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Caspase-3 is an essential executioner of apoptosis responsible
for regulating many important cellular processes, among them
the number of circulating monocytes, central players in the
innate immune response. The activation of caspase-3 requires
its processing from an inactive precursor. Herewe show that the
small heat shock protein 27 (Hsp27) associates with caspase-3
and protein-protein interaction experiments in vivo and with
purified proteins demonstrate a direct interaction between
Hsp27 and the amino-terminal prodomain of caspase-3. Using
an in vitro caspase-3 activation assay, our results further estab-
lish that the interaction of Hsp27 with the caspase-3 prodomain
inhibits the second proteolytic cleavage necessary for caspase-3
activation, revealing a novel mechanism for the regulation of
this effector caspase. Hsp27 expression in monocytes is consti-
tutive. Consistent with a central role of Hsp27 in blocking
caspase-3 activation, Hsp27 down-regulation by double-
stranded RNA interference induces apoptosis of macrophages,
whereas Hsp27 overexpression increases the life span of mono-
cytes by inhibiting apoptosis. Highlighting the importance of
cell partitioning in the regulation of apoptosis, immunofluores-
cence, and subcellular fractionation studies revealed that
whereas both caspase-3 and Hsp27 are cytoplasmic in fresh
monocytes (i.e. not undergoing apoptosis), Hsp27 moves to the
nucleus during apoptosis, a relocalization that canbe blockedby
promoting the differentiation of monocytes to macrophages or
by inhibiting cell death. These results reveal a novel mechanism
of caspase-3 regulation and underscore a novel and fundamen-
tal role of Hsp27 in the regulation of monocyte life span.

Apoptosis is a central homeostatic process that regulates cell
number in metazoans. Caspases are highly conserved cysteine

proteases essential for apoptosis (1). They are constitutively
expressed as inactive precursors that become activated by pro-
teolytic cleavage (2, 3). Caspase-3 is a central effector caspase
involved in numerous apoptotic pathways. The first step for
caspase-3 activation is mediated by initiator caspases such as
caspase-8 and caspase-9 (4). The former binds to cytochrome c
and, through amitochondrial-dependent pathway, initiated the
apoptotic cascade (5).
Monocytes, key components of the innate immune system,

originate in the bone marrow daily and circulate in the blood-
stream for 24–48 h (6). In the absence of survival stimuli,
monocytes undergo spontaneous apoptosis (7). The monocyte
apoptotic fate is halted by inflammatory stimuli, differentiation
factors, or malignant transformation, all of which prolong
monocyte survival by somehow inhibiting the activation of
caspases (6–9). Macrophages are derived frommonocytes, but
unlike monocytes, they can live up to 3 months and are more
resistant to apoptosis (10). Macrophages are distributed
throughout every organ where they recognize a wide range of
antigens (11). Monocytes and macrophages have distinct cell
surface receptors like CD14 and mannose receptor, respec-
tively, which allow these cells to respond to particular antigens
and provide convenient markers to identifying both popula-
tions (12). Thus monocytes/macrophages constitute the main
innate line of defense in the blood and organs. The activation of
caspase-3 is central in the execution of spontaneous monocyte
apoptosis, and prolonged monocyte survival is mediated by
the inhibition of caspase-3 activation (7, 9, 13). Monocyte/
macrophage accumulation participates in the pathogenesis
and progression of a number of diseases, including athero-
sclerosis, pulmonary fibrosis, chronic inflammation, and
cancer (14–16). Hence, understanding the mechanisms that
regulate the activation of caspases is of great importance to
manipulate cellular life span.
Recent attention has focused on heat shock proteins (Hsps)4

as regulators of cell death and survival. Hsp represent a con-
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served family of proteins induced by stress conditions that have
been mainly studied for their participation in protein folding
(17). Hsps are classified based on their molecular weight into
large and small (sHsp). Hsp70 and Hsp90 are members of the
largeHsp group,whereasHsp27 and�B-crystallin belong to the
sHsp group and have recently emerged as regulators of apoptosis
(18–20). In human monocytes heat shock-induced expression of
Hsp70 has been correlated withmonocyte survival (21). High lev-
els of Hsp27 are a marker for increasedmalignancy in breast can-
cer (22), and Hsp27 overexpression prevents apoptosis by associ-
ating with cytochrome c, resulting in the inhibition of caspase-9
(23). In addition, �B-crystallin has been suggested to act as a neg-
ative regulatorof apoptosisduring skeletalmuscledevelopmentby
inhibiting caspase-3 activation (24).
In this study we show a new checkpoint for the anti-apopto-

tic activity of Hsp27 in the regulation of apoptosis.We describe
here that, unlike Hsp70, Hsp27 is higher and constitutively
expressed in the monocyte lineage. In contrast, �B-crystallin is
undetectable, even after heat shock stimulation.We found that
Hsp27 relocalizes to the nucleus during spontaneousmonocyte
apoptosis. The relocalization of Hsp27 is blocked by caspase-3
inhibitors or by the differentiation factor macrophage colony
stimulating factor (M-CSF). Hsp27 expression increases during
monocyte-to-macrophage differentiation and is exclusively
localized in the cytoplasm.We show thatHsp27 associates with
caspase-3 in non-apoptotic cells. We determined that the
prodomain of caspase-3 is necessary for the association and
that Hsp27 acts by inhibiting caspase-3 proteolytic processing.
We demonstrate that the overexpression of Hsp27 in mono-
cytic cells reduced apoptosis, whereas silencing of Hsp27
expression in macrophages with double-stranded RNA inter-
ference increased macrophage apoptosis. Taken together, our
findings suggest an additional role of Hsp27 as an anti-apopto-
tic modulator of caspase-3, providing a novel checkpoint in the
regulation of monocyte/macrophage life span.

