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The mechanisms by which DNA interstrand cross-links (ICLs) are repaired in mammalian cells are unclear.
Studies in bacteria and yeasts indicate that both nucleotide excision repair (NER) and recombination are
required for their removal and that double-strand breaks are produced as repair intermediates in yeast cells.
The role of NER and recombination in the repair of ICLs induced by nitrogen mustard (HN2) was investigated
using Chinese hamster ovary mutant cell lines. XPF and ERCC1 mutants (defective in genes required for NER
and some types of recombination) and XRCC2 and XRCC3 mutants (defective in R4D51-related homologous
recombination genes) were highly sensitive to HN2. Cell lines defective in other genes involved in NER (XPB,
XPD, and XPG), together with a mutant defective in nonhomologous end joining (XRCCS5), showed only mild
sensitivity. In agreement with their extreme sensitivity, the XPF and ERCC1 mutants were defective in the
incision or “unhooking” step of ICL repair. In contrast, the other mutants defective in NER activities, the
XRCC2 and XRCC3 mutants, and the XRCC5 mutant all showed normal unhooking kinetics. Using pulsed-
field gel electrophoresis, DNA double-strand breaks (DSBs) were found to be induced following nitrogen
mustard treatment. DSB induction and repair were normal in all the NER mutants, including XPF and
ERCCI1. The XRCC2, XRCC3, and XRCCS5 mutants also showed normal induction kinetics. The XRCC2 and
XRCC3 homologous recombination mutants were, however, severely impaired in the repair of DSBs. These
results define a role for XPF and ERCC1 in the excision of ICLs, but not in the recombinational components
of cross-link repair. In addition, homologous recombination but not nonhomologous end joining appears to

play an important role in the repair of DSBs resulting from nitrogen mustard treatment.

DNA interstrand cross-linking agents such as the nitrogen
mustards, mitomycin C, cisplatin, and psoralen are widely used
in cancer chemotherapy and phototherapy and are thought to
exert their cytotoxic effects by preventing efficient DNA repli-
cation and transcription. Since interstrand cross-links (ICLs)
affect both strands of DNA, repair of these lesions presents a
special problem. In Escherichia coli and Saccharomyces cerevi-
siae, the repair of ICLs depends on both nucleotide excision
repair (NER) and homologous recombination (10, 11, 28, 40,
58). In S. cerevisiae, the repair of psoralen-photoinduced DNA
ICLs involves a double-strand break (DSB) intermediate re-
sulting partially from NER incisions, and these DSBs are re-
paired by homologous recombination (16, 28, 40, 41). In con-
trast, recent studies from this laboratory have demonstrated
the occurrence of NER-independent DSBs in yeast cells fol-
lowing treatment with nitrogen mustard (42). In common with
psoralen cross-links, these DSB intermediates are repaired by
homologous recombination (42).

In mammalian systems, ICL repair is poorly understood.
However, the isolation and characterization of mutant cell
lines with extreme sensitivities to cross-linking agents provide
mechanistic clues. For example, Chinese hamster ovary (CHO)
cells with mutations in the XPF and ERCCI genes, involved in
the NER pathway, are extremely sensitive to cross-linking
agents, whereas other available NER mutants are only slightly
sensitive (1, 15, 26). This suggests that XPF and ERCC1 play
a central role in cross-link repair (1, 15, 26). The XPF and
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ERCCI1 proteins form a heterodimer with a structure-specific
endonuclease activity and are responsible for 5" incisions on
the damaged strand during NER (5, 7, 48). ERCCI1 is homol-
ogous to yeast Rad10 (57), which is complexed with the yeast
homologue of XPF, Radl (2, 3). This heterodimer is involved
in two processes in yeast cells, NER and a recombination
subpathway, single-strand annealing (SSA) (17, 19). In SSA,
the resected 3’-single-strand ends of a DSB are joined through
regions of 60 to 90 bp of homology (52), and the resulting
overhangs are cleaved by the Rad1-Rad10 heterodimer (19, 20,
27). It has been suggested that the extreme sensitivity of XPF
and ERCC1 mutants to cross-linking agents could be due to
dual defects in SSA recombination as well as in NER (55).
A second class of cross-link-hypersensitive mutants are the
irs] and irsISF cell lines, originally isolated on the basis of
sensitivity to ionizing radiation (22, 31). The human genes that
complement irs/ and irsISF are XRCC2 and XRCC3, respec-
tively, both of which encode members of an emerging family of
Rad51-related proteins that participate in homologous recom-
bination (39). These cell lines are only moderately sensitive to
X-rays, vy radiation, and UV radiation but are extremely sen-
sitive to DNA cross-linking agents (8). Interestingly, although
they are sensitive to ionizing radiation, irs/ and irsISF cells
show no defects in the repair of radiation-induced DSBs (9, 22,
32, 53). However, recent studies have shown that both the
XRCC2 (30) and XRCC3 (45) genes are involved in the repair
of I-Scel endonuclease-induced DNA DSBs by homologous
recombination. In contrast, nonhomologous end joining (NHEJ)
mutants defective in the XRCC4, XRCC5, XRCC6, and XRCC7
genes have shown hypersensitivity to ionizing radiation but
also show defects in the repair of radiation-induced DSBs (8,
12, 44, 46). Unlike XRCC2 and XRCC3 mutants, NHEJ mu-
tants do not show extreme sensitivity to cross-linking agents
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TABLE 1. Chinese hamster cell lines used in this study

