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Abstract: It remains an open question when and why psychiatric and other disease evolved in
human evolutionary history. We harness large genome-wide association studies and recent
studies that have identified human-gained epigenetic marks, selective sweeps, archaic
introgression, and accelerated evolution to help tackle this question by assessing the enrichment
of heritability in these sequence elements for 41 complex traits. We find that human-gained
epigenetic elements in the fetal brain harbor variants affecting skeletal, dermatological, and
respiratory traits early and psychiatric traits later in development, that genomic sequences under
selection since our divergence with Neanderthals are enriched in heritability for autism, and that
regions depleted in ancestry from other hominids contribute more to heritability for psychiatric
than other traits. Psychiatric disease may be a concomitant outcome of the evolutionary
processes that made us uniquely human.

One-Sentence Summary: Variants that cause autism and other psychiatric disease today co-
locate with sequence elements that have been important during human evolution.
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Main Text:

Recent commentaries on common disorders have rallied for a shift in vocabulary, calling
to speak of “dimensions” rather than “disorders,” of genetic “variability” rather than genetic
“risk,” and to ask what are the relevant quantitative traits for any “disorder?” (/—6) Such calls
from within genetics, psychology and disability studies are seeking to understand conditions
such as autism in a non-pejorative manner and suggesting an evolution-informed framework.
This shift in vocabulary implies different diagnostic and public health procedures as well,
especially ones focusing on dimensional approaches and prevention. We consider the specific
case of psychiatric traits relative to other complex traits and disease. The nature and etiology of
mental illness is often ambiguous (7). As defined in the Diagnostic and Statistical Manual of
Mental Disorders (DSM), there were 106 psychiatric disorders in 1952 (DSM-I) and 297 in 1994
(DSM-1V). In recent history, their conceptualization went in the 20" century from a reaction
model ascribing them as a maladaptive response to socio-environmental sources of distress to a
Neo-Kraepelinian model seeing them as fixed disease entities (7). Moreover, the role of such
psychiatric traits in our deeper evolutionary history is not well understood. In this study, we
approach this fundamental question by estimating the relative contribution of sequence elements
originating across multiple evolutionary timescales to psychiatric, respiratory, skeletal,
metabolic, cardiovascular, immunological, and other trait domains.

Our estimations rely on using genetic variants associated with 41 independent complex
traits (&), genomic annotations marking sequences that have evolved at different periods of
human evolutionary history (9—14), and the statistical framework of stratified linkage
disequilibrium score (S-LDSC) regression (/5). S-LDSC estimates whether a genomic region is
enriched or depleted in heritability for a trait or set of traits, capturing the contribution of variants
in that genomic region towards trait variation, and whether this contribution is more or less than
expected given the relative proportion of variants in that region. Previous meta-analyses across
traits using S-LDSC have found a heritability enrichment in epigenetic elements (/5), younger
alleles, and higher nucleotide diversity regions, among others (/6). Most recently, Hujoel et al
showed an enrichment of heritability in ancient enhancers and ancient promoters, as well as in
promoters of constrained genes (8). They also presented a signal of enrichment across traits for
human-specific promoters. Further, another recent study showed that variants introgressed from
Neanderthals and shared across multiple Neanderthal populations are enriched in heritability for
some traits (/7).
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Figure 1. Evolutionary tree depicting the time windows of the origins of genetic and epigenetic
sequences analyzed in this study. We analyze fetal human-gained enhancers and promoters
(11)(purple), adult human-gained enhancers and promoters (/2) (brown), human accelerated regions
(9)(blue), ancient selective sweeps (Extended Lineage Sorting ELS;(/4))(green), putatively introgressed
variants from Neanderthals (Sprime;(/3)) (pink) and genomic regions depleted in Neanderthal and
Denisovan ancestry (/0) (pink). Purple + brown intervals mark epigenetic gains in the cerebral cortex
while the other color intervals mark genetic gains. Cladogram showing evolutionary divergence adapted
with permission from Miller et al (2016)(/8).

