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Summary
In response to DNA damage, eukaryotic cells must rapidly load DNA repair proteins onto
damaged chromatin. Chromatin recruitment often entails ubiquitination of a damage-specific DNA
repair protein, interaction with a ubiquitin binding factor, assembly of a multisubunit DNA repair
complex, and eventually a deubiquitination event once the DNA repair reaction has been
completed. This review focuses on the recent discoveries in the Fanconi Anemia (FA) and DNA
double strand break (DSB) repair pathways which underscore the importance of regulated
chromatin loading in the DNA damage response. Interestingly, these two pathways share several
features, suggesting a more general mechanism for DNA repair regulation.
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The DNA damage response
When confronted with DNA damage, the eukaryotic cell has several options. It can arrest its
own DNA synthesis thus allowing DNA repair to occur. It can continue to replicate its DNA
and bypass the damage. Or, it can surrender to the damage and activate its own demise. The
cellular decision-making process, known as the DNA Damage Response (DDR), is a
complex network of signal transduction pathways, involving a vast array of sensor,
transducer, and effector proteins (Harper and Elledge, 2007).

There are several DNA repair pathways in human cells, including base excision repair
(BER), mismatch repair (MMR), nucleotide excision repair (NER), homologous
recombination (HR), non-homologous end-joining (NHEJ), and translesion synthesis (TLS)
(Kennedy and D'Andrea, 2006). These pathways deal with different types of DNA damage.
For instance, the HR and NHEJ pathways repair double strand breaks whereas the BER
pathway primarily repairs damaged single base residues. The repair pathways also have
differential importance, depending on the cell type or the cell cycle phase. For instance,
rapidly proliferating cells with a high S phase fraction are more likely to employ HR repair,
whereas cells in the G1 phase repair DSBs mainly by NHEJ. A combination of NER, HR,
and TLS pathways is required to repair complex DNA lesions, such as DNA crosslinks,. The
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Fanconi Anemia pathway (see below) is believed to coordinate these three repair pathways
(Mirchandani and D'Andrea, 2006).

The cellular reaction to an ionizing radiation (IR)-induced double strand break (DSB) is also
complex. Many proteins, including the protein kinase, ataxia-telangiectasia mutated (ATM),
histone variant H2AX, mediator of DNA damage checkpoint protein 1 (MDC1), breast
cancer antigen 1 (BRCA1), and checkpoint kinases 1 and 2 (Chk1 and Chk2) are involved in
the IR-induced DNA damage response, a response that also includes the activation of cell
cycle checkpoints (Su, 2006). A DSB can be repaired by either HR or by NHEJ[SC2]. DSBs
repaired by HR are initially detected by a complex series[SC3] of events, including the
sensory protein ATM and the MRN (MRE11/RAD50/NBS1) complex. The activated ATM
kinase next phosphorylates multiple protein substrates, some of which are also assembled at
or near the site of the DSB. Eventually, proteins involved in homologous recombination,
such as RAD51 and RAD52, are also assembled locally, leading to the repair of the DSB.

A critical event in the DDR, and the focus of this review, is the rapid loading of activated
protein complexes onto chromatin at the site of DNA damage. The specific, sequential, and
rapid recruitment of these DNA repair proteins is essential for a successful response to the
particular DNA damage. Once the relevant proteins are assembled onto chromatin, these
complexes provide the checkpoint activity for halting DNA replication or the DNA repair
activity for repairing the damaged bases. Accordingly, the eukaryotic cell has established
elaborate mechanisms for the regulated loading of proteins onto damaged chromatin; their
disruption results in genomic instability and, in many cases, predisposition of the cell to
malignant transformation. Of note, many of these mechanisms require protein ubiquitination
and deubiquitination.

