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There was an early induction of MMR proteins in p53-effi-

cient lines.  Conclusion:  p53 provokes a classic proapoptotic 

response by delaying G1-to-S progression, but it may also 

facilitate cell killing by enhancing MMR-related cell cycle ar-

rest and cell death.  Copyright © 2010 S. Karger AG, Basel and IAP 

 Introduction 

 Pancreatic cancer is the fourth and fifth most frequent 
cause of cancer mortality in men and women respective-
ly in the US  [1] . Estimated new pancreatic cancer cases 
and deaths in the US in 2005 are 32,160 and 31,800, re-
spectively  [2] . Surgery is an option in less than 1 of 5 pa-
tients, and even with tumor resection the majority of pa-
tients succumb to the disease  [3] . Chemotherapy for ad-
vanced pancreatic cancer is palliative in nature. The use 
of 5-FU in combination with radiation in the locally ad-
vanced setting has been shown to enhance survival; how-
ever, results have been inconsistent  [4, 5] . Gemcitabine 
emerged as the cornerstone of current chemotherapy for 
pancreatic cancer based on the results of a randomized 
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 Abstract 

  Background:  Though an increased efficacy of carmustine 

and temozolomide (TMZ) has been demonstrated by inacti-

vation of O 6 -methylguanine-DNA methyltransferase (MGMT) 

with O 6 -benzyl-guanine (BG) in human pancreatic tumors 

refractive to alkylating agents, the regulatory mechanisms 

have not been explored.  Methods:  The effects of TMZ and 

BG on apoptosis, cell growth, the mitotic index, cell cycle 

distribution, and protein expression were studied by TUNEL, 

cell counting, flow cytometry, and Western blot analysis, re-

spectively.  Results:  The wt-p53 human pancreatic tumor cell 

line Capan-2 and p53-efficient mouse embryonic fibroblasts 

(MEFs) were more responsive to treatment with TMZ + BG 

than mutant p53 Capan-1 and p53-null MEFs. S phase delay 

with a subsequent G2/M arrest was observed in Capans in 

response to BG + TMZ. The G1-to-S transition delay in Ca-

pan-2 was associated with p53-dependent apoptosis and 

was distinctly different from the presumed mismatch repair 

(MMR) killing operative during the G2/M arrest. The effect of 

p53 on BG + TMZ toxicity was supported by a marked change 

in apoptosis when p53 function was restored/inactivated. 
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trial comparing it with 5-FU in patients with advanced 
unresectable disease  [6] . Current gemcitabine- or 5-FU-
containing combinations may result in longer survival 
times than those observed with single-agent therapy; 
however, results to date remain preliminary  [6] . The un-
responsiveness of pancreatic tumors to chemotherapy  [7]  
may reflect extensive activation of prosurvival pathways 
 [8]  by the activation of  K-ras  (90%) and the inactivation 
of tumor suppressors  p16/Rb  ( 1 90%),  p53  (75%), and 
 SMAD4/DPC4  ( 1 50%). Furthermore, the failure to de-
sign effective treatments against pancreatic tumors is due 
to the silencing of several proapoptotic and cell cycle con-
trol mechanisms by a wide spectrum of mutations.

  Genotoxic alkylating agents, including nitrosoureas, 
have been used unsuccessfully against pancreatic cancer 
 [9]  presumably because of the presence of high levels
of O 6 -methylguanine-DNA methyltransferase (MGMT) 
protein  [10] . An impressive improvement in the efficacy 
of alkylating drugs against pancreatic tumor xenografts 
has been demonstrated following the inactivation of 
MGMT by O 6 -benzyl-guanine (BG) prior to treatment 
with either the DNA cross-linking agent carmustine 
(BCNU) or the methylating agent temozolomide (TMZ) 
 [11] . MGMT depletion enhances cell killing via preserva-
tion of the O 6 -MeG adducts which trigger DNA mis-
match repair (MMR)-related cell cycle arrest and killing 
 [12] . Such killing is not well understood, but it has been 
postulated that O 6 -MeG causes single-strand and dou-
ble-strand DNA breaks due to its mismatched pairing 
with T or C and the subsequent recognition of the mis-
match by Mut-S  [13–15] . In turn, DNA breaks induce the 
ataxia-telangiectasia mutated (ATM)/ATR response, the 
phosphorylation/activation of Chk1, and the possible ac-
tivation of p53 and the FAS receptor which lead to G2/M 
arrest  [16–18] . A G2 arrest may also be derived from the 
activation of p38 and may involve CDC25 and CDC2 
 [19–22] . In addition, O 6 -MeG could trigger the induction 
of p21 signaling, but there are reports that the synthesis 
of this cell cycle inhibitor is delayed or not involved in 
cell cycle arrest in certain tumors  [23] . A possible conse-
quence of p21 induction could be mediated by G1/S ar-
rest, the abrogation of which prevents the functional in-
duction of apoptotic response by the BAX/BCL-2 path-
way and leads to survival  [24–26] . Further improvement 
in the efficacy of DNA-methylating drugs, such as TMZ, 
against pancreatic neoplasms is possible based on the 
discovery of secondary post-MGMT mechanisms of tu-
mor resistance  [10] . Preliminary data suggest that one 
such mechanism is associated with a loss of p53 and 
probably of other tumor suppressor genes that regulate 

cell cycle check points in response to DNA damage  [27] . 
In this communication, we further examine the involve-
ment of p21 in conjunction with other p53-inducible 
genes in uncovering the functional role of p53 in the in-
duction of cell cycle check points that are likely to be in-
volved in the toxicity of TMZ + BG against pancreatic 
neoplasms. Isogenic mouse fibroblast lines differing in 
the expression of p53 are also used to underline p53-re-
lated differences and similarities between normal and 
malignant cells.

