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Abstract
Although various schemes for interstrand crosslink (ICL) repair incorporate recombination,
replication, and double-strand break intermediate steps, action of the NER system or some
variation of it is a common feature of most models. In the bacterium Escherichia coli, the NER
enzyme UvrABC can incise on either side of an ICL to unhook the crosslink, and repair can
proceed via a subsequent recombination step. The relevance of NER to ICL repair in mammalian
cells has been challenged. Of all NER mutants, it is clear that ERCC1 and XPF-defective cells
show the most pronounced sensitivities to ICL-inducing agents, and defects in ICL repair.
However, there is good evidence that cells defective in NER proteins including XPA and XPG are
also more sensitive than normal to ICL-inducing agents. These results are summarized here,
together with evidence for defective crosslink removal in NER-defective cells. Studies of incision
at sites of ICL by cell extracts and purified proteins have been done, but these studies are not all
consistent with one another and further research is required.
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Interstrand crosslinks and their significance
DNA interstrand crosslinks (ICL) are among the most toxic forms of DNA damage because
they disrupt genetic information on both strands. They present potent blocks to DNA
replication and transcription, and lead to toxic and mutagenic effects that are outlined
throughout this special issue. Some environmental and endogenous agents can form ICLs
and so there has been significant selection during evolution for the development of
mechanisms that allow cells to repair and tolerate these lesions. Understanding the repair of
ICLs is also very relevant because agents that form ICLs are widely used in cancer
chemotherapy and phototherapy. Clinically useful interstrand crosslinking agents include
nitrogen mustards and derivatives (melphalan, chlorambucil), psoralens, mitomycin C,
platinum-based compounds such as cisplatin, and nitrosoureas such as BCNU (Dronkert and
Kanaar 2001; Noll et al. 2006).

Naturally occurring environmental and endogenous agents also lead to ICLs. Such agents
include the furocoumarins present in many plants (Scott et al. 1976), nitrous acid in food
(Edfeldt et al. 2004); endogenous agents include products of lipid peroxidation, and nitric
oxide (Caulfield et al. 2003; Schärer 2005). Further research is warranted towards
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development of methods to detect the formation and repair of crosslinks caused by these
agents in cells.

There may be several mechanisms of crosslink repair in eukaryotes, operating differently in
different phases of the cell cycle or perhaps in different tissues. As described in other
articles in this issue, proteins from multiple pathways are implicated, including homologous
recombination, the Fanconi anemia network, mismatch repair, and translesion DNA
synthesis. Most models for ICL repair implicate nucleotide excision repair (NER) in one or
more steps (Fig. 1).

Interstrand Crosslink Repair in E. coli
UvrABC endonuclease can incise DNA at sites of interstrand crosslinks

The E. coli NER UvrABC endonuclease can act on ICL formed in DNA by photoactivated
psoralen. Thymine-psoralen-thymine ICL have one strand linked via the furan ring of the
psoralen and the other strand attached to the pyrone ring (Hearst et al. 1984). Incision of this
asymmetrical lesion has been observed at the ninth phosphodiester bond 5′ to the furan-
adducted strand and at the third bond 3′ to the adduct on the same strand, with the pyrone
strand remaining intact (Van Houten et al. 1986a; Van Houten et al. 1986b). This biased
incision reaction apparently reflects a conformational constraint, because no preference for
furan ring adducts is exhibited for incision of psoralen monoadducts (Van Houten et al.
1986b). The incision of crosslinked DNA by the UvrABC endonuclease is also influenced
by the superhelical density of substrate DNA. The rate of incision of supercoiled DNA
containing a psoralen furan side monoadduct is relatively insensitive to superhelix density,
but incision of DNA crosslinked by psoralen is most efficient with underwound DNA
(Munn and Rupp 1991).

