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ACCELERATED PAPER

Effect of hMSH6 cDNA expression on the phenotype of mismatch
repair-deficient colon cancer cell line HCT15
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Rome, Italy Tumour Therapy Evaluation Laboratory, Paul Scherrer- and tolerance to certain types of DNA-modifying drugs (8).
Institute, 5232 Villigen, Switzerland amistituto di Ricerche di Biologia Our understanding of this repair pathway in human cells has
Molecolare ‘P.Angeletti’, Via Pontina km 30 600, 1-00040 Pomezia, Italy been greatly facilitated by the fact that the process is highly
“To whom correspondence should be addressed conserved throughout evolution. Thus, genetic and biochemical
Email: jiricny@imr.unizh.ch studies of mismatch repair in lower organisms, in particular

Mismatch recognition in human cells is mediated primarily ~ Escherichia coliand Saccharomyces cerevisiahave been
by a heterodimer of hMSH2 and hMSH6. Cells mutated extremely informative. Moreover, the different phenotypes of
in both alleles of the hMSH6 gene are deficient in the human tumour-derived mismatch repair-deficient cells helped
correction of base/base mispairs and insertion/deletion to elucidate the roles of the individual mismatch repair proteins
loops of one nucleotide and thus exhibit a strong mutator  in the correction process. Biochemical studies carried out with
phenotype, evidenced by elevated mutation rates and micro- extracts of these cells were instrumental in the discovery that,
satellite instability, as well as by tolerance to methylating  while in E.coli the initial steps of mismatch correction are
agents. The decrease in replication fidelity associated with mediated by the homodimeric MutS and MutL proteins,
a loss of mismatch correction implies that with each recognition of base/base mispairs and small insertion/deletion
division, these (;ells are likely to acquire new mutations |pops (IDLs) in human extracts is mediated primarily by
throughout their genomes. Should such secondary hmutSa, an abundant heterodimer of two MutS homologues,
mutations occur in genes linked to replication fidelity or  KMSH2 and hMSHS6 (the latter is also known as GTBP
involved in the maintenance of genomic stability, they o p160) (9-11). The resulting protein-DNA complex is
might contribute to the observed mutator phenotype. The subsequently bound by a second heterodimer, helutiom-
human colon tumour line HCT15 represents one such case. posed of hMLH1 and hPMS2 (12). The system also appears
Although it carries inactivating mutations in both hMSH6 {4 have some built-in redundancy, as a second heterodimer,
alleles, it has also been shown to contain a missense p\ytSs, composed of hMSH2 and hMSHS3, participates in the
mutation in the coding sequence of the proo_freadlng domain  .qrrection of IDLs, but not base/base mispairs (13-16).
of the polymerased gene. In an attempt to find out whether There is little doubt that inheritance of mutations in mismatch
the phenotype of HCT15 cells was indeed brought about repair genes, especially iInMLH1 and hMSH2 predisposes
solely by the lack of hMSHE, we stably transfected them 4" ancer of the colon, endometrium and ovary, as witnessed
with a vector carrying the wild-type hMSHE CDNA. Our 1, e high frequency of these types of tumours in hereditary
resultls show that althom;gﬂ the_ll(tja-vels of transgenlcl h'(\j/'.SH6 non-polyposis colon cancer (HNPCC) families (2). Indeed, the
\énggta%\’t‘za Iexrrc)ersetz?a(;% r? éfen\;‘;;n;ggﬁ pbri?]tgi'g resulte 'nr? discovery that tumour tissue from HNPCC patients exhibited
: . o g, mismatc microsatellite instability, a phenotype referred to as replication
repair ﬁapac_lty t?]nd thg St?b'“tnyf mf{)rlpnucletotldzrlter;])eati, error in repeats (RER (17), instigated the search for defects
as well as in the reduction of mutation rates. oug = RN X i . !
methylation tolerance of the hMSHG6-expressing cells was ngI':Ae\:ﬁjF:alE?;I?Ea?ihgogégﬂlecggre ée%?ér\'/a-trgderﬁldtsaﬁésno
not markedly affected, the G, cell cycle checkpoint, absent f P : tch ir defici yp ’dt | i thyl
in N-methyl-N’-nitro- N-nitrosoguanidine-treated control requency, mismatch repair deficiency and tolerance to metnyl-
cells. was restored. ating agents are linked with mutations in mlsmatch repair
' genes (3,4,18). However, unambiguous evidence that these
mutations are entirely responsible for the observed phenotype
is still lacking. This is due to the fact that mismatch repair-
) ) ) . ) ) deficient cells have a propensity to acquire new mutations
Mutations in genes encoding mismatch repair proteins havguring each replication cycle. The possibility that such
been found in both sporadic and hereditary colon cancers (Imytations could have arisen in other genes involved in the
4). Post-replicative mismatch correction increases the fidelitynaintenance of genomic integrity could therefore not be
excluded. A case in point is the human colon tumour line
Abbreviations: BrdU, 5-bromo-2-deoxyuridine; DMEM, Dulbecco's modi- HCT15. These cells carry a mutatedISH6gene, with one
fied Eagle’s medium; DMSO, dimethylsulphoxide; DTT, dithiothreitol; allele having been inactivated by a single nucleotide deletion
HNPE&MZ%E?;&}% rjm—spﬁ%giztﬁﬂlogaﬁiigcge;thH'[tlr,a:gfirr%?g{f&?\j’\l'DLvmutation in codon 222 which results in a change from leucine
Il{l]-srﬁ:ethyH\l’-nitro-N-n?t’rosoguanidine; {/I?\IU,N-methyH)\II-nitrosourea{; PBS, 'toa termmatlc.m (.:Odon am.j the other allele havmg a complex
phosphate-buffered saline; PMSF, phenylmethylsulphonyl fluoride; poldeletion/substitution mutation (GATAGAT) at codon 1103,
polymerase; RER, replication error in repeats; 6-TG, 6-thioguanine. which causes protein synthesis to terminate three amino acid
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residues downstream (19). HCT15 cells are, correspondingy4gClo, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulphonyl fluoride
defective in the correction of base/base mismatches and sm IEMSF)]. After 15 min incubation on ice, the cells were homogenized with

by &@n Vi dh strokes in a glass micro-Dounce homogenizer pre-rinsed with buffer A.
IDLs, as measured by &n vitro assay (9), and have a strong J,e homogenate was centrifuged in an Eppendorf microfuge for 20 s at

