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Abstract. We have used human mammary cells of the MCF-7 strain, which constitu-
tively express high levels of the small heat shock protein HSP27 and we have
compared the changes in the phosphorylation status of this protein together with
changes in cell growth and/or morphology induced by the action of one of the
following agents: (1) TPA (12-O-tetradecanoylphorbol-13-acetate), known as a
differentiation inducer in MCF-7 cells; (2) OH-TAM (hydroxytamoxifen), which
exerts a cytostatic and cytotoxic action; or (3) TNFx (tumour necrosis factor), which
induces apoptotic cell death in this cell line. Our data show that TPA and TNF
stimulate an immediate and massive phosphorylation of HSP27, whereas OH-TAM
affect the phosphorylation status of the protein only after a 3 day delay. In the case
of TPA, high levels of HSP27 phosphorylation were maintained for at least 4 days,
along with growth inhibition and acquisition by the cells of a secretory phenotype.
TPA and OH-TAM exerted similar immediated effects on cell growth, despite the
different time course of their action on HSP27 phasphorylation. This excludes the
possibility that the latter is a necessary consequence of, or an absolute requisite to,
growth inhibition. With OH-TAM and TNF the increase in HSP27 phosphorylation
was concomitant with the appearance of apoptosis, not observed with TPA. This
indicates that increased phosphorylation of HSP27 is not specifically associated with
the triggering or the execution of apoptosis in these cells. Altogether, our data
support the concept that phosphorylated HSP27 is involved (and might then be rate
limiting in some instances) in the execution of vital cell programmes (including
resistance to stress, proliferation and differentiation), as well as in that of cell death.
This is consistent with its role in actin polymerization and its position downstream
of the p38/RK-type MAPkinase, itself a point of convergence for diverse signal
transduction pathways.
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Evidence has accumulated in recent years to support the view that, besides its role in cell
resistance to stress (Landry er al. 1989), the small heat shock protein of 27 kDa (and its
murine analogue HSP25) may exert regulatory functions in other cellular processes (Edwards
et al. 1981, Landry er al. 1989, Zantema et al. 1989, Fuqua et al. 1989, Huot et al. 1991, Bitar
et al. 1991, Mendelsohn ez al. 1991, Oesterreich et al. 1993, Faucher er al. 1993). This includes
the demonstration that rapid phosphorylation of the protein (hereafter designated HSP27) is
stimulated not only by chemical or physical stress, but also by agents as diverse as serum
(Welch 1985), mitogens (Saklatvala et al. 1991), TNF and other cytokines (Hepburn et al.
1988, Kaur et al. 1989, Schutze et al. 1989, Arrigo 1990, Saklatvala et al 1991), calcium
ionophores (Welch 1985), phorbol esters (Welch 1985, Regazzi et al. 1988, Faucher et al.
1993) and differentiation inducers (Mishishita et al. 1991, Shakoori et al. 1992, Spector et al.
1993, Spector et al. 1994). The enzyme responsible for HSP27 phosphorylation is the
MAPKAPkinase2 (mitogen-activated protein kinase-activated protein kinase2) (Stockoe et al.
1992), located downstream to the p38/RK-type of MAPkinase cascade involved in IL-1, stress
and heat shock signalling (Freshney et al. 1994, Rouse et al. 1994). De-phosphorylation of
HSP27 is accomplished in intact cells by protein phosphatase 2A (Cairns ef al. 1994), which
undergoes inactivating phosphorylation under the action of TNF or IL-1 (Guy et al. 1995).

Together, these data point to MAPKAP kinase 2 and its substrate HSP27 as pivotal
elements in cell regulation by their position at the convergence of a wide diversity of
signalling pathways.

The present work was aimed at investigating the effects on HSP27 phosphorylation of
agents which diversely affect the growth and/or differentiation of MCF-7 cells, of human
mammary carcinoma origin, which, independently of oestrogenic stimulation (Dunn er al.
1993), constitutively express high levels of this protein.

The agents used were (1) TPA, a differentiation inducer in MCF-7 cells (Valette et al.
1987, Guilbaud et al. 1990); (2) hydroxytamoxifen (OH-TAM), an anti-oestrogen acting on
MCEF-7 as a cytostatic and cytotoxic agent (Bardon er al. 1987, Kyprianou et al. 1991); and (3)
TNFe, which induces apoptosis in our cells (Horman & Mairesse, unpublished results).

The data suggest the concept that phosphorylation of HSP27 is involved in the execution
of cellular programmes as diverse as proliferation, differentiation and active cell death, by
acting on a key rate-limiting factor that is common to the three pathways, rather than by
specifying the cell’s orientation in one of them. This is consistent with the position of HSP27,
downstream of the p38/RK-type MAPkinase cascade of signal transduction and as a
modulator of actin polymerization, itself implicated in the three pathways.

