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The FANCJ DNA helicase is mutated in hereditary breast and ovarian cancer as well as the
progressive bone marrow failure disorder Fanconi anemia (FA). FANCJ is linked to cancer
suppression and DNA double strand break repair through its direct interaction with the
hereditary breast cancer associated gene product, BRCA1. FANCJ also operates in the
FA pathway of interstrand cross-link repair and contributes to homologous recombination.
FANCJ collaborates with a number of DNA metabolizing proteins implicated in DNA damage
detection and repair, and plays an important role in cell cycle checkpoint control. In addition
to its role in the classical FA pathway, FANCJ is believed to have other functions that
are centered on alleviating replication stress. FANCJ resolves G-quadruplex (G4) DNA
structures that are known to affect cellular replication and transcription, and potentially
play a role in the preservation and functionality of chromosomal structures such as
telomeres. Recent studies suggest that FANCJ helps to maintain chromatin structure
and preserve epigenetic stability by facilitating smooth progression of the replication fork
when it encounters DNA damage or an alternate DNA structure such as a G4. Ongoing
studies suggest a prominent but still not well-understood role of FANCJ in transcriptional
regulation, chromosomal structure and function, and DNA damage repair to maintain
genomic stability. This review will synthesize our current understanding of the molecular

and cellular functions of FANCJ that are critical for chromosomal integrity.
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DISCOVERY OF BACH1/BRIP1/FANCJ AND ITS EMERGENCE
AS A PROMINENT PLAYER IN HUMAN GENETIC DISEASE
AND TUMOR SUPPRESSION

FANC]J (originally named BRCALI interacting C-terminal heli-
case (BACH1) or BRCALI interacting helicase (BRIP1) was first
discovered by its physical interaction with BRCA1, a known
tumor suppressor and mediator of double strand break (DSB)
repair (Cantor etal., 2001). Consistent with FANCJ’s association
with BRCA1, FANCJ-deficient cells are sensitive to DNA cross-
linking agents (Bridge etal., 2005; Levitus etal., 2005; Litman
etal.,, 2005) and mildly sensitive to ionizing radiation (IR; Peng
etal., 2006), and display a defect in homologous recombination
(HR) repair of DSBs (Litman etal., 2005). The first clinical evi-
dence for the importance of FANC] was the identification of
germ line sequence changes in FANCJ that were associated with
early breast cancer in two individuals that displayed normal geno-
types for BRCA1 and BRCA2 (Cantor etal.,, 2001). Subsequent
studies solidified the causal relationship of FANC] mutations
as low penetrance breast and ovarian cancer alleles (Seal etal.,
2006; Rafnar etal., 2011; for review, see Cantor and Guillemette,
2011).

In accord with its role as a tumor suppressor, FANC] was
identified as the gene mutated in the ] complementation group
of Fanconi anemia (FA), a rare disorder characterized by pro-
gressive bone marrow failure, skeletal abnormalities, and cancer
(Levitus etal., 2005; Levran etal.,, 2005; Litman etal., 2005).

Currently, there are 16 FA complementation groups. The corre-
sponding genes encode proteins implicated in a complex pathway
of interstrand cross-link (ICL) repair that corrects damage when
the two complementary strands of the DNA double helix become
covalently linked, a type of lesion that blocks cellular DNA repli-
cation and transcription (Figure 1). The reader is referred to
several recently published excellent reviews on the functions of
the FA gene products and the overall workings of the FA pathway
and its importance in chromosomal stability (Kee and D’Andrea,
2012; Kottemann and Smogorzewska, 2013; Walden and Deans,
2014). One notable finding is that FANC]J is not required for
DNA damage induced FANCD2 monoubiquitination, suggest-
ing that the helicase functions downstream of this key activation
step of the FA pathway (Litman etal., 2005). FANC]J likely oper-
ates with other downstream BRCA-FA proteins, such as BRCAI,
and related factors also classified as tumor suppressors to facili-
tate recombinational repair (potentially following unhooking of
the processed cross-link; Figure 1). In addition, it is believed that
FANC]J functions in a broader role to suppress replication stress
(see subsequent sections).

The FANCJ gene encodes a protein of 1,249 amino acids
with a conserved ATPase helicase core domain comprised of
eight motifs [0 (Q), I, Ia, II, III, IV, V, VI] found in DEAH
superfamily two helicases (Figure 2). A signature motif in this
FANC]J family of DNA helicases is an Iron—Sulfur (Fe-S) cluster,
characterized by four conserved cysteine residues, residing within
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FIGURE 1 | Fanconi anemia (FA) proteins implicated in interstrand
cross-link (ICL) repair. Cartoon schematic of the FA proteins implicated in
the ICL repair pathway. The integrity of the core complex is required for
FANCD2/FANCI monoubiquitination, a key activation step of the FA
pathway. ERCC1-XPF is the nuclease implicated in ICL processing. FANCJ
and certain other FA proteins are not required for FANCD2/FANCI
monoubiquitination, and are therefore implicated in downstream events of
the FA pathway, such as homologous recombination (HR) repair of the
processed ICL.

the helicase core domain (Cantor et al., 2004; Rudolf et al., 2006).
Members of the Fe-S helicase cluster family function in preserv-
ing the genome, such as XPD and RTEL helicases (Wu etal.,
2009). Recently solved crystal structures and biochemical stud-
ies of thermophilic species of XPD suggest that the Fe-S cluster
functions with an Arch domain that is proposed to be a wedge
propelling strand separation. Moreover, two conserved RecA-
like domains mediate ATP binding, protein—-DNA interactions,
and helicase translocation mediated by ATP-induced confor-
mational changes (Rudolf etal., 2006; Fan etal., 2008; Wolski
etal., 2008; Kuper etal., 2011). Studies on Fe-S cluster heli-
cases XPD (Mui etal., 2011; Sontz etal., 2012) and DinG (Ren
etal,, 2009), as well as other DNA processing enzymes (Grodick
etal,, 2014), have implicated the Fe-S cluster as a redox sen-
sor that facilitates DNA damage detection; however, a formal
role of the FANCJ Fe-S cluster in this capacity has not been
determined.

CATALYTIC ACTIVITIES AND DNA SUBSTRATE SPECIFICITY
OF FANCJ HELICASE

Biochemical characterization of the purified recombinant FANC]
protein using a classic DNA directionality substrate (Cantor etal.,
2004) or oligonucleotide-based partial duplex substrates with
single-stranded DNA overhangs of defined polarity (Gupta etal.,
2005) determined the 5-3' directionality of FANC] as an ATP-
dependent DNA helicase. Biophysical analyses of FANC] assembly
state suggest that the helicase exists in an equilibrium, as a
monomer, and dimer in solution. Furthermore, biochemical stud-
ies showed that the dimeric form of FANC]J displays maximal

catalytic activity as an ATPase and DNA helicase on relatively short
forked duplex substrates of 20 base pairs (bp; Wu etal., 2012).
FANC] is limited in its processivity; therefore, it poorly unwinds
substrates with duplexes of ~50 bp or greater. However, on both
shorter and longer duplexes its helicase activity is markedly stim-
ulated by the single-stranded DNA binding protein replication
protein A (RPA; Gupta etal., 2007).

The DNA substrate preference of FANC] has been studied in
some detail (Figure 3). A 5’ tail of 15 nucleotides (nt) is required
and 35 nt is optimal for FANC] to catalyze appreciable unwinding
of the simple 5’ tailed duplex (Gupta etal., 2005). FANC]J prefer-
entially binds and unwinds forked duplex DNA substrates (Gupta
etal., 2005), and is also active on a 5’ flap (but not 3’ flap) sub-
strate (Figure 3), consistent with its translocation directionality.
Backbone continuity in the pre-existing 5 single-stranded DNA
tail, but not the 3’ single-stranded tail, of the forked duplex sub-
strate within six nt of the single-stranded DNA-double stranded
DNA junction is required for FANC]J to initiate unwinding of
the adjacent duplex. However, disruption of the sugar phosphate
backbone by a polyglycol modification in either the translocat-
ing or non-translocating strand within the duplex region inhibits
FANC] helicase activity (Gupta et al., 2006). This finding demon-
strates that FANC] senses both strands during the elongation
phase of the unwinding reaction. Inhibition of FANC] helicase
by the polyglycol modification in either strand of the duplex sub-
strate can be overcome by increasing the 5’ single-stranded DNA
loading tail of the substrate (Gupta etal., 2006), suggesting that
loading of multiple FANC] molecules under multi-turnover con-
ditions drives forward the DNA unwinding reaction even when the
helicase encounters a formidable obstacle to progression. Interest-
ingly, FANC]J helicase activity is not inhibited by the presence of
abasic sites in either the translocating or non-translocating strands
within the duplex region of the forked DNA substrate (Gupta etal.,
2006), suggesting that FANC]’s electrostatic interactions with the
sugar phosphate backbone dominate over base-stacking interac-
tions. FANC]J helicase activity is also inhibited in a translocating
strand specific manner by an alkyl phosphotriester lesion that
introduces a hydrophobic group into the nucleic acid backbone
and neutralizes the negatively charged phosphodiester moiety
(Suhasini etal., 2012). Presumably, the physical attributes of the
alkyltriester damage or its effect on double helical rigidity dif-
ferentially affect FANCJ unwinding compared to the polyglycol
linkage, which inhibited irrespective of the strand. A number
of chemical genotoxins cause the formation of phosphotriester
adducts which can persist for a long time in genomic DNA (Jones
etal., 2010). These lesions and other DNA adducts may exert their
mutagenic and carcinogenic effects by inhibiting DNA metabo-
lizing enzymes, including helicases such as FANCJ (Suhasini and
Brosh, 2010).

To assess the possibility that FANC]J has a catalytic role in pro-
cessing an ICL intermediate in a DSB repair pathway, we assessed
its activity on a three-stranded displacement loop (D-loop) DNA
substrate that represents a key early intermediate of HR repair
(Gupta etal., 2005). Following unhooking of an ICL, a D-loop
arises after RAD51-mediated strand invasion and base-pairing
of a single-stranded DNA overhang formed at a resected DSB.
Notably, FANC] unwinds a D-loop without a 5 single-stranded
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FIGURE 2 | FANCJ and its catalytic helicase domain, characterized site-directed mutations, sites of post-translational modifications, and protein
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DNA tail suggesting that the DNA junctions in the D-loop sub-
strate enable FANC] to overcome its usually strict requirement for
loading on a 5" single-stranded DNA tail to initiate unwinding
(Figure 3). However, FANC] fails to unwind a four-stranded Hol-
liday Junction structure, another key intermediate of HR repair
that can lead to cross-over or non-crossover recombinant prod-
ucts (Gupta etal., 2005). Thus, FANC] may be exquisitely tailored
to act upon D-loop intermediates to suppress HR or homeolo-
gous recombination. Alternatively, FANCJ may act upon D-loops
to enable synthesis-dependent strand annealing, a pathway of
DSB repair distinct from the classic Holliday Junction resolution
pathway.

In addition to unwinding conventional duplex DNA substrates,
FANC] resolves alternate DNA structures including DNA triplexes
(Sommers et al., 2009) or G4 (London et al., 2008; Wu et al., 2008)
that form by Hoogsteen hydrogen bonding (Figure 3). For both
triplexes and G4s, FANC] requires a 5 single-stranded DNA
tail, consistent with its 5'-3’ directionality of translocation. For
unwinding triplexes this 5 tail must reside on the pyrimidine motif
third strand that invades the major groove of the underlying DNA
double helix. FANC]J has the capacity to resolve intermolecular
(two-stranded or four-stranded) as well as unimolecular G4 sub-
strates (Bharti etal., 2013), which is likely important to suppress
replication-associated G4 substrates and in turn DSB formations
(discussed below).

