
Abstract. Background: DNA with two sites of damage in
close proximity might not be repaired as efficiently as DNA
with a single damage site. Materials and Methods: To study
this hypothesis, we utilized short oligodeoxyribonucleotides with
a stable adduct 7 or 16 nucleotides (nt) downstream from an
apurinic (AP) site. Repair by extracts of human breast
epithelial MCF-10A1 cells was assayed by quantifying the
incorporation of [·-32P]dTTP. Results: The level of repair of
an oligodeoxyribonucleotide with an AP site 7 nt from a stable
adduct was comparable to that of the oligodeoxyribonucleotide
with only an AP site. A decrease in overall repair of
oligodeoxyribonucleotides containing an AP site and a stable
adduct was observed if these lesions were 16 nt apart compared
to the presence of only an AP site. Conclusion: The ability of
human breast MCF-10A1 cells to repair DNA adducts and AP
sites is affected by other near-by lesions.

Cancer is a disease of mutated critical regulatory genes and

abnormal cell proliferation (1). The initial event in chemical

carcinogenesis is thought to be damage to specific genes

through formation of stable and depurinating DNA adducts

(2). Stable adducts remain in DNA unless removed by repair,

whereas depurinating adducts are rapidly lost from DNA by

hydrolysis of the glycosyl bond. Recently, the apurinic (AP)

sites generated by depurinating adducts were hypothesized to

be the critical DNA damage initiating cancer (3). 

A number of mechanisms have evolved to repair various

types of DNA damage, including nucleotide excision

(NER), base excision (BER) and mismatch repair (4,5).

NER predominantly repairs damage formed by a bulky

stable adduct (4). BER of AP sites is dependent on a series

of glycosylases that have evolved to repair specific types of

DNA damage (4). 

In the removal of stable adducts by NER, identification

of the damage occurs by a mechanism involving replicating

protein A and xeroderma pigmentosum component A

(XPA) (6). A 28-34 nucleotide (nt) sequence is excised from

the damaged DNA strand, and the resulting gap is filled in

by ligase I and polymerases Â and ‰ (6).

On the other hand, AP sites are ordinarily repaired by

BER, which has two pathways: short patch BER and long

patch BER (7). In short patch BER, an AP site is excised

by apurinic/apyrimidinic endonuclease-1 (AP-1, also known

as Ref-1, or APE-1), removing 1-2 nt. The gap formed is

usually filled by polymerase ‚ and sealed with ligase III

(7,8). In long patch BER, an additional 3-7 nt gap is filled

by polymerases ‰ and Â and sealed by ligase III (8).

We report here the effect of two types of damage, stable

adducts and AP sites, on the DNA repair activities in

extracts of cultured MCF-10A1 cells, which are

immortalized, non-transformed human breast epithelial cells

(9). The effects of repair were compared by using

oligodeoxyribonucleotides (ODNs) containing an AP site,

an AP site and a stable adduct 7 nt apart, or an AP site and

a stable adduct 16 nt apart.

Materials and Methods

Chemicals. Chemicals and biochemicals were purchased from Sigma

(St. Louis, MO, USA). ODNs were synthesized in the Eppley

Molecular Biology Core Facility, with column or HPLC purification.

Cell culture supplies, media and enzymes were from Gibco-BRL

(Rockville, MD, USA), unless noted. Dibenzo[a,l]pyrene diol

epoxide (DB[a,l]PDE) was synthesized as reported (10). [·-
32P]dTTP was from Amersham (Arlington Heights, IL, USA).

Preparation of oligodeoxyribonucleotides. Two ODN 36-mers containing

one deoxyuracil (dU) and one adenine (A) and complementary 68-

mers containing flanking stem-loops were prepared (Figure 1). In one

of the ODNs, the dU was 7 nt 5' to the A; in the other, the dU was 16

nt 5' to the A. ODNs that were to contain a stable adduct at the A

were reacted with DB[a,l]PDE (80 nM in DMSO), which forms 98%
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stable adducts (11) for 6 h at room temperature prior to

complementation. The 36-mer (40-88 Ìg) was mixed with the

complementary 68-mer (containing flanking stem loops) in 50 mM

Tris, pH 7.5, 50 mM NaCl and 5 mM EDTA, denatured, cooled

slowly, precipitated and resuspended. To create the final double-

stranded ODN (Figure 1), the 36-mer was ligated to the 68-mer

containing stem loops by addition of 1 U/mL ligase and incubation at

16ÆC for 30-60 min. After complementary annealing, ODNs that were

to contain an AP site at dU were incubated with 1 U/mL uracil DNA

glycosylase (UDG) according to manufacturer’s instructions. All ODN

were precipitated with ethanol and redissolved in 25-50 ÌL water.

