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Objective: A firm diagnosis revealing the etiology of disorders/differences of sex development (DSD) is most helpful in guiding clinical management. The aim of this study is to investigate molecular genetic diagnoses and surgical treatment in a cohort of children with 46,XY DSD.



Methods: A retrospective study was conducted on children with 46,XY DSD. They were referred to a tertiary surgical center during the period between 2011 and 2022 and were found to have genetic alterations, which were considered etiologies for their DSD. Data on clinical presentations, sex of rearing, genetic findings, surgical treatment, and comorbidities were collected and reviewed.



Results: A total of 21 patients were included in the study: 11 and 10 were reared as male and female, respectively. Genetic alterations were found as the causes for androgen insensitivity syndrome (n = 4), 5-alpha reductase type II deficiency (n = 5), 17-beta hydroxysteroid dehydrogenase III deficiency (n = 1), 17-alpha hydroxylase deficiency (n = 1), and gonadal dysgenesis (n = 10). Of those with gonadal dysgenesis, the genetic alterations were NR5A1 mutation/deletion (n = 3), DMRT1 deletion (n = 4), WT1 mutation (n = 2), and DAX1 duplication (n = 1). A total of 20/21 patients underwent one or more surgical procedures including hypospadias repair (n = 10), gonadectomy (n = 11), gonadal biopsy (n = 4), hernia repair (n = 4), orchidopexy (n = 1), and feminizing genitoplasty (n = 1). A total of 5/21 had germ cell neoplasms in one or both gonads. A total of 8/10 patients with gonadal dysgenesis had comorbidities involving other systems. Of the whole group, seven patients were found to inherit genetic alterations from their parents.



Conclusions: Molecular genetic diagnosis enhances the understanding of etiology, improves diagnostic accuracy, and provides precise guidance in the counseling and surgical management of children with 46,XY DSD.
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Introduction

Sex development is a complex process that starts with the initial establishment of sex chromosomes followed by sex determination, in which bipotential gonads develop into either testes or ovaries. The final step is sex differentiation, where internal and external genitalia are formed, resulting in a phenotype typical for either male or female (1). Disorders/differences of sex development (DSD) are congenital conditions featuring atypia of chromosomal, gonadal, and phenotypic sex (2).

The Chicago Consensus classified DSD according to the karyotype to allow a broad diagnostic category to be reached early (2). Nonetheless, children with 46,XY DSD present with a wide range of phenotypes, from hypospadias and severe atypical external genitalia to female-typical external genitalia in the presence of a male karyotype. Ideally, a causative diagnosis should be reached in every case to individualize management. However, identifying the etiology in 46,XY DSD is challenging, and the cause in many cases remains unknown (3–5).

In recent years, the advantages of establishing a molecular genetic diagnosis for children with DSD have been increasingly emphasized (1, 6–8). Given the overlapping clinical phenotypes and biochemical features in 46,XY DSD, a genetic diagnosis is helpful in affirming the underlying cause and providing precise guidance in management. A genetic diagnosis may inform genotype–phenotype correlation and address the issues of recurrence risk for individuals and their families. Moreover, a genetic diagnosis may provide prognostic information regarding gonadal function, tumor risk, fertility potential, and gender identity (1, 7, 8).

Our diagnostic approach for DSD has been evolving with an increasing application of molecular testing in recent years. The purpose of the present study is to investigate the genetic etiology and surgical management of a cohort of children with 46,XY DSD who had been referred to a tertiary surgical center that was part of a multidisciplinary team (MDT) for DSD.



Methods


Patients and study design

This study was a retrospective review of medical records with the approval of our institutional clinical research ethics committee. We identified patients who had clinical presentations within the spectrum of DSD and were referred to our surgical center during the period between 2011 and 2022. The spectrum of DSD phenotypes ranged from micropenis, hypospadias with additional undervirilization features such as micropenis/undescended testes/bifid scrotum, severe atypical external genitalia, to female-typical external genitalia with palpable gonads or with discordant Y-chromosome. In this study, we included only those who had a karyotype of 46,XY, and molecular tests revealing relevant genetic alterations, which were considered etiologies for DSD. Data collected included the sex of rearing, primary presentations, clinical phenotypes, molecular test results, histological findings, surgical treatment, and comorbidities.



