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Supplementary Figure 1
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Supplementary Figure 1. The ratio of observed to expected minor allele homozygote counts by bins of expected homozygote counts, based on observed heterozygote frequency and the assumption of

Hardy-Weinberg equilibrium (HWE) within populations.



Supplementary Figure 2
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Supplementary Figure 2. Observed/expected homozygote count ratio versus frequency for the combined set of 1.52 million individuals from six countries stratified by impact class. The red line

indicates a 90% homozygous deficit. The blue line marks 5 and 8 expected homozygote counts for pLOF and moderate impact variants, respectively, corresponding to a false discovery rate cutoff <10%.
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Supplementary Figure 3. Comparison of allele frequencies of the 22 single variants with evidence of a homozygosity deficit. Marked with an asterisk are six variants, not reaching significance with
single variant testing, included in the geneLOFs of BRIPI, CENPF, DIAPH3, and PKHDI with minor allele frequency (MAF) above 0.1% in at least one of the six populations included in the study. Red
vertical lines highlight MAF 0.1% and 0.4%.



Supplementary Figure 4
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Supplementary Figure 4. Effect on RNA expression of homozygous deficit variants in four genes not known to cause Mendelian conditions (ATP5PB, CCDC59, GTF2H3, and RPAP?2). ). The plots
depict the median RNA-sequence coverage for heterozygous (in blue) and noncarriers (in green). A) The stop gained variant p.Argl85Ter (rs760514793) in ATP5PB is the top cis-eQTL for ATP5PB
associating with reduced mRNA levels, consistent with nonsense-mediated decay. B) The start-lost variant rs11572913 in GTF2H3 associates with homogeneously reduced mRNA levels over all exons,
indicating that no expression is initiated from an alternative start site. C) The splice donor variant rs537485997 in CCDC59 results in exon skipping of exon 3. D) The predicted frameshift variant

1s772722639 in RPAP2 is in LD (R* = 0.998) with rs772722639 the top cis-eQTL for reduced mRNA levels of RPAP2 and creates an alternative splice acceptor resulting in an inframe deletion of four

amino acids.
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Supplementary Figure 5
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Supplementary Figure 5. Effect on RNA expression of homozygous deficit variants in five genes known to cause Mendelian conditions (DHCR7, GBE1, MVD, and PNKP). A) The splice donor variant
15138659167 in DHCRY7 creates an alternative splice acceptor in the last exon resulting in a 134 base pair intron retention leading to a frameshift. B) The rs192044702 variant in the GBE! results in exon
skipping of exon 5. C) The splice region variant ¢.70+5G>A associated with reduced mRNA levels of MVD in blood. D) The splice donor variant rs199919568 in PNKP results in the retained intron

between exon 10 and 11 and exon skipping of exon 10.
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Supplementary Figure 6. Power analysis. A) sample size to detect deficit of homozygosity at 80% power at a significance level of 0.05, and B) the power to detect an effect at minor allele frequencies

between 0 and 1.6% for various sample sizes (dashed red line indicates a power of 80%).
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Supplementary Figure 7: False discovery rate (FDR) for strong deficit of homozygosity relative to intergenic variants in the combined set of

1.52 million individuals of North-Western European descent (Denmark, Finland, Iceland, Norway, Sweden, and the UK) calculated from different

sets of intergenic variants located A) 5 kb (as defined by VEP), B) 50 kb, C) 100 kb, and D) 250 kb outside of RefSeq annotated genic regions.
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Supplementary Figure 8
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Supplementary Figure 8. AGK chr7:141649323 TAAC duplication: The chromosomal position (chr7:141649323) of the TAAC duplication in
AGK in a heterozygous carrier (middle track) and a non-carrier (top track). The TAAC duplication is noted in red and marked with an arrow in
the figure. The bottom track shows variant calls for all variants that we impute in this region, including the TAAC duplication (Yellow and blue

reads are in opposite directions).
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Supplementary Figure 9
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Supplementary Figure 9. MVD chr16:88663006 C-T substitution: The chromosomal position (chr16:88663006) of the C-T substitution in MVD
in a heterozygous carrier (middle track) and a non-carrier (top track). The C-T substitution is noted in yellow and marked with an arrow. The

bottom track shows variant calls for all variants that we impute in this region, including the C-T substitution.
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Supplementary Figure 10. .CCDC59 chr12:82354490 TTACTTGT deletion: The chromosomal position (chr12:82354490) of the TTACTTGT
deletion in CCDCS59 in a heterozygous carrier (top track) and a non-carrier (middle track). The TTACTTGT deletion is noted in green and marked

with an arrow. The bottom track shows variant calls for all variants that we impute in this region, including the TTACTTGT deletion.
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Supplementary Figure 11
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Supplementary Figure 11. RPAP2 chr1:92333464 GAGTA deletion: The chromosomal position (chr1:92333464) of the GAGTA deletion in
RPAP?2 in a heterozygous carrier (top track) and a non-carrier (middle track). The GAGTA deletion is noted in green and marked with an arrow.

