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Abstract

Cytotoxic drugs induce cell death through induction of apoptosis. This can be due to activation of a number of cell death
pathways. While the downstream events in drug induced cell death are well understood, the early events are less clear. We
therefore used a proteomic approach to investigate the early events in apoptosis induced by a variety of drugs in HL.60 cells.
Using 2D-gel electrophoresis, we were able to identify a number of protein changes that were conserved between different
drug treatments. Identification of post-translational modifications (PTM) responsible for these proteome changes revealed an
increase in protein oxidation in drug treated cells, as well as changes in protein phosphorylation. We demonstrate an
accumulation of oxidised proteins within the ER, which lead to ER stress and calcium release and may result in the induction
of apoptosis. This study demonstrates the importance of ROS mediated protein modifications in the induction of the early
stages of apoptosis in response to chemotherapeutic drug treatment.
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Abbreviations: ER, endoplasmic reticulum; H,DCFDA, 2'7'-dichlorodihydrofluorescein diacetate (2'7'-dichlorofluorescin
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Introduction

The aim of chemotherapy is to preferentially Kkill
tumour cells, whilst leaving normal cells alive [1].
Chemotherapeutic drugs are derived from a number
of different drug families, such as alkylating agents,
mitotic inhibitors, nitrosureas, antimetabolites, and
antitumour antibiotics. These drugs predominantly
induce cell death through apoptosis, or programmed
cell death, rather than necrosis. Of the drugs
employed in this study, both doxorubicin (Doxo)
and mitoxantrone (Mtx) are anticancer antibiotics,
whereas VP16 (etoposide) is an epipodophylotoxin
and classified as a mitotic inhibitor. All of these drugs

have been shown to induce cell death through
apoptosis. Apoptotic cell death typically, although
not always, is mediated through the activation of a
group of enzymes known as caspases. Other cellular
characteristics of apoptosis include mitochondrial
depolarisation, DNA fragmentation and the appear-
ance of phosphatidyl serine on the outside of the
cellular membrane [2]. These late apoptotic events are
well characterised, but the upstream pathways leading
to caspase activation and cell death are more diverse
and variable. Apart from a few defined pathways of
caspase activation, such as caspase 8 activation by Fas
and TNF receptors, upstream events are not well
understood. In this paper, we have used proteomics to
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study events upstream of caspase activation in
response to a number of chemotherapeutic agents.
Understanding the exact mechanisms behind the
induction of cell death in response to these agents is
important in understanding toxicity and side effects,
for example, Doxo mediated cardiotoxicity is
mediated not through its topoisomerase II inhibition,
but rather through the production of reactive oxygen
species (ROS) [3].

It is impossible to predict the mechanism of drug
mediated caspase activation as cytotoxic drugs
mediate their effects through a number of different
mechanisms, not limited to their “mode of action”.
For example, it has been shown that many cytotoxic
drugs can induce ROS, or can induce apoptosis
through the direct modulation of signalling proteins,
such as the induction of stress activated cell signalling
pathways [2]. Reports of drug “mode of action” are
often conflicting; although there are some reports that
VP16, a topisomerase I inhibitor can also mediate cell
death through the induction of ROS, whilst, other
work suggests that VP16 induced cell death is
independent of ROS as it cannot be prevented by
antioxidant treatment [4—6]. As well as topisomerase
inhibition Doxo has been shown to produce ROS
[7-9], which are at least in part responsible for its
induction of apoptosis, as well as the induction of p38
MAP kinase (p38 MAPK), a stress activated kinase
[10]. Mtx, a Doxo analogue with reduced cardiotoxi-
city can also induce activation of p38 MAPK [11].
ROS generated by cytotoxic drugs can result in DNA
damage and strand breaks, as well as protein
oxidation. Such oxidation events further increase cell
stress, which may contribute to the induction of cell
death.

The three cytotoxic drugs employed in this study
are widely used in the clinical environment in the
treatment of a number of cancers. All three drugs have
been reported to exert their cellular effects through a
variety of mechanisms including DNA damage and
topoisomerase II inhibition. The initial effects of these
drugs upon the cell are key for the induction of
apoptosis. We therefore decided to investigate the
early effects of cytotoxic drug treatment, in particular,
early protein changes which may be responsible for
induction of cell death signalling. Many signalling
pathways depend on changes in a variety of post-
translational protein modifications (PTM), such as
phosphorylation, oxidation, s-nitrosylation and ADP
ribosylation. In order to identify these early events, we
use a proteomic approach to investigate proteomic
changes in cells undergoing relatively rapid apoptosis,
(50% after 4 h of treatment). HL.60 cells are a human
heamatopoietic cell line, which readily undergo
apoptosis in response to a number of stimuli making
them ideal for this study. This experimental design,
with its short exposure time, will increase the number
of cells exhibiting early changes in protein states
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allowing more accurate determination of the PTM
involved. Under these conditions, it is likely that
alterations in gene expression will not have a role to
play, instead it is likely that protein modifications will
be important indicators of the signalling pathways
involved in cell death.