mutator phenotype (20,21). They are also tolerant to high2 000 r.p.m. The nuclear pellets were resuspended in two-thirds vol ice-cold
concentrations of methylating agents (22). However, an earligruffer C (20 mM HEPES, pH 7.9, 420 mM NaCl, 1.5 mM Mg0.2 mM
study also identified a mutation in the polymerase (@ol)- EDTA, 20% glycerol, 1 mM DTT, 1 mM PMSF) and incubated for 30 min

e : at 4°C on a rotating wheel. The samples were then centrifuged for 5 min at
gene, where a GA transition mutation alters a conserved 12 000 r.p.m. and the supernatant was collected, snap frozen in small aliquots

amino acid residue that is located in the-3' proofreading i liquid nitrogen and stored at —80°C.
exonuclease domain of the protein (23). As mutations in the,ng shift assays

proofreading exonuclease subunits of other polymerases e band shift assays were carried out as described previously (29). Briefly,
known to possess extremely strong mutator phenotypes (24%p-jabelled 34mer oligonucleotide duplexes, either perfectly matched (G/C)
there exists the possibility that the pblmutation contributes or containing a single G/T mismatch (G/T), were incubated witpdSuclear

to the phenotype of HCT15 cells. One way to answer thisexgract in the presence of 25 mM HEPES-KOH, pH 8.0, 0.5 mM EDTA,
guestion is to express the wild-type hMSH6 protein in thesic:/" (v/v) glycerol, 0.5 mM DTT and Jug poly(dl-dC) competitor DNA

Boehringer Mannheim, Mannheim, Germany) in a total volume ofuR0
cells and to see whether the mutator phenotype of the trangne mixture was allowed to stand at room temperature for 20 min. Five

fected cells has been corrected. We now report that expressioficroliters of the mixture were loaded onto a 6% non-denaturing polyacryl-

of wild-type hMSH®6 in HCT15 cells resulted in a substantial amide gel run in X TAE buffer. Electrophoresis was carried out at 150 V

correction of the defects in mismatch binding and baselprlntll the bromophenol blue dye, loaded in an adjacent well, migrated ~7 cm.
. - - . . . The dried gels were autoradiographed at —80°C.

base mispair correction and restored stability to microsatellite blott s

sequences. Although expressed only at low levels, wild-typd"munoblotting (western) analysis

: ; :Aliquots of 25-100pg nuclear extract were loaded on 7.5% SDS—poly-
hMSH6 also brotht about a modest reduction in mutatlorﬁcrylamide gels. After electrophoresis, the proteins were transferred to a

rate at _the HPRT locus. The Sen_SitiViW of the _hMSHG' nitrocellulose membrane (Schleicher & Schuell) by electroblotting at 30 V
expressing HCT15 cells to methylating agents remained largelyvernight at 4°C in 25 mM Tris, 192 mM glycine and 20% methanol. The
unaltered, but the &cell cycle checkpoint, which is generally membrane was blocked with 5% low fat milk in TBST (100 mM Tris-HClI,

absent from mismatch repair-deficient cells following treatment""'e nfbr;i% Tv'\a’l's'\‘;gr'{ ?hgﬁgt:gegr‘ Zlo)hrf‘;t *}052;10ng“mtsgr‘gtirraet“\:v‘?t-m%use
with methylating agents (25), appears to have been reStorecmonoclonal anti-hMSH6 (15) and anti-hMSH2 (AB-2; Calbiochem) antibodies
at a final concentration of 0.8 and Qug/ml, respectively. After three washes
Materials and methods with TBST, the membrane was incubated with alkaline phosphatase-conjugated
anti-mouse IgG (1:4000; Sigma) for 1 h at room temperature and developed
The reagents used in these experiments were obtained from the followingccording to the manufacturer’s (Sigma) instructions.
sources: pCDNA-3 from Invitrogen (San Diego, CA); G418 (Geneticin) from .
Gibco BRL Life Technologies (Gaithersburg, MDY-methyl-N-nitrosourea Northern blot analysis o .
(MNU; Sigma, St Louis, MO) was dissolved in dimethylsulphoxide (DMSO Total R_’NA was extracted f(om Iogarlthrr_ucally growing Hela, H-c and H-5
and diluted in phosphate-buffered saline (PBS)/20 mM HEPES, pH 7.4, tgells with TRIzol reagent (Gibco BRL). Aliquots of 3@ were then suspended
the required concentration immediately before use. A stock solution offt formamide loading buffer and electrophoresed on a 1% formaldehyde—
Of-benzylguanine (a kind gift of J.Thomale, University of Essen, Essen@darose gel. The positions of_ the 28S and 18S rRNAs were determlned_by
Germany) was prepared in DMSO and stored at —20°C. The Megaprime DNANSpection on a UV transilluminator and the gel was then blotted for 16 h in
labelling system was from Amersham International (Little Chalfont, UK); 20X SSC on a Genescreen nylon membrane (DuPont/NEN, Keene, NH). The
Dulbecco’s modified Eagle’s medium (DMEM) was from Gibco; the HCT15 filter was rinsed in X SSC, baked under vacuum for 1 h at 80°C and
cell line was kindly provided by Dr Thomas Kunkel (NIEHS, NC). Standard crosslinked for 30 s in a Stratalinker (Stratagene, La Jolla, CA). Prehybridiza-

laboratory procedures were carried out according to Sambebak (26). tion was performed in 8 SSPE, 50% formamide,>5 Denhardt's solution,
1% SDS, 10% dextran sulphate and 100 mg/ml denatured salmon sperm DNA

Construction of the hMSHEDNA expression vector for 2 h at 42°C. Hybridization was carried out in the same buffer containing
The full-lengthh MSH6CcDNA (10,27) was excised from plasmid pBluescript 1x10° c.p.m./ml 32P-labelled random primed 2 kb gel-purifigdMSH6
hMSH6 (10) with BanrHl and Xhd. The 4283 bp fragment was ligated fragment for 16 h at 42°C. The membrane was washed once at room
between theBanH| and Xhd sites of pCDNA-3. The resulting plasmid, temperature in 8 SSPE (10 min), once at 65°C inx2 SSPE, 2% SDS
pCDNA/hMSHS, and the control, insert-less pPCDNA-3 vector were purified (10 min) and the filter was then air dried and autoradiographed.

by isopycnic centrifugation on a CsCI gradient and transfected into HCqu?T_

cells. The insert in the H-5 clone was then sequenced to ensure that no PCR analysis of hMSHG expression in Hela, H-c and H-5 cells

mutations were present in theMSH6coding region. hMSH6 cDNA was synthesized_ by reverse transcripti(_)n, starting froprg4
. . total RNA. Following denaturation by heating for 5 min at 75°C, a mixture
Transfection of HCT15 cells and selection of stable clones containing 100 pmol oligo d(T)_ss primer (Pharmacia Biotech, Uppsala,

