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ABSTRACT
Our previous studies indicated that millimolar doses of aspirin
induced growth arrest and resistance to anticancer drug treat-
ment in Caco-2 cells. The present study was designed to better
elucidate at the molecular level the effect of aspirin treatment
on pathways that regulate cell death during serum withdrawal.
Caco-2 cells were cultured under serum deprivation in the
presence or absence of aspirin. Effects on cell cycle, phospha-
tidylinositol 3-kinase (PI3-kinase) and mitogen-activated pro-
tein (MAP) kinase pathways were investigated. We found that
aspirin, but not the selective cyclooxygenase-2 inhibitor N-[2-
(cyclohexyloxyl)-4-nitrophenyl]-methane sulfonamide (NS-398);
prevented apoptosis and G2/M transition after prolonged

Caco-2 cells serum deprivation. Aspirin-dependent inhibition of
apoptosis and G2/M transition was prevented by treatment with
the PI3-kinase inhibitor 2-(4-morpholinyl)-8-phenyl-4H-1-ben-
zopyran-4-one (LY294002), but not with the MAP kinase kinase
inhibitor 2�-amino-3�-methoxyflavone (PD98059). The effects of
aspirin were mediated at molecular levels, through activation of
PI3-kinase/AKT pathway and increase in the p21Cip/WAF1 level.
The ability of aspirin to activate AKT protein was observed also
in presence of etoposide cotreatment. Our data indicate a new
intracellular target of aspirin with potential clinical impact for
treatment schedules involving both anticancer agents and as-
pirin in malignancies.

Aspirin is one of the most widely used drugs in the world.
Recently, it has been suggested to use aspirin to prevent
intravascular thrombosis, reduce Alzheimer disease, and
prevent colon cancer. The molecular effects of aspirin vary
with dose being, at the millimolar range, also independent on
its well known ability to inhibit cyclooxygenase (COX) and
prostaglandin synthesis. Because high concentrations of as-
pirin are achievable “in vivo” during treatment of rheumatic
disorder and arthritis (Insel, 2001), an expanding literature
is evaluating additional, COX-independent, molecular tar-
gets for these high doses of aspirin. Aspirin and its deacety-
lated metabolite salicylate can inhibit the activation of nu-
clear factor-�B by preventing the phosphorylation and
degradation of the inhibitory subunit I�B (Yin et al., 1998);
aspirin and salicylate can modulate gene transcription (Xu et
al., 1999), the activity of several protein kinases, and other

molecular pathways as well (Dong et al., 1997; Pillinger et
al., 1998).

Numerous studies “in vivo” and “in vitro” have focused on
the property of salicylates, in concentrations between 1 and 5
mM, to inhibit cell proliferation and DNA synthesis in a
number of normal and transformed cell types (Aas et al.,
1995; Cercek et al., 1997). The molecular mechanisms re-
sponsible for these antiproliferative effects have been occa-
sionally investigated. It has been shown in vascular smooth
cells that salicylate induced cell cycle arrest mainly by the
inhibition of Cdk-2 activity and retinoblastoma protein phos-
phorylation and the induction of p21Cip/WAF1, without iden-
tifying the specific pathway involved (Marra et al., 2000). In
human embryonic kidney 293 cells, salicylate-induced
growth arrest was associated with inhibition of p70s6k and
down-regulation of c-myc, Cyclin D1, Cyclin A, and prolifer-
ating cell nuclear antigen (Law et al., 2000).

We have previously shown that aspirin treatment inhib-
ited dose dependently the growth and induced differentiation
of the human colon adenocarcinoma cell line Caco-2 (Ricchi et
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al., 1997). Also, we have recently demonstrated that aspirin
treatment at millimolar concentration significantly pre-
vented apoptosis and G2/M phase of cell cycle accumulation-
induced by the topoisomerase inhibitors etoposide and irino-
tecan (Ricchi et al., 2002). These effects were observed both
in Caco-2 cells and in SW 480 cells independently from their
COX’s profile of expression, thus suggesting that aspirin
acted through a COX-independent mechanism (Ricchi et al.,
2002).

In the present work, we study the molecular mechanisms
responsible for the effect of aspirin on cell cycle and survival.
We now report that aspirin treatment counteracts apoptosis
and G2/M phase of cell cycle transition that follows serum-
deprivation in Caco-2 cells. The effect of aspirin is sustained
at least in part by a dose-dependent activation of the PI3-
kinase/AKT signal transduction pathway and by the induc-
tion of p21Cip/WAF1, whereas is abolished by the addition of
the selective PI3-kinase inhibitor LY294002.

Materials and Methods
Cell Growth and Culture. Caco-2 cells were routinely grown in

100-mm plastic dishes at 37°C in a humidified atmosphere of 5% CO2

in air in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, and 100
�g/ml streptomycin and buffered with HEPES (20 mM). Caco-2 cells
were seeded at 5 � 104 cells/ml and were routinely subcultured when
about 80% confluent. The culture medium was changed every other
day. Cells were serum withdrawn 3 days after plating at the begin-
ning of the proliferative phase of the growth. Drugs (aspirin,
PD98059, and LY294002) were added at the beginning of the serum
withdrawal.

Aspirin (Sigma, Milan, Italy) was dissolved in a 0.1 M Tris-HCl,
pH 7.8, solution. The solution was buffered with Tris base to obtain
a final pH equal to that of control Dulbecco’s modified Eagle’s me-
dium and prepared every 2 weeks. LY294002 (Calbiochem, Darm-
stadt, Germany) was dissolved in dimethyl sulfoxide and prepared as
a 16.2 mM stock solution and added at a final concentration of 50
�M. PD98059 (Calbiochem) was dissolved in dimethyl sulfoxide and
prepared as an 8 mM stock solution and added at a final concentra-
tion of 40 �M.

