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Context

The genetic basis of human sex development is glbaihg elucidated and more than 40
different genetic causes of differences (or distadef sex development (DSD) have now
been reported. However, reaching a specific diagnasng traditional approaches can be
difficult, especially in adults where limited bicaimical data may be available.

Objective

We used a targeted next-generation sequencingagpto analyze known and candidate
genes for DSD in individuals with no specific mal&r diagnosis.

Partcipants and Design

We studied 52 adult 46,XY women attending a siruglater adult service, who were part of a
larger cohort of 400 individuals. Classic condis@uch as1¥#hydroxysteroid
dehydrogenase deficiency type 8;reductase deficiency type 2 and androgen inseigiti
syndrome were excluded. The study cohort had bnaaking diagnoses of complete
gonadal dysgenesis (CGD) (n=27) and partiallyigeid 46,XY DSD (pvDSD) (n=25), a
group that included partial gonadal dysgenesis (P&1d those with a broad "partial
androgen insensitivity syndrome” label. Targettequencing of 168 genes was undertaken.
Results

Overall a likely genetic cause was found in 16/82 8%) individuals (22.2% CGD; 40.0%
pvDSD). Pathogenic variants were found in SRY (nE8YIRT1 (n=1), NR5A1/SF-1 (n=1)
and DHH (n=1) in the CGD group, and in NR5A1 (nBHH (n=1) and DHX37 (n=4) in

the pvDSD group.

Conclusions

Reaching a specific diagnosis can have clinicalicapons and provides insight into the role
of these proteins in sex development. Next-ger@mratéquencing approaches are invaluable,
especially in adult populations or where diagnostoachemistry is not possible.

Keywords: sex determination, DSD, SRY, steroidogenic factor-1, DHX37,
desert hedgehog
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I ntroduction

It is now more than 25 years since SRY was idettifis the main testis-determining gene in
humans and mice and as a cause of 46,XY differgiaissrders) of sex development
(DSD)*2 Since then, at least 40 other genetic causesSef Bave been reported, but the
relative contribution to these genes within theichl setting is poorly documented

DSD is usually considered in three broad categoses chromosome DSD (SCDSD),
46,XY DSD and 46,XX DSD. Whilst the diagnosis of specific forms of SCDSmIa#6,XX
DSD can usually be made with karyotyping or biocluatranalysis (for congenital adrenal
hyperplasia, CAH), the specific diagnosis of 46,K%D is often more challenging.

46,XY DSD is commonly divided into conditions affexy gonad (testis) development
(e.g. complete gonadal dysgenesis, also known gerSyndrome) or conditions affecting
androgen biosynthesis and action. Proximal geibédicks in androgen biosynthesis are rare
and usually affect the adrenal gland as well agitmad (steroidogenic acute regulatoty
proteinSTAR P450 side-chain cleava@®YP11A13B-hydroxysteroid dehydrogenase type
3/HSD3B2 17a-hydroxylaseCYP17A1P450 oxidoreducatd®DOR. More specific defects in
testosterone biosynthesis tiydroxysteroid dehydrogenase deficiency typelSD17B3,
in the conversion of testosterone to dihydrotestoste (o-reductase deficiency type 2,
SRD5A2, or in androgen action (androgen insensitivitygdgpme, androgen receptaR)
can sometimes be suspected on clinical or biocte@miounds, but genetic testing is
Egecoming increasingly important given the overlaplinial features amongst various causes

To complicate diagnosis further, each condition lcave a spectrum of genital
phenotypes depending on the underlying variantatiner modifying factors. This situation is
especially apparent for changes in steroidogemiofel (SF-1, encoded BYyR5A), where
clinical and endocrine features ranging from congptpnadal dysgenesis through to
hypospadias or male factor infertility can be st

Newer technologies such as high-throughput nex¢ggion sequencing (NGS) now
allow the analysis of many genes simultaneoustiénDNA from one individual. Panel-
based approaches and exome sequencing have beeedegcently for the diagnosis of
several endocrine conditions such as neonatal @islmeellitus and primary adrenal
insufficiency®*3 as well as for DSB*°

Here, we report the results of a targeted NGS saisabf a relatively large cohort of
individuals with 46,XY DSD who had the working dragsis of complete gonadal dysgenesis
(CGD), or partially-virilised 46,XY DSD (pvDSD) (125), a group that included partial
gonadal dysgenesis (PGD) and those with a broatidpandrogen insensitivity syndrome
(PAIS)” label (androgen receptor negative). We yred more than 150 genes that are either
established or potential causes of 46,XY DSD, odadate genes for 46,XY DSD based on
our published “Atlas” of differential transcriptomexpression during early human
embryonic/fetal gonad developmént

1. Material and M ethods

A. Study cohort

The study was undertaken in a cohort of 52 indizid 46 sporadic, 3 sibling pairs) with
46,XY DSD of unknown molecular etiology attendirdu#t DSD clinics at University

College London Hospitals NHS Foundation Trust (Rig.This Adult DSD clinic takes place
in the setting of a Department of Women'’s HealtherEfore the spectrum of DSD
phenotype is predominantly female. Consecutiveesubjwere approached without clinical
selection criteria providing a real life clinicadlwort. These individuals were part of a larger
cohort of 400 women with 46,XY DSD, whereftiydroxysteroid dehydrogenase deficiency
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type 3 (1B-HSD) HSD17B3 (n=26), m-reductase deficiency type 2 (5SARHRD5A2
(n5=é30) and androgen insensitivity syndrome (AISR((n=170) had been pre-screened (Fig.
1)~

A total of 27 women had a working diagnosis of C&fl mostly presented with female-
typical genitalia and primary amenorrhoea/absebepy in adolescence (“Swyer
syndrome”). They were recruited from a total coluér84 women with CGD.

