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Genetic or epigenetic inactivation of one of the DNA mismatch
repair (MMR) genes in tumor precursor cells causes a profound
mutator phenotype, known as the microsatellite mutator pheno-
type (MMP). This mutator phenotype induces mutations not only
in cancer genes that drive tumorigenesis but also in other DNA
repair genes. The functional significance of these successive DNA
repair gene mutations, however, has not been substantiated. Here
we show that the concomitant inactivation of two DNA MMR
genes (hMLH1 and hMSH6) increases the mutator phenotype. We
isolated cell clones of the SW48 MMP-positive cell line with either
active or inactive hMSH6. All of these clones lacked expression of
hMLH1 because of promoter hypermethylation. Compared with
inactivation of hMLH1 alone, the additional inactivation of hMSH6
produced a higher mutation rate and a different spectrum of
mutations in the endogenous hprt gene. These results confirm our
model that the mutator phenotype can increase during tumori-
genesis by the consecutive inactivation of different members of
the DNA MMR system. Thus, a stronger mutator phenotype accel-
erates the accumulation of mutations in target cancer genes,
which, in turn, speeds up tumor progression. The results of this
study also have significant impact on our understanding of the
mechanism of DNA MMR.

I nactivation of the DNA mismatch repair (MMR) machinery in
tumor precursor cells causes a profound mutator phenotype,
which leads to the accumulation of mutations in cancer genes
and to the development of cancer (1, 2). Germ-line mutations in
the hMSH2, hMLH]1, and less frequently in the ZAMSH6 and
hPMS2 DNA MMR genes confer susceptibility to hereditary
nonpolyposis colorectal cancer (3-8). In addition to these genes,
somatic mutations in the AMSH3 DNA MMR gene have been
found in sporadic tumors of different tissue origin (9, 10).

This mutator phenotype was discovered through the presence
of deletion/insertion mutations in microsatellite repeat se-
quences (microsatellite instability, MSI) (11-13), which are
particularly prone to errors caused by slippage by strand mis-
alignment during DNA replication (14). In this respect, micro-
satellites could be regarded as mutational targets for the mutator
phenotype, which, for this reason, we often call the microsatellite
mutator phenotype (MMP).

The prevalence of the deletions/insertions in repetitive se-
quences in MMP-positive cells may be responsible for the
involvement of different sets of cancer genes in the development
of MMP-positive and -negative tumors. Some genes involved in
cell growth and survival (such as TGF-BRII, and BAX) com-
monly have mutations in mononucleotide repeat sequences
located in their coding regions in MMP-positive tumors (15-17).
Thus, a distinctive tumorigenic pathway, characteristic of MMP-
positive cancer, leads to the development of tumors with differ-
ent features in genotype and phenotype compared with tumors
without microsatellite instability (11, 12, 18-22).

Along with cell growth/survival genes, some DNA MMR
genes as well as other genes involved in the maintenance of
genome integrity contain nucleotide repeat sequences in their
coding regions. Frameshift mutations in these sequences have
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been found in the AMSH3, hMSH6, RADS50, MBD4, DNA-PKcs,
BLM, BRCA1, BRCA2, ATR, and DNA helicase genes in MMP-
positive tumors (17, 23-26). However, the functional significance
of these mutations has not been shown.

Based on the discovery of frameshift mutations in the mono-
nucleotide repeat sequences of the AMSH3 and hMSHO6 genes in
MMP-positive tumors, we proposed a model of the “mutator
that mutates another mutator,” which describes a cascade in-
crease of the mutator phenotype during tumorigenesis of MMP
cancer (22, 23, 27). We hypothesized that genetic or epigenetic
inactivation of a primary DNA MMR gene (such as AMLH] and
hMSH?2) leads to inactivating mutations in secondary DNA
repair genes, which could be involved in MMR or another type
of DNA repair. Such consecutive mutational inactivation of
DNA repair genes would unfold genetic instability during tumor
progression. The goal of this study was to test this hypothesis.

