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one, AlS patients show various phenotypic abnormalities of
male sexual development. AIS is subdivided into three phe-
notypes: complete androgen insensitivity syndrome (CAIS),
partial androgen insensitivity syndrome (PAIS), and mild
androgen insensitivity syndrome. AR mutations that se-
verely impair the function of the AR cause CAIS. The main
phenotypic characteristics of individuals with CAIS are fe-
male external genitalia with a short, blind-ending vagina,
absent Miillerian duct, and absence of pubic and axillary
hair. The gender identity is that of a normal female, but testes
are commonly located in either the abdomen or the inguinal
area and the uterus is absent. Laboratory findings show the
46, XY karyotype, normal or increased synthesis of testos-
terone by the testes, and a normal or increased level of LH.
PAIS patients also show female-like external genitalia, except
for clitoromegaly and/or posterior labial fusion (3, 9). Al-
though mutations responsible for AIS are spread throughout
the AR gene, there are hot spots, especially at exon 5, which
encodes part of the LBD (Androgen Receptor Gene Mutation
Database: www.mcgill.ca/androgendb).

We previously reported two unrelated AIS patients (one
CAIS and one PAIS) carrying amino acid substitutions in the
first zinc finger motif of the AR-DBD (11). In the CAIS patient
(subject 1), cysteine residue 579, which coordinates a zinc ion,
was substituted with phenylalanine, and the mutant AR
showed almost no ligand-induced transcriptional activation.
On the other hand, the AR-F582Y mutant found in the PAIS
patient (subject 2) showed much less transactivation than the
wild-type AR. Here, to visualize any dynamic changes of the
intracellular localizations of these mutant ARs, the wild-type
and mutant ARs were fused with green fluorescent protein
(GFP) and their intracellular movements were analyzed us-
ing a laser confocal microscope. After treatment with the
ligand, the wild-type AR was translocated from the cyto-
plasm into the nucleus in which it formed fine subnuclear
foci. In contrast, the AR-DBD mutants initially formed large
cytoplasmic dots, many of which were located close to mi-
tochondria after the addition of dihydrotestosterone (DHT),
and a proportion of the proteins subsequently moved into the
nucleus to become located in subnuclear bodies. The sub-
nuclear foci of the mutant ARs were characterized by their
larger size, much smaller number, and lower mobility, com-
pared with the wild-type AR. These results indicate that the
pathogenesis of AIS in these two patients may be caused by
the mislocation and lower mobility of their mutant ARs.

Subjects and Methods
Subjects

Subjects 1 and 2 were diagnosed with CAIS and PAIS, respectively,
and had missense mutations of Cys”® to Phe and Phe®® to Tyr, respec-
tively. The clinical history and data of the AIS patients characterized in
the present study were previously reported (11).

Cells

COS-7 monkey kidney cells were obtained from the Riken Cell Bank
(Tokyo, Japan) and maintained in DMEM (Invitrogen, Carlsbad, CA)
containing antibiotics and 10% fetal bovine serum (FBS; Cansera Inter-
national Inc., Etobicoke, Canada).
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Plasmids

The firefly luciferase reporter plasmids, pGL3-MMTV (5) and pGL3-
PSA (12), and the expression vectors for AR (pCMV-AR) were prepared
as previously described (13, 14). The plasmid vectors pAR-GFP (5) and
pAR-CEP (6) for expression of the AR-GFP and AR-CFP fusion proteins
were constructed as described previously. Expression plasmids of the
mutant ARs for mammalian cells, designated pCMV-AR-C579F (from
subject 1) and pCMV-AR-F582Y (from subject 2), were constructed as
previously reported (11). To construct a GFP fusion protein of the mutant
AR for subject 1, a Kpnl-Scal fragment of pCMV-AR—C579F, which con-
tained the mutated site, was replaced with that of pAR-GFP to generate
pAR-C579F-GFP. Similarly, for subject 2, a HindIll-Scal fragment of
pAR-GFP was replaced with that of pCMV-AR-F582Y to construct pAR-
F582Y-GFP. The validity of the structure of each construct was con-
firmed by DNA sequencing using an ABI PRISM 377 DNA sequencer
(Applied Biosystems, Foster City, CA).

