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TINGTING YU'?, JIAN WANG?, YONGGUO YU?, XIAODONG HUANG?,
QIHUA FU°, YIPING SHEN’" and FUXIANG CHEN!

1Department of Laboratory Medicine, Shanghai Ninth People's Hospital, Shanghai Jiaotong University School of Medicine,
Shanghai 200011; “Division of Birth Defects, Institute for Pediatric Translational Medicine, Shanghai Children's Medical Center,
Shanghai Jiaotong University School of Medicine, Shanghai 200127; 3Department of Pediatric Endocrinology/Genetics,
Xinhua Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200092;
Departments of *Internal Medicine and 5Laboratory Medicine, Shanghai Children's Medical Center,

Shanghai Jiaotong University School of Medicine, Shanghai 200127, PR. China; 6Department of Laboratory Medicine,
Boston Children's Hospital, Boston, MA 02115; Claritas Genomics, Cambridge, MA 02139, USA

Received April 21, 2015; Accepted February 16,2016

DOI: 10.3892/mmr.2016.5006

Abstract. DAXI1 is an orphan nuclear receptor that has a
key role in the development and function of the adrenal and
reproductive axes. Mutations in NROBI, the gene encoding
DAXI1, result in X-linked adrenal hypoplasia congenita (AHC)
and hypogonadotropic hypogonadism (HHG). A Chinese
pedigree with X-linked AHC and HHG was investigated in
the present study. Sequence analysis identified a novel small
indel variant, c.195_207delinsTG, in the NROBI gene. To
determine the effect of this variant on DAXI1 expression,
reverse-transcription quantitative PCR and western blot assays
were performed. The mRNA expression levels in carriers of
mutant NROBI were significantly reduced (62% decrease)
compared to those in individuals with wild-type NROBI
(WT). The ¢.195_207delinsTG mutation was demonstrated
to lead to various truncated DAX1 proteins, including the
C-terminal truncated DAX1, which was only detected in the
cytoplasm, and the N-terminal truncated DAX1, which was
present in the cytoplasm and nucleus. A luciferase assay was
then performed to assess the repressor function of DAXI in
modulating steroidogenic factor 1 (SF-1)-mediated transacti-
vation. WT DAXI significantly suppressed the SF-1-mediated
promoter activity of the steroidogenic acute regulatory protein
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by 35.5£1.9%. In contrast to other known pathogenic muta-
tions which abolish the repressor function of DAXI, the
¢.195_207delinsTG mutant proxkduced a higher repressor
activity, demonstrating a 49.9+2.6% reduction of promoter
activity. These findings suggested that the mutation of NROBI
in X-linked AHC with HHG enhanced the function of DAX1
to repress SF-1 activation, while DAXI1 is expected to have
additional roles in the pathological mechanism.

Introduction

X-linked adrenal hypoplasia congenita (AHC) is a rare
genetic disorder of adrenal gland development, character-
ized by absence or near absence of the permanent zone of
the adrenal cortex (1). Patients with this condition usually
present with primary adrenal failure, including salt-wasting,
hyperpigmentation, failure to thrive, reduced serum cortisol
and aldosterone and increased plasma adrenocorticotropic
hormone (ACTH) (2). The majority of patients present with
symptoms within the first two months of their life, whereas
the remainder present later in childhood (3.4). The condition is
lethal if left untreated with appropriate steroid hormones (5).
Besides adrenal insufficiency, hypogonadotropic hypogo-
nadism (HHG) is a frequent feature of X-linked AHC. It is
usually recognized during adolescence by the absence or
interruption of normal pubertal development (6,7).

