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TRAIL-induced apoptosis is enhanced
by heat shock protein 70 expression
N. J. Clemons1 and R. L. Anderson1,2

1Cancer Biology Laboratory, Peter MacCallum Cancer Centre, St. Andrew’s Place, East Melbourne, Victoria 3002, Australia
2Pathology Department, University of Melbourne, Parkville, Victoria 3010, Australia

Abstract Heat shock protein 70 (Hsp70) is a well-known inhibitor of apoptotic pathways; however, a role for Hsp70 in
the modulation of death receptor–mediated apoptosis remains largely unexplored. In this study, the ability of Hsp70 to
modulate tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-induced apoptosis was examined in
SW480 and CCRF-CEM cells. These lines exhibit the characteristics of type I cells (SW480, human colon adenocar-
cinoma), with no requirement for mitochondrial involvement to exhibit apoptosis following death receptor engagement
and type II cells (CCRF-CEM, human leukemic T cell), which do require amplification of the signal through the mito-
chondria. Unexpectedly, expression of Hsp70 in the type II CCRF-CEM cells enhanced the extent of TRAIL-induced
apoptosis, but in SW480, Hsp70 had no impact on TRAIL-induced apoptosis. The enhanced TRAIL-induced apoptosis
was accompanied by an up-regulation of TRAIL receptors, R1 and R2, at the cell surface as determined by flow
cytometry and at the transcriptional level as assessed by real-time polymerase chain reaction (PCR). Increased ex-
pression of Hsp70 led to up-regulated expression of p53, and chromatin immunoprecipitation combined with real-time
PCR revealed increased binding of p53 to its consensus sequence in the TRAIL-R2 gene. In contrast, expression of
Hsp70 in SW480 cells did not increase p53 or TRAIL-R1 or TRAIL-R2 surface expression. This result is in marked
contrast to most apoptotic stresses, including TNF� and Fas ligand, where Hsp70 has been shown to inhibit apoptosis
in type II cells. These findings suggest that in tumors retaining functional p53 and expressing high levels of Hsp70,
TRAIL may be an effective therapy.

INTRODUCTION

Apoptosis is a tightly regulated and genetically con-
trolled event crucial to normal development and tissue
homeostasis (Krammer 1999; Vaux and Korsmeyer 1999).
Aberrations in the control of apoptosis can lead to a num-
ber of physiological disorders including cancer, in which
apoptosis is often disrupted, thus conferring a survival
advantage to the tumorigenic cells (Hanahan and Wein-
berg 2000; Green and Evan 2002). Apoptosis can be di-
vided into 2 distinct but interconnecting pathways: the
extrinsic pathway activated upon ligation of death recep-
tors of the tumor necrosis factor (TNF) receptor super-
family and the intrinsic pathway, which is initiated by
cellular stresses that activate proapoptotic members of the
Bcl-2 family to target the mitochondria. Central to both

Correspondence to: N. J. Clemons, Tel: �44 1223 763277; Fax: �44 1223
763296; E-mail: njc@hutchison-mrc.cam.ac.uk.

Current address: N. J. Clemons, Cancer Cell Unit, Hutchison-MRC Centre,
Hills Road, Cambridge CB2 2XZ, UK.

Received 18 May 2006; Revised 14 July 2006; Accepted 17 July 2006.

pathways are the caspases, which cleave a specific set of
target substrates leading to the classic hallmarks of apo-
ptosis (Thornberry and Lazebnik 1998). Activation of the
apical caspases, caspase-8 and caspase-10 in the extrinsic
pathway, is mediated by the adaptor protein Fas-associ-
ated death domain (FADD) through formation of the
death-inducing signaling complex (DISC) at the cytoplas-
mic death domains of ligated death receptor oligomers
(Kischkel et al 1995; Medema et al 1997; Kischkel et al
2001). In a similar fashion, the initiator caspase in the
intrinsic pathway, caspase-9, is activated at the apopto-
some complex, which forms upon stress-induced release
of cytochrome c from the mitochondria (Li et al 1997; Zou
et al 1997). In both pathways, activation of apical caspases
initiates a cascade of caspase activation leading to apo-
ptosis. Cross talk between the extrinsic and intrinsic path-
ways exists through caspase-8–mediated cleavage of the
proapoptotic Bcl-2 protein, Bid (Li et al 1998; Luo et al
1998). Truncated Bid activates the proapoptotic molecules
Bax and Bak, which target the mitochondria and initiate
the intrinsic pathway (Eskes et al 2000; Wei et al 2000,
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2001). In some cells, called type II cells, recruitment of
the intrinsic pathway is required for efficient apoptosis
and can be inhibited by Bcl-2 (Scaffidi et al 1998), al-
though this concept is controversial (Huang et al 1999,
2000; Schmitz et al 1999). In type I cells, caspase-8–me-
diated activation of downstream effector caspases is suf-
ficient to trigger apoptosis without mitochondrial in-
volvement.

TNF-related apoptosis-inducing ligand (TRAIL) induc-
es apoptosis through ligation of 1 of the 2 cognate recep-
tors that contain intracellular death domains, TRAIL-R1
or TRAIL-R2 (Almasan and Ashkenazi 2003). Interest in
TRAIL as a cancer therapy developed after demonstration
that TRAIL can selectively induce apoptosis in tumor
cells both in vivo and in vitro, whereas normal cells re-
main refractory (Wiley et al 1995; Pitti et al 1996; Ash-
kenazi et al 1999; Walczak et al 1999; Kelley et al 2001).
In addition, TRAIL in combination with certain deoxy-
ribonucleic acid (DNA)-damaging drugs or radiotherapy
shows synergistic antitumor effects (Ashkenazi et al 1999;
Bonavida et al 1999; Gliniak and Le 1999; Chinnaiyan et
al 2000; Nagane et al 2000). In some cases, this may be
due to p53-mediated up-regulation of TRAIL-R1 or
TRAIL-R2 (Sheikh et al 1998; Wu et al 2000; Guan et al
2001; Arizono et al 2003). However, many cancer cell lines
remain resistant to TRAIL-induced apoptosis, possibly
due to the expression of 2 decoy receptors for TRAIL,
TRAIL-R3 and TRAIL-R4 (Ashkenazi 2002).