We report here that, compared with inactivation of hAMLH1
alone, the additional inactivation of AMSHG6 results in a higher
mutation rate and a different spectrum of mutations in the
endogenous Aprt gene. While the majority of mutations in the
cells with inactivated hMLH]I were deletions/insertions, cells
with concomitant inactivation of hAMLHI and hMSHG6 pro-
duced more nucleotide substitutions characteristic of AMSH6
inactivation.

Materials and Methods

Cell Lines and Media. The SW48, LS180, and DLD-1 human colon
carcinoma cell lines were obtained from the American Type
Culture Collection. Cells were grown on 80-mm Nunc tissue
culture plates in DMEM supplemented with 15% fetal bovine
serum (FBS; Tissue Culture Biologicals, Tulare, CA). To select
against siprt mutants, the medium was supplemented with HAT
(300 uM hypoxanthine/1 uM aminopterin/50 uM thymidine;
Sigma). To select for hprt mutants, the medium was supple-
mented with 15 pg/ml 6-thioguanine (6-TG; Sigma). The de-
methylating agent 5-aza-2'-deoxycytidine (Sigma) in concentra-
tions of 2 uM and 10 uM was used to restore hMLHI gene
expression.

Isolation of SW48 Subclones with Mutations in the hMSH6 Gene. To
isolate subclones carrying mutations in the AMSH6 gene, SW48
cells were inoculated into 96-well plates at an average density of
one cell per well. When the colonies reached an average size of
about 1 mm the cells were trypsinized and split into two plates.
The cells in one of the duplicate plates were lysed by adding 100
wl of TE buffer (10 mM Tris/1 mM EDTA, pH 7.4) supple-
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mented with 150 pg/ml proteinase K and heating at 65°C for 1 h.
The lysates were used for PCR amplification of the AMSHG6 gene
region containing a poly(C) sequence as described (23). Clones
with frameshift mutations in the poly(C) sequence were sub-
jected to a second round of subcloning to ensure their single-cell
origin.

Selection of hprt Gene Mutants and Calculation of the Mutation Rate.
Twenty independent cultures for each of the subclone cell lines
with MSH6(+/+) or MSH6(—/—) genotype were grown from
an inoculum of 2 X 10* cells. The cells were grown in HAT
medium to eliminate any preexisting sprt~ cells. When the cell
count reached ~10° per plate, the HAT medium was replaced
with fresh medium without HAT. The cells were grown for
approximately two more cell duplications, at which point 6-TG
was added to the medium to select for hprt~ mutants. The
6-TG-resistant colonies were counted in 2 to 3 weeks. The rate
of mutation was calculated according to the formula R =
N/[20 X (N — Ny)], where Ny is the total number of
6-TG-resistant colonies on the 20 plates, Ny is the number of cells
per plate at the time the HAT supplement was removed, and N
is the number of cells per plate at the time 6-TG was added.

Identification of hprt Gene Mutations. Detection of mutations in the
hprt gene was performed as described in ref. 28. Briefly, mutants
with splicing aberrations were detected by measuring the length
of the entire Aprt gene coding region and analyzed for the splice
donor and acceptor sites by single strand conformation poly-
morphism (SSCP) (29). Mutations in the coding region were
detected by the SSCP analysis of the reverse transcriptase—PCR
(RT-PCR) fragments amplified from four overlapping regions
of the gene. The DNA fragments exhibiting mobility shifts on
SSCP gels were extracted from the gel, reamplified with appro-
priate primers, and additionally purified by agarose gel electro-
phoresis. The DNA fragments were purified from agarose by
QIAquick Gel Extraction Kit (Qiagen) and used as templates for
sequencing by Dye Terminator Cycle Sequencing Kit (Applied
Biosystems).