  Methods 

 Cell Lines 
 Pancreatic cell lines Capan-1 (mut-p53) and Capan-2 (wt-p53) 

were purchased from the American Type Culture Collection 
(Rockville, Md., USA) and grown in DMEM with high glucose 
(Gibco-BRL) supplemented with 10% fetal bovine serum and 1% 
penicillin streptomycin at 37   °   C and 5% CO 2 . Primary wild-type, 
p53(+/+), p53(+/–), and p53(–/–) mouse fibroblasts (MEFs) from 
normal mice at passage 3, provided by Dr. Tyler Jacks (Depart-
ment of Biology, Center for Cancer Research, and Howard Hughes 
Medical Institute, Massachusetts Institute of Technology, Cam-
bridge, Mass., USA), were grown under similar conditions.

  Plasmids and Transient Transfection 
 Human plasmid pCMV-p53 (Clontech Laboratories, Moun-

tain View, Calif., USA) and pCMV-mouse verified full-length p53 
cDNA clone (Open Biosystems, Huntsville, Ala., USA) that ex-
press the human wild-type p53 and mouse wild-type p53 tumor 
suppressor proteins, respectively, under the constitutive CMV 
promoter were used for restoration of the p53 function in Capan-1 
(that harbor endogenously mutated p53) and MEF [p53 (–/–)] cells 
by transient transfections. Cells were transiently transfected im-
mediately after trypinsinzation and replated using the improved 
transfection technique for adherent cells with Effectene reagent 
(Qiagen, Valencia, Calif., USA)  [28] . Briefly, the cells were incu-
bated with lipid-DNA complexes at 37   °   C and 5% CO 2 . Ten micro-
grams of the p53 expression plasmids or 10  � g of the empty vector 
were used. After transfection for 48 h, cells were exposed to BG/
TMZ (30/500  �  M ).

  Treatments 
 The TMZ was generously donated by Schering Plough, Inc. 

(Kenilworth, N.J., USA). BG was synthesized  [11]  and donated by 
Dr. Robert Moschel (Frederick Cancer Center, Frederick, Md., 
USA). A 30-m M  stock solution of BG in 40% PEG in phosphate-
buffered saline (PBS) stored at 4   °   C was diluted 1:   1,000 times in 
growth medium at a final concentration of 30  �  M . A 100-m M  
stock solution of TMZ in DMSO was stored at –20   °   C until used. 
Cultures were treated with DMSO (–BG controls), BG + DMSO 
(+BG controls), TMZ (TMZ-treated), or TMZ + BG (BG/TMZ-
treated). Treatment was performed as follows: Cultures at about 
40% confluence were preincubated in control medium or in BG 
containing medium 24 h before TMZ treatment (50–1,000  �  M ). 
The medium was aspirated and cultures washed twice with PBS. 
Serum-free medium without BG was added to all the flasks and 
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the required volume of TMZ or DMSO was added and mixed vig-
orously in less than 5 s. Cultures were incubated at 37   °   C for 30 
min, the medium was aspirated, and serum containing medium 
with BG (BG/TMZ-treated and +BG controls) or without BG 
(TMZ-treated and –BG controls) was added to the cultures which 
were subsequently incubated at 37   °   C for a maximum of 8 days. 
DMSO concentrations varied from 0.2 to 1% v/v during the treat-
ment with TMZ; however, exposure to this agent was transient 
and lasted only 30 min.

  Flow Cytometric Analysis 
 Flow cytometry was performed as previously described  [29] . 

Untreated, BG-treated, TMZ-treated, and BG/TMZ-treated cells 
(1  !  10 6 ) were washed in PBS and counted using a Neubauer 
chamber at various time intervals following treatment to deter-
mine cell growth. Cells were then fixed in ice-cold ethanol. Fixed 
cells were pelleted and resuspended in 500  � l of PBS. RNA was 
eliminated by treating cells with RNAse A (Sigma, St. Louis, Mo., 
USA). Cells were then stained with propidium iodide in PBS and 
analyzed using a FACStar Calibur (Becton Dickinson) cell sorter. 
The cell cycle distribution at each time point was determined in 
triplicate.

  Quantitation of Apoptosis 
 Apoptosis was quantified by TUNEL staining. An in situ  

 apoptosis detection kit (Roche Diagnostics Corporation, India-
napolis, Ind., USA) which detects the DNA strand breaks in single 
cells by terminal transferase-mediated fluorescein-dUTP end la-
beling was used as per the instructions provided by the manufac-
turer  [30] . Briefly, cells were seeded in chamber slides (Nunc, Inc., 
Naperville, Ill., USA) and 24 h later were preexposed to 30  �  M  BG 
for 24 h followed by TMZ treatment for 30 min; they were then 
harvested at 48 and 96 h, respectively, and stained for apoptosis. 
The stained specimens were observed in a triple band-pass filter 
using a Nikon microphoto epifluorescence microscope. To deter-
mine the percentage of cells showing apoptosis, 2 experiments in 
total were performed and approximately 1,000 cells were counted 
in each experiment at 5 different locations. The number of cells 
containing visible chromosomes was also counted and divided by 
the total number of cells in the field of view to determine the mi-
totic index.

