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Abstract: DNA interstrand cross-links (ICLs) represent a major barrier blocking DNA replication
fork progression. ICL accumulation results in growth arrest and cell death—particularly in cell
populations undergoing high replicative activity, such as cancer and leukemic cells. For this reason,
agents able to induce DNA ICLs are widely used as chemotherapeutic drugs. However, ICLs are
also generated in cells as byproducts of normal metabolic activities. Therefore, every cell must
be capable of rescuing lCL-stalled replication forks while maintaining the genetic stability of the
daughter cells in order to survive, replicate DNA and segregate chromosomes at mitosis. Inactivation
of the Fanconi anemia/breast cancer-associated (FANC/BRCA) pathway by inherited mutations
leads to Fanconi anemia (FA), a rare developmental, cancer-predisposing and chromosome-fragility
syndrome. FANC/BRCA is the key hub for a complex and wide network of proteins that—upon
rescuing ICL-stalled DNA replication forks—allows cell survival. Understanding how cells cope
with ICLs is mandatory to ameliorate ICL-based anticancer therapies and provide the molecular basis
to prevent or bypass cancer drug resistance. Here, we review our state-of-the-art understanding of
the mechanisms involved in ICL resolution during DNA synthesis, with a major focus on how the
FANC/BRCA pathway ensures DNA strand opening and prevents genomic instability.
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1. Introduction

Independent of its size, chemical structure and molecular weight, a DNA interstrand cross-link
(ICL) has two direct consequences on the chemistry of the DNA: it deforms its spiral structure and links
together both strands of the same double helix [1,2]. Consequently, DNA ICLs impede the opening of
the double helix and constitute a physical barrier to the progression of both RNA and DNA polymerases.
Because ICLs strongly affect the process of DNA replication, they induce high cellular cytotoxicity,
justifying the extensive use of ICL-inducing drugs, including cyclophosphamide, diepoxybutane (DEB),
melphalan, cisplatin (cis-diaminedichloroplatine(II), CDDP) mitomycin C (MMC) or photoactivated
psoralens, in the treatment of diseases due to cellular hyperproliferation, such as cancer, leukemia and
psoriasis. Moreover, ICLs also originate spontaneously as byproducts of normal metabolic cellular
processes [3] (and references therein). Thus, to survive, cells are equipped with proteins and pathways
that allow ICL removal and replication rescue, which we review here.

Excluding the still poorly understood repair mechanisms of the so-called complex lesions,
i.e., clusters of several lesions located close to each other on the two strands of a DNA molecule,
Jan Hoeijmakers [4] classified five major independent and clearly separated molecular pathways, each
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potentially representing subpathways dedicated to the elimination of different classes of individual
DNA lesions: base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR)
and the two branches of double-strand break (DSB) repair, homologous recombination repair (HRR)
and non-homologous end joining (NHEJ) pathways.

BER, NER and MMR are dedicated to the repair of lesions or abnormalities altering only one
of the two strands of a DNA duplex. Thus, following the elimination of the damaged or incorrectly
inserted base(s), the resulting discontinuity in the damaged strand, i.e., caused by either a nick in the
sugar–phosphate backbone or a single- or multiple-base gap (associated with an ssDNA stretch on
the opposite strand), is filled by a DNA polymerase that “reads” the undamaged strand (Figure 1A).
Since the BER, NER and MMR pathways restore the structural and informative content of the damaged
strand using the unaffected genetic information stored in the opposite undamaged homologous strand,
they are generally considered error-free mechanisms. In other words, they normally enable the survival
of a genetically stable cell population [4].

To rescue DSBs, lesions that interrupt the continuity of the DNA molecule, the cell uses two
major pathways: NHEJ and HRR (Figure 1B). NHEJ reconstitutes DNA integrity by directly sealing
the broken extremities of a two-ended DSB, whereas the HRR mediates the strand repair via a more
sophisticated pathway that uses sequence homology and postreplicative DNA synthesis. HRR is also
involved in the rescue of stalled replication forks in association with a one-ended DSB or even in the
absence of a DSB [5,6], acting as a backup system for the replication process. The replication-associated
repair associated with a DSB is defined as break-induced replication (BIR) (Figure 1C). Both NHEJ
and HRR are associated with a risk of introducing genetic instability. Indeed, if the extremities of
a two-ended DSB are not chemically compatible for direct ligation, NHEJ proteins can create the
necessary compatibility by adding or eliminating some nucleotides before sealing the break, inducing
mutations and small insertions/deletions (INDELs) at the site of the DSB. Although the HRR is an
error-free mechanism per se, repetitive sequences in mammalian DNA create the conditions for errors
in the “identification” of the correct sequence to use to form the D-loop and restart DNA synthesis [7].
Therefore, when NHEJ and HRR cohabit, as they are in the S and G2 phases of the cell cycle, their
activation is under tight control because overactivation of one or the other can have catastrophic
consequences for chromosomal integrity [8–12].

Because an ICL most likely damages both strands of a DNA molecule, similar to a DSB,
Hoeijmakers-associated ICL repair with HRR [4].

However, compelling evidence indicates that ICL repair is undertaken by a full-fledged and highly
sophisticated network based on proteins and pathways of the BER, NER, MMR and HRR mechanisms
and inhibits/prevents the activation of the NHEJ machinery. To harmoniously assemble players from
different DNA repair teams, a group of proteins that lack direct DNA repair enzymatic activities
was selected through evolution to regulate the spatiotemporal repair of ICLs and protect replication
from failure: the FANC/BRCA pathway (Figure 2). The inactivation of the FANC/BRCA pathway
leads to Fanconi anemia (FA), a genetically recessive and heterogeneous disorder [13,14] originally
described in 1927 by the Swiss pediatrician Guido Fanconi [15,16]. FA is clinically characterized
by developmental abnormalities, bone marrow failure and reduced fertility. FANC/BRCA pathway
inactivation is associated with acute myeloid leukemia and head and neck, breast, ovarian and
pancreatic cancers [17]. The FANC/BRCA pathway-defective cells are highly sensitive to ICL-inducing
agents, cell cycle checkpoint abnormalities and chromosome-fragility at both random and common
fragile sites [18]. The FANC/BRCA pathway is ubiquitously activated in response to any situation of
replications stress, including that caused by DNA lesions [18], hematopoietic stem cell mobilization
(awakening from dormancy) [19] or unscheduled oncogene activation [20]. However, the cellular
and chromosomal consequences of the loss of function of the FANC/BRCA pathway in the former
conditions are less deleterious than are those observed in response to ICL-induced agent exposure.
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Figure 1. Main DNA repair pathways. (A) base excision repair (BER), nucleotide excision repair (NER)
and mismatch repair (MMR) repair damaged or mismatched bases. Lesions are recognized and excised,
creating a relatively small gap (1–30 nt) that will be filled by a DNA polymerase; (B) nonhomologous
end-joining (NHEJ, left) or homologous recombination repair (HRR, right) mediate double-strand break
repair. NHEJ seals the breaks with compatible extremities. Incompatible extremities can lead to either
a perfect repair or to mutations (base insertions or deletions). HRR starts with the resection of the
extremities. Resected extremities are used for strand invasion, homology search and D-loop formation in
the sister chromatid, allowing perfect repair of the double-strand break; (C) HRR safeguards replication.
At a stalled replication fork, a single-strand break is generated to allow the subsequent resection and
strand invasion in a process named break-induced replication (BIR).
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Figure 2. Fanconi anemia/breast cancer-associated (FANC/BRCA) pathway in five modules. Module 1
is composed of the FANCM protein and its partners. FANCM acts as both a translocase and a cargo
protein and binds DNA in close proximity to the lesion. Then, module 1 recruits module 2, which is
composed of the FANC core complex proteins (names indicated in white) and the E2-ubiquitin ligase
UBE2T. The FANC core complex is an E3-ubiquitin ligase, of which FANCL is the catalytic subunit.
In response to an DNA interstrand cross-link (ICL), FANCL transfers a ubiquitin moiety from UBE2T
onto module 3 proteins (FANCD2 and FANCI). In turn, monoubiquitinated FANCD2 and FANCI,
among others, coordinate the recruitment of the proteins of Module 4 to perform ICL removal and
restart replication. Once the repair is terminated, module 5 (USP1 and its partners) terminates the
reaction by deubiquitinating FANCD2 and FANCI.

2. Origin of ICL in Cells

Although chemotherapeutic agents have been the primary tool in the study of ICL repair in
mammalian cells or in vitro systems, every day, each cell of our body undergoes the formation of as
many as 10 spontaneous ICLs as byproducts of cellular metabolism [21].

For example, the beta-oxidation of lipids produces aldehydes such as malondialdehyde (MDA)
and 4-hydroxynonenal (4-hNE) that create DNA adducts that account for ICLs in both bacterial and
mammalian genomes [22–24].

More recently, Patel’s laboratory elegantly demonstrated—using mouse models deficient in both
FANC/BRCA repair and aldehyde detoxification pathways—additive effects of these deficiencies.
Indeed, this group proposed a two-tier protection system in which an acetaldehyde molecule produced
during alcohol metabolism is first detoxified by the aldehyde dehydrogenase (ALDH) enzyme
family [25,26]. If this first-tier protection fails, acetaldehyde can create an ICL that is repaired by
the FANC/BRCA pathway. This work suggests a metabolic origin of ICLs in cells and helps to
explain the bone marrow failure “spontaneously” observed in FA patients [27,28]. Notably, failure
in acetaldehyde detoxification, due to the inheritance of a dominant-negative allele (rs671) of the
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aldehyde-catalyzing enzyme acetaldehyde dehydrogenase 2 (ALDH2) that is present in nearly 50% of
the Japanese population, is a recognized aggravating condition in Japanese FA patients [29].

Even though aldehydes have recently become a topic of intense investigation in the field of DNA
damage, other metabolites can also generate ICLs, such as nitrous acid, a byproduct of stomach activity
or dietary sources [30]. Moreover, by creating an aldehyde residue, abasic sites formed by purine
hydrolysis and BER intermediates are also important sites of ICLs [31].

3. Biochemistry of the FANC/BRCA Pathway

A schematic representation of the FANC/BRCA pathway is presented in Figure 2. It shows the
progressive activation of several proteins and modules.

The first module of the FANC/BRCA pathway, the cargo protein FANCM with its partners,
is implicated in the local chromatin aggregation of the second module: the FANC core complex.
The FANC core complex comprises three subcomplexes, whose assembly allows the constitution of
a ubiquitin E3-ligase machinery that transitorily interacts with the E2 enzyme UBE2 T/FANCT to
monoubiquitinate FANCD2 and FANCI [32,33]. Once monoubiquitinated (monoUb), FANCD2 and
FANCI are assembled in the chromatin-associated FANCD2/FANCI (ID2) nuclear foci [34] required
to mediate several steps involving the fourth heterogeneous module, which includes translesional
DNA polymerases, nucleases and HRR-associated proteins. Finally, the deubiquitinase USP1 and its
partners, in the fifth module, enable the release of ID2 foci from the chromatin, marking the completion
of the process [35].

3.1. The First Module: FANCM and Its Partners

FANCM (Mph1 in yeast), originally defined as FA-associated 250 kDa protein (FAAP250) [36]
and its several partners, including MHF1, MHF2 [37] and FAAP24 [38], represent the first biochemical
module of the pathway. We refer the reader to two excellent recent reviews summarizing the current
knowledge on FANCM [39,40]. Briefly, FANCM exerts ATP-dependent branch migration activity [41]
that is necessary for MMC resistance, but dispensable for the monoUb FANCD2 and FANCI [42],
and DNA translocase activity essential for generating monoUb FANCD2 [36]. FANCM acts as a
platform that anchors the FANC core complex via an MM1 motif (amino acids (aa) 826–967) and Bloom
helicase (BLM) and its associated partners RMI1, RM2, Topoisomerase IIIA (TOP3A) (the BTR complex)
via an MM2 motif (aa 1218–1251) [43,44]. The BTR complex, also named the “dissolvasome”, promotes
Holliday junction branch migration and the dissolution of recombination intermediates that could lead
to harmful sister chromatid exchange (SCE) events [45,46]. FANCM participates in ICL repair and
replication rescue in all three scenarios presented below, and it is also an important mediator of stalled
fork signaling. Indeed, its activity is induced by ATR-mediated phosphorylation, and in turn, FANCM
participates in the optimal activation of ATR [47]. A key function of FANCM is the recruitment of the
FANC core complex [43], the E3-ubiquitin ligase that mediates the monoubiquitination of FANCD2 and
FANCI, an essential event for ICL repair and replication rescue [36,48–50]. Intriguingly, even though
FANCM inactivation leads to hypersensitivity to ICL-inducing agents, defective monoubiquitination
of FANCD2 and FANCI and chromosome breakage, its loss-of-function is not the bona fide cause of
FA [13,51,52]. FANCM mutations are associated with altered gametogenesis and high risk for breast
and ovarian carcinomas [51–57].

3.2. The Second Module: The FANC Core Complex

Assembling three subcomplexes, FANCA-FANCG-FAAP20, FANCC-FANCE-FANCF and
FANCB-FANCL-FAAP100, the FANC core complex is an E3-ubiquitin ligase that transfers a ubiquitin
moiety from the E2 conjugating enzyme UBE2 T/FANCT to FANCD2 and FANCI at lysine 561 and
lysine 523, respectively [32,33]. The structure of this complex revealed two FANCL proteins that harbor
E3 ubiquitin ligase activity with a RING domain [58].
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Mutations in genes encoding proteins of the FANC core complex are found in more than 90% of
FA patients [13,14]. In vitro experiments demonstrated that the FANCA-FANCG-FAAP20 subcomplex
is dispensable for FANCD2 monoubiquitination [59], and accordingly, several mutations in FANCA
do not lead to MMC hypersensitivity [60]. Finally, it has been recently demonstrated that FANCA
participates in a single-strand annealing process (SSA, a variant of the canonical recombination process)
in a FANC/BRCA pathway-independent manner to back up RAD52 [61], with potential consequences
on immunoglobulin formation during the class-switch recombination process in FA [62].

3.3. The Third Module: FANCD2 and FANCI Heterodimer

The ID2 heterodimer is the central hub of the pathway. The two proteins seem to be recruited at sites
of damaged DNA before their monoubiquitination [63] mediated by the FANC core complex [64,65].
The monoUb ID2 heterodimer then acquires a higher affinity for chromatin [66,67] and forms nuclear
foci [34] in a phospho-H2AX-dependent (γH2AX) manner [68] at sites of DNA damage. The ID2
foci act as structural proteins, protecting and stabilizing the forks, as well as a general regulator of
the overall process [69–72]. USP1 mediates FANCD2 and FANCI deubiquitination and allows the
release of ID2 foci from chromatin [35], the signal that the ICL has been removed, the DSB sealed and
replication completed.

3.4. The Fourth Module: The HRR at Work

In addition to protecting stalled replication forks, ID2 foci enable, both directly and
indirectly, the recruitment of the fourth heterogeneous module of the pathway, that includes
proteins for DNA incision, translesion synthesis (TLS), ICL elimination and BIR, including
BRCA2/FANCD1 [73], BRIP1/FANCJ [74,75], PALB2/FANCN [76], RAD51C/FANCO [77],
RAD51/FANCR [78], BRCA1/FANCS [79], XRCC2/FANCU [80], XPF/FANCQ [81], SLX4/FANCP [82,83],
REV7/FANCV [84] and RFWD3/FANCW [85]. Notably, heterozygous inactivating mutations in most
of the genes encoding these proteins increase the risk for breast and ovarian cancers.

