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Abstract

The mechanisms responsible for creating genetic errors and genomic
instability in cancer cells have not been fully defined. Recently, it has been
shown that human cells contain a highly organized complex of proteins,
termed the DNA synthesome, that is fully competent to carry out all
phases of SV40 in vitro DNA replication (J. M. Coli et al., Oncol. Res., 8:
435-447, 1996; L. H. Malkas et al., Biochemistry, 29: 6362-6374, 1990; Y.
Wu et al, J. Cell. Biochem., 54: 32-46, 1994; N. Applegren et al., J. Cell.
Biochem., 54: 32-46, 1994). DNA replication fidelity analyses of the DNA

synthesome derived from malignant and nonmalignant human breast cells
demonstrate that the malignant cell synthesome is mutagenic. The de
crease in tumor cell replication fidelity was not due to an increased
proliferative capacity of the tumor cells or an increase in the synthetic
activity of their DNA synthesome. The ratios of insertions, deletions, and
mismatches created by the synthesome from malignant and nonmalignant
breast cells were essentially identical, despite the greater overall number
of mutations made by the breast cancer cell synthesome. These data
define, for the first time, a mechanism unique to cancer cells that con
tributes to the observed increase in genetic mutation in cancer cells.

Introduction

Breast cancer is the most common malignancy affecting women
living in North America and Europe. A profound and diverse number
of factors, including the environment, genetics, nutrition, hormones,
and other as yet undetermined factors, are thought to influence the
etiology of the disease (1). These factors may contribute to the overall
incidence of breast cancer by specifically altering the breast cellular
microenvironment, thereby catalyzing a gradual evolution toward a
malignant phenotype (1, 2). The malignant breast cell phenotype
develops as the result of a multistep process, requiring the accumu
lation of multiple genetic mutations (2-5). These mutations contribute

to the development of a cell that is increasingly characterized by
unchecked proliferation, deregulated production of growth factors,
nonresponsiveness to extracellular antiproliferative signals, anchorage
independence, metastatic potential, and resistance to antineoplastic
agents (1). Although the molecular mechanisms underlying the mul
tistep progression in breast tumorigenesis are not fully understood, the
progression is primarily dependent upon the increased level of genetic
alteration and instability in the genome of the initiated premalignant
breast cell (4, 5).

One potential mechanism through which genetic alterations may
occur requires that the cellular DNA replication process becomes
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error prone. An increase in the error frequency associated with the
DNA synthetic machinery responsible for elongating the DNA could
lead to an accumulation of mutations. Thus, altered DNA replication
components may promote genetic mutations in the malignant cell
through the development of an error-prone DNA replication process.

Human cell DNA replication is an exquisitely well-orchestrated

event, requiring the coordinated activity of a number of enzymes and
proteins (6). Our laboratory was the first to demonstrate that, in the
mammalian cell, this efficie-U orchestration is accomplished by a

physically and functionally organized multiprotein complex that we
have termed the DNA synthesome (7-10). To date, it has been shown

that the DNA synthesome comains all of the polypeptides required for
DNA replication in vitro [DNA polymerases a, S, and e, DNA
primase, proliferating cell nuclear antigen, topoisomerases I and II.
replication protein A, replicai on factor C, DNA helicase, poly(ADP)
ribose polymerase, and DNA 'igase; Refs. 7-10]. It was demonstrated

that the DNA synthesome was competent to carry out SV40 origin and
large T antigen-dependent, semiconservative DNA replication in vitro
(7-10). Thus, the DNA synthesome can serve as a unique in vitro

model through which the DN\ replication process can be examined
because it is carried out by b >th malignant and nonmalignant breast
cells. The process of DNA replication is normally carried out in the
somatic breast cell with a hiÂ¿hdegree of fidelity, producing fewer
than 1 miscoded nucleotide per 1 billion bp (3). A decrease in the level
of replication fidelity could lead to an increased likelihood that
successive generations of cells will contain mutations that result in the
mistranslation of proteins and deregulation of a myriad of cellular
events (1-4). It is reported here, for the first time, that the DNA

replication process mediated by the DNA synthesome derived from
malignant human breast cell cultures and tumor tissue is significantly
error prone, compared to that carried out by the synthesome of
nonmalignant breast cells. Thus, these studies represent a crucial step
toward defining a potential mechanism contributing to the genetic
instability and the overall increase in the level of mutation observed in
malignant human breast cells.