Proteomic analysis will enable us to look for number
of PTM of proteins. A number of PTMs have been
associated with cell death pathways. Phosphorylation
is a key PTM for many signalling pathways. Protein
kinases and phosphatases play vital role in cell survival
pathways and more recently, phosphorylation of
apoptotic regulators, such as Bcl-2 family members,
have demonstrated their importance in cell death
pathways [12]. There are a number of other PTMs
which are been implicated in cell death in a variety of
systems; these include ADP ribosylation [13-15],
protein s-nitrosylation [16—18] and protein oxidation
[19,20]. Caspases themselves can undergo s-nitrosy-
lation of their active site which results in their
inactivation [17,21]. The finding that many drugs
induce a rapid increase in cellular ROS is of interest as
ROS can induce apoptosis through a variety of
mechanisms; including direct modification of pro-
teins, as well as lipids and DNA. Modification of
proteins by ROS generally inactivates them [4,22].
Although ROS mediated protein inactivation is non-
specific and both pro and anti-apoptotic proteins may
be targeted; so pro-apoptotic proteins such as caspases
can be inactivated as well as survival proteins such as
Ras. This makes it difficult to predict the effect of ROS
in cytotoxic drug mediated cell death.

This work describes the use of proteomics to study
early events in chemotherapeutic drug induced
apoptosis. Identification of PTM will broaden out
understanding of how such drugs induce cell death. A
better understanding of the mechanism of drug
induced cell death is essential in order to reduce side
effects or to increase efficiency of these drugs.

Materials and methods
Chemicals and antibodies

All chemicals were from Sigma (Dublin, Ireland)
unless otherwise indicated. The anti-caspase 3
antibody (Cell Signalling, Beverley, MA, USA) was
used at 1/1000. The anti-DNP antibody (Dako, UK)
was used at 1/5000. The phospho-elF 2a (Cell
Signalling Technology, Beverley, MA, USA) was used
at 1/1000. Triose phosphate isomerase and phospho-
glycerate mutase (both from Accurate Chemical and
Scientific, NY, USA), Grp78 (Santa Cruz, sc13968),
Hsp 70 (AB5439 AbCam). The anti-actin antibody
(Sigma) used for equal loading controls was used at
1/5000. HRP conjugated secondary antibodies were
from Sigma.
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Cell culture and cyroroxic drug treatment

HL60 cells were maintained in RPMI 1640 sup-
plemented with 10% foetal calf serum, 1% penicillin—
streptomycin and 2mM L-glutamine (Gibco Brl,
Paisley, UK). Cells were grown at 37°C in a
humidified 5% CO, atmosphere. VP16, Mtx and
Doxo were prepared in DMSO. For induction of
apoptosis, 5 X 10° cells/ml were incubated for the
appropriate time and drug at 37°C. Treatment with N-
acetyl cysteine (Calbiochem, Nottingham, UK) and
zVAD (Enzyme System Products, CA, USA) was for
30 min prior to the addition of VP16.

Detection of apoptosis

Cell death was measured by incorporation of 50 pg/ml
propidium iodide on a FACScan (Becton and
Dickinson, UK) using CellQuest software. Apoptosis
was confirmed by morphological analysis of stained
cytospin preparations. Rapi-diff (Diachem Inter-
national Ltd., Lancashire, UK) stained centrifuged
cell preparations were examined for the morphological
characteristics of apoptosis. Apoptosis was quantified
by counting three independent microscopic fields with
at least 100 cells per field.

FACS analysis of ROS generation

HL60 cells at 5 X 10> were treated with VP16, Mtx or
Doxo for the times indicated and 100 pM 2/,7'-
dichlorodihydrofluorescein diacetate (H,DCFDA)
(2',7-dichlorofluorescin  diacetate) (Molecular
Probes, Leiden, The Netherlands) was added 30 min
before analysis on a FACScan (Becton and Dickinson,
Oxford, UK) with excitation and emission spectra set
at 488 and 530 nm using CellQuest software. H,O,
was visualised by the increase in mean fluorescence.

Spectrophotometric detection of protein carbonylation

Protein carbonylation was determined as described by
Levine et al. (1990) [23]. Basically protein was
extracted into 100wl of 40 mM Tris. To this was
added 20 pl of 10 mM 2,4-dinitrophenyl hydrazine
(DNPH) for 30 min at 18°C. Protein was precipitated
by the addition of an equal volume of ice cold 10%
TCA and incubation on ice for 30 min. Protein was
pelleted by centrifugation at 15,000¢ for 5 min and the
protein pellet resuspended in 6 M guanidine with
2 mM potassium phosphate and absorbance measured
at 360nm. Un-derivitised samples were used as
controls. Protein determination was carried out
using the Bradford based BioRad protein determi-
nation assay (BioRad Cat No 500-0001) according to
manufacturers instructions. Protein carbonylation was
calculated as wM DNPH per g of protein.

