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Loss-of-function	mutations	cause	many	mendelian	diseases.	
Here	we	aimed	to	create	a	catalog	of	autosomal	genes	that	are	
completely	knocked	out	in	humans	by	rare	loss-of-function	
mutations.	We	sequenced	the	whole	genomes	of	2,636	
Icelanders	and	imputed	the	sequence	variants	identified	in	
this	set	into	101,584	additional	chip-genotyped	and	phased	
Icelanders.	We	found	a	total	of	6,795	autosomal	loss-of-function	
SNPs	and	indels	in	4,924	genes.	Of	the	genotyped	Icelanders,	
7.7%	are	homozygotes	or	compound	heterozygotes	for	loss-of-
function	mutations	with	a	minor	allele	frequency	(MAF)	below	
2%	in	1,171	genes	(complete	knockouts).	Genes	that	are	highly	
expressed	in	the	brain	are	less	often	completely	knocked	out	
than	other	genes.	Homozygous	loss-of-function	offspring	of	two	
heterozygous	parents	occurred	less	frequently	than	expected	
(deficit	of	136	per	10,000	transmissions	for	variants	with	MAF	
<2%,	95%	confidence	interval	(CI)	=	10–261).

Loss-of-function variants, primarily stop-gain variants, frameshift 
indels and essential splice-site variants, are predicted to disrupt the 
protein encoded by the gene and therefore have the greatest patho-
genic potential (Supplementary Table 1)1–6. An unanswered question 
in human genetics is what is the population frequency of homozygous 
loss-of-function mutations in the germline genome? A related ques-
tion is how frequently they occur without deleterious phenotypic 
consequences, addressing the issue of biochemical redundancy. The 
recent surge in sequencing capacity allows us to address these ques-
tions7,8. Another opportunity provided by the new technology is to 
turn the classic paradigm upside down and rather than searching for 
sequence variants that are responsible for phenotypic characteristics 
to search for phenotypic characteristics that are caused by variants 
in the sequence. Our approach is to map out the large majority of 
homozygous loss-of-function mutations in the Icelandic population, 
allowing subsequent systematic phenotyping of the variant carriers.

We sequenced 2,636 Icelanders participating in various disease 
projects to a median depth of 20× (Supplementary Tables 2 and 3).  

We observed 6,795 loss-of-function mutations in 4,924 genes among 
the sequenced Icelanders; 3,979 SNPs and 2,816 indels (Supplementary 
Table 4). Although only 7% of all sequence variants were indels, they 
were over-represented in the loss-of-function category, owing to their 
tendency to shift the reading frame when they occur in exons5,9,10. 
A single loss-of-function mutation was observed in 3,603 genes and 
2 or more mutations were observed in 1,321 genes (Table 1). Most 
loss-of-function mutations were rare, with 85% having a MAF below 
0.5%. Indeed, loss-of-function mutations had the highest fraction of 
rare variants of all the functional annotation classes2,3,5,11.

