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Abstract

Mutational inactivation of hMSH?2 or hM LH1 has been known to be responsible for microsatellite instability and cellular resis-
tance to DNA-damaging alkylating agents. However, the effects of altered expression of hMSH2 or hMLHI1 on microsatellite sta-
bility and cellular response to alkylating agents has not been well investigated. Previously, we have reported that downregulation of
the hMLH1 protein was a frequent event and was closely associated with cellular resistance to N-methyl-N'-nitro- N-nitrosoguani-
dine (MNNG) in human gastric carcinoma cell lines. Therefore, to investigate the relationship between microsatellite instability and
quantitative changes in hMSH2 and hMLH1, we compared the genetic status and expression levels of hMSH2 and hMLH1 with
microsatellite instability in 11 human gastric carcinoma cell lines. Five cell lines contained wild-type AMSH2 and hMLHI and
expressed adequate levels of hMSH2 and hMLHI1 proteins. In three cell lines, genetic alterations such as mutation in the AMLH1
gene (SNU-1) or the iMSH?2 gene (SNU-638), or hypermethylation in the promoter region of the AMLHI gene (SNU-520) were
observed. Microsatellite instability assays revealed that only these three cell lines exhibited microsatellite instability. Three cell lines
(SNU-216, -484, and -668) containing wild-type AMSH2 and hMLHI genes produced significantly downregulated hMSH2 and/or
hMLHI1 proteins. In spite of the substantial decrease in the protein levels, these cell lines did not show microsatellite instability.
Together with our previous report, this study suggests that: microsatellite instability of cells is associated only with genetic altera-
tion of the mismatch repair genes; relatively low levels of the hMSH2 and hMLH1 proteins may be sufficient to retain the micro-
satellite stable phenotype; and the cellular response to alkylating agents is associated with genetic alteration and decreased
expression of the mismatch repair genes in human gastric carcinoma cell lines. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A significant proportion of human cancers are asso-
ciated with defects in DNA mismatch repair (MMR)
genes and germ line mutations in the MMR genes,
namely hMSH2, hMLHI, hPMS1, hPMS2 and hMSHG6
have been identified in patients with hereditary non-
polyposis colorectal cancer [1-6]. The majority of germ
line mutations have been found in AMSH?2 and hMLHI,
whereas germ line mutations in hPMS1, hPMS2 and
hMSHG6 appear to be rare. Based upon studies from the
distribution of mutations in the MMR genes as well as
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the bacteria and yeast mismatch repair system, it has
been suggested that the hMSH2 and hMLH1 proteins
may play a key role in the MMR pathway [7-9].
Inactivation of MMR genes causes destabilisation of
microsatellite sequences in both non-coding and coding
portions of the genome, resulting in the microsatellite
instability (MSI) phenotype. Such sequences are found
in the coding regions of the TGF-B type II receptor
(TGF-BRII), hMSH6, hMSH3, BAX and insulin-like
growth factor II receptor (/GFIIR) genes, indicating that
they may be target genes of genomic instability in MSI
tumorigenesis [10—14]. Therefore, tumours and cell lines
with defective MMR genes exhibit MSI and contain
altered lengths of repeat sequences in the genes [15-19].
Defective MMR is also implicated in acquired cellular
resistance to DNA-damaging alkylating agents, such as
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N-methyl- N -nitro- N-nitrosoguanidine (MNNG), N-
methyl-N-nitrosourea (MNU), procarbazine and temo-
zolomide [20-25]. The implication of MMR defects in
the cellular resistance to alkylating agents is based on
several observations. Cells with a defective MMR sys-
tem were resistant to the cytotoxic effect of alkylation
agents [26]. Mammalian cell lines containing genetic
defects in MMR genes such as AiMLHI or hMSH2 have
a high level of resistance to the cytotoxic effects of DNA
alkylating agents [20,22]. Furthermore, we previously
demonstrated that the introduction of wild-type AMLH
cDNA into human cancer cell lines with inactivated
hMLH]I increased cellular sensitivity to MNNG [21].