2D-gel electrophoresis

HL60 cells (10ml at 5 X 10° cells/ml) were cen-
trifuged at 1000g for 5 min, washed in 0.25 M sucrose
before being washed and resuspended in 40 mM Tris
containing phosphatase and protease inhibitors
(10 pwg/ul aprotinin, 10 pwg/ml leupeptin, 2mM
AEBSF, 50mM NaF, 5mM Na pyrophosphate,
10M Na orthovanadate). Samples were sonicated
and centrifuged at 15,000g for 15 min. Protein was
quantified using the BioRad protein determination
assay and 20 pg was suspended in 1 M thiourea, 8 M
urea, 4% CHAPS, 2 mM tributylphosphine with the
addition of the appropriate carrier ampholytes, (pH
3-10, Amersham Bioscicences, Chalfont St Giles,
Bucks., UK). Isoelectric focusing was carried out on
an IPGPhor (Amersham Biosciences) using 7 cm pH
3-10 Immoboline Dry Strip Gels (Amersham
Biosciences) using a gradient from 500 to 5000V to
give a total of 8750 Vh. After isoelectric focusing gels,
strips were incubated for 14 min in 50 mM Tris pH
8.8, 6 M urea, 30% (v/v) glycerol, 2% SDS, 2% DTT,
followed by 4 min in 50 mM Tris pH 8.8, 6 M Urea,
30% (v/v) glycerol, 2% SDS, 2.5% iodoacetamide,
prior to resolving by SDS-PAGE on 10% acrylamide
gel. For detection of carbonylated proteins, gel strips
were incubated in 10mM DNPH in 2M HCI for
20 min after isoelectric focussing but prior to resolving
by SDS-PAGE.

Gel staining and analysis

For analysis, gels were stained with Colloidal Blue
Coomassie (Sigma) according to manufacturers
instructions. Silver stained gels were fixed in 40%
EtOH, 10% HAC, 50% H,O, for 1 hour and then in
90% H,0, 5% EtOH, 5% HAC overnight. Gels were
soaked in 1% gluteraldehyde, 0.5 M sodium acetate
for 30 min, washed three times in H,O, incubated in
ammonical silver for 30 min before washing in water
and developing in 0.01% citric acid/0.1% formal-
dehyde and stopped in 5% Tris/2% acetic acid. Gels
were scanned on an Epson Expression 1600 pro
scanner and analysed using Phoretix 2D-gel analysis
programme (Non Linear Dynamics, Newcastle, UK).
At least four duplicate gels were matched and analysed
for each time point. To compare, spot intensity values
were normalised to regions of gel that did not contain
any detectable spots. Analysis of silver stained gels
detected an average of 1436 spots (SD = 278) and for
coomassie stained gels, an average of 454 spots were
detected (SD = 42).

For MALDI-TOF MS analysis, spots were hom-
ogenised in 25mM ammonium bicarobonate/50%
ACN, dried in a vacuum centrifuge and resuspended
in 0.05 pg/pl Trypsin (Roche, Basel, Switzerland) in
25mM ammonium bicarbonate/5 mM CaCl. Spots
were digested at 37°C overnight. Peptides were eluted
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in 50% ACN/5%TFA and concentrated in a vacuum
centrifuge. Salt was removed using ZipTips (Milli-
pore, MA, USA).

MALDI-TOF mass spectrometry

Mass spectrometry was carried out using a Voyager-
DePro Biospectrometry workstation and Voyager
Software (Applied Biosystems, Warrington, UK).
MALDI-TOF mass spectrometry was performed in
reflector mode and a multipoint calibration per-
formed. Minimal machine resolution was 7000.
Spectra obtained were matched through Protein
Prospector MS-Fit (http://www.prospector.ucsf.edu)
and MASCOT (http://www.matrixscince.com). For
database searching, all species were searched, with a
mass tolerance of = 0.2 Da. For protein prospector,
highest ranking matches with MOWSE scores
>1 X 10%, for MASCOT significant protein matches
(P < 0.05) were considered further. Highest ranking
protein matches were confirmed through repetition
(in all cases, identical protein identities were obtained
from a minimum of three independent protein
extractions) and through analysis of mass spectra
obtained from proteins digested with Endoproteinase
Glu C (Roche) as an alternative to trypsin.

Western blotting

For conventional Western blotting, 50 ug of protein
was loaded per sample. After SDS-PAGE on the
BioRad Mini-Protean II system, protein was trans-
ferred to nitrocellulose membrane (Schleicher and
Schuell, Dassel, Germany). Proteins were detected
using ECL (Amersham Biosciences).

Immunoprecipitation

Equal amounts of protein (500 pg) were resuspended
in immunoprecipitation buffer (50 mM Tris—HCI,
0.5mM EDTA, 2mM EGTA, pH 7.5, 0.5% NP40,
10 pg/ul aprotinin, 10 wg/ml leupeptin, 2 mM AEBSF,
50mM NaF, 5mM Na pyrophosphate, 10uM Na
orthovanadate), pre-cleared for 2 h by the addition of
protein A sepharose beads and then incubated
overnight with 10 pg of antibody, followed by addition
of protein A sepharose. The pellet was washed twice
with IP buffer before resuspending in 2D-gel lysis
buffer.