The HCT15 cells were grown in DMEM supplemented with 10% fetal bovine Sweden) and 1000 U Moloney murine leukaemia virus reverse transcriptase
serum (Gibco), in a humidified 5% GQatmosphere at 37°C. The DNA (M-MLV 200 U/ul; Promega, Madison, WI) in 2@ 10 mM DTT, 50 mM
transfection of HCT15 cells was performed by the calcium phosphateTris—HCI, pH 8.3, 75 mM KCI, 3 mM MgGland 0.2 mM each deoxynucleoside
precipitation technique. Briefly, logarithmically growing cells were sub- triphosphate (Pharmacia Biotech) was added and the reaction was incubated
cultured at a density of 210° cells/10 cm dish and 24 h later 2@ plasmid for 1 h at 37°C. The enzyme was inactivated by heating for 5 min at 95°C.
DNA/calcium phosphate precipitate were left on the cells overnight. The cellsSThe PCR primers pT7 (TAATACGACTCACTATAGGG), C15r (AACTGTA-
were washed and incubated for 2 days in fresh culture medium, whereupoBATGAACACGGA) and Nick5 (CGGGATCCGATGTCGCGACAGAGC-
selection was initiated by the addition of G418 to the growth medium atACC; Figure 1a) were then used to amplify thlSH6transcripts. PCR was

900 pg/ml. After 3 weeks, the resistant colonies were collected in cloningperformed using 35 cycles of 95°C for 1 min, 50°C for 45 s and 72°C for
rings and propagated into mass cultures. Three weeks later, the colonies weg8 s in Ix buffer (Stratagene) with 100 ng HeLa cDNA or with 50 ng H-c
analysed for h(MSH6 expression. The clones stably expressing hMSH6 werer H-5 cDNA, 5% DMSO, 0.2 mM each deoxynucleoside triphosphate,
maintained in a medium containing 9Q@®/ml G418. One clone, named 1 mM each primer and 2.5 U Taq polymerase (Tag-plus Precision PCR
H-5, expressing the highest level of hMSH6 (see below), was selected foSystem; Stratagene). The products were separated by electrophoresis in an
further study. A second clone, named H-c, stably transfected with the emptggarose gel containing ethidium bromide and visualized on a UV trans-

expression vector, was used as a control. illuminator (Figure 1c).
Preparation of nuclear extracts Mutation rate analysis
Nuclear extracts were prepared according to the method of Digetaad. The H-c and H-5 cells were plated at low density (100 cells/dish) to ensure

(28). The harvested cells were washed twice with PBS, collected and dissolvetie absence of pre-existing mutants. The cultures were grown to between
in 1 vol ice-cold buffer A [10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM 5x10* and 1.5<10° cells/dish. All cells in each replicate were plated into
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Fig. 1. Northern blot and RT-PCR analysis of hMSH6 expression in H-5 cel)sS¢hematic representation of the retroviral expression vector. P CMV,
enhancer/promoter cassette of cytomegalovirus; BGHpA, bovine growth hormone polyadenylation signal sequence. Arrows indicate the position and
orientation of primers used in the RT-PCR experiments. The dashed arrow indicates the transcription stgrtsiteidjzation of total RNA extracted from
Hela, H-c and H-5 cells with either a radiolabelleMSH6probe (top) or with a referend&actin probe (bottom).d) RT-PCR analysis of hMSH6

expression. Amplification ohMSH6cDNA reverse transcribed from total MRNA isolated from Hela, H-c and H-5 cells. PCR reactions with the primer pair
Nick5/C15r amplified both endogenous and transgMSH6CcDNA. In contrast, only transgenic cDNA was amplified with the primer pair pT7/C15r

[see (a)]. Plasmids pCDNA and pCDNA/hMSH6 were used as controls. In the two right-most lanes are the negative controls, where the amplification
reactions were carried out with both primer pairs in the absence of DNA.

selective medium containing 6-thioguanine (6-TG; Sigma) at a des&ity10P strand of linearized RF DNA. One femtomole of the respective heteroduplex
cells/10 cm dish. Colonies were grown for 2 weeks before fixing with methanowas used in a repair reaction (26) with 30 mM HEPES, pH 7.8, 7 mM

and staining with 10% Giemsa in aqueous solution. Only colonies wi0B MgCl,, 4 mM ATP, 200uM each CTP, GTP and UTP, 1Q@M each dATP,

cells were counted. Mutation rates were calculated by the method of thedGTP, dTTP and dCTP, 40 mM creatine phosphate, 100 fmol creatine
mean (20). phosphokinase, 15 mM sodium phosphate, pH 7.5, andgsprotein extract.

: : The incubation was carried out at 37°C for 20 min. The repair was directed
DNA sequence analysis of HPRrTutanons. ) to the (-) strand of M13mp2 by the presence of a nick. The DNA heteroduplex
H-c and H-5 cells were plated at a density of 100 cells/dish and grown 10 §55 then purified and introduced by electroporation iBscherichia coli

final number of 5 10° cells. The replica cultures were trypsinized and plated NR9162 (nutS strain), plated on minimal medium in a soft agar layer

in 6-TG at a density of 12810° cells/10 cm dish. After 2 weeks, the colonies containing 0.5 ml of a log phase culture of CSH50 (theomplementation

were picked with cloning cylinders and grown to confluence in_24-we|| tissuestrain), 0.5 ug isopropyl-p-thiogalactopyranoside and @g 5-bromo-4-
culture plates. RNA was isolated from the HPRMutants with TRIzol  chjoro-3-indoylB-p-galactopyranoside. Following incubation for 16 h at 37°C,
reagent. The mutant RNAs were reverse transcribed as described above usig plaques were assigned to one of the following phenotypes: blue, colourless
a HPRT primer complementary to the’&nd of the non-coding region  or mixed. If no repair occurred, mixed plaques were observed containing both
(GTTTCCAAACTCAACTTGAACTCTC). The cDNA products were ampli-  pjue and colourless progeny. Repair of the substrate reduced the percentage
fied using a second primer (CCGGCTTCCTCCTCCTGAGC) complementaryof mixed plaques and increased the percentage of pure colour plaques. As the
to the B-end of the gene. The PCR products were purified and sequencefiick directs repair to the () strand, the¢ ) phenotype increases and the (-)
with nested primers according to the ABI PRISM dRhodamine terminatorphenotype decreases.