MATERIALS AND METHODS

Cell culture and treatment

The breast cancer cell line MCF-7 was obtained from Dr Leclercq (Bordet Institute,
Brussels). Cells were maintained at 37°C in a 5% CO, humidified atmosphere, in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, glutamine
(3.2 nm), penicillin, streptomycin and amphotericin B (fungizone) (Gibco, Paisley, UK).
Before OH-TAM treatment, cells were maintained for a minimum of 5 days in the same
medium supplemented with dextran-coated charcoal (DCC)-treated serum, in order to
adsorb oestrogen present in the bovine serum. OH-TAM treatment was performed in the
same conditions. Cells were treated for different times with TPA (25 nm), TNF (30 ng/ml),
OH-TAM (1 um) or the solvent alone. For [“P]-labelling, cells were pre-incubated for 3 h in
DMEM-phosphate free medium made 107° m in phosphate and supplemented with
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7.4 MBg/ml H.YPO, (specific activity 55.56 TBg/mmol; Amersham, UK) then further
incubated for 30 min in presence of the different agents. For long-term incubation, cells were
grown as described above and [“P] labelling was performed during the last 3h of the
treatment. After incubation, cells were directly solubilized in situ either in sodium dodecyl
sulphate buffer for one-dimensional (1-D) SDS-PAGE (Laemmli 1970) or in O’Farrell lysis
buffer for 2-D-SDS PAGE (Towbin et al. 1979).

For radioactivity measurements, 5 ul samples were precipitated in 10% trichloroacetic acid,
the precipitates were then washed successively with 5% thrichloroacetic acid, alcohol and
acetone and counted in a liquid scintillation counter (TRI-CARB 2100 TR, Packard,
Belgium).

Protein electrophoresis

For 1-D SDS-PAGE, samples were clectrophoretically analysed on a 10% to 17%
SDS-polyacrylamide linear gradient slab gel, in Tris-buffered saline solution (Laemmli
1970).

For 2-D electrophoresis, the separation consisted in a first separation by isoelectrofocusing
on an ampholyte gel with a pH 5-7 gradient, followed by separation on an SDS-polyacryl-
amide gel in the second dimension, according to the O’Farrell method (O’Farrell 1975) (the
first gel was loaded with 10° cpm (counts per minute) in all cases). Gels were silver-stained,
dried and autoradiographed at —80°C on Hyperfilms MP (Amersham, UK) with an
intensifying screen. The position of HSP27 isoforms in silver-stained electrophoregrams and
their corresponding autoradiograms was determined by superimposition with the [P} pattern
obtained from a 2-D immunoblot.

Immunoblotting

After clectrophoresis, the proteins were clectrophoretically transferred to nitrocellulose
sheets as previously described (Towbin et al 1979). Briefly, the blots were subscquently
incubated for 2 h in 10% (wt/vol) of fat-frece dry milk in TBS (Tris 20 mm, NaCl 500 mm) and
for 4 h in the presence of a monoclonal anti human HSP27 antibody (Stress Gen, Victoria,
Canada), at a dilution of 1:500 in the same solution. After extensive washing, immune
complexes were incubated with a biotinylated anti-mouse Ig at a dilution of 1:500, serving as
a binding bridge to biotin—streptavidin peroxidase preformed complexes (Amersham Ltd,
UK) used at the same dilution. Peroxidase activity was revealed by the mixed chromogenic
substrate method (Young 1989).

Growth analysis

Cell growth was determined by measuring the DNA content per culture using the ethidium
bromide fluorostaining (Boer 1975). Briefly, 5 x 10" cells were plated per Petri dish (3-cm
diameter), in DMEM supplemented with total or DCC-treated fetal bovine serum as
described above. After 18-24 h the test agent or the corresponding solvent was added to the
medium. Cells were harvested at the chosen time by treatment with pronase (20 pg/ml in
distilled water) and DNA content was evaluated as described previously (Boer 1975) using a
Perkin-Elmer LS-3 spectrofluorometer. All assays were performed in triplicate and the data
were presented as average +SEM value.
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RESULTS

Effects on cell growth and morphology

Figures 1 and 2, respectively, show the time course effects of TPA (25 nm), OH-TAM (1 um)

or TNF (30 ng/ml) proliferation and associated morphology of MCF-7 cells, as compared to
the control.

TPA treatment (Figure 1a)

In cells incubated with TPA, the growth rate between day 1 and day 4 of treatment was about
three times lower than in the controls (doubling time: 70 and 25 h, respectively).
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Figure 1. Growth of MCF-7 cells treated with (a) 25 nm TPA; (b) 1 um OH-TAM or (c) 30 ng/ml TNF
(——0——). Control cultures (——e——) were seeded with the same cell number in all cases and
received the solvent only. (Note that the scale for the TNF treatment was adjusted vertically in (c), but
is the same as in all other cases.) For OH-TAM treatment and the corresponding control, stripped (i.e.
DCC adsorbed) serum was used (see ‘Methods’) which might explain the slower growth of control cells

in that case, compared to the other controls, grown in presence of total serum. (DNA assays performed
in triplicate; data are average +SEM value.)
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Figure 2. (a) Sections (1-um thick) of MCF-7 cells pellets embedded in Epon 812 resin after fixation in
2.5% cocadylate buftered glutaraldehyde and post fixation in 2% cocadylate buffered osmium tetroxide.
The picture shows apoptosis or apoptotic bodies (arrows) in MCF-7 cells exposed to TNF (30 ng/ml) for
24 h (magnification x 580). (b) Electron microscopical aspect of apoptotic cells seen in the same culture
(magnification x 6300).
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After 4 days of treatment, the cultures ceased to proliferate and cells started to die,
showing signs of necrotic death, not of apoptosis.