For DNPH modified immunoprecipitations, the
procedure was carried out as detailed above with the
following modifications. After the final incubation
with protein A sepharose, the protein pellet was
washed three times in immunoprecipitation buffer
before being resuspended in 10 mM DNPH in 2M
HCI for 20 min. The pellet was washed three times in
PBS before resuspension in SDS-PAGE sample buffer
and resolution by SDS-PAGE.
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Measurement of intracellular free calcium

Cytosolic-free Ca®** was determined with the Ca*"
sensitive cell permeable dye, Calcium green (Molecu-
lar Probes). Cells at 5 X 10’ were washed and
resuspended in PBS and loaded with Calcium green
for 30 min at room temperature. Cells were then
washed twice and resuspended in PBS. After 15 min,
fluorescence was recorded using a Becton and
Dickenson FacsScan flow cytometer on Fl-1 channel.
For ER Ca®" release studies, cells were further treated
with 2.5uM thapsigargin and fluorescence was
recorded immediately.

All data shown is representative of at least three
independent experiments.

Results
Drug induced cell death

Using HL60 cells as our model system, we used
propidium iodide incorporation and flow cytometry to
determine the concentration of drug required to circa
50% death after 4 h of drug treatment with VP16, Mtx
and Doxo. HL60 cells were treated with VP16 at
5 ng/ml and with Mtx or Doxo at 10 wg/ml, for time
points up to and including 4 h (Figure 1A). After 4 h of
treatment, there was approximately 50% cell death.
Western blot analysis showed that pro-caspase 3 was
cleaved to its active form after 3h of VP16, Mtx, or
Doxo treatment, Figure 1B, there was no evidence of
caspase activation prior to 3 h. This indicates that cell
death is mediated through the classical apoptotic
pathway, which involves activation of this executor
caspase. Pre-treatment with the caspase inhibitor
zVAD significantly reduces, but does not abrogate,
VP16, Mtx and Doxo induced apoptosis in HIL60
cells, Figure 1C, demonstrating the importance of the
caspase-dependant pathway in the induction of cell
death. As the aim of our study was to identify early
protein changes in response to drug treatment, we
chose time points prior to caspase cleavage, at 3 h, for
further study. 2D-gel electrophoresis was used to
identify changes in protein expression in cytotoxic
drug treated cells. 20 protein spots were found to be
consistently altered upon treatment with VP16, Mtx
or Doxo (data not shown). These protein spots of
interest were excised from coomassie stained gels,
trypsin digested and analysed by MALDI-TOF MS.
The results of peptide fingerprinting are shown in
Table I. After protein identification, we performed a
number of experiments to determine the nature of the
protein changes seen. We were unable to identify any
protein spots which were unique to either treated or
untreated cells, either by gel image analysis or through
S*° methionine incorporation data, suggesting that
there was no significant change in protein expression
or degradation during the 3h drug treatment. As
protein phosphorylation is one of the most common
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Induction of caspase dependant apoptosis by VP16, Mtx and Doxo in HL60 cells. A. Time course of drug induced cell death. Cells

were treated with 5 ug/ml VP16, 10 pg/ml Mtx or 10 pg/ml Doxo and percentage of death was recorded using propidium iodide and flow
cytometry. B. Western blot analysis showing cleavage of pro-caspase 3 to the active form of caspase 3 occurs after 3 h of VP16, Mtx and Doxo
treatment. C. VP16, Mtx and Doxo induced cell death is caspase dependant. HLL60 cells were pre-incubated with 100 uM of the caspase
inhibitor zZVAD. Cell death was analysed using propidium iodide and flow cytometry.

PTM with relevance to cell signalling, we expected to
see several changes in protein phosphorylation.
However, this was not the case. Using P>? orthopho-
sphate incorporation to look at changes in protein
phosphorylation during VP16 treatment, we saw only
a few protein spots changing upon VP16 (data not
shown). These include protein disulphide isomerase,
an ER resident protein important in protein di-
sulphide bond formation [24-26]. We also identified

one of the phosphorylated spots as 40s ribosomal
protein, a member of the ribosomal protein family,
which is associated with drug resistance. p38 MAPK
was also shown to undergo cytotoxic drug treatment
dependant phosphorylation. p38 MAPK is commonly
phosphorylated in response to cell stress situations
and has been implicated in both the induction of and
prevention of cell death [27-29]. p38 MAPK can
phosphorylate and thus inactivate caspase 3 [30] and
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Table I. Identification of proteins of interest.
Spot no. Protein name MW (kDa) pl Sample source No. of peptides Sequence coverage (%)
1 90 kDa Heat shock protein 85 5.0 DNP IP/2D-gel/Glu C 13 22
2 Grp78 72 5.0 DNP IP/2D-gel/Glu C 8 17
3 70 kDa Heat shock protein 75 6.3 DNP IP/2D-gel/Glu C 15 28
4 ATP synthase Beta chain 56 5.3 2D-gel/Glu C 10 29
5 Calreticulin 48 4.3 DNP IP/2D-gel 6 18
6 Tubulin 50 5.0 DNP IP/2D-gel 10 23
7 Protein disulphide isomerase 57 6.0 P?? incorporation DNP IP/2D-gel 6 18
8 Glycogen phosphorylase 97 6.7 2D-gel 7 20
9 Alpha enolase 47 7.0 DNP IP/2D-gel/Glu C 9 22
10 40s Ribosomal protein 33 4.8 P?? incorporation/2D-gel/Glu C 6 23
11 Inorganic pyrophosphatase 33 5.5 2D-gel 6 18
12 Fructose bisphosphate aldolase 39 8.4 DNP IP/2D-gel 7 30
13 Tropomyosin 32 4.7 2D-gel/Glu C 6 21
14 Endoplamic reticulum protein ERP29 29 6.8 DNP IP/2D-gel/Glu C 5 19
15 Phosphoglycerate mutase 29 6.8 DNP IP/2D-gel/Glu C 6 23
16 &17 Triose phosphate isomerase 27 6.5 DNP IP/2D-gel 10 28
18 Prohibitin 30 5.6 2D-gel/Glu C 7 22
19 RHO GDP dissociation inhibitor 2 23 5.1 2D-gel 6 25
20 Glutathione S-transferase 23 5.4 2D-gel 7 22
21 p38 MAPK 42 5.7 PhosphoTyr IP/2D-gel 8 26