Mutant cell line Parent cell line Defective gene

uv23 AA8 XPB
uv42 AA8 XPD
uv47 AA8 XPF
uvel AA8 CSB
UVvIe AAS ERCC1
UvVvi3s AA8 XPG
irsl V79 XRCC2
irs1SF AA8 XRCC3
Xrs5 CHO-K1 XRCCS

(8). Collectively these studies show a divergence between the
types of DSBs repaired by NHEJ and homologous recombina-
tion.

In this study we have investigated the roles of NER and both
homologous and nonhomologous recombination in the re-
pair of nitrogen mustard (mechlorethamine [HN2]) induced
ICLs in mammalian cells. We confirm the hypersensitivity
of ERCC1, XPF, XRCC2, and XRCC3 mutant CHO cells to
HN2 and show a correlation between this hypersensitivity and
a defect in the “unhooking” of ICLs in the ERCC1- and XPF
defective cells but not in the recombination mutants XRCC2
and XRCC3. Using pulsed field gel electrophoresis (PFGE) we
show that DSBs are induced following treatment with HN2 and
that the XRCC2 and XRCC3 mutants are severely impaired in
the repair of these DSBs. However, an XRCCS5 mutant exhib-
ited normal DSB repair kinetics. These observations define a
role for XPF and ERCCI1 in the incision step but not in the
recombinational steps of cross-link repair and indicate that
homologous recombination, but not NHEJ, is required for the
repair of the DSBs induced by this cross-linking drug.

MATERIALS AND METHODS

Cell lines and culture conditions. The cell lines used in this study are listed in
Table 1. The AAS8, UV23, UV42, UV61, and UVY6 cell lines were obtained from
M. Stefanini, and UV135 was purchased from the American Type Culture
Collection (ATCC number CRL-1867). The V79, irs1, irs1SF, CHO-K1, and xrs5
cell lines were kindly provided by J. Thacker. All cell lines were grown as a
monolayer in F12-Ham-HEPES medium (Sigma, Poole, U.K.) supplemented
with 2 mM glutamine and 10% fetal calf serum (FCS). Cells were grown at 37°C
in a 5% CO, humidified incubator. Trypsin-versine solution was used for de-
taching cells. Nondividing cells were grown in confluent cultures, and the cell
cycle status was confirmed by fluorescence-activated cell sorting analysis.

Chemicals. Analytical-grade mechlorethamine (nitrogen mustard [HN2]) and
2-dimethylaminoethylchloride hydrochloride 99% (HN1) were purchased from
Sigma.

Cytotoxicity assay. Cytotoxicity was assessed using the sulforhodamine B
(SRB) assay (49). A total of 3 X 10 cells were seeded into each well of 96-well
flat-bottomed microtiter plates in a volume of 100 pl and incubated at 37°C
overnight. The desired concentrations of HN2 were prepared in culture medium
(without FCS) immediately before use. Medium in wells was removed, and 100
pl of drug-medium mixture was added. Six replicates were used for each drug
concentration. Plates were incubated for 1 h at 37°C. Following drug treatment,
the medium was replaced with 200 .l of fresh complete medium, and the plates
were incubated for 3 days at 37°C. The medium in the wells was removed, and
100 pl of ice-cold 10% (wt/vol) trichloroacetic acid was added to fix the cells. The
plates were incubated at 4°C for 20 min and then washed four times with water.
Cells were stained with 100 pl of 0.4% (wt/vol) SRB-1% acetic acid per well for
20 min at room temperature. Unbound dye was removed by five washes in 1%
acetic acid, and plates were dried overnight at room temperature. The dye was
solubilized by the addition of 100 wl of 10 mM Tris base into each well. Plates
were left at room temperature for 20 min, and the optical density (OD) at 540 nm
was determined using a Titretech 420 microtiter plate reader equipped with
Titresoft IT software (Flow Laboratories). Fraction of control 4s,, was calculated
from the following equation: fraction of control 45,y = OD of drug-treated
wells/OD of untreated control. Finally, the mean fraction of control A5, figures
for each drug concentration with standard deviations was calculated.

