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Dihydroxyphenylethanol induces apoptosis by activating serine/threonine protein
phosphatase PP2A and promotes the endoplasmic reticulum stress response in
human colon carcinoma cells
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The search for effective chemopreventive compounds is
a major challenge facing research into preventing the
progression of cancer cells. The naturally occurring polyphenol antioxidants look very promising, but their mechanism of action still remains poorly understood. Here, we
show that 2-(3,4-dihydroxyphenyl)ethanol (DPE), a phenol
antioxidant derived from olive oil, induces growth arrest
and apoptosis in human colon carcinoma HT-29 cells. The
mechanisms involve prolonged stress of the endoplasmic
reticulum (ER) leading to the activation of the two main
branches of the unfolded protein response (UPR), including
the Ire1/XBP-1/GRP78/Bip and PERK/eIF2a arms. DPE
treatment led to overexpression of the pro-apoptotic
factor CHOP/GADD153 and persistent activation of the
Jun-NH2-terminal kinase/activator protein-1 signaling
pathway. DPE concomitantly modulated the extracellular
signal-regulated kinase 1/2 and Akt/PKB pro-survival
factors by altering their phosphorylation status as well
as inhibiting tumor necrosis factor-a-induced nuclear
factor-kB activation by inactivating the phosphorylation
of nuclear factor inhibitor-kB kinase. These findings
prompted us to investigate the possible involvement of
phosphatases in DPE-mediated action. Using phosphatase
inhibitors and RNA interference to silence the Ser/Thr
phosphatase 2A (PP2A) prevented DPE-induced cell
death. These findings demonstrate that DPE specifically
activates PP2A, which plays a key initiating role in various
pathways that lead to apoptosis in colon cancer cells.

Abbreviations: Akt/PKB, Akt-dependent activation of protein kinase B;
AP-1, activator protein-1; CHOP, C/EBP homologous transcription factor;
DPE, 2-(3,4-dihydroxyphenyl)ethanol; eIF2a, subunit of translation initiation
factor-2; EOR, ER overload response; ER, endoplasmic reticulum; Erk1/2,
extracellular sigal-regulated kinase 1/2; GADD153, growth arrest and
DNA damage inducible gene 153; JNK, c-Jun NH2-terminal kinase; PERK,
phosphorylation of the ER transducer protein kinase; PP1 and PP2A, Ser/Thr
phosphatases 1 and 2A; PP2A-C, recombinant PP2A catalytic subunit; ROS,
reactive oxygen species; TNF-a, tumor necrosis factora; UPR, unfolded
protein response.
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Neoplastic progression of cancer cells is associated with
chromosome damage that allows cells to escape from growth
and proliferation controls and disables apoptosis. Having
accumulated mutations that overcome cell cycle and apoptosis
checkpoints, the main obstacle to survival faced by a proliferative cancer cell is the restricted availability of nutrients and oxygen. These conditions encountered by poorly
vascularized solid tumors are known to alter the physiological
environment of the endoplasmic reticulum (ER), leading to
the accumulation of misfolded proteins. This process compromises cell function and activates a range of cellular stress
responses, known collectively as ER stress (1). ER stress leads
to the activation of complex signaling pathway(s) known as
the unfolded protein response (UPR). This response includes
the transcriptional activation of genes that encode ER
chaperone proteins such as GRP78/Bip, to increase proteinfolding capacity within the ER (2), and the upregulation of
an ER-associated degradation (ERAD) mechanism, such as
the activation of ER degradation-enhanced a-mannosidaselike protein (EDEM), to eliminate misfolded proteins by the
ubiquitin–proteasome degradation pathway (3,4). UPR promotes an adaptive response, known as the ER overload
response (EOR) (5), which involves activation of the nuclear
transcription factor NF-kB, which is known to be a mediator of
immune and anti-apoptotic responses, or conversely the activation of apoptotic pathway(s), when the adaptive responses are
not sufficient to relieve the ER stress. Several mechanisms
appear to contribute to apoptosis in response to ER stress.
These include the activation of c-Jun NH2-terminal kinase
(JNK) (6), of the C/EBP homologous transcription factor
CHOP/GADD153 (growth arrest and DNA damage inducible
gene 153) (7), and/or the activation of the ER-associated
caspase 12 (8).
Several studies have suggested that UPR may play a pivotal
role in tumor growth (for review see refs 9 and 10). Prolonged
activation of the UPR can limit damage and ultimately protect
the organism by inducing apoptosis in non-cancerous cells
experiencing stress, but how tumor cells can adapt to long-term
ER stress still remains largely unknown. The progression of
tumor cells results from an imbalance between cell growth
and cell death and the chemopreventive drugs that target the
apoptotic pathways in premalignant cells have been developed.
However, their modes of action, presumably through interactions with ER stress, still remain largely unknown. Since
the induction of an ER stress response could potentially produce either protective or destructive effects, it is essential to
fully characterize which pathway (i.e. adaptive or apoptosis)
and which downstream genes are activated when evaluating
the chemopreventive potential of drugs or nutritional and
dietary factors.
Dietary polyphenol antioxidant molecules including catechins from green tea, resveratrol from red wine, flavonoids and
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Introduction