Many studies have shown that human cancer cells
containing mutant AMSH2 or hMLHI show MSI and
increased cellular resistance to DNA-damaging alkylat-
ing agents. Although we demonstrated that down-
regulation of the hMLH1 protein was closely associated
with cellular resistance to MNNG in human gastric
carcinoma cell lines [21], the effects of altered expression
of hMSH2 or hMLH1 on microsatellite stability and the
cellular response to alkylating agents have not been well
investigated. Therefore, to investigate the relationship
between quantitative changes in mismatch repair pro-
teins (h(MSH2, hMLH1) and microsatellite instability,
we compared the genetic status and expression levels of
hMSH2 and hMLH1 with microsatellite instability in 11
human gastric carcinoma cell lines.

2. Materials and methods
2.1. Cell lines

Eleven human cell lines established from gastric car-
cinomas of individual patients were used in this study.
The characteristics of the cell lines have been previously
described [27,28] and used in various studies [21,29,30].
The cells were cultured in RPMI 1640 supplemented
with 10% heat-inactivated fetal bovine serum. Cultures
were maintained in a humidified incubator at 37°C in an
atmosphere containing 5% CO,.

2.2. Nucleic acid isolation

High molecular weight cellular DNA was extracted
from the cells with phenol/chloroform/isoamyl alcohol
(25:24:1) and ethanol precipitation [31]. Total RNA was
extracted from cells with TRI REAGENT (Molecular
Research Center, Cincinnati, OH, USA) according to
the manufacturer’s instructions.

2.3. DNA sequencing analysis

Randomly primed cDNAs were reverse-transcribed
from 5 pg of total RNA by Superscriptase (GIBCO/

BRL, Grand Island, NY, USA) in 40 ul of mixture.
Two microlitres of the cDNA mixture was used to
amplify the AMLHI and the hMSH?2 transcript. PCR
products were cloned into pCRII using a TA™ Cloning
Kit (Invitrogen, San Diego, CA, USA) under the con-
ditions recommended by the manufacturer. The nucleo-
tide sequence of the cloned DNA was determined by the
primer extension method as previously described [32] or
with a Taq dideoxy terminator cyclic sequencing kit on
an ABI 377 automatic DNA sequencer (Perkin-Elmer,
Foster City, CA, USA).

2.4. Northern blot hybridisation analysis

20 or 40 pg of total RNA were denatured and loaded
onto a 1.2% formaldehyde agarose gel and separated by
electrophoresis. The RNAs were transferred to a nylon
filter (Amersham Corp., Arlington Heights, IL, USA)
and crosslinked with ultraviolet light. The filter was
hybridised to [*?P]-labelled hAMLHI c¢cDNA, hMSH?2
cDNA (from B. Vogelstein, Howard Hughes Medical
Institute, Baltimore, MD, USA) or B-actin cDNA at
42°C for 24 h in 50% formamide/10% dextran sulphate/
5% SSPE (0.15 M NaCl, 0.01 M Na,HPO,, and 0.001 M
EDTA)/5x Denhardt’s solution/denatured salmon
sperm DNA (100 pg/ml). After hybridisation, the filter
was washed twice in 5x SSPE for 15 min at 42°C, in 1x
SSPE/0.1% SDS for 30 min at 42°C and in 0.1 x SSPE/
0.1% SDS for 30 min at room temperature. The filter
was then autoradiographed on SB-5 X-ray film
(Eastman Kodak, Rochester, NY, USA) for 12 h at
—70°C.

