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Methods We investigated genetic patterns of possible oligogenicity in a cohort of 30 individuals with NR5A1/SF-1 101p6s i el:iloir:_92025_

variants and 46,XY DSD recruited from the international SF1next study, using whole exome sequencing (WES) on o564
family trios whenever available. WES data were analysed using a tailored filtering algorithm designed to identify rare

variants in DSD and SF-1-related genes. Identified variants were subsequently tested using the Oligogenic Resource

for Variant Analysis (ORVAL) bioinformatics platform for a possible combined pathogenicity with the individual
NRj5A1/SF-1 variant.

Background Oligogenic inheritance has been suggested as a possible mechanism to explain the broad phenotype
observed in individuals with differences of sex development (DSD) harbouring NR5A1/SF-1 variants.

Findings In 73% (22/30) of the individuals with NR5A1/SF-1 related 46, XY DSD, we identified one to seven additional
variants, predominantly in known DSD-related genes, that might contribute to the phenotype. We found identical
variants in eight unrelated individuals with DSD in DSD-related genes (e.g., TBCE, FLNB, GLI3 and PDGFRA)
and different variants in eight genes frequently associated with DSD (e.g., CDH23, FLNB, GLI2, KAT6B, MYO7A,
PKD1, SPRY4 and ZFPM2) in 15 index cases. Our study also identified combinations with NR5A1/SF-1 variants
and variants in novel candidate genes.

Interpretation These findings highlight the complex genetic landscape of DSD associated with NR5A1/SF-1, where in
several cases, the use of advanced genetic testing and filtering with specific algorithms and machine learning tools
revealed additional genetic hits that may contribute to the phenotype.

Funding Swiss National Science Foundation and Boveri Foundation Zurich.

Copyright © 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords: Differences of sex development (DSD); Steroidogenic factor 1 (SF-1/NRj5A1); 46,XY DSD; Oligogenicity

Introduction chromosomal, gonadal or anatomical sex.! These
Differences of sex development (DSD; also known as  conditions may become obvious at different ages of
disorders of sex development) represent a heterogenous life. Some fetuses or newborns may manifest with
group of rare congenital conditions affecting the ambiguous (atypical) external genitalia early, while
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Research in context

Evidence before this study

Steroidogenic Factor 1/Nuclear Receptor Subfamily 5 Group A
Member 1 (SF-1/NR5A1) is essential for human sex
development and steroidogenesis. Variants in the NR5A1/SF-1
gene are associated with broad phenotypes, ranging from
severe to mild differences of sex development (DSD), and
isolated fertility problems to complete lack of symptoms.
Previous research has proposed various mechanisms for
explaining this phenotypic variability, but none were
confirmed. Even the international SF1next study, which
collected data from the thus far largest cohort of 197
individuals with NR5A1/SF-1 variants to date, could not find
phenotype-genotype correlations. Still, the SFinext study
revealed a higher risk for associated anomalies in NRA5A1/SF-
1 variant carriers, particularly related to the spleen as
confirmed by subsequent studies. Moreover, individuals with
a NR5A1/SF-1 variant and a severe DSD phenotype were
reported to have atypical pubertal development and foreseen
fertility issues. Reports using next generation sequencing
(NGS) identified multiple additional gene variants in
individuals with NR5A1/SF-1 variants and DSD, suggesting
that genetic modifiers or oligogenic inheritance may explain
the variability of phenotypes. However, proving oligogenicity
is challenging, especially in rare diseases like DSD with limited
statistical power and a small pool of individuals available for
comprehensive genetic evaluation and segregation analysis.

Added value of this study
This study builds on the SFlnext international study cohort,
offering valuable insights into the complex genetic landscape

dysgenetic gonads, and discordant internal sex organs
relative to the sex chromosome composition may be
discovered later. A DSD diagnosis may also be made
later in life because of missing, delayed and/or atyp-
ical pubertal development including absence of
menarche, unexpected virilisation and/or gynaeco-
mastia, as well as infertility or the occurrence of a
gonadal tumour.?

The wide spectrum of phenotypes and underlying
genotypes observed in individuals with DSD provides a
diagnostic challenge. The DSD phenotype may vary
between individuals, even carrying the same variant
within a family. Additionally, about 20-30% of in-
dividuals with DSD have other organ anomalies or
associated medical conditions that may lead to misdi-
agnosis or delayed diagnosis.**

Although more than hundred genes have been
implicated in DSD, half of patients with DSD still have
no definite molecular diagnosis with the currently used
routine diagnostic methods.” Known genetic causes of
DSD include chromosomal aneuploidies (e.g. Turner
syndrome, Klinefelter syndrome), large rearrangements,
small copy number variants (CNVs) of open reading

of individuals with NR5A1/SF-1 variants and DSD. It
investigates possible oligogenicity through whole exome
sequencing (WES), employing a tailored filtering algorithm for
detection of rare variants in DSD and SF-1 related genes,
followed by bioinformatic prediction analysis for
oligogenicity, using ORVAL. Investigating 30 index cases with
NR5A1/SF-1 variants and 35 family members, possible
oligogenic inheritance was found in 73% of index cases, each
harbouring one to seven additional variants, predominantly in
known DSD-related genes. Common variants were observed
in unrelated individuals, and certain DSD-related genes were
detected more frequently, though with different variants,
while variants in novel genes were also found. These studies
together with segregation analysis in several cases, inform
that oligogenicity may contribute to the observed phenotypic
variability in DSD associated with NR5A1/SF-1 variants.

Implications of all the available evidence

The identification of possible additional variants in DSD/SF-1-
related genes in individuals with NR5A1/SF-1 variants and
DSD, suggests that the phenotypic variability observed may
instead result from the interplay of multiple genetic variants
than from a single variant in NR5A1/SF-1 alone. This
highlights the necessity for advanced genetic testing and
bioinformatic analysis with disease-tailored algorithms to
capture the full spectrum of genetic variants contributing to
DSD and their potential interactions. The genetic basis of DSD
linked with NR5A1/SF-1 variants might be more complex than
initially thought, reinforcing the need for further research
addressing the role of additional genetic contributors.

frames or promoter regions, and specific variants in
single genes.® The testing methods primarily detect
coding single nucleotide variants (SNVs) and CNVs.
However, other types of variants and aetiologies have
been identified as potential causes for DSD.” These
include variants located in intronic regions,*’ present in
mosaic states,'”'! structural'””’ and epigenetic varia-
tions,'* as well as oligogenic causation.'*"”

Advances in next generation sequencing (NGS)
technologies have enhanced the possibility to discover
an oligogenic basis for several endocrine disorders such
as hypogonadotropic hypogonadism, hypothyroidism
and primary/premature ovarian insufficiency (POI)."**
Similarly, oligogenic inheritance patterns have been
reported in several cases of DSD."7** The oligogenic
mode of inheritance has been proposed as a potential
explanation for the broad spectrum of phenotypes
observed in individuals with NR5AI/SF-1 variants
encompassing healthy individuals, individuals with
mild to severe or opposite sex DSD, male infertility,
POI, and adrenal insufficiency.”* So far, other mech-
anisms explaining the genotype—phenotype correlation
associated with NR5A1/SF-1 have not been confirmed,
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including dominant negative effects?”**** and hap-
loinsufficiency.”** To detect oligogenicity, identification
of multiple, potentially disease-causing variants through
NGS analysis is the first step. Further validation of the
identified variants with bioinformatic and machine
learning tools and functional testing*** is then required
for assessing the possible combined effect of multiple
variants associated with the disease phenotype. Func-
tional testing is significantly more complex for con-
firming oligogenic disease mechanisms than it is for
monogenic disorders.”* However, family-based genetic
analysis may help uncovering the disease origin, where
the analysis of family trios in particular can reveal var-
iants that violate the rules of Mendelian inheritance
patterns.

