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HSP27 is an ATP-independent chaperone that confers protection against apoptosis through various mech-
anisms, including a direct interaction with cytochrome c. Here we show that HSP27 overexpression in various
cell types enhances the degradation of ubiquitinated proteins by the 26S proteasome in response to stressful
stimuli, such as etoposide or tumor necrosis factor alpha (TNF-a). We demonstrate that HSP27 binds to
polyubiquitin chains and to the 26S proteasome in vitro and in vivo. The ubiquitin-proteasome pathway is
involved in the activation of transcription factor NF-kB by degrading its main inhibitor, I-kBa. HSP27
overexpression increases NF-kB nuclear relocalization, DNA binding, and transcriptional activity induced by
etoposide, TNF-o, and interleukin 1f3. HSP27 does not affect I-kBa phosphorylation but enhances the
degradation of phosphorylated I-kBa by the proteasome. The interaction of HSP27 with the 26S proteasome
is required to activate the proteasome and the degradation of phosphorylated I-kBa. A protein complex that
includes HSP27, phosphorylated I-kBa, and the 26S proteasome is formed. Based on these observations, we
propose that HSP27, under stress conditions, favors the degradation of ubiquitinated proteins, such as
phosphorylated I-kBa. This novel function of HSP27 would account for its antiapoptotic properties through

the enhancement of NF-kB activity.

Exposure of cells to stressful stimuli induces or enhances the
expression of several heat shock proteins (HSPs). One of these
proteins is HSP27, a small HSP which is also abundantly ex-
pressed in many cancer cells (19). HSP27 has been shown to
interact with the actin cytoskeleton, to modulate intracellular
reactive oxygen species content, and to prevent apoptotic cell
death triggered by a variety of stimuli, including tumor necrosis
factor alpha (TNF-a) (16, 26) and several commonly used
anticancer drugs, such as etoposide (6, 17, 27, 46). Several
mechanisms have been proposed to account for the HSP27-
mediated negative regulation of programmed cell death. This
small HSP specifically interacts with cytochrome ¢ when re-
leased from the mitochondria to the cytosol, thus preventing
the formation of the apoptosome. A premitochondrial effect at
a higher HSP27 expression level has also been described (47,
51). In vitro, this protein behaves as an ATP-independent
chaperone that helps in the refolding of denatured proteins
(45), a property that could be of key importance for under-
standing its in vivo functions.

Another mechanism that contributes to cell protection from
stressful stimuli through the elimination of unfolded proteins is
the extralysosomal, energy-dependent, ubiquitin-proteasome
degradation pathway (1, 24, 37, 41) This pathway involves two
steps. First, the target protein is conjugated with ubiquitin
molecules at lysine residues. Then, the ubiquitin-tagged sub-
strate is transferred to the 26S proteasome, a multisubunit
complex consisting of a 20S barrel-shaped proteolytic core and
a 19S cap-like regulatory complex (also called PA700). This

* Corresponding author. Mailing address: INSERM U517, Faculté
de Médecine, 7 Blvd. Jeanne d’Arc, 21033 Dijon, France. Phone: 33 3
80 39 32 84. Fax: 33 3 80 39 34 34. E-mail: cgarrido@u-bourgogne.fr.

5790

latter consists of at least 18 distinct subunits with molecular
masses of 35 to 110 kDa. It is presumed that ATP hydrolysis by
the 19S complex provides the energy needed for the chaper-
oning and unfolding of substrates degraded within the protea-
some cylinder (3, 44). Whereas the enzymatic reactions of
ubiquitination are well characterized, the molecular mecha-
nisms underlying the translocation of ubiquitinated substrates
to the 26S proteasome remain poorly understood.

Protein degradation by the 26S proteasome, which is present
in both the cytoplasm and the nucleus, regulates the expression
of a number of intracellular proteins, including cell cycle reg-
ulatory proteins, proto-oncogene products, major histocom-
patibility complex molecules, and NF-«kB inhibitors. NF-xB
belongs to the Rel/NF-kB family of transcription factors and
controls a large variety of processes, such as cell growth and
inflammatory and stress responses (48). Unlike many other
transcription factors, which are localized in the nucleus, NF-«kB
is sequestered in the cytoplasm of most cells through binding to
a family of inhibitory proteins called I-kB subunits (48). Thus,
its regulation is centered around nuclear-cytoplasmic shuttling.
I-kB subunits inhibit NF-kB by masking its nuclear localization
signal, thereby causing its cytoplasmic retention and blocking
both its DNA binding and its transactivation abilities (48). In
response to extracellular stimuli, the inhibitors are degraded,
thus liberating the transcription factor for translocation to the
nucleus. NF-kB is a homo- or heterodimer consisting of vari-
ous combinations of the family members, including NF-kB1
(p50 and precursor p105), c-Rel, p65 (RelA), NF-kB2 (p52
and precursor pl100), and RelB. Most NF-kB inducers act
through a common pathway based on the phosphorylation-
induced degradation of I-kB proteins, which was first described
for the best-studied and major I-kB protein, I-kBa. The in-
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duced phosphorylation of I-kBa at N-terminal Ser®? and Ser>®
by I-«B kinase provides a signal for rapid I-kBa degradation by
the ubiquitin-proteasome pathway. Ubiquitin-dependent deg-
radation of I-kBa is mediated by the ubiquitin ligase protein
FWD1 (23, 53, 57).

