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Abstract

DNA interstrand cross-links (ICLs) covalently connect the two strands of
the double helix and are extremely cytotoxic. Defective ICL repair causes
the bone marrow failure and cancer predisposition syndrome, Fanconi ane-
mia, and upregulation of repair causes chemotherapy resistance in cancer.
The central event in ICL repair involves resolving the cross-link (unhook-
ing). In this review, we discuss the chemical diversity of ICLs generated by
exogenous and endogenous agents. We then describe how proliferating and
nonproliferating vertebrate cells unhook ICLs. We emphasize fundamen-
tally new unhooking strategies, dramatic progress in the structural analy-
sis of the Fanconi anemia pathway, and insights into how cells govern the
choice between different ICL repair pathways. Throughout, we highlight
the many gaps that remain in our knowledge of these fascinating DNA repair
pathways.
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INTRODUCTION

In the early twentieth century, it was discovered that mustard gas, a bifunctional alkylating agent,
is highly damaging to hematopoietic cells, which was the first indication that such agents could be
used in cancer therapy (1). The subsequent observation that bifunctional alkylators are much more
cytotoxic than monofunctional agents suggested that cytotoxicity derives from the cross-linking
of macromolecules involved in cell division. The model of DNA and its mode of duplication pro-
posed in 1953 immediately suggested that cross-linking between the two DNA strands might
underlie the cytotoxicity of alkylating agents. The first evidence for this idea came soon thereafter
with the finding that nitrogen mustards cross-link guanines (2). Since then, diverse bifunctional
cross-linking agents have been identified, many of which are now used in cancer therapy (3). Im-
portantly, endogenous metabolites also create interstrand cross-links (ICLs), which explains why
cells have evolved elaborate mechanisms to repair these dangerous lesions. Hereditary mutations
in genes required for ICL repair cause cancer and bone marrow failure, and there is evidence that
somatic mutations in these genes also contribute to cancer progression (4). On the other hand,
upregulation of ICL repair in tumors is associated with chemotherapy resistance (4). Thus, under-
standing the molecular basis of ICL repair is highly relevant to cancer biology. The critical event in
all forms of ICL repair is called unhooking, in which the covalent linkage between the two strands
of DNA is resolved. In this review, we present an updated description of how ICLs are formed by
exogenous and endogenous agents. We then discuss how vertebrate cells repair ICLs. We empha-
size the three known pathways of replication-coupled ICL repair, since these are the most critical
for cell survival, and we contrast these with replication-independent pathways of ICL repair.

SOURCES OF ICLs

ICLs are generated by diverse chemical agents and mechanisms (Figure 1). The structural diver-
sity of ICLs arises as a function of the myriad agents that can form DNA adducts, coupled with
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Figure 1 (Figure appears on preceding page)

Mechanisms of interstrand cross-link (ICL) formation. (#) Platinum compounds (e.g., cisplatin, carboplatin, oxaliplatin) contain a cis
arrangement of two chlorido ligands that are displaced by water in cells. This activated form reacts predominantly with the N7 position
of dG to adduct DNA (153). Subsequent reaction at N of a second dG on the same strand produces a DNA intrastrand cross-link,
whereas reaction with the opposing strand produces an ICL. (b) Psoralen and its derivatives (e.g., trimethylpsoralen and
8-methoxypsoralen) are composed of aromatic fused furan and pyrone structures. Psoralens intercalate into DNA, and photoactivation
with ultraviolet light generates cyclobutane adducts with the 5,6 double bond of deoxythymidine on either the furan side (4,5
monoadduct) or pyrone side (3,4 monoadduct) (154). Reaction of the same psoralen with two deoxythymidines on opposing strands
produces a psoralen ICL that does not significantly distort the DNA helix (155). (¢) Nitrogen mustards (e.g., chlorambucil,
cyclophosphamide, melphalan) undergo intramolecular activation to generate aziridinium ions that can alkylate the N7 and 0%
positions of dG, the N* and N' positions of dA, and the N® position of dC (summarized in 156). Reaction of nitrogen mustards with
DNA has been observed to produce dG—-dG, dG-dA, and dA-dA cross-links (157, 158). (d) Chloroethyl nitrosoureas (e.g., carmustine
and lomustine) initially react at the 0% position of dG and then undergo cyclization with the N! position. This adduct can then be
attacked by the N position of dC to form a dG-dC ICL (159). (¢) Formaldehyde (from one carbon metabolism and DNA and histone
demethylation) reacts with the N? exocyclic amine of dG to produce a hydroxymethylguanine adduct and subsequent Schiff base
intermediate that can be attacked by a second exocyclic amine at the N? position of dG to cross-link the two nucleotides through a
methylene bridge (9). (f) Reaction of two acetaldehyde molecules (from alcohol metabolism) or a single crotonaldehyde molecule
(from lipid peroxidation) with dG forms a cyclic N',N?-propanoguanine monoadduct (160). Further reaction with a second dG
produces dG-dG ICL:s that exist as equilibrium mixtures of cyclized and extended forms (161). (¢) The aldehyde form of an abasic site
(from spontaneous depurination events or DNA glycosylase action) reacts with the exocyclic amine of dA to produce an ICL that exists
as an equilibrium mixture of deoxyribose ring-open and ring-closed forms (162). () Malondialdehyde (from lipid peroxidation) reacts
with N? of dG, generating an M1G adduct that can isomerize and further react to form a dG-dG ICL (163). (i) Nitric oxide is
converted to nitrous acid, which reacts with DNA exocyclic amines in vitro to generate ICLs via a diazotized intermediate (164).

(7) The Streptomyces caespitosus isolate mitomycin C (MMC) is unreactive toward DNA until it is activated through chemical or
enzymatic reduction (165). Reduction of MMC induces a series of rearrangements that result in formation of a vinyl group that reacts
with the N? of dG to generate the dominant MMC monoadduct. A subsequent rearrangement of the monoadduct produces a second
vinyl that reacts with N? of a second dG to form an ICL. (k) Produced through a polyketide synthase-nonribosomal peptide synthetase
(PKS-NRPS) biosynthetic pathway, azinomycin B contains epoxide and aziridine rings that each react with the N positions of purines
to cross-link DNA (166, 167). (/) Colibactin, produced by bacteria expressing a PKS-NRPS gene cluster (168), binds in the minor
groove of DNA and contains two cyclopropane groups that react with the N* position of dA in opposing strands to form ICLs (13, 14).

the multiple reactive functional groups found on DNA nucleobases. Although preferred adduc-
tion sites vary with the genotoxic agent, purine nucleotides (dG and dA) tend to be more reactive
than pyrimidine nucleotides (dT and dC) (5), and purines, especially dG, make up the majority
of physiologically and therapeutically relevant ICLs. However, all four DNA nucleotides have
been observed to participate in cross-link formation. In general, cross-links form between adja-
cent DNA functional groups that occupy the same major or minor DNA groove, though longer
cross-linking agents (e.g., nitrogen mustards) can span intervening nucleotides. In addition, some
ICLs cause dramatic DNA unwinding, helical bends, and even eversion of adjacent bases, while
others produce minimal perturbations (6). Importantly, the degree of ICL-induced DNA distor-
tion influences the choice of ICL repair pathway (7).