In this study, we therefore investigated a large group
of individuals with heterozygous NR5A1/SF-1 variants
and a broad range of DSD (recruited through the in-
ternational SFlnext study) for possible oligogenic dis-
ease mechanisms wusing WES and bioinformatic
analysis and performing additional genetic analysis of
their healthy and/or affected family members.

Methods

Participants

Patient and families participating in this study were
recruited through the international SFlnext study
cohort, which comprises 197 individuals.” In this study
we included participants with available DNA samples,
who consented for additional genetic testing with WES
(Supplementary Fig. S1). DNA samples extracted from
the blood of individuals carrying NR5A1/SF-1 variants,
as well as from family members, were collected by the
SFlnext study collaborators (Supplementary Fig. S1).
Data on comprehensive phenotyping of study partici-
pants were provided by the caring clinicians of the
SFlnext study, as previously described.”” The classifi-
cation of the DSD phenotype was a modified version of
the external genitalia score to accommodate for retro-
spective data collection, as described in detail in the
SFlnext study.” All clinical data and DNA samples
included in this study were collected in pseudo-
anonymised form. The University of Glasgow has
ethical approval and provides guidelines to interna-
tional partner centres for collecting routine data of
individuals with a DSD in the SDM Registries platform
that includes I-DSD (https://sdmregistries.org/,
UKCRN ID12729).

Ethics

International clinical partners received approval from
their respective ethical committees to participate in the
study, and written informed consent was obtained from
all study participants. For the Swiss study core centre in
Bern ethical approval exists through the Swiss DSD
Cohort Study (BASEC ID 2016-01210).
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Genetic analysis

WES was performed on 25 individuals/families by
Novogene (UK). In five individuals/families, WES
analysis was previously performed and data were rean-
alysed using the Variant Call Format (VCF) files as input
for performing variant annotation by ANNOVAR.” The
filtration process of exonic variants was conducted with
the R software (R.4.3.0). WES data were analysed using
a tailored filtering algorithm designed to identify rare
variants in SF-1- and DSD-related genes, as previously
reported.”**® All variants with any predicted conse-
quences, except synonymous ones, and with a read
depth of 20 or more were retained. Subsequently, vari-
ants were filtered further to include only those with
MAF (Minor Allele Frequency) < 0.01 based on gno-
mAD (v3.1.2), taking into consideration the karyotype of
the patient. Annotation was verified using VarSome*
and Franklin® platforms, followed by variant classifica-
tion and in silico analysis.

In silico analysis and variant classification

We utilised various in silico tools to predict the potential
impact of identified genetic variants on both structure
and function of the protein, including: Polyphen-2,
(Polymorphism Phenotyping v2), Panther (Protein
Analysis Through Evolutionary Relationships), SNPs
and GO, CADD (Combined Annotation Dependent
Depletion)*' and the calibrated scores given by Var-
Some* for SIFT (Scale-invariant feature transform),
Provean (Protein Variation Effect Analyser), Revel (Rare
Exome Variant Ensemble Learner), Mutation taster, and
M-CAP (Mendelian Clinically Applicable Pathogenicity).
The variants were classified according to the standards
and guidelines of the American college of Medical Ge-
netic and Genomics (ACMG)* using VarSome* and
Franklin® platforms.

Oligogenic investigations and selection of
candidate variants

We considered filtered variants as candidates for oligo-
genicity in combination, with NR5AI/SF-1 variants
based on two criteria, similar to published literature.”
For the first criterion, we utilised the Oligogenic
Resource for Variant Analysis (ORVAL) bioinformatics
platform* to identify candidate oligogenic variant com-
binations associated with each individual’s NR5A1/SF-1
variant. We specifically tested the variants in each case,
using ORVAL’s machine-learning tool, the Variant
Combination Pathogenicity Predictor (VarCoPP). Var-
CoPP is a balanced random forest predictor that as-
sesses the pathogenicity of variant combinations in gene
pairs. It uses various biological features of genes, vari-
ants, and gene pairs to make the predictions.**” The
output is a pathogenicity score (VarCoPP score) that
indicates the probability (value between 0 and 1) that a
variant combination is disease-causing. If this score is
above 0.4575 (hg38), the model predicts that the
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combination is disease-causing. In our analysis, we set a
threshold of >0.85 (hg38) for the pathogenicity score of
candidate variant combinations, to include only those
falling in the 99.9% confidence zone, which indicates a
99.9% probability of being true positives. In addition, we
evaluated variants using ORVAL’s second machine-
learning tool, the Digenic Effect Predictor.”® This tool
predicts the type of variants combinations and catego-
rise them into three classes: i. true digenic, ii. mono-
genic and modifier, and iii. dual molecular diagnosis.*”*
As a second criterion, we included variants classified as
pathogenic, likely pathogenic or VUS according to the
ACMG criteria or classified as pathogenic, likely patho-
genic or VUS by at least seven out of nine prediction
tools, regardless of a defined prediction in ORVAL
(VarCoPP). For both criteria, previously reported clinical
associations of variants were checked in ClinVar and
HGMD databases. Additionally, extensive literature
search (e.g., PubMed) was conducted to explore gene
and variant associations with DSD, sex development,
and the specific clinical phenotype for each individual
case and related family. Variants lacking an association
with the observed phenotype of the individuals (ac-
cording to literature) were rejected. In addition, when-
ever possible, family segregation and trio analysis were
conducted to better understand potential oligogenic in-
heritance. This approach included a comprehensive
assessment of both genetic and phenotypic data between
family members with NR5A1/SF-1 variants, to deter-
mine the possible contribution of individual variants to
the observed phenotype. Furthermore, comparative
analysis of the identified variants across the entire group
of carriers of NR5A1/SF-1 variants was performed.

Statistics

For this very rare disease, sample size estimation and
power analysis for statistical calculations do not apply as
the numbers are too low, and the analyses are therefore
descriptive.

Role of funders

None of the funding sources (Swiss National Science
Foundation and Boveri Foundation Zurich), which
supported this study, had any role in study design, data
collection, analysis, interpretation, manuscript writing
or decision for publication.

Results

WES was performed on a total of 30 individuals with
NR5A1/SE-1 variants and a 46,XY DSD phenotype (in-
dex cases) recruited from a larger cohort of 197 in-
dividuals participating in the SFlnext study”; two new
individuals were recruited (Supplementary Fig. S1).
Twenty of the 30 individuals (67%) had a severe DSD
phenotype, and 10 (33%) had an opposite sex pheno-
type, as previously defined.” Additionally, WES analysis

was conducted on 35 family members of the index
cases, originating from 18 families; in 12 index cases,
family members were not available for WES. Twenty of
the 35 family members also carried the respective
NR5A1/SF-1 variants; of these, six had DSD, one POI,
and 13 were asymptomatic. All index cases and family
members carried the NR5A1/SF-1 variants in a hetero-
zygous state, except for one index case and her cousin
who both were homozygous (c.877G > A; p.Asp293Asn).
In total 27 different NR5A1/SF-1 variants were identi-
fied, scattered throughout the whole NR5A1/SF-1 gene
(Fig. 1). Variants were missense (14/27), small indels
(9/27), and splice site mutations (2/27), as well as one
large gene deletion, one nonsense mutation and one
duplication.