The present study demonstrates that HSP27 overexpression
increases proteasome activation triggered by stressful stimuli,
such as inflammatory cytokines (TNF-a and interleukin 1B
[IL-1B]) and cytotoxic drugs (etoposide). In response to these
stimuli, HSP27 enhances NF-«kB activity. We show that HSP27
directly associates with the 26S proteasome, with multiubig-
uitin chains, and with phosphorylated I-kBa. These observa-
tions suggest that, when overexpressed in response to various
stimuli, HSP27 facilitates phosphorylated I-kBa proteasome-
mediated proteolysis, which could account for the protective
effect of this small stress protein.

MATERIALS AND METHODS

Culture and reagents. The U937 human leukemic cell line was grown in RPMI
1640 medium (BioWhittaker, Fontenay-sous-Bois, France) supplemented with
10% (vol/vol) fetal bovine serum and 2 mM v-glutamine. The MEF cell line was
grown in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, Saint Quentin
Fallavier, France) supplemented with 10% (vol/vol) fetal bovine serum, 0.1%
sodium pyruvate, and 1% HEPES buffer. Rat colon carcinoma REG cells were
grown in Ham’s F-10 medium supplemented with 10% (vol/vol) fetal calf serum.
Stable transformants of human U937 cells carrying the gene encoding human
HSP27 were described previously (17). One of the characterized clones (clone 7)
was used in this work. Another clone carrying the hygromycin resistance gene
and the empty vector was used as a control. Mutations constructed in HSP27 as
well as REG cells transfected with the resulting mutants were described previ-
ously (6). Etoposide and acetyl-calpastatin were purchased from Sigma-Aldrich,
MG132 was purchased from the Peptide Institute (Osaka, Japan), lactacystin was
purchased from Calbiochem (San Diego, Calif.), and IL-1B and TNF-a were
purchased from R&D Systems (Minneapolis, Minn.).

Immunoblot analysis. Whole-cell lysates were prepared by lysing cells in 2%
sodium dodecyl sulfate-137 mM NaCl-2.7 mM KCI-8 mM Na,HPO,-NaCl-P;
(pH 7.4) at 68°C for 5 min. Protein concentrations were measured by means of
a micro-bicinchoninic acid protein assay (Pierce, Asnieres, France). Proteins
were separated in sodium dodecyl sulfate-polyacrylamide gels and electroblotted
onto polyvinylidene difluoride membranes (Bio-Rad, Ivry sur Seine, France).
Immunoblot analysis was performed with specific antibodies and enhanced che-
moluminescence-based detection (Amersham, Les Ullis, France). The antibodies
used were mouse monoclonal human HSP27, HSP60, and HSP90 from Stress-
Gen (Victoria, British Columbia, Canada); a-actin from Innogenex (San Ramon,
Calif.); ubiquitin and HSC70 from Santa Cruz (Santa Cruz, Calif.); ATPase
subunit Rpt4 (PA700) from Affinity Research (Mamhead, United Kingdom);
polyclonal human HSP27 from StressGen; I-kBa and the p65 subunit of NF-xB
from Santa Cruz (Santa Cruz, Calif.); and phospho-I-kBa from Cell Signaling
Technology (Beverly, Mass.). All monoclonal antibodies used were of the im-
munoglobulin G1 isotype.

Immunoprecipitation. Cells (107) were lysed in immunoprecipitation buffer
(50 mM HEPES [pH 7.6], 150 mM NaCl, 5 mM EDTA, 0.1% NP-40). After
centrifugation for 10 min at 15,000 X g, the supernatant was incubated with an
antibody (1:100) with constant agitation at 4°C. When needed, immunoprecipi-
tations were performed with purified proteins. Five micrograms of the 26S
proteasome (Boston Biochem, Cambridge, Mass.) was mixed with 5 ug of re-
combinant HSP27 (StressGen) in 300 wl of immunoprecipitation buffer. After
incubation for 30 min at room temperature, an antibody (1:100) was incubated
with the solution with constant agitation at 4°C. The immunocomplexes were
precipitated with protein A-Sepharose. The pellet was used for immunoblotting
after five successive washings.

Determination of proteasome activity. Proteasome activity was determined by
a previously described method (49). Cells (4 X 10° in 200 wl of phosphate-
buffered saline [PBS] [pH 7.4]) were incubated for 30 min at 37°C with a 100 uM
concentration of the cell-permeating fluorogenic substrate N-succinyl-L-leucyl-L-
leucyl-L-tyrosine-7-amido-4-methyl-coumarin (Suc-LLVY-AMC; Bachem, Basel,
Switzerland). Fluorescence generated by its cleavage was quantified by using a
model SFM 25 spectrofluorometer (Kontron AG, Zurich, Switzerland).
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Cell transfection and reporter gene assay. Cells were cultured at 4 X 10°/well
in 24-well plates for 24 h before transfection (2 ug of plasmid DNA/well) with the
Fugene-6 transfection reagent (Boehringer Mannheim, Mannheim, Germany).
To measure NF-kB transcriptional activity, we used plasmid p4ANF-«B-luc, which
contains four NF-«B sites in tandem coupled to the luciferase reporter gene
(kindly provided by A. Brent Carter [7]). Cells were cotransfected with a thymi-
dine kinase-Renilla luciferase plasmid in order to normalize for transfection
efficiency. A dual luciferase reporter assay kit from Promega (Charbonnieres,
France) was used according to the manufacturer’s recommendations; 10 pg of
total protein was used to measure luciferase and Renilla activities with a Lumat
LB 9507 Luminometer (EG&G Berthold).

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed as
described previously (20). The NF-kB consensus oligonucleotide sequence was
obtained from Promega, labeled with T4 kinase (Boehringer Mannheim), and
purified with Sephadex 50 columns (Boehringer Mannheim) to eliminate non-
incorporated radioactivity. Antibodies specific to the p65 and p50 transcription
factors were purchased from Santa Cruz.