Strand selection of ICL incision may be influenced by sequence context. For a psoralen ICL,
enrichment of the G+C content of the region immediately 5′ to the modified thymine residue
on the furan strand results in preferential incision of that strand, but incision occurs on either
the furan or pyrone strands when the 3′ side of this lesion is enriched for G+C (Jones and
Yeung 1990; Ramaswamy and Yeung 1994). Cleavage of both strands of an ICL to produce
a double-strand break has also been observed. Peng et al (2010) examined incision of an A-
T crosslink formed by reaction of a 5-(2′-deoxyuridinyl)methyl radical with the opposing 2′-
deoxyadenosine in DNA. This lesion is one of the products formed by reactive oxygen
species following ionizing radiation-mediated radiolysis of water. Using recombinant
UvrABC derived from thermophilic bacteria, it was found that the strand containing the
crosslinked A was preferentially incised. Both strands were cleaved in 25% or more of the
events, apparently from two rounds of incision before dissociation of the enzyme.

More complex adducts can also be cleaved by bacterial UvrABC. A thymine-psoralen-
thymine ICL directed to DNA by a triplex-forming oligonucleotide (TFO) was a substrate
for UvrABC (Christensen et al. 2008). The triplex was disrupted by UvrAB during the
cleavage reaction, but the TFO remained covalently linked to the excised fragment.
Sczepanski et al (2009) examined cleavage of an ICL produced by reaction of a C4′-
oxidized abasic site. Such oxidized abasic sites are formed by several DNA damaging agents
including bleomycin, and can react in duplex DNA to form an ICL and a nick in the
opposite strand. On such a compound lesion, UvrABC preferentially incised the ICL on the
strand containing the nick, and in approximately 15% of the molecules, the strand opposite
the nick was incised, resulting in a double-strand break.
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NER and recombination steps allow complete repair of an ICL in E. coli
Complete ICL repair may be achieved by combining NER and recombination steps (Cole
1973). NER-mediated incision of an ICL generates an “unhooked crosslink” that is
covalently attached to DNA through the crosslink. Isomerization of the oligonucleotide
would generate a gapped structure that could be repaired by E. coli RecA-catalyzed
recombinational events (Sinden and Cole 1978a; Sinden and Cole 1978b).

Biochemical experiments support this model (Sladek et al. 1989a). After incisions on one
strand are made by the UvrABC endonuclease on each side of a psoralen ICL, a gap
flanking the incised region can be generated in vitro by the exonucleolytic action of the 5′ to
3′ exonuclease of E. coli Pol I. Such a gap is required for the initiation of polymerization by
the RecA protein. The RecA-mediated product includes a short triple-stranded region due to
the presence of the crosslink (Sladek et al. 1989b). Another way in which a gap may be
formed to facilitate RecA-dependent homologous recombination might be through the action
of UvrABC itself. In some instances, UvrABC can make additional 5′ cuts in DNA flanking
the initial 5′ incision (Gordienko and Rupp 1998).

Following recombination, a second NER-mediated incision on the other strand may release
the crosslinked oligonucleotide and leave a second gap to be repaired by conventional repair
synthesis and DNA ligation. The UvrABC endonuclease is able to incise a three-stranded
structure in which one of the strands is an oligonucleotide covalently attached to double-
stranded DNA (Cheng et al. 1988). In the presence of RecA protein and a third strand
positioned at the crosslinked site (provided by an oligonucleotide homologous to the furan-
side strand), the UvrABC endonuclease catalyzes incision of the pyrone side strand (Cheng
et al. 1991).

