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The DNA mismatch repair pathway is well known for its role in correcting biosynthetic errors of DNA
replication. We report here a novel role for mismatch repair in signaling programmed cell death in response
to DNA damage induced by chemical carcinogens. Cells proficient in mismatch repair were highly sensitive to
the cytotoxic effects of chemical carcinogens, while cells defective in either human MutS or MutL homologs
were relatively insensitive. Since wild-type cells but not mutant cells underwent apoptosis upon treatment with
chemical carcinogens, the apoptotic response is dependent on a functional mismatch repair system. By
analyzing p53 expression in several pairs of cell lines, we found that the mismatch repair-dependent apoptotic
response was mediated through both p53-dependent and p53-independent pathways. In vitro biochemical
studies demonstrated that the human mismatch recognition proteins hMutSa and hMutSb efficiently recog-
nized DNA damage induced by chemical carcinogens, suggesting a direct participation of mismatch repair
proteins in mediating the apoptotic response. Taken together, these studies further elucidate the mechanism
by which mismatch repair deficiency predisposes to cancer, i.e., the deficiency not only causes a failure to repair
mismatches generated during DNA metabolism but also fails to direct damaged and mutation-prone cells to
commit suicide.

DNA mismatch repair (MMR) is a critical pathway for the
maintenance of genomic integrity. In Escherichia coli, methyl-
directed MutHLS-dependent MMR ensures chromosome fi-
delity by correcting mispairs (both base-base and insertion-
deletion mispairs) that result from biosynthetic errors and
homologous recombination (51). In humans, a MutHLS-ho-
mologous MMR pathway has been characterized. Both the E.
coli and the human pathway involve mismatch recognition (by
MutS and MutL or their homologs), repair excision (by exo-
nucleases), and resynthesis (by replicative DNA polymerases).
A key feature in both systems is that the repair is strand
specific. In E. coli, the repair is always targeted to the newly
synthesized strand. This strand specificity is ensured by the
function of MutH, an endonuclease that recognizes hemimeth-
ylated GATC sequences and makes a strand break in the newly
synthesized, as-yet-unmethylated strand. Although the signal
for strand discrimination in human cells is unknown, human
MMR can be directed to a specific strand in vitro by a single-
strand break in the DNA substrate (30, 67).

Defects in the human MMR proteins (encoded by the mutS
homolog MSH2 and mutL homologs MLH1, PMS1, and PMS2)
are associated with hereditary nonpolyposis colorectal cancer
(HNPCC) (for reviews, see references 38, 40, and 53). Muta-
tions in these HNPCC-associated genes and other MMR genes
(e.g., MSH3 and MSH6) have also been identified in some
fraction of sporadic cancers (8, 31, 35, 45, 74). Biochemical
studies have demonstrated that functional eukaryotic MutS
and MutL homologs are heterodimers. MSH2 interacts with
MSH6 and MSH3 to form MutSa and MutSb, respectively.

Like the E. coli MutS protein, MutSa and MutSb are mismatch
recognition proteins (1, 17, 26, 32, 33, 46, 57). MLH1 interacts
with PMS2 (PMS1 in Saccharomyces cerevisiae) to form MutLa
(43, 61). A second eukaryotic MutL heterodimer containing
MLH1 and PMS1 (MLH3 in yeast) has recently been proposed
(19).

In addition to mismatch correction, MMR proteins partici-
pate in other cellular functions, such as transcription-coupled
nucleotide excision repair (NER) (49, 50), meiotic chromo-
some synapsis (6, 7), the extension of heteroduplex intermedi-
ates during mitotic and meiotic recombination (11, 13, 14), and
the recognition of Holliday junctions and other branched
structures (2, 3, 69). Recently, human MutSa (hMutSa) has
been shown to recognize a variety of DNA lesions that were
previously believed to be processed only by the NER pathway
(62). These lesions include O6-methylguanine (18), cisplatin
(18), UV-induced photoproducts (54, 68), 2-aminofluorene
(AF), and N-acetyl-2-aminofluorene (AAF) (42). These find-
ings suggest that MMR proteins may be involved in the re-
sponse to DNA damage induced by exposure to physical and
chemical carcinogens. However, the molecular mechanism by
which MMR proteins mediate this process is unclear.

Environmental carcinogens play an active role in tumorigen-
esis by covalently modifying DNA and inducing mutations in
genes critical for the control of cellular growth. To explore the
role of MMR in chemical carcinogenesis, we tested the ability
of human MMR proteins to recognize and repair DNA ad-
ducts induced by several environmental carcinogens, such as
aromatic amines and polycyclic aromatic hydrocarbons
(PAHs). These two classes of carcinogens are widely distrib-
uted in our environment as byproducts of tobacco smoke, fuel
combustion, dyes, and cooked meat, and they can be metabol-
ically activated to highly reactive, mutagenic, and carcinogenic
species (reviewed in references 27 and 29). The model com-
pound for aromatic amines is N-acetoxy-AAF (AAAF), which
reacts with DNA with a high degree of specificity at the C-8
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position of deoxyguanine to form the major adduct N-(29-
deoxyguanosine-8-yl)-N-acetyl-2-aminofluorene (dG-AAF). The
well-studied metabolites of PAHs are benzo[a]pyrene-7,8-di-
hydrodiol-9,10-epoxides (B[a]PDE). These dihydrodiol epox-
ides can exist as a pair of diastereoisomers, designated as syn or
anti derivatives. Each diastereoisomer in turn can be further
resolved into two enantiomers, specified as (1) and (2).
B[a]PDE stereoisomers react preferentially with the exocyclic
amino group of guanine (48, 56, 63).

