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Abstract

DNA double strand breaks (DSBs) are one of the most deleterious DNA lesions that promote cell
death, genomic instability and carcinogenesis. The two major cellular mechanisms that repair
DSBs are Nonhomologous End-Joining (NHEJ) and Homologous Recombination Repair (HRR).
NHEJ is the predominant pathway, in which XLF (also called Cernunnos) is a key player. Patients
with XLF mutation exhibit microcephaly, lymphopenia, and growth retardation, and are
immunodeficient and radiosensitive. During NHEJ, XLF interacts with XRCC4-Ligase IV,
stimulates its ligase activity, and forms DNA-binding filaments of alternating XLF and XRCC4
dimers that may serve to align broken DNA and promote ligation of noncomplementary ends.
Despite its central role in NHEJ, the effects of XLF deficiency are surprisingly variable in
different biological contexts, and different individual cell lines. This review summarizes the role of
XLF in NHEJ, and the unexpected complexity of its interplay with other repair factors in
supporting radiosurvival and V(D)J recombination.

Keywords
Nonhomologous End-Joining (NHEJ); XLF/Cernunnos; XRCC4; V(D)J Recombination

Introduction:

Mammalian cells are constantly subjected to a wide variety of attacks both endogenously via
normal cellular processes and exogenously via environmental agents. These assaults give
rise to a multitude of DNA lesions, the most cytotoxic of which are DSBs and interstrand
crosslinks. DSBs can arise from diverse sources including reactive oxygen species produced
by normal cellular metabolism, collision of replication forks with single strand breaks,
V(D)J and class switch recombination processes for T and B-cell development, as well as
radiation and radiomimetic or topoisomerase-targeted anti-cancer drugs [1-4]. DSBs that
remain unrepaired or which undergo defective repair could lead to senescence, aging,
chromosomal aberrations, and ultimately cancer. As a result, eukaryotic cells have evolved
mechanisms namely Homologous Recombination Repair (HRR) and Nonhomologous End-
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Joining (NHEJ) that can counter these lesions. NHEJ is a complex process that involves
crosstalk between a large number of proteins. Unlike HRR, NHEJ does not require a
homologous template and can mediate the direct religation of broken DNA ends, allowing it
to function in all phases of the cell cycle, while at the same time rendering it highly error-
prone. The basic steps in NHEJ mainly include; 1) Recognition of the damaged ends and
assembly of the NHEJ complex; 2) Stabilization of the NHEJ complex at the DSB ends; 3)
DNA end-processing and 4) Ligation of the DSB broken ends and clearing of the NHEJ
complex [5-7]. These steps involve interaction of a variety of proteins the most essential of
which are Ku heterodimer, DNA-PKcs, Artemis, XRCC4, XLF, and DNA Ligase 1V (LIG4).

XLF (XRCC4-like factor), also called Cernunnos, was originally identified as the protein
defective in a subset of RS-SCID patients who, in addition to immunodeficiency and
radiosensitivity, displayed growth retardation, microcephaly, and lymphopenia. The
radiosensitivity of cells derived from these patients could be rescued by complementing with
a wild type XLF cDNA [8]. Independently, XLF was identified as a protein that interacts
with the XRCC4-DNA Ligase IV complex (X4L4) during NHEJ [9]. XLF is a homologue of
Nej1, one of the NHEJ factors identified in yeast [10,11]. Data from multiple studies suggest
that although XLF may not be strictly required for NHEJ, the loss of XLF does affect NHEJ
and interestingly, symptoms of XLF patients (radiosensitivity and impaired DSB repair) bear
resemblance to those of the more severe LIG4 syndrome patients [12]. Thus, XLF
inactivation manifests a condition similar to partial loss of LIG4. During NHEJ, the
interactions of XLF with X4L4 are important for successful NHEJ. This review will
specifically focus on the functions of the XLF protein and discuss its interplay with major
players involved in NHEJ and V(D)J recombination.

