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Fanconi anemia (FA) is a rare recessive genetic disease
characterized by congenital abnormalities, bone marrow
failure and heightened cancer susceptibility in early
adulthood. FA is caused by biallelic germ-line mutation of any
one of 16 genes. While several functions for the FA proteins
have been ascribed, the prevailing hypothesis is that the FA
proteins function cooperatively in the FA-BRCA pathway to
repair damaged DNA. A pivotal step in the activation of the
FA-BRCA pathway is the monoubiquitination of the FANCD2
and FANCI proteins. Despite their importance for DNA repair,
the domain structure, regulation, and function of FANCD2
and FANCI remain poorly understood. In this review, we
provide an overview of our current understanding of FANCD2
and FANCI, with an emphasis on their posttranslational
modification and common and unique functions.

The Discovery of FANCD2 and FANCI

FANCD2

The FANCD2 gene was identified in 2001 by the Grompe,
D’Andrea, and Moses Laboratories using a positional gene
cloning approach, following many years of collaborative
efforts."™ The PD20 FA patient line was originally assigned to
the FA-D complementation group because of its inability to
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complement the mitomycin C (MMC) hypersensitivity of the
FA-D reference line HSC62.“® Using a microcell-mediated
chromosome transfer approach, the FANCD gene was initially
mapped to 3p22-26.* Hejna and colleagues subsequently nar-
rowed the critical region to ~200 kb, a region which harbored
3 candidate genes: TIGR-A004X28, SGC34603, and
AA609512.> Timmers and colleagues then used rapid amplifi-
cation of cDNA ends (RACE) to obtain the respective full-
length cDNAs and sequenced these 3 genes in the PD20 cells."
No sequence changes were uncovered in A004X28 and
AAG609512. However, 5 sequence changes were found in
SGC34603; 3 of which represented common polymorphisms
and 2 represented bona fide mutations. One sequence alter-
ation was a maternally inherited A to G transition at nucleo-
tide 376, which resulted in a S to G missense change. This
transition was also associated with missplicing and insertion of
13 nt from intron 5 into the mRNA, causing a frameshift and
production of a severely truncated protein. A second paternally
inherited sequence change in SGC34603 resulted in an R to H
missense and hypomorphic change at position 1236
(R123GH)," strongly suggesting that SGC34603 was indeed
the FANCD gene. Confirming this, transduction of PD20
cells with full-length wild-type FANCD rescued the MMC
hypersensitivity of these cells.'" No sequence changes in
SGC34603 however were uncovered in HSC62. These find-
ings led to the delineation of 2 FA-D complementation
groups, FA-D1 and FA-D2, with biallelic mutations in
SGC34603/FANCD?2 causative for the FA-D2 complementa-
tion group.' Early biochemical studies of the FANCD2

protein uncovered 2 isoforms: an unmodified form and a

2999



higher molecular mass isoform posttranslationally modified
through the covalent attachment of a single ubiquitin polypep-
tide, referred to as monoubiquitination,3

FANCI

The existence of the FA-I complementation group was first
established by Levitus and colleagues, on the basis of somatic cell
hybrid complementation analyses,” and the FANCI gene was
subsequently identified by 3 groups in 2007.5'° Using a 2-step
genome-wide linkage approach with 4 genetically informative
families, Dorsman and colleagues identified 4 candidate regions
encompassing 39.4 Mb and comprising 351 genes. The sequenc-
ing of several candidate DNA repair genes failed to reveal
sequence alterations. However, 2 strong alternative candidate
genes - KIAA1794/NP_060663 and Cl50rf42/NP_689472 -
were interrogated due to their resemblance to known FA genes in
their extent of evolutionary conservation and the presence of
nuclear localization signals, as many FA proteins, including
FANCD2, were known to be nuclear.®'"'* Sequencing of the
KIAA1794 gene in all 8 FA-I patients uncovered pathogenic
mutations.®

Employing a phosphoproteomics screen to identify substrates
of the DNA damage response kinases ATM (ataxia-telangiectasia
mutated) and ATR (ATM and Rad3-related), the Elledge group
identified KIAA1794 as an ionizing radiation-inducible phos-
phoprotein.”> An amino acid sequence alignment of KIAA1794/
FANCI and FANCD?2 uncovered a modest overall 13% identity
and 20% primary sequence similarity. However, a higher degree
of sequence conservation was revealed in the region encompass-
ing KIAA1794/FANCI K523 and that flanking FANCD2 K561,
the site of FANCD2 monoubiquitination.”'® Subsequent experi-
ments established that, like FANCD2, FANCI is monoubiquiti-
nated following treatment of cells with DNA damaging agents
and during S-phase of the cell cycle.'® While full-length
KIAA1794/FANCI protein was detected by immunoblotting in
BD0952, an Epstein-Barr virus-transformed lymphocyte line
from an FA patient of unassigned complementation group,
monoubiquitinated FANCI was not detected in these cells. DNA
sequencing revealed homozygosity for 2 base substitutions in
KIAA1794/FANCI in BD0952 cells. These included a C to T
transition leading to a P55L amino acid change, and a G to A
transversion leading to a R1285Q) change, the latter representing
the pathogenic mutation. '

In an alternative strategy, Sims and colleagues performed a
BLAST search using the conserved amino acid sequence flanking
the site of FANCD2 monoubiquitination K561, LVIRK, to
identify proteins with similar monoubiquitination ‘consensus’
sequences.” A highly similar sequence - LVLRK - was uncovered
in the uncharacterized protein KIAA1794, which, upon further
examination, displayed approximately 40% sequence similarity
within the regions surrounding KIAA1794 K523 and FANCD2
K561.° KIAA1794/FANCI was shown to undergo DNA
damage-inducible monoubiquitination, and, importantly, this
monoubiquitination was dependent on both the presence and
monoubiquitination of FANCD2.? Sims and colleagues subse-
quently sequenced all of the exons and intron-exon boundaries of
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the FANCI gene for several FA patients of unassigned comple-
mentation group with defective FANCD2 monoubiquitination.
Biallelic mutations in FANCI were uncovered in 4 patients.
Patient EUFA592 expressed an amino-terminal truncated
FANCI as a result of a homozygous T to A transition in exon 2
leading to the creation of a cryptic start site at M94.” Patient
F010191 was compound heterozygous for FANCI mutations,
with one allele encoding a R614X variant and the other encoding
FANCI R1299X. Only the latter variant was detectable by
immunoblotting. FO10191 cells were defective for both FANCI
and FANCD2 monoubiquitination indicating an important role
for the extreme carboxy-terminus of FANCI in the regulation of
this posttranslational modification. Importantly, all FA-I patients
examined expressed some FANCI protein suggesting that
FANCI null mutations may lead to embryonic lethality.”

FA-D2 and FA-I clinical aspects

FA is a clinically heterogeneous disease characterized by a wide
spectrum of congenital abnormalities, a predisposition to develop
early-onset progressive bone marrow failure (BMF), and an
increased risk of developing solid tumors in early adulthood. The
carrier frequency of FA was previously estimated at 1:300 with
an expected incidence rate of approximately 1:360,000.'¢
However, a more recent report cites a higher carrier frequency of
1:156-1:209, leading to an expected incidence rate of
1:130,000."” A much higher carrier frequency of approximately
1:100 is found in certain populations, including Spanish
Romani, Ashkenazi Jews, and Afrikaaners; this increase being
attributed to the founder effect.'”