In this study, we demonstrate that MMR-proficient cells are
highly sensitive to the lethal cytotoxic effects of some chemical
carcinogens, while cells defective in either some hMutS ho-
mologs or hMutL homologs are resistant to carcinogen-in-
duced lethality. The cell death induced in wild-type cells occurs
as an active programmed cell death, suggesting the involve-
ment of MMR in triggering carcinogen-induced apoptosis. In
vitro biochemical experiments show that hMutS homologs ef-
ficiently bind to individual B[a]PDE adducts. Thus, the inter-
action between DNA adducts and MMR proteins (hMutS and
hMutL) may act as a signal for programmed cell death.

MATERIALS AND METHODS

Cell lines and nuclear extracts. Lymphoblastoid lines TK6, WI-L2-NS, and
MT1 were grown in RPMI 1640 medium (GIBCO) supplemented with 10% fetal
bovine serum (HyClone) as described previously (37). Colorectal tumor cell lines
HCT116 and HCT116-3-6 were grown in McCoy’s 5A medium with 10% fetal
bovine serum. HeLa S3 cells were cultured as described previously (30). Nuclear
extracts from all cell lines were prepared as described previously (30, 37, 59).

Construction of oligonucleotides containing B[a]PDE adducts. Four oligode-
oxynucleotide 11-mers containing (1)-trans-, (2)-trans-, (1)-cis-, or (2)-cis-anti-
B[a]PDE stereoisomers were synthesized, purified, and characterized as de-
scribed previously (60). These B[a]PDE-containing oligonucleotides were used
to construct oligonucleotide 50-mer duplexes as depicted in Fig. 1A. Each of the
B[a]PDE-modified oligomers (oligomer A, with a modification on the guanine
residue of the oligonucleotide 59-CCATCG*CTACC-39; the asterisk represents
the B[a]PDE adduct) was annealed to the centrally located complementary
sequence in a 50-mer (oligomer C [59-GCAGATCTGGCCTGATTGCGGT
AGCGATGGAGCCGTAACAGTACGTAGTC-39]) and ligated with another
oligonucleotide (oligomer B [59-GACTACGTACTGTTACGGCT-39]) 59 to the
modified oligonucleotide. The ligated product was elongated by using the 50-mer
as a template in the presence of deoxynucleoside triphosphates and the Klenow
fragment of DNA polymerase I as described previously (42). The resulting
50-mer DNA duplexes containing carcinogen adducts were purified by polyacryl-
amide gel electrophoresis as described previously (76). A 50-mer homoduplex
without B[a]PDE modification and a heteroduplex containing an A-C mismatch
were also similarly constructed by using oligonucleotides 59-CCATCGCTAC
C-39 and 59-CCATCACTACC-39, respectively.

Purification of hMutSa and hMutSb. hMutSa and hMutSb were purified
from nuclear extracts of HeLa S3 cells as described previously (17, 22, 42). The
purified hMutSa and hMutSb were nearly homogeneous as judged by Coomassie
brilliant blue staining (data not shown). Western blot analysis using antibodies
against hMSH2, hMSH3, and hMSH6 confirmed that hMutSa consists of
hMSH2 (105 kDa) and hMSH6 (160 kDa), while hMutSb consists of hMSH2 and
hMSH3 (125 kDa) (data not shown).

Band shift analysis. Band shift assays were performed as described previously
(42) in 25-ml reaction mixtures containing 0.5 pmol of a 32P-labeled oligonucle-
otide duplex, 66 ng (about 0.25 pmol) of hMutSa or hMutSb, 0.4 mg of double-
stranded f1MR3 DNA (competitor DNA), 10 mM HEPES-KOH (pH 7.5), 110
mM KCl, 1 mM EDTA, 1 mM dithiothreitol, and 4% glycerol. Reaction mixtures
were incubated on ice for 20 min, followed by the addition of 5 ml of 50% sucrose
(wt/vol). The samples were then fractionated at room temperature through a 6%
nondenaturing polyacrylamide gel in 6.7 mM Tris-acetate (pH 7.5)–1 mM EDTA
with buffer recirculation. Bands were detected by autoradiography.

Treatment of cells with chemical carcinogens. The desired amount of AAAF
or B[a]PDE dissolved in dimethyl sulfoxide was added to cells suspended in
culture medium. Cells were then incubated at 37°C in the presence of 5% CO2
for 1 h. The exposure was terminated by pelleting the cells and resuspending
them in fresh medium. The final concentration of dimethyl sulfoxide was always
less than 0.1% (vol/vol) and did not contribute to toxicity (data not shown). For
cells growing in suspension, such as TK6, WI-L2-NS, and MT1 cells, both car-
cinogen-treated and untreated cells were plated in 96-well plates at a density of
1 to 3 cells/well in 0.2 ml of medium in the presence of TK6 feeder cells 105

cells/well), which were gamma irradiated (137Cs) with a total of 4.2 kilorads. In
preliminary experiments, we determined that immediately after receiving 2.1
kilorads of gamma irradiation, cells were incapable of proliferation and could no
longer be cloned. Cells were maintained at 37°C in a humidified atmosphere

containing 5% CO2 until clone formation was visible. For cells growing in a
monolayer (e.g., HCT116 and HCT116-3-6 cells), ;50 carcinogen-treated or
untreated cells were plated in six-well plates and cultured at 37°C in a 5% CO2
atmosphere. After incubation for 2 weeks, clones were counted under a micro-
scope.