Chemopreventive role of dihydroxyphenylethanol

DPE in colon carcinoma cells account for the ability of this
polyphenol to trigger apoptosis, and thus extend the link
between nutrition and human colon cancer.
Materials and methods
Reagents
Annexin V-FITC, propidium iodide (PI), Z-VAD-fmk, Z-DEVD-fmk,
ApoAlert Cell Fractionation Kit, mouse anti-GRP78/Bip, anti-Bcl-2, anti-Bax
monoclonal antibodies (Mabs) were from Becton-Dickinson (Le Pont de Claix,
France). Nucleospin RNA II kit was from Macherey-Nagel (Hoerdt, France).
Superscript II reverse transcriptase was from Invitrogen (Cergy-Pontoise,
France). Luciferase Assay System was from Promega (Charbonnières les
Bains, France). Mouse anti-CHOP/GADD153 Mab was from Tebu-Bio
(Le Perray en Yvelines, France), mouse anti-c-jun/AP-1 (Ab3) and rabbit
anti-c-jun phospho-specific (Ser73), anti-SAPK/JNK, anti-SAPK/JNK
phospho-specific (Thr183 and Tyr185) were from Calbiochem (La Jolla, CA).
Mouse anti-b-actin Mab was from Sigma (St Louis, MO). Rabbit anti-Erk1/2
was from Santa Cruz Biotechnology (CA). Rabbit polyclonal anti-cleaved
caspase 3 (Asp175), anti-Bak, anti-Akt/PKB, anti-Akt/PKB phospho-specific
(Ser473), anti-eIF2a, anti-eIF2a phospho-specific (Ser51), anti-Erk1/2
phospho-specific (Thr202/Tyr204), anti-IKKb phospho-specific (Ser176/180),
anti-PERK phospho-specific (Thr980), anti-GSK3b phospho-specific (Ser136),
mouse anti-Bad phospho-specific (Ser9), anti-PP2A-C catalytic subunit (4B7)
antibodies, and recombinant PP1 and PP2A catalytic subunit were from Cell
Signaling Technology/Ozyme (Saint-Quentin en Yvelines, France). Secondary
species-specific antibodies were from Jackson Immunoresearch (West
Baltimore Pike, PA). Hyperfilm MP, ECL and alkaline phosphatase reagents
were from Amersham Life Sciences (Arlington Heights, IL). Fura-2/AM was
from VWR International (Fontenay s/s Bois, France). TransMessenger
Transfection Reagent and the QuantiTect SYBR Green PCR Master Mix
was from Qiagen (Courtaboeuf, France). The Guava Nexin assay was from
Guava Technologies (Hayward, CA). Malachite Green Ser/Thr Phosphatase
Assay kit 1 was from Euromedex (Mundolsheim, France).
Cell culture
The human colon carcinoma cell lines HT-29, SW480, LoVo and HCT-116
purchased from the American Type Culture Collection (Manassas, VA) were
grown in Dulbecco’s Modified Eagle Medium (DMEM) or F12 medium containing L-glutamine (for Lovo cells) supplemented with 10% fetal calf serum
(FCS), 100 mg/ml streptomycin and 100 U/ml penicillin. MCF-7 breast
carcinoma cells were grown in DMEM supplemented with 10% FCS, 1%
L-glutamine and 1% penicillin/streptomycin. MCF-7 cells were stably transfected with 10 mg pcDNA3.0 or with 10 mg pcDNA3.0/caspase 3. Forty-eight
hours after transfection cells were grown in medium containing 800 mg/ml
G418. After 4 weeks, stable transfectant cells were selected by limiting dilution
and designated MCF-7 control cells and MCF-7 Casp-3 cells, respectively.
Exposure of MFC-7 Casp-3 to 1 mM staurosporine for 6 h resulted in the
induction of caspase 3 activity, and was characterized by the appearance of
the ladder nucleosomal DNA fragments characteristic of apoptosis (data not
shown).
Cell cycle analysis
HT-29 cells were treated with various concentrations of DPE. After 24 h, the
floating and adherent cells were pooled, centrifuged, washed several times with
phosphate-buffered saline (PBS) and then fixed with 70% ice-cold ethanol.
Pelleted cells were resuspended in RNAse A (180 mg/ml) and incubated at
room temperature for 30 min. PI (Merck, Darmstadt, Germany) (50 mg/ml final
concentration) was added, and the cells were incubated at room temperature
and in the dark for 15 min. PI was excited at 488 nm, and the fluorescence was
analyzed at 630 nm. The percentages of subG1; G0/G1, S and G2/M cells were
determined by flow cytometry, using an Epics, Elite ESP coulter cytometer
(Beckman Coulter, Fullerton, CA) and the Wincycle software program
(Beckman Coulter, Fullerton, CA).
Immunoblot analysis
Cells were rinsed, scraped off and collected in ice-cold PBS containing
a cocktail of protease and phosphatase inhibitors. Protein concentration was
measured by Bio-Rad assay, using bovine serum albumin (BSA) as a
standard. Equal amounts of cell protein extract (25 mg) were run on 7 or
10% SDS–PAGE. After being transferred onto nitrocellulose, membranes
were blotted with the following primary antibodies diluted in TBS containing
0.1% Tween: rabbit anti-c-jun phospho-specific (dilution 1:2000), antiSAP/JNK (dilution 1:1000), anti-SAP/JNK phospho-specific (dilution 1:5000),
anti-eIF2a (dilution 1:1000), anti-eIF2a phospho-specific (dilution 1:1000),
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quertecin from food products have been shown to diminish
the risk of cancer at various anatomical sites and to be potent
cancer chemopreventing agents (for review see ref. 11). For
example, epigallocatechin induces cell death (12) via the
inhibition of mitogen-activated protein kinase (MAPK)
signaling (13,14), vascular epithelial growth factor (VEGF)mediated signaling and subsequent angiogenesis (15), cyclindependent kinase activation of activator protein-1 (AP-1)
and inhibition of NF-kB activation (16), Akt-dependent activation of Bad (13) and inhibition of cell proliferation by binding
to vimentin (17). Resveratrol, another polyphenol found in
grape skins, has also been shown to induce upregulation of
p21Cip1/WAF1, p53 and Bax and concomitant downregulation of cyclins D1 and E and anti-apoptotic Bcl-2, leading to
arrest of the cell cycle in various in vitro and in vivo models
(18). Resveratrol has been shown to suppress the activation of
NF-kB, AP-1 and egr-1 transcription factors, and to inhibit
protein kinase signaling pathways (for review see ref. 10).
Among the most generally accepted correlations between
dietary habits and cancer risk, the ‘Mediterranean diet’, including olive oil consumption, has been shown to be associated
with significant reductions in coronary heart disease as well as
in breast, liver and colon cancer and it has been suggested that
uncontrolled free radical production may be involved in this
effect (19–21). Among the antioxidants in olive oil, hydroxytyrosol or 2-(3,4-dihydroxyphenyl)ethanol (DPE) has a
remarkable protective effect against oxidative stress-related
damage. It has been shown to prevent low-density lipoprotein
oxidation (22), platelet aggregation (23) and to counteract
the cytotoxicity caused by reactive oxygen species (ROS)
by exerting a scavenging action with respect to ROS generation (24) in various cultured human cell systems (25). In human
myeloid leukaemia HL-60 cells, Della Ragione et al. (26) have
reported that DPE activates apoptosis by causing cytochrome c
release from mitochondria, by increasing JNK-dependent
Bcl-2 phosphorylation and by upregulating several genes,
including c-Jun, JNK, GADD45, TGFb and egr-1 (27). Fabiani
et al. (28) demonstrated that DPE arrested the cells in the
G0/G1 phase with a concomitant decrease in the cell percentage
in the S-and G2/M-phases. DPE interferes with the generation
of leukotriene from arachidonic acid by inhibiting 5- and
12-lipoxygenases (29). DPE has also been found to exert an
inhibitory action on peroxynitrite-dependent DNA base modification and tyrosine nitration (30). Interestingly, at the same
concentration DPE did not affect the cell growth of freshly
isolated human lymphocytes or polymorphonuclear cells.
The question arises as to whether the anti-proliferative and
apoptotic actions of dietary polyphenols are associated with
ER stress signaling pathways. In the present study, we investigated the effects of DPE on the proliferative capacities of
a range of human colon carcinoma cells in culture and its
effects on ER stress. We show that DPE induced both ER
stress-dependent adaptative and apoptotic processes in colon
adenocarcinoma HT-29 cells. We provide direct evidence that
apoptosis induced by DPE is strongly inhibited firstly by
okadaic acid and calyculin A, both of which are inhibitors
of Ser/Thr phosphatases, and secondly by silencing of Ser/
Thr phosphatase 2A (PP2A) expression via an RNA interference strategy. In addition, in vitro assays have indicated that
DPE specifically activates PP2A. Therefore, PP2A seems to
play a pivotal role in regulating the signaling pathways
involved in apoptosis induced by DPE. These mechanistic
findings strongly suggest that the activation of PP2A by
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anti-Erk1/2 (dilution 1:1000), anti-Erk1/2 phospho-specific (dilution 1:1000),
anti-Akt/PKB (dilution 1:1000), anti-Akt/PKB phospho-specific (dilution
1:1000), anti-PERK phospho-specific (dilution 1:1000), anti-GSK3b
phospho-specific (dilution 1:5000), anti-Nox-4 (dilution 1:200), anti-IKKb
phospho-specific (dilution 1:500), anti-cleaved caspase 3 antibodies (dilution
1:1000), anti-Bak (dilution 1:500), mouse anti-CHOP/GADD153 (dilution
1:250), anti-GRP78/Bip (dilution 1:1000), anti-Bax (dilution 1:300), anti-Bad
phospho-specific (dilution 1:500), anti-c-jun (dilution 1:1000), anti-b-actin
(dilution 1:3000), anti-PP2A-C (dilution 1:1000) and anti-Bcl-2 (dilution
1:100) Mabs. After rinsing, the membranes were incubated with an appropriate species-specific secondary peroxidase-conjugated or alkaline
phosphatase-conjugated antibodies (dilution 1:20 000 or 1:5000). The membranes were then washed in TBS/0.1% Tween, and proteins were detected
using chemiluminescence or alkaline phosphatase detection. The blots were
probed using a mouse anti-human b-actin Mab, used as the internal standard.
Labeled protein bands were scanned with an HP Scanjet 5500, and the relative
protein content was determined by densitometric analysis.

