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1. Introduction
Cellular DNA is susceptible to chemical modifications

when exposed to various environmental agents, chemothera-
peutic agents, or endogenous agents produced by cellular
processes. The lesions produced by these chemical reactions
can lead to mutations and/or cell death. Many of these
lesions, in the form of base or phosphate modifications, occur
on one or the other strand of DNA. Certain agents, however,
including bifunctional alkylating agents, platinum com-
pounds, and psoralen can produce covalent adducts with
DNA bases on both strands of DNA, leading ultimately to
the formation of interstrand cross-links (Figure 1). Interstrand
cross-links prevent DNA strand separation and can thus act
as absolute blocks to DNA replication and/or DNA transcrip-
tion. If left intact, interstrand cross-links can lead to cell
death. It has been estimated that as few as 20 interstrand
cross-links in the bacterial or mammalian genome can be
lethal to cells that lack the ability to remove the cross-link.1,2

It is this cytotoxic effect that forms the mechanistic basis of
action of many of the anticancer drugs currently in use
today.1,3-7

Modified or otherwise damaged DNA bases can be
mutagenic and are potentially cytotoxic. Cells have repair
systems to remove these harmful lesions and thus preserve

the integrity of their genomes.8 The majority of these repair
pathways preserve the genetic information without introduc-
ing errors either by directly reversing the damage or by using
an undamaged template strand to accomplish error-free repair
(Figure 2). The most straightforward method of repairing
DNA damage is the direct reversal of the lesion. For example,
DNA photolyases [e.g., cyclobutane pyrimidine dimer pho-
tolyase and (6-4) photolyase] can directly reverse the two
major forms of UV-induced lesions.9 O6-alkylguanine alkyl-
transferases, found in both bacterial and mammalian cells,
remove methyl and other alkyl groups fromO6-alkylguanine
and to a lesser extentO4-alkylthymine, restoring the base to
its original form.10 More recently, theEscherichia coliAlkB
protein has been shown to repair 1-methyladenine and
3-methylcytosine lesions in DNA and RNA by direct reversal
involving the removal of the methyl group via oxidative
demethylation.11-13

The importance of an undamaged template strand is
evident in the base excision repair (BER) and nucleotide
excision repair (NER) pathways (Figure 2). In the BER
pathway, theN-glycosyl bond of the damaged base is cleaved
by a specific DNA glycosylase, releasing the damaged base.
The abasic site that remains on the damaged strand is nicked
on the 5′ side by AP endonuclease and on the 3′ side by
deoxyribophosphodiesterase (dRpase); the resulting gap is
filled in by DNA polymerase, which uses the nondamaged
strand as a template, and the nick is sealed by DNA ligase.
In NER, incisions are made by endonucleases at some
distance 3′ and 5′ to the site of the damaged base. The
resulting oligonucleotide containing the damaged base is
removed, and the gap is filled in by DNA polymerase, again
using the undamaged strand as a template. The remaining
nick in the newly synthesized strand is then sealed by DNA
ligase.

The physical constraints that interstrand cross-linking
agents impart onto the DNA helix in conjunction with the
requirement that repair necessarily requires repair of damage
on both strands of the DNA makes cross-linking agents
particularly deleterious compounds. In a comparative analysis
of 234 chemicals where compounds were ranked byin ViVo
and in Vitro genotoxicity, interstrand cross-linking agents
consistently ranked at the top.14,15 Indeed, of the 20 most
potent genotoxic agents, 12 were bifunctional alkylating
agents capable of forming interstrand DNA cross-links.16 The
potent genotoxic nature of interstrand cross-linking agents
is mirrored in their ability to cause mutagenic events capable
of leading to tumor formation. Thus, the rodent TD50 (the
total lifetime dose of carcinogen required to increase the
probability of tumor formation to 50%) is 10-1000-fold less
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for cross-linking agents than for monofunctional alkylating
agents.17

A direct comparison of bifunctional compounds that are
capable of forming interstrand cross-links and their chemi-
cally related monofunctional analogues has revealed striking
differences in the mutational spectra elicited by each
compound.18,19 Monofunctional alkylating agents largely
produce point mutations that are readily explained by the
type of alkylation product formed. In contrast, the bifunc-
tional cross-linking agents cause chromosomal alterations

consistent with DNA strand breakage and hyper-recombina-
tion. Thus, when the monofunctional half-mustard analogue
of chlorambucil (1) was compared to the cross-link forming
chlorambucil (1a) in Chinese hamster cells, the majority of
the mutations caused by the monofunctional alkylating agent
were point mutations (Figure 3).18 In contrast, the majority
of the mutations caused by the bifunctional alkylating agent,
chlorambucil, were major deletions. Similar results were
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Figure 1. Interstrand cross-linked DNA.

Figure 2. Basic DNA repair pathways.
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obtained when the monofunctional alkylating agent 2-chlor-
ethylamine (2) was compared to the bifunctional alkylating
agent mechlorethamine (2a) in Drosophila melanogaster.19

Cross-linking agents are typically clastogenic rather than
mutagenic. Clastogens are agents that cause damage at the
chromosomal level rather than at the DNA sequence level;
i.e., a clastogen produces the gain, loss, or rearrangement of
chromosomal segments and/or causes sister chromatid ex-
changes. Indeed, cross-species comparisons revealed that
compounds capable of forming DNA interstrand cross-links
show good correlation between their carcinogenicity and their
propensity to cause gross chromosomal alterations.17 This
ability of DNA cross-linking agents to cause gross-
chromosomal aberrations including chromosomal loss, intra-
or multilocus deletions, and breaks is likely to be the source
of their genotoxicity. Cross-linking agents are 100-5000-
fold more likely to produce chromosomal losses than the
half-mustard chlorethylamine, and the monofunctional aziri-
dines are 102-107-fold less active clastogens then their bi-,
tri-, and tetrafunctional analogues.16 Furthermore, cross-
linking agents are significantly more effective at inducing
sister chromatid exchanges (splice recombination between
sister chromatids) than their monofunctional analogues and
are among the most efficient inducers of mitotic recomb-
ination.20-23

Drugs that form interstrand cross-links include bifunctional
alkylating agents such as the nitrogen mustards (3, e.g.,
mechlorethamine R) CH3; chlorambucil, see1a) and
mitomycin C (4) and platinum compounds such ascis-
Diamminedichloroplatinum(II) (cis-DDP) (5) and di- and
trinuclearcis-DDP analogues (6a and6b) (Figure 4). These
compounds react with the N7 of guanine to form interstrand
cross-links.24-27 Psoralen (7) and its derivatives form inter-
strand cross-links with DNA when activated by irradiation
with long-wavelength UV light.28,29 Psoralens are used
therapeutically in the treatment of psoriasis, vitilago, and
cutaneous T-cell lymphoma.30-35 It has been proposed that
interstrand cross-links can also be produced endogenously
in cells by the reaction of cellular DNA with unsaturated
aldehydes such as acrolein or crotonaldehyde or dialdehydes
such as malondialdehyde.36,37 These compounds, which act
essentially as bifunctional alkylating agents, are products of
lipid peroxidation. Although there have been a number of

investigations on the structure and repair of interstrand cross-
links of this type,38-41 the extent to which they form in
cellular DNA and their possible biological effects remain
unclear.

Understanding how interstrand cross-links are repaired has
been and continues to be a challenging problem. A better
understanding of the mechanism(s) involved is not only of
academic interest but may be relevant to cancer chemo-
therapy as well. Tumors often develop resistance to bifunc-
tional anticancer drugs, and one the mechanisms by which
resistance occurs is the ability of the tumor cell to repair
interstrand cross-links.7,42-47 Thus, a better understanding of
the mechanism(s) of DNA interstrand cross-link repair could
lead to more effective strategies for the treatment of cancer
and/or the design of drugs that produce interstrand cross-
links that can evade repair.

This review will focus primarily on DNA interstrand cross-
links for which there is a substantial body of information
about their repair. These include interstrand cross-links
produced by nitrogen mustards, mitomycin C, platinum
compounds and psoralen. The formation and structures of
these cross-links will first be briefly reviewed. The mech-
anism of repair of these cross-links as derived from both
genetic studies and experiments in cell-free systems will then
be described as they occur in both prokaryotic and eukaryotic
organisms. It will become apparent from the following
discussion that our understanding of interstrand cross-link
repair is at best incomplete both at the genetic and certainly
at the molecular levels. Nevertheless, an examination of the
literature from the past decade suggests that a consensus is
emerging on the broader if not the detailed mechanistic
aspects of the process.

2. Formation of Interstrand Cross-Links
The reactions of various antitumor drugs with DNA to

form interstrand cross-links have been described in recent

Figure 3. Clastogenic effects of interstrand cross-linking agents.

Figure 4. Compounds that can form DNA interstrand cross-links.
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reviews by Rajski and Williams27 and by Noll et al.48

Consequently, in the following discussion, we will only
briefly summarize these reactions. The interested reader is
referred to these reviews for more detailed descriptions of
the chemical and biochemical reactions involved.

2.1. Nitrogen Mustards
Nitrogen mustards (3, Figure 4) are bifunctional alkylating

agents that contain a reactiveN,N-bis-(2-chloroethyl)amine
functional group. Clinically important examples include
chlorambucil (1), mechlorethamine (2) (Figure 3), and
phosphamide mustard (8), which is derived from the
metabolism of the drug cyclophosphamide (9) (Figure 5).
These compounds react with guanine residues in DNA via
the aziridinium intermediate (10) to form an N7-alkylated
guanine derivative (11) as shown in Figure 6. This guanine
monoadduct can then form another reactive aziridinium
intermediate (12), which can react either with water to form
a 2-hydroxyethyl monoadduct (13) or with a second guanine
residue to form the interstrand cross-link (14).

Interstrand cross-link formation occurs almost exclusively
with guanine residues in 5′-GNC-3′ sequences in DNA.49-53

The minimal distance between the guanines in this sequence
is approximately 6.8 Å in B-form DNA, which is more than
the 5.1 Å distance that can be spanned by the five atoms
that comprise the cross-link.27 This constraint would be
expected to produce a distortion of the helix in the region
of the cross-link. Although detailed structural studies have
not as yet been carried out on DNA containing these cross-
links, studies by Rink and Hopkins have shown that the
mechlorethamine cross-link produces a static bend of ap-
proximately 14° in DNA.54

N7-alkylated guanines (15) are to some extent unstable
and can undergo a further reaction resulting in cleavage of
the N-glycosyl bond (Figure 7). This creates an abasic site
in the DNA (16) and in effect cleaves the interstrand cross-
link. Alternatively, the imidazole ring of the alkylated

guanine can undergo hydrolysis to produce a formamido-
pyrimdine (FAPY) derivative (17), which is relatively
resistant to further chemical reaction.49 In this case, the
interstrand cross-link would remain intact, albeit in a
somewhat different structural form. It is apparent then that
reaction of nitrogen mustards with DNA can lead to a variety
of products. In addition to forming both mono- and cross-
linked adducts, the adducts themselves are subject to further
chemical transformations. It is these additional chemical
reactions that can potentially complicate studies on nitrogen
mustard interstrand cross-link repair.

2.2. Mitomycin C
Mitomycin C (4, Figure 4), a product of the mold

Streptomyces caespitosis, is a bifunctional alkylating agent
used to treat a variety of tumors. Unlike the nitrogen
mustards, which form cross-links with 5′-GNC-3′ sequences
through the major groove of DNA, mitomycin C reacts with
guanine residues of 5′-CG-3′ sequences through the minor
groove of DNA. Mitomycin C itself is relatively inert and
requires chemical or enzymatic reduction of its quinone ring
to initiate alkylation. Extensive studies have been carried out
on the biosynthesis of mitomycin C, and its reactions with
DNA have been reviewed recently.27

When interstrand cross-links are formed with DNA,
mitomycin C undergoes a rather complicated series of
reactions and rearrangements whose salient features are
summarized in Figure 8. Two-electron reduction of the
quinone ring of4 facilitates the loss of the methoxy group,
leading to the formation of the hydroquinone intermediate
(18). Tautomerization followed by the reaction with the N2-
amino group of guanine produces monoadduct19. Elimina-
tion of the carbamoyl group produces the highly reactive
vinylogous hydroquinone methide intermediate (20), which
alkylates the guanine on the opposite strand of DNA to
produce, after oxidation, an interstrand cross-link (21).

Again, in contrast to the nitrogen mustard cross-link,
molecular modeling studies suggest that the mitosene moiety
of the cross-link is readily accommodated in the minor
groove and minimally perturbs the structure of the DNA at
the site of the cross-link.27 Electrophoretic mobility shift
analysis (EMSA) of ligated duplexes that contain mitomycin

Figure 5. Phosphamide mustards.

Figure 6. Nitrogen mustard interstrand cross-link.