NR5A1/SF-1 related DSD cases without predicted
oligogenic variant combinations
Using our specific WES-based variant filtering pipeline
and ORVAL testing in search for possible oligogenicity,
we did not find any convincing combinations in seven of
the 30 (23%) index cases with 46, XY DSD and a NR5A1/
SF-1 variant (Tables 1 and 2). Index case 1 (Table 1) had
a large NR5A1/SF-1 gene deletion, preventing inclusion
in ORVAL testing, and no additional candidate variants
were identified through WES and our specific algorithm
filtering. NR5A1/SF-1 variants in five index cases (index
cases 2,3,4,7,8; Table 1) were located in the ligand
binding domain of the SF-1 protein (four deletions, one
duplication and one missense mutation), while two de-
letions of NR5A1/SF-1 were located in the hinge region
(index cases 5 and 6; Table 1). In five individuals (index
case 2-6; Table 1), our analysis revealed no additional
variants. Thus, their DSD phenotype may be explained
by the heterozygous NR5A1/SF-1 variant alone or by
other genetic or non-genetic contributing factors, which
remained unrecognised by ORVAL. Two individuals
(index cases 7 and 8, Table 2) had an additional variant
of uncertain significance (VUS) in a DSD-related gene,
but in ORVAL testing the combination of the specific
variants with NR5A1/SF-1 variants did not show an
oligogenic prediction. However, index case 7 (Table 2)
and her cousin with same opposite sex DSD phenotype,
were both identified with an additional heterozygous
VUS in the COL9A3 gene (c.43_48del; p.(Leul5_-
Leul6del)), which is involved in male gonadal forma-
tion.”*! Another heterozygous variant in this gene has
been previously reported as a disease-causing variant/
modifier in combination with variants in the MAMLD],
CDH23, NOTCH]1, and MAML1 genes in a 46,XY DSD
individual with female-typical external genitalia, and has
therefore been suggested an oligogenic DSD.'®

Index case 8 (Table 2) with an opposite sex DSD
phenotype carried a heterozygous VUS in the DHX37
gene (c.904G > A; p.(Gly302Ser)), which is involved in
male gonadal formation. Heterozygous variants in the
DHX37 gene have been reported in individuals with
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c.102+1G>T

€.991-1G>A

S‘U( Exon 2 )—( Exon 3 )—(

Exon 4

)_( Exon> )—( Exon 6 )—( Exon 7 )‘“ﬂlk

NC_000009.11:9.(?_127243515)_(127269678_?)del

p.GIn316Serfs*18

p.Arg313His
p.Cys30Ser p.Arg313Cys
p.His24Leu p.Glu304Cysfs*29
p.Val20Leu p.Cys301Tyr
p.Pro14Ser p.Asp293Asn
p.Cys73Ser p.Arg281Cys
p.Cys65Tyr p.GIn460Arg
p.Glu51* p.Tyr211Profs*12 p.Glu435Serfs*61
p.Gly91Ser p.Tyr211Cysfs*73 p.Glu395del
p.Gly90Arg p.GIn206Thrfs*20 p.Cys370Tyrp.Tyr404*
1 13 112 225 461
NH, DNA binding ‘th-F1 Hinge region [ Ligand binding domain COOH
domain | box
ZNI ZNII AF-1 AF-2

Fig. 1: Summary of the NR5A1/SF-1 variants of individuals analysed by newly performed WES analysis for this study, derived from
international SF1next study cohort.” Identified variants in the NR5A1 gene are shown with respect to the gene and protein sequence. The
SF-1 protein comprises the DNA-binding domain, which contains two zinc fingers (Znl1 and Zn2), a Fushi-tarazu factor-1 (FTZ-F1) box, the
accessory hinge region, and the ligand-binding domain. It harbours two activation functional (AF) domains, activation function 1 (AF-1) and
activation function 2 (AF-2). NR5A1, nuclear receptor subfamily 5 group A member 1; UTR, untranslated region.

46,XY gonadal dysgenesis and testicular regression.’**
In addition, digenic inheritance of heterozygous
DHX37 variants in combination with NR5A1/SF-1 var-
iants has been previously reported in two individuals
with 46,XY DSD.*

NR5A1/SF-1 related DSD cases with predicted
oligogenic variant combinations

Twenty-two index cases (22/30, 73%) with NR5A1/SF-1
variants were tested in ORVAL, after filtering their WES
by our tailored algorithm and finding several additional

Index Karyotype/ Clinical phenotype NR5A1/SF-1 variant Family tested
case  Sex of (Zygosity), ACMG (Zygosity),
rearing DSD-Health
1 46,XY, External genitalia: typical female NC_000009.11:9.(?_127243515) NA
Female Internal genitalia: testes _(127269678_?)del (Het), Pathogenic
Other anomalies: spleen hypoplasia, thrombocytosis & other
syndromic features
Opposite sex-PGD
2 46,XY, External genitalia: perineal meatal opening, impalpable gonads, €.910_913delGAGC; Mother (Het),
Female genital tubercle <10 mm, labioscrotal fusion: unfused p.Glu304Cysfs*29 (Het), Likely Healthy
Internal genitalia: hypoplastic uterus, streak gonads pathogenic Sister (WT),
Opposite sex-CGD Healthy
3 46,XY, External genitalia: meatal opening penoscrotal, gonads labioscrotal or ¢.1303del; p.Glu435Serfs*61 (Het), Mother (WT),
Male inguinal, genital tubercle 21-30 mm, labioscrotal fusion: unfused Likely pathogenic Healthy
Internal genitalia: testes Father (Het),
Severe-NSDU Micropenis
4 46,XY, External genitalia: meatal opening perineal, gonads labioscrotal, genital ~ ¢.946delC; p.GIn316Serfs*18 (Het), NA
Female tubercle 10-20 mm, labioscrotal fusion: posterior fusion Likely pathogenic
Internal genitalia: dysgenetic testes
Severe-PGD
5 46,XY, External genitalia: hypospadias, cryptorchidism, microphallus €.632_668del, p.Tyr211Cysfs*73 Mother (Het),
Male Severe-PGD (Het), Likely pathogenic Healthy
6 46,XY, External genitalia: meatal opening penoscrotal, gonads labioscrotal, €.630_637delGTACGGCT; Mother (Het),
Male genital tubercle 10-20 mm, labioscrotal fusion: fused p-Tyr211Profs*12 (Het), Likely Healthy
Internal genitalia: testes pathogenic Aunt (Het), POl
Other anomalies: spleen hypoplasia & thrombocytosis Grandfather
Severe-PGD (Het),
Hypospadias

ACMG, American College of Medical Genetic; CGD, complete gonadal dysgenesis; DSD, differences of sex development, Het, heterozygous; WT, Wild-type; PGD, partial
gonadal dysgenesis; POI, primary ovarian insufficiency; NSDU, Non-specific disorder of under masculinisation; NR5A1, NM_004959.5.

Table 1: Clinical and genetic characteristics of index cases without predicted oligogenic variant combinations.
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Internal genitalia:

Likely pathogenic

p.(Gly302Ser) (Het)

Index Karyotype/ Clinical NR5A1/SF-1 Family tested Additional Found in gnomAD  Clinical CADD
case  Sex of phenotype variant (Zygosity), variants AF (v3.2.1) significance®
rearing (Zygosity), DSD-Health (Zygosity) VarSome/
ACMG Franklin
7 46,XY, External genitalia:  ¢.877G > A; Cousin (46,XY) COL9A3: Index &  5,63E-05 VUS/VUS 8.77
Female typical female p-Asp293Asn with similar DSD  ¢.43_48del; Cousin
Internal genitalia:  (Hom), Likely phenotype (Hom) p.(Leul5_Leul6del)
hypoplastic uterus, pathogenic
streak gonads
Opposite sex-CGD
8 46,XY, External genitalia:  ¢.1157_1211dup; NA DHX37: Index 3,94E-05 VUS/VUS 24.9
Female typical female p.Tyr404" (Het), €.904G > A;

streak gonads
Other anomalies;
accessory spleen
Opposite sex-CGD

?ACMG classification; CGD, complete gonadal dysgenesis; DSD, differences of sex development; Het, heterozygous; Hom, homozygous; PGD, partial gonadal dysgenesis; POI,
primary ovarian insufficiency; VUS, Variant of unknown significance; NR5A1, NM_004959.5; COL9A3, NM_001853.4; DHX37, NM_032656.4.

prediction for oligogenic variant combinations.