Construction of mismatch- or carcinogen adduct-containing substrates. Het-
eroduplexes containing a single G-T mismatch (substrate G-T in Fig. 1B) were
prepared as described previously (64) by hybridizing f1MR1 single-stranded
DNA with Sau96I-linearized f1MR3 double-stranded DNA. A similar protocol
was used to construct heteroduplexes containing multiple mismatches by using
M13 and fd phage DNAs, which differ by 3% at the nucleotide level. To construct

FIG. 1. DNA substrates. (A) Construction of a 50-mer oligonucleotide con-
taining carcinogen adducts. A 32P-labeled B[a]PDE-containing 11-mer (oligonu-
cleotide A [59-CCATCG*CTACC-39]) was ligated with oligonucleotide B (59-G
ACTACGTACTGTTACGGCT-39) after they were annealed to a complementary
50-mer (oligomer C [59-GCAGATCTGGCCTGATTGCGGTAGCGATGGAG
CCGTAACAGTACGTAGTC-39). The ligated oligomer was then elongated to
50 nucleotides by using oligonucleotide C as the template. The 50-mer homo-
duplex (G-C) and heteroduplex (A-C) were also constructed by using oligonu-
cleotides 59-CCATCGCTACC-39 and 59-CCATCACTACC-39, respectively, as
oligonucleotide A. dNTPs, deoxynucleoside triphosphates. (B) Circular DNA
substrates. Each 6,440-bp circular substrate contained a strand break at the
Sau96I site in the complementary (C) strand. Substrate G-T was a heteroduplex
containing a single G-T mismatch, substrate G-C was a homoduplex, and sub-
strate G-C/* was a homoduplex modified by chemical carcinogens in the com-
plementary strand. The small circles represent carcinogen-DNA adducts. Several
restriction sites relevant to this study are also shown.
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duplexes containing carcinogen adducts, double-stranded f1MR3 DNA was lin-
earized with the restriction endonuclease Sau96I and treated with the desired
amount of carcinogen at 37°C for 1 h. Unreacted carcinogen was removed by
ether extraction and ethanol precipitation as described previously (12). DNA
samples were resuspended in Tris-EDTA buffer and hybridized with unmodified
f1MR3 single-stranded DNA to form homoduplexes with carcinogen adducts in
the complementary strand. The average number of DNA adducts per molecule
was determined by quantitative PCR based on the fact that these bulky DNA
adducts either inhibit DNA synthesis or induce apurinic or apyrimidinic (AP)
sites (in the case of B[a]PDE), which undergo b-elimination at a high temper-
ature. In either case, shortened PCR products are expected, and these can be
detected by quantitative analysis as described previously (47, 73). Homoduplex
DNAs (substrate G-C in Fig. 1B) without carcinogen modification were prepared
from f1MR3 double-stranded and single-stranded DNAs by a similar method.

Competitive repair. Unless otherwise indicated, in vitro competitive repair was
performed by using HeLa cell nuclear extracts. Competitive repair was assayed
at 37°C for 15 min in a 15-ml reaction mixture containing 50 mg of nuclear extract
and 100 ng of the G-T heteroduplex in the presence of various amount of competitor
substrates (an M13-fd heteroduplex and a carcinogen-modified or unmodified ho-
moduplex). Specific interaction of individual substrates with MMR proteins was
monitored by their ability to inhibit the repair of a G-T mismatched heteroduplex
in HeLa cell nuclear extracts. The repair of the G-T heteroduplex was evaluated
by the assay for the production of two restriction fragments derived from cleav-
age of the repaired molecules with HindIII and Bsp106 or HindIII and BseRI,
depending on the competitor substrates (see Fig. 1B).

Apoptosis analysis. Chemical carcinogen-induced apoptosis was determined
by the analysis of DNA fragmentation by using agarose gel electrophoresis and
the terminal deoxynucleotidyltransferase (TdT)-mediated dUTP nick end label-
ing (TUNEL) method (21, 55). Briefly, cells were incubated with medium alone
(control) or with medium containing 10 mM AAAF or 0.3 mM B[a]PDE at 37°C
for 1 h. The supernatants were removed and replaced with fresh medium. After
24 or 48 h of culture, an aliquot of the cells was harvested, and DNA was isolated
from these cells by protease K digestion and phenol-chloroform extraction,
electrophoresed through 1.6% agarose gels, and visualized under UV light in the
presence of ethidium bromide. The remaining cells were fixed with 1% (wt/vol)
paraformaldehyde in phosphate-buffered saline and labeled with propidium io-
dide (PI) and fluorescein isothiocyanate (FITC)-dUTP in the presence of TdT;
all these materials were provided in the APO-DIRECT kit (PharMingen, San
Diego, Calif.). The cells were then analyzed by flow cytometry.