  Immunofluorescence Assay 
 Pancreatic tumor cells cultured on Lab-Tek chamber slides 

(Nunc) were left untreated or treated with BG/TMZ or BG alone 
and 48 h after exposure were fixed in buffered formalin. Nonspe-
cific sites were blocked with 3% BSA in PBS (pH 7.4) with 0.25% 
Tween 20 for 30 min. Slides were then incubated overnight at 4   °   C 
in primary antibody rabbit polyclonal anti-p21 (Santa Cruz Bio-
technology, Santa Cruz, Calif., USA) that was diluted to 1:   100 
with the blocking buffer. After washes in PBS (pH 7.4) with 0.25% 
Tween 20 (3 times each for 15 min), the cells were exposed to sec-
ondary antibody Cy3-conjugated anti-rabbit IgG that was diluted 
to 1:   1,000 in blocking buffer. After 3 washes in PBS (pH 7.4) with 
0.25% Tween 20 (3 times each for 15 min) and 1 wash in PBS for 
15 min, the slides were mounted with aqueous mounting media 
using antifade and 4�,6-diamidino-2-phenylindole (DAPI) (Vecta-
Shield; Vector, Burlingame, Calif., USA) and visualized using a 
triple band-pass filter in a Nikon epifluorescence microscope.

  siRNA Assay 
 The siGENE SMARTpool TP53 targeting human p53 mRNA 

was purchased from Dharmacon Research (Lafayette, Colo., 
USA). Transient transfections in Capan-2 were performed as de-
scribed above either with the siRNA for p53 or the control siRNA. 
The cells were left untreated or were treated with 30  �  M  BG plus 
500  �  M  TMZ or BG alone after 48 h of transfection. TUNEL and 
Western blot analysis for the p53 target genes were performed
48 h after treatment.

  Western Blot Analysis 
 Total proteins were extracted from untreated, BG-treated, 

TMZ-treated, and BG/TMZ-treated cultures at various time 
points and subjected to Western blot analysis as described earlier 
 [30] . Total proteins were electrophoresed in SDS-PAGE and trans-
ferred to a PVDF membrane. After blocking by milk, the mem-
brane was incubated in a milk solution containing antibodies spe-
cific to p21 (sc-817), Bcl-2 (sc-509), Bax (sc-493), p53 (Sc-126) or 
p53 (Pab-246 in case of MEFs), hPMS2 (E-19), hPMS1 (C-20), 
hMSH2 (N-20) or MLH1 (C-20), and p27 (sc-528) supplied by San-
ta Cruz. The bound antigen-antibody complex was detected by 
the secondary antibody (monoclonal or polyclonal, depending on 
the primary antibody) and the chemiluminescence kit (Amer-
sham BioSciences UK Ltd., Little Chalfont, UK). The same mem-
brane was used for  � -actin levels detected by anti- � -actin anti-
body (Sigma) as an internal loading control. Protein expression 
by Western blot analysis was performed in triplicate.

  Statistical Analysis 
 Values are expressed as means  8  standard error and were 

compared by ANOVA analysis. Data were considered significant-
ly different when p  !  0.05.

  Results 

 Effects of BG/TMZ Treatment on Cell Proliferation, 
the Mitotic Index, and Apoptosis in MEFs 
 The rate of cell growth as well as cell death determined 

by the induction of apoptosis was dependent on p53 sta-
tus in MEFs ( fig. 1 ). Induction of apoptosis was assessed 
as a function of increasing concentrations of TMZ 48 h 
posttreatment by TUNEL assay in the presence of BG 
( fig. 1 a). An enhanced cell death was observed with in-
creasing concentrations of TMZ in the presence of BG in 
MEFs having a functional p53 ( fig. 1 a, b). Induction of 
apoptosis, however, was saturated after 500  �  M  TMZ in 
both MEF p53 (–/–) and MEF p53 (+/+) cells. Overall 
growth and apoptotic indices (apoptotic figures per 1,000 
cells) in MEF cell cultures were not significantly affected 
by the presence of PEG (1%), DMSO (up to 1%), or BG (30 
 �  M ) ( fig. 1 c). TMZ alone inhibited the growth of MEF 
(+/+) cells at 96 h and of MEF (+/–) and MEF (–/–) cells at 
48 h. However, cells resumed growth after 48 h. Inhibi-
tion of growth in MEFs by TMZ alone was not due to in-
creased apoptosis ( fig. 1 c). Treatment of cells with BG/
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TMZ resulted in a 2.5- to 22-fold increase in apoptosis 
compared to untreated cells at 48 h with a maximum in-
duction in MEF (+/–) cells ( fig. 1 c). At 96 h posttreatment 
the apoptotic indices, though still higher than in the un-
treated groups, were reduced significantly in all cells. Im-
pairment of the growth of MEF (+/+) and MEF (+/–) by 
TMZ/BG was due to a loss of mitotic activity between 48 
and 96 h (data not shown) and increased apoptosis be-

tween 0 and 48 h ( fig. 1 ). Although, the apoptotic indices 
were statistically greater in BG/TMZ-treated MEF (–/–) 
than in the controls or TMZ-treated (p  !  0.05) cells, the 
extent of apoptosis was lower in MEF (–/–) than in MEF 
(+/+) or MEF (+/–). The weak effect of BG/TMZ treat-
ment on the induction of apoptosis allowed the growth of 
BG/TMZ-treated MEF (–/–) cells at rates comparable to 
those in the untreated controls ( fig. 1 c).
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  Fig. 1.  Concentration-dependent 
effects of TMZ on the induction 
of apoptosis and effects of TMZ 
and BG on the growth and apop-
totic indices of mouse embryonic 
fibroblasts p53 (+/+, +/–, –/–).
 a  Induced apoptosis in MEF p53 
(+/–) and (–/–) cells in response to 
BG/TMZ treatment. Cells were 
treated with 0–1,000  �  M  TMZ 
plus 30  �  M  BG and subjected to 
TUNEL analysis at 48 h after 
treatment. Bars depict the aver-
age from 2 independent experi-
ments  8  standard error of 5 mea-
surements per sample.  b  Micro-
graphs showing apoptotic death 
using TUNEL on MEF p53 (+/–) 
and (–/–) cells in response to to 
BG/TMZ (30/500  �  M ) 48 h after 
treatment.  c  Effects of TMZ and 
BG on growth and apoptotic in-
dices. Cells were untreated or 
treated with PEG (continuously; 
control for BG), BG (30  �  M -con-
tinuously), DMSO (30 min-con-
trol for TMZ), TMZ (30 min with 
250  �  M ), or BG + TMZ (30 min 
with 30/250  �  M ). The total num-
ber of cells and the number of 
apoptotic cells were determined 
at 48 and 96 h after treatment. 
Apoptotic indices are defined as 
the number of apoptotic bodies 
counted per 1,000 cells. Bars de-
pict the average from 2 indepen-
dent experiments  8  standard er-
ror of 5 measurements per sam-
ple. UT = Untreated. 
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  Effects of BG/TMZ Treatment on Cell Proliferation, 
the Mitotic Index, and Apoptosis in Capan-1 and 
Capan-2 Cells 
 Induction of apoptosis assessed by TUNEL assay as a 

