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ABSTRACT: DNA interstrand cross-links (ICLs) are cytotoxic products of common anticancer drugs and
cellularmetabolic processes, whosemechanism(s) of repair remains poorly understood. In this study, we show
that cross-link structure affects ICL repair in nonreplicating reporter plasmids that contain a mispaired
N4C-ethyl-N4C (C-C), N3T-ethyl-N3T (T-T), or N1I-ethyl-N3T (I-T) ICL. The T-T and I-T cross-links
obstruct the hydrogen bond face of the base and mimic the N1G-ethyl-N3C ICL created by bis-
chloroethylnitrosourea, whereas the C-C cross-link does not interfere with base pair formation. Host-cell
reactivation (HCR) assays in human and hamster cells showed that repair of these ICLs primarily involves the
transcription-coupled nucleotide excision repair (TC-NER) pathway. Repair of the C-C ICL was 5-fold more
efficient than repair of the T-T or I-T ICLs, suggesting the latter cross-links hinder lesion bypass following
initial ICL unhooking. The level of luciferase expression from plasmids containing a C-C cross-link remnant
on either the transcribed or nontranscribed strand increased in NER-deficient cells, indicating NER
involvement occurs at a step prior to remnant removal, whereas expression from similar T-T remnant
plasmids was inhibited in NER-deficient cells, demonstrating NER is required for remnant removal.
Sequence analysis of repaired plasmids showed a high proportion of C residues inserted at the site of the
T-T and I-T cross-links, and HCR assays showed that Rev1 was likely responsible for these insertions. In
contrast, both C andG residues were inserted at the C-C cross-link site, and Rev1 was not required for repair,
suggesting replicative or other translesion polymerases can bypass the C-C remnant.

Interstrand cross-links (ICLs)1 covalently link two bases on
opposite strands of the DNA helix and can be formed by both
endogenous and exogenous sources. ICLs are among the most
cytotoxic DNA lesions to cells because they prevent the two
DNA strands from separating, thereby inhibiting DNA replica-
tion and transcription. Additionally, DNA ICLs are cytotoxic
products of bifunctional alkylating agents commonly used in
cancer chemotherapy (1-3). If left unrepaired, ICLs signal cell
death pathways. However, some cancer patients can become
resistant to these types of chemotherapies through increased
capacity for ICL repair (4-6). DNA ICLs also form endogen-
ously as a result of reaction with lipid peroxidation byproducts
(malondialdehyde, crotonaldehyde, and acrolein), nitric oxide,
and abasic sites (7-12). Furthermore, lipid peroxidation pro-
ducts have been identified as one class of clinical biological
markers for aging (13). A recent finding shows how long-term
cancer survivors, who have received chemotherapeutic cross-
linking agents, display symptoms of premature aging, a condition

known as acquired premature progeroid syndrome (APPS) (13).
Many proteins implicated in ICL repair have associated defi-
ciency syndromes that display accelerated aging phenotypes,
suggesting that ICLs left unrepaired contribute to aging pheno-
types (14-16). Although ICL repair appears to be important for
the normal maintenance of genome integrity, enhanced ICL
repair in tumor cells treated with cross-linking agents can become
detrimental to the efficacy of cancer treatments.

Nucleotide excision repair (NER), homologous recombina-
tion, translesion synthesis, and many other repair pathways and
proteins have been implicated in mammalian ICL repair, but the
precise molecular mechanism(s) remains elusive (1, 3, 17). In
Escherichia coli and Saccharomyces cerevisiae, NER is respon-
sible for the initial release of the cross-link from one of the DNA
strands (18, 19). After release of the cross-link, a process termed
“unhooking”, ICLs can be repaired in a homologous recombina-
tion-dependent manner when a nondamaged template is avail-
able in both prokaryotes and eukaryotes (19, 20). Additionally, a
recombination-independent repair pathway has been previously
identified in E. coli (21, 22), in S. cerevisiae (23, 24), and in
mammalian cells (25-28) that is required if a nondamaged
template is not available, as is the case for the G1 phase of the
cell cycle. This error-prone, recombination-independent pathway
appears to utilize translesion synthesis to bypass the cross-link
remnant to complete repair of the lesion; consequently, this path-
way is likely to be essential for nondividing cells, such as neurons,
as well as in dividing cells during the G1 phase of the cell cycle.
Recent studies have suggested that cross-link structure and distor-
tion levels affect how ICLs are recognized and repaired (21, 29-31).
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ICLs arising from various endogenous and exogenous sources have
a variety of different structures. In this study,we examined the effect
of cross-links that obstruct the hydrogen bond face of a base on ICL
repair in mammalian cells. Such obstruction could prevent DNA
from serving as a faithful template during repair synthesis and
thus affect overall ICL repair. We hypothesized that the location
of the covalent linkage in the interstrand cross-link will dictate
repair efficiencies and the involvement of repair proteins during
replication-independent ICL repair in mammalian cells. To test this
hypothesis, we prepared plasmid DNAs containing a single site-
specific mispaired N4C-ethyl-N4C, mispaired N3T-ethyl-N3T, or
mispaired N1I-ethyl-N3T ICL (structures shown in Figure 1) and
characterized their repair in mammalian cells. Plasmid DNAs that
contained either the C-C or T-T cross-link remnants placed on the
transcribed strand or nontranscribed strand were also prepared.
These substrates allowed further investigation of the importance of
lesion remnant removal in ICL repair outside of replication.
Furthermore, repaired ICL-containing plasmids were isolated from
wild-type mammalian cells and analyzed by DNA sequencing to
determine the effect of cross-link structure on lesion bypass. We
found that ICLs that covalently block the hydrogen bond face of
the base display significantly lower repair efficiencies than ICLs that
do not interfere with the hydrogen bond face.

EXPERIMENTAL PROCEDURES

Materials. Protected deoxyribonucleoside 30-O-phosphor-
amidites and oligonucleotide synthesis reagents were obtained
fromGlen Research, Inc. Polynucleotide kinase, T4 DNA ligase,
E. coliDNApolymerase I (Klenow fragment), EcoRI, and BstXI
were obtained from New England Biolabs, Inc. Van91I was
obtained from Fermantas, Inc. Reactions employing these en-
zymes were conducted in buffer supplied by the manufacturer.
All oligonucleotides were synthesized on an ABI DNA synthe-
sizer (model 3400) and purified using high-performance liquid
chromatography (HPLC) on a Varian instrument using a
0.4 cm � 25 cm Dionex strong anion exchange (SAX) column.
MALDI-TOF mass spectrometry was conducted on an Applied
BiosystemsVoyagermass spectrometer at theMass Spectrometry/
Proteomics Facility, Johns Hopkins School of Medicine, with
support from a National Center for Research Resources shared
instrumentation grant (1S10-RR14702). Phosphorimage screens
were read on a Fuji Film FLA-7000 phosphorimager.