The heat shock proteins (Hsps) are a family of highly
conserved and abundantly expressed proteins. While act-
ing as molecular chaperones in unstressed cells, Hsps
promote cell survival during periods of both acute and
chronic stress (Lindquist 1986). The ability of cells to de-
velop thermotolerance, a state of transient resistance to
severe stress, after a mild heat shock is thought to be
largely the responsibility of Hsp70 (Subjeck et al 1982).
In addition, expression of Hsp70 alone has been shown
to inhibit apoptosis induced by a variety of stresses in-
cluding TNF�, heat, ultraviolet radiation, ceramide, and
a number of cytotoxic drugs (Jaattela et al 1992; Samali
and Cotter 1996; Gabai et al 1997; Mosser et al 1997; Buz-
zard et al 1998; Steel et al 2004; Guo et al 2005). The
significance of these findings is highlighted by studies
that correlate high expression of Hsp70 in tumors with
resistance to standard cancer therapies, increased metas-
tasis to lymph nodes, and a poor prognosis for disease-
free status and overall survival (Ciocca et al 1993; Jaattela
1999; Creagh et al 2000; Jolly and Morimoto 2000). The
oncogenic activity of Hsp70 stems from its ability to pro-
tect against protein damage, stabilize mutant protein con-
formations, and inhibit apoptotic pathways (Mosser and
Morimoto 2004).

We and others have demonstrated that Hsp70 can in-
hibit TNF�-induced apoptosis (Jaattela et al 1992; Buz-

zard et al 1998). In addition, we recently reported that
Hsp70 inhibits Fas-mediated apoptosis upstream of the
mitochondria in type II cells (Clemons et al 2005). In this
study, we investigated the ability of Hsp70 to modulate
TRAIL-induced apoptosis in a type I cell line, SW480,
and a type II cell line, CCRF-CEM. We found that neither
Hsp70 nor Bcl-2 could inhibit TRAIL-induced apoptosis
in SW480 cells, confirming that Hsp70 cannot modulate
the extrinsic apoptosis pathway. Surprisingly, although
CCRF-CEM cells were refractory to TRAIL, expression of
Hsp70 sensitized them to TRAIL by a mechanism involv-
ing p53-mediated up-regulation of TRAIL-R1 and
TRAIL-R2. These results add to the pleiotropic effects
that Hsp70 has on apoptotic pathways and suggests that
tumors expressing high levels of Hsp70 and that retain
functional p53 may be good targets for therapy with
TRAIL.

MATERIALS AND METHODS

Reagents and antibodies

Recombinant human TRAIL was from Genentech (South
San Francisco, CA, USA) and is described elsewhere
(Ashkenazi et al 1999; Lawrence et al 2001). The pancas-
pase inhibitor z-VAD-fmk was from Biomol (Plymouth
Meeting, PA, USA). Annexin-V-FLUOS was from Roche
Diagnostics (Mannheim, Germany). The following anti-
bodies were used: human caspase-8 antibody (clone C15)
(kind gift from Prof. P. Krammer, German Cancer Re-
search Center, Heidelberg, Germany); human Bid anti-
body (Cell Signaling Technology, Beverly, MA, USA); hu-
man caspase-9 and caspase-7 antibodies (kind gifts from
Dr. Y. Lazebnik, Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY, USA); p53 (clone DO-1), MDM2
(clone SMP14), Bax (clone 6A7), and human caspase-3
(clone 19) antibodies (BD Biosciences, San Diego, CA,
USA); human Hsc70 antibody (clone IB5) (StressGen Bio-
technologies, Victoria, British Columbia, Canada); human
Hsp70 antibody (clone N15) (kind gift from Dr. W. Welch,
University of California, San Francisco, CA, USA); �-tu-
bulin antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA); fluorescein isothiocyanate (FITC)-conjugated
anti-mouse IgG (Zymed Laboratories, South San Francis-
co, CA, USA); human TRAIL-R1 (clone M271), TRAIL-
R2 (clone M412), TRAIL-R3 (clone M430), and TRAIL-R4
(clone M444) antibodies (Griffith et al 1999) (Amgen,
Seattle, WA, USA); and mouse IgG1 and IgG2a immu-
noglobulins (DakoCytomation, Glostrup, Denmark).

Cell lines and stable transfections

The human leukemic T cell line CCRF-CEM and the co-
lon adenocarcinoma cell line SW480 were maintained in
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RPMI 1640 (Invitrogen Life Technologies, Grand Island,
NY, USA) supplemented with 10% fetal calf serum and
1% penicillin-streptomycin. All cultures were maintained
at 37�C in a humidified 5% CO2 atmosphere and were
routinely monitored for mycoplasma contamination.

CCRF-CEM cells were transfected by electroporation
with the mammalian expression vector pCI-neo contain-
ing the coding region of the major human inducible hsp70
gene, HspA1A, derived from pH2.3 (a kind gift from Dr.
C. Hunt, Washington University, St Louis, MO, USA). Sta-
ble cells expressing hsp70 were selected using 700 �g/
mL G418 (Invitrogen Life Technologies). Transfected cells
were single-cell cloned, and expression of Hsp70 in
clones, parental cells, and vector control cells was ana-
lyzed by Western blotting.

