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Intranuclear Mobility of Estrogen Receptor o and
Progesterone Receptors in Association With
Nuclear Matrix Dynamics
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Abstract We analyzed the intranuclear dynamics of estrogen receptor o (ERa) and progesterone receptor (PR)-A/B
labeled with different spectral variants of green fluorescent protein (GFP) in living cells. The distribution of ERoeand PR-A/B
were changed from a diffuse to discrete pattern after the addition of both ligands, but the extent of discrete cluster formation
of PR-A/B was lower than that of ERa.. The nuclear areas where PR-A/B were accumulated were colocalized with the
cluster of ERa,, suggesting that cross-talk in the transcriptional regulation occurred in the loci. Fluorescence recovery after
photobleaching (FRAP) analysis revealed that the mobility of PR-A/B was hastened by the coexistence of ERa, while the
mobility of ERa was not changed by the coexistence of PR-A/B. Cluster formation was correlated with the nuclear matrix
binding, because nuclear matrix binding capacity was also lower in PR-A/B than ERa. By ATP-depletion from the cells,
most of ERa and PR-A/B were bound to the nuclear matrix and their mobilities were extinguished both in the absence and
presence of ligand. Fluorescent protein (FP) tagged nuclear matrix component protein (NuMA), which was colocalized
with ERa and PR-A/B, showed ATP-dependent rapid exchange in the nucleus. These results indicate that the mobility of

ERa and PR-A/B is associated with the dynamics of the nuclear matrix. J. Cell. Biochem. 103: 136-148, 2008.
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Estrogen and progesterone regulate various
physiological functions, such as ovarian action,
growth and differentiation of the uterine endo-
metrium and mammary glands, and gonado-
tropin-releasing hormone secretion and sexual
behavior control in the brain [Kawata et al.,
1998]. Specific receptors for estrogen and
progesterone are members of the nuclear recep-
tor superfamily of ligand-dependent transcrip-
tion factors [Kawata et al., 1998]. To date, two
estrogen receptors (ERa and ERP) have been
identified that are encoded by different genes
[Greene et al., 1986; Kuiper et al., 1996]. ERa
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and ERP have been considered to positively or
negatively regulate transcription of target
genes by forming homo- or heterodimers [Cow-
ley et al., 1997; Pace et al., 1997]. The proges-
terone receptor also exists as two isoforms (PR-
A and PR-B) [Kastner et al., 1990]. They are
encoded by the same gene and differ only in that
PR-B contains an additional 164 amino acids at
the amino terminus of PR-A. It has been
reported that there are differences between
PR-A and -B in response to agonists and
antagonists and in cell- and promoter-depen-
dent activity [Vegeto et al., 1993; Giangrande
et al., 2000; Richer et al., 2002]. It has been well
known that ERo and PRs are coexpressed in
the same cells in several areas of the target
tissues [Lau et al., 1999; Jarvinen et al., 2000;
Greco et al., 2001]. In addition, a number of
reports demonstrated that ERa and PRs had
synergistic or inhibitory cross-talk in their
transcriptional regulation in promoter type-
and PR subtype-specific manners [Cato and
Ponta, 1989; Meyer et al., 1989; Wen et al., 1994;
Kraus et al., 1995].
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Live cell imaging techniques using green
fluorescent protein (GFP) fusion protein
revealed intracellular trafficking and intra-
nuclear dynamics of the ovarian steroid hor-
mone receptors and their coactivator [Kawata
etal.,2001]. GFP labeled PR-A and -B (GFP-PR-
A and -B) were differentially localized between
the nuclear and cytoplasmic compartments in
an unliganded state. GFP-PRA was predomi-
nantly located in the nucleus; whereas, GFP-
PRB distributed between the cytoplasmic and
nuclear compartments. In the presence of
ligand, GFP-PR-A and -B were localized in the
nucleus completely [Lim et al., 1999]. GFP-
tagged ERa and ERB (GFP-ERa and -ERp) were
diffusely distributed throughout the nucleo-
plasm in the absence of ligand. Upon the
addition of ligand, a redistribution of GFP-
ERa and -ERB from a diffuse to discrete pattern
occurs within 10 min [Htun et al., 1999;
Matsuda et al., 2002]. The discrete clusters of
ERa are associated with steroid receptor coacti-
vator-1 (SRC-1) and a chromatin remodeling
protein, BRG-1 [Stenoien et al., 2000; Matsuda
et al., 2002], suggesting that clusters of ERs are
involved in the transcriptional regulation
through structural changes of chromatin.
Recent fluorescence recovery after photobleach-
ing (FRAP) technique showed that ligand-
activated ERa was highly mobile within the
nucleus. It has been proposed that the rapid
mobility of the steroid hormone receptors
depends on ATP, proteasome activity, and
chaperone/cochaperone functions [Stenoien
et al., 2001; Elbi et al., 2004].

The nuclear matrix is a filamentous protein
meshwork and is thought to be involved in
organization of chromosomes and the regula-
tion of DNA transcription and replication
within the nucleus. The nuclear mitotic appa-
ratus protein (NuMA), first identified as a
protein localizing on the spindle poles of mitotic
cells, is a component of the nuclear matrix in
interphase cells [Zeng et al., 1994; Harborth
et al., 1999; Gribbon et al., 2002]. It has long
been understood that steroid receptors associ-
ate with the nuclear matrix ligand-dependently
[Hora et al., 1986; Barrack, 1987; Hu et al.,
1994; Tang and DeFranco, 1996], and thus
hypothesized that the nuclear matrix binding
may play an important role in the regulation of
steroid hormone receptor-mediated transcrip-
tion. In the previous study, Stenoien et al.
[2000] visualized a nuclear matrix binding

property of ERa using GFP-ERa, and showed
that most of ligand-activated GFP-ERa was
associated with the nuclear matrix by forming
discrete clusters. In addition, SRC-1 also asso-
ciated with nuclear matrix at the clusters of
ligand-activated GFP-ERa.

