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Abstract

The elegant developmental biology experiments conducted in the 1940s by French physiologist 

Alfred Jost demonstrated that the sexual phenotype of a mammalian embryo depended whether the 

embryonic gonad develops into a testis or not. In humans, anomalies in the processes that regulate 

development of chromosomal, gonadal or anatomic sex result in a spectrum of conditions termed 

Disorders/Differences of Sex Development (DSD). Each of these conditions is rare, and 

understanding of their genetic etiology is still incomplete. Historically, DSD diagnoses have been 

difficult to establish due to the lack of standardization of anatomical and endocrine phenotyping 

procedures as well as genetic testing. Yet, a definitive diagnosis is critical for optimal management 

of the medical and psychosocial challenges associated with DSD conditions.

The advent in the clinical realm of next-generation sequencing methods, with constantly 

decreasing price and turnaround time, has revolutionized the diagnostic process. Here we review 

the successes and limitations of the genetic methods currently available for DSD diagnosis, 

including Sanger sequencing, karyotyping, exome sequencing and chromosomal microarrays. 

While exome sequencing provides higher diagnostic rates, many patients still remain undiagnosed. 

Newer approaches, such as whole-genome sequencing and whole-genome mapping, along with 

gene expression studies, have the potential to identify novel DSD-causing genes and significantly 

increase total diagnostic yield, hopefully shortening the patient’s journey to an accurate diagnosis 

and enhancing health-related quality-of-life outcomes for patients and families.
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Sex development

One of the most fascinating developmental processes in biology is sex development – 

transformation of the bipotential gonads into fully functioning testes or ovaries. In males, 

testicular development is initiated with the upregulation of SRY in somatic cells of 

undifferentiated gonads [1–3]. Expression of SRY and NR5A1 activates a cascade of genetic 

events, including upregulation of SOX9 in Sertoli cells leading to tubular cord formation and 

testicular organogenesis [4, 5]. In the absence of SRY, female-specific pathways involving 

genes such as RSPO1, WNT4, or NR0B1 are initiated, promoting development of the 

ovaries [6–8].

The developed testes or ovaries secrete hormones needed for the differentiation of the fetus 

into a male or a female. Hormones produced by the testes play an essential role in 

development of male internal (epididymis, vas deferens, seminal vesicles) and external 

(penis, scrotum) genitalia. Production of anti-Müllerian hormone (AMH) by Sertoli cells 

stimulates regression of the Müllerian structures, whereas production of testosterone and 

insulin-like peptide 3 by Leydig cells promote development of male internal structures and 

testicular descent respectively. Conversion of testosterone to dihydrotestosterone (DHT) by 

5α-reductase promotes the development of the penis, scrotum and prostate. Lack of AMH 

and testosterone production in females allows for the continuous development of Müllerian 

ducts (uterus, Fallopian tubes, and upper third of vagina) and regression of Wolffian ducts is 

promoted by COUP-TFII [9]. Virilization of external genitalia does not occur due to absence 

of high levels of testosterone and DHT.

Abnormalities in sex developmental pathways may lead to Disorders/differences of Sex 

Development (DSD), which were defined in the 2006 Consensus Statement on Management 

of Intersex Disorders as “congenital conditions in which the development of chromosomal, 

gonadal or anatomic sex is atypical” [10]. Many of the genes identified to be important in 

sex development were found to be mutated in patients diagnosed with DSD. The 

significance of studying these disorders is not only biological, as it increases our 

understanding of sex differences, mechanisms of reproduction and fertility, but also human 

as we start to understand the complexities of societal and medical implications of human 

chronic conditions affecting sexual organs.

Challenges of DSD diagnosis and management

DSDs are a spectrum of chronic conditions collectively thought to affect approximately 

0.5% of the population [11]. However, the incidences of discrete DSD (e.g. androgen 

insensitivity syndrome, 5-alpha reductase deficiency, ovotesticular DSD) are low, classifying 

each as “rare disease” (for a detailed description and classification of DSD conditions by 

etiology see [12]. Evidence-based clinical care in DSD has been hampered by a fragmented 

research agenda, leaving fundamental gaps in knowledge of DSD pathology. Links between 

treatment options and desired outcomes are poorly understood. Research is disadvantaged by 

small sample sizes and lack of standardization in descriptions of phenotype and medical/

surgical interventions [13]. Studies examining the relationship between molecular diagnosis, 

gender development, and psychosocial trajectories reveal substantial unexplained variance in 
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outcomes. The limited base of evidence is associated with significant variation in diagnostic 

and treatment practices within and across medical, surgical, and behavioral aspects of health, 

as evidenced in a recent survey conducted by the DSD-Translational Research Network 

(DSD-TRN) [14].

