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Abstract

Background: Abnormalities of dihydrotestosterone con-
version [5a-reductase deficiency: online Mendelian inher-
itance in man (OMIM) 607306] or actions of androgens
[partial androgen insensitivity syndrome (PAIS): OMIM
312300] during the 8th—12th weeks of gestation cause
varying degrees of undervirilized external genitalia in 46,
XY disorders of sex development (DSD) with increased
testosterone production. The objective of the study was
to determine clinical and genetic characteristics of Thai
patients with 46, XY DSD.

Methods: A cross-sectional study was conducted in 46,
XY DSD with increased testosterone production (n=43)
evaluated by a human chorionic gonadotropin (hCG)
stimulation test or clinical features consistent with
5o-reductase deficiency or PAIS. PCR sequencing of the
entire coding regions of the SRD5A2 and AR genes was
performed. Molecular modeling analysis of the androgen
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receptor-ligand-binding domain (AR-LBD) of a novel
mutation was constructed.

Results: Mutations were found in seven patients (16.3%):
five (11.6%) and two (4.7%) patients had mutations in
SRD5A2 and AR, respectively. Two novel mutations,
SRD5A2 c.383A>G (p.Y128C) and AR ¢.2176C>T (p.R726C),
were identified. Dimensional structural analysis of the
novel mutated AR (p.R726C) revealed that it affected the
co-activator binding [binding function-3 (BF-3)], not the
testosterone binding site. Short phallus length was associ-
ated with 5o-reductase deficiency.

Conclusions: Around 16.3% of our patients with 46, XY
DSD had 5o-reductase deficiency or PAIS. Two novel
mutations of SRD5A2 and AR were identified. The novel
mutated AR (p.R726C) might affect the co-activator bind-
ing (BF-3), not the testosterone binding site.

Keywords: 50-reductase deficiency; hCG stimulation test;
partial androgen insensitivity syndrome.

Introduction

The differentiation of male external genitalia requires
an adequate amount of testosterone and its 5a-reduced
derivative, dihydrotestosterone (DHT), which mediates
their actions through androgen receptors [1]. Abnormali-
ties of DHT conversion [5c-reductase deficiency: online
Mendelian inheritance in man (OMIM) 607306] or actions
of androgens [partial androgen insensitivity syndrome
(PAIS): OMIM 312300] during the 8th-12th weeks of ges-
tation, the critical period of external genitalia formation,
cause varying degrees of undervirilized external genitalia
in 46, XY disorders of sex development (DSD) with normal
testosterone production.

The AR gene is located on chromosome Xql11.2—-q12
and consists of eight exons that encode the androgen
receptor. The androgen receptor is a member of the intra-
cytoplasmic nuclear receptor superfamily [2]. Inactivation
mutations of the AR gene are the most common cause of
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46, XY DSD and are associated with the variation of phe-
notypes ranging from complete female external genitalia
[complete androgen insensitivity syndrome (CAIS)] to
some degree of undervirilization (PAIS). To date, the AR
gene mutations database (ARDB) (http://www.mcgill.ca/
androgendb/) has reported more than 500 different AR
mutations from patients with AIS. Differences in types
and locations of AR mutations have been reported without
genotype and phenotype correlations [3].

The SRD5A2 gene is located on chromosome 5p15 [4]
and consists of five exons that encode the 5o-reductase
enzyme. Inactivation mutations of the SRD5A2 gene are
rare causes of 46, XY DSD and are frequently associ-
ated with clitoromegaly and microphallus with varying
degrees of hypospadias [5]. More than 100 mutations in
the SRD5A2 gene have been reported to date [Human Gene
Mutation Database (HGMD), www.hgmd.cf.ac.uk/].

