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Abstract

Purpose This study aimed to present the clinical features and gene mutation characteristics of a child with 46,XY disorders of sex
development (DSD) caused by a novel heterozygous mutation in the NR5SA I gene to determine the potential association between
this heterozygous mutation and the pathogenesis of 46,XY DSD.

Methods We present the case of a Chinese child with ambiguous genitalia at birth but a normal adrenal gland. Targeted next-
generation sequencing, comprising 163 candidate genes involved in sexual differentiation and development, was performed,
followed by the functional evaluation of the novel NR5SA I mutation.

Result The patient had a novel heterozygous mutation in the NR5SA1 gene, ¢.630delG (p.Y211Tfs*85). Results revealed that
overexpression of p.Y211Tfs*85 impaired steroidogenic factor-1 (SF-1) protein synthesis. Immunofluorescence analysis re-
vealed that both SF-1 wild-type and p.Y211Tfs*85 mutation proteins were localized in the cell nucleus. Furthermore, dual-
luciferase reporter assay results revealed that the p.Y211Tfs*85 mutation could effectively downregulate the transcriptional
activation of anti-Miillerian hormone and steroidogenic acute regulatory protein genes (P <0.01). Additionally, the
p-Y211Tfs*85 mutation changed three-dimensional conformation of SF-1, and three conformations could be constructed with
the mutated amino acid sequences. Therefore, the novel frameshift mutation could result in decreased protein expression of SF-1.
Conclusion We described a novel mutation in NR5A1 and showed that it might affect protein structure, thereby seriously
compromising the role of SF-1 in regulating gonadal development. The novel p.Y211Tfs*85 mutation in the NR5A! gene
enriches the boy of information available regarding the mutation spectrum of this gene in the Chinese population.
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Introduction

Disorders of sex development (DSD) are congenital conditions
characterized by atypical development of chromosomal, gonad-
al, or anatomical sex. On the basis of the sex chromosome
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content, DSD are divided into three categories: sex chromo-
some DSD; 46,XX DSD; and 46,XY DSD [1]. Heterozygous
mutations of NR5AI are the most prevalent genetic cause in
46,XY DSD individuals, with a frequency of approximately
15-20% [2]. Steroidogenic factor-1 (SF-1), encoded by
NR5AI, plays a pivotal role in the adrenal and reproductive
development and function as well as in the transcription of
genes involved in steroidogenesis [3]. In early male develop-
ment, SF-1 is expressed in the bipotential gonad, and it regu-
lates the differentiation toward testes through modulation of the
expression of genes such as SRY and SOX9. A previous study
has showed that NR5SA1 can regulate the expressions of Sry-
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box 9 (SOX9) and anti-Miillerian hormone (AMH) genes during
mammalian testicular differentiation [4]. Additionally, steroido-
genic acute regulatory protein (STAR), a pivotal factor that is
involved in cholesterol mobilization and steroid hormone bio-
synthesis, can also be regulated by NR5A1 [5]. Furthermore,
SF-1 is involved in the regression of the paramesonephric duct,
which is initiated through the expression of AMH in Sertoli
cells and virilization by regulation of testosterone biosynthesis
in Leydig cells [6, 7]. The phenotypical spectrum encompasses
not only hypospadias, ambiguous genitalia (e.g., a hypoplastic
phallus), or a complete external female appearance but also
male infertility [8]. At present, > 100 different mutations, main-
ly associated with 46,XY DSD, in the NR5A gene have been
described, and the reported NR5A! gene mutations related to
the sex reversal phenotype mainly include NR5SAI p.R92W,
p.Arg92Gln, p.T40P, p.18DKVSG22del[c.51 65del],
p.-Y211Tfs*83[c.630 636del], p.C338S,
p.R84H,p.Y138X,c.1277dupT,
[c.424 427dupCCCA]1[p.G146A],p.Gly35Asp,p.Arg84His,-
p.-His310Asp,p.Asp364Tyr,p.47_S4del, p.Arg89Glyfs17*,
p.Leu209Cysfs87%*,
p-[Pro210GIn;Tyr211*][c.[C629A;C633A]], p.Arg39Cys,
p-Ser32Asn, p.Lys396Argfs*34, and p.Cys247* [3, 9-16].
This extensive range of phenotypes hinders a direct
phenotype—genotype correlation, thus highlighting the impor-
tance of molecular studies on the NR5A[ gene mutations and
their impact on protein function. At present, the molecular basis
of 70-80% of patients with 46,XY reversal remains unclear
because of the normal sex-determining genes in these patients.
Therefore, in addition to a sequencing analysis of candidate
genes, various detection techniques are used to screen new
related genes in sexual reversal.

