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ABSTRACT

To test the hypothesis that a imitator phenotype may be associated with
carcinogenesis (L. A. Loeb, Cancer Res., 5/: 3074-3079, 1991), we have
compared the fidelity of double-stranded DNA replication and the effi

ciency of mismatch repair in extracts from normal diploid and malig
nantly transformed human cells. Included was a diploid fibroblast strain
and its transformed derivative, as well as a second diploid fibroblast strain
and HeLa cells. The fidelity of DNA replication by cytoplasmic extracts in
the presence of simian virus 40 large tumor antigen (SV40 T-antigen) was

measured using a forward mutagenesis assay. The replicated DNA con
sisted of double-stranded M13 mp2 DNA containing the SV40 origin of

replication and the lacZat complementation gene as a target sequence for
scoring mutations. T-antigen-dependent replication was detected in all cell

extracts, with those from transformed cells having the greatest activity. No
differences in replication fidelity were detected between normal and trans
formed cell extracts. Using a heteroduplex containing a G-G mispair, we

also detected mismatch repair activity in the cell extracts, including effi
cient repair in extracts from malignantly transformed cells. While these
data do not eliminate the possibility that a imitator phenotype may be
associated with carcinogenesis, they do suggest that genetic instability
associated with transformation does not involve reduced fidelity of repli
cation of undamaged DNA or reduced mismatch repair efficiency.

INTRODUCTION

Carcinogenesis is a multistep process requiring several mutations to
transform a normal cell to a malignant one. Mutations involved in
oncogenesis include base substitutions, frameshifts, deletions, and
exchanges. They can be spontaneous in nature or can be induced by a
chemical or physical mutagen. Some investigators have suggested that
spontaneous mutation rates may not be sufficient to account for the
multiple mutations required for oncogenesis and that a mutator phe
notype could be involved (1-3). A mutator phenotype could result

from mutant forms of proteins involved in DNA replication, e.g., DNA
polymerases, proofreading exonucleases, DNA repair [e.g., excision
repair (4) and mismatch repair], metabolism of DNA precursors (5), or
chromosomal segregation.

One approach to studying the association of a mutator phenotype
with oncogenesis is to compare mutation rates in normal and trans
formed cells. Rodent cells have been used in most studies in which
mutation rates were measured in normal and neoplastic cells (5-9).

Rodent cells differ notably from human cells in many respects [e.g.,
DNA repair (10, 11) and rates of spontaneous immortalization (re
viewed in Reference 12)]. Only a few studies have compared mutation
rates in normal and malignant human cells, and none have compared
the mutation rate of a malignant cell with that of the normal cell from
which it was derived. In one study, no difference was found in the
mutation rates of normal, diploid human skin fibroblasts (KD) and
fibrosarcoma cells (Hut-11 A) at the hypoxanthine-guanine-phospho-
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ribosyltransferase locus and the Na+-K+/ATPase locus (13). It should

be noted that the Hut cells were originally thought to be a chemically
transformed clone of the KD cells but were recently determined by
McCormick et al. (14) to have been derived from a fibrosarcoma line.
In contrast, Seshadri et al. (15) reported a difference in the spontane
ous mutation frequency at the hypoxanthine-guanine-phosphoribosyl-

transferase locus of normal lymphocytes and that of two lymphoma
B-cell lines and one lymphoblastic leukemia T-cell line.

A second approach is to study the fidelity of DNA synthesis in vitro
using purified DNA polymerases or cell extracts. Springgate and Loeb
(16) reported that a-polymerase purified from human leukemic cells

was more error prone than the same polymerase from normal lym
phocytes. In another study, Chan and Becker (17) showed decreased
fidelity associated with DNA polymerase-a isolated from carcinogen-

treated as compared to regenerating rat liver. The interpretation of
these studies is limited because both used synthetic homopolymeric
templates and purified DNA polymerase rather than a multiprotein
replisome. The fidelity of replication by the multiprotein complex in
cell extracts has been shown to be much greater than that of purified
replicative DNA polymerases (18). Thus, when comparing mutation
rates in normal and transformed cells, it may be more appropriate to
study the fidelity of the replication complex in cell extracts rather than
that of individual polymerases.

