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Abstract
Background: Accumulating evidences suggest that Hsp 70, the inducible component of Hsp70
family, might release from a living cell. Here we show that a pharmacological inhibitor of
phospholipase C activity U73122 caused a 2–4 fold reduction of an intracellular level of Hsp70 in
A431 human carcinoma cells.
Results: A depletion of Hsp70 under U73122 was a result of the protein release since it was
detected in cell culture medium, as was established by immunoprecipitation and precipitation with
ATP-agarose. The reduction of Hsp70 level was specifically attributed to the inhibition of PLC, since
the non-active inhibitor, U73343, had no effect on Hsp70 level. The PLC-dependent decrease of
Hsp70 intracellular level was accompanied by the enhanced sensitivity of A431 cells to the
apoptogenic effect of hydrogen peroxide. Here for the first time we demonstrated one of the
possibilities for a cell to export Hsp70 in PLC-dependent manner.
Conclusion: From our data we suggest that phospholipase C inhibition is one of the possible
mechanisms of Hsp70 release from cells.

Background
The proteins belonging to Hsp70 family possess two
major properties. First, they are known to elicit chaperone
activity, i.e. to recognize misfolded and newly synthesized
polypeptides and to participate in their intracellular transport and degradation. Another function is mainly attributed to the inducible member of Hsp70 family and
constitutes protective capacity. This was convincingly
demonstrated in vitro and in vivo, and the list of cytotoxic
factors from which Hsp70 protects cells includes stimuli
of apoptosis. The molecular mechanisms underlying the
anti-apoptotic activity of Hsp70 are thoroughly investigated now. Among the proteins that may be affected by

the over-expressing Hsp70 are APAF-1/caspase-9 [1],
NFkappaB [2] and stress kinases [3], all known to participate in apoptotic signaling. Generally, Hsp70 is thought
to interfere with almost all known signaling pathways,
and vice versa, some of the latter can influence the rate of
the chaperone expression through the stimulation of protein kinase C activity by the phorbol ester [4,5] or through
the action of factors up-regulating cellular Ca2+ [6]. The
chaperonic activity of Hsp70 can also be affected by proteins participating in cell signaling; it was shown that Bag1 in Hsp70-overexpressing hamster fibroblasts was able to
switch from Raf-1/ERK signaling cascade to that based on
Hsp70 chaperonic mechanism [7]. Many cell signaling
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processes are related to the activity of phospholipase C
(PLC). One of the latter, phospholipase Cγ1, belongs to
the family of PLCs activated in cells exposed to a variety of
extracellular ligands. PLC hydrolyzes the minor membrane phospholipid, phosphatidylinositol 4,5-bisphosphate. This reaction results in the generation of the two
intracellular second messengers diacylglycerol and inositol 1,4,5-trisphosphate. The latter promotes the activation
of protein kinase C and the release of Ca2+ from intracellular stores [8]. Several groups have demonstrated that
PLC may also be activated in response to various stressful
insults: exposure to heat, oxidants, UVC and mechanical
stress [9-12]. Stress induced PLC activation was shown to
be sufficient for preventing apoptosis induced by heatshock and oxidants and significantly enhanced cell survival [11,12]. However, the mechanism of PLC activation
in a cell physiology under stress conditions remains
unclear. Since the expression and activity of Hsp70 can be
controlled by the increase of intracellular Ca2+ and by protein kinase C, whereas PLC itself is able to regulate these
factors, it seemed that both proteins are associated in cell
signaling kaleidoscope. Moreover, both proteins are
involved in a cell response to similar stressful factors.
Based on these data we have suggested that Hsp70 and
PLC might be functionally linked in their cellular activities, particularly in the process of a cell reaction to stress.
To test this hypothesis we used the keratinocyte-derived
A431 epidermoid carcinoma cells. In human skin and epidermal cell lines, such as A431 cells Hsp70 is normally
expressed at high level [13], and these cells may be a convenient model for investigation of consequences of variations in the content of intracellular Hsp70. The goal of
this study was to compare the level of Hsp70 in A431 cells
treated with various factors known to activate or suppress
PLC activity. Inhibition of PLC activity resulted in a substantial decrease of the content of the intracellular Hsp70.
Simultaneously, Hsp70 was detected in cell culture
medium as was established with the use of immuno-precipitation or precipitation with ATP-agarose. Two forms of
Hsp70 were found in culture medium: one corresponding
to Hsp70 and an additional one with the molecular mass
of 98 kDa, the latter was proven to be the ubiquitinated
form of Hsp70. It was also shown that the release of
Hsp70 from A431 cells led to the increased sensitivity to
the oxidative stress.