function of increasing concentrations of TMZ showed 
that BG/TMZ treatment markedly enhanced apoptosis in 
both Capan-1 and Capan-2; this is true particularly for 
the later, which showed no significant changes at TMZ 
concentrations between 100 and 500  �  M  but did display 
a further increase at 1,000  �  M  ( fig. 2 a). The growth of 
Capan cells, like that of MEFs, was not affected by the 
presence of PEG, DMSO, or BG ( fig. 2 b). TMZ had a mar-
ginal inhibitory effect on the growth of Capan-2 and no 
effect on the growth of Capan-1 ( fig. 2 b). A marked inhi-
bition of growth was observed in both Capan-1 and Ca-
pan-2 cells 48 h after treatment with BG + TMZ. At 96 h 
after treatment, Capan-1 cells started to recover as an in-
crease in cell number was observed, but growth inhibi-
tion was extended up to 96 h in Capan-2 cells ( fig. 2 b). A 
greater responsiveness of Capan-2 versus Capan-1 to BG/
TMZ was primarily due to robust apoptosis in Capan-2 
which was maintained for at least 96 h although a mar-

ginal reduction in the mitotic index was also observed in 
these cells. In Capan-1 cells, however, mitotic indices re-
mained unchanged with BG/TMZ treatment, suggesting 
a role of only apoptosis in the observed growth inhibition 
effects ( fig. 2 b). The absence of apoptosis in pancreatic 
tumor cells treated with TMZ alone indicated that unre-
paired O 6 -MeG is necessary for p53-dependent cell death 
in the first 48 h of exposure.

  Effects of BG/TMZ Treatment on Cell Cycle 
Distribution in Capan-1 and Capan-2 Cells 
 The absence of an effect of TMZ alone in pancreatic 

tumor cells is further demonstrated in  figure 3  by cell 
cycle kinetics studied by flow cytometry. Cell cycle kinet-
ics in both Capan-1 and Capan-2 remained nearly unal-
tered after treatment with TMZ at concentrations as high 
as 500  �  M  ( fig. 3 ). The continuous treatment of cell cul-
tures with BG, starting 1 day prior to TMZ exposure, re-
sulted in the severe inhibition of S phase progression and 
subsequently led to a G2/M block in both Capan-1 and 
Capan-2 cells ( fig. 3 ). The robust G2/M block observed in 
both the cell lines coupled with the apparent greater ex-
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tent of the inhibition of mitosis and the greater apoptotic 
indices in Capan-2 compared to Capan-1 ( fig. 2 b) indi-
cated a stricter G2/M cell cycle block in Capan-2. The 
higher G2 population in Capan-1 compared to Capan-2 
at 48 h supports our thesis that the higher incidence of 
apoptosis in Capan-2 is dependent on p53- and not MMR-
related processes that operate in G2.

  Effects of BG/TMZ Treatment on the Expression of 
Proteins Involved in Cell Cycle Arrest, Apoptosis, and 
DNA Repair in MEFs and Capan-1 and Capan-2 Cells 
 The kinetics of the expression of proteins involved in 

cell cycle arrest, i.e. p21 and p27, antiapoptotic BCL-2, 
and proapoptotic BAX, was analyzed in p53 (+/+), (+/–), 
and (–/–) MEF cells at different time intervals following 
treatment with BG/TMZ ( fig. 4 a). Levels of  � -actin were 
assessed as loading controls ( fig. 4 a). Basal levels of p21 
were significantly lower in untreated MEF (–/–) than in 
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  Fig. 2.  Effect of TMZ and BG on the growth 
and mitotic and apoptotic indices of pan-
creatic cell lines Capan-1 (mut p53) and 
Capan-2 (wt-p53).  a  Induced apoptosis in 
Capan-1 and Capan-2 cells in response to 
BG/TMZ treatment. Cells were treated 
with 0–1,000  �  M  TMZ plus 30  �  M  BG and 
subjected to TUNEL analysis at 48 h after 
treatment. Bars depict the average from 2 
independent experiments  8  standard er-
ror of 5 measurements per sample.  b  Ef-
fects of TMZ and BG on growth and mi-
totic and apoptotic indices. Cells were un-
treated or treated with PEG (continuously; 
control for BG), BG (30  �  M ; continuously), 
DMSO (30 min; control for TMZ), TMZ 
(30 min with 250  �  M ), or BG + TMZ (30 
min with 30/250  �  M ). The total number of 
cells and the number of apoptotic/mitotic 
cells were determined at 48 and 96 h after 
treatment. Apoptotic/mitotic indices are 
defined as the number of apoptotic/mitot-
ic bodies counted per 1,000 cells, respec-
tively. Bars depict the average from 2 inde-
pendent experiments  8  standard error of 
5 measurements per sample. UT = Un-
treated. 
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MEF (+/–) and MEF (+/+) cells. The p21 levels did not 
change in response to BG/TMZ in the p53-null cell line, 
but were markedly upregulated in p53-efficient MEFs up 
to 48 h after drug exposure. The proapoptotic BAX was 
weakly present in MEF (+/+, +/–), while it was modestly 
expressed in p53 (–/–) MEF cells. Its expression was en-
hanced at late stages following treatment in p53 (+/–) and 
(+/+) cells. On the other hand, expression of BCL-2 was 
markedly downregulated immediately after treatment 
with BG/TMZ in p53-efficient lines and was found to be 
upregulated in p53-null MEFs. These results suggest that 
induction of p21 by BG/TMZ may be linked with apop-
tosis via a decrease in BCL-2/BAX ratios. Unlike p21, 
which was upregulated in MEF (+/+, +/–) cells, p27 was 
significantly downregulated, suggesting the facilitation 
of a G1-to-S transition.