ICL repair and mammalian NER proteins
The mammalian NER system

The defining event for NER (Figure 2) is the excision of damage in a short oligonucleotide,
by cleavage of the damaged strand on either side of a lesion in DNA. Chapters 8, 9 and 10 of
Friedberg et al. (2006) remain a comprehensive summary of the process, and some more
recent references and updates are given below. Adducts in DNA initially cause some local
distortion or unusual deformability of the helix. This distortion appears to be the first
structural feature recognized. In mammalian cells, initial distortion recognition generally
requires binding of the XPC-RAD23B complex. This complex binds damaged DNA in two
stages (Clement et al. 2009). The first is very rapid binding to non-hydrogen bonded regions
in duplex DNA via two β-hairpin domains in XPC (Trego and Turchi 2006;Camenisch et al.
2009), followed by anchoring more tightly to the nondamaged strand of a region containing
an adduct (Min and Pavletich 2007) with the aid of a third β-hairpin domain (Camenisch et
al. 2009). Binding of the XPC complex to a region containing a few DNA bases of single-
stranded character facilitates the conveyance of TFIIH to the distorted site (Li et al.
1998;Yokoi et al. 2000;Araújo et al. 2001). XPC-RAD23B interacts strongly with TFIIH
and TFIIH may be able to carry out a 5′ to 3′ search for a short-distance before anchoring to
a site of DNA damage in cooperation with the other protein components of the preincision
complex (Sugasawa et al. 2009).

The next key event is the formation of an unwound DNA structure around a lesion in a
preincision assembly of protein factors generating an “open complex.” This opening confers
single-stranded character to approximately 25 to 30 DNA bases in the vicinity of the lesion
(Evans et al. 1997a). Proteins necessary and sufficient to form a productive, open
preincision complex are TFIIH, XPA, RPA, and XPG (Evans et al. 1997b). On a TFO-
directed psoralen crosslink, XPC-RAD23B may cooperate in binding to damage with these
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other NER proteins (Thoma et al. 2005). The catalytic activity for opening the DNA strands
is provided by TFIIH, which among its 10 subunits includes the two ATP-dependent
helicases XPB and XPD. The catalytic activity of the XPD helicase is most important for
NER. Because of its size, extensive helicase activity on the DNA is not needed to create the
opened region in the preincision complex, and only a modest conformational change is
likely necessary to promote unwinding (Fig. 2). XPA binds mostly tightly to junctions
between single-stranded and duplex DNA, and to helically-kinked DNA (Camenisch et al.
2006). XPA also acts as a protein scaffold for binding to TFIIH, RPA, and ERCC1-XPF
(Friedberg et al. 2006). The entry of XPA into the preincision complex further promotes the
release of three subunits of TFIIH (Coin et al. 2008), the “CAK complex”, which are
unnecessary in the catalysis of NER (Araújo et al. 2000). Rejoining of core TFIIH with the
CAK complex occurs following NER, ensuring that active TFIIH is available for its
transcription initiation function (Coin et al. 2008).

This opened intermediate is the substrate for cleavage by the structure-specific NER
nucleases. At the border between duplex DNA and the opened region, XPG nuclease cuts 3′
to the lesion on the damaged DNA strand, and ERCC1-XPF nuclease cleaves on the 5′ side
(Friedberg et al. 2006; Staresincic et al. 2009). This dual incision event in NER releases a
fragment of approximately 24–32 nt containing the damage. DNA synthesis then forms a
DNA repair patch of this size. The patch is sealed by a DNA ligase, either LIG3 or LIG1
(Moser et al. 2007).

As summarized later, NER mutants are in general hyper-sensitive to agents that form ICLs.
The most pronounced sensitivity is displayed by cells defective in ERCC1 and XPF. This is
consistent with an additional role for the structure-specific nuclease formed by ERCC1 and
XPF proteins in ICL repair. Examples of relevant activities are the ability to cleave near a
crosslink at the junction of a forked structure (Kuraoka et al. 2000). A similar reaction has
been confirmed with a crosslink in duplex DNA near two duplex arms simulating a Y-
shaped stalled replication fork (Fisher et al. 2008). ERCC1-XPF may participate in a
recombination pathway where it clips off strands with 3′ tails, by analogy with the
homologous Rad1-Rad10 enzyme in yeast (Bardwell et al. 1994; Paques and Haber 1999).
These roles are discussed in detail by Nairn et al in this issue.