Figure 7. Reactions of N7-alkylated guanine.
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interstrand cross-links show that the cross-link does not
induce bending of the DNA.55 NMR studies on a short DNA
duplex containing a mitomycin C interstrand cross-link
revealed, however, that the cross-link does cause some
widening of the minor groove.56 When these results are taken
together, they suggest that the presence of the mitomycin C
interstrand cross-link causes minimal perturbation to DNA
structure, a factor that could be of importance when
considering how interstrand cross-links are detected in
cellular DNA.

2.3. Platinum Compounds
cis-Diamminedichloroplatinum (5) or cis-DDP is a bi-

functional antitumor agent that is used primarily in the
treatment of testicular cancer. It forms adducts with the N7-
nitrogen of purines, reacting mainly with guanine. The active
form of the compound is believed to be the aquated species,
cis-[Pt(NH3)2(H2O)2]2+, formed by the displacement of the
chlorides by water.57 The main products produced by the
reaction ofcis-DDP and DNA are intrastrand cross-links
between guanine residues in 5′-GG-3′, 5′-GNG-3′, and
between adenine and guanine in 5′-AG-3′ sequences. These
intrastrand cross-links account for greater than 90% of the
adducts formed.cis-DDP interstrand cross-links (22) (Figure
9) are formed between guanines in 5′-GC- sequences to the
extent of 2-5%.58 Unlike an N7-alkylated deoxyguanosine
adduct or an N7-protonated deoxyguanosine, both of which
are prone to depurination, N7-platinum dG adducts are
resistant to such a reaction. Recent theoretical studies suggest
that the N-glycosyl bonds of dG and platinated dG are very
similar in nature, in contrast to the N-glycosyl bond of N7-
protonated dG.59 Thus, the kinetic barrier for N-glycosyl bond
scission is less for the protonated dG, whereas it is essentially
the same for both dG and platinated dG.

The presence of thecis-DDP interstrand cross-link results
in a significant deformation of the DNA helix at the site of
the cross-link. Gel EMSA of multimers produced by ligating
short DNA duplexes that contain a single interstrand cross-
link show that the helix is unwound by 79° and bent by 45°.60

Solution61,62and crystal63 structures, derived respectively by
high-resolution NMR and X-ray crystallographic analyses

of decamers that contain a single interstrand cross-link, are
in essential agreement with mobility shift results. These
studies also show that the cytosines that were originally
paired with now platinated guanines assume an extrahelical
conformation. Thecis-Diammineplatinum moiety lies in the
minor groove, and bending is toward the minor groove. Thus,
the helix conformation at the site of the cross-link is similar
to that of Z-form DNA.

trans-DDP (23) (Figure 9) cannot form an intrastrand 5′-
GG-3′ cross-link because of steric constraints. Rather this
compound forms N7-guanine monoadducts64 and interstrand
cross-links (24) between the N7-nitrogen of guanine and the
N3-nitrogen of its base-paired cytosine.65 Intrastrand cross-
links between two nonadjacent guanines or a guanine and
cytosine that are separated by at least one base residue are
also observed.66,67 Leng and co-workers have observed that
5′-GNG-3′ intrastrand cross-links in single-stranded DNA
rapidly isomerize to form the interstrand cross-link when
hybridized with their complementary DNA strand.68

Figure 8. Formation of mitomycin C interstrand cross-link.

Figure 9. cis-Diamminedichloro- andtrans-diamminedichloro-
platinum interstrand cross-links.

Formation and Repair of Interstrand Cross-Links in DNA Chemical Reviews, 2006, Vol. 106, No. 2 281



Thetrans-DDP interstrand cross-link causes less distortion
of the DNA helix than does thecis-DDP interstrand cross-
link. Thus, the cross-linked DNA is unwound by 12° and is
bent by 26°.65 NMR studies show that the guanine base of
the cross-link is in thesyn conformation and forms a
Hoogsteen-type base pair with the platinated cytosine.69

In contrast tocis-DDP, trans-DDP is not an effective
therapeutic agent. This is presumably due to the slow rate
at which the interstrand cross-link is formed65 and the
likelihood that the monoadducts are inactivated or removed
by reactions with cellular nucleophiles such as gluta-
thione.64,67,70,71

2.4. Psoralens
Psoralen (7) and its derivatives, a class of furocoumarins

found in leafy vegetables and other plants, have found use
as medicinal agents since the times of the ancient Egyptians,
who used plant extracts containing these compounds to treat
skin diseases such as vitiligo.72 These planar, tricyclic,
semiaromatic compounds interact with DNA via intercalation
(Figure 10). The binding affinities vary from milli- to
micromolar concentrations, depending upon the substituents
on the psoralen ring. Thus, 8-methoxypsoralen (25) has a
dissociation constant,Kd, of 2.5× 10-3 M with calf thymus
DNA, whereas 4,5′,8-trimethylpsoralen (26) and 4′-amino-
methyl-4,5′,8-trimethylpsoralen (27) haveKd values of 5.6
× 10-5 and 6.6× 10-6 M, respectively, as measured by
equilibrium dialysis.73

Psoralens can be induced to form covalent adducts with
DNA by irradiation with long wavelength ultraviolet light.28,29

Although psoralens show no particular sequence specificity
when binding to DNA, they do preferentially form covalent
adducts with thymines in 5′-TA-3′ and 5′-AT-3′ sequences
in DNA. When intercalated with these sequences in B-form
DNA, the 3,4-pyrone ring and 4′,5′-furan ring double bonds
are oriented directly above or below the 5,6-double bonds
of the thymines (28) (Figure 10). Absorption of light by the
drug triggers a 2+2 cycloaddition reaction between the furan

or pyrone ring and the adjacent thymine, leading to the
formation of a monoadduct containing a cyclobutane bridge.
The furan-side monoadduct (29) can absorb a second
quantum of light, triggering a second cycloaddition between
the pyrone double bond and the thymine on the opposite
DNA strand. This reaction results in the formation of an
interstrand cross-link (30). In contrast, the pyrone-side
monoadduct (31) lacks the ability to absorb a second
quantum of light and thus remains as the monoadduct.

The steric constraints imposed upon psoralen intercalation
by the DNA helix result in psoralen-thymine adducts that
have acis-synconfiguration. NMR studies have been carried
out on eight base pair DNA duplexes that contain a
4′-hydroxymethy-4,5′,8-trimethylpsoralen74,75or a 4′-amino-
methyl-4,5′,8-trimethylpsoralen76 interstrand cross-link in the
center of the duplex. These studies show that, although there
is considerable local distortion at the site of the cross-link,
the duplex retains its B-form conformation three base pairs
from the cross-link site. The cross-link causes the duplex to
unwind approximately 25° as would be expected for an
intercalating agent but does not induce any significant
bending of the helix.77

Unlike nitrogen mustard and mitomycin C interstrand
cross-links, psoralen interstrand cross-linked DNA is rela-
tively easy to synthesize, and the cross-link itself is chemi-
cally very stable. Consequently, as will become evident in
the following sections, the majority of studies on the repair
of interstrand cross-links in defined DNA substrates have
been carried out on the psoralen interstrand cross-link.

2.5. Synthesis of Interstrand Cross-Linked DNA
Duplexes

One of the challenges to studying the repair of interstrand
cross-links at the molecular level is the preparation of DNA
duplex substrates that have a single cross-link at a defined
site in the duplex. Treatment of preformed DNA duplexes
with bifunctional alkylating agents often results in the

Figure 10. Psoralens and their DNA photoadducts.
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production of a broad spectrum of products, only a small
percentage of which contain the cross-linked duplex of
interest. In the case of the nitrogen mustards, the initial
products are often unstable and can undergo further chemical
transformations. Although it is possible to direct cross-linking
agents such as platinum and psoralen to specific sites in the
duplex, the yields of cross-linked material are often quite
low.

Recent advances in oligonucleotide syntheses have led to
the development of methodologies that facilitate the prepara-
tion of duplexes with defined interstrand cross-links. For
example, in some cases, it is possible to prepare a single-
stranded oligonucleotide that contains the monoadducted
version of the cross-link positioned at a specific site in the
oligonucleotide. Hybridization with a complementary strand
and further chemical or photochemical reaction produces the
interstrand cross-link. This strategy has been used to
synthesize short duplexes that contain mitomycin C,78

psoralen,79,80 or trimethylene81,82 interstrand cross-links.
Methods have also been developed that allow the complete
de noVo synthesis of short interstrand cross-linked duplexes
on an automated DNA synthesizer.83-87 This approach can
potentially produce relatively large amounts of material for
both physical and biochemical studies. The interested reader
is directed to a recent review that describes these various
synthetic strategies in greater detail.48 Suffice to say that the
preparation of DNA duplexes with interstrand cross-links of
defined structure remains an interesting challenge for the
synthetic chemist. Progress in this area should provide
substrates for studies that will lead to a more detailed
understanding of interstrand cross-link repair at the molecular
level.

3. Repair of Interstrand Cross-Links
The repair of DNA interstrand cross-links is less thor-

oughly characterized than many of the other DNA repair
pathways. Three hurdles to the study of DNA interstrand
cross-link repair have presented themselves. The first, briefly
mentioned above, is the technical challenge associated with
producing substrates suitable for studying the mechanisms
of interstrand cross-link repair. The second difficulty is the
growing realization that different cross-links and in some
cases different orientations of the same type of cross-link
result in differences in the way cells repair the cross-link,
thus making generalizations difficult. The third and perhaps
most challenging obstacle to studying the repair of interstrand
cross-links has been the involvement not of a single pathway
or process but rather the involvement of multiple overlapping
and redundant repair processes. Keeping these limitations
in mind, we have endeavored in the following sections to
summarize what is known about the repair of DNA inter-
strand cross-links inE. coli, Saccharomyces cereVisiae, and
mammalian cells.

In the broadest terms, there appear to be two basic
processes by which interstrand cross-link lesions are repaired.
The first is an error-free process dependent upon homologous
recombination, and the second is an error-prone process
dependent upon translesion synthesis. Both the error-free and
error-prone processes draw heavily upon proteins with known
roles in the NER, homologous recombination, and translesion
DNA synthesis pathways. Before attempting to describe the
complicated and as yet poorly understood interplay of these
pathways, we will provide a brief overview of these repair
pathways focusing exclusively on subpathways known to be
involved in cross-link repair.

Nucleotide Excision Repair (NER).The NER pathway
was first discovered inE. coli as a mechanism involved in
the repair of UV-radiation-induced DNA damage. Subse-
quently, it was shown to be involved in the repair of bulky
DNA adducts induced by UV irradiation and chemical modi-
fication in all organisms. Extensive reviews of NER in bac-
teria, yeast, and mammalian cells are available.8,88-90 In its
simplest form, NER involves four steps (Figure 11): (i) dam-
age recognition and formation of a preincision complex, (ii)
asymmetric incisions on the 5′ and 3′ sides of the DNA dam-
age to produce a short DNA fragment that contains the ad-
duct, (iii) DNA repair synthesis using the undamaged tem-
plate strand, and (iv) ligation to complete the repair of the
DNA.

Proteins involved in the repair of interstrand cross-links
and that belong in the NER pathway are listed in Table 1.
In E. coli, NER-mediated DNA damage recognition is an
ATP-dependent process mediated by the (UvrA)2(UvrB)1

complex that recognizes damaged DNA and results in the
loading of UvrB onto the DNA. After dissociation of UvrA,
the remaining UvrB recruits UvrC to the damage site, which
is in turn followed by DNA incisions. Dissociation of the
incision complex is followed by DNA synthesis in which
Pol I uses the complementary, undamaged strand as a
template. The process is completed by the action of DNA
ligase. In mammalian cells, NER is initiated when the XPC/
hHR23B complex (see Table 1 forS. cereVisiaenames) binds
to DNA damage and recruits TFIIH. TFIIH and its compo-
nent helicases form a preincison bubble at the site of damage.
The subsequent recruitment of XPA-RPA, XPG, and XPF/
ERCC1 leads to the formation of a catalytically competent
incision complex. DNA synthesis or gap-filling is carried
out by either DNA Polδ or Pol ε followed by ligation by
human DNA ligase I.

Homologous Recombination.The primary function of
homologous recombination is to repair double-strand breaks
or single-strand gaps in DNA that are formed as a result of
the collapse of replication forks and/or exposure to DNA-
damaging agents. A number of distinct recombination pro-
cesses generally fall under the rubric of homologous recombi-

Figure 11. Nucleotide excision repair inE. coli.
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nation, including homology-mediated double-strand break
repair, break-induced replication, as well as single-strand
annealing. Extensive reviews of homologous recombination
in bacteria, yeast, and mammalian cells are available.91-97

In its most widely recognized form, homologous recombina-
tion involves four steps (Figure 12): (i) double-strand break
recognition followed by nucleolytic processing to produce
single-stranded 3′ ends of DNA, (ii) protein-mediated strand
invasion of the single-stranded DNA with the homologous
chromosome, (iii) DNA synthesis, which regenerates the
degraded DNA using the undamaged homologous chromo-
some as a template, and (iv) resolution of the Holliday-
junction intermediates to generate the double-stranded DNA
with crossover and noncrossover products possible.