The bottom track shows variant calls for all variants that we impute in this region, including the GAGTA deletion.
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Supplementary Figure 12

MRPS30 multiple alignment of orthologous protein sequences
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Supplementary Figure 12. Multiple alignments of the MRPS30 orthologous protein sequences. The location of the Ile233Arg variant is

indicated with a black arrow. Relative conservation (gray bars) and amino-acid chemical properties (see legend) are indicated.
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Supplementary Figure 13

Multiple alignment of the protein sequences of the C-terminal conserved domain of the twelve caspase encoding genes in humans
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Supplementary Figure 13. Multiple alignments of the conserved C-terminal domain of the twelve paralogous caspase encoding genes of the
human genome. The location of the His237Pro variant in the predicted active site of CASP9 is indicated with a red arrow. Relative conservation

(gray bars) and amino-acid chemical properties (see legend) are indicated.
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Supplementary Discussion

Distribution and medical impact of homozygous deficit variants

The current study is based on the detection of variants through whole-genome
sequencing and imputation into a larger set of chip-typed individuals. The rarest variants tested
are common enough to be shared by a sufficient number of sequenced carriers to allow accurate
imputation. As we have demonstrated in previous studies, the identification of five sequenced
carriers is adequate for accurate imputation'?. The allele frequency distribution of the 22 single
variants with evidence of a homozygosity deficit ranges from < 0.001% to 1.4% across the six
populations (Table 1, Supplementary Data 4, and 10). Of the 22 variants, 19 have MAF > 0.4%
in at least one of the populations. Seven of the variants have MAF > 0.1% in all six populations
(Supplementary Figure 3). In contrast, 11 variants are predominantly present in only one of the
six populations, in all cases from either Iceland or Finland (MAF > 0.4%, but < 0.1% in the other
populations) consistent with a founder effect described in these two populations®. It is important
to bear in mind that the majority of recessive lethal variants are much rarer than those we were
able to identify in this study*. Thus, we only have statistical power to detect the subset of such
variants that have reached the greatest frequencies in at least one or more of the six populations®.

Of the sixteen pLOF variants with evidence of a homozygosity deficit, all lead to a deficit
in a gene-based test (Table 1). Thus, for most geneLOFs, a single pLOF variant accounts for the
majority of carriers (Supplementary Data 4 and 6). We did not detect a strong deficit of
homozygosity using single variants in three genes detected in the gene test (BRIPI, CENPF, and
DIAPHS3). In the case of BRIPI and CENPF, the geneLOF consisted of two pLOF variants in the
Icelandic population that each contributed considerably to the expected number of homozygotes
(Supplementary Figure 3). For DIAPH3, a single pLOF variant was most common, but the
deficit only became significant upon combination with multiple rarer variants (Table 1, and
Supplementary Data 4 and 6). For PKHDI, the geneLOF was driven by two separate
population-specific pLOF variants in Iceland (p.Thr1101AsnfsTer6) and Finland (p.Arg496Ter),
with an expected homozygote count of 1.9 and 5.1, respectively (Supplementary Figure 3).

Nine variants with evidence of a homozygosity deficit in the following genes were

expected to be carried by one or more homozygotes in at least three populations: DHCR?,
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CCDC59, GTF2H3, GBEI, PNKP, DIAPH3, MRPS30, PMM2, and CASP9 (Table 1 and
Supplementary Data 8). In contrast, 13 variants were largely population-specific, either to
Iceland (ATP5PB, BRF2, WARS2, ELOF1, PUM3, RPAP2, AGK, CDC7, and GLE1) or Finland
(TSFM, MTG2, PKHDI1, and HYLSI) (Table 1 and Supplementary Data 8).

Among the 25 genes harboring variants with a strong deficit of homozygosity, 11 are
located in genes that have not been reported to cause a Mendelian condition (Table 1). In ten
instances, the variant in question has been reported in genotypes classified as pathogenic or
likely pathogenic in the ClinVar database® (Table 1 and Supplementary Data 10). Twelve of the
25 genes harbor variants causing recessive Mendelian diseases, of which nine are reported to
cause early lethality (AGK, CENPF, DHCR7, GBEI, GLEI, HYLSI, TSFM, PKHDI, and
PMM?2). Two of the 25 genes harbor variants reported to cause a dominant Mendelian disease

(MVD and DIAPH3).

