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ABSTRACT: Under normal cellular conditions, human progesterone receptors (PR), immune-isolated from 
cytosols of T47D breast cancer cells, associate with two heat shock proteins (hsps), hsp 90 and hsp 70. 
Receptors activated by hormone binding in vivo and extracted from nuclei with 0.5 M NaCl no longer associate 
with hsp 90 but retain association with hsp 70. We have examined the effect of heat shock treatment of 
cells on hsp-receptor interactions and on receptor function. Heat shock resulted in a partial reduction in 
cellular levels of PR, but receptors that remained were functional for both steroid and DNA binding activities. 
By steady-state [35S]methionine labeling prior to heat shock treatment, it was determined that heat shock 
did not affect the composition or maintenance of preexisting cytosolic PR-hsp 90~hsp 70 complexes. By 
contrast, immune isolation of PR complexes from cells pulse-labeled with [35S]methionine showed that heat 
shock altered the composition of newly synthesized hsps associated with PR. After heat shock, both the 
highly inducible form of hsp 70 (72K hsp) and a lOOK hsp were bound to cytosol PR, and inducible 72K 
hsp remained bound with the nuclear-activated PR. Neither of these hsps were associated in detectable 
amounts with PR under normal cellular conditions. With respect to receptor function, heat shock treatment 
substantially enhanced the activity of PR in vivo as determined by measuring hormone-dependent PR-mediated 
transcription of a target reporter gene (MMTV-CAT) that was stably transfected into T47D cells. Heat 
shock treatment alone, in the absence of hormone, did not stimulate MMTV-CAT expression nor did it 
affect transcription from a control reporter gene, pSV2-CAT, suggesting that enhanced receptor activity 
was due to an effect on PR-mediated processes and not to a general effect on transcription. Induction of 
the heat shock response by a related chemical stress (sodium arsenite) also enhanced PR activity in vivo. 
Interestingly, sodium arsenite produced both a greater induction of hsp 90 and hsp 70 synthesis and a greater 
fold enhancement of PR-mediated gene transcription than did heat shock. This suggests that enhancement 
of PR activity is related not only to induction of hsp synthesis but also to the severity of the stress response. 
The present results provide an indication that in certain cells there may exist an interrelationship between 
the activation pathways by which cells respond to stress and to steroid hormones. Possible mechanisms 
responsible for heat shock effects on PR activity are discussed. 

x e  heat shock or stress response, that results from an abrupt 
elevation in temperature, is characterized by a rapid induction 
of synthesis of heat shock proteins (hsps). This is a highly 
conserved response that occurs in nearly all cells, in all or- 
ganisms. In addition to elevated temperature, other agents 
can elicit heat shock-like responses. This includes heavy 
metals, ethanol, sodium arsenite, amino acid analogues, and 
certain viral infections (Welch et al., 1990). Heat shock 
proteins function to protect cells during heat shock or related 
stresses, but they are also important components of normal 
cells. Under normal cellular conditions, hsps appear to carry 
out a diversity of essential functions mediated primarily by 
their binding to other proteins. Through protein-protein in- 
teractions, hsps are thought to assist in such actions as in- 
tracellular protein trafficking and folding-unfolding of proteins 
and in some cases directly or indirectly influence the activity 
of other proteins (Lindquist & Craig, 1988; Welch, 1990; 
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Schlesinger, 1990; Rothman, 1989, Kang et al., 1990; Gething 
et al., 1986; Chirico et al., 1988; Deshaies et al., 1988). 

The 90-kDa heat shock protein (hsp 90) and the 70-kDa 
heat shock protein (hsp 70) have been shown to specifically 
associate with a number of interesting and physiologically 
important viral and cellular proteins [see Welch (1990) and 
references cited therein], including several members of the 
steroid receptor family of ligand-inducible transcriptional 
activators (Evans, 1988). Several different classes of steroid 
receptors when isolated in their inactive states have been shown 
to be heteromeric 8-10s complexes containing hsp 90, and 
in some cases hsp 70 and other proteins. The 8-10s receptor 
complex is unable to bind to DNA, and activation to the DNA 
binding state is accompanied by receptor conversion to 4s  and 
dissociation from hsp 90 [see Pratt (1990) and references cited 
therein]. This and other observations have suggested that hsp 
90 functions as a repressor to maintain steroid receptors in 
an inactive state in the absence of hormone (Mendel et al., 
1986; Sanchez et al., 1987; DeMarzo et al., 1991; Dalman et 
al., 1990; Cadepond et al., 1991). Other studies indicate that 
hsp 90 may also function to maintain the unoccupied receptor 
in a conformation competent to bind steroid (Bresnick et al., 
1989; Dalman et al., 1989). Steroid receptor association with 
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hsp 70 has been observed more recently and has been studied 
less extensively than hsp 90 (Estes et al., 1987; Edwards et 
al., 1987; Kost et al., 1989; Smith et al., 1990; Sanchez et al., 
1990a; Oiiate et al., 1991). Additional proteins in the range 
of 55-59 kDa (p55-59) have also been commonly found to 
associate with several different steroid receptors in their in- 
active 8-10s state (Tai et al., 1986; Renoir et al., 1990a,b; 
Oiiate et al., 1991), and as recently reported, one of these may 
be another heat shock protein, hsp 56 (Sanchez, 1990). The 
functional role of receptor-associated hsp 70 and p55-59 re- 
mains much less clear than that of hsp 90. It has been sug- 
gested that hsp 90, hsp 70, and p55-59 exist as a separate 
higher-order complex and that all three hsps as a unit associate 
with receptors (Sanchez et al., 1990b). 

Because steroid receptors form stable associations with 
several hsps under normal cellular conditions, and interactions 
with hsps appear to play a fundamental role in regulating 
receptor activity, we questioned whether heat shock would alter 
cellular receptor-hsp complexes and receptor function. Studies 
were conducted with human progesterone receptors (PR) in 
T47D breast cancer cells and a derivative of T47D cells stably 
transfected with a progesterone-responsive, PR-dependent 
MMTV-CAT reporter gene. Results show that induction of 
the stress response either by heat shock treatment or by 
chemical stress altered the composition of newly synthesized 
hsps associated with PR and dramatically enhanced receptor 
transcriptional activity in vivo. 