Substrate Preparation. The sequences of the nondamaged
control, cross-linked, and monoadducted duplexes used to pre-
pare the reporter plasmids are shown in Figure S1 of the Sup-
porting Information. Alkyl cross-linked duplexes containing a
N4C-ethyl-N4C, N3T-ethyl-N3T, or N1I-ethyl-N3T ICL (see
Figure 1) were synthesized, purified, and characterized as pre-
viously described (32-34). The oligonucleotide containing the
N4C-ethyl-N4C cross-link remnant (monoadduct) on the tran-
scribed strand (t.s.) was prepared using a O4-triazole-U at the
position of C followed by reaction with 50-O-dimethoxytrityl-
30-O-tert-butyldimethylsilyl-N4-(2-aminoethyl)deoxycytidine
as previously reported (31, 34). Oligonucleotides containing a
N4C-ethyl-N4C cross-link remnant on the nontranscribed strand
(non t.s.) and a N3T-ethyl-N3T cross-link remnant on either the
t.s. or non t.s. strand were prepared using cross-link phosphor-
amidites (32, 35) that contained 50-O,30-O-bis-tert-butyldimethyl-
silyl groups on the nucleoside lacking the β-cyanoethyl-N,N0-
diisopropyl phosphoramidite group. The compositions of these
oligonucleotides were confirmed byMALDI-TOFmass spectro-
metry: C-C t.s. m/z expected 3545, m/z observed 3544.4; C-C
non t.s. m/z expected 3838, m/z observed 3837.94; T-T t.s. m/z
expected 4441, m/z observed 4442.60; and T-T non t.s. m/z
expected 4855, m/z observed 4856.30.

Cross-link-, cross-link remnant-, and non-cross-link-contain-
ing plasmids were prepared as outlined in Figure 2A. First,
p3CMV, a 5.7 kb plasmid containing a CMV promoter and a
firefly luciferase reporter gene (Luc), was generated by insertion
of a CMV promoter into the multicloning site of pGL3-Basic
(Promega). Next, p3CMV was digested with Van91I and BstXI
to produce linear plasmidDNA 2A.1, which was gel purified. An
adaptor duplex, whose sequence includes part of the recognition
site for BstXI, was then ligated to the BstXI compatible end.
A second ligation of a short cross-linked,monoadducted, or non-
cross-linked linear duplex to the Van91I compatible end was
conducted at 0.4 μM to create 2A.2. The excess duplexes were
removed after each ligation step using a MicroSpin S-400 spin
column. PlasmidDNAwas then digested with BstXI to cleave off
the adaptor duplex, and the resulting linear duplex 2A.3 was
purified on a spin column to remove the cleaved adaptor oligo-
nucleotide. TheDNAwas circularized by incubation of 1 nM 2A.3
with T4 DNA ligase. The resulting circular damaged plasmid
DNA, p3CMV-X, was purified using cesium chloride-ethidium

FIGURE 1: Structures of the mismatch N4C-ethyl-N4C (C-C), N3T-ethyl-N3T (T-T), and N1I-ethyl-N3T (I-T) interstrand cross-links. The ethyl
linkerwithin theC-C cross-link does not hinder theWatson-Crick hydrogenbond face and consequently does not impede the ability of the cross-
link to correctly form a hydrogen bond with guanine. Conversely, the ethyl linkers within the T-T and I-T cross-links block the Watson-Crick
hydrogen bond face of the adducted base.
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bromide density gradient centrifugation, which separates the
circular plasmid from linear and nicked circular species. The
purified plasmid was extracted with 1-butanol [saturated with
1� TE (pH 8.0)] to remove the ethidium bromide, ethanol pre-
cipitated, aliquoted, and stored in 1� TE (pH 8.0) at-20 �C. For
the plasmids containing an I-T ICL or cross-link lesion remnants,
an additional EcoRI digestion was performed prior to the CsCl
step to remove the contaminating original plasmid. The resulting
cross-linked plasmids contained a single site-specific ICL 31 nt
downstream of the end of the CMV promoter and 73 nt upstream
of the transcription start site of the firefly luciferase gene. To
ensure that the plasmids contained the inserted duplex, the purified
plasmids were incubated with EcoRI, whose recognition sequence
is present only in the original insert of p3CMV. In the case of the
cross-linked plasmids, the presence of the cross-linkwas confirmed
by digestion of the plasmid with HindIII which released a 150 bp
cross-linked fragment. The overhanging ends of this fragment and
those of the linear plasmid DNA were filled in with radiolabeled
nucleotides using theKlenow fragment ofDNApolymerase I. The
reaction products were analyzed on a 6% denaturing polyacryl-
amide gel run at 60 �Cdescribed in ref 30, and the results are shown
in Figure 2B and Figure S2 of the Supporting Information. The
purity of the cross-linked plasmids was additionally confirmed by
directly electroporating each purified cross-linked plasmid into a
repair-deficient E. coli uvrA recA mutant strain (AB2480).
Cell Culture. Wild-type CHO (AA8), UV135 (XPG), UV61

(CSB), GM15983 (XPC), and irs1SF (XRCC3) cells were
generous gifts from M. Seidman. The HeLa cells were a gift
from M. Matunis. The V79 cells were a gift from L. Hanakahi.
Hec59 and Hec59þChr.2 cells were gifts from R. Legerski.
HCT116 and HCT116þChr.3 were gifts from A. Clark. The
MEF cell lines were kind gifts from N. de Wind andM. Moriya.
The DT40 cell lines were a generous gift from J. Sale. UV41

(XPF) cells were purchased from the American Type Culture
Collection (ATCC).

Wild-type HeLa cells were grown in DMEM supplemented
with 10% fetal bovine serum (FBS). The human mutant cell line,
GM15983 (XPC), was also grown inDMEM supplemented with
10% FBS. Wild-type V79 cells were grown in minimal essential
medium (MEM) R supplemented with 10% FBS. Wild-type
Chinese hamster ovary (CHO) cells (AA8) and their derived
mutants, UV41 (XPF), UV135 (XPG), and UV61 (CSB), were
grown inminimal essentialmedium (MEM)R supplementedwith
10%FBS. Themismatch repair humanmutant cell line, HCT116
(hMLH1), and its complemented parental cell line, HCT116þ
Chr.3, were also grown in minimal essential medium (MEM)
R supplemented with 10% FBS. The mismatch human repair
mutant cell line Hec59 (hMSH2) and its complemented parental
cell line, Hec59þChr.2, were grown in DMEM/F12 supplemen-
ted with 10% FBS. Wild-type and REV1-/- MEF cells were
grown in DMEM supplemented with 10% FBS. DT40 wild-type
and REV1-/- cells were grown in DMEM supplemented with
10% FBS and 3% chicken serum. All cells were grown in the
presence of 100 units/mL penicillin and 100 μg/mL streptomycin.
The complemented parental lines for the mismatch repair
mutants, HCT116þChr.3 and Hec59þChr.2, were grown in
the presence of 400 μg/mL G418.
Transfection and Host-Cell Reactivation Assays. Tran-

sient transfections were performed using Lipofectamine 2000
transfection reagent (Invitrogen) as recommended by the man-
ufacturer. Cells seeded in 24-well plates at a density of 8.5-13 �
104 cells/well were cotransfected with 2.5 ng of either a non-
damaged or damaged reporter plasmid DNA (p3CMV-X),
0.25 ng of a Renilla nondamaged plasmid (pHRL-TK), and
212.5 ng of filler DNA (pGEM3Z). Serum-free medium contain-
ing the DNA-liposome complex was replaced after 6 h with the
cell line’s normal growth medium. Cells were lysed 26 h after

