, Holland D, Smeland OB, Shadrin AA, Fan CC, Maeland S, et al. (2019): Bivariate causal

mixture model quantifies polygenic overlap between complex traits beyond genetic correlation.
Nature communications. 10:2417.

. Cross-Disorder Group of the Psychiatric Genomics C (2013): Identification of risk loci with shared

effects on five major psychiatric disorders: a genome-wide analysis. Lancet. 381:1371-1379.
[PubMed: 23453885]

10. Gandal MJ, Haney JR, Parikshak NN, Leppa V, Ramaswami G, Hartl C, et al. (2018): Shared

molecular neuropathology across major psychiatric disorders parallels polygenic overlap. Science.
359:693-697. [PubMed: 29439242]

11. Brainstorm C, Anttila V, Bulik-Sullivan B, Finucane HK, Walters RK, Bras J, et al. (2018):

Analysis of shared heritability in common disorders of the brain. Science. 360.

12. Cross-Disorder Group of the Psychiatric Genomics Consortium. Electronic address pmhe, Cross-

Disorder Group of the Psychiatric Genomics C (2019): Genomic Relationships, Novel Loci, and
Pleiotropic Mechanisms across Eight Psychiatric Disorders. Cell. 179:1469-1482 e1411.

13. Grotzinger AD, Rhemtulla M, de Vlaming R, Ritchie SJ, Mallard TT, Hill WD, et al. (2019):

Genomic structural equation modelling provides insights into the multivariate genetic architecture
of complex traits. Nat Hum Behav. 3:513-525. [PubMed: 30962613]

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Page 14

Watson HJ, Yilmaz Z, Thornton LM, Hubel C, Coleman JRI, Gaspar HA, et al. (2019): Genome-
wide association study identifies eight risk loci and implicates metabo-psychiatric origins for
anorexia nervosa. Nat Genet. 51:1207-1214. [PubMed: 31308545]

Pouget JG, Han B, Wu Y, Mignot E, Ollila HM, et al. (2019): Cross-disorder analysis of
schizophrenia and 19 immune-mediated diseases identifies shared genetic risk. Hum Mol Genet.
28:3498-3513. [PubMed: 31211845]

Wassertheil-Smoller S, Qi Q, Dave T, Mitchell BD, Jackson RD, Liu S, et al. (2018): Polygenic
Risk for Depression Increases Risk of Ischemic Stroke: From the Stroke Genetics Network Study.
Stroke. 49:543-548. [PubMed: 29438084]

Dennis J, Sealock J, Levinson RT, Farber-Eger E, Franco J, Fong S, et al. (2019): Genetic risk for
major depressive disorder and loneliness in sex-specific associations with coronary artery disease.
Mol Psychiatry.

Network and Pathway Analysis Subgroup of Psychiatric Genomics Consortium (2015): Psychiatric
genome-wide association study analyses implicate neuronal, immune and histone pathways. Nat
Neurosci. 18:199-209. [PubMed: 25599223]

Ellis SE, Panitch R, West AB, Arking DE (2016): Transcriptome analysis of cortical tissue reveals
shared sets of downregulated genes in autism and schizophrenia. Transl Psychiatry. 6:e817.
[PubMed: 27219343]

Guan J, Cai JJ, Ji G, Sham PC (2019): Commonality in dysregulated expression of gene sets in
cortical brains of individuals with autism, schizophrenia, and bipolar disorder. Transl Psychiatry.
9:152. [PubMed: 31127088]

Boyle EA, Li YI, Pritchard JK (2017): An Expanded View of Complex Traits: From Polygenic to
Omnigenic. Cell. 169:1177-1186. [PubMed: 28622505]

Wray NR, Wijmenga C, Sullivan PF, Yang J, Visscher PM (2018): Common Disease Is More
Complex Than Implied by the Core Gene Omnigenic Model. Cell. 173:1573-1580. [PubMed:
29906445]

Marshall CR, Howrigan DP, Merico D, Thiruvahindrapuram B, Wu W, Greer DS, et al. (2017):
Contribution of copy number variants to schizophrenia from a genome-wide study of 41,321
subjects. Nat Genet. 49:27-35. [PubMed: 27869829]

Kirov G, Rees E, Walters JT, Escott-Price V, Georgieva L, Richards AL, et al. (2014): The
penetrance of copy number variations for schizophrenia and developmental delay. Biol Psychiatry.
75:378-385. [PubMed: 23992924]

Huang AY, Yu D, Davis LK, Sul JH, Tsetsos F, Ramensky V, et al. (2017): Rare Copy Number
Variants in NRXN1 and CNTNG6 Increase Risk for Tourette Syndrome. Neuron. 94:1101-1111
e1107.

Zarrei M, Burton CL, Engchuan W, Young EJ, Higginbotham EJ, MacDonald JR, et al. (2019): A
large data resource of genomic copy number variation across neurodevelopmental disorders. NPJ
Genom Med. 4:26. [PubMed: 31602316]

McGrath LM, Yu D, Marshall C, Davis LK, Thiruvahindrapuram B, Li B, et al. (2014): Copy
number variation in obsessive-compulsive disorder and tourette syndrome: a cross-disorder study. J
Am Acad Child Adolesc Psychiatry. 53:910-919. [PubMed: 25062598]

Olsen L, Sparso T, Weinsheimer SM, Dos Santos MBQ, Mazin W, Rosengren A, et al. (2018):
Prevalence of rearrangements in the 22g11.2 region and population-based risk of neuropsychiatric
and developmental disorders in a Danish population: a case-cohort study. Lancet Psychiatry.
5:573-580. [PubMed: 29886042]

Sun D, Ching CRK, Lin A, Forsyth JK, Kushan L, Vajdi A, et al. (2018): Large-scale mapping of
cortical alterations in 22g11.2 deletion syndrome: Convergence with idiopathic psychosis and
effects of deletion size. Mol Psychiatry.

