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We have examined the effects of commonly used chemotherapeutic agents on human colon cancer cell lines in which the
p53 pathway has been specifically disrupted by targeted homologous recombination. We found that p53 had profound
effects on drug responses, and these effects varied dramatically depending on the drug. The p53-deficient cells were
sensitized to the effects of DNA-damaging agents as a result of the failure to induce expression of the cyclin-dependent
kinase inhibitor p21. In contrast, p53 disruption rendered cells strikingly resistant to the effects of the antimetabolite 5-
fluorouracil (5-FU), the mainstay of adjuvant therapy for colorectal cancer. The effects on 5-FU sensitivity were observed
both in vitro and in vivo, were independent of p21, and appeared to be the result of perturbations in RNA, rather than
DNA, metabolism. These results have significant implications for future efforts to maximize therapeutic efficacy in patients
with defined genetic alterations.
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Introduction
The p53 gene is inactivated in the majority of human
cancers, resulting in profound effects on cell birth and
death processes (1, 2). Much effort has therefore gone
into determining the effects of p53 inactivation on the
response of cancer cells to therapeutic agents. The
results have been conflicting, with some studies indi-
cating enhanced sensitivity and others indicating
increased resistance to the same compounds (see refer-
ences in ref. 3).

Clinical studies have repeatedly shown that some
patients respond to chemotherapeutics or radiation,
whereas others, with the same histologic tumor type, do
not (4). Because genetic alterations are in large part
responsible for the generation and biologic properties
of tumors, it is reasonable to expect that the specific
alterations in tumors determine their responses to ther-
apeutic agents. Many studies have examined the role of
p53 in therapeutic responses, but the results have var-
ied considerably. While some clinical studies have been
encouraging with respect to the ability to predict
responses based on p53 genotype (5–7), such studies are
often confounded by tumor variability and technical
difficulties in reliably assessing p53 inactivation in nat-
urally occurring tumors (8). Preclinical studies have
been pivotal in documenting effects of p53 on thera-
peutic responses, but also have had limitations. Studies
with mouse cells, for example, have provided unequivo-

cal evidence of drug resistance after p53 inactivation (9,
10), but the extrapolation of these results to humans is
far from straightforward. The systematic screening of
panels of human tumor-derived cell lines for sensitivity
to therapeutic agents has revealed associations between
p53 status and drug sensitivity (11), but the role of p53-
unrelated genetic and epigenetic differences among
diverse cell lines has made the interpretation of such
results difficult. Similarly, the use of human papilloma
virus–derived E6 to inactivate p53 (10) has complicated
the interpretation of experiments on drug sensitivity,
because E6 has major effects on cells other than just
those mediated by p53 inhibition (12).

The role of p53 in the responses to therapeutics in
human cells has yet to be demonstrated in an unam-
biguous fashion. Recent technological advances have
allowed the successful targeting of individual genes in
human somatic cell lines and the identification and iso-
lation of the desired homologous recombinants (13).
Here, we describe the testing of drug sensitivity in a set
of isogeneic lines in which the p53 gene (14), or the gene
encoding its downstream mediator p21 (15), was dis-
rupted through homologous recombination. Because
the only difference among these lines is the absence or
presence of a single gene, the interpretation of results is
particularly straightforward and is uncomplicated by
the overexpression of exogenous genetic elements.
These results suggest that p53 has a profound influence
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on the responses to therapeutic agents, but that the
response varies considerably depending on the drug.

Methods
Cell culture and staining. Cells were grown as monolayers in
12-well plates in McCoy’s 5A media supplemented with
10% FCS and penicillin/streptomycin. At indicated times,
cells were collected by incubation with trypsin/EDTA,
centrifuged, and fixed in a solution containing 3.7%
formaldehyde, 0.5% Nonidet P40, and 10 µg/mL HOECHST

33258 in PBS. Stained nuclei were viewed using fluores-
cence microscopy and scored. A minimum of 300 cells
were counted for each determination.

FACS® analysis. Approximately 10,000 stained cells
were analyzed by flow cytometry, performed as
described (14).