cycle sequencing reaction kit (Perkin EImer/Applied Biosystems, Wilton, CT).
In mutants displaying loss of exons from the cDNAs, genomic DNA was

extrap_ted by standa_r'd m_ethods and the exor_1—intron poundaries were P hMSH2 (BAT26) was amplified by PCR using 4,7,2-tetrachloro-6-
\E/ivrl?lﬁ) I::fsdt e‘g":)hri;%?gmc primers. The sequencing reactions were performe@arboxyﬂuorescein-IabeIIed forward primer'-BGACTACTTTTGACTT-

) CAGCC-3 and reverse primer 'SAACCATTCAACATTTTTAACCC-3’
Mismatch repair assays (300 nM each). The amplification was carried out inj#253otal volume with
The efficiency of cytoplasmic extracts of the stably transfected cells inGenAmp X PCR buffer (Perkin Elmer), 1.25 U AmpliTag Gold DNA
repairing DNA mismatches was tested as described previously (15). Brieflypolymerase (Perkin Elmer), 1.5 mM Mgg£LOOuM deoxynucleotide triphos-
cytoplasmic extracts were prepared from B8 Hela, parental HCT15, H-c phates and 5 ng genomic DNA extracted from each single cell clone. After 1
and H-5 cells harvested in the logarithmic growth phase. Following resusperycle of 94°C for 9 min to activate AmpliTaq DNA polymerase, 30 cycles of
sion in an appropriate volume of ice-cold hypotonic buffer to yield a cell 94°C for 45's, 51°C for 1 min and 70°C for 30 s and a final elongation step
density of x1C® cells/ml, the cells were allowed to swell for 10 min in a &t 70°C for 7 min were performed. Mock reactions without DNA were
glass Dounce homogenizer (Kontes, Vineland, NJ) on ice and then lyseBerformed with every twentieth sample and were always negative. After
mechanically with four or more strokes with a tight (type B) pestle. When dilution, the PCR products were denatured Wlth form_amlde at 92°C for 2 min
>80% of cells were lysed, the nuclei were pelleted and the supernatant wad'd electrophoresed through a polymer capillary in an ABI PRISM 310
centrifuged at 12 00§ for 10 min at 4°C, frozen in liquid nitrogen in aliquots C€netic Analyzer (Perkin Elmer). The sizing and quantitation of the DNA
and stored at—80°C. The protein concentration was determined by the Bradfofffgments was performed with the GenScan Analysis software (Perkin Elmer).
method (30). M13mp2 DNA heteroduplexes containing a G/G, G/T or T/GMethylation tolerance studies
base mispairs in the coding sequence of ldeZ a-complementation gene  This experiment was carried out as described previously (31). To measure
were obtained by hybridizing single-stranded viral)(DNA with the (=) cell survival, 100 cells were treated 18 h after seeding in 6 cm dishes for
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30 min at 37°C with various concentrations of MNU in PBS/20 mM HEPES, a
pH 7.4. Cells were then washed, fed with complete medium and, 1-2 weeks

later, the surviving colonies were fixed with methanol, stained with Giemsa and

counted. In the experiments performed in the presen@&-ienzylguanine, the

drug was added to the medium at a final concentration qi¥=2 h prior to Cell line | HeLa |H-c |HS| M
the MNU treatment and kept in the medium for an additional 72 h. NE amount (ug)| 25 | o | 75 | 100 | 100 | 100 |
Cell cycle analysis i: -
Cell synchronization in early S phase was accomplished by treatment with DY R ST S ——— —

hydroxyurea (HU; Sigma). Confluent cells arrested in the resting phase were

replated in fresh complete medium along with 2 mM HU to alloywt@verse.

Fourteen hours later, by which time all cells had accumulated in early S phase,

the HU was removed by two washes with prewarmed serum-free medium. The

cells were then treated with 0 orpBV N-methylN’-nitro-N-nitrosoguanidine

(MNNG; Sigma) in serum-free medium for 45 min at 37°C and 5%,CO

After treatment, they were washed once with 10% serum-containing medium

and returned to drug-free 10% serum-containing medium for 2, 4.5, 7, 12, 15

and 19 h. At each time point, the cells were incubated withul¥D5-bromo-
2'-deoxyuridine (BrdU; Sigma) for 30 min before harvesting. They were then b
washed with PBS, fixed in 70% ethanol and stored at 4°C. Nuclear preparation He | HS
and dual labelling of DNA by propidium iodide (Sigma) and anti-BrdU— G,-‘CIGE‘]GIC|G!T
fluorescein conjugate (Boehringer Mannheim, Basel, Switzerland) were per-

formed as described (25). Cell cycle analysis was performed using a Becton
Dickinson (Lincoln Park, NJ) FACscan flow cytometer and Cell Quest
software. The data analysis is based on two independent experiments.

< Specific

oopgcl.plex
Nonspecific
complexes

Results

Stable transfection of HCT15 cells with a retroviral vector
carrying the hMSH6 cDNA results in the expression of
hMSH6 mMRNA

The expression vehicle pCDNA-3 is an integrating retroviral
vector containing a selectable marker gene that confers resist-
ance to G418. ThétMSH6 cDNA was cloned between the
cytomegalovirus enhancer/promoter cassette and a polyadenyl-
ation signal sequence of the human growth hormone gene.
The correct orientation of the insert was ensured by directional
cloning betwee®anHI| andXhd sites of the vector (Figure 1a;
see also Materials and methods). . . i i

The hMSHB expression vector pPCDNA/hMSHS Was 1rans- antisers to hMISH5 and hWISH2 recognized bands of 160 and 100 kba,
fected into logarithmically growing HCT15 cells by calcium respectively. Aliquots of 10qug H-c and H-5 extracts were loaded. Aliquots
phosphate precipitation. Following long-term selection forof 25-100ug Hela extract were loaded in order to aid in quantitation of
G418 resistance, a total of 10 clones were obtained, whicH'¢ "MSHS signal observed in the transfected cell extracts. M, molecular

! . ! size markers (Bio-Rad, Hercules, CAp) (Mismatch binding activity in

were ,SeleCted and grown into mass cultures under consta, tracts of H-c and H-5 cells. The extracts were incubated with
selective pressure. These clones were tested for the presenggoactively labelled oligonucleotide duplexes either complementary (G/C)
of integratedhMSH6 cDNA by Southern blotting, as well as or containing a single G/T mispair (G/T, see Materials and methods). The
for expression of the protein by band shift and immunoblotingt? Z 2R te e o S cells. The extract of mismalch.
oo At SISHOONA. e <eresten Sone e Sepa ot et cell e used 2 a onvc

for further analysis. Southern blot experiments indicated that S .
H-5 carries about three copies of the integrated vector pnresence of the premature termination codons (32). This result

