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Introduction

The DNA damage response. DNA damage can ultimately lead to 
genomic instability and carcinogenesis if not properly addressed. 
It is therefore not surprising that an elaborate network of pro-
teins, termed the DNA damage response (DDR), has evolved to 
protect our genome (for more on the importance of an intact 
DDR see box 1).1-3

DDR proteins are classified into several groups according to 
their role: Sensors, transducers, mediators and effectors. The 
DDR cascade starts with the sensors that detect the damage and 
convey the initial signal to the transducers. The transducers, 
aided by the mediators, amplify the signal and transmit it to the 
effectors, which carry out diverse roles such as repair, checkpoint 
activation and if necessary—apoptosis.4
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One of the hallmarks of the DDR is the local accumulation 
of proteins at sites of double-strand breaks (DSBs). In a manner 
of minutes, multiple DDR proteins assemble at break sites. The 
accumulation of these proteins is not restricted to the break site 
itself, but rather spreads across large megabase domains flank-
ing the DSB, forming microscopically-visible foci.5 It has recently 
been shown that the local concentration of DDR proteins at one 
genomic location, even in the absence of an actual break, is suf-
ficient to activate the DDR.6

For most DDR proteins, focus formation seems to be a lin-
ear and step-wise process with upstream proteins showing faster 
kinetics. For example, MDC1 and RNF8 arrive very early to 
DSBs (in less than a minute) and are required for recruitment 
of BRCA1 and 53BP1.7-10 Accordingly, BRCA1 and 53BP1 show 
slower kinetics and are not required for the recruitment of MDC1 
or RNF8 to break sites (See Fig. 1 and later in text). Thus, focus 
formation is clearly arranged as a hierarchical cascade and it is of 
major interest to understand the exact molecular details of this 
cascade.

MDC1—a brief introduction. MDC1, also known as NFBD1 
(Nuclear Factor with BRCT Domains 1), was independently 
identified as an important player in the DDR by several groups 
approximately seven years ago. It was established that MDC1 is not 
only recruited to break sites but is also important for recruitment 
of many other DDR proteins to sites of damage, such as BRCA1, 
53BP1 and the Mre11/Rad50/NBS1 (MRN) complex.11-15 It was 
shown that downregulation of MDC1 causes multiple pheno-
types, the major ones being (1) hypersensitivity of cells to DSB 
inducing conditions such as exposure to ionizing radiation (IR), 
(2) improper activation of two DNA damage specific cell cycle 
checkpoints—the G

2
/M and the intra-S-phase checkpoints,  

(3) aberrant activation of DNA damage induced apoptosis12 and 
(4) inefficient phosphorylation of several DDR regulators (such 
as the effector kinase Chk114,16). It should be noted that there are 
conflicting data regarding the role of MDC1 in the phosphoryla-
tion of some DDR proteins (e.g., Chk2 phosphorylation11,17) and 
future work is required in this aspect. From these early works 
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The DNA damage response (DDR) is comprised of a network 
of proteins that respond to DNA damage. Mediator of DNA 
Damage Checkpoint 1 (MDC1) plays an early and important 
role in the DDR. Recent data show that MDC1 binds multiple 
proteins that participate in various aspects of the DDR, 
positioning it at the core of the DDR. Furthermore, interactions 
with non-DDR proteins were also revealed, suggesting novel 
roles for MDC1.

In this review we provide a comprehensive overview of all 
known MDC1-binding proteins and discuss their role. We pres-
ent these binding partners according to their function, thereby 
providing the reader with a detailed and updated overview of 
the cellular response to DNA damage. We discuss more recent 
findings in detail and conclude by presenting the challenges 
the field faces in the future.
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PST repeat can act as a protein-binding module.23 In addition 
to these three domains, recent work revealed novel motives in 
MDC1 that also mediate protein-protein interactions (see Fig. 2 
and later in text). MDC1 is therefore a multi-faceted mediator, 
allowing multiple protein-protein interactions that are crucial for 
an intact DDR (see Table 1).

The making of a focus. As noted earlier, multiple DDR pro-
teins assemble quickly and efficiently at large chromatin regions 
that surround sites of breaks. Once a DSB is formed, it is detected 
and converted into a molecular signal, which is substantially 
amplified, allowing the recruitment, retention and activation of 
downstream DDR proteins at sites of damage. These local aggre-
gations of proteins can be visualized by standard microscopy 
and are seen as discrete foci. Although the exact role of these 
foci is unclear, current models suggest that they direct repair of 
DSBs via the local accumulation of repair factors while allowing 
the conversion of a fairly small amount of DSBs into a strong 
enough signal that will trigger efficient activation of cell cycle 
checkpoints.4-6,26

Although much progress has been made in the field of DNA 
damage, one important question remains largely unanswered—
how is a DSB detected and who is the primary sensor? Although 
a clear answer remains elusive, the most prominent candidate 
to date is a complex of three proteins—the MRN complex.26 
Mre11 and Rad50 form a hetero-dimer structure that is capable 
of  tethering DNA ends. Mre11 also possesses a nuclease activity 

it was obvious that MDC1 has a central role in the DDR but it 
was not clear how exactly it carries out these multiple tasks. It 
was suggested that MDC1 mainly acts as an adaptor protein that 
recruits DDR proteins to sites of damage. This hypothesis has 
been well substantiated by the large amount of data generated 
in recent years. Furthermore, additional roles have been ascribed 
to MDC1, including DNA repair via the non-homologous end 
joining (NHEJ)18 and homologous recombination (HR)19,20 path-
ways, activation of the decatenation checkpoint21 and mitosis.22

MDC1 is a large protein, spanning 2,089 residues in human. 
Preliminary analysis of its sequence revealed three distinct 
domains (Fig. 2): an N-terminal FHA domain, a central Pro/
Ser/Thr-rich repeat domain (PST repeat) and a C-terminal tan-
dem BRCT (tBRCT) domain (for more on the FHA and tBRCT 
domains see box 2).11,12,14 Early work has focused on the FHA 
and tBRCT domains of MDC1, as they were easily identified and 
were known to mediate protein-protein interactions. The PST 
repeat is a unique domain, with an imperfect repetitive motif of 
∼41 residues. Human MDC1 contains 13 full PST repeats, with 
a few partial repeats flanking both sides of these central repeats 
(see Fig. 2). The FHA and tBRCT domains of MDC1 are fairly 
conserved and the main difference between human and murine 
MDC1 is in the number of PST repeats—human MDC1 con-
tains approximately 5 additional PST repeats. The PST motif 
does not appear in other proteins, making it hard to predict a 
role for it.11,12,14 However, one report has demonstrated that the 

Figure 1 (See previous page). A model for focus formation at a double-strand break. After a DSB is induced (A), the MRN complex quickly relocalizes 
to the break site, bringing ATM along through an interaction with a C-terminal motif in NBS1 (B). ATM phosphorylates adjacent histone H2AX mole-
cules, tagging nearby chromatin with γ-H2AX (C). MDC1 binds γ-H2AX through its tBRCT domain and recruits additional ATM molecules, both directly 
via its FHA domain, as well as indirectly via an interaction with NBS1 (D). This allows ATM to phosphorylate more distant histone H2AX molecules, thus 
spreading the initial signal and amplifying it. MDC1 also recruits the E3 Ub ligase RNF8, which attaches Ub molecules onto histones H2A and H2AX 
(D). RNF168 binds ubiquitinated histones H2A/X and catalyzes the formation of poly-Ub chains on these histones (E). These events are required for the 
subsequent arrival of important DDR proteins such as 53BP1 and the BRCA1-Abraxas-RAP80 complex. The events described in (D and E) occur on both 
sides of the break but only one side of the break is depicted for the sake of simplicity.

