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The ubiquitin-proteasome pathway regulates the turnover of many transcription factors, including steroid
hormone receptors such as the estrogen receptor and progesterone receptor. For these receptors, proteasome
inhibition interferes with steroid-mediated transcription. We show here that proteasome inhibition with
MG132 results in increased accumulation of the glucocorticoid receptor (GR), confirming that it is likewise a
substrate for the ubiquitin-proteasome degradative pathway. Using the mouse mammary tumor virus (MMTV)
promoter integrated into tissue culture cells, we found that proteasome inhibition synergistically increases
GR-mediated transactivation. This increased activation was observed in a number of cell lines and on various
MMTV templates, either as transiently transfected reporters or stably integrated into chromatin. These
observations suggest that the increase in GR-mediated transcription due to proteasome inhibition may occur
downstream of the initial chromatin remodeling step. In support of this concept, the increase in transcription
did not correlate with an increase in chromatin remodeling, as measured by restriction enzyme hypersensi-
tivity, or transcription factor loading, as exemplified by nuclear factor 1. To investigate the relationship
between GR turnover, transcription, and subnuclear trafficking, we examined the effect of proteasome inhibi-
tion on the mobility of the GR within the nucleus and association of the GR with the nuclear matrix. Blocking
GR turnover reduced the mobility of the GR within the nucleus, and this correlated with increased association
of the receptor with the nuclear matrix. As a result of proteasome inhibition, GR mobility within the nucleus
was reduced while its association with the nuclear matrix was increased. Thus, while altered nuclear mobility
of steroid receptors may be a common feature of proteasome inhibition, GR is unique in its enhanced
transactivation activity that results when proteasome function is compromised. Proteasomes may therefore
impact steroid receptor action at multiple levels and exert distinct effects on individual receptor types.

Glucocorticoids mediate diverse cellular processes such as
differentiation, development, and homeostasis through the li-
gand-activated glucocorticoid receptor (GR) (24). The GR is a
versatile transcriptional regulator, and it can activate or re-
press a large variety of natural promoters in multiple tissues.
This versatility is due in part to the numerous mechanisms
utilized by the GR to regulate transcription, depending on the
cellular and promoter context. These mechanisms include GR
modification of chromatin structure through interactions with
chromatin remodeling complexes, differential binding of the
receptor to both canonical and noncanonical response ele-
ments, binding to other regulatory factors such as AP-1 and
NF-�B, and interaction with coactivators (2, 11, 46).

The activity of the GR is also subject to regulation that
occurs at least in part by changes in the half-life of the receptor
protein (6). Turnover of the GR protein, and of several other
SHRs such as estrogen receptor alpha (ER�), progesterone
receptor (PR), and androgen receptor, occurs via degradation
by the 26S proteasome (21, 23, 39, 45). Other transcriptional

activators and coactivators are also regulated by proteasomal
degradation, including GRIP1, Jun, p53, E2F-1, p300, SRC-1,
and BRCA1 (5, 7, 9, 12, 33, 36, 43, 48). For many transcription
factors, the sequence responsible for activating transcription
overlaps with the sequence which targets the protein for ubiq-
uitin-mediated proteolysis (36). These observations support a
model in which transcription factors such as SHRs, whose
activity is under precise temporal control, may be targeted for
degradation upon their engagement in transcriptional regula-
tion (42).

The mechanism(s) by which ubiquitin-mediated proteaso-
mal regulation of receptors affects transcription is currently
under investigation. Because proteasome inhibition leads to
decreased transcription from a transiently introduced tem-
plate, it has been suggested that receptor turnover is required
for transcriptional ability of some, but not all, steroid hormone
receptors (23). However, targeting of the GR to the protea-
some degradation pathway by overexpression of the cochaper-
one CHIP reduces steroid-binding activity and the transactiva-
tion ability of the GR (13). Treatment of tissue culture cells
with proteasome inhibitors has also been shown to modify the
intracellular localization of nuclear receptors, in addition to
altering protein levels, and this change in localization may also
alter receptor-mediated transcription. Proteasome inhibition
in the absence of ligand causes translocation of the aryl hydro-
carbon receptor to the nucleus in embryonic primary fibro-
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blasts (37). This translocation results in elevated transcription
from endogenous promoters. For the ER, proteasome inhibi-
tion leads to immobilization of the ER to the nuclear matrix,
resulting in a loss of receptor mobility as visualized by FRAP
(fluorescence recovery after photobleaching) (40). Thus, pro-
teasomal degradation may also be required to release ER from
the nuclear matrix and increase its availability to target sites
within chromatin.

The effect of proteasomal degradation on GR-mediated
transcription and nuclear matrix association is not well under-
stood. In addition, what impact GR turnover has on gene
transcription in the context of chromatin has not been ex-
plored. Therefore, we determined whether the proteasomal
degradation pathway regulates GR turnover and, if so, what
effect stabilization of GR levels has on chromatin remodeling
and transcription of a stably integrated glucocorticoid-respon-
sive promoter. In addition, we investigated whether protea-
some inhibitors affect GR mobility within the nucleus and its
targeting to the nuclear matrix.

