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Abstract

TNFa uniquely combines proinflammatory features with a
proapoptotic potential. Activation of HSF1 followed by
induction of hsp70 is part of a stress response, which
protects cells from apoptosis. Herein, the effects of TNFx on
the hsp70 stress response were investigated. TNFa caused
transient downregulation of HSF1 activation and hsp70
synthesis, leading to increased sensitivity to heat-induced
apoptosis. Blockade of TNF-R1, but not TNF-R2, as well as
inhibition of protein phosphatases PP1/PP2a and PP2b
completely blocked this effect. In contrast, blockade of
MAPK/SAPK-, NF-xB (NF-kappaB)-, and PKC- pathways as
well as the caspase cascade did not prevent downregulation
of HSF1/hsp70. These data demonstrate that TNF« transiently
inhibits the hsp70 stress response via TNF-R1 and activation
of protein phosphatases. The price of inhibition of an
essential cellular stress response is increased sensitivity to
apoptotic cell death.

Cell Death and Differentiation (2003) 10, 1126—1136. doi:10.1038/
sj.cdd.4401276

Keywords: tumor necrosis factor; heat shock proteins; apopto-
sis; protein phosphatases

Abbreviations: EMSA, electrophoretic-mobility shift assay;
ERK, extracellular signal-related kinase; HSF, heat shock factor;
hsp, heat shock protein; JNK, C-jun N-terminal kinase; MAPK/
SAPK, mitogen-/stress-activated protein kinases; NF-xB (NF-
kappaB), nuclear factor kappaB; PKC, protein kinase C; PP,
protein phosphatase; TNF, tumor necrosis factor; TNF-R, tumor
necrosis factor receptor; TUNEL, terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling

Introduction

Tumor necrosis factor alpha (TNFa) elicits a broad spectrum
of cellular and organismal responses including cell prolifera-
tion and differentiation, inflammation and apoptosis. ' Binding
of TNF« to its two receptors, TNF-R1 and TNF-R2, results in a
complex and not yet fully elucidated cascade of signaling
steps finally leading to the activation of at least three distinct
effector pathways.?® Two of them recruit transcription factors,
the AP-1 complex and NF-kappaB (NF-«xB), that upon their
activation induce genes mediating proliferative and inflam-
matory responses of TNF«.*® The third, the caspase
cascade, constitutes major effector molecules critically
involved in apoptosis, thus mediating the opposite cellular
response.® Thereby, TNFo has a unique role in regulating a
cells’ choice between antiapoptotic signals, inducing cell
proliferation and/or inflammation, and proapoptotic signals,
inducing cell death.

Stress or heat shock proteins (hsp) constitute a phylogen-
etically old cellular system providing increased resistance to a
variety of cellular stress factors, such as elevated tempera-
tures, heavy metal ions, oxidants and amino-acid analog.7'8
Hsp70, one of the most widely and best studied forms of hsp in
mammalian cells, is characterized by its highly inducible
expression in response to stress and by its function as a
chaperone, facilitating the folding, unfolding and refolding of
proteins under both normal and stressful conditions.®°
Induced expression of hsp70 has been shown to promote
cytoprotection.'''? Stress-induced synthesis of hsp70 is
regulated at the transcriptional level via the activation of heat
shock transcription factors (HSF).”

The cytoprotective effect of hsp70 is partly based on its
ability to impede apoptosis and experimental evidence
suggests the cellular level of hsp70 as a critical parameter
for cell survival and susceptibility to apoptosis.'’'27' The
efficacy of proapoptotic agents at least partly depends on the
activation state of the HSF1/hsp70 system in the target cell.
Indeed, some proapoptotic molecules have the ability to shut
down a potentially conflicting HSF1/hsp70 stress response to
facilitate the induction of apoptosis. For instance, induction of
apoptosis by FasL leads to inhibition of HSF1 activation and
hsp70 synthesis.!”

It is unclear, whether TNF has the ability to impede
antiapoptotic mechanisms, such as the HSF1/hsp70 stress
response, and how such potential effects may influence
susceptibility to apoptosis. The data obtained in this study
show that TNF« transiently downregulates the hsp70 stress
response. This effect is accomplished by TNF-R1- and protein
phosphatase-mediated inhibition of HSF1 phosphorylation
and leads to increased sensitivity to apoptosis.



Results

TNFa« induces a transient decrease of HSF1—-DNA
binding

To address whether TNFo can interfere with heat-induced
activation of HSF1, we performed EMSA analysis of HSF1-
binding to DNA after sequential treatment of cells with TNFa
and heat stress. Cells were first treated with TNFo and then
exposed to heat stress after various periods of time. Untreated
control cells and cells treated with TNF« alone did not show
relevant activation of HSF1 (Figure 1). In contrast, heat stress
lead to a dramatic (up to 24-fold) activation of HSF1.
Supershift analysis using Mab to either HSF1 or HSF2
confirmed the oligonucleotide—protein complexes to contain
HSF1, and not HSF2. Simultaneous treatment with heat and
TNFo did not alter the responsiveness of cells to heat stress.
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Figure 1 TNFo induces a transient decrease of heat-induced binding of HSF1

to DNA. (a) EMSA of HSF1 binding to DNA. Cells were first treated with TNFo
followed by heat stress (HS) after various periods of time (0-4 h). Supershift
analysis with anti-HSF1 or anti-HSF2 Ab revealed the presence of HSF1 in
protein/DNA complexes. HSF1: HSF1/DNA complexes, NS: nonspecific band,
FP: free probe; (b) immunoblotting of histone H1 used as protein loading control;
(c) quantitative data analysis by Phospholmager (relative Phospholmager units)
showing mean +s.e. values of three individual experiments. Asterisks indicate
significant difference to heat-stressed cells (P<0.01)

