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SUMMARY

The forces of evolution—mutation, selection, migration, and genetic drift—shape the genetic architecture of
human traits, including the genetic architecture of complex neuropsychiatric illnesses. Studying these ill-
nesses in populations that are diverse in genetic ancestry, historical demography, and cultural history can
reveal how evolutionary forces have guided adaptation over time and place. A fundamental truth of shared
human biology is that an allele responsible for a disease in anyone, anywhere, reveals a gene critical to
the normal biology underlying that condition in everyone, everywhere. Understanding the genetic causes
of neuropsychiatric disease in the widest possible range of human populations thus yields the greatest
possible range of insight into genes critical to human brain development. In this perspective, we explore
some of the relationships between genes, adaptation, and history that can be illuminated by an evolutionary
perspective on studies of complex neuropsychiatric disease in diverse populations.

INTRODUCTION

Among the most puzzling questions of human experience are
why mental illnesses exist, why they persist, and why they
demonstrate such a wide spectrum of severity and variability.
An evolutionary perspective on neuropsychiatric conditions
may offer some insights. In this perspective, we examine the
evolutionary factors that influence complex neuropsychiatric
conditions, with illustrations from current research in diverse
populations.

Dobzhansky wrote, “Nothing in biology makes sense except in
the light of evolution.”' Complex human disorders are subject to
the same forces that drive all of evolution. For all species, allele
frequencies are influenced by the evolutionary forces of muta-
tion, migration, selection, and genetic drift (or random changes

in allele frequencies influenced by population structure). These
processes operate locally and reflect adaptations to geography,
climate, and infectious disease. Studying complex human disor-
ders in populations from many different places reveals alleles
that are the result of the local impacts of these influences. For un-
derstanding complex human conditions, studies of diverse pop-
ulations are informative for a simple reason: adaptation is local,
but human biology is universal. An allele of clinical importance
to a phenotype in any one population reveals a gene of impor-
tance for that phenotype in all populations.

MUTATION

The genetic architecture of complex psychiatric traits reflects the
influences of evolution and/or population genetics on the biology
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of the developing brain.? A single genomic event may be associ-
ated with phenotypes of different severity (or no phenotype) in
different persons.® > Whether or not a mutation causes disease,
and the severity of that disease, depends not only on the muta-
tion’s immediate impact on gene function but also on how and in
what tissues the allele is expressed during development, the es-
sentiality of the gene to normal development, potential interac-
tions between the mutant allele and other genetic factors (e.g.,
oligogenic and epistatic effects®™®), and either exacerbating or
protective features of the individual’s physical and social envi-
ronments.

Mutations with severe disabling effects on the developing
brain do not survive long in evolution (much more about this
below), so each one is individually rare, some even private to
one patient or family. The consequence is that no single mutation
or single gene explains psychiatric disease for more than a small
number of patients.'®~'® Where do these mutations come from?

De novo mutation

Every person carries dozens of de novo, or new, mutations —that
is, variants that were not present in either parent.16 Most de novo
mutations are neutral or slightly deleterious and persist (or not)
over subsequent generations by chance.'”"'® As human popula-
tion size has increased since the origins of agriculture, the num-
ber of de novo mutations entering our species has increased in
parallel, so that most human protein-coding variants that exist
today are evolutionarily recent and rare and, compared with
ancient variants, are enriched for damaging alleles.'® In expand-
ing populations (compared with static populations), a greater
proportion of the genetics responsible for traits that impact
reproductive fitness is predicted to be due to combined effects
of these very rare events.*°

Among de novo mutations that are severely damaging to gene
function, but are nonetheless compatible with life, some affect
neurodevelopment and therefore can lead to severe neuropsy-
chiatric conditions, including schizophrenia, autism, obsessive
compulsive disorder (OCD), Tourette disorder, and bipolar disor-
der.??" De novo mutations responsible for neuropsychiatric
conditions may be either conventional single base-pair muta-
tions and indels or structural genomic variants.”® Some de
novo structural variants, particularly those leading to autism
and related pediatric developmental conditions, tend to reoccur
in particularly vulnerable genomic “hotspots.”?? However, de
novo mutations responsible for most mental illnesses are unique
events, private to one person or to one family, if the mutation is
inherited for a few generations. Different de novo mutations
may occur in the same gene in different patients.'" The number
of de novo mutations in any individual child is strongly influenced
by paternal age,'® and consequently, conditions such as autism
and schizophrenia are disproportionately observed among chil-
dren of older fathers.*%*"

The puzzling persistence of mental illnesses with significantly
reduced fecundity®*°® can be explained by the constant influx of
de novo mutations. This constant resupply, combined with the
very large number of genes essential for normal neurodevelop-
ment, sustains a high prevalence of these conditions, each char-
acterized by extreme genetic heterogeneity. That is, the thou-
sands of genes critical to normal human brain development
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create many sites that are vulnerable to damaging new muta-
tions. To take an imaginary counter-example, if only a few genes
were critical to human brain development, autism and schizo-
phrenia would be vanishingly rare because only a very small
fraction of damaging de novo mutations would occur at vulner-
able sites.

A major goal of mutation discovery is to reveal genes and path-
ways that are targets for treatment, not only for the patient with
the original mutation but also for any patient with a mutation of
similarly damaging effect in the same or related pathways. Occa-
sionally, the link between mutation and treatment is immediately
clear. For example, a genomic triplication of the glycine decar-
boxylase gene, GLDC, was discovered in a patient with schizoaf-
fective disorder and in his mother, who had bipolar disorder with
psychotic features.®* The triplication was predicted to reduce the
availability of glycine and D-serine, resulting in hypoactivity of the
N-methyl-D-aspartate (NMDA) receptor. Treatment with glycine
and D-cycloserine, each separately in a double-blind placebo-
controlled trial, led to significant improvements in mood and psy-
chotic symptoms for both patients.

Somatic mutation
Somatic mutations are de novo mutations that occur after fertil-
ization of the zygote and hence are present in some but not all
cells of the body (Figure 1). Somatic mutations may eventually
prove to have a major influence on neuropsychiatric disease.
These mutations are difficult to detect because they are gener-
ally not present in accessible tissue® but have nonetheless
already been linked to several different neuropsychiatric condi-
tions, including severe focal epilepsy in children,*® medial tem-
poral lobe epilepsy in adults,®” intellectual disability, autism
spectrum disorder, schizophrenia, and Alzheimer’s disease.**°