Interestingly, the importance of ubiquitin-mediated protein loading onto damaged chromatin
in the DNA damage response was elucidated largely through the systematic study of human
genetic diseases. The major human hereditary breast cancer susceptibility gene product,
BRCA1, for example, is critical for the cellular response to ionizing radiation. This protein
forms a complex with its structural relative, BARD1, and the heterodimeric complex
functions as an E3 ubiquitin ligase. BRCA1 recruitment to damaged chromatin is critical for
HR-mediated DNA repair. Also, the genetic disease, Fanconi Anemia (FA), is a
chromosome instability syndrome involving defective chromatin loading of DNA repair
proteins (see below). Like other DNA damage response pathways, regulated ubiquitination
and deubiquitination is critical for an intact FA pathway.

Protein ubiquitination
Proteins are ubiquitinated by an enzymatic cascade which involves an E1 activating enzyme,
an E2 conjugating enzyme, and an E3 ubiquitin ligase. If the substrate is polyubiquitinated
by K48 ubiquitin linkages, this modification typically leads to proteasome-mediated
degradation of the protein. More pertinent to this review, several chromatin-associated
proteins (for instance, proteins involved in transcription or DNA repair) are
polyubiquitinated through a K63 ubiquitin linkage, which does not target the substrate for
proteasome-mediated degradation. Rather, this modification typically leads to changes in the
substrate’s activity or location (Pickart and Eddins, 2004). Additionally, [SC4]proteins can be
monoubiquitinated. Importantly, mono- and polyubiquitination are often reversible, thereby
providing a mechanism to tightly regulate the activity of the modified protein.
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Ubiquitination of key proteins in the DNA damage response: specific
examples

During the DNA damage response, rapid changes in chromatin compaction and composition
must occur. DNA damage causes a local unwinding of chromatin and a rapid entry and
assembly of new DNA repair complexes. This assembly is regulated largely by protein
ubiquitination events, and several examples of this mode of regulation are known (Huang
and D'Andrea, 2006).

UV-light causes the formation of cyclobutane pyrimidine dimers (CPDs). The DDB1/DDB2
complex senses these CPDs as a distortion in the double helix, and activates a reversible
polyubiquitination of the XPC protein (Sugasawa et al., 2005). XPC polyubiquitination is a
critical upstream event, leading to the chromatin loading of functional[SC5] NER complexes
and ultimately to successful excision of the damaged DNA bases (Sugasawa et al., 2005).

DNA damage also triggers the ubiquitination of the DNA processivity factor, PCNA. PCNA
can either be monoubiquitinated by the RAD6/RAD18 E2/E3 heterodimer, or
polyubiquitinated by the RAD5/UBC13/MMS2 complex, via K63 linkages (Moldovan et al.,
2007). These critical modifications can mediate either error prone TLS or possibly error free
template switching-mediated TLS, respectively.

Finally, two Fanconi Anemia (FA) pathway proteins, FANCD2 and FANCI, are both
monoubiquitinated and loaded onto chromatin in response to DNA damage. Thus, there are
many examples of protein ubiquitination that drive selective loading of DNA repair
complexes onto chromatin. The importance of ubiquitination in the FA pathway will be
discussed in greater detail later.

Role of ubiquitin binding proteins in mediating chromatin loading of DNA
repair complexes

Ubiquitin can mediate the DNA damage response by binding a variety of ubiquitin-binding
domains (UBDs). Thus, proteins which are monoubiquitinated or K63-linkage
polyubiquitinated, as part of the DNA damage response, can load onto chromatin through
UBD-containing proteins. Ubiquitin-binding proteins generally have small (20–150 amino
acid), independently folded UBDs that can interact directly with monoubiquitin or K63-
linked polyubiquitin. UBDs are structurally diverse, and several subgroups have been
characterized (Bienko et al., 2005; Hicke et al., 2005).