Evidence for involvement of mammalian NER enzymes in ICL repair
There is a possible conceptual difficulty with visualizing how dual incision of an ICL might
work. During an NER reaction on a unistranded adduct, some separation of the DNA strands
occurs on both sides of a lesion. An ICL prevents full strand separation but this is not a
problem in practice for the E. coli UvrABC system, as described above. UvrABC also works
by a mechanism involving an ATP-dependent strand separation step [reviewed in (Batty and
Wood 2000; Croteau et al. 2006)], and it is able to cleave on both sides of an ICL. With
regard to the mammalian system, it is possible that unwinding could take place on both sides
of an ICL. It is also possible that unwinding to create an open structure might occur only on
one side, but that dual incisions flanking the open structure could still flank the ICL.
ERCC1-XPF is able to cleave several bases 5′ of an unpaired junction, and depending on the
placement of an ICL in a duplex with respect to two single-stranded arms, is able to cut on
either side of an ICL (Kuraoka et al. 2000). Similarly, XPG may cut a few bases 3′ to a
junction between duplex and single-stranded DNA (Evans et al. 1997a). It is also possible
that additional nucleases might be used in ICL unhooking in some situations.

Sensitivity of mammalian NER mutants to ICL-inducing agents
It is important to consider carefully whether NER is relevant to ICL repair in cells. It is
widely agreed that the marked hypersensitivity of ERCC1-XPF mutants to ICL-inducing
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agents indicates that this enzyme has an additional function in ICL repair that is separate
from its role in NER. Nevertheless, almost all models of ICL incorporate NER into the
process at one or more steps, whether for G0/G1 phase or S phase. There is ample evidence
that some repair of ICL takes place outside of S-phase and does not require replication of the
substrate, as shown in yeast (Sarkar et al. 2006) and mammalian cells (Ben-Yehoyada et al.
2009; Shen et al. 2009). There is, however, some recent tendency to dismiss the importance
of the NER process in the processing of ICL in mammalian cells. For example, an opinion
article discussing ERCC1-XPF function in ICL repair (Bergstralh and Sekelsky 2008)
contains the following statement:

“Mammalian cell lines with mutations in ERCC1 or XPF are hypersensitive to
crosslinking agents, but those mutant for XPB, XPD or XPG are not (Andersson et
al. 1996; De Silva et al. 2000; Niedernhofer et al. 2004; Clingen et al. 2005).
Likewise, fibroblast cells derived from XP-F patients show enhanced sensitivity to
MMC and HN2, whereas those from XP-A patients do not, even though both are
deficient in NER (Niedernhofer et al. 2006; Clingen et al. 2007). Moreover, ICL
DNA is efficiently replicated in vitro in the absence of XPA (Cipak et al. 2006).”

Is it correct that there is a lack of sensitivity to ICL inducing agents in cells with NER
deficiencies other than ERCC1-XPF? Examination of the evidence in each of the above
citations shows otherwise. Andersson and co-workers (Andersson et al. 1996) investigated
the sensitivity of NER-defective CHO cell lines to cisplatin and to cyclophosphamide
derivatives. For cisplatin, the relative drug ratio at 0.1 survival compared to wild type was
50 for ERCC1 and XP-F mutants; 10 for XP-G, and 7 for XP-B and XP-D. Thus all of the
NER-defective mutants are hypersensitive to cisplatin, with ERCC1 and XPF of course the
most sensitive. With cyclophosphamide derivatives, the relative sensitivity of ERCC1 and
XPF mutants was more pronounced, but XPB (ERCC3) and XPG (ERCC5) mutants were
more sensitive than NER-proficient cells. De Silva et al. (De Silva et al. 2000) used a cell
counting assay to measure sensitivity of CHO cells to nitrogen mustard (HN2). ERCC1 and
XPF-defective cells were the most sensitive, but XPB, XPD and XPG-defective cells
exhibited measurable sensitivity compared to normal. In a further study, De Silva et al. (De
Silva et al. 2002) found that all CHO cell NER mutants tested were somewhat more
sensitive than normal to cisplatin (with ERCC1 and XPF the most sensitive). Niedernhofer
et al. (2004) contains no information comparing ICL agent sensitivity of ERCC1 or XPF
mutant cells to other NER mutant cells, but Clingen et al. (2005) showed that XPB, XPD,
and XPG defective cells are more sensitive than normal cells to the ICL-inducing agent
melphalan (with ERCC1 and XPF cells even more sensitive).