XLF Structure:

NHEJ is strongly dependent on 5 core proteins: Ku, DNA-PKcs, XRCC4, LI1G4 and XLF/
Cernunnos with lesser contributions from a host of additional factors. Although XLF has
only limited sequence homology to XRCC4, the two proteins are structurally quite similar
[13]. Both mainly exist as dimers and can bind DNA [14]. XRCC4 has a globular head
domain (amino acids 1-119), an elongated a-helical stalk domain (also called the coiled coil
domain, amino acids 120-180) and a C-terminal domain whose function is not yet
determined [15,16] (Fig. 1A). Similarly, XLF has a globular head domain (amino acids 1—
135), a stalk domain (amino acids 136—233) and a C-terminal domain whose structure was
not determined [17] (Fig. 1A, B). Both proteins form homodimers through interaction of
regions mostly within the stalk (amino acids 119-155 in XRCC4 [15,18] and amino acids
125-224 in XLF [17,19]). However, X-ray crystallography shows that XLF differs from
XRCC4 in that the angle formed between the globular head and coiled coil domain is larger
than in XRCC4 [19]. Furthermore, whereas the stalk domain of XRCC4 is a single helix that
extends away from the globular head domain with a slight conformational change at the
LIG4 binding site, the stalk region of XLF is split into three helices and folds back on itself,
precluding the binding of LIG4 to XLF [19] (Fig 1C).
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DNA Binding

The 68-aa C-terminal region of XLF confers its DNA-binding abilities, and the binding of
XLF to DNA is length-dependent. As determined by electrophoretic mobility shift assays,
the minimum size of DNA required for XLF binding is ~83bp [20] as compared to ~200bp
for XRCC4 [21]. However, when both Ku and XLF were added to a shorter 65-bp duplex, a
distinct, discrete band corresponding to the putative ternary complex of DNA, Ku and XLF
could readily be detected [22], in contrast to the diffused and misshapen bands typically seen
in gel shifts by XLF alone. Thus, Ku recruits XLF to DNA and presumably targets it to DNA
ends.

Interaction with XRCC4

Many proteins interact with XRCC4 and among them, XLF interacts with amino acids 63—
99 in the head domain [19], while LIG4 interacts with amino acids 173-195 in the stalk
(Fig. 1Cii) [23]. XRCC4/XLF binding occurs via Leul15 of XLF occupying a hydrophobic
pocket on XRCC4 [17,19]. This interaction creates a helical filament of alternating XRCC4
and XLF dimers (Fig 2A-D). Structural analysis of the XRCC4/XLF filament indicates that
it forms an extended grooved channel that is positively charged and binds DNA [24]. It is
likely that the filament thereby stabilizes DNA end synapsis or aids in end alignment but the
precise geometry by which it does so is not clear.

HA immunoprecipitates from 293T cells transfected with HA-tagged XLF showed co-
immunoprecipitation of XRCC4 and L1G4, verifying interactions of the two proteins in cells
[9]. Furthermore, purified GST-XLF protein efficiently co-precipitated XRCC4 and LI1G4
from HelLa nuclear extracts. XRCC4 is needed for the stability of LIG4 against proteolysis
[25], and in XRCC4-knockdown cells, XLF does not compensate for the XRCC4 deficiency.
XLF does not contribute to LIG4 stability and no known complex of XLF and LIG4 without
XRCCA4 is detected in cells. However, in the absence of L1G4, the interaction of XLF with
XRCC4 was reduced, suggesting that LIG4 is needed for optimal formation of an
XRCCA4/XLF/LIG4 complex in cells [26,27].

XLF and NHEJ

NHEJ is a dynamic process that involves a systematic recognition of the DNA DSBs
followed by recruitment of repair proteins and subsequent processing and ultimate religation
of the DNA ends. NHEJ is initiated by the binding of the Ku heterodimer, which stabilizes
broken DNA ends and protects them from nucleolytic degradation [28]. Ku then recruits the
DNA-PK catalytic subunit (DNA-PKcs), forming the DNA-PK holoenzyme [29,30]. The
DNA-PK holoenzyme facilitates the recruitment of the X4L4 complex [26,31] which,
although it can bind DNA on its own, is ineffective in specifically recognizing DSB ends
unless recruited to those sites by Ku and DNA-PK [31-33]. Once bound to DNA, DNA-PK
undergoes autophosphorylation to recruit end-processing enzymes such as Artemis to
process modified DNA ends [34]. Fibroblasts that lack detectable XLF, for example the 2BN
cell line from an RS-SCID patient, show a profound DSB repair defect as indicated by
persistent y-H2AX foci and broken DNA as assessed by pulsed field gel electrophoresis. On
complementation of these cells with wild-type XLF, the repair-proficient phenotype was
restored [8,9]. Similarly, an XLF~~ derivative of HCT116 colorectal cancer cells shows a
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severe deficiency in end joining of transfected plasmid substrates and sensitivity to
etoposide, which induces topoisomerase Il-associated DSBs [35].

