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Abstract

The present study was performed to gain insight into the role of p53 and p21™*F" on the cytotoxicity of the purine analogue cladribine
(2-CdA) on cancer cells. Drug sensitivity, cell cycle distribution and drug-induced cell death were compared in three lines derived from the
colorectal carcinoma HCT116: the p53+/+ cell line containing wild-type p53 and the p53—/— and p21 A" —/— lines, in which both alleles
of p53 or p21™*F ! were deleted by homologous recombination, respectively. p53—/— and p21™*F'—/— cells were significantly more
resistant to the cytotoxic effects of 2-CdA than the p53+/+ cells. p53+/+ cells and p21™VA —/— but not p53—/— cells, displayed wt-p53
protein accumulation and arrested in S-phase after exposure to 2-CdA. mRNA analysis of the transporter hRENT1 and of enzymes involved in
drug metabolism did not show alterations which might explain a drug-resistant phenotype in the p53—/— or p21 ™A' —/— cells. Exposure of
p534/+ cells to 2-CdA resulted in expression of p21V**! mRNA and protein, enhanced expression of uncleaved PARP-1, and a higher
degree both of apoptosis and necrosis than in p53—/— and p21"*F—/— cells exposed to 2-CdA. Addition of the specific PARP-1 inhibitor
3-AB to 2-CdA-treated cells rendered p53+-/+ cells resistant to this drug. Bax levels were reduced in the p53—/— while they increased in the
pS3-+/+ line and remained stable in the p21WAF '—/— cells. We conclude that p53 and p21VAF ! status of cancer cells influences their
sensitivity to 2-CdA cytotoxicity. This may involve alterations in the apoptotic cascade as well as in PARP-1-dependent cell death.
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1. Introduction

2-Chloro-2'-deoxyadenosine (2-CdA") [1], has achieved
an important role in the clinic [2,3]. This compound is a
deoxyadenosine analogue with one chlorine substitute for
the hydrogen atom in the 2'-position of the purine ring.
This modification makes the compound resistant to dea-
mination by adenosine deaminase. 2-CdA activity is
dependent on the formation of a triphosphorylated meta-
bolite (2-CdATP) that is subsequently incorporated into
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DNA, thereby inducing DNA damage [4] and cell death
[5].

2-CdA enters cells via a nucleoside transporter system
and is essentially phosphorylated into 2-CdAMP by dCK
[6]. It is subsequently phosphorylated to its active 5'-
triphosphate form, 2-CdATP, by the tandem action of
AMP kinase and nucleoside diphosphate kinase [7]. Inac-
tivation of 2-CdA can occur by dephosphorylation of 2-
CdAMP back to the nucleoside by a cytosolic 5'-nucleo-
tidase activity [8].

2-CdATP inhibit DNA synthesis by incorporation into
the A sites of the growing DNA strand [9,10] inducing an S
phase-specific apoptosis [11]. 2-CdA metabolites also
inhibit DNA replication indirectly through their inhibitory
action on ribonucleotide reductase causing a subsequent
reduction of the dNTP pools required for DNA synthesis
[10]. It was also shown that 2-CdA interferes with the
proper repair of DNA strand breaks, which activate PARP-
1 with consequent NAD+ depletion leading to cell death
[12].
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Resistance to 2-CdA has been mainly ascribed to an
insufficient intracellular concentration of 2-CdA tripho-
sphates because of reduced levels of the activating enzyme
dCK [13], or to an increased degradation by increased 5'-
nucleotidase activities [8,14]. However, the role of genes
regulating apoptosis such as p53 or cell cycle arrest such as
p21™*F1 has not yet been clearly established.

After treatment with DNA damaging agents, p53 is up-
regulated and blocks the cell cycle at the G1/S checkpoint
or leads to apoptosis of the damaged cells. The G1/S phase
arrest involves activation of p21 WAFL [15], which functions
by associating with cyclin—-CDK complexes. Induction of
apoptosis by p53 involves anti-apoptotic genes such as Bcl-
2 and pro-apoptotic genes such as Bax [16]. Tumor cells
with inactivated p53 have generally displayed a greater
degree of resistance to DNA toxic agents [17]. This
resistance can be explained by abolished G1/S checkpoints
and reduced sensitivity to apoptosis.