A relationship between somatic mutation and neuropsychi-
atric illness is supported by the frequency of somatic events in
the tissues of affected individuals. Whole-genome sequencing
of post-mortem brain tissue of individuals with no mental iliness
found ~80 somatic single nucleotide variants on average per
person (similar to estimated numbers of de novo germline
mutations'®), with ~50% of individuals carrying at least one
function-altering somatic mutation in a gene expressed in the
cortex.*! Individuals with schizophrenia and autism, compared
with controls, were found to have higher numbers of protein-
altering and/or regulatory motif-altering somatic mutations in
post-mortem brain tissue.*'™*° The same was true for somatic
events detectable in blood, for both point mutations in coding
sequence and structural variants that disrupt critical genes. Indi-
viduals with autism, compared with their healthy siblings, were
enriched for deleterious somatic coding mutations in brain-ex-
pressed critical exons,***® whereas somatic copy-number er-
rors disrupting NRXN1 and ABCB11 were detected in multiple
individuals with schizophrenia.*®

Repeat expansions of short sequences of DNA that alter
expression of critical genes are a special class of somatic muta-
tions. At these loci, DNA sequences of unaffected individuals
include a moderate (often polymorphic) number of repeats,
whereas extreme expansions lead to disease.*” Expansions of
DNA trinucleotide repeats (CAG, CTG, or CGG) are responsible
for multiple severe neurodegenerative disorders, including
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Figure 1. Somatic mutations and mental iliness

Somatic mutations may appear de novo at any time during development of gametes, embryonic or fetal development, or after birth. The nature and severity of the
illness depend both on the mutation and its timing of occurrence during development. As shown in the figure, for genes critical to brain development, the earlier
the time of occurrence of the mutation during development (red dots in the top panels), the greater the proportion of brain cells that are affected (red cells in the
lower panels). Somatic mutations are an extremely common cause of disease. For example, almost all cancers involve somatic mutations in critical genes in
critical tissues. The role of somatic mutations in severe mental iliness has been much more difficult to evaluate because somatic mutations causing mental illness

are likely to arise in the brain, which is virtually inaccessible in living patients.

Fragile X syndrome (FMR1), Huntington’s disease (HTT), cere-
bellar ataxias (ATXN71 and ATXN3), and myotonic dystrophy
(DMPK). Some trinucleotide repeat expansions are both unsta-
ble at meiosis and display somatic mosaicism, with the size of
the repeat varying across brain regions.*® This tissue-specific
variation might explain some of the variation in clinical severity
among individuals with the same apparent size of expansion.*’

SELECTION

Human evolution has been in large part defined by selection for
social and cognitive capacities enabling adaptation to climatic,
geographic, and social pressures. These capacities included
toolmaking, language, social cooperation, increased mobility,
and the ability to recognize and solve complex problems.***"
Brain adaptations progressed from motor skills in higher
primates to attention in ancient hominoids and hominids to lan-
guage in early hominins to more strategic planning in modern hu-
mans.>” Anatomically, advances in functional brain networks
progressed from subcortical to cortical brain regions associated
with excitatory neurons and synaptic functioning.®®* Human neu-
rons have greater dendritic size, structural complexity, and sub-
type diversity than neurons of other species, enhancing neuronal
capacity and connectivity for information processing.

Major selective pressures: Climate and infectious
disease

Specific alleles critical to evolution of brain function have been
difficult to identify, but experience with other traits suggests pat-
terns that may also be relevant for brain genes. Selection acts on
the individual, who either survives and reproduces or not. Selec-

tive forces on individuals are also selective forces on their
alleles and, therefore, on allele frequencies of populations. For
example, alleles regulating skin color have been subject to
strong selection by latitude and climate, based on exposure to
sunlight. In consequence, differences in allele frequencies of
the ~40 genes regulating skin color are now the major genetic
differences among continental populations.®*

Infectious diseases are the other major player on this stage.
Multiple alleles of hemoglobin beta (HBB) protect their carriers
against malaria,”® and at least two alleles of apolipoprotein L1
(APOLT1) protect their carriers against trypanosomiasis (sleeping
sickness).®® As a result, high frequencies of these protective al-
leles are found in populations where the infectious diseases
are endemic. The strength of selection for the resistant alleles
of each of these genes is reflected by their persistence, despite
severe pleiotropic effects: sickle cell anemia, thalassemia, and
end-stage kidney disease.

Mutations with possible selective effects on human
brain evolution

With increasingly complete sequences of ancient hominin and
modern primate genomes, it is now possible to compare human
genomes to those of our closest relatives in order to identify ge-
netic features specific to the human lineage that may have been
critical to human evolution.®” The possible causal roles in human
evolution of any of these genomic events are inevitably “just-so”
stories, but for some features, the combination of genomic and
experimental data suggesting meaningful adaptive effects is
quite compelling. Each of these observations is consistent with
the hypothesis that critical genetic events in human evolution
involve alterations of regulatory mechanisms controlling the
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Figure 2. Human-specific duplications of SRGAP2 and evolution of the neocortex
The SRGAP2 gene on chromosome 1 encodes the SLIT-ROBO Rho-GTPase-activating protein, which controls migration of neurons and dendritic formation in

the cortex. SRGAP2 has been duplicated three times during human evolution.

(A) Timing of SRGAP2 duplication events. ~3.4 million years ago (mya), SRGAP2 was partially duplicated to form the less active SRGAP2B; ~2.4 mya, SRGAP2B
was duplicated to form SRGAP2C, which lacks the GTPase-activating domain of SRGAP2 and acts antagonistically to it; and ~1.0 mya SRGAP2C was

duplicated to form SRGAP2D, a pseudogene.

(B) RNA expression levels of SRGAP2 genes in various tissues of humans, chimpanzees, and rhesus monkeys. Expression levels are based on RNA sequencing
(RNA-seq) data mapped using gene-specific sequences. SRGAP2A is expressed in the brains of all three species, but SRGAP2B and SRGAP2C are expressed

only in the human brain. SRGAP2D is a pseudogene.

(C) Effects of differences in SRGAP2 protein levels on neuronal migration. SRGAP2 protein regulates neurite formation and branching by forming filopodia on
neurons in the ventricular zone (VZ) and subventricular zone (SVZ) of the cortex. In a mouse model, high levels of SRGAP2 protein inhibit migration of neurons to
the cortical plate (CP) compared with control. By contrast, SRGAP2C protein binds to and antagonizes SRGAP2, leading to prolonged period of neuronal
migration to the CP. In the mouse model, reduction of SRGAP2 was associated with the emergence of human-like features in the neocortex, including a prolonged
phase of maturation of dendritic spines and therefore a prolonged phase of maturation of the neocortex. Data and figure from Guerrier et al.,*° Dennis et al.,°' and

Charrier et al.®?

timing and level of gene expression during development.®® We
give three examples.