Mendelian autosomal recessive diseases occur when both copies 
of a particular gene are affected by mutations, often loss-of-function 
mutations. The effect of loss-of-function mutations on the sex chro-
mosomes are different in nature to those on autosomal chromosomes 
because males have a single copy of the X and Y chromosomes12 and 
X inactivation occurs in females13. Here we restricted our analysis to 
autosomal loss-of-function variants. Cystic fibrosis is the most com-
mon mendelian autosomal recessive disease in northern Europeans, 
with an incidence of 1 in 3,200 live births that corresponds to a MAF of 
1.8% of the causative mutation14. Highly penetrant recessive variants 
that are more common would cause diseases with a higher incidence. 
Because such diseases are not known, we restricted our analysis of 
completely knocked out genes to variants with a MAF under 2%.  
A mutation causing a recessive disease will be present in unaffected 
heterozygotes, and its detection will not require sequencing homozy-
gotes affected with the disease. Most variants with a MAF over 0.2% 
will be observed more than 5 times in the set of 2,636 sequenced 
Icelanders, which is usually a sufficient number for accurate imputa-
tion (Supplementary Fig. 1). One individual in 250,000 is expected 
to be homozygous for a variant with a MAF of 0.2% under Hardy-
Weinberg equilibrium. On the basis of whole-genome sequencing 
and imputation into a total of 104,220 individuals recruited as cases, 
relatives of cases and controls without any exclusion criteria, through 
the study of several common diseases, we identified 8,041 individuals 
(7.7%) who had 1 gene completely knocked out by loss-of-function 
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variants with a MAF under 2% (Table 2 and Supplementary Fig. 2). 
This constitutes a large sample from the Icelandic population, which 
currently numbers 320,000 individuals. We note that, although most 
variants that are likely to produce complete knockouts in the Icelandic 
population had been imputed, many more rare loss-of-function muta-
tions will exist in the population (Supplementary Fig. 3). The long-
range phasing of haplotypes allows determination of whether two 
different loss-of-function variants, observed in the same gene, are 
derived from different parental chromosomes, constituting a com-
pound heterozygote. Of the 8,041 individuals with complete knock-
out, 6,885 were predicted to be homozygotes, 1,249 were predicted 
to be compound heterozygotes and 553 were predicted to have more 
than 1 gene completely knocked out. In these individuals, a total of 
1,171 of the 19,135 RefSeq genes (6.1%)15 were completely knocked 
out. We observed 5 or fewer complete knockouts for 790 of these 1,171 
genes (Supplementary Fig. 4).

We were able to perform Sanger sequencing on 134 individuals 
imputed to be homozygous for rare loss-of-function variants and 155 
individuals who were the sole sequenced carriers of loss-of-function 
mutations, and we confirmed 96% and 98% of their genotypes, respec-
tively (Supplementary Tables 5 and 6).

The class of olfactory receptor genes had the highest density of loss-
of-function variants and the lowest fraction of rare loss-of-function 
variants of all gene ontology classes2,5. Olfactory receptor genes con-
stituted 2.9% (34) of the genes that were completely knocked out by 
loss-of-function variants with a MAF under 2%, and 3.1% (251) of 
the individuals had an olfactory receptor gene completely knocked 
out (Supplementary Table 7).

Currently, 1,717 genes have been linked to a condition through 
a recessive mode of inheritance8,16–18. We predicted that 546 indi-
viduals in our data set would have 1 of 88 of these 1,717 genes com-
pletely knocked out by loss-of-function variants with a MAF below 2% 
(Supplementary Note). Eighty-seven of these individuals had muta-
tions in 26 genes that were the same as those that had been recorded as 
disease-causing mutations in the Human Genome Mutation Database 
(HGMD; DM category)19.

We observed somewhat fewer loss-of-function carriers among the 
imputed individuals than among the sequenced and phased ones 
(Supplementary Fig. 5 and Supplementary Table 8). Mutations 
occurring in the last few generations would be missed more often in 
the imputed set than in the sequenced one, and some carriers would 
not be imputed as such with sufficiently high certainty.

The Icelandic population was founded 1,100 years ago by  
8–20 thousand settlers20. Since then, the population grew from 50,000 
in the 1703 census to 320,000 today (Statistics Iceland; see URLs). 
Mating is not random in the population. In particular, Icelanders are 
more likely to select a spouse from their own geographical region, 
which leads to an excess of homozygotes for rare variants, over what 

Hardy-Weinberg equilibrium would predict5. 
However, consanguineous unions (between 
second cousins or closer) are not frequent. 
Of the parents of the sequenced and imputed 
individuals in our study, 2.7% were second 
cousins or closer (Supplementary Fig. 6). Of 
the 8,041 individuals with at least 1 gene com-
pletely knocked out by rare loss-of-function 
variants, 90.1% were not the children of par-
ents who were second cousins or closer.

We next investigated whether the probability  
of a gene being completely knocked out 
depended on the tissue in which it was 

expressed. We used the results of Fagerberg et al.21 to find genes that 
were highly expressed (FPKM (fragments per kilobase of exon per 
million fragments mapped) over 20) in 1 or more of 27 tissues, but 
excluding genes that were highly expressed in all the tissues exam-
ined. We then calculated the fraction of genes expressed in each tissue 
corresponding to at least one completely knocked-out individual by 
loss-of-function variants with a MAF below 2% in our data (Table 3 
and Supplementary Table 9). The lowest fraction of genes with com-
pletely knocked-out individuals was observed in the brain (3.1%) and 
placenta (3.9%), and the highest fraction was observed in the testis 
(5.8%), small intestine (5.4%) and duodenum (5.8%).