Previous work has demonstrated the role of functional
pS3 protein in cellular response to 2-CdA treatment in non-
dividing chronic lymphocytic leukemia cells [18]. The
present study was designed to investigate whether inacti-
vation of p53 and p21™AF! proteins affects sensitivity to 2-
CdA cytotoxicity in dividing cells, and to determine their
role in the downstream biochemical signals that lead to
biological effects induced by 2-CdA.

2. Material and methods
2.1. Reagents

Stock solutions of cladribine (Leustatine®™) were pre-
pared in distilled water and fresh dilutions were prepared
before each experiment. Propidium iodide, MTT, 3-AB
and antibodies against J-actin were purchased from Sigma.
Antibodies against Bax (B-9) and p21WAFI (sc-187) were
purchased from Santa Cruz Biotechnology Inc.; antibodies
against p53 (DO7) and Bcl-2 were purchased from DAKO.
Antibodies against PARP-1 were purchased from Boeh-
ringer Mannheim; this antibody recognizes full length
PARP-1 and the large kDa PARP-1 fragment (89 kDa)
generated by caspases. Peroxidase-conjugated secondary
antibodies were purchased from Covalab. Enhanced che-
miluminescence Western blot detection reagents (ECL
system) were purchased from Amersham.

2.2. Cell lines

HCT116 cells are derived from a human colorectal
carcinoma. HCT116 p53+/+ (p53-+/+) cells contain wt-
p53 and p21™AF! while in HCT116 p53—/— (p53—/—),
both alleles of p53 have been deleted through homologous
recombination [19]; in HCT116 p21™AF'—/— cells,
p21"**" genes have been deleted through homologous
recombination [19] but this cell line contains wt-p53.

All cell lines were maintained in monolayer cultures on
75 cm? flasks in Dulbecco’s minimum Essential medium
containing 10% fetal calf serum, 1% L-glutamine and 2%
penicillin—streptomycin. All cell lines were kindly pro-
vided by Vogelstein.

2.3. Cytotoxicity assays

Cell viability was determined using the MTT assay as
previously described [20]. Briefly, asynchronously grow-
ing cells were transferred into 96-well cultures plates
(Costar™, Corning Inc.) in 100 pL of medium with a final
cell concentration of 3 x 103 cells per well and incubated
in media for 24 hr. Corresponding drug concentrations
were then added to each plate. After 72 hr of drug expo-
sure, 20 pL. of MTT reagent (5 mg/mL) was added to each
well. Cell viability was expressed as the percent of absor-
bance of treated wells relative to the untreated control
wells. The 1c5o was defined as the drug concentration
resulting in 50% loss of cell viability relative to untreated
cells. Assays were performed in triplicate in at least three
separate experiments. Based on this information, a con-
centration of 325 nM 2-CdA (ic;5 median value of p53+/+
cells [IC95%: 136-457]) was chosen for drug exposure
experiments. For PARP-1 inhibition experiments, p53 cells
were treated with 2-CdA as previously described with or
without 3-AB (10 mM; =ic,s for 3-AB on HCT116 cell
cultures in the absence of 2-CdA) for 72 hr and cell
viability was detected by MTT.

2.4. rt-PCR and quantitative real-time PCR

The level of mRNA expression of biological factors
involved in 2-CdA resistance was assessed by quantitative
real-time PCR at baseline in all cell lines. Cellular RNA
extraction and cDNA synthesis were performed as pre-
viously described, in a Perkin-Elmer 9600 thermal cycler
[8]. Quantitative real-time PCR was performed in a Light-
cycler detection system (Roche) as previously described
[21]. Briefly, cDNA (5 pL) was mixed with primers
(300 nM each), LightCycler-FastStart DNA Master SYBR
Green I (Roche) (hENT1 and RNR-M2) or LightCycler-
FastStart DNA master hybridization probes (Roche) (18S,
dCK and cN-II), and probes (130 nM; if necessary) in a
total volume of 20 pL for 40 cycles. Primers and probes
sequences are published elsewhere [21]. The data was
expressed as C,, which is the PCR cycle number at which
the accumulated fluorescent signal in each reaction crosses
a threshold above background. Mean C; values were then
normalized to the expression level in reference to a 18S
ribosomal RNA: AC,: sample mean C; — control mean C,.
The results were then expressed as 2~(AC). For each
sample, a ratio between the studied gene 2~ (A% values
and 18S ribosomal 2~(A¢) values were calculated and
considered as final amount of mRNA. All samples were
analyzed in three separate experiments.
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2.5. Flow cytometric detection of cell cycle and apoptosis

