bioRxiv preprint doi: https://doi.org/10.1101/148247; this version posted June 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Quantifying the impact of rare and ultra-rare coding variation across the phenotypic spectrum

Andrea Ganna™*3* | F. Kyle Satterstrom*??, Seyedeh M Zekavat®®, Indraniel Das®’, Mitjal. Kurki'?®,
Claire Churchhouse™??, Jessica Alfoldi*?, AliciaR. Martin*?, Aki S. Havulinna®'®, Andrea Byrnes">?,
Wesley K. Thompson®*****2, Philip R. Nielsen™"**** Konrad J. Karczewski?, Elmo Saarentaus’, Manuel
A. Rivas®™, Namrata Gupta’, Olli Pietilzinen®®, Connor A Emdin?, Francesco Lescai **"*® | Jonas
Bybjerg-Grauholm™*°, Jason Flannick®® on behalf of GoT2D/T2D-GENES consortium, Josep Mercader
25 Miriam Udler 2° on behalf of SIGMA consortium, Helmsley IBD Exome Sequencing Project,
FinMetSeq Consortium, iPSY CH-Broad Consortium, Markku Laakso®, Veikko Salomaa’®, Christina
Hultman®, Samuli Ripatti®*?, Eija Hamalainen 8, Jukka S Moilanen #*, Jarmo Kérkké 24, Outi Kuismin
# Merete Nordentoft'®, David M. Hougaard™**®, Ole Mors'*®, Thomas Werge''*?’, Preben Bo
Mortensen™****" Daniel MacArthur? Mark J. Daly"%*, Patrick F. Sullivan*®, Adam E. Locke®’,
Aarno Palotie"**8, Anders D. Barglum™*"*8, Sekar K athiresan®®, Benjamin M. Neale*?*

*To whom correspondence should be addressed: Andrea Ganna <aganna@broadinstitute.org>; Benjamin
Neal e <bneale@broadinstitute.org>

'Anal ytic and Translational Genetics Unit, Center for Genomic Medicine, Massachusetts General
Hospital, Boston, MA, USA.

2 Program in Medical and Population Genetics, Broad Institute of MIT and Harvard, Cambridge, MA,
USA.

% Stanley Center for Psychiatric Research, Broad Institute of MIT and Harvard, Cambridge, MA, USA.
* Department of Medical Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden.

® Center for Genomic Medicine, Massachusetts General Hospital and Department of Medicine, Harvard
Medical School, Boston, MA, USA.

® McDonnell Genome Institute, Washington University School of Medicine, St. Louis, MO, USA.

" Department of Biostatistics and Center for Statistical Genetics, University of Michigan School of Public
Health, Ann Arbor, M1, USA.

8 |nstitute for Molecular Medicine Finland, FIMM, University of Helsinki, Helsinki, Finland.

° Department of Psychiatry, University of California, San Diego, USA.

19| nstitute of Biological Psychiatry, MHC Sct. Hans, Mental Health Services Copenhagen, Roskilde,
Denmark.

" The Lundbeck Foundation Initiative for Integrative Psychiatric Research, iPSY CH, Denmark.

12 KG Jebsen Centre for Psychosis Research, Norway Division of Mental Health and Addiction, Oslo
University Hospital, Oslo, Norway.

3 National Centre for Register-based Research, School of Business and Social Sciences, Aarhus
University, Aarhus, Denmark.

14 Centre for Integrated Register-based Research, Aarhus University, Aarhus, Denmark.

1> Department of Biomedical Data Science, Stanford University, Stanford, CA, USA.

16 Department of Stem Cell and Regenerative Biology, University of Harvard, Cambridge, MA, USA.
7 iSEQ, Center for Integrative Sequencing, Aarhus University, Aarhus, Denmark

'8 Department of Biomedicine - Human Genetics, Aarhus University, Aarhus, Denmark.

19 Center for Neonatal Screening, Department for Congenital Disorders, Statens Serum Institut,
Copenhagen, Denmark

2 |nstitute of Clinical Medicine, Internal Medicine, University of Eastern Finland, Kuopio, Finland
! Department of Health, THL-National Institute for Health and Welfare, Helsinki, Finland.

%2 Department of Public Health, University of Helsinki, Helsinki, Finland.

Z\Wellcome Trust Sanger Institute, Hinxton, Cambridge, UK.

