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ABSTRACT

BRCA1 ensures genomic stability, at least in part, through a functional
role in DNA damage repair. BRCA1 interacts with the Rad50/Mre11/Nbs1
complex that occupies a central role in DNA double-strand break repair
mediated by homologous recombination and nonhomologous end joining
(NHEJ). NHEJ can be catalyzed by mammalian whole cell extract in a
reaction dependent upon DNA ligase IV, Xrcc4, Ku70, Ku80, and DNA-PKcs.
Here, we show that under identical cell-free reaction conditions, the addition
of antibodies specific for BRCA1 and Rad 50 but not Rad51, inhibits end-
joining activity. Cell extracts derived from Brca1-deficient mouse embryonic
fibroblasts exhibit reduced end-joining activity independent of the endoge-
nous protein amounts of DNA ligase IV, Ku80, and Ku70. The Brca1-
dependent NHEJ activity predominates at the lower concentrations of Mg2�
(0.5 mM); elevated Mg2� or Mn2� concentrations (10 mM) dramatically
increase overall end-joining activity and abrogates the requirement for
Brca1, Xrcc4, and Ku70. The addition of partially purified BRCA1, in
association with Rad50/Mre11/Nbs1 complex, complements the NHEJ defi-
ciency of Brca1-null fibroblast extracts. These results suggest a role for Brca1
in NHEJ and in the maintenance of genome integrity.

INTRODUCTION

Inactivation of the hereditary breast cancer susceptibility gene,
BRCA1,3 leads to genomic instability (1–3). Extensive chromosomal
abnormalities have been observed in Brca1-deficient murine fibroblasts
(4), as well as the BRCA1-mutant human breast cancer cell line
HCC1937 (5). The function of BRCA1 in genome stability is attributable
to its central role in the cellular response to DNA damage response, and
emerging evidence supports a role for BRCA1 in DNA damage repair.
For example, Brca1-deficient murine and human cells are sensitive to
DNA-damaging agents, including IR (6–8). Furthermore, HCC1937
cells expressing mutant BRCA1 protein exhibit a reduction in both the
rate and extent of DSB repair after IR when compared with cells ex-
pressing wild-type BRCA1 protein (9). Finally, BRCA1 physically in-
teracts with the Rad50/Mre11/Nbs1 DSB repair complex and colocalizes
to nuclear foci along with this complex after treatment of cells with
IR (8).

In eukaryotic cells, DSBs are repaired through two distinct pathways:
homologous recombination and NHEJ. BRCA1 has been implicated in
homology-based repair because cells expressing a Brca1 exon-11 dele-
tion mutant exhibit defects in gene targeting, single-strand annealing, and
gene conversion (10). BRCA1 may also influence NHEJ by virtue of its
interaction with the Rad50/Mre11/Nbs1 complex. The orthologous com-
plex in Saccharomyces cerevisiae Rad50/Mre11/Xrs2 is critical for
NHEJ, sister chromatid recombination, and telomere maintenance. Yeast

strains deficient in any of the components of the Rad50/Mre11/Xrs2
complex are 10–100-fold less efficient in nonhomologous joining of
DNA ends (11, 12). The Rad50/Mre11/Nbs1 complex is characterized by
3� to 5� exonucleolytic activity on double-stranded DNA and endonu-
cleolytic activity on single-stranded DNA and hairpin structures. Further-
more, in the presence of a DNA ligase, Mre11 can facilitate DNA end
joining using microhomologies at or near DNA termini (13, 14). Re-
cently, the yeast Rad50/Mre11/Xrs2 complex was found to exhibit DNA
end-binding activity and end-bridging activity (15). Thus, the Rad50/
Mre11/Nbs1 complex may fulfill a functionally conserved role in NHEJ.

In mammalian cells, a NHEJ pathway has been identified that
comprises the heterodimeric DNA end-binding activity Ku70/Ku80
and the DNA-PKcs (reviewed in Ref. 12). Recently, Baumann et al.
(16) developed a cell-free system that faithfully reflects the genetic
requirements for this NHEJ pathway. In this system, accurate inter-
molecular ligation of DNA ends was found to be dependent on DNA
ligase IV/Xrcc4 and requires Ku70, Ku80, and DNA-PKcs. However,
the role of Rad50/Mre11/Nbs1 in this NHEJ assay has not been
addressed.