Spots of interest were excised from coomassie-stained gels and analysed using MALDI-TOF MS peptide mass fingerprinting. Protein identifications were carried out using Protein Prospector MS-Fit
(http://www.prospector.ucsf.edu) and MASCOT (http://www.matrixscience.com). For database searching, all species were searched, with a mass tolerance of + 0.2 Da. Proteins are listed along with their
MW in kDa, pl, mode of identification, number of peptide matched using MS-Fit, sequence coverage. All matches shown were highest ranking matches in Protein Prospector, (with MOWSE scores
>1 X 10%) and significant in MASCOT (P < 0.05). Where indicated protein identification was carried out using peptide mass fingerprinting of spots to be DNP immunoreactive from 2D-gels, from
protein immunoprecipitated using DNP, or from samples shown to change in phosphorylation state in response to cytotoxic drug treatment. Where indicated the sample identification was confirmed using

GluC digestion as an alternative to trypsin.
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p53 [31]. p38 MAPK phosphorylation is often linked
to cell stress, such as that induced by an increase in
intracellular ROS, we therefore looked for evidence
for ROS in our cytotoxic drug treated cells, and any
evidence for ROS mediated protein modifications.

ROS and cytoroxic drug treatment

It has reported by us and others, that VP16 and other
drugs can induce intracellular ROS production
[19,20,32]. In order to confirm the production of
ROS in HL60 cells in response to drug treatment, we
used the fluorescent probe H,DCFHDA. Interestingly,
all three drugs resulted in increased ROS levels within
HIL60 cell after 15min (Figure 2A and B). If drug
treatment induces ROS production, it is reasonable to
predict that protein oxidation will occur within the cells.
We therefore looked for evidence of protein oxidation in
VP16, Mtx and Doxo treated cells, using protein
carbonylation as a marker. Protein carbonylation can be
determined spectrophotometrically by DNPH incor-
poration. This assay showed that treatment of HL60

cells with all three drugs resulted in an increase in
protein carbonylation after 1 h (Figure 2C), importantly
this can be prevented by pre-treatment with the
antioxidant NAC. Pre-treatment of HL60 cells with
the NAC also significantly reduces VP16 induced cell
death, demonstrating the importance of increased ROS
in VP16 mediated cell toxicity (Figure 2D). 2D-gel
Western blotting of DNPH modified proteins (Oxy-
blots), showed patterns of proteins which have under-
gone carbonylation in VP16, Mtx and Doxo treated
HL60 cells. Interestingly, we found that similar proteins
underwent carbonylation in response to treatment with
all three drugs (Figure 2E). By matching to master gels
and immunoprecipitation of carbonylated proteins, as
described previously [20], a number of the putative
carbonylated proteins were identified, Table I. These
include several glycolytic and ER resident proteins,
Table II. We have previously reported the ER to be
especially sensitive to protein carbonylation in response
to peroxide treatment of cells [20] and that carbonyla-
tion of a number of glycolytic proteins occurs in
response to VP16 treatment of HL60 cells [19]. We
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Figure 2. Induction of ROS and protein oxidation in response to VP16, Mtx and Doxo. A. Flow cytometric analysis shows that treatment
with 5 pg/ml VP16, 10 pg/ml Mtx or 10 pg/ml Doxo result in an increase in cellular ROS within 15 min as detected by the fluorescent probe
H,DCFHDA. (i) single line-untreated HIL60 cells, bold line-VP16 treated cells; (ii) single line-untreated HL60 cells, bold line-Mtx treated
cells; and (iii) single line-untreated HL60 cells, bold line-Doxo treated cells. B. Histogram showing average mean H,DCFHDA fluorescence
after 15 min of drug treatment. C. Global protein carbonylation was determined spectrophotometrically using DNPH incorporation after 1 h
of drug treatment with 5 pg/ml VP16, 10 pg/ml Mtx or 10 pg/ml Doxo = the addition of 0.5 mM N-acetylcysteine for 15 min prior to cytotoxic
drug addition. D. HL60 cells were treated with 0.5 mM N-acetylcysteine for 15 min prior to the addition of 5 pg/ml VP16. Cell death was
determined after 4 h using propidium iodide exclusion assay and flow cytometry. E. 2D Oxyblots. Protein from control and drug treated cells
underwent isoelectric focussing followed by DNPH treatment. Blots were probed with a DNP specific antibody to detect carbonylated
proteins. (i) Untreated cells; (ii) 5 pg/ml VP16 treatment for 1 h; (iii) 10 pg/ml Mtx treatment for 1 h; and (iv) 10 pg/ml Doxo treatment for
1 h. Identified protein spots are annotated and correspond to those listed in Table I. F. Confirmation of carbonylated proteins through co-
immunoprecipitation studies. Immunoprecipitations of triose phosphate isomerase, Phosphoglycerate mutase, Grp78 and HSP 70, from
untreated (c) and VP16 treated cells. IPs were treated with DNPH, resolved by SDS-PAGE and probed with an anti-DNP antibody. In all
cases, a protein band was detected at the correct size, indicating carbonylation, which increased upon cytotoxic drug treatment.