From day 2 of trcatment the cells started to exhibit changes in cellular morphology
corresponding to the acquisition of a mature secretory phenotype, i.e. hypertrophy and the
presence of lipid droplets and of intracellular vesicles enclosing granular material (already
shown by Mairesse et al. 1996). Similar but less pronounced effects developed more slowly
with 2.5 nm TPA (not shown).

OH-TAM treatment (Figure 1b)

During the first 4 days of treatment with 1 um OH-TAM a threefold decrease in growth rate
was also observed in treated cells, compared to their controls (doubling time: 120 and 38 h,
respectively). On day 5 the cells stopped growing and 5% of the cell population presented
classical cytological signs of programmed cell death, not observed at earlier times (not
illustrated). Thus, the cytostatic or cytotoxic effect of this compound on MCF-7 cells, noted
by other authors (Osborne ef al. 1983, Bardon et al. 1987) appears as a late response to the
anti-oestrogen and seems secondary to a prolonged growth inhibition.

TNF treatment (Figures lc & 2)

TNF treatment induced an immediate growth arrest followed, after 24 h, by a dramatic
exponential decrease in cell number. This treatment induced apoptotic cell death, as clearly
defined by classical morphological criteria (see Figures 2a & b). Three per cent of the cells
were apoptotic, as early as 8 h after treatment, and this incidence increased to 12-15% after
24 h (Figure 2). Induction of apoptosis in MCF-7 cells under TNF action was never reported
before.

Maintenance of a plateau in the growth curve during the first day of treatment with this
agent {Figure 1c) implies that cell production by divisions still exactly balanced cell loss by
apoptosis during that period. At later times, total arrest of cellular divisions and persistance
of a constant rate of cell death would then account for the observed exponential decrease in
cell number.

HSP27 phosphorylation

The total amount of HSP27 products, relatively to total proteins remained the same at all
times whatever the treatment, except for TPA treatment, where an increase was observed at
day 5 (Figure 3).
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Figure 3. One-dimensional Western blot analysis of HSP27 content in MCF-7 cells treated with TPA or
OH-TAM for 24 (lane 2) and 120 h (lane 3), or with TNF for 24 (lane 2) and 48 h (lane 3). Lane 1
shows the basal level of HSP27 in untreated cells. In each case, 5 ug of proteins were loaded on the
gel.
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Phosphorylation of the protein was evaluated from the labelling intensity of the spots
corresponding to HSP27 isoforms in the autoradiograms from 2-D electrophoregrams,
compared to the respective control. In parallel, net changes in the phosphorylation status of
the protein were also evaluated by changes in the relative contents of the different HSP27
isoforms as demonstrated by silver staining of the corresponding 2-D gels.

The results of this analysis are as follows.

TPA treatment (Figure 4)
Within 30 min of TPA treatment, enhanced HSP27 phosphorylation was clearly
demonstrated by a dramatic increase in [P] labelling intensity of the monophosphorylated
isoform ‘b’ (pl 5.9) and the detection of the label in the position that corresponds to the
hyperphosphorylated isoform ‘¢’ (pl 5.6), never seen in extracts from control cells. These
effects of TPA were maintained for up to day 35, the longest time investigated (Figure 4, left).
A further increase in [°P] labelling intensity of isoform ‘6” and appearance of form ‘c’, seen
at day 5 of treatment may be accounted for by the increase in the content in HSP27 observed
at that time with this treatment (Figure 3).

The corresponding silver-stained electrophoregrams (Figure 4, right) accordingly showed
that under basal conditions the majority of HSP27 was under the most basic, unphosphory-
lated isoform ‘a’ (pl 6.2) and that TPA treatment induced the early conversion of about 50%
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Figure 4. Two-dimensional silver-stained electrophoregrams (right) and corresponding autoradiograms
(left) of “P-labelled MCF-7 cells, untreated (c) or treated with 25 nm TPA for different times. Only
portions of the gels corresponding to the HSP27 isoforms are shown. ‘a’ is the non-phosphorylated
isoform; ‘b’ and ‘c’ are the mono- and biphosphorylated ones, respectively. n.d.=not determined.
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of this isoform to the phosphoisoform ‘b’; the quantity in ‘¢’ isoform remained insufficient to
be detected by this technique. These proportions remained roughly constant for up to day
5.

OH-TAM treatment (Figure 5)
With OH-TAM treatment (Figure 5, left) the level of HSP27 phosphorylation remained
unchanged during the first 3 days, but significantly increased at days 4-5, i.e. when growth
had ceased (Figure 1b) and signs of apoptotic death started to be detected. There was an
indication that the control in this case might have exhibited slightly higher levels of
phosphorylation of HSP27 than in the other conditions. This might relate to the use here of
stripped serum, which also resulted in slower cell growth.

However, in these experiments (Figures 4-5), long-term culture with the solvent did not
result in any significant change the relative proportions of the HSP27 isoforms.