For analysis of DNA content and cell cycle distribution,
unfixed cells were treated with 2-CdA (325 nM) for 24 hr.
After drug-exposure, 10° cells/mL were resuspended in
2 mL of PI solution (50 pL/mL), incubated at 4° overnight
and then analyzed by flow cytometry [22]. For apoptosis
and necrosis determination, we used the Annexin-V-Fluos
Staining Kit (Boehringer Mannheim). Briefly, 10° cells/
mL cells were incubated with Annexin-V-fluorescein in a
HEPES buffer containing PI for 10 min and analyzed by
flow cytometry. Annexin-V is a Ca”—dependent phospho-
lipid-binding protein with high affinity for phospholipids.
This protein can hence be used as a sensitive probe for
phospholipid exposure upon the outer leaflet of the cell
membrane and is therefore suited for apoptosis detection.
The simultaneous application of PI which is used for dye
exclusion tests allows the discrimination of necrotic cells
(Annexin-V positive, PI positive stained cell cluster) from
the apoptotic cells (Annexin-V positively, PI negative
stained cell cluster) [23].

Flow cytometry was performed on a FACScalibur (Bec-
ton Dickinson). For determination of apoptotic and necro-
tic fractions, analysis was performed using CellQuest™
software (Becton Dickinson). Cell cycle distribution and
DNA ploidy status were calculated after exclusion of cell
doublets and aggregates on a FL2-area/FL2-width dot plot
using Modfit LT 2.0™ software (Verity Software Inc).

2.6. Northern blots

For Northern blot analysis, total RNA was extracted
using Tri-Reagent (Sigma). This procedure is an improve-
ment of the single-step method reported by Chomczynski
and Sacchi for total RNA isolation [24]. RNA samples
(10 pg) were separated by electrophoresis through a dena-
turing formaldehyde agarose gel and transferred to nylon
membranes (Hybond-N+; Amersham). Membranes were
labeled with p21™AF! cDNA probe.

2.7. Western blots

Protein expression was determined by Western blot
analysis in untreated cells and after 24 hr incubation with
2-CdA (325 nM). Briefly, protein was extracted from cells
with cold lysis buffer (20 mM Tris—HCI pH 6.8, 1 mM
MgCl,, 2 mM EGTA, 0.5% NP40, soybean trypsin inhi-
biteur (STI) 1 mg/mL, leupeptin 100 pg/mL, aprotinin
100 pg/mL, benzamidine 30 mg/mL, N-Tosyl-L-phenyl-
alanine chloromethyl (TPCK) 1 mg/mL and phenylmethyl-
sulfonyl potassium (PMSK) 5 mg/mL). Equal amounts of
protein were resolved by sodium dodecyl sulfate polya-
crylamide gel electrophoresis (SDS-PAGE) using gels of
8% (for PARP-1) or 12% acrylamide, and transferred onto
nitro-cellulose membrane (Hybond-ECL, Amersham
Corp.). The blots were incubated with appropriate dilution

of primary antibody (DO7, 1/1000; sc-187, 1/5000; Bcl-2,
1/500; B-9, 1/500; PARP-1, 1/2000), followed by incuba-
tion with peroxidase-conjugated secondary antibody. Pro-
tein signals were detected by chemiluminiscence and
exposure to Kodak film (Eastman Kodak Company). Hor-
izontal scanning densitometry was performed by utilizing
the Kodak Digital Science 1D image analysis software.
Adequate protein loading and blotting was controlled by
staining of membranes with Rouge Ponceau, as well as
immunoblotting with an anti-actin antibody (data not
shown).

2.8. Assays for caspase 3 activity

Determination of activation of caspase 3 at baseline and
after 24 hr of 2-CdA incubation were performed as pre-
viously described [25]. Untreated and treated cells were
resuspended in the lysis buffer (5x buffer Cold Spring
Harbor (CSH), Triton 0.01%, orthovanadate 1x and pro-
tease inhibitor 1x) at 4° for 30 min and centrifuged at 4°
for 15 min at 13,000 g.

