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Abstract

Nonsteroidal anti-inflammatory drugs (NSAID) reduce
the risk for cancer, due to their antiproliferative and
apoptosis-inducing effects. A critical pathway for
apoptosis involves the release of cytochrome c from
mitochondria, which then interacts with Apaf-1 to
activate caspase proteases that orchestrate cell death.
In this study we found that treatment of a human cancer
cell line with aspirin induced caspase activation and the
apoptotic cell morphology, which was blocked by the
caspase inhibitor zZVAD-fmk. Further analysis of the
mechanism underlying this apoptotic event showed that
aspirin induces translocation of Bax to the mitochondria
and triggers release of cytochrome c into the cytosol.
The release of cytochrome ¢ from mitochondria was
inhibited by overexpression of the antiapoptotic protein
Bcl-2 and cells that lack Apaf-1 were resistant to
aspirin-induced apoptosis. These data provide evi-
dence that the release of cytochrome c is an important
part of the apoptotic mechanism of aspirin. Neoplasia
(2000) 2, 505—-513.
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Introduction

Based on epidemiological studies and clinical observations,
nonsteroidal anti-inflammatory drugs (NSAID), principally
aspirin and sulindac, seem to reduce the risk for colorectal
cancer [1-5] but the mechanism by which they inhibit
tumorigenesis is not clear. The best defined molecular target
for aspirin and other NSAIDs is cyclooxygenase (COX) [6],
the key enzyme in prostaglandin biosynthesis [7]. More
recently, some investigators in the field have suggested that
the chemopreventive properties of NSAIDs are independent
of their ability to inhibit COX activity and that they exert their
antineoplastic effect by the induction of apoptosis [8—10].
Different mechanisms for the induction of apoptosis by
aspirin and salicylates have been proposed, including the
activation of caspases [11,12], inhibition of NF- KB activa-
tion [13], ceramide pathway activation [14], and p38 MAP
kinase activation [15].

Aspirin also has profound effects on mitochondria, as it
uncouples mitochondrial oxidation [16] and induces the
mitochondrial permeability transition [17—-19]. Mitochondria
play a major role in the apoptotic pathway. Many different
apoptotic signals stimulate the release of cytochrome ¢

through the mitochondrial outer membrane. Once released
into the cytoplasm cytochrome ¢ binds the apoptotic protease
activating factor, Apaf-1, a human homolog of C. elegans
CED-4 protein, promoting further association with procas-
pase-9 [20,21]. Formation of such a protein complex results
in activation of caspase-9 that, in turn, activates downstream
caspases such as caspase-3. When caspases are activated
they cleave a number of key substrates, resulting in their
activation or inactivation, which orchestrate the morphologic
and biochemical features of apoptosis [22]. The release of
cytochrome ¢ from mitochondria is regulated through the Bcl -
2 family of proteins. Antiapoptotic members like Bcl-2 and
Bcl-X,_ prevent the release of cytochrome c¢ [23,24],
whereas pro-apoptotic ones like Bax and Bid cause the
release of cytochrome ¢ [25,26] and, through this, apoptosis.
Due to the connection between aspirin and mitochondria we
have studied the role of mitochondria and cytochrome c¢
release in aspirin-induced apoptosis in cancer cells.

Materials and Methods

Cell Lines

Hela cells, Hela cells stably transfected with cytochrome
c-green fluorescent protein (GFP) (HeLa—CcGFP) [27]
Bcl-2 (HeLa—CcGFP-Bcl-2) or Bax-GFP (HelLa—Bax-
GFP), Apaf-1 wild type (wt), and Apaf-1 —/— (a gift from
Francesco Cecconi) murine embryonic fibroblasts were
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Gaithersburg, MD) supplemented with 10% FCS, 2
mM L-glutamine, 200 pg/ml penicillin, and 100 pg/ml
streptomycin sulphate in a humidified atmosphere at 5%
002/950/0 air.

