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ABSTRACT: Mutations in breast and ovarian cancer susceptibility genesBRCA1and BRCA2predispose
women to a high risk of these cancers. Here, we show that lymphoblasts of women withBRCA1mutations
who had been diagnosed with breast cancer are deficient in the repair of some products of oxidative DNA
damage, namely, 8-hydroxy-2′-deoxyguanosine and 8,5′-cyclopurine-2′-deoxynucleosides. Cultured lym-
phoblasts from 10 individuals withBRCA1mutations and those from 5 control individuals were exposed
to 5 Gy of ionizing radiation to induce oxidative DNA damage and then allowed to repair this damage.
DNA samples isolated from these cells were analyzed by liquid chromatography/mass spectrometry and
gas chromatography/mass spectrometry to measure 8-hydroxy-2′-deoxyguanosine, (5′-S)-8,5′-cyclo-2′-
deoxyadenosine, (5′-R)-8,5′-cyclo-2′-deoxyguanosine, and (5′-S)-8,5′-cyclo-2′-deoxyguanosine. After
irradiation and a subsequent period of repair, no significant accumulation of these lesions was observed
in the DNA from control cells. In contrast, cells withBRCA1mutations accumulated statistically significant
levels of these lesions in their DNA, providing evidence of a deficiency in DNA repair. In addition, a
commonly used breast tumor cell line exhibited the same effect when compared to a relevant control cell
line. The data suggest that BRCA1 plays a role in cellular repair of oxidatively induced DNA lesions.
The failure of cells withBRCA1mutations to repair 8,5′-cyclopurine-2′-deoxynucleosides indicates the
involvement of BRCA1 in nucleotide-excision repair of oxidative DNA damage. This work suggest that
accumulation of these lesions may lead to a high rate of mutations and to deleterious changes in gene
expression, increasing breast cancer risk and contributing to breast carcinogenesis.

Breast cancer is the second leading cause of cancer deaths
among women. Inherited mutations that affect a single allele
of the breast cancer 1 and 2 genes (BRCA1and BRCA2)
predispose women to a high risk of breast and ovarian
cancers, although the magnitude of this risk is controversial
(reviewed in ref1). Hereditary breast cancers account for
approximately 5-10% of all breast cancers among women,
whereas other breast cancers are considered to be sporadic
(2-4). On the other hand, 30-60% of familial breast cancers
result from inherited mutations onBRCA1andBRCA2(4-
6). BRCA1plays an important role in maintaining the genome

integrity, at least in part, through its role in the repair of
DNA damage (reviewed in refs3 and 7-10). Thus, the
BRCA1product, BRCA1 is involved at multiple steps in the
cellular response to DNA damage as it associates and co-
localizes with RAD51, a DNA recombinase, and therefore
participates in the repair of DNA double-strand breaks by
homologous recombination (11-13). Further evidence shows
that BRCA1 plays a role in the repair of other types of
oxidative DNA damage becauseBRCA1-deficient cells
exhibit chromosomal abnormalities and are hypersensitive
to oxidative damage caused by DNA-damaging agents, such
as ionizing radiation and hydrogen peroxide (3, 14, 15).

Epidemiological studies and those with animal models
strongly suggest that free radicals generated by oxidative
stress may be involved in breast carcinogenesis (16-18).
Oxidative damage by free radicals generates a plethora of
modifications in DNA, including base and sugar lesions, 8,5′-
cyclopurine-2′-deoxynucleosides, DNA-protein cross-links,
and strand breaks (reviewed in ref19). The majority of DNA
lesions are mutagenic and/or lethal lesions and thus may play
an important role in a number of disease processes (reviewed
in refs19 and20). Among these lesions, modified bases are
mainly repaired by base-excision repair (BER)1 pathways
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(reviewed in refs21-23). On the other hand, nucleotide-
excision repair (NER) may also be involved in the repair of
modified bases as reported for the repair of 8-hydroxyguanine
(8-OH-Gua) and thymine glycol (24, 25). Furthermore, NER
is the only known pathway for the repair of 8,5′-cyclopurine-
2′-deoxynucleosides (26-29). BRCA1 participates in NER
of oxidative DNA damage, especially in transcription-
coupled repair (TCR) subpathway (9, 15, 25, 30-32). There
is also evidence that BRCA1 binds directly and strongly to
DNA as part of its mechanism of action and enhances global
genomic repair, a subpathway of NER (31, 33). BRCA1
contributes to the TCR of 8-OH-Gua in human cells (25),
whereas 8-OH-Gua on the nontranscribed strand is repaired
by the human BER enzyme OGG1 and subsequent BER
pathways (34). On the other hand, little is known about the
participation of BRCA1 in BER pathways (reviewed in ref
7).