Analysis of hMLH1 Gene Expression. Total RNA was isolated from
SW48 cells or their derivatives by RNA STAT-60 kit (Tel-Test,
Friendswood, TX) followed by cDNA synthesis using Moloney
murine leukemia virus reverse transcriptase and random hex-
amer primers. The cellular content of the AMLHI mRNA was
measured by multiplexed RT-PCR amplification of the gene’s
region spanning exons 13 through 16 and the Aprt gene region
spanning exons 3 through 7. The following primers were used for
PCR amplification of the 338-bp hMLHI fragment: forward,
5'-GAAGATTCTGATGTGGAAATGG-3’; reverse, 5'-
ATGGCAAGGTCAAAGAGCGGT-3'. The 240-bp hprt gene
fragment was amplified with the following primers: forward,
5'-TTATCAGACTGAAGAGCTATTG-3’; reverse, 5'-CT-
TATATCCAACACTTCGTGG-3'.

Results

Isolation of Cell Lines with hMLH1-hMSH6* and hMLH1~hMSH6~
Genotypes. The SW48 human colon adenocarcinoma cell line
exhibits the MMP. SW48 cells lack expression of the hMLH1
gene because of hypermethylation of the gene promoter (30) and
carry a heterozygous 1-bp insertion frameshift mutation in the
Cg sequence (23) encompassing codons 1084-1086 of the
hMSH6 protein (31). We have previously shown that this
mononucleotide repeat is a hot spot for frameshift mutations in
MMP-positive tumors (23). We hypothesized that some SW48
cells should contain insertion/deletion mutations in this se-
quence. By analyzing about 1,000 subclones of the SW48 cell line
(the strategy is illustrated in Fig. 1), we found 5 clones with a
1-nucleotide deletion mutation in the Co sequence of the mutant
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Fig.1. Strategy forisolation of SW48subclones with wild-type or inactivated
hMSH6 gene. +/+, wild-type hMSH6; +/—, heterozygous for hMSH6 frame-
shift mutations; —/—, homozygous for hMSH6 frameshift mutations.

allele of the AMSH6 gene reversing it to the wild type [final
repeat length in both alleles is Cs, designated as MSH6(+/+),
homozygous wild type] and 3 clones with a 1-nucleotide deletion
mutation in the wild-type allele [repeat length is C; in one allele
and Cy in the other allele, designated as MSH6(—/—), homozy-
gous mutant]. Other mutations increasing the Co to Cyp and Cy;
were also detected in the screening. They were not analyzed
because they retained their heterozygosity (Cs/Cyo and Cg/C1y).
No hMSHS6 protein was detected in the cell lines with homozy-
gous hMSHG6 gene mutations by Western blot analysis (32).

Rate and Spectrum of hprt Gene Mutations in MSH6(+/+) and
MSH6(—/—) Cells. We used the endogenous /prt gene as a reporter
to measure the mutation rate and the spectrum of mutations in
the MSH6(+/+) and MSH6(—/—) cells. Three independent
subclones for each of the AMSH6 genotypes were taken for these
experiments to ensure the absence of clonal variability in the
mutation rate and spectrum. The mutation rate did not differ
considerably among the three subclones with the same genotype
and was (0.8 = 0.2) X 1077, (0.8 = 0.3) X 1073, and (1.0 = 0.2) X
1073 per allele per replication for the MSH6(—/—) subclones
and (2.0 £ 0.5) X 1072, (2.5 £ 0.4) X 107>, and (2.4 = 0.4) X
1073 per allele per replication for the MSH6(+/+) subclones.
The average rate of the Aprt gene mutations was (0.9 = 0.2) X
107 and (23 = 0.4) X 107> per allele per replication for
MSHG6(+/+) and MSH6(—/—) cells, respectively.

To ensure independence of the mutants, only one 6-TG-
resistant colony was taken from each of the independent sub-
cloned cultures for identification of hprt gene mutations. Sixteen
or 17 mutants were isolated for mutational analysis for each of
the six subclones (50 for each genotype). The list of all identified
mutations is presented in Table 1. There was no significant
difference in the mutation spectra among the three subclones
corresponding to the same genotype. The mutation spectrum for
the MSHO6(+/+) and MSH6(—/—) cells is shown in Fig. 2.