(data not shown) Indicates that the 4.2 kb signal seen in the stably transfected
Because the H-5 clone was resistant to G418, the selectabfi?€ H-5 is due almost entirely to the transcript originating
marker gene was clearly expressed from the transfected vect ?tmhe:hbe ttﬁ@négf?%RVgi g?irl::(ejntssugrslgwg?r:eFithﬁe Fﬂ:edLIJ(;tilr?n
We therefore decided to test whether this clone also express . y P 9 : 9

hMSH6mMRNA. To this end, total RNA isolated from Hela, thg t?eiir?;zrer?:i?ﬁ do:)“neesggﬁigrcicﬂzlr:i;huereRFaA gr)i(gfrzsgq';/rgTSr
H-c (control, HCT15 cells stably transfected with the emptyand Nick5/C15r, respectively), we could show that while a

pCDNA-3 vector) and H-5 cells was size fractionated on a::I gment of 420 bp was obtained following RT-PCR of all

agarose gel, transferred to a nitrocellulose membrane a ; ; : e
hybridized with a radiolabelledMSH6probe as described in 1've€ lines (Figure 1a, lanes Nick5-C15r), a transgene-specific
csrlgnal was visible solely in the H-5 clone (Figure 1a, lanes

Materials and methods. The relative quantities of the specifi ; ;

signals were normalized with respectfieactin. As shown in 7-C15_r)t. This rtesau:ct contcr:llus_l\{[ely p:r%ved that .thMSHt6
Figure 1b, the amount ofiMSH6 mRNA in the H-5 clone ranscript originated from the integrated expression vector.
corresponded to ~50% of that seen in HeLa cells. In contrasExpression of hMSH6 in H-5 cells restores mismatch binding
the H-c clone expressed only low amounthMSH6mMRNA.  activity

It is possible that thehMSH6 promoter is epigenetically Western blotting experiments confirmed that thdSH6tran-
inactivated in the H-c cells. However, we consider it morescript was also translated, as the extracts of the H-5 clone
likely that the mRNA is selectively degraded due to thecontained hMSH6 (Figure 2a). In extracts of mismatch repair-
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Table I. Microsatellite instability of the BAT26 locus of H-c and H-5 cells
HCT15

H-c Cell line Stable clones Unstable clones
W H-5

40

H-c 67 23

H-5 84 5
30

20

Table Il. Mutation rates at thélPRT locus of H-c and H-5 cells

Repair efficiency (%)

Cellline Initial Final No. of Mutant Mutation
cellno.  cellno. replica colonies rate
cultures (mearno.)

G*G® G*I* T*G® G*I® T*G® H-c 100 1.05-x10¢ 23 158+ 0.6  2.5x107°
H-5 100 1.15-x10f 23 55+ 11 0.8x10°°
H-c:H-5 ratio 3.1

above background. This repair capacity was relatively low,
b however, especially when compared with HeLa extracts, which
9 - G*G® typically repair>90% of the substrate in this assay (data not
, shown). We therefore decided to test whether this reduced
repair capacity was due solely to the low levels of hMSH6
expression or whether the extracts were of poor quality. To
this end, we added recombinant hMot® the extracts and
determined if this improved the repair efficiency. As shown in
Figure 3b, complementation of repair-deficient extracts of
HCT15 and H-c cells resulted in the correction of nearly 90%
of the G/G substrate. A substantial improvement was also
observed in the H-5 extracts, which indicated that the repair
capacity of these extracts was limited by the quantity of
hMutSa. Taken together, the results of the western blotting,
K : — band shift andn vitro mismatch repair experiments all showed
H-c H-c H-5 H-5 that the amount of hMuts expressed in H-5 cells is limiting.

+ +
hMutSo. hMutSo Microsatellite instability is alleviated in the H-5 clone

Fig. 3. Mismatch repair assaysa)(Correction efficiency of the G/T, T/G Despite the low protein levels, we decided to test whether
and G/G M13mp2 heteroduplex substrates, carrying a strand discriminationexpression of hMSH6 in the H-5 clone affected the micro-
signal either 5or 3' from the mispair. §) Complementation of H-c and satellite instability of these cells. We decided to use the BAT26
H-5 extracts with purified recombinant hMutS marker, which targets a repeat of 26 adenines and has been
shown to be exquisitely sensitive to mutationhiMSH6(19).
proficient cells, such as HelLa shown in this example, theAnalysis of 90 H-c and 89 H-5 clones showed that expression
hMSH2 and hMSH6 proteins are present in a 1:1 ratio, whileof hMSH6 in HCT15 cells was sufficient to greatly alleviate
the extracts of H-c cells contained only hMSH2 in detectablamicrosatellite instability (Table ). Thus, while 23 of the
amounts (10). Quantification of the immunoblot revealed thaexamined H-c clones displayed instability at this locus, only
the amount of hMSH®6 in H-5 extracts was only ~20% of thefive H-5 clones did. This difference is highly statistically
hMSH2 level. These extracts therefore contain about five timesignificant £ = 0.0002). All mutations detected were deletions
less hMut® than Hela cells. of a further nucleotide in the already shortened BAT26 poly(A)
The band shift assay shown in Figure 2b revealed thamicrosatellite of the HCT15 cells.
nuclear extracts of H-5 cells contained a mismatch-specifi§; tation rate is decreased in H-5 cells
DNA binding activity, with a mobility similar to that present
in extracts of HelLa cells, while no similar protein—-DNA
complex was present in the extracts of the control clone

Repair efficiency (%)

HCT15 cells display a strong mutator phenotype. Mutation
rate measured at th&lPRT locus is elevated ~200- to
600-fold as compared with mismatch repair-proficient cells

H-c. We therefore assigned the mismatch-specific activity t({21,33). We therefore determined the mutation rate at this
hMutsa. S ) locus for the H-c and H-5 clones. The data shown in Table Il
H-5 extracts are proficient in mismatch repair indicate that expression of h(MSH6 in HCT15 cells did indeed

The extracts of H-5 and H-c cells were tested for mismatchreduce the mutation rate, albeit only ~3-fold.