In the present study, we investigated the
change of intranuclear distribution and mobi-
lity of ERa and two PR isoforms in response
to ligands in living cells by tagging the recep-
tors with different spectral variants of GFP,
yellow fluorescent protein (YFP) and cyan
fluorescent protein (CFP). Using these fluores-
cent protein (FP) chimera receptors, we char-
acterized the nuclear matrix binding manner
of ERa and PR-A/B. In addition, by coexpres-
sing FP-ERo/PRs with FP-labeled NuMA,
the correlation between the mobility of the
receptors and nuclear matrix dynamics was
examined.

MATERIALS AND METHODS
Plasmid Construction

To create the Y/CFP-PR-B and Y/CFP-PR-A
construct, a BglIl site was introduced just
upstream of the 1st ATG and the 2nd ATG of
the rat PR genes (pratPR6B, provided by Dr. B.
Katzenellenbogen, Department of Molecular
and Integrative Physiology, University of Illi-
nois, Urbana, IL) [Kastner et al., 1990], respec-
tively, with a QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA).
After cutting with BglII and Hincll, the gene
was then subcloned in-frame into pEY/CFP-C1
vectors (BD Biosciences Clontech, Mountain
View, CA) cut with BglIl and Smal. Details of
the Y/CFP-ERa construct have been published
elsewhere [Matsuda et al., 2002]. The expres-
sion plasmid of the NuMA-GFP was provided by
Dr. D.A. Compton, Department of Biochemis-
try, Dartmouth Medical School, Hanover, NH
[Kisurina-Evgenieva et al., 2004]. To generate
the NuMA-YFP construct, NuMA cDNA was
digested from the NuMA-GFP plasmid with
Bglll and EcoRI and then ligated to the pEYFP-
N1 vector (BD Biosciences Clontech) cut with
the same restriction enzymes.

Cell Culture and Transfection

COS-1 cells and HeLa cells were maintained
in a humidified atmosphere at 37°C with 5%
CO02/95% air in DMEM (Invitrogen, Carlsbad,
CA), without phenol red, supplemented with
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10% FCS. On the day before transfection, cells
were reseeded in a 4-well multidish with 16-mm
diameter (Nunc, Roskilde, Denmark) at an
initial plating density of 2 x 10* cells per well
in 400 pl of medium for fluorescence microscope
imaging, and on a 10 mm diameter glass base
precoated with poly-L-lysine of 35 mm glass-
bottomed dish (Matsunami, Tokyo, Japan) at an
initial plating density of 1 x 10* cells per dish in
200 pl of medium for confocal laser scan
imaging. Plasmid DNA (250 ng) was transiently
transfected into cells with a liposome-mediated
method using LipofectAMINE PLUS (Invitro-
gen) according to the manufacturer’s instruc-
tions. Before analyzing, the cells were washed
three times with 400 or 2,000 pul of PBS, and then
cultured again in 400 or 2,000 pl of a serum free
medium, OPTI MEM (Invitrogen), respectively,
for at least 15 h to remove any effects of the
remaining steroid hormones. We treated the
cells with 17p-estradiol (E2) at a final concen-
tration 10~® M and progesterone (P) at a final
concentration 10”7 M throughout this study.
ATP-depletion experiment [Hu et al., 1994,
Tang and DeFranco, 1996] was carried out by
incubating cells in ATP-depletion medium
(glucose-free DMEM (Invitrogen) supplemen-
ted with 10 mM sodium azide and 6 mM
deoxyglucose) for 60 min. To inhibit proteasome
activity, cells were treated with 10 uM MG132
for 5 h. The effect of MG132 was confirmed by
the inhibition of intranuclear mobility of CFP-
ERa and CFP-PR-A/B [Stenoien et al., 2001].

Transcriptional Assays

COS-1 cells (3 x 10°) plated on 35-mm dishes
were cotransfected with 1 pg of pMMTV-Luc
reporter plasmid [Ogawa et al., 1995] and 10 ng
of either Y/CFP-PR-A or Y/CFP-PR-B expres-
sion plasmids using LipofectAMINE PLUS.
pAct-BGal (1ug), a B-actin promoter driven -
galactosidase expression plasmid, was also
transfected as an internal standard to estimate
the transfection efficiency [Inoue et al., 1999].
Cells were incubated in the absence or presence
of P for 30 h, washed with 2 ml of PBS and lysed
in a buffer from the luciferase assay system,
Pica Gene (Toyo Inki, Tokyo, Japan). Cell
lysates were centrifuged at 12,000 rpm for 2
min at 4°C and the luciferase activity of the
resultant supernatants was assayed at 25°C
according to the manufacturer’s protocol for
the Pica Gene. The results were normalized
with B-galactosidase activity measured using a

luminescent B-galactosidase Detection Kit II
(BD Biosciences Clontech).

Fluorescence Microscope Imaging

The living cell image acquisition was per-
formed in a temperature-controlled room at
37°C [Matsuda et al., 2002; Ochiai et al., 2004].
Images were acquired using a Quantix high-
resolution cooled CCD camera (Photometrics)
attached to a microscope (IXL70, Olympus
Corp., Tokyo, Japan) equipped with an epifluor-
escence attachment. Cells were observed with a
40x objective lens (LCP PlanF1). YFP fluores-
cence was observed using a filter set with an
excitation of 500 nm and emission of 545 nm,
and a dichroic mirror of 525 nm (Omega Optical,
Inc., Brattleboro, VT). The CFP fluorescence
was observed using a filter set with an excita-
tion of 440 nm and an emission of 480 nm, and a
dichroic mirror of 455 nm (Omega Optical, Inc.).
When fluorescence images were captured from
the cells coexpressing CFP-ERa and YFP-PR-A/
B, we selected the cells showing nearly the same
fluorescence intensity of CFP and YFP. Time-
lapse image capturing and data evaluation were
performed using the image analysis software
program, MetaMorph (Universal Imaging
Corp., West Chester, PA). For high-resolution
analysis, an image deconvolution procedure,
“Nearest Neighbor Estimate”, was applied to
the Z-series focal plane images.