Mouse knockouts have been used to model the effects of sequence 
variation on human phenotype. Of the 1,171 genes with complete 
knockout by rare variants (MAF < 2%), 361 were orthologs of mouse 
genes that have been reported to affect a mouse phenotype when 
mutated, according to the Mouse Genome Informatics (MGI) data-
base22 (Supplementary Table 10). Of the 28 classes of mouse pheno-
types in this database, the taste/olfaction class (9.2%) by far showed 
the greatest proportion of completely knocked-out genes with mouse 
orthologs. Conversely, the classes with the smallest proportions of 
genes with complete knockout were the craniofacial (2.3%), pigmen-
tation (2.5%) and embryogenesis (2.8%) mouse phenotype classes.

table 1 Number of loss-of-function variants by sequence ontology (sO) term and MAF 
MAF < 0.5% 0.5% < MAF < 2% MAF > 2%

SO term SNPs Indels SNPs Indels SNPs Indels Total variants Genes

Splice donor 673 94 51 10 61 12 901 851

Splice acceptor 459 80 49 4 33 11 636 610

Stop gain 1,976 4 164 0 144 1 2,289 1,993

Frameshift 0 2,218 0 196 0 184 2,598 2,199

Stop loss 67 0 11 0 22 0 100 97

Initiator codon 202 2 25 0 42 0 271 269

Total 3,377 2,398 300 210 302 208 6,795 4,924

A total of 3,603 genes had a single loss-of-function variant, 956 had 2 loss-of-function variants and 365 had 3 or 
more loss-of-function variants.

table 2 Counts of completely knocked-out genes and individuals 
by loss-of-function variants among 104,220 genotyped Icelanders 

RefSeq genes

Genes linked to conditions under a 
recessive mode of inheritance19

Severe diseases18 Other conditionsc

Number of genes 19,135 437 1,280

�Completely knocked-out 
genesa

1,171 (775) 20 (15) 68 (46)

�Individuals with  
completely knocked-out 
genesb

8,041 (1,741) 70 (29) 476 (86)

Restricted to HGMD-reported variants20

�Completely knocked-out 
genes

– 9 (8) 17 (11)

�Completely knocked-out 
individuals

– 19 (15) 68 (17)

Counts are given for variants with MAF below 2% and for variants with MAF below 
0.5% (in parentheses).
aIn total, 1,485 (907) distinct loss-of-function variants with MAF <2% (<0.5%) contribute  
to knockout of the 8,041 (1,741) individuals in 1 of the 1,171 (775) genes. bFor loss-of- 
function variants with MAF <2% (<0.5%), the individuals with at least 1 completely  
knocked-out gene consist of 6,885 (1,550) homozygotes for rare loss-of-function variants 
and 1,249 (193) compound heterozygotes for rare loss-of-function variants; in total, 7,488 
(1,663) individuals have 1 gene completely knocked out and 553 (78) individuals have 2 or  
more genes completely knocked out. cThese genes originated from the Human Phenotype 
Ontology (HPO) recessive gene list after excluding recessive severe genes. The HPO recessive 
gene list is based on Online Mendelian Inheritance in Man (OMIM).
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Complete knockouts of several genes are known to die early or suf-
fer from severe disease17. To control for the excess of homozygotes for 
rare variants in the Icelandic population due to non-random mating5, 
we estimated the probability of parents who are both heterozygous 
for the same variant transmitting two copies of the minor allele to 
their offspring. We restricted the analysis to variants with accurate 
imputation (info > 0.9) and only considered genotypes that were 
imputed below 0.01 or above 0.99 for each allele of the individual. 
We calculated transmission probabilities for loss-of-function variants  
(n = 3,235 variants with MAF <2%), moderate-impact variants (mis-
sense, in-frame indel and splice-region variants, n = 63,601 variants 
with MAF <2%) and intergenic variants (variants more than 5 kb from 
a RefSeq gene, n = 5,193,617 variants with MAF <2%). We examined 
transmissions to 26,188 offspring on the basis of genotypes imputed 
into chip-typed individuals (Fig. 1 and Supplementary Table 11).  
In comparison to the expectation under mendelian inheritance 
(25%), we observed a deficit of 136 double transmissions of the minor 
allele of loss-of-function variants with a MAF below 2% per 10,000  
transmissions from a pair of heterozygous parents (P = 0.034, 95% 
CI = 10–261 per 10,000 transmission), with 1,149 of 4,860 possible  
double transmissions corresponding to a double-transmission prob-
ability of 23.6%. This deficit in loss-of-function variants was greater 
than was observed for the intergenic variants with MAF below  
2% (P = 0.045). The observed number of transmissions from single 

