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ABSTRACT

Fanconi anemia (FA) is a fatal genetic disorder asso-
ciated with pancytopenia and cancer. Cells lacking
functionalFAgenesarehypersensitive tobifunctional
alkylating agents, and are deficient in DNA double-
strand break repair. Multiple genes with FA-causing
mutations have been cloned, however, the molecular
basis for FA remains obscure. The results presented
herein indicate that a Rad50-dependent end-joining
process is non-functional in diploid fibroblasts from
FA patients. Introduction of anti-Rad50 antibody into
normal fibroblasts sensitized them to DNA damaging
agents, whereas this treatment had no effect on fibro-
blasts from FA patients. The DNA end-joining process
deficient in FA cells also requires the Mre11, Nbs1 and
DNAligaseIVproteins.Thesedatarevealtheexistence
of a previously uncharacterized Rad50-dependent
DNA double-strand break repair pathway in mamma-
lian somatic cells, and suggest that failure to activate
this pathway is responsible, at least in part, for the
defective DNA end-joining observed in FA cells.

INTRODUCTION

Fanconi anemia (FA) is a rare autosomal recessive disorder
characterized by pancytopenia, developmental anomalies and
cancer predisposition (1–4). Cells from FA patients exhibit
hypersensitivity to bifunctional alkylating agents and chromo-
some instability. In addition, these cells display enhanced
sensitivity to oxygen, and have subtle defects in the cell
cycle and apoptosis (5–10). A number of investigators have
also shown that FA cells are also more sensitive to ionizing
radiation than are wild-type cells (11–13).

The disease is heterogeneous, with nine complementation
groups having been identified thus far, referred to as FA-A,
-B, -C, -D1, -D2, -E, -F, -G and -L (8,14). In the span of
just over a decade, eight of the FA genes were cloned (14–
22). However, examination of the sequences of the cloned
FA genes has failed to provide significant insight into their
function. Thus, despite these remarkable advances, there is

as yet no clear evidence as to the function of the FA gene
products.

A number of recent findings have led many to conclude that
FA cells are defective in the repair of DNA double-strand
breaks. It was shown some years ago that lymphoblast cell
lines from patients suffering from FA possessed a subtle defect
in the process of rejoining blunt-ended plasmid DNA molecu-
les that had been introduced via electroporation (23,24). More
recently, itwasshownthatnuclearproteinextracts fromavariety
of FA cells have a profound defect in end-joining of linear
plasmids (25). In addition, intact FA fibroblasts are deficient
in DNA plasmid end-joining, and these cells are hypersensitive
to restriction endonuclease-induced cell death (26).

DNA end-joining is a predominant form of DNA double-
strand break repair (27). Studies in mammalian cells, and later
in yeast, show that a mechanism minimally dependent on the
concerted actions of a DNA end-binding heterodimer called
Ku (28,29), DNA ligase IV (30) and its binding partner Xrcc4
(31), and the catalytic subunit of the DNA-dependent protein
kinase (32) is essential for V(D)J recombination and is also
capable of rejoining chromosomal DNA in somatic cells. The
biochemical pathway responsible for this activity is referred to
as non-homologous DNA end-joining (NHEJ). Interestingly,
the available evidence suggests that FA cells are not deficient
in NHEJ activity. Levels of the aforementioned proteins pre-
sent in both lymphoblasts and fibroblasts from FA patients
were indistinguishable from those seen in cells from normal
donors (24,25). In addition, Ku-mediated end-joining activity
in nuclear protein extracts from an FA fibroblast strain was
similar to that seen in extracts from normal cells (25). FA cells
are not as sensitive to ionizing radiation as are cells with
defects in genes encoding the NHEJ proteins (33). Further-
more, lack of Ku-mediated NHEJ activity in vivo is associated
with a severe form of immunodeficiency (34–36), which is not
observed in FA patients. Thus, while it is possible that the end-
joining defect in FA cells results from a deficiency in the
Ku-mediated NHEJ pathway, it seems more likely that FA
cells are deficient in an end-joining mechanism that is inde-
pendent of the Ku-pathway.

This latter possibility is consistent with numerous findings
indicating that both yeast and vertebrate cells possess DNA
end-joining activities that are distinct from Ku-dependent
NHEJ (25,28,29,37–39). A number of recent observations
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support the conclusion that the Rad50, Mre11 and Nbs1
proteins directly participate in DNA end-joining. Yeast clones
lacking these proteins are deficient in plasmid end-joining
activity (37). Reconstitution experiments using both yeast
(40) and mammalian (41) proteins indicate that addition of
these proteins enhances in vitro DNA end-joining activity. It
was shown that addition of a fraction of mammalian cell
extract enriched for Rad50, Mre11 and Nbs1 proteins stimu-
lated in vitro end-joining (41). Finally, the presence of these
proteins was necessary for proper in vitro DNA end-joining by
extracts derived from human cells (42).