Functionally, XLF enhances the ligation activity of the X4L4 complex. Using purified
proteins and quantitative PCR, it was shown that XLF also facilitates the joining of
noncohesive ends by X4L4 in the presence of Ku [36]. For example, it promotes the joining
of two noncomplementary 4-base 3”-overhangs and, to a lesser extent, noncomplementary
5’-overhangs, as well as the joining of either a3’ ora5” overhang to a blunt end (without
ligation of the recessed complementary strand). While the absolute extent of end joining is
less for noncomplementary than for cohesive ends, the degree of stimulation by XLF is
much greater, with joining of several non-cohesive substrates being stimulated by ~100-fold
in the presence of XLF. While addition of DNA-PKcs increased ligation efficiency, it
decreased the degree of stimulation by XLF. A similar study using 32P-radiolabeled
substrates showed that X4L4 is able to ligate noncomplementary overhangs, that the extent
of ligation is strongly dependent on the exact sequence of the overhangs, and that, in
general, the least favorable substrates for X4L4-mediated ligation showed the strongest
stimulation by XLF. Ligation of single strands (i.e. dT3g) by X4L4 was similarly enhanced
by XLF. For some substrates but not others, the effect of XLF could be mimicked by higher-
than-physiologic Mg2*, suggesting a possible charge neutralization function for XLF.
Overall, it was concluded that X4L4 can optimally align some substrates on its own, while
other substrates required XLF for optimum alignment [37].

Using blunt-ended DSB substrates harboring the oxidatively modified nonplanar base
thymine glycol (Tg) at the first, second, third or fifth positions from one 3" terminus (Tg1,
Tg2, Tg3 and Tg5 respectively), NHEJ of damaged DSB ends was examined in human
whole-cell extracts [38]. In XLF-deficient extracts, end joining of all substrates, including
unmodified blunt ends, was completely dependent on addition of recombinant XLF. On the
other hand, in ligation reactions using only purified Ku, X4L4 and XLF, ligation of both Tg3
and Tg5 (as well as unmodified blunt ends) was efficient and only partly XLF-dependent.
However, Tgl and Tg2 ligation was completely XLF-dependent. These results suggest a
possible role for XLF in alignment of DSB ends containing structurally disruptive lesions
such as Tg, that otherwise would be poor ligation substrates. Such clustered lesions are
induced at relatively high frequency by ionizing radiation. The strict requirement for XLF
for ligation of all substrates in extracts suggests that there are additional proteins present that
block X4L4-mediated ligation and that XLF addition somehow relieves that block.

Polymerases p and A are required to fill gaps during NHEJ [39]. The immunodepletion of
Pol A and not Pol p affects NHEJ in cell extracts [40]. Pol p interacts with Ku and XRCC4
and is recruited to DNA damage foci [41]. In XLF-deficient Bustel cell extracts, addition of
recombinant XLF was required for Pol p- and A-mediated gap filling in aligned DSB ends
[42] indicating a significant role of XLF in NHEJ beyond merely enhancing X4L4 ligation
activity.

All these results would be consistent with a role for XLF in promoting alignment of DNA
ends, leading to speculation that such alignment is a function of the XRCC4/XLF filament
(Fig. 2). The extended, positively charged channel created by the filament suggests that
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bound DNA would likely be collinear with the filament [24]. Thus, a filament spanning a
DSB could position two DSB ends in juxtaposition (Fig. 3A). However in this model, it is
unclear how DNA-PKcs, LIG4 or the processing enzymes like PNKP gain access to the
DNA ends. It could be that XRCC4-XLF filaments form only after the autophosphorylation
and subsequent release of DNA-PKcs. Alternatively, the presence of LIG4, recruited to DNA
ends by interactions with Ku [43], could hinder the XRCC4-XLF filament formation.
Therefore, it is likely that XRCC4 homodimers involved in end joining could be complexed
with LIG4 while the XRCC4 units within the XRCC4-XLF filaments involved in DNA end
alignment would be free of LIG4. Roy et al [44] proposed that phosphorylation events could
also influence filament remodeling.

Super-resolution fluorescence microscopy [45] clearly demonstrates in cells the formation of
XRCC4/XLF filaments, often terminated by Ku or extending from Ku in both directions.
These images would be consistent with a model wherein filaments form along DNA on both
sides of a DSB, interior to Ku (Fig. 3B), prior to synapsis of the two ends. This model allows
for DNA-PKcs to access the DNA ends, and its subsequent autophosphorylation and

removal would allow other DNA end processing enzymes like Artemis, PNKP and LIG4 to
be recruited to the DNA ends. In addition, it is compatible with the existence of two
populations of XRCC4, one in filamentous form and one complexed with L1G4. However, as
pointed out by Mahaney et al. [46], this raises somewhat of a conundrum because Ku, bound
to and completely encircling the DNA ends, would disrupt the continuity of the filament,

and so its end-tethering function would presumably be lost. Although Ku could in principle
migrate into the interior of the DNA molecule allowing the filament to span the break (Fig.
3C), that arrangement still does not easily explain how DNA-PKcs and associated end-
processing enzymes (Artemis, pol W/A) gain access without disrupting the tethering.

