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SUMMARY
Androgen, acting via the androgen receptor (AR), is central to male development, differentiation and
hormone-dependent diseases such as prostate cancer. AR is actively involved in the initiation of
prostate cancer, the transition to androgen independence, and many mechanisms of resistance to
therapy. To examine genetic variation of AR in cancer, we created mice by germ-line gene targeting
in which human AR sequence replaces that of the mouse. Since shorter length of a polymorphic N-
terminal glutamine (Q) tract has been linked to prostate cancer risk, we introduced alleles with 12,
21 or 48 Qs to test this association. The three “humanized” AR mouse strains (h/mAR) are normal
physiologically, as well as by cellular and molecular criteria, although slight differences are detected
in AR target gene expression, correlating inversely with Q tract length. However, distinct allele-
dependent differences in tumorigenesis are evident when these mice are crossed to a transgenic
prostate cancer model. Remarkably, Q tract variation also differentially impacts disease progression
following androgen depletion. This finding emphasizes the importance of AR function in androgen-
independent as well as –dependent disease. These mice provide a novel genetic paradigm in which
to dissect opposing functions of AR in tumor suppression vs. oncogenesis.
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BACKGROUND
Androgen Receptor and Prostate Cancer

Androgen, acting via its receptor (androgen receptor, AR), is a critical component in
development, differentiation and disease of the prostate. Although many genetic and
environmental factors impact the etiology of prostate cancer, all tumors initially depend on
androgen for growth [1]. Risk due to androgen exposure is cumulative with age and is a product
of both the level of the hormone and the efficacy of the receptor. Therefore genetic variation
in AR structure, or epigenetic variation in AR levels, may impact initiation of disease [2].
Because of the tumor dependence on androgen, a first line of defense in metastatic disease is
ablation of this steroid signaling pathway, by compounds that block androgen synthesis and
antagonize AR action. This hormone therapy initially succeeds, but ultimately cancer recurs
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in a hormone-resistant state refractory to further treatment. Despite resistance, AR levels often
remain high and the AR signaling pathway appears to be intact [3]. This suggests that while
the disease may become androgen independent, it is not AR independent. A term recently
coined to emphasize this critical distinction is “androgen-depletion independent” [4].

Several mechanisms underlie the development of hormone refractory prostate cancer, and they
highlight the integral role of AR in disease progression as well as in initiation, and underscore
gaps in our understanding of AR function. One class of mechanisms are genetic alterations in
Ar, including somatic mutation and gene amplification [5,6]. Mutant ARs are found that are
promiscuous in ligand binding (e.g., T877A), hypersensitive to low androgen levels, or altered
in cofactor interactions. An example of the latter (E231G) is sufficient to induce cancer when
expressed as a transgene in mouse prostate, confirming that AR can function as an oncogene
[7]. While these mutant ARs may offer some selective advantage against therapy, and have
provided insights into AR structure and function, for the most part they occur infrequently or
in a subset of tumor cells. A second class of mechanisms is more common, in which AR
signaling is retained without changes in the AR gene. These involve AR activation in a ligand-
independent manner by cross-talk with kinase pathways [8], or by altered levels, or
modification, of coactivators or corepressors [9]. Either altered cofactor levels or increased
expression of AR can augment AR activity at low hormone concentrations, such as existing
after androgen ablation or deriving from intraprostatic conversion of adrenal testosterone
precursors [10]. Finally, some modes of hormone resistance bypass AR altogether, relying on
alternative growth and survival pathways, such as conferred by bcl-2 [11]. In these cases, Ar
may be silenced by epigenetic mechanisms, notably promoter hypermethylation [12]. This
multiplicity of mechanisms reflects the complex nature of AR regulation, in which a precise
balance is maintained between the opposing functions of differentiation and proliferation, or
tumor suppression and oncogenesis [13].