However, to our knowledge, this study is the first to analyze the role of a range of
human-gained genetic and epigenetic sequence elements originating at different times in shaping
complex traits and disease evolution (Fig. 1). We study the following genomic annotations
marking different evolutionary periods: (A) Epigenetic elements that gained novel function in the
fetal brain since our divergence with rhesus macaque (H3K27as and H3K4me2 histone
modification peaks in the fetal cerebral cortex gained in humans compared to mouse and rhesus
macaque) at different developmental stages or post-conception weeks (p.c.w.) (Fetal human-
gained (HG) enhancers and promoters at 7 p.c.w, 8.5 p.c.w., and 12 p.c.w.) (/1), (B) Epigenetic
elements that gained novel function in the adult brain since our divergence with rhesus macaque
(Adult human-gained (HG) enhancers and promoters) (/2), (C) Fastest evolving non-coding
regions of the human genome (Human accelerated regions or HARs) (9) (D) Ancient selective
sweeps from the extended lineage sorting method capturing human-specific sweeps relative to
Neandertal/Denisovan (/4), (E) Regions depleted in Neanderthal ancestry (/0), (6) Regions
depleted in Neanderthal and Denisovan ancestry (/0), and (F) Putatively introgressed variants
from Neanderthals (/3). These annotations constitute different numbers of regions, genomic
sizes and proportion of total common variation (Table S1).
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We meta-analyzed across 41 independent traits previously analyzed in Hujoel et al (2019)
(8) from the UK Biobank and other GWAS. In our analyses, we compare and contrast trait
domains, using grouping of traits as primarily environmental, psychiatric, immunological,

100 dermatological, skeletal, reproductive, metabolic, cardiovascular, gastrointestinal, or endocrine
as defined in the GWAS Atlas (/9). These GWAS have an average sample size of 320,000
(N=10,263 — 459,324) (Fig. S1) and the traits analyzed in the GWAS range in heritability from
0.92% to 67% (Fig. S2). Specifically, we also considered all psychiatric traits as a group
compared to all non-psychiatric traits.

105 Using S-LDSC, for these 41 traits, we analyzed our test annotations in a model
simultaneously incorporating several other regulatory elements, measures of selective constraint,
and linkage statistics (baselineLDv2.2 with 97 annotations (8, 15, 16, 20) (Figs. S3 — S4)) to
estimate heritability enrichment (h?(C)) while minimizing bias due to model misspecification.
Further, in the relevant human-gained brain epigenetic mark analyses, we added all epigenetic

110 fetal and adult brain regulatory elements from the Epigenome Roadmap Project 25 state model
(21) to our models, and also considered conditional analyses using the baseline model as
recommended in (22) to estimate the unique contribution (7)) of these human-gained brain
epigenetic marks.

Meta-analyzing across 41 independent traits from UK Biobank and other GWAS, we find
115 a significant heritability enrichment for fetal human-gained enhancers and promoters expressed
in the cerebral cortex at 7 p.c.w. (h?(C) =2.71, p=1.95x 107), at 8.5 p.c.w. (h?(C) =3.01,p=
8.40 x 107), and those expressed in the occipital cerebral cortex (visual processing center) at 12
p.c.w. (h3(€) =2.26,p=1.79 x 102) at FDR < 0.05. (Fig. 2). We also observe a significant
heritability depletion in genomic regions depleted in Neanderthal ancestry (h?(C) = 0.83, p =
120 2.02 x 107), and in regions depleted in Neanderthal and Denisovan ancestry (h?(C) = 0.80, p =
1.144 x 107).

i ili i No enrichment Proportion | # Traits # Traits

Fetal Human Gained (7pcw) 0.0085 6 1

Fetal Human Gained (8.5pcw) 0.0044 2 1

Fetal Human Gained (12pcw) frontal 0.0031 0 1
Fetal Human Gained (12pcw) occipital 0.0044 0 0
Adult Human Gained Enhancers 0.0048 0 0
Adult Human Gained Promoters 0.0008 0 0
Human Accelerated Regions 0.0003 0 1

Ancient Selective Sweeps 0.0040 1 0
Neanderthal Depleted 0.0272 0 8

Neanderthal and Denisovan Depleted 0.0154 1 8
Neanderthal Introgressed 0.0074 0 0

Figure 2. Heritability enrichment analysis in a meta-analysis across 41 traits. Asterisks show
significance at FDR < 0.05. This analysis was jointly performed with all genomic annotations in the

125 baseline LDv2.2 model (8, 15, 16, 20). The fetal human-gained enhancers and promoters were further
jointly analyzed with all fetal brain regulatory elements, and the adult human-gained enhancers and
promoters with all adult cerebral cortex regulatory elements from the Epigenome Roadmap project (21).
Adult human-gained promoters and human accelerated regions are the smallest annotations, and S-LDSC
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estimates out-of-bounds heritability values (see supplementary text) that are not significant for these.
130 Error bars show confidence intervals.