Results
A431 keratinocyte-derived cells constitutively expressing
inducible Hsp70 and its cognate form, Hsc70. To check
whether these cells are capable of eliciting a typical stress
response, we subjected them to heat shock at 42°C for 40
min. After recovery for 6 h at 37°C, we analyzed Hsp70
with the aid of immunofluorescence and immunoblotting, using 2H9 antibody, which had earlier been shown
to recognize only the inducible member of the Hsp70
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Figure
A431
cells
1 originally normally respond to heat stress
A431 cells originally normally respond to heat stress. A –
A431 cells were heated at 42°C for 40 min and lysates of
control and heat-shocked cells were analyzed by Western
blot using 2H9 anti-Hsp70 antibody. The amount of Hsp70
production shown on the Western blot was quantified by
densitometry and normalized to the total protein loaded into
each lane of the gel. B – control and heat-stressed cells were
stained with the 2H9 anti-Hsp70 monoclonal antibody. Scale
bar indicates 5 µm.

family. Although control cells contained rather high
amounts of Hsp70, this value increased 3-5-fold after heat
stress (Fig. 1A). Immunofluorescence analysis showed
that Hsp70 was located in the cytoplasm in control cells,
whereas after heat shock became concentrated in nuclei
(Fig. 1B) showing the typical post-heat shock response
[14]. In order to check whether changes in PLC activity
affected the Hsp70 level, we studied its amount in A431
cells treated with EGF, tyrphostin AG1478 (a specific
inhibitor of EGF receptor tyrosine kinase) and U73122
(an inhibitor of PLC activity). The level of Hsp70 was
measured using Western blot analysis. Neither EGF, nor
tyrphostin AG1478 altered significantly the intracellular
level of Hsp70. In contrast, treatment of the cells with 1
uM U73122 resulted in a nearly 4-fold reduction in
Hsp70 content (Fig. 2A). This decrease was observed 10
min after U73122 administration, and there was no
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recovery until >6 h. The non-active analog of U73122,
U73343, had no effect on the Hsp70 level in A431 cells.
To prove the Western blotting data, immunofluorescence
analysis was performed using the same antibody (Fig. 2B).
In U7312-treated cells, Hsp70 almost completely disappeared from cytoplasm and partially passed into nuclei
(Fig. 2B). The Hsc70 amount measured with the aid of
Western blotting using N69 antibody remained constant
after the treatment with U73122 (Fig. 2D).
According to the literature, some cells are able to excrete
Hsp70 [15,16]. More recently, we have demonstrated
such excretion from human T98 glioblastoma cells [14],
and suggested that a reduction of intracellular Hsp70 content following PLC inhibition might be due to a release of
the protein by A431 cells. To test this hypothesis, we analyzed cell culture medium using two kinds of affinity
chromatography. The technique that was effective and
quantitative for detecting Hsp70 in extremely diluted
solutions proved to be chromatography on ATP-agarose
[14]. We employed this method in the studies on A431
cells, and applied conditioned medium taken from control cells and from ones incubated with U73122 for 15
min on to column with ATP-agarose gel. The proteins
bound to the gels were analysed with the aid of Western
blotting using 2H9 antibody. Two bands corresponding
to polypeptides 70 and 98 kDa were found on the blot
and their intensity was much greater in the case of cells
treated with U73122 (Fig. 3, left panel).