There were no large structural deletions in the Aprt sequence,
and all alterations detected were single point mutations (Table
1). The spectrum of mutations included frameshifts, as well as
nucleotide substitutions in the Aprt coding and splicing site
sequences. All but one frameshift mutations were a deletion or
insertion of a single nucleotide in mononucleotide repeat se-
quences two or more nucleotides in length. The only two-
nucleotide deletion mutation in a nonrepetitive CA nucleotide
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Table 1. The hprt gene mutations detected in MSH6(+/+) and MSH6(—/—) cell lines

Incidence

Position* Mutation® Mutation type Effect MSH6(+/+) MSH6(—/-)
28-2 agAT-ggAT Transition Splicing error 1 —
65 TTT-TCT Transition Missense (Phe — Ser) — 1
98 As-A, Deletion Frameshift 1 —
133 AGG-GGG Transition Missense (Arg — Gly) — 1
146 T,-T3 Insertion Frameshift — 1
151 CGA-TGA Transition Nonsense (Arg — stop) — 4
197 TGT-TAT Transition Missense (Cys — Tyr) 1 —
202 CTC-TTC Transition Missense (Leu — Phe) 1 —
207 Ge-Gy Insertion Frameshift 19 7
207 Ge—Gs Deletion Frameshift 5 1
325 CCAGT-CGT Deletion Frameshift — 1
385-2 agAA-ggAA Transition Splicing error 1 1
395 ATT-ACT Transition Missense (lle — Thr) 1
404 GAT-GGT Transition Missense (Asp — Gly) 1 —
419 GGC-GTC Transversion Missense (Gly — Val) — 1
421 As—As Insertion Frameshift 1 —
454 CAG-TAG Transition Nonsense (GIn — stop) 1 4
483 Ar-Aq Deletion Frameshift 1 —
496 Ag-As Deletion Frameshift 1 —
508 CGA-TGA Transition Nonsense (Arg — stop) 6 17
532+1 CTgt-CTat Transition Splicing error — 1
533-2 agTT-ggTT Transition Splicing error 2 —
533-1 agTT-atTT Transversion Splicing error 1 1
568 GGA-TGA Transversion Nonsense (Gly — stop) — 1
577 CTT-ATT Transversion Missense (Leu — lle) — 1
580 GAC-AAC Transition Missense (Asp — Asn) 1 —
582 GAC-GAA Transversion Missense (Asp — Glu) 1 1
610—2 agCA-ggCA Transition Splicing error 2 —
6101 agCA-aaCA Transition Splicing error 1 —
610 CAT-TAT Transition Missense (His — Tyr) 1 6

Total 50 50

*Mutated nucleotides in the hprt coding region are indicated relative to the ATG initiation codon. Intron mutations are indicated as the
c¢DNA position minus (=) or plus (+) the appropriate number of nucleotides into the introns.
TUppercase, exon sequences; lowercase, intron sequences; underlined, mutated nucleotides.

sequence was found in the MSH6(—/—) cells. All 100 mutations
were distributed among 30 sites. There were five sites with more
than two identical independent mutations: frameshift mutations
at the Gg nucleotide repeat (position 207-212), C-to-T transi-
tions at two CpG sites (positions 151 and 508), and C-to-T
transitions at positions 454 and 610 (Fig. 2).

