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Figure 2: Types of DNA damage and DNA repair mechanisms. The
figure illustrates sources of endogenous and exogenous DNA damages

and relevant repair pathways repair the damaged DNA.

Figure is adapted and modified with permission from (1) Cedric Blanpain,
Mary Mohrin, Panagiota A Sotiropoulou, and Emmanuelle Passegue, DNA-
Damage Response in Tissue-Specific and Cancer Stem Cells. Cell Stem

Cell 2011 8, 16-29 2011. License number 4092160106928.



1.3 Spatiotemporal dynamics of DDR factors at DNA damage sites:

One of the most notable features of the DNA damage response is the
assembly and disassembly of chromatin regulators and DDR factors at damaged
chromatin. This dynamic activity can be visualized by immunofluorescence as
distinct nuclear ‘foci’ using antibodies. Although the focal accumulation of DDR
proteins at damaged sites amplifies the damage signal, the functional significance of
these foci in the DDR pathway still remains unknown (10). It is important to note that
not all DDR factors assemble and dissociate from the damaged chromatin at the
same time. Rather, the assembly and disassembly of DDR factors occur in a
hierarchical fashion in a time-dependent manner. For example, while accumulation
of NHEJ repair proteins at DSB sites is rapid but transient, HR proteins show
delayed but persistent retention at damage sites, illustrating the different repair
kinetics of these two major repair pathways (15). This careful spatiotemporal
regulation of DDR factors at damaged chromatin is in large mediated by numerous
reversible post-translational modifications (PTMs). PTMs not only promote the
recruitment and dissociation of DDR factors, but also regulate their residence time at
damage sites. In DSB repair, the role of phosphorylation in initiating the DDR
signaling cascade has been described in much detail. However, recent years have
witnessed the characterization of an unprecedented number of post-translational
modifications at the sites of DNA damage including ubiquitination, SUMOylation,
Neddylation, methylation, acetylation, and poly(ADP-ribosyl)ation (10). These

findings depict more complex picture of the DNA damage response pathway at DSB



sites. In addition, findings of cross talk between these different modifications

illustrate the intricacy of PTM signaling in the DDR (12, 16, 17)
1.4 Activation of DNA damage response following DNA double-strand breaks

Activation of DDR signaling and the efficiency of DNA repair is largely
dependent on chromosomal contexts, such as whether chromatin has an open or
compacted structure at the sites of DNA damage. At densely packed chromatin
regions, repair of damaged DNA is more difficult and takes a longer time to
complete. Several DDR kinases play an essential role in altering chromatin structure
to render damaged chromatin accessible to repair factors. In mammalian cells,
members of the phosphatidylinositol-3-kinase-like kinase family (PIKKs) — ATM,
ATR, and DNA-pk¢s —act as the furthermost upstream kinases that transduce and
amplify the DNA damage signal. ATM and ATR appear to be the major kinases that
phosphorylate hundreds of substrates preferentially at S/TQ (serine/threonine-
glutamine) sites to activate cell cycle checkpoints, chromatin remodeling, and initiate
DNA repair (18). Although both ATM and ATR kinases share significant structural
and functional similarity and have overlapping substrate proteins involved in the
DNA damage response pathway, the activation of these two kinases requires
different stimuli (19). While ATM is primarily activated in response to DNA double-
strand breaks, ATR is activated to a broad spectrum of DNA damaging signals
including lesions generated by UV, cross-linking agents, and replication stress, in
addition to DSBs. Recent genome wide analysis reveals that ATM and ATR function
as master signal transducers in the DDR pathway, coordinating a large cellular

signaling network to maintain genomic integrity.



ATM is activated immediately after DSBs by the sensor protein complex,
Mre11-Rad50-Nbs1 (MRN) (20-27). Following activation by MRN, ATM triggers DDR
signaling by phosphorylating hundreds of downstream proteins (18, 28). One of the
early events following ATM activation is the phosphorylation of histone variant
H2A.X by ATM at Ser139 residue. The DSB-induced phosphorylation of H2A.X
occurs immediately after DNA damage and spreads over megabases of chromatin
flanking the damage site in both directions. H2A.X phosphorylation can be detected
in cells as discrete “foci” following DSB induction by irradiation (IR) (29-31).
Phosphorylated H2A.X (yH2A.X) directly recruits the mediator protein, MDC1
(mediator of DNA damage checkpoint 1), which recognizes and binds
phosphorylated H2A.X through its BRCT domain. MDC1 also forms IR-induced foci
(IRIF) that extensively co-localizes with yYH2A.X (32-34). Interestingly, MDC1 also
interacts with ATM through its FHA domain. ATM-MDC1 interaction targets activated
ATM to DSB flanking chromatin regions, thereby propagating ATM-mediated H2A.X
and MDC1 phosphorylation at damaged chromatin to amplify the damage signal. In
addition, MDC1 has been shown to regulate damage-induced cell cycle arrest