Molecular genetic tests

There was no standardized protocol for genetic testing during the study period. Testing methods were based on clinical phenotypes, biochemical findings, and availability of testing modalities in clinical laboratories. All patients had the standard karyotype. In addition, patients during the early study period underwent single-gene testing by Sanger sequencing based on clinical and biochemical clues. With next-generation sequencing (NGS) becoming available in clinical settings from 2016, targeted DSD-related gene panels or whole-exome sequencing (WES) were used in selected cases. Chromosomal microarray or multiplex ligation-dependent probe amplification (MLPA) testing was performed to detect copy number variants if clinically indicated. The pathogenicity of genetic alterations was categorized according to the guidelines of the American College of Medical Genetics and Genomics (ACMG) (9). Genetic alterations that were identified as pathogenic variants, likely pathogenic variants, and variants of uncertain significance (VUS), which were strongly associated with the clinical, biochemical, and histological findings of patients, were reported as genetic diagnoses in this study.



Study subjects categorization

The study subjects were categorized in accordance with the pathophysiological mechanism of 46,XY DSD and fell into one of three categories (2): (1) gonadal dysgenesis (GD), either partial (PGD) or complete (CGD), to describe disorders of gonad development; (2) androgen insensitivity syndrome (AIS), either partial (PAIS) or complete (CAIS), to describe disorders of androgen action; and (3) specific enzyme deficiency to describe disorders of androgen synthesis.




Results

In total, 21 patients were identified and included in the study. All had the karyotype 46,XY. Of these, 11 and 10 were reared as male and female, respectively. Among those who presented at birth, the sex of rearing was determined through a shared-decision process between the MDT and the parents. Factors taken into consideration included definitive diagnosis, prediction of future gender development, anatomical features of external genitalia, fertility potential, and the need for subsequent medical and surgical treatment. Fourteen patients presented at birth with atypical genitalia, prompting investigations. Two presented with female-typical phenotype at birth with a discordant prenatal karyotype of 46,XY. The remaining five patients, all with female-typical phenotypes, presented with incidental findings of 46,XY karyotype during genetic workup for other comorbidities (n = 2), finding of testis during hernia repair (n = 1), primary amenorrhea (n = 1), and virilization at onset of puberty (n = 1).

Of the whole group, a molecular genetic diagnosis was reached in patients with disorders of androgen action (n = 4), disorders of androgen synthesis (n = 7), and disorders of gonad development (n = 10). All but one patient had pathogenic or likely pathogenic variants in DSD-related genes. The only VUS reported in this study occurred in a patient with GD. Clinical and genetic data of 21 patients are summarized in Table 1.


TABLE 1 Summary of the clinical and genetic data of 21 patients.
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Four patients had androgen receptor (AR) gene variants, resulting in CAIS (n = 3) and PAIS (n = 1). All three CAIS patients had female-typical phenotypes with palpable testes (n = 1) and impalpable intraabdominal testes (n = 2). The PAIS patient presented with a deepening of voice and clitoromegaly at the onset of puberty.

Of the seven patients who had genetic variants impairing androgen synthesis, five had SRD5A2 variants resulting in 5-alpha reductase type II deficiency (5α-R2D). Two patients had variants in HSD17B3 and CYP17A1 genes, resulting in 17-beta hydroxysteroid dehydrogenase III (17βHSD-3) deficiency and 17-alpha hydroxylase deficiency (17OHD), respectively. All but one in this subgroup presented with proximal hypospadias and micropenis at birth. The exception was the patient with 17βHSD-3 deficiency, who was born with a predominant female phenotype with bilateral palpable testes in the enlarged labia.