It had previously been estimated that the FA-D2 complemen-
tation group accounts for ~1-3% of all FA patients.'®"?
However, more recently it has been reported that this comple-
mentation group accounts for approximately 6% of all FA
patients.”” Patients belonging to the FA-D2 complementation
group display the common FA congenital malformations includ-
ing skin hypo- or hyper-pigmentation, short stature, and
microcephaly (Table 1).°* Importantly, these physical abnor-
malities, along with skeletal irregularities such as radial ray defor-
mities, often allow for early clinical diagnosis. One notable
difference between the FA-D2 complementation group and
others is the penetrance of congenital abnormalities: while it is
estimated that ~30% of individuals with FA do not display any
congenital abnormality, every FA-D2 patient in one study exhib-
ited a congenital defect.”® Distinct phenotypes have also been
observed in Fancd2 knockout mice that are not observed in
Houghtaling and
colleagues discovered that Fancd2-/- mice have a high prevalence

.2
Fanca, Fancc, or Fancg mutant mice. 3

of micropthalmia, an increased incidence of epithelial tumors,
severe hypogonadism, as well as perinatal lethality.*” Tn addition
to the congenital abnormalities, an earlier mean age of onset of
BMEF is observed for FA-D2 patients, compared to patients from
all other FA complementation groups - 4.5 y compared to
8.0 y.**** Similar to that mentioned above for FA-I patients,
residual FANCD2 protein expression is detected in the vast
majority of FA-D2 patient cells, suggesting that only hypomor-
phic FANCD2 mutations are compatible with viability. The
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majority of FANCD2 mutations detected among FA-D2 patients
are homozygous missense or compound heterozygous for a mis-
sense mutation and nucleotide change affecting splicing, often
leading to monoallelic expression of low levels of both non- and
monoubiquitinated FANCD2."°

To date, only 12 patients from the FA-I complementation
group have been described, compared to 30 FA-D2 patients.
Much less is known about FA-I patients’ clinical manifestations,
and this complementation group only accounts for an estimated
less than 1% of all FA cases.'® Of the few FA-I patients with
available clinical data, all have growth retardation (Table 2).89
In addition, approximately 50% of FA-I patients exhibit radial
ray defects as well as both kidney and heart anomalies. Further-
more, the age of onset of hematological manifestations among
FA-I patients varies widely, ranging from 1 - 8 y, and the average
age of onset of BMF for the small number of FA-I patients docu-
mented is 5.4 y.* Of the limited FA-I population size examined
to date, to our knowledge no unique clinical manifestations have
been observed.

Domain Architecture and Structure of FANCD2
and FANCI

FANCD?2 is a 1,451 amino acid protein with a molecular
mass of 164 kDa. When originally identified, FANCD2 was
described as an orphan protein, as no recognizable domains or
enzymatic motifs were evident.' To date, only 4 FANCD2
domains/motifs have been experimentally characterized
(Fig. 1A). The C-terminal EDGE motif, named for the single let-
ter amino acid code, is not required for FANCD2 monoubiquiti-
nation or nuclear foci formation. However, this motif is necessary
for complementation of the ICLsensitivity of FA-D2 patient
cells.”> An interaction between FANCD2 and the major DNA
processivity factor PCNA has also been described.”® FANCD2
contains a highly conserved PIP-motif (PCNA-interacting pro-
tein motif) which is necessary for the association of FANCD2
with PCNA (proliferating cell nuclear antigen), and for efficient
FANCD2 monoubiquitination, nuclear foci formation and ICL
repair, suggesting that PCNA may function as a molecular scaf-
fold to facilitate FANCD2 function.”® FANCD2 also harbors an
amino-terminal CUE (coupling of ubiquitin conjugation to
endoplasmic reticulum degradation) ubiquitin-binding domain
(UBD).”” The CUE domain adopts a triple a-helical configura-
tion and mediates noncovalent ubiquitin binding. The CUE
domain is important for interaction with FANCI, for the reten-
tion of monoubiquitinated FANCD2 and FANCI in chromatin,
and for efficient ICL repair.”” In addition, the N-terminal
58 amino acids of FANCD?2 harbors a nuclear localization signal
(NLS).?® This sequence is required for the efficient nuclear locali-
zation of both FANCD?2 and FANCI, and for their monoubiqui-
tination and function in ICL repair.28

FANCI is a 1,328 amino acid protein with a molecular mass
of 149 kDa (Fig. 1B). FANCI has an armadillo (ARM) repeat
domain, which form superhelical folds involved in mediating
protein-protein interactions.'®* FANCI also possesses  an
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amino-terminal leucine zipper domain, a domain capable of
mediating protein-protein or DNA-protein interactions.®?!
The FANCI leucine zipper domain does not bind directly to
DNA, but does contribute to FANCI protein stability.”’ The
conserved carboxy-terminus of FANCI includes a putative
EDGE motif and NLS, which have been shown to enhance
DNA binding and to promote the nuclear localization of
FANCI, respectively.”'*> FANCI also possesses numerous S/TQ
motifs, known ATM/ATR phosphorylation consensus sites, and
mass spectrometry revealed that at least 5 of these sites are phos-
phorylated in human and mouse FANCIL.">**3 The alignment
of human and chicken FANCI sequences revealed that 8 S/TQ
motifs are highly conserved, with 6 of these motifs clustering
proximal to K523, the site of FANCI monoubiquitination.9’]0’33

Importantly, the 3.4A crystal structure of the murine Fancd2-
Fanci heterodimer (ID2) was recently solved by the Pavletich lab-
oratory. While this structure continues to be a major resource for
FA researchers, it is important to recognize that structural infor-
mation remains lacking for several peptide stretches of both pro-
teins.”® Fancd2 and Fanci are structurally highly similar and
consist largely of antiparallel a-helices that form ao-superhelical
structures referred to as solenoids. Fancd2 and Fanci fold into
back-to-back, inverted saxophone-like structures with trough-like
partially open ends (Fig. 1C). Multiple positively charged
grooves within these troughs are capable of accommodating sin-
gle and double-stranded DNA. The sites of monoubiquitination
are located in the ID2 interface within solvent accessible tunnels.
However, these tunnels are predicted to be too small to accom-
modate the ubiquitin ligase machinery, raising challenging ques-
tions about the temporal, kinetic, and spatial aspects of
FANCD?2 and FANCI monoubiquitination.*

