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Heat shock protein 70 (Hsp70) is thought to play a critical role in the thermotolerance of mammalian cells,
presumably due to its chaperone activity. We examined the chaperone activity and cellular heat resistance of
a clonal cell line in which overexpression of Hsp70 was transiently induced by means of the tetracycline-
regulated gene expression system. This single-cell-line approach circumvents problems associated with clonal
variation and indirect effects resulting from constitutive overexpression of Hsp70. The in vivo chaperone
function of Hsp70 was quantitatively investigated by using firefly luciferase as a reporter protein. Chaperone
activity was found to strictly correlate to the level of Hsp70 expression. In addition, we observed an Hsp70
concentration dependent increase in the cellular heat resistance. In order to study the contribution of the
Hsp70 chaperone activity, heat resistance of cells that expressed tetracycline-regulated Hsp70 was compared
to thermotolerant cells expressing the same level of Hsp70 plus all of the other heat shock proteins. Overex-
pression of Hsp70 alone was sufficient to induce a similar recovery of cytoplasmic luciferase activity, as does
expression of all Hsps in thermotolerant cells. However, when the luciferase reporter protein was directed to
the nucleus, expression of Hsp70 alone was not sufficient to yield the level of recovery observed in thermotol-
erant cells. In addition, cells expressing the same level of Hsp70 found in heat-induced thermotolerant cells
containing additional Hsps showed increased resistance to thermal killing but were more sensitive than
thermotolerant cells. These results suggest that the inducible form of Hsp70 contributes to the stress-tolerant
state by increasing the chaperone activity in the cytoplasm. However, its expression alone is apparently
insufficient for protection of other subcellular compartments to yield clonal heat resistance to the level
observed in thermotolerant cells.

Cells exposed to nonlethal, elevated temperatures become
transiently resistant to a subsequent heat shock. Thermotoler-
ance development is paralleled by expression of heat shock
proteins, which include members of the heat shock protein 70
(Hsp70) family (21, 29). In thermotolerant cells, endogenous
proteins such as p68 kinase and exogenous reporter gene prod-
ucts such as b-galactosidase and firefly luciferase show in-
creased resistance to heat damage (4, 24, 27, 31).

It is likely that Hsp70 contributes to the protection of cel-
lular proteins by functioning as a molecular chaperone. Such a
function is implied from in vitro studies in which purified
members of the Hsp70 family are found to contribute to the
heat protection of several substrate proteins. Hsp70 alone can
protect topoisomerase I and DNA polymerase against heat
inactivation and facilitate the reactivation of heat-inactivated
topoisomerase I in a concentration-dependent fashion (3, 44).
For reactivation of DNA polymerase, ATP is required (44).
For the recovery of heat-denatured firefly luciferase and chem-
ically denatured b-galactosidase, Hsp70 alone is not sufficient.
Addition of Hsp40 or Hsp40 homologues plus ATP is required.
Hsp40 is believed to stabilize binding of Hsp70 to the substrate
by stimulating hydrolysis of Hsp70-bound ATP (25). Hsp70,
Hsp40, and ATP either directly enhance refolding of heat-
denatured firefly luciferase and chemically denatured b-galac-
tosidase or can keep substrates in a folding-competent state at

high temperatures (7, 35, 36). Subsequent incubation at nor-
mal temperatures leads to spontaneous refolding of b-galac-
tosidase (7), while refolding of luciferase needs additional fac-
tors that are present in reticulocyte lysate (25). Furthermore,
Hsp70 and cofactors can reactivate heat-inactivated substrates
that are kept in a folding-competent conformation by other
heat shock proteins such as Hsp90 or Hsp25 (5, 7).

In vivo, a chaperone function of Hsp70 is suggested from
studies on heat effects on endogenous and exogenous proteins.
Protection against heat-induced nuclear protein aggregation in
thermotolerant HeLa S3 cells correlates with the expression
level of Hsp70 (37). Overexpression of transfected Hsp70 in
Rat-1 cells protects against nuclear protein aggregation, inde-
pendent of the ATP binding domain (38, 39). In addition,
cytoplasmic or nuclear firefly luciferase expressed in hamster
fibroblasts is protected from inactivation when Hsp70 is con-
stitutively coexpressed. Reactivation of the same proteins is
facilitated in these cells, which is further enhanced when
Hsp70 and Hsp40 are coexpressed (23).

Little is known about the specific contribution of Hsp70 and
its chaperone activity to thermotolerance development. Con-
stitutive overexpression of Hsp70 has been shown to increase
heat resistance, and the level of this resistance correlates to the
level of Hsp70 expression in individual clonal cell lines (20).
Under normal growth conditions, however, Hsp70 has essen-
tial functions in protein folding, translocation, assembly, and
disassembly (11). Furthermore, constitutive overexpression of
Hsp70 was shown to reduce the rate of Drosophila cell growth
(6). This might indirectly lead to an altered response to heat
and therefore influence clonal thermoresistance. In our previ-
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ous study on the in vivo chaperone activity of Hsp70, the effect
on heat resistance could not be investigated because only a
small fraction of the cells expressed the gene in the transient-
transfection assay (23). In order to directly compare chaperone
activity and heat resistance of cells overexpressing Hsp70 alone
with thermotolerant cells expressing all heat-inducible factors,
we used tetracycline-regulated gene expression (8). With this
system, the heat-induced expression of Hsp70 in thermotoler-
ant cells could be mimicked in the absence of induction of
other stress proteins. Also, heat-induced expression of all
Hsps, tetracycline-induced expression of Hsp70, and chronic
expression of Hsp70 could be compared to the control situa-
tion within the same clonal cell line. In addition, a precise
control of the level of expression enabled a quantitative anal-
ysis of the chaperone activity. The effect of Hsp70 expression
on the in vivo heat inactivation and reactivation of firefly lu-
ciferase was taken as a measure of chaperone activity. Because
Hsp70 has been shown to translocate and accumulate in the
nucleus upon heat shock (30, 43), we examined its effect on
cytoplasmic and nuclear firefly luciferase (24). These chaper-
one activities were finally related to protection against the
cell-killing effect of heat.