 heterozygous parents would predict deficits of 2 per 10,000 transmis-
sions for loss-of-function variants with a MAF below 2%. We did not 
observe a significant deficit in double transmissions of moderate- 
impact or intergenic variants. We partitioned the transmissions of 
loss-of-function variants with a MAF below 2% by Residual Variation 
Intolerance Score (RVIS; available for 18,329 genes) percentile23 and 
percentile in a negative selection screen for essential genes (available for 
7,114 genes)24. For both scores, the most sensitive genes (first quintiles) 
had the lowest double-transmission rates (Fig. 1). Double transmissions 
of loss-of-function variants with MAF <2% in genes linked to severe 
recessive diseases17 (437 genes) were estimated at 19% (P = 0.33).

The observed deficit in double transmissions must be because either 
homozygotes are missing from the population, owing to early death 
or the variants being embryonic lethal in the homozygous state, or 
homozygotes are undersampled, possibly because of illness or disabil-
ity. For each of the loss-of-function variants, we give the number of 
homozygotes, the number of deaths among homozygotes, the earli-
est age at death for a known homozygote, the age of the longest-lived 
known homozygote, the number of offspring had by known carrier 
couples, the number of offspring of carrier couples who died before 15 
years and the expected number of homozygotes in the population of 
104,220 under Hardy-Weinberg equilibrium (Supplementary Table 4). 
We never observed a splice acceptor variant, c.964–1G>C (rs138649167, 
MAF = 1.4%), in DHCR7 (encoding 7-dehydrocholesterol reductase), 
in the homozygous state although we predicted 19.1 homozygotes to be 
present among the 104,220 individuals (P = 5.1 × 10−9). Mutations in 
DHCR7 cause Smith-Lemli-Optiz syndrome under a recessive mode of 
inheritance25, a syndrome causing embryonic and early-age lethality26. 
In our data, 2 of 38 children of heterozygous parents were recorded to 
die in their first year (Supplementary Table 4).

Variants that are predicted to affect a particular gene transcript may 
have no effect on other transcripts of the same gene. Of the loss-of-
 function variants, 74.2% had a loss-of-function effect on all the tran-
scripts of the affected gene. The frequency of variants in genes and 
genomic regions gives information about the nature and strength of 
selection acting on them5,23,27. Specifically, as the strength of negative 
selection increases, we expect a greater fraction of rare variants (FRV), 
defined here as variants with derived allele frequency (DAF) < 0.5%. The 
FRV among loss-of-function variants that had an effect on all transcripts 
of the affected gene was 88.0%, whereas the FRV among loss-of-function 
variants that only affected a subset of the transcripts of the gene was 
81.4%. The FRV among both groups was thus substantially greater than 
for the moderate-impact variants, which had an FRV of 74.2% (ref. 5).