SW480 cells were transfected with the retroviral
plasmid MSCV-IRES-GFP containing human hsp70 (de-
rived from pH2.3) or the mammalian expression vector
pMPZenSVNeo containing a human Bcl-2 construct (a
kind gift from Dr. A. Strasser, Walter and Eliza Hall
Institute, Melbourne, Australia) using Lipofectamine
2000 (Invitrogen Life Technologies). A population of
cells expressing hsp70 was isolated by fluorescence-ac-
tivated cell sorter (FACS) sorting (BD Biosciences FAC-
Star) for green fluorescent protein (GFP) expression.
GFP expression of vector control cells was matched
with that of hsp70 transfected cells. Cells stably ex-
pressing Bcl-2 were selected using 1 mg/mL G418 (In-
vitrogen Life Technologies). Expression of Hsp70 and
Bcl-2 was confirmed by Western blotting.

Cell treatments

All experiments using SW480 cells were performed on
approximately 50–70% confluent cell cultures, whereas all
experiments using CCRF-CEM cells were performed on
cultures at a density of 1 � 106 cells/mL. Immediately
prior to each experiment, the medium was replaced with
fresh, pH-equilibrated medium. TRAIL was diluted in se-
rum-free medium to appropriate concentrations imme-
diately before use and added to cells for 18 hours unless
indicated otherwise. Genentech TRAIL does not require
cross-linking to induce apoptosis (Ashkenazi et al 1999;
Lawrence et al 2001). For some experiments, cells were
pretreated for 1 hour with 50 �M z-VAD-fmk dissolved
in dimethyl sulfoxide (DMSO). An equivalent volume of
DMSO (final concentration, 0.2%) was added to control
samples. Cells were irradiated using a cesium source.
Heat shock was achieved by full immersion of flasks of
cells in a circulating water-bath calibrated to 44 � 0.1�C
for 15 to 60 minutes.

Apoptosis and long-term survival assays

Apoptosis was assessed either by labeling with Annexin-
V-FLUOS or by scoring nuclear morphology. Annexin-V-
FLUOS labeling was performed according to the manu-
facturer’s instructions (Roche Diagnostics), and cells were
analyzed by flow cytometry on a BD Biosciences FAC-
SCalibur. Ten thousand cells were counted for each sam-
ple.

Nuclear morphology was assessed by fluorescence mi-
croscopy following propidium iodide staining as de-
scribed previously (Buzzard et al 1998). A cell was scored
as apoptotic if it displayed one or more of the following:
nuclear margination, chromatin condensation, or forma-
tion of apoptotic bodies. At least 200 cells were counted
in each experiment.

Long-term survival of CCRF-CEM cells was assessed
by clonogenic assay. A series of dilutions containing 200
�L of known numbers of cells (5000 to 0.5 cells/mL) were
prepared, placed into 96-well U-bottom plates, and in-
cubated at 37�C for 10–12 days. Wells were scored as pos-
itive or negative for colony growth as described previ-
ously (Furth et al 1981).

Immunoblotting

Samples containing equal amounts of protein were sep-
arated by 13% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitro-
cellulose membranes. Primary and secondary antibodies
were added in 1% milk powder in phosphate-buffered
saline (PBS) and incubated for 2 to 6 hours at room tem-
perature or overnight at 4�C. Horseradish peroxidase–
conjugated and alkaline phosphatase–conjugated second-
ary antibodies were detected by enhanced chemilumines-
cence (Lumilight; Roche Diagnostics), or colorimetric
staining with naphthol phosphate (Sigma-Aldrich, St
Louis, MO, USA) and fast red TK (Bio-Rad Laboratories,
Hercules, CA, USA), respectively.

Immunofluorescence detection of TRAIL receptors

Cells were immunostained with 0.5 �g of TRAIL-R1
(IgG2a), TRAIL-R2 (IgG1), TRAIL-R3 (IgG1), or TRAIL-
R4 (IgG1) antibody or isotype control immunoglobulins
per 1 � 106 cells followed by 0.5 �g of FITC-conjugated
anti-mouse antibody. Cells were analyzed by flow cytom-
etry on a FACSCalibur. Ten thousand cells were counted
for each sample.

SYBR Green real-time quantitative polymerase
chain reaction

Total ribonucleic acid (RNA) was harvested from cells in
log-phase of growth using TRIzol (Invitrogen Life Tech-
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nologies) according to manufacturer’s instructions. A
standard 2 �g of RNA was reverse transcribed with a
poly(dT) anchored primer using Superscript II reverse
transcriptase (Promega, Madison, WI, USA).

Real-time quantitative polymerase chain reaction
(RTQPCR) was performed on an ABI Prism 7000 Se-
quence Detection System using SYBR Green I chemistry
(Applied Biosystems, Foster City, CA, USA). PCR con-
sisted of approximately 20 ng of complementary DNA, 2
�M forward and reverse primers, and 2� SYBR Green I
master mix reagent in a total reaction volume of 20 �L.
The following primers were used: TRAIL-R1, forward,
5	-GATCGATGTGGTCAGAGCTGG-3	, and reverse, 5	-
TGTGGATCGAGGCGTTCC-3	; TRAIL-R2, forward, 5	-
GTGCCCTTGACTCCTGGG-3	, and reverse, 5	-AAGGT
GTCCCTGTGGCCC-3	; TRAIL-R3, forward, 5	-CAGTT
CCTCCCATCTTCAGGC-3	, and reverse, 5	-GGCTGAAT
AAATCCCGTGACC-3	; TRAIL-R4, forward, 5	-CTCCT
ACAAAGGGAAGCAGCC-3	, and reverse, 5	-CTAGGAC
CATTGGTAAGCTGCC-3	; p53, forward, 5	-CTTACTGC
AGCCTTTGCCTCC-3	, and reverse, 5	-TGCAAAAGTT
GGCTGGCC-3	; vimentin, forward, 5	-AGAGAACTTTG
CCGTTGAAGCT-3	, and reverse, 5	-GAAGGTGACGAG
CCATTTCC-3	. There are 2 splice variants for TRAIL-R2,
and the primers were designed to detect both transcripts.