Preparation of cell extracts. The MCF-10A1 cell line (a gift from

Judith Christman, Ph.D., first described in Ref. 10) was maintained

in DMEM- F19 medium without phenol red, 10 Ìg/mL insulin, 1.4

x 10-6 M cortisol, 20 ng/mL epidermal growth factor (EGF), 100

ng/mL cholera enterotoxin, 5% horse serum and 20 U/mL

penicillin-streptomycin. Cells were grown to confluence and

harvested with 10 X trypsin-EDTA.  To prepare cell extracts, cells

were suspended at density of ~106 cells in 100 ÌL of 10 mM Tris,

pH 7.8, 200 mM KCl (12). 

Immunodepletion of proteins. Protein A-Sepharose CL-4B beads (70

mg, Sigma) were incubated with anti-XPA (Santa Cruz

Biotechnology, Santa Cruz, CA, USA) or anti-Ref-1 antibody (AP-

1, Santa Cruz Biotechnology) at room temperature for 2 h

according to the manufacturer’s instructions. The beads were then

mixed with MCF-10A1 cell extracts for 1 h at 4ÆC to

immunodeplete the cells of XPA or AP-1.

Western blots. Removal of XPA or AP-1 from cell extracts by anti-

XPA was essential to knock out NER or short patch BER,

respectively. Removal of XPA or AP-1 from a cell extract was

confirmed by Western blot analysis. Cell extracts containing 400 Ìg

protein were prepared and electrophoresed according to the

procedure described by Laemmli (13).  

Repair assay. For each reaction, 25-50 ng of treated ODN was used

(~4 ÌL). The ODN was dissolved in a repair solution (12)

containing 0.5 ÌM each of dATP, dGTP, dCTP and [·-32P]dTTP,

and 400-600 Ìg MCF-10A1 complete cell extract, or an XPA- or

AP-1- immuno-depleted MCF-10A1 cell extract and incubated for

90 min at 23ÆC. The same amount of protein was used in each

repair assay. The repair process was terminated by addition of 2 ÌL

10% SDS and 2 ÌL proteinase K (20 mg/mL in 10 mM CaCl2) and

incubation at 50ÆC for 30 min. Salts, proteins, and unincorporated

nucleotides were removed by using Centri-spin p10 columns

(Princeton Scientific, Philadelphia, PA).

Samples were then treated with 5 U Xba I and 5 U Hind III

restriction enzyme according to the manufacturer’s instructions to

remove the stem loops. The ODN was recovered by ethanol

precipitation and fractionated by gel electrophoresis on a 20%

polyacrylamide (38:2, acrylamide, bis-acrylamide, Bio-Rad), 8 M urea

gel for 3 h at 2000 V. Analysis of products was conducted on a

PhosphorImager (Molecular Dynamics, Sunnyvale, CA, USA). The

amount of 32P in each lane (determined by Quantitative Analysis,

Molecular Dynamics) was proportional to the level of repair synthesis

and was thus a measure for repair levels. All gels were run with a 32P-

end-labeled dT4-22 size standard (Gibco, Rockville, MD, USA) and a
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Figure 1. ODNs used in the repair studies. The base ODNs contain a dU (second arrow from the left) and an A. Incubation with UDG produces an AP
site at the dU and a stable adduct can be formed at the A, so that the competition between mechanisms of repair could be examined. The double stranded
ODNs are incubated with the restriction enzymes Xba I and Hind III to create a 38-mer, as marked by the squares and the first and fourth arrows. 



32P-end-labeled 36-mer to confirm the sizes of repair bands. Each

repair reaction was carried out 4 to 10 times. The results presented

are from representative gels. Control reactions run with no cellular

extract consistently showed only a band for the original 38-mer.

Results 

Immunodepletion of XPA or AP-1 from MCF-10A1 cell

extracts was confirmed by western blot analysis of the expression

of XPA or AP-1 protein in untreated MCF-10A1 cell extracts

and immunodepleted cell extracts (data not shown). 