Cell Cycle Analysis and Apoptosis Detection. To define the
cell cycle distribution and the apoptosis rate, Caco-2 cells were
trypsinized, pelleted, fixed, and propidium iodide stained as de-
scribed previously (Nicoletti et al., 1991). Propidium iodide staining
fluorescence of individual cells was analyzed by using a FACSCali-
bur flow cytometer apparatus (BD Biosciences, San Jose, CA) and
the MODFIT analysis software. For each sample, at least 20,000
events were stored.

Apoptosis was additionally evaluated by using annexin V-FITC
staining technique. Briefly, trypsinized Caco-2 cells were collected,
including floating apoptotic cells and the cells spontaneously de-
tached during washing procedure, and annexin V-FITC stained by
using a detection kit from Medical and Biological Laboratories Co.,
Ltd. (Naka-ku Nagoya, Japan) according to the manufacturer’s in-
structions. Fluorescence analysis was performed by a flow cytometer
apparatus (BD Biosciences) and the CELL QUEST analysis soft-
ware. For each sample, at least 30,000 events were stored. Quadrant
settings were based on the negative control. Each experiment was
repeated at least three times.

Western Blot Analysis. Rabbit polyclonal anti-human p21Cip/WAF1

antibody, mouse monoclonal antibodies against phosphorylated
ERK1/2, and rabbit polyclonal against total ERK2 protein were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). (Ser 473) Phosphor-
ylated AKT and total AKT were detected by using rabbit polyclonal
antibodies from Cell Signaling Technology Inc. (Beverly, MA). Cells

were washed in cold PBS and lysed for 10 min at 4°C with 1 ml of lysis
buffer (50 mM Tris, pH 7.4, 0.5% Nonidet P-40, and 0.01% SDS) con-
taining complete protease inhibitor cocktail (Roche Diagnostics, Mann-
heim, Germany). Lysates from adherent cells were collected by scraping
and centrifuged at 12,000g for 15 min at 4°C. Protein concentration in
cell lysates was determined by Bio-Rad protein assay (Bio-Rad, Her-
cules, CA), and 50 �g of total protein from each sample was analyzed.
Proteins were separated by a 12% SDS-polyacrylamide gel electro-
phoresis and transferred on nitrocellulose membrane (Hybond-ECL
nitrocellulose; Amersham Biosciences Inc., Little Chalfont, Bucking-
hamshire, UK). After incubation with horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit secondary antibodies (Bio-Rad) diluted
1:2000 in PBS, 0.2% Tween, the membranes were washed and protein
bands were detected by an enhanced chemiluminescence system (Am-
ersham Biosciences, Piscataway, NJ). In the case of p21Cip/WAF1 West-
ern blot analysis, control for loading and transfer was obtained by
probing with anti-�-tubulin (Sigma) at 1:4000 dilution. For quantita-
tion of immunoblots, relative intensities of bands were quantified by
densitometry with a desk scanner (Amersham Discovery System) and
RFLPrint software (PDI, Huntington Station, New York).

PI3-Kinase Assay. Cells lysates (300 �g) were immunoprecipi-
tated with a pTyr antibody (Santa Cruz Biotechnology, Inc.). Pellets
were washed in cold PBS and then in 100 mM Tris-HCl, pH 7.4,
supplemented with 500 mM LiCl, 1 mM EDTA, and 0.2 mM NaVO4.
Pellets were further resuspended in 30 mM HEPES, pH 7.5, and 6.25
mM MgCl2 and 125 �M cold ATP; the kinase reaction was initiated
by addition of 2 �g/�l phosphatidylinositol (Sigma) and 10 �Ci/�l
�[32P]ATP (3000 Ci/mmol) and performed for 15 min at 37°; the
reaction was stopped by addition of 5 M HCl and 0.5 M EDTA and
methanol/chloroform (1:1). After mixing vigorously and centrifuging
to separate the phases, the organic layer was collected and separated
by thin layer chromatography (TLC). [32P]phosphoinositides were
visualized by autoradiographs, scraped from TLC, and counts per
minute were quantified by a �-counter (Beckman Coulter, Inc., Ful-
lerton, CA).

Statistical Analysis. Statistical comparisons were performed us-
ing the Mann-Whitney U test. A probability value �0.05 was con-
sidered a significant difference.

Results
Effects of Serum Withdrawal and Aspirin Treatment

on Caco-2 Cell Survival and Cell Cycle Distribution. To
evaluate the effect of serum-withdrawal on Caco-2 cell sur-
vival and cell cycle distribution, cells were incubated in se-
rum-free medium 3 days after plating. The effect on apopto-
sis was first evaluated by analyzing the percentage of sub-G1

population at flow cytometry. Spontaneous apoptosis of
Caco-2 cells at day 4 of culture in complete culture medium
was in the average 6% (data not shown); the percentage of
apoptotic cells was approximately 8, 20, and 30 after serum
deprivation for 48, 96, and 168 h, respectively (Fig. 1). The
effect of 2 and 5 mM aspirin treatment on serum withdrawal-
induced apoptosis was first evaluated through the analysis of
the subdiploid DNA peak at flow cytometry. Aspirin inhibited
apoptosis in a statistically significant manner (�p � 0.05) at
all time points tested compared with untreated cells (Fig.
1A). Aspirin (2 mM) treatment caused a 60% reduction in
apoptosis compared with untreated cells with the maximal
effect at 96 h of serum deprivation. The percentage of apo-
ptosis increased up to 11% after treatment with 5 mM aspirin
but was unmodified during the starvation time. Similar re-
sults were obtained when the percentage of apoptotic cells
was evaluated by annexin staining (Fig. 1B); however, be-
cause of the high sensitiveness of this procedure, higher
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levels of apoptosis were observed in untreated cells compared
with those obtained at the analysis of subdiploid peak (Fig.
1B).