We report here the use of this cell-free assay to investigate the role
of BRCA1 in DNA end joining. We observed that antibodies specific
for BRCA1, Rad50, and Ku70, but not Rad51, inhibit the end-joining
activity present in extracts prepared from a human lymphoblastoid
cell line. Comparison of extracts derived from Brca1-null MEFs with
that from isogenic Brca1-proficient MEFs for their respective abilities
to catalyze end joining in vitro revealed that Brca1-deficient MEF
extracts exhibit a significantly reduced end-joining activity. This
deficiency can be complemented by partially purified BRCA1 in
association with the Rad50/Mre11/Nbs1 complex. Finally, we found
the BRCA1-dependent NHEJ activity in mammalian WCE to be
sensitive to the reaction concentration of divalent cations. Elevated
concentrations of Mg2� or Mn2� (to 10mM) stimulated the overall
level of DNA end-joining activity and masked a BRCA1, Ku, and
Xrcc4 requirement. These results provide evidence that BRCA1 pro-
mote NHEJ in a Mg2� concentration-dependent manner.

MATERIALS AND METHODS

MEFs and Lymphoblastoid Cell Line. The Brca1�/�:p53�/� and p53�/�

MEFs were derived from 9.5-day old embryos of a cross between Brca1�/�

and p53�/� mice as described (17) and cultured in DMEM plus 10% FCS.
Human lymphoblastoid cell line, LEM, was immortalized by Epstein-Barr
virus and cultured in DMEM plus 10% FCS.

Cell-free NHEJ Assay. Cell extracts were prepared and in vitro reactions
were performed according to previously described procedure (16). WCEs were
normalized for their respective total protein levels using the Bio-Rad protein
assay (Bio-Rad, Richmond, CA). Reactions (16 �l) were carried out in 50 mM

triethanolamine-HCl (pH 7.5), 0.5 mM Mg(OAc)2, 80 mM potassium acetate, 2
mM ATP, 1 mM DTT, and 100 �g/ml BSA. Cell-free extracts were incubated
for 5 min at 37°C before the addition of 5 fmol 32P-labeled DNA. pBSK(�)
duplex plasmid DNA (2.96 kb; Stratagene, La Jolla, CA) was linearized with
EcoRI, dephosphorylated using calf intestinal phosphatase, and was 5� 32P-
end-labeled using polynucleotide kinase. In each reaction, 5 fmol of labeled
DNA was used. After incubation at 37°C for 1 h, 32P-labeled DNA products
were deproteinized by proteinase K (500 �g/ml) and 1% SDS at 37°C for 20
min and analyzed by electrophoresis through 0.7% agarose gels, followed by
autoradiography. Quantitation of DNA end-joining efficiency was carried out
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by densitometry. For antibody inhibition experiments, cell extracts were pre-
incubated with specific antibodies on ice for 30 min before shifting to 37°C for
5 min, followed by the addition of 32P-labeled DNA.

Antibodies and Antisera. A recombinant protein containing glutathione
S-transferase fused with mouse Brca1 of amino acids 788-1135 in frame was
used as an antigen for the production of antimurine Brca1 mouse polyclonal
antisera. Purified goat IgG specific for XRCC4, Ku70, and Ku80 was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Purified mouse
monoclonal antibody specific for BRCA1 (Ab-1) was purchased from Onco-
gene Research Products (San Diego, CA). Other antibodies specifically against
BRCA1, Rad50, and Rad51 have been described (8).

The amounts of the following antibodies were used in NHEJ inhibition
experiments: 10 �g of antimouse IgG; 1 �g of purified goat anti-Ku70 IgG; 1
�g of anti-BRCA1 mAb Ab-1; 2 �g of anti-BRCA1 mAb 17F8; 5 �g of
anti-Rad50 mAb 13B3; 1 �g of purified rabbit anti-Rad51 IgG; and 1 �g of
purified rabbit anti-Xrcc4. Only mAbs and commercial available purified
antisera were used in antibody inhibition assays. Most of the polyclonal
antisera contain high levels of nuclease activity and cannot be used in the
cell-free end-joining assay.

Protein Purification. HeLa cell nuclear extract was subjected to succes-
sive phosphocellulose P-11, DEAE-Sepharose, and Superose 6 gel filtration
chromatography as described previously (18). Individual fractions derived
from Superose 6 chromatography corresponding to the peaks of the Rad50,
Mre11, and NBS1 proteins were pooled and designated as fraction C1. The
fraction C1 was concentrated on phosphocellulose P-11 by elution with 0.5 M

KCl D buffer [20 mM HEPES (pH 7.9), 0.2 mM EDTA, and 20% glycerol],
followed by dialysis with 0.1 M KCl in D buffer.