 Department of Clinical Genetics, Oulu University Hospital, Medical Research Center Oulu and
PEDEGO Research Unit, University of Oulu, Oulu, Finland


https://doi.org/10.1101/148247
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/148247; this version posted June 9, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

% Mental Health Services in the Capital Region of Denmark, Mental Health Center Copenhagen,
University of Copenhagen, Copenhagen, Denmark.

% psychosis Research Unit, Aarhus University Hospital, Risskov, Denmark.

%" Department of Clinical Medicine, University of Copenhagen, Copenhagen, Denmark

%8 Departments of Genetics and Psychiatry, University of North Carolina, Chapel Hill, NC, USA.

Collaborators:;

Helmsley IBD Exome Sequencing Project: Dermot McGovern, Judy H Cho, Ann Pulver, Vincent
Plagnal, Tony Segal, Gil Atzmon, Dan Turner, Ben Glaser, Inga Peter, Ramnik Xavier, Harry Sokal,
Rinse Weersma, Andre Franke, John Rioux, Tariqg Ahmad, Martti Farkkil&, Kimmo Kontula.

FinMetSeq Consortium: Haley J Abel, Michael Boehnke, Lei Chen, Charleston WK Chiang, Colby C
Chiang, Susan K Dutcher, Nelson B Freimer, Robert SFulton, Liron Ganel, IraM Hall, Anne U Jackson,
Krishna L Kanchi, Chul Joo Kang, Daniel C Koboldt, Hannele Laivuori, David E Larson, Karyn Meltz
Steinberg, Joanne Nelson, Thomas J Nicholas, Arto Pietild, Matti Pirinen, Vasily Ramensky, Debashree
Ray, Chiara Sabatti, Laura J Scott, Susan Service, Laurel Stell, Nathan O Stitziel, Heather M Stringham,
Ryan Welch, Richard K Wilson, Pranav Y gnik.

iPSY CH-Broad Consortium: Marianne G Pedersen, Marie Baskvad-Hansen, Christine S Hansen.

Abstract

Protein truncating variants (PTVs) are likely to modify gene function and have been linked to hundreds of
Mendelian disorders*2. However, the impact of PTV's on complex traits has been limited by the available
sample size of whole-exome sequencing studies (WES) ®. Here we assemble WES data from 100,304
individuals to quantify the impact of rare PTV's on 13 quantitative traits and 10 diseases. We focus on
those PTVsthat occur in PTV-intolerant (Pl) genes, as these are more likely to be pathogenic. Carriers of
at least one PI-PTV were found to have an increased risk of autism, schizophrenia, bipolar disorder,
intellectual disability and ADHD (P-value (p) range: 5x103-9x10™). In controls, without these disorders,
we found that this burden associated with increased risk of mental, behavioral and neurodevel opmental
disorders as captured by electronic health record information. Furthermore, carriers of PI-PTVstended to
be shorter (p=2x10"), have fewer years of education (p=2x10") and be younger (p=2x10"); the |atter
observation possibly reflecting reduced survival or study participation. While other gene-sets derived
from in vivo experiments did not show any associations with PTV-burden, gene setsimplicated in GWAS
of cardiovascular-related traits and inflammatory bowel disease showed a significant PTV-burden with
corresponding traits, mainly driven by established genesinvolved in familial forms of these disorders. We
leveraged population health registries from 14,117 individuals to study the phenome-wide impact of PI-
PTVsand identified an increase in the number of hospital visitsamong PI-PTV carriers. In conclusion,
we provide the most thorough investigation to date of the impact of rare del eterious coding variants on
complex traits, suggesting widespread pleiotropic risk.

We assembled whole-exome sequencing data from 100,304 individuals, drawing from a combination of
cohort and case/control disease studies with phenotypic information on atotal of 13 quantitative traits and
10 diseases (Supplementary Table 1-3). We used a common pipeline to process, annotate and analyze
the data (Supplementary Notes and Supplementary Figure 1 for principal components plots).
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We began by focusing our analysis on PTVsthat occur in aset of 3,172 Pl genes (Supplementary Table
4 reports al gene sets used in this study). Our motivation for focusing on the PI-PTVswas two-fold. First,
this gene class was identified through an unbiased approach that leveraged the observed frequency
distribution in EXAC * without relying on information from model organisms or in vitro experiments.
Second, PI-PTV's have been shown to associate with early onset neurodevel opmental and psychiatric
disorders, and are likely to result in reproductively disadvantageous phenotypes ° ®’. To focus on those
variants that are most likely to be subject to purifying selection, we considered only rare (allele frequency
< 0.1%) and ultra-rare (observed in less than 1 in 201,176 individuals) variants (Supplementary Notes).