Chemicals and reagents. AAAF and B[a]PDE were obtained from Chemsyn
Science Laboratories, Lenexa, Kans. [g-32P]ATP was obtained from Dupont.
Oligonucleotides were purchased from Gibco-BRL Laboratories. Restriction
enzymes were obtained from New England Biolabs. Antibodies against hMSH2
and hMSH6 were purchased from Oncogene Sciences (Boston, Mass.) and
Serotec (Raleigh, N.C.), respectively. The hMSH3 antibody was the generous gift
of Paul Modrich (Duke University, Durham, N.C.). The p53 antibody was from
Santa Cruz Biotechnology (Santa Cruz, Calif.). Western blot analysis was per-
formed with the ECL kit from Amersham Life Science.

RESULTS

Recognition of B[a]PDE adducts by hMutSa and hMutSb.
In previous work it was demonstrated that hMutSa recognizes
DNA adducts induced by aromatic amines (42). To determine
whether DNA MMR plays any role in PAH-induced mutagen-
esis and carcinogenesis, we tested the ability of hMutSa to
recognize a 50-bp oligodeoxynucleotide duplex containing a
single adduct of B[a]PDE at a guanine residue (see Fig. 1).
Substrates that include four different antistereoisomers of
B[a]PDE, i.e., (1)-trans-anti-B[a]PDE, (2)-trans-anti-B[a]
PDE, (1)-cis-anti-B[a]PDE, and (2)-cis-anti-B[a]PDE, were
constructed. As shown in Fig. 2, hMutSa efficiently binds to
oligonucleotide duplexes containing each of the B[a]PDE ad-
ducts (lanes 2 to 5). Although the affinity of hMutSa for the
B[a]PDE substrates was lower than that for an A-C mis-
matched substrate (Fig. 2, lane 1), it was significantly higher
than the affinity to a homoduplex, whose interaction with
hMutSa was almost undetectable (lane 6).

Unlike hMutSa, which recognizes both base-base mis-
matches and insertion-deletion mispairs, hMutSb recognizes
only insertion-deletion mispairs (22, 57). To determine
whether hMutSb plays a role in chemical carcinogenesis, a
similar approach was used to analyze the interaction between
hMutSb and DNA duplexes containing adducts of B[a]PDE.
Like hMutSa, hMutSb demonstrated a high affinity for the

heteroduplex containing a loop of 4 nucleotides (Fig. 2, lane 7)
and for each of the B[a]PDE adducts (lanes 8 to 11) but
interacted poorly with an identical unmodified homoduplex
(lane 12). These results indicate that hMutSb is capable of rec-
ognizing DNA damage induced by bulky chemical carcinogens.

ATP has been shown to inhibit the interaction of hMutSa
with mismatch-containing heteroduplexes in gel shift analyses
(10, 17, 25, 42), since it drives molecular translocations (4, 10)
or molecular switches (25). Thus, gel shift experiments were
carried out in the presence of ATP to determine its effect on
DNA-adduct binding by hMutSa and hMutSb. The binding of
hMutSa and hMutSb to each of the B[a]PDE adducts was
totally inhibited by the presence of 1 mM ATP (data not
shown), suggesting that hMutS proteins interact with the car-
cinogen adducts and DNA mismatches in a similar manner.

Carcinogen adducts block strand-specific MMR. The exper-
iments described above demonstrate that hMutSa and
hMutSb recognize and bind to carcinogen-DNA adducts. To
further test the specific interaction between carcinogen-DNA
adducts and MMR proteins, a competition MMR assay was
performed. Strand-specific MMR is assayed in vitro by using a
circular heteroduplex containing a single mismatch located
within two overlapping restriction endonuclease recognition
sites (see Fig. 1B) (30). The presence of heterology within the
recognition sites renders the heteroduplex resistant to cleavage
by both enzymes. Thus, repair of the mismatch can be moni-
tored by the sensitivity of the heteroduplex to one endonucle-
ase or the other. This assay was carried out by using a G-T
mismatched DNA duplex in the presence of chemically ad-
ducted DNA or other DNA competitor substrates. If carcino-
gen-induced DNA damage specifically interacts with MMR
proteins, then it is predicted that chemically adducted sub-
strates will effectively compete with the G-T heteroduplex for
MMR proteins and inhibit repair.

Figure 3 shows the repair of a G-T heteroduplex by HeLa
nuclear extracts in the presence of an M13-fd heteroduplex, a
G-C homoduplex, and B[a]PDE- or AAAF-adducted DNA
competitors. Repair was completely inhibited by 70 ng of the

