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Abstract
Interstrand cross-links (ICLs) are among the most cytotoxic DNA lesions to cells because they
prevent the two DNA strands from separating, thereby precluding replication and transcription.
Even though chemotherapeutic cross-linking agents are well established in clinical use, and
numerous repair proteins have been implicated in the initial events of mammalian ICL repair, the
precise mechanistic details of these events remain to be elucidated. This review will summarize
our current understanding of how ICL repair is initiated with an emphasis on the context
(replicating, transcribed or quiescent DNA) in which the ICL is recognized, and how the chemical
and physical properties of ICLs influence repair. Although most studies have focused on
replication-dependent repair because of the relation to highly replicative tumor cells, replication-
independent ICL repair is likely to be important in the circumvention of cross-link cytotoxicity in
non-dividing, terminally differentiated cells that may be challenged with exogenous or
endogenous sources of ICLs. Consequently, the ICL repair pathway that should be considered
‘dominant’ appears to depend on the cell type and the DNA context in which the ICL is
encountered. The ability to define and inhibit distinct pathways of ICL repair in different cell cycle
phases may help in developing methods that increase cytotoxicity to cancer cells while reducing
side-effects in non-dividing normal cells. This may also lead to a better understanding of pathways
that protect against malignancy and aging.

INTRODUCTION
Interstrand cross-links (ICLs) present a unique problem to the repair apparatus of the cell
because this type of lesion involves both strands of DNA. Failure to remove these lesions
from DNA ultimately leads to cell death because the covalently linked DNA strands prevent
strand separation and ultimately block replication and transcription. Much of what we know
about DNA ICL repair derives from studies carried out in bacteria and yeast, whereas the
mechanisms of ICL repair in mammalian cells, is less well understood.

A number of different types of bifunctional alkylating agents and other bifunctional
compounds are capable of reacting with DNA to create ICLs. These cross-linking agents,
such as nitrogen mustards, nitrosoureas, mitomycin C, psoralen, and platinum compounds,
have been commonly used in chemotherapy for many decades. Many of these are used in the
clinic as anti-cancer treatment agents, however because delivery is non-specific, ICLs are
created in normal cells as well (McHugh et al. 2001). Furthermore, elegant work by a
number of groups has shown that ICLs can arise through endogenous sources (Summerfield
and Tappel 1984; Caulfield et al. 2003; Kozekov et al. 2003; Sczepanski et al. 2008; Stone
et al. 2008). Each of these cross-linking sources creates a different cross-link structure with
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unique structural characteristics and it is becoming increasingly evident that the chemical
and physical structure of an ICL can affect both DNA helix structure at the site of the cross-
link and the manner in which the ICL is repaired. The chemical structures of the ICLs
described in this review are shown in Figure 1. Several reviews are available that discuss
how ICLs affect DNA helix structure (Rajski and Williams 1998; Noll et al. 2004; Noll et al.
2006).

Studies in wild-type and repair-deficient mammalian cell lines in which the cells are treated
with cross-linking agents have identified some of the pathways that are involved in ICL
repair. Most of these studies have focused on S phase repair to uncover mechanisms of
chemoresistance that arise in rapidly dividing cancer cells (McHugh et al. 2001). Certain
studies have implied that ICL repair occurs only during S phase when a replication fork
encounters an ICL (Akkari et al. 2000). There is now significant evidence that repair of ICLs
occurs in a G1 context in vivo in yeast (McHugh and Sarkar 2006) and in mammalian cells
[(Wang et al. 2001; Zheng et al. 2003; Muniandy et al. 2009) and our unpublished results].
As discussed below, the experiments that suggest ICL repair only occurs in S phase may
have overlooked more subtle G1 type repair pathways that are not as dominant relative to S
phase repair pathways in rapidly dividing cells. G1 type ICL repair would be, however, the
only means of defense against chemotherapeutic insult or endogenously generated ICLs in
non-dividing cells. Additionally, it is important to consider repair in a G1 context, as there is
evidence that exposure to exogenous and endogenous sources of ICLs promotes aging
(Grillari et al. 2007).

This review will focus on the initial steps of ICL repair and consider proteins that are
implicated in this process. In doing so, we will consider ICL repair in three different
contexts: repair coupled to DNA replication; transcription-coupled repair; and repair in
DNA that is undergoing neither replication nor transcription. We will first examine proteins
implicated in the initial steps of replication-coupled ICL repair, as repair in this context has
been the focus of many groups. These experiments have been done for the most part through
bulk treatment of cells with bifunctional alkylating agents. Experiments in mammalian cells
and cell extracts using DNA substrates that contain defined cross-link lesions have provided
a more detailed picture of the initial events of the repair process. We will then explore the
more limited field of G1 ICL repair starting with transcription-coupled repair of ICLs in
cultured mammalian cells, which is comprised mainly of experiments that utilize a site-
specific plasmid reporter system. We will then discuss more mechanistic studies that have
used purified proteins and mammalian-based extract systems to examine how ICLs are
processed and the proteins implicated in the initial steps of repair. Most of the substrates
used in these mechanistic studies do not have mammalian origins of replication or promoters
and therefore mimic a global genomic DNA repair type context.

Initial processing of ICL repair appears complex, as different repair proteins are utilized
depending on the context in which the ICL is recognized. Although numerous repair
proteins have been implicated, the precise mechanistic details of these events remain to be
elucidated. Nevertheless, a picture is beginning to emerge that the context in which an ICL
is recognized and the chemical and physical properties of ICLs influence the initial events of
repair.

REPLICATION-COUPLED ICL REPAIR
Very early investigations by Cole and coworkers used plasmids that contained ICLs to
examine ICL repair in E. coli (Cole 1973; Cole and Sinden 1975). The plasmids were
capable of replication, and these studies showed that repair of the ICLs depends upon
nucleotide excision repair (NER) and homologous recombination (HR). Biochemical studies
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(reviewed in (Noll et al. 2006)) revealed that UvrABC is able to make incisions on either
side of the ICL in vitro. Such incisions “unhook” the cross-link from one of the DNA
strands, and it is this step that is critical for further processing and repair of the cross-link.

Studies in which budding yeast, Saccharomyces cerevisiae, were treated with psoralen plus
UV light or nitrogen mustards, agents that produce ICLs in genomic DNA, showed that
mutants defective in NER or HR were extremely sensitive to these agents ((Noll et al. 2006)
and references therein). The identities of the proteins that initially recognize the cross-link
are unclear. Cycling cells treated with cross-linking agents accumulate double-strand breaks
(DSBs). Structurally, these DSBs are not the same as those caused by ionizing radiation.
Rather they are replication-induced fork breaks with a DSB on one end and a remaining
three stranded, cross-linked structure. DSBs are the result of a stalled replication fork at an
ICL. It is this encounter that is most likely the mechanism by which ICLs are initially
detected in replicating DNA.

Early studies in dividing mammalian cells suggested that DNA polymerase encounters with
ICLs during replication were an important mechanism leading to their removal (Vos and
Hanawalt 1987). Experiments in synchronized human skin fibroblasts treated with 4′-
hydroxymethyl-4,5′,8-trimethylpsoralen followed by UV irradiation suggested that ICLs
elicited a cell cycle check point and were repaired in S phase, but not in G1 or G2 (Akkari et
al. 2000). However, recent evidence using an elegant in vitro system has shown that a site-
specific ICL can elicit a check point response in the absence of replication (Ben-Yehoyada
et al. 2009). The method of Akkari et al. used to measure cross-link removal during
replication required separation of BrdU labeled DNA as a measure of replicated DNA versus
parental DNA. However, because a repair synthesis step is required to remove the ICL,
repaired DNA that may not have undergone replication could still have incorporated BrdU,
thus complicating interpretation.

Unlike the situation in E. coli and S. cerevisiae, ICL processing during replication in
mammalian cells is dependent upon only some of the proteins involved in NER, namely
XPF-ERCC1. In addition, various studies have implicated a role for a number of other
proteins in the initial steps of ICL repair. The following sections will consider the evidence
implicating these proteins. A more comprehensive discussion by Legerski (Legerski 2010)
regarding S phase ICL repair can be found in this issue.

XPF-ERCC1
XPF-ERCC1 is a structure-specific endonuclease that is capable of making 5′ incisions at
the junction between double-stranded DNA and a 3′ single-stranded region, and is
responsible for the 5′ incision in the NER pathway (Sijbers et al. 1996; Bessho et al. 1997).
Studies in which human cells were treated with various cross-linking agents showed that
cells deficient in proteins that are part of the NER pathway were sensitive to these agents
(Friedberg et al. 1979; Cleaver 1980; Fujiwara 1982). Later studies employing mutants of
Chinese hamster ovary (CHO) cells showed that cell lines deficient in ERCC1 were
approximately 90 times more sensitive than wild-type cells to the cross-linking agents
mitomycin C and diepoxybutane (Hoy et al. 1985). In contrast, cells deficient in XPD, one
of the NER helicases and a subunit of the TFIIH transcription factor, were only moderately
(3–4 times) sensitive.

More extensive studies by De Silva and coworkers (De Silva et al. 2000) examined the roles
of NER, HR and non-homologous end-joining (NHEJ) in the repair of ICLs created by the
nitrogen mustard mechlorethamine (HN2). Cell survival experiments showed that cells
deficient in the NER proteins XPF or ERCC1, and cells deficient in HR proteins, XRCC2
and XRCC3, were 12–26 times more sensitive to HN2 than their wild-type parents. In
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contrast, mutants deficient in the XPB or XPD helicases, or XPG, an endonuclease that
makes incisions on the 3′ side of DNA lesions were only slightly sensitive. The NHEJ-
deficient mutant, XRCC5, showed sensitivities similar to those of wild-type cells. These
results, which were similar to previous experiments employing other cross-linking agents,
including mitomycin C, cyclophosphamide and diepoxybutane (Hoy et al. 1985; Caldecott
and Jeggo 1991; Andersson et al. 1996; Damia et al. 1996), further supported the notion that
XPF-ERCC1 and the HR proteins, XRCC2 and XRCC3, play important roles in ICL repair.

To gain a better understanding of the roles of these proteins in repair, a modified Comet
assay was used to monitor ICL unhooking in HN2-treated cells (De Silva et al. 2000). Wild-
type and XPB- and XPD-deficient hamster cells were able to unhook approximately 85% of
the ICLs 48 hrs after treatment with HN2, whereas XPF- and ERCC1- deficient cells were
only able to unhook 15% of the ICLs over this same period of time. XRCC2 and XRCC3
HR mutants were able to unhook the ICLs to the same extent as their isogenic parents. These
results suggested that XPF-ERCC1 is involved in the critical initial step of replicative ICL
processing, cross-link unhooking.

