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The human estrogen receptor a (ER «) has been tagged at its amino terminus with the
S65T variant of the green fluorescent protein (GFP), allowing subcellular trafficking and
localization to be observed in living cells by fluorescence microscopy. The tagged
receptor, GFP-ER, is functional as a ligand-dependent transcription factor, responds to
both agonist and antagonist ligands, and can associate with the nuclear matrix. Its
cellular localization was analyzed in four human breast cancer epithelial cell lines, two
ER+ (MCF7 and T47D) and two ER— (MDA-MB-231 and MDA-MB-435A), under a
variety of ligand conditions. In all cell lines, GFP-ER is observed only in the nucleus in
the absence of ligand. Upon the addition of agonist or antagonist ligand, a dramatic
redistribution of GFP-ER from a reticular to punctate pattern occurs within the nucleus.
In addition, the full antagonist ICI 182780 alters the nucleocytoplasmic compartmental-
ization of the receptor and causes partial accumulation in the cytoplasm in a process
requiring continued protein synthesis. GFP-ER localization varies between cells, despite
being cultured and treated in a similar manner. Analysis of the nuclear fluorescence
intensity for variation in its frequency distribution helped establish localization patterns
characteristic of cell line and ligand. During the course of this study, localization of
GFP-ER to the nucleolar region is observed for ER— but not ER+ human breast cancer
epithelial cell lines. Finally, our work provides a visual description of the “unoccupied”
and ligand-bound receptor and is discussed in the context of the role of ligand in

modulating receptor activity.

INTRODUCTION

Steroid hormones elicit diverse biological responses,
important during growth, differentiation, inflamma-
tion, pregnancy, and homeostasis among many other
processes. The genomic actions of steroid hormones
are mediated by steroid receptors, members of the
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nuclear receptor superfamily of ligand-dependent
transcription factors. In the absence of hormone, ste-
roid receptors exist in a complex with chaperone pro-
teins capable of high-affinity binding to steroid hor-
mones. Hormone binding leads to a conformational
change in the receptor that results in its dissociation
from chaperone proteins and ultimately in the binding
of the receptor as a homodimer to cognate sites in
steroid-responsive genes (reviewed in Tsai and
O’'Malley, 1994; Mangelsdorf et al., 1995; Beato et al.,
1996).

Immunohistochemistry and biochemical fraction-
ation show the unoccupied steroid receptors to reside
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predominantly in the cytoplasm, the nucleus, or both
compartments, depending on the receptor, in a com-
plex with chaperone proteins (Jensen, 1991; DeFranco
et al., 1995; Beato ef al., 1996; Pratt and Toft, 1997). For
the predominantly nuclear receptors, such as the es-
trogen receptor (ER), the unoccupied receptor exists in
the nucleus either bound or not bound to its cognate
site in target genes. Hormone binding leads to activa-
tion of the receptor and transcriptional regulation of
the responsive genes (Press et al., 1989; Picard et al.,
1990; Parker, 1992; Tsai and O’Malley, 1994).

We and others have previously shown that the sub-
cellular localization and trafficking of the glucocorti-
coid receptor (GR) can be followed with a green flu-
orescent protein (GFP) fusion (Ogawa et al., 1995;
Carey et al., 1996; Htun et al., 1996; Rizzuto et al., 1996).
The chimeric receptor GFP-GR can be fully functional
as a ligand-dependent transcription factor and shows
the ligand specificity of GR. The ligand-dependent
translocation of GFP-GR from the cytoplasm to nu-
cleus can be observed in real time in a single cell. Most
interestingly, we observed an intranuclear pattern and
distribution of GFP-GR that reflects the type of ligand,
either agonist or antagonist, used to activate the re-
ceptor (Htun et al., 1996).

In this report, we have chosen a similar strategy
with the human ER «, referred to throughout the
paper as ER, to see whether ligand affects the nuclear
distribution of this receptor. Previous biochemical
studies described the existence of two biochemically
distinct forms of ER (Gorski et al., 1968; Jensen et al.,
1968). In the absence of ligand, the “unoccupied” ER
with a sedimentation coefficent of 9S is “loosely” as-
sociated with the nucleus; ligand causes a biochemical
transformation to a complex with a sedimentation of
55 that associates more “tightly” with the nucleus
(Greene and Press, 1986; Press et al., 1989; Jensen,
1991). To determine whether the biochemical differ-
ence is reflected by a change in the intranuclear dis-
tribution of ER, we have directly visualized ER in
living cells by tagging the receptor with the S65T
variant of the naturally fluorescent protein GFP.

MATERIALS AND METHODS

Cell Lines and Plasmids

Human breast cancer epithelial cell lines MCE-7, T47D, and MDA-
MB-231 were obtained from American Type Culture Collection
(Rockville, MD). MDA-MB-435A is a derivative of MDA-MB-435
(Yee et al., 1996). Unless otherwise noted, cells were maintained in a
225-cm? cell culture flask (Costar, Cambridge, MA) in 35 ml of
Dulbecco’s modified Eagle’s medium (DMEM) with phenol red as
pH indicator (Life Technologies, Grand Island, NY; catalog number
11960-044), supplemented with 10% FBS (Life Technologies; catalog
number 10437-028), 2 mM L-glutamine, 4.8 pg/ml insulin, and 100
U of penicillin G/100 ug of streptomycin sulfate/ml at 37°C in a 5%
CO,-water jacketed incubator. Medium was changed every 2 d. At
confluence, cells were harvested by first washing with Dulbecco’s
PBS (D-PBS) without calcium or magnesium and then treating with
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0.05% trypsin-0.02% EDTA without phenol red. Cells were reseeded
in a fresh flask at about a one-to-four dilution. Four days before
transfection, cells were placed in DMEM lacking phenol red (Life
Technologies; catalog number 31053-028) and supplemented as de-
scribed above, except dextran/charcoal-treated FBS (Hyclone, Lo-
gan, UT; catalog number SH30068.03) was used in place of FBS. The
reporter gene, pERE-tk-CAT, contains two copies of a perfect estro-
gen response element (ERE) in tandem, upstream of the thymidine
kinase (tk) minimal promoter hooked up to the chloramphenicol
acetyltransferase (CAT) reporter gene (Seiler-Tuyns et al., 1986). The
human ER expression vector pSG5-HEGO (Tora et al., 1989), con-
tains a wild-type human ER under the control of the SV40 early
promoter. The GFP-ER expression plasmid pCI-nGL1-HEGO (Gen-
Bank database; accession number AF061181), was prepared by first
replacing the S65T GFP coding region in the plasmid pCI-nGFP-
C656G (Htun et al., 1996) with an S65T GFP coding region optimized
for expression in mammalian cells from pGreen Lantern-1 (Life
Technologies) and then replacing the rat GR with the human ER
coding region in pSG5-HEGO, previously mutated with the Cha-
meleon site-directed mutagenesis kit (Stratagene, La Jolla, CA) to
introduce an Mlul site in the first three amino acids of the ER codin
region with the oligonucleotide 5'-TGGTGTGGAGGGTCAACGCGT-
TGGTCCGTGGCCGCG-3'. To enrich for cells transfected with the
expression plasmids, the plasmid pCMV-IL2R, which expresses the
human interleukin 2 receptor (IL2R), was used in the transfection
experiments, as previously described (Htun et al., 1996).

