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Nonhomologous end joining (NHE)) refers to a set of genome maintenance pathways in
which two DNA double-strand break (DSB) ends are (re)joined by apposition, processing,
and ligation without the use of extended homology to guide repair. Canonical NHEJ
(c-NHE)) is a well-defined pathway with clear roles in protecting the integrity of chromo-
somes when DSBs arise. Recent advances have revealed much about the identity, structure,
and function of c-NHEJ proteins, but many questions exist regarding their concerted action
in the context of chromatin. Alternative NHEJ (alt-NHEJ) refers to more recently described
mechanism(s) that repair DSBs in less-efficient backup reactions. There is great interest
in defining alt-NHE] more precisely, including its regulation relative to c-NHEJ, in light of
evidence that alt-NHEJ] can execute chromosome rearrangements. Progress toward these

goals is reviewed.

NA double-strand breaks (DSBs) are seri-
Dous lesions that threaten a loss of chromo-
somal content. Repair of DSBs is particularly
challenging because, unlike all other lesions,
the DNA substrate is inherently bimolecular.
Bringing two DNA molecules together is also
dangerous because local mutations and chro-
mosome rearrangements can arise if ends are
inappropriately coupled.

The cell has two general strategies for repair-
ing DSBs. Homologous recombination (HR)
refers to mechanisms in which an intact homol-
ogous donor duplex is used to guide DNA syn-
thesis across the DSB gap. HR is considered in
Rothstein (2013) and is discussed here only in

the context of influences on the relative utiliza-
tion of different DSB repair pathways.
Nonhomologous end joining (NHE]) is de-
fined as repair in which two DSB ends are joined
by direct ligation. The resulting joints are char-
acterized by little (less than ~10 bp) or no ho-
mology between the joined ends that could have
been used to guide repair, which, when it exists,
is referred to as “microhomology.” NHE] is thus
recognized as having a high potential for error.
The term “NHE]J” was for a long time used to
refer to a specific DNA repair pathway charac-
terized by its dependence on Ku, DNA ligase IV,
and associated factors (Table 1), referred to here
as “canonical NHE]” (c-NHEJ). However, some
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Table 1. Major eukaryotic NHEJ proteins

Category Protein c-NHEJ alt-NHEJ Description
DNA-PK Ku70 + - DSB recognition, dRP lyase
Ku80 + - Ku70 partner protein
DNA-PKcs + - DSB-dependent protein kinase
Ligase Lig4 + - Ligase catalytic subunit
XRCC4 + - Lig4 structural scaffold
XLF + - Lig4 structural scaffold
Ligl - +/- Ligase catalytic subunit
Lig3 - + Ligase catalytic subunit
XRCC1 - +/- Lig3 structural scaffold
MRN Mrell + + Dimerization, nuclease
Rad50 + + Regulatory ATPase
Nbs1 + + Protein recruitment
PARP PARP-1 +/= + Poly-ADP ribose polymerase
PARP-3 + Poly-ADP ribose polymerase
Polymerase Pol + Gap filling
Pol A + Gap filling, dRP lyase
Nuclease Artemis + Endo/5' exonuclease
Tdp1 + 3’ phosphoesterase
APLF + Endo/3" exonuclease
CtIP + Supports 5’ resection
Other PNKP + 5’ kinase, 3’ phosphatase
Aprataxin + 5'-AMP intermediate removal

A summary of NHE] proteins discussed in the text, with a focus on structural and enzymatic components. This list is not
exhaustive because other proteins have been suggested to influence NHEJ. (4) Described role in c-NHE] or alt-NHEJ; (—) not
involved by definitions of c-NHEJ and alt-NHEJ; (+/—) conflicting reports or uncertain role.

homology-independent repair occurs in the
absence of these proteins, variably referred to
as “backup NHEJ,” “microhomology-mediated
end joining” (MME]J), or “alternative NHE]”
(alt-NHEJ; the main terminology used here).
This article describes these various NHE] path-
ways with an emphasis on new findings in eu-
karyotic systems since 2005.

CANONICAL NHE] CORE PROTEINS
Ku and DNA-PKcs

The prototypical c-NHE] protein is Ku, a het-
erodimer of two related proteins, Ku70 and
Ku80. Ku is a DSB-specific end-binding protein
by virtue of the oriented threading of a DNA
end into a hole in the protein dimer that allows
its further translocation onto the DNA duplex
(Fig. 1) (Walker et al. 2001). This configuration
means that degradation of Ku is required for its
removal from DNA following, and possibly dur-

ing, repair, which is promoted by the ubiquity-
lation of Ku80 by the E3 ligase RNF8 (Postow
et al. 2008; Feng and Chen 2012).

Ku is one part of the DNA-dependent pro-
tein kinase (DNA-PK). The DNA-PK catalytic
subunit (DNA-PKcs), related to the Ataxia-Tel-
angiectasia Mutated (ATM) checkpoint kinase
(Lempiainen and Halazonetis 2009), is also a
core c-NHEJ protein, although there are situa-
tions in which the requirement for DNA-PKcs
is less stringent than for Ku (Gu et al. 2000;
Gapud and Sleckman 2011). For example,
DNA-PKcs deficiency does not retard growth
as in Ku-deficient mice (Gu et al. 1997). When
activated, DNA-PKcs extensively phosphory-
lates itself, other c-NHE] proteins, and other
targets (Wang et al. 2004; Douglas et al. 2005;
Yu et al. 2008).

Ku interacts with DNA-PKcs mainly via the
Ku80 carboxy-terminal domain (CTD) (Falck
et al. 2005; Hammel et al. 2010b), attached to
the Ku DNA-binding domain (DBD) by a

2 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012757
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Figure 1. Ku and DNA-PKcs. (A) Structural representation of the CTD of human Ku70 (PDB 1JJR) (Zhang et al.
2001). (B) The human Ku70—-Ku80 heterodimer bound to DNA (PDB 1JEY) (Walker et al. 2001). (C) The CTD
of human Ku80 (PDB 1RW2) (Zhang et al. 2004). (Dashed black lines) Connections between structures. (Light
blue) Ku70; (blue) Ku80; (orange) DNA. (D) Low-resolution structure of human DNA-PKcs plus the Ku80 CTD
(PDB 3KGV) (Sibanda et al. 2010). (Yellow) Kinase domain, (green) HEAT repeats, (white) “brow,” (blue)

putative DBD, and (red) remainder.

flexible tether (Fig. 1C). Low-resolution crystal-
lographic analysis of DNA-PKcs plus the Ku80
CTD revealed a structure mainly composed
of Huntingtin-Elongation-A-TOR (HEAT) re-
peats with an overall clamp-like fold (Fig. 1D)
(Sibanda et al. 2010) generally consistent with
globular shapes revealed by electron microscopy
(EM) and small-angle X-ray scattering (SAXS)
(Hammel et al. 2010b; Morris et al. 2011). The
precise meaning of this fold is unknown, but the
regulated entry and exit of duplex DNA into the
clamp might be important.