The crystal lattice of XRCC4/XLF filaments suggests that interactions between stalk
domains can stabilize side-by-side alignment of filaments (Fig. 2) [46,47], raising the
possibility that two parallel filaments could tether two DNA molecules and bring the ends
into proximity yet leave them accessible to processing (Fig. 3D). However, in this case a
major structural rearrangement would seem to be required to reposition the ends for ligation.
Based on single-molecule FRET studies, an alternative model has been proposed wherein
two XRCC4/XLF filaments, each binding a segment of DNA near a DSB end, initially line
up side-by-side, then slide until the two Ku-bound ends meet, at which point end joining
presumably proceeds [45] (Fig. 3E). Unlike the models described above (Fig. 3A-D), this
model has the advantage that it utilizes XRCC4/XLF filaments for alignment, yet allows for
access to DNA ends by processing enzymes.

A more recent study using a combination of optical tweezers and fluorescence microscopy
[48] showed that XLF and XRCC4 form heteromeric complexes capable of binding to and
diffusing along the DNA. These XRCC4-XLF complexes form sliding sleeve-like structures
that can act as a tether between two separate DNA molecules. However, these images show
the XRCC4/XLF-bound DNA molecules maintaining contact with each other only at a
single point along their length, rather than adopting an extended side-by-side alignment
[48].A separate single-molecule FRET study in Xenopus laevis egg extracts showed that
synapsis occurs in two stages [49]; a long range complex involving Ku70/80 and DNA-PKcs
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without DNA-PK’s catalytic activity and a short range complex that requires DNA-PK’s
catalytic activity, XLF and X4L4 but not ligase catalytic activity. Thus, while all these
studies suggest that XLF, in conjunction with XRCC4, can promote synapsis, tethering and
alignment of DNA ends, different analytical techniques have tended to suggest diverse
structural geometries rather than a single coherent model.

The X4L4-mediated ligation reaction that is stimulated by XLF begins with a charging step
that generates a LIG4-adenylate complex. AMP is then transferred from LIG4 to the 5°
phosphate of DNA, forming a DNA-adenylate conjugate and releasing uncharged L1G4 that
must be re-adenylated for subsequent ligation reactions. Re-adenylation is a slow process
and is rate-limiting under /n vitro conditions [50,51]. Experiments with recombinant X4L4
that had been de-adenylated by exposure to pyrophosphate showed that XLF stimulates
ligase adenylation in the X4L4 complex, thereby enhancing its ATP-mediated ligation
activity [52].

The Leul15 residue in XLF is important for XRCC4 interaction [19,53]. Biochemical
studies with an L115A mutant showed that its interaction with XRCC4 as well as its DNA
end-bridging functions were disrupted, while its stimulation of LIG4 activity was retained
[54]. An L115D mutation disrupted both functions. The sensitivity of several XLF-deficient
cell lines to the radiomimetic agent Zeocin was corrected by expression of the L115A but
not the L115D mutant, suggesting that LIG4 stimulation by XLF, but not filament formation,
is essential for radioresistance and therefore critical for DSB repair. Curiously, neither allele
reversed the Zeocin sensitivity of XL~~~ HCT116 cells at all (even though L115A restored
end joining of transfected plasmid substrates [35]), suggesting that both LIG4 stimulation
and filament formation were important for DSB repair in these cells. Conversely, both
mutant alleles almost fully reversed cell sensitivity to hydroxyurea, suggesting a third
functional role for XLF, the molecular basis of which remains to be determined, in
protection from replicative stress [54]. Overall, these studies show that XLF plays an
important role in DNA bridging and stimulation of LIG4 activity, with as yet unexplained
cell line-specific differences in the importance of these functions for DSB repair.