Transfections

Plasmid DNA was transiently introduced into cells either by cal-
cium phosphate coprecipitation, electroporation, or liposome-medi-
ated gene transfer. For ERE reporter assays, MDA-MB-435 cells
were plated in 100-mm dishes in DMEM lacking phenol red with 5%
twice charcoal-stripped FBS 2 d before transfection and were given
fresh media 24 h before transfection. Cells were maintained at 37°C
in a 5% CO, incubator before transfection. Cells were transfected by
the CaPO,/BES precipitation method (Kingston ef al., 1995). One ml
of precipitate contained 4 pg of pCH110 (B-galactosidase reporter
plasmid) as an internal control, 5 ug of ERE-tk-CAT reporter plas-
mid, pCI-nGL1-HEGO in the amount indicated, and pCEP4 as
carrier DNA to a total of 15 ug of DNA. Cells were in contact with
precipitate for 14 h and then washed twice with D-PBS and treated
with fresh phenol red-free media plus 5% twice charcoal-stripped
FBS containing 17B-estradiol, ICI 182780, or 4-hydroxytamoxifen as
indicated. Cells were harvested 30 h after the removal of the calcium
phosphate precipitates. All transfections were done in triplicate.
CAT assays (Kingston et al., 1995) and B-galactosidase assays (Sam-
brook et al., 1989) were done using the method essentially as de-
scribed. CAT activity was normalized to B-galactosidase activity,
and the mean and SEM for three sets of data were plotted. For
electroporation, cells were electroporated with the indicated
amount of pCI-nGL1-HEGO DNA with or without 5 pg of pCMV-
IL2R DNA for 2 X 107 cells in 0.2 ml of cold phenol red—free DMEM
at 250 V and 1100 pF in a 0.4-cm electrode gap electroporation
chamber supplied with the Cell-Porator electroporation system (Life
Technologies; catalog number 71600-019), left to recover on ice for 5
min, and then diluted in phenol red-free DMEM supplemented
with 10% dextran/charcoal-treated FBS before plating. Cells were
then grown for 12-16 h in 37°C, 5% CO, incubators before imaging.
Liposome-mediated gene transfer was used as directed by the man-
ufacturer of DOSPER liposomal transfection reagent (Boehringer
Mannheim, Indianapolis, IN; catalog number 1 811 169) for nuclear
matrix isolation experiments.

Enrichment of Transfected Cells and Analysis of
Total Cell Lysates with Human ER Monoclonal
Antibody H226

Approximately 18 h after electroporation with 5 ug of pCMV-IL2R
and various amounts of pCI-nGL1-HEGO, cells were washed twice
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with PBS and then sorted with magnetic beads coated with antibody
to the IL2R, as previously described (Htun ef al., 1996). IL2R-positive
cells were washed several times and then divided into two equal
aliquots. One aliquot was lysed with an NP-40 lysis solution (0.5%
NP-40, 50 mM Tris-HCI, 1 mM EDTA, 200 mM NaCl, pH 7.5, and a
mixture of protease inhibitors) after incubating on ice for 5 min and
then centrifuged for 5 min in a microfuge to remove the insoluble
debris. The protein concentration in the soluble extract was deter-
mined by the Bradford method (Bradford, 1976) using a Bio-Rad
(Hercules, CA) protein assay reagent. The other half of the cells was
used to prepare total cellular lysate with 1X SDS gel-loading buffer
(50 mM Tris-Cl, pH 6.8, 100 mM dithiothreitol, 2% SDS, 0.1%
bromophenol blue, and 10% glycerol; Sambrook et al., 1989) in the
same volume as the NP-40 lysis solution. Based on the protein
concentration, a volume equivalent to 30-40 ug was removed from
the total cellular lysate, heated to 90°C for 5 min, subjected to
denaturing polyacrylamide gel electroporesis in 8% polyacrylamide
(30 acrylamide:1 bisacrylamide) containing 0.1% SDS, and analyzed
by the Western blotting method, essentially as described previously
(Sambrook et al., 1989), using a rat monoclonal antibody, H226,
raised against the human ER « (a gift from Geoffrey Greene, The Ben
May Institute for Cancer Research, University of Chicago, Chicago,
IL) as a primary antibody and donkey anti-rat antibody conjugated
to horseradish peroxidase as a secondary antibody with the Pierce
(Rockford, IL) Super Signal chemiluminescent substrate.

Extraction of Nuclear Matrix

A modified procedure was used for the extraction of nuclear matrix
(Jackson and Cook, 1988; Belgrader et al., 1991; Berezney, 1991).
Nuclei from frozen MCF-7 cell pellets, which had been transiently
transfected with 15 ug of pCI-nGL1-HEGO HEGO in 90 ul of
DOSPER liposomal transfection reagent for 1 X 10° cells and grown
with DMEM in CSFBS without phenol red, were resuspended in
TNM buffer (10 mM Tris, pH 8.0, 300 mM sucrose, 100 mM NaCl, 2
mM MgCl,, 1%, vol/vol, thiodiglycol, and 1 mM PMSF) and ho-
mogenized three times in a Dounce homogenizer with a Teflon
pestle. Triton X-100 was added to a final concentration of 0.5%,
vol/vol, and nuclei were collected by centrifugation at 500 X g for
10 min at 4°C. Nuclei were then resuspended in TNM buffer, ho-
mogenized, and pelleted as described above. The isolated nuclei
were then resuspended to a concentration of 20 A,q,/ml in DIG
buffer (10 mM Tris, pH 8.0, 300 mM sucrose, 50 mM NaCl, 3 mM
MgCl,, 1%, vol/vol, thiodiglycol, and 1 mM PMSF) and digested
with 168 U/ml DNase I (D5025; Sigma, St. Louis, MO) for 20 min at
room temperature. Ammonium sulfate was added to a final con-
centration of 0.25 M, and nuclear matrix was collected by centrifu-
gation. The pellet NM-IF1 was then resuspended in DIG bulffer,
followed by the addition of an equal volume of 4 M NaCl. The
nuclear matrix was then collected by centrifugation and re-extracted
with 2 M NaCl as above. The final pellet NM-IF2 was resuspended
in 1X SDS gel-loading buffer, as previously described. Supernatants
from the 0.25 M ammonium sulfate and 2 M NaCl extractions were
dialyzed overnight against double-distilled H,O and 1 mM PMSF and
then lyophilized. All four samples were subjected to denaturing poly-
acrylamide gel and Western blot analyses, essentially as described
above, using an antibody (BabCo, Berkeley, CA) against the hemag-
glutinin (HA) tag (YPYDVPDYA) at the amino terminus of GFP-ER.