Another 25 individuals presented with atypical ¢gelia and were brought up as girls with
a working diagnosis of PGD or “PAIS”. They weremgted from a total of 53 women with
this phenotype where the underlying diagnosis wésown. Historically, many individuals
have been labeled under the “umbrella” term “PAlgithout genetic or biochemical
evidence of the diagnosis. We have termed thisgfpartially-virilised 46,XY DSD
(pvDSD)".

Individuals with adrenal insufficiency or high stetogenic blocks/CAH, renal anomalies
or obvious syndromic associations of DSD were edetl

Informed consent was given by all participants.dgesh Ethics Committee approval was
obtained as part of The Reproductive Life Coursgdet (IRAS project ID 184646, REC
referencel6/L0O/0682) or study of the genetics of Reproductive Biology (07Q050824).

B. Genetic analysis
DNA was extracted from peripheral blood leukocyissg standard methods and subjected
to genetic analysis using the approaches outlieéalAb

B-1. Sanger Sequencing for NR5A1
Analysis ofNR5A1was undertaken using standard Sanger sequendingrmers and
conditions reported previousfs.

B-2. Haloplex® targeted Next Generation Sequenpaggel

A HaloPlex DNA targeted gene enrichment panel @&gilTechnologies, Inc., Santa Clara,
CA) was designed using SureDesign softwanew.agilent.com/genomics/suredesign). This
panel included 168 known DSD-associated genes hssvpotential candidate genes (Table
1). The panel captured all coding exons and 100lp@nic flanking sequence of genes of
interest with predicted target coverage >98.87%.

Genomic DNA samples (225ng) were processed fomilha Sequencing according to the
“HaloPlex Target Enrichment System” protocol (VersD.5, Agilent Technologies, Inc.)
and as described previousfy Resultant libraries were then subjected to NGSguan
lllumina MiSeq platform (Illumina, Inc., San DiegBA). Raw FASTQ files were analysed
using SureCall (v3.0.1.4) software (Agilent Teclogiés, Inc.). Visual inspection of BAM
files was also undertaken to ensure deletions yijemes were not overlooked.

B-3. Nonacus® targeted Next Generation Sequenanglp

A further 12 potential known and candidate gene®fBD were analysed using a Cell3
Target enrichment panel for NGS (Nonacus Ltd, Baghiam, UK) (Table 1). This captured
all coding exons, including 100 bp intronic flansisequence, with a predicted target
coverage of 97.35%.

Genomic DNA samples (100ng) were prepared for lihaxSequencing according to the
“Cell3™Target Cell Free DNA Target Enrichment foex Generation Sequencing (lllumina
sequencers) v1.2.2” protocol. In brief, DNA wasasieel by an enzymatic fragmentation
before undergoing end-repair and dA-tailing. Thatges the lllumina UMI adapters to be
ligated on both 5’ and 3’ ends. DNA was then padfusing Agencourt AMPure beads to
remove residual non ligated adapters. DNA was draglusing primers that bind to the
ligated adapter. Libraries were hybridized with tustomized probes before undergoing a
further bead wash to remove non-targeted DNA. Ttachibrary DNA sequences were then
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amplified using primers binding specifically to seqces within the lllumina adapters. A
final bead clean-up step was carried out beforatjieation of captured libraries. These
were then sequenced on a Miseq platform (lllumiRaw FASTQ files were analysed using
a bioinformatic pipeline provided by Nonacus andsaguent variant analysis was carried
out in Ingenuity Variant Analysis software (Qiag®&@alencia, CA). Inspection of BAM files
was carried out using Integrative Genomics Vieu@i/( %.

B-4. Variant validation

Validation of key variants identified was performgging Sanger sequencing. Regions of
interest were PCR amplified and sequenced usinig ®¥e Terminator v.1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City,)@A an ABI3130 sequencer (Applied
Biosystems), and visualized using Sequencher viGese Codes Corporation, Ann Arbor,
MI). Control data for population genomic variatiwas obtained using the Genome
Aggregation Database (gnomAD) (gnomAD, Cambridgé, M
https://gnomad.broadinstitute.org; accessed JarRxr9)>.

B-5. Functional prediction of genetic variants

Functional predictions of the effects of specifasiants was performed using SIFT,
PolyPhen2 and MutationTaster algorithrh&p(//sift.jcvi.org/;
http://genetics.bwh.harvard.edu/pph2/; http://www.mutationtaster.org/). Conservancy
mapping was undertaken with UniProt (https://wwvipuot.org). Cartoons of protein
domains were constructed using Domain Graph (DG@3ion 2.0°°.

C. Molecular modeling and simulation of DM RT-DNA complexes

The molecular models of wild-type (WT) and mutatB®T1 (Doublesex and Mab3-related
transcription factor 1) proteins were constructsthgt MODELLER, within the Protein
Modeling module of Discovery Studio v2.1 (Acceliys., San Diego, CA3®. The human
DMRT1 sequence retrieved from the Uniprot database
(https://www.uniprot.org/uniprot/Q9Y5R6) was used as a reference and only residues 70-130
were considered for modeling purpo$édwild-type (WT) and p.R80S mutant were modeled
using the recently reported crystal structure shan DMRT1 (70-130) in complex with

DNA (PDB id 4YJ0) as templafé.

For each protein model, a set of 100 models wenstoacted and the best one according
to the Modeller internal PDF score was selectedifoulations steps. The DMRT1 WT and
p.R80S mutant in complex with DNA systems were gateel using VMD v1.93, by
inserting each protein into a 110 x 70 x 80 A borsisting of a classic TIP3P model for
water molecules, neutralized with Nar Clions?** Periodic boundary conditions were
imposed in all three directions and the ParticlsMEwald (PME) method was used to
account for full long-range electrostatic interans within the selected boundary condition
within a relative tolerance of 1xPG The final systems were composed of nearly 60,120
atoms.