Small interfering RNA (siRNA)
Experiments were carried out using specific HPP Grade dXdY siRNA
(Xeragon-Qiagen), designed by selecting a cDNA target region from
the catalytic subunit of PP2A (GenBank accession no. BC000400;
50 -CACCUUUGGGCAAGAUAUU-30 ) located 453 bp from the start codon.
Scrambled siRNA non-homologous to the human genome was used as a
control. To achieve optimal transfection efficiency, various parameters
including the amounts of transfection reagent, RNA and TransMessenger–
RNA complexes, cell density, and the length of exposure of cells to
TransMessenger–RNA complexes were optimized. Twenty-four hours before
transfection, HT-29 cells were transferred onto 6-well plates (5 · 105 cells per
well) and incubated with 0.8 mg of each siRNA duplex using TransMessenger
Transfection Reagent for 4 h in medium devoid of serum and antibiotics.
We checked that this procedure did not affect cell viability. Cells were
then rinsed with PBS, and grown in complete medium for a further 24 h
before gene-silencing experiments.
Transient transfection and luciferase reporter assay
HT-29 cells (8 · 106 cells) were transfected by electroporation with pAP-1-Luc
or p(kB)3 IFN-Luc plasmids (Luciferase cis-reporter system containing
7· AP-1 and 3· NF-kB enhancer elements, respectively). Electric pulsing
(275 V and 955 mF) was applied in the Bio-Rad Gene Pulser. Cells were
placed on ice for 15 min and then seeded at 5 · 105 cells/well in 6-well dishes.
An empty luciferase plasmid, pLuc-MCS, was used as a control. After transfection, the cells were cultured for 48 h and then treated with 100 ng/ml
tumor necrosis factor-a (TNF-a) or with various concentrations of DPE for
additional 4 h. The cells were harvested, and the luciferase activities were
measured using a luminometer according to manufacturer’s instructions.
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Apoptotic cell measurement by annexin V labeling
Apoptosis was analyzed using the Guava Nexin kit, which discriminates
between apoptotic and non-apoptotic cells. The Guava Nexin assay utilizes
annexin V-Phyco-Erythrin (annexin V-PE). A total of 2 · 106 cells were seeded
in 60-mm diameter Petri dishes and grown for 24 h in complete culture
medium. The medium was then replaced with fresh culture medium containing
no or a range of different concentrations of DPE for various times and
apoptotic cell staining was performed according to the manufacturer’s instructions using the Guava PCA system. Results were expressed as the percentage of
apoptotic annexin V-PE positive. When used, the caspase inhibitors ZVAD-fmk (200 mM) and Z-DEVD-fmk (50 mM), calyculin A (10–100 nM)
or okadaic acid (10–1000 nM) were added 1 h before the treatment with DPE.
Transmission electron microscopy
Transmission electron microscopy was performed on HT-29 cells treated or
not with 200 mM DPE for 24 h. Samples were fixed for 1 h with 2% glutaraldehyde prepared in a 0.1 M cacodylate buffer solution (pH 7.4), post-fixed in
osmium tetroxide, dehydrated with graded ethanol series and finally embedded
in Epon. Ultrathin sections were examined in a Jeol JEM-100 CX11 electron
microscope operated at 100 kV. ER area was calculated by determining the
relative surface density according to the method reported previously (31).
Briefly, four independent sets of electromicrographs of control and DPEtreated cells (200 mM) at magnification ·8000 were analyzed. The relative
area was equal to twice the number of line intersections with the ER membrane
divided by the total length of line on the containing space. The mean cell area
(mm2) was determined in 20 fields.
Flow cytometry analysis
After being counted, the floating and attached cells were pooled. Samples were
run on a Becton Dickinson FACScalibur (Immunocytometry Systems,
San Jose, CA) equipped with a 15 mW, 488 nm argon laser and filter configuration for FITC/PI dye combination. The quantitative determination of the
percentage of cells undergoing apoptosis was performed using the annexin
V-FITC Apoptosis Detection kit according to the manufacturer’s instructions.
The mitochondrial potential was measured using 3,30 -dihexyloxacarbocyanine
iodide (DiOC6: 40 nM final concentration, 15 min, 37 C). DiOC6 mitochondrial potential-related fluorescence was immediately recorded by flow
cytometry. The green fluorescence was collected through a 524–544 nm
band pass filter, and the fluorescent signals were measured on a logarithmic
scale of four decades of log. For each sample, data from 10 000 cells was
acquired and analyzed using LYSYS I software (Becton Dickinson).
Cytochrome c release and cleaved forms of caspases 3 analyses
HT-29 cells were seeded in 75 cm2 culture dishes (106/dish) and grown in
standard culture medium for 24 h. The medium was then replaced by a fresh
culture medium with or without DPE, and the cells were grown for a further
24 h. After cell lysis, cytochrome c and Cox 4, an integral mitochondrial
transmembrane protein, were detected in the cytosol and in mitochondriaenriched fraction by western blotting (10 000· g supernatant after centrifuging
for 25 min at 4 C) using an Apoalert Cell Fractionation kit according to the
manufacturer’s instructions.
Detection of cleaved form of caspases 3
Parental and caspase 3-overexpressing MCF-7 cells (7 · 105) were grown
for 24 h, and then processed with or without 200 mM DPE in the presence
or absence of Z-DEVD-fmk inhibitor. After 24 h, cell lysates were probed
with a rabbit polyclonal anti-cleaved caspase 3 antibody, which specifically
recognizes cleaved enzyme isoforms.
Phosphatase activity assay
Phosphatase activity was determined using a malachite green phosphatase
assay by measuring the dephosphorylation of phosphopeptide substrate
R-K-(pT)-I-R-R.
Phosphatase activity assay in cell homogenates. HT-29 cells were incubated with various concentrations of DPE for 1 h, and were then lysed with

Downloaded from carcin.oxfordjournals.org by guest on September 23, 2010

Real-time PCR
HT-29 cells were or were not incubated with 200 mM DPE for 16 h, and the
total RNA was extracted by the Nucleospin RNA II kit according to the
manufacturer’s instructions. Equal amounts of total RNA were reversetranscribed using random hexamer and Superscript II reverse transcriptase.
All the samples for comparison were reverse-transcribed from the same
reverse transcription mixture. Expression levels of human XBP-1 and
GRP78/Bip mRNAs were measured by quantitative real-time PCR using the
specific primers as follows: XBP-1; forward primer 50 -CCGCAGCAGGTGCAGG-30 and reverse primer 50 -GAGTCAATACCGCCAGAATCCA-30 . The
forward primer was designed to span the 26 bp small intron. Thus, this pair of
real-time primers can specifically amplify the spliced XBP-1 mRNA
transcripts produced by Ire1 activation. GRP78/Bip; forward primer
50 -TCCTGCGTCGGCGTGT-30 and reverse primer 50 -GTTGCCCTGATCGTTGGC-30 , and b-actin; forward primer 50 -CCTGGCACCCAGCACAAT-30
and reverse primer 50 -GCCGATCCACACGGAGTACT-30 . The specificity of
each of the amplified products generated was confirmed by melting curve
analysis and gel electrophoresis. The QuantiTect SYBR Green PCR Master
Mix (Qiagen) and the ABI Prism 7700 sequence detection system (Applied
Biosystems) were used to detect the real-time quantitative PCR products
of reverse-transcribed cDNA samples, according to the manufacturer’s instructions. The cycling program conditions were as follows: 95 C for 15 min
followed by 40 cycles of 15 s at 94 C, annealing for 30 s at 60 C and extension
for 30 s at 72 C. PCRs were performed in triplicate for each experimental
condition tested. mRNA expression was quantified by relating the PCR threshold cycle obtained from samples to a cDNA standard curve. The normalized
amount of mRNA was obtained by dividing the averaged sample value by the
averaged b-actin value.

Intracellular calcium measurement
Intracellular calcium was measured using Fura-2/AM. HT-29 cells (5 · 103
cells/ml) were seeded onto glass cover-slips and then loaded with 5 mM of
Fura-2/AM in Na-HEPES-buffered saline (pH 7.4) (135 mM NaCl, 4.6 mM
KCl, 1.2 mM MgCl2, 11 mM HEPES, 11 mM glucose and 0.01% pluronic acid)
containing or not 1.5 mM CaCl2 for 45–60 min at 37 C. The fluorescence was
recorded at 10 s intervals over 10 min in the presence or absence of extracellular Ca2+ using a dual-wavelength excitation fluorimeter (excitation:
340 and 380 nm, emission: 510 nm). Recordings were performed on cells
incubated with 200 mM DPE alone or with 1 mM thapsigargin.

Chemopreventive role of dihydroxyphenylethanol

phosphatase lysis buffer containing 20 mM HEPES (pH 7.4), 10% glycerol,
0.1% Nonidet P-40 (NP-40), 1 mM EGTA, 0.1 mM MgCl2, 30 mM
b-mercaptoethanol, 1 mM phenylmethyl-sulfonyl fluoride (PMSF) and protease inhibitors cocktail. Cells were scraped off and sonicated on ice for three
10 s pulses, and then centrifuged for 5 min at 2000· g at 4 C. Aliquots of the
supernatant were assayed for protein content using a Bio-Rad assay, with BSA
as a standard. Samples were resuspended in buffer containing 50 mM Tris–HCl
(pH 7.0), 0.1 mM EDTA with or without 1 mM okadaic acid in the presence of
various concentrations of DPE. Reactions were initiated by adding 175 mM
phosphopeptide substrate R-K-(pT)-I-R-R to the mixture for 0–15 min. The
reaction was terminated by adding 100 ml malachite green detection solution
for 15 min. Absorbance was measured at 620 nm and corrected by subtracting
the reading for blank wells containing no enzyme. The amount of phosphate
released was determined by comparing absorbance with a standard phosphate
curve.

Statistical analysis
Results are expressed as mean ± SD from triplicate determinations for 3–4
separate experiments for each set of conditions tested. Significant differences
between groups were analyzed by the unpaired Student’s t-test. A P-value of
<0.05 was considered significant.

