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Mutations in human mismatch repair (MMR) genes are
the genetic basis for certain types of solid tumors
displaying microsatellite instability (MSI). MSI has also
been observed in hematological malignancies, but
whether these hematological malignancies are associated
with MMR deficiency is still unclear. Using both
biochemical and genetic approaches, this study analysed
MMR proficiency in 11 cell lines derived from patients
with hematological malignancies and demonstrated that
six out of seven hematological cancer cell lines with MSI
were defective in strand-specific MMR. In vitro
complementation experiments, using characterized
MMR mutant extracts or purified proteins, showed that
these hematological cancer cells were defective in either
hMutSa (a heterodimer of hMSH2 and hMSH6) or
hMutLa (a heterodimer of hMLH1 and hPMS2).
Furthermore, cell lines deficient in hMutSa showed large
deletions or point mutations in hMSH2, while those
deficient in hMutLa exhibited point mutations in
hMLH1 or a lack of expression of hPMS2. From these
results, we conclude that, as in solid tumors, hematolo-
gical malignancies with MSI are also associated with
MMR deficiency, and that the cause of MMR deficiency
in these cell lines is due to a defective MutSa or MutLa.
We also report here, for the first time, that an MSI-
positive cell line derived from Burkitt’s lymphoma is
proficient in MMR.
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Introduction

DNA mismatch repair (MMR) maintains genomic
stability by correcting chromosomal errors associated
with DNA replication and recombination (Kolodner,
1996; Modrich and Lahue, 1996) and by mediating

DNA damage-induced apoptosis (Li, 1999). Mutations
in human MMR genes are the genetic basis for certain
types of hereditary and sporadic tumors, including
hereditary nonpolyposis colorectal cancer (HNPCC)
(for reviews see Buermeyer et al., 1999; Hsieh, 2001;
Jiricny, 1998; Kolodner and Marsischky, 1999;
Modrich and Lahue, 1996). HNPCC and sporadic
tumors with mutations of MMR genes exhibit frequent
alterations in simple repetitive DNA sequences called
microsatellites (Aaltonen et al., 1993; Boland et al.,
1998; Eshleman and Markowitz, 1995; Thibodeau et
al., 1993). This form of alteration is referred to as
microsatellite instability (MSI) and is regarded as a
hallmark of MMR deficiency.

In addition to its demonstration in solid tumors,
MSI has also been observed in hematological malig-
nancies (De Vita et al., 1997; Hayami et al., 1999;
Kaneko et al., 1996; Kodera et al., 1999; Larson et al.,
1997). However, whether these hematological malig-
nancies are associated with MMR defects is still
controversial. For example, Molenaar et al. (1998)
studied genomic instability in DNA isolated from the
blasts or cell lines derived from lymphoblastic leukemia
patients, and provided evidence suggesting there was
no association between MMR defects and leukemia. In
contrast, other reports have identified alterations of
MMR genes in leukemia cells displaying MSI (Hang-
aishi et al., 1997; Levati et al., 1998; Zhu et al., 1999).
These conflicts could be due to the complex nature of
the human MMR system and the methods used in
previous studies that were unable to accurately
determine MMR proficiency in cells.

In HNPCC patients, mutations have been identified
in the genes that code for the human MutS (hMutS)
and MutL (hMutL) homologs, which are an absolute
requirement for the human MMR. Unlike in Escher-
ichia coli, where MutS and MutL are a functional
homodimer, human cells possess multiple forms of
hMutS and hMutL, each of which is a heterodimer.
hMSH2 interacts with hMSH6 or hMSH3 to form the
hMutSa heterodimer (Drummond et al., 1995; Palom-
bo et al., 1995) or the hMutSb heterodimer (Genschel
et al., 1998; Palombo et al., 1996), respectively.
hMLH1 interacts with hPMS2, hPMS1, or hMLH3
to form three distinct hMutL heterodimers (Flores-
Rozas and Kolodner, 1998; Leung et al., 2000; Li and
Modrich, 1995; Lipkin et al., 2000). These hMutS and
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hMutL heterodimers are functionally redundant
(reviewed in Nakagawa et al., 1999). For example,
although hMutSa (hMSH2 –hMSH6) specifically
recognizes base – base mismatches, it can also bind to
small insertion/deletion mispairs, which are also
recognized by hMutSb (hMSH2 –hMSH3). Thus,
defects in hMSH6 or hMSH3 alone will not result in
a mutator phenotype that is as severe as that observed
in an hMSH2 mutant. Presently, it is not known
whether the identified alterations of MMR genes in
leukemia cells have any effects on MMR function.
Additionally, while mutations of hMutSa and hMutLa
genes alone may be the sole reason for potential defects
of MMR in these cell lines, it is conceivable that
defects in unidentified MMR genes may also be
responsible for the MSI phenotype in hematological
cancer cells.