Molecular dynamics simulations were carried outwite NAMD v2.13 simulation
package, using the CHARMM36 force field parameterproteins®*~* The simulation was
started with a brief energy minimization for 5,0646ps, followed by 1 nanosecond (ns)
heating with protein backbone sequential releasdpdfa carbon restraints (force constants
were gradually reduced from 10 kcal/mdi# 0 kcal/mol &), 4 ns of equilibration and 10
ns production simulation for each protein was pented. The PME method was used for full
long-range electrostatics within a relative tolesnf 1x10° A 12 A cut-off was used to
compute non-bonded interactions with a smooth $witcfunction applied at a distance of
10 A. To impose the thermal exchange with an esleirermostat, the isobaric-isothermal

ensemble (NPT) with constant number of particlepidssure P and temperature T was used.

Constant temperature was maintained by couplingystem to a thermal bath whose
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temperature is maintained via Langevin dynamich wifriction coefficient of 1 ps

Constant pressure was maintained using a Langéstionpat a nominal value of 1 afth

The SHAKE algorithm, with a tolerance of 1388, was applied to constrain the length of
all covalent bonds involving hydrogen, thus allogvthe use of a 2 fs integration time.
Trajectory analyses and measurements were perfousiad VMD v1.9.3°. By plotting G-
root-mean-squared (RMSD) deviation along the madégalynamic simulation, we assessed
the structural equilibration reached by the models the distances between the terminal
heavy atom (Cz in Arg80 or O in the case of See8@) the nearest oxygen on the phosphate
backbone. Figures were rendered using Pymol v2&:Brodinger LLC.,
https://www.schrodinger.com).

D. Transient gene transcription assays

Expression vectors containing the NR5A1/SF-1 p.G22P.L420P missense variants were
generated by site-directed mutagenesis (QuikCh&tgatagene, Amsterdam, The
Netherlands) using a wild-type (WT) pCMX-NR5AL telate and validated by direct
sequencing. Transient transfection studies wer@ieed using lipofectamine 2000
(Invitrogen, Paisley, UK) in 96-well plates andwatluciferase reporter assay system
(Promega, Madison, WI), as reported previod&lstudies were performed in tsa201 human
embryonic kidney cells by transfecting empty, Wi ptant NR5A1/SF-1 expression
vectors (hg/well; p.G22D, p.L420P) with the SF-1-responsiieimal promoter of Cyplla
linked to luciferase (10@g/well). 24h following transfection, cells were lysed and facase
activity was assayed (Dual Luciferase Reporter Asyatem, Promega; FLUOstar Optima,
BMG Labtech, Aylesbury, UK), with standardizatiar Renilla co-expression. Results are
shown as the mean+SEM of three independent expetaneach performed in triplicate.

E. Immunohistochemistry

Immunohistochemistry (IHC) for desert hedgehog (Dkds undertaken in human fetal
testis (9 weeks post conception) with ethical appirREC reference 08/H0712/34+5) and
informed consent in collaboration with the HumarvEepmental Biology Resource
(HDBR, www.hdbr.org). In brief, 12um sections were fixed briefly in 4% A in TBS, rinsed
in TBS and blocked in 1% BSA in TBS-Tween (0.5% ®&wgbefore incubating overnight
with mouse monoclonal anti-human DHH antibody (Sabtuz Biotechnology, Inc., CA, sc-
133244, 1:50 dilutiorf§ and rabbit anti-human anti-Mullerian hormone (AM&jtibody
(AbCam, Cambridge, UK, ab-103233; 1:200 dilutidh)Sections were washed with TBS-
Tween (0.5% Tween) then incubated for 1 hr withxak#88 goat anti-mouse (Invitrogen,
A11001; 1:400)® and Alexa555 goat anti-rabbit (Invitrogen, Walthavwf\, A21429; 1:400)
% respectively and counterstained with DAPI (Sighhdrich, St Louis, MO). Images were
captured on a Zeiss LSM 710 confocal microscopel @ass, Oberkochen, Germany) and
analyzed using Image J (NIH, Bethesda, MD).

2. Results
Overall a likely pathogenic variant was found inidéividuals in the cohort (16/52, 30.8%).

A. Complete gonadal dysgenesis
A molecular etiology was attained in 6/27 (22.2%gividuals with a clinical diagnosis of
CGD (Figs. 1 and 2; Table 2)

Three individuals had hemizygous pathogenic vasianSRY (sex-determining region
Y), with two changes affecting codons in the higblifity group (HMG) box (p.R62P,
p.N65D) and one variant being a novel, complexring@deletion affecting the native stop
codon of SRY (Table 2, Fig. 3A and B).

One individual with CGD was found to have a hetggmus p.R80S variant in the first
zinc finger of DMRT1 (Table 2, Fig. 4A). This vaniais predicted to be damaging and was
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not found in the gnomAD database (Table 2). To gasight into the potential effect this
variant has on DMRT1, detailed molecular dynamigsutation of both WT DMRT and the
p.R80S mutant was performed. The R80 residue adesf with DNA, binding through a
hydrogen-bond (H-bond) interaction with the phosphmckbone of thymidine 16 (Fig. 4B
and C). The p.R80S mutant loses H-bond contactsthvis¢ phosphate backbone of DNA,
and displays longer distances compared to wild-{yp@3+ 0.36 v/s 4.34 0.18 A) during
simulation time (Fig. 4C and D). The electrostaiatential of the surface does not change
significantly (Fig. 4C).