Proteins that are involved in the repair of interstrand cross-
links and that belong in the homologous recombination
pathway are listed in Table 1. InE. coli, the RecBCD com-
plex initiates recombination by acting on the break to create
a single-stranded DNA substrate suitable for RecA protein
activity. The RecBCD complex is a combination nuclease/
helicase that binds to the end of linear double-stranded DNA.
After unwinding and degradation, RecA is loaded onto the
resected double-stranded DNA with a 3′-terminal single-
stranded DNA tail. RecA, in combination with the single-
strand-binding (SSB) protein, forms a continuous presynaptic
filament on the DNA. This nucleoprotein complex acts as
the functional unit to perform a rapid and efficient search
for homology within the double-stranded DNA recipient,

Table 1.

bacterial
yeast,

S. cereVisiae mammalian function/DNA

NER Proteins
RAD1 XPF nuclease, 5′ incision; in complex with ERCC1
RAD2 XPG nuclease, 3′ incision
RAD3 XPD helicase
RAD4 XPC damage recognition factor
RAD10 ERCC1 part of the 5′ incision complex with XPF
RAD14 XPA damage verification factor
RAD23B hHR23B cofactor of XPC
RAD25/SSL2 XPB helicase
RPA 1, 2, 3 RPA p70, p34, p14 binds in the preincision complex
REV7 MAD2B mitotic spindle assembly checkpoint protein
PCNA PCNA sliding clamp loader for polymerases

UvrA damage recognition; ATPase, DNA binding
UvrB ATPase, helicase, recognition with UvrA
UvrC nuclease
UvrD helicase II; initiates unwinding from a nick
DNA Pol I resynthesizes excised DNA fragment

POL δ Pol δ normal DNA replication polymerase; responsible for
elongation of Okazaki fragments (A-family pol.)

POL2 Pol ε normal DNA leading strand replication polymerase
DNA ligase DNA ligase DNA ligase I seals resynthesized DNA fragment

Homologous Recombination Proteins
RecA RAD51 RAD51 mediates pairing between homologous DNA molecules
RecB, C, D RAD50/MRE11/

XRS2 complex
Rad50/Mre11/
NBS1 complex

exonuclease/helicase; binds to ends of linear ds ends,
precede RecA/Rad51

RAD52 RAD52 RAD51 paralogue, mediates HR
XRCC2 break and cross-link repair; interacts with RAD51
XRCC3 break and cross-link repair; interacts with RAD51

RAD55/RAD57 RAD51 paralogue, mediates HR
RAD54 RAD54 induction of supercoiling
mus81/mms4 heterodimer branch-specific endonuclease

RecJ 5′ f 3′ single-strand specific DNA exonuclease
RuvA, B helicase, specifically recognizes Holliday junctions and

promotes branch migration
RuvC endonuclease, resolves Holliday junctions during HR

γ-H2AX phosphorylated histone H2AX; accumulates at DSB;
function in repair unknown

EXO1 EXO1 3′ exonuclease and flap-endonuclease involved in
recombination and double-strand break repair

PSO2 Artemis single-strand DNA-specific 5′ f 3′ exonuclease;
functions in mitotic stress checkpoint

Translesion Repair Proteins
REV1/[REV3/REV7] REV1/Polú DNA polymeraseú extends misrepair

following Pol ι (B-family pol.)
POLη/RAD30 Pol η replicates past photodimers (Y-family pol.)

dinB; PolIV Polκ; DINB1 replicates past abasic sites and oxidative lesions
in an error-prone manner;)mus308 in
Drosophila melanogaster(Y-family pol.)

Pol ι paralogue of Polη; inserts deoxynucleotides across
from DNA lesions (Y-family pol.)

Pol2; PolB; dinA induced by SOS response; results in frameshifts
RAD5 putative ubiquitin ligase; binds ssDNA; interacts withRAD18
RAD6 RAD6 ubiquitin-conjugating enzyme
RAD18 RAD18 E3 ubiquitin ligase; post-replication repair ssDNA binding
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resulting in the formation of a joint molecule. After joint
molecule formation, DNA polymerase I regenerates the DNA
sequence. The resultant Holliday junction is resolved by the
RuvC protein. RuvC acts in concert with the RuvAB proteins
to coordinate the steps of branch migration and Holliday-
junction resolution.

In yeast, the resection of the DNA (see Table 1 for
mammalian names) is carried out by an unidentified nuclease.
Rad51, the yeast homologue to RecA, in conjunction Rad52
displaces the single-stranded DNA that is presumably
covered by RPA. The resultant nucleofilament along with
Rad54 and Rad55/57 promotes DNA unwinding and strand
annealing between donor DNA and the incoming Rad51
nucleofilament. The resolution of the resultant recombination
intermediates is carried out in yeast by a diverse set of
mechanisms including the mus81-mms4 nuclease and/or a
suspected RuvABC-like activity called Resolvase A.

Translesion Synthesis.The primary function of transle-
sion DNA synthesis is to facilitate replication past DNA
lesions that block replication. Despite the evolution of DNA
repair processes such as direct reversal, BER, and NER
(Figures 2 and 11) to repair DNA damage, these processes
are not completely efficient. To escape the lethal effect of
blocked replication, translesion DNA synthesis allows the

replication of DNA containing persistent DNA damage.
Extensive reviews of translesion DNA synthesis in bacteria,
yeast, and mammalian cells are available.98-106 In its simplest
form, translesion synthesis involves three steps (Figure 13):
(i) normal bidirectional DNA replication is interrupted by
the presence of a DNA lesion, and the replicative polymerase
is released; (ii) a specialized translesion DNA polymerase
is loaded onto the site and replicates a short distance past
the lesion; and (iii) the translesion polymerase is replaced
by the replicative DNA polymerase, which continues replica-
tion. Thus, translesion synthesis past the damage regenerates
the double-stranded DNA in what can be an error-free or
error-prone manner depending upon the type of lesion.

Proteins that are involved in the repair of interstrand cross-
links and that belong in the translesion DNA synthesis
pathway are listed in Table 1. Recent work has dramatically
increased our understanding of the role of translesion DNA
synthesis in lesion bypass mechanisms that allow blocked
replication forks to progress. The Y family of DNA poly-
merases in mammalian cells are the most thoroughly
characterized of the polymerases involved in translesion
DNA synthesis; however, these DNA polymerases have not
been implicated in the repair of interstrand cross-links. In
E. coli, DNA polymerase II has been implicated. This poorly
understood DNA polymerase is not a member of the Y family
but is one of three damage-inducible DNA polymerases in
E. coli. In yeast, Rev3 and Rev7 form a heterodimer that
constitutes DNA polymeraseú, a member of the B family
of DNA of polymerases. Rev3 and Rev7 have been impli-
cated in the translesion DNA replication of intermediates
generated by the repair of interstrand cross-links.

As described in the following sections, the repair of
interstrand cross-links in both prokaryotic and eukaryotic
cells has been shown to involve components of the NER,
homologous recombination, and error-prone translesion
replication pathways. In addition to these known components,
there are still others whose involvement has been identified
genetically but whose mechanistic role is not understood,
as well as yet to be identified components whose action can
be inferred. Other recent reviews of DNA interstrand cross-
link repair are available.1,7,45,107-109 As described below and
in these other reviews, although a good deal is known
regarding the repair of interstrand cross-links, much remains
to be understood.

Figure 12. Homologous recombination.

Figure 13. Translesion synthesis.
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3.1. Repair in Prokaryotes
Very early studies showed that wild-typeE. coli were able

to survive treatment with bifunctional alkylating agents that
produced up to 70 DNA interstrand cross-links in the
bacterial genome. Strains of bacteria that lacked the func-
tioning recombination protein, RecA, or were deficient in
NER activity were also able to survive such treatment,
although they could tolerate fewer (5-20) interstrand cross-
links.110,111Double mutants that lacked both recombination
as well as NER activity were, however, unable to survive
more than one cross-link per genome.111 These and other
observations led Cole, who studied repair of psoralen inter-
strand cross-links inE. coli, to propose a repair model that
involved a combination of NER and homologous recombina-
tion.112 In this model, the cross-link is first partially excised
by components of the NER pathway. This is followed by
RecA-mediated strand exchange between the damaged DNA
and additional copies of homologous DNA. Branch migration
and repair synthesis in effect replaces one of the damaged
strands with undamaged DNA from the homologous DNA,
leaving the other strand with the remnant of the cross-link.
A second round of NER then removes this lesion.

Biochemical experiments employing purifiedE. coli
UvrABC, RecA, and replication proteins have been carried
out in Vitro to study the repair of psoralen interstrand cross-
links. As described above, UvrABC, which is composed of
UvrA, UvrB, and UvrC proteins, is an ATP-dependent
enzyme that is responsible for the first step of NER; that is,
it creates incisions on either side of the DNA lesion.
Experiments by Sancar and co-workers using DNA that
contained randomly placed furan- and pyrone-side psoralen
monoadducts showed that incisions are made at the eighth
phosphodiester bond 5′ to the monoadduct and at the fifth
phosphodiester bond 3′ to the monoadduct.113

A somewhat different picture emerged for incisions made
around the psoralen interstrand cross-link. van Houten et al.
developed methodology that allowed preparation of a 40-
base-pair duplex that contained a single 4′-hydroxymethyl-
4,5′,8-trimethylpsoralen interstrand cross-link at a 5′-TA-3′
sequence located in the middle of the duplex.114 Incubation
of this duplex with UvrABC and analysis of the products
by polyacrylamide gel electrophoresis showed that incisions
were made at the ninth phosphodiester bond 5′ to the psoralen
cross-link and at the third phosphodiester bond 3′ to the
psoralen cross-link.114,115 The products of this reaction
appeared to be generated in equal amounts, suggesting that
the incisions occurred in a coupled manner. Surprisingly,
incisions were observed only on the strand bearing the furan
adduct. No cutting was observed on either side of the pyrone
adduct. This behavior is in stark contrast to that of the
monoadducts, where incisions are made on either side of
the furan or pyrone monoadducts. Although the reason for
this selectivity is unclear, it is likely dependent upon the
cross-link-induced distortion of the helix.115

A model for the repair of the psoralen interstrand cross-
link was proposed on the basis of thesein Vitro experiments
(Figure 14).115 In the first step, UvrABC makes two incisions,
one on the 5′ and one on the 3′ side of the furan adduct,
creating an 11-nucleotide fragment linked via the cross-link
to the complementary strand. This oligonucleotide fragment
is then displaced by a homologous strand of a sister DNA
duplex, which is then incorporated into the DNA duplex.
This strand exchange reaction, which is mediated by RecA,
creates a three-stranded structure, one strand of which is the

excised and displaced cross-link containing 11-mer. UvrABC
then cuts on either side of the pyrone adduct of the three-
stranded structure. The product of this incision reaction,
which contains the two original strands of the DNA joined
by the psoralen cross-link, is then displaced by DNA
polymerase I in combination with helicase II. This reaction
uses the newly acquired homologous strand as a template to
fill in the gap created by the excised psoralen cross-linked
duplex. DNA ligase then seals the nick left by the displace-
ment/polymerization reaction.

This model was tested by preparing three-stranded com-
plexes that contained a 4′-hydroxymethyl-4,5′,8-trimethyl-
psoralen interstrand cross-link.116,117 The complex was
prepared by incubating an oligonucleotide that contained a
specifically placed furan-side monoadduct with plasmid DNA
in the presence of RecA. Because the sequence of the
psoralen-derivatized oligonucleotide was homologous to that
of the plasmid DNA, strand invasion occurred. Irradiation
of the complex then resulted in the formation of an
interstrand cross-link, where the pyrone adduct formed with
the plasmid strand that is complementary to the oligonucle-
otide. This three-stranded complex thus resembles the three-
stranded complex postulated to form after the first incision
step and RecA-mediated strand invasion. When this three-
stranded plasmid complex was incubated with UvrABC, only
incision on the plasmid (pyrone adduct) strand was observed.
This is consistent with the proposed model. Furthermore,

Figure 14. Model for interstrand cross-link repair inE. coli. The
furan adduct is indicated by the square, and the pyrone adduct is
indicated by the circle.
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the addition of DNA polymerase I, helicase II, and DNA
ligase resulted in incorporation of nucleoside triphosphates,
an indication that repair of the plasmid DNA had occurred.

Experiments by Sladek et al.118 shed additional light on
the strand exchange process. A single-stranded plasmid DNA
was constructed that contained a 4′-hydroxymethyl-4,5′,8-
trimethylpsoralen cross-linked oligonucleotide (19-mer) linked
to the plasmid DNA via a pyrone adduct (Figure 15a). This
cross-linked substrate was shown to undergo strand exchange
with a homologous 7250-bp linear DNA duplex in the
presence of RecA, producing a nicked circular double-
stranded molecule. This reaction demonstrates that RecA-
mediated strand transfer can occur past the cross-link. The
nicked circular DNA was then ligated to form a covalently
closed circular DNA that contained the cross-linked oligo-
nucleotide as a third strand. When this plasmid DNA was
incubated with UvrABC, a cross-linked duplex was excised
whose size was consistent with the creation of incisions on
either side of the pyrone adduct in the plasmid DNA strand.

