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ABSTRACT
The cytotoxicity of ionizing radiation (IR) has been associated with both
the p53 pathway and with DNA mismatch repair (MMR). p53 mediates
cell cycle arrest and apoptosis in response to X-ray damage, whereas the
MMR complex is thought to recognize damaged bases and initiate a signal
transduction pathway that can include phosphorylation of p53. To determine whether p53 and MMR mediate X-ray cytotoxicity via the same
pathway, mice with targeted disruptions in either the p53 gene or the
MutL homologue MMR gene Pms2 were interbred and primary fibroblasts were established from the progeny with genotypes of either wild
type, p53 null, Pms2 null, or double null. Cells with either p53 or Pms2
separately disrupted showed reduced levels of apoptosis after IR in comparison with wild type, but the double null cells showed even lower levels,
consistent with nonoverlapping roles for p53 and PMS2 in the X-ray
response. In transformed cell lines established from the primary cells at
early passage, similar differences in the apoptotic response to IR were
seen, and clonogenic survival assays following low dose rate IR further
showed that nullizygosity for Pms2 confers increased survival on cells in
both wild-type and p53 null backgrounds. These results indicate that both
p53 and MMR contribute to X-ray-induced apoptosis and that the role of
MMR in the cytotoxicity of IR does not depend on p53.

INTRODUCTION
DNA MMR3 deficiency has been linked to hereditary colon cancer
and to an increasing number of sporadic cancers (1). The MMR
pathway corrects bp mismatches and other DNA polymerase errors
and serves to maintain genome integrity. However, MMR factors have
also been implicated in the response of mammalian cells to DNA
damage. On the basis of early work in bacteria suggesting a role for
the MMR factors in response to alkylation damage (2), more recent
work has established that mammalian cells deficient in MMR show
tolerance to alkylating agents (3, 4). These observations have been
extended to a variety of other DNA damaging agents, including
several used clinically in cancer therapy, such as cis-platinum (5) and
temozolomide (6).
We previously reported data suggesting a role for the MMR factors
MSH2, MLH1, and PMS2 in the cytotoxicity of IR (7), with results
showing a small but statistically significant increase in clonogenic
survival after IR of MMR mutant cells compared with wild type.
These studies were carried out in immortalized cell lines established
from transgenic mice in which the Msh2, Mlh1, and Pms2 genes were
mutated by targeted disruption in mouse embryonic stem cells (7). On
the basis of our results, we proposed a model in which the subset of
radiation damage consisting of oxidized bases could be subject to the
same MMR-mediated pathway of cytotoxicity as alkylated bases.
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However, several other studies using MMR-deficient human cancerderived cell lines or immortalized Msh2-deficient mouse lines failed
to find substantial or consistent differences in radiation response (8,
9), and so the finding has been subject to controversy. Recently,
DeWeese et al. (10), focusing on cells from Msh2 knockout mice,
reproduced and extended our observations to show that at low dose
rates the survival differences between wild-type and Msh2-deficient
cells are even larger than the differences seen at high dose rates. In
addition, Zhang et al. (11) found that IR-induced apoptosis was
reduced in Msh2-nullizygous mouse embryos fibroblasts compared
with wild type.
The mechanism by which the MMR complex may influence damage response is not yet clear. One hypothesis proposes that the MMR
complex recognizes base damage and initiates a cycle of futile repair
(12), leading to gaps and breaks that may ultimately signal apoptosis.
It is also possible that the recognition of damage by the MMR
complex directly initiates a signal transduction pathway, triggering
apoptosis. Evidence supporting a central role for signal transduction in
the MMR-mediated damage response includes a requirement for
MLH1 function in cis-platinum induction of c-abl kinase activity and
of p73 accumulation (13). In addition, the MSH2/MSH6 and the
MLH1/PMS2 complexes were shown to be required for the phosphorylation of p53 at serines 15 and 392 following treatment of cells with
alkylating agents (14). Consistent with this, in human colon cancer
cell lines, an MLH1-dependent induction of p53 following IR was
observed (9), and a MMR-deficient lymphoblastoid cell line showed
reduced accumulation of p53 following temozolomide exposure (15).
MMR-dependent induction of p53 was also seen in response to a
variety of carcinogens (16).
The proposed role of p53 in the MMR-mediated pathway of damage response is important for a variety of reasons. p53 is mutated in
a large number of human cancers (17) and has roles in cell cycle
regulation, transcription, and apoptosis (18). Many lines of evidence
also implicate p53 as a central factor in the cellular response to IR,
leading to cell cycle checkpoint activation and apoptosis (19). Recent
work using a series of Chinese hamster fibroblast and human lymphoblastoid cell lines suggests, however, that the MMR-mediated
apoptotic response to the alkylating agent N-methyl-N⬘-nitro-Nnitrosoguanidine may be independent of p53 (20), raising questions
regarding the functional importance of MMR-dependent signaling of
alkylation damage through p53 phosphorylation.
To further examine the potential roles of MMR and p53 and their
putative interdependence in the cellular response to IR, we have
interbred mice carrying targeted disruptions at the Pms2 (21, 22) and
p53 loci (23) to generate primary embryo fibroblasts with defined
genotypes at these loci, including wild type, p53 null, Pms2 null, and
double null. We reasoned that such cells, being genetically well
defined, would constitute a more meaningful test system than the
series of cancer-derived cell lines that are frequently used, because the
latter cells are likely to contain a number of other accumulated
mutations and abnormalities that could influence radiation response.
Using these cells, we report here that apoptosis of primary fibroblasts
after IR is reduced by separate inactivation of either p53 or Pms2 and
that inactivation of both together results in even further reduction in
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the apoptotic response, suggesting nonoverlapping roles for these
factors in response to IR. In addition, experiments using cell lines
established from these primary cells at early passage revealed increased clonogenic survival after IR in cells nullizygous for Pms2,
regardless of p53 status, further indicating that MMR-mediated cytotoxicity does not depend on p53.
MATERIALS AND METHODS