GST in vitro ubiquitination. Ubiquitin cDNA was cloned in vector pPGEX-5X3
(Pharmacia, Uppsala, Sweden) after reverse transcription-PCR amplification.
Glutathione S-transferase (GST) and GST fusion protein (GST-ubiquitin) were
then purified with gluthatione-Sepharose beads (Pharmacia). Reactions were
performed with buffer A, containing 50 mM Tris-HCI (pH 7.5), 5 mM MgCl,,
and 0.2 mM dithiothreitol. GST-ubiquitin purified with gluthatione-50% Sepha-
rose beads was incubated with cytoplasmic extract from mouse testis. The ubig-
uitination assay was performed by the addition of 4 mM ATP and incubation for
1 h at room temperature. After incubation, GST-ubiquitin-Sepharose was pel-
leted and washed three times in buffer A, and 1 volume of buffer A was added
to obtain protein fused to 50% Sepharose.

Ubiquitin-binding assays. GST, GST-monoubiquitin, or GST-polyubiquitin
was incubated with cytosolic extracts from U937 cells. After 1 h at room tem-
perature, protein-Sepharose was pelleted and washed three times in buffer A.
Bound proteins were eluted and used for Western blot analysis. For ubiquitin-
agarose pull-down analysis, 100 pl of cytosolic extract was incubated with 10 ul
of ubiquitin (7 mg/ml) or 10 pl of ubiquitin buffer (50 mM Tris-HCI [pH 7.5], 5
mM MgCl,) for 20 min at 4°C. The pull-down analysis was performed by the
addition of 20 pl of ubiquitin-50% agarose (Sigma-Aldrich) and incubation for
45 min under rotation. The ubiquitin-agarose matrix was pelleted and washed
three times in ubiquitin buffer. Bound proteins were analyzed by Western blot-
ting.

Gel filtration analysis. Cells (5 X 10%) were lysed in 300 ul of a buffer
containing 25 mM HEPES (pH 7.5), 0.2 mM dithiothreitol, and 1% 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) by vortex-
ing for 1 min in ice. After centrifugation for 15 min at 14,000 X g, 1 mg of the
supernatant was fractionated at room temperature by fast protein liquid chro-
matography with a Superose-6 column (Pharmacia) at a flow rate of 0.5 ml
min~ !, Fractions of 1 ml were collected on ice, and 20 ul of each was used to
measure proteasome activity or for immunoblot analysis.

Cytometric analysis. I-kBa levels in whole cells fixed in 3% paraformaldhyde
and permeabilized in saponin (0.1% [vol/vol] in PBS-bovine serum albumin)
were determined. Nuclear NF-«B levels in cells permeabilized with digitonin (50
pg/ml) were determined. Appropriate concentrations of antibodies were added
to cells in 100 pl of PBS containing 0.5% bovine serum albumin. After 1 h of
incubation at room temperature and two washes in PBS, cells were incubated for
45 min with fluorescein isothiocyanate-conjugated sheep anti-rabbit immuno-
globulin (Jackson ImmunoResearch). Ten thousand cells were analyzed by using
a FACScan flow cytometer (Becton Dickinson).

RESULTS

HSP27 potentiates the proteasomal degradation of ubiqui-
tinated proteins. Exposure of U937 human leukemic cells to
the topoisomerase II inhibitor etoposide (100 wM) induces
rapid cell death by apoptosis, as assessed morphologically by
staining of the nuclear chromatin with Hoechst 33342. This
treatment also induces the activation of a proteasome proteo-
lytic activity that cleaves Suc-LLVY-AMC. Two proteasome
inhibitors, namely, MG132 (25 wM) and lactacystin (25 uM),
prevent both etoposide-induced apoptosis and Suc-LLVY-
AMC cleavage activity, whereas these events are not influ-
enced by the calpain inhibitor acetyl-calpastatin (Fig. 1A).
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FIG. 1. HSP27 enhances proteasome activation while inhibiting apoptosis. (A) U937 cells either were left untreated or were treated for 4 h with

100 M etoposide (VP16) in the absence or presence of acetyl-calpastatin (25 pM), MG132 (25 M), or lactacystin (25 wM) before measurement
of the ability of cell lysates to cleave the substrate Suc-LLVY-AMC (black bars; AU, arbitrary units) and the percentage of apoptotic cells after
nuclear chromatin staining with Hoechst 33342 (gray bars). (B) Control-transfected (white bars) and HSP27-transfected (black bars) cells either
were left untreated or were treated for 4 h (U937 cells) or 24 h (MEF cells) with 100 wM etoposide (VP16) or 20 ng of TNF-o/ml in the absence
or presence of 25 uM MG132 before measurement of the ability of cell lysates to cleave the substrate Suc-LLVY-AMC. Results are expressed as
percentages (100% is the activity in VP16-treated, HSP27-transfected cells). Insets show Western blot analyses of HSP27 expression in control-
and HSP27-transfected cells. (C) Kinetic analysis of Suc-LLVY-AMC cleavage activity (black bars) and apoptosis induction (gray bars) in control-
and HSP27-transfected U937 cells treated with 100 pM etoposide for the indicated times. (D and E) Cells were treated with etoposide (100 uM,
4 h) in the presence of decreasing concentrations of MG132 or lactacystin, as indicated. Then, chromatin staining with Hoechst 33342 was used
to measure the percentage of control-transfected and HSP27-transfected U937 apoptotic cells (D) or the percentage of cell survival induced by
HSP27 overexpression (E). The percentage of proteasome inhibition (Suc-LLVY-AMC cleavage) is also indicated (E). Data are the means and

standard deviations for three independent experiments.