For each epigenetic or genetic element analyzed, we next investigated their heritability
enrichments in traits from different domains (Figs. S5 — S15). First, considering the period from
our divergence from the most recent common ancestor with rhesus macaque (~5 million years

135 ago), for fetal HG regulatory elements at 7 p.c.w., the enrichment derives from traits across
several domains at FDR < 0.05 (ulcerative colitis, heel T score, balding type I, FEVI-FVC ratio,
height, waist-hip ratio, forced vital capacity, and systolic blood pressure) (Fig. 3, Fig. S5). We
verified that this signal is likely due to activity in the brain of the human-gained epigenetic
elements (Fig. S16) for several of these traits, even though a proportion of the fetal human-

140 gained brain elements also overlap with regulatory elements in other tissues (Table S2).
Psychiatric traits as a group become enriched at 8.5 p.c.w. (h?(C) =3.19, p=5.74 x 10*) and at
12p.c.w in the frontal cortex (h?(C) = 4.20, p = 2.09 x 10*)(Fig. 4A). Interestingly, at 7 p.c.w,
non-psychiatric traits are significantly more enriched for heritability than psychiatric traits (Fig.
4B, Wilcoxon p = 0.005). At 12 p.c.w., in the frontal part of the cerebral cortex, known to be

145 involved in attention, planning, and executive control (23), psychiatric traits are more
significantly enriched for heritability compared to non-psychiatric traits (Wilcoxon p =5.31 x 10
4, Fig. 4B). We also verified that this signal indicates a unique contribution of the brain human-
gained epigenetic elements using a conditional analysis (Wilcoxon p =9.17 x 10, Fig. S17).
Depressive symptoms, anorexia and neuroticism present the highest point estimates for

150 heritability enrichment in the frontal cortex HG elements at 12 p.c.w. (Fig. 4C, Fig. S7).

Next, considering the period since human divergence from the most recent ancestor with
chimpanzee (~5 Million years ago), and the period since human divergence with
Neanderthals/Denisovans ( > 300,000 years ago), we consider the human accelerated regions and
ancient selective sweeps post Neanderthal/Denisovan respectively (Fig. 3, Fig. 5A, Figs. S11-

155 S12, Fig. S18). We observe a significant enrichment of heritability for autism in the human-
specific sweeps (h?(C) = 1.66, p = 1.72 x 1073) and a non-significant depletion in the HARs
(h%(C) =-6.82, p=0.81). We also observe the same pattern for schizophrenia (h?(C) =2.17,p =
0.05 human-specific sweeps; h?(C) = -14.07, p = 0.09 HARs), suggesting that variants that lead
to autism and schizophrenia today were under positive selection in human evolutionary history

160 since the time of divergence with Neanderthals but not necessarily earlier in the period of
divergence from chimpanzee. However, the HARs make a very small proportion of common
SNPs making their S-LDSC analysis under-powered (Table S1). Psychiatric traits as a group
show a pattern of higher enrichment compared to non-psychiatric traits in the human-specific
selective sweeps though this effect is not significant (Wilcoxon p = 0.21)(Fig. 5A).
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Figure 3. Heritability enrichment analysis for each trait. Each of 41 traits are shown in their
trait domains from the GWAS atlas. Asterisks show significance at FDR < 0.05 across genomic
annotations and traits analyzed. Values in parenthesis indicate proportion of common SNPs that are in the
annotation. This analysis was jointly performed with all genomic annotations in the baseline LDv2.2
170 model (8, 15, 16, 20). The fetal human-gained enhancers and promoters were further jointly analyzed
with all fetal brain regulatory elements, and the adult human-gained enhancers and promoters with all
adult cerebral cortex regulatory elements from the Epigenome Roadmap project (21).
175

Lastly, considering the period of inter-mating between humans and other hominids, we
consider both variants putatively introgressed from Neanderthals, and genomic regions depleted
in Neanderthal ancestry, or depleted in Neanderthal and Denisovan ancestry. Genomic regions
that are depleted in Neanderthal and Denisovan ancestry are also depleted in heritability across

6
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complex traits. We note that this signal of depletion primarily comes from such regions being
significantly depleted in heritability for traits that are dermatological (hair color, balding type I,

180 eczema), immunologic (red blood cell count, red blood cell distribution width, eosinophil count),
and respiratory (FEV1-FVC ratio, respiratory and ear-nose-throat diseases), suggesting that
Neanderthal and Denisovan ancestry persisted in genomic areas important especially for such
traits also in line with previous work (Fig. 3, Fig. 5B, Figs. S13-15)(17, 24, 25). Interestingly, in
regions depleted of Neanderthal ancestry, psychiatric traits as a domain are enriched in