2.5. Western blot analysis

Nuclear proteins were prepared as described in [33].
Briefly, exponentially growing cells in 100-mm dishes
were washed three times with tris-buffered saline solu-
tion and 2.5 ml of lysis buffer (20 mM HEPES, pH 7.6,
20% glycerol, 10 mM NaCl, 1.5 mM MgCl, 0.2 mM
EDTA, 0.1% Triton X-100, 1 mM dithiothreitol (DTT)
and 1 mM phenylmethylsulphonyl fluoride (PMSF) was
added. Cells were dislodged by scraping and pelleted by
centrifugation. Nuclei were resuspended in nuclear
extraction buffer (lysis buffer containing 500 mM NaCl).
Nuclei were gently rocked for 1 h at 4°C and centrifuged
at 12000g for 10 min, the supernatants were saved and
the amount of protein was quantitated. Fifty micro-
grams of nuclear proteins were subjected to electro-
phoresis on a 7.5% SDS-polyacrylamide gel, transferred
to a nitrocellulose membrane (Novex, San Diego, CA,
USA), and probed with mouse monoclonal ab-1 anti-
body specific for human MLHI, human MSH2
(Calbiochem, Cambridge, MA, USA) or o-tubulin.
Quantification of Northern and Western analysis was
done by phosphor screen autoradiography with the
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Storm 860 phosphoimager and ImageQuant software
(Molecular Dynamics, CA, USA) quantification.

2.6. PCR-methylation assay

To address the methylation status of the AMLHI
promoter, 5 pg of genomic DNA from the cell lines were
digested with 20 units of methylation sensitive enzyme
(Hpall) or methylation-insensitive enzyme (Mspl) for 16
h. After digestion, 33 ng of DNA from each digest were
analysed by PCR using the Taq PCR Core Kit (Qiagen,
Inc., Chatsworth, CA, USA). Multiplex PCR was per-
formed with primer pairs for the "M LHI promoter
region [34] and exon 15 of the AMLH]I gene devoid of
Hpall and Mspl sites as a control for amplification.

2.7. Analysis of microsatellite instability

The MSI status was determined by screening a poly-
adenine sequence, BAT-26, which showed 99.4% effi-
ciency to detect MSI-associated cancer [35]. The repeat
sequence was amplified using one 3?P labelled primer
and one unlabelled primer. The amplified products were
separated on urea—formamide polyacrylamide gels and
exposed to film. Simple repeat sequences within the
open reading frames of TGF-BRII, hMSH6 and the
MSH3 genes were also examined. The primer sequences
and the detailed conditions for amplification have been
described elsewhere [6,10,14].

3. Results

3.1. Mutational status of the h\MLH1 and hMSH2
genes in human gastric cancer cell lines

The genetic integrity of the hMLHI and hMSH?2 genes
in 11 human gastric cancer cell lines was examined. With
the exception of the SNU-1 cell line, which contains a
nonsense mutation at codon 226 in the AMLHI gene
[21], the cDNAs containing AMLHI and hMSH?2 from
the other 10 cell lines were amplified and sequenced.
Sequencing analysis demonstrated that the SNU-638
cell line contained two missense mutations of GCA
(Ala) to CCA (Pro) at codon 700 and GAA (Glu) to
CAA (Gln) at codon 701 in exon 13 of the AMSH?2 gene
(Fig. 1). No mutation was identified in the other cell lines.

3.2. Expression of hMLH1 and hMSH?2 in human
gastric cancer cell lines

Expression of hMLH1 and hMSH2 in the 11 cell lines
were examined by Northern and Western blot analysis
(Fig. 2). Northern blot analysis showed a loss of
hMLHI mRNA in SNU-1 and -520 and low level in
SNU-638 (Fig. 2a). These observations were consistent
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Fig. 1. Nucleotide sequencing analysis of 1M SH2 cDNA of the SNU-
638 cell line.