TNF treatment (Figure 6)

After TNF treatment, an increase in HSP27 phosphorylation was detected within 30 min in
the autoradiograms, labelled spots ‘b’ and ‘c’ becoming readily detectable. Silver staining of
corresponding electrophoregrams showed that 50% of isoform ‘e’ had already converted to
isoforms ‘b’, ‘c” and even ‘d’ (Figure 6, right). After 6 and 24 h of treatment the phosphoryla-
tion level decreased, isoform ‘c’ again becoming undetectable and the balance in the relative
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Figure 5. Two-dimensional silver-stained electrophoregrams and autoradiograms as in Figure 4, but with
cells exposed to 1 um OH-TAM.
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levels of the different silver-stained isoforms shifting back to predominance of the non-phos-
phorylated form ‘a’ (Figure 6, right). As mentioned above, massive cell death occurred after
24 h of treatment, thus terminating the experiment.

DISCUSSION

Our results show that both TNF and TPA trigger the immediate and massive phosphoryla-
tion of HSP27 in MCF-7 cells, whereas OH-TAM affects the phosphorylation status of the
protein with a 3-day delay.

Our observation that TNF induced a rapid increase in HSP27 phosphorylation fits with
reports establishing that TNF, apparently via its effects to generate reactive oxygen
intermediates, activates MAPKAPkinase2 (Huot er al. 1995), the enzyme for which this
protein is a substrate (Stokoe et al. 1992).

Our data with TPA, agree with the previously reported early induction of HSP27
phosphorylation by this agent in different cell types (Welch 1985, Regazzi et al. 1988,
Issandou et al. 1988, Faucher et al. 1993), including MCF-7 cells. They further show that a
second increase in the cell content in phosphorylated HSP27 took place at day 5 of
treatment, corresponding at this time to an increased amount of the protein.

The mechanism of the TPA-induced HSP27 phosphorylation remains unclear. Phorbol
esters are indeed recognized as poor activators of p38/RK (Raingeaud et al. 1995) and of
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Figure 6. Two-dimensional silver-stained electrophoregrams and autoradiograms as in Figure 4, but with
cells exposed to TNF (30 ng/ml).
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MAPKAPkinase2 (Guesdon et al. 1993). A reasonable hypothesis would then be that another
kinase intervenes at the level of PPase2A, for which HSP27 is a substrate, and which is
inactivated by phosphorylation (Guy et al. 1995). On the other hand, despite that HSP27 is
a poor substrate for protein kinase C (PKC) (Zhou et al. 1993), its phosphorylation under
TPA stimulation in MCF7 cells was cancelled in the presence of a PKC inhibitor (Faucher
et al. 1993). If so, considering that phosphorylation of HSP27 was sustained at maximal [evel
during at least 5 days, PKC ¢ appears as a possible candidate for this role. Indeed, contrary
to PKC o, which is rapidly downregulated under prolonged activation by phorbol esters
(reviewed in Hug & Sarre 1993), this recently discovered member of the PKC family remains
persistently upregulated in those conditions (Assert ef al. 1996).

Concerning OH-TAM, the absence of negative effects of the anti-oestrogen on HSP27
content, as well as the lack of positive effects of oestrogen (Dunn ef al. 1993 and our own
unpublished work) do not fit with an earlier suggestion that HSP27 would be an oestrogen-
related protein (Edwards et al. 1981, Fuqua et al. 1989, Faucher et al. 1993). The discrepancy
between our observations and previous reports in this respect can be explained by the fact
that we are dealing with a variant cell line in which HSP27 is constitutively overexpressed
compared to other sub-lines. Indeed, in MCF-7/MG cells which also constitutively
overexpress the protein, HSP27 synthesis was not stimulated by oestradiol or heat shock
(Fuqua et al. 1994).

Being late, the effect of OH-TAM on HSP27 phosphorylation probably reflects the
intervention of (a) secondary auto/paracrine intracellular factor(s). A likely candidate would
then be TGFp. Indeed an effective inducer of HSP27 phosphorylation (Shibanuma et al
1992), TGFp was reported to be produced in an autocrine fashion as a consequence of
treatment by anti-oestrogen (Knabbe er al. 1987).

Alternatively, as discussed below, the late rise in HSP27 phosphorylation might be a
reflection of the simultaneously developing apoptosis.

In what way does HSP27 influence growth control? Available data in the literature
suggests that a high level of phosphorylated HSP27 is associated with growth inhibition
(Knauf et al. 1992) and cell differentiation (Michishita er al 1991, Shakoori et al. 1992,
Spector et al. 1993, Spector er al. 1994). This was interpreted as reflecting a causal role of
HSP27, related to its function in actin polymerization (Miron et al. 1991, Benndorf et al.
1994). However, according to a recent report, the changes in the expression/phosphorylation
of HSP27 depend on the cell type and the differentiating agent used and, at least in vitro, do
not necessarily accompany cell differentiation (Minowada & Welch 1995).

Our data with TPA and OH-TAM, in fact show that growth inhibition can be associated
with high as well as with low levels of HSP27 phosphorylation. This allows us to conclude not
only that increased HSP27 phosphorylation would not be necessarily required to achieve
growth inhibition (which was predictable), but also that it is not a simple side effect of the
latter.