185 heritability (h?(C) = 1.20, p=9.99 x 10, Fig. 5B), and show a higher heritability enrichment
compared to non-psychiatric traits (Wilcoxon p = 3.21 x 107%) (Fig. 5B), implying that
Neanderthal ancestry was particularly not tolerated in genomic regions that contribute
disproportionately to psychiatric traits. Psychiatric traits show no significant heritability
enrichment or depletion in the Neanderthal introgressed variants, and no other domain is

190 significantly enriched after multiple-testing correction in the introgressed variants, while the
metabolic trait domain is significantly depleted (Fig. 5B).
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Figure 4. Heritability enrichment analyses across trait domains and traits in fetal human-gained
enhancers and promoters in the cerebral cortex. (A) Heritability enrichment and 7, analysis for all
trait domains. Asterisks show significance at FDR < 0.05 across all genomic annotations and trait
domains analyzed in this study. Heritability enrichment estimates are from the joint analysis with all
genomic annotations in the baselineLDv2.2 model (8, 15, 16, 20) and all fetal brain regulatory elements
from the Epigenome Roadmap Project (21). T, analysis was jointly performed with all genomic
annotations in the baseline model (15), and all fetal brain regulatory elements from the Epigenome
Roadmap project (21). (B) Heritability enrichment analysis for the psychiatric trait domain relative to all
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non-psychiatric trait domains combined. Asterisks indicate significance (** p < 0.005, * p <0.05,
Wilcoxon test, only comparisons significant at FDR < 0.05 across all annotations are marked). (C)
Heritability enrichment analysis in fetal human-gained frontal cortex enhancers and promoters at 12p.c.w.

205

for each trait analyzed. Psychiatric traits are colored in yellow. Asterisks show significance at FDR < 0.05

across all genomic annotations and traits analyzed in this study. A dashed line is drawn at x=1 (no
heritability enrichment). Error bars show confidence intervals in all panels.

Our results demonstrate that epigenetic elements that gained novel function in the fetal

210

brain since human divergence with rhesus macaque are likely involved in the development of

several skeletal, dermatological, respiratory, and cardiovascular traits at 7 p.c.w. suggesting
pleiotropic effects across the brain-body axis from our early evolution and life history. Prior

Heritability
Enrichment

0
Ancient Selective Sweeps

Autism 1
Age at Menopause 4
HDL 4

Depressive Symptoms
Height 4

Tanning 4

Neuroticism +

Skin Color 4

Ever Smoked 4

FEV1-FVC Ratio 4
Schizophrenia 4

Waist-hip Ratio 4

Sunburn Occasion 1

LDL 4

Red Blood Cell Distribution Width -
Number childen ever born 4
Hair Color 4

Balding Type |4

Forced Vital Capacity (FVC) 4
Age at first birth <

Morning Person

Coronary Artery Disease 4

High C ol 1

Age at Menarche Age 4
Systolic Blood Pressure -
Ulcerative Colitis 4
Dermatologic Diseases +
Type 2 Diabetes
Rheumatoid Arthritis 4

BMI 4

Education Years 4
Smoking Status 4
Eosinophil Count 4

White Blood Cell Count 4
Heel T Score -

Red Blood Cell Count 4
Eczema

Platelet Count -

Anorexia 4

Respiratory and Ear-nose-throat Diseases
Hypothyroidism 4
Auto-immune Diseases -

1]
|

T
1

I

Crohns Disease

fl

1

L1

1
]

—i

o w
Heritability enrichment in
Ancient Selective Sweeps

215

Heritability Enrichment

Neanderthal Depleted

Neanderthal
and Denisovan Depleted

Neanderthal
Introgressed

25

*%

Neanderthal
Depleted

Neanderthal Neanderthal
and Denisovan Introgressed
Depleted

. Environment
. Psychiatric
. Immunological
. Dermatological
B steleta

- Respiratory
. Reproductive
. Cardiovascular

I Metabolic
! Endocrine

. Gastrointestinal

. Psychiatric
. Non-psychiatric

Figure 5. Heritability enrichment analyses across trait domains and traits in ancient selective

sweeps and in genomic regions depleted in or introgressed with variants from other hominids. (A)

Heritability enrichment analysis in ancient selective sweeps. (fop) Heritability enrichment in the

psychiatric trait domain relative to all non-psychiatric trait domains combined. (botfom) Heritability
enrichment in each trait analyzed. Psychiatric traits are colored in yellow. Asterisks show significance at