Early-acting recessive lethal candidate genes

Based on being lethal when knocked out in mice and essential for growth of human cell
lines, ten of the 25 genes with a strong deficit of homozygosity are candidates for harboring
variants that lead to early pregnancy loss®: ATP5PB, CCDC59, CDC7, GLEI, GTF2H3, WARS2,
MTG2, MVD, PNKP, and TSFM (Table 1). Time of embryonic death during mouse development
has been assessed for five of these ten genes, and all were found to be lethal during early
gestation’ prior to embryonic day 9.5 (Theiler stage 15) in mice, approximately equivalent to
week five in humans (Carnegie stage 11~14)*: CCDC59, CDC7, WARS2, MTG2, and MVD.
When knocked out in mice, about 90% of genes essential for viability of human cell lines lead to
embryonic lethality®. Thus, three more genes, BRF2, MRPS30, and RPAP2, could also be
considered candidates for causing early pregnancy loss, because, although they have not yet been
targeted in mouse knockout projects, they are essential in human cell lines. Prior experimental
evidence from animal models can help in elucidating the pathogenic effects of variants with a

strong deficit of homozygosity that do not reach significance (Supplementary Data 20).
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Incomplete homozygous deficit

In addition to genes where we observed 10% or less of predicted homozygotes, we also
examined variants in genes with a less pronounced deficit (Supplementary Data 4 and 6), with
the aim to detect sequence variants in known or novel disease genes that have a pathological
impact on individuals primarily after birth.

The F508del-CFTR variant causes autosomal recessive cystic fibrosis, which is the most
common lethal monogenic disease in Europeans’, and is present in ~90% of cystic fibrosis
cases'’. In the combined set, we observe an incomplete homozygous deficit (59%) for the
F508del-CFTR variant (expected homozygotes = 211, observed homozygotes = 86)
(Supplementary Data 4). In the UK we observe a near complete deficit for F508del-CFTR
(expected homozygotes = 117, observed homozygotes = 2, MAFx = 1.6%). In contrast, in
Denmark, the expected numbers of homozygotes did not deviate from HWE (P =0.62, expected
homozygotes = 72, observed homozygotes = 70, MAFpw = 1.3%). Given the pathophysiology
of F508del-CFTR and its known impact on life expectancy'!, the vast difference of homozygous
deficit of F508del-CFTR between the populations included in the study is likely because of
differences in the recruitment strategies used to obtain the population samples, leading to very
different age distribution. This possibly also reflects the changing epidemiology of cystic fibrosis
which went from being a uniformly fatal disease of infancy to one in which the median age of
survival approaches 50 years of age''.

The stop-gained variant p.Glu70Ter in /VD, which is specific to the Icelandic population,
is likely an example of incomplete homozygous deficit. Six homozygotes are expected, but we
only observe two (Supplementary Data 4). Missense and pLOF variants in /VD cause recessive
isovaleric acidemia (OMIM:607036). In Iceland, one homozygote of p.Glu70Ter had a
diagnostic code of disorders of branched-chain amino acid metabolism (ICD-10: E71.1)
indicative of isovaleric acidemia. Out of a total of 20 offspring of five /VD carrier couples of the
stop gained variant p.Glu70Ter, four non-genotyped offspring are recorded to have died early in
life, two in the first year of life, one at seven, and one at 26 years of age. This indicates that
homozygosity of p.Glu70Ter in IVD has variable expressivity which might explain the

incomplete homozygous deficit.
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Homozygous deficit variants in known Mendelian genes

DHCR7

Consistent with our previous finding', we observe the most prominent homozygous
deficit for the splice acceptor variant ¢.946-1G>C in the DHCR7 gene (expected homozygotes =
93, observed homozygotes = 0) (Table 1). This variant is a loss-of-function mutation causing
Smith-Lemli-Opitz syndrome (SLOS), a severe recessive congenital syndrome caused by
variants in DHCR7 (OMIM:270400). For ¢.946-1G>C in DHCR?7 which has the most prominent
homozygous deficit in the current study, in a few reported cases, homozygosity leads to either
early miscarriage and intrauterine fetal demise or severe Smith-Lemli-Optiz syndrome and death
before three months of age'*"”. The ¢.946-1G>C variant is the most frequently identified
pathogenic DHCR?7 allele, and it is reported in at least one-third of all SLOS cases, but it is
almost exclusively found in compound heterozygotes'>'* (OMIM:602858.0001, ClinVar
Variation ID:6776). It has also been speculated that Smith-Lemli-Optiz syndrome and
specifically the ¢.946-1G>C splice variant may be responsible for a high number of miscarriages,
and it has been estimated that 43-88% of homozygotes are miscarried'>'*. In our data, the splice
acceptor variant ¢.946-1G>C is a top-eQTL in adipose tissue, and associates with strongly
reduced DHCR7 mRNA levels (P =5.2x107, Effect = -1.07 SD, or -19.1% Clysy,[-25.1-12.7%]).
The variant results in the usage of an alternative acceptor splice-site downstream of the variant.
This causes a 134 base pair intron retention, resulting in a frameshift and nonsense-mediated
decay of the mutated transcript (Supplementary Figure 5).

