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In addition to their critical roles in maintaining genome stability by
correcting replication errors, certain mismatch repair gene products
are thought to have roles in transcription-coupled nucleotide excision
repair and chromosomal synapsis during meiosis (reviewed in Refs. 2
and 3). That they may also function as sensors for DNA damage is
suggested by the ability of the hMSH2-hMSH6 heterodimer (9â€”11) or
hMSH2 alone (12) to bind to damaged DNA substrates. Also, G2 cell
cycle arrest is absent in a 6-TG-treated cell line containing a hMLHJ
gene mutation (13), and human tumor cell lines containing mutations
in mismatch repair genes are resistant to the cytotoxic effects of
treatment with certain chemical agents that damage DNA (e.g., see
Refs. 13â€”22).

Progress in understanding the multiple roles of mismatch repair
gene products results from studies of human tumor cell lines that have
mutations in candidate genes. Such cell lines characteristically have
elevated spontaneous mutation rates and are thus expected to accu
mulate mutations in other genes throughout the genome, some of
which could be causally related to the phenotypes mentioned above.
For example, the human colon tumor cell line HCT15 contains mu
tations in hMSH6 that potentially inactivate the gene (22). These
mutations could be responsible for the fact that HCT15 cells and the
genotypically related DLD1 cell line have elevated mutation rates at
microsatellite sequences and in selectable genes (22â€”28),that they are
much less sensitive to treatment with N-methyl-N-nitrosourea (18),
and that extracts of these cells are defective in repair of substrates
containing mismatches and certain single-unpaired nucleotides (4, 29,
30). However, DLD1 and HCTI5 cells also contain a Gâ€”@Atransition
mutation in the coding sequence for pol 5 gene (3 1), which is located
on chromosome 19 (32). This base change alters a conserved amino
acid that may be functionally important for the 3' â€”5' exonucleolytic
activity of pol iS.The poi & mutation could alter replication fidelity,
thus elevating mutation rates in these cells, or it could influence
mismatch repair directly, as pol 6 is one of the candidate DNA
polymerases for mismatch repair.

Here, we test the hypothesis that the mutations in hMSH2 and
hMSH6 on chromosome 2 are responsible for genetic instability and
resistance to monofunctional alkylating agents in vivo and defective
mismatch repair activity in vitro. To do so, we compare the properties
of tumor cells containing known hMSH2 mutations (in HEC59 cells)
or hMSH6 mutations (in HCT15 and DLD1 cells), with and without
introduction of the wild-type hMSH2 and hMSH6 genes on chromo
some 2, transferred by microcell fusion.

MATERIALS AND METHODS

Cell Lines and Extracts. The source of cell lines, their growth, and the
method of preparation of extracts have been described (28, 29, 33).

Chromosome Transfer. The method for chromosome transfer by micro
cell fusion has been described (15, 34). The introduced chromosomes contain
the gene conferring resistance to 041 8, such that cells receiving that chromo
some are resistant to this drug. Single-cell clones of HEC59, alone and with
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ABSTRACT

The human DNA mismatch repair genes hMSH2 and I*MSH6encode
the proteins that, together, bind to mismatches to initiate repair of repli
cation errors. Human tumor cells containing mutations in these genes
have strongly elevated mutation rates in selectable genes and at micro
sateffite loci, although mutations in these genes cause somewhat different
mutator phenotypes. These cells are also resistant to killing by certain
drugs and are defective In mismatch repair. Because the elevated mutation
rates in these cells may lead to mutations In additional genes that are
causally related to the other defects, here we attempt to establish a
cause-effect relationship between the !SMSH2and IIMSH6 gene mutations
and the observed phenotypes. The endometrial tumor cell line HEC59
contains mutations In both alleles of IIMSH2. The colon tumor cell line
HCT15 contains mutations In hMSH6 and also has a sequence change in

a conserved region of the coding sequence for DNA polymerase 6, a
replicative DNA polymerase. We Introduced human chromosome 2 con
taming the wild-type hMSH2 and hMSH6 genes Into HEC59 and HCT15
cells. Introduction ofchromosome 2 to HEC59 cells restored microsatellite
stability, sensitivity to N-methyl-N'-nltro-N-nltrosoguanldlne treatment,
and mismatch repair activity. Transfer of chromosome 2 to HCT15 cells
also reduced the mutation rate at the HPRTlocus and restored sensitivity
to N-methyl-N'-nitro-N-nitrosoguanldlne treatment and mismatch repair
activity. The results demonstrate that the observed defects are causally
related to mutations in genes on chromosome 2, probably hMSH2 or
hMSH6, but are not related to sequence changes Inother genes, Including
the gene encodIng DNA polymerase 8.