ICL-inducing agents can be loosely classified as chemotherapeutics, endogenous metabolites,
or microbial metabolites. Cross-linking drugs used in chemotherapy include platinum com-
pounds, psoralens, nitrogen mustards, and chloroethyl nitrosoureas (Figure la—d). Cisplatin,
for example, preferentially reacts at the N’ position of dG to generate both intrastrand and
highly distorting interstrand cross-links (8). Endogenous sources of ICLs include, predominantly,
electrophilic aldehydes that typically react with the exocyclic amines of purine nucleotides (the N?
position of dG and N® position of dA). In the case of formaldehyde (Figure 1e), nucleophilic attack
by an exocyclic amine forms a hydroxymethyl monoadduct that can further react to produce an
ICL with a second exocyclic amine (9). Importantly, a di(N?-guanosyl)methane cross-link formed
by endogenous formaldehyde is currently the only endogenous ICL reported to have been de-
tected in tissues (10). Acetaldehyde, malondialdehyde, and abasic [or apurinic/apyrimidinic (AP)]
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site aldehydes form ICLs by analogous chemical mechanisms (Figure 1f~b). Other endogenous
species, such as the signaling molecule nitric oxide (Figure 1), can also form ICLs, though the
physiological significance of ICLs produced by these agents remains largely unexplored. ICL-
inducing agents produced by bacteria have found clinical relevance both as chemotherapeutics
and as potential drivers of human disease (Figure 1j-J). The widely used chemotherapeutic
mitomycin C (Figure 15), which cross-links the N? position of dG, was originally isolated from
Streptomyces caespitosus and is still produced from bacterial extracts (11). Azinomycin B is another
Streptomyces isolate with antitumor properties that derive from its ability to form ICLs (12). More
recent work has revealed that colibactin (Figure 1J), an Escherichia coli toxin associated with col-
orectal cancer, is a bifunctional alkylating agent that forms cross-links through reaction at the N?
position of dA (13, 14). Importantly, DNA adduction by colibactin can induce rapid depurination,
resulting in AP sites that can decompose into single-strand and double-strand DNA breaks (DSBs)
(15). Colibactin is therefore likely to produce a complicated spectrum of DNA damage requiring
multiple mechanisms of DNA repair. This variety of ICL structures probably helps to account
for the multiple pathways, described below, that vertebrate cells possess to repair these lesions.

REPLICATION-DEPENDENT ICL REPAIR

ICLs impede DNA replication, with potentially catastrophic consequences. It is therefore not sur-
prising that DNA replication forks trigger ICL repair. Cells prepare for replication in the G1 phase
of the cell cycle when many prereplication complexes consisting of minichromosome maintenance
2-7 (MCM2-7) double hexamers are assembled along vertebrate chromosomes (16). In S phase,
MCM2-7 double hexamers are activated by cyclin-dependent kinase, leading to the association of
cell division cycle 45 (CDC45) and go-ichi-ni-san (GINS) with MCM2-7 and formation of the
Cdc45-MCM2-7-GINS (CMG) helicase. CM@G translocates along the leading strand template,
unwinding DNA at the leading edge of the replisome. As described below, all known mechanisms
of replication-coupled ICL repair are initiated by collision of CMG with the lesion.

THE FANCONI ANEMIA PATHWAY

The first mechanism of replication-coupled ICL repair discovered in mammalian cells has come to
be known as the Fanconi anemia (FA) pathway (17). In 1927, the Swiss pediatrician Guido Fanconi
described three siblings that exhibited birth defects and severe anemia (18). Later, it was appreci-
ated that FA is also associated with acute myeloid leukemia as well as solid tumors of the head and
neck. In 1973, Sasaki and Tonomura discovered that, upon exposure to bifunctional cross-linking
agents, FA patient—derived cells exhibit a high level of chromosomal aberrations, indicative of a
defect in repair (reviewed in 19). Together, these results established FA as a genome instability
syndrome characterized by congenital abnormalities, bone marrow failure, and cancer predisposi-
tion. FA is an autosomal recessive disorder, and to date, mutations in 22 different FANC genes have
been associated with the disease (4) (Figure 2). Several lines of indirect evidence suggest that FA is
caused by a defect in the repair of ICLs generated by endogenous aldehydes (20) (Supplemental
Appendix 1). However, it has not been demonstrated that endogenous ICLs accumulate in FA
cells, so this model requires confirmation.

We classify the 22 Fanconi gene products into four functional groups (Figure 2). Many of
the FANC proteins had been previously identified, and in the following description, their orig-
inal names are given in parentheses. We also highlight proteins that interact closely with the
FANC proteins but do not carry the FANC designation because mutations in the correspond-
ing genes have not yet been linked to FA. The first group is called the FANCM module and
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2 2 A - E3 Ubiquitin ligase for ID — —
3 2 B - E3 Ubiquitin ligase for ID
4 2 C - E3 Ubiquitin ligase for ID
5 2 E - E3 Ubiquitin ligase for ID Group 2
6 2 F - E3 Ubiquitin ligase for ID
7 2 G - E3 Ubiquitin ligase for ID
8 2 L - E3 Ubiquitin ligase for ID
9 2 T UBE2T E2 for ID
10 3 D2 - ID complex .
1 3 | - ID complex LI)% Ubiquitin
12 4 P SLX4 XPF-binding protein FANCI
13 4 Q XPF Endonuclease (NER) FANCDZ
14 4 D1 BRCA2 Recombination
15 4 (o} RAD51C  Recombination
16 4 R RADS51 Recombination
17 4 u XRCC2 Recombination Group 4 O O
18 4 N PALB2 Recombination O O
19 4 S BRCA1 Recombination
20 4 J BRIP1 DNA Helicase
21 4 RFWD3 E3 ubiquitin ligase
22 4 Vv REV7 TLS polymerase

Figure 2

The FANC proteins. The 22 FANC proteins can be divided into four groups based on their proposed functions in ICL repair. Where
applicable, the alternative name is indicated (Alias). Abbreviations: FA, Fanconi anemia; ICL, interstrand cross-link; TLS, translesion
synthesis.

includes the ATPase FANCM as well as its three main interacting partners, Fanconi-associated
protein 24 (FAAP24) and the histone fold proteins MHF1 and MHEF?2 (21). This heterotetrameric
FANCM complex recognizes stressed replication forks and helps recruit the group 2 proteins,
which form a large E3 ubiquitin ligase called the FA core complex. The core complex is com-
posed of FANCA, B, C,E, F, G, L, FAAP20, and FAAP100. The core recruits FANCT (UBE2T), a
ubiquitin-conjugating enzyme that monoubiquitylates a heterodimer of the two group 3 proteins,
FANCI and FANCD?2 (the ID complex). While FANCD?2 ubiquitylation on K561 is essential for
ICL repair, FANCI ubiquitylation on K523 plays a regulator role, as described below (22, 23).
Monoubiquitylated ID (ID") forms nuclear foci that colocalize with components of the recom-
bination machinery and presumably represent sites of repair (24). Group 4 includes the proteins
that perform DNA repair and DNA damage bypass. These include FANCP (SLX4), a large scaf-
folding protein that interacts with the structure-specific endonuclease FANCQ (XPF)-ERCCI1
that unhooks the ICL; FANCD1 (BRCA2), FANCO (RAD51C), FANCR (RAD51), FANCU
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(XRCC2), FANCN (PALB2), and FANCS (BRCA1), all of which play well-established roles in
homology-directed repair; the E3 ubiquitin ligase FANCW (RFWD?3) and the 3’ to 5 DNA heli-
case FANCJ (BRIP1/BACH]1), both of which have been implicated in homologous recombination
(25,26); and FANCV (REV7), which, together with REV3, forms the translesion synthesis (TLS)
DNA polymerase ¢ (Pol ¢). In summary, the 22 FANC proteins include a damage-sensing module
(group 1), an E3 ubiquitin ligase (group 2) that ubiquitylates the effector ID complex (group 3),
and a large group of DNA repair/damage tolerance factors (group 4), which are not required for
ID ubiquitylation.