Aside from unwinding DNA, FANC] has the ability to harness
the energy from ATP hydrolysis to disrupt protein—-DNA interac-
tions. Attesting to its robust capacity, FANCJ was shown to disrupt
the high affinity interaction of biotin bound to a biotinylated
oligonucleotide in an ATP-dependent manner (Sommers etal.,

2009). Of greater biological relevance, FANC]J can destabilize a
RADS51-single-stranded DNA filament (Figure 4A), and therefore
inhibit DNA strand exchange activity of RAD51 (Sommers etal.,
2009). Thus, FANCJ may limit promiscuous recombination. Alter-
natively, by removing RAD51 from the 3’ invading strand of the
nucleoprotein filament, FANC] could enable loading of the DNA
polymerase and promotes DNA synthesis.

FANC]J helicase and translocase activities are also modu-
lated by protein interactions. In particular, FANC] is blocked
from unwinding partial duplex DNA substrates bound by dou-
ble stranded DNA-interacting proteins (e.g., catalytically inactive
restriction endonuclease, or the telomere binding proteins TRF1,
TRF2). However, this inhibition is overcome by the presence of
RPA in the FANC]J reaction mixtures under conditions that RPA
alone had little effect (Sommers et al., 2014; Figure 4B). The abil-
ity of RPA to stimulate FANC] displacement of TRF1 or TRF2
from forked duplex substrates harboring telomeric repeats may be
important for remodeling chromosome ends during DNA repli-
cation or repair. Indeed, FANC] was localized to telomeres of
living cells that operate according to the alternative lengthening
of telomere (ALT) pathway (Dejardin and Kingston, 2009). Since
RPA also increases the ability of FANC] to unwind duplex and G4s
(Wu etal., 2008), RPA-FANC]J interactions may both clear pro-
tein obstacles and resolve alternate DNA structures during cellular
replication to preserve the genome (see below).

Our biochemical studies further suggest that RPA is important
for enabling FANC] to bypass bulky adducts or helix-distorting
lesions such as thymine glycol, an oxidative base damage that can
be mutagenic or lethal (Wallace, 2002). FANC]J helicase activ-
ity is strongly inhibited by a single thymine glycol in either
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FIGURE 3 | DNA substrate specificity of FANCJ helicase. See text for details.

the translocating or non-translocating strand of a DNA duplex
(Suhasini etal., 2009). However, RPA stimulates FANC]J to effi-
ciently unwind the substrate harboring thymine glycol in the
non-translocating strand, but fails to do so when the thymine
glycol resides in the translocating strand. The demonstrated high
affinity interaction of RPA with single-stranded DNA harbor-
ing a single thymine glycol (Suhasini etal., 2009), together with
the strand-specific RPA stimulation of FANC]J helicase activity
on the DNA substrate harboring the thymine glycol, suggest a
model in which RPA promotes strand displacement. Specifically,
the exposed thymine glycol in the non-translocating strand of
the partially unwound DNA substrate is readily bound by RPA,
resulting in RPA coating of the strand displaced by FANCJ, stabi-
lized duplex separation, and further FANC]J helicase progression
past the thymine glycol leading to complete separation of the
complementary strands. Such a mechanism may be important
for the role of FANC] to insure timely progression through S
phase (Kumaraswamy and Shiekhattar, 2007), or in an envi-
ronment of heightened oxidative stress. Given the emerging

evidence that the FA pathway suppresses DNA damage induced
by products of normal cellular metabolism such as aldehydes
(Nalepa and Clapp, 2014), it will be of interest to assess how
such aldehyde-induced lesions affect FANCJ and its role in DNA
repair.

POST-TRANSLATIONAL MODIFICATIONS OF FANCJ

There has been considerable interest in the effect of post-
translational modifications on the functions of DNA repair
proteins and checkpoint signaling, both important components
of the DNA damage response. Post-translational modifications
of DNA damage response proteins can affect their subcellular
localization, chromatin association, DNA and protein interac-
tions, stability, and catalytic activity. Phosphorylation of FANC]
mediates interactions promoting repair and checkpoint responses.
The first identified was the phosphorylation of Ser-990, which
is essential for FANCJ binding to the tandem C-terminal BRCT
motifs of BRCA1 (Yu et al., 2003; Figure 2). The interface between
FANC]J and the interacting BRCA1 BRCT repeats was further
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FIGURE 4 | FANCJ uses its motor ATPase to displace proteins bound
to DNA. (A) FANCJ catalytically displaces the major DNA recombinase
protein RAD51. See reference Sommers etal. (2009) and text for details.
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(B) Replication protein A (RPA) stimulates FANCJ to eject the shelterin
protein TRF1 (or TRF2) bound to telomeric repeat duplex DNA. See
reference Sommers etal. (2014) and text for details.

defined in structural studies (Yu etal., 2003; Botuyan etal., 2004;
Shiozaki etal., 2004). Loss of this Ser-990 phosphorylation limits
HR, but also enhances polymerase 1 dependent bypass suggest-
ing that BRCA1 binding to FANC] is important for directing the
mechanism of DNA damage repair (Xie etal., 2010). Interest-
ingly, the region of FANC]J that binds to the Bloom’s syndrome
protein (BLM) overlaps with the FANCJ Ser-990 phosphoryla-
tion site (Suhasini etal., 2011; Figure 2), raising the possibility
that the protein interaction of FANC] with BLM is affected by
phosphoSer-990. More recently, a second FANC]J phosphoryla-
tion dependent interaction was identified at Thr-1133 (Figure 2).
Phosphorylated FANC]J Thr-1133 interacts with the BRCT repeats
of Topoisomerase IIb binding protein 1 (TopBP1) to promote an
ATR-dependent checkpoint in response to replication stress (Gong
etal., 2010).

Acetylation of FANC] at lysine 1249, the last C-terminal
amino acid (Figure 2), affects the DNA damage response
similar to Ser-990 phosphorylation. When acetylation is pre-
vented, cellular ICL resistance is achieved by a reduced need
for Rad54-mediated HR repair and enhanced dependence on
the translesion polymerase n. This modulation of repair path-
way mechanism could stem from the role of FANCJ and its
acetylation upregulating DNA end resection required for HR.
Dynamic acetylation of FANC] was also found to maintain
checkpoint signaling following DNA damage (Xie etal., 2012).
Continued studies of post-translational modifications on FANC]

and its partners are warranted. For example, it will be impor-
tant to determine if a post-translational modification of FANC]
or the Bloom’s syndrome helicase (BLM) influences the inter-
action between the two DNA helicases (Figure 2), especially
because FANC] status dramatically influences BLM protein sta-
bility by a proteasomal degradation pathway (Suhasini etal.,
2011). It remains to be seen if the phosphorylation or acety-
lation state of FANCJ affects its catalytic activity on a specific
DNA substrate. On a forked duplex DNA substrate, acetylation
at 1249 did not influence its activity (Xie etal., 2012). Alterna-
tively, post-translational modification of FANCJ may influence
its subcellular localization. Recently it was reported that ICL
induces localization of FANC]J to the centrosome and FANC]J
is involved in regulation of centrosome biogenesis (Zou etal.,
2013).

NOVEL INSIGHTS TO FANCJ STRUCTURE-FUNCTION
RELATIONSHIPS BY CHARACTERIZATION OF SITE-DIRECTED
MUTANTS

Characterization of helicase missense mutants may be informative
for dissecting the molecular basis of disease, or potential domi-
nant negative effects of debilitating missense mutations (Suhasini
and Brosh, 2013). For FANC], the clinical spectrum of mutations
includes missense mutations genetically linked to FA and/or can-
cer. This is not the general case for a number of disease-causing
helicase mutations. For example, only recently were several WRN
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missense mutations genetically linked to the premature aging dis-
order Werner syndrome identified and found to be in conserved
catalytic domains of the WRN protein (Friedrich etal., 2010).
The vast majority of WRN mutations are limited to frameshift
or nonsense codons resulting in truncated proteins.

The first FANC] mutants to be studied were missense vari-
ants (P47A, M299I; Figure 2) identified in individuals with
early breast cancer and normal genotypes for BRCA1 or BRCA2
(Cantor etal., 2001). Tumors of the individuals who carried these
two germline FANC]J mutations also carried a copy of the wild-type
(WT) allele, suggesting that loss of function may have contributed
to the penetrance of the mutant allele by a dominant negative
mechanism. Biochemical analysis of the corresponding purified
recombinant FANC] proteins demonstrated that both missense
mutations (P47A, M299I; Figure 2) affected catalytic activity in a
distinct manner. The P47A substitution in the highly conserved
Walker A box (motif I) inactivated the ATPase and helicase func-
tions of FANC]J, whereas the M2991 mutation located in the Fe-S
cluster upregulated its ATPase activity (Cantor et al., 2004). A sub-
sequent study demonstrated that the FANCJ-M299I protein could
harness its elevated ATP hydrolysis to unwind a DNA substrate
with damage in its sugar phosphate backbone in a more proficient
manner (Gupta etal., 2006). Based on these studies, it was pro-
posed that perturbation of FANCJ catalytic activity interferes with
the helicase’s normal role in the DNA damage response leading to
tumorigenesis; however, a better understanding of FANCJ’s pre-
cise role in cellular transformation is required. As discussed below,
expression of certain FANCJ mutant proteins in a normal FANC]J
background confer sensitivity to DNA damaging agents, suggest-
ing that a single mutant FANC] allele could be pathogenic. Further
characterization of FANCJ variants using cell- and animal-based
models may be helpful.

Analysis of the FA-associated FANCJ-A349P mutant provided
insight to the pathogenesis of FA and the role of the Fe-S domain
(Wu etal., 2010; Figure 2). The alanine to proline substitution is
adjacent to one of the highly conserved cysteine residues impor-
tant for chelation of Fe atoms. Inheritance of the A349P mutation
and a second mutation encoding a prematurely truncated FANC]
protein resulted in intrauterine growth failure and death as a still-
born fetus with a gestational age of 22 weeks (Levran etal., 2005).
Our genetic analysis demonstrated that expression of the FANCJ-
A349P mutant allele in FANCJ-null FA-] patient cells failed to
rescue sensitivity to the DNA cross-linking agent MMC; simi-
larly, expression of FANCJ-A349P in fancj null chicken DT40 cells
failed to rescue cisplatin sensitivity (Wu etal., 2010). Moreover,
expression of the FANCJ-A349P mutant in FA-J cells or fangj
null chicken cells failed to restore resistance to the G4 ligand
telomestatin (TMS). These studies suggested that the FANC]-
A349P mutant is defective for ICL processing and G4 unwinding
in vivo. Moreover, expression of FANCJ-A349P in cells express-
ing the normal FANC]J protein exerted a dominant negative effect,
presenting the possibility that a single mutant FANCJ allele could
be pathogenic. In vitro analysis revealed that the A349P substitu-
tion interfered with the functionality of the FANCJ Fe-S cluster
and uncoupled ATP-dependent DNA translocation from helicase
activity on duplex or G4 DNA substrates (Wu etal., 2010). Thus,
an intact Fe—S domain is critical for FANCJ DNA unwinding and

this activity is fundamentally important for FANCJ ICL repair
and G4 DNA metabolism (Wu etal., 2010). It remains to be
determined if the functions of FANC]J in ICL repair and G4
unwinding are linked or if separation-of-function mutants exist.
Ongoing efforts in this area could elucidate the importance of
FANC] in the FA pathway of cross-link repair versus functions
outside the FA pathway that may also be significant for genome
stability.

