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The molecular basis for partial androgen insensi-
tivity associated with adult onset spinal/bulbar
muscular atrophy was investigated by transient
transfection of human androgen receptor (AR) ex-
pression vectors containing increasing CAG repeat
lengths in the first exon. An inverse relationship
was observed between CAG repeat length and AR
mRNA and protein levels. Trinucleotide repeat
lengths of 43 and 65 associated with spinal/bulbar
muscular atrophy decreased AR mRNA and protein
levels but did not alter equilibrium binding affinity
for [*HIR1881 or inherent transcriptional activity of
AR, expressed as androgen-dependent fold induc-
tion of a mouse mammary tumor virus promoter-
luciferase reporter vector. The findings indicate
that glutamine expansion up to 66 residues in the
NH,-terminal domain of AR does not alter AR func-
tional activity. Rather, CAG repeat expansion in the
region of the first exon reduces AR mRNA and
protein expression. The study reveals a previously
unrecognized effect of CAG repeat length on AR
mRNA expression and a novel molecular mecha-
nism for androgen resistance. {Molecular Endocri-
nology 10: 1527-1535, 1996)

INTRODUCTION

Neurodegenerative diseases caused by trinucleotide
repeat expansions include adult onset spinal/bulbar
muscular atrophy (SBMA) (1), Huntington’s disease (2),
spinocerebellar ataxia type 1 (3), dentatorubral pal-
lidoluysian atrophy (4), and Machado-Joseph disease
(5). Each is caused by a CAG expansion that codes for
glutamine (GIn) when present in the coding region.
Fragile X syndrome is caused by CGG expansion (6-
8), myotonic dystrophy by CTG expansion (9, 10), and
as recently reported, Friedreich’s ataxia (11) by GAA
expansion (for reviews, Refs. 12-15). Triplet repeat
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expansion and neurodegeneration are shared features
of these diseases, but differences occur in repeat
length and stability, degree of anticipation (16), and
location of the expansion within coding or noncoding
regions. Expansion of the androgen receptor (AR) CAG
repeat in the first exon of the coding region for the
NH,-terminal domain to greater than 40 Gin residues
results in X-linked SBMA or Kennedy’s disease (1).
Clinical features of SBMA include progressive muscle
weakness and atrophy (17-20) associated with loss of
lower motor and primary sensory neurons (21) and
partial androgen insensitivity as evidenced by testic-
ular atrophy, impotence, gynecomastia, oligo- or
azoospermia, and elevated serum gonadotrophin lev-
els (19, 22, 23). Earlier onset, severity of muscle weak-
ness (24-26), and degree of androgen resistance (27)
correlate with longer repeats. A similar correlation be-
tween repeat length and age of onset of disease
symptoms has been reported in dentatorubral pallidol-
uysian atrophy (4, 28), spinocerebellar ataxia type 1
(3), and Huntington’s disease (29). A tendency toward
increased repeats with transmission from parent to
child is observed in families with SBMA (30), being
more pronounced when there is paternal transmission
(27). Instability of triplet repeats associated with hu-
man hereditary disease may result from errors in DNA
mismatch repair through formation of single-stranded
hairpin structures and DNA polymerase slippage dur-
ing replication (31, 32). Repeat length instability noted
during sperm typing reveals that contractions are 9
times more frequent than expansions in the normal
allele, likely contributing to the rare occurrence of
SBMA (33). Polymorphisms of the AR CAG repeat are
stable in the normal population and have become
useful genetic markers in clonality analysis (34—-36) and
forensic science (37).

Several previous reports indicate that expansion of
the Gin repeat in the AR NH,-terminal region results in
a structurally altered protein with reduced transcrip-
tional capacity (38—40). Normal [*°H]R1881 equilibrium
binding affinity and protein expression by immunoblot
support Gin tract inhibition of the transactivation func-
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Fig. 1. Inverse Relationship between AR mRNA Expression
and CAG Repeat Length in Transiently Transfected COS
Cells