Jaws

Loss of function of the sarcomeric myosin gene MYH16 gene in
the human lineage approximately 2.4 million years ago (mya) led
to drastic reduction of muscle and bone mass of the mandible in
humans compared with the jaws of other primates.®® The frame-
shift mutation responsible for loss of function of MYH16 is unique
to, and fixed in, the human lineage. The loss of the massive
masticatory apparatus in the skull may have removed an
anatomical constraint on brain size relative to body size (enceph-
alization).*®

Dendrites

Duplication specifically in the human lineage of the gene
SRGAP2 may bear on the evolution of brain development
(Figure 2). SRGAP2 encodes a GTPase-activating protein that
controls migration of neurons and dendritic formation in the
neocortex.®® Between 3.4 to 1.0 mya, SRGAP2 was duplicated
three times in the human lineage. The duplications occurred
only in the human lineage and are now fixed.®" All copies of
SRGAP2 are expressed in human developing neocortex. Exper-
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iments introducing human SRGAP2 genes into mice indicated
that the duplicated mutant SRGAPZ2 inhibits function of the
parent gene, resulting in a prolonged phase of maturation of
dendritic spines and therefore a prolonged phase of maturation
of the neocortex.®”

Neocortex

Human brain evolution is thought to involve the enlargement of
the subventricular zone of the neocortex, with increased
numbers and/or the prolonged proliferation of basal radial glial
cells during development. This hypothesis led to a search for
genes with high expression in radial glial cells compared with
other neuronal cells. Many mammalian genes have this profile,
but only one is specific to humans: ARHGAP11B.%° This hu-
man-specific gene is a duplication of the parental pan-mamma-
lian ARHGAP gene that encodes a RHO-GTPase-activating pro-
tein. The human-specific duplicate has a mutation leading to loss
of this activity. Experimental expression of ARHGAP11B in
developing mouse neocortex led to the expansion of the subven-
tricular zone, to the amplification of basal radial glial cells, and to
the folding (mimicking gyrification) of the neocortex, significantly
increasing the cortical area. A similar experiment in
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Figure 3. Human accelerated regions (HARs) are enriched for
neurodevelopmental enhancer elements

HARs are genomic regions that are conserved across all human populations
but differ between humans and all other species. In human neuroprogenitor
cells (NPC) and neurons, HARs that are potentially regulatory (i.e., are DNasel
hypersensitive sites) are more likely than other DNasel hypersensitive sites to
include active regulatory elements (i.e., H3K4me1 signals of methylation or
H3K27ac signals of acetylation). *p < 0.001; Z test for proportions (figure from
Girskis et al.”®).

marmoset also led to increased numbers of basal radial glial pro-
genitors in the outer subventricular zone, to increased numbers
of upper-layer neurons, and to enlarged and folded neocortex.®
The duplication of ARHGAP11 is estimated to have occurred 5.0
to 5.5 mya. The duplication in itself may have had no effect, but a
much later single nucleotide mutation in the duplicated copy of
ARHGAP11 led to abnormal splicing, loss of the RhoGAP func-
tion, and substitution of an alternate carboxy terminus with a
different function that fostered expansion of the subventricular
zone.®®

Evolutionarily dynamic noncoding regions

Evolutionary adaptations of the human brain involve many of the
same pathways and mechanisms that go awry in mental iliness.
Genomic analysis can reveal links between these evolutionary
adaptations and neuropsychiatric disease.®® Although it has
long been recognized that most evolution in the human lineage
involves noncoding changes,”® recent analyses have revealed
regions of the human genome that are highly conserved across
all human populations but highly divergent between humans
and other species. Such elements include “human accelerated
regions” (HARs), “human-specific conserved deletions” (hnCON-
DELs), and “human ancestor quickly evolved regions” (HAQER),
among others.®”~°° Importantly for understanding neuropsychi-
atric disorders, these regions are enriched for neural regulatory

¢ CellP’ress

elements, with greater distinctiveness of human sequences
often associated with marked changes in activity of neuronal en-
hancers (Figure 3).”°

Variations in these evolutionarily dynamic regions are
implicated in neuropsychiatric disease. For example, HARs,
HAQERs, and hCONDELSs are all enriched for regions of common
variation implicated in schizophrenia risk.°”~*° Individuals with
autism are significantly more likely than their healthy siblings to
harbor de novo copy-number variants in HARs.”" In consanguin-
eous families in which autism is more likely to be inherited as a
recessive trait, affected children are more likely than their
unaffected relatives to carry rare alleles in HARs.”"

Mutation-intolerant genes

Alleles that significantly increase risk for neuropsychiatric disor-
ders, whether in HARs or elsewhere in the genome, occur
disproportionately in genes that are not tolerant of naturally
occurring variation—that is, genes in which missense and loss-
of-function mutations occur at lower frequency than expected
by chance, given gene size and structure.’®’? Depending on
the genotype and phenotype, negative selection on these alleles
can be reflected in early mortality, reduction in fertility, or reduc-
tion in fecundity. For neuropsychiatric disorders, selection
against damaging alleles of variation-intolerant genes is associ-
ated with a significant increase in childlessness among affected
males, apparently mediated by cognitive and behavioral diffi-
culties.”™

Reduced fecundity as a selective mechanism
Neuropsychiatric traits such as schizophrenia and autism spec-
trum disorder are subject to negative selection due to reduced
fecundity. Studies based in the Swedish birth and medical regis-
tries indicate that fecundity varies substantially across psychiat-
ric disorders.®” The largest reduction of fecundity was associ-
ated with schizophrenia (for affected males, 23% of the birth
rate as compared with the general male population, and for
affected females, 47% as compared with the general female
population), whereas the effect was much less pronounced for
persons with depression (95% for males and no significant effect
for females).

Differential selection in females and males

Some features of neuropsychiatric illness are more severe in
males than in females.”*”® Gender differences may be due in
part to diagnostic biases in assessment tools and sociocultural
factors, but multiple lines of evidence support a female protec-
tive effect at the biological level. (1) Siblings of female probands
with autism spectrum disorder are more likely to be diagnosed
with autism compared with siblings of male probands. (2) Unaf-
fected mothers of probands have higher polygenic risk scores
compared with unaffected fathers.”® (3) Female versus male pro-
bands with autism spectrum disorder have a 2-fold enrichment
of de novo loss-of-function variants in highly constrained
genes’® and a 3-fold enrichment of the most damaging
autosomal copy-number variants.”” (4) Damaging copy-number
mutations responsible for autism are much more frequently in-
herited from unaffected mothers than from unaffected fathers.””
Each of these observations suggests that females must be more
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severely affected genetically for the autism phenotype to be ex-
pressed. Females are also protected against the effects of rare
de novo copy-number mutations affecting intellectual func-
tioning, with significantly less severe effects on IQ compared
with males with the same mutations.”® These observations
may explain the less severe reduction in fecundity for females
versus males. Given equal burdens of damaging genetic varia-
tion, females may be less severely affected and hence more
able than males to engage socially.