Microscopy

For differential interference contrast, the cells electroporated with
only pCI-nGL1-HEGO were grown on glass coverslips overnight.
The coverslips were rinsed with D-PBS and placed inverted on a
microscope slide. Cells were illuminated by white light from a
tungsten light source and viewed under a 63X, 1.4 numerical aper-
ture Plan-Apochromat oil immersion objective in a Zeiss Axiophot
microscope (Carl Zeiss, Thornwood, NY) under Nomarski optics.
For green fluorescence, the same cells were examined through a 480-

Vol. 10, February 1999

Visualization of Human Estrogen Receptor

to 490-nm excitation, a 510-nm dichroic mirror, and a 515- to 565-nm
emission filter using a 100-W mercury bulb light source. Images
were recorded on Kodak (Rochester, NY) Elite 200 color slide film.
In the case of confocal laser scanning microscopy, cells were imaged
through a 100X, 1.4 numerical aperture Plan-Apochromat oil im-
mersion objective by excitation with the 488-nm line from a kryp-
ton-argon laser, and the emission was viewed through a 506- to
538-nm band pass filter. Images were collected on a Zeiss Axiovert
135 platform attached to a Bio-Rad MRC 1024 confocal imaging
system using Bio-Rad LaserSharp software.

Image Analysis

Image analyses and representation in Figure 2 were performed on
an Apple (Cupertino, CA) Power Macintosh 8600/200 computer
using the public domain NIH Image program version 1.61 (devel-
oped at the National Institutes of Health and available on the
Internet at http://rsb.info.nih.gov/nih-image). To generate Table 1,
additional image analyses were performed by determining mean
pixel value and SE for each area containing a nucleus but excluding
the nucleoli using IPLab Spectrum software (Signal Analytics, Fair-
fax, VA) operating on a Power Macintosh 8600/200 computer. To
obtain the coefficient of variation for fluorescence intensity, the SD
of the pixel values for each nucleus was divided by the mean pixel
value. The mean of the coefficient of variation for the population
and the SD were determined for each set of cells exposed to the
same ligand and are provided in Table 1. Statistical significance was
determined using the Z test (Chase and Bown, 1992).

RESULTS

Expression and Functional Analysis of the GFP-ER
Fusion Protein

To follow the subcellular localization and trafficking of
the ER in living cells, we tagged the amino terminus of
the human ER « (ER) with the S65T variant of GFP.
Figure 1A shows the cytomegalovirus (CMV) enhanc-
er /promoter—driven GFP-ER expression vector. Func-
tionality of GFP-ER as a ligand-dependent transcrip-
tion factor was assayed on an estrogen response
element-containing reporter gene in transient trans-
fection experiments in a human breast cancer epithe-
lial cell line, MDA-MB-435A, which lacks endogenous
ER (Yee et al., 1996). GFP-ER activates the reporter
gene in a dose-dependent manner and shows addi-
tional activation in the presence of agonist ligand 17-
estradiol (Figure 1C). Significant ligand-independent
activation has previously been reported for the ER
(Danielian et al., 1992). Similar results were obtained
with the unsubstituted ER (our unpublished results).
Maximal activation of GFP-ER by 17B-estradiol was
observed at a 10 nM concentration of ligand (Figure
1D; lanes 1-5), consistent with the previously reported
subnanomolar K4 for ER (Kuiper et al., 1997). ICI
182780, a pure antagonist for ER (Wakeling et al.,
1991), completely inhibited GFP-ER activation of the
reporter gene (Figure 1D, compare lanes 1 and 6).
When ER antagonists were present in 25- to 50-fold
molar excess, the action of 17B-estradiol was inhibited,
albeit the pure antagonist ICI 182780 compound was
more effective than the partial antagonist 4-hydroxyta-
moxifen (Figure 1D, compare lanes 4 and 8 and lanes 4
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Figure 1. Construction and characterization of GFP-ER. (A) Map of GFP-ER expression plasmid pCI-nGL1-HEGO. The human wild-type ER is
fused to the carboxyl terminus of an S65T variant of GFP whose codons have been optimized for translation in mammalian cells. A small linker
region containing five glycine-alanine repeats separates the two coding regions. The S65T GFP is tagged with a (his), and HA epitope at the amino
terminus. Amino acids present in the fusion protein are indicated in the open boxes for GFP and ER. (B) Expression of GFP-ER in MCEF-7 cells.
MCE-7 cells were electroporated with the indicated amount of GFP-ER expression plasmid pCI-nGFL1-HEGO and 5 ug of IL2R expression plasmid
PCMV-IL2R and allowed to express for 16 h. The population of transiently transfected cells was identified by the presence of the IL2R cell surface
marker and isolated by magnetic beads coated with the anti-IL2R monoclonal antibody, as previously described (Htun et al., 1996). The total cellular
lysate prepared from these cells was analyzed for the presence of GFP-ER by Western blot analysis using a rat monoclonal antibody, H226, against
human ER as primary antibody, donkey anti-rat antibody coupled to horseradish peroxidase as second antibody, and Pierce Super Signal
chemiluminescent substrate. Location of GFP-ER is indicated along with that of the Ig, which is present in the extract because of the cell-sorting
procedure and is also detected by the secondary antibody. Molecular weight markers are indicated on the left. (C) GFP-ER-dependent and
17B-estradiol-dependent transcriptional activation of the ERE-containing reporter gene pERE-tk-CAT in MDA-MB-435A cells. Human breast
cancer epithelial cells, MDA-MB-435A, were transfected with various amounts of the GFP-ER expression plasmid as indicated along with 5 ug of
PERE-tk-CAT reporter gene and 4 ug of B-galactosidase expression plasmid pCH110 by the calcium phosphate coprecipitation method. After
replacement with fresh medium the next day, cells were treated (gray bars) or not treated (stippled bars) with 10 nM 17 B-estradiol for 30 h. Extracts
were prepared subsequently and assayed for CAT and B-galactosidase activity. The relative CAT activity was calculated using the B-galactosidase
activity to normalize for transfection efficiency. (D) Effect of 17B-estradiol concentration and type of ligand on GFP-ER activation of the
PERE-tk-CAT reporter gene in MDA-MB-435A cells. Cells were transfected as described in C using 0.1 ug of pCI-nGL1-HEGO expression plasmid,
5 ug of pERE-tk-CAT reporter gene, and 4 ug of B-galactosidase expression plasmid pCH110. After transfection, cells were treated with no
additional ligand (lane 1), 0.1 nM 17B-estradiol (lane 2), 1 nM 173-estradiol (lane 3), 10 nM 17-estradiol (lane 4), 100 nM 17B-estradiol (lane 5), 10
nM ICI 182780 (lane 6), 10 nM 4-hydroxytamoxifen (lane 7), 500 nM ICI 182780 and 10 nM 17B-estradiol (lane 8), and 250 nM 4-hydroxytamoxifen
and 10 nM 17B-estradiol (lane 9) for 30 h before analysis. (E) Association of GFP-ER with the nuclear matrix in MCF-7 cells. MCF-7 cells were grown
in charcoal-stripped FBS. Lane 1, supernatant after extraction of isolated nuclei with 0.25 M ammonium sulfate; lane 2, supernatant after the first
extraction with 2M NaCl; lane 3, supernatant after the second extraction with 2 M NaCl; lane 4, nuclear matrix and associated intermediate
filaments. Immunodetection of GFP-ER was done using the HA antibody to the HA tag located on the N terminus of the GFP-ER fusion protein.
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and 9). Thus, GFP-ER functions as a transcriptional ac-
tivator, and its activity is fully regulated by ER ligands.

