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Abstract Heat shock proteins (Hsps) are ubiquitous proteins that are induced following exposure to sublethal heat
shock, are highly conserved during evolution, and protect cells from damage through their function as molecular
chaperones. Some cancers demonstrate elevated levels of Hsp70, and their expression has been associated with cell
proliferation, disease prognosis, and resistance to chemotherapy. In this study, we developed a tetracycline-regulated
gene expression system to determine the specific effects of inducible Hsp70 on cell growth and protection against
hyperthermia in MCF-7 breast cancer cells. MCF-7 cells expressing high levels of Hsp70 demonstrated a significantly
faster doubling time (39 hours) compared with nonoverexpressing control cells (54 hours). The effect of elevated Hsp70
on cell proliferation was characterized further by 5-bromo-29deoxyuridine labeling, which demonstrated a higher number
of second and third division metaphases in cells at 42 and 69 hours, respectively. Estimates based on cell cycle
analysis and mean doubling time indicated that Hsp70 may be exerting its growth-stimulating effect on MCF-7 cells
primarily by shortening of the G0/G1 and S phases of the cell cycle. In addition to the effects on cell growth, we found
that elevated levels of Hsp70 were sufficient to confer a significant level of protection against heat in MCF-7 cells. The
results of this study support existing evidence linking Hsp70 expression with cell growth and cytoprotection in human
cancer cells.

INTRODUCTION

Heat shock proteins (Hsps) belong to the highly con-
served family of stress proteins, some of which are in-
duced by a variety of cellular stresses, environmental fac-
tors, and pathological conditions (Lindquist 1986). Several
major classes of Hsps (Hsp110, Hsp90, Hsp70, Hsp25)
commonly are found in mammalian cells and named in
accordance with their molecular weights. The Hsp70 fam-
ily includes 2 major forms: a constitutively expressed, 73-
kDa protein (Hsc70) and a stress-inducible, 72-kDa pro-
tein (Hsp70). A major role of Hsps resides in their ability
to function as molecular chaperones. Hsp70 binds nascent
polypeptide chains; assists protein transport into the mi-
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tochondria, endoplasmic reticulum, and nucleus; main-
tains proper folding of precursor proteins; and protects
proteins from stress (Georgopoulos and Welch 1993;
Craig et al 1994). Overexpression of Hsp70 is frequently
observed in several types of tumors, including breast and
cervical cancers (Yano et al 1996; Kim et al 1998; Park et
al 1999) and may be involved with cell proliferation,
prognosis, and drug resistance.

Accumulating evidence indicates that Hsp70 plays an
important role in the control of cell cycling and growth.
Under normal conditions, inducible Hsp70 is expressed
in proliferating cells during G1/S and S phases of the cell
cycle (Kao et al 1985; Milarski and Morimoto 1986; Taira
et al 1997). Expression of the hsp70 genes are induced by
a number of oncogenes, including c-myc (Kaddurah-
Daouk et al 1987; Taira et al 1999), p53 (Tsutsumi-Ishii et
al 1995), and adenovirus E1A (Simon et al 1988; Williams
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et al 1989). In SHOK cells, the overexpression of Hsp72
using a metallothionein IIA promoter causes stimulation
of cell growth (Suzuki and Watanabe 1994). Immunohis-
tochemical studies of breast tumors also demonstrate a
positive correlation between Hsp70 levels and prolifera-
tive activity (Yano et al 1996; Vargas-Roig et al 1997).

When living cells are exposed to nonlethal elevated
temperatures, they acquire a transient resistance to a sub-
sequent heat shock. This well-studied phenomenon of
thermotolerance is paralleled by the expression of Hsps
and includes members of the Hsp70 family (Landry et al
1982; Li and Werb 1982; Subjeck et al 1982; Li et al 1995).
Other Hsp members, including Hsp90 and Hsp27, have
been implicated in the development of thermotolerance
(Chretien and Landry 1988; Bansal et al 1991; Lavoie et
al 1993; Heads et al 1995). In studies where the synthesis
of Hsps is inhibited, either by the expression of a high
copy of heat shock elements (Johnston and Kucey 1988),
disruption of the HSF1 gene (McMillan et al 1998), or
antisense technology (Wei et al 1995), there is a loss of
heat resistance. To date, it is unclear if thermotolerance is
primarily due to one particular Hsp or is achieved
through cooperation from several members of the Hsp
family. In the present studies, we have created a tetra-
cycline-regulated gene expression system in MCF-7 breast
cancer cells to examine the specific effect of inducible
Hsp70 on cell growth and protection against the cytotox-
icity of hyperthermia.