The DEVD tetrapeptide labeled with a fluorogenic
substrate (AFC), DEVD-AFC, and the inhibitor (DEVD-
CHO) (Tebu) were used at 50 umol/L. For each cell lysate
three measures were performed using three groups: the
negative control: cell lysates were preincubated at 30° for
3 hr with DEVD-CHO in the reaction buffer (50 mmol/L
HEPES, 10% sucrose, 0.1% CHAPS (pH, 7.5)) and
10 mmol/L dithiothreitol (dTT) before addition of the
DEVD-AFC substrate; the blank group: DEVD-AFC sub-
strate incubated in the reaction buffer only at 30° for 1 hr;
the assay group: cell lysates were directly incubated 1 hr at
30° with DEVD-AFC substrate in the reaction buffer and
dTT.

Fluorescence measurements were performed after 1 (¢,)
and 2 hr (#¢o) of incubation. Caspase 3 activity was detected
by AFC release monitored on a spectrofluorometer (Kon-
tron Analytical SFM25) using an excitation wavelength of
400 nm and an emission wavelength of 505 nm. Caspase 3
activity was calculated with the following formula:
1 unit = (dFU/min) x (calibration curve slope) ™' x (1U/
L x 10~° mmol AFC/min), where dFU is the difference of
fluorescence units: (FU of the assay group at z59 — FU of
the blank group at #¢9) — (FU of the assay group at ¢, — FU
of the blank group at ).

3. Results
3.1. Detection of p53 protein by Western blot

We analyzed p53 expression after treatment with 2-CdA
(325 nM) by Western blot at different time intervals. In
p53+/+ and p21™AF!'_/— cells, we observed significant
wt-p53 accumulation in a time-dependent manner after
drug treatment with maximal effects obtained after 18 hr
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Fig. 1. Kinetics of p53 protein induction by 2-CdA in HCT116 cells. Cells
were exposed to 2-CdA (325 nM) for different time intervals (6-72 hr).
Western blots were performed on 50 pg of total cell protein with DO7 anti-
p53 antibody. p53+/+: HTC116 p53+/+; p53—/—: HCT116 p53—/—;
p21: HCT1116 p21WAF —/—

exposure to 2-CdA (Fig. 1). p53 protein accumulation was
detected up to 72 hr after exposure to 2-CdA. These data
indicate that 2-CdA can initiate p53 induction in tumor
cells. In p53—/— cells, no p53 protein expression was
detected (Fig. 1).

3.2. Detection of p21"**" by Northern and Western blots

We then examined whether 2-CdA induced p21™AF!
expression at the mRNA and protein level. For this pur-
pose, we analyzed p21V**! mRNA expression by Northern
blot and protein expression by Western blot in HCT116
cells treated with 2-CdA (325 nM) at different time inter-
vals. In p53+/+ cells, drug treatment led to an increase in
p21VAFL mRNA expression (Fig. 2A), with maximum
levels after 6 hr of exposure to 2-CdA. At the protein level
(Fig. 2B), maximal p21™*F! expression was detected at
48 hr after drug exposure. The kinetics of p21™*F' mRNA
and protein expression were thus correlated. The delay
between p21™AF!' RNA induction and p21™AF! protein
accumulation may be related to an earlier beginning of
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Fig. 2. Effect of 2-CdA on p21™A™ mRNA (A) and protein (B) expression
of HCT116 cell lines. p21™AF! RNA levels were determined by Northern
blotting and protein levels by Western blotting in cells exposed to 2-CdA
(325 nM) at different time intervals up to 72 hr. Data shown are representative
of three experiments. p53+/4+: HTC116 p53+/4; p53—/—: HCT116
p53—/—; p21: HCT1116 p21VAF —/—,

Table 1

Chemosensitivity of HCT116 cell lines exposed to graded concentrations
of 2-CdA for 72 hr (50% inhibitory concentration (icsy) values® were
obtained from dose response curves assessed by MTT assay)

Drug (nM) p53+/4° p53—/— p21—/—

2-CdA 31.7 £ 16 520 + 368 141 £ 52

%1cso values are means of three separate experiments each of which
was performed in triplicate; mean £ SD.