Ching CRK, Gutman BA, Sun D, Villalon Reina J, Ragothaman A, Isaev D, et al. (2020): Mapping
Subcortical Brain Alterations in 22g11.2 Deletion Syndrome: Effects of Deletion Size and
Convergence With Idiopathic Neuropsychiatric Illness. Am J Psychiatry. 177:589-600. [PubMed:
32046535]

Lin A, Vajdi A, Kushan-Wells L, Helleman G, Hansen LP, Jonas RK, et al. (2020): Reciprocal
Copy Number Variations at 22q11.2 Produce Distinct and Convergent Neurobehavioral

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 15

Impairments Relevant for Schizophrenia and Autism Spectrum Disorder. Biol Psychiatry. 88:260—
272. [PubMed: 32143830]

CNV 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. [PubMed: 27869829]

Liu Y, Bhowmick T, Liu Y, Gao X, Mertens HDT, Svergun DI, et al. (2018): Structural Basis for
Draxin-Modulated Axon Guidance and Fasciculation by Netrin-1 through DCC. Neuron. 97:1261—
1267 e1264.

Vosberg DE, Zhang Y, Menegaux A, Chalupa A, Manitt C, Zehntner S, et al. (2018):
Mesocorticolimbic Connectivity and Volumetric Alterations in DCC Mutation Carriers. J
Neurosci. 38:4655-4665. [PubMed: 29712788]

Bipolar D, Schizophrenia Working Group of the Psychiatric Genomics Consortium. Electronic
address drve, Bipolar D, Schizophrenia Working Group of the Psychiatric Genomics C (2018):
Genomic Dissection of Bipolar Disorder and Schizophrenia, Including 28 Subphenotypes. Cell.
173:1705-1715 e1716.

Zhu Z, Zheng Z, Zhang F, Wu Y, Trzaskowski M, Maier R, et al. (2018): Causal associations
between risk factors and common diseases inferred from GWAS summary data. Nature
communications. 9:224.

Byrne EM, Zhu Z, Qi T, Skene NG, Bryois J, Pardinas AF, et al. (2019): Conditional GWAS
analysis identifies putative disorder-specific SNPs for psychiatric disorders. bioRxiv.592899.

Peyrot WJ, Price AL (2020): Identifying loci with different allele frequencies among cases of eight
psychiatric disorders using CC-GWAS. bioRxiv.2020.2003.2004.977389.

Pardifias AF HP, Pocklington AJ, Escott-Price V, Ripke S, Carrera N, Legge SE, Bishop S,
Cameron D, Hamshere ML, Han J, Hubbard L, Lynham A, Mantripragada K, Rees E, MacCabe
JH, McCarroll SA, Baune BT, Breen G, Byrne EM, Dannlowski U, Eley TC, Hayward C, Martin
NG, Mclntosh AM, Plomin R, Porteous DJ, Wray NR, Caballero A, Geschwind DH, Huckins LM,
Ruderfer DM, Santiago E, Sklar P, Stahl EA, Won H, Agerbo E, Als TD, Andreassen OA,
Bakvad-Hansen M, Mortensen PB, Pedersen CB, Bgrglum AD, Bybjerg-Grauholm J, Djurovic S,
Durmishi N, Pedersen MG, Golimbet V, Grove J, Hougaard DM, Mattheisen M, Molden E, Mors
O, Nordentoft M, Pejovic-Milovancevic M, Sigurdsson E, Silagadze T, Hansen CS, Stefansson K,
Stefansson H, Steinberg S, Tosato S, Werge T; GERAD1 Consortium; CRESTAR Consortium,
Collier DA, Rujescu D, Kirov G, Owen MJ, O’Donovan MC, Walters JTR. (2018): Common
schizophrenia alleles are enriched in mutation-intolerant genes and in regions under strong
background selection. Nat Genet. 50:381-389. [PubMed: 29483656]

