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Abstract

 

Heat shock factor-1 (HSF1) is a transcriptional factor that

binds to heat shock elements located on the promoter region

of heat shock protein genes. The purpose of this study was

to further investigate the regulation of the expression of the

heat shock protein-70 (HSP-70) gene. The HSF1 gene was

inserted into pCDNA3 plasmid and then transfected into

human epidermoid A431 cells using the CaOP

 

3

 

 method.

Control cells were transfected with vector alone. Expression

of HSP-70, HSF1, and HSF2 genes and protein were deter-

mined. We found a significant increase in the expression of

the HSF1 gene, but not HSP-70 and HSF2 genes, in the

HSF1 gene–transfected cells. The amount of HSF1–heat

shock element complex was significantly increased in both

the nucleus and cytosol in HSF1 gene–transfected cells, in-

dicating increased synthesis of HSF1. The amount of HSP-72

in these cells did not change. Therefore, overexpression of

HSF1 protein failed to initiate transcription of the HSP-70

gene. Subsequently, we treated the cells with 1 

 

m

 

M PMA (a

protein kinase C stimulator), and HSP-70 mRNA and pro-

tein were measured at 1 or 4 h of the treatment, respec-

tively. The levels of both HSP-70 mRNA and HSP-72 pro-

tein were significantly increased in nontransfected and

transfected cells; the levels of HSP-72 in HSF1 gene–trans-

fected cells were greater than that found in the vector-trans-

fected cells. The PMA-induced increase in HSP-72 protein

peaked 8 h after treatment with PMA and returned to base-

line levels at 72 h. This increase was blocked by a PKC in-

hibitor, staurosporine. After treatment with PMA, HSF1

translocated quickly from cytosol to nucleus. The results

suggest that phosphorylation of newly synthesized HSF1

and possibly of other factors are necessary for the induction

of HSP-72. Activation of PKC can cause phosphorylation of

HSF1, which leads to an enhanced but transient increase in

HSP-70 production. (

 

J. Clin. Invest. 

 

1997. 99:136–143.) Key

words: heat shock factor-1 

 

• 

 

heat shock protein-70 

 

• 

 

gene ex-

pression 

 

• 

 

phorbol-12-myristate-13-acetate 

 

• 

 

protein kinase

A 

 

• 

 

epithelia

 

Introduction

 

Short exposure of cells to sublethal temperature or to a variety
of noxious agents or conditions induces a rapid expression of
proteins known as heat shock proteins (HSPs)

 

1

 

 or molecular
chaperones (1, 2). Recently, HSPs have been found overex-
pressed in a number of disorders including cardiac hypertro-
phy, infection, fever, aging, Alzheimer’s disease, tumor malig-
nancies, and autoimmune diseases (3–14). Two basic functions
have been attributed to HSPs. First, they have been associated
with the display of resistance of cells and organs to subsequent
injuries mediated by heat, hypoxia, ischemia and reperfusion,
infection, ethanol-, and light-induced damages (5, 9, 11, 15–
19). Second, they serve as chaperone molecules of various in-
tracellular proteins and may alter their functional characteris-
tics (1).

The promoter region of the HSP gene contains a motif
known as heat shock element (HSE), to which heat shock fac-
tor-1 (HSF1) binds and promotes its expression (20). The
binding of HSF1 to HSE requires its previous activation, which
occurs after exposure of cells to heat shock or other environ-
mental stressors, treatment of cells with phorbol esters that ac-
tivate protein kinase C (PKC), and/or agents that cause in-
creases in intracellular free calcium concentration ([Ca

 

2

 

1

 

]

 

i

 

)
(20–25). It is believed that HSF1 molecules that reside in the
cytosol are bound to HSP-70. Under stress, HSF1 separates
from HSP-70, forms trimers, translocates to the nucleus, binds
to the HSE located on the promoter region of HSP-70 gene,
and initiates HSP-70 gene expression (26–29).

It has been reported that overexpression of HSF1 in mu-
rine fibroblast cells does not change HSP-70 gene expression,
despite the fact that it rendered the cells more resistant to the
cytotoxic effects of heat (30). The inability of newly synthe-
sized HSF1 to promote HSP-70 gene expression was not ad-
dressed. In this study, we successfully transfected HSF1 gene
into human epidermoid A431 cells, which resulted in increases
in the HSF1 mRNA and protein. We demonstrate that the
HSF1 protein in the HSF1 gene–transfected cells was not ac-
tive because it did not induce HSP-72 synthesis, an inducible
form in the HSP-70 family, and that PKC-mediated phospho-
rylation of HSF1 protein and possibly of other factors are nec-
essary for the induction of HSP-70 expression.
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Methods

 

Cell culture. 

