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Abstract
Gain of function mutations in the androgen receptor (AR) are found in prostate cancer and are
implicated in the failure of hormone therapy. Most studies have emphasized the ligand binding
domain (LBD) where mutations can create promiscuous receptors, but mutations in the N-terminal
transactivation domain (NTD) have also been found. To assess AR alteration as a mechanism of
treatment resistance, a mouse model (h/mAR-TRAMP) was used in which the murine AR coding
region is replaced by human sequence and prostate cancer initiated by a transgenic oncogene. Mice
received either no treatment, androgen-depletion by castration or treatment with antiandrogens, and
twenty AR transcripts were sequenced per end-stage tumor. All tumors expressed several mutant
alleles, although most mutations were low frequency. Some mutations that occurred multiple times
within the population were differentially located dependent on treatment. Mutations in castrated or
antiandrogen-treated mice were widely dispersed but with a prominent cluster in the LBD (amino
acids 736–771), while changes in intact mice centered near the N-terminal polymorphic glutamine
tract. Functional characterization of selected LBD mutant alleles showed diverse effects on AR
activity, with about half of the mutations reducing transactivation in vitro. One receptor, AR-R753Q,
behaved in a cell- and promoter-dependent manner, even though as a germline mutation it causes
androgen insensitivity syndrome. This suggests that alleles that are loss of function during
development may still activate a subset of AR targets to become gain of function in tumorigenesis.
Mutant ARs may thus utilize multiple mechanisms to evade cancer treatment.
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Introduction
Somatic mutations are a hallmark of cancer initiation, progression and metastatic disease.
During tumorigenesis, genomic instability leads to a mutator phenotype in which it is estimated
that each cancer cell may harbor as many as 1,000 mutations (1). While most mutations likely
are “passengers” with little effect on selection, some may be “drivers” that provide a growth
advantage (2). In the case of prostate cancer, numerous mutations in the androgen receptor
(AR) have been identified. Intriguingly, many of them are gain of function (3), but the extent
to which they influence disease progression is debated.
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Prostate cancer is initially androgen-dependent and responds to treatments that inhibit androgen
synthesis and/or antagonize AR action. However, tumors ultimately recur and AR remains not
only present but active despite hormone therapy (4). Numerous mechanisms have been
proposed for AR activation following androgen depletion, including Ar gene amplification,
AR activation by growth factors or altered levels of coregulators. Mutations within the receptor
itself have also been found that allow androgen-independent activation, increase sensitivity to
low androgen, and alter ligand specificity (5).

A paradigm of how gain of function mutations may allow treatment evasion is AR-T877A,
found in the LNCaP cell line and some advanced prostate cancers (6). For wild type AR,
hormone binding alters conformation of the ligand binding domain (LBD) to create a
coactivator interaction surface, activation function 2 (AF2), which is not formed with bound
antiandrogen. The subtle shift in structure due to T877A, proximal to AF2, permits an active
conformation with various noncanonical ligands, including the antiandrogen hydroxyflutamide
(7). This and other mutations that allow promiscuous AR activation may underlie the
phenomenon of flutamide withdrawal syndrome in which tumors regress after antiandrogen
treatment is stopped (8). Because ligand is key in AR transactivation, the search for AR
mutations in prostate cancer has focused on the LBD (3). However, the DNA binding domain
(DBD) and the large N-terminal transactivation domain (NTD) also influence
hormonedependent function, and as importantly, may enter into ligand-independent activation
(9). Unfortunately, the NTD is often ignored since its high GC content and polymorphic repeats
impede sequencing.

The prevalence of AR mutations in prostate cancer and their possible association with specific
treatments has been difficult to evaluate because of human genetic heterogeneity, disparate
patient treatment, lack of biological samples and the small sizes of most clinical studies. Mouse
models circumvent these issues, providing an opportunity to study somatic mutations in cancer.
The transgenic adenocarcinoma of mouse prostate (TRAMP) model (10) has been used to
compare AR mutations in tumors from intact (untreated) versus castrated (androgen-ablated)
mice. Although a small study, location of AR missense mutations in primary tumors varied
with hormonal status, with seven of nine mutations from castrated mice occurring in the NTD
and all mutations from intact mice confined to the LBD (11). One of the mutants identified,
AR-E231G, is sufficient to cause cancer when expressed as a prostate-specific transgene,
highlighting the oncogenic potential of AR mutations (12).

To examine whether somatic mutations in prostate cancer correlate with treatment in the
context of human AR, we utilized a knock-in mouse in which hAr exon 1 was swapped into
the mouse locus to create an AR nearly identical to human (13), bred to TRAMP to initiate
prostate cancer. Our objective was two fold: 1) to determine whether somatic mutations in the
humanized AR (h/mAR) are random or are selected by treatment and 2) to examine whether
different treatments select for distinct mutation clusters in functional AR domains. Sequencing
the entire coding region from tumors of mice in varied treatment groups confirmed by an
unbiased approach that mutation of AR was common overall but few events achieved high
frequency in the tumor cell population. Nevertheless, some mutations reflected treatment and
some had context-dependent functions, further delineating the role of AR in cancer progression.

