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Whole Exome Sequencing Identifies a c.C2566T Mutation in
the Androgen Receptor in a Chinese Family
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SUMMARY
Background: Whole exome sequencing (WES) is one of the most valuable tools for the detection of Mendelian diseases in clinical laboratory. We performed WES for a family of 46,XY disorders of gender development and compared the applicability of public databases for the subsequent phenotype studies of WES-identified mutations.
Methods: DNA samples from the two patients were analyzed by WES. The mutated protein was studied using the
HomoloGene database, Polyphen2, and SIFT. The phenotype of the mutation was studied using ClinVar, the androgen receptor gene mutations database, AR database at Leiden Open Variation Database, and PubMed.
Results: A c.C2566T (p.R856C) mutation in the androgen receptor gene was detected for the patients. The in silico
studies indicated that the p.R856C mutation is deleterious to the function of the androgen receptor. Unlike those
of other databases, the variations listed in the androgen receptor gene mutations database were classified as complete androgen insensitivity-, partial androgen insensitivity-, or mild androgen insensitivity-relevant according to
their clinical phenotype. In addition, the publications of the collected mutations in the androgen receptor gene
mutations database are complete and easily accessible, which facilitates in depth studies of clinically identified
mutations.
Conclusions: We identified a c.C2566T (p.R856C) mutation of the AR gene in cases of familial complete androgen
insensitivity by WES, and provided genetic counseling to related family members. This is the first study reporting
this mutation in Chinese patients. We also compared the applicability of several public databases for phenotype
studies of clinically identified Androgen Receptor mutations and suggest that the androgen receptor gene mutations database best satisfies clinical demands.
(Clin. Lab. 2017;63:xx-xx. DOI: 10.7754/Clin.Lab.2017.170316)
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20 x 12 mm; right, 27 x 12 mm). As shown in Table 1,
serum hormone test results showed elevated testosterone (T), dihydrotestosterone (DHT), and T/DHT levels.
No other hormone abnormalities were detected. The
karyotype was male 46,XY. According to the clinical
features, the patient was diagnosed with CAIS. However, due to the elevated T/DHT ratio, the patient was sent
to our center for further confirmation.
The proband’s 20-year-old sister had similar clinical
characteristics. When she was 17-years old, she visited
the Department of Gynecology for primary amenorrhea.
Ultrasonography revealed the absence of a uterus and
presence of normal-sized bilateral gonads (size: left,
12 x 9 mm; right, 13 x 11 mm). The serum hormone test
results are shown in Table 1. Her karyotype was also
male 46,XY. Since the DHT test was not available at
the hospital, she was diagnosed with DSD rather than
AIS. The intra-abdominal gonads were subsequently removed by laparoscopic surgery, and histological examination revealed that they consisted of testicular tissue.

INTRODUCTION
Androgen insensitivity syndrome (AIS, OMIM
#300068) is the most common, identifiable cause of
46,XY disorders of gender development (DSD); its
prevalence is 1 in 20,000 - 64,000 male births [1-3]. According to its clinical features, AIS can be classified into three subgroups: complete (CAIS), partial (PAIS),
and mild (MAIS) [4].
Genetically, AIS is an X-linked recessive disorder
caused by mutations in the androgen receptor (AR)
gene, resulting in complete or partial androgen unresponsiveness. AR is a single-copy gene on the Xq12 locus; it is more than 90 kb in length and contains eight
exons that encode a protein of 920 amino acids [5,6].
AR functions as a steroid hormone-activated transcription factor that contains four major functional domains:
the N-terminal domain (NTD), DNA-binding domain
(DBD), C-terminal ligand-binding domain (LBD), and a
hinge region connecting the LBD with the DBD [7].
Two alternatively spliced variants encoding distinct isoforms of AR have been described. Approximately
500 germline mutations in the AR gene that completely
or partially inactivate the AR protein and cause AIS
have been reported [6]. A diagnosis of AIS in an individual with 46,XY DSD requires the exclusion of other
etiologies that display clinical features similar to AIS
[8]. Therefore, molecular analysis of the AR gene, specifically sequence analysis, is crucial for diagnosis of
AIS. Identification of a specific AR mutation by sequencing not only allows precise diagnosis and/or prognosis, but also facilitates genetic counseling of related
family members [8].
Based on our current knowledge of genetics, whole exome sequencing (WES) is one of the most valuable
tools for clinical analysis of rare Mendelian diseases
owing to its relatively low cost, high detection throughput for genetic variants and sample size, high yields for
clinical variants (more than 25%), and the ability to interpret the results and allow a clinical diagnosis [9]. In
this study, we identified a c.C2566T mutation of the AR
gene in a Chinese family with familial CAIS by WES,
and examined other family members for this mutation.
In addition, we compared the applicability of public databases for phenotype studies of clinically identified AR
mutations.