To accurately determine if hematological malignan-
cies are associated with MMR defects, this study
utilized a functional assay to analyse MMR proficiency
in cell lines derived from hematological malignancies.
Our results demonstrate that hematological malignant
cells with MSI are defective in strand-specific MMR. In
vitro complementation experiments using the known
MMR mutant extracts or purified proteins demonstrate
that the cause of MMR defects in these cancer cell lines
is due to a defective hMutSa or hMutLa. Genetic
analysis revealed that most of these hematological
malignancies harbor alterations in hMSH2 and
hMLH1. Therefore, hematological malignancies with
MSI are also associated with MMR deficiency.

Results

Hematological malignant cell lines with MSI are defective
in MMR

MSI status of most hematological cancer cell lines used
in this study was well documented (see Table 1 for
details). To examine the MMR capability of these cell
lines, a G-T (base – base mismatch) heteroduplex with a
strand break 5’ to the mismatch, designated as 5’ G-T,
and an unpaired CA insertion/deletion heteroduplex
with a strand break 3’ to the heterology, designated as
3’ /CA\, were constructed (Parsons et al., 1993) (also
see Figure 1). These two heteroduplex substrates allow
determination of MMR proficiency for error-specificity
and orientation-specificity of the repair (Drummond et
al., 1995). We tested MMR capability of ten leukemia
cell lines and a Burkitt’s lymphoma cell line using these
two substrates.

As shown in Table 1, nuclear extracts of all four
MSI-negative cell lines (CCRF-SB, 697, WI-L2-NS,
and TK6) were capable of correcting both the 5’ G-T
and the 3’ /CA\ substrates, but nuclear extracts derived
from all MSI-positive cell lines, except NAMALWA
(see below for details), did not support the repair of
either substrate. Repair assays mixing the individual
defective extracts and the MMR-proficient TK6 extract
(Table 1, also see Kat et al., 1993) ruled out the
presence of a diffusible inhibitor as the basis of the

repair deficiency in these cells (results not shown). This
was also confirmed by complementation experiments

Table 1 Mismatch repair proficiency in hematological cancer lines

Repair (fmol/15 min)
Cell line MSI 5’ G-T 3’ /CA\

CCRF-CEM +a,b 50.3 50.3
CCRF-HSB-2 +a 50.3 50.3
NALM-6 +a,b 50.3 50.3
NAMALWA +b,c 10.3 9.8
REH +a,b 50.3 50.3
MOLT4 +b 50.3 50.3
MOLT14 +a 50.3 50.3
CCRF-SB 7a 6.2 3.2
697 7a 4.4 4.1
WI-L2-NS 7c 8.7 7.6
TK6 7d 9.7 7.9

Repair assays were performed in reactions containing 50 mg of
nuclear extract and 24 fmol of heteroduplex DNA. The reaction
mixtures were incubated at 378C for 15 min. DNA samples were
recovered and digested with restriction endonucleases (HindIII and
Bsp106 for 5’ G-T substrate and XcmI and Bsp106 for 3’ /CA\

substrate) to score the repair as described in Materials and methods.
Each value represents the average of two determinations. aMolenaar
et al., 1998. bKodera et al., 1999. cThis study. DNA was purified
from independent single-cell clones and used to amplify microsatellite
markers BAT25, BAT26, D2S123, and D5S346 as described (Parsons
et al., 1993; Umar et al., 1994). Different microsatellite patterns were
observed among subclones derived from NAMALWA cells in all four
markers, but not in those from WI-L2-NS cells (data not shown).
dUmar et al., 1994