with results from Western blot analysis (Fig. 2a).
However, SNU-216, -484 and -668 lysates contained
negligible amounts of the hMLH1 protein yet expressed
an adequate amount of the AMLHI mRNA (Figs. 2a
and 3). With a longer exposure of the Western blot,
SNU-216 and -484 showed a faint hMLHI-specific
band. This result therefore suggests that the low levels
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Fig. 2. Expression of hMLH1 and hMSH2 in human gastric cancer
cell lines. (a) Northern blot analysis showing the level of transcripts of
hMLHI, hMSH?2 and B-actin. (b) Western blot analysis showing the
level of proteins of hMLHI1, hMSH2 and o-tubulin. B-actin and o-
tubulin were used as controls.
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of hMLHI1 protein observed in SNU-216, -484 and -668
are not because of downregulation of AMLHI mRNA,
indicating that post-transcriptional mechanisms are
involved in the regulation of hMLHI1 expression.
Western blot analysis with anti-hMSH2 antibody
significantly reduced the hMSH2 protein in SNU-216,
-484, -638, and -668 (Fig. 2b). With longer exposure of
Western blot SNU-216, -484, and -668 showed a faint
hMSH2-specific band (data not shown). The level of
hMSH2 mRNA in the SNU-668 cell line was consistent
with the level of hMSH2 protein observed from Western
analysis (Figs. 2b and 3). However, similar to hMLH1
expression, post-transcriptional mechanisms involved in
regulation of hMSH2 expression were noted in SNU-
216 and -484 (Figs. 2b and 3). The results of expression
analysis are summarised in Fig. 3.

3.3. Methylation of the h\MLH1 promoter in a cell line
that lacks hMLH1 expression

To examine methylation of the promoter region of
hMLHI, we employed a PCR-based restriction enzyme
assay [34]. Genomic DNAs from the cell lines were
digested with Hpall (methylation-sensitive enzyme) or
Mspl (methylation-insensitive enzyme). Following
endonuclease digestion, previously reported primers
flanking the Hpall sites were used for PCR amplifica-
tion [34]. A PCR product is detected only when the
promoter region of the AMLH1 gene is methylated. The
assay revealed that the A”M LH promoter region of only
SNU-520 was resistant to digestion by Hpall and was
sensitive to digestion by the Mspl enzyme (Fig. 4),
indicating that the AMLHI promoter region of the
SNU-520 cell line is methylated. These data are con-
sistent with expression analyses showing that the SNU-
520 cell line does not express AMLHI mRNA and pro-
tein (Figs. 2 and 3).
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Fig. 3. Relative levels of hMLH1 and hMSH2 shown in bar graph form.
The levels of mRNA and protein were depicted after normalisation to
the levels of B-actin mRNA and a-tubulin protein, respectively.
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Fig. 4. Analysis for methylation of the h/M LHI promoter region in the
human gastric cancer cell lines. The AMLHI promoter regions of the
indicated cell line DNAs were amplified before (U, undigested) or after
digestion with Hpall (H) or Mspl (M). Among the 11 cell lines, the
hMLHI promoter region was amplified from Hpall-digested DNA of
SNU-520, indicating hypermethylation of the promoter region. Exon
15 of h(MLH1, which is devoid of Hpall and Mspl sites was amplified
as a control.

3.4. Microsatellite instability in human gastric cancer
cell lines

To determine the MSI status of the 11 cell lines, the
polyadenine sequence BAT-26 was analysed. The cell
lines were divided into two groups. Cell lines that
showed alteration in the BAT-26 sequence were con-
sidered to have MSI, and those that did not were clas-
sified as microsatellite stable (MSS). As shown in Fig. 5,
SNU-1, -520, and -638 showed abnormal band patterns
in the tested repeat sequence. However, no alteration in
the repeat sequence was seen in the other cell lines.
Therefore, we concluded that SNU-1, -520 and -638
exhibited MSI whereas the other cell lines exhibited
MSS. Furthermore, TGF-BRII, hMSH3 and hMSHG6,
which contain simple repeat sequences within the open
reading frame, were also examined (data not shown).
The results are summarised in Table 1. Frameshift
mutations in the repeat sequence within the coding
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Fig. 5. Analysis of microsatellite instability (MSI) status from human
gastric cancer cell lines. The polyadenine repeat sequence BAT-26 of
the cell lines was amplified and separated in a denaturing poly-
acrylamide gel. Alteration in the BAT-26 repeat sequence was found in
SNU-1, -520 and -638.
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region of the TGF-BRII gene were identified in the all
MSI cell lines (SNU-1, -520 and -638). Frameshift
mutations in a repeat sequence of the ZMSH3 gene were
detected in the MSI SNU-1 and -520. The MSI SNU-
520 and -638 contained one base pair deletions in the
repeat sequence of the AMSHG6 gene. Such alterations
were not found in any of the MSS cell lines (Table 1).

