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Glucocorticoid receptors (GRs) have the capacity to shuttle between the nuclear and cytoplasmic compart-
ments, sharing that trait with other steroid receptors and unrelated nuclear proteins of diverse function.
Although nuclear import of steroid receptors, like that of nearly all other karyophilic proteins examined to
date, requires ATP, there appear to be different energetic requirements for export of proteins, including steroid
receptors, from nuclei. In an attempt to reveal which steps, if any, in the nuclear export pathway utilized by
steroid receptors require ATP, we have used indirect immunofluorescence to visualize GRs within cells
subjected to a reversible ATP depletion. Under conditions which lead to >95% depletion of cellular ATP levels
within 90 min, GRs remain localized within nuclei and do not efflux into the cytoplasm. Under analogous
conditions of ATP depletion, transfected progesterone receptors are also retained within nuclei. Importantly,
GRs which accumulate within nuclei of ATP-depleted cells are distinguished from nuclear receptors in
metabolically active cells by their resistance to in situ extraction with a hypotonic, detergent-containing buffer.
GRs in ATP-depleted cells are not permanently trapped in this nuclear compartment, as nuclear receptors
rapidly regain their capacity to be extracted upon restoration of cellular ATP, even in the absence of de novo
protein synthesis. More extensive extraction of cells with high salt and detergent, coupled with DNase I
digestion, established that a significant fraction of GRs in ATP-depleted cells are associated with an RNA-
containing nuclear matrix. Quantitative Western blot (immunoblot) analysis confirmed the dramatic increase
in GR binding to the nuclear matrix of ATP-depleted cells, while confocal microscopy revealed that GRs are
bound to the matrix throughout all planes of the nucleus. ATP depletion does not lead to wholesale collapse
of nuclear proteins onto the matrix, as the interaction of a subpopulation of simian virus 40 large tumor
antigen with the nuclear matrix is not quantitatively altered in ATP-depleted Cos-1 cells. Nuclear GRs which
are not bound to the nuclear matrix of metabolically active cells (i.e., a DNA-binding domain deletion mutant
and a B-galactosidase chimera possessing the GR nuclear localization signal sequence) are not recruited to the
matrix upon depletion of cellular ATP. Thus, it appears that ATP depletion does not expose the GR to nuclear
matrix interactions which are not normally encountered in cells but merely alters the dynamics of such
interactions. The dynamic association of steroid receptors with the nuclear matrix may provide a mechanism
which is utilized by these regulable transcription factors to facilitate their efficient scanning of the genome.

In recent years, there has been an increased appreciation for
the extent to which distinct DNA, RNA, and protein compo-
nents are organized within the nucleus (68). Much of the
framework responsible for maintaining nuclear organization is
provided for by the nuclear matrix, which is defined as that
compartment of the nucleus which remains following DNase
and detergent treatment and following high-salt extraction of
soluble proteins and chromatin (5, 21, 56). An interconnected
meshwork of filaments that localize both beneath the nuclear
membrane and within the interior of the nucleus is the major
structural component of the matrix (33). In addition to abun-
dant and minor protein components (23), heterogeneous nu-
clear RNA is associated with the matrix and appears to have an
important role in maintaining structural integrity of the matrix
(22). It has become increasingly apparent that macromolecular
components involved in DNA replication (37), transcription
(40, 78), and RNA splicing (81, 87) may be confined to specific,
functional domains of the nucleus via their interaction with the
nuclear matrix (68).

Many active transcription units are associated with the nu-
clear matrix (13, 39, 62) and predominantly utilize short
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(~200-bp), generally A+T-rich segments of DNA termed ma-
trix attachment regions (MARs) for anchoring to the matrix
(27). The importance of MARs in tissue- and cell-type-specific
gene expression has been established in model transfection
studies and in transgenic animals (71, 82). Although specific
MAR-binding proteins have been identified (18, 77), their role
in mediating the tissue- and cell-type-specific binding of active
genes to the nuclear matrix is not understood. A number of
transcription factors have been found to be associated with the
nuclear matrix (6, 73, 76) and appear to differentially partition
between the matrix and an extractable compartment of the
nucleus, depending on such variables as tissue type and growth
conditions (70). Therefore, it seems likely that specific mech-
anisms exist to regulate the exchange of transcription factors
between the nuclear matrix and soluble compartments of the
nucleus.

The availability of high-specific activity radiolabeled steroids
made possible the identification of the first transcription fac-
tors bound to the nuclear matrix, i.e., steroid receptors (3). As
reviewed by Barrack (2), the binding of steroid receptors to the
nuclear matrix appears to be hormone dependent and involves
saturable, high-affinity interactions. The centrally located DNA-
binding domain (DBD) and carboxy-terminal ligand-binding
domain (LBD) are required for nuclear matrix binding of the
androgen receptor and glucocorticoid receptor (GR), although
the relative contributions of the DBD and LBD to matrix
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binding differ between these two highly related proteins (74).
The relative proportions of steroid receptors, particularly the
sex steroid receptors (2), that are bound to the nuclear matrix
vary among different target tissues. A 10-kDa protein isolated
from chick oviduct nuclear matrix binds with high affinity and
specificity to the progesterone receptor (PR) (66), suggesting
that specific acceptor proteins may be responsible for cell type
differences in steroid receptor binding to the matrix. Despite
this long-standing recognition of nuclear matrix binding of
steroid receptors, the mechanisms which serve to regulate re-
ceptor binding to the matrix have yet to be established.

