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hMSH2zhMSH6 heterodimer (hMutSa) and hMLH1zhPMS2 complex
(hMutLa) have been implicated in the cytotoxic response of mam-
malian cells to a number of DNA-damaging compounds, including
methylating agents that produce O6-methylguanine (O6MeG) ad-
ducts. This study demonstrates that O6MeG lesions, in which the
damaged base is paired with either T or C, are subject to excision
repair in a reaction that depends on a functional mismatch repair
system. Furthermore, treatment of human cells with the SN1 DNA
methylators N-methyl-N-nitrosourea or N-methyl-N*-nitro-N-ni-
trosoguanidine results in p53 phosphorylation on serine residues
15 and 392, and these phosphorylation events depend on the
presence of functional hMutSa and hMutLa. Coupled with the
previous demonstration that O6MeGzT and O6MeGzC pairs are
recognized by hMutSa, these results implicate action of the mis-
match repair system in the initial step of a damage-signaling
cascade that can lead to cell-cycle checkpoint activation or cell
death in response to DNA methylator damage.

The use of DNA-damaging agents remains one of the primary
regimes in cancer chemotherapy. However, the utility of such

agents is often compromised by the emergence of drug-resistant
tumor cell populations. A number of previous studies have linked
defects in the mammalian mismatch repair genes MSH2, MSH6,
and MLH1 with resistance of cultured cells to the cytotoxic
effects of SN1 DNA methylators, 6-thioguanine, cisplatin, and
doxorubicin (1–6). These observations may have significant
clinical ramifications, because early studies indicate that mis-
match repair defects can also be associated with DNA methy-
lator-resistant tumors in whole animals (7, 8).

In addition to their resistance to the cytotoxic effects of the
agents mentioned above, cell lines deficient in the
hMSH2zhMSH6 heterodimer (hMutSa) or the hMLH1zhPMS2
complex (hMutLa) also fail to elicit a G2 checkpoint response on
treatment with sublethal levels of SN1 DNA methylators or
6-thioguanine (2, 9–12). SN1 DNA methylators are mutagenic
and cytotoxic, with both activities attributable to production of
O6-methylguanine (O6MeG) in DNA (13). The resistance of
mismatch repair mutants to this class of drugs, which trigger an
apoptotic response after G2-M arrest in normal cells (14), is
because of the tolerance of DNA lesions that are otherwise lethal
to mismatch repair proficient cells (9).

Such findings imply that functional hMutSa and hMutLa are
required for certain DNA-damaging agents to elicit checkpoint
activation and, at high lesion load, cell death. Although the
molecular events involved in this damage response have not been
established, the role of the mismatch repair system appears to be
a direct one, because hMutSa has been found to specifically
recognize O6MeG adducts and the 1,2-intrastrand purine–
purine crosslink produced by SN1 DNA methylators and cispla-
tin, respectively (15–17). Because mismatch repair has also been
implicated in the recognition and rectification of DNA biosyn-
thetic and recombination errors (18–20), the repair system has
been postulated to act as a sensor of genetic damage with a fairly
broad specificity (2, 15, 16).

Two models have been proposed to explain the link between
the mismatch repair system and the DNA-damage response. One

attributes the cytotoxic effects to translesion DNA synthesis
when the replication fork encounters a damaged nucleotide in
the template strand (2, 9, 17). The resulting base pair anomaly
triggers mismatch repair, but, because action of this system is
restricted to the daughter DNA strand, the offending lesion can
persist in the template. Excision repair triggered in this manner
could lead to futile rounds of abortive repair, with persistent
excision intermediates produced in this manner serving to
activate the DNA-damage response. In the second model,
assembly of a signaling complex of hMutSa, hMutLa, and other
activities at the site of a lesion has a finite probability of directly
triggering a damage response regardless of the DNA replication
status (15, 16).