Pulsed field gel electrophoresis (PFGE) was used to monitor formation of DSBs in HN2-
treated hamster cells (De Silva et al. 2000). As was the case in S. cerevisiae (McHugh et al.
2000), significant levels of DSBs were observed when exponentially growing wild-type
cells were treated with HN2 for 1 hr. These DSBs resulted from formation of ICLs rather
than monoadducts because treatment of the cells with the monoalkylating agent 2-
chlorethlamine, HN1, elicited no formation of DSBs. Considerably lower levels (6- to 8-fold
less) of DSBs were seen in non-dividing cells treated with the same concentrations of HN2.
This result suggests that significant amounts of ICL repair takes place during S phase,
possibly due to the presence of stalled replication forks. However, mechanisms of repair in
G1 phase would not be expected to arise through stalled replication fork generated DSBs.
Furthermore, G1 type repair pathways that have been characterized thus far involve NER
followed by translesion synthesis (TLS), which does not involve the formation of DSBs.
Therefore, the DSBs monitored by PFGE may have been a specific measure of S phase ICL
repair resulting from replication fork encounter with ICLs.

Wild-type cells treated with HN2 for 1 hr and then allowed to recover for 24 hrs showed
complete repair of the DSBs (De Silva et al. 2000). Similar repair was observed in the
XRCC5 cells, demonstrating that NHEJ was not responsible for repair. In contrast, both the
XRCC2 and XRCC3 cells showed greater than 60% DSBs after 24 hrs, demonstrating that
HR was involved in the repair of these lesions.

DSB formation and repair was also examined in HN2-treated NER mutant cell lines. All of
the mutants, XPG, XPB, XPF and ERCC1 showed the same levels of DSB formation and
repair as in the wild-type AA8 cells. Thus, despite the implication that XPF-ERCC1 is
involved in the initial cross-link unhooking step, this endonuclease appeared not to be
responsible for the formation of DSBs.

The effect of ERCC1 on DSB formation was monitored by observing γ-H2AX foci
formation in primary mouse embryo fibroblasts (MEFs) treated with mitomycin C
(Niedernhofer et al. 2004). γ-H2AX foci, the phosphorylated form of histone H2AX,
accumulates at the site of DSBs. Elevated levels of γ-H2AX foci were observed in MEFs
treated with mitomycin C suggesting that like nitrogen mustard ICLs, the ICLs created by
this agent induce formation of DSBs. Similar levels of γ-H2AX foci were observed in
ERCC1 −/− cells, a result that suggests that ERCC1 does not contribute to the formation of
these lesions and is consistent with the ERCC1-independent formation of DSBs in nitrogen
mustard treated cells (De Silva et al. 2000). Although ERCC1 was not responsible for DSB
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formation, the breaks persisted for a much longer time than in wild-type cells. XPF-ERCC1
is therefore required for subsequent resolution of the DSBs. The observation that DSBs
disappeared at the same rate in XPA −/− cells as in wild-type cells showed that the
requirement for ERCC1 in DSB resolution lies outside the role it plays in NER (Busch et al.
1997; Niedernhofer et al. 2001). It is still not clear whether the resolution of the DSB by
XPF-ERCC1 is due to actual unhooking of the ICL or recombinational repair, for which it
has a known role (Niedernhofer et al. 2004; Ahmad et al. 2008; Al-Minawi et al. 2008; Al-
Minawi et al. 2009). It remains possible that XPF-ERCC1 has a role in both of these steps of
ICL repair.

DSB formation was found to be cell-cycle dependent. Wild-type MEFs arrested in G1
showed significantly reduced γ-H2AX foci formation after treatment with mitomycin C
compared to proliferating cells. When the cells were released from G1, an increased number
of foci were observed. However, it should be noted that during NER repair in G1 phase of
the cell cycle, a faint ‘pan-nuclear’ γ-H2AX signal was observed and only during S phase
are bright γ-H2AX foci formed (Marti et al. 2006). Therefore, the method of measuring γ-
H2AX foci may occlude observation of G1 repair pathways, one of which is known to
involve the global genome (GG-) NER pathway (Muniandy et al. 2009).

Although the modified Comet assays have implicated XPF-ERCC1, but not other NER
proteins, in the unhooking step involving HN2 generated ICLs, the situation appears to be
different in the case of ICLs formed by the cancer chemotherapeutic agent cis-
diamminedichloroplatinum(II) (cisplatin) (De Silva et al. 2002). Cisplatin forms intrastrand
cross-links with -GpG-, -ApG- and -GpNpG- sequences in DNA, and to a much lesser
extent G-G ICLs. Cell survival assays showed that XPF cells were 37–40-fold more
sensitive to treatment with cisplatin than were wild-type AA8 cells. When treated with
cisplatin, XPD-, XPB- or XPG-deficient cells were only 1.3- to 3.1-fold more sensitive than
the parental cell line. This result is similar to that observed when these cells are treated with
nitrogen mustards; however cisplatin only forms 1% ICLs. When ICL unhooking was
examined using the Comet assay, XPF-, ERCC1-, XPB- and XPG-deficient cells treated for
1 hr with cisplatin all showed little or no unhooking ability, even after 72 hrs. This result
suggested that the differences in sensitivities of XPF and ERCC1 cells to cisplatin versus
that seen in other NER mutants are not due to differences in their abilities to unhook the
platinum cross-link, and implicates all of the NER proteins in the unhooking step. In a
separate series of experiments it was shown that there were no differences in the abilities of
the NER mutant cells to remove platinum intrastrand cross-links (De Silva et al. 2002).
Thus, the extreme sensitivity of XPF- and ERCC1-deficient cells to cisplatin implied an
additional role for these proteins independent of the NER pathway in the processing of the
cisplatin lesion. This extreme sensitivity may possibly be explained through its role in
recombinational repair (Ahmad et al. 2008; Al-Minawi et al. 2008). The observation that
like XPF and ERCC1 mutants, XRCC2 and XRCC3 mutants were also extremely sensitive
(38–50-fold) to cisplatin treatment (De Silva et al. 2002) demonstrates that recombinational
repair pathways play an important role in cisplatin adduct repair and supports the notion that
XPF-ERCC1 is involved in recombinational repair of cisplatin adducts as well.

Efforts have been made to gain a better understanding at the molecular level of the role of
XPF-ERCC1 in ICL repair by carrying out biochemical studies in mammalian cell extracts
with a defined, site-specific ICL substrate. As discussed in detail below, Legerski’s group
has carried out extensive studies that have also implicated XPF-ERCC1 and HR pathways.
While the plasmids that carried the ICLs did not contain mammalian replication origins, the
involvement of XPF-ERCC1, HR, and mismatch repair proteins, which cooperate with
replication machinery, indicates a replicative ICL repair pathway may be involved.
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Mu et al. did not detect recombinant XPF-ERCC1-mediated endonucleolytic incisions in
their cross-linked linear DNA substrates (Mu et al. 2000). Similar observations were made
by two other groups (Kuraoka et al. 2000; Fisher et al. 2008). Kuraoka et al. created a
substrate designed to mimic a stalled replication fork (Kuraoka et al. 2000). This Y-shaped
substrate consisted of a duplex joined to two non-complementary single-stranded tails. A
psoralen cross-link was positioned at the junction between the duplex and the tails. An
incision was observed on the 5′ side of the cross-link when this substrate was incubated with
recombinant XPF-ERCC1 in the absence of RPA. When the cross-link was moved away
from the junction into the interior region of the duplex, incisions were observed on both the
5′ and 3′ sides of the cross-link. These incisions unhook the cross-link. Bessho and
coworkers investigated processing by XPF-ERCC1 of a similar psoralen cross-linked Y-
shaped substrate containing a psoralen cross-link positioned in the stem of the Y at the three-
way junction formed by the stem and two duplex tails (Fisher et al. 2008). When this
substrate was incubated with recombinant XPF-ERCC1, an incision was observed 3–4
nucleotides (nt) away from the 5′ side of the cross-link. An additional incision was observed
5–10 nt away on the 3′ side of the cross-link. These two incisions unhook the cross-link and
the 3′ incision also creates a DSB. The results of these experiments suggest a model in
which a stalled replication fork creates a Y-shaped junction that allows XPF-ERCC1 to
cleave sequentially on the 3′ and 5′ side of the cross-link, although this has yet to be shown
in vivo.

Repair of ICLs in replicating DNA involves the formation of DSBs. Bessho has described a
system that may provide further insight into the role of XPF-ERCC1 in ICL-induced DSB
formation (Bessho 2003). Plasmid DNA was prepared that contained a single psoralen ICL
positioned 205 nt away from an SV40 origin of replication. This cross-linked substrate was
incubated in a HeLa nuclear extract supplemented with SV40 T antigen and the
incorporation of radioactive nucleotides was monitored. Not surprisingly, DNA synthesis
was inhibited 80–90% compared to a non-cross-linked control, and multiple termination
sites were observed, with the longest representing termination one nt before the cross-link.
Significant, however, was the observation of DSBs formed near the site of the cross-link. It
remains to be seen if DSBs are created in extracts deficient in XPF-ERCC1 or Mus81-Eme1,
another endonuclease implicated in ICL unhooking (see discussion below).

A system in Xenopus extracts originally described by Lu et al. (Lu et al. 2005) has recently
been employed with plasmids with mammalian origins of replication that contained either a
non-distorting nitrogen mustard ICL mimic or a cisplatin ICL (Raschle et al. 2008). The
results showed that repair of the ICL required convergence of replication forks on either side
of the cross-link. The forks initially terminated 20–24 nt ahead of the ICL. Interestingly, the
forks approached 4 nt closer to the cisplatin ICL than was the case for the mustard mimic
ICL. This difference most likely reflects the greater distortion imparted to the helix by the
cisplatin ICL and suggests that cross-link structure may affect repair even during replication.
Subsequently, one of the stalled replication forks approached to within one nt from the
cross-link. This approach up to the cross-link preceded any incisions made near the site of
the cross-link. Incisions made at the site of the cross-link resulted in cross-link unhooking
and generation of a DSB. The identity of the proteins responsible for unhooking and DSB
incisions remains to be determined.