EXPERIMENTAL PROCEDURES 
Materials. [3H] R5020 (promegestone; 17,2 1 -dimethyl- 

19-norpregna-4,9-dien-3,2O-one; 1 7a-methyL3H, 87 Ci/mmol) 
and unlabeled R5020 were obtained from DuPont NEN 
products. L-Methionine [35S]Translabel (1200 Ci/mmol) and 
[ 32P] adATP and [32P] adCTP (3000 Ci/mmol) were obtained 
from ICN. 35S-Labeled protein A (30 Ci/mg) was from 
Amersham. Monoclonal antibodies AB-52 and B-30 (mouse 
IgGJ against purified human PR were prepared as previously 
described (Estes et al., 1987). AB-52 recognizes both the A 
(94K) and B (120K) forms of human PR; B-30 recognizes B 
receptors only. Monoclonal antibody (mouse IgG) N27F3-4 
was prepared against constitutive and inducible forms of heat 
shock protein 70 (hsp 70) isolated from HeLa cells (Riabowel 
et al., 1988). Monoclonal antibody AC-88 (mouse IgGJ 
against hsp 90 was prepared as previously described (Riehl 
et al., 1985). All antibodies were purified from mouse ascites 
fluids (Estes et al., 1987). 

Cell Culture, Metabolic Labeling, and Heat Shock of Cells. 
T47D human breast cancer cells were cultured in MEM 
supplemented with 5% fetal bovine serum (HyClone). Cells 
were plated in Falcon 175 cm2 flasks at a density of 4 X lo6 
cells and grown in a humidified, C 0 2  (5%) incubator at 37 
"C (Estes et al., 1987; El-Ashry et al., 1989). For labeling 
with [3SS]methionine, one 175 cm2 flask was generally used 
for each experimental point. For pulse-labeling studies, cells 
were pretreated for 30 min at 37 OC with methionine-free 
MEM, supplemented with 1% fetal bovine serum (Flow-Labs). 
Pretreatment medium was then replaced with methionine-free 
MEM supplemented with 25 pCi/mL [35S]methionine, and 
cells were incubated for another 2 h at 37 OC. Flasks were 
then rinsed with serum-free MEM to remove excess free 
[35S]methionine and incubated for another 1 h at 37 OC with 
or without 20 nM R5020. Steady-state labeling was performed 
by methods similar to that described (Mendel & Orti, 1988) 
by incubating near-confluent cell cultures for 48 h at 37 "C 
with 25 pCi/mL [35S]methionine in 5% fetal serum and 
growth medium (MEM) containing a normal methionine 
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concentration. Heat shock was performed by incubating T47D 
cells for 2 h and 15 min at 42 OC in a humidified, C02  (5%), 
incubator and then returning the cultures to a normal 37 OC 
incubator. 

Receptor Preparations and Immune Isolation. All buffers 
used for extraction and immune isolation of PR were derived 
from TEG (10 mM Tris-OH, pH 7.4,l mM EDTA, and 10% 
glycerol). Harvested cells were lysed in TEDG (TEG plus 1 
mM DTT) in the presence of a cocktail of protease inhibitors 
(Estes et al., 1987). In some experiments, sodium molybdate 
(20 mM) was included in the cell lysis buffer to stabilize the 
8-10s cytosolic PR complex. Cell lysates were centrifuged 
at l05000g at 4 OC for 30 min to yield cytosol and crude nuclei 
in the high-speed pellet. The pellet was extracted for 60 min 
on ice with TEDG containing protease inhibitors and 0.5 M 
NaCl and then centrifuged at 105000g for 30 min to yield a 
salt-soluble crude nuclear extract. The crude nuclear extract 
was then dialyzed at 4 OC against TEDG to reduce the salt 
concentration prior to immune isolation. MAb-affinity ma- 
trices were prepared by chemically coupling purified AB-52 
or B-30 to activated agarose (Affigel-10; Bio-Rad) at a sub- 
stitution of 4.5 mg of MAb/mL of resin. One milliliter of 
cytosol or dialyzed nuclear extract was then incubated in 
suspension at 4 OC for 4 h with 100 pL of the MAb-Affigel-10 
resin. MAb resins were then washed by centrifugation as 
described (DeMarzo et al., 1991). As controls to determine 
the levels of nonspecific binding, blank Affigel- 10 was sub- 
stituted for the receptor-specific MAb-Affigel- 10. 

To determine the number of steroid receptor binding sites 
in cytosol and nuclear extracts, binding was measured by a 
dextran-coated charcoal method (Estes et al., 1987; El-Ashry 
et al., 1989). Protein concentration in cell extracts was 
measured by Bradford assay (Bradford, 1976). 

SDS Gel Electrophoresis, Western Immunoblotting, and 
Two-Dimensional Gel Analysis. Proteins bound to MAb- 
Affigel- 10 were eluted with a 2% SDS sample buffer, boiled 
for 5 min, and applied directly to either 7.0% or 7.5% dis- 
continuous SDS-polyacrylamide gels. Electrophoresis and 
Western immunoblotting of PR were carried out as previously 
described (Estes et al., 1987; El-Ashry-Stowers et al., 1988). 
For immunoblot of heat shock proteins, transfer to nitro- 
cellulose was performed for 2 h at 1 A in a buffer containing 
20 mM Tris-OH, pH 8.4, 150 mM glycine, and 20% meth- 
anol. Proteins metabolically labeled with [35S]methionine were 
detected by autofluorographic enhancement. After separation 
of 35S-labeled proteins on SDS-PAGE, gels were fixed for 30 
min in 40% methanol and 10% acetic acid and then treated 
with Amplify (Amersham) and dried under vacuum. Dried 
gels were exposed at -70 OC to preflashed X-Omat film with 
DuPont intensifying screens. Two-dimensional gel electro- 
phoresis, employing isoelectric focusing (70% pH 5-10 and 
30% pH 3-10, Ampholines) in the first dimension followed 
by 12.5% SDS-PAGE in the second dimension, was performed 
as described (Welch, 1985). Prestained molecular weight 
markers (Bethesda Research Laboratories) were used for both 
Western immunoblots and for 3SS-labeled gels: myosin, 
224 000; phosphorylase B, 107 500; bovine serum albumin, 
71 200; ovalbumin, 46 000; carbonic anhydrase, 31 000. 