MATERIALS AND METHODS

MCF-7 Tet-off cells, plasmids, and constructs

MCF-7 Tet-off cells (Clontech, Palo Alto, CA, USA) con-
taining the plasmid pUHD15-1neo express the tTA (tet
transactivator) regulator protein from the strong imme-
diate early promoter of cytomegalovirus (PCMV). The
pTRE response plasmid pUHD10-3 (Clontech) contains
the compound promoter PhCMV*-1, which consists of the
tetracycline response element (TRE) located upstream of
PminCMV. pTK-Hyg (Clontech) encodes the hygromycin re-
sistance gene under the control of a thymidine kinase
minimal promoter from herpes simplex virus. The plas-
mid pLitHsp70-1 (generous gift from Clayton Hunt) con-
tains the human hsp70-1 cDNA. The plasmid pTRE/
Hsp70-1 was constructed by ligating a 2.1-kb BamHI/BfaI
fragment from pLitHsp70-1 downstream of the tTA-reg-
ulated promoter of pUHD10-3.

Cell culture and transfections

Human MCF-7 Tet-off breast tumor cells and transfected
derivatives were cultured in Dulbecco modified Eagle
medium supplemented with 10% Tet system–approved

fetal bovine serum (Clontech), 2 mM L-glutamine, 100 U/
mL of penicillin, 100 mg/mL of streptomycin, and 100
mg/mL of G418. Fugene (Boehringer Mannheim, Palo
Alto, CA, USA) was used according to the manufacturer’s
directions for all stable transfections. MCF-7 Tet-off cells
were transfected with pTRE/Hsp70-1 and pTK-Hyg (3:
1). Stable clones were selected in medium containing 50
mg/mL of hygromycin. Seventeen different clones were
isolated, expanded, and screened for Hsp70 and Hsc70
expression by Western analysis. Clones positive for ele-
vated Hsp70 expression were screened for down-regula-
tion of Hsp70 levels by culturing cells in media contain-
ing doxycycline (2 mg/mL).

Western analysis

MCF-7 cell clones were cultured in medium with (off) or
without (on) doxycycline for 48 hours. Cells were har-
vested by trypsinization and sonicated in buffer contain-
ing fresh protease inhibitors. Aliquots from each sample
containing 4 mg of protein were heat denatured, subjected
to 1-dimensional 7.5% polyacrylamide gel electrophore-
sis, and transferred to nitrocellulose. The membrane was
blocked with 5% nonfat milk in Tris-buffered saline (TBS)
and washed in TBS with 0.1% Tween-20 (TTBS). The
membrane was incubated for 1 hour with an anti-Hsp70
mouse monoclonal antibody specific for human-inducible
Hsp70 (MA3-009, Affinity Bioreagents, Golden, CO, USA)
diluted 1:10 000 in TTBS or a goat-polyclonal antibody
specific for constitutive Hsc70 (K-19, Santa Cruz Biotech-
nology, Inc, Santa Cruz, CA, USA) diluted 1:1000 in TTBS
and washed 3 times in TTBS. A 1:10 000 dilution of anti-
mouse IgG or anti-goat IgG conjugated to horseradish
peroxidase was incubated with the membranes for 1 hour,
followed by 4 washes in TTBS. Bands were detected using
a commercially available chemiluminescent detection sys-
tem (ECL, Amersham, NJ, USA).

Immunofluorescence

MCF-7 cells (clones C14 and C20) were grown on glass
coverslips and fixed in cold methanol for 10 minutes.
Coverslips were blocked with 2% bovine serum albumin
(BSA) with 0.1% Triton X-100 for 20 minutes. A mouse
monoclonal antibody (SPA-810, StressGen Biotechnolo-
gies, Victoria, British Columbia, Canada) specific for in-
ducible Hsp70 was diluted 1:500, placed on coverslips,
and incubated at 378C for 1 hour. Coverslips were washed
3 times in PBS/0.02% BSA/0.01% Triton X-100 for 5 min-
utes each. Secondary antibody consisted of a fluorescein
isothiocyanate–labeled anti-mouse IgG diluted 1:100, in-
cubated at 378C for 1 hour. Coverslips were washed 3
times as performed earlier and mounted on slides with 1
mg/mL of 49,6-diamidino-2-phenylindole dihydrochlo-
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ride. Fluorescence was visualized with a Nikon Micro-
phot-FXA microscope and photographs were taken with
a Nikon 35-mm camera.