3.5. The Fifth Module: USP1, the Finisher

USP1, with its partner UAF1, is the deubiquitinase that acts on FANCD2/FANCI and PCNA [35,86,87].
Deubiquitination allows ID2 foci release and the resumption of DNA synthesis by canonical DNA
polymerases after their reload onto PCNA upon the completion of translesional DNA synthesis [88].

USP1 loss of function leads to the constitutive monoubiquitination of FANCD2/FANCI, which causes
nonspecific and constitutive ID2 binding onto chromatin, leading to an FA phenotype that includes
sensitivity to cross-linking agents [89]. This finding reveals that the ubiquitination-deubiquitination cycle
is mandatory for a safe response to ICL lesions and replication stress [90].

3.6. Other Partners

The FANC/BRCA pathway is embedded in a more complex network involving cross talk among
several key DDR proteins whose inactivation is often associated with rare human genetic syndromes
featuring developmental abnormalities, elevated cancer risk, DNA damage hypersensitivity and
chromosomal fragility.

ATM and ATR, whose loss of function leads to ataxia telangiectasia [91] and Seckel syndrome [92],
respectively, are the two master signaling kinases activated in response to DNA DSBs (ATM) or
ssDNA stretches (ATR). ATM and ATR, together with the checkpoint kinase and ATR-target CHK1,
phosphorylate and activate several proteins of the FANC/BRCA pathway, including FANCM, FANCA,
FANCE, FANCD2, FANCI and BRCA1/FANCS [67,93–100].

Originally identified in the same pathway as ATM based on its response to ionizing radiation
(IR)-induced DSBs, the MRE11/RAD50/NBS1 (MRN) complex has been associated with radiation
hypersensitivity syndromes, A-T-like disease (ATLD, MRE11 mutation) [101] and Nijmegen breakage
syndrome (NBS or Nibrin, NBS1 mutation) [102–104]. The MRN complex participates in ATM
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fixation at DSBs [105], and its individual components are involved in maintaining the association
of the two extremities of a two-ended DSB (RAD50), in the early resection of a DSB (MRE11),
and in checkpoint-signaling downstream of ATM (NBS1) [106]. On one hand, MRN activity and/or
recruitment to damaged DNA is defective in FANC/BRCA pathway-deficient cells, and on the other
hand, MRN promotes functions of the FANC/BRCA pathway in R-loop dissolution [107–110].

Biochemical and functional links also exist between the FANC/BRCA pathway and the BLM
helicase, whose inactivation causes Bloom’s syndrome [110–112]. Because of its biochemical activity,
the BLM helicase is involved with several DNA repair intermediates that accumulate during ICL repair.
BLM can mediate fork reversal [113,114], is involved in Holliday junction reversal during the HRR of
a two-ended DSB [45] and participates in the rescue of anaphase bridges [115]. BLM interacts with
FANCM, supporting the idea that the latter is the cargo protein that drives its passengers in a timely
manner to the correct place. Moreover, BLM assembly on anaphase bridges has been reported to be at
least partially dependent on the presence of FANCD2 foci on condensed mitotic chromosomes [116].

The acetylase TIP60 is another key protein of DDR and is involved in the selection of NHEJ
or HRR as the mechanism to rescue DNA continuity downstream of a DSB. Biochemically, TIP60
acetylates, among several other targets, lysine 16 of histone H4 (H4K16), which becomes accessible
when the broken chromatin relaxes [117]. The K16 acetylation “folds” the H4 histone tail, limiting
the accessibility to the dimethylated K20, the docking site of 53BP1, which protects the DSB extremity
from nucleolytic resection [117]. A biochemical analysis demonstrated that TIP60, among several
other partners, interacts with ATM, MRN complex [118,119] and s FANCD2 [120]. TIP60 relocalizes
to IR-induced DSBs in an ATM-dependent manner or to ICL-stalled forks in a FANCD2-dependent
manner. A default in TIP60 accumulation at DSBs induced either postreplicatively or associated with
replication stress has a critical role in channeling NHEJ repair for DSBs, which leads to chromosomal
aberrancies [120,121].

Among the proteins of the BER system, the activity of two glycosylases, NEIL1 and NEIL3,
was clearly associated with ICL unhooking and excision from DNA in both a FANC/BRCA
pathway-dependent and FANC/BRCA pathway-independent manner [122–126].

Finally, recent works indicate that, in response to ICL-inducing agents, the MCM8/MCM9
dimer [127,128] and the SMC5/SMC6 complex [129,130] are necessary for downstream RAD51 foci
assembly and for maintaining a safe chromosome structure in response to both MMC and CDDP.
Cells deficient in components of the MCM8/9 or SMC5/6 complexes demonstrate high levels of
chromosome rearrangements, including tri- and quadriradials, as well as mitotic and postmitotic
abnormalities, i.e., in anaphase bridges and micronuclei, respectively. Although the mechanisms
remain unclear, in light of their biochemical activities (helicase for MCM8/9 and chromosomal structural
maintenance for SMC5/6), we speculate that these complexes may participate in HRR-associated
replication downstream of RAD51-mediated D-loop formation (MCM8/9), thus maintaining the correct
assembly of both DSBs and sister chromatids (SMC5/6).

4. Evidence for the Essential Role of the FANC/BRCA Pathway in ICL Repair

The description of the cellular, genetic and chromosomal characteristics of FA patients’ cells
indicates the central role of the HRR pathway in response to ICL-inducing agents. A comparison
of survival, proliferation and cell cycle profiles of primary and immortalized cells from FA patients
and healthy donors made clear that the proteins whose loss-of-function was associated with FA were
involved in processes activated during the S and G2 phases of the cell cycle to overcome stressful
situations. Indeed, FA cells treated with an ICL-inducing agent demonstrated (a) high cellular
sensitivity, i.e., reduced proliferation, increased cell death and reduced clonogenicity; (b) an extended
time to complete the S phase; and (c) prolonged arrest in G2. Moreover, a cytogenetic analysis revealed
that the metaphasic chromosomes from both untreated and ICL-damaged FA cells had more gaps,
breaks and complex rearrangements, including radial chromosomes, dicentrics and rings [13,14,17,18].
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All previous cellular observations suggest that ICLs stall replication and require the FANC/BRCA
pathway to resolve stalling and coordinate the repair of associated DNA breaks promptly and correctly.

A mutagenesis analysis of the HPRT locus in FA cells demonstrated that the activity of FANC
proteins is required to limit the induction of genomic INDELs, which eventually favor the induction of
point mutations in response to ICLs [131]. This observation was later validated with shuttle vectors
bearing a single ICL transfected into WT or FA-mutated cells [132]. Importantly, a comet assay,
pulsed field gel electrophoresis and γH2AX foci formation analysis validated that, at equimolar drug
doses, treatment with ICL-inducing agents is associated with a similar level of DSB induction and
repair kinetics in FA and healthy donor cells [110,133,134]. A cytogenetic analysis demonstrated
that, whereas non-FA cells recover a normal karyotype, FA cells present with gross chromosomal
rearrangements. This means that the intrinsic capability to seal broken extremities together does not
fail; however, the choice of both the specific ends to seal together and the mechanism to use to retrieve
a DNA structure is altered in the absence of a proficient FANC/BRCA pathway. Recent work using
genome-wide sequencing in HAP1 cells showed that long-term deficiency in FANCC was associated
with a slight increase in long deletions (>3 bp) and many chromosomal rearrangements, including
chromosomal deletions up to 10 kb, inversions and duplications [135].

Successive molecular analyses showed that ICLs activate the master DNA damage signaling
kinases ATM and ATR, indicating that ICLs lead to both DSB and ssDNA stretches, whose presence was
validated by the observation of phospho-RPA and γH2AX in western blot and immunofluorescence
analyses [97]. The presence of ssDNA stretches is the consequence of the stalled replication forks,
their reversal and/or the resection of DSBs to create the 3′-overhang necessary for successive RAD51
nucleation, strand invasion and D-loop formation. Downstream of ATR, phosphorylated CHK1
participates in both DNA repair and cell cycle checkpoint activation. In FANC/BRCA-deficient
cells, both ATM and ATR/CHK1 have been described as constitutively overactivated in response to
ICL-inducing agents [136–138], suggesting either a delay in ICL elimination or an accumulation of
toxic DNA repair-mediated intermediates. Thus, the prolonged S and G2 phase delay/arrest observed
in FA cells seems to reflect the consequence of a normal physiological response. Accordingly, Grover
Bagby’s group demonstrated that exposure to equitoxic drug doses resulted in the same G2 delay in
both normal and FA cells [139].

Moreover, although not mandatory for their functions, several proteins in the initial part of the
FANC/BRCA pathway need to be phosphorylated in an ATM- and/or ATR/CHK1-mediated manner to
optimally perform their functions. FANCM, FANCA and FANCD2 were described as the major targets
of these signaling kinases [67,140–142].

To describe how a cell copes with an ICL to recover the informative content of the DNA and rescue
replication, three major—but not mutually exclusive—models have been proposed. The first one,
based on several cellular, biochemical and molecular approaches, was proposed in its original version
several years ago by Niedernhofer and collaborators [143]. The second is derived from the elegant and
sophisticated in vitro reconstitution of the ICL repair steps in a plasmid first demonstrated by Johannes
Walter’s group in Boston [144,145]. The last and most recent model, proposed by the groups of Seidman
and Wang [146], is based on the use of the DNA-combing technique, which allows the direct monitoring
of DNA synthesis [147]. The three main models discussed here are invariably associated with DSB
formation and repair via HRR. Alternatively, minor pathways have been proposed or can be inferred
by converging the observations showing the ICL repair and replication rescue function that do not
depend on DSB formation or repair via HRR. In any case, FANC/BRCA pathway-associated proteins
or modules (when the entire pathway is not involved) have master roles in every ICL repair-associated
mechanism (Figure 3).
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Figure 3. Models of interstrand cross-link (ICL) repair. (A) A moving replication fork meets an ICL and
stalls. Therefore, by cutting the DNA on one strand, a one-ended double-strand break (DSB) is formed.
The ICL is unhooked, forming an ssDNA patch with the ICL on the strand opposite to the DSB (A′).
Replication restarts with a possible insertion of an incorrect base in front of the ICL (A′′. After DSB
resection, replication resumes from the other sister chromatid using BIR and the repaired chromatid as
a template leading, in the end, after the ICL is completely unhooked, to an eventual a mutation on both
sister chromatids (A′′′); (B) A stalled fork is stabilized until the arrival, from the other side of the ICL,
another, convergent fork. Subsequently, at both stalled forks, a one-ended DSB is created, similar to a
canonical two-ended DSB, but separated by a 30–40 nucleotide gap that will be rescued by homologous
recombination repair (HRR) after the reconstruction of the opposite strand; (C) When the replication
fork encounters an ICL, the replisome can traverse the lesion without repairing it to continue DNA
replication. Later, the ICL will be unhooked (C′), eventually creating, as described above, a one- or
two-ended DSB that will be repaired by HRR; (D) Alternatively, FANCM can stabilize and reverse the
fork(s), allowing time for ICL unhooking before reestablishment of the fork and the “traverse” of the
lesion. As in A and B, the repair and replication rescue mediated by pathways C and D lead to the risk
of generating and fixing mutations in the duplicated DNA. Red stars indicate the induction of possible
mutations by translesional synthesis (TLS) polymerases.

5. First ICL Repair Model: Downstream of a Stalled Single Replication Fork

The first model of ICL repair addresses an ongoing replication fork meeting an ICL, stalling
and activating ATR/CHK1 and FANCM, which mutually foster and optimize each other’s action.
ATR/CHK1 and FANCM mediate the local assembly and full activation of the FANC core complex that,
together with the E2-ubiquitin ligase UBE2 T [148], mediates FANCD2 and FANCI monoubiquitination.
Interestingly, evidence shows that the MutS complexes MSH2/MSH6 and MSH2/MSH3, known to be
involved in mismatch and INDEL loop recognition by the MMR pathway, respectively, can also function
as ICL sensors in lieu of FANCM. This FANCM backup system can also activate the ATR-CHK1-FANC
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core-FANCD2 cascade, supporting the partial monoUb FANCD2 observed in FANCM-deficient
cells [149].

In other words, at an ICL-stalled replication fork, we can observe extremely sophisticated
and largely bidirectional biochemical and molecular exchanges between MutS, ATR-CHK1 and the
FANCM-FANC core complex as they fully and optimally monoubiquitinate FANCD2 and FANCI.
ID2 foci on chromatin allow fork protection and the setup of the following steps: the first is the
introduction of a nick in the sugar–phosphate backbone in one of the two DNA strands by a nuclease,
possibly SLX4/SLX1, MUS81/EME1, XPF/ERCC1 or FAN1 [83,150–154]. This nick creates a one-ended
DSB (Figure 3A), whose presence can activate ATM-dependent signaling.

At this stage, after DSB induction, three DNA lesions are apparent (Figure 3A′): (1) the ICL is still
at its original location with (2) an associated ssDNA stretch and (3) a one-ended DSB. Consequently,
this situation requires (a) the elimination of the ICL from the strand opposite the DSB, followed
by the reconstitution of the double helix sequence and structure, permitting successive BIR; (b) the
maintenance of the DSB in place; and (c) strand resection to create the 3′-overhang substrate used for
BIR. The ID2 foci are the central hub for the spatiotemporal coordination of these events.

On the chromatid opposite the DSB, the DNA duplex harbors a short ssDNA stretch and the ICL.
The ID2 complex appears to be necessary to optimally drive nucleases to incise the sugar–phosphate
backbone on the opposite side of the ICL relative to the ssDNA region. This step creates a 3′ extremity
to reinitiate DNA synthesis and unhooks the ICL, which remains attached to the DNA backbone by
only one extremity, with the other one being attached to a short ssDNA sequence. Replication on this
chromatid restarts from the 3′ extremity, but it is rapidly stopped by the presence of the unhooked ICL
on the coding sequence. However, since the lesion is only present on one strand, the cell can use a
translesional polymerase to replicate the sequence past the damaged base [145,155]. This allows the
replication to progress at the risk of the possible introduction of incorrect bases opposite the damage,
which is the point of origin for the mutations observed in normal cells exposed to ICL-inducing agents
(Figure 3A′′).

The switch from a canonical DNA polymerase to a translesional DNA polymerase is associated
with the monoubiquitination of a sliding clamp consisting of PCNA [88]. PCNA deubiquitination
signals the switch back to canonical DNA polymerases. As a consequence of the replication fork
stalling, FANCD2/FANCI and PCNA are monoubiquitinated by the FANC core complex [156]
and RAD18/RAD6 [157], respectively, whereas their deubiquitination is mediated by the same
deubiquitinase, USP1. In both cases, deubiquitination indicates that the process of DNA repair or the
bypass of the lesion was successfully completed. Thus, it is tempting to speculate that USP1 represents
the functional link between repair of the one-ended DSB and completion of the replication on the
first strand. Notably, USP1-mediated ID2 deubiquitination favors CHK1 dephosphorylation and G2
checkpoint deactivation [95], thereby switching off ICL-associated signaling.