Western analysis. Equal numbers of cells were lysed in
Laemmli sample buffer and subjected to electrophoresis
and protein immunoblotting. Filters were probed with
antibodies against p53 (DO-1) and p21 (EA-10). Reactive
proteins were viewed using enhanced chemilumines-
cence (Pierce Chemical Co., Rockford, Illinois, USA).

Colony formation assay. Cells were treated with 375 µM
5-FU for various periods of time. Cells were then
washed with HBSS and collected in trypsin/EDTA.
Between 1.5 × 103 and 3.8 × 104 cells were plated in
drug-free medium in T-25 flasks, and then incubated
for 12 days in the absence of drug. Colonies were
stained with crystal violet and counted.

Xenograft tumors. Tumors were established in athymic
nude mice by subcutaneous injection of 5 × 106 cells
suspended in Hank’s Balanced Salt Solution (HBSS)
into both rear legs. Irradiation of xenograft tumors 
(n = 7–13 animals in each group) was performed as

described (16). 5-FU (Pharmacia Inc., Kalama-
zoo, Michigan, USA) in HBSS was administered
by injection into the tail vein (n = 5 for each
group). Tumor growth rate was determined by
measuring 3 orthogonal diameters of each
tumor every 3 days. Tumor volume was esti-
mated as π/6[D1D2D3].

Results
P53- and p21-deficient cells undergo apoptosis after
treatment with DNA-damaging agents. When p53-
deficient cells were incubated with the DNA-
damaging drug adriamycin (doxorubicin), a
large proportion of cells showed nuclear
changes consistent with apoptosis (Figure 1;
Figure 2, a and b). Flow cytometry revealed that
adriamycin-treated p53-deficient cells did not
arrest in G1, but accumulated in a single peak

with 4N DNA content (Figure 3). After 96 hours of
treatment, a substantial proportion of nuclei had a
sub-G1 DNA content characteristic of apoptosis. Sim-
ilar results were seen upon treatment with ionizing
radiation, which also induces DNA strand breaks (not
shown). Loss of the p21 gene has been shown to result
in the failure of the checkpoints that control entry into
the S and M phases of the cell cycle after DNA damage
(14–19). Because p53 induces p21 expression, it was
reasonable to assume that the apoptotic responses of
p53-deficient cells to adriamycin were mediated by the
loss of p21 induction. Indeed, isogenic colorectal can-
cer cells with p21 disrupted by homologous recombi-
nation behaved very similarly to cells with p53 disrup-
tion (Figure 1; Figure 2, a and b). The onset of cell death
after adriamycin treatment in p53-deficient cultures
was somewhat delayed and reduced in extent compared
with that in p21-deficient cells (Figure 2, a and b). We
attribute this difference to the small amount of p53-
independent p21 induction following DNA damage
that occurs after adriamycin treatment of p53-deficient
cells (not shown), similar to that observed after γ-irra-
diation (14). Aberrant progression of cells through the
S and M phases of the cell cycle therefore appears to be
the lethal event triggered by DNA-damaging agents in
the absence of p21, whether that absence is caused by
deletion of the p21 gene or its upstream inducer, p53.

Cells with targeted p53 deletion are resistant to apoptosis
induced by 5-FU. Marked differences in sensitivity were
observed between cell lines with and without intact p53
genes after treatment with 5-FU. Cells with wild-type
p53 were quite sensitive to 5-FU, and a large proportion
underwent apoptosis (Figure 1; Figure 2, c and d). This
effect was completely p53 dependent, because apopto-
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Figure 1
Nuclear morphology of cells treated with anticancer
agents. Wild-type (p53+/+), p53–/–, and p21–/– cells, as indi-
cated, were treated with 0.34 µM adriamycin (ADR) for
72 hours or with 375 µM 5-FU for 60 hours, stained with
HOECHST 33258, and photographed at ×40.