Experimental Procedures
Cell Lines. Human lymphoblastoid B-cell lines TK6 and MT1 (9)
were grown in RPMI 1640 medium supplemented with 10%
(volyvol) fetal bovine serum (HyClone). The MLH12/2 human
colorectal adenocarcinoma cell line HCT116 and a HCT116
hybrid clone containing a copy of a MLH11 chromosome 3
(HCT116.ch3) were obtained from Thomas Kunkel (National
Institute of Environmental Health Sciences) (3). HCT116 and
HCT116.ch3 lines were maintained in McCoy’s 5A medium
(HyClone) supplemented with 2 mM L-glutamine and 10%
(volyvol) fetal bovine serum, which also contained 400 mgyml
geneticin disulfate in the case of HCT116.ch3. The absence and
presence of hMLH1 in HCT116 and HCT116.ch3 cells was
verified by immunoblot analysis.

Drug Treatment and Immunoblot Analysis. TK6 and MT1 cells were
suspended in fresh medium at a density of 105 cells per ml, and
10-ml samples were distributed into 150-mm dishes, where they
were subjected to 10 mM N-methyl-N-nitrosourea (MNU) or 10
mM etoposide for 40 min, or to 20 Jym2 of 254-nm UV light.
HCT116 and HCT116.ch3 were treated in serum-free medium
(105 cellsyml) with 5 mM N-methyl-N 9-nitro-N-nitrosoguanidine
for 40 min according to Koi et al. (3). After exposure to
DNA-damaging agents, cells were resuspended in fresh com-
plete medium (105 cellsyml) and distributed into 150-mm dishes
(106 cells per dish). Samples (4 3 106 cells) were harvested as
indicated, collected by centrifugation, washed with phosphate-
buffered saline, and the cell pellet resuspended in 100 ml of
ice-cold buffer A (10 mM Hepes-KOH (pH 7.6)y10 mM KCly0.5
mM MgCl2y10% glyceroly1 mM DTTy1 mgyml leupeptiny5
mgyml E64y1 mgyml aprotininy0.1% PMSF). After 10 min on
ice, the suspension was passed through a 20-gauge needle and
centrifuged at 12,000 3 g for 5 min at 4°C. The supernatant
(cytoplasmic extract) was saved on ice, and the pellet was
extracted for 30 min at 0°C with 40 ml of buffer A supplemented
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with 250 mM KCly50 mM NaFy50 mM b-glycerophosphatey1
mM wortmannin. Nuclei and cell debris were pelleted at
12,000 3 g as above, and the supernatant was added to the
cytoplasmic extract.

Cell extract (30 mg) was subjected to electrophoresis through
a 10% polyacrylamide gel containing SDS and proteins trans-
ferred onto nitrocellulose membrane. The membrane was then
immunoblotted with p53 antibody AB6 (Oncogene Research
Products), anti-hMLH1 (PharMingen clone G168–15), or phos-
pho-specific antibodies directed against p53 peptides containing
phospho-Ser-15 or phospho-Ser-392 (21–23).