MIGRATION

Migration and genetic architecture
Ancient human migrations underlie patterns of genetic variation
in modern human populations. After the divergence in Africa of
humans and chimpanzees 5-6 mya, ancient hominins continued
to evolve across the African continent. Modern humans emerged
approximately 200,000 years ago, with small groups of individ-
uals beginning to migrate out of Africa approximately 100,000
years ago, ultimately populating six continents.”” Because
99% of human evolutionary history occurred in Africa prior to
the out-of-Africa migrations and because few individuals left Af-
rica compared with the number who remained, far more human
genetic variation is found in Africa than anywhere else.®° This is
evident in population profiles of heterozygosity, which are high-
est in Africa, by far, and decrease as a function of geographical
distance from East Africa (Figure 4)."®

Both ancient and recent human migrations have influenced
modern distributions of common and rare alleles worldwide and
have yielded an intriguing paradox. Common polymorphisms
(SNPs) found in all human populations are ancient variants, dating

12 Neuron 172, January 3, 2024

Given their rich genetic diversity, ances-

tral African populations are highly infor-
mative for detecting alleles responsible for complex human
traits.®® With advances of modern sequencing platforms, the
challenge for gene discovery in medicine is to identify causal var-
iants against the vast background of neutral genetic variation. In
this context, unaffected individuals of African ancestry are highly
informative controls for studies based in any population, as they
harbor far more tolerated benign genetic variation than do partic-
ipants from other populations. This wealth of benign variation en-
ables a more powerful evaluation of candidate risk alleles in
case-control designs from any population.

For example, in comparing individuals with schizophrenia to
unaffected controls, the statistical power to detect enrichment
of ultra-rare deleterious variants was far greater in an ancestral
African population compared with a European cohort.®> The
study, based on an African population, demonstrated with a
modest sample size (~900 cases and 900 controls) that genes
disrupted in persons with schizophrenia were disproportionally
involved in synaptic functioning and that the collective burden
of intolerant genes disrupted by ultra-rare mutations increased
the risk of illness. These observations were consistent with find-
ings from European cohorts, but similar significance was only
demonstrated with much larger sample sizes.'*'*

Populations of African ancestry have been informative for
other complex traits as well. Rare alleles associated with low
high-density lipoprotein (HDL) cholesterol and a higher risk of
coronary disease,®® and rare alleles associated with low low-
density lipoprotein (LDL) cholesterol and a lower risk of coronary
disease,®" were first established in large part from studies of in-
dividuals of African ancestry. Once identified, the findings were
confirmed in other populations. As with schizophrenia, the infor-
mative nature of African populations for these complex traits was
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Figure 5. Genetic heterogeneity of severe mental iliness

Individually rare and de novo point mutations and structural variants (deletions, duplications, inversions, and translocations) in many different genes have been
causally associated with schizophrenia (red), autism (blue), or both (black). The list of affected genes is growing rapidly. No individual damaging variant appears in
more than a small number of cases. Hotspots for structural variants include chromosomes 1g21.1, 15913.3, 16p11.2, and 22g11.2. Figure updated from
McClellan and King? with data from Turner et al.,’ Singh et al.," Zhou et al.,”® and Marshall et al.®®

not based on differences in risk of disease but on the power of
filtering candidate alleles against the full backdrop of human
evolutionary history in order to detect biologically meaningful
effects.

Because human evolution in Africa occurred in highly diverse
environments across the continent, African populations are
also informative for studying gene-environment interactions.
For example, as first mentioned above, persons of African
ancestry are especially susceptible to end-stage kidney disor-
ders. The increased risk is largely due to two common variants
that have been positively selected for thousands of years
because they confer protection against trypanosomiasis
(sleeping sickness) in regions of Africa where it is endemic.®®
These variants, in the apolipoprotein L1 (APOL1) gene, encode
for proteins that lyse the internal vesicles of Trypanosoma brucei
rhodesiense, a major cause of trypanosomiasis, whereas the
proteins encoded by the ancestral alleles permit growth of the
parasite. However, the variant APOL1 alleles lead to a higher
risk in later life of end-stage kidney disease because the variant
proteins also lyse glomerular cells of the kidney. The relationship
between end-stage kidney disease, trypanosomiasis, and
APOL1 is an example of gene-environment interaction during
evolution involving one gene and two severe common diseases,
with positive selection for variant alleles in regions of endemic

trypanosomiasis despite a much higher risk of kidney disease
at post-reproductive ages.

GENETIC DRIFT

Genetic drift refers to changes in allele frequencies due to
chance.®® The strength of genetic drift is driven primarily by pop-
ulation structure, including changes in population size over time,
geographic and social isolation, and mating patterns. Genetic
drift is strongest in small populations, and in isolated popula-
tions, it can lead to high frequencies of damaging alleles by
chance. In populations of any size, drift can lead to differences
by chance in frequencies of benign alleles due to neutral alleles
that “surf” on haplotypes during population expansions.®”
(Figure 5.) Population-specific surfing leads to differences in
allele frequencies due simply to population of origin. This form
of population stratification in allele frequencies is a major
confound for association studies focused on alleles of very small
effect sizes. In such studies, subtle differences in allele fre-
quencies between individuals of different ancestries, even from
the same continent, can lead to falsely attributing frequency dif-
ferences to disease status rather than to ancestry.?

In human societies, nonrandom patterns of mating are major
influences on population structure. These nonrandom patterns
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of mating include consanguinity, endogamy, and assortative
mating.

Consanguinity

Mate choice based on consanguinity, or genetic relatedness,
leads to far higher incidence of recessive traits.®® Mutations of
severe effect on recessive traits, including mutations in noncod-
ing regulatory regions, can be revealed by analysis of consan-
guineous families with multiple affected children.?® As with the
study of de novo mutations in probands from otherwise healthy
families, studies of consanguineous families rely for the power
of their analysis on retaining the family structure in the study.
The genomic analysis is meaningful in the context of compari-
sons of children, parents, and other informative family members,
not only cases and controls.

Endogamy

Populations may be genetically isolated as the result of
endogamy—that is, mate choice based on the membership in
the same group, whether defined by culture (such as language
or religion) or genetics. If endogamy is accompanied by migra-
tion of the endogamous group, the population is likely to be
further isolated. Endogamy can lead to occurrence at high fre-
quency of either recessive or dominant alleles, and endogamous
populations have proven particularly informative for genetic
characterization of human disease.’’ Disease-associated alleles
at high frequency in population isolates, but rare or absent else-
where, have revealed genes important for neuropsychiatric dis-
orders. These discoveries include an allele of topoisomerase
TOP3g enriched in schizophrenia in the Finnish population,®”
an allele of the RNA-binding-motif protein RBM12 associated
with psychosis in Iceland,?® and of the role of cadherins, partic-
ularly an allele of PCDH3A, in schizophrenia in the Ashkenazi
Jewish population.®® Each of these alleles was observed in one
endogamous population, but the genes harboring them are crit-
ical to brain development in all populations.

Assortative mating
Assortative mating is the tendency for individuals to prefer
mates with similar phenotypic characteristics and occurs
across a range of traits including physical attributes (such as
height) and social or cultural factors (such as language or
religion).”® Assortative mating also occurs frequently among
individuals with psychiatric illnesses, both within and across
disorders.”® 98

Within-trait assortative mating substantially increases the risk
of the same iliness to offspring compared with the risk in the
general population.®® It may also contribute to the persistence
of disorders with reduced fecundity, such as autism spectrum
disorder and schizophrenia.>*°® The increases in risk could be
due to genetic causes, environmental causes, or both, with
different combinations of influences in different families.