Oxidatively induced DNA lesions such as 8-OH-Gua,
8-hydroxyadenine, and 5-(hydroxymethyl)uracil accumulate
in malignant and nonmalignant breast tissues and in the blood
of breast cancer patients (35-41). Furthermore, elevated
levels of several oxidatively induced DNA lesions observed
in the breast connective tissue stroma of women between
33 and 46 years of age commensurate with a known sharp
increase in breast cancer incidence in this age group (42-
44). All of these findings point to DNA-repair deficiency as
a risk factor for breast cancer development and support the
hypothesis that oxidative DNA damage plays a causative role
in breast carcinogenesis.

It is well-established that BRCA1 plays a significant role
in the repair of DNA damage by NER and perhaps also by
BER. However, little is known about the ability of human
cells withBRCA1mutations to repair different DNA lesions
resulting from oxidative damage. In the present work, we
investigated the cellular repair of several oxidatively induced

DNA lesions in lymphoblasts of women withBRCA1
mutations in comparison to those of women with no
detectableBRCA1defficiency.

MATERIALS AND METHODS

Materials.2 All lymphoblast cell lines withBRCA1muta-
tions and control lymphoblasts were purchased from Coriell
Cell Repositories (CCR) (Camden, NJ). The details of each
cell line can be found on the website of CCR (http://
ccr.coriell.org/nigms/charmut/catbrca1.html) and are given
in Table 1.BRCA1-deficient lymphoblasts were from women
who had germlineBRCA1mutations and had been diagnosed
with breast cancer at a known age (Table 1). Control
lymphoblasts were from women with no knownBRCA1
mutations and were specifically recommended by CCR to
match BRCA1-deficient cells in age, gender, and race.
HCC1937 and AG10097 cell lines were purchased from
American Type Culture Collection (ATCC, Manassas, VA).
HCC1937 is a primary breast carcinoma cell line and is
homozygous for theBRCA15382insC mutation that causes
a deletion of the C terminus of BRCA1 (45). AG10097 is a
control cell line with no knownBRCA1mutations. The cell
culture medium RPMI 1640,L-glutamine, and heat-inacti-
vated fetal bovine serum were purchased from Sigma (St.
Louis, MO). Nuclease P1 (fromPenicillium citrinum) was
purchased from United States Biological (Swampscott, MA).
Snake venom phosphodiesterase was obtained from Sigma
(St. Louis, MO). Alkaline phosphatase was purchased from
Roche Applied Science (Indianapolis, IN). Acetonitrile
(HPLC grade) was from Burdick and Jackson (Muskegon,
MI). Biomax5 ultrafiltration membranes (5 kDa molecular-
mass cutoff) from Millipore (Bedford, MA) were used to
filter hydrolyzed DNA samples. Water (HPLC grade) for
liquid chromatography/mass spectrometry (LC/MS) analyses
was from J.T. Baker (Phillipsburg, NJ). Water purified
through a Milli-Q system (Millipore, Bedford, MA) was used
for all other applications.N,O-bis(trimethylsilyl)trifluorora-

1 Abbreviations: ANOVA, analysis of variance; BER, base-excision
repair; CCR, Coriell Cell Repositories;S-cdA, (5′-S)-8,5′-cyclo-2′-
deoxyadenosine;R-cdG, (5′-R)-8,5′-cyclo-2′-deoxyguanosine;S-cdG,
(5′-S)-8,5′-cyclo-2′-deoxyguanosine; GC/MS, gas chromatography/mass
spectrometry; LC/MS, liquid chromatography/mass spectrometry; NER,
nucleotide-excision repair; 8-OH-Gua, 8-hydroxyguanine; 8-OH-dG,
8-hydroxy-2′-deoxyguanosine; SIM, selected ion monitoring; TCR,
transcription-coupled repair; TMS, trimethylsilyl.

2 Certain commercial equipment or materials are identified in this
paper to specify adequately the experimental procedure. Such identi-
fication does not imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
materials or equipment identified are necessarily the best available for
the purpose.