Stahl E, Breen G, Forstner A, McQuillin A, Ripke S, Trubetskoy V MM, Wang Y, Coleman JRI,
Gaspar HA, de Leeuw CA, Steinberg S, Pavlides IMW, Trzaskowski M, Byrne EM, Pers TH,
Holmans PA, Richards AL, Abbott L, Agerbo E, Akil H, Albani D, Alliey-Rodriguez N, Als TD,
Anjorin A, Antilla V, Awasthi S, Badner JA, Bekvad-Hansen M, Barchas JD, Bass N, Bauer M,
Belliveau R, Bergen SE, Pedersen CB, Bgen E, Boks MP, Boocock J, Budde M, Bunney W,
Burmeister M, Bybjerg-Grauholm J, Byerley W, Casas M, Cerrato F, Cervantes P, Chambert K,
Charney AW, Chen D, Churchhouse C, Clarke TK, Coryell W, Craig DW, Cruceanu C, Curtis D,
Czerski PM, Dale AM, de Jong S, Degenhardt F, Del-Favero J, DePaulo JR, Djurovic S, Dobbyn
AL, Dumont A, Elvsashagen T, Escott-Price V, Fan CC, Fischer SB, Flickinger M, Foroud TM,
Forty L, Frank J, Fraser C, Freimer NB, Frisén L, Gade K, Gage D, Garnham J, Giambartolomei
C, Pedersen MG, Goldstein J, Gordon SD, Gordon-Smith K, Green EK, Green MJ, Greenwood
TA, Grove J, Guan W, Guzman-Parra J, Hamshere ML, Hautzinger M, Heilbronner U, Herms S,
Hipolito M, Hoffmann P, Holland D, Huckins L, Jamain S, Johnson JS, Juréus A, Kandaswamy R,
Karlsson R, Kennedy JL, Kittel-Schneider S, Knowles JA, Kogevinas M, Koller AC, Kupka R,
Lavebratt C, Lawrence J, Lawson WB, Leber M, Lee PH, Levy SE, Li JZ, Liu C, Lucae S, Maaser
A, Maclintyre DJ, Mahon PB, Maier W, Martinsson L, McCarroll S, McGuffin P, Mclnnis MG,
McKay JD, Medeiros H, Medland SE, Meng F, Milani L, Montgomery GW, Morris DW,
Muihleisen TW, Mullins N, Nguyen H, Nievergelt CM, Adolfsson AN, Nwulia EA, O’Donovan C,
Loohuis LMO, Ori APS, Oruc L, Osby U, Perlis RH, Perry A, Pfennig A, Potash JB, Purcell SM,
Regeer EJ, Reif A, Reinbold CS, Rice JP, Rivas F, Rivera M, Roussos P, Ruderfer DM, Ryu E,
Sanchez-Mora C, Schatzberg AF, Scheftner WA, Schork NJ, Shannon Weickert C, Shehktman T,
Shilling PD, Sigurdsson E, Slaney C, Smeland OB, Sobell JL, Sgholm Hansen C, Spijker AT, St

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 16

Clair D, Steffens M, Strauss JS, Streit F, Strohmaier J, Szelinger S, Thompson RC, Thorgeirsson
TE, Treutlein J, Vedder H, Wang W, Watson SJ, Weickert TW, Witt SH, Xi S, Xu W, Young AH,
Zandi P, Zhang P, Zéllner S; eQTLGen Consortium; BIOS Consortium, Adolfsson R, Agartz I,
Alda M, Backlund L, Baune BT, Bellivier F, Berrettini WH, Biernacka JM, Blackwood DHR,
Boehnke M, Bgrglum AD, Corvin A, Craddock N, Daly MJ, Dannlowski U, Esko T, Etain B, Frye
M, Fullerton JM, Gershon ES, Gill M, Goes F, Grigoroiu-Serbanescu M, Hauser J, Hougaard DM,
Hultman CM, Jones I, Jones LA, Kahn RS, Kirov G, Landén M, Leboyer M, Lewis CM, Li QS,
Lissowska J, Martin NG, Mayoral F, McElroy SL, McIntosh AM, McMahon FJ, Melle I, Metspalu
A, Mitchell PB, Morken G, Mors O, Mortensen PB, Miller-Myhsok B, Myers RM, Neale BM,
Nimgaonkar V, Nordentoft M, Néthen MM, O’Donovan MC, Oedegaard KJ, Owen MJ, Paciga
SA, Pato C, Pato MT, Posthuma D, Ramos-Quiroga JA, Ribasés M, Rietschel M, Rouleau GA,
Schalling M, Schofield PR, Schulze TG, Serretti A, Smoller JW, Stefansson H, Stefansson K,
Stordal E, Sullivan PF, Turecki G, Vaaler AE, Vieta E, Vincent JB, Werge T, Nurnberger JI, Wray
NR, Di Florio A, Edenberg HJ, Cichon S, Ophoff RA, Scott LJ, Andreassen OA, Kelsoe J, Sklar P;
Bipolar Disorder Working Group of the Psychiatric Genomics Consortium (2019): Genomewide
association study identifies 30 loci associated with bipolar disorder. Nat Genet. 51:793-803.
[PubMed: 31043756]

Myers SM, Challman TD, Bernier R, Bourgeron T, Chung WK, Constantino JN, et al. (2020):
Insufficient Evidence for “Autism-Specific” Genes. Am J Hum Genet.

Ganna A, Satterstrom FK, Zekavat SM, Das I, Kurki MI, Churchhouse C, et al. (2018):
Quantifying the Impact of Rare and Ultra-rare Coding Variation across the Phenotypic Spectrum.
Am J Hum Genet. 102:1204-1211. [PubMed: 29861106]

Satterstrom FK, Walters RK, Singh T, Wigdor EM, Lescai F, Demontis D, et al. (2019): Autism
spectrum disorder and attention deficit hyperactivity disorder have a similar burden of rare protein-
truncating variants. Nat Neurosci. 22:1961-1965. [PubMed: 31768057]

Cappi C, Oliphant ME, Peter Z, Zai G, Conceicao do Rosario M, Sullivan CAW, et al. (2019): De
Novo Damaging DNA Coding Mutations Are Associated With Obsessive-Compulsive Disorder
and Overlap With Tourette’s Disorder and Autism. Biol Psychiatry.

