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A common belief among statistical geneticists is that genome-
wide association studies1 (GWAS) rendered candidate gene
studies2 obsolete. It is also widely believed that nearly all (if not
all) candidate gene hypotheses were incorrect (for psychiatric
disorders3). The goal of this article is to summarize findings that
support these conclusions and further: to highlight a recent
surge of fundamental discoveries in psychiatric genetics
research. Indeed, many robust genetic risk factors for psychia-
tric disorders have been discovered, providing novel clues
about disease etiology, which can fuel future discoveries.
Reviews of psychiatric GWAS findings are available elsewhere

[1, 2]. Briefly, all major psychiatric disorders have now been shown
to be polygenic, and for most disorders, specific loci have been
identified via GWAS. The critical element for success, for each of the
major psychiatric disorders, was increased statistical power, which
was almost exclusively achieved via massive increases in sample
sizes (i.e. encompassing tens of thousands of participants, or more).
Indeed, many early and underpowered GWAS yielded false positives.
The Psychiatric Genomics Consortium (PGC) is the world’s largest
consortium of psychiatric genetics researchers, and the discoveries
described here are largely attributable to the substantial and
sustained efforts of the PGC [1, 3]. More recently, biorepositories
from the UK Biobank [4], the Million Veterans Program [5], and
23&Me have boosted the discovery of genetic risk variants for many
psychiatric disorders. Leading results for specific disorders include
schizophrenia* [6], depression* [7, 8], bipolar disorder* [9], substance
use disorder [10, 11], PTSD [12–14], anorexia [15], ADHD [16], and
autism [17, 18] (asterisks denoting GWAS with at least 20 significant
loci). In sum, there are already many highly credible risk loci for
psychiatric disorders, and discoveries are continuing at a rapid pace.

This article contextualizes the findings that have – in recent years –
convinced human genetics researchers that traditional candidate
gene studies should no longer be trusted. Indeed, it was only via
systematic examination of the genome (via GWAS) that a robust
understanding of genetic risk for psychiatric disorders emerged.
Results from studies of schizophrenia will be used to illustrate these
findings. Schizophrenia [6] is representative of other psychiatric
disorders [7–12, 15–19] with respect to the genetic effects being
described, and – of all the psychiatric disorders – it is best suited for
illustrating these points because genetics research progress is most
advanced for schizophrenia. Seeing the results (in the plots below) is
critical because it explains why genetics researchers have changed
their practices so dramatically in the last ten years. It is important that
psychiatric and neuroscientific researchers, as well as clinicians, are
aware of these developments, given that many of the most
commonly referenced genetics findings are not considered to be
credible by geneticists [20–24]. For example, candidate gene and
gene-environment interaction findings about serotonin-related
genes (including 5-HTTLPR, the serotonin transporter linked
polymorphic region) are inconsistent with modern genetics findings
and highly likely to be incorrect [24].
This article addresses two critical questions:

1. Why are genetic researchers so confident about genetic
findings emerging from genome-wide association studies
(GWAS)?

2. What are the key genetic findings about psychiatric disorders
that have emerged from GWAS? In particular, the text and
figures below will clarify the following key points.

a. Large effect variants are rare or non-existent. If they exist,
they are easily detected.

b. Genetic risk factors are numerous and diffusely distributed
across the genome.

c. Robust genetic risk variants are far more likely to be
located in poorly understood regions of the genome than
in previously implicated candidate genes.

1. GWAS results are reproducible and they surpass an even
higher bar: They enable valid predictions in new datasets
Whereas many branches of science are beset with concerns

about the reliability of results, this is not one of the limitations of
well-powered GWAS. For one, across all of medicine, scientists
have observed that most GWAS results are reproducible over
time. In other words, the same genetic variants identified by
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GWAS in one sample, are identified by GWAS in a different
sample, assuming that sample sizes are adequate to enable
detection, and that ancestry is similar across samples. As an
illustrative example, we examine the strongest common-variant
association to schizophrenia. As shown below, as larger sample
sizes afforded greater power, the statistical significance of this
locus increased:

International standard for significance: p < 0.000000050 (i.e., p < 5 × 10−8)

2009 [25] p-value (N ~ 7000) p= 0.000000048

2011 [26] p-value (N ~ 52,000) p= 0.0000000000022

2014 [6] p-value (N ~ 150,000) p= 0.00000000000000000000000000000035

This pattern of results is expected for true results. More
broadly, strengthening of statistical evidence for associated
loci is the rule and not the exception for large GWAS, as
sample sizes increase. In contrast, results from candidate gene
studies became less clear, not more clear, as additional studies
accumulated.
GWAS results are reliable (as described above), but they also

meet an even a higher standard of evidence: they afford
correct predictions in novel datasets. Specifically, one can use
the results from a well-powered GWAS to predict phenotypes
in a new study (i.e. among different individuals), using only
genotypes and no phenotypic information. This practice is
referred to as polygenic risk scoring (PRS; also risk profile
scoring= RPS, polygenic scoring, and genetic scoring). Poly-
genic scoring was first introduced in 2007 by Wray and
colleagues [27]. In 2009, Purcell and colleagues [25] used
polygenic scoring to demonstrate polygenic influences on
schizophrenia. Now polygenic scores are widely used by
researchers [28, 29] and companies like 23&Me.
To be clear: polygenic predictions are very far from perfect;

they are not diagnostic and (at present) they explain relatively
small amounts of phenotypic variance. The modest predictive
ability of polygenic predictors notwithstanding, successful
demonstrations of polygenic prediction in hundreds of studies
have bolstered the genetics community’s trust in GWAS results.
As noted by Dudbridge [30] and others, apparent failures of
polygenic prediction often occur when sample sizes are too
small to expect statistically significant polygenic predictions. In
sum, the ability of GWAS to yield reliable results, which enable
correct predictions in novel datasets, is uncontroversial in the
genetics community.

2. Properties of genetic risk factors for psychiatric disorders

2a. Large effect variants are rare or non-existent. If they exist, they
are easily detected
Based on available GWAS of psychiatric disorders, one

important take home message is already clear: large effect
variants – meaning variants that explain a substantial amount
of phenotypic variance in the population – do not exist. In
contrast, some very rare genetic variants have large per-allele
effects on schizophrenia (e.g. odds ratio > 10) [31]. Importantly,
both of these observations are consistent with evolutionary
theory, and with one another. See Box 1 for an important
distinction regarding effect size terminology.
Some readers may wonder how geneticists can be sure that

large effect sizes4 do not exist for psychiatric disorders, but
there is a straightforward explanation: large effect sizes are

easy to detect. If variants explained large amounts of
phenotypic variance in the population, they would have been
discovered decades ago using linkage studies, and easily
replicated. Indeed, some conditions, like Huntington’s disease
and cystic fibrosis are caused by large effect variants, and
some complex genetic phenotypes like Alzheimer’s disease
have large effect variants (APOE4), and consequently detection
of relevant risk loci for these conditions was comparatively
easy. The fact that large effect variants have not been found
for psychiatric disorders suggests that such variants do not
exist5.
Figure 1 shows that large effect, common variants do not

exist for schizophrenia, and it illustrates a number of additional
principles about genetic risk factors for psychiatric disorders.
Points in Fig. 1 represent the 128 known common-variant risk
loci for schizophrenia [6]. For each variant, minor allele
frequency is depicted on the x-axis and effect size, in odds
ratio (OR), is on the y-axis. As the shaded blue region depicts,
there is an apparent upper bound on effect sizes of
schizophrenia risk variants, which varies according to minor
allele frequency: the largest observed effect sizes decrease, as
frequency increases. Presumably, natural selection ensures that
large per-allele effects are not permissible at even modest