Determination of DNA interstrand cross-linking using the comet assay. The
modification of the comet assay to measure DNA interstrand cross-linking has
recently been described in detail (50). Exponentially growing cells were treated
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with the desired concentrations of HN2 in FCS-free medium for 1 h at 37°C. The
medium was replaced with fresh complete medium and incubated for the re-
quired postincubation time. Cells were then trypsinized, diluted to a density of
2.5 x 10* cells/ml, and kept on ice. All drug-treated samples plus one control
were subjected to 12.5 Gy of X-irradiation on ice, and an unirradiated control
was included. Microscope slides were precoated with 1% (wt/vol) type-IA aga-
rose, and 0.5 ml of cells was mixed with 1 ml of 1% (wt/vol) type-VII agarose and
spread over a precoated slide in duplicate. A coverslip was added, and the
agarose was allowed to solidify. Coverslips were removed, and slides were placed
in lysis solution (100 mM disodium EDTA, 2.5 M NaCl, 10 mM Tris-HCI [pH
10.5]) containing 1% Triton X-100 at 4°C and incubated for 1 h in the dark.
Slides were subsequently washed with ice-cold water for 15 min, and this was
repeated three times. The slides were then transferred to an electrophoresis tank
containing ice-cold alkaline solution (50 mM NaOH, 1 mM disodium EDTA [pH
12.5]) and incubated for 45 min in the dark. Electrophoresis was carried out for
25 min at 18 V (0.6 V/cm) and 250 mA in the dark. Slides were removed, and 1
ml of neutralizing solution (0.5 M Tris-HCI [pH 7.5]) was added and incubated
for 10 min. Each slide was rinsed twice with 1 ml of phosphate-buffered saline
(PBS) and allowed to dry overnight at room temperature. Slides were stained
with propidium iodide (2.5 wg/ml), and comets were analyzed using a Nikon
DIAPHOT TDM inverted epifluorescent microscope (consisting of a high-pres-
sure mercury vapor light source, a 580-nm dichromic mirror, 510- to 560-nm
excitation filter, and 590-nm barrier filter) at X20 magnification. Fifty cells were
analyzed per slide using Komet Assay software (Kinetic Imaging, Liverpool,
UK).

The degree of DNA interstrand cross-linking present in a drug-treated sample
was determined by comparing the tail moment of the irradiated drug-treated
samples with irradiated untreated samples and unirradiated untreated samples
(50). The level of interstrand cross-linking is proportional to the decrease in the
tail moment in the irradiated drug-treated sample compared to the irradiated
untreated control. The decrease in tail moment is calculated by the formula %
decrease in tail moment (DTM) = [1 — (TMdi — TMcu)/(TMci — TMcu)] X
100, where TMdi is the mean tail moment of the drug-treated, irradiated sample,
TMci is the mean tail moment of the irradiated control sample, and TMcu is the
mean tail moment of the unirradiated control sample. The unhooking of DNA
interstrand cross-links was expressed as percent unhooking, which was calculated
using the formula

. (% DTM at TO — % DTM at T1)
% unhooking at T1 = X 100

% DTM at TO

where TO is the time immediately following drug treatment and T1 is the postin-
cubation time in drug-free medium.

Analysis of DSBs by PFGE. Cells growing in a monolayer were treated with
HN2 or HNI1 for 1 h, washed with 10 ml of PBS, and incubated with fresh
medium for the required repair time. Cells were trypsinized, 3 X 10° cells were
harvested, and PFGE plugs were prepared using the Bio-Rad Mammalian
CHEF Genomic Plug Kit, as instructed by the manufacturer. PFGE was per-
formed with a 0.7% gel (Pulse Field Certified agarose; Bio-Rad) in 0.25X
Tris-borate-EDTA buffer using a Biometra Rotaphor type V apparatus. Elec-
trophoresis runs were for 120 h at 14°C with the following parameters: interval
5,000 to 1,000 s log, angle 110 to 100° linear, and voltage 50 to 45 V linear. On
completion, gels were stained with ethidium bromide (2 wg/ml) for 1 h, destained
overnight with water, and photographed. Semiquantitative data were obtained by
measuring the absolute integrated OD of each lane using Gel Pro Analyser
(Media Cybernetics) and calculating the percentage of DNA released from the
DNA plug.

RESULTS

Nitrogen mustard sensitivity of NER and recombination-
defective cell lines. To confirm the roles of NER and recom-
bination in the repair of ICLs in mammalian cells, the sensi-
tivity to the bifunctional alkylating agent nitrogen mustard
(HN2) of Chinese hamster cell lines defective in these path-
ways was determined. The results are consistent with those
obtained by other workers (1, 8, 15, 26) using a variety of
cross-linking agents, implying that these observations are of
general significance to the question of cross-link repair.

