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Heat-shock protein 60 translocates to the surface of apoptotic cells
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Abstract Heat-shock protein 60 (Hsp60) is a highly

conserved stress protein which has chaperone functions in

prokaryotes and mammalian cells. Hsp60 is associated with

the mitochondria and the plasma membrane through phos-

phorylation by protein kinase A, and is incorporated into

lipid membranes as a protein-folding chaperone. Its diverse

intracellular chaperone functions include the secretion of

proteins where it maintains the conformation of precursors

and facilitates their translocation through the plasma

membrane. We report here that Hsp60 is concentrated in

apoptotic membrane blebs and translocates to the surface

of cells undergoing apoptosis. Hsp60 is also enriched in

platelets derived from terminally differentiated megakary-

ocytes and expressed at the surface of senescent platelets.

Furthermore, the exposure of monocytic U937 cells to

Hsp60 enhanced their phagocytic activity. Our results

suggests that externalized Hsp60 in apoptotic cells and

senescent platelets influences events subsequent to apop-

tosis, such as the clearance of apoptotic cells by phagocytes.

Keywords Hsp60 � Apoptosis � Translocation �
Platelets � Phagocytosis

Introduction

Programmed cell death [1] involves an array of highly

conserved cellular mechanisms that result in loss of cellular

function and provide cues for cellular removal by phago-

cytes [2, 3]. The critical importance of apoptosis in cell

deletion during embryogenesis [4, 5], organ development,

resolution of inflammation [6], degenerative diseases and

cancers has been revealed over the past two decades. The

influence of apoptosis in tumour biology is complex, and

possibly affects susceptibility to chemotherapy [7] as well
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as cell proliferation [8]. The intracellular events occurring

during apoptosis include cytoplasmic shrinkage, chromatin

condensation, nuclear fragmentation, membrane blebbing

and packaging of cellular contents into apoptotic bodies

[9, 10]. Many of these morphological changes associated

with apoptosis result from the actions of caspases on cellular

substrates [11, 12].

We report here that heat-shock protein 60 (Hsp60) [13],

which is normally localized in the cytoplasm, is translocated

to the cell surface early during the apoptotic process.

Emerging evidence suggests Hsp60 has diverse intracellular

functions, playing an important role in regulation of multiple

innate and acquired immunological functions [14, 15]. Hsp is

a molecular chaperone associated with the mitochondria [16]

and the plasma membrane through phosphorylation by protein

kinase A [17]. Hsp60 influences the secretion of proteins by

maintaining the conformation of precursors that facilitates

translocation through the plasma membrane [18, 19]. In

addition, Hsp60 may be incorporated into the lipid membranes

as a protein-folding chaperone [20].

We identified a new monoclonal antibody developed by

our group [21] that recognises Hsp60 and confirmed the

presence of Hsp60 on the plasma membranes of cells of

apoptotic tumour cell lines of diverse lineages. In addition,

studies using MEG-01, a human megakaryocytic cell line,

revealed the presence of Hsp60 on the surface of senescent

platelets. Importantly, surface expression of Hsp60 was

shown to influence the phagocytic activity, reflecting the

potential for Hsp60 to influence a wide range of important

physiological processes.

Materials and methods

Cell culture and reagents

Human cell lines were maintained in standard media sup-

plemented with 10% fetal calf serum (FCS, Invitrogen) and

2 mM L-glutamine (GibcoBrl) at 37�C in humidified air

containing 5% carbon dioxide. The following haematoge-

nous human cell lines were used: THP-1 monocytic cell

line derived from acute monocytic leukaemia, MEG-01

megakaryocytic cell line derived from chronic myeloge-

nous leukaemia and U937 monocytic cell line derived

from histiocytic lymphoma. THP-1, MEG-01 and U937

cells were maintained in RPMI-1640 (Invitrogen and Sigma).

The hepatocellular carcinoma-derived HUH-7 cell line was

maintained in Dulbecco’s modified Eagle’s medium (DMEM,

Invitrogen). Primary antibodies employed included BOB78

(IgM mAb) developed by our group [21], anti-human Hsp60

(Stressgen) and anti-human calreticulin (Sigma), and sec-

ondary antibodies included antibodies conjugated with

FITC and TRITC (DAKO), and antibodies conjugated with

phycoerythrin (PE, Serotec). Other fluorescent reagents

included propidium iodide (PI, Sigma), PE-conjugated

annexin V (BD Biosciences), and TO-PRO3 nuclear stain

(Cambridge Bioscience). Camptothecin, monensin, and

cycloheximide were purchased from Sigma for induction of

apoptosis. Protein chemistry reagents including bovine serum

albumin (BSA) and protein A Sepharose beads for immuno-

precipitation were from Sigma unless otherwise indicated.