Box 1

Critical distinction in effect size terminology. Imprecise lan-
guage is to blame for some misunderstandings about effect
sizes of genetic variants. There is one important distinction to
keep in mind. On the one hand, there are rare genetic variants
that have large per-allele effects on schizophrenia (or certain
forms of schizophrenia*). Such variants are always rare. For
example, a large and rare deletion on chromosome 22 (22q11.2
deletion) causes nearly a 30 fold increase in the risk for
schizophrenia [31, 47]. However, this variant is responsible for
only a small number of schizophrenia cases, because it occurs
rarely, and further, only a minority of people with the deletion
develop schizophrenia (i.e. minor allele frequency of 0.001 and
<30% rate of schizophrenia). In contrast, common genetic
variants (meaning variants that occur in at least one percent of
the population) always have small per-allele effects on
schizophrenia. See below and Fig. 1.
A fundamental problem with nearly all candidate gene

studies is that they implicitly hypothesized large effects for
common variants, because they used small sample sizes, which
only afford adequate power to detect large effects [23]. Thus,
one of the reasons why candidate gene papers are routinely
rejected from journals is that such papers report effect sizes
that are incompatible with the best-available evidence regard-
ing valid effect sizes for psychiatric disorders. The author’s own
example is illustrative of this. (See section 2c). With the benefit
of current genetics knowledge about depression [7, 8], it is
clear that the candidate gene finding from Duncan et al. [43]
must have been false positive finding.

*Note that in practice, merely observing presence/absence of
overlap of a GWAS locus with a candidate gene is insufficient to
include or exclude that gene’s putative relevance to disease, but
discussion of this is beyond the scope of this paper. For this paper,
it is sufficient to ask the question of whether or not the specific
hypotheses put forward by candidate gene studies are supported
or not by GWAS results.

4Experts have discrepant opinions about whether or not 22q11.2-
linked schizophrenia is the same as “typical” schizophrenia, and
broader questions about potential genetic subtypes of schizophrenia
are not yet settled.

5Meaning variants that explain a large fraction of phenotypic variance
in the population; see Box 1.
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allele frequencies. For example, the largest effect common
variant has an odds ratio of ~1.32 and a minor allele frequency
of 5%, see left-most point.
To make the point another way, statistical power in multiple

psychiatric GWAS for large effect variants has been nearly
100%, and therefore large effect, common variants would
have been easy to detect. This means that there is no shortcut
for identification of risk loci. Large samples are needed to
detect rare variants (because they are rare), and large samples
are needed to detect common variants (because the per-allele
effects are always small).
Another important observation about the detection of risk

loci is demonstrated by point color in Figs. 1 and 2.
Specifically, larger effect variants are easier to detect, and
therefore they can (on average) be detected with smaller
samples. In Fig. 2, boxplots are used to compare effect sizes of
variants according to the sample size of detection [6]. Per
expectations, the first variants detected (yellow) had larger
effect sizes than those that were detected with the larger
sample size (red) (Welch t test p= .03, Wilcoxon rank-sum test
p= .001). An extension of these findings is that more risk
variants will be detected with increasing sample sizes.
In Fig. 3, the shaded orange region reflects the coordinate

space of schizophrenia risk alleles that are likely to be
detected in the future. Specifically, evidence suggests that
additional risk alleles will be found across the range of minor
allele frequency (from ~0 to 50%), and they will have effect
sizes, on average, smaller than the risk variants that have
already been detected (i.e. the shaded region is below variants
that have already been identified).

2b. Genetic effects are numerous and diffusely distributed across the
genome.
A second important principle that has emerged from GWAS

is that genetic effects on complex genetic phenotypes are
numerous and diffusely distributed across the genome.
Current estimates for the true number of schizophrenia risk
variants number in the thousands, and over 200 loci have
been identifed in unpublished work. GWAS of height identified
697 specific loci [32] with many more not yet exceeding
genome-wide significance. For complex genetic phenotypes

such as height, body mass index (BMI), and all psychiatric
disorders, polygenicity has been convincingly demonstrated.
Regarding the distribution of genetic risk variants, poly-

genic effects are distributed across the genome6. Yang and
colleagues [33] provided a common-sense demonstration of
this point, by showing that chromosome length predicts the
amount of phenotypic variance explained. In other words,
they used natural categories (chromosomes) for partitioning
the genome into discrete sections, and they observed that
longer chromosomes also explain more phenotypic variance