DNA Substrates. Bacteriophage f1MR56 was prepared by inser-
tion of an oligonucleotide duplex containing an EcoRV site
[d(CAAGCGGATATCAGCGT)zd(CTAGACGCTGATATC-
CGCTTGACG)] into f1MR1 (24) replicative form (RF) DNA
that had been cleaved with AatII and XbaI. Phage f1MR57 was
constructed by insertion of a synthetic duplex comprised of
d(CCCCACTCCATAGGATGGATCCAGCTGGCGCCGGC-
TCGAGTATCCCACCCC) and d(GGGGTGGGATACTCG-
AGCCGGCGCCAGCTGGATCCATCCTATGGAGTGG-
GG) into EcoRV linearized f1MR56 RF DNA. The PvuII
sequence within this insert was used as a site for placement of a
G-T mismatch, and O6MeG-C or O6MeG-T lesions (Fig. 1),
because presence of O6MeG is known to prevent cleavage by this
endonuclease (25). Circular heteroduplexes (6,400 bp) contain-
ing a G-T mismatch or an O6MeG lesion within a 51-residue
oligonucleotide spanned by two single-strand breaks were pre-
pared according to Yamaguchi et al. (26). Briefly, circular duplex
DNA with a 51-nt gap was prepared by denaturing EcoRV-
linearized f1MR56 and hybridizing to the circular viral DNA
strand derived from f1MR57. These gapped circles were utilized
for preparation of homoduplex, G-T heteroduplex, or O6MeG-C
and O6MeG-T substrates, respectively, by hybridization of the
51-residue synthetic oligonucleotides: d(GGGGTGGGATAC-
TCGAGCCGGCGCCAGCTGGATCCATCCTATGGAGTG-
GGG), d(GGGGTGGGATACTCGAGCCGGCGCCGGCTG-
GATCCATCCTATGGAGTGGGG), d(GGGGTGGGATAC-
TCGAGCCGGCGCCAGCTmGGATCCATCCTATGGA-
GTGGGG), or d(GGGGTGGGATACTCGAGCCGGCGCC-
mGGCTGGATCCATCCTATGGAGTGGGG), where mG in-
dicates O6MeG. A 20-fold molar excess of oligomer was hybrid-
ized to gapped circular DNA in 20 mM TriszHCl (pH 7.6)y100
mM NaCly10 mM MgCl2 at 65°C for 30 min and the reaction
allowed to slow cool to room temperature. Circular DNA
products were purified by mixing with 0.1 packed volume of
benzoylated naphthoylated DEAE-cellulose (BND) in 20 mM
TriszHCl (pH 7.6)y1 mM EDTAy1 M NaCl. The BND matrix
was removed by centrifugation, and the DNA-containing super-
natant was freed of small molecule contaminants by centrifuga-
tion through a Sephadex G50 spin column (Boehringer Mann-
heim). Purified substrates were concentrated by ethanol precip-
itation followed by resuspension in 20 mM TriszHCl (pH 7.6)y1
mM EDTA at a concentration of approximately 100 mgyml.

Nuclear Extracts and Repair Assays. Nuclear extracts were prepared
and mismatch repair reactions performed as described (10).
Reactions contained 100 ng of heteroduplex DNA, 100 mg of
nuclear extract, and, when indicated, 100 ng of near-
homogeneous hMutSa (10). Incubation was for 15 min at 37°C.

Results
Deficiency of hMutSa or hMutLa confers significant levels of
resistance to the cytotoxic effects of a number of DNA-damaging
agents, but the most dramatic effects have been observed with
SN1 DNA methylators, where the 37% survival dose is increased
more than 100-fold by mismatch repair defects (9). Because this
implies that nearly all methylator-induced killing events depend

on a functional mismatch repair system, we have examined the
role of the repair system in the response to this type of damage.
As noted above, killing by SN1 methylators is caused by produc-
tion of O6MeG (13), and hMutSa has been shown to bind to
O6MeGzC and O6MeGzT pairs (15). To determine whether such
lesions are also subject to processing by the human mismatch
repair system, nick-directed repair of heteroduplexes containing
a single O6MeGzC or O6MeGzT base pair was tested in nuclear
extracts derived from TK6 and MT1 lymphoblastoid cells (Fig.
1A). The methylation-tolerant MT1 cell line was derived from
TK6 cells by single-step selection for high-level DNA methylator
resistance and is deficient in hMutSa because of missense
mutations in both alleles of MSH6 (9, 10, 27). As shown in Fig.
1B, O6MeGzT is repaired as well as a GzT mismatch by nuclear
extract of TK6 cells, whereas the O6MeGzC lesion is rectified
with about 50% the efficiency of the former pairing anomalies.
As expected (2), repair of the GzT mismatch was greatly reduced
in extracts of MSH62/2 MT1 cells, as was repair of both types of
O6MeG lesion. However, repair in all cases was restored to