FIG. 2. Binding of hMutSa and hMutSb to DNA containing B[a]PDE. Un-
less otherwise indicated, gel shift assays were performed in 25-ml reaction mix-
tures containing 0.5 pmol of 32P-labeled oligonucleotide duplexes, 0.25 pmol of
purified hMutSa or hMutSb, 0.4 mg of double-stranded-f1MR3 DNA (compet-
itor DNA), 10 mM HEPES-KOH (pH 7.5), 110 mM KCl, 1 mM EDTA, 1 mM
dithiothreitol, and 4% glycerol. After 20 min of incubation on ice, 5 ml of 50%
sucrose was added. The samples were fractionated at room temperature through
a 6% nondenaturing polyacrylamide gel in 6.7 mM Tris-acetate (pH 7.5)–1 mM
EDTA with buffer recirculation. NT, nucleotide.
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M13-fd heteroduplex, which contains about 192 mismatches
per molecule (3% heterology [69]). Repair was only slightly
reduced even in the presence of 800 ng of the homoduplex
DNA. This result is consistent with the prediction that DNA
molecules that are MMR substrates will be efficient competi-
tors in this assay. Figure 3 also shows that repair of the G-T
heteroduplex was totally blocked by 200 ng of either AAAF- or
B[a]PDE-modified homoduplexes, which contained about 10
adducts per molecule in each case as determined by quantita-
tive PCR analysis (see Materials and Methods for details). This
result indicates that DNA adducts of AAAF and B[a]PDE
actively compete with the G-T heteroduplex for MMR pro-
teins.

MMR-proficient cells are sensitive to chemical carcinogen-
induced cytotoxicity. Because hMutSa and hMutSb recognize
DNA damage induced by chemical carcinogens, it was rea-
soned that the MMR pathway could influence the biological
impact of exposure to these agents. Thus, the cytotoxic effects
of exposure to B[a]PDE and AAAF were determined in
MMR-proficient and MMR-deficient cells. The MMR-defi-
cient cell lines used were MT1 (MSH6 defective), and HCT116
(MLH1 defective); the corresponding wild-type cell lines are
TK6 and HCT116-3-6. MT1 was derived from the lymphoblas-
toid cell line TK6 by frameshift mutagenesis and is tolerant to
N-methyl-N9-nitro-N-nitrosoguanidine (MNNG) (23); HCT116-
3-6 was derived from colorectal tumor cell line HCT116 by
transfer of chromosome 3, which carries the wild-type MLH1
gene (39).

Cells were treated with AAAF, followed by clonogenic sur-
vival assays as described in Materials and Methods. Figure 4A
shows that the MMR-deficient MT1 cells exhibited several-
fold-greater resistance to killing by AAAF than the wild-type
TK6 cells. In the presence of 20 mM AAAF, almost all TK6
cells were killed, but more than 30% of the MT1 cells survived.
With the MLH1-deficient HCT116 cell line and its wild-type
counterpart HCT116-3-6, similar results were observed.
MMR-deficient HCT116 cells showed higher levels of clonal
survival than repair-proficient HCT116-3-6 cells following ex-
posure to each concentration of AAAF. MT1 cells are defec-
tive in hMutSa, and HCT116 cells are deficient in hMutLa
(43). This result indicates that both hMutS and hMutL com-

plexes are involved in AAAF-induced cell death. As observed
with AAAF treatment, MT1 and HCT116 cells exhibited sev-
eralfold-greater resistance to killing after treatment with
B[a]PDE than the corresponding wild-type cells (Fig. 4B).

Carcinogen-induced cell death is mediated by apoptosis.
The mechanism of carcinogen-induced cell death was deter-
mined by measuring DNA degradation after treatment with
AAAF or B[a]PDE. Cells were incubated for 1 h with 10 mM
AAAF or 0.3 mM B[a]PDE, concentrations that are sufficient
to kill more than 90% of wild-type cells in clonogenic analysis,
but that kill less than 25% of MMR-deficient cells (see Fig. 4).
After removal of the carcinogens, cells were cultured in fresh
media for 24 or 48 h and harvested for DNA fragmentation
analysis. Figure 5A shows the level of cell death 24 h after
carcinogen treatment as determined by the TUNEL assay de-
scribed in Materials and Methods. Cells undergoing DNA
fragmentation (positive in the TUNEL assay) were labeled
with FITC-dUTP by TdT and were believed to be apoptotic
cells (positive in the TUNEL assay). Figure 5A shows histo-
grams of these analyses, with FITC-dUTP staining and PI
staining displayed in the vertical and horizontal axes in each of
the histograms, respectively. Upon treatment with AAAF or
B[a]PDE, 20 to 50% of MMR-proficient cells (TK6 and
HCT116-3-6) were TUNEL positive within 24 h, while no
significant increase in TUNEL staining occurred in repair-
deficient cells (MT1 and HCT116). Similar results were also
obtained when cells were grown for 48 h after carcinogen
treatments (data not shown).

To further confirm that cell death in MMR-proficient cells
occurs through an apoptotic pathway, direct visualization of
DNA fragmentation, a hallmark of apoptosis, was carried out.
Genomic DNA was isolated from individual cell lines after
treatment with chemical carcinogens and was fractionated in
1.6% agarose gels. As shown in Fig. 5B, DNA fragmentation
was observed in MMR-proficient TK6 and HCT116-3-6 cells,
but not in mutant MT1 and HCT116 cells, after treatment with
AAAF or B[a]PDE. These results are consistent with those of
the TUNEL assay described above, suggesting that carcinogen-
induced cell death occurs by apoptosis and is an MMR-depen-
dent process.