In addition to these findings, there is a growing body of
evidence indicating that FA proteins function in a pathway that
includes a complex of the Rad50, Mre11 and Nbs1 proteins,
referred to as the RMN complex. First, it has been shown that
subnuclear assembly of the RMN complex following cellular
exposure to DNA crosslinking agents requires the Fancc pro-
tein (43). Second, the Fancd2 protein co-localizes with the
Nbs1 protein following DNA damage (44). Third, cellular
exposure to ionizing radiation results in phosphorylation of
the Fancd2 protein in an Nbs1 and ATM-dependent manner
(45). Finally, transgenic mice in which a hypomorphic allele of
Rad50 called Rad50S has replaced the wild-type allele display
hematopoetic failure and cancer predisposition that is similar
to that seen in human FA patients (46). Taken together, these
findings suggest that the deficiency in DNA double-strand
break repair observed in FA cells may result from a failure
to activate a DNA end-joining pathway dependent on the
Rad50, Mre11, Nbs1 complex.

To gain insight into this question, we pursued an antibody
inhibition-based strategy to examine the protein requirements
for efficient plasmid end-joining in human diploid fibroblasts
(HDFs). Based on findings presented herein, we conclude that
the DNA end-joining defect associated with FA cells results
from the inability of these cells to activate or properly regulate
a previously uncharacterized Rad50-dependent DNA double-
strand break repair activity.

MATERIALS AND METHODS

Cells and plasmid constructs

Cells were maintained in a humidified 5% CO2-containing
atmosphere at 37�C. All cells were obtained from American
Type Culture Collection cell repository unless otherwise
noted. The immortalized cell line HT1080 was derived from
a spontaneous human fibrosarcoma. Cell strains CCL-153,
CCL-186 and PD.715.F are HDFs derived from normal donors.
Cell strains PD.720.F, PD.551.F and PD.352.F (referred to as
FA-A, FA-C and FA-G, respectively) are human diploid FA
fibroblasts from patients of complementation groups A, C and
G, respectively, and were obtained from Oregon Health
Sciences University Fanconi Anemia Cell Repository.

Antibodies

All antibodies were used at a concentration of 0.4 mg per
electroporation. Rabbit monoclonal anti-Ku86, rabbit mono-
clonal anti-DNA ligase IV and rabbit monoclonal anti-Xrcc4
antibodies were obtained from Serotec Ltd (Raleigh, NC).
Mouse polyclonal anti-DNA ligase III, rabbit polyclonal

anti-Fancd2, rabbit polyclonal anti-Rad50, rabbit polyclonal
anti-Mre11 and rabbit polyclonal anti-Nbs1 antibodies were
obtained from Novus Biologicals, Inc. (Littleton, CO). Goat
polyclonal anti-Rad51 antibody was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Alkaline phosphatase-
conjugated goat anti-rabbit IgG and rabbit anti-goat IgG were
obtained from Sigma.

Intracellular V(D)J recombination assay

V(D)J recombination was performed using a method similar to
one that has been described previously (47,48). Briefly, 106

human cells were electroporated with 10 mg of the V(D)J
plasmid recombination substrate pKSV(D)JSV40ori, 5 mg
each of the plasmids pRAG1 and pRAG2 (gifts from Dr
David Baltimore, California Institute of Technology, Pasadena,
CA) that encode the RAG-1 and RAG-2 genes, respec-
tively, 5 mg of the plasmid pRSVEdl884 that encodes the
large T-antigen but does not have an SV40 origin of replica-
tion (49) and the indicated antibody. Following a 48 h incu-
bation period, the plasmids were recovered from cells and
digested with the restriction endonuclease DpnI. The fre-
quency with which V(D)J recombination in the plasmid
pKSV(D)JSV40ori occurred was subsequently determined
by transforming this recovered DNA into DH10B electro-
competent reporter bacteria. The design of the recombination
substrate is such that, upon V(D)J recombination, a portion of
plasmid DNA flanked by recombination signal sequences
(depicted by the white triangle and rectangle) is deleted
(Figure 1A). As a consequence, a prokaryotic silencer ele-
ment that is flanked by the recombination signal sequences
(depicted in Figure 1A as an octagon) is deleted. As a con-
sequence, transcription of the chloramphenicol acetyl trans-
ferase gene (depicted by shaded rectangle) is driven by the
Escherichia coli promoter sequence (indicated as an arrow-
head in Figure 1A), thereby conferring chloramphenicol
resistance on bacteria transformed by the plasmid. Since
both the non-recombinant and recombinant plasmids harbor
a fully functional beta-lactamase gene (depicted in Figure 1A
as a black rectangle), bacteria harboring either plasmid are
resistant to ampicillin. Thus, the frequency of V(D)J recom-
bination that occurs within the mammalian cells is calculated
by dividing the number of chloramphenicol plus ampicillin-
resistant bacterial colonies by the total number of ampicillin-
resistant bacterial colonies obtained when the recovered
plasmid DNA is transformed into sensitive bacteria. (None of
the other plasmids used in this assay can confer either ampicillin
or chloramphenicol resistance upon bacterial cells under the
conditions utilized, so they do not interfere with this assay.)