 

Human epidermoid A-431 cells (American Type Culture

Collection, Rockville, MD) were incubated at 37

 

8

 

C in an atmosphere

with 5% CO

 

2

 

. Cell culture medium was supplemented with DMEM

containing 0.03% glutamine, 4.5 g/liter glucose, 25 mM Hepes, 10%

FBS, 50 

 

m

 

g/ml penicillin, and 50 U/ml streptomycin (GIBCO BRL,

Gaithersburg, MD). Cells were fed every 3–4 d, and cells from pas-

sages 28–45 were used for experiments. All experiments were re-

peated at least three times.

 

Transfection. 

 

The full-length of the HSF1 gene containing 2,035

bp (a kind gift from Dr. Carl Wu, National Institute of Research, Be-

thesda, MD) (31) was inserted into pcDNA3 (Invitrogen, San Diego,

CA) with EcoRI and BglII restriction enzymes at both sides. The

neomycin resistance gene in pcDNA3 was used for the selection of

geneticin (G418)-resistant stable cell lines.

Human epidermoid A431 cells were transfected with the HSF1

gene in six-well plates (5 ml/well) according to the transfection kit

protocol (CaOP

 

3

 

, GIBCO BRL). The cells were transfected with ei-

ther the vector alone or the HSF1 gene–carried vector. Cells were in-

cubated with the genes or vector (15 

 

m

 

g of plasmid DNA/well) in

HBSP solution containing 12 mM of CaOP

 

3

 

 at 37

 

8

 

C for 16 h. The cells

were washed twice with medium and incubated in normal medium for

48 h. Subsequently, the cells were cultured in the presence of 200 

 

m

 

g/

ml of the antibiotic G418 to select stably transfected cells. The surviv-

ing cells were considered to be transfected successfully with the HSF1

gene and were used in the presented experiments. Trypan blue exclu-

sion assay indicated that these gene-transfected cells were viable.

 

Electrophoretic mobility shift DNA-binding assay of HSF. 

 

Nuclear

and cytosol extracts from A431 cells were prepared and purified with

hypotonic, low, and high salt buffers, according to a method de-

scribed previously (21). Two complementary single-stranded DNA

oligonucleotides, each 36 bases long (synthesized by Midland Certi-

fied Reagent Co., Midland, TX) and containing the HSE oligonucle-

otide, were annealed and used in the electrophoretic mobility shift

DNA-binding assay. The DNA sequences were 5

 

9

 

—GAT CCT CGA

AGG TTC GAG GAT CCT CGA AGG TTC GAG—3

 

9

 

 and 3

 

9

 

—

GAG CTT CCA AGC TCC TAG GAG CTT CCA AGC TCC

TAG—5

 

9

 

 (32). The HSE was terminally labeled with 

 

a

 

-[

 

32

 

P]ATP us-

ing T4 polynucleotide kinase. 10 

 

m

 

g of either nuclear or cytosol pro-

tein was incubated with the [

 

32

 

P]HSE at 30

 

8

 

C for 30 min. The HSF–

HSE binding complex was separated from unbound HSE by 5% TBE

gel (Bio Rad Laboratories, Hercules, CA; 33). The gel was dried and

an autoradiogram was prepared. The extent of HSF–HSE binding

complex formation was quantified with laser densitometry of the au-

toradiogram.

 

Reverse transcriptase PCR (RT-PCR). 

 

To measure the mRNA

of HSF1, HSF2, HSP-70, and 

 

b

 

-actin, total RNA was isolated with

the SATA-60™ kit (TEL-TEST ‘B’, Inc., Friendswood, TX; 34). A

monolayer of A431 cells (10

 

6

 

) was trypsinized, homogenized in 1 ml

of the extraction solution, and 0.2 ml of chloroform was added. After

centrifugation (12,000 

 

g

 

, 15 min, 4

 

8

 

C), the supernatant was trans-

ferred into a new tube, a half volume of isopropanol was added, and

the mixture was centrifuged again. The supernatant was discarded,

and the pellet was washed with 75% ethanol and evaporated to dry-

ness. The pellet was resuspended in 30 

 

m

 

l H

 