Materials and Methods

Replication Template (Phagrmid pBK-CMV) and Bacteria Culture.
The pBK-CMV vector (Stratagene) contains the full 298-bp SV40 origin of
DNA replication, including both Urge T antigen-binding sites I and II. It also

contains the eukaryotic promote] for the cytomegalovirus, the prokaryotic
RNA start sequence (at position 1221), the /acpgene (at positions 1300-1220).

which codes for the lacZ gene pr >moter. the lacZa gene (at positions 1183-
810). the start site for the ÃŸ-gal}gÂ£ne (ATG: at position 1183). and the stop site

for the gene (TAA; at position 799).
The XLl-Blue MRF' (7) strai i of Escherichia coli was purchased from

Stratagene as the optimal strain lor the growth and expression of the pBK-
CMV vector. Its genetic composition is: [(mcrA) 183, d(mcr(B-hsdSMR-mrr)
173, endAI. supE44. thi I, recAl. gyrA96. relAI. lac|F'proAB, lacl"Z (ml5,
TnlO(tetR)]. Cells were transfected by electroporation 111).

1The abbreviations used are: 0-gal ÃŸ-galactosidase: FBS. fetal bovine serum; EOF.

epidermal growth factor.
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E. coli transformed with the non-mutated gene for ÃŸ-galand grown in the

presence of the chromogenic substrate, 5-bromo-4-chloro-3-indolyI ÃŸ-D-gal-
actoside. and the inducer for the ÃŸ-galgene, isopropylthio-ÃŸ-D-galactosidase,

will express dark blue colonies. Errors in the sequence encoding the ÃŸ-galgene

result in white colonies. Intermediate phenotypes (light blue) may result from
less severe mutations of the gene encoding ÃŸ-gal.

Breast Cell Culture. All of the established cell lines used in these studies
were purchased from the American Type Culture Collection.

The malignant breast cancer cell line, Hs578T (Homo sapiens no. 578 tumor
cells), is an aneuploid, mammary myoepithelial cell line derived from a

mammary tumor that does not express the estrogen receptor protein. The
Hs578T cells were grown in suspension in DMEM supplemented with 4.5
g/liter glucose, 10 units/ml bovine insulin, and 10% FBS (12).

The nonmalignant breast cell line Hs578Bst (Homo sapiens no. 578 breast
cells) is diploid and, most likely, of myoepithelial origin. It was derived from

breast tissue found peripheral to the Hs578T tumor. The Hs578Bst cells were
grown in monolayer culture with modified DMEM, 30 ng/ml EOF, and 10%

FBS (12).
The malignant MCF7 cell line is derived from a human breast adenocarci-

noma. Cells from a pleural effusion were used to establish the cell line. The
line has retained many of the characteristics of differentiated mammary,

epithelium including the ability to process estradici via cytoplasmic estrogen
receptors and the capability of forming domes. It was maintained in 90%
Eagle's medium with nonessential amino acids, 1 ITÃŒMsodium pyruvate, bovine

insulin (10 Â¿ig/ml),and 10% FBS bovine serum (13).

The nonmalignant MCF10A cell line is an immortalized cell line from
human fibrocystic breast disease of a 34-year-old Caucasian patient. It has a

near normal karyotype, and by electron microscopy, the cells display charac
teristics of luminal ductal cells but not myoepithelial cells. An early passage of
the cell line was maintained in a 1:1 mixture of DMEM and Ham's F-12

medium with 20 ng/ml EOF, 100 ng/ml cholera toxin, 0.01 mg/ml insulin, and

500 ng/ml hydrocortisone (95%) and horse serum (5%; Ref. 14).
Primary breast epithelial cells were selected in Mammary Epithelial Growth

Medium (Clonetics, San Diego, CA) supplemented with 2X penicillin/strep

tomycin, 2.5 /ig/ml amphotericin B, 50 units/ml polymixin B sulfate, 50 jag/ml

gentamycin sulfate, 10 ng/ml EGF, 5 fig of insulin, 0.5 mg/ml hydrocortisone,
and 52 /Â¿g/mlbovine pituitary extract, and grown as described previously (15).