While it is clear that XPF-ERCC1 is important for ICL repair, its role in the unhooking step
has been questioned (Bergstralh and Sekelsky 2008). XPF-ERCC1 is now known to have a
role in recombinational pathways implicated in ICL repair (Ahmad et al. 2008; Al-Minawi
et al. 2008; Al-Minawi et al. 2009). It has been suggested that an alternative interpretation of
the modified Comet assay is that failed recombination intermediates result in DNA that
migrates with a similar retarded mobility as cross-linked DNA, thus making it appear as if
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XPF-ERCC1 were responsible for unhooking (Bergstralh and Sekelsky 2008). These
recombination intermediates would not be covalently linked, but topological constraints may
prevent their denaturation, thus mimicking the behavior of cross-linked DNA in this assay.
If the modified Comet assay does indeed measure recombination intermediates, it appears
that it is only certain types. For instance, while the XRCC2 and XRCC3 mutants did not
generate longer tail moments, the XRCC3 mutant did and therefore this mutant appeared to
be unable to unhook platinum cross-links (De Silva et al. 2002). Considering XRCC1-3 are
all involved in recombination, this suggests that only certain specific failed recombination
intermediates may migrate with a slower mobility in this assay.

It appears that XPF-ERCC1 is important in recombinational ICL repair and possibly the
initial unhooking steps during replication. The diverse roles of this endonuclease and the
many pathways used to repair ICLs have made teasing out the exact roles of XPF-ERCC1 in
ICL repair complicated. The reader should consult the article in this issue by Nairn (Nairn
2010) for further discussion of this topic.

Mus81-Eme1/Mms4
Mus81-Eme1 also known as Mus81-Mms4 is a heterodimeric, structure-specific
endonuclease related to XPF-ERCC1 that has been implicated in the repair of DNA ICLs
(Osman and Whitby 2007; Ciccia et al. 2008). Like XPF-ERCC1-deficient cells, cells
deficient in Mus81-Eme1 are extremely sensitive to agents that create ICLs (Dendouga et al.
2005). Mus81−/− mice are viable, but were found to be hypersensitive to the ICL agent
mitomycin C (McPherson et al. 2004). Biochemical characterization of Mus81-Eme1
suggested that it may play a role in the processing of replication forks (Ciccia et al. 2003).
The endonuclease was shown to be capable of cleaving Y-shaped substrates that mimic
replication forks. This activity combined with the hypersensitivity of Mus81 −/− cells to
interstrand cross-linking agents suggested that Mus81-Eme1 might be responsible for cross-
link-induced DSB formation.

When mouse embryonic stem cells were exposed to mitomycin C for 24 hrs, DSBs were not
observed by PFGE (Hanada et al. 2006). However, DSBs were observed in ERCC1-
deficient cells under the same conditions. Similar effects were seen when the cells were
treated with cisplatin. Wild-type cells cultured continuously with mitomycin C accumulated
in S phase, and showed increased DSB formation, whereas the DNA from similarly treated
Mus81-deficient cells, which also accumulated in S phase, did not form DSBs. Furthermore,
when DNA replication was blocked by addition of thymidine, mitomycin C treatment failed
to elicit DSBs as monitored by γ-H2AX foci formation. These results, in combination with
the structure-specific endonuclease activity of Mus81-Eme1, led Hanada et al. to propose
that during replication, Mus81-Eme1 acts on ICL-induced stalled replication fork structures
to first create a DSB which then initiates additional incisions by an unknown nuclease,
possibly XPF-ERCC1, that results in unhooking of the cross-link (Hanada et al. 2006;
Osman and Whitby 2007).

It appears that during S phase, replication fork encounter with an ICL leads to a DSB,
involving Mus81-Eme1, which must be resolved through recombinational pathways that
involve XPF-ERCC1. However, the question remains if and how XPF-ERCC1 is involved
in the initial unhooking step and whether other nucleases are involved in unhooking.

BRCA1, BRCA2, and WRN
BRCA1, an E3 ubiquitin ligase, is involved in the maintenance of the genome, particularly
repair of DSBs (Boulton 2006). BRCA1-deficient cells are hypersensitive to agents that
create DNA ICLs. A recent study has explored the interaction between BRCA1 and WRN
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and their role in ICL repair (Cheng et al. 2006). A modified Comet assay was used to
monitor the repair of psoralen ICLs in wild-type HeLa cells and in cells treated with siRNAs
to knockdown BRCA1 and/or WRN. The results suggested that BRCA1 and WRN were
both involved in repair of the psoralen cross-links. The observation that knockdown of both
proteins resulted in the same level of repair as knockdown of either mutant alone showed
that both proteins function in the same repair pathway.

Immunoprecipitation experiments demonstrated that BRCA1 interacts with WRN. An
additional protein partner of BRCA1, BARD1, was also found to interact with WRN. The
helicase activity of WRN on a forked substrate was stimulated 4.5-fold in the presence of
BRCA1/BARD1.

To determine which activity of WRN was responsible for ICL repair in cells, Werner
syndrome cells complemented with either wild-type WRN, helicase-deficient WRN,
exonuclease-deficient WRN, or helicase- and exonuclease-deficient WRN. The cells were
treated with 8-methoxypsoralen/365 nm light and cross-link unhooking was assessed using
the modified Comet assay (Cheng et al. 2006). The Comet tail moment decreased with time
after exposure in cells complemented with wild-type WRN or exonuclease-deficient WRN
suggesting that cross-link unhooking had taken place. In contrast, the comet tail moment
remained unchanged in cells complemented with helicase- plus exonuclease-deficient WRN
or in helicase-deficient WRN cells. These results, which demonstrate that the WRN helicase,
but not its nuclease activity is required for ICL processing, are in agreement with the CRS
assays of Zhang et al. (Zhang et al. 2005) described below.

Taken together, the studies described above suggest that WRN helicase activity, which can
be stimulated by BRCA1, may be involved in initial ICL processing. This processing most
likely occurs at stalled replication forks that are formed during DNA replication.

BRCA2 interacts directly with RAD51 and is involved in HR and DSB repair (Boulton
2006). Cipak et al. investigated the role of BRCA2 in ICL replication-coupled repair in cell
extracts derived from a BRCA2-deficient human cell line, CAPAN-1 (Cipak et al. 2006).
The DNA substrate for these studies contained an SV40 origin of replication and a single
psoralen ICL. Replication was observed to take place past the site of the cross-link,
indicating that unhooking of the cross-link had occurred. In contrast, incubation in the
CAPAN-1 extract resulted in an approximately 60% decrease in replication past the ICL.
Replication was restored when CAPAN-1 extracts were complemented with BRCA2,
however DSB intermediates still accumulated. These results, which appear to be in
agreement with genetic evidence, suggest that unlike BRCA1, BRCA2 is not involved in the
initial steps of ICL processing, but rather in subsequent HR-mediated DSB repair.

Fanconi anemia proteins
Fanconi anemia (FA) is an autosomal recessive genetic disorder that is marked by
chromosome instability. Patients who suffer from FA have congenital abnormalities and are
prone to developing cancer, particularly leukemia. Cells from FA patients are extremely
sensitive to agents that create DNA ICLs (Carreau et al. 1999) and this observation suggests
that FA proteins, of which there are 15, are necessary for repair of ICLs.

The exact role of the FA complex of proteins in ICL repair is still quite unclear [for a
discussion see the following recent reviews (Kennedy and D’Andrea 2005; Niedernhofer et
al. 2005; Andreassen and Ren 2009; Thompson and Hinz 2009). It appears that the FA
complex may sense stalled replication forks created by ICLs; help recruit repair proteins to
this site; and remodel the stalled replication fork to allow repair to proceed (Niedernhofer et
al. 2005; Thompson and Hinz 2009).
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A substrate containing a single psoralen ICL and a weak mammalian origin of replication
was used to further examine the mechanism of recombinational ICL repair (Zhang et al.
2007). The assay was designed such that repair by a nucleotide excision repair/translesion
synthesis mechanism would not be monitored. Instead, a mutation was placed to prevent
reporter expression unless recombination with a homologous, also mutated, plasmid took
place. Therefore, the only repair signals observed were through repair of the psoralen cross-
link by recombinational mechanisms. It was found that the cross-linked plasmid alone did
not induce recombinational repair when incubated as an intact plasmid. However, a DSB
introduced next to the ICL-induced recombinational repair of the ICL. The observation that
this repair pathway relied on XPF-ERCC1, MutSβ, REV3 and components of the FA
pathway, demonstrated that these factors were involved in a recombination-dependent ICL
repair pathway. As discussed in a later section, in cell-free assays a psoralen ICL-induced
recombination into a homologous undamaged plasmid which relied upon MutSβ, FA
components, XPF-ERCC1, XRCC2 and XRCC3 (Li et al. 1999; Zhang et al. 2002).
However, the substrates used in this assay did not contain DSBs, which were shown to be
required for repair in the recombination repair assay (Zhang et al. 2007).

Experiments in various FA cell lines and extracts suggest that FA proteins are not required
for the initial steps that process the cross-link. Thus, for example, the Comet assay was used
to assess the kinetics of ICL unhooking in cells that were treated with psoralen and UV light
(Rothfuss and Grompe 2004). In these experiments FANCA and FANCD2 cell lines showed
essentially the same kinetics of unhooking as wild-type cells. Furthermore, DSB formation
in FANCC and FANCD2 cells was similar to that in wild-type cells as determined by
γH2AX foci formation. However, certain FA proteins such as FANCJ and FANCM have
helicase and nuclease activities, and therefore it remains possible that some of these proteins
are involved in the initial steps of repair. It has recently been shown that FANCD2 is
monoubiquitinated independent of processing by XPF-ERCC1 (Bhagwat et al. 2009).
However, nucleolytic incisions by XPF-ERCC1 were required to form stable chromatin
bound monoubiquitinated FANCD2 foci. This is the first data to connect nucleolytic
processing of ICLs to the FA pathway. It remains unclear whether the formation of
chromatin-bound FANCD2 requires XPF-ERCC1 for unhooking or recombination.