Table 2: Clinical and genetic characteristics of two index cases with a NR5A1/SF-1 variant and an additional gene variant, for which ORVAL showed no

candidate variants. A summary of the clinical and ge-
netic characteristics of these 22 index cases is shown in
Table 3 (short version) and Supplementary Table S2
(comprehensive version). We found 65 variants in 46
distinct genes: 34 in DSD-related genes, seven in DSD
and SF-1-related genes and five in SF-1-related genes
(Supplementary Table S1 and S3). Fig. 2 shows the
pathogenicity scores of these variants in combination
with the specific NR5A1/SF-1 variant as identified in the
index cases. The Digenic Effect predictor in ORVAL
classified most of the combinations as “true digenic” (48/
65, 74%), while the others were suggested to be “modi-
fiers”. Almost all variants occurred in a heterozygous
state and were mostly missense variants, except for one
insertion and one deletion. Their predicted clinical sig-
nificance is depicted in Fig. 3. The average CADD Phred-
like score of the tested variants was 23.5, with scores >15
indicating a significant likelihood of being deleterious**®
(Supplementary Fig. S2). Each index case harboured be-
tween one to seven candidate variants, additional to the
NR5A1/SF-1 variant (Table 3). Details on the rejected
variants, due to the lack of an association with the
observed phenotype of the individuals (according to
literature), are given in Supplementary Table S4.

Interestingly, we identified the same additional gene
variants in eight unrelated cases with DSD in combi-
nation with different NR5A1/SF-1 variants.

A heterozygous GLI3 variant (c.2179G > A;
p.(Gly727Arg)) was found in three unrelated DSD cases
(index cases 11,12 and 13, Table 3), inherited from their
healthy fathers, who did not carry the NR5A1/SF-1
variant. All cases had penoscrotal or scrotal hypospadias.
GLI3 is a transcription factor involved in male sex dif-
ferentiation and external genitalia formation,”” and GLI3
variants are described to be associated with

hypospadias,”™ cryptorchidism,” micropenis,” hypo-
gonadotropic hypogonadism® and oligogenic 46,XY
DSD.”

A variant in the TBCE gene (c.214C > T; p.(Pro72Ser))
was found in two 46,XY DSD cases (index cases 9 and
14, Table 3) with inguinal gonads, opposite sex and
severe DSD phenotype. The TBCE gene is involved in
neurodevelopment disorders such as
Hypoparathyroidism-Retardation-Dysmorphism  Syn-
drome (OMIM: 241,410), which is associated with
micropenis and cryptorchidism.®*** In a previously re-
ported case of 46,XY DSD with bilateral cryptorchidism,
a TBCE variant was suggested as the disease-causing
variant.**

In two other DSD cases (index cases 15 and 16) with
severely undervirilised external genitalia, a heterozygous
FLNB variant (c.6956T > C; p.Ile2319Thr) was detected.
Biallelic FLNB variants have been reported in a 46,XY
DSD individual with female external genitalia and
skeletal dysplasia,” and are implicated in Larsen syn-
drome (OMIM:150,250), which is associated with
cryptorchidism.®

In addition, a heterozygous variant in the PDGFRA
(c.1285G > A; p.(Gly429Arg)) gene was found in two
46,XY DSD cases (index cases 9 and 17, Table 3) with
opposite sex and severe DSD phenotype. The PDGFRA
gene seems a crucial mediator for male gonadal for-
mation”” and has been associated with anorectal mal-
formations and hypospadias in humans.*

Apart from those repeatedly observed variants,
different variants in eight specific genes were observed
two to five times across 15 studied DSD cases in com-
bination with various NR5A1/SF-1 variants. These were
variants in genes previously associated with DSD
(Table 3), including CDH23 (n = 2), FLNB (n=5), GLI2
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Index Karyotype/ Clinical DSD NR5A1/SF-1 variant Additional gene variants (Zygosity) ORVAL  Clinical CADD
case Sex of rearing  phenotype (Zygosity, index case), ACMG score® significance”
VarSome/
Franklin
9 46,XY Female Opposite sex-CGD €.902G > A; p.Cys301Tyr (Het), PKD1: ¢.6598C > T; p.(Arg2200Cys) (Het) ~ 0.9950 B/VUS 229
Likely pathogenic CITED2: c117_119del; p.(His39del) (Het) ~ 0.9800  B/LB 220
PDGFRA: c1285G > A; p.(Gly429Arg) (Het)  0.9775  LB/VUS 224
FLNB: ¢.4233C > G; p.(Phel411Leu) (Het) 0.9375 B/LB 21
FLNB: ¢.6017A > G; p.(Lys2006Arg) (Het) 0.9375 B/LB 21
TBCE: ¢.214C > T; p.(Pro72Ser) (Het) 0.8550 B/B 23.2
10 46,XY Male Severe-NSDU c.841C > T; p.Arg281Cys (Het), ZFPM2: ¢.292G > A; p.(Asp98Asn) (Het) 0.9975 B/B 239
Likely pathogenic CCDC59: c.499A > G; p.(Thrl67Ala) (Het)  0.8075  VUS/VUS 253
11 46,XY Male Severe-PGD €.1109G > A; p.Cys370Tyr (Het), GLI3: ¢.2179G > A; p.(Gly727Arg) (Het) 0.9850 B/VUS 25.5
Likely pathogenic KANKL: c1322C > T; p.(Thra4llle) (Het) ~ 0.8425  VUS/VUS 243
12 46,XY Female Opposite sex-CGD c.217T > A; p.Cys73Ser (Het), GLI3: ¢.2179G > A; p.(Gly727Arg) (Het) 0.9850 B/VUS 25.5
Likely pathogenic APC: ¢7514G > A; p.(Arg2505GIn) (Het) ~ 0.9600  B/B 238
PKD1: ¢.12436G > A; p.(Val4146lle) (Het) ~ 0.9950  B/VUS 233
SYNM: ¢.361C > A; p.(GIn121Lys) (Het) 07025  LB/VUS 19.38
SYNM: ¢.368C > T: p.(Ala123Val) (Het) 07025  LB/VUS 205
13 46,XY Male Severe—TDSD c.40C > T; p.Pro14Ser (Het), VUS GLI3: ¢.2179G > A; p.(Gly727Arg) (Het) 0.9850 B/VUS 255
(BX2: ¢.849G > T; p.(Lys283Asn) (Het) 0.9550 B/B 20.7
14 46,XY Male Severe—NSDU c.937C > T; p.Arg313Cys (de novo), SPRY4: ¢.55C > G; p.(GIn19Glu) (Het) 0.9300 VUS/VUS 24.6
Pathogenic TBCE: ¢214C > T; p.(Pro725er) (Het) 08600 B/B 232
15 46,XY Female Opposite sex-CGD ¢.614_615insC; p.GIn206Thrfs*20 (Het), INO80: ¢.3842G > A; p.(Arg1281Gln) (Het)  0.9450 B/VUS 27.6
Pathogenic FLNB: .6956T > G; p.(le2319Thr) (Het) ~ 0.9400  B/B 28.0
SPRY4: ¢.653C > A; p.(Ser218Tyr) (Het) 0.9275  VUS/VUS 27.8
MKKS: ¢.724G > T; p.(Ala242Ser) (Het) 0.9175 LB/VUS 24.9
FDXR: ¢.815C > T; p.(Pro272Leu) (Het) 0.8525  VUS/VUS 27.6
16 46,XY Female Severe-TDSD ¢102+1G > T (Het) (de novo), FLNB: ¢.6956T > C; p.(1le2319Thr) (Het) 0.9475 B/B 28.0
Likely pathogenic KAT6B: ¢.5252C > A; p.(Prol751His) (Het)  0.9650  VUS/VUS 24.4
MYO7A: ¢2293C > A; p.(Leu765Met) (Het) ~ 0.9000  B/LB 232
PKD1: c.2081C > T; p.(Pro694Leu) (Het) 0.9950 LB/VUS 25.4
17 46,XY Male Severe-TDSD ¢.938G > A; p.Arg313His (Het), SEMAG6D: ¢.626G > A; p.(Arg209His) (Het) ~ 0.9050  LB/VUS 32
Pathogenic PDGFRA: ¢1285G > A; p.(Gly429Arg) (Het)  0.9750  LB/VUS 163
ZNF462: c.4093G > A; p.(Glu1365Lys) 09825  B/VUS 25.1
(Het)
18 46,XY Male Severe-PGD ¢.937C > T; p.Arg313Cys (Het), DKK1: c.470G > T; p.Ser157lle (Het) 0.9400  B/LB 217
Pathogenic AXINL: ¢1485C > G; p.(Asp495Glu) (Het) ~ 0.9275  B/VUS 172
19 46,XY Female Severe-PGD 194G > A; p.Cys65Tyr (Het), SFRP1: ¢.539C > T; p.(Pro180Leu) (Het) 0.9725 B/VUS 26.8
Likely pathogenic COL1AL: ¢1559A > G; p.(Lys520Arg) (Het)  0.8975  VUS/VUS 231
20 46,XY Male Severe-PGD €.938G > A; p.Arg313His (Het), LRP6: c.4402G > A; p.(Ala1468Thr) (Het) ~ 0.9900  B/VUS 27.4
Pathogenic ETNK2: ¢.920A > G; p.(GIn307Pro) (Het) ~ 0.8625  VUS/VUS 229
21 46,XY Male Severe-PGD ¢.991-1G > A (Het) (de novo), GLI2: ¢.803C > T; p.(Ala268Val) (Het) 0.9725 B/B 25.0
Likely pathogenic CDH23: ¢.5831T > G; p.(Leu1944Ser) (Het) 0.9450  B/VUS 226
LGR5: c.1148A > G; p.(His383Arg) (Het) 0.9425 B/LB 223
GATAS: ¢.232G > A; p.Gly78Ser (Het) 0.8675 B/LB 15.44
PPARGC1B: c1088C > T: p.(Thr363Met) (Het)  0.8625  B/B 172
PPARGCIB: ¢1499C > T; p.Ser500Leu) (Het) ~ 0.8625  B/B 10.03

