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Abstract The androgen receptor (AR) is widely expressed in
human tissues and has biological function in many male and
female organs. In particular, the AR plays a critical role in the
biology and pathology of the prostate gland. AR activity
inhibits breast growth and has pleiotropic actions in breast
cancer that are subtype-dependent. Expression of AR splice
variants (ARVs) and their role in prostate carcinogenesis has
been elucidated in recent studies. We hypothesised that ARVs
are also expressed in breast cancers and other hormone sensi-
tive tissues. Herein, the expression of five previously identi-
fied ARV transcripts with documented transcriptional capac-
ity (AR-V1, -V3, -V4, -V7, and -V9) was examined in 6 breast
(MFM223, MDA-MB-453, MDA-MB-231, ZR75.1, MCF-7,
T47D), two prostate (VCaP, LNCaP), and one liver (HepG2)
cancer cell lines, a human embryonic kidney cell line
(HEK293), and a panel of RNAs representing 21 different
human tissues. Four ARVs (V1, V3, V7, V9) were detected to
some degree in almost all cell lines and tissues. In addition,
four novel ARVs containing a cryptic exon 9 (CE9) were
detected in MDA-MB-453 and VCaP cells. Sequencing of
ARVamplicons revealed a single nucleotide substitution with-
in CE3 in lung and placental tissue samples that could be

translated as an Ile (ATT)>Val (GTT) substitution in the AR-
V7 variant protein. Collectively, these data provides insight
into the potential complexity of AR transcriptional splicing
events in breast cancer cell lines and diverse human tissues,
thereby establishing a rationale for further exploration of
ARVs in breast cancer and other human pathologies.

Abbreviations

ADT Androgen deprivation therapy
AR Androgen receptor
AR-FL Full length AR
ARV Androgen receptor splicing variant
CE Cryptic exon
CRPC Castration-resistant prostate cancer
DBD DNA binding domain
ER Estrogen receptor
FBS Fetal bovine serum
LAR Luminal androgen receptor
LBD Ligand-binding domain
NLS Nuclear localization signal
NTD N-terminal domain
PSA Prostate-specific antigen

Introduction

The androgen receptor (AR) is a sex steroid hormone receptor
that directly mediates the actions of androgen hormones.
Development of the male phenotype and adult reproductive
function is dependent on a functional AR [1], while the role of
AR in establishing a female phenotype and regulating adult
reproductive function appears to be more modulatory than
essential [2]. The AR is widely expressed in many male and
female tissues, but the molecular biology of this sex steroid

Electronic supplementary material The online version of this article
(doi:10.1007/s12672-014-0171-4) contains supplementary material,
which is available to authorized users.

D. G. Hu (*) :D. D. Wijayakumara : L. Lu : P. I. Mackenzie
Department of Clinical Pharmacology, Flinders Medical Centre,
Flinders University School of Medicine, Bedford Park, SA 5042,
Australia
e-mail: donggui.hu@flinders.edu.au

T. E. Hickey : C. Irvine :W. D. Tilley (*) : L. A. Selth
Dame Roma Mitchell Cancer Research Laboratories and Adelaide
Prostate Cancer Research Centre, School of Medicine, The
University of Adelaide, DX Number 650 801, Adelaide, SA 5005,
Australia
e-mail: wayne.tilley@adelaide.edu.au

HORM CANC (2014) 5:61–71
DOI 10.1007/s12672-014-0171-4

http://dx.doi.org/10.1007/s12672-014-0171-4


receptor has largely been characterized in studies of the pros-
tate gland, where the AR has critical functions in regulating its
development and normal physiology as well as mediating
pathology, including cancer development and progression
[3]. Indeed, AR is considered the key oncogenic driver at all
stages of prostate cancer. Accordingly, androgen deprivation
therapy (ADT), achieved via blockage of androgen production
through castration and/or antagonism of AR activity by anti-
androgens, forms the cornerstone of endocrine therapy for this
disease [4]. Despite an initial response to ADT, men with
prostate cancer invariably progress to an incurable state called
castration-resistant prostate cancer (CRPC), thought to occur
via therapy-driven adaptive mechanisms that sustain or resur-
rect an active AR signaling axis in prostate cancer cells [5]. In
recent years, increased expression of variant transcripts from
the AR gene (ARVs) has been shown to represent one such
adaptive mechanism [6].