Because random mating is an assumption of all SNP-marker-
based heritability estimators, such as linkage disequilibrium (LD)
score regression'°° and residual maximum likelihood (REML), '®"
assortative mating can yield significant overestimation of herita-
bility.'% Within-trait assortative mating may also account for
some of the biases of Mendelian randomization'®® and to differ-
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ences in findings between family-based and population-based
genome-wide association studies (GWASs).04-1%6

Cross-trait assortative mating tends to increase with the num-
ber of diagnoses in the proband.”® Consequently, cross-trait
assortative mating, rather than shared biology, may underlie
the apparent “genetic” correlation between pairs of illnesses.
Cross-trait assortative mating is very highly correlated with
estimates of shared genetic effects associated with different ill-
nesses (R? = 0.94),'%" suggesting that reported genetic correla-
tions between pairs of illnesses may be inflated by assortative
mating. These findings have implications for understanding of
the genomic architecture of psychiatric disorders, their shared
biological basis (or lack thereof), and to study design consider-
ations, such as whether highly genetically correlated diseases
can reasonably be jointly analyzed to boost statistical power.'%”

IMPLICATIONS FOR GENE DISCOVERY

The premise of this commentary is that factors that drive evolu-
tion also shape the genetic architecture of complex traits,
including psychiatric disease. In this section, we explore how
an evolutionary perspective can inform the design of studies
aiming to understand these genetic causes.

A very short history of the search for genetic causes
Questions about inherited causes of disease have been asked
for thousands of years, but genetic approaches to answering
them are very recent. In 1865, Mendel’s presentation Experi-
ments in Plant Hybridization to the Brunn Society for Natural Sci-
ence described basic principles of genetics (albeit without the
word “genetics”), with the recognition that dichotomous traits
are inherited independently and with hypotheses of dominance,
segregation, and independent assortment.'%®

The same year, unaware of Mendel’s work, Francis Galton
published Hereditary Talent and Character, which posited that
“the qualities of each individual are due to the combined influ-
ences of his two parents, and the remarkable qualities of the
one may have been neutralized in the offspring by the opposite
or defective qualities of the other.”'%® Galton founded the bio-
metric approach to understanding heredity and over several de-
cades applied statistical methods to the study of continuous,
quantitative anthropomorphic traits in families."'® He observed
that many traits are approximately normally distributed, are
correlated among relatives, and that values among offspring
compared with parents often reflect regression to the mean
(“regression to mediocrity”)."""

Galton’s work had an enormous impact on statistics, genetics,
and psychology but also provided the foundational rationale for
eugenics. He wrote that “...if talented men were mated with
talented women, of the same mental and physical characters
as themselves, generation after generation, we might produce
a highly bred human race, with no more tendency to revert to
meaner ancestral types than is shown by long-established
breeds of race-horses and fox-hounds.”'%° Over the subsequent
130 years, his work and its elaboration by many others were used
to justify colonialism, racism, apartheid, institutionalization, ster-
ilization, and genocide.''?
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With the rediscovery of Mendel’s work in the early 1900s, yet
still without the concept of a gene, two very different approaches
emerged for the study of inherited traits. Mendelians viewed traits
as qualitative, often dichotomous, and biometricians (following
Galton’s model) viewed traits as quantitative, generally with un-
derlying normal distributions. In 1918, R.A. Fisher proposed to
reconcile these views with an “infinitesimal,” or polygenic addi-
tive, model, positing that a large number of individually infinites-
imal Mendelian factors could collectively explain a continuous
trait.”"® Under this model, variance explained by any one factor
would be negligible compared with overall genetic variance.'""

In the 1960s, with the concept of gene firmly in mind but still
without molecular biology to give it physical reality, D.S. Falconer
extended Fisher’s model by proposing a polygenic additive liability
model, positing that the underlying liability for a qualitative trait
might be normally distributed, with weak contributions from multi-
ple genetic and environmental risk factors.' ' Whether or not a per-
son developed an illness would then depend on the whether the to-
tal “dose” of liability exceeded a critical threshold.""® The liability
model was predicated on dominance and epistatic effects being
negligible and with no individually large-effect environmental or ge-
netic influences. In this context, Falconer also pointed out that the
concept of heritability was intended to estimate the proportion of
variance contributed by total genetic and total environmental influ-
ences, not to identify specific genetic or environmental causal
factors.

When Falconer applied his model to data on prevalence and
familial clustering of diabetes, he recognized that its practical
usefulness was limited. He found that an additive polygenic lia-
bility model did not fit the empirical data on diabetes. Heritability
estimates, which were intended to be stable estimates of the
proportion of variance contributed by genetic factors, in fact
differed for early-onset versus late-onset illness.'' He sug-
gested that the model failed because different genetic factors
influenced early- and late-onset diabetes (genetic heterogeneity)
and because environmental risk factors varied both among indi-
viduals and with age. Modern statistical geneticists have applied
Falconer’s argument to explain the failure of polygenic models to
capture the genetic architecture of complex traits."'®

Polygenic models in the genomic era

During the early years of the Human Genome Project, the least
expensive high-throughput, widely available approach to
evaluating genetic variation in human disease was to genotype
thousands (soon millions''”) of common single nucleotide poly-
morphisms (SNPs) in cases and controls, then to compare allele
frequencies between the two groups. The goal was to identify
common variants that contributed to disease or that were in
LD with unknown variants that would ultimately prove to
contribute to disease. These GWASs''® shared as their theoret-
ical rationale the polygenic liability models of Galton, Fisher, and
Falconer. GWASSs led to thousands of reports of tens of thou-
sands of SNPs statistically associated with hundreds of traits,
prominently among them psychiatric disorders,''® including
schizophrenia'®®'?" bipolar disorder,'*> major depression, '
autism spectrum disorder,'®* OCD,”® ADHD, '?° and anxiety dis-
orders,'?® and from subsequent pooling projects and meta-ana-
lyses, associations shared across disorders,'?"~'%°

¢ CellP’ress

Despite the vast number of reported statistical associations,
for most common diseases, most heritability (in the original
sense of proportion of total variance) is not explained by
GWASs."®" With the recognition of this “missing heritability,” ex-
tensions of GWASs were developed to yield “polygenic risk
scores,” the sum of risk alleles weighted by their effect size.'*?
Polygenic risk scores (PRS) were developed for hundreds of
traits, including psychiatric disorders'®® and even social and
economic status.'®* However, simulation studies indicate that
the statistical significance of the apparent association between
a PRS and a disease phenotype is inflated when the same cohort
is evaluated both for the original GWAS and in construction of
the PRS."®® Perhaps not surprisingly, PRS developed in one
population generally do not predict risk for the same trait in other
populations. 26157

Given the failure of PRS to replicate across diverse ancestries,
some recommend defining different polygenic risk scores for
different populations.'®® Others suggest that PRS represent
non-genetic correlates of ancestry-associated differences in
risk driven by social and economic factors rather than reflecting
underlying biological risk.'*®'“° To the extent that this second
explanation is correct, the use of polygenic risk scores sustains
systemic discrimination by falsely ascribing to genetics differ-
ences in ancestry-correlated risk that are in fact driven by social
inequities.