We have developed an assay to determine the fidelity of bidirec
tional, semiconservative replication of DNA containing the SV40
origin of replication in vitro by extracts of HeLa cells in the presence
of T-antigen3 (19, 20). Fidelity is measured with a forward mutagen

esis assay that detects base substitution, frameshift, and more complex
mutations within the lacLa. target sequence. In this report, we dem
onstrate the ability of extracts from normal diploid cells to replicate
M13 mp2SV DNA in the presence of T-antigen. This has allowed a

direct comparison of the fidelity of DNA replication in extracts of
normal and malignantly transformed human cells. This comparison is
enhanced by the use of extracts prepared from a normal fibroblast
strain (LG1) and its transformed derivative (MSUl.l-HraÃ). MSU1.
1-Hrai is a T24 Hraj-transformed derivative of LG1 that had been
immortalized by events following \-myc transfection and subsequent
crisis and clonal outgrowth (21-23). MSU1.1 -Hra.s cells exhibit all
the in vitro characteristics of tumor-derived cells, such as focus for

mation, morphological alteration, growth factor independence, ability
to grow in soft agar, etc. When injected into athymic mice, they form
progressively growing sarcomas within a very short latency period.

A mutator phenotype may also result from aberrant mismatch re
pair. The repair of base pair mismatches is important for maintaining
genomic integrity. Heteroduplex repair systems are well characterized
in bacterial cells (reviewed in Ref. 24) and have been identified in
human cells as well (25-30). Using an assay to measure mismatch

repair activity in HeLa cell extracts (30), we report here the repair of
a heteroduplex substrate containing a single-base mispair using cell

extracts from normal and malignantly transformed cells.

1 Abbreviations: T-antigen, SV40 large tumor antigen; SV40, simian virus 40; RF.

replicative form; dNTP. deoxyribonucleoside triphosphate.
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MATERIALS AND METHODS

Cells and Culture Conditions. Two normal diploid human fibroblast
strains, designated NHF1 and LG1, were isolated as described previously (31)
from foreskin material from two healthy newborn males. The malignantly
transformed human fibroblast strain, MSU1.1 -ttras, was derived (21-23) from

the diploid strain, LG1, and both cell strains were cultured as described by

Morgan et al. (22). Spinner cultures of HeLa cells were grown as described by
Li and Kelly (32), and NHF1 cells were cultured as described by Kaufmann
and Wilson (33). Logarithmically growing NHF1 (passage 12; population
doubling = 48), MSUl.l-Hras, and HeLa cells were used to make the cyto-
plasmic extracts. LG1 (passage 5; population doubling = 22) cells were
partially synchronized in S-phase by harvesting the cells 22 h after release from

confluence arrest. Synchronization was performed to increase the proportion of
S-phase cells in the population and, thus, the amount of DNA replication

proteins in the resulting extract.
Bacterial Strains. Bacteriophage Ml3 mp2SV (Ml3 mp2 containing the

SV40 origin of replication) and Escherichia coli strains CSH50, NR9099 (34,
35), and NR9162 (19) have been described. RF DNA was prepared as de
scribed before (34), followed by ultracentrifugation in a CsCl/ethidium bro
mide density gradient.

