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protein demethylates the 06-meGua formed in DNA after exposure to
monofunctional alkylating agents such as MNNG or MNU and to
clinical drugs such dacarbazine, procarbazine, or temozolomide.
MGMT also protects against the lethality of bifunctional chloroeth
ylnitrosoureas by removing the 06-(2-chloroethyl)guanine (9, 10).
This DNA adduct is thought to become cytotoxic after rearrangement
into an 06,N'ethanoguanine residue that slowly reacts with the N-3 of
cytosine in the complementary strand to form an interstand DNA
cross-link (1 1). Thus, cells in which MGMT is expressed (Mex@) are
more resistant to chloroethylnitrosoureas than Mex cell lines, and
there is a good correlation between cellular sensitivity and MGMT
expression (12, 13). The 3-methyladenine DNA glycosylase, which
can remove several N3 and N7-alkylated purines (14), also provides
protection against chioroethylnitrosourea killing (15, 16).

Another mechanism of cellular resistance to monofunctional meth
ylating agents is an acquired ability to ignore the presence of O6@
meGua in DNA (for a review, see Refs. 17 and 18). This tolerance of
DNA damage is due to the loss of MMR. The involvement of MMR
in the processing of methylation damage is apparent in mammalian
cell lines selected for resistance to MNNG. Thus, cell lines tolerant to
MNNG or MNU have defects in mismatch recognition (19) and/or in
MMR (20â€”22)and exhibit the mutator phenotype characteristic of
MMR cells. In accordance with the requirement for defective MMR
in methylation tolerance, several examples have been reported of
MMR human tumor cell lines that exhibit resistance to MNU or
MNNG (23â€”25)or temozolomide (26â€”28).

The characterization of clonal cell lines selected for tolerance to
MNNG has also suggested a concomitant selective sensitivity to
chloroethylnitrosoureas (29). Two clones derived from MRCSVI cells
were abnormally sensitive to mitozolomide (29), and MNNG-resistant
CHO cell lines were hypersensitive to N-hydroxyethyl-N-chloroeth
ylnitrosourea (30).@This suggests a possible defect in repair of inter
strand DNA cross-links (29).

To determine whether the hypersensitivity to chloroethylnitro
sourea is a general feature of methylation-tolerant cells, we compared
the response of several methylation-tolerant MMR clones and their
MMR@ parental cells to CCNU. In particular, we studied isogenic
MMR@ and MMR cells derived from HeLaMR, Raji, and CHO cell
lines. We also examined the methylation-tolerant phenotypes of a
series of MMR tumor cell lines and compared their responses to
CCNU to that of MMR@ cell lines. The results indicate that: (a)
methylation-tolerant MMR cell lines are hypersensitive to CCNU
when compared to their isogenic MMR@ parental cells; (b) the
MMR human tumor cell lines consistently display tolerance to
methylation damage; (c) although CCNU sensitivity was observed in
several tumor cell lines, there is not a simple relationship between
MMR defects and CCNU sensitivity among MMR tumor lines.

MATERIALS AND METHODS

Cell Cultures. All of the tumorcell lines were culturedin DMEM (Life
Technologies, Inc., Gaithersburg, MD), and CHO cells were cultured in

a-MEM supplemented with 10% FCS. penicillin (100 units/ml), and strepto

4 G. Aquilina and M. Bignami. unpublished observations.
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ABSTRACT

To determinewhetherloss of mismatchrepair(MMR)conferssensi
tivity to N-(2-chloroethyl)-N'-cyclohexyl-N-nitrosourea (CCNU), the san

sitivity of MMR-defective (MMR@) variants was compared to that of their

parental cells. Loss of MMR confers between 2- and 5-fold hypersensitiv

ity to CCNU on HeLa, R*ji, or Chinese hamster ovary cells. We also
examined whether the sensitivity to CCNU is a general feature of MMR
human tumor cells. The majority expressed O@-methylguaalne-DNA
methyltransferase (MGMT; Melâ€•phenotype) that confers resistance to
CCNU independent of their MMR status. The single Mex MMR SW4S
cells were 4-fold more sensitive to CCNU than the Mex MMR@ SW620
cells. CCNU sensitivity of the Mel' cells was analyzed after treatment
with the MGMT inhibitor O@-benzylguaalne. The MMR AN3CA,
LS174T, LoVo, and DU14S cells were 1.4â€”4.3-foldmore sensitive to
CCNU than the MMR@ HeLaS3, HT29, and A2780 cells. Hypersensitivity

to CCNU was not seen in the MMR cell lines DLD1, HEC1A, and
HCT116,suggestingthat other parameters,besidesthe MGMT and MMR
defects, affect the cell's response to this drug. In contrast, loss of MMR
was always associated with tolerance to the methylating agent N-methyl

N-nitrosourea.The sensitivityto CCNUIn MMR cellssuggestsa possible
Involvement of this repair pathway in repairing interstrand cross-links
and may have implications for clinical treatment of MMR twnors.

INTRODUCTION

Multiple systems protect the genome of mammalian organisms
from endogenous or exogenous DNA damage. These include apop
totic pathways for the elimination of damaged cells from the cellular
population or specific repair enzymes to correct the damage present in
DNA. A central role of p53 in the cellular response to DNA damage
has been suggested (1â€”3).The p53 protein is induced after DNA
damage caused by a variety of agents and is required for activation of
a G@arrest, possibly to facilitate DNA repair. On the other hand, a
wild-type p53 may also prevent the propagation of damaged cells by
facilitating their self destruction, thus making the cells sensitive to
DNA-damaging therapies (4, 5). Failure to undergo apoptosis seems
to prevail in cancer with mutations in p53, and loss of a functional p53
is often associated with treatment resistance (6, 7).

In contrast, the role of DNA repair in resistance of cancer cells to
treatment with chemotherapeutic agents is well established. One of the
major protective factors against the cytotoxicity produced by methy
lating agents is provided by MGMT3 (for a review, see Ref. 8). This
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CCNU SENSITIViTY IN MMR CELLS
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Fig. 2. Growth inhibition by CCNU in Raji and methylation-tolerant MMR deriva
tives. Cellular growth of Raji (â€¢),Raji F12 (N), and Raji 10 (4) after treatment with 0
(closed symbols), 5 (0), 10 (Lx), 20 (V), and 40 (D) p.M CCNU. Cells were counted at
dailyintervals.

