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Abstract

Purpose 46,XY disorders of sex development (46,XY DSD) are characterized by incomplete masculinization of
genitalia with reduced androgenization. Accurate clinical management remains challenging, especially based solely
on physical examination. Targeted next-generation sequencing (NGS) with known pathogenic genes provides a
powerful tool for diagnosis efficiency. This study aims to identify the prevalent genetic variants by targeted NGS
technology and investigate the diagnostic rate in a large cohort of 46,XY DSD patients, with most of them presenting
atypical phenotypes.

Methods Two different DSD panels were developed for sequencing purposes, targeting a cohort of 402 patients
diagnosed with 46,XY DSD, who were recruited from the Department of Urology at Children’s Hospital, Zhejiang
University School of Medicine (Hangzhou, China). The detailed clinical characteristics were evaluated, and peripheral
blood was collected for targeted panels to find the patients’variants. The clinical significance of these variants was
annotated according to American College of Medical Genetics and Genomics (ACMG) guidelines.

Results A total of 108 variants across 42 genes were found in 107 patients, including 46 pathogenic or likely
pathogenic variants, with 45.7%(21/46) being novel. Among these genes, SRD5A2, AR, FGFR1, LHCGR, NR5A1, CHD7
were the most frequently observed. Besides, we also detected some uncommon causative genes like SOST, and
GNAS. Oligogenic variants were also identified in 9 patients, including several combinations PROKR2/FGFR1/CYP11B1,
PROKR2/ATRX, PROKR2/AR, FGFR1/LHCGR/POR, FGFR1/NR5AT, GATA4/NR5A T, WNT4/AR, MAP3K1/FOXL2, WNT4/AR, and
SOS1/FOXL2.
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Conclusion The overall genetic diagnostic rate was 11.2%(45/402), with an additional 15.4% (62/402) having variants
of uncertain significance. Additionally, trio/duo patients had a higher genetic diagnostic rate (13.4%) compared

to singletons (8.6%), with a higher proportion of singletons (15.1%) presenting variants of uncertain significance.

In conclusion, targeted gene panels identified pathogenic variants in a Chinese 46,XY DSD cohort, expanding the
genetic understanding and providing evidence for known pathogenic genes'involvement.

Plain English summary

46,XY disorders of sex development (46,XY DSD) are conditions where individuals don't fully develop male genitalia
due to reduced androgen hormones. Diagnosing these conditions based only on physical exams is difficult. This
study used advanced genetic testing called targeted next-generation sequencing (NGS) to identify common
genetic variations in a large group of 46,XY DSD patients, many of whom had unusual symptoms. We examined
402 patients with DSD and a 46,XY karyotype, focusing on 142 candidate genes related to sex development. We
found genetic variations in 107 patients, including 45 that were likely responsible for their condition. Some of these
variations were new discoveries. The most commonly affected genes were SRD5A2, AR, FGFR1, LHCGR, NR5A1, CHD?.
We also found that some patients had variations in multiple genes, suggesting complex genetic causes. Overall, we
were able to diagnose 11.2% of patients based on our genetic testing, with another15.4% having uncertain results.
Patients tested as a trio or duo (with their parents) had a higher diagnosis rate than those tested alone. This study
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helps expand our understanding of the genetic factors behind 46,XY DSD in the Chinese population.

Highlights

Two gene panels were designed, comprising 142 and 271 candidate genes associated with sex development,

to sequence 402 patients with 46,XY DSD.

A total of 108 variants across 42 genes were identified in 107 patients, with 46 classified as pathogenic or
likely pathogenic, including several novel variants. SRD5A2, AR, FGFR1, LHCGR, NR5A1, CHD7 were among the

most frequently observed genes with variants.

The overall genetic diagnostic rate was 11.2%, with an additional 15.4% of patients having variants of
uncertain significance, and oligogenic variants were detected in 9 patients, suggesting complex genetic

interactions in 46,XY DSD.

Patients with trio/duo genetic information had a higher genetic diagnostic rate (13.4%) compared to
singletons (8.6%), underscoring the importance of parental genetic data.

Phenotypic variability and potential genetic heterogeneity underscore the complexity of 46,XY DSD,
highlighting the necessity for further research and multi-center collaboration.

Keywords 46,XY disorders of sex development, Targeted next generation sequencing, Oligogenic variants, Genetic

diagnostic rate

Introduction

Disorders of sexual development (DSDs) are a diverse
group of congenital complex conditions in which the
development of chromosomal, gonadal, or anatomi-
cal sex is atypical [1]. The exact incidence of DSD is not
clear; but when considering all congenital genital anoma-
lies, it can be as high as 1 in 200 to 300 births [2]. Signs of
DSD can manifest at birth with atypical external genital
anatomy, in childhood with bilateral inguinal hernias, in
puberty with atypical secondary sex characteristics, or in
adulthood with infertility [3]. Individuals with DSD often
experience challenges related to self-esteem and gender
identity [4]. Additionally, there is a significantly higher
risk of gonadal tumors in patients with DSD compared to
the general population [5]. The distress associated with
overall health concerns, as well as the shame and fear of
social stigma for individuals and their families, often lead
to social withdrawal and isolation, consequently bring a
profound psychopathological burden on them. Therefore,

early diagnosis and intervention are necessary for the
medical management of DSD. However, due to the com-
plexity and heterogeneity of these conditions, clinical
management of DSD can be challenging, interdisciplin-
ary teams are needed.

According to the DSD international consensus, DSDs
are classified into 46,XY, 46,XX, and sex chromosome
DSD [1]. Among them, 46,XY DSD is the most common
and complex type. It is characterized by female or ambig-
uous external genitalia such as hypospadias, cryptor-
chidism, micropenis, and testicular/gonadal dysgenesis,
resulting from incomplete virilization with or without
the presence of Mullerian structures [6]. Considering the
aetio-pathogenesis of process of fetal sex differentiation,
46,XY DSD may be endocrine-related or not [7]. Non-
endocrine disorders, such as isolated hypospadias, can
arise from abnormal morphogenesis of testicular pri-
mordia [7]. On the other hand, endocrine-related 46,XY
DSD can be attributed to early-onset gonadal failure,



Chen et al. Biology of Sex Differences (2024) 15:73

specifically affecting Leydig or Sertoli cell functions, or
defects in male hormone at target tissues during embryo-
genesis, puberty, and adulthood [3]. Impaired secretion
of anti-mullerian hormone (AMH) from Stertoli cells will
lead to the failure of Mullerian ducts regression. Simi-
larly, decreased androgen production such as testoster-
one (T) or dihydrotestosterone (DHT) from Leydig cells
can impact the development of Wolffian ducts, influenc-
ing the formation of epidymides, vasa deferentia, and
seminal vesicles [8].