Cell growth curves

MCF-7 cells were seeded at 105 cells per well in 6-well
plates and cultured in media with (off) or without (on)
doxycycline. Viable cells were counted at 48, 72, 96, and
169 hours after plating using a hemacytometer. Statistical
analysis on cell numbers was performed using an anal-
ysis of variance (ANOVA) and Bonferroni multiple com-
parison test at P , 0.05 (GraphPad Prism, GraphPad Soft-
ware Inc, San Diego, CA, USA). Cell growth curves from
4 to 6 experiments were plotted and doubling times cal-
culated from the linear component of the exponential
growth phase. Statistical analysis of cell doubling times
in MCF-7 clones expressing control levels of Hsp70 com-
pared with C14-on cells was performed using a t-test at
P , 0.05. The percentage of cell death was determined
by staining with trypan blue.

BrdU labeling

MCF-7 cells were plated at a density of 4 3 105 cells in
T25 flasks. 5-Bromo-29-deoxyuridine (BrdU, 10 mM) was
added to the cultures 24 hours after plating, and the cells
were harvested at 42 and 69 hours after BrdU. Colcemid
(0.5 mg/mL) was added to each culture 2 hours before
harvesting. Cells were trypsinized and cell pellets resus-
pended in hypotonic solution (0.075 M KCl) for 10 min.
Cells were fixed in 3:1 methanol–acetic acid solution 3
times and placed on slides to dry. Hoescht 33258 reagent
was added to the slides, incubated for 21 minutes, and
rinsed in water. McIlvaine’s buffer (pH 8.0) was added
and slides were placed on a slide warmer at 558C under
black lights for 21 minutes. Slides were rinsed in water,
dried, and stained with 4% Giemsa in Gurr buffer. Two
hundred metaphases per group were scored as first, sec-
ond, or third divisions using a Leitz microscope. A Fish-
er’s exact test and x2 analysis were performed on data
generated from C14-on and -off cells at 42 (n 5 4) and
69 hours (n 5 3), respectively.

Flow cytometry

Exponentially growing MCF-7 cells were isolated by tryp-
sinization and centrifugation. Lysis buffer (0.2% NP-40
and 0.5 mg/mL of ribonuclease A in PBS) was added to
the cell pellets, and incubation proceeded at 258C for 30
minutes. Propidium iodide (500 mg/mL) was added to
each sample and incubated at 48C for 15 minutes. DNA
content of 10 000–12 000 cells per sample was monitored
with a Becton Dickinson FACSCalibur Flow Cytometer

and data were analyzed using ModFitLT v2.0 software
(Verity Software House Inc, Topsham, ME, USA).

Hyperthermia—cell counts and cytotoxicity

MCF-7 cells were seeded at 105 cells per well in 6-well
plates and cultured in media with (off) or without (on)
doxycycline. On day 5 of growth, triplicate cultures were
exposed to 378C for 60 minutes (control), 438C for 30 min-
utes, or 438C for 60 minutes. Following exposures, the
plates were returned to a 378C incubator. Twenty-four
hours following heat treatments, cells from each culture
were trypsinized and counted using a hemacytometer.
Statistical analysis was performed using an ANOVA and
Bonferroni multiple comparison test at P , 0.05. For cy-
totoxicity measurements, C14-on and C14-off cells were
exposed to 438C for 60 minutes. Twenty-four hours fol-
lowing heat treatment, the cells were trypsinized and re-
suspended in media containing 1:25 ethidium bromide
(100 mg/mL) and acridine orange (100 mg/mL). Cells
were placed on slides and examined using a fluorescence
microscope. Two hundred cells from each group were
evaluated as dead (orange), live (green with normal nu-
clear/chromatin structure), or apoptotic (green with con-
densed chromatin/apoptotic bodies). Statistical analysis
was performed using a t-test at P , 0.05.