SIGNIFICANCE OF G1 ICL REPAIR PATHWAYS
Most studies have focused on S phase ICL repair pathways because of the significance of
bifunctional alkylating agents in cancer chemotherapy. However, most of the cells in
mammals are non-dividing, terminally differentiated cells. There is evidence that the use of
cross-linking chemotherapeutics induce premature aging in long-term survivors. Acquired
premature progeroid syndrome or APPS, the term given to the long-term side-effects of such
chemotherapies, is characterized by impaired cognitive, visual and musculoskeletal
functions (Grillari et al. 2007). Furthermore, premature aging syndromes have been
observed in humans who have mutated proteins implicated in ICL repair, such as XPF-
ERCC1, WRN, Fanconi anemia proteins, CSA, and CSB (Mitchell et al. 2003; Grillari et al.
2007). Considering the large amount of evidence that shows ICLs arise through natural
exogenous and endogenous sources (Summerfield and Tappel 1984; Caulfield et al. 2003;
Kozekov et al. 2003; Sczepanski et al. 2008; Stone et al. 2008), G1 type ICL repair would be
the only means of defense against these lesions in non-dividing cells. The formation of ICLs
in terminally differentiated cells is believed to contribute to malignancy associated with
aging (Grillari et al. 2007). Even in dividing cells, repair in a G1 context would theoretically
help reduce the burden of replication fork collapse as a dividing cell enters S phase.
Therefore, G1 repair pathways may also contribute to ICL chemoresistance in tumor cells.
Determining the pathways of S phase as well as G1 phase ICL repair may be important in
developing therapeutic strategies that can be used to increase the effectiveness of killing
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tumor cells while reducing the side effects in benign, terminally differentiated cells. Also, an
understanding of ICL repair in G1 may contribute to our understanding of the basic
mechanisms of aging. In the following section, two different forms of G1 ICL repair will be
discussed in detail: transcription-coupled ICL repair and repair of ICLs in quiescent DNA.
The NER pathway appears to be important in both these contexts. A further discussion by
Wood (Wood 2010) of the involvement of NER in ICL repair can also be found in this issue.

A recombination-independent ICL repair pathway involving NER followed by TLS was first
observed in E. coli by Loechler and colleagues (Berardini et al. 1997; Berardini et al. 1999).
Furthermore, the presence of a replication-independent ICL repair pathway essential for cell
viability was identified in the G1 phase of the cell cycle in S. cerevisiae (McHugh and
Sarkar 2006; Sarkar et al. 2006). This study suggested that recombination-independent
repair in yeast in G1 is initiated by the GG-NER pathway. Very recent studies have also
shown that G1 repair of ICLs in cultured mammalian cells involves the GG-NER pathway
(Muniandy et al. 2009). These studies demonstrate that a NER/TLS pathway of ICL repair
operates in E. coli, yeast and mammalian cells.

TRANSCRIPTION-COUPLED ICL REPAIR
Transcribed regions of a non-dividing cell have been found to have ‘domain-associated’
repair meaning that in euchromatic regions undergoing transcription, both the transcription-
coupled and global genome nucleotide excision repair pathways (TC-NER and GG-NER)
are more active than in other regions of the genome (Nouspikel et al. 2006). An ICL
imposes an absolute block to transcription and therefore it is imperative for a non-diving cell
to repair this lesion when it resides in an actively transcribed gene. Thus, it is not surprising
that transcription-coupled ICL repair mechanisms have evolved.

Transcription-coupled nucleotide excision repair
Fundamentally, there are two mechanisms by which transcription can initiate repair. The
first mechanism results from the formation of open chromatin structures surrounding a
transcribed region, which permits access to repair factors. The second mechanism is initiated
by the presence of a stalled elongating RNA polymerase (Laine and Egly 2006; Episkopou
et al. 2009). The first mechanism would not discriminate between the two DNA strands and
would also involve XPC as a recognition factor, whereas the second mechanism would be
XPC-independent, CSA- and CSB-dependent, and would repair lesions preferentially on the
transcribed strand. As mentioned above, domain associated repair is more efficient in open
regions of the genome and involves both the GG- and TC-NER pathways. These two distinct
mechanisms of transcriptionally-derived recognition may explain why the global-genome
recognition complex, XPC-hHR23B, was found to be involved in repair of certain ICLs such
as a mitomycin C ICL (Zheng et al. 2003) embedded in a reporter plasmid with a strong
transcriptional promoter, and was required for removal of psoralen ICLs from the genome of
cultured cells (Muniandy et al. 2009). However, repair of psoralen ICLs (Wang et al. 2001)
and alkyl ICLs (our unpublished results), when biased towards transcription-coupled repair
using the plasmid reporter system, only partially requires XPC because the level of repair in
XPC cells is higher than in CSB cells. Existing evidence suggests that TC-NER is central to
initiating repair of ICLs during transcription. Although transcription-coupled repair in
mammalian cells was initially identified by Hanawalt and colleagues in the mid 1980s with
the observation of strand-preferential removal of pyrimidine dimers in the transcriptionally
active DHFR gene (Bohr et al. 1985; Mellon et al. 1986), the mechanistic details of TC-
NER are still being uncovered.

There are two genes that are specific to TC-NER in mammalian cells: CSA and CSB. These
two genes are named after Cockayne Syndrome, a condition resulting from defects in either
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of these two genes. The CSA protein resides in a complex with DDB1, Cullin4A, and Roc1,
and displays E3 ubiquitin ligase activity (Groisman et al. 2003; Groisman et al. 2006). CSA
also physically associates with RNA polymerase II in a UV-dependent manner (Groisman et
al. 2003; Groisman et al. 2006). Additionally, knockdown of CSA results in deficient NER,
suggesting ubiquitination is important to carry out TC-NER (Groisman et al. 2003).

The CSB protein is a member of the SWI2/SNF2 family of ATP-dependent chromatin
remodeling factors and, like other SWI/SNF family members, exerts DNA-dependent
ATPase and nucleosome remodeling activities (Citterio et al. 2000). However, CSB does not
exhibit the classical helicase activity common to this protein family (Selby and Sancar 1997;
Citterio et al. 2000). CSB is the first repair protein identified as having a direct role in
modulating nucleosome structure (Citterio et al. 2000). Furthermore, CSB has been shown
to stimulate RNA synthesis in vitro and in vivo (Balajee et al. 1997; Selby and Sancar 1997;
Groisman et al. 2006; Laine and Egly 2006) and to interact with transcriptional complexes
as well as the NER repair factors XPG and XPA (Laine and Egly 2006). Still, the role of
CSB during general transcription remains a controversial issue (Citterio et al. 2000;
Groisman et al. 2006). CSB knockout mice, and some patients deficient in CSB, display a
mild phenotype suggesting that CSB is not required for general transcription (Groisman et
al. 2006). It was recently shown that CSB is a substrate of the CSA ubiquitin ligase
complex. CSB was shown to be degraded at a late stage of the repair process in a
proteasomal- and CSA-dependent manner, which ultimately leads to the recovery of RNA
synthesis after transcription-coupled repair (Groisman et al. 2006). In addition, CSB was
determined not to participate in the removal of the stalled elongating RNA polymerase II
(Selby and Sancar 1997). Other in vitro pull down experiments suggested that the stalled
polymerase is not removed during assembly of the TCR complex (Fousteri et al. 2006).
However, TFIIH is likely to be partially responsible for the ATP-dependent removal of the
stalled RNA polymerase, as the release of the stalled polymerase was observed to be less
efficient in the absence of TFIIH (Laine and Egly 2006). Although the initial events are
becoming clearer in the context of TC-NER, the molecular details still remain largely
unknown specifically in relation to ICL repair.

Transcription and the repair of interstrand cross-links
The connection between ICLs and transcription was first described in the early 1990’s. In
addition to showing that the efficiency of ICL repair increased in actively transcribed
regions, Hanawalt and colleagues showed that the formation of cross-links was more
efficient in transcribed regions of an active gene (Islas et al. 1991). Thus, chromatin
structure of specific genomic regions was determined to be a critical factor in mammalian
ICL formation and repair (Islas et al. 1991; Dronkert and Kanaar 2001; Laine and Egly
2006; Fousteri and Mullenders 2008).

Hanawalt’s initial cross-linking studies were done using a renaturing agarose gel
electrophoresis technique to examine the processing of psoralen ICLs in the expressed
dihydrofolate reductase (DHFR) gene and the unexpressed FMS proto-oncogene in human
fibroblasts (Vos and Hanawalt 1987; Islas et al. 1991). These studies determined that
approximately 92% of the fragments containing the expressed dihydrofolate reductase gene
were cross-linked, whereas only 37% of the unexpressed FMS proto-oncogene fragments
were cross-linked. After 24 hrs, 90% of the cross-links in the DHFR gene were removed
compared to nondetectable levels of cross-link removal in the FMS proto-oncogene (Islas et
al. 1991). Similarly, Bohr and colleagues, showed that cisplatin ICLs are repaired more
efficiently in transcribed regions of the DHFR gene at low cross-link concentrations in an
ERCC1-dependent manner in Chinese hamster ovary cells (Jones et al. 1991; Larminat et al.
1993; Larminat and Bohr 1994). Another study detected nitrogen mustard ICL formation at
higher levels in the overexpressed c-MYC proto-oncogene compared to that of the weakly
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expressed N-RAS gene and non-transcribed regions in a human tumor cell line (Futscher et
al. 1992). The nitrogen mustard cross-links in the c-MYC gene disappeared more rapidly
suggesting that nitrogen mustard ICLs are produced and processed faster in transcribed
regions (Futscher et al. 1992). Open chromatin structure at sites of transcription may explain
these observations, as other lesions have been shown to form and be repaired specifically in
openly transcribed domains (Nouspikel et al. 2006). Conversely, equal repair was identified
in active and in inactive regions at very high concentrations of ICLs in multiple studies in
hamster cells (Jones et al. 1991; Larminat et al. 1993). These experiments suggest that when
overwhelmed with ICLs, both transcription-coupled and global genome ICL repair pathways
become active.

A separate study using psoralen ICLs in the constitutively expressed adenine
phosphoribosyltransferase (APRT) gene in hamster cells demonstrated that 90% of the
mutations arose from monoadducts remaining on the non-transcribed strand, suggesting the
transcribed strand was preferentially incised (Sage et al. 1993). Evidence of strand
specificity for the transcribed strand has been shown for psoralen ICLs in the DHFR gene
(Islas et al. 1994). The strand preference in transcription-coupled repair is not surprising
since the first description of TC-NER demonstrated a repair preference for removal of
pyrimidine dimers from the transcribed strand of the DHFR gene (Mellon et al. 1987).