Figure 2. A schematic representation of human MDC1. All features are drawn to scale. Above each feature appears its name with relevant post-trans-
lational modifications and below are proteins that interact with it. The fourth TQXF repeat (depicted darker) is not as conserved as the first three. Also, 
the first three and last three PST repeats (light orange) show weak homology to the central 13 repeats (dark orange). See main text for more details.
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kinases (PIKKs)—ATM, ATR or DNA-PK. A rough general-
ization is that H2AX phosphorylation is mediated by ATM and 
DNA-PK in response to DSBs in a partially redundant way,31,32 
and by ATR in response to ultra-violet (UV) damage or replica-
tion stress.33

Although histone H2AX is not essential for DSB repair, stud-
ies of histone H2AX knockout mice show that it is important 
for focus formation by many DDR proteins and that it has a role 
in DSB repair fidelity and efficiency, checkpoint activation and 
tumor suppression.34-36 If histone H2AX has such an important 
role in recruiting DDR proteins to sites of damage, why is it 
not essential for repair? First of all, DSBs vary in their severity. 
Simple DSBs are repaired quickly whereas complex DSBs seem 
to require processing and thus take more time to repair. This is 
evident by the fact that irradiated cells first show many small 
foci. As cells recover, the number of foci decreases (signifying 
repair) and the remaining foci get larger.4,37 Additionally, several 
key DDR proteins—NBS1, BRCA1 and 53BP1—are recruited 
to DSBs even in the absence of histone H2AX.38 These proteins 
show early DSB recruitment kinetics in WT or histone H2AX 
null cells (minutes) but fail to accumulate later on in histone 

that is suggested to act in resection of complex DSBs.27 NBS1 
seems to be the regulatory subunit of the complex with an impor-
tant role in recruiting the entire MRN complex to sites of dam-
age. It has been shown that the MRN complex is important for 
activation and recruitment of the transducer kinase ATM to 
sites of damage.28 More recently, NBS1 was found to contain a 
conserved C-terminal motif that binds ATM, thus revealing the 
molecular mechanism for the role of the MRN complex in ATM 
recruitment.29

One of the most studied proteins in the DDR is histone 
H2AX,5 a variant of histone H2A. Histone H2AX is an inte-
gral part of the nucleosome and constitutes approximately 
10–15% of the histone H2A pool. Histone H2AX differs 
from histone H2A by a longer C-terminal tail that contains 
a conserved SQEY-COOH motif. The phosphorylation of the 
serine residue of this motif (Ser-139) is an early and impor-
tant event in the DDR. The phosphorylated form of histone 
H2AX, known as γ-H2AX, appears within minutes after the 
formation of a DSB, tagging large chromatin domains flank-
ing the break.30 Phosphorylation of histone H2AX is carried 
out by one of three phospho-inositide-3-kinase-related protein 

Table 1. A summary of all currently known MDC1 interactions

Interacting 
protein

Classification Interacting domains/components
Post translational 

 modifications
Regulation Direct? Refs.

γ-H2AX Histone variant
MDC1—tBRCT domain

γ-H2AX—C-terminal pSQEY-COOH 
motif

Phosphorylation of H2AX on Ser 
139 by ATM/ATR/DNA-PK

↑ DSBs 
16, 40, 

42

ATM Transducer Kinase
MDC1—FHA domain

ATM—phospho-Ser-1981
Autophosphorylation of ATM on 

Ser 1981
↑ DSBs  16, 58

NBS1
Part of the MRN 

complex
MDC1—SDT repeats

NBS1—FHA and tBRCT domains
Phosphorylation of MDC1-SDT 

repeats by CK2
Constitutive  61–66

RNF8 E3 Ub ligase
MDC1—TQXF repeats

RNF8—FHA domain
ATM-dependent phosphoryla-

tion of MDC1-TQXF repeats
↑ DSBs  7–10

53BP1 Mediator
MDC1—tBRCT domain

53BP1—a.a. 1288–1409 of human 
53BP1

Modulated by phosphorylation 
on CDK sites of 53BP1

↓ DSBs

↑ Mitosis
 72

DNA-PK
Transducer Kinase

NHEJ pathway

MDC1—PST repeats

DNA-PK—?
? Constitutive ? 23

Rad51 HR pathway
MDC1—FHA domain

Rad51—?
Phosphorylation independent Constitutive  19

Chk2
Effector—

checkpoint kinase
MDC1—FHA domain

Chk2—motif around Thr-68
ATM-dependent 

 phosphorylation of Chk2-Thr-68
↑ DSBs  12

p53
Effector—

transcription factor
MDC1—tBRCT domain

p53—transctivation domain (a.a.1–101)
Binding inhibited by 

 phosphorylation of p53-Ser-15
↓ DSBs ? 79

Mdm2 E3 Ub ligase
MDC1—tBRCT domain

Mdm2—?
? ? ? 80

APC/C
Cell cycle—E3 Ub 

ligase
MDC1—FHA, tBRCT and PST domains

APC/C—APC1, Cdc27, CBP and Cdc20
? ?  73

Cdc27 APC/C subunit
MDC1—tBRCT domain

Cdc27—C-terminal pSDEF-COOH motif
Phosphorylation of Ser-821 of 

Cdc27
↑ DSBs  22

TopoIIα Topoisomerase
MDC1—tBRCT domain

TopoIIα—pSDED motif around Ser-1524
Phosphorylation of Ser-1524 of 

TopoIIα ?  21
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kinase, WSTF,46 and its dephosphorylation is mediated by a 
known tyrosine phosphatase—EYA.47 The phosphorylation of 
Tyr-142 occurs on the tBRCT-binding motif of γ-H2AX and 
blocks binding of MDC1 to γ-H2AX. It was therefore suggested 
to act as an additional regulatory mechanism to prevent the for-
mation and spreading of γ-H2AX in the absence of a break.