correction efficiencyn vitro, using circular M13 heteroduplex  Although this reduction might appear of little significance,
substrates carrying either the G/T, T/G or G/G mispairs andequencing of the mutatedPRT cDNA revealed that the
strand directional signals (nicks) eithef 6r 3' from the  mutation spectra of the control and the H-5 cells were different
mispairs (see Materials and methods). As shown in Figure 3gTable IIl). Thus, while transition, transversion and frameshift
mismatch repair was restored in the H-5 extracts, with alimutations represented 33, 45 and 12% of changes observed in
substrates having been corrected to a level at least 5-folthe mutatedHPRT gene of the control cells, the H-5 line
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a
Table Ill. Spontaneous mutation spectra of tHERT locus of H-c and H-5
cells
H-c H-5 ®
Mutations characterized 24 26 E
Transitions 8 (33%) 4 (15%) £
AT-G:.C 4 2 @
G:.C-AT 4 2
Transversions 11 (45%) 17 (65%)
G:C-TA 8 14 ;
G:.C-CG 0 1 X ) X
T ALAT 3 0 0 200 400 600 800
AT_CG 0 2 MNU ( pg/ml)
Frameshifts 3 (12%) 1 (4%)
Deletions 0 4 (15%)
Undefined mutations 2 (8%) 0
b 100
- —— H-c+06-Bz
Table IV. Progression of the untreated or MNNG-treated H-c and H-5 cells
through the cell cycle after release from an HU block S~ — 8- H-5+00-Bz
Cell cycle Time post-release H-c H-c/MNNG H-5 H-5/MNNG R
phase (h) (%) (%) (%) (%) ERT)
G, 2 1.7 12.5 6.1 16.7 ;
4.5 4.1 8.7 1.8 7.7 @
7 6.1 10.1 1.9 3.7
9 10.4 4.6 8.9 5.8
12 12.1 13.2 12.9 4.5
15 41.1 36.1 36.1 9.7 1 t + t 1
19 229 246 12.8 221 0 200 400 600 800
S 2 97.8 86.8 93.3 785 MNU ( pg/ml)
4.5 93.9 88.2 974 873
7 64.4 67.9 722 913 Fig. 4. Sensitivity of the H-c and H-5 cells to methylating agents. The
9 34.5 42.3 375 79.6 cells were treated with MNU in the absen@ 6r presencek() of
12 121 30.1 9.1 76.9 Of-benzylguanine (see Materials and methods for details).
15 53.1 43.3 549 551
GJM 129 7&;‘ 702'75 800'54 ‘2686 and thymines (18). Interestingly, mismatch repair-deficient
2 45 19 31 07 49 cells have been shown to tolerate the presence of high levels
7 296 221 259 4.9 of Of-methylguanine in their DNA (36) and it has been
9 55.1 531 53.6 146 suggested that this tolerant phenotype is due to the inability
ig 72-3 gg-; 73-; ;S-g of these cells to addres®®-methylG/T andOf-methylG/C
19 57 o8 67 314 mispairs in DNA. In mismatch repair-proficient cells, the

mismatch repair system could mediate the cytotoxic effects of
methylating agents by attempting to corr@tmethylG/T and
displayed primarily transversions and deletions of multipleO®-methylG/C mispairs, whereby the failure of the polymerase
bases. Transitions and frameshifts, which arise from uncorrede find the perfect partner for the modified guanine would
ted purine/pyrimidine mispairs and insertion/deletion loops.eventually result in the formation of a cytotoxic double-strand
respectively, were less frequent. It is interesting to note irbreak (18). Like most mismatch repair-deficient lines, HCT15
this respect that the latter premutagenic lesions are the besells are tolerant to alkylating agents (22). We therefore
substrates for hMuté in in vitro mismatch binding assays decided to test whether the hMSH6 expressing clone H-5 has
(34), as well as being the most efficiently corrected mispaibecome sensitized to alkylation treatment due to the restoration
typesin vivo (35). It is therefore likely that although the level of mismatch repair. As shown in Figure 4a, H-5 cells were
of hMutSa in the H-5 cells is low, it is nonetheless sufficient not significantly more sensitive to MNU treatment than the
to mediate the correction of a significant proportion of thosecontrol H-c clone. The HCT15/DLD1 cells had been shown
substrates which it binds with the highest affinity (see alsdo express high levels of MGMT (22). In order to eliminate

below). possible effects of the methyltransferase, we repeated the
H-5 cells are not significantly sensitized to killing by €XPeriments in the presence@-benzylguanine, a competitive
methylating agents inhibitor of MGMT (Figure 4b). Also under these experimental

Treatment of cells with simple methylating agents introduce$2ditions, no major differences in the sensitivity of the H-c
numerous modifications into DNA. However, it could be shownand H-5 clones to the methylating agent were observed.

that the lesion primarily responsible for the cytotoxicity of thesehMSH6 expression restores the Gheckpoint in H-5 cells
substances i€%-methylguanine. Resistance to methylating In the tumour cell line HCT1163, where the mismatch repair
agents is commonly associated with overexpressiotD%f  defect was corrected by transfer of chromosome 3, MNNG
methylguanine methyltransferase (MGMT), which reverses théreatment led to a cell cycle delay in the, hase in both
damage by removing methyl groups from modified guaninesasynchronous and synchronized cell populations, while the

378



hMSH6 cDNA and mismatch repair phenotype

a b
o Ly ]
273 =g
o~ o4
(=R =
¥ F 73
e fr
=E o3
5
c d
L) Lyl
21 21
o~ o~
23 a3
5 :
o o
=E "o
1—4 - 3
FL2-A FL2-4&

Fig. 5. Effect of MNNG treatment on the cell cycle progression of H-c and H-5 cells. The scattergrams show the cell cycle distribution of either untreated
H-c (@) and H-5 €) or MNNG-treated H-clf) and H-5 €) cells 15 h after release from an HU block.

parental line HCT116 was almost unaffected by the treatmeriDiscussion

(25). We decided to test whether the expression of h(MSH6 iRrpe human colon cancer line HCT15 contains truncating
HCT15 cells had a similar effect. The cells were SynChror‘,ize%utations in both alleles of thaMSH6 gene (19). These
with HU, which blocks cells in early S phase. Following mytations confer upon it a strong mutator phenotype, which
release of the HU block, the percentages of cells in the differenfemonstrates itself in the form of significantly elevated muta-
stages of the cell cycle at various time points were studied byon rates (21) and instability of microsatellite sequences
FACS analysis. As shown in Table IV, in the case of theconsisting of mononucleotide repeats (19). The line is also
control cell line H-c, most of the cells were in the S phasey|erant to methylating agents (22), its extracts lack mismatch
2 h after HU block release. Between 7 and 12 h, most of thgjnding activity (10) and are defective in mismatch correction
cells traversed S phase and entered th(hase, with the  (9). We have transfected these cells with a cDNA construct
following G, phase appearing at 15 h post-release and a secopressing wild-type hMSH6 and have studied the effects of

peak of S phase cells at 19 h. A similar progression wagxpression of this mismatch repair protein on the phenotype
observed with H-5 cells. However, following MNNG treatment, of the resulting stable transfectants.