Immunofluorescent Labeling

HelLa cells transfected with CFP-PR-A/B and
YFP-ERa expression plasmids were fixed with
4% paraformaldehyde in PBS and the subjected
to blocking with 2% BSA in PBS including 0.2%
Triton X-100 for 1 h at 25°C. The fixed cells were
incubated with goat polyclonal anti-BRG-1
(1:300 dilution, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) or rabbit polyclonal anti-
SRC-1 (1:300 dilution, Santa Cruz Biotechnol-
ogy, Inc.) for 12 h at 4°C. Alexa Fluor 633-linked
anti-goat or rabbit IgG second antibody, respec-
tively (1:1000 dilution, Molecular Probes, Inc.),
was used for detection.

Confocal Laser Scanning Imaging

Confocal fluorescence imaging was per-
formed with a confocal laser microscope
(LSM510META, Carl Zeiss Co., Ltd., Jena,
Germany) [Nishi et al., 2004; Ochiai et al.,
2004]. Cells were observed with a 63x oil
immersion objective lens (Plan-Apochromat).
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YFP fluorescence was excited with a 514 nm
laser and detected by projecting each image
of 10 nm intervals from 511.0 through 564.5 nm
using an HFT 458/514 dichroic mirror. The
CFP fluorescence was excited with a 458 nm
laser and detected by projecting each image at
10 nm intervals from 468.2 through 500.3 nm
using an HFT 458/514 dichroic mirror. The
Alexa Fluor 633 fluorescence was excited with
a 633 nm laser and detected by projecting
each image at 10 nm intervals from 649.6
through 799.4 nm using an HFT 488/543/633
dichroic mirror. When fluorescence images
were captured from the cells coexpressing
CFP-ERa and YFP-PR-A/B, we selected the
cells showing nearly the same fluorescence
intensity of CFP and YFP. Living cell imaging
was performed in a micro incubator (CZI-3, Carl
Zeiss Co., Ltd.) maintained in a humidified
atmosphere at 37°C with 5% CO5/95% air and
attached on the stage of an inverted fluores-
cence microscope (Axiovert 200M) built in the
confocal microscope.

FRAP analysis. FRAP analysis was per-
formed on the confocal laser scanning micro-
scopy [Ochiai et al., 2004]. Bleach was carried
out to the region of interest of a 0.5 um circle
within the nucleus at a wavelength of 488 nm
(for GFP), 458 nm (for CFP), or 514 nm (for YFP)
at the maximum power of the argon laser for
100 iterations. A single Z-section was imaged
before and after the addition of ligand at a
minimum time interval. Fluorescence intensi-
ties of the region of interest were obtained using
LSM software and plotted. The half recovery
time (t1/2) was determined as the time after
bleaching until the fluorescence intensity was
recovered to the mean between the level
immediately after bleaching and the level
reached a plateau.

Nuclear Matrix Extraction

COS-1 cells were seeded on a 35 mm glass
base dish with a grid (grid size 55 pym) (Iwaki
glass, Tokyo, Japan), transfected with expres-
sion plasmid(s) of CFP-ERa and/or YFP-PR-A/B
and treated with E2 and P for 1 h. After
capturing the fluorescence images, the position
of the cell was recognized by the site within the
grid. Cells were gently washed with PBS and
then sequentially treated in the following
manner [Stenoien et al., 2000]. Soluble proteins
were extracted by treatment for 3 min with ice-
cold CK buffer (10 mM piperazine-N,N’-bis(2-

ethanesulfonic acid), 300 mM sucrose, 100 mM
NaCl, 3 mM MgCls, and 0.5% Triton X-100, pH
6.80) containing a cocktail of protease inhibitors
(Nacalai, Kyoto, Japan). After capturing the
fluorescence images of the same cell, chromatin
was removed by digesting with RNAse-free
DNasel (400 U/ml; Roche Molecular Biochem-
icals, Indianapolis, IN) in digestion buffer (same
as CK but with 50 mM NaCl) containing a
cocktail of protease inhibitors for 50 min at 32 C.
The DNasel digestion buffer was removed and
replaced with 200 pl of fresh digestion buffer
with 0.25 M ammonium sulfate, and the cells
were incubated for 5 min at room temperature.
The ammonium sulfate was removed and
replaced with 200 ul of digestion buffer with
2 M NaCl and the cells were incubated for 5 min
at room temperature. After washing twice with
digestion buffer, a fluorescence image of the
same cell was captured.