FANC]J also has a conserved Q motif (also called motif 0) found
in both RNA and DNA helicases that is predicted to coordinate
ATP binding and hydrolysis to catalytic DNA strand separation
(Tanner etal., 2003; Figure 2). Biophysical analysis of the puri-
fied recombinant FANCJ-Q25A mutant protein disrupted in the
Q motif revealed that its assembly state was dramatically altered
compared to the recombinant WT FANC]J protein. FANCJ-Q25A
protein was only a monomer, whereas FANCJ-WT protein was
nearly equally monomer and dimer (Wu etal., 2012). Thus, the Q
motif in FANC]J plays a critical role in multimerization. FANCJ-
Q25A was defective for DNA binding, ATP hydrolysis, and helicase
activity. Consistent with the biochemical results, expression of
the FANCJ-Q25A mutant protein in fancj null cells failed to res-
cue their sensitivity to a DNA cross-linking agent or G4 ligand.
Moreover, expression of the FANCJ-Q25A mutant allele in a
WT FANC]J background resulted in dominant negative pheno-
types for ICL or G4 ligand resistance. Co-immunoprecipitation
experiments with nuclear extracts demonstrated that the FANC]J-
Q25A mutant protein retained its ability to interact with known
protein partners of FANCJ (TopBP1, BRCA1), suggesting that
these retained interactions could contribute to the dominant
negative nature of the mutant allele; however, further stud-
ies are required to ascertain the precise mechanism. From a
clinical perspective, it is of significance that the FANCJ-Q25A
mutant is similar to a patient-derived BLM missense muta-
tion in the Q motif (Q672R) that impairs BLM foci formation
after cellular exposure to agents that impose replication stress
(Ellis etal., 1995; Wu etal., 2012). Therefore, dimer formation
may be essential for FANC]J focal accumulation and function
in vivo.

Two FA patient-derived missense mutations in motif Ia, R251C,
and Q255H, were characterized by the Wu lab (Guo etal., 2014;
Figure 2). Although expression of either R251C or Q255H mutant
could not rescue the cisplatin sensitivity of a fancj null cell line,
the two mutations exerted markedly different effects on the bio-
chemical functions of FANCJ in vitro. Both FANCJ motif Ia
mutants abolished DNA helicase activity. The R251C mutation
strongly interfered with FANCJ DNA binding and consequently
its DNA-dependent ATPase activity. Instead, the Q255H mutant
displayed elevated FANCJ DNA binding, a normal ATPase func-
tion, and ability to translocate on single-stranded DNA. In this
regard, the Q255H mutant behaved similarly to the FANCJ-A349P
mutant which was also able to translocate on single-stranded
DNA in an ATP-dependent manner but failed to unwind even
short 20 bp duplex substrates (Wu etal., 2010). For either the
Q255H or R251C mutant, the ability to translocate on single-
stranded DNA did not translate into efficient disruption of
protein-DNA complexes. Collectively, these studies suggest that
FANC] translocase activity without protein complex disruption
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and/or DNA unwinding is insufficient for its in vivo function.
Nevertheless, the dominant negative phenotype exerted by FANC]
mutant alleles (A349P, Q25A, R251C, and Q255H) that impair
DNA helicase (but not necessarily ATPase activity) demonstrate
that catalytic DNA unwinding is vital for FANC] function and
suggests that FANC] heterozygosity may contribute to tumori-
genicity or disease-associated phenotypes. For a further discussion
of helicase-inactivating mutations as a basis for dominant negative
phenotypes, see (Wu and Brosh, 2010b).

Evidence continues to build that FANC] and other players in
the FA pathway are bona fide tumor suppressor genes, even out-
side their roles in the FA pathway (Pickering etal., 2013; Park
etal., 2014; Pauty etal.,, 2014). For example, whole genome-
sequencing of Icelanders led researchers to discover frameshift
mutations in the BRIP1 (FANC]J) gene that vastly elevate the
risk of invasive ovarian cancer (Rafnar etal., 2011). More-
over, a BRIP1 frameshift mutation was associated with a 36%
increased risk of cancer in general and a reduced lifespan of
3.6 years compared to non-carriers (Rafnar etal., 2011). This
work and that of others, reviewed in (Cantor and Guillemette,
2011), emphasizes the prominent role of FANCJ as a tumor
suppressor, which may be informative for future studies in per-
sonalized medicine that exploit the mutational status of FANC]
and other DNA repair helicases (see below). The spectrum
of associated cancers could be broad. Indeed, we found a
number of protein coding mutations in FANC] in melanoma
genomes (one allele), suggesting that FANC] deficiency may
be a risk factor for skin cancer and possibly associated tumors
could be sensitive to ICL-inducing agents (Guillemette etal.,
2014).

FANCJ AND ITS PROTEIN PARTNERS ARE RECRUITED TO
DNA DAMAGE FOCI IN A REGULATED AND LESION-SPECIFIC
MANNER

Given the direct interaction of FANCJ with BRCA1, the depen-
dency of these proteins on each other for localization at lesions
has been examined. Indeed, these proteins colocalize at sites of
DNA damage foci following HU, IR, and at laser-induced stripes
(Cantor etal., 2001; Greenberg etal., 2006). BRCA1 mutant cells
display reduced immunofluorescent focal staining for FANC] in
untreated cells as well as cells exposed to DNA damaging agents
(Cantor etal., 2001; Gupta et al., 2007). However, the contribution
of FANCJ to BRCA1 localization to DNA damage sites may be time
or context dependent. FANC]J status did not affect recruitment of
BRCAL to laser-induced DSBs or psoralen (Pso)-ICLs (Suhasini
etal., 2013). However, the number and intensity of BRCA1 foci
in FANC]J-deficient cells exposed to IR was reduced at time points
as early as 1 h post irradiation (Peng etal., 2006). Thus, there
may be separate pools of FANCJ and BRCA1 or a sub-fraction
of FANC]J may contribute to BRCA1 recruitment or retention at
foci after IR exposure. Controlling the localization of BRCA1 to
sites of DNA damage would directly affect its DNA repair func-
tion, and have potential consequences for cellular homeostasis. For
example, oncogenic RAS transformation down-regulates FANC]
expression, which causes BRCA1 dissociation from chromatin,
resulting in an impaired DNA damage response leading to cellular
senescence (Tu etal., 2011).
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FIGURE 5 | Spatio-temporal recruitment of FANCJ and its protein
partners to site of DNA damage. Confocal microscopy studies with living
cells were used to elucidate the requirements of FANCJ or its interacting
DNA repair factors to laserinduced psoralen (Pso)-interstrand cross-links
(A,C) or laserinduced double strand breaks (DSB; B,D). See reference
Suhasini etal. (2013) and text for details.

Itis also important to note that other DNA repair proteins func-
tion with or in parallel with BRCA1 localize FANC] to sites of DNA
breaks. In particular, the DSB repair protein MRE11 and its associ-
ated nuclease activity is necessary for efficient FANC]J recruitment
to laser-induced DSBs (Suhasini et al., 2013; Figure 5A). Consis-
tent with this observation, CtIP is also delayed in its recruitment
to DSBs in cells that are deficient in MRE11 exonuclease, that
have reduced FANC]J recruitment to DSBs (Suhasini etal., 2013).
Recent work from the Paull laboratory has implicated a catalytic
role of CtIP in 5’ strand resection that is involved in the removal of
DNA adducts at DNA breaks (Makharashvili et al., 2014). Perhaps
FANC]J collaborates with CtIP to remove secondary structures
therefore enabling CtIP to efficiently incise and process DNA ends,
such as at common fragile sites (Wang etal., 2014). It is plau-
sible that FANCJ’s role in end resection may be independent of
BRCAI, similar to what was determined for CtIP (Polato etal.,
2014).

A critical protein partner that FANCJ collaborates with is
RPA (Gupta etal.,, 2007). FANC]J and RPA robustly co-localize
after DNA damage induced by IR or MMC or replication stress
imposed by hydroxyurea (HU), which depletes nucleotide pools.
RPA foci formation was not dependent on FANC] mutational sta-
tus after MMC treatment or IR exposure (Gupta etal., 2007),
suggesting that FANC]J helicase activity is not a prerequisite for
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creating single-stranded DNA at DNA breaks that RPA nucle-
ates on. However, RPA foci are reduced in FANC]J-deficient cells
exposed to HU for a short time period (20 min; Gong etal,
2010) or ultraviolet (UV) light (Guillemette etal., 2014), sug-
gesting FANC]J helicase activity provides single-stranded DNA
loading zones for RPA when the replication fork is stalled. RPA
binds to FANCJ and stimulates its helicase (Gupta etal., 2007)
and DNA-protein displacement activities (Sommers etal., 2014),
as mentioned above. Based on these observations, we favor the
hypothesis that FANC]J together with RPA binds a key DSB repair
intermediate or stalled replication fork structure and RPA stim-
ulates FANCJ’s helicase and/or protein displacement activity to
allow appropriate and efficient processing during the maturation
of the DNA intermediate.

FANC]J also binds directly to the mismatch repair (MMR)
protein MLHI1 (Peng etal., 2007). While MLH1 binding did
not demonstrate any notable changes in FANC]J helicase activ-
ity in vitro, MLH1 is critical for FANCJ localization to sites of
DNA crosslinks. In particular, using a laser confocal microscopy
approach with living cells, we examined the recruitment of FANC]
to laser-activated Pso-ICLs (Suhasini etal., 2013). This analy-
sis demonstrated that FANCJ relies on MLH1 and a member
of the FA core complex, FANCA, to recruit efficiently to the
laser-activated Pso-ICL (Figure 5B). FANC]J localization to UV
light induced DNA crosslinks also requires the MLH1 interac-
tion as well as the upstream MMR protein MSH2 (Guillemette
etal,, 2014). This is logical given that the physical interaction
between FANCJ and MLH1 is required for cells to properly
respond to agents that induce ICL damage or UV damage (Peng
etal., 2007; Guillemette etal., 2014). Localization of FANC]J by
MMR proteins may in turn limit deleterious MMR functions
at a stalled fork. This idea is based on the fact that defects
in cells lacking the FANCJ-MLHI interaction are suppressed by
depletion of MSH2 (Peng etal., 2014). Coordination by FANCA
and MMR proteins could ensure that FANCJ helicase function
is set to unwind DNA or displace proteins to restore replica-
tion fork progression following ICLs or other replication blocking
agents.