Ten patients had GD. Two had CGD with female-typical phenotypes and bilateral intraabdominal streak gonads. The remaining eight patients had PGD presenting with proximal hypospadias (n = 5), predominant female phenotype with bilateral intraabdominal dysgenetic gonads (n = 1), and severe atypical external genitalia (n = 2). Their genetic diagnoses were NR5A1 gene variants (n = 3), DMRT1 gene deletion (n = 4), WT1 gene variants (n = 2), and DAX1 (NR0B1) gene duplication (n = 1). Eight out of 10 patients had comorbidities involving other systems. Six had varying severities of intellectual disability or developmental delay. One had the syndromic DSD Frasier syndrome.

Of the whole group, 20 patients underwent one or more surgical procedures, including hypospadias repair (n = 10), gonadal removal (n = 11), gonadal biopsy (n = 4), hernia repair (n = 4), orchidopexy (n = 1), and feminizing genitoplasty (n = 1). A total of five patients had neoplasms in one or both gonads (Table 2). Our gonadal management was based on a risk-stratification strategy. No biopsy or removal was performed in male patients with disorders of androgen synthesis. We preserved gonads in CAIS until after puberty. Removal of gonads in PAIS was considered when female gender development was evident. For GD, we removed the non-functioning streak gonads or dysgenetic gonads in female patients. We preserved the dysgenetic but functioning testes in male patients with prepubertal and postpubertal biopsy surveillance.


TABLE 2 Summary of five patients with gonadal germ cell neoplasms.
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Seven patients were found to inherit the genetic alterations from their parents. None of the patients was born to consanguineous parents. The seven patient cases involved SRD5A2 variants (n = 4), DMRT1 deletion (n = 1), CYP17A1 variant (n = 1), and AR variant (n = 1).



Discussion

The present study reported a cohort of children with 46,XY DSD, with genetic diagnoses accounting for their DSD and the surgical treatment received by them. The causes of DSD are, in general, genetically determined. Being highly heterogeneous in etiology, the genetic diagnostic rates reported in 46,XY DSD by studies using single-gene sequencing were relatively low (3, 10). In recent years, NGS has rapidly expanded its applications worldwide. NGS allows massively parallel sequencing to simultaneously assess a targeted DSD-related gene panel, or the entire protein-coding region as in WES (1, 7, 8). Recent studies incorporating NGS techniques in their diagnostic strategy have reported genetic diagnostic rates of 31%–64% in children with 46,XY DSD (11–13). WES is particularly useful in detecting novel or very rare genetic causes for 46,XY DSD (14, 15). In a large North African cohort study, the authors employed WES and were able to identify 30 pathogenic/likely pathogenic variants involving 25 different genes, which had not been reported previously as the etiological causes for 46,XY DSD (15). Molecular genetic tests play an increasingly important role in DSD management. A genetic diagnosis that can be reached in up to 50% of 46,XY DSD cases allows for prognostic predictions, genetic counseling, and individualized management (16).

The genetic diagnosis of 5α-R2D in five of our patents who presented with proximal hypospadias and micropenis supported the decision of the male sex of rearing, given their high likelihood of developing male gender identity (1, 16, 17). The diagnosis of 5α-R2D had prompted the use of the topical dihydrotestosterone (DHT) cream before hypospadias surgery. It is beyond the scope of this study to investigate the effects of the DHT cream in boys with 46,XY DSD before hypospadias surgery. There are reports in the literature that have supported its use in patients with 5α-R2D (16, 18–20). Our surgical approach to correct hypospadias for children with DSD was similar to how we managed isolated hypospadias without DSD issues in terms of surgical techniques and timing of surgery. Most of our patients with proximal hypospadias in the present study had severe ventral curvature, requiring the transection of the urethral plate, and underwent staged repair. Staged repair is the preferred approach in the masculinizing procedure for correcting severe hypospadias and ventral curvature in DSD patients reared as boys (16, 18, 19).