RESULTS

Construction of Hsp70-1–expressing vector and
isolation of MCF-7 clones containing human hsp70-1
gene

The Hsp70-1 tetracycline-controlled vector pTRE/Hsp70-
1 (Fig 1) contained both a 2.1-kb fragment from pLit-
Hsp70-1 and a 3.1-kb fragment of pUHD10-3 (Clontech).
The human hsp70-1 gene fragment was ligated down-
stream of the tTA-regulated promoter, which contains a
TRE upstream of the minimal immediate early promoter
of cytomegalovirus (PminCMV). The 2.1-kb fragment of the
human hsp70-1 gene contained initiation and termination
codons. The simian vacuolating virus No. 40 poly A se-
quence was included in the pUHD10-3.

Following cotransfection with pTRE/Hsp70-1 and
pTK-Hyg into MCF-7 Tet-off cells, several hygromycin-
resistant clones were isolated and expanded. Figure 2
shows results obtained from Western analysis demon-
strating inducible Hsp70 levels in parental MCF-7 Tet-off
cells and 2 hygromycin-resistant clones grown with (off)
or without (on) the presence of 2 mg/mL of doxycycline.
MCF-7 Tet-off cells expressed detectable amounts of in-
ducible Hsp70 under normal conditions (Fig 2A). The
MCF-7 clone designated C20 was an example of a nega-
tive clone that maintained hygromycin resistance but did
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Fig. 1. Structure of pTRE/Hsp70-1 plasmid. The vector contains a
2.1-kb fragment of BamHI/BfaI from pLitHsp70-1 and 3.1 kb of
pUHD10-3 (Clontech) containing the compound promoter consisting
of the TRE located upstream of the early minimal promoter from
cytomegalovirus PminCMV.

Fig. 2. Hsp70 and Hsc70 levels in MCF-7 clones. Western analysis
was performed with a monoclonal antibody specific for Hsp70 (A) or
Hsc70 (B). C14, a positive MCF-7 clone; C20, a negative MCF-7
clone; MCF-7, MCF-7 Tet-off, parental cell line. Cells were cultured
with (off) or without (on) doxycycline.

Fig. 3. Immunofluorescence of inducible Hsp70 in MCF-7 cells. Hsp70 localization was analyzed by immunofluorescence with a monoclonal
antibody to Hsp70 and a fluorescein isothiocyanate–labeled secondary antibody. (A) Negative MCF-7 clone C20; (B) Hsp70 overexpressing
MCF-7 clone C14 (magnification, 1003).

not incorporate the TRE/Hsp70-1 construct. Even under
inducible conditions, C20 cells demonstrated no increase
in Hsp70 levels over control. The MCF-7 clone C14 dem-
onstrated integration of both hygromycin and TRE/
Hsp70-1 constructs. Under induced conditions, C14 cells
demonstrated an approximate 5-fold up-regulation of in-
ducible Hsp70 levels. Induced levels of Hsp70 in C14 cells
were down-regulated to control levels with the addition
of doxycycline. Constitutive Hsc70 levels were similar in
all of the clones grown under either induced or repressed
conditions (Fig 2B).

Immunofluorescence analysis further demonstrated in-
duction of Hsp70 in clone C14 cells compared with the
negative clone C20. The intracellular localization of the
Hsp70 signal in C20 cells was observed to be more in-
tense in the cytoplasm than in the nucleus (Fig 3A). In
C14-on cells, the intensity of signal throughout the cells
was consistently greater than in C20 cells, and the same
relative intensities of cytoplasmic and nuclear staining
were maintained (Fig 3B). Overall, these data further val-
idated the elevated expression of inducible Hsp70 and
demonstrated no significant alterations in intracellular
distribution between the Hsp70 overexpressing cells and
controls.