Phospho-ATM binds the FHA domain. ATM is the main 
transducer involved in the response to DSBs.48-50 ATM is acti-
vated after DSB induction and its activation is accompanied 
by induction of several post-translational modifications such as 
several autophosphorylations51,52 and at least one acetylation.53,54 
Autophosphorylation of Ser-1981, the most characterized of these 
events, leads to activation of ATM via the dissociation of the 
inactive ATM dimer.52 However, the role of these autophospho-
rylations is still under dispute, as mutations in several such sites 
in mice, including Ser-1987 (which corresponds to Ser-1981 in 
humans), do not affect ATM activity.55,56 Following DSB induc-
tion, a fraction of ATM is rapidly recruited to damage sites.57 As 
noted earlier, NBS1 recruits ATM to break sites via a conserved 
C-terminal motif. Subsequently, many ATM substrates are phos-
phorylated at the damaged sites.48-50

Analysis of pSer-1981-ATM (pATM) levels after DSB induc-
tion in MDC1 null cells indicated that MDC1 does not affect 
the activation of ATM itself. However, the recruitment of pATM 
to sites of damage and its chromatin retention were impaired 
in the absence of MDC1.16 Since MDC1 binds γ-H2AX, this 
implied that MDC1 allows accumulation of pATM at sites of 
damage by bridging between pATM and γ-H2AX. This work 
showed that MDC1 indeed binds ATM and mapped the inter-
action to the FHA domain of MDC1. Furthermore, ATM and 
MDC1 interact directly, as the study employed purified pro-
teins.16 A very recent report has substantiated and extended these 
findings and demonstrated that the interaction between the FHA 
domain of MDC1 and ATM requires phosphorylation of Ser-
1981.58 In this study, So et al. demonstrate that the initial recruit-
ment of ATM to DSBs requires the MRN complex but does not 
depend on MDC1 or Ser-1981. However, the prolonged reten-
tion of ATM at DSBs requires both phosphorylation of Ser-1981 
and the presence of MDC1. Collectively, their data show that 
activated ATM is retained at DSBs by its phospho-dependent 
interaction with MDC1. Importantly, this prolonged retention 
of activated ATM at DSBs is crucial for the phosphorylation of 
downstream effectors and resistance to IR.58 The most important 
insight gained from this study is that MDC1 acts not only as a 
sensor of damaged chromatin (via γ-H2AX), but also as a sensor 
for activated ATM. It is worth noting that the FHA domain of 
MDC1 deviates from the typical specificity of FHA domains for 
phospho-Thr motives, as it binds a phospho-Ser motif in ATM.59 
Structural analysis of the FHA domain of MDC1 should high-
light the structural features that differentiate this domain from 
other FHA domains.

Together, these studies provide a mechanism for the positive 
feedback loop of focus formation as follows—when a DSB is 
formed, the MRN complex is quickly recruited to the break site 
(Fig. 1B). ATM is initially recruited by the MRN complex, lead-
ing to its activation and subsequent phosphorylation of  adjacent 

H2AX null cells (hours). Histone H2AX is therefore required 
for the sustained accumulation of these DDR factors at DSBs but 
not for their initial recruitment. Taken together, these observa-
tions suggest a model in which most DSBs are simple, repaired 
quickly and do not require histone H2AX. More complex DSBs 
would require histone H2AX in order to facilitate the local 
accumulation of additional repair factors as well as activation 
of cell cycle checkpoints.4 It should also be noted that histone 
H2AX null cells fail to properly activate cell cycle checkpoints in 
response to IR doses that induce physiological amounts of DSBs, 
whereas non-physiological doses of IR can lead to activation of 
these checkpoints even in the absence of histone H2AX.39 Thus, 
histone H2AX is required for activation of cell cycle checkpoints 
even in the event of a few DSBs, by participating in signal ampli-
fication and recruitment of downstream DDR proteins. In the 
following sections we will take a closer look into the earliest steps 
of focus formation, as well as downstream events, by describing 
key interactions that involve MDC1.

The DDR Described Through an Account of MDC1 
and its Interacting Proteins

Focus formation. γ-H2AX binds the tBRCT domain. Although it 
was clear early on that γ-H2AX serves as a very important epi-
genetic marker for DSBs, it was not known how it mediates the 
recruitment of downstream DDR proteins. A major advance in 
our understanding of how a focus is formed was the discovery 
that MDC1 directly binds γ-H2AX.16,40

Early experiments, which employed phospho-Ser oriented 
peptide library screening, determined that the tBRCT domain 
of MDC1 shows strong selectivity for a Tyr or Phe residue at 
the +3 position, yielding a pS-X-X-Y/F consensus binding motif.41 
Histone H2AX contains a C-terminal pSQEY motif, which fits 
this consensus sequence and was indeed demonstrated to be a 
docking platform for the tBRCT domain of MDC1. The tBRCT 
domain of MDC1 shows high specificity for the C-terminus of 
histone H2AX only in its phosphorylated form, thus allowing 
MDC1 to function as a specific sensor for γ-H2AX. Interestingly, 
it was shown that the tBRCT domain of MDC1 binds to a motif 
that requires an adjacent free carboxyl-terminus, leading to the 
definition of a more specific binding consensus sequence of pS-X-
X-Y/F-COOH.40 Analysis of the crystal structure of the tBRCT 
domain of MDC1 bound to a γ-H2AX peptide provided struc-
tural insights into how this domain recognizes the free carboxyl-
terminus of γ-H2AX.40,42 Two phosphatases, PP2A and PP4, have 
been implicated in dephosphorylation of γ-H2AX.43,44 It was 
proposed that MDC1 protects γ-H2AX from dephosphorylation 
by its strong binding, thereby not only mediating downstream 
γ-H2AX signals but also preserving γ-H2AX itself.40

Since the phenotype of MDC1 knockout mice16 was very sim-
ilar to that of histone H2AX knockout mice,36,45 it was proposed 
that the major physiological role of MDC1 is mediating histone 
H2AX-dependent signaling.

Recently, a novel regulatory phosphorylation was identified 
on Tyr-142 of histone H2AX, which is its most C-terminal resi-
due. Tyr-142 phosphorylation is mediated by a newly  identified 
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on this matter.65,66 The solved structures of the FHA-tBRCT 
domain of fission yeast and human NBS1 show a conserved struc-
ture in which the FHA and tBRCT domains each retained their 
respective domain fold. However, the FHA domain became fused 
to the first BRCT domain. The distance between the two bind-
ing sites of the FHA and tBRCT domains of NBS1 is such that a 
single molecule would only be able to bind both sites at once if at 
least 22 amino acids separate its interacting sites. It is therefore not 
possible for a single SDT repeat to bind both domains simultane-
ously, suggesting that two different SDT repeats bind the FHA 
and tBRCT domains. The distance between adjacent SDT repeats 
in MDC1 is quite variable (ranging from 26 to 81 residues) but is 
above this threshold, allowing any two SDT repeats to bind NBS1. 
Additionally, a combination of peptide binding experiments and 
mutational analyses demonstrate that while the FHA and tBRCT 
domains can each bind a phospho-SDT repeat to a certain degree 
in vitro, both are required for a functionally stable interaction in 
vivo. Overall, these observations provide a good explanation for 
the duplication of the SDT motif in MDC1 and suggest that the 
FHA domain of NBS1 binds the pThr of one SDT repeat while 
the tBRCT domain of NBS1 binds the pSer of a second SDT 
repeat.65,66 This bipartite mode of binding between MDC1 and 
NBS1 seems unique. Two other proteins that contain SDT-like 
motives only bind the FHA domain of NBS1—Lif1 in budding 
yeast (ortholog of mammalian XRCC4) and Ctp1 in fission yeast 
(ortholog of Sae2 in budding yeast and CtIP in mammals).65,66

RNF8 binds the phospho-TQXF repeats. Recently, a new factor 
in the DDR has been identified—RNF8.7-10 This protein con-
tains an FHA domain as well as a RING finger domain, which 
acts as the catalytic core of certain E3 ubiquitin (Ub) ligases.8 
Analysis of RNF8 after damage induction shows that it is rapidly 
recruited to DSBs. RNF8 recruitment was dependent on histone 
H2AX and MDC1, but not on BRCA1 and 53BP1. On the other 
hand, BRCA1 and 53BP1 recruitment did require RNF8. An 
important observation was that the localization of RNF8 to sites 
of damage depended on its FHA domain while its RING domain 
was important for recruitment of BRCA1 and 53BP1.7-9