The following cycling method was employed: 50�C for
2 minutes, 95�C for 10 minutes, and then 40 cycles of 95�C
for 15 seconds, 60�C for 60 seconds. Amplification of a
target gene was compared with that of the housekeeping
gene vimentin. Results are presented as relative tran-
script abundance (RTA) according to the following for-
mula: RTA 
 105/2(CtGENE � CtVIMENTIN), where Ct is the cycle
number at which the PCR signal reaches the designated
threshold value.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed using an assay kit (Upstate, Charlottesville, VA,
USA). For each sample, 1 � 107 cells were fixed in fresh
PBS/1% formaldehyde solution and sonicated on ice with
a Branson Sonifier at 30% power output and 3 duty set-
tings for 4 rounds of 15 seconds. This sonication program
generated a DNA smear with an average size of approx-
imately 300 bp and ranging from 650 to 100 bp. All sam-
ples were precleared with 40 �L of protein A–agarose
saturated with salmon sperm DNA by rotation at 4�C for
1 hour followed by immunoprecipitation with 5 �g of p53
antibody by rotation at 4�C overnight. Immune complexes
were collected with 60 �L of protein A–agarose for 1 hour
at 4�C with rotation, and immunoprecipitated DNA was
analyzed by SYBR Green RTQPCR as described above
using the following primers: p53 binding site, forward,
5	-CGCTCCACTTGGTGTAAATTCC-3	, and reverse, 5	-

GAATTCCCTCCTTGTCGCC-3	; nonspecific control site,
forward, 5	-GGTTCGATGGTCTTTTGGCC-3	, and re-
verse, 5	-TACTCCCACCTCAGCCTCCC-3	. Results are
presented as the percentage of specific amplification from
immunoprecipitated samples (CtIMM) compared to total
input DNA (CtINPUT) according to the following equa-
tion: (1010/2CtIMM)/(1010/2CtINPUT) � 100%.

RESULTS

Effect of Hsp70 on TRAIL-induced apoptosis of SW480
and CCRF-CEM cells

The effect of Hsp70 on TRAIL-induced apoptosis, which
uses a similar signaling pathway to that mediated
through Fas, was examined. We demonstrated recently
that Hsp70 inhibits Fas-mediated apoptosis of the type II
cell line, CCRF-CEM, but not the type I cell line, SW480
(Clemons et al 2005). CCRF-CEM and SW480 cells were
transfected with constructs containing the coding region
of human hsp70 (Clemons et al 2005), and expression of
Hsp70 in transfected cells was confirmed by Western
blotting, as shown previously (Clemons et al 2005). Hsp70
transfected CCRF-CEM clones 7 and 16 expressed high
levels of Hsp70, whereas clone 18 had similar levels of
Hsp70 to parental or vector-only transfected cells (Cle-
mons et al 2005). A bulk population of SW480 cells was
generated that expressed high levels of Hsp70 compared
to vector control or parental cells. The functionality of
Hsp70 in transfected CCRF-CEM clones and SW480 cells
was demonstrated previously by its ability to provide
long-term survival after heat, as described elsewhere
(Clemons et al 2005).

Cells were incubated with recombinant human TRAIL
for 18–20 hours (Fig 1A,B). TRAIL induced apoptosis in
SW480 cells in an Hsp70-independent manner. Small in-
creases in apoptosis in Hsp70-expressing cells compared
to vector-only transfected cells at 50 and 75 ng/mL
TRAIL were not statistically significant (P � 0.05) (Fig
1A). TRAIL-induced apoptosis of parental SW480 cells
was examined only at 100 ng/mL and is represented by
a single point (Fig 1A). Although parental CCRF-CEM
cells underwent Fas-induced apoptosis (Clemons et al
2005), they were refractory to the effects of TRAIL. Un-
expectedly, expression of Hsp70 induced sensitivity to
TRAIL (Fig 1B). When apoptosis was measured by label-
ing with Annexin-V-FLUOS and flow cytometry, both
Hsp70-expressing clones demonstrated sensitivity to
TRAIL at doses of 50 ng/mL and above, whereas paren-
tal, vector control and clone 18 cells were resistant to
TRAIL at doses of up to 500 ng/mL. Compared to clone
16, clone 7 cells were more sensitive to TRAIL, consistent
with their slightly higher levels of Hsp70 (Clemons et al
2005).
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Fig 1. Effect of Hsp70 expression on
TRAIL-induced apoptosis of SW480
and CCRF-CEM cells. The effect of
Hsp70 expression on TRAIL-induced
apoptosis was examined in SW480 (A)
and CCRF-CEM cells (B). Cells were
incubated with the indicated doses of
recombinant human TRAIL for 18–20
hours at 37�C, and apoptosis was as-
sessed by scoring nuclear morphology
(SW480) or by labeling with Annexin-
V-FLUOS and flow cytometry (CCRF-
CEM). The effect of TRAIL on parental
SW480 cells was examined at a single
dose (100 ng/mL). (C) Long-term sur-
vival was assessed by a clonogenic as-
say following 16-hour incubation at
37�C with TRAIL. Colony growth was
assessed 10–12 days after plating. (D)
Expression of Bcl-2 in transfected
SW480 cells was compared with vector
control cells by Western blotting. The
effect of Bcl-2 on TRAIL-induced apo-
ptosis in SW480 cells was examined
(E). All graphs show means and stan-
dard deviations of at least 3 indepen-
dent experiments. Statistical analysis
by Student’s t-test; *P 
 0.05 com-
pared to vector control.