The specificity of these mutational hot spots for cells with
different AMSH6 genotypes was, however, different. Transition
mutations at position 151 were exclusive for the MSH6(—/—)
cells. Transition mutations at positions 454, 508, and 610 were
more frequent in the MSH6(—/—) cells than in the MSH6(+/+)
cells, whereas frameshift mutations at position 207-212 were
more specific for the MSH6(+ /+) cells and accounted for about
50% of all mutations. Although MSH6(+/+) and MSH6(—/—)
cells shared 8 mutational sites, mutations at 22 sites were present
in only one of the cell types. One-nucleotide frameshift muta-
tions in the MSH6(+/+) cells made up 65% of all mutations and
were distributed among 5 different sites, whereas in the
MSHG6(—/—) cells this type of mutations occurred only at 2 sites
and made only 20% of all mutational events. The difference
between the spectra of the hprt gene mutations in the
MSHG6(+/+) and MSH6(—/—) cells was statistically significant
for transitions and frameshifts at the G4 sequence (Table 2).

hMLH1 Gene Expression in Subclones of the SW48 Cell Line. One

possible explanation for the differences in the spectrum and the
rate of mutations between the MSH6(+/+) and MSH6(—/—)
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cell lines could be artifactual reactivation of the AIMLHI gene
expression in these cells before or during selection for 6-TG
resistant clones. To test this hypothesis, we performed RT-PCR
analysis of the cellular content of AMLH]I transcript in all types
of SW48 subclones.

While we detected AMLH1 expression in control cell lines, no
expression was found by either regular (data not shown) or
multiplexed PCR in the parental SW48, MSH6(+/+), and
MSHG6(—/—) cell lines, as well as in various hprt-negative
daughter clones regardless of the type of the iprt gene mutations
(base substitutions or frameshifts) (representative results are
illustrated in Fig. 3). Treatment of the SW48 cells with the
demethylating agent 5-aza-2'-deoxycytidine, which can partially
restore hAMLHI1 expression (33), led to the detection of the
hMLH]I transcript. Therefore, a similar AMLHI expression
reactivation in the SW48 cell derivatives should have been
similarly detected by our experimental system.

Discussion

The MMP is generated by a complex mechanism that involves
inactivation of different components of the DNA MMR system.
The discovery of concomitant mutations of different members of
the DNA MMR family in the same tumor cells raised the
question of the possible functional role of such mutations in the
development of the mutator phenotype (23). We previously
reported that MMP-positive tumor cell lines with mutations in
different DNA MMR genes exhibited different spectra of mu-
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Fig. 2.

Spectrum of hprt gene mutations in MSH6(+/+) and MSH6(—/—) cells. cDNA structure of the hprt gene is shown (only exons 1 and 9 are indicated).

Exon 1 begins at base pair 1, and exon 9 ends at base pair 657. Mutations are represented by the following symbols: A, insertion of one nucleotide; ¥, deletion
of one nucleotide; Vv, deletion of two nucleotides; ®, transition at C-G base pairs; O, transition at AT base pairs; [J, transversion. Numbers indicate position of
the mutated nucleotides. Position of the mutated nucleotides in the intron sequences is indicated as the cDNA position — or + the appropriate number of

nucleotides into the introns.

tations (28). This finding suggested that the mutator phenotype
could differ, depending on which DNA MMR gene was inacti-
vated. Consistent with this hypothesis, we proposed that the
concomitant inactivation of different DNA MMR genes could
not only enhance the overall mutation rate in cells but also
change the spectrum of mutations by combining mutations that
are specific for each of the DNA MMR genes.

Initiation of human DNA MMR occurs through the recogni-
tion of mismatches by the MutSa (heterodimer of MSH2 and
MSHG6 proteins) and MutSp (heterodimer of MSH2 and MSH3
proteins) complexes. The MutSa complex preferentially binds to
mispaired bases and to small loops that result from slippage
by misalignment of DNA strands, whereas MutSB binds to
larger loops and exhibits little, if any, affinity to mispaired bases
(31, 34-306).