We also analyzed in the same experimental conditions the
distribution of cells in the phases of the cell cycle. We did not
find any relevant modification in cell cycle distribution be-
tween starved Caco-2 cells and cells cultured in complete
medium in the presence or absence of aspirin for 48 h (data
not shown). On the contrary, prolonged serum deprivation
caused a time-dependent decrease in the proportion of cells in
the G1 phase of cell cycle and increase in the proportion of
cells in the G2/M phase of cell cycle (Fig. 2). Aspirin (5 mM)
treatment and to a lesser extent 2 mM aspirin treatment
counteracted the G1 decrease and G2/M increase in cell cycle
distribution induced by prolonged serum starvation leading
to a profile of cell cycle similar to that of cells cultured in

serum for 168 h (Fig. 2, data point “in serum” versus 96- and
168-h serum withdrawal).

Data from our laboratory indicated that Caco-2 cells ex-
pressed COX-2 but not COX-1 (Di Popolo et al., 2000). To
evaluate whether the effects of aspirin treatment on Caco-2
cells cycle and survival were dependent on the inhibition of
COX-2 activity, we analyzed the effect of NS-398 treatment,
a COX-2-selective inhibitor, on survival during serum depri-
vation. To address this issue, cells were starved in the pres-
ence of 10 �m NS-398, a concentration that completely in-
hibits the biosynthesis of prostaglandin E2 in Caco-2 cells.
NS-398 treatment at this concentration did not cause any
significant modifications on apoptosis and cell cycle param-
eters with respect to starved cells (data not shown). These
results, therefore, suggested that aspirin interfered with ap-
optosis and cell cycle modification induced by serum with-
drawal in Caco-2 cells in a COX-independent manner.

Effect of Aspirin on PI3-Kinase and MAP Kinase Ac-
tivation during Caco-2 Cell Serum Withdrawal. We
have previously shown that an autocrine IGF-II/IGF-Ir path-
way sustains cells proliferation and survival of Caco-2 colon
cancer cells (Zarrilli et al., 1994, 1996). In particular, we and
others have demonstrated that the PI3-kinase pathway pref-
erentially, with respect to the MAP kinase pathway, deliv-
ered an antiapoptotic and proliferative signal in Caco-2 cells
(Di Popolo et al., 2000; Gauthier et al., 2001). Thus, it was of
interest to evaluate whether aspirin treatment had any effect
on MAP kinase and PI3-kinase pathways during Caco-2 se-
rum deprivation.

To address these questions, we focused on the activation
status of ERK1 and ERK2, two major components of the MAP
kinases cascade, and of the AKT protein that is a down-
stream effector of the PI3-kinase. Lysates from cells serum
deprived for 96 h in the presence or absence of 2 and 5 mM
aspirin were probed for phosphorylated AKT at Ser 473 and
phosporylated ERK1/2 kinases. To evaluate the PI3-kinase/
AKT-dependent pathway in serum cultured cells and to com-
pare the effects of aspirin in both culture conditions, lysates
of cells cultured in complete medium and treated for 96 h
with 2 and 5 mM aspirin were also collected. The bands were
quantified and normalized to total AKT and ERK2 protein
kinases, respectively.

As shown in Fig. 3, aspirin treatment dose dependently
induced activation of AKT protein and ERK1/2 protein with
respect to untreated cells. The relative densitometric analy-
sis showed 1.5- and 2.7-fold increase for AKT protein phos-

Fig. 1. Effect of 2 and 5 mM aspirin treatment on apoptosis induced by
serum deprivation in Caco-2 cells. After 72 h of culture in complete
medium, cells were serum deprived in the absence or presence of aspirin.
After 48, 96, and 168 h of serum withdrawal, apoptosis was calculated as
the percentage of cells showing a subdiploid DNA peak (A) and as the
percentage of cells positive at annexin V-FITC staining (B), as described
under Materials and Methods. Data are expressed as mean � S.D.

Fig. 2. Effect of 2 and 5 mM aspirin
treatment on cell cycle distribution
observed after Caco-2 cells serum
withdrawal. After 72 h of culture in
complete medium, cells were serum
deprived in the absence or presence of
aspirin for 96 and 168 h. DNA cell
cycle analysis was performed by pro-
pidium iodide labeling as described
under Materials and Methods. A data
point representative for Caco-2 cells
grown in complete medium for 168 h
is also shown. Data points represent
the mean of triplicate experiments �
S.D.
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phorylation status after aspirin treatment at 2 and 5 mM,
respectively (Fig. 3A) and 2.7-fold increase for ERK1/2 pro-
tein phosphorylation status after aspirin treatment at 5 mM
in serum-deprived cells (Fig. 3B). On the other hand, serum
deprivation slightly reduced the activation status of Akt with
respect to serum-cultured cells (Fig. 3A), but aspirin treat-
ment, although to a lesser extent than in serum withdrawal,
still induced phosphorylation of Akt (Fig. 3A).

To directly demonstrate the activation of PI3-kinase by
aspirin treatment in serum-starved cells, we analyzed the
PI3-kinase activity in the pTyr immunoprecipitate from 96-h
serum-deprived Caco-2 cells in the absence (control) or pres-
ence of 2 and 5 mM aspirin. As shown in Fig. 4, aspirin
treatment dose dependently increased the levels of three
phosphate phosphatidylinositols.

Because the molecular effects of aspirin have been ob-
served after prolonged exposure to drug, we asked whether
these effects could be related to a direct activation of PI3-
kinase by aspirin. To address this issue, we evaluated the
effect on AKT and ERK phosphorylation status after aspirin
acute stimulation. After 24 h of serum deprivation, Caco-2
cells were treated with aspirin at 5 mM and cell lysates were
collected after 5, 10, 15, and 30 min of drug addition. As
shown in Fig. 5, 5 mM aspirin treatment transiently induced
activation of AKT and ERK1/2 proteins with respect to se-
rum-deprived cells after 10 min of exposure.