CCNU is shown in Fig. 1. The sensitivity of HeLaMR cells to low
doses of CCNU (D37:20 p.M) is consistent with the Mex status of
these cells (33). The three MMR clones are more sensitive to this
chloroethylnitrosourea than their parental cells (2-fold in the case of
clones 7 and 41 and 5-fold in the case of clone 6).

A second set of isogenic methylation-tolerant cell lines with defec
tive MMR has been isolated from Mex Burkitt's lymphoma Raji
cells (21, 34). Raji F12 and Raji 10 were selected for the methylation
tolerant phenotype after a chronic or acute exposure to MNU, respec
tively. The MMR defects of Raji Fl2 and Raji 10 have been assigned
to GTBP and the hMutLa complex, respectively. Both of these
MMR clones were more sensitive to CCNU than were the MMR@
parental cells. Approximately 33% inhibition of cellular growth was
observed at 10 and 40 p.MCCNU in MMR clones and in the parental
cells, respectively (Fig. 2). Thus, MMR defects in Raji cells are also
associated with CCNU sensitivity.

mycin (100 mg/mI; complete medium). Raji cells were cultured in RPM! 1640

supplemented with 15% FCS. Cultures were incubated at 37Â°Cin 5% CO2 and
95% relative humidity.

Chemicals.MNU(SigmaChemicalCo.,St.Louis,MO)wasdissolvedin
DMSO and diluted in PBS and 20 mr@iHEPES (pH 7.4) to the required
concentrations immediately before use. CCNU (Rhone-Poulenc, Neully sur
Seine, France) was prepared fresh in 100%ethanol. A stock solution of (P-BG
(a kind gift of J. Thomale, University of Essen, Essen, Germany) was prepared
in DMSO and stored at â€”20Â°C.

Determination of Cell Survival. To measure cell survival, 100 cells were
treated 18 h after seeding in 6-cm dishes for 30 mm at 37Â°Cwith various
concentrations of MNU or CCNU in PBS and 20 m@i HEPES (pH 7.4). Cells

were then washed and fed with complete medium, and 1â€”2weeks later,
surviving colonies were fixed with methanol, stained with Giemsa, and

counted. In the case of Raji cell lines, cells were treated in suspension at
3 x l0@/mI, seeded in 24-well plates, maintained in logarithmic growth by

appropriate dilution, and counted microscopically at daily intervals.
Methyltransferase Assay. Cell extracts were prepared by suspending

2 X l0@cells in 200 pi of ice-cold extraction buffer [50 mist Tris-HC1 (pH 7.5),
1mi@iEDTA, 10mMDli', and 0.2% Triton X-lOO]followed by centhfugation.
The supernatant was retained, and up to 100 ,xg of protein were added to a
reaction mixture (100 s.d) containing 50 nmt HEPES-KOH (pH 7.8), 1 mM
EDTA, 10 mMDDT, and [3H]methylatedDNA previously heat-depurinated to
be enriched for O@-meGua (specific activity, 10@ dpm/pmol O@-meGua, ap

proximately 0.1 pmol/assay). Afer 20 mm at 37Â°C,DNA and protein were
precipitated by the addition of 10% trichloroacetic acid and recovered by

centrifugation. The precipitated DNA was hydrolyzed with 0.1 N HCI for 30
mm at 70Â°C,and the radioactive O@-meGualiberated was quantitated by
scintillation counting.

Determination of SCES. Briefly, 1 X 106 cells were treated for 30 mm
with MNU and incubated for two replication cycles in medium containing 10

@.LMbromodeoxyuridine (Sigma). Mitotic cells were accumulated by treatment

with 0.15 1ag/miColcemid (Sigma) for 3 h. Standard methods were used for
preparation and staining of chromosomes as described previously (3 1). For
each experiment, at least 25 metaphases were analyzed for SCE induction.

RESULTS

CCNU Hypersensitivity in Isogenic Methylation-tolerant Cells.
Sensitivity to CCNU was analyzed in the MMR clones 6, 7, and 41
and in the parental MMR@ HeLaMR cells. The Mex clones 6, 7, and
41 have been isolated after multiple exposures to MNNG as methy
lation-tolerant clones and belong to the same genetic complementa
tion group (32). They have unstable microsatellites, enhanced spon
taneous mutation rates at the hypoxanthine guanine phosphoribosyl
tansferase gene (32) and are also defective in processing 06-meGua
and in the repair of a G:T mismatch in in vitro assays (22). The defect
in clones 6, 7, and 41 lies in the hMutLa complex (22). Survival of
HeLaMR and its methylation-tolerant derivatives after treatment with
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Fig. 1. Cytotoxicity of CCNU in HeLaMR and methylation-tolerant MMR deriva
tives. â€¢,HeLaMR; 0, clone 41; 0, clone 6; @,clone 7.
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. Table 1 MGMT activity in humantumor celllinesCellMGMT

activitylineOrigin(units/mg
protein)a

MMR@
SW620 Colorectal carcinoma <0.05
HeLaS3 Cervical carcinoma 1.10
HT29 Colorectal carcinoma 0.95
A2780 Ovarian carcinoma 0.29

MMR
SW48 Colorectal carcinoma <0.05
HECIA Endometrial carcinoma 1.10
AN3CA Endometrial carcinoma 0.34
DLD1 Colorectal carcinoma 1.26
LoVo Colorectal carcinoma 0.80
DU145 Prostatic carcinoma 1.45
LS174T Colorectal carcinoma 1.45
HCI'l 16 Colorectal carcinoma 0.39

a@ unitisdefinedastheamountofMGMTthatremoves1pmolof06-meGua.

Table 2 Sensitivity to CCNU in MMR@ andMMR tumor cdllinesD37

(ELM)O6BG

sensitizationSensitivity

of
MMR

versusMEXCell
lineMMR@ +oÂ°-BGfactorMMR@Â°SW62030MEX

MMRSW4874.3MEX@

MMR@HT29123.9
Â±13.6 36.9 Â±5.93.4HeLaS31

17 Â±4.2 30 Â±4.83.9A278047
Â±4.2 20 Â±0.72.4MEX@

MMRAN3CA55.3
Â±9.9 10 Â±0.55.52.9LS174T68.5
Â±9.2 9.5 Â±0.77.23.2LoVo74.6
Â±12 9 Â±0.98.33.1DU145120
Â±17 20.6 Â±3.15.81.4HCF1

1689.2 Â±21 35 Â±52.50.8HEC1AI
14.5 Â±14.8 50.5 Â±82.30.6DLD196.3

Â±11.1 44.9 Â±92.10.6

CCNUSENSI'IlVITYIN MMR CELLS

MMR cell lines in the presence and absence of 06-BG. As expected,
survival was always greater in the absence of 06-BG, and there was
a reasonable correlation between the relative levels of MGMT and
CCNU resistance (Table 2). In two MMR cell lines, LS174T and
LoVo, however, high levels of MGMT were associated with a relative
sensitivity to the drug.