The AR gene is found at Xq11-13 and has 8 canonical
exons that encode a modular transcription factor consisting
of an N-terminal transactivation domain (NTD, encoded by
exon 1), a central DNA binding domain (DBD, exons 2-3), a
hinge region harboring the second half of the bipartite nuclear
localization signal (NLS, exon 4), and a C-terminal ligand-
binding domain (LBD, exons 5-8) [7, 8]. In addition, at least 7
other so-called “cryptic” exons (CE1-5, CE1b, and CE9) have
been identified in the AR gene [9–13]. These cryptic exons can
be incorporated into AR transcripts by altered splicing events
[14] or as a result of genomic rearrangements [15, 16], yield-
ing at least 14 variant AR transcripts (termed AR-V1 to AR-
V14) [10]. As reviewed recently, the majority of ARVs iden-
tified to date in prostate cancer cells are generated through
splicing of exon 3 to a downstream cryptic exon, producing
variant proteins with the NTD/DBD component attached to a
C-terminal unique peptide of varying length, thereby splicing
out the majority of the LBD [10]. Most ARVs have been
shown to be constitutively (AR-V3, -V4, -V7, and -V12) [9,
10, 12, 17] or conditionally (AR-V1 and -V9) [10, 12] active
androgen-independent transcription factors in a prostate can-
cer context. Pre-clinical and clinical studies have supported
the concept that ARVs are biologically relevant in prostate
cancer, particularly in the genesis of a CRPC [11, 12, 17–20].

In addition to prostate cancer, AR plays a role in other
androgen-sensitive malignancies including those of the breast,
bladder, kidney, lung, and liver [21, 22]. In particular, the role
of AR in breast carcinogenesis has been the topic of increasing
interest over the past decade. While it is clear that AR is
expressed in the large majority of breast cancers, controversy
exists over its role, which appears to vary depending on the
molecular subtype [23]. To date, studies examining the ex-
pression of ARVs in human tissues or malignancies other than
the prostate have been limited. An ARV called AR45 (an N-
terminal truncated variant) has been identified in various
human tissues, most strongly in the heart, and multiple ARVs

with a deletion of exon 2, 3, or 4 have been identified in
human testis [13, 24]. An exon 3-deleted ARV has also been
observed in breast cancers [25]. Whether C-terminal truncated
ARVs found recently in prostate cancer are also expressed in
breast cancers and other human tissues remains unexplored.

In this study, evidence is presented for expression of mul-
tiple known and novel ARV transcripts in a panel of breast
cancer cell lines and human tissues. These observations sug-
gest that ARVs merit further investigation in steroid sensitive
tissues and malignancies, particularly in breast cancer.

Materials and Methods

Human Total RNA Survey Panel

A total RNA panel of 21 human tissues (prostate, liver, colon,
spleen, lung, testis, kidney, placenta, bladder, brain, adipose,
ovary, cervix, heart, skeletal muscle, small intestine, thyroid,
thymus, esophagus, trachea, and breast) was purchased from
Ambion (Applied Biosystems). As stated in the manufac-
turer’s instructions, each total RNA sample was comprised
of at least 3 tissue donors and prepared from tissues that had
been frozen or stored in RNAlater® until processing. Integrity
of the RNA was verified by the supplier using capillary
electrophoresis on an Agilent2100® bioanalyer. We used
1 μg of RNA per sample to generate cDNA, as described in
detail below.

Genomic DNA Samples

Twenty one genomic DNA samples for SNP genotyping were
previously isolated from human liver tissues from Caucasian
donors obtained from the Liver Bank of the Department of
Clinical Pharmacology, Flinders Medical Centre [26, 27].
Details of the donors have been previously published [28].

Cell Culture, RNA Extraction, and Reverse Transcription

Ten human cell lines were used in this study including trans-
formed human embryonic kidney cells (HEK293), liver can-
cer cells (HepG2), breast cancer cells (MFM223, MDA-MB-
453, MDA-MB-231, ZR75.1, MCF-7, T47D), and prostate
cancer cells (VCaP, LNCaP). TheMFM223 cell line was from
the European Collection of Cell Cultures via Sigma-Aldrich.
The remaining nine cell lines were purchased from American
Type Culture Collection (ATCC). All cell lines underwent
verification by short-tandem repeat profiling in 2013 by
CellBank Australia. VCaP and HepG2 cells were maintained
in Dulbecco’sModified EagleMedium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS). Five cell lines (MDA-
MB-231, MDA-MB-453, ZR75.1, MCF-7, and HEK293)
were maintained in RPMI-1640 containing 5 % FBS. T47D
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cells were cultured in phenol red-free RPMI-1640 with 5 %
FBS. MFM223 cells were cultured in Minimum Essential
Medium Eagle (MEME, Sigma) containing 10 % FBS, 1xITS
(a mixture of recombinant human insulin, human transferrin,
and sodium selenite), and 2 mM L-glutamine. Cells were
plated in 6-well plates in triplicate for each cell line and
cultured for 3–5 days until cells reached 90 % confluence.
Total RNA was extracted from the cells of each well using
RNeasy Mini Kits (QIAGEN, Valencia, CA) according to the
manufacturer’s instructions. Reverse transcription (RT) was
carried out using reagents from Invitrogen as previously re-
ported [29]. Briefly, total RNA (1 μg) was treated with DNase
I at room temperature for 15 min and then reverse-transcribed
at 50 °C for 50 min in a final volume of 20 μl of 1xfirst strand
buffer (50 mM Tris-HCl, pH 8.0, 75 mM KCl, and 3 mM
MgCl2) containing random hexamer primers, 50 units of
RNaseOut recombinant ribonuclease inhibitor, and 50 units
of Superscript III. The resulting cDNAwas diluted into 80 μl
of RNase-free water. 3 μl of each diluted sample (∼60 ng) was
used as template in quantitative real-time PCR as described
below.

