
[CANCER RESEARCH 58, 3579-3585. August 15, 1998]

The Role of hMLHl, HMSH3, and HMSH6 Defects in Cisplatin and Oxaliplatin
Resistance: Correlation with Replicative Bypass of Platinum-DNA Adducts1

Alexandra Vaisman,2 Maria Varchenko,2 Asad Umar, Thomas A. Kunkel, John I. Risinger, J. Carl Barrett,
Thomas C. Hamilton, and Stephen G. Chancy3

Department of Biochemistry anil Biophysics. Lineherger Comprehensive Cancer Center, Curriculum in Genetics and Molecular Biology, School of Medicine, University of North
Carolina. Chapel Hi/I, North Carolina 27599 Â¡A.V., M. V., S. G. C.]: Laboratories of Molecular Genetics Â¡A.Â£/.,T. A. K.j and Molecular Carcinogenesis Â¡J.I. R.. J. C. B.I
National Insiliate of Environmental Health Sciences. Research Triangle Park. North Carolina 27709; ami Department of Medical Oncniog\, Fox Chase Cancer Center,
Philadelphia, Pennsylvania 191II Â¡T.C. H.I

ABSTRACT

Defects in mismatch repair are associated with cisplatin resistance, and
several mechanisms have been proposed to explain this correlation. It is
hypothesized that futile cycles of translesion synthesis past cisplatin-DNA

adducts followed by removal of the newly synthesized DNA by an active
mismatch repair system may lead to cell death. Thus, resistance to plat-
inum-DNA adducts could arise through loss of the mismatch repair

pathway. However, no direct link between mismatch repair status and
replicative bypass ability has been reported. In this study, cytotoxicity and
steady-state chain elongation assays indicate that hMLHl or liMSHd
defects result in 1.5-4.8-fold increased cisplatin resistance and 2.5-6-fold

increased replicative bypass of cisplatin adducts. Oxaliplatin adducts are
not recognized by the mismatch repair complex, and no significant dif
ferences in bypass of Oxaliplatin adducts in mismatch repair-proficient
and -defective cells were found. Defects in hMSH3 did not alter sensitivity

to, or replicative bypass of, either cisplatin or Oxaliplatin adducts. These
observations support the hypothesis that mismatch repair defects in
hMutLa and hMutSa, but not in liMulS/j. contribute to increased net
replicative bypass of cisplatin adducts and therefore to drug resistance by
preventing futile cycles of translesion synthesis and mismatch correction.

INTRODUCTION

Platinum drugs are among the most widely used compounds in cancer
chemotherapy. One of the major limitations to their use in the treatment
of several human malignancies is intrinsic or acquired resistance to these
drugs. Current evidence suggests that many factors can contribute to the
resistance phenotype. Defects in mismatch repair are associated with
resistance to some platinum-containing drugs, such as cisplatin [cis-
diamminedichloroplatinum(II)] and carboplatin [d.v-diammine(cyclobu-
tanedicarboxylato)platinum(II): Refs. (1-6)], but not to others, such as
Oxaliplatin [(rran.i-R,R)diaminocyclohexaneoxalatoplatinum(II)], tet-

raplatin [framxIiaminocyclohexanetetrachloroplatinum(IV)], transplatin
[ira/ji-diamminedichloroplatinum(II)], JM335 [;ran.c-ammine(cyclo-
hexylamine)dihydroxodichloroplatinum(IV)], or JM216 [c-/.s--amminedi-

acetatodichloro(cyclohexylamine)platinum(IV); Ref. 2]. In mammalian
cells, the mismatch repair system plays a major role in postreplicative
correction of DNA polymerase errors that have escaped proofreading and
in control of the fidelity of genetic recombination by preventing recom
bination between divergent DNA sequences (7, 8). In addition, the
mismatch repair system is implicated in the cellular response to DNA
damage. Defects in components of the mismatch repair system are
associated with defects in transcription-coupled repair (9), with resistance
to the cytotoxic effects of certain types of DNA-damaging agents (8. 10,
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11), and with activation of the JNK and c-Abl kinase signal transduction

pathways by certain types of damage (12). The human mismatch repair
system is not completely defined. However, five genes that encode
proteins required for mismatch repair are identified and characterized:
MLH1, PMS2, MSH2. MSH3, and MSH6 (also called GTBP or pl60;
Ref. 8). In normal human cells, mispaired bases or insertions/deletions in
DNA are recognized by one of two complexes: hMutSa (heterodimer of
hMSH2 and hMSH6) or hMutSÃŸ(heterodimer of hMSH2 and hMSH3).
The hMutSa complex has broad specificity in recognizing both single-bp
mismatches and multiple base insertion/deletion loop-type misalign

ments. Although hMutSÃŸcomplex has partially overlapping specificity,
it displays a preference for large insertion/deletion loops and, to lesser
extent, small insertion/deletion mispairs. The hMutS complexes are
thought to recruit the hMutLa heterodimer consisting of hMLHl and
PMS2 proteins. Several other proteins involved in the excision and
resynthesis stages are required to complete the repair process (8, 13-15).