In addition, the relationship between drug resistance
and MMR status was investigated using the MTT
assay. The effects of doxorubicin, cisplatin and etopo-
side in these gastric carcinoma cell lines was studied
and no definite conclusions could be drawn from the
results (data not shown). However, the cell lines (SNU-
216, SNU-484, -520 and -668) with either no or low
MMR protein expression were more resistant to the
three anticancer drugs compared with the other cell
lines.

4. Discussion

Although there have been several studies showing the
involvement of mutational inactivation of the MMR
genes in MSI and alkylation tolerance in human
tumours and cancer cell lines, the effects of low levels of
MMR proteins on such aspects have not been well
investigated in human cancer cells. Recently, we repor-
ted that mutational inactivation as well as a low level of
hMLHI protein caused cellular resistance to alkylating
agents [21]. Therefore, the aim of this study was to
understand the relationship between quantitative chan-
ges in the MMR proteins (hAMSH2, hMLHI1) and
microsatellite stability. The present study shows that
MSI is associated only with genetic alteration of the

Table 1

Summary of the MSI status in the human gastric carcinoma cell lines
SNU lines MSI status? TGF-BRII® hMSH3® hMSHG6S
1 MSI —1/wt® —1/wt wt/wt

5 MSS wt/wt wt/wt wt/wt
16 MSS wt/wt wt/wt wt/wt
216 MSS wt/wt wt/wt wt/wt
484 MSS wt/wt wt/wt wt/wt
520 MSI —1/-1 —1/-1 —1/wt
601 MSS wt/wt wt/wt wt/wt
620 MSS wt/wt wt/wt wt/wt
638 MSI —1/-2 wt/wt —1/wt
668 MSS wt/wt wt/wt wt/wt
719 MSS wt/wt wt/wt wt/wt

2 The MSI status was examined by screening the BAT-26 repeat
sequence. MSI, microsatellite unstable phenotype; MSS, microsatellite
stable phenotype.

® A 10 bp poly(A) tract at nucleotides 709718 was examined.

¢ An 8 bp poly(A) tract comprising codons 381-383 was examined.

4 An 8 bp poly(C) tract comprising codons 10851087 was examined.

¢ wt, if the sample has a wild-type allele, or the number (e.g. —1/—2)
indicates the number of bases lost in each allele.

MMR genes, such as mutation in the MMR genes and
hypermethylation of the promoter region of the AIMLH1
gene. However, in spite of a substantial decrease in the
proteins, the majority of cell lines containing low levels
of wild type hMSH2 or hMLHI1 proteins did not show
MSI. As summarised in Table 2, this study yields several
important observations.

1. Relatively low levels of the hMSH2 and hMLH1
proteins may be sufficient to retain the micro-
satellite stable phenotype.

2. Together with our previous observation [21], the
cellular response to alkylating agents is associated
with qualitative and quantitative changes of the
MMR genes.

3. MSI is associated with the loss of wild-type MMR
proteins but not with reduction of MMR proteins.

4. The roles of MMR genes in cellular responses
to alkylating agents and in maintaining micro-
satellite stability may be mediated through different
mechanisms.

There have been many studies showing that human
cancer tissues and cell lines with defective MMR genes
exhibit increased MSI. Major mechanisms of MMR
gene inactivation are genetic alterations such as muta-
tion of the coding region and hypermethylation of the
promoter region, resulting in loss of activity [34,36].
Such genetic alterations in MMR genes are associated
with MSI. In the present study, we found three cell lines
containing genetically altered AMLHI or hMSH?2 and
three cell lines expressing low levels of wild-type
hMLHI1 and hMSH2 proteins amongst 11 tested human
gastric cancer cell lines. The MSI analysis showed that
the three cell lines with genetically altered MMR genes