Sensitization by 06-BG in the MMR@ cell lines HT29, HeLaS3,
and A2780 was between 2.4- and 3.9- fold. In contrast, the MMR
cell lines AN3CA, DU145, LS174T, and LoVo were sensitized 5.5 -to
8.3-fold. This result is also consistent with MMR defects conferring
hypersensitivity to CCNU. The DLD1, HEC1A, and HCT1 16 cell
lines showed an 06-BG sensitization between 2.1-and 2.5-fold. These
sensitizations were comparable to that found in MMR@ control cell
lines (Table 2).

Thus, loss of MMR confers an enhancement factor between 1.4-
and 4.3-fold in the sensitivity to CCNU in comparison to MMR@ cell
lines in about half of the cell lines studied. The exceptions indicate
that parameters other than MGMT and MMR affect the cellular
response to this drug.

Methylation Tolerance in MMR Human Tumor Cell Lines.
To determine whether there were also exceptions to the relation
between methylation tolerance and loss of MMR, we compared the
survival after MNU treatment in the MMR and MMR@ cell lines.
Because MGMT provides the major protection against MNU toxicity,
we-measured MNU survival in the presence and in the absence of
06-BG (Fig. 4). In contrast to MMR@ HT29, HeLaS3, and A2780, all
of the MMR cell lines studied, HCT1 16, LoVo, AN3CA, DU145,
DLD1, LS174T, and HEC1A, were resistant to MNU and could not be
sensitized by removal of MGMT. A small sensitization was observed
in LS174T, suggesting that MGMT and defective MMR in this cell
line provide partially additive protection to MNU.

Another characteristic of methylation tolerance is the large reduc
tion in the number of SCEs induced by MNU (31). We thus measured
the induction of SCEs by MNU in MMR@ and MMR cell lines in
either a Mex or Mex4 background. MNU was unable to induce
SCEs in the Mex MMR SW48 cells, whereas a clear dose response
was observed in the same range of concentrations in the Mex
MMR@ SW620 cells (Fig. 5A). Similar results were obtained in a
Mex@ background in the presence of 06-BG. SCEs were induced in
the MMR@ HeLaS3 cells but not in the MMR LoVo cells (Fig. SB).
Thus, MMR, by processing methylation damage, provides the sub
state necessary for strand exchanges. Loss of the MMR pathway
results in the absence or strong reduction of MNU-induced SCEs.

100
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Fig. 3. Cytotoxicity of CCNU in CHOMT@and methylation-tolerant MMR clone B.
Cells were treated with CCNU alone (closed symbols) or with 25 @sM06-BG (open
symbols) for 2 h before exposure to CCNU. O@-BG was kept in culture medium for 24 h.
., CHOMT@; @,clone B.

The Chinese hamster cell line clone B was selected as a methyla
tion-tolerant variant of CHOMT@ cells (35). Clone B cells are defec
tive in mismatch recognition (19) and have a mutator phenotype and
microsatellite instability (36). Both clone B and CHOMT@ express a
low level of MGMT (35), which provides some protection against
killing by CCNU (12). CCNU treatment was therefore carried out
after a pretreatment with the MGMT inhibitor 06-BG to inactivate the
repair protein (see below; Ref. 37). Without 06-BG pretreatment,
clone B cells were slightly more sensitive to CCNU than CHOMT@,
despite their 2-fold higher levels of MGMT. In the presence of
06-BG, the difference was more evident, with a sensitization versus
CHOMT@ of almost 2-fold (calculated as D37; Fig. 3).

Thus, isogenic, laboratory-derived MM.R cell lines display a con
sistent 2- to 5-fold hypersensitivity to CCNU. This property is seen in
both human and hamster cell lines and is apparent in a Mex@ back
ground when the MGMT repair protein is inactivated by 06-BG.

CCNU Sensitivity in MMR Human Tumor Cell Lines. We
examined whether MMR human tumor cell lines are also sensitive to
CCNU. The levels of MGMT in the various cell lines were determined
(Table 1). All of the lines were Mex@, with the exception of the
colorectal cell lines SW48 (MMR) and SW620 (MMR@) (23). The
MMR SW48 cells were 4.3-fold more sensitive to CCNU than were
the MMR@ SW620 cells. The D37 values are given in Table 2.
Because the MMR SW48 cells have been shown to be tolerant to
methylation damage (23), their sensitivity is consistent with the
CCNU hypersensitivity observed in the isogenic sets of methylation
tolerant MMR cell lines.

CCNU sensitivity was compared in Mex@ MMR@ and Mex@

aTheD37+ OÂ°-BGof Mex@MMR celllineswascomparedtoameanD37value
of 29.2 derived from four MMR@ lines (the D37 + 06-BG for HT29, HeLaS3, and A2780
and the D37 â€”06-BG for SW48). The mean and SD are calculated from three to seven
experiments.
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Fig. 4. Cytotoxicity of MNU in the presence or in the absence of 25 @.tMfP-BG in human tumor lines. Cells were treated with MNU alone or with 25 ,.@M06-BG (dotted line) for
2 h before exposure to MNU. O@-BGwas kept in culture medium for 3 days. I, HeLaS3; U, HT29; A, A2780; [I], HECIA; â€¢,AN3CA; @,DLD1; V. LoVo; C', DU145; V. LS174T;L@

In conclusion, we found no exceptions to the association between
methylation tolerance and MMR defects. It should also be emphasized
that among the cell lines we investigated, loss of MMR does not
provide additional protection against MNU above the levels conferred

A)

by MGMT. Therefore, resistance to MNU cannot be used to diagnose
MMR defects in Mex@ cell lines unless a very efficient protocol of
MGMT inactivation by 06-BG is used.