Ku is the main DNA-binding subunit of
DNA-PK, but DNA-PKcs itself also interacts
directly with DNA ends (Yaneva et al. 1997;
Hammarsten et al. 2000). Many factors influ-
ence this binding and subsequent kinase activa-
tion, including DSB base content and overhang
polarity (Pawelczak et al. 2005). Unwound DSB
structures can also stimulate DNA-PKcs activity
in vitro, suggesting that DNA-PKcs might
splay ends during binding (Hammarsten et al.
2000; Pawelczak and Turchi 2008). Ku bound to
DNA is nonetheless required for DNA-PK acti-
vation in vivo. Ku undergoes conformational
changes on DNA that alter the accessibility of
the Ku80 CTD (Lehman et al. 2008) so that the
CTD must be tethered to the Ku DBD to fully
support DNA-PKcs activation (Bennett et al.
2012).

DNA Ligase IV

Lig4 is the DNA ligase required for, and specific
to, c-NHE]J. It catalyzes the same ATP-depen-
dent transfer of phosphate bonds that results
in strand ligation in all eukaryotic DNA repair
(Ellenberger and Tomkinson 2008). However,
unusual biochemical properties of Ligd modify
this core reaction in ways important to c-NHE].
Lig4 was the only ligase with the mechanistic
flexibility to ligate one strand independently
of another (Ma et al. 2004) or incompatible
DSB ends as well as gaps of several nucleotides
(Guetal. 2007a), properties consistent with the
joining of the wide variety of DSB structures
relevant to c-NHE] in vivo.

Structurally, little is known about Lig4, in-
cluding how mechanistic flexibility might be
realized at the protein level. One possibility is
that the Lig4 catalytic domain is structurally as
well as functionally flexible (Perry et al. 2010),
although SAXS experiments suggest it may, in
fact, have an extended shape with limited flex-
ibility (Ochi et al. 2012). Lig4 shares a catalytic
domain structure with DNA ligase I (Ligl) that
allows the latter protein to completely encircle
DNA during catalysis (Fig. 2A) (Pascal et al.
2004). The simplest assumption is that this ar-
chitecture will be recapitulated in Lig4, an idea
supported by the similar folding of the isolated
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Figure 2. DNA ligase IV assembly. (A) The adenylation domain (AdD) of Lig4 (blue, PDB 3VNN) (Ochi et al.
2012) is superimposed on a structural representation of Ligl bound to a DNA nick (light gray, PDB 1X9N)
(Pascal et al. 2004) as a surrogate model of how Lig4 might bind DNA. (OBD) Oligonucleotide /oligosaccharide
binding domain; (green) 5 AMP; (orange) DNA. (B) The human XRCC4 homodimer bound to the Lig4
tandem BRCT repeat region (PDB 3116) (Wu et al. 2009). (C) Human XLF homodimer (PDB 2QM4) (Li
et al. 2008b). (D) Surface representation of the XRCC4—XLF axial filament with a bound Lig4 BRCT region,
created by superimposing PDB 3116 onto PDB 3RWR (Andres and Junop 2011). (Blue) Lig4; (shades of green)
XRCC4; (shades of red) XLE (E) Idealized models of DNA engagement and end bridging by XRCC4—XLF
multimers, colored the same as in D. “Axial” and “parallel” refer to the orientation of XRCC4—XLF interactions

that drive the assembly.

Lig4 adenylation domain compared with Ligl
(Fig. 2A) (Ochi et al. 2012). However, the Lig4
DBD is a weakly conserved subdomain, so it is
possible that an extended shape is maintained
throughout the c-NHE] reaction.

XRCC4 and XLF

XRCC4 is a nonenzymatic Lig4 partner protein,
with the two copurifying as a complex. XRCC4
has a homodimeric structure with paired glob-
ular head domains, an elongated coiled-coil
(Fig. 2B), and a structurally ill-defined and
less conserved CTD that nonetheless has strong
influences on ¢c-NHE]J in vivo (Koch et al. 2004;
Palmbos et al. 2005). The Ligd—XRCC4 in-
teraction is mediated by tandem BRCA1 car-
boxy-terminal (BRCT) repeats at the Lig4 car-
boxyl terminus, and especially the inter-BRCT

linker, that intimately wrap around the XRCC4
coiled-coil in a clamp-like fashion (Fig. 2B)
(Dore et al. 2006; Wu et al. 2009). The catalytic
and XRCC4-binding domains account for near-
ly all of Lig4 except for a small region between
them that carries a basic patch implicated in
DNA binding (Hammel et al. 2011).

An XRCC4-like factor (XLE also called Cer-
nunnos) proved to be the unidentified c-NHE]
factor inferred from the study of biochemical
extracts and human patients (Ahnesorg et al.
2006; Buck et al. 2006). XLF shares a similar
homodimeric architecture with XRCC4, al-
though in XLF the coiled-coil region is disrupt-
ed in a manner that supports a fold-back of the
XLF carboxyl terminus toward its amino-termi-
nal globular head (Fig. 2C) (Andres et al. 2007;
Lietal.2008b). In part because of this difference,
XLF alone does not support stable Lig4 binding
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(Deshpande and Wilson 2007; Lu et al. 2007).
Ligd—XRCC4 and XLF interact via their head
domains (Ahnesorg et al. 2006; Deshpande
and Wilson 2007), but this is less stable than
the Ligd—XRCC4 interaction such that XLF is
typically purified separately. Like XRCC4, XLF
has no enzymatic activity but does stimulate
Lig4 activity and readenylation (Riballo et al.
2009), especially at incompatible DSBs that
might require XLF to align the DNA (Gu et al.
2007b; Tsai et al. 2007).