Table 2

Differential effects of MMR status on N-methyl-N'nitro-N-nitroso-
guanidine (MNNG) responsiveness and microsatellite instability in
SNU-gastric cancer cell line*

SNU MNNG MSI Alteration in ~ hMLHI1 hMSH?2
line response  status  MMR protein/ protein/
[21] gene [Ref'] mRNA mRNA
1 R MSI hMLHI [21] No/No AE/AE
5 S MSS AE/AE AE/AE
16 S MSS AE/AE AE/AE
216 R MSS Low/AE Low/AE
484 R MSS Low/AE Low/AE
520 R MSI hMLHI® No/No AE/AE
601 R MSS AE/AE AE/AE
620 S MSS AE/AE AE/AE
638 R MSI hMSH2 Low/Low  Low/AE
668 R MSS Low/AE Low/Low
719 S MSS AE/AE AE/AE

4 MSI, microsatellite unstable phenotype; MSS, microsatellite
stable phenotype; AE; adequate expression; R; resistant; S; sensitive.
® Hypermethylation of the AMLHI promoter region.
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exhibited MSI, whereas the three cell lines with low
wild-type MMR proteins showed a microsatellite stable
phenotype. These results were consistent with the pre-
vious report that the downregulation of h(MLH1 protein
by antisense hMLH1 transfection into HCT116 + chro-
mosome 3 cells did not affect mismatch repair activity
[37]. Together, our findings indicate that low levels of
expression of the human mismatch repair proteins
hMSH2 and hMLHI1 are sufficient to retain micro-
satellite stability and, therefore, broaden our knowledge
of the effects of MMR in MSI.

In addition to cellular alkylation tolerance, defective
MMR function has been shown to be associated with
cellular resistance to a variety of clinically important
drugs [38]. Therefore, we also examined the relationship
between the resistance to drugs doxorubicin, cisplatin
and ectoposide, and the MMR status in the human
gastric carcinoma cell lines (data not shown). Results
from this MTT assay did not support the conclusion
that both mutation and low levels of expression of
MMR proteins were closely associated with the drug
resistance.

It is worth noting that the levels of MMR proteins
were not correlated with those of the MMR mRNAs in
several of the human gastric cancer cell lines (Fig. 3). In
the SNU-216 and -484 cell lines, the diminished hMLH1
and hMSH2 protein expression cannot be attributed to
downregulated mRNA, because the mRNA levels were
not decreased. This finding is consistent with another
study [39] and raises the possibility that an abnormality
in translational regulation or stability might be involved
in the inactivating mechanisms of hMSH2 and hMLHI1.
Therefore, further research to understand how hMLH1
and hMSH2 are regulated by post-translational
mechanisms is warranted.

In summary, we report that microsatellite instability
of cells is associated only with genetic alteration of the
mismatch repair genes and that relatively low protein
levels of hMSH2 and hMLHI1 may be sufficient to
retain the microsatellite stable phenotype. According to
our knowledge, this is the first report to show different
effects of the qualitative and quantitative status of
MMR genes on microsatellite stability in human cancer
cells. Our data also suggest the possibility that an
abnormality in translational regulation or stability
might be involved in the inactivating mechanisms of
hMLHI1 and hMSH2.

Acknowledgements

This study was supported in part by the SNU hospital
research fund (04-96-009) and the Korea Science and
Engineering Foundation (KOSEF-CRC97-8) through
the Cancer Research Center at Seoul National
University.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Fishel R, Lescoe MK, Rao MR, et a/. The human mutator gene

homologue MSH2 and its association with hereditary non-
polyposis colon cancer. Cell 1993, 75, 1027-1038.

Bronner CE, Baker SM, Morrison PT, er al. Mutation in the
DNA mismatch repair gene homologue ZMLHI is associated
with hereditary nonpolyposis colon cancer. Nature 1994, 368,
258-261.

Han H-J, Yuan Y, Ku J-L, ef al. Germline mutations of AhMLHI
and hMSH?2 genes in Korean hereditary nonpolyposis colorectal
cancer. J Natl Cancer Inst 1998, 88, 1317-1319.