Hodge JC, Mitchell E, Pillalamarri V, Toler TL, Bartel F, Kearney HM, et al. (2014): Disruption of
MBDS5 contributes to a spectrum of psychopathology and neurodevelopmental abnormalities. Mol
Psychiatry. 19:368-379. [PubMed: 23587880]

Singh T, Kurki MI, Curtis D, Purcell SM, Crooks L, McRae J, et al. (2016): Rare loss-of-function
variants in SETD1A are associated with schizophrenia and developmental disorders. Nat Neurosci.
19:571-577. [PubMed: 26974950]

O’Roak BJ VL, Fu W, Egertson JD, Stanaway IB, Phelps IG, Carvill G, Kumar A, Lee C,
Ankenman K, Munson J, Hiatt JB, Turner EH, Levy R, O’Day DR, Krumm N, Coe BP, Martin
BK, Borenstein E, Nickerson DA, Mefford HC, Doherty D, Akey JM, Bernier R, Eichler EE,
Shendure J. (2012): Multiplex targeted sequencing identifies recurrently mutated genes in autism
spectrum disorders. Science. 338:1619-1622. [PubMed: 23160955]

Plomin R, Haworth CM, Davis OS (2009): Common disorders are quantitative traits. Nat Rev
Genet. 10:872-878. [PubMed: 19859063]

Taylor MJ, Martin J, Lu Y, Brikell I, Lundstrom S, Larsson H, et al. (2019): Association of Genetic
Risk Factors for Psychiatric Disorders and Traits of These Disorders in a Swedish Population Twin
Sample. JAMA Psychiatry. 76:280-289. [PubMed: 30566181]

Robinson EB, St Pourcain B, Anttila V, Kosmicki JA, Bulik-Sullivan B, Grove J, et al. (2016):
Genetic risk for autism spectrum disorders and neuropsychiatric variation in the general
population. Nat Genet. 48:552-555. [PubMed: 26998691]

Kendall KM, Bracher-Smith M, Fitzpatrick H, Lynham A, Rees E, Escott-Price V, et al. (2019):
Cognitive performance and functional outcomes of carriers of pathogenic copy number variants:
analysis of the UK Biobank. Br J Psychiatry. 214:297-304. [PubMed: 30767844]

Legge SE, Jones HJ, Kendall KM, Pardinas AF, Menzies G, Bracher-Smith M, et al. (2019):
Association of Genetic Liability to Psychotic Experiences With Neuropsychotic Disorders and
Traits. JAMA Psychiatry.

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

53.

54.

55

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 17

Germine L, Robinson EB, Smoller JW, Calkins ME, Moore TM, Hakonarson H, et al. (2016):
Association between polygenic risk for schizophrenia, neurocognition and social cognition across
development. Transl Psychiatry. 6:€924.

Lo MT, Hinds DA, Tung JY, Franz C, Fan CC, Wang Y, et al. (2017): Genome-wide analyses for
personality traits identify six genomic loci and show correlations with psychiatric disorders. Nat
Genet. 49:152-156. [PubMed: 27918536]

. Stergiakouli E, Martin J, Hamshere ML, Langley K, Evans DM, St Pourcain B, et al. (2015):

Shared genetic influences between attention-deficit/hyperactivity disorder (ADHD) traits in
children and clinical ADHD. J Am Acad Child Adolesc Psychiatry. 54:322-327. [PubMed:
25791149]

Nagel M, Jansen PR, Stringer S, Watanabe K, de Leeuw CA, Bryois J, et al. (2018): Meta-analysis
of genome-wide association studies for neuroticism in 449,484 individuals identifies novel genetic
loci and pathways. Nat Genet. 50:920-927. [PubMed: 29942085]

Grashy KL, Jahanshad N, Painter JN, Colodro-Conde L, Bralten J, Hibar DP, et al. (2020): The
genetic architecture of the human cerebral cortex. Science. 367.

Buniello A, MacArthur JAL, Cerezo M, Harris LW, Hayhurst J, Malangone C, et al. (2019): The
NHGRI-EBI GWAS Catalog of published genome-wide association studies, targeted arrays and
summary statistics 2019. Nucleic acids research. 47:D1005-D1012. [PubMed: 30445434]

Costas J (2018): The highly pleiotropic gene SLC39A8 as an opportunity to gain insight into the
molecular pathogenesis of schizophrenia. Am J Med Genet B Neuropsychiatr Genet. 177:274-283.
[PubMed: 28557351]

Mealer RG, Williams SE, Daly MJ, Scolnick EM, Cummings RD, Smoller JW (2020):
Glycobiology and schizophrenia: a biological hypothesis emerging from genomic research. Mol
Psychiatry.

Denny JC, Bastarache L, Roden DM (2016): Phenome-Wide Association Studies as a Tool to
Advance Precision Medicine. Annu Rev Genomics Hum Genet. 17:353-373. [PubMed: 27147087]

McCoy TH Jr., Pellegrini AM, Perlis RH (2019): Using phenome-wide association to investigate
the function of a schizophrenia risk locus at SLC39A8. Transl Psychiatry. 9:45. [PubMed:
30696806]

Zheutlin AB, Dennis J, Karlsson Linner R, Moscati A, Restrepo N, Straub P, et al. (2019):
Penetrance and Pleiotropy of Polygenic Risk Scores for Schizophrenia in 106,160 Patients Across
Four Health Care Systems. Am J Psychiatry. 176:846-855. [PubMed: 31416338]

Leppert B, Millard LAC, Riglin L, Davey Smith G, Thapar A, Tilling K, et al. (2020): A cross-
disorder PRS-pheWAS of 5 major psychiatric disorders in UK Biobank. PL0oS Genet.
16:¢1008185.