XRCC4 and XLF together form long super-
helical filaments (Fig. 2D) (Hammel et al.
2010a; Andres and Junop 2011; Ropars et al.
2011; Wu et al. 2011). Further contacts support
interactions between parallel filaments (Fig. 2E)
(Hammel et al. 2011). Binding of the Lig4
BRCT region likely influences the nature and
extent of these various modes of XRCC4—XLF
multimerization, in part by preventing the
XRCC4 carboxyl terminus (not present in Fig.
2D) from interacting with the XRCC4—-XLF in-
terface (Hammel et al. 2010a; Ochi et al. 2012).
The importance of XRCC4—XLF higher-order
structures appears to be DNA binding, which
might include collinear protein and DNA fila-
ments as well as a channel whose base is the
XRCC4/XLF head domains and sides are the
coiled-coil stalks, with DNA binding perpen-
dicularly to the XRCC4—XLF filament (Fig.
2E) (Hammel et al. 2011; Andres et al. 2012).

The assembly models in Figure 2E require
substantial validation. No XRCC4—-XLF-DNA
cocrystal has yet been described to confirm pro-
posed modes of DNA engagement. More im-
portantly, a major gap in current knowledge
is the stoichiometry and geometry of Lig4—
XRCC4—XLF at DSBs in vivo. This information
is needed to support models of ligase assembly
and to give insight into whether c-NHE]J likely
entails coordinated or sequential ligation of
two strands. Another challenge is that XLF de-
ficiency confers a less severe phenotype than
XRCCH4 (Li et al. 2008a), including a functional
redundancy of XLF with the structurally un-
related proteins ATM and 53BP1 (Zha et al.
2011; Oksenych et al. 2012). This difference is
not easily rationalized by models in which li-
gation strictly depends on a precise equimolar

Nonhomologous End Joining

XRCC4—-XLF structural coassembly. XRCC4,
unlike XLE is required for stability and therefore
normal levels of Lig4 protein (Grawunder et al.
1997; Riballo et al. 2009) as an alternative ex-
planation for their differential phenotypes.

Mre11-Rad50-Nbs1

Unlike Ku and Lig4, the MRN complex of pro-
teins formed by Mrell, Rad50, and Nbsl is in-
volved in most aspects of DSB repair, including
ATM-dependent checkpoint signaling. MRN
was first identified as a c-NHE] factor in bud-
ding yeast, where it is as required as Ku or Lig4
(Milne et al. 1996). In contrast, MRN is not re-
quired for NHE] in fission yeast (Manolis et al.
2001), and early efforts gave conflicting but of-
ten nonsupportive observations regarding a role
for MRN in vertebrate NHE] (Yamaguchi-Iwai
et al. 1999; Huang and Dynan 2002; Di Virgilio
and Gautier 2005). However, a series of more
recent studies using refined genetic tools has
established a less penetrant but consistent con-
tribution of MRN to some mammalian NHE]
(Deriano et al. 2009; Dinkelmann et al. 2009;
Helmink et al. 2009; Rass et al. 2009; Xie et al.
2009). Conditional Mrel1 loss in mouse B lym-
phocytes caused NHE] deficiencies during im-
munoglobulin class switch recombination that
could not be explained by impairment of ATM
activation (Dinkelmann et al. 2009). In a distinct
approach, siRNA-mediated depletion of Mrell
reduced end joining in a reporter assay in both
XRCC4™/* and XRCC4 /~ cells, suggesting
MRN roles in both ¢-NHE] and alt-NHEJ (Xie
et al. 2009). Such studies support a checkpoint-
independent NHE] role of MRN that might in-
clude structural stabilization of DSBs and/or
end processing.

Much effort has been applied to the intricate
structural biology of MRN (Fig. 3). Mrell can
be seen as the center of the complex, forming a
homodimer capable of binding DNA (Fig. 3C)
(Williams et al. 2008). Once bound, Mrel 1l is an
Mn*"-dependent nuclease that supports both
endonucleolyticand 3’ -5 exonucleolytic cleav-
ages (Trujillo et al. 1998).

Rad50 is an ABC-family ATPase with a cata-
lytic domain composed of four subdomains,

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a012757 5
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Figure 3. Mrel1-Rad50—-Nbs1 (MRN) complex. (A) Fission yeast Nbsl FHA domain bound to a Ctp1 phos-
phopeptide (PDB 3HUF) (Williams et al. 2009). (B) Fission yeast Mrell globular domain bound to an Nbs1
internal peptide (PDB 4FBW) (Schiller et al. 2012). (C) Pyrococcus furiosus Mrell globular domain bound to
DNA (PDB 3DSD) (Williams et al. 2008). (D) Superimposed structures of the Thermotoga maritima Mrell
globular domain in the open (PDB 3QG5) (Lammens et al. 2011) and closed (PDB 3THO) (Mockel et al. 2012)
conformations showing the large Rad50 domain movement induced by adenosine nucleotide binding. (E)
P, furiosus Rad50 Zn hook motif (PDB 1L8D) (Hopfner et al. 2002). (Red) Ctp1 peptide; (green) Nbsl; (shades
of blue) Mrel1; (shades of red) Rad50; (green) ADP; (purple) Zn and Mn ions; (orange) DNA. (Dashed black

lines) Connections between structures.

two from each end of two different Rad50 mol-
ecules (Fig. 3D) (Hopfner et al. 2000). The in-
tervening region is a long 50-nm coiled-coil,
capped at its fold-back by a Zn-hook dimeriza-
tion motif (Fig. 3E) (Hopfner et al. 2002). The
Zn hook can tether distant DNA molecules
bound by different MRN complexes (Moreno-
Herrero et al. 2005), apparently essential for its
stable binding to chromosomal DSBs (He et al.
2012).

Together, Mrell and Rad50 form a unit
with probably many dynamic states and func-
tions. Mrel1 binds to the Rad50 coiled-coil near
the ATPase head via a carboxy-terminal helix—
loop—helix motif on a flexible tether (Fig. 3D)
(Lammens et al. 2011). Binding of ATP by
Rad50 induces a large conformational change
at this hinge from an open to a closed configu-
ration with respect to the channel by which
DNA gains access to Mrell (Fig. 3D) (Mockel
etal. 2012). This changes the disposition of the

Rad50 coiled-coils and influences Mrell nu-
clease activity, with the open and closed con-
figurations promoting exo- and endonuclease
activities, respectively (Majka et al. 2012).