We have found that inhibition of GR turnover by the pro-
teasome inhibitor MG132 in human breast cancer cells ro-
bustly increases GR protein levels, and this increase correlates
with elevation of RNA and reporter activity levels of a stably
integrated mouse mammary tumor virus (MMTV) promoter.
However, unlike the case for other steroid receptors, increas-
ing GR levels upon proteasome inhibition, altering GR mobil-
ity within the nucleus as assessed by FRAP analysis, and nu-
clear matrix targeting do not correlate with reduced
transcriptional activity. Thus, GR trafficking within the nucleus
may not be strictly coupled to its degradation and engagement
with the transcription machinery.

MATERIALS AND METHODS

Cells. A1-2 cells were derived previously from T47D breast cancer cells by
stable transfection with pGRneo and MMTV-LTR-luc plasmids as described
previously (30). GR2 cells were also previously generated by stably transfecting
a GR expression vector into M10 cells. M10 cells are a T47D-based cell line
lacking both PR and GR but containing a stably integrated MMTV-CAT re-
porter (20). Both A1-2 and GR2 cells were grown at 37°C with 5% CO2 in
modified Eagle’s medium supplemented with 2 mM glutamine, 100 �g of peni-
cillin-streptomycin/ml, 10 mM HEPES, and 10% fetal bovine serum and main-
tained with 1 �g of puromycin/ml (GR2) or 160 �g of G418/ml (A1-2). 2963.1
cells are derived from a T47D parental cell line and contain an MMTV-CAT
reporter (27). 2963.1 cells were grown at 37°C with 5% CO2 in Dulbecco’s
modified Eagle’s medium supplemented with 2 mM glutamine, 100 �g of peni-
cillin-streptomycin/ml, 10 mM HEPES, and 10% fetal bovine serum.

Western blot analysis. The protocol for preparing nuclear and cytoplasmic
extracts was described previously (38). Cells were plated on 100-mm dishes and
grown until approximately 80% confluence before preparation of extracts. Ten to
40 �g of nuclear or cytoplasmic extracts was separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) on NOVEX Tris-glycine gels,
transferred to a polyvinylidene difluoride membrane, and immunoblotted with
the following antibodies: GR (Clontech); mSin3A (sc-994), �-tubulin (sc-5274),
nuclear factor 1 (NF1; sc-870), and Oct-1 (sc-232; Santa Cruz Biotechnologies);
TATA-binding protein (TBP; catalog no. 160-0070; Geneka Biotechnologies);
SRC-1 and pCIP/RAC3 (kind gift of J. Torchia); BRG1 and BAF170 (kind gift
of W. Wang).

CAT assays. (i) GR2 and 2963.1 cells. GR2 or 2963.1 cells were plated in
duplicate on 100-mm dishes with 700,000 cells/dish and either left untreated or
treated with dexamethasone (Dex), MG132, or RU486 for 20 h as described in
the figure legends. Chloramphenicol acetyltransferase (CAT) activity was deter-
mined by a kinetic assay and normalized for total protein (4). All assays were
carried out twice in duplicate.

(ii) A1-2 cells transiently transfected with MMTV-CAT. A1-2 cells were plated
and transfected the next day with an MMTV-CAT construct by using the Lipo-

fectamine Plus protocol (Invitrogen). The cells were allowed to recover for 24 h
and then treated as indicated in the figure legends. CAT activity was assayed as
described for GR2 cells (above).

Restriction enzyme hypersensitivity analysis. Cells were either untreated or
treated as described in the figure legends. Nuclei were digested in vivo with 30 U
of SstI or 50 U of DpnII as described previously (1). After purification of genomic
DNA, samples were recut with BamHI. DNA fragments were analyzed using
linear Taq polymerase amplification with a 32P-labeled single-stranded primer
corresponding to the �60 to �84 region of the MMTV coding region (MMTV-
22). Purified extended products were analyzed on 8% polyacrylamide denaturing
gels and quantified using a Molecular Dynamics PhosphorImager.

Exonuclease III footprinting. Cells were either untreated or treated as de-
scribed in the figure legends. Nuclei were isolated and subjected to exonuclease
III footprinting analysis as described previously (16). BamHI was used as an in
vivo entry site for exonuclease. After purification of genomic DNA, the samples
were redigested to completion with BamHI. Fifteen micrograms of genomic
DNA was analyzed using linear Taq polymerase amplification with the 32P-
labeled MMTV-22 primer. Purified extended products were analyzed on an 8%
polyacrylamide denaturing gel and quantified using the Molecular Dynamics
PhosphorImager.

Reverse transcription-PCR (RT-PCR). Cells were left untreated or treated as
described in the figure legends. Total cellular RNA was isolated using TRIzol
(Invitrogen) according to the manufacturer’s instructions. cDNA was synthesized
as described previously (16). For PCR of the cDNA, two separate reactions were
run for each experimental condition. The cDNA was combined with 5 U of Taq
DNA polymerase in a final volume of 50 �l. The PCR mixture contained 20 mM
Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, a 100 �M concentration of each
deoxynucleoside triphosphate, 10 pmol of MMTV-619, and 0.25 pmol of
MMTV-22. MMTV-22 was end labeled with T4 polynucleotide kinase to gen-
erate a 32P-labeled single-stranded primer. Human �2-microglobulin was simi-
larly amplified using sequences previously described (16). PCR products were
analyzedon8%polyacrylamidegelsandexposedtoMolecularDynamicsPhosphor-
Imager screens or autoradiography film for analysis.