RESULTS
Generation of p53- and Pms2-deficient Mice and Primary Cells
and Cell Lines. To obtain primary cells with defined genotypes at the
p53 and Pms2 loci, mice heterozygous for Pms2 were bred to either
wild-type or p53 null animals, and progeny animals were intercrossed
to generate mice either wild type or null for Pms2 in a p53 wild-type
background or wild type and null for Pms2 in the setting of p53
nullizygosity. We then established primary mouse fibroblasts as described before (7). Early passages of these four kinds of primary
fibroblasts were used in subsequent studies.
To study clonogenic survival, established cell lines are necessary
because of the poor cloning efficiency of primary cells. We used a
combination of adenovirus E1A and Ha-Ras to transform the cells at
early passage because mouse embryo fibroblasts transformed by these
genes have been shown to retain p53-dependent apoptotic responses
(24). Transfected clones growing in selective media were identified
and expanded. In selected clones, we confirmed the expected genotypes by determining expression of p53 and PMS2 via immunoblot
analysis (Fig. 1), and the cell lines used are listed in Table 1.
Pms2- and p53-dependent Apoptosis in Primary Cells. To study
the role of p53 and Pms2 in the cellular response to ionizing irradiation, we used subconfluent primary fibroblast cultures to examine
X-ray-induced apoptosis after a dose of 20 Gy. The advantage of
using primary cells of defined genotype is that accumulated mutations
and abnormalities in other factors that could affect the apoptotic
response are unlikely to be present. To measure apoptosis, DNA
fragmentation was assayed using a fluorescent end-labeling technique.
Initially, a time course was carried out after IR exposure using the
wild-type cells. Over the course of 5 days, progressive deterioration of
the monolayer was observed, with detachment and fragmentation of
dead cells. It was judged that reliable measurements of apoptosis
would be limited to the first 2 days, during which the cell culture
monolayer remained mostly intact. Over this period, it was determined that the peak induction of apoptosis as measured by DNA
fragmentation of adherent cells was seen at 18 h (Fig. 2A). Subsequent
assays were conducted 18 h after IR, and the relative percentage of
apoptosis in the wild-type, p53 null, Pms2 null, and double null cells
was scored (Fig. 2B). In comparison with the pattern observed in the
wild-type primary fibroblasts, the apoptotic responses of the p53 null
and the Pms2 null cells were diminished. However, the double null
cells showed an even greater reduction in apoptotic response than the
singly null cells. These results indicate that p53 and Pms2 both play
a role in IR-induced apoptosis and that they act in nonoverlapping
pathways because the effects of p53 knockout and Pms2 knockout are
additive.
Apoptosis in Established Cell Lines. To confirm these results, we
examined the response to IR in cell lines established from the primary