Richardson TG, Harrison S, Hemani G, Davey Smith G (2019): An atlas of polygenic risk score
associations to highlight putative causal relationships across the human phenome. Elife. 8.

Shen X, Howard DM, Adams MJ, Hill WD, Clarke TK, Major Depressive Disorder Working
Group of the Psychiatric Genomics C, et al. (2020): A phenome-wide association and Mendelian
Randomisation study of polygenic risk for depression in UK Biobank. Nature communications.
11:2301.

Mulugeta A, Zhou A, King C, Hypponen E (2020): Association between major depressive disorder
and multiple disease outcomes: a phenome-wide Mendelian randomisation study in the UK
Biobank. Mol Psychiatry. 25:1469-1476. [PubMed: 31427754]

Lee P, Lee C, Ki X, Wee B, Dwivedi T, Daly M (2018): Principles and methods of insillico
prioritization of non-coding regulatory variants. Hum Genet. 137:15-30. [PubMed: 29288389]
Raj B, Belencowe BJ (2015): Alternative Splicing in the Mammalian Nervous System: Recent
Insights into Mechanisms and Functional Roles. Neuron. 87:14-27. [PubMed: 26139367]

Ching M, Shen Y, Tan WH, Jeste SS, Morrow EM, Chen X, Mukaddes NM, Yoo SY, Hanson E,
Hundley R, Austin C, Becker RE, Berry GT, Driscoll K, Engle EC, Friedman S, Gusella JF,
Hisama FM, Irons MB, Lafiosca T, LeClair E, Miller DT, Neessen M, Picker JD, Rappaport L,
Rooney CM, Sarco DP, Stoler JM, Walsh CA, Wolff RR, Zhang T, Nasir RH, Wu BL; Children’s
Hospital Boston Genotype Phenotype Study Group (2010): Deletions of NRXN1 (neurexin-1)

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 18

predispose to a wide spectrum of developmental disorders. Am J Med Genet B Neuropsychiatr
Genet. 153B:937-947. [PubMed: 20468056]

Kim H, Kishikawa S, Higgins AW, Seong IS, Donovan DJ, Shen Y, Lally E, Weiss LA, Najm J,
Kutsche K, Descartes M, Holt L, Braddock S, Troxell R, Kaplan L, Volkmar F, Klin A, Tsatsanis
K, Harris DJ, Noens I, Pauls DL, Daly MJ, MacDonald ME, Morton CC, Quade BJ, Gusella JF.
(2008): Disruption of neurexin 1 associated with autism spectrum disorder. Am J Hum Genet.
82:199-207. [PubMed: 18179900]

Kirov G, Rujescu D, Ingason A, Collier DA, O’Donovan MC, Owen MJ (2009): Neurexin 1
(NRXNZ1) deletions in schizophrenia. Schizophr Bull. 35:851-854. [PubMed: 19675094]
Castronovo P, Baccarin M, Ricciardello A, Picinelli C, Tomaiuolo P, Cucinotta F, Frittoli M, Lintas
C, Sacco R, Persico AM. (2020): Phenotypic spectrum of NRXN1 mono- and bi-allelicdeficiency:
A systematic review. Clin Genet. 97:125-137. [PubMed: 30873608]

Hu Z XX, Zhang Z, Li M (2019): Genetic insights and neurobiological implications from NRXN1
in neuropsychiatric disorders. Mol Psychiatry. 24:1400-1414. [PubMed: 31138894]

Zweier C, Sticht H, Bijlsma EK, Clayton-Smith J, Boonen SE, Fryer A, Greally MT, Hoffmann L,
den Hollander NS, Jongmans M, Kant SG, King MD, Lynch SA, McKee S, Midro AT, Park SM,
Ricotti V, Tarantino E, Wessels M, Peippo M, Rauch A. (2008): Further delineation of Pitt-
Hopkins syndrome: phenotypic and genotypic description of 16 novel patients. J Med Genet. 45.

Forrest M, Hill MJ, Kavanagh DH, Tansey KE, Waite AJ, Blake DJ. (2018): The Psychiatric Risk
Gene Transcription Factor 4 (TCF4) Regulates Neurodevelopmental Pathways Associated With
Schizophrenia, Autism, and Intellectual Disability. Schizophr Bull. 44:1100-1110. [PubMed:
29228394]

Blake D, Forrest M, Chapman RM, Tinsley CL, O’Donovan MC, Owen MJ. (2010): TCF4,
Schizophrenia, and Pitt-Hopkins Syndrome. Schizophr Bull. 36:443-447. [PubMed: 20421335]

Autism Spectrum Disorders Working Group of The Psychiatric Genomics Consortium (2017):
Meta-analysis of GWAS of over 16,000 individuals with autism spectrum disorder highlights a
novel locus at 10g24.32 and a significant overlap with schizophrenia. Mol Autism. 8:21. [PubMed:
28540026]

Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A, et al. (2018):
Genome-wide association analyses identify 44 risk variants and refine the genetic architecture of
major depression. Nat Genet. 50:668-681. [PubMed: 29700475]

Serafini T, Colamarino SA, Leonardo ED, Wang H, Beddington R, Skarnes WC, Tessier-Lavigne
M. (1996): Netrin-1 Is Required for Commissural Axon Guidance in the Developing Vertebrate
Nervous System. Cell. 87:1001-1014. [PubMed: 8978605]