Nuclear matrix preparation. Nuclear matrices were prepared from cells grown
on tissue culture plates as described elsewhere (18). Briefly, cells were washed
three times with ice-cold phosphate-buffered saline and then treated for 5 min
with ice-cold CSK buffer [10 mM piperazine-N,N�-bis(2-ethanesulfonic acid), pH
6.8; 100 mM NaCl; 300 mM sucrose; 3 mM MgCl2; 1 mM EGTA; 4 mM vanadyl
riboside complex; 0.5% Triton X-100; and protease inhibitors]. A complete
nuclear matrix preparation was obtained by subjecting CKS buffer-extracted cells
to a DNase I digestion and ammonium sulfate extraction. Proteins were ex-
tracted from the resultant nuclear matrix pellet by using SDS sample buffer and
subjected to SDS-PAGE and Western blotting, using previously described con-
ditions to visualize GR (47). Blots were also stained with an antibody to the
nuclear matrix protein, lamin B, to provide an internal control for recovery of
nuclear matrix protein. ATP depletion of A1-2 cells was performed under es-
tablished conditions (41). Briefly, cells were cultured in glucose-free medium
containing 6 mM 2-deoxyglucose and 10 mM sodium azide for 60 min prior to
harvesting.

FRAP analysis. A1-2 cells were plated and transfected the next day with a
GR-green fluorescent protein (GFP) construct using the Lipofectamine Plus
protocol (Invitrogen) (10). The cells were allowed to recover for 24 h and then
treated with corticosterone (1 �M) and/or MG132 as indicated in the figure
legends. Live cells expressing nuclear GR-GFP were subjected to a 16 s photo-
bleaching in a designated nuclear zone using a Molecular Dynamics confocal
microscope. Fluorescence recovery was followed at various times following the
photobleaching as indicated in the figure legends. Twenty to 30 individual cells
were examined for each condition.

RESULTS

Proteasome inhibition elevates steady-state GR protein lev-
els. The metabolic turnover of several SHRs, including the
GR, has been attributed at least in part to ubiquitylation and
degradation by the 26S proteasome (6, 45). We initially deter-
mined if GR turnover was regulated by proteasomal degrada-
tion in A1-2 breast cancer cells that contain the rat GR and the
promoter for the steroid-responsive MMTV promoter (4). To
determine what concentration of the peptide aldehyde MG132
would produce optimal GR levels for subsequent analysis, we
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analyzed steady-state GR levels in A1-2 cells treated with var-
ious doses of MG132 (22). As shown in Fig. 1A, steady-state
levels of GR increased upon treatment with doses of MG132
that ranged from 0.1 to 10 �M. As a control, we measured the
level of �-tubulin under the same conditions and, as predicted,
there was no significant change in �-tubulin levels. Since op-

timal effects on GR transactivation occurred at 1 �M MG132
(Fig. 2A), we chose this dose for many subsequent studies. A
time course analysis of the effects of 1 �M MG132 treatment
on GR levels was also performed. Treatment of A1-2 cells with
MG132 for 1 to 24 h demonstrated that GR levels increased
twofold at 2 h (Fig. 1B). Because the most substantial increase
in GR protein (approximately 20-fold) occurred at 16 to 24 h,
cells were subjected to 1 �M MG132 for 16 or 24 h in our
subsequent experiments. In contrast to the changes in the GR,
the steady state levels of other transcription factors, exempli-
fied by TBP and NF1 were unchanged under these conditions.
(Fig. 1B). To confirm that proteasome inhibition led to an
increase in GR levels in the presence of ligand, we examined
GR protein levels and subcellular localization by Western blot-
ting (Fig. 1C). In the presence of the synthetic glucocorticoid
Dex, we again observed a substantial increase in nuclear GR
protein levels due to proteasome inhibition above that with
Dex treatment alone (Fig. 1C, compare lanes 3 and 7).

Proteasome inhibition enhances GR-mediated transactiva-
tion. For ER� and PR, blocking receptor turnover by treat-
ment with proteasome inhibitors compromises transcription
from transiently introduced promoters in HeLa cells (23). To
investigate the effect of proteasome inhibition on GR-medi-
ated transcription in the context of chromatin, we used the
stably integrated MMTV promoter as our glucocorticoid-re-
sponsive target promoter. Cells were pretreated with 0.1, 1,
and 10 �M MG132 and stimulated with Dex, and RNA levels
were analyzed by RT-PCR (Fig. 2A). Blocking GR turnover
synergistically increased the elevation in MMTV RNA levels
due to Dex at all concentrations of MG132 tested (Fig. 2A,
compare lanes 2 and 4). �2-Microglobulin RNA levels were
unaffected by 0.1 and 1.0 �M MG132. However, 10 �M
MG132 reduced �2-microglobulin RNA levels significantly,
which further supported the choice of 1 �M MG132 as the
treatment for our other experiments (Fig. 2A, panel c).