Figure
Effect
A431
cells
of2factors influencing PLC activity on the Hsp70 level in
Effect of factors influencing PLC activity on the Hsp70 level in
A431 cells. A – A431 cells were treated with EGF, Tyrphostin AG1478 and U73122, able to affect PLC activity, and
lysates of cells were taken in 15 min and in 6 h after administration of the agents. The lysates were subjected to PAGE
and examined by Western blot for Hsp70 and Hsc70 as indicated using 2H9 anti-Hsp70 and N69 anti-Hsc70 antibody
respectively. The amount of Hsp70 shown on the Western
blot was quantified by densitometry and normalized to the
total protein loaded into each lane of the gel. B – Hsp70 level
is reduced in the A431 cells treated with U73122; immunofluorescence with the use of 2H9 antibody. C – U73343 is
not able to decrease the Hsp70 amount in A431 cells; lysates
of the cells treated with U73122 and its non-active analog
U73343 were analyzed by Western blot, using 2H9 antibody.

Another method for isolation of Hsp70 from the conditioned medium was immunoprecipitation with 2H9 antibody. The antibody was added to the medium samples
and the immune complexes were precipitated with Protein G-Sepharose. Proteins attached to the immunosorbent were analyzed with the aid of Western blotting using
2H9 antibody. Comparison of immunoprecipitates from
conditioned medium of control and U73122-treated cells
showed that Hsp70 was present in detectable amounts
only in the medium from U73122-treated cells (Fig. 3,
central upper panel). An additional band with the molecular mass of nearly 98 kDa recognized by the monoclonal
antibody to Hsp70 was also detected in immunoprecipitates from conditioned medium. To prove that the culture
medium was not contaminated with Hsp70, the immunoprecipitation was performed with free DMEM. There were
no bands on blots with these samples (data not shown).
To reveal relationship between the content of intracellular
Hsp70 and its amount in cell medium, the lysates
obtained from the cells incubated 15 min with U73122
and from control cells were assayed by immunoprecipitation, using 2H9 antibody (Fig. 3, lower panel). The immunoblotting data showed that the accumulation of Hsp70
in culture medium was paralleled to reduction of the
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with anti-ubiquitin antibody (Fig 3, right panel). Immunoblot analysis demonstrated that p98 did indeed represent an ubiquitinated form of Hsp70. Thus, inhibition of
PLC forced A431 to liberate Hsp70 both in non-modified
and ubiquitinated forms.

Figurefrom
Inhibition
Hsp70
3 of A431
phospholipase
cells
C activity causes release of
Inhibition of phospholipase C activity causes release of
Hsp70 from A431 cells. The left panel: conditioned medium
from A431 cells, control and treated with U73122 PLC inhibitor, was passed over the ATP-agarose column and the
eluted protein was subjected to immunoblotting, using 2H9
antibody. The central and right panels: samples of conditioned medium were incubated with 2H9 antibody attached
to Protein G-Sepharose, and the immunoprecipitated protein
was studied with the help of immunoblotting, using 2H9 antibody (central panel) or anti-ubiquitin antibody (right panel).
The lower panel: immunoprecipitation/immunoblotting with
lysates of control and U73122-treated cells.

endogenous protein content. The result of immunoprecipitation showed that the band of protein with the mass
of 98 kDa was much more abundant than that in the
material attached to ATP-agarose. We suggest that the
monoclonal antibody 2H9 reacted more readily with this
protein and to a lesser extent with the principal antigen,
Hsp70. In the attempt to identify the 98 kDa component,
we followed Jiang and coauthors [17], who demonstrated
that a member of Hsp70 family, the Hsc70 cognate heat
shock protein, could be ubiquitinated. Since the 98 kDa
protein found in culture medium together with Hsp70
was recognized by monoclonal 2H9 antibody in both
immunoprecipitation and Western blotting assays, this
protein might be an ubiquitinated form of Hsp70. To test
this, immunoprecipitates obtained after the reaction of
2H9 antibody with culture medium of non-treated and
U73123-treated cells were probed by Western blotting

