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A replication error (RER*) phenotype, characterized
by somatic instability in simple repeated sequences, is
associated with several types of cancer, To determine if
a defect in DNA replication fidelity or repair of replica-
tion errors might explain this instability, we compared
both processes in cell-free extracts from RER* endome-
trial and colorectal cancer cell lines to RER- cell lines.
8V40 origin-dependent replication of a microsatellite se-
quence is highly accurate in cell extracts regardless of
their RER phenotype. However, extracts from RER* cell
lines are defective in mismateh repair, while extracts of
RER" cell lines are not. Lack of repair was abserved
when the signal (a nick) for strand-specific repair was
either 3’ or 5’ to the mispair. One colorectal cancer cell
line contained deletions in hoth alleles of the putative
mismatch repair gene hMSH2, and one endometrial can-
cer eell line contained a 4-base pair duplication in one
hMSH2 allele. No hMSH2 mutation was detected in the
other allele or in the other five RER" cell lines, Repair
was readily deteeted when each of the defective extraets
was mixed with a repair-proficient extract, demonstrat-
ing that no trans-acting inhibitor is present, Attempts to
complement the repair deficiencies by mixing two dif-
ferent defective extracts ideniified three combinations
that restored repair. The data suggest that; (i) defective
repair is associated with colorectal and endometrial
cancer and, by extrapolation, with other types of cancer;
(ii) mutations in the hMSH2 gene, and possibly other
genes, result in defeetive mismatch repair; (iii} the de-
fect(s) in these lines likely invoives pre-incision events
or the exeision step, but not the ineision, polymeriza-
tion, or ligation steps; and (iv) at least four functional
complementation groups for mismatch repair may he
involved in human cancer.

The eukaryotic genome contains many tandemly repeated
shert sequences. Deletion or addition of one or more repeat
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units of these microsatellites has been observed in a subset of
sporadic colorectal cancer tumers and in tumors from patients
with hereditary nonpolypesis colorectal carcinoma (HNPCOCY
syndrome (1-8). Microsatellite instability has also been ob-
served in tumors from a variety of other tissues (7-11} and ix
observed at alleles on several chromosomes, Oue explanation
for this genome-wide mutator effect is reduced DINA replication
fidelity; hence, the phenotype has been called RER* (2}, for
Replication ERror. A second (but not mutuaily exclusive) pos-
sibility is that replication errors occurring at a normal rate are
hot corrected by post-replication mismatch repair. The latter iz
suggested by the fact that deletion and addition replication
errors in repetitive DNA sequences are corrected in Escherichia
coli (for review, see Ref. 12) and veast {130 and in human cell
extracts 114, 15). Additionally, the locus on chromosome 2p
linked 10 HNPCC kindreds (16) encodes the auman homolog
117, 18+ of the E. coli mutS gene that is sssential for mismatch
repair, and both germiine and somatic mutations in this gene,
designated hMSH2, are found in HNPCC patients. Moreover,
an extract of 2 RER* colorectal cancer cell line ‘= defecrive n
mismatch repair in citro (15}

Recently, microsatellite instability has been demonstrated in
several human cell lines established from speradic ecolorectat
tumors ‘6). In the present study, we identify :wo sporadic en-
dometrial tumor cell lines that are alsc RER-. These cell lines
provide the opportunity to examine the biochemical defect(s
that might be responsible for microsatellite instability, using
assays 10 measure the fidelity of DNA veplication 191 and the
efficiency of mismatch repair 14 in extracts of human vells.
Here we have prepared extracts from RER- and RER- cell lines
and determined error rates during replication of & homopoly-
meri¢ microsatellite sequence and the efficiency of mismateh
vepair. We find no defect in replication fidelity, put an exact
correlation between RER* phenotype aud defictive repair. We
then performed several studies in an attempt to define the
nature of the repair defect{s).

EXPERIMENTAL PROCEDURES

Matericis—The sources of materials are given in Refs t4 and 19.
Mismatehad substrates, prepared as described 1 145, conrained a nick in
the minus strand at either position —264 tdesignated as the 3° nick: or
Al position -276 (designated as the 5 nicks Position +1 is the Arst
transeribed base of the facZa gene.

Ceil Lines qnd Extracis—Lines DI.D1, HCT116. LoVYe, L5180, THS,
and MT1 were single ceil clones derived from original lines by plating
limiting dilutions. Lines ANLCA and HECS9 were grown from mass
cultures. MT1 and TKS cells (provided by F. Madrich, Duke University)
were grown in RPMI 1640 medium containing 5% fetal bovine serum,
Other lines were grown in Dulbeces’s modified Eagles mediumvHam’s
F-12 medium with 10% fetal bovine serum. Extracts wers prepared as
deseribed (19).