When the double helix bearing the lesion is reconstituted by the filling of the gap, either NER
nucleases (XPF-ERCC1 and XPG) or BER glycosylases (NEIL1 and NEIL3) release the unhooked
ICL still attached to the short ssDNA, and the resultant nick or ssDNA gap is filled, fixing the
mutation [48,125,158]. The reconstituted double helix can now be used as a substrate for the BIR step
that will resolve the resected one-ended DSB and rescue the replication (Figures 1C and 3A′′′).

The first step to rescue the one-ended DSB created at a stalled fork is to maintain its association
with the site of the original lesion. The activated FANC core-ID2 participates in the optimal assembly
of the MRN complex in nuclear foci [110]. The MRN complex is known for its involvement in DSB
repair, in which it acts (a) at a structural level to maintain the DSB extremities in front of each other
and to properly align the sister chromatid in conjunction with RAD50, the “Velcro” component of
the complex [159]; (b) at a biochemical level by initiating the end resection with MRE11; and (c) at a
signaling level, participating in the checkpoint activation via NBS1 [96,107,160].

To repair a two-ended DSB, the cell can invoke either the NHEJ or HRR pathway (Figure 1B) [12].
Several factors determine pathway choice, including cell cycle phase (in G1, only the NHEJ is effective),
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histone posttranslational modifications around the lesion and competition between the 53BP1 and
BRCA1 proteins, which are the drivers of NHEJ and HRR, respectively. Indeed, 53BP1 aggregates
on DSBs, protecting their extremities against nuclease-mediated resection, whereas BRCA1, driving
nucleases such as CtIP, which extends the MRE11 resection, allowing DSB 3′-overhang formation [161].
However, during ICL repair, when a replication fork stalls and collapses, only a one-ended DSB is
introduced. It is paramount here that the rescue is mediated by HRR to avoid the deletions and
chromosomal rearrangement generated by the NHEJ-mediated sealing of independent one-ended
DSBs located either on different regions of the same DNA molecule or in different chromosomes.
The FANC/BRCA pathway drives the repair by HRR via FANCD2, which participates in the localization
of the acetylase TIP60 to the broken chromatin. In turn, TIP60 acetylates lysine 16 on histone H4 (H4K16),
one of the events that restrains 53BP1 accumulation at histone H4K20me, allowing DSB end-resection
and 3′ overhang formation [117,120,121]. In the absence of the FANC core complex and ID2 foci, 53BP1
foci aggregate in cells exposed to ICL-inducing agents, colocalizing with phospho-H2AX (γH2AX)
foci. As a consequence, one-ended DSBs are “sealed” by NHEJ and not rescued by BIR, leading to
gross chromosomal aberrations [117,120,121,162,163]. To finalize the repair of the resected 3′-overhang,
RPA molecules cover the overhang and are successively displaced in a BRCA2-dependent manner by
RAD51, which will mediate invasion of the opposite strand and D-loop formation, a prerequisite for
replication restart.

Importantly, when replication is not completely rescued, ID2 foci remain on chromatin until the
end of successive mitosis. Notably, these foci mark incompletely replicated regions that progress
beyond S in G2 and separate in twin spots located on the two sister chromatids that segregate at
anaphase-telophase at the extremities of DNA bridges. These bridges link the still unseparated
daughter cells, outlining their role in protecting the DNA structure at stalled/collapsed replication
forks [116,164–168].

In summary, the key points of this first model are arrest and collapse of one replication fork,
induction of a one-ended DSB, ICL unhooking, replication traverse and NER/BER-mediated elimination
of the unhooked ICL and HRR-mediated (BIR) rescue of replication (Figure 3A).

6. Second ICL Repair Model: Converging Forks at Work

The second model is based on the elegant analysis of repair of a single ICL inserted in a plasmid
and mediated by whole protein extracts isolated from Xenopus eggs [144,145,169,170]. As presented in
the seminal work published by Räschle and collaborators [145], the main lines of ICL repair previously
described and the role of the FANC/BRCA pathway was validated in this in vitro system. In particular,
the work of Walter’s group demonstrated that the different modules of the FANC/BRCA pathway
work inside the converging fork pathway in a manner similar to that of the previously described
stalled fork-mediated pathway. Nevertheless, some differences characterize the pathways, mainly at
the beginning and end of this alternative mechanism (Figure 3B). The repair and duplication of an
ICL-damaged plasmid required that two converging forks starting at a single replication origin in the
plasmid stall on each side of the roadblock. Since the ICL was introduced asymmetrically in relation
to the origin, the authors observed that a first fork approaches the lesion before the other, halting its
progression 20–40 nucleotides from the ICL and awaiting the arrival and halting of the second fork
on the opposite side of the ICL. The initial stalling of each converging fork was likely caused by the
accumulation of positive supercoils ahead of the ongoing CMG helicase complex that unwinds the
DNA to allow the progression of the replication machinery. DNA supercoiling is the consequence of an
ICL t preventing the opening of the double helix. Taking into account the size of the plasmid (5.6 kb)
used in their in vitro setting, the second fork arrives shortly after the stalling of the first one. After the
stalling of the second fork 20–40 nucleotides from the ICL, the first one restarts and definitively arrests
one nucleotide before the lesion.

The restarted fork progresses to within one nucleotide from the lesion, suggesting that the CMG
complex preceding the replication machinery has been removed, an event that probably contributes
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to fork collapse, allowing the nuclease-mediated introduction of the nick that creates the “expected”
one-ended DSB. At this point, a second nick creates a second one-ended DSB on the other side of
the ICL on the same DNA strand where the first was introduced (Figure 3B′). Thus, we now have a
partially duplicated plasmid with an ssDNA region of approximately 30–40 nucleotides containing the
unhooked ICL and a second “opened” plasmid lacking 30–40 nucleotides and presenting two separated
one-ended DSBs (resembling a canonical two-ended DSB). These two DSBs will be reconstituted by
HRR one at a time as previously described (Figure 3A′′,B′′′).

Thus, the second point made by this in vitro approach is that two DSBs are created and are the
necessary substrates to recover two “normal” plasmids. Can we extend these observations into the
“real life” of linear chromosomal DNA assembled in a chromatin structure and compacted inside the
cell nucleus? Although converging forks are necessary on a plasmid [171], it is difficult to imagine
that this case holds true for nuclear DNA. Drugs create ICLs in a sequence-specific manner, such as
photoactivated psoralen in an AT-rich region and MMC in a CG-rich context. Therefore, it is reasonable
that clusters of ICLs are the rule rather than the exception. How can a healthy cell repair clusters of
ICL-damaged DNA without enduring high INDEL rates?

Additionally, Knipscheer’s and Patel’s laboratories [172] demonstrated, using vitro systems,
an alternative pathway to remove the ICLs generated by acetaldehyde without the formation of two
DSBs. Indeed, they showed that the ICL itself is cut by an unknown process, which may simply
be induced by the mechanical force generated during DNA unwinding, while DNA replication is
performed by the specialized polymerase REV1. Interestingly, the authors showed that the mutation
spectrum resulting from the second mechanism was far lower than the spectrum observed for the
other repair models [172]. Thus, REV1 appears to be an important player during DSB-independent
ICL removal [129,155,173–175].

Therefore, it seems reasonable to think that the converging fork model represents an important,
but nevertheless minor ICL repair mechanism in mammalian cells. This point of view is supported by
data from the Siedman and Wang groups suggesting a third mechanism to resolve ICLs. However,
circular DNA is present in multiple copies in mitochondria, and it is evident that mitochondrial
DNA is subjected to ICL formation, but how DNA lesions are repaired in this particular organelle
remains poorly understood. It is noteworthy that at least part of the FANC/BRCA pathway also
localizes inside mitochondria [176,177], and moreover, damaged mitochondria, as well as altered
mitochondrial metabolism, are major features of FA cells [178–181]. It is tempting to speculate that the
model summarized here may also apply for the replication of mitochondrial DNA [182].

7. Third ICL Repair Model: ICL Traverse

Based on DNA single fiber analysis [147] conducted by spreading and/or combing of DNA
extracted from human cells following the induction of ICLs by the photoactivation of biotin-labeled
psoralens [183–185], the groups of Seidman and Wang suggested that the major pathway involved in
replication-associated ICL repair depends on a FANCM-mediated ICL traverse [146]. A single-molecule
analysis allowed them to observe that, in the large majority of cases, the fork encountering an ICL
was able to “traverse” it without repairing the lesion (Figure 3C). In other words, the replisome
was able to reassemble on the other side of the ICL to continue replication, an event largely
dependent on the translocase activity of FANCM. According to these observations, in healthy cells,
ICL traverse would account for 50–75% of the observed events; a single fork arrest was observed
near an ICL in 15–20% of the cases, whereas only approximately 5–15% of the measured events
were associated with converging forks [146]. Several known FANCM partners facilitate ICL traverse,
notably PCNA and BLM [186,187]. Moreover, to traverse the ICL, the replisome complex undergoes
extensive remodeling, which is dependent not only on FANCM and ATR, but also on FANCD2 in a
monoubiquitination-independent manner [188,189]. Accordingly, FANCD2 and FANCI are recruited
to chromatin before they are monoUb [188,189]. Consequently, the ICL traverse pathway appears to be
FANC core complex-independent.
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Notably, ATR- or FACM-deficient cells switch to the one-ended DSB mechanism to rescue
ICL-stalled replication. Indeed, following ATR or FANCM depletion, DNA single fiber analysis
revealed that the frequency of events representing ICL traverse falls to 10–20%, that of ICL-stalled single
forks increases to 50–70%, and the frequency of converging fork events remains unaltered [186–189].
Thus, it seems that FANC core complex activation and FANCD2/FANCI monoubiquitination represent
the events leading to the shift from ICL traverse to replication fork collapse, one-ended DSB formation
and BIR-mediated replication rescue.

Alternatively, because of its branch migration activity, FANCM allows fork reversal and
stabilization, allowing ICL incision from one strand by the BER and/or NER proteins, creating
an unhooked triple helix structure that permits the “traversal” of the lesion by the reversed fork
(Figure 3D) [41].

8. Concluding Remarks and Future Directions

In summary, (Figure 3), ICL repair starts when the progression of an ongoing replication fork is
first delayed by the accumulation of positive DNA supercoiling ahead of the replication machinery
and is finally arrested when the fork physically encounters the ICL. The stalled fork activates a first
response associated with the mutual and synergistic activation of ATR signaling and FANCM, which
represents the first hub of the process of ICL elimination that will allow resumption of DNA replication.
ATR and FANCM function activation initiates all the downstream choices. In particular, FANCM
drives ICL traverse (Figure 3C) and protects the stalled forks, either by constituting the platform for
ICL resolution via the formation of a one-ended DSB (Figure 3A), by allowing time for arrival of the
second fork from the opposite side of the ICL (Figure 3B) or by stabilizing the reversed fork (Figure 3D).

Downstream of ATR/CHK1 signaling, the activation of the FANC core complex leads to the
transfer of ubiquitin from UBE2 T/FANCT to FANCD2/FANCI and the subsequent assembly of monoUb
ID2 foci onto chromatin in close proximity to the ICL and DSBs. These foci are a second hub of ICL
repair. ID2 foci are responsible for fork protection, DNA nick formation, TLS and the assembly of
the HRR machinery, and they signal the end of ICL repair upon their release from chromatin by
initiating USP1-mediated deubiquitination. Alternatively, by combining BER/NER/TLS and, eventually,
HRR, cells may eliminate ICL and restart replication without using DSBs as mandatory intermediate
substrates, even when, as a consequence of fork reversal, structures resembling DSBs form and
accumulate (Figure 3D).

It is clear that the choice of the strategy used to resume DNA synthesis after removing the ICL
blocking the progress of the replication fork depends on the ability of the cell to choose the best option
at each node, as in an algorithmic decision process (Figure 4). The first part of the algorithm drives the
choices of how to repair the ICL depending on the presence of one or two forks stalled by the lesion.
The second part of the algorithm is dedicated to the repair, if necessary, of the one- or two-ended DSB
that form after ICL unhooking. Finally, replication resumes after the ICL is completely unhooked.

Independent of the pathway choice, at the end of the process, the only consequence of an ICL
will be a point mutation, if any, on both sister chromatids of a replicated chromosome. Consequently,
the two daughter cells will carry a heterozygous mutation on each allele where the mother cell had an
ICL. In contrast, in the absence of a functional FANC/BRCA pathway, only one of the two chromatids
present a point mutation, whereas the DSB on the other strand is sealed with either a distal DSB on the
same chromatid or on another chromatid, leading to the formation of INDELs and gross chromosomal
rearrangements, as reported by the Moustacchi group twenty years ago [131,190].

In conclusion, the field of ICL repair has undergone tremendous advances. However, several
questions remain, including the following:

What are the elements that determine the choice of the pathway to cope with ICLs? Is it the timing
of the replication, the local structure (condensation) of the chromatin, the local sequences in the DNA,
the presence of secondary DNA structures (G-quadruplexes, R-loops or hairpins) or the presence of
transcriptional machinery?
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Figure 4. DNA interstrand cross-link (ICL)-repair decision process. Schematic showing the various
options offered to a cell when a replication fork faces an ICL. The schematic describes the choices to
repair the ICL and the associated DSB until replication is able to resume. The colors illustrate the
different paths available to a cell depending on the type of ICL repair.

The FANC core complex monoubiquitinates FANCD2/FANCI only after recruitment to
chromatin [63], and this focalization is not necessary for ICL traverse [188,189]. Therefore, is FANC
core complex-mediated FANCD2/FANCI monoubiquitination involved in the choice between the
traverse mechanism and the other pathways?

Similarly, undetermined are the mechanisms that allow FANC core complex recruitment and
activation and the roles of the histone code during ICL repair.

Several works have reported that the inactivation of either the SMC5/SMC6 complex [129,130]
or MCM8/MCM9 [127,128] leads to FA-like cellular phenotypes, including cellular and chromosomal
hypersensitivity to ICL-inducing agents, as well as cell cycle and mitotic abnormalities.
Both SMC5/SMC6 and MCM8/MCM9 appear to be involved in a step downstream of RAD51 foci
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formation. The nature and specificity of their roles, as well as their eventual interplay in the completion
of the ICL repair process, remain to be elucidated.

Last, but not least, a mechanistic question remains unanswered in the converging forks pathway:
how does the second delayed fork signals its position to “awake” the first fork stalled at 30–40 nt before
the ICL?

Author Contributions: Writing—original draft preparation, X.R. and F.R.; Writing—review and editing, X.R. and
F.R. All authors have read and agreed to the published version of the manuscript.

Funding: Research in F.R lab is funded by La Ligue Contre le Cancer. X.R. receives a postdoctoral fellowship from
“Fondation Pour La Recherche Médicale” (ARF201909009202). The APC was funded by La Ligue Contre le Cancer.

Acknowledgments: We apologize to the authors contributing to the studies discussed herein, but not mentioned
due to space considerations. We thank Leticia K. Lerner for critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflicting financial interests.