06-BG Sensitization of CCNU and MNU Toxicity. In preimi
nary experiments to optimize the 06-BG treatment of Mex@ cells, we
found that very different regimens were required for sensitization to
CCNU and MNU toxicity. A 2-h exposure to 2.5 @.LM06-BG was
sufficient to inactivate more than 90% of the MGMT in the HT29 or
HeLaS3 cell lines (data not shown). However, in agreement with the
observations of others (38), this was insufficient to significantly
sensitize cells to CCNU and MNU. Reproducible sensitization to
CCNU (2.4-fold) was achieved by including 2.5 p.M 06-BG in the
medium for 24 h after drug treatment. No additional potentiation of
CCNU killing was observed if the presence of 2.5 @LM06-BG was
maintained for 48 or 72 h (Fig. 6A). Essentially similar data were
obtained if 25 @LM06-BG were used. The level of potentiation was
50% higher (3.7-fold), but again, no differences were observed be
tween 24 and 72 h. Similar results were obtained with HeLaS3 cells
(data not shown). Thus, 06-BG exerts its maximum effect on CCNU
cytotoxicity within 24 h of exposure to the drug.

In contrast, 2.5 p.M 06-BG present for 24 h after MNU treatment
did not delectably sensitize HT29 cells. A 3-fold potentiation was
achieved if 06-BG was present for 48 h, and this value increased to
4.5-fold between 3 and 7 days (Fig. 6B). Exposure to 25 @M06-BG
was much more effective (39). This concentration of 06-BG for 24 h
after MNU treatment resulted in a 6-fold potentiation. This value
increased to 60-fold at 48 h, and a maximum value of 100-fold was
achieved after 72 h of continuous 06-BG treatment. For MNU,
therefore, much higher levels of 06-BG are required for maximum
potentiation. Furthermore, the effects of cytotoxic DNA 06-meGua
are apparently reversible for up to 72 h.

DISCUSSION

Our data demonstrate that loss of MMR can confer an increased
sensitivity to CCNU. This property was observed without exceptions
among the isogenic human or Chinese hamster cells analyzed. Our
observations confirm and extend a previous report that selection for
tolerance to methylation damage in MRCSV1 cells is associated with
a concomitant hypersensitivity to another chloroethylmtrosourea, mi

a
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Fig. 5. SCEs induced by MNU in Mex (SW48 and SW620) and Mex@ (HeLaS3 and
LoVo) human tumor lines. A, Mex cells were treated with MNU alone. Survival of
SW48 and SW680 after MNU exposure is shown in the insert. B, Mex@ cells were treated
with MNU alone (closed symbols) or with 25 ,LMOÂ°-BG(open symbols) for 2 h before
exposure to MNU. 06-BG was kept in culture medium for 2 days. t SW48; A, SW620;
., HeLaS3; V, LoVo.
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Table 3 Characteristics of humantumor celllinesMethylationCCNUCell

lineMMR status (ref. no.)p53 status (ref. no.)MGMTtolerance (ref.no.)sensitivityHT29

HeLaS3w'r w'rp53@'@
(56)

Viral inactivationMex'Mex'A2780

SW620
Raji
CHOw'r

WT
W'f
wTp53@'@

(57)
p53@ (56)
p53@'@ (43)
p53@'@(44)Mex'

Mex
Mex

Mex@SW48

LS174T
DU145
AN3CA

HCT1I6
LoVo
HECIA

DLD1hMSH6/hMLH1

(58)
hMSH6 (58)
hMSH3/hMLH1 (58)
hMSH6/1IMLHI (58)

hMLHI (63)
hMSH2 (66, 68)
hPMS2 (25)

hMSH&polbâ€• (69, 70)?

p53â€• (56)
p53@ (59)
p53' (60)
p53@'@ (61)
p53â€• (62,64,65)
p53@â€•(67)
p53' (60)
p53@'@ (61)
p53' (56)Mex

Mex'
Mex'
Mex'

Mex'
Mex@
Mex'

Mex'+

(23)

+ (27)
+

+

+ (24)
+

+ (25)

+ (28)+
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Fig.6.PotentiationofCCNUandMNUcytotoxicitybyO@-BG.Adose-responsecurve
wasbuiltafterexposuretodifferentconcentrationsofCCNUandMNUintheabsenceand
in the presence of O@-BG. The potentiation fold represents the ratio between the D37
valuescalculatedfromthecurvesobtainedwithandwithoutO@-BG.A,potentiationby2.5
(0) or25(U) @.Lt4O@-BGofCCNUcytotoxicityinHT29cells.B,potentiationby2.5(0)
or 25 (U) @LMO@-BGof MNUcytotoxicityin HT29cells.

tozolomide (29). The MMR status of MRC5V1 variants is still unde
fined, and our data provide direct evidence of a protective role for
MMR against CCNU-induced cytotoxicity. A mutagen was used in
selecting these MMR-defective cells. Although we cannot formally
exclude the possibility that during the selection process, other muta
tions affecting CCNU sensitivity might have occurred, we consider it
very unlikely that these mutations would occur concomitantly with
MMR loss in three different experimental systems. We thus conclude
that CCNU sensitivity depends on the loss of MMR. The methylation
tolerant MMR@ cell lines have alterations either in MutSa (Raji F12

CCNU SENS@V1TY IN MMR CELLS

and clone B) or in hMutLa (clones 6, 7, and 41 and Raji 10; Refs. 22
and 34). This indicates that both these complexes are involved in
processing CCNU-induced DNA damage.

The CCNU sensitivity was also apparent in the only Mex MMR
colorectal carcinoma cell line, SW48. SW48 was 4-fold more sensi
tive to CCNU than the Mex MMR@ SW620 cells. With the caveat
that the two cell lines are not isogenic, we conclude that the MMR
defect in SW48 may contribute significantly to its CCNU sensitivity.

It is clear that the major determinant of CCNU resistance is MGMT
levels (for a review, see Ref. 8). Among Mex@ MMR human
tumor-derived cell lines, the contribution of MMR to CCNU sensi
tivity was less clear. This absence of a perfect correlation is perhaps
not surprising. The tumor cell lines do not have normal cellular
counterparts to which their responses can be compared, and alterna
tive mechanisms of resistance can act as confounding factors. For
example, the levels of CCNU-induced interstrand cross-links with
DNA might be modulated by glutathione S-transferase or glutathione

__ levelsthatcanresultinthequenchingofchloroethylmonoadductsor
I byinactivationbydenitrosation(40,41).Alternatively,thep53pro
:@ tein might play an important role in regulating the cellular responseto

antineoplastic drugs. There is some evidence for a role of p53 in the
:@ response to chloroethylnitrosoureas. Fibroblasts derived from pS3@

:@ mice are slightly more resistant to BCNU than their p53@'@ counter

@ parts (42). Some of the characteristics of the cell lines we used are
Q- summarized in Table 3. LoVo and LS174T have a wild-type p53 gene

and show a large O@-BG-dependent sensitization to CCNU. This is in
agreement with the generally accepted notion that the efficacy of
anticancer drugs is dramatically affected by cell's ability to undergo
apoptosis. DU14S and AN3CA contain a mutated p53 and were
sensitive to CCNU, whereas HEC1A and DLD1, which also contain
a mutated pS3, showed a response similar to that of MMR@ cells.
Thus, the status of the p53 gene does not seem to be a simple predictor
of CCNU sensitivity among MMR cells. The data obtained with the
isogenic cell lines, in which p53 is nonfunctional (43, 44), do show,
however, that wild-type p53 is not necessary for loss of MMR to
confer sensitivity to CCNU. Loss of MMR and loss of p53 functions
might then both play a role in the cellular response to CCNU but
produce opposite effects on cell survival.