To examine the effect of androgen on ARV expression,
MDA-MB-453 cells were seeded in six-well plates and cul-
tured in RPMI containing 5 % FBS. 48 h later, medium was
replaced with fresh RPMI medium containing 5 % FBS (three
wells, RPMI) or phenol red-free RPMI containing 5 %
dextran-coated charcoal (DCC) stripped FBS (six wells,
DCC). After a further 48 h, RPMI-cultured cells were
refreshed with RPMI medium containing 5 % FBS, and the
DCC-cultured cells were treated either with vehicle (0.1 %
ethanol) or 1 nM dihydrotestosterone (DHT). 24 h later, RNA
was harvested from cells and subjected to RT-qPCR to quan-
tify target transcripts including 18S rRNA, ARV1, AR-V3,
AR-V7, and AR-V9 as described below.

Quantitative Real-Time PCR (qPCR)

Of the 14 ARVs reviewed by Hu et al [10], five are generated
by the splicing of a cryptic exon to exon 2 (AR-V3) or exon 3
(AR-V1, -V4, -V7, and -V9) of the AR gene and all of these
have demonstrated hormone independent transcriptional ca-
pacity. In contrast, AR45, an N-terminally truncated ARV
generated through splicing of cryptic exon 1b to exon 2 of
the AR gene is a hormone dependent ARV that can inhibit AR-
FL activity in prostate cancer cells or independently activate
transcription when co-expressed with certain transcriptional
co-activators [13]. Due to demonstrated functional activity in
a hormone regulated model system, specific primers (Table 1)
were designed to quantify these six ARV transcripts, along
with AR-FL and β-actin, by quantitative real-time PCR
(qPCR) in the cell lines and human tissues. The amplified
region of each target and the sizes of the amplicons are shown
in Fig. 1a. PCR products representing each amplicon were

first generated using VCaP cDNA and the identities of the
resultant PCR products were validated by sequencing. To
enable generation of standard calibration curves for the qPCR
analyses, the amplicon of each target transcript was cloned
into the PCR-blunt vector (Invitrogen) according to manufac-
turer’s protocol. Four serial 10-fold dilutions containing
known copy numbers (e.g., 6,000, 600, 60, and 6) of target-
containing PCR-blunt vectors were included in each qPCR
run in order to calculate copy numbers of target transcripts in
the experimental samples being amplified in the same run.
Representative standard curves for four ARVs (V1, V3, V7,
and V9), AR45, and AR-FL are given in Supplementary
Fig. 1. As previously reported, the qPCR product of 18S
rRNA was cloned and quantified in a similar manner during
each run [29]. qPCR was performed using a RotorGene 3000
instrument (Corbett Research, NSW, Australia) in 20 μl of 1x
QIAGEN QuantiTect SYBR Green PCR master mix contain-
ing 3 μl (∼60 ng) of cDNA sample and target-specific forward
and reverse primers (500 nM each). The amplification condi-
tions consisted of an initial activation step of 95 °C for 15min,
and 40 cycles of 95 °C for 10 s, 56 °C to 60 °C for 15 s, and
72 °C for 20 s. Data were obtained during the 72 °C extension
phase of each cycle and analyzed by the program RotorGene
6.1 (Corbett Research). Copy numbers of 18S rRNA tran-
scripts were used to normalize the amount of total RNA
amplified in each reaction. Each sample was amplified in
duplicate and the resultant mean values were used for analysis.
The target transcript expression levels were expressed as copy
numbers of each target transcript per 109 copies of 18S rRNA
in the same samples. All qPCRs were repeated at least twice
and similar results were observed.

Cloning of Exons 6-9 of the AR cDNA

PCR using Phusion® High-Fidelity DNA polymerase was
conducted to amplify the region encompassing exons 6-9 of
the AR using cDNAs generated from a breast and prostate
cancer cell line (MDA-MB-453 and VCaP, respectively) using
the forward primer at exon 6 (5′-ATGCACAAGTCCCGGA
TGTA-3′) and a previously reported reverse primer P2(R)
located within the cryptic exon 9 [10]. Resultant PCR prod-
ucts were subsequently cloned into the Invitrogen TA vector
(pCR®2.1). Inserts were bidirectionally sequenced using
primers T7 and Sp6 (Invitrogen).

