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Abstract

The medical and psychosocial challenges faced by patients living with Disorders/Differences of 

Sex Development (DSD) and their families can be alleviated by a rapid and accurate diagnostic 

process. Clinical diagnosis of DSD is limited by a lack of standardization of anatomical and 

endocrine phenotyping and genetic testing, as well as poor genotype/phenotype correlation. 

Historically, DSD genes have been identified through positional cloning of disease-associated 

variants segregating in families and validation of candidates in animal and in vitro modeling of 

variant pathogenicity. Owing to the complexity of conditions grouped under DSD, genome-wide 

scanning methods are better suited for identifying disease causing gene variant(s) and providing a 

clinical diagnosis. Here, we review a number of established genomic tools (karyotyping, 

chromosomal microarrays and exome sequencing) used in clinic for DSD diagnosis, as well as 

emerging genomic technologies such as whole-genome (short-read) sequencing, long-read 

sequencing, and optical mapping used for novel DSD gene discovery. These, together with gene 

expression and epigenetic studies can potentiate the clinical diagnosis of DSD diagnostic rates and 

enhance the outcomes for patients and families.
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1. Introduction

Sexual development is one of the most elegant and fascinating mechanisms in 

developmental biology where spatiotemporally orchestrated molecular signaling events 

determine the sexual fate of a developing embryo. Sexual development can be broadly 

divided into two sequential steps: sex determination and sex differentiation (Figure 1). Sex 

determination in a developing embryo essentially begins with establishment of the sex 
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chromosome complement, inherited from the parental gametes, which in turn triggers a 

sequence of mutually exclusive molecular signaling events in the presence or absence of the 

Y chromosome driving the bipotential gonad in the developing embryo towards a male or 

female fate respectively. Expression of Y-chromosome gene SRY in the somatic cells of the 

bipotential gonad of an XY embryo kickstarts a cascade of signaling events that lead to 

testicular organogenesis. In the absence of SRY, female-specific pathways are initiated, 

triggering ovarian development under the control of genes such as RSPO1, WNT4 and 

DAX1/NR0B1.

The development of a testis or an ovary from a bipotential gonad is followed by secretion of 

the sex-specific milieu of hormones from those organs, which drives the second step of 

sexual development – sex differentiation, and results in sex-specific morphogenesis of the 

reproductive organs. Disruption in any of these developmental processes and the molecular 

networks driving them, as well as the enzymatic cascades involved in the synthesis of steroid 

hormones in the adrenal or central control of these processes, can lead to Disorders/

Differences of Sex Development (DSD). The molecular mechanisms involved have been 

expertly reviewed elsewhere (Croft et al., 2016; Délot and Vilain, 2018; Kyriakou et al., 

2015; Ohnesorg et al., 2014; Makoto Ono and Harley, 2013).

2. Disorders/Differences of Sexual development, challenges in diagnosis 

and management

The term DSD was adopted following the 2005 consensus meeting of the Lawson Wilkins 

Pediatric Endocrine Society (LWPES) and the European Society for Paediatric 

Endocrinology (ESPE) to replace controversial and potentially confusing terms such as 

hermaphroditism, pseudohermaphroditism, and intersex. DSD was formally defined as 

“congenital conditions in which development of chromsomal, gonadal, or anatomical sex is 

atypical” (Hughes et al., 2006; Lee et al., 2006). As an umbrella term, it encompasses a 

range of rare and not so rare anatomical phenotypes (e.g. ambiguous genitalia, discordance 

of appearance external genitalia and chromosomal sex, isolated hypospadias,...); hormonal 

phenotypes (e.g. androgen insensitivity, over/under secretion of androgens); gonadal 

phenotypes (e.g. gonadal dysgenesis, ovotestis); and chromosomal complements (e.g. 

46,XY, 46,XX, 47,XXY, 45,X). DSD can occur in isolated or syndromic forms (the latter 

reviewed in (Délot et al., 2017; Hutson et al., 2014)).

Management of DSD is complex as the conditions may be associated with increased 

infertility, cancer, and gender dysphoria risks, as well as pervasive challenges to 

psychosocial adaptation for patients and families (Abacl et al., 2015; Arboleda et al., 2014a; 

Guercio and Rey, 2014; Sandberg et al., 2015; Sandberg D.E., 2014; Słowikowska-Hilczer et 

al., 2017). Correlation between treatment interventions (surgical, hormonal, psychosocial) 

and their clinical outcomes is poorly understood. This suggests further research in DSD 

pathophysiology is needed to provide optimal evidence-based clinical management. Major 

challenges in DSD management include lack of standardization in descriptions of phenotype 

and medical/surgical interventions, resulting in variations in diagnostic and treatment 

practices across medical, surgical and behavioral aspects of health (Sandberg et al., 2015). 

Parivesh et al. Page 2

Curr Top Dev Biol. Author manuscript; available in PMC 2020 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Substantial unexplained variance in outcomes is revealed by studies examining the 

relationship between molecular diagnosis, gender development and psychosocial trajectories 

(Rolston et al., 2017). These challenges complicate the principles of clinical management of 

DSDs with disagreements among and between healthcare providers, advocacy groups and 

patient communities regarding the definition of optimal care (Adam and Vilain, 2017). 

International efforts are underway to standardize practice and diagnosis (e.g. Audí et al., 

2018; Délot et al., 2017).

From a diagnostic standpoint too, DSDs are challenging. For example, 46,XY disorders of 

androgen biosynthesis, which include SRDA2, 17-ßHSD, 3ßHSD, StAR, CYP17A1, and 

POR deficiencies, are often difficult to distinguish clinically. However, an early genetic 

diagnosis is critical as these conditions have drastically different natural histories requiring 

different management (recently reviwed in (Délot and Vilain, 2018)).

3. Genetics of DSDs

The earliest characterized cases of DSDs were cases of sex chromosome aneuploidies such 

as 45,X (Turner syndrome) and its mosaic variants (e.g. 45,X/46,XY), 47,XXY (Klinefelter 

syndrome), or 46,XX/46,XY chimerism. These conditions account for about 15% of DSDs 

(Cox et al., 2014; De Paula et al., 2016; Délot et al., 2017; Demirhan et al., 2015; Heeley et 

al., 2018). Many of the early identifications of individual DSD genes were achieved by 

positional cloning and linkage analysis and identifying microscopically discernable 

structural changes in the karyotype using cytogenetic techniques. A number of genes such as 

SRY, SOX9, NR0B1/DAX1, DMRT1, WT1, MAP3K1 and RSPO1 were discovered using 

these approaches. However family-based methods have reduced power for conditions where 

family size is limited by infertility.

Copy number variants (CNV) affecting coding sequences or regulatory elements of critical 

dosage-sensitive genes, as well as single nucleotide variants (SNVs) in at least 75 genes 

involved in gonadal development and/or sex hormone biosynthesis/action are known causes 

of DSDs (Ahmed and Hughes, 2002; Arboleda A. A.; Vilain, E., 2010; Auchus and Miller, 

2012; Buonocore and Achermann, 2016; Croft et al., 2018; Délot et al., 2017; Eggers and 

Sinclair, 2012; M Ono and Harley, 2013). Genetic etiology has been well established for 

many sex differentiation conditions. For example, recessive inheritance of variants in 

CYP21A2 is the most common cause of Congenital Adrenal Hyperplasia (CAH), which can 

lead to external genital masculinization in 46,XX patients (Nimkarn et al., 2016; Speiser et 

al., 2010). In 46,XY individuals, sex differentiation anomalies can result from complete or 

partial androgen insensitivity or defects in biosynthesis of steroid hormones. Androgen 

insensitivity in its complete form (CAIS) is caused, in >95% of patients, by loss-of-function 

mutations in AR, the androgen receptor. However, only a minority (~10%) of partial forms 

of androgen insensitivity (PAIS) are associated with AR variants. For the most difficult to 

diagnose DSD conditions, such as the non-syndromic forms of 46,XY gonadal dysgenesis, 

evaluation of historical data suggests that approximately ~15% of are due to SRY defects, 

~15% to mutations in SF1/NR5A1, and a few cases due to other rare genetic events (in 