Table 1: Cell Lines Used in This Work and Their Characteristics as Listed on the Website of CCR
(http://ccr.coriell.org/nigms/charmut/catbrca1.html)

repository number age (year) age at diagnosis (year) exon codon BRCA1mutation race (all females)

control
GM01078 30 N/A Caucasian
GM02152 40 N/A Caucasian
GM14452 46 N/A Caucasian
GM02148 54 N/A Caucasian
GM09015 74 N/A Caucasian

BRCA1mutated
GM14093 30 27 11 401 1323delG African American
GM13709 32 32 11 672 2135delA Caucasian
GM16105 35 35 IVS8+2 T>A Caucasian
GM14090 43 34 2 23 185delAG Caucasian
GM14094 44 43 11 392-405 1294del40 Caucasian
GM14637 46 43 13 1443 Arg1443ter Caucasian
GM13707 50 39 11 392-405 1294del40 Caucasian
GM13715 56 43 20 1755 5382insC Caucasian
GM13708 68 62 16 1563 Tyr1563ter not listed
GM13711 75 74 11 1040 Ser1040Asn Caucasian
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cetamide containing 1% trimethylchlorosilane was obtained
from Pierce Chemicals (Rockford, IL).

Cell Culture.Cells were cultured according to the protocol
given by CCR. Six independent batches of each cell line
were cultured.

Irradiation of Cells and Isolation of DNA.Three inde-
pendently cultured batches of each cell line were used for
each data point. Tubes containing each batch of cells in
phosphate-buffered saline (PBS) buffer were placed in an
ice bath at 4°C and irradiated in a60Co γ source at a dose
of 5 Gy (dose rate of 24 Gy/min). Irradiated cells were
centrifuged, collected, then placed in fresh medium, and
incubated for 1 h at 37°C to allow for the cellular repair of
DNA damage. Non-irradiated cells were treated in the same
manner. The medium was removed from cells by centrifuga-
tion, and DNA from non-irradiated and irradiated cells was
isolated by a salting out procedure (46, 47). Isolated DNA
pellets were washed twice with 70% ethanol and centrifuged.
After the removal of ethanol, pellets were dried in a
SpeedVac under vacuum and then dissolved in water for 24
h at 4 °C. The UV spectrum of each DNA sample was
recorded by absorption spectrophotometry between the
wavelengths of 200 and 350 nm to ascertain the quality of
DNA and an accurate quantification of the DNA concentra-
tion. The absorbance at 260 nm was used to measure the
DNA concentration of each sample (absorbance of 1) 50
µg of DNA/mL). Aliquots (50µg) of DNA samples were
dried in a SpeedVac under vacuum.

Analysis by LC/MS and Gas Chromatography/Mass Spec-
trometry (GC/MS). LC/MS with isotope dilution was used
to identify and quantify 8-hydroxy-2′-deoxyguanosine (8-
OH-dG) in DNA under the experimental conditions described
elsewhere (48). The LC column was a Zorbax SB-Aq
analytical column (3.1× 150 mm, 3.5µm) from Agilent
Technologies (Rockville, MD). A stable isotope-labeled
analogue of 8-OH-dG, i.e., 8-OH-dG-15N5, was purchased
from Cambridge Isotope Laboratories (Cambridge, MA) and
used as an internal standard. Aliquots (50µg) of DNA
samples were supplemented with an aliquot of 8-OH-dG-
15N5, hydrolyzed to nucleosides with nuclease P1, snake
venom phosphodiesterase, and alkaline phosphatase for 24
h, and then analyzed by LC/MS as described (49). Selected-
ion monitoring (SIM) was used to monitor the characteristic
ions of 8-OH-dG (m/z168 and 306) and 8-OH-dG-15N5 (m/z
173 and 311) at the appropriate retention time periods during
LC/MS analyses (50). The quantification of 8-OH-dG in
DNA was achieved using integrated areas of the signals of
these ions.