Total RNA was extracted as described from COS cells
transfected in duplicate plates at 1 ug/4 X 10° COS cells per
6-cm dish with parent expression vector pPCMV5 (p5) (lanes 1
and 2) or pPCMVhAR containing the indicated CAG repeat
lengths in the region encoding the AR NH,-terminal domain
(lanes 3-11). RNA was denatured using glyoxal and dimeth-
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tion (40). Other reports indicate reduced equilibrium
binding affinity of [*'H]JR1881 in suprapubic skin fibro-
blasts from a normal equilibrium dissociation constant
(Kg) of 0.19 nm to 0.24-11.7 nm in SBMA patients, a
change that correlated with the severity of testicular
atrophy and gynecomastia (41, 42). Our analysis using
AR with an expansion of CAG repeats in the range
associated with SBMA raises the alternative hypothe-
sis of reduced AR mRNA and protein expression.

RESULTS
AR mRNA Expression

Equivalent amounts of the full-length human AR ex-
pression vector DNA with 0, 14, 23, 43, and 65 CAG
repeats in the region of exon 1 that codes for the
NH,-terminal domain were transiently expressed in
monkey kidney COS cells, and RNA was extracted for
Northern blot analysis. As shown in Fig. 1A, AR mRNA
levels were inversely related to CAG repeat length.
CAG repeats of 43 and 65, associated with SBMA,
resulted in lower amounts of AR mRNA than did wild
type AR with 23 repeats or 0 or 14 repeats. A 4- to
5-fold reduction was observed between 0 and 65 CAG
repeats and a 2- to 3-fold reduction between wild
type 23 and 65 CAG repeats. When the data from
several experiments were normalized by rehybridiza-
tion with a glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) probe, there was a linear inverse rela-
tionship between CAG repeat length and levels of AR
mRNA expression (Fig. 1B). Similarly, levels of AR
mRNA expression in CV1 cells used in the transcrip-
tion assays described below were inversely correlated
with CAG repeat length, although absolute levels were
reduced relative to COS cells (Fig. 1C).

ylsulfoxide and fractionated on 1% agarose gels containing
10 mm NaH,PO,, pH 6.8. A, Representative Northern blot of
total RNA (10 pg/lane) extracted from COS cells and probed
with a [*2P]dCTP (Amersham, Arlington Heights, IL; 3000
Ci/mmol), random primed labeled 335-bp human AR PCR
fragment (nucleotides 2559-2894) (44) (specific activity > 107
cpm/ug DNA). Hybridization was carried out overnight at 68
Cin 0.75 m NaCl, 0.075 sodium citrate, pH 7.0, 5 X Denhardts
(89), 0.1% SDS, 100 pg/ml sheared salmon sperm DNA.
Filters were washed at high stringency using 0.015 m NaCl,
1.5 mm sodium citrate, pH 7.0, 0.1% SDS at 50 C for 1 h. After
AR Northern analysis, filters were washed by boiling in 0.5%
SDS for 5 min and rehybridized with a GAPDH probe to
normalize for RNA loading. B, Ratio of densitometric scan-
ning units of Northern blots for AR and GAPDH mRNA
{mean = sg, n = 3) relative to CAG repeat length in COS cells.
Shown are the combined data from three independent ex-
periments. C, Inverse relationship between CAG repeat num-
ber and AR mRNA levels in CV1 cells transfected in duplicate
as described above with 10 ng/10°® cells per 10-cm dish
(mean * sg, n = 2).

220z 1sNBny /| uo Jasn sonsnr Jo uswnedaq ‘S'N Aq $9EE | 22//2S L/Z1/0L/91oILE/pPUSY/WOD dNO"dlWapedE//:SsdRY Wolj papeojumoq




Reduced AR Gene Expression with CAG Repeat Expansion

5 6 7 8 9 10 11 12 13 14 15 16

R o -
—0.2——0.6——0.2—'—0.6—"—0.2—"—0.6—*—0.2—*—0.6— DNA (ug)
(CAG), (CAG) 23 (CAG) 45 (CAG)gs
7
6 F (CAG)g
h2)
g gl
=
L
@ 4|
£
S
‘@
c 3 F
@ CAl
a (CAG) 23
L (CAG)43
(CAG)gs
1 -
o] L | |
DNA (ug)