X-linked AHC was originally mapped to Xp21 and the
nuclear receptor sub-family 0, group B, member 1 (NROBI)
was subsequently identified by positional cloning as the gene
responsible for X-linked AHC and HHG (2,8-11). The NROBI
gene consists of two exons and encodes a 470-amino acid
protein termed dosage-sensitive sex-reversal, adrenal hypo-
plasia congenital critical region on the X chromosome, protein 1
(DAX1) (12). DAXI is an orphan member of the nuclear
receptor superfamily. The DAX1 carboxy-terminal domain
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(CTD) is homologous to the ligand-binding domain (LBD) of
other nuclear receptors, whereas the amino-terminal domain
(NTD), which lacks the typical zinc finger DNA-binding
motif, is composed of three short repeats, each containing
an LXXLL motif (2). DAXI1 is predominantly expressed
in the adrenal cortex, gonads, hypothalamus and anterior
pituitary (13,14). Functional studies suggested that DAX1 is
a repressor of gene transcription, acting in part by inhibiting
the activity of another orphan nuclear receptor, steroidogenic
factor 1 (SF-1), encoded by the NR5AI gene (15-18). However,
the exact role of DAX1 in the development and function of the
adrenal and reproductive axes has remained elusive.

The present study described the clinical features of a
Chinese male (age, 25 years) with X-linked AHC and HHG. A
novel indel variant of the NROBI gene was identified and the
functional effects of the mutation were assessed. The present
study provided insight into the structure-function association
of DAXI.

Materials and methods

Patient. A male patient (age, 25 years) was referred to the
department with the main complaint of absence of pubertal
development. He was full-term at birth, with a normal length
and weight. His current height and weight were 167 cm and
55 kg, respectively, which were below the 25" percentile of
the Chinese population. Physical examination revealed sparse
pubic hair, small penis (3 cm) and low testicular volume (3 ml
bilaterally) (Tanner stage 1) (19). Mild and diffuse skin pigmen-
tation was also noticed, with a few hyperpigmented macules on
the lips. Laboratory tests showed low concentrations of serum
testosterone (0.36 ng/ml; normal range, 2.8-8.0 ng/ml) and
leutenizing hormone (1.16 IU/I; normal range, 1.7-8.6 TU/I).
The serum follicle-stimulating hormone concentration was
normal (7.16 TU/I; normal range, 1.5-12.4 TU/1). The patient
had a past medical history of fatigue, nausea, hyperpigmen-
tation and failure to thrive. The patient was diagnosed with
Addison's disease at age 7 on the basis of a high serum ACTH
concentration (299 pg/ml; normal range, up to 46 pg/ml) in
the presence of a low serum cortisol concentration (2.5 ng/ml;
normal range, 5-25 ng/ml). The patient had been treated with
hydrocortisone since then. His current serum ACTH and
cortisol concentrations (43.69 pg/ml and 9.4 ng/ml, respec-
tively) were within the normal range. The patient was born
to non-consanguineous parents, and while no other known
case of X-linked AHC and HHG was present in the family
pedigree (Fig. 1), the patient's mother was identified to be a
carrier. The family members with the exception of the patient
were healthy. They did not exhibit any hormone insufficiency
disorders, such as adrenal insufficiency. The ethics committee
of the Shanghai Children's Medical Center (Shanghai, China)
approved the study and written informed consent was obtained
from all subjects.

Molecular analysis of the NROBI gene. Peripheral blood
samples, to which ethylenediaminetetraacetic acid (BD,
Franklin Lakes, NJ, USA) was added, were obtained from the
patient, the patient's mother and 100 ethnicity-matched healthy
individuals. Genomic DNA was isolated from the peripheral
blood leukocytes using the QIAmp DNA Blood kit (Qiagen,
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Figure 1. Pedigree of the Chinese family showing X-linked adrenal hypo-
plasia congenital with hypogonadotropic hypogonadism.

I:] Normal male
. Affected male

Hilden, Germany). All exons and exon-intron boundaries of the
NROBI gene from the proband's genomic DNA were amplified
by polymerase chain reaction (PCR) using the primers listed
in Table I as reported previously (20). The PCR products were
analyzed by direct DNA sequencing on an ABI 3700 sequencer
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). Only genomic fragments containing the mutation
identified in the proband were amplified and sequenced for the
proband's mother and the normal controls.