FHA domains exhibit specificity for phosphorylated threonine 
residues. Peptide library screening revealed that the FHA domain 
of RNF8 shows specificity for a pT-X-X-Y/F motif,7 which bears 
a striking similarity to the pS-X-X-Y/F-COOH binding motif 
of the tBRCT domain of MDC1.40 Sequence analysis revealed 
that human MDC1 contains four TQXF motifs (three in murine 
MDC1) that fit the binding preference of the FHA domain of 
RNF8 (Fig. 2).7,9 As expected, the FHA domain of RNF8 binds 
MDC1 through these TQXF repeats. Phosphorylation of these 
repeats occurs in response to DNA damage in an ATM-dependent 
manner, allowing a phospho-specific interaction between MDC1 
and RNF8 only when DNA damage is induced.7-10 The TQXF 
repeats bind RNF8 in a redundant manner, as a single phospho-
TQXF peptide could bind RNF89 and mutations of at least three 
of the four TQXF repeats were needed to prevent RNF8 bind-
ing.8 This redundant mode of binding is very similar to that seen 
with NBS1 and its interaction with the SDT repeats of MDC1.

These results established that RNF8 is recruited to DSBs 
by a direct interaction with phospho-MDC1. But how does 

histone H2AX molecules forming γ-H2AX (Fig. 1C).29 MDC1 
directly binds γ-H2AX via its tBRCT domain16,40 and pSer-1981-
ATM via its FHA domain. This allows a local concentration of 
activated ATM, which in turn phosphorylates more distal his-
tone H2AX molecules, thus creating a positive feedback loop 
(Fig. 1D).

NBS1 binds the phospho-SDT repeats. NBS1 appears at DSBs 
very quickly, even after 20–30 seconds after damage induction.60 
This initial recruitment of NBS1 to DSBs, which does not require 
histone H2AX,38 is also MDC1-independent. This was shown by 
depletion of MDC1 in human cells60 and by knockout of MDC1 
in mice.16 However, the prolonged retention of NBS1 at DSBs 
requires both histone H2AX and MDC1,16,60 much like the 
retention of activated ATM. The mechanism by which MDC1 
regulates NBS1 retention at DSBs was poorly understood until 
recent independent reports by four groups which demonstrated 
that MDC1 directly binds NBS1.61-64 Since NBS1 also binds 
ATM,29 these results suggest that MDC1 can recruit multiple 
ATM molecules to DSBs, both directly through its FHA domain 
as well as indirectly through NBS1, thus allowing a more efficient 
and quick positive feedback loop (Fig. 1D).

Mapping of the interaction between NBS1 and MDC1 
revealed that it required both the FHA domain and the adja-
cent tBRCT domain of NBS1 and a novel conserved motif in 
the N-terminus of MDC1. This motif, designated as the SDT 
repeat, appears six times in MDC1 and consists of highly con-
served serine and threonine residues surrounded by acidic residues 
with a consensus sequence of SDTD-[V/A/D]-[D/E]-[D/E]  
(Fig. 2). The SDT repeat fits the consensus phosphorylation site 
for the acidophilic casein kinase 2 (CK2). All groups found that 
CK2 constitutively phosphorylates MDC1 on its SDT repeats. 
The phosphorylation of both serine and threonine residues was 
required for binding of NBS1 to MDC1. Inhibition of CK2 activ-
ity (by chemical inhibitors or siRNA) prevented phosphorylation 
of MDC1, thus preventing binding to NBS1 and localization of 
NBS1 to DSBs. Similar results were obtained when mutations or 
deletions were introduced in either the SDT repeats of MDC1 or 
the FHA-tBRCT domains of NBS1.61-64

Interesting questions arise from the data discussed above. 
Why does MDC1 contain multiple SDT repeats? And are all 
required for binding to NBS1? Results show that even a single 
repeat can bind NBS1, as a doubly phosphorylated SDT peptide 
(pSDpT) could directly bind the purified MRN complex64 or a 
purified FHA-tBRCT fragment of NBS1.61 However, progres-
sively mutating more serine and threonine residues of the SDT 
repeats led to gradually lower affinity of MDC1 to NBS1 and 
to impaired redistribution of NBS1 to foci, suggesting that the 
existence of multiple SDT repeats in MDC1 allows cooperative 
and/or redundant binding to NBS1.62,63

Another interesting issue is the unique mode of binding 
between the FHA and tBRCT domains of NBS1 and the phos-
pho-SDT motif of MDC1. FHA and tBRCT domains can each 
mediate protein-protein interactions on their own, showing speci-
ficity for pThr or pSer, respectively (see box 2). However, NBS1 
seems to have combined both domains to yield a third domain. 
Two very recent structural and functional studies shed some light 
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subunit, DNA-PKcs, and the heterodimer Ku (composed of 
Ku70 and Ku80). DNA-PK plays a central role in DNA repair via 
the non-homologous end joining (NHEJ) pathway.74 This work 
suggested that MDC1 is important for IR-induced autophospho-
rylation of human DNA-PKcs on Thr-2609. This phosphoryla-
tion site has been previously demonstrated to be important for 
activation of DNA-PK and for subsequent DSB repair.75 DSB 
repair via NHEJ was faulty in MDC1-depleted cells, assessed 
using a plasmid-based repair assay and a plasmid integration 
assay. This phenotype depended on the PST repeat domain of 
MDC1, which implies that MDC1 affects repair via the NHEJ 
pathway through its interaction with DNA-PK.23 It is not known 
how MDC1 exerts its effect on DNA-PK. A direct interaction 
between MDC1 and DNA-PK was not established and it is not 
clear which part of the DNA-PK complex (i.e., DNA-PKcs or one 
of the Ku subunits) mediates the interaction.

Another supportive evidence for the role of MDC1 in NHEJ 
was demonstrated by the analysis of the fusion of dysfunctional 
telomeres as a model for DSBs. Loss of telomeric capping proteins 
leads to deprotection of telomeres, which are then recognized as 
DSBs and fused via repair by the NHEJ pathway. Inhibition of 
MDC1 itself, or its recruitment to chromatin, led to lower lev-
els of telomere fusion, suggesting a positive role for MDC1 in 
NHEJ.18 Two recent papers describe a role for 53BP1 in NHEJ of 
either dysfunctional telomeres76 or distant breaks that form dur-
ing V(D)J recombination.77 Since MDC1 is required for recruit-
ment of 53BP1 to DSBs, it is likely that a key role for MDC1 in 
NHEJ stems from its effect on 53BP1.