Wamsley B, Jaglin XH, Favuzzi E, Quattrocolo G, Nigro MJ, Yusuf N, KhodadadiJamayran A,
Rudy B, Fishell G. (2018): RBFOX1 mediates cell-type-specific splicing in cortical interneurons. .
Neuron 100:846-859. [PubMed: 30318414]

Gehman L, Stoilov P, Maguire J, Damianov A, Lin CH, Shiue L, Ares M Jr, Mody I, Black DL.
(2011): The splicing regulator Rbfox1 (A2BP1) controls neuronal excitation in the mammalian
brain. Nat Genet. 43:706-711. [PubMed: 21623373]

Zhao W-W (2013): Intragenic deletion of RBFOX1 associated with neurodevelopmental/
neuropsychiatric disorders and possibly other clinical presentations. Mol Cytogenet. 6.

Hamada N, Ito H, Nishijo T, lwamoto I, Morishita R, Tabata H, et al. (2016): Essential role of the
nuclear isoform of RBFOX1, a candidate gene for autism spectrum disorders, in the brain
development. Sci Rep. 6:30805. [PubMed: 27481563]

Elia J, Gai X, Xie H M, Perin J C, Geiger E, Glessner J T, D’arcy M, deBerardinis R, Frackelton E,
Kim C, Lantieri F, Muganga B M, Wang L, Takeda T, Rappaport E F, Grant S F, Berrettini W,
Devoto M, Shaikh T H, Hakonarson H, White P S (2010): Rare structural variants found in
attention-deficit hyperactivity disorder are preferentially associated with neurodevelopmental
genes. Mol Psychiatry. 15:637-646. [PubMed: 19546859]

Murgai A, Kumar N, Jog MS (2018): Tourette-Like Syndrome in a Patient with RBFOX1 Deletion.
Mov Disord Clin Pract. 5:86-88. [PubMed: 30746397]

Wray N, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A, Adams MJ, Agerbo E,
Air TM, Andlauer TMF, Bacanu SA, Bekvad-Hansen M, Beekman AFT, Bigdeli TB, Binder EB,

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

Page 19

Blackwood DRH, Bryois J, Buttenschgn HN, Bybjerg-Grauholm J, Cai N, Castelao E, Christensen
JH, Clarke TK, Coleman JIR, Colodro-Conde L, Couvy-Duchesne B, Craddock N, Crawford GE,
Crowley CA, Dashti HS, Davies G, Deary |J, Degenhardt F, Derks EM, Direk N, Dolan CV, Dunn
EC, Eley TC, Eriksson N, Escott-Price V, Kiadeh FHF, Finucane HK, Forstner AJ, Frank J, Gaspar
HA, Gill M, Giusti-Rodriguez P, Goes FS, Gordon SD, Grove J, Hall LS, Hannon E, Hansen CS,
Hansen TF, Herms S, Hickie 1B, Hoffmann P, Homuth G, Horn C, Hottenga JJ, Hougaard DM, Hu
M, Hyde CL, Ising M, Jansen R, Jin F, Jorgenson E, Knowles JA, Kohane IS, Kraft J, Kretzschmar
WW, Krogh J, Kutalik Z, Lane JM, Li Y, Li Y, Lind PA, Liu X, Lu L, Maclntyre DJ, MacKinnon
DF, Maier RM, Maier W, Marchini J, Mbarek H, McGrath P, McGuffin P, Medland SE, Mehta D,
Middeldorp CM, Mihailov E, Milaneschi Y, Milani L, Mill J, Mondimore FM, Montgomery GW,
Mostafavi S, Mullins N, Nauck M, Ng B, Nivard MG, Nyholt DR, O’Reilly PF, Oskarsson H,
Owen MJ, Painter JN, Pedersen CB, Pedersen MG, Peterson RE, Pettersson E, Peyrot WJ, Pistis
G, Posthuma D, Purcell SM, Quiroz JA, Qvist P, Rice JP, Riley BP, Rivera M, Saeed Mirza S,
Saxena R, Schoevers R, Schulte EC, Shen L, Shi J, Shyn Sl, Sigurdsson E, Sinnamon GBC, Smit
JH, Smith DJ, Stefansson H, Steinberg S, Stockmeier CA, Streit F, Strohmaier J, Tansey KE,
Teismann H, Teumer A, Thompson W, Thomson PA, Thorgeirsson TE, Tian C, Traylor M,
Treutlein J, Trubetskoy V, Uitterlinden AG, Umbricht D, Van der Auwera S, van Hemert AM,
Viktorin A, Visscher PM, Wang Y, Webb BT, Weinsheimer SM, Wellmann J, Willemsen G, Witt
SH, Wu Y, Xi HS, Yang J, Zhang F; eQTLGen; 23andMe, Arolt V, Baune BT, Berger K,
Boomsma DI, Cichon S, Dannlowski U, de Geus ECJ, DePaulo JR, Domenici E, Domschke K,
Esko T, Grabe HJ, Hamilton SP, Hayward C, Heath AC, Hinds DA, Kendler KS, Kloiber S, Lewis
G, Li QS, Lucae S, Madden PFA, Magnusson PK, Martin NG, McIntosh AM, Metspalu A, Mors
O, Mortensen PB, Miiller-Myhsok B, Nordentoft M, Néthen MM, O’Donovan MC, Paciga SA,
Pedersen NL, Penninx BWJH, Perlis RH, Porteous DJ, Potash JB, Preisig M, Rietschel M,
Schaefer C, Schulze TG, Smoller JW, Stefansson K, Tiemeier H, Uher R, VVolzke H, Weissman
MM, Werge T, Winslow AR, Lewis CM, Levinson DF, Breen G, Bgrglum AD, Sullivan PF; Major
Depressive Disorder Working Group of the Psychiatric Genomics Consortium. (2018): Genome-
wide association analyses identify 44 risk variants and refine the genetic architecture of major
depression. Nature Genetics. 50:668-681. [PubMed: 29700475]