Table 2. Types of the hprt gene mutations detected in
MSH6(+/+) and MSH6(—/-) cell lines

Incidence
Mutation type MSH6(+/+) MSH6(—/-) P value
Base substitutions 22 (44%) 40 (80%) <0.0002
Transitions 20 (40%) 35 (70%) <0.0026
GC—AT 13 (26%) 32 (64%) <0.0001
AT — GC 7 (14%) 3 (6%)
Transversions 2 (4%) 5(10%)
GC—TA 2 (4%) 5(10%)
Frameshifts 28 (56%) 10 (20%) <0.0002
+/-G 24 (48%) 8 (16%) <0.0006
+/—A 4 (8%) 0 (0%)
+T 0 (0%) 1(2%)
—CA 0 (0%) 1(2%)
15110 | www.pnas.org/cgi/doi/10.1073/pnas.251234498

A human analogue of the bacterial MutL activity, called
MutLa, was isolated by its ability to restore strand-specific DNA
MMR in some MMP-positive cell lines (37). The MutLa com-
plex was shown to be a heterodimer of human homologues of
bacterial MutL: hMLH1 and hPMS2 (reviewed in ref. 38). This
complex supposedly interacts with MutSa and MutSp complexes
and thus mediates DNA repair after the step of mismatch
recognition. It was proposed that defects in the MutLa activity
block mismatch correction before or at the excision step in repair
(39, 40).

Thus, according to the current model (38) total inactivation of
the hMLHI gene should lead to a complete shutdown of the
DNA MMR. Consequently, MSH6(+/+) cells, which lack ex-
pression of hMLHI, should produce all types of mutations
caused by the inability of the DNA MMR to correct replication
errors. Our results, however, show that MSH6(—/—) cells, which
have inactivated AMSHG6 in addition to unexpressed hMLHI,
produce a different spectrum of mutations, with the mutation
rate about 2.5 times higher than MSH6(+/+) cells. This finding
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Fig. 3.  Analysis of cellular AMLHT mRNA content. Multiplexed RT-PCR was

performed with primers specific for the hMLH1 and hprt genes. LoVo and
DLD-1 cell lines, as well as SWA48 cells treated for 48 h with various doses of
5-aza-2’'-deoxycytidine (2 uM and 10 uM Aza), were used as positive controls
for hMLH1 expression. Four hprt~ single cell clones obtained from MSH6
(+/+) or (—/—) cell lines were analyzed for hMLH1 expression. Single-cell
clones 1 and 2 are mutants with frameshift hprt mutations and single-cell
clones 3 and 4 are mutants with base-substitution hprt mutations.
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implies that AMLHI1 may not be required for all MutL activity in
human cells and that an alternative pathway for the MutL
function has about equal capacity.

There are, however, a few alternative explanations for our
results. One possible explanation could be incomplete repression
of hAMLH]I expression in the MSH6(+/+) and MSH6(—/—)
cells or Aprt~ mutants. However, we could not detect any traces
of hMLHI mRNA by RT-PCR in the SW48 cells or their
derivatives, including the Aprt mutant clones. Still there is a
chance of a transient expression of the hMLHI gene during
selection for 6-TG resistance. However, the possibility of the
occurrence of such phenomenon seems to be very small and not
amenable to experimental test. The resemblance of the Aprt gene
mutation spectrum in the MSH6(+/+) cells to that of the
hMLH]I-defective cell lines obtained in other studies (approxi-
mately equal number of frameshifts and base substitutions) (28,
41, 42) is an additional factor in favor of the absence of htMLH1
expression at any step of our experiments.

Another spurious reason for the differences between the
mutator phenotype of the MSH6(+/+) and MSH6(—/—) cells
could be mutations accumulated in DNA replication or repair
genes other than AMSH6. This would imply that all three
MSHG6(+/+) subclone cell lines but neither one of the three
MSHG6(—/—) subclones carry de novo mutations in additional
“mutator” genes. The possibility that we isolated for our exper-
iments three subclones with a single mutator gene (hMSH6) and
three subclones with two mutator genes (one of which is A/MSHG6)
is also very low: the frequency of single AMSH6 allele mutations
was about 1073, thus, roughly, the frequency of double mutations
in the AMSH6 and some other mutator gene (even if we assume
that a single allele mutation of this gene is sufficient for
triggering a strong mutator phenotype) would be 107°.