(5′-S)-8,5′-Cyclo-2′-deoxyadenosine (S-cdA), (5′-R)-8,5′-
cyclo-2′-deoxyguanosine (R-cdG), and (5′-S)-8,5′-cyclo-2′-
deoxyguanosine (S-cdG) were identified and quantified by
GC/MS with isotope dilution under the experimental condi-
tions described elsewhere (48). Aliquots (50 µg) of DNA
samples were supplemented with stable isotope-labeled
analogues of these compounds as internal standards, i.e.,
S-cdA-15N5, R-cdG-15N5, andS-cdG-15N5, respectively, which
had been prepared as described (48, 49). Subsequently, DNA
samples were hydrolyzed to nucleosides as described above.
Hydrolysates were lyophilized, trimethylsilylated, and ana-
lyzed by GC/MS (48). SIM was used at the appropriate
retention time periods during GC/MS analyses to monitor
the characteristic ions of trimethylsilyl (TMS) derivatives

of S-cdA (m/z 309, 450, and 465),R-cdG (m/z 397, 538,
and 553), andS-cdG (m/z 397, 538, and 553) and those of
their stable-isotope analoguesS-cdA-15N5 (m/z314, 455, and
470),R-cdG-15N5 (m/z 402, 543, and 558), andS-cdG-15N5

(m/z 402, 543, and 558), respectively (48, 51). The quanti-
fication of S-cdA, R-cdG, andS-cdG was achieved using
integrated areas of the signals of these ions.

Statistical Analyses.Statistical analyses of the data were
performed using the software “S-PLUS 7.0 for Windows”
through analysis of variance (ANOVA) techniques (52).

RESULTS

In the present study, we investigated the formation and
repair of some typical oxidatively induced DNA lesions in
lymphoblasts of women with mutations inBRCA1to test
the hypothesis that the repair of oxidative DNA damage may
be defective, leading to the accumulation of this type of DNA
damage in cells with mutatedBRCA1when compared to
control cells. We assayed 10 lymphoblast cell lines from
women diagnosed with breast cancer at some point in their
lives and having mutations inBRCA1and 5 lymphoblast cell
lines from control women who had no detectable mutations
in BRCA1. Table 1 shows the details of each cell line as
given by CCR. Six independent batches of each cell line
were cultured. Three batches of the same cell line were
exposed to a low dose ofγ radiation (5 Gy) to generate
oxidative damage and then incubated for 1 h to allow for
the cellular repair of this damage. The other three batches
were used as non-irradiated controls. DNA was isolated from
irradiated and non-irradiated cells, hydrolyzed to nucleosides
using three enzymes, and analyzed by LC/MS and GC/MS
with isotope-dilution technique to identify and quantify four
oxidatively induced lesions, namely, 8-OH-dG,S-cdA,
R-cdG, andS-cdG. Figure 1 illustrates the structures of these
compounds, which are typical products of reactions of the
hydroxyl radical with purine bases in DNA. The mechanistic
aspects of their formation can be found elsewhere (reviewed
in ref 19). As an example of measurement, Figure 2 illustrates
the ion-current profiles atm/z 306 of 8-OH-dG and atm/z
311 of 8-OH-dG-15N5, obtained during LC/MS analysis of
the enzyme-hydrolysate of a DNA sample. These ions are
the characteristic sodium adduct ions (MNa+) of both

FIGURE 1: Structures of the products identified in this work.
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Table 2: Levels of the Lesions (Number of Lesions/106 DNA Bases) in Genomic DNA from Cell Lines Used in This Work

compound

repository
number 8-OH-dG S-cdA R-cdG S-cdG

control 0 Gy 5 Gy p value 0 Gy 5 Gy p value 0 Gy 5 Gy p value 0 Gy 5 Gy p value

GM01078 0.648( 0.094 0.597( 0.047 0.532 0.564( 0.015 0.540( 0.016 0.193 0.166( 0.004 0.201( 0.010 0.008 0.692( 0.039 0.657( 0.035 0.393
GM02152 0.670( 0.026 0.619( 0.017 0.094 0.238( 0.036 0.196( 0.032 0.285 0.133( 0.007 0.125( 0.015 0.534 0.584( 0.030 0.560( 0.045 0.564
GM14452 0.541( 0.076 0.578( 0.046 0.585 0.557( 0.038 0.639( 0.030 0.076 0.132( 0.004 0.136( 0.015 0.778 0.613( 0.066 0.634( 0.055 0.745
GM02148 0.668( 0.023 0.698( 0.054 0.514 0.115( 0.008 0.126( 0.009 0.287 0.689( 0.022 0.710( 0.024 0.411
GM09015 0.687( 0.021 0.675( 0.062 0.807 0.125( 0.007 0.125( 0.006 0.940 0.679( 0.068 0.653( 0.016 0.632
combined value 0.633( 0.076 0.625( 0.073 0.769 0.475( 0.188 0.457( 0.190 0.846 0.134( 0.018 0.143( 0.032 0.407 0.651( 0.066 0.643( 0.061 0.727