FANCD2 and FANCI Monoubiquitination

Protein ubiquitination is a multi-step post-translational modi-
fication that results in the covalent attachment of a single ubiqui-
tin molecule (monoubiquitination) or chain of linked ubiquitin
molecules (polyubiquitination) to a lysine residue on a substrate
protein. Mono- and poly-ubiquitination signal a wide range of
cellular instructions, the former being most typically associated
with the targeting of proteins to specific sub-cellular localizations,
while the canonical role of the latter is to target proteins for deg-
radation by the proteasome.’®?” In the general process of ubiqui-
tination, an El ubiquitin-activating enzyme activates ubiquitin
by forming a thioester bond between a catalytic C of E1 and the
C-terminal G76 of ubiquitin. Ubiquitin is then transferred from
the E1 to an active site C of an E2 ubiquitin-conjugating enzyme.
Ubiquitin can be further transferred to the catalytic site of a
HECT (homologous to E6-AP carboxy terminus) domain-con-
taining E3 ubiquitin ligase, and then subsequently transferred to
a target K on the substrate. Alternatively, through the action of a
RING (really interesting new gene) domain-containing E3 ubiq-
uitin ligase, ubiquitin is transferred directly from the E2 to the
substrate. The human genome encodes 2 E1 ubiquitin-activating
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Figure 1. Domain architecture and structure of FANCD2 and FANCI. (A) Schematic of the FANCD2 protein
indicating the amino-terminal NLS (nuclear localization signal) domain (green), CUE (coupling of ubiquitin
conjugation to endoplasmic reticulum degradation) domain (maroon), PIP-box (PCNA-interacting protein
motif) (orange), and the C-terminal EDGE motif (purple). Functionally-characterized phosphorylation sites
(teal) and K561 monoubiquitination site (yellow) are indicated by small circles. (B) Schematic of the FANCI
protein indicating the Leu (leucine zipper) domain (light blue), ARM (armadillo repeat) domain (pink), and
C-terminal EDGE motif (purple) and NLS domain (green). The S/TQ moitif (teal) and K523 site of monoubiquiti-
nation (yellow) are indicated by small circles. (C) Mouse Fanci-Fancd2 heterodimer crystal structure repre-
sented as both surface and ribbons with domains indicated. This structure was solved by the Pavletich group
in 2011(PDB ID: 354W).>®

173 kDa.? The latter isoform was
determined to represent FANCD2
covalently linked to a single ubig-
uitin polypeptide on K561.% Simi-
lar to FANCD2, a slower
migrating isoform of FANCI was
also detected by immunoblotting,
following treatment of cells with
DNA damaging agents.9 This
slower migrating FANCI isoform
was subsequently determined to
represent FANCI monoubiquiti-
nated on K523.2'° The monoubi-
quitination of FANCD2 and
FANCI is required for their
assembly into discrete nuclear
foci, where they co-localize with
several proteins including the pro-
tein product of one of the major
breast and ovarian cancer suscepti-
bility genes BRCA1.>”'® This
seminal finding provided an
important clue as to a potential
function for FANCD2, FANCI,
and the FA-BRCA pathway, as
BRCA1 had previously been
determined to play a key role in
DNA  repair by homologous
recombination (HR).>**' HR is
an error-free and conservative
DNA repair pathway that utilizes
an intact homologous template,
such as a sister chromatid or
homologous  chromosome, to
repair DNA damage.42 The ability
of FANCD2 and FANCI to pro-
mote error-free HR repair was
assessed using the DR-GFP HR
reporter assay system developed
by the Jasin laboratory.”>** This
reporter assay comprises 2 differ-
entially mutated nonfunctional
GFP genes oriented in tandem,
and separated by a drug selection
marker. One GFP gene is inter-
rupted with the rare 18-bp I-Sce I
restriction endonuclease recogni-
tion sequence, while the other is
an 812-bp internal fragment.
Following induction of a DSB

enzymes, ~40 E2 ubiquitin-conjugating enzymes, and >600 E3  with the I-Sce I endonuclease, a gene conversion HR event

ubiquitin ligases.”® results in the expression of GFP, which can be assayed by flow

As mentioned above, when the FANCD2 protein was first ~ cytometry or fluorescence microscopy.*? Knockdown of ecither
characterized by Garcia-Higuera and colleagues in 2001, 2 FANCD2 or FANCI, as well as mutation of FANCD2 K561 or
isoforms of FANCD2 were detected by immunoblotting; a short  FANCI K523, which precludes the covalent attachment of ubig-
form approximately 164 kDa and a longer form approximately uitin, leads to decreased HR efficiency.”'®** Taken together, this
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data strongly suggests that monoubiquitinated FANCI and
FANCD?2 function cooperatively to promote error-free HR
repair. Importantly, FANCD2 and FANCI monoubiquitination
and nuclear foci formation are interdependent.9’10 For example,
siRNA-mediated depletion of FANCI results in decreased
FANCD2 monoubiquitination and nuclear foci formation, as
well as a reduction in steady state levels of FANCD2.”'* These
findings were suggestive of a physical interaction between
FANCD2 and FANCI, and indeed this was verified by co-
immunoprecipitation studies as well as by co-crystallization of the
murine ID2 heterodimer.'®** Mutation of FANCD2 K561
renders this protein incompetent for nuclear foci formation, and
abrogates its ability to rescue the ICL hypersensitivity of FA-D2
patient cells. Mutation of FANCI K523 also precludes its assem-
bly into nuclear foci.”'® However, somewhat surprisingly, in con-
trast to FANCD2 K561, mutation of FANCI K523 does not
overtly affect its function in ICL repair.>”'%* In vitro studies
have also revealed that mutation of FANCD2 K561 leads to
impaired FANCI monoubiquitination, whereas mutation of
FANCI K523 has litde effect on the monoubiquitinatdon of
FANCD2.*

The E2 ubiquitin-conjugating enzyme and E3 ubiquitin ligase
for FANCD?2 and FANCI monoubiquitination are UBE2T and
the RING domain-containing FANCL, respectively. %
Biallelic mutations in the FANCL gene underlie the FA-L
complementation group, however, FA patient-derived mutations
in UBE2T have yet to be uncovered.***” In addition to UBE2T
and FANCL, the monoubiquitination of FANCD2 and FANCI
requires the assembly of the FA core complex, comprising
FANCA, FANCB, FANCC, FANCE, FANCEF, FANCG, and
FANCM, as well as numerous accessory proteins including
FAAP20, FAAP24, FAAP100, MHF1, and MHF2.** The
precise roles of these ancillary pro-
teins in FANCD2/FANCI monou-

abrogated in the absence of FANCB, FANCL, or FAAP100, and
only partially abrogated in the absence of FANCA, FANCG,
FANCE, or FAAP20.>” Furthermore, in contrast to FANCD2,
the purified FA core complex fails to robustly promote the mono-
ubiquitination of FANCI in the absence or presence of DNA.>®
To gain further insight into the relationship between the FA core
complex members and FANCD2/I monoubiquitination, it is
useful to draw comparisons with other large multi-subunit ubig-
uitin ligase protein complexes, such as the Skpl/Cullin/F-box
protein complex (SCF) (Fig. 2).%? SCF, along with the anaphase-
promoting complex or cyclosome (APC/C), plays an intricate
and critical role in cell-cycle regulation.®® The F-box protein of
the SCF complex functions in substrate recognition and recruit-
ment.”” A good candidate for an FA-pathway protein analogous
to the SCF F-box protein is FANCE, a FA core complex member
that has been demonstrated to interact with FANCC, FANCF,
and FANCD?2, thereby bridging the core ubiquitin ligase
machinery and the substrate.’’ The FANCE-FAND2 interac-
tion, via FANCE F522, is critical for efficient FANCD2 monou-
biquitination and ICL repair.G2 The Cullin protein functions as a
molecular scaffold for the SCF complex, bridging the catalytic
RING finger subunit RBX1 to the adaptor and F-box proteins.
The FANCA protein, with a molecular mass of 163 kDa, may
play a similar structural role in the FA-BRCA pathway. FANCA
interacts with FANCC, FANCG, and FAAP20.'%7°86364 The
Skpl protein of the SCF complex functions as an adaptor
between the Cullin protein and the F-box protein.®> FANCC
interacts with FANCA, FANCE, and FANCF and thus repre-
sents a strong candidate Skpl alnallog.57’58’6I FANCM is present
in very low abundance in the native FA core complex, consistent
with its role in replication fork remodeling and chromatin load-