  The kinetics of p53, p21, BCL-2, and BAX expression 
in Capan-1 and Capan-2 in response to BG/TMZ treat-
ment are shown in  figure 4 b. Capan-1 showed elevated 
basal levels of p53 and p21. In Capan-2, p53 was upregu-
lated in response to BG/TMZ treatment. Such upregula-
tion was retained for 24 h with a concomitant increase in 
p21 that lasted 72 h. This coincided with a decline in the 
G1 population from 57 to 36% and a concomitant in-
crease in the S population from 32 to a maximum of 50% 
with stable G2 ( fig. 3 b). Although p21 function was re-
stored at 48 h and was maintained for 72 h at near-control 
levels in Capan-1, G1 was suppressed and cells accumu-
lated exclusively in S (64%) and G2 (22%). After 72 h, there 
was a marked loss of p21 and the reemergence of p27 that 
was suppressed at 48 h ( fig. 4 b). To further substantiate 
the role of p21 in apoptosis in response to BG/TMZ treat-
ment, the nuclear translocation of p21 was analyzed by 
immunofluorescence in Capan-1 and Capan-2 cells 
( fig.  5 ). An increased nuclear presence of p21 was ob-
served in Capan-2 cells treated with BG/TMZ at 48 h, but 
not in those treated with BG alone, and this translocation 
was absent in Capan-1 cells ( fig. 5 ). Since cytoplasmic p21 
may protect cells from growth arrest, it is suggested that 
the high expression of p21 in p53-deficient MEF and Ca-
pan-1 is related to the protection of these cells from apop-
tosis.

  Analysis of the expression of BAX and BCL-2 in pan-
creatic cancer cells showed that BAX-d expression re-
mained nearly constant in Capan-2 following treatment 
with BG/TMZ, while BCL-2 was eliminated at 24 h post-
treatment ( fig. 4 b). These results are similar to those ob-
served in MEF (+/–, +/+) lines ( fig. 4 a), indicating that 
marked changes in BAX/BCL-2 ratios immediately after 
BG/TMZ treatment may be linked to early apoptotic 

death in Capan-2 but not in Capan-1, in which BAX-d is 
elevated 96 h after treatment. Transition of cells from G1 
to S may be facilitated in Capan-2 by a reduction of p27 
levels in response to BG/TMZ treatment similar to MEFs 
(+/+, +/–). Since induction of p21 and loss of p27 is likely 
to result in S phase accumulation, it is postulated that the 
less severe S phase block in Capan-2 is due to a p21-de-
pendent apoptosis of S phase cells having O 6 -MeG ad-
ducts. Moreover, these results indicate that mitosis may 
be inhibited by p27, while cells die in G2 in response to a 
marked elevation of BAX/BCL-2 ratios.

  The onset of an MMR response to O 6 -MeG:C(T) pairs 
that was maintained by the continuous presence of BG 
was manifested by the marked G2 arrest which was as-
sociated with increased death rates in both p53-efficient 
and p53-deficient cell cultures at time intervals from 96 
to 144 h for Capan-2 and from 48 to 144 h for Capan-1 
( fig. 2 b,  3 ). The magnitude and kinetics of the MMR re-
sponse were examined by assessing the induction of the 
MMR proteins, MLH1, PMS1 and PMS2, and MSH2 in 
these 2 cell lines in response to BG/TMZ ( fig. 4 b). PMS1 
and PMS2 were expressed highly in untreated Capan-1. 
Their levels declined 24 h after treatment and resurged at 
48 h. MSH2 and MLH-1, however, remained unchanged 
in response to BG/TMZ. In contrast to Capan-1, PMS1 
and PMS2 were induced in Capan-2 at 24 h after treat-
ment and remained highly expressed. MSH2 reached a 
zenith at 144 h, while MLH-1 was upregulated 24 h after 
treatment but declined afterwards. The levels of MMR 
proteins fluctuated in a manner that may show a possible 
loss of MMR control early on after treatment in Capan-1, 
but an increased MMR control in both Capan-1 and Ca-
pan-2 at time intervals exceeding 72 h after treatment. 
This fluctuation in MMR proteins which occurs primar-
ily in p53-efficient cells that arrest in G1 in response to 
DNA methylation needs to be further investigated in or-
der to assess its significance in MMR-related late cellular 
death.