We observe an excess of miscarriage in 75 pregnancies among 21 carrier couples of the
¢.946-1G>C variant (n miscarriages/n pregnancies = 24/75) (P =8.5x10°) (Supplementary Data
8). Furthermore, in the case of carrier couples, we also observe that a significantly higher
proportion has been affected by miscarriage (couples affected /couples total = 14/21) compared
non-carrier control couples (OR = 5.34 [95%CI: 2.02-15.7], P =1.9x10* Fisher-test)
(Supplementary Data 19). However, we do not observe an effect for couples where one partner is
a carrier when comparing ever versus never miscarriage status in Icelandic among women who
answered a routine pregnancy history questionnaire (OR = 1.04 [95%CI: 0.94-1.15], P = 0.45)
(Supplementary Data 19).
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In Iceland, among all genotyped individuals (n = 154,085), we observe 27 heterozygous
couples with 60 offspring. As we have previously reported, two children of heterozygous couples
were recorded to die in their first year'. As expected based on population-level data, among the
26 genotyped offspring of carrier couples for ¢.946-1G>C in DHCR7, no homozygous carriers
are observed (13 are heterozygotes, 13 homozygotes for the reference allele[G]).

Additionally, we observe a genome-wide significant association of c.946-1G>C in
DHCRY7 (only carried by heterozygotes) with a large increasing effect on Vitamin D levels in a
meta-analysis including 445K individuals from Iceland and the UK (Effect = 0.18 SD, P =
1.1x10%%). Multiple variants have been reported at the DHCR7 and the neighboring NADSYN1
loci'®. The ¢.946-1G>C splice acceptor variant in DHCR7 is independent of the reported lead
variants for vitamin D at the locus'®. To our knowledge, no association of the DHCR?7 splice
variant with vitamin D has been reported on a population scale in the literature (EBI GWAS
Catalog).

DHCRY7 is an enzyme that catalyzes the last step in the biosynthesis of cholesterol and
thus controls the availability of 7-dehydrocholesterol for conversion to vitamin D'. Reduced
DHCR?7 enzyme function leads to higher vitamin D levels and is thought to have facilitated early
human migration to northern latitudes'®. The splice acceptor ¢.946-1G>C is the most common
variant causing SLOS in Western Europe and, by extension, in North America (frequency ~
1.1%)". Haplotype analysis indicates that the ¢.946-1G>C splice variant arose about 3,000 years
ago in North-Western Europe'’, and it is thought to be a founder mutation in the British Isles®.
Also, a geographic West to East gradient in allele frequency of the DHCR?7 splice variant is
observed in Europe, on a common haplotype background'®?. In accordance with this, we
observe an allele frequency gradient of the variant from West to East in our set of North-Western
European populations, Iceland (1.4%) > UK (1.1%) > Denmark (0.53%) > Norway (0.41%) >
Sweden (0.28%) > Finland (0.19%).

Taken together, our observations based on large-scale population data support previous
knowledge that homozygosity for ¢.964-1G>C in DHCR? is incompatible with life. Additionally,
we observe an excess of miscarriages among heterozygous carrier couples. Importantly, we do
not observe an association of carrier couples where one partner is a carrier, with an increased risk

of miscarriage, which indicates that the effect on miscarriage is recessive. Also, we observe a
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heterozygous effect of ¢.964-1G>C on increased vitamin D levels in the general population,

which may signify a heterozygous advantage conferred by this variant.