Goes FS MJ, Avramopoulos D, Wolyniec P, Pirooznia M, Ruczinski I, Nestadt G, Kenny EE, Vacic
V, Peters |, Lencz T, Darvasi A, Mulle JG, Warren ST, Pulver AE. (2015): Genome-wide
association study of schizophrenia in Ashkenazi Jews. Am J Med Genet B Neuropsychiatr Genet.
168:649-659. [PubMed: 26198764]

Klein M WR, Demontis D, Stein JL, Hibar DP, Adams HH, Bralten J, Roth Mota N, Schachar R,
Sonuga-Barke E, Mattheisen M, Neale BM, Thompson PM, Medland SE, Bgrglum AD, Faraone
SV, Arias-Vasquez A, Franke B. (2019): Genetic Markers of ADHD-Related Variations in
Intracranial Volume. Am J Psychiatry. 176:228-238. [PubMed: 30818988]

Gallagher M, Chen-Plotkin AS. (2018): The Post-GWAS Era: From Association to Function. Am J
Hum Genet. 102:717-730. [PubMed: 29727686]

Fukaya T, Lim B., Levine M. (2016): Enhancer Control of Transcriptional Bursting. . Cell.
166:358-368. [PubMed: 27293191]

Pott S, Lieb JD (2015): What are super-enhancers? Nat Genet. 47:8-12. [PubMed: 25547603]
Krijger P, de Laat W. (2016): Regulation of disease-associated gene expression in the 3D genome.
Nat Rev Mol Cell Biol. 17:771-782. [PubMed: 27826147]

\Voight BF, Peloso GM, Orho-Melander M, Frikke-Schmidt R, Barbalic M, Jensen MK, et al.
(2012): Plasma HDL cholesterol and risk of myocardial infarction: a mendelian randomisation
study. Lancet. 380:572-580. [PubMed: 22607825]

Vanderweele TJ, Vansteelandt S (2010): Odds ratios for mediation analysis for a dichotomous
outcome. Am J Epidemiol. 172:1339-1348. [PubMed: 21036955]

Salinas YD, Wang Z, DeWan AT (2018): Statistical Analysis of Multiple Phenotypes in Genetic
Epidemiologic Studies: From Cross-Phenotype Associations to Pleiotropy. Am J Epidemiol.
187:855-863. [PubMed: 29020254]

Pickrell JK, Berisa T, Liu JZ, Segurel L, Tung JY, Hinds DA (2016): Detection and interpretation
of shared genetic influences on 42 human traits. Nat Genet. 48:709-717. [PubMed: 27182965]

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 20

98. Lawlor DA, Harbord RM, Sterne JA, Timpson N, Davey Smith G (2008): Mendelian
randomization: using genes as instruments for making causal inferences in epidemiology. Stat
Med. 27:1133-1163. [PubMed: 17886233]

99. Gage SH, Jones HJ, Burgess S, Bowden J, Davey Smith G, Zammit S, et al. (2017): Assessing
causality in associations between cannabis use and schizophrenia risk: a two-sample Mendelian
randomization study. Psychol Med. 47:971-980. [PubMed: 27928975]

100. Hartwig FP, Borges MC, Horta BL, Bowden J, Davey Smith G (2017): Inflammatory Biomarkers
and Risk of Schizophrenia: A 2-Sample Mendelian Randomization Study. JAMA Psychiatry.
74:1226-1233. [PubMed: 29094161]

101. Lin BD, Alkema A, Peters T, Zinkstok J, Libuda L, Hebebrand J, et al. (2019): Assessing causal
links between metabolic traits, inflammation and schizophrenia: a univariable and multivariable,
bidirectional Mendelian-randomization study. Int J Epidemiol. 48:1505-1514. [PubMed:
31504541]

102. Smoller JW, Lunetta KL, Robins J (2000): Implications of comorbidity and ascertainment bias for
identifying disease genes. Am J Med Genet. 96:817-822. [PubMed: 11121189]

103. Kendler KS, Chatzinakos C, Bacanu SA (2020): The impact on estimations of genetic correlations
by the use of super-normal, unscreened, and family-history screened controls in genome wide
case-control studies. Genet Epidemiol. 44:283-289. [PubMed: 31961015]

104. Schaefer GB, Mendelsohn NJ, Professional P, Guidelines C (2013): Clinical genetics evaluation
in identifying the etiology of autism spectrum disorders: 2013 guideline revisions. Genet Med.
15:399-407. [PubMed: 23519317]

105. McDonald-McGinn DM, Sullivan KE, Marino B, Philip N, Swillen A, Vorstman JA, et al. (2015):
22g11.2 deletion syndrome. Nat Rev Dis Primers. 1:15071. [PubMed: 27189754]