MATERIALS AND METHODS

Monocyte Purification andCell Culture—Humanmonocytes
were purified by clumping or CD14� selection, as previously
described (25). The population of monocytes was on average
85–90% pure as estimated by flow cytometry using an anti-
CD14 marker (BD Biosciences). Monocytes were resuspended
in RPMI 1640 (BioWhittaker, Walkersville, MD) to a final con-
centration of 3 � 106 cells/ml and cultured at 37 °C in 5% CO2.
THP-1 monocytic cells and RAW264.7 cells were obtained
fromATCC and cultured in RPMI 1640, 5% fetal bovine serum.
HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum and 1% penicillin-strep-
tomycin. For monocyte/macrophage differentiation (mono-
cyte-derived macrophages (MDMs), purified human mono-
cytes were cultured on plates up to 7 days in RPMI 1640, 5%
fetal bovine serum, 1% penicillin-streptomycin with 100 ng/ml
M-CSF (R&D Systems, Minneapolis, MN). MDM differentia-
tion was confirmed by changes in morphology and increased
levels of macrophage mannose receptor, detected by flow
cytometry (12). Heat shock was performed at 42 °C in 5% CO2
incubator for 30 min in monocytes and 2 h in THP-1 cells fol-
lowed by a recovery at 37 °C for different times.

Extract Preparation, Immunoprecipitation, and Immuno-
blotting—Extracts were collected by centrifugation andwashed
with KPMbuffer (50mMKCl, 50mMPIPES, 10mMEGTA, 1.92
mMMgCl2, pH 7.0). Cells were lysed in ice-cold buffer B (50mM
Tris-HCl, pH 7.5, 0.1% Triton-X, 1 mM EGTA, 1 mM EDTA
containing 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride,
10�g/ml of protease inhibitors chymostatin, pepstatin, leupep-
tin, antipain, and phosphatase inhibitors) for 30min on icewith
intermittent vortexing, and extracts were then centrifuged for
20 min at 14,000 � g. Supernatants (soluble fractions in Fig. 1)
were snap-frozen and stored at �70 °C for future use. The pel-
lets (insoluble fractions in Fig. 1) were resuspended in buffer C
(8 M urea, 4% CHAPS, 40 mM Tris-HCl containing DTT,
phenylmethylsulfonyl fluoride, and protease inhibitors) for 30
min. Whole cell lysates (used in Fig. 1A) were prepared by son-
ication of extracts in the presence of buffer C. Lysates were
boiled 5 min in Laemmli buffer containing 1% �-mercaptoeth-
anol before loading onto gels. Gels were stained overnight with
Coomassie Brilliant Blue R-250 to determine equal loading.
For immunoprecipitations, HeLa cells expressing different
domains of caspase-3 (26) were lysed in buffer A (50mMHepes,
pH 7.5, 150 mM NaCl, 0.1% Tween 20, 1 mM EDTA, 2.5 mM
EGTA, 10% glycerol containing DTT, phenylmethylsulfonyl
fluoride, and protease inhibitors). Lysates were immunopre-
cipitated with anti-Hsp27, anti-caspase-9 (BD Pharmingen),
and anti-Xpress (Invitrogen) antibodies and G-agarose beads
(Invitrogen) for 5 h at 4 °C. Immunoprecipitates were washed
four times with buffer A. Recombinant proteins were preincu-
bated for 30 min on ice followed by immunoprecipitation with
anti-Hsp27 for 5 h at 4 °C. Immunoblotting was carried out
with anti-Hsp27 (SPA-803), Hsp70 (SPA-810), �B-crystallin
(SPA-223), and Hsp25 (SPA-801) antibodies obtained from
Stressgen. �-Tubulin antibody was obtained from Upstate
(Charlottesville, VA). Anti-caspase-3 (clone C-31720) antibody
was obtained from BD Transduction Laboratories and anti-
acetylated-H4 from Cell Signaling (Danvers, MA). Densitome-
try analyses were done using Quantity-One (Bio-Rad). In
experiments performed to detect Hsp27 and Hsp70, an equal
amount of protein was loaded in each lane. For the detection of
�B-crystallin, 100 �g of total protein were loaded per well. Sec-
ondary antibodies linked to horseradish peroxidase and ECL
were purchased from Amersham Biosciences.
Subcellular Fractionation and Western Blots—To obtain

subcellular fractions, 2 � 107 primary human monocytes were
collected for each time point. Nuclear and cytoplasm fractions
were obtained using the Qproteome Cell Compartment Rea-
gent (Qiagen) following the manufacturer’s recommendations.
Equal amounts of protein for each fraction were subjected to
SDS-PAGE. Western blot analysis was conducted with anti-
glyceraldehyde-3-phosphate dehydrogenase and lamin B
(Santa Cruz), markers of cytoplasm and nuclear fractions,
respectively. The same membranes were immunoblotted with
anti-Hsp27 and anti-caspase-3 active and inactive antibodies.
Flow Cytometry—For flow cytometry cells were washed with

PBS and resuspended at a concentration of 2 � 107 cells/ml in
blocking buffer (cold PBS containing 1% fetal bovine serum and
200 �g/ml human total IgG) and incubated for 30 min on ice.
After gentle mixing, the cells were divided into individual tubes
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containing 1 � 106 cells each, and 5 �l of allophycocyanin-
conjugated anti-CD14 or isotype control was added and incu-
bated for 30 min on ice. After 2 washes with blocking buffer,
cells were resuspended in 250 �l of Cytofix/Cytoperm� and
incubated for 20 min on ice with 20 �l of FITC-conjugated
anti-active-caspase-3 (casp-3; BD Pharmingen). Cells were
washed 2 times with Perm/Wash� buffer and finally resus-
pended with 200 �l of blocking buffer. Alternatively, cells were
stained with annexin V-FITC and 7AAD using the annexin
V-FITCapoptosis detection kit by following themanufacturer’s
specification (BD Pharmingen). Levels of mannose receptor
were detected using anti-mannose-receptor-phosphatidyletha-
nolamine (PE)-conjugated antibody or an isotype-PE-conju-
gated control (BD Pharmingen). Hsp27 expression levels were
detected using an anti-Hsp27 and anti-Hsp25 (Stressgen, SPA-
801) and Alexa-633 (Molecular Probes, Invitrogen) antibodies.
Flow cytometry analysis was performed using BD Biosciences
FACS ARIA using FCS Express V3 software.
Transient Transfection, RNA Interference, and Immuno-