We examined the allele-specific expression of 215 stop-gain SNPs 
in 262 Icelanders with white blood cell mRNA sequencing data. 
Substantially less than half the alleles observed through mRNA 
sequencing were non-reference alleles (0.36, 95% CI = 0.33–0.38). 
This proportion is consistent with nonsense-mediated decay of tran-
scripts with premature stop codons2,28,29 (Fig. 2) and is substantially 
lower than the allele-specific expression of frequency-matched syn-
onymous SNPs (0.463, 95% CI = 0.458–0.468; Supplementary Fig. 7).  
Stop-gain mutations in the middle exons of genes have lower non-
reference allele fractions than stop-gain mutations in the first  
(P = 0.0041) or last (P = 1.1 × 10−6) exon (Fig. 3), in contrast to frequency-
matched synonymous SNPs whose allele-specific expression did not  
depend on the position of the variant (Supplementary Fig. 7). These 
results are consistent with the lowest density and highest fraction of 
rare loss-of-function variants in the middle exons of genes5. The frac-
tion of non-reference alleles among stop-gain SNPs in middle exons 
correlated positively with MAF (the correlation between log(MAF) 
and the non-reference allele fraction was 0.31, P = 4.9 × 10−4).  

table 3 Counts of genes completely knocked out by rare loss-of-
function variants that are well expressed in some but not all tissues 

Tissue n genes

Median  
coding  

size

Knocked-out genes

MAF < 2% MAF < 0.5%

n
Percentage  
(95% CI) n

Percentage  
(95% CI)

Brain 2,023 1,452 62 3.1 (2.3–3.8) 44 2.2 (1.6–2.8)

Placenta 2,005 1,356 78 3.9 (3.1–4.7) 50 2.5 (1.8–3.2)

Adrenal gland 1,888 1,245 78 4.1 (3.2–5.0) 48 2.5 (1.8–3.2)

Ovary 1,918 1,470 79 4.1 (3.2–5.0) 49 2.6 (1.9–3.2)

Endometrium 2,017 1,434 87 4.3 (3.4–5.2) 52 2.6 (1.9–3.2)

Esophagus 2,182 1,355 100 4.6 (3.7–5.4) 62 2.8 (2.2–3.5)

Thyroid gland 2,213 1,392 102 4.6 (3.8–5.5) 65 2.9 (2.2–3.6)

Kidney 2,033 1,306 95 4.7 (3.8–5.6) 60 3.0 (2.2–3.7)

Lymph node 2,261 1,386 107 4.7 (3.9–5.6) 80 3.5 (2.8–4.3)

Pancreas 616 1,221 29 4.7 (3.0–6.4) 15 2.4 (1.2–3.7)

Salivary gland 1,366 1,327 64 4.7 (3.6–5.8) 41 3.0 (2.1–3.9)

Heart 1,727 1,270 83 4.8 (3.8–5.8) 53 3.1 (2.3–3.9)

Urinary bladder 2,448 1,344 117 4.8 (4.0–5.6) 75 3.1 (2.4–3.7)

Adipose tissue 1,722 1,314 84 4.9 (3.9–5.9) 51 3.0 (2.2–3.7)

Prostate 1,914 1,309 93 4.9 (3.9–5.8) 57 3.0 (2.2–3.7)

Appendix 2,090 1,395 105 5.0 (4.1–5.9) 73 3.5 (2.7–4.3)

Colon 2,101 1,290 104 5.0 (4.0–5.9) 64 3.0 (2.3–3.8)

Bone marrow 1,705 1,432 87 5.1 (4.1–6.1) 54 3.2 (2.4–4.0)

Lung 2,088 1,395 108 5.2 (4.2–6.1) 68 3.3 (2.5–4.0)

Liver 1,516 1,221 80 5.3 (4.2–6.4) 52 3.4 (2.5–4.3)

Gall bladder 2,323 1,386 126 5.4 (4.5–6.3) 82 3.5 (2.8–4.3)

Spleen 2,095 1,491 118 5.6 (4.7–6.6) 80 3.8 (3.0–4.6)

Stomach 1,854 1,329 103 5.6 (4.5–6.6) 68 3.7 (2.8–4.5)

Skin 1,752 1,545 99 5.7 (4.6–6.7) 60 3.4 (2.6–4.3)

Testis 2,911 1,503 169 5.8 (5.0–6.6) 118 4.1 (3.4–4.7)

Small intestine 1,968 1,327 126 6.4 (5.3–7.5) 81 4.1 (3.3–5.0)