RESULTS

Characterization of Fluorescent
Protein Labeled ER«, PR-A and -B

We previously reported the colocalization and
ligand-dependent discrete distribution of FP
labeled ERa and ERp, which acted as ligand
dependent transcriptional factors in living cells
[Matsuda et al., 2002]. In this study, we used the
same FP-ERoa constructs. A ¢cDNA fragment
containing from the 1st ATG (for PR-B) or 2nd
ATG (for PR-A: N-terminal 164 amino acid
deletion of PR-B) to the 3’-UTR region of rat
PR gene [Kastner et al., 1990] was ligated in-
frame to the 3’-end of ECFP and EYFP of CMV
promoter driven expression vectors. The con-
structs were cotransfected with a PR-respon-
sive reporter plasmid, pMMTV-Luc into COS-1
cells (which lack endogenous PR-A/B). When
treated with progesterone (P) (final concentra-
tion 1x10°® M) for 30 h, FP-PR-A induced
about 4.2 to 4.9-fold activation of the PR-
responsive reporter gene; whereas, FP-PR-B
underwent about 25.1 to 32.1-fold activation.
These activation levels were similar to the
previous report by Lim et al. [1999] showing
that a GFP fusion chimera of PR-A had a modest
effect on MMTYV transcription as compared with
that of PR-B. Thus, it was confirmed that the
receptor chimera proteins used in this study
maintained their capacity to function as ligand-
dependent transcription factors, regardless of
the different FPs.
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When expression vectors of YFP-PR-A and
CFP-PR-B were transfected into COS-1 cells in
the absence of ligand, the fluorescence of YFP-
PR-A was restricted to the nucleus of the cells;
whereas, the fluorescence of CFP-PR-B was
observed both in the nucleus and the cytoplasm
and the ratio of nuclear CFP-PR-B to cytoplas-
mic CFP-PR-B varied among the cells (Fig. 1A).
In the presence of ligand, the fluorescence of
YFP-PR-A and CFP-PR-B was seen only in the
nucleus (Fig. 1A). These distribution patterns of
FP-PR-A and -B were consistent with the
previous report [Lim et al.,, 1999], and the
coexpression of FP-PR-A and -B did not alter
the distribution of each FP-PR-A/B.

A Ligand (-) Ligand (+)

CFP-PR-B

vrr-Pr-A R

B CFP-
PR-A

YFP-
PR-B

C CFP-

FR-A

YFP-
ERo

D CFP-

FR-B

YFP-
ERa

Fig. 1. Subcellular distribution and ligand-dependent intra-
nuclear redistribution of FP-PR-A/B and FP-ERa. COS-1 cells
were transiently cotransfected with pCFP-PR-B and pYFP-PR-A,
and fluorescent images of randomly selected cells expressing
CFP-PR-B and YFP-PR-A at similar level were captured. A:
Distribution pattern of CFP-PR-B (upper) and YFP-PR-A (lower)
in the same cells cultured in the absence of ligand (left) and in the
presence of ligand (right). B: Fluorescent images were captured
before and at indicated times after the addition of ligand. COS-1
cells were cotransfected with pCFP-PR-A (C) or pCFP-PR-B (D)
and pYFP-ERa, and fluorescent images were captured before and
at the indicated times after the addition of both ligands. All of the
images were shown after applying a deconvolution procedure.
Bar, 5um.

Time-Dependent Discrete Distribution of FP-PR-A
and -B in Comparison With ERa

We and other group reported that FP-ERa
redistribute from a diffuse to discrete pattern in
the nucleus within 10 min upon activation with
E2 treatment [Stenoien et al., 2000; Matsuda
et al., 2002]. We investigated here whether FP-
PR-A/B were also redistributed by the addition
of P (Fig. 1B). In the absence of ligand, both FP-
PR-A and -B showed diffuse distribution. Fol-
lowing the addition of ligand, the distribution of
these proteins were changed slightly to discrete
at 1 h and reached a maximum at 4 h; however,
the extent of discrete cluster formation of CFP-
PR-A/B was lower than those of YFP-ERa. The
discrete pattern of CFP-PR-A after 4 h was quite
similar to that of YFP-PR-B, and these distribu-
tions remained the same up to 16 h. The
difference of extent of the cluster formation
between ERa and PR-A/B was not due to the
concentration of ligands, because treatments
with either higher (1x10°® M) or lower
(1 x 1078 M) concentration of P did not alter
the intranuclear distribution pattern of FP-PR-
A/B (data not shown).

To examine the change of discrete cluster
formation of ERa and PR-A/B, expression
plasmids of CFP-PR-A or CFP-PR-B and YFP-
ERo were cotransfected to COS-1 cells
(Fig. 1C,D). Before the addition of ligands, the
diffuse distribution of CFP-PR-A/B and YFP-
ERa in the nucleus was observed. After the
addition of both ligands [E2: 1x 1078 M, P:
1 x 10~ 7" M], YFP-ERo showed rapid redistribu-
tion to the discrete pattern as single expression,
even with the coexistence of activated CFP-PR-
A/B. In contrast, the distribution of CFP-PR-A
and -B kept more uniform until 16 h after the
addition of the hormones than that of YFP-ERa.
However, the nuclear areas where CFP-PR-A/B
was relatively accumulated were overlapped
with clusters of YFP-ERa. This colocalization of
CFP-PR-A/B and YFP-ERa was depending on
the presence of both ligands, since the over-
lapped clusters were not observed in the nucleus
of the cells treated with either E2 or P (data not
shown).

Colocalization of BRG-1 and SRC-1 With the
Clusters of FP-PR-A/B and FP-ER«

Colocalization of BRG-1 and SRC-1 with the
clusters of FP-PR-A/B and FP-ERa was examin-
ed by immunofluorescent labeling with specific
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antibodies against BRG-1 and SRC-1. HeLa
cells were transiently transfected with CFP-PR-
A/B and YFP-ERu expression vectors, and then
cultured in the presence or absence of E2 and P
for 60 min before being stained with antibodies
recognizing BRG-1 and SRC-1. Fluorescent
images were captured using confocal laser
scanning microscopy. The immunolabeling of
BRG-1 and SRC-1 showed a discrete pattern in
the nucleus being excluded from nucleolar

regions, and was overlapped with the clusters
of CFP-PR-A/B and YFP-ERa (Fig. 2).