AR and the Glutamine Tract
As a member of the superfamily of ligand-activated nuclear receptor transcription factors, AR
function relies on a highly conserved central DNA binding domain (DBD), a moderately
conserved C-terminal ligand binding domain (LBD), and an N-terminal transactivation domain
(NTD) that bears little similarity amongst receptors and is unusually large in the case of AR
[14]. Because Ar is on the X chromosome, mutations in males are phenotypically evident and
have allowed extensive receptor structure/function correlations to be drawn from cases of
androgen insensitivity [15]. In a simplified view, the LBD initiates hormone response upon
ligand binding, the DBD positions AR on target gene promoters, and the NTD recruits a
diversity of factors that coordinate transcriptional activity. Interaction between amino and
carboxyl (N/C) termini occurs in several receptors but is exceptionally important for AR, both
for ligand binding and for optimal transactivation, via differential effects of coactivators,
chaperones, ubiquitin ligases and kinases [16,17]. Previously we demonstrated a role of the
NTD in transcriptional specificity of promoter activation for both the mouse sex-limited protein
(Slp) gene and for Ar itself, via selective interactions with other transcription factors [18].

Polymorphisms of Ar that influence its function could modify susceptibility to androgen-
dependent diseases such as prostate cancer. This has fueled interest in two polyamino acid
tracts in the NTD comprised of varying numbers of glutamine (Q) or glycine (G) residues
[19]. Glutamine rich regions have functional importance in several transcription factors, such
as Sp1 and glucocorticoid receptor [20]. The AR glutamine tract, encoded by a CAG repeat,
varies in the normal human population between 9 and 37 residues, while the G tract (GGN
repeats) varies from 8 to18 residues [21]. The Q tract has received most scrutiny because
expansion of the CAG repeat beyond 40 codons is associated with the late onset
neurodegenerative disease, spinal and bulbar muscular atrophy (SBMA, Kennedy disease)
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[22]. Expanded Q tracts result in decreases in both mRNA and protein levels [23], and there
is an inverse relationship between Q tract length and AR transactivation in transfection [24,
25]. The greater transcriptional efficacy of shorter Q tract length is likely to encompass several
activities, including increased N/C interaction and differential association with p160
coactivators or SWI/SNF chromatin remodeling components [25,26]. One AR coactivator, the
Ras-related protein RAN/ARA24, may interact directly with the Q tract, and both this
interaction and AR activation diminish with increasing Q tract length [27].

Expansion of the Q tract in man results in SBMA, but whether variation within the normal
range influences androgen-dependent disease is an unresolved question [21]. Significant effort
has focused on detecting an effect in prostate cancer, particularly because shorter tracts occur
in the higher risk African-American population [2]. While several studies link shorter Q tract
length with increased risk, earlier age of onset, or greater aggressivity of disease (e.g., [2,28]),
other studies have found no association with prostate cancer (e.g. [29,30]). These conflicting
results may be due to genetic heterogeneity within the human population, small patient sample
sizes, or complicating effects of gene-gene or gene-environment interactions. An experimental
model of oncogenesis and progression is necessary to test the role of Q tract variation in
mechanistic detail, both in cancer and in other androgen-dependent syndromes.

Modeling Prostate Cancer in Mice
Mouse models of human cancer are proving highly informative, especially in providing
biological samples not readily available from patients. Mice do not normally get prostate cancer
but transgenic paradigms recapitulate essential features of the disease course. One of the earliest
and most informative models, developed by Dr. Norman Greenberg, is TRAMP (Transgenic
Adenocarcinoma of the Mouse Prostate), in which oncogenic SV40 T-antigen is targeted to
prostate epithelium by the probasin enhancer and promoter [31]. TRAMP males develop
intraepithelial neoplasia and well-differentiated cancer histologically similar to human prostate
cancer [32]. These tumors metastasize to distant sites, display similar changes in growth factor
axes and progress to androgen independence [33]. Tumors in mice as young as 10 weeks can
be detected by magnetic resonance imaging (MRI), are palpable somewhat later, and can be
delayed by castration, although not ultimately prevented [34]. These observations support the
value of these mice for studying early events in prostate cancer, for evaluating strategies for
prevention, and for targeting new treatments to distinct cancer stages. While T-antigen may be
a more potent initiator than in human prostate cancer, subsequent oncogenic steps similarly
abrogate Rb and p53 function. More recent models that inactivate the tumor suppressor
PTEN may bear greater similarity in some respects to the human disease, recapitulating
biological and molecular changes during tumor progression in a gene-dose dependent manner
[35].