After a DNA DSB is formed, the DNA damage response is triggered to signal recruitment
and/or activation of diverse repair factors for proper repair to occur. During NHEJ, it was
shown in cells treated with calicheamicin that XLF is co-recruited with other NHEJ factors.
However, XLF is not required for the localization of other NHEJ factors to DSB-damaged
chromatin [55]. XLF recruitment to DSBs in vivo requires the 10 amino acids in the C-
terminus, and the C-terminal deletions in XLF [XLF (1-270) and XLF (1-289)] also
abolished its interaction with Ku [56]. This result contrasts with an earlier finding wherein
XLF with a 68-amino acid C-terminal truncation fully restored V(D)J recombination and
bleomycin resistance in XLF-deficient human fibroblasts [57]. These conflicting results are
difficult to reconcile, but it is possible that a reduced level of recruitment of the truncated
XLF was sufficient to promote NHEJ even though it was below the threshold of detection by
fluorescence microscopy.
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XLF and Post-Translational Modifications

Like XRCC4, Artemis and DNA-PKGcs itself, XLF is phosphorylated by DNA-PKcs after its
recruitment to DSB sites and this phosphorylation is abolished in DNA-PKcs-defective cell
lines like Fus9 and Hel a-shKcs. Two major sites, Ser245 and Ser251, for /n vitro
phosphorylation by DNA-PK were identified, but whereas Ser245 is phosphorylated by
DNA-PK /n vivo, Ser251 is phosphorylated by ATM [58]. Neither of these phosphorylations
appears to have any significant effect on DNA binding, recruitment to DSB sites, DSB repair
or radiosensitivity in cells, nor are they needed for XLF’s end joining activity in cell extracts
[42].

XLF is also phosphorylated by Akt at Thr181, resulting in the dissociation of
phosphorylated XLF from X4L4, export to the cytoplasm by 14-3-3 protein, casein kinase I-
mediated phosphorylation at Ser170 and Thr173, and finally recognition by B-TRCP for
ubiquitination and degradation [59] (Fig. 4). Expression of a phosphomimetic T181E mutant
XLF in XLF-deficient 2BN cells conferred defective and delayed DNA repair, as compared
to cells expressing wild-type XLF, suggesting a potent inhibitory effect of this
phosphorylation on NHEJ.

XLF and V(D)J Recombination

V(D)J recombination or antigen receptor gene rearrangement is an essential process in
developing lymphocytes, that assembles the immunoglobulin variable domains and T-cell
receptor genes. It occurs via the introduction of DNA DSBs between the V, (D), and J
segments and the flanking recombination signal sequences (RSS). Subsequently, the RSS are
joined precisely, while the coding regions are modified via nucleotide loss and addition.
These joining steps are carried out by NHEJ proteins and the error-prone nature of NHEJ is
an important factor in the generation of antibody diversity. As a result, mutations in or
absence of NHEJ proteins can have drastic V(D)J-related consequences including
immunodeficiencies and cancers, especially lymphoma and leukemia [60,61]. For example,
DNA-PKcs-deficient scid mice are radiosensitive, and show defective lymphocyte
development resulting from deficiency in formation of coding joints, while signal joints are
not affected [62—64]. Similarly, using CHO cells (XR-1), Roy et al [44] showed that XRCC4
mutants unable to interact with XLF can restore signal joints but not coding joints to
XRCC4-deficient cells, suggesting a specific role for XLF in repair of DSBs that require end
processing before religation.

During V(D)J recombination, several processes contribute to sequence diversity in coding
joints, including asymmetric opening of the hairpins to yield palindromic (P) nucleotides,
deletion of terminal nucleotides by exonucleases and nontemplated (N) nucleotides inserted
by terminal deoxynucleotidyl transferase (TdT). Patients with mutant XLF alleles showed
reduced N-nucleotide addition, ultimately resulting in defective T and B-cell development
and immunodeficiency [65]. Although in XRCC4-deficient and LIG4-deficient patients, IgH
rearrangements also showed fewer N-nucleotides, the deficiency was not as great as that
seen in the XLF-deficient patients [65]. Thus, the ligation complex is important for N-
nucleotide addition, with XLF playing a dominant role. Human patients harboring a
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mutation in XLF also show impaired class switch recombination (CSR) and low lymphocyte
numbers [66].

On the other hand, XLF-deficient mice have lymphocyte numbers that are just slightly
reduced as compared to wild type. Although XLF-deficient murine embryonic fibroblasts
show a severe deficiency in V(D)J recombination, murine pro B-cells from the same mice
can carry out V(D)J recombination at almost wild-type levels, indicating that the developing
lymphocytes have factors that could compensate for XLF deficiency [66]. ATM appears to
be one such factor, as a combined X/A4Atm™"genotype (but not either mutation alone)
abolishes V(D)J recombination, disrupts B- and T-cell development, and impairs c-NHEJ-
mediated CSR, without affecting the residual CSR mediated by Alt-NHEJ [67]. Further,
using X/A"4 mice that were also homozygous for a LoxP-flanked H2axallele, XLF was
shown to have overlapping V(D)J functions with H2AX, a substrate of ATM
phosphorylation following DNA damage [67]. Thus, in the absence of XLF, its functions
may be compensated by ATM and certain ATM substrates.