Rad51 binds the FHA domain. Apart from a role in the NHEJ 
pathway, there is evidence that MDC1 has a role in the homolo-
gous recombination (HR) repair pathway. According to work by 
Zhang et al. knockdown of MDC1 resulted in impaired repair by 
HR, determined by an assay that employs a GFP reporter that is 
only expressed when repaired via HR.19

Rad51 is an early and central component of the HR path-
way. Absence of MDC1 led to a general decrease in the levels of 
nuclear Rad51 and to lower levels of Rad51 foci in response to IR. 
Since MDC1 does not co-localize with Rad51 following IR,11 it 
is unlikely that MDC1 directly affects recruitment of Rad51 to 
DSBs. The lower levels of Rad51 in the nucleus following MDC1 
depletion suggested that MDC1 might affect Rad51 focus for-
mation by regulating its stability. Pulse-chase experiments and 
analysis of Rad51 protein levels after cycloheximide treatment 
(blocks protein translation) were performed in MDC1 versus 
control knockdown cells. Results from these experiments show 
that Rad51 is less stable in the absence of MDC1. Therefore, the 
main mechanism of action of MDC1 in HR is mediated by the 
regulation of Rad51 stability, which affects its recruitment to 
DSBs and subsequent repair.19

It was discovered that there is an interaction between the FHA 
domain of MDC1 and Rad51.19 The interaction between MDC1 
and Rad51 is direct and constitutive, as it is not influenced by 
IR. It also does not seem to require phosphorylation, a puzzling 
observation since FHA domains act as pThr-binding modules.59 
Reconstituting MDC1-depleted cells with an FHA-deleted form 
of MDC1 could partially rescue their HR-defective phenotype, 

RNF8 control the accumulation of BRCA1 and 53BP1 at DSBs? 
Mutating or deleting the RING domain of RNF8 prevented 
BRCA1 and 53BP1 recruitment. This suggested that the E3 Ub 
ligase activity of RNF8 is required for BRCA1 and 53BP1 recruit-
ment to DSBs. Exploring this possibility led to the discovery that 
RNF8, together with the E2 Ub activating enzyme UBC13, pro-
motes poly-ubiquitination of histones H2A and H2AX at DSBs 
(Fig. 1D). These ubiquitination events are crucial for recruitment 
of BRCA1 and 53BP1 and for an intact DDR (see box 3 for more 
on ubiquitination events at DSBs).7-10

53BP1 binds the tBRCT domain. p53 Binding Protein 1 
(53BP1) is a large mediator protein which, like MDC1, contains 
a C-terminal tBRCT domain. In addition, 53BP1 contains a tan-
dem Tudor (tTudor) domain that is essential for its localization to 
DSBs. The tTudor domain was shown to bind methylated lysine 
79 of histone H3 and dimethylated lysine 20 of histone H4.67-70 
These are constitutive histone modifications that lie within the 
histone core and current models suggest that they become acces-
sible following formation of a break. A mechanism was suggested 
by which the MDC1- and RNF8-dependent ubiquitination 
events at DSBs promote chromatin relaxation which exposes 
these modifications, although the details of such a model remain 
to be established.7-10 While it is generally accepted that the tTudor 
is crucial for targeting of 53BP1 to sites of damage, it is not yet 
clear whether it is sufficient. Some reports suggest that the tTu-
dor domain is enough for focus formation by 53BP1 while others 
show that it exhibits only partial recruitment to DSBs.68-72

We have recently shown that MDC1 directly binds 53BP1.72 
Analysis of the interaction between MDC1 and 53BP1 revealed 
that it is mediated by the tBRCT domain of MDC1. As men-
tioned earlier, the tBRCT domain of MDC1 shows specificity for 
a phosphorylated C-terminal motif.40 However, such a motif does 
not exist in 53BP1 and detailed mapping revealed that MDC1 
binds a central area of 53BP1. The interaction is modulated by 
phosphorylation but not strictly dependent on it. Deletion of the 
MDC1-binding region in 53BP1 led to aberrant recruitment of 
53BP1 to foci, with a pattern similar to that of the tTudor domain 
alone, a result that indicates a possible role for the MDC1-53BP1 
interaction in the recruitment of 53BP1 to DSBs.72 Interestingly, 
a recent report demonstrated that a similar area in 53BP1 medi-
ates homo-oligomerization of 53BP1 that is important for its 
focus formation.71 While it is clear that MDC1 is required for 
53BP1 recruitment to DSBs due to its role in RNF8-dependent 
histone ubiquitination, these recent studies show that additional 
events are likely to affect focus formation by 53BP1.

Interestingly, the interaction between MDC1 and 53BP1 is 
much stronger in mitotic cells.15,72 This result, coupled with the 
recent finding that MDC1 has a role in normal mitosis (discussed 
later),22,73 suggests that the interplay between MDC1 and 53BP1 
might affect mitotic progression.

DNA repair. DNA-PK binds the PST repeats. The PST 
repeats of MDC1 do not show any homology to other known 
sequences.11,12,14 Since MDC1 is an adaptor protein, it was pro-
posed that the PST repeats might also mediate protein-protein 
interactions. An attempt to discover PST repeat-binding proteins 
identified DNA-PK.23 DNA-PK is composed of the large catalytic 
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functional link between MDC1 and p53. Immunofluorescent 
staining for MDC1 and p53 showed that after genotoxic stress, 
p53-positive cells do not exhibit MDC1 staining. Thus, MDC1 
might somehow negatively regulate p53.

Overexpression of MDC1, while not affecting the initial accu-
mulation and activation of p53, led to lower levels of p53 pro-
tein and lower expression of p53 target genes at later stages of 
the DDR (48 hours or more). Accordingly, downregulation of 
MDC1 led to accumulation of p53 and higher expression of p53 
target genes.

The authors also explored the role of MDC1 in activation of 
apoptosis. Overexpression of MDC1 led to a lower level of apop-
tosis following damage induction, whereas MDC1 downregula-
tion led to higher levels of apoptosis. Additionally, MDC1 levels 
in p53-proficient cells affected cell viability following genotoxic 
stress. More cells survived when MDC1 was highly expressed, 
whereas survival rate was lower when MDC1 was silenced. This 
phenotype was not observed in a p53-deficient cell line, sug-
gesting that MDC1 has a p53-dependent role in promoting cell 
survival following DNA damage induction, presumably by pre-
venting activation of apoptosis.79

These results were indicative of a possible physical interac-
tion between MDC1 and p53. Indeed, MDC1 and p53 interact 
and rough mapping by co-IP showed that the tBRCT domain of 
MDC1 binds the trans-activation domain of p53.79 However, a 
direct interaction was not demonstrated. Interestingly, p53 phos-
phorylated on Ser-15 could not be detected in anti-MDC1 co-IP 
experiments. This is the first evidence that binding to the tBRCT 
domain of MDC1 is inhibited, rather than augmented, as a result 
of phosphorylation. The interaction was detectable in undis-
turbed cells, and was lost a few hours after damage induction, 
just as p53 and its Ser-15 phosphorylation are upregulated.79

The results presented by Nakanishi et al.79 contradict those 
observed by Lou et al.12 While Nakanishi et al. suggested that 
MDC1 inhibits p53 activity, Lou et al. observed a positive role for 
MDC1 in p53 activation. It should be noted that Nakanishi et al. 
employed prolonged treatments with chemicals to induce DNA 
damage (mainly adriamycin),79 whereas the most common DSB 
inducing agent, also employed by Lou et al.12 is a single exposure 
to IR. It is thus possible that the conflicting results arose from the 
different methods for damage induction. Using a chemical leads 
to constant damage induction, which might lead to an aberrant 
DDR. Further studies are required to reconcile these discrepan-
cies and determine the exact role of MDC1 in the regulation of 
p53.