DNA Replication Fidelity and Mismatch Repair Assavs—Proceduras
for measuring DNA replication fidelity and mismateh repair have been
described (19, 14). Repair reactions (25 pl) contained 20 my Hepes (pH
7.8), T my MgCl,, 4 my ATP, 200 pu each CTP, GTE, and UTP, 100 px
each dATP, dGTP, dTTP, and dCTE, 40 m creatine phosphate, 100
mg/m] creatine phosphokinase, 15 mu sodiom phosphate (pH 7.5, 1
finol of the indicated heteroduplex DNA, and 50 g of cell extract pro-
tein. (Some reactions were performed without addiiion of dN' TPs, since
we have demonstrated (14) that endogenous dNTP levels in extracts are

! The abbreviations used are: HNPCC, hereditary uonpolyposis colo-
rectal carcinoma; PCR, polymerase chain reaction; SSCP, single-strand
conformation pelymorphism.
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RER phenotvpes of ccll lines and replicative capacits of extraces
Cell Original Type of RER Replication
line ref. cell phenotype® (% of Hela!®

Hela 23 Cervical carcinoma - 100
SW480 24 Calorectal carcinoma - 72
TK8&* 25 Transformed lymphoblast - 120
DLD1 26 Colorectal carcinoma + 46
HCT118 27 Colorectal carcinoma + S0
LoVo 28 Colorectal carcinoma + 41
L3180 29 Colorectal carcinoma + 63
AN,CA 30 Endometrial carcinoma + 87
HEC59 31 Endometrial carcinoma + 34
MT) 32 Mutant derivative of TK6 + 190

¢ RER phenotypes were assigned as follows. For colorectal carcinoma
cel! lines, microsatellite instability was described quantitatively, via
PCR amplification of several endogenous microsatellite alleles from &
large number of independent single-cell clones (6). For the RER" lines,
the microsatellite mutation rate per allele per cell generation varied
from 5 x 10~ to 107%, while the average rate for SW480 was =1.1 x 10,
The same PCR-based single cell clone approach was used for Hela (a
subclone designated D38), TK6, and MTI cells. For Hela cells, no
mutations were observed when several microsatellite loci were exam-
ined in over 100 independent single cell clones (8. Casares and M.
Peruche, unpublished results). For TKS cells, no mutations were ob-
served at the D1S158 allele (containing a (CT), repeat) among 147
single cell clones grown for 13 (55 clones) or 33 (89 clones) generations.
For MT1 cells, 12 mutant 315158 alieles were observed among 108
single cell clones grown for 10 (77 clones, 5 mutants) or 17 {17 clones, 7
mutants) generations. For endometrial carcinoma cell lines, DNA was
tsolated from cells in mass culture. For AN,CA cells, eight microsatellite
markers were amplified by PCR. In contrast te the one or two expected
parental alleles, multipte bands (up to 2G) were cbserved at three loci.
For HEC59 cells, nine markers weve amplified: multiple bands were
observed at two loci.

" In reactions containing 100 ps dNTEs and other components as
deseribed {19), the HeLa cell extract incorporated from 80 to 280 pmol
of total nuclectide per reaction, depending on the experiment. The vep-
licative capacity of other extracts is expressed relative te that of the
Hela extract in the same experiment.

"This rell line was renamed TK6 from the denomination H2B71 in
Rel 25, in order to reflect its tk*~ character.

sufficieni to support repair. ) After incubating at 37 °C for 15 min (or 80
min, where indicated}, reactions were processed and introduced into E.
coli NR8162 (mutS), which were plated to score plaque colors (18;,
Repair efficiency is expressed in pereent as 100 x {1 — the ratio of the
percentages of mixed bursts cbtained from extract-ireated and un-
treated samples).

Analysis of AMSHZ Gene—mRNA was isclated from each cell iine,
¢DNA was synthesized, and the coding sequence of the hRMSH2 gene
was amplified by PCR to generate 13 fragments ranging from 212 to 307
base pairs. PCR primers {21-merz) had 5'-terminal nucleotide position
numbers (18) as follows, listing the primer complemetary to the minus
strand first: 1, 1-246; 2, 202—448; 3, 399-673; 4, 630-897; 5. 836-1114;
6. 1072-1350; 7, 1302-1586; 8, 1522-1805; 9, 1754-205%: 10, 2011-
2082; 11, 22358-2544; 12, 2403-2731; 13, 2618-2529. SSCP and DNA
sequencing were performed as described in Ref. 20. Southern blot anal-
y&is was performed as deseribed in Ref. 21.