  The Role of p53 in Cellular Response to BG/TMZ 
Treatment in MEF Cells 
 In order to further examine the effect of p53 on the cell 

response to TMZ treatment, p53 (–/–) MEF cells were 
transiently transfected using the CMV-p53 or vector-
alone constructs. Transiently transfected cells were treat-
ed with either BG or with BG/TMZ and then TUNEL 
assay was performed at 48 h after treatment ( fig. 6 a). MEF 
(–/–) cells transfected with CMVp53 showed a marked 
increase in cell death (16.0%) in response to BG/TMZ 
treatment ( fig. 6 a).
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  Fig. 3.  BG/TMZ-induced cell cycle kinetics. Kinetics of the cell 
cycle inhibition of human pancreatic tumor cell lines mut-p53 
Capan-1 ( a ) and wt-p53 Capan-2 ( b ) in response to treatment with 
TMZ (500  �  M ), BG (30  �  M ), or TMZ + BG. The absence of G1/S 
inhibition leading to S accumulation and a G2 cell cycle arrest 2 

days after treatment with BG/TMZ, but not with TMZ alone, can 
be observed. TMZ alone had a marginal effect on Capan-2 by ar-
resting progression from G1 to S at 24 h. However, the absence of 
an inhibition of S phase progression and of G2 arrest in cells treat-
ed with TMZ alone signifies the importance of O 6 -MeG in the 
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more profound in Capan-1 than in Capan-2, signifying a more 
rapid transition from G1 to S in Capan-1, and there is a difference 
in the kinetics for the accumulation of cells in G2 between Ca-
pan-1 and Capan-2 with an earlier accumulation of Capan-1 cells 
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  The Role of p53 in Cellular Response to BG/TMZ 
Treatment in Capan-1 and Capan-2 Cells 
 TUNEL assay performed at 48 h after treatment with 

BG/TMZ showed that sensitivity to the treatment was re-
stored in mut-p53 Capan-1 cells that were transiently 

transfected with pCMV-p53 ( fig. 6 b). Thus, the p53 gain-
of-function in MEF (–/–) and Capan-1 resulted in an in-
duction of apoptosis equal to its normal endogenous p53-
efficient counterparts MEF (+/–) and MEF (+/+) cells 
( fig. 6 a,  1 a) and Capan-2 ( fig. 6 b,  2 a), respectively.
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Capan-1 Capan-2

MEF p53 (–/–)

Actin

BAX

p27

MLH1

BCL-2

MSH-2
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  Fig. 4.  Changes in the treatment-induced expression of proteins 
involved in the cell cycle, DNA MMR, apoptosis, and survival.
 a  Determination of the effect of p53 on the BG/TMZ-induced ex-
pression of BAX, BCL-2, p21, p27, MLH-1, and MSH-2 using iso-
genic lines MEF (+/+), MEF (+/–), and MEF (–/–). BG/TMZ treat-
ment elevates p21 levels in p53-efficient MEF lines and downreg-
ulates the expression of p27, while it has no effect on the expression 
of these proteins in p53-null cells. Antiapoptotic BCL-2 is lost 
while proapoptotic BAX is elevated in p53-efficient MEFs in re-
sponse to BG/TMZ treatment. BCL-2 is elevated while BAX re-
mains unchanged in p53-null MEF under the same conditions. 
MLH-1 is downregulated between 48 and 96 h in MEF (+/–) and 
MEF (–/–), while MSH-2 is downregulated between 24 and 96 h 
in MEF (+/–). Changes in MMR protein levels are not related to 

apoptosis.  b  Determination of the effects of BG/TMZ treatment 
on the expression of p53, BAX, BAX-d, BCL-2, p21, p27, MLH1, 
PMS1, PMS2, and MSH2 in Capan-1 and Capan-2. The expression 
of p53 and p21 is lost for 24 h in Capan-1, but it is induced for 24 
and 72 h in Capan-2 in response to BG/TMZ treatment. p27 is 
downregulated in both Capan-1 and Capan-2 in response to BG/
TMZ treatment. Although BAX is downregulated by BG/TMZ, 
its levels are higher in Capan-2 than in Capan-1 at 24 and 144 h 
after treatment. BCL-2 is highly expressed in Capan-2 and is se-
verely suppressed at 24, 120, and 144 h following BG/TMZ treat-
ment. Expression of PMS1, PMS2 and MLH1 was enhanced, while 
that of MSH2 reached a zenith at 144 h in response to BG/TMZ 
treatment in Capan-2. Suppression of PMS1 and PMS2 at 24 h was 
observed in Capan-1 in response to BG/TMZ. UT = Untreated.                             
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  The role of p53 in the induction of apoptosis in re-
sponse to treatment with BG/TMZ was further con-
firmed with a loss-of-function approach. The disruption 
of p53 function in Capan-2 cells by transient transfec-
tions with p53 siRNA construct (loss of p53, BAX, and 
p21 expressions;  fig. 6 d) resulted in a marked reduction 
in apoptosis during the first 48 h after treatment with BG/
TMZ ( fig. 6 c).

  Discussion 

 In this study, we have demonstrated that DNA-meth-
ylating antineoplastic agent TMZ is ineffective against 
highly MGMT-expressing pancreatic tumor cells. This is 
in agreement with the previously demonstrated failure of 
BCNU and TMZ to elicit a response in human pancre-
atic tumor xenografts without the aid of MGMT inactiva-
tors  [11] . Based on the high levels of MGMT in human 

Capan-1

Capan-2

UT

BG

BG + TMZ

UT

BG

BG + TMZ

DAPI p21 DAPI/p21

  Fig. 5.  Effects of BG/TMZ treatment on 
the intracellular distribution of p21. Nu-
clear translocation of p21, as determined 
by the yellow color in the nucleus in super-
imposed images of p21 (red) and the DA-
PI-stained nucleus (pseudo blue color), 
was present in Capan-2 cells but not in Ca-
pan-1 cells in response to 30/500      �  M  BG/
TMZ treatment after 48 h. BG alone shows 
the absence of nuclear translocation of p21 
in both cell lines. UT = Untreated.                         
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pancreatic neoplasms  [10] , it has been postulated that 
such neoplasms are immune to treatment with agents 
that exert toxicity via the alkylation of the O 6  position of 
guanine. MGMT is the primary and most effective line 
of defense of tumors against DNA-alkylating agents, and 
its depletion with MGMT pseudosubstrates such as BG 
results in a marked increase in the efficacy of such drugs 
 [12, 31–33] . However, this does not necessarily imply that 
the inactivation of MGMT renders tumors entirely sus-
ceptible to treatment with alkylating agents  [27] . The re-
sponse to DNA damage induced by methylating agents is 
dependent on the mutation spectrum of the tumor cell 
 [27]  which determines whether the tumor will undergo 