The majority of studies of transcription-coupled ICL repair have been carried out in
mammalian cells using plasmids that contained a single site-specific cross-link located
between a CMV promoter and a luciferase reporter gene. This system is biased towards
transcription-coupled repair because the lesion is placed downstream of a constitutive
mammalian transcriptional promoter. Host-cell reactivation (HCR) assays are used to study
repair of the ICL as signaled by expression of the luciferase reporter gene. There has been
little work to date on the mechanistic details of transcription-coupled ICL repair due to the
inherent difficulty in monitoring transcription-coupled repair in cell extracts (Laine and Egly
2006).

Using a psoralen cross-linked substrate, Li and coworkers demonstrated the presence of a
transcription-driven, recombination-independent ICL repair pathway in mammalian cells.
The repair efficiency was determined to be approximately 50% as shown by the reactivation
of a cross-linked plasmid compared to an undamaged plasmid (Wang et al. 2001). Repair
efficiencies of the psoralen cross-linked plasmids were significantly reduced to less than 5%
in XPA-, XPB-, XPD-, XPG- and were surprisingly, equally sensitive in XPF- and ERCC1-
deficient cells. This indicates that during transcription-coupled ICL repair, which involves
NER/TLS, there does not appear to be a special role for XPF-ERCC1 outside of NER. The
repair efficiency was only partially reduced in an XPC-deficient cell line indicating that, in
this system, the GG- NER pathway is only slightly involved and supports the notion that the
plasmid reporter method of measuring repair is transcriptionally biased. Consistent with this
result, as discussed below, a significant decrease in repair of various cross-links was
observed in cells mutated in CSA or CSB. These results suggest that although both
transcription-coupled and global-genome NER pathways play important roles in initial
processing of ICLs independent of replication, in a highly transcribed environment, TC-
NER appears to be the dominant pathway involved. The precise mechanistic role of NER
proteins in recombination-independent ICL repair has not yet been determined, although it is
believed to be involved in the initiation step of ICL repair (see discussion below). Recovered
plasmids from these experiments had high rates of mutation, demonstrating the repair
pathway(s) involved were error-prone. Also, evidence showed that polymerase eta was
partially involved in the pathway, although it was not essential, suggesting the involvement
of other translesion polymerases (Wang et al. 2001; Zheng et al. 2003).
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Experiments were also carried out on a plasmid containing a single site-specific mitomycin
C cross-link. Similar to the psoralen plasmid experiments, the repair efficiency of the
mitomycin C cross-linked plasmid was approximately 50% of a non-damaged plasmid in
wild-type cells (Zheng et al. 2003). This ICL was also repaired in a recombination-
independent manner using both the transcription-coupled and GG-NER pathways as
evidenced by dramatic reductions, approximately 10-fold less than wild-type cells, in repair
efficiencies in both XPC-and CSA- and CSB-deficient cells. Why both the GG- and TC-
NER pathways were equally involved in repair of the mitomycin C, but not the psoralen
ICL, was not clear, although the chemical and physical properties of the cross-linked DNA
may be responsible.

Recovered plasmids from Li and colleagues’ experiments showed there was strand bias for
mutations on the transcribed strand, suggesting that the transcribed strand was preferentially
incised during transcription-coupled ICL repair, consistent with the early results by
Hanawalt and colleagues.

Another research group using a HCR assay demonstrated that repair of mitomycin C cross-
linked plasmids is NER-dependent, which also confirms Li’s results that NER proteins are
essential for transcription-coupled ICL repair (Ahn et al. 2004).

HCR assays using reporter plasmids containing a site-specific psoralen or mitomycin C
cross-link were also performed in a human mismatch repair mutant cell line, Hec59,
defective for MSH2. The results for both cross-linked plasmids showed significant increases
in the level of recombination-independent repair in the absence of MSH2, suggesting MSH2
was involved in a competing pathway possibly involving recombination (Zheng et al. 2006).

Li and coworkers’ previous studies showed that recombination-independent repair in
mammalian cells is error-prone. They further tested REV1 and REV3 to determine whether
these proteins were involved in this repair pathway and whether they are responsible for the
high mutation rate (Shen et al. 2006). Assays performed in REV1 and REV3 knockout cells
demonstrated these proteins are the principle lesion-bypass components of this pathway,
while polymerase-eta (XPV) deficient cells were able to repair the ICL much more
efficiently (Wang et al. 2001; Zheng et al. 2003; Shen et al. 2006). This study also showed
that the initiation of lesion bypass is controlled by the monoubiquitination of PCNA at
lysine 164. Additionally, characterization of the plasmids recovered from the REV1 and
REV3 knockout cells showed that mutations were greatly decreased in the knockout cells,
indicating that the high level of mutagenesis was predominantly due to REV1 and REV3
(Shen et al. 2006). A model for recombination-independent ICL repair in mammalian cells is
shown in Figure 2.

Structural factors can determine the effects of DNA damage on transcription, specifically
important structural factors that can influence transcription-coupled repair are size and shape
of damage as well as local DNA sequence and structure (Scicchitano et al. 2004). It is not
known if cross-link-induced distortions affect where the RNA polymerase stalls and thus
initiate repair, but recent evidence suggests that cross-link structure affects both
transcription and the subsequent repair synthesis step [(Smeaton et al. 2009) and our
unpublished results]. ICLs that block the hydrogen bond face of the cross-linked nucleotide,
such as the synthetic T-T and I-T mismatched cross-links shown in Figure 1B, which mimic
BCNU type cross-links, can impede bacterial and viral purified replicative polymerases as
well as polymerases present in mammalian cell extracts (Smeaton et al. 2009). However,
when cross-links that do not interfere with the hydrogen bond face, such as the synthetic C-
C mismatched cross-link shown in Figure 1B, which mimics nitrogen mustard type ICLs,
efficient bypass was observed (Smeaton et al. 2009). We have also observed significant
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effects of blocking the hydrogen bond face on repair efficiency using the HCR assay in
mammalian cells (Hlavin and Miller, unpublished results). Furthermore, preliminary
evidence suggests that a distorted -GC- cross-link is repaired with much higher efficiency
than a non-distorted -CG- cross-link in mammalian cells (Smeaton and Miller, unpublished
results), a result similar to that previously observed in E. coli (Noll et al. 2005). Taken
together, these data indicate that cross-link-induced distortions and the chemical structure of
an ICL play an important role in determining how ICLs are initially recognized and
processed independent of replication.

It is clear that many questions remain surrounding the details of TC-ICL repair. Further
research in this area might examine whether the classical mechanisms of NER act during
ICL repair and, if so, how the bubble structure is formed in the presence of an ICL. It will be
interesting to determine how the structure and distortion induced by an ICL affects TC-ICL
repair, with specific attention paid to the position of the stalled RNA polymerase relative to
the site of the cross-link. The location of the stalled polymerase may have significant effects
on the recruitment of repair proteins to the site of damage and thus influence repair
efficiency.

ICL REPAIR IN QUIESCENT DNA
In non-dividing cells, monoadducts that lie within transcribed areas of the genome have
domain associated repair and both GG-NER and TC-NER are active (Nouspikel et al. 2006).
The necessity of removing an adduct from the transcribed strand is apparent. However, most
monoadducts placed in the non-transcribed strand do not appreciably block transcription. If,
however, a second lesion in the transcribed strand is located near a lesion in the non-
transcribed strand, the repair machinery would lack a faithful template due to the presence of
the first lesion, a situation that could result in mutation. However, ICLs present an absolute
block to transcription, and therefore repair by a GG-ICL type repair pathway would be a
highly advantageous means of reducing the number of ICLs encountered by elongating
RNA polymerases. As discussed below, extract-based data has implicated a number of
different GG-ICL type repair pathways

In a non-dividing cell, it is not apparent that monoadduct lesions that lie outside of
transcribed domains would cause harm to the cell. In contrast, an ICL, which tethers both
strands of the DNA duplex, may cause unique forms of damage to the cell when in quiescent
areas of the genome relative to monoadducts. For instance, tethering of the strands may have
an important impact on DNA topology and supercoiling that must be dealt with regardless of
where in the genome the ICL resides.

There is significant evidence, based on studies with substrates that lack mammalian origins
of replication or promoters, that shows defined ICL substrates are processed by seemingly
many different pathways in mammalian cell extracts. While the HCR assay is biased toward
transcription-coupled ICL repair, there is evidence that the GG-NER pathway plays a role in
reactivation of the reporter plasmids. This conclusion is based, in some cases, on a
dependence on XPC for repair in the HCR assay, especially with certain cross-links like
mitomycin C (Zheng et al. 2003). Furthermore, it has been shown recently in cells that a
pathway of G1 repair of ICLs involves the GG-NER pathway independent of transcription
(Muniandy et al. 2009).

Mechanistic studies of ICL repair
Methods used to assess ICL repair in cells, whether done by bulk treatment and Comet/
survival assays or through the use of site-specific reporter plasmids provide important
information on the pathways used to repair ICLs. However, these assays are not able to
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provide mechanistic insight into the details of processing or identify the proteins required at
each step in the repair process. Because the precise mechanistic details of ICL repair are
unknown, cell-free extracts have been used to examine how ICLs are processed. Some
studies have been carried out using purified enzymes that have been implicated in ICL
recognition and incision (Kuraoka et al. 2000; Mustra et al. 2001; Mustra et al. 2007; Fisher
et al. 2008; Zhao et al. 2009). However, reconstitution of the initial steps of recognition and
unhooking of a cross-link from quiescent DNA has yet to be realized with recombinant
proteins.

It is known that multiple pathways of ICL repair exist and, consistent with this, work in
extracts has uncovered seemingly numerous pathways of GG-type ICL repair processing.
However, it appears that the processing observed and the proteins required in extract-based
studies may depend largely on the ICL substrate used, the assay used, and the assay
conditions.

Site-specific ICLs used in mechanistic studies are embedded in a short DNA duplex. The
short cross-linked duplex is inserted into either a longer linear duplex or a circular DNA.
This is necessary in order to provide a substrate of sufficient length to examine repair
processing by pathways such as NER (Huang and Sancar 1994). The properties of the
substrate can make a large difference in the observed repair signals. For instance, as
discussed above, there have been studies in extracts using substrates in which a mammalian
origin of replication was located upstream of an ICL (Cipak et al. 2006; Raschle et al. 2008).
However, there has been no work to date using transcriptional-based ICL substrates in cell
extracts. This is largely due to the fact that both transcription and repair in cell extracts occur
with very low efficiency (Laine and Egly 2006). Most mechanistic studies have used
substrates that contain neither an origin of replication nor a transcriptional promoter and thus
mimic repair from a global genomic context.