Our data indicate that transient overexpression of Hsp70
alone increases the chaperone activity in the cytoplasm to the
same extent as observed in heat-induced thermotolerant cells
expressing all of the major Hsps. Although we also found some
chaperone activity in the nucleus, expression of Hsp70 alone
was insufficient to yield the same level of reactivation of nu-
clear luciferase as that observed in thermotolerant cells. In
addition, Hsp70 alone was not able to confer the degree of
resistance to heat killing seen with heat-induced thermotoler-
ant cells. Thus, expression of the inducible form of Hsp70 in
the absence of increased levels of other Hsps is apparently
sufficient to achieve the level of chaperone activity in the cy-
toplasm found in thermotolerant cells. However, to obtain the
same level of chaperone activity in the nucleus and the same
level of clonogenic heat resistance as in thermotolerant cells,
additional heat-inducible factors or activities are needed.

MATERIALS AND METHODS

Plasmids and constructs. The plasmids pUHD15-1, pUHC13-3, and
pHGR272 were kindly provided by H. Bujard (University of Heidelberg).
pUHD15-1 encodes the tetracycline-responsive transactivator (tTA) under con-
trol of the human cytomegalovirus promoter 1E. pUHC13-3 encodes firefly
luciferase under control of a tTA-dependent promoter (8). In pHGR272, a
thymidine kinase minimal promoter from Herpes simplex virus controls a hy-
gromycin resistance gene. pSV2neo (Clontech) encodes the neomycin resistance
gene under the control of a simian virus 40 promoter. The plasmid pTBC70 was
constructed by ligating a HindIII fragment from pEX2770, containing the human
Hsp70 cDNA, downstream of the tTA-regulated promoter of pTBC-1 (a gener-
ous gift from H. Hauser, Gesellschaft für Biotechnologische Forschung, Braun-
schweig, Germany) (16). pRSVLL/V encodes cytoplasmic firefly luciferase under
the control of a Rous sarcoma virus long terminal repeat promoter (kindly
provided by S. Subramani, University of California, San Diego, Calif.). Construc-
tion of pRSVnlsLL/V encoding firefly luciferase fused to a nuclear localization
sequence has previously been described (24). pN3luc encodes firefly luciferase
under the control of a stress-inducible hsp70 promoter (32).

Cell culture and transfections. O23 hamster fibroblasts (kindly provided by J.
Landry, Quebec, Canada) were cultured in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum (Life Technologies). A CaPO4 trans-
fection procedure was used for all stable transfections. Lipofectamine (Life
Technologies) was used for all transient transfections according to the procedure
of the manufacturer. O23 cells were stably transfected with pUHD15-1 and
pSV2Neo (80:1). Stable clones were selected in medium containing 1 mg of G418
(Life Technologies) and 3 mg of tetracycline (Sigma) per ml. Expression and
activity of the tTA-protein was assayed by transient transfection with pUHC13-3.
A clone that induced luciferase expression 30-fold after tetracycline withdrawal
was subcloned and used for further experiments. This O23-tTA cell line (OT)
was stably transfected with pTBC70 and pHGR272 (80:1). Stable clones were
selected in medium containing 1 mg of G418, 1 mg of hygromycin (Boehringer
Mannheim), and 3 mg of tetracycline per ml. A clone that was determined by
Western blot analysis to show the highest induction of Hsp70 expression after the

withdrawal of tetracycline was used for further experiments. Thermotolerance
was induced by exposing the OT70 cells to a priming heat shock of 44°C for 20 min
in medium containing 3 mg of tetracycline per ml followed by 16 h at 37°C. Expres-
sion of Hsp70 was induced by growing the cells in medium containing 0, 2.2, 4.4, 8.8,
or 13.2 ng of tetracycline per ml for 24 h.

Western blotting, FACS, and immunofluorescence analysis. Cells were sus-
pended in phosphate-buffered saline, sonicated, lysed by the addition of 23
sample buffer (17), and boiled for 5 min prior to being loaded onto sodium
dodecyl sulfate–12.5% polyacrylamide gels. After Western blotting (42), Hsp70,
Hsp40, and Hsp25 were detected with anti-Hsp70 mouse monoclonal (Stress-
gen), anti-Hsp40 rabbit polyclonal (a generous gift from K. Ohtsuka, Nagoya,
Japan), and anti-Hsp25 rabbit polyclonal (Stressgen) primary antibodies. Bind-
ing of anti-mouse or anti-rabbit immunoglobulin G (IgG) secondary antibodies
(Amersham) was detected by enhanced chemiluminescence (ECL; Amersham).
Recombinant Hsp70 was from Stressgen.