Mutational and functional analyses of patients with
DSDs and mouse models have revealed a large number of
genes involved in male differentiation [9].These genes can
be categorized according to their functions as follows: (1)
genes related to the development and diferentiation of
gonadal, such as SRY, NR5AI, WT1, MAP3KI1, GATA4,
and MAMLDI. (2) genes associated with hormone syn-
thesis and action, including steroid hormone and andro-
gen, such as AR, SRD5A2, AKRIC2, CHD7, LHCGR,
ANOS1, and CYP11A1. In addition to single gene muta-
tions, copy number variations (CNVs) have also been
shown to be associated with DSD. For instance, deletions
of 9p24.3 and 10q26.1, as well as duplications of Xp21.2
and 1p35, have been identified [10].

The clinical phenotype of 46,XY DSD patients often
presents similar manifestations, making accurate diag-
nose challenging based solely on physical examination.
However, having knowledge of the pathogenic genes
involved in these patients can enhance diagnosis effi-
ciency, potentially reducing the need for additional
expensive biochemical and radiological assessments. The
decreasing costs of Targeted Next-Generation Sequenc-
ing (NGS) have rendered this approach increasingly via-
ble in clinical practice. The primary objective of this study
was to identify gene variants in a large cohort of 46,XY
DSD patients and specifically investigate any unique gene
variants or hotspots within the Chinese population, and
reveal the prevalent variants of 46,XY DSD by comparing
with previous studies. By doing so, we aimed to contrib-
ute substantial evidence to facilitate early diagnosis and
intervention for affected individuals.

Methods

Patient recruitment and clinical assessment

We conducted a retrospective analysis involving 402
patients suspected of DSD at the Department of Urology,
Children’s Hospital, Zhejiang University School of Medi-
cine, between 1/2017 and 12/2020, for further investiga-
tion. All patients were subjected to detailed clinical and
genital examinations, family history pedigree analysis,
and the assessment of associated abnormalities. The
patient inclusion criteria were as follows: (1) patients
with 46,XY karyotype and (2) patients with external geni-
tal malformation or gonadal dysplasia, including female
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external genitalia, clitoromegaly, ambiguous external
genitalia, perineal hypospadias, cryptorchidism, and
micropenis.

The study was ethically approved by the Human Sub-
jects Committees of Children’s Hospital, Zhejiang
University School of Medicine(2018-IRB-076). All proce-
dures performed in studies involving human participants
were in accordance with the ethical standards of the Ethi-
cal Committee. An informed consent was obtained from
the patients or their guardians. Written informed consent
was obtained from the patients, the patients’ parents, or
their legal guardians.

Targeted gene panel

Two gene panels were designed for screening 46,XY
DSD, comprising 142 candidate genes (M014) and 271
genes (KY043), respectively. Genes included in these
panels were selected based on the knowledge of DSD
sourced from PubMed, OMIM, and other genetic testing
registry databases. These genes were classified into sev-
eral categories, including synthesis or action of androgen,
development and differentiation of gonadal, synthesis
and activation of Steroid hormone, syndromic disorders,
development and differentiation of germ cell, and others)
(Supplementary Tables 3 & 4).

DNA library preparation

Genomic DNA was extracted from peripheral blood leu-
kocytes using the Qiagen DNA Blood kit (Qiagen, Dus-
seldorf, Germany) from each sample. A minimum of 3 pg
DNA was fragmented to an average size of 180 bp using a
Bioruptor sonicator (Diagenode). Paired-end sequencing
libraries were then prepared using a DNA sample prep
reagent set 1 (NEBNext). The library preparation was fol-
lowed by the recommended protocols from Illumina, the
process involved end repair, adapter ligation, and poly-
merase chain reaction (PCR) amplication.

Targeted genes enrichment and sequencing

The exon regions and exon-intron boundaries of the tar-
get genes were captured using GenCap customized DSD
Kit (MyGenostics Inc. Beijing, China) according to previ-
ously described methods [11]. In brief, 1 ug DNA library
was mixed with Buffer BL and GenCap DSD probe
(MyGenostics, Beijing, China). The mixture was then
heated at 95 °C for 7 min, followed by 65 °C for 2 min
in a PCR machine. Subsequently, 23 pl of the 65 °C pre-
warmed Buffer HY (MyGenostics Inc, Beijing, China)
was added, and the mixture was maintained at 65 °C with
the PCR lid heat on for 22 h for hybridization. After that,
50 ul MyOne beads (Life Technology) underwent wash-
ing in 500puL 1X binding buffer three times and were
then resuspended in 80 ul 1X binding buffer. Following
this, 64 ul of 2X binding buffer was added to the hybrid



Chen et al. Biology of Sex Differences (2024) 15:73

mixture, and the entire mixture was transferred into
a tube containing 80 pl MyOne beads. The mixure was
rotated for 1 h on a rotator. The beads were then washed
with WB1 buffer at room temperature for 15 min once
and with WB3 buffer at 65 °C for 15 min three times.
Afterward, the bound DNA was eluted with Buffer Elute.
The eluted DNA was finally amplified for 15 cycles using
the following program: 98 °C for 30 s (1 cycle); 98 °C for
25 s, 65 °C for 30 s, 72 °C for 30 s (15 cycles); 72 °C for
5 min (1 cycle). The PCR product was purified using SPRI
beads (Beckman Coulter) according to manufacturer’s
protocol. The enriched libraries were sequenced on Illu-
mina HiSeq X ten sequencer with paired read of 150 bp.

Variant calling and annotation

Paired-end sequence reads in fastq files were filtered to
remove low-quality reads by using Fastp [12] with default
parameters. After ensuring quality control, the clean
reads were aligned to the UCSC hgl9 human reference
genome with Burrows-Wheeler Aligner Maximal Exact
Match (BWA-MEM) [13]. Duplicated reads were marked
with Picard tools [14]. Variants of Single Nucleotide
Variations (SN'Vs) and Insertions/deletions (Indels) were
called using Genome Analysis Toolkit (GATK 4.1.7.0)
[15] HaplotypeCaller to generate gVCF files for joint
genotyping. All samples were jointly genotyped and vari-
ants were selected with GATK Selectvariants for hard fil-
tering with the following criteria; (a) Quality by depth<2;
(b) Mapping Quality <40; (c) approximate read depth<6;
(d) phred-scaled p-value using Fisher’s exact test to
detect strand bias (FS)>60 for SN'Vs and >200 for Indels.
ANNOVAR [16] was used to annotate variant function,
in silico predictions of deleteriousness, and variant popu-
lations frequencies.