Glucocorticoid activation of the MMTV promoter requires
remodeling of the promoter chromatin to allow binding of
other transcription factors and for transcription to proceed
(14). We have shown previously that restriction endonuclease
hypersensitivity is an excellent readout for hormone-depen-
dent chromatin remodeling (1). This glucocorticoid-mediated
chromatin remodeling is evident in increased promoter sensi-
tivity to restriction endonucleases after steroid treatment. In
A1-2 cells, the MMTV promoter chromatin is “closed” and
requires glucocorticoid treatment to be “opened” (4). We hy-
pothesized that the dramatic amplification of Dex-induced
MMTV RNA levels as a result of proteasome inhibition might
also result in a substantial increase in chromatin remodeling
(Fig. 2B). We used the restriction enzyme hypersensitivity as-
say as a measure of chromatin remodeling of the MMTV
promoter. Inhibiting proteasome function had no significant
effect on the increase in hypersensitivity due to glucocorticoid
treatment (Fig. 2B, lanes 3 versus 5 and lanes 7 versus 9).
These results suggest that the elevated levels of GR due to
proteasome inhibition may enhance MMTV transcription at a
step downstream of chromatin remodeling.

The increase in MMTV transcription due to proteasome
inhibition occurs on open and closed chromatin templates. If
the MG132-mediated increase in MMTV RNA levels occurs
independently of chromatin remodeling, then activation of an

FIG. 1. Proteasome inhibition enhances steady-state GR protein
levels. (A) A1-2 cells were untreated (lane 1) or treated for 22 h with
0.1, 1, or 10 �M MG132 (lanes 2 to 4). Cytoplasmic extracts were
examined by Western blotting with antibodies specific to the GR or
�-tubulin. (B) A1-2 cells were untreated (lane 1) or treated with
MG132 (1 �M) for 1, 2, 8, 16, or 24 h (lanes 2 to 6). Nuclear and
cytoplasmic extracts were examined by Western blotting with antibod-
ies specific for GR, TBP, or NF1. (C) A1-2 cells were untreated (lanes
1 and 2) or treated with Dex (10�7 M) for 6 h (lanes 3 and 4), MG132
(1 �M) for 22 h (lanes 5 and 6), or MG132 (1 �M) for 16 h after which
Dex (10�7 M) was added to the MG132-containing medium for 6 h
(lanes 7 and 8). Nuclear and cytoplasmic extracts were examined by
Western blotting by using the same GR antibody as used for panels A
and B.
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open MMTV template or a transiently introduced template
should respond similarly to the closed promoter in A1-2 cells.
To test this hypothesis, we took advantage of another cell line,
GR2, which contains both the GR and an MMTV-CAT re-
porter and which was derived from the same T47D parental
cell line as A1-2 cells (20). In this cell line, MMTV-CAT is
open or constitutively remodeled but requires ligand for trans-
activation. Consistent with this hypothesis, we observed a syn-
ergistic increase in both CAT activity (Fig. 3A, compare lanes
3 and 4) and RNA levels (Fig. 3B, compare lanes 2 and 4) in
GR2 cells treated with Dex and MG132 in combination. This
increase required the hormone-activated GR, since cotreat-
ment with the antiglucocorticoid RU486 blocked the synergis-
tic effect produced by proteasome inhibitor treatment in the
presence of Dex (Fig. 3A, compare lanes 4 and 5). We tested
this hypothesis further by observing the impact of proteasome
inhibitor treatment on an MMTV-CAT promoter transiently
introduced into A1-2 cells (Fig. 3C). The transiently intro-
duced MMTV promoter does not acquire the regularly phased
nucleosomes that are characteristic of the MMTV promoter
when integrated into tissue culture cells (3). Again, inhibiting
proteasome function significantly enhanced Dex activation of
the transient MMTV-CAT template in A1-2 cells (Fig. 3C).

We next tested the possibility that MMTV RNA levels may
be enhanced by MG132 if proteasome inhibition increases the
stability of the MMTV RNA message. For these experiments
we turned to a third T47D-based MMTV-CAT reporter-con-
taining cell line, 2963.1, which express the PR but not the GR
(27). Treatment with proteasome inhibitors has been shown to
increase PR levels in T47D cells (21). In contrast to glucocor-
ticoid treatment, blocking PR turnover inhibited MMTV acti-
vation by the synthetic progestin R5020 (Fig. 3D, compare
lanes 2 and 4). This result supports the hypothesis that the
MG-Dex synergism observed in A1-2 and GR2 cells is not
likely due to stabilization of MMTV RNA levels by MG132.
Therefore, because MG-Dex synergism occurs on transient,
closed (A1-2) and open (GR2) integrated templates, the pool
of GR that results from proteasome inhibition may enhance
transcription downstream of the chromatin remodeling step of
transcriptional activation.

Glucocorticoid-induced chromatin reorganization of the
MMTV promoter is concomitant with the loading of transcrip-
tion factors onto the promoter to form a stable preinitiation
complex (PIC) (3). To ascertain if the increased availability of
the GR due to proteasome inhibition would influence Dex-
induced transcription factor loading, we used an in vivo exo-
nuclease III footprinting assay to investigate binding of the
NF1 transcription factor to the promoter (Fig. 4). Addition of
Dex promoted NF1 binding to the chromatin template (Fig. 4,
compare lanes 2 and 3). MG132 had little effect on the amount
of NF1 bound in the presence of Dex (Fig. 4, compare lanes 3
and 5). Therefore, while proteasome inhibition increases
MMTV RNA levels induced by Dex, neither chromatin re-
modeling nor NF1 loading is affected by this treatment.