Enzymes and Reagents. Restriction enzymes and sequencing reagents
were from New England Biolabs (Beverly, MA), Boehringer Mannheim (In
dianapolis, IN), or United States Biochemical Corp. (Cleveland, OH). [a-32P]-

dCTP was from Amersham Corp. (Arlington Heights, IL). For replication
studies, human cell cytoplasmic extracts were prepared by the method of Li
and Kelly (32). SV40 large T-antigen was purchased from Molecular Biology

Resources (Milwaukee, WI). The protein concentration of the extracts was
measured by the method of Bradford (36) using a commercial kit (Bio-Rad,
Richmond, CA) with y-globulin as a standard. The average extract protein

concentration was 12 mg/ml.
DNA Replication in Vitro. Replication reactions (25 /il) contained 30 m.M

Hepes, pH 7.8, 7 mm MgCl2, 4 mm ATP, 200 JAMeach CTP, GTP, and UTP, 100
/AMeach dATP, dGTP, dTTP, and [a-32P]dCTP (4000 cpm/pmol), 40 mn

creatine phosphate, 100 fig/ml of creatine phosphokinase, 15 ITIMsodium
phosphate, pH 7.5, 40 ng of Ml3 mp2SV RF DNA (123 pmol of nucleotide),
1 fig of T-antigen, and 10 or 15 fj.1 (approximately 120 fxg of protein) of
extract. After incubation at 37Â°Cfor 4-6 h, reactions were terminated, and the

DNA was purified as described previously (37). The efficiency of replication
was analyzed by measuring radioactivity associated with acid-precipitable

material in an aliquot of the reaction mixture. DNA replication products were
treated with Dpnl prior to transfection into mismatch repair-deficient NR9162

cells (mutS). Unreplicated molecules were inactivated by treatment with Dpnl,
and the replicated DNA was used for transfection. Transfection and plating
were performed as described before (35, 38).

Forward Mutagenesis Assay. The assay scores errors in the wild-type

lacZa gene of M13 mp2. Correct polymerization during semiconservative

replication produces DNA that yields dark blue M13 plaques upon transfection
of an appropriate E. coli host strain. Errors yield mutant phage that are scored
as lighter blue or colorless plaques. Since the assay measures the loss of a gene
function (a-complementation of ÃŸ-galactosidase activity) that is not essential

for phage production, a wide variety of mutations at many different sites can
be recovered and scored. This includes 221 single-base substitution errors at
114 different template positions, single-base frameshifts at 150 template po

sitions, and a variety of other errors (39).
Preparation of Heteroduplex DNA for Mismatch Repair Assay. M13

mp2 single-stranded viral ( + ) DNA and RF I DNA were propagated in E. coli
strain NR9099 and purified (34). A double-stranded M13 mp2 DNA molecule
containing the defined mispair, G-G, at position 88 and a nick in the minus

strand at the unique Avail site was prepared (40). After hybridization, the
heteroduplex RF II DNA was purified (30).

Analysis of Reaction Products of Mismatch Repair. Reactions were per
formed as described in Table 4 except that all dNTPs were omitted from the
reaction mixture except for [a-32P]dCTP and incubation was reduced to 20

min. The reaction products were prepared as for transfection and then digested
by //in/I restriction endonuclease. The products were resolved on a 5% native
acrylamide gel, which was then dried and exposed for autoradiography. Hinfl
fragments were excised from the dried gel, and their radioactivity was deter
mined by liquid scintillation counting. The net cpm for each fragment was

obtained by subtracting the cpm of a blank strip excised near the top of the gel
in each lane from the total cpm of each fragment in that lane. The specific
activity of each fragment was calculated by dividing the net cpm by the total

dCMP residues in the fragment.

RESULTS

DNA Replication in Extracts. Cell extract-catalyzed DNA repli
cation reactions were performed in the presence of SV40 large T-an

tigen (19, 20). A time course of incorporation of dNTPs into M13
mp2SV DNA was performed using extracts derived from NHF1 and
HeLa cells (Fig. 1). In both reactions, incorporation increased linearly
for 4 h in a T-antigen-dependent manner. Reactions using normal and
MSUl.l-Hras cell extracts exhibited approximately 2.5-26 and 25-

