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SUMMARY

Objective: The study aimed to identify the genetic basis of partial gonadal dysgenesis (PGD) in a non-
consanguineous family from Estonia. Patients: Cousins P(proband)1 (12 years; 46,XY) and P2 (18
years; 46,XY) presented bilateral cryptorchidism, severe penoscrotal hypospadias, low bitesticular
volume; and azoospermia in P2. Their distant relative, P3 (30 years; 46,XY) presented bilateral
cryptorchidism and cryptozoospermia. Design: Exome sequencing was targeted to P1-P3 and five
unaffected family members. Results: P1-P2 were identified as heterozygous carriers of NR5A1 ¢.991-
1G>C. NR5AL encodes the steroidogenic factor-1 essential in gonadal development and specifically
expressed in adrenal, spleen, pituitary and testes. Together with a previous PGD case from Belgium
(Robevska et al. 2018), ¢.991-1G>C represents the first recurrent NR5A1 splice-site mutation identified
in patients. The majority of previous reports on NR5A1 mutation carriers have not included phenotype-
genotype data of the family members. Segregation analysis across three generations showed incomplete
penetrance (<50%) and phenotypic variability among the carriers of NR5A1 ¢.991-1G>C. The variant
pathogenicity was possibly modulated by rare heterozygous variants inherited from the other parent,
OTX2 p.P134R (P1) or PROP1 ¢.301_302delAG (P2). For P3, the pedigree structure supported a distinct
genetic cause. He carries an undescribed likely pathogenic variant SOS1 p.Y136H. SOS1, critical in
Ras/MAPK signaling and fetal development, is a strong novel candidate gene for cryptorchidism.
Conclusions: Detailed genetic profiling facilitates counseling and clinical management of the probands

and unaffected mutation carriers in the family for their reproductive decision-making.
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INTRODUCTION

Genital anomalies of newborns with a 46,XY karyotype are prevalent developmental disorders,
including hypospadias (0.2-0.5% of males), cryptorchidism (~2-9%), and other testicular
abnormalities.> 2 Extreme cases may present ambiguous genitalia or even complete sex reversal. So far,
around 30 confident genes implicated in genital anomalies have been identified. Known genetic factors
causing genital anomalies are mutations in loci implicated in early gonadal development, such as
specific transcription factors (e.g. SRY, NR5A1, WT1), signaling and endocrine regulators (e.g. AR,
SRD5A2, HSD17B3).2 The diagnostic yield of targeted gene panel sequencing applied to 46,XY patients
with genital anomalies has been reported ~40%.* ° There is accumulated knowledge that a large
proportion of these cases are caused by de novo pathogenic variants, present incomplete penetrance and
variable phenotype in families.% 7 Availability of advanced sequencing technologies has not only
expanded the knowledge of genetics underlying genital dysgenesis, but also provided emerging evidence
that the penetrance of a primary pathogenic variant may depend on the modulatory effect of other genes.?
The largest study on 46,XY patients with genital anomalies (n=278) identified a likely genetic diagnosis
in 118 patients (43%), whereas every tenth case carried two or more contributing variants (n=13; 4.7%).°
Others have predicted the proportion of cases with oligogenic causes to reach even 50% or more.*°

In clinical practice, determination of the genetic cause in each patient is critical not only for optimal
lifelong management but also to identify variant carriers among close relatives and to counsel them in
reproductive and general health-related issues. Accurate estimation of variant penetrance has been
challenging as the majority of the reported cases are sporadic or lack proper clinical anamnesis and
genetic testing among relatives. There are only limited genetic studies on large pedigrees with several
non-sibling cases affected with genital dysgenesis.® 1% We aimed to dissect the genetic cause(s) in a
three-generation non-consanguineous Estonian family with a complex history of partial gonadal

dysgenesis (PGD) and other reproductive phenotypes.

MATERIALS AND METHODS

Ethics approval and participants’ consent



The study was approved by the Ethics Review Committee of Human Research of the University of
Tartu, Estonia (approval date 254/M-17, 21.12.2015). Written informed consent for evaluation and use
of their clinical data for scientific purposes was obtained from each person prior to recruitment. The

study was carried out in compliance with the Helsinki Declaration.

Clinical profiling of the probands and their family members

The three probands, P1 (aged 12 years at recruitment), P2 (18), and P3 (30), representing first cousins
and their joint first cousin once removed (111-1, 111-2, 11-1, respectively; Figure 1) were managed by
M.P. at the Andrology Centre, Tartu University Hospital (AC-TUH), Estonia. The primary cause of the
subjects to seek andrological consultation were genital anomalies (Table 1). The applied routine
andrological pipeline at the AC-TUH to document the epidemiological, laboratory and clinical
examination data of patients has been detailed in*? and Supporting Information. Andrological workup
of the probands excluded chromosomal abnormalities, AZF microdeletions, hypogonadotropic
hypogonadism, testicular diseases, androgen abuse, severe trauma or operation in the genital area,
chemo- and radiotherapy.