The prevalence of PAIS and 5a-reductase deficiency
among 46, XY DSD has been reported to be 9.8%-28%
and 12%-15.5%, respectively [1, 6-8]. Even with extensive
investigations, the genetic defects of at least 50% of 46, XY
DSD patients were elusive. Identification of the causative
mutations is crucially important due to the differences in
the natural history of the disease itself, gender assignment
and mode of inheritance. The three-dimensional structure
of the androgen receptor-ligand-binding domain (AR-
LBD) was first crystalized in the year 2000 [9]. Nowadays,
many complex structures with several ligands and co-acti-
vators are deposited into the protein databank (PDB). The
aim of this study was to determine the prevalence of PAIS
and 5a-reductase deficiency, to define features which can
differentiate PAIS from 5o-reductase deficiency in Thai
patients with 46, XY DSD and to determine the protein
structure of AR-LBD of the newly identified mutations by
molecular modeling analysis.

Materials and methods
Subjects

All patients with ambiguous genitalia who had a 46, XY karyotype
and an increased testosterone production after stimulation with
human chorionic gonadotropin (hCG) or clinical features consistent
with 5a-reductase deficiency or PAIS were recruited between 2010
and 2014. The hCG stimulation test was done by three daily intramus-
cular injections of 1500 IU-hCG. Testosterone and DHT were drawn
before administration of the first hCG (basal samples) and 1 day after
the third hCG (post-stimulation samples). All patients were followed
at the Division of Pediatric Endocrinology, Department of Pediatrics,
King Chulalongkorn Memorial Hospital. Patients 1 and 2 were previ-
ously reported by Sahakitrungruang et al. [10].
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Ethical approval

Informed consent and assent was obtained from each parent and
individual participant, 7 years and older, respectively. The research
protocol was approved by the institutional committees and all pro-
cedures performed in this study involving human participants were
in accordance with the ethical standards of the Institutional Review
Board of Faculty of Medicine, Chulalongkorn University (IRB 332/56)
and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards.

Study protocol

Clinical and hormonal evaluation data were retrospectively reviewed
from the medical records. Phallus length was measured from the tip
of the phallus to the mons pubis on the dorsal side of the phallus. The
external masculinization score (EMS) was determined by the pres-
ence of the following criteria: scrotal fusion, micropenis, urethral
meatus and position of gonads [11].

Assays

Serum testosterone and DHT were assayed using a chemiluminescent
immunoassay.

Genetic analysis

PCR amplifications wusing primers designed to amplify the
entire coding regions of the SRD5A2 (Transcript SRD5A2-001;
ENST00000622030) and AR (Transcript AR-001; ENSTO0000374690)
genes (Supplementary Table 1) were performed on the genomic DNA
extracted from ethylenediaminetetraacetic acid (EDTA) peripheral
blood of the patients. The amplicons were then electrophoresed
using 2% agarose gel and subsequently sent for sequencing by Mac-
rogen Inc. (Beotkkot-ro Geumcheon-gu, Seoul, South Korea) in both
forward and reverse directions.

Molecular modeling analyses of human AR-LBD mutants

The models of human AR-LBD mutants described herein were con-
structed using the resolved X-ray structures of human AR-LBD in
complex with testosterone (PDB code 2AM9; 1.64 A resolution) as
starting templates [12]. As a first preparation step, the crystallo-
graphic water molecules were removed from the structure. Then
harmonic restraint was assigned to the atoms in the protein back-
bone with a force constant of 50 kcal/mol. A minimization was per-
formed using 3000 steps of the steepest descent method, followed
by 3000 steps of the conjugate gradient method for structural con-
vergence toward a local minimum within the CHARMM force field
in vacuum. The MODELER program was used to mutate residues to
specified types and optimize the conformation of both the mutated
residues and any surrounding residues that lie within a 4.5 A radius.
The best mutated model was selected according to the best PDF Total
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Figure 1: Diagram showing the human AR-LBD crystal structure with a testosterone (PDB accession no. 2am9).