V(D)J recombination occurs during the G1 phase of the cell cycle and is mainly mediated by
the recombination activating gene products, RAG1 and RAG2 that together constitute the
RAG endonuclease. These enzymes induce DNA DSBs between the V, (D), and J coding
segments and the flanking RSS [68]. RAG-induced DSBs are repaired by NHEJ and
knockout of XLF revealed a cryptic function of the RAGs in promoting rejoining. Thus,
although XLF is not needed for V/(D)J recombination, Rag2cX/f”~ mice (harboring a C-
terminal RAG2 deletion) show blocked lymphocyte development at the progenitor stage, and
v-Abltransformed pro-B cells from these mice show chromosomal breaks and
translocations reflecting a severe impairment in repairing RAG DSBs [69]. Furthermore,
Rag2e XIf'~p53~~ mice showed a high incidence of pro B-cell lymphomas harboring
translocations and gene amplifications. Taken together, these results suggest that in B cells
RAG2 and XLF function redundantly to enable end joining for V(D)J recombination.

Studies by two separate groups [70,71] also have shown a functional redundancy between
XLF and 53BP1 wherein a loss of both XLF and 53BP1 had drastic effects on lymphocyte
development characterized by reduced splenic B cells and developmental impairment at the
CD43+B220+ pro—B-cell stage. Southern blotting of the recombination products of
chromosomally integrated V(D)J reporter constructs in v-Abitransformed pro-B cell lines
indicated a defect in NHEJ in cells from X/24536p1~~ mice [70]. Further it was shown
that in XLF-deficient cells, the Tudor domains of 53BP1 play a key role in both end joining
and end protection during V(D)J recombination [71]. A similar functional redundancy was
reported between XLF and DNA-PKcs wherein X/A2Dna-PKcs™~ mice showed abnormal
growth and viability. Furthermore, in XLF-deficient pro-B cells, the kinase activity of DNA-
PKcs was required not only for coding joint formation, but also for signal joint formation
during V(D)J recombination. XLF and DNA-PKcs also have redundant activities during
CSR and in maintaining genomic stability [72].

In summary, XLF deficiency in mice is associated with a VV(D)J phenotype that is milder
than in human, but that when combined with deficiency in any of several NHEJ proteins,
confers a severe defect in V(D)J coding joint formation (Table I). In many cases either the
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double-mutant cells are also radiosensitive, or the corresponding mice are inviable,
suggesting a general NHEJ defect.

XLF and PAXX

Ochi et al. [73] and Xing et al. [74] identified a paralog of XRCC4 and XLF, PAXX
(PAralog of XRCC4 and XLF), that has structural similarities to XRCC4, interacts with Ku
and is recruited to damage sites [73], suggesting a role in DSB repair. In sequence
homology, XLF and XRCC4 are more similar to each other than to PAXX (Fig. 5A).
Crystallographic studies showed that PAXX residues 1-113 constitute a globular head
similar in structure to the head domains of XLF, XRCC4 and SAS6 [73,74] (Fig 5B). In
some ways, PAXX is more similar to XRCC4 than to XLF, but more similar to XLF in other
ways. The angle formed between the head domain and the helical stalk in both XRCC4 and
PAXX is ~45° while in XLF it is ~90°. On the other hand, PAXX, like XLF, has a coiled-
coil stalk that is much shorter than that of XRCC4. Furthermore, both PAXX and XLF lack
any structure corresponding the L1G4 binding motif of XRCC4, and conversely, both PAXX
and XLF contain a Ku-binding region at the extreme C-terminus that is essential for efficient
recruitment to DSB ends [56,74] and is not found in XRCC4.