The recruited family members were sampled for venous blood from the cubital vein for genetic testing
and analysis of circulating hormone levels (Table 1, Table S1). Nuclear family members of P1-P2 and
their grandmother consented to genetic testing. The data and DNA of the parents and brother of P3 were

unavailable.

Exome sequencing, data analysis, variant prioritization and validation

Genomic DNAs from the three probands P1, P2, P3 (1lI-1, I11-2, 1I-1; Figure 1) and five available
immediate family members (11-4, 11-5, 11-6, 11-7, 111-3) were subjected to exome sequencing (ES). The
applied ES data generation and analysis pipeline is detailed in'® and in Supporting Information.
Briefly, wet-lab processing, base calling of the raw sequencing data (Illumina HiSeq 2500; San Diego,
CA), primary sequence analysis and variant calling was performed at the Institute for Molecular

Medicine Finland (FIMM) NGS Service (Supporting Information).



Population sampling probability (PSAP) pipeline!* was applied in order to prioritize potential causative
variants from the ES data. It is a model-based framework to evaluate the significance of genotypes
ascertained from a single case by determining the by-chance probability of sampling the detected
genotypes in the unaffected population based on the pathogenicity scores and observed frequencies of
variants (see details in Supporting Information). Implementation of the PSAP pipeline for the filtering
of the Variant Call Format (VCF) data files resulted in 11,763 - 13,198 (median 12,958) variants for
each ES dataset (Table S2). The variants in the PSAP output were further sequentially prioritized to
satisfy the criteria: (i) the PSAP statistical significance value, termed as popScore P<0.005 (162-185
retained variants/exome); (ii) high confidence undescribed or rare variants with minor allele frequency
(MAF) in general population <0.0005 (55-72); (iii) omitting synonymous variants (39-54). After
applying the Combined Annotation Dependent Depletion (CADD) tool®® to rank the deleteriousness of
variants (C-score >20), the final list of prioritized variants in the probands (P1 and P2, n=35; P3, n=32)
was inspected manually using scientific literature and genome databases (Tables S3-5). Based on the
family history, the following disease inheritance models were considered: autosomal dominant with
incomplete penetrance or autosomal recessive (homozygous, compound heterozygous). Classification
of prioritized variants as ‘pathogenic’, ‘likely pathogenic’, ‘variant of uncertain significance’ (VUS),
‘likely benign’, ‘benign’ and subsequent ranking followed the recommendations of the American
College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology.®
For the pathogenicity assessment of the SOS1 variant, ClinGen’s RASopathy Expert Panel Consensus
Methods for Variant Interpretation were applied.'’

Variants highlighted in the exomes of index patients were experimentally confirmed using Sanger
sequencing. PCR and sequencing primers are presented in Table S6. The analysis included eight family

members initially assessed by ES, plus the grandmother of P1 and P2.

In silico protein sequence and structure analysis of SOS1 p.Y136H
Full description of the in silico assessment of the protein sequence and structure of SOS1 along with
detailed methodological references is provided in Supporting Information. Briefly, homologs of the

human SOSL1 protein (Uniprot id Q07889) were identified in Uniclust90 database using HMMER, a



software for biosequence analysis using profile hidden Markov models (profile HMMs).!® Multiple
protein sequence alignments were produced with MAFFT (I-INS-i) programme.t® Visualization and
analysis of structures and surface properties of SOS1, as well as modeling of p.Y136H variant was
performed using UCSF Chimera platform.2® Molecular interactions in experimentally determined

structures of macromolecular complexes were searched and analyzed using the PPI3D server.?

Statistical testing the hypothesized digenic variant combinations using the ORVAL platform

The ORVAL (Oligogenic Resource for Variant AnaLysis) platform was implemented for computational
modelling and estimating of the probability of a hypothesized combined pathogenic effect of the variant
pairs NR5A1 ¢.991-1G>C and OTX2 p.P134R in P1 and NR5A1 ¢.991-1G>C and PROP1
¢.301_302delAG in P2.%2 This in silico prediction tool quantifies the potential pathogenicity of targeted
digenic variant combination(s) and provides various exploratory bioinformatics tools to interpret the
outcome. The pathogenicity scores of tested bi-locus variant combinations were computed by VarCoPP

with a threshold >95% confidence zone.?® Details of ORVAL are provided in Supporting Information.