(A) Simplified model representation of the human AR-LBD structure. Helices H1, H3, H4-5, H9 and H12 are depicted as different color helices.
Schematic of the AR-LBD showing the location of testosterone. The AF-2 co-activator binding pocket is lined by H3, H5 and H12, whereas the
BF-3 pocket is formed by H1, H9 and the loop linking H3 with H4-5 (L3/4). The mutated residues studied herein are shown as sticks. (B) Solid
surface representation of the AR-LBD in gray showing the residues lining AF-2 in yellow, the residues lining BF-3 in light blue and the residues
R726 and N727 belonging to the boundary between AF-2 and BF-3 pockets shown as a green surface. (C) B rotated 90° to clearly reveal BF-3.
Schematic of the human AR-LBD showing the location of the mutated residues. The superposition structure of the WT and R726C mutation (by
the RCSB Protein Data Bank system) in the boundary area between AF-2 and BF-3 (D). The WT and mutated residues studied herein are shown
as sticks. Hydrophobic surface of the WT (E) and R726C (F), respectively, showing residues lining in the BF-3 pocket.

binding surface [activation function-2 (AF-2)], which acts
as a docking site for short hydrophobic peptide motifs (NR
boxes) featured in AR co-activators and in the AR-NTD and
mediates AR functional amino/carboxy (N/C)-terminal
interaction [13-17]. An additional surface cleft of AR-LBD
called binding function-3 (BF-3) was found to allosteri-
cally regulate AF-2 co-activator binding [17, 18]. Moreover,
a series of residues from BF-3, the boundary of BF-3/AF-2
and AF-2 are structurally interconnected and allosterically

coupled. In addition, several residues belonging to BF-3
and AF-2 surface pockets are key players of an allosteric
network that may influence multiple aspects of AR-LBD
function [19]. The new AR p.R727C mutation residue is
located at the boundary between AF-2 and BF-3, which are
the parts of both pockets (Figure 1). The computational
modeling of the wild-type (WT) (R726) and mutant (C726)
supports the hypothesis that R726C alters the BF-3 which
is an allosteric modulator of the adjacent AF-2 pocket,
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Figure 2: Novel mutations in (A) AR and (B) SRD5A2.

(A) Electropherograms showing hemizygous p.R726C of the AR gene in Patient 7 and his heterozygous mother and normal father (B and C),
respectively. Comparative genomic analysis showing that p.R726 is conserved among mammalian species (D). The heterozygous SRD5A2
p.Y128C mutation found in Patient 3 (E) compared to normal control (F) and conserved among species (G).

affecting AR-LBD function. The structural overlay of the the degree of hydrophobicity was increased when R726
WT (R726) and mutant (C726) is illustrated in Figure 1D. (charged polar basic side chain) was changed to C726
The hydrophobic surface analysis clearly indicated that (uncharged polar side chain) (Figure 1E and F).
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Six different missense mutations were identified in
the SRD5A2 gene in five patients. No patients harbored
mutations in both genes. One missense mutation, p.Y128C
(c.383A>G), had not been reported previously. It was
predicted to be probably damaging (score 0.999) and tol-
erated (score 0.17) by Polyphen2 and SIFT, respectively
(Supplementary Table 2). Unfortunately, his parental DNA
was not available. Both AR p.R726C and SRD5A2 p.Y128C
mutations were not found in 122 Thai controls and con-
served among vertebrate species (Figure 2).

Discussion

Of our 43 Thai patients with 46, XY DSD, seven (16.3%) were
found to have mutations in SRD5A2 or AR. The percentage
of PAIS and 5co-reductase deficiency among the 46, XY DSD
patients in our study was 4.7 and 11.6%, respectively. The
prevalence of PAIS reported in the UK, Spain, Brazil and
Turkey was 24%-28%, 9.8%, 17.2% and 22%, respectively
[1, 6-8, 20]. The percentage of 5o-reductase deficiency
in this study was consistent with the previous studies in
Brazil and Turkey which revealed 15.5% and 12%, respec-
tively [7, 8]. The percentage of both diseases varied from
study to study, which might be due to the clinical and hor-
monal criteria to include patients into the study.