Immunoblotting

COS-7 cells were seeded in 100-mm plates and incubated for 24 hin
5% CQ, at 37 C. Five micrograms of plasmid DNA carrying the wild-type
or a mutant AR was transfected into the cells using 20 ul Superfect
transfection reagent (QLAGEN GmbH, Hilden, Germany). Twenty-four
hours after the transfection, the cells were washed twice with PBS and
then 400 ul of Nonidet P-40 lysis buffer [50 mum Tris-HC!I (pH 8.0), 150
muM NaCl, and 1% Nonidet P-40] was added to each dish, followed by
rocking for 30 min at 4 C. Lysates were collected by centrifugation and
the protein concentrations were measured using a BCA protein assay kit
(Pierce, Rockford IL). Next, 40 pug of each lysate in 1X SDS-PAGE sample
buffer [2% sodium dodecy! suifate, 100 mm dithiothreitol, 60 mm Tris-
HCl (pH 6.8), and 0.01% bromophenol blue] was loaded onto a sodium
dodecy! sulfate-polyacrylamide gel (10% separating gel) and electro-
phoresed at 20 mA for 4 h. Proteins were transferred onto nitrocellulose
membrane (Hybond P; Amersham Bjosciences, Piscataway, NJ) using a
Trans-Blot SD Semi-Dry transfer cell (Bio-Rad Laboratories, Hercules,
CA) at 250 V for 1 h at 25 C. After blocking the membrane in 1X
Block-Ace (Dainippon Pharmaceutical Co., Osaka, Japan), an anti-AR
polyclonal antibody (sc-816; Santa Cruz Biotechnology Inc., Santa Cruz,
CA) was reacted with the membrane in 0.1X Block-Ace for 1 h at 25 C.
After a brief wash with Tris-buffered saline-Tween 20 (10 mm Tris-HC],
0.9% NaCl, and 0.05% Tween 20), horseradish peroxicase-conjugated
antirabbit Ig antibodies (Amersham Biosciences) were added in 0.1X
Block-Ace as the secondary antibody, and the membrane was incubated
for 45 min at 25 C with gentle shaking. After washing with Tris-buffered
saline-Tween 20, the membrane was reacted with Western blotting de-
tection reagents (Amersham Biosciences) for 1 min in a dark room. The
labeled protein bands were visualized and analyzed using a VersaDoc
imaging system 5000 (Bio-Rad).

Functional reporter assays

COS-7 cells (1 X10° cells/well) were seeded in 12-well plates at 20 h
before transfection. Cells were cotransfected with 0.5 pg/well of pGL3-
MMTYV as a reporter plasmid, 2 ng/well of pRL-CMV (Promega Corp.,
Madison, WI) as an internal control, and 0.1 pg/well of a wild-type or
mutant AR expression plasmid with 1.7 ul/well of Superfect. In all
transfection experiments, the total amount of plasmid DNA was fixed
by adding empty vector to the transfection mixture. At 3 h after trans-
fection, 0.5 ml of DMEM containing 10% charcoal-treated FBS was added
with or without steroid hormone (1078 m DHT). After incubation for
24 h, the cells were rinsed with PBS and lysed in the lysis buffer con-
tained in a luciferase assay kit (Promega). The luciferase activity was
assayed using the dual-luciferase assay system (Promega) and a Lumat
LB 9507 (Berthold Technologies, Bad Wildbad, Germany). Each value
was determined as the average of three independent experiments. Data
were presented as the means = sp. One-way ANOVA followed by
Scheffé’s test was used for multigroup comparisons. P < 0.05 was con-

- sidered to be statistically significant

Confocal laser-scanning microscopy

For living cell microscopy, COS-7 cells (2 X10° cells/well) were
seeded in 35-mm glass-bottom dishes (Asahi Techno Glass Corp., Tokyo,
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Japan) and transfected with 0.5 ug of plasmid DNA carrying the wild-
type or a mutant AR fused with GFP or yellow fluorescent protein (YFP)
using 5 ul/well Superfect. The cells were maintained in DMEM sup-
plemented with 10% charcoal-treated FBS for 20 h, and then various
steroid hormones were added to the medium. The cells were observed
with an Axiovert 200M inverted microscope equipped with an
LSMS510META scan head (Carl Zeiss, Jena, Germany) using a X100, 1.4
numerical aperture oil immersion objective. Images were collected at a
12-bit depth resolution of intensities over 1024 X 1024 pixels. For exci-
tation of GFP and YFP, a 488-nm argon laser was used and a series of
images was obtained. The GFP and YFP signals were separated using the
emission fingerprinting technique established by Carl Zeiss. Separation
of the individual emission signals was based on recording a spectral
signature and applying a linear unmixing algorithm using the reference
spectra of each fluorescent protein (15).