(Table 3 continues on next page)
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Index  Karyotype/ Clinical DSD NR5A1/SF-1 variant Additional gene variants (Zygosity) ORVAL  (linical CADD
case Sex of rearing  phenotype (Zygosity, index case), ACMG score” significance”
VarSome/
Franklin
(Continued from previous page)
22 46,XY Male Severe-PGD c71A > T; p.His24Leu (Het), MAPK14: ¢.1028A > G; p.(Asp343Gly) (Het)  0.9850 B/LB 23.4
Likely pathogenic PLXNBI: c.1360A > G; p.(Ser454Arg) (Het) 0.8850  B/VUS 257
PTCHI: c.4324C > T; p.(Leu277Met) (Het)  0.8625  B/LB 20.2
HHAT: ¢.829C > A; p.(Leu277Met) (Het) 0.8600  VUS/VUS 238
HHAT: c.1130A > G; p.(Tyr377Cys) (Het) 0.8600  VUS/VUS 23.0
23 46,XY Female Opposite sex-PGD 151G > T; p.Glus1° (Het), SRAL: c.413G > A; p.(Gly138Glu) (Het) 0.9625 B/LB 19.2
Pathogenic MYO7A: 1868G > A; p.(Arg623His) (Het) ~ 0.9225  B/B 26.8
SRCAP: ¢.4499C > T; p.(Pro1500Leu) (Het) ~ 0.9100  B/VUS 221
SRCAP:c.4603C > G; p.(Pro1535Ala) (Het) 0.9100 B/B 17.8
24 46,XY Female Severe-PGD c1379A > G; p.GIn460Arg (Het), VUS TBX2: ¢.1139C > G; p.(Pro380Arg) (Het) 0.8875 VUS/VUS 24.7
FLNB: ¢.2195A > G; p.(Tyr732Cys) (Het) 0.6900  VUS/VUS 238
25 46,XY Male Severe-Gonadal €.271G > A; p.Gly91Ser (Het), NOS1: ¢335C > T; p.(Thr112lle) (Het) 0.9850 B/VUS 23.2
regression Likely pathogenic FLNB: c.6017A > G; p.(Lys2006Arg) (Het) ~ 0.8975  B/B 21.0
AKR1C3: c.548A > T; p.Lys183Met (Het) 0.8875 B/VUS 25.6
DHRS7: c.431G > A; p.(Argl44His) (Het) 07175  VUS/VUS 267
KAT6B: ¢.2134G > T; p.(Gly712Trp) (Het) 0.9700 B/VUS 28.0
RXFP2: ¢.1594C > G; p.(Arg532Gly) (Het) 0.8675 B/VUS 20.4
27 46,XY Male Opposite sex-CGD €.1183_1185delGAG; p.Glu395del (Het), ZFPM2: ¢.1632G > A; p.(Met544lle) (Het) 0.9900 LB/B 20.5
Likely pathogenic
28 46,XY Male Severe-PGD ¢.58G > C; p.Val20Leu (Het), CDH23: c.1096G > A; p.(Ala366Thr) (Het)  0.9475 B/B 25.6
Likely pathogenic NR1H2: ¢515_516insCAA; ND VUS/VUS ND
p-(Arg171_Lys172insAsn) (Het)
29 46,XY Female Opposite sex-PGD ¢.268G > G p.Gly90Arg (Het), VUS ZFPM2: ¢.302G > A; p.(Gly101Glu) (Het) 0.9975 B/VUS 25.2
SRA1: c.94C > G; p.(GIn32Glu) (Het) 0.9825 B/B 26.7
FBLN2: ¢.385G > A; p.(Asp129Asn) (Het) 0.8675 LB/VUS 29.1
30 46,XY Female Opposite sex-PGD €.614_615insC p.GIn206Thrfs*20 (Het)  GLI2: c.4332G > A; p.(Met1444lle) (Het) 0.9400 B/B 15.95
GLI2: ¢.4333C > T; p.(Leu1445Phe) (Het) ~ 0.9400  B/B 2.4
Further details are provided in Supplementary Table S2. ®Pathogenicity score with NRSA1/SF-1 variant (ORVAL). PACMG American College of Medical Genetics classification, CGD, complete gonadal
dysgenesis; DSD, differences of sex development, Het, heterozygous; Hom, homozygous; PGD, partial gonadal dysgenesis; CGD, complete gonadal dysgenesis; DSD, differences of sex development, Het,
heterozygous; Hom, homozygous; PGD, partial gonadal dysgenesis; NSDU, Non-specific disorder of under masculinisation, TDSD; testicular DSD; ND, not defined, B, Benign; LB, Likely Benign; VUS, Variant
of unknown significance; NR1IH2: ¢.515_516insCAA; p.(Arg171_Lys172insAsn), not defined in ORVAL but included in the analysis due to pathogenicity (VUS). FLNB: c.2195A > G; p.(Tyr732Cys). DHRS7:
431G > A; p.(Argl44His), KANK1: ¢.1322C > T; p.(Thr441lle), CCDC59: c.499A > G; p.(Thr167Ala), SYNM: c.361C > A; p.(GIn121Lys), SYNM: ¢.368C > T; p.(Ala123Val) below ORVAL threshold (>0.85
(hg38)) but included in the analysis due to their pathogenicity (VUS). AKR1C3, NM_003739.6; APC, NM_000038.6; AXIN1, NM_003502.4; CBX2, NM_005189.3; CCDC59, NM_014167.5; CDH23,
NM_022124.6; CITED2, NM_006079.5; COL1A1, NM_000088.4; DHRS7, NM_016029.4; DKK1, NM_012242.4; ETNK2, NM_018208.4; FBLN2, NM_001004019.2; FDXR, NM_024417.5; FLNB,
NM_001457.4; GATA5, NM_080473.5; GLI2, NM_005270.5; GLI3, NM_000168.6; HHAT, NM_018194.6; INO80, NM_017553.3; KANK1, NM_015158.5; KAT6B, NM_012330.4; LGR5, NM_003667.4; LRP6,
NM_002336.3; MAPK14, NM_139012.3; MKKS, NM_170784.3; MYO7A, NM_000260.4; NOS1, NM_000620.5; NR1IH2, NM_007121.7; NR5A1, NM_004959.5; PDGFRA, NM_000358.3; PKD1,
NM_001009944.3; PLXNB1, NM_001130082.3; PPARGC1B, NM_133263.4; PTCH1, NM_000264.5; RXFP2, NM_130806.5; SEMA6D, NM_001358351.3/ENST00000536845.7; SFRP1, NM_003012.5;
SPRY4, NM_001127496.3; SRA1, ENST00000336283.6; SRCAP, NM_006662.3; SYNM, NM_145728.3; TBCE, NM_003193.5; TBX2, NM_005994.4; ZFPM2, NM_012082.4; ZNF462, NM_021224.6.
Table 3: Clinical and genetic characteristics of DSD index cases with NR5A1/SF-1 and additional gene variants suggesting oligogenic inheritance according to ORVAL.>*