RESULTS

To explore the function of BRCA1 in DNA repair, we used an in
vitro DNA end-joining assay that has been described previously (16).
In this system, NHEJ catalyzed by human WCE was observed by
rejoining 32P-labeled linear duplex DNA in a reaction that is depend-
ent upon all of the mammalian factors thus far genetically implicated
in NHEJ, including DNA ligase IV, Xrcc4, Ku70, Ku80, and DNA-
PKcs. We initially tested WCE from a human lymphoblastoid cell
line, LEM, for its ability to catalyze NHEJ and observed that 25–35%
of the input DNA molecules were rejoined during a 1-h incubation
with 20 �g of this cell extract. Under identical reaction conditions,
BRCA1-specific antibodies Ab-1 and 17F8, preincubated with LEM
WCE before the addition of 32P-end-labeled linear DNA into the
reaction, dramatically inhibited end joining (Fig. 1). Antibodies spe-
cific for Rad50 also inhibited the end-joining activity present in WCE.
Consistent with previous observations, antibodies specific for Ku70

inhibited end-joining activity in vitro (16). However, antibodies spe-
cific for Rad51 or normal murine IgG did not inhibit end-joining
activity. These results indicate that BRCA1 and Rad50, but not
Rad51, may be involved in NHEJ in this cell-free system.

To further substantiate the requirement for BRCA1 in NHEJ, we
directly compared WCEs derived from Brca1�/�p53�/� MEFs with
extracts from both p53�/� and wild-type MEFs for their respective
NHEJ activities in vitro. WCEs from wild-type or p53�/� MEFs
could rejoin 35–50% of input DNA. Significantly, WCE from
Brca1�/�p53�/� MEFs was reduced 3–10-fold consistently, relative
to WCE from either p53�/� or wild-type MEFs, for end-joining
activity (Fig. 2, A and B). For quantitative standardization, WCEs

Fig. 1. Antibodies specific for BRCA1, Rad50, and Ku70 inhibit the end-joining activity present in human cell extract. Human lymphoblastoid LEM WCE was preincubated with
BRCA1-specific antibodies Ab-1 (Lanes 9–11) and 17F8 (Lanes 12–14), Ku70-specific antibody (Lanes 6–8), Rad50-specific antibody (Lanes 15–17), Rad51-specific antibody (Lanes
18–20), or control antibody murine IgG (Lanes 3–5) before the addition of 32P-end-labeled linear DNA (5 fmol/reaction) and subsequent incubation. Antibodies or antisera were added
at 1:6 serial dilutions as follows (the actual amounts were described in the “Materials and Methods” section): straight, Lanes 5, 8, 11, 14, 17, and 20; diluted 1/6, Lanes 4, 7, 10, 13,
16, and 19; diluted 1/36, Lanes 3, 6, 9, 12, 15, and 18. Lane 1: no extract. Lane 2: LEM extract alone. Note that BRCA1-, Rad50-, and Ku-70-specific, but not control, antibodies
inhibited end joining. The end-joining efficiency was calculated as the end-joining activity [intensity of multimers/(multimers � monomer)] in each reaction expressed relative to the
end-joining activity in WCEs without antibodies as determined by densitometric analysis.

Fig. 2. Deficient end-joining activity in Brca1 mutant MEFs. A, end-joining activity of
MEF extracts. Increasing amounts of WCE from each of the indicated MEF cell lines were
incubated with 32P-end-labeled linear DNA and assayed for end-joining activity. B,
quantitative analysis by phosphorimaging. End-joining efficiency was calculated as:
intensity of end-joining products/total substrate � 100%; error bars indicate the exper-
imental deviation. C, immunoblot analysis demonstrating equivalent levels of represent-
ative NHEJ proteins and an unrelated nuclear matrix protein, p84, in the MEF WCEs
assayed for end-joining activity.
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were first normalized for total protein levels and subsequently ana-
lyzed by immunoblot analyses for their respective expression levels of
Ku70, Ku80, DNA ligase IV, Rad50, Mre11, or the nuclear matrix
protein p84 (19). No significant difference in protein levels could be
observed among these WCEs (Fig. 2C), excluding the possibility that
the reduced end-joining activity in Brca1-null cell extract is because
of variations in the expression levels of these NHEJ proteins.

It is known that divalent cations such as Mg2� and Mn2� affect
NHEJ catalyzed by mammalian WCE in vitro (20). Our NHEJ reactions
included 0.5 mM Mg2� and were performed identically to those de-
scribed initially by Baumann et al. (16). To test whether the Brca1-
dependent NHEJ activity present in WCEs of MEFs is affected by the
concentration of divalent ions, we compared extracts derived from Brca1-
deficient and wild-type MEFs for their respective NHEJ activities in the
presence of increasing concentrations of Mg2� or Mn2�. As shown in
Fig. 3, augmentation of the Mg2� or Mn2� concentration dramatically
increased the level of DNA end joining catalyzed by both Brca1-null and
wild-type cell extracts and concomitantly abrogated the requirement for
Brca1 regardless the amount of WCE used in the reactions. Thus, at
reaction concentrations of divalent ions exceeding 1.5 mM Mg2� or 0.5
mM Mn2� plus 0.5 mM Mg2�, the difference in NHEJ catalyzed by
Brca1-null and wild-type MEF extracts was indistinguishable, possibly

indicating the involvement of a Brca1-independent pathway for NHEJ
under these conditions.