® p53+/+, HCT116 p53-+/+; p53—/—, HCT116 p53—/—; p21—/—,
HCTI1116 p21WAF! —/—

mRNA synthesis. As expected, there was no detectable
p21YAF! induction in cells lacking either p53 or p21WAF '

3.3. Effect of p53 and p21™™" status on chemosensitivity
to 2-CdA

To determine sensitivity of HCT116 cells to 2-CdA, cell
lines were incubated with this drug and the effects on cell
growth were measured using the MTT assay, as described
previously. As shown in Table 1, p53—/— cells were 16.4-
fold more resistant to 2-CdA than p53+/4 cells. Similarly,
p21VAF_/_ cells were 4.4-fold more resistant to 2-CdA
than p53+/+ cells.

3.4. Analysis of factors involved in 2-CdA metabolism
and drug targets by rt-PCR

To test whether resistance of p53—/— and p21"*F' —/—
cells was due to different mechanisms associated with 2-
CdA resistance, we analyzed by quantitative real-time PCR
the mRNA levels of biological factors involved in 2-CdA
metabolism and drug targets in the absence of drug expo-
sure. As shown in Fig. 3, hENT1 transporter, dCK, and cN-
IT were highly increased in p21VAF!'—/— cells. p53—/—
cells expressed lower levels of dCK while there were no
major differences in the mRNA expression of hENT1 and
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Fig. 3. Analysis of mRNA expression of biological factors possibly
involved in resistance to 2-CdA by quantitative real-time PCR. 18S: 18S
ribosomal RNA; ENTI1: human equilibrative nucleoside transporter 1;
dCK: deoxycytidine kinase; cN-II: high Km 5'-nucleotidase; M2:
ribonucleotide reductase M2 subunit. Quantitative rt-PCR was performed
as described in material and methods. p53+/4: HTC116 p53+/4-; p53—/—:
HCT116 p53—/—; p21: HCT1116 p21VAF —/—,
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Table 2
Analysis of cell cycle distribution and apoptosis in HCT116 cells by flow cytometry before and after 24 hr treatment with 2-CdA*®

p53+/+ p53—/— p21—/—

Control 24 hr Control 24 hr Control 24 hr
Gl 61.7 £ 10 433+ 14 51.2 + 149 63.3 =34 639 + 6.4 38.6 £9.9
S 30 + 8.7 564 £ 1.3 377 £ 1222 36.1 +£2.9 304 +£5.5 614 +99
G2/M 81+27 0.16 £ 0.2 10.8 £ 2.1 045 £ 0.8 54+1.1 02+04

* The reported values (mean & SD, N = 3) are expressed as percentage of total cells. Cells were treated with 2-CdA (325 nM).

cN-II between p53—/— cells and p5S3+-/+ cells. Analysis of
RNR-M2 (fraction containing the enzyme activity) showed
a higher level of mRNA expression in p21VAF —/— cells
than in p53+/+ cells (Fig. 3). In contrast, p53—/— cells
expressed almost no RNR-M2 in comparison to p53+/+.

3.5. Detection of 2-CdA-induced cell cycle alterations

Flow-cytometric cell cycle analysis of HCT116 cells
demonstrated that all cell lines were diploid with a mod-
erate proliferative index (Table 2). After 24 hr of contin-
uous exposure to 2-CdA, a substantial accumulation of
p53-+/4 cells in S-phase was observed with a decrease in
the GO/Gl and G2/M fractions. Similarly, after 24 hr
incubation with 2-CdA, p21WAF1—/— cells arrested in S-
phase while the GO/G1 and G2/M fractions were reduced.
Conversely, no S-phase arrest was observed in the pS3—/—
cells after drug treatment (Table 2). These results suggest
that the arrest in S-phase due to 2-CdA requires the
presence of p353 protein, but not p21™*F! protein.

3.6. Comparison of apoptotic and necrotic levels after
exposure to 2-CdA

To test whether the deficiency of p53 and p21 ™! led to
defective apoptotic and necrotic pathways in 2-CdA
exposed cells, we used the Annexin-V flow-cytometric
approach. Drug exposure caused an strong increase of
Annexin-V staining typical of apoptosis in p53+/+ cells
(Fig. 4, Table 3). However, the amount of apoptotic cells
increased slightly in p53—/— and p21"V*F'—/— cells after
exposure to 2-CdA (Table 3). Similarly, the proportion of
necrotic cells after 2-CdA exposure was higher in the
p53-+/4 cells than in the p53—/— and p21™*"!—/— cells.
These results demonstrated that cells lacking p53 and
p21VAF! were less susceptible to 2-CdA-induced apoptosis
and necrosis than p53+/+ cells.