confirmed the identity of a number of carbonylated revealed the presence of a DNP immunoreactive protein
proteins through a reverse immunoprecipitation (carbonylated protein) at the correct size for the specific
approach (Figure 2F). TPI, PGM, Grp78 and HSP proteins, confirming their immunoprecipitation. In all
70 were immunoprecipitated from untreated and VP16 cases, carbonylation increased with drug treatment over
treated cells, derivitized with DNPH. Western blotting that of untreated controls.
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Table II. Protein modifications and during cytotoxic treatment of HL60 cells.

10 12 puvlSUsT N TET1

Spot no. Protein name Effect of VP16 treatment Function Location
1 90 kDa Heat shock protein Carbonylation Chaperone protein ER lumen

2 Grp78 Carbonylation Chaperone protein ER lumen

3 70 kDa Heat shock protein Carbonylation Chaperone protein ER protein

4 ATP synthase Modification not identified Important in proton transport. Membrane protein
5 Calreticulin Carbonylation Calcium binding protein ER lumen

6 Tubulin Carbonylation Structural protein Cytoplasm

7 Protein disulphide isomerase Phosphorylation & carbonylation Rearranges disulphide bonds, possible role oxidative stress. ER Lumen

8 Glycogen phosphorylase Modification not identified Role in carbohydrate metabolism Cytoplasm

9 Alpha enolase Carbonylation Glycolytic enzyme Cytoplasm
10 40s Ribosomal protein Phosphorylation Member of ribosomal protein family, associated with drug resistance Cytoplasm

11 Inorganic pyrophosphatase Modification not identified Pyrophosphatase activity Cytoplasm

12 Fructose bisphosphate aldolase Carbonylation Glycolytic enzyme Cytoplasm

13 Tropomyosin Modification not identified Role in maintaining actin cytoskeleton Cytoplasm
14 Endoplamic reticulum protein ERP29 Carbonylation Role in processing secretory proteins, ER lumen

15 Phosphoglycerate mutase Carbonylation Glycolytic emzyme Cytoplasm

16 & 17 Triose phosphate isomerase Carbonylation Important in glycoclysis as well as other metabolic pathways. Cytoplasm

18 Prohibitin Modification not identified Regulates proliferation by inhibiting DNA synthesis. Cytoplasm

19 RHO GDP dissociation inhibitor 2 Modification not identified Regulates RHO proteins by inhibitng GDP dissociation. Cytoplasm
20 Glutathione S-transferase Modification not identified Redox regulation Cytoplasm

Protein spots are listed along with their identity, modification-if identified, function and localisation.
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Our data shows that drug induced ROS, resulting in
protein oxidation is not restricted to VP16 treatment
of HLL60 cells, but also occurs with Mtx and Doxo
treatment and that carbonylated proteins do not vary
between drug treatments. It is possible that the reason
we have identified similar proteins undergoing
carbonylation in all drug treatments is that these are
relatively abundant proteins. Such proteins may be
more likely to undergo carbonylation and are more
readily detected using our immunoprecipitation
approach [20].
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ER protein oxidation