Another aspect of our observation is that in these experiments, apoptosis developed with
two of the three compounds tested, namely OH-TAM and TNF. Whereas it was previously
reported that sensitive tumour cells can respond to TNF by necrotic lysis or by apoptosis,
depending on the cell line (Bortner ef al. 1995), and even that normal endothelial cells
undergo apoptosis under in vitro treatment with this cytokine (Robaye ef al. 1991), this is the
first demonstration of such an effect of TNF on MCF-7 cells.

Concerning OH-TAM treatment, it was previously shown that the anti-oestrogen induced
cell death in an oestrogen receptor dependent way in breast cancer cell lines (Valette et al.
1987). Our data support the suggestion made by the authors that this might involve
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apoptosis. Apoptosis with this treatment might have been provoked by the maintenance of a
situation of prolonged deprivation of hormonal stimulation and/or to the resulting decrease
in auto/paracrine production of growth factors. This would be similar to what occurs in the
endometrium of ovariectomized animals (Nawaz ef al. 1987), or in the case of tumours
developed from MCF-7 cells in oestrogen-implanted, ovariectomized nude mice, and which
regressed after removal of the implant, this being associated with apoptosis (Kyprianou et al.
1991).

In our experiments, apoptosis, whether as an early effect of TNF or a late effect of
OH-TAM, was associated with increased HSP27 phosphorylation, thus raising the question of
the relationship between the two cellular responses. Early phosphorylation of constitutively
expressed HSP27 in cells treated with TNF has been reported (Robaye et al. 1989). It was
also recently shown that stimulation of the RK (p38) transduction cascade, resulting in
HSP27 phosphorylation (Freshney et al. 1994, Rouse et al. 1994), precedes the apoptotic cell
death that is induced in rat PC-12 phenochromocytoma cells by withdrawal of nerve growth
factor (Xia er al. 1995). This was taken to suggest that activation of this kinase may contri-
bute to the induction of this type of cell death (Xia et al. 1995). If so, phosphorylation of the
heat shock protein would not be a sufficient factor, as in our experiments with TPA
treatment very high levels of phosphorylated HSP27 were observed very early on but were
associated with decreased proliferation rate and differentiation, not with cell death.

A possibility already considered in the above cited work (Xia er al. 1995), is that what
determines whether a cell will survive or undergo apoptosis is the dynamic balance between
growth factor activated pathways (ERK in the above example) and stress-activated
JNK-p38(RK) pathways.

On the other hand, increased HSP27 phosphorylation, rather than being related to
induction or execution of apoptosis, might correspond to a more or less successful attempt
from the cell to resist against agents which, like reactive oxygen intermediates, mediate this
induction. This could be extended to the oxidative stress associated to metabolic activation
(Buttke & Sandstrom 1994) and might thus apply also the situation in TPA stimulated cells
in our experiments.

However, the specific inhibitor of p38 kinase, and thus of HSP27 phosphorylation,
SB203580 (Cuenda er al 1995), did not affect TNF-induced cytotoxicity in L929 cells
(Beyaert et al. 1996, Mairesse et al. unpublished results). Conflicting results were also
obtained in this respect in experiments with phosphorylation deficient hsp27 gene (Arata et
al. 1995, Knauf et al. 1994, Huot et al. 1996). This might perhaps be attributable to the fact
that the different cell lines used in those experiments had very different basal expression of
HSP27 and exhibited also different basal sensitivities towards the stress conditions tested. In
WEHI-S tumour cells, the overexpression of the protein failed to alter susceptibility to TNF,
yet protected the cells against apoptotic death induced by different drugs (Jaitteld et al.
1992). The least that can be concluded is that the effect of HSP27 in TNF action may vary
with the cell type.

A third possibility can therefore be considered, which we favour as a working hypothesis,
as it would integrate all our above observations and the fact that HSP27 phosphorylation also
increases under the action of growth factors (Saklatvala et al. 1991). If we assume that the
common point to all the situations we examined resides in the fact that the cellular functions
in which HSP27 is involved play a crucial role in the execution of the different cellular
programmes that the cell may undergo, namely cell differentiation, proliferation and death by
apoptosis, then, under certain conditions (cell status, extracellular conditions, etc.), they may
be rate limiting to these processes.

©1997 Blackwell Scicnee Ltd, Cell Proliferation, 30, 21-35.
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In this view, modulation of HSP27 expression or phosphorylation would not specify which
of these programmes the cell would follow, but might or might not be permissive to their
execution and, as such, would be controlled as part of the specific signalling pathways that
regulate such decisions, ensuring fulfillment of the requirement. This concept fits with HSP27
position downstream to MAKPAPkinase2, itself a point of convergence of a variety of
signalling pathways. It also fits with its role in controlling actin polymerization, the latter
indeed playing a role in the three cellular programmes. Experiments using transfection of
antisense or a ‘phosphorylation deficient’ hsp27 gene are in progress to clarify this issue.