(n = 2), KATG6B (n = 2), MYO7A (n = 2), PKDI (n = 3),
SPRY4 (n = 2), and ZFPM2 (n = 3).

To Dbetter understand the collaborative network of
SF-1, we searched for common pathways between the
NRS5A1 gene and the 46 genes with identified additional
variants of our study participants using Reactome. This
analysis revealed common pathways for 14 genes (30%).
These shared pathways included transcription and gene
expression, developmental biology, metabolism of

proteins, post-translational modifications, and signal
transduction (Fig. 4).

Consideration of oligogenic DSD in combination
with NR5A1/SF-1 variants through trio analysis in
five model cases

Model case 1

This male with a severe 46,XY DSD phenotype (index
case 18, Table 3, Figs. 3 & 5a) inherited a heterozygous
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Fig. 2: Bar plot of the VarCoPP score of 64 rare gene variants found in oligogenic combinations with NR5A1/SF-1 variants in 22 cases
with DSD. The pathogenicity score (VarCoPP score) generated by ORVAL's VarCoPP tool represents the probability (value between 0 and 1) that
a variant combination belongs to the disease-causing class. If this score is above 0.4575 (hg38), the model predicts that the combination is
disease-causing. For stricter analysis a pathogenicity score >0.85 (hg38) (dotted red line) was set as the threshold to include only gene pairs
with combinations falling into the 99.9%-confidence zone. For one candidate variant (NR1H2, p.Arg171_Lys172insAsn) no prediction was found
in ORVAL. Predicted digenic effect by ORVAL's digenic effect predictor tool-** for the combination of NR5A1/SF-1 variants of each case with
the additional variants are indicated by two colours: True digenic combination (blue), where the simultaneous presence of a pathogenic allele in
each gene is necessary for the individual to express the disease phenotype. Monogenic and Modifier combination (violet), where a variant on
the major gene induces a disease phenotype, while a mutation in the modifier gene modifies it.

NR5A1/SF-1 variant (c.937C > T, p.Arg313Cys) from his
healthy father; the mother was wild-type (WT) for
NR5A1/SF-1. The p.Arg313Cys SF-1 variant has been
reported in heterozygous state in five other patients:
three males with a less severe DSD phenotype (glan-
dular/scrotal  hypospadias ~ with  or  without
microphallus)’*”? than observed in our case; one female
with 46,XY gonadal dysgenesis,”” and in model case 3
(Fig. 5C). Functional testing of this NR5A1/SF-1 variant
showed impaired transactivation activity.”>”* In addition,
in vitro cellular reprogramming using induced pluripo-
tent stem cells from the female patient with 46,XY
gonadal dysgenesis, showed abnormal expression of
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gonadal transcripts and absence of tubules formation.”*
WES analysis of model case 1 revealed two additional
heterozygous variants in the index DSD case only:
AXIN1 ¢.1485C > G; p.(Asp495Glu) and DKKI
c.470G > T; (p.Ser1571le) (Fig. 5a). AXIN1 promotes
male gonadal formation and inhibits ovarian develop-
ment.>”” AXIN1 variants have been associated with
cryptorchidism.”* The DKK1 gene is crucial for the
development of the anorectal and genitourinary tract.”
A heterozygous DKK1 variant has been reported in an
individual with anorectal malformation and hypospa-
dias.” The phenotype of model case 1 may be explained
by the contribution of the additional variants, as the
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Fig. 3: Stacked bar plot for 22 cases with DSD harbouring NR5A1/SF-1 variants showing the predicted pathogenicity of 65 variants based
on Franklin (aqua green) and VarSome (blue) classifications. Clinical significance is given according to ACMG criteria for variants classifi-
cation: 1 (Benign), 2 (Likely Benign), 3 (Variant of Uncertain Significance, VUS), 4 (Likely Pathogenic), 5 (Pathogenic). Note that none of the
variants were predicted pathogenic or likely pathogenic, but need to be included when considering oligogenicity. Symbols indicate model cases

that are described in detail in the text.
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in our study participants. The analysis was performed with Reactome and the visualisation with Cytoscape.®®

father is a carrier of the NR5A1/SF-1 variant and is
completely asymptomatic. However, whether both or
predominantly one of the additional variants contribute
to the observed phenotype remains open.