To explore the relationship between the Brca1-dependent NHEJ ac-
tivity and known components of the NHEJ pathway, including Xrcc4 and
Ku70, at different divalent ion concentrations, we performed reactions
with either 0.5 mM or 10 mM Mg2� (Fig. 4). Addition of Brca1-specific
antibody reduced end-joining activity in Brca1 proficient MEFs to the
level of Brca1 mutant cells at 0.5 mM Mg2�. Similarly, the addition of
antibodies against Ku70 and Xrcc4 completely eliminated end-joining
activity of Brca1 deficient or proficient cells. These observations suggest
that BRCA1 may function along with Xrcc4 and Ku70 in NHEJ. How-
ever, at 10 mM Mg2�, the additions of antibodies against Ku70, Xrcc4,
and BRCA1 have no apparent inhibitory function against the robust
end-joining activities in both Brca1-proficient and -deficient MEFs (Fig.
4), indicating an existence of an alternative pathway.

To determine whether a cellular fraction containing BRCA1 can com-
plement the diminished NHEJ activity in Brca1-deficient cells, we frac-
tionated human HeLa cell nuclear extract according to the scheme out-
lined in Fig. 5A. The bulk of BRCA1 protein present in a soluble HeLa
nuclear extract bound to phosphocellulose PC-11 and eluted predomi-
nantly and approximately equally between 0.1–0.3 and 0.3–0.5 M KCl
step fractions (fractions B and C, respectively, Fig. 5A). The bulk of
cellular Rad50 protein was also recovered in the PC-11 B and C fractions,
although more eluted in the B fraction than in the C fraction (Fig. 5A).
Most of the BRCA1 protein present in the PC-11 C fraction bound to, and
eluted from, a DEAE-Sepharose anion exchange resin in a 0.1–0.25 M

KCl step fraction (fraction CB). After Superose 6 gel filtration chroma-
tography of the CB fraction, BRCA1 was eluted in fractions correspond-
ing to peaks of the Rad50, Mre11, and Nbs1 proteins, indicating cofrac-
tionation of BRCA1 with the Rad50/Mre11/Nbs1 protein complex
(Fig. 5A). Western blot analysis of individual Superose 6 column frac-
tions with antibodies specific for BRCA1 and the large subunit of RPB1
also revealed that the bulk of BRCA1 eluted ahead of RPB1 in a number
of high molecular weight fractions (Fig. 5A). Reciprocal coimmunopre-
cipitation of BRCA1 and Rad50 from peak Superose 6 column fractions
demonstrated that BRCA1, Rad50, and Nbs1 all reside in a single high
molecular weight complex of Mr �1,000,000 (Fig. 5B).

Individual Superose 6 column fractions corresponding to the peak of
the BRCA1/Rad50/Mre11/Nbs1 complex were pooled and concentrated
on phosphocellulose PC-11 to yield a partially purified protein fraction
termed C1. Fraction C1 was tested for its ability to complement WCE of
Brca1-deficient MEF for end-joining activity in vitro. Although it cata-
lyzed no end-joining activity on its own, the addition of fraction C1 to
WCE of Brca1-deficient MEFs increased its end-joining activity about
2.5-fold (Fig. 5, C and D) to 60% of the end-joining activity catalyzed by
WCE derived from Brca1-proficient MEFs. The addition of fraction C1
to WCE of Brca1-proficient MEFs has no effect on end-joining activity
(data not shown). These results suggest that the partially purified BRCA1
complex facilitated the BRCA1-dependent NHEJ process.

DISCUSSION

BRCA1 plays an important role in maintaining genomic stability
through its participation in DNA repair and cell cycle checkpoint control.
For DNA DSB repair, BRCA1 has been shown to be critical for homol-
ogous recombination (10). However, it is not known whether BRCA1 has
a role in NHEJ. In this study, we showed that under identical cell-free
reaction conditions described by Baumann et al. (16), the addition of
antibodies specific for BRCA1 and Rad50, but not Rad51, inhibits
end-joining activity. Cell extracts derived from Brca1-deficient MEFs
exhibit reduced end-joining activity independent of the endoge-
nous protein amounts of DNA ligase IV, Ku80, and Ku70. The
BRCA1-dependent NHEJ activity predominates at the lower concentra-