One woman diagnosed with CGD was found to harbdwtarozygotic p.A280E variant in
helix 3 of the ligand-binding domain (LBD) of stetogenic factor-1 (NR5A1) (Table 2, Fig.
5A).

Another woman with primary amenorrhea and absesruatwas found to have a
homozygous p.F242L variant in desert hedgehog (DfHble 2, Fig. 6A).

B. Partially-virilised 46,XY DSD (pvDSD)
A molecular diagnosis was attained in a greategpgnmoon of individuals with a clinical
phenotype of pvDSD (10/25; 40.0%) compared to C6DY. 1 and 2; Table 2).

Five pathogenic variants, all in the heterozygdates were found iNR5A1(p.G22D,
p.R281C, p.G328R, p.E367Sfs*15, p.L420P) (Tablei@, 5A). These include four missense
changes and a frameshift change affecting codotieihBD. Transient transfection studies
confirmed that two of these NR5A1 missense varigmts22D and p.L420P) likely cause
loss-of-function (Fig. 5B), whereas the other tvesiants affect codons previously shown to
be disrupted in individuals with DSD.

One woman with partial virilisation and absent Miihn structures was found to have
compound heterozygous (p.A227V/p.R245P) variani3Hit, affecting a fairly localized
region within the carboxy (C)-terminal domain claeehe p.F242 codon described above
(Table 2, Fig. 6A). Using IHC we showed strong egsion of DHH in interstitial cells of the
testis just after the establishment of androgesyithesis in the human fetus (9 wpc), with
weaker expression in the Sertoli cells of primitsaminiferous tubules (Fig. 6B).

Finally, four individuals had pathogenic heterozygwariants in DHX37 (DEAH-Box
Helicase 37). Three of these affect a p.R308Q batgmd these have recently been reported
separately (Table 2, Fig. ¥ One additional variant (p.T477M) was identifiedhich affects
a highly conserved amino acid in the Rec-A2 matiRNA-binding region and is predicted
to be damaging and disease causing.

C. Candidategenesfor DSD

Analysis of candidate genes for DSD based on opemance of transcriptomic profiling did
not reveal any clear pathogenic variants in th@seeg analyzed (Table 1). No likely
pathogenic changes were found in the three silpiaigs studied.

Discussion

Reaching a specific diagnosis in 46,XY DSD can liedlenging as there are many different
potential causes and historically, these may haea lgrouped under “umbrella” terms such
as Swyer syndrome (CGD) or pvDSb

Whilst many of these patients have classic conutiguch as BFHSD, 5ARD and AlS,
individuals may not have been fully investigateitiafly, and making a diagnosis can be
difficult if the testes have been removed Reaching a specific diagnosis can sometimes
have benefits for understanding the natural histdry condition, identifying associated
features, defining likely inheritance and chandestloer family members being affected, and
in the long-term for understanding tumor fiskherefore, a molecular approach to diagnosis
is becoming increasingly important in both reseanet clinical setting$®“°
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Here, we report our analysis of a large cohortggK¥ women with DSD from a single
center. Using targeted genetic analysis and bioat#profiling (e.g. urine steroid profiling
by GC-MS-MS), those with BZHSD, 5ARD and AIS had been previously screened out
leaving a cohort of more than 50 women who wereuresd with a working diagnosis of
CGD or pvDSD*®. This is a typical scenario in clinical practicedawill be increasingly
common as adult DSD services and teams are es$iadblie provide better long-term follow
up and support in a multidisciplinary settitfg™

Using a NGS targeted sequencing approach of knomrcandidate genes, we were able
to reach a likely molecular diagnosis in 30.8%h# tohort as a whole, with a higher
proportion of genetic diagnoses being reachedarpttbSD group (40.0%) compared to the
CGD group (22.2%). This is similar to the otheriten data available, but it is important to
note that many studies to date have included iddals with conditions such asfitHSD,
5ARD and AIS, so have been less stringent tharctimieent study focusing on a cohort of
adults with undiagnosed DSD.

Within our study cohort we found likely pathogemariants in five different genes (SRY,
DMRT1, NR5A1, DHH, DHX37), with some overlap in gentation between the two broad
diagnostic groups. Our findings also provide insigko molecular aspects of these
conditions.

As expected, hemizygous variants in SRY were faaritiree women with CGD who

had presented with absent puberty and primary am&enin adolescence. The prevalence of

11.5% of CGD is consistent with previous data asméxected, the two missense variants
(p.R62P, p.N65D) affect amino acids in the HMG-lo®SRY, potentially in the region of a
nuclear localization signal or calmodulin-bindingtifi*>“¢ Of interest, a third individual
had a complex insertion-deletion event that remeélvesative stop codon of SRY and is
predicted to result in the translation of a protgith an additional seven amino acids at the
carboxyl-terminal end (p.L204fs*211 p.L204PLDKANG™#)his alteration was not defined
clearly on NGS sequencing and a Sanger sequengprgach was needed to clarify the
exact changes (Fig. 3B).

One individual with CGD was found to harbor a hetggous p.R80S variant in the first
zinc finger of DMRT1. DMRT1 has been known for smat years to play a key role in sex-
determination in different species, but its roldiiiman sex development beyond 10g23
deletion syndrome is less cléarMore recently, a variant in DMRT1 (p. R111G) leen
reported in association with testicular dysgeneke, affects the DMRT1 recognition helix
8 Using a similar approach, it is likely that th&®p0S variant affects interactions between
DMRT1 and the minor groove of DNA (Fig. 4 B-D). A&ll as being located in a key
domain, this variant is highly conserved amongst&s, is predicted to be damaging and is
not present in population databases. Using molecutaleling and simulation, we have
shown that substitution of the larger, polar amgniesidue with the smaller serine disrupts a
H-bond between DMRT1 and DNA. It is expected thatdditive effect on the loss of
affinity that will depend on the stoichiometry diet DMRT1-DNA complex occurs, resulting
in the final phenotypic effect. Of note, Wang etratently reported a p.Y84C variant in
DMRT1 associated with DSD, but concluded the sigaifce was unknowtf.