Intracellular end-joining assay

DNA end-joining frequency was determined as described pre-
viously (23,26). Briefly, the plasmid pSV2Neo (50) was lin-
earized by digestion with the restriction endonucleases EcoRI
(to give cohesive ends) or SmaI (to give blunt ends), gel-
purified and quantified. Human cells (106 per experiment)
were then electroporated with 1.5 mg linearized pSV2Neo
(or 1.5 mg pSV2Neo that was not digested), 5 mg of the plasmid
pRSVEdl884 and antibody. After electroporation, cells were
allowed to incubate for 48 h before plasmid DNA was recov-
ered, digested with the restriction endonuclease DpnI, and
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introduced into DH10B electrocompetent reporter bacteria.
Plasmids that had been rejoined while in the mammalian
cells will transform bacteria and confer resistance to ampicillin
due to the presence of the beta-lactamase gene (depicted as a
black rectangle in Figure 1B), whereas plasmids that remained
linear are unable to transform bacteria and will not result in
the generation of bacterial colonies. Thus, the frequency of
DNA end-joining is determined by comparing the number of
ampicillin-resistant bacterial colonies obtained from electro-
poration with linearized pSV2Neo to the number of bacterial
colonies obtained from a parallel experiment with circular
pSV2Neo.

Electroporation of restriction endonucleases

Sensitivity to electroporated restriction endonucleases was
determined as described previously (26). Briefly, �104 human
cells were electroporated with restriction endonuclease PvuII
diluted in its storage buffer to the indicated concentration and
antibody. Subsequently, cells were incubated for 48–72 h
before cell survival was determined using the sulforhodamine
B assay (51).

Diepoxybutane sensitivity

Human cells (104) were mock electroporated or electroporated
with the indicated antibody. Cells were allowed to recover for
6–12 h in drug-free media before media containing 200 ng/ml
diepoxybutane was added. Cells were incubated in this drug-
containing media for 96 h before cell survival was determined
using the sulforhodamine B assay (51).

RESULTS

Human cells possess a DNA end-joining pathway
that is independent of Ku-mediated NHEJ but
dependent on DNA ligase IV

Previous results indicated that FA cells have a basic defect
in DNA double-strand break repair (23–26). However, the

identity of the DNA end-joining pathway that is non-func-
tional in FA cells remains unknown. Since electroporation
of specific antibodies has been used to block a variety of
intracellular processes (52), we reasoned that an analogous
approach could be used to address this issue as well. We
pursued the following strategy: linear plasmid substrates
were introduced into normal fibroblasts in the presence and
absence of a number of specific antibodies, and the efficiency
of plasmid end-joining was determined. Our aim was to iden-
tify antibodies that would inhibit DNA end-joining in wild-
type cells, yet would not influence the efficiency of the residual
DNA end-joining present in FA cells.

Before initiating this analysis, we tested the validity of the
antibody inhibition strategy by examining a plasmid-based
V(D)J assay through the co-electroporation of antibodies spe-
cific for known components of the V(D)J recombination
machinery. Figure 1A depicts schematically the plasmid
substrate utilized (for additional details, see Materials and
methods). As the image depicts, when this plasmid is intro-
duced into mammalian cells, site-specific recombination by
the cellular V(D)J machinery (depicted by the arrow) gener-
ates a product that, when introduced into sensitive bacteria,
confers resistance to the antibiotic chloramphenicol. It is note-
worthy that while the non-recombinant substrate plasmid does
not confer chloramphenicol resistance, it does render bacterial
resistance to ampicillin. Therefore, the bacterial reporter sys-
tem allows one to measure the efficiency with which V(D)J
recombination occurs within a target mammalian cell popula-
tion (for additional details, see Materials and methods).

We determined that plasmid V(D)J recombination occurs in
the fibrosarcoma cell line HT1080 with a frequency of 0.18%
(Table 1). The frequency of V(D)J recombination in a normal
strain of HDFs, 0.21% was quite similar (Table 1, HDF). In
both cases, V(D)J recombination frequency was measured in
the presence of co-electroporated non-specific IgG. Additional
control experiments revealed that similar frequencies of V(D)J
recombination were obtained in the absence of antibody (data
not shown). These V(D)J recombination frequencies, while

A.

B.

Figure 1. Schematic representations of intracellular DNA repair assays. (A) V(D)J recombination assay. Filled arrowhead, promoter sequence; open triangle and
open rectangle, V(D)J recombination sequences; shaded octagon, prokaryotic transcriptional stop signal; shaded rectangle, chloramphenicol acetyltransferase gene;
black rectangle, beta-lactamase gene. (B) DNA end-joining assay. Black rectangle, beta-lactamase gene.
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lower than that observed when similar experiments are per-
formed in human lymphoid cell lines (53), are similar to those
seen by other investigators when V(D)J recombination was
measured in a mammalian fibroblast background (47,48,54).
In contrast, when antibodies specific to the essential V(D)J
proteins Ku86, Xrcc4 or DNA ligase IV (30,31,55) were
co-electroporated with the plasmid recombination substrate,
a 18–45-fold reduction in the frequency of recombination was
observed in both HT1080 and normal diploid fibroblast cells
(Table 1). Control experiments showed that co-introduction of
antibodies specific for DNA repair or recombination proteins
that do not participate in the V(D)J recombination reaction,
such as DNA ligase III (Table 1) and Rad51 (data not shown),
had no effect on the efficiency of plasmid rearrangement.