As a result, clinical management in DSD is in a state of flux with disagreements within and 

between healthcare providers, advocacy, and patient communities regarding what constitutes 

optimal care [15]. Evidence of these controversies exist in the medical literature [16], social 

media (e.g. http://oiiinternational.com), deliberations of human rights organizations [17, 18], 

the US Department of State [19] and courts of law [20]. Management of DSD is 

exceptionally difficult 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 [21–25].

The emerging paradigm for clinical management recognizes the strength of focusing on an 

early diagnosis as well as long-term health-related quality-of-life outcomes, with patient-

centered decision-making jointly by clinical teams and families. In the past few years, 

genetic diagnosis has made leaps with demonstrated increased diagnostic rates using exome 

sequencing [26] or targeted DSD panels [27–30]. With cost of next-generation sequencing 

decreasing and turnaround times for clinical testing now similar to those of some endocrine 

tests (e.g. down to 1 week for urgent exome cases at the UCLA Clinical Genomic Center; 

less for panels), genomic testing as a priority for DSD diagnostic clinical practice is 

becoming a reality [31] and is recommended by the DSD-Translational Research Network 

[32]. In spite of these recent advances, a large proportion of patients do not receive a firm 

genetic diagnosis. Emerging technologies such as whole-genome sequencing and whole-

genome mapping are poised to increase diagnostic yield.

Genetics of disorders/differences of sex development

Known genetic causes of DSD include sex chromosomes aneuploidies (Turner and 

Klinefelter syndromes and their variants), copy number variants (CNVs) affecting open 

reading frames or regulatory elements (promoters/enhancers) upstream of critical dosage-

sensitive genes such as SOX9, SOX3, or NR0B1 (reviewed in [33]), as well as single 

nucleotide variants (SNVs) in at least 75 genes involved in gonadal developmental processes 

and/or sex hormone biosynthesis or action [2, 3, 32, 34–37]. 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 [38–

40], 13% to mutations in SF1/NR5A1 [41], and a few cases due to other rare genetic events 

(SOX9, DAX1/NR0B1,…). More recent data suggest that MAP3K1 variants may explain an 

additional 10-18% [26, 42, 43], 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 [44]. Recently, 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 
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(e.g. STAG3) have also been shown to underlie ovarian dysgenesis or premature ovarian 

failure, though each explain only a minority of cases and many remain unexplained [45–47].

In spite of close to 30 years of intensive research since the seminal discovery of SRY [1, 48–

51] as a master sex-determining gene, the majority of patients do not receive an accurate 

diagnosis. This may be due in part to imperfect access to genetic testing in the clinical 

setting: we recently showed that 97% of undiagnosed patients in the US-based DSD-TRN 

registry have not exhausted clinically available diagnostic testing [32]. There are, however, 

likely additional genetic etiologies to be uncovered, especially in non-coding parts of the 

genome.

In this review, we focus on the genomic technologies used to achieve genetic diagnosis in 

DSD, how those technologies have helped to identify novel genes associated with DSD 

pathogenesis, as well as developing high-throughput technologies that could be incorporated 

into genetic diagnostic practice.

Chromosomal microarrays

Chromosomal microarrays (CMA) have advanced the field of genetic diagnosis as the 

technology provides high-resolution scanning of the entire genome. Compared with classical 

karyotyping techniques CMA achieves much higher precision in regard to identification of a 

gain or loss of genetic material. The main types of CMAs used for genetic testing are 

Comparative Genomic Hybridization (CGH) and Single Nucleotide Polymorphism (SNP) 

array. In array CGH, genomic DNA of two samples (test and control) labeled with different 

fluorescent tags are used to hybridize to an array of cloned genomic DNA fragments of 

varying sizes. The comparison of the intensities of the two fluorescent labels between test 

and control samples allows identification of copy-number variants (CNVs). In contrast, SNP 

arrays rely on identification of genetic variation via comparison of relative intensities 

obtained from the hybridization of a single fluorescently labeled DNA to an array of 

synthetic oligonucleotides to those of a pool of control samples. Microarray manufacturers 

have combined the two technologies to be able to not only identify gain or loss of genetic 

material, but also identify regions of heterozygosity and homozygosity [52].