One example of a rapid ubiquitin-mediated recruitment of a protein to chromatin occurs
during translesion DNA synthesis. In response to DNA damage or replication fork arrest, the
chromatin bound processivity factor, PCNA, is rapidly monoubiquitinated on Lysine 164.
This monoubiquitination enhances the binding of the translesion DNA polymerase, Pol η.
Pol η contains a specialized ubiquitin binding domain, the UBZ domain, which binds Ub-
PCNA and is essential for the recruitment step (Bienko et al., 2005).

A second example of ubiquitin-mediated recruitment occurs in the cellular response to a
double strand break. Following cellular exposure to ionizing radiation, histone H2AX is
polyubiquitinated, a modification that triggers RAP80 recruitment and the subsequent
recruitment of additional DNA repair proteins. Importantly, RAP80 contains a tandem UIM
(ubiquitin interaction motif), which is essential for its recruitment to chromatin (Kim et al.,
2007; Sobhian et al., 2007; Wang et al., 2007).[SC6]
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The exact mechanism for chromatin recruitment of other ubiquitinated proteins during the
DDR remains unknown. For instance, polyubiquitinated CtIP, a BRCA1 substrate, is rapidly
recruited to chromatin (Yu et al., 2006). This loading step likely involves still another UBD-
containing chromatin-associated protein.

Ubiquitin-mediated loading of DNA repair complexes at DNA double strand
breaks

It has long been known that the E3 ubiquitin ligase and tumor suppressor protein, BRCA1,
accumulates in nuclear foci around a DNA double strand break and that these foci are likely
to be sites of BRCA1 effector functions (Scully et al., 1997a; Scully et al., 1997b). BRCA1
foci formation depends on upstream DDR proteins, including ATM, H2AX, and MDC1,
among others. Still, the molecular basis of these dependencies (i.e., how BRCA1 is recruited
to the site of damage) remains speculative.

Four recent independent reports (Huen et al., 2007; Kolas et al., 2007; Mailand et al., 2007;
Wang et al., 2007) have described the mechanism of serial protein recruitment around the
site of a DSB[SC7]. ATM-mediated phosphorylation of MDC1 and H2AX, which are early
steps in the response to IR, leads to the recruitment of the E3 ligase RNF8. Together with
the E2 conjugating enzyme UBC13, RNF8 appears to polyubiquitinate H2AX and perhaps
other chromatin associated substrates through K63-linkage. Polyubiquitinated H2AX is now
able to serve as a docking site for the UIM-containing protein RAP80, which in turn recruits
the repair proteins ABRA1 and BRCA1 to this site on chromatin. In good agreement, a
previous report demonstrated the involvement of UBC13 in HR-mediated DSB repair (Zhao
et al., 2007).

Although H2AX polyubiquitination has been reported previously (Ikura et al., 2007), the
functional relevance of this modification was unknown at the time. These new reports
underscore several important features of the ubiquitin pathway and its role in protein
complex assembly. For the described RNF8-BRCA1 pathway, polyubiquitination via K63
linkage is used as a chromatin-recruitment tool and not as a degradation tool. The K63-
linked ubiquitin chain serves as an anchor for assembling and holding the BRCA1
downstream protein, and its binding partners, in place, in order to conduct additional
concerted DSB repair functions.

The protein components of the RNF8-BRCA1-dependent chromatin-loading cascade
cooperate in this signaling response to a DSB. Disruption of any of the genes encoding these
proteins results in a common cellular outcome, namely, increased sensitivity to ionizing
radiation. Still, the degree of radiation sensitivity varies greatly, depending on which gene is
disrupted. To date, there is no genetic model system to study the epistatic relationship of the
genes in this pathway. For instance, BRCA1 disruption causes a more severe effect than
disruption of the other proteins in this pathway, suggesting that BRCA1 might be recruited
to chromatin by other mechanisms, or, that it participates in other pathways in addition to
the DSB response. Indeed, the BRCA1/BARD1 heterodimer was recently shown to play a
role in mitotic spindle assembly (Joukov et al., 2006).