p53 involvement. p53 plays a critical role in apoptosis. To
determine if p53 is involved in carcinogen-induced apoptosis,
the p53-defective lymphoblastoid cell line WI-L2-NS was sub-
jected to clonogenic analysis after AAAF or B[a]PDE treat-
ment. The WI-L2-NS line was derived from the same origin as
the TK6 line but harbors a point mutation in the p53 gene at
codon 237, resulting in a methionine-to-isoleucine change (9,
72). This mutation prevents WI-L2-NS cells from undergoing
apoptotic death by radiation (44, 75). Nevertheless, WI-L2-NS
cells possess strand-specific MMR activity comparable to that
of the wild-type TK6 cells (25a). Clonogenic survival analysis
following treatment with AAAF or B[a]PDE indicated that
WI-L2-NS cells were more resistant to killing by either carcin-
ogen than TK6 cells but more sensitive than MT1 cells (Fig.
6A). TUNEL and DNA fragmentation analyses were also per-
formed. As demonstrated in Fig. 6B, TUNEL-positive cells
were observed among WI-L2-NS cells after treatment with
either AAAF or B[a]PDE. These results are similar to those
observed with TK6 cells. To directly visualize DNA fragmen-
tation, DNA from carcinogen-treated WI-L2-NS cells was frac-
tionated through an agarose gel. Unlike the findings for TK6
cells, where distinct DNA fragments were displayed (Fig. 5B),
smeared DNA was observed in AAAF- or B[a]PDE-treated
WI-L2-NS cells (Fig. 6C). It is not clear whether this reflects
p53-independent apoptosis or random DNA degradation due
to necrotic cell death.

FIG. 3. Inhibition of MMR reaction by DNA-containing carcinogen adducts.
G-T mismatch repair was performed as described previously (30) by using 50 mg
of HeLa nuclear extracts and 100 ng of a heteroduplex containing a single G-T
mismatch. Repair assays were performed in reaction mixtures containing 100 ng
of the G-T mismatched heteroduplex, the indicated competitor DNA, and 50 mg
of HeLa nuclear extracts. The reaction mixtures were incubated at 37°C for 15
min. After phenol and ether extraction, DNA substrates were recovered by
ethanol precipitation and digested with restriction endonucleases to score the
repair of the G-T heteroduplex. For the homoduplex (G-C) or carcinogen-
modified homoduplexes (G-C/B[a]PDE, and G-C/AAAF), restriction endo-
nucleases HindIII and Bsp106 were used to detect the repair of the G-T sub-
strate, producing 3.1- and 3.3-kb fragments (see Fig. 1). For the M13-fd
heteroduplex, HindIII and BseRI (producing 2.8- and 3.6-kb fragments) were
used since Bsp106 cleaves the M13-fd substrate into fragments of the same size
as those obtained by HindIII and Bsp106 cleavage of the repaired G-T substrate.
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The induction of p53 is always associated with apoptosis
induced by DNA damage (reviewed in reference 41). We
therefore investigated the expression of p53 in cells treated
with AAAF or B[a]PDE. After 1 h of incubation with the
carcinogen, cells were cultured in fresh media for various pe-
riods of time, and cell extracts were prepared for Western blot
analysis. Both TK6 and MT1 cells expressed significant
amounts of p53. However, the p53 level in TK6 cells apparently
increased steadily post-AAAF treatment, while this increase
was not observed in MT1 cells (Fig. 7). Although the p53 in
WI-L2-NS cells is mutated, there seemed to be a slight increase
in the level of the mutated protein in the cells after AAAF
treatment. The difference in p53 expression between HCT116-
3-6 and HCT116 cells was not as obvious as that observed
between TK6 and MT1 cells (Fig. 7). The relative p53 levels for
each pair of cell lines after B[a]PDE treatment were similar to
those observed in AAAF experiments (data not shown).

DISCUSSION

Mutations in DNA are the primary cause of human cancer
and mainly result from two sources: errors in DNA metabolism
and damage induced by endogenous or exogenous mutagens or
carcinogens. It is generally accepted that MMR is responsible
for correcting errors of DNA metabolism (51), while base
excision repair and NER are mainly responsible for the repair
of carcinogen-induced DNA damage (62). However, recent
studies from several groups suggest that MMR is also involved
in the repair of DNA damage that was previously thought to be
processed only by excision repair pathways. Indirect evidence
has shown that MutS and MutL mutants of E. coli, or their
homologs in humans, are also defective in transcription-cou-
pled NER of UV-induced pyrimidine dimers (49, 50). More
direct evidence comes from studies demonstrating specific in-
teractions between purified hMutSa and DNA containing

FIG. 4. Sensitivity of MMR-proficient cells to the cytotoxicity of chemical carcinogens. Graphs show the clonogenic survival of MMR-proficient (TK6 and
HCT116-3-6) and MMR-deficient (MT1 and HCT116) cells following exposure to AAAF (A) or B[a]PDE (B). Standard deviations were calculated from three
independent experiments.
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damage induced by many agents. These agents include
MNNG, 6-thioguanine, cisplatin, UV, AF, and AAF (18, 42,
54, 65, 68). In this study, we have extended this list to B[a]PDE,
one of the most carcinogenic compounds identified to date. In
addition, we also show that, like hMutSa, hMutSb specifically
recognizes bulky DNA adducts induced by B[a]PDE, indicat-
ing that hMutSb shares the same specificity with hMutSa with
respect to its interactions with carcinogen-DNA adducts. The
binding of hMutS heterodimers to carcinogen-DNA adducts
can be blocked by the presence of ATP, which has also been
demonstrated for the binding of hMutSa to DNA mismatches
(10, 17, 25). These findings suggest that hMutS homologs in-

teract with carcinogen-DNA adducts and DNA mismatches
through a similar mechanism. The specific interaction between
hMutS homologs and carcinogen-DNA adducts is further con-
firmed by the demonstration that carcinogen-DNA adducts
effectively inhibit strand-specific MMR in HeLa nuclear ex-
tracts (Fig. 3).