Pathogenicity analysis of the variants

Variants were classified as pathogenic (P), likely patho-
genic (LP), variant of uncertain significance (VUS), likely
benign, or benign according to the American College of
Medical Genetics and genomics guidelines [17]. Patho-
genic and likely pathogenic variants were prioritized if
indicated in Clinvar, Human Gene Mutation Database
(HGMD, 2022.12), or had been reported to be associated
with DSD. The remaining variants were filtered and pri-
oritized based on MAF less than 0.1% in all population
datasets, and function annotation of missense, inframe,
frameshift indels, canonical splice site, or nonsense
variants. The pathogenicity of variants was further cali-
brated using Varsome [18]. Variants identified as patho-
genic, likely pathogenic, or VUS were verified by Sanger
sequencing and further confirmation of origin with avail-
able parental samples, benign and likely benign variants
were discarded.
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Results

Sequencing quality and cohort characteristics

The Average sequencing depth on target for panel M014
and KY043 is 265x (range from 127X to 660x) and 461x
(range from 165X to 1316x), respectively (Supplementary
Fig. 1A). More than 76% of targeted regions were covered
with greater than 20x for each sample in M014 panel,
while more than 90% of targeted regions were covered
with greater than 20x for samples in KY043 panel (Sup-
plementary Fig. 1B).

Total of 402 patients with a 46,XY karyotype and
genetic testing result have been recruited for analysis.
Among them, 185 are singletons, 30 are duo samples, and
187 are trio-based samples. The mean age at diagnosis
was 3.413 years old, specifically, 54 patients were first
assessed at minipubertal age (<6 months), 294 patients at
prepubertal age (6 months-9 years), 54 patients at puber-
tal age (9-18 years). Majority of patients are Han Chi-
nese, and 7 of them are minority Chinese.

As listed in Table 1, the patients presented with a vari-
ety of DSD phenotypes. Seventeen patients have a deter-
mined etiologic diagnosis. Among the remaining patients
with unknown etiology, the most common clinical mani-
festation was the micropenis and hypospadias, accounted
for 50.6% (205/402) and 22.5% (91/402), respectively.
Three of those 402 patients were raised as females
because of ambiguous genitalia and need for male sex
assignment after genetic diagnosis and karyotype (sup-
plementary Table 1).

Variants analysis
After filtering by the ACMG guideline, a total of 108 vari-
ants involved 42 genes were positively detected in 107
patients (Supplementary Table 1). These genes were dis-
tributed all around the chromosomes (Fig. 1A). Further-
more, variants were mainly enriched in genes associated
with the synthesis or action of androgen (28.6%), develop-
ment and differentiation of gonadal (28.6%), and synthe-
sis and activation of steroid hormone (19.1%) (Fig. 1B).
For the 108 variants, 14.8% (16/108) were pathogenic
variants, 27.8% (30/108) were likely pathogenic variants,
and the remaining 57.4% (62/108) were VUS (Fig. 1C).
Among these variants, missense variants were the most
common type accounting for 79.6% (86/108), followed by
frameshift variants accounting for 7.4% (8/108), and non-
sense variants for 6.5% (7/108) (Fig. 1D). Additionally,
four splicing variants and two nonframeshift insertion/
deletion variants were identified. One patient had a VUS
synonymous variant compound with a pathogenic mis-
sense variant in SRD5A2 gene (Fig. 1D, supplementary
Table 1).

The clinical and molecular characteristics including
main identified variants, clinical features, karyotypes,
and transmission of positive cases are summarized in
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Table 1 Clinical characteristics of patients in our cohort

Patients, Trios/ Sin-
n(%) duos, gle-
n tons,
n
Age 3.5+ 3(Years)
Minipubertal age (<6 months) 54 26 28
Prepubertal age (6 months-9 years) 294 164 130
Pubertal age (9-18 years) 54 27 27
total 402 217 185
Ethnicity
Han 395(98.3%)
Others 7(1.7%)
Clinical diagnosis
Gonadal dysgenesis(GD) 10(2.5%) 2 8
Sa-reductase 2 defciency 6(1.5%) 5 1
Androgen insensitivity(AlS) 3(0.7%) 0 3

46 XY, DSD of clinically unknown etiology
Hypospadias 91(22.5%) 52 39

Hypospadias, Micropenis 4(1.2%) 1 3
Hypospadias, Cryptorchidism 6(1.5%) 1 5
Cryptorchidism(bilateral) 12(2.9%) 6 6
Cryptorchidism(right or left ) 20(5.1%) 10 10
Cryptorchidism, Micropenis 12(2.9%) 6 6
Micropenis 205(50.6%) 120 85
Ambiguous genitalia 2(0.5%) 0 2
Ambiguous genitalia, Hypospadias 5(1.5%) 2 3
Hypospadias, gonadal dysgenesis 3(0.7%) 0 3
CHD with DSD-related phenotype 10(2.4%) 7 3
Growth retardation with DSD-related 3(0.7%) 1 2
phenotype

Hypospadias with other malformations  6(1.5%) 2 4
Micropenis with other malformations 3(0.7%) 2 1
Cryptorchidism with other 1(0.2%) 0 1

malformations
total 402 217 185

Note The diagnostic rate for each phenotype was calculated by dividing the
number of positive samples by the total number of patients with that phenotype

Table 1. And we visualized patients- genes information
in patients in Fig. 2A. Information of the negative cases
and the details of the evidence level applied appropri-
ately are provided in Supplementary Table S2. SRDSA2
was the most frequent gene, including 2 novel variants
and 7 reported variants (Fig. 2B) occurring in 15 patients
(Table 2).

Oligogenic variants

In addition to monogenic variants, oligogenic variants
were also identified in several patients. After exclud-
ing the variants without interaction or combinations
with low pathogenicity by ORVAL(Oligogenic Resource
for Variant AnaLysis (ibsquare.be), we finally identi-
fied 7 patients with digenic variants and 2 patients with
trigenic variants, involving various gene combinations
and including PROKR2/FGFR1/CYPI11BI1, PROKR2/
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ATRX, PROKR2/AR, FGFRI/LHCGR/POR, FGFRI1/
NR5A1, GATA4/NR5A1, WNT4/AR, MAP3K1/FOXL2,
and SOSI/FOXL2 (Table 3). All 9 patients presented
with phenotypes of micropenis, cryptorchidism, or
hypospadias.

Molecular genetic diagnosis

An overall diagnostic rate was 11.2% (45/402) with patho-
genic and likely pathogenic variants. There were another
15.4% of patients with VUS variants (Fig. 3A). Among
those 45 positive cases, the genetic diagnostic rate was
over 50% in patients who have determined etiologic diag-
noses with 5a-reductase 2 deficiency and GD. For those
with clinically unknown etiology, the number of patients
with isolated phenotype of micropenis and hypospadias
was 205 and 91, respectively; and the diagnostic rate was
6.8% (14/205) and 14.3% (13/91) (Fig. 3B). Among those
trio/duo patients, 13.4% (29 of 217) of patients have been
determined as genetic diagnostic patients with P/LP vari-
ants; while in singletons,8.6% (16 of 185) of patients were
with genetic diagnostic findings. The proportion of VUS
in singleton patients (28 of 185, 15.1%) was similar to that
in trios (33 of 217, 15.2%) (Fig. 3C).

