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ERCC1-XPF endonuclease is required for nucleotide excision repair (NER) of helix-distorting DNA lesions.
However, mutations in ERCC1 or XPF in humans or mice cause a more severe phenotype than absence of NER,
prompting a search for novel repair activities of the nuclease. In Saccharomyces cerevisiae, orthologs of
ERCC1-XPF (Rad10-Rad1) participate in the repair of double-strand breaks (DSBs). Rad10-Rad1 contributes
to two error-prone DSB repair pathways: microhomology-mediated end joining (a Ku86-independent mecha-
nism) and single-strand annealing. To determine if ERCC1-XPF participates in DSB repair in mammals,
mutant cells and mice were screened for sensitivity to gamma irradiation. ERCC1-XPF-deficient fibroblasts
were hypersensitive to gamma irradiation, and �H2AX foci, a marker of DSBs, persisted in irradiated mutant
cells, consistent with a defect in DSB repair. Mutant mice were also hypersensitive to irradiation, establishing
an essential role for ERCC1-XPF in protecting against DSBs in vivo. Mice defective in both ERCC1-XPF and
Ku86 were not viable. However, Ercc1�/� Ku86�/� fibroblasts were hypersensitive to gamma irradiation
compared to single mutants and accumulated significantly greater chromosomal aberrations. Finally, in vitro
repair of DSBs with 3� overhangs led to large deletions in the absence of ERCC1-XPF. These data support the
conclusion that, as in yeast, ERCC1-XPF facilitates DSB repair via an end-joining mechanism that is Ku86
independent.

ERCC1-XPF is a highly conserved endonuclease identified
for its essential role in nucleotide excision repair (NER) of
helix-distorting DNA lesions, in particular, UV-induced dam-
age (4, 74). Defects in NER cause xeroderma pigmentosum
(XP), a rare disorder characterized by photosensitivity, a dra-
matically increased risk of skin cancer, and neurodegeneration
in severe cases. In contrast, the only reported patient with a
mutation in ERCC1 had severe congenital anomalies (cerebro-
oculo-facial-skeletal syndrome) (33). Patients with subtle mu-
tations in XPF have a mild form of XP (46), consistent with
only a partial defect in NER. However, a mutation in XPF that
severely compromises protein levels causes dramatically accel-
erated aging (53). This observation implies additional func-
tions for mammalian ERCC1-XPF distinct from NER. Con-
sistent with that, ERCC1- and XPF-deficient mice have a much
more severe phenotype than mice defective in NER. Xpa�/�

mice with undetectable NER are indistinguishable from wild-
type (WT) mice until challenged with carcinogens (12). In

contrast, Ercc1�/� and Xpf�/� mice have a constellation of
progeroid symptoms affecting the musculoskeletal, dermato-
logic, hepatobiliary, renal, and hematopoietic systems (48, 53,
79, 84) and die of liver failure before sexual maturation (72).

XPF contains the catalytic domain of the nuclease (18),
whereas ERCC1 is required for DNA binding and stabilization
of XPF (51, 80). The endonuclease is structure specific, incis-
ing double-stranded DNA 5� to a junction with single-stranded
DNA. Thus, ERCC1-XPF can remove 3� single-stranded flaps
from DNA ends (11) and cleaves the 5� side of a bubble in
NER to excise the lesion (74). Incision by ERCC1-XPF creates
a 3� OH group that is used to prime DNA synthesis to replace
excised bases (74). Neither ERCC1 nor XPF has structural
domains that suggest that the protein functions other than as a
nuclease (73). Thus, novel functions of ERCC1-XPF that pro-
tect against rapid aging are likely contributions to other DNA
repair mechanisms.

Indeed, ERCC1-XPF is required for the repair of DNA
interstrand cross-links (ICLs) via a mechanism distinct from
NER (47, 54) and ICLs are implicated in contributing to the
dramatic premature aging phenotype caused by ERCC1-XPF
deficiency (53). However, orthologs of ERCC1-XPF, AtErcc1-
AtRad1 in Arabidopsis thaliana (29), DmERCC1-MEI-9 in
Drosophila melanogaster (3), and Rad10-Rad1 in Saccharomy-
ces cerevisiae (22, 32) are also implicated in double-strand
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break (DSB) repair. DNA DSBs are extremely cytotoxic le-
sions because both strands of the double helix are affected.
DSBs are caused by both environmental and endogenous pro-
cesses, including ionizing radiation (IR), radiomimetic drugs,
programmed cleavage by endonucleases during meiotic recom-
bination and V(D)J recombination, and replication of DNA
containing single-strand breaks, ICLs, or topoisomerase I-in-
duced lesions (6, 30). Failure to repair DSBs can lead to the
accumulation of chromosomal aberrations or cell death (6, 30,
37). Thus, humans with genetic defects in DSB recognition or
repair, or model organisms mimicking these human syn-
dromes, are prone to cancer and segmental premature aging
(21, 30).

There are two major mechanisms of DSB repair in eu-
karyotes: homologous recombination (HR)-mediated repair
and nonhomologous end joining (NHEJ) (6). HR is an error-
free mechanism in which sequence information lost at a bro-
ken end is recovered from the sister chromatid. Therefore, HR
is primarily restricted to S and G2 phases of the cell cycle, when
a sister chromatid is available. NHEJ, on the other hand,
rejoins two broken ends via ligation. Thus, it is not restricted to
proliferating cells and this repair mechanism is frequently used
in mammals (36). Since NHEJ does not require sequence ho-
mology, inappropriate ends can potentially be joined, leading
to chromosomal translocations (6, 30). In addition, bases may
be lost at broken ends, resulting in deletions. However, NHEJ
appears to be primarily error free (27, 81).