FIGURE 2: (A) Schemeof cross-linkedplasmid preparation.First, p3CMVwasdoublydigestedwithVan91I andBstXI to create the linear duplex,
2A.1. Next, an adaptor duplexwas ligated onto theBstXI compatible end followedby ligationwith the cross-linkedduplex to form 2A.2. Blocking
one endof the duplex preventedmultiple ligations of the cross-linkedduplex.Digestion byBstXI released the adaptor duplex toproduce the cross-
linked linear duplex, 2A.3. Finally, the linear cross-linked duplex was circularized under dilute conditions to form the single site-specific
interstrand cross-linked plasmid, p3CMV-X. (B) Characterization of interstrand cross-linked plasmids. Plasmids were digested with a restriction
enzyme to release a 150 bp fragment, and the fragments were radiolabeled using the Klenow fragment ofE. coliDNA polymerase I. The labeled
fragments were then analyzed on a 6% gel under denaturing conditions.
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transfection, and the luciferase activity was determined using the
Dual-Luciferase Reporter Assay System (Promega). The relative
light units (RLU) were measured using a Turner Designs TD
20/20 luminometer. For the MEF cells, a reverse transfection
method was performed whereby 2.5 � 105 cells in serum-free
medium were seeded in combination with the DNA-liposome
complex described above. Serum-free medium containing the
DNA-liposome complex was replaced after 6 h with normal
serum-containing growth medium, and the cells were lysed 26 h
after transfection. For the DT40 cells, 2.5 � 105 cells in serum-
containing medium were seeded in combination with the
DNA-liposome complex described above, and the cells were
lysed 26 h after transfection. At least three replicates were
conducted for each transfection, and the standard error was
determined. For a given damaged plasmid in a given cell line, the
percent repair efficiencywas determined as the percent expression
from the damaged plasmid relative to that of the corresponding
nondamaged control plasmid.
Isolation of Plasmid DNA from Mammalian Cells and

Lesion Bypass Analysis. For sequencing analysis, the Lipo-
fectamine complex containing 50-150 ng of cross-linked plasmid
(p3CMV-X) was transfected into HeLa cells seeded at a density
of 15 � 105 cells per 60 mm dish. The cells were lysed 26 h after
transfection, and plasmid DNA was recovered by a Hirt extrac-
tion method (36). The C-C ICL repaired plasmids were isolated
from the nuclear fraction to reduce background colonies (see
Results), but the other repaired ICL plasmids were isolated from
a whole-cell lysate. Isolated plasmids were then electroporated
into an ICL repair-deficient E. coli uvrA recA mutant strain
(AB2480), and the transformed bacteria were grown on LB/amp
plates. Plasmid DNA from the resulting colonies was isolated
using a Qiagen Mini-Prep kit. The plasmid DNA was digested
with EcoRI to ensure that the isolated plasmids contained the
cross-link-containing insert sequence. The transcribed strands of
the isolated repaired plasmids were then sequenced to determine
the effect of cross-link structure on lesion bypass.

RESULTS

Structures of DNA Interstrand Cross-Linked Sub-
strates. The chemical structures of the mispaired N4C-ethyl-
N4C (C-C), mispaired N3T-ethyl-N3T (T-T), and mispaired
N1I-ethyl-N3T (I-T) interstrand cross-links used in this study
are shown in Figure 1. Each of the interstrand cross-links
contains an ethyl linker that covalently tethers the two strands
of the DNA duplex. The ethyl group of the N4C-ethyl-N4C ICL
links the exocyclic amino groups of the cytosines, an arrangement
that does not interfere with the Watson-Crick hydrogen bond
face of the base pair (34, 35). This ICL mimics alkyl cross-links
that are formed by nitrogen mustards. In contrast, the ethyl
linker of the T-T and I-T ICLs links ring nitrogens of the bases
and consequently obstructs their Watson-Crick hydrogen bond
faces (32, 33). These ICLs mimic the N1G-ethyl-N3C ICL
formed by the chemotherapeutic agent bischloroethylnitrosourea
(BCNU).
Preparation and Characterization of Plasmids Containing

a Single Site-Specific Cross-Link or Cross-Link Remnant.
Short synthetic duplexes containing single site-specific cross-links
or cross-link remnants were synthesized and purified as previously
described (32-35). The sequences of these duplexes are shown in
Figure S1 of the Supporting Information. The duplexes were
designedwith overhanging ends complementary to restriction sites

within the luciferase reporter plasmid, p3CMV.Nondamaged and
damaged plasmid substrates were prepared by the method shown
inFigure 2A. In this procedure, an adaptor duplexwas first ligated
to the linearized plasmid to prevent the cross-linked or remnant-
containing duplex from subsequently ligating to both ends of the
DNA. Because ligations of both the adaptor and damaged
duplexes are bimolecular reactions, they were performed at
moderately high plasmid DNA concentrations of 0.4 μM, which
resulted in yields ofg90%.The adaptor duplex contained part of a
restriction enzyme recognition sequence that permitted its cleavage
to create a cross-link- or cross-link remnant-containing linear
plasmid that could subsequently be circularized. The circulariza-
tion reaction, a unimolecular reaction,was performed at lowDNA
concentrations, conditions that disfavor formation of multiple
linear duplexes.We found that circularization reactions conducted
at concentrations of <1.0 nM resulted in the smallest amount of
multimerization. The resulting circular, cross-linked plasmid
DNA, p3CMV-X, was purified by centrifugation using cesium
chloride-ethidiumbromide density gradients. This procedure was
used to prepare up to 10 μg of damaged plasmid that contained a
site-specific ICL or cross-link remnant and control plasmids that
contained a nondamaged duplex.

The original plasmid, p3CMV, contained an EcoRI recogni-
tion site in the insert sequence that was removed with the BstXI
and Van91I digestions. Each of the purified nondamaged and
damaged plasmids was treated with EcoRI to ensure that it did
not contain the original insert. No linearization was detected
when the EcoRI-treated plasmids were analyzed by agarose gel
electrophoresis in the presence of SYBR Green, a result that
confirmed the correctly inserted sequence was present in all
plasmid substrates (data not shown).