In a separate set of experiments, a 4′-hydroxymethyl-
4,5′,8-trimethylpsoralen cross-linked circular double-stranded
DNA plasmid was prepared that contained nicks at the eighth
and fourth phosphodiester positions on the 5′ and 3′ sides,

respectively, of the furan adduct (Figure 15b). This plasmid
DNA thus mimics psoralen cross-linked DNA that has
undergone the first UvrABC-mediated incision step. No
strand exchange was observed when this plasmid DNA was
incubated with homologous single-stranded DNA in the
presence of RecA. This result shows that the nicks are not
sufficient to allow strand exchange to occur and is consistent
with the observation that RecA-mediated strand exchange
requires the presence of single-stranded gaps. The result also
suggests that an additional step must occur between the initial
UvrABC incisions and the strand exchange reaction. To test
this hypothesis, the nicked plasmid was incubated with DNA
polymerase I, whose 5′-exonuclease activity would create a
single-stranded gap on the 3′ side of the cross-link. When
this gapped plasmid DNA was incubated with homologous
linear DNA in the presence of RecA, strand exchange was
observed. Interestingly, DNA polymerase I was unable to
extend the 3′ end adjacent to the psoralen cross-link.

These observations require modification of the model
originally proposed by van Houten et al.115 After the initial
incisions made by UvrABC on the furan-adduct strand, the
5′-exonuclease activity of DNA Pol I creates a gap on the
3′ side of the adduct.118 This gap serves as a site for the

Figure 15. In Vitro strand exchange reactions with psoralen cross-linked DNA. The furan adduct is indicated by the square, and the pyrone
adduct is indicated by the circle.
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initiation of the RecA-mediated strand exchange reaction.
The remaining steps then follow those of the originally
proposed model.

The experiments described above were carried out using
DNA cross-linked with 4′-hydroxymethyl-4,5′,8-trimethylp-
soralen. In experiments examining incisions by UvrABC on
DNA containing 4,5′,8-trimethylpsoralen interstrand cross-
links, Jones and Yeung found that initial incisions could be
made on either the furan-adducted or pyrone-adducted strand
of the cross-linked DNA.119,120It appeared that a preference
for one strand or the other correlated with the sequences
surrounding the cross-link. Thus, incisions were made on
the furan-adducted strand when there were G/C-rich se-
quences with 6-12 bases on the 5′ side of this lesion. When
there was a non-G/C-rich sequence or when the G/C-rich
sequences were located only on the 3′ side of the furan
adduct, incisions were observed on either strand. In contrast
to this behavior, Cheng et al. found incisions only on the
furan-adduct strand of a 4′-hydroxymethyl-4,5′,8-trimeth-
ylpsoralen cross-linked DNA, even when there were G/C-
rich sequences with 6-12 nucleotides 5′ to this lesion.117

These results led to the suggestion that the observed strand
specificity of incision is a function of the psoralen 4′-
hydroxymethyl group, which enhances the asymmetry be-
tween the furan and pyrone sides of the 4′-hydroxymethyl-
4,5′,8-trimethylpsoralen cross-link.117

Results from studies by Munn and Rupp suggested that
psoralen cross-linked DNA may undergo a conformational
change before the initial incision by UvrABC can occur.121

These experiments showed that a complex of UvrA and UvrB
bound equally well to linear plasmid DNA that contained
either a 4′-hydroxymethyl-4,5′,8-trimethylpsoralen furan-side
monoadduct or an interstrand cross-link. However, the
efficiency of incision when UvrC was added was 30% after
3.3 min for the monoadduct but only 4% for the cross-link.
When closed circular plasmid DNA carrying a single furan-
side monoadduct was tested, the efficiency of the incision
reaction was found to be essentially independent of the
superhelical density. In contrast, incision efficiency on closed
circular plasmid DNA carrying a single interstrand cross-
link increased in direct proportion to the superhelical density.
These results suggested that the UvrA/UvrB preincision
complex may partially unwind the cross-linked DNA before
incision occurs.

Similar results were obtained with a covalently closed
circular plasmid that contained a singleN-methylmitomycin
A (32, Figure 16) interstrand cross-link.122 Similar to
mitomycin C, N-methylmitomycin A forms an interstrand
cross-link by alkylating the N2-exocyclic amino groups of
guanine in a 5′-CG-3′ sequence. Unlike the psoralen inter-
strand cross-link, which resides in the major groove and
creates local distortions of the DNA helix, the mitomycin
interstrand cross-link resides in the minor groove and
produces little or no distortion of the helix. The rate of
UvrABC incision of the supercoiled form of the mitomycin

cross-linked plasmid DNA was found to be approximately
200 times greater than that of the relaxed form of the cross-
linked plasmid. In contrast, the rate of incision on supercoiled
plasmid DNA that containedN-methylmitomycin A monoad-
ducts was only twice that of the relaxed form of the plasmid.

These observations and those showing that UvrABC
recognizes and cuts a wide variety of chemically and
structurally diverse adducts123 led Pu et al.122 to propose that
the UvrAB complex, which is believed to be responsible for
damage recognition, may sense lesion-imposed conforma-
tional restrictions on DNA. In this model, the UvrAB
complex would induce conformational changes in the DNA
upon binding. If no lesion were present, normal binding
interactions would take place and the complex would
translocate or dissociate along or from the DNA. If, on the
other hand, the lesion restricted the UvrAB complex-induced
conformational change, this would in effect trap the complex
and serve as a signal for further processing of the lesion.
Thus, even if the lesion does not significantly perturb the
structure of the DNA, as is the case with the mitomycin
interstrand cross-link, it can still be recognized if it restricts
the “flexibility” of the DNA. Thus, structural distortions per
se are not recognized, but rather impediments to dynamic
motions in the DNA signal the presence of the damage.122-124

Consistent with this proposed recognition model is the
observation that UvrA and the UvrAB complex both exhibit
DNA winding and helicase activities.125,126

More recent experiments have suggested the existence of
an additional pathway for the repair of psoralen and
mitomycin interstrand cross-links.127 In these studies, psor-
alen or mitomycin interstrand cross-links were shown to be
lethal in E. coli mutants that lack UvrB but not in UvrA
UvrC double mutants. This observation led the authors to
suggest that UvrB plays a role in recognizing the interstrand
cross-link. However, the other proteins required for process-
ing or repair of the damage have not been identified.

Psoralen interstrand cross-links inE. coli are repaired
primarily if not exclusively by a mechanism that involves
NER and homologous recombination. It appears that at least
two distinct pathways can be used to repair nitrogen mustard
interstrand cross-links. Loechler and co-workers studied the
repair of mechlorethamine interstrand cross-links inE. coli.
The nitrogen mustard cross-link was inserted into a 5′-GAC-
3′/5′-GTC-3′ sequence in a short DNA duplex by reacting
the duplex with mechlorethamine.49 The cross-link was
stabilized by treating the cross-linked duplex with base,
which converted the N7-alkylated guanines to their form-
amidopyrimdine derivatives. The cross-linked duplex was
then ligated into a SV40-based human shuttle vector, which
contained an ampicillin resistance gene, to give plasmid DNA
that contained a single interstrand cross-link.128 The cross-
linked plasmid DNA was transfected intoE. coli, and the
replication efficiency, defined as the ratio of the number of
colonies formed by cross-linked plasmid versus the number
of colonies formed by noncross-linked plasmid, was deter-
mined.129,130

The results showed that the cross-linked plasmid was able
to replicate and was therefore repaired with essentially the
same efficiency in wild-type cells and in cells that contained
a recAdeletion. This result was not unexpected because (1)
the plasmid DNA was not homologous toE. coli DNA and
(2) the cells were transfected only with cross-linked plasmid.
Thus, under these conditions, RecA-mediated homologous
recombination is not possible. WhenE. coli cells were treated

Figure 16. N-Methylmitomycin A.
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with mechlorethamine, cell survival was significantly reduced
in the recAdeletion mutant versus wild-type cells.130 These
experiments point to the participation of homologous re-
combination in cross-link repair when homologous DNA is
available.

The replication efficiency of the nitrogen mustard cross-
linked plasmid was significantly diminished in cells that
lacked functioning UvrA and UvrB, components of the NER
pathway.129 Other possible repair pathways did not seem to
be involved, however. For example, replication efficiency
in mutants that lacked BER activities, including formami-
dopyrimdine DNA glycosylase, 3-methyladenine glycosylase,
or DNA deoxyribophosphodiesterase, was found to be very
similar to that in wild-type cells. Replication efficiency was
also not reduced in cells that lacked the 5′ f 3′ exonuclease
activities of DNA polymerase I, exonuclease VII, or RecJ.

These results suggested that repair of the nitrogen mustard
cross-linked plasmid involved components of the NER
pathway coupled with translesion synthesis. Experiments
carried out in a deletion mutant,∆polB, that lacks DNA
polymerase II activity showed a significant decrease in
replication efficiency.130 This observation suggests that DNA
polymerase II, a DNA polymerase implicated previously to
play a role in DNA repair, serves as the translesion
polymerase in this pathway. Its role in this pathway appears
to be physiologically relevant because cell survival is
diminished in a∆polB E. coli strain treated with mechor-
ethamine.130

The picture that emerges then is one in which nitrogen
mustard interstrand cross-links can be repaired by one of
two parallel but nonredundant pathways. Both pathways
require components of the NER pathway to make incisions
on either side of the interstrand cross-link. In the homologous
recombination-dependent pathway, homologous recombina-
tion in effect supplies an undamaged oligonucleotide to fill
the gap created by incision reactions and thus replaces one
of the damaged strands. In the other pathway (Figure 17),
the gap is filled by DNA polymerase II-mediated translesion
synthesis using the other damaged strand as a template. In
both pathways, the remnant cross-link lesion can be removed
by a second round of NER.

The NER/Pol II pathway does not appear to be involved
with the repair of psoralen interstrand cross-links.129,131This
led Loechler and co-workers to suggest that the structure of
the interstrand cross-link may dictate the pathway that is used
to repair the cross-link.129 They point out that the psoralen
interstrand cross-link is much more rigid than the relatively
flexible nitrogen mustard cross-link. Recent studies on the
repair of a single N4C-ethyl-N4C interstrand cross-link (33,
Figure 18) in plasmid DNA would seem to support this
conjecture.132 In these studies, the cross-link was placed in
a 5′-CG-3′ or 5′-GC-3′ sequence. Assays in which plasmids
carrying a single copy of the N4C-ethyl-N4C interstrand
cross-link were transfected intoE. coli showed that as in
the case of the nitrogen mustard cross-link, replication
efficiency was similar in wild-type and RecA-deficient cells.
Replication efficiency was significantly reduced but not
eliminated in a UvrA defective mutant, suggesting that an
additional pathway not involving homologous recombination
or NER might be involved. Interestingly, the relative
replication efficiency of the plasmid with the 5′-GC-3′ cross-
link was approximately twice that of the 5′-CG-3′ cross-
link. Physical studies showed that the 5′-CG-3′ cross-link
induces little or no distortion in the DNA helix, whereas the

5′-GC-3′ cross-link induces a significant distortion and most
likely increases the flexibility of the helix at the site of the
cross-link. This increased flexibility may account for the
greater efficiency of repair as suggested in the nitrogen
mustard cross-link repair studies.

3.2. Repair in Eukaryotes
The repair of interstrand DNA cross-links in eukaryotic

cells is considerably more complicated than the repair in
prokaryotic cells, and as such, significant aspects of cross-
link repair remain in question. As described below, despite
the complexities and outstanding questions regarding cross-
link repair in higher organisms, it appears that the repair
roughly fits into the two broad categories, one involving

Figure 17. Nitrogen mustard interstrand cross-link repair inE.
coli.

Figure 18. N4C-Ethyl-N4C interstrand cross-link.
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homologous recombination in an error-free process and the
other involving an error-prone process dependent upon lesion
bypass.