220

FDR < 0.05 across all genomic annotations and traits analyzed in this study. A dashed line is drawn at

x=1 (no heritability enrichment). (B) Heritability enrichment in genomic segments depleted in or
introgressed with variants from other hominids. (fop) Heritability enrichment in different trait domains.
Asterisks show significance at FDR < 0.05 across all genomic annotations and trait domains analyzed in
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this study. (bottfom) Heritability enrichment in the psychiatric trait domain relative to all non-psychiatric

225 trait domains combined. Asterisks indicate significance (** p < 0.005, * p < 0.05, Wilcoxon test, only
comparisons significant at FDR < 0.05 across all annotations are marked). Heritability enrichment
estimates in all panels are from the joint analysis with all genomic annotations in the baselineLDv2.2
model (8, 15, 16, 20). Error bars show confidence intervals in all panels.

230 work also found that the same fetal human-gained epigenetic elements active at 7 p.c.w. explain
a significant proportion of the heritability of the size (in surface area) of multiple brain regions
(26). We observe that such fetal human-gained epigenetic marks are enriched in heritability for
psychiatric trait architecture at a later developmental stage (8.5p.c.w, 12 p.c.w.), especially those
epigenetic marks observed in the frontal cortex known to be involved in executive control,

235 attention, memory, and motivation that are often disrupted in mental illness (23). As such, these
human-gained epigenetic marks appear to be pleiotropically involved in psychiatric and non-
psychiatric traits, with such pleiotropic effects extending over developmental time.

Further, variants that lead to autism and schizophrenia today are mainly enriched in

genetic regions that underwent selective sweeps since the time of our divergence with

240 Neanderthals/Denisovans. Our results are in line with prior work that shows that autism
associated variants are enriched for incomplete-selection, and schizophrenia associated variants
are enriched in regions under selection detected using the Neanderthal selective sweep (NSS)
score (27, 28). However, a limitation of our approach is that we study heritability enrichment
only directly in the genomic regions of interest such as HARs which make up a small proportion

245 of common SNPs limiting detection power. Previous work analyzing genes near HARs found an
enrichment of schizophrenia-associated loci, also suggesting a role of this earlier period of
human evolutionary history in the development of the genetic architecture of schizophrenia (29).
HARs have also been implicated in creating genetic disposition for autism (30). Lastly,
psychiatric traits as a group are more enriched in heritability in regions of the genome that

250 became deserts of ancestry from other hominids. All these results point in the same direction.
Psychiatric variation today is partly and significantly caused by regions of our genome, whether
epigenetic or genetic, that played a role in human-specific evolution, in the divergence from
ancestral lineages towards our present-day state. Specifically, a strong effect is noted in that
genetic loci that affect autistic variation today were under selection in the lineage that led to

255 present-day humans from our common ancestor with Neanderthals and Denisovans.

Our results imply that selection pressures on such traits may have changed over time,
and/or that such traits have been pleiotropic with other traits beneficial to the human experience
today or in our evolutionary past. Indeed, it has been shown that polygenic scores for
schizophrenia predict creativity (37), and that creativity and psychopathology appear to have an

260 inverted-U shaped relationship (32), potentially due to overlapping mental processes involved in
both creativity and psychosis proneness (33). For example, genetic correlation between several
mental disorders and the personality dimension of openness has been demonstrated (34), and
recent research in psychology suggests that “creative cognition draws on both the executive
functioning that is tied to Intellect and the associative divergence that comes with Openness (35—

265 37). Being susceptible to schizophrenia spectrum disorders may enhance Openness, increasing
the likelihood of ideas that are original. To develop ideas that are creative, however, one also
needs protective intellectual factors (and autistic-like traits) to steer the chaotic storm (33).” It
has also been hypothesized that autistic-like and schizotypal traits lead to different mating
strategies, and may have been maintained in part by sexual selection through mate choice (38).
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270 Our analyses support the call for a shift in vocabulary presented in the introduction to one
of “dimensions”, “variability” and “prevention” from one of “disorder,” “risk” and “cure.” (/-6)
They certainly call for research into understanding the nature and etiology of mental illness
presentation today through the perspective of them being central to becoming and being a human
being, and imply that dimensions of such traits are present across human variation today. They

275 also invite inquiry into understanding differences in lifestyle or interactions with the environment
that may have caused such genetic variants to be under positive selection in the past and to
elevate the rate at which psychiatric conditions such as autism are manifested today, calling for

research incorporating a deep evolutionary lens (/-6).
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