An Early Model of the Fanconi Anemia Pathway

The first model of ICL repair by the FA pathway emerged from four early insights. First, ICL
repair is coupled to DNA replication (reviewed in 27). In support of this notion, ICL-inducing
agents cause cells to arrest in late S phase with G2 DNA content. Moreover, these agents promote
the formation of DSBs, but only upon S phase entry. Finally, ubiquitylation of FANCI-FANCD?2 is
strictly coupled to DNA replication. The second key insight was that ICL repair involves homol-
ogous recombination. This was based on the findings that the ZANCDI gene encodes the recom-
binase BRCA?2 and that, in chicken cells, FANCC and the RADS51 paralog XRCC2 are epistatic
(28, 29). Third, FA cells undergo reduced spontaneous and ICL-induced mutagenesis (30, 31),
and the TLS DNA polymerase Revl exhibits genetic epistasis with FANCC for ICL repair (29),
suggesting the FA pathway includes a TLS event. Fourth, cells deficient in the structure-specific
endonuclease XPF, originally identified as a nucleotide excision repair protein, are highly sensitive
to ICLs (32). Together, these observations supported a model in which the collision of replication
forks with an ICL triggers XPF-ERCCI1-dependent DNA incisions that unhook the ICL and gen-
erate a DSB (33) (Figure 34, subpanel 7). Repair is completed when a TLS polymerase bypasses
the monoadduct generated by unhooking (Figure 34, subpanel ii), the monoadduct is removed
by excision repair (Figure 34, subpanel i), and homologous recombination restores the repli-
cation fork (Figure 34, subpanels iv-v). This model accounted for key genetic and cytological
observations and motivated work in the field for many years.

Activation of ICL Repair by Replication Fork Convergence

In 2008, repair of a plasmid containing a site-specific cisplatin ICL site was recapitulated in Xenopus
egg extracts (34), laying the foundation for a mechanistic analysis of ICL repair. In this system, the
initiation of repair requires the convergence of two replication forks on the ICL (35) (Figure 35,
subpanel 7). Fork convergence triggers ubiquitylation of the CMG helicase by the E3 ubiquitin
ligase TRAIP (36), whose loss sensitizes mammalian cells to cross-linking agents (37-39). Once
ubiquitylated, CMG is unloaded from the chromatin by the p97 ATPase (36, 40) (Figure 35,
subpanel i7). CMG unloading allows one fork to undergo reversal (41) (Figure 35, subpanel iii),
but it might also be critical to expose the fork for nucleolytic cleavage. Although purified FANCM
promotes reversal of model DNA templates (42), a role for FANCM in fork reversal at ICLs has
not been documented. Without the identification of a specific fork reversal enzyme, it has been
impossible to ascertain whether reversed forks represent an essential intermediate in ICL repair.

Collision of forks with the ICL leads to the generation of IDY? (34), which binds near the
ICL and promotes ICL unhooking by recruiting the scaffolding protein FANCQ (SLX4) (43-45)
(Figure 3b, subpanel iv). Whether ID'? also recruits SLX4 to sites of damage in cells is contro-
versial (46, 47). SLX4’s MUS312/MEI9 interaction-like region (MLR) domain binds and recruits
XPF-ERCCI1, a 3’ flap endonuclease that is critical for unhooking (43, 48), as seen also in cells (32,
49-52). Importantly, purified XPF does not cleave X-shaped structures, whereas it readily cleaves
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Figure 3 (Figure appears on preceding page)

Three models of ICL repair via the Fanconi anemia pathway. () The early model, in which a single replication fork triggers ICL repair
(33). (b) Fork convergence model. The importance of fork reversal for ICL repair (ii7) has not been clearly established because the
ATPase responsible has not been identified. Pink and green arrowheads indicate XPF and SNM1A incisions, respectively. The yellow
arrowhead indicates an insertion of a nucleotide across from the unhooked monoadduct. (¢) Model of replication traverse.
Abbreviations: BTR, BLOOM-TOP3A-RMI1-RMI2 complex; CMG, CDC45-MCM2-7-GINS; DHJ, double Holliday junction;

ICL, interstrand cross-link; SCE, sister chromatid exchange; TLS, translesion synthesis.

fork structures several nucleotides from the single-stranded DNA (ssDNA)-double-stranded
DNA (dsDNA) junction (41, 53) (see the pink arrowhead in Figure 35, subpanels #ii). This
observation suggests that fork reversal might convert X-shaped DNA into an appropriate struc-
ture for XPF cleavage. At present, the nuclease that incises the other side of the ICL is unknown
(54) (see the green arrowhead in Figure 35, subpanel iii). While XPF has been proposed to
incise both sides of an ICL (55-57), such a mechanism is difficult to reconcile with its propensity
to cleave forks within duplex DNA. Moreover, current evidence disfavors essential roles for
FAN1, SLX1, or MUSS81 in ICL repair by the FA pathway (Supplemental Appendix 2). In
contrast, SNMIA is an excellent candidate. This nuclease has the appropriate specificity, being
able to degrade a DNA strand past an ICL starting from an incision on the 5’ side of the lesion,
such as would be made by XPF (58). Additionally, genetic epistasis suggests that in mammalian
cells, SNMIA collaborates with XPF in ICL repair (58), and SNMIA correlates highly with
FANC genes in genome-wide CRISPR (clustered regularly interspaced short palindromic repeat)
screens (39). The fact that SNM1A depletion itself causes moderate ICL sensitivity (59) could be
due to redundancy with another nuclease such as FAN1 (60, 61).

Cell-free ICL repair allowed leading-strand bypass of the lesion to be monitored at nucleotide
resolution (34). Upon initial fork stalling, leading strands arrest 20-40 nucleotides from the ICL
due to the CMG footprint (35) (Figure 35, subpanel 7). Once CMG is unloaded, leading strands
advance to within one nucleotide of the ICL (Figure 35, subpanel #i), but whether one or both
leading strands advance is unclear. The polymerase that inserts a nucleotide across from the un-
hooked ICL (Figure 35, subpanel v) has not been identified. Generally, the insertion polymerase
probably depends on the chemical structure of the ICL, and for some ICLs, there appears to be re-
dundancy between TLS polymerases and possibly replicative polymerases (62). After the insertion
step, a complex of the scaffold REV1 (a deoxcytidine monophosphate transferase) and Pol ¢ ex-
tends the leading strand past the ICL remnant (34, 63) (Figure 35, subpanel v). This is consistent
with genetic studies demonstrating the exquisite sensitivity of REV1, REV3, and REV7 mutant
mammalian cells to ICL-inducing agents, as well as biochemical studies showing that Pol ¢ often
promotes strand extension beyond an abnormal base pair (62). Interestingly, evidence in extracts
and cells indicates that TLS is stimulated by the FA core complex independently of ID ubiquityla-
tion (63, 64). After extension, the leading strand is ligated to the downstream Okazaki fragment of
the converging fork (Figure 35, subpanel v, dotted arrow). If incisions require prior fork rever-
sal, then once incisions have occurred, the leading strand would need to be restored to its original
location before TLS can take place (Figure 35, subpanel v). It is unknown which proteins would
support restoration, but RECQ1 is an attractive candidate (65).