Nbsl binds to Mrell via a small internal
domain, extending the MRN globular core
(Fig. 3B) (Schiller et al. 2012). At its amino ter-
minus, Nbsl has fused Forkhead Associated
(FHA) and BRCT domains. A conformational
change is propagated through this coupling
when the FHA domain binds to threonine phos-
phopeptides in target proteins (Fig. 3A) (Wil-
liams et al. 2009). This change might propagate
to the MRN globular head, or perhaps Nbsl
simply acts as a flexible tether for recruiting
proteins (see below).

The most precise studies of the MRN
c-NHE]J structure—function relationship come
from budding yeast, where Rad50 ATPase activ-
ity is required for efficient NHE]J (Chen et al.
2005), as is the presence of a long Rad50
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coiled-coil (Hohl et al. 2011). Zn-hook alter-
ations gave a complex pattern of results where
hook deletion had a more severe effect on
c-NHE] than cleaving away the hook in vivo
(Hohl et al. 2011). All such manipulations
are confounded by the potential for influences
of one portion of MRN on another, including
conformational transitions propagated along
coiled-coils; thus it is not yet fully clear how
MRN supports c-NHE].

END-PROCESSING ENZYMES

DSBs bear distinct structures such as varying
overhang polarities and lengths as well as chem-
ical modifications of nearby nucleotides. Al-
though simple religation is possible with fully
compatible overhangs, more highly damaged
DSBs delay repair kinetics and challenge or
eliminate the possibility of accurate rejoining.
Excision and resynthesis of damaged nucleo-
tides must occur as in all DNA repair (Table 1)
but is complicated by the separation of the DSB
termini.

DNA Polymerases

The yeast Pol X family DNA polymerase, Pol 4,
is absolutely required for c-NHE] events in
which gaps must be filled on both strands of

Pol A catalytic Pol u BRCT

Nonhomologous End Joining

3’-overhanging DSBs (Daley et al. 2005). This
pattern shows the critical importance of DSB
configuration, because the template for extend-
ing a 3’ overhang is the other side of the DSB,
requiring a polymerase that can engage a dis-
rupted template (Fig. 4C). Structural studies of
mammalian Pol A and Pol ., themselves also
c-NHE] enzymes, provide insight into this func-
tion (Garcia-Diaz et al. 2005; Nick McElhinny
et al. 2005; Moon et al. 2007; Ramsden and
Asagoshi 2012). The catalytic domains of these
Pol X polymerases are bipartite with binding
pockets for the 5’ and 3’ termini of the broken
strand whose gap is being filled (Fig. 4A). Loop
1 of the enzymes can be seen positioned near the
point on the template strand that might be bro-
ken in a DSB (Fig. 4A), the same loop that re-
places the template strand in terminal deoxynu-
cleotidyl transferase (TdT) (Delarue et al
2002). Biochemical analyses support the idea
that Loop 1 and other Pol X residues promote
catalysis by intrinsically stabilizing the weak as-
sociation of primer terminus to a disrupted
template (Juarez et al. 2006; Moon et al. 2007;
Bebenek et al. 2010; Martin et al. 2012).
5’-Overhanging DSBs in yeast do not require
Pol 4 (Daley et al. 2005). Pol A and Pol w are
similarly required for only subsets of c-NHE]
in vivo, implying that other polymerases must

C 5' ‘:/" 79\‘_ 5/ ‘:/" ,,,;\\:‘
/\' o 7 P\OI . 7
Broken template
S—., — §5— —
AP -
Lyasel Tdp1 Pol X
- — =P
— —_ — pP— —

l lS'Pase, Pol l

Figure 4. Pol X polymerases. (A) Human Pol \ catalytic domain bound to a 1-base gap and incoming nucleotide
(light gray; PDB 1XSN) (Garcia-Diaz et al. 2005). (Dark blue) Loop 1; (green) ddTTP; (orange) DNA. (B)
Human Pol p. BRCT domain (PDB 2DUN, RIKEN Structural Genomics/Proteomics Initiative, similar to PDB
2HTF) (DeRose et al. 2007). (Dashed black line) Connection between structures. (C) Line diagrams depicting
the different requirements imposed on a DNA polymerase (blue) filling a DSB gap (blue arrow) at 3’ (left panel)
versus 5 (right panel) overhangs with respect to placement of the template strand break. (D) dRP lyase activity as
an example of end processing, illustrating different requirements for handling terminal versus internal base
damage. AP, Abasic site. (E) The Tdpl fidelity control mechanism that prevents Pol X-dependent insertional
mutagenesis by transiently cleaving and blocking termini with a 3’ phosphate.
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act (Capp et al. 2006, 2007). Yeast replicative
polymerases Pol 2 and Pol 3 have been suggested
to participate (Chan et al. 2008; Tseng et al.
2008), and c-NHE] translesion synthesis has
been observed (Covo et al. 2009), although the
role of bypass polymerases is not well explored.

Nucleases and Related Activities

The Mrel1 nuclease does not have a clear role in
trimming overhangs in yeast where the most pre-
cise correlation of DSB and joint structures can
be performed (TE Wilson, unpubl.). However, it
has been suggested to support microhomology
pairing (Zhang and Paull 2005; Williams et al.
2008), and the mammalian Mrel1 nuclease does
promote DSB end processing that leads to nucle-
otide deletions (Fig. 5) (Xie et al. 2009). Mrell
nuclease deficiency confers a milder NHE] de-
fect than loss of MRN during class switch re-
combination, although the exact mode of end
processing in the nuclease-dependent events is
not known (Dinkelmann et al. 2009).