Gel Mobility Shijit Assay. A 32 bp double-stranded syn- 
thetic oligonucleotide, corresponding to the distal most (bp 
-189 to -162 from the start site of transcription) proge- 
sterone/glucocorticoid response element (PRE/GRE) of 
mouse mammary tumor virus (MMTV), was end-labeled with 
[CY-~~PI~ATP and [cx-~~PI~CTP by Klenow DNA polymerase 
fill-in. PR (50 fmol) was incubated with 0.3 ng of the 
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FIGURE 2: Effects of heat shock treatment on PR-protein levels and 
PR transformation by hormone in vivo. T47D cells were heat-shocked 
as in Figure 1 except that they were treated for an additional 1 h at 
37 "C with or without the progestin R5020 (40 nM). Cytosol (C) 
and nuclear extracts (N) were prepared, and PR was immuneisolated 
with the receptor-specific MAb AB-52 using protein A-Sepharose 
as immunoabsorbent. Immobilized PR were eluted with S D S  and 
analyzed by Western blot with the same MAb. The H-chain of the 
MAb also elutes from protein A-Sepharose. 

45 - 

RESULTS 

Heat Shock Response in T47D Cells and Effect on PR 
Levels. T47D cells were exposed to 42 OC for 2.25 h, returned 
to normal 37 OC temperature, and then pulse-labeled with 
[35S]methionine. Cells maintained at 37 OC throughout served 
as nonstressed controls. As shown by SDS-PAGE and au- 
toradiography of crude cell extracts, this treatment produced 
a marked de novo synthesis of cellular proteins of approxi- 
mately 100,90, and 70 kDa (Figure 1). The apparent mo- 
lecular weights of the induced proteins correspond with those 
of the major mammalian heat shock proteins, respectively; hsp 
110, hsp 90, and hsp 70 (Lindquist & Craig, 1988; Welch, 
1990; Schlesinger, 1990). To determine whether this heat 
shock response affected cellular PR levels, we examined the 
steroid binding capacity of cytosols prepared from heat-shocked 
and untreated T47D cells. Using a single saturating dose 
steroid binding assay, a 40% reduction (average value from 
four separate experiments) in progestin binding capacity was 
observed after heat shock treatment of cells. However, by 
Scatchard analysis, the sites that remained after heat shock 
exhibited an unaltered binding affinity for the progestin R5020. 
PR from untreated cells and heat-shocked cells had binding 
dissociation constants, respectively, of 2.4 X and 3.2 X 

Human PR are produced in cells as two steroid binding 
proteins of different lengths, termed PR-A (94 kDa) and PR-B 
(120 ma) .  The two forms share common hormone and DNA 
binding domains and differ at the amino terminus; PR-A is 
missing N-terminal sequences present in PR-B (Kastner et al., 
1990). Western blots were performed with the PR-A- and 
PR-B-specific MAb AB-52 (Estes et al., 1987) to determine 
whether the reduction in steroid binding capacity was due to 
an effect on receptor activity or on lowering PR concentration. 
As shown in Figure 2, only a slight reduction in immuno- 
reactive PR was observed in cytosol and nuclear extracts (both 
in the absence and in the presence of hormone) after heat shock 
treatment of cells. This was seen consistently in repeat ex- 
periments. Quantitation of Western blots by densitometry to 
determine the extent of reduction was not done. The slight 
decrease observed does indicate that the lowering in steroid 
binding capacity that results from heat shock treatment is due, 
at least in part, to a reduction in cellular PR concentration. 
Consistent with this, the rate of synthesis of PR was reduced 
after heat shock treatment (Figures 3 and 5) .  It should also 
be noted that with both control and heat shock treated cells, 

M (not shown). 
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FIGURE 1: Effects of heat shock and chemical stress on protein 
synthesis in T47D cells. T47D cell cultures were kept at 37 "C to 
serve as a control, were heat-shocked by incubation at 42  "C for 2.25 
h and then returned to 37 "C, or were incubated at 37 "C for 2 h 
with 100 pM sodium arsenite. Cells were then pulse-label4 with 
[3SS]methionine at 37 "C, cytosols prepared, and aliquots analyzed 
by SDS-PAGE ( 1  0%) and autoradiography. 

[32P]PRE oligonucleotide for 1 h at 4 OC. The DNA binding 
buffer conditions for gel electrophoresis have been described 
(El-Ashry et al., 1989). In some reactions, receptor-specific 
MAb, AB-52, was added at the completion of the 1-h reaction 
and allowed to incubate for another 30 min at 4 "C. 

PR-Mediated Target Gene Transcription in Vivo. A gene 
construct consisting of the MMTV LTR (from -1 161 bp to 
+ 102 bp), linked to the chloramphenicol acetyltransferase gene 
(CAT), was stably transfected into T47D cells (El-Ashry et 
al., 1988). The LTR contains the entire hormone responsive 
enhancer element (HRE) and promoter of MMTV. A cloned 
line was isolated (clone B-1 l), and induction of MMTV-CAT 
expression was shown previously to be both progestin- and 
PR-dependent (El-Ashry et al., 1988). For study of PR- 
mediated transcription of MMTV-CAT, clone B-1 1 cells were 
plated in six-well dishes (Falcon) at a density of 0.5 X 1 O6 cells 
per well. They were allowed to attach and grow for 3 days 
in regular growth medium and then were incubated for 24 h 
with medium containing hormone-free serum (DCC-treated). 
Cells were then incubated with or without progestin (R5020) 
for the times indicated; they were harvested by scraping into 
TNE buffer (40 mM Tris-HC1, pH 7.4, 150 mM NaC1, and 
1 mM EDTA) and lysed by sonication in 250 pL of PBF 
buffer [0.25 M Tris-HC1, pH 7.4, and 0.05 mg/mL phenyl- 
methanesulfonyl fluoride (PMSF)] . Lysates were centrifuged 
to pellet cell debris, and CAT enzyme activity in the super- 
natants was measured by a radiometric enzymatic/organic 
extraction method as previously described (Nordeen et al., 
1987). A constitutive target gene construct, pSV2-CAT, was 
also stably transfected into T47D cells as previously described 
and used as a control non-hormone-regulated gene (Nordeen 
et al., 1989). 
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the majority of PR protein was recovered in the cytosol in the 
absence of hormone. Addition of R5020 promoted tight 
binding of most PR protein to nuclei, and this occurred with 
both control and heat-shocked cells (Figure 2). Thus, after 
heat shock treatment of T47D cells, substantial amounts of 
receptors remained and were functional as determined by 
hormone binding in vitro and by their ability to bind to nuclei 
in response to hormone addition in vivo. 