Nicolaides NC, Papadopoulos N, Liu B, et a/l. Mutations of two
PMS homologues in hereditary nonpolyposis colon cancer. Nat-
ure 1994, 371, 75-80.

Akiyama Y, Sato H, Yamada T, et a/. Germ-line mutation of the
hMSHG6/GTBP gene in an atypical hereditary nonpolyposis colo-
rectal cancer kindred. Cancer Res 1997, 57, 3920-3923.

Shin K-H, Ku J-L, Park J-G. Germline mutations in a poly-
cytosine repeat of the AMSH6 gene in Korean hereditary non-
polyposis colorectal cancer. J Hum Genet 1999, 44, 18-21.
Papadopoulos N, Lindblom A. Molecular basis of HNPCC:
mutations of MMR genes. Hum Mutat 1997, 10, 89-99.

. Modrich P, Lahue R. Mismatch repair in replication fidelity,

genetic recombination, and cancer biology. Annu Rev Biochem
1996, 65, 101-133.

Kolodner RD. Mismatch repair: mechanisms and relationship to
cancer susceptibility. Trends Biochem Sci 1995, 20, 397—401.
Parsons R, Myeroff L, Liu B, et al. Microsatellite instability and
mutations of the transforming growth factor B type II receptor
gene in colorectal cancer. Cancer Res 1995, 55, 5548-5550.
Rampino N, Yamamoto H, Ionov Y, et al. Somatic frameshift
mutations in the BAX gene in colon cancers of the microsatellite
mutator phenotype. Science 1997, 275, 967-969.

Ouyang H, Shiwaku HO, Hagiwara H, et al. The insulin-like
growth factor II receptor gene is mutated in genetically unstable
cancers of the endometrium, stomach, and colorectum. Cancer
Res 1997, 57, 1851-1854.

Risinger JI, Umar A, Boyd J, Berchuck A, Kunkel TA, Barrett
JC. Mutation of MSH3 in endometrial cancer and evidence for
its functional role in heteroduplex repair. Nature Genet 1996, 14,
102-105.

Yin J, Kong D, Wang S, et al. Mutation of haMSH3 and hMSH6
mismatch repair genes in genetically unstable human colorectal
and gastric carcinomas. Hum Mutat 1997, 10, 474-478.
Papadopoulos N, Nicolaides NC, Wei YF, et al. Mutation of a
mutL homologue in hereditary colon cancer. Science 1994, 263,
1625-1629.

Umar A, Boyer JC, Thomasm DC, et al. Defective mismatch
repair in extracts of colorectal and endometrial cancer cell lines
exhibiting microsatellite instability. J Biol Chem 1994, 269,
14367-14370.

Risinger JI, Umar A, Boyer JC, et al. Microsatellite instability in
gynecological sarcomas and 2MSH2 mutant uterine sarcoma cell
lines defective in mismatch repair activity. Cancer Res 1995, 55,
5664-5669.

Liu B, Nicolaides NC, Markowitz S, et al. Mismatch repair gene
defects in sporadic colorectal cancers with microsatellite instabil-
ity. Nature Genet 1995, 9, 48-55.

Parsons R, Li G-M, Longley MJ, et al. Hypermutability and
mismatch repair deficiency in RER™ tumor cells. Cell 1993, 74,
1227-1236.

Koi M, Umar A, Chauhan DP, et a/. Human chromosome 3
corrects mismatch repair deficiency and microsatellite instability
and reduces N-methyl-N'-nitro-N-nitrosoguanidine tolerance in
colon tumor cells with homozygous AMLHI mutation. Cancer
Res 1994, 54, 4308-4312.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

K.-H. Shin, J.-G. Park | European Journal of Cancer 36 (2000) 925-931 931

Shin K-H, Yang Y-M, Park J-G. Absence or decreased levels of the
hMLHI1 protein in human gastric carcinoma cell lines: implication
of h(MLHI in alkylation tolerance. J Cancer Res Clin Oncol 1998,
124, 421-426.