Identification of genetic changes in genomic regions containing genes associated with DSD 

can help researchers pinpoint the cause or facilitate the discovery of novel genes involved in 

sex development. For example, deletions of NR0B1 are associated with Adrenal Hypoplasia 

Congenita and Hypogonadotropic Hypogonadism [53] whereas duplications cause complete 

gonadal dysgenesis with a female phenotype in 46,XY individuals [54]. CMA can robustly 

identify deletions/duplications on the X chromosome involving the NR0B1 gene, and for 

some patients this may lead to identification of a definitive diagnosis [55, 56]. Genetic 

changes identified by chromosomal microarrays can validate genes previously only 

identified in animal models. For example, overexpression of Sox3 in gonads of XX 

transgenic mice was shown to cause genetic female mice to develop as phenotypic males 

[57]. Screening of human SRY-negative XX males via CMA identified SOX3 duplications 

in several patients [57–59] suggesting that ectopic expression of the SOX3 gene in the 

developing gonads is sufficient to drive the male sex determination pathway.
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CMAs are widely used in clinic for genetic diagnosis. In DSD, approximately 15% of the 

cases can be explained by the presence of CNVs (published reports of use of CMA to 

diagnose DSD were recently reviewed in [33]). Higher rates of diagnosis may be seen in 

syndromic versus isolated forms of 46,XY gonadal dysgenesis (25% vs 5.6%, respectively) 

[55]. In a large cohort of patients with hypospadias, cryptorchidism or ambiguous genitalia 

potentially clinically significant CNVs were identified in 17% of isolated and syndromic 

cases of hypospadias, 18% of isolated and 30% of syndromic cases of cryptorchidism, and 

28% isolated and 16% syndromic cases with ambiguous genitalia [60]. Early analysis of 

DSD-TRN registry data showed that CMA was performed in 30% of patients, with a 14% 

diagnostic rate, identifying CNVs in the Y chromosome or of an entire chromosome (in a 

case of Klinefelter syndrome), loss of the entire Androgen Receptor gene, and one case of 

WAGR syndrome [32].

Routine use of CMA analysis in clinic or research could aid in identification of novel genetic 

variations outside of coding regions of the genome that could potentially be important, 

previously unrecognized, regulatory sequences for known DSD genes. For example, 

deletions upstream of the SOX9 gene have been identified to be causative for 46,XY gonadal 

dysgenesis [56, 61] whereas duplications have been associated with 46,XX Testicular and 

Ovotesticular DSD [62–64]. To date, microarrays have identified dozens of CNVs that may 

cause DSD, awaiting future research for validation [65].

Single gene testing and gene panels

Although CMA is an effective diagnostic technique for detecting chromosomal 

abnormalities with higher precision than traditional karyotype, it is ineffective for detection 

of small genetic variations. (Currently, clinical reports in the United States typically only 

include CNVs above 50 kb). Serial gene sequencing has been the historical method of 

choice, where physicians collect additional phenotypic and metabolic information via 

imaging and endocrine tests to inform their selection of candidate genes to be tested to 

identify potential mutations explaining the patient’s phenotype. Single gene testing is 

usually performed using Sanger sequencing, which utilizes fluorescently labeled chain-

terminating dideoxynucleotides for DNA synthesis and can provide base pair resolution of 

fragments of up to 1000 base pairs (bp).

This practice has proven to be inefficient as phenotypes associated with DSD frequently 

overlap and phenotype/genotype correlations are still poor, making the candidate gene 

approach risky. While AR and 5ARD2 were the two most common causative genes 

identified by single gene testing (15 and 5 cases respectively), they also with equal 

frequency did not yield a genetic diagnosis (11 and 6 respectively) [32].

Single gene sequencing has gradually evolved into gene panels, which are now widely used 

in clinical practice for genetic diagnosis. Many disease-specific gene panels have been 

developed with varying number of genes tested. Although Sanger sequencing can be used 

for panels with a limited number of genes, panel sequencing is often accomplished by 

capture of targeted exons from genomic DNA using biotinylated oligonucleotide probes 

followed by massively parallel/next-generation sequencing. Additional Sanger sequencing 
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(“fill in”) may be performed for genes with missing or insufficient read depth coverage to 

detect heterozygous variants.

Comprehensive gene panels have been designed that report high rate of diagnosis for 46,XY 

DSD (43% using 64 genes [27]; 45% using 56 genes [30]), as well as time-efficiency (3 days 

vs. 6 years to diagnosis on average) and cost-efficiency (1/3 of price) [30]. 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 [29]). Another panel of 80 

genes demonstrated the superiority of the approach over single-gene testing performed on 

the same patient samples (28% vs. 10%) [28]. Because such targeted sequencing provides 

high read depth for a set of genes, it allows for detection of non-reference alleles present at 

very low frequencies. Such panels could therefore be useful to detect mosaics that have been 

hypothesized to underlie the variable phenotypic expression of DSD. However, these panels 

are not standardized (different providers include different genes for sequence analysis) and 

may not be available clinically. As these panels test a set number of genes, a limitation is 

their programmed obsolescence in the case of conditions with incomplete genetic 

understanding such as DSD, and such an approach requires re-testing as novel gene-disease 

associations are uncovered.

Exome sequencing

While Sanger sequencing is widely used for sequencing of DNA fragments smaller than 1 

kbp in size, the emergence of massively parallel sequencing now dominates the global 

market. This is primarily achieved by the improvements made in imaging, microengineering, 

and informatics techniques that enable cheap sequencing prices and fast turnaround times. 