Fig. 2 On average, the largest effect loci are detected first in GWAS.
As power increases (typically through increased sample size), smaller
effect variants are discovered. Each point represents one of the 128
variants from the 2014 publication of the Psychiatric Genomics
Consortium (PGC) Schizophrenia Group. Of the 128 loci, 105 variants
were significant associated with schizophrenia (i.e. p < 5 × 10−8) in
the smaller sample size of approximately 80,000 (yellow). An
additional 23 variants reached genome-wide significance using
the larger sample size of approximately 150,000 (red, mostly
additional control samples)

Fig. 3 Additional risk variants for schizophrenia will be detected
with larger sample sizes. The shaded orange region represents the
combination of effect sizes and allele frequencies (of risk variants)
that will be detectable with larger sample sizes

Fig. 1 There is an upper bound on the effect sizes of common
schizophrenia risk variants, which becomes increasingly stringent as
minor allele frequency increases. The shaded region denotes
coordinate space in which schizophrenia risk loci have not been
not detected (e.g for variants with minor allele frequency greater
than 20%, no risk variant has an effect size greater than 1.11). The
bottom of the shaded region follows the curved upper bound of
effect sizes for schizophrenia risk variants. Note that point color
(yellow and red) denotes the sample size used to detect the locus
(approximately 80,000 and 150,000, respectively). The black arrow
and asterisk represent rare ( <1%) schizophrenia risk variants with
larger per-allele effects (e.g. 22q11.2 deletions)

6Here we state the common-sense conclusion, that “such variants do
not exist.” Technically: hypotheses about large effect variants have
been repeatedly rejected, in large, high-quality studies.
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(on average). These and other findings suggest
that researchers should expect that risk variants
for psychiatric disorders are distributed across the genome.
Thus, it is well established that genetic risk for complex

genetic phenotypes is diffusely distributed across the genome.
With this established, important new questions are being
asked about the biological effects of genetic risk variants,
together and individually. For example, multiple methods are
designed to quantify the importance of particular regions of
the genome (e.g. a particular set of genes) for a given
phenotype, and other methods can be used to determine
which brain regions and cell types are most relevant [34–37].
Additional studies are needed to determine the biological
relevance of GWAS-nominated candidate genes and loci (as
distinguished from traditional candidate genes), an excellent
example of which is provided by Sekar et al. regarding C4
alleles at the chromosome 6 MHC locus for schizophrenia [38].
In sum, it is known that genetic risk for psychiatric disorders is
distributed across the genome, and an important next step is
to determine the biological relevance of GWAS.

2c. Risk variants for psychiatric disorders nearly always implicate
regions of the genome that are poorly understood, rather than
“expected” regions like candidate genes
Having established that effect sizes for schizophrenia and

other psychiatric disorders are small, and that there are many –
likely thousands – of risk variants, we can also ask: where are
the risk variants located? In particular, we can categorize the
locations (e.g. within genes, between genes) and whether or
not robust GWAS loci are located in candidate genes. For
schizophrenia, sufficient evidence is already available to
address these questions, as shown below and previously
reported [23]. In Fig. 4, all of the genetic variants in the top
128 schizophrenia loci [6] are plotted by category of functional
location in the genome [39]. Note that there are many
thousands of variants in this analysis because all variants in
linkage disequilibrium with the top variant at each locus are
included in this analysis. For schizophrenia, it is clear that few
variants are located in exons (i.e. approximately 1% in exons), a
finding that is consistent with systematic studies about GWAS
loci in the broader genetics literature [40].