Enhanced cell growth in Hsp70 overexpressing cells

Figure 4 depicts cell growth data from MCF-7 Tet-off (pa-
rental), C20, and C14 cells grown under on and off con-
ditions. In general, the MCF-7 cells demonstrated a 2-day
lag period before entering the exponential growth phase.
All MCF-7 cells expressing control levels of Hsp70 (MCF-
7 Tet-off, C20, and C14-off) exhibited similar growth
curves, whereas C14-on cells displayed significantly en-
hanced growth. The number of viable C14-on cells was
significantly higher than any of the MCF-7 cells express-
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Fig. 4. Cell growth curves of MCF-7 clones. MCF-7 cell clones
(C14, C20, and parental MCF-7 Tet-off) were cultured with (off) or
without (on) doxycycline. The average number of viable cells
(6SEM) are plotted vs time. Significant differences in cell numbers
at P , 0.05 (*) and P , 0.01 (**) are indicated. n 5 6 replicates for
C14 cells, n 5 5 for C20 cells, and n 5 4 for MCF-7 Tet-off cells.

Fig. 5. Cell death of MCF-7 clones. MCF-7 clone C14 cells were
cultured with (off) or without (on) doxycycline. Cell death was deter-
mined by trypan blue staining. Data are reported as the percentage
of dead cells (6SEM) at 48, 72, and 96 hours after plating (n 5 3
replicates).

TABLE 1 Calculated cell doubling times of MCF-7 clonesa

Clone Doubling time (h)

C14–on
C14–off
C20–on
C20–off
MCF-7–on
MCF-7–off

39.6 (62.17)
54.0 (63.68)**
52.5 (62.39)**
62.9 (65.30)***
54.6 (62.39)***
55.3 (65.85)**

a MCF-7 cells were cultured with (off) or without (on) doxycycline.
C14–on cells were the only clone that resulted in increased expres-
sion of Hsp70. Cell numbers were counted at 2, 3, 4, and 7 days
after plating and the doubling times of exponentially growing cells
were calculated. Data represent the mean (6SEM) doubling time.
Significant differences in cell doubling times compared with C14–on
cells at P , 0.01 (**) and P , 0.001 (***) are indicated. n 5 6
replicates for C14 cells, n 5 5 for C20 cells, and n 5 4 for MCF-7
Tet–off cells.

ing control levels of Hsp70 at 3 (P , 0.05), 4 (P , 0.05),
and 7 (P , 0.01) days after plating. Trypan blue staining
of C14-on and C14-off cells demonstrated no significant
differences in the percentage of cell death at 2, 3, and 4
days after plating, which could account for the differences
in cell number and growth rate (Fig 5).

Cell doubling times were calculated using data from
the exponential growth phase (Table 1). The average dou-
bling time for MCF-7 cells expressing control levels of
Hsp70 was 54 hours, whereas cells expressing elevated
levels of Hsp70 exhibited a doubling time of 39 hours.
The doubling time of C14-on cells was significantly dif-
ferent from C14-off, C20-on, C20-off, MCF-7-on, and MCF-
7-off cells at P , 0.01. There were no significant differ-
ences in the doubling times between cells expressing con-
trol levels of Hsp70 grown under either induced or re-
pressed conditions.

BrdU incorporation and differential staining were used
to further confirm differences in growth of MCF-7 cells
expressing control vs elevated levels of Hsp70. Figure 6A
demonstrates an increase in the average number of sec-
ond division metaphases at 42 hours after BrdU in C14-
on cells compared with C14-off cells. Likewise, at 69

hours after BrdU, C14-on cells also showed an elevation
in average number of second and third division meta-
phases compared with the number observed for C14-off
cells (Fig 6B). Statistical analysis indicated a significant
difference in the distribution of first, second, and third
division metaphases in C14-on cells compared with C14-
off cells at 42 hours (P , 0.0001) and 69 hours (P , 0.001).

Flow cytometry was used to determine the cell cycle
distributions of exponentially growing MCF-7 cells. As
seen in Table 2, there were no significant differences in
the percentage of cells in G0/G1, S, or G2/M phases of
the cycle between C14 or C20 cells grown under either
on or off conditions. Flow cytometry can be used to es-
timate the length of G1, S, and G2 phases when certain
conditions are met: the mean generation time for a cell
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Fig. 6. Metaphase analysis of MCF-7 cells. Clone C14 cells cultured with (off) or without (on) doxycycline were harvested for metaphase
analysis 42 (A) and 69 (B) hours after BrdU. Two hundred metaphases were counted per group or experiment. Data represent the average
number of metaphases observed from 4 experiments (42 hours) or 3 experiments (69 hours). Significant differences in the distribution of
first, second, and third division metaphases were observed in C14-on cells compared with C14-off cells at 42 hours (P , 0.0001) and 69
hours (P , 0.001).