Results
Treatment Affects Tumor Progression in h/mAR-TRAMP Mice

To examine whether somatic mutations correlate with treatment in the context of human AR,
the h/mAR model was used, in which homologous recombination replaced the mouse Ar exon
1 with the corresponding human sequence (13). The murine NTD differs from human by 15%
in amino acid sequence and lacks the polymorphic glutamine (Q) and glycine (G) tracts that
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affect AR activity and are implicated in prostate cancer progression (14,15). Exchanging the
NTD creates a hybrid gene within the mouse genomic locus that is 97% identical in coding
sequence to hAr. These humanized AR mice were crossed to TRAMP mice that express a
prostate-specific SV40 T-antigen oncogenic transgene (10,16), allowing examination of
mutations in human Ar that arise in prostate cancer in genetically homogeneous mice.

To ensure that the h/mAR-TRAMP mice responded to hormone ablation similarly to wild type
mice, short-term effects of androgen blockade were assessed in 12-week-old males treated for
4 weeks by castration or with antiandrogens (flutamide or bicalutamide). Prostatic AR protein
detected by immunohistochemistry (IHC) showed nuclear localization in intact mice, while in
castrated mice most AR was cytoplasmic indicative of the unliganded state (Fig. 1A). In
antiandrogen-treated mice, most AR was nuclear since these antagonists permit nuclear transit
and DNA binding but not target gene activation (17). Both antiandrogens reduced serum
testosterone (T) to less than 25% of intact levels (Fig. 1B) unlike in men where androgen
synthesis inhibitors are necessary to reduce hormone levels. This likely reflects differences in
the hypothalamo-pituitary-gonadal axis and adrenal androgen synthesis in mice and men.

In end-stage primary tumors from intact, castrate, or antiandrogen-treated mice AR localization
was similar to that of short-term treatment, being nuclear in intact and antiandrogentreated
mice, but scant in castrates (Fig. 1C). However, AR staining was heterogenous by endstage,
in all treatment groups. The time from tumor detection by palpation to death revealed
differences in survival with disease in treated compared to intact mice (Fig. 1D). In TRAMP
mice, castrates survive only a short time once tumors are detected, suggesting that in this model
early reduction in androgen synthesis encourages growth of aggressive androgen-independent
tumors (18). Bicalutamide or flutamide treatment after tumor detection significantly extended
survival with disease (flutamide versus control, P < 0.008, bicalutamide versus control, P <
0.0001 using a Bonferroni multiple comparisons adjustment).

Analysis of Mutation Frequency in h/mAR-TRAMP Tumors
To detect mutations in Ar mRNA transcripts that may be present in only a subset of tumor
cells, a reverse transcription (RT)/amplification/sub-cloning strategy was used (Fig. 2).
Sequencing the equivalent of 20 Ar mRNAs per primary tumor (10 from each of two
independent (RT) reactions, 760 clones total) identified 994 changes from the reference
sequence. 808 of these putative mutations were single base changes. Variation in Q or G tract
codon numbers was common and was analyzed separately. Based on the total number of
nucleotides sequenced, prostate tumors had an average of 4.0 changes/10,000 bp of Ar coding
region. To obtain a baseline mutation rate for the methodology, Ar was sequenced for 17 of
these mice from testes where AR but not the T-antigen oncogene is expressed. 33 base
substitutions were identified from 230 clones, or about 2.2 changes/10,000 bp. This likely
represents the combined error of RT (1/15,000 bp per the manufacturer), the polymerase
(1.58/100,000 per the manufacturer) and subcloning and sequencing errors. This error rate may
be an overestimate since many of the testis clones included the error-prone Q-tract region (see
below). Nevertheless, tumor samples had twice as many sequence changes as non-tumor
samples. Of these putative mutations, 54.1% were missense, 8% base deletions, 4% codon
deletions, 1.6% base insertions, 4.7% nonsense and 27.4% silent mutations (Table 1). The
distribution of mutation types across treatment groups did not differ significantly (Table 1).

Different cancer types often display a unique mutation spectra favoring one type of basepair
change over another (2). Analysis of the h/mAR-TRAMP prostate tumor spectrum revealed a
preponderance of mutations at C:G sites that was not seen in the testis. Prostate cancer
mutations showed high C:G to T:A transitions (41.0%) and C:G to A:T transversions (21.3%)
but low G:C to C:G transversions (1.9%) (data not shown), unlike the reported breast cancer
spectrum which has frequent G:C to C:G transversions (2).
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The majority of mutations were identified in one or two clones per tumor. Consistent with the
previous report on TRAMP mice, this represents a mutation frequency of 5–10% of the cell
population (11). However, considering that samples often contain malignant and normal cells
and that prostate cancer is multifocal, mutation frequency within the tumor may be higher. As
evidence, 24 mutations were present in multiple clones from a single tumor, with four (Q58L,
R102X, S324G, A385T) occurring in four clones (20%) each from an independent tumor.

Recurring Mutations in h/mAR-TRAMP tumors
To further exclude possible random errors, only codons mutated at least twice were further
analyzed. Missense mutations in multiple clones of a single tumor (23 codons) or in multiple
tumors (109 codons) occurred at an overall rate of 0.53/10,000 bp. Fig. 3A depicts a Venn
diagram of mutations that recurred within or between treatment groups. Only four mutations
occurred in all groups (Q58L, G228S, R544G and A764S) three of which were in the NTD.
Tumors from flutamide-treated mice bore the most unique mutations (11) whereas those treated
with bicalutamide shared most mutations with the flutamide-treated group.