ACKNOWLEDGEMENTS

This work was supported by the Belgian Programme on Interuniversity Poles of Attraction
initiated by the Belgian State, Prime Minister’s Office, Federal Service for Science,
Technology and Culture, by the Belgian Foundation for Scientific Research and by the
Belgian Association against Cancer and by Foundation Lefevre. P.G. is Research Director at
the Belgian FNRS. The scientific responsibility is assumed by authors.

REFERENCES

Arata S, Hamacucht S, Nose K. (1995) Effects of the overexpression of the small heat shock protein,
HSP27, on the sensitivity of human fibroblast cells exposed to oxidative stress. Cell Physiol. 163,
458.

ARrriGo AP. (1990) Tumor necrosis factor induces the rapid phosphorylation of the mammalian heat
shock protein. Mol. Cell. Biol. 10, 1276.

Assert R, ScHarz H, PreiFrer A. (1996) Upregulation of PKC 4- and downregulation of PKC
o-mRNA and protein by a phorbol ester in human T84 cells. FEBS Letters 388, 195.

Barpon S, Vignon F, MonTcourrieEr P, RocHerorT H. (1987) Steroid receptor mediated toxicity of
an antioestrogen and an antiprogestin in breast cancer cells. Cancer Res. 47, 1441.

BennporF R, HaveB K, Ryazeantsev S, Nieske M, Benike J, LutscH G. (1994) Phosphorylation and
supramolecular organization of murine small heat shock protein HSP25 abolish its actin polymeri-
zation-inhibiting activity. J. Biol. Chem. 269, 20780.

BevAerT R, CuenDA A, VANDEN BERGHE W et al. (1996) The P38/RK mitogen-activated protein kinase
pathway regulates interleukin-6 synthesis in response to tumour necrosis factor. EMBO J. 15,
1914.

Bitar KN, Kaminski MS, Hawatr N, Cease KB, Srranier JR. (1991) HSP27 is a mediator of
sustained smooth muscle contraction in response to bone lesion. Biochem. Biophys. Res. Commun.
181, 1192.

Boer GI. (1975) A simplified microassay of DNA and RNA using ethidium bromide. Analyt. Biochem.
65, 225.

BorTNerR CD, Orbensurc NBE, CipLowski JA. (1995) The role of DNA fragmentation in apoptosis.
Trends Cell. Biol. §, 21.

Buttke TM, Sanpstrom PA. (1994) Oxidative stress as a mediator of apoptosis. Immunol. Today 15,
9.

Camrns I, Qin S, PuiLe R, Tan YH, Guy GR. (1994) Dephosphorylation of the small heat shock
protein HSP27 in vivo by protein phosphatase 2A. J. Biol. Chem. 269, 9176.

Cuenpa A, Rouse J, Doza YN et al. (1995) SB2035580 is a specific inhibitor of a MAPkinase
homologue which is stimulated by cellular stresses and interleukin-1. FEBS Letters 364, 229.
Dunn DK, WheLaNn RDH, Hur B, King RJIB. (1993) Relationship of HSP27 and oestrogen receptor

in hormone sensitive and insensitive cell lines. J. Steroid Biochem. Mol. Biol. 46, 469.

Epwarps DP, Apams DJ, McGuire WL. (1981) Specific protein synthesis regulated by estrogen in
human breast cancer. J. Steroid Biochem. 15, 247.

FaucHer C, CappevieLLe J, CanaL 1 er al. (1993) The 28-kDa protein whose phosphorylation is
induced by protein kinase C activators in MCF-7 cells belongs to the family of low molecular mass
heat shock proteins and is the estrogen-regulated 24-kDa protein. J. Biol. Chem. 268, 15168.

©1997 Blackweli Science Ltd, Cell Proliferation, 30, 21-35.



HSP27 phosphorylation status change 33

FresuNey NW, Rawrinson L, Guespon F et al. (1994) Interleukin-1 activates a novel protein kinase
cascade that results in the phosporylation of HSP27. Cell 78, 1039.

Fuoua SA, Benepix MG, Kriec S, WenG CN, Cramness BC, OesterreicH S. (1994) Constitutive
overexpression of the 27000 Dalton heat shock protein in late passage human breast cancer cells.
Breast Cancer Res. Treat. 32, 177.

Fuoua SA, BLum-SaLinGars M, McGuire WL. (1989) Induction of the estrogen-regulated 24 K’
protein by heat shock. Cancer Res. 49, 4128.

GuespoN F, FresuNey YN, WaLLer RJ, Rawrinson L, Sakeatvara J. (1993) Interleukin-1 and tumor
necrosis factor stimulate two novel protein kinases that phosphorylate the heat shock protein hsp27
and B-casein. J. Biol. Chem. 268, 4236.

Guisanp NF, Gas N, Dupont MA, VALETTE A. (1990) Effects of differentiation-inducing agents on
maturation of human MCF-7 breast cancer cells. J. Cell. Physiol. 145, 162.

Guy GR, Puie R, Tan YH. (1995) Activation of protein kinases and the inactivation of protein
phosphatase 2A in tumour necrosis factor and IL-1 signal-transduction pathways. Eur. J. Biochem.
229, 503.