The identification of a CYP17A1 variant causing 17OHD in another patient with proximal hypospadias had compelled additional investigations for adrenal function (21), and adrenal insufficiency was subsequently diagnosed. The parents of this patient and those of the other four patients with 5α-R2D were found to be carriers of the variant genes. As both 17OHD and 5α-R2D are inherited in an autosomal recessive pattern, the rate of recurrence risk is 25% for the next 46,XY offspring of these families. Despite the masculinizing procedure to improve the cosmetic and functional aspects of the external genitalia, patients with 17OHD and 5α-R2D have a very high risk of sub- or infertility due to oligospermia, azoospermia, and increased viscosity of semen (16, 22). Early development of a long-term management plan to preserve spermatogenesis, combined with the use of assisted reproductive technology in adulthood, has been recommended to enhance the fertility potential of such patients (22).

Ten patients in our cohort had either PGD or CGD. The genetic alterations found in this study involved NR5A1, DMRT1, WT1, and DAX1, which all have been known to be associated with GD (6, 8, 23). Among the DSD subgroups or specific diagnoses, 46,XY GD is associated with the highest risk of gonadal germ cell neoplasm, with the reported risk rates varying between 8% and 54% (23–25). In a recent multi-institutional study on 1,040 DSD patients in Europe, the overall rate of risk of gonadal germ cell neoplasm in 46,XY DSD was reported to be 14% (24). The highest risk rate of 36% was found in patients with 46,XY GD, with gonadoblastoma (GB) or germ cell neoplasia in situ (GCNIS) being the most common type of gonadal neoplasia detected (24). Our findings were in agreement with the literature, and we found four (40%) of our patients with GD had gonadal germ cell neoplasms of either GB or GCNIS diagnosed at their age of 20 months to 4 years. Notably, the only two patients with CGD in our cohort were both found to have GB in their intraabdominal streak gonads. GB and GCNIS are considered to be premalignant in situ neoplasms, which would progress to frank malignant lesions if left untreated (23). The molecular diagnosis of GD had prompted the consideration of risk-stratified gonadal management in this subgroup of patients. Among the five patients with GD who were reared as girls in this study, we removed their streak or dysgenetic gonads. Such gonads were either non-functioning or discordant in the production of the sex hormone. We preserved the dysgenetic but functioning testes in patients reared as boys with pre- and postpubertal biopsy surveillance in an approach similar to our management for patients with 45,X/46,XY (26).

Three of our patients with GD had NR5A1 variants. The NR5A1 gene, located on the long arm of chromosome 9, encodes a transcriptional factor called steroidogenic factor 1, which controls the activity of several genes related to sex determination and the adrenal gland (27). A recent study analyzing global molecular diagnostic cohorts reported that AR, SRD5A2, and NR5A1, which were the most common genes detected with mutations, was the etiological cause for 46,XY DSD, and the highest rate of frequency of mutation in NR5A1 reported in cohort studies was 22% (28). Affected individuals present with a broad spectrum of phenotypes ranging from male-typical phenotype with isolated infertility, hypospadias, and severe atypical genitalia to female-typical phenotype (27). Our three patients with NR5A1 variants had different phenotypes. One had a female phenotype. Another patient had severe atypical genitalia with GCNIS and immature teratoma in one of the dysgenetic gonads. No feminizing procedure was performed for this female-reared PGD patient. Her parents accepted the persistent ambiguity of external genitalia to preserve all anatomical options available when the patient's gender identity could be ascertained. Of the three NR5A1 patients in our cohort, one was found to have gonadal germ cell neoplasm. In contrast, a study on the so far largest international cohort of individuals with NR5A1 variants found only two patients (2/128, 1.6%) with gonadal germ cell tumors at the ages of 3 and 21 years, respectively (29). The authors, however, exercised caution to draw any premature conclusion as many study individuals had underwent gonadectomy at an early age without uniform histological examinations of the gonads, and many others were still young. The authors suggested more long-term studies to assess tumor risk associated with NR5A1 variants in 46,XY DSD (29).