As shown in Fig. 4, empirical schizophrenia data reveal that the
most strongly associated variants are not where scientists originally
expected them to be. A priori, researchers expected that risk loci
would be identified in genes. This figure also demonstrates why
exome sequencing is not expected to be a “magic bullet” for
psychiatric gene discovery. Indeed, an exome sequencing study with
over five thousand participants failed to identify any statistically
significant individual risk loci for schizophrenia [41].
Performance of candidate genes, and candidate polymorphisms,

in GWAS
Regarding the status of classic candidate genes, it is now

possible to determine how well candidate genes have fared in
GWAS. The simple answer is that they have fared poorly, as
reported already for schizophrenia [23] and depression [24].
Indeed, very well-powered GWAS (e.g. with sample size > 100,000)
are available for schizophrenia [23, 42] and depression [7, 8], so we
use these two disorders as examples to illustrate the poor
performance of candidate gene studies. Preliminary evidence
suggests that the same conclusions will be true for other
psychiatric disorders (though note a small number of exceptions
for substance use phenotypes, for which correct candidate genes,
if not the correct candidate polymorphisms, were hypothesized
previously [10]).
For depression, the top 44 loci do not implicate any candidate

genes [7]. For example, the much-studied serotonin transporter
linked polymorphic region (5-HTTLPR, a polymorphism in the

promoter region of the serotonin transporter gene) was not
associated with depression [24]. Further, the brain derived
neurotrophic factor (BDNF) gene, which has been included in
many candidate gene studies of depression (including one [43]
authored by the first author of this paper) was not supported in
the best powered GWAS of depression [7]. Put another way, the
sum of available evidence suggests that findings from Wray et al
(2018) should entirely supersede Duncan et al (2009) and all other
candidate gene studies of depression.
Similarly, Johnson and colleagues systematically examined

schizophrenia candidate genes and reported, “as a group, variants
in the most-studied candidate genes were no more associated
with schizophrenia than were variants in control sets of non-
candidate genes” [23]. For most schizophrenia candidate genes,
this conclusion is easy to see: the 128 known schizophrenia loci do
not overlap any portion of most candidate genes7. For a few
genes, however, a more nuanced explanation is needed, as
explained here for the D2 dopamine receptor (DRD2) gene. DRD2
was a natural candidate gene for schizophrenia because it is a
target of all effective antipsychotic medications, and it has been
examined numerous times using candidate gene methodology.
Notably, genetic variants spanning a portion of the DRD2 gene
exceeded genome-wide significance in the best powered GWAS
of schizophrenia [6] (see Fig. 5, orange line denotes genome-wide
significance).
In Fig. 5, the right arrow indicates the most significant variants

in the DRD2 locus, from the best powered GWAS of schizophrenia
[6]. In contrast, the DRD2 polymorphism often studied in
schizophrenia candidate gene studies (left arrow) is not associated
with schizophrenia in the best powered data (i.e., the relevant
point is well below genome-wide significance). Thus, even though
this candidate gene hypothesis was generally correct (i.e. genetic
variation in DRD2 is associated with schizophrenia), the candidate
gene polymorphism (left arrow) from candidate gene studies is
not associated with schizophrenia. Precisely defined hypotheses
are necessary in science, as the gene map of DRD2 in Fig. 5
demonstrates, wherein specification of correct polymorphisms is
necessary to accurately describe a link between the DRD2 gene
and schizophrenia.
Figure 5 also demonstrates another limitation of the candidate

gene era (i.e. drastically limited scope of analysis compared to
GWAS). Indeed, readers can appreciate the size of the genome by

Fig. 4 Location of schizophrenia risk variants reveals that very few
variants (only 1.1%) are in the most strongly hypothesized regions of
the genome, exons, which code for proteins. This demonstrates that
current biological knowledge is insufficient to correctly specify most
candidate genes/variants given that nearly all known schizophrenia
variants fall in relatively poorly understood regions of the genome.
This pattern of findings is typical for complex genetic phenotypes

7Efforts to determine the portions of the genome most likely to harbor
GWAS loci are ongoing, and the most consistent finding to date is that
GWAS loci are concentrated in portions of the genome that are
evolutionarily conserved across species.
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observing how many common genetic variations (i.e. points in
Fig. 5) are found in just this one small portion of chromosome 11
around DRD2 (positions 113,250,000 to 113,380,000 on chromo-
some 11). It is therefore understandable that a big data approach
was necessary to systematically determine which genetic variants
are associated with schizophrenia (and the same is true for other
psychiatric disorders).
In sum, available data suggest that candidate genes – or at least

the specific polymorphisms studied in the candidate gene era –
are not supported by GWAS [23]. Large-scale GWAS are well
powered to detect genetic effects in or near candidate genes, and
their failure to implicate candidate genes – while implicating
many other loci – is informative and should be sufficient to reject
candidate gene hypotheses. Most promisingly, what has emerged
(and is still emerging) from GWAS is a set of novel variants that
provide clues about psychiatric disease etiology.