References

1. Guainazzi, A.; Schärer, O.D. Using synthetic DNA interstrand crosslinks to elucidate repair pathways and
identify new therapeutic targets for cancer chemotherapy. Cell. Mol. Life Sci. 2010, 67, 3683–3697. [CrossRef]
[PubMed]

2. Legerski, R.J. Repair of DNA interstrand cross-links during S phase of the mammalian cell cycle. Environ.
Mol. Mutagen. 2010, 51, 540–551. [CrossRef] [PubMed]

3. Clauson, C.; Schärer, O.D.; Niedernhofer, L. Advances in understanding the complex mechanisms of DNA
interstrand cross-link repair. Cold Spring Harb. Perspect. Biol. 2013, 5, a012732. [CrossRef] [PubMed]

4. Hoeijmakers, J.H. Genome maintenance mechanisms for preventing cancer. Nature 2001, 411, 366–374.
[CrossRef] [PubMed]

5. Ait Saada, A.; Lambert, S.A.E.; Carr, A.M. Preserving replication fork integrity and competence via the
homologous recombination pathway. DNA Repair 2018, 71, 135–147. [CrossRef] [PubMed]

6. Carr, A.M.; Lambert, S. Replication stress-induced genome instability: The dark side of replication
maintenance by homologous recombination. J. Mol. Biol. 2013, 425, 4733–4744. [CrossRef] [PubMed]

7. Sasaki, M.; Lange, J.; Keeney, S. Genome destabilization by homologous recombination in the germ line.
Nat. Rev. Mol. Cell Biol. 2010, 11, 182–195. [CrossRef]

8. Bétermier, M.; Bertrand, P.; Lopez, B.S. Is non-homologous end-joining really an inherently error-prone
process? PLoS Genet. 2014, 10, e1004086. [CrossRef]

9. Guirouilh-Barbat, J.; Lambert, S.; Bertrand, P.; Lopez, B.S. Is homologous recombination really an error-free
process? Front. Genet. 2014, 5, 175. [CrossRef]

10. Hanlon Newell, A.E.; Hemphill, A.; Akkari, Y.M.N.; Hejna, J.; Moses, R.E.; Olson, S.B. Loss of homologous
recombination or non-homologous end-joining leads to radial formation following DNA interstrand crosslink
damage. Cytogenet. Genome Res. 2008, 121, 174–180. [CrossRef]

11. Marini, F.; Rawal, C.C.; Liberi, G.; Pellicioli, A. Regulation of DNA Double Strand Breaks Processing: Focus on
Barriers. Front. Mol. Biosci. 2019, 6, 55. [CrossRef] [PubMed]

12. Scully, R.; Panday, A.; Elango, R.; Willis, N.A. DNA double-strand break repair-pathway choice in somatic
mammalian cells. Nat. Rev. Mol. Cell Biol. 2019, 20, 698–714. [CrossRef] [PubMed]

13. Bogliolo, M.; Surrallés, J. Fanconi anemia: A model disease for studies on human genetics and advanced
therapeutics. Curr. Opin. Genet. Dev. 2015, 33, 32–40. [CrossRef] [PubMed]

14. Gueiderikh, A.; Rosselli, F.; Neto, J.B.C. A never-ending story: The steadily growing family of the FA and
FA-like genes. Genet. Mol. Biol. 2017, 40, 398–407. [CrossRef] [PubMed]

15. Fanconi, G. Familiäre infantile perniziosaartige Anämie (perniziöses Blutbild und Konstitution). Jahrb. Für
Kinderheilkd. Phys. Erzieh. 5wIEN◦ 1927, 117, 257–280.

16. Lobitz, S.; Velleuer, E. Guido Fanconi (1892–1979): A jack of all trades. Nat. Rev. Cancer 2006, 6, 893–898.
[CrossRef]

17. Nalepa, G.; Clapp, D.W. Fanconi anaemia and cancer: An intricate relationship. Nat. Rev. Cancer 2018, 18,
168–185. [CrossRef]

http://dx.doi.org/10.1007/s00018-010-0492-6
http://www.ncbi.nlm.nih.gov/pubmed/20730555
http://dx.doi.org/10.1002/em.20566
http://www.ncbi.nlm.nih.gov/pubmed/20658646
http://dx.doi.org/10.1101/cshperspect.a012732
http://www.ncbi.nlm.nih.gov/pubmed/24086043
http://dx.doi.org/10.1038/35077232
http://www.ncbi.nlm.nih.gov/pubmed/11357144
http://dx.doi.org/10.1016/j.dnarep.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30220600
http://dx.doi.org/10.1016/j.jmb.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23643490
http://dx.doi.org/10.1038/nrm2849
http://dx.doi.org/10.1371/journal.pgen.1004086
http://dx.doi.org/10.3389/fgene.2014.00175
http://dx.doi.org/10.1159/000138882
http://dx.doi.org/10.3389/fmolb.2019.00055
http://www.ncbi.nlm.nih.gov/pubmed/31380392
http://dx.doi.org/10.1038/s41580-019-0152-0
http://www.ncbi.nlm.nih.gov/pubmed/31263220
http://dx.doi.org/10.1016/j.gde.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26254775
http://dx.doi.org/10.1590/1678-4685-gmb-2016-0213
http://www.ncbi.nlm.nih.gov/pubmed/28558075
http://dx.doi.org/10.1038/nrc2009
http://dx.doi.org/10.1038/nrc.2017.116


Genes 2020, 11, 585 16 of 24

18. Ceccaldi, R.; Sarangi, P.; D’Andrea, A.D. The Fanconi anaemia pathway: New players and new functions.
Nat. Rev. Mol. Cell Biol. 2016, 17, 337–349. [CrossRef]

19. Geiselhart, A.; Lier, A.; Walter, D.; Milsom, M.D. Disrupted Signaling through the Fanconi Anemia Pathway
Leads to Dysfunctional Hematopoietic Stem Cell Biology: Underlying Mechanisms and Potential Therapeutic
Strategies. Anemia 2012, 2012, 265790. [CrossRef]

20. Helbling-Leclerc, A.; Dessarps-Freichey, F.; Evrard, C.; Rosselli, F. Fanconi anemia proteins counteract the
implementation of the oncogene-induced senescence program. Sci. Rep. 2019, 9, 17024. [CrossRef]

21. Lindahl, T.; Barnes, D.E. Repair of endogenous DNA damage. Cold Spring Harb. Symp. Quant. Biol. 2000, 65,
127–133. [CrossRef] [PubMed]

22. Fink, S.P.; Reddy, G.R.; Marnett, L.J. Mutagenicity in Escherichia coli of the major DNA adduct derived from
the endogenous mutagen malondialdehyde. Proc. Natl. Acad. Sci. USA 1997, 94, 8652–8657. [CrossRef]
[PubMed]

23. Mukai, F.H.; Goldstein, B.D. Mutagenicity of malonaldehyde, a decomposition product of peroxidized
polyunsaturated fatty acids. Science 1976, 191, 868–869. [CrossRef] [PubMed]

24. Niedernhofer, L.J.; Daniels, J.S.; Rouzer, C.A.; Greene, R.E.; Marnett, L.J. Malondialdehyde, a product of lipid
peroxidation, is mutagenic in human cells. J. Biol. Chem. 2003, 278, 31426–31433. [CrossRef]

25. Langevin, F.; Crossan, G.P.; Rosado, I.V.; Arends, M.J.; Patel, K.J. Fancd2 counteracts the toxic effects of
naturally produced aldehydes in mice. Nature 2011, 475, 53–58. [CrossRef]

26. Rosado, I.V.; Langevin, F.; Crossan, G.P.; Takata, M.; Patel, K.J. Formaldehyde catabolism is essential in cells
deficient for the Fanconi anemia DNA-repair pathway. Nat. Struct. Mol. Biol. 2011, 18, 1432–1434. [CrossRef]

27. Garaycoechea, J.I.; Crossan, G.P.; Langevin, F.; Mulderrig, L.; Louzada, S.; Yang, F.; Guilbaud, G.; Park, N.;
Roerink, S.; Nik-Zainal, S.; et al. Alcohol and endogenous aldehydes damage chromosomes and mutate
stem cells. Nature 2018, 553, 171–177. [CrossRef]

28. Pontel, L.B.; Rosado, I.V.; Burgos-Barragan, G.; Garaycoechea, J.I.; Yu, R.; Arends, M.J.; Chandrasekaran, G.;
Broecker, V.; Wei, W.; Liu, L.; et al. Endogenous Formaldehyde Is a Hematopoietic Stem Cell Genotoxin and
Metabolic Carcinogen. Mol. Cell 2015, 60, 177–188. [CrossRef]

29. Hira, A.; Yabe, H.; Yoshida, K.; Okuno, Y.; Shiraishi, Y.; Chiba, K.; Tanaka, H.; Miyano, S.; Nakamura, J.;
Kojima, S.; et al. Variant ALDH2 is associated with accelerated progression of bone marrow failure in
Japanese Fanconi anemia patients. Blood 2013, 122, 3206–3209. [CrossRef]

30. Kirchner, J.J.; Sigurdsson, S.T.; Hopkins, P.B. Interstrand cross-linking of duplex DNA by nitrous acid:
Covalent structure of the dG-to-dG cross-link at the sequence 5’-CG. J. Am. Chem. Soc. 1992, 114, 4021–4027.
[CrossRef]

31. Dutta, S.; Chowdhury, G.; Gates, K.S. Interstrand cross-links generated by abasic sites in duplex DNA. J. Am.
Chem. Soc. 2007, 129, 1852–1853. [CrossRef] [PubMed]

32. Huang, Y.; Leung, J.W.C.; Lowery, M.; Matsushita, N.; Wang, Y.; Shen, X.; Huong, D.; Takata, M.; Chen, J.;
Li, L. Modularized functions of the Fanconi anemia core complex. Cell Rep. 2014, 7, 1849–1857. [CrossRef]
[PubMed]

33. Rickman, K.A.; Lach, F.P.; Abhyankar, A.; Donovan, F.X.; Sanborn, E.M.; Kennedy, J.A.; Sougnez, C.;
Gabriel, S.B.; Elemento, O.; Chandrasekharappa, S.C.; et al. Deficiency of UBE2T, the E2 Ubiquitin Ligase
Necessary for FANCD2 and FANCI Ubiquitination, Causes FA-T Subtype of Fanconi Anemia. Cell Rep. 2015,
12, 35–41. [CrossRef] [PubMed]

34. Garcia-Higuera, I.; Taniguchi, T.; Ganesan, S.; Meyn, M.S.; Timmers, C.; Hejna, J.; Grompe, M.; D’Andrea, A.D.
Interaction of the Fanconi anemia proteins and BRCA1 in a common pathway. Mol. Cell 2001, 7, 249–262.
[CrossRef]

35. Nijman, S.M.B.; Huang, T.T.; Dirac, A.M.G.; Brummelkamp, T.R.; Kerkhoven, R.M.; D’Andrea, A.D.;
Bernards, R. The deubiquitinating enzyme USP1 regulates the Fanconi anemia pathway. Mol. Cell 2005, 17,
331–339. [CrossRef] [PubMed]

36. Meetei, A.R.; Medhurst, A.L.; Ling, C.; Xue, Y.; Singh, T.R.; Bier, P.; Steltenpool, J.; Stone, S.; Dokal, I.;
Mathew, C.G.; et al. A human ortholog of archaeal DNA repair protein Hef is defective in Fanconi anemia
complementation group M. Nat. Genet. 2005, 37, 958–963. [CrossRef]

37. Yan, Z.; Delannoy, M.; Ling, C.; Daee, D.; Osman, F.; Muniandy, P.A.; Shen, X.; Oostra, A.B.; Du, H.;
Steltenpool, J.; et al. A histone-fold complex and FANCM form a conserved DNA-remodeling complex to
maintain genome stability. Mol. Cell 2010, 37, 865–878. [CrossRef]

http://dx.doi.org/10.1038/nrm.2016.48
http://dx.doi.org/10.1155/2012/265790
http://dx.doi.org/10.1038/s41598-019-53502-w
http://dx.doi.org/10.1101/sqb.2000.65.127
http://www.ncbi.nlm.nih.gov/pubmed/12760027
http://dx.doi.org/10.1073/pnas.94.16.8652
http://www.ncbi.nlm.nih.gov/pubmed/9238032
http://dx.doi.org/10.1126/science.766187
http://www.ncbi.nlm.nih.gov/pubmed/766187
http://dx.doi.org/10.1074/jbc.M212549200
http://dx.doi.org/10.1038/nature10192
http://dx.doi.org/10.1038/nsmb.2173
http://dx.doi.org/10.1038/nature25154
http://dx.doi.org/10.1016/j.molcel.2015.08.020
http://dx.doi.org/10.1182/blood-2013-06-507962
http://dx.doi.org/10.1021/ja00037a001
http://dx.doi.org/10.1021/ja067294u
http://www.ncbi.nlm.nih.gov/pubmed/17253689
http://dx.doi.org/10.1016/j.celrep.2014.04.029
http://www.ncbi.nlm.nih.gov/pubmed/24910428
http://dx.doi.org/10.1016/j.celrep.2015.06.014
http://www.ncbi.nlm.nih.gov/pubmed/26119737
http://dx.doi.org/10.1016/S1097-2765(01)00173-3
http://dx.doi.org/10.1016/j.molcel.2005.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15694335
http://dx.doi.org/10.1038/ng1626
http://dx.doi.org/10.1016/j.molcel.2010.01.039


Genes 2020, 11, 585 17 of 24

38. Ciccia, A.; Ling, C.; Coulthard, R.; Yan, Z.; Xue, Y.; Meetei, A.R.; Laghmani, E.H.; Joenje, H.; McDonald, N.;
de Winter, J.P.; et al. Identification of FAAP24, a Fanconi anemia core complex protein that interacts with
FANCM. Mol. Cell 2007, 25, 331–343. [CrossRef]

39. Basbous, J.; Constantinou, A. A tumor suppressive DNA translocase named FANCM. Crit. Rev. Biochem.
Mol. Biol. 2019, 54, 27–40. [CrossRef]

40. Xue, X.; Sung, P.; Zhao, X. Functions and regulation of the multitasking FANCM family of DNA motor
proteins. Genes Dev. 2015, 29, 1777–1788. [CrossRef]

41. Gari, K.; Décaillet, C.; Stasiak, A.Z.; Stasiak, A.; Constantinou, A. The Fanconi anemia protein FANCM can
promote branch migration of Holliday junctions and replication forks. Mol. Cell 2008, 29, 141–148. [CrossRef]

42. Xue, Y.; Li, Y.; Guo, R.; Ling, C.; Wang, W. FANCM of the Fanconi anemia core complex is required for both
monoubiquitination and DNA repair. Hum. Mol. Genet. 2008, 17, 1641–1652. [CrossRef] [PubMed]

43. Deans, A.J.; West, S.C. FANCM connects the genome instability disorders Bloom’s Syndrome and Fanconi
Anemia. Mol. Cell 2009, 36, 943–953. [CrossRef] [PubMed]

44. Hoadley, K.A.; Xue, Y.; Ling, C.; Takata, M.; Wang, W.; Keck, J.L. Defining the molecular interface that
connects the Fanconi anemia protein FANCM to the Bloom syndrome dissolvasome. Proc. Natl. Acad.
Sci. USA 2012, 109, 4437–4442. [CrossRef] [PubMed]

45. Karow, J.K.; Constantinou, A.; Li, J.L.; West, S.C.; Hickson, I.D. The Bloom’s syndrome gene product promotes
branch migration of holliday junctions. Proc. Natl. Acad. Sci. USA 2000, 97, 6504–6508. [CrossRef]