Discussion

This study conducted a retrospective analysis in patients
devolved to 46, XY DSD from 2017 to 2020, and two
panels were designed for investigating genetic vari-
ants. In contrast to other research, our targeted panel
encompasses a broader spectrum of candidate genes,
including those crucial for sex development regulation.
However, we have still missed some latest genes associ-
ated with DSD, which is a flaw in our design. As a result,
108 variants involved 42 genes were identified in 107
patients, with 46 of these variants being pathogenic or
likely pathogenic. The overall diagnostic rate was 11.2%
(45/402) and excluded the carriers pathogenic or likely
pathogenic variants. Among these variants, SRD5A2 and
AR were the most frequently affected genes, followed by
FGFR1, LHCGR, NR5A1 and CHD?7. These findings are
basically consistent with previous studies conducted in
China [19-21].

Notably, in our study, a majority of patients exhibited
various DSD-related phenotype without a clear etiology.
This observation is likely attributed to the fact that many
patients opt for genetic diagnosis only when the cause of
the disease is not readily apparent. However, obtaining a
genetic diagnosis is of importance, not only for elucidat-
ing the etiology but also for guiding patient management,
including considerations related to potential gender
development, assessment of adrenal and gonadal func-
tion, and evaluating the risk of sexual adenocarcinoma,
associated morbidity, and long-term outcomes [22, 23].
Previous research has indicated that the risk of germ cell
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tumors in patients with gonadal dysgenesis can reach
up to 30%, while in AIS patients, it is approximately 15%
[24]. Therefore, it is important for 46,XY DSD patients to
identify the etiology as early as possible.

5a-reductase 2 deficiency is an autosomal recessive
inherited disease caused by homozygous or compound
heterozygous variants of SRD5A2 gene. In our study, we
identified 12 different SRD5A2 variants in 17 unrelated
46,XY DSD patients. Of these, only three variants were
novel, one of which was a synonymous variant found in
DSD-0177 patient, who also harbored another SRD5A2
variant p.R227Q. Synonymous variants are typically
regarded as benign, yet they may exert pathogenic effects
by affecting mRNA stability [25]. Further functional
assays are needed to ascertain the pathogenicity of such

variants. Notably, positions 6, 196, 203, 227, 235 and 246
are recognized hotspots within the SRD5A2 gene [26,
27]. Among our patient cohort, SRD5A2 R227Q was the
most prevalent variant, followed by R246Q. In a previ-
ous study involving 190 individuals from diverse regions
in China, the prevalence of R227Q in south China was
found to be 62.62% [28]. In our cohort, approximately
64.7% (11/17) of patients carried R227Q, with 5 patients
being homozygosity and 6 being compound heterozy-
gosity. Nonetheless, no distinct genotype—phenotype
correlations were observed among these patients. Inter-
estingly, two patients (DSD-0249 and DSD-0278) diag-
nosed with micropenis carry only one heterozygous
variant of SRD5A2 gene, with no additional pathogenic
variants identified, which cannot explain the phenotype.



Page 7 of 18

(2024) 15:73

Chen et al. Biology of Sex Differences

9SUS  UMOUY oLLO

8lT'/1E9€E d1 - SN -un 19H €000  s8/Lmd DEEGDHD  guoxe €LLv LT WN av siusdoniy -asa  cHYOHd
95U 8010

ore'oglLe d1 - -SIN /4 WoH 95000 O/teyd Y0899DD  GUOXe 87£000 WN dv selpedsodAy  -QsQ ¢vSQYS

siuadoioiw

95U ‘seipedsodAy ‘Aousd 010

ore'o8LLE d1 - -SIN N/4 WIoH 95000 O/teyd Y0899DD  SGUOXe 87£000 WN dv -eP ¢ 3sePNnpal-og  -Asa  ¢vsays

uon
-J9sul

yliys  onou 81x5J4859 (39/dwod)sisauabsAp 0800

[snou d -ouley =d 19H d vdnpeogLD  guoxe 08//10 AN av lepeuob -asa  /aHd
95U /100

L'¢/¥ L¥6C00ADA d1  -SIN BYIoOW IWoH A988Hd 1969¢D>  guoxe %0000 AN d1X ellenuab snonbiquie  -asa dv
ENIES 9/00

ore98LLe d1  -SIA BYIoOW 19H 95000 0/czdd V08992  GUOXe 8%7£000 WN dv seppedsodAy  -asa cvsays
ENIEN 9/00

SoE'IpeECe d1l -SIN Jeyied 1°H 60000 09y d V/ELDD  QuUOXe 87£000 WN dv selpedsodAy  -@sa ¢vsays
ENIEN 6500

GeTelTLE SNA -SIN JSYloW 19H €2000 ¥995d V961DD  LUOXe  #'8¥€000° WN dv siusdoniy -asd TvSays
95U 6500

ore'oglLE d1 -SIN eyied 19H 95000 O/teyd v0899DD  GUOXe 87£000 WN dv siusdodIN - -asa 7vsads

95UdS (39/dwod)sisauabsAp 5500 LV/ZLd

[arou a1 S WA WoH yezeod D896YD  SUOXe 701000 WN v lepeuob  -asa -AD
ENIEN 0500

6eC’eELSLE d1  -SIN JBYIoW 19H 0 S€914d 1/8¥D2  LUOXa £6080€100° WN av siusdondiy -asd PYIYD
95U sejpedsodAy ‘Aouald 100

6017LEBL d SIN syl 19H 10000 doz1d D651 Luoxe 87£000 WN dv -oP ¢ 3sePNpPal-bg - -asa  ¢vsays
ENVEN selpedsodAy ‘Aouad 100

ore98LLe d1  -SIN BYIoOW 19H 95000 0/czyd V08992  GUOXe 8%7£000 WN dv -JoP ¢ 2sePNPal-bG  -asa  ¢vSsAays

9sU3s  onou (lelRreNIq)wisipiyi0}dAiD - 6000  L91LLd

0£6'796'8C d1  -UoN =d 1°oH x09zmd V6//.DD  HUOXe L6000 WN dv ‘sjuadoniyy - -asa “AD
Bu;  orou (les21R)Iq)WSIPIY2I01dAID 6000