58,66-6

ing of the core complex.  The core complex members

A

biquitination  remain to  be
determined. Indeed, in vitro
FANCD2/FANCI monoubiquiti-
nation reactions have been recon-
stituted with FANCL in the
absence of these FA core complex

F-Box

Skp1

‘Cullin

components.%’% Recent studies
have identified 3 functional mod-
ules within the FA core complex:
the FANCB-FANCL-FAAP100
module, which provides the critical
catalytic activity, and the FANCA-
FANCG-FAAP20 and FANCC-

e

B

L4
UBC

ANCE

FANCE-FANCF modules, which

independently promote the recruit-
ment of the core complex to chro-

matin.””>8

Accordingly, using
isogenic single and double mutants
of the HCT116 colorectal carci-
noma cell line, Huang et al. estab-

lished that FANCD2/1

Figure 2. Comparison of the SCF multi-subunit ubiquitin ligase protein complex and the FA core complex.
(A) The Skp1/Cullin/F-box protein (SCF) complex includes the Cullin protein, which acts as a scaffold to
bridge the catalytic E3 ubiquitin ligase RBX1 to the adaptor protein Skp1, and the F-box protein.>® The F-
box protein recognizes and recruits the target protein for ubiquitination by the E2 ubiquitin-conjugating
enzyme, UBC. (B) We propose that the FANCA protein is structurally analogous to Cullin, and may link the
E3 ubiquitin ligase FANCL with the putative adaptor protein FANCC. FANCC has been shown to interact
with both FANCA and FANCE, indicating that it may function analogously to Skp1.°" FANCE may be analo-
gous to the F-box protein. FANCE is known to interact directly with FANCD2 and may facilitate its monoubi-
quitination of FANCL and UBE2T.%?

monoubiquitination is completely
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FANCM, FANCG, and FANCF do not appear to have analo-
gous SCF components. FANCL is analogous to the SCF E3
ubiquitin ligase RBX1. As mentioned above, FANCL, FANCB,
and FAAP100 comprise the E3 monoubiquitin ligase catalytic
module.”””® FANCL and RBX1 are both RING E3 ubiquitin
ligases, with the RING domain facilitating recruitment of the E2
ubiquitin-conjugating enzyme, UBE2T in the case of the FA-
BRCA pathway and UBC3, UBC4, or UBCS5 for SCE.®¢>
FANCL binds to FANCD?2 via its DRWD domain, and to

UBE2T via its RING facilitate
69,70

domain, to
monoubiquitination.

Ubiquitination: Mono- vs. Poly-

To date, only the monoubiquitination of FANCD2 has been
observed, begging the question; how is monoubiquitinated
FANCD?2 restricted from being polyubiquitinated? Insights into
this question can be gained from extensive studies of regulators
of endocytosis. Many endocytic proteins are monoubiquitinated
in a process referred to as coupled monoubiquitination, whereby
substrate recognition and ubiquitination are regulated, at least in
part, through noncovalent interactions between ubiquitin and
substrate ubiquitin-binding domains (UBDs). One such example
is EPS15 (epidermal growth factor receptor pathway substrate
15), an important regulator of the endocytosis of ligand-induc-
ible receptors of the receptor tyrosine kinase (RTK) family, in
particular  EGFR.”' EPS15 is monoubiquitinated by the
NEDD4 HECT E3 ubiquitin ligase and by the Parkin RING E3
ubiquitin ligase. EPS15 harbors 2 ubiquitin-interacting motifs
(UIMs) in its carboxy-terminus that are critical for its regulation.
One proposed model for why EPS15 is solely monoubiquitinated
is that once ubiquitinated, EPS15 undergoes an intramolecular

rearrangement enabling covalently attached ubiquitin to engage
in a noncovalent interaction with one of its 2 C-terminal UIMs,
generating a closed conformation refractory to further ubiquiti-
nation.”*”? The crystal structure of the murine ID2 heterodimer
has revealed that the mouse Fancd2 K559 and Fanci K522 sites
of monoubiquitination are buried within the ID2 interface. A
solvent accessible tunnel adjacent to these sites is predicted to be
too small to accommodate UBE2T, suggesting that monoubiqui-
tination either precedes heterodimerization or occurs subsequent
to ID2 dissociation. Similar to the EPS15 UIM, one possibility
is that ID2 heterodimerization occurs following monoubiquitina-
tion, and that the ID2 heterodimer is stabilized through a nonco-
valent interaction between monoubiquitin covalently linked to
FANCI K523 and the FANCD2 CUE domain, and quite
possibly a reciprocal interaction between monoubiquitinated
FANCD2 K561 and an UBD in the carboxy-terminus of FANCI
(Fig. 3A).%” Thus, FANCD2 and FANCI might be shielded
from further ubiquitination via intermolecular association. It is
also possible that monoubiquitination promotes an intramolecu-
lar association between ubiquitin covalently attached to K561
and the amino-terminal CUE domain,?” potentially blocking the
ubiquitin on K561 from further ubiquitination, similar to that
for EPS15 (Fig. 3B). The latter model would more closely align
with recent findings from the Sobeck laboratory indicating that
activation of the FA-BRCA pathway coincides with dissociation
of FANCD2 and FANCIL”* ID2 dissociation is triggered by
ATM/ATR-mediated phosphorylation of a cluster of at least
6 FANCI SQ/TQ motifs, and is followed by the monoubiquiti-
nation of FANCD?2, see below.?”*

The NEDD4 E3 ubiquitin ligase can mono- and polyubiquiti-
nate substrates, and the balance between these 2 posttranslational
modifications is determined, at least in part, by the nature of the
enzyme-substrate interaction. The tryptophan-tryptophan (WW)

motif of NEDD4 can interact with

A

FANCD2

Ub

FANCI

C
£
Ub

relatively high affinity to a substrate
PPxY (where x is any amino acid)
motif, leading to substrate polyubi-
quitination.”>”® EPS15 lacks a
PPxY motif and instead interacts
with NEDD4 via a weak noncova-
lent interaction between ubiquitin
covalently conjugated to NEDD4
and one of its C-terminal
UIMs.”””® Similarly, EPS15 inter-

Ub
UBE2T (ANC’

acts with the Parkin RING E3

ation of FANCL and FANCD?2, precluding further ubiquitination.