Model case 2

This is a family with two siblings with a severe/opposite
sex 46,XY DSD, one assigned female and one male,
respectively. Both inherited a heterozygous NR5A1/SF-1
variant (c.217T > A; p.Cys73Ser) from their asymptom-
atic mother (index case 12, Table 3, Figs. 3 & 5b). The
p-Cys73Ser SF-1 variant was newly identified in our
SF1next cohort” and classified as pathogenic according
to ACMG criteria. This SF-1 variant showed WT activity
in previously performed in vitro functional tests.”” Trio
WES identified three heterozygous candidate variants:
GLI3 (c.2179G > A; p.(Gly727Arg)), APC (c.7514G > A;
p-(Arg2505Gln)) and PKD1 (c.12436G > A;
p-(Val4146lle)) in both siblings and the healthy father,
who is WT for NR5A1/SF-1. The transcription factor
GLI3 is involved in male sex differentiation and external
genitalia formation” and GLI3 variants have been
associated with hypospadias,” cryptorchidism,” hypo-
gonadotropic hypogonadism® and oligogenic 46,XY
DSD."” The APC gene acts as a negative regulator of
Wnt signalling pathway and decreases SF-1 mediated
activation of the Mullerian inhibiting substance type II
receptor (MISRII or AMHR2) promoter, which is

crucial for Miillerian duct regression in males. PKD1
variants cause autosomal dominant polycystic kidney
disease, which involves reproductive tract abnormalities
and infertility in males®; while an oligogenic role in
46,XY DSD has been previously suggested.”**' Com-
parison of the genotype between the siblings showed
two additional de novo variants in the SYNM gene:
c361C > A; p.(Glnl2llys) and c.368C > T;
p-(Alal23Val)), present only in the sibling with the
opposite sex DSD. SYNM variants have been reported in
cases of Ulnar-Mammary-Like Syndrome,* in which
genital defects such as micropenis and cryptorchidism
have been observed in rare cases.” The SYNM variants
had a lower CADD score and by the digenic effect pre-
dictor were predicted having a “modifier effect” with the
NR5A1/SF-1 variant, while all other identified variants
of both siblings were predicted having “true digenic”
effects. Taken together, these findings suggest that the
GLI3, APC, PKDI1, and NR5AI variants may work
together in an oligogenic network influencing the spe-
cific DSD phenotype (Fig. 5b).

Model case 3

A male with a de novo heterozygous NR5A1/SF-1 variant
(c.937C > T, p.Arg313Cys) (index case 14, Table 3,
Figs. 3 & 5c) presented with severely undervirilised
external genitalia and hypogonadism at birth. This SF-1
variant was also identified in the model case 1, as well as
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Fig. 5: Family trees showing the individual gene variants (left panel) and the predicted oligogenic network (right panel) in five model
cases (a-e). The pedigrees depict the inheritance patterns of the identified variants. Note that all variants were observed in a heterozygous
state. The networks created for each case by ORVAL inform on predicted gene interactions necessary to reveal a disease phenotype.

in other three patients with mild or severe DSD.”*7* Trio
WES revealed two additional heterozygous variants only
in the index case. One variant was found in the SPRY4
gene (c.55C > G; p.(GIn19Glu)), which is associated with
hypogonadotropic hypogonadism, where the congenital
form was also linked to oligogenic inheritance.'**~* The
other variant was identified in the TBCE gene
(c.214C > T; p.(Pro72Ser)), previously mentioned to be
related to micropenis and cryptorchidism.***

Model case 4

A male with a severe 46,XY DSD phenotype (index
case 13, Table 3, Figs. 3 & 5d) inherited a heterozy-
gous NR5A1/SF-1 variant (c.40C > T, p.Prol4Ser)
from his mother, who underwent ovarian stimulation
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for conception, and previously had three mis-
carriages. The p.Prol4Ser SF-1 variant was newly
identified in our SFlnext cohort,” classified as VUS
according to ACMG criteria and showed activity
similar to WT in vitro.”” In trio WES two additional
variants were found in the index case and the healthy
father, who was WT for NR5A1/SF-1. One in the
CBX2 (c.849G > T; p.(Lys283Asn)) gene and one in
the GLI3 (c.2179G > A; p.(Gly727Arg)) gene. The
CBX2 gene plays an important role in gonadal for-
mation,” and activates NR5A1 expression during
testis development.**** In addition, compound het-
erozygous CBX2 variants were reported in a female
with 46,XY DSD.* GLI3 variants have been identified
in other cases of our cohort (see above).
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Model case 5

A 46,XY DSD individual female (index case 9, Table 3,
Figs. 3 & 5e) had inherited a heterozygous NR5A1/SF-1
variant (c.902G > A; p.Cys301Tyr) from her asymp-
tomatic mother. This SF-1 variant has previously
revealed normal activity in functional testing.” WES of
the whole family identified six heterozygous variants:
PDGFRA (c.1285G > A; p.(Gly429Arg)), PKDI
(c.6598C > T; p.(Arg2200Cys)), CITED2 (c.117_119del,
p-(His39del)), FLNB (c.4233C > G; p.(Phel41lLeu))
were found in the index case and her father (WT for
NR5A1/SF-1 variant), while TBCE (c.214C > T,
p-(Pro72Ser)) and FLNB (c.6017A > G; p.(Lys2006Arg))
variants were only found in the index case. Variants in
PDGFRA, PKD1, TBCE, and FLNB genes are all asso-
ciated with a DSD phenotype, consistent with observa-
tions in other cases in our cohort (index cases
17,12,16,14,25). It is important to note that this index
case has compound heterozygous variants in the FLNB
gene, which aligns with another reported case of 46,XY
sex reversal and skeletal dysplasia caused by biallelic
mutations in FLNB.® The CITED2 variant was uniquely
identified in this specific index case from our cohort.
CITED2 is an important transcription co-regulator in
early male gonadal formation. It interacts with SF-1 to
enhance its transcriptional activity, which is crucial for
proper gonadal development.”~* CITED2 deficiency is
associated with gonadal defects in mice, including sex
reversal®? and premature ovarian failure in humans.”

Discussion

In this study, we explored possible oligogenic patterns
in 30 individuals and family members with a broad
range of DSD and NR5A1/SF-1 variants, recruited from
the SFlnext study cohort,” by conducting WES, oligo-
genicity testing in ORVAL bioinformatics platform, and
phenotype-guided data analysis on identified variants.
Oligogenicity was identified in 22 individuals with
46,XY DSD (73%); each carrying one to seven additional
variants, predominantly in DSD-related genes, that
likely contribute to the DSD phenotype. The combina-
tions varied between individuals, though common var-
iants were identified in genes such as TBCE, FLNB,
GLI3 and PDGFRA. In addition, variants in eight
different genes were more frequently identified together
with NR5A1/SF-1 variants in 15 index cases; these
genes were all previously associated with DSD,
including CDH23, FLNB, GLI2, KAT6B, MYO7A,
PKD1, SPRY4, and ZFPM2. Furthermore, two in-
dividuals had additional candidate variants in
DSD-related genes, but they were not predicted to form
oligogenic combinations with the NR5A1/SF-1 variants
in ORVAL. In seven individuals, our WES analysis did
not reveal additional candidate variants, indicating that
their DSD phenotype might be explained by high
penetrant variants in NR5A1/SF-1 or by other, yet

undiscovered variants or mechanisms. Interestingly,
most of these variants were truncating, resulting in se-
vere loss-of-function effects, except for one missense in
the homozygous state and one nonsense variant, while
the majority of the variants in NR5A1 in the rest cohort
were missense. Taken together, our data suggest that in
about three out of four DSD individuals with NR5A1/
SF-1 variants, additional variants in DSD associated
genes can be found that may act as disease modifiers of
the phenotype. Thus, the vast spectrum of additional
genetic hits discovered can possibly explain the broad
phenotype observed in many individuals with NR5A1/
SF-1-related DSD and their family members.

The findings in our large SFlnext study cohort
confirm genetic data from previous case reports and
smaller case series of individuals with DSD harbouring
NR5A1/SF-1 variants, in which a total of more than 50
additional variants in 42 genes have been
identified.>#0##5572729111 For example, variants in the
GLI2 gene were identified in our cohort and have been
reported in other cases of 46,XY DSD associated with
NR5A1/SE-1%; but GLI2 variants were also seen in
combination with variants in other genes than NR5A1/
SF-1 in DSD.""? Likewise, variants in the SRA1 gene
were identified in our cohort in combination with
NR5A1/SF-1 and in a previous study.'” Additionally,
variants in the ZFPM2 gene seem to play a role in oli-
gogenic aetiology of DSD, particularly in individuals
with NR5A1/SF-1 variants.””* As some specific genes
were found prevalently in our SFlnext cohort and in
previous reports, these genes may form a core network
preferentially working together with SF-1 in sex devel-
opment (Fig. 4). Yet, our study, along with other reports,
identified a wide range of potential oligogenic combi-
nations with NR5AI/SF-1, including many unique
combinations only found in single patients or families.
Additionally, variants in genes that so far have not been
associated with DSD and SF-1 were found. Given the
rarity of DSD due to NR5A1/SF-1 variants and the
limited number of individuals analysed so far, it re-
mains difficult to fully map the exact gene networks and
predict their disease-causing effects when altered in
different combinations. Therefore, it is important to
recognise that each individual’s genetic makeup
contributing to the DSD phenotype is mostly unique
and often more complex than initially thought.