Recent studies have demonstrated that in vitro selection of human
ovarian carcinoma cell lines for cisplatin resistance often results in loss of
mismatch repair activity, primarily due to defects in the hMLH 1 subunit
of the hMutLa complex (5, 16-18). In addition, mismatch repair defects

due either to loss of the hMLHl or PMS2 subunits of the hMutLa
complex or to loss of the hMSH2 subunit of the hMutSa complex result
in increased cisplatin resistance in cells with no prior history of cisplatin
exposure (2, 3, 6). Furthermore, the hMutSa complex and the hMSH2
protein by itself recognize cisplatin adducts on DNA (2, 19-22). How

ever, the affinity of hMutSÃŸfor these lesions has not been addressed, and
the effect of hMSH3 or hMSH6 defects on cisplatin resistance has not
been reported. In the present study, we show that cisplatin resistance
results from loss of mismatch repair activity due to defects in the hMSH6
subunit of the hMutSa complex, but not in the hMSH3 subunit of the
hMutSÃŸcomplex.

Several mechanisms are postulated for increased resistance to
DNA-damaging agents in mismatch repair-defective cells. It was

proposed that binding of the mismatch repair complex to adducts
could render the adducts refractory to other repair pathways (21).
However, recent in vitro studies have shown that mismatch repair
proteins do not affect the efficiency of nucleotide excision repair of
cisplatin lesions (19, 23). Binding of mismatch repair proteins to the
DNA lesion are also proposed to activate signal transduction path
ways leading to cell cycle arrest (24) and/or cell death (12). Finally,
it was postulated (2, 16, 20-22, 25, 26) that futile cycles of synthesis

past the DNA lesion, followed by recognition and removal of the
newly synthesized strand by an active mismatch repair system, gen
erate gaps or strand breaks that induce cell death (Fig. 1). This
function of the mismatch repair pathway may be particularly impor
tant when, as in the case of cisplatin damage, the removal of DNA
damage is not efficient and the DNA lesion is a poor replication block
(26). According to this model, cells could acquire resistance to drug
killing through loss of mismatch repair activity, thus allowing com
pletion of replication following bypass of the lesion. However, no
direct data showing a correlation between mismatch repair defects and
increased net replicative bypass (i.e., increased net replication past
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Fig. I. Proposed model for the contribution of mismatch repair activity to cisplatin
cytotoxicity. DNA replication past cisplatin adduci results in imperfect base pairing. This
anomaly is recognized by the hMutLa/hMutSa mismatch repair complex. Attempted
mismatch repair fails because it is directed at the daughter strand. Thus, the newly
synthesized strand of DNA is removed, and the lesion on parental strand remains
unexcised. The continued action of these futile replication/repair cycles results in the
formation of gaps or strand breaks, which lead to cell death. An inability to initiate
mismatch correction would be beneficial to the cell, because these futile repair attempts
would be avoided.

adducts) are currently available. Using a steady-state replication as

say, which quantitates the relative rate of DNA synthesis across DNA
lesions in active replicons, we demonstrate here that cells with inac
tive mismatch repair due to defects in hMLHl or hMSH6, but not
hMSHS, display 2.5-6-fold increased replicative bypass of cisplatin
adducts compared with mismatch repair-proficient cells. Furthermore,

we find no significant difference in replicative bypass of oxaliplatin
adducts in these cell lines.

MATERIALS AND METHODS

Cells and Cell Treatment. The human ovarian carcinoma cell lines A2780
and A2780/CP were kindly provided by Dr. P. Andrews (Georgetown University.
Washington, DC). The A2780/CP, A2780/CP70, and A2780/C30 cells are isolated
from the same parental (A2780) cell line and display different levels of cisplatin
resistance. These cell lines were well characterized in previous studies (27-29) and
are different from the cisplatin-resistant A2780/DDP cell line we have character

ized previously (30, 31). The ovarian carcinoma cell lines were cultured in
RPM1-1640, which contained 10% PCS and antibiotics.

The human colorectal carcinoma cell lines HCT116, HCT116+ch3.
HCT116/MN2 (also referred to as HCT116+ch3-6-M2; Ref. 24), HHUA,
HHUA+ch2. HHUA+ch5. DLD-1, and DLD-1 +ch2 (32, 33) were selected as
examples of mismatch repair-proficient and -deficient cell lines. The HCT116
cell line is hemizygous for a Câ€”>Amutation generating a nonsense codon 252

in the mismatch repair gene hMLHl on chromosome 3, which results in
expression of an inactive, truncated hMLHl protein (34). The HCT116+ch3
and HCT116/MN2 cell lines contain the transferred chromosome 3. Introduc
tion of a normal copy of the hMLHl gene in HCT116+ch3 cells restores
mismatch repair activity (24). The mismatch repair-defective HCT116/MN2
cell line was isolated from HCT116+ch3 cells by selection for MNNG4

resistance and has lost the expression of wild-type hMLHl (24). The HHUA

cell line has a single base deletion mutation in the mismatch repair gene
hMSHi on chromosome 5, which results in expression of an inactive, truncated
hMSH3 protein. It also has a homozygous C^T mutation at nucleotide 3655

of the HMSH6 gene on chromosome 2, which changes codon 1219 from
threonine to isoleucine and appears to result in production of inactive protein

4 The abbreviations used are: MNNG, yV-methyl-A7'-nitro-A7-nitrosoguanidine:dach,

diaminocyclohexane.