The major platform providing NGS data utilizes flowcells covered with millions of surface-

bound oligonucleotides that allow attachment and parallel sequencing of hundreds of 

millions of independent short fragments (100-300 bp); sequences are then aligned to a 

reference genome for variant discovery.

The utilization of exome sequencing has transformed the clinical genetic diagnostic 

capabilities for undiagnosed rare disorders. Exome sequencing covers approximately 95% of 

the RefSeq protein-coding regions of the genome, which currently harbor 80-90% of known 

disease-causing variants [66]. The sequencing method is similar to those used in gene 

panels, exon capture followed by NGS and validation of low quality mutations via Sanger. 

The primary advantage of exome sequencing is its ability to provide the sequence 

information of all known protein coding regions of the genome, which are analyzed 

simultaneously for variant identification. In addition to looking for mutations in known 

genes involved in sex development, it has the potential for discovery of novel DSD genes. (It 

has been estimated that, to date, research exome sequencing has allowed for the 

identification of ~160 new disease genes each year [67]). Since all of the exons are 

sequenced, data can easily be reanalyzed as new gene associations are reported, a practice 

that was shown to increase diagnostic rate [68].

Exome sequencing identifies 21,000 variants on average in each case when compared to 

reference human genome [69]. For rare diseases such as DSD, variants with global alternate 
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allele frequency of higher than 1% are excluded from downstream analysis as being 

population polymorphisms and thus likely benign. However, with increasing numbers of 

sequenced healthy control samples in public datasets (such as ExAC/gnomAD [70]), 

researchers and clinicians increasingly focus on not only global allele frequencies, but also 

on population-specific frequencies to accurately determine the variant frequency in the 

patient’s own ethic background. Limited representativity of certain ethnic backgrounds in 

reference databases is a clear cause of variant calling error and a severe limitation of the use 

of genetic diagnosis in underserved populations (e.g. [71]). It is most effective to perform 

exome sequencing of the patient as part of a trio, with phenotyped parents allowing to 

identify inherited and de novo variants. This dramatically reduces the number of variants to 

manually curate, thus reducing time to diagnosis [72] and increased reported diagnostic 

capabilities by almost 50% (from 22% to 31%) when compared to proband-only cases [69].

Limitations in exome sequencing diagnostic efficacy include incomplete gene coverage, 

platform variability, difficulties of variant interpretation, and ethical issues linked to 

incidental findings. Coverage of exonic sequences is not complete and some regions are 

poorly detected. It has been estimated that ~400 known exonic disease-causing variants 

(reported in the Human Genome Mutation Database) are not detected by current clinical 

exome methods [73]. This can be improved with enrichment kits and is likely to improve 

with future technological advances. For example, coverage for DSD genes dramatically 

improved in 2015 with the v.3 iteration of exon capture for the Illumina platform. 

Previously, only half of the set of known DSD-related genes had 100% coverage, with 

particularly poor capture for AMH (60%) and SOX3 (78%). Now 83% of the main 78 genes 

are covered at 100%, with another seven with at least 97% [32].

The characteristic short reads of next-generation sequencing may result in alignment 

difficulties, leading to false-positive and false-negative variant calling, which is compounded 

when errors are found in the reference genome. A recent study warned that “special caution 

is needed in variant calling” in about 12% of all coding exons [73]. Short-read sequencing 

coupled with indexing of long DNA fragments may alleviate some of these difficulties by 

tracking the locations of the short reads and bioinformatically correcting the mapping 

positions. On the other hand, novel long-read sequencing technologies, such as those 

developed by Pacific Biosciences (PacBio) or Oxford Nanopore Technologies, allow for an 

unbiased view of individual DNA molecules reaching hundreds of kilo bases in length for de 
novo genome assembly and variant calling.

Once variants have been identified, they are typically filtered via utilization of disease-

specific gene lists containing previously published genes associated with the disease. The 

variants are then classified into pathogenic (previously reported in humans as the recognized 

cause of the disorder) or likely pathogenic (previously unreported in a known human DSD 

gene and of a type expected to cause the disorder) following American College of Medical 