The cross-linked plasmids were further characterized by first
digesting them with the HindIII restriction enzyme. This treat-
ment releases a 150 bp fragment that contains the cross-link. The
products of this digestion were labeled by a Klenow fill-in
reaction and then analyzed by electrophoresis on a denaturing
polyacrylamide gel. As shown in Figure 2B and Figure S2 of the
Supporting Information, two products were observed: the 150 bp
cross-linked duplex, whose mobility is significantly slower than
that of the corresponding 150 bp non-cross-linked duplex, and
the much larger linear plasmid DNA. There were no detectable
non-cross-linked fragments in any of the cross-linked prepara-
tions. In addition, purified cross-linked plasmids were directly
electroporated into a repair-deficient uvrA recA mutant strain
(AB2480) to quantify the amount of contaminating non-cross-
linked plasmid. All three of the cross-linked plasmid preparations
had between 0.5 and 0.8%of the number of colonies compared to
a nondamaged control plasmid when propagated in this strain.
This result indicates that the purity for all of the purified cross-
linked substrates is greater than 99%. As noted in Experimental
Procedures, an additional EcoRI digestion to remove the con-
taminating non-cross-linked plasmid in the final sample was used
in the preparation of the I-T ICL and the cross-link remnant
plasmid preparations. This extra step did not significantly
enhance the level of purity as the level of contaminating plasmid
was similar for all three cross-links.
Effect of Cross-Link Structure on Replication-Indepen-

dent ICL Repair in Mammalian Cells. We have observed an
NER-independent unhooking reaction that was responsive to the
level of distortion of the ICL, but not the chemical structure (30).
We then demonstrated that after unhooking, the T-T and
I-T cross-links, which block the hydrogen bond face, are not



Article Biochemistry, Vol. 49, No. 18, 2010 3981

bypassed by theKlenow fragment ofE. coliDNAPol I, T7DNA
polymerase, or DNA polymerases present inManley-type mamma-
lian cell extracts, although theC-Ccross-linkwas efficientlybypassed
in all cases (31). To examine whether cross-link structure affects ICL
repair in vivo, HCR assays were performed using nonreplicating
plasmids containing either the C-C, T-T, or I-T cross-link in wild-
type human (HeLa) cells and in wild-type Chinese hamster ovary
(CHO) cells. For each cell line, the percent repair efficiency was
determined as the percent expression from the damaged plasmid
relative to that of the corresponding nondamaged control plasmid.

The results of these experiments are shown in Figure 3.
Expression of the luciferase gene from the plasmid containing
the C-C ICL relative to that from the corresponding non-cross-
linked control plasmid, a measure of cross-link repair efficiency,
was approximately 24% in HeLa cells and 23% in CHO cells.
These results, which are similar to those of Li and colleagues
(25, 26), who studied repair of psoralen and mitomycin C
interstrand cross-links, demonstrate that both cell types are
capable of repairing the interstrand cross-link under conditions
that do not depend on replication of the plasmid or the presence
of nondamaged donor plasmids. Repair was also observed for
plasmids containing the T-T or I-T cross-link. However, the
repair efficiencies for the T-T ICL in HeLa and CHO cells were
3.4 and 5.0%, respectively, and for the I-T ICL in HeLa and
CHO cells 1.4 and 2.4%, respectively. These data show that
cross-link structure affects repair and that blocking the hydrogen
bond face of the base significantly reduces the repair efficiency of
DNA interstrand cross-links.
The Requirement of NER in Replication-Independent

ICL Repair Is Independent of ICL Structure.We and others
have previously shown, in vitro, that the NER pathway makes
dual 50 incisions removing an undamaged oligo 50 of an ICL but
does not unhook the cross-link in mammalian cell extracts
(30, 31). To further examine the role of NER in replication-
independent ICL repair in vivo, HCR assays were completed for
the plasmids containing C-C, T-T, or I-T ICLs in wild-type CHO
cells (AA8) and derived NER mutants, UV41 (XPF), UV135
(XPG), and UV61 (CSB), to determine if replication-independent
repair is NER-dependent. As shown in Figure 4A, the repair
efficiency of the C-C ICL was reduced from 23% in wild-type

cells to 3.6, 5.1, and 4.0% in the XPF mutant, XPGmutant, and
CSB mutants, respectively. Similar reductions were seen for
the T-T and I-T cross-links. The repair efficiencies in the XPF
mutant, XPGmutant, and CSBmutants were 1.6, 2.8, and 2.9%,
respectively, for the T-T ICL (Figure 4B) and 0.7, 0.6, and 0.7%,
respectively, for the I-T ICL (Figure 4C). These results show that
transcription-coupled nucleotide excision repair (TC-NER) is
required for repair of all three ICLs.

FIGURE 3: Cross-link structure affects interstrand cross-link repair in
wild-typemammalian cells. The graph represents data obtained from
HCRassays employing plasmids containing a single site-specificC-C,
T-T, or I-T ICL. Percent repair efficiency represents the relative level
of luciferase expression from a damaged plasmid compared to that
from a nondamaged control plasmid. Six replicates were performed,
and the error bars represent the standard error for each data point.

FIGURE 4: Transcription-coupled nucleotide excision repair (TC-
NER) is involved in interstrand cross-link repair inmammalian cells.
The graph represents data obtained from HCR assays employing
plasmids containing a single site-specific C-C, T-T, or I-T ICL.
Percent repair efficiencies of the C-C (A), T-T (B), and I-T (C) ICL
interstrand cross-linked plasmids transfected into wild-type CHO
cells (AA8) and derived NERmutants UV41 (XPF), UV135 (XPG),
and UV61 (CSB) are shown and represent the relative level of
luciferase expression from a damaged plasmid compared to that
from a nondamaged control plasmid. Six replicates were performed,
and the error bars represent the standard error for each data point.
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The nucleotide excision repair pathway consists of two sub-
pathways, global genome repair (GG-NER) and TC-NER.
Because the cross-links are positioned in the transcribed region
between the CMV promoter and the luciferase reporter gene, the
plasmids should undergo constitutive transcription, and there-
fore, it is not surprising that the TC-NER subpathway is involved
in the repair of these ICLs.

To determine if the GG-NER subpathway is also involved, we
examined the involvement of XPC which, along with hHR23B,
forms the initial damage recognition factor inGG-NERyet is not
required for TC-NER. We conducted HCR assays in a human
cell line deficient in XPC as shown in Figure 5. Although there
was a slight reduction in the repair efficiency for the T-T ICL in
the XPC-deficient cells, the repair efficiencies for the C-C and I-T
interstrand cross-links were not significantly affected in XPC-
deficient human cells relative to a human wild-type cell line
(HeLa). As a result, TC-NER appears to be the dominant NER
subpathway responsible for repair of ICLs when using the
plasmid reporter system in vivo.
Homologous Recombination and Mismatch Repair Are

Not Required for Repair of Replication-Independent ICL
Repair. To verify that homologous recombination is not in-
volved in replication-independent interstrand cross-link repair,
repair efficiencies for each cross-linked plasmid were analyzed in
an XRCC3-deficient cell line that lacks a member of the RecA/
Rad51-related protein family and cannot undergo homologous
recombination. As demonstrated by the data shown in Figure S3
of the Supporting Information, the repair efficiencies of each of
the cross-linked plasmids in the XRCC3-deficient cell line, its
wild-type parental rodent cell line V79, and wild-type rodent
cell line AA8 were comparable. This result confirms that homo-
logous recombination is not required for replication-independent
ICL repair.

