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Loss-of-fung.’gn/variants (LoF) attract great clinical interest, as it isbelieved that
most cause diseasw this study, we include (1) premat Stop-tausigy SNPs, (2)
frameshift-causing mdels and (3) variants affecting can@® €s as putative LoF
variants. About 12% of known disease-causing mutations in the human gene mutation
database (HGMD) are due to nonsense mutations’. It is often assumed that premature
Stop variants are deleterious as they are predicted to lead to loss-of-function. However,
understanding the functional impact of premature Stop codons is not straightforward.
Aberrant transcripts containing premature Stop codons are typically removed by
nonsense-mediated decay (NMD), an mRNA surveillance mechanism?. However, a
recent large-scale expression analysis shows that 68% of predicted NMD events due to
premature Stop variants were not supported by RNASeq analyses®. In fact, a study
aimed at understanding disease mutations using a 3D structure-based interaction
network suggests that truncating mutations can give rise to functional protein products®.
Moreover, premature Stop codons in the last exon are not subject to NMD. In addition,
understanding isoform-specific LoF variants is complex. When a variant affects only
some isoforms of a gene, it is difficult to infer its impact on gene function without the
knowledge of the isoforms that are expressed in the tissue of interest and how their level
of expression affect gene function. Finally, loss-of-function of a gene might not have any
impact on the fitness of the organism.

an individual®. Thus, several genes are knocked out eithersamplet€ly or in an isoform-
specific manner in apparently healthy individuals. Remarkably, recent studies have led
to the discovery of LoF variants that are beneficial. For example, nonsense variants in
PCSK9 are associated with low LDL levels”®. Therefore, several pharmaceutical
companies are actively nugsuing the inhibition of PCSK9 as a potential therapeutic for
hypercholesterolemia’ ther examples include nonsense and splice mutations in
APOC3 associated wi levels of circulating triglycerides, a nonsense mutation in
SLC30A8 resulting in abost 65% reduction in risk for Type Il diabetes and two splice
variants in the Finnish po in LPA that protect from coronary heart disease'*"°.
Therefore, there is grea West in ore thorough understandlng of putative LoF

variants.
_ pLlVb
We have developed a pipehre catted ALoFT (Annotation of Loss-Of-Function

Transcripts), to provide extensivé functional apnotation of putative LoF variants. The
main features of ALOFT include N\ _Function~4based annotations 2. Conservation
Jeatwes 3. Network-features. In addition, the pipeline has featurss to help identify
erroneous LoF calls, potential mismapping and annotation errors, because LoF variant
calls have been shown to be enriched for annotation and sequencing artifacts®. An
overview of the pipeline is shown in Supplementary Figure 1. For comprehensive
functional annotation, we integrated several functional annotation resources such as
PFAM and SMART functional domains'®"’, signal peptide and transmembrane
-translational mod|f|cat|on sites, Styucture-based fi
SCOP domains, disordered residues and prediction of NMD18 Evolutionary
can be used as a proxy f important regions.
ALOFT provides variant position-specific GERP scores, which is a measure of
evolutionary conservation?. In addition, we evaluate if the region lost due to the
truncation is conserved based on GERP constraint elements and the percentage of
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exons lost that are within GERP constrained elements?'. ALoFT also outputs dn/ds
values for macaque and mouse (ratio of missense to synonymous substitution rates) that
are computed from human-macaque and human-mouse orthologous alignments
respectively. ALOFT includes two network features previously shown to be important in
disease prediction algorithms: proximity parameter that gives the number of disease
genes that are connected to a gene in a protein-protein interaction network and the
shortest path to the nearest disease gene®??. A detailed description of all the annotations

a prediction method to differentiate high impact disease-causing variants from low
impact benign variants. Here, we focus on premature Stop-causing variants that arise
either due to a SNP or an indel where a frameshift leads to a premature Stop. Current
prediction methods that infer the pathogenicity of variants do not take into account the
zygosity of the variant?*?*. The majority of LoF variants in healthy population cohorts are
heterozygous. It is likely that a subset of these varlants will cause dlsease in the
recessive state. Thergforesy :
causing variants |nto
lead to dominant disease Using the annotatlons output by ALOFT as predictive fea
In addition to the features output by ALOFT, we also used some gene-specific featur V
I

for classification as shown in Figure 1a (details included in the Suppleme ri
and Methods section). (,jryk‘\f

are not used for training. The training dataset is restricted to mutations that lead to
dominant or recessive disease based on a curated gene list . Using the functional,
conservation and other features described above, we built a classifier that distinguishes
the three classes using a random forest algorithm (ref for random forest). The classifier
provides class probability estimates for the model. We obtain very good discrimination
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population possess the highest number of premature Stop variants (Figure S4) and the
difference is caused by excess of benign mutations (Figure S5). ()
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Comment [2]: wondering if this will open
a can of worms in terms of LoF numbers
per individual. | am inclined to remove this
bit.