Among the mutant cell lines deficient in an NER process
(Fig. 1), UV47 and UV96, defective in XPF and ERCCI,
respectively, were highly sensitive (>15-fold) to HN2 com-
pared to their isogenic parent cell line AAS8. In contrast,
UV135, defective in XPG, which is responsible for the 3’
incision in NER, was only slightly sensitive (<2-fold). Simi-
larly, the UV23 and UV42 cell lines, bearing mutations in the
XPB and XPD helicases, respectively, were also only slightly
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FIG. 1. Survival of NER mutants, XPB mutant UV23, XPD mutant UV42, XPF mutant UV47, CSB mutant UV61, ERCC1 mutant UV96, XPG mutant UV135,
and the parent cell line AAS following 1 h of exposure to increasing concentrations of HN2. All results are means of at least three independent experiments, and error

bars show the standard error of the mean.

sensitive to HN2. Surprisingly, the UV61 CSB mutant cell line,
involved in the transcriptional coupling of NER, was slightly
resistant to HN2 compared to its isogenic parent.

Figure 2 shows the sensitivities of XRCC (recombination)
mutants to HN2. The irs/ (XRCC2 mutant) and irs/SF
(XRCC3 mutant) lines derived from V79 and AAS, respec-
tively, were extremely sensitive to HN2 (12-fold and 26-fold,
respectively). In contrast, the NHEJ-defective cell line xrs5,
bearing a mutation in the XRCC5 gene product, was only
slightly sensitive to HN2 (1.5-fold) compared to its parent cell
line CHO-K1.

Unhooking of ICLs in CHO repair-defective cell lines. To
investigate whether the extreme sensitivities of the XPF,
ERCCI1, XRCC2, and XRCC3 mutants are due to a defect in
the incision step of cross-link repair, the efficiency of unhook-
ing of HN2-induced cross-links in these mutants and the less
sensitive XPB, XPD, XPG, and XRCC5 mutants was com-
pared with that of their isogenic parents. Cross-linking was
measured at the single-cell level using a modified version of the
comet assay. This assay allows the initial cross-link incisions on
one strand, releasing the covalent linkage of the two strands to
be followed. Prior to cell lysis, samples receive a dose of X-rays
to induce random DNA strand breakage. The presence of ICLs
retards the migration of the irradiated DNA during electro-
phoresis, resulting in a reduced tail moment compared to the
unirradiated control. Figure 3 shows the decrease in tail mo-
ment compared to the irradiated control due to the presence of
cross-links induced following treatment with increasing con-
centrations of HN2. The ability of cells to unhook cross-linking
can therefore be observed as an increase in tail moment fol-
lowing a repair period in drug-free medium.

Figure 4A illustrates the unhooking efficiency of XPF,
ERCC1, XPB, and XPG mutants compared to that of their
parent AA8. The XPB and XPG mutants showed unhooking
kinetics indistinguishable from those of AAS8. These cells were
all able to unhook approximately 65% of the cross-links by 24 h
and more than 85% by 48 h. In contrast, and in agreement with
their extreme sensitivity, the XPF and ERCC1 mutants were
highly defective in the unhooking of HN2 cross-links. Less than
15% of the cross-links were unhooked after 48 h in drug-free
medium.

The unhooking kinetics of the recombination mutants is

shown in Fig. 4B and C. Although the XRCC2 and XRCC3
mutants are highly sensitive to HN2, they displayed unhooking
kinetics similar to those of their isogenic parents, indicating a
lack of correlation between their hypersensitivity and the abil-
ity to unhook cross-links. Attempts to measure unhooking ki-
netics in the xrs5 line were unsuccessful because a high level of
background DSBs was observed, which obscured the results of
this assay.

Evidence for the occurrence of DSBs following treatment
with HN2. It has been clearly demonstrated that in S. cerevi-
siae, the repair of ICLs, including those induced by HN2,
involves the formation of DSBs (28, 40, 42). However the
formation of DSB intermediates during the repair of cross-
links in mammalian systems has not been systematically ex-
plored. To address this, exponentially growing and confluent
cell cultures were treated with a range of doses of HN2 from 0
to 32 pM for 1 h, and DSB formation was assessed using
PFGE.