Much has been learned about the subcellular trafficking of
steroid receptors through studies of the GR, which in many
cells undergoes hormone-dependent nuclear import (10, 12,
58, 60, 80). GRs, as well as other steroid receptors, also have
the capacity to export from nuclei (11, 15, 32, 45), sharing that
property with a number of shuttling nuclear proteins (8, 47, 51,
59, 79). While there is little disagreement concerning the en-
ergy dependence of nuclear protein import (48, 55, 61), there
are examples of both energy-dependent (4, 43, 51) and appar-
ent energy-independent nuclear export (32, 54). This disparity
also appears to apply to closely related members of the steroid
receptor superfamily. Thus, while PRs apparently have the
capacity to efflux from the nucleus under some conditions of
ATP depletion (32), GRs that import into nuclei appear to
remain within that compartment upon ATP depletion (38, 49).
Mendel et al. have defined the nuclear GR that is retained
within nuclei of ATP-depleted cells as a null receptor, as it also
lacks hormone-binding activity (49). Even if multiple pathways
of nuclear export exist and are distinguished by their energy
dependence, it is unclear why structurally related proteins such
as PR and GR might utilize such fundamentally distinct path-
ways for nuclear export.

The studies described within this report were initially de-
signed to assess the energy dependence of steroid receptor
nuclear export. In the course of establishing the apparent en-
ergy dependence of both GR and PR nuclear export, we have
uncovered an ATP-dependent nuclear event, i.e., release from
the nuclear matrix, which is an obligatory prerequisite for nu-
clear export. Furthermore, our results suggest that steroid re-
ceptor association with the nuclear matrix is a dynamic process
that could utilize the energy derived from ATP hydrolysis to
facilitate efficient scanning of the genome.

MATERIALS AND METHODS

Cells and cell culture. GrH2 cells, a rat hepatoma cell line (36), CHO fibro-
blasts, and Cos-1 monkey kidney fibroblasts were maintained in Dulbecco’s
modified essential medium (DMEM; GIBCO-Bethesda Research Laboratories
[GIBCO-BRL], Grand Island, N.Y.) supplemented with 10% fetal bovine serum
(Irvine Scientific, Santa Ana, Calif.). WCL2 cells, a CHO cell derivative which
express ~100,000 copies of stably transfected mouse GR (35), were maintained
in DMEM with 10% iron-supplemented calf serum (Irvine Scientific), 40 mg of
proline (Sigma Chemical Company, St. Louis, Mo.) per liter, and 3 uM metho-
trexate (Sigma). Where indicated, cells were treated with 1 uM dexamethasone
(Dex; Sigma). Transient transfections of CHO cells with a chicken PR expression
plasmid were performed as described previously (11). CHO cell variants stably
expressing GR mutants or chimeras were generated upon cotransfection with
GR expression plasmids and a plasmid that encodes the bacterial neomycin
resistance gene (67). Stable transfectants were obtained from transfected cell
cultures following selection in the presence of 400 wg of G418 (GIBCO-BRL)
per ml. The following rat GR expression plasmids were used to generate stable
transfectants: the carboxy-terminal deletion mutant VANS556, in which 239
amino acids have been removed (29), the amino-terminal deletion mutant
VA407C, in which 407 amino acids have been removed (29), VAN-D, in which
270 amino acids have been removed from the carboxy terminus and 38 amino
acids have been removed from the second zinc finger within the DBD (i.e., amino
acids 461 to 499), and NL1Bgal, in which 27 amino acids (i.e., amino acids 497 to
524) comprising the rat GR constitutive nuclear localization signal sequence
(NLS) have been fused to the bacterial B-galactosidase (B-Gal) gene (58).

Indirect immunofluorescence. BuGR2 (24), a mouse monoclonal antibody
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that recognizes a segment just upstream of the mouse GR DBD (63), was used
in most indirect immunofluorescence analysis to detect GR in methanol-fixed
cells (60). In some instances, a commercially available anti-GR rabbit polyclonal
antibody (Affinity BioReagents, Inc., Neshanic, N.J.) was used. Chicken PR was
detected by indirect immunofluorescence with the mouse monoclonal antibody
PR22 (72), simian virus 40 large tumor antigen (SV40 TAg) was detected with
the hamster polyclonal antibody HAT-1 (44), and the nuclear matrix protein
(NuMA) was detected with the NuMA mouse monoclonal antibody Ab-1 (On-
cogene Science Inc., Uniondale, N.Y.). In some cases, fixed cells were stained
with 4,6-diamidino-2-phenylidole (DAPI; Sigma) to visualize DNA.