These results indicated that we could use an analogous
strategy to ask whether particular proteins are essential for
intracellular plasmid DNA end-joining. Figure 1B outlines
the nature of the plasmid end-joining strategy we utilized to
address this question. As the figure indicates, the linear plas-
mid substrate encodes an ampicillin-resistance marker. Upon
introduction into mammalian cells, cellular DNA repair
machinery reseals this double-strand break (indicated by the
arrow), regenerating a circular plasmid. Since linearized plas-
mids are unable to transform bacteria, the extent to which
plasmid end-joining has occurred can be monitored by deter-
mining the number of ampicillin-resistant colonies obtained
when plasmid DNA harvested from cells is used to transform
drug-sensitive bacteria (see Materials and methods).

As Table 1 reveals, intracellular end-joining of linearized
blunt-ended plasmid substrates in the presence of non-specific
IgG occurs within both HT1080 and normal HDF cells with
a frequency of 27.1%. Control experiments revealed that
co-introduction of non-specific IgG had no effect on end-
joining efficiency [data not shown, see also (26)]. We next
asked whether introduction of antibodies specific for NHEJ
proteins would inhibit DNA end-joining in these cells. Table 1
shows that co-introduction of antibodies specific for either
Xrcc4 protein or Ku86 protein had no effect on DNA end-
joining efficiency in either cell type. Conversely, co-introduc-
tion of an antibody specific for DNA ligase IV protein signi-
ficantly reduced plasmid end-joining in both HT1080 cells as
well as in the normal strain of HDFs. As indicated in Table 1,
end-joining efficiency was reduced by between 3- and 4-
fold when anti-DNA ligase IV antibody was present. When

identical experiments were performed using substrates with
cohesive ends, we observed that rejoining frequency was
reduced by �4-fold by anti-DNA ligase IV antibody, whereas
inclusion of anti-Ku86, anti-Xrcc4 or anti-DNA ligase III anti-
bodies again had no effect on plasmid end-joining (data not
shown). These results are reminiscent of our earlier finding
that end-joining activity in mammalian nuclear protein
extracts was dependent on DNA ligase IV, but functioned
independently of Xrcc4 (25). They are also consistent with
the finding that extrachromosomal end-joining occurs at wild-
type levels in Chinese hamster ovary cells deficient in either
Xrcc4 or Ku86 (56,57).

To confirm the results of the antibody-mediated inhibition
experiments, we examined the frequencies of V(D)J recombi-
nation and DNA end-joining in HT1080 cells that stably
expressed an antisense DNA ligase IV construct. Western-
blot analysis revealed that these antisense expressing cells
have a �50% reduction in DNA ligase IV protein expression
compared with non-transgenic cells (data not shown). As
Figure 2A reveals, V(D)J recombination in the DNA ligase
IV antisense-expressing cells (AS) was significantly lower
than that observed in non-transgenic HT1080 cells (HT).
Figure 2A also shows that V(D)J recombination frequency
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Figure 2. Expression of antisense DNA ligase IV reduces V(D)J recombination
and DNA end-joining to levels similar to that of cells treated with anti-DNA
ligase IV antibody. (A) V(D)J recombination was determined in unmodified
HT1080 cells (HT), in HT1080 cells co-electroporated with anti-DNA ligase IV
antibody (AB), and HT1080 cells stably expressing antisense DNA ligase
IV (AS). *P < 0.0001, c2-test. (B) DNA end-joining of cohesive-ended
DNA (black bars) and blunt-ended DNA (white bars) was determined in the
same cells as in part A. *P < 0.0001, c2-test.

Table 1 Antibody mediated inhibition of V(D)J recombination and rejoining

of plasmid DNA

Antibody V(D)J recombination

frequency (%)

% Plasmid DNA

rejoining

Cells Cells
HT1080 HDF HT1080 HDF

IgG 0.18 0.21 27.1 27.1
Ku86 0.0099* <0.0052*,y 29.9 29.2
DNA ligase IV 0.0081* 0.0049* 7.7* 6.3*

Xrcc4 0.0040* 0.0063* 23.8 27.5
DNA ligase III 0.26 0.16 20.9 26.0

*P < 0.0001, c2-test.
yNo recombination events were detected. The frequency value depicted repres-
ents that which would have been calculated had a single V(D)J recombination
event been detected.
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in the antisense-expressing cells (AS) was indistinguishable
from that observed in the cells that had been co-electroporated
with anti-DNA ligase IV antibody (AB). Parallel experiments
were performed to examine the efficiency of plasmid rejoining
efficiency in these cells. As Figure 2B reveals, both antisense
(AS) and antibody (AB) treated cells had significantly reduced
levels of end-joining of both cohesive-ended substrates (black
bars) and blunt-ended substrates (white bars), compared to
non-treated (HT) cells. Again, we observed that the magnitude
of the inhibitory effect was similar to both treatments. These
findings convincingly demonstrate that introduction of specific
antibodies into cells represents a viable method through which
the molecular biology of DNA repair and recombination path-
ways can be examined.