These results suggested that etoposide activates the proteolytic
activity of the 26S proteasome in these cells. To determine
whether HSP27 could influence this proteolytic activity in
stressed cells, the protein was overexpressed by stable trans-
fection in U937 cells. Exposure of control-transfected U937
cells to either etoposide or TNF-a induced a 1.5- to 2-fold
increase in Suc-LLVY-AMC cleavage activity. Stable transfec-
tion with an Asp27 cDNA-containing vector amplified this cel-
lular response, as demonstrated by the five- to sixfold increase
in Suc-LLVY-AMC cleavage activity measured after similar
treatments. In all instances, proteasome activation was pre-
vented by MG132 (Fig. 1B) or lactacystin (data not shown).
Similar results were obtained for control- and HSP27-trans-
fected MEF (Fig. 1B) and REG (data not shown) cells. In
control-transfected cells, the increases in Suc-LLVY-AMC
cleavage activity and apoptosis occur simultaneously (Fig. 1A

and C). Interestingly, the overexpression of HSP27 prevents
etoposide-induced cell death, whereas it amplifies Suc-LLVY-
AMC cleavage activity (Fig. 1C). We next determined whether
HSP27-induced proteasome activation and apoptosis inhibi-
tion were connected events. As shown in Fig. 1A, proteasome
inhibitors at 25 wuM completely abolished apoptosis induced by
etoposide, a result which precluded an analysis of the potential
connection. The addition of lower concentrations of protea-
some inhibitors to etoposide-treated cells only partially inhib-
ited both proteasome activation and apoptosis induction (Fig.
1D), indicating that the protective effect of HSP27 increased as
the proteasome inhibitor concentration decreased (Fig. 1E).
Similar results were obtained with both MG132 and lactacystin
(Fig. 1D), indicating a correlation between the HSP27 anti-
apoptotic effect and proteasome activity.

Since the main identified function of the proteasome is the
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FIG. 2. HSP27 enhances the degradation of ubiquitinated proteins in stressed cells. (A) Control-transfected (Co) and HSP27-transfected U937
cells either were left untreated or were treated with 100 wM etoposide (VP16) for 4 h in the absence or presence of 25 uM MG132. Protein
ubiquitination (Ub-proteins) was monitored by Western blotting with an antiubiquitin antibody. a-actin served as the loading control. (B) Den-
sitometry analysis of Ub-proteins in three independent experiments (mean and standard deviation) similar to that shown in panel A. AU, arbitrary
units. (C) U937 cells either were left untreated (NT) or were exposed for 1 h to 42°C (HS) and then were incubated at 37°C for the indicated times.
The indicated proteins were studied by Western blotting. a-Actin served as the loading control. (D) Densitometry analysis of Ub-proteins shown

in panel C.

degradation of polyubiquitinated proteins, we analyzed the
consequences of HSP27 overexpression on the degradation of
ubiquitinated proteins by using a multiubiquitin chain-specific
antibody. Multiubiquitinated proteins accumulated in U937
cells exposed for 4 h to 25 puM MG132 (Fig. 2A). The overex-
pression of HSP27 did not significantly influence the levels of
expression of ubiquitinated proteins (Fig. 2B), in accordance
with its lack of effect on Suc-LLVY-AMC cleavage activity
(Fig. 1B). In contrast, the overexpression of HSP27 amplified
the decrease in the ubiquitinated protein content induced by
exposure to 100 uM etoposide (Fig. 2A) and to 20 ng of
TNF-a/ml (data not shown) for 4 h. In order to study the
relationship between HSP27 overexpression and proteasome
activation in a more physiological model, we exposed U937
cells to 42°C for 1 h and then incubated the cells at 37°C for up
to 24 h. This treatment induced a transient increase in HSP70
expression that returned to the basal level when HSP27 ex-
pression increased, between 6 and 24 h after heat shock (Fig.
2C). In these heat-shocked cells, we observed a decrease in the
expression of ubiquitinated proteins that correlated with an
increase in the level of HSP27 (Fig. 2C and D). Altogether,

these results suggested that increased HSP27 expression could
mediate a decrease in the cellular multiubiquitinated protein
content by activating the proteasome.

HSP27 is a ubiquitin-binding protein. Cytosolic extracts
from control- and HSP27-transfected U937 cells were incu-
bated with ubiquitin-agarose to carry out a pull-down experi-
ment. Figure 3 shows that HSP27 efficiently interacts with
ubiquitin. Treatment with 100 wM etoposide (Fig. 3A) or 20 ng
of TNF-a/ml (data not shown) for 4 h did not influence the
affinity of HSP27 for ubiquitin. The addition of free ubiquitin
(50 pg) significantly decreased HSP27 binding to the ubiquitin-
agarose matrix, indicating the specificity of the interaction
(Fig. 3A). In contrast, neither HSP70 nor HSP90 demon-
strated specific binding to ubiquitin. Although a small amount
of HSP70 appeared to be bound to ubiquitin, this amount was
not affected by the addition of free ubiquitin, indicating that
this association may not be specific (Fig. 3A). To determine
whether HSP27 also binds to multiubiquitin chains, GST was
polyubiquitinated in vitro (Fig. 3B). Pull-down experiments
demonstrated that HSP27 associates more efficiently with
GST-polyubiquitin than with GST-monoubiquitin (Fig. 3C).
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FIG. 3. HSP27 associates with ubiquitin. (A) Cytoplasmic extracts obtained from control-transfected and HSP27-transfected U937 cells, either
left untreated or treated with 100 uM etoposide (VP16) for 4 h, were incubated with a ubiquitin-agarose matrix. The presence of the indicated
proteins in the input material was analyzed by Western blotting (left panels). Pull-down analysis of ubiquitin-agarose was performed in the absence
or presence of 50 pg of free ubiquitin (free-Ub) before elution of bound proteins and Western blot analysis of HSPs (right panels). One
representative experiment of three independent experiments is shown. (B) Western blot analysis of GST-monoubiquitin (GST-Ub) and GST-
polyubiquitin (GST-polyUb) obtained in vitro as described in Material and Methods. (C) Cytosolic extracts from HSP27-overexpressing cells were
incubated with GST alone, GST-Ub, or GST-polyUb. The presence of HSP27 in input material was checked by Western blotting after pull-down
analysis and elution of bound proteins. One representative experiment of three experiments is shown.