Depletion of cellular ATP. WCL2 cells were depleted of ATP by culturing for
the indicated lengths of time in glucose-free DMEM (GIBCO-BRL) plus 6 mM
2-deoxyglucose (Sigma), 10 mM sodium azide (Sigma), 40 mg of proline per liter,
3 pM methotrexate, and 10% iron-supplemented calf serum. In experiments in
which ATP was restored to WCL2 cells, ATP-depleting medium was replaced by
glucose-containing DMEM with serum and other supplements (see above) in the
presence of 100 g of cycloheximide (Sigma) per ml to inhibit de novo protein
synthesis (45). ATP was depleted from GrH2, Cos-1, and CHO cells by using
glucose-free DMEM containing 6 mM 2-deoxyglucose and 10% fetal bovine
serum. ATP levels were measured in whole cell extracts, as described previously
(38), using an ATP Bioluminescence CLS kit (Boehringer Mannheim Corp.,
Indianapolis, Ind.)

In situ nuclear extractions. Cells grown on glass coverslips (22 by 22 mm),
either under aerobic conditions or depleted of ATP, were extracted in situ by a
previously described method (53). Briefly, cells were subjected to hypotonic
shock by a brief immersion in water and then treated for 5 min at 0°C with
hypotonic buffer (10 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
[HEPES; pH 7.9], 10 mM potassium chloride, 1.5 mM magnesium chloride, 0.5
mM dithiothreitol) containing 0.1% Triton X-100 and a cocktail of protease
inhibitors (17). Following extensive washes with phosphate-buffered saline, ex-
tracted cells were fixed with methanol and processed for indirect immunofluo-
rescence.

In situ preparation of nuclear matrices. An established extraction procedure
(33) was used to prepare RNA-containing nuclear matrices from cells grown on
glass coverslips. Briefly, cells were treated with cytoskeleton buffer [10 mM
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 6.8), 100 mM sodium
chloride, 300 mM sucrose, 3 mM magnesium chloride, 1 mM ethylene glycol-
bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 4 mM vanadyl ri-
boside complex (GIBCO-BRL), 0.5% Triton X-100, and protease inhibitors] for
3 min on ice and then with 100 ug of RNase-free DNase I (Boehringer Mann-
heim) per ml for 30 min at room temperature. Subsequently, cells were extracted
first with 0.25 M ammonium sulfate and then with 2 M sodium chloride. The lack
of DAPI staining in treated cells confirmed the efficient removal of nuclear DNA
by this method. The nuclear matrix that remained following these extensive
extractions was visualized by indirect immunofluorescence using the anti-NuMA
monoclonal antibody Ab-1.

Western blot (immunoblot) analysis. WCL2, Cos-1, or stably transfected CHO
cells grown on tissue culture plates were harvested, and nuclear matrices were
prepared essentially as described above for cells grown on coverslips (33). Pro-
teins, extracted from the resultant nuclear matrix pellet by using sodium dodecyl
sulfate (SDS) sample buffer, were subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) and Western blotting, using previously described conditions to
visualize GR or SV40 TAg (86). Blots were also costained with either NuMA
antibody Ab-1 or a commercially available lamin B antibody (Oncogene Science)
to provide an internal control for recovery of nuclear matrix protein in separate
samples.

RESULTS

Depletion of ATP from WCL2 cells. Given the apparent
discrepancy in the energy requirements for steroid receptor
nuclear export (32, 38, 49), we have used an indirect immuno-
fluorescence assay to directly visualize the subcellular localiza-
tion of two steroid receptors (PR and GR) in the same cell type
(CHO) upon ATP depletion. In previous studies, sodium azide
treatment had been shown to be effective for depletion of ATP
from WCL2 cells (38), a CHO cell derivative that expresses
stably transfected mouse GR (35). As shown in Fig. 1, ATP
levels were depleted by greater than 95% upon treatment of
WCL2 cells for 90 min with 10 mM sodium azide in the pres-
ence of 6 mM 2-deoxyglucose. Importantly, this method of
ATP depletion is reversible, as ATP was restored to control
levels when cells treated with sodium azide and 2-deoxyglucose
for 90 min were returned to normal growth medium for 90 min
(not shown). As an extended treatment with sodium azide (i.e.,
for >3 h) led to the accumulation of many cells with abnormal
morphology and extensive cell death (not shown), we limited
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FIG. 1. ATP depletion in WCL2 cells. WCL2 cells were incubated at 37°C in
ATP depletion medium as described in Materials and Methods. After 30, 60, and
90 min, ATP levels were measured from whole cell lysates by using an ATP
Bioluminescence CLS kit and presented as percentage of ATP levels measured
at time zero.

our analysis of steroid receptor nuclear export to energy de-
privation conditions (i.e., 90-min treatments) that were readily
reversible and not noticeably detrimental to cell viability.