As shown in Fig. 5A, DSBs were formed following 1 h of
treatment with HN2 in a dose dependent manner. In exponen-
tially growing cells, release of low-molecular-weight DNA from
the high-molecular-weight DNA plugs as a result of DSBs was
evident at doses as low as 4 puM. DSB induction in nondividing
cells was significantly less efficient than in dividing cells, as has
been shown previously for S. cerevisiae (42). Semiquantitative
analysis of the percentage of DNA released into the gel from
the plugs (Fig. 5B) showed that following treatment with 16
wM HN2 for 1 h, approximately 80% of DNA is released from
dividing cell plugs, compared to only 10% in nondividing cell
plugs. In order to rule out that DSBs were the result of a
DNA-degrading activity of HN2, genomic DNA embedded in
agarose plugs was treated with the same doses of HN2 (0 to 32
wM) and analyzed by PFGE. No DSBs were induced, even at
much higher effective doses, when cellular DNA was exposed
to HN2 (data not shown), indicating that these breaks are a
result of cellular activities during the processing of HN2-in-
duced DNA damage. To investigate whether these DSBs arise
due to the processing of ICLs and are not due to the processing
of monoadducts, induction of DSBs by HN2 and HN1 was
compared. HN1 is a monofunctional alkylating agent, which
can form N-alkylpurine monoadducts but not ICLs. Compari-
son of the alkylation potential of HN2 and HNI1 using the
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FIG. 2. Survival of homologous-recombination mutants. (A) XRCC2 mutants (irs/) and the wild-type cell line V79. (B) XRCC3 mutant (irs/SF) and wild-type AA8
cell line. (C) NHEJ XRCCS5 mutant (xrs5) and the wild-type cell line CHO-K1. Survival was measured after 1 h of treatment with increasing concentrations of HN2.

All results are means of at least three independent experiments, and error bars show the standard error of the mean.
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FIG. 3. Percent decrease in tail moment following 1 h of treatment of AA8
cells with increasing doses of HN2. Results are means of three individual exper-
iments, and error bars show standard error of the mean.

4-(4'-nitrobenzyl)pyridine assay (51) indicated that at equimo-
lar doses, both agents alkylate DNA to a similar extent (data
not shown). As shown in Fig. 5C, in exponentially growing cells
no DSBs were observed following treatment with an equimolar
dose of HN1 (16 uM). Even at a 100 uM dose, HN1 failed to
induce DSBs (data not shown). These observations indicate
that induction of DSBs requires the presence of ICLs.

Homologous recombination repairs DSBs resulting from
HN2 exposure in mammalian cells. To examine the pathways
involved in the repair of DSBs resulting from HN2 exposure,
DSB repair was followed in both homologous recombination-
and NHEJ-defective cell lines. The homologous-recombina-
tion mutants XRCC2 and XRCC3 were severely impaired in
the repair of these DSBs (Fig. 6A). Again, treatment of cells
with HN1 indicated that this agent fails to induce any DSBs
during the 24-h repair period, demonstrating that monoad-
ducts do not induce DSBs with delayed kinetics (data not
shown). Semiquantitative analysis of the gels shown in Fig. 6A
(Fig. 6B) indicated that within 24 h, complete DSB repair had
occurred for the parent cell lines. In contrast, with the XRCC2
and XRCC3 mutants, more than 60% of DNA was still re-
leased from the plugs after 24 h, indicating that little repair of
DSBs had occurred. These results imply a direct relationship
between the extreme sensitivities of XRCC2 and XRCC3 mu-
tants to HN2 and inability to repair DSBs resulting from HN2
exposure. Interestingly, the CHO-K1 parent cell line consis-
tently repaired DSBs more rapidly than the AA8 and V79
parent cell lines (Fig. 6A and B and 7A and B). The XRCC5
mutant, defective in the NHEJ pathway, showed DSB repair
kinetics indistinguishable from that of its isogenic parent cell
line CHO-K1 (Fig. 6A and B). Consistent with sensitivity data,
these results suggest that HNEJ is not involved in the repair of
DSBs resulting from HN2 exposure.

NER-independent origin and repair of DSBs resulting from
HN2. It is clear from Fig. 1, and from other studies (4, 11, 28,
40, 42), that XPF and ERCCI1 are involved in the processing of
ICLs. Therefore, to investigate whether NER activities are
required for the induction of ICL-associated DSBs, the forma-
tion of DSBs in mutant cells was investigated. Surprisingly, as
shown in Fig. 7A and B, all mutants tested, including XPF and
ERCC1, induced DSBs indistinguishably from their AAS8 par-
ent. These results indicate that the DSBs are not a result of
incision activities associated with NER. It is also evident from
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Fig. 7 that the repair of DSBs in ERCC1 and XPF is normal.
This suggests that the extreme sensitivity of these mutants is
entirely the result of a defect in the unhooking step of ICL
repair and not a dual defect in excision repair and recombina-
tion, as has been suggested (47, 55, 59).

DISCUSSION

The precise mechanism by which mammalian cells eliminate
ICLs remains largely unknown, but it is thought that, as in S.
cerevisiae and E. coli, both NER and recombination are in-
volved. The results presented here provide evidence that XPF
and ERCCI1 act in the incision step and XRCC2 and XRCC3
act in a DSB repair recombination step during the elimination
of HN2-induced ICLs but that ERCC1 and XPF are not in-
volved in the recombination arm of repair, as has been sug-
gested previously (47, 55, 59).