Long-term survival after incubation with TRAIL, as as-
sessed by clonogenic assay, demonstrated that Hsp70 is
not simply accelerating TRAIL-induced apoptosis in
CCRF-CEM cells (Fig 1C). Significant differences in long-
term survival were detected after incubation with doses
of TRAIL of 25 ng/mL or higher. After incubation with
100 ng/mL TRAIL, clones 7 and 16 showed 100- and 10-
fold reductions, respectively, in colony formation com-
pared to vector control cells, which remained refractory
to TRAIL in this long-term assay.

It has been reported previously that thermotolerance
does not inhibit TRAIL-induced apoptosis of type I
SW480 cells (Ozoren and El-Deiry 2002). This was attri-

buted to the inability of Hsp70 or Hsp90 to inhibit the
extrinsic apoptosis pathway. We examined the effect of
Bcl-2 expression on TRAIL-induced apoptosis of SW480
cells. Overexpression of Bcl-2 in SW480 compared to vec-
tor control cells was confirmed by Western blotting (Fig
1D) but did not result in inhibition of TRAIL-induced
apoptosis of SW480 cells (Fig 1E), indicating that recruit-
ment of the intrinsic pathway is not required in these
cells. Thus, our results are in agreement with previous
findings that thermotolerant type I cells with increased
levels of Hsp70 are not protected from TRAIL-induced
apoptosis (Ozoren et al 2002). Because neither Bcl-2 nor
Hsp70 can inhibit TRAIL-induced apoptosis in SW480
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cells, it suggests that, like Bcl-2, Hsp70 cannot modulate
the extrinsic pathway.

TRAIL activates the caspase cascade in
Hsp70-expressing CCRF-CEM cells

To elucidate the mechanism by which Hsp70 sensitizes
CCRF-CEM cells to TRAIL, caspase cleavage was evalu-
ated by Western blotting (Fig 2A). Cleavage of the initi-
ator caspases, caspase-8 and caspase-9, as well as Bid and
the downstream effector caspases, caspase-3 and caspase-
7, was examined. No caspase cleavage was detected in
vector control lysates in response to TRAIL, indicating
that the mechanism of TRAIL resistance in these cells is
at the level of, or upstream of DISC formation. In contrast,
Hsp70-expressing cells exhibited extensive caspase cleav-
age after only 6-hour incubation with TRAIL. Cleavage
of the initiator caspases, caspase-8 and caspase-9, and the
effector caspases, caspase-3 and caspase-7, was detected.
This indicated that Hsp70 was acting upstream of cas-
pase-8 to sensitize these cells to TRAIL. Although the
cleavage product of Bid could not be detected with this
antibody, a decrease in the amount of full-length Bid was
observed in Hsp70-expressing cells but not vector control
cells (Fig 2A).

Preincubation with the pancaspase inhibitor z-VAD-
fmk completely inhibited TRAIL-induced apoptosis in
clone 7 cells (Fig 2B), confirming that TRAIL-induced ap-
optosis is caspase dependent in these cells.

TRAIL-R1 and TRAIL-R2 surface expression and
messenger RNA are up-regulated in CCRF-CEM cells
expressing Hsp70

Caspase-8 is the apical caspase in the extrinsic pathway
and is activated upon formation of the DISC (Medema et
al 1997). Thus, we postulated that Hsp70 could be induc-
ing sensitivity to TRAIL in CCRF-CEM cells either by
stabilizing the DISC, or by altering expression of TRAIL
receptors either at a transcriptional level or through post-
translational mechanisms. There are 4 membrane-bound
receptors for TRAIL; TRAIL-R1 and TRAIL-R2 are death-
inducing receptors, whereas TRAIL-R3 and TRAIL-R4
are unable to induce apoptosis and are thought to be de-
coy receptors (Ashkenazi 2002).

FACS analysis could not detect expression of any of the
4 receptors on parental and vector control cells, which
accounts for their resistance to TRAIL (Fig 3A). In con-
trast, clones expressing Hsp70 had up-regulated both
TRAIL-R1 and TRAIL-R2, but not TRAIL-R3 or TRAIL-
R4 on the cell surface, thus providing an explanation for
their sensitivity to TRAIL. To provide a quantitative com-
parison of the expression of TRAIL-R1 and TRAIL-R2,

the expression of each receptor was compared with back-
ground binding of isotype control immunoglobulins from
3 separate experiments (Fig 3B). Both TRAIL-R1 and
TRAIL-R2 were significantly up-regulated on Hsp70-ex-
pressing clones 7 and 16 compared to vector control and
clone 18 cells (P 
 0.05).