Regardless of what the “first hit” is, these models all show varying degrees of heterogeneity,
as in man, at the level of initiation of disease, despite the genetic homogeneity of mice,
demonstrating the stochastic nature of subsequent tumorigenic events. These events are subject
to strain background, indicating genetic effects at all stages of cancer, and also may be
epigenetic, reflecting alterations in cell functions, perhaps exacerbated by inflammation,
nutrition or hormonal parameters [36]. With our experience in both androgen action and mouse
genetics [18], we initiated studies on AR function in prostate cancer by first “humanizing”
mice to carry hAr rather than mAr alleles [37]. These studies, as described below, confirm that
Q tract differences affect initiation and progression of prostate cancer. Perhaps more
remarkably, these Q tract differences in mice also impact progression following androgen
depletion, confirming the importance of AR in androgen-independent disease and suggesting
that AR function may predispose differential response to treatment.
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Q TRACT LENGTH EFFECTS IN HUMANIZED ANDROGEN RECEPTOR MICE
The significance of the NTD, and specifically the Q tract, in prostate cancer is supported
indirectly by comparison of ARs between species. Rodents rarely develop prostate cancer
naturally, whereas dogs share with man susceptibility to age- and hormone-dependent prostatic
disease. Mouse and human ARs are identical in the DBD and LBD, but differ 15% in protein
sequence of the NTD, likely underlying the weaker activity of mAR in vitro [38]. Further, the
mouse Q tract is displaced about 100 amino acids and is disrupted by histidines, and there is
only a short G tract. Dogs, in contrast, have polymorphic AR Q tracts in both the human and
rodent positions. While dogs are a useful physiological model, they lack the advantages of the
mouse with respect to facile molecular genetics, small size and short lifespan. Therefore to
address mechanisms by which Q tract length may affect prostate cancer risk, and whether other
sequence differences in human vs. mouse AR play a role in disease susceptibility, we chose to
replace the mouse AR with that of man. These humanized mice also provide enhanced
relevance for preclinical testing of novel treatments targeting the human AR.

In order to exchange the human for the mouse AR, and to introduce Q tract length variations,
we swapped the entire human and murine NTDs by homologous recombination in embryonic
stem (ES) cells. The targeting vector was created from mouse chromosomal DNA containing
the AR first exon, which encompasses nearly all of the NTD, plus several kb of upstream
flanking information and a contiguous portion of intron 1 downstream, into which a neomycin
gene was inserted as a selectable marker. Human AR cDNA sequence encoding amino acids
35 to 466 (including both Q and G tracts) was substituted for the equivalent region of mouse
DNA (Fig. 1). Three versions of this vector were created, with Q tracts of 12, 21 or 48 CAG
codons. We chose extremes of the normal range in the population, where the median tract
length is 21Qs, to optimize the ability to obtain informative differences. Although 48Q in man
may cause SBMA, transgenic ARs with as many as 65Qs produce no phenotype in mice, where
gene defects often must be more severe to model a human syndrome [39]. These three vectors
were introduced into mouse ES cells, and correctly recombined clones were identified.
Following a second transfection with a vector expressing cre-recombinase to remove the
selectable marker, ES clones were introduced into mouse blastocysts, and chimeric progeny
used to establish three lines of humanized AR mice with Ar alleles containing short (12Q),
median (21Q) and long (48Q) glutamine tracts. Transcription, processing and translation of
this locus leads to an AR with only eight amino acids of mouse rather than human sequence.
The humanized mice and their engineered gene are called h/mAR to reflect the chimeric origin.

The humanized mice were compared to wild type for physiological effects due to human AR
or the Q tract variations [37]. Both sexes of mice appear normal in behavior, growth and body
weight. All three strains are fertile, with similar frequency of litters and numbers of pups, and
no differences in lifespan. The androgen axis is within the normal range of variation in serum
testosterone, LH and FSH levels, and the testis histology and subcellular localization of AR in
all three genotypes is normal. As a direct indication of androgen action, seminal vesicle (SV)
weight was determined with age. At 6 months, the 48Q-h/mAR mice lag slightly in SV weight;
at two years, SV weight in the 12Q-h/mAR mice is significantly greater. This result confirms
biologically that AR activity correlates inversely with Q tract length, and suggests these effects
sum over time to detectable phenotypes.