To construct three-dimensional (3D) images, a series of 30-50 two-
dimensional tomographic images were collected for each cell using the
confocal microscope. These images were exported as TIF files and the
TRI graphic program (Ratoc System Engineering, Tokyo, Japan) was
used to reconstruct 3D images (6). Both the spatial distribution and
calculation of the fluorescent proteins as distinct volumes were made
possible by removing scattering background fluorescence and lens
spherical aberrations and then separating each particle (6). The numbers
of subnuclear foci determined for the wild-type and mutant ARs were
representative of at least 20 cells.

Fluorescence recovery after photobleaching (FRAP) analysis

Cells were transfected with the wild-type AR and a mutant AR and
incubated for 24 h at 37 C. After a further 5-h incubation with DHT, FRAP
analysis was performed. After collection of the initial image using a Carl
Zeiss LSM510META microscope, a selected area of a fixed size in the
nucleus was photobleached by setting the laser wavelength to 488 nm and
using the maximum power for 50 iterations. After the bleaching, images
within the bleached region were taken every second at a resolution of 512 X
512 pixels to follow the recovery of the fluorescence intensity. The intensity
of the fluorescence was calculated using the LSM510 software and the
half-recovery time (t, ;;) was determined as the time when the fluorescence
intensity reached half the maximal recovery using the Microsoft Excel
software. Each t,, was the average of six to 10 FRAP experiments.

Organelle detection

COS-7 cells were transfected with pAR-C579F-GFP. Twenty-four
hours after the transfection, the cells were treated with DHT and then
LysoTracker Red or MitoTracker Orange CMTMRos (Molecular Probes
Inc., Eugene, OR) was added in the medium at a final concentration of
100 nM to visualize the lysosomes or mitochondria, respectively. The
cells were incubated for 30 min at 37 C and then rinsed with PBS. Images
were collected using the fluorescence microscope.

Immunoelectron microscopy

Twenty-four hours before transfection, COS-7 cells were seeded in a
60-mm dish. The cells were transfected with 2 ug of pAR-C579F-GFP
using 3 ul of Superfect. After incubation for 20 h, the cells were treated
with 108 m DHT for 1 h. After a brief wash with PBS, the cells were fixed
in 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min at
25 C. The fixed cells were scraped off the dish, centrifuged at 5000 X g for
10minat4 Cand resuspended in 0.1 M phosphate buffer. After dehydration
ina graded series of ethanol, the cell pellet was embedded in LR White resin
and ultrathin sections were cut (16). After blocking in 0.1 M phosphate
buffer containing 3% BSA, the sections were incubated with rabbit poly-
clonal antibodies against GFP (BD Biosciences Clontech, Mountain View,
CA) at 1:1000 dilution in 0.1 M phosphate buffer at 4 C overnight, followed
by incubation with colloidal gold (& = 15 nm)-conjugated goat antirabbit
IgG (Amersham Biosciences) at 1:100 dilution. After washing with distilled
water, the sections was stained with 2% uranyl acetate and lead citrate, and
observed with a Hitachi H-7000 electron microscope (Hitachinaka, Japan).