3.7. Analysis of apoptotic pathways

Expression of Bax and Bcl-2 proteins were examined in
the three lines after a 24 hr exposure to 2-CdA. At baseline,
Bax expression was slightly decreased in pS3—/— cells and
increased in p21™VAF'—/— cells in comparison to p53+/+
cells (Fig. 5). After exposure to 2-CdA Bax protein expres-
sion strongly increased in p53+/+ cells while the expres-

sion of this protein was strongly reduced in p53—/— cells
and remained stable in the p21"*F'—/— line. Bcl-2 expres-
sion levels increased after drug treatment in the three lines.

Caspase 3 activity was similar in the three lines at
baseline, and no increase in caspase 3 activity was
observed in any line after exposure to 2-CdA (Table 3).
Analysis of PARP-1 expression showed an increase in the
expression of this protein after exposure to 2-CdA in the
three lines (Fig. 6). However, there was no PARP-1 clea-
vage, consistently with the lack of increase of caspase 3

Propidium iodide

Annexin-V-FITC

Fig. 4. Induction of apoptosis by 2-CdA treatment in HCT116 p53+/+
cells. Cells were incubated in the presence (B) or absence of 2-CdA (A)
(325 nM) for 24 hr and apoptosis was measured using the Annexin-V
staining kit as described in Section 2. The simultaneous application of
Annexin-V-FITC and propidium iodide (PI) allows the discrimination of
apoptotic cells (Annexin-V positive, PI negative stained cell cluster) from
the necrotic cells (Annexin-V positive, PI positive stained cell cluster).

Table 3
Apoptotic and necrosis percentage and caspase 3 activity in HCT116 cells
exposed 2-CdA

Apoptosis® Necrosis® Caspase 3

(%) (%) (pmol/min)
p53+/+ (Con)® 0.9 £+ 0.05 3+02 28.8 £ 15.8
p53+/+ (2-CdA) 185 9.2 £ 09 299 £+ 19
p53—/— (Con) 33 £05 1.1 £0.1 439 £ 232
p53—/— (2-CdA) 53+05 3+£02 36.6 + 21
p21—/— (Con) 3+£1 1.6 £ 04 249 + 13.7
p21—/— (2-CdA) 7+26 3.1+ 09 247 £ 123

* As measured by the flow cytometric Annexin-V-Fluos staining assay.

® Determination of percent apoptosis, necrosis and activation of
caspase 3 were performed after 24 hr of culture without (Con) or in the
presence of 2-CdA (325 nM) (2-CdA).
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Fig. 5. Effect of 2-CdA on expression of pro- (Bax) and anti-apoptotic (Bcl-2) proteins (B) by Western blot. HCT116 cells were treated with 2-CdA (325 nM)
for 24 hr and subsequently lysed, subjected to SDS-PAGE, and immunoblotted with corresponding monoclonal antibody as described in Section 2.
Horizontal scanning densitometry was performed by utilizing the Kodak Digital Science 1D image analysis software. The experiments shown are
representative of two performed. p53-+/-+: HTC116 p53-+/+; p53—/—: HCT116 p53—/—; p21: HCT1116 p21™VAF —/—

activity (Fig. 6A). The increase in PARP-1 content was
most evident in the p53+/+ line. To investigate the invol-
vement of PARP-1 in cell death induced by 2-CdA in
p53+/4 cells, we examined the effect of 3-AB, a PARP-1
inhibitor in p53+/4- cells treated with 2-CdA. As shown in
Fig. 6B, addition of 3-AB (10 mM) partially reduced the
cytotoxic effects of 2-CdA. In these cells, the i1c5o of 2-CdA
was 27.2 +£2.5nM in the absence of 3-AB and 155+
41 nM in the presence of 3-AB. These results suggest that
PARP-1 is involved in 2-CdA-induced cytotoxicity.