TNFo inhibits the HSF1/hsp70 stress response
G Schett et a/

However, when heat stress was applied only 30 min after TNF,
a significant (P<0.01), up to 70%, inhibition of heat-induced
HSF1 -binding to DNA was evident, suggesting an inhibitory
role of TNFo. on HSF1 activation. Interestingly, this inhibition
was of transient nature and not observed when cells were heat
stressed more than 1 h after TNFa treatment. Thus, binding of
HSF1 in cells subjected to heat stress more than 1 h after TNF
treatment did not differ from that induced by heat stress alone
(Figure 1).

TNF« decreases phosphorylation and nuclear
translocation of HSF1 and inhibits hsp70
synthesis

To address whether decreased DNA binding of HSF1 is due to
inhibition of hyperphosphorylation and nuclear translocation
of HSF1, immunoblot analyses of total and nuclear HSF1
levels were performed. In addition, immunoprecipitates of
HSF1 were analyzed for serine phosphorylation. Further-
more, expression of the effector molecule (hsp70) was
investigated. Untreated and TNFa-treated cells did not reveal
relevant activation of the HSF/hsp70 axis, thus showing only
weak hyperphosphorylation (Figure 2a, lanes 1 and 2), serine
phosphorylation (Figure 2b, lanes 1 and 2) and nuclear
translocation of HSF1 (Figure 2c, lanes 1 and 2). Also, binding
of HSF1 to DNA (Figure 2d, lanes 1 and 2) and the cellular
expression of hsp70 were low (Figure 2e, lanes 1 and 2). In
contrast, heat stress led to hyperphosphorylation, serine
phosphorylation and increased nuclear expression (due to
translocation) of HSF1 (Figure 2a—c, lane 3). However,
pretreatment with TNF«, 30min before application of heat
stress, significantly (P<0.01) inhibited hyperphosphorylation,
serine phosphorylation and nuclear translocation of HSF1
(Figure 2a—c, lane 4) and thus blocked upregulation of hsp70
(Figure 2e, lane 4). To investigate whether TNFa-mediated
inhibition of HSF1 activation may be influenced by previous
heat exposure, cells were heat stressed 12h before the
sequential stimulation with TNFo and exposure to heat stress.
These cells also displayed blunted HSF1 activation upon heat
treatment (Figure 2a—d, lane 5), although hsp70 was still
upregulated due to the previous exposure to heat (Figure 2e,
lane 5).

TNFa« sensitizes cells for heat-induced apoptosis

To evaluate whether transient downregulation of the HSF1/
hsp70 stress response leads to increased susceptibility to
apoptosis, the effect of TNFa treatment on heat-induced
apoptosis was investigated. Apoptosis rates were analyzed
5h after the end of heat stress by annexin V and TUNEL
staining. Basal apoptosis rates were low and amounted to 2—
4% of total cells (Figure 3a, b). Treatment with TNF« alone did
not entail a significant increase of apoptosis rates and single
treatment with heat stress only weakly increased apoptosis
rates above basal levels. However, heat stress applied after
TNFo treatment, strongly increased susceptibility to heat-
induced apoptosis when applied between 30 min and 1 h after
TNFo treatment, corresponding to the time window of TNFa-
mediated inhibition of HSF1 (see Figure 1). Thus, apoptosis
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Figure 2 TNFo inhibits phosphorylation, nuclear translocation and DNA
binding of HSF1 and blocks hsp70 synthesis. Cells were treated with TNFo and/
or heat stress (HS). For sequential treatment, TNFo was applied 30 min before
heat stress. Previous heat stress (Pre-HS) indicates exposure to heat stress 12 h
before TNFo treatment. (a) Western blot of HSF1 showing hyperphosphorylation
of HSF1 (pHSF) as indicated by a band shift to higher molecular isoforms of
HSF1 (lane 3). (b) Western blot of precipitates of HSF1 probed with anti-
phosphoserine antibody indicating inducible serine phosphorylation. (c) Western
blot analysis of HSF1 in nuclear extracts indicating nuclear translocation (nHSF).
(d) EMSA indicating HSF1 binding to DNA; (e) Western blot of hsp70. (f)
Immunoblotting of histone H1 used as protein loading control. The right columns
show quantitative data analysis by Phospholmager (relative Phospholmager
units). Values represent mean +s.e. of three individual experiments; asterisks
indicate significant differences to untreated control cells (P<0.01)

rates significantly (P<0.05) increased to 25% (annexin V) and
18% (TUNEL), respectively. In contrast, heat stress applied
before TNFo, at the same time with TNFa, or up to15 min after
TNFe, did not change apoptosis rates. Also, when cells were
heat stressed later than 1 h after TNFa no significant increase
in apoptosis rates was observed.