HSP27 binds to the 26S proteasome complex. Since the
exposure of U937 cells to either etoposide or TNF-a did not
increase the affinity of HSP27 for ubiquitin, we examined
whether the increased activity of the proteasome identified in
treated cells could result from an interaction of HSP27 with
the proteasome under stress conditions. The 26S proteasome
results from the association of the PA700 activator complex
with the 20S proteasome catalytic unit. The PA700 subunit is
needed for ubiquitinated protein degradation (52). Whole-cell
lysates from HSP27-transfected U937 cells were immunopre-
cipitated with an anti-HSP27 polyclonal antibody. As a control
for the specificity of the interaction, we used an anti-HSP60
polyclonal antibody (HSP60 is a mitochondrial chaperone that
can be released to the cytosol upon exposure to different stim-
uli to interact with cytosolic proteins) (60). We observed that
while HSP60 was not coimmunoprecipitated with PA700, HSP27
was weakly coimmunoprecipitated with PA700, and this inter-
action was enhanced in HSP27-overexpressing cells by etopo-
side treatment (Fig. 4A). Figure 4B demonstrates that endog-
enous HSP27, which accumulates in response to heat shock,
associates with PA700 as efficiently as HSP27 overexpressed
through stable transfection. Immunoprecipitation experiments
performed in vitro with purified proteins indicated that the
small stress protein was able to directly interact with the pro-
teolytic complex (Fig. 4C). To determine whether HSP27 bind-
ing to the 26S proteasome complex was required for enhancing
proteasome activity, we used several hsp27 cDNA mutants
stably expressed in the REG colon carcinoma cell line, which

does not express endogenous HSP27 (6). Coimmunoprecipita-
tion studies demonstrated that the A15-205 and A88-205 mu-
tants had lost the capacity to bind to the PA700 subunit,
whereas the A51-88 and A141-175 mutants both retained this
binding ability (Fig. 4D). While the two mutants that bound to
PA700 retained the capacity to increase proteasome activity
upon etoposide (Fig. 4E) or TNF-a (data not shown) treat-
ment, the deletion mutants that did not bind to the proteasome
lost this property.

HSP27 enhances NF-kB activation in response to stress.
One of the proteins known to be degraded by the 26S protea-
some is the NF-kB inhibitor I-kBa. NF-kB is a transcription
factor maintained in a latent form in the cytoplasm of unstimu-
lated cells by association with I-kB inhibitory molecules. The
degradation of these molecules by the 26S proteasome allows
NF-kB migration into the nucleus as an active factor (48).
Exposure of U937 human leukemic cells to various stresses,
including etoposide (100 wM), TNF-a (20 ng/ml), and IL-1p (1
ng/ml), triggers the nuclear localization of NF-«B, as observed
by flow cytometry analysis of isolated nuclei, 4 h after the
beginning of treatment (Fig. 5SA). The overexpression of HSP27
favors the nuclear accumulation of the transcription factor
under the three tested conditions (Fig. 5A). Similar observa-
tions were made with MEF cells exposed to the same stimuli
for 24 h; i.e., the overexpression of HSP27 amplifies NF-«kB
accumulation in the nuclei of MEF cells exposed to these
stimuli (Fig. 5A). In EMSAS, the exposure of U937 cells to
either etoposide or TNF-a was observed to increase NF-«B
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deviations for three independent experiments.

DNA-binding activity, and this effect was amplified by the
overexpression of HSP27. The specificity of these observations
was confirmed by a supershift assay with either an anti-p50 or
an anti-p65 antibody (Fig. 5B). This binding was prevented by
a 50-fold molar excess of unlabeled double-stranded NF-xB
oligonucleotide. Using a luciferase reporter gene under the
control of four NF-kB-binding sites in tandem, we observed
that NF-kB transcriptional activity in response to either eto-
poside or TNF-a was increased two- to threefold when HSP27
was overexpressed (Fig. 5C). A similar increase in NF-kB tran-
scriptional activity was also measured in the REG rat colon
cancer cell line stably transfected with Asp27 cDNA and ex-
posed to the same stimuli (data not shown). Thus, the overex-
pression of HSP27 increases NF-kB transactivation ability in
three different cell lines exposed to two stressful stimuli.
HSP27 potentiates I-kBa degradation by the proteasome.
Inactivation of the major NF-«kB inhibitor, I-kBa, occurs
through its proteasomal degradation. Exposure of either U937
or MEF cells to TNF-a or etoposide for 4 h decreased the
cellular content of I-kBa, an effect that was amplified by
HSP27 overexpression (Fig. 6A, left panels). This decrease in
I-kBa content, both in the absence and in the presence of
HSP27, was the result of its proteasomal degradation, since it