AR with 48Qs can lead to SBMA in man, but there is no evidence of neuromuscular deficiency
increasing with age in 48Q-h/mAR mice, as assessed by tests of grip strength. In contrast, mice
with 113Qs created with a derivative of our targeting vector show a profound Kennedy disease
phenotype [40]. Although fertility is normal in these mice, analysis of testes at the molecular
level reveals some variations. For example, Hsd17b3, a marker of mature Leydig cell function,
has somewhat lower mRNA levels in h/mAR mice with 48Qs than in those with 12 or 21Qs,
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but levels are still within a normal range and are much higher than in androgen-insensitive
tfm mice. More interestingly, although there is no significant difference in AR mRNA or
soluble protein levels between genotypes, there is evidence that the 48Q-h/mAR protein has a
tendency to aggregate, as substantial amounts are found in the pellet fraction of whole cell
lysates. Nevertheless, the 48Q-h/mAR still has sufficient potency for male health and fertility,
suggesting any altered activity may be compensated by feedback mechanisms within the
organism.

Prostates of h/mAR mice appear normal in all lobes and AR epithelial localization is similar
for all alleles [37]. Low levels of hyperplasia and prostatic intraepithelial neoplasia (PIN)
increase with age, but not in a manner that appears to differ between these AR genotypes. To
examine transcriptional regulation, prostate expression of several AR target genes was
quantified by real-time RT-PCR in 6 months old mice (Fig. 2). AR mRNA levels show some
slight inverse correlation with Q tract length, but the trend is not statistically significant.
Nkx3.1, a prostate-specific homeobox gene directly regulated by AR [41], shows significantly
lower levels in 48Q-h/mAR mice, suggesting in accord with in vitro data that a longer Q tract
decreases AR activation. Androgen-regulated probasin [42] expresses at highest levels in mice
with the 12Q-h/mAR allele. Clusterin mRNA is repressed by AR [43] and is significantly
higher in 48Q-h/mAR mice. Overall, the h/mAR alleles do not produce large differences in
target gene expression, but trends are consistent with greater transactivational strength of the
12Q allele (e.g., for probasin and Nkx3.1) and weaker activity of the 48Q allele (both in reduced
activation of Nkx3.1 and reduced repression of clusterin). This supports the hypothesis that Q
tract length impacts prostate cancer by differential transcription of critical androgen-dependent
genes. In TRAMP the probasin-driven T-antigen transgene is an obvious oncogenic target.
AR-driven events are also causal in man although as yet unidentified; candidates may emerge
from the recent discovery within prostate tumors of chromosomal translocations to AR-
responsive promoters [44].