INTRODUCTION

Studies of the number and functions of DNA mismatch repair genes
in humans accelerated when mutations in candidate genes were linked
to cancer (for review, see Ref. 1). Several human mismatch repair
genes have now been identified, and the functions of their products are
the subject of intense study (reviewed in Refs. 2 and 3). These include
the products of the hMSH2 and hMSH6 genes, which form a het
erodimer (4, 5) that binds to base-base and certain insertion-deletion
mismatches. Additional proteins then function in concert with hMSH2
and hMSH6 to ultimately excise replication errors in the newly
synthesized strand. Mismatch repair is strand specific and can be
directed to one strand by a nick in the DNA substrate (6, 7). Excision
and DNA resynthesis occur between the nick and the mismatch (6, 7),
and excision can be initiated from a nick either 3â€õr 5â€t̃o the
mismatch (8). DNA resynthesis is inhibited by aphidicolin (6, 7),
suggesting the involvement of pol a, 6, or
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chromosome 2 and 17, are designated HC, HC-2.4, and HC-l7.6, respectively.

Single-cell clones of HCTI5 and DLD1 alone or with chromosome 2 are
designated Hl5, Dl(A), Hl5-2.1, and Dl-2.l, respectively.

Analysis of hMSH2 in HC, HC-2.4, and HC-17.6 Cells. In vitro iran
scription and translation was performed with the rabbit reticulocyte TNT

Lysate system (Promega, Madison, WI), using the protocol provided by the
supplier. Primers for hMSH2 are described in Liu el a!. (35). Karyotyping was

performed as described (34). Whole chromosome painting was performed
using chromosome 2-specific probes and using fluorescent in situ hybridiza

tion analysis. The chromosome specific WCP DNA Probe 2-SpectrumOrange

was from Life Technologies, Inc. (Gaithersburg, MD).
Western Blot Analysis of hMSH2 and hMSH6. For hMSH2 protein,

Western blots of cell extracts were performed using anti-hMSH2 antibody
AB-1 (Oncogene Research Products, Cambridge, MA), according to the man
ufacturer's protocol. For hMSH6 protein, Western blots of cell extracts were

performed using polyclonal anti-GTBP (hMSH6) antibody, kindly supplied by
Josefiiricny (Institute for Medical Radiobiology, University ofZUrich, ZUrich,
Switzerland), and the ECL Western system from Amersham Life Sciences

(Arlington Heights, IL), using the manufacturer's protocol.

MNNG Cytotoxicity Test. Parent or chromosome-transferred cell lines
were tested for cytotoxic response to MNNG (Aldrich Chemical Co., Milwau
kee, WI) treatment, as described previously (15). Briefly, cells were treated
with varying concentration of MNNG for 45 mm at 37Â°Cin I ml of serum-free
RPMI I640. After treatment, cells were washed and plated in duplicate in
100-mm dishes at l0@cells per plate. Ten days later, the cells were washed,
fixed with methanol, and stained with Giemsa (Fisher Scientific Co.,
Pittsburgh, PA), and the number of colonies consisting of more than 50 cells
were counted. The relative surviving fraction for each cell line was expressed
as a ratio of the plating efficiency in treated cultures to that observed in the
zero-dose treatment.