Immunoprecipitation with BOB78 antibody

Cells were washed with ice-cold phosphate-buffered saline

(PBS), pelleted, and lysed by adding TENT lysis buffer

(10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% Triton-

X 100, and protease inhibitors), and incubated for 30 min at

4�C. The mixture was then centrifuged at 12,000 g for 10 min

to separate the precipitates. Protein concentration was asses-

sed using the Bio-Rad protein assay according to the

manufacturer’s recommendations. To avoid nonspecific

binding, 100 ll of lysate (containing about 500 lg protein)

was incubated with 10 ll of protein A Sepharose beads for 1 h

on ice. BOB78 mAb was conjugated to protein A Sepharose

beads via the bridging antibody by first incubating the beads

with rabbit anti-mouse IgM (10 lg, DAKO) for 2 h at 4�C

followed by 20 ll of beads conjugated to the bridging anti-

body BOB78 IgM antibody for 2 h at 4�C. Finally, the BOB78

IgM-immune complexes were then incubated with cell lysate

overnight at 4�C for immunoprecipitation. The beads were

then collected by centrifuging at 350 g for 30 s, washed three

times in lysis buffer containing protease inhibitors, each wash

being performed with agitation for 10 min on a rotating

platform. The immune complexes were released from the

beads by incubation with 20 ll of 59 loading buffer

comprising 10% sodium dodecyl sulphate (SDS) and 5%

2-beta-mercaptoethanol and boiling at 95�C for 5 min, and

were then separated by a 12% SDS polyacrylamide gel elec-

trophoresis as described below.

Western blotting

Denatured protein immunoprecipitates were loaded onto a

12% SDS-polyacrylamide gel at 15 lg per lane. One half

of the gel was stained with colloidal Coomassie Blue

(Gelcode, Pierce) and the other half was transferred onto a

nitrocellulose membrane (BioRad) and blocked with 5%

milk/Tris-buffered saline (TBS) for 20 min at room tem-

perature (RT) followed by incubation with primary

antibodies in 0.025% Tween 20/5% milk/TBS overnight at

4�C (BOB78, 1 lg/ml; or recombinant anti-human Hsp60,

1 lg/ml; Stressgen). The membrane was then washed,

incubated with peroxidase-conjugated secondary antibod-

ies and developed by enhanced chemiluminescence (ECL,

Amersham Pharmacia Biotech).
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Mass spectrometry

Protein bands present on Coomassie Blue-stained gels but

absent from control immunoprecipitations were excised,

then eluted and digested with trypsin (Promega). Peptides

from the digested bands were examined by LC–MS and

MALDI-MS mass spectrometers. For matrix-assisted laser

desorption isonization-time of flight (MALDI-TOF) anal-

ysis, 0.5-ml aliquots of the digests were mixed with 0.5 ml

a-cyano-4-hydroxy cinnamic acid matrix on a MALDI

sample plate. The samples were then analysed on a Voy-

ager DE-STR MALDI-TOF MS (Applied Biosystems) and

the processed spectra searched against the NCBI non-

redundant database using Protein Prospector.

Induction of apoptosis

THP-1 cells and HUH-7 cells (1 9 106 cells/ml in RPMI)

were synchronized through S-phase arrest by incubating

with 4 mM thymidine for 16–18 h. The cells were released

from thymidine block by washing in medium and resus-

pended at 1 9 106 cells/ml in medium with 10% FCS.

Apoptosis was induced with 3 lM camptothecin, 25 lM

monensin or 10 lg/ml cycloheximide for 6 h with 15–30%

of cells found to be apoptotic by 4–6 h.

Immunocytochemistry of tumour cells

Cells were either grown in chamber slides or centrifuged

onto adhesive microscopic slides, then fixed in ice-cold

methanol and washed in PBS. Primary antibodies were

added at 100 ll per chamber or 50–100 ll per slide, and

incubated for 60 min at RT. Slides were then washed in

PBS, followed by FITC- or TRITC-conjugated secondary

antibodies at 1:20 and 1:50 dilution, respectively. Slides

were then incubated in the dark for 60 min at RT. Nuclear

counterstaining was performed with TO-PRO 3 for

5–10 min at RT and the slides were mounted with fluo-

rescent mounting medium (DAKO).