sis was not observed in p53-deficient cells (Figure 1;
Figure 2, c and d). Interestingly, cells with 1 allele of p53
disrupted displayed a sensitivity between that of
parental cells and cells with both p53 alleles disrupted
(Figure 2c), suggesting tight control of 5-FU sensitivity
by p53. Cells with targeted deletions of the p21 gene
were as sensitive to 5-FU as wild-type cells (Figure 1; Fig-
ure 2, c and d). This result demonstrates that p21 does
not play a role in the ability of p53 to modulate the
response to 5-FU, and stands in marked contrast to the
results obtained with adriamycin (Figure 1; Figure 2, a
and b). The time course of cell death was rapid, with the
majority of wild-type cells becoming apoptotic by 48
hours (Figure 2d). Flow cytometry of 5-FU–treated cells
revealed that all cells, regardless of p53 genotype, accu-
mulated in a single peak that spanned the G1/S phase
boundary (Figure 3). This cell cycle distribution was sta-
ble in the p53-deficient cells, but not in the p53 wild-
type cells, most of which displayed a sub-G1 DNA con-
tent by 60 hours (Figure 3).

The mechanism of action underlying the therapeu-
tic effect of 5-FU is unclear. The drug is known to be a
suicide inhibitor of the enzyme thymidylate synthase
(TS), which catalyzes the methylation of deoxyuridy-
late to thymidylate, a DNA precursor (20). Addition-
ally, 5-FU has been shown to be misincorporated into
both DNA and RNA, with consequent effects on the
structure and function of these nucleic acids (20, 21).
To determine whether the effects of 5-FU were the
result of its effects on DNA synthesis or structure,

excess thymidine was added at the time of 5-FU addi-
tion to cells. Thymidine had no effect on the apopto-
sis observed in these cultures (Figure 4a). In contrast,
inclusion of excess uridine almost completely blocked
induction of apoptosis by 5-FU. These results suggest
that the impairment of thymidylate generation
through inhibition of TS is not the crucial factor for
the p53-mediated 5-FU sensitivity in this system.
Assays of additional chemotherapeutic agents sup-
ported this idea. When incubated with the highly spe-
cific and potent TS inhibitor Tomudex (Raltitrexed;
kind gift of S. Averbuch, Zeneca Pharmaceuticals,
Wilmington, Delaware, USA), both p53-proficient and
p53-deficient cells exhibited an S-phase block, but no
differential responses between cell lines with and with-
out intact p53 genes were observed (Figure 3). Treat-
ment with methotrexate also induced identical
responses in all cells, with an increase in the S-phase
fraction consistent with inhibition of the folate-regen-
eration cycle required for TS function (Figure 3). High
doses of either Tomudex or methotrexate caused cell
death in all cell lines tested, regardless of p21 or p53
genotype (data not shown).

It has been shown that p53 is posttranslationally sta-
bilized after cell stress, particularly DNA damage.
Immunoblotting of cell lysates revealed that both adri-
amycin and 5-FU caused increases in p53 protein levels
over a similar time course (Figure 4c). The stabilization
of p53 was associated with increased levels of p21 (Fig-
ure 4c), a protein known to be transcriptionally regu-
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Figure 2
Induction of apoptosis by drug treatment. (a)
HOECHST 33258–stained cells analyzed by fluores-
cence microscopy after 96 hours of treatment with
adriamycin. (b) Time course of cell death after
treatment with 0.34 µM adriamycin. (c) Cell death
after 60 hours of treatment with 5-FU. Two differ-
ent heterozygous cell lines (A and B) were assayed.
(d) Time course of cell death after treatment with
375 µM 5-FU. Cells marked +/– had 1 allele of the
indicated gene disrupted and were the parents of
the cells with both alleles disrupted (–/–).



lated by p53 (1, 2). To determine whether continued
protein synthesis was required for the observed p53-
dependent apoptosis, the protein synthesis inhibitor
cycloheximide was added to 5-FU–treated cultures.
When administered up to 6 hours after 5-FU, cyclohex-
imide was able to block cell death with intact p53 genes
(Figure 4b). This result demonstrates that the p53-
dependent cell death following 5-FU treatment is apop-
totic in the classic sense, requiring active biosynthesis
for cellular suicide (22).