4. Discussion

To determine the role of p53 and p21™AF! in the
cytotoxicity of 2-CdA on dividing cells, we compared
the cytotoxic effects of 2-CdA on HCT colorectal lines
that differ in their p53 or p21™**! protein content. Our
results indicate that cells containing a wt-pS3 are more
sensitive to 2-CdA than p53—/— and p21VAF!'—/— cells.
These results are in keeping with previous reports showing
a correlation between p53 gene abnormalities and 2-CdA
resistance. Pettitt et al. observed that p53-knockout cells
were more resistant to 2-CdA than wild-type cells [26].
Moreover, p53 gene abnormalities have been correlated
with resistance to 2-CdA-induced killing in in vitro studies
of CLL cells [27,28]. Our results also show that p21WAFI is
related to 2-CdA sensitivity.

In our model, p53 but not p21VAF! status influences the
ability of cells to arrest at the G1/S checkpoint in response
to 2-CdA. p53-+/+ and p21™AF' —/— cells expressing p53

arrested in S-phase after drug exposure while p53—/— cells
continued to proliferate regardless of drug exposure. Of
note was that arrest of p21“*F!'—/— cells at the G1/S-phase
checkpoint was obtained in the absence of p21"*F! mRNA
or protein expression. Thus, after 2-CdA exposure, cell
arrest at the G1/S phase checkpoint is dependent on p53.
This indicates that p53-dependent cell cycle regulating
factors other than p21™**! are involved in 2-CdA-induced
cell cycle arrest.

We also observed that wt-p53 cells were more suscep-
tible to 2-CdA-induced apoptosis than p53—/— and
p21™VAF_/— cells. 2-CdA-induced apoptosis has been
reported to be associated with activation of caspase 3
[29,30]. However, caspase 3 levels were similar in the
three lines, and no increase in caspase 3 activity was
observed in either line after exposure to 2-CdA. Other
caspases or non-caspase proteases may be involved in 2-
CdA-induced apoptosis [31-33]. A number of apoptosis-
associated genes have been shown to be activated or
regulated by p53. Bcl-2 and Bax are proteins that have
opposing effects, with Bcl-2 serving to prolong cell survi-
val and Bax acting as an accelerator of apoptosis [16]. Our
results show strongly reduced Bax protein levels in the
pS3—/— cells after 2-CdA treatment whereas Bax levels in
p53+/+ were dramatically increased and did not vary in
p21WAFI_/_ cells. In contrast, Bcl-2 protein slightly
increased in the three lines after exposure to 2-CdA.
Bax participates in the formation of the mitochondrial
permeability transition pore that allows the release of
cytochrome ¢ and apoptosis inducing factor (AIF) that
precedes apoptosis [34]. Thus, it is likely that the higher
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Fig. 6. Western blot analysis of PARP-1 expression after 2-CdA treatment
(A) and effects of PARP-1 inhibition on 2-CdA-induced cell lysis (B). For
(A), HCT116 cells were treated with 2-CdA (325 nM) for 24 hr and
subsequently lysed, subjected to SDS-PAGE, and immunoblotted with
PARP-1 monoclonal antibody as described in Section 2. Horizontal
scanning densitometry was performed by utilizing the Kodak Digital
Science 1D image analysis software. The experiments shown are
representative of two performed. p53+/+4: HTC116 p53+/+; p53—/—:
HCT116 p53—/—; p21: HCT1116 p21™AF'—/—. For (B), p53+/+ cells
were plated at 3 x 10% cells per well in the presence of increasing
concentrations of 2-CdA with (W) or without (WO) 3-AB (10 mM). Cell
growth was determined by the MTT assay after 72-hr incubation. The
results shown are representative of four performed in triplicate.

10000

anti-apoptotic to pro-apoptotic protein ratio observed in
pS3—/— cells after exposure to 2-CdA confers a survival
advantage to these cells in comparison with the p534-/+ or
p21VAF _/_ cells, as has previously been suggested [35].
Whether the lower anti-apoptotic to pro-apoptotic protein
ratio observed in p21™AF!—/— cells explains the slightly
higher apoptotic level and the lower resistance observed in
this line compared to p53—/— line is not yet clear.
PARP-1 plays a role in DNA repair by signaling geno-
mic damage [36]. PARP-1 activation has also been sug-
gested to be involved in cell killing by 2-CdA [37].
Apparently, inhibition of ongoing DNA repair by 2-CdA
favors the accumulation of DNA breaks, inducing PARP-1
activation resulting in consumption of NAD and depletion