The next event in cell-free ICL repair is homologous recombination. The two-ended DSB
generated by unhooking (and possibly restoration of a reversed fork; Figure 35, subpanel v) is
repaired by Rad51-dependent homologous recombination (66) (Figure 35, subpanel vi). In cells,
this process likely requires FANCD1 (BRCA2), FANCO (RAD51C), FANCR (RAD51), FANCU
(XRCC2), FANCN (PALB2), and FANCS (BRCA1) (4,17, 67) (Figure 2). Before strand invasion
can occur, the ends of the DSB must be resected to produce 3’ ssDNA overhangs for assembly of
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the RADS51 presynaptic filament. Resection of nascent lagging strands begins soon after forks con-
verge and depends on CMG unloading (34, 41) (see the dashed red line in Figure 35, subpanel
iii). The enzymes that perform resection in this system are unknown, but in mammalian cells,
the process depends on Dna2, Exol (68), and possibly the Werner DNA helicase (69), whose
activities are carefully regulated to prevent over-resection (70-72). Strand invasion into the in-
tact sister chromatid likely produces a double Holliday junction (DHJ) (Figure 35, subpanel vi),
whose subsequent dissolution forms a mobile hemicatenane (66) (Figure 35, subpanel vii). Dis-
solution and decatenation probably depend on the BLM-TOPO3a-RMI1-RMI2 (BTR) complex
(73-75). Interestingly, in egg extracts, RAD51, BRCAI, and BRCA2 bind to chromatin prior to
ID-dependent incisions, consistent with cell-based studies demonstrating that RAD51 focus for-
mation does not require incisions (19). The function of preincision recombinase binding is unclear,
but it might initiate recombination before strand breakage (3) or help suppress aberrant nascent
strand degradation by DNA2 and the WRN helicase (71, 72).

Once the DSB has been fixed, the remnant of the ICL remains attached to one strand of the
two sister chromatids. In egg extracts, this monoadduct remains on the DNA indefinitely (34). In
cells, both base excision repair and nucleotide excision repair have been implicated in the removal
of monoadducts, and which pathway is used likely depends on the structure of the adduct (27)
(Figure 3b, subpanel ix).

Traverse

The use of a small plasmid to study ICL repair in egg extracts leads inevitably to rapid fork conver-
gence. The question arises of how forks interact with ICLs in cells, where the average interorigin
distance is approximately 100 kb (76). To address this, Seidman and colleagues (77) performed
DNA combing to simultaneously visualize ICLs and the directionality of replication forks. As
expected, some ICLs (~20%) abutted a single replication fork, whereas others were sandwiched
between converging forks (~15%). Surprisingly, in about 60% of cases, a single replication fork
passed through the intact ICL (traverse), suggesting that, unlike in egg extracts, the replication
machinery can bypass an ICL in cells (Figure 3c¢).

Traverse takes only about 5 min and depends on FANCM-MHF1-MHEF2 (but not FAAP24),
FANCM’s ATPase activity, the BTR complex, FANCI-FANCD?2 (but not its ubiquitylation), the
checkpoint kinase ATR, and PRIMPOL (77-79). Traverse is associated with displacement of the
GINS subunit from the CMG helicase at the ICL, which depends on ATR phosphorylation of
FANCM and its interaction with the MCM2-7 complex, but not on FANCM ATPase activity
(79). A possible model is that GINS displacement allows the CMG ring to open so it can bypass
the ICL and continue unwinding beyond the lesion, followed by PRIMPOL-dependent reprim-
ing of the leading strand beyond the ICL. However, direct evidence that CMG unwinds DNA
beyond the ICL is lacking. Importantly, CMG bypass of DNA protein cross-links occurs in the
absence of GINS dissociation (80). We suspect that CMG uses the same mechanism to bypass
ICLs, DPCs, and any other bulky lesions on the translocation strand. For example, bypass may
involve opening of a CMG gate that resides distal to the GINS and CDC45 binding sites on the
MCM2-7 ring, as recently proposed (81). The role of FANCM’s ATPase activity in traverse is
unclear. One possibility is that FANCM and/or BLM cooperate to unwind DNA beyond the ICL
to allow reengagement of CMG or recruitment of a new helicase (75, 78, 82) (Figure 3c¢). Because
FANCM AT Pase activity is not required for FANCD2 ubiquitylation (83), its essential function
in ICL repair might be in promoting traverse. Although it has been proposed that traverse re-
quires prior fork reversal (84), the mechanistic basis for such a link is uncertain (Supplemental
Appendix 3). Clearly, more work is needed to elucidate the mechanism underlying ICL traverse.

Semlow o Walter


https://www.annualreviews.org/doi/suppl/10.1146/annurev-biochem-080320-112510

Annu. Rev. Biochem. 2021.90:107-135. Downloaded from www.annualreviews.org
Access provided by Harvard University on 08/25/21. For persona use only.

Given that similar X-shaped structures are formed during fork convergence and after traverse
(compare Figures 3b, subpanel ii and 3¢, subpanel #i), it has been proposed that the ICL is
unhooked by essentially the same mechanism in both cases (77). Consistent with this idea, Lopes
and colleagues (84) found that in the absence of SLX4 or XPF, but not MUSB8], sister chromatids
remained linked after traverse. Since traverse and fork convergence both appear to feed into the
FA pathway, the balance between these two subpathways is of interest. While numerous genetic
manipulations that impair traverse have little effect on the frequency of fork convergence (77), the
elimination of PRIMPOL increases convergence to approximately 35% (85). This result suggests
that traverse and convergence can compete. When adjacent ICLs are located between two pre-
replication complexes (pre-RCs), or when an ICL is situated between the telomere and the last
pre-RC, fork convergence cannot occur, and traverse is predicted to be essential for ICL repair.
Conversely, convergence might be prioritized in cells with very short interorigin distances, as seen
in the early frog embryo.

Does ICL Repair Normally Involve a One-Ended or Two-Ended
Double-Strand Break?