RESULTS

Family medical history

The analyzed clinical case represents a three-generation family including several members diagnosed
with various forms of partial gonadal dysgenesis (PGD). Proband 1 (P1, 11I-1; Figure 1A), aged 12
years at the first clinical assessment, and P2 (111-2) aged 18 years, are first cousins with similar clinical
symptoms of congenital genital anomalies. They presented bilateral cryptorchidism (operated), severe
penoscrotal hypospadias (operated), bitesticular volume <8 ml, extremely elevated FSH and LH, as well
as confirmed azoospermia in P2 (Table 1, Figure 1A). P1 was born at 36 weeks’ gestation from a
medically induced delivery due to complicated pregnancy characterized by severe premature placental
ageing and fetal growth restriction. He was also diagnosed with asthma in childhood. General postnatal
development and puberty progression of both patients has been normal. Their joint first cousin once
removed, P3 (11-1) aged 30 years, also presented bilateral cryptorchidism, but with less severe testicular

dysfunction — cryptozoospermia (sperm count 0.2x10°® per ejaculate). Unlike P1 and P2, he had neither



hypospadias nor extremely low testes size (bi-testicular volume 30 ml). No apparent signs of genital
dysgenesis were present in other male family members available for andrological phenotyping (brother
of P2, fathers of P1 and P2; Table S1).

Medical history of the family across the three generations included other reproductive complications,
such as an unexplained stillbirth (sibling of the grandmother of P1 and P2) and an induced termination
of a 2" trimester pregnancy due to medical indications (unborn sibling of P2; Figure 1A). The
grandmother of P1-P2 reported a family history of sub/infertile members in four preceding generations.
Notably, her first child had been born with an ambiguous sex and diagnosis of purpura fulminans and

had died at the age of 2.

NR5AL ¢.991-1G>C splice-site variant exhibits variable penetrance in three generations

A heterozygous splice-site variant (c.991-1G>C) in a well-known gene nuclear receptor subfamily 5
group A member 1 (NR5AL) implicated in genital dysgenesis was identified by exome sequencing (ES)
as the primary causative variant in cases P1 and P2 (Table 2; Tables S3-4, S7). NR5A1 encodes a
transcription factor steroidogenic factor-1 (SF-1) that is critical for gonadal development in both sexes,
acting in dose-dependent manner.?* In adults, it is specifically expressed in adrenal gland, spleen,
pituitary and testes. NR5A1 ¢.991-1G>C has not been reported in human genome databases, but was
described in a heterozygous state in a Belgian PGD patient (46,XY karyotype, but reared as female),
presenting clitoromegaly, abdominal bilateral testes and no internal female structures.?® It is predicted
to affect the intron 5 splice acceptor site and potentially lead to the usage of a new acceptor 6 bp
downstream in exon 6 and an in-frame deletion p.Gly330_Ser331del in the ligand-binding and
dimerization domain of SF-1 (Figure 1B).

P1 inherited the variant from his mother (11-5) and P2 from his father (11-6), asymptomatic for the genital
phenotypes (Figure 1A). The variant originates from the grandmother (1-3) of P1 and P2, and is also
carried by the brother of P2. At the age of 17 years he (I11-3) presented no apparent clinical phenotype,
but his bitesticular volume (28 ml; Table S1) was lower than typical for young men of his age (median
50.0, range 35.0-70.0 ml1).?® As his sperm analysis was not available, sub/infertility in adulthood cannot

be fully excluded. In the literature, NR5A1 mutations have been also reported in cases with severe



spermatogenic failure without genital dysgenesis.?” Notably, he and the mother of P1 (I1-5) have been
diagnosed with depression and anxiety disorder, stress-induced panic attacks and dizziness, consistent
with a previous observation on asymptomatic carriers of NR5A1 pathogenic variants.?® In addition, the
mother of P1 (11-5) had experienced late menarche at 15 years of age. Even assuming that the family
member presenting with ambiguous sex at birth (11-3; died at the age of 2 and unavailable for testing)
was a highly likely carrier of the NR5A1 ¢.991-1G>C variant (Figure 1A), the penetrance of the variant
is estimated to be less than 50%.

So far, only eight clinical cases with different NR5A1 splicing variants have been reported that were
either sporadic (de novo) or with unavailable family data (Table 3). None of these variants have been
reported in the general population. All these subjects exhibited 46,XY PGD with variably positioned
bilateral undescended testes and other severe abnormalities of external genitalia, mostly without any
detected internal female structures. The variant ¢.991-1G>C detected in P1 and P2 is the first recurrent
NR5A1 splice variant, identified in three PGD cases. It is also the first NR5A1 splice variant shown to

segregate through three generations due to its incomplete penetrance and variable expressivity.