Fluorescence-activated cell-sorting (FACS) analysis was performed as de-
scribed by Hang and Fox (10).

Hsp70 expression was detected with a primary anti-Hsp70 mouse monoclonal
antibody and an anti-mouse IgG fluorescein isothiocyanate (FITC) conjugate
(Dako). Immunolocalization of Hsp70 was performed as described previously
(23). Images were obtained with a confocal scanning laser microscope (TCS 4D;
Leica, Heidelberg, Germany) equipped with an argon-krypton laser and coupled
to a Leitz DM IRB 9 (Leica) inverted microscope.

Luciferase activity assay. Cells were transiently transfected with pRSVLL/V
or pRSVnlsLL/V. After 24 h they were divided for Western analysis in culture
flasks at a density of 2.5 3 105 cells per flask or for luciferase activity analysis in
cell culture tubes at a density of 2.5 3 104 cells per tube. For heat inactivation
and recovery experiments, the cells either were cultured for yet another 24 h in
medium with different tetracycline concentrations or were made thermotolerant
in medium containing 3 mg of tetracycline per ml. At 30 min before the cells were
exposed to a challenging heat shock, the medium in the culture tubes was
replaced by medium containing 20 mg of cycloheximide per ml and 20 mM
MOPS (morpholinepropanesulfonic acid, pH 7.0; Sigma). After heat shock, the
cells were incubated at 37°C for recovery, during which samples for luciferase
activity measurements were taken at different time points. Cell lysis and lucif-
erase measurements were performed as previously described (24).

Clonogenic survival assay. Cells were cultured in T75 flasks at a density of
7.5 3 105 cells/flask. They either were cultured in medium with different tetra-
cycline concentrations or were made thermotolerant. After trypsinization, the
cells were heated in suspension at a concentration of 106 cells/ml. The clonogenic
ability was determined by plating the cells at the appropriate dilutions. After 7 to
10 days, the colonies were fixed with 70% ethanol and stained with 0.5% crystal
violet (Sigma).

RESULTS

Tetracycline-regulated expression of Hsp70 causes no general
stress response. O23 hamster fibroblasts were used as a model for
examining the in vivo chaperone function of Hsp70. Under nor-
mal conditions, these cells do not express the inducible form of
Hsp70. After a heat shock, these cells induce expression of
Hsp70 along with the other heat shock proteins. In order to
model the heat-induced expression of Hsp70 alone, the tetra-
cycline-regulated tTA expression system was chosen (8).

OT cells, which are O23 cells that expressed the tetracycline-
responsive tTA protein, were stably transfected with a plasmid
encoding Hsp70 under the control of a tTA-regulated pro-
moter. In medium with decreasing concentrations of tetracy-
cline, these OT70 cells expressed increasing amounts of Hsp70
(Fig. 1A, lanes 1 to 4). In the parental OT cells, no induction
of Hsp70 could be observed in the absence of tetracycline (Fig.
1B, lanes 1 and 2). In addition, the expression of Hsp40 and
Hsp25 was not visibly elevated in OT70 cells by the removal of
tetracycline (Fig. 1A, lanes 1 to 4), in contrast to the heat-
induced expression in thermotolerant cells (Fig. 1A, lane 5).
Therefore, induction of Hsp70 expression in OT70 cells was
not a result of a general stress response induced by changes in
the tetracycline concentration. This was further verified by
transient transfection of OT70 cells with a plasmid containing
a firefly luciferase gene regulated by a stress-inducible Hsp70
promoter. After a priming heat shock, luciferase expression
was highly induced from this plasmid, whereas no increased
expression of luciferase could be observed after tetracycline
withdrawal (Fig. 1C).
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Hsp70 expression increases cytoplasmic and nuclear chap-
erone activity in a temperature- and concentration-dependent
fashion. Previous research has shown that transient overex-
pression of Hsp70 protects nuclear and cytoplasmic firefly lu-
ciferase from heat inactivation and enhances recovery of the
inactivated proteins (23). As can be seen in Fig. 2, similar
results can be obtained by using the OT70 cells in which Hsp70
expression is induced after 24 h of growth in the absence of
tetracycline. Both cytoplasmic and nuclear luciferase were pro-
tected against inactivation by 30-min treatments at 43 to 46°C
(Fig. 2A and B). Also, more cytoplasmic luciferase activity was
found to be recovered at 3 h after these heat shock treatments
if Hsp70 was expressed (Fig. 2C). The extent of recovery of
nuclear luciferase at 3 h after the heat shock, however, was not
affected by Hsp70 expression after the milder (43 and 44°C)
heat treatments. Expression of Hsp70 increased the recovered
fraction of nuclear luciferase only after a 30-min heat shock at
45 or 46°C (Fig. 2C and D). We decided to use 45°C heat
treatments for further experiments and examined whether the
chaperone activity was related to the cellular concentration of
Hsp70. To regulate the Hsp70 expression, OT70 cells were
grown for 24 h in medium containing various concentrations of
tetracycline (Fig. 3A). Hsp70 expression protected cytoplasmic

luciferase during inactivation at 45°C in a concentration-de-
pendent manner (Fig. 3A and B). In addition, the recovered
fraction of cytoplasmic luciferase at 2 h after heat shock pos-
itively correlated with Hsp70 expression (r2 5 0.97, P , 0.002
[Fig. 3A and D]). The same result was observed for nuclear
luciferase (r2 5 0.95, P , 0.005 [Fig. 3A and E]). Hsp70
expression did not influence the level of expression of lucif-
erase (data not shown). This implies that the observed protec-
tive effects of Hsp70 are not due to alterations in the concen-
tration of luciferase per cell.