Results

Identification of Androgen Receptor Splice Variants in Breast
Cancer Cell Lines

AR-FL transcript copy number was very high in the prostate
cancer cell lines (VCaP>LNCaP), moderate in the MDA-MB-
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453, MFM223, MCF7, ZR75.1 and T47D breast cancer cells
(listed from highest to lowest copy number), and very low in
the HepG2 liver cancer cells, HEK-293 and MDA-MB-231
breast cancer cells. All breast and prostate cancer cell lines
examined expressed AR-V1, AR-V3, AR-V7, AR-V9 and
AR45 to some degree (Fig. 1b). ARVs were most abundant
in VCaP prostate cancer cells, with expression levels being 4-
8 fold (AR-V3, -V7, -V9, AR45) or 80 fold (AR-V1) higher
than those observed in LNCaP cells. Compared to LNCaP
cells, the breast cancer cell lines generally had a higher copy
number of AR-V1 and lower copy numbers of AR-V7, -V9
and AR45. Interestingly, two of the breast cancer cell lines,
MDA-MB-231 and ZR75.1, had higher copy numbers of AR-
V3 than LNCaP cells. This is surprising because not only do
the breast cancer cell lines have considerably lower levels of
AR-FL than LNCaP cells, the MDA-MB-231 cells in partic-
ular have such low AR-FL expression they are often consid-
ered an AR negative breast cancer cell line. Another notable
comparative difference among the six breast cancer cell lines
is the distinctly higher copy number of AR45 in MDA-MB-
453 cells compared to all other lines.When comparing relative
ARV to AR-FL copy numbers in each cell line (Fig. 1c), cell
type-specific profiles are evident. As expected, the ARV/AR-
FL expression ratios across the 10 cell lines are generally less
than or approximately equal to 5 %. However, three cell lines
(MDA-MB-231, HepG2, and HEK293) that possessed the
lowest AR-FL copy numbers had an ARV/AR-FL ratio of
>5 % for multiple ARVs. Remarkably, AR-V3 transcript
numbers were approximately 75 % as high as those of AR-
FL in the MDA-MB-231 cell line.

A recent study with VCaP Xenografts in mice showed a
significant increase in ARV expression just 2 days
postcastration, and that this increase was completely abrogat-
ed by testosterone replacement [30]. We demonstrated that
dihydrotestosterone (DHT) negatively regulated ARVexpres-
sion in the MDA-MB-453 cell line in a similar manner. As
shown in Supplementary Fig. 2 , depletion of steroid hor-
mones (e.g., androgens) enhanced the expression of four
ARVs (V1, V3, V7, and V9), and this increased expression
was completely abolished upon exposure to DHT.

Androgen Receptor Variants in a Panel of Human Tissues

A panel of 21 human tissues were interrogated for expression
of AR-FL and ARVs that were detected in the panel of cell
lines. Figure 2a shows the copy numbers of each target tran-
script relative to 109 copies of 18S rRNA in the same tissue
sample. AR-FL and the five ARV transcripts were detected in
almost all tissues, the exceptions being AR-V3 in spleen and
trachea and AR-V7 in the thyroid gland. As expected, steroid-
sensitive tissues (prostate, testis, adipose, ovary, cervix and
breast) had higher copies of AR-FL transcripts compared to
other tissues. Among the 5 ARVs, AR45 was generally the
most abundant and AR-V3 the least. Heart tissue had the
highest number of AR45 transcripts, consistent with a previ-
ous report [13]. The other three ARVs (AR-V1, -V7, and V9)
were expressed in tissues at equivalent or 2-3 fold lower levels
compared to the prostate. As shown in Fig. 2b, the ARV/AR-
FL expression ratios across the primary tissue samples were
generally less than 2.5 %; however, AR45 was expressed at
∼5 % of AR-FL in some tissues (spleen, placenta, small
intestine) and approaching 20 % in the heart.

Novel and Known Single Nucleotide Polymorphisms in AR
Cryptic Exon Coding Sequences

Sequencing of the ARV qPCR products to verify the identities
of target amplicons identified an A>G substitution in the
cryptic exon CE3 coding sequence that results in an Ile
(ATT)>Val (GTT) substitution at codon 5 of the AR-V7-
specific C-terminal peptide. This substitution was seen in
two tissues (lung and placenta). Both the sense (Fig. 3a) and
antisense (Fig. 3b) strands of qPCR products from these two
tissues were sequenced to confirm the substitution, ruling it
out as a PCR artefact and suggesting that it may represent a
novel single nucleotide polymorphism (SNP). According to
the supplier’s specifications (Ambion, Applied Biosystems),
the lung RNA sample was pooled from 2 male and 1 female
subjects, and the placental RNA sample was pooled from 3
female subjects. DNA samples were not available to examine
this substitution among the contributing individuals. To

Table 1 Primer sequences

Targets Forward primer (5′to 3′) Reverse primer (5′to 3′) Amplificon size (bp)