Hypothesized co-contributing variants in genes encoding transcription factors upstream of
NRS5A1

P1 carried an additional, paternally inherited rare heterozygous variant in the gene orthodenticle
homeobox 2 (OTX2; ¢.425C>G, p.P134R; rs199761861; gnomAD MAF=2.10x10*) (Table 2, Figure
1A, Figure S1). This mutation has been previously reported in a Dutch pediatric male patient with
pituitary malformation and an underdeveloped left optic nerve, also inherited from an asymptomatic
father.2® OTX2 acts as a pleiotropic transcription factor in the development of brain, eyes, craniofacial
structures and male genitalia, and heterozygous Otx2-null male mice have impaired fertility and
significantly reduced testes weight.* The variant p.P134R was shown to inhibit in vitro the expression
of OTX2 target genes in a dominant negative fashion.?® Variable penetrance and expressivity of OTX2
mutations is known.2! For P1, no craniofacial or ocular phenotypes were detected; however, his postnatal

growth and weight at both visits (12 and 15 years old) were in the lowest 10" percentile based on national



growth charts.®? By the age of 15, his height was only 164 cm and weight 47 kg (lowest 3" percentile;
Table 1).

P2 carries an additional pathogenic variant in the gene PROP paired-like homeobox 1 (PROP1),
¢.301_302delAG (p.L102Cfs*8; rs193922688; MAF=1.81x10*; Table 2) inherited from his mother.
PROP1 encodes a transcription factor that specifically guides the differentiation of pituitary cell types.
A typical phenotype characteristic to PROP1 biallelic mutation carriers is congenital pituitary hormone
deficiency (CPHD).® This was not observed in P2 and his mother (Table 1, Table S1). On the contrary,
the levels of gonadotropins FSH and LH in P2 were extremely elevated and rising with age, reflecting
progressive testicular failure (Table 1). We hypothesize that 50% reduction of the functioning PROP1
protein due to the carriership of the heterozygous inactivating variant®* may modulate the penetrance of
NR5AL1 ¢.991-1G>C in P2 through a cascade effect and lead to insufficient dosage of SF-1 transcription
factor during critical developmental time windows (Figure 2A).

Computational modelling of the hypothesized digenic contributions in P1-P2 were implemented at the
ORVAL platform.?? Both tested digenic effects, NR5A1 ¢.991-1G>C and OTX2 p.P134R, NR5A1 ¢.991-
1G>C and PROP1 ¢.301_302delAG reached statistically significant predictions as candidate disease-

causing with >95% confidence (Figure 2B).

Patient 3 carries a novel variant in SOS1, a candidate gene implicated in testicular development

The pedigree structure supported a distinct genetic cause for cryptorchidism and cryptozoospermia in
case P3 (Figure 1A). A novel heterozygous variant in the developmental gene SOS1 (c.406T>C,
p.Y136H) was identified as a primary candidate variant responsible for his clinical condition (Table 2;
Table S5, S7). SOS1 gain-of-function dominant missense variants alter Ras/MAPK signaling and
account for a significant proportion of Noonan syndrome cases (NS, MIM: 610733).3* Known
pathogenic variants in NS genes, including SOS1, have been reported in isolated cryptorchidism cases
without typical characteristics of NS.% Re-assessment of the P3 medical history revealed repeated visits
to a dermatologist due to multiple nevi across the body, and erythema on his face and chest. In literature,

NS-causing SOS1 variants have been associated with a high prevalence of ectodermal abnormalities.®*
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Residue Y136 is located in the N-terminal histone-like domain of SOS1 that is homologous to the
H2A/H2B histone complex (Figure 3A-B). This position is highly conserved in SOS1, SOS2 and
histone H2A across all vertebrates (Figure 1B, Figure S2). Y136 is positioned structurally very close
to the PH-Rem linker helix, a hotspot for known pathogenic NS variants, and it is important for the
maintenance of intramolecular contacts to the helical linker and for protein-protein interactions (Figure
3C-D; Figures S3-4). Compared to Y136 the mutated H136 residue lacks the hydroxyl group, is smaller

and therefore less exposed to the domain surface, predicted to weaken molecular interactions.

DISCUSSION

NR5A1 represents the 2™ most frequently affected gene in 46,XY cases with gonadal dysgenesis and
one of the few well-established loci linked to non-obstructive azoospermia.> 2’ In total, 188 different
pathogenic NR5A1 mutations have been detected in either 46,XY or 46,XX patients and the vast majority
of these represent single cases and/or de novo variants.” This is the first report on a recurrent NR5A1
splicing variant in patients with PGD (Table 3). The variant ¢.991-1G>C has been initially reported in
a Belgian 46,XY case reared as a female and presenting clitoromegaly, abdominal testes, but no internal
female structures.®® Our study detected the same variant in two affected cousins with bilateral
cryptorchidism, severe hypospadias, very low testicular volume and azoospermia. Although unable to
confirm, the deceased family member with ambiguous sex was also a highly likely carrier (sibling of
P1’s mother and P2’s father). As a critical observation for the clinical practice, the patient phenotypes
in the two studies reporting ¢.991-1G>C were quite different. This is consistent with the observed
complex phenotypic expressivity and variable penetrance of NR5A1 pathogenic variants (including
asymptomatic cases), challenging clinical counseling in the affected families.5 1% 2536