Here, we report the identification of a novel ¢.630delG
(p-Y211Tfs*85) NR5A 1 mutation, which has not been report-
ed in the previous studies to the best of our knowledge, in a
46,XY DSD patient with ambiguous genitalia at birth and a
normal adrenal gland. We demonstrated the functional prop-
erties of this mutation and better elucidated the genotype—
phenotype relationship, thus extending the mutation atlas of
the NR5AI gene and improving the understanding of
genotype—phenotype correlations. We also investigated the
altered function of SF-1 derived from the p.Y211T{fs*85 mu-
tation in the NRSA I gene.

Material and methods

Clinical history

This study was approved by the Ethics Committee of the Third
Affiliated Hospital of Sun Yat-sen University, China. Written

informed consent was obtained from the patient’s parents. The
proband was first child of non-consanguineous healthy parents.
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The family history was negative for DSD. The patient was born
at term with a normal weight (2700 g) and length (48 cm).
Ambiguous genitalia were noted at birth, micropenis, bifid
scrotum, penoscrotal hypospadias, chordee, location of the ure-
thral opening below the coronal sulcus, and labioscrotal folds
without palpable gonads. A thorough evaluation was initiated at
the age of 4 weeks. This included the measurement of hormone
levels in the setting of a human chorionic gonadotropin (HCG)
stimulation test and an ultrasound.

Mutation screening

Target-specific oligonucleotide probes were modified to cap-
ture 163 gonad-related target genes by MyGenostics Inc., and
sequence libraries of the corresponding targeted genes were
generated using 500 ng of DNA from a clinical sample, ac-
cording to the manufacturer’s instructions. Sequencing was
performed on a HiSeq 2000 System (Illumina, San Diego,
CA, USA) using the Illumina Multiplexing Sample
Preparation Oligonucleotide Kit and the HiSeq Paired-End
Cluster Generation Kit according to the manufacturer’s in-
structions. After applying a quality control filter, the raw data
was aligned to the human reference genome (hg19). Sequence
variants were called using Sequence Alignment/Map format
(SAM tools) and Picard tools (http://samtools.sourceforge.net/
). Variants were filtered using the Ingenuity Variant Analysis
website (http://ingenuity.com) or the gNOME project pipeline
(http://gnome.tchlab.org/). The identified common variants
were then reviewed for the presence or absence of the pre-
selected candidate genes.

Sanger sequencing

Genomic DNA was extracted from whole blood samples taken
from the patient and the parents with a Quick DNA Extraction
Kit (CW3011; CWBIO). Subsequently, gDNA (2.5 ng/ul,
10 pl reactions) was amplified using 35 cycles of polymerase
chain reaction (PCR) on a C1000 thermal cycler (Bio-Rad)
with 2 x Flash Hot Start Master Mix (Dye) (CW3007;
CWBIO) and 20 pmol of gene-specific primers. The primer
sequences used to amplify NR5A1 (c.630delG
(p-Y211Tfs*85)) were 5'-GAGAGCCAGAGCTG
CAAGAT-3' (forward) and 5'-CTTGTACATCGGCC
CAAACT-3' (reverse). The PCR products were purified with
DNA Clean-up Kit (CW2301; CWBIO). Using a 3130xI
Genetic Analyzer, the purified amplicons were directly cycle
sequenced in both directions with BigDye Terminator 3.1
Ready Reaction Mix (Applied Biosystems, Grand Island,
NY, USA) containing NR5A1 forward or reverse sequencing
primers and then precipitated using ethanol and detected via
capillary electrophoresis using Sequence Analysis 6.0
(Applied Biosystems) and Chromas 2.23 software
(Technelysium, Tewantin, Queensland, Australia).
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Overexpression in cell lines