TABLE 2 Percentage of G0/G1, S, and G2/M cellsa

Clone G0/G1 S G2/M

C14–on
C14–off
C20–on
C20–off

57
57
60
59

34
33
34
33

9
10
6
8

a MCF-7 cells were cultured with (off) or without (on) doxycycline
for 5 days. Cells were stained with propidium iodide and subjected
to FACS analysis. Data are representative of several experiments.

TABLE 3 Estimated duration (in hours) of G0/G1, S, and G2/M pha-
sesa

Clone G0/G1 S G2/M

C14–on
C14–off
C20–on
C20–off

23
31
32
37

14
18
18
21

4
5
3
5

a Mean cell doubling times and cell cycle analysis data were used
to determine the estimated duration of G0/G1, S, and G2/M phases.

population is known, the fraction of proliferative cells is
high, the frequency of cell loss is low, and cells are rea-
sonably homogeneous with respect to their cell cycle ki-
netics (Merrill 1998). The calculated cell doubling times
and cell cycle analysis data were used to provide an es-
timated duration of G0/G1, S, and G2/M cell cycle phases
in MCF-7 cells. Data presented in Table 3 indicate that
cells expressing elevated levels of Hsp70 (C14-on) have a
shorter duration of G0/G1 (23 vs 33.3 hours), S (14 vs 19
hours), and G2/M (4 vs 4.3 hours) phases compared with
cells expressing control levels of Hsp70 (C14-off, C20-on,

C20-off). Thus, although all phases appear shortened,
these effects were greatest at G0/G1 and S phases.

Effect of Hsp70 on cytotoxicity of heat shock

Figure 7A depicts the effect of Hsp70 levels on cell
growth and viability following heat shock treatments of
438C for 30 or 60 minutes. MCF-7 clones expressing con-
trol levels of Hsp70 (C20-on, C20-off, C14-off) demon-
strated a significant time-dependent decrease in cell num-
ber following heat shock compared with MCF-7 cells that
expressed elevated Hsp70 (C14-on). Twenty-four hours
following a heat shock of 438 for 30 minutes, the number
of C14-on cells was significantly higher than that of C14-
off (P , 0.05), C20-on (P , 0.01), or C20-off (P , 0.01)
cells. After 60 minutes of heat shock, the number of C14-
on cells was significantly (P , 0.001) higher than that of
MCF-7 cells expressing control levels of Hsp70. Addition-
al experiments using acridine orange and ethidium bro-
mide staining further demonstrated the protective effect
of Hsp70 following heat shock. As depicted in Figure 7B,
C14-off cells showed decreased cell viability and in-
creased cell death and apoptosis compared with C14-on
cells. The effects on cell viability and cell death between
C14-on and C14-off cells were statistically significant at
P , 0.01 and P , 0.05, respectively. The effect of Hsp70
on apoptosis was not significant (P 5 0.051).

DISCUSSION

In this study, we report a role for Hsp70 in enhancing
cell proliferation and providing thermoprotection in MCF-
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Fig. 7. Effect of heat shock on MCF-7 cells. (A) MCF-7 cell clones
(C14 and C20) were cultured with (off) or without (on) doxycycline
and exposed to heat shock of 438C for either 30 or 60 minutes. Cells
were returned to 378C and harvested 24 hours later for cell counts.
Data are reported as percentage of control (6SEM). Significant dif-
ferences in cell numbers at P , 0.05 (*), P , 0.01 (**), and P ,
0.001 (***) compared with C14-on cells are indicated. n 5 6 repli-
cates for C14 cells; n 5 3 for C20 cells. (B) MCF-7 clone C14 cells
were cultured with (off) or without (on) doxycycline and exposed to
heat shock of 438C for 60 minutes (n 5 3 replicates). Cells were
returned to 378C for 24 hours and stained with ethidium bromide and
acridine orange. Percentage of viable, dead, and apoptotic cells are
reported (6SEM). Significant differences between C14-on and C14-
off cells at P , 0.05 (*), P , 0.01 (**), and P 5 0.051 (†) are
indicated.