The absence of a perfect correlation between loss of MMR and
CCNU sensitivity among human tumor cell lines might also be
ascribable to the genome instability derived from the loss of MMR.
There is evidence that in the course of the numerous divisions occur
ring during tumor development, multiple mutations accumulate in
genes relevant for tumor progression (45, 46). Some of them include
changes in genes involved in the control of the apoptotic process (47),
and these changes might in turn mask the CCNU sensitivity conferred
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by MMR loss. In contrast, when MMR loss is selected in vitro by
exposure to methylating agents, a short time elapses between selection
of the methylation-tolerant phenotype and characterization of the
MMR defects, and it is unlikely that changes in apoptotic pathways
have time to occur.

Our data indicate that methylation tolerance is independent of the
p53 status of the cells. Methylation-tolerant variants can be isolated
from the p53-defective HeLaMR, CHO, and Raji cells, and all of the
MMR tumor cell lines were methylation tolerant. This indicates that
the signal produced by the MMR-dependent processing of 06-meGua
that leads to cell death does not require transduction by wild-type p53.
It has been proposed that unsuccessful MMR attempts at 06-meGua
create the strand interruptions that lead to cell death. The requirement
for an active MMR to observe MNU-induced SCEs is consistent with
this hypothesis.

MGMT plays a predominant role in the cellular response of Mex@
cells to both monofunctional and bifunctional alkylating agents. Both
sensitivity to CCNU and tolerance to MNU conferred by loss of MMR
are detectable only when the MGMT repair protein is inactivated by
O6BG In wild-type cells, sensitization to CCNU and MNU by
O@-BG was strikingly different. A 24-h exposure to 06-BG was
sufficient to reach maximal sensitization of CCNU damage. This is
consistent with the timing of formation of the interstrand DNA cross
link (1 1) and the premitotic block produced in the same cell cycle a
few hours after treatment (48). MGMT can only affect CCNU sensi
tivity before formation of the interstrand cross-link. Once the cross

link is formed, MGMT plays no role in CCNU cytotoxicity. To obtain
maximal potentiation of MNU cytotoxicity, longer exposure and
higher concentrations of O@-BG were needed. This suggests that
06-meGua can be reversed by low levels of MGMT that escape
06-BG inactivation. This reversal can be effected several cell cycles
after the one in which alkylation occurred. This observation is con
sistent with the arrest in late S-G2-M phases at least two cell divisions
after treatment with a drug that produces 06-meGua (49).

CCNU belongs to a group of clinically effective chloroethylating
agents. Preliminary data (G. A. and M. B.) obtained in the MMR
Raji Fl2 and Raji 10 cells indicate that loss of MMR also confers
sensitivity to BCNU, although at a more limited extent than that
observed with CCNU. Two reports deal with the sensitivity to BCNU
of MMR cell lines (26, 27). The efficient 06-BG sensitization of
BCNU-induced damage reported by Wedge et a!. in LS174T (>5-
fold; Ref. 27) is consistent with our data on the hypersensitivity to
CCNU conferred by loss of MMR in this cell line. The absence of
hypersensitivity to BCNU in the MMR HCT116 compared to the
MMR@ HCT1 16 + chromosome 3 is also in agreement with the
resistant phenotype of these cells (see Table 2; Ref. 26).

Chloroethylnitrosoureas produce a wide variety of DNA lesions
(50), which are the substrate for repair pathways including MGMT,
base excision repair (15, 50), and nucleotide excision repair (51â€”53).
This involvement of multiple pathways suggests that the toxicity of
chloroethylnitrosoureas is the result of several different DNA lesions.
MMR also exerts a protective role, but which lesion is the substrate
for this pathway? Interstrand DNA cross-links are major cytotoxic
lesions, and current models suggest that interstrand DNA cross-links
are repaired by the cooperation of nucleotide excision repair and
recombination (for a review, see Ref. 54). Increased recombination in
mammalian cells can be associated with loss of MMR (55)â€¢5It is
tempting to speculate that MMR may aid nucleotide excision repair in
excising interstrand DNA cross-links by providing an auxiliary mci

5 C. Ciotta, S. Ceccotti, G. Aquilina, 0. Humbert, F. Palombo, J. Jiricny, and M.

Bignanii. Increased somatic recombination in methylation tolerant human cells with
defective mismatch repair, submitted for publication.

sion close to the damaged site. Identification of the DNA lesions that
are the substrate for MMR will provide important information about
the mechanism of DNA repair. Although the observations reported in
this paper do not mechanistically explain the chloroethylnitrosourea
sensitivity in MMR cells, they have important implications for the
use of DNA cross-linking agents in the therapy of MMR tumors.

ACKNOWLEDGMENTS

We are grateful to P. Karma for helpful suggestions, to E. Dogliotti for
reading the manuscript, and to L. Gargano for technical assistance.

REFERENCES

1. Kastan, M., Onyekwere, 0., Sidransky, D., Vogelstein, B., and Craig, R. W. Partic
ipation of p53 protein in the cellular response to DNA damage. Cancer Res., 51:
6304â€”6311,1991.

2. Lowe, S. w., Sci@min,E. M., Smith, S. w., Osborne, B. A., and Jacks, T. p53 is
required for radiation-induced apoptosis in mouse thymocytes. Nature (Land.), 362:
847â€”849,1993.

3. Clarke, A. R., Purdie, C. A., Harrison, D. J., Moms, R. G., Bird, C. C., Hooper, M. L.,
and Wyllie, A. H. Thymocyte apoptosis induced by p53-dependent and independent
pathways. Nature (Lend.), 362: 849â€”852,1993.