SOX9, DAX1/NR0B1,...) (Mohnach et al., 2016). More recent data suggest that MAP3K1 
variants may explain an additional 10–18% (Baxter et al., 2015; Granados et al., 2017; 
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Pearlman et al., 2010), still leaving nearly half of cases without a genetic diagnosis. In 

46,XX individuals, the majority (80–90%) of non-syndromic Testicular DSD are explained 

by SRY translocations; however, only ~10% of Ovotesticular DSD have detectable Y 

material (Délot and Vilain, 2015) and etiology remains elusive. In XX individuals, abnormal 

ovarian development leads to primary ovarian insufficiency, an important medical challenge 

that affects over 1% of women over the age of 30 (Rossetti et al., 2017). The majority of 

ovarian dysgenesis cases are linked to abnormal complements of the X chromosome (such as 

Turner Syndrome). In addition, many genes coding for oocyte-specific transcription factors 

(e.g. FOXL2), folliculogenesis growth factors (e.g. BMP15), proteins that control ovarian 

steroidogenesis (e.g. receptor for FSH) or proteins involved in DNA replication or integrity 

(e.g. STAG3) have now been shown to underlie ovarian dysgenesis or premature ovarian 

failure, though each explain only a minority of cases and many cases remain unexplained 

(Aittomaki et al., 1995; Arboleda et al., 2014b; Caburet et al., 2014; Chapman et al., 2015).

The majority of DSD patients don’t receive an accurate diagnosis, which may be due to lack 

of, or imperfect access to, state-of-the-art genetic testing. We recently showed that 97% of 

undiagnosed patients in the US-based DSD-TRN registry have not exhausted clinically 

available diagnostic testing (Délot et al., 2017). In this review, we focus on how the existing 

and upcoming high throughput genomic technologies have been used to help identify novel 

DSD-associated genes and how these can be incorporated into genetic diagnostic practice to 

improve the diagnosis of DSD.

4. Chromosomal Microarrays (CMA)

Karyotyping can typically detect chromosomal rearrangement(s) with 5–10 Mb resolution. 

Hence, newer genome-wide scanning technologies were developed to achieve a better 

resolution in identifying gain or loss of genetic material. The two main types of 

chromosomal microarrays (CMA) used for genetic testing are Comparative Genomic 

Hybridization (array CGH) and Single-Nucleotide Polymorphism (SNP) arrays. Array CGH 

involves labelling the patient and control DNA samples with two different fluorophores and 

hybridizing them to an array containing 50–70 bp long oligonucleotides. The relative 

fluorescent signal shows regions of gain or loss of genetic material in the patient sample 

when directly compared with the control sample. It is useful for detecting CNVs, but it is not 

capable of detecting regions of homozygosity. Single Nucleotide Polymorphism (SNP) 

arrays, on the other hand, use a single fluorescently labelled (patient) DNA sample and 

hybridize it with an array containing oligonucleotides representing SNPs and the relative 

intensity is compared with that of a pool of controls available as online reference. In addition 

to detecting loss or gain of genetic material, new SNP arrays have incorporated aspects of 

the array CGH technology to be able to identify homozygosity, heterozygosity, regions of 

Loss of Homozygosity (LOH) as well as consanguinity (Sund and Rehder, 2014).

CMAs have been instrumental in genetic diagnosis in cases of DSD by identifying genetic 

changes in regions of the genome housing known DSD gene(s) as well as finding novel 

variants, potentiating discovery of novel DSD genes (eg. (Aboura et al., 2009)). For 

example, clinical CMA diagnosed CNV of the X-chromosome dosage-sensitive gene 

NR0B1/DAX1, whose deletions and duplications cause Adrenal Hypoplasia Congenita and 
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XY gonadal dysgenesis respectively (Bardoni et al., 1994; Ledig et al., 2010; Muscatelli et 

al., 1994; White et al., 2011). Array CGH analysis for a large cohort of 116 patients with 

idiopathic DSDs, compared with 8951 controls without urogenital defects, was able to detect 

clinically relevant CNVs in 21.5% of the patients (Tannour-Louet et al., 2010). A number of 

chromosomal rearrangements were detected that not only encompassed known DSD genes 

such as SRY or DMRT1, but also novel ones such as FGFR2, KANK1, ADCY2, or ZEB2. 

In another study of a cohort of 87 patients, array CGH identified CNVs comprising 

chromosomal deletions and duplications encompassing known DSD and novel genes for 5 

out of 16 cases of syndromic DSD and 21 out of 71 cases of non-syndromic DSD (Ledig et 

al., 2010).

CMA has also been used to identify novel variants in the non-coding regulatory regions of 

DSD-associated genes. CMA identified a 250 kb deletion upstream of the NR0B1 locus 

resulting in its increased expression and consequent sex reversal in an XY woman whose Y 

chromosome harbored an intact SRY (Smyk et al., 2007). Deletions and duplications 

upstream of SOX9 have been associated with ovotesticular DSD and 46, XY gonadal 

dysgenesis (Benko et al., 2011; Cox et al., 2011; Lecointre et al., 2009; Vetro et al., 2011; 

White et al., 2011). CMA was also used to identify the breakpoint of a 12:17 translocation 

replacing part of the cis-regulatory region upstream of SOX9 with that of a chromosome 12 

pseudogene, causing a gain of SOX9 function and a male phenotype in an XX child (Refai et 

al., 2010).

Correlation of CMA results from patients with animal model experiments can help validate 

novel SNVs. For example, a mouse knockout model of Wwox showed abnormal gonadal 

development (Aqeilan et al., 2009; Ludes-Meyers et al., 2007), but the gene was not 

associated with human DSD until CMA analysis on an XY DSD patient with abnormal 

gonadal development revealed an exonic deletion in the WWOX gene (White et al., 2012). 

SOX3 has a high amino acid sequence similarity (90%) and protein identity (67%) to SRY 

but is not normally expressed in developing gonads of humans or mice (Bowles et al., 2000). 

While loss-of-function of SOX3 doesn’t seem to affect sex determination in mice or humans 

(Weiss et al., 2003), ectopic expression in XX mouse gonads results in a male phenotype 

(Sutton et al., 2011). Subsequent CMA analysis of human SRY-negative XX male 

individuals detected SOX3 duplications in several patients (Moalem et al., 2012; Sutton et 

al., 2011; Vetro et al., 2015), supporting the hypothesis that increased dosage of SOX3 is 

capable of inducing male sex determination in the absence of SRY.

DSD-relevant CNVs have been recently reviewed (Croft et al., 2018). Many candidates and 

chromosomal loci with potential roles in sex determination and DSD are awaiting further 

validation. These include deletions in the 9p23-24 chromosomal region encompassing 

DMRT1 and KANK1 in cases of XY gonadal dysgenesis (Igarashi et al., 2013; Ledig et al., 

2010; Quinonez et al., 2013; Raymond et al., 1999), deletions at 12p13 and 16p11.2 in cases 

of hypospadias, deletions at 10p14 and Xq28 in cryptorchidism, deletions at 1p36.3, 9p24.3 

and 19q12-13.1 in cases of ambiguous genitalia (Tannour-Louet et al., 2010), copy number 

gains at Xq28 encompassing the VAMP7 gene in cases of newborns with congenital 

genitourinary tract masculinization disorders (Tannour-Louet et al., 2014).
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In addition, clinical CMA typically only reports CNVs above a 25–50 kb cutoff, leaving a 

diagnostic gap for smaller CNVs. Previous studies in DSD cohorts have identified smaller 

CNVs, but interpretation remains a challenge (Kon and Fukami, 2015; Mizuno et al., 2014; 

Norling et al., 2013; Tannour-Louet et al., 2010; White et al., 2011). High-resolution CNV 

maps (with CNVs as small as 50 bp) are increasingly becoming available and are poised to 

bridge the gap with the smaller INDELs that are detectable using short-read sequencing. 

They have been recently used to investigate the potential consequences of small CNVs as 

well as genomic copy-neutral regions of homozygosity (ROH) in DSD genes (Amarillo et 

al., 2016). This study identified novel potentially pathogenic mechanisms in well-established 

DSD genes such as SOX9 or PTPN11, and strengthened the genetic evidence for 

pathogenicity of recently uncovered DSD genes such as WWOX. It also revealed potential 

novel recurrent mechanisms of pathogenicity involving imprinted genes, as well as regions 

that might modify the epigenetic landscape and RNA expression in the developing gonad.