The nuclease with the clearest requirement
in c-NHE]J is Artemis, a vertebrate SNM1-fam-
ily enzyme that has endonuclease as well as 3'-
phosphoglycolate processing activities (Povirk

et al. 2007; Kurosawa and Adachi 2010; Yan
et al. 2010). A 5'-exonuclease activity has also
been reported (Ma et al. 2002; Yannone et al.
2008), but exonuclease-free Artemis can be pu-
rified (Pawelczak and Turchi 2010). Artemis ac-
tivity is tightly regulated by DNA-PKcs-mediat-
ed phosphorylation and remodeling (Goodarzi
et al. 2006; Morris et al. 2011). Artemis was first
identified as the enzyme that opens hairpin DSB
termini during V(D)] recombination (Moshous
et al. 2001; Ma et al. 2002). It is further criti-
cal for repairing the subset of DSBs induced by
ionizing radiation (IR) that are both the slowest
to repair and the most associated with cell sur-
vival (Woodbine et al. 2011), presumably by
cleaving challenging but incompletely charac-
terized damage configurations.

Three mammalian proteins form a trio of
processing enzymes that use a common mecha-
nism to engage the c-NHE] complex (see be-
low). Polynucleotide kinase 3’ phosphatase
(PNKP) acts to generate ligatable 5'-phos-
phate/3'-hydroxyl termini (Coquelle et al.
2011; Garces et al. 2011). Aprataxin removes
AMP groups from the 5 termini of abortive
ligation intermediates (Gong et al. 2011; Tum-
bale etal. 2011) and also has 3’-phosphoesterase

Competitive
DSBs !
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¢ Ku removal CDK
Limited Extensive
Ku, MRN, etc. MRN ——)» resecton 3  resection

l A

K

‘

c-NHEJ alt-NHEJ
Ku, DNA-PKcs PARP-1 —
5 Rad51
. <
Microhomology B S —
Lig IV Lig Il or Lig |
x ¢
Accurate Mutagenesis Accurate
rearrangement

Figure 5. Disposition of DSBs between repair pathways. Diagram illustrating the relationships between c-NHE],
alt-NHEJ, and HR and the factors that influence the disposition of DSBs between these repair pathways. See text

for further discussion.
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activity (Takahashi et al. 2007). The aprataxin-
PNKP-like factor (APLF; also called Xipl and
PALF) has endonuclease and 3’-exonuclease ac-
tivity (Li et al. 2011). The importance of
PNKP’s catalytic function to c-NHE] ligation
in vivo is clear (Chappell et al. 2002; Karimi-
Busheri et al. 2007), although it is less certain
how often processing of abortive ligation inter-
mediates is required at DSBs (Daley et al. 2010).

A specific function in strand break repair is
removal of 5'-deoxyribose phosphates (dRPs), a
breakdown product of abasic sites. Pol X poly-
merases sometimes have the required dRP lyase
activity, but the yeast Pol 4 lyase was not seen to
be required for c-NHE], perhaps because of re-
dundancy (Daley and Wilson 2008). Surpris-
ingly, Ku itself was discovered to possess lyase
activity via many different lysines capable of
forming the catalytic Schiff ’s base intermediate
(Roberts et al. 2010). The Ku lyase also cleaves
internal abasic sites in DSB termini but is re-
stricted by an unclear mechanism to overhang
positions that would interfere with ligation, giv-
en that some internal abasic sites can be incor-
porated into ligation products and resolved
subsequently (Fig. 4D) (Strande et al. 2012).

Another surprising development is that
some cleavage of DSB termini might be execut-
ed to promote joining fidelity rather than the
necessity of ligation. The tyrosyl-DNA phos-
phodiesterase (Tdp1) is a general 3’ phosphoes-
terase capable of removing lesions such as 3’
phosphoglycolates (Zhou et al. 2009). Tdpl
leaves a terminal 3’ phosphate that must be re-
moved for repair to continue. An interesting
model developed in yeast proposes that Tdpl
removes intact bases from otherwise undam-
aged 5'-overhanging DSBs such that the new
3’-phosphate lesion prevents undesirable filling
of the overhang and insertional mutagenesis
(Fig. 4E) (Bahmed et al. 2010).

c-NHEJ ASSEMBLY AND EXECUTION
Local Histone Remodeling

DSBs in vivo arise in chromatin that might
block c-NHE]J access to the DNA ends. In addi-
tion to a series of chromatin modifications

Nonhomologous End Joining

spanning many kilobases from a damage site,
discussed in Sirbu and Cortez (2013), there are
two ways that histones at the DSB site itself might
be managed during c-NHE]J. First, damage sig-
naling might be required to remove local his-
tones. This phenomenon has been documented
in yeast, where the Ino80 and RSC chromatin
remodeling complexes accumulate at DSBs
and facilitate the removal and/or movement of
nucleosomes and recruitment of Ku and MRN
to DSBs (Tsukuda et al. 2005; Shim et al. 2007).
However, the situation is likely more complicat-
ed than simple competition because Ku recipro-
cally promotes RSC binding to DSBs (Shim et al.
2005).

Alternatively, c-NHE] proteins themselves
could interact with histones in a competitive
or cooperative fashion. Ku can bind in vitro to
nucleosome-associated DNA ends by peeling up
to 50 bp away from the histone octamer, in ad-
dition to displacing the linker histone H1 (Rob-
erts and Ramsden 2007). The role of the highly
abundant H1 protein is again likely more com-
plicated, however, because DNA-PK can phos-
phorylate histone H1 to promote local release
(Kysela et al. 2005), but H1 can paradoxically
stimulate Lig4 activity (Rosidi et al. 2008). A
further role of H1 in promoting c-NHE] is me-
diated through its poly-ADP ribosylation (PAR)
by the PAR polymerase (PARP) PARP-3 in co-
ordination with APLE In addition to its enzy-
matic activity, APLF has a zinc finger domain
that binds PAR (Rulten et al. 2008). It further
interacts with XRCC4 and Ku80 (Iles et al. 2007;
Macrae et al. 2008). PARP-3-mediated PARyla-
tion of histone H1 at DSB sites thus recruits
APLE which then promotes the binding and re-
tention of the Lig4 complex (Rulten et al. 2011).