Breast Cell DNA Synthesome Isolation. All breast cells from tissue
culture were harvested and prepared for fractionation on ice following previ

ously published procedures (10). Using a modification to these protocols, we
isolated the synthesome from surgically resected human breast tumor and
nonmalignant breast tissue. The tissue was first prepared for Dounce homog-

enization by initially freezing in liquid nitrogen and then pulverizing with a

mortar and pestle (cryopulverization). The pulverized frozen tissue was then
homogenized and treated as previously described (10).

In Vitro DNA Replication Assay. DNA replication reactions (50 /j.1)were
carried out as described previously (11).

Forward Mutagenesis Assay. The DNA from each in vitro DNA replica
tion reaction was precipitated and subjected to Dpn\ digestion as described
previously (11). The DpnI-digested in vitro replicated pBK-CMV DNA was
used to transfect the E. coli host (strain XLl-Blue MRF') as described

previously (11). The transfection and plating conditions give intense blue color
for the wild-type plasmid, which facilitates the visualization of mutant phe

notypes. The mutant colonies range from white to intermediate (relatively

blue) phenotypes.
Scoring of Mutants. The inactivation of the a-complementation gene due

to a mutation in pBK-CMV gives a variety of mutant phenotypes, due to the

lack of a fully functional ÃŸ-galgene product. The mutant phenotypes were

scored as described previously (11). Calculations described in the Table 1 have

been made to convert the percentage mutant colonies to a number reflecting the

average number of nucleotide sequence errors per target gene.
Determination of the Types of Nucleotide Errors in the DNA Replicated

in Vitro. Automated sequencing of the plasmid DNA isolated from bacterial
colonies was performed by the University of Maryland at Baltimore DNA
sequencing core facility and was used to identify the specific types of muta

tions that were present in the DNA replication products created by the syn
thesome isolated from malignant and nonmalignant human breast cells.

Results

The DNA Synthesome Derived from Malignant Breast Cells in
Culture Mediates an Error-prone DNA Replication. To assess

whether the DNA replication apparatus of malignant breast cells
carries out error-prone DNA synthesis, the replication fidelity of the
DNA synthesome isolated from malignant and non-malignant human

breast cells grown in culture was examined. Using previously pub
lished procedures, we purified the DNA synthesome from the malig
nant human breast cell lines MDA-MB468, Hs578T, and MCF7 and
from the nonmalignant human breast cell lines Hs578Bst and early-

passage MCF10A (8, 10). The replication fidelity of these prepara
tions was evaluated using our recently described forward mutagenesis
assay (16). Briefly, DNA synthesome-driven in vitro DNA replication
reactions were carried out using a DNA template (pBK-CMV) that

contains the SV40 origin of replication and a target reporter gene
(lacZa). Replication-induced mutations occurring in the target gene
resulted in the expression of a nonfunctional ÃŸ-galenzyme in bacteria

transformed with the replicated plasmid. A nonfunctional enzyme was
detected in the transformed E. coli host by the development of
colonies expressing a white phenotype, whereas expression of a
functional enzyme in the bacteria produced phenotypically blue col
onies. By scoring the number of white versus blue colonies, we
derived a relative replication error frequency. The error frequency was
then converted to the number of detectable nucleotide errors per target
gene using the formula described by Roberts and Kunkel (see Table 1;
Ref. 17).

Using the forward mutagenesis assay, we observed that the DNA
synthesome derived from MCF7 cells produced significantly more
nucleotide errors in the nascent DNA than did the synthesome of the
nonmalignant MCF10A cells (Table 1). Specifically, the frequency of
mutations produced by the MCF7 DNA synthesome was 4.4-fold
higher than that created by the DNA synthesome derived from non-

malignant MCF10A cells (Table 1). Similarly, it was observed that the
DNA synthesome derived from the malignant Hs578T cell line ex
hibited a 5.7-fold higher DNA replication error frequency than did the

synthesome derived from its genetically matched counterpart
(Hs578Bst; Table 1).