Examination of TRAIL receptor messenger RNA
(mRNA) expression demonstrated that TRAIL-R1 and
TRAIL-R2 are transcriptionally up-regulated at least 5-
fold in cells expressing Hsp70 compared to vector control
cells (Fig 3C). Expression of TRAIL-R3 and TRAIL-R4
mRNA was similar to that of TRAIL-R1 and TRAIL-R2
mRNA in vector control cells and was unchanged by ex-
pression of Hsp70. Expression of receptor mRNA was no
different in clone 18 cells compared to vector control cells.
In addition, expression of the internal control, vimentin,
did not vary between the 4 cell lines (data not shown).
Thus, Hsp70 is inducing TRAIL sensitivity in CCRF-
CEM cells by up-regulation of TRAIL-receptor expres-
sion at the transcriptional level.

p53 protein is up-regulated in CCRF-CEM cells but not
SW480 cells expressing Hsp70

Expression of TRAIL receptors is p53-inducible (Sheikh
et al 1998; Meng et al 2000; Wu et al 2000; Guan et al
2001). Whereas CCRF-CEM cells have mutated p53
(Cheng and Haas 1990), this mutation retains some tran-
sactivation activity (Park et al 1994). Significantly, this
mutation is known to produce a p53 conformational
change that can form a complex with Hsp70 (Gannon et
al 1990). The levels of p53 in CCRF-CEM cells were ex-
amined by Western blotting as a potential explanation for
the increase in TRAIL-R1 and TRAIL-R2 expression (Fig
4A). Two specific bands were detected with the p53 an-
tibody, the higher band possibly representing phosphor-
ylated forms of the protein. Expression of p53 and the
phosphorylated protein was increased in cells expressing
Hsp70. Expression of 2 known p53-inducible genes, Bax
and MDM2, was also moderately up-regulated in cells
expressing Hsp70, indicating transactivation activity of
p53 in these cells (Fig 4A). Measurement of p53 mRNA
levels (Fig 4B) revealed no differences (P � 0.05) between
cells expressing Hsp70 and vector control cells, indicating
that Hsp70 is up-regulating p53 by a posttranslational
event, possibly through protein stabilization.

Expression of p53, TRAIL-R1, and TRAIL-R2 was also
examined in SW480 cells. Expression of p53 in SW480
cells was unaltered by Hsp70 (Fig 4C). In contrast to
CCRF-CEM cells, parental SW480 and vector control
cells expressed high levels of both TRAIL-R1 and TRAIL-
R2 on the cell surface and their expression was not al-
tered by expression of Hsp70 (Fig 4D). TRAIL-R3 and
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Fig 2. TRAIL activates the caspase
cascade in Hsp70-expressing CCRF-
CEM cells. (A) Cells were incubated at
37�C with 100 ng/mL TRAIL for 0, 6,
12, or 18 hours prior to harvest. Equal
amounts of protein were separated on
a 13% SDS-PAGE gel and transferred
to nitrocellulose membranes. Mem-
branes were probed with specific anti-
bodies that detect both the proform and
cleavage products of human caspase-
8, caspase-9, caspase-7, or caspase-
3, or Bid. (B) Clone 7 cells were pre-
incubated for 1 hour with 50 �M z-
VAD-fmk in DMSO or an equivalent
concentration of DMSO, and then in-
cubated with 100 ng/mL TRAIL for 18
hours at 37�C. Apoptosis was evaluat-
ed by scoring nuclear morphology. The
means and standard deviations of 3 in-
dependent experiments performed in
duplicate are shown. Statistical analy-
sis by Student’s t-test; *P 
 0.05 vs
TRAIL alone.

TRAIL-R4 were not expressed in these cells (data not
shown), possibly explaining why parental SW480 cells
are sensitive to TRAIL, whereas CCRF-CEM cells are not.
These results suggest that Hsp70 is unable to up-regulate
TRAIL-R1 or TRAIL-R2 through regulation of p53 in
these cells. SW480 cells contain mutated p53 (Nigro et al

1989; Rodrigues et al 1990), which again has been shown
to retain transactivational activity (Park et al 1994). Sig-
nificantly, the particular p53 mutations found in SW480
are known to produce a conformation nearly identical to
that of wild-type p53, which is not bound by Hsp70 (Gan-
non et al 1990; Zambetti and Levine 1993).
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Fig 3. TRAIL-R1 and TRAIL-R2 are
up-regulated in CCRF-CEM cells ex-
pressing Hsp70. (A) Expression of
TRAIL receptors on the plasma mem-
brane was analyzed by flow cytometry.
(B) For quantitation, results were ex-
pressed as the ratio of the geometric
mean of receptor expression to the
geometric mean of the corresponding
isotype control. The means and stan-
dard deviations of 3 independent ex-
periments are shown. (C) Expression
of receptor mRNA was assessed by
SYBR Green RTQPCR using specific
primers. The means and standard de-
viations from 3 independent RNA ex-
tractions are shown. Statistical analysis
by Student’s t-test; *P 
 0.05 com-
pared to vector control.

Fig 4. p53 protein is up-regulated in
CCRF-CEM but not SW480 cells ex-
pressing Hsp70. (A) Expression of p53
and the p53-regulated genes Bax and
MDM2 in parental, vector control, and
Hsp70-expressing cells was assessed
by Western blotting. (B) Expression of
p53 mRNA was assessed by SYBR
Green RTQPCR, and relative expres-
sion was determined by comparison
with vimentin. (C) The effect of Hsp70
on expression of p53 in SW480 cells
was evaluated by Western blotting. (D)
Expression of TRAIL-R1 and TRAIL-R2
on the plasma membrane of SW480
cells was analyzed by flow cytometry
using specific antibodies.
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Fig 5. Enhanced p53 protein in the presence of elevated Hsp70
increases binding to the TRAIL-R2 gene. Chromatin from fixed and
sonicated cell lysates from untreated CCRF-CEM, vector control,
and Hsp70-expressing cells was immunoprecipitated with a human
p53-specific antibody. Immunoprecipitated DNA was analyzed by
SYBR Green RTQPCR performed in triplicate using primers specific
to the p53 binding region or to a nonspecific site 900 bp upstream
of the consensus site. The experiment was repeated twice with sim-
ilar results each time. Statistical analysis by Student’s t-test; *P 

0.05 compared to vector control; **P 
 0.05 clone 7 vs clone 16.