Progesterone receptors in T47D cells are phosphoproteins 
that exhibit basal phosphorylation in the absence of hormone 
and undergo an increased phosphorylation in response to 
hormone addition to intact cells (Sheridan et al., 1988). A 
distinctive feature of hormone-dependent PR phosphorylation 
is an increase in the apparent molecular weight of the A and 
B receptors on SDS-PAGE (Horwitz et al., 1985). This 
characteristic upshift of PR on SDS-PAGE was detected in 
both control and heat-treated cells in response to R5020 ad- 
dition. Thus, at this level of resolution, hormone-dependent 
phosphorylation of PR also appeared to be unimpaired in 
T47D cells after induction of the heat shock response (Figure 
2) 

Heat Shock Altered the Composition of Newly Synthesized 
hsps Associated with Cytosolic PR. Since the majority of 
cellular PR remained intact and functional with respect to 
hormone binding after heat shock, we next examined whether 
heat shock might affect PR association with hsp 90 and hsp 
70. Untreated and heat shock treated T47D cells were 
pulse-labeled with [35S]methionine as in Figure 1. Cytosols 
were then prepared in low ionic strength buffer that also 
contained sodium molybdate to stabilize the heteromeric 8-10s 
PR complex, and receptors were immunsisolated and analyzed 
by SDS-PAGE and autoradiography. In the unactivated state, 
PR-A and PR-B each form separate associations with hsp 90 
and hsp 70 (Kost et al., 1989). Therefore, we chose to analyze 
only PR-B in this experiment, by use of the PR-B-specific 
MAb B-30 (Estes et al., 1987). Figure 3A shows that the 
cytosolic PR complex isolated from normal cells contained a 
radiolabeled protein of 120 kDa that corresponds to PR-B, and 
three other associated proteins of =90,70, and 55 kDa. The 
90- and 70-kDa proteins have been previously identified im- 
munologically as hsp 90 and hsp 70, respectively (Oiiate et 
al., 1991). The 55-kDa component is likely to be the same 
receptor-associated 56-59-kDa protein identified by others and 
recently shown to be hsp 56 (Sanchez, 1990). The 55-kDa 
protein associated with cytosol human PR has the same be- 
havior on two-dimensional electrophoresis as hsp 56 (Figure 
3B) (Sanchez et al., 1990b) and undergoes increased synthesis 
in response to heat shock treatment (Figure 3A). Neither 
PR-B nor the other three proteins were bound to any appre- 
ciable extent to control resins (Figure 3A, right panel), in- 
dicating that hsp 90, hsp 70, and the 55-kDa protein were 
coisolated through specific association with PR. We do see 
trace amounts of hsp 90 and hsp 70 binding to control anti- 
bodies, but this is substantially less than that bound with 
receptor-specific antibodies. The cytosolic PR complex isolated 
from heat-shocked cells contained the same three associated 
proteins, except the extent of labeling of hsp 90 and hsp 70 
was dramatically increased. The 55-kDa protein also exhibited 
an increased rate of synthesis, but less so than hsp 90 and hsp 
70. It should also be noted that the total amount of radio- 
labeled PR-B was slightly decreased compared with control 
cells, indicating that the rate of PR synthesis was reduced 
somewhat in response to heat shock. After heat shock, an 
additional labeled protein of =lo0 kDa was typically observed 
to associate with PR in an immune-specific manner that was 
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FIGURE 3: Effects of heat shack on pulse-labeled cytosolic PR com- 
plexes. (A) T47D cells were heat-shocked or kept at 37 OC as in Figure 
1 and then pulselabeled with [35S]methionine. Cytosols were prepared 
in low ionic strength buffer with sodium molybdate, and PR complexes 
were immune-isolated with the PR-B-specific MAb B-30 coupled to 
Affigel- 10. Samples were immune-isolated in parallel with a control 
Affigel- 10. Immobilized PR complexes were eluted from Affigel- 10 
with SDS and analyzed by SDS-PAGE (7%) and autoradiography. 
(B) Two-dimensional gel electrophoresis of pulse-labeled hsps asso- 
ciated with cytosol PR from control and heat shock treated cells. 
Cytosol PR prepared from pulse-labeled cells were immune-isolated 
as in (A), and then immobilized PR complexes were eluted with IEF 
sample buffer and submitted to two-dimensional gel electrophoresis 
as outlined under Experimental Procedures. 

not detectable from control cells, and the hsp 70 component 
was resolved as a doublet band (Figure 3A). 

It has been shown in most mammalian cells that there is 
a constitutive form of hsp 70 synthesized in the absence of 
stress (referred to here as 73K hsp) and related forms of hsp 
70 that are highly inducible by stress and often referred to as 
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72K hsp (Welch, 1990). To further examine the composition 
of hsp 70 associated with PR after heat shock, cytosolic PR 
complexes from pulse-labeled cells were immuneisolated and 
analyzed by two-dimensional gel electrophoresis. By standard 
two-dimensional electrophoresis, PR does not enter equilibrium 
isoelectric focusing gels. Only receptor-associated proteins are 
resolved. As shown in Figure 3B, constitutive 73K hsp is the 
primary form of hsp 70 associated with cytosolic PR from 
normal 37 "C cells, and this resolved into two isoelectric 
species. After heat shock, two additional charged species of 
the inducible 72K hsp became associated with cytosolic PR, 
and rates of synthesis of receptor-associated 73K hsps were 
also dramatically increased. hsp 90 associated with cytosol 
PR resolved as the same two charged isoforms from both 
control and heat-shocked cells (Figure 3B), and both forms 
exhibited an increase in labeling. On two-dimensional gel 
electrophoresis, 35S-labeled spots at 100 kDa were also found 
associated with cytosolic PR after heat shock which were 
undetectable from control cells. This is sometimes evident by 
single-dimension SDS-PAGE (Figure 3A), but more so by 
two-dimensional analysis (Figure 3B). It should be noted that 
the 100-kDa protein exhibits isoelectric points similar to that 
of hsp 110 (Welch et al., 1990). 