was inhibited by either 25 uM MG132 (Fig. 6A, right panels)
or 25 pM lactacystin (data not shown). By using flow cytometry
to measure the kinetics of I-kBa degradation induced by eto-
poside, we observed that HSP27 overexpression accelerated
the degradation of I-kBa; i.e., more than 60% of I-kBa was
degraded after 1 h of treatment in HSP27-overexpressing cells,
while I-kBa content remained unchanged in control cells after
2 h of drug exposure (Fig. 6B). Analysis of REG cells stably
transfected with either wild-type HSP27 or HSP27 deletion
mutants indicated that A15-205 and A88-205, the mutants that
did not bind to the PA700 subunit of the 26S proteasome (Fig.
4C), lost the capacity to increase I-kBa degradation (Fig. 6C).
Altogether, these observations suggested that the proteasome
was required for the HSP27-mediated increase in I-kBa deg-
radation in response to etoposide. Similar observations were
made with U937 cells exposed to TNF-a (data not shown).
HSP27 interacts with phosphorylated I-kBa. The phosphor-
ylation of I-kBa is necessary for its ubiquitination and protea-
somal degradation. We therefore analyzed whether HSP27
could also affect I-kBa phosphorylation. Control- and HSP27-
transfected U937 cells were treated with etoposide (100 wM)
or TNF-a (20 ng/ml) in the absence and in the presence of the
proteasome inhibitor MG132 (25 wM). The expression of
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independent experiments.

phosphorylated I-kBa, studied by using an antibody that spe-
cifically recognizes the phosphorylated protein, was hardly de-
tected in cells exposed to either etoposide or TNF-a in the
absence of the proteasome inhibitor, while the protein accu-
mulated when proteasomal function was inhibited by MG132
(Fig. 7A). In any event, the overexpression of HSP27 did not
significantly influence the level of phosphorylated I-kBa (Fig.
7A), suggesting that HSP27 does not affect the process of
I-kBa phosphorylation in response to these stimuli.

Next, we determined whether HSP27 could interact with
phosphorylated I-kBa (Fig. 7B). Immunoprecipitation experi-
ments indicated that, in response to etoposide and in the pres-
ence of MG132 to allow the accumulation of the phosphory-
lated and ubiquitinated protein, HSP27 strongly interacted
with the inhibitory protein. The interaction of phosphorylated
I-kBa with HSP27 appeared to be specific for this stress pro-
tein, since no interaction could be detected with either HSP60,
HSP70, or HSP90 (Fig. 7B). Similar results were obtained with
TNF-a-treated cells (Fig. 7B).

To determine whether the effect of HSP27 on I-kBa degra-
dation or NF-kB activation was involved in the antiapoptotic
function of HSP27, we used a nonphosphorylatable, nonde-
gradable I-kBa mutant in which serines 32 and 36 have been
replaced by alanines. This “superrepressor” mutant has been
shown to sensitize prostate cancer cells to TNF-a (42). Control
and HSP27-overexpressing U937 and MEF cells were tran-
siently transfected with either the mutant plasmid or an empty
vector (the efficiency of the transient transfection, measured

with a B-galactosidase control plasmid, was 35 to 40%) before
measurement of apoptosis induced by etoposide (100 wM) or
TNF-a (20 ng/ml) in the transfected cells. We observed that
the I-kBa superrepressor slightly sensitizes U937 and MEF
cells to both etoposide and TNF-a. Interestingly, the protec-
tive effect of HSP27 toward drug-induced apoptosis was sig-
nificantly and consistently reduced in the presence of the
I-kBa mutant plasmid; in the two cell lines, HSP27 overex-
pression induced a 60% decrease in etoposide- or TNF-a-
induced apoptosis in control cells compared to only a 15%
decrease in cells expressing the superrepressor (Fig. 7C).

HSP27, phosphorylated I-«Ba, and PA700 colocalize in a
same cell fraction. To determine whether an interaction
among HSP27, phosphorylated I-xBe, and the 26S proteasome
could exist in vivo, lysates from HSP27-overexpressing U937
cells treated with etoposide in the absence or presence of
MG132 were centrifuged and fractionated with a Superose-6
column. The activities of the fractions against the proteasome
substrate Suc-LLVY-AMC were tested. As shown in Fig. 8A,
two peaks of activity were detected. These activities were in-
hibited by MG132.

Western blot analysis of the different fractions indicated that
phosphorylated I-kBa could be detected only when the treated
cells were cultured in the presence of MG132, i.e., when the
degradation of the phosphorylated protein was inhibited.
Phosphorylated I-kBa could not be detected in extracts from
untreated cells cultured in the presence of MG132 alone,
whereas the protein was easily detected in etoposide-treated
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FIG. 6. HSP27 enhances I-kBa degradation by the proteasome. (A) Control-transfected and HSP27-transfected U937 cells were treated as
indicated (VP16, 100 wM, 4 h; TNF-q«, 20 ng/ml, 4 h; MG132, 25 uM) before monitoring of I-kBa expression by Western blotting. HSC70 served
as a loading control. (B) Control-transfected (white bars) and HSP27-transfected (black bars) U937 cells were treated with etoposide (100 pM)
for the indicated times before measurement of I-kBa cellular content by flow cytometry (MFI, mean fluorescence index). (C) REG cells were
transfected with an empty plasmid (Control) or a plasmid encoding wild-type HSP27 or the indicated deletion mutants of HSP27 and then were
treated with etoposide (VP16, 100 M, 24 h) before measurement of I-kBa cellular content by flow cytometry as described for panel B. Results

are the means and standard deviations for four independent experiments.

cells cultured under the same conditions (Fig. 8B). In this
latter situation, phosphorylated I-kBa, HSP27, and PA700
were found together in fraction 17, which corresponds to the
second peak of proteasome activity (Fig. 8A). Coimmunopre-
cipitation analysis of HSP27 and phosphorylated I-kBa or
PA700 in that fraction confirmed the interaction among the
three components (Fig. 8C). These results suggested that the
formation of a ternary complex involving phosphorylated
I-kBa, HSP27, and the proteasome occurs mainly in etoposide-
treated cells. Together with other results described above,
these observations suggested that stress conditions are re-
quired for HSP27 to enforce the proteasomal degradation of
specific proteins.