Presence of the GFP tag results in a receptor that is
~27 kDa larger than the untagged ER. An immuno-
blot using a rat monoclonal ER antibody, H226, of
total cellular lysates prepared from MCEF-7 cells trans-
fected with GFP-ER expression vector pCI-nGL1-
HEGO shows the presence of a protein with a molec-
ular mass of ~94 kDa, the expected molecular mass of
the fusion protein (Figure 1B). Furthermore, from the
width and intensity of the band, inclusion of a greater
amount of GFP-ER expression plasmid in a transfec-
tion results in more fusion protein being expressed in
the transfected cells.

Previous investigations have shown that unligan-
ded ER associates loosely with the nucleus but that the
liganded ER associates more tightly with the nucleus
(Greene and Press, 1986; Press et al., 1989; Jensen,
1991). Several studies have also suggested that steroid
receptors are associated with the nuclear matrix (Bar-
rack and Coffey, 1980; Alexander et al., 1987; Samuel et
al., 1998). In addition, transcribing chromatin has been
reported to be selectively associated with the nuclear
matrix (Davie, 1995; Davie et al., 1997). These consid-
erations led us to examine the potential association of
GFP-ER with the matrix. Nuclear matrix was prepared
from MCE-7 cells transfected with the GFP-ER expres-
sion plasmid. Figure 1E shows the result of two suc-
cessive 2 M NaCl extractions of a nuclear matrix prep-
aration from MCF-7 cells whose nuclei have been
digested with DNase I and extracted with 0.25 M
ammonium sulfate. From the Western blot analysis
using an anti-HA antibody to detect the HA epitope at
the amino terminus of GFP-ER, the GFP-ER that re-
mains associated with the initial nuclear matrix prep-
aration is tightly bound to the matrix and resistant to
2 M NaCl extraction (Figure 1E, compare lanes 1-3
with lane 4). The initial cytosolic fraction contains
soluble nuclear protein and significant amounts of
GFP-ER (our unpublished results). Comparable re-
sults were obtained when cells were grown in the
presence of estrogens (our unpublished results). These
findings are consistent with the earlier description of
ER as cytosolic, based on biochemical fractionation
experiments (Gorski et al., 1968; Jensen et al., 1968;
Greene and Press, 1986; Press et al., 1989; Jensen, 1991),
as well as a nuclear matrix-binding protein (Barrack
and Coffey, 1980; Alexander et al., 1987).

Cellular Localization of GFP-ER

To determine the localization of the tagged ER, we
examined various human breast cancer epithelial cell
lines transfected with the GFP-ER expression vector.
In particular, we were interested in the effect of ligand
as well as cellular structure and milieu on GFP-ER
subcellular localization in the ER-positive (ER+) and
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ER-negative (ER—) cell lines. Four representative hu-
man breast cancer epithelial cell lines were examined,
two ER+ (MCF-7 and T47D) and two ER— (MDA-MB-
231 and MDA-MB-435A). Green fluorescence can be
detected by conventional fluorescence microscopy in
MCE-7 cells after electroporation with the GFP-ER
expression plasmid, indicating that the GFP chro-
mophore in the fusion protein is functional (Figure
2B). Comparison with the differential interference con-
trast image shows green fluorescence to be restricted
to the nucleus of a few cells successfully transfected
with the GFP-ER expression plasmid (Figure 2A,
white arrows, also compare A and B). In the cells with
a lower level of green fluorescence, nucleolar outlines
are observed, which is consistent with GFP-ER being
excluded from the nucleolus (Figure 2B, two leftmost
nuclei and three lower nuclei). Thus, GFP-ER localiza-
tion is consistent with that previously reported for the
endogenous ER in MCF-7 cells (King and Greene,
1984; Welshons et al., 1988).

Inclusion of 10 nM ligand, either agonist 173-estra-
diol (Figure 2, C and D) or partial antagonist 4-hy-
droxytamoxifen (Figure 2, E and F), during the time of
transfection and culturing of the cells for 20 h had no
apparent effect on the nucleocytoplasmic compart-
mentalization of GFP-ER. In contrast, when GFP-ER—
expressing cells were treated with 10 nM ICI 182780, a
pure ER antagonist, green fluorescence was observed
not only in the nucleus but also in the cytoplasm
(Figure 2, G and H). This effect of ICI 182780 on the
nucleocytoplasmic compartmentalization of GFP-ER
is similar to that previously reported for the untagged
ER (Dauvois et al., 1993).

Although a similar effect of ligand on GFP-ER nu-
cleocytoplasmic compartmentalization was observed
in T47D, MDA-MB-231, and MDA-MB-435A cells (our
unpublished results), we observed variability in the
proportion of cells showing cytoplasmic green fluo-
rescence after overnight treatment with 10 nM ICI
182780. In T47D and MCEF-7 cells, cytoplasmic green
fluorescence was seen in a minority of the cells within
30 min of 10 nM ICI 182780 treatment and peaked at
6—8 h with ~90% of the cells showing some degree of
cytoplasmic fluorescence (e.g., Figure 3B). In the case
of the ER— cell lines, cytoplasmic accumulation was
observed in ~10% of the population despite pro-
longed treatment (20 h) with 10 nM ICI 182780 (our
unpublished results). However, in no case did total
cytoplasmic green fluorescence exceed nuclear fluo-
rescence (e.g., Figures 2H and 3B).

Effect of Cycloheximide on ICI 182780-induced
Cytoplasmic Accumulation of GFP-ER

The protein synthesis inhibitor cycloheximide was
used to block protein synthesis, and its effect on cyto-
plasmic accumulation of GFP-ER was examined after
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Figure 2. Effect of ligand treatment on GFP-ER localization in MCF-7 cells. Cells from a human breast cancer epithelial cell line, MCF-7, were
electroporated with 0.2 ug of GFP-ER expression plasmid, pCI-nGL1-HEGO, and cultured on coverslips for 12-16 h before visualization by
differential interference contrast (A, C, E, and G) or epifluorescence with a standard set of FITC filters (B, D, F, and H). Cells were treated
at the time of culturing with nothing (A and B), 10 nM 17B-estradiol (C and D), 10 nM 4-hydroxytamoxifen (E and F), or 10 nM ICI 182780
(G and H). The arrow in the left panel indicates the nucleus of a cell exhibiting green fluorescence, as seen in the right panel.
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10 nM ICI 182780 treatment. In MCE-7 cells treated
with 200 pg/ml cycloheximide for 20 h immediately
after electroporation, no green fluorescence was seen
(compare Figure 3, C and D, with no cycloheximide
treated cells in Figure 2, A and B), indicating that no
GFP-ER was synthesized in the cycloheximide-treated
cells. In contrast, allowing protein synthesis to con-
tinue for the first 12 h after transfection and then
halting it for 8 h through the addition of cyclohexi-
mide to the culture medium showed green fluores-
cence in the nucleoplasm but not in the nucleolus
(Figure 3, E and F). Simultaneous inclusion of both
cycloheximide and 10 nM ICI 182780 12 h after trans-
fection but 8 h before microscopy failed to reveal any
cell with cytoplasmic green fluorescence (Figure 3, G and
H). Because absence of the protein synthesis inhibitor
results in cytoplasmic accumulation of GFP-ER in the
presence of ICI 182780 (Figure 3, A and B), continued
protein synthesis appears to be required for ICI 182780-
induced cytoplasmic accumulation of GFP-ER.