So far, only eight splice-site variants have been reported in single PGD cases and the lack of proper
family-based assessments has limited the estimation of their penetrance and genotype-phenotype
correlation. Analysis of affected and non-affected family members showed that NR5A1 ¢.991-1G>C
variant has been segregating in at least three generations with variable penetrance (<50%) and
phenotypic consequences. Among 41 previously described cases with maternal inheritance of other

types of NR5A1 mutations, one in four carrier mothers has been diagnosed with premature ovarian
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insufficiency.’ In this study, mother of P1 had experienced late menarche (age 15 years) and a single
severely complicated pregnancy (36 years) with the anamnesis of premature placental aging. Like the
case of P2, most reported paternal mutations were inherited from asymptomatic fathers.’

Notably, ES-based studies have revealed that a substantial group of 46,XY patients with NR5A1
mutations carry also pathogenic variants in other genes that are functionally linked to SF-1 action.* 8 ®
% In cases P1 and P2, pathogenicity of NR5A1 ¢.991-1G>C was possibly modulated by co-contributing
rare variants inherited from the other parent, OTX2 p.P134R and PROP1 ¢.301_302delAG (Figure 1,
Table 2). These transcription factors act upstream of SF-1 in fetal development (Figure 2).

Proband P3 presenting less severe genital phenotype and cryptozoospermia was identified as a carrier
of an undescribed heterozygous variant p.Y136H in the Noonan syndrome (NS) related gene SOS1. In
addition to reproductive phenotype, P3 had various forms of dermatological concerns that have been
often noticed in SOS1-related NS patients. Cryptorchidism and hypospermatogenesis are observed in
60-80% of male NS cases®” and patients with isolated cryptorchidism have been reported to carry known
pathogenic SOS1 variants that have been identified in NS patients.®® In addition, cryptorchid testis has
been shown to display significantly reduced SOS1 gene expression.®® The SOS1 p.Y136H substitution
in a highly conserved residue that is structurally close to the hotspot region for known NS mutations
(Figure 3). Among these, position R552 is a target for a range of (likely) pathogenic substitutions
(p.R552S, p.R552K, p.R552T, p.R552M, p.R552W, p.R552G) and is altered in 30% of NS patients with
the SOS1 defect.®* The gathered evidence supports p.Y136H as a likely pathogenic variant and SOS1 as
a strong candidate contributor to cryptorchidism and consequently, spermatogenic failure. Interestingly,
de novo variants dysregulating the RAS/MAPK pathway, including mutations in SOS1, were shown to
be under positive selection leading to clonal expansion in the aging male germline.®® It may be
speculated that de novo mutations arising during spermatogenesis in spermatogonial stem cells in
RAS/MAPK pathway genes represent so far undescribed etiology behind sporadic cryptorchidism cases.
In summary, our study reports the first recurrent NR5A1 splice-site variant linked to PGD and highlights
genetic heterogeneity causing genital dysgenesis in a single family. Detailed genetic profiling facilitates
high quality counseling and clinical management of the index patients and also unaffected carriers in

the family for their reproductive decision-making.
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Figure Legends

Figure 1 Primary causative and modulatory heterozygous variants in the index family with partial
gonadal dysgenesis. A, Pedigree of the index family. Prioritized rare genetic variants are listed under
tested family members with the primary causative variants for their phenotype highlighted in bold. B,
Schematic presentation of the exon-intron structure of NR5A1 and SOS1, highlighting the encoded
protein domains and the position of the primary pathogenic variant. Variant validation by Sanger
sequencing is shown relative to the sense strand. Residue Y136 in the SOS1 histone-like domain (light
blue star) represents a highly conservative position not only across vertebrate SOS homologs, but also
in the corresponding position Y57 of H2A histone proteins. cdc25, catalytic GEF domain; DH, Dbl
homology; Histone, histone-like domain; L, linker domain; PH, pleckstrin homology; Rem, Ras

exchanger motif

Figure 2 Hypothesized scenario of co-contributing genetic effects modulating the penetrance of NR5A1
pathogenic variants. A, Simplified schematic representation of a critical transcription factor cascade in
the anterior pituitary development in humans (Refs.*¢ 7). Genes OTX2, PROP1 and NR5A1 (encoding
SF-1) are functioning sequentially and interdependently in early development, whereas SF-1 acts in
dose-dependent manner.?* B, Statistical support for the pathogenicity of hypothesized disease-causing
digenic variant combinations. The probability of a combined pathogenic effect of the variant pairs was

modelled and estimated using the ORVAL platform.??