In a short follow-up paper, Inoue et al.80 suggest that MDC1 
also regulates and interacts with Mdm2. MDC1 and Mdm2 were 
shown to bind each other by co-IP experiments and the tBRCT 
domain of MDC1 could be retrieved by anti-Mdm2 antibodies. 
Overexpression of MDC1 led to stabilization of Mdm2 protein, 
but not mRNA. More detailed work is required to establish a 
clear role for MDC1 in the regulation of Mdm2 in the context 
of the DDR. As p53 and Mdm2 interact with each other,82,83 
it should be interesting to reveal whether these two studies79,80 
actually describe the same interaction or whether they report two 
separate ones.

suggesting that, while the FHA domain probably has a major role 
in HR by binding of Rad51 and allowing its stabilization, other 
parts of MDC1 may also be important.19

Cell cycle checkpoints and apoptosis. Phospho-Chk2 binds 
the FHA domain. An early report by Lou et al.12 demonstrated 
a direct interaction between the activated form of Chk2 and 
MDC1. Chk2 is a central effector kinase, responsible for activa-
tion of cell cycle checkpoints and/or apoptosis via phosphoryla-
tion of multiple targets, including Ser-20 of p53.78 Human Chk2 
is phosphorylated on Thr-68 in an ATM-dependent manner 
at DSBs. This activated form of Chk2 does not accumulate in 
DSB-related foci but rather spreads throughout the nucleoplasm 
to perform its effector activities.24

The interaction between Chk2 and MDC1 was found to be 
IR-dependent and a direct interaction was seen in vitro between 
a phospho-T68 peptide and a purified FHA domain of MDC1. 
Deleting the FHA domain of MDC1 or introducing a T68A 
mutation in Chk2 prevented their association. Thus, phosphory-
lation of Chk2 after IR on Thr-68 enables its binding to the FHA 
domain of MDC1.

Since Chk2 has a role in activating cell cycle checkpoints and 
apoptosis following IR, the authors explored the role of MDC1 
in these pathways. Downregulation of MDC1 disrupted the acti-
vation of the intra-S-phase checkpoint and affected IR-induced 
apoptosis. Normal cells exhibit elevated levels of apoptosis fol-
lowing IR exposure. However, cells that lack Chk2 or MDC1 
did not properly activate IR-induced apoptosis. Additionally, p53 
accumulation and its phosphorylation on Ser-20 following IR 
were reduced when MDC1 was downregulated.12

It is not clear how MDC1 regulates Chk2 and this effect 
remains in dispute. Some groups have reported that knockdown 
of MDC1 leads to a defect in phosphorylation of Chk2 on Thr-
68,17 and Ser-33/35,13 while others have not seen such an effect.11 
If MDC1 does play a role in Chk2 activation, it is possible that it 
does so by bringing ATM and Chk2 into close proximity. Since 
both ATM and Chk2 bind the FHA domain of MDC1, it is 
unlikely that MDC1 directly brings them together. However, as 
mentioned earlier, MDC1 binds NBS1,61-64 which in turn binds 
ATM.29 It is therefore possible for MDC1 to indirectly bridge 
between ATM and Chk2. This indirect interaction might be 
weak and transient enough to allow release of phospho-Chk2, 
which would then be free to diffuse away from the break and 
phosphorylate its targets.

p53 and Mdm2 bind the tBRCT domain. Two recent reports 
have suggested that MDC1 binds both p53 and Mdm2, thus 
affecting apoptosis.79,80 p53, a key tumor suppressor, is a tran-
scription factor that is stabilized and phosphorylated in response 
to genotoxic stress. This leads to transcription of multiple target 
genes and allows activation of cell cycle checkpoints and/or apop-
tosis.81 p53 protein levels are normally kept low, in part by ubiq-
uitination of p53 by Mdm2 which leads to its degradation.82,83

The results presented in these studies show that MDC1 inhibits 
p53 activation and subsequent apoptosis.79,80 The authors observed 
that MDC1 protein and mRNA levels decrease within hours after 
DSB induction, using various chemical agents. This correlated 
with accumulation of p53. The inverse correlation suggested a 
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a phospho-peptide derived from the sequence surrounding pSer-
1524 could bind a purified GST-tBRCT fragment, suggesting a 
direct interaction between these proteins.

Treatment of cells with catalytic TopoII inhibitors, such as 
ICRF-193, leads to the stabilization of TopoII in its closed form 
and to unresolved catenated chromatids. Downregulation of 
either MDC1 or TopoIIα prevented the proper activation of the 
decatenation checkpoint, as assessed by scoring for mitotic cells 
after ICRF-193 treatment. Reconstituting TopoIIα deficient cells 
with a S1524A mutant failed to rescue them, supporting a model 
by which the interaction between MDC1 and TopoIIα has a role 
in the decatenation checkpoint.21

The phosphorylation state of TopoIIα was analyzed, as it 
is required for the interaction between MDC1 and TopoIIα. 
Phosphorylation of Ser-1524 changes throughout the cell cycle, 
being higher during G

2
/M. However, treatment of cells with 

ICRF-193, which does lead to activation of the decatenation 
checkpoint, did not change the levels of Ser-1524 phosphoryla-
tion. The authors propose that ICRF-193 treatment might cause 
a conformational change in TopoIIα that exposes pSer-1524 for 
binding of MDC1. As all of the experiments in this study relied 
solely on ICRF-193 treatment, it remains to be established how 
MDC1 and TopoIIα activate this checkpoint during a normal 
cell cycle.

Summary and Challenges Ahead

In the recent years we have learned much about the molecu-
lar mechanisms that protect our genome from DSBs. However, 
key questions still remain unanswered. What is the molecular 
characteristic of a DSB that allows its detection? Is it a change 
in chromatin structure, the existence of a free double-stranded 
DNA end or maybe the occurrence of both? Another impor-
tant question is how DSB detection gets converted into a sig-
nal. Is it merely binding of the MRN complex that is enough? 
Although we do not know enough about this very early step in 
DSB recognition, the following events are fairly well defined. 
We now know how the first set of DDR proteins are recruited to 
a DSB and have learned that damage-induced phosphorylation 
and ubiquitination of histones, as well as exposure of constitu-
tive histone methylations, serve as important epigenetic marks 
of the break site. Still, we do not fully understand how these 
chromatin modifications play a role in recruitment of down-
stream effectors such as 53BP1 and BRCA1. Current models 
offer two possible explanations that are not mutually exclusive. 
One is that these modifications allow local changes in chroma-
tin structure, thereby changing accessibility. Another option is 
that histone ubiquitination, much like phosphorylation, might 
serve as a specific binding platform for Ub-binding proteins. 
Understanding the role of these epigenetic marks is important 
and future work will undoubtedly uncover the molecular details 
of these events.