Fanconi anemia cells are deficient in a
non-NHEJ-mediated DNA ligase IV-dependent
end-joining pathway

The results presented above revealed that plasmid end-joining
seen in cells in which DNA ligase IV function has been inhib-
ited (�7% rejoining efficiency) was similar to that seen in FA
cells, which rejoin plasmid substrates with an efficiency of 4
and 6% (26). This observation raised the possibility that the
DNA double-strand break repair defect in FA cells involves a
DNA ligase IV-dependent repair pathway. One prediction of
this model is that introducing an anti-DNA ligase IV antibody
into FA cells would not influence plasmid end-joining effi-
ciency. A series of experiments was therefore performed to
test this hypothesis.

First, plasmid end-joining was evaluated in wild-type cells
in the presence or absence of both anti-DNA ligase IV and
anti-Fancd2 antibodies. It was shown previously that introduc-
tion of an anti-Fancd2 antibody reduced intracellular plasmid
end-joining in wild-type cells to levels analogous to that of
patient-derived FA cells but this treatment had no effect on
end-joining in FA cells (26). Figure 3A reveals that introduc-
tion of antibodies specific to either anti-DNA ligase IV (L) or
Fancd2 (D) reduced plasmid DNA end-joining efficiency in
both HT1080 cells (black bars) and a normal strain of HDFs
(white bars) by nearly 4-fold, compared to cells in which no
antibody was introduced (N). It is noteworthy that each of the
two antibodies exerted an equivalent inhibitory effect on plas-
mid end-joining in both the cells tested. Importantly, when
both antibodies were co-introduced into the same cell (L + D),
there was no further reduction in plasmid DNA end-joining
frequency below that seen when either of the antibody was
singly introduced into these cells (Figure 3A).

The results shown in Figure 3A are consistent with the
hypothesis that the plasmid end-joining defect in FA cells
involves a DNA ligase IV-dependent pathway. A more direct
test of this hypothesis was conducted by examining the influ-
ence of anti-DNA ligase IV antibody on plasmid DNA end-
joining in a fibroblast strain derived from an FA patient. This
analysis revealed that rejoining of introduced linear plasmid
substrates with either cohesive ends (black bars) or blunt ends
(white bars) occurred with an efficiency of �5% in patient-
derived FA-C fibroblasts in both the absence (�) or presence
(+) of anti-DNA ligase IV antibody (Figure 3B). Similar
results were obtained when this experiment was performed
on other FA fibroblast strains (data not shown).

Rad50, Mre11 and Nbs1 proteins are essential
for the DNA ligase IV-dependent end-joining pathway
that is deficient in Fanconi anemia cells

The results presented thus far indicate that DNA ligase IV is
required for DNA end-joining in mammalian cells, and that
this enzyme functions in a DNA end-joining pathway that is
deficient in FA cells. The results presented above indicate that
this DNA ligase IV-dependent pathway apparently functions
independently of the other components of the Ku-dependent
NHEJ pathway, namely Xrcc4 and the Ku heterodimer. Never-
theless, it seems likely that other protein factors are also
involved in the DNA end-joining pathway that is defective
in FA cells. Based on a number of recent findings (summarized
in the Introduction), we asked whether the Rad50 protein
represented one of these essential co-factors. To test this
hypothesis, we examined the effect on plasmid DNA end-
joining of co-electroporation of anti-Rad50 antibody. We
found that when anti-Rad50 antibody was electroporated
into a normal strain of HDFs along with linearized plasmids
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Figure 3. Co-introduction of anti-DNA ligase IV antibody reduces DNA end-
joining frequency in normal diploid fibroblasts but does not affect FA cells. (A)
End-joining frequency of cohesive-ended DNA was determined in HT1080
cells (black bars) and normal HDFs (white bars) in the presence of no antibody
(N), in the presence of anti-DNA ligase IV antibody (L), in the presence of
anti-Fancd2 antibody (D), and in the presence of both anti-DNA ligase IV and
anti-Fancd2 antibodies (L + D). In all cases, antibody treatment significantly
reduced plasmid end-joining levels compared to those observed in cells not
treated with antibody, P < 0.0001, c2-test. (B) End-joining frequency of
cohesive-ended DNA (black bars) and blunt-ended DNA (white bars) was
determined in patient-derived FA-C cells in the absence of antibody (�)
and in the presence of anti-DNA ligase IV antibody (+).
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there was a nearly 3-fold reduction in the efficiency of end-
joining of both cohesive- (Figure 4A) and blunt-ended
(Figure 4B) DNA.