Sequencing analysis
We collected peripheral blood samples from three generations of the proband’s family. Genomic DNA was
extracted from 200 µL of each blood sample, using the
Super/HF16 plus DNA Extraction System (MagCore,
Xiamen, China) according to the manufacturer’s protocol. DNA samples from the two DSD sisters were analyzed by commercial whole exome sequencing (WES;
Novogene, Beijing, China). Briefly, the exome sequences from 1.0 μg of genomic DNA were enriched
using a liquid capture system (Agilent SureSelect Human All Exon V5; Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s protocol and
sequenced on a Hiseq4000 (Illumina) for paired-end
150-bp reads. Finally, a mean exome coverage of 100 x
was obtained, allowing for examination of the selected
region and sufficient depth to accurately match 99% of
the targeted exome.
A suspected clinically relevant variation was detected in
the WES. We then examined the genome of related
family members for this variation, using a commercial
Sanger sequencing service (Mingbo, Xiamen, China).
The sequences of the amplification primers were: forward 5ʹ-CCAAGTAGATGGTTCCCTGT-3ʹ and reverse 5ʹ-AACTGCTCTGTTCTCAACTCC-3ʹ. The forward primer was also used as the sequencing primer.

MATERIALS AND METHODS

In silico analysis
The corresponding amino acid change was studied using the HomoloGene database (http://www.ncbi.nlm.
nih.gov/homologene) [10], Polyphen2 (http://genetics.
bwh.harvard.edu/pph2/) [11], and SIFT (http://sift.jcvi.
org/) [12].
The phenotype-genotype correlation of the suspected
clinically-relevant variation was studied using ClinVar
(http://www.ncbi.nlm.nih.gov/clinvar) [13], the androgen receptor gene mutations database (ARDB, http://
androgendb.mcgill.ca/) [6], AR database at Leiden

Patients and clinical evaluation
The proband (family member III-3) was a 16-year-old
Chinese woman who visited the Department of Gynecology for primary amenorrhea. Physical examination
revealed an apparently normal female phenotype with
normal breast development, scarce pubic and axillary
hair, normal external genitalia, but no observable cervix. Ultrasonography revealed the absence of a uterus
and presence of normal-sized bilateral gonads (size: left,
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Table 1. Results of serum hormone tests.
III-1

III-3

Reference range

FSH (mIU/mL)

5.19

12.13

Mid-ovulation: 3.85 - 8.78
Peak of mid-period: 4.54 - 22.54
Mid-luteal phase: 1.79 - 5.12

LH (mIU/mL)

40.02

35.93

Mid-ovulation: 2.12 - 10.89
Peak of mid-period: 19.18 - 103.03
Mid-luteal phase: 49 - 291

T (ng/mL)

5.46

6.84

0.1 - 0.75

DHT (pg/mL)

Not available

242.67

23.5 - 116

T/DHT

Not available

28.38

< 25

Table 2. Clinical phenotype of the p.R856C mutation in public databases.
Database

ClinVar

ARDB

LOVD

PubMed

Pathogenic: 117
Phenotype-genotype
correlation

Likely pathogenic: 1

CAIS: 307

Benign: 3

PAIS: 139

Uncertain significance: 4

MAIS: 43

Unclassified

Conflicting interpretations: 3
Total: 128

Total: 489

No. of publications reporting a p.R856C mutation in different continents
Europe

6

7

0

Asia

2

1

0

North America

4 [23 - 26]