The synthesome prepared from the estrogen receptor-negative ma
lignant cell line MDA-MB468 also mediated DNA replication using
an error-prone mechanism (Table 1). It was determined that the
MDA-MB468 synthesome incorporated errors at a level comparable

to that demonstrated by the DNA synthesome from the MCF7 and the
Hs578T cell lines (Table 1). Taken together, these data indicated that
the malignant human breast cells contained an error-prone DNA

replication apparatus.
Validation That Human Breast Tumors Also Contain an Error-

prone DNA Replication Apparatus. To confirm that the results
obtained from the cell culture-derived DNA synthesome were repre

sentative of the molecular events occurring in human breast tissue,
forward mutagenesis assays using the DNA synthesome prepared
from surgically resected malignant and nonmalignant human breast
tissue were performed. The DNA synthesome was purified from the
resected breast tissue as previously described (10). To assure that
potential differences in replication fidelity were not due to individual
genetic variations between patients, the DNA synthesome derived
from genetically matched (i.e., from the same patient) malignant and
nonmalignant tissue from several different breast cancer patients who
had not received any prior treatment were also examined. Using the
forward mutagenesis assay, we measured the fidelity of replication
mediated by the malignant breast tissue DNA synthesome and com
pared it with that carried out by the DNA synthesome derived from
genetically matched nonmalignant breast tissue. It was found that the
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Table 1 DNA replication fidelity of the malignant and nonmalignant breast .vyntlitnome

Source of DNA synthesome
Total no. of

colonies scored
No. of mutant

colonies
Mutant frequency(X 10~5 nucleotides)" Fold mutation

frequency

Malignant
Human breast cells

MCF7
Hs578T
MDA-MB468
Tumor A'' (IDC1')

[ER-, PR-. Ki-67 24% (high). HER-2/neu 52%

(high), p53 positive]
Tumor B (IDC)

(ER + . PR + . diploid. 6% S-phase)
Tumor C (ILC) [ER+ high.

PR-, unknown ploidy, Ki-67 2% (low).
HER-2/neu 42% (high), p53 negative]

Tumor D (ILC) [ER+ low, PR+ high.
diploid. S-phase 7.2% (high)]

Nonmalignant
Human breast cells

6.0 X IO4
6.0 X IO4
6.0 X IO4
3.0 X IO4

3.0 X 10"

3.4 X IO4

3.0 X IO4

576
960
762
141

209

122

130

5.15
8.65
6.81
2.52

3.72

1.92

2.35

4.4
5.7N/A''

3.6

3.8

2.4

4.4

MCF10AHs578BstTissue

ATissue
BTissue
CTissue

DBenign
breastpathologyJuvenile

fibroadenomaFibroadenomaBenign

phyllodestumorDuctal
epithelial hyperplasia withoutatypiaNormal

breastcell/Normal
1Normal
2Primary

breast cell culture 14.0

XIO44.0
XIO4l.OX

IO41.0
XIO4l.OX

IO4l.OX
IO44.0

XIO44.0
XIO44.0
XIO44.6
XIO41.0

XIO42.0
XIO44.0
X IO46611313181511)132233171222651.181.500.700.%0.800.540.170.300.440.350.640.590.87111111N/AN/AN/AN/AN/AN/AN/AN/A

" Values represent the relative number of errors created per nucleotide of the replicated plasmid. This derivation was based on the following formula described by Roberts and Kunkel
(17): no. of mutant colonies/total no. of transformed colonies - background mutation frequency (no mutations detected in 5 X I0~8 colonies (/chance of a nucleotide defect within

the lacZa gene if the colony expresses a white phenotype (0.5)/no. of sites in the target gene (373 bp). The lacZct gene comprises 8.25% of the total pBK-CMV plasmid (4518 bp).
Each value reported in the table represents the average of at least three individual experiments, and the values did not deviate fiom the average by more than 5%.

Values represent the fold increase in mutation frequency of the malignant cell synthesome. as compared to its genetically matched nonmalignant cell counterpart.
' Although it is not a genetically matched cell line, the fold mutation for the MCF7 cell-derived synthesome was calculated u^ing the mutation frequency measured for MCF10A

cells. All other fold mutation calculations were made between genetically matched cell lines; N/A. no genetically matched coun erpart available.
Surgically resected female human breast tissue. Genetically matched samples are denoted by corresponding alphanumeric designations (tumor A, tissue A, and so on). Factors such

as stage of malignancy, genetics, race, and age were double blind during data collection.
* IDC, infiltrating ductal carcinoma; ILC, infiltrating lobular carcinoma, determined by pathological diagnosis of tumor tissue.