Microsatellite Instability Analysis in HECS9 Cells. Single-cell clones of
the HC, HC-2.4, and HC-l7.6 cell lines were isolated by limiting dilution.
Fifteen single-cell clones were then plated and grown in selective medium for
15 doublings. The plates were washed twice with PBS. Lysis buffer (100 @sl)

containing 100 @g/mlproteinase K in 10 m@iTris-HCI (pH 8.0) and I nmi
EDTA was added to each well. Plates were incubated for 2 h at 65Â°Cand then
for I5 mm at 95Â°C.One @lof each sample was then used for PCRs under
standard conditions, as described (17).

Mutant Frequency at the Na@/K@ATPase Locus. Mutantfrequenciesat
the Na@/K@ ATPase locus were determined in triplicate for HC, HC-17.6,
HC-2.4, and SW480 cells, by plating 5 X 106cells in I @Mouabain (Sigma)
at a density of5 X l0@cells per 100-mmdish. Cells were incubated for 12â€”14
days, and ouabain-resistant colonies containing 50 or more cells were visual
ized by staining with 0.5% crystal violet.

HPRT Mutation Rates in 1115,D1(A), H15-2.1, and D1-2.1 Cells. Mu
tant frequencies at the HPRTlocus were obtained as described (28), by plating
106 cells in 40 @LM6-TG at a density of 5 X l0@per 100-mm dish. Cells were
incubated for 12â€”14 days, and 6-TG-resistant colonies were visualized by

staining with 0.5% crystal violet (in 50% methanol, v/v). Mutation rate

determinations were performed using cell populations cleansed of preexisting
HPRT mutants by culturing in medium containing 100 @Mhypoxanthine, 0.4

@LM aminopterin, and 16 @LM thymidine; this medium was then removed from

the culture, and the initial HPRT mutant frequency was determined. Several
additional mutant frequencies were then obtained at 2â€”3-day intervals while

the cells were maintained in logarithmic growth. At each 6-TO selection, a
subculture of 2 X l06@3X 106cells was plated in nonselective medium for use
in subsequent mutant frequency determinations. Additionally, population dou

blings were determined between each 6-TO selection. After obtaining five to

six mutant frequencies, the mutation rate was then obtained by plotting the

observed mutant frequency as a function of population doubling and calculat

ing the slope by linear regression. The slope of the curve yields the mutation

rate, expressed as mutations per cell per generation.
Mismatch Repair Assays. Extractsfrom cell lines were preparedas de

scribed previously (36). Procedures for substrate preparation and for measuring
mismatch repair activity were as described (33). Repair reactions (25 s.d)
contained 30 mM Hepes (pH 7.8), 7 mM MgCl2, 4 mM ATP, 200 @Meach Cl?,
GTP, and UTP, 100 /LMeach dATP, dGTP, dTI'P, and dCTP, 40 mr@icreatine
phosphate, 100 mg/mI creatine phosphokinase, 15 mrvi sodium phosphate, 1

fmol of the indicated heteroduplex DNA, and 50 @.tgof cell extract protein.

After incubation at 37Â°Cfor 15 mm, the samples were processed and intro
duced into Escherichia coli NR9162 (mutS) via electroporation. Cells were
plated, M 13mp2 plaque colors were scored, and the repair efficiency was
calculated as described (33).

RESULTS

Description of Tumor Cell Lines. The hMSH2 gene is on chro
mosome 2p and codes for a 934-amino acid protein. The HEC59
endometrial tumor cell line is heterozygous for two hMSH2 mutations.
One is a duplication of nucleotides 1442â€”1445,resulting in termina
tion at codon 482 (29). The other is a Câ€”T transition at nucleotide
I205 that results in termination at codon 402 (30). HEC59 cells
exhibit microsatellite instability (29), and extracts of HEC59 cells are
defective in repair of substrates containing single-base mismatches or
an unpaired nucleotide (29, 30).