Fig. 3. DNA end-joining activity in cell extracts is sensitive to Mg2� and Mn2�. A,
determination of optimal concentration of Mg2�. Cell extracts (10 �g) derived from
Brca1-proficient (odd-numbered lanes) or Brca1-deficient (even-numbered lanes) MEFs
were incubated with different concentration of Mg2� as follows: Lanes 1–2, 0.125 mM;
Lanes 3–4, 0.5 mM; Lanes 5–6, 1 mM; Lanes 7–8, 5 mM; and Lanes 9–10, 10 mM. B,
determination of the effect of Mn2�. Extract (10 �g) derived from Brca1-proficient
(odd-numbered lanes) or Brca1-deficient (even-numbered lanes) MEFs were incubated at
0.5 mM Mg2� with different concentration of Mn2� as follows: Lanes 1–2, 0 mM; Lanes
3–4, 0.5 mM; Lanes 5–6, 1 mM; Lanes 7–8, 2 mM; and Lanes 9–10, 4 mM. C, titration of
the amount of cell extracts. In the presence of 10 mM Mg2�, cell extracts (2.5, 5, 10, and
20 �g) derived from Brca1-proficient (odd-numbered lanes) or Brca1-deficient (even-
numbered lanes) MEFs were assayed for DNA end-joining activity.
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tions of 0.5 mM Mg2�; elevated reaction concentrations of Mg2� or
Mn2� to 10 mM dramatically increases overall end-joining activity and
abrogates the requirement for Brca1, Xrcc4, and Ku70. The addition of
partially purified BRCA1 in association with Rad50/Mre11/Nbs1 com-
plements the NHEJ deficiency of Brca1-deficient MEF extracts. These
results support a role for BRCA1 in NHEJ.

BRCA1 is likely to participate in NHEJ by virtue of its interaction with
the Rad50/Mre11/Nbs1 complex. Previous work has demonstrated that
BRCA1 interacts physically with the Rad50/Mre11/Nbs1 complex in
vivo and in vitro (8). Furthermore, BRCA1 can be isolated from cells in
a high molecular complex with Rad50/Mre11/Nbs1. These observations
suggest that the function of BRCA1 in DSB repair may be mediated, at
least in part, through its association with the Rad50/Mre11/Nbs1 com-
plex. It is recently shown that the yeast counterpart Rad50/Mre11/Xrs2
has DNA end-binding and bridging activities. Addition of the Ku homol-
ogous protein HdfA and B enhances the DNA end-bridging activity of
the Rad50/Mre11/Xrs2 complex. The Rad50/Mre11/Xrs2 complex then
directly recruits Dnl4/Lif1 (equivalent to mammalian DNA ligase IV and
Xrcc4) to complete DNA end ligation (15). Similarly, mammalian
Rad50/Mre11NBS1 has also been shown to exhibit DNA end-tethering
activity (21, 22). Therefore, NHEJ in vitro can be carried out by com-
ponents, including Rad50/Mre11/Nbs1, Ku homologues, and DNA ligase
IV/Xrcc4. Although the precise role of BRCA1 in NHEJ remains unclear,
the ability of BRCA1 to form a tight complex with Rad50/Mre11/Nbs1
suggests that BRCA1 may facilitate the NHEJ function of this complex.
Recently, a purified recombinant BRCA1 was shown to have a direct
DNA-binding activity (23). Whether this DNA-binding activity has a
direct contribution to the NHEJ warrants additional investigation.

The cell-free system for NHEJ that we used in this study has been
reported to be dependent on a DNA-PK-mediated pathway (16). None-
theless, substantial evidence accumulated from in vitro studies indicates
that eukaryotic cells rely on more than one DNA end-joining pathway
(24–27). For example, extracts derived from the DNA-PK mutant cell
line MO59J have been reported to exhibit wild-type end-joining activity,
suggesting the involvement of a DNA-PK-independent end-joining path-
way in these cells (27). The relative contribution of a particular pathway
to the overall end-joining activity observed in mammalian WCEs likely

Fig. 4. Antibodies specific against BRCA1, Ku, and Xrcc4 inhibit NHEJ at 0.5 mM, but not
at 10 mM, Mg2�. At 0.5 mM Mg2� (odd lanes), antibodies against BRCA1 (Lanes 9–12)
reduced the end-joining activity in Brca1-proficient MEF extracts (Lanes 1 and 9) to the level
of Brca1-deficient cells (Lanes 3 and 11). Antibodies against Xrcc4 (Lane 5–8) or Ku70
(Lanes 13–16) completely inhibited the end-joining activity in Brca1-proficient cells (Lanes 5
and 13) and the residual activity in Brca1-deficient cells (lanes 7 and 15). However, at 10 mM

Mg2� (even lanes), robust end-joining activity in both Brca1-proficient and Brca1-deficient
MEFs is resistant to antibodies against Ku70 (Lanes 6 and 8), Xrcc4 (Lanes 14 and 16), and
BRCA1 (Lanes 10 and 12), indicating an existence of an alternative pathway.