2

 

O, and the total RNA

amount and purity were assessed by measuring the optical density at

260/280 nm. mRNA amounts of HSP-70, HSF1, and HSF2 were mea-

sured using the RT-PCR method (34). 1 

 

m

 

g of total RNA was used

for reverse transcription. The reaction mixture contained 1

 

3

 

 RT

buffer, 1 

 

m

 

M each of dNTPs, 2.5 U RNAsin, 0.5 

 

m

 

g of oligo(dT)-15

primer, 1 

 

m

 

g of total RNA, and 15 U of AMV reverse transcriptase

(Promega, Madison, WI) in a final volume of 20 

 

m

 

l. The mixture was

incubated at 42

 

8

 

C for 20 min. The transcription reaction was termi-

nated by heating the mixture at 95

 

8

 

C for 10 min and then chilling on

ice. Four respective pairs of primers specific for HSF1, HSF2, HSP-

70, and 

 

b

 

-actin were designed and synthesized as published (34). All

primers were 20 bases in length and contained 50% each of C

 

1

 

G and

A

 

1

 

T. 

 

b

 

-actin was used as an internal control. 100 

 

m

 

l of PCR reaction

solution contained 1

 

3

 

 PCR buffer, 3 mM MgCl

 

2

 

, 400 

 

m

 

M dNTPs, 1

 

m

 

M of each upstream and downstream primers, 2.5 U of AmpliTaq

DNA polymerase (Perkin Elmer, Foster City, CA), and 10 

 

m

 

l RT

mixture. 100 

 

m

 

l of mineral oil (Sigma Immunochemicals, St. Louis,

MO) were layered on top of the mixture to prevent evaporation dur-

ing the thermal cycling. 30 PCR cycles were chosen based on the pre-

vious experience (34). After amplification, identical volumes of each

PCR product were loaded onto 1% agarose gels prepared with TBE

buffer. The gel was stained with 2 

 

m

 

l ethidium bromide and photo-

graphed.

 

Western blot analysis. 

 

Samples were isolated and purified follow-

ing previously described methods (35). 35 

 

m

 

g of proteins from each

sample with equal volumes of 2

 

3

 

 loading buffer was boiled for 10

min and each protein then was separated with electrophoresis on

10% polyacrylamide gel. The samples were electroblotted onto nitro-

cellulose membranes (Schleicher & Schuell, Inc., Keene, NH). The

blots were preincubated in PBS containing 3% nonfat dried milk for

90 min at room temperature and then incubated in PBS containing

1% BSA, 0.1% thimerosal, and 1:500 mouse mAb against human

HSP-72 or human HSF1 (Amersham, Arlington Heights, IL) over-

night at 4

 

8

 

C. After washing with PBS, the blots were incubated in

PBS containing 1% BSA and 1:1,000 rabbit anti–mouse IgG conju-

gated with peroxidase (Sigma) for 1 h at room temperature. After

washing with PBS containing 0.1% Tween 20, the blot was incubated

with Western blot chemiluminescence reagent (DuPont-NEN, Bos-

ton, MA) for 1 min at room temperature and then exposed to x-ray

film. Amounts of HSP-72 and HSF1 were determined by laser densit-

ometry.

 

Chemicals. 

 

PMA and staurosporine were purchased from Sigma,

and 

 

a

 

-[

 

32

 

P] ATP was obtained from DuPont-NEN.

 

Statistical analysis. 

 

All data are expressed as mean

 

6

 

SEM. 

 

P

 

 

 

,

 

 0.05

is taken to demonstrate the statistical difference. Two-way ANOVA,

Studentized-range test, and Newman-Keuls test were used for the

comparison of groups (36).

 

Results

 

HSF1 gene transfection into human epidermoid A431 cells in-

duced overexpression of the HSF1 genes, but not HSP-70 and

HSF2 genes. 

 

To examine whether the transfected HSF1 gene
into human A431 cells was transcribed and whether it affected
the expression of HSF2 and HSP-70 genes, the mRMA
amounts of HSF1, HSF2, and HSP-70 were measured by RT-
PCR, as described in Methods. Control cells were tested along
with cells transfected with the vector alone and with the vector
containing the HSF1 gene. The amount of 

 

b

 

-actin mRNA in
each sample was measured in parallel and used as an internal
control. We found that HSF1 gene expression significantly in-
creased in the HSF1 gene–transfected cells compared with that
of either vector-transfected or control cells (Fig. 1). However,
the amount of HSP-70 mRNA in the A-431 cells did not in-
crease after HSF1 gene transfection. In addition, neither 

 

b

 

-actin
nor HSF2 mRNA expression were affected after transfection
with the HSF1 gene (Fig. 1). These results indicate that HSF1
gene transfection into A-431 cells induces the expression of
HSF1 mRNA without altering the levels of mRNA for HSP-70
and HSF2 genes.