Effect of proteasome inhibition on steady-state levels of
transcriptional cofactors. We have observed that the ubiq-
uitin-proteasome pathway regulates GR levels. Thus, we next
wanted to determine if other transcriptional regulators are
similarly modulated by proteasomal inhibition and might con-
tribute to the enhanced glucocorticoid-mediated transcription

FIG. 2. The proteasome inhibitor MG132 increases glucocorticoid-
activated transcription but not chromatin remodeling of the MMTV
promoter. (A) A1-2 cells were untreated (lane 1) or treated with Dex
(10�7 M) for 6 h (lane 2), MG132 for 22 h (lane 3), or MG132 for 16 h
followed by Dex (10�7 M) for 6 h (lane 4). RNA was prepared and
analyzed by RT-PCR with primers specific for MMTV or �2-micro-
globulin. (B) A1-2 cells were untreated (lanes 2 and 6) or treated with
Dex (10�7 M) for 1 h (lanes 3 and 7), MG132 (1 �M) for 17 h (lanes
4 and 8), or MG132 (1 �M) for 16 h followed by Dex (10�7 M) for 1 h
(lanes 5 and 9). Isolated nuclei were digested in vivo with SstI or DpnII
and recut after DNA purification with BamHI. 32P-labeled DNA frag-
ments generated by primer extension were analyzed by 8% denaturing
PAGE followed by autoradiography.
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we observed. In particular, we investigated the effect of MG132
treatment on the expression of the well-known coregulatory
proteins mSin3A, BRG1, SRC-1, BAF170, and pCIP/RAC3 by
Western blotting, as well as the transcription factor Oct-1 (Fig.
5). Treatment of A1-2 cells under conditions previously used
for RNA analysis had no significant impact on nuclear levels or
nuclear localization of these factors (Fig. 5, compare lanes 1, 3,
5, and 7). However, BAF170 levels were slightly elevated and
there was also a slight increase in cytoplasmic mSin3A levels
observed after MG132 treatment (Fig. 5, compare lanes 1 and
7 for BAF170 and lanes 2 and 6 for mSin3A). Thus, in these
cells, regulation of protein levels by the ubiquitin-proteasome
pathway occurs for the GR, but this is not ubiquitous for all
transcriptional cofactors examined here.

Proteasome inhibition limits GR mobility within the nu-
cleus. Inhibiting proteasome-dependent ER� turnover also re-
duces the mobility of this receptor by immobilizing it to the
nuclear matrix (40). Because we observed that proteasome

inhibition enhanced rather than inhibited glucocorticoid-me-
diated transcription, we next determined whether disrupting
GR turnover would affect GR mobility within the nucleus by
using both FRAP and biochemical analysis of GR targeting to
the nuclear matrix. Because increased GR accumulation and
potentiation of transactivation occurred at doses ranging from
0.1 to 10 �M MG132, we assessed mobility and matrix binding
at these three concentrations.

We investigated trafficking of a functional human GR-GFP
chimera at various doses of MG132 in live cells using FRAP
(10). Consistent with a previously published report, we ob-
served a very rapid movement of GR-GFP within the nucleus
of Dex-treated A1-2 cells (Fig. 6, row a) (25). In fact, GR-GFP
mobility is so rapid in these cells that a 15-s photobleaching of
only a narrow zone within the nucleus reduced the fluores-
cence intensity of the entire nucleus. This rapid nuclear bleach-
ing occurs, as described previously (40), due to the very rapid
passage of bulk nuclear receptors through the narrow bleach

FIG. 3. The increase in ligand-mediated transcription of MMTV is independent of promoter architecture. (A) GR2 cells were untreated (lane
1) or treated with Dex (10�8 M) (lanes 3, 4, 5, and 7), MG132 (1 �M) (lanes 2, 4, 5, and 6), or RU486 (10�7 M) (lanes 5 to 8) for 24 h. Cellular
extracts from duplicate samples were analyzed for CAT activity and normalized against total protein. (B) GR2 cells were untreated (lane 1) or
treated with Dex (10�7 M) for 6 h (lane 2), MG132 (1 �M) for 22 h (lane 3), or MG132 (1 �M) for 16 h followed by Dex (10�7 M) for 6 h (lane
4). RNA was prepared and analyzed by RT-PCR with primers specific for MMTV (top panel) or �2-microglobulin (bottom panel). (C) A1-2 cells
transfected with an MMTV-CAT promoter were untreated or treated with Dex (10�7 M), MG132 (1 �M), or MG132 plus Dex for 24 h, analyzed
for CAT activity, and normalized against total protein. (D) 2963.1 T47D cells were treated with R5020 (10�8 M), MG132 (1 �M), or MG132 plus
R5020 for 24 h, analyzed for CAT activity, and normalized against total protein. Data were obtained from triplicate samples and are representative
of two to three independent experiments.

VOL. 22, 2002 UNCOUPLING GR ACTIVITY AND SUBNUCLEAR TRAFFICKING 4117



zone. Given the rapid mobility of nuclear GR-GFP, we were
also unable to detect a bleached zone when fluorescence re-
covery was examined 5.5 s after the initial photobleaching (Fig.
6, row a). This rapid mobility of GR-GFP within the nucleus is
relatively unaffected by treatment of A1-2 cells with 0.1 �M
MG132 (Fig. 6, rows b and c), although we could sometimes
observe a faint bleached zone that recovers fluorescence within
14.5 s (Fig. 6, row c). In contrast, treatment of A1-2 cells with
10 �M MG132 led to a dramatic reduction in GR mobility
within the nucleus, as recovery of the photobleached zone was