Confocal Laser Scanning Microscopic Examination
of GFP-ER Nuclear Distribution

The ability of ICI 182780 to affect the cytoplasm—nu-
cleus partitioning of GFP-ER suggests that other ER
ligands might affect the localization of the receptor. In
particular, although no change in the nuclear versus
cytoplasmic compartmentalization of GFP-ER was ob-
served for cells treated with either 17B-estradiol or
4-hydroxytamoxifen (Figure 2, compare B with D and
F), the localization of GFP-ER might have been altered
within the nucleus. To determine whether changes oc-
curred in the nuclear localization of GFP-ER upon the
addition of ligand, the GFP-ER-expressing MCF-7 cells
were examined by high-resolution fluorescent micros-
copy using a confocal laser scanning microscope.
Figure 4A shows an optical section of four live MCF7
cells grown in the absence of ligand, obtained through a
confocal laser scanning microscope. Note the increased
resolution of the images (also other images in Figures 4
and 5) over the conventional epifluorescent images in
Figures 2 and 3. Despite differences in the overall level of
brightness attributable to cell-to-cell variation in the level
of GFP-ER expression (e.g., Figure 4A, top left corner
compared with the adjacent nucleus or the two right-
most pair of nuclei), the tagged receptor is found to be
present in a reticular pattern evenly distributed through-
out the nucleus. It is, however, excluded from the nucle-
oli. In contrast, treatment with 10 nM 17B-estradiol, 4-hy-
droxytamoxifen, or ICI 182780 for 1 h leads to the
redistribution of the receptor, resulting in the nucleus
appearing punctate and highly structured (Figure 4,
B-D). Note that the ICI 182780-treated cells (1 h) failed to
show cytoplasmic GFP-ER, because at this time point,
few cells accumulate GFP-ER in the cytoplasm (Figures
4D and 5, D, H, and L; our unpublished results). This
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result is in contrast to the cytoplasmic accumulation seen
after an overnight treatment (Figure 2H). Thus, intranu-
clear localization of the ER is altered by treatment with
ER ligands (Figure 4, B-D).

Representation of Confocal Laser Scanning
Microscopic Images

Because the confocal laser scanning microscope
records images in a digital format, these images can be
analyzed by a number of procedures. Figure 4, E and
F, shows three-dimensional color surfaces in which
height and color are used to represent the light inten-
sity in the panel corresponding to the untreated or
17B-estradiol-treated cells (Figure 4, A and B). For
example, the brightest nucleus in the untreated sam-
ple and the two brightest in the 173-estradiol-treated
sample are represented by the tallest nuclei whose
surface color either approaches blue or is blue in Fig-
ure 4, E and F, respectively.

The fluctuation in light intensity is readily apparent
when a perpendicular slice through the surface plot of
the optical section for the cell is made and examined.
Figure 4G, left diagram, shows a slice from an un-
treated nucleus (Figure 4A, green line), whereas the
right diagram shows a slice from a 17B-estradiol-
treated nucleus (Figure 4B, red line). In tracing along
the green line from left to right in Figure 4A and
examining the left diagram in the same manner for
Figure 4G, it is clear that the fluorescence intensity is
zero outside of the nucleus. As the line enters the
nucleus, the fluorescence intensity value suddenly
rises and remains fairly constant in the nucleus, except
where it drops dramatically at the nucleolus, which is
a little over halfway into the nucleus. The fluorescence
intensity again recovers outside the nucleolus and
subsequently drops to the baseline upon exiting the
nucleus. A similar trend is seen for the slice of the
17B-estradiol-treated nucleus indicated in Figure 4B
(right diagram); however, in this case, dramatic
changes in the fluorescence intensity values are seen
for the nuclear region excluding the nucleolus. Such
changes mirror the punctation observed for the 178-
estradiol-treated nuclei (Figure 4B); in contrast, minor
fluctuation in fluorescence intensity values in the slice
of the untreated nucleus (Figure 4B, left diagram)
reflects the more even, reticular distribution of
GFP-ER observed in Figure 4A.

Quantitative Analysis of the Effect of Ligand on
GFP-ER Nuclear Distribution

To quantitatively compare the magnitude of fluctuation
in fluorescence intensity, the coefficient of variation was
determined from the mean and SD of the fluorescence
intensity for a segment of each line traversing the nu-
cleus (Figure 4G, portion under the two black bars). In
the case of the untreated sample, the mean fluorescence
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Figure 4. Effect of ligand treatment on the intranuclear distribution of GFP-ER in MCF-7 cells. MCF-7 cells were electroporated with 0.2 ug
of GFP-ER expression plasmid pCI-nGL1-HEGO and cultured on coverslips overnight. The next day, media were changed, and the cells were
treated with nothing (A), 10 nM 17B-estradiol (B), 10 nM 4-hydroxytamoxifen (C), or 10 nM ICI 182780 (D) for 1 h before visualization by
confocal laser scanning microscopy on a Bio-Rad MRC 1024 system. Representation of fluorescence intensity in A and B is as three-
dimensional plots in E and F, respectively, with the greater the fluorescence, the higher the peaks, and the cooler the colors. Bar, 10 um. (G)
Graph of fluorescence intensity along the green line for the nucleus in A (left graph with green curve) and red line for the nucleus in B (right
graph with red curve). Arrowheads in A and B point to the direction of the plot from left to right in H. The black bar within each graph in
H marks the segment of the line for which the mean fluorescence intensity and SDs are calculated.

intensity was 66 with an SD of 12.3, whereas the 173-
estradiol sample had a mean of 103 with an SD of 35.4.
Normalization of the SD by the mean yielded the coef-
ficient of variation, which allows direct comparison of
the magnitude in the variation of the fluorescence inten-
sity for samples with different mean values. Indeed, the
coefficient of variation was nearly twofold higher for the
17B-estradiol-treated sample than for the untreated sam-
ple (0.344 vs. 0.186), indicating a substantial fluctuation
in fluorescence intensity for the 17p-estradiol-treated
cells than untreated cells.

To determine whether a statistically significant dif-
ference exists in the coefficient of variation after ligand
treatment, the mean coefficient of variation was deter-

Figure 3 (facing page). Effect of cycloheximide treatment on ICI
182780-induced accumulation of GFP-ER in the cytoplasm. MCF-7 cells
were electroporated with 0.5 ug of pCI-nGL1-HEGO DNAs and left to
express for 12 h before 8 h of treatment with 10 nM ICI 182780 (A and
B), 200 pg/ml cycloheximide (E and F), or 200 pg/ml cycloheximide
and 10 nM ICI 182780 (G and H). Alternatively, the cells were treated
with 200 ug/ml cycloheximide immediately after electroporation for
20 h (C and D). Cells were visualized by differential interference
contrast (A, C, E, and G) or epifluorescence using a standard FITC filter
set (B, D, F, and H). Arrows in the left panels point to nuclear fluores-
cence observed in the right panels.
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mined from a large population of nuclei treated in a
similar manner. In the current instance, the coefficient
of variation was computed in a similar manner as
described in the earlier example, but now encompass-
ing the entire nucleus in the optical section minus the
nucleolus. From the coefficient of variation, a mean
coefficient of variation along with its SD was calcu-
lated for each population treated in a similar manner.
As seen in Table 1, the mean coefficient of variation for
164 MCEF-7 cells not treated with ligand is 0.225,
whereas that for 82 MCF-7 cells treated with 178-
estradiol is 0.365. Statistical Z test gives a value >26.
This value indicates a chance of <1 in 10 million that
these two means would show such a difference on the
basis of chance alone and thereby establishes a high
degree of statistical significance to these results (Chase
and Bown, 1992). Similarly, treatment with 4-hy-
droxytamoxifen or ICI 182780 resulted in a 1.4-fold
increase in the mean coefficient of variation, which is
also a high statistical difference from the untreated
sample.