Influence of Coexpression on the
Mobility of ERa and PR-A/B

The colocalization of clusters of PR-A/B and
ERa allowed us to speculate that their intra-
nuclear mobilities affected each other. To
examine this possibility, we carried out FRAP
analysis. In the nucleus of COS-1 cells trans-
fected with expression plasmids of YFP-PR-A,

A CFP-PR-A YFP-ERw BRG-1

merge

¥FP-ERo SRC-1 merge

B cFrrr-A

C crr-PRB YFP-ERa BRG-1

D cFP-FPRB YFP-ERa SRC-1 merge

Fig. 2. Colocalization of BRG-1 and SRC-1 with the clusters of
FP-PR-A/B and FP-ERa. Hela cells transfected with the CFP-PR-
A/B and YFP-ERa expression plasmids were cultured in the
presence of E2 and P for 60 min. The cells were fixed and stained
with anti-BRG-1 (A,C) or anti-SRC-1 (B,D). All images were
captured using confocal laser scanning microscopy. Fluorescent
images pseudocolored in green are distribution of CFP-PR-A
(A,B) and CFP-PR-B (C,D). The images pseudocolored in red are
distribution of YFP-ERa. The images pseudocolored in blue are
distribution of BRG-1 (A,C) and SRC-1 (B,D). Merged images
are shown in the right panels. Bar, 5pum.

the YFP fluorescence of a randomly selected
area (red circle; d = 0.5 um) was photobleached,
and then the images were captured at the
indicated times after photobleaching. When
FRAP analysis was performed with the cells
that were not treated with P, we could not
observe the bleached area, and this led to a
reduction in the total nuclear fluorescence level
(arrowhead, Fig. 3A). This indicates that the
unliganded receptor is extremely mobile in the
nucleus, and that a number of receptors passed
through the bleach area, even during the time
course of the bleaching. In the cells treated with
P for 16 h, a clear dark area could be observed
immediately after bleaching (0 s), but the
fluorescence of the area was recovered and
reached even with the neighboring clusters
after 4.931 s (arrowhead, Fig. 3B). To evaluate
the mobility of the receptors statistically, the
time spent recovering half fluorescence (t1/2)
was determined from the fluorescence intensity
curve generated from 20 individual cells, and
the mean was calculated to be 3.780 s (Fig. 4A).

The mobility of YFP-PR-B in the absence of
ligand was also extremely high, comparable to
that of YFP-ERa (data not shown). Ligand

Fig. 3. FRAP analysis of PR-A. COS-1 cells were transfected
with pYFP-PR-A. The fluorescence of YFP-PR-A in the indicated
area (red circle; d=0.5mm) within the nucleus of the cells
treated (1620 h) (B) and untreated (A) with ligand was bleached
and the images were captured at the indicated times after
bleaching. Arrow heads indicate the bleached position. Bar,
Sum.
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Influence of coexpression on mobility of ERa and PR-A/B. COS-1 cells were cotransfected with the

indicated expression plasmids and treated with E2 and/or P for 16—20 h. FRAP analysis of 20 independent
cells in each experiment was performed and the t1/2 was measured. The data represents the mean & SEM.
A: Influence of the coexpression of PR-A or -B on the mobility of ERa.. B: Influence of the coexpression of ERa
on the mobility of PR-A. C: Influence of the coexpression of ERa on the mobility of PR-B. The values were
significantly different at *P < 0.03 and **P < 0.0003 from Student’s t-test.

activation slowed the recovery of YFP-PR-A/B,
but their mobilities were still rapid. The
mobility was higher in YFP-PR-B with a t1/2
of 1.426 s than in YFP-PR-A (Fig. 4B,C). We
analyzed the mobility of YFP-ERa by coexpres-
sing CFP-PR-A-or -B in the presence of both
ligands, and there was no significant difference
in the recovery of YFP-ERa in the case of
transfection alone (Fig. 4A). In contrast, the
recovery of ligand-activated YFP-PR-A and -B
was hastened significantly by coexpressing
ligand-activated CFP-ERa (Fig. 4B,C). These
mobility changes of YFP-PR-A/B was depending
on the coexpression of ERa, since, when YFP-
PR-A/B were expressed singly, the mobility of
YFP-PB-A/B was not changed by the addition of

E2 (data not shown). There was a difference in
the influence of the coexpression of ligand free
CFP-ERa on the mobility of PR subtypes. The
recovery of activated YFP-PR-A was hastened
significantly, even in the presence of ligand free
CFP-ERa (Fig. 4B), but that of YFP-PR-B was
not (Fig. 4C).

Nuclear Matrix Binding Content
of ERa and PR-A/B

Previous study reported that GFP-ERo bound
tothe nuclear matrix ligand-dependently with a
similar time course to endogenous ERo. Most of
the ligand-activated GFP-ERo remained within
the nucleus by forming discrete clusters, even
after the treatment of detergent and DNasel,
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whereas, unliganded GFP-ERa was present in
the detergent-soluble fraction [Stenoien et al.,
2000]. The YFP-ERa used in this study showed
the same nuclear matrix binding property
(Fig. 5a—e). YFP-PR-A and -B were also washed
out after the detergent treatment in the absence
of ligand (Fig. 5g,1). In the presence of ligand,
the fluorescence of YFP-PR-A and -B still
remained after the treatment of the detergent,
but the fluorescence intensity was much weaker
than that of YFP-ERa. The fluorescence inten-
sities were not markedly changed by the treat-
ment with DNasel (Fig. 5i,j,n,0). These results
suggest that YFP-PR-A and -B bind to the
nuclear matrix ligand-dependently, but the
proportion and/or strength of nuclear matrix
binding of YFP-PR-A/B were lower than those of
YFP-ERa.

before after after

ligand treatment detergent DNasel

(-)
YFP-ERw

YFP-PR-A

YFP-PR-B

Fig. 5. Nuclear matrix binding analysis of ERa and PR-A/B.
COS-1 cells were seeded on a glass base dish with a grid,
transfected with the expression plasmid of YFP-ER« (a—e), PR-A
(f-j), or PR-B (k—0), and treated with E2 (c,d,e) or P (h,i,j,m,n,0)
for 1 h. Before permeabilization, fluorescent images were
captured (a,c,f,h k,m). After treating with a buffer containing
0.5% Triton X-100 for 3 min, fluorescent images of the same cells
were captured (b,d,g,i,I,n). Then, the cells were treated with
DNasel, 0.25 M ammonium sulfate and 2 M NaCl, sequentially.
Fluorescent images of the same cells were captured (e j,0). Bar,
S5um.