Figure 1 DNA heteroduplex substrates used in MMR assay. The
heteroduplexes were constructed from the f1MR phage series (Su
et al., 1988) to contain (A) a G-T mismatch and a strand break
(at the Sau96I site) in the complementary strand (C) 125 bp 5’
to the mismatch (5’ G-T) or (B) a /CA\ dinucleotide insertion/de-
letion mismatch with a strand break (at the gpII site) in the viral
strand (V) 181 bp 3’ to the mispair (3’ /CA\ substrate). Both sub-
strates are resistant to restriction enzyme hydrolysis at the site of
the mismatch; however, repair of the substrate forms a homodu-
plex product that is sensitive to HindIII (for the 5’ G-T substrate)
or XcmI (for the 3’ /CA\ substrate) hydrolysis
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among these defective extracts (see below). These
results suggest that, like the MSI-positive cell lines
derived from solid tumors (Boyer et al., 1995; Parsons
et al., 1993; Umar et al., 1994), hematological
malignant cells with MSI are also defective in strand-
specific MMR.

Leukemia cell lines are defective in either hMutSa or
hMutLa

To determine the molecular basis for the repair
deficiencies in the mutant leukemia cell lines, we
performed complementation analyses (Table 2) by
mixing nuclear extracts of these mutant cells with
those of the known MMR mutants, hMutLa-deficient
H6 (Li and Modrich, 1995) and hMutSa-deficient MT1
(Drummond et al., 1995). Based on these experiments,
these mutant leukemia cell lines can be divided into
two complementation groups: one that could be
complemented by the H6 extracts (the H6-complemen-
tation group) and the other that could be
complemented by the MT1 extracts (the MT1-
complementation group). As shown in Table 2, nuclear
extracts of H6 cells could complement extracts of
NALM-6, CCRF –HSB-2, and MOLT14 in repair of
the 5’ G-T substrate, but could not correct the defects
in MOLT4 and CCRF–CEM cells, suggesting that the
defect(s) in the former lines are not in hMutLa, and
that the latter lines harbor the same defects as in the
H6 cell line (i.e., hMutLa). Conversely, nuclear extracts
of MT1 could restore MMR to cell lines MOLT4 and
CCRF–CEM, but could not do so to cell lines
MOLT14, CCRF–HSB-2, and NALM-6, indicating
that cell lines MOLT14, CCRF–HSB-2, and NALM-6
are defective in hMutSa. These assumptions were
confirmed when purified hMutSa or hMutLa were
used in the complementation assay. It was found that
hMutSa restored MMR to extracts of MOLT14 (data
not shown), CCRF –HSB-2 (Figure 2, lane 6), and
NALM-6 cells (Figure 2, lane 9); and that hMutLa
corrected the defect in CCRF–CEM (Figure 2, lane 4)
and MOLT4 (data not shown) cells. As expected,
complementation experiments among these mutant cell
lines revealed that nuclear extracts derived from any
individual cell lines of the H6-complementation group
could complement repair to those of any cell lines in

the MT1-complementation group, and the reverse is
also true (Table 2 and Figure 2, lanes 11 and 12).
These results further confirm that MMR deficiency in
these leukemia cell lines is not due to an inhibitory
factor, but due to defective repair component(s).
However, repair was not observed in reactions contain-
ing two extracts derived from cell lines in the same
complementation group (Table 2), indicating that all
members of the same complementation group have an
identical defect, i.e., hMutLa in the MT1-complemen-
tation group and hMutSa in the H6-complementation
group.

Alterations of hMSH2, hMLH1, or hPMS2 in leukemia
cell lines

Both hMutSa (hMSH2 –hMSH6) and hMutLa
(hMLH1–hPMS2) are functional heterodimers (Drum-
mond et al., 1995; Li and Modrich, 1995). To
determine which subunit is defective in the hMutSa-
and hMutLa-deficient leukemia cell lines, antibodies
against the individual subunits of each heterodimer
were utilized for Western blot analysis of leukemia cell
extracts. For the H6-complementation group, little
(MOLT14) or no (NALM-6 and CCRF–HSB-2)
hMSH2 could be detected, although significant
amounts of hMLH1 and hPMS2 were observed (Figure
3). Conversely, in the MT1-complementation group,
the expression of hMSH2 and hMSH6 were apparently
normal, but the lack of expression of hMLH1 or
hPMS2 was evident. For example, while REH cells did
not express hMLH1 and hPMS2, MOLT4 lacked

Table 2 Complementation groups of leukemia cell lines

MT1 H6 MOLT4 CEM MOLT14 HSB NALM-6

Repair (fmol/15 min)
MOLT4 3.8 50.3 7 50.3 3.9 3.8 3.6
CEM 3.2 50.3 7 10.5 6.0 4.6
MOLT14 50.3 4.2 7 50.3 50.3
HSB 50.3 3.2 7 50.3
NALM-6 50.3 4.3 7