Results

Previously we found two different amino acid substitu-
tions in the DBD of ARs derived from AIS patients (11). One
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mutation from a CAIS patient (subject 1) occurred at Cys579
which coordinates a zinc ion in the first zinc finger motif of
the AR (Fig. 1A). This residue also forms a P-box that is
important for the recognition of an androgen-responsive el-
ement in target genes. The other mutation from a PAIS pa-
tient (subject 2) was found at Phe582 next to the P-box (Fig.
1A). To compare the functions of these two mutant ARs with
the wild-type AR, recombinant AR proteins were expressed
in COS-7 cells. Immunoblot analysis showed that the ex-
pression levels of the wild-type and mutant ARs in trans-
fected cells were almost the same (Fig. 1B). To examine AR-
mediated transcriptional activation, luciferase assays were
performed using the MMTV promoter containing several
hormone-responsive elements (17). For the wild-type AR,
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F1G. 1. The amino acid substitutions in the two AIS patients are
located in the DBD of the AR. A, Schematic representation of the AR
and the sites of the amino acid substitutions detected in the AIS
patients. The upper scheme shows the domain structure of the AR: the
N-terminal domain, the DBD, and the C-terminal LBD. Two different
amino acid substitutions (x) were identified in the DBD of the ARs
from these two AIS patients. The first zinc finger motif of the AR-DBD
is magnified in the lower scheme. The five amino acids circled in bold
indicate the P-box. The arrows indicate the amino acid substitutions
in the two AIS patients. In subject 1, the cysteine at position 579
involved in the P-box is substituted by phenylalanine (C579F). In
subject 2, phenylalanine 582 is changed for tyrosine (F582Y). B, Im-
munoblot analysis of wild-type and mutant ARs in COS-7 cells. Cells
were transfected with a wild-type or mutant AR expression vector
using Superfect. Twenty-four hours after the transfection, the cells
were lysed and subjected to immunoblotting analysis as described in
Subjects and Methods. Anti-AR antibodies were used for detection.
The arrow shows the AR bands. Lane 1, Vector only; lane 2, wild-type
AR; lane 3, AR-F582Y, lane 4, AR-C579F. The numbers on the left of
the gel show the positions of protein size markers.



Kawate et al. ° Imaging Analysis of AR-DBD Mutants in Living Cells

remarkable transcriptional activation was observed after ad-
dition of the ligand DHT. On the other hand, AR-F582Y
showed less than 10% of the transcriptional activation of the
wild-type AR, whereas AR-C579F showed no ligand-depen-
dent transactivation at all (Fig. 2).

To visualize the subcellular localizations of the wild-type
and mutant ARs, GFP-fusion proteins were generated and
observed under a confocal laser-scanning microscope. As we
previously reported, the wild-type AR was diffusely local-
ized in the cytoplasm in the absence of the ligand (Fig. 3A)
(5). Upon treatment with the ligand, the wild-type AR was
almost completely translocated from the cytoplasm into the
nucleus in which it formed subnuclear fine foci (Fig. 3D). The
AR-DBD mutants were also diffusely present in the cyto-
plasm before addition of the ligand (Fig. 3, B and C). How-
ever, in contrast to the wild-type AR, the two mutant ARs
formed cytoplasmic dots after the addition of DHT (Fig. 3, E
and F). Time-course .experiments revealed that most of the
fluorescent signals for the wild-type AR were observed in the
nucleus within 30 min after the addition of DHT (Fig. 4B),
whereas cells expressing the AR-C579F mutant showed two
patterns (Fig. 4, E-H or I-L). Approximately 80% of cells
formed the cytoplasmic dots and a limited number of nuclear
foci 30 min after the addition of DHT (Fig. 4F), and the
nuclear dots became clear at 3 h after the ligand addition (Fig.
4H). In the other type of AR-C579F-expressing cells (20%),
cytoplasmic dots were not so striking (Fig. 4]), but delayed
nuclear translocation with dot formation of mutant AR was
observed (Fig. 4L). In both types of the mutant-expressing
cells, a smaller number of larger-sized intranuclear dots for
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FIG. 2. Effects of the two different amino acid substitutions in the
AR-DBD on transcriptional activation. COS-7 cells were transiently
transfected with plasmid DNA expressing the wild-type (WT) or a
mutant (C579F or F582Y) AR, pGL3-MMTV as a reporter plasmid,
and pRL-CMV as an internal control. After treatment with or with-
out 1078 M DHT for 24 h, the luciferase activity was measured. The
bars show the luciferase activities of the transfected cells relative to
the value of the wild-type AR without DHT. The means * SD of three
independent experiments are shown. *, P < 0.05.
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Fic. 3. Ligand-dependent translocation of the wild-type and mutant
ARs. COS-7 cells were transfected with 0.5 pg of each plasmid DNA
expressing GFP-fused wild-type AR (A and D), AR-F582Y (B and E), or
AR-C579F (C and F). Fluorescent signals were observed at 24 h after the
transfection under a laser confocal microscope (A-C). Subsequently 1073
M DHT was added and incubated at 37 C for 1 h and the ligand-bound
receptor proteins were observed (D-F). Scale bar, 10 pm.

