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Sequencing projects have identified large numbers of rare stop gain and frameshift
variants in the human genome. Because most of these are observed in the heterozygous
state, they test the genome’s tolerance to dominant loss of function. We analyzed the
distribution of truncating variants in 16818 protein coding autosomal genes from the
exomes of 11546 individuals. We observed 45044 truncating variants affecting 12735 genes,
against an expectation of observing 13612 genes under a model of neutral evolution.
Extrapolating this to a larger human population, we estimate that 8-9% of genes would not
tolerate heterozygous truncation. The study of dominant loss of function variants delineates
the essential genome, and underscores the functional importance of haploinsufficiency.

One Sentence Summary: Analysis of heterozygous gene truncating variants in >11,000
individuals identifies the properties of genes that require two functional copies.
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The abundance of rare human genetic variation results from recent population expansion
and limited purifying selection (/-3). Homozygosity of rare functional variants is a well-known
cause of severe Mendelian disorders. However, since most variants have low allele frequency,
they are observed almost exclusively in the heterozygous state and may not be prioritized for
further analyses. We focused on stop-gain (nonsense) and frameshift variants as a tractable set of
variants for the assessment of heterozygous gene loss across the genome. The study dataset
included 11546 exomes in which we observed 45044 truncating variants. We considered
transcripts from autosomal protein coding genes. The expectation of a neutral model of
evolution, under which there is no selection against truncating variants, was that 13612 (IQR,
13575-13651) of 16818 genes reliably annotated by the Consensus CDS (CCDS) project (4)
would be targeted by stop gains or frameshift variants. We generated this expectation by
simulating 45044 variants according to the neutral per gene de novo probabilities (5). However,
only 12735 such genes were observed harboring a total of 45044 truncating variants (Figure 1).
We estimated the number of genes intolerant to truncating variants in a probabilistic framework
assuming that most genes accumulate truncating variants according to their neutral de novo
probabilities and that a small number of genes () do not accumulate truncation. The number of
genes bearing truncation given N is simulated by sampling variants from the multinomial
distribution of the neutral probabilities of N genes (Figure S1). By minimizing the difference
between the observed number of genes without a truncating variant and the simulated scenarios
we estimate the total size of the haploinsufficient genome (i.e. genes that can not tolerate a single
functional copy) from 1500 to 1600, which is about 9% of the autosomal protein coding genes
analyzed (Figure 1). The empirically testing of this prediction would require the observation of
more than 150,000 truncating variants, in a study population of at least 80,000 individuals.

Truncation may not necessarily result in loss of function, and the severity of such variants
can be explored through various pathogenicity scores. Prediction of functional consequences use
gene-level features such as conservation, centrality, or tolerance to mutational burden (6, 7), or
use sequence-level attributes. We used NutVar (http://nutvar.labtelenti.org), a sequence-based
score that assesses loss of functional domains, differential impact on isoforms, and degradation
by non-sense mediated decay (§), to estimate the functional consequences of a truncation variant.
The predicted severity given by NutVar associates with levels of gene expression and thus with
potential for haploinsufficieny (8). We partitioned the variants into mild and severe categories
based on a cutoff of 0.4 in NutVar score that has the greatest discrimination power for
consequences on gene expression (see Material and Methods). On this basis, we estimated that in
addition to the 1500-1600 genes not tolerating any truncation, there are an estimated 2300 genes
that may tolerate truncations with predicted limited functional consequences (truncations with a
NutVar score lower than 0.4) but remain intolerant to severe truncations (Figure 1). Although
we benchmarked on the two most definitive classes of truncating variants, stop gain and
frameshifts, the literature frequently considers variants at splice site acceptors and donors.
Functional consequences are diverse as splice site variation may lead to exon skipping or to
truncation of the transcript. We thus extended the analysis to include 12378 splice site variants
(bringing the total of observed truncating variants to 57422). We observed 13758 genes without
any of these variants and estimated a lower bound of 1180-1260 genes intolerant to splice site,
stop gain or frameshift variants. We did not considered large structural variants.