fluorescence—Full-length cDNA of Hsp27 (accession number
BC012768) was obtained from OpenBiosytems and cloned in-
frame into the green fluorescent vector pEGFP-C2 (GFP from
Clontech, Mountain View, CA). THP-1 cells were washed in
PBS and resuspended in the specified electroporation buffer
provided by kit V Amaxa (catalog no. VCA-1003, Amaxa,
Cologne, Germany) to a final concentration of 5� 106 cells/ml.
One �g of vector alone (vector-GFP) and vector containing
Hsp27 (Hsp27-GFP) was mixed with 0.1 ml of cell suspension
and nucleofected using the Amaxa NucleofectorTM (Program
V-01 as recommended by the manufacturer). Twenty-four
hours after transfection, cells were treated with 10 �M etopo-
side for 12 h to induce apoptosis. HeLa cells were transfected
with different domains of caspase-3 as previously described
(27) using Lipofectamine� 2000 (Invitrogen). For silencing
experiments, pre-validated siRNA for human Hsp27 was
obtained fromQiagen (Valencia, CA). siRNA forHsp25 used in
mouse Raw cells was from Ambion (Austin, TX). MDMs and
RAW 264.7 cells were transfected with 150 nM siRNA or a
scramble control (Qiagen) for 72 or 24 h, respectively. Apopto-
sis was induced for 12 h with 10 �M etoposide inMDMs or 100
�M for RAW cells. For immunofluorescence studies, the cells
were fixed in PBS containing 2% paraformaldehyde and perme-
abilized in PBS containing 0.2% Triton X-100 and 0.5% bovine
serum albumin for 15 min at 4 °C. Cells were incubated in
blocking solution (0.5% bovine serum albumin and 2 mg/ml
human IgG) for 30min at room temperature. Staining was con-
ducted in blocking solution with anti-Hsp27 (SPA-803), anti-
active caspase-3 (Asp175, Cell Signaling, Beverly,MA), or inac-
tive caspase-3 (Transduction Laboratories) antibodies followed
by secondary antibodies conjugated to FITC or phosphati-
dylethanolamine, respectively (Alexa 488 or Alexa 633, Molec-
ular Probes, Eugene, OR). Nuclear staining with 50 ng/ml 4�6-
diamidino-2-phenylindole (DAPI), Sigma) was conducted as
previously described (27), and percentage of apoptosis was
determined by nuclear fragmentation by counting at least 200
GFP-positive cells. Fluorescence was visualized on an epifluo-
rescence microscope (Olympus, Melville, NY), and digital
images were captured using Optronics Imaging System

(Goleta, CA) and ImageProPlus software (excitation at 300 nm;
emission at 461 nm).
Caspase Activity—Active caspases was determined by the

AFC assay as previously described (27). Mixes were incubated
with DEVD-AFC to determine the presence of active caspase-3
in a cyto-buffer (10% glycerol, 50 mM PIPES, pH 7.0, 1 mM

EDTA, containing 1mMDTT, and 20�M tetrapeptide substrate
DEVD-AFC). To determine the presence of active caspase-9,
we used the tetrapeptide LEHD-AFC in a cyto-buffer (0.1 M

MES, pH 6.5, 10% polyethylene glycol, 0.1% CHAPS, 10 mM

DTT, and 500 �M LEHD-AFC). The tetrapeptides were
obtained from Enzyme Systems Products (Livermore, CA).
Release of free AFC was determined using a Cytofluor 4000
fluorometer (PerseptiveCo., Framingham,MA.; excitation, 400
nm; emission, 508 nm). Recombinant Hsp27 and Hsp90 were
obtained from Stressgen. Hsp27 was mixed at equal amounts
(1:1) or double amounts with rcasp-3 (2:1) for 30 min on ice.
Dilutions of Hsp27 were prepared in a buffer containing 20mM

Tris, pH 7.4, 10 mMNaCl, 1 mM EDTA, 1 mM DTT. Hsp90 was
diluted in 50mMTris, pH 7.4. Caspase-9 obtained from Biomol
(Plymouth Meeting, PA) was then added, and samples were
incubated at 37 °C for 2 h in the presence of a buffer containing
50 mM Hepes, pH 7.4, 50 mM NaCl, 10% sucrose 5 mM DTT, 1
mM phenylmethylsulfonyl fluoride.
Statistical Analysis—All data are expressed as the mean �

S.E. Student’s t test comparisons or individual comparisons
were made by using the contrast method. Statistical signifi-
cance is stated in Figs. 4 and 5.

RESULTS

Hsp27 Is Expressed Constitutively in HumanMonocytes—To
evaluate the role of sHsps in the regulation of human mono-
cytes life span, we investigated the level of expression of Hsp27
and �B-crystallin in human primary monocytes and THP-1
monocytic cells. THP-1 cells originate from amonocytic leuke-
mia, and unlike primary human monocytes, do not undergo
spontaneous apoptosis. Western blot analyses of whole cell
lysates from freshly isolated humanmonocytes (Fig. 1A,NT) or
THP-1 cells (Fig. 1B, NT) reveal high constitutively expression
ofHsp27. Similar levels ofHsp27 are found inwhole-cell lysates
from monocytes undergoing apoptosis when compared with
freshly isolated monocytes lysates (Fig. 1A, A). In contrast, no
significant increase ofHsp27 expressionwas observed in lysates
from heat-shocked-treated monocytes and THP-1 cells (Fig. 1,
A–C, HS). Unlike Hsp27, �B-crystallin was undetectable by
immunoblotting in the primary human monocytes under all of
the conditions tested (Fig. 1A). A low constitutive level of
�B-crystallin expression that remained unaltered during heat
shock was found in THP-1 cells (Fig. 1B, NT and HS). In con-
trast to Hsp27, Hsp70 expression was low in fresh monocytes
apoptotic monocytes, and untreated THP-1 cells but increased
with heat shock at least 3-folds and in THP-1 cells by �30-fold
(Fig. 1, A and B, Hsp70), consistent with previous studies (21).
Together these results show a differential pattern of expres-

sion of Hsp70, �B-crystallin, and Hsp27 in monocytes. The
constitutively high levels of Hsp27 expression in primary
humanmonocytes andTHP-1 cells in the absence of detectable
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�B-crystallin are likely to suggest an important role of Hsp27 in
the monocytic lineage.
Localization of Hsp27 Changes during Spontaneous Mono-

cyte Apoptosis—We have previously shown that humanmono-
cytes undergo spontaneous apoptosis, a process that requires