 

HSF1 gene transfection is associated with increased levels of

HSF1 protein, but not HSP-70 protein. 

 

We subsequently asked
whether the increased HSF1 gene expression was associated
with increased levels HSF1 protein, and whether the HSF1
protein had the ability to bind to the promoter region of the
HSP-70 gene and induce its transcription and translation. Nu-
clear or cytosol extracts were incubated with 

 

32

 

P-labeled HSE
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for 30 min, and the HSF–HSE complex was subjected to aga-
rose gel electrophoresis. We found that the amount of HSF–
HSE complex was significantly increased in both nuclear and
cytosol extracts from HSF1 gene–transfected A431 cells when
compared to those extracted from either control or vector-
transfected cells (Fig. 2). Therefore, the HSF1 gene transfec-
tion–induced increases in HSF1 mRNA result in increases in
HSF1 levels in the nucleus and the cytosol. Because we did not
find any increase in HSP-70 gene expression after HSF1 gene
transfection, we considered the detected HSF1 to be in an in-
active form. Indeed, the amount of HSP-72 that was detected
in HSF1 gene–transfected cells by Western blot analysis was
not significantly increased when compared with that in control
or vector-transfected cells (Fig. 3). These results suggest that
HSF1 gene-transfection promotes HSF1 gene expression and

protein synthesis that do not promote HSP-72 gene transcription
and protein synthesis despite the fact that it binds to the HSE.

 

Activation of PKC stimulates HSP-72 synthesis in HSF1

gene–transfected cells. 

 

It has been known that activation of
PKC induced by PMA leads to the activation of HSF1 and in-
creases the synthesis of HSP-72 (21). We considered that expo-
sure of HSF1 gene–transfected cells to PMA could lead to
phosphorylation of the overproduced HSF1 protein, followed
by induction of HSP-70 synthesis. Control, vector, and HSF1
gene–transfected cells A-431 cells were treated with 1 

 

m

 

M
PMA for 1 h, and the mRNA amounts of HSF1, HSF2, and
HSP-70 were measured using RT-PCR. Treatment of A-431
cells with PMA had been found to efficiently activate HSF1
and induce increases in HSP-72 (21). As expected, treatment
of control and vector-transfected cells with PMA induced in-
creased amounts of both HSF1 and HSP-70 mRNA (Fig. 4 

 

A

 

,
lanes 

 

4

 

 and 

 

5

 

 vs. lanes 

 

1

 

 and 

 

2

 

). Interestingly, the amount of
HSP-70 mRNA was higher in the PMA-treated, HSF1 gene–
transfected cells than in the two control cells mentioned above
(Fig. 4 

 

A

 

, lane 

 

6

 

 vs. lanes 

 

4

 

 and 

 

5

 

), whereas the amount of
HSF1 mRNA was not increased further in these cells after
PMA treatment (Fig. 4 

 

A

 

, lane 

 

6

 

 vs. lane 

 

3

 

). Treatment of ei-
ther of the three cell groups with PMA did not significantly
change HSF2 or 

 

b

 

-actin mRNA expression.
To determine whether the PMA-induced increase in HSP-

70 gene expression was associated with an increase in HSP-72
protein synthesis in HSF1 gene–transfected cells, HSP-72 pro-
tein levels were measured with Western blot analysis after the
treatment of cells with 1 

 

m

 

M PMA for 4 h. Again, as expected,
we observed that PMA induced a significant increase in the
levels of HSP-72 protein in both control and vector-transfected
cells (Fig. 4 

 

B

 

). The HSP-72 protein levels were found to be
significantly increased in the PMA-treated, HSF1 gene–trans-
fected cells when compared to control cells that were not
treated with PMA. In addition, PMA induced the highest lev-
els of HSP-72 in the HSF1 gene–transfected cells.