Figure 3 In silico structural analysis of SOS1 p.Y136H variant. A, The structure of the human hSOS1
protein (hSOS1; PDB id: 3KSY) colored by structural domains. B, SOS1 histone-like domain is
structurally similar to the H2A/H2B histone complex. The full human nucleosome (PDB id 2CV5) and
hSOS1 (PDB id 3KSY) structures (bottom) are shown along with their highlighted and superimposed
histone domains (above). Amino acid Y136 in hSOS1 corresponds to position Y57 in human H2A. C,
Known Noonan syndrome (NS) causing variants shown on the hSOS1 structure using the respective

color code of the location domain. The variant annotation was derived from Uniprot ‘Natural variant’
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section for the hSOS1 protein (Uniprot id Q07889). The Y136 residue is located in the N-terminal
histone-like domain but is structurally close to the PH-Rem linker helix (violet). The latter is enriched
in reported pathogenic NS causing variants involving residues 548-558, whereas NS mutations in the
SOS1 histone-like domain are structurally distant from residue Y136. D, Structural comparison of
native hSOS1 (PDB id: 3KSY) and modeled p.Y136H substitution in histone-like domain suggests a
smaller surface area for the latter, resulting in altered contacts to the linker region. Although residue
Y136 has a direct contact to p.VV556 in the linker helix, p.Y136H may not form a similar interaction.
Partial surfaces are shown for the main (dark blue) and side chains (light blue) of Y136 and H136

residues.
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SUPPLEMENTARY METHODS

Additional details on the clinical assessment of the patients

Probands and other male members of the recruited pedigree were examined by specialist andrologist
(M.P.).! Physical examination for the assessment of genital pathology and testicular size (orchidometer;
made of birch wood, Pharmacia & Upjohn, Denmark) was performed with the patients in standing
position. The total testes volume is the sum of right and left testicles. The position of the testicles in the
scrotum, pathologies of the genital ducts (epididymis and ductus deference) and the penis, urethra,
presence and if applicable grade of varicocele were registered for each subject. Physical development
was staged according to Tanner’s classification.’

Genomic DNA was extracted from EDTA-blood. After blood draw in the morning, serum and plasma
fractions were separated immediately for hormone measurements (FSH, LH, testosterone, SHBG,
estradiol, TSH, ACTH, PRL, GH). All laboratory analyses and routine genetic testing (karyotyping, Y-
chromosomal microdeletions) were performed at the United Laboratories of Tartu University Hospital
according to the established clinical laboratory guidelines. Free testosterone levels were calculated from
measured testosterone, SHBG and fixed albumin levels (43 g/L) using the Vermeulen’s equation.’
Semen samples were obtained by patient masturbation and semen analysis was performed in accordance
with the World Health Organization recommendations.® In brief, after ejaculation, the semen was
incubated at 37°C for 30—40 min for liquefaction. Semen volume was estimated by weighing the
collection tube with the semen sample and subsequently subtracting the predetermined weight of the
empty tube assuming 1 g = 1 mL. For assessment of the spermatozoa concentration, the samples were
diluted in a solution of 0.6 mol,LL NaHCO3 and 0.4% (v,v) formaldehyde in distilled water. The
spermatozoa concentration was assessed using the improved Neubauer haemocytometers.
Anthropometric parameters were documented during clinical examination upon patients’ consent.
Family history of reproductive disorders and general health disturbances were collected by the managing
clinician from the probands and their close relatives, if available. All recruited family members are

native Estonians and the anamnesis excluded consanguinity.

Whole-exome sequencing (WES) and data analysis

WES data generation and primary processing

Wet-lab processing, base calling of the raw sequencing data, primary sequence analysis and variant
calling was performed at the Institute for Molecular Medicine Finland (FIMM; Helsinki, Finland) Next
Generation Sequencing Service using the established pipeline and has been described previously.’
Whole exome enrichment was undertaken with the SeqCap EZ MedExome Target Enrichment Kit

(Roche NimbleGen, Madison, WI, US) following the manufacturer’s protocol. Sequencing was



performed on Illumina HiSeq 2500 sequencing system (San Diego, CA) using paired-end 101-bp read
length. Sequencing resulted in 75-132 million reads per exome.

Primary sequence analysis and variant calling was performed using the Variant Calling Pipeline
(VCP3.7) described in.’ In brief, Illumina paired-end reads were trimmed with Trimmomatic (version
0.36) and aligned against human genome build hg19 with the Burrows-Wheeler Aligner (BWA, version
0.6.2).” After the alignment, PCR duplicates were removed with Picard MarkDuplicates (version 2.9.0).
Across all samples, 92-97% of targeted bases were covered at least 30X and the mean target coverage
was 147X. SNVs and small indels were called with SAMtools (version 1.4)® and Pindel (version
0.2.5b8),” respectively. The resulting eight Variant Call Format (VCF) files contained from 127,942 to
168,760 (median 135,460) variants per exome dataset (Table S1). Subsequent filtering of the VCF files,

prioritization and QC of the retained variants was performed separately for the SNVs and indels.