106. Finucane BM, Myers SM, Martin CL, Ledbetter DH (2020): Long overdue: including adults with
brain disorders in precision health initiatives. Curr Opin Genet Dev. 65:47-52. [PubMed:
32544666]

107. Gur RE, Yi JJ, McDonald-McGinn DM, Tang SX, Calkins ME, Whinna D, et al. (2014):
Neurocognitive development in 22¢q11.2 deletion syndrome: comparison with youth having
developmental delay and medical comorbidities. Mol Psychiatry. 19:1205-1211. [PubMed:
24445907]

108. Hoeffding LK, Trabjerg BB, Olsen L, Mazin W, Sparso T, Vangkilde A, et al. (2017): Risk of
Psychiatric Disorders Among Individuals With the 22q11.2 Deletion or Duplication: A Danish
Nationwide, Register-Based Study. JAMA Psychiatry. 74:282-290. [PubMed: 28114601]

109. Precision Medicine Initiative (PMI) Working Group (2015): The Precision Medicine Initiative
Cohort Program — Building a Research Foundation for 21st Century Medicine.

110. Dugger SA, Platt A, Goldstein DB (2018): Drug development in the era of precision medicine.
Nature reviews Drug discovery. 17:183-196. [PubMed: 29217837]

111. Torkamani A, Wineinger NE, Topol EJ (2018): The personal and clinical utility of polygenic risk
scores. Nat Rev Genet. 19:581-590. [PubMed: 29789686]

112. Diogo D, Tian C, Franklin CS, Alanne-Kinnunen M, March M, Spencer CCA, et al. (2018):
Phenome-wide association studies across large population cohorts support drug target validation.
Nature communications. 9:4285.

113. Maier R, Moser G, Chen GB, Ripke S, Cross-Disorder Working Group of the Psychiatric
Genomics C, Coryell W, et al. (2015): Joint analysis of psychiatric disorders increases accuracy
of risk prediction for schizophrenia, bipolar disorder, and major depressive disorder. Am J Hum
Genet. 96:283-294. [PubMed: 25640677]

Biol Psychiatry. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Leeetal.

CACNA2D2

CACNA2D4 CACNATE

Individual pathway

—

Genetic correlation clustering

-
N e e =

>
4
-~————”

Page 21

\\
’ ~

7 S
i Wi

~
~

puplication [ TN [EIE1 Y |
MAIlcicl

Deletion

Reference .AIB.C'D.
—J_

/ ~

Gene

Variant ACTATAGCC

—

Figure 1. Widespread pleiotropy among psychiatric disorders at different levels of genomic

analysis.

Center panel: Pleiotropy has been estimated at the genome-wide scale as genetic correlation
among psychiatric disorders. (e.g., rq = 0.68 between SCZ and BD). Decomposition of the
genetic correlation matrix for eight psychiatric disorders revealed a three-factor structure,
comprising compulsive/perfectionistic behaviors (AN, OCD, and TS), mood and psychotic
disorders (SCZ, BIP, MD), and early-onset NDDs (TS, ASD, ADHD, and MDD). Left
panel: Multiple genes can form biological pathways, and individual pathways can cluster
into more complicated networks. Analyses leveraging these aggregated genetic effects have
identified specific pathways (e.g., calcium channel signaling and glutamate receptor
signaling) enriched for loci affecting several psychiatric conditions. Right panel: Individual
pleiotropic loci include copy number variants (CNVs) implicated in a range of NDDs (e.g.,
22q11 deletions). Finally, a growing catalog of specific genes and single nucleotide variants
have shown pleiotropic effects in common and rare variant association studies (e.g.,
association of CACNAIC with BD, SCZ, and ASD).
SCZ: schizophrenia; BD: bipolar disorder; MDD: major depressive disorder; ASD: autism
spectrum disorder; ADHD: attention-deficit/hyperactivity disorder; TS: Tourette syndrome;

AN: anorexia nervosa; OCD: obsessive compulsive disorder
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Figure 2. Pleiotropic mechanisms underlying cross-phenotype associations.
We define three classses of pleiotropic mechanisms: biological pleiotropy, mediated

pleiotropy, and spurious pleiotropy. (A) Biological pleiotropy include (a) single-gene
pleiotropy where causal variants, residing in coding or non-coding regions, affects the
function/activity/expression of a single gene that influences more than one trait; and (b)
multi-gene regulatory pleiotropy where non-coding causal variants affect the expression of
multiple genes simultaneously, each of which may underlie distinct traits. (B) Mediated
pleiotropy refers to the situation in which a causal variant influences one trait which in turn
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causes phenotypic changes in a second trait. (C) Spurious pleiotropy describes situations
when cross-trait associations occur due to various artefacts or limitations in study design.
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Figure 3. Examples of single-gene pleiotropy associated with psychiatric disorders.
A) Figure 3. Examples of single-gene pleiotropy associated with psychiatric disorders. A)

Cell adhesion protein NRXN1 produces distinct protein isoforms, each may affect distinct
brain circuits, behavioral systems, and psychiatric disorders. (B) Transcription factor TCF4
regulates more than 5% brain-expressed genes, many of which are key players in brain gene
transcription, signaling, and neurodevelopment. (C) DCC is a master regulator that governs
axon guidance during early neurodevelopment and mediation of mPFC dopamine
connectivity during adolescence. (D) RBFOX1 encodes a cell-type-specific alternative
splicing regulator that plays an essential role for neural development and excitability.
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