Figure 1. Confirmation of HSF1 gene transfection into human epi-

dermoid A-431 cells. Transfection was carried out as described in 

Methods. mRNA amounts of HSP-70, HSF1, HSF2, and b-actin were 

measured with RT-PCR. The experiment was conducted three times 

independently and a representative gel is presented. M, a marker of 

174/HindIII; C, nontransfected cells as control; V, vector-transfected 

cells; G, HSF1 gene–transfected cells.

Figure 2. HSF1 increase in HSF1 gene–transfected human epider-

moid A-431 cells. Cells were transfected with the HSF1 gene, as de-

scribed in Methods. The nuclear and cytosol proteins were extracted 

and incubated with [32P]HSE (HSE*), and the HSF bound to HSE 

was measured with gel shift assay. The experiment was conducted 

three times independently, and a representative gel is presented. 

HSF-HSE*, complex of HSF and 32P-labeled HSE*. P, HSE* probe 

only; C, nontransfected cells as control; V, vector-transfected cells; G: 

HSF1 gene–transfected cells.

Figure 3. HSP-72 expression in HSF1 gene–transfected human epi-

dermoid A-431 cells. Cells were transfected with vector (alone as a 

control group) or the HSF1 gene, as described in Methods. After 

transfection, the HSP-72 amount was analyzed with Western blotting. 

35 mg of cell extracts were added onto a 10% polyacrylamide gel. Af-

ter being transferred to a nitrocellulose membrane, the blot was incu-

bated in PBS containing 3% nonfat dried milk for 60 min at room 

temperature, and was incubated with mouse mAb against human 

HSP-72 at 48C overnight and with rabbit anti–mouse IgG conjugated 

with peroxidase for 1 h at room temperature. The HSP-72 amount 

was demonstrated with chemiluminescence. The experiment was con-

ducted three times independently, and a representative Western blot 

is presented. C, nontransfected cells as control; V, vector-transfected 

cells; G, HSF1 gene–transfected cells.
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PMA induced-increase in HSP-72 expression in HSF1

gene–transfected cells was time dependent and transient. 

 

To ex-
amine whether the duration of exposure of cells to PMA was
important in the induction of increases in HSP-72 protein ex-
pression in HSF1 gene–transfected cells, HSP-72 protein levels
were detected in vector- and HSF1 gene–transfected cells after
treatment with 1 

 

m

 

M PMA for 0, 1, 2, 4, 8, and 24 h. HSP-72
amounts in both groups of cells started to increase at 4 h,
reached a maximal level at 8 h, and returned to baseline levels
at 24 h (Fig. 5). HSP-72 expression in PMA-treated HSF1
gene–transfected cells was greater than that found in vector-
transfected cells treated with PMA (Fig. 5).

To determine whether the PMA-induced increase in HSP-
72 protein in HSF1-transfected A431 cells was transient, both
vector- and HSF1 gene–transfected cells were incubated with 1

 

m

 

M PMA for 4 h, and the cells were washed twice with media
and then further incubated in medium up to 72 h. Protein sam-
ples were extracted from these cells at different time points be-
fore and after the PMA treatment, and the HSP-72 protein
levels were measured by Western blot analysis. It was found
that HSP-72 protein levels in both groups of cells were signifi-
cantly increased after the 4 h of incubation with PMA. The in-
crease in HSP-72 protein levels continued and reached maxi-

mum levels within the next 4 h in both groups of cells (Fig. 6).
The level of HSP-72 amount in HSF1 gene–transfected cells
was again greater than that observed in vector-transfected cells
after PMA treatment. The recovery time in both groups was

Figure 4. Increases in HSP-70 gene expression and protein synthesis 

by PMA in HSF1 gene–transfected human epidermoid A-431 cells. 

Nontransfected (C), vector-transfected (V), and HSF1 gene–trans-

fected cells (G) were treated with 1 mM PMA for 1 h. (A) Total RNA 

was isolated as described in methods. The OD value of each sample 

was determined, and equal amounts of RNA were used as a template 

for reverse transcription. The mRNAs of HSP-70, HSF1, and HSF2 

were amplified with PCR. b-actin was used as an internal control. (B) 

HSP-72 amount was measured using Western blotting. The experi-

ment was conducted three times independently, and a representative 

gel or Western blot is presented. M, a marker of 174/HindIII.