of total adenine nucleotides [37,38]. ATP depletion pre-
disposes cells to cellular necrosis [39,40]. Moreover, it
seems likely that PARP-1-mediated ATP depletion might
contribute to the cell membrane disruption that occurs
during the late stages of apoptosis [41]. In our model,
p53-+/4 cells expressed higher levels of uncleaved PARP-
1 (113 kDa) after exposure to 2-CdA. In these cells, 2-CdA
also induced more apoptosis and necrosis than in p53—/—
or p21WAF!_/_ cells. These results indicate that PARP-1
may contribute to the induction of 2-CdA-induced killing
in proliferating cells. Moreover, PARP-1-mediated killing
may be related to the absence of p21™*F! but not to p53
deficiency since PARP-1 downregulation was observed in
p53—/— cells and in p21™AF'—/— cells expressing p53
protein (neither of these cell lines expressed p21WVAF
protein). Conversely, Pettitt recently published that in
resting lymphocytes, PARP-1 may act as p53-independent
mechanism of cell killing responsible for cytotoxicity in
cases in which both alleles of p53 were mutated [42]. The
fact that inhibition of PARP-1 by 3-AB-induced drug
resistance in the p53+/4 cells suggests the role of
PARP-1 in 2-CdA-induced cytotoxicity and may provide
an explanation for the much stronger effects of 2-CdA
toward p534-/+ proliferating colorectal cells in compar-
ison to p53—/— and p21"VAF!'—/— cells. However, as 3-AB
is likely to inhibit enzymes other than PARP-1 at the high
concentration used in this study, our results need confirma-
tion with more specific PARP-1 inhibitors [43].

The analysis of parameters involved in 2-CdA transport
or metabolism did not demonstrate alterations in pS3—/—
or p21—/— cells which could explain a drug-resistant
phenotype. We found that p5S3—/— cells expressed slightly
lower levels of dCK and strongly reduced levels of the M2
subunit from RNR. In reference to dCK, it is important to
stress that in vitro cells having at least 10% normal levels of
dCK can activate dCK-dependent compounds such as
nucleoside analogues, suggesting that in p5S3—/— cells
2-CdA activation may be thought to proceed normally.

One of the major limitation of our study is the use of
HCT116 cells given that 2-CdA is not known for its
therapeutic efficacy against colorectal cancer. These cell
lines were chosen because of the availability of p53- and
p21-null derivatives. However, the sensitive HCT116
pS3+/+ cell line showed 1cs5q values (31.7 & 16 nM) in
a range similar to that reported for leukemia or lymphoma
cells treated with 2-CdA (ranging from 10 to 500 nM) and
human B-cell lymphocytes (approximately 200 nM)
[8,44,45].

It must be also stressed that the use of lines with deleted
genes through homologous recombination has a major
caveat which is the genetic drift over time with accumula-
tion of chromosomal aberrations which may be involved
in chemoresistance mechanisms. One way to avoid this
problem is to study inducible p53 or p21™AF! variants,
an approach which is currently being developed in our
laboratory.
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In summary, in wt-p53 cells, 2-CdA elicits a DNA
damage response characterized by p53 and p21“*F! acti-
vation, cell cycle arrest in G1/S phase and PARP-1 and Bax
overexpression. These events induce apoptosis and necro-
sis. In the absence of p21VAF! 2-CdA also induces a p53
response with cell cycle arrest in G1/S phase. However,
p21™VAF_/— cells showed a lower PARP-1 expression and
no modifications of the Bcl-2/Bax ratio. These differences
were associated with a lower level of apoptosis and necro-
sis than those observed in p53+/+ cells and a drug-
resistant phenotype. On the other hand, the lack of a
functional p53 protein allows the cells that eventually
accumulate DNA damage to continue proliferating. In
pS3—/— cells, both apoptotic and necrotic pathways are
altered as reflected by the increased levels in the Bcl-2/Bax
ratio and the lower PARP-1 expression favoring drug
resistance. More work will be necessary to unravel possible
connections between p353, p21"VAF!, PARP-1 regulation
and cell death induced by 2-CdA.
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