The relationship of FANC] with FANCD2 is more complex.
While FANC] operates downstream of FANCD2 monoubiqui-
tination (Litman etal., 2005; Figure 1), FANCD2 recruitment
to Pso-ICLs, not but laser-induced DSBs, was dependent on
FANC]J (Suhasini etal., 2013; Figure 5C). Consistent with these
observations, FANC] is recruited to Pso-ICLs much earlier than
FANCD?2. These findings correlate with those of the Andreassen
lab that reported that FANC] foci formed normally in FANCD2-
deficient cells after exposure to the DNA cross-linker MMC (Zhang
etal., 2010). In more recent studies, the Kupfer lab reported
that FANCD?2 is required for proper chromatin localization of
FANC]J, suggesting a mechanism whereby FANCD?2 helps to regu-
late FANCJ’s role in downstream events of the FA pathway (Chen
etal,, 2014). In addition, they propose a model in which FANCJ
sequesters non-monoubiquitinated FANCD2 from chromatin in
the absence of DNA damage; therefore, a collaborative interaction
between FANC] and FANCD2 could exist that is necessary for the
appropriate DNA damage-induced chromatin association of the
two FA proteins.

FANC] also binds and serves to localize the BLM helicase to
DSBs (Suhasini et al., 2013; Figure 5D). The precise role of FANC]
in BLM recruitment to laser-induced DSBs or its function at DNA
ends is being investigated, and a potential partnership between
FANC]J and BLM in processive strand resection is a possibility
(Suhasini and Brosh, 2012). Based on biochemical evidence that
FANCJ and BLM helicases synergistically unwind damaged DNA
(Suhasini etal., 2011), we proposed a model that the two helicases
with opposite directionalities of translocation move together in a
complex as part of the end resection machinery involving RPA and
the 5 structure-specific nucleases DNA2 or EXO-1 to catalytically
resect single-stranded DNA to provide the 3’ single-stranded over-
hang for strand invasion step of HR repair (Suhasini and Brosh,
2012). Our recent work showing that FANC]J or a human RecQ
helicase (RECQ1) can efficiently dislodge protein bound to duplex
DNA in a RPA-dependent manner (Sommers etal., 2014) poses a
scenario in which FANCJ and BLM with their interacting part-
ner RPA displace proteins bound near double-stranded ends and
resolve secondary structure or damaged DNA to enable processive
and kinetically efficient end resection.

Clearly a concerted hierarchy exists for FANCJ and its interact-
ing partners to be recruited to DNA damage sites and subsequently
act. Further studies are needed because they may provide insights
to DNA repair pathway cascades or the cross-talk between DNA
damage response regimes. For example, the interaction of FANC]
with the MRN complex and BLM helicase suggests that FANC]
may have both early and late roles in DSB repair. FANC] has
the ability to inhibit MRE11 3’5" exonuclease activity (Suhasini
etal., 2013), which may serve to harness initial end trimming
by MRE11 to avoid excessive end resection that would gener-
ate 5 single-stranded tailed duplex. Secondly FANC] with RPA
may facilitate processive strand resection by its interaction with
the BLM-DNA2 or BLM-EXO-1 complexes to yield the 3’ single-
stranded tailed duplex. Biochemical reconstitution experiments
with purified proteins and defined DNA substrates, as well as care-
fully designed cell-based assays should address the efficacy of these
models.

To ensure a robust DNA damage response and coordinate
repair processing, it appears that more than one pathway con-
tributes to the localization of FANC]J. As illustrated above, FANC]
recruitment to ICLs or DSBs is determined by proteins that either
interact directly with FANC]J or operate in the same pathway.
Indeed, both nucleotide excision repair (NER) and MMR proteins
promote the localization of the FANC] to sites of UV-induced
lesions (Guillemette etal., 2014; Figure 6). MMR proteins ini-
tially recruit FANC]. However, the further accumulation of FANC]
requires dual incision by the NER endonucleases XPF and XPG
(Guillemette etal., 2014). Conceivably, the NER-dependent inci-
sion provides an ideal substrate for FANC] at the lesion site.
The combined MMR and NER localization of FANC]J ensures
an S-phase checkpoint, lesion repair, and the suppression of UV-
induced mutations. Supporting that multiple pathways contribute
to high fidelity repair after UV irradiation, similar to skin tumors
from XP patients (Dumaz et al., 1993), MMR-deficient (Borgdorff
etal., 2006) and FANCJ-deficient (Guillemette etal., 2014) cells
display an elevated frequency of UV-induced C > T point muta-
tions. Moreover, along with NER genes, FANCJ and MMR genes
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FIGURE 6 | Localization of FANCJ to UV-induced DNA damage. FANCJ
recruitment to UV-induced DNA damage is dependent on the mismatch
repair factors MLH1 and MSH2, and NER factors XPF and XPG. See
reference Guillemette etal. (2014) and text for details.

are mutated in melanoma (Guillemette et al., 2014). The NER and
FA-associated XPF protein promotes RPA phosphorylation in S-
phase cells (Bomgarden etal., 2006). Given that XPF promotes
FANC]J accumulation in S-phase cells, it follows that FANC]J also
functions to promote RPA phosphorylation throughout S-phase.
This function could be shared by FANC]J partners, such as BLM or
the FA pathway, explaining its link to the UV response and check-
points that limit genomic instability (Suhasini etal., 2011; Kelsall
etal., 2012; Nalepa etal., 2013; Singh etal., 2013).

ROLE OF FANCJ AND THE FA PATHWAY IN THE BROADER
CONTEXT BEYOND DNA REPAIR

Much emphasis has been placed on the impact of ICLs on actively
dividing cells and role of the FA pathway in repairing such lesions
encountered by the replication for. ICLs may arise naturally or
be induced exogenously by chemicals used in chemotherapy. It is
important to note that ICLs may have detrimental effects in non-
dividing cells, given that they would interfere with other processes
such as transcription. This has become a topic of increased interest,
particularly because the processes of DNA repair and transcrip-
tion are both highly important and inter-related. Human diseases
with inherited defects in classic DNA repair genes (e.g., nucleotide
excision repair) often display transcriptional deficiencies which
are likely to culminate in pleiotropic symptoms including devel-
opmental abnormalities and features of premature aging [for
review, see (Kamileri et al., 2012a)]. For example, the XPF-ERCC1
nuclease responsible for ICL unhooking in the FA pathway is
recruited to active promoters and implicated in chromatin mod-
ifications that influence transcriptional activation (Le May etal.,
2010; Kamileri etal., 2012b). Alterations to chromatin packaging
due to mutations in DNA repair genes are suspected to underlie

the phenotypic defects that contribute to developmental disor-
ders that extend beyond DNA repair and maintenance of genomic
stability. The connection of ICL accumulation to perturbed tran-
scriptional regulation in an ERCC1- defective model of a human
progeroid syndrome characterized by loss of fat tissue suggests
how DNA damage can inflict detrimental effects in non-dividing
cells (Karakasilioti et al., 2013). Defects in the FA pathway fall into
this class of diseases as the clinical symptoms include not only can-
cer and hematologic abnormalities but often a range of congenital
issues that can include skeletal defects and short stature, as well as
renal dysfunction, abnormal pigmentation, and osteoporosis (Kee
and D’Andrea, 2012). As mentioned above, FANCD?2 is proposed
to control FANCJ’s localization to chromatin and its involvement
in downstream events of the FA pathway (Chen et al.,2014). There-
fore, it is of great importance to ascertain the probable dependent
and independent roles of FANC] and the FA pathway in transcrip-
tional regulation. In terms of FANC]J, a leading hypothesis builds
from its role as a G4 resolving enzyme that may target predicted
G-quadruplexes (G4s) found near promoter elements believed to
regulate transcription initiation (see below).

INVOLVEMENT OF FANCJ DURING REPLICATION STRESS
Replication stress can be a source of genomic instability. Cellular
data have implicated FANC] in helping to cope with replication
stress induced exogenously by chemical exposure. Human cells
mutated in FANC]J or acutely depleted of FANCJ by RNA inter-
ference are sensitive to DNA cross-linking agents that block fork
progression (Bridge etal., 2005; Litman etal., 2005; Peng etal,,
2007), or HU that causes fork stalling (Suhasini etal., 2011).
Even in the absence of agents that exogenously induce replication,
a role for FANC]J helicase activity to insure timely progression
through S phase has been demonstrated (Kumaraswamy and
Shiekhattar, 2007). FANC]J is implicated in intra-S phase check-
point signaling through its interaction with TopBP1, which allows
for activation of ataxia telangiectasia and Rad3-related (ATR), a
requirement for checkpoint kinase 1 (CHK1; Gong etal., 2010).
However, it is still unclear what the function(s) of FANCJ may
be to influence events associated with fork stalling. When the
replisome encounters a replication-blocking lesion or stalls due
to replication stress induced by a small molecule that impedes the
replicative helicase or depletes the nucleotide pool, the nascent
leading and lagging strands can anneal to each other to form a
Holliday Junction-like chicken foot DNA structure [for review,
see (Atkinson and McGlynn, 2009)]. This process is known as
fork regression or fork reversal, and provides a mechanism for
repair machinery to gain access to the lesion as well as stabi-
lize the fork. Whereas certain RecQ helicases (e.g., WRN, BLM;
Machwe etal., 2006; Ralf etal., 2006) were shown to support
fork regression, FANC]J is not directly implicated in this pro-
cess. However, as a 5'-3' DNA helicase, FANC] may collaborate
with a 3’-5" helicase (e.g., WRN, BLM) to promote fork regres-
sion. Given that FANC]J has already been demonstrated to interact
with BLM (Suhasini etal., 2011), the FANCJ-BLM partnership
may contribute to concerted fork regression by opposite polarity
helicases.

Aside from its proposed role in DNA end processing to ini-
tiate HR repair (previous section), FANCJ may help to process
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DNA structures associated with stalled replication forks or reg-
ulate such processing events. The interaction between FANC]
and MLHI appears to be critical for cells to recover from repli-
cation stress induced by ICLs or the DNA polymerase inhibitor,
aphidicolin. As mentioned above, deletion of MSH2 suppresses
replication restart defects in cells lacking the FANCJ-MLH1 inter-
action (Peng etal., 2014). Thus, to restart stalled replication forks,
FANC]J through its MLH1 interaction could normally unwind and
eliminate DNA structures bound by MSH2 or displace MSH2 from
such structures. Mrel 1 has been implicated in the restart of stalled
replication forks (Bryant etal., 2009; Hashimoto etal., 2010). As
proposed for the tumor suppressor and HR factor BRCA2 as
well as the DNA damage sensor poly (ADP-ribose) polymerase
1 (PARPI; Schlacher etal., 2011; Ying etal., 2012), FANCJ may
help to prevent uncontrolled MRE11-dependent degradation of
stalled replication forks by inhibiting its nuclease activity. Such an
anti-nuclease role may aid in fork stabilization without excessive
single-stranded DNA production to allow for regulated checkpoint
signal transduction and effective repair of the replication-blocking
lesion.