Fig. 2. Immunoblot Analysis of COS Cell Extracts after
Transfection of AR Expression Vector DNA Containing In-
creasing CAG Repeat Lengths

COS cells were transiently transfected using calcium
phosphate DNA precipitation in duplicate with human AR
expression vector DNA containing increasing CAG repeat
lengths (0.2 or 0.6 ug DNA/5 x 10° cells per 6-cm dish).
Forty-eight hours after transfection, cells were harvested as
described, analyzed on 9% acrylamide gels containing SDS,
and probed with rabbit antipeptide AR IgG AR52 and visual-
ized using fluorescein-tagged goat anti-rabbit IgG. A, A rep-
resentative immunoblot of COS cell extracts transfected with
PCMVhAR containing the indicated number of CAG repeats
using 0.2 or 0.6 ug DNA. Note that AR migration is progres-
sively slower reflecting the increased molecular mass due to
Gin expansion. B, Densitometric analysis of the immunoblot
shown in panel A where the points represent the mean of AR
protein levels expressed at each concentration of transfected
AR DNA.

Immunoblot Analysis of AR Protein

Transfection of increasing amounts of AR expression
vector DNA using 0.2, 0.8 ug (Fig. 2), or 1 ug (not
shown)/5 X 10° COS cells resulted in a dose-depen-
dentincrease in AR protein expression (Fig. 2A). As the
CAG repeat expanded to 43 and 65, AR protein signal
intensity decreased over the DNA concentration range
(Fig. 2) suggesting a direct relationship between re-
duced AR mRNA and protein levels. Using 0.2 and 0.6
#g AR DNA, the 65-CAG repeat was associated with
10- and 4-fold reductions, respectively, in AR protein
signal intensity compared with 0 CAG repeats. At 0.2
1g, AR DNA with 65 CAG repeats resulted in an AR
protein signal intensity that was 6-fold less than wild
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Fig. 3. [**S]Methionine Incorporation into AR Protein after
Transfection with Expression Vector DNA Containing In-
creasing Number of CAG Repeats

COS cells plated at 1.2 x 10° cells per 10-cm dish were
transfected as previously described (43, 90) except using
calcium phosphate with 2 ug parent vector pCMV5 lacking
AR sequence (lane 1) or with AR expression vector DNA
PCMVhAR with increasing CAG repeat length as indicated
(lanes 2-5). Forty-eight hours after transfection, the cells were
labeled with 100 pCi/dish [**S]methionine/cysteine Trans La-
bel (ICN Biomedical, Inc., Irvine, CA; 1000 Ci/mmol) for 1 h at
37 C and harvested as previously described (90). AR52 anti-
peptide AR antibody was used to immunoprecipitate radio-
labeled AR. The arrows delineate the position of mi gration of
AR whose DNA has 0 {feft) and 65 (right) CAG repeats where
AR 23 and 43 CAG have intermediate migration. The single
band observed with deletion of the GIn repeat contrasts the
characteristic double bands of wild type AR with GIn 24 or AR
with Gin 44 and 86, suggesting a disturbance in phosphor-
ylation at residue Ser 94 (91).

pC

type AR with 23 CAG repeats. Using [**S]methionine
incorporation into expressed protein, an inverse rela-
tionship was again observed between the amount of
AR protein synthesized and CAG repeat length (Fig. 3).
Both methods of AR protein detection reflect the de-
creased AR mRNA levels resulting from expansion of
the CAG repeat. AR protein degradation analyzed as
previously described using pulse/chase labeling with
[**S]methionine (43) was not altered relative to wild
type AR by expansion of the CAG repeat (data not
shown).