The ODN with an AP site at position 15 was used to

determine the appropriate length of time to run the repair

reactions. In this assay, the AP site was repaired by the

complete cell extract, using [·-32P]dTTP, dATP, dGTP and

dCTP (12). As polymerization extended the ODN in repair

synthesis, the radiolabel was incorporated into the ODN for

use in detection of repair products. Restriction enzyme sites

at either end of the studied nucleotide sequence (Hind III

and Xba I, Figure 1) permitted digestion of the ODNs used

in this study so that they were 38 nt long at the time of

polyacrylamide electrophoretic separation. The newly

synthesized portions of each repaired ODN were detected

as the products of repair. The repair reaction by complete

cell extract reached a plateau after 90 min (data not shown),

which was selected for use in all repair reactions. 

Repair of damage in the ODN with dU and A 7 nt apart. Two

forms of the ODN were subjected to repair by cell extracts:

the ODN with an AP site and the ODN with an AP site plus

the stable A adduct formed by DB[a,l]PDE. 

Repair of the ODN with an AP site. Repair of the ODN

containing an AP site by MCF-10A1 cell extract (M, lane

3), MCF-10A1 cell extract - NER (-N, lane 2), or MCF-

10A1 extract - BER (-B, lane 1) was compared (Figure 2).

Since the AP site was at position 15 of the 38-mer, repair by

short patch BER would produce a 15-mer fragment,

whereas long-patch BER would be expected to yield 18- to

22-mers (7,8). Repair by NER, which was not expected

here, would produce 28- to 36-mers (6). 

Repair of the AP site at position 15 by the XPA-

immunodepleted extract (lane 2) generated a 15-mer band,

which was suggestive of short patch BER. This band was not

present in the AP-1 immunodepleted lane (lane 1). Moreover,

it was very light in lane 3, repaired by the complete cell

extract. Perhaps the large amount of the product of short

patch BER produced by the XPA-immunodepleted cell

extract (lane 2), compared to the complete cell extract (lane

3), was due to immunodepletion of XPA. This allowed the

AP-1 enzyme better access to the ODN and, thus, an

increased amount of 15-mer product of short patch BER of

this AP site. These results suggest that XPA of NER may also

have an impact on the repair of AP sites.

Lane 1 (AP-1-immunodepleted cell extract) of Figure 2

showed a band at the 22-mer, suggesting long patch BER,

which is not dependent on AP-1 (16). The presence of the 22-

mer in all three lanes also suggests long patch BER. Lane 2,

showing the products of repair by XPA-immunodepleted

extract, also contains a 24-mer, which could arise by long patch

BER, although this would require a 9 nt patch to be removed.

In general, repair of the ODN containing only an AP site

was fairly low. This was not a consequence of ODN size,

since the ODNs used in these studies were of sufficient size

for short patch BER of an AP site to occur (14). 
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Figure 2. A. Cartoon of the ODN with an AP site at position 15. B. Repair
by MCF-10A1 cell extract - BER (-B, lane 1), MCF-10A1 cell extract -
NER (-N, lane 2) and MCF-10A1 complete cell extract (M, lane 3). C.
Predicted repair products.

Figure 3. A. Cartoon of ODNs repaired by MCF-10A1 cell extract B.
Repair of the ODN with an AP site at position 15, 5' to a stable adduct 7
nt away (lane 1) or with only the AP site (lane 2). 



Repair of the ODN with an AP site and a stable adduct 7 nt
apart. In the ODN with an AP site and a stable adduct, repair

of the AP site by long patch BER or NER should repair the

stable adduct as well, assuming that the stable adduct does not

inhibit excision of its nucleotide. Alternatively, repair of the

stable adduct by NER should repair the AP site. The products

of NER of the AP site or stable adduct should be 28-36-mers,

since the products are a mixed population of repair of either

damage. The initial incision site would differ by 7 nt,

depending on the damage site selected by the repair complex. 

Repair by complete MCF-10A1 cell extracts of the ODN

containing an AP site and a stable adduct 7 nt apart was

compared to repair of the ODN with only the AP site

(Figure 3, lanes 1 and 2, respectively). The ODN with both

the AP site and stable adduct was repaired more effectively

than the one with only an AP site. In other words, the level

of repair of the AP site and stable adduct was greater than

that of the AP site alone. The 15-mer and 22-mer generated

by the AP site were detected, as well as a smear of larger

products expected from NER.

Repair of the ODN with dU and A 16 nt apart

Repair of the ODN with an AP site. Repair of the ODN with

an AP site at position 12 and an A 16 nt downstream

(Figure 1) by MCF-10A1 cell extract (M, lane 3, Figure 4)

was compared to that with MCF-10A1 extract - NER (-N,

lane 2) and MCF-10A1 extract - BER (-B, lane 1). 