Since the reduction of Hsp70 amount might lower cell
resistance to apoptotic stimuli, we compared the effect of
hydrogen peroxide on control and U73122-treated A431
cells. H2O2 was chosen due to its apoptogenic effect that
was convincingly demonstrated in numerous cell models.
Treatment of A431 cells with 200 uM H2O2 did not significantly alter the original level of Hsp70 or its level in
cells exposed to H2O2, but in the cells pre-treated with
U73122, the Hsp70 level was lower than in the two other
cell groups (Fig. 4A). Treatment with U73122 alone had
no influence on the cell viability and growth dynamics
(Fig. 4B). Examination of the kinetics of the response to
200 uM of H2O2 treatment revealed that, within 5 h, the
U-73122-treated cells began to round up and detach from
the plastic. Cells stained with DAPI displayed features typical of apoptosis including condensation and fragmentation of nuclei (Fig. 4B). The percentage of apoptotic cells
was nearly twice higher than that in the population of
control cells (Fig. 4C). Thus, the decrease of the Hsp70
amount correlated well with an elevation of sensitivity of
A431 cells to hydrogen peroxide.

Discussion
The goal of this study was to establish a possible relationship between two anti-stress proteins, Hsp70 and phospholipase C. The protective effect resulting from PLC
activation was confirmed using different approaches.
First, mouse embryonic fibroblasts genetically deficient in
PLCγ1 cell viability following heat, or H2O2 treatment was
reduced, while the reconstitution of the enzyme protects
cells from stress agents [11,12]. Second, overexpression of
PLCγ1 was shown to inhibit apoptosis induced by UVirradiation and by superoxides [10-12]. Third, inhibition
of PLC or activation of protein kinase C, or both, during
ischemia impaired significantly the postischemic myocardial recovery [18].
On the other hand, it was shown that different kinds of
cell damaging factors such as, heat, oxidants, osmotic
shock, mechanical stress resulted in PLC activation [9-12].
Hsp70 is known to be one of the most powerful anti-stress
and anti-apoptotic proteins; its protective activity was
convincingly demonstrated in a great number of experiments in vitro and in vivo [19]. There are many crosspoints, where Hsp70 and PLC can be functionally linked
to each other, and to check this A431 epidermoid cell line
was chosen. These cells were found to exhibit a normal
heat shock response, accumulation of Hsp70 and its transient transport to the nucleus, Fig. 1. It was suggested that
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Figure
The
tive
to
release
apoptosis-inducing
4 of Hsp70 fromaction
A431 of
cells
hydrogen
makes the
peroxide
latter sensiThe release of Hsp70 from A431 cells makes the latter sensitive to apoptosis-inducing action of hydrogen peroxide. A –
data of immunoblotting with 2H9 antibody of control cells
and cells treated with hydrogen peroxide and with U73122.
B – DAPI staining of A431 cells treated with U73122 alone
or in combination with hydrogen peroxide. C – the number
of apoptotic cells in population of control cells and cells
treated with U73122 alone and with combination of U73122
and hydrogen peroxide.