Genetics and Genomics (ACMG) guidelines [74]. In addition, variants of unknown 

significance (VUS) in non-clinical genes with a known function related to the condition of 

the patient may be reported with the expectation that these might help guide the ordering 

physician’s further imaging and endocrine exploration.
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The interpretation of variants is the most labor-intensive (an estimated 30 minutes per 

variant by manual curation [72]) part of the exome process. It is also possibly the most 

variability-prone because it relies on knowledge of the human interpreter. The ability of 

exome sequencing to provide an accurate genetic diagnosis heavily relies on the existence of 

current and accurate gene/phenotype data sets, such as those curated by OMIM (omim.org) 

or Orphanet (orpha.net), or the repositories of human variants such as ClinVar 

(ncbi.nlm.nih.gov/clinvar) or HGMD (hgmd.cf.ac.uk). Use of in silico filtering of variants 

using data sets reduces analysis time and can help standardize the process. A recent study 

comparing existing data sets for this purpose showed that highest accuracy was obtained by 

using data sets curated by the Human Phenome Ontology (HPO) that uses information from 

both the OMIM and Orphanet databases to generate custom disease-specific HPO-

standardized phenotype-based data sets [72]. This automated variant calling however is 

limited to genes known to be associated with the patient’s condition and doesn’t exploit the 

gene discovery capacity of exome sequencing. To optimize variant calling as well as gene 

discovery, the Clinical Genomic Center at UCLA, one of the first US academic centers to 

offer clinical exome sequencing, has implemented, in addition to automated pipelines, a 

Genomic Data Board weekly meeting, where ordering clinicians, technicians of the 

sequencing laboratory, researchers, board-certified geneticists and genetic counselors meet 

to review identified variants and examine ethical concerns [75].

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 the 

traditional molecular diagnostic methods such as single-gene testing or panels were 

uninformative [69, 76], a yield that has proven remarkably similar across countries, 

sequencing platforms, and conditions studied [77–81]. In many cases the identified genetic 

diagnosis provided guidance for medical treatment and management. A publication by our 

laboratory illustrates that, when performed early, exome sequencing is capable to not only 

increase the diagnostic yields in DSD, but also guide clinical management of patients [26]. 

In a cohort of 46,XY DSD cases, we identified pathogenic and likely pathogenic variants in 

25% of patients. In many cases, we identified rare causative variants in genes that were not 

available for clinical testing via gene panels or single gene sequencing.

The early genetic diagnosis helped guide clinical management in several cases. Patients with 

male-typical levels of testosterone and female external genitalia generally suffer from some 

form of androgen insensitivity. In many cases these patients harbor a mutation in AR, the 

androgen receptor [82]; however, patients with varying degrees of virilization (partial 

androgen insensitivity) often do not [83]. Exome sequencing identified compound 

heterozygous and homozygous mutations in the HSD17B3 gene causing HSD17B3 

deficiency [26]. These two cases were initially misdiagnosed in clinic as partial androgen 

insensitivity syndrome. Increase in production of testosterone at puberty put these patients at 

risk of virilization and early genetic diagnosis provided key benefits in regard to treatment 

options.

Fewer genes are known to be associated with 46,XX DSD compared to 46,XY DSD. Using 

exome sequencing, we and others identified a novel heterozygous p.Arg92Trp missense 

variant in the NR5A1 gene that causes isolated non-syndromic 46,XX testicular/
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ovotesticular DSD [84]. Typically mutations in NR5A1 are associated with 46,XY DSD, 

testicular dysgenesis and infertility in men. 46,XX women with NR5A1 mutations generally 

have primary ovarian insufficiency. Therefore NR5A1 would not have been selected as a 

likely candidate for testing in clinic via single gene sequencing or gene panels, resulting in a 

missed diagnosis. In this case exome sequencing allowed for an unbiased gene mutation 

analysis of all genes involved in DSD. The authors were able to show that the p.Arg92Trp 

mutation in the DNA-binding region of NR5A1 is associated with variable degree of 

testicular development in children with a 46,XX karyotype.

An ethical conundrum has been linked to the capacity of exome sequencing to identify 

variants in genes beyond those known to be associated with the condition for which the 

patient is consulting: what to do about incidental findings, those variants that may signal a 

life-threatening condition in the patient, may be medically actionable, but are not directly 

related to DSD? Different strategies have been adopted by different regulatory instances 

[72]. The American ACMG maintains a list of genes (currently 59) in which pathogenic 

variants should be sought and reported to the patient, a controversial mandate that was 

amended to offer the option to opt out (ACMG 2017) [85]. The Canadian College of 

Medical Genetics recommends against searching for these [86]. The European Society of 

Human genetics recommends the use of in silico panels (complete exome capture, but 

analysis restricted to a set of relevant genes) in the clinical setting to decrease the chance of 

inadvertently finding variants unrelated to the condition [87]. The Royal College of 

Pathologists of Australasia cautions that, in view of the ongoing debate and unlikely 

immediate resolution, much attention should be given to accurately informing the patient of 

what will and will not be disclosed [88]. There may be challenges in the context of real-life 

clinical settings, as it was reported that appropriate informed consent would take up to 6 

hours and appropriate result delivery up to 5 hours [89].