Fixation and immunolabelling of erythrocytes

Erythrocytes were washed in PBS and resuspended in 1%

BSA/PBS containing 50 lg/ml SDS. After 1 min, SDS

and formalin (37% formaldehyde/PBS) were added to

achieve a concentration of 1% formalin and 10 lg/ml

SDS. After 90 min, the final concentration was increased

to 4% formalin and cells were left to fix at RT overnight.

Fixed cells were then washed in PBS and resuspended at

2 9 107 cells/ml in 5% BSA/PBS containing 0.1% sodium

azide. Immunocytochemistry of fixed erythrocytes was

performed as described above.

Quantitation of cellular DNA content by flow

cytometry

Cells were pelleted and resuspended at 1 9 106 cells/ml in

nuclear staining solution (PI in sodium citrate with 0.3%

Nonidet 40), followed by an equal volume of RNAse

solution (10 lg/ml RNAse A in 1.12% sodium citrate

buffer) and incubated in the dark for 30 min at RT. DNA

binding was detected by flow cytometry using a Coulter

EPICS/XL cytometer.

Flow cytometric detection of surface and intracellular

antigens

For detection of surface antigens, cells were harvested and

washed in 1% BSA/PBS, then blocked with 20% rabbit

serum/PBS for 20 min at RT and incubated with appro-

priate amounts of primary antibodies. For detection of

intracellular antigens, cells were first fixed in 4% parafor-

maldehyde at 4�C for at least 15 min, then permeabilized

with 100% methanol at 4�C for 30 min. After washing in

PBS, cells were blocked in 20% rabbit serum/PBS. Primary

antibodies at 1 lg/50 ll in 1% BSA/PBS were added to

0.5–1 9 106 cells and incubated for at least 30 min at RT.

Cells were then washed with 1% BSA/PBS and incubated

with PE or FITC-conjugated secondary antibodies at

0.5 lg/50 ll for 30 min at RT. Finally, cells were washed

and resuspended in 1% paraformaldehyde/PBS for FACS

analysis.

Phagocytosis assay

Carboxylate-modified 1 lm yellow–green fluorospheres

(excitation 490 nm, emission 515 nm; Molecular Probes,

Invitrogen) were used in the in vitro phagocytosis assay.

Before use in the phagocytosis assay, 1 ll of beads were

coated by incubation with 1.2 lg/ll of low-endotoxin and

GroEL-free recombinant human (rh) Hsp60 protein (ESP-

540, Stressgen) in PBS for 1 h on ice. Control beads were

prepared by incubation with 1.2 lg/ll of BSA in PBS.

U937 cells were harvested and 0.5 9 106 cells were

incubated with 0.5 ll of labelled beads (1 cell to 12 beads)

in 350 ll of HBSS containing 5% FBS. Phagocytosis was

then carried out in the dark at 37�C with shaking at

200 rpm. Cells were harvested and spun down at 600 g for

5 min. The uningested beads were removed by washing

cells with ice-cold PBS. Cells were subsequently fixed in

0.5% paraformaldehyde and phagocytosis was analysed by

flow cytometric detection in the FL1 channel (BD

FACSCalibur, Beckton Dickinson, NJ). The percentage of

phagocytosis is expressed as percentage of cells with

ingested beads, and Student’s t-test was used to test for
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statistical significance. The experiments were conducted at

least thrice.

Results

BOB78 antibody identifies Hsp60

BOB78, a IgM mAb raised against apoptotic THP-1 cells,

was shown to identify an unknown surface protein asso-

ciated with apoptotic changes in human neutrophils [21].

The human megakaryocytic cell line MEG-01 and platelets

derived from this cell line were found to express significant

levels of the BOB78 antigen. In order to identify the

antigen recognized by BOB78, immunoprecipitation was

performed using Triton X-100 lysates of platelets derived

from MEG-01 cells. BOB78 antibody–antigen complex

was captured by protein A Sepharose beads conjugated

with rabbit anti-mouse antibodies followed by denaturing

protein electrophoresis. A band of approximately 67 kDa

was identified specifically against the BOB78 antibody

immunoprecipitate (Fig. 1a). In addition, immunoblotting

with BOB78 IgM antibody confirmed that this band was

specifically captured at 67 kDa (Fig. 1b). Subsequently,

this band was excised and examined by mass spectrometry

(MALDI-TOF) identifying the antigen immunoprecipitated

by BOB78 as the molecular chaperone, Hsp60, also known

as chaperonin (GenPept accession number P10809).