Repair assays were performed in reactions containing 50 mg of each
nuclear extract and 24 fmol of 5’ G-T substrate. After incubation at
378C for 15 min, DNA samples were recovered and digested with
HindIII and Bsp106 to score the repair as described in Materials and
methods. Each value represents the average of two determinations

Figure 2 Restoration of MMR to leukemia cell lines by exogen-
ous hMutSa or hMutLa. MMR assays were performed in 15-ml
reactions containing 50 mg of nuclear extract from each cell line,
24 fmol 5’ G-T (6.4 kb in size), and 50 ng of purified hMutSa
or hMutLa (when present). After incubation at 378C for
15 min, DNA was recovered, digested with restriction enzymes
HindIII (scoring enzyme) and Bsp106, and fractionated by agar-
ose gel electrophoresis. The top band in each reaction represents
unrepaired substrate (6.4 kb in size) and the two smaller frag-
ments (3.3-kb and 3.1-kb in size) are repaired products. CEM, cell
line CCRF–CEM; HSB, cell line CCRF–HSB-2
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hPMS2 only, and CCRF–CEM lacked hPMS2 and
expressed very limited hMLH1 (Figure 3). Given the
fact that hMLH1 and hMSH2 are the obligatory
components for all hMutL and hMutS heterodimers,
respectively, lost or significantly reduced expression of
either of these two components likely leads to
destabilization of their partners. Therefore, cell lines
in the H6-complementing group (NALM-6, MOLT14,
and CCRF–HSB-2) are probably defective in hMSH2
and those in the MT1-complementing group (except
MOLT4, which is defective in hPMS2), are most likely
defective in hMLH1.

On the basis of the complementation and the
Western blot experiments, we analysed the hMLH1
gene for mutations in CCRF–CEM and REH cells
and the hMSH2 gene for mutations in NALM-6 and
CCRF–HSB-2 cells. Primers were designed to amplify
all hMSH2 exons and hMLH1 exons. All hMSH2
exons could be amplified from genomic DNA isolated
from MMR proficient cells (e.g., CCRF –SB) or
hMutLa-deficient cells (e.g., CCRF –CEM and REH),
but not all hMSH2 exons could be detected in
hMutSa-deficient NALM-6 and CCRF–HSB-2 cells
(Figure 4). In NALM-6 cells, PCR products were
observed for exons 3, 6 and 10 of hMSH2, while
repeated attempts to amplify the remaining hMSH2
exons were unsuccessful. These observations suggest
the presence of deletions or rearrangements of the
hMSH2 gene in the NALM-6 cell line. Despite the fact
that all hMLH1 exons were detected (results not
shown) in the CCRF–HSB-2 cell line, no single
hMSH2 exon in CCRF–HSB-2 could be amplified
by PCR compared with wild-type controls (Figure 4).
Therefore, cell line CCRF–HSB-2 also appears to
exhibit deletions/rearrangements in the hMSH2 gene.

Similar analysis was performed for the hMLH1 gene
in cell lines CCRF–CEM and REH cells. PCR
products of the individual hMLH1 exons exhibited
expected sizes from both cell lines (data not shown),
suggesting that point mutations rather than deletions
of the hMLH1 gene may be responsible for repair
deficiency in these cell lines. We therefore conducted
single-strand conformation polymorphism (SSCP)
analysis to determine mutations of hMLH1 in
CCRF –CEM and REH cells. An abnormal PCR
product was observed in exon 9 of hMLH1 for both
cell lines (data not shown). DNA sequencing analysis
of these abnormal PCR products revealed that both
cell lines harbored a guanine to adenine base
substitution in the consensus splicing donor site (gtaa)
of intron 9, which converts the splicing donor sequence
from AACCgtaa to AACCataa (see Figure 5). This G
to A substitution in REH cells is a homozygous
mutation (Figure 5), but is heterozygous mutation in
CCRF–CEM cells (data not shown). Our observation
in CCRF–CEM is consistent with a previous report
(Hangaishi et al., 1997). This mutation has been shown
to block the splicing of the hMLH1 mRNA and lead to
an altered hMLH1 protein (Hangaishi et al., 1997).