4, Lowe, S. w., Ruley, H. E., Jacks, T., and Housman, D. E. p53-dependent apoptosis
modulates the cytotoxicity of anticancer agents. Cell, 74: 957â€”967,1993.

5. Fan, S., El-Deiry, W. S., Bae, I., Freeman, J., Jondle, D., Bhatia, K., Fornace, A. J.,
Magrath, I., Kohn, K. W., and O'Connor, P. M. p53 gene mutations are associated
with decreased sensitivity of human lymphoma cells to DNA-damaging agents.
Cancer Res., 54: 5824â€”5830,1994.

6. Lowe, S. W., Bodis, S., McClatchey, A., Remington, L., Ruley, H. E., Fisher, D.,
Housman, D. E., and Jack, 1. p53 status and the efficacy of cancer therapy in vivo,
Science (Washington DC), 266: 807â€”810, 1994.

7. Lowe, S. W. Cancer therapy and p53. Curt. Opin. Oncol., 7: 547â€”553,1995.
8. Pegg, A. E., Dolan, M. E., and Moschel, R. C. Structure, function and inhibition of

O'@-methylguanine-DNAalkyltransferase. Prog. Nucleic Acid Res. Mol. Biol., 51:
167-223, 1995.

9. Robins, P., Harris, A. L., Goldsmith, I., and Lindahl, T. Cross-linking of DNA
induced by chloronitrosourea is prevented by O'@-methylguanine-DNAmethyltrans
ferase. Nucleic Acids Res., 11: 7743-7757, 1983.

10. Brent, T. P. Suppression of cross-link formation in chloroethylnitrosourea-treated
DNA by an activity in extracts of human leukemic lymphoblasts. Cancer Res., 44:
1887â€”1892,1984.

I I. Tong, w. p.,@ M. C., and Ludlum, D. B. Formation of the cross-link, l-(N3-
deoxycytidyl)-2-(N'-deoxyguanosyl)-ethane, in DNA treated with N,N-bis(2-chloro
ethyl)-N-nitrosourea (BCNU). Cancer Res., 42: 3102â€”3105, 1982.

12. Erickson, L. C., Laurent, G., Sharkey, N. A., and Kohn, K. W. DNA cross-linking and
monoadduct repair in nitrosourea-treated human cells. Nature (Lend.), 288: 727â€”729,
1980.

13. Brent, T. P., Houghton, P. J., and Houghton, J. A. (.$-alkylguanine DNA-alkyltrans
ferase activity correlates with the therapeutic response of human rhabdomyosarcoma
xenografts to l-(2-chloroethyl)-3-(trans-4-methyl cyclohexyl)-l-nitrosourea. Proc.
NatI. Acad. Sci. USA, 82: 2985â€”2989, 1985.

14. Habraken, Y,, Carter, C. A., Kirk, M. C., and Ludlum, D. B. Release of 7-alkylgua
nines from N-(2-chlorocthyl)-N'-cyclohexyl-N-nitrosourea-modified DNA by
3-methyladenine DNA glycosylase II. Cancer Res., 51: 499â€”503, 1991.

15. Matijasevic, Z., Boosalis, M., Mackay, w., Samson, L, and Ludlum, D. B. Protection
against chloroethylnitrosourea cytotoxicity by eukaryotic 3-methyladenine DNA gly
cosylase. Proc. NatI. Aced. Sci. USA, 90: 11855â€”11859, 1993.

16. Engelward, B. P., Dreslin, A., Christensen, J., Huszar, D., Kurahara, C., and Samson,
L. Repair-deficient 3-methyladenine DNA glycosylase homozygous mutant mouse
cells have increased sensitivity to alkylation-induced chromosome damage and cell
killing. EMBO J., /5: 945â€”952,1996.

17. Karran, P., and Bignami, M. Self-destruction and tolerance in resistance of mamma
han cells to alkylation damage. Nucleic Acids Res., 20: 2933â€”2940, 1992.

18. Karran, P., and Bignami, M. DNA damage tolerance, mismatch repair and genome
instability. BioEssays, /6: 833â€”839,1994.

19. Branch, P., Aquilina, G., Bignami, M., and Karran, P. Defective mismatch binding
and a mutator phenotype in cells tolerant to DNA damage. Nature (Land.), 362:
652â€”654, 1993.

20. Kat. A., Thilly, w. G., Fang, W-H., Longley, M. J., Li, G-M., and Modrich, P. An
alkylation-tolerant, mutator human cell line is deficient in strand-specific mismatch
repair. Proc. Nail. Acad. Sci. USA, 90: 6424â€”6428,1993.

21. O'Regan, N. E., Branch, P., MacPherson, P., and Karran, P. hMSH2-independent
DNA mismatch recognition by human proteins. J. Biol. Chem., 271: 1789â€”1796,
1995.

22. Ceccotti, S., Aquilina, G., MacPherson, P., Yamada, M., Karran, P., and Bignami, M.
Processing of O@-methylguanine by mismatch correction in human cell extracts. Curt.
Biol., 6: 1528â€”1531, 1996.

23. Branch, P., Hampson, R., and Karran, P. DNA mismatch binding defects, DNA
damage tolerance, and mutator phenotypes in human colorectal carcinoma cell lines.
Cancer Res., 55: 2304â€”2309, 1995.

24. Koi, M., Umar, A., Chauhan, D., Cherian, S. P., Carethers, J. M., Kunkel, T. A., and

140

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/1/135/2466366/cr0580010135.pdf by guest on 19 M

ay 2023



CCNU SENSITIVITY IN MMR CELLS

Boland, C. R. Human chromosome 3 corrects mismatch repair deficiency and talc
rosatellite instability and reduces N-methyl-N'-nitro-N-nitrosoguanidine tolerance in
colon tumor cells with homozygous 6MLHI mutation. Cancer Res., 54: 4308â€”4312,
1994.

25. Risinger, J. I., Umar, A., Barrett, J. C., and Kunkel, T. A. A hPMS2 mutant cell line
is defective in strand-specific mismatch repair. J. Biol. Chem., 270: 18183â€”18186,
1995.

26. Liu, L., Markowitz, S., and Gerson, S. L. Mismatch repair mutations override
alkyltransferase in conferring resistance to temozolomide but not to l,3-bis(2-chlo
roethyl)nitrosourea. Cancer Res., 56: 5375â€”5379,1996.

27. Wedge. S. R., Porteous, J. K., May, B. L., and Newlands, E. S. Potentiation of
temozolomide and BCNU cytotoxicity by O'@-benzylguanine:a comparative study in
vitro. Br. J. Cancer, 73: 482â€”490,1996.