TNF« increases susceptibility to heat-induced
apoptosis in a time- and concentration-dependent
manner

To investigate the role of TNFa on heat-induced apoptosis and
hsp70 expression in more detail, a time- and concentration-
dependent analysis was carried out. Heat stress induced a
rapid upregulation of hsp70 levels with up to 90% hsp70-
positive cells after 10h (Figure 4a). Relevant (>10%)
apoptosis or cell death did not occur. However, when TNFa
treatment preceded heat stress (Figure 4b), the hsp70
response was strongly inhibited and after 10h less than

Cell Death and Differentiation

30
Annexin V

20

[
[— R
—]—

% positive cells

—

111
L

—]—
» =

+ TNF

>
=1
U e |

+1h
+2h
+3

+4h

30

TUNEL

20

]
]«
—]—ix

% positive cells

10 4 .|_

Fl-
Fl-
=]
'—

=
=
1=
=]
=]
4]

TNF

0
+
0
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

0
0
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
&

cee s S EEEEESCEEESEESEESS =
°~ EEEEE EEEEE:':T:

n o wn o W n o wn S wm

Qf')v—li-—t — -0 <t

v R

Figure 3 Transient inhibition of HSF1/hsp70 is associated with an increased
susceptibility to heat-induced apoptosis. Cells were sequentially treated with
TNFo and HS. HS was applied from 6 h before to 4 h after TNFo: stimulation. (a)
Percentage of annexin V-positive cells; (b) percentage of TUNEL-positive cells
by FACS analysis. Note the increased apoptosis rate during the time interval of
decreased HSF1/hsp70 activation. Data are mean+s.e. of three individual
experiments. Y-axis: percent of positive cells. Asterisks indicate significant
differences to heat-stressed cells (P<0.01)

25% of cells expressed hsp70. Apoptosis rates on the other
hand rapidly and significantly (P<0.01) increased up to 25%
5hand up to 70% 10 h after heat stress, reflecting inhibition of
the HSF1/hsp70 stress response. The number of propidium
iodide (PI)-positive cells remained low and was similar to that
found with isolated heat stress, indicating that cell necrosis
was not a confounding variable in these experiments. To
address the influence of pre-existing hsp70 upregulation, the
same analysis was performed with cells that had been
subjected to heat stress 12h before TNFo treatment. As
expected, expression of hsp70 was abundant and remained
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Figure 4 Inhibition of HSF1/hsp70 and increased apoptosis mediated by TNFa

is time- and dose-dependent. Cells were treated with (a) HS, (b) TNFo 30 min
before HS or (c) TNFx 30min before HS under conditions of hsp70
overexpression (pre-HS 12h before TNFo addition). Cells were assessed for
annexin V (@), TUNEL (@), Pl (A)- and hsp70 (M) by FACS. Analysis was
performed after 0, 5 and 10 h. (d) Cells were treated with 0, 0.5, 5 and 50 ng/ml
TNFo, respectively 30 min before HS. Cells were analyzed by annexin V staining
(@), TUNEL assay (@), Pl (A) and hsp70 (M ). Data are mean +s.e. of three
individual experiments. Y-axis: percent of positive cells

unchanged throughout the experiment (Figure 4c). Apoptosis
rates, however, were significantly lower (25 versus 70%,
P<0.01) and did not increase throughout the experiment,
suggesting that hsp70 protected cells from this permissive
proapoptotic effect of TNFa. The observation of slightly
elevated basal levels of apoptotic and dead cells in this
setting can be explained by assuming that previous heat
stress (applied 12 h before TNF«) had led to a limited degree
of apoptosis and cell death. Dose-response analyses
revealed low concentrations (0.5 ng/ml) of TNFo as sufficient
to significantly repress the HSF1/hsp70 axis and allow heat-
induced apoptosis (Figure 4d). This effect reached a plateau
at a dose of 5ng/ml TNFo.

Extracellular hsp70 negatively regulates HSF1 by
inducing TNF production

Based on the observation that hsp70 negatively regulates
HSF1'® and that extracellular hsp70 can induce TNF,'® we
hypothesized that extracellular hsp70 acts on HSF1 via TNF.
To prove this hypothesis, we incubated cells with hsp70 and
screened supernatants for TNF production (Figure 5). Hsp70,
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Figure 5 Hsp70 regulates the heat shock response by inducing TNF. Cells
were treated with human 0.5 uM hsp27 (left), as a control, or 0.5 uM hsp70
(right). TNF production (a,b) was measured by ELISA after 3 days of culture.
Supernatants (SN) were then incubated with fresh cells and cells were heat
stressed after 30 min. Incubations were performed with medium alone, as well as
with blocking antibodies against TNF (anti-TNF), TNF-R1 and TNF-R2. Cells
were then analyzed for HSF1/DNA binding (c,d) and hsp70 expression (e,f).
Immunoblotting of histone H1 was used as protein loading control (gh).
Apoptosis rates (number of apoptotic cells) were measured by FACS using
TUNEL technique (i,j). Note that TNF-containing supematants inhibit the HSF1/
hsp70 stress response followed by increased apoptosis rates. Data are
mean +s.e. of three individual experiments. Y-axis: percent of positive cells.
Asterisks indicate significant differences to heat-stressed cells (P<0.01)

but not control protein (hsp27), induced significant production
of TNF, as detected by measuring TNF levels in culture
supernatants (Figure 5a,b). TNF-containing, but not control
supernatants, significantly blocked HSF1 activation and
hsp70 synthesis when incubated with fresh cells, which
received heat shock 30 min after addition of the supernatant
(Figure 5c¢,d). Inhibition of HSF1/hsp70 was associated with
significantly increased apoptosis rates (Figure 5i,j). Addition of
anti-TNF antibody or blocking antibodies against TNF-R1, but
not TNF-R2, reversed these effects, suggesting it to be
mediated by TNF-TNFR1 interaction. In contrast, super-
natants of cells stimulated with the control protein hsp27,
containing only low levels of TNF, did not show any effects on
HSF1/hsp70 and/or apoptosis (Figure 5c,e,i).