Data analysis and variant prioritization

Population sampling probability (PSAP) pipeline>'® was applied in order to prioritize potential causative
variants from the WES data. Prior to variant annotation and testing for the genotype sampling
probability, the PSAP pipeline applies the following filtering of the VCF dataset: (i) removal of genes
with poor genotype calling; (ii) exclusion of variants that are not located within the coding sequences;
(iii) removal of variants exhibiting major discrepancies for their minor allele frequencies (MAF) among
the alternative human genome sequencing databases — The Exome Aggregation Consortium (ExAC),
n=61,000 exomes; Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP), Seattle, WA,
n=6,500 exomes; 1000 Genomes Project (1000G), n=2,500 exomes; (iv) removal of variants with

missing Combined Annotation Dependent Depletion (CADD) scores,'"*!?

except for indels.

A PSAP option ‘individual analysis pipeline’ was applied. The pipeline resulted in 11,763 - 13,198
(median 12,958) variants for each of the eight analyzed WES datasets. The variants in the PSAP output
were further sequentially prioritized to satisfy the following criteria: (i) the PSAP statistical significance
value, popScore <0.005; (ii) previously undescribed or rare variants with minor allele frequency (MAF)
<0.0005 in ExAC/gnomAD and 1000 Genomes databases; (iii) exclusion of synonymous variants; (iv)
applying Combined Annotation Dependent Depletion (CADD) to rank the deleteriousness of the
variants (C-score >20).° Variants prioritized by the PSAP, but missing allele frequency information in
the ExAC/gnomAD,"” ESP6500 and 1000GP were double-checked in dbSNP (build 151) before
classifying as previously unreported. If needed, visual inspection of the quality of sequencing reads was
performed using The Integrative Genomics Viewer (IGV) software.'"* Low confidence variants due to
unreliable reads, a position within a long mononucleotide track, location in genes reported susceptible
to sequencing errors, and/or rare variants detected in multiple unrelated pedigree members were
discarded. The final list of prioritized variants in the probands (P1 and P2, n=35; P3, n=32) were

inspected manually using scientific literature and genome databases (Tables S3-5). Based on the family



history the following disease inheritance models were considered: autosomal dominant with incomplete
penetrance or autosomal recessive (homozygous, compound heterozygous).

Prioritized variants were classified as (likely) pathogenic, (likely) benign or with uncertain significance
(VUS) based on the American College of Medical Genetics and Genomics (ACMG) guidelines."” For
the pathogenicity assessment of the novel SOS! variant, ClinGen’s RASopathy Expert Panel Consensus

Methods for Variant Interpretation were applied.'®

Experimental assessment of prioritized variants by Sanger sequencing

Variants highlighted in the exomes of the three probands (P1, P2, P3) were experimentally confirmed
using Sanger sequencing. The analysis included eight family members initially assessed by WES and
an additional subject II-3 (grandmother of P1 and P2). For P1 and P2, the parent-of-origin of all variants
was determined. For P3, parental DNA samples were not available. Primers for amplification and
sequencing (Table S3) were designed in Primer3,'” tested by NCBI Primer-BLAST. DNA fragments
were amplified by standard PCR, sequenced with the BigDye Terminator v.3.1 Cycle Sequencing Kit
and run on an ABI 3730 DNA Analyzer (both Applied Biosystems, Carlsbad, CA, USA). Sequences
were analyzed with BioEdit 7.2.5.

Utilized annotated protein sequences and structures for SOS1 p.Y136H in silico analysis

The reviewed annotations of human SOS1 protein are available in Uniprot (Uniprot id Q07889) and the
basic structural annotations at PDB, respectively (https://www.uniprot.org/uniprot/Q07889;
http://www.rcsb.org/pdb/protein/Q07889). There are two available structures that include the SOS1
histone-like domain: 1Q9C (only histone-like domain) and 3KSY (nearly complete protein missing only
the Grb2 binding C-terminal domain). Since the histone-like domain in the two structures shows only
negligible differences, the more complete 3KSY structure was used for all modeling and structural

analysis.

Sequence conservation analysis of SOS1 p.Y136H

Homologs for human SOS1 (hSOS1) protein were identified in Uniclust90 database'® using HMMER "
(1 iteration, 1e-4 E-value cutoff). Only the N-terminal sequence of hSOS1 (1-180 aa) was used to limit
the search for homologs of the hSOS1 histone-like domain. Full length sequences of all collected
homologs were clustered according to their global sequence similarities using CLANS,* SOS1 and H2A
groups were separated at p-value=1e-60. Multiple sequence alignments (MSAs) were produced for these
groups with MAFFT (I-INS-i).?! Using Jalview,? the alignments were visually inspected, sequence
fragments and apparent alternative splicing variants (compared to human sequence) were discarded. The
alignments used for sequence logo figures were further filtered by annotated taxonomy to retain only

vertebrate sequences. The sequence logos were created using the WebLogo 3 server.”