Mice. Knockout mice carrying targeted disruptions of the p53 loci have
been described previously (23) and were provided to one of us (T. A. P.) in the
laboratory of Allan Bradley (Baylor College of Medicine, Houston, TX). Mice
with disruption of the Pms2 loci have been described previously (21). Mice
heterozygous for Pms2 were bred to either wild-type or p53 null mice, and the
resulting progeny were interbred to generate two sets of littermates: Pms2 null
and wild type in a p53 wild-type background, or Pms2 null and wild type in a
p53 null background. The genotypes were confirmed by PCR amplification of
the Pms2 and p53 loci to detect the presence or absence of the targeted
disruption, as described previously (21, 23).
Cells. Mouse primary embryo fibroblasts were established as described
previously (7) and were cryopreserved at passage 3. Experiments were conducted on cells immediately after recovery and expansion from frozen storage.
Transformation of the primary cells was carried out by transfection with E1A
and Ha-Ras expression vectors, as described (24). Cells at 60% confluence
were transfected with GenePorter cationic lipid reagent (Gene Therapy Systems, San Diego, CA) according to the manufacturer’s instructions. The
following day, cells were re-seeded at serial dilutions into selective media
containing 50 g/ml hygromycin. Successfully transfected clones were isolated 12–14 days later as foci of morphologically transformed cells, and
selected colonies were expanded and analyzed by Western blot for expression
of PMS2 and p53. Established cell lines were grown in DMEM supplemented
with 10% FCS and 2⫻ amino acids, 2⫻ vitamins, 2⫻ nonessential amino
acids, penicillin, and streptomycin (Life Technologies, Inc., Bethesda, MD).
Western Blot Analysis. Total cellular extracts were prepared by incubating cells in a lysis buffer [20 mM Tris/HCl (pH 8.0), 137 mM NaCl, 10%
glycerol, l% NP40, 10 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, and
1 mM benzamidine] for 30 min. Extract protein (30 g), measured by using the
Bradford assay (Bio-Rad), was separated by SDS-PAGE, transferred to nitrocellulose, probed with either anti-PMS2 (PMS2/AB-1, mouse monoclonal,
catalogue no. NA30; Oncogene Research Products, Cambridge, MA) or antip53 (mouse monoclonal, catalogue no. 13– 4100; Zymed Laboratories, San
Francisco, CA) antibodies, both at 1:1000 dilutions, and visualized by enhanced chemiluminescence (ECL kit; Amersham Corp.).
IR Exposure. For high dose rate treatments, cells were irradiated using a
Cs-137 irradiator at a dose rate of 225 cGy/min in growth medium, as
described (7). For low dose rate exposures, a 9.7-mCi Americium source was
set up within a cell culture incubator. The source was placed in a
20 ⫻ 20 ⫻ 10-cm3 polystyrene phantom with a 10.2-cm diameter centered
hole. The cell culture dishes were positioned within the hole for irradiation.
Dosimetry was determined as described previously (25). The dose rate was
determined to be between 16 –27 cGy/h, depending on the position of the
dishes. Control, unirradiated flasks were incubated under the same conditions
in the absence of the source. Following irradiation, cultures were incubated
under normal growth conditions.
Measurement of Apoptosis. Cells were irradiated as above, and apoptosis
was assayed at various times by harvesting the adherent cells and labeling
DNA ends using the ApoTag kit (Intergen Co.), according to the manufacturer’s instructions. Fluorescently tagged cells were quantified using fluorescence-activated cell-sorting analysis, using a FACScan flow cytometer (Becton
Dickinson, San Jose, CA).
Clonogenic Survival Assays. The transformed mouse cell lines were
seeded into 100-mm dishes by serial dilutions and were exposed to IR, as
above. Surviving colonies were fixed and stained with crystal violet for
visualization after 14 days in culture (7). For each experiment, three replicate
dishes were examined at each dose, and only those colonies containing ⬃50 or
more cells were scored as surviving clones. After normalization for the plating
Fig. 1. Western blot analysis of p53 and PMS2 expression to confirm genotypes of
efficiencies of the cell lines, the fractional survival was determined at each selected transformed cell lines isolated after E1A/Ha-Ras transfection of mouse primary
dose.
cells. The details of immunoblotting are as described in “Materials and Methods.”
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survival data provide additional evidence for the p53 independence of
the Pms2-mediated response.