Niedernhofer et al. (2006) found that primary XPA mutant human primary fibroblasts are
more sensitive than normal controls to MMC, as are mouse embryonic fibroblasts, though of
course not as sensitive as XPF mutants. Clingen et al. (2007) showed that HN2 inhibits the
growth of XPA mutant cells as much or more that the growth of XPF mutant cells in a short
term assay. This study also found an unhooking defect in both XPA and XPF mutants. Cipak
et al. (2006) does not contain any information on efficient replication of DNA containing an
ICL. The conclusion of the paper is that removal of the unhooked lesion is XPA-dependent.
In an older study, Hoy et al (1985) showed that XPB and XPG mutants of CHO cells are
more sensitive than normal to MMC.

In conclusion, NER mutants of mammalian cells do exhibit hypersensitivity to ICL-inducing
agents, though in general not as great as ERCC1- or XPF-defective mutants.

Defects in ICL repair in mammalian NER mutants
Hypersensitivity to ICL-inducing agents does not in itself prove that NER incises ICL in
mammalian cells, because most agents that create ICL also form monoadducts that are
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potential NER substrates. However, there are several results which directly show ICL repair
defects in NER-defective cells. Kaye et al (1980) used a gene-specific assay and found no
removal of ICL formed by photoactivated 8-methoxypsoralen in XPA-deficient cells.
Clingen et al (2007) used a comet tail assay and reported an unhooking defect in both XPA
and XPF mutants. De Silva et al. (2002) used an antibody assay for removal of cisplatin-
induced ICL, and found that XPG mutants exhibited a defect even greater than XPF or
ERCC1 mutants. A psoralen ICL directed to a specific site in a luciferase or GFP reporter
gene has also been used to assay non-recombination dependent ICL repair. Cell lines with
mutations in XPA, XPB, XPD, XPG, ERCC1 and XPF were all defective in repair of the
ICL, and XPC-deficient cells showed a partial defect (Wang et al. 2001).

Research with TFO-directed psoralen-DNA ICL has shown that NER proteins are involved
in binding to ICLs and in their subsequent processing, as summarized by Vasquez in this
issue. Replication-independent recruitment of the Fanconi anemia core complex to an ICL in
DNA is dependent on the NER proteins XPA and XPC (Shen et al. 2009).

Biochemical experiments to observe incision of ICL repair in mammalian cell extracts
Incisions at site-directed ICL in mammalian cell extracts have been analyzed by several
laboratories, using human cell extracts and/or purified NER proteins. A variety of outcomes
have been observed. Using a both a single HMT-psoralen crosslink in a circular molecule,
and a 140-mer linear duplex containing a single centrally located HMT-psoralen adduct,
Bessho, Mu and Sancar found that mammalian cell extracts could carry out a “futile” NER-
dependent reaction, introducing dual incisions both on the 5′ side of crosslink, principally 27
and 6 phosphodiester bonds 5′ to the cross linked base. This resulted in the removal of a 22
nt oligonucleotide, releasing an oligonucleotide that did not harbor the adduct within it
(Bessho et al. 1997; Mu et al. 2000). The occurrence of this reaction is interesting as it
confirms that ICL are recognized in some sense by the NER system in mammalian cell
extracts. However, the existence of this reaction does not preclude the concomitant
occurrence of unhooking reactions mediated by mammalian cell extracts. If this mechanism
were to be productive, a 3′ incision occurring very close to the adduct could conceivably
mediate further processing, for example facilitating DSB formation near the lesion.