Plasmid construction and mutagenesis. The wild-type (WT)
human NROBI and NR5A1 complementary DNA (cDNA) clones
were obtained from the Dana-Farber/Harvard Cancer Center
DNA Resource Core (Boston,MA,USA). The NROBI cDNA was
sub-cloned into pCSX/3Flag-DEST and pLenti6.3/V5-DEST
Gateway vectors (Invitrogen; Thermo Fisher Scientific, Inc.)
to generate the N-terminal Flag-tagged NROBI and C-terminal
V5-tagged NROBI expression vectors, respectively. The
NR5AI cDNA was sub-cloned into the pCSX/6HA-DEST
Gateway vector. The NROBI ¢.195_207delinsTG and ¢.833T>C
(Leu278Pro) mutations were created using a PCR-based Dpnl
treatment method (21). The mutagenic primers employed in the
present study are listed in Table I. Steroidogenic acute regula-
tory protein (StAR) promoter sequences (-1,096 to +182) from
human genomic DNA were cloned into the pGL3-Enhancer
vector (Promega Corp., Madison, WI, USA) to generate a lucif-
erase reporter plasmid (StAR-luc). All of the final constructs
were confirmed by DNA sequencing.

Cell culture and transient transfection. The HEK293T human
embryonic kidney cell line (which does not express DAX1
protein) was obtained from the American Type Culture
Collection (Manassas, VA, USA) and maintained in Dulbecco's
modified Eagle's medium (DMEM; Thermo Fisher Scientific,
Inc.) supplemented with 10% (v/v) fetal bovine serum (FBS;
Thermo Fisher Scientific, Inc.), 100 TU/ml penicillin and
100 pug/ml streptomycin (Sigma-Aldrich, St. Louis, MO,
USA) in a humidified atmosphere with 5% CO, atmosphere at
37°C. Transfection was performed using Lipofectamine 3000
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions.
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Purification of total RNA and reverse-transcription quantita-
tive PCR (RT-gPCR). HEK293T cells were collected 24 h after
transfection. Total RNA was isolated using the RNeasy Mini
Kit (Qiagen) and then reverse-transcribed into cDNA. SYBR
green-based real-time qPCR was performed in a 96-well
plate using FastStart Universal SYBR Green Master (Roche,
Basel, Switzerland) in a StepOnePlus Real-Time PCR System
(Invitrogen). The primers used for gPCR of NROBI are listed
in Table I and were purchased from Beijing Genomics Institute
(Shenzhen, China). The thermocycling protocol was: 95°C for
10 min, followed by 40 cycles of 95°C for 15 sec and 60°C
for 30 sec. Values were normalized to -actin using the 2-44¢4
method (22).