differences between the two lines emerged. Thus, the control The first surprising finding was that the transfection effici-
H-c cell line displayed only a short delay in late S angl G ency with the control, insert-less vector was significantly
with 30% of cells in S phase at 12 h and 20% ig/l@ at  higher than when theMSH®&containing vector was employed.
15 h. A much longer delay in late S phase was observed iThus, while the latter experiments yielded only two hMSH6-
the treated H-5 cells, as demonstrated by the high percentagegpressing clones;200 were obtained in the control experi-
of S phase cells at 9 and 12 h. Although these cells slowlynent. This seems to indicate that hMSH6-expressing clones
progressed to &M, at 15 and 19 h post-release30% of the  were selected against.
treated H-5 cells were still delayed in this phase. Analysis of the H-5 clone revealed that although the hMSH6
Figure 5 shows the scattergrams at 15 h post-release, isrotein could be detected in immunoblots (Figure 2a), it was
which the different progression through,/® of H-c and present in amounts substantially lower than the endogenous
H-5 cells is shown. At this time point, most of the MNNG- hMSH2, its cognate partner in hMwS One reason for this
treated H-5 cells were delayed in late S phase andJ#iMG low level of expression is that the pCDNA expression vector,
(Figure 5d), whereas a peak of, @ells is already evident in integrated into the genome in three copies on average (data
the treated control H-c cell line (Figure 5b). not shown), produced only ~50% as mutSH6MRNA as
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was detected in the control HelLa cells (Figure 1b, comparsubstrate recognition, whereby IDLs appear to be most effici-
the specific signal with the intensity of tH&actin internal ently recognized in the context of repeated motifs (39). As the
control). However, this should not be critical in itself, as dissociation constant of hMutSwith respect to the G/T
immortalized lymphocytes from HNPCC patients with one oligonucleotide substrate is in the low nanomolar range (29,40),
mutated mismatch repair allele have been reported to bee were able to detect mismatch binding activity in the extracts
generally proficient in mismatch repair (37). The secondof H-5 cells despite low protein amounts (Figure 2b). A
explanation could be that the hMSH6 protein, even thougtsimilar argument applies for thie vitro mismatch correction
expressed relatively efficiently, is subject to proteolyticexperiments, which were carried out with substrates efficiently
degradation or misfolding prior to associating with hMSH2. recognized by hMut& (Figure 4). Even lower concentrations
Indeed, hMSH6 is known to be proteolytically labile. In of hMutSa are required for efficient recognition of single
extracts of cells mutated in hMSH2 (e.g. LoVo and HEC59),nucleotide IDLs, which are the underlying cause of microsatel-
hMSHE6 is present at barely detectable levels (10), suggestinge instability in hMSH6-deficient cells. Correspondingly, the
that it is degraded in the absence of its partner hMSH2. Oupoly(A) tract of the BAT26 marker was stabilized in H-5 cells.
previous studies showed that expression of hMSH6 without In contrast to microsatellites, spontaneous mutations arising
hMSH2 in a baculovirus system also resulted in a significantn a gene such aklPRT are highly heterogeneous, including
degradation of the former protein (13). Moreover, mixing of all types of base/base mispairs and frameshifts. Some of these
hMSH2 and hMSH6 expressed separately gave only lowvill be good substrates for hMutS and these might be
amounts of active hMutg§ while co-expression of the two expected to be corrected even in the presence of low levels of
proteins yielded the biologically active mismatch binding the factor. Other mispairs and, possibly, also frameshifts outside
factor in high amounts (29), which suggests that the twamicrosatellites might not be bound by hMuatSufficiently
polypeptides probably interact during folding. In their naturalwell in order to initiate the mismatch correction process. As
environment, the two genes are co-localized on chromosomghown in Table Ill, transition mutations, which result from
2pl16 and it is likely that their expression is co-regulated,G/T or A/C mispairs, were down by 50% in H-5 cells, while
thus ensuring effective heterodimerization. This hypothesis isransversions, due to either G/A, or C/T mismatches, both
supported by the reports that transfer of chromosome 2 int&nown to be poorly correcteith vivo (35), were elevated.
HCT15 cells (33) resulted in a substantial correction of the Restoration of sensitivity to methylating agents such as
mutator phenotype. The third possibility concerns the fact thaMNU or MNNG would also be expected to be affected by
hMSH6 competes for hMSH2 with another MutS homologue hMutSa concentration. The cytotoxic effects of methylating
hMSH3. Under normal circumstances, hMSH3 appears to bagents are probably mediated by two distinct pathways.
expressed at low levels and therefore the relative ratio of th®©ne of these is most likely linked to abortive attempts of
hMutSa and hMut$ heterodimers favours the former speciesthe mismatch repair system to corre®f-methylG/T and
by a substantial margin (16). However, due to the absence @®-methylG/C mispairs arising during replication of methyl-
hMSH6 in HCT15 cells, hMSH3 should be able to interactated DNA (18), whereby two concurrent mismatch repair
with hMSH2 more successfully. Indeed, hM@t3evels in  events in close proximity may cause a double-strand break.
these cells have been reported to be elevated ~3-fold (16Recentin vitro studies demonstrated that these mispairs are
Although expression of hMSH6 would be expected to decreasimdeed recognized by hMuéS(41). However, as its affinity
hMutS3 levels, this apparently failed to happen: the relativefor O8-methylG/T andO®-methylG/C is substantially lower
quantities of h(MSH2 and hMSH3 in extracts of H-5 cells werethan for the G/T mispair, the majority of these methylated
similar to those detected in the control H-c line, at least adesions would most likely remain unrecognized unless the cells
judged by immunoblotting (data not shown). We must thereforeexpressed high concentrations of the mismatch binding factor.
consider the possibility that expressionndISHEMRNA from  As this is clearly not the case for the H-5 line described here,
the pCDNA vector did not fully satisfy the criteria necessaryits sensitivity to alkylating agents is similar to the control
for successful translation of the protein and for its successivél-c line. The second response to DNA alkylation, or indeed
heterodimerization with hMSH2. to DNA damage in general, is the deployment of a cell cycle
Although present at low levels, the amount of active hMutS checkpoint, which allows the cell to repair the damage before
in the extracts of H-5 cells was nonetheless sufficient tgroceeding with DNA replication and/or mitosis. Such a delay
substantially restore mismatch binding activity (Figure 2b) andn cell cycle progression was documented in the mismatch
mismatch repair (Figure 3a). Most importantly, expression ofrepair-deficient cell line HCT116, which failed to arrest follow-
wild-type hMSHG6 in these cells greatly alleviated microsatelliteing treatment with methylating agents (25), but in which this
instability at the poly(A) marker BAT26 (Table I). It was G, delay was restored when the repair defect was corrected
therefore somewhat surprising to discover that mutation rateday the transfer of chromosome 3, which carries a wild-type
measured at theHPRT locus, were reduced only 3-fold copy of the hMLH1 gene. The ability of mismatch repair
(Table II) and that sensitivity of the hMSH6-expressing cloneproteins to signal to the apoptotic machinery was further
H-5 to MNU was not significantly different from the H-c documented for the closely related cell lines MT1 and TK6
control (Figure 4). How could this apparent discrepancy bg42). Treatment of the latter, mismatch repair-proficient cells
explained? In our opinion, the underlying reason for thesawith alkylating agents resulted in the elevation of p53 and p21
inconsistencies is the low level of hMw®xpression, coupled levels. No similar increase was observed in MT1 cells, which
with the substrate specificity of this heterodimeric mismatchare mutated inhMSH6 As treatment of both lines with
recognition factor.In vitro binding studies, carried out with etoposide, an inhibitor of topoisomerase I, activated p53 and
purified native (38) and recombinant (13) hMatSlemon- p21 in both lines, we concluded that p53 was wild-type in
strated that the preferred substrate is an IDL of one extrahelicdiT1 cells and that their failure to activate a p53 response
nucleotide, followed by the G/T mispair. Flanking sequencedollowing alkylation treatment was due to the absence of
also appear to play an important role in the efficiency ofhMutSo-mediated damage detection. If we accept that mis-