activation of caspase-3 (7). Consistently, we found that purified
CD14� monocytes cultured for different lengths of time
showed active caspase-3 as early as 4 h during monocyte life
span and�40%of the cells have active caspase-3 at 8 h (Fig. 1D).
Because Hsp27 was previously shown to relocalize upon heat
shock (28), we next determined the localization of Hsp27 dur-
ing spontaneous monocyte apoptosis. Freshly isolated mono-
cytes cultured for different lengths of time were separated into
soluble (cytoplasm) and insoluble (nuclei and other organelles)
fractions.Western blots performedwith anti-Hsp27 antibodies
showed that in fresh, non-apoptotic monocytes Hsp27 local-
ized mostly to the soluble fraction, with significantly lower lev-
els in the insoluble fraction (Fig. 1E, 0 and 1 h). A significant
increase of Hsp27 in the insoluble fraction was observed after
4 h of culturing (Fig. 1E, 4 h). In apoptotic monocytes most of
theHsp27 protein was present in the insoluble fraction (Fig. 1E,
8–16 h). In sharp contrast, Hsp70 was localized in the soluble
fraction throughout the life span ofmonocytes (Fig. 1E). To rule
out that the relocalization of Hsp27 was due to nonspecific
localization during apoptosis, the same membranes were
reblotted with acetylated histone 4 (AcH4). AcH4 was found in
the insoluble fraction consisting of nuclei and other cellular
organelles at all the time points tested (Fig. 1E).
Next, we determined the localization of endogenous Hsp27

by immunofluorescence during the life span of primary human
monocytes. We found that Hsp27 localized to the cytoplasm of
fresh monocytes, but at 8 h Hsp27 was found in the nucleus of
monocytes undergoing spontaneous apoptosis (Fig. 2A). The
localization of endogenous caspase-3 was determined using
two different antibodies. The inactive caspase-3, shown in red,
and the active caspase-3 (in green) were found routinely in the
cytoplasm in both fresh and apoptotic primary human mono-
cytes (Fig. 2A).
To determine whether the cytoplasm localization of Hsp27

was dependent on prolonged monocyte survival, we inhibited
monocyte apoptosis by culturing monocytes for 8 h with the
survival factor M-CSF, which blocks apoptosis by inhibiting
caspase-3 activation (Ref. 9). We found that Hsp27 remained
localized in the cytoplasm (Fig. 2A, seeM-CSF). Next, we stud-
ied whether the relocalization of Hsp27 was dependent on
caspase-3-mediated apoptosis. Monocytes were cultured for
8 h with 75 �M caspase-3 inhibitor DEVD-FMK (Fig. 2A, see
DEVD). This inhibitor allows the first cleavage of caspase-3 but
blocks the active site, preventing the autocatalytic processing of
the prodomain of caspase-3 (4). We found that under these
conditions, Hsp27 continued to be localized in the cytoplasm.
Next, we obtained nuclear and cytoplasmic fractions from

freshly isolated primary humanmonocytes andmonocytes cul-
tured for 8 or 16 h, respectively.We found that Hsp27 localized
in the cytoplasm in freshmonocytes. Duringmonocyte sponta-
neous apoptosis at 8 h, Hsp27 was foundmostly in nucleus, and
by 16 hHsp27 was found completely in the nucleus (Fig. 2B). In
contrast, inactive full-length caspase-3 and the active cleaved
caspase-3 were always found in the cytoplasm (Fig. 2B). Taken
together, these results indicate that Hsp27 localizes with the
inactive caspase-3 precursor in the cytoplasm of non-apoptotic
cells. Although Hsp27 relocalized to the nucleus during apo-
ptosis, active caspase-3 remained in the cytoplasm. Relocaliza-

FIGURE 1. Hsp27 expression and localization in human monocytes. Whole
cell lysates of fresh non-apoptotic (NT), monocytes cultured for 16 h (apoptotic
(A)), and heat shock monocytes (HS) (A) or THP-1 whole cell lysates (NT) or heat
shock (HS) (B) were resolved by SDS-PAGE and immunoblotted with anti-Hsp27,
anti-�B-crystallin, anti-Hsp70, and anti-�-tubulin antibodies. C, relative amounts
of Hsp27 protein found in monocytes or THP-1 cells (right panel) expressed as
-fold increase relative to the amount found in NT monocytes and normalized by
equal loading using �-tubulin (p � 0.05; n � 3). D, human monocytes CD14�
were cultured for different lengths of time and labeled with CD14-allophycocya-
nin and anti-active-caspase-3-FITC antibodies and analyzed by flow cytometry.
E, lysates from soluble and insoluble cell fractions (see “Material and Methods”)
were resolved by SDS-PAGE and immunoblotted with anti-Hsp27, anti-Hsp70,
and anti-acetylated H4 antibodies or gels were stained with Coomassie (Coom).
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tion of Hsp27 appears to be dependent on the activation of
caspase-3, since cells treated with the caspase-3 inhibitor
DEVD-FMK or the differentiation factor M-CSF, both inhibi-
tors of caspase-3-dependent-apoptosis, showed Hsp27 local-
ization to the cytoplasm.
Hsp27 Associates with Caspase-3—Previous studies sug-

gested roles for sHsp at multiple levels in the apoptotic cascade
(29). To determine the role of Hsp27 in monocyte life span, we
next investigated whether Hsp27 associated with caspase-3.
Lysates from freshly isolated humanmonocytes were immuno-
precipitated (IP) with an anti-caspase-3 antibody (IP, anti-
Casp-3, Fig. 3A, lane 4) or with isotypes controls (IP, control,
Fig. 3A, lane 1 and lane 2, anti-rabbit and anti-mouse IgG con-
trols, respectively) and analyzed by immunoblotting. We
found that caspase-3 associated with Hsp27 (Fig. 3A, lane 4),
whereas neither caspase-3 nor Hsp27 was detected in the
control IP (Fig. 3A, lanes 1 and 2). To demonstrate the spec-
ificity of this interaction, caspase-9 was immunoprecipitated
from monocyte lysates. Western analysis with anti-Hsp27
antibodies showed no association of caspase-9 with Hsp27
(Fig. 3A, lane 3).