An additional protein that resolved on two-dimensional gels 
with the position expected of actin was also found to associate 
with cytosol PR in an immune-specific manner. This protein 
did not exhibit an increased rate of synthesis, and it runs in 
the dye front of our 7.wo singledimensional SDS gels. Recent 
studies have suggested that the 8 s  glucocorticoid receptor 
(GR) is able to bind to both endogenous and exogenous actin 
filaments through the hsp 90 component of the receptor 
complex. GR in the 4 s  state, dissociated from hsp 90, did not 
bind actin (Miyata & Yahara, 1991). Thus, we conclude from 
this analysis that heat shock treatment affected newly assem- 
bled PR complexes by increasing the complexity of hsps as- 
sociated with PR, particularly so for hsp 70 isoforms, and by 
increasing the rate of synthesis of associated hsps. 

To examine whether heat shock might also affect the 
maintenance of preexisting PRehsp 9O.hsp 70 complexes, T47D 
cells were labeled to steady-state with [3SS]methionine (48 h) 
and afterward were submitted to heat shock. Cells were then 
returned to normal 37 "C for 1 h and harvested. Under these 
conditions, the composition of cytosolic PR complexes im- 
mune-isolated from heat-shocked cells appeared to be un- 
changed from that of normal cells. Also, PR complexes iso- 
lated from both groups of cells exhibited the same relative 
amounts of steady-state-labeled PR and associated compo- 
nents; hsp 90, hsp 70, and the 55-kDa protein (Figure 4). 
These results indicate that heat shock does not affect the 
composition or stoichiometry of preexisting receptor-hsp 
complexes. 

The Inducible Form of hsp 70 (72K) Associates with Ac- 
tivated Nuclear PR. PR appears to bind differently with hsp 
90 than it does with hsp 70, since receptors dissociate from 
hsp 90 upon hormone and salt activation, while association 
with hsp 70 is retained under these conditions. The continued 
association of activated PR with hsp 70 suggests that this 
component of the receptor complex serves a function different 
from that of hsp 90 (Kost et al., 1989; Smith et al., 1990; 
Ofiate et al., 1991). We were therefore curious to see whether 
the inducible 72K hsp present in the cytosolic PR complex after 
heat shock was also associated with the hormone-activated 
receptor. 

Control 37 OC cells or cells subjected to heat shock were 
pulselabeled with [3SS]methionine as in Figure 3, except that 

Immune Isolation 35s 

AO-52 Control 
37' 42' 37' 42' 

55k - a= 
FIGURE 4: Effect of heat shock treatment on the preexisting 
steady-state-labeled cytosol PR com lex. T47D cell cultures were 
incubated for 48 h at 37 OC with &]methionine to label PR to 
steady-state. Cells were then washed, replaced with regular growth 
medium (containing normal methionine content), and heat-shocked 
at 42 "C. Cells incubated continuously at 37 "C served as controls. 
Cytosols were then prepared in the presence of molybdate, and PR 
complexes were immune-isolated with the receptor MAb AB-52 (PR-A 
and PR-B specific) coupled to Affigel-10. Immobilized PR were 
analyzed by SDS-PAGE (7%) and autoradiography. 

afterward cells were treated for an additional 1 h at 37 "C 
with R5020 in order to activate receptors in vivo. In vivo 
activated PR were then extracted from nuclei with 0.5 M NaCl 
and immune-isolated with AB-52-Affigel-10 resins (PR-A- 
and PR-B-specific MAb). As shown by SDS-PAGE in Figure 
SA, activated nuciear PR from control 37 "C cells were re- 
covered with one other radiolabeled component, hsp 70. No 
hsp 90 or p55 was recovered with activated nuclear PR. It 
should be noted that human hsp 70 contains half the number 
of methionines (Hunt & Morimoto, 1985) as human PR and 
is thus expected to label less efficiently. After heat shock, hsp 
70 associated with activated nuclear PR exhibited a dramatic 
increase in the rate of synthesis and was now composed of both 
72K hsp and 73K hsp (Figure 5A). As with cytosolic PR, the 
amount of newly synthesized activated nuclear PR isolated 
from heat-shocked cells was reduced compared with normal 
37 OC cells. Results from Figure 2 show this is not due to a 
reduced ability of PR after heat shock to respond to hormone 
in vivo and transform to the tight nuclear binding state. As 
shown by two-dimensional gel electrophoresis, hsp 70 recovered 
with activated nuclear PR from control cells resolved as a 
single 73-kDa spot, while activated nuclear PR from heat- 
shocked cells was recovered with multiple isoforms of hsp 70 
(Figure 5B) including two charged species of 72K hsp. Thus, 
the inducible 72K hsp that binds to cytosolic PR after heat 
shock retains association with nuclear PR after activation by 
hormone. 

Heat Shock Enhances PR-Mediated Target Gene Tran- 
scription in Vivo without Altering PR-DNA Binding Activity. 
To assess PR activity in vivo, a cloned derivative of T47D cells 
(B-1 l) ,  stably transfected with an MMTV-CAT construct, 
was used to examine the effects of heat shock on PR-mediated 
target gene expression in vivo. B-1 1 cells were heat shocked, 
returned to 37 "C, and then incubated for another 24 h at 37 
OC without and with R5020. B-1 1 cells maintained at 37 OC 
throughout served as nonstressed controls. As shown in Figure 
6A, R5020 stimulated target gene expression in a dose-de- 
pendent manner in both control and heat shock treated cells. 
We were surprised to observe that maximal target gene in- 
duction achieved with saturating concentrations of hormone 
was higher by 3-fold in heat shock treated cells. The higher 
level of induction was not due to an activation of MMTV-CAT 
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FIGURE 5: Effect of heat shock on activated nuclear PR. (A) T47D 
cell cultures were heat-shocked and pulselabeled as in Figure 3 except 
that at the end of pulse-labeling, PR were activated in vivo by addition 
of the progestin R5020 (40 nM) for 1 h at 37 "C. Nuclear extracts 
were then prepared, and PR complexes were immune-isolated with 
AB-52 MAb coupled to Affigel-10. The immobilized receptors were 
eluted and analyzed by SDS-PAGE (7%) and autoradiography. (B) 
Two-dimensional gel electrophoresis of nuclear-activated PR im- 
mune-isolated from pulse-labeled cells with AB-52-Affigel- 10. 

expression in the absence of hormone, since the basal level of 
expression that occurs without hormone remained low and was 
not measurably different in normal or heat shock treated cells. 
In Figure 6B, PR-mediated induction of the MMTV-CAT 
gene was analyzed at different times after addition of hormone. 
Hormonal induction of CAT was observed to be greater in heat 
shock treated cells at all time points measured, indicating that 
the effects of heat shock were not due to an alteration in the 
kinetics of target gene induction. 