The HCTI 5 colon tumor cell line contains two mutations in the
IiMSH6 gene located on chromosome 2p (22). One is a l-bp deletion
that yields a termination codon at amino acid 222. The other is a
complex mutation (GATAGAâ€”@T)at codon I 103, creating a termi
nation codon 9 bp downstream. The DLD1 colon tumor cell line is
genetically identical to HCT15, as determined by restriction length
polymorphism analysis (37), minisatellite analysis (30), and muta

tional analysis of RAS and p53 (23). HCT15 and DLD1 cells also
contain an identical Gâ€”@Atransition mutation in the pol@ gene (31)
that changes codon 506 from an arginine to a histidine (Fig. 1).
HCTI5 and DLD1 cells have elevated mutation rates at microsatellite
sequences (22, 23) and at the HPRTlocus (24â€”26,28). DLD1 cells are
resistant to the cytotoxic effect of treatment with N-methyl-N-nitro
sourea ( 18), and extracts of DLD 1 and HCT1 5 cells are defective in
repair of substrates containing mismatches and certain single-unpaired
nucleotides (4, 29, 30).

Evidence for the Presence of Wild-Type hMSH2 and hMSH6
Genes in Clones Receiving Chromosome 2. Chromosomes 2 and 17
were transferred individually to a single-cell clone of HEC59 cells by
microcell fusion. Clones receiving either chromosome were selected
for resistance to G4l8. The status of the hMSH2 gene was then
examined with a protein truncation test using cDNA isolated from
either the parental clone lacking a transferred chromosome (designat

bovine 505 â€” f..

S.
S. pombe

509 â€”
490 â€”....i.

Plasmodiumfi. 499 â€”k.jâ€¢t..iâ€¢.gv.. â€”

Codon Exo Ill MotifCodonPol

Ã¶ Normal human 506 â€”RRLAVYCLKDAYLP â€”519HCT15/DLD1

506 â€”H . â€”519518â€”

522â€”

503512E.coIiPoll

492 â€”e Y@ â€”505

029 Pol 160 â€”p 1@ â€”173Incidence

in 26 other pols for: R YD0
2626Fig.

I. Alignment of Exo III motifs in various DNA polymerases. The top line shows
the normal human pol 6 protein sequence for codons 506â€”519, the region designated as
the Exo III motif (48). The second line shows the Argâ€”.Hischange at codon 506 found
in HCTI5 cells (31). â€¢,codons that are identical to those in the normal human pal 6
sequence. Lowercase letters, differences from the human sequence. The arginine that is
changed to histidine in HCT15 cells is conserved only among the human, bovine, S.
cerevisiae, and S. pombe pal 6 genes. The tyrosine and aspartic acid sequences shown for
E. coli pol I and 029 DNA polymerase are invariant among 33 polymerase genes. A
D5OIA change in E coli pol I (46) or YI65F, YI65C, or DI69A changes in 029 pol (47),
greatly reduces 3' â€”@5' exonuclease activity; these residues are underlined. (Adapted
from Ref. 48.)
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indicate that the HC clone has four copies of chromosome 2, whereas

HC-2.4 contains an additional chromosome 2.
In a similar manner, chromosome 2 was transferred to a single-cell

clone of either HCT15 or DLD1 cells, and clones receiving chromo

some 2 were selected for resistance to 041 8. The status of the hMSH6
gene was then examined in the parental clones lacking a transferred
chromosome [designated Hl5 and Dl(A), respectively, for the
HCTI5 or DLD1 clone], as well as in clones that had received
chromosome 2 (designated H15-2. 1 and Dl-2.1 , respectively, for the
HCT15 or DLD1 recipients). Here, we did not use a protein truncation
assay because, unlike the situation in HEC59 cells, the /ZMSH6 gene

termination codons in HCTI5 are widely separated (see description
above), making the use of protein truncation assays more complex.
Thus, we looked for the presence of hMSH6 protein by Western

analysis. In an extract of mismatch repair-proficient (17) TK6 lym

phoblastoid cells, a band that reacts with the polyclonal antibody to
hMSH6 and is of the expected length of full-length hMSH6 is ob
served (Fig. 3A, band indicated by an arrow). As expected based on
the hMSH6 mutational analysis, no such band was detected in either
the Hl5 or Dl(A) parental clones (Fig. 3A). However, a band con
sistent with the presence of full-length hMSH6 was detected in both

the H15-2.1 and Dl-2.l clones (Fig. 3A), albeit in different amounts.

These data suggest that both clones had received chromosome 2 and
were expressing hMSH6 protein.