BOB78 was subsequently demonstrated to recognize

commercial preparations of rh-Hsp60 (Stressgen). Dena-

turing protein electrophoresis and western blotting was

performed on MEG-01 platelet lysate and rh-Hsp60, fol-

lowed by immunodetection with either anti-Hsp60 or

BOB78 antibody. The antigen from MEG-01 lysate rec-

ognized by BOB78 and rh-Hsp60 had an identical

molecular weight (Fig. 1c), thus confirming BOB78 anti-

body reactivity.

Surface expression of Hsp60 in haematopoietic cells

undergoing apoptosis

We next studied the localization of Hsp60 during apoptosis

in the THP-1 leukaemic cell line [21]. Following serum

starvation, approximately one-third of the THP-1 cells

showed faint PI staining and low levels of surface BOB78

staining (Fig. 2a, b). Intracellular staining revealed that

Hsp60 was present in both apoptotic and viable cells

(Fig. 2c). Erythrocytes were fixed, permeabilized, and

stained with BOB78 and glycophorin A antibodies, with

secondary detection by anti-mouse FITC-conjugated anti-

bodies (Fig. 2d). In erythrocytes, glycophorin [22] was

used as a positive control for intracellular protein detection

(Fig. 2e). However, Hsp60 was absent from erythrocytes

even when permeabilized (Fig. 2f). Importantly, these

findings suggested that Hsp60 might be specifically trans-

located to the plasma membrane during apoptosis.

A B C

BOB78 IgG & 
IgM 
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Hsp60
Ab

55kDa
76kDa

55kDa
76kDa

170kDa
116kDa

1      2     3     4      

67kDa

43kDa

30kDa

94kDa
c

b

a

76kDa
55kDa

30kDa
Secondary
antibodies

1    2    3    4     

Fig. 1 BOB78 antibody identifies rh-Hsp60. a, b BOB78 antigen was

isolated from platelets by immunoprecipitation, and was revealed to

be Hsp60 by sequencing. BOB78 antigen from the lysate of MEG-01-

derived platelets was immunoprecipitated with BOB78 IgM mono-

clonal antibodies, complexed with rabbit anti-mouse antibodies, then

captured by protein A Sepharose beads. Captured proteins were

separated by SDS-PAGE and stained with Gel-Code. a Stained gel

shows that BOB78 antigen was precipitated from the MEG-01

platelets lysate. There is a band specific to the reaction between

BOB78 monoclonal antibody and the platelet lysate at 67 kDa (bold
arrow, lane 2). This band was sent for sequencing by mass

spectrometry (MALDI). Lanes 1, 3 and 4 represent control experi-

ments: lane 1 BOB78 antibody supernatant, beads; lane 2 BOB78

antibody, platelet lysate, beads; lane 3 IgM isotype control, platelet

lysate, beads; lane 4 platelet lysate, beads. Bands (broken arrows):

a immunoglobulin light chain; b immunoglobulin heavy chain; c other

proteins in supernatant. b Western blot probed with BOB78 antibody

confirms the specificity of the BOB78 antigen band that was

sequenced, as a single band at 67 kDa. The Western blot was

performed on duplicate lanes corresponding to the immunoprecipitate

gel in a. c The reactivity of BOB78 antibody for rh-Hsp60 protein was

compared with that of commercial anti-Hsp60 monoclonal IgG. The

lanes were loaded with either rh-Hsp60 (thick lines) or lysate from

MEG-01 platelets (interrupted lines). The proteins were separated by

SDS-PAGE and Western blotting was performed with BOB78, anti-

Hsp60 monoclonal (Hsp60 Ab) and isotype control antibodies. Both

the BOB78 antibody and the commercial anti-Hsp60 monoclonal

antibody identify rh-Hsp60 and Hsp60 from MEG-01 platelets at

67 kDa. No band of identification is seen with the IgM and IgG

isotype controls
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Localization of Hsp60 in plasma membrane of cells

undergoing early stages of apoptosis

Next, we characterized the time course of surface expres-

sion of Hsp60 from early to late stages of apoptosis.