Decreased HSF1 activation and hsp70 expression
after TNFa treatment is TNF-R1- and protein
phosphatase-dependent

To elucidate the signaling pathway involved in TNFa-
mediated downregulation of HSF1, several key steps of TNF
signaling were blocked by addition of specific inhibitors. These
included blocking antibodies against TNF-R1 and -R2 as well
as blockers of the MAPK/SAPK pathway, the caspase
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cascade, NF-xB (NF-kappaB), PKCs and protein phospha-
tases. Each inhibitor was added 1h before stimulating the
cells with TNFa and thus 1.5h before application of heat
stress. At the end of heat exposure, binding of HSF1 to DNA
was analyzed by EMSA. As shown before, binding of HSF1 to
DNA was significantly (up to 80%) inhibited in cells undergoing
sequential stimulation with TNF« and heat stress (Figure 6a,b)
as compared to cells exposed to heat stress alone. When
blocking Ab to TNF-R1 was added, cells were able to maintain
anormal responsiveness of HSF1 DNA binding in response to
heat. These data indicate that TNFa mediates its suppressive
effect on the HSF1/hsp70 axis via TNF-R1 signaling. In
contrast, blockade of TNF-R2 was not effective. More down-
stream, none of the major kinase-signaling pathways of TNFa«
appeared to be involved in the inhibition of HSF1: selective
interference with MAPK/SAPK-, NF-xB- and PKC-signaling
pathways was unable to maintain a normal responsiveness of
HSF1 to heat stress. Moreover, inhibition of ERK and NF-xB
signaling even led to an additional suppression of HSF1
responsiveness, by downregulating HSF1-DNA binding to the
level of untreated control cells. In contrast, inhibition of protein
phosphatases PP1/2a (by okadaic acid) and PP2b (by FK506)
completely rescued HSF1-DNA binding, suggesting PPs to
function as essential mediators of TNF-induced inhibition of
HSF1.

The data on HSF1-DNA binding were mirrored by hsp70
expression as assessed by FACS analysis. Heat-induced
hsp70 expression was significantly (P<0.01) blocked by TNF«
(13 versus 48% positive cells compared to heat stress alone;
Figure 6d) and was not altered by blocking those pathways

apparently ineffective to reverse HSF1 inhibition (TNF-R2,
caspases, PKCs, JNK and p38). Blockade of TNF-R1 as well
as PP1/PP2a and PP2b, however, maintained hsp70 expres-
sion. In contrast, blockade of ERK and NF-xB signaling
severely interfered with hsp70 upregulation; despite heat
stress, the number of cells expressing hsp70 was extremely
low (3% with ERK-blockade, 2% with NF-xB blockade;
P<0.01 compared to TNFo and heat stress). Thus, these
data not only show that TNFa-mediated inhibition of the HSF1/
hsp70 axis depends on TNF-R1 and PPs, but also suggest
that functional ERK and NF-«xB signaling is required for the
maintenance of an adequate stress response.

TNFa mediates susceptibility to heat-induced
apoptosis via TNF-R1 and protein phosphatases

To investigate whether this signaling pathway was also
involved in rendering cells susceptible to heat-induced
apoptosis, apoptosis rates were analyzed. As described
above, pretreatment with TNFo entailed increased suscept-
ibility to heat-induced apoptosis and hampered hsp70
expression. Thus, after 5h, the rates of annexin V- and
TUNEL-positive cells were significantly (P<0.01) increased
(32 and 29%, respectively) as compared to heat stress alone
(11 and 4%, respectively) (Figure 7a, b). Addition of
neutralizing Ab against TNF-R1 completely blocked these
effects (12% annexin V-positive cells; 3% TUNEL-positive
cells), suggesting suppressed hsp70 expression and in-
creased heat-induced apoptosis to be mediated through its
binding to TNF-R1. Again, blockade of TNF-R2 proved
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HSF1/hsp70. TNFa-signaling pathways were blocked by specific inhibitors (INH) in cells sequentially treated with TNFo and HS. (a) EMSA analysis of HSF1; (b)
immunoblotting of histone H1 used as protein loading control; (€) quantitative data analysis by Phospholmager (relative Phospholmager units; mean +s.e. of three
independent experiments); (d) FACS analysis of hsp70 expression (mean + s.e. of three individual experiments; Y-axis: percent of positive cells). Note the normal HSF1/
DNA binding and hsp70 expression during blockade of TNF-R1 and protein phosphatases PP1/PP2a and PP2b and a complete inhibition of HSF1/hsp70 when ERK-
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ineffective. Among the more downstream signaling mole-
cules, only the inhibition of PPs, PP1/PP2a and PP2b
effectively prevented susceptibility to heat-induced apoptosis
(PP1/PP2a: 9% annexin V-positive, 3% TUNEL-positive cells;
PP2b: 11% annexin V-positive, 5% TUNEL-positive cells;
P<0.01 compared to TNFa and heat stress). In accordance
with the results from HSF1 activation and hsp70 expression,
inhibition of p38, JNK, PKC, PKC{, and caspases 1, 3 and 8
did not significantly influence apoptosis rates. In contrast,
blockade of ERK and NF-xB pathways led to a further
dramatic increase in apoptosis rates: upon ERK blockade, the
number of annexin-positive cells significantly increased to
84% and the number of TUNEL-positive cells to 75% (P<0.01
compared to TNFo and heat stress). Upon NF-xB blockade,
86% of the cells were annexin positive and 83% were TUNEL
positive (P<0.01 compared to TNF« and heat stress). These
data demonstrate a direct link between increased suscept-
ibility to apoptosis and inhibition of HSF1/hsp70 stress
response by TNF-R1 and protein phosphatase signaling.
Furthermore, intact NF-«xB and ERK signaling may negatively
regulate this mechanism.