There are several well-defined error-prone mechanisms of
DSB repair in yeast (28). Both single-strand annealing (SSA)
and microhomology-mediated end-joining (MMEJ) pathways
align two broken DNA ends by pairing homologous sequences
at or near the DSB. In both mechanisms, if the homology is not
immediately at the broken end, Rad10-Rad1 endonuclease,
the ortholog of ERCC1-XPF, is required to remove the 3� flap
of nonhomologous sequence from the end, permitting DNA
synthesis and ligation and thereby creating a deletion. Despite
their similarity, SSA and MMEJ appear to have distinct genetic
requirements. SSA requires Rad52 and Rad10-Rad1, while for
short patches of homology, Rad59, Msh2, and Msh3 are also
implicated (28). In contrast, MMEJ is not dependent on Rad52
or Ku86 but requires Rad10-Rad1, Mre11-Rad50-Xrs2 (28),
the flap endonuclease Sae2 (40), and mismatch repair proteins
Msh2 and Pms1 (10). DSB repair events that utilize short
patches of sequence homology were recognized in mammalian
cells for quite some time (65). Evidence exists for SSA in
mammalian cells (34, 42), particularly when HR or NHEJ is
defective (76). NHEJ mutant mammalian cells can still support
end joining of DSBs (35) by utilizing short sequences of mi-
crohomology at the broken ends (38), demonstrating that
MMEJ also occurs in mammalian cells. Recently, this alterna-
tive end-joining mechanism of microhomology-mediated DSB
repair was shown to support class switch recombination in
NHEJ-deficient B cells (87). The genetic requirements for SSA
and MMEJ and the biological significance of these pathways in
mammals remain unknown.

In this study, we investigated if the 3� flap endonuclease
ERCC1-XPF is involved in DSB repair in mammalian cells.
ERCC1-XPF-deficient Chinese hamster ovary cell lines were
reported to be moderately hypersensitive to IR, particularly
under hypoxic conditions (50, 86). In contrast, human XP-F

fibroblasts and murine Ercc1�/� embryonic stem (ES) cells are
not hypersensitive to IR (50, 52). To look more systematically
for a role of the mammalian nuclease in DSB repair, we
screened Ercc1�/� mouse embryonic fibroblasts (MEFs), XPF-
deficient human fibroblasts, and ERCC1-deficient mice for
sensitivity to IR. We also used a genetic approach to determine
if ERCC1-XPF is epistatic with NHEJ proteins with respect to
sensitivity to IR.

MATERIALS AND METHODS

Generation of cell lines and mice. Ercc1�/� mouse ES cells were generated
and cultured as previously described (52). Ercc1�/�, DNA-Pkcs

�/�, Ku86�/�, and
Csb�/� primary MEFs were developed from embryonic day 12 to 15 embryos
derived from crossing inbred C57BL/6 mice heterozygous for each null allele, as
previously described (13, 41, 43, 84). Ercc1�/� Ku86�/� and Ercc1�/� DNA-
Pkcs

�/� double-knockout primary MEFs were created from embryos derived
from crossing double-heterozygous mice in an inbred C57BL/6 background.
Genomic DNA was isolated from a tissue sample of each embryo with the
NucleoSpin DNA extraction system (Macherey-Nagel, Inc.). Genotyping of
the Ercc1 allele was done by PCR coamplification of the 3� end of exon 7 from
the WT allele and the neomycin resistance marker cloned into exon 7 of the
targeted allele with primers specific for exon 7, neor, and intron 7 (5�-AGCCG
ACCTCCTTATGGAAA, 5�-TCGCCTTCTTGACGAGTTCT, and 5�-ACAGA
TGCTGAGGGCAGACT, respectively). WT (0.25-kb) and mutant (0.4-kb)
products were separated by electrophoresis on a 2% agarose gel. Genotyping of
the Ku86 alleles by PCR was done as previously described (82). Genotyping of
DNA-Pkcs alleles was done by PCR with forward (5�-GCATCGCCTTCTATCG
CCTT) and reverse (5�-GCTGAGACATCCTGGACTGAA) primers for the
null allele (0.4 kb) and the forward primer 5�-GGAATTGACTTTGGACA
TGCG with the same reverse primer as for the WT allele.

MEFs were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s medium
and Ham’s F10 with 10% fetal calf serum and antibiotics and incubated at 3%
oxygen (59). Each experimental replica was done with a new MEF line, created
from a unique embryo, in its second or third passage. Cell lines derived from WT
littermate embryos were used as controls in all experiments. A spontaneously
transformed Ercc1�/� MEF line was stably transfected with a plasmid expressing
human ERCC1 cDNA fused in frame with enhanced yellow fluorescent protein
(YFP) (52). Human fibroblasts immortalized with hTert derived from a normal
individual (C5RO) and a patient with severe progeria caused by a mutation in
XPF (XFE) (53) were cultured in Ham’s F10 with 10% fetal calf serum and
antibiotics and incubated at 3% oxygen.

Double-heterozygous (Ercc1�/� Ku86�/� and Ercc1�/� Ku86�/�) mice in a
mixed genetic background (50:50 C57BL/6 and FVB/n) were bred to recover
Ercc1�/� Ku86�/� mice. DNA was extracted from an ear plug of 2-week-old pups
and genotyped by PCR as described above. The mutant allele of Ercc1 (�) was
amplified by adding a fourth primer (5�-CTAGGTGGCAGCAGGTCATC) to
amplify the neo cassette in the � allele (0.5 kb).

Clonogenic survival assays. Early-passage primary MEFs were seeded in 6-cm
dishes in triplicate at 103 to 104 per plate, depending on the dose of genotoxin.
After 16 h, cells were irradiated with a 137Cs source. Seven to 10 days later,
cultures were fixed and stained with 50% methanol, 7% acetic acid, and 0.1%
Coomassie blue. Colonies (defined as �10 cells) were counted with a Nikon
SMZ 2B stereomicroscope with a 10� eyepiece. The data were plotted as the
number of colonies that grew on the treated plates relative to untreated plates �
the standard error of the mean for at least three independent experiments each
with a unique cell line.