Missense mutations mapped throughout AR (Fig. 3B) but many clustered within regions
mutated in prostate cancer patients, such as a proximal region of the LBD (residues 700–800)
(19). Mutations around the Q-tract were found in all groups but most commonly in intact mice.
Mutations in three activation function (AF) domains reflected treatment, with the antiandrogen
groups carrying many more in the distal NTD region of AF5, while the intact and castrated
mice had more mutations in AF1. Overall there were few mutations in AF2, with the least in
the castrated group, as might be expected for tumorigenesis under androgen-depleted
conditions.

Recurring mutations subdivide into two sets: substitutions at the same codon to different amino
acids (e.g., R13Q, R13W), which might represent selection against wild type, and substitutions
in one codon to the same residue (e.g., 2 tumors with L110P), perhaps indicating selection for
a specific change. 70 codons were mutated to different residues, and 84 codons to the same
amino acid (Fig. 3C). Remarkably, only one mutation to different amino acids recurred in testis
and none to the same amino acid, suggesting this conservative analysis excluded most of the
base changes due to methodology. Each tumor averaged 5 recurring mutations to the same
amino acid, with most in amino acids conserved between mouse and man. In the NTD, only
13 mutations recurred in nonconserved residues, of which 10 occurred in or near the Q or G
tracts.

Although silent mutations are less likely to alter protein function, they can affect splicing,
mRNA stability, or protein folding due to altered codon usage (20). 43 codons carried
synonymous changes that recurred within the AR mRNA population, and were distributed
throughout the coding region with no apparent differences between treatment groups.
Intriguingly, both proline and serine silent mutations were over represented, accounting for 17
codons with synonymous replacements. While the majority of silent mutations went from a
more abundant to a less abundant codon, many proline and serine mutations altered rare codons
to more frequent ones (Supplemental Tables 1 and 2). Remarkably, silent proline mutations
were confined to the N-terminal 172 amino acids, in which 23 prolines occur (with 8 of these
codons altered), even though there are 38 subsequent prolines including 8 in a polyproline tract.
This hints at an impact of codon usage on AR folding; while silent proline mutations in the
proximal portion of the disorganized NTD may be tolerated, subsequent proline codons may
be more tightly regulated. Of the synonymous serine mutations, one at S516 from a less to a
more abundant codon occurred in two flutamide and three bicalutamide-treated mice.
Interestingly, this is a major site of phosphorylation in EGF-stimulated prostate cancer growth
(21).
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Mutations in or near the NTD polyamino acid tracts
Contraction of the Q tract occurs clinically (22) and expansion and contraction of both Q and
G tracts by one or two codons was common in the mouse tumors. While all testis clones, and
96% of those from prostate, had 21 or 22Qs, 2.1% of the tumor clones had 19–20 Qs and 2.3%
had 22–31 Qs. The G tract also varied – most clones (84.3%) had the original 23 Gs, but 12.4%
lost one and 3.3% lost 2 to 6 Gs. Although there were no large alterations in Q tract length, Q
to R substitutions within the tract were common in all groups, occurring in 23 clones from 12
tumors, with none in testis. One such mutation, Q65R, was reported in a clinical sample (19).
While a functional significance of disrupting the Q tract with arginine is unknown, disruption
by leucine elevates transcriptional activation despite limiting N/C interaction (23).

A stretch of six Qs (amino acids 86–91) of unknown function just beyond the major Qtract
showed contraction to five or four Qs in 22 mice from all groups (ΔQ86), but not in testis. The
most common mutation in this study, Q58L, occurred next to 4 leucines just before the Q tract
in which mutation of the first Q codon expands the L tract from 4 to 5 residues. This was found
in 16 mice representing all groups, and was in two or more clones in 4 of these mice, as well
as in one clone from a testis control. Interestingly, this tract has expanded from one L in mouse
and dog, to three in chimpanzee, and four in man. Whether or not this expansion affects AR
activity is unknown.

AR mutations that may affect AR function
Previously identified as well as novel mutations within functionally significant regions were
found in multiple tumors. In the NTD, few of the recurring mutations had been identified
previously since few studies have systematically sequenced this region. However, Q114L,
found in two castrated mice (one primary tumor and one lymph node metastasis) was noted in
a primary prostate tumor (24). This same study also reported L575P, which we found in one
bicalutamide- and one flutamide-treated mouse. A novel NTD mutation, M524T, is located in
AF5, an area that interacts with p160 coactivators and is involved in ligand independent
activation (9). M524T occurred in 3 flutamide- and 2 bicalutamide-treated mice but not in
intact or castrated mice. Four of 7 mutations previously identified in patients with flutamide
withdrawal symptoms were located in this area, between residues 502 to 535 (24).

Within the LBD, three novel mutations, R711M, H715Y and W719C, were identified within
the most highly conserved segment, the signature sequence (Fig. 3C), where other mutations
alter ligand specificity (25–27). All three mutations lie on the same surface of helix three,
adjacent to AF2, where they may influence protein-protein interactions. Of the remaining LBD
mutations, 10 clustered between amino acids 736–771 (Fig. 3C) where they might affect ligand
specificity. 8 of these were common, occurring in 3 or more mouse tumors (Fig. 3C). M750I,
F755L and V758I, were identified previously in patients (19). In particular, M750I was
identified in disease recurring after orchiectomy and bicalutamide treatment (28). Here, M750I
was found in two mice, one treated with flutamide and one with bicalutamide.