Duodenum 1,910 1,305 132 6.9 (5.8–8.0) 83 4.3 (3.5–5.2)

Shown are the number of genes in the class, the median size of the coding regions 
(the size of the union of all transcripts of the gene) of the genes in the class, and the 
number of genes and the percentage of all the genes in the class (with 95% CI) that 
are completely knocked out for at least one individual for variants with MAF below both 
2% and 0.5%.
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Misidentification of the ATG start codon would lead to erroneous 
annotation of sequence variants in the first exon as loss-of-function 
rather than 5′-UTR variants, and loss-of-function variants in the last 
exon are less likely to lead to nonsense-mediated decay30. Stop-gain 

mutations in intronless genes had a similar fraction of non-reference 
alleles as ones in first and last exons.

The combination of sequencing a large set of individuals (n = 2,636; 
median depth of 20×) and imputing genotypes into a much larger 
set (n = 104,220) has allowed us to find 8,041 complete knockouts 
for 1 of 1,171 genes by variants with MAF below 2%. In comparison, 
the previous study of MacArthur et al. was effectively restricted to 
genes completely knocked out (n = 253) by common loss-of-function 
variants because of the small sample size (n = 185 whole genome–
sequenced individuals; mostly sequenced to a depth of 2–4×)2. Indeed, 
only six of the loss-of-function variants released that were seen in the 
homozygous state had a MAF below 2% in at least one population (see 
Supplementary Data Set 1 of ref. 2). Identifying individuals with a rare 
genotypic combination predicted to have high biological impact is par-
ticularly vulnerable to erroneous annotation and experimental errors2. 
Through assessing the impact of stop-gain mutations on allele-specific 
mRNA expression, we have shown the effect of these variants at the 
transcriptome level, and using Sanger sequencing we have validated 
the whole-genome sequencing and imputation processes.

The next phase of this work will be to phenotype the complete 
knockouts, guided by the organ of expression of the knocked-out gene, 
its biochemical pathways and available phenotype data for animal 
knockouts31,32. This will not only shed light on the nature of diseases 
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Figure 1 Transmission probabilities from carrier parents. (a–d) Transmission probabilities from a single heterozygous parent (a) and two heterozygous 
parents (b), with the transmissions of loss-of-function variants being further stratified by Residual Variation Intolerance Score (RVIS) (c) and essentiality 
score (d) percentiles. Transmissions observed in 35,024 father-offspring pairs and 47,769 mother-offspring pairs were used for the single-heterozygous-
parent calculations, and transmissions observed in 26,188 triads were used for the two-heterozygous-parent calculations. The numbers of informative 
transmissions, where both parents were heterozygous for an indicated type of variant, are shown below each graph. Shown are the transmission 
probabilities of loss-of-function (LoF; red), moderate-impact (blue) and intergenic (black) sequence variants with MAF below 0.5%, 1% and 2% in a 
and b and the transmission probabilities for loss-of-function variants with MAF below 2% in c and d. The middle tick of each colored segment indicates 
the observed transmission probability, and the extreme ticks indicate the 95% confidence intervals estimated by bootstrap sampling. The dotted lines 
correspond to transmission probabilities under mendelian inheritance.
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the mean percentage position was used. 

np
g

©
 2

01
5 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



452	 VOLUME 47 | NUMBER 5 | MAY 2015 Nature GeNetics

but also on hitherto undiscovered aspects of physiological function. 
Mutations in two genes that encode proteins believed to be critical to 
the function of the inner ear provide an example of how this could 
work. We have identified 11 individuals who are homozygous or com-
pound heterozygous for loss-of-function mutations in LRIG3, which is 
considered to be critical to formation of the lateral semicircular canal 
in mouse33. We have also identified six individuals homozygous for a 
loss-of-function mutation in the OTOP1 gene that encodes a protein 
necessary to the formation of the otoliths in mouse34. We intend to 
recruit together complete knockouts for both genes and to phenotype 
them meticulously, especially for their sense of balance.