To further evaluate the relative involvement of ERK1/2
and PI3-kinase pathways in Caco-2 cells survival, we ana-
lyzed also the effects, during serum deprivation, of PD98059
or LY294002 inhibitor treatments alone and in combination
with 2 and 5 mM aspirin (Fig. 6 , A and B; Table 1).

Treatment with the mitogen-activated protein kinase ki-
nase (MEK) inhibitor PD98059 alone did not cause any rel-
evant change in activation status of AKT protein, slightly
decreased ERK1/2 phosphorylation, but reduced apoptosis
with respect to control cells (Fig. 6; Table 1). The aspirin-

induced activation of AKT persisted in the presence of
PD98059 (Fig. 6A) but PD98059 did not counteract 5 mM
aspirin-induced activation of ERK1/2 kinases (Fig. 6B), thus
suggesting that ERK1/2 kinases were activated by aspirin
independently from MAP kinases. On the contrary, the PI3-
kinase inhibitor LY294002 alone reduced basal activation of
AKT (Fig. 6A) and further increased apoptosis from 19 to
35% with respect to control cells (Table 1). Furthermore,
LY294002 in cotreatment with aspirin completely reduced
AKT activation (Fig. 6A) and partially reduced ERK1/2 acti-
vation induced by aspirin (Fig. 6B), whereas increased apo-
ptosis levels up to 40 and 45% in the presence of aspirin at 2
and 5 mM, respectively (Table 1). These data suggest that in
Caco-2 cells ERK1/2 kinase pathway could be, at least in
part, under PI3-kinase pathway control. Similar data were
obtained in aspirin-treated cells for 168h (data not shown).

Because treatments with aspirin, through the activation of

Fig. 3. Effect of 2 and 5 mM aspirin treatment on (Ser 437) phosphory-
lated AKT and total AKT (A) and phosphorylated ERK1/2 and total ERK2
(B) expression in Caco-2 cells. Western immunoblot analysis was per-
formed on protein lysates from cells cultured in the presence (�S) and in
absence (�S) of serum for 96 h (ctrl), after treatment with 2 mM (A2) or
5 mM aspirin for 96 h (A5). The immunoblots were stripped and reblotted
with antibodies against total AKT or ERK2 protein. The autoradiographs
shown are representative of three separate experiments. Histograms
represent the mean densitometric analysis of three experiments plus S.D.
bars.

Fig. 4. Effect of 2 and 5 mM aspirin treatment on PI3-kinase activity in
96-h serum-starved cells. Cells extracts were immunoprecipitated with a
pTyr monoclonal antibody, and the precipitate assayed for the presence of
a PI3-kinase activity using phosphatidylinositol as a substrate as de-
scribed under Materials and Methods. TLC analysis of the PI3-kinase
reaction shown corresponds to a representative experiment that was
repeated two additional times. PtdInsP, phosphatidylinositol 3-phos-
phate; ORI, origin. Histograms with S.D. bars represent the counts per
minute of [32P]phosphoinositol 3-phosphate of the three experiments.

410 Ricchi et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


AKT protein via PI3-kinase pathway stimulation, and with
PD98059, by decreasing MAP kinase activity, both reduce
apoptosis, the above-mentioned findings support the hypoth-
esis that PI3-kinase inhibition and MAP kinase activation

are involved in apoptotic response to serum deprivation in
Caco-2 cells.

We have previously shown that in Caco-2 cells cotreated
with aspirin and topoisomerase inhibitors, apoptosis and
overall toxicity induced by topoisomerase inhibitors were
reduced (Ricchi et al., 2002). To further correlate this cyto-
protective effect of aspirin with the activation status of AKT,
we assayed AKT activation status after 17 �M Vp-16 and 5
mM aspirin cotreatment, an experimental condition where
maximal effect on overall viability have been observed (Ric-
chi et al., 2002). As shown in Fig. 7, phosphorylation status of
AKT protein was 2-fold increased both in cells treated with 5
mM aspirin and cells cotreated with aspirin at 5 mM and
Vp-16, compared with untreated cells, whereas phosphoryla-
tion status of AKT protein was unmodified after Vp-16 treat-
ment compared with untreated cells.

Finally, in the search for substrates of Akt that could be
relevant to the survival-promoting effects of Akt in Caco-2
cells, we also evaluated the effects of aspirin treatment on
phosphorylation of (Ser 136) Bad in the same experimental
system. No effects were detected on phosphorylation status of
Bad at Ser 136 both after acute (5–30 min) and 96-h aspirin
treatments (data not shown). On the contrary, according to

Fig. 5. Effect of 5 mM aspirin treatment on (Ser 437) phosphorylated
AKT and total AKT (A) and phosphorylated ERK1/2 and total ERK2 (B)
expression in Caco-2 cells. Western immunoblot analysis was performed
on protein lysates from cells cultured in the absence of serum for 24 h
(ctrl) and from cell treated with 5 mM aspirin for 5 min (5�), 10 min (10�),
15 min (15�), or 30 min (30�). The immunoblots were stripped and reblot-
ted with antibodies against total AKT or ERK2 protein. The autoradio-
graphs shown are representative of three separate experiments. Histo-
grams represent the mean densitometric analysis of three experiments
plus S.D. bars.

Fig. 6. Effect of PD98059 and LY294002 treatments alone and in combi-
nation with aspirin on (Ser 437) phosphorylated AKT and total AKT (A)
and phosphorylated ERK1/2 and total ERK2 (B) expression in Caco-2
cells. Western immunoblot analysis was performed on protein lysates
from control cells cultured in the absence of serum for 96 h (Ctrl), from
cells treated with 2 mM aspirin (A2), 5 mM aspirin (A5), 40 �M PD98059
(PD), 50 �M LY294002 (LY), or from cells cotreated with 2 mM aspirin
and 40 �M PD98059 (A2PD), 2 mM aspirin and 50 �M LY294002 (A2LY),
5 mM aspirin and 40 �M PD98059 (A5PD), or 5 mM aspirin and 50 �M
LY294002 (A5LY). The immunoblots were stripped and reblotted with
antibodies against total AKT or ERK2 proteins. The autoradiographs
shown are representative of three separate experiments. Histograms
represent the mean densitometric analysis of three experiments plus S.D.
bars.