Table 1 Fibroblast cell lines established from knockout mice
Cell line
CL7
CL11
TF6
TF11

Genotype
p53
p53
p53
p53

⫹/⫹,
⫹/⫹,
⫺/⫺,
⫺/⫺,

Pms2
Pms2
Pms2
Pms2

⫹/⫹
⫺/⫺
⫹/⫹
⫺/⫺

DISCUSSION

cells by transformation with E1A and Ha-Ras (Table 1). In these
experiments, the 40-h time point was chosen for analysis (time course
data not shown). As with the primary cells, the wild-type transformed
cells showed the highest degree of apoptosis (Fig. 3). The Pms2 nulls
and the p53 nulls showed reduced levels of apoptosis, and the double
null cells exhibited the lowest degree of apoptosis. Again, these data
show that Pms2 knockout in the setting of p53 nullizygosity further
reduces the IR-induced apoptotic response in comparison with the p53
null cells alone, indicating that Pms2 mediates additional apoptosis
via a pathway independent of p53.
Radioresistance of Pms2 Nullizygous Cells by Clonogenic Survival Is Independent of p53 Status. In previous work, we reported
that cell lines deficient in either Pms2, Msh2, or Mlh1 show increased
clonogenic survival in response to IR. To determine whether this
effect of MMR function on X-ray survival depends on p53, we carried
out pairwise comparisons of clonogenic survival among transformed
cells of defined genotype: C7 cells (Pms2 ⫹/⫹; p53 ⫹/⫹) versus the
C11 cells (Pms2 ⫺/⫺; p53 ⫹/⫹) and TF6 cells (Pms2 ⫹/⫹; p53
⫺/⫺) versus TF11 cells (Pms2 ⫺/⫺; p53⫺/⫺; Table 1 and Fig. 4).
Because DeWeese et al. (10) had made the observation that cells
deficient in Msh2 show an even more pronounced difference in
radioresistance on low dose rate as opposed to high dose rate irradiation, we carried out irradiations at both high and low dose rates. Fig.
4 shows the results from the low dose rate studies. The comparison of
the C7 and C11 cells in the p53 wild-type background shows that the
Pms2 null cells demonstrate increased survival after IR. In the case of
the p53 null pair, there is increased survival in the Pms2-deficient line
(TF11), indicating that there is an effect of PMS2 on clonogenic
survival that does not depend on p53. At high dose rates, the Pms2deficient cells also showed better survival compared with the Pms2
wild-type cells regardless of p53 status, although the differences were
smaller than those seen at low dose rates (data not shown). Hence, the