A total of 293T and HeLa cell lines were purchased
from American Type Culture Collection (VA, USA)
and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% (v/v) fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA) in a humidified chamber
with 5% CO, at 37 °C. The open reading frame plasmid
of NR5A1 was obtained from GeneCopoeia (China). A
eukaryotic gene expression pCMVeé6-entry vector
(Forevergen Biosciences, China) was used to construct
an NR5A1 overexpression system. Genes coding for
NRSA1 (wild type, WT) and NRSA1 p.Y211Tfs*85
mutation were cloned into the pCMV6 vector to con-
struct pCMV6-NR5A1 wild type (NR5SA1-WT) and
pCMV6-p.Y211Tfs*85 mutation plasmids (NR5A1-
MUT), respectively.

Following transfection, the cells were seeded in 6-well
plates (5 x 10° cell/well) containing DMEM (10% FBS with-
out penicillin and streptomycin overnight). Quantitative re-
verse transcription (qRT)-PCR and western blot were per-
formed to confirm the resultant constructs and verify the target
mutation. Additionally, AMH and STAR luciferase reporter
genes, which were the regulatory targets of NRSAI,
NR5A1-WT, and NR5A1-MUT vectors, were co-transfected
to HeLa cells. pRL-TK Renilla luciferase (Promega) was used
as an internal fluorescent reference. The process of plasmid
transfection was the same as mentioned above.

qRT-PCR

Reverse transcription of mRNA from differently treated
293T and HelLa cells was performed in a final volume
of 100 ul from 400 ng of total RNA using the High-
Capacity cDNA Archive Kit (Applied Biosystems) ac-
cording to the manufacturer’s instructions. The primers
utilized were the same as those used for Sanger sequenc-
ing. The qRT-PCR reactions were performed in a final
volume of 50 ul containing SYBR Green PCR Master
Mix (Perkin Elmer Applied Biosystems). Real-time PCR
was performed using a GeneAmp PCR System 9600
(Perkin Elmer Applied Biosystems) in 96-well optical
plates. The thermal cycling conditions were as follows:
2 min at 50 °C and 10 min at 95 °C followed by 40 cycles
at 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 2 min.
Data were collected using the ABI analytical thermal cy-
cle. RNA expression was calculated based on a relative
standard curve with the AAct method. The primer se-
quences were as follows: NR5AIL, 5'-GAGA
GCCAGAGCTGCAAGAT-3' (sense) and 5'-CTTG
TACATCGGCCCAAACT-3' (antisense); GAPDH, 5'-
GAGTCAACGGATTTGGTCGT-3' (sense) and 5'-GAGT
CAACGGATTTGGTCGT-3’ (antisense).

Western blot analysis

Total cellular protein in differently treated 293T and HeLa
cells was isolated with the addition of 1%
phenylmethylsulfonyl fluoride and radioimmunoprecipitation
assay lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl,
1% NP-40, and 0.1% sodium dodecyl sulfate [SDS]). After
boiling with SDS-polyacrylamide gel electrophoresis sample
buffer for 5 min, the samples were electrophoresed. Then, the
proteins were transferred onto a polyvinylidene difluoride
membrane (Millipore, USA) and blocked for 1 h at room
temperature before incubation with a 1:1000 dilution of rabbit
polyclonal GAPDH and rabbit polyclonal SF-1/NR5A1/SF-1
antibody (NBP1-52823; Novus Biologicals) overnight. The
primary antibody was used at a concentration of 0.5 pg/ml,
and the detected molecular weight was 52 KDa. Before detec-
tion with an ECL chemiluminescence detection kit
(Adventists), proteins were incubated with the corresponding
secondary antibody at a concentration of Rb 1:3000. The
bands were detected using an obtained by GeneGnome 5
chemiluminescence imaging system (Synoptics Ltd., UK).