Immunofluorescence. Cells were trypsinized and seeded at 25% confluence on
glass coverslips. Sixteen hours later, the cells were irradiated with 2 Gy of gamma
rays. The cells were incubated in fresh medium at 37°C for the indicated amount
of time and then fixed with 2% paraformaldehyde in phosphate-buffered saline,
pH 7.4, for 15 min. Cells were permeabilized with 0.1% Triton X-100 in phos-
phate-buffered saline, and the phosphorylated form of H2AX (�H2AX) was
detected with polyclonal anti-�H2AX (1:1,000; Upstate Biotechnology) and Al-
exa 488-conjugated goat anti-rabbit immunoglobulin (1:500; Molecular Probes)
in phosphate-buffered saline with 0.15% glycine and 0.5% bovine serum albumin.
�H2AX foci were counted with an Olympus BX51 fluorescent microscope with
a 60� to 100� objective.

Animal survival. Six-week-old WT and mutant animals (six per genotype) were
exposed to 6 Gy of whole-body IR from a 137Cs source, and their health was
monitored daily. Animals were euthanized when deemed terminal in accordance
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with the University of Pittsburgh IACUC standards. Survival data were recorded
as a Kaplan-Meier curve.

Histological analysis and immunohistochemistry. Tissues (liver, femur, and
bowel) were collected from terminal gamma-irradiated Ercc1�/� mice or 2 days
postirradiation. Age-matched untreated and treated WT and untreated Ercc1�/�

mice were sacrificed simultaneously as controls. Tissues were fixed with 10%
formalin and embedded in paraffin. Five-micrometer sections were cut and
stained with hematoxylin and eosin. Proliferation of cells within the crypts of the
small intestine was visualized by immunostaining with a rat anti-mouse Ki67
monoclonal antibody (clone TEC-3; Dako North America, Inc., Carpinteria,
CA) as recommended by the manufacturer.

Cytogenetics. MEFs were transformed by stable transfection with a plasmid
expressing the simian virus 40 large T antigen and exposed to 2 Gy (WT and
Ercc1�/�) or 0.4 Gy (Ku86�/� and Ercc1�/� Ku86�/�) of IR. Bromodeoxyuri-
dine (10 �M) and colcemid (0.1 �g/10 ml) were added to the medium 48 and
36 h, respectively, prior to harvesting of the cells. The cells were harvested by
trypsinization, and metaphase spreads were prepared as previously described
(15). The numbers of fragments, breaks, fusions, radials, and marker chromo-
somes per diploid metaphase spread were determined.

Calculation of population doubling number. WT and mutant MEFs were
plated at a density of 0.5 � 106 per 6-cm dish. Cells were trypsinized at conflu-
ence, counted, and replated at the same density until double-knockout cells
stopped growing. The total number of cells at each passage was calculated as
follows: (no. of cells at previous passage/no. of cells plated) � no. of cells at
current passage. The total cell number was plotted as the log cell number.

In vitro DNA repair assay. WT and Ercc1�/� MEFs were grown on 6-cm
dishes and transfected by using either a Nucleofector MEF II kit (Amaxa Bio-
systems, Gaithersburg, MD) or Lipofectamine 2000 reagent (Invitrogen, Carls-
bad, CA) and following the manufacturer’s instructions. pEYFP-N1 (Clontech
Laboratories Inc., Mountain View, CA) was linearized by digesting between the
promoter and coding sequence of YFP with SmaI (blunt ends), HindIII (5�
complementary), or KpnI-SacI (3� noncomplementary ends). The linear prod-
ucts were gel purified and transfected into WT or mutant MEFs. After 48 h, cells
were sorted and the fraction of cells expressing YFP was determined by a
DakoCytomation MoFLo high-speed cell sorter (Dako North America, Carpin-
teria, CA). The efficiency of repair was calculated as the percentage of YFP-
positive cells after transfection with a linear plasmid, relative to transfection with
the circular plasmid, from at least three independent experiments. In parallel,
transfected plasmid DNA was recovered from MEFs by alkaline lysis (31). After
phenol-chloroform extraction, DNA was ethanol precipitated and treated with
lambda exonuclease to remove any linear plasmid DNA (16, 44). The DNA was
then amplified in Escherichia coli, and individual plasmids were isolated. The
plasmids were screened by digestion with SmaI (blunt ends), HindIII (5� com-
plementary ends), or EcoRI (3� noncomplementary ends) to distinguish between
error-free (sensitive to digestion) and error-prone (resistant to digestion) DSB
repair. The plasmids were next screened for deletions by digestion with ApaLI
and ClaI, which yields two products of 2.9 and 1.7 kb, the latter of which will be
diminished in size if a deletion occurred at the site of the DSB. For plasmids
containing small deletions, a 475-bp region flanking the site of the DSB was PCR
amplified with the forward primer 5�-TACATCAATGGGCGTGGATA and the
reverse primer 5�-GAACTTCAGGGTCAGCTTGC. The amplified fragments
were run on a 3% agarose gel to estimate the size of small deletions; the lower
limit of detection was approximately 25 bp. Finally, the junction where DSB

repair occurred was sequenced for 20 to 30 plasmids from each group (blunt or
5� or 3� overhangs) to determine the frequency with which microhomology was
utilized and bases were inserted.

RESULTS

Sensitivity of ERCC1-XPF-deficient cells to IR. As a first
screen to determine if ERCC1-XPF participates in DSB re-
pair, cells harboring mutations in either protein subunit were
tested for sensitivity to IR by clonogenic survival assay. Telom-
erase-immortalized XPF-deficient human fibroblasts were sig-
nificantly more sensitive to IR than were WT fibroblasts or
HeLa cells (Fig. 1A), even though these cells are not com-
pletely devoid of XPF (53). Similarly, Ercc1�/� primary MEFs,
in which XPF protein is also undetectable (53), were 2.5-fold
more sensitive to IR relative to congenic WT MEFs (Fig. 1B).
The hypersensitivity was rescued by stable transfection of the
Ercc1�/� cells with human ERCC1 cDNA. In contrast,
Ercc1�/� mouse ES cells were not sensitive to IR relative to a
congenic WT cell line (Fig. 1C), as previously reported (52).
These data reveal heterogeneity in sensitivity to genotoxic
stress between different types of cells with defects in ERCC1-
XPF and indicate that this endonuclease is required to protect
differentiated mammalian cells from IR.