checkpoint (35, 36).

yH2A.X-MDC1 acts a molecular platform that orchestrates the recruitment of
additional DDR factors to the sites of DNA damage in a hierarchical manner (Figure
3). Phosphorylated MDC1 binds and targets E3 ubiquitin ligase RNF8 to damage
sites. RNF8 contains an FHA domain at its N-terminus and RING domain at its C-
terminus. RNF8 interacts with ATM-phosphorylated MDC1 via its FHA domain.

Interestingly, RNF8 localization to damage sites is independent of its RING domain
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Figure 3: Phosphorylation-dependent ubiquitin signaling at DSB sites. DNA
double-strand breaks induces a ATM-mediated phosphorylation-dependent
ubiquitin signaling at DSB sites. Ubc13-RNF8-RNF168 enzymatic machinery
catalyzes Lys63-linked ubiquitin chain that targets 53BP1 and BRCA1-A complex at

damage sites to initiate repair.



but requires the FHA domain, indicating that a phosphorylation-dependent
interaction with MDC1 is crucial for RNF8 accumulation to DSBs (37-39). RNF8
recruitment to damaged chromatin is consistent with earlier observations of ubiquitin
conjugation at IRIF. In addition to MDC1 binding, the RNF8 FHA domain also
interacts with another E3 ligase, HERC2, forming an MDC1-RNF8-HERC2 complex.
This complex facilitates RNF8 interaction with the E2 ubiquitin conjugating enzyme,
Ubc13, to catalyze Lys63-linked ubiquitination at damaged chromatin (40). The
RNF8-Ubc13 enzymatic machinery ubiquitinates chromatin-bound proteins,
including histone H2A and H2A.X, with non-proteolytic Lys63-linked ubiquitin chains
in a DNA damage-dependent manner. This ubiquitination triggers the recruitment of
downstream DDR factors recruitment including 53BP1 and components of BRCA1-A
complex to damaged chromatin. In addition, RNF8 depletion has been shown to
result in G2/M checkpoint arrest and hypersensitivity to IR-induced DNA damage,
indicating that RNF8-dependent ubiquitination at DNA damage sites is essential for
cells to cope with DNA double-strand breaks (37-39, 41). Later studies
demonstrated that RNF8-mediated Lys63-linked ubiquitin conjugates are recognized
by MIU (42) domains of another E3 ligase, RNF168, triggering its accumulation at
DSB sites. RNF168, in association with the Ubc13 E2 conjugating enzyme, then
amplifies the Lys63-linked ubiquitin chain on histone H2A and H2A.X, along with
other unidentified substrates. Lys63-linked ubiquitin chains on histone and other
chromatin-bound proteins are also recognized by the Ubiquitin Interacting Motif
(UIM) of Rap80, which subsequently mediates accumulation of 53BP1 and

components of BRCA1-A complex to sites of DNA damage (43-45). Recruitment of
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BRCA1 and 53BP1 at DNA damage sites regulates the balance and repair pathway
choice between HR and NHEJ at the damage sites. More recently, the Mailand
group has shown that H1-type linker histones, but not core histones, serve as the
major substrate for Ubc13-RNF8-mediated Lys63-linked ubiquitination and that
RNF168 recognizes Lys63 ubiquitinated histone H1 at damaged chromatin,
emphasizing the essential role of Ubc13 and RNF8 in recruiting RNF168 to DSBs