Figure 3. Models for FANCD2 and FANCI monoubiquitination. The schematics depict several potential out-
comes upon monoubiquitination of FANCD2 and FANCI, which would preclude further ubiquitination.
(A) The ID2 heterodimer inactivation model. Following monoubiquitination, ID2 heterodimerization occurs
and is stabilized through a noncovalent interaction between monoubiquitin covalently linked to FANCI
K523 and the FANCD2 CUE domain. There is also possibly a reciprocal interaction between monoubiquiti-
nated FANCD2 K561 and an UBD in the carboxy-terminus of FANCI, shielding FANCD2 from further ubiquiti-
nation. (B) The FANCD2 self-inactivation model. Monoubiquitination could promote an intramolecular
association between ubiquitin covalently attached to K561 and the amino-terminal CUE domain, resulting
in a closed conformation. (C) The E3 ubiquitin ligase dissociation model. Once FANCL is autoubiquitinated,
the ubiquitin moiety may interact noncovalently with the CUE domain on FANCD2 enabling monoubiquiti-
nation of FANCD2 on K561. This interaction is predicted to be weak and short-lived, leading to rapid dissoci-

ubiquitin ligase via a weak interac-
tion between an ubiquitin-like
domain (UbL) in Parkin and one
of its UIMs.”” Previous studies
have indicated that the FANCL E3
ubiquitin ligase, as well as the
UBE2T E2 ubiquitin-conjugating
enzyme, undergoes autoubiquitina-
tion.”*® Therefore, the FANCD2
CUE domain may interact with
ubiquitin conjugated to FANCL
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(or UBE2T) and, because of the weak nature of this interaction,
FANCD?2 and FANCL may rapidly dissociate following ubiquiti-
nation, precluding further ubiquitination (Fig. 3C).

Another major factor influencing mono- vs. poly-ubiquitina-
tion is the nature of the E2 ubiquitin-conjugating enzyme. There
are ~40 E2 ubiquitin-conjugating enzymes encoded by the
human genome, 28 of which are classified as monoubiquitinating
E2s. The FANCD2/I E2 ubiquitin-conjugating enzyme UBE2T
is classified as a monoubiquitinating E2.**>*>®8% Several other
E2s function as polyubiquitinating E2s and display ubiquitin
linkage-specificity. For example, UBE2G1, UBE2G2, UBE2K,
UBE2RI1, and UBE2R2 promote the assembly of K48-linked
polyubiquitin chains, while UBE2S and UBE2N promote the
assembly of K11- and K63-linked polyubiquitin chains, respec-
tively.®' In the case of UBE2N, K63-linked polyubiquitin chain
assembly is facilitated by the cofactor proteins UBE2V1 and
UBE2V2, which structurally align K63 of the acceptor ubiquitin
toward the active site C of UBE2N.***? Thus, the monoubiqui-
tination fate of FANCD?2 and FANCI may simply be determined
by the mechanistic nature of UBE2T. Nevertheless, much
remains to be learned about the mechanism, structure, and regu-
lation of UBE2T.

Lastly, the concentration of an E3 ubiquitin ligase relative to
the concentration of its substrate has also been shown to play an
important role in determining if a protein is monoubiquitinated
or polyubiquitinated. One example of this mechanism of regula-
tion applies to the ubiquitination of the p53 tumor suppressor
protein by its E3 ubiquitin ligase MDM2: When levels of
MDM2 are low, p53 is largely monoubiquitinated. Conversely,
when levels of MDM2 are high, p53 is predominantly polyubi-
quitinated.* Likewise, it is plausible that the cellular concentra-
tion of FANCL is sufficient for FANCD2/I monoubiquitination
only, precluding further ubiquitination.

FANCD2 and FANCI Deubiquitination

The site-specific monoubiquitination of FANCD2 and
FANCI is a reversible process. The deubiquitination of monoubi-
quitinated FANCD2 and FANCI is mediated by ubiquitin-
specific protease 1 (USP1). This important function for USP1
was uncovered in a DUB (deubiquitinating enzyme) gene family
RNA interference library screen, whereby knockdown of USP1
resulted in a significant increase in monoubiquitinated
FANCD2.%> Deletion of murine Uspl1 results in increased peri-
natal lethality, male infertility, and an FA phenotype.*® Usp1-/-
mouse embryonic fibroblasts (MEFs) exhibit elevated levels of
Fancd2 monoubiquitination and impaired Fancd2 nuclear foci
formation and are defective in HR repair.86 USP1 is activated
upon formation of a complex with the UAF1 (USP1 associated
factor-1) protein.*” The amino-terminus of UAF1 has a WD40
domain, which binds and activates USP1, while the carboxy-
terminus contains 2 SUMO-like domains (SLD1 and SLD2)
that mediate substrate binding.87’88 FANCI harbors a highly
conserved SUMO-like domain-interacting motif (SLIM) that
has been shown to interact with SLD2 of UAFI, targeting
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USP1/UAF1 to the ID2 complex.®® USP1/UAF1 activity is
tightly regulated: upon exposure to UV irradiation, USPI
undergoes inhibitory autocleavage.®” The C-terminal fragment
of autocleaved USP1 is subsequently degraded by the R/N-end
rule pathway, leading to the effective elimination of deubiquiti-
nating activity.”’ The USP1 gene is also transcriptionally
repressed upon cellular exposure to DNA damaging agents, a
process that requires the function of the p21 cyclin-dependent
kinase inhibitor.®”! Both negative regulatory mechanisms facili-
tate the timely accumulation of monoubiquitinated FANCD2
and FANCI following the induction of DNA damage.®

FANCD2 Phosphorylation

The FANCD2 protein is also subject to posttranslational
modification by phosphorylation. The ATM kinase is a member
of the phosphatidylinositol-3-OH-kinase-like family of protein
kinases (PIKK). Bilallelic mutations in the ATM gene cause the
autosomal recessive disorder Ataxia- telangiectasia (AT).”2 AT is
clinically characterized by progressive cerebellar ataxia, telangiec-
tasias, immune defects, and increased susceptibility to hemato-
logic cancers of B and T cell origin, as well as central nervous
system tumors.”>”* The ATM kinase plays a major coordinating
role in the cellular response to DNA DSBs and phosphorylates
multiple substrates to halt cell cycle progression and initiate
DNA repair. For example, the ATM kinase phosphorylates T68
of the CHK2 kinase following exposure to ionizing radiation
(IR) to initiate cell cycle arrest at the G1-S boundary.95 In 2002,
Taniguchi and colleagues discovered that ATM phosphorylates
FANCD?2 on 8222, S1401, S1404, and S1418 in response to IR
exposure.”® Phosphorylation of FANCD2 $222 is required for
the establishment of the IR-inducible S-phase checkpoint, an
ability to pause DNA synthesis in the presence of chromosomal
DSBs.”” However, ATM-mediated FANCD2 $222 phosphory-
lation is dispensable for FANCD2 monoubiquitination, nuclear
foci formation, and ICL resistance.”®