Chromosome 2 Transfer Restores Sensitivity to MNNG. The
responses of the parental and chromosome-recipient cell clones to the
cytotoxic effects of treatment with MNNG are shown in Fig. 4.

Consistent with other studies showing that cell lines with mutations in
mismatch repair genes are resistant to certain chemicals that modify

DNA (13â€”21),the parental clones HC (Fig. 4A) and Hl5 and Dl(A)
(Fig. 4B), and the HC-17.6 clone were all resistant to treatment with
MNNG in concentrations up to 10 p@M.In contrast, all three clones that
had received chromosome 2, i.e., HC-2.4 (Fig. 4A) and Hl5-2.l and

D1-2.1 (Fig. 4B), were more sensitive to killing by MNNG. Interest
ingly, Dl-2.l is somewhat more sensitive than Hl5-2.l (Fig. 4B),
which parallels the apparent higher expression level for hMSH6

protein (Fig. 3).
Chromosome 2 Transfer Restores Genetic Stability. Typical of

other cell lines with mutations in mismatch repair genes, HEC59 cells
exhibit microsatellite instability (29). This includes the parental HC
clone used here, in which marked instability is observed among 15
single-cell clones (Fig. 5, left) using a (CiT)8 repeat locus previously
demonstrated to be a highly sensitive marker for instability ( I5, 38).
Similar instability is observed in clones derived from HC-l7.6 cells

B

1 2 3 4 5

@ =

4â€•

Fig. 2. Protein truncation test in HC, HC-2.4, and HC-l7.6. In vitro transcription
translation was performed as described in â€œMaterialsand Methods.â€• Lane I, normal
human uterus; Lane 2, HEC59 cells; Lane 3, HC subclone; Lane 4, HC-l7.6 subclone;
Lane 5, HC-2.4 subclone. The two prominent bands in Lanes 2â€”4are at the positions
predicted by the known mutations in the hMSH2 gene in HEC59 cells (29, 30). whereas
the additional band in Lane 5 has the mobility expected of full-length hMSH2 (molecular
weight markers not shown).

ed HC), a clone that received chromosome 2 (designated HC-2.4), or
a clone that received chromosome 17 (designated HC-17.6). Using
primers for codons 1â€”678of the hMSH2 gene and cDNA from normal
uterus, full-length protein was observed (Fig. 2, Lane 1). In contrast,
using cDNA from either HEC59 cells (Lane 2), the HC clone (Lane
3), or the HC-l7.6 clone (Lane 4), no full-length protein was ob
served. Instead, we observed the two truncated protein products
predicted by the known hMSH2 mutations in HEC59 cells described
above. Importantly, cDNA isolated from clone HC-2.4, into which
had been transferred chromosome 2, revealed the presence of full
length protein (uppermost band in Lane 5 of Fig. 2), consistent with
the presence of the wild-type !ZMSH2 gene. Moreover, Western anal
ysis (Fig. 3B) demonstrated the presence of full-length hMSH2 pro
tein in an extract of HC-2.4 cells but no hMSH2 protein in an extract
of HC cells.

This analysis does not describe the number of copies of normal
chromosome 2 present in HC2â€”4.To do this, we performed karyo
typing and fluorescent in situ hybridization. The results (not shown)

A
1@

Fig. 3. Analysis of IIMSH2 and hMSH6 in cell lines. Western
analysis was performed as described in â€œMaterialsand Methodsâ€•
for hMSH6 protein (A)and for hMSH2 protein (B). The positions
of the molecular weight markers that were analyzed in parallel
lanes are indicated to the right of each panel, and the arrows
representthemigrationpositionsexpectedforfull-lengthhMSH6
or hMSH2 proteins.
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repair. However, the mutant frequency of HC-2.4 cells was similar to
that of SW480 cells, demonstrating that introduction of chromosome
2 strongly reduced the mutator phenotype.