[snou d -ouds =d 19H 11-%9919D gluoxe 0LLECO N av ‘slusdoDIy -asa 1494
95USS  OAOU (jes21e)1Iq)WsIpIy2I01dAD 6000

€96'9¢8'81 d SN =d 1oH or9lyd V16yDD  guoxe €/LvL”WN av ‘sluadoniy - -asa  cUdOYd

suopewliojew

ENVEN a|dnnyy ‘seipedsodAy 9000

786'910'0¢€ d -SIN N/4 WOoH Z1000 Seoeod V/099D  puUOXe 87£000 WN dv ‘ellepusb snonbique  -asd  7vSaHS
A adAy  uois abueyd al
(geAurp 1o -d>1usb jue  -sjw AysobAz ppe abueyd s, Jusn

dlNd)aduaiaey -oyied -lep -suel] -019139H (SYI Dyx3)A>usnbaiy oujwy apno3dPNN  uoxa idudsues]  duedyu| adfjouayqd -ed dudp

abueyd pe oulwy

110402 1IN0 U] S3582 9ARISOd G U3 JO SDISHIDRIRYD 1BIN3|OW PUB [eDIUl)D) T d|qeL



Page 8 of 18

(2024) 15:73

Chen et al. Biology of Sex Differences

uon
BENV]]
HIYs  umou LxSISOY LA (43X}
[oAOU d1 -swey -un 1°H ' d Dsulply 8LyD  pUOXe  H'87E000 WN qv siusdodIN - -asa  ZvSaYs
(jes21e)1Iq)WsIpIy2103dAID
95U3S  OAOU ‘sluadoIdIN ‘sIsD 1S 10
[ar0u d SN Ele IWaH _ N6Lvd 19620 LuoXe  OpLE00” AN 1A -uabsAp epeuch  -asa AdS
95U 0510
ore'o8lLE d1 -SIN /4 WoH 95000 O/teyd V089D2  GUOX9 87£000 WN qv siusdoniy - -asa  ¢vsays
ENVEN VL0
Lze'Leg’se d -UON Jauie4 19H 20000 x90d 19125 Luoxa 8¥£000 N uv selpedsodAy  -@sa ¢vsays
ENVEN €vL0
sog'ovece d1 -SIN Jylol 1oH 60000  D9¥eyd Y/E/DD  QUOXS  8FE000T AN uv seipedsodAy  -asa@ cvsays
95U 8710
[RACE d1 “SIN- JISYION IWoH ' N96/Dd 1/8€¢HD  9UOXe %0000 AN d1X selpedsodAy  -gsd qv
ISUSS  UMOUY rad 1)
/5T'815'9¢ d SN -un 1°oH 1000 H/Svyd VOLELDD CLUOXa 76000 WN dv siusdodIN - -asa d0d
uon
-9lop
Ylys  onou 8LxSIVIYrD zlio
[9A0U d1 -ouwey =d 19H ' d DISPGELD  LUOXe €€2000° WN dv siusdoniy -asa YODHT
uon
-9lop
Hliys  onou 9CxS§O78 [44X]
[oA0U d -swey °2d 1°H ' d [OPLYT 9bCD  cuoXe €901/ 1100 WN av sjusdoniy -asa  1Y494
uon
SENV]]
ylys - orou ISUISO0L L (jlesRiejiq)wsipiypiodAy  8LLO
[oA0U d1 -swely °2d °H ' TP00LId  L1VSUIOLOE 600D ZLUOX® 08//10 AN av ‘siusdodiy -asa LAHD
elulay |euinbul
9SUSS  UMOUY ‘Aybuywsipiy2i01dAlD  SLLO
[SASE SNA - SIN -un IWeH © 18¥51dd 1E¥9PDD 9luUOXe 0/T8€L"WN 47X ‘sluadoniy - -asa XY1v
elulay jeuinbul
9SUSS  OAOU ‘Aybuywsipiy2i01dAlD  SLLO
8LT'LlE9¢E d -SIN 2d °H €¢000 seLimd DEESDD  EUOX9 €/Lv LT WN av 'sludoIy -asa  cUN0Yd
95U Aousppp €110
ore'9g8LLe d1 - SN IN/4 WOoH 95000  O/ceyd V08992  GUOXe 8%7£000 WN v ¢ esepnpal-ng  -asd ¢vsads
ENUEN oLLO
ove98LLE dl -SIN /4 WoH 95000 O/zeyd V08992  SUOX® 87£000 WN dv siusdodIN - -asA  7VSaYs
AW adfy  uois abueyd al
(geAurp 1o -d1usb jue  -sjw KysobAz ppe abueyd s,Juan
dlNd)ua19j9y -oyled -lep -suel] -0a919H (SY3 Dvx3)Aousnbaiy oulwy apnodpPnNN  uoxd 1dudsuel]  9dueidyul adfijouayqd -ed dudn

abueyd pe oulwy

(Ponunuod) Z 3|qelL



Page 9 of 18

(2024) 15:73

Chen et al. Biology of Sex Differences

9SUS  UMOUY 9970

089'/51'CE d1l -UON -un 1°H Xep1od IiZ4 ORENIOC] GZv080° WN av siusdodIN - -asd SYND
95U 0920

1’96916 1 C00ADA SNA SSIA JBYIOWN IWoH ¢0000 arg/3d DCSECY>  8UOXe 0/T8€L"WN d1X siusdoniy  -asa Xd1v
ENVEN 0920

616'708'9C SNA SSIA JBYIoWN 1°H J090d 16/1V>  LUOXe #0000 AN d1X sijusdoniy -asa dv
95U3S  OAOU 0920

8lT'/1E9¢e d SN =d 19H €000  s8/imd DEEGHD  guoxe €LLv LT WN av siusdodIN - -asSA  TYHOUd
95U3S  OAOU 820

6ECELSLE dl -SIN °2d °H 0 S€91dd 1/8¥DD  LUOX3 €6080£100 AN av seppedsodAy  -asa  pvIvO
I5USS (30343p [e3das [euay)aHD  0£C0

6eC'eLs'LE d1  -SIN BYIoOW 1°oH 0 Se9ldd 1/8¥DD  LUOXe €6080£100 WN av ‘sisauabsAp |epeuo  -Qsg VIYD
9SU3S  OAOU 9720

1'9/6912000ADA d S El 19H arorAd D0LZLLD  /uUoXd 65600 WN av selpedsodAy  -0sQ  LVSYN
ENIEN 0L20

[oAOU dl SSING 19yled °H 50000 Iso0L1d 1r10€D>  [UOXe 1907 WN qv seppedsodAy  -as@  zAY
95U 0L20

CL'6¥61 LEOOOADA dl RAREERe 1°H 91000 ogesyd 1€091D>  LUOXa 19€£/0C WN qv seppedsodAy  -asa  zN3Y
9SUSS  OAOU ey 020