AR-C579F were observed, compared with those for the wild-
type AR (Fig. 4, D, H, and L). Even after a 3-h treatment with
the ligand, a significant amount of the mutant AR still re-
mained in the cytoplasm (Fig. 4, H and L), whereas almost
all the signals for the wild-type AR were detected in the
nucleus (Fig. 4D). These data indicate that the nuclear trans-
Jocation and subnuclear localization are impaired in AR-
DBD mutants.

To quantitatively analyze the subnuclear foci, 3D images
were constructed from the tomographic images collected
using the confocal microscope. As shown in Fig. 5, both the |
C579F and F582Y AR mutants had a much lower number of
foci in the nucleus than the wild-type AR. The average num-
ber of nuclear foci for the wild-type AR was 300 = 8, whereas
the numbers for F582Y and C579F were 106 = 18 and 127 =
23, respectively.

To examine whether the mutant ARs inhibit the nuclear
translocation of the wild-type AR, we cotransfected the wild-
type AR fused to GFP (AR-WT-GFP) and AR-C579F-CMV
(without GFP) and observed the cells under the confocal
microscope. Cotransfection of AR-WT-GFP with AR-C579F-
CMV showed cytoplasmic dots in addition to fine nuclear
foci after treatment with DHT (Fig. 6Ab). Opposite experi-
ments using AR-C579F-GFP and AR-WT-CMV led to similar
results, revealing that both nuclear and cytoplasmic dots
appeared after incubation with DHT (Fig. 6Ad). To confirm
the colocalization of the wild-type and mutant ARs, AR-
WT-CFP and AR-C579F-GFP were coexpressed, and each
fluorescent signal was collected under the laser confocal
microscope. As shown in Fig. 6B, wild-type and mutant ARs
were colocalized in both the nuclear and cytoplasmic dots in
the presence of 10 nm DHT (Fig. 6B, d—f). The magnitude of
the transcriptional activation in the cells transfected with
both AR-WT and AR-C579F was less than half that induced
by AR-WT (Fig. 6C). In addition to this experiment using 10
nM DHT, we measured the transcriptional activation of the
wild-type AR in the presence of 5 nm DHT. The reporter
luciferase activity of the wild-type at 5 nm DHT was signif-
icantly higher than that by combination of the wild-type and
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AR
FiG. 4. Time-lapse translocation of wild-type (WT) and WT
mutant ARs after the addition of DHT. COS-7 cells ex-
pressing wild-type AR (A~D) or the AR-C579F mutant
(E-H and I-L) were treated with 1078 m DHT. Images
were collected using a laser confocal microscope before
the DHT treatment (A, E, and I) and at 30 (B, F, and J),
60 (C, G, and K), and 180 min (D, H, and L) after the
treatment. Scale bar, 10 pm.

AR

C579F

AR-C579F at 10 nM. Even in a high dose of DHT (100 nm),
which can fill all the wild-type LBD, coexpression of AR-
C579F inhibited the transcriptional activation mediated by
the wild-type AR (Fig. 6C). These results indicated that sim-
ple stealing of ligand by AR-C579F is not able to explain the
suppression effect of AR-C579F and strongly suggested that
AR-C579F is able to form heterodimers with AR-WT in the
cells and inhibit the translocation of AR-WT, thereby reduc-
ing the transactivation.

As shown in Figs. 4 and 5, the numbers of nuclear foci for
the mutant ARs were much lower than that for the wild-type
AR. To evaluate whether there are any differences in dy-
namics between the nuclear foci of the wild-type and mutant
ARs, the mobilities of the wild-type and mutant ARs in the
nucleus were measured quantitatively by FRAP analysis.
After a short period of photobleaching at the maximal power
of the laser, continuous images were taken at 1-sec intervals.
As shown in Fig. 7A, the recovery of the fluorescence inten-
sity for AR-C579F foci was slower than that for AR-WT. The
fluorescence recovery was evaluated by plotting the intensity
of the bleached area against time (Fig. 7B). Compared with
the wild-type AR, the slope of the fluorescence recovery of
AR-C579F was relatively gentle. The t, ,, for AR-C579F was
10.5 = 1.6 sec (n = 12), which was significantly slower than

e
Cy

N

Fic. 5. Three-dimensional image analyses of the intranuclear foci of
the wild-type and mutant ARs. COS-7 cells were transfected with 0.5
png of pAR-GFP (A), pAR-F582Y-GFP (B), or pAR-C579F-GFP (C).
Twenty-four hours after the transfection, the cells were treated with
DHT and two-dimensional tomographic images collected using the
confocal microscope were used to reconstruct 3D images as described
in Subjects and Methods.
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that for the wild-type AR [8.0 = 1.1 sec {(n = 10)]. In another
experiment, AR-F582Y also showed reduced mobility, com-
pared with the wild type [t;,, = 8.4 = 1.1 sec (n = 6)], and
the t; ,, for AR-F582Y [9.9 + 1.2 sec (n = 6)] was almost the
same as that for AR-C579F [10.2 = 1.1 sec (n = 6)]. These
results indicate that the DBD amino acid substitution in the
mutant AR caused decreased mobility of the AR in the
nucleus.