End Synapsis

Not only do the core c-NHE] complexes all bind
DNA, but also all additionally support the ap-
position, or synapsis, of DSB ends. DNA-PKcs
is suggested to mediate synapsis by facilitating
DNA contacts across the break (DeFazio et al.
2002; Morris et al. 2011). Synapsis can also oc-
cur when two DSB ends bind two Mrell mo-
nomers in an MRN globular head (Fig. 3C)
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(Williams et al. 2008). XRCC4—XLF filaments
finally also support associations between DNA
molecules (Fig. 2E) (Andres et al. 2012). In ad-
dition to these structural modes of end bridg-
ing, Lig4 and Pol X act enzymatically on a locally
synapsed DSB in a manner that appears exclu-
sive of other factors (Figs. 2 and 4). c-NHE]
must therefore be a dynamic assembly that al-
lows DSB access to different proteins at different
times.

Transient Protein Interactions

A series of weaker solution interactions be-
tween the c-NHE] core complexes is important
for creating a higher-order repair assembly at
DSBs. Interactions in budding yeast include
contacts between the Ku80 CTD and Lig4,
where yeast lack DNA-PKcs that might other-
wise occupy this Ku80 domain, and between
the Nbsl FHA and threonine phosphorylated
XRCC4 CTD (Palmbos et al. 2005; Matsuzaki
etal. 2008). Together, these interactions are nec-
essary for accumulation of Lig4 at a chromo-
somal DSB (Palmbos et al. 2008). In mammals,
similar types of interactions exist between Ku
and XRCC4 (Mari et al. 2006), Ku and DNA
ligase IV via its tandem BRCT domain (Costan-
tini et al. 2007), and Ku and the CTD of XLF
(Yano et al. 2011).

Other contacts recruit end-processing fac-
tors. c-NHE] specificity of Pol X polymerases
is supported by an amino-terminal BRCT do-
main that interacts with the core c-NHE] en-
zymes (Fig. 4B) (DeRose et al. 2007; Mueller
et al. 2008). Artemis interacts closely with
DNA-PKcs (Kurosawa and Adachi 2010; Yan
et al. 2010) as well as Lig4 (Malu et al. 2012).
PNKP, aprataxin, and APLF all have amino-
terminal FHA domains that contact consti-
tutively phosphorylated threonine residues in
the XRCC4 CTD (Clements et al. 2004; Koch
et al. 2004; Iles et al. 2007), in a manner similar
to yeast Nbs1 and XRCC4. The consequences of
at least PNKP-XRCC4 interaction are more
complicated than simple recruitment, however,
because it actually represses enzyme activity
(Mani etal. 2010), which might help orchestrate
a stepwise reaction (Weinfeld et al. 2011).

c-NHE] Reaction Progression

In vyeast, chromatin immunoprecipitation
(ChIP) at site-specific DSBs has probed c-
NHE] assembly and progression in vivo. Ku
and MRN binding to DSBs occurs in the same
time course as DSB formation, suggesting rapid
binding, whereas Lig4 accumulates with an
~10-min delay (Wu et al. 2008). Ku and MRN
binding is largely independent of each other
(Wu et al. 2008), although decreased MRN
binding in the absence of Ku in one study sug-
gests that Ku stabilizes MRN (Zhang et al. 2007).
Binding of Lig4 and its cofactors requires Ku,
whereas Ku binds largely independently of
Lig4 (Wu et al. 2008), although again a stabiliz-
ing effect of especially XLF on Ku binding has
been noted (Chen and Tomkinson 2011). To-
gether, a picture emerges that yeast Ku and
MRN bring the ligase to breaks but with an in-
terdependence such that ligase components play
structural roles before ligation.

In mammalian cells, the precise time resolu-
tion of laser microirradiation followed by live-
cellimaging of fluorescently labeled proteins has
revealed that Ku (Mari et al. 2006), DNA-PKcs
(Uematsu et al. 2007), and XLF all appear at
DSBs within seconds (Yano et al. 2008). XLF
again acts in the early phases of assembly of the
NHE]J machinery through interaction with Ku
on DNA (Yano et al. 2008). An important obser-
vation from associated photobleaching experi-
ments is that c-NHE] proteins exchange rapidly
at DSBs. Protein interactions refine exchange
rates such that, for example, XRCC4 is not re-
quired for XLF recruitment to a DSB but does
stabilize its binding (Yano and Chen 2008). In
contrast to a sequential view of c-NHE] assem-
bly, these and related data suggest that c-NHE]
proteins bind DSBs independently, with protein
interactions and exchanges dynamically modu-
lating the assembly as repair proceeds, such that
DSB structures help determine the proteins that
stably assemble (Reynolds et al. 2012).

None of the above observations reveal the
extent to which c-NHE] repair steps are executed
in an ordered fashion. The iterative processing
model emphasizes the importance of indepen-
dent operations on the two strands (Ma et al.
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2005). An implication is that many enzymes
have access to the DSB, with repair proceeding
as dictated by their simultaneous binding equi-
libria and kinetics. This idea, supported by joint
patterns at uniform DSB substrates in vitro and
invivo (Wilson and Lieber 1999; Ma et al. 2004),
recognizes that without an information tem-
plate to guide repair, it may not be possible to
order a c-NHE] reaction meaningfully beyond
simple reaction thermodynamics.

DISPOSITION OF DSBs BETWEEN c-NHE])
AND HR

c-NHE] use relative to HR must be regulated, a
relationship often seen as a competition. How-
ever, loss of most HR proteins does not increase
c-NHE] efficiency (Karathanasis and Wilson
2002). The exception is mutants that abolish
the redundant mechanisms that resect the 5'-
terminated strand to create a substrate for
Rad51 binding in HR, which do increase c-
NHE]J vyield (Ira et al. 2004; Symington and
Gautier 2011). Loss of Ku, in turn, allows
more rapid resection, whereas overexpression
delays the onset of resection (Clerici et al.
2008). These observations emphasize that c-
NHE] and HR are sequential reactions, with c-
NHE] becoming impossible once DSB resection
begins and HR being necessary only if c-NHE]
fails (Fig. 5). Disposition of DSBs between path-
ways is therefore determined by the rate of c-
NHE] relative to the onset of 5" resection. This
fact leads to the concept that c-NHEJ and HR
cooperate rather than compete to drive the
greatest likelihood of successful repair.