Antibodies and Reagents

Detection of protein expression was performed by
standard immunoblotting techniques using primary antibo-
dies against caspase-3 (polyclonal rabbit antiserum, Phar-
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mingen, San Diego, CA), cytochrome ¢ (clone 7H8.2C12,
Pharmingen), poly (ADP -ribose ) polymerase (clone C2-10,
Pharmingen), protein kinase C-4 (PKC-§, polyclonal rabbit
antisera, Santa Cruz Biotechnology, Santa Cruz, CA), and
actin (clone C4, ICN Pharmaceuticals, Costa Mesa, CA).
Aspirin (acetylsalicylic acid) was purchased from Sigma
(St. Louis, MO) and was dissolved in DMSO. The
broad-spectrum caspase inhibitor benzoyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone (zVAD-fmk) was
obtained from Enzyme Systems (Livermore, CA).

Flow Cytometry

For flow cytometry, cells were harvested by trypsiniza-
tion, and washed with growth medium and phosphate-
buffered saline (PBS). Cell death was determined by
binding of fluorescein isothiocyanate—labeled annexin V
(Clontech Laboratories, Palo Alto, CA) and propidium
iodide (PI) uptake using a FACSCalibur (Becton Dickinson,
Sunnyvale, CA).

To count cells in which cytochrome c-GFP was released
from mitochondria, cells were incubated for 5 minutes in ice -
cold cell-lysis and mitochondria -intact (CLAMI) buffer (250
mM sucrose, 80 mM KCI, 50 pg/ml digitonin in PBS). The
cells were immediately analyzed by FACS analysis, collect-
ing the fluorescence intensity of the GFP of the individual
cells in FL1. Control cells were 0.5log brighter than cells that
had released cytochrome c.

Preparation of Whole Cell and Cytosolic Extracts

Cells were harvested by gentle scraping and washed in
PBS. For preparation of whole-cell extracts the cells were
incubated on ice for 20 minutes in lysis buffer (50 mM Tris
(pH 8.0), 150 mM NaCl, 1% NP-40, 100 uM PMSF, and
complete® protease inhibitor (Boehringer Mannheim, India-
nopolis, IN). The homogenates were centrifuged at
14,000x g for 10 minutes and the supernatants were frozen
at —70°C for Western blot. For preparation of cytosolic
extracts, cells were resuspended in ice - cold lysis buffer (250
mM sucrose, 80 mM KCI, 50 pg/ml digitonin, PMSF, and
complete® protease inhibitor in PBS). After 5 minutes of
incubation on ice the cell suspensions were centrifuged at
10,000x g for 5 minutes and the supernatants were frozen at
—70°C until analysis by Western blot.

Western Blot Analysis

The protein content of the cell extracts was determined by
the Bradford assay (Bio-Rad). Samples were heated to
95°C in Laemmli buffer for 5 minutes and centrifuged at
14,000x g. The supernatants were subjected to electrophor-
esis on 8% or 15% SDS-polyacrylamide gels using a Bio-
Rad minigel apparatus, and transferred to nitrocellulose
membranes (Hybond ECL, Amersham Pharmacia Biotech).
After blocking with Tris-buffered saline (TBS) containing
5% nonfat dry milk and 0.1% Tween-20 (TBS-T) for 2
hours, the membranes were incubated with primary anti-
bodies in TBS-T overnight at 4°C on a shaker. Before and
after incubation with the horseradish-peroxidase—conju-

gated secondary antibodies (Amersham Pharmacia Biotech,
Piscataway, NJ), the membranes were washed extensively
using TBS-T. Antibody binding was detected by enhanced
chemiluminescence (Super Signal, Pierce, Rockford, IL).

Time-Lapse Confocal Microscopy

Cells were plated overnight in cell culture dishes
containing sterilized coverslip. Cells were treated with
aspirin and after a 12-hour incubation the culture dishes
were placed in an MS-C Temp Controller (Narishige, New
York, NY). Cytochrome c-GFP or Bax-GFP were followed
by taking images every 2 minutes using a Nikon Eclipse
TE 300 microscope and an MRC 1024ES laser scan-
ning confocal microscope (Bio-Rad, Hercules, CA) as
described previously [27]. Cytochrome c¢-GFP or Bax-
GFP were excited using a 488-nm line from Ar/Kr laser
attenuated at 91%. Loss of plasma membrane integrity
was detected by adding 0.4 pg/ml Pl. Mitochondrial
membranes were stained with 40 nM tetramethylrhodamine
ethyl ester (TMRE, Molecular Probes, Eugene, OR).
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Figure 1. Induction of cell death in HelLa cells. (A) Cells were exposed to
various concentrations of aspirin (ASA) for 24 hours (M) or48 hours (A ).
(B) Cells were exposed to aspirin for the times indicated. Death was
assessed by the binding of annexin V to phosphatidylserine exposed on the
outside of the apoptotic cell. The percentage annexin V-positive cell was
measured using flow cytometry. Mean values + SD are given.
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Results