The only case of VUS reported in the present study was associated with NR5A1, and the patient was born with micropenis and bilateral impalpable testes. Based on the ACMG guidelines, the variant was classified as VUS as the mutation was not located in the critical domain nor in the mutational hotspot, and had not been described in the literature previously. The antimullerian hormone level was very low and testosterone response to the prolonged human chorionic gonadotrophin (hCG) stimulation test was negligible. Laparoscopy revealed bilateral tiny gonads at the location of deep rings, following which bilateral gonadectomy was performed. Histology showed fibrovascular tissue, with structures resembling fallopian tubes, and the overall findings were compatible with GD. The phenomenon of gonadal regression is considered part of the spectrum of GD (30, 31).

In our cohort, a case of DAX1 duplication and four cases of DMRT1 deletion were found to be the genetic etiology for 46,XY GD. In contrast, recent genetic studies in over 250 children with 46,XY DSD did not identify a single case of DMRT1 gene deletion (11–13). The DMRT1 gene is located at the short arm of chromosome 9, and it encodes a transcription factor that regulates testicular differentiation. Apart from a wide spectrum of DSD phenotypes, 46,XY individuals with DMRT1 deletion may also present with somatic features related to the 9p deletion syndrome, such as mental retardation, craniofacial dysmorphism, and delayed motor development (32, 33). DAX1, also known as the NR0B1 gene, is located at Xp21. Duplication of the DAX1 gene inhibits the expression of other sex-determining genes such as SOX9 and SRY, resulting in a failure of fetal testis development. The clinical manifestations of DMRT1 deletion and DAX1 duplication are influenced by the underlying mechanism, which can be purely a terminal chromosomal deletion/duplication, or a more complex chromosomal rearrangement such as unbalanced translocation. The patient's somatic phenotype also depends on the size of chromosomal imbalance and critical genes being involved. Similar to 9p deletion, Xp21 duplication is associated with mental retardation, neurodevelopmental delay, muscular dystrophy, and craniofacial dysmorphism (34–36).

The five patients in our study affected by DMRT1 deletion or DAX1 duplication had varying severity of intellectual disability, requiring attendance at special schools. The patient with DAX1 duplication had a global developmental delay, intellectual disability, atrial septal defect, and lupus nephritis. Among the four patients with DMRT1 deletion, two had evidence of brain atrophy shown in MRI and experienced motor function development delay and hypotonia, requiring physiotherapy and occupational therapy training. Two patients also had associated cardiac structural defects. Testicular biopsies were performed in addition to hypospadias surgery for the two patients reared as boys. In both patients, histology showed remarkable findings of seminiferous tubules composed of only Sertoli cells, without germ cells noted. Such findings suggested a high risk of infertility. Notably, the two patients with CGD affected by DMRT1 deletion and DAX1 duplication, respectively, had uterus, and theoretically had pregnancy potential via the ovum donation. The only female patient in the present study who underwent feminizing genitoplasty had PGD due to DMRT1 deletion. The patient underwent reduction clitoroplasty, which was irreversible in nature. Multiple counseling sessions were conducted with parents by an MDT to reach a shared decision.

The WT1 gene encodes a transcription factor that plays a key role in kidney development and gonadal differentiation. Mutations in the WT1 gene are associated with life-threatening nephropathy, GD, and Wilms’ tumor (37). One of our patients with WT1 gene mutation had bilateral Wilms’ tumors. WT1 gene mutation is also known to be the etiology for syndromic DSD such as Denys–Drash syndrome and Frasier syndrome (23, 37). A molecular diagnosis of Frasier syndrome in one of our patients with proximal hypospadias had prompted the need for testicular biopsies, which demonstrated germ cell neoplasia in situ. Subsequently, bilateral orchidectomy was performed, and histology confirmed a bilateral involvement of germ cell neoplasms.