Apoptosis is restricted to cells with a suppressed
upregulation of hsp70

To further address the link between the ability of a cell to
upregulate hsp70 and its susceptibility to apoptosis, double-
labeling experiments for hsp70 and by TUNEL were carried
out. For control purpose, apoptosis was further assessed by

an additional double staining with annexin V and PIl. Five
different treatments are shown in Figure 8: TNFo treatment
alone left virtually all cells viable, as indicated by the large
amount of annexin/Pl double-negative cells (96%; Figure 8a,
red) and the very low number of TUNEL-positive cells after 5h
(1%; Figure 8b green/orange). In addition, the vast majority of
cells were hsp70-negative (99%; Figure 8b red/green). Heat
stress alone led to a minimal increase in the number of
apoptotic cells (11%, Figure 8c green; and 9%, Figure 8d
green/orange, respectively), the major consequence being
strong upregulation of hsp70 (84%; Figure 8d blue). Almost all
hsp70-expressing cells were TUNEL negative (Figure 8d).
Pretreatment with TNFo and subsequent heat stress was
followed by rapid induction of apoptosis, as indicated by an
increase of annexin-positive/Pl-negative cells (49%; Figure 8e
green) and TUNEL-positive cells (43%; Figure 8f green/or-
ange). Dead cells (annexin/Pl double positive and annexin
negative/Pl positive) remained constant (4%; Figure 8e
orange/blue). When assessing hsp70 expression, only the
viable cell fraction was hsp70 positive (44%,; Figure 8f blue),
whereas TUNEL-positive apoptotic cells were hsp70 negative
(34%; Figure 8f green). These results were even more
pronounced in the presence of ERK inhibition (Figure 8g,h).
The number of apoptotic cells was dramatically increased and
all apoptotic cells were hsp70 negative (91%; Figure 8h
green). Inhibition of PP1/PP2a, in contrast, completely
reversed the effects of TNFa on the hsp70 expression and
apoptosis rates (Figure 8i,j) and yielded identical results as
with heat stress alone. Thus, hsp70 protein was rapidly
induced (89%; Figure 8] blue) and apoptosis rate was low (8%,
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Figure 8i green; and 6%, Figure 8j green/orange). Virtually
identical results were obtained by inhbiting PP2b, yielding
effective upregulation of hsp70 (88%) and low apoptosis rates
(9%). In summary, these data demonstrate that apoptosis was
strictly confined to those cells displaying a suppressed HSF1/
hsp70 stress response.