Results
DPE induces cell growth arrest and apoptosis in colon cancer
cell lines
The potential action of DPE on cell cycle and cell viability was
analyzed by flow cytometry analysis in human colon carcinoma HT-29 cells treated with various concentrations of DPE.
DNA flow cytometry analysis revealed that DPE induced a
dose–response shift in the cell cycle distribution. HT-29 cells
treated with 400 mM DPE for 24 h exhibited higher percentages
of cells in the subG1-phase (+DPE: 10.3% ± 1.1; Control: 0.8%
± 0.2), S-phase (+DPE, 31.2% ± 2.9; Control, 23.4% ± 4.0),
and G2/M-phase (+DPE, 20.4% ± 3.8; Control, 9.6% ± 2.1)
and a lower percentage of cells in the G0/G1-phase (+DPE,
38.1% ± 3.1; Control, 66.2% ± 4.5) than those for the corresponding set of control cells (Figure 1A). These results indicate
that DPE caused S-phase and G2/M-phase arrest thus preventing the cells from entering into mitosis, and induced the
appearance of cells with SubG1 DNA content. We next analyzed the action of DPE on cell viability using the annexin
V-PE Guava Nexin kit that discriminates between apoptotic
and non-apoptotic cells. As shown in Figure 1B, DPE induced
cell death in a dose-dependent manner: after incubating for
24 h, the low concentration of DPE (100 mM) had induced
20% cell death whereas the highest concentration of DPE
(400 mM) had induced 65% cell mortality. The percentage
of cell death also increased significantly as a function of
incubation time. Similar time- and concentration-dependent
effects of DPE on cell death were also observed in other carcinoma colon cell lines, such as HCT-116, SW480 and LoVo
(Figure 1B, inset). In all cases, the concentration of DPE
inducing a 50% cell growth inhibition (IC50) was 200 mM
(data not shown). HT-29 cells treated with DPE (200–400 mM)
for 24 h were then analyzed by flow cytometry analysis, using
double labeling with annexin V and PI to quantify the number
of apoptotic cells (R1, annexin V+/PI), necrotic cells

DPE alters mitochondrial membrane permeablization and
stimulates caspase 3
Mitochondrial outer membrane permeabilization, which is
responsible for a change in the mitochondrial transmembrane
potential (Dym) and/or release of soluble proteins in the intermembrane space, appears to be closely associated with cell
death. We therefore examined the effects of DPE on the transmembrane potential Dym and by measuring cytochrome c
release. HT-29 cells were incubated without or with 200 or
400 mM DPE for 24 h, and then stained with the cationic
lipophilic dye DiOC6. Flow cytometry analysis revealed that
DPE altered the pattern of cytosolic fluorescence, with low
values of Dym reflecting a loss of mitochondrial potential
compared with untreated cells (Figure 2A). Western blot
analysis also showed that DPE triggered the release of cytochrome c from the mitochondria into the cytosolic fraction
of HT-29 cells (Figure 2B). The purity of the cytosol and
membrane fractions from untreated or DPE-treated HT-29
cells was confirmed by western blotting using an antibody
raised against the integral mitochondrial membrane protein
Cox 4 (Figure 2B). We next analyzed the effect of DPE on
the expression of anti-apoptotic Bcl-2 and pro-apoptotic Bcl-2
proteins, including Bax, Bak and Bad, which are known
to regulate mitochondrial-mediated apoptosis by controlling
mitochondrial membrane permeability, and the release of cytochrome c. Adding 400 mM DPE to HT-29 cells for 24 h caused
a dramatic reduction in protein expression of Bcl-2, and concomitant increases in protein expression of Bax and Bak and
activation of the pro-apoptotic Bad protein by reducing its
phosphorylated form (Figure 2C). These early apoptotic events
are known to induce the activation of downstream proteolytic
cascades involving caspases, which cleave specific intracellular substrates and commit the cells to apoptotic death.
Inhibition of such proteolytic cascades can be achieved
using pan-caspase inhibitor, Z-VAD-fmk. By using an antibody that only recognizes the activated form of caspase 3, we
checked that DPE was inducing the activation of caspase 3
(Figure 2D; inset). Furthermore, adding 200 mM Z-VAD-fmk
to HT-29 cells incubated with 400 mM DPE for 24 h prevented
DPE-induced cell death (Figure 2D). These findings strongly
suggest that DPE triggered proteolytic cleavage of the
pro-caspase 3 in HT-29 cells. To confirm these results, we
used MCF-7 breast carcinoma cells, which harbor a deletion
in caspase 3 gene and lack functional caspase 3, and in MCF-7
cells overexpressing caspase 3. As shown in Figure 2E,
1815
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In vitro phosphatase activity assay. Ser/Thr phosphatase 1 (PP1) (0.05 U) and
PP2A (0.025 U) catalytic subunits were incubated with or without various
concentrations of DPE in the presence or absence of 10 nM calyculin A or
10 nM okadaic acid. Phosphatase assay buffer and phosphopeptide R-K(pT)-I-R-R were added to produce a final volume of 25 ml. Reactions were
initiated by adding 175 mM phosphopeptide, and the reaction mixtures were
incubated at 37 C for 10 min. Reactions were terminated by adding 100 ml of
malachite green solution. Activities of PP1 and PP2A were determined using a
spectrophotometer and measuring the absorbance at 620 nm.

(R2, annexin V+/PI+ cells) and damaged cells (R3, annexin
V/PI+) (Figure 1C). Incubating HT-29 with DPE for 24 h led
to a significant increase in the percentage of apoptotic cells (32
and 48% of the total cell population at 200 and 400 mM DPE,
respectively), and to a lesser extent in the percentage of
necrotic cells (10 and 18% of the total cell population for
200 and 400 mM DPE, respectively) and damaged cells
(4 and 10% of the total cell population for 200 and 400 mM
DPE, respectively). Similar results were obtained on SW480
and HCT116 cells treated with DPE (data not shown).
Ultrastructural studies confirmed the inducible apoptotic
action of DPE. Nuclei of HT-29 cells treated with 200 mM
DPE for 24 h exhibited typical features of apoptosis including
chromatin condensation, fragmented nuclei and presence of
apoptotic bodies (Figure 1D). These overall findings indicate
that DPE induced arrest of cell cycle progression and triggered
apoptosis in colon adenocarcinoma cells.
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DPE did not induced cell death in MCF-7 cells transfected
with an empty vector but did significantly induce cell death in
MCF7 cells overexpressing caspase 3 (Figure 2E). This apoptotic effect of DPE was reduced to some degree when MCF-7
cells overexpressing caspase 3 were treated with 50 mM
Z-DEVD-fmk, a specific caspase 3-inhibitor (Figure 2E).
DPE disturbs ER Ca2+ homeostasis
Several non-mutually exclusive pathways have been shown to
be involved in the induction of cell apoptosis. The experiments
described above have provided several lines of evidence that
DPE triggers an intrinsic pathway characterized by disruption
of the mitochondrial potential and release of cytochrome c.
Because the ER has been shown to be involved in apoptotic
execution due to an imbalance between pro-apoptotic and
1816

anti-apoptotic molecules operating at the ER, we hypothesized
that DPE may also induce prolonged ER stress, which in turn
activates the UPR and causes cells to undergo apoptosis. To
test this hypothesis, experiments were undertaken to determine
whether DPE activates specific stress response pathways in
colon carcinoma HT-29 cells. The maintenance of Ca2+
homeostasis within the ER is essential for many cellular
functions, including protein folding, processing, transport
and signal transduction. Perturbation of ER Ca2+ homeostasis
is one of the early events leading to disruption of ER functions.
Incubating HT-29 cells with 200 mM DPE led to a rapid but
transient increase in intracellular [Ca2+]i independently of the
presence of extracellular Ca2+ (Figure 3A). The rise in [Ca2+]i
was prevented in cells pre-treated with 1 mM thapsigargin,
which depletes Ca2+ intracellular stores by inhibiting
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Fig. 1. DPE induces cell cycle arrest and apoptosis in HT-29 cells. (A) Cell cycle stage distribution was analyzed by flow cytometry in HT-29 cells
processed without 0 (Control) or with 100, 150, 200 or 400 mM DPE for 24 h. The percentage of cells in (i) subG1-; (ii) G0/G1-; (iii) S- and (iv)
G2/M-phases was quantified from three different experiments using the Wincycle software program. (B) The percentage of cell death was quantified using
the Guava Nexin kit (annexin V-PE) in HT-29 cells and in three other colon cancer cell lines (HTC-116, SW480 and LoVo), incubated with various
concentrations of DPE for 24 and 48 h, as described in Materials and methods. The bars represent the mean values ± SD of triplicate counts of four separate
experiments. (C) Flow cytometry analyses were performed on HT-29 cells incubated without (Control) or with 200 and 400 mM DPE for 24 h. The
illustrations of the plots of annexin V versus PI fluorescence are representative of three separate experiments. R1, apoptotic cells (annexin V+/PI);
R2, necrotic cells (annexin V+/PI+); R3, damaged cells (annexin V/PI+); R4, viable cells (annexin V/PI). The bars represent the percentage of annexin
V+/PI, annexin V+/PI+ and annexin V/PI+ cells after exposure to 0 (Control), 200 or 400 mM of DPE for 24 h. The bars represent the mean values ± SD
from three separate experiments.  P < 0.001;  P < 0.01;  P < 0.05 versus control values for each experimental condition tested. (D) Illustrations of
different morphological states of apoptosis showing (a), peripheral chromatin condensation and (b), formation of apoptotic bodies in HT-29 cells incubated
with 200 mM DPE for 24 h. Bar, 5 mm.
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sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA)
(Figure 3A). Ultrastructural analyses also revealed that DPE
(200 mM for 16 h) caused dramatic swelling and dilatation of
the ER from HT-29 cells (Figure 3B; left panel). The semiquantitative measurements of the ER surface area revealed that
DPE caused a significant 3-fold increase of the ER membrane
surface areas as compared with untreated cells (Figure 3B;
right panel).
DPE induces ER stress in colon cancer cells
Activation of ER stress triggers an UPR response, which
includes the induction of genes encoding for ER-resident stress