Several questions emerge from these findings. Are RNF8 and BRCA1/BARD1 the only
ubiquitin E3 ligases required to complete the task of the DSB response, or do other E3
ligases cooperate with UBC13? Consistent with this notion, UBC13 ablation renders cells
more sensitive to IR than does ablation of RNF8 (Huen et al., 2007; Kolas et al., 2007; Zhao
et al., 2007). However, it should be noted that one study utilized genetic knockout of UBC13
in chicken DT40 cells whereas the other studies applied siRNA knockdown in HeLa
cells.[SC8] Second, is H2AX the only RNF8 substrate involved in the recruitment cascade, or
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are other proteins K63 polyubiquitinated at the site of the DSB? For instance, the more
abundant histone H2A is a possible substrate during this response (Mailand et al., 2007).
Third, is RAP80 the only UBD-containing protein that is available for docking on the K63-
linkage polyubiquitinated substrate? Fourth, how is the complex of polyubiquitinated
proteins disassembled? Is deubiquitinating enzyme activity solely involved, or do some
locally polyubiquitinated proteins also undergo degradation after the DSB has been
repaired?

Role of deubiquitinating enzymes in regulating chromatin loading of DNA
repair complexes

Deubiquitinating enzymes (DUBs) mediate the removal and processing of ubiquitin and are
functionally important for regulated chromatin binding during the DDR. There are at least
95 deubiquitinating enzymes in human, and these proteases can be divided into five
subfamilies including the USP subfamily (58 members), the UCH subfamily (4 members),
the MJD subfamily (5 members), the OTU subfamily (14 members), and the JAMM
subfamily (14 members) (Nijman et al., 2005). The DUB enzymes vary greatly in terms of
their substrate selection (i.e., monoubiquitinated versus polyubiquitinated substrates), their
mechanism of action (i.e, cysteine proteases or metalloproteases, in the case of the JAMM
subfamily), their cellular localization, and their specificity for different cellular pathways.
Moreover, we recently reported that some human deubiquitinating enzymes require the
association of regulatory proteins for their activity (Cohn et al., 2007).

Increasing evidence supports a central role of deubiquitinating enzymes in controlling the
DNA damage response. Several DUBs are themselves phosphorylated substrates of the
ATM and ATR kinases, suggesting that they play a role in the cellular response to DNA
damage (Matsuoka et al., 2007). USP28 is required for the stabilization of Chk2 and 53BP1
(Zhang et al., 2006), and USP1 is required for the deubiquitination of FANCD2 and FANCI
(see below). Furthermore, USP1 disruption results in elevated Ub-PCNA levels and
increased point mutagenesis (Huang et al., 2006).

The emerging view is that, in response to DNA damage, some DNA damage response
proteins are 1) rapidly ubiquitinated, 2) translocated to, or retained in, chromatin and
stabilized there by a ubiquitin binding factor and 3) deubiquitinated locally at the site of
damaged chromatin. Thus, coupled ubiquitination and deubiquitination appears to be
essential for some types of DNA damage responses. Analogously, recent studies indicate
that coupled monoubiquitination and deubiquitination also is essential for normal
transcriptional regulation (Emre and Berger, 2004; Weake and Workman, 2008).

Fanconi Anemia - a human genetic disease associated with defective
loading of DNA repair proteins onto chromatin

A well-described human DNA repair pathway, the Fanconi Anemia Pathway (FA), also
depends on sequential ubiquitination and deubiquitination events for its function. FA is a
rare human autosomal recessive disease characterized by developmental abnormalities,
cancer susceptibility, and cellular hypersensitivity to DNA crosslinking agents, such as
Mitomycin C (MMC) (Wang, 2007). There are at least thirteen distinct complementation
groups for Fanconi Anemia, and the genes corresponding to all thirteen subtypes have been
identified (Wang, 2007). The thirteen Fanconi Anemia proteins cooperate in a common
cellular pathway, resulting in the ubiquitin-mediated chromatin loading of protein
complexes and ultimately in DNA crosslink repair (Figure 1). The exact mechanism of the
repair reaction is not fully understood. However, it is currently believed that the process
utilizes elements from the NER, TLS, and HR pathways, in addition to the 13 FA proteins
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(Thompson et al., 2005; Wang, 2007). [SC9]Interestingly, the FA pathway is activated by
numerous types of genotoxic stress in addition to DNA crosslinks, including Hydroxy Urea-
mediated replication fork arrest, ultraviolet light (UV) and ionizing radiation (IR),
underscoring the complexity of the pathway. Disruption of this pathway leads to genomic
instability and to the characteristic developmental abnormalities observed in Fanconi
Anemia patients.