Figure 5. Time course of PMA-induced increases in HSP-72 in HSF1 

gene–transfected human epidermoid A-431 cells. Cells were treated 

with 1 mM PMA for 0, 1, 2, 4, 8, and 24 h, and protein samples were 

collected. The same amount of proteins of each sample was loaded to 

10% SDS-PAGE. HSP-72 amount was measured using Western blots 

and was quantified densitometrically. The experiment was conducted 

three times independently. The data were expressed as percent of lev-

els found at t 5 0. *P , 0.05 vs. vector-transfected cells at t 5 0; 

**P , 0.05 vs. the vector-transfected at the correspondent time point 

and HSF1 gene-transfected cells at t 5 0, determined by two-way 

ANOVA and Studentized-range test. -s- vector transfection; 

-d- HSF1 gene transfection.

Figure 6. Recovery of increased HSP-72 induced by PMA in HSF1 

gene–transfected human epidermoid A-431 cells. Cells were pre-

treated with 1 mM PMA for 4 h and washed twice with media. Protein 

samples were collected from cells at 0, 4, 12, 24, and 72 h. The same 

amount of proteins from each sample was loaded to 10% SDS-

PAGE. HSP-72 amount was measured using Western blots and was 

quantified densitometrically. The experiment was conducted three 

times independently. The data were expressed as percent of levels 

found at t 5 0. *P , 0.05 vs. vector-transfected cells at t 5 24 h; 

**P , 0.05 vs. the vector-transfected at the correspondent time point 

and HSF1 gene-transfected cells at t 5 0, determined by two-way 

ANOVA and Studentized-range test. -s- vector transfection; 

-d- HSF1 gene transfection.
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similar; it started at 12 h and returned to baseline levels at 72 h.
Therefore, treatment of HSF1 gene–transfected cells with
PMA is associated with a transient increase in HSP-72 protein.

PMA-induced increases in HSP-72 expression involved

PKC. To determine whether the PMA-induced increase in
HSP-72 synthesis was mediated specifically by activated PKC,
HSF1 gene–transfected cells were treated with staurosporine,
an antagonist of PKC, at 0.1 mM for 15 min (8) before treat-
ment with 1 mM PMA for 4 h. Western blot analysis (Fig. 7)
shows that staurosporine inhibited the PMA-induced increase
in HSP-72. This finding further supports that the PMA-induced
increase in HSP-72 is mediated by activation of PKC.

The increase in HSP-72 by PMA was mediated by phosphor-

ylation and translocation of HSF1 in gene-transfected cells.

We have observed that activation of PKC with PMA induced
the translocation of HSF1 from cytosol to nucleus within 1 h,
leading to the initiation of the transcription of HSP-70 gene ex-
pression. Phosphorylation and translocation of HSF1 in HSF1
gene–transfected cells was investigated. The cells were incu-
bated with 1 mM PMA for 1 h. Nuclear and cytosol proteins
were extracted and blotted with an antibody against HSF1.
Two bands were observed in the nucleus. The upper band rep-
resents the phosphorylated form (Fig. 8, lanes 2–7) because it

disappeared after treatment with phosphorylase (data not
shown). The lower band, which represents the unphosphory-
lated form of HSF1, was observed in the cytosol (lanes 9, 11,
and 13) and nuclear extracts (lanes 2–7). The levels of cytosol
and nuclear HSF1 in HSF1 gene–transfected cells (lane 13)
significantly increased when compared to those of control
(lane 9) and vector-transfected cells (lane 11). Treatment with
PMA resulted in no detectable HSF1 in the cytosol (lanes 10,
12, and 14) and increases in nuclear phosphorylated and un-
phosphorylated HSF1 (lanes 3, 5, and 7), suggesting that trans-
location from cytosol to nucleus had occurred. However, a
greater increase in nuclear HSF1 in HSF1 gene–transfected
cells (lane 7) than that in control (lane 3) and vector-trans-
fected cells (lane 5) was observed.

PMA-induced phosphorylation and translocation of HSF1

involved PKC. To confirm that the PMA-induced phosphory-
lation and translocation of HSF1 were mediated by activated
PKC, we investigated the effect of staurosporine on PMA-
induced phosphorylation and translocation of HSF1 in control,
vector-, and HSF1 gene–transfected cells. The cells were incu-
bated with 0.1 mM staurosporine for 15 min before treatment
with 1 mM PMA for 1 h. The amount and phosphorylation of
HSF1 were measured in both the cytosol and the nucleus with
Western blot analysis. Fig. 9 shows that staurosporine totally
blocked the PMA-induced the translocation of HSF1 from the
cytosol to the nucleus, as well as the phosphorylation of nu-
clear HSF1, in all three kinds of cells. Staurosporine alone had
no effect on the phosphorylation and the translocation of
HSF1. These results indicate that the PMA-induced phosphor-
ylation and translocation of HSF1 were mediated by the acti-
vation of PKC.