FIGURE 2. Localization of Hsp27 and caspase-3 in monocytes. A, nuclear
and cytoplasmic fractions were obtained from freshly isolated untreated
monocytes or undergoing spontaneous apoptosis cultured for 8 and 16 h.
Fractions were resolved by SDS-PAGE and immunoblotted with anti-Hsp27,
anti-inactive, and active caspase-3 antibodies. The same membranes were
immunoblotted with anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and lamin B antibodies as cytoplasmic and nuclear markers, respec-
tively. B, fresh and monocytes undergoing spontaneous apoptosis (cultured
for 8 h) were stained with anti-Hsp27 (green). Fresh monocytes were stained
with an anti-caspase-3 antibody (inactive in red). Monocytes cultured for 8 h
were stained with an anti-active-caspase-3 (green) that only recognizes active
caspase-3. Nuclei were stained with DAPI. Immunostaining using anti-Hsp27
or anti-caspase-3 antibodies was performed in monocytes cultured for 8 h
with 75 �M DEVD-FMK or 20 �M M-CSF to promote survival. C, cytoplasm; N,
nucleus.

FIGURE 3. Hsp27 associates with caspase-3 in human monocytes. A, lysates of
fresh human monocytes were immunoprecipitated using an anti-Casp-3, iso-
type controls (Control), or anti-caspase-9 antibody (Casp-9). IP and input were
immunoblotted with anti-caspase-antibodies or anti-Hsp27 antibodies. WB,
Western blot. B, purified Hsp27 and full-length casp-3 (r-Casp-3) or r-p1712
were mixed, and immunoprecipitations carried out with anti-Hsp27 or iso-
genic control (lanes 1–33). An aliquot of the mixes used in the immunopre-
cipitations was also analyzed by immunoblotting (lanes 4 and 5). Immuno-
blotting with anti-caspase-3 and anti-Hsp27. C, lysates of cells expressing
various domains of caspase-3 (Input) were immunoprecipitated (IP) with anti-
Hsp27, and IP and input were immunoblotted with anti-Xpress and anti-
Hsp27 antibodies.
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To determine whether Hsp27 associates directly with
caspase-3, purified recombinant Hsp27 and wild type full-
length caspase-3 or a caspase-3 version lacking the 28 amino
acids of the amino-terminal prodomainweremixed and immu-
noprecipitated with anti-Hsp27 antibodies (Fig. 3B, Input,
lanes 4 and 5). Western analysis with anti-caspase-3 antibodies
demonstrated that full-length caspase-3 associates with Hsp27
(Fig. 3B, lane 2),whereas the caspase-3p17p12polypeptide,which

lacks the prodomain, failed to associ-
ate with Hsp27 (Fig. 3B, lane 3).
To map the Hsp27/caspase-3

interaction, HeLa cells were trans-
fected with pcDNA4HisMax plas-
mids encoding the caspase-3
polypeptide; that is, p12, p17,
prop17, p17p12, or full-length
prop17p12 tagged in the amino ter-
minus with the Xpress epitope or a
vector control as previously de-
scribed (26). Twenty-four hours
after transfection, lysates (Fig. 3C,
Input, lanes 7–12) were immuno-
precipitated with anti-Hsp27 anti-
bodies (Fig. 3C, lanes 1–6). Immu-
noblots with the anti-Xpress
antibodies showed that Hsp27 asso-
ciates with full-length caspase-3
(Fig. 3C, lane 2) andwith the prop17
polypeptide (Fig. 3, lane 4). All the
other caspase-3 polypeptides failed
to associatewithHsp27 (Fig. 3, lanes
3, 5, and 6). These results demon-
strate the specific interaction of
Hsp27with caspase-3 and show that
the prodomain of caspase-3 is nec-
essary for this association.
Hsp27 Inhibits Caspase-3 Acti-

vation—To investigate the func-
tional role of the caspase-3-Hsp27
association, we next deter-
mined the effect of Hsp27 on the
activation of caspase-3. Recombi-
nant full-length Casp-3 was mixed
with recombinant Hsp27 at various
molar ratios (equimolecular 1:1 or
1:2, the latter representing twomol-
ecules of Hsp27 per molecule of
caspase-3) for 30 min on ice to pro-
mote the association of the protein
complex. Active caspase-9 was then
added to the mix to induce the first
cleavage and activation of caspase-3
for 2 h, and caspase-3 activity was
determined via the DEVD-AFC
assay. In this in vitro enzymatic
assay, the addition of Hsp27
resulted in a dramatic inhibition of
the activity of caspase-3 (Fig. 4A,

black bars). When similar experiments were carried out using
the caspase-3 p17p12 polypeptide, which lacks the prodomain,
we found no inhibitory effect of Hsp27 on the caspase-3 activity
(Fig. 4C). These results together with the previous observations
(Fig. 3, B and C) indicate that Hsp27 regulates the activation of
caspase-3 by associating with its prodomain. The inhibitory
effect on caspase-3 activity appears to be specific to Hsp27, as
Hsp90 had no effect in caspase-3 activity (Fig. 4A, white bars).

FIGURE 4. Hsp27 inhibits the activation of caspase-3. A, caspase-3 activity was determined using the
fluorescent substrate DEVD-AFC activity assays. Purified full-length rCasp-3 was mixed for 30 min at 4 °C
with equal amounts of Hsp27 (1) or with twice the amount of Hsp27 (2) or in the presence of Hsp27 buffer
(0) to promote the formation of the complex. Then active caspase-9 was added to promote the first cleavage of
casp-3, and the mix was incubated for 2 h at 37 °C before determining caspase-3 activity (black bars). Similar
experiments using Hsp90 are shown in white bars. B, the activity of caspase-9 was determined in the samples
used above using the fluorescent substrate LEHD-AFC. Results are expressed as average � S.E. (n � 3).
C, caspase-3 activity was determined as in A using purified p17p12 caspase-3 in the absence of Hsp27 (0) or with
twice the amount of Hsp27 (2). D, purified full-length rCasp-3 was mixed for 30 min at 4 °C with equal amounts
of Hsp27 (1:1) or with twice the amount of Hsp27 (2:1) or in the presence of Hsp27 buffer (0:1) to promote the
formation of the complex. Then active caspase-9 was added to promote the first cleavage of caspase-3, and the
mixes were incubated for different times at 37 °C. Processing of caspase-3 was determined by immunoblotting
with anti-caspase-3 antibodies.
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To rule out the possibility that the effect of Hsp27 on
caspase-3 activity could be mediated by the Hsp27-dependent
inhibition of caspase-9, we next determined the activity of
caspase-9 in the same mixtures as shown in Fig. 4A using the
caspase-9 substrate LEHD-AFC. Consistent with the specific
interaction of Hsp27 with caspase-3 but not with caspase-9
(Fig. 3A), Hsp27 had no effect on caspase-9 activity (Fig. 4B,
Hsp27 black bars or Hsp90 white bars).