Unhooking step of ICL repair. In agreement with previous
reports (1, 15, 26), we confirm that CHO cells defective in XPF
and ERCCI are highly sensitive to HN2 but found that the
XPB, XPD, and XPG mutants are only slightly sensitive. Con-
sistent with their extreme sensitivities, XPF and ERCCI1 cells
were defective in the unhooking of HN2-induced ICLs. In
addition to ICLs, HN2 induces much more abundant but less
toxic monoadducts. The slight sensitivity of XPB, XPD, and
XPG to HN2 seems likely to be due to their involvement in the
elimination of these lesions, since they are clearly proficient in
the initiation of cross-link excision. Indeed, a requirement for
these components in the excision of monoadducts produced by
the closely related nitrogen mustard melphalan has recently
been reported (24). As expected, the XRCC mutants, includ-
ing the highly sensitive XRCC2 and XRCC3 lines, had normal
unhooking kinetics. Therefore, of the components examined,
XPF and ERCCI1 are the only mammalian NER factors re-
quired to produce the incisions that release an ICL.

Bessho et al. (4) have reported that during the repair of
psoralen ICLs by CHO cell extracts, the NER system excises
22- to 28-nucleotide oligomers from the 5’ side of the cross-
link. If such an activity is responsible for removal of cross-links
in vivo, then the XPB, XPD, and XPG mutants would be
expected to show hypersensitivity to cross-linking agents and
an inability to unhook cross-links. Our results do not favor such
an incision activity in the repair of ICLs. The same workers
recently demonstrated that the gap generated by removal of
this oligomer is filled by a futile DNA synthesis reaction (43).
In 90% of the cases, this repair patch terminates at a nick
adjacent to the cross-link, and in 10% of the cases ligation
occurs. In both cases the cross-link remains. They also dem-
onstrated that in the presence of replication protein A (RPA),
the XPF-ERCCI1 heterodimer could act as a 3’ to -5" exonu-
clease on cross-linked DNA with high processivity. This exo-
nucleolytic digestion either terminates immediately past the
cross-link or can continue to the 5’ terminus of the linear
duplex substrates, completely removing one strand (43). This is
consistent with our results, since it does not require other
factors involved in NER apart from ERCCI1 or XPF, and it
results in the unhooking of ICLs in intact cells.

Presence of a DSB intermediate in the processing of an ICL.
Previous studies have clearly demonstrated that DSBs are gen-
erated at both psoralen and HN2 ICLs in dividing yeast cells
(28, 40, 42). We now provide evidence for the dose-dependent
induction of DSBs following HN2 treatment of mammalian
cells. DSBs were not induced following treatment of cells with
the monofunctional agent HNI1, indicating that ICLs are re-
quired for the induction of DSBs. The ICL-associated DSBs
were repaired rapidly, with the majority disappearing by 8 h
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FIG. 5. (A) Induction of DSBs in dividing and nondividing parental V79
cells determined by PFGE. Cells were treated with 0, 4, 16, or 32 uM HN2 for
1 h, embedded in agarose plugs as described in Materials and Methods, and run
on PFGE gels. Release of DNA from plugs indicates the presence of DNA
DSBs. (B) Semiquantitative analysis of the percentage of DNA released from
plugs following HN2 treatment. (C) Comparison of DSB induction following
HN1 and HN2 treatment of dividing V79 cells with 0 and 16 uM for 1 h.

and complete repair at 24 h. These DSBs arise as a result of
cellular activity and are not due to DNA degradation by HN2,
since DSBs were not observed when genomic DNA was
treated. We have also observed the induction of DSBs follow-
ing treatment of cells with other clinically used nitrogen mus-
tard derivatives such as melphalan (data not shown). There-
fore, DSBs are probably a common intermediate following
treatment of dividing cells with the nitrogen mustard family of
cross-linking anticancer drugs. Results obtained with yeast
cells indicate that a necessary role for recombination might be
restricted to S phase, since nondividing haploid yeast cells do
not lose significant viability even when homologous recombi-
nation is completely disabled (in rad52 disruptants) (42). In
these quiescent cells, the activity of polymerase { (REV3 gene)
appears to be important for processing ICL intermediates.
Therefore, we suggest that DSBs are not an obligate interme-
diate in the repair of ICLs, but are nevertheless inevitably
generated during the in vivo replication of cross-linked DNA.

A proposed origin for these DSBs is via incision by NER
components or as a result of the initiation of recombination.

MoL. CELL. BIOL.