DISCUSSION

One of the functions of small heat shock protein HSP27 is to
protect stressed cells from undergoing death by apoptosis. Var-
ious mechanisms have been proposed to account for this pro-
tective effect, including a decreased content of radical oxygen
species (40) and a direct interaction with cytochrome ¢ when
released from mitochondria (6). The present study identifies
another role for HSP27, i.e., facilitating the activation of the
ubiquitin-proteasome pathway. One of the consequences of
this effect is an increase in NF-kB activity through enhanced
degradation of its main inhibitor, I-kBa. Since the suppression
of apoptosis is an important function of NF-kB (32), increased

NF-«kB activation may contribute to the antiapoptotic effect of
HSP27.

HSP27 shares several properties with HSP70, another induc-
ible HSP. When overexpressed, both stress proteins inhibit
apoptosis in vitro and in vivo, induce resistance to most che-
motherapeutic agents, and enhance tumorigenesis in rodents
(18). However, several differences between the two chaperones
have been identified: (i) the function of HSP70 depends on
ATP hydrolysis, whereas that of HSP27 does not; (ii) Asp70 is
an early responsive gene, whereas hsp27 is a late responsive
one; and (iii) their antiapoptotic effects involve distinct molec-
ular mechanisms (16). Consequently, these proteins have been
referred to as complementary protective proteins (29). The
present study suggests another difference between them, based
on their interaction with the proteasomal machinery. Although
HSP70 overexpression also enhances proteasome activity in
response to various stresses (unpublished data), we have
shown here that this effect does not depend on a direct inter-
action with ubiquitin chains, as was observed with HSP27.
Furthermore, HSP70 does not bind to phosphorylated I-kBa.
This finding is consistent with recent studies showing that
HSP70-induced stimulation of proteasome activity could be
mediated by interactions with its cochaperones, BAG-1 and
CHIP (see below).

HSP27 activates the ubiquitin-proteasome pathway. When
proteins unfold as a result of cellular stress, molecular chap-
erones recognize them, prevent their aggregation, and orches-
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trate cellular folding processes, in conjunction with regulatory
cofactors. However, not every attempt to fold a protein is
successful, and misfolded proteins can be targeted to the cel-
lular degradation machinery for destruction (25). The molec-
ular mechanisms underlying the cooperation of molecular
chaperones with the degradation machinery remain largely
unknown. ATP-dependent HSP90 was shown to protect the
trypsin-like activity of the proteasome system from oxidative
inactivation (9) and to inhibit the activity of the proteasome (4,
15, 33). Proteasome inhibitors activate heat shock transcription
factors, with the subsequent induction of HSPs (55, 56); e.g.,
the exposure of U373 MG human glioma cells to proteasome
inhibitors induces HSF2-mediated accumulation of HSP27
(38). In the present study, we identified another relationship
between the ubiquitin-proteasome pathway and HSP27. The
overexpression of HSP27 in different cell types enhanced the
catalytic activity of the proteasome and the degradation of
ubiquitinated proteins in response to stressful stimuli.

HSP27 interacts with polyubiquitin chains. Cooperation be-
tween the ATP-dependent molecular chaperones HSP70 and
HSP90 and the ubiquitination machinery has been described.
HSP70 and HSP90 cooperate to promote the degradation of

endoplasmic reticulum-associated apoprotein B by the ubig-
uitin-proteasome system (22). It was demonstrated that HSP90
and HSP70 could capture unfolded substrates and then inter-
act with an E3 ubiquitin ligase, such as CHIP (C terminus of
Hsc70-interacting protein), a tetratricopeptide domain-con-
taining protein that efficiently ubiquitinates the captured un-
folded protein (10, 39, 43). The ubiquitin-like domain-contain-
ing protein BAG-1 cooperates with CHIP to shift the activity
of the chaperone systems from protein folding to degradation
(13). In the present study, neither HSP70 nor HSP90 was
observed to directly interact with ubiquitin, whereas HSP27
associated with multiubiquitin chains, a result further suggest-
ing a distinct mode of connection with the proteolytic system.
Few interactions between small stress proteins and the ubig-
uitin-proteasome machinery have been described so far. A
two-hybrid approach has revealed that Drosophila small HSPs
(HSP23 and HSP27) can associate in vivo with the nuclear
ubiquitin-conjugating enzyme DmUbc9, a protein involved in
conjugating ubiquitin-related protein SUMO-1 to substrate
proteins, but the functional consequences of this interaction
are unknown (31). The ability of HSP27 to directly interact
with multiubiquitin chains could account for its recently de-
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scribed colocalization with ubiquitinated proteins in cytoplas-
mic inclusions, called “aggregosomes,” that characterize a va-
riety of degenerative diseases (28, 61). These inclusions
contain misfolded, ubiquitinated proteins sheathed in a cage of
intermediate filaments. HSP27 and the 20S proteasome are
recruited to these aggregosomes, a fact which led to the hy-
pothesis that HSP27 may interact with ubiquitinated proteins
for the proper folding or disruption of cellular proteins.
HSP27 interacts with the 26S proteasome. Various interac-
tions of HSPs with the proteasome complex have been re-
ported. The HSC70 and HSP70 cofactor BAG-1 binds to the
proteolytic machinery in an ATP-dependent manner and pro-
vides a link between the HSC70/HSP70 chaperone system and
the 26S proteasome (36). More recently, a yeast two-hybrid
approach identified a direct and specific interaction between
the small HSP op-crystallin (but not HSP27) and one of the 14
subunits of the 20S proteasome (5). An enzyme-linked immu-
nosorbent assay-based method suggested that aB-crystallin
and HSP90 could interact weakly with the 20S proteasome and