URLs. Statistics Iceland (accessed April 2014), http://www.statice.
is/Statistics/Population/Overview; dbSNP (Build 137), http://www.
ncbi.nlm.nih.gov/SNP/; dbSNP (Build 158), http://www.ncbi.nlm.
nih.gov/SNP/; National Heart, Lung, and Blood Institute (NHLBI) 
Exome Sequencing Project (ESP) (accessed October 2013), http://evs.
gs.washington.edu/EVS/; Human Phenotype Ontology (HPO) (accessed 
March 2014; hpo.annotations.monthly.build_52), http://human-
phenotype-ontology.org/; Mouse Genome Database (MGD) at the  
Mouse Genome Informatics website (data retrieved 1 April 2014), 
http://www.informatics.jax.org/. Gene annotation was based on the 
files HMD_HumanPhenotype.rpt and VOC_MammalianPhenotype.rpt 
(retrieved 1 April 2014) from ftp://ftp.informatics.jax.org/pub/reports.

MetHOdS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Figure 3 Transcriptome effect of stop-gain SNPs by exon rank. The allele-
specific expression of the non-reference (stop-gain) allele was calculated for 
each variant for a set of 262 individuals with blood RNA sequence data. The 
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ONLINe	MetHOdS
The Icelandic study population. This study is based on whole-genome 
sequence data from the white blood cells of 2,636 Icelanders participating in 
various disease projects at deCODE Genetics (Supplementary Tables 2 and 3). 
Selection for sequencing was not dominated by any disease. We also note that, 
because of the size of the human genome and its linkage disequilibrium (LD) 
structure, most of the genome will not be substantially affected by selection 
for a specific phenotype. That is, selecting patients with a single monogenic 
disease will only influence the region around the disease-associated gene. Our 
selection was primarily based on common adult diseases (the mean year of 
birth was 1950). Coronary artery disease was the most common disease among 
the sequenced individuals (n = 474, 18%).

In addition, a total of 104,220 Icelanders have been genotyped using SNP 
chips (Illumina). All participating individuals, or their guardians, gave their 
informed consent before blood samples were drawn. The family history of 
participants donating blood was incorporated into the study by including the 
phenotypes of first- and second-degree relatives and integrating over their 
possible genotypes.

All sample identifiers were encrypted in accordance with the regulations of 
the Icelandic Data Protection Authority. Approval for these studies was pro-
vided by the National Bioethics Committee and the Icelandic Data Protection 
Authority.

Whole-genome sequencing. Sequencing by synthesis (SBS) was performed on 
GAIIx and/or HiSeq 2000 instruments (Illumina). Paired-end libraries were 
sequenced with 2 × 101 (HiSeq) or 2 × 120 (GAIIx) cycles of incorporation 
and imaging using the appropriate TruSeq SBS kits.

Whole-genome SNP and indel calling. Multi-sample variant calling was per-
formed with Genome Analysis Toolkit (GATK) version 2.3.9 using all 2,636 
BAM files together.

Genotype calls made solely on the basis of next-generation sequence data 
yield errors at a rate that decreases as a function of sequencing depth. Thus, 
for example, if the sequence reads at a heterozygous SNP position carry one 
copy of the alternative allele and seven copies of the reference allele, then 
without further information the genotype would be called homozygous for the 
reference allele. To minimize the number of such errors, we used information 
about haplotype sharing, taking advantage of the fact that all the sequenced 
individuals had also been chip typed and undergone long-range phasing.

Whole-genome variant quality filtering. The variants identified by GATK 
were filtered using thresholds on GATK variant call annotations. SNPs 
were discarded if at least one of the following thresholds for their GATK 
call annotation parameter was violated: QD (variant confidence/quality by 
depth) < 2.0, MQ (RMS mapping quality) < 40.0, FS (Fisher strand) > 60.0,  
HaploTypeScore > 13.0, MQRankSum < −12.5 and ReadPosRankSum < −8.0.  
Indels were discarded if at least one of the inequalities QD < 2.0,  
FS >200.0 or ReadPosRankSum < −20.0 were satisfied. The thresholds  
for these parameters were adopted from GATK Best Practices (https://
www.broadinstitute.org/gatk/guide/best-practices). In addition, SNPs 
and indels were discarded if one of the following thresholds were vio-
lated—DP (sequencing coverage/depth) > 110,000, AN (total number 
of alleles in called genotypes) < 4,200 and HW (Hardy-Weinberg  
P among sequenced samples) < 1 × 10−7, and SI (genotype information among 
sequenced individuals) > 1.4—or if SI < 0.6 for SNPs and SI < 0.9 for indels. 
The GATK call annotation (AN) corresponds to the total number of chromo-
somes in called genotypes, which equals 2 × 2,636 = 5,272 when all chromo-
somes can be called. The additional filtering removed 2% of the remaining 
SNPs but 50% of the remaining indels. It is primarily the SI condition that 