incomplete, even when examined over 7 min after photo-
bleaching (Fig. 6, row g). This is analogous to the effects of 10
�M MG132 on ER�-GFP mobility within the nucleus (40).
Interestingly, we observed a mixed phenotype in A1-2 cells that
were treated with 1 �M MG132 under the identical conditions
used to show potentiating effects of MG132 on GR transacti-
vation. Specifically, in 57% of the cells examined (n � 30),
nuclear GR-GFP showed a rapid to modest recovery from
photobleaching with fluorescence signal completely recovered
within the photobleached zone within approximately 2 min
(Fig. 6, rows d and e). Within this group, for some of the cells
(20% of total), GR mobility is so rapid that the GFP signal
within the entire nucleus is bleached (Fig. 6, row d; see expla-
nation above), while in other cells (37% of total) a faint bleach
zone could be detected that was rapidly recovered (Fig. 6, row
e). The remaining cells in the population, 43% (n � 30),
showed a dramatic reduction in GR-GFP migration with in-
complete recovery of the photobleached zone even after over
7 min of recovery (Fig. 6, row f). This mixed phenotype was
observed in three separate experiments that utilized cells
plated on three separate days and was not correlated with
relative GR-GFP expression levels. Since we have not assessed
the transactivation activity of GR within individual cells, de-
finitive conclusions cannot be made regarding the relationship
between proteasome involvement in GR mobility versus tran-
scription. Nonetheless, these experiments establish that GR
mobility within the nucleus is indeed linked to appropriate
functioning of the proteasome machinery.

Proteasome inhibition targets the GR to the nuclear matrix.

FIG. 4. Effect of proteasome inhibition on glucocorticoid-mediated
transcription factor loading. A1-2 cells were untreated (lane 2) or
treated with Dex (10�7 M) for 6 h (lane 3), MG132 (1 �M) for 22 h
(lane 4), or MG132 (1 �M) for 16 h followed by Dex (10�7 M) for 6 h
(lane 5). Isolated nuclei were digested with BamHI and ExoIII to
detect specific stops corresponding to the 5� boundaries of bound
factors (1). The lower arrow indicates the boundary for NF1.

FIG. 5. A subset of transcriptional cofactors is unaffected by inhib-
iting proteasome function. A1-2 cells were treated as described for Fig.
1C and nuclear and cytoplasmic levels were isolated and analyzed by
Western blotting for mSin3A, BRG1, pCIP/RAC3, SRC-1, BAF170,
and Oct-1 proteins.
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FIG. 6. Differential effects of various MG132 doses on GR nuclear mobility. A1-2 cells transiently transfected with GR-GFP were either treated
with corticosterone (10�6 M) for 6 h (no MG132), or with various doses of MG132 (0.1, 1, or 10 �M) for 16 h followed by corticosterone (10�6M)
for 6 h. The zone of the nucleus that was subjected to a 15-s photobleaching is demarked in the Pre-bleach panels. Additional panels show
individual cells either immediately after the photobleaching (Bleach) or at the various times indicated following the photobleaching.
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In addition, biochemical extractions were used to measure the
binding of endogenous GRs in A1-2 cells to the nuclear matrix
under the same conditions used to assess GR mobility by
FRAP. Unlike other steroid receptors, hormone-dependent
association of GR with the nuclear matrix is inefficient and
requires chemical cross-linking (44) or ATP depletion (41) for
detection. The molecular basis for the apparent differential
affinities of individual steroid receptors for the nuclear matrix
is unclear. In our experiments, GR association with the nuclear
matrix was examined by Western blot analysis using the matrix-
associated protein lamin B as a positive control (Fig. 7). The
exposures of enhanced chemiluminescence-developed West-
ern blots were varied in Fig. 7 to better illustrate the ratio of
whole-cell to nuclear matrix-bound GR. Fig. 1A shows how
GR levels increased in response to MG132 treatment. As
shown in Fig. 7, no increase in GR binding to the nuclear
matrix, relative to control hormone-treated cells, was observed
in A1-2 cells treated with 0.1 �M MG132 (Fig. 7, lanes 3 and
4). In contrast, GR binding to the nuclear matrix was enhanced
approximately fivefold (to 15% of total GR) when A1-2 cells
were treated with 1 or 10 �M MG132 (Fig. 7, lanes 5 to 8). As
a control, GR binding to the nuclear matrix was also increased
by ATP depletion of A1-2 cells (Fig. 7, lanes 9 and 10), which
agrees with previous results obtained using other cell types
(41). Thus, increased nuclear matrix binding of GR in A1-2
cells treated with a proteasome inhibitor correlated with re-
duced GR mobility as assessed by FRAP, particularly with cells
exposed to 10 �M MG132. Although effects on GR mobility
are variable with 1 �M MG132, GR transactivation activity is
significantly increased at this dose of MG132. Enhanced GR
nuclear matrix binding of bulk GR is therefore not indicative
of a reduced-capacity receptor transactivation, as suggested
from recent results with ER�-GFP.

DISCUSSION

The protein levels of many steroid hormone receptors are
regulated by ubiquitin-mediated degradation via the 26S pro-
teasome (6, 21, 28, 29, 45). How this degradation influences
transcription is poorly understood, but it appears to vary be-
tween individual steroid receptors (23). Since the relationship

between GR-mediated transcription and turnover of the GR
by the proteasome has not been extensively characterized, we
investigated the effect of proteasomal inhibition on GR-medi-
ated transcription in the context of chromatin by using the
MMTV promoter.