While this section will focus on studies using ICL substrates that do not contain mammalian
origins of replication or transcriptional promoters, the conditions used in an assay may still
dramatically affect the precise repair process monitored. For instance, when an ICL
substrate is incubated in a cell extract, even without an origin or promoter, the presence of
an undamaged homologous donor substrate may influence the ICL pathway being monitored
(Bessho et al. 1997; Li et al. 1999; Zheng et al. 2006; Smeaton et al. 2008).

Recognition of ICLs – Studies with purified porteins
Studies using purified proteins have examined the ability of proteins implicated in ICL
repair to specifically recognize ICL substrates (Kuraoka et al. 2000; Mustra et al. 2001;
Mustra et al. 2007; Fisher et al. 2008; Zhao et al. 2009). Other studies have focused on the
ability of the XPF-ERCC1 nuclease to cleave cross-linked substrates because of its apparent
special role in ICL repair (Kuraoka et al. 2000; Fisher et al. 2008). However, as was
discussed above, the activity of purified XPF-ERCC1 appears to occur exclusively on
substrates that mimic stalled replication forks. Furthermore, there is no evidence that XPF-
ERCC1 plays a special role outside of NER during replication-independent ICL repair
[Hlavin and Miller, unpublished results and (Wang et al. 2001; Zheng et al. 2003; Muniandy
et al. 2009)]. Therefore, this section will focus on recognition of ICLs by other proteins
implicated in ICL repair, as the activity of purified XPF-ERCC1 on defined substrates was
described above.

Many different proteins have been shown to bind with some specificity to cross-linked
DNA. The damage recognition components of the NER pathway are XPC-hHR23B and
XPA-RPA. XPA has been shown to have some level of specificity towards a mitomycin C
cross-linked substrate and undergo a conformational change upon binding to the lesion
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(Mustra et al. 2001; Mustra et al. 2007). Both XPC-hHR23B and XPA-RPA were shown to
bind selectively to an ICL that was placed in a triplex-forming oligonucleotide (TFO)
(Thoma et al. 2005). The protein HMGB1 was shown to bind cooperatively to psoralen
TFOs with RPA and may coordinate the action of NER factors at ICL sites (Reddy et al.
2005). It was also shown that MutSβ, which as discussed below is implicated in ICL repair
(Zhang et al. 2002; Wu et al. 2005), also specifically recognizes psoralen TFOs (Zhao et al.
2009). Some cooperation was observed between XPA and MutSβ, however none was
detected between MutSβ and XPC-hHR23B. It is not clear whether these proteins cooperate
or compete to process the ICL through different pathways. However, the HCR data, which
has shown that MMR mutants promote the use of NER/TLS error-prone pathways, seems to
suggest that competition for entering different pathways is likely (Zheng et al. 2006).

It has also been demonstrated that the nuclear matrix protein nonerythroid α spectrin (α
IISp) specifically binds to psoralen cross-linked DNA and associates with Fanconi anemia
proteins (McMahon et al. 2001). It has been demonstrated that α IISp interacts with the
nuclear matrix (Bachs et al. 1990) and this observation is consistent with data demonstrating
that the nuclear matrix may serve as an important locus for ICL repair (Atanassov et al.
2005).

Mechanistic ICL repair experiments in mammalian cell extracts
While no incisions were observed when recombinant XPF-ERCC1 was incubated with ICL
substrates embedded in completely duplexed DNA (Kuraoka et al. 2000), extract-based
assays have detected XPF-ERCC1 specific incisions that were unique to its role in NER
(Kumaresan et al. 1995; Kumaresan and Lambert 2000; Mu et al. 2000; Zhang et al. 2000;
Zhang et al. 2002), NER-dependent incisions (Bessho et al. 1997; Smeaton et al. 2008), and
XPF-ERCC1-independent incisions (Smeaton et al. 2008). It is therefore still unclear how
XPF-ERCC1 is involved in the initial incision stages of ICL processing.

There have been many different types of extract-based assays that have provided important
mechanistic insights into ICL repair. Two commonly used assays are the incision/unhooking
assay and the repair synthesis assay. In the incision/unhooking assay, a radiolabel placed at a
specific position within the substrate is used to assess the exact locations of nucleolytic
incision events. The labeled substrate is incubated with a whole cell extract and the incision
products are analyzed by gel electrophoresis. Alternatively, in the repair synthesisassay,
α-32P dNTPs are used to monitor nucleotide incorporation into a non-labeled substrate
during ICL processing. The non-labeled substrate is incubated with a cell extract and 32P
incorporation is used as a measure of repair synthesis. The type of assay used to study ICL
repair must be considered when interpreting data. For instance, the incision/unhooking assay
directly measures nucleolytic action on ICL substrates, and requires, at a minimum,
recognition and incision proteins, and possibly proteins that couple the two events. The
repair synthesis assay requires proteins for recognition, multiple incisions resulting in
unhooking, repair synthesis and in some assays also ligation. Furthermore, it is likely that
the unhooking and repair synthesis processes are coupled through the use of yet other
proteins, as is the case with repair processes such as NER (Staresincic et al. 2009).
Therefore, a productive repair signal from a repair synthesis assay requires many more
proteins and steps than does an incision/unhooking assay. These two types of assays provide
complementary information about the details of the different mechanistic steps in the ICL
repair process.

Extract-based assays have been employed because the suite of proteins required for ICL
repair and the steps in which they act remains for the most part unknown. There are,
however, many complications that arise when working with extracts. For instance, different
types of cell extract preparations may have widely different activities due to isolation of
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different proteins. Furthermore, even the same type of extract preparation may have
different levels of activity when made at different times. Such variation can arise from many
sources including quality and concentration of the extract and the amount of sheared
genomic DNA that co-purifies with the extract. In addition, many proteins can potentially
interfere with ICL processing. For instance, nucleic acid binding proteins present in a crude
cell extract could interfere with repair protein binding. To circumvent this problem, non-
damaged competitor DNA is commonly added to reduce non-specific binding to the
damaged substrate. Extracts also have phosphatases that can remove a terminal 32P label,
and therefore the label is usually placed internally in the substrate. There are also non-
specific nucleases (exo and endo) that can nick and degrade substrates. This is controlled for
by using a non-damaged substrate that is otherwise identical to the damaged one and
assaying for random nuclease activity. DNA polymerase-mediated non-specific nick
translation can also occur in cell extracts, but this is usually controlled for by using a non-
damaged substrate as in the case of the incision assay. There are proteins, such as Ku70/80,
that bind to the ends of linear DNA and can interfere with DNA repair processing of linear
substrates. This unwanted binding can be alleviated by using circular substrates or
modifying the ends of the linear substrate with a biotin/streptavidin conjugate (Mason et al.
2008). Exonuclease activity on linear substrates can be minimized through the use of
nuclease resistant non-ionic methylphosphonate linkages at the terminal ends of a linear
substrate. When combined with biotin/streptavidin, these modifications increase NER and
ICL repair signals in mammalian cell extracts (Mason et al. 2008; Smeaton et al. 2008).

Incision of ICLs in extracts
Using chromatin-associated protein extracts from human cells, Kumaresan, Lambert and
colleagues studied processing of a site-specific 4,5′,8-trimethylpsoralen (HMT) psoralen
ICL embedded in a ~140 linear substrate (Kumaresan et al. 1995; Kumaresan and Lambert
2000; Kumaresan et al. 2002; Kumaresan et al. 2007). They observed incisions on the 5′ and
3′ sides of the psoralen ICL. On the furan-adducted strand, incisions occurred at the 5th and
6th phosphodiester 5′ to the ICL, but on the pyrone-adducted strand, incisions occurred at the
13th and 14th phosphodiester 5′ to the ICL (Kumaresan et al. 1995). This difference in
incision location based on which side of the psoralen ring is processed is consistent with the
notion that the structure of an ICL can influence repair processing. In contrast, incisions on
the 3′ side of the ICL were observed at the 4th or 5th phosphodiester bonds on both of the
pyrone- and furan-adducted strands. These incisions were divalent metal ion (Mg2+)-
dependent and were later shown to require ATP (Kumaresan and Lambert 2000).

In these experiments the 32P label was placed 5′ of the ICL. After incubation with cell
extract, the ICL was reversed by irradiation with short wavelength UV light. This procedure
allowed visualization of both 5′ and 3′ incisions within a single labeled substrate. Under
these conditions, if both incisions were coupled on the same substrate, only the 5′-most
incision would be observed. Since both 5′ and 3′ incisions were observed, this result
indicates that the incisions are, at least part of the time, not coupled. It is not clear whether
coupled incisions occur using chromatin-associated extracts that lead to the production of an
unhooked product.

The XPF-ERCC1 nuclease, but not other NER proteins, was shown to be responsible for the
incisions observed (Kumaresan and Lambert 2000; Kumaresan et al. 2002; Kumaresan et al.
2007). XPF-ERCC1 was shown to cooperate with proteins in the Fanconi anemia pathway
and the scaffolding protein α IISp. Chromatin associated protein extracts derived from
Fanconi anemia complementation groups A, B, C, D2, F and G were all defective in the
production of XPF-ERCC1-mediated 5′ and 3′ incisions (Kumaresan and Lambert 2000;
Kumaresan et al. 2007). In FA-A cells, the level of XPF-ERCC1 was normal, however in
many of the cell lines including FA-A, there were reduced levels of α IISp. The incisions
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observed require the use of α IISp, as antibodies against α IISp inhibited incision. Purified α
IISp enhanced the XPF-ERCC1-mediated incision and was shown to bind specifically to a
psoralen cross-link with Fanconi anemia proteins (McMahon et al. 2001). Furthermore, α
IISp co-localized with XPF and FANCA at sites of damage (Sridharan et al. 2003). As
previously mentioned, because α IISp interacts with the nuclear matrix (Bachs et al. 1990)
and there is evidence that ICL repair takes place at the nuclear matrix (Atanassov et al.
2005), it is believed that α IISp may serve as a scaffold for the assembly of ICL repair
factors.