Reflecting these structural similarities, PAXX can serve in several contexts as a substitute
for XLF. PAXX promotes X4L4-mediated ligation of DSB ends in the absence of XLF /n
vitro, as well as assembly of core NHEJ proteins on damaged chromatin [73]. PAXX is not
required for the repair of DSBs arising from V(D)J recombination in Gi-arrested murine v-
Abl4ransformed cells, for IgH CSR in cycling CH12 cells or for radioresistance [75].
However, although Paxx™~ mice, like X/#/~ mice, are viable and only mildly radiosensitive,
Paxx™~XIf”~ double knockouts exhibit embryonic lethality, defective lymphogenesis, and
nervous system-associated cell death, suggesting synthetic lethality of the combined
deficiency [76]. Nevertheless, using CRISPR it is possible to generate viable Paxx™~XIf
~“~v-Abl-transformed pro-B cells, and unlike either of the single mutants, such cells are
profoundly radiosensitive and show a severe defect in rejoining of coding ends for V(D)J
recombination, resulting in a high level of chromosome instability [75,77,78]. Furthermore,
epistasis studies in DT40 chicken cells suggest that PAXX and XLF function redundantly in
repair of etoposide-induced DSBs, which bear covalently linked topoisomerase I at their 5
termini [74].

In other situations, however, PAXX and XLF are not functionally equivalent. For example,
in the same DT40 cell model, PAXX shows no redundancy with XLF in repair of radiation
damage [74]. Similarly, human retinal RPE-1 cells with a PAXX ™/~ mutation are
radiosensitive, but knocking down XLF does not further increase sensitivity [73]. The two
paralogues also differ in their interplay with ATM. As mentioned earlier, XLF is redundant
with ATM and with the RAG complex in repairing broken DNA ends. In contrast, in
experiments with v-Ablexpressing mouse pro-B cells harboring the artificial V(D)J
substrate pMX-INV, PAXX/ATM double-deficient cells still showed substantial RAG-
induced V(D)J recombination, similar to cells with ATM deficiency alone. Further, whereas
ATMi treatment of X/ pro-B cells almost completely blocked \V(D)J rearrangement,
similar treatment in Paxx™~ pro-B cells did not affect the rearrangement [77]. Similarly, in
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the same experimental system, Paxx™~Rag2°’¢ pro-B cells, unlike X/f7~Rag2°’ cells,
retained V(D)J recombination proficiency, even in the presence of ATMi. Thus, in contrast
to XLF, PAXX does not function redundantly with either ATM or the RAG complex.

XLF regulation

Although the role of XLF in DNA repair has been studied extensively, relatively little work
has been done on its transcription, translation or regulation. However, Liu et al [79], showed
that the Werner Syndrome protein WRN positively regulates the transcription of XLF. WRN
binding to the XLF promoter was detected via ChIP [79,80] and WRN-deficient fibroblasts
showed a decrease in XLF protein levels. It was suggested that compromised NHEJ, due to
reduced XLF expression, could contribute to premature cellular senescence in WRN-
deficient cells. Also, the WRN protein was shown to interact with the C-terminal domain of
p53, a region highly involved in the functionality of p53. WRN overexpression showed an
increase in p53 transcriptional activity and subsequently increased p21 protein expression,
suggesting a role for WRN-p53 interaction in maintaining genomic stability [81]. In a
related study, the levels of XLF and mutant p53 were shown to have an inverse correlation in
head and neck cancers harboring mutant p53 wherein it was concluded that mutant p53
might affect the activity of WRN, in the process significantly decreasing XLF expression,
leading to genomic instability and cellular senescence [80].

Conclusions

XLF performs at least three functions in NHEJ: stimulating LIG4 activity, promoting LIG4
adenylation, and aiding in DSB end alignment through formation of XRCC4/XLF filaments.
For repair of DSBs that require significant processing prior to ligation, XLF appears to be
essential in some contexts but dispensable in others. Perhaps the simplest explanation of
these enigmatic data is that, when end alignment by XRCC4/XLF filaments fails, the
remaining NHEJ machinery is able to bring two DNA ends into juxtaposition in most cases.
When that machinery becomes compromised as well, then the alignment function of XLF
may be critical. This variability in the degree to which XLF is essential might actually
improve prospects for XLF as a therapeutic target, since tumor cells often have multiple
cryptic defects in repair pathways, including NHEJ. Thus, an XLF inhibitor might in
principle be selectively toxic to a limited class of tumor cells with specific NHEJ defects.
While scaffolding proteins with large interaction surfaces are typically poor candidates for
pharmacological intervention, the leucine-binding pocket of XRCC4 could potentially be
targeted by a small-molecule inhibitor that would block XLF binding, prevent filament
formation, and thereby chemo/radiosensitize certain cells with cryptic NHEJ defects.
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Figurel.
XLF structure and comparison with XRCC4. A. Domain structures of NHEJ proteins