Our analysis did not reveal additional variants in
seven individuals with NR5A1/SF-1 variants and DSD.
Of those, five individuals harboured heterozygous de-
letions in the NR5AI gene resulting mostly in frame-
shift variants and severe alterations of the SF-1 protein.
This finding suggests that frameshift variants in NR5A1
may be sufficient to cause the observed DSD phenotype.
However, in two of these cases, family members har-
bouring the same NR5AI/SF-1 variant as the index
cases exhibited a less severe DSD phenotype, indicating
that still hidden disease modifiers are at stake.
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Moreover, three other index cases of our cohort had
frameshift NR5A1/SF-1 variants and were found to have
additional genetic variants predicted to contribute to an
oligogenic disease mechanism. Other studies have re-
ported four cases with deletions in the NR5A1 gene and
additional variants in genes such as TBX2, EGF,
SRD5A2, DHX37.55°7100101153 [n  the remaining two
cases, we found additional candidate variants in
COL9A3 and DHX37 genes, but without prediction in
ORVAL; one was homozygous for a missense NR5A1/
SF-1 variant and the other had a NR5A1/SF-1 duplica-
tion. The homozygosity may have led ORVAL/VarCoPP
to focus on a monogenic effect, while the duplication
represents a known limitation of the ORVAL pre-
dictions. The specific NR5A1/SF-1 variants in these last
two cases could therefore be true monogenic. Overall,
these negative findings may reflect the known limita-
tions of ORVAL as a tool for accurately predicting
combinations of rare or less characterised variants, such
as deletions, duplications and frameshifts.** Addition-
ally, ORVAL’s predictions are limited by: a) its design,
which includes program-specific data sets and predictive
tools, and b) the lack of inclusion of clinical data. As a
result, the tool faces constraints in terms of sensitivity
and specificity, but so far it remains the only tool widely
used. The evidence supporting a reported gene or
variant as causative for DSD varies significantly. To
prove the disease-causing mechanism of a genetic dis-
order can be challenging, particularly if an oligogenic
causation is suspected. Multiple variants may exert mi-
nor modifying effects, which are not individually, but all
together pathogenic; and these variants can be located in
genes that are either unknown or not typically associated
with the disease phenotype.'*'" Indeed, it has been
shown that variants participating in oligogenic combi-
nations exhibit distinct characteristics compared to
those in monogenic diseases, such as being more
prevalent in the general population, and having lower
monogenic pathogenicity scores. They also have smaller
effects on gene function, or are located in genes that are
not typically associated with the same disease. 114115
Functional testing for studying oligogenicity requires
integrating multiple variants into in vitro (mostly cell) or
in vivo models to assess their combined effect on bio-
logical functions related to the DSD phenotype.
Whether patient-derived reprogrammed cell models will
help, remains to be tested. These cell models benefit
from carrying the specific genetic background of the
donor, while other challenges and limitations encoun-
tered with cell models continue.’*''*'** By contrast,
several computational approaches have recently
emerged to assess oligogenicity and prioritise causative
variants. In our study, we used VarCoPP (integrated in
ORVAL), a machine learning tool designed to assess the
potential pathogenicity of variant combinations.**
However, while VarCoPP can predict oligogenic com-
binations, additional investigation of each of the
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identified combinations is necessary for assessing
disease-relevance. Another tool currently under devel-
opment is Hop (High throughput oligogenic prioritiser);
Hop aims to streamline the process by evaluating both
phenotyping and genotyping information, to score the
disease relevance of the predicted combinations.”

We are aware that apart from oligogenic inheritance,
other mechanisms should also be considered to explain
variable expressivity and phenotypic variability associ-
ated with NR5A1/SF-1 variants; but these mechanisms
have only been formulated as hypotheses without
confirmation, including: skewed allelic expression,
function within a dosage sensitive developmental time
window,'” epigenetic regulations,”** mosaicism* and
tissue-specific somatic reversion mechanisms. All these
hypothetical mechanisms are challenging to address,
especially in humans.

Regarding the strengths of our study, a key advan-
tage lies in the systematic approach we used to analyse
individuals with NR5A1/SF-1 variants through WES,
employing a tailored algorithm for DSD- and SF-1-
related genes, with the aim to search and identify oli-
gogenic patterns. This approach included a substantial
number of index cases (n = 30) and their family mem-
bers (n = 35), providing a more representative (so far
largest) cohort compared to previous studies reporting
single cases or case series. Unlike previous studies, we
believe that our study provides a large enough number
to address the specific question of oligogenicity in DSD
related to NR5A1/SF-1, using current state-of-the art
tools and algorithms, which, although advanced, are still
not without restrictions.

On the other hand, our study has also several limi-
tations: The tailored algorithm was designed to focus on
genes related to DSD and SF-1 and thereby may miss
out on other genes not yet associated with these phe-
notypes or the complex process of sex development.
Moreover, our WES-based approach did not account for
non-coding variants far away from splice sites, as well as
variants in regulatory elements, which could also
contribute to the DSD phenotype as just recently
shown.*"* As mentioned before, the genetic, bio-
informatic/machine learning tools and experimental
models currently available for oligogenicity testing and
predictions, are still scarce; so far only ORVAL has been
used in several studies.***'*:12 In addition to the
limitations we have addressed previously, it is also
important to mention that ORVAL always tests the
relationship between only two candidates (called “bi-lo-
cus combination” by the program); when finding several
candidates, the program cannot discriminate, which
variants’ combinations are more likely disease causing.
In addition, more extended family studies would maybe
help in segregating variants. Further investigation of our
cohort could benefit from integrating WES data with
gene expression (RNA sequencing) data. This combined
analysis could help to understand the effect of the
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genetic background on expressivity of causative variants
associated with DSD. Another approach to identify var-
iants possibly contributing to oligogenic patterns, would
be the use of newer, emerging technologies such as
long-read sequencing (LRS) or optical genome mapping
(OGM), which can identify non-coding variants, and
large or complex structural variants that can also cause
DSD.#1o4ns2 - Eyrthermore, DNA  methylation and
episignature analysis are increasingly being used to
assist in the diagnosis of unsolved diseases and could
serve as an additional tool for identifying or clarifying
causative variants in complex DSD, such as those linked
to NR5A1.”"»12 Finally, rareness of the DSD phenotype
and specifically persons carrying NR5A1/SF-1 variants
also hinders statistical approaches for small sample size.

In conclusion, our study shows that approximately
three out of four 46, XY DSD individuals with NR5A1/
SF-1 variants carry additional variants in DSD-related
genes that may contribute to the DSD phenotype.
These findings possibly explain the broad variability of
phenotypes observed with SF-1 related DSD and indi-
cate oligogenic inheritance. Using NGS, resequencing
and bioinformatic tools with disease-tailored algorithms
for data analysis may yield a molecular genetic diagnosis
in a larger number of DSD persons. Uncovering the
genetic basis of the DSD phenotype in many individuals
and their families might be more complex than
assumed.
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