The colocalization of FP-PR-A/B and FP-ERa
in the clusters and the alteration of the mobility
of liganded PR-A/B by ERa shown in this study
suggest that the nuclear matrix binding
amounts of the receptors were altered by the
coexpression. Then, we examined nuclear
matrix binding status of YFP-PR-A/B and
CFP-ERa in the cells coexpressing both recep-
tors and treated with both ligands (Fig. 6).
However, we did not observe a significant
difference in the nuclear matrix binding pattern
from the case when YFP-PR-A, -B or YFP-ERa
was singly transfected, meaning that the
nuclear matrix binding contents of ERa and
PR-A/B did not affect each other.

It has been reported that ATP-depletion
resulted in nuclear matrix binding of unli-
ganded ERa [Stenoien et al., 2000]. Thus, we
examined the extent of nuclear matrix binding
of YFP-PR-A/B as well as YFP-ERa in ATP-
depleted cells (Fig. 7). Most of YFP-ERo was
bound to the nuclear matrix at both unliganded
and liganded states. Interestingly, most of YFP-
PR-A/B was also bound to nuclear matrix at

before after after
detergent

treatment DMasel

A

CFP-ERx

YFP-PR-A

B

CFP-ERa

YFP-PR-B

Fig. 6. Influence of coexpression on nuclear matrix binding of
ERo and PR-A/B. COS-1 cells were cotransfected with the
expression plasmids of CFP-ERo and YFP-PR-A (A) or CFP-ERa.
and YFP-PR-B (B) and treated with E2 and P. Nuclear matrix
extraction was performed as in Fig. 5, and CFP (upper) and YFP
(lower) fluorescent images in a cell were captured. Bar, 5pm.



144 Matsuda et al.

A ERo FPR-A FR-B

before
treatment

after
detergent

before
treatment

after
detergent

Fig. 7. Nuclear matrix binding of ERa and PR-A/B in ATP-
depleted cells. COS-1 cells were transfected with the expression
plasmid of YFP-ERa, YFP-PR-A, or YFP-PR-B. Before (A) or after
(B) the treatment with E2 (for YFP-ERa) or P (for YFP-PR-A/B) for
4 h, culture medium was changed to ATP-depletion medium for
60 min. Before permeabilization, fluorescent images were
captured (before treatment). After treating with a buffer contain-
ing 0.5% Triton X-100 for 3 min, fluorescent images of the same
cells were captured (after detergent). Bar, 5pm.

both states showing a highly discrete distribu-
tion pattern, regardless of their low binding
capacity in the presence of ATP.

ATP-Depletion Extinguishes the Mobility of ERa
and PR-A/B Both in the Absence and
Presence of Ligand

Intensive nuclear matrix binding of ERa and
PR-A/B in ATP-depleted cells indicates the
reduction of the mobility of the receptors. It
was reported that the immobilization of ERa
in living ATP-depleted cells occurred in the
absence of ligand, but not in the presence of
ligand [Stenoien et al., 2000]. However, in the
present study, we observed the immobilization
of YFP-ERa both in ligand-untreated and
-treated cells, because the fluorescence of the
bleached area was not recovered after 300 s
(arrow head, Fig. 8A,B). We think that the
difference between the previous and present
study in the liganded ERa mobility is due to the
difference of incubation time in the ATP-deple-
tion medium. We cultured the cells in ATP-
depletion medium for a longer time (60 min)

300 sec

before 0 sec 30 sec

PR-B
P(+)

Fig. 8. Loss of mobility of ERx and PR-A/B in ATP-depleted
cells. COS-1 cells were transfected with pYFP-ERa (A,B), pYFP-
PR-A (C,D), or pYFP-PR-B (E,F). Fluorescence of the indicated
area (d=0.5mm) within the nucleus of the cells treated (4 h)
(B,D,F) and untreated (A,C,E) with ligand was bleached and the
images were captured at the indicated times after bleaching.
Arrow heads indicate the bleached position. Bar, 5pm.

than the previous study (15 min) according to
the report, which measured the intracellular
ATP concentration [Tang and DeFranco, 1996].
Elbi et al. [2004] demonstrated that ATP was
necessary for the nuclear mobility of PR using
permeabilized and extracted cells. We verified
the ATP-dependency of the PR mobility in living
cells. In the ATP-depleted cells, PR-A/B were
immobilized within the nucleus, both in the
absence and presence of ligand (Fig. 8C-F).