Six individuals in our cohort were found to havédnezygous missense (n=5) or
frameshift (n=1) changes in steroidogenic factgNR5A1). SF-1/NR5AL1 is a nuclear
receptor transcription factor that was originaltiy®n to be important in adrenal and gonad
development®. However, it has emerged in the past 15 yearsvtmnts in SF-1/NR5A1
are one of the most common causes of 46,XY DSh phienotypes ranging from a
complete gonadal dysgenesis scenario through \sadegrees of virilization and
hypospadias to male factor infertilit)**?>4? Most changes occale novoor in a sex-
limited dominant pattern, although primary ovariasufficiency (POIl) can also occtft
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The prevalence of SF-1/NR5AL1 variants in our cok@%2, 11.5%) is similar to other
studies, with an enrichment seen in the pvDSD sobyg(19.2%Y2 One of the probands
had a family history consistent with sex-limitedhoant inheritance. One of the variants
discovered (p.G22D) affects the DNA-binding dom@sBD) of SF-1/NR5A1 and was
shown to impair SF-1 function, as did the p.L42@Fant in the LBD (Fig. 5B). The other
missense variants identified (p.A280E, p.R281C3R2&R) have either been reported
previously or affect previously disrupted codong] are all predicted to be damagifig*>*
Although it is not clear whether SF-1 has a tru@dgjical ligand, crystallization has shown
that codons 280/281 form a key region of helix& ihteracts with co-repressors such as
NROB1/NROB2 (DAX-1, SHP§*. Our findings confirm that variants in SF-1/NR5Ate still
the most prevalent cause of 46,XY DSD currentlywno

Another key gene emerging as a relatively prevatanse of DSD is DHEP®L We
identified DHH changes in two individuals with aessive form of DSD who had
homozygous (p.F242L) or compound heterozygous @7/A2p.R245P) variants, and with
differing phenotypes. Disruption of DHH is sometsrassociated with minifascicular
neuropathy and was thought potentially to affesti¢elar interstitial/Leydig cell
development in mice and humans, as well as Leydite$ cell interactiong6'59'62.
Furthermore, we have shown by IHC that DHH is egpee predominantly in developing
Leydig cells in the human fetal testis at a critearly stage of development just after the
onset of steroidogenesis (9 weeks post-conceptiog) 6B)>!. However, DHH may also
play a role in Sertoli cells and Leydig-Sertoligrdactions, as areas of gonadal dysgenesis or
streak gonads have been reported and Dhh is erpressouse Sertoli cells in single-cell
RNA se%uencing, and DHH expression was seen inlbeedls, albeit at a lower level (Fig.
6B) °®°9%3%4 Consistent with this variability, one woman ha@@D phenotype with
functional uterus and streak gonads, whereas tiex bad partially virilised genitalia and no
Mullerian structures. The variants identified avedted within a fairly localized region of
DHH, but relatively little is known about the sttural or biological effects of these changes.

Finally, four individuals (7.7% overall; 15.4% o¥[pSD) in our cohort had heterozygous
disruptive variants in DHX37. DHX37 is an RNA-helge and predicted ribosomal RNA
binding protein, but its exact biological functiontestis development is still unclear.
Variants in DHX37 are emerging as a relatively jpitent cause of a range of DSD
phenotypes, including vanishing testis syndrdfif2 Three individuals in our cohort were
found to have a recurrent p.R308Q variant in theARemotif, and have been included in a
recent series describing the role of DHX37 in 46, 88D “’. The p.R308Q variant is often
de novaoand has been found in diverse ancestral backgso@mk additional person in our
cohort with mild virilization and absent uterus wasnd to have a p.T477M variant located
within the RecA2 motif IV involved in RNA bindind=(g. 7). This variant occurs in a highly
conserved codon/region and is a predicted disremixent. Future studies will be needed to
elucidate the role of DHX37 in sex developmentthetassociation of variants in this gene
with 46,XY DSD is becoming well established.

Whilst we did not expect to discover variants iweal in proximal steroidogenic blocks
with adrenal or biochemical phenotypes (eg STARPCYA1, HSD3B2, CYP17A1, POR,
CYB5A) or associated with specific features (eg SOeampomelic dysplasia;
GATA4/ZFPM2, cardiac; WT1, renal), we did not fihkkely-pathogenic variants in other
DSD-associated genes such as MAP3K1, SOX8, ESRRIBIF3. Furthermore, no clear
pathogenic variants were found in candidate geassdon our transcriptomic studies of
genes expressed in early human testis developthéntthese studies, we used a modeling
approach to identify genes that were either upeggdlin a time-series dataset with similar
patterns to SOX9 (e.g CITED1), or that were diffeéraly expressed fetal testis genes or
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potential novel components of steroidogenesis. 8hinight be expected to find variants in
some of these candidate factors, in fact no cleasative defects were identified.

This study has certain limitations. Firstly, a paresed approach means that this study is
more effective at identifying the relative prevalerof changes in known genes in this cohort.
Whole exome and whole genome sequencing approachédetter for gene discovery. As
costs reduce, analysis becomes more robust andanoueate counseling can be provided
about the risk of incidental findings, these tedbg®s are becoming the first-line strategy in
many situations, especially where multiple familgmbers are affect. It remains possible
that non-genomic events such as methylation deéeasmplex gene-environment
interactions may cause some forms of DSD, espg@alhplete testicular dysgenesis where
the diagnostic rate is still relatively low. Sectndunctional assays are not well established
for several of these factors, although we feelgieetic evidence for causality presented here
is strong. Finally, studying a predominantly acahort means that access to historic data or
family members is limited. However, it is increaginbeing recognized that adult DSD
services need to be established in parallel withidisciplinary pediatric services, so this
work provides useful insight into the range of diages that might be made.