Smeaton et al. (2008) observed a similar “futile” 5′ incision reaction using completely
different chemically synthesized crosslinks, particularly an N4C-ethyl-N4C DNA interstrand
crosslink placed in a duplex ∼150 bp long. This study reported additional cleavage positions
surrounding the crosslink. Although not mapped precisely, the main positions of postulated
incisions were 1-5 nt on the 5′ side and 3-5 nt on the 3′ side. The incisions were still present
in NER-defective XP cell extracts, including ERCC1-XPF defective cells. To date, no cell
extracts defective in producing these incisions have been found. It is not yet clear whether
these events represent primary events, or whether they represent endo/exonucleolytic
processing of the linear substrate, not related to repair-mediated incisions.

In other studies, Lambert's group reported that human cell extracts can incise weakly, both 5′
and 3′ of a trimethylpsoralen crosslink in a 132-140 bp segment of linear duplex DNA
(Kumaresan et al. 1995). Nicks were observed 9 nt apart on the furan side of the crosslink. A
later study indicated that group A Fanconi anemia cells were defective in making such
incisions (Kumaresan and Lambert 2000), but this result has not been confirmed by
complementation with FANCA.

Legerski, Li, and co-workers used a repair synthesis assay to approach the problem (Li et al.
1999). Closed-circular DNA containing a psoralen ICL stimulated repair synthesis by
human cell extracts, depending on both the mismatch binding complex MutSβ (MSH2-
MSH3) and ERCC1-XPF (Zhang et al. 2002). The repair synthesis started on the 5′ side of a
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crosslink and extended just past the adduct on the 3′ side. It remains to be determined
whether this reaction represents processing of an ICL to release a crosslink (Zheng et al.
2003), but it does provide evidence that incision can take place on both sides of an adduct.
The incisions were not dependent on other NER proteins tested (XP-B or XP-G) and were
also not dependent on FANCA, FANCB, or FANCC proteins. There are further results
implicating MutSβ in repair of ICL, as MutSβ binds to substrates containing ICL and
influences their processing (Wu et al. 2005).

The above interpretations are not all consistent with one another, and the subject of dual
incision of an ICL requires further detailed investigation. Further controlled investigations
are necessary to reconcile these disparate results, to discover which reactions are robustly
found in circular molecules, and to resolve which (if any) are in vitro artifacts of nucleolytic
processing. Careful genetic and biochemical analysis is necessary to determine how proteins
from the NER, MMR, and FA pathways are involved in these events in all phases of the cell
cycle.
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Figure 1.
Two of the possible roles for NER in processing of ICL. A, dual incision on either side of a
crosslink; B, dual incision to remove a crosslink unhooked on one strand, for example after
translesion DNA synthesis has re-synthesized DNA on an initially processed strand.
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Figure 2.
Diagram of events leading to dual incision in the human NER system for an adduct on one
strand, such as a UVC-induced (6-4) photoproduct. The proteins are shown roughly to scale,
relative to DNA. In step (i), XPC-RAD23B binds preferentially to a site of DNA where base
pairing is disrupted by lesion. At least 17 bp of DNA are contacted, including the
nondamaged DNA strand opposite the lesion (Min and Pavletich 2007). XPC-RAD23B
binds TFIIH, which enters the DNA with other components in step (ii), where a pre-incision
complex is formed including TFIIH of dimensions ∼ 16 nm × 12.5 nm × 7.5 nm, (Schultz et
al. 2000), XPA, RPA (which includes 4 active DNA-binding OB fold domains amongst its 3
subunits), and XPG. The DNA strands are separated in this step in an ATP-dependent
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reaction (Evans et al. 1997a). In step (iii), the XPF-ERCC1 nuclease complex produces a 5′
incision and the XPG nuclease the 3′ incision. The two incisions take place nearly
simultaneously after formation of a productive pre-incision complex. The CDK7-activating
(CAK) subunits of TFIIH are not present in the fully formed pre-incision complex and
detach from core TFIIH (Coin et al. 2008). In step (iv), after dual incision, a DNA
polymerase holoenzyme utilizing the sliding clamp PCNA fills in the gap created by
incision, and a single-stranded DNA piece containing the lesion is released.
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