(32). The HHUA+ch2 cell line contains transferred chromosome 2, which
restores expression of wild-type hMSH6 (35), and the HHUA+ch5 cell line

contains transferred chromosome 5, which restores expression of wild-type
hMSH3 (32). The DLD-1 cell line contains two mutations in the hMSH6 gene
on chromosome 2. One is a 1-bp deletion that yields a termination codon at
amino acid 222. The other is a complex mutation (GATAGAâ€”>T) at codon

1103, creating a termination codon 9 bp downstream (33). The DLDl+ch2
cell line contains transferred chromosome 2, which restores expression of
wild-type ÃŒMSH6.The DLD1 cell line also contains a Gâ€”Â»Atransition
mutation in the 3'â€”>5' exonuclease domain of pol 8, which could alter

replication fidelity (36). This mutation is on chromosome 19 and would not be
affected by the chromosome 2 transfer. The colon cancer cell lines were
maintained in DMEM:F12, which contained 10% PCS and antibiotics. The
chromosome-transferred cell lines were cultured in the presence of 400 /xg/ml

G418 (Life Technologies, Inc.).
Cytotoxicity was determined by the 3-day growth inhibition assay. ID50

refers to the doses of DNA-damaging agent required to inhibit cell growth by

50% after continuous incubation with cisplatin (Sigma Chemical Co.) or
oxaliplatin [kindly provided by Dr. M. Bayssas (Debiopharm S.A.. Lausanne.
Switzerland)] for 72 h (Table 1). For quantitation of platinum bound to DNA.
cells were exposed to the drug (50, 100, and 250 ;U,M)for 15 min, washed, and
harvested 45 min after incubation in drug-free medium. (These conditions are
identical to those used in the steady-state chain elongation assay.) DNA was

isolated by the Wizard Genomic DNA Purification Kit (Promega) according to
the protocol supplied by the manufacturer. DNA concentrations were deter
mined by A26a (the A260;^280absorbance ratio was close to 1.8 for all samples),
and platinum levels were measured using a Perkin-Elmer 560 atomic absorp
tion spectrometer with an HGA 500 graphite furnace and an AS-1 autosampler
(lower limit of detection was 1 platinum adduct/106 nucleotides). All assays

were performed in triplicate on two or more occasions. The experimental error
was <10% in all experiments.

Steady-State Chain Elongation Assay. This procedure was performed as

previously described (37). Briefly, cells were treated with increasing doses of
cisplatin or oxaliplatin for 15 min. Following a 30-min chase in drug-free
medium, [3H]thymidine was added for 15 min to label nascent strands of DNA.

Cells were then lysed, and the DNA was sedimented in alkaline sucrose
gradients. The gradients were fractionated, and acid-precipitable 3H counts

were determined by scintillation counting and normalized to the total amount
of protein in each sample (determined by Bio-Rad protein assay). Supercoiled

and linear SV40 DNA was used to calibrate the molecular weight of the
gradient fractions (31 ).

Western Blot Analysis. Subconfluent monolayers of cells were rinsed two
times with ice-cold PBS and lysed in hot (85Â°C)SDS buffer [70 mM Tris (pH

6.8) and 3% SDS]. The extracts were boiled for 10 min. sonicated, and cleared
by centrifugation for 10 min at 10,000 X g. Equal amounts of protein (50
/j.g/lane, estimated by the Bio-Rad Bradford protein assay) were separated by
12% SDS-PAGE and were transferred to a nitrocellulose membrane (Amer-

sham Corp.) by semidry electroblotting. Blots were stained with Ponceau S
solution and imaged using the Foto/Analyst Archiver Electronic Documenta
tion System (Fotodyne, Inc.). After destaining with 0. l M NaOH, blots were
preblocked overnight at 4Â°Cin PBS containing 5% dried nonfat milk, incu

bated for 2 h at room temperature with G168-15 antibody to hMLHl (PharM-
ingen) or with AB-1 antibody to hMSH2 (Oncogene Research Products), and

washed in 0.1% Tween 20 in PBS. Blots were then incubated in blocking
buffer with peroxidase-conjugated antimouse IgG antibody (Jackson Immu-

noResearch Laboratories, Inc.) and washed again. Bound complexes were
detected using enhanced chemiluminescence procedures according to the man
ufacturer's recommendations (Amersham) and quantified by using the Image-

Quant software (Molecular Dynamics).