Removal of tetracycline from the parental OT cells did not
affect the inactivation and reactivation of either form of lucif-
erase, indicating that tetracycline withdrawal by itself did not
influence these processes (data not shown). Enhanced reacti-
vation of luciferase was also not caused by changes in the rate
of degradation of luciferase due to Hsp70 overexpression. Fig-
ure 4 shows that no significant degradation of luciferase could
be observed during the full course of the heating and recovery
experiment. The results reveal that Hsp70 expression increases
the cytoplasmic and nuclear chaperone activity in a concentra-
tion-dependent manner.

The mean molar ratio between Hsp70 and cytoplasmic lu-
ciferase was estimated by comparing the cellular levels of
Hsp70 and luciferase with the titration curves of pure proteins
obtained by using Western blotting. For estimation of the
luciferase concentration per cell, corrections were made for
the transfection efficiencies by calculating the fraction of cells
stained with anti-luciferase antibodies by using immunofluo-
rescence. Our analyses revealed that luciferase reactivation
increased linearly at luciferase/Hsp70 molar ratios from 1:1 to
1:8. Changing the molar ratio by up to 1:40 by lowering the
concentration of luciferase per cell at the maximum expression
level of Hsp70 increased the reactivation of heat-inactivated
luciferase even further, a finding in line with the reactivation at
increasing concentrations of Hsp70. These results suggest that
Hsp70 expression protects luciferase against irreversible heat
damage in a concentration-dependent fashion over a wide
range of molar ratios.

Transient overexpression of Hsp70 is sufficient to mimic the
thermotolerant protection of cytoplasmic luciferase but not
nuclear luciferase. In thermotolerant cells, transiently express-
ing all heat shock proteins, cytoplasmic and nuclear forms of
firefly luciferase are found to be protected during heat inacti-
vation (24). We examined the contribution of Hsp70 alone
both to this protection during heat inactivation and to the level
of recovery of the initial luciferase activity in thermotolerant
cells by using the experimental design depicted in Fig. 5A. In
short, OT70 cells were transfected with plasmids encoding
cytoplasmic or nuclear luciferase. Part of the transfected cells
was exposed to a priming heat shock for the induction of
thermotolerance. Another part of the cells was grown in me-
dium without tetracycline for the induction of Hsp70 expres-
sion alone to the same level as was induced in the thermotol-
erant cells. After induction, the thermotolerant and Hsp70
expression OT70 cells were exposed to a challenging heat
shock. Luciferase activity was measured immediately after the
heat shock or upon post-heat treatment incubation at 37°C.

This protocol resulted in the induction of similar levels of
Hsp70 in OT70 and thermotolerant cells, whereas the levels of
other Hsps, such as Hsp25 and Hsp40, were only altered in the
thermotolerant cells (Fig. 5B [see also Fig. 10A and B]). Dur-
ing inactivation, cytoplasmic luciferase was slightly better pro-
tected in cells that expressed Hsp70 alone than in thermotol-
erant cells. Interestingly, the level of recovery was the same in
both cell types (Fig. 6A and C). This suggested that for this
cytoplasmic chaperone activity, expression of Hsp70 alone is

FIG. 1. Tetracycline-regulated expression of Hsp70. OT cells are cells that
stably express the tTA protein and OT70 cells are OT cells that were stably
transfected with a plasmid encoding Hsp70 behind a tTA-regulated promoter.
(A) OT70 cells were grown in medium with decreasing concentrations of tetra-
cycline (3,000 to 0 ng/ml) (lanes 1 to 4) or were made thermotolerant by a
priming heat shock of 44°C for 20 min in medium containing 3,000 ng of
tetracycline per ml followed by 16 h at 37°C (lane 5). Western analysis was
performed with a monoclonal antibody to Hsp70 and polyclonal antibodies to
Hsp40 and Hsp25. (B) OT cells were grown in medium with (lane 1) or without
(lane 2) tetracycline (3,000 ng/ml). (C) OT70 cells were transiently transfected
with a plasmid encoding luciferase behind a stress-inducible Hsp70 promoter. At
24 h after transfection the cells were either exposed to a priming heat shock of
44°C for 20 min or tetracycline was withdrawn from the medium. Luciferase
activity was measured at the indicated time points and was expressed as the fold
increase of basal activity.
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sufficient and that other heat-inducible factors or activities are
dispensable. At 45°C, there was little or no effect of Hsp70
expression or thermotolerance on nuclear luciferase inactiva-
tion (Fig. 6B). Nuclear luciferase, however, was reactivated
significantly more in thermotolerant cells than in cells express-
ing Hsp70 alone (Fig. 6D). A similar pattern was observed if
the cells were heated for 30 min at 43 to 46°C (Fig. 7): whereas
Hsp70 expression alone lead to a cytoplasmic chaperone ac-
tivity similar to that in thermotolerant cells, it did not lead to
the same level of nuclear chaperone activity as in thermotol-
erant cells.