5. Exome sequencing

Endocrine tests, anatomical studies, imaging studies, and the experience of the clinician have 

historically guided single candidate gene testing. However, in DSD, poor genotype-

phenotype correlation and overlapping phenotypes pose a challenge to single-gene testing 

approaches. In consequence, clinical testing has gradually evolved from single-gene testing 

(typically using Sanger sequencing) to multi-gene testing allowed by the development and 

cost decrease of massively parallel next-generation (short-read) sequencing. Exome 

sequencing (WES) captures and sequences only exons and the immediately adjacent intronic 

canonical splice sites, covering about 45 million base pairs (or ~1.5 % of the genome). 

Current options include extended coverage to ~ 60 Mbp to include functional nonprotein 

coding elements, e.g., micro-RNA, long intergenic noncoding RNA. Alternatively a reduced 

coverage approach (~35 Mbp, limited to clinically relevant regions) has been used to 

decrease cost and increase read depth in the regions that are sequenced. WES was originally 

used to identify single nucleotide variants, but with the advancement of bioinformatic tools, 

it is now also capable of detecting some CNVs (D’Aurizio et al., 2016).

Exome sequencing involves capture of protein-coding regions, enrichment, sequencing and 

bioinformatic analysis. The major commercially available exome sequencing platforms 

differ in the capture and enrichment techniques. Exome capture can be solution-based or 

array-based. In the solution-based method, the DNA is fragmented; biotinylated 

oligonucleotide probes selectively hybridizing to a targeted genomic region are immobilized 

on magnetic streptavidin beads. Hybridized DNA targets are enriched using PCR, at a risk of 

introducing PCR-associated GC bias, and sequenced. Array-based enrichment is based on 

the same principles except that it utilizes a library of oligonucleotide probes immobilized on 

a high-density microarray (Warr et al., 2015). There are several commercial enrichment 

platforms available for exome sequencing, which differ in target region selection, bait length 

or density, molecule used for capture, and genomic fragmentation method (Shigemizu et al., 

2015; Tobias and McElreavey, 2014).

WES allows for diagnosis of DSDs not only by identifying known DSD pathogenic variants 

in patients but also the discovery of novel DSD genes. For patients without a diagnosis at a 
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given time, reanalysis of the sequencing data using ever-evolving software and new 

publications about disease-gene associations can lead to almost a 10% increase in diagnostic 

yield after a 2–3 years time period (Wenger et al., 2017).

Clinical diagnosis by WES is challenged by factors such as incomplete gene coverage, 

platform variability, difficulties of variant interpretation, and the well-documented ethical 

issues linked to incidental findings (e.g. (ACMG Board of Directors, 2014; Allyse and 

Michie, 2013; Green et al., 2013; Richards et al., 2015; Tobias and McElreavey, 2014)). 

Since one of the important early steps in WES is exome enrichment by PCR technology, 

some parts of the exome can be difficult to access and enrich because of the regional 

nucleotide composition (such as GC content) leading to limitations in exome coverage. In 

fact, ~400 disease-causing exonic variants reported in the Human Genome Mutation 

Database (HGMD) are not covered by the current methods (Caspar et al., 2017). 

Commercially available enrichment kits using high concentration of capture probes that 

cover difficult-to-enrich exome regions can improve yields (Lelieveld et al., 2015; 

Meienberg et al., 2015). Evolution of capture techniques has impacted DSD testing. Before 

2014, less than half of the genes in our typical DSD-specific list used for exome variants 

filtering had their entire sequence captured by exome (i.e. had 100% coverage). A newer 

capture method allowed to reach full coverage for 83% of genes on the list, with another 

seven genes having upward of 97% sequence coverage (Délot et al., 2017).

On average exome sequencing identifies 21,000 coding variants in each case when 

compared to the reference genome (Lee et al., 2014), out of which ~500 are rare variants 

present in less than 1% of the population (Kernohan et al., 2018). Increasing availability of 

large ethnically and geographically diverse public databases of healthy controls (such as 

ExAC (Lek et al., 2016) and now gnomAD), is critical to accurately assess allele frequency. 

Under-representation of certain populations in such reference databases can lead to variant 

calling errors for patients belonging to such populations (eg. (Petrovski and Goldstein, 

2016)). Manual curation of variants is highly labor intensive and automated in silico variant-

prioritization platforms based on amino acid conservation and biochemical properties have 

been developed to interpret identified variants (Adzhubei et al., 2010; Kircher et al., 2014; 

Kumar et al., 2009; Schwarz et al., 2014; Smedley et al., 2015).

Sequencing of the two parents along with the proband helps prioritize variants (Wenger et 

al., 2017): Trio exome sequencing has been reported to increase the diagnostic yields from 

22% to 33% (Lee et al., 2014) and 23.6% to 31% (Retterer et al., 2016) in comparison to 

proband-only sequencing. In the case of DSD, though, this brings additional interpretation 

challenges. For example, de novo variants in NR5A1 (the gene coding for SF1) are well 

known to cause developmental defects in gonads of both 46,XX and 46,XY individuals 

(reviewed in (Ferraz-de-Souza et al., 2011)). If the same variant was found in parents, 

automated algorithms would likely eliminate this variant as not pathogenic. However, many 

publications report as pathogenic novel heterozygous NR5A1 variants inherited from the 

(fertile) parent of the same karyotype as the patient (e.g. Philibert et al. 2010, Swartz et al. 

2017), including the well-established, recurrent p.Arg92Trp variant (Baetens et al., 2016; 

Bashamboo et al., 2016). It has been suggested that the parent may present a milder 

phenotype, such as early menopause in the mother or progressive gonadal dysgenesis in the 
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father, allowing them to reproduce and pass on the variant to their more severely affected 

child. Whether modifier genes and/or environmental influences are responsible for the 

variable expressivity of the phenotype remains to be determined. A recent publication 

suggests genotype/phenotype variability may be explained by an oligogenic mode of 

inheritance, a mechanism clinical exome sequencing is poorly equipped to detect at this time 

(Camats et al. 2018).

Identifed variants are classified for reporting using standardized nomenclature, following the 

American College of Medical Genetics and Genomics (ACMG) & the Association for 

Molecular Pathology recommendations (Richards et al., 2015). Variants are classified as 

pathogenic (previously reported in humans as the recognized cause of the specific DSD 

condition), likely pathogenic (e.g. previously unreported in a known DSD gene), benign 

(previously reported and recognized as a neutral variant), likely benign (e.g. previously 

unreported in DSD and is probably not predicted to affect protein funtions). However, the 

vast majority remain classified as variants of uncertain clinical significance (VUS).

The early adoption of exome sequencing by the academic institutions in the United States 

has helped to identify the genetic diagnosis in approximately 30% of cases for whom 

traditional molecular diagnostic methods were uninformative (Lee et al., 2014; Yang et al., 

2014), a yield that has proven remarkably similar across countries, sequencing platforms, 

and conditions studied (Dong et al., 2016; Farwell et al., 2015; Sawyer et al., 2016; Soden et 

al., 2014; Yang et al., 2013). In many cases, the identified genetic diagnosis provided 

guidance for medical treatment and management. When performed early, exome sequencing 

is capable of not only increasing the diagnostic yields in DSD but also guiding clinical 

management of patients (e.g. Barseghyan et al., 2015; Baxter et al., 2015).

6. Gene-testing panels

Because interpretation of exome sequencing results beyond well-established variants in 

known DSD genes is challenging, clinical providers have developed gene panels. Gene 

panels are typically based on targeted next-generation sequencing (NGS) through either 

targeted capture or full exome capture followed by limited interpretation. They can provide 

high-throughput and accurate screening of multiple genes and different types of mutations in 

a highly efficient manner. Additional Sanger sequencing may be performed to fill in for 

genes with missing or insufficient read depth coverage. As gene panels test a limited set of 

genes, the utilization of NGS results in high read-depths enabling detection of non-reference 

alleles present at very low frequencies. This method facilitates detection of mosaics 

hypothesized to underlie variable phenotypic expression in DSD.