40% of the activity of HeLa cells, respectively (data not shown).
A small portion of the products of M13 mp2SV replication was

analyzed by agarose gel electrophoresis in the presence of ethidium
bromide (Fig. 2). Replication products (lane U) consisted mostly of
covalently closed (RF I) and nicked (RF II) circular DNA molecules,
as well as a small amount of linear DNA (RF III) and slowly migrating
DNA products (e.g., top of lane U). To determine whether the repli
cation products resulted from semiconservativÃ¨ DNA synthesis, the
DNA was treated with Dpnl, a restriction enzyme that only cuts DNA
at 5'-GATC-3' sequences having methylated adenine residues. Prod

ucts of in vitro DNA replication are hemimethylated and, thus, are
insensitive to this enzyme. As seen in Fig. 2 (lane D), the products
were Dpnl resistant and, thus, resulted from semiconservative synthe
sis. Isoschizomer analysis with Mbol, which cuts unmethylated DNA,
showed that a small proportion of the products resulted from more
than one round of replication (lane M). Digestion with the isoschi-

zomer, 5aÂ«3AI, whose cutting is independent of methylation, was
included to demonstrate that the GATC sites in the products are
cleavable (lane S). Similar results were obtained using the trans
formed cell, MSU 1.1-Hros, and the normal fibroblast, LG1 (data not

shown).
After unreplicated DNA was inactivated by Dpnl digestion, the

remaining replication products were transfected into a mismatch re
pair-deficient E. coli strain (NR9162). Mutant frequencies of DNA

120

HeLa

NHF1

:::-â€”B No Tag

2345

Reaction Time (hrs)
Fig. 1. SV40 T-antigen-dependent DNA replication by cell extracts. In vitro DNA

replication reactions were performed using M13 mp2SV DNA and cytoplasmic extracts
derived from normal fibroblasts, NHF1 (circle), and HeLa cells (square) in the presence
(â€¢.â€¢¿�)or absence (O, D) of T-antigen, and [a-32P]dCTP for 0.5-6 h at 37Â°C.See
"Materials and Methods" for details of reaction conditions. The radioactivity associated

with acid-precipitable material was used to calculate the amount of DNA precursors

incorporated.
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HeLa NHF1

UDMS UDMS

RFII

RFI
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Fig. 2. Electrophoretic analysis of replication products. Products of replication by
NHFl and HeLa cell extracts during a 2-h incubation were digested with restriction

enzymes (lane U, uncut; lane D. Dpnl; lane M. Mbol; and lane S, Sau3AI) and analyzed
by agarose gel electrophoresis in 40 mM Tris acetate-1 mM EDTA buffer containing 0.2
u.g/ml of ethidium bromide, followed by autoradiography of the dried gel. Bands repre
senting DNA replication forms RF 1(covalently closed circles), RF II (nicked circles), and
RF III (linear) are indicated.

Table 1 Mutant frequencies for replication reactions.
Dpnl-resistant M13mp2SV DNA replication products were used for transfection into

E. coli NR9162. Resulting mutunt plaques were identified, and mutant frequency was
calculated

Source of
extractNicked

construct"Control
(experiment)''\c23NHFlLGIMSUl.l-Hras

(experiment)12HeLa

(experiment)12C3rfPlaquesTotal199,65592,04610,78710,64168,20434,46141,677128,89731,81860,48047,635Mutant128615559251751384639Mutant

frequency/1046.46.64.64.78.77.24.14.011.97.68.2

" From Ref. 34.
h Incubated in HeLa cell extract without T-antigen.
'From Ref. 19.
d From Ref. 18.

replication reactions by the four different cell extracts are displayed in
Table 1. The control represents M13 mp2SV DNA that was incubated
in the presence of HeLa extract, as described, but without T-antigen.

Both normal and transformed cell extract reactions yielded mutant
frequencies similar to that of control reactions, indicating that fidelity
was high in all extracts.