Western blot analysis. HEK293T cells were seeded
(5x10° cells/well) into six-well plates and transfected with
N-terminal Flag-tagged and C-terminal V5-tagged NROBI
expression vectors, respectively. Cytoplasmic and nuclear
proteins were extracted using a nuclear and cytoplasmic
extraction kit (Pierce Biotechnology, Inc., Rockford, IL, USA)
at 24 h after transfection according to the manufacturer's
instructions. The protein concentration was determined by
the a Bicinchoninic Acid Protein Assay kit (Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions
and 25 pg of cytoplasmic and nuclear proteins were loaded into
each lane. Cytoplasmic and nuclear proteins were separated
using 12% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis Bio-Rad Laboratories, Inc. (Hercules, CA, USA),
and transferred onto polyvinylidene difluoride membranes
(Bio-Rad Laboratories, Inc.). The membranes were incubated
with blocking solution for 1 h at room temperature under
agitation. The blocking solution was Tris-buffered saline with
Tween-20 (TBST) buffer containing 5% non-fat milk. To make
the 1X TBST buffer, 2.423 g Tris Hel and 8.006 g NaCl were
dissolved in 800 ml ultra pure water, and 1 ml Tween-20 was
added to adjust the pH to 7.6. Subsequently, ultra pure water
was added to make the volume up to 1 litre. Tric Hel, NaCl and
Tween-20 were obtained from Sigma-Aldrich. The membrane
was probed with anti-Flag antibody (Sigma-Aldrich; cat. no.
F3165; 1:1,000) or anti-V5 antibody (Abcam, Cambridge, MA,
USA; cat. no. ab27671; 1:2,000), anti-B-tubulin (cat. no. T5201,
Sigma-Aldrich; 1:2,000) and anti lamin Bl (Abcam; cat.
no. ab133741; 1:5,000) for 1 h at room temperature. $-tubulin
and lamin Bl were used as cytoplasmic and nuclear loading
controls, respectively. The membranes were then incubated with
horseradish peroxidase (HRP)-conjugated goat-anti-mouse
IgG (cat. no. ab97023, Abcam; 1:5,000) and HRP-conjugated
goat-anti-rabbit IgG (cat. no. ab97051, Abcam; 1:5,000) for 1 h
at room temperature. The membranes were washed 4 times in
TBST buffer at room temperature under agitation, 5 min per
wash, to remove residual primary and secondary antibodies.
The blots were visualized using an enhanced chemiluminesc-
nece Western Blotting Substrate (Thermo Fisher Scientific,
Inc.). The imaging platform used was ImageQuant LAS 4000
mini (GE Healthcare, Pittsburgh, PA, USA).

Luciferase assay. The regulatory role of DAX1 in modulating
transcription was monitored using the StAR-luc plasmid. In
brief, HEK293T cells were seeded into 96-well plates at a
density of 6x10* cells/well and incubated for 24 h. The cells
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were co-transfected with 20 ng StAR-luc, 0.5 ng pRL-SV40,
and 60 ng WT or mutant DAX1, and treated with 20 ng NR5A1
plasmid which encoded steroidogenic factor-1 (SF-1). Total
DNA was kept constant by complementing each transfection
with empty backbone plasmids whenever it was necessary.
Luciferase activities were measured from cell lysates at 24 h
post-transfection using the Dual-Glo luciferase assay system
(Promega Corp.) and normalized to Renilla luciferase encoded
by pRL-SV40. A reported NROBI mutation, Leu278Pro, was
used as the control (23).

Statistical analysis. Comparisons were made using the
two-tailed Student's t-test. Statistical analysis was conducted
using Microsoft Excel 2013 (Microsoft Corporation, Redmond,
WA, USA). Values are expressed as the mean + standard
deviation from three independent transient transfection assays.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Mutational analysis. Direct sequencing of the proband revealed
a small indel variant in the NROBI gene, which was maternally
inherited (Fig. 2A). The indel variant, ¢.195_207delinsTG, was
located in exon 1 of the NROBI gene and was predicted to
cause a frameshift at amino acid codon 66 (p.Cys66GlyfsX?2,
Fig. 2B) as predicted by the mutation analysis software
named Alamut Visual v.2.7.1 (Interactive Biosoftware, Rouen,
France). This variant has not been previously reported in
the Human Genome Mutation Database (http:/www.hgmd.
cf.ac.uk) or control databases such as the 1,000 Genomes
project (http://www.1000genomes.org), the National Heart,
Lung and Blood Institute Gene Ontology Exome Sequencing
Project (http://evs.gs.washington.edu/EVS) or the Exome
Aggregation Consortium (http://exac.broadinstitute.org),
and therefore represents a novel mutation, to the best of our
knowledge. Furthermore, the mutation was not detected in the
100 ethnicity-matched healthy control subjects.

The c.195_207delinsTG mutation in the NROBI gene reduces
DAXI mRNA expression in vitro. To investigate the effect
of the c.195_207delinsTG mutation on NROBI transcrip-
tion, WT and c.195_207delinsTG mutant NROBI expression
vectors were transiently and individually transfected into
HEK?293T cells, followed by RNA extraction and RT-qPCR
analysis. DAX1 mRNA expression in the NROBI mutant was
significantly reduced (62% decrease; P<0.001) compared to
that in the NROBI WT group (Fig. 3).