Comprehensive gene panels have been designed that report a high rate of diagnosis for 

46,XY DSD: e.g. 43% using 64 genes (Eggers et al., 2016); 45% using 56 genes (Özen et 

al., 2017). Diagnosis rates are typically lower if undiagnosed 46, XX DSD cases are 

included (e.g. 29.5% of likely pathogenic or pathogenic variants found using a 67-gene 

panel (Kim et al., 2017). A study using a panel of 80 DSD genes demonstrated the 

superiority of the approach over single-gene testing performed on the same patient samples 
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(Fan et al., 2017). Panels are also time- and cost-effective, with one study quoting 3 days vs. 

6 years to diagnosis on average and reduction of costs by 2/3rds (Özen et al., 2017).

Many commercial providers offer clinical genetic testing of DSDs and many institutions 

have started developing their in-house tests. Prevention Genetics 

(www.preventiongenetics.com) provides a gene panel of 65 genes covering both syndromic 

and non-syndromic DSDs accounting for ~35% of cases of 46, XY DSDs. Using this panel 

they have reported deletions and duplications in known DSD genes such as SOX3, LHCGR, 
SRY, NR0B1, DMRT1, NR5A1, GATA4, WT1, WNT4, and FGFR2. Invitae 

(www.invitae.com) offers a panel of 8 genes (AR, DHH, MAP3K1, NR0B1, NR5A1, 
SRD5A2, SRY and WT1), expandable to 15, for genetic diagnosis of cases of 46, XY DSD, 

46, XY complete gonadal dysgenesis and 46, XX testicular DSD. It combines full-gene 

sequencing and deletion/duplication analysis via NGS in clinically important genetic regions 

including exons and adjacent +/− 10 bp of intronic sequences. GeneDx (www.genedx.com) 

provides a 19-gene panel (AR, ARX, ATRX, CHD7, CYP11A1, CYP17A1, DHCR7, DHH, 
DYNC2H1, HSD17B3, HSD3B2, NEK1, NR5A1, POR, SOX9, SRD5A2, SRY, STAR, 
WT1) for diagnosis of prenatal and neonatal 46,XY DSDs through NGS and deletion/

duplication analysis. Blueprint genetics (www.blueprintgenetics.com) offers a gene panel 

covering 49 genes that assesses coding as well as non-coding variants for patients suspected 

to harbour DSDs or congenital adrenal hyperplasia (CAH).

As is evident from the examples above, these panels are not standardized. With constantly 

evolving methods (capture kits, gene coverage percentage, sequencing platforms, and 

analysis pipelines) and variability of options, it is becoming increasingly difficult to 

ascertain what method was actually used to diagnose a patient and whether a different test 

might have found a different result.

7. Evaluation of genes on the DSD gene list

A challenge of both whole-exome and limited panels is deciding which genes make the gene 

list. A variety of criteria and resources are used, such as reported cases in PubMed (http://

www.ncbi.nim.nih.gov/pubmed), the Online Mendelian Inheritance in Man (OMIM) 

database (http://www.ncbi.nlm.nih.gov/omim), GeneReviews, or clinical variant databases 

such as HGMD (http://www.hgmd.cf.ac.uk/ac/index.php) or ClinVar (https://

www.ncbi.nlm.nih.gov/clinvar/). A typical clinical list includes 60–75 DSD genes. For 

research purposes, the list can be lengthened (to ~250) to include genes implicated in 

gonadal development, known molecular pathways (such as Hedgehog or WNT signaling, or 

AR-interacting proteins). However, the burden of proof available for assessing that a 

reported gene is indeed causative of DSD in humans varies greatly by gene. Some have had 

replication in multiple families and populations and are supported by extensive animal 

models and in vitro demonstration of the pathogenicity of specific variants, while others 

have been reported in single publications. As a proxy to assessing genetic evidence, we 

examined the variants reported in ClinVar, the widely used repository of clinical variants 

maintained and curated by the NIH. We extracted the variants classified as pathogenic and 

likely pathogenic in 69 genes, in cases reported with a DSD phenotype (Table 1). For each, 

we looked at the type of variant (missense, nonsense, frameshift, larger INDELs and 
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rearrangements) and the publications quoted in support of the variant classification. We did 

not include the large CNVs (typically reported in batch from genome-wide scanning 

experiments) because whether deletion of the particular gene was indeed causative couldn’t 

be assessed.

For several of the long-known DSD genes, the available proof of pathogenicity was obvious 

in the database, with the highest numbers of variants reported for AR (109), NR0B1/DAX1 

(75), CYP21A2 (49), SRD5A2 (41), SRY (27), NR5A1/SF1 (26), WT1 (23). For example, 

many types of severe variants (splice site, multi-exon deletion, nonsense, frameshift-causing 

insertions or deletions) support the pathogenicity of potentially milder (missense) variants in 

AR causing Androgen Insensitivity Syndrome. The extensive number of publications in 

support of these variants is complemented by data uploads from reliable clinical testing labs 

such as GeneDx, Johns Hopkins or Invitae. However, even these can be underreported. The 

AR mutation database created at McGill University (last updated in 2014) had more than 

550 variants (Gottlieb and Trifiro, 2017), while only 109 are found in ClinVar. Similarly, the 

number of variants reported in ClinVar for CYP21A2 is relatively low for such a frequent 

condition, and better resources exist elsewhere. A recent effort (Simonetti et al., 2018) 

curated existing variants from multiple sources (e.g. CYPAlleles and dbSNP databases) and 

compiled them in a new gene-specific database to support genetic counseling to families 

with Congenital Adrenal Hyperplasia.

Other “usual suspects” genes artificially show a low number of variants in ClinVar. In some 

cases, many more are actually in the database but without a phenotype reported they were 

excluded from the analysis, as “pathogenic” can only refer to a specific phenotype. In others 

cases, the explanation was less obvious. For example, AKR1C2 seems to have a similar 

amount of evidence as AMHR2 - 4 variants each - with possible slant in favor of AMHR2 
due to more severe and diverse variants (e.g. frameshift, splice site, against only missense 

for AKR1C2). The AKR1C2 variants, however, are all from the same publication, and the 

finding hasn’t been replicated as widely. For AMHR2, one of the supporting publications 

quoted in the database (Belville et al., 2009) reports that 38 different mutations had been 

identified in patients with Persistent Müllerian Duct Syndrome by their team alone at that 

point, and describes the molecular effects of 10 of those variants. Those are yet to be 

included in ClinVar. Similarly, ARX, which causes an X-linked syndromic form of DSD in 

males, associating lissencephaly and abnormal genitalia, has only 2 ClinVar variants, one 

nonsense (Kato et al., 2004) and one deletion leading to a frameshift, but without a 

supporting reference. The quoted reference is actually the second paper from that team, 

which had reported at least another 15 variants in this gene. In these cases, the existing 

genetic proof is actually much stronger than reflected in the database.

This approach was also limited by the precision of phenotypic description in the database. 

For example, while pathogenicity of loss-of-function mutations in ATRX in the X-linked 

dominant alpha-thalassemia/MR syndrome is well documented with 24 variants in ClinVar, 

which of these mutations actually lead to DSD was more difficult to evaluate. The genital 

phenotype only affects males, while females have normal genitalia. However, variants are 

reported here without indication of whether they were found in XX or XY individuals. This 

is also an issue for syndromes that may include genital anomalies as a non-fully penetrant 
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trait. Variants are reported in the databases under the umbrella of the syndrome, without 

specification of genital involvement. One striking example is DHCR7, the causative gene for 

CHARGE syndrome, which has one of the highest number of variants in the list (90). 

Clarifying which variants are associated with genital anomalies requires analyzing each 

original publication and is not possible in the case of variants reported by clinical testing 

labs, not linked to a publication. In these cases, genotype-phenotype correlations, if any 

exist, have to be manually curated.

Six genes in the table have no DSD-associated variants reported in ClinVar: AKR1C4, 

DMRT2, HHAT, KDM5D, VAMP7 and WWOX. We examined the existing evidence for 

including those in a primary gene list for exome filtering in human DSD diagnosis. Three of 

these genes have in common to have been identified as causative on the basis of CNVs. As 

in the case for other dosage-sensitive genes involved in DSD (such as SOX3, NR0B1/DAX1 

or WNT4), variants are found in very few patients each and are difficult to both identify and 

validate.