Colocalization of ERa and
PR-A/B With NuMA

NuMA is a principal component protein of
the nuclear matrix in interphase cells [Zeng
et al., 1994; Harborth et al., 1999; Gribbon et al.,
2002] and was shown to be colocalized with
glucocorticoid receptor (GR) in ATP-depleted
cells by immunofluorescence study [Elbi et al.,
2004]. To examine the colocalization of ERx and
PR-A/B with NuMA in living cells, we cotrans-
fected the expression plasmids of CFP-ERa or
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CFP-PR-A/B and NuMA-YFP. As shown in the
previous reports [Elbi et al., 2004; Kisurina-
Evgenieva et al., 2004], NuMA-YFP distributed
non-uniformly throughout the nucleus, except
for the nucleoli (Fig. 9A). Ligand-activated CFP-
ERa and CFP-PR-A/B were colocalized with
NuMA-YFP, but clusters of the receptors and
the area where NuMA-YFP was highly accu-
mulated was separately distributed with in the
nucleus.

ATP-Dependent Dynamics of NuMA

Although the molecular dynamics of NuMA in
mitotic phase were clearly demonstrated
[Kisurina-Evgenieva et al., 2004], those of
interphase have not been shown. If this nuclear
matrix component protein was exchanged
rapidly, the possibility that the mobility of
liganded ERo and PR-A/B was due to the
nuclear matrix dynamics could be considered.
Therefore, we examined the mobility of NuMA-
GFP in the interphase nucleus with FRAP
analysis. In a cell expressing NuMA-GFP con-
struct, a dark area was observed immediately
after bleaching (0 s). Then, the fluorescence of
the area was recovered rapidly (t1/2=30.8 s)
and reached a level similar to the surrounding
area after 240 s (arrowhead, Fig. 9B upper).
This result indicates that the nuclear matrix
itself is dynamic in interphase nucleus, while
the mobility of the nuclear matrix is lower than
the mobility of ERa and PR-A/B. We next
examined the ATP-dependency of the NuMA
dynamics. In ATP-depleted cells, the fluores-
cence recovery was hardly detectable in the
bleached area over 240 s (arrowhead, Fig. 9B

Fig. 9. Colocalization with ERo and PR-A/B and the dynamics
of NuMA. A: COS-1 cells were cotransfected with pNuMA-YFP
and pCFP-ERa, pCFP-PR-A, or pCFP-PR-B and treated with
ligand for 4 h. Fluorescence image of CFP and YFP was captured
and pseudocolored green and red, respectively. Merged image is
shown in the right panels. B: COS-1 cells were transfected with
pPNUMA-GFP. The fluorescence of the indicated area
(d=0.5mm) within the nucleus of the cells untreated (upper),
cultured in ATP-depletion medium for 60 min (middle) and
treated with MG132 for 5 h (lower) was bleached and the images
were captured at the indicated times after bleaching. Arrow
heads indicate the bleached position. C: COS-1 cells were
cotransfected with pNuMA-YFP and pCFP-ER« (a,b), pCFP-PR-A
(c,d), or pCFP-PR-B (e,f) and treated with ligand for 4 h.
Fluorescence of the indicated area (d=0.5mm) within the
nucleus of the cells untreated (a,c,d) and cultured in ATP-
depletion medium for 60 min (b,d,f) was bleached, and the
images were captured at the indicated times after bleaching and
pseudocolored green andred, respectively. Arrow heads indicate
the bleached position. Bar, 5pm.

middle). This phenomenon suggests a strong
correlation between nuclear matrix dynamics
and the mobility of ERx and PR-A/B, since, as
shown in Fig. 8, mobility of the receptors also
depends on ATP. However, the involvement of
proteasome, which was known as another
mechanism regulating the mobility of ERa, in
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NuMA dynamics was not observed. In the cells
treated with a proteasome inhibitor, MG132,
the fluorescence of the bleached area (arrow-
head, Fig. 9B lower) was recovered with a
similar time course (t1/2 = 29.3 s) to non-treated
cells. In the cells coexpressing NuMA-YFP and
CFP-ERa or CFP-PR-A/B, the fluorescence
recovery of CFP-ERa or CFP-PR-A/B was
observed in the bleached area prior to the
fluorescence recovery of NuMA-YFP (arrow-
head, Fig. 9C (a,c,e)), while the recovery of both
fluorescences was not detectable in ATP-
depleted cells (arrow head, Fig. 9C (b,d,f)).

DISCUSSION

It is known that GFP-ERa and ERp redis-
tribute from a diffuse to discrete pattern in
response to the ligand [Htun et al.,, 1999;
Stenoien et al., 2000; Matsuda et al., 2002].
Deletion analysis suggested that discrete clus-
ter formation of ERs did not occur, irrespective
of the receptor function [Matsuda et al., 2002].
The discrete clusters of ERa and ERP are
associated with SRC-1 and a chromatin remo-
deling protein, BRG-1; therefore, ERs clusters
are believed to be involved in the transcriptional
regulation through structural changes of chro-
matin. As shown in this study, FP-PR-A and -B
also exhibited ligand-dependent non-uniform
distribution within the nucleus, but the degree
of cluster formation was lower than that of ERs.
The nuclear areas where PR-A/B was relatively
accumulated were colocalized with clusters of
ERa, SRC-1, and BRG-1, suggesting that PR-A/
B and ERa shared or competed with such
coregulator molecules at the clusters. A number
of reports demonstrated that ERa and PR-A/B
had synergistic or inhibitory cross-talk in their
transcriptional regulation [Cato and Ponta,
1989; Meyer et al., 1989; Wen et al., 1994; Kraus
et al., 1995]. The sharing or competition of
coregulator molecules, therefore, may be
involved in the cross-talk of ERa and PR-A/B.
While intranuclear interaction between ERp
and PR-A/B has not been reported, cluster
formation and colocalization with SRC-1 and
BRG-1indicate that ERp may also exhibit cross-
talk with PR-A/B through the sharing or
competition of coregulator molecules.