An important role for the ATR kinase in the regulation of
FANCD?2 has also been established.”®?? While ATM primarily
responds to DNA DSBs, ATR is a major regulator of the DNA
replication checkpoint, primarily responding to agents that dis-
rupt DNA replication, e.g., hydroxyurea, an inhibitor of deoxyri-
bonucleotide reductase, aphidicolin (APH), a processive DNA
polymerase inhibitor, and UV irradiation, which promotes the
formation of cyclobutane pyrimidine dimers.'°”'°! Mutations in
ATR underlie Seckel syndrome (SCKL1) a rare autosomal reces-
sive disorder characterized by severe growth retardation, short
stature, microcephaly, mental retardation, and increased risk for
acute myeloid leukemia (AML), myelodysplasia (MDS), and
aplastic anemia, similar to FA,102-104 Following exposure to
DNA crosslinking agents, ATR and FANCD2 co-localize in
nuclear foci.”®1% ATR also promotes efficient DNA damage-
inducible FANCD2 monoubiquitination and nuclear foci forma-
tion.”® Accordingly, similar to FA patient cells, ATR-deficient
SCKLI patient cells exhibit increased chromosome aberrations,
including radial formations, following exposure to MMC.”®1%4
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The D’Andrea laboratory established that ATR phosphorylates
FANCD2 on T691 and S717 in vitro and in vivo.”*” A
FANCD2-T691A/S717A double mutant fails to undergo effi-
cient DNA damage-inducible monoubiquitination and fails to
correct the MMC hypersensitivity of FA-D2 patient cells.”” How
phosphorylation of these 2 sites promotes FANCD2 monoubi-
quitination remains unclear. Phosphorylated T691 and S717
may stimulate interaction with the core complex or with FANCL
or UBE2T, promoting monoubiquitination. Alternatively, phos-
phorylation may promote dissociation from FANCI, allowing
access to K561, similar to that described for FANCI, see below.
Phosphorylation could also promote the interaction of FANCD2
with DNA in chromatin, which has been shown to lead to

. . .. . 1
increased efficiency of monoubiquitination.”®'*®

FANCI Phosphorylation

FANCI was originally identified as an ATM/ATR substrate in
a large-scale SILAC (stable isotope labeling with amino acids in
cell culture) proteomics screen.” As described above, 6 S/TQ
motifs are positioned proximal to K523, the sites of monoubiqui-
tination site. These S/TQ sites become phosphorylated in the
absence of prior monoubiquitination, indicating that this post-
translational modification acts upstream of monoubiquitina-
tion.” Importantly, mutation of these S/TQ sites results in
abrogation of FANCI and FANCD2 monoubiquitination and
nuclear foci formation,” indicating that phosphorylation of the
FANCI S/TQ cluster functions as a molecular switch to activate
the FA-BRCA pathway. However, the underlying molecular
mechanism remains unclear. Recently, it has been suggested that
activation of the pathway coincides with disassociation of the
ID2 heterodimer, and that ID2 disassociation is triggered by
ATM/ATR-mediated phosphorylation of the S/TQ cluster.'%
Using cell-free Xenopus laevis egg extracts, Sareen and colleagues
demonstrated that a FANCI S/TQ cluster phosphorylation-
dead mutant failed to dissociate from FANCD2 and failed to
undergo monoubiquitination. Conversely, a phosphorylation-
mimetic mutant failed to associate with FANCD?2 and exhibited
increased monoubiquitination.' Taken together, these findings
indicate that phosphorylation of FANCI at the conserved S/TQ
cluster is a key mechanism in the activation of the FA-BRCA
pathway. The introduction of a cluster of negatively charged
phosphate groups may result in a localized charge repulsion that
promotes ID2 disassociation, enabling access of the previously
occluded ubiquitin ligase machinery.

FANCD2 and FANCI Function

Replisome surveillance

Early studies indicated that, in addition to being monoubiqui-
tinated following exposure to DNA damaging agents, FANCD2
and FANCI monoubiquitination also occurs during unperturbed
cell cycle progression. In addition, monoubiquitinated FANCD?2
co-localizes with BRCA1 and RAD51 in nuclear foci during
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S-phase.”” These findings strongly suggested that monoubiquiti-
nated FANCD2 might play an important role in maintaining
genome stability during the process of DNA replication.'*?”
Accordingly, the FANCD2 and FANCA proteins are required
for the maintenance of common chromosomal fragile site (CFS)
stability.'®” CFS are chromosomal loci that are prone to breakage
when cells are cultured under conditions of DNA replication
stress, for example following treatment with low concentrations
of the DNA polymerase inhibitor APH.'?® CFSs are hot spots
for sister chromatid exchanges (SCE), chromosomal transloca-
tions, and viral integration, and are frequently rearranged or
deleted in cancer.'” The physical localization of FANCD2 and
FANCI to FRA3B and FRA16D, the most frequently expressed
CFSs, has also been demonstrated.!'® Combined immunofluo-
rescence microscopy and FISH analysis of metaphase chromo-
somes revealed the presence of paired FANCD2/I-stained CFSs
on sister chromatids linked by BLM helicase-associated ultra-fine
DNA bridges (UFBs). 11 Thege paired FANCD2/I sister foci
form during S-phase and persist into mitosis, and their presence
strongly suggest that FANCD2 and FANCI participate in the
resolution of stalled or collapsed DNA replication forks that
recurrently arise at particularly unstable genomic loci.'*”!'!!!
In further support of an important role for FANCD?2 in the reso-
lution of stalled or collapsed replication forks, Fancd2-/- MEFs
are ICL hypersensitive yet do not display increased sensitivity to
IR.*> Consistent with a role for the FA-BRCA pathway in the
DNA replication stress response, FANCD2 has been shown to
interact with several components of the DNA replisome. For
example, as mentioned earlier, FANCD2 interacts with the
DNA polymerase processivity factor PCNA, via a conserved PIP-
box, and this interaction is necessary for efficient FANCD2
monoubiquitination and ICL repair.”® In addition, using a
method called iPOND (isolation of proteins on nascent DNA),
the Cortez group recently discovered that FANCD2 and FANCI,
in addition to ATR, MREI1I and other proteins, are highly
enriched at stalled and collapsed replication forks following
depletion of deoxyribonucleotide ~pools."'*  Interestingly,
FANCI, and not FANCD?2, was also shown to accumulate at
active replication forks prior to fork staling, suggesting common
and independent functions for these proteins. ''* In addition,
the Vaziri group has recently shown that FANCD?2 is necessary
for efficient initiation of DNA replication in primary human
fibroblasts.''®> An unbiased proteomics screen of chromatin-
bound FANCD2 immune complexes revealed that FANCD2
physically associates with the minichromosome maintenance 2-7
(MCM2-MCM?7) replicative helicases.!'*1'> FANCD?2 interacts
with MCM2-MCM? in response to ATR-mediated DNA repli-
cation stress signaling independently of the core FA complex and
monoubiquitination.'" In the absence of FANCD2, replication
forks stall stochastically and primary cells exhibit increased senes-
cence, indicating that FANCD?2 is required for replication fork
progression.''”>  Schlacher and colleagues also showed that
FANCD?2 is necessary to protect stalled replication forks from
MRE11-mediated degradation, and that fork protection in the
absence of FANCD2 can be rescued by RAD51.''¢ Moreover, it
was recently discovered that FANCD?2, in cooperation with
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BRCA1 and MREI1, recruits and interacts with CtIP (CtBP-
interacting protein) at stalled replication forks to promote repli-
cation restart.!'”""® CtIP was originally identified on the basis of
its ability to bind to CtBP (C-terminal binding protein), a tran-
scriptional co-repressor.''® However, several recent studies have
established that CtIP interacts with the MRN (MRE11/RAD50/
NBS1) complex and BRCA1 and facilitates the DNA strand
resection step of HR repair.''®'?' This evidence supports a key
role for FANCD2 and FANCI in coordinating the recruitment
of HR proteins to sites of stalled replication forks, enabling
timely replication fork resolution and progression.