4. Conclusion

Next-generation sequencing approaches are impraliandiagnostic yield in individuals

with complete and partial forms of gonadal dysgenes in those who have been labeled as
having “partial androgen insensitivity” previousReaching a specific genetic diagnosis can
inform genetic counseling, particularly for famdi@ith ongoing consanguinity, and can help
to identify associated comorbiditites. Lastly, as gain more information on the life course
of adults with DSD, so we can seek correlations/beh genotype and phenotype especially
with regard to late onset features such as osteszor

Appendix Web Resour ces
Mutation Tasterhttp://www.mutationtaster.org/

PolyPhen-2http://genetics.bwh.harvard.edu/pph2/

Sorting Intolerant from Tolerant (SIFT): https://sift.histar.edu.sg
The Genome Aggregation Databak#p://gnomad.broadinstitute.org/; accessed March 2019

Ingenuity variant analysigittp://www.ingenuity.com/

UniProt: https://www.uniprot.org
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Figure 1. Overview of the study cohort and summary of figginCGD, complete gonadal
dysgenesis; pvDSD, patrtially-virilized DSD.

Figure 2. Overview of genetic diagnoses reached. CGD, camgienadal dysgenesis;
pvDSD, partially-virilized DSD.

Figure 3. A) Cartoon of SRY demonstrating the mutations e, with amino acid
conservancy shown below. The position of variasisdicated by red arrowheads. B)
Aligned sequence and chromatogram showing the eonipidel variant. The position of the
typical stop codon at 205 is shown with a bluearrohe red asterix indicates where the
frameshift ends. HMG, High Mobility Group

Figure 4. A) Cartoon of DMRT1 demonstrating the p.R80S mataidentified, with amino
acid conservancy shown below. The position of p.R8Adicated by a red arrowhead. B)
Schematic representation of the DMRT1-DNA comple®B id 4YJO). The DMRTL1 protein
is shown in white and the R80 residues are dep&sexpheres, Zinc atoms are shown in
magenta, C). Snapshot of the R80 or S80 vicinipp€n and electrostatic potential of
surface of the respective DMRT1-DNA complexiesver). D) Ca-root-mean-squared
(RMSD) deviation and distances between Arg or Sear@l the phosphate backbone of the
DNA along the MD simulation.

Figure5. A) Cartoon of NR5A1 (SF-1) demonstrating the miotad identified, with amino

acid conservancy shown below. The positions ofavasi is indicated by red arrowheads. B)
Transient transfection assays showing activatiom ©fpllal promoter by WT SF-1 and
impared transcriptional activity by the p.G22D gnd420P mutants. Results are shown as a
percentage of WT SF-1 activity (relative light @witData are shown as mean + SEM of three
experiments performed in triplicate. Zn, Zinc fing&/T, wild-type.

Figure 6. A) Cartoon of desert hedgehog (DHH) demonstratiegmutations identified, with
amino acid conservancy shown below. The positidnaoants is indicated by red
arrowheads. B) Immunohistochemistry of human fietsiis at 9 weeks post-conception
showing expression of DHH (green) predominantlinterstitial Leydig cells but also in
Sertoli cells. AMH (red) is expressed strongly ert8li cells of primitive seminiferous
tubules. Nuclei are stained blue with DAPI. Nositag is seen in the peripheral capsular
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region at the bottom right of the image. Scale b@@ 1« m NTD, N-terminal domain; CTD,
C-terminal domain.

Figure 7. Cartoon of DHX37 demonstrating the mutations ideat, with amino acid

conservancy shown below. The positions of varieniisdicated by red arrowheads. NTD, N-

terminal domain; RecAl, ATP binding DEAH box Hebega RecA2, C-terminal Helicase;

HA2, Helicase Associated 2 domain; OB, oligonuabtsgbligosaccharide like domain; CTD,

C-terminal domain.

Table 1. Summary of genes included on the targesee!

Genesimplicated in DSD (n=53)

SRY, SOX9, NR5A1, WT1, NROB1, LHCGR, STAR, CYP11B3BRSCYP17A1, POR, HSD17B3, SRD5A2, AR, CYP19A1, COKN
SAMD9

CBX2, MAP3K1, GATA4, MAMLD1, HHAT, DHH, SOX8, CYB5A, KR1C2, AKR1C4, SOX3, RSPO1, ARX, DHCR7, AMH,
AMHR2, POU1F1DHX37, MYRF, DMRT1, FGF9, FGFR2, WWOX, ANOS1, CHISR2, FGF8, FGFR1, PROK2, PROKR2, STARD
WDR11, ZFPM2, ZNRF3, PBX1 TSPYL1

Other genes sequenced (n=127)