To examine whether the inherent mismatches within the C-C,
T-T, and/or I-T ICLs elicit a mismatch repair response, HCR
assays were conducted in two mismatch repair-deficient human
cell lines, Hec59 and HCT116. The repair efficiencies of each

cross-linked plasmid in theMSH2-deficient (Hec59) cell line were
compared to that of its parental cell line, Hec59 complemented
with chromosome 2, and to that of a human wild-type cell line
(HeLa) as shown in Figure S4 of the Supporting Information.
There was no significant difference between the hMSH2-deficient
and hMSH2-proficient cells, indicating neither MutSR nor
MutSβ is involved in reactivation of the reporter plasmids, as
the hMSH2 peptide is part of both proteins. Similarly, repair
efficiencies were determined in a hMLH1-deficient (HCT116)
human cell line and compared to those of its parental line,
HCT116 complemented with chromosome 3. As shown in Figure
S5 of the Supporting Information, there was a slight decrease in
efficiency of repair (14% in thewild type vs 9% in themutant) for
the C-C plasmid, but not for the T-Tor I-T plasmid. To test if this
minor involvement of hMLH1 in repair of the C-C ICL was
caused by the mismatch or the structure of the cross-link, we
examined the repair efficiencies of a plasmid that contained the
sameN4C-ethyl-N4C cross-link in a -CG- staggered sequence (see
Figure S2 of the Supporting Information) rather than in a
mismatch context. The -CG- oriented ICL has the same chemical
structure as theC-Cmismatched ICLandhas essentially no effect
on the structure of the DNA helix (35). As shown in Figure S5 of
the Supporting Information, the reduction in repair efficiency
was similar for both the -CG- and C-C ICLs, indicating that the
involvement of hMLH1 is not dependent on the C-C mismatch
but rather is dependent on the structure of the N4C-ethyl-N4C
lesion.
NER Is Not Required for Cross-Link Remnant Removal

of the C-C ICL. The HCR assay measures a final readout of
luciferase expression, and many different steps in the ICL repair
process must take place before the luciferase gene is expressed.
For instance, unhooking and repair synthesis at aminimummust
take place before expression is allowed. It is not clear whether the
cross-link remnant affects expression in the HCR assay and if
NER is required for remnant removal. Because many steps are
actually being monitored in the HCR assay, a reduced level of
luciferase expression from a cross-linked plasmid in a mutant cell
line indicates the protein’s involvement in repair, but the exact
step(s) at which it is acting remains in question.

We have previously shown that the unhooked product we
observe in mammalian cell extracts contains only a single tethered
base (31). Therefore, these plasmids mimic an ICL repair inter-
mediate that we have observed in mammalian extracts that has
undergone unhooking and repair synthesis. To investigatewhether
NER is required for the cross-link remnant removal step of
replication-independent ICL repair in cultured cells, plasmids
containing a cross-link remnant lesion with a single tethered base
were generated. HCR assays were first performed with plasmids
containing a C-C cross-link remnant placed on either the trans-
cribed or nontranscribed strand. As displayed in Figure 6Ai, when
the C-C cross-link remnant was placed on the transcribed strand,
the efficiency of luciferase expression was 52 and 34% of that of
the nondamaged control plasmid in wild-type AA8 (CHO) and
HeLa cells, respectively. In contrast, the plasmids containing the
C-C cross-link remnant on the nontranscribed strand had relative
expression efficiencies of 113% in AA8 cells and 92% in HeLa
cells. These results suggest that in wild-type cells, transcription is
only partially inhibited when the C-C cross-link remnant is placed
on the transcribed strand and that it has essentially no effect when
placed on the nontranscribed strand.

HCR assays were then conducted in hamster NER-deficient
cell lines. As shown in Figure 6Aii, the level of luciferase

FIGURE 5: Repair efficiencies of C-C, T-T, and I-T interstrand cross-
linked plasmids transfected into HeLa or XPC-deficient cells. The
graph represents data obtained from HCR assays that are biased
toward transcription-coupled repair as the plasmids used contain a
single site-specific C-C, T-T, or I-T ICL between a constitutive CMV
promoter and a luciferase gene. The repair efficiencies represent the
relative level of luciferase expression from a damaged plasmid
compared to that from a nondamaged control plasmid. Six replicates
were performed, and the error bars represent the standard error for
each data point.
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expression increased in the XPF, XPG, and CSB mutants
regardless of whether the C-C cross-link remnant was located
on the transcribed or nontranscribed strand of the plasmid. These
results suggest that transcription past the N4C-ethyl-N4C cross-
link remnant ismore efficient in the absence of an intact TC-NER
complex.

To determine ifGG-NER impedes transcription past theN4C-
ethyl-N4C cross-link remnant, HCR assays were conducted in
human XPC-deficient cells. The results of this experiment, which
are shown in Figure 6Aiii, suggest that the proteins involved in
the GG-NER pathway also act as impediments to transcription
past a C-C cross-link remnant located on either strand of the
plasmid.
The Requirement of NER for T-T Cross-Link Remnant

Removal Is DNA Strand-Dependent. HCR assays were next
performed with plasmids containing a T-T cross-link remnant

placed on either the transcribed or nontranscribed strand. As
displayed in Figure 6Bi, when the T-T cross-link remnant was
placed on the transcribed strand, the level of luciferase expression
was 45 and 44% of that of the nondamaged control in wild-type
AA8 (CHO) and HeLa cells, respectively. The plasmids contain-
ing the T-T cross-link remnant on the nontranscribed strand
had slightly higher levels of luciferase expression, 69 and 53% in
AA8 (CHO) and HeLa cells, respectively. These results indicate
that the presence of a N3T-ethyl-N3T cross-link remnant on
either the transcribed or nontranscribed strand partially impairs
transcription in wild-type cells.

The T-T remnant-containing plasmids were subsequently
assayed in the NER-deficient cell lines as displayed in
Figure 6Bii. The level of luciferase expression in all three of the
TC-NERmutants declined substantially for the plasmid contain-
ing the T-T remnant on the transcribed strand. Thus, it appears

FIGURE 6: Expression of luciferase from plasmids containing a C-C (A) or T-T (B) cross-link remnant on the transcribed (t.s.) or nontranscribed
(non t.s.) strand after transfection intowild-typeHeLaorAA8 cells (Ai andBi);XPF-deficient (UV41),XPG-deficient (UV135), orCSB-deficient
(UV61) hamster cells (Aii and Bii); or XPC-deficient human cells (Aiii and Biii). The luciferase expression is given as the percent expression of a
nondamaged control plasmid. Three replicates were performed, and the error bars represent the standard error for each data point.
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that a functional NER complex is essential for transcription past
this T-T remnant when it is located on the transcribed strand.
Surprisingly, the level of luciferase expression was also reduced
in the absence of intact NER machinery when the T-T remnant
was placed on the nontranscribed strand. This result suggests
that removal of the remnant from the nontranscribed strand,
although not absolutely necessary for transcription, does facili-
tate transcription.