Dual-luciferase reporter assay

HelLa cells were seeded into 96-well plates at a density of 3 x

10° cells/well and transfected with 30 ng of WT or MUT
NRS5A1 construct or empty vector together with 200 ng of
the respective AMH or STAR reporter plasmid (pGL3-AMH
or pGL3-STAR, respectively) and 10 ng of pRL-TK Renilla
luciferase (Promega) to normalize for transfection efficiency.
The pRL-TK plasmid (Promega) was co-transfected with the
pGL3-Basialong and pCMV6-entry vector to normalize the
luciferase activity. Following transient transfection, the cells
were then incubated for 24 h. The relative luciferase activity in
the different treatment groups was examined using a Dual-Glo
Luciferase Assay System (Promega). The relevant experi-
ments were performed in triplicate.

Determination of subcellular localization
by immunofluorescence assay

First, cells were seeded onto 20-mm glass-bottom cell culture
dishes (NEST Scientific) at a density of 0.6 x 10° cells/ml and
then transfected with WT NRS5A1-pcDNA3.1 or Mut
NR5A1-pcDNA3.1 expression plasmids using
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific
Inc.). Cells transfected with pCMV6-entry vector using
Lipofectamine® 3000 served as the control group. The cells
were then fixed in 3.7% formaldehyde/phosphate-buffered sa-
line (PBS) for 20 min at room temperature and permeabilized
with 0.1% Triton X-100/PBS for 1 h at room temperature after
48 h of transient transfection. Thereafter, they were incubated
overnight at 4 °C with a primary antibody against NR5AI
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(1:800; Abcam) and examined by applying anti-rabbit fluo-
rescein isothiocyanate-conjugated secondary antibody (1:500;
Abcam) at room temperature for 2 h. Finally, nuclear staining
was performed using a 1:1000 dilution of 4’,6-diamidino-2-
phenylindole (DAPI) at room temperature for 20 min. The
results were observed under a Leica TCS SP8 laser scanning
confocal microscope (Leica Microsystems GmbH).

Bioinformatics analysis

Using the resolved structure of NR5A1 as a template
(Protein Data Bank Accession No. 4QJR), the structure
of homologous WT and the mutation NR5A1 were
modeled using the SWISS-MODEL server [17] and pre-
sented using the PyMOL molecular visualization system
(Delano Scientific). GraphPad Prism 7 software was uti-
lized for statistical analysis (Table 1).

Results
Patient examination data

The patient’s hormone levels were measured in the setting of a
HCG stimulation test (Tables 1, 2 and 3). The baseline and
stimulated levels of testosterone, dihydrotestosterone (DHT),
and 17-hydroxyprogesterone (17-OHP) levels were 27 and
91 ng/dl, 55.89 and 189.36 pg/mL, and 6.52 ng/ml and
4.20 ng/ml, respectively (Table 2). Collectively, these results
indicated that the function of testicular endocrine testosterone
was preserved. The patient’s serum cortisol and adrenocorti-
cotropin hormone values were normal, and there was no evi-
dence of adrenal insufficiency. An ultrasound confirmed the

Table 1

Table 2  Clinical indicators before the HCG stimulation test

Clinical indicator Before stimulation  After stimulation

Testosterone 27 ng/dl 91 ng/dl
DHT 55.89 pg/ml 189.36 pg/ml
17-OHP 6.52 ng/ml 4.20 ng/ml
Androstenedione 0.519 nmol/l 27.0 nmol/l

Dehydroepiandrosterone sulfate  0.703 umol/l 0.727 umol/l

DHT, dihydrotestosterone; / 7-OHP, 17-hydroxyprogesterone

presence of bilateral inguinal testes and revealed the absence
of Miillerian structures (Table 1). G-banded chromosome
analysis was performed, and an SRY-positive 46,XY karyo-
type was revealed. The parents raised their baby as a male. He
was treated with an intramuscular injection of 250 ug HCG
twice a week for 5 weeks (Table 3). The testes did not descend
bilaterally, and he underwent orchidopexy at the age of
6 months and a urologic surgery to repair his hypospadias at
30 months of age.