Although it is evident that the utilization of next-generation sequencing increases the rate of 

DSD diagnosis there are still many cases where pathogenic mutations are not identified. For 

example, in our cohort of 46,XY DSD patients where diagnosis was established in 

approximately 1/3 of the cases, more than half of the patients contained hundreds of variants 

of unknown significance (VUS). While the VUS do not provide a definitive diagnosis, the 

mutation information can be leveraged for identification of novel genes involved in sex 

development.

Animal models of human DSD phenotypes can be utilized for identification of novel gene 

variants previously not associated with DSD. We have used B6-YPOS mice as a model for 

46,XY DSD with gonadal dysgenesis and undervirilization to identify the genetic diagnosis 

in cases where exome sequencing had been uninformative (no pathogenic/likely pathogenic 

variants identified [90]. The B6-YPOS model is a strain of mice in which the presence of a Y 

chromosome originating from a M. domesticus Poschiavinus strain (YPOS) on a C57BL/6J 

(B6) background (B6-YPOS) results in disrupted testicular development and female genital 

phenotype [91]). B6-YPOS mice develop ovaries or ovotestes instead of testes. All B6-YPOS 

show delay in expression of Sry in the developing gonad [92], thereby jeopardizing the short 

6-hr window when spatiotemporally appropriate levels of Sry expression and the receptive 

microenvironment in somatic cells on which Sry acts need to converge [93]. The use of B6-
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YPOS animals as a model for human DSD provides valuable information towards the 

identification of novel genes involved in sex development, mutations in which could lead to 

anomalies in gonadal development. We have identified 15 novel candidate genes for DSD by 

correlating abnormal gonadal gene expression between B6-YPOS and wild type males with 

the genes in which VUS were identified in 46,XY DSD patients [90].

Mutations identified in the novel candidate genes could potentially be causative and are 

awaiting validation via in vitro and in vivo models. The complexity of validation of VUS 

and candidate genes is compounded by the large scale of data sets generated by exome 

sequencing. There is a need for accelerated validation of such variants in animal, cellular or 

molecular models. For example, one of the candidate genes in our data set, Adamts16 (A 

Disintegrin And Metalloproteinase with Thrombospondin Type 1 Motif, 16) has been shown 

to be associated with cryptorchidism and sterility in rats after targeted disruption of 

Adamts16 gene [41]. We identified several mutations in Adamts16, one of which was 

located in the peptidase domain of the protein and was predicted to be damaging by in silico 
algorithms, suggesting a possible effect on the enzymatic function, but full validation of 

pathogenicity is incomplete.

When studying complex disorders such as DSD it is important to note that even though the 

mouse models can be extremely beneficial for identification of novel candidate genes for a 

given phenotype, they still do not provide the full spectrum of gene expression/interactions 

that occur during human sex development. Nevertheless, the use of animal models narrows 

the interpretive gap for next-generation sequencing by correlating human sequence variants 

with transcriptome variation in a model organism.

Whole-Genome Sequencing

The implementation of exome sequencing in clinical diagnostic practice allowed for 

increased diagnostic yields in almost every disease category; however, clear molecular 

diagnosis was identified in only approximately 30% of all cases [75, 81]. One could suspect 

that a substantial portion of these missed diagnoses is due to the fact that exome sequencing 

only captures coding regions of DNA, which accounts for a very small portion of the entire 

human genome.

Whole-genome sequencing (WGS) has the capability to identify single-nucleotide variants 

and small insertions/deletions (INDELs) with high precision not only in the exons, but also 

throughout the entire genome, in regions that may be involved in gene regulation. Because it 

doesn’t involve targeted capture, WGS has been shown to provide more uniform read depth 

across the genome and sequencing quality parameters than exome sequencing [94]. It is 

therefore more reliable than exome sequencing even for variants in the protein-coding 

regions of the genome. For example, a 2015 report calculated that WGS was able to detect 

3% (~650) of coding variants that had been missed by exome sequencing [95]. Additionally, 

WGS has the potential to identify genetic aberrations larger than 1 kbp in size defined as 

structural variants (SV). SVs are an important category of DNA variations observed in the 

human genome.
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WGS has now been pioneered throughout the world and reports of its clinical efficacy over 

existing methods are starting to be published (e.g. [96]). Its limitations are as staggering as 

its potential, as the daunting task of identifying relevant pathogenic variants among the 

millions of variants found in each genome is severely limited by our current inability to 

interpret the pathogenicity of most structural variants [97, 98].

NGS short reads ranging from 100-300 bp can accurately identify intergenic and intronic 

SNVs as well as small INDELs. However, the correct alignment of the reads to the reference 

genome is compromised in regions that are highly repetitive preventing the discovery of 

SVs. Many programs have been developed to call SV specifically from short-read NGS data 

using a combination of read-depth, read-pair, split-read methods [99]. The number and type 

of SVs identified by each of the tools vary significantly due to limitations of the methods. 