Because IR induces numerous types of DNA lesions in ad-
dition to DSBs (e.g., single-strand breaks and oxidative base
damage [23]), Ercc1�/� cells were also screened for sensitivity
to the oxidizing agent paraquat (see Fig. S1 in the supplemen-
tal material). Ercc1�/� ES cells were hypersensitive to para-
quat and H2O2 (53), whereas Ercc1�/� primary MEFs were
not. The cell type-specific pattern of sensitivity is contrary to
that of IR, indicating that the hypersensitivity of ERCC1-XPF-
deficient MEFs to IR is not due to a failure to repair oxidative
base damage.

Quantitation of IR-induced DSBs in ERCC1-XPF-deficient
cells. To further probe the cause of the IR sensitivity of
ERCC1-XPF-deficient cells, we measured phosphorylated
histone variant H2AX, a marker of DSBs (63), in WT and
ERCC1-XPF-deficient cells at multiple time points follow-
ing IR exposure. �H2AX foci provide a quantitative mea-
surement of DSB induction and repair at low doses of irra-
diation (66). Cells were exposed to 2 Gy of IR, and �H2AX
foci were detected by immunofluorescence (see Fig. S2 in
the supplemental material). Foci were counted at 0, 4, 12,

FIG. 1. Clonogenic survival assays after exposure of cells to increasing doses of IR. Error bars represent the standard error of the mean for
three or more independent experiments. (A) WT immortalized human fibroblasts (C5RO), HeLa cells, and immortalized fibroblasts derived from
an XPF-deficient patient (XFE). (B) Two independent, early-passage, primary WT and Ercc1�/� MEF lines and transformed Ercc1�/� MEFs
stably corrected with human ERCC1 cDNA. (C) WT and Ercc1�/� murine ES cells.
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24, and 48 h following irradiation. Cells were categorized as
having no foci, one or two foci, or more than two foci (Fig.
2). A 2-Gy dose induced multiple �H2AX foci in 100% of
WT and XPF mutant fibroblasts. By 12 h postirradiation,
75% of the WT cells no longer had �H2AX foci (Fig. 2A)
whereas 	60% of the XPF-deficient cells still had multiple
foci, suggesting continued accumulation or persistence of
DSBs (Fig. 2B). Similar results were obtained with Ercc1�/�

primary MEFs (Fig. 2C and D). In both human and murine
mutant fibroblasts, the fraction of cells with �H2AX foci

decreased at 24 and 48 h postirradiation, consistent with
repair of DSBs, albeit substantially delayed relative to WT
controls. There was no difference in the number of �H2AX
foci in WT and Ercc1�/� ES cells at any time point following
irradiation (Fig. 2E and F), correlating with the lack of
sensitivity of these cells to IR. These data support a role for
the ERCC1-XPF nuclease in facilitating DSB repair in
mammalian fibroblasts.

Sensitivity of ERCC1-deficient mice to IR. To determine if
ERCC1-XPF contributes to protection against IR in vivo,

FIG. 2. Quantitation of �H2AX foci in WT and ERCC1-XPF-deficient cells exposed to IR. Histograms indicate the fractions of cells with no
foci (blue), one or two foci (green), or more than two foci (red) at 0, 4, 12, 24, and 48 h postirradiation. Panels: A, immortalized WT human
fibroblasts (C5RO); B, immortalized XPF-deficient human fibroblasts (XFE); C, WT primary MEFs; D, Ercc1�/� primary MEFs; E, WT ES cells;
F, Ercc1�/� ES cells.
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6-week-old Ercc1�/� mice, which are hypomorphic for
ERCC1-XPF (14, 84), and WT littermates (n 
 6) were
exposed to a single dose of 6 Gy of total-body irradiation. At
this age, Ercc1�/� mice are healthy and have no obvious ab-
normal phenotype other than growth retardation (unpublished
data). A 6-Gy dose of radiation did not acutely affect the
survival of WT mice (Fig. 3A and reference 41) but caused
100% lethality of Ercc1�/� mice by 11 days postirradiation.
Although difficult to compare because of genetic background
differences, the sensitivity of Ercc1�/� mice is similar to that of
DNA-Pkcs

�/� mice (41) but less than that of Ku86�/� mice
(56), both of which lack a protein required for NHEJ. There-
fore, ERCC1-XPF makes a substantial contribution to protect-
ing mammals from radiation-induced DNA damage in vivo.

To determine the cause of death of the Ercc1�/� mice, gas-
trointestinal tract, bone marrow (BM), and liver tissue sections
from WT and Ercc1�/� mice 11 days postirradiation were ex-
amined. These tissues were indistinguishable between un-
treated Ercc1�/� and WT littermates (Fig. 3B, D, and F).
However, following IR, Ercc1�/� mice had dramatically fewer
intestinal villi than WT mice (Fig. 3C). Immunostaining for the
proliferation marker Ki67 (69) revealed considerably fewer
positive cells in Ercc1�/� crypts compared to WT mice at 11
days postirradiation, but not at 2 days post-IR or in unexposed
animals (see Fig. S3 in the supplemental material). Postirradi-
ation, the femoral BM of WT mice displayed hypercellularity
of all hematopoietic lineages consistent with reactive hyperpla-
sia (Fig. 3D and E). In contrast, the BM of Ercc1�/� mice was
markedly hypocellular with residual cells displaying dysplastic
changes including internuclear bridging, multinuclearity, and
megablastoid changes, most prominently affecting erythropoi-
esis. Granulopoiesis displayed a shift to immature cell types. In
the livers of Ercc1�/� but not WT mice, this dose of IR induced
centrilobular necrosis (Fig. 3F and G). Immunostaining of liver
sections for �H2AX revealed nuclear foci in hepatocytes of
Ercc1�/� mice but not WT littermates (Fig. 3H), indicative of
persistent DSBs. Collectively, these data indicate that prolif-
erative tissues of Ercc1�/� mice are vulnerable to IR-induced
genotoxic stress and have diminished regenerative capacity
following damage.