The emerging picture is that MDC1 plays a central role in 
the DDR, acting as a scaffold protein that binds multiple part-
ners. Some of its interactions have been extensively studied, 
while others require more rigorous analysis to fully understand 

The APC/C binds MDC1. In a search for proteins that inter-
act with MDC1, the Anaphase Promoting Complex/Cyclosome 
(APC/C) has been identified as yet another tBRCT-binding part-
ner.73 The APC/C is a multi-subunit E3 Ub ligase with a central 
regulatory role in the progression of the cell cycle. The APC/C 
tags various targets for proteasomal degradation only during spe-
cific phases of the cell cycle, thus allowing their cyclic accumula-
tion and degradation. The specificity of the APC/C, both for 
substrates and the timing of their degradation, is mainly achieved 
by association of the APC/C with one of two co-activators—
Cdc20 and Cdh1.84

In this study, we have shown that the entire APC/C is in 
complex with MDC1. An important observation was that the 
co-activator Cdh1 was also retrieved with the APC/C, sug-
gesting that an active form of the APC/C binds MDC1. The 
interaction between MDC1 and the APC/C is mediated by the 
tBRCT domain of MDC1 and the phosphorylated form of the 
Cdc27 subunit of the APC/C. The C-terminal motif of Cdc27 
(pSDEF-COOH) is very similar to that of γ-H2AX (pSQEY-
COOH), suggesting that both proteins bind MDC1 via the same 
mechanism. Peptide competition experiments confirmed that the 
tBRCT domain of MDC1 binds Cdc27 or γ-H2AX in a mutu-
ally exclusive manner.73

A very recent report has extended our work and demonstrated 
that MDC1, through its interaction with the APC/C, plays a role 
in normal mitosis.22 While confirming our binding results, this 
work surprisingly shows that MDC1 also directly binds several 
other components of the APC/C, via the FHA, tBRCT and PST 
repeat domains of MDC1. This study shows that MDC1 has a 
role in the normal transition of cells from metaphase to anaphase, 
via a mechanism that is distinct from the DNA damage or spindle 
assembly checkpoints. Knockdown of MDC1 resulted in weaker 
binding of the co-activator Cdc20 to the APC/C and in lower 
activity of the APC/C in vitro. It was therefore suggested that 
MDC1 carries out its mitotic role by affecting APC/C activity.22

Phospho-TopoIIα binds the tBRCT domain. A recent study has 
revealed an unexpected role for MDC1 and Topoisomerase IIα 
(TopoIIα) in the decatenation checkpoint.21 This checkpoint is 
responsible for preventing entry into mitosis when sister chro-
matids are still entangled after replication, thus avoiding DNA 
breakage during chromosome separation. Using the tBRCT 
domain as bait, three proteins were retrieved from lysates and 
identified by mass spectrometry as TopoIIα, DNA ligase III and 
XRCC1.

The interaction between MDC1 and TopoIIα was verified by 
co-IP and GST pull-down experiments. Mapping of the interac-
tion revealed that the tBRCT domain of MDC1 binds a motif 
surrounding Ser-1524 of TopoIIα. It is important to note that 
this motif does not conform to the established consensus binding 
sequence for the tBRCT domain (pS-X-X-Y/F-COOH).40 It has 
an Asp residue rather than a Tyr/Phe at position +3 from the pSer 
and is not located at the C-terminus of TopoIIα.

Mutation of Ser-1524 of TopoIIα, deletion of the tBRCT 
domain of MDC1 or phosphatase treatment prevented the bind-
ing of TopoIIα to MDC1, establishing that phospho-Ser-1524 
of TopoIIα binds the tBRCT domain of MDC1. Furthermore, 
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Box 1—The Importance of the DNA Damage 
Response

Among the different types of DNA lesions, DNA double-strand 
breaks (DSBs) are the most deleterious type. DSBs in the cells 
occur from endogenous causes, such as metabolic products and 
collapsed replication forks, and from exogenous factors, such as 
chemicals and ionizing radiation (IR). A defect in the ability to 
sense or repair DSBs can promote chromosomal rearrangements 
or loss of chromosome fragments. Consequently this can lead to 
apoptosis and more harmfully, promote genomic instability that 
can trigger carcinogenesis. Thus, eukaryotic cells have evolved 
different mechanisms that sense and repair DSBs to ensure the 
integrity of their genome.

The important role of the DNA damage response (DDR) is 
evident by the fact that mutations in many DDR proteins result 
in genomic instability syndromes. For example, mutations in the 
gene encoding for the transducer kinase ATM lead to the cancer-
predisposing genetic disorder ataxia telangiectasia (AT). AT is 
characterized by genomic instability, a striking predisposition to 
lymphoreticular malignancies, cerebellar degeneration, thymic 
and gonadal atrophy, immunodeficiency and extreme sensitivity 
to DSB-inducing agents.85 Similar disorders occur due to muta-
tions in Mre11 [AT-like disease (ATLD)]86 and NBS1 [Nijmegen 
breakage syndrome (NBS)].87,88 ATLD patients develop most of 
the hallmarks of AT, albeit with an onset at a later age and with 
slower progression.86 The phenotype of NBS patients shows sig-
nificant overlap with that of AT, except that NBS patients do not 
exhibit cerebellar degeneration.87,88 Another example is BRCA1. 
Mutations in BRCA1 result in gross genomic instability and are 
associated with hereditary breast and ovarian cancer.89 For a com-
prehensive and recent review see reference 90.

Box 2—The FHA and BRCT Domains

Different protein-protein interaction motives have important 
roles in human diseases, particularly in relation to the cellular 
response to DNA damage and cancer. Among these domains 
are the forkhead associated (FHA) and the BRCA1 C-terminal 
(BRCT) domains.

FHA domains. FHA domains mediate phospho-protein inter-
actions. The domain was originally discovered by bioinformatics 
studies of the Forkhead family of transcription factors.91 FHA 
domains are phospho-threonine (pThr)-binding modules that 
are found in many prokaryotic and eukaryotic proteins (exam-
ples for proteins discussed in this review—RNF8, Chk2, MDC1 
and NBS1). Proteins containing FHA domains have roles in 
transcription, the DDR and cell cycle regulation. FHA domains 
also appear in several kinesin-like motors and regulators of small 
G proteins.92 The pThr-containing motifs recognized by differ-
ent FHA domains have been defined by peptide-library experi-
ments revealing selection for particular residues around the pThr, 
located from four amino acids N-terminal to the pThr to three 
amino acids C-terminal to the pThr.93,94

The BRCT domain. The BRCT domain was first identified as 
tandem repeats at the C-terminus of BRCA1,95 a protein in which 

both mechanism and role. The FHA and tBRCT domain can 
each bind more than one protein and most of these interactions 
are probably mutually exclusive. It is thus likely that MDC1 
resides in various complexes, both before and after induction of 
DSBs, each carrying out a different role.

A quick overview of MDC1-binding proteins shows that 
most of them bind MDC1 through its tBRCT domain (see 
Table 1). This domain seems to have acquired multiple modes 
of binding with a broader spectrum of binding capabilities than 
was previously appreciated.40 Additional biochemical and struc-
tural work is required to help us understand how the tBRCT 
domain of MDC1 shows specificity for different motives.

The FHA domain of MDC1 also shows a wider specificity than 
expected. Its binding to Rad51 does not seem to require phospho-
rylation19 whereas its binding to ATM occurs via a phospho-Ser 
motif rather than an expected phospho-Thr motif.58 Structural 
analysis coupled with oriented peptide library screening experi-
ments based on both pSer and pThr peptides should help define 
the binding specificity of the FHA domain of MDC1.