AR-V1 TGCGCCAGCAGAAATGATTG GGTTTTCAAATGCAGCCAGG 250

AR-V3 AGACGAAGCTTCTGGGTGT CATGCAGTATGGCTTGGGGT 139

AR-V4 TGCGCCAGCAGAAATGATTG AGTATGGCTTGGGGTTAGT 157

AR-V7 TGCGCCAGCAGAAATGATTG ACCTAAGCTCCTAAGCCTCA 245

AR-V9 TGCGCCAGCAGAAATGATTG CTGCGTGTTTTTCCCAGT 192

AR45 GCTTTGTACCGGACTTTGTA GTGGAAAGTAATAGTCAATGG 147

AR-FL ACATCCTGCTCAAGACGCTTCTACC CACTTGCACAGAGATGATCTCTGCC 162
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determine the relative frequencies of the two CE3 alleles, the
region covering this substitution was amplified from genomic
DNA samples of 21 unrelated human subjects and subjected
to sequencing. We only found the previously reported CE3-G

allele in this population (data not shown). In addition, CE4 has
been reported to code either an 11-amino acid or 53-amino
acid peptide [9, 11] depending on the presence of a stop codon
(TAA) at codon 12 of the CE4-specific peptide (Fig. 3c). Our
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results showed that CE4 had the TAA insertion, which
matches the NCBI reference sequence (NT_0011669.17), in
all cell lines and tissues.

Encouraged by the finding of the novel substitution, the
NCBI dbSNP database was searched for other novel substitu-
tions in the CEs of the AR gene and four CEs were discovered
to have one or two SNPs within their coding sequences. The
SNPs at CE1 (rs1337075C>T) and CE5 (rs138753060A>G)
are synonymous substitutions, whereas four SNPs result in

single amino acid substitutions at ARV-specific C-terminal
peptides (Table 2). The deduced ARV-specific C-terminal
peptides encoded by these SNPs are summarized in Fig. 3c.

Identification of Novel Exon 9-Containing Splicing Variants

Hu et al recently discovered a cryptic exon (termed exon 9) in
the 3′ untranslated region (UTR) of the AR gene and three
exon 9-containing ARVs (V12, V13, and V14) [10]. To
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Fig. 2 Transcripts of androgen
receptor splice variants were
detected in a human tissue panel.
Total RNA samples of 21 human
tissues were purchased from
Ambion (Applied Biosystems),
including prostate (1), liver (2),
colon (3), spleen (4), lung (5),
testis (6), kidney (7), placenta (8),
bladder (9), brain (10), adipose
(11), ovary (12), cervix (13), heart
(14), skeletal muscle (15), small
intestine (16), thyroid (17),
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trachea (20), and breast (21).
cDNAs were generated from
these RNA samples, followed by
quantitative real-time PCR to
calculate the copy numbers of six
target transcripts (AR-FL, AR-
V1, -V3, -V7, -V9, and AR45) as
described under Materials and
Methods. a: Graphical
presentation of the calculated
copy numbers of each target
transcript per 109 copies of 18S
rRNA transcripts in 21 human
tissues. Data shown are means ±
SD of three independent
experiments performed in
triplicate. b: Graphical
presentation of the ARV/AR-FL
expression ratios across the
tissues calculated using the
respective means as shown in a
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determine whether these three ARVs are expressed in breast
cancer cells, a forward primer at exon 6 was paired with a
reverse primer P2(R) at exon 9 [11] to amplify the 6510-bp
region encompassing exons 6-9 from MDA-MB-453- and
VCaP-derived cDNA. Surprisingly, the results consistently
revealed amplicons that were smaller than the expected
6510-bp PCR product. As shown in Fig. 4a, both cell lines
expressed three amplicons of approximately 1,500, 1,400, and

1,450 bp. VCaP cells also uniquely expressed an amplicon
around 3,500 bp in size. The PCR products were cloned and
∼100 individual clones were sequenced to determine their
identity. This analysis revealed four novel exon 9-containing
ARVs. We designated them AR-V15, AR-V16, AR-V17, and
AR-V18 in accordance with the nomenclature proposed by
Hu et al [10]. As shown in Fig. 4c, according to genomic
coordinates of the NCBI36/gh18 release, AR-V15, -V16, -

1 2 CE4

RAAEGFFRMNKLKESSDTNPKPYCMAAPMGLTENNRNRKKSYRETNLKAVSWPLNHT STOP

RAAEGFFRMKKLKESSDTNPKPYCMAAPMGLTENNRNRKKSYRETNLKAVSWPLNHT STOP

RAAEGFFRMNKLKES STOP

RAAEGFFRMKKLKES STOP

MTLGGFFRMNKLKESSDTNPKPYCMAAPMGLTENNRNRKKSYRETNLKAVSWPLNHT STOP

MTLGGFFRMNKLKES STOP

MTLGGFFRMKKLKESSDTNPKPYCMAAPMGLTENNRNRKKSYRETNLKAVSWPLNHT STOP
1 2 3

MTLGGFFRMKKLKES STOP

MTLGAAVVVSERILRVFGVSEWLP STOP

MTLGAVVVVSERILRVFGVSEWLP STOP

1 2 3 CE1

AR-V1
MTLGAAVVVSERILRVFGVSEWLP STOP (rs191073010C)

MTLGAVVVVSERILRVFGVSEWLP STOP (rs191073010T)

MTLGEKFRVGNCKHLKMTRP STOP

MTLGEKFLVGNCKHLKMTRP STOP

1 2 3 CE3

 (rs370756473G)

MTLGDNLPEQAAFWRHLHIFWDHVVKK STOP
1 2 3 CE5

 (rs142771866T)