Androgen Binding

COS cells transfected with increasing CAG repeat-
length AR expression vector DNA using calcium phos-
phate precipitation were analyzed for AR binding af-
finity and capacity for [*H]JR1881 (a radiolabeled
synthetic androgen). Scatchard plot analysis revealed
equivalent equilibrium binding affinity, 0.24 + 0.05 nm
(Ky), for AR encoded by sequence containing 0-65
CAG repeats, but binding capacity was reduced for
AR encoded by sequence containing 43 or 65 CAG
repeats (Fig. 4). The half-time of [*H]R1881 dissocia-
tion, determined at 37 C as previously described (43),
of 3.0 + 0.5 h was not influenced by the 44- or 66-Gin
repeat length (data not shown). The CAG repeat in
human AR immediately precedes a single CAA codon
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Fig. 4. Scatchard Plot Analysis of Equilibrium Binding of [PHIR1881 Binding to AR Expressed from DNA Containing Increasing

Number of CAG Repeats

Binding assays were performed as described in Materials and Methods using increasing concentrations of PHIR1881 between

0.25-8 nMm. Shown are representative data of four experiments.

for Gin (44); hence the number of GIn residues is
CAG,,., ;. Binding capacity was the only parameter of
ligand binding that was altered by expansion of the Gin
repeat and reflected decreased AR mRNA and protein
expression with CAG expansion.

Transcriptional Activity

Androgen-induced transcriptional activity by AR with
increasing CAG repeats was tested by transient co-
transfection in monkey kidney CV1 cells using a lucif-
erase reporter vector containing the androgen-re-
sponsive mouse mammary tumor virus promoter. As
shown in Fig. 5, luciferase activities induced by 0.01
and 0.1 nm dihydrotestosterone were indistinguishable
with ARs of increasing GIn repeat lengths when ex-
pressed as fold induction relative to background ac-
tivity determined in the absence of dihydrotestoster-
one. Reduction in total luciferase activity sometimes
observed with GIn repeat expansion in our studies and
those of others (38, 40) likely results from reduced AR
protein levels. Because the fold induction was similar
to that of wild type AR, the results suggest that in-
creased GIn repeat lengths do not alter the inherent
transcriptional activity of AR.

DISCUSSION

Results presented in this report indicate that CAG
expansion within the AR first exon region coding for
the NH,-terminal transcriptional activation domain
correlates with decreased AR mRNA and protein lev-

els but not with loss of inherent AR functional activity.
These observations may account for the symptoms of
androgen resistance observed in SBMA. They may
also explain recent observations correlating prostate
cancer severity with CAG repeat length. Short AR CAG
repeats correlate with high-grade prostate cancer, and
the development of metastatic disease (45) is ob-
served with higher frequency in populations suscepti-
ble to prostate cancer (48, 47) and have been reported
as somatic deletions (48). As prostate cancer is initially
androgen dependent, it is possible that higher AR
expression enhances tumor progression.

The AR NH,-terminal domain is essential for andro-
gen-mediated transcriptional activation (49, 50). How-
ever, transcriptional activity does not require the Gin
repeat that begins at residue 58 or the 24 glycine
repeat beginning at residue 449. A Gin repeat poly-
morphism of 11-31 residues (37) occurs in the normal
population and reflects a degree of sequence toler-
ance within the NH,-terminal domain that could not be
tolerated in the DNA- or ligand-binding domains. Re-
markably, natural mutations that cause androgen in-
sensitivity rarely occur in the NH,-terminal region (51)
even though there is less sequence conservation in
this region among ARs from different species (52, 53).
The glycine repeat is absent in rat AR, and the position
of a 22-GIn repeat begins at residue 174 in rat AR
rather than 58 in human AR, indicating position inde-
pendence within the NH,-terminal domain. In some
nonhuman primates, the Gin repeat is reduced to four
residues (54). Expansion to 66 Gin, as observed in
some cases of SBMA, does not interfere with the
androgen-induced NH,-/carboxyl-terminal interaction
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Fig. 5. Influence of CAG Repeat Length on AR Transcriptional Activity

CV1 cells were transiently transfected with 10, 50, and 100 ng pCMVhAR expression vector DNA containing increasing
numbers of CAG repeats. Transient cotransfections were performed in duplicate as described using calcium phosphate
precipitation with the mouse mammary tumor virus-luciferase reporter vector. Cells were incubated with 0.01 and 0.1 nm
dihydrotestosterone (DHT) for 30 h and harvested in lysis buffer as described. Shown is the fold induction, which represents the
ratio of luciferase activity induced in DHT- treated cells to that of untreated cells transfected with respective vectors. The bars

represent the mean of five experiments * se.

required during AR dimerization and transcriptional
activation (55). Nor, as shown here, does GIn expan-
sion or deletion influence equilibrium androgen-bind-
ing affinity, kinetics of androgen binding, or transcrip-
tional activation.