Fig. 1. O6MeG lesions are subject to processing by the human mismatch
repair system. (A) Oligonucleotides (51 mer) containing PvuII sequence vari-
ants shown (mG indicates O6MeG) were hybridized to a circular 6,490-bp DNA
containing a 51-nt gap in the complementary DNA strand (Experimental
Procedures) to yield the four substrates used in this study. Hybridization of
oligonucleotide 1 yields a homoduplex with a normal PvuII recognition se-
quence, whereas oligonucleotides 2, 3, or 4 generate substrates containing a
GzT mismatch, an O6MeGzC bp, or an O6MeGzT lesion, respectively. Presence of
the mismatch or O6MeG within the PvuII recognition site renders the DNA
resistant to hydrolysis by this enzyme, with sensitivity restored on repair. (B)
Mismatch repair assays (Experimental Procedures) scored repair on the incised
strand that restored an intact PvuII recognition sequence. Dark grey bars, TK6
nuclear extract; white bars, MT1 nuclear extract; medium grey bars, hMutSa-
supplemented MT1 nuclear extract. Values shown are the average of four
determinations 6 one standard deviation. Because TK6 and MT1 cells are
deficient in the O6-alkylguanine-DNA alkyltransferase, complications caused
by repair by this activity are obviated.
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near-normal levels on supplementation of MT1 nuclear extracts
with near-homogeneous hMutSa. As previously observed for
mismatch repair in nuclear extracts (28, 29), rectification of
O6MeG adducts was inhibited by aphidicolin (not shown). The
finding that these lesions are subject to excision repair by the
mismatch repair system is consistent with the possibility that
translesion synthesis and subsequent action of the repair system
may be involved in eliciting the DNA-damage response.

Both the lesion recognition and translesion synthesis hypoth-
eses described above attribute the drug-resistant phenotype of
mismatch repair mutants to an inability to activate damage-
signaling pathways because of the failure to recognize or process
DNA adducts. This idea implies that the mismatch repair system
acts upstream of one or more damage-signaling pathways. Be-
cause Ser-15 and Ser-392 phosphorylation of p53 has been
implicated in cellular responses to several types of DNA damage
(21–23, 30–36), we have used this tumor-suppressor protein as an
in vivo substrate to determine whether damage-signaling kinases
are activated in response to SN1 methylator damage in a
hMutSa- and hMutLa-dependent manner.

These experiments utilized repair-proficient TK6 lymphoblas-
toid cells that are wild type with respect to p53 function (37), and
the repair-deficient MSH62/2 MT1 cell line derived from TK6 by
selection for DNA methylator resistance (9). On treatment with
10 mM MNU, p53 levels increase in TK6 cells but not in its
hMutSa-deficient derivative (Fig. 2A), confirming a previous
observation to this effect (12). The p53 phosphorylation status
at Ser-15 and Ser-392 was assessed in both cell lines by using
phosphopeptide-specific polyclonal antibodies that recognize
only phosphoserine-15 and phosphoserine-392 forms of the
protein (21–23). As shown in Figs. 2 A and 3A, the increase in p53
level that occurs on MNU treatment in TK6 cells is associated
with phosphorylation of both Ser-15 and Ser-392. However, no
detectable increase in phosphorylation of either residue was
detected in mismatch repair-deficient MT1 cells.

The differential phosphorylation of p53 observed in these two
cell lines depends on the nature of the DNA damage. In contrast
to results obtained after DNA methylator exposure, Ser-15 and
Ser-392 were phosphorylated to a similar degree in both cell lines
when DNA damage was produced by etoposide treatment or UV
radiation (Figs. 2B and 3B). The finding that Ser-392 phosphor-
ylation in response to UV irradiation is independent of the
mismatch repair system is of interest, because hMutSa has been
shown to recognize some UV photoproducts (38, 39). This
observation was not unexpected because, in contrast to DNA
methylator, cisplatin, and 6-thioguanine resistance conferred by
hMutSa or hMutLa deficiency, mismatch repair defects are
associated with enhanced sensitivity to killing by UV irradiation
(40).

Although the MSH62/2 MT1 cell line was isolated by single-
step selection from TK6 cells (9), its mutator phenotype raises
the possibility that the p53 phosphorylation defect might be
caused by a secondary mutation. To evaluate this possibility and
to assess potential involvement of hMutLa in p53 phosphory-
lation, two additional cell lines were tested. HCT116 colorectal
tumor cells, which harbor wild-type p53 loci (41), are defective
in mismatch repair because of inactivation of both alleles of
MLH1 and hMutLa deficiency (42, 43). This defect is associated
with high-level resistance to SN1 DNA methylators and 6-thio-
guanine, but introduction of a single copy of human chromosome
3 with a wild-type MLH1 gene restores mismatch repair profi-
ciency, genetic stability, and drug sensitivity (3, 11). As shown in
Fig. 4, phosphorylation of p53 serines 15 and 392 was not
observed on treatment of MLH12/2 HCT116 cells with 5 mM
N-methyl-N9-nitro-N-nitrosoguanidine, an SN1 DNA methyla-
tor. However, phosphorylation of both residues did occur in the
HCT116 hybrid clone that contains a copy of human chromo-
some 3 with a wild-type MLH1 allele. These findings confirm
upstream involvement of the mismatch repair system in the
phosphorylation of p53 serine residues 15 and 392 in response to
DNA methylator damage and imply that both hMutSa and
hMutLa are required for this effect. Inasmuch as hMutSa
specifically recognizes O6MeG lesions (15), and because such