Q TRACT LENGTH EFFECTS IN h/mAR PROSTATE CANCER
Since prostate cancer does not occur spontaneously in mice even with h/mAR alleles, we
crossed these lines with TRAMP mice to investigate the effect of Q tract length in oncogenesis.
Tumor development was followed by abdominal palpation of the progeny, and in some cases
by MRI, until mice were moribund to allow comparison of the full course of disease and
collection of survival data. In TRAMP mice, the T-antigen oncogene begins to express at
puberty in prostatic epithelium due to androgen induction of the probasin promoter. Despite
this relatively synchronous oncogene activation, additional stochastic events are required for
tumorigenesis, accounting for heterogeneity in time of disease onset [32]. Most TRAMP
studies have been done in a C57BL/6 x FVB cross. For our studies, we used the C57BL/6
background, for its purported greater androgen sensitivity. In this relatively homogeneous
genetic background, cancer onset is clearly influenced by AR’s Q tract length. We initially
compared disease status in mice at 29 weeks of age (Fig. 3, left panel). At this time point, about
half of the 21Q-h/mAR mice (and their mAR littermates, not shown) have a palpable tumor or
have already died from prostate cancer. In contrast, 85% of the 12Q-h/mAR mice evidence
disease, whereas less than a third of the 48Q-h/mAR mice do. In the 12Q group, few mice have
died by 29 weeks, even though most have a palpable tumor, suggesting progression of disease
as well as initiation differs from the median 21Q allele. The lower death rate at 29 weeks is
also found in the 48Q-h/mAR mice. From this comparison we infer that mAR and 21Q-h/mAR
lead to similar prostate cancer onset and progression, whereas the short Q tract has an earlier
initiating but more slowly progressing disease course and the long Q tract is protective, having
both later onset and slower disease course. This hints that variation in Q tract length affects
functional capacities of AR that drive androgen-dependent prostate cancer.
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Intact h/mAR-TRAMP mice thus corroborate some Q tract effects predicted by
epidemiological studies. Given differences in genetic complexity as well as prostatic disease
between mouse and man, it may be that the h/mAR alleles, rather than precisely modeling Q
tract effects as in man, more effectively represent androgen axes that differ subtly in overall
strength. In the homogeneous genetic background of the mouse, it is possible to demonstrate
physiologically that the 48Q-h/mAR mice are at the low-end of the normal range for some
androgen-dependent traits, and similarly, that the 12Q-h/mAR mice are at the high-end. Unlike
the intriguing physiological variations of the h/mAR mice that rarely reach statistical
significance, dramatic differences are exerted dependent upon the Q tract length in early
prostate tumor growth in the context of the TRAMP oncogene. Apparently when the normal
homeostatic balance is perturbed by the stress of cancer, subtle variations are amplified and
distinct patterns of disease progression are produced. These subtle allelic differences in AR
efficacy are highlighted against the genetic homogeneity of inbred mice relative to man.

Demonstrating that the AR Q tract length affects androgen-dependent tumorigenesis led us to
question whether Q tract length might also affect androgen-independent disease, since AR is
apparently still active even following androgen depletion. To address this, h/mAR-TRAMP
males were castrated at 12 weeks of age, when PIN is prevalent but disease is not yet overt.
Mice were followed for tumor development by abdominal palpation, and as an initial
assessment, their status compared at 29 weeks of age as for the intact cohort (Fig. 3, right
panel). Remarkably, genotype-dependent differences occur, in directions opposite to those
found in intact mice. This is most notable for the 12Q-h/mAR allele. Not only do tumors
develop much later in 12Q mice, but the time from detection by palpation until death (length
of disease), which is very brief in castrated TRAMP mice generally, is significantly prolonged.
This pronounced Q tract effect on hormone-independent prostate cancer, as well as hormone-
dependent disease, was unexpected and is currently being pursued in our lab. It will be
important to elucidate the mechanism(s) by which Q tract length affect AR function in the
absence of ligand. This observation also may have implications for Q tract effects that may
impact differential response to clinical treatment.

Studying Mechanisms of Androgen Resistance in Humanized AR Mice
The h/mAR mice present the ability to assess in a preclinical situation how different therapies
influence the course of disease. One aspect to track is the type of AR mutations that occur
during tumor progression. In a previous study, the location of mutations found in mouse AR
in the TRAMP model were dependent on the hormonal status of the tumor [45]. That is, in
intact mice mutations more frequently occurred in the LBD, while in castrated mice mutations
were found more commonly in the NTD. These mutations often lead to greater AR activity
under particular conditions (gain-of-function), and potentially highlight sites of interaction
with critical cofactors that might themselves serve as novel therapeutic targets to complement
androgen ablation. To identify directly relevant sites in human rather than mouse AR,
especially in the divergent NTDs, we are comparing mutations in tumors of h/mAR-TRAMP
mice following different treatment regimens.