Next, we looked at premature Stop variants in the 1000 genomes cohort in
known diseaSe-causing of which none were expected, as these are healthy
individualg. However, ALOFT prexlicted that several variants cause disease in the
recessiv but are present in this cohort only as heterozygous variants.
erestingly, in S 5XX), the variant in the presumed healthy 1000 genome
individuals and the disease-causing variants are in the same gene, but on different
isoforms (Figure 2b). Thus, isoform-specific premature Stop-causing variants are
responsible for disease and are not seen in the presumed healthy 1000 Genomes
~ individuals. In other cases, the LoF variant in 1000 genomes and the disease-causing
HGMD variant are on the same transcript. However, the LoF variant in the 1000
genomes samples truncates the protein at a position much later than the disease-
causing variant. Presumably, the former doesn’t affect function significantly whereas the
latter does.

We next applied our classifier to prédict the_effect of premature Stop variants in
the last exon. It is often assumed that prefnature Styp variants in the last coding exon
are likely to be benign because they escapg NMD apd therefore the truncated protein ~
will be expressed and will not lead to loss of Ttmetienh. However, it is known that some
disease-causing premature Stop mutations are present in the last coding exon.

Therefore, we applied our classifier to see if we could distinguish between benign and
disease-causing LoF variants in the last coding exon. To this end, we expanded our
analysis to include the ESP6500 and HGMD datasets. A large number of premature
Stop variants are seen at the end of the coding genes in both the 1000 Genomes and
ESP6500 datasets (Fig 2c). The classifier correctly predicts that most variants in the last
coding exon in the 1000 Genomes and ESP6500 cohort are benign, whereas HGMD
mutations in the last coding exon are not (Fig. 2d).

We further evaluated the classifier by predicting the effect of nonsense mutations
in several recently published disease studies. We classified premature Stop mutations
from the Center For Mendelian Genomics studies and predicted the mode of inheritance
and pathogenicity of all of the truncating variants (Fig 3a). Our method showed that
dominant variants have significant dominant disease-causing score than recessive ones
(p-value: 0.003; Wilcox rank-sum test). We also used two other measures, GERP score
which is a measure of evolutionary conservation and CADD score that gives a meas
of pathogenicity, to classify recessive versus dominant LoF variants®’. Both CADD and
GERP scores are not able to discriminate between recessive and dominant disease-
causing mutations (Fig 3a).

De-novo LoF SNPs have been implicated in autism based on analysis of
sporadic or simplex families, families with no prior history of autism. We applied our
method to de-novo LoF mutations discovered in autism?*>'. Our method shows that the
proportion of dominant disease-causing de-novo LoF events is significantly higher in
autism patients versus siblings (Fig 3b; p-value: 0.006; Wilcox rank-sum test). Autism is
more prevalent amongst males than females. However, the severity of the disease is
known to be much higher in females. Previous studies suggest that there is a higher
mutational burden in female patients *2. We observe a similar pattern for LoF mutations
— female probands have a higher portion of deleterious de-novo LoF variants than male
probands (p-value: 0.017). The published studies identified candidate genes based on
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individuals. Our classifier identified yy# disease-causing de novo LoF variants in zz#
genes, and is agnostic to unaffected and proband status. A recent study based on
exome sequencing of 3871 autism cases delineated xxx # of risk genes®. Mutations in
this set of autism genes® have higher dominant disease causing score than others
(Figure S6; p-value: 0.008).

statistical enrichment of de novo LoF variants in probands over the unaffected /l

Lastly, we also examined somati using mutations in several cancers.
classify driver genes as tumor suppressoxs_or ontogenes, Vogelstein proposed a “20/20”
rule where a gene is classified as a tumor suppressor if the gene had greater than 20%
of the mutations that are LoF mutations®. Therefore, we expect to see a higher
proportion of deleterious somatic LoF variants in driver genes than the rest of the genes.
We validated our prediction method by inferring the effect of somatic premature Stop
variants from a compilation of ~6,000 cancer exome sequencing studies*®. As shown in
the Fig 3c, a higher proportion of somatic LoF mutations in known cancer driver genes
are predicted to be deleterious than somatic mutations in LoF-tolerant genes and
randomly sampled genes whose length distribution matched that of the known driver
genes.

To our knowledge, ALOFT is the first tool that predicts the impact of nonsense \J
SNPs in the context of a diploid model, i.e. whether nonsense SNP will lead to iye

or dominant disease. This method is applicable to premature Stop variants and v\
frameshift-causing indels. ALoFT allows for the identification and prioritization of high

impact putative disease-causing LoF variants in a personal genome from amongst (_,
benign LoF variants. Integrating benign LoF variants with phenotypic information will
help us to identify protective/beneficial LoF variants which are valuable drug targets®.
Lastly, diseases caused by LoF variants provides an unique opportunity for targeted
therapy of a wide variety of diseases using drugs that either enable read-through of the
premature Stop restoring the function of the mutant protein or an NMD inhibitor that
prevents degradation of the LoF-containing transcript by NMD. This is especially useful
in the context of rare diseases where targeting the same molecular phenotype leading to
different diseases alleviates the need to design a new drug for each individual disease.
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