Caspase-3 activation requires a two-step proteolytic process-
ing. The first one, between p17 and p12, is mediated by an
initiator caspase such as caspase-9, whereas the second proc-
essing involving the cleavage of the prodomain is caspase-3-de-
pendent (4, 30).Wenext investigated themechanisms bywhich
Hsp27 affected caspase-3 activation by mixing recombinant
full-length caspase-3 with recombinant Hsp27 at variousmolar
ratios for 30 min on ice to promote the formation of the com-
plex. Active caspase-9 was then added to the mix to induce the
first cleavage, and the proteolytic processing of caspase-3 was
verified at different times by Western blotting (Fig. 4D). In the
absence of Hsp27 (represented by Hsp27:Casp-3 0:1, Fig. 4D),
the pro-p17 fragment was first observed at 30 min, peaking at
45 min to then give to the appearance of the p17 fragment by
the caspase-3-dependent second cleavage. By 120 min, most of

the precursor caspase-3 had disap-
peared, and large quantities of p17
were observed (Fig. 4D, 0:1). The
addition of Hsp27 at a 1:1 molar
ratio with caspase-3 slightly delayed
the processing of the prop17
polypeptide (Fig. 4D, 1:1). However,
when theHsp27:caspase-3 ratio was
further increased to 2:1, the proc-
essing of prop17 was completely
abolished (Fig. 4D, 2:1). Interest-
ingly, this concentration of Hsp27
also had a slight effect on the first
cleavage, reflected by a delayed dis-
appearance of the full-length
caspase-3 band. Because Hsp27 was
found to have no effect on the activ-
ity of caspase-9 (Fig. 4B), this result
may suggest that the binding of
Hsp27 to the prodomain caspase-3
somehow affects the conformation
of full-length caspase-3, delaying
the processing by caspase-9. To-
gether, these experiments demon-
strate that the binding of Hsp27 to
the prodomain inhibits caspase-3
proteolytic activation.
Overexpression of Hsp27 Inhibits

Apoptosis—A corollary of the
experiments described earlier is that
the ectopic expression of Hsp27
should affect the apoptotic potential
of the cells. To test this hypothesis,
THP-1 monocytic cells were trans-
fected with Hsp27-GFP or empty

vector control expressing GFP (Fig. 5B). Twenty-four hours
after transfection, cells were either left untreated (Fig. 5, No
Treatment) or induced to undergo apoptosis for 12 h with 10
�M etoposide, a chemotherapeutic drug that induces caspase-
3-dependent apoptosis (27). The percentage of apoptotic cells
was determined by the number of green transfected cells exhib-
iting nuclear fragmentation, a hallmark of caspase-3-depend-
ent apoptosis.We found that the number of apoptotic cells was
reduced approximately by 70% in cells overexpressing Hsp27
(Fig. 5A, black bars). A similar reduction of caspase-3 activity
was observed in Hsp27-overexpressing cells treated with eto-
poside (Fig. 5C). These results demonstrate that Hsp27 func-
tions as an anti-apoptotic regulator by inhibiting caspase-3-de-
pendent apoptosis.
Hsp27 Localized in the Cytoplasm of Differentiated

Monocytes—Based on our findings that the overexpression of
Hsp27 can confer resistance to apoptosis, we hypothesized that
the level ofHsp27was likely to vary during the differentiation of
monocytes to macrophages, cells from the same lineage but
with a longer life span. To test this hypothesis, freshly isolated
human monocytes obtained from circulating blood by a
CD14� selectionwere differentiated for 7 days tomacrophages
in the presence of M-CSF. Typical morphologic changes con-

FIGURE 5. Hsp27 overexpression inhibits caspase-3-dependent apoptosis. THP-1 monocytic cells were
transfected with Hsp27-GFP or an empty vector (Vector-GFP) and treated for 12 h with 10 �M etoposide to
induce apoptosis or left untreated. A, the number of apoptotic cells was determined by nuclear fragmentation
as seen by DAPI staining in cells Hsp27 determined by fluorescence. B, overexpression of Hsp27 determined by
immunoblotting with anti-Hsp27 antibodies. C, caspase-3 activity determined by DEVD-AFC in lysates from the
same cells treated for 12 h with etoposide to induce apoptosis or left untreated. Data are expressed as the
average � S.E. (n � 3; *, p 	 0.005).
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sistent with increases in cell size and granularity and the
increase of the macrophage mannose receptor marker (12, 31)
were used to determine the differentiation of monocytes to
macrophages (MDMs) (Fig. 6,A andB).We found that the total
expression of Hsp27 remained constant during the first 24 h
and increased at days 3 and 7whenmost of themonocytes have
differentiated into macrophages (Fig. 6C). Loading control was
determined by immunoblotting the samemembrane with anti-
�-tubulin antibodies (Fig. 6C). A similar increase on Hsp27
expressionwas observed by flow cytometry (Fig. 6B). The local-
ization of endogenous Hsp27 and caspase-3 was determined by
immunofluorescence. We found that Hsp27 co-localized with
caspase-3 in the cytoplasm of 7-day-old macrophages (Fig.
6D). These results demonstrate that in macrophages, cells of
the monocytic lineage that have prolonged life span, Hsp27
localized in the cytoplasm with caspase-3.
Hsp27 Depletion Increases Apoptosis of Macrophages—It is

well known that macrophages are very resistant to cell death
induced by chemotherapeutic drugs (32, 33). To investigate
whether the resistance to apoptosis was due to the higher level
of expression ofHsp27,we inhibited the expression ofHsp27 by
siRNA. First, monocytes were isolated from two normal