BRCA1mutated
GM14093 0.547( 0.054 0.718( 0.058 0.038 0.371( 0.027 0.637( 0.114 0.032 0.175( 0.008 0.303( 0.010 0.0002 0.692( 0.054 0.825( 0.040 0.049
GM13709 0.507( 0.007 0.640( 0.061 0.038 0.245( 0.063 0.465( 0.100 0.058 0.140( 0.007 0.158( 0.005 0.040 0.541( 0.015 0.642( 0.036 0.022
GM16105 0.730( 0.024 0.911( 0.095 0.059 0.568( 0.023 0.689( 0.048 0.033 0.153( 0.011 0.191( 0.012 0.028 0.736( 0.040 0.862( 0.007 0.012
GM14090 0.627( 0.008 0.765( 0.019 0.001 0.408( 0.003 0.497( 0.033 0.019 0.108( 0.010 0.156( 0.012 0.011 0.602( 0.016 0.731( 0.016 0.001
GM14094 0.855( 0.075 1.064( 0.042 0.034 0.537( 0.026 0.611( 0.009 0.019 0.154( 0.003 0.183( 0.009 0.016 0.642( 0.013 0.740( 0.019 0.004
GM14637 0.684( 0.031 0.833( 0.071 0.052 0.364( 0.023 0.517( 0.034 0.007 0.149( 0.008 0.176( 0.013 0.064 0.479( 0.036 0.568( 0.018 0.034
GM13707 0.691( 0.026 0.911( 0.096 0.035 0.324( 0.011 0.375( 0.027 0.069 0.128( 0.009 0.176( 0.007 0.004 0.596( 0.018 0.728( 0.016 0.002
GM13715 0.444( 0.021 0.782( 0.087 0.006 0.335( 0.025 0.366( 0.029 0.314 0.137( 0.005 0.200( 0.021 0.008 0.639( 0.059 0.796( 0.054 0.051
GM13708 0.633( 0.033 0.759( 0.012 0.007 0.354( 0.011 0.463( 0.004 0.0002 0.147( 0.004 0.187( 0.006 0.001 0.710( 0.018 0.747( 0.009 0.059
GM13711 0.669( 0.054 0.841( 0.067 0.048 0.456( 0.028 0.542( 0.007 0.014 0.157( 0.006 0.189( 0.016 0.052 0.747( 0.039 0.784( 0.158 0.762
combined value 0.639( 0.120 0.825( 0.128 <0.001 0.396( 0.098 0.516( 0.115 <0.001 0.145( 0.019 0.192( 0.041 <0.001 0.638( 0.089 0.754( 0.116 <0.001
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statistically significant differences between the levels of the
four lesions before and after irradiation plus incubation time
for repair, with one exception in the case ofR-cdG (30-year-
old individual). This indicates that control cell lines were
able to repair the DNA lesions measured in this study. In
contrast, the majority of the cell lines withBRCA1mutations
accumulated these lesions in their DNA despite incubation
for 1 h following irradiation (Table 2), demonstrating a
deficiency in DNA repair. There were some exceptions. In
the case of 8-OH-dG in DNA of 35- and 46-year-old
individuals andR-cdG in DNA of 46- and 75-year-old
individuals, no statistically significant difference was ob-
served between the levels before and after irradiation.
Similarly, no accumulation of cdA andS-cdG was observed
in DNA of 32-, 50-, and 56-year-old individuals and in DNA
of 56-, 68-, and 75-year-old individuals, respectively. The
combined mean values ((standard deviation) of the lesion
levels plusp values were calculated using all 15 DNA
samples from 5 control cell lines and 30 DNA samples from
10 cell lines withBRCA1mutations. These values are also
given in Table 2. In the case of control cell lines, the
measurement ofS-cdA could be performed with three cell
lines only. Control cell lines exhibited no statistically
significant differences between the combined levels of the
lesions before and afterγ irradiation, whereas, in cell lines
with BRCA1 mutations, the combined levels of all four
lesions after irradiation plus repair time were statistically
greater than those obtained without irradiation.