This work clearly demonstrates for the first time that MMR-
proficient cells (TK6 and HCT116-3-6 cells) are much more
sensitive to killing by AAAF and B[a]PDE than the corre-
sponding MMR-defective mutant cells (MT1 and HCT116
cells). It is known that these carcinogens exert their carcino-
genic effects by covalently modifying genomic DNA to form

FIG. 5. Chemical carcinogens induce apoptosis. (A) TUNEL analysis. Cells were incubated with medium alone (control) or with medium containing 10 mM AAAF
or 0.3 mM B[a]PDE at 37°C for 1 h and were then cultured in fresh medium for 24 h before being harvested for flow cytometry analysis as described in Materials and
Methods. The cells above the gate are apoptotic (TUNEL positive), while those below the gate are nonapoptotic (TUNEL negative). The percentages of cells in each
category are shown. FL2-A (horizontal axis) indicates PI staining, and FL1H (vertical axis) indicates FITC-dUTP staining. (B) DNA fragmentation in TK6 and
HCT116-3-6 (H6-3-6) cells induced by AAAF and B[a]PDE. Cells were treated as described above. Genomic DNA was isolated by protease K digestion and
phenol-chloroform extraction, fractionated through 1.6% agarose gels, and visualized under UV light in the presence of ethidium bromide. None, control.
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DNA adducts. Removal of these adducts by a DNA repair
system is very important for genomic integrity. Therefore, one
would expect cells defective in DNA repair to be sensitive to
the action of environmental carcinogens. Indeed, this is the
case for NER (reviewed in reference 20). In addition to toler-
ance to chemical carcinogens, MMR mutants have previously
been shown to be resistant to the cytotoxic effects of many
common chemotherapeutic drugs such as MNNG, 6-thiogua-
nine, cisplatin, adriamycin, doxorubicin, and temozolomide (5,
15, 16, 28, 37, 39, 65).

We demonstrate here that upon treatment with chemical
carcinogens, MMR-proficient cells undergo programmed cell
death as judged by TUNEL analysis as well as by gel-based
DNA fragmentation analysis. These two analyses distinguish
between two cell death pathways: apoptosis and necrosis (70,
71). In contrast to the formation of DNA ladders by apoptotic
cells, necrotic cells are characterized by a smear of low-molec-
ular-weight DNA molecules due to random cleavage of DNA
by nonspecific DNases (70, 71). TUNEL analysis is very sen-
sitive in detecting in situ DNA degradation but cannot distin-
guish DNA fragmented during apoptosis and necrosis. The
gel-based DNA fragmentation assay allows conclusive identi-
fication of the specific cell death mechanism. Based on these
analyses, the involvement of p53 in carcinogen-induced apo-

ptosis was investigated by comparing cell lines with different
p53 backgrounds for their DNA fragmentation patterns and
p53 expression levels. The lymphoblastoid cell lines TK6, MT1,
and WI-L2-NS are derived from the same donor (9, 72), but
they differ in their p53 and MMR phenotypes: TK6 cells are
wild type for both MMR and p53; MT1 cells are defective in
MMR but wild type for p53 (15); WI-L2-NS cells possess
normal MMR activity (25a) but carry a point mutation in exon
7 of the p53 gene, which abolishes the function of p53 (9, 72).
MT1 cells are negative in both TUNEL and gel-based DNA
fragmentation analyses. Although both TK6 and WI-L2-NS
cells are positive in the TUNEL assay, the gel-based DNA
degradation assay revealed that cell death in these two lines
may occur through different mechanisms. DNA fragmentation
was clearly observed in TK6 cells but not in WI-L2-NS cells.
Instead, a smeared DNA was recovered from WI-L2-NS cells.
Although we cannot rule out the possibility that WI-L2-NS
cells die through apoptosis, the nature of DNA degradation in
the cell line is very similar to that of cells undergoing necrosis.
If the latter is the case, chemical-carcinogen-induced apoptosis
in these cells requires both functional MMR and p53. If WI-
L2-NS cells do die by apoptosis, the cell death is mediated by
factors independent of p53. However, p53 may contribute to
the promotion of DNA laddering in TK6 cells.