This leads to large variations of false discovery rates, sensitivity rates as wells as low 

concordance rates between tools [100, 101]. The most common method for detection of SVs 

in clinical practice is CMA. However, this method is primarily geared towards identification 

of structural variants such as insertions or deletions that result in a gain or loss of genetic 

material, and balanced translocations or inversions are not effectively called by CMAs.

Whole-Genome Mapping

A method that has been proposed to be useful in conjunction with WGS is Next Generation 

genome Mapping (NGM, developed by Bionano Genomics), which utilizes high-molecular-

weight DNA for de novo genome assembly. Genome mapping relies on fluorescent labeling 

at specific sequence motifs of megabase size DNA fragments that allow for the construction 

of scaffolds into two haploid genomes of an individual. Single strand breaks are created by a 

nicking endonuclease, where Taq polymerase inserts fluorescent nucleotides (Fig. 1).

Individual molecules of labeled DNA are then straightened and imaged in nanochannels to 

detect the pattern of nicking sites (Fig. 2) prior to de novo genome assembly. NGM allows 

detection of large insertions and deletions, inversions, translocations, as well as more 

complex SVs [102, 103].

SVs are identified by differences in the alignment profiles of the de novo assembled genome 

maps against the publicly available human genome reference. Failure of contiguous 

alignment to the reference indicates the presence of putative SVs. NGM has been used by 

researchers for de novo genome assemblies who demonstrated that its utilization can 

facilitate accurate positional placement of single nucleotide sequences throughout the 

diploid human genome [104].

We first investigated whether we could validate the capability of NGM to be used for 

providing a clinical diagnosis in a cohort of patients diagnosed with Duchenne muscular 

dystrophy (DMD) [105]. We demonstrated that NGM could identify both heterozygous and 

homozygous SVs within the DMD locus ranging from 13 kbp to 5.1 Mbp. The potential of 

this technology to sensitively identify SVs may offer substantial advantages over CMA 

currently used for clinical diagnosis. In addition to SVs such as duplications, deletions or 

translocations resulting in a gain or loss of genetic material, NGM is capable of detecting 
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balanced inversions and translocations as well as much smaller kilobase-size SVs. The major 

limitation of the NGM technology is its inability to assess base-level sequence information 

leading to low sensitivity for SV below 1.5 kbp size range and large, 3-5 kbp error rate in 

regards to true locations of SV breakpoints. Nevertheless, in comparison with NGS, NGM 

provides higher sensitivity for large structural variants with better false positive and false 

negative rates [100, 101, 106]. The turnaround times and associated costs for genome 

mapping are similar to genome sequencing indicating the possibility of clinical adoption.

We will now apply this NGM technology to undiagnosed DSD samples, first looking for 

SVs in known DSD genes. Fig. 3 shows the example of a compound heterozygous deletion 

identified in intron 5 of the WWOX gene in a 46,XY patient with gonadal dysgenesis. A 

multi-exon deletion resulting in abnormal in frame exon 5-exon 9 splicing was found in a 

46,XY patient with bilateral immature testes and malignant germ cells [107]. Mouse wwox 
knock-out mice show gonadal abnormalities and loss of heterozygosity of WWOX has been 

reported to be associated with poor prognosis in ovarian and other cancers. Intron 5 of 

WWOX is a large intron that contains a newly described long non-coding RNA on the 

antisense strand, RP11-190D6.2. Expression of this RNA is testis-specific (GTEx data, 

gtexportal.org [108]) and its over-expression or knock-down was shown to correlate with 

expression of WWOX [109].

The top panel in Fig. 3 shows the contigs generated for the two alleles of the proband (in 

yellow) aligned to the reference (in blue) for this region of chromosome 16. The small black 

vertical bars in the contigs indicate the restriction sites where the DNA was nicked and 

fluorescently labeled. The individual molecules of various lengths used to create the contigs 

are shown below, with the nicking site pattern clearly visible. Deviation to this pattern 

signals the presence of a SV. In the proband, NGM identified two deletions (2.3 kbp and 

13.2 kbp) within intron 5 upstream of RP11-190D6.2. For the 2.3 kbp deletion, the “bottom” 

allele is normal, showing alignment of the nicking sites to the reference, while the “top” 

allele shows a portion of DNA missing between two adjacent nicking sites. The 13.2 kbp 

deletion removes 3 restriction sites in the bottom allele that are present in the reference 

(blue) allele.