Surgically resected breast reduction tissue from healthy females used to derived synthesome from frozen sample (tissue A) >r from primary cultures (primary culture .sample).

replication fidelity of the synthesome derived from malignant breast
tissue was 2.4-4.4-fold lower than that mediated by the genetically
matched nonmalignant breast tissue synthesome. In addition, the level
of replication fidelity observed for the synthesome derived from
nonmalignant breast tissue was essentially comparable to that of the
synthesome purified from nonmalignant breast cell cultures (e.g.,
MCF10A), and the fold mutation frequency of the breast tumor tissue
synthesome was similar to that observed for the complex derived from
the malignant MCF7 cell cultures (Table 1). Thus, these data indicate
that a distinctly error-prone DNA replication apparatus is not merely
a feature of the cultured breast cancer cells but is a significant
characteristic common to all malignant human breast cells.

Nonmalignant Breast Tissue from Cancer Patients Contains a
DNA Synthetic Apparatus That Replicates DNA Faithfully. To
assure that the measurements of the error frequency of the DNA
synthesome derived from nonmalignant breast tissue from cancer
patients were truly representative of the normal, healthy breast cell
DNA synthetic apparatus, the DNA synthesome was isolated from
healthy breast tissue resected during routine breast reduction surger
ies, as well as from normal breast epithelial primary cell cultures. The
DNA synthesome isolated from normal breast tissue (i.e., normal 1
and 2) and a nonmalignant primary breast epithelial cell culture were
observed to have comparable levels of replication fidelity. This ob
servation confirmed that the synthesome complex from normal cells
mediated replication with high fidelity (Table 1) and that the mutation
frequency was essentially similar to that observed for the genetically

matched, nonmalignant breast tissue DNA synthesome (i.e., tissues
A-D; Table 1). Therefore, it was concluded that the observed fidelity
difference between the malignant and nonmalignant breast tissue
synthesome preparations from the same cancer patient accurately
demonstrated that the maligrant breast cell DNA synthetic apparatus
was significantly more error prone than that isolated from normal,
disease-free breast tissue.

Error-prone Replication Was Not Due to Hyperplastic Pathol
ogy. To verify that the observed increasedmutationfrequencyof the
malignant cell DNA synthesome was not merely a result of the
hyperplastic phenotype of breast cancer cells, we examined the rep
lication fidelity of the synthesome derived from surgically resected
benign breast tissue exhibiting a benign hyperplastic pathology. The
observed error frequencies for the DNA synthesome isolated from two
benign fibroadenomas, a phyllodes tumor, and a sample of ductal
epithelial hyperplasia were found to be low and relatively similar to
those observed for the nonmalignant and normal (tissue from a non-
cancer mammoplasty, not exhibiting any hyperplasia) breast tissue
DNA synthesome samples (Table 1). Therefore, the decreased repli
cation fidelity of the malignant breast cell synthesome was not due to
the hyperplastic pathology ot breast cancer cells but was a character
istic of the malignant phenotype.

Error-prone Replication Driven by the Synthesome of Malig
nant Breast Cells Did Not Correlate with Increased in VitroDNA
Synthesis. To validate that the observed increase in the mutation
frequency of the purified malignant breast cell replication apparatus
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Table 2 DAM replication activity of the genetically matched malignant and
nonmtilignant breast DNA .fvnthesome

Source of DNAsynthesomeMalignant

human breastcellsTumor
A'(IDC*)Tumor

B(IDC)Tumor
C(ILC)Tumor
D(ILC)AverageNonmalignant

human breastcellsTissue
ATissue
BTissue
CTissue
DAverageUnits

ofT-antigendependent

DNAreplication
activity"(X

1CT2)11.51123.512.514.615.08.711.511.511.7Fold

Tantigen-dependentreplicationactivity*0.81.32.01.01.31.01.01.01.01.0

" In vitro DNA replication activity assays were performed as described previously (2).

Units represent the amount of T antigen-dependent DNA replication ((-t-)T-antigen
values - (-)T-antigen values). 1 unit = 1 pmol of nascent DNA synthesized//Â¿g of

synthesome protein/h. The values represent the average of two independent experiments.
Replication values deviated by less than 3% from the average.

* Fold DNA replication activity was calculated by dividing the units of replication

observed for the malignant breast cell DNA synthesome by the replication units observed
for the DNA synthesome isolated from the genetically matched nonmalignam breast cells.
Each value represents the average of at least two experiments. Replication values deviated
by less than 3% from the average.

' Surgically resected female human breast tissue. Genetically matched samples are

denoted by corresponding alphanumeric designations (tumor A. tissue A, and so on).
Factors such as stage of malignancy, genetics, race, and age were double blind during data
collection.