Discussion

The data presented reveal that an important protective cellular
activity, the HSF1/hsp70 stress response, is severely
impeded by TNFa. This effect is transient and leads to
increased susceptibility towards heat-induced apoptosis.
Interestingly, like apoptosis directly mediated by TNFa,
downregulation of HSF1 induction is triggered by signaling
via TNF-R1. More downstream, however, this effect involves
protein phosphatases, PP1/PP2a and PP2b, which inhibit the
phosphorylation and thus activation of HSF1 (Figure 9a).
Studies on the interplay between TNF« and hsps require to
consider the dual role of this cytokine, which has the ability to
induce inflammatory responses (Figure 9b, arrow a) and also
has the potential to trigger apoptosis (Figure 9b, arrow b). The
decisive steps, which allow TNF« to trigger apoptotic death in
one cell but lead to inflammatory responses in another cell,
have not been fully elucidated.? However, it has become
evident that the signaling pathway predominantly activated
upon TNFa—TNF-R interaction is crucial for the downstream
cellular response. Thus, signaling through ERK and NF-xB
pathways exclusively mediate inflammatory responses, but
not TNFa-mediated apoptosis.*® TNFu signaling via p38, JNK
and atypical PKC also mediates inflammatory responses.®2°-
22 Although activation of p38 and JNK also has a proapoptotic
potential, 2324 an essential role of TNFa-mediated p38 or JNK
signaling for induction of apoptosis has not yet been
established.?® Furthermore, TNFa-induced apoptosis is pre-
dominately dependent on TNF-R1 signaling® and the
activation of caspase-8 followed by the induction of effector
caspases, such as caspase-3.2° Since deficiency of FADD, an
essential link between TNF-R1 and caspase-8, does not
completely abrogate TNFa-induced apoptosis, other yet
unidentified pathways have to be postulated.?” Some of these
may involve the activation of protein phosphatases.?82°
Signals involved in inflammatory responses of TNFo, such
as NF-«B, suppress TNFxz-mediated apoptosis (Figure 9b;
arrow c) and thereby prevent a conflicting cellular re-
sponse.?3° This concept of suppression of conflicting cellular
responses is also applicable for the HSF1/hsp70 system. The
antagonistic role of apoptotic mechanisms on the one hand,
and resistance mechanisms, especially upregulation of heat
shock protein, on the other hand is well known. The HSF1/
hsp70 stress response is the prototype of a stress-resistance
mechanism. Thus, it aims to prevent apoptosis and indeed
HSF1/hsp70 activation provides protection against a variety
of proapoptotic stimuli.”® Most importantly, the proapoptotic
effect of cytokines such as TNFa'! and FasL,"” which bind to
the TNF-R superfamily, is inhibited by induction of HSF1/
hsp70 (Figure 9b, arrow d). Our own previous investigations
on the interplay of Fas signaling and HSF1/hsp70 revealed
that, vice versa, Fas, once activated, shuts down the HSF1/
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Figure 9 Schematic mechanism of TNFx-mediated inhibition of HSF1/hsp70
and susceptibility to apoptosis. (a) The classical pathway of TNFa-mediated
apoptosis involves TNF-R1 activation and signaling through caspase-8, which
subsequently activates effector caspases, such as caspase-3. TNFe inhibits the
HSF1/hsp70 stress response via TNF-R1 and protein phosphatases PP1/PP2a
and PP2b, which block the phosphorylation and thus activation of HSF1. A
blocked HSF1/hsp70 axis renders a cell susceptible to heat-induced apoptosis.
(b) Model of interplay between functional cellular responses, stress resistance
and apoptosis upon stimulation with TNFa.. Cellular regulation of inflammatory
responses, stress responses and apoptosis upon stimulation with TNFo: (a)
TNFo stimulates inflammation, (b) TNFo: stimulates apoptosis, (c) proinflamma-
tory signaling inhibits apoptosis, (d) stress response inhibits apoptosis, (e) stress
response inhibits proinflammatory signaling and (f) TNFo inhibits the stress
response

hsp70 stress response and thereby inhibits a potential rescue
of cells from apoptosis.'”

In contrast to TNFo, Fas is mainly linked to apoptosis and
does not usually entail inflammatory or proliferative re-
sponses. Such responses, however, have to be considered
when investigating the interaction of HSF1/hsp70 with TNFa-
mediated processes. Several pieces of evidence suggest a
suppressive role of HSF1/hsp70 on TNFu-triggered inflam-
matory responses (Figure 9b, arrow e). Thus, activation of
HSF1/hsp70 inhibits NF-xB activation®'® as well as tran-
scription of the TNFa gene®* and LPS-mediated induction of
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TNFo.®® Furthermore, HSF1-deficient (—/—) mice show a
deregulated TNFa production and increased mortality after
endotoxin challenge.®® These data suggest that cell-survival
mechanisms, such as HSF1/hsp70 induction, enable a
downregulation of inflammatory responses when conditions
are harsh.

Based on the fact that an activated HSF1/hsp70 system
exerts an inhibitory function on both TNFa-mediated inflam-
matory responses and TNFa-mediated apoptotic death, the
inhibition of HSF1/hsp70 activation by TNFo, observed in our
study is highly conceivable (Figure 9b, arrow f). Thus, TNFo
ensures an undisturbed completion of cellular responses,
either proinflammatory or apoptotic, by shutting down an
inhibitory and therefore potentially conflicting pathway, such
as HSF1/hsp70. TNFa-mediated inhibition of HSF1/hsp70
occurs fast and thus relieves both inflammatory and apoptotic
pathways from a suppressive factor. Downregulation of
HSF1/hsp70 by TNF«, however, is a transient effect. Previous
investigations have shown that some cell types show an
increased activation of HSF1 several hours after TNFa
stimulation.3”-38 This effect was much slower and also weaker
than the one induced by heat shock, nevertheless sufficient to
increase hsp70 levels.®” In this case, TNF« can be considered
as an extracellular stress factor, which induces HSF1/hsp70
as a part of a cellular defense and resistance strategy.
However, this effect is slow and therefore an interaction with
the rapid and decisive signaling events for inflammation or
apoptosis is highly unlikely.

This transient downregulation of HSF1/hsp70 by TNFu is a
double-edged sword. Cells facing heat stress during this time
interval are highly susceptible to apoptosis, since they lack the
protective effects of hsp70 and thus are poorly prepared to
cope with stress signals (Figure 9). Thus, hampered induction
of hsp70 expression based on the blockade of serine
hyperphosphorylation and thus activation of HSF1 seems to
be the key event for a strongly increased susceptibility to
apoptosis following TNFa« exposure. This effect is mediated by
TNF-R1, but not TNF-R2, and further downstream by the PPs
PP1/PP2a and PP2b, rather than classical TNF-induced
kinase signaling pathways, such as MAPK/SAPK, NF-xB and
PKCs. Thus, PPs appear as key linker molecules between the
cellular effects of TNFa, the activation of HSF1/hsp70 stress
responses and cellular susceptibility to apoptosis. Several
points of evidence support this concept: (i) PPs PP1/PP2a
and PP2b can be activated by TNF«,2%3° (ji) activation of
these PPs increases susceptibility to apoptotic cell death,?82°
(iii) activation of PP1/PP2a and PP2b (calcineurin) as well as
elevated intracellular calcium levels inhibit phosphorylation of
HSF1 and thus activation of the HSF1/hsp70 stress
response,*®™2 (iv) hsp70, which acts in a negative-feedback
loop on HSF1 activation,'® induces PP1/PP2a as well as
PP2b and thus blocks continuing activation of HSF14*%4 and
(v) ERK and NF-kB signaling, which maintained a certain
responsiveness of HSF1/hsp70 and also protected cells from
apoptotic death, is a concurring mechanism to PPs, since their
mutual inhibition has been repeatedly demonstrated.*4¢