RESULTS

Mismatch repair defects have been described in a wide variety of
spontaneously arising tumors (38), and several lines of evidence
suggest that such mismatch repair-defective tumors may have intrinsic

resistance to cisplatin. In addition, cisplatin treatment appears to
provide strong selective pressure for the survival of mismatch repair-
defective cells (4, 16), suggesting that acquired cisplatin resistance
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Table 1 Cyiotoxicity (ID50) of platinum-DNA adducts"

CelllineA2780

A2780/CP
A2780/CP70
A2780/C30HCT116+ch3

HCTI16
HCT116/MN2HHUA+ch5

HHUAHHUA+ch2

HHUADLD-l+ch2

DLD-1Mismatch

repairstatuswt*-hMLHl

-hMLHl
-hMLHlwt

-hMLHl
-hMLHl+

hMSH3/-hMSH6
-hMSH3/-hMSH6-hMSH3/+hMSH6

-hMSH3/-hMSH6wt

-hMSH6Cisplatin3.9

Â±0.8C
79 Â±4' (20.2)''

124 Â±10C(31.7)

225 Â±If(57.6)12.2

Â±o.r19.7
Â±0.4' (1.6)

18.6 Â±0.8'(1.5)6.1

Â±0.3'
6.0Â±0.1'NS2.5

Â±0.1'
6.0 Â±0.1'(2.4)1.4

Â±0.1'
6.6 Â±1.3' (4.8)Oxaliplatin4.1

Â±1.0e
25.4 Â±5.2''(6.1)
6.7 Â±0.2r(1.6)

ND6.3

Â±0.5''
6.9 Â±0.2' NS
6.6 Â±0.6'NS13.2

Â±0.7'
14.1Â±0.8''NS14.9

Â±0.5''
14.1Â±0.8'NS17.3

Â±1.6''
21.5 Â±1.9'NS

" ID50 refers to the concentrations (in /Â¿M)of DNA-damaging agent required to inhibit cell growth by 50<7rafter continuous incubation with the drug for 72 h.
' wt, wild type; NS. not statistically significant: ND. not determined.
' Values are reported as mean Â±range of data obtained from two experiments.
''Numbers in parentheses are the fold increase in 1D50 for the CP-resistant cell lines compared to sensitive cell lines and are statistically significant at the P < 0.01 level.
'' Results are means Â±SE of data obtained from three experiments.

may also be highly correlated with defects in mismatch repair. To test
the hypothesis that defects in mismatch repair result in cisplatin
resistance due to increased net replicative bypass of cisplatin adducts,
we selected two groups of mismatch repair-proficient and -defective
cell lines, (a) The human ovarian carcinoma cell lines A2780/CP,
A2780/CP70, and A2780/C30 were selected as examples of acquired
cisplatin resistance. These cell lines were derived from the parental
A2780 cell line by in vitro selection for cisplatin resistance and have
multiple mechanisms of resistance (27-29). The A2780/CP70 cell line
is defective in mismatch repair, but the mismatch repair status of the
A2780/CP and A2780/C30 cell lines has not been previously charac
terized, (b) Human colon carcinoma cell lines with known defects in
mismatch repair were selected as possible examples of intrinsic cis
platin resistance, because several of these mismatch repair-defective
cell lines have low-level cisplatin resistance (1-6).

Expression of hMLHl and HMSH2 in Human Ovarian and
Colorectal Carcinoma Cell Lines. Most, but not all, independently
derived cisplatin-resistant derivatives of the human ovarian carcinoma
A2780 cell line display both microsatellite instability and loss of
hMLHl expression (17, 18). In particular, the cisplatin-resistant
A2780/CP70 cell line was extensively studied and shown to be

defective in mismatch repair activity due to loss of the hMLHl
subunit of the MutLa complex (5). Using Western blot analysis, we
tested A2780/CP70 and two other closely related cisplatin-resistant
derivatives of the parental A2780 cell line (the A2780/CP and the
A2780/C30 cell lines) and found that they all had normal levels of
hMSH2 protein but lacked detectable hMLHl (Fig. 2), suggesting that
the A2780/CP and the A2780/C30 cells are also likely to be defective
in mismatch repair. We also confirmed previous reports that the
HCT116 and HCT116/MN2 cell lines have normal levels of hMSH2
protein and express only a truncated (and inactive) hMLHl protein
(Fig. 2; Ref. 39).

Cytotoxicity Studies. Previous studies showed that cells lacking
hMLHl expression display low-level cisplatin resistance (2, 3, 6), but
no significant resistance to the dach-platinum compound oxaliplatin
(2). Both the A2780/CP and A2780/CP70 cell lines, which have
multiple mechanisms of cisplatin resistance (27-29) in addition to loss
of hMLHl expression (Fig. 2). show much greater resistance to
cisplatin than to oxaliplatin (Table 1). As reported previously (2), the
HCT116 cell line, which also lacks hMLHl expression (Fig. 2) but has
no other known mechanism of cisplatin resistance, displays low-level
resistance to cisplatin but no significant resistance to oxaliplatin when