ERCC1 deficiency causes embryonic lethality in a Ku86�/�

background. Very recent evidence indicates that ERCC1-XPF
facilitates SSA between direct repeats in mammalian cells (2)
as do the orthologs Rad10-Rad1 in S. cerevisiae (28). In yeast,
Rad10-Rad1 also participates in MMEJ, a Ku-independent
mechanism of DSB repair (45). This pathway was recently
confirmed in mammals (87). To test if this function of ERCC1-

FIG. 3. Sensitivity of ERCC1-deficient mice to IR. (A) Six-week-
old Ercc1�/� mice and WT littermates (n 
 6 per group) were exposed
to 6 Gy of IR, and survival was recorded in days after exposure. (B to
G) Tissue sections from 7- to 8-week-old WT and Ercc1�/� mice �
exposure to 6 Gy of IR. (B) Small intestines of untreated mice.
(C) Small intestines of mice exposed to IR demonstrating loss of villi
in Ercc1�/� mice. (D) BM of untreated mice. (E) BM of mice exposed
to IR demonstrating fatty replacement in Ercc1�/� mice. (F) Livers of
untreated mice. (G) Livers of mice exposed to IR demonstrating cen-
trilobular necrosis in Ercc1�/� mice. (H) Hepatocyte nuclei demon-
strating �H2AX foci in Ercc1�/� mice 11 days after IR.
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XPF is conserved in mammals, we attempted to breed mice
that are doubly deficient in ERCC1 and Ku86. Surprisingly, no
live Ercc1�/� Ku86�/� mice were recovered (see Table S1 in
the supplemental material; 0 of 220 offspring, 14 expected; P �
0.001). Genotyping of pups that died within 24 h of birth also
failed to identify double-mutant mice. This was unexpected
since both Ku86�/� and Ercc1�/� mice are born with Mende-
lian frequency and live into adulthood, although they have
reduced life spans (88 and 30 weeks, respectively [82, 84; un-
published results]). In mammals, combined loss of Ku86 and
ERCC1 thus results in lethality, similar to the effect of deleting
Ku and Rad1 in budding yeast (45). This supports the conclu-
sion that ERCC1-XPF contributes to a DSB repair pathway
that is Ku independent, distinct from NHEJ and other Ku-
dependent mechanisms.

Ercc1�/� Ku86�/� MEFs senesce prematurely. To generate
Ercc1�/� Ku86�/� MEFs, double-heterozygous Ercc1�/�

Ku86�/� mice were crossed. Ercc1�/� Ku86�/� embryos (em-
bryonic days 13 to 16) were recovered at Mendelian frequency
(see Table S2 in the supplemental material), indicating that
deficiency of both ERCC1 and Ku86 causes lethality late in
embryonic development. MEFs derived from Ercc1�/�

Ku86�/� embryos grew extremely poorly in culture compared
to single-mutant cell lines derived from littermates (Fig. 4A;
see Fig. S4 in the supplemental material). Even when the
MEFs were cultured at 3% O2, which alleviates premature
senescence due to oxidative stress (59), Ercc1�/� Ku86�/�

MEFs did not proliferate beyond passage 5. This indicates that
simultaneous deletion of Ercc1 and Ku86 causes premature
senescence of primary cells and that cellular proliferation in an
oxidative environment requires either Ku-dependent or
ERCC1-dependent DNA repair.

Ercc1�/� Ku86�/� MEFs are hypersensitive to IR. To de-
termine if Ercc1 is epistatic with Ku86 or DNA-Pkcs with re-
spect to DSB repair, Ercc1�/� Ku86�/� and Ercc1�/� DNA-
Pkcs

�/� cells were screened for sensitivity to IR. Since primary
Ercc1�/� Ku86�/� MEFs rapidly senesce, one primary cell line
of each genotype was transformed by stable transfection with a
plasmid expressing simian virus 40 large T antigen (83). Trans-
formed Ercc1�/�, Ku86�/�, and DNA-Pkcs

�/� single-mutant
MEFs were hypersensitive to IR (Fig. 4B), as shown in Fig. 1B
and as previously reported (8, 41, 43). Unexpectedly, Ercc1�/�

DNA-Pkcs
�/� MEFs appear to be equally as sensitive to IR as

DNA-Pkcs
�/� cells. However, Ercc1�/� Ku86�/� MEFs were

significantly more sensitive to IR than either Ercc1�/� or
Ku86�/� cells, consistent with the additive effect of both mu-
tations in vivo. These results provide further evidence that
ERCC1-XPF participates in a DSB repair mechanism that
provides a critical back-up for Ku-dependent DSB repair, as do
the yeast orthologs Rad10-Rad1.

Genomic instability in Ercc1�/� MEFs after IR. To further
investigate whether the hypersensitivity of ERCC1-XPF-defi-
cient cells to IR is caused by DSBs, cells were examined for
chromosomal abnormalities after exposure to low-dose IR.
Transformed WT and Ercc1�/� MEFs were treated with 2 Gy,
while Ku86�/� and Ercc1�/� Ku86�/� MEFs were treated with
0.4 Gy due to their extreme hypersensitivity to IR (Fig. 4A and
reference 43). Sister chromatid exchanges (SCEs), which occur
via HR of DSBs (75), were significantly increased in Ercc1�/�

MEFs relative to WT cells (Table 1). These data demonstrate

that homologous recombination is not affected by loss of
ERCC1-XPF nuclease. In contrast, the frequency of SCEs was
not increased in irradiated Ercc1�/� Ku86�/� cells relative to
Ku86�/� cells. This may reflect inefficient processing of radia-
tion-induced breaks lacking 3� OH groups, which are necessary
for HR, when both Ku and ERCC1-XPF are present. Chro-
mosomal aberrations were significantly increased (about five-
fold) in Ercc1�/� MEFs treated with IR compared to WT cells
(Table 1 and Fig. 5A and B). These abnormalities include gaps,
fragments, breaks, fusions, and radials, all characteristic of
unrepaired or misrepaired DSBs. Gaps, breaks, fusions, and
radials were also significantly increased in Ercc1�/� Ku86�/�

MEFs relative to Ku86�/� cells (Table 1 and Fig. 5C and D),
providing further evidence that ERCC1-XPF participates in a
DSB repair mechanism that functions as a back-up for Ku86-
dependent repair.