In Figure 7, R5020 was added to B-11 cells at various times 
after heat shock treatment. In each case, cells were incubated 
with a single dose of R5020 (20 nM), and the total time of 
exposure to hormone was the same (24 h) before harvest of 
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R5020 Induction of MMTV-CAT in Stable 
T470 Cell Transfectants 
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FIGURE 6: Heat shack treatment enhances PR-mediated target gene 
transcription in vivo. (A) T47D cells (clone B-1 1) stably transfected 
with an MMTV-CAT construct were heat-shocked, returned to normal 
37 "C, and then incubated for 24 h with the concentrations of R5020 
indicated. B-11 cells incubated continuously at 37 "C served as 
controls. Cells were then lysed, and CAT enzyme activity was 
measured. (B) Heat-shocked or 37 "C control cells were incubated 
with a single concentration of R5020. At various times after hormone 
addition, cells were then harvested and lysed, and CAT enzyme activity 
was measured. CAT enzyme activity was expressed as the cpm of 
[3H]acetyl-CoA converted to acetyl chloramphenicol per hour per 
microgram of protein. Values are averages from duplicate deter- 
minations. The results are representative of five replicate experiments. 

cells for CAT enzyme assay. Maximal enhancement of PR- 
mediated target gene expression that resulted from heat shock 
treatment was obtained when R5020 was added immediately 
after cells were shifted from 42 to 37 OC. This effect di- 
minished progressively with time over a period of several hours. 
When R5020 addition was delayed by 8 h after heat shock, 
the magnitude of hormone-dependent MMTV-CAT stimula- 
tion had nearly returned to that obtained with control 37 "C 
cells (Figure 7). The gel inset in Figure 7 shows results of 
immunoprecipitation of 35S-labeled hsp 70 with an hsp 70 
specific MAb (N27), from cells pulselabeled at the different 
times indicated after heat shock. Induced synthesis of hsp 70 
was also transient. Maximal induction occurred immediately 
following heat shock, and by 8 h after the return of cells to 
37 "C, hsp 70 synthesis rates had returned to near control 
levels. Thus, we observed a temporal relationship between 
enhanced hormonal induction of MMTV-CAT and maximal 
induction of hsp 70 synthesis. This temporal relationship was 
not obsewed for hsp 90. Elevated synthesis of hsp 90 continued 
for 24 h after return of cells to normal temperature (not 
shown). We also examined the effect of heat shock on a 
constitutive reporter gene construct, pSV2-CAT, that was 
stably transfected into T47D cells (Nordeen et al., 1989). 
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was measured and expressed as in Figure 6. A singe time point was 
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indicated after heat shock. The inset shows the region of the SDS 
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Constitutive CAT expression drived by the SV-40 promoter 
was found to be similar in both normal and heat shock treated 
cells and at all times points examined after heat shock (not 
shown). This is a non-hormone-responsive reporter construct, 
and hormone also had no effect on pSV2-CAT expression 
either in normal cells or after heat shock (not shown). Results 
with pSV2-CAT indicate that enhanced PR activity is not due 
to a general effect of heat shock on transcription or on stability 
of the CAT enzyme but may be due to an effect on PR-me- 
diated processes. 

To determine whether enhanced PR-mediated transcription 
might to due to a modification of receptor-DNA binding 
activity, PR from control and heat shock treated cells were 
assayed by electrophoretic mobility shift for binding to a 
[ 32P] oligonucleotide containing a progesterone response ele- 
ment (PRE) derived from the MMTV promoter. As shown 
in Figure 8, PR from control and heat shock treated cells did 
not bind to the [32P]PRE-oligonucleotide in the absence of 
hormone. With both groups of cells, binding required addition 
of hormone, and approximately the same amount of PR-DNA 
binding was obtained after hormone addition when equal 
numbers of receptors were added to the DNA binding reaction. 
It should also be noted that the electrophoretic mobilities of 
PR-DNA complexes were identical with receptors isolated 
from control and heat shock treated cells. Thus, heat shock 
did not activate PR-DNA binding in the absence of hormone 
or produce an obvious effect on the DNA binding activity of 
PR-hormone complexes that could account for the observed 
enhancement of receptor activity in vivo. 

Chemical Stress Induces hsp Synthesis and Also Enhances 
PR Activity in Viuo. When T47D cells were subjected to a 
chemical stress by incubation for 2 h at 37 OC with 100 p M  
sodium arsenite, this resulted in an increased rate of synthesis 
of hsp 70 and hsp 90, as detected by SDS-PAGE of cytosols 
prepared from cells pulse-labeled with [35S]methionine (Figure 
1). Induction of hsp 70 and hsp 90 synthesis was in fact 
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PR-DNA 

1 2 3 4 5  
FIGURE 8: Heat shock treatment does not alter PR-DNA binding 
activity as measured by gel mobility shift assay. Control T47D cells 
(37 "C) and cells subjected to heat shock treatment were incubated 
for 1 h at 37 "C with or without R5020. Whole cell extracts were 
prepared and incubated with a [32P]PRE oligonucleotide. PR-DNA 
complexes were separated from free DNA by nondenaturing gel 
electrophoresis. 
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FIGURE 9: Effect of chemical stress on PR-mediated gene transcription 
in vivo. B-1 1 cells stably transfected with MMTV-CAT were left 
untreated at 37 "C, were heat-shocked for 2.25 h at 42 "C, or were 
incubated with 100 pM sodium arsenite for 2 h at 37 OC. All cells 
were then incubated at 37 "C for 24 h without or with R5020 (40 
nM). Cells were lysed, and CAT enzyme activity was measured and 
expressed as in Figure 6. 