Fig. 2. Western blot analysis of human colorec-

tal and ovarian carcinoma cell lines for hMLH 1 (A
and D) and hMSH2 expression (B and Â£).Ponceau
S staining of the membrane was used as a control
for loading (C and /â€¢").Protein extracts from the cell

lines indicated were separated by 12% SDS-PAGE

and were transferred to a nitrocellulose membrane
as described in "Materials and Methods." hMLHl

was detected using the monoclonal antibody G168-

15; hMSH2 was detected using the monoclonal
antibody AB-1. Immune complexes were visual
ized using an enhanced chemiluminescence rea
gent.
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Fig. 3. Alterations in sedimentation profiles of
pulse-labeled nascent DNA in asynchronous cultures
of cisplatin-lreated A2780 (A} and A2780/CP (ÃŸ)

ovarian carcinoma cell lines. Profiles were obtained
as described in "Materials and Methods." Shtuli'il

regions indicate the positions where the area under
the curve was measured to determine the inhibition
of DNA chain elongation. Cisplatin concentrations
used for presented profiles were (in /JAI):O (â€¢).100
(D). 200 (A), 400 ( 0 ). and 800 (V).
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compared to the HCT116+ch3 cell line (Table 1). Because the in
creased sensitivity to cisplutin in the HCT116+ch3 cell line could be
due to increased expression of a gene other than hMLHl on chromo
some 3, we also determined the sensitivity of cisplatin in the HCT116/
MN2 cell line, which retains an intact chromosome 3 but has lost
hMLHl expression following selection for MNNG resistance (Fig. 2;
Ref. 24). As shown in Table 1, the HCT116/MN2 cell line has
regained most of the cisplatin resistance seen in HCT116 cell line.

Loss of liMSH2 expression also results in low-level cisplatin re

sistance (2, 3, 6). Because the hMutSa complex binds to DNA adducts
produced by cisplatin (2. 20, 22), it appears likely that defects in
hMSH6 would also lead to cisplatin resistance. However, no direct
data on effect of hMSH6 loss on the cell response to cisplatin
treatment have been reported, and the possible involvement of
hMSH3 in cisplatin cytotoxicity has not been addressed. To investi
gate the effects of hMSH6 and hMSH3 loss on resistance to platinum
drugs, we determined the cytotoxicity of cisplatin and oxaliplatin in
two sets of human colorectal carcinoma cell lines. The lack of mis
match repair in the DLD1 cell line is due to hMSH6 deficiency.
Transfer of chromosome 2 containing a normal copy of the hMSHo
gene restores mismatch repair activity in DLDl+ch2 cells. The mis
match repair-deficient parental HHUA cell line has mutations in both

the HMSH3 and hMSHo genes. In the HHUA+ch2 cells, the HMSH6
defect was corrected by transfer of chromosome 2. whereas in the
HHUA+ch5 cells, the hMSHJ defect was complemented by transfer
of chromosome 5. Cisplatin cytotoxicity for these cell lines is shown
in Table 1. Introduction of a normal copy of the hMSHo gene into both
DLD1 and HHUA cells resulted in a 2.4-4.8-fold increase in cisplatin

cytotoxicity, whereas correction of the hMSHi mutation in HHUA
cells did not alter cisplatin cytotoxicity. There was no significant
effect of either hMSH3 or hMSHo expression on oxaliplatin cytotox
icity (Table 1). Thus, the data presented here suggest that defects in
hMutSa. but not in hMutSÃŸ.are associated with cisplatin resistance,
and that neither of these complexes affects sensitivity to oxaliplatin.

Steady-State Replication Assay. To test the hypothesis that mis

match repair defects lead to cisplatin resistance by allowing the comple
tion of DNA replication following translesion synthesis, we performed
the steady-state replication assay to measure inhibition of DNA chain
elongation by platinum-DNA adducts (see "Materials and Methods").

Fig. 3 shows a selection from a typical set of sedimentation profiles from
the experiments with the A2780 (Fig. 3A) and A2780/CP (Fig. 35) cell

lines. The profiles represent the size distribution of newly synthesized
DNA following treatment with various doses of cisplatin. The shaded
region of the profile corresponds to the nascent DNA of Mr 50,000,000
to Mr 200,000,000. which represents replicons that initiated synthesis
prior to the drug treatment. Incorporation of | 'HJthymidine into DNA in

this region is regarded as a measure of DNA chain elongation (37. 40).
This has been confirmed by direct measurement of DNA chain elonga
tion in pulse-chase experiments (31 ). Therefore, the sum of incorporation
of |'H]thyrnidine into DNA in the shaded region for drug-treated cells
was expressed as a percentage of ['H]thymidine incorporation into the

same-sized DNA fragments in control (sham-treated) cells. Because
formation of platinum-DNA adducts is less for the resistant cell lines

derived from A2780 at equimolar concentrations of both cisplatin and
oxaliplatin, we isolated DNA from cultures treated in parallel and meas
ured the platinum-DNA adduci levels by atomic absorption in replicate

samples. We then plotted inhibition of chain elongation as a function of
platinum-DNA adducts. The data from several such experiments with the
A2780 and A2780/CP cell lines are shown in Fig. 4. Platinum-DNA

adducts are clearly significantly less effective at inhibiting DNA chain
elongation in the cisplatin-resistant A2780/CP cells compared to the

parental A2780 cells (Fig. 4). Using these types of plots, D,,s for the
A2780. A2780/CP. A2780/CP70. and A2780/C30 cell lines were calcu
lated (D(, = number of platinum adducts required to inhibit chain elon
gation by 63%; Table 2). These data indicate that cisplatin-resistant
derivatives of A2780 display 2.5-6-fold increased capacity for replica

tive bypass of cisplatin adducts compared to the parental cell line.
Mismatch repair-defective derivatives of the A2780 cell line were

isolated by /// vitro selection for cisplatin resistance, and the loss of
hMLHl may be only coincidental with the enhanced replicative bypass
of cisplatin adducts. To test whether the loss of mismatch repair function
will by itself contribute to increased translesion DNA synthesis, we
compared replicative bypass of the cisplatin adducts in the mismatch
repair-deficient and -proficient cell lines described in Table 1. The re

sulting plot for inhibition of chain elongation by cisplatin adducts in the
HCT116+ch3 and HCT116 cell lines is shown in Fig. 4C. The hMLHl-
defective HCT116 cells (Fig. 2) have 5.5-fold increased enhanced repli

cative bypass of cisplatin adducts (Fig. 4C, Table 2) compared to the
hMLHl-expressing HCT116+ch3 cells. The hMLHl-defective