 (rs142771866G)MTLGDNLPEQAAFWRHLHIFWDHVGKK STOP

1 2 3 CE1

 (nt66831251G)

(nt66831251A)

MTLGEKFRVGNCKHLKMTRP STOP

MTLGEKFRIGNRKHLKMTRP STOP

AR-V2

AR-V3

CE4

AR-V4

AR-V7

AR-V9

(rs191073010C)

(rs191073010T)

(+AAT/rs186817659C)

 (+AAT/rs186817659A)

(-AAT/rs186817659C)

(-AAT/rs186817659A)

(+AAT/rs186817659C)

(+AAT/rs186817659A)

(-AAT/rs186817659C)

(-AAT/rs186817659A)

 (rs370756473T)

6683124066822693

66831240 66822693

A>G (nt66831251)

T>C (nt66831251)

G>T (rs370756473)
splicing junction

splicing junction 

3

a

b

c

Fig. 3 Single nucleotide
substitutions result in single
amino acid substitutions in the
AR variant-specific C-terminal
peptides. a/b: Sequencing of the
AR-V7-specific qPCR products
amplified from cDNAs of two
tissues (lung and placenta)
identified a same A>G
substitution at the CE3 coding
sequence that leads to an Ile
(ATT)>Val (GTT) substitution at
codon 5 of the AR-V7-specific C-
terminal peptide. Shown are the
sense (a) and antisense (b)
chromatogram sequencing results
from the lung tissue
cDNA showing the A>G
substitution. Genomic
coordinates are given according
to the NCBI36/HG18 release. The
position of the SNP
rs370756473G>T is shown with
an arrow. Of note, this SNP has
not yet been deposited in the
dbSNP database but it is currently
annoated at the GRCh37.p10
Primary Assembly Reference
sequence (NT_011669.17). c:
single nucleotide polymorphims
within the AR cryptic exons that
are deposited at the NCBI dbSNP
database lead to single amino acid
substitutions in ARV-specific C-
terminal peptides. Shown are both
the previously reported ARVs
(indicated by a star) encoded by
the prevalent alleles and the pre-
dicted variant ARVs encoded by
theminor alleles. The last 4 amino
acids of the canonical exons at the
splicing junctions and the amino
acids at the substitution positions
of the C-terminal variant-specific
peptides are in bold
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V17, and -V18 had novel splice junctions of A66858530/
G66865370, G66860306/A66865241, G66860333/A66865241, and

A66858530/G66865234, respectively. All 4 novel ARVs were
detected in MDA-MB-453 cells, whereas three (V15, V16,
and V18) were detected in VCaP cells. We observed the AR-
V13-specific splicing junction in 14 clones (8 in VCaP and 6
in MDA-MB-453), and the AR-V16-unique splicing junction
in 15 clones (8 in VCaP and 7 in MDA-MB-453). The
predicted transcript structures of the four novel exon 9-
contaning ARVs and their C-terminal unique peptide se-
quences encoded by exon 9 are shown in Fig. 4b.

Discussion

The AR is widely expressed in human tissues and has patho-
logical implications for many human non-cancerous and can-
cerous diseases in both men and women [1, 21, 22]. Since the

Table 2 Known and novel single nucleotide polymorphisms at cryptic
exons of androgen receptor splice variants

SNP CE ARV Amino acid substitution

rs191073010C>T CE1 V1/V2 Ala (GCT)>Val (GTT)

rs370756473G>T CE3 V7 Arg (CGG)>Leu (CTG)

rs186817659A>C CE4 V3/V4 Asn (AAC)>Lys (AAA)

rs142771866G>T CE5 V9 Val (GTT)>Gly (GGT)

nt66831251A>G CE3 V7 Ile (ATT)>Val (GTT)a

SNP single nucleotide polymorphism; CE cryptic exon; ARV androgen
receptor splice variant
a the SNP identified in this study

1 2 3 4 5 6 9AR-V15
66865370

LFSISPVKEQRDKKSRGHDTLYFTSSRQMNVESIKTQWN  STOP  
(35 AA added to the end of exon 6)

1 2 3 4 5 6 9AR-V18 LFSISSRSHLMPCTCERGCSFVLEALSEQTRHLD  STOP 
(30 aa dded to the end of exon 6)

AR-V16 1 2 3 4 5 6 7 8 9 KSHMITPDAMYL  STOP 
(8 aa replace the last 33 aa of exon 8)