The description of replication fork convergence in egg extracts triggered a debate about whether
ICL repair is normally initiated by one or two forks (6, 54). With the subsequent discovery of
traverse, which yields essentially the same X-shaped structure as fork convergence, the critical
question has become whether ICL repair involves a one-ended DSB (Figure 34) or two-ended
DSB (Figure 3b,c). Several arguments have been advanced in favor of the former mechanism (6).
First, because nonhomologous end joining (NHE]) normally appears to play a minimal role in
ICL repair (32, 86), ICL repair cannot involve a two-ended break. However, when an X-shaped
structure is converted to a two-ended DSB, at least one of the DNA ends may contain a ssDNA
overhang of sufficient length to preclude Ku binding and prevent NHE] (34) (Figure 3b,¢). In ad-
dition, although it has been reported that, in the absence of the FA pathway, NHE] is toxic (87, 88),
other evidence shows that, in this setting, end joining helps overcome cross-linking agents, consis-
tent with a two-ended break intermediate (89, 90). Second, DNA damage activates ATR signaling
and globally inhibits origin firing, reducing the probability of fork convergence. However, while
checkpoint signaling inhibits late origin firing, it stimulates activation of local dormant origins (91)
and thus might actually stimulate fork convergence. Moreover, as discussed above, ATR signaling
promotes traverse. Third, ICLs cause sister chromatid exchange (SCE) (19). The probability of
SCE is higher after formation of a one-ended DSB (Figure 34, subpanel v) than of a two-ended
DSB because a DHJ can be dissolved without SCE (92) (Figure 35, subpanels vi—viii). On this
basis, it was inferred that ICL repair is usually triggered by single replication forks (6). However,
although ICLs induce SCEs, in most instances these SCEs do not depend on the FA pathway
(reviewed in 19, but see 29). We propose that the FA-independent SCEs caused by ICLs result
from processing of the unrepaired lesions in mitosis by the same mechanism involved in common
fragile site expression (Supplemental Figure 1). Notably, the lack of FA-dependent SCEs does
not prove that repair is triggered by convergence or traverse, because after incision of a single fork
(Figure 3a), the arrival of a second fork could generate a two-ended DSB that is repaired without
SCE formation. Thus, SCE data do not definitively argue in favor of the one-ended or two-ended
DSB mechanism.

In conclusion, current evidence does not distinguish between one- and two-ended DSB mech-
anisms. Nevertheless, we propose that the postreplicative mechanisms of fork convergence and
traverse are more advantageous than a single fork mechanism. The drawback of triggering repair
with a single fork is that it would be difficult to distinguish between fork arrest at an ICL versus
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at transient barriers such as stable nucleoprotein complexes. As a result, a single fork mechanism
would probably lead to unnecessary fork collapse and genome instability.

Recruitment of the Core Complex to Stressed Replication Forks

A critical question is how the FA core complex recognizes stressed replication forks and promotes
ID ubiquitylation at these sites. Because ID and TDY" exhibit limited preference for structured
DNAs (93-95), they cannot be responsible for sensing stalled forks. Instead, this function is en-
coded at least in part by the FANCM module, which interacts stably with the FA core complex
through an interaction with FANCEF (75) (see the dashed arrow in Figure 4). FANCM contains an
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Figure 4

Schematic of the FANCM and FA core complexes. (#) The FANCM complex, showing the identity and
location of key functional domains in FANCM and FAAP24, the proteins they bind, and DNA-binding
activities associated with select domains. The ERCC4-like nuclease domains in FANCM and FAAP24 are
inactive. The double-headed arrow indicates the interaction between MM1 of FANCM and FANCEF of the
core complex. () Schematic of the A-G-20, C-E-F and B-L-100 complexes. The flexible linker between the
N-terminal and C-terminal domains of FANC is illustrated as a dotted line. () Schematic of the entire FA
core complex, including the asymmetric binding of A-G-20 to B-L-100, which allows only one C-E-F
module to associate, establishing active and inactive sides of the complex. (d) Schematic of the FA core
complex binding to unubiquitylated ID lacking DNA. Upon ID binding to the core complex, the C terminus
of FANCE becomes ordered. Abbreviations: BTR, BLOOM-TOP3A-RMI1-RMI2; FA, Fanconi anemia;
HhH, helix-hairpin-helix; HJ, Holliday junction; MID, MHF-interacting domain; MM1, FANCM motif 1;
MM2, FANCM motif 2; ssDNA, single-stranded DNA.
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N-terminal DEAH-type AT Pase domain, an inactive nuclease fold at its C terminus that dimerizes
with FAAP24 (96), and internal motifs that bind to FANCEF, BTR, and the MHF1-MHF2 histone
fold heterodimer, respectively (97) (Figure 4a). Localization of the core complex to chromatin
after DNA damage depends on FANCM, FAAP24, and MHF1 but is independent of FANCD?2,
FANCI, and FANCM AT Pase activity (78, 98-101). Consistent with this, efficient FANCD?2 ubiq-
uitylation and ICL tolerance requires FANCM, FAAP24 (96), MHF1, and MHF2 (100, 102). The
FANCM module contains at least three DNA-binding domains (Figure 44). First, using its N-
terminal DEAH domain, FANCM binds and remodels replication forks and Holliday junctions
(83, 103). Second, the C-terminus of FANCM complexed with FAAP24 binds preferentially to
ssDNA (96). Third, when bound to a FANCM peptide, the MHF1-MHE2 histone fold complex
prefers binding to a branched duplex DNA structure such as a Holliday junction (104, 105).

Importantly, diverse forms of replication stress, including ICLs, hydroxyurea, and ultraviolet
light promote ID ubiquitylation (106-108). Therefore, the FANCM module must be able to detect
different types of stressed forks. Most likely, the DEAH domain of FANCM binds to the branch-
point of the stalled fork, and the FAAP24 and MHF DNA-binding domains further stabilize the
complex on DNA by interacting with the two arms of the fork (102, 104, 105), whether these both
comprise ssDNA, as expected after HU exposure, or one contains dsDNA and the other ssDNA,
as expected at ICLs (Figure 35, subpanel 7). In addition to the DNA-binding activities of the
FANCM module, FANCA of the core complex binds tightly to ssDNA and thus might also help
recruit the core to chromatin (109). Consistent with independent roles for FANCM and FANCA
in core complex recruitment, mutation of FANCM or FANCG [which tethers FANCA to the core
complex (110)] causes a partial defect in core complex recruitment, whereas simultaneous deletion
of FANCG and FANCM eliminates recruitment (111). Interestingly, some evidence indicates that
MutSa contributes to chromatin recruitment of the core complex (112, 113), but the functional
significance of this mechanism is unclear. A future challenge will be to understand how these
multiple DNA-binding functionalities cooperate to recruit the core complex to diverse forms of
replication stress. It will also be important to explore the role of chromatin in core complex re-
cruitment, especially since the UBZ domain of FAAP20 has been proposed to bind ubiquitinated
histones (114).

The Mechanism of ID Ubiquitylation by the Core Complex

Biochemical and genetic evidence have shown that the FA core complex consists of three
subassemblies (111, 115) (Figure 4b): FANCC-FANCE-FANCF (C-E-F), FANCA-FANCG-
FAAP20 (A-G-20), and FANCB-FANCL-FAAP100 (B-L-100). B-L-100 is the catalytic mod-
ule, with FANCL using its RING finger domain to bind the E2-conjugating enzyme FANCT
(UBE2T), which transfers ubiquitin to ID (116, 117). Although FANCL and UBE2T are suf-
ficient to ubiquitylate FANCD?2 in the test tube, the presence of FANCB, FAAP100, and the
C-E-F module greatly stimulates the reaction (115, 118). Consistent with the central role of B-L-
100, deletions of FANCL, FANCB, or FAAP100 completely eliminate FANCD?2 ubiquitylation
in cells (111, 118). In contrast, mutations in C-E-F or A-G-20 drastically reduce but do not elim-
inate ubiquitylation, consistent with these modules helping to recruit ID and possibly to localize
the core at stressed forks.