The technology also allowed to assign phase to the variants. Examination of the parental 

samples showed that the mother was homozygous and father heterozygous carrier of the 

larger deletion, which is present in ~15% of a control population of 150 individuals 

(bionanogenomics.com). The father was also a carrier of the smaller 2.3 kbp deletion 

(present in 1.3% of the control population). The long non-coding RNA RP11-190D6.2 is not 

deleted in this patient or in the published case, although its expression (and that of WWOX) 

may still be affected. However, in this case, the deletions are unlikely to explain the 

phenotype as the proband’s father (46,XY) is also compound heterozygous for the same 

deletions.

Long-read DNA mapping technologies allow for visualization of DNA structure that 

complements short-read sequencing technologies. NGM has the capacity to identify 

pathogenic variants related to transposons and other repetitive regions in the human genome. 

The interpretation of variants identified in non-coding regions is currently the biggest 
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challenge of both genome sequencing and mapping approaches. However, as sample sizes in 

databases such as gnomAD, DGV and GTEx continue to increase, researchers will be able 

to relate genotypes and phenotype with higher precision allowing to solve larger fraction of 

undiagnosed genetic diseases. Integration of NGM and NGS technologies in the diagnosis of 

DSD, in combination with other technologies, promises to help further our understanding of 

how mutations in gene regulatory elements cause genetic disease.

Future directions

The developing genetic diagnostic practice is geared towards multi-platform integration 

analysis for identification of the underlying genetic cause. In the near future, the whole 

genome next-generation sequencing and mapping technologies will become widely used for 

genetic diagnosis. When combined, it becomes possible to survey almost all possible types 

of genetic variations such as SNVs, INDELs, CNV, large deletions/insertions, inversions and 

translocations. Implementation of these technologies early in clinic would provide greater 

diagnostic specificity, shorter turnaround times and guidance towards patient management. 

Moreover, better genotype and phenotype classification will allow for more precise risk 

assessments and outcome predictions.
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1. Next-generation sequencing (NGS) increases the yield of DSD diagnosis

2. Mouse models can aid in variant classification

3. Innate methodological limitations of NGS do not allow for sensitive 

identification of structural variants

4. Next-generation mapping (NGM) accurately identifies structural variants 

throughout the genome

5. NGM coupled with whole-genome sequencing could facilitate identification 

of variants ranging from a single nucleotides to large structural variants
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Fig. 1. DNA labeling for next-generation genome mapping (NGM)
The DNA-labeling workflow is divided into four consecutive steps. First, the high-

molecular-weight DNA is nicked with an endonuclease of choice (Nt.BspQI or Nb.BssSI, 

New England BioLabs/Bionano Genomics), which introduces single-strand nicks throughout 

the genome. Second, Taq polymerase (NEB) recognizes these sites and replaces several 

nucleotides with fluorescently tagged nucleotides added to the solution. Third, the two ends 

of the DNA are ligated together using Taq DNA ligase (NEB). Fourth, the DNA backbone is 

stained with DNA Stain (Bionano Genomics). Figure originally published in Barseghyan et 

al. 2017, Genome Medicine 9:90. DOI 10.1186/s13073-017-0479-0. Reproduced here 

courtesy of publisher BioMed Central’s policy of free sharing of its open access articles.
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Fig. 2. Chip nanochannel structure and DNA loading for next-generation genome mapping 
(NGM)
The labeled double-stranded DNA is loaded into two flow cells (Irys or Saphyr, Bionano 

Genomics). The applied voltage concentrates the coiled DNA at the lip (left). Later, DNA is 

pushed through pillars (middle) to uncoil/straighten, then into nanochannels (right). DNA is 

stopped and imaged in the nanochannels. Blue - staining of DNA backbone. Green - 

fluorescently labeled nicked sites.

Figure originally published in Barseghyan et al. 2017, Genome Medicine 9:90. DOI 

10.1186/s13073-017-0479-0. Reproduced here courtesy of publisher BioMed Central’s 

policy of free sharing of its open access articles.
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Fig. 3. Next-generation genome mapping (NGM) identifies two small deletions in intron 5 of the 
WWOX gene in a 46,XY DSD patient
Top panel: assembly of the proband’s contigs (yellow) generated using nicking endonuclease 

Nb.BssSI (sites are shown as small black vertical bars), aligned to the reference genome 

(blue). The individual DNA molecules used to assemble the bottom allele are shown as grey 

lines and black dots corresponding to linearized DNA and nicking sites respectively. The 

genomic locations of the region displayed and of the long non-coding RNA RP11-190D6.2 

(in the GRCh38/hg38 human genome assembly reference map) are shown in the top purple 

bar representing the WWOX gene. The middle and bottom panels show the maps of the 

father and mother respectively, which helped to identify parent of origin for the proband’s 

alleles. Similar results were obtained with a different endonuclease, Nt.BspQI (not shown). 

The 2.3 kbp and 13.2 kbp deletions were present in respectively 1.3% and 15% of the 

reference maps in the Bionano database of 150 healthy controls.
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