Three novel mutations in this cluster were of particular interest based on their presence in
treatment groups or their location. S741F lies adjacent to W742 where a mutation allows
bicalutamide, but not flutamide, to act as an agonist (29). This mutant was identified only in
antiandrogen-treated mice, in two each per treatment. W752C might expand the base of the
binding pocket to accommodate other ligands, and was found in two clones from a castrated
mouse, and one each from a flutamide- and a bicalutamide-treated mouse. R753 contacts
androgen and its mutation to Q previously was shown to cause complete androgen insensitivity
(CAIS) in man and rat (19), but had not been noted in prostate cancer. R761G was unique to
the castrated group, in two primary tumors and a metastasis.
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Some AR mutations are treatment group-specific
Substitutions that occurred more than once within a group, either in more than one mouse of
a group (29 mutations) or multiple times in a single tumor (25 mutations), revealed treatment
effects (Fig. 3D). 14 of these mutations also occurred once in other groups. Few substitutions
overlapped between groups, with only Q58L and ΔQ86 ocurring in all groups and only G209R
ocurring in both castrated and intact mice. Nine of 11 substitutions recurring in the intact group
clustered around the Q tract, with 4 Q to R substitutions within the tract itself. Most recurring
mutations in the castrated group (13 of 20) were in the NTD, as noted previously (11), and six
occurred more than once within a tumor. Two mutations were found proximal to the first zinc
finger of the DBD (S542G and T543A) and 5 clustered in the LBD between residues 736 –
771.

The two antiandrogen treatment groups showed distinct mutation patterns, perhaps due to
differences in structure of the ligands. There were many more recurring mutations with
flutamide than with bicalutamide, and most (10 of 16) were in the DBD and LBD. One of three
substitutions in the DBD, C563R, mutated a zinc-chelating cysteine in the first zinc finger and
is likely to be a loss of function. Another, G578C, altered a conserved base in the P-box
important for DNA binding specificity (30), and the last, R616L, contacts the phosphate
backbone (31). Four missense mutations were located in the LBD where they could affect
ligand-dependent activation (see below). The flutamide group also had many more nonsense
mutations (5 out of 16) than other groups. The bicalutamide-treated group had few recurring
mutations: 3 were unique and 2 overlapped with only the flutamide-treated group.

Transcriptional Activity of Select AR Mutants
Mutations clustered in the proximal portion of the LBD included novel as well as previously
reported but uncharacterized mutations. For functional analysis, five LBD mutations (S741F,
M750I, W752C, R753Q and R761G), and M524T that was specific to the antiandrogen groups,
were introduced into an AR expression vector. Wild type and mutant residues in the LBD
cluster are represented in Fig. 4A. All mutant ARs expressed at levels equivalent to wild type
when transfected into CV-1 cells (Fig. 4B). M524T migrated more slowly, possibly due to
differential protein modification. Treatment with phosphatase did not abolish the M524T size
difference indicating it is likely not due to altered phosphorylation (data not shown).

Mutant transactivation was tested in CV-1 cells on C’ Δ9-luc, a luciferase reporter driven by
the AR-specific enhancer of mouse Slp(32). Three types of response to the synthetic androgen
R1881 were exhibited: M524T was as active as wild type, R753Q and R761G were less
responsive at lower ligand concentrations, and S741F, M750I and W752C were inactive even
at 1 nM R1881 (Fig. 4C). None of the mutants responded to either hydroxyflutamide or
bicalutamide at doses of hydroxyflutamide that strongly activate AR-T877A (data not shown).

To compare transactivation in prostate cancer cells, mutants were transfected into ARnegative
PC-3 cells along with C’ Δ9-luc or PSAe1p-luc, containing the prostate specific antigen (PSA)
upstream enhancer and proximal promoter (33). M524T and R761G had wild type activity with
1 nM R1881 for both reporters (data not shown). S741F, M750I, and W752C that were inactive
in CV-1 cells were also weak in PC-3 cells. However, increasing R1881 concentration to 100
nM rescued receptor activity for all but S741F (Fig. 4D). Interestingly, R753Q, which had very
low activity in CV-1 cells, was more potent in PC-3 cells, with half the activity of wild type
AR on C’ Δ9-luc and as much activity as wild type on PSAe1p-luc (Fig. 4E). The differential
response of R753Q could reflect promoter-specific differences in AR response elements or
interactions with other factors.
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Androgen response elements are either canonical inverted repeats of a TGTTCT half-site that
can bind multiple steroid receptors or direct repeats of the half-site that selectively bind AR
but confer weak activation (32). Both PSA and Slp enhancers consist of a complex mix of
canonical and selective elements, as well as binding sites for other factors. To determine
whether the differential activity of AR-R753Q depended on the response element, activity was
tested on either canonical (HRE3) or AR-selective (HRE2) elements from the Slp enhancer.
While R753Q was able to transactivate the HRE3 reporter at wild type levels, it showed little
activity on the AR-selective HRE2 (Fig. 4F). This is intriguing since the equivalent mutation
in rat, R734Q, is the germline mutation accounting for CAIS in the tfm rat (34). Characterization
of this subset of mutants suggests that some mutations have subtle, but potentially important,
affects on AR function that can be cell and promoter context dependent. In particular, loss of
function mutations such as those identified in AIS may, in the context of prostate cancer, be
gains of function by differentially activating a subset of AR targets.

Discussion
This study queried somatic hAr mutations expressed in h/mAR-TRAMP mouse prostate cancer
for evidence of selection due to treatment. Numerous alterations were present at a low
frequency, in part reflecting increased mutation during oncogenesis (1). Based on an error rate
estimated from testis cDNA, about half of the AR changes in tumors are putative somatic
mutations arising during disease. Restricting analysis to recurring mutations highlighted those
with a possible selective advantage as evidenced by their variation in position and frequency
with treatment.