7 breast cancer cells. To our knowledge, an investigation
into the specific role(s) for Hsp70 has not previously been
addressed using a tetracycline-regulated system in MCF-
7 cells. In relation to this need, a stably transfected tet-
racycline-regulated MCF-7 cell line was created that ex-
presses an approximately 5-fold increased amount of in-
ducible Hsp70 when cells are cultured without doxycy-
cline compared with the control level of Hsp70 when
cultured with doxycycline. Hsc70 levels were unaltered
in the MCF-7 cells regardless of Hsp70 levels. The addi-
tion of doxycycline did not affect any of the growth or
cytotoxicity end points examined in our studies as indi-
cated by comparing results between C20-on and C20-off.

Tetracycline-regulated expression systems provide sev-
eral advantages over conventional gene regulatory sys-
tems. By testing the effects on genotypically identical
cells, the Tet system avoids the problems of variability
observed by using different cell lines or clones of cells. In
addition, because tetracyclines have fairly low cytotoxic-
ity and limited biological effects on mammalian cells, this
system also avoids the problem of nonspecific activation
of endogenous genes or certain physiological effects com-
monly seen with other inducers (Yarranton 1992). There-
fore, the use of a tetracycline-regulated expression system
significantly strengthens the interpretation that observed
experimental effects are specifically due to differences in
expression of the singular protein of interest.

Using the tetracycline-regulated system, we show that
MCF-7 cells that express elevated levels of Hsp70 exhibit
an increase in cell growth and thus a significantly shorter
cell doubling time. Our data indicate that the apparently
faster cell cycling is not influenced by differences in the
rate of cell death or loss between Hsp70-on and -off cells
during normal cell culture. The positive effect of elevated
Hsp70 on cell proliferation is further supported by BrdU
labeling, which demonstrates a higher number of second
and third division metaphases in cells at 42 and 69 hours,
respectively. Flow cytometry of MCF-7 cells with elevated
Hsp70 indicates no significant alterations in cell cycle dis-
tribution. Based on cell cycle and doubling time data,
Hsp70 appears to be exerting its effect on MCF-7 cells
primarily by shortening of the G0/G1 and S phases of the
cell cycle.

The significant effects of Hsp70 on cell growth and pro-
liferation could be a general cellular effect or may relate
specifically to the MCF-7 cell type. Levels of Hsc70 are
significantly higher in proliferating compared with non-
proliferating rat glioma cells and are particularly preva-
lent during the S phase of the cell cycle (Helmbrecht and
Rensing 1999). Overexpression of human Hsp72 in the
SHOK cell line also stimulates cell growth and the num-
ber of S phase cells (Suzuki and Watanabe 1994). Further
data demonstrating a role of Hsp70 in proliferation come
from hsp70 antisense administration, which interrupts
cell proliferation and progress through G1 and S phase in
human cancer cells (Wei et al 1995). It is interesting to
note that several studies on human breast tumors have
shown a positive correlation between Hsp70 immunore-
activity and proliferating cell nuclear antigen (PCNA) la-
beling (proliferation) index (Yano et al 1996; Vargas-Roig
et al 1997). A recent study using proteomic and mass
spectrometry analysis found that MCF-7 breast cells stim-
ulated to proliferate by FGF-2 demonstrate up-regulation
of Hsp70, Hsp90, and PCNA (Vercoutter-Edouart et al
2001). Our study adds new data to the accumulating ev-
idence for a specific role of inducible Hsp70 in breast can-
cer cell growth and proliferation.
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In this study, the G1 and S phases of the cycle appear
to be considerably shortened by Hsp70 overexpression.
Some members of the Hsp70 family are known to express
in a cell-cycle dependent manner. In mouse cells, Hsp70
demonstrates 2 peaks of expression, one in G1 and the
other during S phase. A G1-specific enhancer element has
been identified and is thought to be responsible for cell
cycle-dependent expression of hsp70 (Taira et al 1997).
Several cell lines have demonstrated S phase–dependent
increases in Hsp70 or Hsc70 message and protein (Mi-
larski and Morimoto 1986; Zeise et al 1998; Helmbrecht
and Rensing 1999), and translocation of Hsc70 into the
nucleus during S phase has also been detected (Zeise et
al 1998). Our immunofluorescence studies demonstrated
that elevated levels of Hsp70 were primarily located with-
in the cytoplasm of MCF-7 cells. Therefore, the overall
effect on enhanced cell growth could not be attributed to
a significant alteration in the intracellular distribution of
Hsp70 produced from the transgene construct. To date,
the exact role(s) Hsp70s play in the cell cycle and/or the
mechanisms responsible for their effects on cell growth
are not clear.