4

1

South America

2

3

2

Total

14

15

3

samples from patients III-1 and III-3. It should be noted
that the nucleotide and amino acid numbering is based
on NCBI reference sequence NM_000044.2; using GenBank mRNA sequence M20132.1 as a reference, the
corresponding nucleotide and amino acid changes were
c.C2563T and p.R855C [6]. The mutation was confirmed by Sanger sequencing (Figure 1). Related family
members were also examined by Sanger sequencing for
this mutation (Figure 1). The sequencing results revealed that the mutation found in the two patients was inherited from their mother (II-2), and the mutation was a
de novo variation because it was absent in the genome
of the grandmother (I-2). The sister of the affected patients (III-2) did not inherit the mutant allele (Figure 2).

Open Variation Database (LOVD, http://grenada.lumc.
nl/LOVD2/MR/home.php?select_db=AR) [14], and
PubMed (http://www.ncbi.nlm.nih.gov/pubmed) [10].
Informed consent
Written informed consent was obtained from the patients and their family members for conducting the genetic tests and publishing the research data. The study
protocol was approved by the ethics committee of the
Xiamen Maternal and Child Health Hospital.
RESULTS
AR mutation analysis of the family
A cytidine to thymidine change at position 2,566 of the
coding sequence of the AR gene (c.C2566T), with a corresponding arginine to cystine change in the protein sequence (p.R856C), was detected by WES for the DNA
Clin. Lab. 9/2017

Functional prediction of the p.R856C protein
Analysis of the AR protein, using the HomoloGene database, showed that the LBD is highly conserved between species, especially Arg856 (Figure 3). The func3
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Figure 1. Sanger sequencing results of related family members.

Figure 2. Pedigree analysis of the family affected with CAIS.
Black squares represent affected patients, and open circles and squares represent unaffected females and males, respectively.

tional effects of the p.R856C mutation were predicted
considering sequence conservation, physicochemical
differences, and the proximity of the mutation to the

predicted functional domains, using PolyPhen, and the
mutation was predicted to be probably damaging, with a
score of 1.000. The functional importance of the
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Figure 3. Conservation of AR Arg856 across species.

found in the ARDB and LOVD databases, respectively.
The p.R856C mutation was reported in different continents and populations around the world. Most of the
publications in the ARDB and LOVD databases could
be retrieved from PubMed; however, only three publications were retrieved using “androgen receptor, R855C”
as keywords when directly searching PubMed (Table 2).

p.R856C mutation was predicted based on an alignment
of orthologous and/or paralogous protein sequences, using SIFT, and the mutation was predicted to be “not tolerated”. Therefore, these analyses indicated that the
p.R856C mutation is deleterious to the function of the
AR protein.
Comparison of the applicability of public databases
for the study of clinical phenotype of the p.R856C
mutation
We studied the clinical phenotype-genotype correlation
of the p.R856C mutation, using four public databases:
ClinVar, ARDB, LOVD, and PubMed. As shown in Table 2, a total of 128 clinically relevant variations were
found in the ClinVar database, using “androgen receptor” as the keyword. According to the clinical phenotypes, the variations were classified as pathogenic, likely pathogenic, benign, uncertain significance, or conflicting interpretations; however, the p.R856C mutation
was not found in this database. In contrast, more than
600 clinically relevant variations were found in ARDB,
of which 489 are AIS-relevant. The AIS-relevant variations were classified as CAIS-, PAIS-, or MAIS-relevant according to their clinical phenotype. There were
613 unique variants found in the LOVD database; however, the variants were not classified according to clinical phenotype.
Excluding conference abstracts, there were 14 and
15 publications referring to the p.R856C mutation