Nuclear distribution of GFP-ER was also analyzed
in another ER+ cell line, T47D, and two ER— cell lines,
MDA-MB-231 and MDA-MB-435A, to determine
whether the 1-h ligand treatment also caused a statis-
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Effect of ligand treatment on the intranuclear distribution of GFP-ER in three human breast cancer epithelial cell lines. Three

human breast cancer epithelial cell lines, T47D, MDA-MB-231, and MDA-MB-435A, were electroporated with 0.2 ug of pCI-nGL1-HEGO and
treated and visualized as in Figure 3. Bar in each panel for the first column (A, E, and I), same scale bar for the other panels in the row, 10
um. Note the presence of fluorescence in the nucleolar regions (indicated by white arrows) for the some of the MDA-MDA-231 cells (e.g.,
E-G), which can be quite prominent in MDA-MB-435A cells (e.g., I, ], and L).

tically significant redistribution of GFP-ER. In each
case, ligand treatment results in an increase in the
mean coefficient of variation (Table 1, compare left-
most number with others in each row) to a value that
would occur by chance in <1 of 10 million cases. Thus,
for each cell line, a significant redistribution of
GFP-ER occurs upon treatment with ligand (Figure 5,
compare first panel with other panels in each row).

Ligand— and Cell Line-specific Distribution of GFP-
ER in the Nucleus

Although it is apparent that no two GFP-ER-express-
ing cells look identical (Figures 4 and 5, compare the
nuclear appearance of the group of cells in each pan-
el), each cell line has a characteristic distribution of
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GFP-ER and responds in a characteristic manner to
ligand. For example, in the absence of ligand, GFP-ER
is distributed evenly in a reticular pattern in MCF-7
cells (Figure 3A). However, deviation from this pat-
tern occurs in T47D, MDA-MB-231, and MDA-MB-
435A cells, resulting in a small but statistically signif-
icant increase in the mean coefficient of variation
(Table 1, compare the value for MCF-7 with others in
the first column). In the case of T47D cells, GFP-ER can
be seen to concentrate at a few nuclear sites over a
reticular background (more evident for the brighter
nucleus in Figure 5A). The two other cell lines show an
uneven distribution of GFP-ER. In the case of the
MDA-MB-231 cell line, the unevenness results in the
left and lower left half of the nucleus being brighter
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Table 1. Mean coefficient of variation and its standard deviation obtained from the frequency distribution of nuclear fluorescence intensity

for a population of cells treated in a similar manner

17B-Estradiol

4-Hydroxytamoxifen ICI 182780

None
MCF7 0.225 = 0.042 (164)
T47D 0.245 *+ 0.050 (76) 0.365 = 0.060 (60)
MDA-MB-231 0.245 = 0.040 (118)
MDA-MB-435A 0.257 = 0.040 (84)

0.365 + 0.068 (82)

0.353 = 0.057 (78)
0.301 = 0.040 (53)

0.329 + 0.059 (108)
0.370 = 0.084 (56)
0.315 + 0.078 (54)
0.287 = 0.042 (44)

0.326 = 0.057 (109)
0.373 = 0.058 (34)
0.342 =+ 0.074 (49)
0.294 = 0.041 (35)

Coefficient of variation is determined from the frequency distribution of the pixel intensity within each optical section of a nucleus but
ignoring the nucleolus, using IPLab Spectrum software (Signal Analytics). From the coefficient of variation, the mean and its SD were
determined for the number of nuclei indicated within parenthesis and are separated by the * sign, respectively.

than the other half (Figure 5E). For MDA-MB-435A cells,
the unevenness is very apparent from the “patchy”
GFP-ER patterns within the nucleus (Figure 5I).

Despite the fact that GFP-ER undergoes a dramatic
redistribution after ligand treatment, the magnitude of
the change differs between different cell lines as each
cell line responds in a characteristic manner to ligand.
17B-Estradiol treatment leads to a high degree of
punctation in the distribution of GFP-ER for MCEF-7
and T47D cells, less so in MDA-MB-231 cells, and least
in MDA-MB-435A cells (Table 1). The extent of punc-
tation observed for MCF-7 cells is greater for 17p-
estradiol than for the antagonists, but for T47D cells, it
is not significantly different. Although the GFP-ER
patterns for the two antagonists are significantly dif-
ferent for MDA-MB-231 cells (p < than 1 in 100 that
the mean coefficients of variation are those in Table 1),
these patterns appear not to be significantly different
for MDA-MB-435A cells.

GFP-ER Presence in the Nucleolar Region

In the two ER— cell lines, expression of GFP-ER re-
sults not only in its accumulation within the nucleus
but also in its presence within the nucleolar region
(Figure 5, E-G, 1, ], and L). This is most evident for the
MDA-MB-435A cells. The extent of “nucleolar” accu-
mulation differs between different cells in the popula-
tion, independent of ligand treatment. Thus, unlike
the ER+ cell lines, GFP-ER can accumulate in the
nucleolar region of ER— cells.

DISCUSSION

Early attempts at localization of the ER by biochemical
fractionation led to the two-step model of steroid hor-
mone action. Binding of steroid by cytosolic steroid
hormone receptor leads to its transformation and sub-
sequent translocation to the nucleus where it regulates
gene expression (Gorski ef al., 1968; Jensen et al., 1968).
This view was revised when the human ER was
shown to be in the nucleus independent of ligand by
immunocytology (King and Greene, 1984) and hor-
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mone-binding assays of cytoplast and nucleoplast
fractions from cytochalasin B-induced enucleation of
intact cells (Welshons et al., 1984). Steroid hormone
transformed a “loosely” bound nuclear ER to a more
“tightly” bound nuclear form, which regulated gene
expression (Greene and Press, 1986; Press et al., 1989;
Jensen, 1991). However, attempts at defining these
two biochemically distinct states of ER by immunocy-
tology failed to reveal any notable difference in the
intranuclear localization of the loosely and more
tightly bound forms of ER (Press et al., 1985; Vazquez-
Nin et al., 1991; Yamashita, 1995).