AR-V17 1 2 3 4 5 6 7 8 9 ILSGSHLMPCTCERGCSFVLEALSEQTRHLD  STOP 
(27aa replace the last 10 aa of exon 8)
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66865291  AAGCTCTCTCAGAACAAACAAGACACCTGGATTGATCAGTTAACTAAAAG
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Fig. 4 Discovery of unreported
splicing junctions predicts four
novel exon 9-containing AR
variants. a: PCR amplification of
the region encompassing exons 6-
9 from cDNAs of MDA-MB-453
and VCaP gave multiple products
smaller than the expected size of
6,510 bp as shown on an ethidium
bromide-stained agarose gel. b:
four novel splicing junctions were
observed following cloning of the
PCR products into the Invitrogen
TA vector and sequencing of the
resultant clones. Shown are the
chromatogram sequencing results
containing the novel splicing
junctions (genomic coordinates
are given according to the
NCBI36/HG18 release), the
structures and sizes of the four
predicted transcripts and their C-
terminal unique peptide
sequences encoded by exon 9. c:
exon 9 harbours four cryptic 3′
splice sites. Shown are the
150 bp-genomic sequence of the
AR gene that contains four cryptic
3′ splice sites (arrowed). The
genomic coordinates of the
sequence are given at the left and
the cryptic splice sites are in bold
with branch sites boxed and
polypyrimidine tracts underlined
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AR gene is on the X chromosome and therefore only exists as
a single copy per cell in men, functional mutations or genomic
variants of the AR generally exert phenotypic consequences.
A compendium of genomic anomalies and their phenotypic
consequences in men is available on the Androgen Receptor
Gene Mutations public database [31]. Among these, muta-
tions in the AR gene that result in abnormal splicing events
have long been known to cause some cases of androgen
insensitivity syndrome (AIS) [32–34]. However, the associa-
tion between a disease state and alternative splicing from the
wild type AR gene or aberrant splicing due to genomic rear-
rangements have been very recent discoveries and so far
confined to the field of prostate cancer, where the AR has an
indisputable role as an oncogene [14, 15, 19, 35]. The AR
splice variants expressed in advanced prostate cancer are
largely hormone independent transcription factors that con-
tribute to the maintenance of AR signalling in an androgen-
deplete environment and are resistant to conventional anti-
androgenic drugs as they lack a ligand binding domain, the
docking site for these drugs. While the role of AR in breast
cancer is still being defined, and AR is likely to exert tumour
suppressive as well as oncogenic effects depending on the
molecular subtype [23], several clinical trials employing anti-
androgen therapy in the treatment of women with advanced
breast cancer are underway (NCT00468715, NCT01597193,
NCT00755885). In the current study, we provide evidence for
the first time that C-terminal truncated ARVs recently discov-
ered in prostate cancer cells are also expressed in breast cancer
cell lines and in multiple human tissues. Importantly, if ex-
pression of these ARVs is demonstrated at the protein level, in
particular in response to AR targeted therapies as has been
reported in prostate cancer [35], expression of ARVs may
have relevance for women with breast cancer currently being
treated with similar AR-targeted therapies as in the clinical
trials cited above.

One of the significant discoveries to arise from the EN-
CODE project [36] is that the large majority of human genes
exhibit some degree of alternative splicing; up to 25 splice
variants commonly arise from a single gene in addition to the
wild type transcript. The splice variants are generally
expressed in a pattern whereby 2-3 variant transcripts are
dominant, followed by a wide array of variant transcripts that
are expressed at very low copy numbers. Our observations of
the pattern of ARV transcript expression in breast cancer cell
lines and human tissues are consistent with the ENCODE
results. Generally, one or two ARVs were expressed at levels
of <5.0 % compared to that of the wild type AR transcript.
This data is also consistent with observations of ARVexpres-
sion in non-cancerous prostate tissues [10, 12, 30].While such
low expression of the ARVs challenges their physiological
significance, a recent study of prostate cancer bone metastases
shows that mRNA levels may not accurately reflect protein
levels [18]. We did not assess protein levels of the ARVs

identified in the breast cancer cell lines because our primary
aim was to examine the frequency and diversity of variant
transcript expression. Future studies will build on the findings
herein to determine which ARVs are commonly translated in
the normal and malignant breast and other tissues, and how
these factors impact on AR signalling in disease states.

It has been proposed that alternative splice variants of
genes are rapidly degraded under physiological conditions
but may be highly expressed under pathological conditions
or other conditions of environmental stress if they are able to
provide a selective advantage over their wild type counterparts
[36]. This appears to be the case for truncated ARVs in
prostate cancer. Androgen deprivation therapy for prostate
cancer aims to inhibit classical ligand-mediated AR signal-
ling, which requires an intact ligand binding domain. This
treatment can select for ARVs that lack the LBD and are
constitutively active, thus sustaining or resurrecting AR sig-
nalling in an androgen deplete environment or in the presence
of anti-androgens [35, 37]. Based on evidence from pre-
clinical studies that the AR can drive growth of a molecular
subtype of breast cancer called molecular apocrine [38] or
luminal androgen receptor (LAR) breast cancers [39], various
forms of ADT (bicalutamide, enzalutamide, abiraterone) are
currently in phase I/II clinical trials to examine the efficacy of
treating women with ER-negative/AR-positive metastatic
breast cancers with agents that repress classical ligand-
media ted AR-s ignal l ing (see c l in ica l t r ia l s .gov:
NCT00468715, NCT01597193, and NCT00755885). In this
study, we detected transcripts of multiple ARVs, including
AR-V7, one of the most important ARVs in models of CRPC,
in normal breast tissues and breast cancer cell lines, including
two molecular apocrine/LAR breast cancer cell line models
(MDA-453-MB and MFM223). Thus, the possibility of se-
lection for or up-regulation of constitutively-active ARVs in
breast tumours in response to ADT warrants further
investigation.