showing select binding sites. XRCC4: The head domain comprises amino acids 1-119 and
the stalk domain 120-180 [16]. XL F: The head domain comprises amino acids 1-135 and
the stalk domain 136-233. a-Helices D, E and F constituting the stalk are highlighted. The
Leul15 residue is important for XRCC4 binding. DNA-PK phosphorylates Ser245 and ATM
phosphorylates Ser251. Adapted from [13]. B. Structure of the XLF dimer as determined
from crystallography of the 1-233 fragment. Cyan and green a-helices distinguish the two
monomers. Segments that would be deleted as a result of a disease-associated nonsense
mutation at R178 are shown in red. R57 and C123 are sites of disease-associated point
mutations. The region spanning A25 to R57 is shown in magenta. (Image reproduced with
permission from [17]). C. (i). Comparison of XLF (red) and XRCC4 (green) structures. a-
Helices and antiparallel pB-sheets are nearly superimposable in the head domains, but the
stalk domains diverge. The angle between the head and stalk is larger in XLF than in
XRCC4 because of the insertion of helices aF and a A. (ii). The coiled-coil in XLF is much
shorter than that in XRCC4, and does not contain an equivalent region to the LIG4 binding
site of XRCC4. LIG4 fragment bound to XRCC4 is shown in magenta. (Image reproduced
with permission from [17].)
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Figure 2.
Structure of the XLF-XRCC4 filament as determined by crystallography. A. Two orthogonal

views of the biological unit (one helical turn) of the filament formed by XLF(1-224)
(magenta) and XRCC4(1-140) (blue), as seen in the crystal lattice. Parallel strands (yellow/
orange) of a second filament are in surface representation. B. View of the biological unit
rotated by 90°. C. Overall architecture of the XLF(1-224)-XRCC4(1-140) complex, colored
magenta and blue, respectively. Helices a4-a6 correspond to helices aD-aF in Figure 1.
Inset shows interaction between XRCC4 dimers in parallel filaments. D. Interface between
head domains of XLF(1-224) (magenta) and XRCC4(1-140) (blue). Leul15 of XLF
occupies a hydrophobic pocket formed by XRCC4 residues Leul08, Phe106, Met59, Met61,
and Lys65. (Image reproduced with permission from [24].)
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Figure 3.
Different possible arrangements of XRCC4/XLF filaments with respect to DSBs. A. An

XRCC4/XLF filament spans a DSB, aligning the DNA ends on either side of the break. This
model does not clearly explain how DNA-PKcs and other processing enzymes gain access to
the DNA DSB. B. XRCC4/XLF filaments form adjacent to terminally bound Ku. C. An
XRCC4/XLF filament spans a DSB after translocation of Ku away from the DSB end. D.
XRCC4/XLF filaments aligned side-by-side position two DNA molecules such that
processing and ligation can occur at the exposed DSB ends. E. XRCC4/XLF filaments, each
binding a DNA segment near a DSB, align side-by-side, then slide to bring the DSB ends
into juxtaposition. Adapted from [45, 46, 47].
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Figure 4.
Akt-mediated phosphorylation and degradation of XLF. Phosphorylation at Thr181 leads to

dissociation from the XRCC4-DNA Ligase IV complex. Phosphorylated XLF is then
recognized by 14-3-3 protein and translocated to the cytoplasm where it could be further
phosphorylated by CKI. It is then recognized by p-TRCP for ubiquitination and subsequent
degradation. Adapted from [59].
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Comparison of XRCC4 superfamily members. A. Phylogenetic tree of the three proteins,
constructed using Clustal Omega. B. Superposition of the crystal structures of PAXX (cyan),
XRCC4 (silver), XLF (magenta), and SAS6, a spindle assembly protein (green). (Image

reproduced with permission from [73]).
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Table I.
XLF Redundancies
Protein System Function References
ATM Mice (XIALAtn) V/(D)J recombination, B- and T-cell development, C- [67]
NHEJ-mediated CSR
H2AX Mice (XIALHZax=, XIABH2axF) V(D)J recombination, End-protection [67]
PAXX G1 phase enriched murine v-Ab/ cells Sensitivity to ionizing radiation-induced DSBs [75-78]
PAXX Mice Viability [76]
53BP1 v-Abl transformed pro-B murine cell lines generated Lymphocyte development, V(D)J recombination [70,71]
from WT, XIAA, 53bp17"-, and XIA'253pb17~ mice
DNA-PKcs | Mice (X/A2Dna-PKes™) Growth/viability; V(D)J recombination (signal joints) [72]
and NHEJ; CSR
RAG Mice (Rag2c XIf"~p537) Lymphocyte development at the progenitor stage [69]
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