TABLE 1
Effect of PD98059 and LY294002 treatments, alone or in combination
with aspirin, for 96 h on apoptosis during Caco-2 cell starvation
Apoptosis was calculated as the percentage of cells showing a subdiploid DNA peak
as described under Materials and Methods. Data are expressed as mean � S.D.

Treatment
Aspirin

0 2 mM 5 mM

%
No Serum 19�4 8�2 11�2
PD98059 8�2 7�3 10�3
LY294002 35�5 40�5 45�5

Fig. 7. Effect of aspirin and Vp-16 treatments on the phosphorylation
status of AKT protein in Caco-2 cells. Experiments were performed in
complete medium. Vp-16 at the concentration of 17 �M or aspirin at the
concentration of 5 mM were added alone or in combination for 48 h at day
4 of culture. Western immunoblot analysis of (Ser 437) phosphorylated
AKT (top) and total AKT (bottom). The immunoblots were stripped and
reblotted with antibody against total AKT protein. Protein lysates were
from untreated cells (Ctrl), or cells treated with aspirin at 5 mM (A5),
Vp-16 for 48 h at 17 �M (Vp 16), or 17 �M Vp-16 and 5 mM aspirin (A5
� Vp16). The autoradiographs shown are representative of three sepa-
rate experiments. Histograms represent the mean densitometric analysis
of three experiments plus S.D. bars.
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our previous data (Ricchi et al., 2002), we found that aspirin
long-term treatment caused a dose-dependent increase in the
bcl-2 levels (data not shown).

Together, these results strongly suggest that the aspirin
cytoprotective effect resides in the ability to activate AKT
protein and to deliver antiapoptotic signals in the presence of
different apoptotic stimuli.

Effect of Aspirin Treatment on p21Cip/WAF1 Expression
in Caco-2 Cells. As reported previously, treatment with as-
pirin dose dependently inhibited growth (Ricchi et al., 1997).
Furthermore, aspirin (2–5 mM) did not significantly affect
Caco-2 cells viability and counteracted G2/M phase transition
induced by topoisomerase inhibitors (Ricchi et al., 2002). Our
data mentioned above on cell cycle further reinforced the idea
that aspirin treatment could also regulate some of the pro-
teins involved in control of cell cycle checkpoints. Further-
more, it was previously shown that p21Cip/WAF1, but not p27
levels, were elevated in terminal differentiated and nondi-
viding Caco-2 cells (Evers et al., 1996; Gartel et al., 1996) and
were almost undetectable in Caco-2 proliferating cells (Zar-
rilli et al., 1999). We therefore evaluated the effect of aspirin
treatment on p21Cip/WAF1 expression. Because it has been
reported that induction of p21Cip/WAF1 could be a downstream
event of the activation of the AKT/PKB and ERK1/2 kinase
pathways (Olson et al., 1998; Lawlor and Rotwein, 2000a,b),
we also studied whether PD98059 or LY294002 treatment,
alone or in combination with 2 and 5 mM aspirin for 96 h
could modify p21Cip/WAF1 expression in Caco-2 serum-starved
cells. As shown in Fig. 8, p21Cip/WAF1 levels increased by
approximately 2-fold and 4-fold in cells treated with aspirin
at 2 and 5 mM, compared with untreated cells. PD98059
alone, or in combination with 2 and 5 mM aspirin, increased
p21Cip/WAF1 levels by 2.7-, 5-, and 4.4-fold, respectively, com-
pared with untreated cells. On the contrary, LY294002 alone
did not affect basal level of p21Cip/WAF1, whereas in combi-

nation with aspirin completely suppressed the increase of
p21Cip/WAF1 expression induced by aspirin. The above-men-
tioned data therefore demonstrated that the induction of
p21Cip/WAF1 in Caco-2 serum-starved cells was a downstream
event of the activation of the PI3-kinase survival pathway.

Then, we examined whether these treatments had any
impact on cell cycle parameters under the same experimental
conditions. Table 2 shows the effect of PD98059 and
LY294002, alone or in combination with aspirin, on cell cycle
distribution of Caco-2 cells. PD98059 alone and in the pres-
ence of aspirin increased the percentage of cells in G1 and S
phases and almost suppressed the percentage of cells in G2/M
phase of cell cycle compared with control cells. Interestingly,
LY294002 alone increased the percentage of cells in G1 phase
and reduced the percentage of cells in G2/M phase compared
with control cells; on the contrary, LY294002 in cotreatment
with aspirin at 2 and 5 mM increased the percentage of cells
in G2/M phase from 7 to 15%(�p � 0.05) and from 4 to 32%
(�p � 0.02) with respect to aspirin-treated cells.

Discussion
Mounting evidence suggests that aspirin and salicylate at

millimolar concentration have numerous COX-independent
effects and are able to interfere with several intracellular
molecular pathways (Dong et al., 1997; Pillinger et al., 1998;
Xu et al., 1999). Several studies have evaluated the apoptotic
effect of aspirin on colon cancer cells by demonstrating the
involvement of specific death pathways (Stark et al., 2001;
Yu et al., 2002). Salicylate treatments at these concentra-
tions also inhibit proliferation of numerous normal and
transformed cells (Aas et al., 1995; Cercek et al., 1997) and
are associated with modulation of several cell cycle-related
proteins (Marra et al., 2000; Law et al., 2000), neuroprotec-
tion (Grilli et al., 1996; Vartiainen et al., 2002) and glucose
metabolism control (Hundal et al., 2002). Accordingly, we
have previously shown that aspirin treatment inhibited prolif-
eration and slightly increased apoptosis with respect to the
baseline level in Caco-2 cells (Ricchi et al., 1997, 2002), but
determined resistance to anticancer drugs (Ricchi et al., 2002).