In addition, the mutation spectrum of the MSH6(—/—) cells
resembles a combined spectrum of mutations caused by the two
individual mutator genes, htMLH1 and hMSH6. We and others
showed previously that AMLHI-defective cells were character-
ized by the prevalence of insertion/deletion types of mutations,
whereas hMSHG6-defective cells were characterized by the oc-
currence of base substitutions and almost no frameshift muta-
tions at the hprt gene (28, 41, 42). It is reasonable to assume that
involvement of mutator genes other than AMLHI or hMSH6
would yield a distinguishable spectrum of mutation.

Insertions/deletions of only one nucleotide were the most com-
mon type of mutational events in the AMLHI-negative cells
MSH6(+/+) (56%). This observation suggests that hMLH1 pro-
tein is essential for the repair of single nucleotide loops but less
important for the repair of nucleotide mismatches. The latter
function of AMLH]I could be complemented by other members of
the DNA MMR system. Considering the approximately twice
higher mutation rate in MSH6(—/—) cells, additional inactivation
of the AMSH6 gene in these cells did not change the number of
frameshift mutations and transitions at A‘T base pairs per cell
replication compared with the MSH6(+/+) cells but considerably
increased the number of transitions and transversions at G-C base
pairs (Table 2). This is consistent with the key feature of the MutSa
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complex, and hence of hMSHS, to correct base mismatches. At the
same time, this suggests that hMSHG6 protein is more specific for
recognition of mismatches at G-C base pairs rather than at A‘T base
pairs, which could be more specifically recognized by other, perhaps
still unidentified, DNA MMR proteins.

It is possible that not only a complete inactivation of one or
several components of the DNA MMR, but their partial inactiva-
tion could contribute to the manifestation of the mutator pheno-
type in tumor cells. The probability of accumulation of monoallelic
mutations in different DNA MMR genes might not be lower than
a biallelic inactivation of a single DNA MMR gene, especially if a
prior mutator phenotype is present, even if it is weak. Hence, one
can expect that the steps in the development of the MMP in a tumor
cell (or a tumor precursor cell) would include monoallelic muta-
tions in different DNA MMR genes preceding the homozygous
inactivation of a single DNA MMR gene.

We have previously shown the presence of monoallelic mu-
tations in the DNA MMR genes in MMP-positive tumors with
various frequencies (16, 23, 32, 43). Accumulation of such
mutations can lead to haploinsufficiency of MMR function
causing a weak mutator phenotype, which would increase with
additional mono- or biallelic mutations of the DNA MMR genes
until a “maximum” mutator phenotype is reached, after which
no further selection would occur. This scenario is particularly
applicable to the cases involving the incomplete or gradual
inactivation of DNA repair by, for example, epigenetic silencing
of DNA MMR genes, which probably occurs in a gradual manner
during several mitotic cycles, or by splicing mutations that
decrease the amount of correctly spliced transcripts.

This model leads to a somewhat paradoxical situation, because
when a “maximum” mutator phenotype is reached, the probability
of occurrence of nonfunctional mutations is also increased. Con-
sequently, it is difficult to determine in a primary tumor which of
the DNA MMR or other DNA repair gene mutations are functional
and which are neutral. This difficulty is magnified because the high
mutation frequency in MMP-positive tumors depreciates the pres-
ence of a gene mutation as a criterion for its functionality (44) and
because mutations in MMR mutator genes do not immediately lead
to a growth or territorial expansion advantage over sister cells (45,
46). The reversibility of these mutations, together with the potential
deleterious impact of the mutator phenotype on cell viability (47),
adds further complication to this complex process.

Nevertheless, we have provided functional evidence that the
accumulation of a biallelic mutation in one of the MMR genes
in a tumor cell already harboring another inactivated MMR gene
is functional because it increases the mutation rate and alters the
mutation spectrum of the mutator phenotype. This magnified
mutator phenotype would accelerate the accumulation of mu-
tations in the target cancer genes, which, in turn, would speed up
tumor progression.
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