3.2.1. S. cerevisiae

Genetic and biochemical studies inS. cereVisiae have
contributed considerably to our understanding of the repair
of eukaryotic DNA repair. Early genetic studies in yeast
identified numerous mutants that were sensitive to various
types of DNA damage (e.g., UV-induced damage and
ionizing radiation). These mutants were grouped together into
broad categories (called epistasis groups) based upon the
ability of one gene to suppress the effect of a second gene.
Three epistasis groups were identified and have been
subsequently shown to play a role in the repair of DNA
interstrand cross-links in yeast cells. These epistasis groups,
not surprisingly, correspond with NER (RAD3 epistasis
group),133 homologous recombination (RAD52 epistasis
group),134 and the translesion DNA synthesis subpathway of
postreplication repair (RAD6epistasis group).133,135

Recently, it was demonstrated that the simultaneous
disruption of one gene from each of these epistasis groups
was sufficient to render yeast cells incapable of surviving
the presence of a single interstrand cross-link (Figure 19).
Wild-type or repair-competentS. cereVisiae are able to
withstand the cytotoxic effects of having approximately 120
psoralen interstrand cross-links or 200cis-DDP DNA inter-
strand cross-links;136-140 however, this repair capacity can
be lowered and ultimately eliminated by disrupting theREV3,
SNM1, andRAD51genes. The pairwise disruption of these
genes produced strains that were more sensitive than any of
the single mutants to the presence of DNA interstrand cross-
links, with the triple mutant displaying an even greater
sensitivity in which a single interstrand cross-link is lethal.140

Given the role of NER, homologous recombination, and
postreplication repair in bacterial repair of DNA interstrand
cross-links, it is not surprising to learn that theSNM1, REV3,
and RAD51are epistatic with these repair processes inS.
cereVisiae. Thus, repair processes in whichREV3, SNM1,
andRAD51function appear to represent the entire interstrand
cross-link repair capacity ofS. cereVisiae (Figure 19).140

Each of these three genes had been identified earlier as
playing a role in the repair of interstrand cross-links, and
two of the three had been identified previously in early yeast

genetic studies as sensitive to UV and/or ionizing radiation.
REV3, the catalytic subunit of polymeraseú, a nonessential
DNA polymerase that in complex with the Rev7p can
efficiently replicate past acis-syncyclobutane dimer in an
error-prone process,141,142is a member of theRAD3epistasis
group.RAD51 is a member of theRAD52epistasis group
and encodes the yeast homologue of the bacterialRecA
protein.SNM1, unlike REV3and RAD51, does not appear
to play a role in noninterstrand cross-link repair, ratherSNM1
(also known asPSO2) was identified in a screen for mutants
that were specifically sensitive to interstrand cross-linking
by psoralen.143,144 While SNM1does not participate in the
NER of monoadducts, it has been shown to function
downstream of the NER proteins in interstrand cross-link
repair processes,133 thus making it epistatic with members
of the RAD3epistasis group in regard to interstrand cross-
link repair. It is interesting to note thatREV3(or PSO1) was
also identified as a mutant specifically sensitive to interstrand
cross-linking by psoralen.143,144 As is the case in much of
the literature regarding the repair of interstrand DNA cross-
links, it is important to note that other groups have reported
different epistatic relationships betweenSNM1 and NER,
homologous recombination, andREV3.133,145Indeed, recent
work suggests that the epistatic relationship betweenSNM1,
RAD52, andRAD4may even be cell-cycle-dependent.146

The ability to manipulate the genetics ofS. cereVisiaehas
facilitated a growing understanding of the plasticity of
interstrand cross-link repair and, in particular, the capacity
of these repair processes to compensate for one another.
Studies that have examined the contribution of individual
repair processes to the aggregate repair capacity of yeast cells
can be divided into two categories: (1) studies in which cell
survival in the presence of DNA interstrand cross-linking
agents is measured and (2) studies in which the fate of
plasmids containing single defined interstrand cross-links
(i.e., psoralen cross-links) is followed.

In a recent study, the cytotoxicities of four interstrand
cross-linking agents,cis-DDP, mechlorethamine, mitomycin
C, and bischloroethylnitrosurea (BCNU), were determined
in S. cereVisiaestrains deficient in NER (RAD1∆), homolo-
gous recombination (RAD52∆), translesion synthesis (REV3∆)
and pairwise combinations of these deletions.147 When the
cytotoxicity of these different agents was directly compared,
it was observed that different interstrand cross-links rely upon
different combinations of pathways. For instance, theRAD52∆
REV3∆ double mutant was the most sensitive tocis-DDP,
mitomycin C, and BCNU; however, nitrogen mustard
cytotoxicity was greatest in theREV3∆ RAD1∆ strain.
Studies such as these can provide useful information regard-
ing the overall repair capacity of cells; however, analysis of
this type can be complicated by the fact that many of these
cross-linking agents form monoadducts whose presence
might interfere with the analysis.

These limitations can be avoided by studying the repair
of plasmid substrates containing site-specific interstrand
cross-links. These studies have been principally carried out
using single psoralen cross-links located in a region of the
plasmid that is homologous to a sequence in the yeast
chromosome. These plasmid substrates have proven useful
tools for examining the contribution and overlap of the NER,
homologous recombination, and postreplication repair pro-
cesses.148,149In these studies, yeast cells are transformed with
cross-linked plasmid DNA and the repair of the cross-link
is determined by comparing factors such as survival and/or

Figure 19. Interstrand cross-link repair pathways inS. cereVisiae.
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chromosomal integration to those in either undamaged
plasmid DNA or plasmid DNA carrying a related type of
damage, oftentimes a double-strand break or a psoralen
monoadduct. When yeast strains are transformed in which
various genes suspected of playing a role in the repair of
interstrand cross-links have been deleted or disrupted, it is
possible to characterize the contribution of these genes to
the repair of interstrand cross-links. For example, the deletion
of the genes belonging to the translesion DNA synthesis
pathway (e.g.,RAD5, RAD6, andRAD18) eliminated muta-
tions associated with the error-prone repair of interstrand
cross-linked DNA via translesion DNA replication. However,
disruption of this pathway did result in an increased level of
recombination.148 Preventing yeast cells from processing
interstrand cross-links using the translesion apparatus reduced
the mutational frequency and thus led to an increase in
recombination, presumably by forcing the cross-link to be
repaired by recombination.148 Similarly, deletion of genes
in the NER pathway (e.g.,RAD1, RAD3, RAD4, andRAD10)
or homologous repair pathway (e.g.,RAD51, RAD52,
RAD55, andRAD57) resulted in increased mutation frequen-
cies, presumably by channeling more of the cross-link repair
into error-prone postreplication repair processes. The deletion
of NER genes also produced lower levels of cross-link-
induced recombination, suggesting that some of the cross-
links processed by the NER apparatus are subsequently
channeled into the homologous recombination repair path-
way.

Efforts to characterize the biochemical steps in interstrand
cross-link repair inS. cereVisiae are not nearly as compre-
hensive as those forE. coli. The earliest studies that followed
the physical consequences, as opposed to the genetic
consequences, of interstrand cross-link damage primarily
examined the effect that psoralen interstrand cross-linking
had on chromosomal DNA. These early studies relied upon
equilibrium density centrifugation to monitor the fate of
psoralen interstrand cross-links. DNA that has interstrand
cross-links undergoes rapid renaturation when compared to
noncross-linked DNA; thus, the kinetics of converting cross-
linked DNA to noncross-linked DNA can be followed by
monitoring the conversion of double-stranded DNA to single-
stranded DNA.139,150-152 Wild-type cells treated in the
exponential phase were able to completely convert rapidly,
renaturing cross-linked DNA to noncross-linked DNA in
approximately 2 h. This step has often been referred to as
“unhooking” and at a minimum requires that the interstrand
DNA cross-link be excised from one of the damaged strands.
Unhooking was accompanied by the appearance of single-
and double-strand breaks.139,152-154

From work done in yeast as well as in mammalian cells,
there is an emerging consensus that in rapidly growing
eukaryotic cells the formation of cross-linked induced DNA
strand breaks and the unhooking of the cross-linked DNA
strands occurs at or near the site of a stalled or collapsed
replication fork (Figure 20). These one-ended DNA strand
breaks are often referred to as a double-strand break but differ
from classical double-strand breaks that arise in noninter-
strand cross-linked DNA. The cross-link-induced DNA strand
break (CID) depicted in Figure 20 can be formed indepen-
dently of the unhooking reaction that results in the formation
of the slowly renaturing single-stranded DNA, observed in
early biochemical studies in yeast.

The relationship between the formation of CIDs and the
unhooking of the DNA cross-link continues to be unclear.

Evidence shows that the formation of CIDs when psoralen
is the cross-linking agent is dependent upon the function of
NER proteins;139,152-154 however, when nitrogen mustard is
used as the cross-linking agent, the formation of CIDs occurs
in the absence of NER proteins.146,155,156Early observations
that the formation of CIDs and unhooking of psoralen
interstrand cross-links requires the activity of members of
the NER pathway139,150,151has led to considerable confusion
within the field of interstrand cross-link repair. As described
above, the use of equilibrium centrifugation clearly demon-
strated the absolute dependence of NER proteins on both
the unhooking of psoralen interstrand cross-links and the
formation of CIDs.139,150-152 This led to the general notion
that the unhooking of cross-linked DNA and the formation
of DNA strand breaks resulted as a function of NER
components. However,S. cereVisiae cells treated with
nitrogen mustard give rise to CIDs that occur in the absence
of functional NER proteins (i.e.,RAD1, RAD2, and
RAD4).146,155,156The formation of CIDs in the absence of
NER proteins has also been observed with nitrogen mustard,
mitomycin C, andcis-DDP in mammalian cells.157,158These
observations suggest that the NER-dependent formation of
CIDs may not be a general feature of interstrand cross-link
repair but rather is specific to psoralen interstrand cross-
links.

It seems likely that the formation of cross-link-induced
DNA strand breaks is one of the early steps in the repair of
interstrand DNA cross-links in rapidly growing cells as
opposed to stationary phase cells. When the size of DNA
fragments are monitored using equilibrium centrifugation,
the reassembly of these DNA fragments was shown to be
complete within approximately 2 h.139 The repair of these
DNA strand breaks was found to be dependent upon not only
homologous recombination (RAD51)152 but also upon the
activity of SNM1.139,159,160A role for RAD51in the repair of
DNA strand breaks is not surprising, because that is precisely
the role that it plays in the repair of ionizing radiation induced

Figure 20. Cross-link-induced DNA strand breaks.
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DNA double-strand breaks.134 The mechanism by which
SNM1 functions in rejoining DNA interstrand cross-link-
induced strand breaks is still unknown.SNM1 was first
identified in screens for mutants that were sensitive to the
formation of psoralen and nitrogen mustard interstrand DNA
cross-links.143,161,162As described above,SNM1 is epistatic
with genes of the NER pathway (specificallyRAD1, RAD3,
RAD4, and RAD10) in regard to the repair of DNA
interstrand cross-links,143,146 but it demonstrates wild-type
resistance to monofunctional alkylating agents and ionizing
radiation.161 While the mechanistic role ofSNM1in the NER-
dependent repair of DNA interstrand cross-links is unclear,
it is known to function following the unhooking reaction.

The Snm1 protein is a member of theâ-CASP metallo-
â-lactamase superfamily of enzymes that includes the human
paralogue, Artemis.163 Artemis is the gene that is mutated
in radiation-sensitive severe combined immune deficiency
(RS-SCID), a disease that results from defects in V(D)J
recombination.164 The Artemis protein is a single-strand
DNA-specific 5′ f 3′ exonuclease, and it has been suggested
that the yeast paralogue, Snm1p, may have a nucleolytic role
in the processing of DNA interstrand cross-links.165 Recent
work by McHugh and colleagues showed that the function
of Snm1p overlaps that of Exo1p, a 5′ f 3′ exonuclease
and flap endonuclease involved in recombination, double-
strand break repair, and DNA mismatch repair, and Msh2p,
which forms heterodimers with Msh3p and Msh6p, which
bind to DNA mismatches to initiate the mismatch repair
process.146,166,167

The role of translesion DNA synthesis in the repair or
tolerance of DNA interstrand cross-links is the least well-
characterized of the interstrand cross-link repair processes.
TheRAD6postreplicative repair pathway is largely involved
in the repair/tolerance of UV-induced DNA damage and other
types of DNA damage that block replication. Postreplication
repair involves a number of different proteins and represents
a complicated set of repair pathways, including both error-
prone and error-free processes. The principle components
known to be involved in the postreplication repair of DNA
interstrand cross-links includeRAD5, RAD6, RAD18, and
REV3 and comprise one of the error-prone pathways of
postreplication repair.