GRs and PRs are retained within nuclei of ATP-depleted
cells. Mouse GRs in WCL2 cells are predominantly localized
within the nucleus when either ligand bound or unliganded
(Fig. 2A and reference 64). As with all steroid receptors (11,
15, 32, 45), this localization does not reflect a static confine-
ment of receptors to the nuclear compartment. GRs within
WCL2 cells shuttle between the nuclear and cytoplasmic com-
partment (unpublished observations) but predominantly local-
ize within the nucleus presumably because of their limited rate
of nuclear export (16, 45). Orti et al. have postulated that GR
nuclear export is an energy-requiring process, as judged from
the biochemical detection of nuclear GRs in ATP-depleted
cells (57), including WCL2 cells (38). GRs associated with the
nucleus of ATP-depleted cells have been designated null GRs,
given their deficiency in hormone binding (49). Using an ATP
depletion method essentially identical to that used by Hu et al.
(reference 38 and Fig. 1), we directly visualized nuclear null
GRs by indirect immunofluorescence in ATP-depleted WCL2
cells (Fig. 2B). The nuclear retention of GRs upon ATP depletion
is not a peculiarity of WCL2 cells or mouse GRs, as endogenous
receptors in Dex-treated GrH2 rat hepatoma cells were also lo-
calized within nuclei upon ATP depletion (Fig. 2D).

In contrast to the hypothesis put forth by Orti et al. (57),
Guiochon-Mantel et al. have postulated that nuclear export of
PR, and perhaps other steroid receptors, is energy indepen-
dent, given the observed redistribution of PRs from the nu-
cleus to the cytoplasm under some conditions of energy depri-
vation (32). Using conditions that deplete >95% of cellular
ATP (Fig. 1), we found that transiently transfected chicken PR,
like mouse and rat GRs, remained associated with the nucleus
of CHO cells (Fig. 2F). Since an extended period of ATP
depletion had detrimental effects on CHO cell viability (see
above), we did not feel it appropriate to examine GR and PR
nuclear retention properties upon prolonged ATP depletion,
as generally performed by others (32). Although we are there-
fore limiting our analysis to periods of ATP depletion that may
be insufficient to reveal relatively slow nucleus-to-cytoplasm
transport, we have been able to uncover a subnuclear traffick-
ing pathway of GR that has a distinct ATP-dependent step (see
below).
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GRs within nuclei of ATP-depleted cells are resistant to
extraction. The association of some nuclear proteins with dis-
tinct nuclear compartments is often reflected in their differen-
tial extraction properties. For example, an in situ hypotonic
buffer-detergent extraction has been used to demonstrate the
differential nuclear affinity of distinct phosphorylated isoforms
of the retinoblastoma (Rb) protein (53). An identical in situ
hypotonic buffer-detergent extraction of metabolically active
WCL2 (Fig. 3C) and GrH2 (Fig. 3G) cells efficiently extracted
ligand-bound nuclear GRs. Unliganded GRs which localize to
the nucleus of WCL2 cells (64) were identically extracted un-
der these conditions (not shown). In striking contrast, nuclear
GRs in ATP-depleted WCL2 (Fig. 3D) and GrH2 (Fig. 3H)
cells were generally resistant to this hypotonic buffer-detergent
extraction. When ATP levels were restored to sodium azide-
treated WCL2 cells, nuclear GRs regained their sensitivity to
hypotonic buffer-detergent extraction (Fig. 4), demonstrating
that nuclear receptors were not permanently trapped in an
unextractable compartment. Importantly, cycloheximide was
included in the growth medium to inhibit de novo protein
synthesis during the restoration of cellular ATP (Fig. 4D).
Thus, de novo protein synthesis was not required to restore the
extractability of GRs, which previously resided within an un-
extractable nuclear compartment of ATP-depleted cells. This
result is consistent with the observed recovery of GR hormone-
binding activity in ATP-depleted cells in which ATP levels
were likewise restored in the presence of cycloheximide (49).

GRs in ATP-depleted cells are bound to the nuclear matrix.
The phosphorylated isoforms of nuclear Rb protein that resist
extraction with hypotonic-detergent buffer are bound to the
nuclear matrix (46). GRs have also been found to be associated
with the nuclear matrix, although in contrast to other steroid
receptors, their interaction with the matrix appears to be rel-
atively weak and typically requires chemical cross-linking to be
detected (42, 74). To assess whether unextractable GRs in
ATP-depleted WCL2 cells are bound to the nuclear matrix,
cells grown on coverslips were subjected to DNase I digestion
and high-salt and detergent extraction in order to generate an
RNA-containing nuclear matrix (33). WCL2 cells treated in
this manner were devoid of DNA, as revealed by the lack of
DAPI staining (not shown), but retained their nuclear matrix,
as judged by the presence of immunoreactive NuMA (Fig. SA
and 5B). In indirect immunofluorescence micrographs, immu-
noreactive GRs were not detected in nuclear matrix prepara-
tions of metabolically active WCL2 cells (Fig. 5C), while GRs
were readily detectable in the nuclear matrix preparations
from ATP-depleted cells (Fig. 5D). Confocal microscopic anal-
ysis revealed that GR was associated with the nuclear matrix
throughout all planes of the nucleus (Fig. 6) and not just the
peripheral, lamin-enriched region of the nuclear matrix (33).
Thus, GRs appear to be confined to the nucleus of ATP-
depleted cells as a result of their increased association with the
nuclear matrix. As shown below (Fig. 9 and 10), sensitive
Western blot analyses enable quantitative comparisons to be
made between GR bound to the nuclear matrix of metaboli-
cally active and ATP-depleted cells.