One explanation for the difference in nuclear protection
could be a change in the ability Hsp70 to translocate in non-
thermotolerant cells upon heat shock. We tested this possibil-
ity by using immunolocalization, which showed that Hsp70
alone was still able to translocate into the nucleus and nucleoli
after heat shock and to relocalize from the nucleoli after re-
covery in a way similar to Hsp70 in thermotolerant cells (Fig.
8). Apparently, although the expression of Hsp70 alone can
increase the nuclear chaperone activity, additional heat-induc-
ible factors or activities appear to be needed to yield the same
nuclear chaperone activity as that observed in thermotolerant
cells.

Hsp70 expression enhances cell survival after heat shock in
a concentration-dependent fashion. The OT70 cell line ap-
peared to be a well-defined system for determining the contri-
bution of Hsp70 to the enhanced in vivo chaperone activity in
thermotolerant cells. In order to learn whether this enhanced
chaperone activity is related to the ability of cells to survive

heat treatments, the effect of Hsp70 expression on cell survival
after heat shock was investigated and quantitatively compared
to thermotolerant cell survival. Like the chaperone activity, cell
survival after 45°C increased with increasing expression levels
of Hsp70 alone (Fig. 9). However, cells that transiently ex-
pressed Hsp70 alone at a level equal to the thermotolerant
cells (Fig. 5B and Fig. 10A and B) were less resistant to heat-
induced cell killing than were thermotolerant cells at all of the
temperatures tested (Fig. 10C and D). Because the chaperone
activities were determined in the presence of the protein syn-
thesis inhibitor cycloheximide, we tested whether cyclohexi-
mide influenced the difference in thermoresistance. Although
the overall resistance was higher after a heat shock of 45°C for
30 min and a subsequent recovery period of 6 h in the presence
of cycloheximide, thermotolerant cells were still more heat
resistant than were cells expressing Hsp70 alone (Fig. 10C,
inset). Even if the cells were induced to constitutively express
Hsp70 for 1 week, yielding expression levels of Hsp70 that
were almost twofold higher than in thermotolerant cells (Fig.
10A and B), they still were less resistant to a 45°C heat shock
than were thermotolerant cells (Fig. 10C).

As demonstrated by FACS analysis, heterogeneity in Hsp70
expression within the cell populations could not account for
the difference. Not only were the mean expression levels of
Hsp70 the same but also the expression profiles of the cell
populations were the same for both Hsp70-expressing and
thermotolerant OT70 cells (Fig. 10B).

Taken together, the results suggest that the observed simi-
larity in cytoplasmic chaperone activity between Hsp70-ex-

FIG. 2. Effects of transient expression of Hsp70 on thermal (43 to 46°C) inactivation and post-heat treatment reactivation of cytoplasmic and nuclear luciferase.
OT70 cells were transiently transfected with a plasmid encoding either cytoplasmic luciferase (Cyt-luc) or nuclear luciferase (Nuc-luc). At 24 h after transfection, the
cells were cultured in medium without (2tet) or with (1tet) 3,000 ng of tetracycline per ml for another 24 h. Cytoplasmic luciferase (A and C) and nuclear luciferase
(B and D) activities were measured either immediately after a 43, 44, 45, or 46°C heat shock (A and B) or after a 3-h recovery period at 37°C (C and D). Cycloheximide
(20 mg/ml) was added prior to heat shock and during the recovery period to prevent new protein synthesis. Luciferase activity is expressed as a percentage of the activity
measured before heat inactivation. All data represent the average of three independent experiments. Error bars indicate the standard error of the mean.
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pressing and thermotolerant cells (Fig. 6A and C and 7A and
C) could not account for the similar thermoresistance. Fur-
thermore, they indicate that the overexpression of Hsp70 alone
can induce some level of thermoresistance. However, for a
given level of expression, Hsp70 alone is not sufficient to ac-
count for all of the heat resistance at the level of cell survival
seen in thermotolerant cells.

DISCUSSION

This study demonstrates that transient overexpression of
Hsp70 increases both the level of cellular chaperone activity
and the clonogenic thermoresistance in a concentration-de-

pendent fashion. However, whereas overexpression of Hsp70
alone is sufficient to mimic cytoplasmic chaperone activity of
thermotolerant cells, it is not sufficient for providing the same
magnitude of nuclear chaperone activity or full thermotoler-
ance, as measured by clonogenic survival. Apparently, addi-
tional heat-inducible factors or activities are needed for the
latter two processes.

Our findings are in agreement with previous studies showing
that constitutive overexpression of Hsp70 increases thermore-
sistance and that the level of this resistance correlates to the
level of Hsp70 expression in different clones (20). In these
earlier studies, however, Rat-1 cells that constitutively overex-
pressed Hsp70 at the level of the thermotolerant cells were as