The number of AR mutations identified was higher than in previous studies, although most
mutations were only present in one or two clones of the twenty sequenced per tumor. While
accumulation of rare mutations may be a general characteristic of tumor genomes, mutations
in AR are more phenotypically evident because the gene is monoallelic. Many of these mutant
alleles may confer similar growth advantages, resulting in heterogeneous cell subpopulations
within a tumor. Multiple mutations in a single tumor have been reported in hormone-refractory
prostate cancer (35). In one case, two mutations were identified in a single transcript and both
influenced AR function (36). Because cDNAs in this study were amplified in fragments, it is
not possible to determine whether mutations in different segments exist in a single transcript.

Among studies, differences in the number of mutations detected likely reflect the methodology,
disease stage, and experimental model. By amplifying and subcloning Ar cDNA, sequence
changes are evident in as few as 5% of the transcripts, while genomic DNA, examined in most
clinical studies, can only reveal mutations present in a majority of cells. Analyzing the entire
Ar coding region showed that about half of the mutations occur in the usually ignored NTD.
The prior TRAMP study examined earlier stage tumors and identified fewer mutations per
mouse but all were also at low frequency, suggesting that mutation abundance may be
influenced by the model (11). The survival benefit of individual mutations may be modest
relative to the strong proliferative drive conferred by T-antigen. We have gone on to analyze
AR mutations from human prostate cancer metastases using this same approach and have found
a similar mutation rate in the AR1. However, more AR mutations from the patient metastases
were found in multiple clones per sample, suggesting that end stage primary tumors from
TRAMP mice may be more heterogeneous than patient metastases that are more clonal in
nature.

1Steinkamp, M.P., O’Mahony, O.A., Brogley, M., Rehman, H., Dhanasekaran, S., Hofer,’ M., Chinnaiyan, A., Rubin, M., Pienta, K. and
Robins, D.M. Androgen receptor mutations in human prostate cancer metastases vary with treatment. (manuscript in preparation)
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Clustering of recurring AR mutations in distinct functional domains highlights the influence
of therapy. Mutations are least frequent in the intact mice, in accord with clinical studies that
find fewer AR mutations in untreated or androgen-responsive tumors (37,38). In the previous
TRAMP study (11), most mutations in intact mice occurred in the AR C-terminus, in contrast
to their NTD location here. This could reflect AR species differences, particularly since
mutations in intact h/mAR tumors centered around the Q-tract that is poorly conserved in mice.
On the other hand, mutations after castration are found primarily in the NTD similar to the
earlier study (11). This may be because all NTD mutations in the castrate group occurred in
residues conserved between mouse and man, suggesting a role for these residues in
androgenindependent activation.

Mutations in antiandrogen-treated mice overlap little with those in the castrate group,
indicating that early depletion of androgen leads to tumor development distinct from that of
antagonist treatment. Two mutations, M524T and S741F, occured in multiple mice for both
flutamide and bicalutamide treatments, and thus may affect interactions particular to
antiandrogen-bound AR. Since M524T had altered electrophoretic mobility, post-translational
modification may influence differential AR activity. Numerous protein modification sites are
nearby, including ones for Erk2 phosphorylation at S516, RACK1 phosphorylation at Y535,
and ligand-dependent SUMOylation at K520 (39–41). The silent mutation at S516 occurring
in both flutamide and bicalutamide-treated mice may also affect phosphorylation by an
unknown mechanism. Perhaps use of a more abundant codon could increase the rate of protein
synthesis and thus alter protein conformation (20). The other shared mutation, S741F, is
transcriptionally inactive; the presence of stable cytoplasmic protein suggests ligand binding
is defective.

Many more recurring mutations were identified in flutamide- than in bicalutamide-treated
mice. Since flutamide is a partial agonist of AR at high concentrations in vitro, lower
concentrations such as those found in patients may activate mutant alleles (42). Altering the
LBD to achieve activation by the bulkier bicalutamide may be more difficult, but has been
reported for AR-W742L (29). Flutamide-treated mice also express several nonsense mutants.
Whereas the N-terminal AR-R102X most likely is a loss of function allele, other mutants
terminating within the DBD or LBD may produce constitutive receptors (43,44). Moreover,
some truncated transcripts may have paracrine effects, promoting androgen-independent
activation of wild type AR in adjacent cells (45). Reduced AR activity may promote growth
of late stage tumors that have amassed other mutations, especially when antiandrogen treatment
inhibits AR activation. In fact, AR expression is reduced late in disease (46). There may be an
early window when AR gain of function mutations are advantageous but become less so as
other growth factor pathways predominate.

Certain areas within the AR carried many more recurring mutations indicating potential
hotspots for mutation or selection. One cluster identified within the LBD in all treatment groups
has also been reported in clinical studies of prostate cancer, with mutations affecting AR
function in diverse ways. AR-A749T identified in an untreated metastasis reduces receptor
stability (47). Modeling of AR-V758I, found in a patient after orchiectomy and in this study,
predicts a distortion that alters ligand specificity (35). Likewise, M745I that leads to CAIS as
a germline mutation allows activation of AR by estradiol (48). None of the mutations from this
cluster characterized in this study allow AR activation with noncanonical ligands or
antiandrogens in transfection. Instead, they exhibit varying degrees of reduced transactivation.
Three of the mutations, M750I, W752C, and R753Q, reside at the bottom of the ligand binding
pocket within the same alpha helix as the loss of function mutation A749T. All three showed
lower activation than wild type at 1 nM R1881 in CV-1 cells, but normal to higher activation
at increased ligand levels. This is intriguing since intracrine hormone synthesis may maintain
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intraprostatic androgen levels in hormone-refractory prostate cancer (49). This might provide
sufficient stimulus for these alleles to activate at least a subset of AR targets.