Fig. 5. Complementation of NHEJ activity in BRCA1-deficient cell extracts by exogenous
BRCA1. A, schematic diagram of purification of a BRCA1/Rad50/Mre11/NBS1-containing
complex. HeLa cell nuclear extract (NEXT) was subjected to successive phosphocellulose
PC-11, DEAE-Sepharose, and Superose 6 gel filtration chromatography. CB protein fraction
(4 mg/ml) was subjected to Superose 6 gel filtration analysis. Individual fractions were
resolved by 10% SDS-PAGE and subjected to immunoblot analysis using antibodies specific
for the proteins indicated to the left of the blot (RPB1: large subunit of RNA polymerase II).
Vertical arrows above the immunoblot panels indicate marker protein peaks. B, coimmuno-
precipitation of BRCA1, Rad50, and NBS1 from peak Superose 6 column fractions. Column
fractions 45–49 (fraction C1) from the experiment in A were pooled, and a portion subjected
to immunoprecipitation with the antibodies indicated above the immunoblot (mIgG � murine
IgG). Immunoprecipitates were resolved by 10% SDS-PAGE and subjected to immunoblot
analysis with antibodies specific for the proteins indicated to the left of the blot. C, comple-
mentation of Brca1-deficient MEF extracts for end-joining activity by a BRCA1/Rad50/
Mre11/Nbs1 complex. Fraction C1 was added as indicated to Brca1-deficient WCE and
incubated on ice for 30 min before assay of end-joining activity. Fraction C1 alone (Lane 8)
does not catalyze end-joining activity. D, end-joining activity in C was measured as [intensity
of multimers/(multimers � monomer) � 100%] by phosphoimage analysis and converted to
percentage of joined DNA molecules.
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reflects the in vitro reaction conditions used. One factor that could alter
the relative influence of a particular end-joining pathway in the reaction
is the concentration of divalent cations, particularly Mg2� and Mn2�. In
this regard, we observed that the BRCA1-dependent NHEJ activity
present in mammalian WCE is sensitive to the reaction concentration of
Mg2� and Mn2�. Elevated concentrations of these divalent cations
stimulates overall end-joining activity and masks the requirement for
BRCA1, suggesting the involvement of a BRCA1-independent pathway
to achieve end joining. A similar phenomenon has recently been reported
for DNA ligase IV using ligase IV mutant 180BR cell (20). Elevated
reaction concentrations of Mg2� (10 mM) stimulated DNA end joining
through an apparent DNA ligase IV-independent pathway, whereas re-
duced concentrations of Mg2� (0.5 mM) revealed a DNA ligase IV
dependency for low levels of end-joining activity. Interestingly, we
observed that under similar conditions, antibodies specific for Ku70,
Xrcc4, and BRCA1 efficiently suppressed DNA end-joining activity at
reduced concentrations of Mg2� (Fig. 4). These observations raise the
possibility that BRCA1 works along with Rad50, Ku, and Xrcc4 in NHEJ
at a low concentration of Mg 2�. Interestingly, mammalian cell extracts
deficient in Fanconi anemia proteins had a 3–9-fold reduction in DNA
end-joining activity at high Mg2� concentration (10 mM) in a pathway
independent of DNA-PK/Ku (28). Therefore, it is very likely that mul-
tiple NHEJ pathways may exist in mammalian cells.

Previously, BRCA1 has been implicated in homology-based repairs of
DNA breaks because cells expressing a Brca1 exon 11-deletion mutant
exhibit defects in gene targeting, single-strand annealing, and gene con-
version (10). Interestingly, no defects in plasmid integration and nonho-
mologous repair processes were observed in these Brca1 mutant cells.
However, it is possible that the NHEJ activity observed in this previous
study described by Moynahan et al. (10), reflects the contribution of a
BRCA1-independent NHEJ pathway. Alternatively, genetic differences
between independently derived Brca1 mutant cell lines may contribute to
different conclusions regarding the importance of Brca1 in NHEJ. Our
Brca1 mutant allele carries a reverse-oriented neomycin cassette inserted
into the 5� end of Brca1 exon 11, which will lead to premature termina-
tion of translation (29). No stable Brca1 protein derivative can be detected
in our Brca1�/� MEFs. The embryonic stem (ES) cells previously
characterized for defects in homologous and NHEJ repair (10), express a
Brca1 exon 11 splice variant (30) and the homozygote embryos derived
from these ES cells exhibit a less severe phenotype than our homozygotes
(29, 30). Using our Brcal�/� MEFs, we have demonstrated a 50–100-
fold reduced efficiency in microhomology-mediated end-joining activity
of a defined chromosomal DNA DSB introduced by a rare-cutting
endonuclease I-SceI (31). These results further support a role of BRCA1
in NHEJ.

The findings presented here suggest that BRCA1 functions in the
repair of DSBs through a novel role in NHEJ, consistent with the recent
report that a single mutated BRCA1 allele leads to impaired fidelity of
DSB end joining (32). Inefficient or error-prone DNA repair resulting
directly from inactivation of BRCA1 could lead to global genomic
instability and a concomitant accrual of functionally inactivating muta-
tions at genetic loci involved in breast tumorigenesis. Additional mech-
anistic studies concerning the role of BRCA1 in DNA damage response
and repair should expedite the design and implementation of strategies to
delay, and ultimately to prevent, breast cancer formation.