Duplication of the distal region of the X chromosome Xq28, including VAMP7, was found 

using array CGH in 2/116 patients with genitourinary tract masculinization disorder 

(Tannour-Louet et al., 2010). That paper identified 11 other cases in the literature, 3 more by 

quantitative PCR in a different cohort, and demonstrated that transgenic mice overexpressing 

human VAMP7 mimicked the phenotype, possibly via potentiation of the estrogen signaling 

pathway through ESR1. The experimental evidence is solid, and awaits replication by others 

and identification of other types of variants in VAMP7.

A SNP array identified a 767-kb in-frame deletion of exons 6–8 of the WWOX gene in a 

patient with 46,XY DSD (White et al., 2012), and the corresponding truncated transcript was 

found in the patient’s cells. The paper reported that two different knock-out mouse strains 

showed Leydig cell function defects and gonadal abnormalities. Validation of WWOX as a 

human DSD gene awaits experimental demonstration of protein dysfunction and 

identification of variants in other patients.

Multiple reports have associated 46,XY gonadal dysgenesis with deletion of chromosome 

9p24.3, without the other features of terminal 9p deletion syndrome (catalogued as 46,XY 

Sex Reversal Type 4 in OMIM). This led to the hypothesis that haploinsufficiency for 

DMRT1 and/or DMRT2 is causative of the genital phenotype. Embryonic expression of 

DMRT1 is gonad-specific and sexually dimorphic; DMRT2 shows only weak expression in 

the developing gonad. Both genes share homology with sex-determining genes in 

Drosophila (Doublesex) and C. Elegans (Mab3) but confirmatory evidence in humans is 

weak, with one missense (without supportive reference) in DMRT1 in ClinVar and none in 

DMRT2. However, at least two other types of variants have now been identified in DMRT1: 

a missense mutation (Chauhan et al., 2016) and a deletion of exons 3–4 (Ledig et al., 2012).

A short peptide derived from the KDM5D (lysine demethylase 5D) protein is the Y-

chromosome-linked H-Y/HLA-B7 (aka HYA) minor histocompatibility antigen. GeneCards 

links KDM5D to “Spermatogenic Failure, Y-linked, Type 2”. UniProt/SwissProt data 

suggests that it may regulate transcriptional activity of AR. However, OMIM does not report 
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a link between this gene and the phenotype and no clear evidence was found in a literature 

search. Since the azoospermia AZF locus has been shown to not include HYA, this gene 

should probably be removed from primary DSD gene lists.

A homozygous missense variant in HHAT, the Hedgehog acetyl transferase, was identified 

by exome sequencing as the cause of a familial autosomal recessive syndromic form of 46, 

XY DSD associated with chondrodysplasia and severe brain abnormalities (Callier et al., 

2014). An XX sibling with normal ovaries shared the non-genital phenotype and the variant. 

Evidence included prediction of protein disruption by multiple algorithms and confirmation 

by in vitro experiments, expression of the protein in the developing gonad, and 

demonstration that palmitoylation of Hedgehog ligands is required for testes organogenesis 

in mouse. The experimental evidence is elegant, but awaits identification of further cases.

AKR1C4 is part of a complex encoded on chromosome 10p15.1 that play a role in 

metabolism of steroid hormones. Evidence for its involvement in human DSD rests on a 

single family with testicular and adrenal 17,20-desmolase deficiency resulting in a defect in 

androgen biosynthesis. In this family, a splice site variant in AKR1C4 segregated together 

with a missense in related gene AKR1C2 (Flück et al., 2011); another patient in the same 

report harbored a complex rearrangement of the region. Therefore AKR1C4 is likely best 

considered a modifier (as OMIM classifies it for 46,XY Sex Reversal Type 8) or in a digenic 

model (e.g. with AKR1C2) and searching for such a mode of inheritance in exome results 

might help identify further patients.

8. Whole genome sequencing

While exome sequencing is a clear improvement over single-gene testing in providing 

clinical diagnosis for DSD, it leads to a definitive molecular diagnosis in only 30% of all 

cases (Baxter et al., 2015; Lee et al., 2014; Yang et al., 2014). About 85% of disease-

associated variants are found in coding regions (Abecasis et al., 2010), but this is likely to be 

an ascertainment bias. Metaanalysis of hundreds of genome-wide association studies showed 

that >90% of genetic variants associated with complex multigenic disorders lie within non-

coding regions of the genome instead of the regions captured by exome sequencing 

(Maurano et al., 2012). Genome-wide screens of DSD patients have discovered variants in 

the regulatory non-coding regions of DSD associated genes, in particular SOX9 and SOX3 
(Croft et al., 2018; Harrison et al., 2013; Sutton et al., 2011; White et al., 2011). Therefore a 

technique sequencing the whole genome rather than only the protein-coding regions has the 

potential to provide a much higher diagnostic yield than WES.

Whole-Genome Sequencing (WGS), which is also based on short-read sequencing but is not 

constrained by the exome capture step, overcomes limitations of WES such as lack of 

coverage of some GC rich parts of the exome because of the PCR enrichment step, or the 

preferential capture of reference sequence allele leading to an allele distribution bias 

(Heinrich et al., 2012; Meynert et al., 2014, 2013; Quail et al., 2008). WGS is more powerful 

in detecting disease-causing SNVs than WES, even in exomic regions. For example, a study 

comparing WES and WGS results for 6 unrelated individuals showed that both techniques 

identified a similar number of the total as well as high quality SNVs and INDELs, however, 
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the distributions of coverage depth, genotype quality and minor read ratio were more 

uniform for WGS than for WES (Belkadi et al., 2015). Confirmation using Sanger 

sequencing showed a similar percentage of false positives for INDELs (44% vs. 46%). 

However, SNV false positives were dramatically higher (78%) in WES than in WGS (17%).

Studies comparing the diagnostic yield of WGS with that of clinically conventional genetic 

diagnostic techniques typically report higher yield. For example, a diagnostic yield of 34% 

in a cohort of children with various congenital anomalies, including developmental delay, 

represents a four-fold increase in diagnostic rate over CMA and two-fold increase over 

targeted gene sequencing (Stavropoulos et al., 2016). NGS-based targeted sequencing is 

being increasingly used in conjunction with CMA and WES to improve clinical diagnostics 

of DSD cases. For example, a combination of targeted NGS, WES and CMA was able to 

detect genetic defects in 85% of the families in a cohort of 63 Japanese patients with 

biochemically uncharacterized pediatric onset primary adrenal insufficiency, with some of 

them exhibiting 46,XY DSD phenotypes (Amano et al., 2017). In another report, array CGH 

and WGS were utilized to determine a structural variant caused by a ~774 kb insertional 

translocation from chromosome 1 into a palindromic sequence 84 kb distal of the SOX3 
locus on chromosome X, leading to its upregulation in a 46,XX phenotypically male patient 

(Haines et al., 2015).

WGS is slowly being incorporated into the clinical diagnosis process throughout the world 

with the hope that providing physicians and patients with an interpreted genome sequence 

will reduce the uncertainty of clinical decision-making and improve clinical outcomes. 

However, the wide availability of WGS for clinical purposes is currently limited by several 

factors. With about 3 million variants compared to the reference genome in each individual, 

the complexity of variant filtering and prioritizing is exponentially amplified compared to 

exome sequencing. Diagnostic capacity and variant classification for non-coding variants is 

also limited by the availability of comprehensive, ethnically rich, reference databases of 

control and disease sequences. In addition, WGS has the potential to detect large SVs, 

CNVs, INDELs as well as SNPs across the genome, when de novo assembly becomes more 

routinely feasible. However, due to the utilization of short-reads, the discovery of SVs by 

WGS is compromized. Many bioinformatic tools have been developed for SV calling from 

NGS data using a combination of read-depth, read-pair, split-read methods, but the number 

and type of SVs identified by each of the tools vary significantly with low sensitivity, low 

concordance rates, and large false discovery (English et al., 2015;Tattini et al., 2015).