Figure 4 illustrates the scatter plots of the levels of 8-OH-
dG in three independently prepared replicates of DNA
samples from non-irradiated and irradiated cells. This plot
also displays a statistically significant difference (effect) from
individual to individual in the 8-OH-dG measurements in
both the BRCA1-mutated and control cells. In Figure 5,
through ANOVA techniques (52), the individual effects were
removed from the data for each group shown in Figure 4,
leaving the residuals and thus “normalizing” each group. It
is important to note that, in the residual data, the absolute
differences in the 8-OH-dG data within an individual remain
unchanged from the original data, with all individuals now
being on the same level within each group of theBRCA1-
mutated cells and group of the control cells. This approach
allows for a more clear analysis because an effect of little
interest, the individual effect, has been removed from the

data. Figure 6 illustrates the boxplots (53) of these groups
for the 8-OH-dG residual data overlaid on the raw 8-OH-
dG residual data points. The “box” portion of the boxplots
displays the interquartile range of the dataset. The median
of the dataset is displayed as the horizontal line within the
box, with the minimum and maximum data values (excluding
outliers) being displayed with the “whiskers” of the plot.
Any outliers are shown here or below in other figures simply
as a data point beyond the whiskers. The data for each group,
the group of theBRCA1-mutated cells and the group of the
control cells, were divided into two categories, those cells
that were exposed to radiation and those that were not (1
and 2 in Figure 3, respectively). Figure 6 clearly displays
that a difference does exist in the 8-OH-dG residual
measurements and hence the original 8-OH-dG measure-
ments for irradiated versus non-irradiated cells in the group
of BRCA1-mutated cells. This difference does not exist in
the group of control cells. To further support this observation,
an ANOVA model was run on both groups to investigate
the difference between the control and irradiated cells. It was
found that the difference observed between the control and
irradiated cells in the group of theBRCA1-mutated cells
(Figure 6A) is highly statistically significant, with ap value
of 4.44 × 10-16, while the difference in the control group
(Figure 6B) was not statistically significant, with ap value
of 0.689. Using the same approach, the boxplots of the data
of S-cdA, R-cdG, and S-cdG were also generated and

FIGURE 4: Scatter plots of the level of 8-OH-dG in three
independently prepared replicates of DNA samples from non-
irradiated and irradiated cells. (A) Cells withBRCA1mutations.
(B) Control cells. (O) Non-irradiated cells and (4) irradiated cells.

FIGURE 5: Scatter plots of the data of 8-OH-dG after removal of
the individual effects using the ANOVA techniques as explained
in the text. (A) Cells withBRCA1mutations. (B) Control cells.
(O) Non-irradiated cells and (4) irradiated cells.

FIGURE 6: Boxplots of the groups A and B in Figure 5 for the
8-OH-dG residual data overlaid on the raw 8-OH-dG residual data
points. (A) Cells withBRCA1mutations. (B) Control cells. (1) Non-
irradiated cells and (2) irradiated cells.
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displayed in Figures 7-9, respectively. These plots clearly
show that a highly statistically significant difference exist
in the residual measurements of these three lesions and hence
the original measurements for irradiated versus non-irradiated
cells in the group ofBRCA1-mutated cells. Thep values were
2.85× 10-11, 8.45× 10-7, and 9.54× 10-5, respectively.
This difference does not exist in the control groups, withp
values of 0.799, 0.407, and 0.727, respectively.

Using the same experimental procedures, we also checked
the more commonly investigated cell line HCC1937, which
has been established from a primary breast carcinoma of a
breast cancer patient and is homozygous for theBRCA1
5382insC germline mutation (45). The AG10097 cell line
with no known BRCA1mutations was used as a control.

Figure 10 displays the boxplots of underlying 8-OH-dG
measurements of the cells that were exposed to radiation
versus those that were not for the HCC1937 (Figure 10A)
and AG10097 (Figure 10B) cell lines. These plots clearly
show that a difference exists in the 8-OH-dG data for
irradiated versus non-irradiated HCC1937 cells, but this is
not the case for AG10097 cells. An ANOVA model was
run on both cell lines to investigate the difference between
the control and irradiated cells. It was found that the
difference observed between the control and irradiated cells
in the case of HCC1937 cells was statistically significant,
with a p value of 0.00595, while the difference in the case
of AG10097 cells was not statistically significant, with ap
value of 0.575. Furthermore, the background level of 8-OH-
dG in the HCC1937 cell line was significantly greater than
that in the control cell line, with ap value of 0.0104 (compare
the boxplots 1 in parts A and B of Figure 10). Similar results
were also observed forS-cdA, R-cdG, andS-cdG (data not
shown).