HCT116/MN2 cell line, which has regained most of the cisplatin resist
ance of the HCT116 cell line (Table 1). has also regained most of
increased replicative bypass of cisplatin-DNA adducts seen in the
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Fig. 4. Inhibition of chain elongation by platinum drug
treatment. Data generated from profiles such as those in
Fig. 3 were used to plot inhibition of chain elongation as
a function of platinum adducts per IO6 nucleotides. A.

effect of cisplatin treatment on chain elongation for the
ovarian carcinoma cell lines A2780 (O) and A2780/CP
(â€¢).B, effect of oxaliplatin treatment on chain elongation
for the ovarian carcinoma cell lines A2780 (O) and
A2780/CP (â€¢).C, effect of cisplatin treatment on chain
elongation for the colon carcinoma cell lines HCT116 (â€¢)
and HCT116+ch3 (D). D, effect of oxaliplatin treatment
on chain elongation for colon carcinoma cell lines
HCT116 (â€¢)and HCT116+ch3 (D). Data are means
(bars, SE) from three different experiments.

45 012

Pt adducts/10 nucleotides

HCT116 cell line (Table 2). These observations support the hypothesis
that mismatch repair defects may directly contribute to increased repli
cative bypass and therefore to drug resistance.

The cisplatin-resistant derivatives of the A2780 cell line and the

HCT116 and HCT116/MN2 cells all have abrogated mismatch repair
due to loss of hMLHl protein. We performed the steady-state chain
elongation assay for hMSH3- and hMSH6-deficient and -proficient

cells to test whether defects in hMutSa and/or hMutSÃŸalso correlate
with increased replicative bypass of cisplatin adducts. We have found

Table 2 Replicaiive bypass (D0> of plalinum-DNA uili/ucls"

CelllineA2780A2780/CPA2780/CP70A2780/C3ÃœHCT116+ch3HCT116HCT1I6/MN2HHUA+ch5HHUAHHUA+ch2HHUADLD-l+ch2DLD-1Mismatchrepairstatuswt"-hMLHl-hMLHl-hMLHlwt-hMLHl-hMLHl+

hMSH3/-hMSH6-hMSH3/-hMSH6-hMSH3/+hMSH6-hMSH3/-hMSH6wt-hMSH6Cisplatin12.273.247.828.93.720.412.61.71.80.91.85.911.2Â±Â±Â±Â±Â±Â±Â±Â±Â±Â±Â±Â±Â±0.2r4.7

(6.0)J2.4

(3.9)2.5
(2.4)0.10.6(5.5)0.8

(3.4)0.10.1

NS0.10.1

(2.0)0.20.5(1.9)Oxaliplatin7.04.93.84.73.33.22.73.2Â±

1.3'Â±0.5NDNDÂ±

0.7Â±
1.1NDÂ±

0.1Â±0.1Â±

0.1Â±
0.1NDNDNSNSNSNS

" D(1 refers to the number of Pt adducts/10 nucleotide phosphate required to inhibit

DNA chain elongation by 63% measured by the steady-state replication assay and

calculated from plots such as those shown in Fig. 4. Cisplatin concentrations used for cell
treatment were: 0-400 JIM for A2780; 0-1000 fiM for A2780/CP. A2780/CP70, and
A2780/C30; 0-160 H.Mfor HCT116. HCT116+ch3, and HCT116/MN2; 0-50 JJ.Mfor
HHUA, HHUA+ch2, and HHUA + ch5; and 0-350 /J.Mfor DLD-1 and DLD-I +ch2. A
0-100-/XM range of oxaliplatin concentrations was used for treatment of all cells,

wt, wild type: NS, not statistically significant; ND, not determined.
' Results are the means Â±SE of data obtained from three experiments.
' Numbers in parentheses are the fold increase in D0 for the CP-resistant cell lines

compared to sensitive cell lines and are statistically significant at the P < 0.01 level.

that in agreement with cytotoxicity data, correction of the hMSH6
mutation in both DLD1 and HHUA cells resulted in a 2-fold de

creased replicative bypass of cisplatin adducts, whereas no difference
in replicative bypass of cisplatin adducts was found in mutant and
hMSH3-corrected HHUA cells (Table 2).