9. Long-read sequencing

The human genome is arguably the most complete mammalian reference genome assembly, 

but it still contained over 160 euchromatic gaps encompassing long runs of degenerate short 

tandem repeats, often several kilobases in length, embedded within GC-rich genomic regions 

(Chaisson et al., 2015; Sedlazeck et al., 2018a). Although NGS significantly reduced the 

cost of sequencing, the utilization of short-reads and amplification biases led to difficulties 

in identification of larger SVs, as well as problems in sequencing certain genomic regions 

(Chaisson et al., 2015). This limitation is being remedied with the advent of “third-

generation”, long-read sequencing (LRS) methods such as Single Molecule Real Time 
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(SMRT) sequencing (Pacific Biosciences, PacBio) and nanopore sequencing (Oxford 

Nanopore Technologies, ONT). These also promise to revolutionize transcriptome analysis 

by allowing the sequencing of full-length RNA/cDNA molecules in which exon skipping 

and isoform expression can be determined.

PacBio’s SMRT sequencing utilizes “sequencing by synthesis method” where incorporation 

of differentially fluorescently labelled nucleotides into immobilized individual DNA 

templates is recorded in real time, resulting in long reads that end only when the DNA 

polymerase dissociates from the template (Rank et al., 2009). The average read length from 

the current PacBio’s Sequel System is approximately 10,000 bp, but new improved 

chemistry promises to increase the read lengths to an average of 85,000 bp (Kosicki et al., 

2018; Sedlazeck et al., 2018b).

Nanopore sequencing passes a single strand of DNA through a pore where the electric signal 

changes generated by the base-by-base movement of the molecule across the nanopore are 

converted into base-calls (Deamer et al., 2016; Jain et al., 2016, 2015). Some users have 

observed read-lengths in excess of 2 Mb (www.nanoporetech.com).

LRS has been employed for a number of purposes to overcome challenges faced by NGS 

technologies. For example, it was successfully used to sequence regions of microsatellite 

repeats in cases of neurodegenerative diseases such as ALS and frontotemporal dementia 

(FTD) as well as polyglutamine expansion in Huntington disease, 

dentatorubropallidoluysian atrophy, spinal and bulbar muscular atrophy (Ebbert et al., 2018; 

Liu et al., 2017). PacBio long-range RNA sequencing was used to sequence the chicken 

transcriptome, which helped resolve regions encompassing multiple-mapping loci, repeat-

regions and ambiguous splice junctions across the coding as well as non-coding 

transcriptome (Kuo et al., 2017). PacBio and Nanopore sequencing were also utilized in 

conjunction with Illumina SRS to create de novo genome assembly of Saccharomyces 
cerevisiae (Jenjaroenpun et al., 2018). Application of LRS in clinical diagnosis in a case of 

two patients with congenital abnormalities detected novel chromothripsis rearrangements 

with details of breakpoints, parental origin and structure, as well as novel variants 

originating from retrotransposon insertions at higher efficiencies in comparison to Illumina 

SRS (Cretu Stancu et al., 2017).

In 2018, both Nanopore (Jain et al., 2018) and PacBio (pacbio.com press release, Oct. 2018) 

have reported complete de novo assembly of a human genome. However both techniques 

have severe limitations that will need to be overcome before widespread use in clinical 

practice is possible. Both require important compute time and bioinformatic resources. 

Nanopore sequencing is fast but shows a lack of base-calling accuracy; Pac-Bio is very 

accurate, but slow. Methods are being developed to combine the strengths of each to create 

accurate, isoform-level transcriptome and genome annotation (Volden et al., 2018), 

promising to fully exploit the power of LRS technologies to discover large SV and sequence 

variation in a single molecule, which can be the next paradigm for DSDs diagnosis.
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10. Optical Genome Mapping

Many SVs are caused by non-allelic homologous recombination events between duplicated 

DNA sequences as large as 300 kbp in size. The repetitive nature of these regions makes 

them all but invisible to short-read sequencing platforms (Conrad et al., 2010; Sharp et al., 

2005) or traditional cytogenetics methods such as CMAs, which can elucidate gain or loss of 

genetic material, but fail to detect the order/orientation of the SV and are virtually blind for 

detection of balanced events such as inversions and translocations. Recently, a novel method 

– optical genome mapping has been proposed as the “go to” method for identification of 

large/complex structural variants due to its high specificity and sensitivity (Hastie et al., 

2017). SVs account for the largest portion of human to human genome variation (Sudmant et 

al., 2015; Weischenfeldt et al., 2013) and have been implicated in a variety of disease 

etiologies including DSD (Barseghyan et al., 2015), neuropsychiatric disorders (Brand et al., 

2014) and heart disease (Brand et al., 2014).

Optical genome mapping (supported by the Bionano Genomics platform) uses specialized 

nanochannel arrays capable of housing immobilized, labeled megabase-size DNA molecules 

for optical imaging (Hastie et al., 2017). Prior to imaging, the long DNA molecules are 

fluorescently labeled at specific sequence motifs throughout the genome, using restriction 

enzymes (reviewed in (Barseghyan et al., 2018) or other proprietary enzymes (Figure 2). The 

resultant pattern of fluorescent tags within long DNA molecules is used for de novo 
assembly of each allele of the sample genome with scaffold length N50 values exceeding 60 

Mbps (to compare with ~10.5 Mbps for Nanopore (Jain et al., 2018). Comparison of the 

sample-specific maps with the in silico-digested maps of the human genome reference 

allows for identification of large deletions, insertions, inversions, translocations and complex 

rearrangements. Optical mapping has been used for identification of potentially pathogenic 

SVs in cancer genomes (Dixon et al., 2018; Du et al., 2018; Jaratlerdsiri et al., 2017), 

population-specific genome assemblies (McCaffrey et al., 2017; Seo et al., 2016; Shi et al., 

2016), as well as muscle-wasting disorders such as Duchenne and facioscapulohumeral 

muscular dystrophies (Barseghyan et al., 2017; Dai et al., 2018). In Duchenne Muscular 

Dystrophy, we showed the ability of whole-genome optical mapping to identify large 

deletions, insertions, and inversions in hemizygous and heterozygous states with 100% 

clinical diagnosis concordance rates (Barseghyan et al., 2017).

Although optical mapping brings key advantages over the clinically available cytogenetic 

technologies such as karyotype and microarray, mainly increased resolution and detection of 

balanced events, its adoption in clinic is still pending. Our group is working on bringing 

optical mapping to DSD diagnosis (Barseghyan et al., 2018). Integration of WGS and 

whole-genome optical mapping allows researchers to survey all of the different types of 

genomic variations: SNVs, INDELs, CNVs and large SVs. Recent, unpublished work 

suggests that integration of the two technologies tremendously improves WGS SV 

identification rates, while also decreasing optical mapping’s SV breakpoint uncertainty to 

less than 140 bp (originally ~3–5 kbp) (Porat et al., 2018). Combined integrated optical 

mapping and genome sequencing analysis is poised to provide higher diagnostic rates for 

DSD and other genetic disorders.
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Identification of clinically relevant SVs will require integration of data sets obtained through 

all current technologies to ascertain both what is a true SV (variant calling) and which are 

pathogenic (variant classification). An early global map of 270 individuals using SNP arrays 

and array CGH identified ~1,500 copy number variable regions over 1 kb, covering 12% of 

the genome (Redon et al. 2006). Integration of SRS, LRS and optical mapping on a genome 

identified 10,000 putative SVs compared the hg19 reference assembly (English et al. 2015). 

The PacBio method identified >20,000 unique SVs (> 50 bp) and ~400,000 1–49 bp 

INDELs, 80% of which could not be resolved with current SRS techniques (Ameur et al., 

2018a, 2018b; Sedlazeck et al., 2018b). A major difficulty remains assembling enough 

genomes to understand the complexity of pathogenic and non-pathogenic human genomic 

SV diversity.