activation and/or suppression of PLC activity might cause
changes in the amount or intracellular distribution of
Hsp70. EGF that normally triggers PLC activation failed to
affect the content of Hsp70; however, a selective inhibition of PLC activity with U73122 caused a pronounced
decrease of the chaperone amount. This reduction
occurred in 10 min after administration of the inhibitor
and caused considerable loss of the protein in cells and its
partial reallocation from the cytoplasm to nuclei (fig. 2B).
Since the decrease of intracellular Hsp70 level might be
due to a release of the protein, we analyzed conditioned
medium with the aid of two methods, immunoprecipitation and affinity chromatography on ATP-agarose, the latter known to specifically bind Hsp70 and similar proteins
[20]. As shown by immunoblotting with anti-Hsp70 antibody, immunoprecipitates and eluates from ATP-agarose
after passing extracts of U73122-treated cells contained
two bands; one of them was identified as Hsp70. For the
last few years the idea that Hsp70, earlier considered to be
exclusively intracellular molecule, can be released and/or
imported by mammalian cells has become rather popular.
It dates back to the data of Tytell and coworkers who dem-
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onstrated that Hsp70 was able to migrate from glia to
giant axon of the sea squid [15]. Recently, we have shown
that human glioma cells could export Hsp70 into the culture medium regardless of whether cells were in normal
conditions or subjected to heat shock [14]. Finally, Dybdahl with coauthors demonstrated that Hsp70 could be
fluxed to blood of patients undergoing arterial surgery;
moreover, this efflux of Hsp70 seemed to be relevant for
the physiology of the whole organism [21]. Hsp70 plays a
major role in protection of cells against a variety of harmful agents, therefore it seemed worth checking whether a
reduction of the chaperone amount might affect cell
resistance to one of the former factors, superoxide. The
data of experiments with the combined treatment of A431
cells with hydrogen peroxide and U73122 showed that
the loss of Hsp70 rendered the cells sensitive to H2O2
(fig. 4). Our discovery of PLC-dependent extracellular
transport of Hsp70 accompanied by loss of cell resistance
to risky factors and observations of Dybdahl and others
have allowed us to suggest that there are certain loci in the
whole organism in which cells affected by a factor similar
to U73122 might start to release Hsp70. This protein accumulating in such loci and known to be a strong chaperone
or chaperokine [21,22] may affect markedly function of
adjacent cells in an unpredictable way. For instance,
Hsp70 expressed by glial cells could penetrate neurons
and protect them from various stressors including heat
stress [14,23].
Another possible target for exogenous Hsp70 is dendritic
cells, monocytes and macrophages. In this case Hsp70
induced CD40, TLR2 and TLR4 receptors which are necessary steps toawrds activation of the innate immune system
[see [24] for review]. The mechanism of Hsp70 export by
cells remains unclear. Proteins could integrate into the
artificial lipid bilayer and a transmembrane ion flow was
detected, suggesting involvement of an ion pathway [25].
It was demonstrated that in rat red blood cells, an hsp70like protein is located in the cytosol and exported via exosomes during the in vivo reticulocyte maturation [26]. The
presence of Hsp70 has been detected in vesicles (named
exosomes) leaking from mammalian and avian immature
red cells (i.e. reticulocytes), as well as from differentiating
avian erythroleukemia cells. It is proposed that Hsp70
takes part in an exosome formation and/or release in
immature red cells [27]. In this regard numerous data are
to be mentioned that prove the PLC also is implicated in
regulation of exocytosis.
First, it was shown that exocytosis of vesicles may be
blocked by drugs depleting Ca2+ stores and by inhibitors
of PLC [28]. Second, phosphatidylinositol transfer proteins were found to be essential component for PLC-mediated hydrolysis of PIP2 and for the regulation of
exocytosis [29]. Finally, according to our preliminary data
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pre-treatment of A431 cells with brefeldin, an inhibitor of
vesicular transport, stopped the reduction of the Hsp70 in
U73122-treated cells (Evdonin et al., unpublished observations). Based on these data we suggest that release of
Hsp70 provoked by PLC inhibition occurs via vesicular
transport.
Another interesting finding in this study is that a considerable part of Hsp70 released from A431 cells is in the
ubiquitinated form. This fact agrees well with data indicating that the ubiquitination of Hsc70 did not trigger proteasome-dependent degradation [17], hence, the only way
for cell to remove the protein is to excrete it. A number of
groups [30,31] demonstrated that ubiquitination serves
not only as a signal for proteasome-dependent degradation, but also as a trigger for different transport events.

Conclusions
In conclusion, the data presented here show that Hsp70
can be released from viable A431 cells in the PLC-dependent manner, and that the exodus of Hsp70 results in elevated sensitivity of the cells to oxidative stress. These
observations also prove that orchestration between cell
mitogen signaling and stress signaling is necessary for the
cell survival in response to stress.