We consider it unlikely that our ATP depletion paradigm
leads to an irreversible collapse of nuclear proteins onto the
nuclear matrix for the following reasons. First, GRs which were
bound to the matrix of ATP-depleted cells regain the ability to
be extracted by hypotonic buffer when ATP levels are restored
(Fig. 4). Second, a rat GR NLS-B-Gal chimera that constitu-
tively localizes within nuclei (58) was sensitive to hypotonic
buffer extraction in both metabolically active and ATP-de-
pleted cells (Fig. 7). This result also establishes that the 27-
amino-acid constitutive NLS of the rat GR (58) is not sufficient
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for targeting the receptor to the nuclear matrix, in agreement
with results obtained with chemically cross-linked nuclear ma-
trix preparations (74).

Nuclear matrix binding of SV40 TAg is unaltered by ATP
depletion. As an additional assessment for effects of ATP de-
pletion on the composition or functioning of the nuclear ma-
trix, we examined whether the association of another nuclear
protein with the nuclear matrix was altered upon ATP deple-
tion. SV40 TAg has been shown to distribute between various
subnuclear compartments (11, 69). In particular, biochemical
fractionations revealed a distinct subpopulation of SV40 TAg
that associates with the nuclear matrix (14). As shown in Fig.
8F, a significant fraction of nuclear SV40 TAg in Cos-1 cells, as
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FIG. 2. GRs and PRs are retained within nuclei of ATP-depleted cells. WCL2 (A and B), GrH2 (C and D), and transiently transfected CHO (E and F) cells grown
on coverslips were either untreated (A, C, and E) or treated with 10 mM sodium azide for 90 min (B, D, and F), fixed with methanol, and subjected to indirect
immunofluorescence, using either monoclonal antibody BuGR2 to detect GR (A to D) or monoclonal antibody PR22 to detect transiently transfected chicken PR (E
and F). Dex (1 pM) was added to WCL2 and GrH2 cells, although GRs in ATP-depleted cells are known to lack hormone-binding activity.

visualized by indirect immunofluorescence, resists hypotonic
buffer-detergent extraction and is likely nuclear matrix bound.
Interestingly, the relative proportion of nuclear SV40 TAg that
is associated with the nuclear matrix does not appear to be
dramatically altered upon ATP depletion of Cos-1 cells (Fig.
8H). Western blot analysis corroborated that the fraction of
nuclear SV40 TAg bound to the nuclear matrix was not quan-
titatively altered upon ATP depletion (Fig. 9A). Thus, it ap-
pears that the increased association of nuclear proteins with
the matrix is not a universal consequence of ATP depletion
and may apply to a select subset of nuclear proteins, such as
the GR and possibly other steroid receptors.

In confirmation of previous biochemical results of Munck
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untreated (A, C, E, and G) or treated with 10 mM sodium azide for 90 min (B, D, F, and H), were extracted in situ with hypotonic buffer containing 0.1% Triton X-100
as described in Materials and Methods. Nuclei were visualized by DAPI staining (A, B, E, and F), and GRs were detected by indirect immunofluorescence, using
anti-GR monoclonal antibody BuGR2 (C, D, G, and H). Dex (1 pM) was added to all cultures.
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FIG. 4. Recovery of GR nuclear extractability does not require de novo protein synthesis. WCL2 cells were treated with ATP depletion medium containing 10 mM
sodium azide for 90 min and then returned to normal medium plus 100 wg of cycloheximide per ml and 1 uM Dex. Cells were either fixed directly (A and C) or extracted
with hypotonic buffer and then extracted (B and D). Nuclei were visualized by DAPI staining (A and B), and GRs were detected by indirect immunofluorescence, using

anti-GR monoclonal antibody BuGR2 (C and D).

and coworkers (38, 49) and our own immunofluorescence stud-
ies (Fig. 5), Western blot analysis likewise revealed the in-
creased association of GRs with the nuclear matrix upon ATP
depletion (Fig. 9B). The sensitivity of the Western blot per-
mitted the detection of a minor population of GR that was
bound to the nuclear matrix of metabolically active WCL2 cells
(Fig. 9B) which was not easily detectable in indirect immuno-
fluorescence micrographs (e.g., Fig. 5C). In addition to differ-
ences in sensitivity between the enhanced chemiluminescence
method used in Western blotting and indirect immunofluores-
cence, the detection of nuclear matrix-bound GRs has been
shown to be highly dependent on extraction methods (74). For
example, nuclear matrix binding of human GR in transfected
Cos-1 cells required the use of sodium tetrathionate during
extraction to cross-link receptors to the matrix (74). Irrespec-
tive of extraction methods used, a number of independent
studies have clearly established the association of some frac-
tion of GR with the nuclear matrix in both cultured cells (74)
and intact tissue (42, 75).