The frequency of induced mutation at the site of a defined
psoralen interstrand cross-link is quite high in repair-
proficient yeast cells (∼5%).148 The disruption of the
homologous recombination pathway increased the observed
mutation frequency by approximately 4-fold, while the
disruption ofRAD5, RAD6, or RAD18resulted in a decrease
in mutations.148,168 RAD6 encodes a ubiquitin-conjugating
enzyme that plays a role in signaling for proteosomal
degradation via polyubiquitination169,170and monoubiquiti-
nation of histones.171 The DNA repair function of Rad6p is
facilitated by a strong interaction withRad18.172,173Rad18p,
unlike Rad6p, interacts with single-stranded DNA and
appears to be responsible for targeting the Rad6p/Rad18p
complex to the site of DNA damage.174 Rad5p also shows
affinity for single-stranded DNA and is known to interact
with Rad18pin Vitro.175 The exact role that these protein
complexes play in translesion DNA synthesis is unclear,
although it has been suggested that it allows recruitment of
polymeraseú, which is encoded byREV3and REV7 (the
catalytic and regulatory subunits, respectively), to the site
of a stalled replication fork.172

REV3-dependent error-prone repair of DNA interstrand
cross-links is linked to the cell cycle.143,155 The disruption
of REV3renders stationary-phase cells much more sensitive
to damage by nitrogen mustards than cells undergoing
exponential growth.155 These studies suggest that when cells
are held in G1 phase, where there is no sister chromatid to
allow for homologous recombinational repair pathways, the
error-proneREV3-dependent lesion bypass is important. This
repair process would be predicted to be less important in
cells that have passed through S and G2 phases and thus have
a homologous sequence present within the cell. As with many
aspects of the repair of interstrand cross-links in eukaryotes,
the role of translesion DNA synthesis in yeast is more
complicated than simply playing a role in only the error-
prone repair. WhileREV3disruptants were more sensitive
in stationary phase than in exponentially growing cells,
disruption ofRAD6andRAD18showed sensitivity in both
phases.155 This suggests that some of the other error-free
postreplication repair subpathways that do not rely upon
REV3also play a role in the repair of interstrand DNA cross-
links.

As described in the following section on DNA interstrand
cross-link repair in mammalian cells, there are many
conserved elements in the repair of DNA interstrand cross-
links betweenS. cereVisiae and higher eukaryotes (e.g.,
mammalian cells); however, there are also some significant
differences. It is important to bear in mind that these
differences may be less dramatic than is typically thought.
The majority of the studies described above have utilized
haploid strains of yeast that contain a single set of chromo-
somes (i.e., half of the full set of genetic material). The
response of yeast to DNA damage is oftentimes different
in haploid cells compared to diploid yeast.176 For instance,
the loss of proofreading activities of DNA polymerases
δ andε is lethal in haploid cells but not in diploid cells;177

the loss of DNA polymerase proofreading coupled with
mismatch repair deficiency is lethal in haploid cells but
tolerated in diploids;178 and diploids are significantly more
resistant toγ radiation than are haploid cells.179 Indeed,
increasing numbers of chromosomal copies (the number of
copies of chromosomes can be manipulated in yeast to
produce haploid, diploid, and higher ploidy numbers) result
in increased resistance to treatment with the cross-linking
agent psoralen180 and with nitrous acid,181 a compound
capable of producing interstrand DNA cross-links.182-185

Thus, some of the differences observed between haploid
yeast strains and diploid mammalian cells may not nec-
essarily reflect fundamental differences in the repair pro-
cesses.

3.2.2. Mammalian Cells: Genetic Studies

The majority of studies on the repair of interstrand cross-
links in mammalian cells have been carried out using
different assays, different substrates, and different cell lines.
Consequently, it is difficult to compare directly the results
from different experiments, and indeed, at times, the results
from these different studies appear to be contradictory. In
the following sections, we have attempted to summarize the
observations derived from these studies. However, we feel
that it is still premature to attempt to derive definitive
mechanisms for the repair of interstrand cross-links in
mammalian cells based on these observations.

In studying the repair of interstrand cross-links in mam-
malian cells, researchers have taken cues from studies carried
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out in yeast. Generally, in cell-based assays, the involvement
of repair pathways or specific proteins is deduced through
the systematic elimination of protein players. This is achieved
by using human tumor cell lines that are know to be deficient
in a particular protein or Chinese hamster ovary (CHO) cell
lines that have been identified as deficient in NER and/or
homologous recombination proteins. There are three main
types of cellular assays: (1) assays that monitor sensitivity/
cross resistance, (2) assays that look at changes in protein
expression or increases in protein density at nuclear foci
following the insult with an interstrand cross-linking agent,
and (3) assays that analyze post-treatment evidence of repair,
including determination of chromosomal breakage/interstrand
cross-linking, repair synthesis, and/or host-cell reactivation
of a reporter gene. While these studies are important and
suggestive, they cannot unequivocally determine if the
measured response is exclusively due to interstrand cross-
links. Thus, although lesions formed by compounds such as
psoralen and mitomycin C are primarily interstrand cross-
links, other agents commonly studied, such as nitrogen
mustards andcis-DDP, form a small percentage of interstrand
cross-links relative to the total number of lesions produced.
This makes studies with specifically prepared interstrand
cross-linked substrates indispensable for interpreting data
acquired through genetic studies.

Cytotoxicity assays such as those performed by Bramson
et al.43 were helpful in elucidating the causes of innate or
acquired resistance to chemotherapeutics used in treating
cancer. In these studies, B-cell chronic lymphocytic leukemia
(B-CLL), which is known to develop resistance to nitrogen
mustards, was chosen as a model to study resistance to this
class of alkylating agents. Analysis showed no cross-
resistance to UV-damaged DNA, a substrate for NER, or
methyl methanesulfonate-damaged DNA, a substrate for
BER, a result that indicated a lack of exclusive involvement
of these pathways in the repair of nitrogen mustard inter-
strand adducts. Through this and other studies, which were
designed to monitor changes in sensitivity to cross-linking
agents following overexpression of DNA repair proteins, it
was determined that the repair of nitrogen mustards most
likely involves an incision-recombination-incision set of
repair events.43

Other variations on this type of survival study used
Western blotting to examine up- or downregulation of repair
proteins following treatment with a cross-linking agent. For
example, Aloyz et al.186 noted that several DNA repair genes,
including those involved in NER were implicated in the
development ofcis-DDP resistance. This study, which used
the National Cancer Institute’s tumor cell line panel, showed
that overexpression of XPD protein imparted a 2-4-fold
increase incis-DDP resistance and was accompanied by an
increased Rad51 nuclear foci density and by sister chromatid
exchanges, thus indirectly implicating homologous recom-
bination in the repair process.186

Western blotting is used to monitor changes in cellular
protein levels, while changes in protein density at sites of
DNA damage can be determined by staining cultured cells
with fluorescently labeled antibodies that recognize the
proteins under investigation. For example, Wang and co-
workers187 used these techniques to examine the levels and
location of repair proteins in 14 human cell lines after
treatment with melphalan, a nitrogen mustard. They showed
that the level of XRCC3 was elevated in these cells, whereas
the levels of RAD51, RAD52, KU70, KU86, and DNA-PK

were unaffected. The unchanged levels of KU70, KU86, and
DNA-PK led the authors to conclude that nonhomologous
end joining (NHEJ) is not a potential repair pathway.
Immunostain examination of RAD51 foci formation in eight
cell lines with variable resistance to melphalan showed an
increased density of RAD51 foci in both sensitive and
resistant cells. Because the levels of RAD51 remained
unchanged in these cells, the results suggested a redistribution
of cellular RAD51 protein in response to the melphalan-
mediated DNA damage. Similar experiments by Nan Lui also
showed a defect in the formation of RAD51 foci in XRCC2
null CHO cells following treatment by mitomycin C.188

Again, the defect in the formation of nuclear foci did not
correspond to reduced levels of the RAD51 protein but rather
a redistribution of cellular stores after damage. These and
other experiments have consistently shown that RAD51 is
localized at sites of damage induced by psoralen, mitomycin
C, and melphalan,47,189,190results that strongly implicate the
involvement of homologous recombination in interstrand
cross-link resistance and repair.

Neidernhofer et al. examined nuclear foci formation to
determine if the processing of interstrand cross-links results
in the formation of CIDs and whether the XPF/ERCC1
endonuclease complex is required.158 This was done by
immunostaining for the phosphoepitope ofγ-H2AX protein
at foci in mitomycin C-treated ERCC1 null cells.γ-H2AX
is the phosphorylated form of histone H2A and binds to DNA
that contains double-strand breaks. It is one of the earliest
proteins detected at sites of DNA damage. Although mito-
mycin C did mediate an increase in the number ofγ-H2AX
foci, the appearance of CIDs was not caused by the endo-
nuclease activity of XPF/ERCC1. However, it was subse-
quently determined that ERCC1 was necessary for the reso-
lution of the breaks, a step that is distinct from CIDs in this
proposed model.

The presence of additional factors in nuclear foci was
shown by Pichierri and co-workers in experiments with
Fanconi’s anemia (FA) cells.191 These cells are hypersensitive
to treatment with interstrand cross-linking agents. Wild-type
cells were found to respond to psoralen or mitomycin C
treatment by forming foci that include a RAD50/MRE11/
NBS1 complex, which has recently been shown to function
as a double-strand break sensor.192 Because a yeastmre11
strain showed sensitivity to interstrand cross-linking agents,
Mre11p, which has double-stranded DNA exonuclease and
single-stranded DNA endonuclease activities, has been
suggested to play a role in interstrand cross-link repair in
yeast and mammalian cells. FA cells were unable to activate
Rad50p/Mre11p/Xrs2p focus formation when treated with
mitomycin C or psoralen. This deficiency was not due to an
inability to respond to double-strand breaks because normal
foci were seen when double-strand breaks were induced by
ionizing radiation. It was also determined that the defect was
not dependent upon cross-link unhooking or incision by the
XPF/ERCC1 complex. These observations lead to the
hypothesis that formation of the Rad50p/Mre11p/Xrs2p
complex at the site of damage is an important contributor to
interstrand cross-link repair and that a factor absent in FA
cells contributes to the assembly of the RMN/DNA complex.
Although there is no evidence showing that FA proteins
remove interstrand cross-links, they appear to be central
components in the cellular response to DNA cross-linking
agents.193-195
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Another repair pathway, translesion synthesis, or lesion
bypass has been examined by looking for nuclear foci
involving DNA polymerases. It had already been established
that when stalled replication forks occur, because of the
presence of UV damage or bulky adducts, a group of special
DNA polymerases can act on the replication complex to
bypass the lesion. These polymerases, including Polú, Pol
η, Pol ι, and a more recently discovered Polκ, participate in
the replication of damage that might not otherwise be
tolerated by the cell.196,197 A study by Bergoglio and co-
workers looked at the formation of nuclear foci containing
Polκ in MRC5 (human lung fibroblasts) and XP12ROSV40
(XP-A) cells transfected with Polκ in response to treatment
with cis-DDP.198 The Pol κ was not immunostained as
outlined in previous studies but was tagged with green
fluorescent protein. These Polκ foci were seen to colocalize
with PCNA, which was detected by immunostaining. Previ-
ous studies had shown the Polκ was unable to perform
translesion synthesis opposite acis-DDP intrastrand adduct
in Vitro.199 However, the authors point out that, in this study,
the PCNA served as a target for the localization of Polκ, as
has been shown for Polδ and Pol ε and as had been
suggested for Polú and Polη. The 2-fold overexpression of
Pol κ was also responsible for a 7-9-fold increase in
spontaneous mutagenesis, indicating an involvement in an
error-prone pathway of repair.198

A considerable number of genetic studies of the repair of
interstrand cross-links involve some form of postprocessing
of the cellular DNA to ascertain the fate of the cross-link.
Vos and Hanawalt developed an assay that can be used to
detect interstrand cross-links in cellular DNA.200 Using this
assay, they determined the repair efficiency of psoralen
interstrand cross-links and psoralen monoadducts in an
actively transcribed dihydrofolate reductase (DHFR) gene.
Recovered cellular DNA was denatured and electrophoresed
on a neutral agarose gel. Under these conditions, psoralen
cross-linked DNA will renature and migrate as double-
stranded DNA, whereas DNA with psoralen monoadducts
remains denatured and migrates as single-stranded DNA. The
DHFR gene was then identified by Southern blotting. After
24 h, 80% of the introduced interstrand psoralen cross-links
were removed, whereas only 45% of the monoadducts were
removed.

Larminat and Bohr used this assay to study the effect of
cis-DDP treatment on the actively transcribed DHFR gene
in wild-type and ERCC1 mutant CHO cells.201 Survival of
the ERCC1-deficient cells was greatly reduced after minimal
dosing withcis-DDP, and these cells were able to remove
only a small percentage of the interstrand cross-links.
Furthermore, the replication activity of cellular DNA in
ERCC1 mutant cells was less than half that measured in wild-
type cells. When the ERCC1-deficient cells were comple-
mented by stably transfecting with ERCC1, the amount of
replication was partially restored. This shows a clear
involvement of ERCC1 and presumably its XPF counterpart
in the repair ofcis-DDP cross-links.