Human THP-1 cells were treated with camptothecin, a

topoisomerase I inhibitor, to induce apoptosis of cells in S

and G2 phases following cell cycle arrest using thymidine.

Apoptotic cells were identified by loss of mitochondrial

transmembrane potential through reduced staining of

DiOC6 (3,30-dihexyloxacarbocyanine iodide) and exposure

of phosphatidylserine (PtdSer) residues on the cell mem-

brane by annexin V staining by FACS analysis. Late

apoptotic and necrotic cells were identified by PI uptake,

where prominent PI staining is observed due to loss of

membrane integrity, whilst cells in earlier stages of mem-

brane disintegration exhibit weaker PI staining that is

almost comparable to or just above that of viable cells.

Apoptotic cells with reduced mitochondrial transmem-

brane potential (DiOC6-dim) were gated into two distinct

populations based on surface Hsp60 expression (Fig. 3a,

b). A significant population of DiOC6-dim cells were

positive for Hsp60. A proportion of cells stained positively

for both Hsp60 and annexin V but stained weakly for PI,

indicating that these cells exhibited prominent surface

staining for Hsp60 during early apoptosis (Fig. 3c). Fur-

thermore, although Hsp60 was expressed on the surface of

apoptotic cells, it was absent from PI-negative viable cells

(Fig. 3d). Finally, surface Hsp60 expression was main-

tained in late apoptotic cells (PI high?), confirming that it

is associated with the apoptotic plasma membrane.

Hsp60 is enriched in the blebs of apoptotic cells

The cellular localization of Hsp60 in camptothecin-treated

apoptotic THP-1 cells counterstained with nuclear antigen

TO-PRO 3 was examined by confocal microscopy.

Interestingly, Hsp60 was found to be highly expressed in

the blebs of apoptotic cells showing typical nuclear

fragmentation, with only minor expression in the cyto-

plasm (Fig. 3e). The translocation of Hsp60 from

cytoplasm to the membrane blebs of apoptotic cells was

also examined in cells of the hepatic epithelial tumour

cell line HUH-7 treated with monensin at 25 lM or

cycloheximide at 10 lg/ml. Consistent with findings in

camptothecin-treated THP-1 cells, confocal microscopy
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Fig. 2 Expression profile of Hsp60 in leucocytes and erythrocytes.

a Serum-starved leucocytes and monocytes were stained with BOB78

and IgM isotype control antibodies, with secondary detection by anti-

mouse FITC-conjugated antibodies. Surface expression was analysed

by flow cytometry. Cells were gated by size (forward scatter, FS) into

dying cells (A) and viable cells (V). b Apoptotic leucocytes expressed

Hsp60 on the surface. c Single peak of Hsp60 detection in

permeabilized leucocytes, indicating the presence of intracellular

Hsp60 in apoptotic and viable cells. d Erythrocytes were fixed,

permeabilized, and stained with BOB78 and glycophorin A (control

positive) antibodies, with secondary detection by anti-mouse

FITC-conjugated antibodies. e Intracellular glycophorin was detect-

able in erythrocytes. f Hsp60 was not detected in erythrocytes
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Fig. 3 Hsp60 is expressed on the surface of cells from early to late

apoptosis. Human leukaemic THP-1 cells were treated with 3 lM

camptothecin for 6 h and analysed by flow cytometry. The cells were

costained with BOB78 antibody (detected with anti-mouse FITC) and

PI, DiOC6 or annexin V. PtdSer exposure on the cell membrane was

detected by staining with PE-conjugated annexin V. a Camptothecin-

treated THP-1 cells were separated by size by flow cytometry.

Apoptotic cells (green, A) are smaller than viable cells (red, V).