After excluding participants diagnosed with a psychiatric or neurodevel opmental disorder, we observed
an average of 7.72 and 0.30 rare PTVs per individual, across all genes and in Pl genes respectively
(Figure 1a); one or more ultra-rare PI-PTV was observed in 11% of the individuals. The number and
frequency of rare variants differs across populations, reflecting the degree of selection compounded by
recent demography, including bottlenecks, split times, and migration between populations . The ratio of
deleterious to neutral aleles per individual increases as humans migrated out of Africa, consistent with
negative selection against deleterious variants and serial founder effects that reduce the effective
population size °. Conditional on avariant being ultra-rare, we observe a higher ratio of PTV to
synonymous variants (Figure 1b); recently arisen ultra-rare variants have had less time to be purged by
negative selection, which is further magnified in populations that have undergone a recent bottleneck. For
example, we observed a higher ratio among Ashkenazi Jewish and Finnish populations as compared to
non-Finnish Europeans, reflecting the more recent popul ation-specific bottlenecks *°*.

We tested the association between a burden of PI-PTVs and the 13 traits and 10 disease diagnoses
(Figure 2) by performing study and ethnicity-specific linear or logistic regression analysis adjusting for
potential confounders such as overall mutation rate (Supplementary Table 5). The results of these
separate analyses were then meta-analyzed (Supplementary Notes). We used an experiment-wise p-
value threshold of 2x107® to account for multiple testing (0.05/23 traits tested). Among the quantitative
traits, we found that carriers of at least one rare PI-PTV tended to be shorter (-0.2 cm, p:3x10'4), have
fewer years of education (-2.2 months, p=4x10™) and be younger (-3.7 months, p=2x107).

To ensure the robustness of the age result, we performed a series of quality control analyses to guard
against the impact of technical confounders or specific study designs that might bias the results. We first
confirm that the signal was not observed among PTVsin non-PI genes and synonymous variantsin Pl
genes, our negative controls (Supplementary Figure 2). We further found that the effect was consistent
across ethnicities and study cohorts (Supplementary Figure 3), when INDELs and SNPs were
considered separately, when mutations possibly caused by cytosine deamination (C ->T or G -> A) were
excluded and when a highly stringed QC was used (Supplementary Figure 4). Similarly, the association
did not change after adjusting for 8 QC metrics capturing most of the sample properties (Supplementary
Figure5). Although we could not exclude the impact of unmeasured confounder, we find this result
consistent with reduced survival, detrimental health or decreased study participation over time among Pl-
PTVscarries. If reduced survival or detrimental health effects drive this association, we seeit asa
signature of purifying selection, overall in the population.

We then focused on dichotomous traits (Figur e 2). We observed significant associations with all
psychiatric disorders that were tested — intellectual disability (ID) (odds ratio [OR]=1.7, p=4x10?®), autism
(OR=1.3,p=1x10""), schizophrenia (OR=1.2,p=5x10 °), ADHD (OR=1.2, p=5x10"') and bipolar disorder
(OR=1.2, p=8x10"). We did not however find PI-PTV burden to be associated with later onset, non-
brain-related diseases such as type 2 diabetes, early onset myocardial infarction, inflammatory bowel
disease, ulcerative colitis or Crohn’s disease. Across all significantly associated phenotypes, the effect
size was stronger among the subset of ultra-rare PI-PTV carriers, confirming that rarer PTVsare, on
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average, more deleterious.

The association with these five neurodevel opmental/psychiatric disorders and three quantitative traits was
only observed for PI-PTVs and not for PTVsin non-Pl genes nor for synonymous variantsin Pl genes.
These results suggest that the association to PI-PTVsis not driven by population stratification or technical
bias (Supplementary Figures 6).

Our approach so far focuses on assuming that al PI-PTV's act on the phenotype in the same direction, that
is, they are al either protective or risk conferring. We relaxed this hypothesis, allowing rare PI-PTVsto
have different directions aswell as different magnitudes of effects, and repeated these tests using SKAT
12 We did not identify any additional associations, suggesting that Pl genes do not account for a
substantia fraction of variability in the traits for which no PTV burden was identified. Further, the
observed burden of PI-PTVs for neurodevel opmental/psychiatric disorders, height, educational attainment
and age suggests that the majority of those Pl genes that have an effect, do so in the same direction
(Supplementary Figure 7).