MVD

In our combined population set, the splice region variant ¢.70+5G>A in MVD shows a
significant homozygous deficit (expected homozygotes = 10.9, observed homozygotes = 0)
(Table 1). This variant has a similar allele frequency in the five North-Western European
populations studied (0.16% — 0.41%), and the highest observed frequency is in the UK Biobank
(Supplementary Data 9, and Supplementary Figure 3). No homozygotes are observed in public
databases. The highest population frequency of the variant in GnomAD is in non-Finnish
Europeans (AF = 0.34%), and among 177 thousand Finns, the allele frequency is lower than in
other Europeans (AF = 0.09%). The MVD:c.70+5G>A splice variant is a top cis-pQTL, and it
associates with strongly reduced levels of MVD in a GWAS of plasma protein levels in 35,559
Icelanders (Effect,; = -0.77 SD, P,; =5.0x107%). MVD encodes the enzyme mevalonate
diphosphate decarboxylase, which catalyzes the final step in the mevalonate pathway, which is
essential for the synthesis of isoprenoids and cholesterol*’. Knocking out the ortholog of the
MVD gene in mice causes embryonic lethality, and the gene is essential for cell proliferation in
human cell lines. Thus, MVD can be designated as a strong candidate developmental lethal
gene’. MVD has not been linked to recessive Mendelian disease, but two missense variants in
MVD are reported to cause an autosomal dominant form of porokeratosis (OMIM:614714) in the
OMIM database (OMIM:603236.0001, OMIM:603236.0002). The MVD:c.70+5G>A is not
correlated to the two missense variants and has not been linked to porokeratosis. In our data, the
variant associates with an increased risk of congenital malformations of the skin (ICD10-Q82)
(OR = 3.7, P =3.4x10").

Taken together, we observe a homozygous deficit for the splice region variant
c.70+5G>A. This variant is associated with strongly reduced MVD protein levels, indicating that
the splice region variant is a loss-of-function allele. Also, heterozygotes are at increased risk of
congenital skin disorders. Thus, our results suggest that MVD enzyme activity is required for
embryonic development and postnatal viability and that reduced levels lead to a pathological

state.
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PMM2

We observe the most significant homozygous deficit among missense variants for
PMM2:p.Argl41His (expected homozygotes = 54, observed homozygotes = 4). The gene PMM?2
encodes an enzyme that is necessary for the synthesis of GDP-mannose. Deficiency of PMM?2
causes the most frequently diagnosed type of disorder of glycosylation (CDG), biallelic CDG
type la, under a recessive mode of inheritance”® (OMIM:212065). The PMM2:p.Argl41His
variant is the most frequently reported pathogenic variant and is present in most reported cases of
CDG-1a**(OMIM:601785.0001, ClinVar Variation ID:7706). In our data, the
PMM2:p.Argl41His variant is a top cis-pQTL and associates with strongly reduced plasma
protein levels of PMM2 in heterozygotes (Effect,; = -1.0 SD, P,; =1.0x107). Consistently, in
vitro studies have demonstrated that this variant completely abolishes PMM?2 enzymatic
acitvity”®. The PMM2:p.Argl41His variant is almost exclusively found in compound
heterozygotes that carry one allele with residual enzymatic activity, and homozygosity is absent
from patient populations®’. In our data, the allele frequency of the variant is similar in the five
North-Western Europen populations under study, ranging from 0.53% to 0.69% (Supplementary
Figure 3). In the GnomAD database, the highest population frequency is observed in Finnish
Europeans (AF = 0.84%). Consistently, in our data, a homozygous deficit is also observed among
177 thousand Finns ( expected homozygotes = 11, observed homozygotes = 0)****, where the
allele frequency is slightly higher (AF = 0.69%) than in other Europeans.

Notably, we observe four individuals with a homozygous genotype, two in Norway and
two in the UK, and these four individuals do not have diagnostic codes or quantitative measures
indicative of CDG. The complete loss of PMM?2 activity is probably not compatible with life**
and only a few cases of (nearly) normal PMM2:p.Argl41His homozygous carriers are reported

29,30

in the literature™". We observe no evidence supporting an excess of miscarriage in ten

pregnancies among four carrier couples of the PMM2:p.Argl41His variant.

PNKP

In our combined population set, gene burden of loss-of-function variants in PNKP show a
homozygous deficit (expected homozygotes = 8.2, observed homozygotes = 0) (Table 1). The

most common loss-of-function allele in PNKP is the splice donor variant c.1029+2T>C
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(expected homozygotes = 5.4, observed homozygotes = 0) (Supplementary Data 8). The variant's
allele frequency ranges from 0.14% in Sweden to 0.30% in Iceland in the five North-Western
European populations studied. The variant is absent among 177 thousand Finns, and in GnomAD
the highest population frequency is observed in non-Finnish Europeans where no homozygotes
are observed (AF = 0.2%). PNKP encodes polynucleotide kinase 3'-phosphatase, which is an
important DNA repair enzyme®', and biallelic mutations in the gene cause early infantile
epileptic encephalopathy (OMIM:613402), ataxia-oculomotor apraxia type 4 (OMIM:616267)
and a type of Charcot—Marie—Tooth disease (OMIM:605589). The PNKP:c.1029+2T>C variant
has been reported multiple times in the ClinVar database as pathogenic or likely pathogenic in
cases with biallelic ataxia-oculomotor apraxia or early infantile epileptic encephalopathy
(Variation ID: 206401). Interestingly, the variant is exclusively found in the compound
heterozygous state, which suggests a gene dose effect on the pathogenicity of PNKP variants as
has been described for many enzymes®***.