Modeling and structural analysis of SOS1 p.Y136H variant

The model for the SOS1 p.Y136H substitution was constructed by direct replacement of the tyrosine
side chain with a selected histidine rotamer using tools implemented in UCSF Chimera.** UCSF
Chimera was also used for the analysis of surface properties of SOS1 and the variant p.Y136H. The
quality of structural models was evaluated both by visual inspection in UCSF Chimera and by automatic
assessment with VoroMQA.* PPI3D* server was used to identify structurally known interactions with
human SOS1 or other homologous histone proteins. Only the histone-like domain sequence (1-190) of
human SOS1 was used in the search (standard parameters). UCSF Chimera** was used for superposition

and visualization of identified homologous complexes.

Prediction of disease-causing oligogenic variant combinations using ORVAL platform

Computational methods for the prediction of disease-causing oligogenic variant combinations and their
effects were assessed using the ORVAL platform (https://orval.ibsquare.be).”” ORVAL tests bi-locus
variant combinations, annotates and analyzes them using two machine-learning based methods trained
on digenic cases contained in the Digenic Disease Database (DIDA)* using features at the variant, gene
and combination level. As a result, the pathogenicity of each tested bi-locus variant combination is
predicted using VarCoPP, the Variant Combination Pathogenicity Predictor.”” For PROPI
c.301 302delAG, the current version of VarCoPP software misses the P(rec) score, the estimated
probability that a gene is a recessive disease gene. Therefore, to the probability of digenetic effect for

PROPI ¢.301 302delAG + NR5A41 ¢.991-1G>C variant pair manual encoding P(rec) = 0.9 was applied.
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Figure S1. Sanger sequencing validation of additional variants.
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Figure S2. Conservation of vertebrate SOS1 residues structurally close to the human hSOS1 Y136
residue. Position numbering corresponds to that of hSOSI1. Grey stars mark positions that have side
chains no further than 5A from the side chain of Y136 (based on hSOS1 structure, PDB id: 3KSY). The
547-564 motifis part of the helical linker, that links PH and Rem domains. The 77-92 motif corresponds
to a motif in H2B histone in the homologous H2A/H2B histone complex.

Figure S3. Structural comparison of native hSOS1 (PDB id: 3KSY) and a modelled substitution. The
wild-type Y136 and the substitution variant H136 residues are exposed to the surface of the protein
between histone-like and linker domains. The Y136 residue has a direct contact to V556 in the helical
linker (distance 4.8 A), whereas the p.Y136H substitution is unlikely to form a similar interaction
(distance to V556 is 6.5 A). All other residues close to the Y136 (marked with grey stars in online Figure
S2 above) are also indicated in the left part of the figure.



Figure S4. Examples of structures of known nucleosome complexes in which histone H2A residue
p-Y57 is involved. There are no solved structures for protein complexes involving SOS1. The histone
H2A/H2B complex has been extensively investigated and position Y57 of histone H2A (corresponding
to Y136 in SOS1) has been identified as part of the interaction interface in critical functional complexes

Color code: red, interacting peptide/protein chain; , p-Y57 (or a corresponding) position; dark
blue/blue, H2A/H2B; , DNA; , other protein chains.

SOS1 histone-like domain is similar to the H2A/H2B histone complex (blue) and the corresponding
position to hSOS1 p.Y136 is p.Y57 hH2A (yellow), conserved in all H2A homologs. The surface
including p.Y57 is involved in multiple nucleosome interactions to other proteins/peptides (red):

» Kaposi's sarcoma-associated herpesvirus (KSHV) latency-associated nuclear antigen (LANA), that
mediates viral genome attachment to mitotic chromosomes (PDB id 1ZLA);

* RCCI1 (regulator of chromosome condensation) protein (PDB id 3MVD);

* Polycomb repressive complex 1 (PRC1), that uniquitylates histone H2A K119 and is known for
repressing the expression of developmentally regulated genes in eukaryotes (PDB id 4R8P);

* Histone chaperone Importin-9 to H2A/H2B (PDB id 6N1Z2);

* Spt-Ada-Gen5 acetyltransferase (SAGA)-associated factor 11 (PDB id 4ZUX), involved in H2B
deubiquitination;

* Chromatin-binding sequence of the GAG peptide of prototype foamy virus (PFV) (PDB id SMLU);
* Heterochromatin protein Sir3 with nucleosome (PDB id 4JJN);

* H3K79 methyltransferase Dot1L (PDB id 6NN6);

» centromere protein CENP-C (PDB id 4X23).
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