Causal alleles: Common

Debates regarding the genetic causes of complex disease are
often framed as a dichotomy between rare alleles of individually
severe effect versus common alleles of individually small effect, a
recapitulation of the argument of 120 years ago. An evolutionary
perspective suggests that this dichotomy fails to capture all the
possibilities. Common alleles can have a clinically meaningful in-
fluence on disease, including neuropsychiatric disease, if their
effects appear only at post-reproductive ages and thus influence
a phenotype that is neutral in evolution even if devasting to
affected individuals.

The most striking example of a common allele with a devas-
tating post-reproductive effect is apolipoprotein E (APOE), of
which the allele APOE4 (Cys130Arg), with worldwide frequency
0.14, conveys significantly elevated risk of Alzheimer disease,
especially among homozygotes.'*" Alzheimer disease influenced
by APOE4 is late onset, virtually always post-reproductive. The
critical role of post-reproductive onset in the persistence of the
damaging APOE4 allele is supported by the observation that all
mutations leading to early-onset Alzheimer disease are individu-
ally rare."*

The relationship between age-related macular degeneration
and CFH is another well-characterized example of a disorder
caused by a common genetic variant. The causal allele of com-
plement factor H (CFH Tyr402His) confers a 2- to 5-fold
increased risk of late-onset macular degeneration. The histidine
allele at this site reduces the capacity of CFH to bind malondial-
dehyde epitopes, thereby reducing protection of the retina
against oxidative stress and inflammation.'*

Common alleles with devastating effects on post-reproductive
conditions are more likely to persist if they carry strong protec-
tive effects at younger ages. The APOL1 alleles that protect
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from schistosomiasis but contribute to end-stage kidney disease
are examples of this phenomenon.56 As with APOE4 and CFH,
these APOL1 alleles are associated with substantial increased
risk for disease of nearly always post-reproductive onset, thus
avoiding negative selective pressure while conferring positive
selective pressure among younger people in schistosomiasis-
endemic areas.

By contrast, for severe mental ilinesses such as schizophrenia
and autism, which are associated with a marked reduction in
fecundity,'** any allele increasing disease risk, even slightly,
faces strong negative selection. How could such alleles become
common? Proposed explanations include (1) possible selective
advantage to carriers of common risk alleles who remain unaf-
fected,'*® (2) LD between predisposing alleles and neighboring,
functionally unrelated advantageous alleles, (3) hitchhiking of risk
alleles in genomic regions harboring genes intolerant to loss of
function and therefore conserved by selection,'“® or (4) changes
over time or in different environments of the risk associated with
individual alleles.’*® As of yet, no functional studies support any
of these hypotheses.

An alternative “omnigenic model” proposes that the vast ma-
jority of variants reported by GWASSs are not specific to any dis-
order but rather collectively disrupt highly interconnected regula-
tory networks, which ultimately disrupt expression of a smaller
number of core genes related to the disorder in question.’*’
This hypothesis is consistent with the diffuse patterns of
GWAS-reported SNPs near genes with no apparent biological
relevance. However, the model does not explain the persistence
of common variants that are hypothetically causally involved,
directly or indirectly, in complex traits with decreased fecundity.

Meta-analyses of GWASs report significant enrichment of
common variants near the same genes that harbor rare alleles
with demonstrated functional effects.’®' Nonetheless, demon-
strating biological effects for individual GWAS-reported SNPs
remains a challenge. Two lines of evidence have been proposed
for their disease relevance: (1) for many phenotypes (not only
mental illness), genes reported to be the nearest GWAS hits
have a nearly 60-fold enrichment for the presence of rare variants
associated with the same phenotype, compared with the second
nearest gene (10-fold) and third nearest (3.6-fold),’*® and (2)
genes near SNPs from GWASs of schizophrenia are dispropor-
tionately expressed in frontal cortex and hippocampus
compared with hypothalamus, substantia nigra, or spinal cord
and are substantially more likely to be expressed in cell-types
of high relevance to schizophrenia, including CA1 pyramidal
cells, medium spiny neurons, and interneurons. '?’

A caveat for these lines of evidence is that the genomic
position of a variant in the general vicinity of a gene does not
guarantee that the variant influences the neighboring gene’s
function.'“° Further, since most human genes are expressed in
brain,*° brain expression in a nearby gene does not confirm a
functional role. Even if a nearby gene is critical for neurodevelop-
ment, the question is not the function of the gene; the question is
the functional impact of the variant. Proximity and statistical as-
sociation by themselves do not establish biological relevance.

A recent study assessed the proportion of GWAS variants for
psychiatric disorders that impacted gene transcription by assay-
ing all variants in LD blocks seeded by these SNPs using
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massively parallel reporter assays (MPRAs).'®! Less than 1%
(26/2,899) of sites demonstrated a difference in regulatory
activity between the predicted risk allele versus the reference
allele. For comparison, expression quantitative trait locus
(eQTL) analyses of unselected variants genome-wide, with no re-
ported association with a disease phenotype, yielded approxi-
mately the same proportion of variants (~1%) with allelic differ-
ences on gene expression.'*?

Causal alleles: Rare

The challenge of demonstrating causality for rare alleles of se-
vere effect is the converse of the challenge for common alleles.
Patients with schizophrenia, autism, and other severe neurode-
velopmental disorders more frequently harbor individually ul-
tra-rare (often de novo) mutations of clear functional impact on
genes critical to neurodevelopment (Figure 5).""~'* The biolog-
ical rationale for many of these alleles is individually compelling,
but statistically significant enrichment for damaging mutations in
any single gene requires combining information from many co-
horts.'®'" Even then, severe mutations in any one gene explain
only a small proportion of affected individuals.

Several genomic regions have been identified that are partic-
ularly susceptible to recurrent de novo copy-number errors as
the result of their genomic structure.?® Genomic lesions in these
hotspot regions are causally associated with neuropsychiatric
conditions including schizophrenia, autism, and intellectual
disability at some genomic sites with syndromic effects,?:88153

For point mutations and small insertions and deletions, biolog-
ical and statistical evidence must be integrated to establish the
effect of individually ultra-rare variants of severe effect. For
example, network analyses based on genes harboring rare
damaging mutations, each in a different patient, reveal pathways
important to fetal brain cortical development and to neuronal
postsynaptic signaling.”>#%'%%-"%% |n comparison, analyses of
rare damaging variants in controls, or of benign variants in cases
or controls, do not converge in biologically meaningful networks.
The network approach is appealing because evolution is biology.
Mutations in genes that share biological functions are likely to
lead to related clinical outcomes.