As shown in Fig. 3, AR-DBD mutants showed ligand-
dependent formation of large cytoplasmic dots. We investi-
gated the localizations of the mutant ARs in the cytoplasm
after the ligand treatment. The mutant ARs were not localized
in the lysosomes, as shown by an experiment using Lyso-
Tracker, a specific marker for lysosomes (data not shown). Next,
the mitochondrial localization was examined using Mito-
Tracker, a highly specific probe for mitochondria. Many, but not
all, of the cytoplasmic dots of the mutant ARs were located close
to mitochondria (Fig. 8A). Because signals for the mutant ARs
were not observed in the mitochondria, the mutant ARs do not
seem to cross the mitochondrial membrane. To further examine
the relationship between the mutant ARs and the mitochondria,
immunoelectron microscopy was performed using an anti-GFP
antibody. Many gold labels were present around the mitochon-
dria, but none were found inside the mitochondria (Fig. 8Ba).
Some clusters were present in the cytoplasm, and these would
correspond to the cytoplasmic dots observed by the laser-scan-
ning microscopy (Fig. 8Bb).

Discussion

Using fluorescent proteins and laser-scanning microscopy,
we have demonstrated that mutations in the DBD of ARs
from AIS patients impair the ligand-dependent nuclear
translocation, subnuclear foci formation, and intranuclear
mobility of the receptor. In our previous studies, we clearly
showed that intranuclear foci formation of AR-GFP was par-
allel to ligand-dependent transcriptional activation of AR (5,
6). Many studies using GFP-fused steroid hormone receptors
have been reported, and linkage of the foci formation of
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F1G. 6. Coexpression of wild-type and mutant ARs. A, a and b, Equal
amounts of AR-WT-GFP and AR-C579F-CMYV (without GFP) were co-
transfected into COS-7 cells and images were collected before (a) and
after (b) the addition of DHT. ¢ and d, COS-7 cells expressing both
AR-C579F-GFP and AR-CMV (without GFP) were observed before (c)
and after (d) treatment with DHT. If AR WT and mutant proteins have
equal chances to form a dimer and formed heterodimer show WT and
mutant pattern of signals at an equal rate, the ratio of the intact AR
signal vs. the abnormal one is expected to be 7:4 (b) and 4:7 (d). Signal
patterns of WT and mutant in b and d were consistent with the expected
ratios. Scale bar, 10 um. B, Colocalization of wild-type and mutant ARs.
AR-WT-CFP and AR-C579F-GFP were coexpressed in COS-7 cells in the
absence or presence of DHT. Fluorescent signals were collected using the
confocal microscope in the absence (a—c) or presence-(d—f) of 10 ni DHT.
Signals for AR-WT-CFP (d, red) and AR-C579F-GFP (e, green) were
colocalized (f, merged signals). Scale bar, 10 pm. C, AR-C579F inhibited
the transactivation mediated by the wild-type AR. COS-7 cells were
cotransfected with pGL3-PSA reporter, pRL-CMV, and pAR-CMV with
or without pAR-C579F-CMV. After the treatment with or without var-
ious concentrations of DHT, the cells were subjected to the luciferase
assay. The bars show the luciferase activity relative to that of the wild-
type AR without DHT. The means * 8D of three independent experi-
ments are shown. *, P < 0.05.
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F1G. 7. Comparison of the intranuclear mobilities of the wild-type
(WT) and mutant ARs by FRAP analysis. A, FRAP analysis of the
intranuclear foci of the wild-type and mutant ARs. COS-7 cells were
transfected with a wild-type or mutant AR expression vector. Twenty-
four hours after the transfection, the cells were treated with DHT.
Five hours after the addition of DHT, a region of interest in the
nucleus was photobleached, and images were then taken at the in-
dicated time points using a laser confocal microscope. Scale bar, 10
wm. B, Quantification of the fluorescence recovery in the FRAP anal-
ysis. The relative fluorescence intensities in the bleached areas of the
wild-type and mutant AR foci were plotted. Open circles, intensity of
the wild-type AR; closed squares, intensity of AR-C579F. The means =
sD of 10 cells are shown.

steroid hormone receptors with their transactivation func-
tion has been widely accepted (18-20).