In our current work, we have revisited this issue of
the role of ligand in ER localization, using a direct
visualization approach in living cells based on GFP
tagging. We have previously shown this approach to
be extremely useful for observing the subcellular lo-
calization of the GR. Using the GFP-tagging approach,
we saw for the first time differences in the intranuclear
distribution of the receptor that reflected the type of
ligand, agonist or antagonist, bound to the receptor.
That work represents the first report of the importance
of ligand or signal in affecting the distribution of a
steroid hormone and nuclear receptor within the nu-
cleus (Htun et al., 1996).

When ER is tagged at its amino terminus with GFP,
the tagged receptor is functional by a number of cri-
teria. First, the receptor is capable of transcriptional
activation of the ERE-containing reporter gene. Sec-
ond, GFP-ER responds to ligands, ER agonist or an-
tagonist, similar to ER. Third, GFP-ER is nuclear in the
absence of any added ligand, as has been reported for
ER. Fourth, the pure antagonist ICI 182780 causes
partial cytoplasmic accumulation of GFP-ER, as has
been reported for ER (Dauvois et al., 1993). Finally,
GFP-ER can associate with the nuclear matrix, similar
to that reported for the wild-type ER (Barrack and
Coftey, 1980; Alexander et al., 1987; Samuel et al., 1998).
Although we have not quantitatively investigated this
issue, we do not see a large effect of hormone stimu-
lation on the interaction with matrix. This could sug-
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gest that the receptor is present on different matrix
sites in the presence and absence of ligand.

Using this GFP-ER, we find the receptor to be dis-
tributed in a reticular pattern in the absence of ligand.
This pattern suggests that the majority of the unligan-
ded GFP-ER is not freely diffusing in the nucleus but
is rather associated with some nuclear meshwork
present throughout the nucleus. Ligand causes a dra-
matic redistribution of the receptors to numerous nu-
clear sites, giving a punctate nuclear pattern. These
two distinct nuclear localization patterns provide the
first visual evidence of the changes in receptor activity
by hormone and may reflect the loose and tighter
binding nuclear forms of ER (Greene and Press, 1986;
Press et al., 1989; Jensen, 1991). These findings also
complement our earlier work with the GR, which
demonstrated the importance of ligand on the nucle-
ocytoplasmic compartmentalization and intranuclear
distribution of the receptor (Htun et al., 1996). Despite
the fact that the current work was performed on hu-
man breast cancer epithelial cells, the nuclear redistri-
bution of ER is expected to be a general feature of all
ER-containing cells and is likely a consequence of
hormone-dependent transformation of ER from a
loose to tighter nuclear form.

Closer examination of the various human breast
cancer epithelial cell lines shows a cell line-specific
intranuclear distribution of GFP-ER. Small but signif-
icant differences in GFP-ER localization can be ob-
served in the absence of ligand. In MCF-7 cells,
GFP-ER can be seen to localize in a reticular pattern
evenly distributed throughout the nucleus, excluding
the nucleolus (Figure 4A). This is not so for T47D cells
where a composite pattern emerged as a result of the
accumulation of the receptor in a reticular pattern and
to a low level of concentration at numerous nuclear
sites present throughout the nucleus (Figure 5A). De-
spite this alteration in the nuclear pattern, comparison
of different portions of the nucleus in these ER+ cells
shows no remarkable difference in the fluorescent in-
tensity and localization patterns, indicative of an even,
intranuclear distribution of GFP-ER. In contrast, ER—
cell lines lack this even distribution. In MDA-MB-231
cells, the receptor is slightly more abundant on one
half over the other half of the nucleus (Figure 5E),
whereas in MDA-MB-435A cells, the unevenness in
GFP-ER distribution results in a patchy nuclear ap-
pearance (Figure 5I). Thus, each cell line shows a
characteristic distribution of GFP-ER in the absence of
ligand.

In comparing the confocal laser scanning micro-
scopic images of GFP-ER-expressing cells, it is clear
that no two nuclei show an identical distribution of
GFP-ER despite the cells being treated and handled in
a similar manner (Figures 4 and 5, compare nuclei
within each panel). Differences in the phase of the cell
cycle, physical characteristics, local external environ-
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ment, and stochastic nature of some biological regu-
latory processes may contribute to a unique nuclear
appearance. To describe the distribution of GFP-ER in
a quantitative manner, the coefficient of variation was
determined from the frequency distribution of fluores-
cence intensity. Although the coefficient of variation
analysis ignores the precise spatial organization of
GFP-ER, changes in the GFP-ER patterns are often
accompanied by changes in the size and number of
GFP-ER clusters and hence the frequency distribution
of fluorescence intensity. Under most circumstances,
the coefficient of variation will be different, and the
significance of this difference can be addressed statis-
tically. However, in cases in which the values of the
coefficient of variation are similar, direct visual assess-
ment is required to address the issue of similarity or
difference in the GFP-ER patterns. Thus, the coefficient
of variation serves as an indirect measure of the spatial
distribution of GFP-ER through its effect on the fre-
quency distribution of fluorescence intensity.

When cells not exposed to ER ligand are examined,
a reticular pattern can be observed throughout the
nuclear volume excluding the nucleolus. However,
subtle differences exist (Figures 4A and 5, A, E, and I)
that can be evaluated quantitatively and analyzed sta-
tistically. When the coefficient of variation was deter-
mined from the nuclear fluorescence but excluding the
nucleolus, the mean coefficient of variation was small-
est for MCEF-7 cells, which showed an even and retic-
ular distribution of GFP-ER (Table 1; see Figure 4A).
The mean coefficient was largest for the cell line MDA-
MB-435A, which deviated furthest from this distribu-
tion, as evident from the patchy appearance of the
nuclei (Table 1; see Figure 5I). Intermediate values
were obtained for the untreated T47D and MDA-MB-
231 cells, which had a low level of deviation from the
MCEF-7 nuclear pattern (Table 1; see Figure 5, A and E).
Heterogeneity in the observed distribution of GFP-ER
is partly reflected by the SD, as indicated in Table 1.
From the mean and SD, the statistical Z test estab-
lished the statistical significance of the difference in
the mean coefficient of variation among the different
cell lines, except between T47D and MDA-MB-231
cells, and hence the existence of a unique and charac-
teristic GFP-ER distribution pattern, at least on the
average. For T47D and MDA-MB-231 cells, the mean
coefficient of variation is similar; however, examina-
tion of the confocal sections has shown differences in
the nuclear patterns between T47D and MDA-MB-231
cells, as discussed earlier. Thus, to a first approxima-
tion, the mean coefficient of variation for the most part
adequately summarizes the different GFP-ER localiza-
tion patterns and helps define a characteristic nuclear
distribution of GFP-ER for each cell line.

In the presence of ligand, GFP-ER redistributes
within the nucleus. Analysis of the number of cells,
indicated within parentheses in Table 1, shows that for
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all ligands, the greatest redistribution occurs in T47D
cells, and the least occurs in MDA-MB-435A cells. The
response in MCF-7 and MDA-MB-231 cells is interme-
diate and ligand dependent. In MCF-7 cells, 17 3-estra-
diol caused a greater redistribution than 4-hydroxyta-
moxifen, which elicited a similar response as ICI
182780. However, in MDA-MB-231 cells, both 178-
estradiol and ICI 182780 caused a similar but greater
change than 4-hydroxytamoxifen. Thus, each cell line
not only has a characteristic GFP-ER distribution pat-
tern but responds in a characteristic manner to ER
ligands.