11. Epigenetics

Finally, epigenetic variation may also represent a significant etiology in DSD. One of the 

most compelling pieces of evidence of the role of epigenetic changes governing sex 

determination is the promoter DNA methylation of the master regulator Sry (Nishino et al., 

2004). Sry expression in male mice happens in a subset of gonadal somatic cells under tight 

spatiotemporal regulation around embryonic days 10.5–12.5 (DiNapoli and Capel, 2008; 

Hiramatsu et al., 2009). The promoter region of Sry was observed to be hypermethylated 

(associated with transcriptional repression) in gonadal somatic cells at 8.5 dpc and 

hypomethylated (associated with transcriptional activation) at 11.5 dpc while remaining 

hypermethylated in tissue not expressing Sry at the same time-point (Nishino et al., 2004). 

There have also been reports of differences in methylation patterns of key sex determination 

genes in cases of animal DSD that have a high congruence with human DSD genes. 

Persistent abnormal hypermethylation of the Sry gene (resulting in down-regulated mRNA 

and protein expression) was established as the cause of ovotestis and female phenotype in 

cloned Sry-positive XY dogs generated through somatic cell nuclear transfer (Jeong et al., 

2016). In another example involving XX DSD dogs with ovotestis or testis phenotype, 

candidate gene promoter methylation bisulfite sequencing revealed hypomethylation in 

Sox9, hypermethylation in Wnt4 and hypermethylation of the Sox3 promoter at levels 

similar to that of control XY male dogs (Salamon et al., 2017). Both these examples show 

that epigenetic promoter methylation of important sex determination genes can be 

determinants of DSD in mammals.

Genomic DNA methylation at CpG sites can be detected by several technologies, including 

bisulphite conversion followed by SRS or SNP arrays (Kurdyukov and Bullock, 2016; Laird, 

2010). Both PacBio and Oxford Nanopore LRS technologies potentially provide improved 

methylome sequencing capabilities (Fang et al., 2012; Murray et al., 2012) and Bionano is 

also developing a labeling method that will differentially detect unmethylated vs. methylated 

cytosines at the recognition site. All three have the advantage over current techniques to 

identify epigenetic marks and genomic sequence (PacBio, Nanopore) or mapping (Bionano) 

on the same, single molecule of DNA. These developing technologies bring the exciting 

prospect of enabling exploration of epigenetic modifications as a new and upcoming 

paradigm in diagnosis of DSDs.
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Figure 1: Simplified overview of sex determination and sex differentiation in humans
(The figure has been modified from (Arbodela and Vilain, 2009) using Barseghyan et al., 

2015; Biason-Lauber, 2012; Croft et al., 2016; Kyriakou et al., 2015; Ohnesorg et al., 2014; 

Makoto Ono and Harley, 2013; Zhao et al., 2017) and references therein.
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Figure 2: Preparation of long DNA molecules for optical mapping:
High molecular weight DNA is incubated with fluorescent labels and Direct Labeling 

Enzyme 1 (DLE1). The enzyme recognizes CTTAAG sequences throughout the genome and 

covalently attaches a fluorescent label (green). Subsequently, the DNA backbone is stained 

overnight and loaded onto the Bionano Genomics Chips containing millions of 

nanochannels for imaging. The green fluorescent labels are used to map DLE1 enzyme 

recognition patterns, whereas the blue staining of the DNA backbone is used to identify 

molecule sizes. Both are used for de novo genome assembly.
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Table 1:
Pathogenic and likely pathogenic variants in 69 DSD genes listed in the ClinVar database:

The variants in 69 human DSD genes (column 1) deposited in the NIH-maintained ClinVar database and 

classified as pathogenic or likely pathogenic for a DSD condition were compiled. The total number (column 2) 

and type (column 3) of variants are shown (FS Del/Ins: deletion/insertion resulting in frameshift). Copy 

number variants that included multiple genes were not included, as pathogenicity could not be easily attributed 

to the single gene. If the genes were involved in several phenotypes, only the variants relevant to DSD were 

included. Variants for which phenotypic information was not available were not included. Selected references 

cited as evidence in the database are shown in column 4 (the complete list for each gene entry can be found at 

https://www.ncbi.nlm.nih.gov/clinvar/).

Gene name Number of 
variants

Type of variants Example references

Sex Determination

BMP15 
(POF4)

3 Missense, nonsense (Di Pasquale et al., 2004; Dixit et al., 2006; Rossetti et al., 2009)

CBX2 2 Missense (Biason-Lauber et al., 2009)

DHH 9 FS Del, nonsense, missense (Canto et al., 2008; Tajouri et al., 2018; Umehara et al., 2000; 
Werner et al., 2015)

DMRT1 1 Missense -

DMRT2 0 - -

FSHR 17 Missense (Aittomäki et al., 1995; Beau et al., 1998; De Leener et al., 2008, 
2006; Di Carlo et al., 1997; Doherty et al., 2002; Gromoll et al., 
1996; Kuechler et al., 2010; Meduri et al., 2003; Montanelli et al., 
2004; Smits et al., 2003; Vasseur et al., 2003)

GATA4 1 Missense (Lourenco et al., 2011)

HHAT 0 - -

MAP3K1 9 Missense, Splice site (Baxter et al., 2015; Granados et al., 2017; Loke and Ostrer, 2012; 
Pearlman et al., 2010)

NR0B1 
(DAX1)

75 FS del/ins, rearrangement, gene 
deletion, gene duplication, 
missense, nonsense, splice site

(Barbaro et al., 2007; Muscatelli et al., 1994; Jun Nakae et al., 1997; 
Schwartz et al., 1997; Yanase et al., 1996)

NR5A1 (SF1) 26 Missense, nonsense, in-frame 
deletion, FS del

(Achermann et al., 1999; Baetens et al., 2017; Bashamboo et al., 
2010; Colson et al., 2017; Correa et al., 2004; Igarashi et al., 2017; 
Lin et al., 2007; Lourenço et al., 2009)

RSPO1 3 Exon deletion, FS ins, Splice site (Parma et al., 2006; Tomaselli et al., 2008)

SOX3 3 Gene duplication, missense, in-
frame duplication

(Karaca et al., 2015; Woods et al., 2005)

SOX9 14 Promoter Del, Promoter Dup/
Triplication, FS ins, FS del, 
missense, nonsense

(Benko et al., 2011; Cox et al., 2011; Foster et al., 1994; Kim et al., 
2015; Kwok et al., 1995; Pop et al., 2005; Vetro et al., 2011)

SRY 27 Missense, FS del, in-frame del, 
nonsense

(Berta et al., 1990; Hawkins et al., 1992; Jäger et al., 1990; 
McElreavey et al., 1992; Nykamp et al., 2017a; Vilain et al., 1992)

STAG3 (POF8) 4 FS del, FS dup, Splice site, 
nonsense

(Caburet et al., 2014; He et al., 2018; Le Quesne Stabej et al., 2016)

WNT4 4 Missense (Biason-Lauber et al., 2007, 2004; Mandel et al., 2008; Philibert et 
al., 2008)

WT1 23 Splice site, missense, nonsense, FS 
del, FS dup

(Barbaux et al., 1997; Barrera et al., 2016; Bruening et al., 1992; 
Little and Wells, 1997; Royer-Pokora et al., 2004; F. Wang et al., 
2017)
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Gene name Number of 
variants

Type of variants Example references

WWOX 0 - -

ZFPM2 3 Missense (Bashamboo et al., 2014; Royer-Pokora et al., 2004)

Sex differentiation

AKR1C2 4 Missense (Christa E. Flück et al., 2011)

AKR1C4 0 - -

AMH 4 FS Del, FS Ins, nonsense (Carré-Eusèbe et al., 1992; Knebelmann et al., 1991; Lang-Muritano 
et al., 2001)

AMHR2 4 FS Del, in-frame del, Splice site, 
missense

(Belville et al., 2009; Imbeaud et al., 1995, 1996; Messika-Zeitoun 
et al., 2001)

AR 109 Splice site, missense, FS Ins/del, 
nonsense, multi exon deletion

(Brown et al., 1988; Brüggenwirth et al., 1997; Choong et al., 1996; 
MacLean et al., 1993; Sammarco et al., 2000; Vilchis et al., 2003; 
Zhu et al., 1999; Zoppi et al., 1993)

ARX 2 Nonsense, FS Del (Kato et al., 2004; Kitamura et al., 2002)

ATRX 24 Splice site, Nonsense, FS Del, 
missense

(Gibbons et al., 1995; Mitson et al., 2011a; Stevenson, 1993)