Specifically, eight of the FA proteins (A, B, C, E, F, G, L, M) are assembled in a nuclear
complex (the FA core complex). This complex itself undergoes regulated chromatin binding.
A fraction of the FANCM protein pool is constitutively anchored to chromatin via the
FAAP24 protein (Ciccia et al., 2007; Kim et al., 2008). The remaining FA core complex
subunits (the ABCEFGL complex) associate with FANCM during S phase of the cell cycle
and in particular following DNA damage (Kim et al., 2008). The FANCM protein possesses
DNA translocase and ATPase activity (Meetei et al., 2005) as well as DNA branch
migration activity (Gari et al., 2008).

The FA core complex contains an E3 ligase (the FANCL subunit), and, in response to DNA
damage or replication arrest, this ligase monoubiquitinates two downstream members of the
pathway, namely FANCD2 (Meetei et al., 2003) and FANCI (Smogorzewska et al., 2007).
Monoubiquitinated FANCD2 and FANCI, a fraction of which forms a heterodimer (the so-
called ID complex), are then rapidly loaded onto chromatin. The mechanism of FANCD2/
FANCI chromatin loading is not well understood, but it presumably entails the interaction
with a protein containing a ubiquitin binding motif (UIM) or another Ub-interaction domain.
However, it can not be excluded that the physical properties of the monoubiquitinated
proteins enhance their affinities for DNA directly. Indeed, FANCD2 itself possesses some
intrinsic DNA-binding activity (Park et al., 2005). More recent evidence suggests that a later
deubiquitination of FANCD2 and FANCI by USP1/UAF1 might be required for efficient
foci assembly and HR-mediated repair (J. Kim and A. D’Andrea, unpublished observation).

The function of monoubiquitinated FANCD2/FANCI in chromatin is unknown. Indeed, both
proteins lack recognizable enzymatic domains. We hypothesize that these modified proteins
communicate with the more downstream FA proteins, FANCD1(BRCA2),
FANCN(PALB2), and FANCJ([SC10]BRIP1, BACH1) (Wang, 2007). The disruption of
FANCD2 (Nakanishi et al., 2005) or FANCI (Smogorzewska et al., 2007) results in a
reduction of HR-mediated repair, suggesting that these proteins play a role, either directly or
indirectly, in regulating the downstream function of FANCD1(BRCA2).