It was reported that the mismatch repair complex binds to several
types of DNA adducts, including cisplatin, but not to the dach-
platinum adducts produced by oxaliplatin oxaliplatin (2, 19-22). Our

data (Table 1) and previous reports (2) have shown that mismatch
repair defects do not alter the oxaliplatin sensitivity. To investigate
whether the ability of the mismatch repair complex to recognize types
of DNA damage correlates with alterations in replicative bypass, we
performed the steady-state chain elongation assay for ovarian and

colon carcinoma cell lines treated with oxaliplatin. For all cell lines
tested, we found no significant difference in bypass of oxaliplatin
adducts in mismatch repair-proficient and mismatch repair-defective

cells (Fig. 4, B and D; Table 2). The lack of increased replicative
bypass of oxaliplatin adducts in mismatch repair-defective cells cor

relates with failure of the mismatch repair complex to bind to the
dach-platinum adducts on DNA. Partial cross-resistance to oxaliplatin
in the cisplatin-resistant derivatives of A2780 cell line (Table 1)

presumably reflects the contribution of other resistance mechanisms
[decreased accumulation, increased glutathione levels, and increased
nucleotide excision repair activity (41)], which do not discriminate
between dach- and c/.v-diammine-platinum adducts (30).

Although in this study we have focused on the connection between
mismatch repair activity and replicative bypass of platinum adducts,
we also analyzed the effect of adduci formation on replicÃ³n initiation
in the mismatch repair-proficient and -defective cells (data not

shown). These data were obtained by measuring the decrease in the
[3H]thymidine incorporation into the region of the profile correspond

ing to the small-sized nascent DNA (Afr <40,000,000), which repre
sents replicons that initiated synthesis subsequent to the drug treat-
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ment. ReplicÃ³n initiation was generally less sensitive to inhibition by
both cisplatin and oxaliplatin treatment than was chain elongation.
Most of the hMLHl-defective cells (A2780/CP, A2780/CP70,
HCT116, and HCT116/MN2) showed about a 2-fold decreased inhi
bition of replicÃ³n initiation by cisplatin compared to the hMLHl -
proficient counterparts. However hMLH 1-defective A2780/C30 cells,
as well as all hMSH3- and hMSH6-defective cells had the same level
of inhibition of replicÃ³n initiation as mismatch repair-proficient coun

terparts. For all cell lines tested, we found no difference in replicÃ³n
initiation of oxaliplatin adducts in the mismatch repair-proficient and
mismatch repair-defective cells. Therefore, our data showed no con

sistent correlation between mismatch repair status and inhibition of
replicÃ³n initiation by platinum drugs.

DISCUSSION

In this paper, we show that defects in hMLHl or hMSH6, but not
hMSH3, result in increased cisplatin resistance. It could be argued that
some of the hybrid cell lines used in these experiments may have
acquired an extra copy of an unrelated gene affecting cisplatin sensitivity
in addition to the gene restoring mismatch repair activity. However, we
consider this unlikely, because both the cell lines with an extra copy of
chromosome 3 (restoration of hMLHl activity) and those with an extra
copy of chromosome 2 (restoration of hMSH6 activity) showed increased
sensitivity to cisplatin, whereas the cell line with an extra copy of
chromosome 5 (restoration of hMSH3 activity) showed no increase in
cisplatin sensitivity. Furthermore, selection of the HCT116+ch3 cell line
for MNNG resistance led to a cell line that lacked hMLHl activity and
was cisplatin resistant, while most of chromosome 3 was retained intact
(24). Finally, Fink et al. (6) recently showed that knockout of either the
HMSH2 or PMS2 gene results in cisplatin resistance. These data all
suggest that loss of mismatch repair activity in itself is sufficient to cause
cisplatin resistance.

The finding that hMSH3 status does not affect cisplatin resistance
(Table 1) suggests that either the hMutSÃŸcomplex does not recognize
cisplatin adducts or that binding of this complex to the cisplatin
adducts does not interfere with replicative bypass of the adducts
(Table 2). These data are consistent with previous studies of the
HHUA cell line and its chromosome-complemented derivatives.

Umar et al. (35) have shown that introduction of chromosome 2
(hMSH6) into HHUA cells decreases the mutation rate in the HPRT
gene 72-fold, whereas introduction of chromosome 5 (hMSH3) into
HHUA cells decreases the mutation rate only 6.6-fold. In addition,
extracts of the HHUA+ch5 cells show no base-base mismatch repair

activity in vitro. These data suggest that, whereas MutSa and MutSÃŸ
have overlapping specificities, MutSÃŸappears to be much less effec
tive than MutSa at recognizing and/or repairing base mismatches.

The data presented in this paper support the hypothesis that defects
in components of the hMutSa or hMutLa complexes of the mismatch
repair system affect cisplatin resistance by allowing enhanced repli
cative bypass of cisplatin adducts. An outline of the "futile cycling"

model for the association between drug tolerance and defective mis
match correction is shown in Fig. 1. The first step in this process is the
replicative bypass of cisplatin-DNA adducts. The molecular mecha

nisms of replicative bypass are not yet elucidated. However, previous
data in our laboratory suggest that enhanced replicative bypass of
cisplatin adducts plays an important role in cisplatin resistance (31,
37), and recent studies have demonstrated replicative bypass of cis
platin-DNA adducts in vitro (42). Once replicative bypass of the

adduci occurs, the hMutSa/hMutLa complex binds to the cisplatin
adduct (2, 19-22), which would most likely result in removal of the