ACKNOWLEDGMENTS

We thank Diane Jones and Chi-Fen Chen for excellent technical assistance.

REFERENCES

1. Chen, Y., Lee, W. H., and Chew, H. K. Emerging roles of BRCA1 in transcriptional
regulation and DNA repair. J. Cell. Physiol., 181: 385–392, 1999.

2. Welcsh, P. L., Owens, K. N., and King, M. C. Insights into the functions of BRCA1
and BRCA2. Trends Genet., 16: 69–74, 2000.

3. Zheng, L., Li, S., Boyer, T. G., and Lee, W-H. Lessons learned from BRCA1 and
BRCA2. Oncogene, 19: 6159–6175, 2000.

4. Xu, X., Weaver, Z., Linke, S. P., Li, C., Gotay, J., Wang, X. W., Harris, C. C., Ried,
T., and Deng, C. X. Centrosome amplification and a defective G2-M cell cycle
checkpoint induce genetic instability in BRCA1 exon 11 isoform-deficient cells. Mol.
Cell, 3: 389–395, 1999.

5. Tomlinson, G. E., Chen, T-L., Stastny, V. A., Virmani, A. K., Spillman, M. A., Tonk,
V., Blum, J. L., Schneider, N. R., Wistuba, I. I., Shay, J. W., Minna, J. D., and Gazdar,
A. F. Characterization of a breast cancer cell line derived from a germ-line BRCA1
mutation carrier. Cancer Res., 58: 3237–3242, 1998.

6. Gowen, L. C., Avrutskaya, A. V., Latour, A. M., Koller, B. H., and Leadon, S. A.
BRCA1 required for transcription-coupled repair of oxidative DNA damage. Science
(Wash. DC), 281: 1009–1012, 1998.

7. Cressman, V. L., Backlund, D. C., Avrutskaya, A. V., Leadon, S. A., Godfrey, V., and
Koller, B. H. Growth retardation, DNA repair defects, and lack of spermatogenesis in
BRCA1-deficient mice. Mol. Cell. Biol., 19: 7061–7075, 1999.

8. Zhong, Q., Chen, C. F., Li, S., Chen, Y., Wang, C. C., Xiao, J., Chen, P. L., Sharp,
Z. D., and Lee, W. H. Association of BRCA1 with the hRad50-hMre11-p95 complex
and the DNA damage response. Science (Wash. DC), 285: 747–750, 1999.

9. Scully, R., Ganesan, S., Vlasakova, K., Chen, J., Socolovsky, M., and Livingston,
D. M. Genetic analysis of BRCA1 function in a defined tumor cell line. Mol. Cell, 4:
1093–1099, 1999.

10. Moynahan, M. E., Chiu, J. W., Koller, B. H., and Jasin, M. Brca1 controls homology-
directed DNA repair. Mol. Cell, 4: 511–518, 1999.

11. Haber, J. E. The many interfaces of Mre11. Cell, 95: 583–586, 1998.
12. Tsukamoto, Y., and Ikeda, H. Double-strand break repair mediated by DNA end-

joining. Genes Cells, 3: 135–144, 1998.
13. Paull, T. T., and Gellert, M. The 3� to 5� exonuclease activity of Mre 11 facilitates

repair of DNA double-strand breaks. Mol. Cell, 1: 969–979, 1998.
14. Paull, T. T., and Gellert, M. A mechanistic basis for Mre11-directed DNA joining at

microhomologies. Proc. Natl. Acad. Sci. USA, 97: 6409–6414, 2000.
15. Chen, L., Trujillo, K., Ramos, W., Sung, P., and Tomkinson, A. E. Promotion of

Dnl4-catalyzed DNA end-joining by the Rad50/Mre11/Xrs2 and Hdf1/Hdf2 com-
plexes. Mol. Cell, 8: 1105–1115, 2001.

16. Baumann, P., and West, S. C. DNA end-joining catalyzed by human cell-free extracts.
Proc. Natl. Acad. Sci. USA, 95: 14066–14070, 1998.

17. Zheng, L., Pan, H., Li, S., Flesken-Nikitin, A., Chen, P. L., Boyer, T. G., and Lee,
W. H. Sequence-specific transcriptional corepressor function for BRCA1 through a
novel zinc finger protein. ZBRK1. Mol. Cell, 6: 757–768, 2000.

18. Boyer, T. G., Martin, M. E., Lees, E., Ricciardi, R. P., and Berk, A. J. Mammalian
Srb/Mediator complex is targeted by adenovirus E1A protein. Nature (Lond.), 399:
276–279, 1999.