Protein oxidation causes protein misfolding. Accumu-
lation of misfolded protein within the ER leads to
induction of ER stress and the unfolded protein
response (UPR) [32]. In order to study whether
cytotoxic drug treatment of HLL60 cells had induced
ER stress, we looked for two markers, the induction of
elF-2a phosphorylation and release of ER calcium.
Western blot analysis showed increased levels of eIF-2a
after treatment with all three drugs for 1 h (Figure 3A).
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Figure 3. Protein oxidation induced ER stress. A. Western blot analysis using a phospho-eIF-2a specific antibody shows phosphorylation in
untreated HL60 cells (C) and cells treated for 30 min with 5 pg/ml VP16 (V), 10 pg/ml Mtx or 10 pg/ml Doxo. Actin is used to show equal
loading. B. eIF-2a phosphorylation is induced in response to ROS. Western blot analysis with a specific phospho- eIF-2a antibody shows a
concentration dependant increase in eIF-2a phosphorylation in response to treatment with H,O,. Actin is shown to demonstrate equal
loading. C. Cytosolic calcium was detected using flow cytometry and the Ca** specific probe Ca green. Ca green fluorescence from untreated
HL60 cells and cells treated with 5 pg/ml VP16 for 1 h was recorded before and immediately after treatment with 5 pg/ml thapsigargin. (i)
Single line-control cells, bold line-control cells following thapsigargin treatment; (ii) single line-VP16 treated cells, bold line-VP16 treated
cells after thapsigargin treatment; and (iii) histogram showing average mean Ca green fluorescence in control and cells treated with 5 pg/ml
VP16 for 1h, before and after treatment with 5 pg/ml thapsigargin. D. Cytosolic calcium was detected using flow cytometry and the Ca®"
specific probe Ca green. An increase in intracellular calcium was detected after 1 h of treatment with 5 wg/ml VP16, 10 pg/ml Mtx, or 10 pg/ml
Doxo and could be prevented by pre-treatment with 0.5 mM NAC. (i) Single line-control cells, bold line-cells treated with 5 pg/ml VP16,
dashed line-cells treated with both 0.5 mM NAC and 5 pg/ml VP16; (ii) single line-control cells, bold line-cells treated with 10 pg/ml Mtx,
dashed line-cells treated with both 0.5mM NAC and 10 pg/ml Mtx; and (iii) Single line-control cells, bold line-cells treated with 10 pg/ml
Doxo, dashed line-cells treated with both 0.5 mM NAC and 10 pg/ml Doxo. E. Histogram showing average mean Ca green fluorescence in
drug and NAC pre-treated cells after 1h of treatment.

Induction of eIF2-a phosphorylation could also be
increased by treatment of HLL60 cells with hydrogen
peroxide (H,0,) (Figure 3B), implicating a role for
ROS. This data supports our theory that drug induced
protein carbonylation results in increased levels of
oxidised proteins within the ER leading to increased
ER stress. As ER stress can result in the release of Ca®"
from the ER into the cytosol, we looked for evidence of
this in drug treated HL60 cells. We found that Ca*"
release does not occur immediately upon drug
treatment, but is apparent after 1 h (data not shown).

In order to confirm that the increase in cytosolic Ca*"
seen was due to ER Ca®" release, we used thapsigargin.
Thapsigargin stimulates ER Ca®" release. In our
system, thapsigargin treatment resulted in further
increase in cytosolic Ca®" in untreated cells in contrast
to in drug treated cells where thapsigargin did not cause
a further increase in cytosolic Ca®" levels (indicating
that the ER has already released its Ca®") (Figure 3C).
All three drugs caused an increase in cytosolic Ca®*, as
determined by Ca green fluorescence, after 1 h and this
increase could be blocked by pre-incubation with the
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anti-oxidant NAC (Figure 3D and E) indicating a role
for ROS in drug mediated ER Ca®* release. These data
support our theory that accumulation of misfolded,
oxidised proteins within the ER results in induction of
the UPR and Ca®" release. This can result in the
induction of apoptosis and may be key mechanisms of
action for these drugs.

Discussion

Using a proteomic approach, we have identified a
number of proteins which undergo changes in HL.60
cells treated with VP16, Mtx and Doxo. These
changes occurred at early time points, all were
detectable after 1h of treatment and were not
dependent on new protein synthesis or degradation.
During this study, we have looked for a number of
PTM, which result in the changes in protein patterns
seen. We found no evidence of drug induced protein
ADP ribosylation or s-nitrosylation and few proteins
which underwent cytotoxic drug dependant phos-
phorylation.

However our proteomic approach identified several
proteins undergoing oxidation during VP16, Mtx and
Doxo treatment due to increased levels of cellular
ROS. ROS are constantly being generated within the
cell by metabolic processes. ROS can be also be
generated within the cell as a response to cell stress
and may act as secondary messengers [33] to stimulate
cell death from apoptosis or necrosis [6,34]. ROS
include free radicals such as the superoxide anion
(05, hydoxyl radicals (OH) and H,0,. ROS can
react with and so damage, proteins, as well as lipids
and carbohydrates. Treatment of cells with many
cytotoxic drugs has been shown to result in the
production of ROS, although their importance in drug
induced cell death is controversial. For example, VP16
has been reported in the literature to induced cell
death through pathways independent of topoisome-
rase II inhibition but dependant of ROS production,
although in other systems, antioxidant treatments do
not inhibit VP16 induced cell death [5,6]. It has been
suggested that ROS release in response to Doxo is
important in cardiotoxicity and that, ROS release may
be differential between tumour and normal cells [8].
In the case of Doxo, the mechanism of ROS
generation has been described. A quinone group
undergoes reduction to the semi-quinone free radical
through the action of NADH dehydrogenase. In the
presence of oxygen, this will form superoxide, which in
turn is converted to H,O, by the action of superoxide
dismutase [35]. ROS generation by other cytotoxic
drug treatments may results from direct action of
enzymes on drugs to form reactive metabolites, or
indirect actions of the drug resulting in an induction of
ROS through activation of cell stress pathways. It is
likely that the generation of ROS by cytotoxic drug
treatment of cells results in non-enzymatic protein
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modifications that may play an important role in the
early stages of apoptosis.