380



hMSH6 cDNA and mismatch repair phenotype

match repair proteins are involved in DNA damage signalling Truong,O., Hsuan,J.J. and Jiricny,J. (1995) GTBP, a 160-kilodalton protein
to the apoptotic machinery or to the cell cycIe Checkpoint essential for mismatch-binding activity in human celcience 268

. . 1912-1914.
COI’_ltI’OI, t_hIS effect could b_e m_edlated by only a_f(_ew rnOIeCUIes£L1.Acharya,S., Wilson,T., Gradia,S., Kane,M.F., Guerrette,S., Marsischky,G.T.
which might stall the replication fork by remaining bound at  and Fishel,R. (1996) hMSH2 forms specific mispair-binding complexes
Of-methylG/T orO8-methylG/C mispairs and thus bring about  with hMSH3 and hMSH6Proc. Natl Acad. Sci. USA3, 13629-13634.

a cell cycle arrest or delay. This hypothesis is supported b)J,Z. Li,G.M. and Modrich,P. (1995) Restoration of mismatch repair to nuclear
: : extracts of H6 colorectal tumor cells by a heterodimer of human MutL
the data presented in Table IV and Figure 5, where the stably homologs.Proc. Natl Acad. Sci. USA2, 1950-1954.

transfected H-5 line can be seen to be delayed in the. lates. palombo,F., laccarino,l., Nakajma,E., Ikejima,M., Shimada,T. and
SIG, stage of the cell cycle following MNNG treatment, while  Jiricny,J. (1996) hMutg, a heterodimer of hMSH2 and hMSH3, binds to
the control H-c clone progressed with only a short delay. insertion/deletion loops in DNACurr. Biol., 6, 1181-1184.

; ; i i ; ; ; 14.Risinger,J.l., Umar,A., Boyd,J., Berchuck,A., Kunkel, T.A. and Barrett,J.C.
Mismatch repair deficiency was linked with a multitude of (1996) Mutation of MSH3 in endometrial cancer and evidence for its

phenotypic traits, ranging from mprosatell[te instability t0  {nctional role in heteroduplex repaMature Genet.14, 102—105.

tolerance to alkylating agents. Earlier studies demonstrategs. Marra,G., laccarino,l., Lettieri,T., Roscilli,G., Delmastro,P. and Jiricny,J.

that transfer of chromosome 3 into hMLH1-deficient line  (1998) Mismatch repair deficiency associated with overexpression of the

HCTI116 (43) or of chromosome 2 into HCT15 and DLD1 | g?ﬁiﬁe‘irﬁep[?fmgf g/jcag'r Srﬁihgmsﬁsfsgr?gﬁgg?éh P. (1998) Isolation

. . . J., Li ,S.J., Dru ich,P. i

cells (33)’ bOth laCkmg hMSHG, could b”ng about an almost of MutSbeta from human cells and comparison of the mismatch repair

total reversion of the mutator phenotype. However, the caveat specificities of MutSbeta and MutSalpha. Biol. Chem, 273 19895—

of these studies was that whole chromosomes carry many genes19901.

and thus that the correction effect could not be unambiguouslwlgg_ov,_Y-, Peinado,M.A., Malkhqsya_n.sl., Shlbata,cl?. and Perucho,M. %1993)
. ; e iquitous somatic mutations in simple repeated sequences reveal a new

aSSIQnedd C}O a single genﬁ' MRSeZ(:e[I;];{\II),/& .RIEEQCG!L&L (4ﬁ) mechanism for colonic carcinogenesiature 363 558-561.

succeeded In O\{GI’GXpI‘QSSI g c g n -1-A cells 18.Karran,P. and Bignami,M. (1994) DNA damage tolerance, mismatch repair

and succeeded in restoring the repair of IDLs but not of base/ and genome instabilityBioEssays16, 833-839.

base mismatches. This partial phenotypic correction could b&.Papadopoulos,N., Nicolaides,N.C., LiugBal (1995) Mutations of GTBP

explained by the discovery that these cels also harbour, iy, Srelca wesle seiscmmssl IsS a0l L

addition to the mUtateu.PMSZ a mUtat_echMSHGQene' We_ (1994) Mutator’pheﬁotypes in h’um7an colore(’:tai carcinoﬁa cell IPes. ’

now show that expression of hNMSH6 in the HCT15 cell line  Nay Acad. Sci. USA91, 6319-6323.

also resulted in only a partial reversion of its numerous2i.Bhattacharyya,N.P. and Meuth,M. (1995) Molecular analysis of mutations
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however, this incomplete correction was most likely not caused?- Branch.P.. Hampson,R. and Karran,P. (1995) DNA mismatch binding

by th ’ f . . d mi h . defects, DNA damage tolerance, and mutator phenotypes in human
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