46. Wu, L.; Hickson, I.D. The Bloom’s syndrome helicase suppresses crossing over during homologous
recombination. Nature 2003, 426, 870–874. [CrossRef]

47. Luke-Glaser, S.; Luke, B.; Grossi, S.; Constantinou, A. FANCM regulates DNA chain elongation and is
stabilized by S-phase checkpoint signalling. EMBO J. 2010, 29, 795–805. [CrossRef]

48. Klein Douwel, D.; Boonen, R.A.C.M.; Long, D.T.; Szypowska, A.A.; Räschle, M.; Walter, J.C.; Knipscheer, P.
XPF-ERCC1 acts in Unhooking DNA interstrand crosslinks in cooperation with FANCD2 and FANCP/SLX4.
Mol. Cell 2014, 54, 460–471. [CrossRef]

49. Mosedale, G.; Niedzwiedz, W.; Alpi, A.; Perrina, F.; Pereira-Leal, J.B.; Johnson, M.; Langevin, F.; Pace, P.;
Patel, K.J. The vertebrate Hef ortholog is a component of the Fanconi anemia tumor-suppressor pathway.
Nat. Struct. Mol. Biol. 2005, 12, 763–771. [CrossRef]

50. Yamamoto, K.N.; Kobayashi, S.; Tsuda, M.; Kurumizaka, H.; Takata, M.; Kono, K.; Jiricny, J.; Takeda, S.;
Hirota, K. Involvement of SLX4 in interstrand cross-link repair is regulated by the Fanconi anemia pathway.
Proc. Natl. Acad. Sci. USA 2011, 108, 6492–6496. [CrossRef]

51. Bakker, S.T.; van de Vrugt, H.J.; Rooimans, M.A.; Oostra, A.B.; Steltenpool, J.; Delzenne-Goette, E.;
van der Wal, A.; van der Valk, M.; Joenje, H.; te Riele, H.; et al. Fancm-deficient mice reveal unique
features of Fanconi anemia complementation group M. Hum. Mol. Genet. 2009, 18, 3484–3495. [CrossRef]
[PubMed]

52. Fouquet, B.; Pawlikowska, P.; Caburet, S.; Guigon, C.; Mäkinen, M.; Tanner, L.; Hietala, M.; Urbanska, K.;
Bellutti, L.; Legois, B.; et al. A homozygous FANCM mutation underlies a familial case of non-syndromic
primary ovarian insufficiency. eLife 2017, 6. [CrossRef] [PubMed]

53. Bogliolo, M.; Bluteau, D.; Lespinasse, J.; Pujol, R.; Vasquez, N.; d’Enghien, C.D.; Stoppa-Lyonnet, D.;
Leblanc, T.; Soulier, J.; Surrallés, J. Biallelic truncating FANCM mutations cause early-onset cancer but not
Fanconi anemia. Genet. Med. 2018, 20, 458–463. [CrossRef] [PubMed]

54. Catucci, I.; Osorio, A.; Arver, B.; Neidhardt, G.; Bogliolo, M.; Zanardi, F.; Riboni, M.; Minardi, S.; Pujol, R.;
Azzollini, J.; et al. Individuals with FANCM biallelic mutations do not develop Fanconi anemia, but show
risk for breast cancer, chemotherapy toxicity and may display chromosome fragility. Genet. Med. 2018, 20,
452–457. [CrossRef] [PubMed]

55. Nurmi, A.; Muranen, T.A.; Pelttari, L.M.; Kiiski, J.I.; Heikkinen, T.; Lehto, S.; Kallioniemi, A.; Schleutker, J.;
Bützow, R.; Blomqvist, C.; et al. Recurrent moderate-risk mutations in Finnish breast and ovarian cancer
patients. Int. J. Cancer 2019, 145, 2692–2700. [CrossRef]

56. Schubert, S.; van Luttikhuizen, J.L.; Auber, B.; Schmidt, G.; Hofmann, W.; Penkert, J.; Davenport, C.F.;
Hille-Betz, U.; Wendeburg, L.; Bublitz, J.; et al. The identification of pathogenic variants in BRCA1/2 negative,
high risk, hereditary breast and/or ovarian cancer patients: High frequency of FANCM pathogenic variants.
Int. J. Cancer 2019, 144, 2683–2694. [CrossRef]

http://dx.doi.org/10.1016/j.molcel.2007.01.003
http://dx.doi.org/10.1080/10409238.2019.1568963
http://dx.doi.org/10.1101/gad.266593.115
http://dx.doi.org/10.1016/j.molcel.2007.11.032
http://dx.doi.org/10.1093/hmg/ddn054
http://www.ncbi.nlm.nih.gov/pubmed/18285517
http://dx.doi.org/10.1016/j.molcel.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20064461
http://dx.doi.org/10.1073/pnas.1117279109
http://www.ncbi.nlm.nih.gov/pubmed/22392978
http://dx.doi.org/10.1073/pnas.100448097
http://dx.doi.org/10.1038/nature02253
http://dx.doi.org/10.1038/emboj.2009.371
http://dx.doi.org/10.1016/j.molcel.2014.03.015
http://dx.doi.org/10.1038/nsmb981
http://dx.doi.org/10.1073/pnas.1018487108
http://dx.doi.org/10.1093/hmg/ddp297
http://www.ncbi.nlm.nih.gov/pubmed/19561169
http://dx.doi.org/10.7554/eLife.30490
http://www.ncbi.nlm.nih.gov/pubmed/29231814
http://dx.doi.org/10.1038/gim.2017.124
http://www.ncbi.nlm.nih.gov/pubmed/28837157
http://dx.doi.org/10.1038/gim.2017.123
http://www.ncbi.nlm.nih.gov/pubmed/28837162
http://dx.doi.org/10.1002/ijc.32309
http://dx.doi.org/10.1002/ijc.31992


Genes 2020, 11, 585 18 of 24

57. Singh, T.R.; Bakker, S.T.; Agarwal, S.; Jansen, M.; Grassman, E.; Godthelp, B.C.; Ali, A.M.; Du, C.;
Rooimans, M.A.; Fan, Q.; et al. Impaired FANCD2 monoubiquitination and hypersensitivity to camptothecin
uniquely characterize Fanconi anemia complementation group M. Blood 2009, 114, 174–180. [CrossRef]

58. Shakeel, S.; Rajendra, E.; Alcón, P.; O’Reilly, F.; Chorev, D.S.; Maslen, S.; Degliesposti, G.; Russo, C.J.; He, S.;
Hill, C.H.; et al. Structure of the Fanconi anaemia monoubiquitin ligase complex. Nature 2019, 575, 234–237.
[CrossRef]

59. Van Twest, S.; Murphy, V.J.; Hodson, C.; Tan, W.; Swuec, P.; O’Rourke, J.J.; Heierhorst, J.; Crismani, W.;
Deans, A.J. Mechanism of Ubiquitination and Deubiquitination in the Fanconi Anemia Pathway. Mol. Cell
2017, 65, 247–259. [CrossRef]

60. Adachi, D.; Oda, T.; Yagasaki, H.; Nakasato, K.; Taniguchi, T.; D’Andrea, A.D.; Asano, S.; Yamashita, T.
Heterogeneous activation of the Fanconi anemia pathway by patient-derived FANCA mutants. Hum. Mol.
Genet. 2002, 11, 3125–3134. [CrossRef]

61. Benitez, A.; Liu, W.; Palovcak, A.; Wang, G.; Moon, J.; An, K.; Kim, A.; Zheng, K.; Zhang, Y.; Bai, F.; et al.
FANCA Promotes DNA Double-Strand Break Repair by Catalyzing Single-Strand Annealing and Strand
Exchange. Mol. Cell 2018, 71, 621–628. [CrossRef]

62. Nguyen, T.V.; Riou, L.; Aoufouchi, S.; Rosselli, F. Fanca deficiency reduces A/T transitions in somatic
hypermutation and alters class switch recombination junctions in mouse B cells. J. Exp. Med. 2014, 211,
1011–1018. [CrossRef] [PubMed]

63. Liang, C.-C.; Li, Z.; Lopez-Martinez, D.; Nicholson, W.V.; Vénien-Bryan, C.; Cohn, M.A. The FANCD2-FANCI
complex is recruited to DNA interstrand crosslinks before monoubiquitination of FANCD2. Nat. Commun.
2016, 7, 12124. [CrossRef]

64. Boisvert, R.A.; Howlett, N.G. The Fanconi anemia ID2 complex: Dueling saxes at the crossroads. Cell Cycle
2014, 13, 2999–3015. [CrossRef] [PubMed]

65. Renaudin, X.; Koch Lerner, L.; Menck, C.F.M.; Rosselli, F. The ubiquitin family meets the Fanconi anemia
proteins. Mutat. Res. Rev. Mutat. Res. 2016, 769, 36–46. [CrossRef] [PubMed]

66. Matsushita, N.; Kitao, H.; Ishiai, M.; Nagashima, N.; Hirano, S.; Okawa, K.; Ohta, T.; Yu, D.S.; McHugh, P.J.;
Hickson, I.D.; et al. A FancD2-monoubiquitin fusion reveals hidden functions of Fanconi anemia core
complex in DNA repair. Mol. Cell 2005, 19, 841–847. [CrossRef]

67. Tan, W.; van Twest, S.; Murphy, V.J.; Deans, A.J. ATR-Mediated FANCI Phosphorylation Regulates Both
Ubiquitination and Deubiquitination of FANCD2. Front. Cell Dev. Biol. 2020, 8, 2. [CrossRef]

68. Bogliolo, M.; Lyakhovich, A.; Callén, E.; Castellà, M.; Cappelli, E.; Ramírez, M.J.; Creus, A.; Marcos, R.;
Kalb, R.; Neveling, K.; et al. Histone H2AX and Fanconi anemia FANCD2 function in the same pathway to
maintain chromosome stability. EMBO J. 2007, 26, 1340–1351. [CrossRef]

69. Kais, Z.; Rondinelli, B.; Holmes, A.; O’Leary, C.; Kozono, D.; D’Andrea, A.D.; Ceccaldi, R. FANCD2 Maintains
Fork Stability in BRCA1/2-Deficient Tumors and Promotes Alternative End-Joining DNA Repair. Cell Rep.
2016, 15, 2488–2499. [CrossRef]

70. Michl, J.; Zimmer, J.; Buffa, F.M.; McDermott, U.; Tarsounas, M. FANCD2 limits replication stress and genome
instability in cells lacking BRCA2. Nat. Struct. Mol. Biol. 2016, 23, 755–757. [CrossRef]

71. Sato, K.; Shimomuki, M.; Katsuki, Y.; Takahashi, D.; Kobayashi, W.; Ishiai, M.; Miyoshi, H.; Takata, M.;
Kurumizaka, H. FANCI-FANCD2 stabilizes the RAD51-DNA complex by binding RAD51 and protects the
5’-DNA end. Nucleic Acids Res. 2016, 44, 10758–10771. [CrossRef] [PubMed]

72. Schlacher, K.; Wu, H.; Jasin, M. A distinct replication fork protection pathway connects Fanconi anemia
tumor suppressors to RAD51-BRCA1/2. Cancer Cell 2012, 22, 106–116. [CrossRef] [PubMed]

73. Howlett, N.G.; Taniguchi, T.; Olson, S.; Cox, B.; Waisfisz, Q.; De Die-Smulders, C.; Persky, N.; Grompe, M.;
Joenje, H.; Pals, G.; et al. Biallelic inactivation of BRCA2 in Fanconi anemia. Science 2002, 297, 606–609.
[CrossRef] [PubMed]

74. Levitus, M.; Waisfisz, Q.; Godthelp, B.C.; de Vries, Y.; Hussain, S.; Wiegant, W.W.; Elghalbzouri-Maghrani, E.;
Steltenpool, J.; Rooimans, M.A.; Pals, G.; et al. The DNA helicase BRIP1 is defective in Fanconi anemia
complementation group J. Nat. Genet. 2005, 37, 934–935. [CrossRef]

75. Litman, R.; Peng, M.; Jin, Z.; Zhang, F.; Zhang, J.; Powell, S.; Andreassen, P.R.; Cantor, S.B. BACH1 is critical
for homologous recombination and appears to be the Fanconi anemia gene product FANCJ. Cancer Cell 2005,
8, 255–265. [CrossRef]

http://dx.doi.org/10.1182/blood-2009-02-207811
http://dx.doi.org/10.1038/s41586-019-1703-4
http://dx.doi.org/10.1016/j.molcel.2016.11.005
http://dx.doi.org/10.1093/hmg/11.25.3125
http://dx.doi.org/10.1016/j.molcel.2018.06.030
http://dx.doi.org/10.1084/jem.20131637
http://www.ncbi.nlm.nih.gov/pubmed/24799500
http://dx.doi.org/10.1038/ncomms12124
http://dx.doi.org/10.4161/15384101.2014.956475
http://www.ncbi.nlm.nih.gov/pubmed/25486561
http://dx.doi.org/10.1016/j.mrrev.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27543315
http://dx.doi.org/10.1016/j.molcel.2005.08.018
http://dx.doi.org/10.3389/fcell.2020.00002
http://dx.doi.org/10.1038/sj.emboj.7601574
http://dx.doi.org/10.1016/j.celrep.2016.05.031
http://dx.doi.org/10.1038/nsmb.3252
http://dx.doi.org/10.1093/nar/gkw876
http://www.ncbi.nlm.nih.gov/pubmed/27694619
http://dx.doi.org/10.1016/j.ccr.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22789542
http://dx.doi.org/10.1126/science.1073834
http://www.ncbi.nlm.nih.gov/pubmed/12065746
http://dx.doi.org/10.1038/ng1625
http://dx.doi.org/10.1016/j.ccr.2005.08.004


Genes 2020, 11, 585 19 of 24

76. Reid, S.; Schindler, D.; Hanenberg, H.; Barker, K.; Hanks, S.; Kalb, R.; Neveling, K.; Kelly, P.; Seal, S.;
Freund, M.; et al. Biallelic mutations in PALB2 cause Fanconi anemia subtype FA-N and predispose to
childhood cancer. Nat. Genet. 2007, 39, 162–164. [CrossRef]

77. Vaz, F.; Hanenberg, H.; Schuster, B.; Barker, K.; Wiek, C.; Erven, V.; Neveling, K.; Endt, D.; Kesterton, I.;
Autore, F.; et al. Mutation of the RAD51C gene in a Fanconi anemia-like disorder. Nat. Genet. 2010, 42,
406–409. [CrossRef]

78. Wang, A.T.; Kim, T.; Wagner, J.E.; Conti, B.A.; Lach, F.P.; Huang, A.L.; Molina, H.; Sanborn, E.M.; Zierhut, H.;
Cornes, B.K.; et al. A Dominant Mutation in Human RAD51 Reveals Its Function in DNA Interstrand
Crosslink Repair Independent of Homologous Recombination. Mol. Cell 2015, 59, 478–490. [CrossRef]

79. Sawyer, S.L.; Tian, L.; Kähkönen, M.; Schwartzentruber, J.; Kircher, M.; University of Washington Centre for
Mendelian Genomics; FORGE Canada Consortium; Majewski, J.; Dyment, D.A.; Innes, A.M.; et al. Biallelic
mutations in BRCA1 cause a new Fanconi anemia subtype. Cancer Discov. 2015, 5, 135–142. [CrossRef]