To determine if GG-NER is involved in T-T cross-link
remnant removal, HCR assays were conducted in a human
XPC-deficient cell line. The results of this experiment, which
are shown in Figure 6Biii, show that the proteins involved in the
GG-NER pathway also appear to enhance transcription past the
T-T cross-link remnant on either strand, although to a lesser
extent than the proteins involved in TC-NER. This result
suggests that in the HCR assay, TC-NER is the dominant
NER subpathway required for transcription past a T-T cross-
link remnant lesion placed on either DNA strand.

Taken together, the data suggest that the NER dependence
observed in replication-independent repair of the C-C ICL is due
to an ICL repair step preceding the cross-link remnant removal
step and is not due to the cross-link remnant removal itself.
Conversely, NER is required for T-T cross-link remnant
removal. Accordingly, the dependence of NER for cross-link
remnant removal depends on cross-link structure and on the
strand on which the damage is located.
Cross-Link Structure Affects Lesion Bypass of Replication-

Independent ICL Repair in Mammalian Cells. We next
sequenced the repaired plasmids to determine the base com-
position at the site of the cross-links. Following transfection
into HeLa cells, plasmids originally containing a single C-C,
T-T, or I-T ICL were isolated from the cells using a modified
Hirt procedure (36) and the recovered plasmids were electro-
porated into a repair-deficient E. coli uvrA recA mutant strain
(AB2480). This strain was used to prevent bacterial repair of
remaining unrepaired cross-linked plasmids transformed into
E. coli, so that only repair from mammalian cells was moni-
tored. Colonies were then isolated from the repair-deficient
E. coli strain and analyzed by sequencing the DNA of the
transcribed strand.

To validate that the observed repair was conducted by the
HeLa cells and not by the bacterial cells, cross-linked plasmids
were directly transformed into the AB2480 strain. The transfor-
mation efficiencies in these cells of the C-C, T-T, and I-T ICL
plasmids compared to that of a nondamaged control plasmid
were 2.7, 0.8, and 0.7%, respectively. Thirty colonies derived
from each cross-linked plasmidwere tested for their susceptibility
to digestion by EcoRI to determine if they originated from a
contaminating plasmid that never contained the cross-link insert.
Only the C-C ICL had colonies that were refractory to EcoRI, a
result that suggests that the repair-deficient E. coli strain can
repair only the C-C ICL and not the T-T or I-T ICL. Although
the repair-deficient AB2480 strain showed repair of the C-C ICL
plasmid, the level of repair was very low (∼2.2%) compared to
that of a nondamaged control. Twenty-four colonies that were
refractory from theC-C ICL experimentswere sequenced, and all
were repaired in an error-freemanner. To reduce the background
in the sequence analysis experiment for the C-C ICL plasmids,
plasmids were isolated from the nuclear fraction. Because no
direct repair occurred in the repair of the T-T and I-T ICLs in the
bacterial mutant strain, the repair seen for these cross-links arose
only from the mammalian cells.

Although no 1 bp deletions or mutations were seen at sites
adjacent to the cross-link, large deletions (∼1-2 kb) were
observed for all three cross-links. These deletions, which were
seen in approximately 10% of the recovered repaired plasmids,
were sequenced to determine the nature of the deletions. The
deletions appeared to be randomas they displayedno large regions
of homology and/or small regions of homologynear the deletion, a
result that suggests a random end joining mechanism allowed the
plasmid to still propagate inE. coli by keeping an intact ampicillin
resistance gene and bacterial origin of replication.

The sequencing data are listed in Table 1 and show that of
the 114 colonies tested, the C-C ICL was repaired in an error-
free manner with approximately 60% C residues and 38% G
residues inserted at the cross-link site on the transcribed strand.
In contrast, the sequencing results show that in the case of the
T-T ICL approximately 81% C residues were inserted at the site
of the cross-link on the transcribed strand of 104 colonies tested.
Similarly, the I-T ICL results showed approximately 94% C
residues inserted at the site of the cross-link on the transcribed
strand of 84 colonies tested.

To verify that E. coli strain AB2480 was itself not inserting C
residues across from the T-T cross-link remnant that could
hypothetically remain on the isolated plasmid, a plasmid contain-
ing a single T-T remnant on the nontranscribed strand was
directly electroporated into AB2480 cells. The transcribed strand
of DNA isolated from 26 colonies was sequenced. All 26 colonies
had an A placed at the site opposite the remnant. This result
confirms that for both the T-T and I-T ICLs, the C residues were
inserted by the HeLa cells and not by the repair-deficient
bacterial cells.
Rev1 Is Essential for Repair of ICLs That Block the

Hydrogen Bond Face. Because the sequencing data showed a
high percentage of C residues inserted at the site of the T-T and
I-T ICLs, we sought to determine if Rev1 was responsible. We
first conducted HCR experiments in cells treated with anti-Rev1
siRNAs. The Western blots displaying the results of the knock-
down experiments are shown in Figure S6A of the Supporting
Information. Although significant knockdown was achieved,
essentially no effect on the repair of any of the three cross-links
was observed. To determine if this lack of inhibition was due to
insufficient knockdown ofRev1, REV1 knockoutMEF cells (37)
and DT40 cells (38) were obtained and HCR assays were per-
formed in these cells. As shown in Figure 7, the level of repair of
the plasmid containing a C-C ICL relative to a nondamaged
plasmid inwild-typeMEFandREV1-/-MEFcellswas approxi-
mately 15 and 13%, respectively. The relative level of repair for
the T-T ICL in wild-type MEF and REV1-/- MEF cells was
3.2 and 1.1%, respectively, and for the I-T ICL inwild-typeMEF

Table 1: Sequence Analysisa

C-C ICL T-T ICL I-T ICL

C 68 (60%) 84 (81%) 79 (94%)

G 43 (38%) 3 (3%) 1 (1%)

A 3 (3%) 9 (9%) 0 (0%)

T 0 (0%) 8 (8%) 4 (5%)

total no. of colonies 114 104 84

aDNA sequence analysis of repaired reporter plasmids recovered after
transfection into wild-type HeLa cells. The number reported represents the
number of colonies counted that contained the specific nucleotide at the site
of the ICL on the transcribed strand of a repaired cross-linked plasmid.
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andREV1-/-MEFcellswas 2.3 and 0.4%, respectively. Similar
results were observed in REV1-/- DT40 cells, and these results
are shown in Figure S6B of the Supporting Information. These
results clearly demonstrate that Rev1 is essential for bypass of
cross-links that block the hydrogen bond face of the Watson-
Crick base pair.