FANCJ RESOLVES G-QUADRUPLEX DNA TO ENABLE
SMOOTH REPLICATION AND PRESERVE GENOMIC
INTEGRITY

G-quadruplexes, composed of planar stacks of four guanine
residues engaged in Hoogsteen hydrogen bonding, are now
believed to form in vivo and exert biological effects on DNA
replication and transcription, and play unique structural roles in
telomere capping (Wu and Brosh, 2010a; Bochman etal., 2012;
Maizels and Gray, 2013). FANC]J, and certain other DNA helicases
(e.g., PIF1, WRN, BLM), resolve G4 DNA structures in vitro; how-
ever, the biological significance of G4 resolution by the various
human DNA helicases in vivo is less clear. Human cells defi-
cient in FANC]J, but not FANCA or FANCD2, were found to be
sensitive to the G4 binding drug TMS, suggesting a role of the heli-
case to preserve genomic stability at G4-forming sequences that
is independent of the classic FA DNA repair pathway (Wu etal.,
2008); furthermore, a FA-J] human patient cell line was found to
accumulate deletions at predicted G4-forming sequences in the
genome (London etal.,, 2008). Although a number of DNA heli-
cases have been shown to unwind intermolecular G4 structures,
FANC] is distinct among the Fe-S cluster helicases tested in its abil-
ity to resolve entropically favored intramolecular G4 substrates
(Bharti etal., 2013). Consistent with the biochemical results, a
deficiency in FANC], but not the Fe—S helicases DDX11 or XPD,
sensitized human cells to TMS as measured by induction of the
DNA damage marker y-H2AX (Bharti etal., 2013). These find-
ings suggest that FANCJ has a specialized function among the
Fe-S helicases to facilitate smooth replication of genomic regions
prone to form G4s in order to prevent fork breakage (Figure 7).
A recent study using Xenopus egg extract and single-stranded
plasmid DNA template with a predicted G4-forming sequence
validated the role of FANC] to promote DNA synthesis through
G4 structures (Castillo etal., 2014). It will be of interest to deter-
mine if a putative role of FANCJ at telomeres involves its ability to
resolve the G-rich telomeric tail and influence telomere capping
events.

G4 Resolution by FANCJ Helicase

ATP > ADP + P;

=)

¢ Preservation of chromosomalstructure

¢ Smooth replication
* Maintenance of genomic stability

¢ Transcriptional regulation

FIGURE 7 | FANCJ resolves G-quadruplex DNA to maintain genomic
stability and cellular homeostasis. See text for details.

Recent advances using the chicken DT40 cell lines have
improved our understanding of the role of FANC]J in DNA repair
and G4 DNA metabolism. Human FANC]J can rescue the sensi-
tivity of chicken bripl/fancj mutant cells to agents that induce
DNA cross-links (Bridge etal., 2005) or stabilize G4 structures
(Wu etal., 2008), indicating a conservation of function in the ver-
tebrate species. In addition to its role in protecting brip1 cells from
G4-associated genomic instability, the chicken ortholog of FANC]
serves a more general protective role in chromosomal mainte-
nance that appears to operate outside the FA pathway (Kitao etal.,
2011; Figure 7). In subsequent work, it was shown that FANC],
together with the RecQ helicases WRN and BLM, preserve epi-
genetic stability by helping to efficiently couple histone recycling
with replication fork progression through their ability to resolve
G4s that impede smooth DNA synthesis (Sarkies etal., 2012).
FANC]J seems to be a central player in the maintenance of epi-
genetic stability by collaborating as well with the REV1 translesion
polymerase at G-rich sequences predicted to form quadruplexes.
The precise molecular mechanisms of how these processes occur
are still not well understood, but the model proposed by the Sale
group predicts that FANC] with its opposite polarity of directional
movement may initiate its action on the opposite side of G4 struc-
ture(s) as that of the 3’~5’ RecQ heli or the TLS polymerase REV1
(Sarkies etal., 2012).

To examine the role of FANC] in cellular DNA replication, the
Niedzwiedz lab employed a DNA fiber analysis in isogenic fancj
null and WT DT40 cells and determined that FANCJ helps to
promote replication fork progression at regions prone to stalling,
such as G4-forming sequences (Schwab et al., 2013). Furthermore,
stabilization of G4 structures in FANC]J-deficient cells by the G4
binder TMS quenched fork progression, resulting in uncoupling
of leading and lagging strand synthesis. The ability of FANC] to
enable smooth replication fork progression would help to main-
tain normal chromatin structure by preventing its condensation
and reorganization.

FANC]J-deficient DT40 cells exposed to the G4 ligand TMS
displayed stronger staining by a murine monoclonal antibody
specific for binding G4 DNA compared to untreated fancj null
cells, or normal cells exposed to TMS (Henderson etal., 2013).
Enrichment of G4 DNA in FANC]J-deficient cells exposed to TMS
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provided the first evidence that genetic and environmental con-
ditions can synergize in the accumulation of G4 DNA in vivo.
The emerging evidence for a role of FANC] in replication of G4
motifs in avian cells supports the hypothesis for a conserved role
of FANCJ in humans. Nonetheless, there are likely additional
functions of FANC]J G4 resolving activity in vivo, including the
control of gene expression (Figure 7); however, this hypothesis
remains to be formally tested in human cells. It is well known
that G-rich sequences predicted to form G4 are enriched in pro-
moter regions especially at transcriptional start sites (Huppert
and Balasubramanian, 2007), and a correlation exists between the
presence of predicted G4 and promoter-proximal transcriptional
pausing (Eddy etal., 2011). Although a definitive role of G4 res-
olution by FANC]J to control gene expression has not yet been
elucidated, other DNA helicases including XPB, XPD (Gray etal.,
2014), BLM (Nguyen etal., 2014), and RECQ1 (Li etal.,, 2014)
bind G4 structures and regulate expression of genes characterized
by the presence of G4 DNA motifs. It is unclear if differential
roles in transcriptional regulation exist for G4 binding versus
resolution by a DNA helicase, given that certain helicases [e.g.,
RECQ1 (Popuri etal., 2008; Wu et al., 2008) and XPB (Gray et al.,
2014)] bind but poorly unwind G4 DNA in vitro; furthermore, it
is yet unclear if human XPD resolves G4 DNA because different
results were obtained from in vitro studies using XPD proteins
from two distinct thermophilic species (Bharti etal., 2013; Gray
etal,, 2014). Given the evidence that FANCJ and its homologs
play an important role in G4 metabolism, it seems likely that
FANC]J unwinding of G4s will influence gene expression of proto-
oncogenes where G4 motifs are prominent (Eddy and Maizels,
2006; Duquette etal., 2007; Brown etal., 2011). Further studies
are needed to establish direct links and meaningful relationships
between disease pathogenesis and regulated expression of mes-
senger RNA and microRNA molecules by FANCJ and other DNA
helicases.

FANCJ AS A POTENTIAL TARGET FOR CLINICAL AND
PHARMACEUTICAL TREATMENT

Our group and others have been keenly interested in the prospect
of helicase-based biomarkers and targeting DNA helicases like
FANC]J to enhance existing or developing therapeutic strategies for
treating cancers (Brosh, 2013). This prospect has been fueled by
observations that the expression of many DNA damage response
genes is up-regulated in rapidly proliferating cells and tumors,
leading to their resistance to chemotherapy drugs or radiation used
to combat cancer. In two recent studies, the influence of FANC]
expression on sensitivity of cancer cells or tissues to chemotherapy
drugs was determined. In the first, Nakanishi etal. (2012) found
that FANCJ expression in tumor tissues was elevated compared
to normal epithelial tissue, which correlated with resistance to the
chemotherapy drug 5-fluorouracil (5-FU) in tumors with nor-
mal MLH1 expression. Mori etal. (2013) determined that gastric
cancer cells exposed to 5-FU down-regulated FANC] expression,
leading to their enhanced sensitivity to the ICL-inducing agent
oxaliplatin. Such observations raise the exciting possibility that
FANC] is differentially expressed in tumors which may serve as
a useful predictive biomarker for designing treatment strategies
tailored to the cancer type.

From a related perspective, the development of small molecules
that target FANC] for helicase inhibition may provide a means to
achieve synthetic lethality with chemotherapy drugs or in a defined
genetic background to kill cancer cells, provided that a therapeu-
tic window is achieved. Our work on the discovery of a WRN
helicase inhibitor provided a proof-of-principle for the helicase-
targeted approach to induce chemical or genetic synthetic lethality
of cancer cells (Aggarwal etal., 2011, 2013a,b). The observation
that a BLM helicase inhibitor can cause elevated sister chromatid
exchange in cultured cells is provocative (Nguyen et al., 2013), and
sets the stage to search for FANC] inhibitors, given FANCJ’s inter-
action with BLM and the finding that acute depletion of FANC]
causes elevated sister chromatid exchange (Suhasini etal., 2011).
On the opposite side of the spectrum, it might also be useful to
conduct small molecule screens to identify compounds that restore
the function of a misfolded helicase protein caused by a disease-
linked mutation. Given that a number of missense mutations in
FANC] are linked to FA or associated with cancer, FANCJ may be
a good candidate protein to target for intervention.

Lastly, the function of FANC] in G4 DNA metabolism suggests
an avenue to explore. G4 structures which form at telomeres or the
promoters of proto-oncogenes most likely play a prominent role
in the ability of cancer cells to thrive or senesce. Indeed, telomerase
inhibitors which prevent the elongation of the G-rich telomere tails
at chromosome ends are in clinical trials (Buseman et al., 2012). If
G4 structures in cancer cells are stabilized by G4 ligands directly or
by blocking telomeric G4 unwinding with small molecules against
G4 resolving helicases such as FANC] or PIF1, then cancer cells
may be caused to senesce and ultimately targeted for elimination.
It seems probable that further studies will address the efficacy of
targeting FANC]J and other DNA helicases as a possible strategy in
cancer therapy.

SUMMARY

In this review, we have attempted to provide a comprehensive view
of what now appears to be multi-faceted roles of FANC]J in cellular
DNA metabolism. Discovered 13 years ago asa BRCA1-interacting
protein, FANC]J helicase is now regarded as a bona fide tumor sup-
pressor and genetically linked to the cancer-prone disorder FA
characterized by progressive bone marrow failure; however, the
precise function(s) of FANC]J in the FA pathway of ICL repair is
still not well understood. In addition, cellular and biochemical
studies have demonstrated an important role of FANC]J to resolve
G4 DNA structures that potentially interfere with normal chromo-
some packaging, replication, and transcription. FANC]J interacts
with a number of DNA damage response proteins and appears
to be a key player in maintaining chromosomal stability through
its involvement in DNA repair and checkpoint signaling. With
FANCJ’s emergence as a uniquely important genome caretaker,
future studies may explore FANC]J as a potential target for clinical
and therapeutic strategies. In spite of the tremendous progress,
much still remains to be learned about FANC] and avenues for
biomedical advances.

ACKNOWLEDGMENTS
This work was supported by the Intramural Research Program of
the National Institutes of Health, National Institute on Aging, and

www.frontiersin.org

October 2014 | Volume 5 | Article 372 | 11


http://www.frontiersin.org/
http://www.frontiersin.org/Genetics_of_Aging/archive

Brosh and Cantor

Functional roles of FANCJ helicase

by the Fanconi Anemia Research Fund (Robert M. Brosh Jr) and
NCIRO1 GRANT 11150917 (Sharon B. Cantor). We wish to thank
Dr. Marina Bellani (NIA-NIH) for helpful discussion and input
on the artwork for Figure 1.