greater than that obtained by heat shock treatment (Figure 
1). When untreated and sodium arsenite treated cells were 
pulse-labeled with [35S] methionine and cytosol PR complexes 
immune-isolated with PR-specific MAbs, results similar to 
those in Figure 3 were obtained. As with heat shock, sodium 
arsenite treatment resulted in an increased rate of synthesis 
of hsp 90 and hsp 70 associated with cytosolic PR and binding 
of the inducible 72K hsp to PR (not shown). The effect of 
chemical stress on PR-mediated target gene transcription in 
vivo is shown in Figure 9. Hormone-dependent PR-mediated 
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transcription was enhanced as a result of sodium arsenite 
treatment, and the enhancement was even greater than that 
which occurs after heat shock. Sodium arsenite also repro- 
ducibly stimulated a small but measurable increase in 
MMTV-CAT expression in the absence of hormone. This 
effect in the absence of hormone was not seen with the heat 
shock conditions used in this study. The results with sodium 
arsenite indicate that enhancement of PR activity is not just 
a peculiarity of heat shock treatment but appears to be related 
to induction of hsp synthesis. It is also of interest that the 
severity of the stress response, as gauged by the extent of hsp 
70 synthesis, was related to the fold enhancement of PR- 
mediated gene transcription. 

DISCUSSION 
Steroid receptors have been studied almost exclusively under 

normal cellular conditions. There have been few reports on 
the effect of heat shock on steroid receptors. In two earlier 
studies, heat shock treatment was shown to dramatically inhibit 
steroid responsiveness. Heat shock of primary cultures of 
Xenopus laeuis hepatocytes resulted in a transient inhibition 
of estrogen stimulation of transcription of the vitellogenin gene 
(Wolffe et al., 1984). This was paralleled by a total loss of 
estrogen receptor-hormone binding activity. Whether loss of 
hormone binding activity resulted from inactivation of re- 
ceptors or from receptor degradation was not determined. In 
the water mold Achlya ambisexualis, heat shock and treat- 
ment with sodium arsenite each resulted in a severe inhibition 
of responsiveness to the fungal steroid antheridiol (Riehl, 
1988). A detailed analysis of the Achlya steroid receptor 
showed a sizable reduction in the concentration of receptors 
in response to heat shock, but the receptors that remained 
exhibited no alteration in steroid binding affinity. Curiously, 
sodium arsenite did not lower the concentration of steroid 
receptors. Short-term exposure (2 h) of mammalian cell 
cultures to 42 OC was also reported to result in a 90-95'31 
reduction of glucocorticoid-receptor binding activity and GR 
protein levels (Vedeckis et al., 1989). In contrast to these 
earlier studies, we observed an enhancement of steroid re- 
sponsiveness as a result of both heat shock and treatment with 
sodium arsenite. We also did not observe a reduction in 
cellular receptor concentrations to the extent reported in other 
studies. We can only speculate that this may be due to dif- 
ferences in cell lines, species, or possibly classes of steroid 
receptors. There are data to indicate that the stability of hsp 
90 association with different receptor classes can vary con- 
siderably. For example, the 8 s  dioxin receptor was reported 
to be more stable in vitro under the same conditions as the 
8 s  glucocorticoid receptor-hsp 90 complex (Nemoto et al., 
1990). We have found that GR interaction with hsp 90 is more 
salt-resistant than is PR interaction with hsp 90' and at least 
two members of the nuclear receptor family, thyroid and re- 
tinoic acid receptors, do not appear to associate with hsp 90 
at all (Dalman et al., 1990, 1991). Steroid receptors under 
certain conditions may also exhibit different behavior with 
respect to their ability to associate with hsp 70 (Sanchez et 
al., 1990a,b). It is possible that, depending on the nature or 
stability of preexisting receptor-hsp complexes, classes of 
steroid receptors will be affected differently by heat shock 
treatment and related stresses. 

Since the majority of cellular PR was retained after heat 
shock treatment of T47D celis, this enabled us to examine the 
effect of heat shock on both the maihtenance and composition 
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of PR-hsp 90.hsp 70 complexes. On the basis of analysis of 
steady-state-labeled PR, it appeared that heat shock treatment 
did not affect PR-hsp 90.hsp 70 complexes that were preex- 
isting under normal cellular conditions. Thus, the maintenance 
and stability of preformed PR complexes may account for the 
retention of the majority of cellular PR in a biologically active 
form. When newly synthesized hsp PR complexes were an- 
alyzed by pulse-labeling after heat shock, the stress-inducible 
forms of hsp 70 (72 hsp) and a 100-kDa stress protein became 
associated with PR that were not associated in detectable 
amounts prior to heat shock. This indicates that the protein 
composition of newly assembled PR complexes was altered by 
heat shock. One difficulty with these pulse-labeling experi- 
ments is that they cannot distinguish between increased as- 
sociation of newly synthesized hsps with newly synthesized PR 
or with preexisting unlabeled PR, since both receptor forms 
will be immune-isolated with receptor-specific MAbs. How- 
ever, that no obvious change in the stoichiometry of prelabeled 
PR complexes was observed as a result of heat shock argues 
against exchange of inducible hsp with unlabeled preexisting 
hsps bound to receptors. In addition, heat shock and chemical 
stress also resulted in a dramatic increase in the rates of 
synthesis of associated hsp 70 and hsp 90 relative to that of 
PR. Whether this represents a change in the relative mass 
of the protein components in newly synthesized PR complexes 
or a change in specific activity is not known. Estimating 
changes in the stoichiometry of protein components in the 
newly synthesized PR complex will require measuring the 
specific activity of both free hsps and hsps associated with PR. 
It would be interesting to compare the fate (half-life) and 
function of newly synthesized PR-hsp complexes and preex- 
isting PR complexes after stress. 