Homozygous truncations are observed at a much lower frequency than heterozygous
variants and are expected to be more deleterious. In our dataset, 2808 genes carried homozygous
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stop-gain or frameshift variants and can be considered to represent a subset of the dispensable
genome (Table 1, inset). Given the relatively low frequency of homozygous loss-of-function
genotypes, a full mapping of the dispensable genome will require a very large number of
participants. In contrast, the collectively prevalent nature of rare heterozygous variants suggests
that a map of “essentiality” on the basis of heterozygosity is within reach, and that it will be
immediately relevant for human health. In mice, when homozygous knockout mutants are not
viable, up to 71.7% of heterozygotes have a phenotypic hit (9). Systematic phenotyping of
knockout mice revealed that haploinsufficiency might be more common than generally suspected
(10). Indeed, our study indicates that there is considerable purifying selection acting on
heterozygous truncating variants. Heterozygous truncation can lead to deleterious functional
consequences through haploinsufficiency due to decreased gene dosage, or through a dominant-
negative effect (71, 12). In 2008, Dang et al. established a list of 299 haploinsufficient genes
linked to human diseases (/3). The number has since increased: for example, a recent report
highlights the consequence of haploinsufficiency in humans: frameshift and splice site variants in
CTLA-4, encoding cytotoxic T-lymphocyte-associated protein 4, associated with undiagnosed or
misdiagnosed autoimmune disorders in the second to fifth decades of life (/4).

We next evaluated the characteristics of the genes not observed as carrying a truncation
in our study datasets (n=4083). As previously reported (/3), genes encoding transcription factors,
and genes that function in development, the cell cycle, and nucleic acid metabolism are
overrepresented among those genes not carrying a truncation (Figure 2). In line with
expectations, genes without observed truncating mutations were highly conserved (p=2x10
These genes had fewer paralogs (p=3x107), a higher probability to affect cell survival in
genome-wide CRISPR-Cas9 experiments (odds ratio=2.75, p=1.4x10""), and to be part of
protein complexes (odds ratio=3.16, p=1.7x10""), and had higher posterior probabilities in
computational prediction of haploinsufficiency (p=1E-119), Table 1.

280
).

The concept of the essential genome has been explored in analyses of minimal bacterial
genomes (/5), mice knockout studies (/6), studies of transposon or chemical mutagenesis, and
more recently in studies that used CRISPR-Cas9 genome-editing technology (17, 18). One
limitation of these studies is that observation of phenotypes may require adequate exposure to
specific environmental interactions — a practical obstacle in animal studies (/0). In contrast, in
humans, there is a possibility that life-long exposures will eventually reveal a phenotypic trait or
disease associated with heterozygous gene truncations. In fact, the observation of a given
heterozygous truncating variant does not imply the absence of biological consequences.
Although this study has been performed using data from a presumably healthy adult human
population, we cannot exclude a pathogenic role for any of the observed truncating variants. The
potential impact of such genetic changes might be masked by incomplete penetrance (/9) or by
the simultaneous occurrence of compensatory variants (20). Because monoallelic lesions are
more common than biallelic lesions, heterozygous variants associated with haploinsufficiency
will play an important role in human disease. The rapidly increasing number of sequenced
genomes will continue to improve our knowledge of the essential, the haploinsufficient and the
dispensable parts of the human genome.
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Fig. 1. Observed and expected truncating variants in the study population. Number of genes with at
least one stop gain or frameshift variant as a function of the number of sampled truncation variants. The
dotted blue curve follows the neutral expectation calculated from the de novo probabilities of Samocha et
al. (6). The red curve shows gene counts when all observed variants are considered. The orange curve
shows gene counts when only highly damaging variants (NutVar score >= 0.4) are considered. The black
and grey curves denote the simulation results after fitting to 1540 or 3780 the number of genes intolerant
to truncating variants. The green curve shows gene counts when homozygous variants are considered.
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Fig. 2. Gene set overrepresentation results in genes with no observed truncating variants. The
dark blue bar indicates the size of that part of the gene set which does not bear truncating variants. The
middle bar indicates genes that bear slightly deleterious variants (NutVar score <= 0.4), while the light
blue bar denotes the percentage of genes with highly deleterious variants. Each line is a gene set defined
by Gene Ontology, the sets are not necessarily independent. P-values are adjusted by the Benjamini-
Hochberg method and only significant gene sets are shown. Bars are colored according to clustering of
gene sets.
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Table 1. Orthogonal characteristics of the genes observed with no stop gain or frameshift variants. Binary

traits were evaluated with logistic regression; continuous traits were evaluated by Mann-Whitney U test.

Annotation Effect in non- P-value Test Data Source
truncated genes
Paralog count Lower 3E-05 rank-sum test Ensembl Biomart
In protein complexes Enrichment 1E-28 logistic Gene Ontology term GO_0043234
regression
Probability of Higher 1E-119 rank-sum test Huang et al. (12)
haploinsufficiency
Loss of cell viability Enrichment 1E-13 logistic Shalem et al. (17)
regression
Pathogenic genes - NS logistic ClinVar
regression
dN/dS Lower 2E-280 rank-sum test Ensembl primate genomes
(conservation)
Essentiality Higher 6E-11 logistic OGEE (http://ogeedb.embl.de/)
regression
Centrality Higher SE-52 rank-sum test OGEE (http://ogeedb.embl.de/)
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Supplementary Materials:

Materials and Methods

Exomes. We collected exome data from public and non-public sources (Table S1). Individuals
include the general population without severe disorders before reproductive age. Variants were
filtered based on Hardy-Weinberg equilibrium (discarded if p<1E-8). For public data sets,
variants were called at the data source with their respective pipelines. For in-house data sets,
sequence reads were aligned using BWA, and called with Haplotypecaller from GATK 3.1.
Variants were annotated with SnpEff 3.1 and filtered as described in Rausell et al. (8). Only
genes and transcripts from autosomal protein coding genes reliably annotated by the Consensus
CDS (CCDS) project (4) were considered. As a reference background throughout all analyses, a
total number of 16818 autosomal protein coding genes was obtained by considering genes with
synonymous variants detected in the exome data, passing all previous filters and for which
neutral probabilities of generating de novo truncating variants are available; see below. In

downstream analyses, we represented each gene with its predicted most damaging stop-gain or

frameshift variant according to the NutVar score (http://nutvar.labtelenti.org). In the analysis
including splice site variants we considered all stop gain, frameshift, splice site acceptor and
splice site donor variants.

Neutral models and simulations. Neutral gene probabilities of generating a de novo truncating
variant (stop-gain, frameshift, splice-disrupting) were obtained from Samocha et al. (5). We
estimated the number of genes intolerant to truncating variants in a probabilistic framework
assuming that most genes accumulate truncating variants according to their neutral de novo
probabilities and that a small number of genes (V) do not accumulate truncation. We estimated N
by fitting the expected number of genes bearing a truncation with 25k, 30k, 35k, 40k and 45k
variants given N, to the observed number of genes bearing a truncation at these variant counts. In
this model the expected number of genes bearing truncation by observing V variants given N is
estimated by Monte Carlo by sampling of V variants from a multinomial distribution specified by
the neutral probabilities of the N genes. For a given N we repeated the selection of genes 100
times and for each of these cases we repeated the multinomial sampling 50 times. We then chose
the value which had the minimum median residuals of the former repeats. The observed number

of genes bearing a truncation at 25k, 30k, 35k, 40k and 45k variants were calculated from
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random subsets of total observed variant pool. This sampling process was repeated 100 times and

we report in the Results the minimum and maximum estimate of N out of these replications.

Characteristics of haploinsufficient genes. Functional gene sets tested included Gene Ontology
(GO) terms (downloaded from Ensembl Biomart, using the attribute ‘GO Term Name’). dN/dS
values were assessed as described in Rausell et al. (8). Degree of connectivity in the protein-
protein interaction network was taken from the OGEE database (27). Paralogs were counted
using Ensembl Biomart’s ‘Human Paralog Ensembl Gene ID’ attribute). Genes in protein
complexes were taken from the GO term GO:0043234. Predicted haploinsufficiency
probabilities were taken from (/2). Genes affecting cell viability in CRISPR experiments were
collected from (/7). For the assessment of depletion or enrichment of functional gene sets in
genes without a truncating variant we used logistic regression with set membership as the
dependent variable. We reported the p-values of the likelihood ratio test between a null model
consisting of the neutral probability of occurrence of a truncating variant (5), and an alternative
model including the null model plus either an indicator variable or the NutVar score as predictor.
We only tested gene sets with at least 10 members. We adjusted the p-values by the Benjamini-
Hochberg method to correct for multiple testing.

Partitioning variants into mild and severe categories. We used GEUVADIS z-score to assess
the consequence of a truncating variant on gene expression. The largest difference in the mean
occurred when we used a NutVar threshold of 0.4 (mean difference in z-score between variants

with NutVar score < 0.4 and >=0.4 1s -0.47, p—Value:4.9x10’5 ).
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Table S1. Data sources.

Project name sample n URL

NHLBI Exome Sequencing Project 6502 http://evs.gs.washington.edu/EVS/
UK10K 2432 http://www.bristol.ac.uk/alspac/

1000 Genomes Project 1092 http://www.1000genomes.org/

Genome of the Netherlands 498 http://www.nlgenome.nl

Cohort Lausanne 426 http://www.colaus.ch/

Swiss HIV Cohort Study 500 http://www.shcs.ch/

NIEHS Environmental Genome Project 95 http://evs.gs.washington.edu/niehsExome/
Genome of J. Craig Venter 1 http://huref.jcvi.org/

Total 11546
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Figure S1. Residuals of the fitting procedure. Horizontal axis shows the assumed number of
genes intolerant to truncating mutations. Vertical axis shows the difference in the number of
genes without truncating mutations between observed and simulated data.
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