Colocalization of FP-PR-A/B and FP-ERa
indicates that their intranuclear mobilities
affected each other. It is well known that steroid
hormone receptors are dynamically mobile

exhibiting second order recovery by FRAP
analysis in the nucleus, as well as on the biding
site of the promoter [McNally et al., 2000;
Stenoien et al., 2001; Ochiai et al., 2004]. The
mobility of FP-PR-A/B shown in this study was
also dynamic; thus, the high mobility within the
nucleus may be a common characteristic of
ligand-activated steroid hormone receptors.
The mobility of FP-PR-A/B was increased by
the coexpression of FP-ERa; whereas, the
mobility of FP-ERa was not changed by the
coexpression of FP-PR-A/B. We have reported
that the mobility of FP-AR was also increased by
the coexpression of FP-ERa [Ochiai et al., 2004],
indicating that ERa might influence the tran-
scriptional activity of other sex steroid hormone
receptors by changing the mobility of the
receptors. If so, it is important to solve the
mechanism of ERa to influence the mobility of
PR-A/B and AR. Factors responsible for the
intranuclear mobility of steroid hormone recep-
tors are being identified. Elbi et al. [2004]
demonstrated that the nuclear mobility of GR
was inhibited by geldanamycin, which blocks
the chaperone activity of heat-shock protein 90,
and that multiple chaperone/cochaperone com-
plexes possessed the ability to function as a
nuclear mobility factor for GR and PR. Stenoien
et al. [2001] reported that the treatment with a
proteasome inhibitor, MG132, caused ERa to
stay at the same nuclear position for longer time
due to the tight association with the nuclear
matrix. In addition, Stavreva et al. [2004]
demonstrated that the rapid exchange of GR
at the transcriptionally on-going promoter was
regulated by chaperones and proteasomes.
According to these findings, we speculated that
the increase of mobility of FP-PR-A/B and FP-
AR by FP-ERa was due to competition for
binding with chaperone/cochaperone proteins
and proteasomes and/or a change of molecular
balance of chaperone/cochaperone proteins that
bind with FP-PR-A/B and FP-AR.

It was reported previously that most of the
ligand-activated ERa was associated with the
nuclear matrix by forming the discrete clusters
[Barrack, 1987; Stenoien et al., 2000]. PR-A/B
also exhibited nuclear matrix binding capaci-
ties, but the rate of the receptor that was
associated with the nuclear matrix was lower
than that of ERa. This phenomenon coincided
with the degree of cluster formation of ERa
and PR-A/B, suggesting that cluster formation
and nuclear matrix binding were correlated
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with each other. Colocalization of ERo and PR-
A/B indicates competition for nuclear matrix
molecules. However, the nuclear matrix bind-
ing contents of ligand-activated ERo and
PR-A/B did not affect each other. Upon the
addition of ligand, most of the ERo bound to the
nuclear matrix by forming clusters, while a
lesser amount of PR-A/B bound with the nuclear
matrix. ATP-depletion led PR-A/B as well as
ERa to tightly associate with nuclear matrix in
the presence of ligand, regardless of the lower
binding efficiency of PR-A/B in the presence of
ATP. The diffuse nuclear distributions of ERx
and PR-A/B in the absence of ligand allowed us
to hypothesize that these receptors move freely
by Brownian diffusion within the nucleus;
however, the tight association of ERa and PR-
A/B with the nuclear matrix caused by ATP-
depletion was also observed in the unliganded
state. In addition, the intranuclear mobility of
ERa and PR-A/B was extinguished by ATP-
depletion. These resultsindicate that there may
be unknown ATP-dependent mechanisms that
regulate rate, length, and/or strength of nuclear
matrix binding of the ovarian steroid hormone
receptors to maintain their abilities as tran-
scriptional factors, and that the sensitivity to
these mechanisms may be different between
ERa and PR-A/B.

As the molecular basis for the nuclear
mobility of ERx and PR-A/B in association with
nuclear matrix binding, two models could be
considered; one was repetition of the process of
attaching to and detaching from the stable
nuclear matrix, and the other was tight binding
to the unstable nuclear matrix. To elucidate
which model was taking place in the cells, the
stability of the nuclear matrix was examined by
analyzing the mobility of NuMA-FP. NuMA-FP
was distributed non-uniformly within the
nucleus, and colocalized with the clusters of
FP-ERa and FP-PR-A/B in the region where
NuMA-FP was less densely accumulated, indi-
cating that NuMA was involved in the tran-
scriptional regulations in this region [Zeng
et al., 1994; Gribbon et al., 2002]. The rapid
recovery of the fluorescence of NuMA-FP after
photobleaching suggests that the nuclear
matrix is also reconstructed continuously in
the nucleus. Therefore, it could be considered
that the mobility of the ligand-activated ERa
and PR-A/B was at least partially due to the
dynamics of nuclear matrix. The replacement of
the NuMA molecule, however, was slower than

the mobility of ERo and PR-A/B, suggesting that
the mobility of the receptors not only depended
on the nuclear matrix dynamics, but also on the
temporal binding to the nuclear matrix. When
the involvement of ATP and the proteasome,
which are known to regulate the mobility of the
receptors [Stenoien et al., 2001; Elbi et al.,
2004], in NuMA dynamics was investigated,
ATP-depletion blocked the replacement of
NuMA, but the inhibition of proteasome activity
did not. According to these findings, we propose
the possibility that in the mobility of ERa and
PR-A/B in association with nuclear matrix
binding, ATP was related to the nuclear matrix
dynamics, and the proteasome activity was
related to the binding of the receptors with the
nuclear matrix. Tight association of ERa and
PR-A/B to the nuclear matrix in ATP-depleted
cells may be due to the elimination of the
nuclear matrix plasticity. The elucidation of
detailed mechanisms of these processes may
greatly progress our understanding of the
molecular properties of the ovarian steroid
hormone receptors.
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