Aspirin Induces Cell Death of HeLa Cells

To determine the concentration of aspirin required to
induce cell death in HelLa cells, we treated the cells with
0.1 to 5 mM aspirin for 24 hours and 48 hours. Cell death
was determined by annexin V staining of phosphatidylser-
ine exposure on the cell surface, assessed by flow
cytometry. This method assesses the total number of cells
that have exposed phosphatidylserine during apoptosis
and/or lost plasma membrane integrity. Aspirin induced
significant cell death in HelLa cells at concentrations
greater than 1 mM (Figure 1A). Dead cells became
evident after 24 hours of treatment with 5 mM aspirin, a
concentration that can be measured in the serum of
patients treated with aspirin for chronic inflammatory
disease [28]. The number of dead cells increased with
time up to 72 hours by which time the majority of cells
were dead (Figure 1B).
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Figure 2. Aspirin induced caspase activation in HelLa cells. HelLa cells were
treated with 1 and 5 mM of ASA for 24 hours. Western blotting of whole cell
extracts demonstrated cleavage of procaspase 3 into its active subunit p17,
and cleavage of caspase substrates PARP and PKC-¢ into their proteolytic
fragments p85 and p40 with 5 mM aspirin.

Neoplasia e Vol. 2, No. 6, 2000

100 -
< 754
L
=) OAxV
§ 50 1 mP|
B 25 A
0 = [ |
control ASA ASA +
zVAD

Figure 3. Aspirin-induced apoptosis is prevented by caspase inhibitor zZVAD -
fmk. HelLa cells were treated with 5 mM ASA and/or zVAD-fmk (100 uM).
After 24 hours cells were analyzed by (A) microscopy or (B) FACS analysis
with annexin V and PI.

Aspirin-Induced Apoptosis Results in Caspase Activation

Caspase proteases are important mediators of apoptosis
induced by various apoptotic stimuli. To address whether
effector caspases are involved in aspirin-induced apoptosis,
we examined the cleavage of caspase-3 and its substrates
poly (ADP-ribose) polymerase (PARP), and PKC-¢ in
aspirin-treated Hela cells by Western blotting. 5 mM aspirin
induced cleavage of procaspase 3 into its active subunit p17
within 24 hours, whereas 1 mM aspirin showed no effect
(Figure 2). Cleavage of the caspase substrates PARP and
PKC- ¢ into their proteolytic fragments p85 (PARP) and p40
(PKC-6) was also evident by this time and aspirin
concentration.

To determine whether caspase activation is required for
the execution of aspirin-mediated apoptosis in HelLa cells
the broad-spectrum caspase inhibitor zZVAD-fmk (100 pM)
was added to the cells 1 hour before treatment with 5 mM
aspirin for 24 hours. Pretreatment of the cells with the
caspase inhibitor prevented the morphologic appearance of
apoptotic cells, i.e., blebbing and shrinkage (Figure 3A). To
further confirm that aspirin induces Hela cells to undergo
apoptosis, cells were assayed for their ability to bind annexin
V (to detect phosphatidylserine exposure) while excluding
Pl (to detect loss of plasma membrane integrity) by flow
cytometry. As shown in Figure 3B, Hela cells treated with
aspirin for 24 hours resulted in a large population of cells that
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Figure 4. Aspirin induces the release of cytochrome c from HeLa cells. HeLa— Cc - GFP cells were treated with 5 mM ASA and analyzed for cytochrome c release by
means of (A) Western blot with cytochrome c antibody, (B) FACS analysis (CLAMI assay), or (C) multicolor time - lapse confocal microscopy. Cytochrome c-
GFP (green) moves from a mitochondrial staining pattern to a cytoplasmic distribution. Loss of plasma membrane integrity was detected by uptake of propidium
iodide (red). The arrow indicates a cytochrome c-releasing cell; the number at the bottom right of each frame represents the time after treatment with aspirin.
Images were taken with a x 60 objective and zoomed 1.8 times. Scale bar=15 pm.

stained positive for annexin V, but without PI uptake. fmk significantly reduced the number of apoptotic cells
Pretreatment of the cells with the caspase inhibitor zZVAD - (Figure 3B).