ROS can cause a number of non-enzymatic
modifications of proteins, including carbonylation, o-
tyrosine, chloro-, nitrotyrosine and dityrosine. Protein
carbonylation is often used as a marker for oxidative
stress [36]. Protein carbonylation can occur through
direct oxidation of amino acid side chains with ROS
including H,0O, and HOCI through Fenton chemistry
[37,38]. Alternatively, amino acids can react with
products of lipid peroxidation, such as 4-hydoxyl-2-
nonenal by Michael addition reactions [39-41].
Carbonylation of proteins can also occur through
reaction with reducing sugars or their oxidation
products (glycation) [38-40]. As carbonylation
involves the addition of a relatively large and reactive
group onto the peptide backbone of a protein, it can
have a variety of effects on the proteins properties,
including covalent intermolecular cross-linking
[38,42] but most significantly, carbonylation of a
protein can also reduce its activity [22]. For example,
glutamine synthase exposed to metal catalysed
oxidation has reduced enzyme activity [4]. Conse-
quently, cells that have large numbers of protein
carbonyls may be expected to have impaired function.

Protein oxidation has been shown to be important
in the induction of cell death in a variety of systems,
however, it is only with recent technologies, such as
proteomics, that it has been possible to discover which
proteins undergo oxidation and so to understand the
role that protein oxidation plays in cell death. It is clear
from a number of studies that some key proteins are
particularly susceptible to protein carbonylation.
Across both bacterial, yeast and mammalian systems,
glycolytic and ER proteins, especially chaperone
proteins, have been shown to undergo carbonylation
in response to ROS, typically during ageing
[19,20,43—-47]. The oxidation of glycolytic proteins
may result in a reduction of glycolysis; this in itself may
result in a decrease in ROS production due to
decreased mitochondrial activity. A reduction in
glycolytic activity may also result in an increase in
activity of the pentose phosphate pathways, resulting
in an increase in NADPH levels [46], a key
component of cellular antioxidants. However, we
have reported previously that in HL.60 cells, inhibition
of glycolysis did not result in an increase in the pentose
phosphate pathway [19].

The observation that ER proteins are readily
carbonylated is interesting given the importance of
the ER in the induction of apoptosis. The ER regulates
both protein folding and storage of Ca®", alterations
in both of these can lead to apoptosis. The ER is a site
of ROS production and in contrast to the mitochon-
dria has few anti-oxidant defences. It also has a highly
redox environment and iron is present, both of which
are important for protein carbonylation. As such, the
ER is likely to be especially susceptible to protein
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carbonylation and other oxidative stress mediated
protein modifications. Indeed, Rabek et al. recently
demonstrated carbonylation of ER proteins in aged
mouse liver [48]. Grp78 has been shown to be play a
role in resistance to induction of cell death by
topoisomerase II inhibitors such as VP16 [49], so its
inactivation by carbonylation may be critical for the
induction of cell death in our system. PDI, GRP78
and HSP 70 and 90 act as chaperone proteins,
important in detecting the presence of misfolded
proteins in the ER. Carbonylation of these proteins is
likely to inhibit the function of these proteins,
increasing the amount of misfolded proteins within
the ER and through this, induce the UPR, as we have
demonstrated through the induction of eIF-2a
phosphorylation.

Activation of the UPR by cell stress results in
transcriptional induction of ER chaperones to increase
the protein folding capacity of the ER, but can also
result in the induction of apoptosis [32]. It is possible
that induction of the UPR by the presence of
misfolded and oxidised proteins within the ER can
induce ER Ca®" release, however, it is also possible
that ER Ca®" release can affect protein folding and
hence induce the UPR. Given the timing of the events
in our cell system; induction of the UPR is detected
with 1 h of drug treatment, as is calcium release, it is
not clear which occurs first. However, as there is no
rapid calcium release in response to drug treatments,
we suggest that the most likely scenario is that ROS
release results in ER stress and activation of the UPR
and that this is upstream of ER calcium release. ER
Ca®" release is mediated by, among others, the Bcl-2
family of apoptotic regulators. Overexpression of Bax
or Bak leads to ER Ca®" release, Ca®" influx into the
mitochondria, and cytochrome c release, causing
further ER Ca®" release [50,51]. In mice, caspase 12
is activated by ER stress and mediates further
activation of the caspase cascade. No human
homologue for caspase 12 has been identified as yet,
although, there is some data suggesting that caspase 4
performs a similar role in humans[52].

This study demonstrates a role for ROS mediated
signalling events in response to cytotoxic drug
treatment. Although it is possible that the mechanism
of action of any particular drug vary between cell
types, our work clearly implicates ROS as an early
mediator of cytotoxic drug induced apoptosis. In
particular, this work suggests a role for oxidised
proteins in induction of ER stress, through which
apoptosis may become inevitable.
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