The finding that the efficiency of plasmid DNA end-joining
observed in normal diploid fibroblasts treated with the anti-
Rad50 antibody is similar in magnitude to that seen in fibro-
blasts from FA patients (26) supports the hypothesis that a
Rad50-dependent end-joining pathway is deficient in these
latter cells. To test this hypothesis, we examined the effect
on plasmid end-joining of electroporating anti-Rad50 antibody
into FA fibroblasts belonging to several different complement-
ation groups. Whereas co-introduction of anti-Rad50 antibody
into wild-type cells reduced the efficiency with which a cohe-
sive-ended plasmid substrate rejoined by �3-fold, we found
that co-introduction of the anti-Rad50 antibody into FA fibro-
blasts belonging to complementation groups FA-A, FA-C and
FA-G had no significant effect on the efficiency with which
these cells re-joined either cohesive (Figure 4A) or blunt-
ended (Figure 4B) plasmids. Interestingly, an additional series

of experiments conducted in HT1080 and these same FA cell
strains showed that co-introduction of both anti-Rad50 and
anti-DNA ligase IV antibodies did not reduce DNA end-
joining in any of the cell types beyond that of introduction
of either antibody alone (data not shown). Based on these
results, one can conclude that the DNA end-joining pathway
that is deficient in FA cells is dependent on both the Rad50 and
DNA ligase IV proteins.

Abundant evidence indicates that the Rad50 protein parti-
cipates in DNA recombination/repair processes as part of a
multi-component complex minimally comprised of Rad50,
Mre11 and Nbs1 proteins (58–61). The findings presented
in Figure 4A and B suggest that the introduction of antibodies
specific for the Mre11 or Nbs1 proteins would also signific-
antly reduce plasmid end-joining in normal fibroblasts. We
tested this hypothesis by examining plasmid end-joining in a
normal strain of diploid fibroblasts in the presence and absence
of antibodies specific to the individual members of the RMN
complex. Figure 4C indicates that introduction of these

Figure 4. Effect of introduction of anti-Rad50, anti-Mre11 or anti-Nbs1 antibodies on DNA end-joining frequency in normal and FA fibroblasts. (A) The rejoining
frequency of cohesive-ended DNA was determined in the HDFs in the absence of antibody (white bars) or in the presence of anti-Rad50 antibody (black bars). HDF,
normal HDFs; FA-A, FA fibroblasts belonging to complementation group A; FA-C, FA fibroblasts belonging to complementation group C; FA-G, FA fibroblasts
belonging to complementation group G. *P < 0.0001 compared to the same cell strain in the absence of antibody, c2-test. (B) The rejoining frequency of blunt-ended
DNA was determined in the same cells as in (A). *P < 0.0001 compared to the same cell type in the absence of antibody, c2-test. (C) The rejoining frequency of
cohesive- and blunt-ended DNA was determined in normal diploid fibroblasts co-electroporated with non-specific IgG (1), anti-Rad50 antibody (2), anti-Mre11
antibody (3), anti-Nbs1 antibody (4), both anti-Rad50 and anti-Mre11 antibodies (5), both anti-Rad50 and anti-Nbs1 antibodies (6), both anti-Mre11 and anti-Nbs1
antibodies (7), and anti-Rad50, anti-Mre11 and anti-Nbs1 antibodies (8). In all cases, antibody treatment significantly reduced plasmid end-joining levels compared
to those observed in cells not treated with antibody, P < 0.0001, c2-test.
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antibodies, either singly (samples 2–4), in pairwise combina-
tions (samples 5–7), or all together (sample 8), resulted in a
dramatic reduction of the frequency of end-joining of both
cohesive-ended and blunt-ended plasmids. We performed a
similar series of experiments in human fibrosarcoma HT1080
cells and observed that co-introduction of antibodies specific for
any one of the members of the complex dramatically reduced
end-joining efficiency. As was the case in the normal diploid
fibroblasts, the degree of inhibition of plasmid end-joining seen
when antibodies specific for two or more members of the com-
plexwereco-introduceddidnotexceed that seenwhenanyof the
antibodies was introduced separately (data not shown).

Based on the finding that introduction of any one of the
antibodies dramatically reduced plasmid end-joining effi-
ciency, and the observation that no further reductions in
end-joining efficiency were associated with the introduction
of combinations of the antibodies, we conclude that the indi-
vidual components of the RMN complex function in the same
end-joining pathway, most probably as a complex. The obser-
vation that the residual levels of end-joining seen in anti-RMN
antibody-treated wild-type cells is nearly identical to that seen
in FA cells further bolsters the view that the end-joining defect
in these cells involves a pathway that is dependent on the RMN
complex.