translational DNA replication, leading to mutations, or 
die. Immerging research has demonstrated that methyl 
DNA adducts activate cell cycle checkpoints and various 
signal transduction pathways that are generally believed 
to coordinate cell cycle progression with DNA repair and 
apoptosis  [34] . It is now established that ATM and ATR 
(ATM and Rad3 related) act as check point transducers 
by phosphorylating numerous target proteins involved in 
cell cycle arrest, DNA repair, and apoptosis  [35–37] . ATM 
phosphorylates p53 on Ser15 in response to DSBs, while 
ATR is the principal signal transducer that phosphory-
lates p53 on Ser15 and Ser37 when cells are challenged 
with agents that interfere with DNA replication and also 
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  Fig. 6.  Role of p53 in induction of apoptosis in MEF p53 (–/–) and 
Capan-1 and Capan-2 cells.    a  Restoration of TMZ sensitivity in 
p53 (–/–) MEF transiently transfected with CMV-p53. TMZ-in-
duced apoptosis in p53 (–/–) transfectants was determined by TU-
NEL assay. Transfectants were treated with 30    �  M  BG or 500  �  M  
TMZ plus 30        �  M  BG and subjected to TUNEL analysis. Bars de-
pict the average from 2 independent experiments          8  standard er-
ror of approximately 1,000 cells scored in each experiment.  b  Res-
toration of TMZ sensitivity in Capan-1 cells transiently transfect-
ed with CMV-p53. TMZ-induced apoptosis in the transfectants 
was determined by TUNEL assay. Transfectants were treated with 
30  �  M  BG or 500  �  M  TMZ plus 30  �  M  BG and subjected to TU-
NEL analysis. Bars depict the average from 2 independent exper-

iments  8  standard error of approximately 1,000 cells scored in 
each experiment.  c  Reversal of TMZ sensitivity in Capan-2 cells 
transiently transfected with p53 siRNA. TMZ-induced apoptosis 
in Capan-2 transfectants was determined by TUNEL assay. Trans-
fectants (control siRNA or p53 siRNA) were treated with 30  �  M  
BG alone or 500  �  M  TMZ plus 30  �  M  BG and subjected to TUNEL 
analysis. Approximately 1,000 cells in total were scored in each 
experiment (p  !  0.05).  d  Western blot analysis of the transient 
transfectants of Capan-2 (vector siRNA or p53 siRNA) left un-
treated or treated with BG alone, 500  �  M  TMZ alone, and 500  �  M  
TMZ plus 30  �  M  BG for p53, BAX, and p21 proteins.  � -Actin was 
used as the loading control. UT = Untreated. 
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enforces and sustains cell cycle arrest and the check-
points induced by DSBs  [35–37] . ATM and ATR also 
phosphorylate Chk1 and Chk2  [35–38] , which in turn 
phosphorylate p53 on Ser20 and the Cdc25A and Cdc25C 
phosphatases on Ser123 and 216, respectively  [39, 40] . 
Phosphorylation of Cdc25A prevents the activation of cy-
clin-dependent kinases CDK2 and CDK1, contributing 
to the G1, S, and G2 checkpoints  [39, 40] . In addition, 
ATR and/or ATM phosphorylate a number of target pro-
teins, including BRCA1, NBS1, and SMC1  [35–37] , which 
participate in DNA damage-induced checkpoints. 

  In order to activate cell cycle checkpoints in response 
to DNA damage, the cell must possess a functional MMR 
system  [33, 41–46] . MMR-deficient cells do not phos-
phorylate p53 on Ser15 and Ser392 when treated with 
methylating agents N-methyl-N�-nitro-N-nitrosoguani-
dine (MNNG), N-methyl-N-nitrosourea, and TMZ. 
These cells fail to arrest at the G2/M phase and do not 
undergo apoptosis in response to drug concentrations 
that are highly effective in killing MMR-proficient cells 
 [33, 41–43] . Abrogation of MSH2 expression in HeLa cells 
leads to the impaired phosphorylation of Chk1 and SMC1, 
as well as defective S phase checkpoint activation after 
treatment with MNNG  [46] . Moreover, mitogen-activat-
ed protein kinase p38 which is involved in drug-induced 
G2/M arrest is activated in MMR-proficient, but not in 
MMR-deficient, cells in response to TMZ  [45] .

  An immediate response to p53 phosphorylation and 
nuclear translocation is the upregulation of p21. In spite 
of the overwhelming data showing the importance of p21 
in apoptosis and cell cycle inhibition in response to radia-
tion damage  [47] , the role of this and other CDK inhibitors 
induced by alkylating agents is poorly understood. Up-
regulation of p21 is likely to inhibit CDK2 and possibly 
CDK4 in combination with p27, thus resulting in G1 ar-
rest. Similarly, p21 is likely to inhibit CDK1, leading to 
G2/M arrest. Existing data show a controversial role for 
p21 in the response of tumors to treatment with methylat-
ing agents  [27, 45] . This controversy may result from vari-
ations in the localization of p21 in the cell, which is known 
to determine its function  [48] . Cytoplasmic localization of 
p21 is highly correlated with the overexpression of phos-
pho-p21 (T145) due to higher AKT activity since both cy-
toplasmic p21 and the overexpression of phospho-p21 
(T145) are associated with a high expression of HER2/neu 
and phospho-Akt. The observation that cytoplasmic lo-
calization of p21 and the overexpression of phospho-p21 
(T145), HER2/neu, and phospho-AKT are all associated 
with a worse overall survival  [49]  suggests that cells with 
a prevalent prosurvival signal transduction silence their 