In summary, the data presented provide insights into the
interplay of signals essential for cell survival, stress resistance
and apoptosis. TNFo transiently suppresses the HSF1/hsp70
stress response by engaging TNF-R1 and activating PPs
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PP1/PP2a and PP2b. This may facilitate the later induction of
proinflammatory responses of TNF«, since hsp70 functions as
an inhibitor of proinflammatory responses apart from its role in
protecting cells from stress. However, the price for this is the
loss of cell resistance mechanisms and thus an increased
sensitivity to apoptotic death.

Materials and Methods

Cell culture

For cultivation of U937 macrophages, 1 x 108 cells were seeded into a
25ml flask (Falcon, Becton Dickinson & Co., Oxnard, CA, USA) and
cultivated in RPMI 1640 supplemented with 10% fetal calf serum (FCS),
1% L-glutamine and 1% penicillin—streptomycin in 5% CO, at 37°C. Cell
concentrations did not exceed 3 x 10° macrophages/ml medium, and
fresh medium was supplied every 3 days. The day before the experiments,
viable cells were enriched by Ficoll-Paque (Pharmacia, Uppsala, Sweden)
density gradient centrifugation.

Treatment of cells

Treatment of cells with TNFo was performed at a concentration of 10 ng/
ml, except for dose-response curves (0.5-50 ng/ml). Heat stress was
applied by heating the cells at 42°C for 30 min. HSF1 activation was
analyzed 30 min after start of heat stress; hsp70 expression was assessed
5h after heat stress. For inhibition studies, the following reagents were
used: anti-TNF-R1 monoclonal antibody (Mab) (clone H398, 10 ug/ml,
Serotec Ltd., Oxford, USA), anti-TNF-R2 Mab (clone M1, 10 ug/ml,
Serotec Ltd., Oxford, UK), caspase-1 inhibitor | (YVAD-CHO, 10 uM;
Calbiochem, San Diego, CA, USA), caspase-3 inhibitor | (DEVD-CHO,
10 uM, Calbiochem), caspase-8 inhibitor | (IETD-CHO, 10 uM, Calbio-
chem), MEK-inhibitor (PD98059, 20 uM, Calbiochem), JNK1 inhibitor (L-
JNKI1, 20 uM; Alexis Biochemicals, San Diego, CA, USA), p38-kinase
inhibitor (SB203580, 10 1M, Calbiochem), NF-xB-inhibitor (BAY 11-7085,
20 uM; Biomol Research Laboratories Inc., Plymouth Meeting, PA, USA),
total PKC inhibitor (wortmannin, 20nM, Alexis Biochemicals), PKC-(-
inhibitor  (myristoylated PKC-{-pseudosubstrate, 40 uM; Biosource,
Camarillo, CA, USA), PP-1/2a inhibitor (okadaic acid, 0.5 uM, Calbio-
chem) and PP-2b inhibitor (FK506, 10 M, Calbiochem). For inducing the
production of TNF, 2 x 10° cells were stimulated with 0.5 uM hsp70 or
with 0.5 uM hsp27 (used as control protein; both Stressgen Biotechnol-
ogies, Victoria, Canada) for 3 days. Cell culture supernatants were then
measured for TNF content by ELISA (R&D Diagnostics, Minneapolis, MN,
USA), harvested and incubated with fresh U937 cells according to the
above-mentioned protocols. Inhibition of TNF was performed by 1 ug/ml
anti-human TNF antibody (Infliximab, Centocor; Leiden, The Netherlands).

Protein extraction and Western blot analysis

Cells (5 x 10°) were washed twice in PBS, pelleted by centrifugation at
1200 x g for 10 min and resuspended in 200 ml of lysis buffer (0.15M
NaCl, 50 mM Tris, 1 mM EDTA, 0.05% SDS, 0.5% Triton-X 100 and 1 mM
phenylmethylsulfonylfluoride, pH 7.4) for 30 min at 4°C. The cell lysate
was then centrifuged at 13000 rpm for 10 min, the supernatants were
harvested and analyzed for their protein content using a protein assay kit
(Bio-Rad, Hercules, CA, USA). For electrophoresis, total cell proteins were
dissolved (1:2 vol/vol) in sample buffer (5% p-mercaptoethanol, 15%
glycerol, 3% SDS, 0.1 M Tris; pH 6.8) and separated on a 12% SDS-gel
under reducing conditions. Proteins were electrophoretically blotted onto