In addition to being directly regulated by the FANCL-
UBE2T ubiquitin ligase machinery, several studies have estab-
lished that FANCD2/I monoubiquitination is indirectly regu-
lated by the RAD18-RADG E3/E2-ubiquitin ligase complex.'**”
126 RAD18-RADG catalyzes the monoubiquitination of PCNA
on K164, a molecular event necessary for DNA polymerase
switching during translesion DNA synthesis (TLS)."*”'?8 TLS
polymerases possess larger active sites and exhibit reduced fidel-
ity, and have the ability to catalyze DNA polymerization opposite
DNA templates harboring aberrantly modified nucleobases.'*
RAD18 and FANCD2, as well as FANCL, function epistatically
in the cellular ICL response.'**'?° Genetic disruption of RAD18
or RAD18 depletion via siRNA leads to decreased ICL-induced
FANCD2/I monoubiquitination and chromatin binding.'**'?®
Furthermore, RAD18-RADG6 mediated monoubiquitination of
PCNA on K164 is necessary for efficient FANCD2 monoubiqui-
tination.'** FANCL was also shown to bind to PCNA directly
and PCNA K164 monoubiquitination was shown to be required
for FANCL chromatin loading.'** While the molecular mecha-
nism underlying this regulation remains unclear, these findings
suggest that the FANCL-UBE2T and RAD18-RADG ubiquitin
ligases cooperatively regulate FANCD2/I and PCNA monoubi-
quitination, respectively, to facilitate the coordinated recruitment
of HR and TLS factors to stalled or collapsed replication forks.

Independent Functions of FANCD2 and FANCI

BLM complex chromatin assembly

Since the discovery of FANCI, it has generally been
accepted that FANCD2 and FANCI function cooperatively
in the resolution of ICLs. However, several recent studies
have suggested independent functions for these proteins. For
example, it has recently been determined that FANCD?2, and
not FANCI, is an important regulator of the recruitment of
the BLM helicase to chromatin.'®® Biallelic mutations in the
BLM gene underlie Bloom syndrome (BS), a rare recessive
disorder characterized by growth retardation, sunlight sensi-
tivity, telangiectasia, hypo- or hyper-pigmentation of the
skin, and increased susceptibility to hematologic cancers.'”’
The BLM helicase is a member of the RecQ family of heli-
cases, which also includes the WRN and RECQ4 proteins,
and possesses ATP-dependent 3'-5" DNA helicase activity.'?
Similar to FA patient cells, BS patient cells are hypersensitive
to the cytotoxic effects of DNA crosslinking agents as well as
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agents that inhibic DNA replication.133’134 In addition,
FANCD2 and BLM co-localize in nuclear foci following
exposure to DNA damaging agents.'** Pichierri and col-
leagues established that the DNA damage-inducible phos-
phorylation of BLM and its ability to assemble into nuclear
foci are compromised in FA-C and FA-G patient cells.’** In
contrast, FANCD2 monoubiquitination and nuclear foci for-
mation, as well as the DNA damage-inducible chromatin
localization of FANCA and FANCC, are intact in BS patient
cells.** Similarly, using Xenopus egg extracts, Chaudhury
et al recently showed that immunodepletion of both
FANCD?2 and FANCI leads to a failure of the BLM helicase,
and its binding partners TOP3a, RMI1, RM2, and RPA1-3,
to associate with chromatin. Notably, FANCD2 alone is suf-
ficient to rescue this defect.'®® Furthermore, neither FANCI
nor FANCD2 monoubiquitination are required to promote
BLM complex chromatin assembly, indicating that this func-

tion is monoubiquitination and FANCI-independent.130

Nucleosome Assembly Activity

FANCD?2 was recently identified in a proteomics screen of
histone ~ H3/H4-interacting  proteins.'>>  Recombinant
FANCD?2 was subsequently confirmed to bind to H3/H4 in
vitro.'?”> These findings suggested that FANCD2 might play
an active role in chromatin dynamics and/or reorganization.
Indeed, using a topological assay and a nucleosome assembly
assay, FANCD2 was shown to promote nucleosome assembly
to an extent comparable to that of the known nucleosome
assembly protein Napl. Similar to the promotion of BLM
complex chromatin localization, FANCD2 histone binding
and nucleosome assembly activity appear to be FANCI and
monoubiquitination-independent.'>> However, while FANCI
fails to promote nucleosome assembly by itself, it can stimu-
FANCD2-mediated nucleosome assembly at
FANCD?2 concentrations. These results suggest that the ID2
complex may promote chromatin reorganization during ICL
repair. Consistent with this hypothesis, FANCD2 was previ-
ously discovered to interact with the 60 kDa Tat-interactive

protein (TIP60) chromatin remodeling acetyltransferase and
136,137

late low

menin, a chromatin remodeling tumor suppressor.
Depletion of TIP60 using siRNA sensitizes cells to ICL cyto-
toxicity.'”” TIP60 is a subunit of the NuA4 chromatin
remodeling complex, which comprises multiple enzymatic
subunits including TIP60, the p400 motor ATPase, and the
RUVBLI and RUVBL2 helicase-like proteins.'”® Upon DSB
generation, TIP60 is rapidly recruited to sites of damage
where it acetylates multiple substrates including H2A, H4,
p53, and ATM."*71%2 Menin has also been shown to func-
tion in chromatin remodeling, and DNA 1rc:palir.136’l43’144
Cells lacking menin are more sensitive to DNA damage and
the interaction between FANCD?2 and menin is increased fol-
lowing exposure to IR."*® Collectively, these findings suggest
that FANCD2 may function in a chromatin remodeling
capacity during the early stages of ICL repair.
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FANCD2: Recruitment of Nucleases

Several recent studies have provided important mechanistic
insight into the function of monoubiquitinated FANCD?2 in
ICL repair. The previously uncharacterized KIAA1018 pro-
tein was simultaneously identified by several groups as a
FANCD2-interacting partner and an important cellular deter-
minant of ICL repair efficiency."®'*" The Jiricny group
identified KIAA1018 as a component of the mismatch repair
MLHI1 and PMS2 interactomes. This protein was predicted
to harbor an amino-terminal UBZ (ubiquitin-binding zinc
finger) UBD and a C-terminal PD-D/E(X)K-type nuclease
domain.'*® Similarly, the Huang and Rouse groups identified
KIAA1018 on the basis of its UBZ domain and a VRR_nuc
(virus-type replication-repair nuclease) domain, which con-
tains a motif frequently found in bacterial and bacteriophage
restriction nucleases.'*>'*® Importantly, UBZ domains have
been uncovered in several DNA damage response proteins,
including RAD18 and DNA polymerase k (POL K) 149150 1
another approach, Smogorzewska and colleagues discovered
KIAA1018 in an unbiased genome-wide shRNA screen of
proteins necessary for efficient ICL repair.'¥” KIAA1018 was
found to co-localize with FANCD?2 in nuclear foci following
ICL exposure and to interact with FANCD2 via co-immuno-
precipitation analysis, and was hence renamed FANI
(FANCD2-associated nuclease 1)."*7'%® FAN1 was shown
to display 5’-3' exonuclease activity and structure-specific
endonuclease activity, preferentially toward 5’ flap struc-
tures.' %8 Furthermore, the FAN1 UBZ domain was shown
to interact noncovalently with monoubiquitin conjugated to
FANCD2 K561. The FAN1 UBZ domain and the monoubi-
quitination of FANCD2 were shown to be required for the
recruitment of FANT1 to sites of DNA damage, and for effi-
cient ICL repair."®® While FAN1 mutations have yet to be
uncovered in FA patients, mutations in FAN1 have been
identified as a cause of karyomegalic interstitial nephritis, a
chronic kidney disease."”"