The rat GR DBD is required for nuclear matrix binding in
metabolically active and ATP-depleted cells. Despite the ap-
parent selectivity of ATP depletion effects (see above), it re-
mains formally possible that the increased association of GRs
with the nuclear matrix involves novel interactions which be-
come apparent only upon energy deprivation. Such novel en-
counters with the matrix might be revealed by the comparison
of domain requirements for GR nuclear matrix binding in
metabolically active and ATP-depleted cells. The human GR

DBD, and to a lesser extent its LBD, have been shown to be
required for nuclear matrix binding under chemical cross-link-
ing conditions (74). We therefore generated a number of stably
transfected CHO cell lines expressing GR deletion mutants
and compared their nuclear matrix-binding capacities in met-
abolically active and ATP-depleted cells, using Western blot
analysis. All blots were costained with a lamin B antibody to
correct for any variations in nuclear matrix recovery between
different samples. In addition, the amount of GR present in
equivalent amounts of crude cell extract was assessed for each
cell line.

As shown in Fig. 10, ATP depletion led to increased nuclear
matrix binding of GR deletion mutants that lack either 239
amino acids from the carboxy terminus (compare lanes 5 and
6) or 407 amino acids from the amino terminus (compare lanes
8 and 9). The apparent decline in nuclear matrix binding, in
metabolically active cells, of carboxy-terminally (i.e., VAN556)
and amino-terminally (i.e., VA407C) deleted GRs (lanes 5 and
8, respectively) is difficult to confirm given the low levels of GR
recovered in our matrix preparations. When human GR inter-
actions with the nuclear matrix are stabilized by chemical
cross-linking, deletion of the receptor amino-terminal domain
does not appear to affect its binding to the matrix, while dele-
tion of the carboxy-terminal LBD leads to a slight reduction in
matrix binding (74). In this cross-linking paradigm, nuclear
matrix binding of human GR was abolished upon mutation of
the DBD (74). In agreement with these results, nuclear matrix
binding, in metabolically active cells, of an LBD-deleted rat
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FIG. 5. GRs in ATP-depleted WCL2 cells are bound to the nuclear matrix. WCL2 cells grown on coverslips in the presence of 1 wM Dex were either untreated
(A and C) or treated with 10 mM sodium azide for 90 min to deplete ATP (B and D). Cells were subsequently extracted with DNase I and high salt to generate an
RNA-containing nuclear matrix, fixed with methanol, and subjected to indirect immunofluorescence to visualize GR (C and D) and the NuMA (A and B) in identical

fields of cells.

GR was abolished upon the introduction of a 38-amino-acid
internal deletion within its DBD (lane 11). Interestingly, the
GR DBD deletion mutant was also not detected in nuclear
matrix preparations from ATP-depleted cells (lane 12). Thus,
an intact DBD is required for ATP depletion to elicit its sta-
bilizing effect on GR-nuclear matrix interactions, which is
manifested even in the absence of GR domains that may con-
tribute to matrix binding (74). This result provides strong sup-
port for the notion that ATP depletion does not merely expose
the receptor to interactions which are never encountered un-
der normal physiological conditions but more likely alters the
dynamics of such interactions.

DISCUSSION

A clear consensus concerning the nature of common and
unique aspects of inward and outward trafficking through the
nuclear pore complex (NPC) has yet to emerge, as conflicting
results have been generated regarding such fundamental issues
as the signal sequence (31, 51, 65, 79) and energy (32, 79)
requirements of nuclear protein export. For example, prior to
this report, it was not known whether a single class of closely
related proteins, the steroid receptors, utilize the energy de-
rived from ATP hydrolysis for nuclear export (32, 49). The
results that we have obtained indicate that the debate over this
issue has overlooked the important prerequisite that nuclear
proteins destined for export must first gain access to the NPC.
Thus, upon depletion of ATP in vivo, GRs and PRs remain

bound to the nuclear matrix and, as a result, are not presented
to the nuclear export machinery. Our results are therefore
consistent with the hypothesis that nuclear retention can re-
strict nuclear export (65) but demonstrate that for steroid
receptors, ATP relieves that restriction through facilitating the
release of receptors from the nuclear matrix.

Our experiments do not address whether ATP is required
for the translocation of steroid receptors through the NPC.
Recent in vitro experiments demonstrate that nuclear export of
an NLS conjugate requires GTP but not ATP (54), implying
that the translocation through the NPC of natural substrates,
such as steroid receptors, may not utilize the energy of ATP
hydrolysis. The fact that NLS conjugates are most likely not
bound to the nuclear matrix (reference 74 and this report)
provides a likely explanation for their efficient in vivo (31) and
in vitro (54) ATP-independent nuclear export. In the absence
of some assessment of the functional or structural integrity of
the nuclear matrix, studies of nuclear export involving pro-
longed ATP depletion (31) must be interpreted with caution.
The nuclear matrix association of GR under our conditions of
ATP depletion is completely reversible in vivo, which provides
some assurance that the nuclear matrix in these cells is not
permanently disabled. Likewise, the fact that nuclear matrix
binding of SV40 TAg (14) is not obviously affected by ATP
depletion demonstrates that wholesale collapse of nuclear pro-
teins onto the matrix does not occur under these conditions.