Mutation screening

Targeted next generation sequencing did not reveal any related
mutations in the patient’s parents (Fig. 1a). However, the nov-
el NR5SAI gene mutation c.630delG (p.Y211Tfs*85) was de-
tected in the patient. Further characterization was performed
with Sanger sequencing (Fig. 1b), and the results were consis-
tent with those obtained by the targeted next generation se-
quencing (Table 4). Therefore, we carried out further function-
al verification of the NR5AI ¢.630delG (p.Y211Tfs*85)
mutation.

Clinical characteristics of a 46,XY patient with ¢.630delG (p.Y211Tfs*85) NR5AI mutation following an HCG stimulation test

Clinical indicator Values before treatment

Values after treatment Standard value

Potassium 5.63 mmol/l
Sodium 140.00 mmol/l
8AM ACTH 46.60 pmol/l
8AM cortisol 849.11 nmo/l
Testosterone 1.19 nmol/l
Estradiol 45.81 pmol/l
Pregnendione 4.58 nmol/l
Luteinizing hormone 2.61 mIU/ml
Prolactin 31.92 ng/ml
Follicle-stimulating hormone 11.83 mIU/ml
17-OHP 6.52 ng/ml

Color ultrasound

4.97 mmol/l 3.50-5.30 mmol/l
139 mmol/l 137-147 mmol/l
8.79 pmol/l <10.12 pmol/l

533.66 nmo/l 138-690 nmol/l
2.43-13.88 nmol/l

40.4-161.5 pmol/l

1.36 nmol/l 0.200-1.040 nmol/l
1.7-8.6 1U/N
2.58-18.12 ug/l
1.50-12.40 U/

2.44 ng/ml

The testis in the bilateral scrotum is absent.

Cryptorchidism is visible in the bilateral groin.

ACTH, adrenocorticotropic hormone; /7-OHP, 17-hydroxyprogesterone
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Table 3  Detection of clinical indicators in following patient treatment
with intramuscular injection of HCG 250 pg twice weekly for 5 weeks

Clinical indicator Before stimulation After stimulation

Testosterone 254 ng/dl 653 ng/dl
DHT 279.56 pg/ml 263.44 pg/ml
Androstenedione 0.18 nmol/l 0.32 nmol/l

DHT, dihydrotestosterone

Overexpression of ¢.630delG (p.Y211Tfs*85) in 293T
and Hela cells

We constructed the NRSA1-MUT (¢.630delG (p.Y211Tfs*85))
and NRSA1-WT plasmids for overexpression in 293T and HeLa
cells (Fig. 2). The gRT-PCR results suggested that transfection by
NR5A1-WT and NR5A1-MUT could promote the relative ex-
pression of NRSA1 in both 293T cells and HeLa cells (P < 0.001
vs. control cells). The relative expression of NR5A1 in the
NRS5A1-MUT group was also significantly higher than that in
the NRSA1-WT group in both cell lines (P <0.001 vs control

a

cells). It was notable that the relative expression of NRSA1 in the
mutation group did not exceed 100,000 times, which was more
suitable for further study than that in the WT group (Fig. 2a).
Meanwhile, western blot analysis did not detect NRSA1-MUT
protein in the treated 293T cells and HeLa cells (Fig. 2b). This
result revealed that p.Y211Tfs*85 mutation could cause destruc-
tive damage to affect SF-1 synthesis. Moreover, the NR5A1
expression determined by q-PCR and western blot analysis re-
vealed that the HeLa cells was more appropriate for the latter
research. Collectively, based on the evidence mentioned above,
we selected HeLa cells to perform the further functional
verification.