FIG. 6. Response of p53-defective WI-L2-NS cells to treatments with chemical carcinogens. (A) clonogenic survival; (B) TUNEL analysis; (C) DNA fragmentation
analysis. None, control.
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We further addressed the involvement of p53 in this process
by measuring p53 levels in different cell lines after treatments
with chemical carcinogens. Upon exposure to AAAF or
B[a]PDE, TK6 cells, but not MT1 cells, showed increased
levels of p53 protein. Even though the p53 gene is mutated in
WI-L2-NS cells, there was a slight increase in the level of the
mutant protein. Therefore, it seems that there is a close cor-
relation between the expression of p53 (both functional and
mutated forms) and a functional MMR system. Thus, it ap-
pears that chemical-carcinogen-induced apoptosis is depen-
dent on both functional MMR and p53 in these cells. The
correlation in these cell lines was also reported when they were
treated with temozolomide (15), an alkylating chemotherapeu-
tic agent. By analyzing the cellular response to MNNG and
cisplatin in mice with defects in the MSH2 or p53 gene, Toft et
al. (66) have recently shown that the MSH2-dependent apo-
ptotic response is mediated through a p53-dependent pathway.
Taken together, these findings indicate that MMR-mediated
apoptosis in response to chemical agents can occur through a
p53-dependent pathway.

However, this conclusion cannot explain the apoptotic re-
sponse in HCT116-3-6 cells, which possess both a functional
MMR system and wild-type p53. Unlike the findings for TK6
cells, where p53 levels increased severalfold (Fig. 7) within 3
days after carcinogen treatments in comparison with both un-
treated cells and treated MT1 cells, p53 levels in HCT116-3-6
increased only slightly compared with those in HCT116 cells
(Fig. 7). This suggests that apoptosis in this cell line, although
dependent on MMR, may not be mediated by a p53-dependent
pathway. In fact, while this article was being revised, Gong et
al. (24) demonstrated that cisplatin-induced apoptosis occurs
only in HCT116-3-6 cells, not in HCT116 cells, indicating the
involvement of MMR in cisplatin-induced apoptosis. They also
found that apoptosis in HCT116-3-6 cells is mediated not by
p53 but by p73 (24), a p53-related protein that can also induce
apoptosis (34). It is possible that the chemical-carcinogen-
induced cell death described here may also be regulated by a
p73-dependent manner. Although we do not know the differ-
ence in apoptotic response between the MT1-TK6 pair and the

HCT116–HCT116-3-6 pair, these two pairs of cells were de-
rived from different origins. First, MT1 and TK6 lines are
lymphoblastoid cells, while HCT116 and HCT116-3-6 lines are
colorectal tumor cells. Second, in the HCT116–HCT116-3-6
pair, the MMR-proficient HCT116-3-6 line was derived from
the mutant HCT116 line by chromosome transfer (39), but the
mutant MT1 line of the MT1-TK6 pair was derived from the
wild-type TK6 line by treatment of the latter with a mutagen
and selection for MNNG-resistant cells (23). Therefore, MT1
cells may harbor an enormous number of mutations that are
not present in the parental cells and that affect apoptotic re-
sponse. Nevertheless, this study, together with previous inves-
tigations, reveals that MMR deficiency confers cancer predis-
position not only through failed repair of DNA mismatches
generated from DNA metabolism but also through the failure
to signal apoptosis in cells with damaged DNA.

The molecular mechanism by which MMR triggers carcino-
gen-induced apoptosis is not known. Since cells defective in
either hMutS homologs or hMutL homologs fail to engage
chemical-induced apoptosis, both hMutS and hMutL ho-
mologs must be involved in the process. Thus, several models
have been proposed (for reviews see references 36 and 52). A
favored candidate is the futile-repair model. Chemical carcin-
ogens modify DNA to form carcinogen-DNA adducts, which
could pair with appropriate bases or introduce mispairs during
DNA replication. Under either circumstance, hMutS ho-
mologs can recognize these unusual pairs as “mismatches” to
provoke a strand-specific MMR reaction. However, since
MMR is always targeted to the newly synthesized strand, the
offending adducts, which are located in the template strand,
cannot be removed by strand-specific MMR and thus continue
to produce unusual base pairs upon DNA resynthesis. As a
result, the repair cycle is reinitiated. Such futile repair may be
translated into an apoptotic signal. Alternatively, cell death
may be due to the binding of MMR proteins (at least hMutS
and hMutL homologs) to DNA adducts, which either leads to
a checkpoint response or blocks other DNA transactions such
as replication, transcription, and proper damage repair.

Our gel shift experiments suggest that both hMutSa and

FIG. 7. Expression of p53 in MMR-proficient and -deficient cells after treatment with AAAF. (A) Western blot analysis. After AAAF treatment, cells were cultured
in fresh medium for the indicated times. Actin was used as an internal control, and equal amounts of protein were loaded for each sample. Both p53 protein and actin
were detected by chemiluminescence on a Western blot by using antibodies against p53 and actin (Sigma), respectively. p53*, mutant p53 protein. (B) Relative amounts
of p53. The p53 level at each point was normalized by its corresponding actin level as well as by the amount of p53 at time zero.
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hMutSb may be involved in signaling p53- or p73-dependent
apoptosis, as judged by their ability to recognize DNA con-
taining carcinogen adducts. However, it is worth noting that
the MT1 cell line, which supposedly has wild-type hMutSb but
is defective in hMutSa (17, 58), still fails to commit suicide in
response to chemical-carcinogen cytotoxicity. This result sug-
gests that either hMutSb is not involved in the apoptotic re-
sponse or the hMSH3 gene in MT1 cells contains an uniden-
tified mutation that affects apoptotic response. Further
investigations are required to distinguish between these hy-
potheses.
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