ERCC1-XPF facilitates removal of noncomplementary 3�
overhangs. To determine if ERCC1-XPF participates in an
end-joining mechanism of DSB repair similar to Rad10-Rad1,
we used an in vitro DNA end-joining assay (67). A plasmid
expressing YFP (pYFP-N1) was linearized by digestion with
restriction enzymes that produce blunt, complementary 5�
overhangs or noncomplementary 3� overhangs. These linear
plasmids were transfected into WT, Ercc1�/�, Ku86�/�, and
Ercc1�/� Ku86�/� cells, and repair events were scored as the
percentage of YFP-expressing cells (see Fig. S5 in the supple-
mental material). Creation of a DSB between the promoter

FIG. 4. Growth and IR sensitivity of cells in which the ERCC1 and
NHEJ proteins have been deleted. (A) Cell number with each passage
of WT, Ercc1�/�, Ku86�/�, and Ercc1�/� Ku86�/� primary MEFs
cultured at 3% oxygen. (B) Clonogenic survival of transformed WT,
Ercc1�/�, DNA-Pkcs

�/�, Ku86�/�, Ercc1�/� Ku86�/�, and Ercc1�/�

DNA-Pkcs
�/� MEFS after exposure to IR.
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and YFP cDNA reduced the recovery of YFP� cells by three-
fold. There was no difference in the frequency of repair of
DSBs with either blunt or single-strand overhanging ends. Fur-
thermore, there was no difference in the frequency of repair
events in WT, Ercc1�/�, or Ku86�/� cells transfected with any
of the repair substrates. The only significant difference ob-
served was decreased recovery of YFP� Ercc1�/� Ku86�/�

cells after transfection with a linear plasmid containing single-
strand overhangs. This indicates that, in the absence of both
ERCC1-XPF and Ku86, DSBs that cannot be directly ligated
are inefficiently repaired.

Repaired pYFP-N1 plasmid DNA was recovered from WT
and Ercc1�/� YFP� cells 48 h after transfection. The plasmid
DNA was digested with the same enzyme that was used for
linearization prior to transfection to score for error-free repair
events. Approximately half of the repair events were error free
for DNA with blunt or complementary single-strand overhang-
ing ends in WT and Ercc1�/� cells (Table 2), while all of the
repair events were error prone for the DNA with noncomple-
mentary single-strand overhangs, as expected. Error-prone
events were divided into three categories based on the size of
the deletion, as determined by agarose gel electrophoresis:
�100 bp, 100 to 500 bp, and 	500 bp. There was no difference
in the size of the deletions resulting from repair of blunt ends
or 5� complementary overhangs between WT and Ercc1�/�

cells. However, there was a significant increase in very large
deletions in substrates with 3� noncomplementary overhangs
repaired in Ercc1�/� cells relative to WT cells. This indicates
that, in the absence of ERCC1-XPF, repair of DSBs with 3�
ends that cannot be directly ligated is impaired, leading to
increased resection and larger deletions. This is consistent with
the substrate specificity of ERCC1-XPF as a 3� flap endonu-
clease (11, 74).

A subset of the plasmids with deletions were sequenced to
determine the frequency with which DSB repair occurred via a
mechanism that utilizes sequence homology between the bro-
ken ends (see Tables S3 to S5 in the supplemental material).
Short stretches of microhomology (one to five nucleotides)
were identified at the broken ends in 70 to 90% of the error-
prone DSB repair events, regardless of whether the ends were
blunt or had overhangs (Table 3). There was not a significant
difference in the utilization of microhomology to repair DSBs
in WT and Ercc1�/� cells. However, significantly fewer of the
repair events in Ercc1�/� cells resulted in the insertion of bases
relative to the WT. This observation is consistent with ERCC1-

XPF being required to remove 3� nonhomologous flaps to
create an end that can be used to prime DNA synthesis (74).

DISCUSSION

Mammalian ERCC1-XPF participates in DSB repair.
ERCC1-XPF is a structure-specific endonuclease that incises
double-stranded DNA at a junction with single-stranded DNA
(3�), nicking bubble structures and 3� single-strand overhangs
(11). This activity is essential for excising damaged DNA in
NER (74) and for creating a 3� end that can be used to prime
DNA synthesis to replace the excised bases. In addition to the
bubble substrates in NER, ERCC1-XPF incises stem-loop
structures (11), cross-linked Y structures (39), and R loops in
vitro (78) and removes 3� single-strand overhangs of nonho-
mologous sequence that otherwise would prevent HR (1, 52,
68). It has also been proposed that ERCC1-XPF incises D
loops (52), G-rich telomeric overhangs (88), and intermediates
of DNA ICL repair (54). Such a flap endonuclease activity
could facilitate DSB repair, specifically, of ends with 3� single-
strand noncomplementary overhangs or without a 3� hydroxyl
group necessary for DNA synthesis and/or ligation. Indeed,
orthologs of ERCC1-XPF in S. cerevisiae (Rad10-Rad1) (22,
32, 58), Arabidopsis thaliana (AtErcc1-AtRad1p) (17, 29), and
Drosophila melanogaster (DmERCC1-MEI-9) (24, 61) do fa-
cilitate DSB repair and confer resistance to IR. Herein, we

FIG. 5. Chromosomal aberrations in transformed MEFs after IR.
Subconfluent cultures of WT and Ercc1�/� cells were exposed to 2 Gy
of IR, subconfluent cultures of Ku86�/� and Ercc1�/� Ku86�/� cells
were exposed to 0.4 Gy, and the cells were analyzed 48 h later.
(A) Representative metaphase spread from WT MEFs exposed to IR.
(B) Metaphase spread from an Ercc1�/� cell demonstrating IR-in-
duced gaps (G), fragments (Fr), and radials (R). (C) Ku86�/� cell
demonstrating IR-induced fragments. (D) Ercc1�/� Ku86�/� cell dem-
onstrating IR-induced fragments, gaps, fusions (Fu), radials, and
marker chromosomes (M).