HR works best in late S and G,, when the
sister chromatid is available for repair and c-
NHE]J-incompatible one-ended DSBs arise at
collapsed replication forks. Consistently, 5 re-
section is under cell cycle control, with in-
creased cyclin-dependent kinase (CDK) activity
in S phase leading to potentiation of resection
(Fig. 5) by mechanisms that include phosphor-
ylation of proresection proteins such as CtIP
(Ira et al. 2004; Aylon and Kupiec 2005; Huertas
and Jackson 2009). Importantly, c-NHE] is still
possible in S/G, and remains a predominant
repair pathway for DSBs in mammalian G,

Nonhomologous End Joining

(Beucher et al. 2009; Karanam et al. 2012). Reg-
ulation simply dictates the window of opportu-
nity afforded to c-NHE], effectively placing it on
a cell cycle-dependent timer.

Notably, normal Ku levels inhibit resection
in G, when CDK activity is low, but not S/G,
(Clerici et al. 2008). This may reveal in part a
less potent binding of Ku in S/G, (Zhang et al.
2009). Ku disappears from unrepaired DSBs in
a manner that depends on MRN (Wu et al.
2008). This disappearance may result from an
unknown active Ku removal mechanism that is
necessary for resection to begin (Zhang et al.
2009; Langerak et al. 2011; Shao et al. 2012)
but could also be a simple consequence of
MRN-dependent resection, where the dynamic
on-off rate of Ku might be sufficient to allow
the entry of activated resection enzymes in S/G,
(Fig. 5) (Mari et al. 2006).

The nature of the DSB itself is the major
determinant of whether c-NHE] will be com-
pleted before the onset of resection. At many
DSBs, ¢-NHE] is considerably faster than HR,
with the pathways finishing in 30 minand >7 h
in mammalian cells, respectively (Mao et al.
2008). However, complex DSB structures delay
c-NHE]J, as revealed by the stratification of IR-
induced DSBs into fast and slow repair phases
(Shibata et al. 2011; Reynolds et al. 2012). The
dependence of the slow NHE] phase on Artemis
shows the importance of limited end processing
to complete repair in Gy, whereas in S/G,, HR
can take over at breaks that are too slow to repair
by NHE] (Woodbine et al. 2011). Notably,
MRN is required for the slow NHE] phase but
dispensable for fast repair, again showing its
more restricted NHE] role in mammalian cells
(Riballo et al. 2009). Heterochromatic location
is another important factor that delays c-NHE]
and promotes HR (Goodarzi et al. 2008).

In vertebrates, DNA-PKcs helps to regulate
DSB repair pathway choice (Cui et al. 2005). The
DNA-PK assembly can block further processing
of DSB ends, but activation of the kinase leads
to conformational changes and remodeling of
DNA-PKcs through autophosphorylation that
can facilitate its disassembly and regulate the
transition to subsequent c-NHE] steps (Dobbs
et al. 2010; Hammel et al. 2010b; Morris et al.
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2011). The situation is more complicated, how-
ever, because DNA-PKcs enzymatic activity is
required for it to inhibit HR, whereas specific
DNA-PKcs autophosphorylation sites, in fact,
impede NHE] and promote HR (Neal and
Meek 2011).

A final axis that controls NHEJ /HR balance
is an antagonistic binding of 53BP1 and BRCA1
proteins to DSB regions. 53BP1 enrichment in
IR-induced foci is most prominent in Go/Gy,
where it inhibits HR by blocking resection by
an unclear mechanism, where BRCA1 binding
in S/G, tends to exclude 53BP1 and promote
resection and HR (Bunting et al. 2010; Chap-
man et al. 2012).

ALTERNATIVE NHEJ AND PATHWAYS
TO MUTATION

Consequences of c-NHE] Dysfunction

As a conserved DNA repair pathway dependent
on many dedicated proteins, it is not surprising
that c-NHE] deficiency is strongly deleterious.
Impairment of ¢-NHE] proteins confers pro-
found cellular sensitivity to IR and other DSB-
inducing agents. Mouse models and genetic
diseases, including DNA-PKcs, XLE and Arte-
mis mutations in humans, further show that
c-NHE] dysfunction leads to immunodeficiency
and B- and T-cellloss due to failed V(D)] recom-
bination as well as varying degrees of dysmor-
phology, growth retardation, and developmen-
tal delay that correlate with the degree of c-NHE]
dysfunction (Frank et al. 2000; Moshous et al.
2001; Buck et al. 2006; Li et al. 2008a; Kerzen-
dorfer and O’Driscoll 2009; van der Burg et al.
2009). One notable case is the ligase IV syn-
drome caused by hypomorphic mutations in
Lig4 (Chistiakov 2010), which, like mouse mod-
els (Frank et al. 2000; Rucci et al. 2010), suggests
that complete loss of this obligatory and specific
c-NHE] factor is incompatible with mammali-
an life. Apoptosis of developing neurons and
progressive loss of hematopoietic stem cells are
two specific features of hypomorphic mouse
Lig4 mutation that reveal its importance to vi-
ability of different cell systems (Nijnik et al.
2007; Gatz et al. 2011).

A distinct consequence of ¢-NHE] defi-
ciency is an increase in DSB-associated chromo-
somal mutagenesis. Concomitant with ineffi-
cient V(D)]J recombination is a predisposition
to B- and T-cell lymphomas arising from persis-
tent DSBs, in addition to medulloblastoma for-
mation (Ferguson and Alt 2001; Li et al. 2008a;
Jacobs et al. 2011). Interestingly, hypomorphic
mutations in the Artemis carboxyl terminus
promote aberrant V(D)] recombination, chro-
mosomal translocation, and thymic lymphoma
in a manner that is distinct from complete Ar-
temis loss (Huang et al. 2009; Jacobs et al. 2011).
It has also been observed experimentally that
loss of ¢c-NHE] leads to an increase in chromo-
somal translocations between two independent
DSBs outside of V(D)J recombination (Wein-
stock et al. 2007; Simsek and Jasin 2010). Thus,
c-NHE] is clearly a protector of genome integ-
rity. Although ¢-NHEJ might create some local
mutations through imprecise joining, this ap-
pears preferable to the persistence of lethal and
dangerous DSB intermediates.