Cellular location analysis

To avoid or minimize the effects on the structure and function of
SF-1, we used the pCMV6 vector to generate the SF-1 fusion
protein. Both SF-1 WT and NR5A1-MUT proteins were
expressed in HelLa cells. The expression levels of the transfected
NR5A1-WT were more less than NR5A1-MUT. The

A04_090901_C160811C02201-F1_NRSA1-chr3-127262608-127262609_F 183-H8_F.abl
¢c ™ r6606r1acc &1 a

220
CGGCAGTCCAGGTCTGT

B04_090301_C160811002201-M1_NRSA1-chr3-127262608-127262603_F 183-HB_F . ab1
CT%UDTGGGTAGCC%IHTACGGCAGC%ZDCAGGCTGT

H03_090301_C160811C02201_NRSA1-chr9-127262608-127262609_F183-HE8_F.abl

200 210 220
¢cT?C TG GGTAGT CTCU GTACTGS GAACTCT TAAGSGTCGGG

Fig. 1 Genetic linkage and Sanger sequencing results. a Genetic pedigree. Squares and circles symbolize males and females, respectively. Black and
white colors denote an affected and unaffected status, respectively. b Sanger sequencing results of the patient and the parents
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Table 4 Detection of 163 gonad-related target genes detected by targeted next-generation sequencing

A2MLI1 BRAF DHH GNAS KISS1R NRAS RNF216 SYCP3
AARS2 C10orf2 DIAPH2 GNRH1 KLHL10 NSDHL ROR2 TAC3
AKRI1C2 CATSPER1 DMRT1 GNRHR KMT2D NSMF RSPO1 TACR3
AKRI1C4 CBX2 DPY19L2 GOPC KRAS ORC1 RXFP2 TAF4B
AMH CCDC28B DUSP6 HARS2 LARS2 PHF6 RXRA TMEM67
AMHR2 CD9%6 ERCC6 HDACS LHB POF1B RXRB TRIM32
AR CDKNIC ERCCS8 HFE LHCGR POLR3A SDCCAGS8 TSPYLI1
ARL6 CEP19 ESRI HFM1 LZTFL1 POLR3B SEMA3A TTC8
ARX CEP290 FEZF1 HGF MAMLDI1 POMC SEMA3E USP9Y
ATM CFTR FGD1 HOXAI13 MAP3K1 POR SHOC2 WDPCP
ATRX CHD7 FGF17 HS6ST1 MCM9 PROK?2 SLC26A8 WDRI11
AURKC CHRM3 FGF8 HSD17B3 MEDI12 PROKR2 SOS1 WNT3
BBS1 CLPP FGFR1 HSD17B4 MID1 PSMC3IP SOX10 WNT4
BBS10 CYBSA FIGLA HSD3B2 MKKS PTPNI11 SOX3 WNTS5A
BBSI12 CYP11B1 FLRT3 ICK MKRN3 RAB23 SOX9 WTI1
BBS2 CYP17A1 FMRI1 IGSF10 MKS1 RAB3GAP2 SPATA16 ZMYND15
BBS4 CYPI19A1 FOXL2 IL17RD NAAI10 RAF1 SPRY4
BBS5 CYP21A2 FSHR INSL3 NANOSI1 RASA2 SRD5A2
BBS7 DAZL GATA4 IRF6 NOBOX REN SRY
BBS9 DCAF17 GK KDM6A NROBI1 RIPK4 STAG3
BMP15 DHCR7 GK2 KISS1 NRSA1 RIT1 STAR
a b 293T & @;\

N N

& X &
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L sw+ [l PCMV6-entry
£ [J PCMV6-NR5A1-WT
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2 11 PCMV6-NRsA1-MUT ~ GAPDH
g 10000(
;.- gg:; ; c,. KRN
o 0000 T
s 5 sove [ Hela <
'2 —_— Q
® 20 \é\ N\
E } 'g & \I \I
05 N &° S-S
: ® o & &
ool ML 11 . ¥ oo §E S
A >
S
P ¢
NR5A1
S