donors. Half of the monocytes were
differentiated to macrophages for 7
days (MDMs). The ability to
undergo apoptosis was compared in
monocytes and macrophages from
the same donor. For this purpose,
monocytes or macrophages were
left untreated (Fig. 7A, NT) or
treated with 10 �M etoposide for
12 h to induce cell death (Fig. 7A,
Etoposide).We found no increase in
the number of apoptotic cells in eto-
poside-treated macrophages com-
pared with the macrophages left
untreated in the two donors ana-
lyzed (Fig. 7A, shown in red). Con-
sistent with these results, no
increase in caspase-3 activity was
found in macrophages treated with
etoposide (Fig. 7B, shown in red). In
contrast, treatment with etoposide
for 12 h increased the number of
apoptotic monocytes and caspase-3
activity when compared with the
monocytes left untreated which
were undergoing spontaneous apo-
ptosis (Fig. 7, A and B, shown in
blue). To determine whether a
lower expression of Hsp27 affected
apoptosis of macrophages, MDMs
from two donors were transfected
with siRNA duplexes that target
Hsp27 (siRNA-Hsp27) or with a
random duplex control (siRNA-
Control) as previously reported
(27). Immunoblotting analysis with

anti-Hsp27 antibodies showed that Hsp27 expression was
silenced by a 22–30% depending on the donor (Fig. 7C, lane 2).
The same membrane was re-blotted with anti-Hsp70 antibod-
ies to ensure the specificity of the silencing and with anti-�-
tubulin for equal loading (Fig. 7C). After transfection with
siRNA-Control or siRNA-Hsp27, macrophages were treated
for 12 h with 10 �M etoposide to induce apoptosis or left
untreated. We found that silencing of Hsp27 expression
induced an increase to 15 and 20% in apoptosis for each
donor, respectively, as determined by annexin V and 7AAD
staining (Fig. 7C, Donors 1 and 2). In siRNA-Control etopo-
side-treated-macrophages, we found only 5% of apoptotic
cells. Similarly, only 5% of cells undergoing apoptosis was
also found in siRNA-Control and siRNA-Hsp27 no-treated
macrophages.
Because of the difficulties associated with transfecting pri-

mary human macrophages, which make it difficult to obtain
high transfection efficiency, we decided to investigate the effect
of silencing the expression of Hsp27 using the mouse macro-
phage cell line RAW264.7. For this purpose mouse macro-
phageswere transfectedwith siRNAduplexes that targetHsp25
(siRNA-Hsp25), the mouse Hsp27 homologue, or with a ran-

FIGURE 6. Hsp27 expression is increased during monocyte differentiation and localized in the cytoplasm
of macrophages. Human monocytes were differentiated to macrophages (MDMs) ex vivo for different lengths
of time. A, morphological changes were visualized during monocyte differentiation by microscopy. B, fresh
monocytes or 7-day macrophages (MDMs) from the same donor were stained with anti-Hsp27 and anti-man-
nose receptor antibodies and analyzed by FACS. C, lysates from monocytes of two different donors at different
days during differentiation were separated by SDS-PAGE and blotted with anti-Hsp27 and anti-�-tubulin anti-
bodies. D, cells at different stages of differentiation were stained with anti-Hsp27 (green) and anti-caspase-3
(inactive, red) antibodies and DAPI.
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domduplex control (siRNA-Control). The expression ofHsp25
was down-regulated by 70% 48 h after transfection (Fig. 7D,
lane 2). The same membrane was immunoblotted with anti-�-

tubulin antibodies showed equal loading (Fig. 7D). Next, mac-
rophages transfected with siRNA-Hsp25 or siRNA-Control
were treated for 12 hwith 100�Metoposide to induce apoptosis

FIGURE 7. Silencing of Hsp27 promotes macrophage apoptosis. Human monocytes or macrophages (7-day MDMs) from two donors were left untreated
(NT) or treated with 10 �M etoposide for 12 h to induce apoptosis. A, DAPI staining was used to score apoptosis. B, the same samples were used to determined
caspase-3 activity by DEVD-AFC. C, macrophage lysates from two normal human donors transfected with scramble siRNA-Control (lane 1) or siRNA-Hsp27 (lane
2) were immunoblotted with anti-Hsp27, anti-Hsp70, and anti-�-tubulin antibodies. Same samples were left untreated or treated with etoposide as explained
above, and the percentage of apoptotic cells was determined by staining with annexin V and 7AAD and analyzed by FACS. D, RAW macrophages were
transfected with scramble siRNA-Control (lane 1) or siRNA-Hsp25 (lane 2) and treated with 10 �M etoposide for 12 h or left untreated (NT), and silencing was
determined by immunoblotting with anti-Hsp25 and �-tubulin antibodies. The percentage of apoptotic cells was determined with annexin V and 7AAD in cells
sorted by FACS based on their Hsp25 expression.
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or left untreated. The number of apoptotic cells was deter-
mined by annexin V, 7AAD staining after sorting Hsp25� and
Hsp25� cells. We found that 33% of the macrophages trans-
fected with siRNA-Control undergo apoptosis after etoposide
treatment (Fig. 7D). In sharp contrast, 85% of the macrophages
transfected with siRNA-Hsp25 undergo apoptosis upon treat-
ment with etoposide (Fig. 7D). These results taken together
demonstrate that the reduction of Hsp27 expression increases
the efficacy of the chemotherapeutic agent etoposide to induce
apoptosis ofmacrophages, cells with reduced ability to undergo
cell death.

DISCUSSION

The life span in cells of the monocytic lineage is determined
by the activation of caspase-3, an essential component of the
apoptoticmachinery (7). The activation of caspases is regulated
by pro- and anti-apoptotic factors (34). Although multiple reg-
ulators of the activator caspases have been identified, few direct
modulators of caspase-3 have been found, and their mode of
action remains elusive (34).We show here that Hsp27 regulates
monocyte life span by associating with the prodomain of
caspase-3 inhibiting its proteolytic activation.
Previous reports had already suggested an interaction of