Comparison of the RNF8-BRCA1 pathway and the FA pathway
Mechanistically, the DSB reponse and the FA pathway share multiple elements.
Components of the DSB pathway and the FA pathway are aligned side-by-side in Figure 2.
Here we comment on some of the common features between the two pathways, using the FA
pathway as a model. In the FA pathway, in response to the DNA crosslinker MMC, the
central protein of the pathway, FANCD2, is phosphorylated on several residues by the ATR
kinase (Andreassen et al., 2004; Taniguchi et al., 2002). Phosphorylated FANCD2 is
subsequently monoubiquitinated by the FA core complex, which contains the E3 ligase
activity. Monoubiquitinated FANCD2 is then recruited to and loaded onto chromatin, likely
assisted by an unknown factor containing a UBD. Recent evidence indicates that the
FANCM(FAAP24) subunit of the FA core complex is required at some stage of this targeted
loading event (Gari et al., 2008; Kim et al., 2008). Once the monoubiquitinated FANCD2
protein is correctly localized on sites of DNA damage in the chromatin, it associates with
other DNA repair proteins to initiate the DNA repair process. When the DNA crosslink has
been repaired, the USP1/UAF1 deubiquitinating enzyme complex deubiquitinates FANCD2,
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causing disassembly of the DNA repair complex, and completion of the DNA repair process
(Cohn et al., 2007; Oestergaard et al., 2007). USP1/UAF1-mediated FANCD2
deubiquitination is critical for DNA crosslink repair. In addition to signaling the completion
of the DNA repair reaction, regulated deubiquitination might also allow the recycling of free
non-ubiquitinated [SC11]FANCD2 protein. Each [SC12]pathway has missing links, yet the
similarity of the pathways allows an important generalization, namely, that DNA damage
activated protein assembly and disassembly, mediated by specific E3 ligases, ubiquitin
substrates, ubiquitin binding proteins, and DUBs are critical for the successful activation and
completion of the different DNA repair pathways.

Chromatin accessibility and DNA damage and repair
The serial recruitment and disassembly of protein complexes at sites of damaged DNA
occurs in the context of chromatin. The basic unit of chromatin is the nucleosome,
consisting of a histone octamer composed of two of each of the core histone proteins, H2A,
H2B, H3 and H4, wrapped in 146 nucleotides of DNA (Luger et al., 1997). The core
histones are rich in positively charged basic amino acids, which, owing to their electrostatic
interaction with the negatively charged DNA, result in the stable nucleosomal protein-DNA
complexes. A DNA linker region between each nucleosome interacts with the histone H1
protein. The basic structure of repeating nucleosomes, termed the 10 nm fiber, can be
additionally compacted into a higher order structure, the 30 nm fiber. The chromatin can be
further divided into two principally different structures, euchromatin and heterochromatin,
based on the local compaction, accessibility, and transcriptional activity. Euchromatin is
considered more open and more transcriptional active than the more condensed
heterochromatin (Trojer and Reinberg, 2007).

The degree of chromatin compaction appears to determine, at least in part, the extent of
DNA damage and the likelihood of DNA repair. For instance, studies in which histones
were gradually dissociated from the chromatin by increasing the salt concentration showed
that looser compaction of the chromatin increases the frequency of DSBs following ionizing
radiation in vitro (Sak et al., 2000).

The measurement of DNA repair efficiency for different chromatin templates historically
has been delayed owing to the lack of reconstituted DNA repair systems. One DNA repair
pathway that has been successfully reconstituted in vitro is Nucleotide Excision Repair
(NER), [SC13]which typically removes monoadducts such as CPDs from the DNA. An in
vitro NER assay showed that chromatinized templates are repaired more slowly than naked
DNA (Gong et al., 2005). Furthermore, nucleosome remodeling complexes, such as the
SWI/SNF complex, that can reposition nucleosomes in an ATP-dependent mechanism,
accelerate NER in vitro (Gong et al., 2005).

Taken together, local chromatin structure appears to partially determine both the likelihood
of a DNA sequence to be assaulted by damage and the feasibility of DNA repair. Most DNA
repair pathways, including the FA pathway, are likely to be affected by the chromatin
structure surrounding the DNA damage.

Additionally, it is possible that some of the described[SC14] histone modifications that occur
in response to DNA damage, for instance H2AX polyubiquitination, in addition to
enhancing the recruitment of DNA repair factors, also might affect the local chromatin
structure and compaction. An alternation in chromatin compaction could affect the
accessibility for DNA repair factors. Indeed, it is well known that acetylation and
methylation of various histones affect chromatin structure and accessibility (Trojer and
Reinberg, 2007). Furthermore, histone modifications on different nucleosomes might affect
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the recruitment of protein complexes through cooperative binding.(Ruthenburg et al., 2007).
Whether this latter mechanism also affects the DNA repair process remains unknown.