The c.195_207delinsTG mutation in the NROBI gene leads to
low-level expression of truncated DAXI protein. To investigate
the effects of the ¢.195_207delinsTG mutation on the synthesis
and sub-cellular localization of DAX1, N-terminal Flag-tagged
and C-terminal V5-tagged NROBI expression vectors were
transiently and individually transfected into HEK293T cells,
followed by extraction of cytoplasmic and nuclear proteins,
which were subjected to western blot analysis. The WT DAX1
protein was ~55 kDa in length and localized to the nucleus
as well as the cytoplasm (Fig. 4). Compared to the levels of
the WT DAXI1 protein, the levels of mutant DAX1 proteins
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Table I. Primers used for amplification and mutagenesis of NROB1.

Primer Sequence (5'—3") Size (bp)
NROBI-exonl.1-F TCGAACCACCGAGGTCAT 746
NROBI-exonl.1-R CTGGTAGCGCCTCTTTACCC

NROBI-exonl .2-F GCTTGCTCACTAGCTCAAAGC 859
NROBI-exonl.2-R TCACGATTTCTTCACCTTTGC

NROBI-exon2-F TCTTGGACACGTTGCTTCTG 717
NROBI-exon2-R GCAGGTTCCATGAAATTGCT

195_207delinsTG-F GTGGCGCTCCTGTACCGTGGGTAAAGACCACCCACGG 6558
195_207delinsTG-R CCGTGGGTGGTCTTTACCCACGGTACAGGAGCGCCAC

833T>C-F CTGCTTCCAGGTGCCGCCCCTGGACCAG 6569
833T>C-R CTGGTCCAGGGGCGGCACCTGGAAGCAG

NROB1-qPCR-F AGGGGACCGTGCTCTTTAAC 214
NROBI-qPCR-R ATGATGGGCCTGAAGAACAG

B-actin-F GCCGGGACCTGACTGACTAC 100
B-actin-R TTCTCCTTAATGTCACGCACGAT

F, forward; R, reverse; qPCR, quantitative polymerase chain reaction.

in the transfected cells were markedly lower. Application of
the anti-Flag antibody showed that the c.195_207delinsTG
mutation encoded a truncated protein (~15 kDa), which was
predominantly located to the cytoplasm (Fig. 4A). Blotting
with the anti-V5 antibody showed that the ¢.195_207delinsTG
mutation encoded two additional truncated proteins (~50 kDa)
that were contained in the nucleus as well as the cytoplasm
(Fig. 4B).

The c.195_207delinsTG mutant of DAXI shows enhanced
suppression of SF-I1-mediated StAR promoter activity.
DAXI1 has been previously shown to inhibit SF-1-mediated
transactivation (16,17). Therefore, a luciferase assay was
performed in the present study to investigate whether the
¢.195_207delinsTG mutation impaired the repressor function
of DAXI. As expected, WT DAXI1 significantly suppressed
SF-1-mediated StAR promoter activity by 35.5+1.9%, whereas
the ‘classic’ AHC mutant, Leu278Pro, showed a complete
lack of repressive function. Compared to WT DAXI, the
¢.195_207delinsTG mutant of DAX1 showed an even higher
repressive function, suppressing SF-1-induced StAR expres-
sion by 49.9+2.6% (Fig. 5).

Discussion

X-linked AHC with HHG is a rare genetic disorder caused by
mutations in the NROBI gene. A Chinese pedigree was inves-
tigated in the present study. The proband, a 25-year-old male,
presented with adrenal insufficiency during childhood and
lack of development of secondary sexual characteristics during
puberty. Molecular analysis revealed a small indel mutation in
the NROBI gene. The diagnosis of X-linked AHC with HHG
was established based on clinical presentation, laboratory tests
and molecular analysis.

To date, >200 types of mutations of the NROBI gene
have been recorded in the Human Gene Mutation Database.