CONCLUSION
In this article, we sought to answer two key questions: 1) Why are
genetic researchers so confident about genetic findings emerging
from GWAS?; and 2) What are the key genetic findings about
psychiatric disorders that have emerged from GWAS? In brief, the
reason that geneticists trust GWAS results is because the results
have proven to be reliable indicators of psychiatric disease risk
[6, 8, 44, 45]. The key genetic findings that have emerged include
novel risk variants [6, 7, 9, 10, 16], the fact that large-effect variants
are rare or non-existent for psychiatric disorders, that true genetic
risk for psychiatric disorders is diffusely distributed across the
genome, and the fact the robust risk variants for psychiatric disorders
typically fall in poorly understood regions of the genome, and not
in the places originally expected (i.e. candidate genes). These
findings, which were only made possible by large-scale genome-
wide approaches, provide entirely novel clues about the etiology
of psychiatric disorders. These modern genetic findings also
demonstrate why candidate gene studies are no longer trusted
by geneticists. Specifically, candidate gene studies nearly always
hypothesized the wrong portions of the genome (and they may
have always hypothesized the wrong variants), they hypothesized
effect sizes larger than those that exist in nature. Further, candidate
gene studies are methodologically inadequate in their ability to
account for subtle differences in ancestry and relatedness, which
can confound results. In sum, it is time to abandon candidate gene

studies, and the results that they produced, in favor of the numerous
highly reliable results that have emerged from GWAS.
Proponents of candidate gene studies may note that we have not

considered endophenotypes or more precise phenotyping. In brief,
while it is theoretically possible that alternative phenotypes will
reveal simpler genetic architecture involving larger effect variants, in
practice this has not been observed. More careful phenotyping can
increase power, but evidence suggests that power gains are modest;
the CONVERGE results for depression may be the best psychiatric
example [46]. Perhaps a more informative way of viewing the
evidence is to consider GWAS results for height, a trait which can
be measured with high reliability and validity. Notably, the genetic
architecture of height is very similar to that of schizophrenia, in that
there are no large effect variants for height (that is, there are no
common variants with large effects), and height is highly polygenic.
Thus, GWAS results for schizophrenia and other psychiatric disorders
are entirely consistent with the broader body of modern genetics
findings.
For those that are interested in the best-available GWAS results

for any psychiatric disorder, there are a few tips that can aid
identification of appropriate resources. A good rule of thumb is
that the largest GWAS available to date, for any given psychiatric
disorder, is typically the best powered study of common variant
contributions to disease risk. Indeed, “small” GWAS with under
20,000 participants may yield few or no genome-wide significant
loci, and those that are reported are less likely to be replicated.
For such studies, polygenic results are often the most informative
findings. One excellent web-resource for GWAS results is the PGC’s
website: http://www.med.unc.edu/pgc/.
At this juncture it is arguably time to declare that the candidate

gene era has ended. Approximately $250 million was spent [1, 23].
Graduate students, postdocs, and professors devoted portions of
their lives to these investigations. Yet, a more comprehensive and
more statistically robust approach has emerged, and the results
from GWAS have rendered old ideas and technology obsolete.
Risk loci from large-scale genomic approaches provide new
avenues for research, and GWAS results ground psychiatric
phenotypes more firmly in biology than ever before. Ideally,
these results will advance personalized medicine, particularly for
response to drugs. The novel and robust clues about biological
processes underlying psychiatric disorders – that have emerged
from GWAS – will almost certainly underpin our future under-
standing of psychiatric disease etiology.
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