An indication that differential activation of AR targets might enhance cancer progression is
the context-dependent function of R753Q. As a germline mutation, R753Q causes CAIS in
patients and in rats (19,34). Previous characterization of this mutant revealed reduced androgen
binding capacity, reduced N-C interaction, and reduced activation in CV-1 cells (34,50). This
study has shown both cell-specific and promoter-dependent effects of R753Q, since activation
is near wild type in PC-3 cells and robust for canonical HREs but impaired on AR-selective
HREs. These effects may be accounted for at least in part by the altered N-C interaction which
may destabilize AR binding on selective elements (51). An inability to activate AR-selective
elements due to DBD differences in a knock-in mouse model leads to reduced fertility (52).
Although germline AR-R753Q may not activate genes critical in male development, partial
function of somatic AR-R753Q may activate a subset of promoters in prostate cancer. This
residual activity may favor target genes involved in proliferation over those involved in
differentiation. There may even be an optimal oncogenic AR activity that promotes
proliferation over differentiation and can be achieved either through a reduction in androgen
levels or reduced activity of AR. In support of this idea, Nkx3.1;Pten mutant mice treated with
low doses of testosterone (T) develop more aggressive disease than mice treated with either
no or normal levels of T (53). Moreover, h/mAR mice with Q tract variant alleles that differ
in AR transactivational strength show poorer response to hormone therapy with weaker AR
alleles (14).

In conclusion, this study has identified a diverse group of mutations in both the NTD and LBD
of the AR that fall within functionally important domains. While different treatments favored
certain mutations, all tumors carried numerous overlapping mutations. The presence of so many
AR mutations at low levels has implications for treatment, suggesting that, while targeting the
AR may slow disease progression, treatment will ultimately select for different cell populations
allowing hormone-refractory growth. Furthermore, functional characterization of mutants
from this study indicates that partial loss of function mutations that differentially activate AR
targets may be selected during tumorigenesis. These partial loss of function alleles may tip the
balance between proliferation and differentiation to confer a gain of function advantage in the
context of tumor growth.

Materials and Methods
Mice

Female h/mAR mice (13) were mated to TRAMP males on a C57BL/6J background. Short-
term treatments of 12-week-old males were castration by surgical orchiectomy or treatment
with bicalutamide (Bic) or flutamide (Flu). Bic was compounded with food pellets and
administered ad lib for a dose of 50 µg/g based on average food consumption. Flu (25 µg/g)
was administered in food pellets or by a 75 mg 60 day slow release subcutaneous pellet
(Innovative Research, Sarasota, FL). Age-matched intact mice served as controls. After 4
weeks, animals were sacrificed. AR N20 antibody (Santa Cruz Labs) was used to detect AR
in formalin fixed, paraffin embedded prostate tissue. Serum T levels were measured by RIA
(DSL, Webster, TX).

For tumor analysis, h/mAR-TRAMP males were randomly assigned to 4 treatment groups (9–
10 mice/group): castration at 12 weeks of age, treatment with 50 µg/g Bicalutamide or 25 µg/
g Flutamide upon tumor detection, or no treatment. Tumors were monitored by MRI or
abdominal palpation and mice were euthanized when moribund as described (14). Primary
prostate tumors, metastases and testes were harvested into RNAlater buffer (Ambion, Inc.,
Austin, TX) or flash frozen in liquid N2. All mouse procedures were approved by the University
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of Michigan Committee on Use and Care of Animals, in accordance with the NIH guidelines
for the Care and Use of Experimental Animals.

RNA and DNA isolation
Tumor RNA was isolated with RNeasy kits (Qiagen Inc, Valencia, CA) and 1 µg was reverse
transcribed using Superscript II RT (Invitrogen, Carlsbad, CA) with 0.5 µg oligo(dT) in a 20
µl reaction. Two RT reactions were performed per sample to control for enzyme error. Testis
RNA from 17 mice was reverse transcribed and select fragments of AR were amplified and
sequenced as controls. DNA was extracted as previously described (54). Briefly, tissue was
digested overnight at 37°C in Lysis Buffer (10 mM Tris HCl, 400 mM NaCl, 2 mM Na2EDTA,
pH 8.2) with 250 µg/ml proteinase K and 0.5% SDS. Proteins were removed by precipitation
with NaCl and the DNA was precipitated with 2 vol 100% ethanol.