Increased levels of p53 in the presence of Hsp70
promotes binding to the TRAIL-R2 gene

The gene encoding TRAIL-R2 contains a p53 binding site
that resides in the first intron (Takimoto and El-Deiry
2000; Yoshida et al 2001). p53 is able to bind to this site
and drive expression of reporter constructs (Takimoto et
al 2000). By ChIP assay, we demonstrated a 4- to 6-fold
increase in the level of p53 binding to the TRAIL-R2 gene
in Hsp70-expressing cells compared to that of vector con-
trol and parental cells (Fig 5). Binding of p53 was signif-
icantly higher in clone 7 compared to clone 16 (P 
 0.05),
possibly reflecting the higher expression of Hsp70 in
clone 7 (Clemons et al 2005). There was a small increase
in the level of the nonspecific site amplicon detected in
clone 7 cells, but not clone 16 cells. This was possibly due
to the immunoprecipitation of DNA fragments that were
large enough to include the nonspecific site, which is lo-
cated approximately 900 bp upstream of the p53 binding
sequence. The level of the p53-specific amplicon detected
in clone 7 cells was still over 2-fold greater than the level
of the nonspecific amplicon. Thus, the ChIP assay dem-
onstrated that there is an increase in the binding of p53
to the TRAIL-R2 gene in Hsp70-expressing CCRF-CEM
cells.

DISCUSSION

The ability of Hsp70 to inhibit stress-induced apoptosis
is widely accepted; however, there are few reports ex-
ploring the consequences of Hsp70 expression on apo-
ptosis induced through the extrinsic pathway. In addi-
tion, the mechanism by which Hps72 exerts its inhibitory

function is controversial, with reports that it can act both
upstream and downstream of the mitochondria to inhibit
apoptosis (Jaattela et al 1998; Beere et al 2000; Mosser et
al 2000; Saleh et al 2000; Gotoh et al 2004; Steel et al 2004;
Guo et al 2005; Stankiewicz et al 2005). We reported re-
cently that, like Bcl-2, Hsp70 could inhibit Fas-mediated
apoptosis upstream of the mitochondria in type II cells
(Clemons et al 2005). Here we investigated the role of
Hsp70 in TRAIL-induced apoptosis in both type I and
type II cells. In the type I cell line, SW480, neither Hsp70
nor Bcl-2 influenced TRAIL-induced apoptosis, indicating
that these cells are also type I in response to TRAIL and
confirming that Hsp70 cannot modulate the extrinsic
pathway. This is in agreement with another study using
SW480 cells, which showed that in a thermotolerant state
where Hsp70 is induced, TRAIL-induced apoptosis was
not inhibited (Ozoren et al 2002).

The type II cell line used here, CCRF-CEM, is intrin-
sically resistant to TRAIL, but unexpectedly, these cells
were sensitized by stable expression of Hsp70. Further
investigation revealed that TRAIL-R1 and TRAIL-R2
were up-regulated on the cell surface and at the tran-
scriptional level in cells expressing Hsp70. These effects
correlated with increased expression of p53 protein in the
absence of changes in mRNA expression and binding of
p53 to a consensus sequence in the TRAIL-R2 promoter.
Interestingly, expression of Fas, another p53 target gene,
was unchanged on the cell surface in cells expressing
Hsp70 (Clemons et al 2005).

Expression of Hsp70 in CCRF-CEM up-regulated p53
protein but did not alter mRNA levels, indicating that
Hsp70 is acting at a posttranslational level to increase
p53. This could be achieved by altered phosphorylation,
acetylation, or localization of the protein, all of which can
modulate the interaction between p53 and MDM2 and
thus p53 stability and activity (Xu 2003). Alternatively,
Hsp70 may be binding directly to p53 to stabilize the
protein and inhibit protein turnover. CCRF-CEM contain
compound heterozygous p53 mutations at codons 175
and 248 (Cheng et al 1990) but generate a protein that
retains some transactivation activity (Park et al 1994).
Both these mutations are in the DNA-binding domain and
are known as hot-spot mutants, because they are among
the most common p53 mutations in human cancer (Holl-
stein et al 1994). The codon 248 mutant is known as a
contact site mutant because this site directly contacts
DNA in wild-type protein. Mutant p53 at codon 175
forms a conformation that complexes with Hsp70, where-
as p53 with mutation at codon 248 does not (Gannon et
al 1990; Zambetti et al 1993). Thus, it is likely that Hsp70
is interacting with and stabilizing the codon 175 mutant
p53 only. Presumably, this mutant p53 retains transacti-
vation activity because the expression of MDM2 and Bax
are also up-regulated in these cells.
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In contrast, expression of Hsp70 did not affect p53 lev-
els in SW480 cells, nor did it alter TRAIL receptor ex-
pression on the cell surface. The p53 of SW480 cells has
double homozygous mutations at codons 273 (also a con-
tact site mutation) and 309 (Nigro et al 1989; Rodrigues
et al 1990). Mutation of codon 273 is frequently found in
colorectal carcinoma (Hollstein et al 1991; Levine 1992)
and displays many characteristics of wild-type p53, re-
flecting the fact that this mutation does not alter the wild-
type p53 conformation (Bartek et al 1990; Gannon et al
1990). Importantly, neither codon 273 mutants nor wild-
type p53 have been demonstrated to bind Hsp70 (Gannon
et al 1990; Zambetti et al 1993; Zylicz et al 2001), therefore
providing a likely explanation for the inability of Hsp70
to alter p53 levels and hence TRAIL-receptor expression
in SW480 cells.