There is a significant bias in the distribution of mutations
of the AR gene in AIS patients, although the mutations are
spread throughout the whole gene (9). Although exon 1 of the
AR gene encodes more than half of the AR protein, including
the transcription activation domain of the amino terminus,
the number of mutations found in this exonis only about 10%
of the total number of mutations, and most of the exon 1
mutations are nonsense or frameshift mutations. The muta-
tion hot spots in AIS patients are part of the LBD constituting
the pocket for androgen binding. In the DBD, 32 different
mutations have been reported and 15 of these were detected
in the first zinc finger motif. Most of the mutations in the DBD
or LBD are single-base substitutions (3, 9). Some AIS patients
do not carry any AR mutations. In such cases, there must be
some abnormality in the signal transduction between the AR
and the basic transcription machinery, and an impediment in
a cofactor interacting with the N-terminal transcription ac-
tivation domain of the AR has been suggested (14).

The amino acid substitution in the CAIS patient (subject 1)
occurred at the cysteine residue contained in the first zinc
finger motif of the AR. This AR-C579F mutant would not be
able to coordinate the zinc ion, resulting in complete loss of
the ligand-dependent DNA-binding ability. In the PAIS patient,




6168 J Clin Endocrinol Metab, November 2005, 90(11):6162-6169

A

AR-C579F-GFP
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Fic. 8. Mitochondrial localization of cytoplasmic AR-C579F. A,
COS-7 cells were transfected with 0.5 pg of AR-C579F-GFP. Twenty-
four hours after the transfection, the cells were treated with 1078 M
DHT. After a 1-h incubation with DHT, 200 nM MitoTracker-Orange
was added to the medium, and the cells were incubated for 30 min.
After washing with PBS, the cells were observed under a laser con-
focal microscope. Green signals, AR-C579F-GFP; red signals, mito-
chondria. Scale bar, 10 pm. B, Immunoelectron microscopy of the
AR-C579F mutant. After treatment with DHT, COS-7 cells express-
ing AR-C579F-GFP were fixed, embedded, and incubated with an
anti-GFP antibody at 4 C overnight, followed by incubation with
colloidal gold-conjugated goat antirabbit IgG. Sections were stained
and observed with an electron microscope as described in Subjects and
Methods. a, Low resolution (bar, 1 um); b, high resolution (bar, 0.1
pum). MT, Mitochondria. The arrowheads show the edges of the mi-
tochondria.

the amino acid substitution (F582Y) occurred next to the P-box
and may cause a conformational change of the zinc finger motif.
The impaired DNA-binding of these mutant ARs was con-
firmed by gel mobility shift assays, as we previously reported
(11). Before the present imaging analysis, it was anticipated that
these mutants would be able to enter the nucleus after ligand
treatment but be unable to form foci like the wild-type AR due
to the loss of the DNA-binding capacity. However, these mu-
tant ARs initially formed cytoplasmic dots instead of the nu-
clear foci and nuclear dots subsequently appeared. Because
there were no differences among the localizations of the wild-
type and mutant ARs in the absence of the ligand, the confor-
mations of the ligand-bound mutant ARs are considered to
differ from that of the wild-type AR.

In the present study, ligand-induced formation of cyto-
plasmic dots of the mutant ARs was observed close to the
mitochondria. However, the mutant AR signals were not
detected inside the mitochondria by immunoelectron mi-
croscopy. Similar findings of an association between cyto-
plasmic protein aggregates and mitochondria have been ob-
served for other mutant proteins, including the polyQ AR
mutants (21-24). The mechanism for such aggregation close
to mitochondria has been speculated to be that the ubiquitin-
proteasome system tries to degrade a large amount of ag-
gregated proteins and therefore requires an increased
amount of ATP around the protein inclusions. The mecha-
nism of localization close to mitochondria for the polyQ AR
mutant might also occur for our AR-DBD mutants, although
pathophysiology is quite different between our AIS and
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polyQ diseases. However, further study is necessary for elu-
cidation of abnormal dot formation of our AR mutants.