nitrocellulose membranes (BA85, Schleicher & Schuell, Dassel,
Germany). Hsp70 expression was detected by probing the membranes
with an Mab to human hsp70 (clone SPA 810, Stressgen Biotechnol.
Corp., Victoria, BC, Canada) as described,*” which specifically recognizes
the inducible but not the constitutive members of the hsp70 family in
human cells. HRP-conjugated rabbit anti-mouse lg (Dako, Glostrup,
Denmark) was used as detection antibody and the reaction visualized by
4-chloro-1-naphtol/hydrogen peroxide (Sigma, St. Louis, MO, USA). HSF1
expression was investigated using a rabbit polyclonal antibody against
mammalian HSF1 (Stressgen Biotechnologies Corp.) and HRP-conju-
gated goat anti-rabbit Ig (Dako) for detection. Results were quantitated by
Phospholmager (Bio-Rad). Immunoprecipitation of HSF1 from cell
extracts was carried out by addition of 5 ug/ml anti-HSF1 antibody and
10% (vol/vol) protein A-Sepharose beads. Precipitated HSF1 was then
probed with biotinylated antiphosphoserine Ab (Sigma) and the reaction
was visualized by HRP-streptavidin.

EMSA

For analysis of HSF1 transcription factor activity, nuclear protein extracts
from U937 cells were used. Isolation of nuclear protein was similar to that
described by Schreiber*® with slight modification.%” After washing, 2 x 10°
U937 cells in cold TBS (10 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.4),
the cells were pelleted and 400 ul of cold buffer A (10 mM HEPES, 10 mM
KCl, 0.1 mM EGTA, 1 mM DTT, 1 mM Pefablock SC, 0.5 mM PMSF, 1 ug/
ml aprotinin, 1 ug/ml leupeptin, pH 7.9) was added. The suspension was
incubated on ice for 15min after pipetting in a yellow tip. Then, 25 ul
Nonidet P-40 (10% vol/vol) was added, the suspension vortexed for 10 s
and centrifuged for 30s at 13000 rpm. The supernatant was discarded
and the nuclear pellet incubated with 50 ul of cold buffer B (20 mM
HEPES, 0.4M NaCl, 1mM EGTA, 1mM EDTA, 1mM DTT, 1mM
Pefablock SC, 0.5mM PMSF, 1 ug/ml aprotinin, 1 ug/ml leupeptin, pH
7.9) at 4°C for 15 min on a gyratory shaker platform with vigorous rocking.
The suspension was then centrifuged at 4°C for 5min at 13000 rpm, the
supernatant collected and protein concentration determined.

EMSA was performed as described previously.%” Briefly, DNA binding
was determined following incubation of 5mg of nuclear protein with
10fmol of an oligonucleotide containing the heat shock element (HSE)
sequence  from  the  Drosophila  hsp70  promotor  (5'-
GCCTCGAATGTTCGCGAAGTTT-3') labeled with 32P-dCTP. Reaction
buffer contained 10 mM HEPES, pH 7.9, 1 mM DTT, 1 mM EDTA, 80 mM
KCI, 4% Ficoll and 1ug poly (didC) (Pharmacia Biotech, Uppsala,
Sweden) as a nonspecific competitor. Samples were electrophoresed on
4% polyacrylamide gels in 0.5 x TBE (1 x TBE: 89 mM Tris, 89 mM boric
acid, 20mM EDTA, pH 8.3). Then, the gel was dried and exposed to
autoradiographic film. For supershift analysis, polyclonal Abs to HSF1 and
HSF2 (Stressgen Biotechnologies Corp.) were used.

FACS analysis

Detection of early-stage apoptosis by annexin V
staining

Cells were analyzed for their capacity to bind recombinant human annexin
V, directly conjugated to FITC (Roche Diagnostics, Boehringer Ingelheim
Bioproducts Partnership). Cells were pelleted, washed in annexin V-
binding-buffer (ABB) containing 1.8mM CaCl, according to the
manufacturer's guidelines, resuspended in 200 ul ABB with 5 ul annexin
V-FITC and incubated for 15 min at room temperature. Following washing
in ABB, Pl was added to a final concentration of 1 ug/ml and samples were
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analyzed on an FACScan (Becton Dickinson Immunocytometry Systems,
San Jose, CA, USA) by dual color cytofluorometry. Cells that stained
brightly with annexin V but still excluded PI were considered to be early-
phase apoptotic.*®

Simultaneous analyses of hsp70 expression and DNA
fragmentation

TUNEL was performed using an In Situ Cell Death Detection Kit
(Boehringer Mannheim, Mannheim, Germany) according to the manu-
facturer's recommendations.®® Negative controls treated exactly the same
way except addition of terminal deoxynucleotidyl transferase (TdT) were
included for determination of the autofluorescence baseline. Following
final TUNEL washes, pelleted cells were resuspended in 50 ul of a 1:10
dilution (10 ug/ml final) of unconjugated mouse anti-human HSP-70
antibody in PBS and incubated for 1 h at 4°C. In parallel, negative control
samples were incubated with an equivalent amount of isotype-matched,
unconjugated mouse IgG2a negative control antibody (Dako). Subse-
quently, all samples were washed once in PBS and resuspended in 50 ul
of 1:10 diluted F(ab’)2 fragments of rabbit anti-mouse Ig antibody
conjugated to R-phycoerythrin (Dako) in PBS and incubated for 30 min at
4°C. Following a final wash, samples were analyzed by dual color
immunocytofluorometry.

Statistical analysis

Unpaired Student's t-test was used to assess the differences between two
groups. A P-value of less than 0.05 was considered as significant.
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