proteins and the attenuation of initiation of protein synthesis.
Experiments were undertaken to analyze in detail the effects
of DPE on different key regulatory genes encoding for proteins
of the UPR.
DPE upregulates XBP-1/GRP78/Bip expression. The Ire1
gene encodes a type 1 transmembrane Ser/Thr receptor
protein kinase, which possesses site-specific endoribonuclease
activity. Activated Ire1 mediates frame switching splicing of
the bZIP transcription factor XBP-1 mRNA which results in
the formation of a potent transactivator that upregulates its
own expression and that of molecular chaperones such as
1817
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Fig. 2. DPE induces cytochrome c release from the mitochondria and caspase 3 activation. (A) HT-29 cells were incubated without (Control) or with 200 or
400 mM DPE for 24 h. The percentage of cells with low mitochondrial potential was determined by flow cytometry with DiOC6. The bars represent the
mean values ± SD of five separate experiments.  P < 0.01;  P < 0.05 versus control cell values. (B) HT-29 cells were treated without (Control) or with
400 mM DPE (DPE) for 24 h. The release of cytochrome c from the mitochondria was determined on cytosolic and mitochondrial fractions separated by
subcellular fractionation and analyzed by western blotting (10 mg of each fractions) using antibodies directed against cytochrome c (Cyt c) and Cox 4,
a transmembrane marker of mitochondria. The western blots shown are representative of three separate experiments. (C) Lysates of HT-29 cells incubated
without (Control) or with 400 mM DPE (DPE) for 24 h were immunoblotted (100 mg of protein loaded) for anti-apoptotic Bcl-2, pro-apoptotic Bax,
Bak or the phosphorylated form of Bad (Bad-P). The western blots shown are representative of three separate experiments. (D) The percentage of cell death
was analyzed by the Guava Nexin kit on HT-29 cells incubated without () or with 400 mM DPE (+) in the presence (+) or absence () of the pan-caspase
inhibitor Z-VAD-fmk (200 mM) for 24 h. The bars represent the mean values ± SD of triplicate counts of four separate experiments. (D, inset) Caspase 3
activation was analyzed by western blotting using an antibody directed against the activated form of caspase 3 (Casp-3). (E) The implication of the
caspase 3 in DPE-induced cell death was analyzed by the Guava Nexin kit on MCF-7 cells transfected with an empty vector or with a human caspase 3
(Casp-3) vector and incubated without (Control) or with 400 mM DPE in the presence or absence of the specific caspase 3 inhibitor, Z-DEVD-fmk (50 mM)
for 24 h. The bars represent the mean values ± SD of triplicate counts of four separate experiments.  P < 0.001;  P < 0.01 versus empty vector-transfected
cell values.
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GRP78/Bip. To determine whether DPE activated the Ire1/
XBP-1/GRP78/Bip pathway, HT-29 cells were incubated
without or with 400 mM DPE for 16 h. Real-time RT–PCR,
using primers that specifically amplified only the spliced
form of the XBP-1 transcript, showed that the form of
XBP-1 associated with Ire1-catalyzed splicing was greatly
increased after DPE treatment, whereas it was undetectable
in untreated cells (Figure 4A). Consistent with this finding,
results from real-time PCR and western blotting revealed that
DPE also stimulated in a time-dependent manner the expression of chaperone GRP78/Bip at both mRNA and protein
levels (Figure 4A and B).
DPE activates PERK and eIF2a. The pancreatic ER kinase
or PKR-like ER-associated kinase (PERK) is an ER transmembrane protein kinase that phosphorylates the subunit
1818

of translation initiation factor-2 (eIF2a) responsible for
translational attenuation of global protein synthesis in response
to ER stress. The phosphorylation status of PERK and eIF2a is
therefore a key indicator in ER stress. The time course of the
phosphorylation of PERK and eIF2a was analyzed in HT-29
cells treated with 400 mM DPE for various times using
phospho-specific antibodies. DPE induced time-dependent
changes in the phosphorylation of PERK and eIF2a that were
characterized by successive steps of increase and decrease in
phosphorylation states, while the protein content of total eIF2a
remained unchanged (Figure 4C). The highest levels of phosphorylated PERK and eIF2a were achieved after exposure to
DPE for 2 h. These data indicated that DPE activates both
main branches of the UPR corresponding to the XBP-1/
GRP78/Bip arm downstream to Ire1 and ATF6 ER stress
sensors, and the PERK/eIF2a phosphorylation-dependent arm.
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Fig. 3. DPE disturbs ER [Ca2+]i homeostasis. (A) HT-29 cells were loaded with Fluo-2/AM (5 mM for 1 h at 37 C) and 200 mM DPE was added 120 s after
the start of the experiment. The emission of fluorescence was recorded for 600 s in the presence (+[Ca2+]e) or absence ([Ca2+]e) of extracellular Ca2+.
When used, 1 mM thapsigargin, a depleting agent of [Ca2+]i stores, was added at the start of experiment. (B) Illustrations (left panels) of ER swelling in
HT-29 cells incubated with 200 mM DPE for 24 h. Bar, 1 mm. Asterisk ( ) indicate swelling and dilatation of the ER. The bars represent the mean
values of ER cell surface area, expressed as mm2 ± SD counted of 20 different fields of electron micrographs as described in Materials and methods.

P < 0.05 versus control values.
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DPE upregulates CHOP/GADD153 expression. CHOP/
GADD153 is the only UPR target that has been shown
to be regulated by both the main branches of the UPR.
This suggest that cross-talk occurs between ATF6 and
Ire1/XBP-1-dependent and PERK-dependent branches (32).
CHOP plays an important role in inducing ER stressmediated apoptosis by downregulating the expression of
anti-apoptotic Bcl-2, and by stimulating the production of
ROS (33). Here, we show that the basal CHOP expression,
which was undetectable in untreated HT-29 cells, gradually
increased in DPE-treated cells up to 16 h (Figure 4D), and
remained elevated until 48 h (data not shown). Upregulation
of CHOP expression was also observed after treatment with
DPE for 16 h in other carcinoma colon cell lines, such as
HCT-116, SW480 and LoVo (Figure 4D, inset). These data
provide additional evidence that cytotoxic concentrations

of DPE can activate cellular stress response pathways,
including apoptosis in colon carcinoma cells.
DPE upregulates Nox-4 expression. We have recently shown
that the non-phagocytic NAD(P)H oxidase homolog Nox-4
plays a key role in the control of ER stress-mediated apoptosis
induced by 7-ketocholesterol in human smooth muscle
cells (34). 7-Ketocholesterol promotes Nox-4 expression by
stimulating the Ire1/JNK/AP-1 signaling pathway, which
in turn modulates the expression of CHOP (34). These
findings led us to test whether DPE stimulated the expression
of Nox-4 in HT-29 cells. DPE (400 mM) induced
time-dependent stimulation of the expression of the Nox-4
protein (Figure 4D), which was detectable after 2 h and peaked
after 16 h (Figure 4D). These findings indicate that Nox-4,
which has previously been shown to be involved in
1819
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Fig. 4. DPE stimulates ER stress-associated genes in HT-29 cells. (A) The mRNA level of XBP-1 (spliced form) and GRP78/Bip were determined by
real-time RT–PCR on HT-29 cells processed without (Control) or with 400 mM DPE (DPE) for 16 h. The bars represent the mean values ± SD of three
separate experiments. (B) Cell lysates from HT-29 cells were incubated without (time 0) or with 400 mM DPE for 15 min (150 ) to 16 h and were then
immunoblotted for GRP78/Bip. The relative protein content of samples was determined using anti-b-actin antibody as internal standard. (C) Western blot
analyses using anti-PERK phospho-specific Thr980 (PERK-P), anti-eIF2a phospho-specific Ser51 (eIF2a-P) and anti-eIF2a (eIF2atot) antibodies were
performed on HT-29 cells incubated without (time 0) or with 400 mM DPE for 15 min (150 ) to 16 h. (D) HT-29 cells were incubated without (0) or with
400 mM DPE for 15 min (150 ) to 16 h. Cells lysates were analyzed by western blotting using antibodies directed against CHOP/GAD153 (CHOP),
Nox-4 and b-actin. (D, inset), HCT-116, SW480 and LoVo cells were incubated without (0) or with 400 mM DPE for 16 h and CHOP expression was
detected by western blotting. In all cases, the bars represent the mean values of densitometric values measured for each experimental condition in three
separate experiments.
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ER stress-mediated apoptosis, is also upregulated by DPE in
HT-29 cells.
DPE activates c-Jun NH 2 -terminal kinase and AP-1
transcription factor
Another apoptotic pathway in ER stress involves the
activation of the JNK pathway by interacting with Ire1 and
TNF receptor-associated factor 2 (TRAF2) (6). Sustained
activation of the JNK pathway requires activation of apoptosis
signal-regulating kinase (ASK1) by the Ire1/TRAF2 complex,
and leads to cell apoptosis via the translocation of the
pro-apoptotic factor Bax into the mitochondria (35,36). To
1820