FIG. 3. Transient expression of Hsp70 protects luciferase against heat shock in a concentration-dependent fashion. OT70 cells were transiently transfected with a
plasmid encoding either cytoplasmic luciferase (B and D) or nuclear luciferase (C and E). At 24 h after transfection, the cells were split into media containing decreasing
concentrations of tetracycline and grown for another 24 h. (A) Western analysis of Hsp70 expression after 24 h of growth in media at the indicated concentrations of
tetracycline. (B to E) Luciferase activity was measured either immediately after a 45°C heat shock for various exposure times (B and C) or at 2 h after a heat shock
of 45°C for 30 min (D and E). Cycloheximide (20 mg/ml) was present during heat shock and recovery to prevent new luciferase protein synthesis. Luciferase activity
is expressed as a percentage of the activity measured before heat inactivation. Cells were grown in medium containing 3,000 (F), 13.2 (1), 8.8 (■), 4.4 (ƒ), 2.2 (3),
or 0 (E) ng of tetracycline/ml.
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thermoresistant as the thermotolerant cells (38). In contrast to
this, we found that transient overexpression of just Hsp70 to
the same level as in the preheated cells did not protect cells
against heat killing to the same extent as thermotolerance. In
line with our data, Mosser et al. (26) also showed that the
constitutive overexpression of Hsp70 led to higher levels of
resistance against heat-induced apoptosis than did transient
expression of Hsp70 to the same levels. Since Hsp70 has es-
sential functions under physiological conditions (11) and since
constitutive overexpression of this protein can influence cell
growth (6), secondary changes might influence clonal ther-
moresistance. Therefore, clonally derived cells that constitu-
tively overexpress Hsp70 might not be directly comparable to
thermotolerant cells that transiently overexpress Hsp70. In this
study, potential side effects and clonal variation were circum-
vented because we compared transient overexpression of
Hsp70 to thermotolerance in the same cell line. Our data
indicate that additional heat-inducible factors or activities are
needed to achieve the level of heat resistance shown by ther-
motolerant cells.

As was suggested by Mosser et al. (26), cellular protection by
Hsp70 may be due specifically to interference of Hsp70 with
the pathway leading to apoptosis at some point downstream of

FIG. 4. Transient expression of Hsp70 does not affect luciferase degradation
after heat shock. OT70 cells were transiently transfected with a plasmid encoding
either cytoplasmic luciferase (Cyt-luc) or nuclear luciferase (Nuc-luc). At 24 h
after transfection, the cells were grown for another 24 h in medium containing
3,000 ng of tetracycline/ml (1tet) or no tetracycline (2tet). Next, they were
either left unheated (C, lane 1) or were heated for 30 min at 45°C and incubated
for 0 to 2 h at 37°C (lanes 2 to 5) as indicated. Cycloheximide (20 mg/ml) was
present during the heat and recovery period. Samples were obtained at the
indicated time points, and luciferase was detected by a polyclonal antibody to
luciferase by Western blot analysis.

FIG. 5. Protocol leading to equal expression levels of Hsp70 by the tetracycline-regulated system and by a heat shock used to induce thermotolerance. (A) Schematic
representation of the experimental procedure for the experiments in Fig. 5B and 6 to 10. (B) Western analysis of Hsp27, Hsp40, and Hsp70 expression levels in OT70
as induced by the protocol described in panel A. OT70 cells were transiently transfected with a plasmid encoding either cytoplasmic luciferase (Cyt-luc, lanes 1 to 8)
or nuclear luciferase (Nuc-luc, lanes 9 to 16). At 24 h after transfection, the cells were either grown for 24 h in medium without tetracycline (2tet) (lanes 1 to 4 and
9 to 12) or they were treated with a priming heat dose for 20 min at 44°C followed by 16 h of growth at 37°C in medium with 3,000 ng of tetracycline per ml (TT) (lanes
5 to 8 and 13 to 16) for Hsp induction. Each lane shows expression of Hsp70, Hsp40, and Hsp25 in 5 3 104 cells. Lanes 1 to 4, 5 to 8, 9 to 12, and 13 to 16 show expression
of Hsp27, Hsp40, and Hsp70 from four independent experiments. Hsp expression levels (in gray values) were determined by densitometry and calculated as the average
of four values with standard error of the mean. For Hsp70 these values were as follows: lanes 1 to 4, 2.7 6 0.1; lanes 5 to 8, 2.9 6 0.3; lanes 9 to 12, 3.2 6 0.4; and
lanes 13 to 16, 3.0 6 0.2. The Hsp40 “gray” values were as follows: lanes 1 to 4, 1.4 6 0.02; lanes 5 to 8, 2.4 6 0.1; lanes 9 to 12, 1.4 6 0.2; and lanes 13 to 16, 2.4 6
0.3. For Hsp25 the values were as follows: lanes 1 to 4, 0.15 6 0.06; lanes 5 to 8, 1.7 6 0.6; lanes 9 to 12, 0.09 6 0.02; and lanes 13 to 16, 1.3 6 0.2.
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SAPK-JNK activation. The cell lines used in our current and
previous (37–39) studies, however, do not show any significant
evidence of heat-induced apoptosis, as judged by flow cytomet-
ric analysis and trypan blue exclusion (data not shown). Hence,
rather than a direct interference of Hsp70 with the apoptotic
program, we propose that Hsp70-mediated cellular protection
is due to a more global increase in intracellular chaperone
capacity. Such may reduce the trigger for cell death, irrespec-
tive of necrosis or apoptosis. Consequently, for cells that do die
through an apoptotic pathway, all downstream effects of
SAPK-JNK activation such as poly(ADP-ribose)polymerase
cleavage and caspase activation are attenuated (26).