REFERENCES

Aggarwal, M., Banerjee, T., Sommers, J. A., Iannascoli, C., Pichierri, P., Shoemaker,
R. H., etal. (2013a). Werner syndrome helicase has a critical role in DNA damage
responses in the absence of a funcitonla fanconi snemia pathway. Cancer Res. 73,
5497-5507. doi: 10.1158/0008-5472.CAN-12-2975

Aggarwal, M., Banerjee, T., Sommers, J. A., and Brosh, R. M. Jr. (2013b). Targeting an
Achilles’ heel of cancer with a WRN helicase inhibitor. Cell Cycle 12, 3329-3335.
doi: 10.4161/cc.26320

Aggarwal, M., Sommers, J. A., Shoemaker, R. H., and Brosh, R. M. Jr. (2011).
Inhibition of helicase activity by a small molecule impairs Werner syndrome
helicase (WRN) function in the cellular response to DNA damage or replication
stress. Proc. Natl. Acad. Sci. U.S.A. 108, 1525-1530. doi: 10.1073/pnas.1006423108

Atkinson, J., and McGlynn, P. (2009). Replication fork reversal and the maintenance
of genome stability. Nucleic Acids Res. 37, 3475-3492. doi: 10.1093/nar/gkp244

Bharti, S. K., Sommers, J. A., George, E, Kuper, J., Hamon, E, Shin-Ya, K,
etal. (2013). Specialization among iron-sulfur cluster helicases to resolve G-
quadruplex DNA structures that threaten genomic stability. J. Biol. Chem. 288,
28217-28229. doi: 10.1074/jbc.M113.496463

Bochman, M. L., Paeschke, K., and Zakian, V. A. (2012). DNA secondary structures:
stability and function of G-quadruplex structures. Nat. Rev. Genet. 13, 770-780.
doi: 10.1038/nrg3296

Bomgarden, R. D., Lupardus, P. J., Soni, D. V., Yee, M. C,, Ford, J. M., and Cimprich,
K. A. (2006). Opposing effects of the UV lesion repair protein XPA and UV
bypass polymerase eta on ATR checkpoint signaling. EMBO J. 25, 2605-2614.
doi: 10.1038/sj.emboj.7601123

Borgdorff, V., Pauw, B., van Hees-Stuivenberg, S., and de Wind, N. (2006). DNA
mismatch repair mediates protection from mutagenesis induced by short-wave
ultraviolet light. DNA Repair (Amst.) 5, 1364—1372. doi: 10.1016/j.dnarep.2006.
06.005

Botuyan, M. V., Nomine, Y., Yu, X., Juranic, N., Macura, S., Chen, J., etal. (2004).
Structural basis of BACH1 phosphopeptide recognition by BRCAI tandem BRCT
domains. Structure 12, 1137-1146. doi: 10.1016/j.str.2004.06.002

Bridge, W. L., Vandenberg, C. J., Franklin, R. J., and Hiom, K. (2005). The BRIP1
helicase functions independently of BRCALI in the fanconi anemia pathway for
DNA crosslink repair. Nat. Genet. 37, 953-957. doi: 10.1038/ng1627

Brosh, R. M. Jr. (2013). DNA helicases involved in DNA repair and their roles in
cancer. Nat. Rev. Cancer 13, 542-558. doi: 10.1038/nrc3560

Brown, R. V., Danford, E. L., Gokhale, V., Hurley, L. H., and Brooks, T. A. (2011).
Demonstration that drug-targeted down-regulation of MYC in non-Hodgkins
lymphoma is directly mediated through the promoter G-quadruplex. J. Biol.
Chem. 286, 41018—41027. doi: 10.1074/jbc.M111.274720

Bryant, H. E., Petermann, E., Schultz, N, Jemth, A. S., Loseva, O., Issaeva, N, et al.
(2009). PARP is activated at stalled forks to mediate Mrel1-dependent replication
restart and recombination. EMBO J. 28, 2601-2615. doi: 10.1038/emb0j.2009.206

Buseman, C. M., Wright, W. E., and Shay, J. W. (2012). Is telomerase a viable target
in cancer? Mutat. Res. 730, 90-97. doi: 10.1016/j.mrfmmm.2011.07.006

Cantor, S., Drapkin, R., Zhang, E, Lin, Y., Han, J., Pamidi, S., etal. (2004). The
BRCA1-associated protein BACH1 is a DNA helicase targeted by clinically rele-
vant inactivating mutations. Proc. Natl. Acad. Sci. U.S.A. 101, 2357-2362. doi:
10.1073/pnas.0308717101

Cantor, S. B., Bell, D. W,, Ganesan, S., Kass, E. M., Drapkin, R., Grossman, S., etal.
(2001). BACHI, a novel helicase-like protein, interacts directly with BRCA1 and
contributes to its DNA repair function. Cell 105, 149-160. doi: 10.1016/S0092-
8674(01)00304-X

Cantor, S. B., and Guillemette, S. (2011). Hereditary breast cancer and the
BRCA1-associated FANCJ/BACH1/BRIP1. Future Oncol. 7, 253-261. doi:
10.2217/fon.10.191

Castillo, B. P.,, Segura-Bayona, S., Koole, W., van Heteren, J. T., Dewar, J. M., Tijster-
man, M., etal. (2014). FANC]J promotes DNA synthesis through G-quadruplex
structures. EMBO J. doi: 10.15252/embj.201488663 [Epub ahead of print].

Chen, X., Wilson, J. B., McChesney, P., Williams, S. A., Kwon, Y., Longerich, S.,
etal. (2014). The fanconi anemia proteins FANCD2 and FANC]J interact and

regulate each other’s chromatin localization. J. Biol. Chem. 289, 25774-25782.
doi: 10.1074/jbc.M114.552570

Dejardin, J., and Kingston, R. E. (2009). Purification of proteins associated with
specific genomic Loci. Cell 136, 175-186. doi: 10.1016/j.cell.2008.11.045

Dumaz, N., Drougard, C., Sarasin, A., and Daya-Grosjean, L. (1993). Specific
UV-induced mutation spectrum in the p53 gene of skin tumors from DNA-
repair-deficient xeroderma pigmentosum patients. Proc. Natl. Acad. Sci. U.S.A.
90, 10529-10533. doi: 10.1073/pnas.90.22.10529

Dugquette, M. L., Huber, M. D., and Maizels, N. (2007). G-rich proto-oncogenes are
targeted for genomic instability in B-cell lymphomas. Cancer Res. 67, 2586—2594.
doi: 10.1158/0008-5472.CAN-06-2419

Eddy, J., and Maizels, N. (2006). Gene function correlates with potential for G4
DNA formation in the human genome. Nucleic Acids Res. 34, 3887-3896. doi:
10.1093/nar/gkl529

Eddy, J., Vallur, A. C,, Varma, S., Liu, H., Reinhold, W. C., Pommier, Y., etal. (2011).
G4 motifs correlate with promoter-proximal transcriptional pausing in human
genes. Nucleic Acids Res. 39, 4975-4983. doi: 10.1093/nar/gkr079

Ellis, N. A., Groden, ], Ye, T. Z., Straughen, J., Lennon, D. J., Ciocci, S., et al. (1995).
The Bloom’s syndrome gene product is homologous to RecQ helicases. Cell 83,
655—666. doi: 10.1016/0092-8674(95)90105-1

Fan, L., Fuss, J. O, Cheng, Q. J., Arvai, A. S, Hammel, M., Roberts, V. A,,
etal. (2008). XPD helicase structures and activities: insights into the can-
cer and aging phenotypes from XPD mutations. Cell 133, 789-800. doi:
10.1016/j.cell.2008.04.030

Friedrich, K., Lee, L., Leistritz, D. F, Nurnberg, G., Saha, B., Hisama, E. M., etal.
(2010). WRN mutations in Werner syndrome patients: genomic rearrangements,
unusual intronic mutations and ethnic-specific alterations. Hum. Genet. 128,
103-111. doi: 10.1007/s00439-010-0832-5

Gong, Z., Kim, J. E., Leung, C. C., Glover, J. N., and Chen, J. (2010). BACH1/FANC]
acts with TopBP1 and participates early in DNA replication checkpoint control.
Mol. Cell 37, 438-446. doi: 10.1016/j.molcel.2010.01.002

Gray, L. T., Vallur, A. C., Eddy, J., and Maizels, N. (2014). G quadruplexes are
genomewide targets of transcriptional helicases XPB and XPD. Nat. Chem. Biol.
10, 313-318. doi: 10.1038/nchembio.1475

Greenberg, R. A., Sobhian, B., Pathania, S., Cantor, S. B., Nakatani, Y., and Liv-
ingston, D. M. (2006). Multifactorial contributions to an acute DNA damage
response by BRCA1/BARD1-containing complexes. Genes Dev. 20, 34—46. doi:
10.1101/gad.1381306

Grodick, M. A., Segal, H. M., Zwang, T. ]., and Barton, J. K. (2014). DNA-mediated
signaling by proteins with 4Fe-4S clusters is necessary for genomic integrity. J.
Am. Chem. Soc. 136, 6470-6478. doi: 10.1021/ja501973¢

Guillemette, S., Branagan, A., Peng, M., Dhruva, A., Scharer, O. D., and
Cantor, S. B. (2014). FANC]J localization by mismatch repair is vital to main-
tain genomic integrity after UV irradiation. Cancer Res. 74, 932-944. doi:
10.1158/0008-5472.CAN-13-2474

Guo, M., Vidhyasagar, V., Ding, H., and Wu, Y. (2014). Insight into the roles
of helicase motif Ia by characterizing fanconi anemia group J protein (FANCJ)
patient mutations. J. Biol. Chem. 289, 10551-10565. doi: 10.1074/jbc.M113.
538892

Gupta, R., Sharma, S., Doherty, K. M., Sommers, J. A., Cantor, S. B., and Brosh, R.
M. Jr. (2006). Inhibition of BACH1 (FANC]) helicase by backbone discontinuity
is overcome by increased motor ATPase or length of loading strand. Nucleic Acids
Res. 34, 6673—6683. doi: 10.1093/nar/gkl964

Gupta, R., Sharma, S., Sommers, J. A, Jin, Z., Cantor, S. B., and Brosh, R. M.
Jr. (2005). Analysis of the DNA substrate specificity of the human BACH1
helicase associated with breast cancer. J. Biol. Chem. 280, 25450-25460. doi:
10.1074/jbc.M501995200

Gupta, R., Sharma, S., Sommers, J. A., Kenny, M. K., Cantor, S. B., and Brosh, R.
M. Jr. (2007). FANCJ (BACH1) helicase forms DNA damage inducible foci with
replication protein A and interacts physically and functionally with the single-
stranded DNA-binding protein. Blood 110, 2390-2398. doi: 10.1182/blood-2006-
11-057273

Hashimoto, Y., Ray, C. A., Lopes, M., and Costanzo, V. (2010). Rad51 protects
nascent DNA from Mrell-dependent degradation and promotes continu-
ous DNA synthesis. Nat. Struct. Mol. Biol. 17, 1305-1311. doi: 10.1038/
nsmb.1927

Henderson, A., Wu, Y., Huang, Y. C., Chavez, E. A, Platt, J., Johnson, E. B., etal.
(2013). Detection of G-quadruplex DNA in mammalian cells. Nucleic Acids Res.
42, 860-869. doi: 10.1093/nar/gkt957

Frontiers in Genetics | Genetics of Aging

October 2014 | Volume 5 | Article 372 | 12


http://www.frontiersin.org/Genetics_of_Aging/
http://www.frontiersin.org/Genetics_of_Aging/archive

Brosh and Cantor

Functional roles of FANCJ helicase

Huppert, J. L., and Balasubramanian, S. (2007). G-quadruplexes in promot-
ers throughout the human genome. Nucleic Acids Res. 35, 406—413. doi:
10.1093/nar/gkl1057

Jones, G. D., Le Pla, R. C., and Farmer, P. B. (2010). Phosphotriester adducts (PTEs):
DNA’s overlooked lesion. Mutagenesis 25, 3—16. doi: 10.1093/mutage/gep038