Fig. 2. MNU-induced Ser-15 phosphorylation of p53 depends on MSH6 func-
tion, but that induced by etoposide does not. TK6 or MT1 cells were treated
with 10 mM MNU (A) or 8 mM etoposide (B) for the indicated times, and extract
(30 mg) subjected to SDS gel electrophoresis and Western blotting by using
antibodies against hMLH1, p53, or affinity-purified antibody specific for the
Ser-15 phosphorylated form of p53 (Experimental Procedures). The left two
lanes in each p53 blot correspond to 2–5 ng of purified recombinant human
p53 protein produced in Escherichia coli that was either untreated or phos-
phorylated in vitro by using near-homogeneous DNA protein kinase and Ku
protein. This kinase is known to phosphorylate p53 on Ser residues 15 and 37
(58).

Fig. 3. Phosphorylation of p53 at Ser-392 is induced by methylnitrosourea in
a MSH6-dependent manner. TK6 or MT1 cells were treated with 10 mM MNU
for the indicated time (A) or exposed to 20 Jym2 of 254 nm UV light and then
incubated in complete medium for the times indicated (B). Samples of extract
(30 mg) were analyzed by SDS gel electrophoresis and immunological blot as
described in Fig. 2, except that phosphopeptide-specific antibody was directed
against the phosphorylated form of Ser-392.
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lesions are subject to processing by the mismatch repair system
(Fig. 1), it is clear that hMutSa and hMutLa function during the
earliest steps in the cellular response to DNA methylator dam-
age, with their presence required for activation of the kinase(s)
that phosphorylate p53 in response to such lesions.

Discussion
The resistance of mismatch repair mutants to SN1 DNA meth-
ylating agents has been known for some time (1–4), but the
mechanism underlying this effect is poorly understood. Exposure
of mismatch repair-proficient cells to SN1 DNA methylators or
6-thioguanine evokes G2-M arrest, which occurs in the second
cycle after drug exposure (9, 11). In the case of DNA methylation
damage, killing at high lesion load has been attributed to an
apoptotic response that occurs subsequent to arrest at the second
G2 (14). MSH62/2 MT1 cells and MLH12/2 HCT116 cells used
in the work described here fail to elicit either of these responses
(9, 11), implicating hMutSa and hMutLa in G2 arrest and
apoptosis triggered by these agents. Occurrence of the damage
response in the second G2 after exposure to these agents suggests
that these effects depend on translesion synthesis by a replication
fork (2, 9, 17). As discussed above, this model attributes G2 arrest
and the death response to abortive turnover of a newly synthe-
sized strand by the mismatch repair system because of the
presence of lesions in template DNA. Although hMutSa has
been previously shown to recognize O6MeG lesions (15), the
work described here shows that such lesions are also subject to
excision repair by the mismatch repair system, as required by this
model.

We have also observed hMutSa- and hMutLa-dependent
activation of one or more protein kinases that phosphorylate the
p53 tumor-suppressor protein in response to DNA methylation