b Hsp60 was detected using BOB78 antibody by PE-conjugated anti-

mouse secondary antibody. A significant proportion of cells which have

lost the mitochondrial transmembrane potential, reflected by reduced

DiOC6 green fluorescence, express Hsp60 on the surface. Surface

expression of Hsp60 is therefore an event which follows loss of

mitochondrial transmembrane potential, a key event in the initiation of

apoptosis. c Hsp60 is coexpressed with PtdSer on the surface of cell

membranes, indicating that Hsp60 surface exposure occurs early in

apoptosis. d PI staining was performed to assess membrane perme-

ability. Apoptotic cells express Hsp60 on the surface. Viable cells [59]

exclude PI and do not express Hsp60. Apoptotic cells, early or late,

express Hsp60. Hsp60 expression in necrotic cells is low as these cells

lose intracellular Hsp60 expression on membrane lysis. e, f Hsp60

localizes predominantly to the membranes and blebs (arrows) of

(e) apoptotic THP-1 cells treated with 3 lM camptothecin for 6 h (bar
15 lm) and (f) human hepatoma HUH-7 cells treated with 25 lM

monensin for 6 h (bar 25 lm). Untreated live cells do not exhibit these

Hsp60-rich blebs. Nuclear staining was effected with TOPRO-3 (blue
fluorescence). Naked nuclear material probably results from lysis of late

apoptotic or necrotic cells
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revealed that Hsp60 was localized in membrane blebs

(Fig. 3f), suggesting that translocation of Hsp60 to

membrane blebs is a general feature of different apoptotic

stimuli in diverse cell types.

Hsp60 is enriched in platelets shed from MEG-01 cells

We next examined whether externalization of Hsp60

was associated with other cellular events that resemble
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Fig. 4 Detection of Hsp60 on the surface of differentiating mega-

karyocytes and senescent platelets. a MEG-01 cells were pooled from

several days under standard culture conditions and analysed for

Hsp60 expression with FITC-conjugated secondary antibodies and

flow cytometry. Viability (V) of the cells was verified through

exclusion of PI. b Flow cytometry confirms surface expression of

Hsp60 in differentiating MEG-01 cells, but minimal surface expres-

sion on viable cells. Differentiating MEG-01 cells which stain weakly

for PI exhibit strong expression of Hsp60 on the surface. c In late

stages of differentiation and apoptosis, MEG-1 cells have scant

cytoplasm. Coincident with strong PI staining of their nuclei, surface

expression of Hsp60 is reduced. d, e Senescent platelets produced by

standard cultures of MEG-01 stain for FITC-conjugated annexin V,

indicating PtdSer exposure on the platelet surfaces. f, g Senescent

platelets (which stain for annexin V) express Hsp60 on the surface.

Hsp60 surface expression and PtdSer externalization are thus

common events in platelet ageing and apoptosis. h Terminal differ-

entiation of human megakaryocytic MEG-01 cells culminates in

release of platelets through protrusions in the cell membrane, which

resemble apoptotic membrane blebbing (bright-field image). Hsp60

(FITC-conjugated antibody secondary detection) and calreticulin

(TRITC) appear to be segregated to different intracellular locations.

Hsp60 is distributed to the outer cortex of the cytoplasm and

membrane blebs (arrow), whilst calreticulin is limited to the inner

cytoplasm. (bar 10 lm)
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apoptosis, such as terminal differentiation of megakaryo-

cytes [23]. Human megakaryocytic MEG-01 cells in

culture constitutively undergo terminal differentiation with

concomitant production of platelets [23, 24]. MEG-01 cells

were maintained under standard culture conditions and the

platelets produced were shed into the culture medium.

MEG-01 cells and platelets derived from them were stained

for Hsp60 and FACS analysis confirmed surface localiza-

tion of Hsp60 in differentiating MEG-01 cells, with

minimal expression on undifferentiated viable cells

(Fig. 4a, b). Surface Hsp60 expression was reduced in

MEG-01 cells undergoing late stages of differentiation or

apoptosis (PI high?, Fig. 4c). In addition, a proportion of

platelets derived from MEG-01 cells were positive for

annexin V (Fig. 4d, e), and most likely represented

senescent platelets which are positive for PtdSer [25]. A

similar population of platelets with strong surface expres-

sion of Hsp60 was observed, indicating Hsp60 surfaces in

ageing platelets (Fig. 4f, g).

Hsp60 is concentrated in platelets budding

off from differentiating MEG-01 cells and does

not colocalize with calreticulin

Shedding of platelets from megakaryocytes is highly

reminiscent of blebbing found in apoptotic cells (Fig. 4h).

Calreticulin is a molecular chaperone which surfaces dur-

ing apoptosis [26]. We performed double immunolabelling

for calreticulin and Hsp60 in differentiating MEG-01 cells.

Confocal microscopy revealed that Hsp60 was present

within the cytoplasm of MEG-01 cells, and concentrated at

focal areas in the peripheral cytoplasm. Calreticulin was

present in the inner cytoplasm, while Hsp60 assumed a

more peripheral distribution.