As expected, the 12- mer is absent in lane 1 in Figure 4,

repaired by MCF-10A1 extract - BER. Lane 3 with the

ODN repaired by complete extract contains 28-30-mers,

which are suggestive of NER. Lane 2 of Figure 4, which

contains the ODN repaired by MCF-10A1 cell extract -

NER, does not have a 28-30-mer, providing additional

evidence for the identity and source of these bands. Lane 1

of Figure 4 shows the ODN repaired by extract

immunodepleted of short patch BER, and contains a faint

band that corresponds to a 28-mer product of NER. 

The most exciting result from this study is the appearance

of a 12-mer in lane 2 (MCF-10A1 extract - NER), which is not

evident in either lane 1 or lane 3. The absence of a 12-mer in

lane 3 (MCF-10A1 complete extract) was unexpected, since a

12-mer should be the product of short patch BER. Perhaps

with NER removed (lane 2), the AP site is repaired only by

short patch BER, and, thus, is visible as a 12-mer in lane 2. 

Repair of the ODN with an AP site and a stable adduct.
Repair of the ODN containing an AP site and a stable

adduct 16 nt apart was compared to that with only an AP

site (Figure 5). All of the bands in lane 1 contain

quantitatively less product than the bands in lane 2 (AP site

alone), indicating that the presence of the stable adduct

decreased the amount of repair. This differs from the

repair of the similar ODN with damage only 7 nt apart

(Figure 3), in which the presence of both an AP site and a

stable adduct led to much more repair than observed with

only an AP site. The amount of repair of the ODN with the

AP site and stable adduct 16 nt apart (Figure 5) may be

diminished due to competition between repair mechanisms

for the sites of damage. 

As expected, the AP site at position 12 was repaired by

short patch BER, forming a 12- or 13-mer and by long patch

BER forming 14- to 20-mers. NER of both the AP site and

the stable adduct (lane 1) or the AP site alone (lane 2),

formed the 28-30-mers.
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Figure 4. A. Cartoon of the ODN with an AP site at position 12. B. Repair
of the ODN by MCF-10A1 cell extract (M, lane 3), MCF-10A1 cell extract
- NER (-N, lane 2), or MCF-10A1 cell extract – BER (-B, lane 1). C.
Predicted products of repair.

Figure 5. A. Cartoon of ODNs repaired by MCF-10A1 cell extract. B.
Repair of the ODN with an AP site at position 12, 5' to the stable adduct
16 nt away (lane 1) or with only the AP site (lane 2).



Discussion

These studies were designed to explore the repair of an AP

site and a stable adduct 7 nt or 16 nt apart. A number of

damaging agents, including some drugs, can form multiple

sites of damage in close proximity, which may diminish

repair. For example, an AP site 3' to a second AP site on

the opposite strand and separated by 5 base-pairs inhibited

the cleavage of the second AP site by AP-1 (15).  

Our sites of damage are on the same strand and far

enough apart (> 5 base-pairs) that the AP site should have

a sufficient binding site for repair to occur. However, AP-1

may not have access if the NER protein complex sterically

inhibits binding as it removes the stable adduct. This model

may explain why the ODN with the stable adduct and AP

site 16 nt apart was not repaired as well as the ODN with

only an AP site (Figures 4, 5). Competition for repair sites

is not as significant with the ODN containing an AP site and

a stable adduct 7 nt apart (Figure 3) because both damage

sites can be repaired by either long patch BER or NER.

A number of studies describe the interaction of proteins

required for BER or NER with proteins of the other system of

repair (16,17). The overlap of repair substrates may explain why

the ODN with a stable adduct and an AP site 7 nt apart was

repaired at least as effectively with only the AP site (Figures 2,

3). The stable adduct may recruit the repair enzymes required

for the repair of the AP site more efficiently or vice versa.
Studies with human cell extracts have demonstrated interaction

of NER and BER proteins (18,19). On the other hand, the

ODN with the AP site and stable adduct 16 nt apart (Figures 4,

5) does not permit co-repair because the lesions are separated

by too many base-pairs for any one system of repair to remove

both damage sites. Repair may be diminished due to a

competition between repair proteins for the same space to bind

and repair each lesion separately.

In vivo, breast cancer cells are exposed to estrogens and they

must have efficient mechanisms to repair the damage induced

by estrogen metabolites (2,3). Therefore, this breast cell line

may provide an important model in which to explore repair of

estrogen-induced damage in relation to breast cancer.
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