RESULTS

The RER phenotypes of the cell lines were established as
described in the legend o Table I or in a previous study (6).
HeLa cell extracts served as the control, since these accurately
replicate repetitive DNA {22} and correct mismatches (14),
SW480 is a colorectal carcinoma cell line having an RER" phe-
notype, while DLD1, HCT116, LoVo, and L3180 are all RER-
colorectal carcinoma cell lines, AN,CA and HEC59 are RER*
endometrial carcinoma lines. TK6 is a human lymphoblasteid
B-cell line, extracts of which have been shown Lo be mismatch
repair-competent (33). Analysis of a microsatellite jocus in 147
TKS single cell clones showed no evidence of instability. The
MT1 cell line, derived from TKé cells, has been shown to be
defective for repair of single-base mismatches (33). Examina-
tion of instability at one microsatellite locus in 108 single cell
clones of MT1 cells (as described in the legend to Table I)
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revealed 12 mutant alleles, demonstraiing that this microsat-
ellite sequence is unstable in the MT1 cell line relative to the
TESf line.

Replication Fidelity Measuremenis—Extracts of human cells
can replicate DNA substrates containing the replication origin
for eukaryotic simian virus 40. To test whether extracts of
RER" cells have lower replication fidelity than do extracts of
RER cells, we replicated M13mp2 DNA containing seven con-
secutive T-A base pairs in the laeZ a-complementation gene.
The coding sequence is in the +1 reading frame, such that the
M13 plague phenotype on selective plates is colorless. Replica-
tion errors that restore the correct reading frame (e.g. 1, +2
etc.) are scored as blue plaques. Extracts of all 10 cell lines were
active for T antigen-dependent replication of this DNA (Table
I;. We chose extracts of two RER™ lines (HeLa and SW486) and
two RER* lines (L8180, colorectal; AN,CA, endometrial) for
comparative determination of fidelity. As expected based on
previous results (22), the HelLa extract generated replication
products whose revertant frequency was not different from the
unreplicated control, indicating that frameshift fidelity during
replication was high. Similarly low reversion frequencies were
observed for DNA replicated with the SW480. LS180 and
AN,CA extracts, in two ;ndependent experiments (not shown).
Thus, replication of a homopolymeric sequence by extracts of
RER” cells is not error-prone relative to extracts of RER- cells,
within the limits of detection of the assay (10~ errors/base
pair/replication cyele). This does not exclude that replication
infidelity might eventually be found using other reaction con-
ditions, microsatellite sequences, or cell lines.

Mismatch Repair Measurements—Mismateh repair in hu-
man cells is simitar to the methyl-directed mismatch repair
system in E. coli {for review, see Ref. 12) but utilizes a nick to
direct repair to one strand (14, 34;. To measure the ability of
extracts to repair heteroduplexes containing unpaived nucle-
otides in repetitive sequence motifs, we employed a M13 DNA
substrate containing a covalently closed {+) strand and a 1-)
strand with a nick located several hundred base pairs away
from an unpaired nucleatide in the lgcZ a-complementation
coding sequence. The two strands encode different plague col-
ors (e.g. blue versus colorless). If an unrepaired heteroduplex is
intreduced into an E. coli strain deficient in methyl-directed
hetereduplex repair, plaques will have a mixed phenotype on
selective plates, due to expression of both strands of the het-
ercduplex. However, repzir occurring during incubation of the
substrate in a repair-proficient human cell extract will reduce
the percentage of mixed plaques and increase the ratio of the
{+} strand phenotype relative to that of the (-} strand pheno-
type, because the nick directs repair to the (-} strand.

We previcusly showed strand-specific repair of frameshift
heteroduplexes in a HeLa cell extract (14). A similar result is
shown in Fig. 14, where a HeLa extract efficiently repaired the
nicked strand of a substrate containing one unpaired nucle-
otide in a run of AT base pairs. Extracts of two other RER-
lines (SW480 and TK6) also repaired the heteroduplex,
whereas repair in extracts of the seven RER* lines was much
less efficient. Thus, there is a correlation between the RER:
phenotype and defective heteroduplex repair. That extracts
from RER* cells are not generally inactive for all DNA trans-
actions is indicated by the fact that all are competent for DNA
replication (Table I). Extracts of RER" cells were also defective
in repair of other heteroduplexes containing an unpaired nuele-
otide in either strand (not shown) or containing a G-G mispair
(Fig. 1, panels C and D). Repair was observed in reactions
containing any of the defective extracts plus an equal amount
of Hela extract {Fig. 1, panel B). Thus, the defective extracts
do not contain a trans-acting inhibitor.