In this study, we tried to better elucidate the molecular
mechanisms that link the aspirin-dependent effect on cell
cycle to the resistance to other apoptotic stimuli. We used
serum deprivation-induced apoptosis in Caco-2 cells as a
model system to evaluate aspirin interference with death/

Fig. 8. Effect of 40 �M PD98059 or 50 �M LY294002 treatments, alone or
in combination with 2 and 5 mM aspirin on p21Cip/WAF1 (top) and �-tu-
bulin (bottom) expression in serum-starved cells. Western immunoblot
analysis was performed on protein lysates from control cells (Ctrl), cell
treated with 2 mM aspirin (A2), 5 mM aspirin (A5), 40 �M PD98059 (PD),
50 �M LY294002 (LY), 2 mM aspirin and 40 �M PD98059 (A2PD), 5 mM
aspirin and 50 �M LY294002 (A2LY), 5 mM aspirin and 40 �M PD98059
(A5PD), or 5 mM aspirin and 50 �M LY294002 (A5LY). The autoradio-
graphs shown are representative of three separate experiments. Histo-
grams represent the mean densitometric analysis of three experiments
plus S.D. bars.

TABLE 2
Effect of PD98059 and LY294002 treatments, alone or in combination
for 96 h with aspirin, on cell cycle distribution during Caco-2 cell
starvation
DNA cell cycle analysis was performed by propidium iodide labeling as described
under Materials and Methods. Data are expressed as mean � S.D.

% of Cell Cycle Distribution

Treatment G0/G1 S G2/M

Control 56 � 5 32 � 5 12 � 3
2 mM aspirin 53 � 8 41 � 5 7 � 3
5 mM aspirin 61 � 3 35 � 3 4 � 1
PD 58 � 6 41 � 8 1 � 0
PD � 2 mM aspirin 59 � 7 40 � 7 1 � 0
PD � 5 mM aspirin 56 � 5 39 � 8 5 � 3
LY 72 � 8 25 � 7 3 � 2
LY � 2 mM aspirin 60 � 7 23 � 7 15 � 3
LY � 5 mM aspirin 54 � 9 14 � 5 32 � 6

PD, PD98059; LY, LY294002.
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survival pathways. Our data show that in Caco-2 cells apo-
ptosis induced by serum deprivation is a late event accompa-
nied with increase in G2/M cell cycle phase. These findings
are in agreement with those obtained in different experimen-
tal systems in which PI3-kinase activity was found to be
required for growth factor-dependent survival and differen-
tiation (Kennedy et al., 1997; Eves et al., 1998) and in which
MAP kinase cascade was responsible for cell cycle progres-
sion (Aliaga et al., 1999; Abbott and Holt, 1999). Our data
show that aspirin treatment in Caco-2 cells interferes with
serum deprivation-induced apoptosis through PI3-kinase
and ERK kinase pathways. We also show that the effect of
aspirin on survival is mediated through the activation of the
PI3-kinase. In fact, aspirin treatment in the presence of the
specific PI3-kinase inhibitor LY294002 is able to revert the
effect of aspirin on Caco-2 cells survival being even more
toxic than LY294002 alone. On the other hand, the inhibition
of MEK activity by PD98059 alone or in cotreatment with
aspirin does not have the same effect of LY294002 and main-
tain the cytoprotective effect of aspirin. Further studies are
needed to clarify at molecular level the role of PI3-kinase
pathway in the observed aspirin-dependent activation of
ERK kinase.

That aspirin treatment has a direct effect on PI3-kinase
and ERK kinase pathways is demonstrated by our data
showing a transient activation of these pathways by acute
aspirin treatment. However, because the majority of our data
are obtained with aspirin long-term treatment, we cannot
exclude that aspirin might have also an indirect effect
through the IGFII/IGF-Ir autocrine loop that sustains Caco-2
cells survival (Zarrilli et al., 1994, 1996). Therefore, further
studies are needed also to elucidate at molecular levels the
site(s) of aspirin interference with the IGFII/IGF-Ir-depen-
dent PI3-kinase survival pathway and the mechanism(s) re-
sponsible for PI3-kinase activation.

Our data show that aspirin not only prevents apoptosis but
also the increase in G2 cell cycle after Caco-2 cells serum
deprivation and dose dependently induces p21Cip/WAF1 ex-
pression. Mounting evidence indicates that p21Cip/WAF1 is a
downstream target of the PI3-kinase/AKT pathway. In fact,
it has been shown in muscle cells that IGFI/IGF-I receptor
activation regulates survival and differentiation through the
stimulation of PI3-kinase that in turn activates AKT, which
stimulates the expression of p21Cip/WAF1 (Lawlor and Rot-
wein, 2000a,b).

However, although it has been shown that AKT stimu-
lates p21Cip/WAF1 expression, other reports indicate that
the activated AKT phosphorylates p21Cip/WAF1 to prevent
p21Cip/WAF1 nuclear localization and the p21Cip/WAF1-de-
pendent cell cycle arrest, as well as Mdm2, to prevent
Mdm2 nuclear localization and Mdm2-dependent degrada-
tion of p53, thus determining cell cycle progression (Zhou
et al., 2001a,b).