Mutation Specificity. Since it is possible that the specificity of
mutations may differ despite similar mutant frequencies (35, 41^3),
mutants (80 normal, 58 MSUl.l-Hrai, and 78 HeLa) were sequenced,

and the spectra (not shown) were compared to that of an uncopied
control spectrum. Because the normal diploid cells were both derived
from neonatal foreskin fibroblasts and because the results from each
cell strain were similar, the data for NHFl and LGI were combined.

The frequency of various types of mutations was calculated for each
cell extract (Table 2). They were similar among normal and trans
formed cell extracts. Approximately 35-58% of mutants sequenced

were found not to contain a mutation in the target sequence (Table 2,
NMIT). Although it is likely that these contain mutations further
downstream in the lacZa sequence, the nature of these mutations have
not been determined. In Table 3, single-base substitution error rates

for all possible mispairs were calculated and compared to the spon
taneous rates. Error rates were also calculated for plus-one and minus-

one frameshift mutations. No differences in error rates for any muta
tion type were detected among normal and transformed cells.

Mismatch Repair. We (30) and others (29) previously reported a
general mismatch repair activity in HeLa cell extracts. This activity is
similar to methyl-directed mismatch repair in E. coli (24) but utilizes

a nick rather than methylation to direct repair to one strand. Since
inactivation of mismatch repair in E. coli results in a strong mutator
effect (44), it was of interest to examine whether this repair system is
active in transformed cells. For this purpose we examined repair of a
G-G at position 88 in the lacZa sequence, because we have previously

found this to be repaired efficiently (30).
The substrate is circular heteroduplex DNA containing a site-spe

cific nick at the unique Avail site of M13 mp2. The continuous strand
is the (+) strand viral DNA, while the discontinuous strand is derived
from the (-) strand of Avail-linearized RF DNA (Fig. 3A). Following

incubation with the various extracts, the repair products were purified
for transfection into a mismatch repair-deficient E. coli strain. Repair
of the (-) strand to preserve G in the (+) strand maintains an opal

codon in the lacZa sequence, resulting in a white plaque phenotype
upon transfection. Repair of the (+) strand changes the codon to TCA,
resulting in a blue plaque phenotype. Mixed bursts represent unre
paired molecules. The decrease in the mixed burst phenotypes is a
measure of overall repair efficiency, while the change in pure burst
phenotype ratios reflects the direction of repair. The results in Table 4
indicate that the repair efficiency was high in extracts from the trans
formed cells (HeLa and MSUl.l-Hrai) and somewhat lower in the
LG l extract. All of the extracts appear to have repaired the nicked (-)
strand as indicated by the increase in plus-strand phenotype compared
to the unincubated control. In a parallel experiment, a C-C mispair,

which is not repaired in the HeLa system (30), was also not repaired
by the LG1 or MSU1.1 -Hras extracts (data not shown). That the repair

specificity is similar for these extracts suggests that the activity is real
and not the result of nonspecific events such as nick translation.
Although the assay yields an estimate of mismatch repair efficiency,
we have noted that the efficiency of mismatch repair correlates with
the overall replicative capacity of the extract4 (Table 4).

A portion of the repair reaction products were analyzed by restric
tion digestion with Hinfl, followed by acrylamide gel electrophoresis
and autoradiography, to determine whether specific repair synthesis in
these extracts is indeed provoked by the mismatch. The structure and
Hinfl restriction endonuclease mapping of the heteroduplex contain
ing the G-G mispair are shown in Fig. 3A. Fig. 3B displays the

restriction fragment product analysis of mismatch repair-dependent

DNA synthesis. The autoradiogram shows that bands representing
sequences surrounding the mismatch were labeled preferentially over
those sequences at a distance from the mispair. This was confirmed by
the specific activity of each fragment normalized to a distant 413-base
pair fragment (see "Materials and Methods" and the legend to Fig. 3).