Kat A, Thilly WG, Fang W, Longley MJ, Li GM, Modrich P. An
alkylation-tolerance, mutator human cell line is deficient in
strand-specific mismatch repair. Proc Natl Acad Sci USA 1993,
90, 6424-6428.

Liu L, Markowitz S, Gerson SL. Mismatch repair mutations
override alkyltransferase in conferring resistance to temozolo-
mide but not to 1,3-bis(2-chloroethyl)nitrosourea. Cancer Res
1996, 56, 5375-5379.

D’Atri S, Graziani G, Lacal PM, ef al. Role of mismatch repair
in apoptosis induced by methyltriazenes. Proc Am Assoc Cancer
Res 1997, 38, 1.

Friedman HS, Johnson SP, Dong Q, et al. Methylator resistance
mediated by mismatch repair deficiency in a glioblastoma multi-
forme xenograft. Cancer Res 1997, 57, 2933-2936.

Karran P, Bignami M. DNA damage tolerance, mismatch repair
and genome instability. BioEssays 1995, 16, 833-839.

Park J-G, Frucht H, LaRocca RV, er al. Characteristics of cell
lines established human gastric carcinoma. Cancer Res 1990, 50,
2773-2780.

Park J-G, Yang H-K, Kim WH, et al. Establishment and char-
acterization of human gastric carcinoma cell lines. Int J Cancer
1997, 70, 443-449.

Park K, Kim S-J, Bang Y-J, et al. Genetic changes in the trans-
forming growth factor B (TGF-B) type II receptor gene in human
gastric cancer cells: correlation with sensitivity to growth inhibi-
tion by TGF-B. Proc Natl Acad Sci USA 1994, 91, 8772-8776.
Myeroff LL, Parsons R, Kim S-J, et al. A transforming growth
factor B receptor type II gene mutation common in colon and

31

32.

33.

34.

35.

36.

37.

38.

39.

gastric but rare in endometrial cancers with microsatellite
instability. Cancer Res 1995, 55, 5545-5547.

Sambrook J, Fritsch EF, Maniatis T. Molecular Cloning: A
Laboratory Manual. 2nd edn. Cold Spring Harbor, New York,
Cold Spring Harbor Laboratory, 1989.

Shin K-H, Min B-M, Cherrick HM, Park N-H. Combined effects
of human papillomavirus-18 and N-methyl-N -nitro-N-nitroso-
guanidine on the transformation of normal oral keratinocytes.
Mol Carcinogenesis 1994, 9, 76-86.

Lassar AB, Davis RL, Wright WE, et al. Functional activity of
myogenic HLH proteins requires hetero-oligomerization with
E12/E47-like proteins in vivo. Cell 1991, 66, 305-315.

Kane MF, Loda M, Gaida GM, er al. Methylation of the
hMLH1 promoter correlates with lack of expression of hMLH1
in sporadic colon tumors and mismatch repair-defective human
tumor cell lines. Cancer Res 1997, 57, 808-811.

Hoang J-M, Cottu PH, Thuille B, Salmon RJ, Thomas G,
Hamelin R. BAT-26, an indicator of the replication error pheno-
type in colorectal cancers and cell lines. Cancer Res 1997, 57,
300-303.

Herman JG, Umar A, Polyak K, et al. Incidence and functional
consequences of hMLHI promoter hypermethylation in colo-
rectal carcinoma. Proc Natl Acad Sci 1998, 95, 6870-6875.
Chauhan DP, Yang QH, Marra G, et al. Proficiency of mismatch
repair activity can be retained in spite of low expression levels of
the hMLH1 gene in the HCT116 colon cancer cell line. Gastro-
enterology 1996, 45(4SS), AS502.

Fink D, Aebi S, Howell SB. The role of DNA mismatch repair in
drug resistance. Clin Cancer Res 1998, 4, 1-6.

Dosch J, Christmann M, Kaina B. Mismatch G-T binding activity
and MSH?2 expression is quantitatively related to sensitivity of
cells to methylating agents. Carcinogenesis 1998, 19, 567-573.