HerBurN A, DE MoLLE D, Boeynaems IM, Fiers W, Dumont JE. (1988) Rapid phosphorylation of a
27kD protein induced by tumor necrosis factor. FEBS Letters 227, 175.

Huc H, Sarre TF. (1993) Protein kinase C isoenzymes divergence in signal transduction? Biochem. J.
291, 329.

Huor J, Houtk F, Seitz DR, Lanpry 1. (1996) HSP27 phosphorylation-mediated resistance against
actin fragmentation and cell death induced by oxidative stress. Cancer Res. 56, 273.

Huot J, LamBerT H, Lavole JN, Guimonp A, HouLe F, Lanpry J. (1995) Characterization of
45 kDa/54 kDa HSP27 kinase, a stress-sensitive kinase which may activate the phosphorylation-
dependent protective function of mammalian 27-kDa heat shock protein HSP27. Eur. J. Biochem.
227, 416.

Huor J, Roy G, LamBert H, CHRETIEN P, Lanpry J. (1991) Increased survival after treatments with
anticancer agents of Chinese hamster ovary cells expressing the human Mr 27.000 heat shock
protein. Cancer Res. 51, 5245.

Issanbou M, Bavarp F, Darson JM. (1988) Inhibition of MCF-7 growth by 12-O-tetradecanoyl-
phorbol-13-acetate and 1.2-dioctanoyl-sn-glycerol: distinct effects on protein kinase C activity.
Cancer Res. 48, 6943.

JaarreLA D, Wising P, Bauer A, L1 G. (1992) Major heat shock protein HSP27 protects tumor cells
from tumor necrosis factor cytotoxicity. EMBO J. 11, 3507.

Kaur P, WELcH WI, Sakrartvara J. (1989) Interleukin-1 and tumor necrosis factor increase
phosphorylation of the small heat shock protein. Effects in fibroblasts, Hep G 2 and U937 cells.
FEBS Letters. 258, 268.

Knagee C, LirpMaN ME, WakerieLp LMW e al. (1987) Evidence that transforming growth factor-§ is
a hormonally regulated negative growth factor in human breast cancer cells. Cell 48, 417.

Knaur U, Jakos U, ENGEL K, BUCHNER J, GAESTEL M. (1994) Stress and mitogen-induced phosphoryl-
ation of the small heat shock protein HSP25 by MAPKAP kinase 2 is not essential for chaperone
properties and cellular thermoresistance. EMBO J. 13, 54.

Knaur U, BieLka H, GaesteL M. (1992) Overexpression of the small heat shock protein HSP27,
inhibits growth of Ehrlich ascites tumor cells. FEBS Lett. 309, 297.

Kvyprianou N, Encrisn HF, Davipson NE, Isaacs JT. (1991) Programmed cell death during regression
of the MCF-7 human breast cancer following estrogen ablation. Cancer Res. 51, 162.

Laemmur UK. (1970) Cleavage of structural proteins during the assembly of the head of bacteriophage
T4. Nature 227, 680.

Lanpry J, CHRETIEN P, LameerT H, Hickey E, WeBer LA. (1989) Heat shock resistance conferred by
expression of the human HSP27 gene in rodent cells. J. Cell Biol. 109, 7.

Mairesse N, HormaN S, MosseLmMaNns R, GaLanp P. (1996) Antisense inhibition of the 27 kDa heat
shock protein production affects growth rate and cytoskeletal organization in MCF-7 cells. Cell
Biol. Ind. 20, 205.

MenpeLsonn ME, Znu Y, O'NeiL S. (1991) The 29-kDa proteins phosphorylated in thrombin-
activated human platelets are forms of the estrogen receptor-related 27-kDa heat shock protein.
Proc. Natl. Acad. Sci. USA 88, 11212.

Michisnita M, Saton M, YamacucHr M, Hiravostr K, Okuma M, Nacara K. (1991) Phosphoryla-

©1997 Blackwell Science Ltd, Cell Proliferation, 30, 21-35.



34 S. Horman et al.

tion of stress protein HSP27 is an early event in murine myelomonocytic leukemic cell differentia-
tion induced by leukemia inhibitory factor D-factor. Biochem. Biophys. Res. Commun. 176, 979.

Mivowapa G, WELcH W. (1995) Variation in the expression and/or phosphorylation of the human low
molecular weight stress protein during in vitro cell differentiation. J. Biol. Chem. 270, 7047.

MiroN T, VancampPERNOLLE K, VanpeErkerckHOVE J, Wicaek M, Geicer B. (1991) A 25kD
inhibitor of actin polymerization is a low molecular small heat shock protein. J. Cell. Biol. 114,
255.

Nawaz S, LyncH MP, Garanp P, GerscHENsoN LE. (1987) Hormonal regulation of cell death in rabbit
uterine epithelium. Am. J. Pathol. 127, 51.

O’FarreLL PH. (1975) pH high resolution two-dimensional electrophoresis of proteins. J. Biol. Chem.
250, 4007.

OsesterreicH S, WenG CN, Qiu M, HitsenBeck SG, Ossorne CK, Fuoua SA. (1993) The small heat
shock protein HSP27 is correlated with growth and drug resistance in human breast cancer cell
lines. Cancer Res. 59, 4443.