Fig. 2 Plasmid construction and verification of ¢.630delG blot analysis of NRSA1 protein expression in HeLas and 293 T cells with
(p-Y211T£s*85) mutant of NRSA1. a qRT-PCR analysis of NR5A1 different treatments. ****P < (0.001
expression in HeLa and 293 T cells with different treatments. b Western
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NRSA1

vector

DAPI Merge

B .-

Fig. 3 Immunofluorescence localization pattern of NRSA1 WT and
p-Y211Tfs*85 mutation. Confocal images of recombinant proteins

show stably transfected HeLa cells with NRSA1 WT, p.Y211Tfs*85

ty o
N
o

N
o
1

(4]

1.0

Relative Lucifease activi

Fig. 4 The changes in transcriptional regulation of downstream target
genes with mutation and WT NR5A1. The WT or mutation NR5A1
plasmid and its target gene AMH and STAR reporter gene were co-
transfected into HeLa cells to detect luciferase activity. pRL-TK Renilla

mutation, and pCMV6 backbone plasmids. Nuclear DNA staining was
performed using DAPL. Scale bar, 50 um

Relative Luciferase activity T

luciferase was used as the internal fluorescent reference. a Luciferase
activity of WT and mutation NRSA1 plasmid and its target gene AMH.
b Luciferase activity of WT and mutation NR5A1 plasmid with its target
gene STAR. **P < 0.01
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Mut

Fig. 5 The conformation of p.Y211Tfs*85 mutation NRSA1 protein and WT NR5A1 protein. MUT represents the conformation of the p.Y211Tfs*85
mutation NRSA1 protein. Three protein conformations could be reconstructed. WT represents the conformation of WT NR5A1 protein

corresponding immunofluorescence analysis showed that both
SF-1 WT and NR5A1-MUT recombinant proteins were local-
ized in the cell nucleus. Thus, the NR5SA1-MUT did not affect
the subcellular distributions (Fig. 3).

Regulation changes for downstream genes

To further validate the regulation changes of p.Y211Tfs*85 mu-
tation to the downstream genes, we selected the known target
genes of SF-1 (AMH and STAR) for further study [18]. The dual-
luciferase assay system results revealed that overexpression of
the NRSA1-WT plasmid could promote the transcriptional activ-
ity of AMH and STAR (P <0.01). In contrast, overexpression of
the NRSA1-MUT plasmid did not promote the transcriptional
activity of AMH and STAR, which indicated that the NR5A1
¢.630delG p.Y211Tfs*85 mutation could effectively downregu-
late the transcriptional activation of the AMH and STAR genes
(Fig. 4 a and b). In summary, the NR5A1 c.630delG
p-Y211Tfs*85 mutation caused destructive damage to the func-
tional integrity of the NRSA1 protein.

Conformational change

We constructed the conformations of WT and NR5A1-MUT
type SF-1 based on the amino acid sequence (Fig. 5). The
¢.630delG (p.Y211Tfs*85) mutation caused a change in the
three-dimensional conformation of the SF-1, with only 110
amino acids able to participate in the conformational predic-
tion. Three different conformations could be constructed from

@ Springer

the NRSA1-MUT type SF-1 in this study (https://
swissmodel.expasy.org/interactive/XkeWFs/models/). The
subsequent amino acid sequences were not involved in the
formation of their spatial structure. Therefore, this frameshift
mutation could result in decreased SF-1 expression.