In our data, the PNKP:c.1029+2T>C splice donor variant is a top cis-pQTL and
associates with strongly reduced plasma protein levels of PNKP in heterozygotes (Effect,, =
-0.93 SD, P,; =3.3x10*). These results indicate that the PNKP splice donor variant is a
loss-of-function allele that is likely to abolish PNKP enzymatic activity in the homozygous state.
Thus, based on our results, some level of normal PNKP function seems to be required for
embryonic development and postnatal viability in humans. Consistent with this, experimental
evidence indicates that PNKP is likely a developmental lethal gene as it has been demonstrated
that it is essential for cell proliferation in human cell lines and homozygous inactivation of
PNKP causes embryonic lethality in mice®. Furthermore, it has been shown in several cancer
types that variable level of PNKP inactivation in PTEN depleted tumors leads to synthetic
lethality which has led to the development of PNKP inhibitors as potential cancer drugs.
Interestingly, a missense variant in PNKP with a carrier frequency of 4.7% has been
demonstrated to show a complete homozygous deficit in purebred pig populations®

(Supplementary Data 20).
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Homozygous deficit variants in genes not linked to Mendelian
disease

ATP5PB

The stop gained variant p.Argl85Ter in ATP5PB has an allele frequency of 1.0% in
Iceland, but absent from the other five populations, and exhibits a complete homozygous deficit
(expected homozygotes = 15.8, observed homozygotes = 0) (Table 1). Knocking out the ATP5PB
gene causes embryonic lethality in mice, is essential for proliferation in human cell lines, and
thus, is a strong candidate developmental lethal gene®. Furthermore, inactivation of ATP5PB
orthologs causes embryonic lethality across animal model systems®**%*7=%(Supplementary Data
20). The ATP5PB gene encodes ATP synthase peripheral stalk-membrane subunit-Beta, which is
a component of complex V(F,F,-ATPase), which is the terminal enzyme in oxidative
phosphorylation®’. ATP5PB is not linked to a Mendelian disease.

In Iceland, we observe 27 couples that are heterozygous for p.Argl85Ter, with 59
offspring. We observe no signs of severe congenital conditions or early death among the
offspring. In total 28 offspring are genotyped, and none are homozygous (18 are heterozygotes,
10 homozygotes for the reference allele[T]).

Taken together, we observe a pronounced homozygous deficit of p.Arg185Ter in ATPSPB
in Iceland, but we do not observe evidence for an excess of reported miscarriage among carrier
couples despite substantial power to detect a difference. This suggests that homozygosity of

ATP5PB:p.Argl185Ter leads to early embryonic lethality.

CCDC59

In our combined population set, a loss-of-function variant ¢.561 564+4del in CCDC59
has a homozygous deficit of 19 (expected homozygotes = 20.7, observed homozygotes = 0)
(Table 1). The CCDC59:¢c.561 564+4del variant is an eight-base pair deletion that is predicted to
disrupt the splice donor site at the end of exon 3 of the CCDC59 gene sequence. The frequency
of this variant is similar in all of the six populations (0.23% to 0.48%). Homozygous CCDC59
knockout mice have been reported to show early embryonic lethality before oranogenesis’ and,
CCDC59 is essential for proliferation in human cell lines. Consequently, we hypothesize that

CCDC59 is a developmental lethal gene®. However, the CCDCS59 gene has not been reported to
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cause disease in humans*. The CCDC59 gene encodes TAP26, which is a transcription factor
that plays a role in surfactant metabolism™*.

In Iceland, we identified seven heterozygous carrier couples of the CCDC59 splice donor
variant. We do not observe a history of early lethality or indication of severe congenital
conditions among the 16 offspring. Furthermore, we neither observe an excess of reported
miscarriage in the set of 22 pregnancies among the seven carrier couples (n miscarriages /n
pregnancies = 5/22) (Supplementary Data 19). Among the nine genotyped offspring of carrier
couples, (five are heterozygotes, and four are homozygous for the reference allele).

Taken together, the data are consistent with the hypothesis that, as in mice, homozygosity

for CCDC59 loss of function causes embryonic lethality in humans.