[arou a1 S El¢ IWaH SosLyd 18y¥DD  LUOXd 0¥ LEO0™ WN JA - leunbul'seipedsodAy  -asa AYS
95US  UMOUY 6610

ShelLELE d1 -UON -un °H #0000 Xsg1yd 1€550D  ¢UOXe /08700 AN av sjusdoniy - -aSA L1S9SH
95U 610

cee’le0’Le d -SIN W/4 WOH 8CL00 TWezdd 500>  9uUOXe #8€000 AN qv siusdoniy - -asa  ¢vsays
ENIES 810

9'STH0€E d SIN J9yled 1°oH 0 H¥8yd VISZOD  HUOXe 656700 WN av seppedsodAy  -asa  LYSUN

snoul

-KUO  UMOU LL10

[oAOU SNA - -UAS -un 1°oH =/zlend 11822  Luoxe  #'87€000 WN dv siusdodIN - -asa 7vsads
9SUSS  UMOUY 1110

ove98LLE d1 - -SIN -un 19H 95000 O/czyd V08992  GUOX9 8%7£000 WN dv siusdodIN - -asa 7vsads
ENVEN sejpedsodAy ‘Aouald  9/10

60L7LEBL d SSIN BYIOWN 1°H 10000 doz1d 26512 LUOXe 87€000” AN qv -9P ¢ 9SeNPaI-0G  -4asA ¢vVSAYS
95U sejpedsodAy ‘Aouald  9/10

SogoveETe dl SSIN 19yled 1°H 60000 09y d V/E€/DD  QUOXs 87€000” AN qv -}9P ¢ 9Se1NPaI-bG  -asaA ¢vSsays
9SUSS  UMOUY 9510

[anou d1 -uoN  -un 19H X09r0d 18/€1DD LLUOXS 186%LLL00 N av selpedsodAy  -QsQ  €9dL
95US  UMOUY 510

[oAou dl -SIN -un 1°H 0 De6gimd 1/1yDD  puoxe #8000 WN dv siusdodIN - -asA  7vSaYs
An  adfy  uois abueyd al
(geAurp o -d1uab ue  -sjw KysobAz ppe abuey> s,Juan

dlNd)ua19j9y -oyled -lep -suel] -0a919H (SY3 Dvx3)Aousnbaiy oulwy apnodPNN  uoxd 1dudsuel]  duedyu| adfijouayqd -ed dudpn

abueyd proe oulwy

(Ponunuod) Z 3|qelL



Page 10 of 18

(2024) 15:73

Chen et al. Biology of Sex Differences

uoln
-olop
HIYs  umou £€+54719¢9d (#91dwod)  So%0
[oAOU d1 -suwel -un IWaH d [9P/8817 /81D €LlUOXd 912000 AN d1X SIsoUabsAp [epeuob  -Qsg LSONY
9SU3S  OAOU sijusdodiw €80
189'851LT d  SIN ad 1°H Sygolod V050692 Zuoxs 08//10"WN av  GubmwsipiyoioldAd -asd ZaHD
9SUSS  UMOUY (jesa1R)Iq)WSIPIYDI01dAIY  ZSE0
[9AOU SNA -SIN -un 1oH NSy3d VEEELDD  LUOXo 656700 AN av ‘slusdondiy -asa  LVSYN
uon
BENV]]
BYs umouy dsui91o (jesRrepq)wsipiyiodAiD - ZS€E0
[9AOU d1 -suwel -un 1°H “Gl14d DDDSUI9ETGED  LUOXa  €6080€ 100 WN av ‘slusdondiy -asa VLY
ENVEN 9¢¢0
€91'%26'SE dl -SIN IsYIoW IWoH 90000 WLe/nd V16lZHD  GUOXe #0000 WN SHb sejpedsodAy  -asa dv
9SU3S  UMOUY 62£0
[9A0U dl -SIN -un 1°H Hlgzyd VIr8H2  pUOXs 656700 AN av QybwsipiyIoydAD  -asd LYSHN
9SUas  UMOUY| 87€0
6SL'tee’ce SNA - SN -un 1BH Hovexd O/ELYD  LUOXD /90€20” WN av sepedsodAy  -@sa  ¢1XOA
9SUSS  UMOUY 87€0
[orou d1  -UoN -un 1°H X0/y>d VOLPLDD QLUOXd ££9500 AN av selpedsodAy  -asa@  1SOS
9SUSS  UMOUY 50
089'/Gl'cE d1 -UON -un 1oH Xey1od 1rcyD>  [UOXe GZ080 N av siusdoniy - -asd SYND
uon
-3|9p sjuadosoiw
Hiys ‘seipedsodAy “Aouad  HOED
41 VA4WAS d -swely  Iayieq 1°H 10000 si6lz4d [9P9S9D  GUOXS 87000 N av -Jop ¢ 9senpal-og  -asa vsads
siuadouoiw
ENIEN ‘sejpedsodAy “Aouad  HOED
ore98LLE dl -SIN ISYION 1oH 95000 OLzzyd V08992  GUOX9 87€000° N av -Jop ¢ 9senpal-og  -asa Cvsays
9SUSS  UMOUY 2620
6€8°197'8C dl -SIN -un IWoH 80000 A/8SNd D659CV>  BUOXe %0000 N d1X sejpedsodAy  -asa gV
ENVEN 0620
CLESTCO0ADA dl -SIN JsYloW IWoH yesoxd 99/61V>  #UOXo #0000 WN d1X seipedsodAy  -asa dv
uon
PENU]]
yiys ExSIHZCN 68¢0
[9AOU d1 -sWwelj ISYION 1°H d DsuUl/ 84D TUOXe 18Z€10 WN av sijusdoDi -asd €144
An  adAy  uois abueyd ai
(gMeaulp 1o -d1usb jue  -sjw AysobAz ppe abueyd s, Juan
dlNd)aduaiaey -oyled -Mep -sued] -04919H (SYI Dvx3I)Aousnbaiy oulwy 9pno’dPNN  uoxa idudsuel]  dueidyu| adfiouayqd -ed dudpn

abueyd ppe oujwy

(penunuod) Z 3|qeL



Chen et al. Biology of Sex Differences (2024) 15:73

This is likely due to the panel’s incapacity to detect copy
number variations (CNVs) or intronic region variants.
Whole Exome Sequencing (WES) or Whole Genome
Sequencing (WGS) would be valuable to uncover addi-
tional SRDSA2 variants or the other causative genetic
factors in these patients. DSD-0251 was provisionally
diagnosed with 5a-reductase 2 deficiency based on the
assessment of T/DHT level, but no SRD5A2 variant was
detected. And endocrinological tests are not always reli-
able for diagnosing 5a-reductase 2 deficiency because T/
DHT ratios following hCG stimulation vary according to
the age and the severity of the enzyme defects [29, 30].
The diagnostic sensitivity of T/ DHT ratio of 10 is around
78%, but the specificity is only 72% [31]. Moreover, not
all patients with 5-a reductase 2 deficiency diagnosed
by clinical and hormonal findings were found to carry
pathogenic variants in SRD5A2 [30, 32]. Compared to
those with genetically diagnosed 5-a reductase 2 defi-
ciency, the average age is much younger in undiagnosed
patients, at 1.3+2.8 years old [30], consistent with our
patient who was at 4 month old at diagnosis. This high-
lights the essential role of genetic testing for definitive
diagnosis, especially in infants with clinical-hormonal
diagnosis.