inhibit its catalytic activity (8, 59). Again, the functional con-
sequences of these interactions are unknown. Here, we show
that HSP27 coimmunoprecipitates with the 26S proteasome,
whereas HSP60 does not. The HSP27 domain involved in this
interaction is distinct from that involved in the interaction of
HSP27 with cytochrome c, since the deletion of amino acids 55
to 88 suppresses cytochrome ¢ binding (6) without affecting the
association of HSP27 with the 26S proteasome (this study).
Interestingly, this region also was shown to be dispensable for
HSP27 chaperone function in vitro (21). These results suggest
that the chaperone function of HSP27 is not required for its
interaction with cytochrome ¢ and the inhibition of caspase-
dependent apoptosis but is necessary for its interaction with
the 26S proteasome and the ability to enhance the proteasomal
degradation of ubiquitinated proteins.

HSP27 enhances NF-kB activity. One of the well-identified
functions of the ubiquitin-proteasome system is regulation of
the shuttling of the Rel family of transcription factors from the
cytoplasm to the nucleus in response to cell stimulation (2).
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The ability of HSPs to influence NF-«kB activation is a complex
issue. Overexpressed HSP70 was shown to have no significant
influence on NF-kB activation in response to TNF-a or UV
light (30, 54). Accordingly, NF-kB dissociation from its com-
plexing partners during recovery from heat shock could be due
to the thermolability of NF-kB/I-kBa complexes rather than to
the influence of HSPs (35). On the other hand, it has been
shown that heat shock can prevent or delay subsequent NF-«B
activation by a stressful stimulus (14). The present study intro-
duces a new role for HSPs in the regulation of NF-«kB activa-
tion, showing that this activation is enhanced by HSP27 in
response to stressful stimuli.

HSP27 interacts with phosphorylated I-kBa as well as with
the 26S proteasome. Ubiquitination-mediated proteolysis of
I-kBa by the 26S proteasome is a critical step in most pathways
leading to NF-«kB activation (32). NF-kB activation can be
inhibited by antioxidant drugs or overexpression of detoxifying
enzymes, suggesting that crucial redox events or intracellular
reactive oxygen species are involved (34). Despite the ability of
HSP27 overexpression to decrease reactive oxygen species con-
tent (40), we show here that increased expression of the pro-
tein enhances the degradation of I-kBa in response to etopo-
side, TNF-a, and IL-1B in different cell lines. HSP27 interacts
with phosphorylated I-kBa, mainly in the presence of a pro-
teasome inhibitor that prevents the rapid degradation of the
phosphorylated protein. In contrast, HSP27 does not affect
I-kBa phosphorylation, nor does it interact with NF-xB (data
not shown). The interaction between HSP27 and phosphory-
lated I-kBo appears to be specific for HSP27, since neither
HSP70, HSP60, nor HSP90 could interact with the inhibitory
protein. Phosphorylated I-kBa was identified in combination
with the 26S proteasome and HSP27 in a high-molecular-
weight fraction where the three components interact, demon-
strating the existence of a ternary complex in vivo.

Concluding remarks. Based on these observations, we pro-
pose the hypothetical model shown in Fig. 9. In response to
stimulation, I-kBa is phosphorylated and ubiquitinated, favor-
ing its association with HSP27, and disrupts the NF-kB dimer.
Supporting this hypothesis, ubiquitinated I-kBa was shown to
bind to NF-«B in vitro (11), while it dissociated from p50-
containing NF-«B in vivo (50), arguing for an in vivo molecular
chaperone (HSP27?) that disrupts the complex. NF-kB then
migrates to the nucleus, whereas HSP27 drives I-kBa to the
26S proteasome, where the protein is degraded. It is likely that
HSP27 promotes efficient degradation of other ubiquitinated
proteins as well, since HSP27 binds to ubiquitin and strongly
decreases ubiquitinated protein cellular contents under differ-
ent stressful conditions. A similar function was recently de-
scribed for the valosin-containing protein, an AAA (ATPases
associated with a variety of cellular activities) family member
that associates with ubiquitinated proteins (12). However, it
was shown that the valosin-containing protein alone was not
sufficient to promote the degradation of a model substrate
(58), suggesting that other proteins may be involved in the
targeting of multiubiquitinated proteins to the 26S protea-
some. Based on the results of the present study, we propose
that HSP27 may be one of these proteins, acting as a chaper-
one to target different ubiquitinated substrates to the proteo-
lytic machinery.
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FIG. 9. Hypothetical model for the influence of HSP27 on protea-
some-mediated I-kBa degradation. In response to stimulation, I-k Ba
is phosphorylated and ubiquitinated (Ub), which could enhance its
association with HSP27 and its targeting to the 26S proteasome, thus
permitting the release of NF-«kB dimers that translocate to the nucleus.
When associated with ubiquitinated and phosphorylated I-kBa,
HSP27 may favor its transfer, recognition, and/or unfolding by the 26S
proteasome.
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