The association of steroid receptors with the nuclear matrix
has been the subject of considerable investigations over the
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FIG. 6. Confocal microscopic images of nuclear matrix-associated GR and NuMA in ATP-depleted WCL2 cells. WCL2 cells treated with 10 mM sodium azide for
90 min to deplete ATP were extracted with DNase I and high salt to generate an RNA-containing nuclear matrix. Following methanol fixation and indirect
immunofluorescence staining, NuMA (A to D) and GR (E to H) bound to the nuclear matrix were visualized in consecutive 0.7-pm optical sections (A to D and E
to H), using a Zeiss laser scanning confocal microscope.
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FIG. 7. ATP depletion does not alter the extractability of a nuclear GR NLS—B-Gal chimera. CHO cells stably expressing a GR NLS—B-Gal chimera were grown
on coverslips and either untreated (A to D) or treated with 10 mM sodium azide for 90 min (E to H). Cells were then either directly fixed (A, B, E, and F) or extracted
in situ with hypotonic buffer containing 0.1% Triton X-100 prior to fixation (C, D, G, and H). Nuclei were visualized by DAPI staining (A, C, E, and G), and NL1-B-Gal
protein was detected by indirect immunofluorescence, using a commercially available anti-B-Gal monoclonal antibody (B, D, F, and H).
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FIG. 8. The subnuclear distribution of SV40 TAg is unaltered by ATP depletion. Cos-1 cells grown on coverslips were either untreated (A, B, E, and F) or treated
with 10 mM sodium azide for 90 min to deplete ATP (C, D, G, and H). Cells were either fixed directly (A, C, E, and G) or extracted with hypotonic buffer and Triton
X-100 prior to fixation (B, D, F, and H). Nuclei were visualized by DAPI staining (A to D), and SV40 TAg was detected by indirect immunofluorescence, using

anti-SV40 TAg hamster polyclonal antibody HAT-1 (E to H).

past 15 years (2, 3, 27). The in vitro binding of steroid recep-
tors to the nuclear matrix is saturable, high affinity, and hor-
mone dependent (2, 50, 66). Although nuclear matrix binding
of human AR is mainly directed by its LBD (74), the DBD
appears to possess the predominant nuclear matrix-binding
domain of human (74) and rat (this study) GRs. The es-
sential role of the GR DBD in nuclear matrix binding has
been established both in the presence and in the absence of
chemical cross-linkers, and in metabolically active and ATP-

depleted cells, implying that these different cell growth or
extraction conditions do not fundamentally alter the nature of
receptor interactions with the matrix. Importantly, the results
of our studies reveal the dynamic nature of steroid receptor-
nuclear matrix interactions and demonstrate an ATP require-
ment for receptor release from, but not binding to, the nuclear
matrix.

The nuclear matrix provides a framework for organizing
large macromolecular assemblies that carry out the fundamen-
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FIG. 9. Increase in GR, but not SV40 TAg, association with the nuclear
matrix of ATP-depleted cells. WCL2 or Cos-1 cells were treated with 10 mM
sodium azide for the lengths of time indicated (0, 30, 60, and 90 min), and
nuclear matrices were prepared as described in Materials and Methods. Proteins
obtained from the nuclear matrix pellet following solubilization with SDS sample
buffer were separated by SDS-PAGE, using 7.5% polyacrylamide. Western blots
were costained with anti-NuMA monoclonal antibody Ab-1 and either anti-GR
monoclonal antibody BuGR2 (WCL2 cells; B) or an anti-SV40 TAg monoclonal
antibody (Cos-1 cells; A).

tal nuclear processes of DNA replication, transcription, and
splicing. Given the enormous variety of developmental, cell-
type-specific, and hormonal factors that influence these pro-
cesses, it seems likely that the nuclear matrix maintains some
degree of plasticity in its structure and composition. The com-
position of the low-abundance NuMA protein varies between
different cell types (23, 28). In addition, the association of
specific transcription factors with the nuclear matrix has been
shown to vary between different cell types (76). As some tran-
scription factors partition between the nuclear matrix and sol-
uble compartments of the nucleus (1, 73), it seems likely that
nuclear matrix binding of transcription factors is not a static
process but includes the dynamic exchange between distinct
nuclear compartments. For steroid receptor proteins whose
interaction with the nuclear matrix is conditional (i.e., hor-
mone dependent), the efficiency of their binding to and release
from the matrix may exert a considerable influence on their
ability to scan the genome and locate appropriate target sites.