The C579F mutation in the AR-DBD showed lower mo-
bility than the wild-type AR. FRAP analysis has recently been
used to examine the intranuclear dynamics of nuclear re-
ceptors (25-27). In the presence of ligands, the mobility of the
nuclear receptors was reduced. It has been reported that
ligand-induced intranuclear foci formation of steroid hor-
mone receptors is associated with the nuclear matrix in
which coactivators are also recruited (28). This nuclear ma-
trix binding induced by ligand treatment is suggested to
cause the decreased mobility of the receptors. A glucocorti-
coid receptor (GR) mutant carrying a deletion of the N-
terminal region showed a much lower mobility (26). This
mutant was deprived of all the putative phosphorylation
sites of the GR. In ATP-deprived cells, GRs are dephospho-
rylated and tightly bound to the nuclear matrix (29, 30).
Therefore, it has been speculated that appropriate reduction
of the mobility of steroid hormone receptors, namely nuclear
matrix binding with coactivators (6, 31-33), is an essential
process for the normal transactivation functions of steroid
hormone receptors. Lower or much increased mobility of
ligand-bound steroid hormone receptors, as shown for the
present AR C579F mutant, may indicate an impaired trans-
activation process.

The present reanalysis of our mutant ARs unexpectedly
revealed two kinds of functional defects, i.e. lack of DNA-
binding ability reported previously (11) and impairment of
translocation from the cytoplasm to the nucleus. The finding
that mutations in DNA-binding domain of AR impair nu-
clear translocation is novel and suggests the existence of an
important intramolecular domain for nuclear translocation
except for the hinge region. This finding is expected to con-
tribute to the study of translocation mechanism. A mutant
AR, K632A/K633A, which has mutations in the hinge region,
has an intact DNA-binding domain, but its nuclear translo-
cation is impaired (34). The pattern of the translocation im-
pairment of this AR-K632A /K633 A mutant was quite similar
to that of our AR mutants, namely the AR-K632A /K633A
mutant formed cytoplasmic aggregates (large dots) and its
transactivation function examined by a reporter luciferase
assay was markedly low (34, 35).

These reported results clearly indicate that impairment of
nuclear translocation such as cytoplasmic dot formation can
be responsible for the suppression of transactivation function
of AR. As is well known, for transactivation function of AR,
AR first must be translocated into the nucleus, secondly form
a complex with coactivators, and then bind to target genes.
Therefore, it would be reasonable that impairment of nuclear
translocation in AR-C579F and AR-F582Y is largely respon-
sible for AIS. Abnormal dot formation and decreased mo-
bility of liganded AR-DBD mutants in the nucleus might be
due to lack of DNA-binding ability, and thus, a defect in
DNA-binding also would be responsible for AIS to some
extent. Recent studies have revealed dynamic movement of
nuclear receptors during a transactivation process within the
nucleus (25, 36, 37). Liganded steroid hormone receptors
including AR are transferred to subnuclear compartments
(foci) and form a complex with coactivators. These receptor-
coactivator complexes are mobilized to the target genes. The
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steroid hormone receptors and coactivators show multipha-
sic on and off for binding to promoter elements of genes. The
receptor-coactivator complexes also undergo a rapid ex-
change between target genes and the compartments. The
present AR-DBD mutants are not able to access target genes.
This may disturb the dynamic movement (mobility), result-
ing in prolonged stay at nuclear matrix and abnormal dot
formation. This speculation may be supported by the re-
ported observation that the AR-K632A/K633A mutant did
not show abnormal intranuclear dot formation, although the
authors did not touch on it.

In conclusion, the AR-DBD mutations, C579F and F582Y,
found in our AIS patients showed abnormalities in ligand-
dependent nuclear translocation, nuclear matrix targeting,
and intranuclear mobility of the receptor, which may cause
AIS in these patients.
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HARABZESMRE HF94% F105 - F17£E108108

(162)

—— higher DHEAS

-------- lower DHEAS
] _
;% 0.8 -
£ 06
7 i
% 04
0.2 -
O T 1 T T T T
2.5 5 10 15 20 2b
survival time (years)

2. Baltimore Longitudinal Study of Aging
Male Humans (3CBA 1 X 9 51H)

192 ADRILVFET CRE) FEOIMADHEA-S
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