Repair involves a mismatch-dependent excision reaction oc-
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Fic. 1. Repair efficiency in extracts. Pane! .\, repair in RER"
versus RER* cell extracts, using a frameshift heternduplex at nucleo-
tides 91-94, AAAA in (+) strand (blue), TTT in the (=) strand (colorless),
3’ nick at position -264. Reactions were incubated for 60 min. The
results are based on ecounting several hundred to several thousand
plaques per variable. Results represeniative of these experiments can
be seen in Table IT of Ref. 14. Since values between € and 10% repair
represent experimental fluctuation (14} in this assay, we cannot con-
clude that repair is completely absent in extracts of RER* cells, only
that it iz reduced. In 2 of 10 experiments, we observed values for repair
of a frameshift heteroduplex in extracts of MT1 cells that are consistent
with the possibility that some repair activity could be present. Pane! B,
repair in 4 mixture of RER* extracts plus HeLa extract. using a hetero-
duplex containing a G-G mispair at position 88, blue (+) strand, light
blue {-} strand, 3’ nick at position -264. The line in the graph repre-
sents the level of repair by a HeLa extract alone. Reactions were incu-
bated for 15 min. In two other experiments combining HeLa + L5180
extracts, repair of a hetereduplex containing an unpaired nucleotide
was comparable to that obtained with HeLa extract alone. Panel C,
repair in RER™ versus RER* cell extracts when the nick {position ~264)
is 3" to the mispair, a G-G mispair at position 85, Reactions were
ingubated for 15 min. Panel D, repair in RER™ versus RER cell axtracts
when the nick (at position +276) is 5' to the mispair, a G-G mispair at
position 88. Reactions were incubated for 15 min, except for the L5180
and AN,CA extract reactions, which were for 80 min.

curring on the incised strand that has bidirectional capability
(35). Thus, in a circular substrate, excision of nucleotides via
the shortest path between the nick and the mispair can occur
from a nick either 3’ or 5' to the mispair. To determine whether
the RER* extracts differed in their capacity for such bidiree-
tionzl repair, we examined repair of a substrate containing a
nick on either side of a G-G mispair. Whether the substrate
contained a 3’ (Fig. 1, panel C) or 5’ (Fig. 1, panel D) nick, all
seven RER" cell lines are defective in repair of the mismatch.

Status of the RMSHE Gene in RER* Cell Lines—Mutations in
the hMSHZ gene are found in tumors of HNPCC patients (17,
18) and HNPCC tumor cells usually exhibit an RER* pheno-
type. We thus searched for mutations in this gene by reverse
transcriptase-mediated PCR of mRNA followed by SSCP anal-
ysis. No differences in either allele were found between RER-
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Fio. 2. Complementation of repair by mixing two defective
extracts. The substrate contained a G-G mispair at position 88 and a
3 nick at position —264. A repeat of this experiment using a subzstrate
containing the same mispair and a 5" nick at position 276 gave similar
results.

cell lines and five of the seven RER" lines. However, in the
RER* endometrial cancer cell line HEC59, one allele appeared
normal, while the other contained a2 mutation {data not shown).
Sequence analysis of the cloned fragment showed that one al-
lele was normal, while the other contained a duplication of the
4-base pair sequence TAAG (nucleotides 14421445, codon 482
from Ref. 18). With the eolorectal cancer line LoVo, amplifica-
tion of the coding sequence by PCR of cDNA yielded {fragments
for nucleotides 15222829 of the gene, but no bands for at-
tempted amplification of nucleotides 1~1586. No bands were
detected for either hMSH2 allele by Scuthern blot analysis fnot
shown} of genomic DNA using a randomly labeled probe for
nucleotides 1073-1350. These data suggest that both alleles of
the hMSH2 gene contain a deletion.