Increased levels of p53 protein in the presence of Hsp70
in CCRF-CEM cells promotes p53 transactivation activity
as demonstrated by increased expression of the p53-tar-
get genes Bax, MDM2, TRAIL-R1, and TRAIL-R2. The
TRAIL-R2 gene contains an intronic p53 binding site
through which p53 can induce transcription (Takimoto et
al 2000; Yoshida et al 2001). By ChIP, we showed that
expression of Hsp70 resulted in increased binding of p53
to the TRAIL-R2 gene. We propose that this promotes
TRAIL-R2 gene transcription and sensitizes CCRF-CEM
cells to TRAIL following increased expression of the pro-
tein on the cell surface. Although a p53 binding site has
not been described for the TRAIL-R1 gene, there is evi-
dence that it is a DNA damage–inducible, p53 regulated
gene (Guan et al 2001). Thus, it is likely that expression
of Hsp70 is also up-regulating TRAIL-R1 through p53.
Whereas expression of TRAIL-R1 and TRAIL-R2 mRNA
was similar in the 2 Hsp70-expressing clones, expression
of TRAIL-R1 on the cell surface was higher. This is pos-
sibly due to differences in posttranscriptional regulation
as reported recently by Zhang et al (2004), or simply to
differences in antibody affinity. TRAIL-R3 and TRAIL-
R4 have also been shown to be p53-inducible (Sheikh et
al 1999; Meng et al 2000), and like the TRAIL-R2 gene,
the TRAIL-R3 gene contains an intronic p53 binding site
(Ruiz de Almodovar et al 2004). However, we did not see
an increase in the expression of either TRAIL-R3 or
TRAIL-R4 following expression of Hsp70, indicating that
other regulatory mechanisms are involved in the tran-
scription of these genes.

Higher expression of Hsp70 in clone 7 compared to
clone 16 cells (Clemons et al 2005) correlated with higher
levels of TRAIL-induced apoptosis (Fig 1B,C) and in-
creased binding of p53 to the TRAIL-R2 gene (Fig 5). In
contrast, expression of p53, TRAIL-R1, and TRAIL-R2
were not significantly different between the 2 clones (Figs
3 and 4A), indicating that there are other mechanisms
involved in producing the higher levels of TRAIL-in-

duced apoptosis in clone 7 cells. It is tempting to spec-
ulate that Hsp70 may have further roles in modulating
TRAIL-induced apoptosis, such as increasing stability of
the receptors at the surface during ligand binding, lead-
ing to enhanced apoptotic signaling prior to receptor
turnover, or through assisting receptor trafficking to the
cell membrane. Either of these possibilities could explain
the increased level of TRAIL-induced apoptosis in clone
7 compared to clone 16 cells in the absence of differences
in the basal expression of the receptors on the cell surface.
The absence of an increase in TRAIL-R2 transcription de-
spite increased binding of p53 to the gene in clone 7 cells
compared to clone 16 cells could be related to other tran-
scription factors playing a limiting role.

An increase in cellular p53 is insufficient to increase its
transcriptional activity; this requires conformational
changes that result from further covalent modifications at
the C-terminal end of the protein (Giaccia and Kastan
1998; Meek 1999). Interestingly, such conformational
changes can also be achieved by the interaction of some
antibodies and peptides with the C terminus (Selivanova
et al 1998). In addition, numerous proteins bind to p53
and can modify its stability as well as its ability to acti-
vate transcription (Prives and Hall 1999). In CCRF-CEM
cells, induction of p53 by ionizing radiation is insufficient
for transactivation of the TRAIL-R2 gene (our unpub-
lished observations). Instead, transactivation appears to
require the assistance of Hsp70.

In contrast to our data, expression of Hsp70 in HL60
cells resulted in protection from TRAIL-induced apopto-
sis, suggesting that this cell line is also type II (Guo et al
2005). HL60 cells lack p53, and thus, presumably in this
context Hsp70 is unable to up-regulate TRAIL-R1 or -R2
expression and instead is free to act in the intrinsic path-
way to inhibit apoptosis induced by TRAIL. Also, ther-
motolerance, which among other events, involves an up-
regulation of Hsp70, was found to inhibit TRAIL-induced
apoptosis in the type II cell line, HCT116 (Ozoren et al
2002). In addition, constitutive overexpression of Hsp70
in HCT116 cells does not alter either TRAIL receptor or
p53 expression (our unpublished observations). HCT116
cells contain wild-type p53; thus Hsp70 would be un-
likely to regulate the transactivation activity of p53 and
hence TRAIL-receptor expression in these cells.

Our findings have implications for the use of TRAIL as
a cancer therapy. Hsp70 is expressed at high levels in a
number of high-grade tumors, particularly those of the
breast, compared to low-grade tumors and normal sur-
rounding tissue (Ciocca et al 1993; Chant et al 1995; La-
zaris et al 1995, 1997; Ralhan and Kaur 1995; Athanassia-
dou et al 1998). In addition, p53 is commonly mutated in
cancer (Hussain and Harris 1998), which may result in
the formation of nonnative conformations that are rec-
ognized and complexed by Hsp70, thereby stabilizing the
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protein and promoting its transactivation activity if the
mutant p53 retains this function. Thus, tumors with a
combination of high Hsp70 expression and mutated,
Hsp70 binding p53 may be good candidates for therapy
with TRAIL.
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