TABLE 1. Frequency of chromosomal aberrations in transformed
MEFs exposed to IR

Genotype Dose
(Gy)

No. of
cells

examined
SCEa Gapsa

Breaks
and

fragmentsa

Fusion
and

radialsa

WT 2.0 25 25 0.3 0.8 0
Ercc1�/� 2.0 24 42b 2.6b 2.6b 0.5b

Ku86�/� 0.4 36 25 1.2 1.2 0
Ercc1�/� Ku86�/� 0.4 34 18 2.8c 2.8c 0.5c

a The number of events per diploid genome is reported.
b P � 0.05 for WT versus Ercc1�/� cells.
c P � 0.05 for Ercc1�/� Ku86�/� versus Ku86�/� cells.
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provide in vitro, genetic and in vivo evidence that this function
is conserved in murine and human cells.

Role of ERCC1-XPF in DSB repair. ERCC1-XPF-deficient
cells are exquisitely sensitive to cross-linking agents and accu-
mulate DSBs in response to cross-link damage (54). We pos-
tulated that in ICL repair, ERCC1-XPF is required to incise
the cross-link lesion after a DSB is created by stalled replica-
tion, before the DSB can be repaired. Here we provide evi-
dence for a distinct role for ERCC1-XPF in DSB repair.
ERCC1-XPF-deficient murine and human cells are hypersen-
sitive to IR (Fig. 1), similar to cells defective in HR-mediated
or NHEJ DSB repair (77). Murine fibroblasts, but not ES cells,
are IR sensitive (Fig. 1). This pattern of cell type-specific
sensitivity is similar to that of DNA-Pkcs mutant lines defective
in NHEJ (25) but the opposite of that of Rad54�/� cells de-
fective in HR (19). This suggests that ERCC1-XPF may par-
ticipate in an end-joining mechanism of DSB repair that is
more frequently utilized in differentiated cells than in ES cells.
In further support of this, SCEs are significantly elevated in
irradiated Ercc1�/� MEFs (Table 1), indicating that HR-me-
diated DSB repair is possible in the absence of ERCC1-XPF.
This increase in SCEs might reflect preferential repair of DSBs
by HR when end-joining mechanisms are impaired (85).
ERCC1-XPF, however, is clearly not part of the core NHEJ
machinery, as there is no evidence of severe combined immu-

nodeficiency, a pathognomonic feature of NHEJ deficiency
(87), in Ercc1�/� or Xpf�/� mice (70, 79) or humans with XPF
deficiency (53). Furthermore, Ercc1�/� MEFs are less sensitive
to IR than are DNA-Pkcs

�/� or Ku86�/� MEFs, in which
NHEJ is absent (Fig. 4B).

IR induces a variety of lesions in addition to DSBs (23).
Thus, to confirm that the IR sensitivity of ERCC1-XPF-defi-
cient cells is due, at least in part, to a defect in DSB repair, we
quantitated �H2AX foci, a marker of DSBs (63), in cells fol-
lowing IR. �H2AX foci persist in irradiated ERCC1-XPF-
deficient fibroblasts (Fig. 2) and in hepatocytes of irradiated
ERCC1-deficient mice (Fig. 3H) relative to congenic WT con-
trols, consistent with impaired DSB repair in the absence of
ERCC1-XPF both in vitro and in vivo. Furthermore, irradiated
Ercc1�/� MEFs had increased gaps, breaks, fragments, and
radial structures compared to WT cells (Table 1). These chro-
mosome abnormalities are a consequence of DSBs (49) and
thus demonstrate a defect in DSB repair in Ercc1�/� cells.
Interestingly, there is no difference in the number of �H2AX
foci in Ercc1�/� and WT ES cells at any time point following
exposure to IR, correlating with their lack of sensitivity to IR.
There is increasing evidence that homologous recombination is
essential for genome stability in ES cells (6, 26, 62), further
suggesting that HR occurs in ERCC1-deficient cells.

Biological significance of ERCC1-XPF in DSB repair. A
single dose of 6 Gy of IR is universally lethal to mice hypo-
morphic for ERCC1 (Fig. 3A), whereas 2 Gy is sublethal (data
not shown). This level of sensitivity is similar to that of mice in
which DNA-PKcs, an essential component of NHEJ, is deleted
(41), even though ERCC1-XPF expression is reduced only
85% in the hypomorphic strain (84). This establishes an im-
portant role for ERCC1-XPF in the radioprotection of mam-
mals. IR causes loss of intestinal villi and BM hypocellularity in
ERCC1-deficient mice, as anticipated (Fig. 3). In addition,
ERCC1-deficient mice display centrilobular necrosis of the
liver, which is caused by occlusion of small venules with cellular
debris, following IR (20). Liver pathology is life limiting for
Ercc1�/� mice (72), explaining the particular hypersensitivity
of Ercc1�/� mouse liver to IR. Mice defective in DSB repair
have impaired hematopoietic stem cell function and regener-
ative capacity after stress (55, 64). We observed significantly
reduced proliferative reserve in the BM of Ercc1�/� mice (60)
and in the intestine following IR (see Fig. S3 in the supple-

TABLE 2. Size of linear plasmid with blunt or overhanging DNA ends after repair in WT or Ercc1�/� cells

DNA ends and genotype n % Error
free

% Error
prone

% with
�100-bp
deletion

% with
101- to 500-bp

deletion

% with
	500-bp
deletion

Blunt
WT 81 50 50 88 10 2
Ercc1�/� 78 58 42 90 10 0

5� Overhangs, complementary
WT 65 43 57 60 40 0
Ercc1�/� 66 42 58 60 35 5

3� Overhangs, noncomplementary
WT 94 0 100 63 31 6
Ercc1�/� 82 0 100 65 14a 21a

a P � 0.05.