A novel p.Y128C (c.383A > G) mutation in SRD5A2 was
found in Patient 3. Previous studies have demonstrated
that SRD5A2 mutations in some populations were mainly
(60%) homozygous missense [21, 22]. Interestingly, all
SRD5A2 mutations in our study were compound heterozy-
gous missense. Patient 3 was compound heterozygous
for this newly identified mutation and the other known
p.R227Q (c.680G >A) mutation. Patients 1, 2, 4 and 5
were compound heterozygous for two known mutations
(Table 1). Patients 4 and 5 were unrelated but harbored
the same known mutations, p.G203S (c.607G>A) and
p-R227Q (c.680G >A). They had similar genital appear-
ances and hormonal profiles. Notably, gender of rearing
was different. Patient 4 was raised as female, while
Patient 5 was raised as male. Nonetheless, all the five of
our 5o-reductase deficiency patients, including Patient
4, had a strong male identity, assessed by a pediatric
psychiatrist during hospital visits (aged between 5 and
7 years). This was reported to be due to the effect of an
androgen exposure on postnatal psychological develop-
ment. p.G203S has been previously reported in Chinese
and Koreans (23, 24). Most were compound heterozygous.
The clinical and hormonal characteristics and gender
of rearing were not different from the other types of
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mutations of 5o-reductase deficiency. Gender of rearing
might be dependent on the age at presentation. Patients
were tended to be raised as female if they presented in
the early infancy period [23-25], but as male if presented
during pubertal age [26, 27]. Our Patients 2 and 3 were
incorrectly diagnosed with PAIS and underwent gonadec-
tomy during childhood. This emphasizes the importance
of a definite diagnosis of 5o-reductase deficiency for a
proper management and genetic counseling.

A novel mutation, p.R726C (c.2176C>T), in AR was
found in Patient 7. Based on the molecular modeling tech-
nique, the novel p.R726C mutation within the AR-LBD was
shown to alter the propensity of the AF-2 surface to form
deep sub-pockets that accommodated bulky side chains of
co-regulator motifs. Therefore, the mechanism of AR dys-
function in this mutation was probably mediated through
a co-activator binding defect, but not mediated through
a testosterone binding site. Interestingly, the same point
mutation, but with a different amino acid substitution,
p-R726L, was previously reported in a patient with prostate
carcinoma due to somatic mutations [28, 29] but not PAIS,
which is caused by a germline mutation. It was found that
p.R726L marginally reduced the AR-LBD activity in vitro [19].
The mutant p.R727L displayed a moderately higher increase
in its interaction with the NTD, but had little effect on core-
pressor interaction with N-Cor and SMRT. To our knowl-
edge, this is the first time that the novel p.R726C mutation in
the human AR-LBD associated with PAIS has been reported.

No mutations in the SRD5A2 and AR genes could be
identified in 36 (83.7%) of the 43 patients who were classi-
fied as undefined. This is consistent with previous studies
showing that mutations in the majority of patients with
46, XY DSD were not identified. Several disorders in 46,
XY DSD have a similar PAIS-like phenotype, especially in
partial gonadal dysgenesis caused by mutations in many
transcription factors such as SRY, SF-1, WT-1 and MAMLD1
[11]. The interesting candidate gene in the backdoor
pathway for DHT production, the AKRIC2 gene, has been
reported in 46, XY DSD patients with ambiguous genitalia
or sex reversal and similar clinical features of PAIS [30, 31].

Conclusions

Two new mutations were found, expanding the muta-
tional spectrum of 46, XY DSD. Dimensional structural
analysis of the novel mutated AR (p.R726C) revealed that
it affected at the co-activator binding site (BF-3) and not
at the testosterone binding site. Other candidate genes
should be analyzed for the definite cause of 46, XY DSD,
for proper management and genetic counseling.
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Strength and limitations of the study

This descriptive analytic study demonstrated novel
SRD5A2 and AR mutations, expanded the genetic spec-
trum and showed an abnormal binding to AR in one
patient with PAIS by a dimensional structural analysis.
However, this study is limited by the small sample size,
and the protein modeling method could structure only
defects at the LBD and nearby residues.
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