Deficient Rad50-mediated DNA repair renders cells
sensitive to cytotoxicity induced by DNA damaging agents

The data presented above support the conclusion that the RMN
complex plays an essential role in plasmid DNA end-joining
within intact human fibroblasts. Furthermore, these data sug-
gest that the RMN-dependent plasmid DNA end-joining path-
way is defective in FA fibroblasts. We recently showed that FA
fibroblasts are hypersensitive to cell death induced by restric-
tion endonucleases, indicating that these cells are also deficient
in chromosomal DNA double-strand break repair (26). We
therefore asked whether the introduction of antibodies specific
to the components of the RMN complex would sensitize a
normal strain of HDFs to the cytotoxic effects of electroporated
restriction endonuclease PvuII. Figure 5A shows a representa-
tive experiment. Electroporation of cells with 20 U of PvuII
induced only a modest level (�3%) of cell death. Control
experiments revealed that co-introduction of non-specific
IgG had no effect on PvuII-induced cell death (data not
shown). In contrast, co-electroporation with antibodies specific
to the individual members of the RMN complex (Figure 5A,
samples 2–4) significantly enhanced the cytotoxic effect of
electroporated PvuII. Interestingly, as in the case of plasmid
end-joining (Figure 4), no additive effect was observed when
pairwise combinations of antibodies were used to treat the cells
(samples 5–7). Furthermore, the PvuII-induced cell death was
no greater when a cocktail containing all three antibodies was
introduced into the cells than when antibody specific for any
one member of the RMN complex was introduced (Figure 5A,
compare samples 8 with samples 2–5).

Sensitivity to the bifunctional alkylating agent diepoxy-
butane is the hallmark feature of FA cells (62). We therefore
examined the influence of electroporation of anti-RMN com-
plex antibodies on cellular sensitivity of wild-type cells to death
induced by this drug. Figure 5B shows a representative graph of
cell survival after exposure to 200 ng/ml diepoxybutane. Cells

electroporated in the absence of antibody exhibited only modest
levels of cell death (�8%). This is indistinguishable to the
cytotoxicity observed in cells electroporated with non-specific
IgG (data not shown). In contrast, electroporation with anti-
bodies specific for any of the RMN complex members rendered
cells 5–7 times more sensitive to cell death induced by the
drug diepoxybutane (Figure 5B, compare samples 2–4 with
sample 1). We again observed that co-electroporation with
antibodies specific for two or more members of the RMN com-
plex failed to exert a greater effect on cellular sensitivity to
diepoxybutane than did electroporation with antibody specific
for any one member of the complex.

It is noteworthy that normal cells electroporated with anti-
bodies specific for members of the RMN complex are as sens-
itive to the cytotoxic effects of diepoxybutane and PvuII as
non-treated FA cells. These results support the conclusion that
the RMN complex function is required to protect cells from
death induced by DNA damaging agents, and that this RMN
complex-dependent process is defective in FA cells.

If this interpretation was correct, whereas introduction of
an anti-Rad50 antibody into normal fibroblasts dramatically
sensitizes them to the cytotoxic effects of PvuII, as shown in
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Figure 5. Introduction of antibodies directed against proteins in the RMN
complex sensitizes normal diploid fibroblasts to agents that damage
chromosomal DNA. (A) Cell death was determined following treatment
with 20 U of the restriction endonuclease PvuII in cells co-electroporated
with non-specific IgG (1), anti-Rad50 antibody (2), anti-Mre11 antibody
(3), anti-Nbs1 antibody (4), both anti-Rad50 and anti-Mre11 antibodies (5),
both anti-Rad50 and anti-Nbs1 antibodies (6), both anti-Mre11 and anti-Nbs1
antibodies (7), and anti-Rad50, anti-Mre11 and anti-Nbs1 antibodies (8). (B)
Cell death was determined after treatment with 200 ng/ml diepoxybutane of
cells electroporated with the same antibodies as in (A).
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Figure 5A, introducing this antibody into FA cells will have no
effect on their sensitivity to PvuII-induced cell death. To test
this hypothesis, we examined the effect on PvuII-induced
cytotoxicity of introducing anti-Rad50 antibody into a diploid
strain of fibroblasts belonging to complementation group
FA-C. As Figure 6 reveals, introduction of anti-Rad50 anti-
body had no effect on the sensitivity of FA-C cells to PvuII-
induced cell death [Figure 6, compare filled circles (antibody
treated) with open circles (no antibody)]. As a control, we
performed an identical experiment on FA-C fibroblasts that
were transduced with a retrovirus expressing the Fancc pro-
tein. It has been previously shown that these retrovirally trans-
duced cells are no longer sensitive to the cytotoxic effects of
restriction endonucleases and have wild-type levels of plasmid
end-joining (26). We observed that, consistent with our pre-
vious findings (26), retrovirally corrected FA-C fibroblasts
were substantially more resistant to the cytotoxic effects of
both 15 and 30 U of PvuII than were the non-corrected FA-C
fibroblasts (Figure 6, compare open squares with open circles).
We further observed that, as expected, treatment of the retro-
virally corrected FA-C fibroblasts with anti-Rad50 antibody
substantially enhanced their sensitivity to the cytotoxic effects
of both 15 and 30 U of PvuII [Figure 6, compare open squares
(no antibody) with filled squares (anti-Rad50 antibody
treated)]. It was noteworthy that treatment of retrovirally cor-
rected FA cells with anti-Rad50 antibody rendered them as
sensitive to PvuII-induced cell death as were unmodified FA
cells (Figure 5). Additional experiments revealed that intro-
ducing an anti-Rad50 antibody into FA-A fibroblasts had no
effect on their sensitivity to PvuII-induced cell death, whereas
similar treatment of retrovirally corrected FA-A fibroblasts
substantially enhanced their sensitivity to death induced by
PvuII (data not shown).