80. Park, J.-Y.; Virts, E.L.; Jankowska, A.; Wiek, C.; Othman, M.; Chakraborty, S.C.; Vance, G.H.; Alkuraya, F.S.;
Hanenberg, H.; Andreassen, P.R. Complementation of hypersensitivity to DNA interstrand crosslinking
agents demonstrates that XRCC2 is a Fanconi anaemia gene. J. Med. Genet. 2016, 53, 672–680. [CrossRef]

81. Bogliolo, M.; Schuster, B.; Stoepker, C.; Derkunt, B.; Su, Y.; Raams, A.; Trujillo, J.P.; Minguillón, J.; Ramírez, M.J.;
Pujol, R.; et al. Mutations in ERCC4, encoding the DNA-repair endonuclease XPF, cause Fanconi anemia.
Am. J. Hum. Genet. 2013, 92, 800–806. [CrossRef] [PubMed]

82. Kim, Y.; Lach, F.P.; Desetty, R.; Hanenberg, H.; Auerbach, A.D.; Smogorzewska, A. Mutations of the SLX4
gene in Fanconi anemia. Nat. Genet. 2011, 43, 142–146. [CrossRef] [PubMed]

83. Stoepker, C.; Hain, K.; Schuster, B.; Hilhorst-Hofstee, Y.; Rooimans, M.A.; Steltenpool, J.; Oostra, A.B.;
Eirich, K.; Korthof, E.T.; Nieuwint, A.W.M.; et al. SLX4, a coordinator of structure-specific endonucleases,
is mutated in a new Fanconi anemia subtype. Nat. Genet. 2011, 43, 138–141. [CrossRef] [PubMed]

84. Bluteau, D.; Masliah-Planchon, J.; Clairmont, C.; Rousseau, A.; Ceccaldi, R.; d’Enghien, C.D.; Bluteau, O.;
Cuccuini, W.; Gachet, S.; de Latour, R.P.; et al. Biallelic inactivation of REV7 is associated with Fanconi
anemia. J. Clin. Investig. 2017, 127, 1117. [CrossRef]

85. Knies, K.; Inano, S.; Ramírez, M.J.; Ishiai, M.; Surrallés, J.; Takata, M.; Schindler, D. Biallelic mutations in the
ubiquitin ligase RFWD3 cause Fanconi anemia. J. Clin. Investig. 2017, 127, 3013–3027. [CrossRef]

86. Cohn, M.A.; Kee, Y.; Haas, W.; Gygi, S.P.; D’Andrea, A.D. UAF1 is a subunit of multiple deubiquitinating
enzyme complexes. J. Biol. Chem. 2009, 284, 5343–5351. [CrossRef]

87. Huang, T.T.; Nijman, S.M.B.; Mirchandani, K.D.; Galardy, P.J.; Cohn, M.A.; Haas, W.; Gygi, S.P.; Ploegh, H.L.;
Bernards, R.; D’Andrea, A.D. Regulation of monoubiquitinated PCNA by DUB autocleavage. Nat. Cell Biol.
2006, 8, 339–347. [CrossRef]

88. Kannouche, P.L.; Wing, J.; Lehmann, A.R. Interaction of human DNA polymerase eta with monoubiquitinated
PCNA: A possible mechanism for the polymerase switch in response to DNA damage. Mol. Cell 2004, 14,
491–500. [CrossRef]

89. Kim, J.M.; Parmar, K.; Huang, M.; Weinstock, D.M.; Ruit, C.A.; Kutok, J.L.; D’Andrea, A.D. Inactivation of
murine Usp1 results in genomic instability and a Fanconi anemia phenotype. Dev. Cell 2009, 16, 314–320.
[CrossRef]

90. Oestergaard, V.H.; Langevin, F.; Kuiken, H.J.; Pace, P.; Niedzwiedz, W.; Simpson, L.J.; Ohzeki, M.; Takata, M.;
Sale, J.E.; Patel, K.J. Deubiquitination of FANCD2 is required for DNA crosslink repair. Mol. Cell 2007, 28,
798–809. [CrossRef]

91. Savitsky, K.; Bar-Shira, A.; Gilad, S.; Rotman, G.; Ziv, Y.; Vanagaite, L.; Tagle, D.A.; Smith, S.; Uziel, T.; Sfez, S.;
et al. A single ataxia telangiectasia gene with a product similar to PI-3 kinase. Science 1995, 268, 1749–1753.
[CrossRef] [PubMed]

92. O’Driscoll, M.; Ruiz-Perez, V.L.; Woods, C.G.; Jeggo, P.A.; Goodship, J.A. A splicing mutation affecting
expression of ataxia-telangiectasia and Rad3-related protein (ATR) results in Seckel syndrome. Nat. Genet.
2003, 33, 497–501. [CrossRef] [PubMed]

93. Andreassen, P.R.; D’Andrea, A.D.; Taniguchi, T. ATR couples FANCD2 monoubiquitination to the
DNA-damage response. Genes Dev. 2004, 18, 1958–1963. [CrossRef] [PubMed]

94. Cai, M.-Y.; Dunn, C.E.; Chen, W.; Kochupurakkal, B.S.; Nguyen, H.; Moreau, L.A.; Shapiro, G.I.; Parmar, K.;
Kozono, D.; D’Andrea, A.D. Cooperation of the ATM and Fanconi Anemia/BRCA Pathways in Double-Strand
Break End Resection. Cell Rep. 2020, 30, 2402–2415. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ng1947
http://dx.doi.org/10.1038/ng.570
http://dx.doi.org/10.1016/j.molcel.2015.07.009
http://dx.doi.org/10.1158/2159-8290.CD-14-1156
http://dx.doi.org/10.1136/jmedgenet-2016-103847
http://dx.doi.org/10.1016/j.ajhg.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23623386
http://dx.doi.org/10.1038/ng.750
http://www.ncbi.nlm.nih.gov/pubmed/21240275
http://dx.doi.org/10.1038/ng.751
http://www.ncbi.nlm.nih.gov/pubmed/21240277
http://dx.doi.org/10.1172/JCI92946
http://dx.doi.org/10.1172/JCI92069
http://dx.doi.org/10.1074/jbc.M808430200
http://dx.doi.org/10.1038/ncb1378
http://dx.doi.org/10.1016/S1097-2765(04)00259-X
http://dx.doi.org/10.1016/j.devcel.2009.01.001
http://dx.doi.org/10.1016/j.molcel.2007.09.020
http://dx.doi.org/10.1126/science.7792600
http://www.ncbi.nlm.nih.gov/pubmed/7792600
http://dx.doi.org/10.1038/ng1129
http://www.ncbi.nlm.nih.gov/pubmed/12640452
http://dx.doi.org/10.1101/gad.1196104
http://www.ncbi.nlm.nih.gov/pubmed/15314022
http://dx.doi.org/10.1016/j.celrep.2020.01.052
http://www.ncbi.nlm.nih.gov/pubmed/32075772


Genes 2020, 11, 585 20 of 24

95. Guervilly, J.-H.; Macé-Aimé, G.; Rosselli, F. Loss of CHK1 function impedes DNA damage-induced FANCD2
monoubiquitination but normalizes the abnormal G2 arrest in Fanconi anemia. Hum. Mol. Genet. 2008, 17,
679–689. [CrossRef]

96. Pichierri, P.; Rosselli, F. The DNA crosslink-induced S-phase checkpoint depends on ATR-CHK1 and
ATR-NBS1-FANCD2 pathways. EMBO J. 2004, 23, 1178–1187. [CrossRef]

97. Taniguchi, T.; Garcia-Higuera, I.; Xu, B.; Andreassen, P.R.; Gregory, R.C.; Kim, S.-T.; Lane, W.S.; Kastan, M.B.;
D’Andrea, A.D. Convergence of the fanconi anemia and ataxia telangiectasia signaling pathways. Cell 2002,
109, 459–472. [CrossRef]

98. Wang, X.; Kennedy, R.D.; Ray, K.; Stuckert, P.; Ellenberger, T.; D’Andrea, A.D. Chk1-mediated phosphorylation
of FANCE is required for the Fanconi anemia/BRCA pathway. Mol. Cell. Biol. 2007, 27, 3098–3108. [CrossRef]

99. Zhu, W.; Dutta, A. An ATR- and BRCA1-mediated Fanconi anemia pathway is required for activating the
G2/M checkpoint and DNA damage repair upon rereplication. Mol. Cell. Biol. 2006, 26, 4601–4611. [CrossRef]

100. Gatei, M.; Zhou, B.B.; Hobson, K.; Scott, S.; Young, D.; Khanna, K.K. Ataxia telangiectasia mutated (ATM)
kinase and ATM and Rad3 related kinase mediate phosphorylation of Brca1 at distinct and overlapping sites.
In vivo assessment using phospho-specific antibodies. J. Biol. Chem. 2001, 276, 17276–17280. [CrossRef]

101. Stewart, G.S.; Maser, R.S.; Stankovic, T.; Bressan, D.A.; Kaplan, M.I.; Jaspers, N.G.; Raams, A.; Byrd, P.J.;
Petrini, J.H.; Taylor, A.M. The DNA double-strand break repair gene hMRE11 is mutated in individuals with
an ataxia-telangiectasia-like disorder. Cell 1999, 99, 577–587. [CrossRef]

102. Varon, R.; Vissinga, C.; Platzer, M.; Cerosaletti, K.M.; Chrzanowska, K.H.; Saar, K.; Beckmann, G.;
Seemanová, E.; Cooper, P.R.; Nowak, N.J.; et al. Nibrin, a novel DNA double-strand break repair protein,
is mutated in Nijmegen breakage syndrome. Cell 1998, 93, 467–476. [CrossRef]

103. Carney, J.P.; Maser, R.S.; Olivares, H.; Davis, E.M.; Le Beau, M.; Yates, J.R.; Hays, L.; Morgan, W.F.; Petrini, J.H.
The hMre11/hRad50 protein complex and Nijmegen breakage syndrome: Linkage of double-strand break
repair to the cellular DNA damage response. Cell 1998, 93, 477–486. [CrossRef]

104. Matsuura, S.; Tauchi, H.; Nakamura, A.; Kondo, N.; Sakamoto, S.; Endo, S.; Smeets, D.; Solder, B.;
Belohradsky, B.H.; Der Kaloustian, V.M.; et al. Positional cloning of the gene for Nijmegen breakage
syndrome. Nat. Genet. 1998, 19, 179–181. [CrossRef] [PubMed]

105. Uziel, T.; Lerenthal, Y.; Moyal, L.; Andegeko, Y.; Mittelman, L.; Shiloh, Y. Requirement of the MRN complex
for ATM activation by DNA damage. EMBO J. 2003, 22, 5612–5621. [CrossRef]

106. Van den Bosch, M.; Bree, R.T.; Lowndes, N.F. The MRN complex: Coordinating and mediating the response
to broken chromosomes. EMBO Rep. 2003, 4, 844–849. [CrossRef]

107. Chang, E.Y.-C.; Tsai, S.; Aristizabal, M.J.; Wells, J.P.; Coulombe, Y.; Busatto, F.F.; Chan, Y.A.; Kumar, A.;
Dan Zhu, Y.; Wang, A.Y.-H.; et al. MRE11-RAD50-NBS1 promotes Fanconi Anemia R-loop suppression at
transcription-replication conflicts. Nat. Commun. 2019, 10, 4265. [CrossRef]

108. Donahue, S.L.; Campbell, C. A Rad50-dependent pathway of DNA repair is deficient in Fanconi anemia
fibroblasts. Nucleic Acids Res. 2004, 32, 3248–3257. [CrossRef]

109. Nakanishi, K.; Taniguchi, T.; Ranganathan, V.; New, H.V.; Moreau, L.A.; Stotsky, M.; Mathew, C.G.;
Kastan, M.B.; Weaver, D.T.; D’Andrea, A.D. Interaction of FANCD2 and NBS1 in the DNA damage response.
Nat. Cell Biol. 2002, 4, 913–920. [CrossRef]

110. Pichierri, P.; Averbeck, D.; Rosselli, F. DNA cross-link-dependent RAD50/MRE11/NBS1 subnuclear assembly
requires the Fanconi anemia C protein. Hum. Mol. Genet. 2002, 11, 2531–2546. [CrossRef]

111. Hirano, S.; Yamamoto, K.; Ishiai, M.; Yamazoe, M.; Seki, M.; Matsushita, N.; Ohzeki, M.; Yamashita, Y.M.;
Arakawa, H.; Buerstedde, J.-M.; et al. Functional relationships of FANCC to homologous recombination,
translesion synthesis, and BLM. EMBO J. 2005, 24, 418–427. [CrossRef] [PubMed]

112. Meetei, A.R.; Sechi, S.; Wallisch, M.; Yang, D.; Young, M.K.; Joenje, H.; Hoatlin, M.E.; Wang, W. A multiprotein
nuclear complex connects Fanconi anemia and Bloom syndrome. Mol. Cell. Biol. 2003, 23, 3417–3426.
[CrossRef] [PubMed]

113. Ralf, C.; Hickson, I.D.; Wu, L. The Bloom’s syndrome helicase can promote the regression of a model
replication fork. J. Biol. Chem. 2006, 281, 22839–22846. [CrossRef] [PubMed]

114. Weaver, G.M.; Mettrick, K.A.; Corocher, T.-A.; Graham, A.; Grainge, I. Replication fork collapse at a
protein-DNA roadblock leads to fork reversal, promoted by the RecQ helicase. Mol. Microbiol. 2019, 111,
455–472. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/hmg/ddm340
http://dx.doi.org/10.1038/sj.emboj.7600113
http://dx.doi.org/10.1016/S0092-8674(02)00747-X
http://dx.doi.org/10.1128/MCB.02357-06
http://dx.doi.org/10.1128/MCB.02141-05
http://dx.doi.org/10.1074/jbc.M011681200
http://dx.doi.org/10.1016/S0092-8674(00)81547-0
http://dx.doi.org/10.1016/S0092-8674(00)81174-5
http://dx.doi.org/10.1016/S0092-8674(00)81175-7
http://dx.doi.org/10.1038/549
http://www.ncbi.nlm.nih.gov/pubmed/9620777
http://dx.doi.org/10.1093/emboj/cdg541
http://dx.doi.org/10.1038/sj.embor.embor925
http://dx.doi.org/10.1038/s41467-019-12271-w
http://dx.doi.org/10.1093/nar/gkh649
http://dx.doi.org/10.1038/ncb879
http://dx.doi.org/10.1093/hmg/11.21.2531
http://dx.doi.org/10.1038/sj.emboj.7600534
http://www.ncbi.nlm.nih.gov/pubmed/15616572
http://dx.doi.org/10.1128/MCB.23.10.3417-3426.2003
http://www.ncbi.nlm.nih.gov/pubmed/12724401
http://dx.doi.org/10.1074/jbc.M604268200
http://www.ncbi.nlm.nih.gov/pubmed/16766518
http://dx.doi.org/10.1111/mmi.14166
http://www.ncbi.nlm.nih.gov/pubmed/30466158