However, the normal induction of DSBs in all the repair de-
fective mutants examined makes either of these possibilities
unlikely. Furthermore, the maximum yield of DSBs was de-
tected immediately after drug treatment, when very little ICL
repair would have occurred. Our observation that the induc-
tion of DSBs following HN2 treatment is more efficient in
dividing cells implies that a likely origin of these breaks is the
processing of arrested replication forks. This pathway is cur-
rently poorly understood in eukaryotes (13, 21), although these
events are well described for E. coli (13). Finally, there are
reports of a novel human chromatin-associated DNA endonu-
clease complex which is involved in the repair of DNA ICLs
(33, 34, 35, 36). Although the contribution of such an activity to
the repair of ICLs in whole cells is not known, it is conceivable
that these factors may play a part in the origin of the DSBs
observed following HN2 treatment.

Repair of the DSBs resulting from HN2 treatment. Homol-
ogous recombination is the predominant mechanism by which
ICL-associated DSBs are repaired in S. cerevisiae. Both the
RADS52 and RAD54 genes are essential for this, as is the activity
of Mrell (42). A rad51 disruptant of this organism displayed
only a partial defect in ICL-associated DSB repair, and the
contribution of NHEJ is very minor and can only be detected
when RADS5?2 is disrupted (42). In mammalian cells, both the
NHEJ and homologous recombination pathways play a role in
the repair of DSBs. The contribution of the former is well
established (reviewed in reference 44), but the importance of
the latter is just emerging, and it appears that the pathway
employed depends on the nature of the DSB substrate. DSBs
resulting from ionizing radiation treatment are primarily re-
paired by NHEJ (44), whereas those resulting from I-Scel
endonuclease cleavage are repaired by XRCC2- and XRCC3-
dependent homologous recombination (30, 45).

The identification of mammalian cell lines sensitive to ion-
izing radiation has facilitated the isolation of genes involved in
mammalian DSB repair. Of nine XRCC complementation
groups, the cell lines in the XRCC4 to XRCC7 groups are
defective in a DNA ligase I'V-interacting protein, Ku86, Ku70,
and DNA-Pk_,,, respectively, components of the NHEJ appa-
ratus (44, 46). These are all highly sensitive to ionizing radia-
tion and are all defective in the repair of ionizing radiation-
induced DSBs (29; reviewed in references 44 and 46). In
agreement with previous reports (22, 31), the results of this
study confirm that the XRCC2 and XRCC3 mutants are highly
sensitive to HN2 but the NHEJ mutant XRCCS is only slightly
sensitive. Consistent with these observations, the XRCC2 and
XRCC3 mutants showed impaired repair of DSBs resulting
from HN2 exposure, but the XRCCS5 mutant repaired these
DSBs efficiently. These results confirm that in mammalian
cells, the particular pathway responsible for the processing of
DSBs depends strongly on the nature of the break. The
XRCC2 and XRCC3 mutants did not show a complete defect
in DSB repair, suggesting that there is redundancy in the repair
of different types of DSBs. In this respect, the roles played by
XRCC2 and XRCC3 in homologous recombination are cur-
rently only partly understood. Both XRCC2 and XRCC3 show
limited homology to human Rad51 (39). They are both in-
volved in maintaining chromosome stability during cell division
(14), and it has been shown that mammalian Rad51 induces
the formation of subnuclear foci in response to DNA damage
by ionizing radiation, UV irradiation, methylmethanesulfate,
and cisplatin (6, 25). Interestingly, in the absence of XRCC3,
Rad51 foci are not formed, suggesting that XRCC3 plays a role
in stabilization of Rad51 and these foci during DNA repair (6),
and two-hybrid studies have also shown that human Rad51
protein and XRCC3 protein interact directly (39). Collectively
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FIG. 6. (A) Induction and repair of DSBs in V79 wild-type (WT) cell line and XRCC mutants XRCC2 (irs1), XRCC3 (irs1SF), CHO-K1 parent cell line, and
XRCCS5 (xrs5). Exponentially growing cells were treated with 16 wuM HN2 for 1 h and subsequently allowed to repair in fresh medium for 4, 8, or 24 h. Control cells
(C) were treated with drug-free medium. Samples were then analyzed by PFGE. (B) Semiquantitative analysis of the percentage of DNA released from plugs in the

gel shown in panel A.

these findings suggest that XRCC2 and XRCC3 may act as
accessory factors for Rad51 in homologous recombination.