We also evaluated whether damaging missense variants, which are on average more common and less
severely deleterious than PTV's, showed asimilar signal. Damaging missense variants have been
associated with complex disorders such as coronary heart disease and inflammatory bowel disease™ ™.
We found an independent signal for damaging missense variantsin Pl genes for all disorders and traits
that were also associated with PI-PTVs. Furthermore, the strength of the association increased as a
function of the number of prediction a gorithms that confidently classified a missense variant as
‘damaging’ (Supplementary Figure 8) suggesting that these missense mutations are similar to PTVsin
biological effect, potentially abrogating gene function. We note that this effect was particularly strong for
ultra-rare variants, reinforcing the observation that variant frequency is a marker of selection and aidsin
the identification of pathogenic damaging missense variation™ *.

Information about gene expression might help identifying which subset of PI genesisdriving the
observed signals. We tested the association between rare PTVs and significant disorders and traitsin the
top 500 most expressed Pl genesin each of 14 different tissues. Pl genes highly expressed in the frontal
cortex carried the stronger signal for education attainment, ADHD, autism and the second stronger signal
for schizophrenia, in line with the brain-related nature of these disorders and traits (Supplementary
Figure 9). However, significant signals were also observed in brain-unrelated tissues. For example, blood
and stomach carried the largest association with bipolar disorder and intellectual disability, respectively.
Given that there was a consistent number of genes that were highly expressed in multiple tissues, we
wonder if the signal was driven by Pl genes highly expressed in >80% of the tissues rather than by genes
that were specifically expressed in few tissues (< 20% of the tissues). Pl genes highly expressed in
multiple tissues modestly increased the association between rare PTV's and neurodevel opmental and
psychiatric disorders, as compared to tissue-specific Pl-genes (Supplementary Figure 10).

These results suggest that gene-expression information provides moderate additional value for the
identification of driving Pl genes.

Given the high degree of shared comorbidities across neurodevel opmental/psychiatric disorders, we
leveraged information from the Danish National Psychiatric registry to evaluate whether the signal was
driven by a specific disorder or shared across multiple disorders. Individuals with multiple

neurodevel opmental/psychiatric disorders, and especialy those with 1D, showed a stronger enrichment of
PI-PTVs (Supplementary Figure 11). Nevertheless, among those without comorbidities, the signal
remained significant and remarkably similar across disorders. We further found that carriers of ultra-rare
PI-PTVs had earlier onset of ADHD (-4.0 months, p =0.008; Supplementary Table 6). However, this
was partialy explained by the fact that individuals with earlier diagnosis of ADHD were also more likely
to be diagnosed with ID (14.7 vs. 15.5 years for ADHD patients with and without 1D, T-test P-
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value=0.009). Indeed when we considered ADHD cases without major comorbidities, the effect was
attenuated (-2.9 months, p=0.12). Finaly, in controls with none of these psychiatric diagnoses, we still
observed a significant association with the broader ICD-10 category of mental, behavioral and
neurodevelopmental disorders, suggesting that PI-PTV s influence the broader cognitive spectrum
(Supplementary Table 7).

Since previous studies have shown a higher rate of Pl de novo PTVsin autism-affected females as
compared to males*’ '8, we wondered if sex played arole here. In this study however, we did not have
parent-offspring subjects needed to distinguish de novo variants from those that have recently arisenin
the population, the latter being the majority of observed rare variants. Thiswould potentialy dilute the
sex-gpecific effect if it isin fact a property of de novo variants but not of rare variants more generally. We
found both weak and insignificant differences between males and femalesin the effect of PI-PTVson 4
neurodevel opmental/psychiatric disorders (Supplementary Table 8). Interestingly, we did not observe
differencesin ADHD-affected males and females, in contrast with the hypothesis that affected females
might be enriched for rare deleterious variants™. We cannot exclude that differences in the diagnostic
criteria used in these European studies compared to those of previous studies, which were mostly
conducted in the U.S., might explain these results.