Discussion

NRS5AT is a key transcriptional regulator in the hypothalamic—
pituitary—gonadal axis. This gene was first identified on
mouse chromosome 2 and named FzF'I. The frequency of
NRS5AT1 loss-of-function mutations was found to occur in ap-
proximately 20% of 46,XY gonadal dysgenesis patients with
abnormal androgenization but normal adrenal function. SF-1
was also identified as crucial for gonadal and adrenal differ-
entiation in mammals. However, it was also revealed that het-
erozygous SF-1 mutations might trigger ambiguous genitalia
and gonadal dysgenesis but not adrenal insufficiency in seven
46,XY patients [19]. In the present study, the novel NRSAI
heterozygous mutation ¢.630delG (p.Y211Tfs*85) was found
in a Chinese boy without adrenal insufficiency. Hence, SF-1
mutations may occur in patients with 46,XY DSD at a much
higher frequency. Furthermore, the above distinct gonadal and
adrenal symptoms might result from their different suscepti-
bilities to the partial loss of SF-1 function. Meanwhile, such
causes are also responsible for 15% of patients with severe
penoscrotal hypospadias and cryptorchidism [13, 20].
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In humans, the NR5AI gene is located on the long arm of
chromosome 9 (9q33.3), which contains six functional exons.
The protein encoded by this gene includes a DNA-binding do-
main (DBD), containing two C4 zinc finger structures Zn I and
Zn II; an N-terminal variable domain (FTZ-F1), which is a flex-
ible hinge region; a ligand-binding domain at the end; and a main
activated domain (AF2) [21]. Additionally, a series of vari-
ants of NR5A1, including missense, nonsense, splicing
mutations, and small deletions and insertions, have been
discovered in various diseases. Luo et al. found that the
FTZ-F1 gene was essential for sexual differentiation and
primary steroid formation in NRSA1 gene-deficient mice
[22]. In the past studies, scientists have found that SF-1
plays a crucial role in sex differentiation in humans.
Achermann et al. found a heterozygous mutation G35E
in the DBD in the SF-1 gene of a 46,XY female patient.
The patient’s clinical manifestations were primary adrenal
failure and relatively severe gonadal dysplasia, which in-
dicated that this site mutation seriously affected the func-
tion of SF-1 [18, 23]. Swartz et al. identified the p.R92Q
mutation of the SF-/ gene in 46,XX patients with sexual
developmental disorders, which could affect the differen-
tiation of testes and ovary [10, 24]. Moreover, Lin et al.
found four mutation sites in the study of 46,XY gonadal
dysplasia, including V15M, M78I, G91S, and L437Q.
V15M, M78I, and G91S were activated by DNA-binding,
resulting in abnormal transcription; V15M and M78I
could alter the subnuclear localization of SF-1; and
L437Q was speculated to disrupt SF-1 binding to the li-
gand [19]. Additionally, Fabbri et al. detected a
p.Cys65Tyr mutation in the DBD domain of SF-1 in three
46,XY siblings. This mutation might affect the structure
of SF-1 [25]. In summary, studies of the mutation sites of
46,XY patients with NR5AI gene mutations have been
focused on exons 2 and 3. Both exons are located in
DBD of SF-1, which contains two important zinc finger
structures. These mutation sites have a large impact on the
SF-1 structure. Therefore, both exons play a crucial role
in the regulation of sex differentiation. Zangen et al. have
shown the association of NR5A1 with ovarian develop-
mental and functional impairment, and it was suggested
that NR5A1 mutation is related to the gradual loss of
ovarian reproductive ability and has incomplete domi-
nance [26].

In this study, we have provided the first report of the novel
mutation ¢.630delG (p.Y211T{s*85) in the NR5AI gene and
verified that it impacted SF-1 synthesis. XY female sexual rever-
sal patients often show primary amenorrhea and infertility due to
hypogonadal hypoplasia. Kalfa et al. have employed RNA-
sequencing technology to perform transcriptome sequencing
analysis of patient lymphocytes. The results showed that the
expression level of MAMLDI was significantly upregulated
[27], and subsequent study revealed that MAMLD] is a direct

target gene of NR5A1 [14]. Therefore, we speculated that
MAMLDI mutations were closely related to 46,XY sexual de-
velopment disorders in humans.

Conclusion

In summary, although only one polymorphic mutation was de-
tected in this experiment, NR5A 7 has been proved to act as a key
transcriptional regulatory gene that is related to the steroid axis in
the hypothalamus-pituitary body. The NR5AI gene plays an im-
portant role in sexual differentiation and gonadal development.
Therefore, the genetic analysis of more samples of NRSA1 gene
mutations and expression levels would be extremely meaningful
for understanding the mechanism of sex determination.
Elucidation of the regulation mechanism of the NR5A1 signaling
pathway opens a new door for the diagnosis and treatment of
sexual differentiation disorders and infertile patients. However,
more work is necessary to thoroughly reveal the molecular mech-
anism of sex reversal disease.
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