4 J. C. Boyer, D. C. Thomas, and T. A. Kunkel, unpublished data.
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Table 2 Frequency of mutations produced by human cell extracts

NormalMutationSingle-nucleotide

changes

Base substitution
Frameshift

Other
Deletions''
Additions*
NMIT'Mutants18

111

149Mutation

frequency/106"194

11811

11527MSUl.l-HRasMutants21

1201

24Mutation

frequency/106"123

83<6

6141Mutants37

84

128HeLaMutation

frequency/106"351

7638

9266

" Number of mutants of specific mutation/total number of mutants X mutant frequency.
'' Deletions and additions greater than one base.
' NMIT, no mutations in target sequence (positions -84 through +174).

Table 3 Base substitution and frame shift error rates by human cell extracts

Normal MSUl.l-Hras HeLa"

MutationTransition

BaseSubstitutionsAT-GCGCâ€”

ATTransversion
BaseSubstitutionsGCâ€”

Â»CGAT-CGAT-TAGCâ€”

TASingle-Nucleotide
FrameshiftsPlus

oneMinus
oneSites*384428363738150150Mutants462114110Error

rate'<

1/490,000Â£1/380,000Â£1/720,000Â£1/1,800,000Â£1/1,900,000<

1/480,000Â£1/7,700,0001/770,000Mutants112100739Error

rate'Â£1/3,200,000Â£1/310,000Â£1/2,400,000Â£1/3,100,000Â£1/3,200,000Â£1/460,000Â£1/4,400,000Â£1/1,500,000Mutants715420908Errorrate'Â£1/290,000Â£1/160,0001/370,0001/950,000Â£1/2,000,000Â£1/220,000Â£1/8,100,0001/1,000,000

"From Ref. 18.
* The number of sites within the target sequence at which the mutation can be detected by color phenotype.
' Error rates per detectable nucleotide were calculated as follows: [(number of specified mutants/total mutants sequenced) X mutant frequencyj/probability of expressing the

mutation (0.5) divided by the number of detectable sites. For "Â£"values, either no mutant was recovered or the frequency was less than 2-fold higher than the background frequency

of uncopied DNA (18), and the error rate was, thus, calculated using the background frequency.

Table 4 Mismatch repair in human cell extracts.
A heteroduplex of M13 mp2 DNA containing a G-G mispair at position 88 and a nick in the minus strand at the Avail site was used as the substrate in the mismatch repair reaction.

The reaction (25 (il) contained the same components as the replication reactions except that T-antigen was omitted and 5 ng ( 1 fmol) of heteroduplex DNA was substituted for M13
mp2SV RF DNA. After incubation at 37Â°Cfor 1 h, the reaction was terminated by the addition of proteinase K and sodium dodecyl sulfate and further incubation for 30 min. The sample

DNA was purified and transfected into E. coli strain NR9162 as described previously (30)

Control*HeLaLGIMSU

1.1 Hras+14312150Plaque

phenotypes(-47484937:%)Mixture39213013%

repair"462367% of HeLaRepair50146%
ofHeLareplication2.432

" Repair efficiency is expressed in percentage as 100 X (1 minus the ratio of the percentages of mixed bursts obtained from extract-treated and untreated samples).
* DNA mixed with extract but not incubated, then extracted, and used for electroporation as for repair reactions.

In particular, the 513-base pair fragment, which contains the mis
match, and the 253-base pair fragment, which contains the nick, are
severalfold higher in specific activity than the 413-base pair fragment,
especially in the MSUl.l-Hros extract repair reaction, which had the

highest repair as measured by the plaque assay. In contrast, the LGI
extract had the lowest repair efficiency and displays low specific
repair synthesis. This pattern of localized synthesis did not occur when
a C-C mismatch was used with any of the extracts (not shown). This

further demonstrates that the mismatch repair activity in these extracts
is real and not triggered simply by the presence of the site-specific

nick.