Statistical versus biological significance

In an era of big data and pan-omics, genetics has tended to
devolve into computational modeling. The limitations of signifi-
cance testing and the biological relevance of hypothesis testing
focused on p values have long been emphasized by senior stat-
isticians. 70 years ago, Yates noted that it is easy to fall into the
trap of paying undue attention to the results of tests of signifi-
cance and too little attention to the estimates of the magnitude
of biological effects. '’

This problem has become more dramatic than Yates could have
imagined. With the very large sample sizes enabled by high-
throughput genomics, tiny differences in allele frequencies reach
statistical significance. For example, a GWAS of autism spectrum
disorders reported on >10,000 subjects of European ancestry.'®
In this study, the risk SNP with the most significant p value had a
frequency of 0.35 in the discovery case series, 0.38 in the replica-
tion case series, and 0.39 in the control series, yielding a chi-
square p value of 2.1E—10. That is, the extremely large sample
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Figure 6. Clinical heterogeneity and pleiotropy among patients with deletion of chromosome 22q11.2
Prevalence rates by age for several neuropsychiatric disorders among 1,402 individuals with 22g11.2 deletions, evaluated by the International 22q11DS Brain

Behavior Consortium (IBBC).

size yielded a highly significant p value for a trivial difference in
allele frequencies. Meanwhile, the frequency of the same SNP
across populations of Europe ranges from 0.30 to 0.79 and across
populations of the world from 0 to 0.79. Because the differences in
SNP frequencies across populations are so much greater than dif-
ferences in SNP frequencies between cases and controls, the dif-
ference attributed to disease status could easily have been due to
subtle differences in ancestry between cases and controls. More
fundamentally, even if the difference between 0.35 and 0.39
were not confounded by ancestry, what would it mean?
Statistically significant but biologically false associations can
cause clinical harm."*° For example, five common variants clas-
sified as risk alleles for hypertrophic cardiomyopathy are in fact
benign and, by chance, are found much more often in people of
African ancestry. The studies reporting these variants as dis-
ease-associated apparently included a small number of patients
of African ancestry without appropriate numbers of controls.
Because the frequency of each allele is several-fold higher in Af-
rican populations than in non-African populations, the initial pos-
itive associations were due to population stratification, not to
disease risk. The failure to adequately control for population di-
versity, even for a few cases, resulted in benign variants being
characterized as pathogenic on clinical genetics tests and, sub-
sequently, in healthy persons of African ancestry being misin-
formed that they were at genetic risk for serious heart disease.

WHY MENTAL ILLNESS EXISTS AND PERSISTS

Just as human evolution is defined by adaptations to ecological
diversity, mental iliness often reflects disruptions, lags, or pertur-
bations in the same adaptive capacities. Our strengths are our vul-
nerabilities. The cost of brain complexity is the vast number of
mechanisms that can go wrong, contributing to disruptions in neu-
rodevelopment and to the development of psychiatric conditions.

Humans share repertoires of emotional and behavioral re-
sponses to loss, adversity, frustration, and unmet demands. In

an evolutionary context, emotional and behavioral regulation,
distress tolerance, and strategic planning are necessary for
creating and maintaining social networks; hunting and gathering
food; negotiating conflict; mating; ensuring proximity to care-
takers, offspring, and loved ones; avoiding danger and loss;
and, in general, getting one’s needs met. Social cooperation,
language, and abstract thinking are built on foundational capac-
ities including facial recognition, working memory, emotion/im-
pulse control, selective attention, action planning, and theory
of mind."? Disruption of these traits defines different classes of
psychiatric disorders.

Biological complexity and clinical heterogeneity

The complexity of human brain function is reflected in both the
heterogeneity and the comorbidity of psychiatric disease.'®°
For example, deletion of chromosome 22g11.2 is among the
strongest genetic risk factors for schizophrenia, yet patients
with this deletion vary a great deal in phenotypic expression'®’
(Figure 6). In addition to increasing the risk for several different
neuropsychiatric disorders, the prevalence rates of these condi-
tions vary across the lifespan.’'®® Not surprisingly, prevalence
rates of these conditions among patients with the deletion also
vary by method of participant ascertainment: for example, clin-
ical referrals versus population-based studies.'®® These com-
plexities are not unique to the 22q11.2 deletion. Variable expres-
sivity of phenotypes across the lifespan is likely to be revealed for
most genes and structural variation underlying neuropsychiatric
disease.

Among psychiatric syndromes defined as independent condi-
tions, biological boundaries are often not clear. For example,
some patients with seemingly distinct conditions such as major
depressive disorder (MDD), panic disorder, social anxiety disor-
der, bulimia nervosa, and OCD all respond favorably to the same
class of medication (serotonin reuptake inhibitors) and to the
same modality of psychotherapy (cognitive behavioral therapy).
Diagnostic and Statistical Manual (DSM) and International
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Classification of Diseases (ICD) nosologies are not based on bio-
logical mechanisms but rather on symptom reports and observ-
able behaviors, which to some degree are subjective and
context dependent. Environmental and genetic risk and protec-
tive factors play a role in these presentations, as well as in re-
sponses to treatment, outcomes, and quality of life. Although
certainly not resolving these complexities, an evolutionary
perspective may offer useful insights.

The timing and dose of disruptions in brain development, of
genetic and/or environmental origin, influence the nature of
neuropsychiatric conditions. Clinical heterogeneity exacerbates
the difficulty of characterizing the genetic architecture underlying
any disorder.'®* The greater the impact on neurodevelopment,
the more likely symptoms represent a marked departure from
baseline functioning (or the failure to achieve independent func-
tion), regardless of context, setting, and culture. Not surprisingly,
then, the evidence supporting the role of large-effect damaging
de novo and rare mutations is strongest for conditions with
earlier onset and greater impact on brain function, such as
autism, intellectual disability, schizophrenia, and early-onset de-
mentia, e.g, Ganna et al.,'” O’Roak et al.,*° Bird et al.,'** Walsh
et al.,'>* Reichenberg et al.,'®® and Antaki et al.'®®

The greater the breadth and variability of clinical presenta-
tions, the greater the challenge for gene discovery. For example,
depression is highly heterogeneous, ranging in clinical settings
from sadness and demoralization due to life circumstances to
melancholia, catatonia, and suicide. Even more dramatically,
the definition of bipolar disorder has expanded over the past
few decades, ranging from classic manic-depressive illness (a
severe episodic mood disorder with onset in young adulthood)
to moodiness and irritability in children (with some researchers
making the diagnosis in toddlers).'®” Similarly, the estimated
prevalence of autism spectrum disorders has risen markedly
over the past two decades, from one in 150 to one in 36 children
by 8 years of age.'®® Very broad application of diagnostic criteria
may enable greater access to care, greater advocacy for af-
flicted individuals and their families, and greater numbers of po-
tential subjects for research projects. However, expanding the
boundaries of psychiatric diagnoses exacerbates the already
substantial heterogeneity of these conditions and frustrates the
search for specific causal mechanisms.