Hsp27 with components of the apoptotic cascade and an anti-
apoptotic function. Indeed, the association of Hsp27 with
DAXX blocks the formation of the DAXX-Ask complex, inhib-
iting the activation of caspase-8 (35). Hsp27 also associateswith
cytochrome c (a cofactor required for caspase-9 activation)
halting the activation of caspase-9 (23). Pandey et al. (36) had
previously reported that caspase-3 interacts with Hsp27, sug-
gesting that this association blocks the caspase cascade at some
point downstream of cytochrome c. However, these observations
became controversial after the Bruey et al. (23) findings. First,
these authors failed to reproduce the association of caspase-3with
Hsp27. Second, the activationof caspase-3utilizedbyPandey et al.
(36) was dependent on the availability of cytochrome c, raising the
possibility that the findingswere just due to the ability ofHsp27 to
block caspase-3 indirectly via sequestration of cytochrome c, as
elegantly shown by Bruey et al. (23).
Using different strategies we unquestionably demonstrate

here that Hsp27 directly associates with caspase-3 inhibiting
apoptosis (Fig. 3). First, we used endogenous caspase-3 and
Hsp27 to define the association between these two proteins
(Fig. 3A). In agreement with Bruey et al. (23), we failed to see an
association of Hsp27 with caspase-9 (Fig. 3A). Second we show
using purified proteins that the Hsp27 association with
caspase-3 is direct (Fig. 3B). Third, using transient transfection
studies, we mapped the capase-3 domain responsible for the
interaction in vivo (Fig. 3C). Finally, using purified proteins and
transient transfection experiments we determined that the
prodomain of caspase-3 is necessary for the association with
Hsp27 (Fig. 3, B and C). The association of Hsp27 with
caspase-3 inhibited specifically caspase-3 activity (Fig. 4). We
found that Hsp90 did not affect caspase-3 activation (Fig. 4A),
suggesting the specific role of Hsp27 in regulating caspase-3.
Previous studies demonstrated that Hsp27 sequestered cyto-
chrome c, subsequently blocking apoptosis by halting caspase-9
activation (23). It is of note, however, that in our results neither

Hsp27 nor Hsp90 had any effect on the activity of caspase-9
(Fig. 4B). These findings are consistent with previous studies
since cytochrome c affects the activation, but not the activity, of
caspase-9 (4). We show that Hsp27 acts as an inhibitor of
caspase-3 activation by blocking the proteolytic processing
of caspase-3 (Fig. 4D). We found that increasing amounts of
Hsp27 inhibit the formation of the p17 caspase-3 polypeptide
(formed after the second cleavage of caspase-3). Interestingly,
we also found a slight effect on the first cleavage, reflected by a
delayed disappearance of the full-length caspase-3 band (Fig.
4D). These findings may suggest that the binding of Hsp27 to
the prodomain of caspase-3 somehow affects the conformation
of full-length caspase-3, delaying the processing by caspase-9.
Together, these experiments demonstrate that the binding of
Hsp27 to the prodomain inhibits caspase-3 activation. The
prodomain of caspase-3 is well conserved throughout evolu-
tion. However, since its crystal structure is not yet available, its
role in vivo has been mostly speculated (37). Our findings pro-
vide evidence for a biological role of the prodomain of caspase-3
by associating directly with the anti-apoptotic factor Hsp27
(Fig. 8).
Our studies show that the sHsp, Hsp27, is constitutively

expressed in primary human monocytes and monocytic leuke-
mia cells (Fig. 1). In contrast, the expression of�B-crystallin, an
sHsp involved in myogenic differentiation, was undetectable in
cells from the monocytic lineage even upon heat shock stimu-
lation (Fig. 1) (24). The expression of Hsp27 did not increase
upon heat shock and was unaltered during spontaneous apo-
ptosis (Fig. 1). This is in sharp contrastwith the observed induc-
tion of Hsp70 (21) and highlights the differential regulation of
Hsp27 inmonocytes. Notably, Hsp27 expression increased dra-

FIGURE 8. Proposed anti-apoptotic checkpoints for Hsp27. Hsp27 associ-
ates with several members of the apoptotic cascade. Cytochrome c and DAXX
associate with Hsp27 inhibiting the apoptotic activation of upstream
caspases (23, 35). Hsp27 associates directly with the prodomain of inactive
caspase-3, halting the activation of this executioner caspase by inhibiting its
proteolytic processing.
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matically duringmonocyte-macrophage differentiation (Fig. 6).
Unlike monocytes, macrophages have a long life span. High
levels of Hsp27 have been also reported in several long-living
cancer cells; however, the function of this increased expression
has not yet been elucidated (22, 38–40). Our results show that
overexpression of Hsp27 in monocytic leukemia cells blocked
the caspase-3-dependent apoptosis induced by chemothera-
peutic drugs (Fig. 5). In addition, our results demonstrate that
silencing of Hsp27 in macrophage cell lines and in primary
humanmacrophages facilitates the execution of cell death (Fig.
7). The increased expression of Hsp27 might contribute to tilt-
ing the balance toward cell survival, hence providing a molec-
ular mechanism that may explain the resistance to cell death of
macrophages. The constitutive expression of Hsp27 observed
in fresh monocytes may ensure that Hsp27 acts by blocking the
activation of the apoptotic cascade at several checkpoints, one
of which involves the direct inhibition of at least a pool of
caspase-3 (Fig. 8).
Changes in the subcellular localization of Hsp27 from the

cytoplasm to the nucleus during heat shock have been reported
(28, 41). Our results expand these studies by demonstrating
that Hsp27, which is normally in the cytoplasm in non-apopto-
tic cells likely interacting with the inactive precursor of
caspase-3, relocalizes to the nucleus during apoptosis (Figs. 1E
and 2). However, in monocytes induced to differentiate
through the addition of M-CSF, Hsp27 persisted in the cyto-
plasm, suggesting a mechanism by which Hsp27 can sense the
“apoptotic potential” of the cell. Interestingly from amechanis-
tic perspective, blocking apoptosis by the addition of the
caspase-3 inhibitor DEVD-FMK also prevents Hsp27 from
going to the nucleus, indicating that the nuclear translocation
of Hsp27 might be both necessary for caspase-3 activation and
a consequence of caspase-3 activity, suggesting a positive regu-
latory mechanism which ensures that, once triggered,
caspase-3 activation will result in apoptosis. Relocalization of
Hsp27 to the nucleus may provide an additional mechanism to
free the apoptotic caspases of its “anti-apoptotic-brake,” allow-
ing the execution of programmed cell death in primary cells
that have a short life span.
Taken together these observations suggest an additional

anti-apoptotic checkpoint of Hsp27 by regulating directly the
caspase-3 proteolytic activation and, thus, controlling mono-
cyte life span. Therapies involving depletion of Hsp27 might
prove effective to help down-regulate the accumulation of
monocytes/macrophages in cancer microenvironments or in
chronic inflammatory diseases and, hence, be clinically useful
for enhancing tumor cell death or controlling inflammation.
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