Alt-NHE]

In every system studied, there is a residual
amount of NHE] observed when c-NHE] is dis-
abled, referred to as alt-NHEJ. Of interest is the
increased propensity of alt-NHE] to create mu-
tations, because joints often harbor local dele-
tions with relatively long stretches of microho-
mology, itself often called MME]. However, it is
more meaningful to characterize NHE] path-
ways by enzymology than by joint structure be-
cause the DNA outcomes of different pathways
can be the same (Fig. 5). Limited precise religa-
tion of overhangs is observed even in the ab-
sence of Lig4, which is influenced by features
such as overhang length in a manner that sug-
gests an equilibrium between DSB and ligatable
SSB states (Daley and Wilson 2005). Similarly,
MME] events can arise by both c-NHE] and alt-
NHE], albeit to a greater extent with alt-NHE].

The enzymatic mechanisms of alt-NHE] are
less well defined than for c-NHE]. It is not even
clear how many distinct mechanisms alt-NHE]
encompasses. Like c-NHE], alt-NHE] demands
DSB synapsis. PARP-1 has been implicated in
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this function in alt-NHE]J, reminiscent of the
role of DNA-PKcs in ¢-NHE] (Audebert et al.
2008; Robert et al. 2009; Mansour et al. 2010).
Not only is alt-NHE]J independent of DNA-PK,
but also it is suppressed by Ku, implying a com-
petition of factors for DSB ends that is typically
won by ¢-NHEJ (Audebert et al. 2004; Wang
et al. 2006). In addition to its possible synap-
sis function, PARP-1 may also serve as a plat-
form for directly or indirectly recruiting alt-
NHE] repair factors (Table 1) (Audebert et al.
2004, 2006; Sallmyr et al. 2008; Della-Maria
et al. 2011). PARP-1 action is pleiotropic, how-
ever, and has sometimes been seen to support
NHE]J, including that mammalian SIRT6 can
stimulate PARP-1, resulting in promotion of
both NHE] and HR (Mao et al. 2011).

As an obligatorily Lig4-independent path-
way, other enzyme(s) must catalyze strand liga-
tion in alt-NHE]J. Studies in mammalian cells
have implicated DNA ligase III (Lig3) as the
major alt-NHE] ligase (Audebert et al. 2004;
Wang et al. 2005; Sallmyr et al. 2008; Simsek
et al. 2011; Chiruvella et al. 2012). As a cofactor
of Lig3, XRCCI1 is also suggested to be involved
(Audebert et al. 2004; Saribasak et al. 2011), al-
though more recent studies suggest that XRCCl
may be dispensable (Boboila et al. 2012; Han
et al. 2012). A possible contribution to such
discrepancies is that Ligl (the only other mam-
malian ligase) has also been shown to support
some level of alt-NHE] (Liang et al. 2008; Sim-
seketal. 2011). It is unknown whether Lig3 and
Ligl are simply redundant or if their usage is
somehow regulated.

Microhomology is an important feature of
many alt-NHE] joints that enhances the stability
of PARP-1-mediated DNA synapsis (Audebert
et al. 2008). One mechanism creates this base-
pairing potential by locally templated exten-
sions of the 3’ DSB strand (Yu and McVey
2010; Simsek et al. 2011), but more generally,
internal microhomologies are exposed by resec-
tion of DSB ends, evident as deletions in final
joints. Alt-NHE] likely uses limited resection
based on the size of these deletions, consistent
with two-step models of DSB resection that
transition from an initial local resection to a
faster and more processive extended resection

Nonhomologous End Joining

to support fully efficient HR (Fig. 5) (Syming-
ton and Gautier 2011; Grabarz et al. 2012).
Thus, alt-NHE] and HR appear to share a com-
mon initial resection mechanism promoted by
the Mrell nuclease and CtIP (Dinkelmann et al.
2009; Rass et al. 2009; Xie et al. 2009; Lee-Thei-
len et al. 2011; Zhang and Jasin 2011).

If alt-NHE] and HR do rely on a common
resection mechanism, alt-NHE] will be subject-
ed to the same regulatory influences as HR.
However, limited resection in G; can be seen as
a potentially valuable action to support alt-
NHE]J, or c-NHE]J-dependent MME], indepen-
dently of HR (Yun and Hiom 2009). ATM
activity is likely important for alt-NHE] regula-
tion, as seen in studies of class switch recombi-
nation in mammalian cells (Bothmeretal. 2010)
and genome rearrangement in budding yeast
(Smith et al. 2005; Lee et al. 2008), where ATM
influenced the Mrell nuclease to modulate alt-
NHE]. Finally, a recently proposed end protec-
tion mediated by 53BP1 and H2AX that sup-
presses alt-NHE] emphasizes the still incom-
pletely understood nature of the ¢-NHE] to
alt-NHE] transition (Bothmeretal.2010,2011).

c-NHEJ-Independent Genome
Rearrangement

Unlike ¢-NHE], it is uncertain to what extent
alt-NHE]J is an evolutionarily conserved mode
of genome protection. Alt-NHEJ is described
as a backup pathway when c-NHE] is deficient
(Wang et al. 2005), but this is only meaningful
if some DSBs are processed by alt-NHE] when
c-NHE] is intact. We can infer from c-NHE]J and
HR mutants that alt-NHE] is a low-frequency
event. However, it might be disproportionate-
ly important because of its mutagenic nature.
Experimental models suggest that chromosom-
al translocations might indeed be catalyzed by
alt-NHEJ even when c¢-NHEJ is functional
(Simsek and Jasin 2010; Simsek et al. 2011;
Zhang and Jasin 2011). Moreover, c-NHE] loss
did not reduce the frequency of microhomol-
ogy-mediated replication stress-induced intra-
chromosomal deletions and duplications (Arlt
et al. 2012). These types of findings raise the
interesting possibility that many, and perhaps
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most, homology-independent chromosomal al-
terations are mediated by mechanisms other
than c-NHE] in normal cells.

CONCLUDING REMARKS

Recent years have seen tremendous progress in
the identification and description ¢-NHE] pro-
teins, providing us with “snapshots” of most
(Figs. 1—4). Murkier at present is how the action
of multiple proteins is coordinated in space and
time to allow the joining of inherently bimolec-
ular DSB substrates. We await the “movie ver-
sion” of this interesting story. Even more work is
required to articulate the mechanisms of alt-
NHEJ and how significant a contributor it is
to ongoing repair and mutagenesis. These tasks
are important because different answers have
very different implications for the etiology of
human chromosome alterations and the poten-
tial consequences of therapeutic inhibition of
c-NHE] proteins such as Lig4.
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