In this study, we have investigated the role of p53 in the MMRmediated response of cells to IR. We have examined IR-induced
apoptosis in primary fibroblasts established from transgenic mice
carrying targeted disruptions of p53 and/or the MutL homologue
MMR gene Pms2. Cells with four possible genetic backgrounds were
compared in terms of IR-induced apoptosis. We found that deficiencies in either p53 or Pms2 genes are associated with reduced levels of
IR-induced apoptosis compared with the wild type, consistent with
roles for both factors in the cellular response to IR. In cells deficient
in both p53 and Pms2 we observed even lower levels of apoptosis,
indicating that MMR and p53 mediate IR-induced apoptosis via
separate and apparently additive pathways.
Using genetically defined transformed cell lines derived from the
mouse primary cells, we again found that cells nullizygous for either
Pms2 or p53 show lower levels of apoptosis than do the wild type and
that the apoptotic response is even further reduced in the doubly
nullizygous cell line. Extending these results to an examination of
clonogenic survival, it was found that lack of Pms2 renders cells more
resistant to IR regardless of p53 status.
Our results indicate that the MMR-mediated apoptotic and cytotoxic response to IR does not depend on p53, consistent with a recent
report that the MMR-mediated apoptotic response to N-methyl-N⬘nitro-N-nitrosoguanidine is not dependent on p53 (20). Nevertheless,
it has been established that p53 phosphorylation is affected by certain
MMR factors (14), and so there does seem to be some cross-talk
between the MMR pathway and the p53 pathway. Although it is
possible that some small degree of IR-induced apoptosis depends on
this cross-talk, our results suggest that the majority of the detectable
IR-induced, MMR-dependent apoptosis and cytotoxicity is independent of it. More likely, MMR-mediated signaling through p53 may
play a role in other cellular responses, such as cell cycle checkpoint
regulation.
On the other hand, a recent study in Msh2- and p53-deficient mice
and mouse cells suggested that temozolomide-induced apoptosis me-

Fig. 2. Effect of deficiency of p53, Pms2, or both on
apoptosis in primary mouse fibroblasts after treatment with
IR. p53 and Pms2 transgenic mice were interbred to generate animals with genotypes either wild type, p53 null, Pms2
null, or double null, as a source of primary fibroblasts.
Primary cells at passage 3 to 5 were irradiated with 20 Gy
of IR, and apoptosis was measured by DNA fragmentation.
A, time course of apoptosis observed in adherent wild-type
cells following 20 Gy of IR. B, apoptosis in wild-type, p53
null, Pms2 null, or double null primary cells at 18 h after IR.
Apoptotic cells were quantified by cell-sorting analysis.
Each value represents the mean ⫹/⫺ SD of three separate
determinations.

4891

Downloaded from cancerres.aacrjournals.org on September 20, 2021. © 2000 American Association for Cancer
Research.

IR-INDUCED APOPTOSIS

Fig. 3. Effect of p53 and Pms2 deficiencies on the frequency of apoptotic cells in
E1A/Ha-Ras-transformed mouse fibroblasts after treatment with IR. Transformed mouse
fibroblasts were established by cotransfection of E1A and Ha-Ras genes into the primary
fibroblasts derived from wild-type, p53 null, Pms2 null, or double null animals. Apoptotic
assays were performed 40 h after treatment with 20 Gy of IR, as shown in Fig. 2.

diated by Msh2 may proceed via both p53-dependent and -independent pathways (26). In addition, Wu et al. (16) reported that the
induction of p53 in response to selected carcinogens is dependent on
functional MMR and that the MMR-dependent apoptotic response to
the chemicals was mediated through both p53-dependent and p53independent pathways. Whether these results reflect inherent differences between cellular responses to IR versus various chemicals or to
differences in the sensitivities of the assays remains to be determined.
However, the observation of p53-independent, MMR-mediated pathways in some of the above studies is consistent with our findings and
those of Hickman and Samson (20).
Examination of the clonogenic survival curves clearly indicates that
most of the cytotoxicity of IR is actually independent of PMS2. IR
generates a large number of lesions in DNA, including double-strand
breaks, single-strand breaks, and a wide variety of base and sugar
damage. It is likely that cell death from strand breaks is independent
of MMR. Rather, we have hypothesized that it is the IR-induced base
damage, or at least some subset of it, that is subject to MMR recognition (7). On the basis of the emerging model for the alkylation
damage response pathway (13), we propose that this recognition
initiates a signal transduction pathway that leads to apoptosis. The
results presented here suggest that this pathway does not require p53,
although MMR recognition of base damage may signal to p53 for
other purposes. Aside from p53, recent work suggests that MMRassociated signaling involves a number of other factors, including
c-abl and p73 (13). p73 is a homologue of p53, and one possibility is
that MMR signals apoptosis following IR via a p73-dependent pathway. Such a role for p73 in the case of cis-platinum exposure was
proposed (13).
The role of the MMR complex in the recognition and processing of
oxidatively damaged bases, as arise from exposure to IR, has been
suggested by the results of several studies. For example, Ni et al. (27)
observed binding of MSH2/MSH6 complexes to DNA containing
8-oxo-guanine, and DeWeese et al. (10) reported increased accumulation of 8-oxo-guanine in Msh2-deficient mouse cells. Two studies of
mutagenesis in yeast also indicated a role for MMR in mutagenesis
related to oxidative base damage (27, 28).
The results reported here, furthermore, confirm our previous study