In addition to prostate and breast cancers, AR also
plays a role in other androgen-sensitive cancers includ-
ing bladder, kidney, lung, and liver [21, 22]. For exam-
ple, hepatocellular carcinoma (HCC) affects males more
frequently than females and is considered to be
androgen-dependent [40]. Hence, clinical trials examin-
ing the tumour suppressive efficacy of treatment with
antiandrogens (e.g. flutamide) for HCC have been con-
ducted [21, 41, 42]. These trials revealed no survival
benefit for patients with advanced HCC. As we detected
transcripts of multiple ARVs in the hepatocellular car-
cinoma HepG2 cell line, and liver tissue had the highest
copies of AR-V7 transcripts, we speculate that using
flutamide to treat men with HCC could select for
ARV expression and concomitant androgen-independent
AR-signalling. Our data provides credence for this con-
cept, but the hypothesis remains to be investigated.
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As discussed earlier, many ARVs (V1, V4, V5, V6, V7,
and V9) share the NTD/DBD domains encoded by canonical
exons 1-3 [10, 35]. The C-terminal short peptide of 1-53
amino acids encoded by the cryptic exons is the only structural
difference that would contribute to their reported varying
capacity for transcriptional activity [17, 30] and differing
cellular localization [9, 10, 12, 30]. Thus, polymorphisms that
change this peptide sequence would be expected to have
potential impact on ARV biological function. In this study
we have identified for the first time novel SNPs in four cryptic
exons (CE1, CE3, CE4, and CE5) that could potentially lead
to single amino acid substitutions at the C-terminal peptides of
multiple previously reported ARVs. Chan and colleagues
recently showed that K629A and R631A mutations shifted
AR-V7 expression from predominantly nuclear to a mixed
nuclear/cytoplasmic pattern [43]. The rs370756473G>T SNP
leads to an R631L substitution, which is similar to the reported
R631A mutation i.e. substitution of a neutral amino acid with
a basic amino acid. Therefore, this R631L substitution might
have similar effects as R631A mutation. Of note, the novel
SNP (nt66831251A>G substitution) discovered in the present
study leads to a V632I substitution at the C-terminally adja-
cent residue and thus might also modulate the activity of the
encoded AR-V7 variant protein.

Previous studies have shown that CE2 is spliced to exon 3
using two different cryptic 3′ splice sites, which are only 80 bp
apart in the AR gene, to give rise to AR-V5 and -V6 [11]. As
shown in Fig. 4c, our results combinedwith the findings of Hu
et al indicate that exon 9 uses four cryptic 3′ splice sites, which
are only 135 bp apart in the AR gene, to generate six ARVs
[10]. Classic introns have GTat the 5′ donor splice site, AG at
the 3′ acceptor splice site, a splice branch site with a core
consensus sequence of “CU(A/G)A(C/U)” , and a
polypyrimidine tract between the 3′ splice site and the branch
site [44]. Among the four 3′ splice sites used by exon 9, two of
them (A66865241 and G66865370) conform to the AG-rule and
have a conserved branch site and a polypyrimidine tract. It
appears that the 3′ splice site at A66865241 is used more often
than others as, through this site, exon 9 is spliced to upstream
exons to give rise to four ARVs (V13, V14, V16, and V17).
Neither of the G66865369 and G66865234 sites follows the AG-
rule. Of interest, the site at G66865370 used by AR-V15 is only
1 bp downstream of the previously reported site at
G66865369.used by AR-V12 [10]. We observed 4 clones carry-
ing the AR-V15-specific splicing junction. Based on
these observations, exon 9 is technically not a single
exon but a group of “exons” with distinct 5′ coding
sequences. Due to lack of antibodies recognizing the
proteins encoded by the novel exon 9-containing tran-
scripts, we were unable to examine the expression of
these novel ARVs at protein level. Furthermore, the
biological function of these ARVs remains to be deter-
mined in future studies.

In conclusion, we present evidence in this study that tran-
scription of the AR gene gives rise to multiple alternatively
spliced transcripts in breast cancer cell lines and normal hu-
man tissues. While the clinical relevance of these variant
transcripts in breast cancer and other tissues awaits confirma-
tion of protein expression, at least one of these splice variants
(AR-V7) has documented capacity to encode a functional AR
variant protein with clinical relevance in prostate cancer. Our
findings suggest that further investigation of these ARVs and
their clinical relevance in breast cancer and other androgen-
sensitive diseases is warranted. In addition to revealing a
broader scope of ARV transcript expression in human tissues,
our study has identified novel ARV transcripts and previously
unidentified single nucleotide substitutions in cryptic exons
within the AR gene that could represent functional SNPs.
These data provide a springboard to further study into how
ARVs may function in a range of human pathologies.
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