Discussion

The present study demonstrates that the HSF1 gene was suc-
cessfully transfected into human epidermoid A-431 cells. In-
creased HSF1 gene expression and protein synthesis in these
transfected cells failed to induce HSP-70 production. Treat-
ment of HSF1 gene–transfected cells with PMA activated
HSF1, promoted its translocation from cytosol to nucleus, and
subsequently increased HSP-70 expression.

The expression of HSP-70 can be readily induced by expos-
ing cells or tissues to sublethal heat for a short time, such as

Figure 7. Staurosporine blocked the PMA-induced increases in HSP-

72 synthesis in HSF1 gene–transfected human epidermoid A-431 

cells. HSF1 gene–transfected cells were treated with 0.1 mM stauro-

sporine for 15 min before treatment with 1 mM PMA for 4 h. The 

amount of HSP-72 was measured using Western blots. The experi-

ment was conducted three times independently, and a representative 

Western blot is presented. 2, no drug treatment; STP, staurosporine.

Figure 8. PMA-promoted 

HSF1 translocation and phos-

phorylation in HSF1 gene–

transfected human epidermoid 

A-431 cells. Cells were treated 

with 1 mM PMA for 1 h. The 

amount of HSF1 in HSF1 gene–

transfected cells was measured 

using Western blots. Both nu-

clear and cytosol proteins were 

extracted. 35 mg of each sample 

was added onto a 10% poly-

acrylamide gel. After being 

transferred to a nitrocellulose 

membrane, the blot was incubated in PBS containing 3% nonfat dried milk for 60 min at room temperature, rabbit antibody against human 

HSF1 at 48C overnight, and goat anti–rabbit IgG conjugated with phosphatase for 1 h at room temperature. The HSF1 amount was demon-

strated with development of red color in the presence of substrate solution. M, molecular weight markers; C, nontransfected cells as control; 

V, vector-transfected cells; G, HSF1 gene–transfected cells. The experiment was conducted three times. 2, no drug treatment.
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42–458C for 10–45 min (16). Agents that interfere with the cell
signaling process can also induce the expression of HSP-70.
Specifically, activation of PKC by PMA and increases in intra-
cellular Ca21 by ionomycin induce HSP-70 production (21, 37–

41). Apparently, the PMA-induced HSF1 phosphorylation and
increase in [Ca21]i by ionomycin promote translocation of
HSF1 from cytosol to nucleus, leading to HSF1 binding to
HSE on the promoter region of the HSP-70 gene. Interest-
ingly, PMA and ionomycin also cause increased HSF1 mRNA
and protein expression. In contrast, HSF2, which is 75% ho-
mologous to HSF1, was not altered by treatment with PMA or
ionomycin (21).

Phosphorylation of HSF1 occurs in response to heat (37,
40–42) or inducers of transcriptional activation such as cad-
mium and arachidonic acid (35, 43). Although the level of
HSF1 phosphorylation is thought to be associated with its abil-
ity to induce the expression of HSP-70, the amino acid ana-
logue azetidine, which induces HSP-70 gene transcription,
does not cause HSF1 phosphorylation (29). In HeLa cells, the
induction of HSP does not require phosphorylation of the
serine and threonine residues of HSF1 (44). Additionally,
phosphorylation of yeast HSF1 may facilitate its binding to
HSE-containing oligonucleotide, but may not increase its ac-
tivity (45). These discrepancies may result from the fact that
they were performed in different cell types and/or the possibil-
ity that other factors besides HSF1 are involved in the initia-
tion and regulation of HSP-70 expression.