of the role of MMR in the cytotoxicity of IR (7). In that study, several
sets of wild-type and MMR-deficient mouse cell lines were compared
for clonogenic survival in response to IR. Cells deficient in either
Msh2, Mlh1, or Pms2 all showed increased survival relative to the
matched wild type. The present work was performed on an independently derived set of mouse primary cells and cell lines and so adds
additional evidence to support the basic observation.
Previous studies of MMR-associated apoptosis have identified
MSH2 and MLH1 as key mediators of the process. For example,
Msh2-deficient cells exhibited reduced apoptosis after IR in two
studies (10, 11). In one study, simple overexpression of either MSH2
and MLH1, but not PMS2, MSH3, or MSH6, induced apoptosis in
human cells (11). These latter observations suggested a special role
for the factors MSH2 and MLH1 in the apoptotic response, raising
questions as to the particular role of PMS2 in induced apoptosis. The
results presented here directly demonstrate that PMS2 plays a role in
damage-induced apoptosis, suggesting that formation and normal
functioning of the MutS␣ (MSH2/MSH6) and MutL␣ (MLH1/PMS2)
complexes are required for MMR-dependent, IR-induced apoptosis.
In addition, work by DeWeese et al. (10) implicated MSH2 in an
exaggerated response to IR that is delivered at low dose rate. The work
presented here shows that PMS2 also plays a role in the differential
effects of low dose rate IR, suggesting, as above, that the effect of the
low dose rate IR is mediated via recognition and processing by the
MutSa and MutLa complexes and not simply by MSH2 or MLH1
alone. Whereas the data reported here show that the low dose rate
effect does not depend on p53, the question remains as to the why
there is a larger survival difference between MMR-proficient
and -deficient cells at low dose rates. One possibility is that the lesion
equilibrium, determined by the rate of radiation damage versus the
rate of repair of the various types of lesions, is different at low as
opposed to high dose rates, perhaps enhancing the effects of the subset
of base damage that is subject to MMR recognition.
Although the work presented here, along with the several other
studies noted above, establish that MMR can trigger apoptosis in a
p53-independent pathway, our results also support the well established concept that p53 can mediate apoptosis following IR (29).
Interestingly, however, the magnitude of the effect of Pms2 nullizy-

Fig. 4. Influence of Pms2 on the cytotoxicity of IR in cells either wild type or null for
p53. The indicated doses of IR were delivered at a low dose rate (16 cGy/h for dose points
2 Gy and 4 Gy and 27 cGy/h for the 8-Gy dose point), and colony formation was
determined. The curves indicate clonogenic survival of p53 wild-type cells that are either
wild type (CL7) or null (CL11) for Pms2 and of p53 nullizygous cells that are either wild
type (TF6) or nullizygous (TF11) for Pms2.
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gosity on apoptosis in our data were in the same range as that of p53
nullizygosity. Because evidence is emerging that many sporadic cancers, as well hereditary cancers, have deficiencies in MMR, these
results serve to highlight the clinical importance of the MMR phenotype of human cancers.
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