Have any mechanistic insights been uncovered concerning
the conditional association of transcription factors with the
nuclear matrix? The tumor suppressor Rb protein is associated
with the nuclear matrix predominantly during the G, phase of
the cell cycle, a time at which Rb expresses its growth-sup-
pressing activities (46). Rb which is associated with the nuclear
matrix is relatively hypophosphorylated, but as cells progress
through G,, the extent of Rb phosphorylation increases coin-

WCL-2 CHO(VANS56)
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cident with its release from the nuclear matrix (52, 53). In vitro,
the release of nuclear matrix-bound Rb is triggered upon its
phosphorylation by cyclin-dependent protein kinases (52), sug-
gesting that differential phosphorylation of Rb plays a direct
role in regulating its partitioning between different nuclear
compartments. Rb binds both to the abundant nuclear matrix
lamin A and C proteins (46) and to p84, a low-abundance
nuclear matrix protein that colocalizes to sites of RNA pro-
cessing (19). While the association of hypophosphorylated Rb
with p84 appears specifically during G,, suggesting that this
interaction may be relevant to Rb function, additional factors
appear to contribute to the nuclear matrix binding of Rb (19,
46).

We consider it unlikely that the increased association of GR
with the nuclear matrix is due to alterations in its phosphory-
lation. Although GR in ATP-depleted WCL2 cells has been
found to be dephosphorylated at two serine residues (positions
220 and 234), mutations of those serines to alanine residues did
not alter the relative fraction of nuclear receptors that resists
high-salt and detergent extraction (38). We have corroborated
these results through the analysis of a GR amino-terminal
deletion mutant, which includes these and most other receptor
phosphorylation sites (7), and a receptor derivative with point
mutations that eliminate GR phosphorylation at seven sites
(unpublished observations). Analogous to results obtained
with wild-type GR, relatively low levels of phosphorylation-
defective GRs are bound to the matrix of metabolically active
cells, while a dramatic increase in matrix binding occurs upon
ATP depletion.

It seems likely that not all nuclear matrix associations are as
dynamic as those involving GR. The association of TAg with
the matrix does not appear to change as dramatically as that of
GR. However, it is possible that under conditions of viral DNA
replication, TAg shifts compartments as the availability, struc-
ture, composition, or compartmentalization of its target sites
changes. During adenovirus infection, the spliceosome assem-
bly factor SC35 apparently redistributes from discrete speckle
domains (68) within the nucleus to sites of adenovirus tran-
scription (41). Although the validity of this observation has
recently been questioned (88), the nuclear distribution of SC35
has also been shown to change in response to overall inhibition
of RNA polymerase II-directed transcription (9) or passage
through distinct phases of the cell cycle (30). Interestingly, the
cell cycle-specific alteration in SC35 nuclear compartmental-
ization may be mediated by a specific cell cycle-regulated
serine kinase which directly phosphorylates SC35 in vitro (30).
Clearly, there must be mechanisms that operate to facilitate
the efficient trafficking of macromolecules throughout the nu-

CHO(VA407C) CHO(VAN-D)
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FIG. 10. The rat GR DBD is required for nuclear matrix binding in metabolically active and ATP-depleted cells. WCL2 or stably transfected CHO cells expressing
various GR mutants were either maintained under normal growth conditions (lanes 1, 2, 4, 5, 7, 8, 10, and 11) or treated with 10 mM sodium azide for 90 min (lanes
3, 6,9, and 12) to deplete cellular ATP. GR derivatives tested include wild-type receptor (WCL-2; lanes 1 to 3), a carboxy-terminal deletion (VANS556; lanes 4 to 6),
an amino-terminal deletion (VA407C; lanes 7 to 9), and a combined carboxy-terminal, internal DBD deletion (VAN-D; lanes 10 to 12). Proteins obtained from either
whole cells (lanes 1, 4, 7, and 10) or a nuclear matrix preparation (lanes 2, 3, 5, 6, 8, 9, 11, and 12) were solubilized with SDS sample buffer and separated by SDS-PAGE,
using 10% polyacrylamide. Western blots were costained with an anti-lamin B monoclonal antibody (top) and anti-GR monoclonal antibody BuGR2 (bottom).
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cleus as different demands are placed on the transcriptional,
splicing, and replication machineries.

Steroid receptors are often constrained to function as hor-
mone-dependent, and often cell-type-specific, regulators of
transcription (83). How do the receptors rapidly locate their
specific target sites when faced with an overwhelming excess of
potential low-affinity targets? This question has been the sub-
ject of considerable debate ever since the realization that nu-
clear hormone receptors directly mediate many of the genomic
actions of steroid hormones (84, 85). We now put forth the
hypothesis that the rapid binding and release of steroid recep-
tors from the nuclear matrix allow them to effectively scan the
genome in search of specific target sites. The hunt by receptors
for cell-type-specific genes may be facilitated by the specific
association of either cell-type-specific transcription factors (20)
or the genes themselves (25, 27) with specific regions of the
matrix. As suggested previously (2), receptors may additionally
be targeted to these active genomic sites by specific acceptor
proteins. Our model is an elaboration of the previously pro-
posed nuclear matrix acceptor hypothesis but adds the notion
that the search for such sites is a dynamic one that utilizes the
energy of ATP hydrolysis. It is conceivable that specific chap-
erone proteins assist in this novel subnuclear trafficking path-
way and, analogous to their cytoplasmic counterparts (26, 34),
use ATP binding and/or hydrolysis to regulate their ability to
deliver proteins to and from distinct subnuclear compartments.
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