damage. It is pertinent to note that the p53 phosphorylation
events that we have observed are independent of MutSb
(MSH2zMSH3 heterodimer), because this activity is present in
the MSH62/2 MT1 cells used in this study (10, 44). Although use
of p53 as an in vivo reporter substrate has clearly linked the
mismatch repair system to kinase activation in response to DNA
methylation damage, the identity of the kinase(s) responsible for
the Ser-15 and Ser-392 phosphorylation events described here is
not known. However, it is noteworthy that members of the
phosphoinositide-3 kinase-related kinase superfamily have been
implicated in the phosphorylation of Ser-15. Thus, ATM is
believed to phosphorylate Ser-15 in response to g-irradiation.
(21, 30, 31, 33), whereas ATR apparently functions in Ser-15
phosphorylation after g-irradiation or UV exposure (36). p53 is
also phosphorylated in vitro at Ser-15 by the DNA-dependent
protein kinase, but involvement of this activity in the response to
DNA damage is controversial (34, 35, 45). Phosphorylation of
Ser-392 also occurs in response to UV but not ionizing irradi-
ation (23). Although the kinase involved in the Ser-392 damage
response has not been identified, p53 is phosphorylated on this
residue in vitro by casein kinase II (46) and the cyclin-dependent
kinase-activating kinase (32). These activities are obvious can-
didates for the hMutSa- and hMutLa-dependent p53 phosphor-
ylation events described here, and tests of their potential in-
volvement are in progress.

Modulation of p53 as a transcriptional activator occurs in
response to both DNA damage and environmental stress (47–
50). The nature of the p53 response, which can depend on the
identity of the activating signal, is believed to be caused in part
by posttranslational modification of the protein at a number of
distinct sites. Thus, different types of DNA lesions may elicit an
overlapping set of p53 modification events by distinct signaling
pathways. As noted above, this appears to be the case with
respect to differential ATR and ATM involvement in Ser-15
phosphorylation in response to UV or g-irradiation. In a similar
vein, we have found that, whereas phosphorylation of serines
Ser-15 and Ser-392 in response to DNA methylation damage
requires hMutSa and hMutLa (Figs. 2 and 3), modification of
these residues in response to etoposide damage or UV irradia-
tion is independent of the mismatch repair system.

Although we have used p53 simply as an in vivo substrate to
monitor activation of damage-dependent signaling activities, the
Ser-15 and Ser-392 phosphorylation events that we have scored
may bear on the G2 arrest and apoptosis that occur in response
to DNA methylation damage. p53 activation has been implicated
in the apoptotic response (47–49), and recent work has impli-
cated the protein in maintenance of G2-M arrest after DNA
damage (41, 51, 52). If p53 activation does play a role in the
response to methylation damage, then alternate signaling path-
ways must also exist, because p53-deficient HeLa cells are
subject to killing by SN1 DNA methylators, and methylation-
tolerant cell lines defective in mismatch repair have been isolated
in this background (53, 54).

The cytotoxic response of mammalian cells to cisplatin also
depends on a functional mismatch repair system (5, 6), and
hMutSa has been shown to recognize cisplatin lesions (15–17).
The degree of resistance conferred by mismatch repair defects
is considerably less dramatic for cisplatin than for DNA
methylators, suggesting that multiple lesion sensingy
processing pathways are involved in cisplatin killing. Never-
theless, cisplatin treatment elicits activation of the c-Abl
kinase and c-jun NH2-terminal kinase, and this response is
absent or reduced in mismatch repair-deficient cells (55).
Recently, Gong et al. (56) demonstrated accumulation of p73
after cisplatin exposure, an effect that depends on functional
MLH1 and c-Abl activation. Although p53 was also found to
accumulate after cisplatin treatment, this increase is indepen-
dent of MLH1. Inasmuch as p53 has also been implicated in the

Fig. 4. Phosphorylation of p53 at Ser-15 and Ser-392 is induced by N-methyl-
N9-nitro-N-nitrosoguanidine in a MLH1-dependent manner. HCT116 or
HCT116.ch3 were treated with 5 mM N-methyl-N 9-nitro-N-nitrosoguanidine
(Experimental Procedures) and then incubated in complete medium for the
indicated time. Samples of extract (30 mg) were analyzed by SDS gel electro-
phoresis and immunological blot by using the antisera indicated.
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apoptotic response to cisplatin (57), this drug apparently
induces at least two proapoptotic pathways, one involving p53,
the other involving p73, with only the latter depending on a
functional mismatch repair system. It remains to be deter-

mined whether p73 is also activated in response to SN1 DNA
methylation damage.

P.M. is an investigator of the Howard Hughes Medical Institute.
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