investigate the effect of DPE on the ER stress-dependent
JNK activation, we first performed western blot analysis on
cell homogenates derived from HT-29 cells processed with
or without 400 mM DPE for various times using phosphospecific anti-JNK and anti-c-jun antibodies (Figure 5A).
While the relative amounts of total JNK and c-jun were not
affected by DPE, the levels of phospho JNK and -c-jun proteins
increased rapidly under DPE treatment up to 16 h (Figure 5A).
Interestingly, two major waves of increasing phosphorylated JNK and c-jun were observed after 30 min and 4 h
incubation times with DPE (Figure 5A). To find out whether
DPE could modulate AP-1 activity, which is known to be
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Fig. 5. DPE modulates JNK, Erk1/2 and Akt/PKB signaling pathways and the transcriptional activation of the AP-1 and NF-kB promoters. (A) Western blot
analyses using anti-JNK phospho-specific Thr183 and Tyr185 (JNK-P), anti-JNK (JNKtot), anti-c-jun phospho-specific Ser73 (c-jun-P) and anti-c-jun (c-juntot)
antibodies were performed on HT-29 cells treated without (time 0) or with 400 mM DPE for 15 min (150 ) to 16 h. The western blots shown are
representative of three separate experiments. (B) HT-29 cells were transiently transfected either with an empty luciferase plasmid pLuc-MCS (white bar) or
with a plasmid expressing the luciferase cis-reporter AP-1. Luciferase activities were measured after exposure for 4 h to the indicated concentrations of DPE.
TNF-a (100 ng/ml) was used as a positive control. The bars are mean ± SD of relative luminescence intensity values from three separate experiments
performed in triplicate. (C) The expression of the phosphorylated form of IKKb (IKKb-P) was analyzed by western blotting (upper panel) on HT-29 cells
incubated without (time 0) or with 400 mM DPE for 15 min (150 ) to 16 h in the presence of TNF-a (100 ng/ml). The same amount of proteins were loaded
and checked using an antibody raised against b-actin. The western blots shown are representative of three separate experiments. HT-29 cells were transiently
transfected either with an empty luciferase plasmid pLuc-MCS (white bar) or with a plasmid expressing the luciferase cis-reporter NF-kB (lower panel).
Luciferase activities were then measured after exposure for 4 h to the indicated concentrations of DPE. TNF-a (100 ng/ml) was used as a positive control or
in combination with DPE. The bars are mean ± SD of relative luminescence intensity values from three separate experiments performed in triplicate.
(D) Western blot analyses using anti-Erk1/2 phospho-specific Thr202 and Tyr204 (Erk1/2-P), anti-Erk1/2 (Erktot), anti-Akt/PKB phospho-specific
Ser473 (Akt/PKB-P) and anti-Akt/PKB (Akt/PKBtot) antibodies were performed on HT-29 cells incubated without (time 0) or with 400 mM DPE for
15 min (150 ) to 16 h. The western blots shown are representative of three separate experiments.
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triggered by JNK phosphorylation and concomitant upregulation of c-fos/c-jun, HT-29 cells were transiently transfected
with an AP-1-driven luciferase reporter gene, and then exposed
to various concentrations of DPE for 4 h. As shown in
Figure 5B, DPE induced a dose-dependent increase in AP-1
transcriptional activity, comparable with those of the TNF-a
treated cells used as a positive control.

Effect of DPE on Erk1/2 and Akt/PKB signaling pathways
The phosphoinositide-3-kinase (PI3kinase)/Akt-dependent
activation of protein kinase B (Akt/PKB) and extracellular
sigal-regulated kinase 1/2 (Erk1/2) pathways, two well-known
pro-survival pathways, have recently been shown to counteract ER stress-induced cell death (39). To test whether
DPE affected the activity of Erk1/2 and Akt/PKB kinases,
cell homogenates derived from HT-29 cells which had been
treated with 400 mM DPE at different times were immunoblotted with specific antibodies of phosphorylated forms of
Erk1/2 and Akt/PKB. As shown in Figure 5D, DPE induced
an early and transient peak of Erk1/2 phosphorylation
within 30 min of incubation, and this was followed by a
second, less intense and transient Erk1/2 phosphorylation
peak after 2 h. In parallel, DPE almost completely abolished
the phosphorylation of Akt/PKB within 30 min (Figure 5D).
Taken together, these results demonstrate that DPE induces
a transient phosphorylation–dephosphorylation of Erk1/2 and
downregulates the pro-survival Akt/PKB pathway.
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DPE inhibits TNF-a-induced NF-kB activity
NF-kB activation induced by ER stress requires the release of
Ca2+ and ROS from the ER as a result of the overloading of the
ER with accumulated proteins, and is known as the EOR (5).
Conversely, it has been suggested that activation of NF-kB
may be involved in the downregulation of the pro-apoptotic
JNK pathway (1). To determine whether DPE modulates the
transcriptional activity of NF-kB, HT-29 cells were transiently
transfected with a NF-kB promoter linked to a luciferase
reporter gene construct, and were treated with various concentrations of DPE for 4 h. TNF-a (100 ng/ml), a potent activator
of NF-kB activity, strongly stimulated luciferase activity
whereas DPE alone (400 mM) failed to stimulate NF-kB transcriptional activity (Figure 5C, lower panel). In sharp contrast,
DPE produced dose-dependent downregulation of TNF-ainduced NF-kB activation (Figure 5C, lower panel). NF-kB
is regulated primarily by the phosphorylation of the inhibitory
proteins, IkBs, which are what retains it in the cytoplasm (37).
In response to TNF-a or others agonists, the IkBs are phosphorylated by the IkB kinase (IKK) complex, resulting in their
ubiquitination and subsequent degradation, inducing the
nuclear translocation of the NF-kB (38). To confirm whether
the inhibition of the TNF-a-induced NF-kB activation by DPE
resulted from the inhibition of IKK activity, the expression of
phosphorylated IKKb was analyzed by western blotting
of untreated- and DPE-treated HT-29 cells in the presence
of TNF-a (Figure 5C, upper panel). The results revealed
that the TNF-a-induced IKKb phosphorylation activation
was impaired in the presence of DPE. IKKb dephosphorylation
started within 15 min after DPE treatment, and was almost
complete within 1–16 h, suggesting that DPE did indeed prevent the TNF-a-induced NF-kB activation by inhibiting IKK
phosphorylation.