newly synthesized strand of DNA and retention of the parental strand
containing the platinum adduct, because mismatch repair is selective

for nascent DNA. As the damage remains unrepaired, further attempts
of the replication complex to bypass the lesion would provide another
binding site for the hMutSa/hMutLa complex and, once again, result
in removal of the newly synthesized DNA. The continuous operation
of these futile cycles of resynthesis and mismatch repair is likely to
generate persistent gaps or strand breaks, which, in turn, may lead to
cell death. On the other hand, lack of one of the components of the
hMutSa/hMutLa complex may allow completion of DNA replication,
although with a potential mutation in the nascent strand. Therefore,
cells with an inactive mismatch repair system are better able to
tolerate DNA adducts in the short term, but they display increased
rates of mutation, which are phenotypes of this genetic defect.

Alternative models for the association of mismatch repair activity and
replicative bypass cannot be excluded. For example, Fig. 1 offers a
simple view of replicative bypass as a continuous (translesion) synthesis.
However, our data are also consistent with more complex mechanisms of
replicative bypass, such as strand switching or discontinuous DNA syn
thesis followed by gap filling (43). We also recognize that the "futile
cycling" model does not necessarily require a nearby replication fork.

However, our assay is only capable of detecting futile cycling effects on
daughter strand synthesis, so we have restricted our model (Fig. 1) to
newly synthesized DNA. In addition, our results do not exclude a model
in which binding of the mismatch repair complex to the DNA lesion
triggers a signaling cascade, which results in decreased replicative by
pass. Finally, our data also do not rule out a direct inhibition of translesion
synthesis by the binding of a mismatch repair complex to the adduct on
the DNA (18).

In the present report, we have focused on the connection between
mismatch repair activity and replicative bypass of cisplatin adducts.
However, our previous studies have shown that the cisplatin-resistant
C13* cell line, which has normal expression of hMSH2 and hMLHl

proteins and does not show evidence of microsatellite instability (3),
displays a 4.8-fold increase of replicative bypass of cisplatin adducts

compared to the parental 2008 cell line (31). Furthermore, both the
resistance to oxaliplatin and the replicative bypass of oxaliplatin
adducts in this cell line are less than those for cisplatin (31 ). There
fore, defects in mismatch repair are not absolutely necessary for the
enhanced selective bypass of cisplatin adducts in cisplatin-resistant
cells. Furthermore, three cisplatin-resistant derivatives of A2780 cell

line with a similar detect in the mismatch repair complex display
different levels of replicative bypass (Table 2). Thus, we believe that
at least two independent mechanisms can lead to enhanced replicative
bypass that is specific for cisplatin versus oxaliplatin adducts: one
involving the replication complex and a second involving the mis
match repair complex. Our data with the C13* line suggest that

increased ability of the replication complex to carry out translesion
synthesis may be sufficient to cause increased net replicative bypass
of cisplatin adducts even in the presence of an active mismatch repair
system. On the other hand, our current data with the colon carcinoma
cell lines suggest that defects in mismatch repair are sufficient to
increase net replicative bypass of cisplatin adducts even in the absence
of any obvious alterations of the replication complex.

Our data show a correlation between loss of mismatch repair
activity and an enhanced net replicative bypass for those platinum
adducts, which are recognized by active hMutSa/hMutLa complex.
We have previously demonstrated a correlation between increase in
replicative bypass of platinum adducts and resistance to platinum
drugs (31, 37). These findings suggest that tumors with defects in
mismatch repair may respond better to dach-platinum complexes such
as oxaliplatin than to cw-diammine-platinum complexes such as cis

platin or carboplatin. Although only a small percentage of most
spontaneously arising tumors appear to have defects in mismatch
repair, several lines of evidence suggest that cisplatin treatment pro-
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vides strong selective pressure for the survival of mismatch repair-

defective cells (4, 16). For example. Fink et al. (4) demonstrated that
tumors derived from mismatch repair-defective cells are less respon

sive to cisplatin treatment in vivo than tumors derived from mismatch
repair-proficient cells. They also presented evidence that even a low

degree of cisplatin resistance is sufficient to produce in vitro enrich
ment for mismatch repair-deficient cells following exposure to cis
platin of a mixed cell population consisting of mismatch repair-
deficient and mismatch repair-proficient cells (4). Therefore, a

significant percentage of the resistant tumors that arise following
cisplatin chemotherapy may be defective in mismatch repair. These
tumors may respond better to oxaliplatin than to cisplatin, because the
hMutSa/hMutLa system does not recognize dach-platinum adducts.

Although loss of mismatch repair activity results in a low level of
cisplatin resistance, even a small increase in resistance may be clin
ically significant. We have shown previously that most other mech
anisms of platinum resistance (e.g.. decreased accumulation, in
creased glutathione levels, or increased nucleotide excision repair
activity) do not distinguish between r/.s-diammine or dach-platinum

compounds (30). Thus, in the final analysis, the relative susceptibility
of any individual tumor to oxaliplatin or cisplatin chemotherapy will
depend on the relative contribution of each of these resistance mech
anisms to the overall platinum sensitivity of the tumor.
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