DISCUSSION

According to Loeb (3), the rate of spontaneous mutagenesis in
human cells is sufficient to explain carcinogenesis resulting from two
mutations. However, human tumors frequently possess many muta
tions (45, 46), prompting the suggestion (1-3, 6) that a mutator phe

notype could be involved in tumor progression and metastasis.
Numerous studies in both prokaryotic and eukaryotic systems dem
onstrate that a mutator phenotype may result from mutations in genes
encoding proteins involved in many different DNA metabolic activi

ties. In the present study, we have studied the contribution of two
processes known to influence mutation rates: replication and postrep-

licative mismatch repair.
The demonstration that extracts of normal diploid human cells

successfully perform SV40 origin-dependent, double-stranded DNA

replication in vitro permits a direct comparison of the replicative
fidelity of normal versus transformed cells. This comparison is
strengthened by the use of a transformed human cell line (MSU 1.1-

Hras) and its normal isogenic progenitor (LGI) and by the use of a
forward mutation assay that scores a wide variety of replication errors.
No differences in replication error rates were observed for single-base
substitution and frameshift errors. Thus, transformation by transfec-
tion and overexpression of an oncogene in vitro (MSUl.l-Hras) does

not yield an obvious mutator phenotype. This conclusion is naturally
limited by the sensitivity of the forward mutation assay; fidelity dif
ferences could exist that have not been detected above the background
mutant frequency of the assay. Other limitations of this system include
the use of naked DNA instead of chromatin and the possibility that the
cell extracts lack components that function in vivo to increase fidelity.
The results further suggest that a HeLa cell extract is a reasonable
model system for replication fidelity studies and that the extract rep-
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137, 274
212

324

B
A B

MM- ^

Nick-

-529
-486

-413

-345 + 348
- 324 + 328

- 274 + 261
-253

Fig. 3. Electrophoretic analysis of mismatch repair products. A, restriction endonu-
clease map of M13 mp2 DNA heteroduplex containing the mispair G-G at position 88. The

Hinfl sites are indicated by hash marks on the outer circle and the Avail nick which was
produced during construction is marked on the inner circle. The sizes in base pairs for
Hinfl restriction fragments are also shown. B, autoradiogram showing a 5% native acryl-
amide gel with Hinfl restriction digestions of the mismatch repair reactions using cyto-
plasmic cell extracts of HeLa (lane A), LG1 (lane B), and MSUl.l-Hrai (lane Ci.
Reaction conditions were as described in "Materials and Methods." The fragments con

taining the mismatch and the nick are identified by MM and Nick, respectively. The
specific activities of these fragments relative to that of the 413-base pair fragment
(assigned a value of 1.0) are: lane A, MM = 2.7, Nick = 2.6; lane B, MM = 1.6, Nick
= 3.0; lane C. MM = 3.6, Nick = 3.3.

lication system may be useful for studying fidelity in cells from
patients with genetic instability syndromes (47), using either normal
or damaged DNA. Fidelity studies with DNA containing miscoding or
blocking lesions could reveal differences between normal and trans
formed cell extracts that are not apparent in the present study.

Although the normal and malignant cell extracts did not differ in
replicative fidelity, the extracts from malignantly transformed cells
did exhibit greater replicative activity (Fig. 1). This could reflect a
higher content of replicative factors (48) in the transformed cells. If
so, this could contribute to the tendency of transformed cells to am
plify genes. It is interesting to note that there is a greater than 10,000-

fold difference in the ability to amplify the carbamoyl phosphate
synthase, aspartate transcarbamylase and dihydroorotase (CAD) gene
between NHF1 and HeLa cells (49).

Mismatch repair was detectable and efficient in fully transformed
cells. This suggests that, at least for the cells that were tested here,
decreased mismatch repair efficiency is not associated with the trans
formed phenotype. The lower efficiency of mismatch repair in normal

cell extracts parallels the lower activity of T-antigen-dependent DNA

replication, suggesting that mismatch repair utilizes at least some
replication proteins, which is known to be the case in E. coli (50).
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