MRPS30
The missense variant p.Ile233Arg in MRPS30 shows a significant homozygous deficit
(expected homozygotes = 48.2, observed homozygotes = 1) (Table 1). This variant has a similar
allele frequency in the six populations studied (0.34 — 1.05%). Notably, we observe a single
homozygote that was detected in Denmark. The MRPS30 gene has not been knocked out in mice,
but it is essential for proliferation in human cell lines®. Since cell essential genes are effectively a
subset of mouse-lethal genes, we designate MRPS30 as a plausible candidate developmental
lethal gene® (Table 1). MRPS30, also known as programmed cell death 9 (PDCD9), is a
nuclear-encoded mitochondrial ribosomal protein S30. Little is known about the role of
nuclear-encoded mitochondrial ribosomal proteins during mammalian embryogenesis, but results
from mouse knockout studies indicate a role in the initiation of gastrulation®. The fruit-fly
ortholog is lethal when inactivated and might correspond to a classic ‘Minute’ locus which
typically harbors genes encoding ribosomal proteins* (Supplementary Data 20). The missense
variant Ile233Arg is located at a conserved site in the MRPS30 protein sequence (Supplementary

Figure 12).
In the Icelandic population, we observe four couples that are heterozygous for the

p.1le233Arg variant in MRPS30. We do not observe a history of early lethality or information
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indicative of severe congenital conditions among seven offspring. Furthermore, we do not

observe a significantly higher incidence of miscarriage in carrier couples.

BRF2

We detect a significant deficit of homozygous genotypes in Iceland for the splice donor
variant c.214+1G>A at the end of exon 2 of BRF?2 (expected homozygotes = 10.5, observed
homozygotes = 0). The BRF2:c.214+1G>A variant is not observed outside of Iceland and is
essentially absent in public databases. Only three alleles are observed among 125 thousand
whole-exome sequenced individuals in the GnomAD database.

BRF?2 (also known as TFIIIB50) encodes a subunit of the BRF2-TFIIIB complex, which
is involved in the recruitment of RNA polymerase III to genes with type 3 promoters that
transcribe short, abundant nonprotein-coding RNA transcripts that have key functional roles,
particularly in the protein synthesis apparatus®.

BRF?2 is an oncogene, and increased gene expression levels have been detected in several
types of cancers, including melanoma, gastric, kidney, esophageal, and lung cancers*.
Furthermore, gene inactivation experiments in human cell lines have shown that BRF2 is
essential for cell proliferation®. However, the effect of BRF?2 loss-of-function sequence variation
in living organisms is unknown. Such mutations have not been linked to severe clinical
phenotypes in humans and are yet to be introduced in mice models.

In our data, we do not observe a significant excess of reported miscarriage in 58
pregnancies among the 19 carrier couples compared to non-carrier couples matched on year of
birth and number of pregnancies (P = 0.19) (Table 3). Also, we do not observe an excess in the
proportion of couples affected by miscarriage (OR = 1.23 [95%CI: 0.53, 2.55], P = 0.56;
Fisher-test) (Supplementary Data 19). One of the 49 offspring of heterozygous couples was
recorded to die in the first year of life. However, we do not have a record of diagnostic codes or

quantitative measures indicative of severe congenital disease among these offspring.

GTF2H3

In our combined population set, a start-lost variant in GTF2H3 shows a complete
homozygous deficit (expected homozygotes = 9.16, observed homozygotes = 0). The frequency
of this variant ranges from 0.13 in Finland to 0.51% in the UK. The highest observed frequency
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in the GnomAD database is 0.27% in non-Finnish Europeans (observed homozygotes = 0), and
the variant is very rare or absent in non-European populations.

GTF2H3 encodes a core subunit of the TFIIH basal transcription factor that regulates
RNA polymerase II transcription and is involved in nucleotide excision repair’’. The severe
autosomal-recessive disorders Xeroderma Pigmentosum (OMIM:278730), Cockayne Syndrome
(OMIM:610651), and Trichothio-dystrophy (OMIM:616390, OMIM:601675, OMIM:616395)
are caused by mutations in genes encoding other TFIIH core subunits (ERCC3, ERCC2, and
GTF2H5)",

The GTF2H3 gene is predominantly expressed in the inner cell mass of mouse
blastocysts”. Knockout of G#2h3 in mice leads to embryonic lethality prior to the tooth bud
stage. Also, GTF2H3 has been shown to be essential for cell proliferation in human cell lines®
(Supplementary Data 20). Consequently, GTF2H3 is a promising candidate developmental lethal

gene’.