The heat shock response activates expression of genes that 
encode hsps, while expression of most other genes are inhibited 
(Lindquist & Craig, 1988; Welch, 1990; Schlesinger, 1990; 
Rothman, 1989). For the most part, normal biochemical 
pathways that have been examined have been found to be 
compromised as a result of induction of the stress response 
(Welch, 1990). Although we did observe a reduction in 
synthesis of PR after heat shock, consistent with inhibition of 
PR gene expression and thus a classical heat shock response, 
we were quite surprised to find that progesterone receptor 
activity with respect to its ability to mediate induction of target 
gene transcription in vivo was considerably enhanced after heat 
shock. Moreover, heat shock treatment appeared to selectively 
affect receptor transcriptional activity, since steroid binding 
and DNA binding activities of PR were not stimulated. The 
fact that heat shock treatment did not stimulate a measurable 
increase in MMTV-CAT in the absence of hormone and did 
not affect expression from a constitutive reporter gene 
(pSV2-CAT) also suggested that heat shock treatment was 
affecting PR-mediated processes and not just general tran- 
scription. This, however, does not demand that PR itself was 
directly modified. Heat shock treatment, for example, could 
affect another transcription factor intimately involved in PR- 
mediated gene transcription of target genes. 

A related chemical stress produced by incubating cells with 
sodium arsenite also resulted in enhancement of receptor ac- 
tivity in vivo, indicating that the effect of heat shock treatment 
on receptor was related to induction of the stress response and 
not merely to an effect of cell warming on steroid solubility 
or to stimulation of other general cellular processes. Inter- 
estingly, Riehl (1988) showed that heat shock and sodium 
arsenite treatment of Achlya ambisexualis did not affect 
cellular uptake of steroid hormone. Sodium arsenite in the I C. A. Beck and D. P. Edwards, unpublished results. 
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present study produced a more severe stress response, as 
gauged by the degree of induction of hsp 70 synthesis, and also 
stimulated receptor activity to a greater extent than did heat 
shock. This raises the interesting possibility that enhancement 
of receptor activity may be related to the relative fold stim- 
ulation of hsp synthesis. 

The mechanism(s) responsible for enhanced receptor activity 
as a result of induction of the stress response is (are) not 
known. It is unlikely for a number of reasons that we are 
observing a posttranscriptional effect on the CAT reporter 
mRNA or on CAT enzyme activity. First, most non-hsps 
mRNAs are inhibited by heat shock, not enhanced (Lmdquist 
& Craig, 1988), and at least one study has reported that two 
reporter enzymes, luciferase and @-galactosidase, expressed 
from non-hsp promoters in mouse cells were in fact inactivated 
by heat shock treatment (Nguyen et al., 1989). Second, the 
same CAT reporter gene driven from a constitutive SV-40 
promoter was not stimulated by heat shock. Furthermore, in 
a separate study, glucocorticoid receptor mediated gene 
transcription has also been shown to be enhanced by heat shock 
using a glucocorticoid-responsive MMTV promoter linked to 
a different reporter enzyme, luciferase (Moyer and Nordeen, 
unpublished results). 

We propose two possible mechanisms that are not neces- 
sarily mutually exclusive. One is the possibility that the 
MMTV promoter may contain a heat shock response element 
(HSE). This is a cis-acting binding site for the heat shock 
transcription factor (HSTF), a trans-acting factor that controls 
expression of hsp genes (Wu et al., 1990). The MMTV-CAT 
reporter gene was constructed with the entire MMTV-LTR 
(El-Ashry et al., 1989), and a search of MMTV revealed the 
presence of a reverse orientation consensus HSE (-TTC- - 
GAA-) (Lis et al., 1990). This putative HSE is located 288 
bp upstream of the distal-most GRE/PRE. Several other sites 
with a single bp mismatch are also present in the vicinity of 
the GRE/PRE. Since heat shock treatment alone did not 
induce a measurable stimulation of MMTV-CAT expression 
and sodium arsenite had only minimal effects without hor- 
mone, these sites are not functional, or poor at best, in the 
absence of hormone. They may be functional in the presence 
of hormone, possibly through cooperation with PR. 

Another possibility is that heat shock and related stresses 
may stimulate phosphorylation pathways that affect PR or 
PR-mediated processes. In support of this idea, we have 
demonstrated in a separate study that cellular modulators of 
protein kinases and phosphatases in T47D cells enhance PR- 
mediated target gene transcription in a manner very remi- 
niscent of the present results with heat shock and sodium 
arsenite (Beck et al., 1992). Additionally, heat shock and 
related stresses are known to stimulate phosphorylation of 
certain specific protein substrates [see Legagneuz et al. (1990) 
and references cited therein] including the heat shock tran- 
scription factor (Mosser et al., 1990; Larson et al., 1988; 
Hensold et al., 1990; Price & Calderwood, 1991). Also, two 
specific protein kinases have been shown to be stimulated by 
heat shock (Legagneux et al., 1990), and a rapid increase in 
intracellular CAMP levels occurs shortly after stress (Kiang 
et al., 1991). 

Several recent studies have demonstrated “cross talk” be- 
tween steroid-responsive pathways and other signal trans- 
duction pathways that were not previously thought to be linked. 
Examples include the reciprocal transcriptional interference 
that occurs between AP-1 activity and glucocorticoid receptor 
(Yang et al., 1990; Schule et al., 1990) and AP-1 repression 
of estrogen receptor activity (Doucas et al., 1991). It has also 
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been shown that several steroid receptors and an orphan re- 
ceptor can be activated in a ligand-independent manner by 
dopamine receptor coupled phosphorylation pathways (Power 
et al., 1991a,b). The results of the present study showing a 
stimulatory effect of stress on steroid responsiveness may 
represent another previously unrecognized coordinate regu- 
lation between two different pathways. The data in Figure 
7 showing that enhanced steroid responsiveness is a short-lived 
effect that correlates with the time of maximal induction of 
hsp 70 synthesis provides a particularly strong indication for 
an interrelatedness between stress-responsive and steroid-re- 
sponsive pathways. Stress proteins have clearly been shown 
to be involved in cellular protection after stress. It is possible 
that in certain cells or tissues common pathways have evolved 
for the cell to respond both to environmental stress and to 
stimulation by steroid hormones. The two pathways working 
in concert to reestablish cellular homeostasis after stress may 
offer a physiological advantage to the cell. These are poten- 
tially interesting new questions that will require further in- 
vestigation. 
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