Hsp70s may influence cell proliferation through their
association with a number of proteins, such as c-myc
(Henriksson et al 1992), pRb (Inoue et al 1995), and p53
(Hainaut and Milner 1992; Selkirk et al 1996). A recent
study found that Hsc73 forms complexes with p27Kip1,
an inhibitor of cyclin-dependent kinase. This interaction
appears to target degradation of p27Kip1 during the G1/
S transition phase of the cell cycle (Nakamura et al 1999).
Several members of the Hsp family, including Hsp70, also
have the capacity to bind to nuclear receptors, such as
estrogen receptor alpha (Smith and Toft 1993). Hsps have
been linked to the intracellular transport of steroid recep-
tors (De Franco et al 1997; Sai Padma et al 2000) and can
influence receptor-DNA interactions (Landel et al 1997).
Recent work by Hurd et al (2000) found that transient
transfection of Hsp70 produced a 2- to 3-fold increase in
estrogen-stimulated estrogen response element–luciferase
reporter activity in MCF-7 cells. Hsps may likewise con-
tribute to enhanced cell growth through interactions with
microtubules and/or centrosomes. Hsp70s have long
been identified as microtubule-associated proteins (Weller
1988; Sanchez et al 1994) and are also localized to the
centrosome during cell division (Rattner 1991; Brown et
al 1994). In human breast samples, Hsp70 was found
complexed to microtubules and clearly associated with
the mitotic spindles (Vargas-Roig et al 1997). Given the
wide range of proteins that Hsps chaperone, it is reason-
able that Hsp70 overexpression could have significant ef-
fects on cell division through interactions with one or
more cellular proteins and/or structures.

In addition to the effects on cell proliferation, the pre-
sent study also investigated the ability of inducible Hsp70

to provide thermotolerance. Elevated levels of inducible
Hsp70 produced by clone C14 were sufficient to confer a
significant level of protection against the cytotoxic effects
of heat in MCF-7 cells. This demonstrated that the Hsp70
protein produced by the transgene construct was ade-
quate, in both quantity and quality, to provide cytopro-
tection. However, in addition to its value as a validation
of the cell line, the results of these experiments also iden-
tify a specific role for Hsp70 in the phenomenon of ther-
motolerance. Although thermotolerance has been gener-
ally linked to the expression of several Hsps (Landry et
al 1982; Subjeck et al 1982), it has not been entirely clear
which or how many members of the Hsp family are re-
quired to produce this effect. Other studies have linked
thermotolerance to the expression of Hsp27 (Chretien and
Landry 1988), Hsp40 (Kaneko et al 1997), Hsp90 (Bansal
et al 1991), Hsp110 (Oh et al 1997), Hsc70, and Hsp70 (Li
and Werb 1982; Li et al 1995). Overexpression of Hsp70
in hamster fibroblasts using the Tet system demonstrated
that Hsp70 significantly contributed to heat tolerance,
even though it was not able to protect cells to the same
degree as thermotolerant cells (Nollen et al 1999). Anoth-
er study using the Tet system in a human T-cell line
found that elevated Hsp70 was sufficient to confer in-
creased viability and reduced levels of apoptosis follow-
ing heat stress (Mosser et al 1997). Our study similarly
demonstrates that in human MCF-7 cells, a protective ef-
fect against cell death and apoptosis following heat stress
can be obtained by elevated levels of inducible Hsp70.

In conclusion, results of this study demonstrate a sig-
nificant effect of inducible Hsp70 on cell growth and pro-
tection against heat stress in MCF-7 breast cancer cells.
This cell system provides an important tool to selectively
study the effects of Hsp70 without the potentially con-
founding effects from induction of other members of the
Hsp family. Further studies will be required to fully elu-
cidate the specific molecular mechanisms responsible for
the effects of inducible Hsp70 on cell growth and cyto-
protection. Nevertheless, the described MCF-7 cell system
has potential application for studies into the clinical sig-
nificance of Hsp70s, particularly in regard to the devel-
opment of cancer and their utility in diagnosis, treatment,
and prevention.
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