In an attempt to circumvent resistance tocis-DDP, Farrell
and co-workers have developed several multinuclear plati-
num compounds (6a and 6b) that demonstrate improved
potency even incis-DDP-resistant cell lines.202 Paradoxically,
Colella found that overexpression of ERCC1, the protein that
when in complex with XPF is responsible for the incision
of damage in NER, actually sensitizes the cells to lesions of
6b. This occurs presumably because “... a greater number

of DNA lesions are induced than other enzymes in the
pathway can repair”.203

The Comet assay204 and pulsed field gel electrophoresis
(PFGE)157,205 are two methods commonly used to monitor
the processing of interstrand cross-links. In the Comet assay,
cells that have been exposed to the cross-linking agent are
further irradiated with X-rays, a process that induces random
strand breaks in the DNA. The irradiated cells are then lysed
in situ in an agarose gel plug and electrophoresed under
alkaline conditions. This produces a comet-shaped streak of
DNA. The length of the comet tail is an indicator of the
extent of DNA damage because DNA that contains inter-
strand cross-links migrates more slowly than denatured DNA
that contains no cross-links. The extent of cross-link unhook-
ing can then be determined by monitoring the length of the
tail as a function of the time after treatment with the cross-
linking agent. The Comet assay does not monitor the extent
of CIDs. On the other hand, PFGE provides a much more
rigorous measure of double-strand breaks.

Chinese hamster-derived cell lines deficient in NER
proteins, XPB, XPD, XPF, ERCC1, or XPG, homologous
recombination proteins, XRCC2 or XRCC3, or the nonho-
mologous end-joining protein, XRCC5, were exposed to
increasing concentrations of the nitrogen mustard, mechlor-
ethamine, and cell survival was determined relative to CHO
wild-type cells.157 The XPF and ERCC1 mutants were 15
times more sensitive than wild-type cells, whereas XPB,
XPD, and XPG mutants were less than 2 times as sensitive.
As measured by the modified Comet assay, the XPF and
ERCC1 mutants were both incapable of unhooking the
interstrand cross-link, a preliminary step in cross-link
processing. As expected, the wild type and XPB, XPD, and
XPG mutants were all able to unhook the cross-link. These
results suggested that XPF and ERCC1 were necessary for
cell survival and cross-link unhooking, whereas the other
NER proteins were dispensable. XRCC2 and XRCC3
mutants were 12 and 26 times more sensitive, respectively,
than wild-type cells in the cell survival assay, and these
mutants were able to unhook the interstrand cross-link,
suggesting a role for homologous recombination in the repair
of mustard-induced damage. The observation that XRCC5
mutants were not sensitive to mechlorethamine suggested
that the NHEJ was not involved in the repair of this
interstrand cross-link.

Exposure of wild-type CHO cells to mechlorethamine also
produced CIDs as determined by PFGE.157 When monitored
as a function of time, the cross-link-induced breaks dis-
appeared, which indicated that repair of the cross-linked
DNA had occurred. A similar repair was observed in
the XPF and XRCC5 mutants but not in the XRCC2
and XRCC3 mutants. Together, these results suggested a
DNA repair model157 in which a CID is produced when a
replication fork stalls in the vicinity of the cross-link (Fig-
ure 20). XPF/ERCC1 is then involved in unhooking the
cross-link, and homologous recombination facilitates further
repair.

Similar studies were also carried out in CHO cells exposed
to cis-DDP.205 Cell survival studies showed that, of the NER
mutant cell lines tested, only XPF and ERCC1 cells showed
increased sensitivity (40- and 37-fold, respectively) to the
drug, while those deficient in XPB, XPD, and XPG showed
a slightly (1.3-3.1-fold) increased sensitivity. Cell lines
deficient in XRCC2 and XRCC3 demonstrated 50- and 38-
fold increased sensitivity tocis-DDP treatment, while the
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NHEJ mutant, XRCC5, showed no increase in sensitivity.
These results, which were similar to those with the nitrogen
mustard, suggested that cell survival aftercis-DDP treatment
depended upon XPF/ERCC1 and proteins involved in
homologous recombination.

As was the case with the nitrogen mustard, both XPF and
ERCC1 mutants were unable to unhook thecis-DDP cross-
link as determined by the modified Comet assay. Unexpect-
edly, both the XPG and XPD mutants, which were insensitive
to drug treatment, were also unable to unhook the cross-
link. Even more surprising was the observation that the
XRCC3 mutant, which was hypersensitive tocis-DDP, was
unable to unhook the cross-link. Thus, there was no clear
correlation between cell survival and the ability to remove
the cis-DDP interstrand cross-link. Furthermore, it would
appear that unhooking and perhaps removal of the cross-
link was dependent upon the full complement of NER
proteins as well as those involved in homologous recombina-
tion.205

Interestingly, a separate study by Simpson and Sale
showed that∆Rev1-DT40 chicken B-lymphocyte cells are
6.8-fold more sensitive tocis-DDP treatment that wild-type
DT40 cells.206 This implicates another repair pathway, error-
pone replication bypass in the processing of these types of
adducts and supports the yeast studies that show a decreased
tolerance for the effects ofcis-DDP when theREV3subunit
is eliminated.140 Although the requirement forREV3 in
translesion synthesis has been established in yeast, in
vertebrates, the involvement of this repair pathway has only
been inferred by mutational analysis after the repair of an
interstrand cross-link. Therefore, this study supports the
involvement of translesion repair in the tolerance of inter-
strand cross-links ofcis-DDP, and the authors suggested that
it may be involved in conjunction with other pathways.206

It is not universally agreed upon whether a homologous
recombination event precedes an incision event in interstrand
cross-link repair or if a cross-linked-induced break is
necessary to initiate repair events. Some researchers have
looked for evidence of homologous recombination by
examining genomic DNA after the treatment with a cross-
linking agent. Sister chromatid exchanges are mediated by
homologous recombination.207 Sasaki et al. recently looked
for the disparity in the amounts of sister chromatid exchanges
and other chromosomal aberrations such as single or isoch-
romatid breaks and chromatid exchanges between wild type
and various mutant DT-40 chicken B-lymphocyte cells that
were treated with mitomycin C.208 In wild-type cells,
treatment with mitomycin C resulted in a 2- and 100-fold
increase in sister chromatid exchanges and chromosomal
aberrations, respectively. The authors proposed that the
frequencies of these events reflected a life-or-death decision
pathway in which either CIDs or incision intermediates
generated by XPF/ERCC1 are resolved through homologous
recombination. In cases where homologous recombination
is deficient, the repair pathway diverges to an alternate
pathway that may depend upon the availability of alternative
repair factors or the position in the cell cycle.208

The notion of a cell-cycle-dependent response is echoed
in the work of Akkari and colleagues, in which human
fibroblasts, synchronized at different times in the cell cycle,
were pulsed with nonfatal doses of psoralen and observed
for evidence of arrest and repair.209 A response to psoralen-
induced DNA interstrand cross-links was not evident until
cells entered S phase and began replication. This study

supports the idea that a stalled replication fork acts as a
distress signal for the initiation of repair but does not explain
the response to a potential block of transcription.

3.2.3. Mammalian Cells: Mechanistic Studies

The studies described in the preceding section focused on
evaluating the effects of cross-linking agents on cell survival
and the fate of the cross-linked DNA. Because these agents,
in addition to producing DNA interstrand cross-links, are
also capable of producing other lesions in both DNA and
proteins, it is not always clear if the effects observed are
due solely to the interstrand cross-link. A number of groups
have prepared DNA substrates that carry a single, well-
defined interstrand cross-link. These have been primarily
interstrand cross-links of platinum compounds, mitomycin
C, and psoralen. The interaction of purified repair proteins
with such substrates has been examined using the electro-
phoretic mobility shift assay (EMSA) or, in some cases,
surface plasmon resonance (SPR). These substrates have also
been used in studies to monitor the fate of the cross-link in
mammalian cells and mammalian-cell extracts.

Studies on platinum cross-links have been mainly limited
to comparisons betweencis- andtrans-DDP and their novel
counterparts, thetrans-bis/tris platinum compounds (6a and
6b).210,211 While it is well-known that 1,2 (GG) and 1,3
(GNG) intrastrand adducts can be recognized and excised
by the NER pathway,212,213 no incision is seen forcis- or
trans-DDP interstrand cross-links nor the interstrand cross-
links formed by the multinuclear class of platinum com-
pounds.214,215 In addition, the protein-binding profile of
platinum interstrand cross-links is quite different. For
example, the high mobility group (HMG1) protein binds to
cis-DDP intrastrand adducts by a different mode than to
interstrand cross-links. It has been shown that the severe
structural distortion of the intrastrand cross-link elicits HMG1
protein binding, whereas binding to acis-DDP interstrand
cross-link was achieved via intercalation of aromatic residues
of the protein into the previously occupied cytosine site
across from adducted guanines.216 Conversely, there is very
little recognition by the HMG1 protein of DNA containing
trans-DDP or trans-bis/tris-Pt interstrand cross-links.217

HMG1 proteins are believed to contribute to the effectiveness
of cis-DDP as an antitumor agent because HMG1 shields
intrastrand adducts from processing by NER while concomi-
tantly diverting the p53 tumor-suppressing protein from its
intended binding substrate.218 RPA, a protein involved in
NER, has a lower affinity for an interstrand cross-linkedcis-
DDP compared to a nonplatinated duplex,219 as does MutS,
a protein involved in mismatch repair.220 Proteins from the
NHEJ pathway, Ku70 and 86, exhibit a 50-80% decrease
in binding tocis-DDP interstrand versus intrastrand cross-
linked DNA. The lack of binding inhibits Ku-dependent
DNA-PKcs activation by 75%, as measured by an activity
assay. The differences in structure, i.e., more unwinding and
less bending, are deemed responsible for these differences.221

Mechanistic studies on mitomycin C interstrand cross-link
processing are quite limited. A gel-shift study by Warren et
al. demonstrated that there are proteins in human and hamster
cell nuclear extracts that bind specifically to oligonucleotide
duplexes that contain a 5′-CG-3′ mitomycin C interstrand
cross-link. Extracts from various cell lines deficient in NER
proteins were tested. The characteristic DNA/protein complex
disappeared when a hamster cell extract deficient in ERCCI
was incubated with the cross-linked duplex, indicating
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ERCC1, and by implication XPF, binds to mitomycin C
interstrand cross-link.222 In a separate study, Mustra and co-
workers found a 2.2-2.7-fold higher affinity of the XPA
protein for a mitomycin C interstrand cross-linked duplex
compared to a noncross-linked substrate.223 XPA is believed
to be involved in the early damage recognition/validation
step of NER.

A host-cell reactivation assay was used to study the
processing of a mitomycin C interstrand cross-link in human
and Chinese hamster cells.224,225Plasmid DNA was prepared
that contained a single 5′-CG-3′ mitomycin C interstrand
cross-link. The cross-link was positioned between the
transcription initiation site of a cytomegalovirus promoter
and the translation initiation site of a firefly luciferase reporter
gene. Cells were transfected with site-specific cross-linked
or noncross-linked plasmid controls. Transcription and
subsequent expression of the luciferase gene, which is easily
monitored with a luminometer, is therefore dependent upon
the ability of the cell to repair the interstrand cross-link.
Human and CHO mutants that were defective in the NER
proteins XPA, XPC, XPD, XPF, ERCC1, and XPG were
unable to repair the cross-link, as indicated by the very low
levels of luciferase expression. Chinese hamster lung fibro-
blast homologous recombination mutants, XRCC2 and
XRCC3, on the other hand, were active. Because the plasmid
DNA used in these studies lacked any significant homology
to cellular DNA and because the XRCC2 and XRCC3
mutants were able to repair the cross-link, the results
suggested that a recombination independent repair pathway
involving NER was responsible. An important role for lesion-
bypass Polη in this pathway was also suggested, because
XPV mutant cell lines deficient in this enzyme showed a
decrease in the reactivation of the luciferase reporter. This
pathway appears to be error-prone, because repaired plasmids
recovered from the transfected cells contained point muta-
tions at the site of the mitomycin C interstrand cross-link.

The majority of mechanistic studies on interstrand cross-
link repair have been carried out using DNA substrates that
contain psoralen interstrand cross-links. Jones and Wood
found that DNA containing multiple 4′-hydroxymethyl-
4,5′,6-trimethylpsoralen interstrand cross-links was a poor
substrate for XPA, a NER protein that binds preferentially
to UV-induced 6-4 photoproducts and is believed to be
involved in damage recognition.226 Early studies by Lambert
and co-workers showed the existence of a psoralen inter-
strand cross-link-specific binding protein in chromatin-
associated protein extracts derived from normal human
lymphoblastoid cell lines.227 Similar extracts from a FA
complementation group A cell line did not contain this
binding protein, suggesting that the protein was involved in
interstrand cross-link recognition and possibly repair. Later
studies by this group employed a biotinylated 105-bp DNA
duplex that contained a single 4,5′,8-trimethylpsoralen in-
terstrand cross-link.228 The biotin group allowed the capture
of the duplex by streptavidin-coated polyacrylamide beads.
Experiments with chromatin-associated proteins derived from
HeLa cell extracts showed thatR-spectrin (R-SpIIΣ*), a
component of a nuclear protein complex, bound specifically
to the cross-linked duplex. Proteins from FA complemen-
tation groups A, C, and G were also shown to bind to the
105-base-pair DNA substrate. It was not clear if these latter
proteins bound directly to the DNA or were bound to
R-spectrin.228

Lambert and co-workers also examined the ability of cell
extracts to make incisions in a 132-base-pair DNA duplex
that contained a single 4,5′,8-trimethylpsoralen cross-link
located near the center of the duplex.229 The duplex was
incubated with chromatin-associated protein extracts derived
from a human lymphoblastoid cell line. Incisions were
observed at the 4th and 5th phosphodiester bonds on the 3′
side of the furan and pyrone adducts, respectively, and at
the 5th and 6th, and 13th and 14th phosphodiester bonds on
the 5′ side of the furan and pyrone adducts, respectively.