Cross-link repair synthesis assays in mammalian cell extracts
Extensive efforts have been made to gain a better understanding at the molecular level, of
the proteins involved in ICL repair by carrying out a cross-link-induced repair synthesis
(CRS) assay developed by Legerski’s group (Li et al. 1999). The assay employed a damaged
plasmid containing a single psoralen ICL (CLT), a non-damaged control plasmid (CT)
whose sequence was identical to that of CLT, and a slightly larger non-damaged donor
plasmid (DT) (Li et al. 1999). All three plasmids were derived from the same parental
plasmid and therefore contained homologous sequences. The plasmids used did not contain
origins of replication or any mammalian promoters. These assays, which were carried out in
human or rodent whole cell extracts, examined DNA synthesis by monitoring incorporation
of radioactive nucleotides into plasmid DNA. Surprisingly, incubation of the CLT and DT
plasmids in HeLa whole cell extract resulted in incorporation of radioactivity into both
plasmids, however incubation of monoadducted plasmid with DT did not. This incorporation
was approximately 20- to 30-fold greater than the incorporation observed when the DT was
incubated with the CT plasmid or when the plasmids were incubated by themselves. These
results are consistent with a mechanism whereby the psoralen ICL entered a recombination
type repair pathway, a possibility that was confirmed by failure to observe incorporation in
XRCC2 and XRCC3 mutant extracts (Li et al. 1999). Furthermore, it was shown that when
an ICL was placed in direct repeat sequences, a single strand annealing pathway was
responsible for ICL repair (Zheng et al. 2006). Certain XPF mutant cell lines tested were not
defective in the CRS assay, indicating that certain mutations may affect the function of XPF
in NER and ICL repair separately (Zhang et al. 2000). It was also shown that RPA and
PCNA play crucial roles in productive CRS (Li et al. 2000).

Consistent with the results of Hartley and colleagues, the CRS assay was only slightly
diminished in extracts derived from XPA-, XPC- or XPG-deficient cells. However, very
little incorporation was observed when the CLT and DT plasmids were incubated in hamster
whole cell extracts deficient in XPF or ERCC1 (Li et al. 1999; Zhang et al. 2000). This
result is consistent with the genetic evidence that implicates a role for XPF-ERCC1 in ICL
repair outside of NER.

The observed incorporation into both the damaged plasmid and the DT plasmid suggested
some type of recombination had occurred. However, when donor plasmids with reduced
degrees of homology were used, significant levels of incorporation into the donor plasmid
were still observed. Furthermore, HeLa whole cell extracts immunodepleted of hRad51, a
protein required for HR showed no decrease in the level of incorporation into the DT
plasmid. Nevertheless, incorporation into the DT plasmid was reduced significantly in
extracts derived from XRCC2- and XRCC3- deficient cells. Taken together, these results
suggested that HR was likely not involved in the repair of the ICLs in the extracts. Rather
the authors suggested that some form of break-induced replication (BIR), which only
requires limited extents of homology might be responsible for the repair synthesis seen in
the CRS assay. The previously discussed role of XPF-ERCC1 in ICL-induced
recombination pathways may also explain the pronounced effect observed in XPF-ERCC1
cells over other NER mutants.
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The authors went on to use the CRS assay to analyze incisions. The complication with such
an analysis is that labeled repair synthesis products are actually being monitored, and
therefore many of the initial incision sites may go unobserved due to nick translation, repair
synthesis, and ligation. However, the authors did observe a repair synthesis product that
terminated directly 3′ to the adducted psoralen ICL (Zhang et al. 2002). This observation
along with the detection of DNA repair synthesis 5′ of the ICL indicated unhooking of the
ICL had taken place. The authors also observed DSBs surrounding the site of the psoralen
ICL. XPF-ERCC1, but not other NER factors, was required for these incisions. Furthermore,
there was a dependency on MutSβ, but not MutSα or MutL, to specifically recognize
psoralen ICLs and create the incisions surrounding the ICL. It was later found through
extensive fractionation efforts that the proteins CDC5L, PRP19/PSO4, WRN, PLRG1 and
SPF27 were also required in the CRS assay (Zhang et al. 2005). It was found that the
helicase and not the exonuclease function of WRN was required for repair, consistent with
observations by others (Cheng et al. 2006). Interestingly, many of these factors are also
essential for pre-mRNA splicing and have appeared to evolve a dual role in DNA repair
processing. It was also shown that knockdown of CDC5L or PRP19 decreased luciferase
expression in the transcription-based luciferase reporter assay using a site specific psoralen
cross-linked plasmid. Both the CRS assay and reporter assay rely on a number of ICL repair
processing steps for a repair signal to be observed. This data clearly indicates a role for these
factors in ICL repair processing, but at which mechanistic step they function remains a
question. Interestingly, ICL unhooking was not observed when MutSβ, RPA, PCNA, Pso4
and WRN were reconstituted in vitro, a result that suggests that additional factors are
required for the unhooking step (Zhang et al. 2005).

NER-dependent dual 5′ incisions
Another approach, similar to that used by Lambert and colleagues, has used linear substrates
to monitor not only incision, but repair synthesis events. Work by Bessho, Sancar and
colleagues demonstrated the surprising finding that the mammalian NER pathway makes
dual incisions 22–28 nt 5′ to the site of the ICL (Bessho et al. 1997). These dual 5′ incisions
release an undamaged oligonucleotide but do not result in removal of the ICL. Both
mammalian cellular extracts as well as a purified, reconstituted NER system carried out the
same dual 5′ incision reaction. We have also observed the same dual 5′ incision phenomena
with psoralen ICLs and with alkyl cross-links of various chemical structures (Smeaton et al.
2008). Consistent with the known response of NER to distortions, we have found that the
level of the dual 5′ incisions correlates with the level of distortion induced by the ICL, but
not the chemical structure of the ICL itself. For instance, when a N4C-ethyl-N4C cross-link
was placed into a -CG-sequence context, the resulting structure was found to be very similar
to B-form DNA and demonstrated very little distortion as measured by NMR and X-ray
structure analysis (Noll et al. 2005; Swenson et al. 2007). However, when placed in a -GC-
sequence context, this cross-link induced significant distortion to the DNA duplex including
increased bending and dynamics in the DNA as well as a small unpaired region surrounding
the ICL site (Noll et al. 2005; Smeaton et al. 2008). The level of dual 5′ incisions was much
greater in substrates containing the distorted -GC- ICL versus those containing the non-
distorting -CG- ICL. It is therefore of considerable interest to determine, in the absence of
fork encounter, which properties of the ICL are responsible for recognition.

The NER apparatus makes a bubble of approximately 25 nt that surrounds the site of a
monoadduct lesion in DNA (Evans et al. 1997). The inability of the NER machinery to make
incisions on either side of an ICL may simply be that the same open complex cannot form
around an ICL, which inherently blocks DNA duplex opening. A remaining question is
whether the dual 5′ incisions occur in vivo. It has been shown that removal of a psoralen
cross-link from the genome of intact cells requires XPC and the GG-NER pathway and not
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transcription during G1 phase (Muniandy et al. 2009). It remains possible that the NER
apparatus in cell extracts can only create dual 5′ incisions, but an additional factor allows the
NER machinery to make dual incisions bracketing the ICL leading to unhooking in vivo. It
also remains a formal possibility that the dual 5′ incisions do occur in vivo and are necessary
for the recruitment of other proteins that unhook the ICL.

It was found that after the dual 5′ incisions occur, the gap that remains undergoes a futile
repair synthesis process (Mu et al. 2000). Repair synthesis occurred up to but not past the
site of the psoralen cross-link, a result that is consistent with our own observations (Smeaton
et al. 2009). This leaves a nick just 5′ of the ICL which may be subject to polymerase
exonucleolytic degradation of the newly synthesized DNA. This results in a futile process of
fill-in and resection. However, a portion of the molecules religated to regenerate the original
cross-linked duplex. The encounter and blockage of the polymerase at the site of the ICL
due to repair synthesis after dual 5′ incisions may initiate a repair response that results in
removal of the ICL.

Unhooking of ICLs in mammalian cell extracts
In addition to the dual 5′ incisions, we have recently observed an ICL unhooking activity in
mammalian cell extracts that is carried out by unidentified proteins (Smeaton et al. 2008).
Cross-link unhooking was competitively inhibited by cross-linked linear DNA duplexes, but
not by the corresponding non-damaged duplex, a result that showed the unhooking reaction
was specific for ICL-damaged DNA (Smeaton et al. 2008). To further support this notion,
the level of unhooking was shown to be significantly dependent upon the level of distortion
induced by the ICL. Similar to the dual 5′ incisions, the level of unhooking was 10-fold
greater for the distorted -GC- ICL compared to the non-distorting -CG- ICL. Cross-links
with intermediate levels of distortion were found to undergo intermediate levels of
unhooking. These results indicated that the level of helix distortion induced by a cross-link
may significantly influence ICL recognition and repair. We also found that although the dual
5′ incisions and cross-link unhooking reactions were responsive to distortions, they did not
depend on the chemical structure of the ICL.

Incisions were observed on the 5′ and 3′ sides of an ICL embedded in the middle of a 150 bp
linear DNA duplex. The incisions, which required ATP and Mg2+, were located between 1
and 2 nt away from the ICL on the 5′ side of alkyl ICLs and 4 nt 5′ to a psoralen ICL. In
agreement with the results of Sancar (Bessho et al. 1997), we did not observe dual 3′
incisions mediated by the NER pathway. However we did observe incisions ranging from
the 3rd to 7th nt 3′ of an alkyl ICL and 4th to 8th nt 3′ of a psoralen ICL. In the studies of
Bessho and colleagues (Bessho et al. 1997), there does appear to be faint signals from a
single 5′ incision and multiple 3′ incisions similar to those that we have observed. There are
two explanations for why the incision signals we observed were of higher intensity than
those seen by Bessho et al. First, in the work by Bessho, dNTPs were employed in the ICL
incision reactions. We found that addition of dNTPs to the extracts significantly decreased
the 5′ and 3′ incision signals (Smeaton et al. 2008). We attributed this reduction to the
likelihood that fill-in and ligation will obscure the incision signals. Second, the cross-linked
duplexes we employed contained methylphosphonate and biotin/strepavidin end
modifications as described above, and these modifications increased the intensities of the
incision signals (Mason et al. 2008).