Disruption of AR functional activity results in the
syndrome of androgen insensitivity which, in its com-
plete form, is characterized by a female external phe-
notype at birth and loss of normal male sexual devel-
opment in 46XY genetic males (51). Partial androgen
insensitivity is characterized by incomplete masculin-
ization and results from gene mutations that cause
less severe disruption of AR function. AR missense
mutations usually interfere with androgen or DNA
binding (43, 51, 56). SBMA patients undergo normal
prenatal and pubertal development and are fertile, in-
dicating the presence of a functional AR. As adults,
usually after the age of 30 yr (57) and in proportion to
CAG repeat length, features of partial androgen resis-
tance develop, including gynecomastia and elevated
serum gonadotropin levels (9, 27). Gynecomastia in
the adult male is a sensitive indicator of disturbed
androgen-estrogen ratios or of impaired androgen ac-
tion mediated by AR (58). The concentration of AR
begins to decrease in the normal male between the
ages of 20-30 yr, as shown strikingly in human fore-
skin fibroblasts (59). Our findings suggest that adult-
onset androgen insensitivity observed in SBMA results

from reduced AR mRNA and protein production com-
pounded by normal AR attrition and the normal age-
dependent decline in androgen levels (60, 61). During
embryonic development and puberty, higher AR ex-
pression and androgen production may compensate
for the inhibitory effects of the first exon-expanded
CAG repeat on AR mRNA expression, allowing normal
male sexual development to occur.

Previous results using tissue from affected individuals
support the hypothesis that reduced AR mRNA and pro-
tein expression is the molecular basis for androgen in-
sensitivity in SBMA patients. Equilibrium androgen bind-
ing affinity was unchanged, but B, ., was reduced in
SBMA patients with gynecomastia (62). Absence of AR
immunostaining in scrotal skin from affected subjects
(63) contrasted with strong immunostaining in age-
matched controls, an indication of reduced AR protein
expression in affected subjects. RT-PCR analysis of spi-
nal cord showed 4- to 7-fold reduced AR mRNA levels
compared with normal controls and undetectable AR
protein by immunoblot analysis (64). Reduced androgen
binding capacity with normal affinity was reported in
SBMA cultured genital skin fibroblasts (65). Several
clones of a stable neuronal cell line prepared with a
65-CAG repeat expansion had reduced AR protein levels
compared with wild type controls (66).

Subjects with complete androgen insensitivity have
normal muscle strength, indicating that reduced AR
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expression cannot account for the progressive muscle
weakness of SBMA. Localization of [°H]dihydrotestos-
terone by autoradiography in motor neurons of the
cranial nerves and spinal cord in normal male rats (67)
reveals AR expression in the same motor neurons that
are affected in SBMA (21, 23). A role for the Gin repeat
expansion in this disease cannot, therefore, be ex-
cluded. Gin repeats form polar zipper B-sheets asso-
ciated through hydrogen bonds that assist in protein-
protein interactions (68). Inappropriate protein-protein
interactions may contribute to motor neuron loss and
muscle wasting through a gain in function related to
specific neuron groups as proposed for the huntingtin-
associated protein in Huntington’s disease (69) and
GAPDH in Huntington’s disease and dentatorubral-
pallidoluysian atrophy (70, 71).