19. Durfee, T., Mancini, M. A., Jones, D., Elledge, S. J., and Lee, W-H. The amino-terminal
region of the retinoblastoma gene product binds a novel nuclear matrix protein that
co-localizes to centers for RNA processing. J. Cell Biol., 127: 609–622, 1994.

20. Wang, H., Zeng, Z. C., Perrault, A. R., Cheng, X., Qin, W., and Iliakis, G. Genetic
evidence for the involvement of DNA ligase IV in the DNA-PK-dependent pathway
of non-homologous end joining in mammalian cells. Nucleic Acids Res., 29: 1653–
1660, 2001.

21. Huang, J., and Dynan, W. S. Reconstitution of the mammalian DNA double-strand
break end-joining reaction reveals a requirement for an Mre11/Rad50/NBS1-contain-
ing fraction. Nucleic Acids Res., 30: 667–674, 2002.

22. de Jager, M., van Noort, J., van Gent, D. C., Dekker, C., Kanaar, R., and Wyman, C.
Human Rad50/Mre11 is a flexible complex that can tether DNA ends. Mol. Cell, 8:
1129–1135, 2001.

23. Paull, T. T., Cortez, D., Bowers, B., Elledge, S. J., and Gellert, M. From the cover:
direct DNA binding by Brca1. Proc. Natl. Acad. Sci. USA, 98: 6086–6091, 2001.

24. North, P., Ganesh, A., and Thacker, J. The rejoining of double-strand breaks in DNA
by human cell extracts. Nucleic Acids Res., 18: 6205–6210, 1990.

25. Johnson, A. P., and Fairman, M. P. The identification and characterization of
mammalian proteins involved in the rejoining of DNA double-strand breaks in vitro.
Mutat. Res., 364: 103–116, 1996.

26. Feldmann, E., Schmiemann, V., Goedecke, W., Reichenberger, S., and Pfeiffer, P.
DNA double-strand break repair in cell-free extracts from Ku80-deficient cells:
implications for Ku serving as an alignment factor in non-homologous DNA end
joining. Nucleic Acids Res., 28: 2585–2596, 2000.

27. Cheong, N., Perrault, A. R., Wang, H., Wachsberger, P., Mammen, P., Jackson, I.,
and Iliakis, G. DNA-PK-independent rejoining of DNA double-strand breaks in
human cell extracts in vitro. Int. J. Radiat. Biol., 75: 67–81, 1999.

28. Lundberg, R., Mavinakere, M., and Campbell, C. Deficient DNA end joining activity
in extracts from fanconi anemia fibroblasts. J. Biol. Chem., 276: 9543–9549, 2001.

29. Liu, C. Y., Flesken-Nikitin, A., Li, S., Zeng, Y. Y., and Lee, W-H. Inactivation of the
mouse Brca1 gene leads to failure in the morphogenesis of the egg cylinder in early
postimplantation development. Genes Dev., 10: 1835–1843, 1996.

30. Gowen, L. C., Johnson, B. L., Latour, A. M., Sulik, K. K., and Koller, B. H. Brca1
deficiency results in early embryonic lethality characterized by neuroepithelial ab-
normalities. Nat. Genet., 12: 191–194, 1996.

31. Zhong, Q., Chen, C-F., Chen, P-L., and Lee, W-H. BRCA1 facilitates microhomology
mediated end-joining of DNA double-strand breaks. J. Biol Chem., in press, 2002.

32. Baldeyron, C., Jacquemin, E., Smith, J., Jacquemont, C., De Oliveira, I., Gad, S.,
Feunteun, J., Stoppa-Lyonnet, D., and Papadopoulo, D. A single mutated BRCA1
allele leads to impaired fidelity of double strand break end-joining. Oncogene, 21:
1401–1410, 2002.

3970

DEFICIENT NHEJ IN Brca1-NULL CELLS

on June 23, 2018. © 2002 American Association for Cancer Research.cancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


2002;62:3966-3970. Cancer Res 
  
Qing Zhong, Thomas G. Boyer, Phang-Lang Chen, et al. 
  
Extracts from Brca1-null Fibroblasts
Deficient Nonhomologous End-Joining Activity in Cell-free

  
Updated version

  
 http://cancerres.aacrjournals.org/content/62/14/3966

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/62/14/3966.full#ref-list-1

This article cites 30 articles, 10 of which you can access for free at:

  
Citing articles

  
 http://cancerres.aacrjournals.org/content/62/14/3966.full#related-urls

This article has been cited by 25 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerres.aacrjournals.org/content/62/14/3966
To request permission to re-use all or part of this article, use this link

on June 23, 2018. © 2002 American Association for Cancer Research.cancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/content/62/14/3966
http://cancerres.aacrjournals.org/content/62/14/3966.full#ref-list-1
http://cancerres.aacrjournals.org/content/62/14/3966.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/62/14/3966
http://cancerres.aacrjournals.org/