Neoplasia e Vol. 2, No. 6, 2000
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Figure 5. Aspirin - induced cytochrome c release is not prevented by zVAD - fmk. HeLa cells were treated with 5 mM ASA and/or zVAD - fmk (100 uM) for 24 hours
and analyzed for cytochrome c release with (A) FACS analysis (CLAMI assay) or (B) Western blot.

Cytochrome c¢ is Released from Mitochondria During
Aspirin-Induced Apoptosis

To investigate whether cytochrome c is released during
aspirin-induced apoptosis, we determined cytochrome c
levels in the cytosolic fractions of HeLa—Cc-GFP cells that
have been exposed to 5 mM aspirin using Western blotting
(Figure 4A), flow cytometry (Figure 4B), and multicolor
time - lapse confocal microscopy (Figure 4C). After 12 hours
of treatment the cells started to release cytochrome cinto the
cytosol as detected by Western blot and FACS analysis
(Figure 4, A and B). After 48 hours most of the cells had
released cytochrome c¢. Models of downstream apoptotic
events begin with the release of cytochrome ¢ and resultant
caspase activation. This is followed by phosphatidylserine
externalization and loss of plasma membrane integrity. We
used time-lapse confocal microscopy to determine when
cytochrome c- GFP release occurred during aspirin-induced
apoptosis. Analysis of a single HeLa—Cc-GFP cell showed
that the release of cytochrome c¢-GFP, as indicated by the
change of punctated into diffuse expression pattern,
occurred approximately 3 hours before the loss of plasma

A

100 -

membrane integrity — as detected by uptake of propidium
iodide (red) (Figure 4C). These observations suggest that
the release of cytochrome c is an early event in aspirin-
induced apoptosis. Pretreatment of the cells with the
caspase inhibitor zZVAD-fmk failed to block the release of
cytochrome ¢ (Figure 5,A and B). This is expected if
caspase activation is a consequence of cytochrome c
release.

Bcl-2 Prevents Aspirin-Induced Cytochrome ¢ Release and
Apoptosis

The antiapoptotic protein Bcl-2 exerts its antiapoptotic
function by preventing the release of cytochrome ¢ from the
mitochondria. If cytochrome ¢ plays a role in aspirin-induced
apoptosis then Bcl-2 should be able to protect cells from
aspirin-induced apoptosis. We analyzed Hela cells, which
stably overexpress cytochrome c-GFP and Bcl-2 (HelLa-
Cc-GFP—-Bcl-2). As shown in Figure 6A these cells were
almost completely resistant to aspirin-induced apoptosis
compared with their control cells. Next we examined whether
Bcl-2 is capable of preventing aspirin-induced cytochrome ¢
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Figure 6. Overexpression of Bcl-2 prevented aspirin - induced cytochrome c release and apoptosis. (A) FACS analysis and (B) Western blotting of cytosolic
extracts after treatment with 5 mM aspirin for the indicated time period. The percentage of annexin V positive cells was measured by FACS analysis after treatment

with aspirin for 48 hours.
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Figure 7. Apaf-1 — /— cells are resistant to aspirin - induced apoptosis. Wt
cells and Apaf-1 — / — cells were treated with 1 and 5 mM ASA for 48 hours.
After this time the percentage of annexin V positive cells was measured by
FACS analysis. Note that cells that lack annexin V staining are completely
intact.

release. Therefore we treated HeLa—Cc-GFP—Bcl-2 cells
with 5 mM aspirin up to 48 hours. As shown in Figure 6B,
Bcl-2 prevented aspirin-induced cytochrome c release
completely. Cells that overexpress Bcl-XL, another anti-
apoptotic Bcl-2 family member, were also resistant to
aspirin-induced apoptosis (data not shown).