WNT4, CXCL12, MAP3K15, MAPK15, MAPK4, FOXO4, ABCABL A9, ACAT2, ADAMTS5, AGPATY, ALAS1, ALDH1AL, AMIGO3
ANKRD18A, AOC3, APOA1, APOBEC3G, ARAP2, ASPN,, BNC1, BBRLYT, CALB2, CARTPT, DHCR24, CD96, CD99, CILP,
CITED1, CITED4, CNTNAP4, CORO2A, CTSV, CUL4B, EGFLEM)VL2, ENTPD3, EPPIN, FATE1, FDX1, FDXR, RMPD1, G6PD
GLI4, GNRHR, GPD1L, GPX1, GRAMD1B, GSTAL, HISTIHZ%, HOXA10, HPGD, HPRT1, HRASLSS5, HSD17B11, H8B17
HSD3B1, IDI1, IFI16, ILDR2, INHA, INHBB, INHBE, INSUFGA9, JAM2, KEL, LDLR, MAGEB1, MANEA, MGARP, MOCHIRO,
MSC, NANOG, NLRP7, NOSTRIN, NOTCH2, NPY, NPY1R, NRK, @HNBG9, OR4D5, OR8D4, PEG3, PHF24, PLEKHB1, PRND|
PRPS2, PTCH1, PTCH2, RASSF2, REEP1, RELN, REN, RGAMEIN2, SCARB1, SCUBE1, SERPINA5, SERPINF1, SESN], SHH
SLAIN1, SLC16A9, SLC27A3, SLC52A3, SLC8B1, SMOC1, S6ARLCS1, SRA1, SSFA2, STARD4, STK10, SUSD3, TEGRARJ,

TMCS5, TSPYL2, VCAM1, ZFANDS5, ZNF280B, ZNF676

Underlined genes were sequenced using a Nonacus panel

Table 2. Overview of clinical features and pathageariants identified in the study cohort.

Worki | Genital Miillerian Gene | Sequence Genotype | Inherita | gnomA | SIFT PolyPhe | Mutati
ng phenoty | structures Variation nce D allde n-2 on
diagno | pe frequen taster
Sis cy
CGD Female Present SRY p.R62P HemizygdSporadic | 0 Damagi| Probabl | Disease
¢.185G>C us ng (0) y causing
damagin
g
CGD Female Present SRY p.N65D HemizygoSporadic | 0 Damagi| Probabl | Disease
c.193A>G us ng (0) y causing
damagin
g
(0.998)
CGD Female Present SRY p.L204fs*211| Hemizygo | Sporadic | O N/A N/A N/A
p.L204PLDKA | us
NG*
CGD Female Present DMR] p.R80S Heterozyg| Sporadic | O Damagi| Probabl | Disease
Tl c.240G>C ous ng (0) y causing
damagin
g
(0.997)
CGD Female Present NR5A p.A280E Heterozyg| Sporadic | O Damagi| Probabl | Disease
1 ¢.839C>A ous ng (0) y causing
damagin
g
CGD Female Present DHH P.F242L Homozyg&poradic | 0 Damagi| Probabl | Disease
C.724T>C us ng y causing
(0.014) | damagin
g
(0.997)
pvDSD | Partially | Absent NR5A | p.G22D Heterozyg| Sporadic | O Damagi| Probabl | Disease
virilized 12 C.65G>A ous ng (0) y causing
damagin
9@
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pvDSD | Partially | Absent NR5A | p.R281C Heterozyg| Sporadic | O Damagi| Probabl | Disease
virilized 1 c.841C>T ous ng (0) y causing
damagin
gl
pvDSD | Partially | Absent NR5A | p.G328R Heterozyg | Sporadic | O Damagi| Probabl | Disease
virilized 1 €.982G>C ous ng (0) y causing
damagin
gl
pvDSD | Partially | Absent NR5A | p.E367Sfs*15 | Heterozyg | Sporadic | O N/A N/A N/A
virilized 1 €.1099delG ous
pvDSD | Virilizati | Absent NR5A | p.L420P Heterozyg| Familial 0 Damagi | Probabl | Disease
on at 1 c.1259T>C ous (SLD) ng (0) y causing
puberty damagin
9@
pvDSD | Partially | Absent DHH p.R245P Compound Sporadic | 0 Damagi| Probabl | Disease
virilized, C.734G>C Heterozyg ng y causing
further ous (0.002) | damagin
virilizati g
on at (0.999)
puberty p.A227V 2/30956| Tolerat¢ Possibly | Disease
c.680C>T d damagin| causing
(0.101) | g
(0.904)
pvDSD | Partially | Absent DHX3 | p.R308Q Heterozyg| Sporadic 1/30936] Damagi Probabl | Disease
virilized 7° Cc.923G>A ous ng (0) y causing
damagin
9@
pvDSD | Partially | Absent DHX3 | p.R308Q Heterozyg| Sporadic 1/3093 Damagj Probabl | Disease
virilized 7° Cc.923G>A ous ng (0) y causing
damagin
gl
pvDSD | Partially | Vaginal DHX3 | p.R308Q Heterozyg| Sporadic | 1/30936] Damagj Probabl | Disease
virilized | septum/uter| 7° c.923G>A ous ng (0) y causing
ine damagin
didelphys g(1)
pvDSD | Partially | Absent DHX3 | p.T477M Heterozyg | Sporadic | 0 Damagi| Probabl | Disease
virilized 7 c.1430C>T ous ng (0) y causing
damagin
g(1)

Abbreviations: N/A, not applicable; pvDSD, partially-vizdid DSD; SLD, sex-limited dominaritlso
heterozygous for a ¢.1305G>T, p.E435D variant that is pegtimenign® previously published’.
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CGD n=84;17B-HSD3 n=26; 5a-reductase n=30; CAIS n=170;
Other (e.g., ovotestis, STAR, etc) n=37; Unknown n=53

A
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STUDY CO

(46 sporadic, 3 sib pairs)

HORT n=52

/

CGD n=27

(23 sporadic, 2 sib pairs)

v

AN

pvDSD n=25
(23 sporadic, 1 sib pair)

|

SRY (n=3) (11.1%)

DMRT1 (n=1) (3.7%)

NR5A1 (n=1) (3.7%)
DHH (n=1) (3.7%)