DPE activates PP2A activity
The dynamic balance between protein kinase and phosphatase
activities toward key substrates has been shown to be crucial
for cellular homeostasis. The time-dependent changes in phosphorylation observed in the different signaling pathways
induced by DPE suggest that phosphatases may be involved.
The major cellular proteins PP1 and PP2A have been shown
to be implicated in regulating a broad spectrum of protein
kinases and substrates including Akt/PKB, Erk1/2, IKK,
eIF2a and JNK. One approach to evaluating the role of PP1
and PP2A in regulating cell death induced by DPE was to
examine the effect of two potent protein phosphatase inhibitors, calyculin A and okadaic acid. Calyculin A or okadaic acid
induced dose-dependent impairment of the HT-29 cell death
caused by DPE by up to 64% for 100 nM calyculin A and up
to 62% for 1 mM okadaic acid (Figure 6A). Similar cytoprotective effects of protein phosphatase inhibitors were observed
in HTC-116, SW480 and LoVo colon carcinoma cells
(Figure 6A, inset). Although the selectivity of these inhibitors
is not sufficient to discriminate between the respective phosphatase activities of PP1 and PP2A, it is known that calyculin
A displays nearly equivalent inhibitory activities against PP1
and PP2A at concentrations of >10 nM, whereas okadaic acid
displays 100-fold greater selectivity for PP2A over PP1 at the
concentrations used. Furthermore, treatment with calyculin A
at 10 nM, a concentration that blocks PP1 but not PP2A, did
not significantly protect cells against DPE-induced cell death
(Figure 6A), suggesting the preferential role for PP2A in the
cytoprotective effect mediated by phosphatase inhibitors.
To determine whether DPE promotes an increase in PP2A
activity, PP2A activity was measured in cell homogenates
derived from HT-29 cells that had or had not been exposed
to various concentrations of DPE for 1 h. As shown in
Figure 6B, DPE induced a significant increase in Ser/Thr
protein phosphatase activity in a time-dependent manner.
Adding 1 mM okadaic acid inhibited the phosphatase activity
in DPE-stimulated cell homogenates by 67%. Furthermore,
DPE stimulated the PP2A activity in a dose-dependent manner
with an activity of 2180 ± 95 pmol.mg.cell protein1.min1
with 400 mM DPE (Figure 6C; lower panel). Immunoblot
analysis of cell homogenates using an antibody directed
against the catalytic subunit of PP2A (PP2A-C) showed that
DPE did not significantly promote any change in PP2A-C
levels in tested cell extracts (Figure 6C; upper panel).
To determine whether DPE interacts directly with PP2A,
in vitro assays were conducted in the presence or absence of
a range of concentrations of DPE using the recombinant
PP2A catalytic subunit (PP2A-C). The relative phosphatase
activity was measured for 10 min by measuring the absorbance at 620 nm, which reflects the phosphate release from
synthetic phosphopeptide substrate. As shown in Figure 6D
(left panel), DPE increased PP2A activity in a dose-dependent
manner, which was specifically blocked by the presence of
10 nM okadaic acid. A similar inhibitory effect was observed
with 1 nM okadaic acid (data not shown). To check that DPE
acted directly on PP2A activity, but not on PP1 activity, the
phosphatase activity of the recombinant PP1 catalytic subunit
was measured using synthetic phosphopeptide substrate in the
presence or absence of 400 mM DPE. Consistent with the
dissociated effects of low concentrations (10 nM) of calyculin
A and okadaic acid on the inhibition of DPE-induced cell
death, DPE did not affect the calyculin A-sensitive PP1 activity
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(Figure 6D; right panel). These findings provide strong
evidence that DPE specifically enhanced PP2A activity.
The predominant forms of PP2A are dimers (core enzyme)
of catalytic (C) and scaffolding (A) subunits and trimers
(holoenzyme) with additional variable regulatory subunits
(B, B0 , B00 ), which determine the substrate specificity and localization of the holoenzyme (40). Most PP2A-C subunits in the
cell form heterotrimeric complexes, followed in frequency
by the PP2A-A and -C core dimers (41–43). To define the
possible involvement of PP2A in the DPE-induced cell
death, we tested the consequences of downregulating PP2A
by RNA interference with cell viability. We chose to target the
catalytic C subunit of the phosphatase using small interfering
RNA (siRNAs) duplexes to silence PP2A expression. The
percentage of cell death was analyzed on scrambled and
PP2A-C siRNA-transfected HT-29 cells incubated with or
1822

without a range of different concentrations of DPE. As
shown in Figure 7A, DPE led to a dramatic increase in the
percentage of apoptotic cells in scrambled siRNA-transfected
cells. The percentage of cell death in scrambled siRNAtransfected cells was similar to that in untransfected HT-29
cells (see Figure 1B). In contrast, the percentage of apoptotic
cells among PP2A-C siRNA-transfected cells treated with
400 mM DPE was 72–75% lower than that among DPE-treated
scrambled siRNA-transfected (Figure 7A) demonstrating that
DPE-induced cell death was prevented by PP2A silencing.
To further validate the silencing effect of PP2A, the amount
of PP2A-C protein present in scrambled or PP2A-C siRNAtransfected cells was analyzed by western blotting using the
PP2A-C antibody. Consistent with the loss of sensitivity to
DPE, the amount of PP2A-C protein was dramatically lower
in PP2A-C siRNA-transfected cells than in scrambled
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Fig. 6. DPE activates the PP2A activity. (A) HT-29 cells and three other colon cancer cell lines (inset) were incubated with 400 mM DPE in the presence of
various concentrations of calyculin A or okadaic acid for 24 h. The percentage inhibition of DPE-induced cell death was determined using the Guava Nexin
kit, as described in Materials and methods. The bars represent the mean value ± SD of three separate experiments. (B) HT-29 cells were treated with
400 mM DPE for 1 h, and the Ser/Thr phosphatase activity was measured in cell homogenates using a synthetic phosphopeptide substrate in the presence or
absence of 1 mM okadaic acid (OA) for the times indicated. The bars represent the mean phosphate release value ± SD of triplicate determinations from
three separate experiments. (C) HT-29 cells were treated without (0) or with increasing concentrations of DPE for 1 h. Cell homogenates were prepared, and
the Ser/Thr phosphatase activity (lower panel) was determined using a synthetic phosphopeptide substrate after 15 min recording. The bars represent the
mean phosphate release values ± SD of triplicate measurements from three separate experiments. The amount of PP2A protein in the different cell
homogenates was detected by western blotting using an antibody directed against the catalytic subunit of PP2A (upper panel). The western blots shown are
representative of three separate experiments. (D) Ser/Thr protein phosphatase assay using the recombinant PP2A-C (left panel) or PP1-C (right panel)
catalytic subunits. The relative phosphatase activity was determined by measuring the optical density at 620 nm (OD620) after incubating for 10 min in the
presence or absence of a range of concentrations of DPE, and with or without 10 nM okadaic acid (PP2A-C) or 10 nM calyculin A (PP1-C). The bars
represent the mean relative phosphatase activity ± SD of triplicate measurements from three separate experiments.
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siRNA-transfected cells (Figure 7A; inset). To find out whether
PP2A silencing also reduces the PP2A activity in HT-29 cells,
phosphatase activity was assayed in both scrambled and
PP2A-C siRNA-transfected cells treated with 400 mM DPE
for 1 h. The stimulation of phosphatase activity by DPE,
which was in the same range in scrambled siRNA-transfected
and untransfected cell extracts (see Figure 6B), was inhibited
in the presence of 1 mM okadaic acid (Figure 7B). In contrast,
PP2A silencing reduced the DPE-induced phosphatase
activity in PP2A-C siRNA-transfected cell homogenates by
70% (Figure 7B). This result was consistent with the loss of
PP2A-C expression detected by western blotting. To further
investigate the consequences of PP2A silencing on the modulation of survival transduction pathways by DPE including
Erk1/2 and Akt/PKB, the phosphorylation status of both kinases was examined in scrambled and PP2A siRNA-transfected
cells treated with 400 mM DPE for 4 h. As in untransfected