Methods
Materials
Culture medium and fetal calf serum were purchased in
Gibco Life Science (USA), reagents for electrophoresis,
ATP-agarose, protein G-Sepharose, PLC inhibitor
U73122, its non-active analog U73343 anti ubiquitin
antibody and secondary antibodies conjugated with
horseradish peroxidase or labeled with Cy3 were from
Sigma (St Louis, USA). Tyrphostin AG1478 was purchased
from Calbiochem (Lucerne, Switzerland).
Cells
A431 cells were grown in the Dulbecco's modified Eagle
medium supplemented with 10% fetal bovine serum on
10 cm plastic dishes. The cells were treated with 100 ng/
ml EGF, 1 uM U73122, 1 uM U73343 or 10 nM Tyrphostine AG1478 for indicated periods of time. To detect
Hsp70 in culture medium cells were washed with DMEM,
and fresh medium was added followed by the administration of a particular factor.
SDS-PAGE, immunoprecipitation, and immunoblot
analysis
For immunoprecipitation studies, cells were washed with
phosphate-buffered saline (PBS, pH 7.4), lysed on ice in
RIPA buffer (250 µl), and then spun at 13 K for 10 min.
To the supernatant 10 µl of anti-HSP antibody were
added, and the mixture was gently rotated at 4°C for 4 h.
Protein G-agarose (10 µl) was then added, and the incu-
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bation was continued for an additional 90 min. The protein G-agarose was collected by centrifugation and the
beads were washed three times with 50 mM Tris-HCl, pH
8.0, containing 150 mM NaCl, 1% (v/v) Nonidet P-40.
The protein G-agarose slurry was suspended in 2 × Laemmli SDS sample buffer and heated at 90°C for 5 min.
Immunoprecipitated proteins were analyzed on 12 %
polyacrylamide gel followed by the transfer onto the polyvinylidene difluoride membrane (0.4 µm) in 25 mM
Tris, 192 mM glycine, and 20% (v/v) methanol [32,33].
Membranes were incubated successively 30 min in 5%
(w/v) nonfat dry milk, 1 h in 10 mM Tris-HCl, pH 8.0,
125 mM NaCl, 0.2% (v/v), Tween 20 and in the same
solution containing antiHsp70 2H9 [1:1000, [34]], N69
anti-Hsc70 antibodies (1:1000), or anti-ubiquitin antibody (1:100). After washing in 0.05% Tween-PBS blots
were incubated 30 min in secondary antibodies with
peroxidase diluted 5000-fold in above solution. Protein
bands on blots were visualized using enhanced chemiluminescence as described by the manufacturer (Amersham,
UK). To equalize amounts of protein loaded on acrylamide gel protein concentration was measured with the use
of dye-binding method [35].
DAPI staining
DAPI staining was performed as described previously
[12]. Briefly, prior to staining, the cells were fixed with 4%
paraformaldehyde for 30 min at room temperature and
washed with PBS. DAPI was added to the fixed cells for 30
min, after what they were examined by fluorescence
microscopy. Apoptotic cells were identified by a typical
pattern with condensed and fragmented nuclei. The percentage of apoptotic cells was calculated as related to a
number of total cells multiplied by 100; minimum 1000
cells were counted for each treatment.
Immunofluorescence
Cells grown on uncoated glass coverslips were washed 3
times in PBS. The cells were then fixed with 3.7% formaldehyde for 15 min at room temperature, followed by a
brief wash in PBS. The cells were incubated in a blocking
solution containing 3% bovine serum albumin in PBS.
For permeabilization 0.1% Triton X-100 was added into
blocking and the solutions of antibodies. 2H9 anti-Hsp70
antibody was diluted 1:500 in PBS and cells were incubated in this solution 1 h at room temperature. After
washing in PBS cells were incubated with goat anti-rabbit
Cy3 conjugate, diluted 1:1000, for 30 min at room temperature. The cells were then washed in PBS, and staining
was and visualized with the aid of KodakE400 microscope
equipped with epifluorescence optics and digital camera.
Precipitation with ATP-agarose
The conditioned medium from A431 was collected and
TritonX100, MgCl2 and Tris HCl pH 7,6 were added to
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give concentrations of 0,1%, 1 mM, 20 mM respectively
(buffer A). The protein solution was passed through 100
µl ATP-agarose column, followed by washing with a
buffer A without Triton X-100. A column was eluted with
the buffer A, containing 3 mM ATP. Eluted proteins were
resolved by SDS-Page electrophoresis followed by blotting with 2H9 antibody.

Abbreviations
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