TABLE 3. Sequence analysis of blunt, complementary, and
noncomplementary DNA ends after repair in

WT or Ercc1�/� cells

DNA ends and genotype n
% with

nucleotide
added

% Microhomology
mediated

Blunt
WT 18 0 89
Ercc1�/� 21 0 81

5� Overhangs, complementary
WT 18 6 72
Ercc1�/� 17 6 71

3� Overhangs, noncomplementary
WT 30 37 80
Ercc1�/� 31 10a 71

a P � 0.05.
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mental material). Thus, the hypersensitivity of Ercc1�/� mice
to IR likely is a consequence not only of increased cell death/
senescence in response to unrepaired DNA damage but also
reduced capacity to regenerate damaged tissues.

Although ERCC1 hypomorphic mice are equally as sensitive
to IR as DNA-Pkcs

�/� mice are, they are less sensitive than
Ku86�/� mice (9, 56). DNA-Pkcs

�/� mice do not have a spon-
taneous phenotype other than severe combined immunodefi-
ciency (25, 41), whereas Ku86�/� mice display growth retarda-
tion and progeroid symptoms in addition to immunodeficiency
(82). Ercc1�/� mice have a more severe phenotype than either
DNA-Pkcs

�/� or Ku86�/� mice, including growth retardation,
liver dysfunction, renal insufficiency, epidermal atrophy, im-
paired hematopoiesis, sarcopenia, kyphosis, and neurodegen-
eration (48, 53, 60, 84), making it unlikely that the phenotype
of Ercc1�/� mice can be ascribed in its entirety to a defect in
DSB repair. More plausibly, it is the combined defects in
multiple DNA repair pathways including global-genome and
transcription-coupled NER, ICL repair, and DSB repair, doc-
umented here, that contribute to the severe phenotype of
Ercc1�/� mice, XFE progeria (53), and a recently identified
ERCC1 patient (33).

ERCC1-XPF participates in error-prone, Ku-independent
end joining of DSBs. ERCC1-XPF endonuclease facilitates
DSB repair and protects against IR in vivo. Yet the two major
mechanisms of DSB repair in mammalian cells, HR and
NHEJ, are intact in ERCC1-XPF-deficient cells. Thus, the
following question remains: how does this nuclease contribute
to DSB repair? In yeast, the orthologs of ERCC1-XPF, Rad10-
Rad1, are required for two error-prone DSB repair mecha-
nisms: SSA (22, 32, 57) and MMEJ (45). Rad10-Rad1 are
required to remove nonhomologous sequence from the 3� ends
of the break to permit DNA synthesis and/or ligation. MMEJ
in yeast is independent of the HR protein Rad52 and the
NHEJ protein Ku86 and critical for protection against IR (45).
In rad52; yku70 strains, DSB repair is error prone, leading to
large deletions and utilizing short homologies between ends
(5). Recently, an alternative mechanism of end joining, distinct
from NHEJ, was identified in mammals (87). This mechanism
supports class switch recombination in the absence of NHEJ, is
error prone, and utilizes microhomology to join broken ends,
analogous to MMEJ in yeast. Linearized plasmids and I-Sce-
I-induced genomic DSBs are repaired in cells deficient in
NHEJ, most notably Ku86, leading to deletions and insertions
and utilizing microhomology (27, 35, 71). However, the bio-
logical significance of this pathway in mammals, when NHEJ is
present, remains uncertain.

Our data provide several lines of evidence that support the
conclusion that ERCC1-XPF contributes to this alternative
mechanism of end joining in mammalian cells. First, Ercc1�/�

Ku86�/� MEFs are hypersensitive to IR relative to single-
mutant cells (Fig. 4B), similar to yeast (45). In addition,
Ercc1�/� Ku86�/� cells accumulate significantly more chromo-
somal aberrations in response to low-dose IR compared to
cells defective in NHEJ only (Ku86�/� cells; Table 1). Further-
more, Ercc1�/� Ku86�/� primary MEFs proliferate poorly,
surviving only to passage 5, even when cultured at 3% oxygen
(Fig. 4A). These data are consistent with the conclusion that
ERCC1-XPF participates in a mechanism of DSB repair that is
Ku86 independent and important for protection against IR

and oxidative stress, analogous to the role of Rad10-Rad1 in
yeast.

The second line of evidence that supports a role for ERCC1-
XPF in MMEJ comes from the in vitro end-joining assay.
Joining of blunt 5� or 3� overhangs is not significantly reduced
in Ercc1�/� or Ku86�/� cells compared to WT cells (see Fig.
S5 in the supplemental material). However, joining of ends
with overhangs is significantly impaired in Ercc1�/� Ku86�/�

cells, suggesting loss of two distinct mechanisms of end joining
in these double-mutant cells. Ercc1�/� cells are defective in
joining ends that cannot be directly ligated, i.e., ends with 3�
noncomplementary overhangs but not blunt ends or ends with
5� complementary overhangs. In the absence of ERCC1-XPF,
joining of nonhomologous 3� overhangs leads to very large
deletions (Table 2), similar to yeast mutants (45). Further-
more, in Ercc1�/� cells, insertion of nucleotides at the joints is
significantly reduced (Table 3), consistent with the conserved
role of this nuclease in creating a 3� end that can prime DNA
synthesis (58). In addition, there is a trend toward decreased
use of microhomology in end joining in Ercc1�/� cells relative
to WT cells (Table 3). Deletion of Rad1 diminishes MMEJ to
a greater extent in yeast but does not abrogate MMEJ, indi-
cating the presence of redundant 3� flap endonucleases in yeast
(45) and therefore likely also in mammals. Recently, it was
demonstrated that telomere fusion likely occurs via a Ku-in-
dependent end-joining mechanism (7). Thus, the participation
of ERCC1-XPF in this alternative end-joining mechanism is
also supported by the fact that ERCC1-XPF trims unprotected
telomeric overhangs, allowing telomeric fusion via end joining
(88).

In total, these data demonstrate a novel function of ERCC1-
XPF nuclease in a Ku86-independent mechanism of DSB re-
pair. Further, our data, in combination with a recent report
establishing a role for ERCC1-XPF in SSA (2), indicate that
Rad10-Rad1 activities in DSB repair are conserved in mam-
mals. The data also suggest that alternative end joining of
DSBs is important for protection against DSBs even when
NHEJ and HR repair can occur.
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