Whereas 5-FU treatment led to the dramatic induc-
tion of death in cells with intact p53, a relatively small
proportion of cells apparently survived and gave rise to
colonies upon replating (Figure 4d). Interestingly, this
proportion of clonogenic survivors did not differ sig-
nificantly between cells with and without wild-type
p53, indicating that clonal loss of p53 was probably not
the cause of this outgrowth. A similar disparity
between in vitro cell death and colony formation was
observed previously in p21-deficient cells treated with
ionizing radiation (16).

Treatment of xenograft tumors. To test whether the dif-
ferences in 5-FU–induced apoptosis translated to dif-
ferences in drug sensitivity in vivo, cells with intact or
disrupted p53 genes were grafted into athymic nude
mice, and tumor growth and therapeutic sensitivity
were monitored once tumors were established. To con-
trol for possible dosage variation in different animals,
each mouse received 2 xenografts, 1 of each genotype.
Tumors grew at similar rates once they were estab-
lished, independent of p53 genotype.

For the treatment of live animals, γ-radiation is more
convenient than intravenous drug administration as a
means to induce local DNA strand breakage. To exam-
ine the effects of DNA-damaging agents in vivo, we
therefore chose to compare the responses of xenografts
to treatment with 7.5- and 15-Gy doses of γ-radiation
(Figure 5a). No significant difference in the response of
p53 wild-type and p53-deficient tumors was observed
(P > 0.05 for all time points, Student’s paired t test; Fig-
ure 5a). All tumors responded within 3 days of treat-
ment and subsequently regrew at similar rates.

In contrast, there was a marked difference in the
xenografts’ response to 5-FU treatment. Tumors with
intact p53 genes regressed during the treatment (Fig-
ure 5b), whereas the tumors with deleted p53 genes
continued to grow. There was a highly significant dif-
ference in the degree of regression in tumors with
intact p53 genes compared with those with p53 defi-
ciency (P < 0.05). After cessation of drug treatment,
tumors of both genotypes grew at similar rates.

Discussion
The data presented here have several important impli-
cations for understanding and evaluating the treatment
of human cancers with therapeutic agents. They con-
firm some previous studies that have indicated that p53
mutations confer resistance to therapeutics (23–25).
However, they significantly extend these results by
demonstrating that while DNA-damaging and
antimetabolic drugs both function in a p53-dependent
manner, the outcomes of treatment are markedly dis-
tinct. In particular, p53 disruption makes these human
colorectal cancer cells more sensitive to apoptosis
induced by adriamycin and radiation, but less sensitive
to the apoptotic effects of 5-FU. Interestingly, our 5-FU
results were in excellent accord with those on normal
mouse intestinal cells. It has been shown that p53 defi-
ciency leads to increased resistance to 5-FU in mice (26).
Furthermore, the apoptosis induced in normal mouse
colorectal epithelial cells by 5-FU was shown to be relat-
ed to RNA metabolism rather than to DNA metabolism
(26), just as in the human cells we studied (Figure 4a).
The fact that similar 5-FU–related observations have
been made in normal murine colorectal epithelial cells,
as well as in malignant human colorectal epithelial cells,
suggests that they are basic to p53 biology.

Although p53 induction has long been known to
occur after DNA damage, the induction of p53 and
the p53-dependent apoptosis after 5-FU treatment
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Figure 3
Cell cycle distribution of drug-treated cells with wild-type (p53+/+) and
disrupted (p53–/–) p53 genes. HOECHST 33258–stained nuclei were
assayed by flow cytometry after treatment with 0.34 µM adriamycin
(ADR), 375 µM 5-FU, 10 µM Tomudex (TDX), or 25 µM methotrex-
ate (MTX) for the indicated time periods. Positions of peaks corre-
sponding to diploid (2N), tetraploid (4N), and subdiploid (< 2N) DNA
contents are shown. The scale on the horizontal axis shown is linear.



raises fascinating issues for further study. It has been
widely believed that 5-FU works by altering DNA
metabolism, thereby causing strand breaks that, in
turn, activate p53-dependent apoptosis. The radical-
ly different responses of p53-deficient cells to DNA-
damaging agents and 5-FU, the blockage of apopto-
sis by uridine but not thymidine, and previous
studies (27) all indicate that this model is insufficient
and that at least some major effects of the drug are
likely to be mediated through defects in RNA metab-
olism. Many current efforts to mimic or enhance the
efficacy of 5-FU employ agents that target thymidy-
late synthesis or DNA metabolism. Our data suggest
that agents that target RNA metabolism might also
be worth investigating. Further elucidation of the
molecular mechanisms of 5-FU–mediated induction
of p53 and the resulting apoptosis should provide
insights into how this important chemotherapeutic
agent functions.