Amplification, subcloning and sequencing of the AR coding region
The AR coding region was amplified in 4 fragments, three from RNA (proximal NTD, DBD
and LBD) and one from DNA (NTD). PCR primers for h/mAR samples are listed below. PCR
amplifications were performed in 25 µl reactions containing 2.5 units Platinum Pfx DNA
polymerase (Invitrogen), 2X Buffer and 1X GC enhancer (supplied by the manufacturer), 1.5
mM MgSO4, 0.3 mM dNTPs, 0.5 µM each primer, and 1–3 µl of the RT reaction or 100 ng
genomic DNA. PCR conditions optimized for each primer pair were: 94°C for 5 min, 25–35
cycles of 94°C for 30 sec, 55°C (57°C for primer pair 1) for 30 sec, and 68°C for 90 sec, with
a final extension step at 68°C for 10 min.

h/mAR 1 Sense 5’ TCGGTGGAAGCTACAGACAA 3’

h/mAR 1 Antisnese 5’ CCGACACTGCCTTACACAAC 3’

h/mAR 2 Sense 5’ TTCGACCATTTCTGACAACG 3’

h/mAR 2 Antisnese 5’ TTGGTCAAAAGGAGGCATTT 3’

h/mAR 3 Sense 5’ AGTGTGGTACCCTGGTGGAG 3’

h/mAR 3 Antisnese 5’ TTGTGCATGCGGTACTCATT 3’

h/mAR 4 Sense 5’ CAACTTGCATGTGGATGACC 3’

h/mAR 4 Antisnese 5’ TCTGGAAAGGGAACAAGGTG 3’

Products were visualized on 1% agarose gels and bands were excised and purified with the
QiaexII gel extraction kit (Qiagen). 3’-A overhangs were added to the blunt-ended product by
incubation with Taq polymerase (Invitrogen) at 70°C for 30 min. Products were ligated into
the pGEM-T easy vector (Promega, Madison WI) and transfected into DH5α chemically
competent bacterial cells (Invitrogen). DNA from 20 clones /sample (10 clones/RT reaction)
was purified with QIAprep Spin Miniprep columns (Qiagen) or with the MacConnell Mini-
Prep 24 Machine (MacConnell Research, San Diego, CA) according to the manufacturer’s
directions and submitted to the University of Michigan DNA Sequencing Core for analysis.

Sequence Analysis
Sequence was compared to the human AR sequence (Genbank Accession# NM_000044) using
Sequencher software (version 4.1, Gene Codes, Ann Arbor, MI). Putative mutations were then
checked against the Androgen Receptor Gene Mutations Database (19).
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Mutagenesis of AR expression plasmids
Six mutations (M524T, S741F, M750I, W752C, R753Q, and R761G) were introduced into
pCMV5-hAR using the Quickchange Site Directed Mutagenesis kit (Stratagene) and the primer
pairs below containing each mutation (underlined):

M524T Sense: CCACTTGTGTCAAAAGCGAAACGGGCCCCTGGA

M524T Antisense: TCCAGGGGCCCGTTTCGCTTTTGACACAAGTGG

S741F Sense: GCTGTCATTCAGTACTTCTGGATGGGGCTCATG

S741F Antisense: CATGAGCCCCATCCAGAAGTACTGAATGACAGC

M750I Sense: GCTCATGGTGTTTGCCATTGGCTGGCGATC

M750I Antisense: GATCGCCAGCCAATGGCAAACACCATGAGC

W752C Sense: TGTTTGCCATGGGCTGTCGATCCTTCACCAATG

W752C Antisense: CATTGGTGAAGGATCGACAGCCCATGGCAAACA

R753Q Sense: TGTTTGCCATGGGCTGGCAGTCCTTCACCAATGTCAAC

R753Q Antisense: GTTGACATTGGTGAAGGACTGCCAGCCCATGGCAAACA

R761G Sense: CACCAATGTCAACTCCGGGATGCTCTACTTCGC

R761G Antisense: GCGAAGTAGAGCATCCCGGAGTTGACATTGGTG

The mutant synthesis, DpnI digestion, and transformation were performed as detailed in the
manual. DMSO was added to the mutant strand synthesis reaction to prevent CAG and GGN
repeat contraction. Plasmids were sequenced to verify the presence of the mutation and
retention of the original number of repeats within the polyamino acid tracts.

Transactivation assays
CV-1 cells were cultured in DMEM + 10% fetal bovine serum, 1% Glutamax and 1% penicillin/
streptomycin. PC-3 cells were cultured in RPMI + 10% fetal bovine serum, 1% Glutamax and
1% penicillin/streptomycin. The day before transfection, cells were seeded at 5 × 104 (CV-1)
or 1 × 105 (PC-3) cells/well in a 12-well plate. Four hrs before transfection, media was replaced
with DMEM or RPMI + 2.5% charcoal-stripped NuSerum, 1% Glutamax. Cells were
transfected using Fugene 6 reagent (Roche) at 3 vol Fugene/µg DNA with 4 ng pCMV5-hAR
(wild type or mutant), 400 ng luciferase reporter plasmid and 100 ng promoterless renilla
(Promega) for normalization. 24 hrs post-transfection, cells were rinsed in 1X PBS and fed
with phenol red-free DMEM or RPMI media + 10% charcoal-stripped Nuserum +/− hormone.
Cells were harvested 48 hrs post-transfection. The PSA-luc reporter (33) was a gift from K.
Burnstein.

Western blotting
CV-1 cells were seeded at 4 × 105 cells/ 60 mm dish the day before transfection. Four hrs before
transfection cells were rinsed in 1X PBS and fed with phenol red-free DMEM + 10% charcoal-
stripped NuSerum, 1% Glutamax +/− 1 nM R1881. Cells were transfected with 100 ng receptor
(hAR or mutant) and 1.9 µg empty vector (pCMV5) with Fugene 6 (3 µl/µg DNA). 24 hrs after
transfection cells were rinsed in ice cold 1X PBS and harvested in 100 µl RIPA buffer + protease
inhibitors. Cell lysates were incubated at 4°C for 10 min and then centrifuged at 4°C for 10
min to pellet cell debris. Protein quantification was performed using the Dc Protein Assay (Bio
Rad). 20 µg protein lysate was run on an 8% SDS-polyacrylamide gel and transferred onto a
nitrocellulose membrane. The blot was probed with antibody N20 to the AR NTD (Santa Cruz,
CA) at 1:500 dilution and incubated with HRP-conjugated anti-rabbit IgG at 1:5,000 dilution
for 45 min. Bands were detected with ECL western blotting reagents (Pierce, Rockford, IL).
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3D structure representations
LBD mutations were examined by homology to the X-ray structure of AR complexed to the
FXXLF motif (7) using the SWISS-MODEL automated protein structure homology-modeling
server (55). 3-D structures were viewed in Protein Explorer (56).