A recurring theme in the architecture of MDC1 is the repeti-
tive nature of some of its domains. The TQXF, SDT and PST 
domains are all comprised of imperfect repeats and the TQXF 
and SDT repeats share very similar characteristics. Both require 
phosphorylation to interact and a single motif is sufficient for 
binding. However, the SDT repeats have adopted a bipartite 
mode of binding to NBS1, which means that the six SDT 
repeats may constitute up to three potential NBS1-binding 
sites. If a single TQXF motif or a double SDT motif can bind 
their target, why were they duplicated several times? At least 
two possible explanations can be thought of. One is to allow a 
high stoichiometric ratio between MDC1 and its binding part-
ners. Multiple repeats might allow binding of several RNF8 and 
NBS1 molecules onto a single MDC1 molecule, which would 
lead to a higher concentration of RNF8 and NBS1 at the break 
site. This in turn would allow faster and more efficient signal 
amplification. However, it is not clear whether steric consid-
erations at all allow MDC1 to accommodate more than one 
molecule of each. Another option is that the local concentration 
of several binding sites increases the likelihood of a single mol-
ecule to bind MDC1, thus enhancing their binding affinities. 
Analyzing the stoichiometry of MDC1-containing complexes 
should resolve this issue.

Another challenge is to understand the function of the PST 
repeats, which have duplicated so much that they comprise about 
a third of human MDC1. It is tempting to speculate that the PST 
repeats exhibit a mode of binding similar to that of the TQXF and 
SDT repeats, e.g., redundant/cooperative and phospho-specific.

Apart from a role in the DDR, there is increasing evidence that 
MDC1 is involved in other biological processes. These include 
its recently demonstrated roles in the decatenation checkpoint21 
and in the metaphase to anaphase transition in mitosis.22,73 
Additionally, the fact that male MDC1 knockout mice exhibit 
defective spermatogenesis16 implies a role in meiosis. Therefore, 
MDC1 emerges not only as a mediator of the DNA damage 
response, but also as a mediator of more general cell cycle related 
signals, and these two roles are most probably intertwined.
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BRCA1, RAP80 and the deubiquitinating enzyme BRCC36.110 
The UIMs of RAP80, which bind K6- and K63-linked poly-Ub 
chains, and their Ub-binding ability are required for the recruit-
ment of BRCA1-RAP80 to DSBs.108-110 In addition, it was found 
that the E2 Ub-enzyme UBC13 is required for BRCA1 focus 
formation.115 These results suggested that BRCA1 is recruited to 
DSBs via a Ub-dependent regulatory mechanism and implied for 
the first time, that the response to DSBs is not only dependent on 
phosphorylation events but also on ubiquitination.

The second evidence that ubiquitination has a major role in 
the DDR came from the finding that RNF8, an E3 Ub ligase, 
catalyzes ubiquitination events on chromatin at DNA lesions. 
RNF8 forms foci upon DSB induction, and its focus formation 
depends on MDC1 and γH2AX. RNF8 is recruited to sites of 
damage through its interaction with MDC1. RNF8 interacts with 
UBC13 to catalyze K63-linked Ub chains. Both histone H2A 
and H2AX were demonstrated to be ubiquitinated in response to 
DSBs in an RNF8-dependent manner. RNF8 Ub ligase activity 
is critical for focus formation by BRCA1 and 53BP1.8,116,117

Recently, an additional E3 Ub ligase, RNF168, has been 
implicated in the DDR.102,118 RNF168 forms foci upon DSB 
induction in an RNF8-dependent manner. Cells downregulated 
for RNF168 show a similar phenotype to that of RNF8-depleted 
cells. Like RNF8, RNF168 contains a RING domain and works 
with UBC13. It contains two MIUs, which can bind K48- or K63-
linked Ub chains. It was found that RNF168 binds ubiquitinated 
H2A-type histones, probably ubiquitinated by RNF8-UBC13, at 
sites of damage. RNF168 further ubiquitinates H2A-type his-
tones at DSBs to form poly-Ub chains, and its Ub ligase activity 
is essential for focus formation by BRCA1 and 53BP1.102,118

Although focus formation by BRCA1 and 53BP1 relies on 
ubiquitination events at DSBs, their recruitment mechanism is 
different. The Ub-dependent recruitment of RNF168 to sites of 
damage and its subsequent activity is required for the localiza-
tion of RAP80 at damaged sites. This in turn is necessary for 
focus formation by BRCA1. On the other hand, focus forma-
tion by 53BP1 is mediated by the binding of its tTudor domains 
to methylated histones. Ubiquitination of histones and/or other 
proteins at sites of damage might expose these modified histones 
and facilitate the recruitment of 53BP1 to sites of damage.
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mutations were found in many hereditary breast and ovarian 
 cancers.96 A large number of proteins, all implicated in the DDR, 
contain single or multiple BRCT domains. BRCT domains con-
sist of 85–95 amino acid residues that comprise several distinct 
clusters of conserved hydrophobic residues that together form the 
core of the BRCT fold. The role of the BRCT domains is prob-
ably to mediate protein–protein interactions, as many proteins 
containing BRCT domains mediate either BRCT-non BRCT or 
BRCT-BRCT interactions.97

In several proteins the BRCT repeats appear in tandem, with 
variable linker regions, ranging from 0 to 24 residues in length, 
that separate the single domains.97 A subset of tBRCT domains 
exhibits a phospho-serine binding capability.98-101

Many members of the DDR contain a phospho-specific 
interacting module, either tBRCT repeats or an FHA domain, 
and thus can mediate phospho-dependent interactions. As early 
events in the DDR involve crucial regulatory phosphorylation 
events, these phospho-dependent interactions facilitate the for-
mation of signaling complexes, resulting in focus formation of 
multiple complexes at sites of DNA damage and activation of cell 
cycle checkpoints.

Box 3—Ubiquitination Events at DSBs

Recently, it was demonstrated that the response to DSBs involves 
a regulatory ubiquitination system that modifies the chromatin 
surrounding the DSBs (reviewed in refs. 102–104).

Ubiquitination is a post-translational modification that cova-
lently attaches Ubiquitin (Ub), a small protein, to a lysine residue 
on a target protein. It involves a Ub-activating enzyme (E1), a 
Ub-conjugating enzyme (E2), and a Ub ligase (E3) that con-
fers substrate specificity.105 Ubiquitination results in the attach-
ment of a single Ub (mono-ubiquitination) or in the formation of 
poly-Ub chains. These chains are formed when Ub is conjugated 
to a lysine residue residing on another Ub molecule. Different 
types of chains can form, depending on the lysine residue of Ub 
that is further ubiquitinated. Ubiquitination provides either a sig-
nal for degradation (e.g., K48-poly-ubiquitination) or a regulatory 
signal (e.g., mono-ubiquitination or K63-poly-ubiquitination).106 
It forms a protein interaction interface recognized by specific 
Ub-binding domains, such as the Ub-interacting motif (UIM) 
and motif interacting with Ub (MIU).107

The first evidence that ubiquitination plays an important 
role in the response to DSBs came from studies that implicated 
RAP80, a protein that contains two UIMs, as a DDR member 
that is required for focus formation by BRCA1.108-110 BRCA1 inter-
acts with phosphorylated Abraxas that acts as an adaptor between 
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