Hsp60 enhances phagocytosis in monocytic U937 cells

To investigate whether the presence of Hsp60 on the

surface of cells would affect their clearance by phago-

cytosis, we used FluoSpheres, polystyrene with yellow–

green fluorescence, in an in vitro assay for phagocytosis.

The beads were coated with low-endotoxin rh-Hsp60 that

is free of the E. coli Hsp60 contaminant GroEL and has

been used in studies on immunological responses [27–

29], and control beads were coated with BSA. Cells of

the monocytic cell line U937 were incubated with the

fluorescent beads and the proportion of cells that had

ingested the beads was determined by flow cytometric

detection of green fluorescence in the FL1 channel. U937

cells were incubated with beads that had been pretreated

with recombinant Hsp60 (Fig. 5a) or BSA (Fig. 5b), or

incubated with untreated beads (Fig. 5c). Background

fluorescence of cells in the absence of beads is shown in

Fig. 5d. U937 cells that were exposed to Hsp60-coated

microspheres showed significantly enhanced phagocytosis

compared to controls (44% vs. 13%, p \ 0.05, Fig. 5e).

This suggests that the surface exposure of Hsp60 in cells

undergoing apoptosis may facilitate their recognition

and subsequent clearance by enhancing phagocytic

activity.

Discussion

In our earlier studies the monoclonal antibody BOB78 was

shown to identify an unknown protein associated with

apoptotic changes in neutrophils [21]. We have now

identified the antigen recognized by BOB78 as Hsp60

(chaperonin). Hsp60 is a multilineage antigen which is

conserved among normal and cancer cell lines. Our results

suggest that a cytoplasmic pool of Hsp60 is present in

nonapoptotic cells, consistent with the findings of previous

studies [30]. We have now further extended our under-

standing of the localization of Hsp60 with respect to

apoptosis and apoptotic-like events, such as terminal dif-

ferentiation of megakaryocytes, and platelet senescence.

Our findings demonstrate that Hsp60 translocates from the

cytoplasm to the cell membrane during apoptosis and is

highly concentrated in the apoptotic membrane blebs.

Surface expression of Hsp60 coincides with externalization

of PtdSer, suggesting that Hsp60 may play a role in the

clearance of apoptotic bodies by phagocytes [31]. This is

supported by the observations that Hsp60 receptors on

monocytes and macrophages are involved in endocytic

uptake [32, 33]. More recently, specific epitopes derived

from Hsp60 have been shown to bind to the surfaces of

macrophages [34]. We observed distinct localization of

Hsp60 and calreticulin, another molecular chaperone which

stimulates phagocytosis of apoptotic cells [26], suggesting

that Hsp60 may function differently from calreticulin. In

further support of a role for externalized Hsp60 in apop-

totic clearance, we demonstrated that exposure of

monocytic cells to Hsp60 enhances their phagocytic

activity.

Megakaryocytic differentiation was used as a cellular

model for membrane remodelling events that show some

parallels with constitutive apoptosis, a process which

involves the release of platelets with mitochondrial leakage

of cytochrome c and activation of caspases [35]. Platelet

senescence is also associated with loss of mitochondrial

transmembrane potential and PtdSer exposure [36, 37].

Membrane changes in platelet senescence may prime them

for uptake by macrophages [38]. Interestingly, Hsp60 is

present in platelets budding from the parent megakaryocyte

MEG-01 cells, and also appears on the membrane surface

during senescence.
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There is evidence that suggests Hsp60 has regulatory

functions in apoptosis. In megakaryocytes, Hsp60

expression increases during the executive phase of apop-

tosis induced by diosgenin treatment, coinciding with the

cleavage and activation of caspase-3 [39]. Hsp60 has been

found to localize to both the mitochondria and the

cytoplasm in other cell types including leukaemic cells

and myocytes [27, 40], and possibly interacts with pro-

caspase 3 and Hsp10 in a preapoptotic complex within the

mitochondria [27]. This complex dissociates when pro-

caspase 3 is activated in apoptosis, with the release of

Hsp60 into the cytosol. In vitro assays using recombinant
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Fig. 5 Hsp60 enhances phagocytosis by monocytic U937 cells. The

proportion of U937 cells that had ingested green fluorescent

microspheres was determined by flow cytometric detection in the

FL1 channel after incubation with beads that were either pretreated

with recombinant Hsp60 (a) or BSA (b), or with untreated beads (c).