Ossorne CK, Bonot DH, CLark GM, TrenT JM. (1983) Effects of tamoxifen on human breast cancer
cell cycle kinetics: accumulation of cells in early G1 phase. Cancer Res. 43, 3583.

RainGgeaup J, Gupta S, RoGers IS ef al. (1995) Proinflammatory cytokines and environmental stress
cause p38 mitogen activation by dual phosphorylation on tyrosine and threonine. J. Biol. Chem.
270, 7420.

Recazzi R, EppenBERGER U, FaBBro D. (1988) The 27000 daltons stress proteins are phosphorylated
by protein kinase C during the tumor promoter-mediated growth inhibition of human mammary
carcinoma cells. Biochem. Biophys. Res. Commun. 152, 62.

Rosave B, Hersurn A, Lecoo R, Fiers W, BoevyNaems JM, Dumont JE. (1989) Tumor necrosis
factor-o induces the phosphorylation of 28 kDa stress proteins in endothelial cells: possible role in
protection against cytotoxicity? Biochem. Biophys. Res. Comm. 163, 301.

RoBave B, Mosseimans R, Fiers W, Dumont JE, GaLanp P. (1991) Tumour necrosis factor induces
apoptosis in normal endothelial cells in vitro. Am. J. Pathol. 138, 447.

Rousk J, Couen P, TriGNON S ef al. (1994) A novel kinase cascade triggered by stress and heat shock
that stimulates MAPKAP kinase 2 and phosphorylation of the small heat shock proteins. Cell 78,
1027.

Sakratvara J, Kaur P, Guespon F. (1991) Phosphorylation of the small heat shock protein is
regulated by interleukin-1, tumor necrosis factor, growth factors, bradykinin and ATP. Biochem. J.
2717, 635.

Scuutze G, ScHeEURICH P, PrizenMaler K, Kronke M. (1989) Tumor necrosis factor signal transduc-
tion. Tissue specific serine phosphorylation of a 27 kDa cytosolic protein. J. Biol. Chem. 264,
3562.

Suakoor1 AR, OBERDORF AM, OweN TA et al. (1992) Expression of heat shock genes during differen-
tiation of mammalian osteoblasts and promyelocytic leukemia cells. J. Cell. Biochem. 48, 277.
SuiBanuma M, Kurokn T, Nose K. (1992) Cell-cycle dependent phosphorylation of HSP28 by TGFf1
and H,0, in normal mouse osteoblastic cells (MC 3T3-El), but not in their RAS transformants.

Biochem. Biophys. Res. Commun. 187, 1418.

Spector NL, MEHLEN P, Ryan C ef al. (1994) Regulation of the 28 kDa heat shock protein by retinoic
acid during differentiation of human leukemic HL-60 cells. FEBS Letters 337, 184.

Serector NL, Ryan C, Samson W, Levine M, NabLer L, Arrico AP. (1993) Heat shock protein is a
unique marker of growth arrest during macrophage differentiation of HL-60 cells. J. Cell. Physiol.
156, 619.

Stockoe D, EnceL K, CampBeLL DG, Conen P, Gaester DM. (1992) Identification of MAPKAP
kinase 2 as a major enzyme responsible for the phosphorylation of the small mammalian heat shock
proteins. FEBS Letters 313, 307.

TowsiN H, StaeHeLIN T, Goroon J. (1979) Electrophoretic transfer of proteins from polyacrylamide
gels to nitrocellulose sheets: procedure and some applications. Proc. Natl. Acad. Sci. USA 76,
4350.

VALETTE A, Gas N, Josan S, Rousinet F, Duront MA, Bavarp F. (1987) Influence of 12-O-tetrade-
canoylphorbol-13-acetate on proliferation and maturation of human breast carcinoma cells
(MCF-7): relationship to cell cycle events. Cancer Res. 47, 1615.

WeLcH WIJ. (1985) Phorbol ester, calcium ionophore or serum added quiescent rat embryo fibroblast

©1997 Blackwell Science Ltd, Cell Proliferation, 30, 21-35.



HSP27 phosphorylation status change 35

cells, all result in the elevated phosporylation of two 28000 dalton mammalian stress proteins. J.
Biol. Chem. 260, 3058.

Xia Z, Dickens M, RainGeaup J, Davis RJ, GReenBerGg ME. (1995) Opposite effects of ERK and
JNK-P38 MAP kinases on apoptosis. Science 270, 1326.

Youncg PR. (1989) Enhancement of immunoblot staining using a mixed chromogenic substrate.
Immunol. Methods 121, 295.

Zantima A, DE JonG E, LaArDENOUE R, EB AJ, VaN DER EB Al. (1989) The expression of heat shock
protein HSP27 and a complexed 22-kilodalton protein is inversely correlated with oncogenicity of
adenovirus-transformed cells. J. Virology 63, 3368.

Zuou M, Lamsert H, Lanpry J. (1993) Transient activation of a distinct serin protein kinase is
responsible for 27 kDa heat shock protein phosphorylation in mitogen-stimulated and heat
shocked-cells. J. Biol. Chem. 268, 35.

©1997 Blackwell Science Ltd, Cell Proliferation, 30, 21-35.