p21 as a cell cycle inhibitor via its phosphorylation and, 
subsequently, its cytoplasmic translocation. This is fur-
ther supported by accumulating evidence suggesting that 
p21 located in the cytoplasm might play a role in promot-
ing transformation and tumor progression in ras-trans-
formed cells where there is an increase of cytoplasmic p21 
that is related to increased MEK activity  [50] . Further-
more, inhibition of the PI3-kinase pathway results in the 
loss of cytoplasmic p21 expression. Accordingly, localiza-
tion of p21 in the cytoplasm in transformed cells has been 
shown to contribute to pathways that favor not only cell 
proliferation but also cell motility, invasion, and metasta-
sis  [50] . Our results show that TMZ reverses the cytoplas-
mic accumulation of p21, thus contributing to the loss of 
prosurvival characteristics and the facilitation of apopto-
sis. In particular, treatment of Capan-2 with BG/TMZ re-
sults in the induction of p53, as expected, and the upregu-
lation of p21. The persistence of p21 in Capan-2 for 72 h 
coincides with a slower G1-to S-transition in these cells as 
compared with Capan-1. The S phase reaches a zenith at 
48 h and then declines, while G2 increases gradually to a 
zenith at 144 h. Because of the presence of p21 and p27 it 
is suggested that Capan-2 is blocked both in G1/S and 
G2/M and that cells die as a result of these 2 blocks. A 
gradual increase in BAX from 72 to 144 h and a concom-
itant decline of BCL-2 in the same time interval suggest 
that these 2 proteins participate in cell death following the 
disappearance of p21 and the progression of Capan-2 into 
S and G2. This delayed killing related to BAX/BCL-2 is 
p53-dependent and is not present in Capan-1. 

  The complexity of DNA damage caused by methylat-
ing agents is generally due to the variety of lesions in-
duced and the various levels of toxicity such lesions exert. 
It is generally accepted that DNA damage, other than O 6 -
methylguanine, that is induced by methylating agents is 
easily repaired by base or nucleotide excision. This view 
is in accordance with our observation that, in the absence 
of BG, pancreatic tumor cells having high levels of MGMT 
activity neither arrest nor die when treated with TMZ 
alone. It is, therefore, postulated that all the cell cycle ef-
fects observed in response to treatment with BG/TMZ are 
caused by or are at least related to O 6 -MeG, which is kept 
unrepaired throughout the experimental interval studied 
here. Previous experiments  [51, 52]  suggest that the use of 
high levels of TMZ results in the activation of ATM/ATR 
and the imposition of an MMR-independent cell cycle ar-
rest possibly via   the expression of Chk2, Chk1, and p38. 
In contrast to this situation, when cells are treated with 
low doses of TMZ they undergo a single cycle before ar-
resting in G2 in an MMR-dependent manner. Obviously, 
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1 cycle of translation (containing O 6 -MeG lesions) DNA 
replication will result in the accumulation of O 6 -MeG:T 
mismatches that could lead to C:C to A:T mutagenesis if 
the O 6 -MeG is repaired at this stage. In order to avoid 
mutations, a strict inhibition of the MGMT-mediated re-
pair of O 6 -MeG should be enforced in G2, and this is 
achieved by the continuous administration of BG.

  The experiments presented here show that, in spite of 
the high concentrations of TMZ used, pancreatic tumor 
cells eventually undergo a p53-independent MMR-medi-
ated G2 arrest that is associated with a marked upregula-
tion of MMR proteins. Such a G2 arrest follows a p53-
mediated delay in the G1-to-S transition that coincides 
with the nuclear accumulation of p21 in p53-efficient Ca-
pan-2. The upregulation of p21 and BAX activities in p53-
efficient cells leads to a G1/S arrest and apoptosis, respec-
tively. These events do not occur in p53-defective cells, 
possibly due to the presence of high levels of basal p21 
which remains cytoplasmic and fails to translocate to the 
nucleus in response to DNA damage. A failure to arrest 
in G1/S may result in the replication of damaged DNA in 
p53-deficient cells and the appearance of O 6 -MeG:T mis-
matches which, in the absence of an effective MMR, 
could result in mutations. This is supported by the obser-
vation that many MMR proteins are not immediately up-
regulated in response to BG/TMZ treatment in p53-defi-
cient cells, as they are in their p53-efficient counterparts. 
Significant levels of MMR proteins may be reached after 
several days following TMZ treatment in p53-defective 
cells, at which time the cell cycle is blocked in G2. As a 

consequence of a slow activation of MMR and a failure to 
arrest in G1/S, p53-inefficient cells may undergo muta-
genic transformation instead of apoptosis. This is in ac-
cordance with our previous observation that mutagenic 
transformation in response to TMZ treatment is greater 
in p53-defective tumors as compared to wt-p53 tumors. 

  The findings of this study have important implica-
tions for the treatment of pancreatic and other neoplasms 
expressing high levels of MGMT activity. DNA-damag-
ing agents, including TMZ, induce a G1-to-S transition 
delay in p53-efficient pancreatic tumor cells which allows 
for the repair of O 6 -MeG mismatches with thymine in-
stead of cytosine, even if MGMT is initially inactivated 
by a single treatment of BG. Thus an extensive G1/S arrest 
in p53-efficient tumors may allow the repair of mis-
matches, which could lead to mutagenesis and survival. 
Such repair in p53-efficient tumors is prevented if MGMT 
is kept suppressed for several days following exposure to 
TMZ. Providing that MGMT is suppressed throughout a 
G1/S arrest, the efficacy of TMZ is enhanced in p53-effi-
cient tumors due to the upregulation of the BAX/BCL-2 
ratios that facilitate apoptosis (MGMT-independent/p53-
dependent) and the upregulation of MMR proteins, 
which may enhance tumor cell killing in G2 (MGMT de-
pendent/p53 independent).
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