ELOF1

We detect a frame-shift variant in ELOFI showing complete homozygous deficit in the
Icelandic set (expected homozygotes = 8.8, observed homozygotes = 0). ELOF1 encodes the
evolutionary conserved zinc-finger protein called Elongation Factor 1 Homolog™, which has
recently been shown to function as a transcription-elongation and DNA repair factor’'*?. During
transcription of an undamaged strand, ELOFI works as an elongation factor. However, when
coming across DNA lesions caused by UV light or a bulky DNA lesion, ELOF1 takes part in a
DNA repair mechanism called transcription-coupled nucleotide excision repair (TC-NER)*'*2,
ELOF1 regulates the ubiquitylation of the main RNA Pol II subunit for the recruitment of TFIIH,
required for the excision repair. Studies also suggest ELOFI takes part in DNA replication®'*?,
Knockout of Elofl in mice shows that the gene is essential for viability during mammal
gastrulation (Supplementary Data 20), and so far, mutations in ELOF I have not been observed in

53,54

any TC-NER-related syndromes

RPAPZ2

We detect a frame-shift variant in RPAP2 showing a complete homozygous deficit in

Iceland (expected homozygotes = 6.4, observed homozygotes = (). Frameshift variant
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chr1:92333464 (Hg38) is located at exon 9 out of 13. Only eight alleles are observed among 125
thousand whole-exome sequenced individuals in the GnomAD database, of which all but one are
in non-Finnish Europeans and no homozygous carrier. RPAP2 encodes the RNA Pol
[I-associated protein 2, which is required to shuttle RNA Pol II to the nucleus from the

cytoplasm™-*

and also functions as a phosphatase of Ser5 of the RNA Pol II Carboxy-Terminal
Domain (CTD). The CTD consists of heptapeptide repeats of consensus
Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7, which is highly conserved from bacteria to mammals,
where the number of repeats differs®’. The phosphorylation state of Ser2, Ser5, and Ser7 changes
throughout the transcription process performed by the RNA Pol II and replacements of any of the
serines is incompatible with life’*. For transcription of snRNA, Ser7 phosphorylation recruits
RPAP2, which dephosphorylates Ser5, which gives access to factors required for snRNA
transcription®. The RPAP2 gene has not been targeted in mice but has been shown to be essential
for cell proliferation in human cell lines (Table 1).

Interestingly, a splice variant in RPAP2 with a carrier frequency of 21% in a purebred
cattle population shows a complete homozygous deficit due to early embryonic lethality. This

variant is also associated with a strong negative effect on reproduction in the same population®

(Supplementary Data 20).

CASP9

We observe a significant deficit of individuals homozygous for the missense variant
c.His237Pro in CASPY, which encodes the cysteine-aspartic protease caspase 9. In the combined
dataset, 11.9 c¢.His237Pro homozygotes are expected, and one is observed.

Casp9 is a pro-apoptotic protein that acts as a regulator of physiological cell death and
degeneration of pathological tissues. More specifically, caspase 9 is an initiator caspase that can
activate downstream effector caspases and trigger a signaling cascade that induces apoptotic cell
death®. Experiments have shown that CASP9 knockout mice have an enlarged and malformed
cerebrum as a result of reduced apoptosis during development, and a majority of them die
perinatally. Furthermore, in vivo, deletion of CASP9 has been shown to inhibit activation of the
downstream effector caspase, Casp3, and CASP9 knockout thymocytes show resistance to a

number of apoptotic stimuli®'.
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The missense variant p.His237Pro disrupts the caspase active site that is highly conserved
between the twelve caspase genes in the human genome® (Supplementary Figure 13). A prior
report has described a family with recurrent, folate-resistant, neural tube defects where two
affected fetuses were heterozygous for both ¢.His237Pro and ¢.924dupT, a frameshift variant in
CASP9%. In vitro experiments of cells transfected with the missense variant have shown that the
mutation impairs the cellular response to apoptosis and that mutant Casp9 protein has a

dominant-negative effect on wild-type Casp9*.

MTG2

In our combined population set of Iceland, the UK, and Finland, a frameshift variant in
MTG2 shows a complete homozygous deficit (expected homozygotes = 12, observed
homozygotes = 0). The variant is vanishingly rare in Iceland and the UK, whereas it is present at
a MAF of 1,1% in Finland. In the Gnomad database, the frameshift variant p.Gly191AlafsTer14
in MTG?2 is observed in 417 mostly European (both Finnish and non-Finnish) individuals, out of
150 thousand whole-exome sequenced individuals. No case of homozygous carriers was
observed. The frameshift is caused by a deletion of a single nucleotide in exon 5 out of 7 exons.
The MTG2 gene encodes the mitochondrial ribosome-associated GTPase 2, also known as
GTP-binding protein 5 (GTPBPS). GTPBPS is involved in the assembly of the mitochondrial
ribosome 558 by facilitating modification of the 16S mt-rRNA, which is part of the 39S large
subunit. MTG2 knockouts using gene editing in HEK293 cell lines have been shown to lead to
severely affected oxidative phosphorylation in mitochondria, reduction in the synthesis rate of
mtDNA-encoded proteins, and decreased 55S monosome formation®. Mtg2 mouse knockouts

show embryonic lethality in early gestation (E9.5)".
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