The inherent variability in measurement and diagnosis further
complicates gene discovery. MDD encapsulates many of these
challenges. There are more than 945 possible symptom combi-
nations that meet diagnostic criteria for MDD, and in the DSM-5
field trials, highly trained psychiatrists agreed on a diagnosis of
MDD in only 4% to 15% of cases.'®® Two individuals can meet
DSM-5 criteria for MDD without sharing a single symptom. These
diagnostic challenges could substantially impact the genetic ar-
chitecture of MDD. To this point, in order to recruit extremely
large samples efficiently, GWASs often use minimal phenotyping
strategies, defining case status based on a small number of self-
reported items. These shortcuts have consequences: one
comparative analysis found that SNP heritability estimates for
MDD based on minimal phenotyping differed nearly 3-fold from
heritability estimates for severe, recurrent MDD.'"° This reflects
a bedeviling problem for psychiatry: the lack of any independent
gold standard for diagnosis. Epidemiological surveys using
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different methods may find similar prevalence of illness in a pop-
ulation, but there is no assurance that the same individuals are
identified as case or control by different methods.'”" Further-
more, when the same standardized questions are used for diag-
nosis across diverse populations, there is no assurance that the
questions are understood in the same way across cultures and
contexts.

Clinical presentations representing maladaptive or extreme
reactions based on otherwise normal human responses (e.g.,
depression versus misery and grief, anxiety versus threat aware-
ness/adherence to social norms, aggression versus self-preser-
vation) suggest dynamic responses to environmental, social, and
cultural risk factors and stressors rather than a broken gene or
faulty brain network. This does not imply that genetics plays no
role in the risk for, or protection from, suffering or worry or mal-
adaptive behavior but rather that the interplay between genes
and environment is so complex and individually unique that
current diagnostic nosology may not be sufficient to identify
underlying biological causes.

Changes in selective pressures

Changes in selective pressures over time may influence the
prevalence of neuropsychiatric conditions. As an example, mod-
ern-day substance abuse may paradoxically be the conse-
quence of prior adaptive success. The ability to tolerate and
metabolize substances available in nature is an adaptive trait.
More than a million years ago, hominids developed the capacity
to metabolize alcohol as an adaptation to diets that included fer-
mented fruit.”® In much more recent human history, tolerance of
alcohol may have conferred an advantage in times and places
where water was contaminated.’”® Alcohol has enormous and
complex impacts on social structure by lessening inhibitions,
leading both to increased aggression and increased sexual ac-
tivity. Depending on the individual, the social setting, and the cul-
ture, the same substance may promote reproductive success or
social disruption or early death.'”* Genetics plays a role, in that
individual variation in alcohol metabolism influences risk of
alcohol dependence. For example, carriers of the alcohol dehy-
drogenase ADH1B*2 allele (ADH1B Arg48His, with frequency
>0.75 in East Asian populations and <0.05 among Europeans
and Africans) have lower rates of alcohol consumption and
dependence.'”® More generally, substance abuse highlights
the complex interactions between genetic and environmental
risks. Parental substance abuse confers both risk of de novo ge-
netic damage via in utero exposure to toxins and the risk of child
maltreatment and social chaos. Histories including both genetic
and environmental risks are common among individuals with se-
vere emotional and behavioral disturbances.

Other adaptive behaviors may also have been subject to
changes in selective pressures. In hunter-gatherer societies,
increased motor activity and aggressive responses to environ-
mental cues (characteristics associated with ADHD) may have
aided success in food gathering and avoiding predators,
whereas in modern societies, these same traits often impair
the ability to focus on complex tasks and can disrupt social inter-
actions.'’® This said, it is important to distinguish between traits
that are adaptive in some social and cultural contexts versus ill-
nesses that are clearly disadvantageous in all contexts.'”” For
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example, behaviors like checking, counting, cleaning, and
hoarding are advantageous in detecting threats, preventing
infection, finding and preserving food, and organizing posses-
sions in confined spaces,’”® whereas OCD causes significant
social dysfunction and impairment and is associated with lower
fecundity,®® with a continuing new supply of de novo mutations
contributing to its persistence.**

Not every symptom, dysfunction, or tragedy is a disorder.
DSM and ICD systems are useful for organizing clinical presen-
tations, communicating observations, and quantifying practice.
Yet consensus-derived clusters of symptom-based criteria,
despite administrative and clinical utility, are generally not based
in biology because causes of psychiatric illnesses remain for the
most part unknown. Although well meaning, defining disorders
has consequences. A shared name implies shared risk factors,
causes, outcomes, and treatments. Although clinical and causal
heterogeneity are widely acknowledged, there is nonetheless a
tendency to focus on conditions with the same name as though
they are homogeneous with shared underlying biology. This is
not the case.

The deep end of the genome

Trying to discover genetic causes for highly variable dynamic hu-
man behaviors is diving into the deep end of the genome. An
enormous amount of money and resources have been spent
investigating psychiatric diagnostic categories that are widely
acknowledged to have no biological validity. We suggest that
the search for large-effect mechanisms, common or rare, ge-
netic or environmental, should be prioritized for the most rigor-
ously defined severe phenotypes. This does not mean foregoing
diagnostic categories altogether but rather following the teach-
ings of Kraepelin and Osler, narrowing the focus to more
severe, homogeneous clinical presentations based on observ-
able characteristic patterns of symptom presentation, course
of iliness, mental status changes, and treatment response rather
than broadly applied consensus-based checklist criteria. For
example, with schizophrenia, the power to detect rare damaging
mutations was enhanced by focusing on patients with more se-
vere, treatment-resistant forms of the illness.'”® Discovering the
causes of iliness for these exceptional patients will shed light on
actionable biological mechanisms and guide the next genera-
tions of treatment development.

The success of precision medicine depends on the discovery
of actionable mutations with clear impact on biological pro-
cesses. Whole-exome and whole-genome sequencing ap-
proaches have identified thousands of rare pathogenic variants
responsible for Mendelian and complex phenotypes and pro-
vided new insights into diagnostic, prognostic, intervention,
and prevention strategies. In many ways, psychiatric disorders
are more difficult to understand than other ilinesses but can be
approached with the same evolutionary perspective. With cur-
rent sequencing technologies, the challenge is no longer to iden-
tify variants statistically associated with disease—the challenge
is to determine which variants matter and why. The goal is to test
causality for candidate genetic variants, including those in non-
coding regions, and once established, to translate individual
causal events into effective treatment strategies. Understanding
how mutations causing neuropsychiatric disorders arose and
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why they persist are evolutionary questions that will aid in this
translation.
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