Kamileri, 1., Karakasilioti, I., and Garinis, G. A. (2012a). Nucleotide exci-
sion repair: new tricks with old bricks. Trends Genet. 28, 566-573. doi:
10.1016/j.tig.2012.06.004

Kamileri, 1., Karakasilioti, I, Sideri, A., Kosteas, T., Tatarakis, A., Talianidis, L., et al.
(2012b). Defective transcription initiation causes postnatal growth failure in a
mouse model of nucleotide excision repair (NER) progeria. Proc. Natl. Acad. Sci.
U.S.A. 109, 2995-3000. doi: 10.1073/pnas.1114941109

Karakasilioti, I., Kamileri, I., Chatzinikolaou, G., Kosteas, T., Vergadi, E., Robin-
son, A. R, etal. (2013). DNA damage triggers a chronic autoinflammatory
response, leading to fat depletion in NER progeria. Cell Metab. 18, 403-415.
doi: 10.1016/j.cmet.2013.08.011

Kee, Y., and D’Andrea, A. D. (2012). Molecular pathogenesis and clinical manage-
ment of fanconi anemia. J. Clin. Invest. 122, 3799-3806. doi: 10.1172/JCI58321

Kelsall, I. R., Langenick, J., MacKay, C., Patel, K. J., and Alpi, A. E. (2012). The fanconi
anaemia components UBE2T and FANCM are functionally linked to nucleotide
excision repair. PLoS ONE 7:¢36970. doi: 10.1371/journal.pone.0036970

Kitao, H., Nanda, I., Sugino, R. P,, Kinomura, A., Yamazoe, M., Arakawa, H.,
etal. (2011). FancJ/Bripl helicase protects against genomic losses and gains
in vertebrate cells. Genes Cells 16, 714-727. doi: 10.1111/j.1365-2443.2011.
01523.x

Kottemann, M. C., and Smogorzewska, A. (2013). Fanconi anaemia and the
repair of Watson and Crick DNA crosslinks. Nature 493, 356-363. doi:
10.1038/nature11863

Kumaraswamy, E., and Shiekhattar, R. (2007). Activation of BRCA1/BRCA2-
associated helicase BACHI is required for timely progression through S phase.
Mol. Cell Biol. 27, 6733—-6741. doi: 10.1128/MCB.00961-07

Kuper, J., Wolski, S. C., Michels, G., and Kisker, C. (2011). Functional and structural
studies of the nucleotide excision repair helicase XPD suggest a polarity for DNA
translocation. EMBO J. 31, 494-502. doi: 10.1038/emboj.2011.374

Le May, N., Mota-Fernandes, D., Velez-Cruz, R., Iltis, I, Biard, D., and Egly, J. M.
(2010). NER factors are recruited to active promoters and facilitate chromatin
modification for transcription in the absence of exogenous genotoxic attack. Mol.
Cell 38, 54—66. doi: 10.1016/j.molcel.2010.03.004

Levitus, M., Waisfisz, Q., Godthelp, B. C., de Vries, Y., Hussain, S., Wiegant,
W. W, etal. (2005). The DNA helicase BRIP1 is defective in fanconi anemia
complementation group J. Nat. Genet. 37, 934-935. doi: 10.1038/ng1625

Levran, O., Attwooll, C., Henry, R. T., Milton, K. L., Neveling, K., Rio, P, etal.
(2005). The BRCAIl-interacting helicase BRIP1 is deficient in fanconi anemia.
Nat. Genet. 37,931-933. doi: 10.1038/ng1624

Li, X. L., Lu, X., Parvathaneni, S., Bilke, S., Zhang, H., Thangavel, S., etal. (2014).
Identification of RECQ1-regulated transcriptome uncovers a role of RECQ1 in
regulation of cancer cell migration and invasion. Cell Cycle doi: 10.4161/cc.29419
[Epub ahead of print].

Litman, R., Peng, M., Jin, Z., Zhang, F,, Zhang, J., Powell, S., etal. (2005). BACH1
is critical for homologous recombination and appears to be the fanconi anemia
gene product FANCJ. Cancer Cell 8, 255-265. doi: 10.1016/j.ccr.2005.08.004

London, T. B., Barber, L. J., Mosedale, G., Kelly, G. P., Balasubramanian, S., Hickson,
1. D, etal. (2008). FANC] is a structure-specific DNA helicase associated with
the maintenance of genomic G/C tracts. J. Biol. Chem. 283, 36132-36139. doi:
10.1074/jbc.M808152200

Machwe, A., Xiao, L., Groden, J., and Orren, D. K. (2006). The Werner and Bloom
syndrome proteins catalyze regression of a model replication fork. Biochemistry
45,13939-13946. doi: 10.1021/bi0615487

Maizels, N., and Gray, L. T. (2013). The G4 genome. PLoS Genet 9:€1003468. doi:
10.1371/journal.pgen.1003468

Makharashvili, N., Tubbs, A. T, Yang, S. H., Wang, H., Barton, O., Zhou,
Y., etal. (2014). Catalytic and noncatalytic roles of the CtIP endonucle-
ase in double-strand break end resection. Mol. Cell 54, 1022-1033. doi:
10.1016/j.molcel.2014.04.011

Mori, R., Yoshida, K., Tanahashi, T., Yawata, K., Kato, J., Okumura, N., etal.
(2013). Decreased FANC] caused by 5FU contributes to the increased sensi-
tivity to oxaliplatin in gastric cancer cells. Gastric Cancer 16, 345-354. doi:
10.1007/s10120-012-0191-0

Mui, T. P, Fuss, J. O., Ishida, J. P, Tainer, J. A., and Barton, J. K. (2011).
ATP-stimulated, DNA-mediated redox signaling by XPD, a DNA repair and tran-
scription helicase. J. Am. Chem. Soc. 133, 16378-16381. doi: 10.1021/ja207222t

Nakanishi, R., Kitao, H., Fujinaka, Y., Yamashita, N., limori, M., Tokunaga, E.,
etal. (2012). FANCJ expression predicts the response to 5-fluorouracil-based
chemotherapy in MLH1-proficient colorectal cancer. Ann. Surg. Oncol. 19, 3627—
3635. doi: 10.1245/s10434-012-2349-8

Nalepa, G., and Clapp, D. W. (2014). Fanconi anemia and the cell cycle: new
perspectives on aneuploidy. F1000 Prime Rep. 6,23. doi: 10.12703/P6-23

Nalepa, G., Enzor, R, Sun, Z., Marchal, C., Park, S. J., Yang, Y., etal. (2013).
Fanconi anemia signaling network regulates the spindle assembly checkpoint. J.
Clin. Invest. 123, 3839-3847. doi: 10.1172/JCI67364

Nguyen, G. H., Dexheimer, T. S., Rosenthal, A. S., Chu, W. K., Singh, D. K.,
Mosedale, G., etal. (2013). A small molecule inhibitor of the BLM helicase
modulates chromosome stability in human cells. Chem. Biol. 20, 55-62. doi:
10.1016/j.chembiol.2012.10.016

Nguyen, G. H., Tang, W., Robles, A. I, Beyer, R. P, Gray, L. T., Welsh, J. A,,
etal. (2014). Regulation of gene expression by the BLM helicase correlates with
the presence of G-quadruplex DNA motifs. Proc. Natl. Acad. Sci. U.S.A. 111,
9905-9910. doi: 10.1073/pnas.1404807111

Park, J. Y., Zhang, F,, and Andreassen, P. R. (2014). PALB2: the hub of a network of
tumor suppressors involved in DNA damage responses. Biochim. Biophys. Acta
1846, 263-275. doi: 10.1016/j.bbcan.2014.06.003

Pauty, J., Rodrigue, A., Couturier, A., Buisson, R.,and Masson, J. Y. (2014). Exploring
the roles of PALB2 at the crossroads of DNA repair and cancer. Biochem. ]. 460,
331-342. doi: 10.1042/BJ20140208

Peng, M., Litman, R., Jin, Z., Fong, G., and Cantor, S. B. (2006). BACH1 is a DNA
repair protein supporting BRCA1 damage response. Oncogene 25, 2245-2253.
doi: 10.1038/sj.0nc.1209257

Peng, M., Litman, R., Xie, J., Sharma, S., Brosh, R. M. Jr., and Cantor, S. B. (2007).
The FANC]/MutLalpha interaction is required for correction of the cross-link
response in FA-J cells. EMBO J. 26, 3238-3249. doi: 10.1038/sj.emboj.7601754

Peng, M., Xie, J., Ucher, A., Stavnezer, J., and Cantor, S. B. (2014). Crosstalk
between BRCA-fanconi anemia and mismatch repair pathways prevents MSH2-
dependent aberrant DNA damage responses. EMBO J. 33, 1698-1712. doi:
10.15252/embj.201387530

Pickering, A., Zhang, J., Panneerselvam, J., and Fei, P. (2013). Advances in the
understanding of the fanconi anemia tumor suppressor pathway. Cancer Biol.
Ther. 14, 1089-1091. doi: 10.4161/cbt.26380

Polato, E, Callen, E., Wong, N., Faryabi, R., Bunting, S., Chen, H.T., etal. (2014).
CtIP-mediated resection is essential for viability and can operate independently
of BRCAL. J. Exp. Med. 211, 1027-1036. doi: 10.1084/jem.20131939

Popuri, V., Bachrati, C. Z., Muzzolini, L., Mosedale, G., Costantini, S., Giaco-
mini, E., etal. (2008). The Human RecQ helicases, BLM and RECQ1, display
distinct DNA substrate specificities. J. Biol. Chem. 283, 17766-17776. doi:
10.1074/jbc.M709749200

Rafnar, T., Gudbjartsson, D. E, Sulem, P,, Jonasdottir, A., Sigurdsson, A., Jonasdottir,
A., etal. (2011). Mutations in BRIP1 confer high risk of ovarian cancer. Nat.
Genet. 43,1104-1107. doi: 10.1038/ng.955

Ralf, C., Hickson, I. D., and Wu, L. (2006). The Bloom’s syndrome helicase can
promote the regression of a model replication fork. J. Biol. Chem. 281, 22839~
22846. doi: 10.1074/jbc.M604268200

Ren, B., Duan, X., and Ding, H. (2009). Redox control of the DNA damage-inducible
protein DinG helicase activity via its iron-sulfur cluster. J. Biol. Chem. 284, 4829—
4835. doi: 10.1074/jbc.M807943200

Rudolf, J., Makrantoni, V., Ingledew, W. J., Stark, M. J., and White, M. E. (2006). The
DNA repair helicases XPD and FancJ have essential iron-sulfur domains. Mol.
Cell 23, 801-808. doi: 10.1016/j.molcel.2006.07.019

Sarkies, P., Murat, P., Phillips, L. G., Patel, K. J., Balasubramanian, S., and Sale, J.
E. (2012). FANCJ coordinates two pathways that maintain epigenetic stability at
G-quadruplex DNA. Nucleic Acids Res. 40, 1485-1498. doi: 10.1093/nar/gkr868

Schlacher, K., Christ, N., Siaud, N., Egashira, A., Wu, H., and Jasin, M.
(2011). Double-strand break repair-independent role for BRCA2 in block-
ing stalled replication fork degradation by MRE11. Cell 145, 529-542. doi:
10.1016/j.cell.2011.03.041