DISCUSSION

The results presented above provide compelling evidence that
plasmid end-joining in human fibroblasts is dependent on

DNA ligase IV and the Rad50/Mre11/Nbs1 (RMN) complex.
Introduction of antibodies specific to DNA ligase IV or to any
of the RMN complex proteins significantly diminished the
efficiency with which both blunt-ended and cohesive-ended
plasmid DNA substrates were rejoined in human fibroblast
cells. Since co-introduction of antibodies to more than one
of the RMN protein had no greater inhibitory effect on plasmid
end-joining than did introduction of individual antibodies
alone, we believe that these proteins function as a complex
in the end-joining reaction. The data revealed that antibody-
mediated inhibition of RMN complex function sensitizes
fibroblasts to the cytotoxic effects of DNA-damaging agents,
which support the conclusion that the RMN proteins are
required for efficient repair of chromosomal DNA double-
strand breaks as well.

The view that human fibroblasts possess an RMN-
dependent end-joining pathway is consistent with a number
of previous observations. For example, plasmid end-joining in
the yeast Saccharomyces cerevisiae is dependent on the func-
tion of the Rad50, Mre11 and Xrs2 (the yeast homolog of
Nbs1) genes (28,63). In addition, it was shown that expression
of antisense mRNA specific for Rad50 significantly increased
the sensitivity of human cells to DNA damaging agents (64).
Furthermore, inclusion of an antibody specific for Rad50 sig-
nificantly diminished the efficiency of plasmid end-joining in
nuclear protein extracts prepared from a human cell line (42).

It is known that efficient end-joining of plasmid substrates
in human fibroblasts and the yeast S.cerevisiae is dependent on
DNA ligase IV and DNL4 proteins, respectively (65–67).
However, while plasmid end-joining in yeast is entirely
dependent on the DNL4-binding protein Lif1, a homolog of
Xrcc4 (68), our results indicate that plasmid end-joining in
human fibroblasts occurs with wild-type efficiency even in the
presence of antibodies that neutralize Xrcc4 protein function.
This is also consistent with the results showing that plasmid
end-joining occurs at wild-type levels in a Chinese hamster
ovary cell line deficient in Xrcc4 function (57). A further
apparent difference between yeast and mammalian cells is
that while Rad50/Mre11/Xrs2 (the yeast homolog of Nbs1)-
dependent plasmid end-joining pathway in yeast is entirely
dependent on the yeast homologs of Ku70/86, Hdf1/Hdf2
(28), we observed that the efficiency of plasmid end-joining
in human fibroblasts is not dependent on Ku86. Again, experi-
ments performed in Chinese hamster ovary cells found that
plasmid end-joining occurred with essentially wild-type effi-
ciencies in cells genetically deficient in the KU86 gene (57).
Thus, it appears that while the RMN-dependent pathway of
DNA end-joining has been conserved from yeast to mammals,
there are some key differences in the molecular details of this
pathway in the two species.

Our results suggest that an RMN-dependent end-joining
pathway plays an important role in protecting the cells from
induced chromosomal DNA damage. Our data show that
interfering with a RMN-dependent DNA ligase IV-dependent
process sensitizes wild-type cells to the cytotoxic effects of
both introduced restriction endonucleases and the bifunctional
alkylating agent diepoxybutane. Interestingly, antibody-
mediated inhibition of the RMN proteins renders wild-type
cells as sensitive to these agents as are FA fibroblasts. Con-
versely, inhibiting the RMN and DNA ligase IV proteins has
no effect on plasmid end-joining efficiency in FA cells, or does
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Figure 6. Anti-Rad50 antibody fails to sensitize FA-C cells to restriction
endonuclease-induced cell death. Restriction endonuclease-induced cell
death was measured in FA-C fibroblasts (circles), and in retrovirally-
corrected FA-C fibroblasts (squares) in the absence (open symbols) and
presence of anti-Rad50 antibody (filled symbols).
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it further sensitize these cells to the cytotoxic effects of intro-
duced restriction endonuclease or diepoxybutane. These data
support the conclusion that an RMN-dependent, DNA ligase
IV-dependent pathway is non-functional in FA cells and that
this defect is largely responsible for the hypersensitivity of
these cells to DNA damaging agents.

This finding is consistent with a series of recent findings that
have highlighted a link at the molecular level between the
RMN complex and FA (see Introduction). Additionally, hypo-
morphic alleles of the Mre11 and Nbs1 genes are associated
with the human genetic disorders Ataxia telangiectasia-like
disorder (69) and Nijmegen breakage syndrome (70,71),
respectively. Despite significant differences, all these dis-
orders are characterized by cancer predisposition, and cells
derived from these patients display genomic instability and
hypersensitivity to agents, which cause lesions that are sub-
strates for DNA double-strand break repair pathways. It is
therefore conceivable that these disorders and FA may all
result from subtly distinct defects within a common DNA
repair pathway. Thus, more in-depth examination of the
RMN-dependent DNA ligase IV-dependent DNA pathway
described herein will provide significant insight into these
connections.
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