DLDI cells (23) and other cell lines (22) having mutations in
hMSH6 also exhibit microsatellite instability. However, microsatellite
instability is less pronounced than in hMSH2 mutant cells, probably
because MSH6 and MSH3 have partially redundant functions for
repair of certain insertion/deletion intermediates (38â€”41). However,
DLD1 cells have a strongly elevated mutation rate at the HPRT locus
(24â€”28).To determine whether this mutator phenotype was corrected
by introduction of chromosome 2, we compared the HPRT mutation
rates of HiS and D1(A) to those of H15-2.1 and D1-2.1 cells,
respectively (Table 2). As expected, the mutation rates of the parental
HIS and D1(A) clones are 200- and 160-fold higher, respectively,
than the rate in SW480 cells. However, the mutation rates of the
H15-2.1 and D1-2.1 clones are 33- and 20-fold lower, respectively,
than those of their parental lines. Thus, the introduction of normal
chromosome 2 to HiS and D1(A) cells corrected most of the insta
bility observed at the HPRT locus.

Mismatch Repair Defect Can Be Restored by a Single Chro
mosome 2. We next examined the ability of extracts of the parental
and chromosome 2-transferred cell lines to repair several heterodu
plex substrates in vitro. As expected, based on earlier results with
HEC59 cells (29, 30), extracts of the hMSH2-mutant HC or HC-17.6
cell clones were defective in repair of substrates containing a G-G
mismatch or one or two extra nucleotides (Fig. 6). In contrast, an
extract of HC-2.4 cells repaired both substrates in a stand-specific
manner. Previous studies have demonstrated that extracts of both
DLD1 cells (29) and HCT15 cells (4) are defective in repair of
substrates containing base-base mispairs, but an extract of HCT15

C
0
0
Lu
Uu

C)
C
>
>
Lu

U)
G)
>

a)

0.1

1
0.01

0.1

H2-4 clones

0.01

MNNG (aiM)

Fig. 4. MNNG resistance of HEC59, HCT15, and DLD1 clones. Clones were treated
with MNNG as described in â€œMaterialsand Methods.â€•The relative surviving fraction 10
days after treatment with MNNG are shown. A, HEC59 clones; B, HCT15 and DLD1
clones. See insets for key to symbols.

(not shown), indicating that introduction of chromosome 17 has a
negligible effect on microsatellite instability. In contrast, no instability
was observed among 15 single-cell clones derived from HC-2.4 cells
(Fig. 5, right). Similar results were obtained at the D14S73 locus, a
(CA)n repeat (not shown). Here, instability was observed in 22 of 30
HC clones and in 12 of 18 HC-7.6 clones but not once in 30 HC-2.4
clones. Thus, transfer of chromosome 2 to hMSH2-mutant HEC59
cells restored microsatellite stability.

Attempts to obtain mutant frequencies in HECS9 cells using the
endogenous HPRT gene, in which both base substitution and frame
shift mutations in homopolymeric runs can be scored, were unsuc
cessful. No HPRT mutant clones were recovered among 1 X iO@cells
plated. This may be due to the presence of multiple copies of the X
chromosome expressing the HPRT gene. However, we were success
ful in determining the frequency of mutants arising at the endogenous
Na@/K@ ATPase locus that render cells resistant to treatment with
ouabain. The mutant frequencies of HC and HC-l7.6 cells were 20-
and 58-fold higher (Table I), respectively, than that of SW480 cells,
a colon tumor cell line known to be proficient in mismatch repair (29).
These elevated frequencies are consistent with a defect in mismatch

3952

@.:

Fig. 5. Microsatellite instability of HC and H2â€”4.Microsatellite analysis of the
D7SI 794 locus in 15 single-cell clones of HC or HC2â€”4cells, performed as described in
â€œMaterialsand Methods.â€•

Table I Mutation frequencies at the Na@/K@ATPase locus in subclones of HEC59
cells with or without chromosome 2

HC clones
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Table 2 Mutation rates at the HPRT locus in subclones of HCTI5 and DLDJ cells withor without chromosome2Mutant