The majority of the mutations reported are small deletions,
followed by nonsense mutations and missense mutations.
More than half of the mutations are clustered at the carboxyl
terminus. To date, five small indel mutations in the
NROBI gene, including ¢.273_274delinsT, c.585delinsCC,
¢.986_987delinsA, ¢.1130delinsGT, and ¢.1376_1377delinsG
have been described (6,11,24-26). These small indel muta-
tions lead to a frameshift and cause pre-mature truncation
of the DAX1 protein. The present study reported on a novel
small indel mutation in the NROBI gene, c.195_207delinsTG,
which affects the amino terminus of the DAXI1 protein.
Several adjacent mutations, including c¢.159delG, c.192C>A,
¢.197dupG, ¢.226C>T and ¢.243C>G, have been reported to
cause X-linked AHC (27-31).

The NROBI ¢.195_207delinsTG mutationis predicted to cause
frameshift and pre-mature termination. To determine the effects
of the ¢.195_207delinsTG mutation on DAX1 protein synthesis,
transient expression studies were performed in HEK293T cells
transfected with vectors carrying WT or mutant DAX1 cDNA.
RT-gPCR analysis showed that the levels of the transcript of the
NROBI ¢.195_207delinsTG mutant were significantly reduced
compared to those of the WT NROBI gene, indicating that
the aberrant NROBI mRNA with a pre-mature termination
codon (PTC) may trigger nonsense-mediated mRNA decay
(NMD). NMD is a well-known translation-coupled quality
control system that recognizes and leads to a reduction in
PTC-harboring mRNAs (32).

The decrease in DAX1 expression was also verified
using a western blot assay. Similar to the findings of other
studies (20,33), the WT DAXI1 protein was about 55 kDa in
size and localized in the nucleus as well as the cytoplasm.
However, the NROBI ¢.195_207delinsTG mutation resulted in
various truncated DAXI proteins. Western blot analysis using
antibodies specific for the N-terminal Flag-tag revealed the
presence of a truncated protein of ~15 kDain length, whichis the
p-Cys66GlyfsX2 mutant of DAX1 generated by the frameshift
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Figure 2. Molecular analysis of the NROBI gene. (A) Chromatogram of Sanger sequencing showing hemizygous and heterozygous NROB! c.195_207delinsTG
in the proband and the proband's mother, respectively. The corresponding sequences where the indel mutation occurs are indicated in the box. (B) Diagram of
the DAX1 protein showing the position of the mutation found in the pedigree (marked in red) compared to the other mutations in adjacent regions described

in the Human Gene Mutation Database. LBD, ligand-binding domain.

mutation c.195_207delinsTG in the NROBI gene. The amount
of p.Cys66GlyfsX2 mutant of DAX1 was markedly lower than
that of WT DAXI1. Furthermore, the p.Cys66GlyfsX2 mutant
of DAXI1 predominantly located in the cytoplasm. It has been
shown that LXXLL motifs and an intact structure of the LBD
are crucial for the nuclear localization of DAXI1 (34,35).
However, the truncated p.Cys66GlyfsX2 mutant of DAX1
only retained the first LXXLL motif, which may have resulted
in the abnormal intracellular distribution of the mutant DAX1.
Furthermore, this severely truncated DAXI1 protein was
probably non-functional. Using the C-terminal V5-tag, two
additional truncated ~50-kDa proteins that were present in
the nucleus as well as in the cytoplasm were detected. Based
on a previous in vitro study, an amino-truncated isoform of
DAXI1, which is normally expressed as a minor protein variant
with a partially preserved repressor function, can be generated
from an alternate in-frame translation start site (methionine,
codon 83) (36). As the alternate translation initiation site
is located downstream of the NROBI ¢.195_207delinsTG
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Figure 3. mRNA expression levels of DAX1 in transiently transfected
HEK 293T cells. Values are expressed as the mean + standard deviation
(n=3). ""P<0.001. Mock, empty backbone plasmid; WT, NROBI wild-type
plasmid; Mut, NROBI ¢.195_207delinsTG mutant plasmid.
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Figure 4. Expression and subcellular localization of DAX1 detected by western
blot analysis. (A) N-terminal Flag-tagged NROBI expression vector was trans-
fected into HEK 293T cells. DAX1 was detected in cytoplasmic and nuclear
fractions using an anti-Flag antibody. (B) C-terminal V5-tagged NROBI
expression vector was transfected into HEK 293T cells. DAX1 was detected in
cytoplasmic and nuclear fractions by using an anti-V5 antibody. 3-tubulin and
lamin B1 were used as cytoplasmic and nuclear loading controls, respectively.
Mock, empty backbone plasmid; WT, NROB! wild-type plasmid; Mut, NROB!
¢.195_207delinsTG mutant plasmid; C, cytoplasm; N, nucleus.