Apaf-1 —/— Cells are Resistant to Aspirin-Induced
Apoptosis

If the mitochondria and the release of cytochrome ¢ play
an active role in aspirin-induced apoptosis, then cells lacking
Apaf-1, a pro-apoptotic molecule that has been shown to
activate caspases and mediate apoptosis by binding

A
B..

cytochrome ¢ [20], should also be resistant to aspirin-
induced apoptosis. As seen in Figure 7 Apaf-1 —/—
embryonic fibroblasts were almost completely resistant to
aspirin-induced apoptosis (concentration 1 and 5 mM)
compared to wild-type cells. In contrast, Apaf-1 —/—
fibroblasts were still susceptible to TNF -induced apoptosis
(data not shown), a form of apoptosis that does not require
cytochrome c release for caspase activation [29].

Aspirin Induces Translocation of GFP- Tagged Bax from the
Cytosol to the Mitochondria

To gain insight into the mechanism by which aspirin
induces cytochrome c release, we studied the pro-apoptotic
Bcl-2 family member Bax in Hela cells during aspirin-
induced apoptosis. Although it is only one of several
members of this family, Bax has recently been shown to be
required for NSAID -induced apoptosis in a colon carcinoma
line [30]. We found, however, that Bax expression did not
change in response to treatment with 5 mM aspirin (data not
shown). During apoptosis, Bax can translocate from the
cytosol to the mitochondria [31], where it functions to
mediate mitochondrial outer membrane permeability and
cytochrome c release [32]. To investigate this, we stably
expressed GFP-tagged Bax in HelLa cells (HeLa—Bax-
GFP). When apoptosis was induced by treatment of the cells
with 5 mM aspirin, Bax- GFP was redistributed from a diffuse
pattern to a perinuclear, punctate pattern (Figure 8A).
Following redistribution the Bax - GFP signal colocalized with
the signal obtained by the mitochondrial dye TMRE (Figure
8B), arguing for a translocation of Bax- GFP from the cytosol
to the mitochondria in response to aspirin treatment. Like

Figure 8. Aspirin induces caspase -independent translocation of Bax to mitochondria. HeLa—Bax - GFP cells were treated with 5 mM aspirin and Bax - GFP was
monitored by time -lapse confocal microscopy. (A) After treatment with aspirin Bax-GFP changed from a diffuse cytoplasmic to a perinuclear pattern in the
presence or absence (data not shown) of zZVAD-fmk (100 uM). The arrow indicates a cell with Bax translocation to the mitochondria. Images were taken with a
x40 objective and zoomed 2.0 times. (B) Left image (green) is translocated Bax- GFP after aspirin treatment. Middle image (red) is the mitochondrial marker
TMRE (40 nM). The majority of translocated Bax - GFP is colocalized with TMRE as seen by overlaying the green and red images (yellow).

Neoplasia e Vol. 2, No. 6, 2000
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aspirin-induced cytochrome c¢ release, Bax translocation
also occurred in the presence of the caspase inhibitor zZVAD -
fmk, ordering this event upstream of caspase-activation in
aspirin-induced apoptosis.

Discussion

Aspirin has attracted considerable attention as one of many
compounds that may be of potential benefit in the chemo-
prevention of cancer. Recent interest is based on results
from epidemiological, clinical, and animal studies, which
have shown an antineoplastic effect of this drug [1,3,33—
37]. The mechanisms responsible for the inhibition of tumor
formation and/or growth are not completely understood. One
obvious potential mechanism is the inhibition of COX activity,
because prostaglandin levels are increased in human color-
ectal tumors [38], and a selective group of eicosanoids can
increase the proliferation rate of human colon cancer cells
[39,40]. In addition overexpression of COX-2 in epithelial
cells inhibits apoptosis [41]. However, the chemopreventive
effect of NSAIDs in general can not be explained on the basis
of prostaglandin synthesis inhibition alone, as a number of
NSAIDs have antiproliferative effects in cells that lack COX
activity and the addition of exogenous prostaglandins to
cultures failed to offset the antineoplastic and antiangiogenic
effect of NSAIDs [42,43]. Therefore the chemopreventive
effects of NSAIDs are also believed to involve COX-
independent pathways.