Responsiveness of human breast cancer to hormonal
therapy correlates well with ER status in which up to
60% of ER+ tumors respond to anti-estrogen therapy,
in contrast to 10% of ER— tumors (Allegra et al., 1980;
Samaan et al., 1981; Williams et al., 1987). Interestingly,
treatment of ER— cells, made to express exogenous
ER, with 17B-estradiol inhibited cell growth and pro-
liferation, contrary to what is normally observed in
ER+ cells (Garcia et al., 1992; Jiang and Jordan, 1992;
Zajchowski et al., 1993; Levenson and Jordan, 1994).
This differential response to the activation of ER by
17B-estradiol suggests important differences in cellu-
lar and/or nuclear content and/or structure that af-
fects ER function. Comparing GFP-ER localization be-
tween the ER+ and ER— cell lines revealed three
characteristic differences. First, GFP-ER is distributed
more evenly throughout the nuclear volume minus
the nucleolus in ER+ than ER— cells. Second, ER—
cells had GFP-ER in the nucleolar region unlike ER+
cells, more so in MDA-MB-435A than MDA-MB-231
cells. Third, after 6-8 h of treatment with ICI 182780,
GFP-ER is seen in the cytoplasm of ~90% of the ER+
cells but only 10% of ER— cells. Thus, the cell line
variations in the subcellular localization of GFP-ER
demonstrate that ER function is affected by cellular,
nuclear, or structural differences. The importance of
this alteration on the receptor’s role in inhibiting the
growth and proliferation of ER— cells, transfected
with ER expression vector, remains to be elucidated.

Dauvois et al. (1993) proposed ER to constantly shut-
tle between the nucleus and the cytoplasm despite its
predominantly nuclear location. They further reported
that nuclear uptake was energy dependent and that
ICI 182780 disrupted this process, resulting in the
accumulation of ER in the cytoplasm. We observed
that the ability of ICI 182780 to cause cytoplasmic
localization of GFP-ER was prevented when breast
cancer cells were incubated with both ICI 182780 and
cycloheximide, a protein synthesis inhibitor. A possi-
ble explanation for this observation is that ICI 182780
prevents the nuclear uptake of newly synthesized
GFP-ER. Alternatively, a labile protein factor could be
required for ER to be exported from the nucleus to the
cytoplasm. Variation in the abundance of this labile
factor could account for the observed differences be-
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tween the rate of cytoplasmic accumulation of GFP-ER
in ER+ breast cancer epithelial cells and mouse ER in
COS-1 cells (Dauvois et al., 1993), and absence of this
labile factor in 90% of the ER— cells might explain
why these cells failed to show cytoplasmic green flu-
orescence after ICI 182780 treatment.

From our current work, it is clear that the effectiveness
of ICI 182780 as an antagonist is independent of its
ability to induce cytoplasmic accumulation of GFP-ER.
In the ER+ human breast cancer epithelial cells, most of
the GFP-ER remained in the nucleus. In an ER— human
breast cancer epithelial cell, MDA-MB-435A, ICI 182780
treatment effectively suppressed GFP-ER transcriptional
activation of a reporter gene; however, only 10% of these
cells showed any GFP-ER accumulation in the cyto-
plasm. Thus, the mechanism of ICI 182780 antagonism
does not depend on the nuclear—cytoplasmic recompart-
mentalization of the receptor but, rather, must occur
within the nuclear compartment at a step required for
activation of transcription by ER.

Previous studies have shown that in the absence of
hormone, steroid receptors are thought not to be
bound to hormone-responsive elements in target
genes (Kumar and Chambon, 1988; Wijnholds et al.,
1988; Pham et al., 1991b; McDonnell ef al., 1992; also
reviewed in Tsai and O’Malley, 1994; Shibata et al.,
1997). Hormone binding causes a conformational
change in the receptor that allows it to bind to its
cognate sites and to regulate gene transcription. Ago-
nist ligands induce a receptor conformation that can
interact with the general transcription factors or tran-
scriptional coactivators to establish a productive tran-
scriptional preinitiation complex. Antagonist ligands,
on the other hand, induce a different receptor confor-
mation that interferes with the ability of the receptor
to bind to DNA or alternatively to prevent formation
of a productive transcriptional preinitiation complex
by abrogating its interaction with the general tran-
scription factors and/or transcriptional coactivators
(Martinez and Wahli, 1989; McDonnell et al., 1991;
Pham et al., 1991a; Sabbah ef al., 1991; McDonnell et al.,
1994, 1995; Tsai and O’Malley, 1994, Mymryk and
Archer, 1995; Vegeto et al., 1996; Brzozowski et al.,
1997; Gallo and Kaufman, 1997; Shibata et al., 1997).
Alternatively, antagonist ligands might promote re-
ceptor interaction with transcriptional corepressors to
actively maintain a repressed transcriptional state
(McDonnell et al., 1992, 1994; Smith et al., 1997; Lavin-
sky et al., 1998; Zhang et al., 1998). In the case of ER
antagonists, antagonism appears to occur at a step
subsequent to the binding of the receptor to the EREs
of target genes than at the actual step of DNA binding
(Martinez and Wahli, 1989; McDonnell et al., 1991,
1992, 1994, 1995; Pham et al., 1991a; Sabbah et al., 1991;
Vegeto et al., 1996; Brzozowski et al., 1997; Gallo and
Kaufman, 1997; Shibata et al., 1997). Our visual data
favor a model of 4-hydroxytamoxifen and ICI 182780
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antagonism in which ER binds to the hormone re-
sponse elements of target genes, but its ability to ac-
tivate transcription is partially or completely abol-
ished, respectively. In support of this assertion, we
find that, qualitatively, the punctate pattern observed
after 4-hydroxytamoxifen or ICI 182780 treatment is
no different from the pattern observed after 17p-estra-
diol treatment in the four human breast cancer epithe-
lial cell lines. Quantitatively, in the case of T47D cells,
no significant difference in the mean coefficient of
variation can be established after 4-hydroxytamoxifen,
ICI 182780, or 17B-estradiol treatment (Table 1), sug-
gesting a similarity in the number of nuclear sites to
which the ligand-bound receptor accumulates. Al-
though we favor these sites of GFP-ER concentration
as regions high in the concentration of EREs, we can-
not rule out the possibility that these sites might be
ER-processing sites, storage sites, or sites of interac-
tion with the nuclear matrix.

Last, during mouse embryonic development, ER has
been reported to preferentially accumulate within the
nucleolar region of a specific subset of cells (Hou et al.,
1996). Because this recompartmentalization is observed
during the ontogeny of ER— from ER+ cells, it has been
suggested that this recompartmentalization might be a
consequence of the mechanism involved in ER down-
regulation. In this regard, we have found ER— human
breast cancer epithelial cells to show GFP-ER not only in
the nucleus but also in the nucleolar region (Figures 4
and 5). The presence of GFP-ER in the nucleolar region
of ER— human breast cancer epithelial cells further sug-
gests the importance of ER localization for its function
and points to parallel regulatory mechanisms governing
ER localization during both early mouse embryonic de-
velopment and human mammary gland development.
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