HT-29 cells (see Figure 5D), DPE induced the dephosphorylation of Erk1/2 and Akt/PKB in scrambled siRNA-transfected
cells (Figure 7C). In sharp contrast, DPE failed to induce the
dephosphorylation process in PP2A siRNA-transfected cells,
but further stimulated the phosphorylation of Erk1/2. Moreover,
the phosphorylation status of both kinases in PP2A siRNAtransfected cells was maintained at high levels after incubating
with DPE for 24 h (data not shown). As also shown in
Figure 7C, the stimulated Akt/PKB activity induced by
PP2A silencing was correlated with higher levels of phosphorylation of a downstream target of Akt/PKB, GSK3b.
These findings demonstrate that PP2A silencing blocked the
dephosphorylation of Erk1/2 and Akt/PKB induced by DPE,
which in turn promoted cell survival. We next investigated
whether silencing of PP2A affects the ER stress-dependent
adaptive and apoptotic responses triggered by DPE. To do
this, the phosphorylation status of eIF2a and the expression
1823
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Fig. 7. Silencing of PP2A expression by RNA interference protects HT-29 cells from the DPE-induced apoptosis. HT-29 cells were transfected with
scrambled or PP2A-C siRNA duplexes. (A) Scrambled and PP2A-C siRNA-transfected cells were incubated with (black bars) or without (open bars) a range
of concentrations of DPE for 24 h. The percentage of cell death was measured using the Guava Nexin kit. The bars represent the mean value ± SD of
triplicate measurements from three separate experiments. The levels of PP2A-C expression were determined in scrambled and PP2A-C siRNA-transfected
cells by western blotting (right inset). The relative protein content of samples was determined using an anti-b-actin antibody. The western blots shown are
representative of three separate experiments. (B) Scrambled and PP2A-C siRNA-transfected HT-29 cells were treated with 400 mM DPE for 1 h, and Ser/Thr
phosphatase activity was quantified in cell homogenates using a synthetic phosphopeptide substrate in the presence or absence of 1 mM okadaic acid (OA)
for various times. Results correspond to the phosphate release values ± SD of triplicate measurements from three separate experiments. (C) Western blot
analyses using anti-Erk1/2 phospho-specific Thr202 and Tyr204 (Erk1/2-P), anti-Erk1/2 (Erktot), anti-Akt/PKB phospho-specific Ser473 (Akt/PKB-P),
anti-Akt/PKB (Akt/PKBtot), anti-GSK3b phospho-specific Ser136 (GSK3b-P), anti-eIF2a phospho-specific Ser51 (eIF2a-P) and anti-CHOP/GADD153 (CHOP)
antibodies were performed on scrambled and PP2A-C siRNA-transfected HT-29 cells that had been treated (+) or not () with 400 mM DPE for 4 or 16 h,
as indicated. The western blots shown are representative of three separate experiments.
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of CHOP were checked by western blotting in scrambled and
PP2A siRNA-transfected cells treated with 400 mM DPE for
4 h or 16 h, respectively. As shown in Figure 7C, PP2A
silencing did not prevent the DPE-induced phosphorylation
of eIF2a. Moreover, DPE induced a slight increase in the
phosphorylation of eIF2a in PP2A siRNA-transfected cells
as compared with scrambled siRNA-transfected cells. In sharp
contrast, silencing of PP2A prevented the DPE-dependent
expression of CHOP observed in scrambled siRNA-transfected
or untransfected cells (see Figure 4D). These data indicate
that DPE could trigger an ER stress-dependent adaptive
response independently of its effect on PP2A activity, and
that DPE-mediated PP2A activation is a critical checkpoint
in the cell death response.
Discussion
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Fig. 8. Scheme of the transduction pathways involved in DPE-induced
apoptosis of HT-29 cells. Schematic model representing the various
signaling pathways modulated by DPE. Three non-exclusive hypotheses can
account for the effect of DPE on apoptosis in colon cancer cells. (1) DPE
specifically activates PP2A (2) DPE indirectly activates PP2A activity by
scavenging ROS, which are known to inhibit PP2A activity, (3)
DPE-induced ER stress is responsible for the increase in PP2A activity by
enhancing the PERK signaling pathway (dotted line). () corresponds to
DPE-dependent inhibition of selected pathways.

(Figure 8). We also show that DPE induces the AP-1 transcriptional activity in a similar way to that obtained in TNF-a
treated cells associated with overexpression of the NAD(P)H
oxidase homolog Nox-4. We have recently shown that
7-ketocholesterol, an oxysterol involved in the pathogenesis
of atherosclerosis, promotes Nox-4 expression by stimulating
the Ire1/JNK/AP-1 signaling pathway in smooth muscle cells
(34). Silencing of Ire1 by a siRNA strategy or by inhibiting
JNK activity both suppresses Nox-4 expression and protects
cells against oxysterol-induced cell death. It suggests that DPE
triggers AP-1-dependent expression of Nox-4, which in turn
contributes to the activation of pro-apoptotic signaling pathways. Further experiments will be necessary to establish the
functional relevance of the Ire1/JNK/AP-1/Nox-4 signaling
pathway activation in regulating DPE-induced apoptosis.
One question addressed in this study is that of how DPE
disrupts ER homeostasis and initiates the apoptotic responses
in colon cancer cells. One attractive hypothesis is that DPE
could alter the redox potential of the ER by its antioxidant
capacity, thereby preventing oxidative protein folding and
causing malfolded protein accumulation in the ER and
subsequent UPR. Another non-mutually exclusive possibility is that DPE modulates different signaling pathways,
such as NF-kB, Akt/PKB and Erk1/2, that are sensitive to
oxidation. The activation of NF-kB and its associated IKK
is in most cases dependent on the production of ROS
(51,52), and represents an important factor contributing to
the deregulated growth and the resistance to apoptosis exhibited by many cancer cell types (53). Here, we show that DPE
prevents TNF-a-dependent NF-kB activation by triggering
the dephosphorylation of the IKK complex (Figure 8).
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The fate of cells subjected to ER stress depends on the balance
between cell adaptive and cell death responses. ER stress has
an overall protective role in tumor development by activating
elements of the adaptive stress response and by attenuating
apoptotic pathways. However, forced activation of ER stress
can lead to the reactivation of ER stress-dependent apoptotic
pathways to retard tumor development, growth and invasion
(9). In the present study, we show that DPE, a major antioxidant compound of olive oil, alters cell proliferation and
survival of colon cancer HT-29 cells by modulating the
ER stress-dependent signaling pathways. DPE induces
mitochondria-mediated apoptosis, which is characterized by
the fall in mitochondrial membrane potential, the release of
cytochrome c and caspase 3 activation in HT-29 cells at concentrations showed to be non-toxic in non-tumoral intestinal
cells (data not shown), and markedly lower than those used by
other investigators (26,28). The underlying mechanisms by
which polyphenols modify the integrity of mitochondria still
remain speculative. We provide evidence that DPE stimulates
the expression of the pro-apoptotic proteins Bad, Bak and Bax,
and represses the expression of anti-apoptotic Bcl-2. Some of
these effects on the modulation of pro- and anti-apoptotic
proteins by DPE have been reported for other polyphenols,
such as resveratrol (44,45) and epigallocatechin (13,46).
Scorrano et al. (47) showed that the apoptotic gateway proteins
Bax and Bak are required to maintain Ca2+ homeostasis in the
ER. Overexpression of these proteins leads to release of ER
Ca2+ pools, and of cytochrome c from mitochondria and to the
induction of calpain (48), and ER stress-dependent caspase 12
(8) activities. DPE also induces rapid thapsigargin-sensitive
release of ER Ca2+ pools in HT-29 cells which, under certain
circumstances, is known to promote the induction of UPR (49).
Here, we show that the DPE-induced apoptosis is the
consequence of a disruption of ER homeostasis, and of the
activation of UPR signaling pathways. DPE induces timedependent activation of the ER stress sensor protein kinase,
Ire1, which resulted in XBP-1 splicing and subsequent
overexpression of the ER chaperone GRP78/Bip (Figure 8).
Furthermore, DPE induces the phosphorylation of the ER
transducer protein kinase, PERK, which in turn activates
eIF2a, which is required for the attenuation of protein synthesis. Activation of apoptosis by DPE was further confirmed
by the fact that the expression of the pro-apoptotic factor
CHOP/GADD153 and of the Ire1-dependent JNK, both of
which are implicated in promoting apoptotic effects (7), are
increased and in the jun/fos AP-1 complex activation (6,50)
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DPE-treated cell homogenates or recombinant PP2A-C subunits, DPE specifically activates PP2A without having any
effect on recombinant PP1 activity. This suggests that DPE
may directly modulate PP2A activity and induce a broad
spectrum of impact on cell viability. (ii) DPE can indirectly
activate PP2A activity by scavenging ROS. Indeed, Ser/Thr
phosphatase activities are affected by the oxidation state of
redox-sensitive functional groups (64), and previous studies
have clearly shown that H2O2 inhibits Ser/Thr phosphatases
including PP2A, PP1 and calcineurin by oxidizing a metal
(Zn or Fe) at the active site and/or by attacking essential
cystein residue(s) (65,66). (iii) The DPE-induced ER stress
may be responsible for the increase in PP2A activity by
enhancing PERK signaling pathway. Using a yeast two-hybrid
screen, Xu and Williams (67) reported that PKR, an
interferon-induced antiviral eIF2a protein kinase which shares
common homology and activity with PERK, phosphorylates
the regulatory subunit B56a of PP2A and increases the activity
of PP2A trimeric holoenzyme. Furthermore, PP2A has been
shown to regulate the dephosphorylation of several proteins
involved in translation control, such as eIF2a (68), and to
modulate the phosphorylation-dependent cytoprotective
effect of eIF2a during ER stress.
Overall, these results strongly suggest that DPE represents a
potent chemopreventive agent that acts by triggering apoptosis
and by targeting specific tumor suppressors, tumor-promoterinduced protein kinases and transcription factors. However,
the physiological relevance obtained at doses 100–400 mM
DPE remains in question and further experiments will be
performed with lower concentrations of DPE to validate the
in vivo effect. The potent inhibitory effect of DPE on the
development of intestinal polyps is currently under investigation in ApcMin mice, which develop multiple spontaneous
intestinal adenomas throughout the intestinal tract. Our
preliminary data provide strong evidence that DPE induces
a marked decrease in the development of intestinal polyps
in ApcMin mice (data not shown). Further experiments will
be necessary to determine whether apoptotic signaling pathways triggered by DPE in vitro are involved in the decrease
of multiplicity of polyps in ApcMin mice. Further experiments
were needed to elucidate the molecular mechanisms/targets
associated with the anti-tumor effects of DPE.
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