Consistent with in vitro experiments (3, 7, 25, 35, 44), we
found that transient overexpression of Hsp70 indeed increased
the chaperone activity in both the cytoplasm and the nucleus of
the cell in a concentration-dependent fashion. This finding did
correlate to some level of heat resistance at the level of clo-
nogenic cell survival. In addition, in mammalian cell lines con-
stitutively over expressing Hsp70 the level of clonogenic resis-
tance is related to the ability of Hsp70 to act as a chaperone in
vivo (37–39). Our data should not be taken as evidence that
rules out a more specific role of Hsp70 in the apoptotic path-
way. In fact, it was recently demonstrated that the BAG-1

protein, which interacts with Bcl-2 to prevent apoptosis, can
bind to Hsc70-Hsp70 and modulate its ATPase activity (14,
40). In vitro BAG-1 binding to Hsc70 or Hsp70 leads to a
dominant negative effect of the Hsp70 chaperone activity (40).
How this interaction in vivo may relate to the Hsp70 chaperone
activity on the one hand and the antiapoptosis function of
BAG-1 on the other yet remains elusive.

Transient overexpression of Hsp70 alone to the level ob-
served in thermotolerant cells was sufficient to mimic the level
of cytoplasmic chaperone activity observed in thermotolerant
cells. Expression of Hsp70 alone resulted in the same extent of
reactivation of the cytoplasmic luciferase as in thermotolerant
cells. Interestingly, an excellent correlation was obtained be-
tween the effect of Hsp70 expression on initial inactivation and
reactivation of cytoplasmic luciferase under all conditions
tested (r2 5 0.959, P , 0.0001 [data not shown]). This would
suggest that the main action of Hsp70 in vivo is to protect the
substrate against irreversible damage and be consistent with
our previous data on insolubilization and resolubilization of
endogenous nuclear proteins (37–39). Moreover, the data sug-
gest that Hsp70 is a rate-limiting factor for chaperoning cyto-
plasmic luciferase. In vitro, Hsp70 is found to protect a wide
variety of substrates (3, 5, 7, 44) and to selectively recognize

FIG. 6. Transient expression of Hsp70 alone is sufficient to account for the chaperone activity of cytoplasmic luciferase but not nuclear luciferase, as observed in
thermotolerant cells. OT70 cells were transiently transfected with a plasmid encoding either cytoplasmic luciferase (A and C) or nuclear luciferase (B and D). At 24 h
after transfection, the cells were split into medium without or with 3,000 ng of tetracycline/ml or were made thermotolerant. Luciferase activity was measured either
immediately after a 45°C heat shock (A and B) or after 0 to 6 hours at 37°C after a challenging heat shock of 45°C for 30 min (C and D). Cycloheximide (20 mg/ml)
was present during the heat and recovery period. Luciferase activity was measured at the indicated time points and expressed as a percentage of the activity measured
before heat inactivation. Symbols: h, thermotolerant cells (increased expression of “all” Hsps); F, cells grown in 3,000 ng of tetracycline per ml (no Hsp70 expression);
E, cells grown in the absence of tetracycline (expression of Hsp70 alone to the same level as in thermotolerant cells). Data points represent the mean of three
independent experiments. Error bars indicate the standard error of the mean.
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and bind peptide sequences specific for non-native proteins
(34). Therefore, if we assume that Hsp70 not only protects
luciferase but also protects other heat-sensitive cytoplasmic
proteins, our data imply that sufficient cofactors are present
under physiological conditions and other heat-inducible fac-
tors were dispensable for cytoplasmic chaperone activity to a
level observed in thermotolerant cells. This cytoplasmic chap-
erone activity then appears not to be sufficient for thermotol-
erant survival protection.

In contrast to cytoplasmic luciferase, the level of nuclear
chaperone activity observed in thermotolerant cells could not
be fully accounted for by transient overexpression of just
Hsp70. In fact, this is mainly because thermotolerant cells show
more reactivation of nuclear luciferase for a given level of
inactivation than was observed for all of the other conditions
and for cytoplasmic luciferase. Apparently, the priming heat
shock to induce thermotolerance results in events, besides the
elevated expression of Hsp70 alone, that are specifically aimed
to increase the chaperone activity in the nucleus. It is tempting
to speculate that this activity is specifically required to protect
against the lethal effects of subsequent heat shocks. Such
would be in line with findings that the nuclear proteins are the
most heat sensitive (18) and that the aggregation of nuclear
proteins closely correlates with the extent of heat-induced cell
killing (15, 33). The absence of sufficient nuclear chaperone
activity in cells expressing just Hsp70 would then be consistent
with the absence of resistance against heat killing. In any case,
for nuclear chaperone activity, additional events other than
just the expression of Hsp70 appear to be required. Although
we found that Hsp70 was still able to change localization upon
heating in a way similar to the manner observed in thermotol-
erant cells, we did not study the kinetics of the changes. There-

fore, it cannot be excluded that additional heat-inducible fac-
tors or activities in the cytoplasm alter or enhance the kinetics
of translocation in thermotolerant cells, which might be nec-
essary for full chaperone activity in the nucleus. Alternatively,
limiting heat-inducible factors might influence the reactivation
of heat-inactivated luciferase in the nucleus. These could in-
clude both factors that can hold denatured proteins in a fold-
ing-competent conformation for Hsp70-mediated refolding
and modulators of the activity of Hsp70 itself. Factors that can
sequester heat-denatured proteins in a conformation of which
Hsp70 can facilitate the reactivation in vitro include, for ex-
ample, Hsp90 (7) and Hsp27/25 (5). Hsp27/25 and Hsp90 have
been found to be transiently overexpressed in thermotolerant
cells and to translocate to the nucleus upon heat shock (1, 2).
Therefore, they might also be limiting for the reactivation of
heat-inactivated nuclear luciferase to the level of thermotoler-
ant cells.