DISCUSSION

The aim of this work was to examine the ability of human
cells with BRCA1mutations to repair typical products of
oxidative damage to DNA after exposure to ionizing radiation
and to understand the role of BRCA1 in this process. We
used commercially available lymphoblast cell lines with
BRCA1mutations from female individuals who had previ-
ously been diagnosed with breast cancer. Appropriate lym-
phoblasts with no detectableBRCA1mutations served as
controls. A low dose of ionizing radiation was used to
generate oxidative damage in genomic DNA. The results
show that lymphoblasts from female individuals withBRCA1
mutations are deficient in the cellular repair of four major
oxidatively induced DNA lesions following exposure to a
low dose of ionizing radiation. There were variations in the
levels of the lesions among individuals. These differences
might be due to different levels of endogenous oxidative
stress and/or repair capacity in different individuals.

We also investigated the cellular repair of the same lesions
in genomic DNA of the commonly used HCC1937 primary
carcinoma cell line from a breast cancer patient with a
homozygous BRCA1 5382insC mutation that causes a
deletion of the C terminus of BRCA1. In analogy to
lymphoblasts withBRCA1mutations, this tumor cell line

FIGURE 7: Boxplots for theS-cdA residual data overlaid on the
raw S-cdA residual data points. (A) Cells withBRCA1mutations.
(B) Control cells. (1) Non-irradiated cells and (2) irradiated cells.

FIGURE 8: Boxplots for theR-cdG residual data overlaid on the
raw R-cdG residual data points. (A) Cells withBRCA1mutations.
(B) Control cells. (1) Non-irradiated cells and (2) irradiated cells.

FIGURE 9: Boxplots for theS-cdG residual data overlaid on the
raw S-cdG residual data points. (A) Cells withBRCA1mutations.
(B) Control cells. (1) Non-irradiated cells and (2) irradiated cells.

FIGURE 10: Boxplots of the 8-OH-dG levels in DNA from
HCC1937 and AG10097 cells. Three independent replicates were
used for each data point. (A) HCC1937 cells. (B) AG10097 cells.
(1) Non-irradiated cells and (2) irradiated cells.
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exhibited significant accumulation of all four lesions. The
lack of repair of 8-OH-dG is in agreement with a previous
study that showed a deficiency of the TCR of this lesion in
the HCC1937 cell line using assays different from those used
in the present work (25). Furthermore, elevated background
levels of the lesions observed in this tumor cell line compared
to the control cell line agree with previous findings that
oxidatively induced DNA lesions accumulate in malignant
tissues (35-41, 54).

The lesions investigated here are the typical hydroxyl-
radical-induced products of purine bases in DNA (19). 8-OH-
dG is formed by the addition of the hydroxyl radical to the
C8 position of the purine ring of dG followed by one-electron
oxidation of the thus-formed hydroxyl-adduct radical. In
contrast, the formation of 8,5′-cyclopurine-2′-deoxynucleo-
sides (S-cdA, R-cdG, andS-cdG) is initiated through H
abstraction by the hydroxyl radical from the C5′ position of
the sugar moiety. This is followed by intramolecular cy-
clization and then by oxidation, leading to a covalent bond
formation between the C5′ position of the sugar moiety and
the C8 position of the base. These compounds are unique in
that they represent concomitant damage to both sugar and
base moieties of the same nucleoside in DNA. As a
consequence, bothR andS diastereomers of cdA and also
those of 8,5′-cycloadenosine have been shown to cause an
unusual puckering of the sugar moiety and thus significant
levels of local distortion in the DNA helix (55-57). By
inference,R-cdG andS-cdG are also expected to cause
considerable distortion of the DNA helix, although no data
exist to support this notion.