MSI-positive Burkitt’s lymphoma cell line NAMALWA
is proficient in MMR

Previous studies in solid tumor cells (Boyer et al., 1995;
Parsons et al., 1993; Umar et al., 1994), and this study
in leukemia cells, have demonstrated that MSI is
closely associated with MMR deficiency. However, this
correlation is challenged by studies of a Burkitt’s
lymphoma cell line, NAMALWA. NAMALWA cells
clearly display MSI, as judged by their frequent

Figure 3 Western blot analysis of MMR proteins in hematologi-
cal cancer cell lines. Nuclear extracts (50 mg) were electrophoresed
through SDS-polyacrylamide gels and electro-transferred to nitro-
cellulose membranes. The membranes were blotted with antibo-
dies against hMSH2 and hMSH6 (top panel) or hMLH1 and
hPMS2 (bottom panel), and bound antibodies were detected by
chemiluminescence using a secondary antibody conjugated with
horseradish peroxidase. Actin was used to monitor the level of
proteins loaded in each reaction. CEM, cell line CCRF–CEM;
HSB, cell line CCRF–HSB-2

Figure 4 Deletion of hMSH2 exons in leukemia cell lines. Indi-
vidual hMSH2 exons were amplified by PCR reactions in the pre-
sence or absence of 100 ng of genomic DNA from individual cell
lines as described in Materials and methods. PCR products were
analysed by agarose gel electrophoresis and visualized by UV illu-
mination in the presence of ethidium bromide. Only exons 3, 6, 9,
10, and 11 are shown. CEM, cell line CCRF–CEM; HSB, cell
line CCRF–HSB-2
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alterations in microsatellite markers tested, including
BAT25, BAT26 (Kodera et al., 1999), D2S123, and
D5S346 (results not shown in this study). When the cell
line was tested for in vitro MMR, it corrected
heteroduplexes 5’ G-T and 3’ /CA\ as efficiently as
MSI-negative and MMR-proficient cells tested, such as
TK6 and WI-L2-NS (see Table 1). This finding
suggests that NAMALWA cells may be defective in a
non-MMR pathway that is also responsible for
genomic stability as described in yeast (Myung et al.,
2001a,b) or defective in a downstream component of
MMR that cannot be scored by the current assay.

Discussion

Hematological malignancies have been reported to
display microsatellite instability (De Vita et al., 1997;
Hayami et al., 1999; Kaneko et al., 1996; Kodera et al.,
1999; Larson et al., 1997), but whether they are also
deficient in MMR was still a matter of debate. To help
resolve this issue, we studied MMR proficiency in
several hematological cancer cell lines, using both
biochemical and genetic analyses, and our results
suggest that a significant portion of hematological
cancer cells with MSI are MMR defective.

We found that among seven MSI-positive hemato-
logical cancer cell lines tested, six of them are defective
in repair of heteroduplexes containing a strand break.
As summarized in Table 3, defects in specific MMR
components for these cell lines were identified. Our
work indicate that these cell lines can be classified into
two complementation groups; cell lines whose deficient
MMR is rescued by exogenous hMutSa, or cell lines
whose deficient MMR is rescued by exogenous hMutLa.

It is interesting to note that almost all MMR mutant
cell lines identified to date (Boyer et al., 1995;
Drummond et al., 1995, 1996, 1997; Levati et al.,
1998; Marra et al., 1998; Parsons et al., 1993; Umar et
al., 1994), regardless of origin, belong to these two
complementation groups. It is known that E. coli, in
addition to MutS or MutL mutants, mutations in
MutH, uvrD (helicase II), and exonucleases also lead
to MMR deficiency. Why has the identification of
MMR-deficient cancer cell lines that have mutations in
these later homologous components not yet occurred?
One possibility is that for some of these components,
human cells may have multiple forms, which are
functionally redundant. Thus, defects in one form
may not be sufficient to block MMR. Secondly, some
of these components may be essential for DNA
metabolism so that their defects are lethal to cells.
Thirdly, the in vitro MMR assays that are used by
many laboratories are not sufficiently sensitive to detect
some required MMR components. For example, the
assay used in this work may not be able to score the
involvement of a human MutH (hMutH) homolog if it
is required, since a nicked substrate bypasses the
requirements for MutH in prokaryotic MMR (Lahue
et al., 1989), Taken together, all these may explain why
only two (hMutS and hMutL) MMR complementation
groups have been identified in human cells.