'' IDC. infiltrating ductal carcinoma: ILC. infiltrating lobular carcinoma, determined by

pathological diagnosis of tumor tissue.

was not merely due to an increase in the level of in vitro DNA
synthesis, the DNA replication level mediated by the DNA synthe
some derived from genetically matched malignant and nonmalignant
breast tissue was examined. The replication activity of the DNA
synthesome preparations was examined using the in vitro DNA rep
lication assay described previously (7). The incorporation of [a-32P]-

dCMP into the nascent daughter DNA molecules was measured and
the level of replication activity was expressed as pmol of nascent
DNA synthesized//j,g of DNA synthesome protein/h (Table 2). It was
observed that the large T antigen-dependent replication activity of the

malignant breast tissue DNA synthesome was not significantly higher
than that observed for the nonmalignant breast tissue complex (Table
2). These data demonstrated that the significant decrease in replicative
fidelity observed for the malignant breast cell DNA synthesome was
not a result of an increased in vitro DNA replication activity exhibited
by the replication complex.

Types of Errors Made by the DNA Synthesome of Breast Cells.
To determine the types of mutations prevalent in the nascent DNA
produced by the DNA synthesome of malignant and nonmalignant
breast cells, the target gene (lacZa) contained in the in vitro DNA
replication product was sequenced. The in vitro replicated plasmid
DNA present in mutant (white phenotype) bacterial transformants
produced during the forward mutagenesis assay was extracted, puri
fied, and sequenced. To serve as a positive control, plasmid DNA
isolated from wild-type (dark blue) transformants was purified, se

quenced, and compared to the published sequence of the lacZa gene
(Stratagene). These wild-type Â¡acZasequences were used to identify

the nucleotide sequence errors within the target gene sequence. Au
tomated dideoxynucleotide sequencing of the double-stranded lacZa

gene demonstrated that, although the number of mutations present in
the DNA replication products created by the malignant breast cell
DNA synthesome were greater than those formed by the nonmalig
nant replication complex (Table 1), there was no significant difference
in the types or the relative percentage of errors found in the replicated
DNA products (Table 3). The DNA synthesome derived from the

malignant breast cell cultures and the genetically matched malignant
breast tissue samples was found to produce a relatively small percent
age of nucleotide insertions (18 Â±2%) and single nucleotide deletions
(9 Â±5%), with the bulk of the errors consisting of mismatches
(73 Â±7%). Although they produce fewer overall mutations (Table 1),
the synthesome preparations derived from the nonmalignant breast
cell cultures and the genetically matched nonmalignant breast tissue
samples were found to create nearly the same percentage of mutations
of each type as the malignant cell DNA synthesome (16 Â±7%)
insertions, 9 Â±5% deletions, and 75 Â±12% mismatches; Table 3). It
was also observed that there were neither mutational hot spots nor any
particular type of mismatch that was found to occur more frequently
than another in the replicated lacZa gene.

Discussion

The intact DNA synthesome derived from estrogen receptor-
positive and -negative cell cultures and genetically matched and

nonmatched human breast cancer cell cultures, as well as the synthe
some isolated from surgically resected malignant breast tissue, was
shown to contain a significantly error-prone DNA replication appa

ratus. These results demonstrated, for the first time, that the DNA
replication apparatus isolated from human breast cancer cells exhibits
a significantly decreased replication fidelity. This observation sug
gests that the increased accumulation of mutations observed in human
breast cancer cells may be correlated, in part, with this decrease in
replication fidelity.

The observed decrease in the replication fidelity of the malignant
cell DNA synthesome was not the reflection of increased cell prolif
eration or DNA synthetic capacity. It was found that the DNA
synthesome derived from breast tissue with benign pathological di
agnoses demonstrated a high level of fidelity that was comparable to
that observed for the nonmalignant and normal breast cell DNA
synthesome. The hyperplastic phenotype of the benign breast tissue
did not affect the ability of the synthesome derived from these
samples to carry out normal, high-fidelity DNA replication. Further

more, measurements of the in vitro DNA replication activity of the

Table 3 Types of replication errors produced h\ the breast cell DNA s\nthesome

Breast celltype(source
of DNAsynthesome)MalignantMCF7

(n =3)Hs578T
(Â«=4)Malignant

tumor tissue (n =3)Average'NonmalignantMCF10A

In =3)Hs578Bst
(n =4)Nonmalignant

tissue (n =3)Average^Percentage*1Nucleotideinsertions20162018

Â±2%1323g16

Â±7%replication-induced

errorsNucleotidedeletions105149

Â±5%61449

Â±5%Nucleotidemismatches70796673

Â±7%81638875

Â±12%
" Percentages were derived from the numbers of nucleotide errors observed in the

double-stranded nucleotide sequences of the replicated plasmid isolated from individual
mutant bacterial transformant colonies, produced using separate forward mutagenesis
assays.