MutationRelative%frequency
rateâ€•

Cell line (XlO_6) (Xl0@)mutation rates'correction ofrateSW480

<0.20.751Hl5
240150200H15â€”2.l

7.94.2697Dl(A)
1500120160Dlâ€”2.l

605.7895a

Mutationsat HPRTlocus/cell/generation,forduplicatedeterminations.Thevaluefor SW480cellsis fromRef.28.
b Rates are relative to that observed in SW480 cells.
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cells did repair substrates with two extra nucleotides (4). Consistent
with these reports, extracts of the parental HiS and D1(A) clones are
defective in repair of a G-G mismatch but do repair a substrate
containing two extra nucleotides (Fig. 6). In contrast, extracts pre
pared from H15-2.l and D1-2.1 cells are proficient in repair of both
substrates (Fig. 6). These data demonstrate that the presence of a
wild-type chromosome 2 complements the mismatch repair defect of
HECS9, HiS, and Dl(A) cells.

DISCUSSION

Our current understanding of the functions of mismatch repair
genes and their relationship to cancer (reviewed in Refs. 1â€”3)comes
partly from studies of mutant human tumor cells lines that have been
in culture for many cell generations and have strongly elevated
mutation rates. The hMSH2-mutant HECS9 cell line was established
10 years ago (42) and exhibits instability at multiple microsatellite
loci (Fig. 5, Ref. 29). Similarly, the hMSH6-mutant cell lines were
established 18 years ago (HCT1S, Ref. 43; DLD1, Ref. 44) and have
mutation rates elevated by 100-fold or more relative to wild-type cells
(Table 1; Refs. 24â€”28).Thus, in addition to mutations in hMSH2 and
hMSH6, these cells may be mutant in other genes that are causally
related to one or more of their phenotypes.

At least three types of complementation could be used to establish
a cause-effect relationship between a mutation in a mismatch repair

>@
C)

0)
C)

w

0.
0)
cr:

Fig. 6. Correction of defective mismatch repair activity introduction of chromosome 2.
Substrates contained either a 0-0 mismatch at position 88 or two unpaired nucleotides in
the minus strand at positions 90â€”91of the lacZ gene. The nick was in the minus strand
at position â€”264.Mismatch repair reactions and analysis of products for repair activity
wereperformedas describedin â€œMaterialsand Methods.â€•Repairefficiencywascalcu
lated as described (33), with each value reflecting at least 500 total plaques scored. In
instances where repair was observed, it was judged to be strand specific, as indicated by
the change in the ratio of blue to white plaques (33).

gene and phenotypes of interest. One is to use wild-type proteins to
complement a defect observed in vitro. (4). Another is to introduce
wild-type genes into mutant tumor cells using expression vectors. This
would have the advantage of introducing only the gene(s) of interest,
although its level of expression could be problematic. Our attempts
with this approach have not yet been successful. The third approach,
used here, is to introduce, by microcell fusion, a specific human
chromosome containing the mismatch repair gene of interest. This
presents the gene in its natural chromosomal environment and at a
reasonable dosage, e.g. , one wild-type chromosome would mimic a

heterozygote. This approach does not allow unequivocal assignment
of function to one particular gene because each chromosome contains
thousands of genes. However, it limits the possibilities to those genes
encoded by the introduced chromosome, which in this study include
the mismatch repair genes on chromosome 2 that are known to be
mutant.

The value of this approach is illustrated here with HCT1S and
DLD1 cells, which contain both hMSH6 mutations and a Gâ€”*A
mutation (31) in the sequence encoding the replicative pol 6 gene,
located on chromosome 19 (32). This mutation changes an arginine to
a histidine in the Exo III motif, thought to be critical for the proof
reading by DNA polymerases that have intrinsic 3' â€”@5' exonuclease
activity. A tyrosine and an aspartic acid residue in this motif are
completely conserved among 33 DNA polymerase genes (Fig. 1). The
structure of the 3' â€”@5' exonuclease active site of the large Klenow
fragment of E. coli DNA pol I suggests that the conserved aspartic
acid 501 (underlined in Fig. 1) may help anchor two divalent metal
ions that are essential for catalysis (reviewed in Ref. 45). Altering this
residue to alanine reduces the exonuclease activity of Klenow polym
erase by 10,000-fold (46). Similarly, altering either the conserved
aspartic acid or tyrosine in phage 029 DNA polymerase (underlined in
Fig. 1) greatly reduces exonucleolytic activity, and it also reduces
DNA polymerase fidelity and strand displacement ability (47). Given
that the nearby arginine residue at the edge of this motif is conserved
in the human, bovine, Schizosaccharomyces pombe, and Saccharo