The FA core complex is built around a dimer of B-L-100 modules (115, 119, 120), which
interacts with a dimer of A-G-20 modules (110) (Figure 4b,c). Importantly, the symmetry of the
core complex is broken because the FANCG subunits of the two A-G-20 modules interact with
different surfaces of the two B-L-100 modules (110) (Figure 4c). As a result, only one side of the
core complex binds a C-E-F module (see the left side of Figure 4¢). Importantly, C-E-F blocks
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Mechanism of ID ubiquitylation. () In free ID, FANCI and FANCD? interact via their NTDs. Ubiquitylation sites are buried within
the NTD interface, and CTDs are far apart. The red arrow indicates the 8° movement of the CTDs toward each other upon binding of
the FA core complex. () The FA core complex binds ID with the RING domain of FANCL reaching into the ID interface and the
CTD of FANCE binding the outside surface of FANCD2’s NTD. The red arrow indicates the additional 50° movement of the CTDs
toward each other that is required to mimic the conformation of IDVP. (¢) In a speculative intermediate step, DNA binding to ID closes
the trough around DNA and exposes K561 for ubiquitylation. (d) Ubiquitylation on FANCD2 K561 locks ID into an open
conformation and maintains FANCI K523 accessible for subsequent ubiquitylation (not shown). Abbreviations: CTD, C-terminal
domain; FA, Fanconi anemia; IDV?, monoubiquitylated FANCI and FANCD?2 heterodimer; NTD, N-terminal helical repeat domain.

the interaction of FANCL with ID, rendering one side of the core complex catalytically inactive.
The absence of C-E-F on the other side enables FANCL to bind UBE2T and ID, rendering
this side of the core catalytically active (see the right side of Figure 4d). FANCE binds directly
to FANCD? and recruits it to the core complex (121). Interestingly, FANCE is anchored on the
inactive side of the core via its N-terminal domain and contributes to ID recruitment on the active
side via its C-terminal a-helical domain (122), which resides at the end of a long, flexible linker
(Figure 4d). Upon ID binding, the C-terminal domain of FANCE binds to ID and thus becomes
ordered within the overall structure (Figure 4¢,d).

Together with the original ID structure (95), recent structures of the ID-FA core complex
(110) and IDY (93, 123) suggest a detailed mechanism of ID ubiquitylation. In the unmodified
form, ID forms an open, trough-like structure in which the ubiquitylated lysines of both proteins
are buried near the dimer interface, which is formed by the N-terminal helical repeat domains
(NTDs) of each protein (Figure 54). When ID docks onto the FA core complex via interactions
with FANCE and FANCL, FANCDs RING domain inserts into and partially pries open the ID
dimer interface near the target lysines, causing the C-terminal domains of FANCI and FANCD?2
to rotate toward each other by approximately 8°, which initiates closing of the trough (110)
(Figure 5a,b). However, the lysine residues are still buried, raising the question of how ID can
be ubiquitylated. Strikingly, in IDY", the C termini rotate toward each other by a further 50°
and interact, closing the trough around the DNA (93, 123) (Figure 5d). In this conformation,
the lysines are fully exposed. A mutation in the CTD of FANCI that disrupts the interaction
with FANCD2’s CTD is less efficiently ubiquitylated and binds less tightly to DNA (23, 93,
124). Based on these observations, an attractive hypothesis is that DNA binding to the ID-FA
core complex closes the trough and exposes the lysines for subsequent ubiquitylation (123)
(Figure 5b,c). Ubiquitylation thus locks the ID complex into a conformation that cannot release
DNA. This model is consistent with prior evidence showing that DNA strongly stimulates
ID ubiquitylation in vitro (118, 125) and that the ID complex binds chromatin in vivo before
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Mechanism and effects of ID ubiquitylation at a stressed replication fork. After FANCM-dependent core
complex recruitment (#), fork reversal (b), and ID recruitment (¢), ID undergoes closure (d) and ubiquitylation
(d). Recruitment and ubiquitylation of additional ID complexes stabilize the reversed fork (¢) and/or create a
platform for XPF-dependent unhooking (f). Abbreviations: ICL, interstrand cross-link; Ub, ubiquitin.

undergoing ubiquitylation (126). Consistent with it forming a clamp around DNA, IDY has a
higher affinity for and a slower off rate from DNA than ID (93, 123, 124, 127). Together, these
results suggest the following sequence of events at stressed forks. FANCM binds the stressed
replication fork, bringing with it the core complex (Figure 64). The core complex recruits and
partially closes the ID trough (Figure 65), whose subsequent interaction with DNA fully closes
the trough, exposing K561 (Figure 6¢) and promoting FANCD?2 ubiquitylation by the core
complex (Figure 6d). FANCD?2 ubiquitylation in turn helps expose K523 in FANCI, allowing
its subsequent ubiquitylation (110, 115). A crucial test of this model will be to address whether
DNA binding to the ID-FA core complex closes the trough prior to ubiquitylation (Figure 5c¢).
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ID ubiquitylation is subject to several forms of positive and negative regulation. Cellular ex-
posure to ICLs leads to activation of the ATR checkpoint kinase via a poorly defined mechanism
(Supplemental Appendix 4). ATR activity is required for FANCD?2 ubiquitylation and suppres-
sion of ICL sensitivity (108). ATR phosphorylates FANCI at several sites along the FANCI-
FANCD2 NTD interface and thereby might help promote closing of the ID clamp, exposing
K561 and K523 for ubiquitylation (22, 95, 128). IDY" is deubiquitylated by Usp1 (129), whose
activity depends on its dimerization partner UAF1 (130). FANCI ubiquitylation and ATR phos-
phorylation impairs FANCD?2 deubiquitylation by USP1 and thus helps preserve IDV" (124, 128,
131). Strikingly, cells lacking Usp1 contain constitutively ubiquitylated FANCD?2 and are sensi-
tive to cross-linking agents (132, 133). These results raise the possibility that after IDY® performs
its function, its clamp-like interaction with DNA is inhibitory for subsequent steps of repair, re-
quiring IDY removal. However, it cannot be ruled out that in the absence of USP1, constitu-
tively ubiquitylated ID is sequestered on chromatin and unable to relocalize to ICLs where these
arise. Interestingly, a fusion of FANCD?2 and ubiquitin is partially functional, arguing against an
absolute requirement for FANCD?2 deubiquitylation in ICL repair (134). On the other hand,
sumo-directed ubiquitylation and clearance of ID from sites of DNA damage by the p97 ATPase
promotes cell survival in the face of ICLs, consistent with the possibility that IDY" removal from
sites of damage contributes to repair (135).