Complementation of Repair Defect—Having identified seven
repair-defective extracts and hMSH2 mutations in two cell
lines, we attempted to complement the repair deficiencies by
performing reactions with different pairwise combinations of
defective extracts. No complementation was observed in reac-
tions containing a LoVo extract plus either a HECEY, AN,CA,
HCT116, or MT1 extract. However, repair comparable to that
catalyzed in a HeLa extract alone was observed when a
HCT116 extract was combined with either a HEC59 or MT1
extract (Fig. 2). The combination of HEC5% and AN,CA also
vields detectable repair but at a lower efficiency. MT1 extracts
were unable to complement HEC59 or AN,CA extraets. This
pattern, depicted in Fig. 2 (insef), suggests that at least four
functional complementation groups may exist. These could be
defined by different mutations in 2 gene encoding a multifune-
tional protein, by mutations in different genes, or by some
combination of the two possibilities.

DISCUSSION

The data presented here provide a strong correlation be-
tween microsatellite instability in vivo and defective hetero-
duplex repair in vitro. Extracts of seven cell lines exhibiting
microsatellite instability are less efficient for mismatch repair
than are extracts of three RER™ cell lines. Given this correla-
tion, defective mismateh repair may explain the RER* pheno-
type now reported for tumers from a variety of tissues (1-11).

What is the nature of the repair defect(s) in the cell lines
used in the present study? The ccourrence of repair in reactions
containing a Hel.a cell extract and any of the seven extracts
from RER* cells (Fig. 1B) suggests that the defective extracts
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do not contain a trans-acting inhibitor of heteroduplex repair. A
similar result was reported for a cell line designated H8§ (15),
which is a cloned derivative of the sporadic colorectal line
HCT116 used in this study. Defective repair of the substrates
used here, which already contain a strand-specific incision,
suggests that the defect is not in the incision step itself. More-
over, defects occurring after the excision step would not be
detected because the assay used bere scores repair by loss of a
mixed plague phenotype. Once excision beyond the mismatch
has occurred, even if subsequent polymerization or ligation
were defective, a substrate molecule would still be scored as
repaired because such gapped molecules yield a pure plague
phenotype upon introduction inte E. coli (36). Hence, the de-
fects in these seven extracts are likely to be prior to incision or
in the exeision step itself.

An absence of the complete human homolog of the E. coli
MutS protein, inferred from deletions in both hMSH2 alleles
observed in the LoVo cell line, could affect events needed prior
to incision or interactions required for excision. However, since
repair of both mispaired and misaligned heteroduplexes is de-
fective, LoVe and other RER" cell lines may have strongly el-
evated mutation rates, as has already been demonstrated for
MT1 cells (32). Furthermore, we have not yet been able to
complement repair in extracts of LoVo cells with extracts of the
other six RER* cell extracts shown in Table I. Thus, deletion at
the hMSH2 Iocus may not be the only mutation present in LoVo
cells that is relevant to its RER' phenotype. Future studies
with putative mutator cell lines should also bear in mind that
these may accumulate secondary mutations that affect inter-
pretations.

Thuse far, we have deiected a mutation in only one of two
hMSH2 alleles in the HEC59 line. Perhaps the other allele
contains a mutation that is not detected by SSCP analysis of
cDNA. Alternatively, HEC59 and the cell lines for which no
hMSH2 mutation was found may contain mutations in other
heteroduplex repair genes. Candidates are mutant human
genes equivalent to the E. coli muiL gene, whose product is
essential for mismatch repair. The gene encoded by the locus on
chromosome 3 associated with HNPCC (4) could be one of
these. The functional complementation observed between an
extract of HEC59 cells, containing at least one known mutation
in one allele of a heternduplex repair gene, and extracts of
either HCT116 or AN,CA cells, suggests the latter two cell lines
as candidates for different mutations. These could be different
mutations in the hMSH2 that alter a separate but complemen-
tary function of this gene product, or they eould be mutations in
genes other than hMSH2. In E. coli, there is evidence for the
participation of any of three different exonucleases in the ex-
cision step of mismatch repair, depending on the location of the
nick relative to the mismatch (37). This is particularly inter-
esting given the observation that extracts of all seven RER" cell
lines are defective in repair of a G+G mismatch regardless of
whether the substrate contains a 3' (Fig. 1, panel C) or 5" (Fig.
1, parel D) nick. A single defect in any extract could explain
this bidirectional repair deficiency only if the defect were prior
to excision or if it were in a protein controlling exonuclease
activity in both directions, e.g. a DNAhelicase or a bidirectional
exonuclease.

Arknowledgments—We thank J. Carl Barrett and John D. Roberts
for their comments on the manuseript.

Note Added in Proaf-—A single cell clone of HCT116 has no wild type
hMLH! allele (38).
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