AR variants have primarily been associated with AIS.
The AR protein consists of four functional domains:
N-terminal domain (NTD), DNA binding domain (DBD),
the C-terminal ligand binding domain (LBD), and a hinge
region (HR) linking LBD and DBD [33]. In our cohort, 7
variants including two novel variants and five reported
variants were identified. Notably, p.V731M has been
recurrently observed as a somatic variant in prostate
cancer patients [34—36], suggesting a potential associa-
tion with an increased risk of testicular germ cell tumor
(TGCT) in AIS patients [37]. While G444 A was previ-
ously identified in colorectal cancer patients as a germ-
line variant [38], it was first detected in a DSD patient in
our study. Additionally, M887V and H886Y, previously
reported in AIS patients [39, 40], were detected in DSD-
0077, presenting ambiguous genitalia, and DSD-0292,
displaying hypospadias. However, there were no AR or
other gene variants detected in our three patients diag-
nosed with AIS. Interestingly, most patients in our cohort
carrying AR variants exhibited no additional signs of
androgen insensitivity beyond hypospadias and micro-
penis. This suggests that AR variants may be related to
milder phenotypes, consistent with findings from previ-
ous studies [41, 42]. Although R841H has been identified
as a hotspot variant in a Chinese cohort with a frequency
of 5.6% (3/54) [20], it was not detect in our cohort.

CHD?7 is associated with CHARGE syndrome and
hypogonadotropic hypogonadism-5 with or without
anosmia [43]. Loss-of-function pathogenic variants in
the CHD7 gene account for approximately 65-70% of
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CHARGE syndrome cases [44]. However, not all patients
carrying with CHD?7 variants develop classical CHARGE
syndrom phenotype. In a study of 40 patients with idio-
pathic hypogonadotropic hypogonadism (IHH), two
adult patients with cryptorchidism, abnormal testicular,
and/or abnormal penis were identified to carry CHD7
variants [45]. Another patient with middle hypospadias
and right cryptorchidism and without other malfor-
mations was also found to carry a missense variant of
CHD?7, although the correlation between the phenotype
and the variant could not be established [46]. Patients
carry CHD?7 variants may also present with microphal-
lus, cryptorchidism, and hypospadias without other
malformations [21]. There is also a missense variant in
CHD?7 reported in a patient with pure 46,XY gonadal
dysgenesis in clinvar (VCV001344532.1 ). In our study,
we identified CHDY variants in 3 patients with the phe-
notype of micropenis, cryptorchidism, or gonadal dys-
genesis, no further clinical phenoypes were recorded. All
these reports suggested that patients with CHD?7 variants
may also present atypical CHARGE syndrome. However,
the variant p.G1684S has been widely associated with
CHARGE syndrome [47-50] .The other two variants are
novel truncating CHD7 variants reporting as de novo
inheritance, a form of which was frequently identified in
CHARGE syndrome than the other atypical CHARGE
features [51]. Further clinical evaluations are needed for
these patients. Unfortunately, due to lost follow-up for
these three patients, we could not further assess the clini-
cal manifestations. Patients with IHH typically exhibit no
symptoms before puberty and it is particularly difficult
to evaluate the hypothalamic-pituitary-gonadal (H-P-G)
axis inchildren [21], making it easy for their condition to
be overlooked during childhood [52, 53]. In our cohort,
all patients with variants associated with IHH exhibited
no other malformations. These patients may require reg-
ular follow-up in the future. Furthermore, genetic testing
is helpful for monitoring the prospective puberty.

In our cohort, only three MAP3KI variants were
identified and all were VUS, which is consistent with
findings in other regions of China [20] and Korea [54].
However, this incidence is much lower than what has
been reported in Caucasians, where the prevalence of
MAP3KI gene variants ranges from 15 to 20% [55]. These
disparities suggest the genetic heterogeneity in European
and Asian populations. In recent years, GATA4 variants
have been identified in patients with congenital heart
disease(CHD) with various complications. GATA4 vari-
ants have also been found in patients with 46,XY DSD
due to impaired testis formation with or without CHD
[56]. In this cohort, we observed three patients carrying
a heterozygous GATA4 variant P163S. Among them, one
exhibited symptoms of atrial septal defect in addition to
DSD, while the others did not show any CHD- associated
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Table 3 (continued)

Reference(PMID) ORVAL prediction

Pathoge- Inheri-

Het-
nicity

Variant
type

Nucleotide change Amino acid

Gene Transcript

Gene

Number Number of
of genes variants

Patient’s Phenotype

ID

Predicted

VarCoPP
score

Combina-
tion

tance

erozy-

change

category

gosity

pathoge-
nicity

Missense Het VUS unknown 32,332,759

pK246R

cA737G

develop- NM_023067
ment

and

FOXL2

DSD-0328

differen-

tiation of
gonadal

Disease-

09475

Missense Het VUS unknown novel

p.D555G

cA1664G

develop- NM_005921

ment
and

MAP3K1

DSD-0058 Micropenis

causing
with

(2024) 15:73

99.9%
confi-
dence

differen-

tiation of
gonadal

unknown novel

VUS

Missense Het

DA346P

cG1036C

develop- NM_023067
ment

and

FOXL2

DSD-0058

differen-

tiation of
gonadal
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symptoms. The GATA4 P163S variant has been previ-
ously reported and linked to tetralogy of Fallot [57]. The
presence of multiple phenotypes among GATA4 variants
carriers may be attributed to incomplete penetrance,
variable interactions with partner genes, and oligogenic
mechanisms. Nonetheless, it is important to note that
patients without CHD phenotypes also require diligent
monitoring of their cardiac health in the future.