We have transfected human epidermoid cells with the
HSF1 gene to further address the mechanisms that pertain to
the HSF1-mediated regulation of HSP-70 expression. Our ex-
periments show that HSF1 is present in the cytosol and the nu-
cleus of untransfected cells. Only the unphosphorylated form
was observed in the cytosol, whereas the phosphorylated and
the unphosphorylated forms were detected in the nucleus (Fig.
8). It is believed that the phosphorylated HSF1 maintains the
basal level of the constitutively expressed HSP-70. In HSF1
gene–transfected cells, however, phosphorylation and translo-
cation of HSF1 are necessary for synthesizing new HSP-72.
This view is supported by the following facts: (a) HSF1 gene
transfection increased HSF1 protein, but not HSP-72; (b)
treatment with the PKC activator PMA resulted in a signifi-
cant translocation of HSF1 from the cytosol to the nucleus; (c)
PMA induced HSP-72 production without altering HSF1 pro-
duction in the HSF1 gene–transfected cells; (d) staurosporine
prevented the PMA-induced phosphorylation of HSF1 in the
nucleus; and (e) staurosporine inhibited the PMA-induced in-
crease in HSP-72. No hyperphosphorylated form of HSF1 was
found in the nucleus because PMA did not cause a change in
the molecular weight of the phosphorylated form of HSF1
(Fig. 8).

The fact that the constitutive increased levels of nuclear
phosphorylated HSF1 in the HSF1 gene–transfected cells were
not associated with increased expression of HSP-72 (Figs. 2, 4
B, and 8) suggests that other events besides phosphorylation
and translocation of HSF1 are involved in the initiation and
regulation of HSP-70 expression. Several possibilities can be
considered. First, certain critical concentration of the HSF1 in
the nucleus is required before the induction of increased
HSP-70 gene transcription. This explanation is not likely be-
cause the heat- or the PMA-induced phosphorylation and
translocation of constitutive HSF1 in control cells are suffi-
cient to induce significant increases in the transcription of
HSP-70. It should be noted that the levels of HSE-binding pro-
tein in PMA-treated control cells is comparable to those in
non–PMA-treated HSF1 gene–transfected cells. Second, PMA
can cause the phosphorylation of other transcription factors

Figure 9. Staurosporine blocked the PMA-induced translocation and 

phosphorylation of HSF1. Control, vector-, and HSF1 gene–trans-

fected cells were treated with 0.1 mM staurosporine for 15 min before 

treatment with 1 mM PMA for 1 h. The amount and phosphorylation 

of HSF1 were measured using Western blots. The same amount of 

proteins of each sample was loaded to 10% SDS PAGE. The experi-

ment was conducted three times independently, and data were pre-

sented using arbitrary units. *P , 0.05 vs. vehicle-, PMA-, and stauro-

sporine plus PMA–treated cells, determined by two-way ANOVA 

and Newman-Keuls test.
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that must act in concert with phosphorylated HSF1. These
other yet unidentified factors act by binding to other sites of
the promoter region of the HSP-70 gene and regulating the ini-
tiation of HSP-70 transcription. Our data cannot exclude this
possibility, and more studies are needed to further dissect this
possibility. Third, PMA may cause the phosphorylation of
other nuclear proteins that bind to HSF1. Again, our previous
data did not support this possibility because only one band of
HSF1–HSE complex was observed (21). Last, it has been
shown that activated HSF1 forms trimers (26, 27, 29). The
translocation of the trimers depends on increased [Ca21]i, and
the HSF1 gene–transfected cells displayed a resting [Ca21]i

comparable to that found in vector-transfected cells. Because
PMA has been shown to increase [Ca21]i by increasing Ca21

entry from external sources (21), it is possible that Ca21 may
provide the additional signal in the initiation of HSP-70 tran-
scription.

The PMA-stimulated induction of HSP-72 in HSF1 gene–
transfected cells is transient. It is still unknown whether or not
the overexpression of HSP-72 is associated with any side ef-
fects or abnormal cell function. Although no causal relation-
ship has been provided so far, increased levels of various types
of HSP have been found in cells and tissues from patients with
autoimmune (46) and degenerative diseases (3). In considering
the genetic transfer of genes that may provide cell protection,
the duration of protein expression is important. Along these
lines, the use of the HSF1 gene in establishing or increasing the
resistance of cells against noxious stimuli by the enhanced, but
transient, increase in HSP-72 production serves as a tool in at-
taining cell protection.

In summary, increased expression of HSF1 in HSF1 gene–
transfected cells is not associated by increased production of
HSP-72. A second signal that is provided by the PMA-induced,
activated PKC and that includes, but is not limited to, the
phosphorylation of the HSF1 is necessary. The activated HSF1
quickly translocated from cytosol to nucleus and initiated
HSP-70 gene expression and protein synthesis. The newly syn-
thesized HSP-72 is enhanced but transient.
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