DISCUSSION

DNA ICLs are some of the most deleterious lesions a cell can
encounter, covalently linking the two strands ofDNA in a double
helix and completely blocking replication and transcription.
These lesions are formed endogenously through byproducts of
lipid peroxidation, such as malondialdehyde (7, 11, 12) andmany
other endogenous sources (8-10, 39). Cytotoxic ICLs are also
formed bymany common chemotherapeutic bifunctional agents,
such as cisplatin, mitomycin C, nitrosoureas, and nitrogen
mustards (1, 3, 40). These cross-linking agents create cross-links
of different structures in DNA, and our studies here further
support the notion that they are likely repaired in a differential
manner. For example, the cisplatin ICL, which links N7 atoms
of G in a 50-GC-30 sequence, severely distorts the DNA helix
(1, 3, 41), whereas mitomycin C creates relatively nondistorting
ICLs by linking the G exocyclic amino groups of 50-CG-30 in the
minor groove of DNA (1, 3, 42). Nitrosoureas, such as 1,3-bis-
(2-chloroethyl)-1-nitrosourea (BCNU), create ICLs between
heterocyclic N1G and N3C atoms on the Watson-Crick hydro-
gen bond faces of a G-C base pair (3, 43). In contrast, nitrogen
mustard ICLs, which reside in the DNAmajor groove, primarily
link the N7 atoms of guanines in a 50-GNC-30 sequence and thus
are not expected to interfere with the Watson-Crick hydrogen
bonding potential of guanine to the complementary cytosine
(1, 44). Two of the three ICLs used in our study, T-T and I-T, are
closemimics of the BCNU ICL in which the cross-link blocks the
Watson-Crick hydrogen bond face. The third ICL, C-C, mimics
alkyl ICLs that do not block the Watson-Crick hydrogen bond
face and are thus similar to those formed by nitrogen mustards.
These cross-linkmimics were used in this study anddemonstrated
that the location of the covalent linkage of the cross-link structure
affects ICL repair.

Duplexes containing a single site-specific ICLwere synthesized
using automated phosphoramidite chemistry (32-34) and were
used to construct cross-linked plasmids to study the repair of
defined, structurally different ICLs in mammalian cells. We have
shown previously that ICLs that differ structurally are not
repaired in the same manner in vitro, as evidenced by the
observation that ICL structure affects repair synthesis in mam-
malian whole-cell extracts (31). For example, of the three cross-
links, C-C, T-T, and I-T, studied, only the C-C cross-link was
bypassed during the repair synthesis step inHeLaorCHOwhole-
cell extracts (31).

When the cross-linked plasmids were transfected into wild-
type mammalian cells, the level of luciferase expression from the
C-C ICL plasmid was approximately 5-fold higher than that
from either the T-T or the I-T ICL plasmid (see Figure 3). It
appears then that cross-link structure affects repair efficiency,
and similar to our previously published results in mammalian
extracts (31), blocking the Watson-Crick hydrogen bond face
interferes with the repair process. A similar conclusion was
reached by Loechler and colleagues who presented evidence for
a recombination-independent ICL repair pathway in E. coli and
provided data suggesting specific pathways may repair ICLs
differently due to the nature of the cross-link structure (21).

It should be noted that our cross-linked plasmids lack a mam-
malian origin of replication. Therefore, repair of the cross-link
would not be expected to involve replication- or recombination-
dependent pathways. To verify this, we showed that luciferase
expression from the C-C, T-T, or I-T plasmid was essentially
the same in wild-type and XRCC3-deficient hamster cells (see
Figure S3 of the Ssupporting Information). The latter cells lack a
member of the RecA/Rad51-related protein family, which is
required for homologous recombination. Considering that a
homologous nondamaged donor plasmid was not provided in
these experiments, this result is consistent with what would be
expected for replication-independent repair in a G1-type context.
The repair efficiency for the C-C ICL plasmid, approximately
25%, is comparable to the efficiencies previously reported by
Li and co-workers for recombination-independent repair of
psoralen and mitomycin C cross-linked plasmids in human and
hamster cells (25, 26).

Because the C-C, T-T, and I-T plasmids contain mismatched
base pairs, it seemed possible that the mismatch repair (MMR)
pathway could be involved in their repair. However, transfection
of these plasmids into human cell lines deficient in hMLH1 or
hMSH2, each a protein required for MMR, did not adversely
affect luciferase expression, suggesting that theMMRpathway is
not involved in the repair of these lesions (see Figures S4 and S5
of the Supporting Information). This result is consistent with the
observation byMuniandy et al. that ICL repair is independent of
MSH2 during the G1 phase of the mammalian cell cycle (28).

In contrast, a significant decrease in repair efficiency was
observed when the C-C, T-T, and I-T plasmids were transfected
into hamster cell lines deficient in NER endonuclease XPF or
XPG (see Figure 4). Similar decreases were seen when the cross-
linked plasmids were transfected into hamster cells deficient
in CSB, a protein required for transcription-coupled NER
(TC-NER). However, HCR assays performed in human XPC-
deficient cells showed that XPC, which is involved in the initial
recognition step of global genome repair NER (GG-NER), is not
required for repair of the C-C and I-T ICLs, although it does
appear to be involved in repair of the T-T ICL (see Figure 5). This
differencemay reflect the involvement ofGG-NERat the level of

FIGURE 7: Cross-link structure affects Rev1 involvement of lesion
bypass in vivo. The graph represents repair efficiencies of C-C, T-T,
and I-T ICL plasmids transfected into wild-type (REV1þ/þ) and
Rev1-deficient (REV1-/-) mouse embryonic fibroblast cell lines.
Percent repair efficiency is the relative level of luciferase expression
from a damaged plasmid compared to that from a nondamaged
control plasmid. Six replicates were performed, and the error bars
represent the standard error for each data point.
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cross-link remnant removal, as XPC was involved for transcrip-
tion across a T-T cross-link remnant when placed on either the
transcribed or nontranscribed strand (see Figure 6Biii), whereas
transcription from a plasmid containing the C-C cross-link
remnant on either strand did not involve XPC. Therefore, the
TC-NER subpathway appears to be the dominant subpathway
required for the NER-dependent ICL repair of the C-C and I-T
cross-links. This bias toward transcription-coupled repair is not
unexpected as the cross-linked plasmids contain a strong CMV
promoter and are constitutively transcribed; therefore, this result
does not rule out the participation of GG-NER in ICL repair
outside of a transcribed region. A similar dependence on the TC-
NERpathwaywas observed byLi and colleagues for the repair of
a psoralen cross-linked plasmid (25). However, they also ob-
served that in the case of a mitomycin C ICL, both the GG-
and TC-NER pathways were equally involved in repair of
this lesion (26). Our experiments and those of Li et al. further
emphasize that cross-link structure plays an important role in
determining the pathway by which this type of lesion is repaired.

The precise involvement of NER in mammalian cross-link
repair has yet to be determined. Studies inE. coli and S. cerevisiae
have indicated that NER acts to initiate unhooking of ICLs
(1, 21, 23, 45). A second round of NER is thought to remove the
remaining cross-link remnant (1). Therefore, it is plausible that a
cross-link remnant on the nonexcised strand could serve as
substrate for NER, which is capable of detecting a broad range
of DNA lesions (46).