In this study, we also identified several relatively
uncommon causative genes associated with DSD, includ-
ing TP63 and GNAS. Notably, TP63 has not been pre-
viously reported in DSD patients, with only a limited
number of studies indicating its association with ovarian
development in TP63 knockout mice [58, 59]. GNAS is a
complex imprinted gene locus and encodes multiple tran-
scripts sharing exons 2—13 but with alternative first exons
[60]. Genetic defects affecting GNAS can cause several
human diseases such as Pseudopseudo hypoparathyroid-
ism (PHP, MIM:612462, 603233, 103580 ), end-organ
resistance to parathyroid hormone (PTH, MIM: 612463),
progressive osseous heteroplasia (POH, MIM: 166350).
Somatic variants can also found in multiple benign and
malignant tumors and McCune-Albright syndrome
(MIM: 174800). The GNAS variant p.G142X we identi-
fied is located in the first exon of XLas (NM_080425.3)
transcript, which is primarily expressed in neuroendo-
crine tissues and essential for normal fetal growth and
development [61, 62]. This variant was initially reported
in a patient with high bone mass, unclosed cranial suture,
persistent hypophosphatemia, and elevated parathyroid
hormone (PTH) levels [61]. However, genital develop-
ment was not assessed in this family. The variant was
inherited from the patient’s father and transmitted to his
daughter. Both the proband and his father experienced
bone fractures, while his 12-year-old daughter showed
no symptoms. Both of our patients, DSD-0266 and
DSD-0322, carry the same nonsense variant p.G142X.
Recently, patient DSD-0266 presented with bone and
joint instability and growth retardation (April,2024). He
had elevated alkaline phosphatase (ALP) levels and an
estradiol level of 124 pmol/L, but normal with thyroid
function tests. Unfortunately, patient DSD-0322 was lost
to follow-up. The cases of our patients, along with the
previous reported cases, expand the spectrum of clini-
cal manifestations associated with GNAS pathogenic
variants. Interestingly, the absence of symptoms in the
girl carrying this variant suggests the p.G142X variant in
XLas may affect males exclusively. Further investigations
will be conducted to explore the role of this variant.

In addition to monogenic variants, it is crucial to rec-
ognize the potential involvement of oligogenic variants
in cases where patients exhibit negative results. Previ-
ous studies underscore that fewer than 50% of indi-
viduals with DSD receive a definitive genetic diagnosis,
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Fig. 3 Features of the prevalent variants in 402 46,XY DSD patients. (A) a genetic diagnosis of the 402 patients; (B) diagnostic rate in patients with the
different phenotype categorization; (C) the genetic diagnosis in singleton and trio/duo patients

prompting the exploration of oligogenic diseases [56].
We have identified 9 patients with multiple variants with
potential interaction and disease causing pathogenic-
ity. These patients present with DSD phenotypes such as
micropenis, cryptorchidism, hypospadias, or combina-
tion of these conditions. However, even when carrying
the same genetic variant, the phenotype of each patient
varies, suggesting other genetic modifiers may influence
the unique phenotype of each patient. Furthermore, it is
suggested that the greater the number of affected genes
and variants an individual harbors, the more severe or
variable the phenotype is likely to be [63, 64]. We found
four patients had known pathogenic variants in PROKR2
combined with other DSD gene variants and one patient
with monoallelic PROKR2 variant. Among them, three
patients habored the most common PROKR2 W178S
variant in the Chinese CHH population [65]. Although
all three present with micropenis, patient DSD-0115 with
ATRX P1548L had right cryptorchidism, laterla hernia,
and hyposmia, while DSD-0260 with both ATRX and AR
variants didn’t show any other phenotypes in recorded.
Interestingly, patient DSD-0110 had both heterozygous
PROKR2 W178S variant and known causative homozy-
gous SRD5A2 p.R227Q variant, but no interaction was
found in these two variants and the patient presented
micropenis phenotype only. In contrast, the patient DSD-
0016 with a monoallelic PROKR2 variant presented with
more severe phenotypes, including bilateral cryptorchi-
dism, growth retardation, and facial dysmorphia. This is
likely due to undiscovered genetic variants outside the
panels we tested, which have pleiotropic roles that inter-
act with the monoallelic PROKR2 variant. The correlation
between digenicity and severe phenotype was not always
consistent [66]. This aligns with findings indicating that

members of digenic families often had milder or simi-
lar phenotypes compared to probands carrying variants
in the FGFRI gene and other genetic variants [66]. Our
patients did not exhibit significant phenotypic differ-
ences whether they carried monoallelic FGFRI variants
alone or in combination with other heterozygous variants
in both autosomal dominant and recessive genes. This
observation was also noted in patients carrying NR5A1
variants alone or combined with other genetic vari-
ants. Nevertheless, the genotype-phenotype correlation
in 46,XY DSD may largely depend on the nature of the
secondary hit, explaining the broad spectrum of pheno-
types [67]. However, we couldn’t establish a phenotype-
genotype correlation, several factors may contribute
to this, including the limited sample size with diverse
genetic combinations hindering correlation efforts, and
the absence of comprehensive clinical descriptions for all
patients.

Limitation

In our study, we observed a diagnostic rate of approxi-
mately 11.2%, and the rate is higher in trio/due patients
(13.4%) than in singletons (8.6%). This rate is much lower
than that observed in other studies conducted on the
Chinese populations or other populations, where diag-
nostic rate exceeded 40%, especially in cohort using WES
[19, 20, 68, 69]. Despite utilizing two panels with slightly
different numbers of genes, our findings were limited by
the absence of the latest DSD-related genes in the pan-
els’ lists. WES which currently is the most effective and
cost-efficient methods for identifying novel causes in
undiagnosed DSD patients is the preferable tool. Less
stringent patients’ selection criteria and the lack of
clear differentiation of phenotype in patients may also
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limit our findings. Most of other groups are focusing on
specific and severe phenotypes of 46,XY DSD such as
5a-reductase 2 deficiency, GD, AIS, HH[28, 70-72]. A
multidisciplinary team and longitudinal follow-up should
be conducted in recording physical examinations and
biochemical (hormonal) evaluations. Combing these
with genetic testing will improve the accuracy of genetic
diagnoses. Additionally, it's worth noting that we did not
detect DNA copy number variations which may also con-
tribute the phenotypes of DSD [73] due to the limitations
of our gene panel. Furthermore, due to the lack of further
validation, patients identified with VUS could not be con-
clusively diagnosed especially in singletons.

Conclusion

In summary, we utilized the targeted gene panels to iden-
tify potential pathogenic gene variants in a large cohort
of Chinese 46,XY DSD patients. This study represents
the general investigation of such a large cohort of 46,XY
DSD in eastern China, contributing to our understand-
ing of the gene spectrum, mutation spectrum, and phe-
notypic spectrum of 46,XY DSD in this region. However,
it’s important to acknowledge potential limitations in our
study, particularly since all patients were from a single
center and the gene panels used were relatively outdated.
Therefore, future research should involve multi-center
collaboration to further advance our knowledge in this
field.
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