The Role of IDY" in Repair

For years, it was widely assumed that ubiquitylated FANCD?2 recruits one or more effectors of ICL
repair. However, it is now clear that the hydrophobic patch (including residue 144) of the ubiqui-
tin attached to FANCD?2 is buried at the ID interface (93, 123). Therefore, canonical ubiquitin-
binding motifs, which recognize 144 (136), cannot bind ubiquitin within IDY. Indeed, a host of
putative FA pathway effectors exhibit no preferential binding to IDY* compared to ID (127). Nev-
ertheless, SLX4 recruitment to ICLs requires FANCD?2 ubiquitylation in egg extracts (43), but
whether this is true in mammalian cells is controversial (46, 47, 50). An updated model is that
IDY effectors such as SLX4-XPF bind the solvent-exposed surface of ubiquitin or interact with
regions of DNA-bound ID"" that are distant from ubiquitin (Figure 6e). An alternative but not
mutually exclusive hypothesis is that IDY? promotes ICL repair indirectly by organizing local
DNA or chromatin structure. For example, if FANCM promotes fork reversal at ICLs, as it trav-
els away from the ICL, it might deposit multiple IDY> molecules in its wake, generating an IDY
array (127) (Figure 6e). This would prevent fork restoration, allowing time for XPF-dependent
incision of the ICL. If fork reversal is not integral to ICL repair, IDY" is probably deposited on
one or more arms of the X-shaped structure surrounding the ICL, but how this would promote
unhooking is unclear. In addition to its essential role in promoting incisions, IDV? also enhances
homologous recombination via poorly defined mechanisms (Supplemental Appendix 5). In con-
clusion, how IDY promotes ICL repair and how the clamping of IDY? on DNA relates to this
function remains an enduring mystery of the FA pathway.

THE NEIL3 PATHWAY

To address whether different ICLs are repaired by different mechanisms, Semlow et al. (137)
investigated repair of psoralen-ICLs and AP-ICLs in Xenopus egg extracts. Surprisingly, these
lesions are not unhooked via incisions in the phosphodiester backbone, as seen in the FA
pathway. Instead, they are resolved by the DNA glycosylase NEIL3, which cleaves one of the
two N-glycosyl bonds that form the cross-link (Figure 7). Like the FA pathway, the NEIL3
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Figure 7

The NEIL3 pathway of ICL repair. The pink arrowhead illustrates NEIL3-dependent cleavage of one of the
two glycosyl bonds that form the ICL, leaving an abasic (AP) site in one strand and a monoadduct in the
other strand. Yellow arrowheads indicate the insertion of a nucleotide across from the AP site and
monoadduct, respectively. Red arrowheads indicate the excision repair of an AP site and monoadduct
(hypothetical). The green hexamer indicates CMG and the red oval TRAIP. In the case of AP-ICLs, NEIL3
action generates an AP site in one strand and a normal adenosine in the other strand (not shown).
Abbreviations: AP, apurinic/apyrimidinic; ICL, interstrand cross-link; TLS, translesion synthesis.

pathway requires replication fork convergence at the ICL to activate TRAIP-dependent CMG
ubiquitylation (Figure 74) and probably to place the lesion into an ssDNA context, which NEIL3
prefers (138). However, CMG unloading is not required for AP- or psoralen-ICL unhooking.
Rather, CMG ubiquitylation recruits NEIL3 via the latter’s NPL4-type zinc finger (NZF)
ubiquitin-binding motif (36). In the case of psoralen ICLs, NEIL3 unhooking yields an AP site in
one strand and a psoralen monoadduct in the other strand (Figure 75), both of which are bypassed
using the DNA Pol ¢—Revl complex (Figure 7¢). In the case of AP-ICLs (Figure 1), NEIL3
reverses the ICL, regenerating a normal adenosine in one strand and an AP site in the other
strand that is bypassed by TLS. The final steps of repair probably involve excision of the AP site
and monoadduct. After ICL unhooking, CMG likely translocates onto dsDNA (Figure 7¢), from
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which it is probably removed by the same pathway that operates during replication termination
(139) (Figure 7d). Although the NEIL3 pathway avoids a DSB intermediate, the production of
an AP site virtually guarantees the generation of a point mutation. Importantly, cisplatin-ICLs
are not processed by NEIL3, possibly because their distorted DNA structure (8) precludes the
action of NEIL3 and thus requires the FA pathway, which incises DNA adjacent to the ICL.

Consistent with their relative complexities (Figure 35 versus Figure 7), the NEIL3 pathway
is faster and more efficient than the FA pathway (137). This explains why psoralen- and AP-ICLs
are unhooked almost exclusively by the NEIL3 pathway in extracts. However, in the absence of
NEIL3, these lesions are funneled into the FA pathway (137), an effect also seen in mammalian
cells (36, 38). This prioritization of the NEIL3 pathway is linked to CMG ubiquitylation (36).
Thus, short ubiquitin chains are sufficient to recruit NEIL3, whereas longer chains are required
to activate the p97 ATPase. In this manner, NEIL3 first gains access to the stalled CMGs, but
if NEIL3 fails to cleave the ICL, as seen for cisplatin ICLs, the ubiquitin chains grow, leading
to recruitment of p97, CMG unloading, and FA pathway activation (Figure 7e). Together, the
data establish NEIL3-dependent unhooking as a new mechanism of ICL repair that avoids DSB
formation. Moreover, while NEIL3 is prioritized over the FA pathway, the latter is more versatile,
as it appears able to unhook any ICL.

What are the endogenous lesions repaired by the NEIL3 pathway? Given that several thousand
AP sites are present at steady state in mammalian cells (140), AP-ICLs are a good candidate, but
this must be examined directly. Also, what is the consequence of a defective NEIL3 pathway? Like
FANC~'~ mice, NEIL3~~ mice do not recapitulate the human FA phenotype (141). Notably, a
hypomorphic allele of NEIL3 causes a human autoimmune disorder with no symptoms of FA
(142). The absence of an FA phenotype could be due to residual glycosylase activity in the mutant
protein or redundancy with the FA pathway. Thus, although NEIL3 might normally process the
majority of certain lesions, the versatility of the FA pathway probably makes it more important
for cell survival. Given that ICL traverse appears to predominate over fork convergence (77), why
is NEIL3 recruitment coupled to CMG ubiquitylation, which requires fork convergence (137)?
Perhaps NEIL3 can also be recruited independently of convergence in mammalian cells via the
rapid, PARP-dependent mechanism recently identified (38). In conclusion, the NEIL3 pathway
shows that ICLs can be unhooked in the absence of DSB formation, but its significance remains
to be elucidated.