Total diagnosed
n=22.2%

NR5A1 (n=5) (20.0%)
DHH (n=1) (4.0%)
DHX37 (n=4) (16.0%)

Total diagnosed
n=40.0%

6102 4840100 1. U0 Josn uopuoT 869|100 ANSISAIUN/UNESH PIIUD JO 8Insul AG G1y#8SS/90£00-6102'S0LZ L 01/10P/A0BSAE-0[IE-00UBAPE/S/LLI0D"dNO"0ILISPEOE//:SARY WO} PAPEOIUMOQ



Downloaded from https://academic.oup.com/jes/advance-article-abstract/doi/10.1210/js.2019-00306/5584415 by Institute of Child Health/University College London user on 21 October 2019

CGD

Unknown
78%

5
m%
£8
f=
2

e SAC -3T7011LHV JONVAQY =52

pvDSD




A
p-R62P p-N65D p.L204PLDKANG*
SRY
1 60 128 204
Q05066 SRY HUMAN 59 K I
Q05738 SRY MOUSE 4 K M
Q62563 SRY MUSSP 4 K M
P36394 SRY RAT 4 K M
Q62565 SRY MUSSI 4 K M
P36393 SRY PIG 61 K 1
Q28798 SRY PANTR 59 K F]
= P36389 SRY HORSE 53 K M
& Q9BG90 SRY MACMU 59 K 1
3 P48046 SRY GORGO 59 gt i
g Q03255 SRY BOVIN 53 K 1
55 Q9XT60 SRY CANLF 52 R L
I Q6TC50 SRY FELCA 53 K M
EE IR HEHEEK WX
B

2]
Ll
-

CATTGGCT
CATTGGCT.

350 35¢6.1 360 37
AAGC.#CIGGACAAAGCCAAIGGGTAACATIGGCT

=1

M s Masanian

ADVANCE ARTICLE

ENDOCRINE =
SOCETY Ea

6102 4900 L U0 Jasn uopuoT 868]100 AlsIoAuN/UIESH PIIUD JO 8INsul Aq GL¥H85G/90€00-6102 0121 0L/10PAOEIISHe-0[o1E-00UBADE/SS(/WO0"dNO"oIWaPEE//:SARY WOl Papeojumod



THE ENDOCRINE SOCIETY

'y
(©]
-
<
z
o
=)
o
=

JES

ADVANCE ARTICLE:

ENDOCRINE
SOCETY mma

DMRT1 | [DNAbinding|

RMSD (A)

6w m w s ow
Distance (A)

6102 4840100 1. U0 Josn uopuoT 869|100 ANSISAIUN/UNESH PIIUD JO 8Insul AG G1y#8SS/90£00-6102'S0LZ L 01/10P/A0BSAE-0[IE-00UBAPE/S/LLI0D"dNO"0ILISPEOE//:SARY WO} PAPEOIUMOQ

p.R80S

Q9YS5R6 DMRT1

Q9Qz59 DMRT1 MOUSE

118 373
Zinc finger

HUMAN G-AGS
G-SGS

Q71MM5 DMRT1 DANRE GSLSI
Q9PTQ7 DMRT1 CHICK APAZ

COLZJ1 DMRTl:BOVIN
Q9TTO01 DMRT1 PIG  SAAS

Time (ns)

GAVS

HaHHH o HHHHHH 2 HHHHHHHXK

Wild-Type R80S mutant
00 59

WT (Arg-Cz-P-Base)
R80S (Ser-O-P-Base)

9 10 1 12 13 1 15 o 1 2 3 4 s & 7 8 9 10 m 12 B MW 15
Time (ns)



Downloaded from https://academic.oup.com/jes/advance-article-abstract/doi/10.1210/js.2019-00306/5584415 by Institute of Child Health/University College London user on 21 October 2019

D
Xo]
<

p.L420P

p.E367Sfs*15

p.G328R

p.A280E p.R281C

Ligand binding domain

Tk KKk RHEEHEE KA HEE kK H kK WHE A HEEH W

BE BB
BE oo e o
OOMIOM
=1~ P
c A
N o) | EFY I G CT ST R £
o - ~ [l sl sl sl ol ot
Q 4 o U1 0 U U] Ul
N S NN O~ oY
o N1 o @0 @] @
o B s 22753ML
- MO oot n
> MO W o
- el Re -k 'Re ks

x UOIJBAIIY ©

A = oM 13eADY %

sy SAC F101LHY JONVAQY B




p.A227V p.F242L p.R245P

N-terminal

C-terminal

198

v

vV Vv

GDWVLAADASG LFLDRDLOR

GDWVLAADALG LFLDRDLQR

396

6102 419q0J20 LZ UO Jasn uopuoT 869]100 AisieAlun/ylesH PIuD Jo ainsul Aq L ¥+85G/90€00-6102 SI0LZ L 0L/I0pA0BISqE-0[0lE-80UBADE/S3l/WO00"dNO"0lWepEE//:SANY WOy PAPEO|UMOQ



Downloaded from https://academic.oup.com/jes/advance-article-abstract/doi/10.1210/js.2019-00306/5584415 by Institute of Child Health/University College London user on 21 October 2019

N~
©
m
»
~N *
S *
1) A *
~ ¥
O
i Bt x
=2} *
*
M *
*
T *
¥
¥
~ >
= UTUTUTUI...“.
¥
M *
C -
i ¥
= *
N~ ..
N~ *
<t ™
= <
a =] =
Z 2B
g |3 985
o Y S I U N |
™ |l © M
F s GHEZE
e & MNMBM
W el ™
A oA K E
~ A SO MM
cHEod
= e
@ O = N
L& N o Iy &3 Y G35

DHX37

sy SAC F101LHY JONVAQY B