In the absence of hormone, treatment with a proteasome
inhibitor significantly increased steady-state GR protein levels
(Fig. 1A to C), suggesting that even in resting cells the GR is
continuously degraded. In the absence of ligand, this treatment
increased MMTV RNA levels and had a synergistic effect on
transcription when cotreated with glucocorticoid (Fig. 2A).
The potentiating effect of MG132 on glucocorticoid-mediated
transcription corresponds to what has previously been ob-
served on a transiently introduced glucocorticoid-responsive
promoter (45). Thus, the high GR levels resulting from pro-
teasome inhibition correlated with increased transcription
from a glucocorticoid-responsive gene. This correlation be-
tween GR number and cellular response to hormone has been
previously demonstrated in lymphoma cells (8, 17). Since we
observed that blocking GR turnover synergistically enhanced
the glucocorticoid-dependent increase in MMTV RNA levels,
we wanted to determine if a synergistic increase in chromatin
remodeling would also be observed. In A1-2 cells, the MMTV
promoter acquires a closed chromatin conformation that re-
quires glucocorticoid to open the chromatin and render it
more accessible to restriction enzymes. The resulting two-step
model involves opening of chromatin structure by the GR,
which then allows access of other transcription factors to the
DNA and formation of the PIC (14). Using an enzyme hyper-
sensitivity assay as a measure of chromatin remodeling, we
found that MG132 treatment had no significant effect on either
basal or glucocorticoid-mediated hypersensitivity of the
MMTV promoter (Fig. 2B). These results suggest that the pool
of GR protein that accumulates upon MG132 treatment affects
MMTV transactivation at a step downstream of chromatin
remodeling, as indicated by hypersensitivity to restriction en-
donucleases. The increase in MMTV RNA levels that we ob-
serve in the presence of proteasome inhibitors is not simply
due to increased stability of the mRNA, since cotreatment with
the synthetic progestin R5020 inhibited rather than enhanced
MMTV promoter activity (Fig. 3D) (27). The results are con-

FIG. 7. Differential effects of various MG132 doses on GR association with the nuclear matrix. A1-2 cells were either treated with cortico-
sterone (10�6 M) for 6 h (lanes 1 and 2) or various doses of MG132 (0.1, 1, or 10 �M) for 16 h followed by corticosterone (10�6 M) for 6 h (lanes
3 to 8). As a control, cells were untreated but subjected to an ATP-depletion paradigm (lanes 9 and 10) (41). Whole-cell extracts were Western
analyzed (WC) and nuclear matrix-associated proteins were subjected to blot analysis using an anti-GR (top) or anti-lamin B (bottom) antibody.
The amount of whole-cell extract protein loaded was only 20% of the nuclear matrix fraction in all lanes. Exposures of enhanced chemilumines-
cence-developed Western blots for GR were varied to better illustrate the ratio of whole-cell extract to nuclear matrix-bound GR.
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sistent with inhibition of the progestin-mediated transcription
by proteasome inhibitors observed in other cell lines (28).

If the enhanced MMTV activation due to compromise of
proteasome function occurs independently of chromatin re-
modeling, then activation of a nonchromatin template, or an
open MMTV template should yield the same MG132-glu-
cocorticoid synergism observed on a closed template. As the
open template, we took advantage of a second T47D-based cell
line, GR2, which contains the GR and an integrated MMTV-
CAT reporter (Fig. 3A and B). In this cell line, the MMTV
promoter is constitutively open but requires ligand and GR-
coactivator binding for transcription (4). As our nonchromatin
template, we transiently introduced an MMTV-CAT reporter
into A1-2 cells (Fig. 3C). Transiently introduced MMTV re-
porters do not acquire the nucleosomal organization charac-
teristic of integrated constructs, and they are constitutively
hypersensitive, as is the promoter in GR2 cells (3). We found
that both the open MMTV-CAT in GR2 cells and a transiently
introduced MMTV-CAT exhibited the same synergistic in-
crease in activity and RNA due to MG132 treatment as ob-
served with the closed MMTV promoter in A1-2 cells. In
addition, cotreatment with the antiglucocorticoid RU486
blocked the observed MG132-Dex synergism, indicating that
this effect required the GR (Fig. 3A, compare lanes 4 and 5).
These results further support the idea that the effect of MG132
on GR-mediated transcription of the MMTV promoter occurs
downstream of chromatin remodeling.

How might the large pool of GR resulting from MG132
treatment significantly increase MMTV RNA levels without
similarly affecting chromatin remodeling? One possibility is
that the higher levels of GR increase the rate of transcription
from the MMTV promoter. Thus, although chromatin remod-
eling may not increase, the higher levels of the GR may in-
crease the rate of PIC formation and therefore increase tran-
scriptional initiation. This hypothesis is consistent with the
observation that antagonism of glucocorticoid activation of
MMTV transcription by 8-bromo-cyclic AMP is not accompa-
nied by changes in promoter hypersensitivity or NF1 loading
(32). Instead, it was shown that 8-bromo-cyclic AMP reduces
the rate of transcription from the promoter in the absence of
any change in chromatin remodeling. Thus, preventing GR
degradation may increase the rate of MMTV transcription in
the absence of increased chromatin remodeling. The observa-
tion that hormone-dependent structural changes in the pro-
moter chromatin can be dissociated from activated transcrip-
tion is also supported by studies in two human breast cancer
cell lines in which the integrated MMTV promoter acquires an
open chromatin structure that is constitutively remodeled. In
both cases, steroid treatment does not increase promoter hy-
persensitivity but is required for transcription (20, 27).