The data presented herein indicate that aspirin activates a
survival pathway that is responsible for the induction of
p21Cip/WAF1 also in Caco-2 cells and that there is a strict
correlation between p21Cip/WAF1 expression and its inhibitory
function toward cell cycle progression. In fact, as well as
restoring apoptosis induced by serum deprivation, treatment
with LY294002 in the presence of aspirin leads to p21Cip/

WAF1 suppression and G2/M accumulation. Thus, the aspirin-
dependent activation of AKT/PKB protein and the induction

of p21Cip/WAF1expression provides a mechanism for its ability
to prevent apoptosis and G2/M phase accumulation induced
by prolonged serum deprivation and Etoposide treatment
and indicates a novel tool by which aspirin may control cell
cycle without resulting in a toxic treatment in Caco-2 cells. In
accordance with our data, the activation of a similar pattern
has been recently shown by Yu and collaborators, who dem-
onstrated that the overexpression of the receptor tyrosine
kinase p185ERbB2 increased p21Cip/WAF1 expression, con-
ferred resistance to taxol-induced apoptosis, and prevented
cell entrance to G2/M phase (Yu et al., 1998).

On the other hand, we found also that inhibition of the
MEK pathway led to induction of p21Cip/WAF1 expression and
G2/M cell cycle phase reduction; similarly, the highest in-
crease of G2/M phase was observed during 5 mM aspirin and
LY294002 cotreatment in presence of activation of ERK1/2
kinases and p21Cip/WAF1 suppression. Although the mecha-
nism by which PD98059 treatment increases p21Cip/WAF1

level remains unclear, the above-mentioned data both con-
firm the protective effect of PD98059 against apoptotic stim-
uli (Cho et al., 2002; Cuda et al., 2002) and strongly suggest
that the apoptotic response to serum deprivation in Caco-2
cells involves also the activation of MAP kinase pathway and
p21Cip/WAF1 suppression both responsible for G2/M accumu-
lation. These finding are in agreement with other reports
showing that p21Cip/WAF1 expression could play a role in
enhancing cell survival (Cheng et al., 2000), protecting var-
ious cell types from apoptosis after anticancer drug treat-
ment (Waldman et al., 1997). Further studies are needed to
clarify the effect of aspirin treatment on p21Cip/WAF1 expres-
sion and its phosphorylation status on the control of cell cycle
check points in Caco-2 cells and the mechanism by which the
coordinated activity of PI3-kinase and MAP kinase pathways
regulates its expression and the survival signaling.

Additional studies are needed to determine the ability of
aspirin to activate PI3-kinase pathway in different tumor cell
lines and provide evidence that this mechanism occurs also
in vivo. In fact, it has been recently recognized that PI3-
kinase signaling in the liver is essential for normal carbohy-
drate and lipid metabolism in living animals (Miyake et al.,
2002). Because it has been demonstrated that high dose of
aspirin could improve glucose metabolism in humans (Hun-
dal et al., 2002), the data of this report may encourage fur-
ther evaluation of the in vivo mechanism for aspirin use in
therapeutic regimens.
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Cuda G, Paternò R, Ceravolo R, Candigliota M, Perrotti N, Perticone F, Faniello MC,
Schepis F, Ruocco A, and Mele E (2002) Protection of human endothelial cells from
oxidative stress: role of Ras-ERK1/2 signaling. Circulation 105:968–974.

Di Popolo A, Memoli A, Apicella A, Tuccillo C, di Palma A, Ricchi P, Acquaviva AM,
and Zarrilli R (2000) IGF-II/IGF receptor pathway up-regulates COX-2 mRNA
expression and PGE2 synthesis in Caco-2 human colon carcinoma cells. Oncogene
19:5517–5524.

Dong Z, Huang C, Brown RE, and Ma WY (1997) Inhibition of activator protein 1
activity and neoplastic transformation by aspirin. J Biol Chem 272:9962–9970.

Evers BM, Ko TC, Li J, and Thompson EA (1996) Cell cycle protein suppression and
p21 induction in differentiating Caco-2 cells. Am J Physiol 271:G722–G727.

Eves EM, Xiong W, Bellacosa A, Kennedy SG, Tsichlis PN, Rosner MR, and Hay N
(1998) Akt, a target of phosphatidylinositol 3-kinase, inhibits apoptosis in a dif-
ferentiating neuronal cell line. Mol Cell Biol 18:2143–2152.

Gartel AL, Serfas MS, Gartel M, Goufman E, Wu GS, el-Deiry WS, and Tyner AL
(1996) p21 (WAF1/CIP1) expression is induced in newly nondividing cells in
diverse epithelia and during differentiation of the Caco-2 intestinal cell line. Exp
Cell Res 227:171–181.

Gauthier R, Harnois C, Drolet JF, Reed JC, Vezina A, and Vachon PH (2001) Human
intestinal epithelial cell survival: differentiation state-specific control mecha-
nisms. Am J Physiol 280:C1540–C1554.

Grilli M, Pizzi M, Memo M, and Spano PF (1996) Neuroprotection by aspirin and
sodium salicylate through blockade of NF-�B activation. Science (Wash DC) 274:
1383–1385.

Hundal RS, Petersen KF, Mayerson AB, Randhawa PS, Inzucchi S, Shoelson SE, and
Shulman GI (2002) Mechanism by which high-dose aspirin improves glucose
metabolism in type 2 diabetes. J Clin Investig 109:1321–1326.

Insel PA (2001) The salicylates, in Goodman and Gilman’s The Pharmacological
Basis of Therapeutics (JG Hardman JG, Limbird LE, and Molinoff RW eds) pp
696–703, McGraw-Hill Companies, New York.

Kennedy SG, Wagner AJ, Conzen SD, Jordan J, Bellacosa A, Tsichlis PN, and Hay
N (1997) The PI3-kinase/Akt signaling pathway delivers an anti-apoptotic signal.
Genes Dev 11:701–713.

Law BK, Waltner-Law ME, Entingh AJ, Chytil A, Aakre ME, Norgaard P, and Moses
HL (2000) Salicylate-induced growth arrest is associated with inhibition of p70s6k
and down-regulation of c-myc, cyclin D1, cyclin A and proliferating cell nuclear
antigen. J Biol Chem 275:38261–38267.