Our results also suggest that p53 plays at least 2 sep-
arate roles in the responses to therapeutic agents: it is
an important component of cellular checkpoints, and
it can mediate apoptosis. The response to individual
drugs will be determined by which of these 2 functions
is paramount. The checkpoint function of p53 is medi-
ated by the genes it transcriptionally regulates, includ-
ing p21 (14, 15, 16) and 14-3-3σ (28), and keeps cells
from progressing from G1 to S or G2 to M after DNA
damage. The mechanisms underlying p53-induced
apoptosis are less clear, but likely involve reactive oxy-
gen species generation (29–31) and mitochondrial dys-
function, including that caused by the induction of bax
(32). After treatment with DNA-damaging agents, the
loss of checkpoint function in p53 mutant cells may be
most important, with consequent increased sensitivity.
After treatment with 5-FU, the loss of the apoptotic
function of p53 may be most relevant, with a conse-
quent decrease in sensitivity. It is also important to
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Figure 4
Characteristics of 5-FU–induced apoptosis. (a) p53 wild-type cells incubated with the indicated concentrations of 5-FU alone (filled squares),
or in combination with 400 µM thymidine (inverted filled triangles) or 400 µM uridine (filled triangles). (b) Cells were incubated with 5-FU
in the absence (No CHX) or continuous presence (CHX) of 10 µg/mL cycloheximide. Alternatively, cycloheximide was added 6, 12, or 18
hours after addition of 5-FU (CHX T6, T12, and T18, respectively). All cells were harvested 60 hours after the addition of 5-FU. (c) Western
blot of p53 and p21 proteins in whole-cell lysates after adriamycin (ADR) or 5-FU treatment. (d and e) Colony formation assay. After treat-
ment with 375 µM 5-FU for 6 or 12 hours, cells were replated in drug-free medium and stained; colonies were counted 12 days later. Rep-
resentative flasks are shown in d.



note that we have assumed, but not proven, that the
disruption of p53 through homologous recombination
yields an inactive gene that is functionally equivalent
to the mutant p53 genes that arise during human
tumorigenesis. It would be premature to extrapolate
the results we obtained in a single cell line to the het-
erogeneous tumors that arise naturally.

In experiments with both DNA-damaging agents and
5-FU, tumor responses in vivo were less marked than the
cellular responses observed in vitro. Whereas treatment
with 5-FU did result in preferential regression of p53-
proficient tumors, treatment with γ-radiation showed
no discernible effect, despite the fact that the p53
knockout cells showed clear changes in the extent of
apoptosis when irradiated in culture. Additionally, no
effects of p53 disruption were observed in standard
colony formation assays after 5-FU treatment, although
the extent of 5-FU–induced apoptosis in tissue culture
and the responses of tumor xenografts to 5-FU in vivo
were markedly affected by p53 disruption. These results
emphasize the difficulties in extrapolating from in vitro
assays to in vivo situations and suggest that apoptosis
may, in some cases, be a better predictor of drug respon-
siveness in vivo than colony formation (33).

Because 5-FU is the major drug used for colorectal
cancer therapy, our study has particular relevance to
the treatment of patients with this disease. It is impor-
tant to note that our results do not indicate that 5-FU
will be useless in p53-mutant tumors. A more reason-
able interpretation is that tumors with p53 mutations
are less likely to respond to 5-FU than tumors with p53
mutations. The response to all drugs, including 5-FU,
is complex and unlikely to be completely explained by
any single genetic alteration. The strength of the
approach used here is that one can isolate a specific
genetic alteration and determine its effects on drug sen-
sitivity. This may prove to be a paradigm for determin-
ing the role of other genetic alterations in the response
to established or novel drugs.
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