We also assessed whether the observed burden of PTV s was specific to Pl genes, or such a burden could
be identified for other gene setsthat are likely to contain functionally relevant genes. First, we examined
other experimental and literature-based gene sets linked to severe phenotypes. Specifically, we considered
al genes (i) reported in ClinVar 2, (ii) that resulted in lethal or subviable phenotypesin mice %, (iii) that
were required for proliferation and survival in ahuman cancer cell line ** and those (iv) that were
categorized as haploinsufficient by ClinGen (Supplementary Table 4 and Supplementary notes).
Except for the haploinsufficient genes, which showed a significantly stronger association with autism
alone, none of the other gene sets tested showed the PTV burden that was captured by Pl genes
(Supplementary Figure 12). This suggests that the degree of natural selection against PTVsin ageneis
indeed an important indicator of whether such PTVs are likely to beimplicated as strong effects for
neurodevel opmental/psychiatric disorders, height, educational attainment and age.

We reasoned that asingle variant approach, rather than a gene-based test, might provide increased
resolution. We considered all high quality ClinVar variants (0.76 on average per individual) and a set of
variants deemed to be recessive lethal (0.03) (Supplementary Notes). Carriers of these variants were not
enriched in any of the disorders or traits examined here (Supplementary Table 9).

Second, we examined whether results from GWAS conducted on the same phenotypes as those included
in this study could implicate genes containing an aggregate PTV burden. We used DEPICT? to link
genome-wide significant hits to candidate genes (Supplementary Table 10 and Supplementary Notes)
and, within each GWAS-derived gene set, we studied the association between rare PTVs and the
phenotypes using the SKAT test. GWA S-derived gene-sets captured associations between rare PTVs and
different classes of lipids (Figure 3 and Supplementary Table 11). For example, the association between
rare PTV's and HDL-cholesterol was captured by gene sets derived from GWAS of HDL (p=2x10"), total
cholesterol (p=3x10?) and triglycerides (p=4x10"), but not by those of coronary heart diseases (p=0.25),
consistent with previous observations about hon-causality of HDL-cholesterol on coronary heart diseases
% Theinclusion of both rare damaging missense and PTVs resulted in additional signal co-localization
between inflammatory bowel disease, early onset myocardial infarction and the corresponding GWAS-
derived gene-sets. However, it appeared that al these signals were being driven by well-known genes,
involved in rare familial forms of these diseases. Specifically, when Mendelian lipid genes and NOD2
were removed from the cardiovascular and inflammatory bowel disease-related GWAS gene-sets
respectively, no signal remained (Supplementary Figure 13). This might reflect alack of power (despite
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this being the largest WES study for the majority of the traits), inaccurate links between genome-wide
significant hits and the corresponding candidate genes or PTV s and common variants acting on partially
distinct pathways. Nevertheless, we observed similar results when including SNPs bel ow genome-wide
significance to increase power and when using different methods to link SNPs with corresponding
candidate genes to increase precision, including gene-based testing ** and eQTL mapping
(Supplementary Figures 13 and Supplementary Notes).

Finally, we leveraged national population health registries to increase the scope of disorders we could
examine. These well-studied and validated registries > include diagnostic codes from 14,117
individualsin Finland and Sweden, recorded between 1968 to 2015 (Supplementary Table 12).
Individuals with psychiatric disorders were excluded from our anal yses. To maximize the validity of the
diagnoses, we used a curated list of disease definitions aggregating related ICD codes (Supplementary
Table 13). We studied the association between rare PI-PTVs and 101 diseases with at least 50 cases,
using asurvival analysis model. The only association that surpassed the significance threshold for
multiple testing was with chronic kidney failure (hazard ratio=1.9, p=3x10®; number of cases=120;
Supplementary Figure 14). The association was strong among the Finnish data, but only significant
when considering ultra-rare PI-PTVsin the Swedish data (Supplementary Table 14).

We speculated that this association might reflect a burden of underlying comorbidities that weretoo rare
to beincluded in this analysis. Using registry information from 28,709 Finnish individuals, we found that
patients with chronic kidney failure also have a higher rate of cardiovascular-related comorbidities, as
well as skin infections, kidney cancer and other abnormalities of the renal system (Supplementary Table
15). Therefore, it is challenging, to determine whether it is the chronic kidney failure or some more rare
comorbid condition that drives the association with PI-PTVs.

We also examined whether the association between PI-PTV's and diminished cognition and detrimental
health would result in a higher number of hospital visits, counting the number of in-patient visits
associated with a unique ICD codes. In both the Swedish and Finnish datasets, we observed a significant
increase in the rate of hospital visits with a greater burden of PI-PTVs (+7.6% per additiona PI-PTV,
p=0.0002). We used different strategies to model the outcome and observed similar results
(Supplementary Table 16 and Supplementary Figure 15).