Genes 2020, 11, 585 21 of 24

115. Chan, K.-L.; North, P.S.; Hickson, I.D. BLM is required for faithful chromosome segregation and its localization
defines a class of ultrafine anaphase bridges. EMBO J. 2007, 26, 3397–3409. [CrossRef] [PubMed]

116. Naim, V.; Rosselli, F. The FANC pathway and BLM collaborate during mitosis to prevent micro-nucleation
and chromosome abnormalities. Nat. Cell Biol. 2009, 11, 761–768. [CrossRef]

117. Tang, J.; Cho, N.W.; Cui, G.; Manion, E.M.; Shanbhag, N.M.; Botuyan, M.V.; Mer, G.; Greenberg, R.A.
Acetylation limits 53BP1 association with damaged chromatin to promote homologous recombination.
Nat. Struct. Mol. Biol. 2013, 20, 317–325. [CrossRef]

118. Chailleux, C.; Tyteca, S.; Papin, C.; Boudsocq, F.; Puget, N.; Courilleau, C.; Grigoriev, M.; Canitrot, Y.;
Trouche, D. Physical interaction between the histone acetyl transferase Tip60 and the DNA double-strand
breaks sensor MRN complex. Biochem. J. 2010, 426, 365–371. [CrossRef]

119. Ortega-Atienza, S.; Wong, V.C.; DeLoughery, Z.; Luczak, M.W.; Zhitkovich, A. ATM and KAT5 safeguard
replicating chromatin against formaldehyde damage. Nucleic Acids Res. 2016, 44, 198–209. [CrossRef]

120. Hejna, J.; Holtorf, M.; Hines, J.; Mathewson, L.; Hemphill, A.; Al-Dhalimy, M.; Olson, S.B.; Moses, R.E. Tip60
is required for DNA interstrand cross-link repair in the Fanconi anemia pathway. J. Biol. Chem. 2008, 283,
9844–9851. [CrossRef]

121. Renaud, E.; Barascu, A.; Rosselli, F. Impaired TIP60-mediated H4K16 acetylation accounts for the aberrant
chromatin accumulation of 53BP1 and RAP80 in Fanconi anemia pathway-deficient cells. Nucleic Acids Res.
2016, 44, 648–656. [CrossRef] [PubMed]

122. Couvé, S.; Macé-Aimé, G.; Rosselli, F.; Saparbaev, M.K. The human oxidative DNA glycosylase NEIL1 excises
psoralen-induced interstrand DNA cross-links in a three-stranded DNA structure. J. Biol. Chem. 2009, 284,
11963–11970. [CrossRef] [PubMed]

123. Li, N.; Wang, J.; Wallace, S.S.; Chen, J.; Zhou, J.; D’Andrea, A.D. Cooperation of the NEIL3 and Fanconi
anemia/BRCA pathways in interstrand crosslink repair. Nucleic Acids Res. 2020, 48, 3014–3028. [CrossRef]
[PubMed]

124. Macé-Aimé, G.; Couvé, S.; Khassenov, B.; Rosselli, F.; Saparbaev, M.K. The Fanconi anemia pathway promotes
DNA glycosylase-dependent excision of interstrand DNA crosslinks. Environ. Mol. Mutagen. 2010, 51,
508–519. [CrossRef] [PubMed]

125. Martin, P.R.; Couvé, S.; Zutterling, C.; Albelazi, M.S.; Groisman, R.; Matkarimov, B.T.; Parsons, J.L.; Elder, R.H.;
Saparbaev, M.K. The Human DNA glycosylases NEIL1 and NEIL3 Excise Psoralen-Induced DNA-DNA
Cross-Links in a Four-Stranded DNA Structure. Sci. Rep. 2017, 7, 17438. [CrossRef] [PubMed]

126. Semlow, D.R.; Zhang, J.; Budzowska, M.; Drohat, A.C.; Walter, J.C. Replication-Dependent Unhooking of
DNA Interstrand Cross-Links by the NEIL3 Glycosylase. Cell 2016, 167, 498–511. [CrossRef]

127. Park, J.; Long, D.T.; Lee, K.Y.; Abbas, T.; Shibata, E.; Negishi, M.; Luo, Y.; Schimenti, J.C.; Gambus, A.;
Walter, J.C.; et al. The MCM8-MCM9 complex promotes RAD51 recruitment at DNA damage sites to facilitate
homologous recombination. Mol. Cell. Biol. 2013, 33, 1632–1644. [CrossRef]

128. Nishimura, K.; Ishiai, M.; Horikawa, K.; Fukagawa, T.; Takata, M.; Takisawa, H.; Kanemaki, M.T. Mcm8 and
Mcm9 form a complex that functions in homologous recombination repair induced by DNA interstrand
crosslinks. Mol. Cell 2012, 47, 511–522. [CrossRef]

129. Räschle, M.; Smeenk, G.; Hansen, R.K.; Temu, T.; Oka, Y.; Hein, M.Y.; Nagaraj, N.; Long, D.T.; Walter, J.C.;
Hofmann, K.; et al. DNA repair. Proteomics reveals dynamic assembly of repair complexes during bypass of
DNA cross-links. Science 2015, 348, 1253671. [CrossRef]

130. Rossi, F.; Helbling-Leclerc, A.; Kawasumi, R.; Jegadesan, N.K.; Xu, X.; Devulder, P.; Abe, T.; Takata, M.;
Xu, D.; Rosselli, F.; et al. SMC5/6 acts jointly with Fanconi anemia factors to support DNA repair and genome
stability. EMBO Rep. 2020, 21, e48222. [CrossRef]

131. Papadopoulo, D.; Guillouf, C.; Mohrenweiser, H.; Moustacchi, E. Hypomutability in Fanconi anemia cells
is associated with increased deletion frequency at the HPRT locus. Proc. Natl. Acad. Sci. USA 1990, 87,
8383–8387. [CrossRef]

132. Mirchandani, K.D.; McCaffrey, R.M.; D’Andrea, A.D. The Fanconi anemia core complex is required for
efficient point mutagenesis and Rev1 foci assembly. DNA Repair 2008, 7, 902–911. [CrossRef] [PubMed]

133. Rosselli, F.; Duchaud, E.; Averbeck, D.; Moustacchi, E. Comparison of the effects of DNA topoisomerase
inhibitors on lymphoblasts from normal and Fanconi anemia donors. Mutat. Res. 1994, 325, 137–144.
[CrossRef]

http://dx.doi.org/10.1038/sj.emboj.7601777
http://www.ncbi.nlm.nih.gov/pubmed/17599064
http://dx.doi.org/10.1038/ncb1883
http://dx.doi.org/10.1038/nsmb.2499
http://dx.doi.org/10.1042/BJ20091329
http://dx.doi.org/10.1093/nar/gkv957
http://dx.doi.org/10.1074/jbc.M709076200
http://dx.doi.org/10.1093/nar/gkv1019
http://www.ncbi.nlm.nih.gov/pubmed/26446986
http://dx.doi.org/10.1074/jbc.M900746200
http://www.ncbi.nlm.nih.gov/pubmed/19258314
http://dx.doi.org/10.1093/nar/gkaa038
http://www.ncbi.nlm.nih.gov/pubmed/31980815
http://dx.doi.org/10.1002/em.20548
http://www.ncbi.nlm.nih.gov/pubmed/20120016
http://dx.doi.org/10.1038/s41598-017-17693-4
http://www.ncbi.nlm.nih.gov/pubmed/29234069
http://dx.doi.org/10.1016/j.cell.2016.09.008
http://dx.doi.org/10.1128/MCB.01503-12
http://dx.doi.org/10.1016/j.molcel.2012.05.047
http://dx.doi.org/10.1126/science.1253671
http://dx.doi.org/10.15252/embr.201948222
http://dx.doi.org/10.1073/pnas.87.21.8383
http://dx.doi.org/10.1016/j.dnarep.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/18448394
http://dx.doi.org/10.1016/0165-7992(94)90076-0


Genes 2020, 11, 585 22 of 24

134. Rothfuss, A.; Grompe, M. Repair kinetics of genomic interstrand DNA cross-links: Evidence for DNA
double-strand break-dependent activation of the Fanconi anemia/BRCA pathway. Mol. Cell. Biol. 2004, 24,
123–134. [CrossRef]

135. Zou, X.; Owusu, M.; Harris, R.; Jackson, S.P.; Loizou, J.I.; Nik-Zainal, S. Validating the concept of mutational
signatures with isogenic cell models. Nat. Commun. 2018, 9, 1744. [CrossRef]

136. Guervilly, J.-H.; Renaud, E.; Takata, M.; Rosselli, F. USP1 deubiquitinase maintains phosphorylated CHK1 by
limiting its DDB1-dependent degradation. Hum. Mol. Genet. 2011, 20, 2171–2181. [CrossRef] [PubMed]

137. Kennedy, R.D.; Chen, C.C.; Stuckert, P.; Archila, E.M.; De la Vega, M.A.; Moreau, L.A.; Shimamura, A.;
D’Andrea, A.D. Fanconi anemia pathway-deficient tumor cells are hypersensitive to inhibition of ataxia
telangiectasia mutated. J. Clin. Investig. 2007, 117, 1440–1449. [CrossRef]

138. Yamamoto, K.; Nihrane, A.; Aglipay, J.; Sironi, J.; Arkin, S.; Lipton, J.M.; Ouchi, T.; Liu, J.M. Upregulated
ATM gene expression and activated DNA crosslink-induced damage response checkpoint in Fanconi anemia:
Implications for carcinogenesis. Mol. Med. 2008, 14, 167–174. [CrossRef]

139. Heinrich, M.C.; Hoatlin, M.E.; Zigler, A.J.; Silvey, K.V.; Bakke, A.C.; Keeble, W.W.; Zhi, Y.; Reifsteck, C.A.;
Grompe, M.; Brown, M.G.; et al. DNA cross-linker-induced G2/M arrest in group C Fanconi anemia
lymphoblasts reflects normal checkpoint function. Blood 1998, 91, 275–287. [CrossRef]

140. Collins, N.B.; Wilson, J.B.; Bush, T.; Thomashevski, A.; Roberts, K.J.; Jones, N.J.; Kupfer, G.M. ATR-dependent
phosphorylation of FANCA on serine 1449 after DNA damage is important for FA pathway function. Blood
2009, 113, 2181–2190. [CrossRef]

141. Ho, G.P.H.; Margossian, S.; Taniguchi, T.; D’Andrea, A.D. Phosphorylation of FANCD2 on two novel sites is
required for mitomycin C resistance. Mol. Cell. Biol. 2006, 26, 7005–7015. [CrossRef] [PubMed]

142. Singh, T.R.; Ali, A.M.; Paramasivam, M.; Pradhan, A.; Wahengbam, K.; Seidman, M.M.; Meetei, A.R.
ATR-dependent phosphorylation of FANCM at serine 1045 is essential for FANCM functions. Cancer Res.
2013, 73, 4300–4310. [CrossRef] [PubMed]

143. Niedernhofer, L.J.; Lalai, A.S.; Hoeijmakers, J.H.J. Fanconi anemia (cross)linked to DNA repair. Cell 2005,
123, 1191–1198. [CrossRef] [PubMed]

144. Knipscheer, P.; Räschle, M.; Schärer, O.D.; Walter, J.C. Replication-coupled DNA interstrand cross-link repair
in Xenopus egg extracts. Methods Mol. Biol. Clifton NJ 2012, 920, 221–243.

145. Räschle, M.; Knipscheer, P.; Knipsheer, P.; Enoiu, M.; Angelov, T.; Sun, J.; Griffith, J.D.; Ellenberger, T.E.;
Schärer, O.D.; Walter, J.C. Mechanism of replication-coupled DNA interstrand crosslink repair. Cell 2008, 134,
969–980. [CrossRef]

146. Huang, J.; Liu, S.; Bellani, M.A.; Thazhathveetil, A.K.; Ling, C.; de Winter, J.P.; Wang, Y.; Wang, W.;
Seidman, M.M. The DNA translocase FANCM/MHF promotes replication traverse of DNA interstrand
crosslinks. Mol. Cell 2013, 52, 434–446. [CrossRef]

147. Bensimon, A.; Simon, A.; Chiffaudel, A.; Croquette, V.; Heslot, F.; Bensimon, D. Alignment and sensitive
detection of DNA by a moving interface. Science 1994, 265, 2096–2098. [CrossRef]

148. Machida, Y.J.; Machida, Y.; Chen, Y.; Gurtan, A.M.; Kupfer, G.M.; D’Andrea, A.D.; Dutta, A. UBE2T is the
E2 in the Fanconi anemia pathway and undergoes negative autoregulation. Mol. Cell 2006, 23, 589–596.
[CrossRef]

149. Huang, M.; Kennedy, R.; Ali, A.M.; Moreau, L.A.; Meetei, A.R.; D’Andrea, A.D.; Chen, C.C. Human MutS
and FANCM complexes function as redundant DNA damage sensors in the Fanconi Anemia pathway.
DNA Repair 2011, 10, 1203–1212. [CrossRef]

150. Hanada, K.; Budzowska, M.; Modesti, M.; Maas, A.; Wyman, C.; Essers, J.; Kanaar, R. The structure-specific
endonuclease Mus81-Eme1 promotes conversion of interstrand DNA crosslinks into double-strands breaks.
EMBO J. 2006, 25, 4921–4932. [CrossRef]

151. Liu, T.; Ghosal, G.; Yuan, J.; Chen, J.; Huang, J. FAN1 acts with FANCI-FANCD2 to promote DNA interstrand
cross-link repair. Science 2010, 329, 693–696. [CrossRef] [PubMed]

152. Muñoz, I.M.; Hain, K.; Déclais, A.-C.; Gardiner, M.; Toh, G.W.; Sanchez-Pulido, L.; Heuckmann, J.M.; Toth, R.;
Macartney, T.; Eppink, B.; et al. Coordination of structure-specific nucleases by human SLX4/BTBD12 is
required for DNA repair. Mol. Cell 2009, 35, 116–127. [CrossRef]

153. Smogorzewska, A.; Desetty, R.; Saito, T.T.; Schlabach, M.; Lach, F.P.; Sowa, M.E.; Clark, A.B.; Kunkel, T.A.;
Harper, J.W.; Colaiácovo, M.P.; et al. A genetic screen identifies FAN1, a Fanconi anemia-associated nuclease
necessary for DNA interstrand crosslink repair. Mol. Cell 2010, 39, 36–47. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/MCB.24.1.123-134.2004
http://dx.doi.org/10.1038/s41467-018-04052-8
http://dx.doi.org/10.1093/hmg/ddr103
http://www.ncbi.nlm.nih.gov/pubmed/21389083
http://dx.doi.org/10.1172/JCI31245
http://dx.doi.org/10.2119/2007-00122.Yamamoto
http://dx.doi.org/10.1182/blood.V91.1.275
http://dx.doi.org/10.1182/blood-2008-05-154294
http://dx.doi.org/10.1128/MCB.02018-05
http://www.ncbi.nlm.nih.gov/pubmed/16943440
http://dx.doi.org/10.1158/0008-5472.CAN-12-3976
http://www.ncbi.nlm.nih.gov/pubmed/23698467
http://dx.doi.org/10.1016/j.cell.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16377561
http://dx.doi.org/10.1016/j.cell.2008.08.030
http://dx.doi.org/10.1016/j.molcel.2013.09.021
http://dx.doi.org/10.1126/science.7522347
http://dx.doi.org/10.1016/j.molcel.2006.06.024
http://dx.doi.org/10.1016/j.dnarep.2011.09.006
http://dx.doi.org/10.1038/sj.emboj.7601344
http://dx.doi.org/10.1126/science.1192656
http://www.ncbi.nlm.nih.gov/pubmed/20671156
http://dx.doi.org/10.1016/j.molcel.2009.06.020
http://dx.doi.org/10.1016/j.molcel.2010.06.023
http://www.ncbi.nlm.nih.gov/pubmed/20603073