To determine whether NER is required for the cross-link
remnant removal step, plasmids were constructed in which a C-C
or T-T remnant was placed on either the transcribed or non-
transcribed strand. The level of luciferase expression, which
serves as a measure of transcription past the cross-link remnant,
decreased approximately 60% when the C-C cross-link remnant
was placed on the transcribed strand, whereas placing the
remnant on the nontranscribed strand had essentially no effect
in wild-type human and hamster cells (see Figure 6A). When
these plasmids were transfected into cells deficient in TC-NER
proteins, the level of expression actually increased, indicating that
NER impedes transcription past the C-C cross-link remnant
when located on either the transcribed or nontranscribed strand.
The results also suggest that the presence of the C-C cross-link
remnant may destabilize theDNA, thus facilitating unwinding of
the double helix and resulting in an increased level of luciferase
expression compared to that of a nondamaged substrate.

In contrast to the behavior of the C-C cross-link remnant,
NER appears to be essential for transcription past the T-T cross-
link remnant when it is located on the transcribed strand (see
Figure 6B). Most likely, the presence of the linker attached to the
hydrogen bond face of the T prevents RNA polymerase from
inserting a base opposite the lesion, thus inhibiting transcription.
Consistent with this interpretation is our previous observation
that DNA polymerases are able to copy past a C-C cross-link
remnant but not past a T-T cross-link remnantwhen these lesions
are placed on the template strand (31). Interestingly, transcrip-
tion is also partially dependent on NER when the T-T cross-
link remnant is located on the nontranscribed strand. These
results are reminiscent of the inhibitory effects of G4 DNA and a
1,3-cisplatin intrastrand cross-link on transcription when these
modifications are present on the nontranscribed strand (47, 48).
The results of the HCR experiments for the C-C, T-T, and I-T
cross-linked plasmids in NER-deficient rodent cells clearly
illustrate the involvement of the TC-NER pathway in the repair

of these ICLs. The residual repair seen in the NER-deficient cells
is most likely due to low levels of contaminating nondamaged
plasmid. The observation thatNERwas required for repair of the
C-C ICL but not the C-C cross-link remnant indicates that NER
is acting at an early step in the repair process. However, it is still
not clear if NER itself actually unhooks the ICL or if instead it
acts as a signal for repair of the cross-links. We have previously
reported an ICL unhooking activity in mammalian cell extracts
that is NER-independent. However, unlike the reporter plasmids
used in this study, the linear substrates used in the unhooking
studies did not undergo transcription (30). We and others have
observed, in vitro, that the NER apparatus makes dual incisions
on the 50-side of the ICL (30, 31, 49). However, these dual
50-incisions do not result in cross-link unhooking in mammalian
whole-cell extracts (30). It remains possible that these incisions
occur in vivo and signal further processing of the cross-link as
originally suggested by Sancar and co-workers (49). It is also
possible that auxiliary factors present in vivo that are not active in
Manley-based mammalian cell extracts enable NER to unhook
the ICL. Alternatively, transcription itself and a stalled poly-
merase may provide a structure that is conducive to NER
unhooking in vivo. Further investigation is needed to dissect
the individual ICL repair steps in vivo to delineate the role of
NER in ICL repair.

Sequence analysis was performed on the DNA of plasmids
recovered from wild-type HeLa cells. The transcribed strand was
sequenced because previous studies have shown that removal of
intrastrand and interstrand lesions by TC-NER preferentially
occurs on the transcribed strand (25, 26, 50, 51). In the case of the
C-C ICL, the transcribed strands of the recovered plasmids
contained approximately equal amounts of C residues (∼40%)
and G residues (∼60%) inserted at the site of the cross-link (see
Table 1). In contrast, in the case of the T-T and I-T ICLs, a higher
proportion of C residues (>80%) were inserted at the cross-link
site of the transcribed strand of the recovered plasmids. These
results suggested that Rev1, a Y-family translesion polymerase,
might be primarily responsible for bypassing the T-T and I-T
cross-link remnants left on the nontranscribed strand after cross-
link unhooking. This hypothesis seemed plausible because block-
age of the hydrogen bond face of the cross-link remnant would
not be expected to affect the dCMP transferase activity of Rev1,
whose activity is DNA template-independent (52). Furthermore,
Rev1 and Rev3 have previously been implicated in the repair of
plasmids containing psoralen and mitomycin C ICLs (27). Con-
sistent with these expectations, the repair efficiency for the T-T
and I-T ICLs was found to be significantly reduced in the
REV1-/- MEF (37) and REV1-/- DT40 (38) cells compared
to that in their parental wild-type cells, whereas repair of the C-C
ICLwas only slightly affected (see Figure 7 and Figure S6B of the
Supporting Information). This result suggests that Rev1 is a
critical component of replication-independent ICL repair and is
likely responsible for the high rate of C insertions seen for the T-T
and I-T ICLs. Rev1, however, does not appear to be essential for
repair of the C-C ICL, which suggests that cross-link structure
dictates the involvement of translesion polymerases.

Although Rev1 appears to not be required for replication-
independent repair of the C-C ICL, a large proportion of C
residues were inserted at the lesion on the transcribed of plasmids
recovered from wild-type cells. The initial cross-link unhooking
step is expected to occur primarily on the transcribed strand
during TC-NER (25, 26), which leaves the C-C cross-link
remnant on the nontranscribed strand. We have previously
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observed error-free bypass of a C-C cross-link remnant in the
repair synthesis step in whole-cell extracts (31), and consequently,
subsequent bypass of this lesion by a replicative polymerase would
be expected to result in insertion of aG into the transcribed strand.
The significant amounts of C inserted opposite the C-C lesion
therefore suggest that Rev1 was still recruited to the site of the
cross-link and was involved in bypass of this lesion in wild-type
cells. The lack of an inhibitory effect onC-C ICL repair seen in the
REV1 knockout cell lines most likely means that Rev1 is not
absolutely required for bypass of this lesion. Thus, it appears that
either the replicative polymerase is able to faithfully bypass the
C-C cross-link remnant or other lesion bypass polymerases can
compensate for the absence of Rev1.

It is becoming increasingly apparent that interstrand cross-link
structure plays an important role in the repair of this type of
DNA lesion and is thus an important parameter that should be
considered when studying the molecular mechanisms of repair of
both endogenously and exogenously formed cross-links (53).
Such understanding could facilitate the design of more potent
cross-linking chemotherapeutic treatments and lead to the identifi-
cation of DNA repair protein targets that could be used to
increase the efficacy of treatments for cancer, premature aging
syndromes, and other diseases related to ICL repair.
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SUPPORTING INFORMATION AVAILABLE

Figure S1 shows the sequences of nondamaged, cross-linked,
and cross-link remnant-containing duplexes used to construct the
reporter plasmids. Figure S2 illustrates the structure of a N4C-
ethyl-N4C interstrand cross-link placed in a -CG- sequence and
characterization of a -CG- cross-linked plasmid. Figure S3 dis-
plays repair efficiencies of ICLs transfected into wild-type and
XRCC3-deficient cells. Figures S4 and S5 show repair efficiencies
of ICLs transfected into wild-type and mismatch repair-deficient
cells. Figure S6 demonstrates Rev1 siRNA knockdown in HeLa
cells and repair efficiencies of ICLs transfected intowild-type and
REV1-/- DT40 cells. This material is available free of charge
via the Internet at http://pubs.acs.org.
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