There are multiple hMutS homolog genes (hMSH2,
hMSH3, and hMSH6) and hMutL homolog genes
(hMLH1, hMLH3, hPMS1, and hPMS2). However,
five out of six MMR deficient-hematological cancer cell
lines harbor mutations in either hMSH2 or hMLH1,
and only one is defective in hPMS2. Previous studies in
HNPCC and other solid MSI-positive tumor cells also
showed that most of mutations occur in hMSH2 and
hMLH1 (reviewed in Boyer et al., 1995; Kolodner and
Marsischky, 1999; Modrich and Lahue, 1996). These
observations are consistent with the obligatory roles of
hMSH2 and hMLH1 in hMutS and hMutL hetero-
dimers, respectively. We found that when hMSH2 or
hMLH1 cannot be detected in a cell line, their
corresponding partners are also missing (see Figure
3). In contrast to this, defects in a partner of hMSH2
or hMLH1 usually have no effect on the presence of
the obligatory component. For example, lack of
expression of hPMS2 in MOLT4 cells did not affect

Figure 5 Mutations of hMLH1 in leukemia cells. Genomic DNA
(100 ng) was used to amplify individual hMLH1 exons in the
presence of dNTPs and [a-32P]-dCTP. PCR products were fractio-
nated on a 0.5X MED SSCP gel and detected by autoradiography
or by phosphorimaging. Abnormal SSCP bands (not shown) were
excised and reamplified by PCR, and the products were then pur-
ified and sequenced with an ABI sequencer, as described in Mate-
rials and methods. A guanine to adenine transition (arrow) in the
splicing site of intron 9 was identified in cell lines CCRF–CEM
(not shown) and REH, as compared with the wild-type sequence
in TK6 cells

Table 3 Mutations of MMR genes in hematological cancer cell lines

Cell line Mutation

CCRF–CEM Heterozygous G to A transition at exon 9 splicing
site

CCRF–HSB-2 hMSH2 gene deletion (entire gene)
NALM-6 hMSH2 gene deletion (exon 1 – 5, 7 – 9, and 11 – 16)
NAMALWA ?
REH Homozygous G to A transition at exon 9 splicing

site
MOLT4 No expression of hPMS2, but mutation(s) not

determined
MOLT14 No expression of hMSH2, but mutation(s) not

determined
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the level of hMLH1 (see Figure 3), since hMLH1 can
still form a dimer with hPMS1 and/or hMLH3. These
results suggest that interaction of hMSH2 and hMLH1
with their partners is very important for stabilizing the
later.

It is generally accepted that MSI is a hallmark of
MMR deficiency. However, we show here that this is
not true for the Burkitt’s lymphoma cell line
NAMALWA. While positive in MSI, NAMALWA
cells are capable of processing both base – base and
insertion/deletion mismatches with high efficiency
(Table 1). To our knowledge, this is the first MSI-
positive cell line reported to date that does not have an
associated MMR deficiency in the current MMR assay.
In addition to displaying MSI, the NAMALWA cell
line has a mutator phenotype similar to most of the
known MMR mutant cell lines. For example, the cell
line is highly resistant to N-methyl N’-nitro N-
nitrosoguanidine and hypermutable at the HPRT locus
(Zhang and Li, unpublished results). These observa-
tions suggest that the NAMALWA cell line may still
be defective in MMR. If this is true, the cell line could
be defective in an activity conferring strand-specificity
(including a MutH-like activity) or responsible for a
downstream repair event. Alternatively, the uncoupling
of MSI with MMR deficiency in NAMALWA cells
may suggest that the cell line is deficient in a DNA
repair pathway rather than MMR that is also
responsible for stabilizing simple repetitive sequences.
Myung et al. (2001a,b) have recently identified multiple
pathways or group of proteins that suppress genomic
instability, including those involving in S phase
checkpoint function, homologous recombination, and
telomere metabolism. The NAMALWA cell line is
likely defective in one of these pathways. Therefore,
uncovering the basis of MSI in NAMALWA cells will
help to characterize pathway(s) suppressing genomic
instability.