Schwab, R. A., Nieminuszczy, J., Shin-Ya, K., and Niedzwiedz, W. (2013). FANC]
couples replication past natural fork barriers with maintenance of chromatin
structure. J. Cell Biol. 201, 33—48. doi: 10.1083/jcb.201208009

www.frontiersin.org

October 2014 | Volume 5 | Article 372 | 13


http://www.frontiersin.org/
http://www.frontiersin.org/Genetics_of_Aging/archive

Brosh and Cantor

Functional roles of FANCJ helicase

Seal, S., Thompson, D., Renwick, A., Elliott, A., Kelly, P, Barfoot, R., etal.
(2006). Truncating mutations in the fanconi anemia J gene BRIP1 are low-
penetrance breast cancer susceptibility alleles. Nat. Genet. 38, 1239-1241. doi:
10.1038/ng1902

Shiozaki, E. N., Gu, L., Yan, N., and Shi, Y. (2004). Structure of the BRCT repeats
of BRCA1 bound to a BACH1 phosphopeptide: implications for signaling. Mol.
Cell 14, 405—-412. doi: 10.1016/S1097-2765(04)00238-2

Singh,T. R., Ali, A. M., Paramasivam, M., Pradhan, A., Wahengbam, K., Seidman,
M. M,, etal. (2013). ATR-dependent phosphorylation of FANCM at serine 1045
is essential for FANCM functions. Cancer Res. 73, 4300—4310. doi: 10.1158/0008-
5472.CAN-12-3976

Sommers, J. A., Banerjee, T., Hinds, T., Wan, B., Wold, M. S., Lei, M., etal. (2014).
Novel function of the fanconi anemia group J or RECQI helicase to disrupt
protein-DNA complexes in a replication protein a-stimulated manner. J. Biol.
Chem. 289, 19928-19941. doi: 10.1074/jbc.M113.542456

Sommers, J. A., Rawtani, N., Gupta, R., Bugreev, D. V., Mazin, A. V., Cantor, S. B,,
etal. (2009). FANC]J uses its motor ATPase to disrupt protein-DNA complexes,
unwind triplexes, and inhibit Rad51 strand exchange. J. Biol. Cherm. 284, 7505—
7517. doi: 10.1074/jbc.M809019200

Sontz, P. A, Mui, T. P,, Fuss, J. O., Tainer, J. A., and Barton, J. K. (2012). DNA charge
transport as a first step in coordinating the detection of lesions by repair proteins.
Proc. Natl. Acad. Sci. U.S.A. 109, 1856-1861. doi: 10.1073/pnas.1120063109

Suhasini, A. N., and Brosh, R. M. Jr. (2010). Mechanistic and biological
aspects of helicase action on damaged DNA. Cell Cycle 9, 2317-2329. doi:
10.4161/cc.9.12.11902

Suhasini, A. N., and Brosh, R. M. Jr. (2012). Fanconi anemia and bloom’s syn-
drome crosstalk through FANCJ-BLM helicase interaction. Trends Genet. 28,
7-13. doi: 10.1016/j.tig.2011.09.003

Suhasini, A. N., and Brosh, R. M. Jr. (2013). Disease-causing missense muta-
tions in human DNA helicase disorders. Mutat. Res. 752, 138-152. doi:
10.1016/j.mrrev.2012.12.004

Suhasini, A. N., Rawtani, N. A., Wu, Y., Sommers, J. A., Sharma, S., Mosedale,
G., etal. (2011). Interaction between the helicases genetically linked to fan-
coni anemia group J and Bloom’s syndrome. EMBO J. 30, 692-705. doi:
10.1038/emboj.2010.362

Suhasini, A. N., Sommers, J. A., Mason, A. C., Voloshin, O. N., Camerini-Otero,
R. D., Wold, M. S., etal. (2009). FANC]J helicase uniquely senses oxidative base
damage in either strand of duplex DNA and is stimulated by replication protein a
to unwind the damaged DNA substrate in a strand-specific manner. J. Biol. Chem.
284, 18458-18470. doi: 10.1074/jbc.M109.012229

Suhasini, A. N., Sommers, J. A., Muniandy, P. A., Coulombe, Y., Cantor, S. B,
Masson, J. Y., etal. (2013). Fanconi anemia group J helicase and MRE11 nuclease
interact to facilitate the DNA damage response. Mol. Cell Biol. 33, 2212-2227.
doi: 10.1128/MCB.01256-12

Suhasini, A. N., Sommers, J. A., Yu, S., Wu, Y., Xu, T., Kelman, Z., etal. (2012). DNA
repair and replication fork helicases are differentially affected by alkyl phospho-
triester lesion. J. Biol. Chem. 287, 19188-19198. doi: 10.1074/jbc.M112.352757

Tanner, N. K., Cordin, O., Banroques, J., Doere, M., and Linder, P. (2003). The Q
motif: a newly identified motif in DEAD box helicases may regulate ATP binding
and hydrolysis. Mol. Cell 11, 127-138. doi: 10.1016/S1097-2765(03)00006-6

Tu, Z., Aird, K. M., Bitler, B. G., Nicodemus, J. P, Beeharry, N., Xia, B., etal. (2011).
Oncogenic RAS regulates BRIP1 expression to induce dissociation of BRCA1 from
chromatin, inhibit DNA repair, and promote senescence. Dev. Cell 21,1077-1091.
doi: 10.1016/j.devcel.2011.10.010

Walden, H., and Deans, A. J. (2014). The fanconi anemia DNA repair pathway:
structural and functional insights into a complex disorder. Annu. Rev. Biophys.
43,257-278. doi: 10.1146/annurev-biophys-051013-022737

Wallace, S. S. (2002). Biological consequences of free radical-damaged DNA bases.
Free Radic. Biol. Med. 33, 1-14. doi: 10.1016/S0891-5849(02)00827-4

Wang, H., Li, Y.,, Truong, L. N., Shi, L. Z., Hwang, P. Y., He, J., etal. (2014).
CtIP maintains stability at common fragile sites and inverted repeats by end
resection-independent endonuclease activity. Mol. Cell 54, 1012-1021. doi:
10.1016/j.molcel.2014.04.012

Wolski, S. C., Kuper, J., Hanzelmann, P,, Truglio, J. J., Croteau, D. L., Van Houten, B.,
etal. (2008). Crystal structure of the FeS cluster-containing nucleotide excision
repair helicase XPD. PLoS Biol. 6:¢149. doi: 10.1371/journal.pbio.0060149

Wu, Y., and Brosh, R. M. Jr. (2010a). G-quadruplex nucleic acids and human disease.
FEBS J. 277, 3470-3488. doi: 10.1111/j.1742-4658.2010.07760.x

Wu, Y., and Brosh, R. M. Jr. (2010b). Helicase-inactivating mutations as
a basis for dominant negative phenotypes. Cell Cycle 9, 4080—4090. doi:
10.4161/cc.9.20.13667

Wu, Y., Shin-Ya, K., and Brosh, R. M. Jr. (2008). FANC] helicase defec-
tive in fanconia anemia and breast cancer unwinds G-Quadruplex DNA to
defend genomic stability. Mol. Cell Biol. 28, 4116—4128. doi: 10.1128/MCB.02
210-07

Wu, Y., Sommers, J. A., Loiland, J. A., Kitao, H., Kuper, J., Kisker, C., etal.
(2012). The Q motif of FANC] DNA helicase regulates its dimerization, DNA
binding, and DNA repair function. J. Biol. Chem. 287, 21699-21716. doi:
10.1074/jbc.M112.351338

Wu, Y., Sommers, J. A., Suhasini, A. N., Leonard, T., Deakyne, J. S., Mazin, A.
V., etal. (2010). Fanconi anemia group ] mutation abolishes its DNA repair
function by uncoupling DNA translocation from helicase activity or disruption
of protein-DNA complexes. Blood 116, 3780-3791. doi: 10.1182/blood-2009-11-
256016

Wu, Y., Suhasini, A. N., and Brosh, R. M. Jr. (2009). Welcome the family of FANCJ-
like helicases to the block of genome stability maintenance proteins. Cell Mol. Life
Sci. 66, 1209-1222. doi: 10.1007/s00018-008-8580-6

Xie, J., Litman, R., Wang, S., Peng, M., Guillemette, S., Rooney, T., etal. (2010).
Targeting the FANCJ-BRCAL interaction promotes a switch from recombina-
tion to poleta-dependent bypass. Oncogene 29, 2499-2508. doi: 10.1038/onc.
2010.18

Xie, J., Peng, M., Guillemette, S., Quan, S., Maniatis, S., Wu, Y., etal. (2012).
FANC]/BACHI acetylation at lysine 1249 regulates the DNA damage response.
PLoS Genet. 8:¢1002786. doi: 10.1371/journal.pgen.1002786

Ying, S., Hamdy, F. C., and Helleday, T. (2012). Mrell-dependent degradation of
stalled DNA replication forks is prevented by BRCA2 and PARP1. Cancer Res. 72,
2814-2821. doi: 10.1158/0008-5472.CAN-11-3417

Yu, X., Chini, C. C, He, M., Mer, G., and Chen, J. (2003). The BRCT
domain is a phospho-protein binding domain. Science 302, 639-642. doi:
10.1126/science.1088753

Zhang, F, Fan, Q., Ren, K. Auerbach, A. D., and Andreassen, P. R.
(2010). FANCJ/BRIP1 recruitment and regulation of FANCD2 in DNA
damage responses. Chromosoma 119, 637-649. doi: 10.1007/s00412-010-
0285-6

Zou, J., Tian, E, Li, J., Pickner, W., Long, M., Rezvani, K., etal. (2013). Fanc]J
regulates interstrand crosslinker induced centrosome amplification through the
activation of polo-like kinase 1. Biol. Open. 2, 1022-1031. doi: 10.1242/bio.
20135801

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 05 September 2014; paper pending published: 18 September 2014; accepted:
05 October 2014; published online: 21 October 2014.

Citation: Brosh RM Jr. and Cantor SB (2014) Molecular and cellular functions of the
FANC] DNA helicase defective in cancer and in Fanconi anemia. Front. Genet. 5:372.
doi: 10.3389/fgene.2014.00372

This article was submitted to Genetics of Aging, a section of the journal Frontiers in
Genetics.

Copyright © 2014 Brosh and Cantor. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Genetics | Genetics of Aging

October 2014 | Volume 5 | Article 372 | 14


http://dx.doi.org/10.3389/fgene.2014.00372
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Genetics_of_Aging/
http://www.frontiersin.org/Genetics_of_Aging/archive

	Molecular and cellular functions of the FANCJ DNA helicase defective in cancer and in Fanconi anemia
	Discovery of BACH1/BRIP1/FANCJ and its emergence as a prominent player in human genetic disease and tumor suppression
	Catalytic activities and DNA substrate specificity of FANCJ helicase
	Post-translational modifications of FANCJ
	Novel insights to FANCJ structure-function relationships by characterization of site-directed mutants
	FANCJ and its protein partners are recruited to DNA damage foci in a regulated and lesion-specific manner
	Role of FANCJ and the fa pathway in the broader context beyond DNA repair
	Involvement of FANCJ during replication stress
	FANCJ resolves g-quadruplex DNA to enable smooth replication and preserve genomic integrity
	FANCJ as a potential target for clinical and pharmaceutical treatment
	Summary
	Acknowledgments
	References