removed indels, which usually indicates that the failing indel was not called 
with a high degree of certainty and that its calling could not be resolved in a  
coherent manner on the basis of haplotype sharing.

Simple-repeat regions were defined by combining the entire Simple Tandem 
Repeats by TRF track in UCSC hg18 with all homopolymer regions in hg18 of 6 bp 
or more in length. Variants called in these regions were ignored in the analysis.

Of the loss-of-function variants we detected in Icelanders, 1,216 SNPs 
(39.8%) and 693 indels (31.6%) with MAF below 2% were present in either the 
Exome Sequencing Project (ESP)3,11 or dbSNP35 database, in comparison to 
201 SNPs (100%) and 165 indels (95.9%) with MAF over 2%. A higher fraction 
of missense SNPs (57.7%) and in-frame indels (45.2%) with MAF below 2% in 
Icelanders were present in these databases, and almost all missense SNPs and 
most in-frame indels (95.5%) with MAF over 2% were present.

Transmission. Sharing between parent-offspring pairs was tested, and 
pairs with less than 99% haplotype sharing were excluded from the analysis.  
Individuals of foreign ancestry (those who shared less than 90% of their 
genome with sequenced individuals) and sequenced individuals were excluded 
from the analysis. This left us with 26,188 trios where both the parents and an 
offspring had been chip typed and undergone long-range phasing. We identi-
fied regions in the genome that were more than 1 Mb away from an inferred 
recombination event in the child. For markers within these regions where both 
parents were imputed to be heterozygous (with each allele being imputed as 
being the major or minor allele with 99% probability), we counted how many 
times the minor allele was transmitted to the offspring.

Similarly, for heterozygous transmissions, we identified 35,024 father-
 offspring and 47,769 mother-offspring pairs of chip-typed and long range–
phased individuals and examined markers imputed to be heterozygous in 
regions more than 1 Mb away from a recombination site in the offspring.

Validation of rare genotypes. First, we performed Sanger sequencing on a 
set of individuals predicted to be homozygous for rare loss-of-function vari-
ants, enriched for indels over SNPs (Supplementary Table 5). We observed 
genotypes for 47 of 49 loss-of-function variants (96%). Of the 140 individuals 
imputed to be homozygous for 1 of these 47 variants, genotypes were obtained 
for 134 (96%), 128 of whom were homozygotes (96%). Second, we performed 
Sanger sequencing on a set of individuals who were the only carriers of a loss-
of-function variant among the 2,636 whole genome–sequenced Icelanders 
(Supplementary Table 6). We observed genotypes for 155 of 162 individuals 
(96%), and 152 of these matched the genotype determined by whole-genome 
sequencing (98%).

Quantifying allele-specific expression in white blood cells for loss-of-
 function variants. We estimated allele-specific expression in blood for 262 
individuals who had undergone RNA sequencing. All of these individuals had 
imputed and phased genotypes. Allele-specific expression was estimated by 
comparing the number of non-reference (stop-gain) alleles to the number of 
reference alleles seen at the same position for all mRNA-sequenced hetero-
zygous carriers of each variant.

Complete knockouts by human expression pattern. The gene counts for 
tissue-specific expression in Table 3 and Supplementary Table 10 were based 
on publicly available data that classify the tissue-specific expression of genes 
across 27 tissues.

Further detailed information on methods is available in the Supplementary 
Note.

35. Sherry, S.T. et al. dbSNP: the NCBI database of genetic variation. Nucleic Acids 
Res. 29, 308–311 (2001).
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