CYP11A1 10 FS Del, FS Ins, in-frame insertion, 
missense

(Hiort et al., 2005; Katsumata et al., 2002; C. J. Kim et al., 2008; 
Tajima et al., 2001)

CYP17A1 35 Splice site, in-frame deletion, FS 
del, FS Dup, rearrangement, 
missense, nonsense

(Ahlgren et al., 1992; Imai et al., 1992; Kagimoto et al., 1988; 
Oshiro et al., 1995; Schwab et al., 2005; van den Akker et al., 2002; 
Yamaguchi et al., 1997; Yanase et al., 1990; Yang et al., 2006)

CYP19A1 13 fusion, insertion, deletion, 
missense SNV, intron SNV, 
missense SNV, nonsense SNV

(Deladoëy et al., 1999; Herrmann et al., 2002; Ito et al., 1993; Shozu 
et al., 2003; Tiulpakov et al., 2005)

CYP21A2 49 Deletion, duplication, SNVs, 
insertion, intron SNV, missense 
SNV

(Billerbeck et al., 2002; Hayashi et al., 2013; Kaupert et al., 2016; 
Kirac et al., 2014; Livadas et al., 2015; C. Wang et al., 2017; Wang 
et al., 2016; Welzel et al., 2010; Yoo et al., 2013)

DHCR7 90 Missense, FS Ins, in-frame 
deletion, nonsense, Splice site

(Lanthaler et al., 2015; Sparks et al., 2014; Wassif et al., 1998; 
Waterham and Hennekam, 2012; Waye et al., 2002; Yu et al., 2000)

FGFR2 3 Intragenic deletion, missense (Bagheri-Fam et al., 2015; Fonseca et al., 2008; Przylepa et al., 
1996; Slavotinek et al., 2009)

FOXL2 (POF 
3)

5 FS Del, FS Ins, in-frame deletion, 
missense

(Harris et al., 2002; Yang et al., 2018)

HSD17B3 23 Missense, Splice site, FS Del, SNV 
deleting a stop codon

(Castro et al., 2012; Geissler et al., 1994; Lindqvist et al., 2001; 
Phelan et al., 2015)

HSD3B2 11 FS ins, FS del, nonsense, missense (Rhéaume et al., 1992; Simard et al., 1994; Welzel et al., 2008)

KDM5D 0 - -

LHCGR 32 FS del, in-frame deletion, in-frame 
insertion, missense, nonsense, 
Splice site

(Boot et al., 2011; Gromoll et al., 2000; Laue et al., 1995; Misrahi et 
al., 1997; S. M. Wu et al., 1998)

MAMLD1 4 Nonsense (Fukami et al., 2006)

POR 14 Splice site, missense, FS Ins, FS 
Dup, deletion

(Arlt et al., 2004; Flück et al., 2004; Fukami et al., 2005; Huang et 
al., 2005; Oh et al., 2017)

SRD5A2 41 FS Del, missense, nonsense, Splice 
site, exon loss deletion, in-frame 
deletion

(Bertelloni et al., 2016; Cai et al., 1996; Can et al., 1998; Eggers et 
al., 2016; Ko et al., 2010; Thigpen et al., 1992)

STAR 33 FS Del, FS Ins, Splice site, 
missense, nonsense

(Abdulhadi-Atwan et al., 2007; Bose et al., 1996; Christa E. Flück et 
al., 2011; Huang et al., 2016; J Nakae et al., 1997; Okuyama et al., 
1997; Tee et al., 1995)
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Gene name Number of 
variants

Type of variants Example references

VAMP7 0 - -

Central causes of hypogonadism

ARL6 (BBS3) 10 Missense, nonsense, gene deletion, 
FS Del, Splice site

(Chiang et al., 2004; Fan et al., 2004; Lindstrand et al., 2016)

CHD7 187 Multi-exon deletion, FS Del, FS 
Ins, nonsense, Splice site, 
rearrangement, a few missense

(Jongmans et al., 2008; H.-G. Kim et al., 2008; Moccia et al., 2018; 
Udaka et al., 2007)

FGF8 7 FS Del, Missense, 5’UTR SNV (Costa-Barbosa et al., 2013; Falardeau et al., 2008)

FGFR1 27 Missense, nonsense, FS Del, Splice 
site

(Dodé et al., 2003; Pitteloud et al., 2006; Trarbach et al., 2006; Xu et 
al., 2007)

FRAS1 17 FS Ins, FS Del, nonsense splice 
site, in-frame deletion

(Cavalcanti et al., 2007; McGregor et al., 2003; Slavotinek et al., 
2006)

FREM2 6 Missense, FS Del, FS Ins, 
nonsense, Splice site

(Jadeja et al., 2005; Shafeghati et al., 2008; van Haelst et al., 2008)

GNRH1 1 FS Ins (Bouligand et al., 2009)

GNRHR 20 Missense, nonsense, Splice site (Caron et al., 1999; Gianetti et al., 2012; Kottler et al., 2000; 
Layman et al., 1998; Meysing et al., 2004)

GRIP1 2 Splice site, FS Del (Vogel et al., 2012)

HESX1 14 FS Del, FS Ins, missense, splice 
site, nonsense

(Brickman et al., 2001; Cohen et al., 2003; Dattani et al., 1998; 
Sobrier et al., 2006; Tajima et al., 2003; Thomas et al., 2001)

HFE 11 Missense, nonsense, FS Del (Beutler et al., 2002; de Villiers et al., 1999; Gochee et al., 2002; 
Piperno et al., 2000)

KAL1/ANOS1 25 Multi-exon deletion, FS Dup, FS 
Del, missense, nonsense, splice site

(Albuisson et al., 2005; Canto et al., 2008; Massin et al., 2003; 
Söderlund et al., 2002; Trarbach et al., 2006)

KISS1R 7 Intragenic deletion, missense, 
nonsense, FS SNV

(Brioude et al., 2013; Seminara et al., 2003; Tenenbaum-Rakover et 
al., 2007)

LEP 4 FS Del, missense (Gibson et al., 2004; Strobel et al., 1998; Wabitsch et al., 2015)

LEPR 2 Splice site, FS Ins (Clément et al., 1998)

LHX3 9 Gene deletion, intragenic deletion, 
FS del, nonsense, missense

(Netchine et al., 2000; Pfaeffle et al., 2007; Rajab et al., 2008)

PCSK1 5 Splice site, missense, nonsense, in-
frame deletion

(Farooqi et al., 2007; Jackson et al., 2003, 1997)

PROK2 6 FS Ins, FS Del, missense (Cole et al., 2008; Dodé et al., 2006; Leroy et al., 2008; Pitteloud et 
al., 2007)

PROKR2 12 Missense, FS Del (Lindsay W. Cole et al., 2008a; Dodé et al., 2006b; Dodé and 
Rondard, 2013; McCabe et al., 2013; Monnier et al., 2009; Reynaud 
et al., 2012; Ruiz-Ferrer et al., 2011; Sarfati et al., 2013, 2010)

PROP1 31 Nonsense, missense, FS Ins, FS 
Del, Splice site

(Lindsay W Cole et al., 2008; Johnny Deladoëy et al., 1999; 
Fofanova et al., 1998; Kelberman et al., 2009; Lemos et al., 2006; 
Reynaud et al., 2005; Sarfati et al., 2010; W. Wu et al., 1998)

PTPN11 80 Missense, in-frame deletion (Sobreira et al., 2010; Tartaglia et al., 2006; Thiel et al., 2009; 
Yoshida et al., 2004; Zenker et al., 2004)

SOS1 27 Missense (Lepri et al., 2011; Li et al., n.d.; Roberts et al., 2007)

TAC3 4 Missense, FS Del (Gianetti et al., 2010; Topaloglu et al., 2009)

TACR3 7 Missense, nonsense (Francou et al., 2011; Gianetti et al., 2010; Topaloglu et al., 2009)

TRIM32 6 Missense, FS Del (Chiang et al., 2006; Locke et al., 2009; Van Goor et al., 2014)

TTC8 4 In-frame deletion, Splice site, 
5’UTR deletion

(Ansley et al., 2003; Stoetzel et al., 2006)
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