Sequencing gel analysis of incisions also complicates the ability to observe an unhooked
product. This is due to the fact that cross-linked molecules migrate with anomalous
mobilities on denaturing gels because they can reanneal with high efficiency. Under
denaturing conditions, cross-linked molecules adopt a variety of structures ranging from
completely duplexed to completely denatured. It is known that a fully duplexed ICL
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substrate will run faster than a denatured ICL substrate on a denaturing gel (Bessho et al.
1997; Smeaton et al. 2008). Therefore, on denaturing sequencing gels with substrates on the
order of ~150 bp, the ICL substrate itself runs as a large smear rather than a clean band. On
a sequencing gel, a single-stranded 150mer migrates with a mobility that is in the center of
the large smear generated by the ICL substrate. This phenomena likely accounts for why
both we and others did not initially observe an unhooked product, as it was masked by the
smear of unprocessed ICL on sequencing gels. The use of a 6% non-sequencing
polyacrylamide gel run at elevated temperature (60°C) allowed greater denaturation of the
ICL substrate and thus efficient separation of the cross-linked and single stranded 150mer
(Smeaton et al. 2008). Using this assay system we demonstrated that the single, NER-
independent 5′ and 3′ incisions were coupled and resulted in an unhooked product (Smeaton
et al. 2008). Unhooking occurred efficiently in all NER cells lines tested, including an
ERCC1 knockout line and in the UV41, XPF mutant line, results that indicated that XPF-
ERCC1 is not involved in the ICL unhooking we observed. Like the 5′ and 3′ incisions, the
ICL unhooking reaction required ATP and metal ions. The unhooked product was found to
be a single-stranded 150mer that contained the remnant of the cross-link. Fragments
resulting from DSBs were not observed in these reactions. We later showed that a
subsequent NER-independent repair synthesis reaction occurs that fills in the gap created by
unhooking of the cross-link with the repair synthesis patch occurring between the observed
sites of NER-independent incisions. This result supports the notion that the 5′ and 3′
incisions give rise to the unhooked product whose removal is coupled to a repair synthesis
step (Smeaton et al. 2008; Smeaton et al. 2009).

The positions of the 5′ and 3′ incisions suggested that an oligonucleotide 4–7 bases in length
would remain attached to the cross-link remnant of the unhooked product. However, careful
analysis of the unhooked product showed that it contained only a single nt attached to the
tethered ICL (Smeaton et al. 2009). This result could be due to a number of reasons. First, it
is possible that the 5′ and 3′ incisions were not both generated by endonucleases. A single
endonucleolytic incision followed by exonuclease activity that degraded past the cross-link
site would result in unhooking with a single base tethered to the ICL. Kinetically, we
observed that the 5′ and 3′ incisions were closely coupled, a result that is consistent with two
coupled endonucleolytic cuts or one endonucleolytic cut closely coupled with exonuclease
degradation (Smeaton et al. 2008). Such coupling argues against a mechanism in which
nicking is followed by random exonuclease action. Furthermore, we observe a single base
product in a time frame in which non-specific nucleases do not degrade the unprotected
excised damaged oligonucleotide that is generated by NER in our mammalian based extracts
(Smeaton et al. 2008). It has been demonstrated that when a polymerase encounters an
unhooked, tethered ICL, if an oligonucleotide remains attached, this serves as a potent block
to bypass by E. coli pol IV (Kumari et al. 2008). However, if only a single nt resides on the
tethered ICL, bypass is observed with higher efficiency. Therefore, if unhooking occurs by
two endonucleolytic cuts, there is likely a coupled exonucleolytic step to remove the
oligonucleotide in order to promote polymerase bypass.

Surprisingly the unhooking we observed in whole cell extracts occurred completely
independent of NER proteins, including XPF-ERCC1 and XPC (Smeaton et al. 2008). The
lack of dependence on XPC, the NER damage recognition protein, indicates that, at least in
extracts, the observed dual 5′ incisions and the formation of a 5′ open complex are not
required for unhooking. It has been shown, however, that the GG-NER pathway is
absolutely required for the removal of psoralen ICLs from the genome of G1 phase cultured
mammalian cells (Muniandy et al. 2009). Muniandy, Seidman and colleagues used a unique
method of laser pulsing to form psoralen ICLs with high efficiency in specific regions of the
genome. These authors found that removal of the psoralen ICL was dependent on the GG-
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NER pathway and was not affected by transcription. This observation clearly demonstrates
that ICL repair from latent DNA does occur in mammalian G1 phase cells.

The factors required for the ICL unhooking reaction that we have observed in mammalian
whole cell extracts remain unknown. A small scale, rapid method was developed to make
Manley based whole cell extracts that are competent for NER and ICL unhooking (Smeaton
et al. 2007). This method allowed us to test the unhooking ability of a large panel of DNA
repair mutant cell lines implicated in ICL repair (Smeaton and Miller, unpublished results).
As mentioned, all NER mutant extracts tested were able to unhook the cross-link. We found
that efficient unhooking occurred in cell extracts derived from lines defective in mismatch
repair factors including two separate lines defective in MutSβ. Extracts derived from MutL
or MutSα mutant cells were also able to unhook the cross-link. We also observed efficient
unhooking in a WRN helicase mutant extract. These results indicate that the unhooking
activity we observe is distinct from that observed by Legerski and colleagues in the CRS
assay. Furthermore, we have observed efficient unhooking in extracts deficient in FANCG,
which along with the lack of dependence on XPF-ERCC1, argues that the processing we
observe is different from that of Lambert and colleagues. We have also found that ICL
unhooking occurs efficiently in MUS81 mutant extracts. Extracts deficient in XRCC2 and
XRCC3 were able to unhook the cross-link, which is not surprising considering HR is
downstream of unhooking. A recently identified nuclease, SLX1-SLX4 (Andersen et al.
2009; Fekairi et al. 2009; Munoz et al. 2009; Svendsen et al. 2009), was shown to be
involved in ICL repair and to interact with XPF-ERCC1 and MUS81-EME1, demonstrating
it helps coordinate repair proteins at sites of ICL repair. This protein was shown to have
Holiday junction resolvase activity and to be involved in recombination. Furthermore, it was
shown that depletion of SLX1 or SLX4 does not affect the production of DSBs during S
phase repair of ICLs, but rather is required for resolving them. Therefore, it seems unlikely
that this factor is responsible for the initial unhooking step, but is rather acting downstream
in the ICL repair process. However, its coordination with two important ICL repair
nucleases may mean that even in G1 phase, this complex may coordinate with yet other
nucleases to sites of ICL damage.

NER and unhooking during G1 phase ICL repair
Repair of ICLs from genomic DNA in G1 phase of mammalian cells was found to be
dependent on the GG-NER pathway (Muniandy et al. 2009) and repair of reporter plasmids
without origins of replication that contain a site specific ICL also requires the entire
complement of the NER machinery, with the primary route being through the TC-NER
pathway [(Wang et al. 2001; Zheng et al. 2003) and Hlavin and Miller, unpublished results].
Therefore, it is apparent that there is a major requirement for the entire NER pathway in vivo
for replication-independent ICL repair. An important question that remains is whether in
vivo the NER pathway is able to unhook the cross-link, or if the NER-dependent dual 5′
incisions observed in extracts also occur in vivo and serve as an absolute signal for ICL
removal in the absence of fork encounter. Whether there is a relation in vivo between the
dual 5′ incisions and the unhooking we observe is unknown. It is possible that some form of
bubble structure is generated by helicase activity next to an ICL to stimulate repair even in
the absence of a stalled polymerase. The NER-dependent dual 5′ incisions creates a bubble
of ~25 nt 5′ of the ICL, which may stimulate removal of the ICL by creating a structure
required for unhooking in vivo. NER dual 5′ incisions were not required for the unhooking
we observe in whole cell extracts. However, in an extract, proteins are mixed together, while
in a living cell, proteins are compartmentalized. Thus, it remains possible that the unhooking
activity we observe in extracts is related to NER and that in intact cells, but not in extracts,
the NER dual 5′ incisions are an absolute requirement for recruitment of the unhooking
factors.
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Overall, mechanistic studies have shown that the level of distortion induced by an ICL can
influence the initial recognition and processing step, whereas the chemical structure of an
ICL can influence the repair synthesis step (Smeaton et al. 2008; Smeaton et al. 2009).
Furthermore, it appears that there are not only different pathways of ICL repair depending
on the phase of the cell cycle, but that even during the G1 phase many different pathways
may act to repair ICLs.

CONCLUSION
It should be apparent that repair of ICLs is a complicated process and that the results of
experiments designed to probe the repair mechanisms appear in some cases to be
contradictory. The use of defined ICL substrates has significantly advanced our
understanding of the molecular details of ICL processing, although the pathways involved
and their mechanisms of action have yet to be completely elucidated. The results thus far
demonstrate the importance of multiple pathways in order to alleviate the extreme
cytotoxicity of exogenously and endogenously derived ICLs throughout the cell cycle.

There is mounting evidence that cross-link structure and cross-link-induced distortions
affect the position of DNA polymerase stalling (Raschle et al. 2008); can affect repair in a
transcription-biased HCR assay (our unpublished results); and can significantly affect on
unhooking and subsequent repair synthesis steps (Smeaton et al. 2008; Smeaton et al. 2009).
An understanding of how the chemical nature of ICLs affect repair may influence the design
of more effective bifunctional chemotherapeutic agents.

Finally, as evidenced by the above discussions and summarized in Figure 3, the context in
which an ICL is encountered, such as during replication, transcription or in quiescent DNA,
may dictate which ICL repair proteins or pathways are involved. Thus, the ICL repair
pathways that should be considered ‘dominant’ appear to depend on the context in which the
ICL is encountered.

From a practical point of view, the ability to define distinct pathways of ICL repair in S
phase and G1 may also help develop methods to increase cancer cytotoxicity while reducing
side-effects in non-dividing cells by selectively inhibiting S phase specific ICL repair
pathways. Furthermore, G1 type ICL repair pathways may play an essential role in
protection against endogenous ICLs and therefore gaining further insight of G1 ICL repair
may lead to a better understanding of some of the pathways that protect against malignancy
and aging.
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Figure 1.
A) Chemical structures of common chemotherapeutic interstrand cross-links. B) Alkyl
interstrand cross-link mimics. The N4C-ethyl-N4C cross-link preserves the normal Watson-
Crick base-pair with a guanine, in contrast to the N3T-ethyl-N3T and N1I-ethyl-N3T cross-
links, which block the hydrogen bond face of the adducted bases. Schematics of the
duplexes and the abbreviations used for each cross-link are shown.
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Figure 2.
Recombination-independent interstrand cross-link repair.
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Figure 3.
Diagram of three contexts of interstrand cross-link recognition: replication-coupled ICL
repair, transcription-coupled ICL repair, and global-genome ICL repair. The proteins
implicated in ICL repair for each specific DNA context are listed below each diagram.
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