Future challenges
Although studies in recent years have provided significant insight into the mechanisms of
DNA repair in general and the FA pathway in particular, a number of questions remain.
Monoubiquitination of the central player of the FA pathway, FANCD2, is crucial for its
function and for an intact FA pathway. However, the mechanistic consequence of this
modification remains unclear. In particular, the faithful monoubiquitination of the FANCD2
protein by the FA core complex has not yet been reconstituted in vitro. We propose that a
recruitment factor mediates the translocation of monoubiquitinated FANCD2 to sites of
DNA damage in the chromatin; however the identity of this factor remains unknown. As
discussed extensively in this review, coordinated chromatin loading of DNA repair factors is
essential for most DNA repair pathways. Elucidating the exact timing, order, and
mechanism of recruitment of these factors will likely bring us closer to a better
understanding of how these DNA repair pathways operate. A complete understanding of the
molecular mechanisms underlying DNA repair, however, will likely depend on an in vitro
reconstitution of DNA replication and of DNA repair, using purified components.
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Figure 1. The Fanconi Anemia pathway regulates the loading of DNA repair complexes
1) The FANCD2 and FANCI proteins are phosphorylated on multiple amino acid residues in
response to a DNA crosslink. 2) The phosphorylated FANCD2 and FANCI proteins are
monoubiquitinated by the FA core complex, containing of the FANCA, FANCB, FANCC,
FANCE, FANCF, FANCG, FANCL and FANCM protein subunits. FANCL is the E3 ligase
subunit. 3) [SC16]In the absence of genotoxic stress FANCD2 and FANCI are
deubiquitinated by the USP1/UAF1 complex to prevent the accumulation of
monoubiquitinated FANCD2 and FANCI. In response to DNA damage, the level of USP1/
UAF1 complex decreases, resulting in the cellular increase in ubiquitinated FANCD2 and
FANCI. 4) Monoubiquitinated FANCD2 and FANCI translocate to sites of damage on the
chromatin, putatively with the help of a recruitment protein X. On chromatin the proteins
assemble around the site of damage together with other FA proteins, including
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FANCD1(BRCA2), FANCN(PALB2) and FANCJ(BRIP1,BACH1). 5) The assembled FA
DNA repair complex repairs the DNA damage in conjunction with other DNA repair
proteins. 6) Once the repair process has been completed, FANCD2 and FANCI are
deubiquitinated by the USP1/UAF1 complex, resulting in a disassembly of the FA DNA
repair complex and dissociation from the chromatin.
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Figure 2. Conserved elements of the Fanconi Anemia and DSB repair pathways
1) In response to either a DNA crosslink or double strand break, ATR or ATM
phosphorylates FANCD2 or H2AX, respectively. 2) The phosphorylated proteins are now
substrates for a ubiquitination event, carried out either by the FA core complex or the RNF8/
UBC13 complex. 3) Monoubiquitinated FANCD2 protein can now be recruited to sites of
damage on the chromatin by a recruitment factor, Protein X. Polyubiquitinated H2AX
recruits RAP80 to sites of damage on the chromatin. 4) The properly localized FANCD2
protein associates with other DNA repair proteins and the DNA damage is repaired. In
addition to RAP80, other DNA repair proteins are recruited to H2AX, and the DNA damage
is repaired. 5) Once the DNA repair process has been completed, the recruited protein
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complex must be disassembled. This is achieved by deubiquitinating the FANCD2 protein
by the USP1/UAF1 complex, and H2AX by an unknown deubiquitinating enzyme. 6) After
the DNA repair process has been completed, FANCD2 is dephosphorylated by an unknown
phosphatase, and H2AX is dephosphorylated by PP2A (Chowdhury et al., 2005). For
simplicity, this model only shows a subset of the proteins known to participate in ICL and
DSB repair. For instance, only FANCD2 is shown, although the paralog protein, FANCI, is
believed to act in a similar fashion.
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