Factors that have been shown to interact with Hsp70 and
modulate its activity in vitro include Hsp40 (25), Hip (13),
RF-Hsp70 (9), p16 (19), and BAG-1 (14, 40). Several of the
above-mentioned proteins have been found to interact with
heat-denatured luciferase during its reactivation in reticulocyte
lysates (41). Of these various factors, Hsp40 has been found to
colocalize with Hsp70 into the nucleus after heat shock (12). In
vitro, Hsp40 is essential for Hsp70-mediated protection of lu-
ciferase (25). In our cells, however, luciferase was protected
against heat by an increased level of Hsp70 alone. This indi-
cated that either Hsp40 can be omitted for this protection or
that the cells expressed a basal level of Hsp40 that was suffi-
cient for assisting Hsp70 in this process. Using titration curves
with pure proteins, we calculated the Hsp70/Hsp40 molar ra-
tio. If, in nonpreheated cells, Hsp70 was induced at a level that

FIG. 7. Comparison of the cytoplasmic and nuclear chaperone activity after 43 to 46°C heat treatments of cells transiently expressing Hsp70 alone and of
thermotolerant cells. OT70 cells were transiently transfected with a plasmid encoding either cytoplasmic or nuclear luciferase. At 24 h after transfection, the cells were
split into medium without tetracycline (2tet) or made thermotolerant in the presence of 3,000 ng of tetracycline (TT). Luciferase activity was measured either
immediately after a 30-min heat shock at 43 to 46°C (A and B) or after 3 h at 37°C following a heat shock at 43 to 46°C for 30 min (C and D). Cycloheximide (20 mg/ml)
was present during the heat and recovery period. Luciferase activity was measured at the indicated time points and expressed as a percentage of the activity measured
before heat inactivation. The data represent the mean of three independent experiments. Error bars indicate the standard error of the mean.
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was similar to that of the preheated cells, this ratio was 1:2.
This finding is in agreement with what is required for luciferase
protection in vitro (25) and therefore did not exclude the need
for Hsp40 in the Hsp70-mediated heat protection of luciferase

in vivo. Yet in thermotolerant cells, the Hsp70/Hsp40 ratio was
raised to 1:3, suggesting a greater availability of Hsp40 (data
not shown). Indeed, increasing the expression level of Hsp40
enhanced Hsp70-mediated reactivation of heat-inactivated lu-
ciferase, which was most prominent in the nucleus (23).
Whether increasing the level of expression of Hsp40 to the
level found in thermotolerant cells results in full thermotoler-
ant protection of nuclear luciferase and full clonogenic heat
resistance remains to be investigated. Interestingly, if the con-
stitutive expression of Hsp70 was mimicked by turning on the
tTA-system for 7 days, cells were more thermoresistant than if
they transiently expressed Hsp70 for only 24 h. Besides a
higher expression level of Hsp70, these cells also seemed to
express a higher level of Hsp40, whereas expression of Hsp25
seemed not to be influenced (see Fig. 10A).

In summary, although transient overexpression of Hsp70
alone to the same level observed in heat-induced thermotol-
erant cells did increase the chaperone activity in the cell and
did protect from loss of clonogenicity after heat shock, the
level of this protection was far less than that observed in
thermotolerant cells. In yeast cells, the transient overexpres-
sion of just one Hsp, Hsp104, is sufficient for thermotolerance
(22). Like Hsp70, Hsp104 functions as a chaperone in the
protection of heat-inactivated proteins (29). Apparently, in
contrast to Hsp104 in yeast cells, overexpression of Hsp70
alone is not sufficient to protect all of the critical targets in
mammalian cells.

FIG. 8. Transiently expressed Hsp70 shows no abnormal heat-induced intracellular (re)allocation pattern. Hsp70 localization was analyzed by immunofluorescence
with a monoclonal antibody to Hsp70 and an FITC-labeled secondary antibody. Images were made by using confocal microscopy. Panels: A, B, and C, OT70 cells in
medium with 3,000 ng of tetracycline per ml; D, E, and F, OT70 cells in medium without tetracycline; G, H, and I, thermotolerant OT70 cells in medium with 3,000
ng of tetracycline per ml. Images were obtained before heat shock (A, D, and G), immediately after heat shock (B, E, and H), and after 4 h of recovery after heat shock
(C, F, and I).

FIG. 9. Transient expression of Hsp70 alone confers clonogenic heat resis-
tance in a concentration-dependent fashion. OT70 cells were grown for 24 h in
medium containing 3,000, 22.5, 8.8, or 0 ng of tetracycline/ml. After exposure to
a challenging heat shock of 45°C for 30 min, they were tested for their ability to
form colonies. The magnitude of resistance is expressed as the colony-forming
ability relative to that of cells grown in medium containing 3,000 ng of tetracy-
cline/ml in which Hsp70 was not induced (set at 1.0) and is the average of three
independent experiments. Error bars represent the standard error of the mean.
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