Statistics
Significance of differences in disease length between treatments was determined using a
Bonferoni multiple comparison adjustment (p<0.01).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Effects of treatment on the androgen axis in h/mAR-TRAMP mice
A. Immunohistochemical localization of AR in h/mAR-TRAMP prostates 4 weeks after
castration or treatment with the antiandrogens flutamide or bicalutamide. Intact prostate is
shown as a control. Bar indicates 50 µm. B. The effect of 4 weeks castration or anti-androgen
treatment on serum testosterone levels. C. Localization of AR in representative endstage h/
mAR-TRAMP prostate tumors from each treatment group. D. Treatment alters disease length
in h/mAR-TRAMP mice. Average length of disease from detection of a palpable tumor to death
is plotted for each treatment group. Error bars are the standard error of the mean. * significant
difference in length of disease compared to intact by Bonferoni multiple comparison
adjustment p<0.01
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Fig. 2. Treatment Schematic
h/mAR-TRAMP mice were randomly assigned to treatment groups (9–10 mice/group). At 12
weeks of age, mice were either castrated or left intact. Upon tumor detection by palpation,
intact mice either received no treatment or were treated with the antiandrogens bicalutamide
(Bic) at 50 µg/g or flutamide (Flut) at 25 µg/g. Endstage tumors were harvested and RNA and
DNA extracted. AR was amplified in 4 fragments from cDNA (DBD and LBD) or DNA (NTD).
Products were subcloned and 20 clones/ fragment sequenced (10 clones from 2 separate RT
reactions for RNA).
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Fig. 3. Analysis of AR mutations from h/mAR-TRAMP tumors
A. Venn diagram of AR missense mutations recurring in h/mAR-TRAMP tumors grouped by
treatment. Numbers represent the mutations shared by overlapping treatment groups. Analysis
included only mutations occurring more than once within the entire population. This included
all substitutions at the same residue (e.g. R31C and R31H). B. The number of mice per
treatment group with missense substitutions in the same residue (Y-axis) positioned along the
AR protein (amino acids 1–920; X-axis). The position of the activation functions (AF) 1, 2,
and 5 involved in cofactor recruitment are shown above. Arrows indicate Q58L, the most
common mutation. AR domains and repeats are shown below. Q: Polyglutamine tract, NTD:
N-terminal domain, G: Polyglycine tract, DBD: DNA binding domain, H: Hinge region, LBD:
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Ligand binding domain. Primer positions are indicated by arrows. Primer 1F is located in the
5’ UTR, 4R in the 3’ UTR and 2R (not shown) in intron 1. Primer pair 2 amplifies the C-
terminal half of the NTD including the glycine repeat from genomic DNA. Primer pairs 3 and
4 cross exon/intron boundaries and are used to amplify from cDNA. C, D. Schematics of the
amino acid substitutions identified in h/mAR-TRAMP tumors and their relative location within
the AR protein domains. C. Amino acid substitutions occurring in more than one mouse within
the population or in more than one clone in a single tumor. Mutations underlined in blue
occurred in three or more tumors. D. Amino acid substitutions identified in more than one
tumor within a treatment group or in more than one clone in a single tumor. Underlined
mutations occurred in three or more tumors within a treatment group. Δ: A base deletion within
the codon of the specified amino acid causing a frameshift and subsequent premature stop
codon.
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Fig. 4. Functional characterization of mutant ARs from mouse prostate tumors
A. Protein structure model of the AR LBD representating the five residues (left) and the h/
mAR- TRAMP mutations (right) introduced into expression vectors. B. Western blot of 20 µg
of whole cell protein lysates from CV-1 cells transfected with 100 ng expression vector
containing wild type or mutant AR and treated for 24 hours with 1 nM R1881. Arrow -
nonspecific band; β-tubulin was used as a loading control. C. Transactivation of wild type and
mutant receptors (4 ng) transfected into CV-1 cells along with 400 ng of the C’ Δ9 luciferase
reporter and 100 ng of promotorless renilla. Cells were harvested 24 hours after treatment with
the indicated concentration of R1881 and assayed for firefly and renilla luciferase activity. The
average normalized values of at least three trials are represented as the fraction of wild type
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activity at 1 nM R1881. Error bars are the standard error of the mean (SEM). D. Transactivation
of wild type and mutant ARs transfected into PC-3 cells with the PSA-luciferase reporter. Cells
were harvested as in C. after treatment with 10 or 100 nM R1881. Average normalized values
of at least three trials are shown +/− SEM. Values are the fraction of wild type activity at 10
nM R1881. E, F. Transactivation of R753Q in PC-3 cells is promoter-dependent. PC-3 cells
were transfected with wild type AR, R753Q or R761G, and reporters with complex enhancers
(E) or with tandem repeats of single HREs (F). Normalized values are as in C.
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