Genes 2020, 11, 585 23 of 24

154. Zhang, J.; Walter, J.C. Mechanism and regulation of incisions during DNA interstrand cross-link repair.
DNA Repair 2014, 19, 135–142. [CrossRef] [PubMed]

155. Hicks, J.K.; Chute, C.L.; Paulsen, M.T.; Ragland, R.L.; Howlett, N.G.; Guéranger, Q.; Glover, T.W.; Canman, C.E.
Differential roles for DNA polymerases eta, zeta, and REV1 in lesion bypass of intrastrand versus interstrand
DNA cross-links. Mol. Cell. Biol. 2010, 30, 1217–1230. [CrossRef] [PubMed]

156. Meetei, A.R.; de Winter, J.P.; Medhurst, A.L.; Wallisch, M.; Waisfisz, Q.; van de Vrugt, H.J.; Oostra, A.B.;
Yan, Z.; Ling, C.; Bishop, C.E.; et al. A novel ubiquitin ligase is deficient in Fanconi anemia. Nat. Genet. 2003,
35, 165–170. [CrossRef]

157. Hoege, C.; Pfander, B.; Moldovan, G.-L.; Pyrowolakis, G.; Jentsch, S. RAD6-dependent DNA repair is linked
to modification of PCNA by ubiquitin and SUMO. Nature 2002, 419, 135–141. [CrossRef]

158. Niedernhofer, L.J.; Odijk, H.; Budzowska, M.; van Drunen, E.; Maas, A.; Theil, A.F.; de Wit, J.; Jaspers, N.G.J.;
Beverloo, H.B.; Hoeijmakers, J.H.J.; et al. The structure-specific endonuclease Ercc1-Xpf is required to resolve
DNA interstrand cross-link-induced double-strand breaks. Mol. Cell. Biol. 2004, 24, 5776–5787. [CrossRef]

159. Kinoshita, E.; van der Linden, E.; Sanchez, H.; Wyman, C. RAD50, an SMC family member with multiple
roles in DNA break repair: How does ATP affect function? Chromosome Res. 2009, 17, 277–288. [CrossRef]

160. Roques, C.; Coulombe, Y.; Delannoy, M.; Vignard, J.; Grossi, S.; Brodeur, I.; Rodrigue, A.; Gautier, J.;
Stasiak, A.Z.; Stasiak, A.; et al. MRE11-RAD50-NBS1 is a critical regulator of FANCD2 stability and function
during DNA double-strand break repair. EMBO J. 2009, 28, 2400–2413. [CrossRef]

161. Bártová, E.; Legartová, S.; Dundr, M.; Suchánková, J. A role of the 53BP1 protein in genome protection:
Structural and functional characteristics of 53BP1-dependent DNA repair. Aging 2019, 11, 2488–2511.
[CrossRef] [PubMed]

162. Adamo, A.; Collis, S.J.; Adelman, C.A.; Silva, N.; Horejsi, Z.; Ward, J.D.; Martinez-Perez, E.; Boulton, S.J.;
La Volpe, A. Preventing nonhomologous end joining suppresses DNA repair defects of Fanconi anemia.
Mol. Cell 2010, 39, 25–35. [CrossRef] [PubMed]

163. Pace, P.; Mosedale, G.; Hodskinson, M.R.; Rosado, I.V.; Sivasubramaniam, M.; Patel, K.J. Ku70 corrupts DNA
repair in the absence of the Fanconi anemia pathway. Science 2010, 329, 219–223. [CrossRef] [PubMed]

164. Chan, K.L.; Palmai-Pallag, T.; Ying, S.; Hickson, I.D. Replication stress induces sister-chromatid bridging at
fragile site loci in mitosis. Nat. Cell Biol. 2009, 11, 753–760. [CrossRef]

165. Lordier, L.; Pan, J.; Naim, V.; Jalil, A.; Badirou, I.; Rameau, P.; Larghero, J.; Debili, N.; Rosselli, F.;
Vainchenker, W.; et al. Presence of a defect in karyokinesis during megakaryocyte endomitosis. Cell Cycle
2012, 11, 4385–4389. [CrossRef]

166. Naim, V.; Rosselli, F. The FANC pathway and mitosis: A replication legacy. Cell Cycle 2009, 8, 2907–2911.
[CrossRef]

167. Naim, V.; Wilhelm, T.; Debatisse, M.; Rosselli, F. ERCC1 and MUS81-EME1 promote sister chromatid
separation by processing late replication intermediates at common fragile sites during mitosis. Nat. Cell Biol.
2013, 15, 1008–1015. [CrossRef]

168. Pawlikowska, P.; Fouchet, P.; Vainchenker, W.; Rosselli, F.; Naim, V. Defective endomitosis during
megakaryopoiesis leads to thrombocytopenia in Fanca-/- mice. Blood 2014, 124, 3613–3623. [CrossRef]

169. Knipscheer, P.; Räschle, M.; Smogorzewska, A.; Enoiu, M.; Ho, T.V.; Schärer, O.D.; Elledge, S.J.; Walter, J.C.
The Fanconi anemia pathway promotes replication-dependent DNA interstrand cross-link repair. Science
2009, 326, 1698–1701. [CrossRef]

170. Sparks, J.; Walter, J.C. Extracts for Analysis of DNA Replication in a Nucleus-Free System. Cold Spring
Harb. Protoc. 2019, 2019. [CrossRef]

171. Zhang, J.; Dewar, J.M.; Budzowska, M.; Motnenko, A.; Cohn, M.A.; Walter, J.C. DNA interstrand cross-link
repair requires replication-fork convergence. Nat. Struct. Mol. Biol. 2015, 22, 242–247. [CrossRef] [PubMed]

172. Hodskinson, M.R.; Bolner, A.; Sato, K.; Kamimae-Lanning, A.N.; Rooijers, K.; Witte, M.; Mahesh, M.; Silhan, J.;
Petek, M.; Williams, D.M.; et al. Alcohol-derived DNA crosslinks are repaired by two distinct mechanisms.
Nature 2020, 579, 603–608. [CrossRef] [PubMed]

173. Kim, H.; Yang, K.; Dejsuphong, D.; D’Andrea, A.D. Regulation of Rev1 by the Fanconi anemia core complex.
Nat. Struct. Mol. Biol. 2012, 19, 164–170. [CrossRef] [PubMed]

174. Renaud, E.; Rosselli, F. FANC pathway promotes UV-induced stalled replication forks recovery by acting
both upstream and downstream Polη and Rev1. PLoS ONE 2013, 8, e53693. [CrossRef]

http://dx.doi.org/10.1016/j.dnarep.2014.03.018
http://www.ncbi.nlm.nih.gov/pubmed/24768452
http://dx.doi.org/10.1128/MCB.00993-09
http://www.ncbi.nlm.nih.gov/pubmed/20028736
http://dx.doi.org/10.1038/ng1241
http://dx.doi.org/10.1038/nature00991
http://dx.doi.org/10.1128/MCB.24.13.5776-5787.2004
http://dx.doi.org/10.1007/s10577-008-9018-6
http://dx.doi.org/10.1038/emboj.2009.193
http://dx.doi.org/10.18632/aging.101917
http://www.ncbi.nlm.nih.gov/pubmed/30996128
http://dx.doi.org/10.1016/j.molcel.2010.06.026
http://www.ncbi.nlm.nih.gov/pubmed/20598602
http://dx.doi.org/10.1126/science.1192277
http://www.ncbi.nlm.nih.gov/pubmed/20538911
http://dx.doi.org/10.1038/ncb1882
http://dx.doi.org/10.4161/cc.22712
http://dx.doi.org/10.4161/cc.8.18.9538
http://dx.doi.org/10.1038/ncb2793
http://dx.doi.org/10.1182/blood-2014-01-551457
http://dx.doi.org/10.1126/science.1182372
http://dx.doi.org/10.1101/pdb.prot097154
http://dx.doi.org/10.1038/nsmb.2956
http://www.ncbi.nlm.nih.gov/pubmed/25643322
http://dx.doi.org/10.1038/s41586-020-2059-5
http://www.ncbi.nlm.nih.gov/pubmed/32132710
http://dx.doi.org/10.1038/nsmb.2222
http://www.ncbi.nlm.nih.gov/pubmed/22266823
http://dx.doi.org/10.1371/journal.pone.0053693


Genes 2020, 11, 585 24 of 24

175. Yang, Y.; Liu, Z.; Wang, F.; Temviriyanukul, P.; Ma, X.; Tu, Y.; Lv, L.; Lin, Y.-F.; Huang, M.; Zhang, T.; et al.
FANCD2 and REV1 cooperate in the protection of nascent DNA strands in response to replication stress.
Nucleic Acids Res. 2015, 43, 8325–8339. [CrossRef]

176. Jayabal, P.; Ma, C.; Nepal, M.; Shen, Y.; Che, R.; Turkson, J.; Fei, P. Involvement of FANCD2 in Energy
Metabolism via ATP5α. Sci. Rep. 2017, 7, 4921. [CrossRef]

177. Mukhopadhyay, S.S.; Leung, K.S.; Hicks, M.J.; Hastings, P.J.; Youssoufian, H.; Plon, S.E. Defective
mitochondrial peroxiredoxin-3 results in sensitivity to oxidative stress in Fanconi anemia. J. Cell Biol.
2006, 175, 225–235. [CrossRef]

178. Cappelli, E.; Ravera, S.; Vaccaro, D.; Cuccarolo, P.; Bartolucci, M.; Panfoli, I.; Dufour, C.; Degan, P.
Mitochondrial respiratory complex I defects in Fanconi anemia. Trends Mol. Med. 2013, 19, 513–514.
[CrossRef]

179. Kumari, U.; Ya Jun, W.; Huat Bay, B.; Lyakhovich, A. Evidence of mitochondrial dysfunction and impaired
ROS detoxifying machinery in Fanconi anemia cells. Oncogene 2014, 33, 165–172. [CrossRef]

180. Rousset, S.; Nocentini, S.; Rouillard, D.; Baroche, C.; Moustacchi, E. Mitochondrial alterations in fanconi
anemia fibroblasts following ultraviolet A or psoralen photoactivation. Photochem. Photobiol. 2002, 75,
159–166. [CrossRef]

181. Solanki, A.; Rajendran, A.; Mohan, S.; Raj, R.; Vundinti, B.R. Mitochondrial DNA variations and mitochondrial
dysfunction in Fanconi anemia. PLoS ONE 2020, 15, e0227603. [CrossRef] [PubMed]

182. Falkenberg, M. Mitochondrial DNA replication in mammalian cells: Overview of the pathway. Essays Biochem.
2018, 62, 287–296. [PubMed]

183. Alam, R.; Thazhathveetil, A.K.; Li, H.; Seidman, M.M. Preparation and application of triple helix forming
oligonucleotides and single strand oligonucleotide donors for gene correction. Methods Mol. Biol. Clifton NJ
2014, 1114, 103–113.

184. Huang, J.; Gali, H.; Paramasivam, M.; Muniandy, P.; Gichimu, J.; Bellani, M.A.; Seidman, M.M. Single
Molecule Analysis of Laser Localized Interstrand Crosslinks. Front. Genet. 2016, 7, 84. [CrossRef] [PubMed]

185. Thazhathveetil, A.K.; Liu, S.-T.; Indig, F.E.; Seidman, M.M. Psoralen conjugates for visualization of genomic
interstrand cross-links localized by laser photoactivation. Bioconjug. Chem. 2007, 18, 431–437. [CrossRef]

186. Ling, C.; Huang, J.; Yan, Z.; Li, Y.; Ohzeki, M.; Ishiai, M.; Xu, D.; Takata, M.; Seidman, M.; Wang, W. Bloom
syndrome complex promotes FANCM recruitment to stalled replication forks and facilitates both repair and
traverse of DNA interstrand crosslinks. Cell Discov. 2016, 2, 16047. [CrossRef]

187. Rohleder, F.; Huang, J.; Xue, Y.; Kuper, J.; Round, A.; Seidman, M.; Wang, W.; Kisker, C. FANCM interacts
with PCNA to promote replication traverse of DNA interstrand crosslinks. Nucleic Acids Res. 2016, 44,
3219–3232. [CrossRef]

188. Gari, K.; Décaillet, C.; Delannoy, M.; Wu, L.; Constantinou, A. Remodeling of DNA replication structures by
the branch point translocase FANCM. Proc. Natl. Acad. Sci. USA 2008, 105, 16107–16112. [CrossRef]

189. Huang, J.; Zhang, J.; Bellani, M.A.; Pokharel, D.; Gichimu, J.; James, R.C.; Gali, H.; Ling, C.; Yan, Z.;
Xu, D.; et al. Remodeling of Interstrand Crosslink Proximal Replisomes Is Dependent on ATR, FANCM,
and FANCD2. Cell Rep. 2019, 27, 1794–1808. [CrossRef]

190. Guillouf, C.; Laquerbe, A.; Moustacchi, E.; Papadopoulo, D. Mutagenic processing of psoralen monoadducts
differ in normal and Fanconi anemia cells. Mutagenesis 1993, 8, 355–361. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/nar/gkv737
http://dx.doi.org/10.1038/s41598-017-05150-1
http://dx.doi.org/10.1083/jcb.200607061
http://dx.doi.org/10.1016/j.molmed.2013.07.008
http://dx.doi.org/10.1038/onc.2012.583
http://dx.doi.org/10.1562/0031-8655(2002)075&lt;0159:MAIFAF&gt;2.0.CO;2
http://dx.doi.org/10.1371/journal.pone.0227603
http://www.ncbi.nlm.nih.gov/pubmed/31940411
http://www.ncbi.nlm.nih.gov/pubmed/29880722
http://dx.doi.org/10.3389/fgene.2016.00084
http://www.ncbi.nlm.nih.gov/pubmed/27242893
http://dx.doi.org/10.1021/bc060309t
http://dx.doi.org/10.1038/celldisc.2016.47
http://dx.doi.org/10.1093/nar/gkw037
http://dx.doi.org/10.1073/pnas.0804777105
http://dx.doi.org/10.1016/j.celrep.2019.04.032
http://dx.doi.org/10.1093/mutage/8.4.355
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Origin of ICL in Cells 
	Biochemistry of the FANC/BRCA Pathway 
	The First Module: FANCM and Its Partners 
	The Second Module: The FANC Core Complex 
	The Third Module: FANCD2 and FANCI Heterodimer 
	The Fourth Module: The HRR at Work 
	The Fifth Module: USP1, the Finisher 
	Other Partners 

	Evidence for the Essential Role of the FANC/BRCA Pathway in ICL Repair 
	First ICL Repair Model: Downstream of a Stalled Single Replication Fork 
	Second ICL Repair Model: Converging Forks at Work 
	Third ICL Repair Model: ICL Traverse 
	Concluding Remarks and Future Directions 
	References