28. Wedge, S. R., Porteous, J. IC, and Newlands, E. S. 3-Aminobenzamide and/or
O@-benzylguanineevaluated as an adjuvant to temozolomide or BCNU treatment in
cell lines of variable mismatch repair status and ($-methylguanine-DNA alkyltrans
ferase. Br. J, Cancer, 74: 1030â€”1036, 1996.

29. Green, M. H. L., Lowe, J. E., Petit-Frere, C., Karran, P., Hall, J., and Kataoka, H.
Properties ofN-methyl-N-nitrosourea-resistant mex derivatives of an SV4O-immor
talized human fibroblast cell line. Carcinogenesis (Lond.), 10: 893â€”898, 1989.

30. Kaina, B., Van Zeeland, A. A., Backendorf, C., Thielmann, H. W., and Van de Putte,
P. Transfer of human genes conferring resistance to methylating mutagens but not to
UV irradiation and cross-linking agents into Chinese hamster ovary cells. Mol. Cell.
Biol.,7: 2024â€”2030,1987.

31. Aquilina, G., Giammarioli, A., Zijno, A., Di Muccio, A., Dogliotti, E., and Bignami,
M. Tolerance to OÂ°-methylguanmeand 6-thioguanine cytotoxic effects: a cross
resistant phenotype in N-methylnitrosourea-resistant Chinese hamster ovary cells.
Cancer Rca., 50: 4248â€”4253, 1990.

32. Aquilina. G., Hess, P., Fiumicino, S., Ceccotti, S., and Bignami, M. A mutator
phenotype characterizes one of two complementation groups in human cells tolerant
to methylation damage. Cancer Res., 55: 2569â€”2575,1995.

33. Dolan,M.E.,Mitchell,R. B.,Mummert,C.,Moschel,R.C.,andPegg,A. E. Effect
of O@-bensylguanine analogues on sensitivity of human tumor cells to the cytotoxic
effects of alkylating agents. Cancer Res., 51: 3367â€”3372,1991.

34. Hampson, R., Humbert, 0., MacPherson, P., Aquilina, G., and Karran, P. Mismatch
repair defects and O@-methylguanine-DNA methyltransferase expression in acquired
resistance to methylating agents in human cells. J. Biol. Chem., 272: 28596â€”28606,
1997.

35. Aquilina, G., Frosina, G., Zijno, A., Di Muccio, A., Dogliotti, E., Abbondandolo, A.,
and Bignami, M. Isolation of clones displaying enhanced resistance to methylating
agents in Oâ€•-methylguanine-DNAmethyltransferase-proficient CHO cells. Carcino
genesis (Lond.), 9: 1217â€”1222,1988.

36. Aquilina,G., Hess, P., Branch,P., Macgeoch,C., Casciano,I., Karran,P., and
Bignami, M. A mismatch recognition defect in colon carcinoma confers DNA
microsatellite instability and a mutator phenotype. Proc. Nail. Acad. Sci. USA, 91:
8905â€”8909. 1994.

37, Dolan, M. E., Moschel, R. C., and Pegg, A. E. Depletion of mammalian O@
alkylguanine-DNA alkyltransferase activity by O@-benzylguanineprovides a means to
evaluate the role of this protein in protection against carcinogenic and therapeutic
alkylating agents. Proc. Nail. Acad. Sci. USA, 87: 5368â€”5372,1990.

38. Gerson, S. L., Trey, J. E., and Miller, K. Potentiation of nitrosourea cytotoxicity in
human leukemic cells by inactivation of O'@-a1kylguanine-DNAalkyltransferase.
CancerRes.,48: 1521â€”1527,1988.

39. Zhang, H., Tsujimura, T., Bhattachaiyya, N. P., Maher, V. M., and McCormick, J. J.
O@-methylguanineinduces intrachromosomal homologous recombination in human
cells. Carcinogenesis (Lond.), 17: 2229â€”2235, 1996.

40. Ali-Osman, F. Attenuation of DNA interstrand cross-linking by glutathione. Cancer
Res.,49: 5258â€”5261,1989.

41. Smith, T., Evans, C. G., Doane-Setzer, P., Castro, V. M., Tahir, M. K., and Manner
vik, B. Denitrosation of l,3-bis(2-chloroethyl)-l-nitrosourea by class@ glutathione
transferases and its role in cellular resistance in rat brain tumor cells. Cancer Res., 49:
2621â€”2625,1989.

42. Nutt, C. L., Chambers, A. F., and Cairncross, J. G. Wild-type p53 renders mouse
astrocytes resistant to l,3-bis(2-chloroethyl)-l-nitrosourea despite the absence of a
p53-dependent cell cycle arrest. Cancer Res., 56: 2748â€”2751, 1996.

43. Duthu,A.,Debuire,B.,Romano,J.,Ehrhart,J. C.,Fiscella,M.,May,E.,Appella.E.,
and May, P. p53 mutations in Raji cells: characterization and localization relative to
other Burkitt's lymphomas. Oncogene, 7: 2161â€”2167, 1992.

44. Lee, H., Lamer, J. M., and Hamlin, J. L. Cloning and characterization of Chinese
hamster p53 cDNA. Gene (Amst.), 184: 177â€”183,1997.

45. Markowitz, S., Wang, J., Myeroff, L., Parsons, R., Sun, L., Lutterbaugh, J., Fan, R.
S., Zborowska, E., Kinzler, K. W., Vogelstein, B., Brattain, M., and Willson, J. K. V.
Inactivation of the type II TGF-@3receptor in colon cancer cells with microsatellite
instability. Science (Washington DC), 268: 1336â€”1338,1995.

46. Souza, R. F., Appel, R., Yin, J., Wang, S., Smolinski, K. N., Abraham, J. M., Zou,

T-T., Shi, Y-Q., Lei, J., Cottrell, J., Cymes, K., Biden, K., Simms, L., Leggett, B.,
Lynch, P. M., Frazier, M., Powell, S. M., Harpaz, N., Sugimura, H., Young, J., and
Meltzer, S. J. Microsatellite instability in the insulin-like growth factor II receptor
gene in gastrointestinal tumours. Nat. Genet., 14: 255â€”257,1996.

47. Rampino, N., Yamamoto, H., lonov, Y., Li, Y., Sawai, H., Reed, J. C., and Perucho,
M. Somatic frameshift mutations in the BAX gene in colon cancers of the microsat
ellite mutator phenotype. Science (Washington DC), 275: 967â€”969,1997.