mutation, the formation of this isoform was not affected by
the indel mutation. This infers that the lower band, which was
also present at low levels in WT DAX1, is the amino-truncated
isoform of DAX1. In addition, a higher-molecular weight band
was observed in the mutant DAX1 only. Further study is
required to determine whether this higher-molecular weight
protein resulted from aberrantly spliced mutant mRNA or
protein with additional modification induced by the NROBI
¢.195_207delinsTG mutation.

DAXI1 has been shown to be a negative regulator, which
acts by repressing the SF-1-mediated transactivation of various
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Figure 5. Luciferase assay for SF-1-mediated StAR transactivation. StAR-luc,
pRL-SV40, SF-1 and DAX1 (WT, Mut or Leu278Pro) were co-transfected
into HEK 293T cells. Luciferase activities were quantified at 24 h post-trans-
fection and normalized to Renilla luciferase encoded by pRL-SV40. The
total amount of DNA was kept constant by complementing with an empty
backbone plasmid if necessary. Values are expressed as the mean + standard
deviation (n=3). "P<0.005; ""P<0.001. Mut, NROBI ¢.195_207delinsTG
mutation; WT, NROBI wild-type plasmid; SF-1, steroidogenic factor 1; StAR,
steroidogenic acute regulatory protein.

genes involved in steroidogenesis, such as StAR (16,17). Loss
of this inhibitory property in DAX1 through NROBI muta-
tions was demonstrated to be responsible for the pathology of
X-linked AHC and HHG (3,16,20,23). To assess the effects of
the ¢.195_207delinsSTG mutation of NROBI on the repressor
function of DAXI, a luciferase assay was performed. The
results unexpectedly showed that this mutation did not impair
the repressor function of DAXI. Instead, compared to the WT
DAXI, the c.195_207delinsTG mutant of DAX1 displayed
an even greater ability to suppress SF-1-induced StAR
expression. Although the DAX1 GIn37Term and Trp39Term
mutations were reported to have a milder phenotype due to the
expression of a partially functional, amino-truncated DAX-1
protein, other naturally occurring nonsense or frameshift
NROBI mutations that cause PTC upstream of the putative
alternative start site are associated with the classical AHC
phenotype (36). These findings suggested that the mutations of
NROBI leading to X-linked AHC with HHG are not uniformly
associated with the loss of function or DAX1 and are likely to
involve molecular functions other than its role as a repressor
of SF-1 activation.

In conclusion, the present study reported on a Chinese
pedigree including a case of X-linked AHC and HHG. A
novel small indel mutation, ¢.195_207delinsTG, in the NROBI
gene was identified in the proband. In vitro studies showed
that the mutation reduced DAX1 expression and resulted in
N-terminal truncated as well as C-terminal truncated DAX1
protein. Furthermore, a Luciferase assay demonstrated that
the mutation enhanced the repressor activity of DAXI1. The
present study indicated the complexity of the underlying
mechanisms of the association of NROBI with X-linked
AHC and HHG. Further in vivo studies will help elucidate
the biological effects of mutant DAXI in the development
and function of the adrenal gland and hypothalamic-pitu-
itary-gonadal axis.
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