d Background fluorescence of cells in the absence of beads.

e A significant increase in phagocytic activity is detected in U937

cells exposed to beads which have been pre-treated with Hsp60

(p \ 0.05). Means with standard deviations are: 16.9 ± 2.7 (beads

only), 13.4 ± 1.2 (BSA), 43.6 ± 6.3 (Hsp60). The figure represents

data from three separate experiments
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Hsp60 in cytosolic fractions suggest that Hsp60 can

enhance the activation of procaspase-3 in the presence of

cytochrome c. As activated caspase-3 is a crucial effector

of apoptosis, it is suggested that cytosolic Hsp60 may

therefore play a proapoptotic role in the apoptotic cas-

cade. However, the roles of Hsp60 in apoptosis are

complex and may also involve antiapoptotic mecha-

nisms—cytosolic Hsp60 appears to protect cardiac

myocytes against apoptosis, possibly by blocking the

activities of bax and bak [41].

The disposal of apoptotic cells by the immune system

has generated much interest, as it has implications for the

mechanisms underlying diseases such as autoimmune dis-

eases. The interface between apoptotic cells and

phagocytes is likely to involve several interactions that

attenuate the inflammatory response [42]. These may

include mechanisms which facilitate phagocytosis [43, 44],

direct antigen processing and tolerance induction [45], and

reduce proinflammatory cytokine production [46]. Many

different surface molecules have been implicated in the

specific interaction between apoptotic cells and phago-

cytes. A number of soluble factors bind to apoptotic cells to

facilitate uptake by phagocytes, including beta-2 glyco-

protein, complement proteins such as C1q and C3b,

pentraxin 3 (PTX3), milk fat globule-epidermal growth

factor 8 (MFG-E8), and growth arrest-specific factor 6

(Gas6) [47]. Apoptotic cell recognition and uptake by

macrophages is then mediated by different surface receptor

classes including lectin-like receptors [48], scavenger

receptors such as CD36 [49], thrombospondin [49, 50],

complement receptors CR3 and CR4 [51], complement

C1q [52], PtdSer receptors [53, 54], and Mer receptor

tyrosine kinase [55, 56]. Defective clearance of apoptotic

bodies may permit the adaptive immune system to be

activated by cellular antigens which would normally have

been removed in a silent manner by phagocytes [57],

thereby contributing to the development of autoimmune

diseases. However, the surface exposure of Hsp60 has also

been suggested to be proinflammatory. Surface transloca-

tion of Hsp60 has been observed in injured cardiac

myocytes and correlates with apoptosis associated with

heart failure in humans and rats [40]. Increased plasma

concentrations of Hsp60 and antibodies to Hsp60 are also

detected in the rat heart failure model, indicating that the

surface exposure of Hsp60 in injured myocytes may be

immunogenic. This possibly contributes to a proinflam-

matory state by abnormally activating the immune system,

leading to further myocyte destruction. Interestingly, the

heat shock proteins Hsp70 and Hsp90 have also been

observed to translocate to the plasma membrane of dying

cells, and are involved in stimulation of antigen-presenting

cells [58]. In this respect, the roles of Hsp60 in the clear-

ance of apoptotic bodies or platelets by phagocytes, as well

as the immunological consequences of phagocytic uptake

triggered by Hsp60, merit closer inspection.

In conclusion, our findings demonstrate that the exter-

nalization of Hsp60 at the plasma membrane is closely

associated with apoptosis and constitutive cell death in a

variety of cells, but not necrosis. We have shown that

Hsp60 appears on the cell surface during apoptosis and

apoptosis-like events such as megakaryocyte differentia-

tion and platelet senescence. Hsp60 is expressed at the cell

surface during early apoptotic events and persists until

membrane integrity is lost in late apoptosis. It remains to

be seen if functional links exist between Hsp60 surface

expression and key apoptotic events such as caspase acti-

vation and PtdSer exposure. Intriguingly, exposure to

Hsp60 enhances the phagocytic activity of monocytic cells.

The externalization of Hsp60 in apoptotic cells and its

ability to stimulate phagocytosis imply that Hsp60 has

potentially important roles in apoptotic clearance and may

influence the development of immune-mediated diseases

and immune surveillance in cancer.
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