48. Broggini, M., Erba, E., Morasca, L., Horgan, C., and D' Incalci, M. In vivo studies of
a novel anticancer agent mitozolomide (NSC 35345 1) on Lewis lung carcinoma.
Cancer Chemother. Pharmacol., 16: 125â€”128,1986.

49. Catapano, C. V., Broggini, M., Erba, E., Ponti, M., Mariani, L., Citti, L., and
D'Incalci, M. In vitro and in vivo methazolastone-induced DNA damage and repair in
L-1210 leukemia sensitive and resistant to chloroethylnitrosoureas. Cancer Res., 47:
4884â€”4889, 1987.

50. Ludlum, D. B. DNA alkylation by haloethylnitrosoureas: nature of modifications
produced and their enzymatic repair or removal. Mutat. Res., 233: 117â€”126,1990.

51. Cappelli, E., Redaelli, A., Rivano, M. E., Abbondandolo, A., and Frosina, G. Repair
of l-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea-induced damage by mammalian cell
extracts. Carcinogenesis (Lond.), 16: 2267â€”2270,1995.

52. Stefanini, M., Mondello, C., Tessear, L., Capuano, V., Guerra, B. R., and Nuzzo, F.
Sensitivity to DNA-damaging agents and mutation by UV light in UV-sensitive CHO
cells. Mutat. Res., 174: 155â€”159,1986.

53. Wu, Z., Chan, C-L., Eastman, A., and Bresnick, E. Expression of human@
methylguanine-DNA methyltransferase in a DNA excision repair-deficient Chinese
hamster ovary cell line and its response to certain alkylating agents. Cancer Res.. 52:
32â€”35,1992.

54. Wood, R. D. DNA repair in eukaryotes. Annu. Rev. Biochem., 65: 135â€”167,1996.
55. de Wind, N., Dekker, M., Berns, A., Radman, M., and te Ride, H. Inactivation of the

mouse Msh2 gene results in mismatch repair deficiency, methylation tolerance,
hyperrecombination and predisposition to cancer. Cell, 82: 321â€”330,1995.

56. Rodrigues, N. R., Rowan, A., Smith, M. E. F., Kerr, I. B., Bodmer, â€˜,V.F., Gannon,1.V.,andLane,D.P.p53mutationsincolorectalcancer.Proc.NatI.Acad.Sci.USA,
87: 7555â€”7559,1990.

57. Anthoney, D. A., Mcllwrath, A. J., Gallagher, Vt. M., Edlin, A. R. M., and Brown,
R. Microsatellite instability, apoptosis, and loss of p53 function in drug-resistant
tumor cells. Cancer Res., 56: 1374â€”1381, 1996.

58. Malkhosyan, S., Rampino, N., Yamamoto, H., and Perucho, M. Frameshift mutator
mutations. Nature (Lond.), 382: 499â€”500, 1996.

59. Carroll, A. G., Voeller, H. J., Sugars, L., and Gelman, E. P. p53 oncogene mutations
in three human prostate cancer cell lines. Prostate, 23: 123â€”134,1993.

60. Yaginuma, Y., and Westphal, H. Analysis of the p53 gene in human uterine carci
noma cell lines. Cancer Res., 51: 6506â€”6509, 1991.

61. Albright, C. D., Tsongalis, G. J., Resau, J. H., and Kaufman, D. G. Human endome
trialcarcinomacellsreleasefactorswhichinhibitthegrowthofnormalepithelialcells
in culture. Cell Biol. Toxicol., ii: 251â€”261,1995.

62. Take, Y., Kumano, M., Teraoka, H., Nishimura, S., and Okuyama, A. DNA-depend
ent protein kinase inhibitor (OK-1035) suppresses p21 expression in HC'l'l 16 cells
containing wild-type p53 induced by Adriamycin. Biochem. Biophys. Res. Commun.,
22!: 207â€”212, 1996.

63. Parsons, R., Li, G.M., Longley, M. J., Fang, W-H., Papadopoulos. N., Jen, J., de Ia
Chapelle, A., Kinzler, K., Vogelstein, B., and Modrich. P. Hypermutability and
mismatch repair deficiency in RER@ tumor cells. Cell, 75: 1227â€”1236,1993.

64. Waldman, T., Kinzler, K., and Vogelstein. B. p21 is necessary for the p53-mediated
G, arrest in human cancer cells. Cancer Res., 55: 5187â€”5190,1995.

65. McDonald, E. R., Wu, G. S., Waldman, T., and El-Deity, W. S. Repair defect in p21
WAF/CIP1 -â€˜â€”human cancer cells. Cancer Res., 56: 2250â€”2255, 1996.

66. Umar, A., Boyer, J. C., Thomas, D. C., Nguyen, D. C., Risinger, J. I., Boyd, J., Ionov,
J., Perucho, M., and Kunkel, T. A. Defective mismatch repair in extracts of colorectal
and endometrial cancer cell lines exhibiting microsatellite instability. J. Biol. Chem..
269: 14367â€”14370, 1994.

67. Pocard, M., Chevillard, S., Villaudy, J., Poupon, M. F., Dutrillaux, B., and Remvikos,
Y. Different p53 mutations produce distinct effects on the ability of colon carcinoma
cells to become blocked at the G,-S boundary after irradiation. Oncogene, 12:
875â€”882, 1996.

68. Liu, B., Nicolaides, N. C., Markowitz, S., Willson, J. K. W., Parsons, R. E., Jen, J.,
Papadopoulos, N., Peltomaki, P., de Ia Chapelle, A., Hamilton, S. R., Kinzler, K. W.,
andVogelstein,B.Mismatchrepairgenedefectsin sporadiccolorectalcancerswith
microsatellite instability. Nat. Genet., 9: 48â€”55,1995.

69. da Costa, L. T., Liu, B., El-Deity, W. S., Hamilton, S. R., Kinzler, K. W., and
Vogelstein, B. Polymera.se 8 variants in RER colorectal tumours. Nat. Genet., 9:
10â€”11,1995.

70. Papadopoulos, N., Nicolaides, N. C., Liu, B., Parsons, R., Lengauer, C., Palombo, F.,
D'Arrigo, A., Markowitz, S., Willson, J. K. V., Kinzler, K. W., Jiricny, J., and
Vogelstein, B. Mutations of GTBP in genetically unstable cells. Science (washington
DC), 268: 1915â€”1917,1995.

141

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/1/135/2466366/cr0580010135.pdf by guest on 19 M

ay 2023