Lawlor MA and Rotwein P (2000a) Coordinate control of muscle cell survival by
distinct insulin-like growth factor activated signaling pathways. J Cell Biol 151:
1131–1140.

Lawlor MA and Rotwein P (2000b) Insulin-like growth factor-mediated muscle cell
survival: central roles for Akt and cyclin-dependent kinase inhibitor p21. Mol Cell
Biol 20:8983–8995.

Marra DE, Simoncini T, and Liao JK (2000) Inhibition of vascular smooth muscle cell
proliferation by sodium salicylate mediated by up-regulation of p21(Waf1) and
p27(Kip1). Circulation 102:2124–2130.

Miyake K, Ogawa W, Matsumoto M, Nakamura T, Sakaue H, and Kasuga M (2002)
Hyperinsulinemia, glucose intolerance and dyslipidemia induced by acute inhibi-
tion of phosphoinositide 3-kinase signaling in the liver. J Clin Investig 110:1483–
1491.

Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, and Riccardi C (1991) A rapid and
simple method for measuring thymocyte apoptosis by propidium iodide staining
and flow cytometry. J Immunol Methods 139:271–279.

Olson MF, Paterson HF, and Marshall CJ (1998) Signals from ras and rho GTPases
interact to regulate expression of p21Waf/Cip1. Nature (Lond) 394:295–299.

Pillinger MH, Capodici C, Rosenthal P, Kheterpal N, Hanft S, Philips MR, and
Weissmann G (1998) Modes of action of aspirin-like drugs: salicylates inhibit ERK
activation and integrin-dependent neutrophil adhesion. Proc Natl Acad Sci USA
95:14540–14545.

Ricchi P, Pignata S, Di Popolo A, Memoli AM, Apicella A, Zarrilli R, and Acquaviva
AM (1997) Effect of aspirin treatment on cell proliferation and differentiation of
colon adenocarcinoma Caco-2 cells. Int J Cancer 73:880–884.

Ricchi P, Di Matola T, Ruggiero G, Zanzi D, Apicella A, di Palma A, Pensabene M,
Pignata S, Zarrilli R, and Acquaviva AM (2002) Effect of non-steroidal anti-
inflammatory drugs on colon carcinoma Caco-2 cell responsiveness to topoisomer-
ase inhibitor drugs. Br J Cancer 86:1501–1509.

Stark LA, Din FV, Zwacka RM, and Dunlop MG (2001) Aspirin-induced activation of
the NF-�B signaling pathway: a novel mechanism for aspirin-mediated apoptosis
in colon cancer cells. FASEB J 15:1273–1275.

Vartiainen N, Keksa-Goldsteine V, Goldsteins G, and Koistinaho J (2002) Aspirin
provides cyclin-dependent kinase 5-dependent protection against subsequent hyp-
oxia/reoxygenation damage in culture. J Neurochem 82:329–335.

Xu XM, Sansores-Garcia L, Chen XM, Matijevic-Aleksic N, Du M, and Wu KK (1999)
Suppression of inducible cyclooxygenase 2 gene transcription by aspirin and so-
dium salicylate. Proc Natl Acad Sci USA 96:5292–5297.

Waldman T, Zhang Y, Dillehay L, Yu J, Kinzler K, Vogelstein B, and Williams J
(1997) Cell-cycle arrest versus cell death in cancer. Therapy Nat Med 3:1034–1036.

Yin MJ, Yamamoto Y, and Gaynor RB (1998) The anti-inflammatory agents aspirin
and salicylate inhibit the activity of I�B kinase-�. Nature (Lond) 96:77–80.

Yu D, Jing T, Liu B, Yao J, Tan M, McDonnell TJ, and Hung MC (1998) Overex-
pression of ErbB2 blocks Taxol-induced apoptosis by upregulation of p21Cip1,
which inhibits p34Cdc2 kinase. Mol Cell 2:581–591.

Yu HG, Huang JA, Yang YN, Huang H, Luo HS, Yu JP, Meier JJ, Schrader H,
Bastian A, Schmidt WE, and Schmitz F (2002) The effects of acetylsalicylic acid on
proliferation, apoptosis and invasion of cyclooxygenase-2 negative colon cancer
cells. Eur J Clin Investig 32:838–846.

Zarrilli R, Pignata S, Apicella A, Di Popolo A, Memoli A, Ricchi P, Salzano S, and
Acquaviva AM (1999) Cell cycle block at G1-S or G2-M phase correlates with
differentiation of caco-2 cells: effect of constitutive insulin-like growth factor II
expression. Gastroenterology 116:1358–1366.

Zarrilli R, Pignata S, Romano M, Gravina A, Casola S, Bruni CB, and Acquaviva AM
(1994) Expression of insulin-like growth factor (IGF)-II and IGF-I receptor during
proliferation and differentiation of Caco-2 human colon carcinoma cells. Cell
Growth Differ 5:1085–1091.

Zarrilli R, Romano M, Pignata S, Casola S, Bruni CB, and Acquaviva AM (1996)
Constitutive insulin-like growth factor-II expression interferes with the entero-
cyte-like differentiation of Caco-2 cells. J Biol Chem 271:8108–8114.

Zhou BP, Liao Y, Xia W, Spohn B, Lee MH, and Hung MC (2001a) Cytoplasmic
localization of p21Cip1/WAF1 by Akt-induced phosphorylation in HER-2/neu-
overexpressing cells. Nat Cell Biol 3:245–252.

Zhou BP, Liao Y, Xia W, Zou Y, Spohn B, and Hung MC (2001b) HER-2/neu induces
p53 ubiquitination via Akt-mediated MDM2 phosphorylation. Nat Cell Biol 3:973–
982.

Address correspondence to: Prof. Angela M. Acquaviva, Dipartimento di
Biologia e Patologia Cellulare e Molecolare, Facoltà di Medicina e Chirurgia,
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