THE ACETALDEHYDE PATHWAY

Given the possible connection of acetaldehyde-induced ICLs (AA-ICLs) to the etiology of FA
(Supplemental Appendix 1), it was of particular interest to determine how these lesions are re-
paired. Like all other ICLs tested so far, replication-coupled repair of AA-ICLs in egg extracts
requires fork convergence (143) (Figure 84). However, while approximately 50% of these ICLs
are incised by the FA pathway, the other half are unhooked without incisions (Figure 85). Surpris-
ingly, AA-ICL unhooking does not involve NEIL3 or generate an abasic site, indicating it does
not involve a DNA glycosylase. Instead, unhooking appears to regenerate an undamaged dG in
one strand and a propanoguanine adduct in the other strand, from which the cross-link is initially
formed (Figure 1f). After unhooking, gap filling past the propanoguanine requires TLS. These
results suggest that the cross-link undergoes enzymatic reversal, but the enzyme responsible has
not been identified. Surprisingly, when the FA pathway is blocked, flux through the AA-ICL un-
hooking pathway does not increase, suggesting that after fork convergence, a fraction of lesions
becomes irreversibly committed to the FA pathway. Alternatively, the AA-ICL repair pathway
may not be able to process all three AA-ICL isoforms generated during synthesis (Figure 1f).
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The AA pathway of ICL repair. The pink arrowhead illustrates cleavage in the middle of the AA-ICL by an
unknown enzyme, which is predicted to create two monoadducts, both of which are bypassed by TLS (yellow
arrowheads). Red arrowheads indicate excision repair of monoadducts (hypothetical). Abbreviations: AA,
acetaldehyde; AP, apurinic/apyrimidinic; FA, Fanconi anemia; ICL, interstrand cross-link; TLS, translesion
synthesis.

Whatever the underlying reason, the reliance on the FA pathway to process some AA-ICLs would
explain why loss of the FA pathway causes human disease. The principle future challenge is to
identify the putative AA-ICL unhooking enzyme and determine whether its loss causes an FA
phenotype in humans.

REPLICATION-INDEPENDENT ICL REPAIR

While the loss of replication-coupled ICL repair, especially the FA pathway, causes extreme sen-
sitivity to ICL-inducing agents, there is evidence that ICLs can also be sensed and repaired in-
dependently of replication. Such a mechanism is crucial in nondividing cells, especially when an
ICL disrupts an essential gene. The logic of replication-independent interstrand cross-link repair
(RIR) most closely resembles that of the FA pathway in that the ICL appears to be unhooked using
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Mechanism of RIR. In bacteria, RIR involves two rounds of excision repair according to the following
general steps (reviewed in 27, 144): (2) ICL sensing (ICL-sensing factor, tan square); (b) dual incisions (pink
and green arrowheads) in one strand that unhook the ICL and leave behind a remnant (monoadduct) of the
ICL attached to the other strand; (c) strand extension past the monoadduct using a translesion DNA
polymerase (yellow and red arrows) or homologous recombination (not depicted); (4) dual incisions (pink and
green arrowheads) to remove the remaining monoadduct via a second round of incisions; and (e) a second
round of gap filling (red arrow). Abbreviations: ICL, interstrand cross-link; RIR, replication-independent
interstrand cross-link repair; TLS, translesion synthesis.

nucleolytic incisions. In bacteria, RIR involves two rounds of excision repair (reviewed in 27, 144)
(Figure 9). Evidence suggests that a similar mechanism of RIR operates in yeast and vertebrates
with possible modifications (reviewed in 7, 27). In mammalian cells, ICLs are sensed by the nu-
cleotide excision repair protein XPC, and at least one incision is performed by XPF-ERCCI, as
seen in the FA pathway. Interestingly, in mammalian cell extracts, ICLs induce dual incisions by
the nucleotide excision repair pathway, but both incisions occur on the 5’ side of the ICL (145). An
attractive model is that the 5’ gap provides an entry point for a 5" to 3’ exonuclease that degrades
DNA past the ICL (145). As in the FA pathway, SNM1A and FANI are excellent candidates for
such a nuclease. Consistent with the involvement of SNMIA and FANT in RIR, both genes ex-
hibit nonepistasis with the FA pathway (60, 146). Once the ICL has been unhooked, subsequent
gap filling involves the TLS enzyme Pol ¢ (62) (Figure 2¢). During RIR in Xenopus egg extracts,
lesion recognition and at least one incision are reported to involve the MMR factors MutSa and
MutLa, respectively (147), and TLS involves DNA polymerase k (148). However, activation of
MutLa during replication to remove mismatches usually involves a strand discontinuity, and it is
unclear how such a signal would be generated at an ICL. Thus, both ICL detection and sensing
during RIR remain to be fully elucidated.
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Importantly, vertebrate RIR is greatly enhanced on ICLs that induce distortions in the double
helix, presumably because these can be detected by XPC and/or MutSa independently of replica-
tion (147, 149). However, repair of nondistorting lesions can be triggered through collision with
an RNA polymerase (150). As seen for transcription-coupled nucleotide excision repair (151),
transcription-coupled ICL repair involves the Cockayne syndrome proteins CSA and CSB. How
these proteins couple RNAPII pausing to ICL repair is unclear, but one possibility is the direct
recruitment of the SNMIA nuclease (152). In summary, RIR represents an important mode of
ICL repair that not only removes ICLs in nonproliferating cells but also reduces the ICL burden
before dividing cells enter S phase (150).

SYNOPSIS OF ICL REPAIR PATHWAY CHOICE

Three factors likely dominate ICL repair pathway choice. The first is the chemistry of the cross-
link. ICLs that are highly distorting are recognized independently of DNA replication and can be
removed in G1 or G2. Conversely, ICLs that do not significantly distort the double helix are not
recognized until they block replication fork progression. Further, the structure of the ICL dictates
which replication-dependent pathway acts on the lesion. The second factor involves timing. Even
a highly distorting ICL will be processed by replication-coupled repair if it is generated in S phase,
right before passage of a DNA replication fork. Finally, the location of ICLs determines their fate.
ICLs located in highly transcribed regions are expected to be processed by transcription-coupled
repair even if the lesions are nondistorting. Furthermore, it is possible that specific chromatin
structures favor specific ICL repair pathways.

CONCLUSION

We now appreciate that vertebrates enlist at least five distinct mechanism to resolve ICLs (two
replication-independent and three replication-coupled pathways). The RIR and FA pathways are
related, because invariably the 5’ incision appears to be carried out by XPF-ERCC1. Moreover,
in all cases, the 3’ incision might involve 5’ to 3’ exonuclease activity past the ICL using FAN1
and/or SNMI1A. A future challenge is to develop robust cell-free systems of RIR, especially the
transcription-coupled form, which is essential for a thorough understanding of this mechanism.
Unexpectedly, the NEIL3 and acetaldehyde pathways unhook ICLs by fundamentally distinct
mechanisms that avoid incisions and DSB formation. These pathways are prioritized over the FA
pathway and probably resolve the majority of certain ICLs. However, the FA pathway, being able
to act on any ICL, appears to be the most important for suppressing genome instability and human
disease. It will be important to test the prediction that the incision-independent pathways gen-
erate point mutations but fewer gross chromosomal rearrangements than does the FA pathway.
Another important goal is to experimentally manipulate the balance between these various repair
pathways. Upregulating a non-FA repair pathway, or changing its specificity to operate on ICLs
normally targeted by the FA mechanism, might ameliorate the symptoms of FA. Conversely, tar-
geted downregulation of ICL repair can induce synthetic lethality, as seen for NEIL3 and FA (36)
or FANI and SNM1A (60). Combined with the right chemotherapy agent, inhibition of NEIL3
could be used to target BRCA1 and BRCA2 tumors that are deficient in the FA pathway. The ulti-
mate goal of DNA repair studies is to elucidate mechanisms at the molecular level. In this regard,
the structural elucidation of the FA core complex and IDY is a spectacular advance that will surely
transform research into the FA pathway. One can only hope that similar advances in the structural
understanding of other ICL repair pathways will soon follow.
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