By aggregating WES data on more than 100,000 individuals for 23 different traits and disorders, we have
gained insight into the role of PTVsin conferring risk for these conditions. First, PTVs occurring in Pl
genes had aremarkably similar effect on autism, schizophrenia, bipolar disorder and ADHD, which was
not driven by major underlying comorbidities. This suggests that these PI-PTVs arelikely to be
pleiotropic, influencing some core intermediate phenotypes that relate to risk across many psychiatric
disorders. Further, this burden suggests that both Pl genes will be eventually discovered conclusively for
each of these disorders, not just autism, but such associations will need to be interpreted in the light of
this shared effect across disorders. The strong enrichment of PI-PTVsin individuals with

neurodevel opmental/psychiatric disorders does not exclude the existence of non-Pl genesinvolved in the
etiology of these disorders. These genes, however are more likely to have weaker and, possibly, trait-
specific effect.

Second, we detected a significant association between PI-PTVs and decreased human height. In contrast
to this, arecent large-scale study using the exome-chip has shown a similar numbers of height-increasing
and height-decreasing rare variants *’. This discrepancy could be because, by using a more stringent
frequency cut-off and focusing on a subset of genes likely to cause early onset severe disease, we
effectively considered variants related to a burden of (incompletely) penetrant Mendelian-type disorders,
often characterized by reduced growth. Such an interpretation is consistent with atighter link to
directional selection on stronger impact mutations for human height.
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Third, we systematically compared the co-localization of signal between GWA S-candidate genes and rare
PTVs. We found few overlaps (cardiovascular-related traits, inflammatory bowel disease) which, we
revealed, were entirely driven by afew genes previously identified by both GWAS and WES studies.
Other traits did not show any overlap. Schizophrenia, for example, which is highly enriched for PI-PTVs,
did not show overlap with GWAS candidate genes. Even among traits where genes with low-frequency
coding variants have been previously identified by exome-chip-based studies, such as height and systolic
blood pressure, we found no substantial rare PTV's enrichment. These results suggest that the relationship
between GWAS signa and rare coding variants is not always straightforward, and that, when interpreting
WES data, other complementary approaches such as those that integrate population genetic models and
large sample resources, might be more suitable to nominate gene sets of interest. The degree of overlap,
and therefore the most effective strategy to identify pathogenic variants, is likely to depend on the

sel ective pressure shaping the genetic architecture of the trait under investigation. Moreover, it cannot be
overlooked that individuals carrying rare PTV s in genes implicated by common variant-based approaches
might present phenotypic outcomes that deviate from those under investigation. Finaly, it isinteresting to
notice that, while PTV s tend to have a consistent directional effect within Pl gene, thisis not the case for
GWA S-derived gene sets, where most of signals could only be captured by assuming heterogeneity in
effect direction.

In conclusion, Pl genes are well suited to capture the impact of rare to ultra-rare PTV's on the cognitive,
behavioral and devel opmental spectra. Thisislessthe case for magjor later-onset complex traits with
modest effect on reproductive fitness. Strategies to prioritize gene sets relevant for these traits would need
to consider the role that relaxed selective pressure has been playing in shaping the frequency distribution
of disease-causing PTVSs.
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Figurel

A. Average number of variants per individual in N=83,439 participants without
neurodevel opmental/psychiatric disorders. We report the results separately for each ethnic group. B. Ratio
between PTV/Synonymous for each ethnic group.
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Figure?2

A. Association between PI-PTV burden and continuous traits. We reported the association in standard
deviations (SD) to allow for comparison across traits. In brackets, we reported the number of individual
included in the analysis for each trait. The P-values are reported only for experiment-wise significant
results (p < 2x10°3), highlighted in red. All the results are obtained from meta-analyzing study and
ethnicity-specific associations. B. Odds ratio for association between PI-PTV burden and dichotomous
traits. In brackets, we reported the number of cases and controls.
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Figure3

A. Association (SKAT test P-value) in GWAS-derived gene sets (y axis) between rare PTVs and the
phenotypes reported on the x axis. Each geneset is obtained using DEPICT to link SNPs derived from
GWASwith P-value < 5x10® and a candidate gene. In brackets we report the number of geneswith at
least one PTV in our dataset. P-values are reported only for experiment-wise associations (p < 0.0003). B.
Association (SKAT test P-value) in GWAS-derived gene sets (y axis) between rare PTVs + damaging
missense and the phenotypes reported on the x axis.
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