Mutations in the SLX4 gene were recently uncovered in FA
complementation group P.">*"** FANCP/SLX4 is a ~200 kDa
multidomain protein that, similar to FAN1, harbors an amino-
terminal UBZ domain.">®> FANCP/SLX4 functions as a molecu-
lar platform to coordinate the activities of the structure-specific
endonucleases XPF-ERCC1, MUS81-EME]1, and SLX1, with
XPF-ERCCI playing a major role in ICL repair, and MUS81-
EMEI and SLX1 playing less critical roles."”*"*® Similar to
FAN1 and FANCD2, FANCP/SLX4 and FANCD?2 co-localize
in nuclear foci and co-immunoprecipitate.>* While Yamamoto
and colleagues established that the FANCP/SLX4 UBZ domain
and the monoubiquitination of FANCD2 are required for
FANCP/SLX4 targeting to nuclear foci, a recent report has con-
tradicted these findings and shown that SLX4 recruitment occurs
independent of FANCD2 monoubiquitination.*'®' Taken
together, these findings suggest that one major function for chro-
matin-bound monoubiquitinated FANCD2 may be the recruit-
ment of structure-specific endonucleases that mediate key

incision steps during the process of ICL repair.162
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FANCD2 and FANCI: DNA Binding

Several studies have established that FANCD2 and FANCI
physically bind to DNA. Using FANCD2 purified from
baculovirus-infected SF9 insect cells, the Parvin group originally
determined that full-length FANCD2 binds to dsDNA and Hol-
liday junctions (HJs), quadruplex heteroduplex DNA intermedi-
ates that arise during HR."®® Similarly, the Zhang group purified
full-length FANCI and demonstrated that it can bind to multple
DNA substrates, including HJs, dsDNA, ssDNA, and flap struc-
tures, without any apparent structural preference.’’ Longerich
et al also demonstrated that purified FANCI is capable of bind-
ing to dsDNA, ssDNA, and HJs.** Importantly, however, co-
purified ID2 displayed a much lower affinity for dsDNA and
ssDNA, yet maintained a robust binding activity toward HJs and
various branched DNA structures.”’ Consistent with these find-
ings, the Pavletich group described the structure of co-crystals of
FANCI bound to splayed Y DNA at a resolution of 7.8 A.>’
Based on this structure and the structural homology between
FANCD?2 and FANCI, the authors proposed that the ID2 heter-
odimer could have 2 sets of pseudo-symmetrical dsDNA/ssDNA
binding sites, structures that could arise upon stalling of one or 2
replication forks at an ICL.?* Notably, the Patel group discovered
that, in addition to binding to dsDNA and ssDNA, FANCD2
exhibits 3’ to 5" exonucleolytic activity toward ssDNA in the
presence of Mg?™ or Mn?*.'** However, the functional signifi-
cance for this activity remains to be established.

In addition, recent studies have established that FANCD2
monoubiquitination is strongly stimulated through DNA bind-
ing. For example, the Kurumizaka and Sung laboratories demon-
strated that several forms of DNA, including dsDNA, ssDNA,
and Holliday junctions, could robustly stimulate the in vitro
monoubiquitination of FANCD2.*°¢ Of note, this DNA-
dependent stimulation of FANCD2 monoubiquitination
required both the presence of FANCI and its ability to bind to
DNA.” Using Xenopus egg extracts, Sobeck and colleagues also
demonstrated that the monoubiquitination of FANCD2 could
be stimulated with linear and branched dsDNA structures but
not with ssDNA or Y-shaped DNA."®> Expanding on these stud-
ies, the Sobeck group recently demonstrated that while FANCD2
monoubiquitination is strongly stimulated by circular and linear
dsDNA, the monoubiquitination of FANCI is strongly stimu-
lated by ssDNA and only weakly induced by circular and linear
dsDNA, indicating a dichotomy in substrate specificity for both
protc:ins.74 In addition, through a time course study, the same
group determined that the monoubiquitination of FANCD2 in
the presence of circular dsDNA and ssDNA occurs significantly
carlier than the monoubiquitination of FANCIL.”* FANCD2 was
also found to localize to chromatin earlier than, and independent
of, FANCI. In contrast, the localization of FANCI to chromatin
is FANCD2-dependent.”*

Finally, recent studies from the D’Andrea laboratory have
established that FANCD2 promotes RAS oncogene-induced
senescence in part by promoting the transcriptional activation of
the TApG3 tumor suppressor gene.'°® Monoubiquitinated
FANCD?2 and FANCP/SLX4 bind to the TAp63 promoter and
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cooperate in the transcriptional activation of TAp63."*®

Genome-wide ChIP sequencing (ChIP-seq) analysis revealed that
following exposure to DNA damaging agents, FANCD2-Ub
binds to cis-regulatory sequences of numerous genes essential for
epithelial development and morphogenesis.'®® This newly dis-
covered function for FANCD?2 in transcriptional regulation is
supported by other studies describing the binding of FANCD2
to the TNFa gene as well as the antioxidant genes GPX1 and
TXNRDI, and constitutes a novel dimension to the portfolio of
FANCD?2 functions.'®”'%8

Conclusions

The FANCD2 and FANCI proteins function at a pivotal
point in the FA-BRCA pathway and play an essentdial role in
maintaining chromosome stability. Both proteins are critical for
haematopoietic stem cell homeostasis and the prevention of cellu-
lar transformation. These key functions are achieved through
what could be considered disparate means: the promotion of
error-free HR repair through the recruitment of structure-specific
endonucleases, replisome surveillance and resolution, nucleo-
some remodeling, as well as transcriptional regulation. However,

these functions are not necessarily mutually exclusive and it is
conceivable that FANCD2 and FANCI facilitate these processes
through the recruitment of multiple binding partners and/or via
a fundamental chromatin remodeling capacity. Many outstand-
ing questions remain to be addressed, including 1) the identifica-
tion and characterization of structural and functional domains of
FANCD?2 and FANCI, 2) cataloging the full spectrum and func-
tional significance of additional FANCD2 and FANCI posttrans-
lational modifications, 3) identification of the FANCI catalytic
ubiquitin ligase machinery, 4) determination of the function of
monoubiquitinated FANCI (and FANCD?2), and 5) elucida-
tion of the roles of FANCB and FAAP100 in the regulation
of FANCL activity. Much work remains to be done to clearly
elucidate the structural and regulatory mechanisms of these
functions. The achievement of these goals will no doubt
greatly inform our understanding of the molecular etiology of
FA and offer much needed direction in the urgent quest for
potential therapeutics.
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