Further studies were carried out in extracts derived from
Fanconi anemia cell lines to determine if incision deficiency
contributed to the hypersensitivity of Fanconi anemia cell
lines to interstrand cross-linking agents.230 Extracts from
Fanconi’s anemia complementation A (FA-A) deficient cells
exhibited a 70% decrease in incision on the 3′ side of the
furan adduct and an 85% decrease in incision on the 5′ side
of the pyrone adduct of the cross-link. Similar decreases in
the 5′-side incision efficiency were observed in XPF-deficient
extracts. Because FA-A extracts contain XPF, it was
concluded that other factors must be involved in the incision
of the psoralen interstrand cross-link. Protein-mapping
experiments showed that ERCC1 was a necessary cofactor
for the 5′ incision, which involved the N and C termini of
the XPF protein, and that the extreme N and C termini of
XPF were involved to only a limited extent in the 3′
incision.231

To determine if other factors were involved in the incision
reaction, experiments were carried out in HeLa cell chromatin-
associated protein extracts in the absence or presence of anti-
R-SpIIΣ* antibody.228 R-SpIIΣ* is a scaffolding protein that
may be regulated by FA proteins and is involved in the repair
of DNA interstrand cross-links.232 As described above,
binding experiments showed thatR-SpIIΣ* had a higher
preference for interstrand cross-linked DNA over noncross-
linked DNA.228 Experiments carried out in the presence of
R-SpIIΣ* antibody showed a decrease in the levels of incision
at sites of a psoralen furan-side interstrand cross-link. These
results suggested a model in which FA complementation
groups A, C, and G proteins modulateR-SpIIΣ* protein,
either directly or indirectly, by regulating the expression or
stability of the protein. In the case of FA cells, reduced levels
of R-SpIIΣ* would provide less structural support around
the cross-link and decrease the recruitment of repair factors,
which in turn would result in a decreased efficiency of
interstrand cross-link DNA repair.228

The studies of Lambert and co-workers described above
showed that incisions were made on both sides of a 4,5′,8-
trimethylpsoralen interstrand cross-link. Quite different
results were obtained by Sancar and co-workers when they
examined incision reactions in whole-cell extracts derived
from CHO cells using a 140-base-pair linear duplex or a
closed circular plasmid DNA substrate that contained a single
4′-hydroxymethyl-4,5′,6-trimethylpsoralen interstrand cross-
link.233 In extracts obtained from wild-type AA8 cells, dual
incisions were observed on the 5′ side of either the furan
or pyrone adduct, producing a series of oligonucleotides
22-28 bases in length. No incisions were observed on the
3′ side of the interstrand cross-link. Thus, the interstrand
cross-link remained essentially intact in these DNA sub-
strates. Extracts deficient in XPF/ERCC1 or XPG, the NER
endonucleases that are responsible, respectively, for 5′ and
3′ incisions, failed to create the dual incisions in these
substrates. The same incisions were observed when the
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psoralen cross-linked linear duplex was incubated with a
reconstituted NER system containing purified XPA, XPC/
hHR23B, TFIIH, XPF/ERCC1, XPG, and RPA. Omission
of any of these proteins resulted in the loss of incision
activity.

The dual incisions can potentially create a 22-28-
nucleotide gap 5′ to the cross-link on one strand of the cross-
linked DNA. To study the fate of this gap and the cross-
link, experiments were conducted in hamster whole-cell
extracts that allowed the repair synthesis to occur.41 This
was accomplished by monitoring incorporation ofR-[32P]-
dCTP into the cross-linked plasmid DNA substrate. Incor-
poration of nucleotides into the gap was observed in a whole-
cell extract from wild-type cells, but ligation of the resulting
nick and removal of the cross-link were not observed. This
result suggested that the cross-linked DNA underwent
“futile” repair synthesis, resulting in the formation of a nick
on the 5′ side of the unremoved cross-link. Consistent with
the requirement for NER, futile repair synthesis was not
observed in extracts from a XPG mutant cell line. However,
repair synthesis was observed in XRCC2- and XRCC3-
deficient extracts, suggesting that homologous recombination
was not involved in this process. The role of futile repair
synthesis in the processing of psoralen interstrand cross-links
is unclear at this time, although it may serve as a signal that
further processing of the cross-link is required.41

Incision/repair experiments were also carried out using
purified XPF/ERCC1 heterodimer.41 No incisions on either
side of the cross-link were observed with either the cross-
linked linear duplex or the cross-linked closed circular
plasmid DNA. However, the addition of RPA, a single-strand
binding protein, resulted in the processing of the linear
duplex. Two types of products were observed. One of these
resulted from 3′ f 5′ exonucleolytic degradation, which
stopped immediately after passing the cross-link. The other
product resulted from complete exonucleolytic degradation
of one of the strands of the cross-linked duplex. Similar
results were obtained by Kuraoka et al.234 for a linear duplex
that contained a single psoralen interstrand cross-link. No
incisions were seen when the cross-linked duplex was
incubated with XPF/ERCC1. However, these workers also
tested a Y-shaped DNA substrate that contained a psoralen
interstrand cross-link. This substrate, which to some extent
mimics the stalled replication fork shown in Figure 20, was
cleaved on both the 3′ and 5′ side of the furan adduct by
XPF/ERCC1.

Interstrand cross-links have been postulated to induce
strand breaks at stalled replication forks during DNA
replication. A recent report by Bessho has demonstrated the
formation of CIDs in a cell-free system.235 Closed circular
plasmid DNA was prepared that contained a single psoralen
interstrand cross-link located 205 nucleotides away from an
SV40 origin of replication. When incubated with a nuclear
extract derived from HeLa cells, the cross-link caused the
termination of the replication at 1-50 nucleotides before
the cross-link site. This resulted in the formation of a strand
break near the site of the cross-link. Systems of this type
could provide new insights into the role of replication and
possibly recombination in the processing of interstrand cross-
links.

Legerski and co-workers have devised an interesting cell-
free system, called the cross-link repair synthesis (CRS)
assay, to study interstrand cross-link repair.236 The assay,
which is similar to the original DNA repair synthesis assay

developed by Wood,213 utilizes closed circular plasmid DNA
that contains a single 4,5′,8-trimethylpsoralen interstrand
cross-link, a noncrossed-linked control plasmid whose
sequence is identical to the cross-linked plasmid, and a donor
plasmid whose size is larger than that of the cross-linked or
control plasmids. The steps in the assay involve incubating
the donor plasmid together with either the control or cross-
linked plasmid in whole-cell extracts that containR-[32 P]-
dNTP. The plasmid DNAs are then deproteinized, linearized,
and separated by agarose gel electrophoresis. The DNA is
detected by ethidium bromide staining, and the incorporation
of labeled dNTP is detected by autoradiography.

Incorporation of radioactivity into the cross-linked plasmid
was stimulated by the presence of homologous donor
plasmid. Surprisingly, radioactivity was also incorporated into
the donor plasmid itself. This suggests that some form of
recombination event had occurred, although the incorporation
into only partially homologous donor plasmid was also
observed. The incorporation of radioactivity into the donor
plasmid was specifically stimulated by the presence of the
interstrand cross-linked plasmid. Thus, no repair synthesis
was observed when the plasmid contained a psoralen
monoadduct or a double-strand break. Extracts from human
lymphoid cells and hamster cells deficient in NER proteins
XPA, XPC, and XPG gave essentially the same level of
incorporation as those from wild-type cells. In contrast,
extracts from hamster UV20 and UV41 (both of which are
deficient in XPF/ERCC1), irs1 (deficient in XRCC2), or
irs1SF (deficient in XRCC3) cells gave highly reduced levels
of incorporation. In agreement with the results of Lambert
and those of Sancar, these results suggest that XPF and
ERCC1 are required for the repair synthesis. Consistent with
this idea was the observation that the repair synthesis in XPF-
and ERCC1-deficient extracts could be restored by the
addition of purified XPF/ERRC1. The results further suggest
that some type of recombination event was responsible for
the repair synthesis. However,homologousrecombination
was ruled out because extracts immunodepleted of Rad51,
the eukaryotic homologue of theE. coli homologous
recombination protein RecA, showed no decrease in the
repair synthesis. Further studies were carried out using
extracts from an XPF human patient cell line.237 This extract
was unable to support the repair synthesis of a plasmid that
contained an N-acetoxy-N-acetylaminofluorene, a UV
damage mimetic adduct, a result that is consistent with the
inability of the extract to carry out NER. However, the extract
did support the repair synthesis stimulated by the psoralen
interstrand cross-linked plasmid. Similar results were also
obtained using an extract from a hamster UV40 cell line that
is deficient in XPF activity. These experiments suggested
that some mutations in the XPF protein can impair NER
activity but not the ability to participate in pathways that
involve recombinational repair.

In subsequent studies conducted by Li and Zhang, the CRS
assay was used to determine the role of other related proteins
in the repair of a psoralen interstrand cross-link: PCNA
protein, which is involved in the gap-filling step of NER,
MutSâ, which is involved in mismatch repair, and the
multifunctional RPA protein were all found to be required
for repair synthesis.238,239A model was proposed that involves
these factors for the early processing of interstrand cross-
links in Vitro. However, this model does not describe the
events that follow the unhooking of the cross-link, but
according to supporting work, some form of nonhomologous

Formation and Repair of Interstrand Cross-Links in DNA Chemical Reviews, 2006, Vol. 106, No. 2 297



recombination event must be involved, which may even
include the formation of double-strand breaks.240

The fate of psoralen interstrand cross-links in cells was
also examined using a host-cell reactivation system, similar
to that described above for the mitomycin C interstrand cross-
link.187 Plasmids were prepared that contained a single 4,5′,8-
trimethylpsoralen interstrand cross-link inserted between a
cytomegalovirus promoter and a gene coding for green
fluorescent protein or luciferase. Transcription of either gene
required the removal of the psoralen interstrand cross-link.
The plasmids were transfected into human or hamster cell
lines that were proficient or defective in various DNA repair
pathways, and the efficiency of gene expression was
determined relative to a control plasmid that did not contain
an interstrand cross-link. Wild-type cells were capable of
expressing the genes at approximately 50% of the level of
the noncross-linked control plasmid, thus indicating that
repair of the cross-link had occurred. NER mutants lacking
XPA, XPB, XPC, XPD, XPF, XPG, or ERCC1 were all
incapable of removing the cross-link. In contrast, homologous
recombination mutants, XRCC2 or XRCC3, showed the
same level of gene expression as wild-type cells. Repaired
plasmids that were recovered and sequenced showed base
substitutions at or near the site of the cross-link. Together,
these results suggested that psoralen interstrand cross-link
repair required the components of the NER pathway but that
repair occurred in an error-prone and recombination-
independent manner. The results are thus very similar to
those seen with the mitomycin C interstrand cross-link.224,225

This would fit a model in which the cross-link is removed
by the NER machinery and the resulting gap filled in by
translesion bypass synthesis. Interestingly, an XPV mutant,
which is defective in the translesion polymerase Polη gene,
was only moderately less efficient in repairing the cross-
link compared to wild-type cells, suggesting that Polη was
not involved in the translesion step of the repair.

4. Conclusions
The formation of DNA interstrand cross-links plays a key

role in the mechanism of action of a number of important
cancer chemotherapeutic agents. Emerging evidence suggests
that they may also be formed by environmental agents and
as unwanted byproducts of cellular metabolic processes. A
better understanding of the manner in which these lesions
are dealt with by the cell could lead to the development of
more effective therapeutic agents and strategies.

It should be evident from the preceding discussion that,
despite the efforts of a considerable number of investigators,
the mechanism by which DNA interstrand cross-links are
repaired still remains an enigma. At the genetic level, protein
members of a number of repair pathways have been identified
to play a role and other proteins have been implicated.
However, the details of how and under what circumstances
they are called into action remains unclear. What is clear is
that the repair of interstrand cross-links in eukaryotes
involves factors from the NER and homologous recombina-
tion pathways but probably not the NHEJ pathway. Not clear,
however, is the sequence of events, the mechanism of repair,
nor the possible involvement of novel proteins not found in
already established pathways. What is responsible for the
recognition of damage: is it only a replicative block or is
there some type of global damage recognition as is found in
NER? At the molecular level, next to nothing is known about
how the repair proteins interact with the cross-link and/or

each other. Given this state of affairs, it is apparent that much
more work lies ahead before we have a clear picture of this
important repair process.
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