(46).
1.5 Role of BRCA1-A complex in DSB repair

BRCA1-A complex, named after the adaptor protein Abraxas, consists of five
different proteins: Rap80, Abraxas, NBA1, BRE, and BRCC36 (47-54). Abraxas
mediates the interaction between BRCA1 and the other components of the A
complex. The Abraxas-BRCA1 interaction is essential for Abraxas’s role in DNA
repair and maintenance of genome stability (55). Our lab and others have previously
shown that Abraxas interacts with BRCA1 through its C-terminal pSPTF motif, in
which phosphorylated Ser406 (S406) binds to BRCA1 C-terminal (BRCT) domain.
Deletion of the pSPTF motif or mutation of the S406 residue disrupts both Abraxas-
BRCA1 interaction and BRCA1 localization to DNA damage sites, thereby impairing
efficient DNA repair (47, 49, 51). Abraxas knockout mice generated by our lab
exhibit chromosomal instability and increased incidence of tumor development.
Interestingly, a mutation in the phenylalanine residue of the Abraxas pSPTF motif
(F409C) has been identified in human tumors (55), suggesting the importance of
Abraxas-BRCA1 interaction in tumor suppression. Yet, it still remains unknown how

Abraxas mediates BRCA1's tumor suppression function. Of note, Abraxas S406 is
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constitutively phosphorylated in presence and absence of DNA damage (47).
Therefore, it is tempting to speculate that there may be an additional regulatory

mechanism that modulates Abraxas-BRCA1 interaction upon DNA damage.
1.6 Non Lys63-linked ubiquitination at DSB sites

Although Lys63-linked ubiquitination at damaged chromatin have been
extensively studied, emerging evidence from different groups indicate that the
ubiquitin landscape at DSB sites is much more complicated than previously
anticipated and that additional linkage-specific ubiquitin chains (such as Lys6,
Lys48, or Lys27-linked chains) exist at damaged chromatin. For instance, RNF168
has recently been shown to catalyze Lys27-linked ubiquitination at DSB sites that is
essential for the proper activation of DDR signaling and regulates the recruitment of
53BP1, Rap80 and other DDR factors (56). In addition, RNF8 has been shown to
interact with different E2 conjugating enzymes to catalyze different linkage-specific
ubiquitin chain types. For example, recent findings have demonstrated that RNF8
can catalyze both Lys63 and Lys48-linked ubiquitin chains by interacting with Ubc13
and UbcH8 E2 enzymes, respectively (37-39, 57, 58). These findings depict that
additional linkage-specific ubiquitin chain types exist at DSB sites to regulate
efficient DDR signaling. Further study of different lysine residue-linked ubiquitination

will therefore provide deeper understanding of the DDR signaling.
1.7 Transcription silencing in response to DSBs

Given DNA damage occurs in the context of chromatin structure, it potentially
interferes with transcription and therefore coordination between DNA repair and

transcription machinery is crucial for genomic stability. This coordination involves
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chromatin organization by chromatin modulators, histone chaperones, and DDR
factors that induce transcriptional silencing in response to DNA damage (59). DNA
damage-induced transcriptional silencing was initially identified in human fibroblast
cells where RNA synthesis is significantly depressed in a rapid and transient manner
following UV-induced DNA damage (60). Following studies have shown that UV-
irradiation induces local transcriptional silencing in damaged nuclei and recovery of
transcription is dependent on nucleotide excision repair (NER) (60, 61). Interestingly,
RNA synthesis is also inhibited at IR-induced DSB sites marked with yH2A.X foci
(62). These findings were further confirmed by the Friedl group, who demonstrated
that the repressive H3K27me3 mark is enriched at yH2A.X-marked DSB sites with
concomitant exclusion of H3K4me3, which is associated with active transcription
(63). Moreover, along with these repressive chromatin marks, several
heterochromatin components (such as kap-1, HP1, suv39h1, and Polycomb group
(PcG) that are known to be associated with transcription repression are enriched at
DSBs (64, 65). Findings from the Elledge group suggest that PARP-dependent
chromatin remodeling also plays an integral role in transcriptional silencing at DSB
sites (66). However, the mechanistic detail of how the transcriptional silencing is
achieved in the vicinity of DSBs is still poorly understood. Using a reporter-based
assay system, a recent study has shown that transcription at the damaged sites is
inhibited in an ATM-dependent manner. ATM kinase plays an essential role in
inhibiting transcription elongation-dependent chromatin decompaction. In addition,
their findings indicate that ATM-dependent transcriptional silencing at damaged

chromatin is associated with RNF8 and RNF168 activity in a manner independent of
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