Initially, we compared tumorigenesis in mice castrated at 12 weeks of age to mice treated from
12 weeks with the antiandrogen bicalutamide (compounded into chow for a daily dose of 25
mg/kg). Since mice, unlike man, lack adrenal androgen synthesis, castration provides more
complete androgen ablation and lowers serum testosterone to essentially undetectable levels.
Although treatment of intact mice with bicalutamide at the early time point of 12 weeks
provides no ultimate survival benefit as all TRAMP mice succumb to cancer, comparison of
mice at 29 weeks of age provides insight into differences in disease progression (Fig. 4). For
the 21Q h/mAR allele, fewer mice have a palpable tumor by 29 weeks of age following
castration than after bicalutamide or no treatment. However, the differences are small, perhaps
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largely due to small numbers in the pilot study. More intriguing is that among those with tumors,
most of those in the castrated group are already dead, whereas most in the bicalutamide-treated
group are alive. This may reflect the very rapid course of disease, once tumorigenesis begins,
in the absence of androgen, compared to slower disease progression in the presence of
antagonist. Previous studies in TRAMP mice have suggested that castration synchronizes the
growth of pre-existing androgen-independent lesions and may delay primary tumor growth,
but fails to eliminate metastatic disease [46]. The striking variation in disease course with level
of hormone or presence of antagonist suggests that AR differentially affects disease dependent
on both quantitative and qualitative differences of the ligand-occupied LBD. Mechanisms
underlying these differences may be discerned by characterizing AR levels, subcellular
localization and alternative signaling pathways in these tumors, as well as by identifying AR
mutations arising under different selective conditions. The Q tract variant mice provide an
added experimental dimension in which AR efficacy can be intrinsically modulated to test
response against extrinsic agents. Ultimately this may provide better understanding of
androgen resistance in prostate cancer and allow design of more effective treatments.

CONCLUSIONS
We have created mice bearing human rather than mouse AR genes, with an allelic series varying
in Q tract length. This provides an in vivo model to test the role of the Q tract in androgen-
influenced traits and in the etiology of disease. These mice demonstrate that slight differences
in AR function within the normal range of phenotypic variation can profoundly affect prostate
cancer biology. Q tract length associations in human epidemiological studies may reflect small
differences in AR target gene expression that are cumulative over time. These differences may
be more readily apparent in the homogeneous genetic background of the mouse than in man.
Furthermore, differences are also apparent in tumor progression in the absence of androgen,
suggesting that Q tract length impacts androgen-independent as well as –dependent disease.
These mice provide a novel genetic paradigm to dissect how AR function is involved in all
stages of prostate cancer progression and how this function may be critical in response to
treatment.
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Figure 1. Structure of the humanized AR gene
The vector for gene targeting in mouse embryonic stem cells encompassed all of mAR exon 1
with surrounding 5′ flank and downstream intron 1 sequences. Into the construct, human AR
cDNA (hatched region) encoding amino acids 35 to 466 (dependent on length of polyamino
acid tracts) was substituted for the corresponding mouse sequence. The human AR sequence
differs about 15% in this N-terminal region, including an extensive glycine tract (G) and a
variable glutamine tract (12, 21 or 48 Qs were inserted) that is also farther 5′-ward than the
mouse Q tract. The DBD and LBD are nearly identical between man and mouse in protein
sequence. Approximate intron locations are marked by bars below the receptor map. The
recombination essentially reconstructs the human AR under control of mouse regulatory
sequences.
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Figure 2. Prostate gene expression is sensitive to AR Q-tract length
Prostate mRNAs from 3–8 mice at 6 months of age per genotype were quantified by real-time
RT-PCR. Results are relative to levels in wild type mAR mice. Nkx3.1 and probasin are up-
regulated by AR, clusterin is repressed. Modified from data in Albertelli et al. [37].
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Figure 3. Q tract length in h/mARxTRAMP mice affects prostate tumorigenesis
Mice were abdominally palpated weekly to track tumor development. The status of each
genotype at 29 weeks of age is shown for intact mice (A) and mice castrated at 12 weeks of
age (B). Mice that died prior to 29 weeks of age are represented by the black portion of the
bar, those with a palpable tumor are represented by hatching, and those with no palpable tumor
are in white. Modified in part from data in Albertelli et al. [37] and unpublished studies.
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Figure 4. h/mAR mice respond differentially to treatment
Mice were abdominally palpated weekly to track tumor development. The status of each
treatment group at 29 weeks of age is shown for intact mice, mice castrated at 12 weeks of age,
or mice fed the AR antagonist bicalutamide in chow from the age of 12 weeks. Mice that died
prior to 29 weeks are represented by the black portion of the bar, those with a palpable tumor
are represented by hatching, and those with no palpable tumor are in white.
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