h AH replication-induced errors were measured by comparing double-stranded nucle

otide sequences of the lacZa gene of the replicated pBK-CMV template isolated from a
mutant (white phenotype) bacterial transformant with that of a wild-type lacZa sequence.

Mutant transformant colonies were selected from three to four individual forward mu
tagenesis assays. The sequences from normal transformant colonies (n = 7; blue wild-type

phenotype) isolated from forward mutagenesis and assays mediated by MCF7, MCF10A,
Hs578Bst. and Hs578T, resected breast tumor, and nonmalignant tissue-derived DNA
synthesome (data not shown) were checked against the published wild-type sequence for

lacZa and were not found to contain any mutations.
' The averages reported were calculated to reflect the number of independent analyses

of each cell line sampled and each tumor sampled. The number of each type of error
produced during the analysis of each tumor sample (n = 4) was summed and the average
was calculated, or tissue tumor samples were analyzed for each category of nucleotide
sequence error.
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malignant cell DNA synthesome demonstrated no significant increase
in the level of DNA synthesis over that exhibited by the nonmalignant
cell DNA synthesome. Interestingly, although there was an increase in
the number of errors created by the malignant breast cell DNA
synthesome, the types and relative percentages of errors (insertions,
deletions, and mismatches) were not different from those made by the
nonmalignant breast cells' synthesome.

This study provides a unique insight into the functional alterations
of the DNA synthetic apparatus of the human breast cancer cell and
demonstrates, for the first time, that the DNA synthesome of the
breast cancer cell may potentiate the increased rate of genetic muta
tion and genomic instability observed in breast cancer (1, 2. 5). These
findings are especially timely in light of the current literature sup
porting the mutator hypothesis. For example, several recent reports
have shown that the tumor cells of hereditary nonpolyposis colon
cancer patients are typified by a mutator phenotype with a greatly
elevated level of genetic instability, frequency of base substitutions,
and frameshift mutations (16, 18). The genetic instability in hereditary
nonpolyposis colon cancer was reported to be due to mutations in at
least one of the mismatch repair proteins responsible for postreplica-

tion repair. Thus, it follows that other processes normally responsible
for maintaining the integrity of the genome, such as DNA replication,
might also be altered in malignancy. The data described in this report
suggest that the DNA synthesome of malignant breast cells may have
become altered in some way during the progression to malignancy.
These alteration(s) may promote the accumulation of replication er
rors that contribute to the overall genetic instability in breast cancer.

Important implications of this work are (a) the likely definition of
a new characteristic of cancer cells, in that only malignant cells have
a faulty replication apparatus; and (b) that the dysfunction of the
cancer cell replication machinery may be more of a fundamental
characteristic of malignancy than any single genetic mutation. This
premise is based on the observation that decreased replication fidelity
was exhibited by the synthesome prepared from 100% of the malig
nant cells examined to date. This high degree of correlation suggests
that decreased replication fidelity may be a better indicator of breast
cell malignancy than other current molecular markers (i.e., p53,
progesterone and estrogen receptor status, and her2/neu) that are
found in only a portion of all breast tumors (see Table 1).

Studies are ongoing to fully characterize the modifications of the
DNA synthesome components responsible for the decreased fidelity
of the DNA replication process. It is anticipated that structural anal
yses of the synthesome, such as those described in a report by Bechtel
et al. (19) illustrating the discovery of an altered form of proliferating
cell nuclear antigen (PCNA) in the malignant cell DNA synthesome.
will begin to provide insight into the structural modifications under
lying the altered function of the malignant breast cell DNA synthe
some. The development of a greater understanding of the cellular
machinery responsible for creating genetic mutations in the malignant
cell will lead to novel opportunities to develop more precisely targeted

chemotherapeutics, as well as identify new biomarkers that are more
accurate and sensitive for the detection and diagnosis of breast cancer.
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