myces cerevisiae pol 6 genes (top of Fig. 1), the nonconservative
change to histidine found in the pol 6 Exo III coding sequence in
HCT15 and DLD1 cells could hypothetically lead to lower replication
fidelity, thus giving rise to the elevated mutation rates in these cells.
Alternatively, this residue may not be critical for replication fidelity
because it is not conserved within the Exo III motifs of 29 other DNA
polymerases (Fig. 1).

Introduction of chromosome 2 into hMSH2-mutant HEC59 cells
corrected microsatellite instability at a triplet repeat locus (Fig. 5), a
dinucleotide repeat locus (not shown), and the Na@/K@ ATPase locus
(Table 1). This indicates that mutations on chromosome 2, inferred to
be those in the hMSH2 gene, are responsible for the instability in
HECS9 cells. Similarly, the data presented in Table 2 demonstrate that
introduction of chromosome 2 into HCT1S and DLD1 cells was
sufficient to lower the HPRT gene mutation rate to near the wild-type
value. This suggests that the pol@ gene mutation on chromosome 19
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is not the primary determinant of the mutation rate in HCT1S and
DLD1 cells. Rather, the data suggest that mutations on chromosome
2, presumably in hMSH6, are primarily responsible for the elevated
mutation rates. HPRTmutations in DLD1 cells are primarily a mixture
of transitions and transversions (25, 26, 28). The fact that the HPRT
mutation rate was reduced by 95â€”97%upon introduction of chromo
some 2 (Table 2) suggests that hMSH6 participates in correction of a
variety of base-base mismatches. This interpretation is consistent with
a number of observations on the specificity of hMSH6-dependent
mismatch repair in yeast and human cells (Ref. 39; also reviewed in
Refs. 2 and 3). The observation that the mutation rates in HlS-2.l and
D1-2.l cells were 6- and 8-fold higher than the rate in mismatch
repair-proficient SW480 cells (Table 2), respectively, may reflect
experimental fluctuations for measurements involving low mutation

rates, or it could result from incomplete correction by the introduced
hMSH6 gene. Alternatively, the pol 6 gene mutation may have some
effect on the mutation rate.

Introduction of chromosome 2 into HECS9, HCT1S, or DLD1 cells
restored sensitivity to MNNG (Fig. 4), consistent with a role for
hMSH2 and hMSH6 in recognizing base pairs modified by this
alkylating agent. Extracts of HEC59, HCT1S and DLD1 cells into
which chromosome 2 had been introduced are also capable of strand
specific mismatch repair (Fig. 6). In the case of hMSH2-mutant
HECS9 cells, chromosome 2 complemented defects in strand-specific
repair of a substrate containing a base-base mismatch or two unpaired
bases. As in an earlier report using HCT1S cell extracts (4), here we
find that the latter substrate is repaired in extracts of hMSH6-mutant
HCT1S and DLD1 cells. More importantly, the inability of HCT15
and DLD1 cell extracts to repair a base-base mismatch is comple
mented by the introduction of chromosome 2. These data on the
effects of introducing chromosome 2 on mismatch repair activity are
consistent with the lower mutation rates in these cells and with an
earlier report demonstrating that the addition of a hMSH2-hMSH6
complex to extracts made from hMSH2-mutant LoVo cells and
hMSH6-mutant HCT15 cells restored mismatch repair activity (4).

These results provide additional support for the hypothesis that
mutations in hMSH2 and hMSH6 are causally related to elevated
mutation rates and MNNG resistance and to defective mismatch repair
activity in cell extracts. In conjunction with earlier studies on tumor
cell lines mutant in hMLHJ (15) and hMSH3 (38), this report brings
to four the number of human mismatch repair gene defects that have
been corrected by introducing a normal chromosome by microcell
fusion. This panel of human cell lines is a resource for future evalu

ation of the roles of these gene products.
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