In addition to SHRs, the ubiquitin-proteasome pathway can
also regulate transcriptional coactivator and corepressor levels.
Coactivators that are targets of ubiquitin-proteasome degra-
dation include the coactivators GRIP1, p300/CBP, SRC-1,
TIF-2, and pCIP/RAC3 (5, 23, 34). Levels of the corepressor
NCoR are also regulated in this way (48). We were therefore
interested in what impact proteasome inhibition might have on
various corepressors and coactivators in the A1-2 cell line.
While we were unable to look at all possible coregulators, we
found that the levels of the cofactors pCIP/RAC3, mSin3A,

BRG1, BAF170, or SRC-1 were not affected by MG132 treat-
ment, as was seen with the GR (Fig. 5). Although pCIP/RAC3
and SRC-1 have been shown to be degraded via the protea-
some in other cell lines, we did not find similar regulation in
the T47D-based cell line used in this study, suggesting that
coactivator regulation by ubiquitylation may be cell-type spe-
cific (23).

What characteristics of a particular receptor determine
whether its degradation is required for, or inhibits, transcrip-
tion? One mechanism that may contribute to this difference
involves a novel function of the ubiquitin pathway—regulation
of SHR mobility by association with the nuclear matrix. Treat-
ment of tissue culture cells with proteasome inhibitors was
recently shown to inhibit ER� mobility through targeting of
the receptor to the nuclear matrix (40). We thus wanted to
determine if blocking the degradation of the GR would also
reduce the GR’s mobility and/or enhance its targeting to the
nuclear matrix. At relatively high doses of MG132 (i.e., 10
�M), GR and ER� behave similarly and are protected from
proteasome-mediated degradation and limited in their inter-
nuclear mobility as assessed in live cells. At intermediate doses
of MG132 (e.g., 1 �M) GR association with the nucleus is
increased, but receptor transactivation is enhanced rather than
inhibited as observed with ER� (40). GR mobility is variable in
A1-2 cells treated with 1 �M MG132, with the receptor dis-
playing rapid to modest mobility within the nuclei of some cells
but severely retarded movement in the others. Given this vari-
ability, we cannot establish a strict correlation between GR
nuclear mobility and transactivation in A1-2 cells. In fact, the
variability within individual cells treated with 1 �M MG132
might be indicative of multiple roles for proteasomes in GR
function. Thus, reducing GR turnover through proteasome
inhibition could enhance GR transactivation by increasing the
effective concentration of receptors at the PIC. Prolonged or
more-effective proteasome inhibition might reveal a require-
ment for some proteasome function in maintaining appropri-
ate receptor trafficking within the nucleus.

A number of model studies have suggested that the potency
of specific transactivation domains is correlated with their rate
of degradation by the ubiquitin-proteasome system (26). Pro-
teasome-mediated degradation of transcriptional activators
correlates with activation domain potency in vivo (36). Impor-
tantly, not all transactivation domains tested in this study are
affected by alterations in proteasome activity (36). Further-
more, even though transactivation activity of the retinoid X
receptor is linked to its proteasome-dependent degradation,
some mutants in the AF-2 transactivation domain of this re-
ceptor uncouple the link between transactivation activity and
degradation (31). Thus, the differential effects of proteasome
inhibitors on GR versus those on ER� may reveal unique
features of subnuclear processing or trafficking of these highly
related receptors (23).

Finally, it may be necessary to consider the possibility that
ubiquitylation of distinct transactivators, even closely related
members of the steroid receptor family, impacts multiple re-
ceptor functions independent of proteasome targeting. The
linkage of a nonremovable ubiquitin moiety to the VP16 trans-
activation domain restores its transactivation activity in yeast
cells defective for a specific ubiquitin ligase (35). This restora-
tion of transactivation occurred in the absence of any effects on

VOL. 22, 2002 UNCOUPLING GR ACTIVITY AND SUBNUCLEAR TRAFFICKING 4121



VP16 transactivation domain degradation (35). Thus, ubiqui-
tylation, particularly monoubiquitylation, may provide a
unique signal to specific transactivation domains that enhances
their effectiveness in the absence of direct proteasome involve-
ment. Monoubitquitylation is becoming recognized as a post-
translational modification that regulates protein trafficking and
activity in a variety of contexts (19). In fact, it has been pos-
tulated that such effects of ubiquitylation may be manifested at
the level of transcription elongation, as a ubiquitin-binding
component of the proteasome has been found to interact with
an RNA polymerase II elongation factor and affect its function
(15). Such a mechanism would be consistent with our findings
that proteasome inhibition enhances GR transactivation with-
out noticeable changes in chromatin remodeling and PIC for-
mation at the proximal promoter. Inhibition of proteasomes by
MG132 treatment of A1-2 cells could impact the ratio of mo-
noubiquitylated versus polyubiquitylated GRs and thereby af-
fect the recruitment of limiting RNA polymerase II elongation
factors. Clearly, the link between GR subnuclear trafficking,
processing, and transactivation is complex and is likely to in-
clude pathways that intersect and affect each other’s activity in
ways that might be unique for each member of the nuclear
receptor superfamily.
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