Of the four patients with AR variants, three had CAIS and one had PAIS. The PAIS patient had been reared as female without a significant past medical history until she developed a deepening of voice and clitoromegaly at the onset of puberty. Full disclosure of the underlying DSD condition was given to the patient. Gonadotropin-releasing hormone (GnRH) analog was prescribed to control virilization and allow enough time for the patient and family to make a decision. The patient was mentally mature and consistent in identifying as female. She repeatedly expressed her wish to have the testes removed to prevent further progression of virilization. Bilateral gonadectomy was performed at the age of 12 years with the patient's informed consent. Clitoromegaly showed a reduction after gonadectomy, although her deepened voice did not show improvement. We did not offer clitoral reduction surgery for this patient as we did not see any benefits of considering such a surgery in an adolescent patient, and therefore, we left the decision to the patient in her adulthood. While patients with CAIS always identify themselves as female, individuals with PAIS may develop a gender identity opposite to the sex assigned to them in infancy (2).

The latest patient with CAIS during our study period presented prenatally with discordant findings of XY fetus by amniocentesis and female phenotype by morphology scan. The molecular diagnosis supported unequivocally the female sex of rearing. Following contemporary recommendations, we preserved the testes of this patient for the benefits of endogenous conversion of testosterone to estrogen via aromatization during puberty and advised postpubertal gonadectomy (16, 19, 38). The patient subsequently developed inguinal hernias. A laparoscopic extraperitoneal closure of the bilateral deep rings was performed using our standard techniques (39), with the two testes being placed in the inguinal canals to facilitate subsequent physical examination and ultrasound surveillance.

One of our patients with CAIS had GCNIS in the bilateral testes by 16 years of age. A recent systematic review on the risk of gonadal tumors in CAIS reported occurrence rates of 6% and 1.3% for premalignant and malignant lesions, respectively (40). The authors found that 82% of the premalignant lesions were reported in patients older than 12 years and all malignant lesions occurred in patients older than 20 years (40). Although the overall tumor risk remains low, it is important to ensure a full understanding of the risks and benefits of preserving the testes among adolescent patients with CAIS.

The only patient in our cohort who had not undergone any surgery was the one with 17βHSD-3 deficiency. Although this patient was born with a predominant female phenotype, virilization at the onset of puberty was anticipated (41). The patient’s parents received full disclosure of the underlying diagnosis. The pros and cons of performing prepubertal gonadectomy vs. retaining the gonads until the patient's gender identity becomes clear were discussed. The patient was still a toddler. The MDT and the patient’s parents had yet to arrive at any decision on surgical intervention. Arrangements had been made for parental testing for determining carrier status, but the results were not available at the time of data collection. This case was the only one in our cohort in which the parents were non-Chinese and consanguineous.

Our study was limited by its retrospective nature over a long study period in which the application of genetic testing had evolved significantly. Given the lack of a standardized protocol, our cohort probably missed some patients who would have been included had modern-day genetic tests been performed. The reported proportions of the three diagnostic categories did not reflect the true proportions of the 46,XY DSD patients we had encountered in clinical practice as only those with molecular diagnoses were included. Parental testing could have been significantly influenced by personal factors and the availability of such services at the time.

The present study reported the genetic diagnoses and surgical management of a heterogeneous cohort of children with 46,XY DSD. Molecular genetic diagnosis enhances the understanding of etiology and improves diagnostic accuracy. With modern technology, a genetic diagnosis can be reached expectedly in up to 50% of 46,XY DSD cases, and the diagnostic rate may continue to rise. Surgeons involved in MDT care for DSD should be aware of the increasing role of genetic testing. The role of the surgeon in DSD care is not limited to operative skills. A molecular diagnosis can enhance the input of the surgeon in advising on the sex of rearing, formulating a condition-specific individualized surgical plan on gonadal management and genital surgery, partnering with other disciplines in counseling patients and their parents throughout the journey.
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