In human cells, 8-OH-dG is mainly repaired by BER
initiated by the removal of 8-OH-Gua by DNA glycosylase
OGG1 and subsequent steps (reviewed in refs21 and22).
NER and especially TCR may also contribute to the repair
of this lesion (24, 25). 8,5′-Cyclopurine-2′-deoxynucleosides
cannot be repaired by a DNA glycosylase-initiated BER
mechanism because of the presence of the C5′-C8 covalent
bond, which would remain intact, even if the glycosidic bond
is hydrolyzed. As had been suggested previously (26, 27),
recent studies have shown thatR-cdA andS-cdA are indeed
repaired by NER and not by either BER or a direct repair
mechanism, with the former being repaired more efficiently
than the latter (28, 29). Similarly,R-cdG andS-cdG are also
expected to be the substrates of NER rather than BER or
any other repair pathway. The role of BRCA1 in NER of
oxidative DNA damage is well-established (9, 15, 25, 30-
33). The present study, for the first time, provides the
evidence that BRCA1 is involved in the cellular repair of
8,5′-cyclopurine-2′-deoxynucleosides. Because NER is the
only repair pathway known for the repair of these lesions,
this involvement is highly likely to be via NER, in agreement
with the fact that BRCA1 constitutes a major part of the
NER pathway (reviewed in ref23). This notion is supported
by recent evidence that the product of theXPCgene, which
is a component of NER and is mutated in cancer-prone
disease xeroderma pigmentosum (58), participates in the
repair of 8,5′-cyclopurine-2′-deoxynucleosides (59). BRCA1-
mutant cells of breast cancer patients were also defective in
the repair of 8-OH-dG. This agrees with the evidence that
BRCA1 contributes to the TCR of 8-OH-dG in human cells
(25). It is also likely that BRCA1 participates as a cofactor
in BER of 8-OH-Gua by stimulating the activity of OGG1.

Another component of NER, XPC, has recently been shown
to play such a role in human cells (59). On the other hand,
OGG1 is not required for the TCR of 8-OH-dG (34).

Among the lesions measured in this work, 8-OH-dG has
long been known to be a highly mutagenic lesion, leading
to G f T transversion mutations, and its role in carcino-
genesis in general has been discussed extensively for the past
2 decades (reviewed in refs19 and 60). Thus, it is likely
that this lesion (as well as other lesions) contributes to breast
carcinogenesis as well, and evidence supports this notion
(35-38, 41, 43). In contrast, little is known about the
mutagenic properties of 8,5′-cyclopurine-2′-deoxynucleo-
sides. Recent studies have shown thatS-cdA is a strong block
to transcription and an absolute block to DNA polymerases,
including DNA polymeraseδ and the bypass polymeraseη,
and reduces transcription by blocking the transcription-
binding factors (28, 29, 61, 62). By virtue of being the same
class of compounds,R-cdG andS-cdG are also expected to
exhibit similar biological effects. Elevated levels of 8,5′-
cyclopurine-2′-deoxynucleosides in genomic DNAin ViVo
regarding cancer incidences in a variety of cases strongly
suggest that these lesions may play an important role in
carcinogenesis (42, 59, 63). More specifically, elevated levels
of S-cdA have been observed in the breast connective tissue
stroma of women between 33 and 46 years of age (42). This
coincides with the known sharp increase in breast cancer
incidence in women between 30 and 40 years of age (44).
S-cdA as well asR-cdA are well-known to cause significant
levels of distortion in the DNA helix because of unusual
puckering of the sugar moiety as a consequence of the
covalent bond between C5′ and C8 positions (55-57).
Furthermore,S-cdA significantly reduces gene expression
(62). These facts and the slow repairability ofS-cdA (28,
29) strongly suggest a possible role for this lesion in breast
carcinogenesis, perhaps also forR-cdG andS-cdG because
of their similar chemical structures. Furthermore, the ac-
cumulation ofS-cdA in neural cells has been suggested to
cause neuronal death in a number of diseases with defective
NER (64).

In conclusion, we show the accumulation of some major
products of oxidative damage to DNA in lymphoblasts from
women withBRCA1mutations after exposure to oxidative
stress generated by ionizing radiation. The data suggest that
these cell lines are defective in the repair of oxidatively
induced lesions in their genomic DNA and that BRCA1 may
play a role in the cellular repair of such lesions. The
deficiency in the repair of 8,5′-cyclopurine-2′-deoxynucleo-
sides indicates the involvement of BRCA1 in NER of
oxidative DNA damage. The accumulation of mutagenic
lesions such as 8-OH-dG may cause predisposed individuals
to undergo a high rate of mutations. On the other hand,
unrepaired 8,5′-cyclopurine-2′-deoxynucleosides may cause
deleterious changes in gene expression by altering transcrip-
tion. All of these factors may cause an increase in breast
cancer risk and contribute to breast carcinogenesis.
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