Aspirin has well-documented non-COX effects, includ-
ing inhibition of NF-xB activation [13], and was shown to
induce apoptosis by activation of p38 MAP kinase [15], and
activation of caspases [11]. There are also reports about
the effects of aspirin and its active metabolite salicylate on
mitochondria, such as the uncoupling of oxidative phos-
phorylation [16] and induction of the mitochondrial perme-
ability transition pore [18]. These studies link the
mitochondrial damage caused by aspirin to its side effects,
such as gastric mucosal injury, aspirin poisoning (salicy-
lism) and Reye’s syndrome (a disease characterized by
impaired metabolism and mitochondrial swelling, especially
in liver and brain). Some recent studies found mitochondrial
cytochrome c¢ release and induction of apoptosis after
treatment with the NSAID indomethacin [44,45]. Therefore
we studied the role and the mechanism of mitochondrial
cytochrome c release during aspirin-induced apoptosis in a
cancer cell line.

We have found that aspirin — in concentrations that can
be measured in the serum of patients treated with aspirin for
chronic inflammatory disease [28] — induced cell death in
a time- and dose-dependent manner. This cell death has
features of apoptosis such as caspase activation, PARP and
PKC-¢ cleavage, phosphatidylserine externalization, and
chromatin condensation. Aspirin-induced apoptosis was
inhibited by the classical caspase inhibitor zZVAD-fmk. To
investigate the role of cytochrome c, in this death process we
employed a cell line that stably expresses cytochrome c-
GFP and found that cytochrome c is released from
mitochondria during aspirin-induced apoptosis, which

Neoplasia e Vol. 2, No. 6, 2000

occurred before loss of plasma membrane integrity. The
release of cytochrome ¢ was not inhibited by zVAD-fmk.
Therefore no caspase activation upstream of mitochondria
seems to be involved. Overexpression of the antiapoptotic
molecule Bcl-2, which exerts its effect by preventing the
release of cytochrome ¢ from mitochondria, protected cells
from aspirin-induced cytochrome c release and apoptosis.
Furthermore cells that lack Apaf- 1, a molecule that mediates
apoptosis through its ability to bind cytochrome ¢ and
activate caspase-9 are resistant to aspirin-mediated apop-
tosis. These results suggest that the release of cytochrome ¢
is an important part of the apoptotic mechanism of aspirin
and may play a role in the antineoplastic effect of this drug.

How does aspirin induce the release of cytochrome c¢?
Cytochrome ¢ normally resides in the intermembrane
space of the mitochondria and is involved in electron
transfer [46]. However, it is released into the cytosol
during apoptosis, and this release is regulated by the Bcl-2
family of proteins [47]. During apoptosis the proapoptotic
Bcl-2 family member Bax undergoes a conformational
change, which is followed by its redistribution from the
cytosol to the outer mitochondrial membrane, into which it
inserts to induce the release of cytochrome ¢ [48,49]. It
has been shown that aspirin can induce Bax expression in
colorectal cancer [50] and treatment with sulindac and
indomethacin decrease Bcl-X, levels in colorectal cancer
cells [30], thereby altering the ratio of pro- to antiapoptotic
molecules to cause death. However, in our cells Bax and
Bcl-X, levels remained unchanged after treatment with
aspirin.

Nevertheless, aspirin is able to induce caspase-inde-
pendent translocation of Bax, which may be a mechanism
by which aspirin causes cytochrome c release. The
translocation of Bax involves the oligomerization of this
molecule, and this appears to require exposure of the
hydrophobic BH3 region [51]. Therefore, aspirin might act
directly to affect Bax conformation and trigger its transloca-
tion. Alternatively, such changes in Bax can be induced by
other members of the Bcl-2 family, the “BH3-only” proteins
[52], and therefore one or more of these may be the target
of aspirin. Further studies are needed to determine how
aspirin can induce translocation of Bax to the mitochondria,
and whether this is the major mechanism for aspirin-
induced apoptosis.

In summary, our work establishes that aspirin is capable
of inducing apoptosis in a human cancer cell line. This
apoptosis is accomplished by inducing the release of
cytochrome ¢ from the mitochondria and the subsequent
activation of caspases. This mechanism may be part of the
beneficial effect of NSAIDs in the prevention of cancer.
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