Materials and methods

Materials

Cell lines used in this study were purchased either from the
Deutsche Sammlung Von Mikroorganism und Zellkulturen
(697, REH, MOLT4, MOLT14, and NALM-6), Braunsch-
weig, Germany or from the American Type Culture
Collection (CCRF–CEM, CCRF–HSB-2, CCRF–SB and
WI-L2-NS), Rockville, MD, USA. They were derived from
patients with either B-lymphocyte leukemia (697, REH,
CCRF–CEM, CCRF–HSB-2, and CCRF–SB), T-lympho-
cyte leukemia (MOLT4, MOLT14, WI-L2-NS), or Burkitt’s
lymphoma (NAMALWA). All cell lines were grown in RPMI
1640 supplemented with 10 – 20% fetal bovine serum
(Hyclone). Nuclear extracts were prepared as described
previously (Holmes et al., 1990). hMutSa and hMutLa were
purified to near homogeneity (499% purity as judged by
Coomassie Brilliant Blue staining, data not shown) as
previously described (Drummond et al., 1995; Li and
Modrich, 1995).

Western blot analysis

Nuclear extracts (50 mg) were electrophoresed through SDS-
polyacrylamide gels and electrotransferred to nitrocellulose
membranes (Fisher). The membranes were blotted with
antibodies against hMSH2, hMSH6, hMLH1, and hPMS2,
and the bound antibodies were detected by chemilumines-
cence using a secondary antibody conjugated with
horseradish peroxidase (Amersham). The hMSH2 and
hPMS2 antibodies were purchased from Oncogene Sciences
(Boston, MA, USA), and the hMLH1 and hMSH6
antibodies were obtained from BD Transduction Laboratory
(Lexington, KY, USA).

Heteroduplex preparation and MMR assay

DNA heteroduplexes used in this study were 6.4-kb double-
stranded circular molecules (Figure 1) containing either a G-
T mismatch with a strand break 125 bp 5’ to the mismatch (5’
G-T substrate) or a CA dinucleotide insertion/deletion
mispair with a strand break 181 bp 3’ to the mispair (3’
/CA\ substrate). DNA substrates were constructed as
described utilizing the f1MR series DNA (Su et al., 1988).
Unless otherwise specified, MMR assays were performed
(Holmes et al., 1990) in a 15 ml reaction mixture containing
24 fmol (100 ng) heteroduplex DNA, 50 mg of nuclear extract
protein, 10 mM Tris-HCl (pH 7.6), 5 mM MgCl2, 1.5 mM

ATP, and 0.1 mM each of the four dNTPs. For comple-
mentation repair assays, 50 ng of purified hMutSa or
hMutLa were added to the reaction mixture. After incubation
at 378C for 15 min, DNA samples were recovered by phenol
extraction and ethanol precipitation and double-digested with
Bsp106/HindIII (5’ G-T substrate) or Bsp106/XcmI (3’ /CA\

substrate). Reaction products were separated on a 1%
agarose gel and visualized by UV-illumination in the presence
of ethidium bromide.

Single-strand conformation polymorphism, and DNA sequencing
analyses

Genomic DNA isolated from individual cell lines was used as
a template to amplify exons of the hMSH2 and the hMLH1
genes by PCR. For amplification, 30 cycles of denaturation
(1 min at 948C), annealing (1 min at 50 – 558C), and
extension (1.5 min at 728C) were performed in 25-ml reaction
mixtures containing 0.1 mg of DNA, 10 mM Tris-HCl
(pH 7.6), 200 mM dATP, dTTP, dGTP, and dCTP each,
along with 1 mCi of [a-32P]dCTP (3000 Ci/mmol, New
England Nuclear), 1.0 – 3.0 mM MgCl2, 0.5 mM of each
primer, and 1.0 U of Taq DNA polymerase. PCR products
were separated by electrophoresis on 0.5 X MDE (Mutation
Detection Enhancement) gel (BioWhittaker Molecular Appli-
cations, Rockland, ME) with or without 10% glycerol, and
visualized by autoradiography or a Phosphor Imager
(Molecular Dynamics). Primer sequences for these amplifica-
tions are available upon request. Products with abnormal
bands in single-strand conformation polymorphism (SSCP)
gels were purified using a gel purification kit (Qiagen) and
then were sequenced using the primers that generated the
PCR products. For determination of deletions of the hMSH2
and hMLH1 genes, PCR amplification of individual exons of
each gene was performed as described for SSCP analyses, but
with no 32P-labeling. PCR products were analysed on 2%
agarose gels and detected by UV illumination in the presence
of ethidium bromide.
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