Clin. Lab. 9/2017

DISCUSSION
According to the ARDB, approximately 500 AIS-relevant variations have been detected in the AR gene [6].
Arginine 856, which is conserved among species, is located in a hot spot for variations, and the R856C change
has been reported at a higher frequency than other amino acid variations [1,6,15-29]. This mutation has been
detected in different populations around the world,
which implies that the R856C mutation does not display
a population preference (Table 2). However, this is the
first study reporting this mutation in Chinese patients;
thus, it is a supplement to the existing data. Similar to a
previous case [17], the R856C mutation in family member II-2 was a de novo variation; and a de novo mutation
in this hot spot could be a potential explanation for the
relatively high prevalence of R856C.
Protein analysis predicted that the R856C variation was
deleterious to AR protein function, and previous reports
showed it was associated with CAIS. Biochemical anal-
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tions in the ClinVar database and AR database at
LOVD, even though the AR database at LOVD shares
identical resources with the ARDB [6]. In addition, the
publications of the collected mutations in ARDB are
complete and easily accessible, which facilitates in
depth studies of clinically identified mutations.

ysis and molecular dynamics simulations suggested that
the R856C variation could induce critical misplacement
of C-terminal helix 12, resulting in a loss-of-function of
ligand binding [26]. The clinical features of the individuals with the R856C variation in our study, i.e., CAIS,
are concordant with those reported in previous studies.
In most hospitals in China, a diagnosis of AIS is based
on clinical features, including medical imaging and hormonal data. However, a precise diagnosis of AIS in an
individual with 46,XY DSD requires the exclusion of
other known or unknown etiologies. It has been shown
that deficiencies in testosterone biosynthesis and metabolism, e.g., 5α-reductase type 2 deficiency, can be misdiagnosed as AIS owing to the similar and/or untypical
clinical features presenting in some cases, e.g., in affected young infants and pre-pubertal children [8]. Likewise, due to the uncertain cutoff value of T/DHT, an elevated T/DHT ratio was reported in some AIS cases (including our case) [30], which could lead to a false diagnosis of 5α-reductase type 2 deficiency. Furthermore, a
considerable number of patients who do not carry AR
mutations show AIS phenotypes, indicating that these
patients could be afflicted with a disease phenotypically
similar to, but genetically different from, AIS [6].
Therefore, sequence analysis of the AR gene as well as
other known or unknown genes is very important. Identification of a specific mutation by sequencing not only
allows a precise diagnosis and/or prognosis for the patient, but also facilitates genetic counseling of related
family members.
Based on our current knowledge of genetics, WES is the
most valuable tool for clinical analysis of rare Mendelian diseases owing to its relatively low cost, detection
throughput for genetic variants and sample size, high
yields for clinical variants (more than 25%), and the
ability to interpret the results and allow a clinical diagnosis [9]. In this study, all eight exons of the AR gene
were examined, and the c.C2566T mutation was accurately detected by WES in a relatively short period
(14 days), at an affordable cost (approximately 600 US
Dollars for each sample). In addition, WES provides a
robust approach for systematic screening of the potential genetic changes responsible for AIS-like phenotypes, which could advance etiologic research of 46,XY
DSD. Finally, based on the discovery by WEB, laparoscopic surgery will be performed to remove the intra-abdominal gonads of patient III-3. We also provided genetic tests and counseling to related family members
and confirmed that the mutation was de novo in the patients’ mother (II-2), and will not pass to the offspring
of the patients’ sister (III-2).
The ARDB is a useful database for studying the phenotype-genotype correlation of a clinically identified AR
mutation because the pathogenicity of the collected mutations in this database has been confirmed and the mutations have been classified into different categories [6].
In terms of AIS, the phenotypes of the corresponding
mutations are classified as CAIS, PAIS, or MAIS,
which is more clinically informative than the classifica-

CONCLUSION
Using WES, we identified a c.C2566T (p.R856C) mutation of the AR gene in cases of familial CAIS and provided genetic counseling to related family members.
This is the first study reporting this mutation in Chinese
patients. We also compared the applicability of public
databases for phenotype-genotype correlation studies of
clinically identified AR mutations and suggested that the
ARDB best satisfies clinical demands.
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