The presence of several Rad51-like genes in mammals (re-
viewed in reference 54) suggests the presence of subpathways
of recombination which involve different sets of protein fac-
tors. Human and mouse Rad52 show only 30% identity with
the S. cerevisiae factor, and studies in mouse and chicken cells
have shown that the phenotype of RADS?2 deficient vertebrate
cells clearly differs from that of S. cerevisiae (reviewed in ref-
erence 56). Human and mouse Rad54 are about 50% identical
to S. cerevisiae Rad54, and their function is conserved in mam-
malian cells (reviewed in reference 56). In comparison to
XRCC2 and XRCC3 mutants, rad54 '~ mouse cells show only
a small degree of sensitivity to mitomycin C and no UV sen-
sitivity (18). This again suggests the existence of subpathways
of mammalian homologous recombination, and different pro-
teins may contribute differentially to the repair of various types
of DNA lesions, including cross-links.

Model for cross-link repair in mammalian cells. Combining
the results presented in this study and those of several other
significant recent papers (4, 23, 37, 38, 41, 42, 43) leads us to
propose a model for the repair of ICLs in mammalian cells.
Any model must account for the following observations: (i)
DSBs are induced in response to ICLs, but this is dependent on
factors mainly found in dividing cells; (ii) homologous recom-
bination, but not NHEJ, is required for the repair of these
DSBs; (iii) the novel observation of Mu et al. that only XPF
and ERCCI1 are required for ICL unhooking, where the XPF-
ERCCI heterodimer (in the presence of RPA) acts as a 3'-
to-5' exonuclease able to digest DNA past a cross-link (43);
(iv) XPF and ERCCI are not required for the repair of ICL-
associated DSBs; and (v) the strand exchanges stimulated by
ICLs require XPF, ERCCI1, XRCC2, XRCC3, and RPA to
proceed efficiently (38). A proposed model incorporating DSB
formation and ICL repair is outlined in Fig. 8. In dividing cells,
replication forks encountering ICLs are inactivated, and a DSB
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FIG. 7. (A) Induction and repair of DSBs in AA8 wild-type (WT) cell line and NER mutants XPF (UV47), XPG (UV135), XPB (UV23), and ERCC1 (UV96).
Exponentially growing cells were treated with 16 M HN2 for 1 h and subsequently allowed to repair in fresh medium for 4, 8, or 24 h. Control cells (C) were treated
with drug-free medium. Samples were then analyzed by PFGE. (B) Semiquantitative analysis of the percentage of DNA released from plugs from the gel shown in panel A.

is generated by an unknown mechanism. The DSB initiates
homologous recombination, which involves strand invasion
mediated by XRCC2 and XRCC3; this is an early event which
may precede the ERCCI1-XPF excision event. Migration may
be stalled at the site of a cross-link, since it may require cross-
link excision to proceed further. Alternatively, it may extend
past the cross-link, which has been demonstrated for RuvAB
branch migration past a site-specific psoralen cross-link in E.
coli (23). The XPF and ERCCI1 heterodimer unhooks the
cross-link via its 3'-to-5" exonucleolytic activity (43). The gap
generated as a result of XPF-ERCC1-RPA digestion is filled
using the invading strand as the template. The incised cross-
link moiety is subsequently removed in a second XPF-ERCC1
excision event, and the recombination intermediates are re-
solved. We concur with Li et al. (38) that a strong candidate for
the recombinational event is break-induced replication (BIR),
for the following reasons. First, using a mammalian cell-free

assay to measure DNA synthesis induced by the presence of a
single psoralen ICL, these workers demonstrated that homol-
ogy-independent DNA synthesis (BIR does not require signif-
icant homology) occurs on both the damaged plasmid and a
second undamaged plasmid in response to cross-links (38). The
XPF, ERCC1, XRCC2, XRCC3, RPA, and PCNA but not
XPA, XPC, and XPG gene products were required for cross-
link induced DNA incorporation (37, 38). Second, BIR is
largely Rad51 independent in S. cerevisiae, and ICL-associated
DSB repair does not require Rad51 in either this yeast or
mammalian cell extracts (38, 41, 42).

The origins of cross-link-induced DSBs are currently not
known and require further investigation. It appears likely that
in both yeast and mammalian cells they are the product of
activities which act to process a stalled replication fork. This is
an area of intense interest (13, 21), and although the biochem-
ical details of the processes involved are emerging in E. coli,
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FIG. 8. Proposed model for the repair of ICLs in mammalian cells. In divid-
ing cells, the arrest of replication forks near the site of cross-links generates DSBs.
These DSBs initiate XRCC2- and XRCC3-dependent recombination. The XPF-
ERCCI1 heterodimer unhooks the cross-links through its 3'-to-5" exonuclease activ-
ity in the presence of RPA. The gap generated is then filled, using the invading
strand as the template. Second incision activity by the XPF-ERCC1 heterodimer
then completely removes the unhooked cross link adduct. The gap generated is
then filled using newly synthesized complementary strand as the template.

very little is known about these events in eukaryotes. A de-
tailed understanding of molecular events at stalled replication
forks will be required to develop a more detailed picture of the
cellular processes acting to eliminate cross-links in higher or-
ganisms.
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