Decreased expression of affected alleles in triplet-
repeat expansion diseases may result from a common
mechanism that involves transcriptional interference.
Expanded CGG repeats in fragile X reduce FMR-1
mRNA levels (72), and the expanded CTG repeat in
myotonic dystrophy reduces mRNA and protein levels
of myotonin-protein kinase (73). The CTG triplet repeat
in the mouse growth-inhibitory factor/metallothionein
Il gene promoter represses transcriptional activity in a
direction- and position-independent manner (74). In
the cyt-5 gene of Neurospora crassa, a poly Gin region
results in low mRNA transcript levels (75). One possi-
ble mechanism for transcriptional interference by
trinucleotide repeat expansion is preferential nucleo-
some assembly. In myotonic dystrophy and Hunting-
ton’s disease, electron microscopy revealed increased
nucleosome formation at the expanded CTG (CAG)
triplet repeat that could interfere with transcription
complex progression (76). Although CTG repeat ex-
pansion failed to enhance nucleosome formation,
preferential nucieosome assembly in the repeat region
was thought to contribute to repeat expansion (77).
The repeat length associated with most triplet-repeat
disease phenotypes correlates with the length of DNA
required for nucleosome formation (146 bp). Pertinent
to the present study, transient expression vectors form
nucleosome structures as mammalian cells rapidly
assemble nonintegrated circular plasmids into min-
ichromosomes (78-80). Other mechanisms for tran-
scriptional interference by expanded triplet-repeat se-
quences include hypermethylation of CGG triplet
repeats causing reduced expression of the fragile X
mental retardation gene (72), RNA polymerase paus-
ing proportional to repeat length (16, 81), the formation
of hairpin structures by triplet repeats (16, 82), and
intermolecular DNA triplex formation (83).

MATERIALS AND METHODS

Construction of AR Expression Vectors

Blood samples from two patients with SBMA were provided
by Kenneth H. Fischbeck (University of Pennsylvania, Phila-
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delphia, PA). Genomic DNA was amplified using Tag poly-
merase and primers flanking the NH,-terminal region con-
taining the CAG repeat. Amplified DNA was cloned into the
wild type AR expression vector, pPCMVhAR, described previ-
ously (49). CAG repeat length of 14 was obtained during
cloning of the 43-CAG repeat by deletion in Escherichia coli
during plasmid amplification. Deletion of the CAG repeat from
wild type AR was constructed using a single mutagenic
primer as previously described (84). All PCR-amplified re-
gions were verified by sequencing using the dideoxy method
and Sequenase (USB, Cleveland, Ohio).

Cell Culture and Transfection

Transient transfection assays were optimized for linear ex-
pression relative to transfected DNA concentration for mon-
key kidney COS-1 and CV1 cells. Cells were maintained and
transfected in DMEM supplemented with 10% bovine calf
serum, 20 mm HEPES, pH 7.2, and antibiotics in humidified
5% CO, as described previously (85) with some modifica-
tions. For Northern and immunobiot analysis, COS cells
plated at 4-5 X 10%/6-cm dish were transfected using cal-
cium phosphate with 0.1-1 ug DNA/plate as indicated. For
AR mRNA analysis in CV1 cells, cells were plated at a density
of 1 X 108/10-cm dish and transfected with 10 ug DNA/plate
using calcium phosphate precipitation. A 10-min precipita-
tion reaction was followed by media addition for the forma-
tion of uniformly small DNA precipitates. Forty-eight hours
after transfection, RNA was isolated by the acid guanidinium
thiocyanate phenol method (86) using TRIzol reagent (GIBCO
BRL, Gaithersburg, MD). Northern blot analysis was per-
formed as described previously (87) and, after analysis for AR
mRNA, the filters were stripped and rehybridized with an 183
ribosomal RNA cDNA probe pTZRNA18S (Ambion, Inc., Aus-
tin, TX) to standardize for RNA loading. For immunoblots,
transfected COS cells were harvested in 100 ul SDS sample
buffer and analyzed on 9% acrylamide gels containing SDS
as described previously (85). AR bands were quantitated by
lazer densitometry absorbance scanning using an LKB Ultra-
scanner (LKB Instruments, Rockville, MD) and analyzed using
Gelscan XL version 2.1 (Pharmacia, Piscataway, NJ).
[®H]R1881 binding studies were performed in COS cells after
transfection of 1 ug DNA/2 x 10° cells per well of 12-well
tissue culture plates. Cells were transfected using calcium
phosphate and, 48 h after transfection, were incubated with
increasing concentrations of [°H]R1881 from 0.25-8 num in the
presence and absence of 100-fold excess unlabeled R1881
as described previously (88). Androgen-dependent transcrip-
tion assays were performed using calcium phosphate by
plating 3 x 10° CV1 cells/6-cm dish and were transfected
with the indicated concentrations of AR expression vector
DNA and 5 ug luciferase reporter vector as previously de-
scribed (85).
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